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Editorial on the Research Topic

Evolving Prospects of Bovine Respiratory Diseases and Management in Feedlot Cattle

Bovine respiratory disease (BRD) is one of the major economical and welfare concerns for the
cattle industry worldwide (1). BRD incidence varies enormously according to farm management,
prophylaxis measures, involved pathogens, and animal-related predisposing factors since all
of them play a decisive role in the development and severity of the disease (2, 3). The
Research Topic consequently aims to broaden the current knowledge on BRD etiology, on its
pathogenetic mechanisms, on possible hazards related to breeding and transport practices, on
immunopathological implications, on new technologies for the diagnosis, on possible prophylaxis
and treatment, as well as on risk factors and on emerging antimicrobial resistance (AMR). Due to
the multifactorial etiology of the syndrome, the articles encompass within this Research Topic have
all a multidisciplinary approach.

Among microorganisms involved in BRD, Pasteurella multocida plays a primary role. An
interesting study by Zhan et al. elucidated the toxicity targets of P. multocida serogroup A providing
fundamental information on the pathogenic mechanism and on the antimicrobial drugs resistance
of this pathogen of BRD. Similarly, Mannheimia haemolytica is involved in BRD onset. Severe
infections are often characterized by dysregulated inflammatory responses in the lungs, where
IL-17A plays a key role in the inflammatory response activating innate and adaptive immune cells
and exacerbating lung congestion. Two independent studies carried out by Slate et al. supported
the hypothesis that IL-17A signaling may contribute to lung immunopathology and that further
understanding of this inflammatory pathway during BRD could expand therapeutic intervention
strategies for managing BRD.

Notoriously, bovine coronavirus (BCoV) is one of the most common agents involved in BRD.
In the study reported by Kiser and Neibergs several positional candidate genes were identified in
association with BRD and BCoV in dairy calves and feedlot cattle in the USA. This study allows to
better elucidate the etiology of the disease and allows the identification of loci to be considered
for genomic selection, suggesting that selection may reduce susceptibility to BCoV infection
and BRD. Oliveira et al. also demonstrated that in addition to the common pathogens, other
microorganisms may contribute to the onset of the syndrome. Immunohistochemical assays on
formalin-fixed paraffin-embedded pulmonary sections have identified, among the other,malignant
catarrhal fever virus (MCFV), as well asMycoplasma bovis, in single ormixed infections, as themost
frequent pathogen, expanding the list of primary agents in the development of BRD. Moreover, a
retrospective study on fatal calf pneumonia in Italy during 2009–2019, allows the identification of
M. bovis either as the single agent or as a concurrent agent with pathogens correlated with BRD,
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turning the spotlight on M. bovis infection and on control
measures to apply for the prevention of lethal pneumonia
outbreaks in dairy herds (Fanelli et al.).

A 1-year cross-sectional study by Padalino et al. on 169
beef steers documented the prevalence of the aforementioned
BRD-related pathogens and the manifested clinical signs before
and after a long journey from France to Italy, identifying
contextually the possible predisposition factors. The survey
demonstrated that the animals displaying clinical signs and
positive for the most common pathogens involved in BRD
increased dramatically at arrival, that the transport favored
coinfections and that the weather conditions were predisposing
factors for many of the pathogens. The study also demonstrated
that in the majority of the cases co-infections were present
and highlighted that understanding of factors responsible for
increasing the likelihood of BRD can be useful to reduce or
minimize the incidence of the syndrome and to implement
animal transport regulations.

Due to its multifactorial etiology, the diagnosis of BRD
is still challenging. Since early diagnosis is crucial, in this
special issue new diagnostic tools have been presented. A
specific one-step multiplex real-time PCR assay was developed
for simultaneous detection of five respiratory disease viruses
involved in BRD without cross-reaction with others. The
test proved to have good specificity and sensitivity allowing
rapid detection of pathogens to guide the formulation
of BRD prevention and control measures (Zhang et al.).
Lastly, in addition to the current laboratory methods for
detecting BRD infected calves, thoracic ultrasonography
(TUS) was investigated in clinical settings by Porter et al.
TUS proved to be able to identify calves with abnormal
lung pathology that would have otherwise been misclassified
and can provide additional information on calf health due
to the high correlation with lung pathology at necropsy.
TUS could be consequently recommended on arrival after
long-distance journeys to give an early diagnosis and allow
timely treatment.

Prevalence and risk factors for the main bacterial pathogens
affecting the respiratory tract of calves from the spring processing
to the reprocessing at feedlots were also investigated by Nobrega
et al. identifying in P. multocida the most prevalent species,
regardless of time point, but with an increase in prevalence at
the weaning/induction sampling. Comingling and co-location
of feedlots were not associated with the prevalence of any
respiratory pathogen. Contextually, the AMR profile of the
four species was characterized phenotypically and genotypically,
and limited evidence support increased resistance to respiratory
bacteria from the spring processing to reprocessing at feedlots
with a few exceptions. On the contrary, parenteral use of
macrolides as metaphylaxis at the feedlot induction was
associated with an increased minimum inhibitory concentration
(MIC) against macrolides in P. multocida, M. haemolytica,
and Histophilus somni contributing to historical changes in

macrolides MIC data of respiratory bacteria of beef cattle.
Overall, the AMR phenotypes were corroborated by the presence
of AMR genes. Prevalence and epidemiology of AMR was
also investigated by Andrés-Lasheras et al. on beef cattle upon
arrival at Canadian feedlot and before antimicrobials were
administered. M. haemolytica, P. multocida, and H. somni with
multidrug-resistant (MDR) profiles were more often isolated
from dairy-type than from beef-type cattle, showing that the
latter presented higher odds of AMR bacteria as compared to
auction-derived calves and that resistance to oxytetracycline was
most frequently observed across all Pasteurellaceae species and
cattle types.

Despite the increasing use of prophylaxis measures, feedlot
placement remains a high-risk period for calves to develop
respiratory disorders, and new therapy should be proposed.
Interestingly, Tan et al. demonstrated that ginsenoside Rb2 and
Rb3, major pharmacological ingredients in the plants of ginseng,
were able to inhibit the replication and proliferation of bovine
and swine pestiviruses, suggesting their potential for effective
treatment against infection and thus representing a possible
alternative to the use of antibiotics.

These experimental prospective and retrospective studies and
critical reviews speculate that the role of the viral infections as
the starting point for BRD on which secondary opportunistic
bacteria enter, was only a simplistic view of the pathogenesis
of the disease, while a primary role of some pathogens
rarely detected in the past and generally considered of minor
importance, as well as several cofactors such as management of
transport and breeding, were identified in eliciting the disease.
The potential pathogenetic role for these pathogens and the high
frequency with which co-infections occur, make BRD a complex
disease difficult to control (4). Despite the increasing use of
prophylaxis and treatment measures, feedlot placement remains
a high-risk period for calves to develop respiratory disorders,
also considering that viral shedding is often greatest even before
animals become symptomatic. Consequently, themost important
aspects to counteract infections and to restrain the development
of BRD and spreading of AMR remain the proper management
of cattle, the development of new technologies for early diagnosis,
and the application of appropriate prophylaxis measures, since
minimizing the risk and the incidence of BRD is crucial to
improve cattle productivity, health, and welfare (3, 5, 6). We
are proud and highly motivated to promote the development
of evidence-based guidelines to prevent BRD in the Frontiers
open source venue, and future article collections are needed
to further address the gaps of knowledge highlighted in this
special issue.
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Bovine respiratory disease (BRD) is a complex, multifactorial syndrome and one

of the major welfare and economical concerns for the cattle industry. This 1-year

cross-sectional study was aimed at documenting the prevalence of BRD-related

pathogens and clinical signs before and after a long journey and at identifying possible

predisposition factors. Male Limousine beef steers (n = 169) traveling from France

to Italy were health checked and sampled with Deep Nasopharyngeal Swabs (DNS)

at loading (T0) and 4 days after arrival (T1). Real-time quantitative PCR was used to

quantify the presence of bovine viral diarrhea virus (BVDV), bovine respiratory syncytial

virus (BRSV), bovine alphaherpesvirus 1 (BoHV-1), bovine coronavirus (BCoV), bovine

adenovirus (BAdV), bovine parainfluenza virus 3 (BPIV-3),Histophilus somni,Mannheimia

haemolytica, Mycoplasma bovis, and Pasteurella multocida. Weather conditions at

departure and arrival were recorded, and the travel conditions were taken from the travel

documentation. At T0, even if no animals displayed clinical signs, some of them were

already positive for one or more pathogens. At T1, the number of animals displaying

clinical signs and positive for BCoV, BAdV, BRSV, H. somni, M. haemolytica, M. bovis,

and P.multocida increased dramatically (p< 0.001). Transport also significantly increased

co-infection passing from 16.0% at T0 to 82.8% at T1 (p < 0.001). An extra stop during

the journey seemed to favor BRSV,M. haemolytica, and P. multocida (p< 0.05). Weather

conditions, in particular sudden climate changes from departure to arrival and daily

temperature variance, were found to be predisposing factors for many of the pathogens.

The farm of arrival also played a role for BRSV, BAdV, and H. somni (p < 0.05). BCoV

increased dramatically, but no associations were found confirming that it spreads easily

during transport phases. Our findings increased our understanding of factors increasing

the likelihood of BRD-related pathogens shedding and can be useful to minimize the

incidence of BRD and to implement animal transport regulations.

Keywords: transport, cattle, virus, bacteria, health, welfare
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INTRODUCTION

Throughout Europe, a population of about 119,357,517 cattle
was estimated in 2018, of which 5,923,204 and 18,547,082
were registered in Italy and France, respectively (1). While in
France many cattle are kept on pasture, in Italy, they are kept
indoors, and every year about 600,000 heads travel from France
to Italy for fattening and slaughter purposes (2). Transport is
indeed part of the management for most livestock animals,
including cattle, having different purposes, such as reaching
slaughterhouse, moving to different farms, breeding, fairs, and
medical procedures (3). However, transport procedures are
known to be stressful for animals, having both short-term and
prolonged effects on their health and welfare (4–6). Among
transport-related health problems, respiratory diseases are the
most common and severe (7).

Bovine respiratory disease (BRD) is a welfare and economic
concern in the cattle industry. It affects the lower respiratory tract
and is responsible for substantial economic short-term losses due
to mortality and costs of treatments and long-term costs that are
difficult to assess (7). The syndrome has a multifactorial etiology
including infectious agents, host, and environmental factors,
such as age, breed, genetic, nutrition, climate, commingling
of animals from different sources, marketing, and particularly
transport (8, 9). Transportation has been associated with an
increased risk of BRD because it is responsible for immune
system impairment that favors pathogen prevalence changes and
pathogen proliferation (7, 8). Host’s immune system suppression
and up- and downregulation of the inflammatory responses
due to transport stress allow opportunistic pathogens to invade
tissues (10). The severity of BRD has furthermore been linked to
stressors and primary viral infections, which have been proven to
interfere with the mucociliary clearance of the upper respiratory
tract and dysregulate the tracheal antimicrobial peptides of the
respiratory innate defenses, ultimately enhancing the severity of a
secondary bacterial infection (9, 11). A previous study speculated
that considering viral infection as the starting point for BRD on
which secondary opportunistic bacteria enter was a simplistic
view of the pathogenesis of the disease, whereas a primary role
of some pathogens rarely detected in the past and generally
considered of minor importance was identified in eliciting the
disease (12). The potential pathogenetic role for these minor
pathogens and the high frequency with which co-infections occur
make BRD a complex disease difficult to control.

The prevalence of BRD has been investigated in several
studies, and it varies from about 4% tomore than 80% (13, 14). In
North America, cattle at risk frequently received metaphylactic
antimicrobials upon arrival to the feedlot or following feedlot
placement, to both mitigate BRD and reduce colonization and
proliferation of bacterial pathogens (7). However, considering
the need of reducing the use of antibiotics in livestock, it
seems to be essential to investigate the factors that favor the
development of BRD, and it is essential to minimize them.
Preloading handling, journey duration, stocking density, deck
levels, season, and environmental factors in the vehicles have all
been identified as risk factors for BRD in cattle (15). However,
how to transport cattle is still a matter of debate, and regulations

on live animal transportation are different among countries and
often not respected. For instance, a recent study reported that
437 out of the 979 controlled vehicles transporting cattle across
Europe from 2009 to 2013 were found to be not in compliance
with the EC 1/2005 during on-road inspections in Italy (16). In
Europe, the maximum duration for cattle is set at 29 h, but in
recent suggestions for the implementation of the EU 1/2005, the
need to reduce the maximum duration was highlighted, and the
transport of animals over long journeys should be limited as far
as possible (17).

The hypothesis of the study was that a long journey (more
than 20 h) from France to Italy would increase the presence of
BRD-related viruses and bacteria in the Deep Nasopharyngeal
Swabs (DNS), and that the latter would be associated with clinical
signs, travel, and weather conditions. The objective of this cross-
sectional study was to document the prevalence of the multiple
pathogens related to BRD before and after traveling from France
to Italy in beef steers over a 1-year time. Potential associations
between the different travel conditions, weather, presence of the
virus/bacteria, and clinical signs were also investigated.

MATERIALS AND METHODS

The experimental procedures were approved by the Ethics
Committee of the Department of Veterinary Medicine of the
University of Bari, Italy (authorization no. 16/18).

Experimental Design and Sampling
Each year ∼2,000 male beef steers travel from France to the four
farms considered in the present study located in Bari Province
(data of the co-author GF). These male beef steers are shipped
once a week or fortnightly for fattening purposes. A power
analysis was conducted using Statulator R© (18) to determine the
sample size to include in a 1-year cross-sectional study for a target
population estimated at 2,000 animals. The number of animals to
be assessed was estimated assuming an expected proportion of
BRD of 14–15%, with 5% absolute precision and 95% confidence
interval (CI). The used proportion of BRD-positive animals was
calculated by averaging the apparent BRD prevalences of 8.8 and
21.2% as reported by Timsit et al. (13). It was therefore calculated
a sample size of 170–179 animals, taking randomly only few
animals (4–7) per vehicle, considering a possible number of
vehicles varying from 24 to 48 traveling each year.

The experiment took place during 1 year (from February
22, 2019 to February 21, 2020). In that period, a population
of 1,957 male Limousine beef steers traveled from France to
the four farms monitored. Out of this total main population,
a subpopulation of 1,045 animals traveling in 34 vehicles on
a total of 22 different dates was included in the study. The
vehicles transported from 20 to 60 animals, and 5 was the
median number of animals (ranging from 3 to 6) randomly
chosen among the animals traveling each time. Consequently,
samples were collected in total from 169 beef steers before loading
(T0) and 4 days after arrival (T1). The beef steers were 10–
14 months old with a body weight of about 380 ± 20 kg, with
Body Condition Scores of 3 (167/169, 98.8%) or 4 (2/169, 1.2%)
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(19). They originated from two assembly centers (ACs) located in
France: Celmar Siret 31449234900019 (GPS location: 46.222870,
1.497133 DD;Malonze, 23300 La Souterraine, France) (AC1) and
Union Altitude Siret 32313877600279 (GPS location: 45.317993,
1.764769 DD; Le Foirail, 19460 Naves) (AC2). In France, before
collection at the ACs, animals were reared at pasture on different
farms, located close to the ACs (i.e.,<200 km). Those farms were
officially free of tuberculosis and bovine leucosis. All animals
were vaccinated against bluetongue serotype 8 (Merial BTV 8)
in conformity with Annex III.A 85 to Regulation (EC) No.
1266/2007. At the ACs, they were grouped respecting the original
penning, kept for <6 days, treated with insecticide/repellant
(Cydectin R© Pour-On for Cattle and Red Deer; Virbac, Carros,
France), in conformity with Article 9 of Regulation (EC) No.
1266/2007, and then shipped to Italy.

At T0, official government veterinarians checked the health
of each animal, and steers with clinical signs were not loaded
onto the trucks. Meanwhile, at T0, two DNS (one swab per
nasal cavity) were collected from each of the 169 animals.
Before sampling, the nostril was wiped clean with 70% ethanol.
Sterile dry swabs 13 cm long were used for sampling, and
after collection, DNS were immediately stored on ice. The DNS
were transported in refrigerated boxes kept in the cabin of
the vehicles where the tested animals were transported. After
DNS collection, animals were marked, loaded into the vehicles,
and transported to the farm of destination. The beef steers
considered for the present study were transported in 34 vehicles
throughout all 4 seasons: 9 vehicles traveling on 4 different
dates in autumn, 10 vehicles traveling on 7 different dates in
winter, 4 vehicles on 4 dates in spring, and 11 vehicles traveling
on 7 different dates in summer. The vehicles were 4 × 2 cab
over engine prime movers (Scania R©, Europe) with a three-
axle enclosed flat deck semitrailer configured with two decks
(Supplementary Figure 1). The vehicles had the certificate of
approval according to Article 18 of the EC Regulation No.
1/2005, and belonged to a single transporter, authorized for
all journeys including long journeys, according to the same
EC Regulation. The vehicles were therefore equipped with
suitable drinking systems, temperature sensors, and mechanical
ventilation systems (i.e., 28 automatic fans at each site). During
the travel, steers received water and were fed at regular intervals,
in compliance with the EC Regulation 1/2005. All journeys were
performed on a similar route of about 1,700 km, and they were
completed in no <20 h and no more than 29 h, as reported in
the intended duration on the Trade Control and Expert System
(TRACES; URL: https://webgate.ec.europa.eu/sanco/traces/). For
this type of journey, based on the EC 1/2005, a stop of 1 h,
without unloading the animals, after the first 14 h of the journey
is mandatory for permitting animals being watered and, if
necessary, fed. However, some vehicles performed an extra stop
for resting the animals and other logistic reasons (i.e., change of
drivers), and those stops were reported in the TRACES. None of
the vehicles included in this study stopped at a control post or
took more than 29 h.

The animals were transported to four different farms (F1,
2, 3, 4) in Bari (Southern Italy) of the same breeder, of which
two farms (F1 and F2) received the majority of the transported

animals. For this reason, F3 and F4 farms were combined in a
new category named “others.” Upon arrival, the marked animals
were separated from the others traveling together and were kept
isolated, far from the others already reared at the arrival farm.
So, they were located separately in a different pen and fed with
alfalfa barley silage mixed diets similar to the ones at the ACs and
during the journey. None of the cattle involved was administered
antimicrobials or vaccines before or during the study. None of
the sampled animals died during the study.

At T1, the marked animals were clinically examined. The
presence of the following clinical signs was noted down
(present/absent): nasal discharge, lacrimal discharge, coughing,
diarrhea, depression, polypnea, lameness, injury, and pain. For
the latter three, the type of injury, the score of lameness, and
pain were also noted down. Soon after the clinical examinations,
two further DNS (one swab per nasal cavity) were collected from
each animal, with the same procedures and precautions taken for
sample collection at departure. Immediately after collection, all
DNS samples were stored on ice and transported to the laboratory
of Infectious Diseases of the Department of Veterinary Medicine
of Bari (Italy). All the samples per truck were processed within
24 h after the collection of T1 samples.

The epidemiological status of the tested herds was not
evaluated, but the animals included in the study were located
separately as soon as they arrived at the farm, without any
possibility of mixing. However, F1 and F2 were indirectly
monitored because, during the study period, veterinarians
collected DNS and ocular samples from symptomatic cattle that
were tested in the same laboratory for bovine viral diarrhea
virus (BVDV), bovine alphaherpesvirus 1 (BoHV-1), bovine
coronavirus (BCoV), Pasteurella multocida, and Histophilus
somni. In particular, on F1, two outbreaks of ocular BoHV-1
and P. multocida infections were detected in December 2019
and March 2019, respectively. On F2, P. multocida and H.
somni were instead identified in an outbreak that developed in
December 2019.

Real-Time Quantitative PCR
Real-time quantitative PCR (RT-qPCR) was used to quantify the
presence in the collected DNS of BVDV, BoHV-1, BCoV, bovine
respiratory syncytial virus (BRSV), bovine adenovirus (BAdV),
bovine parainfluenza virus 3 (BPIV-3), H. somni, P. multocida,
Mannheimia haemolytica, andMycoplasma bovis.

Dry DNS were suspended in tissue-cultured media (10%
p/v), and an aliquot was employed for biomolecular analysis.
Nucleic acids were extracted using the commercial kit QIAamp R©

cador R© Pathogen Mini Kit (Qiagen GmbH, Hilden, Germany),
according to the manufacturer’s instructions, with an elution
volume of 100 µl. The extracted samples were stored at −80◦C
until tested by RT-qPCR. The samples were subjected to reverse
transcription in a 10 µl total volume, using random hexamers
and MuLV reverse transcriptase, according to the manufacturer’s
protocol (GeneAmp R© RNA PCR; Applied Biosystems, Applera
Italia, Monza, Italy). Primers and TaqMan probe for RT-
qPCR assay were used as previously described (20, 21), in the
same reaction conditions, including reaction mix component
and thermal cycling with an annealing temperature of 56◦C

Frontiers in Veterinary Science | www.frontiersin.org 3 June 2021 | Volume 8 | Article 62789410

https://webgate.ec.europa.eu/sanco/traces/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Padalino et al. Nexus Between Travel and BRD

TABLE 1 | Weather and transport conditions considered as predictive variables, with their definitions and categories, during a 1-year cross-sectional study in beef steers

shipped from France to Italy.

Name Definition Categories

Weather conditions

Season Season in which the tested animals were transported from France to Italy Autumn, spring, summer, winter

Arrival temperature (AT) The average temperature recorded in the weather website for the farm of

arrival area on the day of arrival

1 (from 5 to 9◦C), 2 (from 10 to 13◦C), 3 (from 14 to

19◦C), 4 (from 20 to 23◦C), 5 (from 24 to 30◦C)

Arrival humidity (AH) The average relative humidity recorded in the weather website for the farm

of arrival area on the day of arrival

Medium–low (from 60 to 70%), medium–high (from

71 to 80%), very high (from 81 to 100%)

Diurnal temperature variation This range was calculated as the difference between the maximum and

the minimum temperature recorded on the day of arrival

1 (from 0 to 5◦C), 2 (from 6 to 8◦C), 3 (from 9 to

11◦C), 4 (from 12 to 17◦C)

Delta temperature between

arrival and departure (1T)

The difference between the average temperature recorded in the weather

website for the farm of arrival area on the day of arrival and the average

temperature recorded for the assembly point area on the day of departure

Low difference (from −1 to +3◦C), medium

difference (from +4 to +6◦C), high difference (from

+7 to +10◦C)

Delta humidity between arrival

and departure (1H)

The difference between the average relative humidity recorded in the

weather website for the farm of arrival area on arrival and the average

relative humidity recorded for the assembly point area on the day of

departure

1 (from −35 to −10%), 2 (from −5 to +10%), 3 (from

+15 to +30%)

Arrival wind speed The average wind speed recorded in the weather website for the farm of

arrival area on the day of arrival

Low (from 0 to 10 km/h), medium–low (from 11 to

14 km/h), medium (from 15 to 19 km/h), strong (from

20 to 24 km/h), very strong (≥25 km/h)

Arrival precipitations The presence/absence of atmospheric precipitations recorded in the

weather website for the farm of arrival area on the day of arrival

Yes, no

Travel conditions

Assembly center (AC) Center where animals from different farms converge before being loaded

for transport. The animals in this study come from two assembly centers

located in La Souterraine (France) and Naves (France)

AC1, AC2

Vehicles The vehicles transporting the beef steers from the assembly centers (ACs)

to the arrival farms (F)

34 vehicles

Stocking density Stocking density during transport calculated by splitting the total kg

loaded for the space available in each vehicle

Low (from 104.8 to 182.5 kg/m2 ), high (from 323.5

to 390.6 kg/m2 )

Extra stop The presence/absence of an extra stop Yes, no

Farm (F) Farm of arrival in Bari, Southern Italy F1, F2, others (F3 + F4)

Positivity for a pathogen at T0 For each animal, the positivity of the DNS for a certain pathogen at T0 Presence (1), absence (0)

(Supplementary Table 1). Briefly, 10 µl of cDNA or extracted
DNA was added to the 15 µl reaction master mix (IQTM

Supermix; Bio-Rad Laboratories Srl, Milan, Italy) containing
0.6 µM of each primer and 0.4 µM probe. Thermal cycling
consisted of the activation of iTaq DNA polymerase at 95◦C
for 10 min and 45 cycles of denaturation at 95◦C for
10 s and annealing–extension at 56◦C for 30 s. RT-qPCR
was performed in an i-Cycler iQTM Real-Time Detection
System (Bio-Rad Laboratories Srl), and the data were analyzed
with the appropriate sequence detector software (version 3.0).
Fluorescence was monitored during the whole RT-qPCR process.
A DNS was considered positive if the fluorescence peaked
between 7 and 45 cycles, following the settings reported by
Kishimoto et al. (21).

Statistical Analysis
Predictive and Outcome Variables
The weather parameters (average, minimal and maximal
temperatures, humidity, wind speed, and quantity of
precipitation) at the cities of departure and arrival were
taken from a weather website (meteoblue.com). Diurnal
temperature variation on the day of arrival and the changes

in temperature and humidity between arrival and departure
(delta, 1T, and 1H, respectively) were calculated as reported in
Table 1.

The data related to the vehicle (number of animals traveling,

total kg loaded, available space), estimated journey duration, and

presence of a resting stop(s) during transport were taken from
the TRACES. The estimated journey duration varied from 20 to
28 h depending on the presence of an extra stop. Unfortunately,
it was not possible to record the effective journey since many
of the vehicles arrived at night at the destination farm and we
were not allowed to have the journey log. The estimated journey
duration was not considered as a predictive variable for avoiding
confounding factors since it was collinear with the presence of
more than a resting stop. Stocking density was calculated by
splitting the total kg loaded for the space available in each vehicle.

Weather and travel conditions were clustered in categories
and thus considered as predictive variables in the regression
analysis (Table 1). The positivity for each pathogen
(positive/negative, 1/0) of the DNS collected from the beef
steers at T0 was also used as predictive variable for the regression
analyses performed for the positivity for the same pathogen
at T1.
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For each animal, the total number of positivities to the tested
pathogens was calculated at T0 and T1. Depending on the
number of pathogens identified in each animal, the following
categories were created for both T0 and T1: negative, single
positive, and positive for 2, 3, 4, 5, and 6 pathogens. Based on
those data, a category named “co-infection” was created with two
values (yes/no): (i) animals positive for at least two pathogens
(yes) and (ii) animals negative or single positive (no).

Descriptive Statistics
Descriptive statistics were performed on the weather conditions
detected for the 44 sampling dates, with the minimum,
maximum, and average values obtained with Microsoft Office
Excel. Descriptive statistics of all predictive variables, identified
as categorical, were performed using the Statulator R© online free
software and reported as counts and percentages. The number
of animals with clinical signs (presence/absence), positive for
the pathogens (positive/negative), and the co-infection category
(yes/no) were counted and then compared between T0 and
T1 with a two-tailed McNemar’s χ

2 test statistics using the
online tool of the Center for Clinical Research Biostatistics
(CCRB; URL: https://www2.ccrb.cuhk.edu.hk/stat/confidence
%20interval/McNemar%20Test.htm). The clinical signs and
pathogens that resulted to be significant with the McNemar’s χ2

test and had at least 10 positive observations at T1 (10/169, a
prevalence of more than 5%) (22) were further investigated in the
subsequent statistical analyses.

Regression Analysis
Collinearity between categorical variables was tested using
Kendall’s tau statistic with the cor.test function in R environment
(23). Categories 4 and 5 of the arrival temperature (AT) variable
were collinear with the summer season. Each clinical sign
(presence/absence, 1/0) and each pathogen (positive/negative,
1/0) at T1 were used as dependent categorical dichotomous
variables (dummy variables) in univariate logistic regression
models, in order to identify the predictive variables to be
included in the stepwise backward selection and find the
final multivariable model for each clinical sign and pathogen.
Additionally, only for the dummy dependent variables of the
positivity to bacteria at T1, the positivity to the viruses at
T1 (positive/negative, 1/0) was used as a predictive variable.
No associations were noticed between the AC variable and
the dependent variables of the presence of clinical signs and
pathogens at T1, nor between the 34 vehicles and the dependent
variables of the presence of clinical signs and pathogens at T1.
Thus, ACs and vehicles were not further considered in the
subsequent statistical analyses. Results of the univariate logistic
regression are reported as odds ratio (OR), 95% CI, and p-
values. p-values were calculated using the Wald test, and for
each outcome, the variables that showed a p < 0.25 were
considered for inclusion in the stepwise multiple regression. Due
to the collinearity between categories 4 and 5 of the AT and
the summer season, if season and AT were both significant in
univariate logistic regression, only the AT was further considered
for the inclusion in the stepwise multiple regression. A stepwise
backward elimination procedure was indeed conducted for

each dependent variable (presence/absence of clinical signs and
positivity/negativity to the pathogens) to test the combined effect
of the predictive variables. The predictive variables were removed
until all variables in the final model had a p < 0.10 (24). The
final multivariable models resulting from the stepwise backwards
selection are presented as OR, 95% CI, and p-value. The scripts
used to perform the univariate logistic and stepwise multiple
regressions were a combination of functions in the packages
nlme, lsmeans, lme4, and car in R environment (23).

Univariate logistic regression was also used to test the
associations between the presence/absence of clinical signs
(dependent variable) and the dummy variable of the positivity to
the pathogens (predictive variable).

Multiple Correspondence Analysis
Multiple correspondence analysis (MCA) was performed to
detect underlying structures in the dataset, using the dummy
variables of the clinical signs and the positivity to the pathogens,
and the predictive variables defined in Table 1. The results are
represented by the proportion (in %) of total variance (called
“inertia” in MCA) explained by each dimension (Dim), the list
of the contributions of the variable categories to each Dim
(the highest the contribution of a category to a Dim, the most
important it is in explaining the inertia of the dataset), and the
coordinates of the categories in each Dim. The absolute value of
the coordinates allows identifying the weight of each category in
a Dim, and the sign of the coordinates provides also an indication
concerning the correlation existing among the categories in each
Dim. The MCA was performed using the FactoMineR package,
and the results were plotted using the packages factoextra, gplots,
and grDevices in R environment (23).

RESULTS

Descriptive Statistics
The weather conditions recorded on the 44 sampling dates
(22 on departure and 22 on arrival) are summarized in
Supplementary Table 2. The average temperatures noted over
the different seasons were generally comparable between the ACs
at T0 and the arrival farms at T1, with the average temperatures
ranging from 9◦C in winter to 22◦C in summer at T0 and from
10◦C in winter to 24◦C in summer at T1. However, the minimum
temperatures observed at T1 were on average higher than those
observed at T0. In particular, the sampling dates in autumn
and spring showed 7◦C and 6◦C as minimum temperatures,
respectively, whereas the minimum temperatures noticed in the
same two seasons were near to 0 at T0 (2◦C in autumn and 1◦C in
spring). The greater diurnal temperature variation was observed
at T0 during the summer period when the observed minimum
temperature was 12◦C and the maximum temperature was 35◦C.
During spring and summer, the average and maximum humidity
at T1 were overall higher than those at T0 (in summer 59–80%
at T0 vs. 73–80% at T1, in spring 60–75% at T0 vs. 78–85% at
T1), whereas in autumn and winter, the humidity percentages
were higher at T0 than at T1 (in autumn 82–100% at T0 vs. 73–
85% at T1, in winter 78–85% at T0 vs. 76–80% at T1). Average
andmaximum atmospheric precipitations were notably higher in
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autumn, winter, and spring at T0 (6–14mm in autumn, 4–12mm
in winter, 4–16 mm in spring) than at T1 (1–2 mm in autumn,
1–8 mm in winter, 1–2 mm in spring).

Overall, AC1 and AC2 were equally represented in the
sample, with a similar number of steers coming from each AC
(78/169, 46.1% from AC1; 91/169, 53.9% from AC2). Most of the
transported animals (155/169, 91.7%) were headed to two (F1 and
F2) out of the four farms. About half of the steers (74/169, 43.8%)
traveled at lower stocking densities (from 104.8 to 182.5 kg/m2),
whereas the remaining ones (95/169, 56.2%) were transported
at higher stocking densities (from 323.5 to 390.6 kg/m2). The
transport distance was comparable among the journeys (about
1,700 km); however, 30.2% (51/169) of the vehicles performed
an extra stop during the journey for logistic reasons (Table 2).
Descriptive statistics of the explanatory variables related to the
weather conditions are shown in Supplementary Table 3.

Travel Effect on the Prevalence of Clinical
Signs and Pathogens at T1
As reported in Table 3, only healthy animals that showed no
clinical signs of coughing, depression, diarrhea, injury, lacrimal
discharge, lameness, nasal discharge, pain, or polypnea were
transported. Despite no clinical signs at T0, some of the DNS
were positive. In particular, 48 beef steers (28.4%) were positive
for H. somni, 21 to P. multocida (12.4%), 14 to M. haemolytica
(8.3%), 7 toM. bovis (4.1%), and 4 to BAdV (2.4%).

At T1, while the number of animals showing injury, pain,
depression, lameness, or polypnea was low (1/169, 0.6%), the
number of animals displaying coughing (20/169, 11.8%), diarrhea
(28/169, 16.6%), and lacrimal (33/169, 19.5%) and nasal (90/169,
53.3%) discharges increased dramatically (p < 0.001). The
number of positive DNS also increased significantly for almost
all the investigated pathogens, except for BPIV-3, with only four
animals positive at T1 (4/169, 2.4%; p > 0.050), and for BVDV
and BoHV-1, which were always negative both at T0 and T1.
Transport also significantly increased co-infection, which went
from 16.0% at T0 to 82.8% at T1 (p < 0.001).

Factors Associated With Clinical Signs
at T1
The complete list of Wald test p-values calculated between the
predictive variables and the presence of clinical signs at T1 is
reported in Supplementary Table 4. The OR, 95% CI, and p-
values of the variables significantly associated with the presence
of clinical signs at T1 in the univariate logistic regressions are
reported in Supplementary Table 5.

Table 4 reports the OR, 95% CI, and p-values of the variables
retained in the final multiple regression models. The presence
of coughing was associated with stocking density (p = 0.004),
1T (p = 0.002), and arrival precipitations (p < 0.001). In
particular, the odds of coughing were increased 10-fold in
animals transported at high stocking density, by 11 times when
1T was of 4–6◦C, and by 35 times when there were no
arrival precipitations.

Diarrhea was mainly related to 1T (p < 0.001) and 1H
(p < 0.001). In particular, high difference category for 1T

TABLE 2 | Frequency table of beef steers (n = 169) transported from France to

Italy for the variables related to travel conditions and co-infection at T0 (departure)

and T1 (4 days after arrival).

Variable Count %

Assembly center (AC)

AC1 78 46.1

AC2 91 53.9

Total 169 100.0

Farm (F)

F1 74 43.8

F2 81 47.9

Others (F3 + F4) 14 8.3

Total 169 100.0

Stocking density

Low (from 104.8 to 182.5 kg/m2 ) 74 43.8

High (from 323.5 to 390.6 kg/m2 ) 95 56.2

Total 169 100.0

Extra stop

No 118 69.8

Yes 51 30.2

Total 169 100.0

Number of animals positive to pathogens at T0

Negative 90 53.2

Single positive 52 30.8

Positive for 2 pathogens 16 9.5

Positive for 3 pathogens 8 4.7

Positive for 4 pathogens 2 1.2

Positive for 5 pathogens 1 0.6

Total 169 100.0

Number of animals positive to pathogens at T1

Negative 4 2.4

Single positive 25 14.8

Positive for 2 pathogens 49 29.0

Positive for 3 pathogens 42 24.8

Positive for 4 pathogens 35 20.7

Positive for 5 pathogens 13 7.7

Positive for 6 pathogens 1 0.6

Total 169 100.0

(from +7 to +10◦C) and 1H (from +15 to +30%) increased,
respectively, by 60 and almost 6 times the presence of diarrhea
compared with lower 1.

Lacrimal discharge was related to the farm of arrival
(p < 0.001) and to 1H (p = 0.022). Animals transported to F2
were almost 25 times more likely to display lacrimal discharge
than beef steers in F1, and 1H (between +15 and +30% than
T0) was associated with a 20-time increase in the likelihood of
showing lacrimal discharge compared with the 1H from −35
to−10%.

Nasal discharge was associated with the farm of arrival
(p < 0.001) and AT (p < 0.001). The animals were eight times
more likely to display nasal discharge if transported to F2 than to
F1, and if AT was above 10◦C.
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TABLE 3 | Beef steers (n = 169) traveling from France to Italy.

T0 T1 McNemar’s χ
2 test

N % N % Statistics p-value

Injury 0/169 0.0 1/169 0.6 n.e. n.e.

Pain 0/169 0.0 1/169 0.6 n.e. n.e.

Depression 0/169 0.0 1/169 0.6 n.e. n.e.

Polypnea 0/169 0.0 1/169 0.6 n.e. n.e.

Coughing 0/169 0.0 20/169 11.8 18.05 <0.001

Diarrhea 0/169 0.0 28/169 16.6 26.04 <0.001

Lacrimal discharge 0/169 0.0 33/169 19.5 31.03 <0.001

Nasal discharge 0/169 0.0 90/169 53.3 88.01 <0.001

BoHV-1 0/169 0.0 0/169 0.0 n.e. n.e.

BVDV 0/169 0.0 0/169 0.0 n.e. n.e.

BRSV 1/169 0.6 15/169 8.9 12.07 <0.001

BCoV 27/169 16.0 110/169 65.1 67.91 <0.001

BPIV-3 0/169 0.0 4/169 2.4 2.25 0.133

BAdV 3/169 1.84 18/169 10.7 11.53 <0.001

H. somni 48/169 28.4 148/169 87.6 92.46 <0.001

M. haemolytica 14/169 8.3 27/169 16.0 4.36 0.036

M. bovis 7/169 4.1 78/169 46.1 65.33 <0.001

P. multocida 21/169 12.4 60/169 35.5 29.47 <0.001

Co-infection 27/169 16.0 140/169 82.8 101.98 <0.001

Descriptive statistics and comparison between departure (T0) and 4 days after arrival (T1)
of the observed prevalence of the animals displaying clinical signs and positivity for the
investigated nasopharyngeal pathogens.
n.e., not estimable.

Factors Associated With Viral Infections
at T1
The complete list of Wald test p-values calculated between the
predictive variables and the viral infections at T1 is reported
in Supplementary Table 6. The OR, 95% CI, and p-values of
the variables significantly associated with the presence of viral
infections at T1 in the univariate logistic regressions are reported
in Supplementary Table 7.

Table 5 reports the OR, 95% CI, and p-values of the variables
retained in the final multiple regression models. BRSV was
found to be associated with the farm of arrival (p = 0.029),
the presence of an extra stop during the transport (p = 0.020),
and the AH (p < 0.001). For the variable farm of arrival, the
category “others” was more than 20 times more likely to have
beef steers positive for BRSV than F1, and this possibility was
even higher if at arrival there was a medium–low AH than a
medium–high AH.

BAdV was found to associated with the farm of arrival
(p = 0.007), the stocking density (p = 0.002), and the 1H
(p = 0.006). The odds of having beef steers positive to BAdV
at T1 were 48 times higher if transported to F2, almost 50 times
with a 1H of category 3 (+15 to +30%), and 20 times higher if
transported at low stocking densities.

On the other hand, BCoV did not show any significant
associations with the investigated factors.

TABLE 4 | Final multivariable regression models for the dummy dependent

variables of the presence/absence of clinical signs.

Variable Category Final multivariable model

OR 95% CI p

Dependent variable: coughing

Stocking density Low Ref

High 10.33 2.88–46.86 <0.001

1T Low Ref

Medium 11.62 3.54–44.89 <0.001

High n.e. n.e. 0.991

Arrival precipitations Yes Ref

No 35.38 5.65–707.05 0.001

Dependent variable: diarrhea

1T Low Ref

Medium 2.30 0.76–7.06 0.136

High 60.37 7.43–1,342.21 <0.001

1H Medium Ref

Low 0.45 0.02–3.98 0.516

High 5.84 1.74–26.86 <0.001

Dependent variable: lacrimal discharge

F F1 Ref

F2 24.97 6.29–170.90 <0.001

Others n.e. n.e. 0.992

1H 1 (−35 to −10%) ref

2 (−5 to +10%) 4.04 0.68–77.56 0.202

3 (+15 to +30%) 19.98 3.29–389.81 0.007

Dependent variable: nasal discharge

F F1 Ref

F2 8.03 2.10–40.71 0.005

Others 3.13 0.82–13.30 0.103

AT 1 (5–9◦C) Ref

2 (10–13◦C) 13.22 2.72–84.56 0.003

3 (14–19◦C) 140.65 20.32–1,250.12 <0.001

4 (20–23◦C) 38.05 5.04–361.04 <0.001

5 (24–30◦C) 65.77 12.40–448.29 <0.001

The symptoms were observed 4 days after arrival in 169 beef steers transported from
France to Italy. Data are presented as odds ratio (OR), 95% confidence interval (95% CI),
and p-value (p).
n.e., not estimable; Ref, reference; AT, arrival temperature;1T, delta temperature between
arrival and departure; 1H, delta humidity between arrival and departure; F, farm of arrival.

Factors Associated With Bacterial
Infections at T1
The complete list of Wald test p-values calculated between the
predictive variables and the bacterial infections at T1 is reported
in Supplementary Table 8. The OR, 95% CI, and p-values of the
variables significantly associated with the presence of bacterial
infections at T1 in the univariate logistic regressions are reported
in Supplementary Table 9.

Table 6 reports the OR, 95% CI, and p-values of the variables
retained in the final multiple regression models. The positivity
to H. somni was associated with the farm of arrival (p < 0.001)
and the diurnal temperature variation (p < 0.001). Indeed, the
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TABLE 5 | Final multivariable regression models for the dummy dependent

variables of positivity/negativity to viral infections.

Variable Category Final multivariable model

OR 95% CI p

Dependent variable: BRSV positivity

F F2 Ref

F1 2.39 0.48–17.68 0.321

Others 23.08 2.14–624.09 0.021

Extra stop No Ref

Yes 5.52 1.30–28.99 0.026

AH Medium–high Ref

Medium–low 37.03 4.70–1,163.15 0.006

Very high n.e. n.e. 0.995

Dependent variable: BAdV positivity

F F1 Ref

F2 48.82 6.33–1,167.10 0.002

Others 7.79 0.88–174.69 0.097

Stocking density High Ref

Low 23.60 4.99–179.78 <0.001

1H 1 (−35 to −10%) Ref

2 (−5 to +10%) 4.81 0.58–103.48 0.193

3 (+15 to +30%) 49.46 5.98–1,227.89 0.002

The positivities were observed 4 days after arrival in the DNS from 169 beef steers
transported from France to Italy. Data are presented as odds ratio (OR), 95% confidence
interval (95% CI), and p-value.
n.e., not estimable; Ref, reference; F, farm of arrival; AH, arrival humidity; 1H, delta
humidity between arrival and departure.

odds of finding animals positive to H. somni were 30 times
higher when beef steers arrived at F1 than at F2, and there
was the diurnal temperature variation category 4 (from 12
to 17◦C).

M. haemolytica was associated with the presence of an extra
stop during transport (p = 0.013), the diurnal temperature
variation (p < 0.001), and the arrival precipitations (p < 0.001).
The odds of finding animals positive to M. haemolytica
increased by over 6 times if an extra stop was performed
during transport, 29 times with the category 1 (from 0 to
5◦C) of diurnal temperature variation when compared with
category 3 (from 9 to 11◦C), 17 times if arrival precipitations
were absent, and 10 times if the animal was also positive
for BRSV.

M. bovis positivity was related to the AT (p = 0.027)
and the stocking density (p = 0.035). The odds of finding
animals positive to M. bovis increased by five times with
category 2 (from 10 to 13◦C) of AT compared with category
1 (from 5 to 9◦C) and by more than two times with high
stocking densities.

P. multocidawas associated with the positivity for P. multocida
at T0 (p = 0.002), the stocking density (p = 0.029), and an
extra stop during transport (p = 0.002). The odds of finding
animals positive to P. multocida increased by more than five
times if they were already positive to this pathogen at T0,
by three times with the presence of an extra stop during

TABLE 6 | Final multivariable regression models for the dummy dependent

variables of positivity/negativity to bacterial infections.

Variable Category Final multivariable model

OR 95% CI p

Dependent variable: H. somni positivity

F F2 Ref

F1 36.28 5.72–775.03 0.002

Others n.e. n.e. 0.992

Diurnal temperature variation 4 (12–17◦C) Ref

1 (0–5◦C) 61.28 7.91–1,377.89 <0.001

2 (6–8◦C) 101.45 14.67–2,130.59 <0.001

3 (9–11◦C) 53.16 6.99–1,175.43 <0.001

Dependent variable: M. haemolytica positivity

Extra stop No Ref

Yes 6.60 1.40–48.02 0.028

Diurnal temperature variation 3 (9–11◦C) Ref

1 (0–5◦C) 29.01 4.65–312.96 0.001

2 (6–8◦C) 2.17 0.41–14.57 0.380

4 (12–17◦C) n.e. n.e. 0.992

Arrival precipitations Yes Ref

No 17.38 2.87–346.72 0.011

BRSV positivity at T1 No Ref

Yes 9.95 1.70–74.32 0.015

Dependent variable: M. bovis positivity

Stocking density Low Ref

High 2.39 1.06–5.60 0.038

AT 1 (5–9◦C) Ref

2 (10–13◦C) 5.07 1.52–20.47 0.013

3 (14–19◦C) 2.19 0.42–1.22 0.356

4 (20–23◦C) 1.44 0.23–9.68 0.702

5 (24–30◦C) 1.37 0.29–6.79 0.688

Dependent variable: P. multocida positivity

Stocking density High Ref

Low 2.76 1.26–6.14 0.028

Extra stop No Ref

Yes 3.16 1.44–6.99 0.002

P. multocida positivity at T0 No Ref

Yes 5.62 1.90–19.40 0.002

The positive DNS were observed 4 days after arrival (T1) in 169 beef steers transported
from France to Italy. Data are presented as odds ratio (OR), 95% confidence interval (95%
CI), and p-value (p).
n.e., not estimable; Ref, reference; F, farm of arrival; AT, arrival temperature.

transport, and by more than two times if transported at low
stocking densities.

Association Between the Presence of
Clinical Signs and Pathogens at T1
Figure 1 shows the results of the univariable regression analysis.
Among the observed clinical signs, the presence of nasal
discharge was associated with the positivity to M. haemolytica;
the animals displaying nasal discharges were six times more likely
to have resulted to be positive toM. haemolytica (OR= 6.44, 95%
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FIGURE 1 | Associations between the presence/absence of nasal discharge and M. haemolytica at T1 (A), nasal discharge and BCoV at T1 (B), diarrhea and BAdV

at T1 (C), and between diarrhea and M. haemolytica at T1 (D) in 169 beef steers transported from France to Italy. Each table reports the relative prevalence of the

pathogens in animals with or without clinical signs.

CI = 2.33–22.79, p = 0.001) and two times more likely to have
resulted to be positive to BCoV (OR= 2.19, 95% CI= 1.15–4.20,
p= 0.017). Beef steers with diarrhea were instead five times more
likely to have BAdV (OR= 5.56, 95%CI= 1.91–15.92, p= 0.001)
andM. haemolytica infections (OR= 5.41, 95% CI= 2.12–13.76,
p < 0.001).

Identification of Variables Shaping the
Multivariate Structure of the Dataset
MCA identified the underlying structures in the dataset,
associations and correlations linking the categorical variables,
and the most important variables shaping the dataset inertia. The
top 10 new dimensions identified by MCA explained 66.8% of
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FIGURE 2 | The multiple correspondence analysis (MCA) biplot with Dimension 1 (Dim1) as x-axis and Dimension 2 (Dim2) as y-axis, with the explained variance

between brackets. Different colors and confidence ellipses are drawn for the main variables entering the first two dimensions and explaining most of the variance

noticed in the sample of 169 beef steers transported over a long-distance journey from France to Italy. F, farm of arrival; AT, arrival temperature; 1H, delta humidity

between arrival and departure.

the total inertia (Supplementary Figure 2). The two dimensions
explaining the highest inertia percentages were Dimension 1
(Dim1) and Dimension 2 (Dim2), accounting for 11.6% and
10.2% of the total inertia, respectively. The contribution of the
variable categories (in %) to the definition of the dimensions is
reported in Supplementary Table 10, whereas the complete list
of the coordinates for all the variable categories is reported in
Supplementary Table 11.

The multivariate structure of the samples is graphically
represented in Figures 2, 3, where only the variables contributing
the most to the inertia explained by each dimension have been
reported. Figure 2 shows a reproduction of the same MCA
biplot with Dim1 as x-axis and Dim2 as y-axis, with different
colors and confidence ellipses for the variables showing clusters
(and thus defining the two main dimensions). The variable
categories contributing the most to the total inertia of the dataset
structure were the season and the farm of arrival determining
the subsequent clusterization visible in the biplot for the other
variables. Comparing the biplots in Figure 2, it is possible to
note that the animals showing lacrimal discharge at T1 were

mainly those that were transported in summer to F2, where
temperatures ranging from 24 to 30◦C were noticed (category 5
of the AT variable). The animals that were negative to H. somni
at T1 were those that were transported during winter to F2,
where temperatures ranged from 5 to 9◦C (category 1 of AT), and
with a difference in the humidity comprised in category 2 (from
−5% to +10%) of 1H. The animals displaying DNS positive to
BRSV were those that were transported during the winter season
and at the time of arrival at F1 or “others” found temperatures
comprised in category 3 (from 14 to 19◦C) of the AT variable.
Furthermore, it is possible to note comparing the biplots in
Figure 2 that the animals positive for P. multocida at T1 were
those already positive for this pathogen at T0, transported at low
stocking densities (from 104.8 to 182.5 kg/m2), and with an extra
stop during transport. Finally, beef steers displaying diarrhea at
T1 were those subjected to high ATs (categories 4 and 5 of the
AT) and an abrupt increase in humidity at arrival (category 3 of
the 1H). Figure 3 shows the same MCA biplot with Dim2 as
x-axis and Dim3 as y-axis, with different colors and confidence
ellipses for the variables showing clusters (and thus defining the
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FIGURE 3 | The multiple correspondence analysis (MCA) biplot with Dimension 2 (Dim2) as x-axis and Dimension 3 (Dim3) as y-axis, with the explained variance

between brackets. Different colors and confidence ellipses are drawn for the main variables entering the first two dimensions and explaining most of the variance

noticed in the sample of 169 beef steers transported with a long-distance journey from France to Italy. F, farm of arrival; AT, arrival temperature.

second and the thirdmain dimensions). Comparing the biplots in
Figure 3, it is possible to note that the animals positive at T1 for
BRSV were all transported at low stocking densities and during
winter, whereas those positive at T1 for BAdV were transported
at low stocking densities but mainly during spring and summer.
It is also clear the presence of an association between winter and
coughing, as beef steers transported during this season had a
greater prevalence of this clinical sign.

DISCUSSION

This study documented the prevalence of the clinical signs and
pathogens related to BRD after a long-distance journey from
France to Italy in beef steers. Several associations between the
different weather and travel conditions (e.g., season, diurnal
temperature variation, stocking density, farms of arrival) and
the presence of virus/bacteria and clinical signs recorded 4 days
after arrival were identified. Our findings strongly support our
hypothesis. They confirmed that the prevalence of BRD-related
pathogens increased after the tested journey length and suggested

that weather conditions and the presence of an extra stop
during transport may also be factors increasing the likelihood
of BRD and its clinical signs. To our knowledge, this is the
first study on the effects of the difference of temperature and
humidity between arrival and departure on the occurrence of
BRD-related pathogens and clinical signs in a consistent sample
of beef steers (169 animals) traveling on a similar long-distance
journey throughout the whole year. Our results may be useful to
minimize the incidence of BRD and to propose best practices for
cattle transportation.

A valuable observation point of the sanitary conditions of
cattle in Europe was provided. In Europe, there are more than
4 million cattle transported each year across the member states,
with more than 117,000 cattle consignments registered in 2015
(25). Italy is one of the largest cattle importers in the EU (2),
and France is Italy’s main supplier of cattle for fattening and
slaughter, with more than 600,000 heads imported from France
to Italy in 2016 (2). The fitness for travel of the tested animals
was performed by official veterinarians, but despite this, cases of
positivity were registered before departure. Our results highlight
therefore the role of live animal transportation as a possible
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way to move pathogens across Europe. However, long-distance
journeys are not only a biosecurity hazard (26) but also a
major welfare concern worldwide (27, 28). It is well-known that
long travels are stressful events affecting the animal immune
system and increasing the pathogen shedding, and ultimately
result in production efficiency impairment and health problems
onset (14, 29, 30). Over the last years, the number of animals
transported for long-distance journeys has greatly increased, due
to the increased trade in live animals between different countries
and the establishment of fewer and larger growing/finishing
farms and slaughter facilities often built far from the farms
(31). Consequently, minimizing sufferance and poor health and
welfare in the transported animals is crucial for lowering the
risks of disease spread, and this is achievable only by improving
the welfare standards before, during, and after a journey. Our
findings are of interest not only for Europe but also for other
countries whose dimensions require long journeys, such as North
America or Australia.

Our results reinforce the argument that transport represents
a risk factor in the development of BRD (32). The prevalence of
BRD-related pathogens (BAdV, BCoV, BRSV, H. somni,M. bovis,
M. haemolytica, and P. multocida) and clinical signs (coughing,
diarrhea, nasal and lacrimal discharges) increased dramatically
after travel, and extreme dysbiosis of the nasopharyngeal
tract was observed, with a dramatic increase in co-infection
(i.e., prevalence of concurrent infections increased by 500%
after travel). Our results support the idea that long-distance
transportation favors respiratory tract dysbiosis with concurrent
bacterial and virus infections leading to BRD (14, 33–35). The
drastic increase in co-infection found gets even more interesting
when considering that all journeys included in this study
complied with EC 1/2005, and all were within the maximum
journey duration allowed. Extensive literature exists on the
effect that different travel distances may have on stress-related
physiological responses (36, 37) and BRD-related pathogens
(15, 38). Our findings support the idea that the maximum
travel time allowed should be reduced, as already pointed out in
previously published activity reports to the European Parliament
(17). However, the journey time represents only one of the
variables affecting the occurrence of BRD, and other factors are
supposed to play roles in the occurrence of this multifactorial
disease (33). Consequently, analyzing individually which factors
influence the prevalence of pathogens and clinical signs may
provide suggestions for further implementing EC 1/2005 and
provide best practices for cattle transportation.

Multiple factors affecting the occurrence of this complex
disease have been investigated. BRD predisposing factors are
weather conditions, including season (39–42), management
factors at the ACs or sale barns (43), stocking density (44), human
factors (33, 39), and age and gender of the animals (33). Our
results strongly indicated that season and its associated variables,
such as 1T, 1H, AT, AH, diurnal temperature variation, and
arrival wind speed, resulted to be crucial for the prevalence
of the BRD-related pathogens and clinical signs investigated
in the present study. Autumn has been found as one of the
possible predisposing factors in the outbreak of this disease
in cattle transported across North America (39–41). However,

subsequent scientific literature suggested that the association
between autumn and BRD occurrence may also be caused by
the greater numbers of cattle marketed during that season, with
implications on higher crowding, commingling, and competition
for feeding at sale barns (33). We were not able to find the same
strong association between all tested BRD-related pathogens and
autumn, and this could be due to the difference in climate
between North America and South Europe and to the different
production strategies. Finally, it is worth noting the effect of
climate changes on seasons, and consequently, also based on
our results, to safeguard the welfare of the cattle during the
journey, it seems more appropriate to plan journeys accordingly
with the weather forecasting and mitigate the weather conditions
than reducing the journeys in a particular season. Overall, our
results suggest that different combinations of weather and travel
conditions can increase or decrease the odds of animals being
positive for a particular virus or bacterium, depending also on
the characteristics of the pathogens.

Several bacteria have been linked with BRD. The positivity for
M. bovis increased 10 times after traveling. M. bovis has been
isolated from the lungs of animals affected by BRD, and in several
cases of feedlot cattle with chronic, non-responsive respiratory
disease (45, 46). However, it is often regarded as an opportunist
in cattle respiratory tract, whose virulence is enhanced by other
concomitant infections (47). Interestingly, in the present study,
the prevalence of DNS positive to M. bovis increased when the
AT was between 10 and 13◦C and animals were transported in
autumn to F1, with a strong arrival wind speed and a1Hbetween
−35 and −10%. The positive association between M. bovis and
autumn agrees with the literature (39–41). This could be due
to temperatures that favor bacterial growth and to the fact that
the animals were grazed for the summer months on pasture in
France. Sharing pasture between cattle and other animal species
was proven to be a risk factor inM. bovis shedding (48). However,
the sanitary condition of the farm (people, equipment, and
managing decisions) may play also a primary role in M. bovis
shedding, as suggested also by previous research on this pathogen
(49). Feedlot placement affects the nasopharyngeal microbiota of
beef cattle (7), and it is not surprising that the farm of arrival
was also one of the major factors affecting the prevalence of H.
somni (14). In particular, the animals beingmore likely positive to
this pathogen were those transported to F1, suggesting that this
bacterium could have been endemic in that farm. An outbreak
of H. somni infection was found in young male cattle from an
autochthonous breed reared in a farm located in the Center of
Italy during the first months of 2016 (50). Schiavon et al. (51)
reported that in Italy, H. somni-related pathologies mainly occur
in beef steers aged between 4 and 10 months during autumn
and winter seasons and their onset can be affected by the stress
resulting from cold and changing weather conditions (52). Our
animals belonged to that age category, and we found an increase
of positivity in autumn and summer, but not in winter. Despite
the association between summer and H. somni positivity may
appear surprising at first, it is worth mentioning that the tested
vehicles crossed the Alps; the temperature curve during these
types of journeys in summer may be extremely stressful for the
transported animals, with temperatures dropping from 25 to 6◦C

Frontiers in Veterinary Science | www.frontiersin.org 12 June 2021 | Volume 8 | Article 62789419

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Padalino et al. Nexus Between Travel and BRD

(53) and then increasing again to 30◦C during the travel. While
the role of H. somni in BRD onset is still unclear, P. multocida
is among the key pathogens associated with bovine pneumonia
(54). In our study, about 35% of the animals resulted to be
positive for P. multocida after the journey, and low stocking
densities, pre-existing infection, and the presence of an extra stop
during transport resulted to be predisposing factors. P. multocida
transmission mainly occurs via direct contact with infectious
secretions or excretions or through inhalation of aerosols (55).
It is, therefore, possible that the transported beef steers already
positive to this pathogen at T0, which were free to move inside
the vehicles, may have expressed more exploratory behaviors and
social interactions when transported at low stocking densities
and during the stop, thus increasing the frequency of contacts
between animals and the spreading of P. multocida. The presence
of an extra stop during the journey should also be seen as an
increase in journey duration and as an unuseful delay. It is well-
known indeed that travel duration is a risk factor that increases
the likelihood of opportunistic infections, such as Pasteurellaceae,
in the lower respiratory tract (56) and of pneumonia in the
transported animals (28, 57). Finally, MCA highlighted a cluster
of animals where P. multocida positivity seemed to be related to
BRSV positivity, spring season, and others as the category for the
farm of arrival. In our study, the presence of BRSV was positively
associated withM. haemolytica. This is in line with the literature
because BRSV acts as a primary pathogen and predisposes the
animal to secondary infections by Pasteurella spp. (14, 58) and
M. haemolytica (59). As for Pasteurella spp., M. haemolytica
positivity was more common at T1 among the animals that
were subjected to an extra stop during the transport. However,
this bacterium resulted to be positively associated also with
low precipitations at arrival. A dry climate could be a possible
predisposing factor because of the greater presence of dust in the
air. This result seems to be consistent also with the evidence by
Dubrovsky et al. (60) that reported dust occurring regularly in the
calf-raising area was associated with increased BRD prevalence in
pre-weaned calves. Dust may cause an inflammatory response in
the nasopharyngeal tract, but also may be a carrier of airborne
microorganisms, including viruses (61).

The exact role of viruses in BRD occurrence is still unclear.
Viruses may produce a clinical syndrome consistent with BRD
also in the absence of bacterial co-infection (62), but viral
infections are generally considered as previous to, or concurrent
with, bacterial infection (15). In our study, no positive DNS
at departure and very few positivities at arrival were observed
for BVDV, BoHV-1, and BPIV-3. On the other hand, BCoV
was the pathogen showing the most dramatic increase from
T0 and T1. This result suggests a fast replication of BCoV in
the upper respiratory tract of animals in distress after long-
distance transport, in agreement with the literature (14). Despite
the significant increase, no associations were found. This result
suggests that BCoVs spread independently of season, stocking
densities, and climate, being extremely contagious no matter the
travel and weather conditions. Contrariwise, BRSV resulted to
be associated with an extra stop during transport, a particular
farm (F3 and F4), a humidity ranging between 60 and 70%,
and abnormally high temperatures in winter. This could be

due to the fact that air humidity is considered among the
main environmental risk factors increasing pathogen density and
survival time outside the host (63). As observed for P. multocida,
lower stocking densities during transport were associated with
increased odds of having beef steers positive to BAdV. As
already suggested, this may be related to the fact that increased
space allowance during transport facilitates social interactions.
However, during low stocking density, ventilation may also be
stronger, increasing the spreading of the virus. The farm of arrival
was associated with BAdV suggesting the epidemiological role of
the farm of arrival even if our animals were isolated. Therefore, as
the sampled animals did not get in touch with the others already
located in the arrival farms, it may be likely that equipment and
workers may have played roles. However, this hypothesis needs
to be confirmed by further studies.

In our study, the odds of having beef steers with lacrimal
and nasal discharges were higher at F2. Nasal discharge was
significantly associated with the prevalence of M. haemolytica
and BCoV, and with AT above 10◦C. Both the presence of
lacrimal discharge and diarrhea were associated with a higher
AH. These results are therefore in agreement with the general
view that sudden changes in air humidity represent a stressor
possibly triggering a clinical state, and that high humidity
favors dampness and disease spread. In addition, high 1T
and 1H resulted in increase in the possibility of transported
animals displaying diarrhea and coughing. These results are not
surprising when we consider the scientific literature. Several viral
agents may survive longer in aerosol with increased relative
humidity in the air, and their persistence may also depend on
temperature (64). Coughing was also more frequent if no arrival
precipitations were noticed. As mentioned before, a dry climate
may cause increased amounts of dust in the air, possibly causing
an inflammatory response in the respiratory tract epithelium
and also playing a role as a carrier of airborne microorganisms.
Concerning coughing, this symptom was associated also with
higher stocking density during transport. The more the animals,
the more the concentration of noxious gases, impurities, and
water vapor increases in the air during transport. This may
participate in causing inflammatory reactions in the mucosa of
the respiratory tract. However, coughing did not result to be
associated with any positivity for the tested pathogens. This
was expected since this clinical sign is non-specific, and it
is not always present in the case of transport pneumonia in
both horses (5) and bovine (33). Our result suggests that using
cough monitoring to identify an early stage of BRD may not be
appropriate. In the present study, the nasal discharge was instead
found to be often associated with specific pathogens positivities.
Thus, the presence of nasal discharge may be a more accurate
marker to start treating the animals.

Antimicrobial metaphylaxis upon feedlot arrival is commonly
used to reduce morbidity and mortality (65). However, this
mass administration of antibiotics dramatically contributes to
the development of antibiotic resistance, one of the major global
health threats (66). To limit the spreading of pathogens linked
to the transport of live animals and slow the development of
antibiotic resistance, it would be desirable to identify more
accurate diagnostic methods to test the animals before departure
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and other types of preventions. For instance, in our study
before departure, many animals resulted to be positive but
asymptomatic. The use of accurate diagnostic tools may help in
identifying the animals positive to the BRD-related pathogens,
preventing them from being transported, and decreasing the risks
of pathogen spreading during and after transport. Given the high
prevalence of BCoV at T1, it is also advisable to vaccinate animals
before departure, to avoid the possibility that this pathogen may
act as a trigger to other secondary bacterial infections involved in
BRD occurrence. Based on our findings, immunization toward
the pathogens present in the destination farms seems also a good
practice. Good management practices, such as avoiding abrupt
changes in the environmental parameters and the presence of
dust inside the feedlot, may help to prevent the outbreak of BRD
and should be also be recommended. Better transport practices
would also help to reduce the use of antibiotics, thus limiting
the exposure of bacteria to antibiotics, therefore slowing the
development of antibiotic resistance (14).

Our results need to be interpreted with caution because the
study has some limitations. First, this is a preliminary and
an opportunistic research, and thus we had not the possibility
to balance throughout the year of sampling all the variables
possibly affecting BRD-related symptoms and pathogens. For
example, as can be noticed by the MCA biplots, some farms
received few animals and mainly in one or two seasons. This
may have affected the power of the statistical analysis and
might have been a confounding factor. Second, it was not
possible to download from the vehicles and analyze the data
concerning the temperatures and humidity conditions during
transport, which may have contributed to explaining part of the
variability observed in the considered sample. Third, mortality
and morbidity rates of the total population (n = 1,045) were not
recorded, and no other follow-up of the 169 tested beef steers
was possible due to logistic problems. Fourth, since only nasal
swabs were collected in unhandled animals and some sampling
was difficult to perform, it would have been possible that our
prevalence was underestimated due to false negative. Fifth, it was
impossible to record the real duration of each journey and the
rectal temperature. Finally, our methodological approach did not
presume to define direct cause–effect relationships, but mainly
to investigate possible associations useful to screen possible
factors that need further investigation. Notwithstanding these
limitations, this manuscript documents for the first time the
prevalence of clinical signs and pathogens related to BRD in a
consistent sample of beef steers (169 animals) throughout the
whole year of long-distance travel from France to Italy with
integrated use of regression and multivariate analyses.

Overall, the tested journey led to an increased prevalence
of BRD-related pathogens and clinical signs, and we suggested
that weather and travel conditions play important roles. It
seems that environmental parameters and their abrupt changes,
such as those occurring during hot seasons in Italy, are more
likely to increase the prevalence of several symptoms and
pathogens related to BRD. This paper also raises doubts about
the effects of more than one unloading stop during long
journeys that seemed to increase the positivity to particular
bacteria. Finally, our results confirmed the importance of feedlot
management as a factor affecting the prevalence of several
BRD-related pathogens, suggesting that more interventions
(i.e., more testing and immunizations) should be performed
before transport.
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A broad, cross-sectional study of beef cattle at entry into Canadian feedlots investigated

the prevalence and epidemiology of antimicrobial resistance (AMR) in Mannheimia

haemolytica, Pasteurella multocida, Histophilus somni, andMycoplasma bovis, bacterial

members of the bovine respiratory disease (BRD) complex. Upon feedlot arrival and

before antimicrobials were administered at the feedlot, deep nasopharyngeal swabs were

collected from 2,824 feedlot cattle in southern and central Alberta, Canada. Data on

the date of feedlot arrival, cattle type (beef, dairy), sex (heifer, bull, steer), weight (kg),

age class (calf, yearling), source (ranch direct, auction barn, backgrounding operations),

risk of developing BRD (high, low), and weather conditions at arrival (temperature,

precipitation, and estimated wind speed) were obtained. Mannheimia haemolytica, P.

multocida, and H. somni isolates with multidrug-resistant (MDR) profiles associated with

the presence of integrative and conjugative elements were isolated more often from

dairy-type than from beef-type cattle. Our results showed that beef-type cattle from

backgrounding operations presented higher odds of AMR bacteria as compared to

auction-derived calves. Oxytetracycline resistance was the most frequently observed

resistance across all Pasteurellaceae species and cattle types. Mycoplasma bovis

exhibited high macrolide minimum inhibitory concentrations in both cattle types. Whether

these MDR isolates establish and persist within the feedlot environment, requires

further evaluation.

Keywords: antimicrobial resistance, bovine respiratory disease, cross-sectional study, epidemiology,Mannheimia

haemolytica, Mycoplasma bovis, Pasteurella multocida, Histophilus somni
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INTRODUCTION

Bovine respiratory disease (BRD) continues to be a challenging
and costly disease in feedlot cattle in North America (1–3),
accounting for 70–80% and 40–50% of the total herd-level
morbidity and mortality, respectively (4). Moreover, it has been
estimated that BRD costs the North American feedlot cattle
industry over $3 billion annually (5). Mannheimia haemolytica,
Pasteurella multocida, Histophilus somni, and Mycoplasma bovis
are considered the main bacterial species associated with BRD
(6). However, viruses, host, environment, and management
practices also play important roles in this multi-factorial,
complex disease (7). Considerable resources have been invested
in the development of technologies and management strategies
to mitigate and treat BRD, but the incidence of morbidity and
mortality have remained relatively constant over the last 45 years
(8). Practices such as preconditioning, improved diagnostics,
and new vaccines continue to be developed, investigated,
and validated as alternatives to antimicrobials. However, until
these alternatives are shown to be cost-effective, practically
implementable, and on-par or surpass currently available
practices, it is likely that antimicrobial therapy will continue to be
an important tool for preventing, treating, and controlling BRD
in feedlot cattle.

Previous studies have suggested that antimicrobial resistance
(AMR) amongst BRD-related bacteria has been increasing in
North America (9–11). However, these studies mostly collected
samples from clinical BRD cases. A previous Alberta study
found that 30% of M. haemolytica and 12.5% of P. multocida
isolated from BRD cattle mortalities were resistant to macrolides,
tetracyclines (TETs), β-lactams, fluoroquinolones (FQs),
lincosamides, aminoglycosides (AMGs), and pleuromutilins
(12). Resistance to macrolides is of particular concern due to
the importance of these drugs in controlling BRD in high risk
incoming cattle (13). Unlike clinical BRD cases, studies that
targeted beef cattle at feedlot arrival, prior to antimicrobial
administration found that M. haemolytica and P. multocida
were susceptible to fluoroquinolones, macrolides, β-lactams, and
cephalosporins (14–16). This suggests that AMR increases after
feedlot placement. However, previous published studies that
assessed AMR prior to administration of antimicrobials at arrival

Abbreviations: A, auction; AF, arrived from; AMG, aminoglycoside; AMP,

ampicillin; AMR, antimicrobial resistance; AMU, antimicrobial use; ARG,

antimicrobial resistance gene; B, backgrounding; BHI, brain-heart infusion;

BRD, bovine respiratory disease; CI, Confidence Interval; CLSI, Clinical an

Laboratory Standards Institute; cPCR, conventional PCR; CTET, chlortetracycline;

DANO, danofloxacin; DNPS, deep nasopharyngeal swab; ENRO, enrofloxacin;

FFN, florfenicol; FQ, fluoroquinolone; GLMM, generalized linear mixed model;

GAM, gamithromycin; GEN, gentamycin; MDR, multidrug resistance; ICE,

integrative and conjugative element; MGE, mobile genetic element; MIC,

minimum inhibitory concentration; NEO, neomycin; OR, odds ratio; OXY,

oxytetracycline; PEN, penicillin; qPCR, quantitative PCR; QRDR, quinolone

resistant determining region; RD, ranch direct; RE, random effect; RFID,

radio frequency identification; SIR, susceptible, intermediate, resistant; SPE,

spectinomycin; TC, truck cluster; TET, tetracycline; TIL, tilmicosin; TIO, ceftiofur;

TIP, tildipirosin; TMR, total mixed ration; TUL, tulathromycin; TYLT, tylosin

tartrate; WGS, whole genome sequencing.

focused onM. haemolytica and not all four members of the BRD
bacterial complex (14, 15).

Development of AMR threatens access and efficacy of
antimicrobials, has the potential to increase antimicrobial
use (AMU) (5), threaten animal health and welfare (17),
increase production costs (18), and promote dissemination
of antimicrobial-resistance genes (ARG) in cattle and the
environment (19). Passive AMR surveillance can help to
identify emerging AMR trends (20). However, for a global and
non-biased vision of current AMR patterns, epidemiologically
robust studies are required. The Canadian beef industry in
partnership with CIPARS (Canadian Integrated Program for
Antimicrobial Resistance Surveillance) has recently developed
a national feedlot AMU/AMR surveillance program targeting
selected respiratory nasal bacterial pathogens and enteric bacteria
(21). To complement the surveillance program, this study was
designed to estimate the current prevalence and describe AMR
in M. haemolytica, P. multocida, H. somni, and M. bovis, and to
provide insight into the epidemiology and possible risk factors
for AMR prior to cattle arriving at the feedlot.

MATERIALS AND METHODS

Ethics Statement and General Cattle
Management
The animal study was reviewed and approved by the Lethbridge
Research Centre Animal Care and Use Committee (Protocol
#1641, Jan 18th, 2017) and was conducted according to the
Canadian Council of Animal Care Guidelines (22).

Sampling
From August 2017 to May 2018 and from August 2018 to April
2019 (19 months), deep nasopharyngeal swabs (DNPS) were
collected from feedlot cattle at processing at feedlot arrival, prior
to the administration of antimicrobials. Cattle were housed in ten
different commercial feedlots located across southern and central
Alberta purposely selected based on their one-time holding
capacity, the use of an electronic record keeping system, and
willingness to collaborate in the study. Each feedlot (designated
A-J) was managed by one of four veterinary practices providing
services to ∼80% of Alberta’s 1.5 million feedlot cattle. Feedlots
were selected based on their one-time holding capacity, the use
of an electronic animal health record-keeping system, and their
willingness to participate. Six feedlots had a one-time capacity
>10,000 head; whereas four housed<10,000 head. For sampling,
transport truck was considered the sampling unit. When beef-
type cattle from different locations were transported in the same
truck, location was also considered to define the sampling unit.
For sample size calculation, the isolation percentage of BRD
bacteria resistant to at least one antimicrobial was expected to
by 15% based on previous pilot studies carried out in the same
geographical area (JVD, personal communication). Sample size
at animal level was calculated before the participating feedlots
were assigned. Assuming n = Z2

α
pq/L2; α = 0.05 (Zα = 1.96);

p = 0.15; and with a precision of L = 0.05, a total of 200
head were initially targeted per feedlot per year. A total of 10
cattle from each of the 10 participating feedlots were targeted
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for sampling every 2 weeks for 40 weeks (September to May)
over two consecutive years. Animals were selected using cluster
sampling, with cattle within a transport truck constituting a
cluster. During off-loading, ten animals were randomly selected
as they passed through the chute. If two or more transport trucks
arrived on the same day, two trucks were randomly selected
and five animals were sampled from each truck. A single DNPS
was collected from each animal by a trained staff member using
a guarded swab (BD CultureSwabTM Plus, Mississauga ON).
Swabs were shipped on ice in Amies transport media without
charcoal (BD CultureSwabTM Plus) to the Lethbridge Research
and Development Centre Microbiology Laboratory. Samples
were kept at 4◦C for up to 7 d prior to isolation of bacteria.

Upon arrival, the electronic ear tag was scanned and the
arrival date, cattle type (beef, dairy), sex (heifer, bull, steer),
weight (kg), age class (calf, yearling), source (ranch direct,
auction barn, backgrounding operation), weather (temperature,
precipitation, estimated wind speed), and BRD risk (high,
low) were recorded. Ranch-direct cattle were defined as calves
that arrived directly from the birth farm immediately after
weaning or following a variable feeding period. Backgrounding
operation-sourced cattle arrived directly from the backgrounding
feedlot where they had been since weaning and fed a forage-
based diet until ready for a finishing diet. Auction-derived
cattle may have arrived at auction directly from the birth
farm or from a backgrounding operation; this earlier history
was unknown. Risk of BRD was predicted by the feedlot
as per usual practices based on algorithms that consider
age class, body weight, source, comingling prior to arrival,
weather, transport distance, and visual health assessment. The
geographical location of each feedlot, country of origin, and
the point of sale at auction were recorded. Unlike dairy-
type calves, beef-type calves were not traced back to their
farm of origin given that more than 2/3 of the cattle (67.7%)
were auction market derived. Morbidity and mortality data
were compiled for all enrolled cattle up to 120 d post-
arrival. Morbid animals [e.g., displaying gauntness, inactivity,
depression, elevated rectal temperature (typically over 40◦C),
ocular/nasal discharge, cough, and/or elevated respiration rate]
were designated as having BRD by trained feedlot pen riders or
animal health personnel. Information on AMU before feedlot
placement was unavailable.

Bacterial Isolation and Species
Identification
Upon arrival at the laboratory, swabs were individually immersed
in 1mL of brain-heart infusion (BHI) containing 20% glycerol
(Dalynn Biologicals, Calgary AB) and vortexed for 1min (14).
For the isolation of M. haemolytica and P. multocida, 100
µL suspension was plated onto blood agar (TSA) with 5%
sheep blood supplemented with bacitracin at 15µg/mL (Dalynn
Biologicals). An additional 100 µL aliquot was plated onto TSA
blood agar (Dalynn) for the isolation of H. somni. Additionally,
a 1:10 dilution of the initial BHI-glycerol suspension was plated
(100 µL) on TSA blood agar plates to enable isolation of H.
somni without overgrowth. Bacitracin plates were incubated in

an aerobic atmosphere at 37◦C for 24 h, before selecting P.
multocida and M. haemolytica colonies. Histophilus somni plates
were incubated at 37◦C for 2 d in a 5% CO2 atmosphere.
Presumptive M. haemolytica, P. multocida, or H. somni colonies
were identified, and three colonies of each bacterial species
were sub-cultured onto TSA blood agar. Colonies were picked
from TSA and stored at −80◦C in BHI supplemented with
20% glycerol. For M. bovis, a high throughput PCR-based
enrichment process was used for screening for the presence
of M. bovis followed by bacterial isolation from positive
suspensions (23).

All bacterial isolates were confirmed using PCR species-
specific primers (Table 1) using a HotStartTaq Plus Master
Mix kit (Qiagen, Toronto ON). For this, 3–5 colonies of
pure cultures of P. multocida, M. haemolytica, or H. somni
were suspended in 100 µL of TE buffer (10mM Tris, 1mM
EDTA, pH = 8) and heat-lysed for 5min at 95◦C. The
suspension was centrifuged for 10min, at 18,400 × g at 4◦C,
and 2 µL of the supernatant was used as a DNA template.
Presumptive M. bovis cultures were confirmed via direct-
culture-PCR using 2 µL of liquid culture directly in the
PCR master mix (23). The PCR amplicons were visualized
either by agarose gel or capillary electrophoresis (QIAxcel,
Qiagen). One randomly selected colony per bacterial species
per DNPS was selected for further characterization and
analysis. Additionally, M. haemolytica isolates were further
characterized as serotype A1, A2 or A6 using a multiplex PCR
(Table 1) (27).

Antimicrobial Susceptibility Testing
Due to the high recovery of P. multocida and the cost of M.
bovis ASTs, antimicrobial susceptibilities were only performed
on a subset of P. multocida (n = 273/703 beef and n = 242/463
dairy isolates) and M. bovis (n = 122/257 beef and n = 100/198
dairy) isolates, whereas all M. haemolytica (n = 281 beef and n
= 209 dairy) and H. somni (n = 68 and n = 173 dairy) isolates
were tested. Pasteurella multocida and M. bovis isolates were
selected based on proportional stratified random sampling (28)
with consideration of feedlot, sampling month, cattle type, and
country of origin. The antimicrobial susceptibility testing of M.
haemolytica, P. multocida, andH. somni was carried out by broth
microdilution according to Clinical and Laboratory Standards
Institute (CLSI) guidelines using a final bacterial inoculum of
∼5 × 105 CFU/mL (29). The Sensititre plate BOPO6F was used
(Thermo Fisher Scientific, Mississauga ON), which represents a
broad-spectrum of antimicrobials commonly used in beef cattle
production. For M. haemolytica and P. multocida, the final per-
well bacterial inoculum volume was 50 µL, whereas for H.
somni, the volume was doubled to 100 µL as per manufacture’s
specifications. Therefore, the final antimicrobial concentrations
tested for H. somni were half that of M. haemolytica and
P. multocida (Supplementary Tables 1.1–1.3). Considering that
the maximum spectinomycin (SPE) concentration against H.
somni in BOPO6F plate was only 32µg/mL, a custom plate
with SPE ranging from 8 to 512µg/mL was prepared for
susceptibility testing. Bacterial isolates were designated as
susceptible, intermediate, or resistant (SIR) according to CLSI
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TABLE 1 | Oligonucleotide primers, PCR protocols, and amplicon sizes for each PCR assay used in this study.

Bacterial species and

targeted gene

Primer sequences (5’−3’) and PCR cycling conditions Amplicon

size (bp)

References

Mh, lktC - artJ intergenic region F – GTCCCTGTGTTTTCATTATAAG

R – ACTCGATAATTATTCTAAATTAG

95◦C, 5min; (94◦C, 30 s; 58◦C, 45 s; 72◦C, 60 s) ×35

cycles; 72◦C, 10 min

385 (24)

Pm, 23S rRNA F – GGCTGGGAAGCCAAATCAAAG

R – CGAGGGACTACAATTACTGTAA

95◦C, 5min; (94◦C, 30 s; 58◦C, 45 s; 72◦C, 60 s) ×35

cycles; 72◦C, 10 min

1,432 (25)

Hs, 16S rRNA F – GAAGGCGATTAGTTTAAGAG

R – TTCGGGCACCAAGTRTTCA

95◦C, 5min; (94◦C, 30 s; 55◦C, 45 s; 72◦C, 60 s) ×35

cycles; 72◦C, 10 min

400 (26)

Mb, uvrC F – CCTGTCGGAGTTGCAATTGT

R – GCACTGCGCTCATTTAAAGC

95◦C, 5 mina; (94◦C, 30 s; 61.5◦C, 30 s; 72◦C, 30 s) ×

35 cycles, 72◦C, 10 min

92 (23)

Mh serotype A1, hypothetical

protein

F – CATTTCCTTAGGTTCAGC

R – CAAGTCATCGTAATGCCT

95◦C, 15min;

(94◦C, 30 s; 55◦C,

45 s; 72◦C, 1min)

× 35 cycles;

72◦C, 10min

306 (27)

Mh serotype A2,

core-2/I-branching enzyme

F – GGCATATCCTAAAGCCGT

R – AGAATCCACTATTGGGCACC

160

Mh serotype A6, TupA F – TGAGAATTTCGACAGCACT

R – ACCTTGGCATATCGTACC

78

aDenaturation time increased from 5min to 10min if cell lysis was required during the PCR cycle.
Mh, Mannheimia haemolytica; Pm, Pasteurella multocida; Hs, Histophilus somni; Mb, Mycoplasma bovis; F, forward primer; R, reverse primer.

(30). Additionally, CLSI MIC interpretive criteria for tilmicosin
(TIL) in M. haemolytica was extrapolated to P. multocida

and H. somni (31). Interpretive criteria for danofloxacin from

M. haemolytica and P. multocida was also extrapolated to H.

somni (32).
For M. bovis, recommendations for broth microdilution

antimicrobial susceptibility were followed as official international

guidelines are unavailable (11, 33, 34). A custom Sensititre

plate (ref. no. YCML2FMBC, Thermo Fisher Scientific) was
used to assess isolate sensitivities (Supplementary Table 1.4)

(11). Mycoplasma bovis isolates were grown in PPLO broth and

suspensions were adjusted to obtain a final concentration of

103-105 CFU/mL per well (100 µL final volume). Plates were

incubated for 48 h, at 37◦C, in a 5% CO2 atmosphere (35).

AlamarBlueTM (Cell Viability Reagent. Thermo Fisher Scientific)

at a final concentration of 10% was included in each well as
indicator of cell viability and growth. Mycoplasma bovis ATCC
25523 was included as an internal standard in all susceptibility
assays. Since CLSI breakpoints for M. bovis have not been
developed, only MICs were reported.

Multidrug resistance (MDR) was defined as resistance to
three or more antimicrobial drug classes (36). Isolates with
intermediate susceptibility to an antimicrobial were not included
in this definition. The 50th and 90th percentiles for MIC (MIC50

and MIC90, respectively) were calculated as the antimicrobial
concentrations required to inhibit 50 and 90% of the isolates
within each bacterial species. If growth was observed at the
highest antimicrobial concentration tested, theMIC was assigned
to the next dilution.

Antimicrobial Resistance Genetic
Determinants
A subset of M. haemolytica (n = 87), P. multocida (n = 64),
and H. somni (n = 24) isolates were selected for whole-genome
sequencing (WGS). Isolates were selected to represent the
diversity of feedlot operations, geographical origin, cattle type,
sex, time of the year, and AMR phenotypes using proportional
stratified random sampling. To isolate genomic DNA, bacterial
cultures grown on blood agar plates were suspended in TE
buffer (10mM Tris – 1mM EDTA, pH 8.0) to an OD600 of
∼2, representing ∼2 × 109 CFU/ mL. The cell suspension
(1mL) was transferred to a microcentrifuge tube and centrifuged
for 2min at 14,000 × g. Genomic DNA was extracted from
the cell pellet using a DNeasy Blood and Tissue kit (Qiagen,
Montreal QC). DNA quality and quantity were confirmed using
a Nanodrop 2000 spectrophotometer and a fluorometer using
PicoGreen (Thermo Fisher Scientific), respectively. Genomic
library construction was performed using theNEBUltra II library
preparation kit (New England BioLabs, Ipswich MA). Library
quality was assessed using a Bioanalyzer (Agilent, Santa Clara
CA). Libraries were sequenced on an Illumina HiSeqX platform
to generate 2 × 150 base paired-end reads. Library preparation
and Illumina sequencing services were provided by Genome
Quebec (McGill, QC). The quality of raw sequence reads was
assessed using the quality control tool FastQC and reads were
assembled into contigs using the Shovill pipeline (37). This
pipeline included a quality trimming step with Trimmomatic
(v.0.38) to remove common Illumina adapter sequences followed
by de novo assembly with SPAdes (v.3.13.0) (38). The assembled
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contigs were annotated with Prokka (39) to identify coding
genes. The assembled contigs were searched against the NCBI
Bacterial Antimicrobial Resistance Reference Gene database
(NCBI BioProject ID: PRJNA313047) to identify AMR genes. The
genome sequencing data of isolates used in this study have been
submitted to the NCBI under BioProject ID: PRJNA720670.

Data Analysis
Analyses were stratified by cattle type (beef or dairy) and
included a descriptive examination of the unadjusted proportion
of the following outcomes: DNPS positive for BRD bacteria, M.
haemolytica serotypes, CLSI-determined resistance percentages,
and BRD morbidities and mortalities (Figure 1). The unadjusted
proportions of these outcomes were compared by cattle type
using a chi-square or, when there were <5 samples in a
stratum, the Fisher’s Exact test (STATCALC, EpiInfo v.7.2.3.1).
Antimicrobial susceptibility data were also presented as MIC
frequency distributions and as MIC50 and MIC90 values. For
M. bovis, only MIC frequency distributions and MIC50/MIC90

values were reported.
Multivariable logistic regression with mixed effects was

used to describe the relationship between epidemiological
risk factors and outcomes (Figure 1, Table 2), with control
for confounding and clustered data. Outcomes included the
isolation of BRD-related bacteria (yes, no), antimicrobial
resistance [resistant bacteria vs. non-resistant (susceptible and
intermediate) bacteria], BRD morbidity (yes, no) and BRD
mortality (yes, no). Transport trailer was considered the sampling
unit with animals from the same truck-load considered a cluster
(TC). The majority of beef-type cattle were sourced through
auction marts whereas most dairy-type cattle were farm-direct.
When auction mart beef cattle were from different locations,
but transported in the same truck, the random effect was nested
(arrived fromwithin TC). For dairy-type cattle models, 2 random
effects were included (TC and arrived from) since the location
of their origin was known. Random effects that did not account
for variance within the model were removed. The variable feedlot
was collinear with one-time feedlot capacity in morbidity and
mortality models and as a result, it was excluded from these
analyses. Based on descriptive analyses, bacterial AMR levels
were consistently higher in dairy-type cattle as compared to
beef-type cattle (Figure 2). Therefore, cattle type was used as
an explanatory variable in logistic regression analyses in which
the whole sampled population was considered to investigate
associations between cattle type and AMR. The R package
lme4 (v.1.1-23) was used to fit mixed effects models (RStudio
v.4.0.2). Continuous variables (temperature and body weight)
were scaled as it was found to improve model convergence.
When models were fitted with no random effects because the
variance of the RE was equal to zero, the glm function (package
stats v.4.0.2) was used with logit link. A backward elimination
(40) approach was used and if the Akaike information criterion
(AIC) value increased substantially and/ or the β-coefficient of
a variable varied more than 30% upon removal, then it was
retained in the model (28). Collinearity was evaluated through
the fitted model through the variance inflation factor (VIF) (car

package v.3.0-7; R Studio v.3.6.3). The possibility of a non-
linear relationship between the continuous explanatory variables
(weight and temperature) and the probability of the outcome on
the log odds (logit) scale was tested by the addition of a quadratic
term that was included in the model if statistically significant.

Clinical and Laboratory Standards Institute breakpoints for
BRD bacteria have not been developed for all antimicrobials.
Consequently, heatmaps with dendrograms were generated to
visually explore the associations of MIC across all antimicrobials,
except for trimethroprim/ sulfamethoxazole (SXT) and
sulfadimethoxine which were tested at a single concentration.
For these, antimicrobial MIC frequency distributions were
plotted using the heatmap.2 function from the gplots package
v.3.0.4 in RStudio. Dendrograms were generated to explore
associations across antimicrobials and across the strata of cattle
type, monthly intervals, country of origin, source, feedlot,
weight range (100 kg intervals: 100–199, 200–299, 300–399,
400–499, and 500–599 kg), age class, risk category, atmospheric
temperature range (14◦C intervals:−27 to−14,−13 to 0, 1 to 13,
and 13 to 27◦C), and BRD treatment (yes/no) and BRDmortality
(yes/no). Feedlot was used as a clustering factor to explore
whether any of the feedlots included in this study purchased
cattle from locations containing higher levels of AMR. When
non-clonal bacterial populations presenting high MICs were
associated with a specific feedlot, individual dendrograms were
generated for bacterial species/ feedlot combination using source,
arrived from within a truck load, and truck load as clustering
factors. Since not all the antimicrobials were tested in the same
concentration range and most MIC frequency distributions were
not normally distributed, MIC observed values were normalized
(the minimum value of the dataset was subtracted to each value
and divided by the maximum value in the dataset) bringing the
data to the 0–1 scale (42).

RESULTS

Sampling
A total of 2,824 DNPS were collected with 1,391 (49.3%) in
year 1 and 1,433 (50.7%) in year 2 (Supplementary Table 2).
Six feedlots provided DNPS only from beef-type cattle (B,
D, E, F, H, I), two only from dairy-type cattle (C, J), with
a mixture of both cattle types from the remainder (A, G).
Four feedlots provided over 300 DNPS, five provided over
200 DNPS, and one feedlot provided <200 DNPS during the
study (Supplementary Table 2). To optimize sampling numbers
related to seasonal inconsistency in cattle availability, more
than 10 animals may have been sampled from each truck load.
Additionally, a small proportion of the collected DNPS (n =

241) failed to meet the quality standards for processing and were
eliminated from the study. For beef-type cattle, the range of
animals sampled per truck load was 3–57 (median= 10) whereas
for dairy-type cattle, the number of animals sampled per load
ranged from 9 to 20 (median= 10).

Two thousand and fifty-five (72.8%) DNPS were collected
from beef-type cattle and 769 (27.2%) DNPS were collected
from dairy-type cattle. Compared to dairy-type cattle, beef cattle-
type were heavier in incoming body weight, older upon arrival,
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FIGURE 1 | Statistical analyses used in the present study. 1Non-resistant category includes intermediate and susceptible categories. AF, arrived from; AMR,

antimicrobial resistance; BRD, bovine respiratory disease; DNPS, deep nasopharyngeal swab; Mh, Mannheimia haemolytica; MIC, minimum inhibitory concentration;

TC, truck cluster.

and originated more frequently from within Canada (96.1%)
(Table 3). Beef cattle-type were also more often classified as low
BRD risk (60.5%) than dairy-type cattle (24.5%). Beef-type cattle
were primarily sourced from auction barns (67.7%), whereas, a
greater proportion of dairy-type cattle originated directly from
dairy farms (88.4%). Of 2,824 cattle, 338 (12.0%) were clinically
diagnosed with BRD over the 120 d feeding period (Figure 3) and
29 animals (5.6%) succumbed to BRD. Among the 29 mortalities,
19 (65.5%) were previously treated for BRD at least once.

Bacterial Isolation and Species
Identification
A total of 1,646 out of 2,824 (58.3%) DNPS were positive for at
least one of the bacterial species. Overall, P. multocida (41.3%)
was most commonly isolated, followed by M. haemolytica
(17.4%), M. bovis (16.1%), and H. somni (8.5%) (Figure 4A).
A total of 492 M. haemolytica isolates were obtained from beef
and dairy-type cattle (Figure 4B). For beef-type cattle, 57 isolates
(20.1%) were serotype A1, 178 (62.9%) were A2, 45 (15.9%) were
A6, and 3 (1.1%) were undetermined. In dairy-type cattle, 59
(28.2%), 99 (47.4%), 32 (15.3%), and 19 (9.1%) of the isolates were
serotype A1, A2, A6, and undetermined, respectively.

Antimicrobial Susceptibility Testing
Overall, the proportions of AMR-resistant M. haemolytica, P.
multocida, andH. somni isolates recovered from dairy-type cattle
were higher than those from beef-type cattle (Figures 2A–D).
Mannheimia haemolytica isolates from dairy-type cattle
had higher MIC90 for CTET and neomycin (NEO) (8 and
>32µg/mL, respectively) than those from beef-type cattle
(2 and 8µg/mL, respectively) (Supplementary Table 1.5).

Likewise, P. multocida isolates from dairy-type cattle had
higher MIC50/MIC90 values for CTET (4/8µg/mL), NEO
(>32/>32µg/mL), and TYLT (>32/>32µg/mL) than
isolates from beef-type cattle (0.5/1, 16/16, and 16/32µg/mL,
respectively). Among H. somni isolates from dairy-type cattle,
MIC50/MIC90 values were also higher for CTET (2/4µg/mL) and
TYLT (8/16µg/mL) than those from beef-type cattle (0.25/0.25
and 4/4µg/mL, respectively).

Antimicrobial susceptibility testing was completed for 490 out
of 492 (99.6%) of theM. haemolytica isolates (281 from beef and
209 from dairy) (Supplementary Table 1.1). Themost frequently
observed resistances were OXY (10%), TIL (6.4%), and ampicillin
(AMP; 4.6%) among isolates from beef-type cattle and OXY
(46.4%), TIL (26.8%), and TUL (21.0%) among dairy-type cattle
isolates (Figure 2A, Supplementary Figure 1.1). Interestingly,
all M. haemolytica isolates exhibited a high MIC for TYLT at
32µg/mL (1.8% of the isolates) and >32µg/mL (98.2% of the
isolates). A higher proportion of M. haemolytica serotype A1
isolates were resistant to ENRO (7.8%), DANO (24.1%), and
OXY (61.2%) than serotype A2 (0, 1.5, and 18.5%) and A6
(0, 1.3, and 1.3%) isolates. In contrast, serotype A2 isolates
exhibited higher proportion of resistance to penicillin (PEN;
7.6%), TUL (17.1%), and FFN (13.5%) than did A1 and A6
(Supplementary Figure 1.2). Resistance to SPE and TIL was
similar between A1 and A2 isolates (1.7 and 0.4%, respectively;
19.8 and 18.5%, respectively). Of the three serotypes, A6 showed

the overall lowest AMR. Among P. multocida isolates, resistance
to OXY (8.4%), SPE (8.1%), and AMP (7.7%) was most frequent
from beef compared to OXY (89.7%), TIL (73.1%), and DANO
(55.8%) from dairy-type cattle (Figure 2B). Pasteurella multocida
also presented high MICs (MIC50 and MIC90 > 32µg/mL) for
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TABLE 2 | Risk factors and outcomes investigated by multivariable logistic regression for beef and dairy-type cattle upon feedlot arrival.

Outcome

Risk factor Isolation of BRD-related

bacteriaa

Isolation of AMR

BRD bacteriab

BRD-related

morbidity

BRD-related

mortality

Country (Canada, US) • • • •

Sampling year (1st, 2nd) • • • •

Monthly intervalc • • • •

Source (A, B, RD)d • • • •

BRD risk categorye (high, low) • • • •

Weight (kg) • • • •

Sex (female, male)f • • • •

Age class (calf, yearling)g • • • •

Weatherh • • NAj NAj

Co-isolation of other BRD-related bacteria • NA NA NA

Isolation of BRD-related bacteria NA NA • •

Mannheimia haemolytica serotype (A1+A6 vs. A2)i NA • NA NA

At once feedlot capacity (>10K, <10K) NA NA • •

Suffered a previous BRD episode NA NA NA •

aOne model per bacterial species i.e., Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, and Mycoplasma bovis.
bOne model per bacterial species (i.e., Mannheimia haemolytica, Pasteurella multocida, and Histophilus somni)/antimicrobial combination.
cSampling months were grouped from Aug-Nov, Dec-Feb, and Mar-May as an approximation of the seasons of the year.
dAuction (A) calves were predominant among beef-type cattle when compared to backgrounding operations (B) and ranch direct (RD) calves. In those AMR models in which source
was a significant explanatory variable and its SE and β-coefficients were substantially high because of a low number of samples within 1 or more stratus, backgrounding operations and
ranch direct samples were grouped and modeled against auction cattle. Likewise, auction samples were eliminated from those dairy AMR models in which <5 auction cattle samples
were observed.
eRisk of suffering a BRD episode during the feeding period.
fBulls accounted for a very small proportion of male population i.e., 2.2%.
gCalf, <1-year-old; yearling, over 1-year old.
hWeather conditions at feedlot entry included ambient temperature (◦C), precipitation - yes (light and heavy rain/snow) or no (none, foggy), and wind speed - high (>20 km/h) or low
(<20 km/h).
iDue to the uneven distribution of the samples across serotype levels, samples with unknown M. haemolytica serotype isolates were removed from the analysis (n = 3 among beef-type
cattle and n = 19 among dairy-type cattle) and serotype A1+A6 isolates were grouped separately from commensal A2 isolates due to their well-documented role in BRD.
jWeather-related risk factors were not included in morbidity andmortality analysis since the published literature does not provide evidence of their relevance on this matter (41). Additionally,
weather measures were only related to the day that cattle arrived at the feedlots whereas the reported morbidity and mortality took place during the first 120 days on feed.
BRD, bovine respiratory disease; NA, not applicable.

TYLT, especially in isolates from dairy-type cattle, with only one
(0.2%) P. multocida isolate exhibiting resistance to ceftiofur (TIO;
cephalosporin). Histophilus somni isolates from dairy-type cattle
were more frequently resistant to OXY (70.5%), SPE (22%), and
PEN (11.0%) compared to isolates from beef-type cattle, which
only exhibited resistance to AMP (2.9%) (Figure 2C). The total
percentage of MDR in all M. haemolytica, P. multocida, and
Histophilus somni isolates were 12, 34.2, and 1.25%, respectively
(Figure 2D).

Mycoplasma bovis MIC50/MIC90 values were consistently
higher for macrolides than for other antimicrobials, regardless
of cattle type, especially for TIL (>256µg/mL both) and
TIP (>128µg/mL both) (Supplementary Table 1.5). Likewise,
the MIC50/MIC90 values of GAM (128/>256µg/mL), TUL
(16/>256µg/mL), and TYLT (32/>128µg/mL) were also high.
Enrofloxacin (dairy-type cattle isolates), GAM (beef and dairy
isolates), TUL (beef and dairy isolates), and TYLT (beef and
dairy isolates) MIC distributions exhibited a bimodal pattern. As
previously reported, AlamarBlueTM prevented the estimation of
the OXY MIC of 2 M. bovis isolates from dairy-type cattle when
MIC ≥ 32 µg/mL (11).

Antimicrobial Resistance Genetic
Determinants
Overall, the AMR phenotypes for M. haemolytica, P. multocida,
and H. somni were corroborated with the presence of
related antimicrobial resistance genes (ARG), as inferred from
the WGS data (Supplementary Tables 3.1–3.3). The tet(H)
gene was the most abundant determinant identified and
corresponded with OXY resistance in M. haemolytica and P.
multocida (Supplementary Tables 3.1, 3.2). In H. somni, tet(H)
was detected in isolates with CTET MICs ranging between
1 and >4µg/mL (Supplementary Table 3.3). Genes related
to NEO and kanamycin resistance were the second most
abundant determinants identified [aph(3’)-Ia], coinciding with
NEO MIC values > 32µg/mL for M. haemolytica and P.
multocida. Considering that the NEO concentrations were not
tested beyond 16 µL/mL for H. somni, it was not possible to
determine if the presence of aph(3’)-Ia conferred NEO MIC >

32µg/mL. Likewise, the ARG for GEN resistance [ant(2”)-Ia]
was present in M. haemolytica when MIC values for this drug
were >16µg/mL, whereas in H. somni, aac(3)-Iva, a gentamycin
(GEN) resistance gene, was associated with the GEN phenotype
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FIGURE 2 | Antimicrobial resistance percentages of the BRD-bacterial isolates recovered from beef and dairy-type cattle upon feedlot arrival. These percentages

represent unadjusted proportions. The asterisks represent the statistical test significance levels as follows: “.” 0.1, “**” 0.01, “***” 0.001. Multidrug resistance was

defined as resistance to 3 or more different antimicrobial classes (36). AMP, ampicillin; BRD, bovine respiratory disease; DANO, danofloxacin; ENRO, enrofloxacin;

FFN, florfenicol; Hs, Histophilus somni; Mb, Mycoplasma bovis; Mh, Mannheimia haemolytica; OXY, oxytetracycline; PEN, penicillin; Pm, Pasteurella multocida; SPE,
spectinomycin; TIL, tilmicosin; TIO, ceftiofur; TUL, tulathromycin. (A) Beef SPE resistance (R): 0/281; beef AMP-R: 13/281; beef PEN-R: 6/281; beef TIO-R: 0/281;

beef ENRO-R: 0/281; beef DANO-R: 0/281; beef TIL-R: 18/281; beef TUL-R: 10/281; beef FFN-R: 0/281; beef OXY-R: 28/281; dairy SPE-R: 3/209; dairy AMP-R:

14/209; dairy PEN-R: 20/209; dairy TIO-R: 0/209; dairy ENRO-R: 9/209; dairy DANO-R: 33/209; dairy TIL-R: 56/209; dairy TUL-R: 44/209; dairy FFN-R: 39/209;

dairy OXY-R: 97/209. SPE X2 (1, n = 409) = 4.06, p = 0.0440; AMP X2 (1, n = 409) = 0.99, p = 0.3201; PEN X2 (1, n = 409) = 13.18, p < 0.001; ENRO X2 (1, n =

409) = 12.33, p < 0.001; DANO X2 (1, n = 409) = 47.57, p < 0.001; TIL X2 (1, n = 409) = 38.86, p < 0.001; TUL X2 (1, n = 409) = 37.41, p < 0.001; FFN X2 (1, n
= 409) = 56.97, p < 0.001; OXY X2 (1, n = 409) = 83.79, p < 0.001. (B) Beef SPE-R: 22/273; beef AMP-R: 21/273; beef PEN-R: 3/273; beef TIO-R: 1/273; beef

ENRO-R: 0/273; beef DANO-R: 1/273; beef TIL-R: 14/273; beef TUL-R: 12/273; beef FFN-R: 0/273; beef OXY-R: 23/273; dairy SPE-R: 46/242; dairy AMP-R:

24/242; dairy PEN-R: 0/242; dairy TIO-R: 0/242; dairy ENRO-R: 95/242; dairy DANO-R: 135/242; dairy TIL-R: 177/242; dairy TUL-R: 105/242; dairy FFN-R: 61/242;

dairy OXY-R: 217/242. SPE X2 (1, n = 515) = 13.42, p < 0.001; AMP X2 (1, n = 515) = 0.80, p = 0.3722; PEN X2 (1, n = 515) = 2.67, p = 0.1482; TIO X2 (1, n =

515) = 0.89, p = 0.2650; ENRO X2 (1, n = 515) = 131.41, p < 0.001; DANO X2 (1, n = 515) = 202.73, p < 0.001; TIL X2 (1, n = 515) = 254.32, p < 0.001; TUL X2

(1, n = 515) = 111.09, p < 0.001; FFN X2 (1, n = 515) = 78.06, p < 0.001; OXY X2 (1, n = 515) = 340.27, p < 0.001. (C) Beef SPE-R: 0/68; beef AMP-R: 2/68;

beef PEN-R: 0/68; beef TIO-R: 0/68; beef ENRO-R: 0/68; beef DANO-R: 0/68; beef TIL-R: 0/68; beef TUL-R: 0/68; beef FFN-R: 0/68; beef OXY-R: 0/68; dairy

SPE-R: 38/173; dairy AMP-R: 23/173; dairy PEN-R: 19/173; dairy TIO-R: 0/173; dairy ENRO-R: 0/173; dairy DANO-R: 0/173; dairy TIL-R: 1/173; dairy TUL-R:

2173/; dairy FFN-R: 0/173; dairy OXY-R: 122/173. SPE X2 (1, n = 241) = 17.73, p < 0.001; AMP X2 (1, n = 241) = 5.63, p = 0.0063; PEN X2 (1, n = 241) = 8.11, p
< 0.001; TIL X2 (1, n = 241) = 0.69, p = 0.3589; TUL X2 (1, n = 241) = 0.79, p = 0.2572; OXY X2 (1, n = 241) = 97.12, p < 0.001. (D) Beef Mh MDR: 6/281; beef

Pm MDR: 12/274; beef Hs MDR: 0/68; dairy Mh MDR: 53/209; dairy Pm MDR: 164/242; dairy Hs MDR: 3/173. X2 (1, n = 409) = 61.04, p < 0.001; X2 (1, n = 515)

= 137.84, p < 0.001; X2 (1, n = 241) = 1.19, p = 0.1810.

in only 5 of the 8 GEN resistant (MIC > 8µg/mL) isolates.
The presence of floR corresponded with FFN MIC ≥ 8µg/mL
for M. haemolytica, MIC ≥ 4µg/mL for P. multocida, and
MIC ≥ 0.5µg/mL for H. somni. The presence of blaROB−1 was
associated with AMP resistance and the detection of aadA25
(M. haemolytica) or aadA31 (P. multocida and H. somni)

was associated with SPE resistance. In M. haemolytica and P.
multocida, the presence of mutations in the quinolone resistance-
determining region (QRDR) was related to resistance to FQs. In
many cases, resistance to macrolides (TIL, TUL) was related to
the presence of the erm(42) and/or themph(E)-msr(E) operon in
M. haemolytica, and erm(42) and/or the mph(E)-msr(E) operon
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TABLE 3 | Feedlot cattle demographics from beef and dairy-type cattle upon

feedlot arrival.

Variable Beef, n = 2,055 Dairy, n = 769

Weight (kg) Median 333 159

Range 115–683 97–542

Age category Calf 57% 92.3%

Yearling 43% 7.7%

Country Canada 96.1% 27.4%

US 3.9% 72.6%

BRD risk Low 60.5% 24.5%

Category High 39.5% 75.5%

Source Auction market 67.7% 1.3%

Backgrounding

operation

13.7% 10.3%

Ranch direct 18.5% 88.4%

These percentages represent unadjusted proportions.

or A2058G mutation in the 23S rRNA gene of P. multocida. No
corroboration could be established betweenmacrolide phenotype
and genotype for H. somni isolates as 5 of the 24 sequenced
isolates carried erm(42) and/or erm(F) genes, yet they were not
resistant to macrolides (TIL and TUL MIC ranging from 2 to
4µg/mL). Streptomycin resistance ARGs aph(3”)-Ib and aph(6)-
Id frequently co-existed with NEO determinant aph(3’)-Ia in the
three Pasteurellaceae species. However, phenotypic streptomycin
resistance was not assessed in any of the isolates.

Multivariable Logistic Regression
Recovery of BRD-Related Bacteria
Multivariable logistic regression determined that the odds of
isolating a BRD pathogens was variably associated with the
isolation of other BRD pathogens and the monthly arrival
interval (Table 4). In the second year, the odds ratio of recovering
M. bovis from both cattle types was higher than in the first year
i.e., 2.3 (95% CI = 1.3–4.0, p = 0.006) and 2.5 (95% CI = 1.3–
4.74, p = 0.004) in both beef and dairy-type cattle, respectively
(Supplementary Tables 4.1, 4.2).

Recovery of AMR Bacteria
Depending on the BRD bacterial species isolated from beef-
type cattle, the odds of these bacteria being AMR were between
8.5 and 17.5 higher between Mar–May as compared to Aug–
Nov (Tables 5, 6). In dairy-type cattle, BRD-related bacteria
had lower odds of being AMR during Mar–May than Aug–
Nov, and Aug–Nov as compared to Dec–Feb (Tables 7, 8). The
country of origin did not affect the odds of isolating AMR
BRD bacteria in beef-type cattle (Supplementary Table 4.1),
whereas in dairy-type cattle it varied depending on the
antimicrobial and the bacterial species (Tables 7–9). The odds
of recovering AMR bacteria from backgrounded beef-type
feedlot cattle were higher than for those purchased at auction
(Tables 5, 6). The BRD risk category showed no effect on AMR
among beef-type cattle (Supplementary Table 4.3), whereas for
dairy-type cattle, it varied depending on the antimicrobial
and the bacterial species (Supplementary Table 4.4). Overall,

a higher ambient temperature was associated with greater
odds of recovering resistant bacteria in both cattle types
(Supplementary Tables 4.3, 4.4). Mannheimia haemolytica A1
and A6 serotypes were associated with higher odds of OXY
resistance in beef (OR = 38.3, 95% CI = 4.8–304.1, p < 0.001)
and dairy-type cattle (OR = 4.8, 95% CI = 1.9–11.9, p < 0.001)
as compared to A2. The A1 and A6 serotypes, presented lower
odds of being resistant to almost all antimicrobials tested among
dairy-type cattle when compared to A2 (Tables 5, 6). Dairy-type
cattle were associated with higher levels of AMR as compared to
beef-type cattle (Supplementary Tables 4.3, 4.4).

BRD-Related Morbidity and Mortality
There were no differences in the morbidity or mortality
between cattle types sourced in either Canada or the US
(Supplementary Table 4). The isolation of any BRD-related
nasal bacteria upon feedlot arrival was not related to BRD
mortalities during the feeding period. Cattle that were
treated for BRD at least once were positively associated
with dying from BRD. Additionally, different risk factors were
associated with morbidity and/or mortality depending on
cattle type i.e., BRD risk, monthly interval, weight, and age
(Supplementary Tables 4.6–4.9).

Heatmaps
Antimicrobial resistant profiles of isolates from dairy-type
cattle presented higher MIC values (values closer to 1),
including for antimicrobials with no SIR categories such as
CTET or TYLT, in M. haemolytica, P. multocida, and H. somni
(Supplementary Figures 1.3.1–1.3.3).Mycoplasma bovis isolates
with high macrolide MIC values were obtained from both cattle
types. However, higher ENROMICs were mainly associated with
isolates from dairy-type calves as indicated by MIC50/MIC90

values (Supplementary Table 1.5, Supplementary Figure 1.3.4).
Additionally, M. bovis isolates obtained from backgrounding
beef-type cattle predominated among AMR profiles showing
higher MICs as compared to auction and ranch direct beef-
type cattle (Supplementary Figure 1.3.41). Interestingly,
M. haemolytica serotypes A1 and A6 isolated from beef-
type cattle were mainly distributed among isolates showing
higher MICs, whereas A2 typically exhibited lower MICs
(Supplementary Figure 1.3.13). Pasteurella multocida
from US dairy-type cattle exhibited higher MIC values as
compared to those isolated from Canadian dairy-type cattle
(Supplementary Figure 1.3.17). Among dairy-type cattle,
M. haemolytica and M. bovis isolates collected at feedlot
C also had higher MICs than those from feedlots A, G,
and J (Supplementary Figures 1.3.16, 1.3.49). Notably,
feedlot C purchased dairy-type cattle mainly from different
farms located in Alberta, Canada, whereas feedlots A,
G, and J purchased dairy-type cattle mainly from the US
(Supplementary Figures 1.3.50, 1.3.51).

DISCUSSION

In this study, we described the prevalence of AMR in M.
haemolytica, P. multocida, and H. somni in cattle at feedlot
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FIGURE 3 | Proportion of cattle treated at least once for BRD and/ or succumbed to BRD during the first 120 d of the feeding period for beef and dairy-type cattle.

These percentages represent unadjusted proportions. The asterisks represent the statistical test significance level as follows: “**” 0.01, “***” 0.001. BRD, bovine

respiratory disease; Tx, treatment. (A) Beef morbidity proportion: 265/2,055 DNPS; beef mortality proportion: 23/2,055 DNPS; dairy morbidity proportion: 73/769

DNPS; dairy mortality proportion: 6/769 DNPS. Morbidity X2 (1, n = 2,428) = 6.15, p = 0.0132; mortality X2 (1, n = 2,428) = 0.63, p = 0.4264. (B) BRD-treated beef

mortality proportion: 14/265; non-BRD treated beef mortality proportion: 9/1,790; BRD-treated dairy mortality proportion: 5/73; non-BRD treated dairy mortality

proportion: 1/696. Beef X2 (1, n = 2,055) = 48.04, p < 0.001; dairy Fisher Exact (1, n = 769) = 35.27, p < 0.001.

arrival, and documented that it was higher in dairy than beef-type
cattle. Multidrug-resistant Pasteurellaceae bacteria have been
isolated from BRD clinical cases and mortalities before (43–45),
and AMR has been investigated in cattle at feedlot arrival in
previous studies (14–16, 46). However, to our knowledge this
study is the first in North America to collect all four species of the
BRD bacterial complex from a broad cross-sectional feedlot cattle
population, and investigate their antimicrobial susceptibilities
at feedlot entry. One limitation of this study is the large ORs
and wide CIs generated by logistic regression in some instances
(Supplementary Tables 4.1–4.9) limited the precision of the
conclusions obtained in this study.

The prevalence of P. multocida and H. somni in beef-type
cattle was higher compared to previous studies that collected
respiratory samples from feedlot cattle at arrival, but comparable
for M. haemolytica (14–16). The higher prevalence of M.
haemolytica serotype A2 was expected as compared to A1 and
A6, as it is more frequently isolated from healthy cattle (47).
Dairy-type cattle tended to harbor more members of the BRD
bacterial complex than beef-type cattle. This association may be a
consequence of early weaning practices in the dairy industry (17).
Most dairy calves are weaned within a day of birth (17), which
may limit their ingestion of colostrum. The acquisition of passive
immunity at this age is limited during a critical time when the
calf ’s immune system is still immature (48). Most beef calves are
raised under extensive conditions, whereas dairy calves are often
housed in confinement from birth, a practice that could promote
the transmission of BRD bacteria among individuals. As reported
by Griffin (49), the odds of isolatingMycoplasma bovis from both
beef and dairy cattle classified as high-BRD risk were higher than
those classified as low risk. However, in the current study, M.

haemolytica, P. multocida, andH. somni were not associated with
cattle classified as high-BRD risk.

The proportion of cattle that had BRD at least once (12%)
and succumbed to it (5.6%) was comparable to those previously
reported, 16.2 and 4%, respectively (50). It has been suggested
that sourcing cattle directly from ranches reduces exposure to
BRD-related bacteria (49), but we did not find greater odds
of recovering BRD bacteria from beef-type cattle purchased at
auction as compared to those from backgrounding operations
or directly from ranches. Nevertheless, auction-sourced cattle
did have greater odds of being treated for BRD. Auction
market-derived beef-type cattle (n = 1,392) originated from 69
different locations. Frequent comingling of cattle from different
locations can increase the incidence of BRD morbidity during
the feeding period (51, 52). Most weaned beef calves enter the
feedlot in the fall and at this time a large number of calves
are comingled during sale and shipped to feedlots. During
this time they are subject to handling and transport stress,
resulting in an increase in BRD-morbidities and mortalities (41).
Although the fall interval (Aug-Nov) was associated with more
BRD morbidity in beef-type cattle, it was not associated with
higher isolation of BRD bacteria at arrival. Heavier and older
(yearlings) cattle were less likely to develop BRD, an observation
that agrees with that of others (41). High-BRD risk beef-type
cattle were not associated with greater BRD during the feeding
period. It has been reported that high-BRD risk cattle are
over 100 times more likely to be administrated metaphylactic
macrolides than low-BRD risk cattle (53). It is well-established
that the use of metaphylactic antimicrobials in moderate to high
risk BRD cattle reduces morbidity and mortality (53) which
could account for the lower BRD morbidity in high-BRD risk
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FIGURE 4 | Proportion of deep nasopharyngeal swabs that were positive for

BRD-related bacteria and Mannheimia haemolytica serotype proportions

recovered from beef and dairy-type cattle upon feedlot arrival. These

percentages represent unadjusted proportions. The asterisks represent the

statistical test significance levels as follows: “*” 0.05, “***” 0.001. BRD, bovine

respiratory disease; Hs, Histophilus somni; Mb, Mycoplasma bovis; Mh,

Mannheimia haemolytica; Pm, Pasteurella multocida. (A) Beef Mh positive

proportion: 283/2,055; beef Pm positive proportion: 703/2,055; beef Hs

positive proportion: 68/2,055; beef Mb positive proportion: 257/2,055; dairy

Mh positive proportion: 209/769; dairy Pm positive proportion: 463/769; dairy

Hs positive proportion: 173/769; dairy Mb positive proportion: 198/769. Mh X2

(1, n = 2,824) = 69.91, p < 0.001; Pm X2 (1, n = 2,824) = 156.04, p <

0.001; Hs X2 (1, n = 2,824) = 263.94, p < 0.001; Mb X2 (1, n = 2,824) =

72.60, p < 0.001. (B) Beef Mh A1 positive proportion: 57/283; beef Mh A6

positive proportion: 45/283; beef Mh A2 positive proportion: 178/283; beef Mh

unknown positive proportion: 3/283; dairy Mh A1 positive proportion: 59/209;

dairy Mh A6 positive proportion: 32/209; dairy Mh A2 positive proportion:

99/209; dairy Mh unknown positive proportion: 19/209. Mh A1 X2 (1, n = 492)

= 4.36, p = 0.0367; Mh A6 X2 (1, n = 492) = 0.03, p = 0.8587; Mh A2 X2 (1,

n = 492) = 11.78, p < 0.001; Mh unknown Fisher Exact (1, n = 492) = 18.15,

p < 0.001.

cattle. Only the isolation of P. multocida in dairy-type cattle at
feedlot entry was associated with higher BRD morbidity during
the feeding period (Supplementary Table 4.8). The bovine
respiratory tract microbiome undergoes substantial changes
in bacterial composition after feedlot placement (54). Bovine
respiratory disease is also a complex disease process involving
viral co-infections, and host immunity and environmental

factors. Therefore, there may not be a causal link between the
presence/absence of BRD bacteria in the respiratory tract of
cattle upon arrival and morbidity and mortality during the
feeding period. This study was limited to considering only
the implications of the bacteriological component on arrival
for BRD morbidities and mortalities that occurred later in the
feeding period. Other factors known to contribute to this disease
complex, such as immune and nutritional status, vaccination,
housing, management practices, and the respiratory virome (8,
55) were not evaluated.

A higher risk of BRD morbidity has been associated with the
purchase of calves in the fall (41). Aug–Nov (for dairy) and Dec–
Feb (for beef and dairy) as compared toMar–Maywere associated
with higher AMR possibly as a result of increased AMU during
this time of the year. Higher odds of AMR nasal BRD bacteria
recovery were observed in beef-type cattle backgrounded in
feedlots as compared to auction-derived calves. This observation
most likely reflects the administration of some antimicrobials
to cattle at backgrounding feedlots and the confined conditions
that may promote transmission of AMR bacteria amongst cattle.
However, some auction-derived cattle may also have been in a
backgrounding operation prior to transfer to an auction market
but were classified as auction-derived due to the impossibility
of gathering such information. The odds of isolating AMR-BRD
bacteria were consistently higher in dairy-type cattle than beef-
type cattle (Supplementary Table 4.5). In North America, dairy
calves are typically housed indoors in confinement whereas most
beef calves are on pasture until weaning. Dairy calves that are
fed in feedlots for meat production are moved to calf grower
operations as they come out of the hutch at 1 day of age (FHMS
personal communication). In calf grower operations, dairy-type
calves are housed in pens whichmay promote the transmission of
AMR bacteria as per in beef-type cattle backgrounded in feedlots.
It is also possible that these dairy calves were administrated more
antimicrobials than beef-type calves of a similar age to assist their
immature immune system to fight bacterial infections that may
take place in the growing operation.

Low levels of AMR in M. haemolytica isolated from newly
arrived feedlot cattle has been previously reported, with few
studies investigating AMR in P. multocida and H. somni.
Mannheimia haemolytica and P. multocida resistance to TIL and
TUL were very low (up to 6.4%) in beef cattle compared to
dairy cattle, most likely because macrolides are less frequently
administrated to ranch beef calves than dairy calves (56–58).
Even though the use of TYLT is less prevalent than TIL and
TUL in ranch beef calves (58), M. haemolytica and P. multocida
had high TYLT MICs, a phenomenon also observed in dairy
calves. Previous surveillance studies have also reported high
TYLT MICs in these two bacterial species in beef cattle at arrival
and during the feeding period (6, 46). Further studies are required
to determine if M. haemolytica and P. multocida exhibit some
degree of intrinsic resistance to TYLT as a result of up-regulation
of antimicrobial efflux systems (59) or impairment of cellular
uptake as per AMGs (60). Mannheimia haemolytica obtained
from cattle at feedlot entry exhibited no resistance to TUL a year
after it was approved for the control of BRD in Canada (46). It is
possible that the slightly higher resistance (i.e., from 0 to 3.6%)
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TABLE 4 | Significant results obtained from logistic regression of recovery of bovine respiratory disease complex bacteria from beef and dairy-type cattle upon feedlot

arrival.

Risk factor M. haemolytica P. multocida H. somni M. bovis

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Monthly intervals – BEEF

Aug–Nov 1 1 – 1 1 – 1 1 – 1 1 –

Dec–Feb 2.4 1.7–3.6 <0.001 1.45 1.0–2.1 0.048 1.7 0.7–4.1 0.248 12.7 5.4–30.1 <0.001

Mar–May 1.2 0.8–1.8 0.279 0.93 0.6–1.4 0.700 3.5 1.4–8.5 0.005 14.5 6.1–34.9 <0.001

Monthly intervals - DAIRY

Aug–Nov 1 1 – 1 1 – 1 1 – 1 1 –

Dec–Feb 1.3 0.8–2.2 0.266 1.1 0.6–2.0 0.716 na na na na na na

Mar–May 2.4 1.5–3.9 <0.001 1.8 1.1–3.2 0.034 na na na na na na

Isolation of other BRD-related bacteria - BEEF

Mh ni ni ni na na na 2.2 1.2–4.0 0.011 1.5 0.9–2.3 0.060

Pm na na na ni ni ni na na na 1.6 1.2–2.2 0.006

Hs 1.9 1.1–3.6 0.025 na na na ni ni ni na na na

Mb 1.6 1.1–2.4 0.014 1.6 1.1–2.2 0.005 na na na ni ni ni

Isolation of other BRD-related bacteria - DAIRY

Mh ni ni ni na na na 0.6 0.4–1.0 0.048 na na na

Pm na na na ni ni ni na na na 1.5 1.0–2.2 0.050

Hs 0.7 0.4–1.0 0.063 na na na ni ni ni na na na

Mb na na na 1.5 1.0–2.3 0.038 na na na ni ni ni

CI, confident interval; Hs, Histophilus somni; Mb, Mycoplasma bovis; Mh, Mannheimia haemolytica; na, not applicable; ni, not included; OR, odds ratio; Pm, Pasteurella multocida.
na, that variable was not significant at the p-value ≤ 0.1 level and was eliminated from the regression.
ni, not included as an explanatory variable in the model.
Bold p-values indicate statistically significant results at p ≤ 0.1.

TABLE 5 | Significant results obtained from logistic regression of antimicrobial resistant Mannheimia haemolytica from beef-type cattle upon feedlot arrival.

Risk factor Ampicillin Oxytetracycline Tilmicosin Tulathromycin

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Monthly intervals

Aug–Nov 1 1 – 1 1 – 1 1 – 1 1 –

Dec–Feb 0.9 0.2–5.0 0.879 0.6 0.04–7.7 0.689 1.0 0.1–11.0 0.973 na na na

Mar–May 10.0 1.3–76.8 0.027 17.5 1.1–275.9 0.041 11.6 1.1–121.2 0.040 na na na

Source

A 1 1 – 1 1 – 1 1 – 1 1 –

B na na na 34.0 1.5–776.4 0.027 11.7 1.4–100.9 0.024 85.8 4.3–1,715.4 0.003

RD na na na 2.6 0.2–34.6 0.433 4.0 0.7–23.6 0.121

Mannheimia haemolytica serotype

A2 1 1 – 1 1 – 1 1 – 1 1 –

A1 + A6 na na na 38.3 4.8–304.1 <0.001 6.6 1.5–29.9 0.014 na na na

A, auction; B, backgrounding operations; CA, Canada; CI, confident interval; OR, odds ratio; RD, ranch direct; RF, risk factor.
na, that variable was not significant at the p-value ≤ 0.1 level and was eliminated from the regression.
Bold p-values indicate statistically significant results at p ≤ 0.1.

observed in the present study reflects the increased use of TUL,
but more isolates should be collected over a longer period of time
to confirm this trend.

Macrolide resistance phenotype (TIL and TUL) appeared to
be due to the presence of erm(42) and/or the macrolide efflux
protein and phosphotransferase gene pair msr(E)-mph(E) in M.
haemolytica and P. multocida isolates. Three macrolide resistant

P. multocida isolates possessed the A2058G mutation in 23S
rRNA. Macrolide resistance due to rRNA mutations is well-
documented in bacteria with a homogeneous or heterogeneous
presence in rrn operons (61). InH. somni, erm(42) and/or erm(F)
genes were present, but this did not appear to be linked to
macrolideMICs. Furthermore, TYLT did not seem to be a reliable
phenotypic indicator of macrolide resistance for Pasteurellaceae
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TABLE 6 | Significant results obtained from logistic regression of antimicrobial resistant Pasteurella multocida from beef-type cattle upon feedlot arrival.

Risk factor Ampicillin Oxytetracycline Spectinomycin Tilmicosin Tulathromycin

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Monthly interval

Aug–Nov 1 1 – 1 1 – 1 1 – 1 1 – 1 1 –

Dec–Feb na na na na na na 1.3 0.1–12.5 0.834 na na na na na na

Mar–May na na na na na na 8.5 1.1–65.4 0.040 na na na na na na

Source

A 1 1 – 1 1 – 1 1 – 1 1 – 1 1 –

B na na na 13.2 0.002–0.1 0.018 13.4 1.6–113.8 0.017 21.9 0.7–698.5 0.080 35.9 1.0–1249.4 0.048

RD na na na 1.3 0.2–10.4 0.807 1.8 0.3–11.4 0.545

A, auction; B, backgrounding operations; CI, confident interval; OR, odds ratio; RD, ranch direct.
na, that variable was not significant at the p-value ≤ 0.1 level and was eliminated from the regression.
Bold p-values indicate statistically significant results at p ≤ 0.1.

species isolated in this study due to high MIC values observed
(Supplementary Tables 3.1, 3.2).

As previously reported, the resistance to TIO was extremely
low for P. multocida (1/515, 0.2%) and absent in M. haemolytica
(16, 47) and H. somni. These results probably reflect the
limited use of TIO in beef cattle (58). Third generation
cephalosporins are more frequently administrated to dairy
cattle than to beef cattle (56, 57), yet resistance to this drug
was not observed in BRD bacteria isolated from dairy calves.
The overall resistance to β-lactam antimicrobials was relatively
low in beef and dairy cattle, even though this drug class
is commonly used in both (56–58). In our study, all M.
haemolytica isolates that had AMP MICs > 16µg/mL and
all H. somni with MICs of 1–2µg/mL harbored the blaROB−1

gene. Furthermore, one M. haemolytica with MIC values of
0.25µg/mL had blaROB−1, and another isolate with similar MIC
value possessed blaOXA−2. In Pasteurellaceae species, blaROB−1 is
typically plasmid-associated (62, 63).

Resistance to OXY was the highest resistance observed
across Pasteurellaceae isolated from both cattle types (10 and
46.4% in beef and dairy cattle types, respectively), which likely
reflects the frequent use of TETs (57, 58). Levels of TET-
resistance in Pasteurellaceae are even high in feedlot cattle
raised without the use of antimicrobials (45). Considering
the importance of TETs for the treatment and prevention
of histophilosis in western Canada (53), the high level of
OXY resistance (70.5%) in H. somni isolates from dairy cattle
is worrisome. Our results suggest that antimicrobials other
than TETs would be more effective for the treatment of H.
somni infections in feedlot dairy calves. The ARG tet(H) was
always present in OXY-resistant isolates, a finding consistent
with that of others (14, 45). Previous studies have identified
tet(H) in AMR M. haemolytica from clinical BRD cases (64),
and it is also frequently found in P. multocida (59) and
H. somni (65).

High FQs resistance was observed in M. haemolytica and
P. multocida isolates from dairy calves. Danofloxacin is not
approved for use in lactating dairy cows (56, 57) but it is approved

for dairy calves (66). Resistance to FQ was associated with
mutations in the QRDR including DNA-gyrase encoded by the
gyrA and gyrB genes and topoisomerase IV encoded by parC and
parE (67–69).

Frequent administration of FFN has been reported in dairy
but not in beef cattle (57, 58). Such antimicrobial usage
may explain the higher FFN resistance observed in dairy
M. haemolytica and P. multocida isolates, and higher MICs
in H. somni isolates from dairy compared to beef cattle
(Supplementary Figure 1.3.3). This resistance and/or high MIC
corresponded with the presence of floR as inferred from
sequenced isolates from these three species.

Aminocyclitols are infrequently used in beef or dairy cattle
(56–58) yet, H. somni (dairy isolates) and P. multocida (beef
and dairy isolates) exhibited 22, 8.1, and 19% resistance to SPE,
respectively. Co-resistance with other antimicrobials that travel
on the same MGE as SPE likely accounts for this resistant
phenotype (45). Resistance to SPE was conferred by the aadA31
gene as previously described (70). In accordance with previous

studies (45, 59), linkage of AMG resistance genes aph(3
′′
)-Ib,

aph(6)-Id, aph(3
′
)-Ia, and sulfonamide resistance gene sul2 was

found in M. haemolytica, P. multocida, and H. somni. The
GEN-resistance determinant aac(3)-IVa also co-occurred with
aminoglycoside and sulfonamide resistance genes in H. somni
depicting GEN MIC > 8µg/mL. In the isolates harboring
these groups of AMR determinants, floR and erm(42) were also
frequently clustered with the AMG-associated ARGs and sul2
genes. Co-existence of these ARGs along with tet(H) is a hallmark
of ICE (45, 59).

Mannheimia haemolytica serotype A2 isolates from dairy-
type cattle were more frequently associated with AMR than
serotype A1 and A6 isolate from beef-type cattle. The so-called
“virulentM. haemolytica serotypes” A1 and A6 have been linked
to higher AMR in beef cattle (14, 71). However, it is not known
if there is a true association between M. haemolytica serotype
and AMR or simply virulent serotypes are more frequently
exposed to antimicrobials due to treatment for BRD. The results
observed in this study may be the consequence of a higher
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TABLE 7 | Significant results obtained from logistic regression of antimicrobial resistant Mannheimia haemolytica from dairy-type cattle upon feedlot arrival.

Risk factor Ampicillin Danofloxacin Florfenicol Oxytetracycline Penicillin Tilmicosin Tulathromycin

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Country

CA 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 –

US na na na 0.02 0.002–0.2 0.001 18.7 3.3–251.8 0.004 na na na na na na na na na na na na

Monthly intervals

Aug–Nov 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 –

Dec–Feb 1.0 0.2–6.0 0.964 8.1 1.3–50.7 0.025 9.5 1.6–68.3 0.017 3.33 0.9–13.0 0.082 0.9 0.2–3.3 0.831 3.3 0.9–12.4 0.077 0.3 0.02–4.7 0.426

Mar–May 0.2 0.03–1.1 0.057 1.1 0.3–3.5 0.900 1.9 0.4–10.8 0.465 0.95 0.3–2.8 0.930 0.2 0.03–0.9 0.031 0.2 0.05–0.9 0.041 0.1 0.01–0.9 0.049

Mannheimia haemolytica serotype

A2 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 –

A1 + A6 0.5 0.1–1.8 0.259 12.1 3.4–43.3 <0.001 0.02 0.002–0.1 <0.001 4.8 1.9–11.9 <0.001 0.1 0.01–0.4 0.004 0.1 0.05–0.4 <0.001 0.03 0.01–0.2 <0.001

CA, Canada; CI, confident interval; OR, odds ratio; RF, risk factor.
na, that variable was not significant at the p-value ≤ 0.1 level and was eliminated from the regression.
Bold p-values indicate statistically significant results at p ≤ 0.1.

TABLE 8 | Significant results obtained from logistic regression of antimicrobial resistant Pasteurella multocida from dairy-type cattle upon feedlot arrival.

Risk factor Ampicillin Danofloxacin Enrofloxacin Florfenicol Oxytetracycline Tilmicosin Tulathromycin

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Country

CA 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 –

US na na na 0.003 0.0003–0.04 <0.001 0.01 0.001–0.1 <0.001 0.09 0.02–0.4 0.002 na na na na na na 0.01 0.001–0.1 <0.001

Monthly intervals

Aug–Nov 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 – 1 1 –

Dec–Feb 1.53 0.3–6.8 0.568 na na na 0.7 0.2–2.3 0.588 2.5 0.9–6.1 0.053 na na na na na na 0.4 0.1–1.1 0.063

Mar–May 0.13 0.02–0.9 0.037 na na na 0.1 0.04–0.4 <0.001 0.3 0.1–0.9 0.026 na na na na na na 1.3 0.5–3.2 0.647

CA, Canada; CI, confident interval; OR, odds ratio.
na, that variable was not significant at the p-value ≤ 0.1 level and was eliminated from the regression.
Bold p-values indicate statistically significant results at p ≤ 0.1.
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prevalence of serotype A2 among healthy animals under the
high selective pressure of AMU in dairy prior to entry into the
feedlot environment.

Jelinski et al. (11) proposed an SIR scheme for M. bovis
isolated from bovine respiratory samples. Application of these
criteria to M. bovis isolates in our study indicated high levels
of resistance to TIP (100% both), TIL (100% beef and 99%
dairy), and GAM (97.5% beef and 97% dairy). High MIC values
for macrolides in M. bovis isolates from dairy and beef have
been reported in Europe, Asia, and North America (11, 72).
Macrolides are not frequently administrated to ranch calves in
beef cow operations (58), which contrasts to the observed high
macrolideMICs forM. bovis regardless of cattle type in our study.
Antimicrobial resistance in M. bovis is mediated by mutations
and not genes, possibly imposing a lower fitness burden, allowing
the persistence of AMR traits regardless of AMU. Based on our
results, TUL, ENRO, FFN, and TETs may be more effective
againstM. bovis than TIP, TIL, or GAM. However, the use of TET
to treat clinical disease caused byM. bovis should be undertaken
with caution since other authors have proposed a possible
linkage between TETs and chronic pneumonia and polyarthritis
syndrome in feedlots (73, 74). Nevertheless, it is not practically
known which bacteria are specifically causing BRD in any one
individual animal and frequentlymultiple bacteria can be isolated
from fatal BRD cases (75). Therefore, it is difficult for veterinary
practitioners to make any specific recommendations as it is not
known which pathogen(s) is causing clinical disease. The odds of
isolating M. bovis from beef and dairy-type cattle were 2.52 and
2.26 times higher, respectively, in the second year as compared
to the first year of our study. During the first sampling year, a
commercial media for the isolation of M. bovis was used (broth
and agar; cat. no. TP90 and PM80, Dalynn Biologicals). Since
M. bovis colonies growing on this commercial media often did
not display the typical fried-egg morphology (76), a different
media was used during the second sampling year (23). As a
consequence, it is not possible to know if the difference in the
M. bovis recovery was a consequence of inter-year variability.

Twenty-five and 68% of M. haemolytica and P. multocida
isolates from dairy-type calves were MDR. As aforementioned,
AMU is greater in dairy-type cattle as compared to beef-
type cattle (77). Studies have suggested that feedlots are an
environment that promote/amplify AMR via various means
including through metaphylaxis (78, 79), serving as a reservoir
of AMR bacteria and genes, selection through antimicrobial
metabolites in manure (80, 81), and manure enriching the soil
microbiome in AMR bacteria (82). It is known that metaphylaxis
upon feedlot arrival decreases BRD morbidity and mortality (53)
but it may select for AMR bacteria (78). Bovine respiratory
disease Pasteurellaceae can persist in the farm and feedlot
environment (83, 84) and be transmitted amongst different herds
(85). In North America, large commercial feedlots receive a
constant flow of animals and pens are usually cleaned (not
disinfected) of manure/bedding once or twice per year. This
constant occupancy of cattle in the feedlot may promote the
persistence of AMR bacteria in the environment. Some feedlots
feed both beef and dairy-type cattle, resulting in cattle with
significantly different AMU backgrounds being housed in close
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proximity. Many of the MDR Pasteurellaceae harbor ARGs on
ICE and it is unknown if bacteria carrying these elements increase
and spread among cattle within the feedlot, a possibility that
deserves further evaluation.

CONCLUSION

This is the first published study in Alberta documenting AMR in
fourmajor bacterial species involved in the BRD complex isolated
from beef and dairy-type cattle on feedlot arrival. Our findings
show marked differences in bacterial isolation and AMR levels
in bacterial members of the BRD complex between dairy and
beef cattle types. Moreover, MDR M. haemolytica, P. multocida,
and H. somni isolates presenting AMR phenotypes indicative of
the presence of ICE were isolated more often from dairy-type
than beef-type cattle. These results raise the question of whether
feedlot AMU and AMR should be reported by cattle type which
could help to evaluate if the higher prevalence of ICE-related
AMR is linked to higher BRD treatment failure and mortality.
Additionally, an association between higher AMR and feedlot-
backgrounded beef-type cattle was reported. Macrolides may not
be an efficacious treatment choice for M. bovis (in beef and
dairy-type cattle) or H. somni (dairy) infections in feedlot cattle
in Alberta. Considering that antimicrobial therapy is essential
for the prevention, control, and treatment of BRD in feedlot
cattle, our study highlights the continued need for AMU and
AMR surveillance of BRD-related bacteria in feedlot cattle to
help inform veterinarians on treatment protocol decisions that
promote prudent drug use.
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The bovine respiratory disease (BRD) complex is a multietiological and multifactorial

disease associated with a wide range of viral and bacterial pathogens. This study

evaluated the contribution of specific infectious disease agents in the development

of BRD in cattle from Brazil and determined if a virus within the malignant catarrhal

fever virus (MCFV) group and Mycoplasma bovis, acting individually or in conjunction,

can be associated with the development of BRD. Formalin-fixed paraffin-embedded

pulmonary sections were used in immunohistochemical assays to determine the

intralesional presence of six antigens associated with BRD: bovine alphaherpesvirus 1

(BoHV-1), bovine parainfluenza virus 3 (BPIV-3), bovine viral diarrhea virus (BVDV), bovine

respiratory syncytial virus (BRSV), MCFV, and M. bovis. Pneumonia was diagnosed

in 82.7% (120/145) of all cattle evaluated. Interstitial pneumonia (60%, 72/120) and

suppurative bronchopneumonia (25.8%, 31/120) were the most frequent patterns of

pneumonia identified. Intralesional antigens of MCFV (53.3%, 64/120) were the most

frequently associated with BRD, followed by M. bovis (47.5%, 57/120), BVDV (42.5%,

51/120), BoHV-1 (28.3%, 34/120), BRSV (24.2%, 29/120), and BPIV-3 (8.3%, 10/120).

Additionally, antigens of BVDV, MCFV, and M. bovis were the most frequently identified

agents associated with singular and concomitant infections. The MCFV identified during
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this study is more likely to be ovine gammaherpesvirus 2 (OvHV-2), since OvHV-2 is the

only MCFV identified within the geographical region of this study. Interstitial pneumonia

with proliferative vascular lesions may be a useful histologic feature to differentiate MCFV-

induced pneumonia from other viral pneumonias of cattle. These results demonstrate that

MCFV and M. bovis, in single or mixed infections, can produce pneumonia in cattle and

should therefore be considered as primary agents in the development of BRD.

Keywords: diagnostic immunohistochemistry, fibrinoid change, histopathologic patterns, caseonecrotic

bronchopneumonia, proliferative vascular alterations, respiratory disease pathogens, ovine gammaherpesvirus 2

INTRODUCTION

Bovine respiratory disease (BRD) is a complex multifactorial
and multietiological disease entity that is associated with viral
and bacterial pathogens coupled with unfavorable management
practices and environmental conditions. The principal viral
disease pathogens associated with the development of BRD
are bovine coronavirus (BCoV), bovine alphaherpesvirus 1
(BoHV-1), bovine parainfluenza virus 3 (BPIV-3), bovine viral
diarrhea virus (BVDV), and bovine respiratory syncytial virus
(BRSV) (1–4). The major bacterial pathogens of BRD include
Mannheimia haemolytica, Pasteurella multocida, Histophilus
somni (5–8), and Mycoplasma bovis. All of these pathogens have
been associated with outbreaks of BRD in beef and dairy cattle
herds from Brazil (9).

More recently, ovine gammaherpesvirus 2 (OvHV-2), a virus
within the malignant catarrhal fever virus (MCFV) complex, was
suggested as a possible infectious disease pathogen associated
with the development of BRD (10). Additionally, it must
be highlighted that although the MCFV complex is known
to be composed of nine members (11), only OvHV-2 was
associated with malignant catarrhal fever (MCF) in ruminants
from Brazil (10, 12). Although spontaneous cases of interstitial
pneumonia associated with the amplification of OvHV-2 DNA
were previously described in bison (13, 14) and buffaloes (15), the
possible participation of an MCFV in the development of BRD is
a novel finding.

Viral disease pathogens of BRDmay cause primary infections,
acting in either single or mixed infections with other pathogens
(3, 16, 17). A significant role for BRD-related viruses is their
interaction with bacteria (17–19) and mycoplasma (20–22)
in the development of bronchopneumonia. Moreover, studies
have shown that M. bovis was the only pathogen identified in
pneumonic lungs, resulting in fatal pneumonia in calves (3, 23,
24) and adult cattle (16).

In Brazil, information relative to the occurrence of BRD
is limited when compared with studies from North America
(25–28) and Australia (29, 30). Previous studies done in Brazil
were designed to investigate a single (31–37) or several agents
(2, 16, 38–43) associated with BRD. These studies focused
on the molecular identification of agents, with and without
the histopathologic diagnosis of the patterns of pulmonary
disease. It must be highlighted that associating the pattern
of pulmonary disease with the intralesional presence of the
agents is fundamental to confirming infection. Recently, we have

identified the occurrence of infectious disease pathogens of BRD
by using a combination of the histopathologic patterns and
the in situ identification of the infectious disease pathogen by
immunohistochemistry (IHC) and have shown thatM. bovismay
be a potential primary disease agent of pneumonia in cattle (16).

Consequently, the aims of this study were to determine the
occurrence of respiratory infectious disease agents in cattle from
several geographical regions of Brazil, evaluate the contribution
of specific infectious disease agents in the development of BRD,
and determine if an MCFV and M. bovis, acting individually
or in mixed infections, can be associated with the development
of BRD.

MATERIALS AND METHODS

Study Design
A cross-sectional study focusing on two units of observation
was designed: the first investigated respiratory agents associated
with the development of BRD, while the second determined
the occurrence of pneumonia. The first was designed to
associate the occurrence of pneumonia with specific infectious
disease pathogens irrespective of the pattern of pulmonary
disease. Subsequently, predetermined patterns of pneumonia
were classified and related with specific agent(s) associated
with BRD.

Study Area, Animal Selection, and
Histopathologic Analyses
A review of all pulmonary tissues of cattle submitted for
histopathologic diagnosis between 2015 and 2018 was done
to determine the occurrence of pneumonia. These samples
originated from diagnostic laboratories located within the
states of São Paulo (Southeastern), Paraná, and Santa Catarina
(Southern) Brazil; some of the pulmonary tissues derived from
cows from Paraná were part of a larger study that investigated the
occurrence of cattle neurological disease (44). Archival records
of all animals were retrieved, reviewed, and tabulated to obtain
information relative to sex, type of animal (beef, dairy, or mixed),
age, and cause of death (natural × slaughter). These data were
then associated with the occurrence of pulmonary disease. The
age of all cattle was divided into two predetermined categories:
calves (cattle up to 15months old) and adults (animals 16months
or older) (45). Only data relative to the age of cattle with
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pulmonary disease, irrespective of the patterns of pneumonia,
were included in the analysis.

Formalin-fixed paraffin-embedded (FFPE) pulmonary
sections were used to produce new histological slides when
necessary. All sections were stained by the hematoxylin-and-
eosin (H&E) method and reviewed for histopathologic patterns
of pulmonary disease as outlined (16); the histopathologic
review was done by two veterinary pathologists (TESO and
SAH). In addition, new histological slides were made for all
tissues containing intralesional pleomorphic organisms; these
were colored with the Giemsa histochemical method for the
identification of organisms consistent withM. bovis and with the
Brown–Brenn Gram histochemical stain to differentiate them
from other accumulations of Gram-positive or Gram-negative
bacteria; both methods were based on previous protocols (46).
Giemsa staining was used to identify M. bovis, since we have
previously suggested that this histochemical stain may efficiently
identify these intralesional organisms (16).

Additionally, the pulmonary tissues evaluated were divided
into three categories based on the predominant histologic
alterations observed: (1) pulmonary tissues with predominantly
cellular and vascular alterations (congestion, reversible, and
irreversible cellular lesions); (2) interstitial pneumonia, and
(3) bronchopneumonia. These categories were then used as
inputs to correlate these histologic findings with the intralesional
localization of antigens of the evaluated agents identified by IHC.

IHC Identification of Infectious Disease
Agents Associated With BRD
IHC assays were performed on pulmonary sections of each
animal to determine the intralesional presence of six antigens
potentially associated with the development of BRD: BoHV-
1, BRSV, BVDV, BPIV-3, MCFV, and M. bovis. Selected FFPE
tissue sections of the lungs were prepared on silanized slides
with poly-L-lysine 0.1% (Sigma-Aldrich, St. Louis, MO, USA)
and submitted to IHC assays designed to identify the antigens

of these agents. The IHC assays to detect antigens of BoHV-1,
BVDV, BRSV, BPIV-3, and M. bovis were previously described
(16). MCFV-specific antigens were identified by using the
monoclonal antibody 15A (MAb-15A) (12). Positive controls
included FFPE tissue sections known to contain antigens of
BoHV-1, BVDV, BRSV, BPIV-3, M. bovis (16), and OvHV-2
(12). Two negative controls were used: the first consisted of
substituting the primary antibodies with their respective diluents,
and the second consisted of utilizing the primary antibodies
on FFPE tissues with known negative immunoreactivity to the
BRD antigens derived from the studies cited above. Positive and
negative controls were included in each IHC assay.

Data Analysis
The association between the biological data of the cattle and
the occurrence of pneumonia and the frequencies of infection
(absolute and relative) was determined using descriptive
statistics. The determination of the comparative distribution of
IHC antigens in normal and affected tissues was obtained due to
the comparative frequency relative to each agent. Consequently,
the frequency of each agent evaluated in a determined histologic
element was obtained by calculating the occurrence of positive
immunolabeling within the histologic element with the total
IHC identification of each disease pathogen. Additionally, the

TABLE 2 | Frequency of pneumonia patterns identified in lungs of affected cattle.

Patterns of pneumonia # Number of cattle %

Interstitial pneumonia 72 49.7

Suppurative bronchopneumonia 31 21.4

Caseonecrotic bronchopneumonia 10 6.9

Fibrinosuppurative bronchopneumonia 5 3.4

Cuffing pneumonia 2 1.4

Total 120 100

TABLE 1 | Epidemiological data of pulmonary tissue of cattle submitted for histopathologic diagnosis.

Variable Pulmonary tissue without

pneumonia (%)

Pulmonary tissue with

pneumonia (%)

Chi-square test

(p-value)

Sex (n)

Male (19) 6 13 0.406

Female (54) 13 41

Not reported (72) 13 59

Type of cattle (n)

Beef (49) 10 39 0.366

Dairy (34) 5 29

Mixed (62) 17 45

Age (n)

Calves (51) 12 39 0.097

Adult (94) 20 74

Form of death (n)

Natural (108) 27 81 0.146

Slaughter (37) 5 32
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TABLE 3 | Occurrence of respiratory pathogens, according to the pulmonary categories evaluated (n = 145)a.

Disease pathogens Cellular/vascular

alterations [n (%)]

Interstitial

pneumonia [n (%)]

Bronchopneumonia

[n (%)]

Total [n (%)]

Malignant catarrhal fever virus 11 (7.6) 34 (23.4) 19 (13.1) 64 (44.1)

Mycoplasma bovis 13 (9) 14 (9.7) 30 (20.7) 57 (39.3)

Bovine viral diarrhea virus 8 (5.5) 30 (20.7) 13 (9) 51 (35.2)

Bovine alphaherpesvirus-1 3 (2.1) 21 (14.5) 10 (6.9) 34 (23.4)

Bovine respiratory syncytial virus 6 (4.1) 17 (11.7) 6 (4.1) 29 (20)

Bovine parainfluenza virus-3 4 (2.8) 4 (2.8) 2 (1.4) 10 (6.9)

aBased on the occurrence of singular and simultaneous pathogens.

association between the occurrence of pathogens and the number
of cattle infected was determined. When appropriated, the
association between the presence of pulmonary disease and
specific variables was analyzed using the chi-square test, using the
free software R 4.0.3 (47); differences were considered significant
when the resulting p-value was <0.05.

RESULTS

Occurrence of Pneumonia and Biological
Data
During the 4-year period, the lungs from 145 cattle submitted
for histopathologic diagnosis were reviewed. Pneumonia was
diagnosed in 82.7% (120/145) of these lungs, and 25 animals
had no histopathologic lesions consistent with pneumonia. No
significant differences (p> 0.05) were identified between the type
of cattle, sex, and age relative to the occurrence of pneumonia
(Table 1). The median age of the calves was 2 months (range:
2 days to 13 months), while that of adult animals was 4 years
(range: 1 year and 8 months to 10 years).

Patterns of Pulmonary Disease and
Histologic Features of Pneumonia
Most of the lungs evaluated (82.7%, 120/145) had at least
one patterns of pneumonia, and some contained more than
one patterns of pulmonary disease (Table 2). Consequently,
from the 120 animals with pneumonia evaluated, 139 patterns
of pulmonary disease were observed, with animals presenting
one (72.5%, 87/120) or several patterns (27.5%, 33/120) of
pneumonia. Nevertheless, interstitial pneumonia (60%, 72/120)
was the most predominant pattern observed (Table 2), followed
by suppurative (25.8%, 31/120), caseonecrotic (8.3%, 10/120),
and fibrinosuppurative bronchopneumonia (4.2%, 5/120). A few
cows (1.7%, 2/120) had cuffing pneumonia.

Antigens of all agents investigated were identified in all three
categories of pulmonary lesions evaluated (Table 3). However,
antigens of MCFV were more frequently associated with all
categories (53.3%, 64/120), including pulmonary tissues with
interstitial pneumonia (28.3%, 34/120; Table 3) and vascular
disease resulting in arterial proliferation (Figures 1A–C).
Other agents frequently associated with the development of
interstitial pneumonia were BVDV (25%, 30/120) and BoHV-1
(17.5%, 21/120; Table 3). As expected, antigens of M. bovis

were more frequently (25%, 30/120) associated with the
development of bronchopneumonia (Table 3 and Figure 1D)
and suppurative infiltrate predominantly in the terminal and
respiratory bronchioles (Figure 1E) and frequently associated
with obliterative bronchiolitis (Figure 1F). Intralesional,
Giemsa-positive (Figures 1G,H), and bacterial accumulations
were observed only in cases of bronchopneumonia (64.6%,
31/48; Table 2). Gram-positive or Gram-negative bacteria were
not detected by the modified Brown–Brenn stain.

IHC Identification of Infectious Disease
Antigens in Cattle With BRD
The associations between intralesional antigens of infectious
disease pathogens of BRD with the specific histologic element of
the lung are summarized in Figure 2. When IHC results were
associated with a single pathogen (Table 4), M. bovis (31.8%,
14/44) was the most frequently identified agent, followed by
BVDV (22.7%, 10/44), MCFV (18.2%, 8/44), BRSV (13.6%, 6/44),
BoHV-1 (11.4%, 5/44), and BPIV-3 (2.3%, 1/44).

Positive immunoreactivity to M. bovis antigens was widely
distributed within the lung during this study (Figure 2A). These
include the epithelial cells of the bronchiole (Figures 3A,B)
and bronchus, alveolar macrophages, type I pneumocytes,
mixed peribronchial glands (Figure 3C), chondrocytes of the
bronchial hyaline cartilage (Figure 3D), and endothelium
(Figure 3E). Furthermore, M. bovis was the only agent
associated with positive immunolabeling on BALT lymphoid
tissue (Figures 3F,G) and intralesional pleomorphic mollicutes
(Figure 3H). Antigens of M. bovis were also identified within
necrotic peribronchial glands (Figure 3I) and necrotic bronchial
epithelial cells.

BVDV antigens were observed in the three categories
studied (Figure 2B). Immunoreactivity was observed within the
epithelial cells of the bronchus and bronchiole (Figures 4A,B),
type I pneumocytes, alveolar lymphocytes and macrophages,
chondrocytes of the bronchial hyaline cartilage (Figure 4C),
mixed peribronchial glands (Figures 4D,E), endothelium cells
(Figure 4F), and hyperplastic type II pneumocytes.

MCFV-positive intracytoplasmic immunoreactivity
(Figure 2C) was identified primarily within bronchiolar
epithelial cells (Figures 5A,B), alveolar macrophages
(Figure 5C), type I pneumocytes, degenerated bronchial
epithelial cells (Figure 5D), chondrocytes of the bronchial
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FIGURE 1 | Histopathological findings observed in the lungs of cattle with

bovine respiratory disease associated with intralesional antigens of MCFV

(A–C) and M. bovis (D–H). (A) There is interstitial pneumonia, (B) containing

areas of arterial proliferation (arrows); (C) higher magnification demonstrating

proliferation of the tunica media of pulmonary arteries (asterisk). (D) Typical

demonstration of caseonecrotic bronchopneumonia associated with infection

by M. bovis; observe the well-demarcated, centrally located, foci of necrosis

containing a large necrotic hyper-eosinophilic debris and pleomorphic bacteria

(arrows). (E) There is a neutrophilic exudate within a terminal bronchiole

(asterisk) in a cow with suppurative bronchopneumonia. (F) Observe areas of

obliterative bronchiolitis (asterisk). (G) There are intralesional bacterial

aggregates positive for M. bovis (arrows). (H) Closer view demonstrating

intralesional mollicutes (arrows). Hematoxylin and eosin (A–F) and Giemsa

stain (G,H). Bar: (A,B,D–F) 200 µm; (C,G,H) 50 µm.

hyaline cartilage (Figures 5E,F), endothelial cells of pulmonary
venule (Figure 5G), hyperplasic type II pneumocytes, mixed
peribronchial glands (Figure 5H), and alveolar lymphocytes.
Positive immunoreactivity to antigens of MCFV was restricted to
the pulmonary lesions within the categories classified as cellular
and vascular alterations and interstitial pneumonia, without
being observed in tissues diagnosed as bronchopneumonia.
Additionally, immunoreactivity to MCFV antigens was
patchy within the pneumocytes of cows with interstitial
pneumonia and was more predominant in type I relative to
type II cells.

Immunoreactivity to BRSV (Figure 2D), with positive
intracytoplasmic immunoreactivity, occurred within

bronchial and bronchiolar epithelial cells (Figures 6A,B),
chondrocytes of the bronchial hyaline cartilage (Figure 6C),
mixed peribronchial glands, and alveolar macrophages
(Figure 6D). Similar to MCFV, BRSV antigens were observed
only in the categories classified as circulatory changes and
interstitial pneumonia.

BoHV-1 antigens (Figure 2E) were observed only in
cases of interstitial pneumonia and bronchopneumonia,
with intracytoplasmic immunoreactivity within bronchial
and bronchiolar epithelial cells, pulmonary endothelial cells
(Figures 6E,F), chondrocytes of the bronchial hyaline cartilage
(Figure 6G), necrotic bronchial epithelial cells, and type
I pneumocytes.

BPIV-3 antigens were observed only in one animal with
circulatory changes and revealed cytoplasmic immunoreactivity
within the cells of the normal (Figure 6H) and degenerated
(Figure 6I) bronchiolar epithelia.

Figure 7 illustrates an interesting feature identified in
mixed infections due to BVDV and MCFV in 12 animals.
Concomitant infections were observed predominantly
in bronchopneumonia (16.7%, 2/12) and interstitial
pneumonia (75%, 9/12) and were also associated with the
development of cellular and vascular alterations (8.3%, 1/12).
More interestingly, with simultaneous immunolabeling in
bronchopneumonia, antigens of both viruses were identified
within bronchial and bronchiole epithelia (Figures 8A,B),
necrotic bronchiolar cells (Figures 8C,D), and alveolar
macrophages (Figure 8E). Additionally, there was positive
immunoreactivity to MCFV antigens within goblet cells
(Figure 8F), chondrocytes of the bronchial hyaline cartilage,
pulmonary endothelia, mixed peribronchial glands, alveolar
lymphocytic infiltrates, and degenerated bronchial epithelia
(Figures 8G,H).

Frequency and Relationship Between the
Occurrence of Infectious Disease
Pathogens and Pulmonary Disease
A high occurrence of respiratory disease pathogens was observed
in the pulmonary tissues evaluated, with antigens of more
than one respiratory disease pathogen detected in 82.7%
(120/145) of these, while 36.7% (44/120) of the pulmonary
tissues contained only one pathogen associated with the
development of BRD. When the occurrence of single infections
was evaluated (Table 4), M. bovis antigens were the most
frequently identified (31.8%, 14/44), followed by BVDV (22.7%,
10/44), MCFV (18.2%, 8/44), BRSV (13.6%, 6/44), BoHV-1
(11.4%, 5/44), and BPIV-3 (2.3%, 1/44). However, antigens
of infectious disease agents were not identified in 17.2%
(25/145) of the pulmonary tissues evaluated. Antigens of
MCFV and M. bovis (Table 4) were associated with singular
(18.2%, 8/44; 22.7%, 10/44), dual (70%, 28/40; 45%, 18/40),
triple (76%, 19/25; 68%, 17/25), quadruple (88.9%, 8/9; 66.7%,
6/9), and quintuple (100%, 2/2; 100%, 2/2) infections during
this study.

Two respiratory disease agents were simultaneously identified
within the lungs of 40 cows (Table 4), resulting in mixed
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FIGURE 2 | Comparative distribution of the IHC identification of antigens of single infectious disease pathogens within the lungs of cattle with BRD due to (A)

M. bovis, (B) BVDV, (C) MCFV, (D) BRSV, and (E) BoHV-1. Bar: green, cellular and vascular alterations; blue, interstitial pneumonia; and red, bronchopneumonia.

infections. Antigens of MCFV were the most frequently observed
to be associated with BVDV (42.9%, 12/28), followed by
M. bovis (35.7%, 10/28), BRSV (10.7%, 3/28), and BoHV-
1 (10.7%, 3/28). Antigens of BVDV were identified in more
than half (53.9%, 41/76; Table 4) of these cases, while mixed
infections associated with BVDV predominantly includedMCFV
(40.8%, 31/76) and M. bovis (22.4%, 17/76). Additionally, dual
infections were more frequently associated with intralesional
antigens of MCFV (n = 28; Table 4), being predominantly
associated with antigens of BVDV (42.8%, 12/28) and M. bovis
(35.7%, 10/28).

In animals infected with a single agent, infection of normal
bronchiolar epithelial cells was observed in all M. bovis-
infected cows (100%, 14/14), followed by BRSV (83.3%, 5/6),
MCFV (50%, 4/8), BVDV (40%, 4/10), and BoHV-1 (40%,
2/5). Few pulmonary tissues had positive immunoreactivity at
the capillary endothelium, being observed for BVDV (30%,
3/10), BoHV-1 (20%, 1/5), MCFV (12.5%, 1/8), and M. bovis
(7.1%, 1/14).

Positive immunolabeling at the hyaline cartilage of the
bronchus was identified in the pulmonary tissues of 27.3%
(12/44) cows; BRSV (66.7%, 4/6) antigens were more frequently
identified within chondrocytes of the hyaline cartilage of the
bronchus, followed by BoHV-1 (40%, 2/5), BVDV (30%, 3/10),
M. bovis (14.3%, 2/14), and MCFV (12.5%, 1/8); antigens of
BPIV-3 were not observed within chondrocytes. A few cattle
had positive immunolabeling at normal peribronchial glands for
antigens of BRSV (16.7%, 1/6), MCFV (12.5%, 1/8), andM. bovis
(7.1%, 1/14). Positive immunoreactivity within lymphocytes
was observed in 11 cows and was associated with antigens of
M. bovis (54.5%, 6/11), BVDV (36.4%, 4/11), and MCFV (9.1%,
1/11); antigens of BRSV and BPIV-3 were not observed within
lymphocytes. Intralesional pleomorphic organisms, stained by
Giemsa, were identified in 35.7% (5/14; Figure 3H) of cows that
contained antigens ofM. bovis.

The most frequent infectious disease pathogen (Table 3)
identified in association with BRD was MCFV (53.3%, 64/120),
followed by M. bovis (47.5%, 57/120), BVDV (42.5%, 51/120),
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TABLE 4 | Distribution of the IHC identification of intralesional antigens in the development of singular and concomitant infections in the lungs of cattle with pneumonia

(n = 120).

Summary of singular (n = 44) and dual (n = 40) infections

Agents MCFV M. bovis BVDV BoHV-1 BRSV BPIV-3

MCFV 8 10 12 3 3 0

M. bovis – 14 2 2 2 2

BVDV – – 10 0 2 0

BoHV-1 – – – 5 1 1

BRSV – – – – 6 0

BPIV-3 – – – – – 1

Association of intralesional antigens Number of cattle

Triple infections

BoHV-1, BPIV-3, BRSV 1

BoHV-1, BRSV, M. bovis 2

BoHV-1, BVDV, M. bovis 3

BoHV-1, BVDV, MCFV 6

BoHV-1, M. bovis, MCFV 1

BPIV-3, BRSV, M. bovis 1

BRSV, BVDV, MCFV 1

BRSV, M. bovis, MCFV 3

BVDV, M. bovis, MCFV 7

Total 25

Quadruple infections

BoHV-1, BPIV-3, BVDV, M. bovis 1

BoHV-1, BRSV, BVDV, MCFV 3

BoHV-1, BRSV, M. bovis, MCFV 1

BoHV-1, BVDV, M. bovis, MCFV 2

BPIV-3, BRSV, M. bovis, MCFV 1

BRSV, BVDV, M. bovis, MCFV 1

Total 9

Quintuple infections

BoHV-1, BPIV-3, BRSV, M. bovis, MCFV 1

BoHV-1, BPIV-3, BVDV, M. bovis, MCFV 1

Total 2

BoHV-1, bovine alphaherpesvirus type 1; BPIV-3, bovine parainfluenza virus type 3; BRSV, bovine respiratory syncytial virus; BVDV, bovine viral diarrhea virus; M. bovis, Mycoplasma

bovis; MCFV, malignant catarrhal fever viruses.

BoHV-1 (28.3%, 34/120), BRSV (24.2%, 29/120), and BPIV-
3 (8.3%, 10/120). Furthermore, singular (36.7%, 44/120), dual
(33.3%, 40/120), triple (20.8%, 25/120), quadruple (7.5%,
9/120), and quintuple (1.7%, 2/120) infections were identified
(Table 4).

Necrosis was observed at the epithelial cells and peribronchial
glands in the lungs of 6.8% (3/44) cows. Of these cases, necrosis
affecting bronchial epithelia was associated with antigens of
BoHV-1 (20%, 1/5) and M. bovis (7.1%, 1/14), with M. bovis
antigens being observed in 7.1% (1/14) of the necrotic
peribronchial glands.

Hyperplastic lesions were identified in few cows (9.1%,
4/44); in two of these, there was bronchus-associated
lymphoid tissue (BALT) hyperplasia associated with positive
immunoreactivity to M. bovis antigens. Hyperplasia of type
II pneumonocytes was observed in two (4.5%, 2/44) cows;

with positive immunoreactivity to MCFV (2.3%, 1/44) and
BVDV (2.3%, 1/44).

DISCUSSION

The results of this study demonstrated the multietiological
nature of BRD, in which 63.3% (76/120) of the lungs of
cattle evaluated were infected by two or more infectious
disease agents. The IHC identification of infectious disease
pathogens on FFPE tissues is a sensitive method to detect
intralesional antigens and was previously used to identify
BVDV, BoHV-1, BRSV, M. bovis (3, 16), BPIV-3 (16, 48),
and MCFV (12) antigens in tissues of BRD-affected cattle.
Additionally, the in situ detection of intralesional tissue antigens
is an excellent method for retrospective studies using archival
samples. Moreover, this diagnostic method is preferred over
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FIGURE 3 | Immunohistochemical detection Mycoplasma bovis antigens in

cattle with bovine respiratory disease. (A) There is positive intracytoplasmic

immunoreactivity to M. bovis antigens in the normal bronchiolar epithelium

(arrows) of a cow with bronchopneumonia (asterisk). (B) Observe positive

immunoreactivity at the respiratory (yellow arrow) and terminal bronchiole

(black arrow) of a cow with interstitial pneumonia. (C) There is positive

reactivity at the mixed peribronchial glands. (D) Observe positive

immunoreactivity within chondrocytes of the hyaline cartilage (asterisk), (E)

endothelium cells, (F) lymphocytes (asterisk), (G) macrophages, (arrow), and

bronchus-associated lymphoid tissue. (H) There is positive immunolabeling

within accumulations of pleomorphic organism (arrows) in the lung with

suppurative bronchopneumonia. (I) Observe positive immunolabeling in

necrotic peribronchial glands (two-headed arrow), normal endothelium cells

(arrow), and chondrocytes of the hyaline cartilage (asterisk).

Immunoperoxidase counterstained with hematoxylin. Bar: (A,C,D,F–I) 50 µm;

(B) 200 µm; (E) 10µm.

molecular testing, to confirm disease association, since the
intralesional identification of disease pathogens within affected
tissue clearly demonstrates the association between infectious
disease agents and histologic alteration and/or pattern of disease
(49, 50).

In a previous study by our group in cattle with neurological
manifestation of MCF associated with OvHV-2 but without the
classic manifestations of MCF (12), positive immunoreactivity
was not observed within the pulmonary tissues available for
evaluation. Similarly, in the current study, the cows investigated
did not demonstrate the typical clinical manifestations of MCF
and were therefore without a clinical diagnosis of MCF. The

FIGURE 4 | Immunohistochemical detection of BVDV antigens in cattle with

bovine respiratory disease. There is positive immunoreactivity (arrows) to

BVDV in the epithelial cells of the (A) terminal and (B) respiratory bronchiole of

a cow with bronchopneumonia. (C) Observe positive immunolabeling at

chondrocytes of the hyaline cartilage (asterisk), epithelial cells of the bronchus

(arrow), (D) mixed peribronchial glands (arrows), and bronchial epithelial cells

(asterisk); (E) closer view showing positive immunoreactivity within epithelial

cells of the mixed peribronchial glands. (F) BVDV antigens within alveolar

macrophages (yellow arrow), the endothelia of a capillary (black arrows), and

venule (asterisk) of the lung. Immunoperoxidase counterstained with

hematoxylin. Bar: (A–C) 50 µm; (D) 200 µm; (E,F) 20 µm.

pulmonary disease associated with MCFV antigens identified
during this study can be classified as subacute to chronic
interstitial pneumonia due to the accumulated lymphocytes and
macrophages (51). Moreover, OvHV-2 is known to produce
chronic disease in cattle characterized by proliferating arterial
lesions (12, 52, 53); proliferative vascular lesions were observed
in the lungs of cattle with interstitial pneumonia associated
with intralesional antigens of MCFV and represented 28.3%
(34/120) of all interstitial pneumonias identified during this
study. These findings may suggest that MCFV produces
interstitial pneumonia with vascular proliferating lesions as
the prominent histologic feature, which may be useful to
distinguish MCFV-induced interstitial pneumonia from other
viral pneumonias of cattle. Another interesting feature during
this study was the patchy immunoreactivity of pneumocytes
in interstitial pneumonia associated with MCFV antigens;
similar findings were described in pigs experimentally infected
with OvHV-2 (54). Additionally, experimental studies done
in sheep (55, 56) and pigs (54) have suggested that the
interstitial pneumonia induced by OvHV-2 results in lytic
replication predominantly within type II pneumocytes (55). In
the present study, intralesional MCFV antigens were observed
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FIGURE 5 | Immunohistochemical demonstration of immunoreactivity to

MCFV in cattle with bovine respiratory disease. There is positive

intracytoplasmic immunoreactivity to antigens of MCFV within the cytoplasm of

epithelial cells of the (A,B) terminal bronchiole and the patchy immunoreactivity

within (C) alveolar epithelium (arrows) in a case of interstitial pneumonia.

Observe intracytoplasmic immunoreactivity to antigens of MCFV within (D)

degenerated bronchial epithelial cells, (E,F) chondrocytes of the hyaline

cartilage (asterisk), (G) endothelium cells of a pulmonary venule (asterisk),

macrophages (black arrows), lymphocytes (yellow arrow), and (H) epithelial

cells of the mixed peribronchial glands. Immunoperoxidase counterstained

with hematoxylin. Bar: (A,H) 100 µm; (B–F) 50 µm; and (G) 20µm.

within hyperplastic type II pneumocytes and degenerated and
necrotic bronchiolar and bronchial epithelia; these findings
herein described corroborate those of experimental studies
(54, 56). Consequently, this pathogen may be an innocent
bystander, or a primary infectious disease agent, acting
individually or in association with other pathogens toward
the development of BRD in cattle, and should be considered
a possible infectious agent associated with the development
of BRD. Moreover, an MCFV, more likely OvHV-2, was
related with the occurrence of respiratory disease in a calf
that was simultaneously infected with BVDV and Aspergillus
fumigatus (57).

Furthermore, the MAb-15A antibody that detects epitopes
of MCF viruses (58) did not react with common viruses of
sheep, goat, and cattle (58, 59) and was shown to effectively
identify intralesional antigens of OvHV-2 in FFPE of cattle

FIGURE 6 | Immunohistochemical identification of BRSV, BoHV-1, and BPIV-3

antigens in singular infections of cattle with bovine respiratory disease. (A)

There is positive intracytoplasmic immunoreactivity to BRSV antigens within

bronchial and (B) bronchiolar epithelial cells, (C) chondrocytes of the hyaline

cartilage (arrow), and (D) alveolar macrophages (arrows). (E,F) Observe

positive intracytoplasmic immunolabeling for BoHV-1 antigens within

endothelial cells [(E), asterisk] and (G) chondrocytes of the hyaline cartilage.

(H) There is positive intracytoplasmic immunoreactivity to BPIV-3 antigens

within epithelial cells of the normal (arrows) and (I) vacuolized bronchiolar cells

(asterisk). Immunoperoxidase counterstained with hematoxylin. Bar:

(A,B,D–F,H) 20 µm; (C,G,I) 50 µm.

with MCF (12). The IHC findings observed in this study
demonstrated the participation of MCFV in the development
of respiratory disease in the cows evaluated. Furthermore,
positive immunoreactivity for MCFV was observed within
epithelial cells of the lungs of cattle with different categories
of pulmonary disease, but principally in cases of interstitial
pneumonia. In Brazil, only OvHV-2 is known to be associated
with the development of MCF in ruminants (10, 12), suggesting
that the MCFV identified in these animals was most likely
OvHV-2; similar findings were recently described (57, 60).
Previous investigations have shown that OvHV-2 induces
infiltrative, degenerative (60), and necrotic changes in the
urinary bladder (60, 61), kidney cells (60), salivary gland (61),
and the gastrointestinal and respiratory systems of cattle (57,
61). Furthermore, a review of all published cases of MCF
in Brazil revealed that interstitial pneumonia is a frequently
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FIGURE 7 | Comparative demonstration of positive immunolabeling for MCFV and BVDV antigens within histologic elements of lungs of cattle with BRD.

diagnosed histologic alteration described in cattle infected
with OvHV-2 (10).

Only M. bovis antigens were observed in the lungs of cattle
with BALT hyperplasia, suggesting that this lesion can be
used as an indicator of M. bovis-induced pneumonia in cattle
as previously described (62, 63). It should be emphasized
that in most cases of BALT hyperplasia, the pulmonary
tissue evaluated had more than one histologic pattern of
M. bovis-induced pulmonary disease, while only in two
animals was cuffing pneumonia the only histologic alteration
observed. Other histologic patterns of M. bovis-induced
pneumonia identified were caseonecrotic and suppurative
bronchopneumonia; similar results have been described
(21, 62, 63). The caseonecrotic bronchopneumonia (also referred
to as necrosuppurative bronchopneumonia) is considered the
most important diagnostic histologic feature to differentiate
M. bovis-induced pneumonia from other bacterial pneumonias
of cattle (21, 62).

A limitation of this study was the absence of the IHC analyses
to identify members of the Pasteurellaceae family associated with
the development of BRD. Although P. multocida,M. haemolytica,
and H. somni are the most common bacterial pathogens
associated with bovine pneumonia (6, 18, 51, 64), these pathogens
were not evaluated during this study due to the lack commercial
antibodies for IHC. Additionally, attempts to obtain in-house
polyclonal antibodies or hyperimmune serum against these
bacterial agents were frustrating. Nevertheless, these organisms
are commensals of the bovine nasopharynx which, during
periods of stress or viral infection, can overwhelm host defense
mechanisms establishing infection in the lower respiratory tract
and are associated with the development of fibrinosuppurative
or suppurative bronchopneumonia, pulmonary abscesses, and
necrosis in cattle (6, 49, 51, 64). Consequently, the BALT

hyperplasia and caseonecrotic bronchopneumonia associated
with intralesional antigens of M. bovis can be considered
as histologic patterns specific for pulmonary disease by this
pathogen as opposed to histologic patterns of pulmonary
disease related to P. multocida, M. haemolytica, and H. somni.
We had previously postulated that Giemsa staining may
be a cheap and adequate method to identify intralesional
Mycoplasma organisms (16). Similar results were identified
in this study, suggesting that this simple histochemical stain
may be used to confirm the presence of this organism,
principally in cases with the classical histologic presentation of
mycoplasma pneumonia.

In this study, 63.3% (76/120) of the pulmonary infections
observed were mixed; tissue antigens of MCFV and M. bovis
were observed simultaneously in two to five infections within
the same pulmonary section. These findings suggest that these
two organisms can produce pneumonia acting individually
or in association with other pathogens of BRD. BVDV is a
well-known immunosuppressive agent of cattle (65–72), which
could have favored concomitant infections, including MCFV
and M. bovis. We have previously discussed the relationship
between BVDV and M. bovis and the synergism between these
two organisms (16). In that study, there were four singular
infections (11.4%, 4/35) associated with M. bovis (16); in the
current study, 11.7% (14/120) of the affected cows were infected
with M. bovis. These results corroborate previous studies that
have identified M. bovis, in single infections, as a primary
contributor toward the development of BRD (3, 20, 73). However,
the same does not hold for MCFV or OvHV-2 as described
above, since there are few reports associating these pathogens
with BRD.

This study demonstrated high frequencies of infections
by MCFV (53.3%, 64/120) and M. bovis (47.5%, 57/120) in
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FIGURE 8 | Immunohistochemical identification of BVDV and MCFV antigens

in cattle with bronchopneumonia with BRD. (A) There is positive

intracytoplasmic immunoreactivity to BVDV in the bronchial cells of an ectatic

bronchiole due to bronchiectasis, (B) closer view of epithelial cells (arrows) and

negative immunoreactivity in neutrophils (asterisk). (C,D) Immunoreactivity to

MCFV antigens within necrotic bronchiolar epithelial cells (asterisk), (E) alveolar

macrophages (arrows), (F) goblet cells (arrows), normal cells (asterisk), and (G)

degenerated bronchiolar epithelial cells (arrows); (H) closer view of the

degenerated bronchiolar epithelial cells. Immunoperoxidase counterstained

with hematoxylin. Bar: (A) 200 µm; (B,C,E,H) 20 µm; (D,G) 50 µm; (F)

100 µm.

cattle from geographical locations of Brazil. These elevated
occurrences can be related to several conditions, including
the absence of a vaccine or specific treatment to effectively
control MCFV and the frequently chronic presentation of
M. bovis-induced pneumonia (21), which results in a late
diagnosis. Consequently, farmers must be educated relative
to the existence of these diseases, especially concerning the
adoption of adequate control and prophylactic measures (74).
Another factor that may have contributed to the elevated
occurrence of M. bovis during this study is the well-established
microbial resistance of this organism to common antibiotic
therapy (21, 75).

CONCLUSION

These results suggest that most cattle evaluated presented some
form of pulmonary lesions associated with BRD. The occurrence

of interstitial pneumonia was most frequently related to antigens
of MCFV and BVDV, while M. bovis was frequently associated
with caseonecrotic bronchopneumonia. These findings suggest
that an MCFV, most likely involving OvHV-2, was associated
with the development of pulmonary disease in cattle and should
be considered as a primary disease pathogen of BRD, acting
innocently, singularly, or in association, primarily with BVDV.
Moreover, the concomitant occurrence of MCFV and BVDV
within the lungs of cattle with pneumonia suggests a possible
synergism between these two infectious agents toward the
development of BRD. Furthermore, proliferating vascular lesions
in the lung may be an important histologic feature to diagnose
MCFV-induced interstitial pneumonia in cattle.
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Bovine coronavirus (BCoV) is associated with respiratory and enteric infections in both

dairy and beef cattle worldwide. It is also one of a complex of pathogens associated

with bovine respiratory disease (BRD), which affects millions of cattle annually. The

objectives of this study were to identify loci and heritability estimates associated with

BCoV infection and BRD in dairy calves and feedlot cattle. Dairy calves from California

(n = 1,938) and New Mexico (n = 647) and feedlot cattle from Colorado (n = 915) and

Washington (n = 934) were tested for the presence of BCoV when classified as BRD

cases or controls following the McGuirk scoring system. Two comparisons associated

with BCoV were investigated: (1) cattle positive for BCoV (BCoV+) were compared to

cattle negative for BCoV (BCoV−) and (2) cattle positive for BCoV and affected with BRD

(BCoV+BRD+) were compared to cattle negative for BCoV and BRD (BCoV−BRD−). The

Illumina BovineHD BeadChip was used for genotyping, and genome-wide association

analyses (GWAA) were performed using EMMAX (efficient mixed-model association

eXpedited). The GWAA for BCoV+ identified 51 loci (p < 1 × 10−5; 24 feedlot, 16

dairy, 11 combined) associated with infection with BCoV. Three loci were associated

with BCoV+ across populations. Heritability estimates for BCoV+ were 0.01 for dairy,

0.11 for feedlot cattle, and 0.03 for the combined population. For BCoV+BRD+, 80 loci

(p < 1 × 10−5; 26 feedlot, 25 dairy, 29 combined) were associated including 14 loci

across populations. Heritability estimates for BCoV+BRD+ were 0.003 for dairy, 0.44

for feedlot cattle, and 0.07 for the combined population. Several positional candidate

genes associated with BCoV and BRD in this study have been associated with other

coronaviruses and respiratory infections in humans and mice. These results suggest that

selection may reduce susceptibility to BCoV infection and BRD in cattle.

Keywords: bovine coronavirus, bovine respiratory disease, cattle, genome-wide association analysis, loci

INTRODUCTION

The coronaviridae family, from the Nidoviruse order, consists of enveloped, positive-stranded RNA
viruses with some of the largest viral genomes known among all RNA viruses. This family is often
split into groups (1–3) based on serological and genetic similarities between the viruses (1). Bovine
coronavirus (BCoV) is one of the common viral pathogens associated with bovine respiratory
disease (BRD) and is a group 2 coronavirus along with human coronavirus OC43, murine hepatitis

57
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virus, canine respiratory coronavirus, equine coronavirus, and
rat sialodacryadenitis virus (1). Several group 2 coronaviruses,
including BCoV, have a unique surface glycoprotein,
hemagglutinin-esterase (HE), and a spike protein. The expression
of the HE glycoprotein has been linked to enhanced virulence of
some group 2 coronaviruses (2). In cattle, Popova and Zhang (3)
determined that the presence of the spike protein alone, but not
the HE protein by itself, was adequate for viral infection in host
cells. However, HE is involved in viral attachment of host cells to
some extent (4). Interestingly, monoclonal antibodies against HE
were able to neutralize BCoV infection in vitro (5) and protect
the cattle intestinal epithelium from viral infection in vivo (6).
This suggests that the HE protein may have a role in inducing a
protective response during BCoV infection. The spike protein
of coronaviruses is involved in viral attachment and viral fusion
to host cells during infection, and studies have suggested that
natural selection within the spike protein gene is a mechanism
BCoV uses to continually adapt to host immune responses to
infection (7–9).

The BCoV has a large genome (27–30 kb), and infection with
BCoV can result in both respiratory and enteric infections in
cattle as well as in wild ruminants. Symptoms of BCoV infection
can vary based on age of the infected cattle but commonly include
severe diarrhea and respiratory distress (i.e., coughing, nasal
discharge). Prevalence of BCoV in both feedlot and dairy cattle
is considered widespread, with estimates ranging from 0 to 8.2%
in healthy cattle (10–13) and up to 79% in cattle presenting with
disease symptoms (12–14). The economic losses associated with
BCoV and BRD infection can be quite substantial (15). In feedlot
cattle, BCoV infection is associated with decreased weight gain
(16, 17). In the dairy industry, neonatal calf diarrhea contributes
up to 50% of the mortality seen in preweaned dairy calves, and
respiratory illness accounts for an estimated 24% of pre-weaned
heifer death and 58.9% of weaned heifer death in the US (18).
The exact proportion of these deaths caused by BCoV infection
is unknown. However, previous studies worldwide have indicated
that the prevalence of BCoV in calves presenting with diarrhea
ranged anywhere from 2.8 to 37% (12, 19–21).

Given the large impact and widespread nature of BCoV
infection, identifying loci and genes associated with susceptibility
to infection could allow for improved selection of cattle. If
loci in strong association with BCoV are identified, they could
potentially be included on commercially available assays used
by producers for genomics selection to allow for the selection
of less susceptible cattle. Previous studies have found multiple
loci associated with BRD infection in both dairy (12) and feedlot
cattle (13). Many of these studies investigated the prevalence
of the various viral and bacterial pathogens associated with
the BRD complex, but few genome-wide association analyses
(GWAA) investigated loci associated with a single pathogen.
The goal of the current study is to investigate genomic regions
associated with BCoV infection within three cattle groups:
a preweaned Holstein calf population, a beef feedlot cattle
population, and the combined population of the dairy calves
and beef feedlot cattle. The hypothesis of the study was that
susceptibility to BCoV infection is associated with loci in feedlot
and dairy cattle with and without BRD clinical symptoms.

This study was undertaken to better understand the etiology of
the disease and for identification of loci for consideration for
genomic selection.

MATERIALS AND METHODS

Study Populations
The dairy calves studied consisted of calves collected from dairies
in California (CA; n = 1,203 male and 735 female calves) and
New Mexico (NM; all female calves, n = 647). The preweaned
Holstein calves were originally enrolled in a BRD case–control
study from July 2011 to January 2012 (12). Only calves with
positive or negative BCoV test results were included in the
current study.

The feedlot cattle consisted of cattle from Colorado (CO;
n = 915 steers) and Washington (WA; n = 934 heifers). The
feedlot population consisted of beef cattle originally enrolled in
a BRD case–control study from August 2012 to January 2015
(13, 22). As in the dairy population, only cattle with BCoV test
results were included for analysis. Cattle enrolled in the study
from the CO feedlot consisted of the following breeds: 837 Angus,
16 Charolais, 20 Hereford, and 42 Red Angus. The cattle enrolled
in the study from the WA feedlot consisted of 384 Angus, 96
Charolais, 377 crossbreds, 40 Hereford, and 37 Red Angus.

Cattle in this study were not experimentally challenged with
BRD pathogens but were naturally infected. Without performing
a pathogen challenge study, it was not possible to be 100%
certain that all cattle were exposed to a pathogen. The study’s
sampling scheme was created in order to maximize the likelihood
that case and control calves experienced the same pathogen
exposure/environmental stressors. Cattle were enrolled in the
original BRD studies based on the McGuirk Health Scoring
system [(23); Supplementary Figure 1]. Briefly, the McGuirk
Health Scoring system evaluates cattle for BRD clinical signs
including temperature, cough, nasal discharge, eye discharge, and
ear tilt. Cattle are then assigned a numerical score based on the
severity (or lack thereof) of each symptom. Scores range from
0 (no signs of disease) to 12 (multiple severe signs of disease).
Cattle that score ≤ 4 were categorized as a control, and cattle
with scores ≥ 5 were categorized as a BRD case. In the dairy
populations, as previously described in Neibergs et al. (12), calves
were observed daily in their hutches. When a sick calf (clinical
score≥ 5) was enrolled in the study, researchers scored the calves
in adjacent hutches to determine if they met the criteria as a
control (≤ 4). In an instance where the adjacent calves were also
sick, the researcher would continue to look at the next adjacent
calf(s) until a control calf was identified. In the beef population,
feedlot cattle were observed daily by a pen rider. Whenever a
sick animal was pulled out of the home pen and enrolled in
a study, the pen rider would also pull a healthy animal from
the same pen (thus exposed to the same environment as the
sick/case animal) to enroll as a control. This sampling method
was implemented in order to increase the exposure of the control
animals to BRD pathogens that were infecting the cases and to
ensure that case/control cattle had as similar as environments
as possible.
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Sample Collection
Samples collected from all cattle included blood for DNA
extraction, and mid-nasal and deep pharyngeal swabs collected
for viral and bacterial pathogen identification. In addition to
the samples collected, all cattle were evaluated for clinical
signs of BRD using the McGuirk Health Scoring system (23;
Supplementary Figure 1). All samples were collected upon
enrollment into the original BRD study. This sampling process
was described in detail previously (12). Briefly,mid-nasal samples
were collected from the nasopharyngeal region using a 6-in.
sterile unguarded polyester swab (Puritan Medical Products,
Guilford, ME, USA) which was inserted 5 in. into the nostril
and rotated against the nasal surface for 15 s. After sampling,
the end of the swab was removed and placed in 3ml of viral
transport media (Amphotericin B −250µg/ml, gentamicin −50
mg/ml, HEPES −1M, HCO3, and minimum essential media).
Deep pharyngeal samples were collected using two 27-inch sterile
guarded swabs with polyester tips (Kalajian Industries, Signal
Hill, CA, USA). The distance from the nostril to the medial
canthus of the eye of each animal was measured and marked
on the swabs prior to collection. Then, the swab was inserted
into the nostril into the pharyngeal recess until the mark on
the swab reached the nostril. The swab was rotated against
the pharyngeal recess surface for 15 s before being removed.
After collection, the tip of one swab was removed and placed
into the same 3-ml viral transport media tube as the mid-
nasal swab. The end of the second deep pharyngeal swab was
placed into 1ml of bacterial transport media (Brucella broth,
15% glycerol). Samples were shipped overnight on ice and
then underwent diagnostic testing. Bacteriology sample testing
began the same day samples were received, while virology
samples were stored at −80◦C. Virology samples were tested
at the diagnostic lab when several hundred were available
to be tested at once. Mid-nasal and deep pharyngeal swabs
were tested for the presence of the multiple bacterial and
viral pathogens common to BRD infection. These pathogens
included Trueperella pyogenes, Histophilus somni, Mannheimia
haemolytica, Pasteurella multocida, BCoV, bovine respiratory
syncytial virus, bovine viral diarrhea virus, bovine herpes virus,
and various Mycoplasma species. The bacteriology samples were
tested for the presence of pathogens using aerobic bacterial
and mycoplasma culturing while virology samples were tested
using quantitative PCR. For in-depth information on testing
techniques, please refer to additional file 1 from Neibergs et al.
(12) where these methods have been described previously. For
the current study, only BCoV results were utilized.

Genotyping for each animal was performed from DNA
extracted from ∼3ml of whole blood collected via jugular
venipuncture into an EDTA tube (CovidienMonoject,
Dublin, Ireland). DNA was isolated using the Puregene
DNA extraction kit according to manufacturer’s guidelines
(Qiagen, Germantown, MD, USA). The DNA was quantified
using a NanoDrop 100 spectrophotometer (Wilmington, DE,
USA) before genotyping. Genotypes were obtained using the
Illumina BovineHD BeadChip (Neogen, Lincoln, NE). The
BovineHD BeadChip contained 777,962 SNPs, with an average
spacing of 3 kb across the genome. These SNPs were mapped

using the ARS-UCD 1.2 assembly (https://www.animalgenome.
org/repository/cattle/UMC_bovine_coordinates/).

Quality Control
Prior to conducting GWAA, a series of quality control filtering
steps were applied to the genotypes and the cattle. First,
genotypes were filtered by call rate (<90%) which removed
165 cattle. Duplicated genotyped animals were identified, and
five duplicated cattle were removed from the analysis. SNPs
were removed if the genotyping call rate was <90% (19,983
SNPs removed), if the minor allele frequency was <1% (94,774
SNPs removed), or if they deviated from the Hardy–Weinberg
equilibrium (p < 1 × 10−75; 20,212 SNPs removed). Twelve
cattle were removed due to discrepancies between genetic
and anatomical designations of sex. Finally, 24 cattle were
removed for phenotypic inconsistencies or a lack of phenotypic
information such as missing diagnostic information or animals
misclassified as case or control. After quality control, 4,231 cattle
(CA = 1,876; NM = 610; CO = 866; WA = 879) and 642,993
SNPs remained for analysis.

Phenotypes
Two comparisons associated with BCoV were investigated: (1)
cattle positive for BCoV (BCoV+) were compared to cattle
negative for BCoV (BCoV−) and (2) cattle positive for BCoV
and affected with BRD (BCoV+BRD+) were compared to cattle
negative for BCoV and BRD (BCoV−BRD−). For the BCoV+

phenotype, the dairy population consisted of 419 BCoV+ calves
(262 from NM and 157 from CA) and 2,067 BCoV− calves
(348 from NM and 1,719 from CA), and the feedlot population
consisted of 236 BCoV+ cattle (128 from CO and 108 from
WA) and 1,509 BCoV− cattle (738 from CO and 771 fromWA).
Analyses on a combined dairy and feedlot population analysis
were also performed and contained 655 BCoV+ and 3576
BCoV−. For the BCoV+BRD+ phenotype, the dairy population
had 242 BCoV+BRD+ (88 from CA and 154 from NM) and
1,074 BCoV−BRD− (876 from CA and 198 from NM), the
feedlot population had BCoV+BRD+ (82 from CO and 59
from WA) and 790 BCoV−BRD− (397 from CO and 392 from
WA), and the combined population had 383 BCoV+BRD+ and
1,864 BCoV−BRD−.

The dairy and feedlot populations were investigated for
loci associated with BRD as previously described (12, 13, 22);
however, they were not investigated for susceptibility to BCoV
specifically. For the combined dairy and feedlot analysis, the
same covariates were assessed as in the individual beef and dairy
cattle populations.

Statistical Analysis
A Student’s T-test (p < 0.05) was used to test for effects
of location and sex on the presence of BCoV prior to the
GWAA. If sex or location was significant, it was subsequently
used as a covariate for the GWAA. The GWAA for the three
populations (dairy, feedlot, and combined) were performed
using the SNP & Variation Suite version 8 from Golden Helix
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Inc1. Statistical analyses were conducted using the efficient
mixed-model association expedited (EMMAX) method (25) and
three genotypic models (additive, dominant, and recessive). The
general mixed model was described by y = Xβ + Zu + ǫ, where
y is the n × 1 vector of observed phenotypes, X was the n × f
matrix of fixed effects (f), β was a f × 1 vector containing the
fixed effect coefficients, Z was a n× t matrix relating the random
effects (t) to the phenotype, and u was the random effect of the
mixed model. The model assumes residuals to be independent
with an identical distribution such that Var (u) = σg

2K and

(ǫ) = σe
2I, and Var

(

y
)

= σg
2ZKZ′ + σe

2I (26). For
this study, K was a matrix of pairwise genomic relationships
and Z was the identity matrix, I (26). Given that the model of
inheritance for BCoV infection and BRD is unknown, all three
genotypicmodels were analyzed. Heritability was estimated using
a genomic-best linear unbiased prediction (GBLUP) model (27,
28) and an average information, restricted maximum likelihood
(AI-REML) algorithm (29, 30). More detailed information about
the SVS methods for EMMAX and AI-REML/GBLUP can
be found at http://doc.goldenhelix.com/SVS/latest/svsmanual/
mixedModelMethods/overview.html.

The Wellcome Trust Consortium (24) significance threshold
for uncorrected p-values was used to determine if SNP were
strongly (p < 5 × 10−7) or moderately (p between 1 × 10−5

and 5 × 10−7) associated with infection. The false discovery
rate (FDR) was also calculated for all p-values within SVS. FDR
used the following model: FDR = Σ (V/R | R > 0) Pr (R >

0), where R is the number of rejected hypotheses and V is the
number of reject hypotheses that are truly false positive (type I
error). Positional candidate genes were identified within a 36-kb
region (18 kb 3′ and 5′ of the SNP) in dairy cattle or 24 kb (12 kb
3′ and 5′ of the SNP) in feedlot cattle around significant SNP.
In the combined population, positional candidate genes were
identified within a 30-kb region surrounding the significant SNP.
This region was based on the average haplotype block size of the
dairy and feedlot populations in this study and was determined
following the method proposed by Gabriel et al. (31).

RESULTS

For the dairy calf population, the average age of BCoV positive
(BCoV+) calves (49.3 days) and BCoV negative (BCoV−) calves
(48.5 days) did not differ (p = 0.14). As only the CA calves
had both male and female calves, the effect of sex was tested
based on BCoV status (p = 0.05) and on BCoV and BRD
(BCoV+BRD+) status (p = 0.04). When the CA calves were
combined with the NM calves, sex remained significant with
BCoV (p = 2 × 10−30) and in BCVoV+BRD+ (p = 7 ×

10−22). Dairy location also played a role in the infection of
BCoV (p = 2 × 10−76) as more calves were BCoV+ in NM
(63%) than in CA (37%). Therefore, for the dairy population
analyses, location and sex were included as covariates. In the
feedlot populations, there was no significant influence of breed
(p = 0.09), sex (p = 0.12), or location (p = 0.12) on BCoV

1Golden Helix, Inc. SNP & Variation Suite (Version 8.). Available online at: http://

www.goldenhelix.com.

status so these potential covariates were excluded from the beef
analyses. In the combined beef and dairy population, there
was no significant influence of breed (p = 0.20) on BCoV
status; however, sex (p = 1.6 × 10−10) and location (p = 2.6
× 10−41) did influence the phenotypes. When location was
used as a covariate in the combined population, sex was no
longer a significant factor in BCoV or BRD status. Therefore,
location alone was used as a covariate in the analysis of the
combined population.

Phenotype 1: bovine coronavirus cases (BCoV+) vs.
controls (BCoV−).

Heritability estimates for BCoV infection status varied by
population. The heritability estimate was 0.11 ± 0.06 in the
feedlot population and 0.01± 0.02 in the dairy population. As the
heritability estimate with the standard deviation encompassed
zero for the dairy population, one must consider the heritability
estimate for dairy as zero. As would be expected, the heritability
estimate for the combined feedlot and dairy population was
intermediate (0.03 ± 0.02) to the two individual feedlot and
dairy populations.

Twenty-three unique SNPs (16 loci) were associated (p < 1
× 10−5) with BCoV+ in the additive, dominant, and recessive
models for the dairy population (Supplementary Table 1).
The additive model identified four moderately (1 ×

10−5 < p > 5 × 10−7) and one strongly (p < 5 ×

10−7) associated SNP (five loci; Figure 1A), while the
dominant model identified eight moderately and one
strongly associated SNP (five loci; Figure 1B). The
recessive model identified 14 moderately associated
SNPs (eight loci; Figure 1C). All of the SNPs associated
with BCoV+ in the additive model were also associated
with BCoV+ in the dominant model. Eleven positional
candidate genes were identified in the dairy population,
with significant SNPs located within eight of the genes
and the remaining three genes were located within the
haplotype block region of the significant SNPs such as MSI2
(Supplementary Table 1).

The GWAA for the feedlot population identified 39 unique
SNPs (24 loci) associated with BCoV+ (Supplementary Table 1).
There were nine moderately and one strongly associated
SNP (seven loci) in the additive model (Figure 2A), while
the dominant model identified seven moderately and two
strongly associated SNPs (four loci) associated with BCoV+

(Figure 2B). The recessive model in the feedlot cattle, as
with the dairy cattle, had more associations with BCoV+

than in the dominant and additive models. There were
23 moderately and 2 strongly associated SNPs (17 loci)
in the recessive model (Figure 2C). Five SNPs were shared
across multiple models, as three SNPs were common to
the additive and dominant models, and two SNPs were
common to the additive and recessive models. A total of
18 positional candidate genes were identified in the feedlot
population, with the significant SNP located within 13 of
the positional candidate genes including PRKCA and WWOX
(Supplementary Table 1).

The combined dairy and feedlot GWAA identified 15 unique
SNPs (11 loci) associated with BCoV+ (Supplementary Table 1).
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FIGURE 1 | Manhattan plots identifying loci associated with bovine coronavirus infection in additive (A), dominant (B), and recessive (C) EMMAX models for the dairy

population. Single-nucleotide polymorphisms (SNP) are represented by a single dot. Bovine chromosomes are listed on the x-axis. SNPs located between the black

and red line provide evidence of moderate association (p between 1 × 10−5 and 5 × 10−7), and SNPs above the red line provide evidence of strong association (p <

5 × 10−7) based on the Wellcome Trust Case Control Consortium (24) guidelines.

A single SNP was moderately associated in the additive
model (Figure 3A), and this SNP was also moderately
associated with BCoV+ in the dominant model. The dominant
model further identified four moderately associated SNPs
(three loci) (Figure 3B), and the recessive model identified
11 moderately associated SNPs (seven loci) with BCoV+

(Figure 3C). Eight positional candidate genes, including MSI2,
PRKCA, and WWOXX which harbored the SNP associated
with BCoV+, were identified in the combined population
(Supplementary Table 1).

Three loci were identified in more than one of the feedlot,
dairy, and combined cattle populations in the recessive model
(Table 1), and each of these loci were defined by one or more
SNPs that were located within a positional candidate gene (MSI2,
PRKCA, andWWOX). No locus was found to be associated with
BCoV+ across all three populations.

Phenotype 2: bovine coronavirus and bovine respiratory
disease cases (BCoV+BRD+) vs. bovine coronavirus and bovine
respiratory disease controls (BCoV−BRD−).

Heritability estimates for BCoV+BRD+ was highest in the
feedlot populations at 0.44 ± 0.13. The heritability estimate
for BCoV+BRD+ was (0.005 ± 0.04) for the dairy, which
included zero when the standard error was considered,
similar to the BCoV+ heritability estimate. The combined

population’s heritability estimate was intermediate to the feedlot
and dairy heritability estimate for BCoV+BRD+ at 0.07
± 0.04.

The GWAA for the dairy population identified 83
unique SNPs (25 loci) associated with BCoV+BRD+

(Supplementary Table 2). The additive model identified
nine SNPs (six loci) moderately associated with BCoV+BRD+

(Figure 4A), while the dominant model identified eight
SNPs (five loci) moderately associated with BCoV+BRD+

(Figure 4B). The recessive model identified 60 moderately
and 12 strongly associated SNPs with BCoV+BRD+ (15
loci; Figure 4C). There were six shared SNPs associated
with BCoV+BRD+ in the additive and dominant models.
No SNP was shared between the recessive and additive
models. Within the dairy population, 31 positional candidate
genes were identified (Supplementary Table 2). Of these, 17
genes contained the significant SNP within the gene while
the remaining 14 positional candidate genes were located
in the region surrounding the significant SNP including
CA10, CWC22, LOC107131482, LOC789077, LOC524702,
and NOS1AP.

In the feedlot population, a total of 44 unique SNP
(26 loci) were identified by the three GWAA models
(Supplementary Table 2). The additive GWAA identified
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FIGURE 2 | Manhattan plots identifying loci associated with bovine coronavirus infection in additive (A), dominant (B), and recessive (C) EMMAX models for the

feedlot population. Single-nucleotide polymorphisms (SNP) are represented by a single dot. Bovine chromosomes are listed on the x-axis. SNPs located between the

black and red lines provide evidence of moderate association (p between 1 × 10−5 and 5 × 10−7), and SNPs above the red line provide evidence of strong

association (p < 5 × 10−7) based on the Wellcome Trust Case Control Consortium (24) guidelines.

23 significant SNP (eight loci; Figure 5A), including one that
was strongly associated, while the dominant model identified
seven significant SNPs including two that were strongly
associated (six loci; Figure 5B). The recessive model identified
19 associated SNP including two in strong association (16 loci;
Figure 5C). Between models, three SNPs were associated with
BCOV+BRD+ in both the additive and dominant models while
two SNPs were associated in the recessive and additive models.
Eighteen positional candidate genes were identified in the feedlot
population (Supplementary Table 2). Thirteen of the 18 genes
harbored the significant SNP within the gene, while five genes
were located in the regions near associated SNP such as AKAP9,
DISC1, LOC100849043, LOC104969525, PRSS48, and SH3D19.

Within the combined population, a total of 81 unique
SNPs (29 loci) were associated with BCoV+BRD+ in the
three GWAA models (Supplementary Table 2). The additive
model identified 15 SNPs (nine loci) that were in moderate
association with BCoV+BRD+ (Figure 6A), while the dominant
model identified nine SNPs (five loci) that were moderately
associated with BCoV+BRD+ (Figure 6B). As in the BCoV+

phenotype, the recessive model identified the greatest number of
SNPs associated with BCoV+BRD+. There were 45 moderately
and 15 strongly associated SNPs (18 loci) with BCoV+BRD+

(Figure 6C). Three associated SNPs were shared between

models, two between the additive and dominant models, and
one between the additive and recessive models. A total of
30 positional candidate genes were found in the combined
population (Supplementary Table 2). Fourteen of the positional
candidate genes were identified by having an associated SNP
within their haplotype block, whereas 16 positional candidate
genes harbored SNP associated with BCoV+BRD+ within the
gene including AKAP9, CA10, CWC22, DISC1, LOC104969525,
LOC107131482, LOC789077, LOC524702, LOC100849043, MSI2,
NOS1AP, PRSS48, and SH3D19.

Across the three populations, 14 loci were associated with
BCoV+BRD+ in more than one of the populations with 13
harboring positional candidate genes (Table 2). These loci were
associated with BCoV+BRD+ in additive and dominant or
additive and recessive models and contained between one and
18 SNPs. No loci were associated with BCoV+BRD+ in all
three populations.

When loci associated with BCoV+ and BCoV+BRD+ were
compared, a single region on BTA19 ranging from 8,294,507 to
8,360,868 was identified with both phenotypes. Associations for
both phenotypes in this region were identified in the recessive
models in the dairy and combined populations. This region also
contained a single positional candidate gene, Musashi RNA-
binding protein 2 (MSI2), which contained an SNP associated
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FIGURE 3 | Manhattan plots identifying loci associated with bovine coronavirus infection in additive (A), dominant (B), and recessive (C) EMMAX models for the

combined dairy and feedlot population. Single-nucleotide polymorphisms (SNP) are represented by a single dot. Bovine chromosomes are listed on the x-axis. SNPs

located between the black and red lines provide evidence of a moderate association (p between 1 × 10−5 and 5 × 10−07), and SNPs above the red line provide

evidence of a strong association (p < 5 × 10−7) based on the Wellcome Trust Case Control Consortium (24) guidelines.

TABLE 1 | Loci associated with bovine coronavirus infection across populations.

BTAa Locus

range (Bb)

Lead SNP IDb # SNP in locus Population(s)c Model(s) Positional candidate gene(s)d

18 5,420,736–

5,749,984

rs109736099 3 C & F Recessive WWOX

19 8,294,507–

8,360,868

rs134736482 3 C & D Recessive MSI2

19 62,757,064–

62,763,041

rs41926279 2 C & F Recessive PRKCA

aSingle-nucleotide polymorphism (SNP) location as measured by numbered nucleotides in reference to the ARS 1.2 genome assembly (https://www.animalgenome.org/repository/

cattle/UMC_bovine_coordinates/; accessed 21, January 2020).
bMost significant SNP in each locus is identified by rs number which is a reference number assigned to markers submitted to the National Center for Biotechnology Information

SNP database.
cPopulations abbreviated as follows: C, combined feedlot and dairy; F, feedlot; D, dairy.
dPositional candidate genes are defined as genes that are located within the average haplotype block range (combined = 15 kb; feedlot = 12 kb; dairy = 18 kb) on either side of the

associated SNP(s) or had the significant SNP located within the gene itself (bolded).

with the phenotypes. The positional candidate genes identified
across populations for BCoV+ (3; Table 1) and for BCoV+BRD+

(13; Table 2) were further analyzed to determine if there were
involved in any similar biological pathways. Two genes, AKAP9
(BCoV+) and PRKCA (BCoV+BRD+), were involved in nine
of the same pathways: activation of cAMP-dependent PKA,
mitotic cell cycle, DAG and IP3 signaling, developmental biology,
dopamine-DARPP32 feedback onto cAMP pathway, innate
immune system, RET signaling, signaling by G-coupled protein

receptors (GPCR), and transmission of chemical synapses.
One of these pathways, signaling by GPCR, also involved a
third positional candidate gene WWOX, which was associated
with BCoV+.

DISCUSSION

The heritability estimates described in this study measure
the additive genetic variance explained for BCoV+ and
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FIGURE 4 | Manhattan plots identifying loci associated with bovine coronavirus infection and bovine respiratory disease in additive (A), dominant (B), and recessive

(C) EMMAX models for the dairy population. Single-nucleotide polymorphisms (SNP) are represented by a single dot. Bovine chromosomes are listed on the x-axis.

SNPs located between the black and red lines provide evidence of moderate association (p between 1 × 10−5 and 5 × 10−7), and SNPs above the red line provide

evidence of a strong association (p < 5 × 10−7) based on the Wellcome Trust Case Control Consortium (24) guidelines.

BCoV+BRD+ infection in cattle. The heritability estimate for
the dairy population was low and spanned zero when the
standard deviation was included. In dairy, more loci were
associated with BCoV+ or BCoV+BRD+ in the non-additive
(recessive and dominant) models than in the additive models.
This suggests that the additive gene effects were overshadowed
by the genetic variance explained by the non-additive (dominant
and recessive) loci. This was particularly true in the diary
population for the recessive model, as none of the recessive loci
were identified in the additive model, and so did not contribute
to the heritability estimate. However, in the dominant model,
some of the loci associated with BCoV+ or BCoV+BRD+ were
also identified in the additive model and did contribute to the
heritability estimates. In contrast to the dairy populations, in the
feedlot populations the heritability estimate was moderate even
when including the range of the standard deviations. Although
the feedlot population was similar to the dairy population in
that more non-additive loci were associated with BCoV+ or
BCoV+BRD+, the proportion of variance explained by the
additive loci was slightly greater than in the dairy populations,
thereby increasing the heritability estimates. The incidence of
BCoV+ was disparate between the NM (42%) and CA (8%)
dairy calves, whereas the incidence was similar between the
CO (15%) and WA (12%) feedlots. The differences between

the incidence of BCoV+ may reflect environmental and genetic
differences in these calves, which can also reduce heritability
estimates. Although the heritability estimates for BCoV+ were
low in dairy cattle, it is possible to make genetic improvement
in traits with low heritabilities. Multiple studies have shown
that selection for lowly heritable traits is possible and justifiable
(32, 33).

Around 100 positional candidate genes were identified within
regions associated with BCoV+ and/or BCoV+BRD+. To allow
for a more detailed discussion, the discussion will focus on the
potential roles of 15 positional candidate genes associated with
these phenotypes in multiple populations.

Of the 15 positional candidate genes identified in multiple
populations, only one (from BTA19 at 8.3 kb) was associated
with BCoV+ and BCoV+BRD+. This locus harbors MSI2,
an RNA-binding protein associated with cell-cycle regulation.
While its counterpart MSI1 has been widely studied for its
roles in translation (34, 35), fewer studies have investigated
MSI2. MSI2 regulates hematopoiesis, and dysregulation of MSI2
can impact cellular proliferation and apoptosis (36). A loss
of MSI2 function negatively impacts a host’s innate immune
responses in response to infection by affecting hematopoietic
cell homeostasis and thus leukocyte development in both
humans and mice (37, 38). Overexpression of MSI2 leads to

Frontiers in Veterinary Science | www.frontiersin.org 8 August 2021 | Volume 8 | Article 67907464

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Kiser and Neibergs Loci Associated With BCoV Infection

FIGURE 5 | Manhattan plots identifying loci associated with bovine coronavirus infection and bovine respiratory disease in additive (A), dominant (B), and recessive

(C) EMMAX models for the feedlot population. Single-nucleotide polymorphisms (SNP) are represented by a single dot. Bovine chromosomes are listed on the x-axis.

SNPs located between the black and red lines provide evidence of moderate association (p between 1 × 10−5 and 5 × 10−7), and SNPs above the red line provide

evidence of strong association (p < 5 × 10−7) based on the Wellcome Trust Case Control Consortium (24) guidelines.

increased hematopoietic cell expansion and self-renewal and
can lead to increased pathogenesis of certain hematopoietic
cell diseases (36, 39). Previous studies on human bronchial
epithelial cells found that during infection with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative
coronavirus associated with COVID-19, expression of MSI2 was
downregulated in infected cells suggesting cells were more prone
to infection due to issues with the innate immune response
to infection (40). That MSI2 is involved in other coronavirus
infections provides support for a possible role for MSI2 in
modulating BCoV infection.

Two additional positional candidate genes, protein kinase
C alpha (PRKCA) and WW domain-containing oxidoreductase
(WWOX), were associated with BCoV+ in more than one
population (Table 1). PRKCA is a member of a kinase family that
has roles in many cellular processes including cell permeability
and cell signaling. In patients with pneumococcal pneumonia,
PRKCA has a role in the activation antibiotic-induced release
of pneumolysin (41). The presence of pneumolysin in the
lungs leads to increased pulmonary endothelial permeability and
potentially increases edema in the lungs (41). Similarly, PRKCA

alters pulmonary endothelial cell permeability in humans and
mice in response to lung injury via reactive oxygen species,
alpha-thrombin, and TNF-alpha (42). Multiple studies have also
implicated that PRKCA has a role in respiratory syncytial virus
(RSV) infection. Upon initial infection with RSV, PRKCA is
activated and co-localizes with the virus. The binding of PRKCA
and RSV is needed to facilitate the fusion of RSV with host
cell membranes (43, 44). Both BCoV and bovine RSV are part
of the BRD complex of pathogens. Bovine respiratory disease
is common to dairy and beef cattle and causes considerable
economic loss to the cattle industry. Similar toMSI2, PRKCA has
also been linked to severe acute respiratory syndrome (SARS) in
humans, which is caused by a SARS-CoV-1. Liu et al. (45) found
that the SARS-CoV spike protein stimulates PRKCA to modulate
a NFKB pathway through the influx of calcium ions. Ultimately,
the activation of this pathway and other calcium-independent
pathways induces inflammation and tissue damage within the
lungs leading to symptoms of SARS-CoV (45).

The WWOX gene is a tumor suppressor which can interact
with a variety of transcription factors in inflammation and
cancer. A knockdown study in mice found that decreased
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FIGURE 6 | Manhattan plots identifying loci associated with bovine coronavirus infection and bovine respiratory disease in additive (A), dominant (B), and recessive

(C) EMMAX models for the combined dairy and feedlot population. Single-nucleotide polymorphisms (SNP) are represented by a single dot. Bovine chromosomes are

listed on the x-axis. SNPs located between the black and red lines provide evidence of a moderate association (p between 1 × 10−5 and 5 × 10−7), and SNPs above

the red line provide evidence of a strong association (p < 5 × 10−7) based on the Wellcome Trust Case Control Consortium (24) guidelines.

expression of WWOX leads to an influx of neutrophils,
increased vascular leakage, and increased inflammatory cytokine
production (46). Ultimately, these increased immune responses
triggered acute respiratory distress syndrome (ARDS) in mice
(46). This increase in neutrophils and vascular leakage can
negatively impact the host increasing the chances of damage
during an infection.

Twelve additional positional candidate genes were identified
across populations in BCoV+BRD+ cattle (Table 2). These genes
can be grouped by function such as those that have roles related
to olfactory receptors, pulmonary diseases, and viral infections.
Three of the positional candidate genes are olfactory receptor
like-genes (LOC10713482, LOC524702, and LOC789077). These
genes have no known function relating to BCoV or BRD infection
and are not fully characterized in cattle. However, the olfactory
epithelium and olfactory neurons have been linked to early
immune responses to SARS-CoV2 infection and loss of smell is
a common symptom of COVID-19 (47). It is possible that cattle
also experience a loss of smell during BCoV or BRD infection,
and this could contribute to the decrease in appetite seen in
some cattle.

Four additional positional candidate genes, carbonic
anhydrase 10 (CA10), CWC22 spliceosome-associated protein
(CWC22), DISC1 scaffold protein (DISC1), and nitric oxide

synthase 1 adaptor protein (NOS1AP), have roles in pulmonary
dysfunction, viral infections, or both. A recent study in humans
determined that dysregulation of carbonic anhydrases, along with
membrane metallo-endopeptidase and angiotensin-converting
enzyme 2, during a SARS-CoV2 infection results in increased
levels of carbon dioxide in the bloodstream as well as pulmonary
edema and eventually heart failure (48). Hypermethylation
of NOS1AP in patients with chronic obstructive pulmonary
disorder results in gene silencing in lung tissues (49). Gene
silencing of NOS1AP expression could disrupt downstream
pathways within the lung related to autophagy and apoptosis
(49). Like CA10, DISC1 has ties to both pulmonary disease and
viral infections (50, 51). CWC22, a regulator of mRNA splicing
and RNA metabolism, does not have a direct link to BCoV or
BRD infection. However, a study on how influenza viruses, like
H1N1, harness host cells’ ability to replicate during respiratory
illness found that the expression of CWC22 was linked with a
decreased cellular infection rate (52). How these genes might be
influencing BCoV infection in cattle is unclear, but the overlap
with other coronavirus studies and pulmonary health factors
suggest the connections are worth further investigation.

Little is known about the functions of the last five positional
candidate genes associated with BCoV+BRD+ infection in two
of the cattle populations. For example, LOC100849043 and
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TABLE 2 | Loci associated with bovine coronavirus and bovine respiratory disease infections across populations.

BTAa Locus

range (Bb)

Lead SNP IDb # SNP in locus Population(s)c Model(s) Positional candidate

gene(s)d

2 16,887,183–16,892,466 rs136233359 2 C & D Recessive CWC22

3 7,228,232–7,236,300 rs109804510 4 C & D Recessive NOS1AP

4 9,439,592 rs41587962 1 C & F Recessive AKAP9

4 88,516,050 rs42043233 1 C & F Recessive –

9 35,944,485–35,956,425 rs110498854 3 C & F Additive & recessive LOC104969525

17 6,515,432–6,516,072 rs135350640 2 C & F Additive, dominant, & recessive SH3D19, PRSS48

19 154,015–317,404 rs135692084 6 C & D Recessive LOC107131482,

LOC789077, LOC524702

19 340,070–468,681 rs110355574 28 C & D Recessive -

19 853,741–868,633 rs134561123 2 C & D Recessive CA10

19 6,846,738–6,855,449 rs110565142 3 C & D Recessive -

19 8,294,507–8,360,868 rs133988665 3 C & D Recessive MSI2

20 56,000,163–56,003,536 rs137256606 2 C & F Additive LOC100849043

20 60,955,121 rs133738096 1 C & F Additive -

28 4,224,198–4,534,637 rs110583329 4 C & F Recessive DISC1

aSingle nucleotide polymorphism (SNP) location as measured by numbered nucleotides in reference to the ARS 1.2 genome assembly (https://www.animalgenome.org/repository/

cattle/UMC_bovine_coordinates/; accessed 21, January 2020).
bMost significant SNP in each locus is identified by rs number which is a reference number assigned to markers submitted to the National Center for Biotechnology Information

SNP database.
cPopulations abbreviated as follows: C, combined feedlot and dairy; F, feedlot; D, dairy.
dPositional candidate genes are defined as genes that are located within the average haplotype block range (combined = 15 kb; feedlot = 12 kb; dairy = 18 kb) on either side of the

associated SNP(s) or had the significant SNP located within the gene itself (bolded).

LOC104969525 are listed as uncharacterized genes in cattle.
After comparing the bovine sequences for LOC100849043 and
LOC104969525 to the nucleotide sequences of other species,
the only similarities with this sequence in other species were
identified in water buffalo, bison, and sheep. In these species,
as in cattle, the gene was uncharacterized but predicted to
be a non-coding RNA. The serine protease 48 (PRSS48) and
SH3 domain-containing 19 (SH3D19) genes do not have known
functions relating to viral infections or respiratory illness.
However, studies have shown that PRSS48 and SH3D19 have
roles in disease (53, 54). For example, a previous study in
brain endothelial cells exposed to Cryptococcus neoformans
indicated that infection caused expression differences in PRSS48
(53), suggesting a potential role in endothelial cells during
infection. This is in keeping with a recent study that
compared bronchi alveolar lavage fluid of healthy patients
and patients infected with SARS-CoV2. Zhou et al. (54)
reported that SH3D19 was part of a network of genes that
was differentially expressed in SARS-CoV2 patients. Similar to
PRSS48, A-kinase anchoring protein 9 (AKAP9) has functions
relating to endothelial cells. Sehrawat et al. (55) reported
that AKAP9 is capable of directly regulating EPAC1, which
is involved in the regulation of the inflammatory response
within umbilical and dermal endothelial cells. How this gene
might function within pulmonary endothelial cells has not
been investigated.

Several positional candidate genes were associated with
GPCR signaling pathways (AKAP9, PRKCA, and WWOX).
GPCR signaling is involved in a plethora of physiological

processes, including immune responses (56). Within the immune
system, GPCR signaling pathways are associated with vascular
inflammation, through the promotion of proinflammatory
cytokine signaling and through the disruption of the endothelial
barrier in smooth muscles (57). Limited research is available on
the role of GPCR in BRD or other lung infections in cattle.
However, a previous study, utilizing the same cattle populations
as this study, investigated gene sets associated with BRD
susceptibility (22). Neupane et al. found that within the feedlot
population, the regulation of a G protein-coupled receptor
signaling pathway was enriched (normalized enrichment score
= 3.07) for BRD susceptibility. There is considerably more
knowledge on the function of GPCR signaling pathways with
other coronaviruses. For example, a recent study indicated that
SARS-CoV-2 may hijack the GPCR signaling pathway to alter
fluid and ion transport within the lungs, which leads to lung
edema—a deadly clinical sign of COVID-19 infection (58).
Similarly, Hammoudeh et al. (59) suggested that SARS-CoV-
2 manipulation of the GPCR pathways could facilitate viral
infection within the host leading to dysregulation of intracellular
transport within the livers of infected patients. Given its role
in infectivity of other coronaviruses, further investigation into
GPCR signaling and its association with BCoV and BRD in cattle
is warranted.

In conclusion, the identification of loci associated with
BCoV+ as well as BCoV+BRD+ could allow for the
future selection of cattle with decreased susceptibility to
both BCoV infection and BRD. Given the high economic
cost as well as the animal welfare issues associated with
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both diseases, selecting for cattle that are less likely to be
infected with BCoV and BRD is advantageous. Determining
how positional candidate genes could be influencing the
disease process is also of importance as coronaviruses become
more prevalent worldwide in cattle and may be helpful in
understanding the disease process of other coronaviruses.
Possible shared mechanism across species could provide
additional insight into the disease etiology and potentially future
treatment options.
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Mycoplasma bovis is increasingly recognized worldwide as an important cause of

disease with major welfare and production impairments on cattle rearing. Although it

was detected in veal calves and beef cattle, little is known on the infection impact

and on its temporal morbidity pattern in Italian dairy herds. Thus, this study aimed

to investigate the involvement of M. bovis on fatal calf pneumonia outbreaks that

occurred during 2009–2019 in 64 Italian dairy farms. Furthermore, a deeper diagnostic

workup of concurrent infection with other viral and bacterial respiratory pathogens was

assessed. Out of the investigated fatal pneumonia cases, M. bovis was frequently

detected (animal prevalence, 16.16%; 95%CI, 11.82–21.33; herd prevalence, 26.56;

95%CI, 16.29–39.08) either as the single agent of the disease in more than half of

the positive samples (20/37) or in concurrent infections with Histophilus somni (9/37,

24.3%),Mannheimia haemolytica (6/37, 16.621%), Trueperella pyogenes (1/37, 2.70%),

Pasteurella multocida (1/37, 2.70%), bovine respiratory syncytial virus (5/37, 13.51%),

and bovine viral diarrhea virus (2/37, 5.55%). Based on time-series analysis, M. bovis

was recorded in the area since 2009 with outbreaks displaying a clear morbidity seasonal

pattern with peaks in April (43.21%) and in September (13.51%). This might be due to the

stressing conditions during spring and late summer periods. Results of this study highlight

that M. bovis infection warrants consideration, and control measures are needed given

its involvement in lethal pneumonia outbreaks in dairy herds from an extended area.

Keywords:Mycoplasma bovis, bovine respiratory disease (BRD), fatal pneumonia, seasonal-trend decomposition

based on loess (STL), Italy

INTRODUCTION

Mycoplasma bovis is a cell-wall-less bacterial pathogen, included in the class of Mollicutes (1). It is
recognized as a causative agent of several diseases in cattle that have severe economic consequences
for producers (1). In dairy cattle, M. bovis is probably the most common causative agent of
mycoplasma mastitis, with arthritis and otitis media sometimes observed in infected animals (2).
Noteworthy, it contributes to the occurrence of the bovine respiratory disease complex (BRD), a
multifactorial syndrome consisting of chronic bronchopneumonia and pharyngitis, although often
the infection can remain subclinical (3).
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Under natural condition, M. bovis interanimal transmission
occurs mainly via colostrum, milk, air-borne, intrauterine, and
contaminated semen (4). Moreover, M. bovis has the capability
to produce a biofilm, making it possible for the bacterium to
survive in the environment while withstanding the action of heat
or desiccation (5). It was shown thatM. bovis is able to maintain
viability in the environment for months at low temperatures and
weeks at room temperature on a variety of substrates in infected
herds (5).

After infection,M. bovis can spread through the bloodstream,
establishing a long-term persistent infection through escaping
the immune response. M. bovis, as primary agent or under
the action of concomitant stressing factors such as weaning,
transport, or relocation to feedlots, may impair the host immune
system efficiency resulting in the onset of the disease (6) including
severe, often fatal, pneumonia (7, 8). Case fatality is estimated to
be 5–10% or higher inmore severe cases, withmorbidity reaching
35% (3).

Although the real economic burden of the disease has not
yet been evaluated, in the last few years, M. bovis has been
increasingly recognized as a significant concern for the cattle
industry due to milk loss, decreased weight gain, and cost for
veterinary and drug treatments. Furthermore, M. bovis infection
is particularly important from an animal welfare perspective
being the persistent debilitating disease that is unresponsive
to therapy (9). Indeed, the antibiotic resistance, the presence
of asymptomatic carriers, and the lack of effective vaccines
are identified as the major constraints in the control of the
disease (10).

M. bovis was included in the EU-funded DISCONTOOLS
project (https://www.discontools.eu/), which provides a decision
tool for diseases prioritization in order to improve the
application of preventive and control measures (11). According
to epidemiological investigations, the most effective way to
prevent the infection spread is based on the strict adoption of
biosecurity measures and restrictions on animal movements (12).
Currently, although in Europe, M. bovis occurrence does not
incur official restrictions on livestock trade, nevertheless, some
importing countries are requesting cattle to test free from the
infection (10).

In Italy, M. bovis was detected in veal calves and beef
cattle with pneumonic lesions at slaughter (13) and in batches
of imported bulls stabled in farms in northern Italy (14).
The infection was also recently reported in healthy and BRD
symptomatic beef cattle imported from France in Southern Italy
(15). Nonetheless, information on M. bovis infection in dairy
herds is scarce.

In this study, we document the involvement of M. bovis in
fatal calf pneumonia outbreaks in Italian dairy herds together
with its spatial–temporal distribution. Additionally, concurrent
infections with other viral and bacterial respiratory pathogens
were recorded.

MATERIALS AND METHODS

From 2009 to 2019, 229 lung samples of calves (<11 months)
from 64 dairy farms experiencing outbreaks of fatal calf
pneumonia were submitted for postmortem diagnostic workup

to the Laboratory of Infectious Diseases of the Department of
Veterinary Medicine of the University of Bari (Italy). The farms
were from Apulia, Basilicata, Campania, and Calabria regions
and managed under either semi-intensive production systems
farming, characterized by access to pasture grazing during certain
periods of the year or intensive farming, in case of larger herds,
where animals were housed in a free stabling system.

M. bovis and a panel of concurrent infectious agents
involved in BRD were investigated. In detail, bacteria and
viruses including Histophilus somni, Mannheimia haemolytica,
Pasteurella multocida, Trueperella pyogenes, bovine herpesvirus-
1 (BoHV-1), bovine viral diarrhea virus (BVDV), bovine
respiratory syncytial virus (BRSV), and bovine coronavirus
(BCoV) were included. Samples were submitted for DNA and
RNA extraction using commercial kits (Qiagen, Milan, Italy)
and subsequently analyzed for the infectious agents by using
quantitative PCR (qPCR) or conventional PCR (cPCR) assays as
already described (Supplementary Table S1). For each pathogen,
prevalence was computed at animal (AP) and herd (HP) levels
along with the 95% confidence interval (95%CI). The spatial
distribution of farms that tested positive forM. boviswasmapped
by using QGIS software version 3.6.0 (16). To respect farmers’
privacy, herds were represented at municipality level. A heatmap
was built to better visualize the case distribution. The analysis of
pathogen species co-occurrence was performed to detect pairs of
pathogens that infect hosts more or less frequently than expected.
A probabilistic model, as developed by Veech (17), was used
to test for pairwise patterns of species co-occurrence, with the
significance level α, set at ≤0.05.

With the aim of providing valuable insights on disease
patterns, time-series analysis was performed, which is being
widely implemented in the field of epidemiology (18–21). For the
purpose of this study, an outbreak was defined as one of more
cases occurring in the same epidemiological unit and month. The
number ofM. bovis outbreaks by calendar month was formatted
into time series, and a seasonal trend decomposition based
on loess (STL) was used to identify relevant seasonal patterns.
Records from 2019 were excluded in the temporal analysis, as
data for some months was missing. To extract the seasonality,
the loess window was assigned to 13, as it is recommended to
use the next odd number following the number of observations
in each seasonal cycle (22). Scale bars were included in the plots
to describe the range of each component of the decomposition.
The relative interquartile range (IQR) was used to measure
the variability in the data explained by each component. The
relative IQR is computed as the IQR of each component of the
decomposition compared to the IQR of the raw data. Quantile
plot of the residuals was drawn to ensure that they approximate a
normal distribution. All the statistics were done using R software
3.5.2 (23).

RESULTS

The prevalence values at animal (AP) and herd (HP) level for
all the detected bacteria and viruses are displayed in Table 1.
M. bovis was the most frequently detected pathogen in the
study area (AP, 16.16%; 95%CI, 11.82–21.33; HP, 26.56%; 95%CI,
16.29%−39.08%) (Figure 1). Furthermore,M. boviswas detected
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TABLE 1 | Prevalence at animal and herd levels for Mycoplasma bovis and other

pathogens associated with fatal pneumonia in farms from Southern Italy.

Pathogen Animal prevalence

(%) (95%CI)

Herd prevalence (%)

(95%CI)

M. bovis 16.16 (11.82–21.33) 26.56 (16.29–39.08)

P. multocida 4.80 (2.42–8.43) 6.25 (1.72–15.23)

M. haemolytica 13.53 (9.38–18.66) 20.31 (11.28–32.22)

H. somni 7.86 (4.72–12.13) 7.81 (2.58–17.29)

T. pyogenes 1.31 (0.03–3.78) 3.12 (0.38–10.87)

BoHV-1 4.80 (2.42–8.43) 12.50 (5.55–23.15)

BVDV 9.17 (5.76–13.67) 12.50 (5.55–23.15)

BRSV 6.98 (4.04–11.09) 9.37 (3.51–19.29)

BCoV 11.79 (7.91–16.68) 3.12 (0.38–10.83)

BoHV-1, bovine herpesvirus-1; BVDV, bovine viral diarrhea virus; BRSV, bovine respiratory

syncytial virus; BCoV, bovine coronavirus.

as single pathogen in more than half of the positive lung samples
(20/37). Details of the coinfections (n = 17) are provided in
Supplementary Table S2. In particular, M. bovis was detected
with P. multocida (n = 1, 2.70%), M. haemolytica (n = 6,
16.21%), H. somni (n = 9, 24.3%), and T. pyogenes (n =

1, 2.70%), and BVDV (n = 2, 5.54%), and BRSV (n = 5,
13.51%). No mixed infection of M. bovis with BCoV or BoHV-1
was recorded.

Out of 36 potential species pairs (Figure 2), 23 were
considered in the co-occurrence analysis after removing the
other 13 (36.11 %) with the expected outcomes lower than one.
The majority of the pathogen pairs had random associations,
while non-random associations were recorded for a few pairs
including M. bovis–H. somni, P. multocida–BVDV, BVDV–
BRSV, and BRSV–H. somini (Figure 2). Furthermore, a negative
significant association was detected for the M. bovis and BCoV
pair, as these two species co-occurred at a frequency less
than expected.

From 2009 to 2018, 37 outbreaks associated with M. bovis
infection were recorded, with the majority occurring in 2015 (n
= 6) and 2018 (n = 5). Considering the STL decomposition,
the scale bars included in the plots showed that the remainder
component of the decomposition had the highest IQR (Figure 3).
This is mainly due to the considerable peak of outbreaks observed
in 2015 and 2018, for which trend and seasonality components
were not able to explain the variability of the data. The relative
IQR measures, which exclude extreme values, were 37.66% for
the seasonal component, 19.23% for the trend component, and
40.59% for the remainder. The seasonality pattern was constant
over the period of analysis. Out of 37 M. bovis outbreaks, 16
(43.21%) occurred in April, 5 (13.51%) in September, and 4
(10.81%) in December, with only sporadic events spread over
other months (i.e., January, March, October, or November)
(Supplementary Figure S1).

DISCUSSION

In this study, M. bovis was the agent most frequently
detected from fatal calf pneumonia cases (AP, 16.16%; 95%CI,

11.82–21.33) occurring in dairy farms (HP, 26.56; 95%CI,
16.29–39.08) from Southern Italy during a 10-year period. M.
bovis was detected as the single agent in half of positive lungs
or in association with H. somni (9/37, 24.3%), followed by
M. haemolytica (6/37, 16.21%), T. pyogenes (1/37, 2.70%), P.
multocida (1/37, 2.70%), BRSV (5/37, 13.51%), and BVDV (2/37,
5.54%) (Figure 2). However, as the samples all came from fatal
cases, it was not possible to determine how prevalent this
pathogen is in non-fatal cases.

M. bovis occurrence has been described worldwide with an
increasing number of reports of calf pneumonia cases from
Britain (24), Ireland (25), Canada (26, 27), and Switzerland
(28). In Italy, M. bovis, together with other BRD agents, was
recently reported both in healthy and sick animals (14, 15, 29),
stressing the importance of the agent as a primary concern
in the Italian feedlot system. To date, no studies investigated
fatal pneumonia outbreaks involving M. bovis with regard
their temporal pattern. Thus, this work provides an important
contribution to the knowledge onM. bovis, representing the first
report investigating a series of fatal calf pneumonia outbreaks
that occurred in dairy herds during a 10-year period in
Southern Italy.

It is well-known that BRD is a multifactorial syndrome
involving different bacterial or viral infectious agents and
management factors, thus posing a real challenge in the diagnose
without laboratory investigations (28, 30). As reported in
previous studies, M. bovis was found to be positively associated
with BVDV infection (Figure 2), although at low frequency, thus
supporting for the synergistic role of the two pathogens in the
occurrence of fatal bronchopneumonia (27, 31). Furthermore,
there was evidence for a significant association between co-
occurrence of M. bovis and H. somni and fatal pneumonia cases.
This finding is of particular interest, H. somni being an emerging
pathogen in the study area (15). Furthermore, H. somni was also
shown to be widely implicated in pneumonia cases of cattle under
12 months of age in Ireland (32). Finally, in line with previous
studies, coinfection of M. bovis and M. haemolytica was found
(33), although the probabilistic model analysis suggests that this
was a random association.

The main objective of the study was to investigate the
occurrence of M. bovis in fatal calf pneumonia cases.
Nevertheless, this work also highlighted the spread of other
viral and bacterial respiratory pathogens in Italian dairy herds.
Indeed, in line with previous studies, significant associations
between the pairs of pathogens, including BVDV–BRSV
(34) and BRSV–H. somni (35), were recorded. These pairs
occurred at a frequency higher than expected, hinting that
different distinct synergism of pairwise pathogens may occur in
BRD pathogenesis.

Based on STL analysis, the occurrence of the M. bovis
outbreaks revealed a time-dependent behavior with peaks
in April (43.21%) and September (13.51%) (Figure 3). This
is of particular importance, as detecting the relevant risk
periods provides useful information for disease preparedness.
Nevertheless, the seasonal pattern described in this work
did not overlap those ones reported in previous studies
performed in indoor systems that recorded the highest incidence
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FIGURE 1 | Heatmap showing the density of M. bovis positive herds.

of pneumonia during colder seasons (14). Possibly, harsh
temperature fluctuations rather than the cold temperatures
may have played a role in the outbreak occurrence due
to the remarkable changes in weather condition experienced
during springtime and late summer in our study area. Given

the seasonal importance, the effect of climatic stress on the
hosts’ disease susceptibility should be better investigated with
further research.

Based on the time-series analysis, M. bovis occurrence was
recorded in the area since 2009 (Figures 2, 3), but the sources
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FIGURE 2 | Species co-occurrence matrix showing positive (in blue), negative (in yellow), and random (gray) associations.

FIGURE 3 | Seasonal decomposition of M. bovis outbreaks using an additive model (raw data, seasonal component, trend component, and remainder).

for the outbreaks could not be identified, although the putative
role of subclinical infected livestock introduced via the trade
cannot be ruled out. Indeed, previous studies documented the

introduction of the common BRD pathogens via imported cattle
from France (15). On the other hand, other studies identified
the presence of M. bovis infection in subclinical adult animals
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as the potential source of infection to the newly imported
calves (14).

To conclude, based on the time-series analysis, M. bovis
was in the area since 2009, with outbreaks displaying a clear
morbidity seasonal pattern with peaks in April (43.21%) and
in September (13.51%), which might be due to unknown
stress conditions during spring and late summer periods.
Results of this study highlight that M. bovis infection warrants
consideration, and control measures are needed given its
involvement in lethal pneumonia outbreaks in dairy herds
from an extended area. One limitation of the present study
is the lack of anamnestic data on the infected animals.
Additionally, samples were not tested for bovine adenovirus
(BAdV) and bovine parainfluenza virus 3 (BPIV-3), which
have been recently found in BRD-affected beef steers in
Southern Italy (36). Despite these limitations, results from
this study made an important contribution from the animal
health perspective.
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Here, we investigated the prevalence and risk factors for the presence of Histophilus

somni, Mannheimia haemolytica, Mycoplasma bovis, and Pasteurella multocida in the

respiratory tract of calves from the spring processing to the reprocessing at feedlots.

Additionally, we characterized, phenotypically and genotypically, the antimicrobial

resistance (AMR) profile of the four species. Calves from 22 cow–calf operations

were enrolled in the study (n = 30 calves per operation) and sampled by deep

nasopharyngeal swabs at three time points: spring processing, weaning, or induction

into feedlots, and at reprocessing at the feedlot. Isolates were tested for susceptibility

using the minimum inhibitory concentration (MIC) test against commonly administered

antimicrobials. Additionally, a subset of isolates underwent whole-genome sequencing

to infer presence of AMR genes and resistance determinants. Among studied pathogens,

P. multocida was the most prevalent species, regardless of time point, followed

by M. haemolytica, M. bovis, and H. somni. For M. bovis, a sharp increase in

prevalence was detected at the reprocessing sampling, whereas for P. multocida, an

increase in prevalence was observed at the weaning/induction sampling. Comingling

and co-location of feedlots were not associated with prevalence of any respiratory

pathogen. In terms of AMR, resistance against macrolides was prevalent in M. bovis,

with most isolates resistant against tildipirosin, tilmicosin, and tylosin. In general, there

was limited evidence to support an increase in resistance rates of respiratory bacteria

from the spring processing to reprocessing at feedlots, with the exception of florfenicol

resistance in M. bovis, which increased at reprocessing. Metaphylactic administration of

tetracyclines at feedlot induction was not associated with the MIC of tetracyclines in any

respiratory bacteria. Conversely, there were clear associations between the parenteral

use of macrolides as metaphylaxis at the feedlot induction, and increased MIC against
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macrolides in P. multocida,M. haemolytica, and H. somni. Overall, the AMR phenotypes

were corroborated by presence of AMR genes. We hypothesize that the administration

of macrolides such as tulathromycin at feedlot induction contributes to historical changes

in macrolides MIC data of respiratory bacteria of beef cattle.

Keywords: antimicrobial resistance, beef calves, bovine respiratory disease, Mycoplasma bovis, Pasteurella

multocida

INTRODUCTION

Antimicrobial resistance (AMR) has emerged as one of the
most important threats facing public health globally. By 2050,
it is estimated that AMR will claim 10 million human lives
per year (1). The rapid dissemination of AMR is aggravated by
indiscriminate use of antimicrobials in humans and animals. It is
increasingly recognized that the administration of antimicrobials
in food-producing animals can contribute to the emergence and
spread of antimicrobial resistant strains in animals as well as in
humans (2). Accordingly, use of antimicrobials in livestock is
under increasing scrutiny.

Bovine respiratory disease (BRD) is one of the leading causes
of morbidity and mortality for North American beef cattle (3),
and a frequent reason for the use of antimicrobials at feedlots
(4). A number of factors can predispose to BRD, including host
(age, genetics, and co-infections), agent (causative pathogen),
and environmental factors such as transportation of animals,
comingling, and extreme weather (5). Among causative agents,
Histophilus somni, Mannheimia haemolytica, Mycoplasma bovis,
and Pasteurella multocida are prevalent in clinical BRD (6).
BRD is often polymicrobial, with complex interactions between
pathogens and the host immune system. The complex nature of
BRD infections challenges the accurate identification of cases (7),
which when identified are commonly treated with antimicrobials.

Cow–calf operations in Western Canada are mostly extensive
and characterized by large pastures in which animals are housed.
Antimicrobials commonly administered to treat respiratory
disease in Canadian cow–calf cattle include phenicols,
tetracyclines, and macrolides (8); the latter are classified as
critically important antimicrobials of the highest priority to
human health according to the World Health Organization
(WHO) (9). Regional increases in resistance rates of BRD
pathogens against specific antimicrobial classes have been
reported in North America and France (10, 11), which may have
been fueled by the administration of antimicrobials and spread
of resistant clones (12).

The use of antimicrobials has been implicated as a cause
of decreased susceptibility in BRD bacteria from cattle (13).
In Western Canadian cow–calf operations, antimicrobials are
commonly administered for treatment of lameness in cow and
bulls, and for respiratory disease and diarrhea in calves (14). It
remains unknown whether and to what extent early-life exposure
to antimicrobials can impact pathogen carriage and AMR at the
feedlot. At feedlots, antimicrobials are frequently administered
to calves as metaphylaxis; e.g., the antimicrobial treatment of
a group of animals to prevent or control infectious diseases
in high-risk animals at feedlot entry. Metaphylaxis is a highly

effective practice to reduce morbidity and mortality of feedlot
cattle (15). Arguably, limitations of BRD diagnostics and the ease
in which antimicrobials can be administered to calves at feedlots
largely contribute to the widespread adoption of metaphylaxis.
In terms of administration, many antimicrobial formulations
can be used for mass medication either in feed or in drinking
water. Alternatively, parenteral (injectable) antimicrobials are
also available and used routinely inWestern Canadian operations
as metaphylaxis (8). Altogether, routine metaphylaxis has led
to substantial antimicrobial use as healthy, sometimes low-risk
animals will also be treated. Given the increasing recognition of
an AMR One Health framework, it is important to increase our
understanding of potential impacts of metaphylaxis in AMR of
BRD pathogens, which includes the study of potential effects of
different antimicrobial classes toward AMR. Such assessment can
later incorporate informed discussions on the risks and benefits
of metaphylaxis in beef cattle, followed by the establishment of
best practices related to the practice.

Our overarching goals were to identify factors associated
with prevalence of respiratory pathogens, and to infer potential
effects of antimicrobials on AMR in BRD-associated bacteria
isolated from suckling beef calves. Specific objectives of this
longitudinal study were to (1) estimate prevalence of respiratory
pathogens in beef calves from branding through to reprocessing
at the feedlot; (2) study potential risk factors for increased
carriage of respiratory pathogens; and (3) investigate the AMR
profile of respiratory pathogens at different time points, including
the study of factors associated with resistance such as the
metaphylaxic administration of antimicrobials.

MATERIALS AND METHODS

Ethics Statement
This study followed strict recommendations of the Canadian
Council of Animal Care. The research protocol was reviewed and
approved by the Lethbridge Research and Development Center’s
Animal Care Committee (Protocol Review #1639).

Cow–Calf Operations and Feedlots
Producers were recruited using a client database from a beef
cattle veterinary practice in the province of Alberta. Cow–calf
operations were eligible for enrolment based on the following
criteria: (i) physically located in the province of Alberta; (ii)
a minimum herd size of 30 cows; (iii) expected retained
ownership of calves after feedlot induction; and (iv) agreement to
provide detailed information about the health and antimicrobial
use in enrolled calves. Producers were informed that their
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participation would be anonymous, and they would be financially
compensated for the use of their cattle.

Twenty-two cow–calf operations that met the eligibility
criteria agreed to participate. Cow–calf operations ranged from
200 to 3,200 cows and were a mixture of pure-bred and mixed-
breed commercial operations. From each operation, 30 calves
were randomly selected during spring processing (branding)
from April to June 2017. Calves were selected using a systematic
random approach, where every kth calf pulled for processing
at a cow–calf operation was selected. k was defined as the
nearest integer of the quotient of N over 30, where N stands
for the number of calves to be processed in the operation.
Calves selected were clinically healthy and had not been exposed
to antimicrobials. Assuming a low within-herd prevalence of
respiratory pathogens in pre-weaned calves (16), an intraclass
correlation coefficient of 0.25, and an error rate of 5%, sampling
30 animals per operation allowed us to estimate a prevalence of
7.65% of any BRD-associated pathogen with 90% power at any
given time point. The study had 76% power to detect an odds
ratio of 2 associated with an increased risk of AMR in respiratory
pathogens isolated from calves that received antibiotics at feedlot
induction. This was based on the assumption that 6.3% of feedlot
cattle would be BDR-positive (17), half of feedlots employed
metaphylaxis (18), a baseline prevalence of any given resistance
of 20% in respiratory pathogens, and a standard deviation of
operation-level random effects of 2.

Management protocols were determined by each producer.
The most common procedures at spring processing included
vaccination [modified-live BVD type 1 (Bovine Viral Diarrhea
Virus) and 2/IBR/PI3/BRSV (Infectious Bovine Rhinotracheitis
Virus, Parainfluenza Virus 3, Bovine Respiratory Syncytial
Virus) vaccine, seven- or eight-way clostridial, H. somni,
and M. haemolytica vaccines] and castration of males. The
spring processing branding protocol of some operations
included dehorning, growth implants, and/or administration
of meloxicam. Calves were fed on the dam’s milk and had
access to forage. Calves were weaned in the fall and moved
to a feedlot. All calves underwent “hard” weaning where they
were abruptly separated from dams. Calves from six operations
were moved to a distant feedlot (<1–3 h of driving). In the
remaining 16 operations, calves were placed in a feedlot co-
located with the cow–calf operation. A typical processing
protocol for fall-placed, high-risk calves included a modified-live
BVD type 1 and 2/IBR/PI3/BRSV vaccine, seven- or eight-way
clostridial bacterin, H. somni bacterin, M. haemolytica bacterin,
endectocide, and an anabolic implant. At feedlots, adoption
of metaphylaxis varied by producer, and this information was
recorded. Animals were housed according to sex in large
outdoor dirt-floor pens with porosity fencing. Calves were fed
rations once or twice daily, which were formulated to meet
standard nutritional requirements of backgrounding or finishing
feedlot cattle.

Sampling Protocol
Samples were collected at three time points: (i) spring processing
(BRANDING) when calves were from 2 to 8 weeks old; (ii) at
weaning or feedlot induction (WEANING/INDUCTION), with

animals aged from 5 to 8 months old; and (iii) at reprocessing at
the feedlot (REPROCESSING) when calves were from 9 months
to 1 year of age. From each animal, deep nasopharyngeal swabs
(DNPS) were collected as described (Supplementary Methods).
Following sample collection, guarded culture swabs (CP
Group, Newmarket, ON) were placed in Amies culture media
(ThermoFisher Scientific, Mississauga, ON) and transported to
the laboratory.

At WEANING/INDUCTION, timing of sampling was not
consistent between herds. As rapid changes in nasopharyngeal
microbiota following arrival at the feedlot are expected (19), it
was important to distinguish samples collected at weaning at
the cow–calf environment from samples collected post-weaning
after arrival at the feedlot. Producers were asked if calves were
comingled with calves from other sources at the feedlot and, if
so, when the DNPS was collected relative to the time of transport
and comingling. Calves sampled at weaning, prior to or within
24 h of feedlot arrival were considered to be “not comingled” at
WEANING/INDUCTION. Additionally, calves from producers
that did not introduce animals from other sources at their
own feedlots were also considered to be “not comingled” at
WEANING/INDUCTION. All other calves were considered
“comingled.” At REPROCESSING, all animals were considered
“comingled” except in operations where producers fed their own
animals without introducing animals from other sources.

Number of days on feed (DOF) at feedlots was obtained
for each calf. Additionally, all antimicrobial treatments were
recorded, from birth up to REPROCESSING, including the
reason for treatment and the type of antimicrobial administered.
Pasture (pre-weaning) treatments, metaphylactic antimicrobial
use at feedlot induction, and therapeutic antimicrobial use during
feeding were recorded. Antimicrobial use data at feedlots were
recovered from electronicmanagement systems.Where producer
records clearly stated “no antimicrobials,” AMU exposure was
considered as “none.” Where farm records were either not
provided or unclear regarding exposure to antimicrobials,
the associated AMU history of an animal was classified as
“unknown.” Decisions involving antimicrobial use were made by
producers with support from veterinarians.

Bacteriology
After arrival at the laboratory, each swab was individually
immersed in 1ml of brain–heart infusion (BHI; BD) containing
20% glycerol and vortexed for 1min. A 50-µl aliquot was
plated onto tryptic soy agar with 5% sheep blood (BAP;
Dalynn Biologicals, Calgary, AB, Canada) for the isolation of
H. somni. A second aliquot (100 µl) was plated on blood
agar supplemented with 15µg/ml bacitracin (BAC; Dalynn) for
the isolation of M. haemolytica and P. multocida. BAC plates
were incubated in an aerobic atmosphere at 37◦C for 24 h,
and examined for the presence of suspected P. multocida and
M. haemolytica colonies, whereas BAP plates were incubated
for 2 days in a 5% CO2 atmosphere before examination
of H. somni colonies. When M. haemolytica, P. multocida,
or H. somni suspected colonies were observed in primary
cultures (20), three colonies were first sub-cultured onto separate
BAP plates, from which one plate per sample/species was
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randomly selected for further characterization. Bacteria were
stored at −80◦C in BHI supplemented with 20% glycerol for
further analysis.

For the isolation of M. bovis, a 150-µl aliquot of the
initial BHI-glycerol suspension was inoculated into 1.5ml of
PPLO broth (Dalynn Biologicals) (21) containing 500µg/ml of
ampicillin (Millipore Sigma, Oakville ON). Themixture was filter
sterilized and incubated at 37◦C in a 5% CO2 atmosphere. After
5 days of incubation, 100 µl of enrichment was plated onto
PPLO Agar + ampicillin plates. Plates were incubated for an
additional 5 days under the same conditions and primary agar
cultures were observed under a stereoscopic microscope. When
bacterial growth was observed, an isolated colony was randomly
selected and transferred to 1.5ml PPLO + ampicillin broth. M.
bovis positive PPLO broth cultures were stored at −80◦C in
PPLO supplemented with 20% glycerol and 0.5% pyruvate for
further analysis.

Species confirmation was carried out for all isolates using
PCR following protocols that were internally validated at
the Lethbridge Research and Development Center (Table 1).
Colonies were suspended in 100 µl of TE buffer (10mM Tris,
1mM EDTA, pH 8) and heated for 5min at 95◦C for DNA
extraction. The lysate was vortexed and centrifuged, and 2 µl of
the supernatant was used as DNA template in separate reactions
for each species (Table 1). In all reactions, the HotStartTaq Plus
Master Mix kit (Qiagen, Toronto, ON) was used.

Antimicrobial Susceptibility Testing
Antimicrobial susceptibility testing (AST) was carried out using
brothmicrodilution. ForM. haemolytica andH. somni, all isolates
were tested, whereas 150 P. multocida isolates were randomly
selected for AST. Commercial antimicrobial panels (Thermo
Scientific, Mississauga, ON) were used, and tests were carried
out according to the manufacturer guidelines. In brief, bacterial
inocula were concentration-adjusted in either saline solution (P.
multocida andM. haemolytica) (26) or Mueller-Hinton and yeast

extract broth (H. somni). The working solutions were inoculated
into 96-microwell commercial plates (50 µl per well for P.
multocida and M. haemolytica; 100 µl per well for H. somni)
that contained a series of two-fold dilutions of antimicrobials
of interest (SensititreTM bovine/porcine plate format BOPO6F
for H. somni and M. haemolytica; SensititreTM bovine/porcine
plate format BOPO7F for P. multocida). Following incubation
(35◦C for 20 h for M. haemolytica and P. multocida; 35◦C
for 24 h in a 5% CO2 incubator for H. somni), plates
were visually examined for presence of bacterial growth. The
minimum inhibitory concentration (MIC) was defined on a
pathogen and antimicrobial basis according to the Clinical and
Laboratory Standards Institute guidelines (27). Additionally,
isolates were classified as susceptible, intermediate, or resistant
against antimicrobials for which cattle-specific breakpoints have
been defined (26). For the purpose of analysis, intermediate and
resistant isolates were classified as resistant (or non-susceptible).
Antimicrobials, concentrations tested, and breakpoints adopted
are listed as a Supplementary Material (Supplementary Table 1).

For M. bovis, antimicrobial susceptibility testing was
performed as suggested elsewhere (28, 29). Customized
antimicrobial plates (30) (Trek Diagnostics, Oakwood, GA,
USA) were used to test those antimicrobials that are most
relevant for the treatment of M. bovis infections in feedlot
cattle in western Canada (Supplementary Table 2). The AST
custom plate contained 50 µl of a PPLO (21) suspension with
antimicrobials in each well. M. bovis colonies were grown in
PPLO broth with pyruvate for 72 h, and 500µl of this culture was
transferred to 500 µl of fresh PPLO and incubated for another
48 h. A 50-µl aliquot from this final solution was inoculated
into each well of the AST plate yielding a concentration of 1 ×

103-1 × 105 CFU/ml per well. Plates were incubated for 48 h at
37◦C and 5% CO2. Results were recorded after 48 h and used
to estimate the MIC (31). M. bovis ATCC 25523 was used as an
internal quality control strain in all assays. Breakpoints were
used to classify isolates as susceptible, intermediate, or resistant,
as described elsewhere (30) (Supplementary Table 2).

TABLE 1 | Oligonucleotide primers, PCR protocols, and amplicon sizes for each cPCR assay.

Bacteria, amplified gene Primer sequences (5′-3′)a Cycling conditions Amplicon

size (bp)

Primer

reference

Mannheimia haemolytica, lkt F: GTCCCTGTGTTTTCATTATAAG 95◦C, 5min; (94◦C, 30 s; 58◦C, 45 s; 72◦C,

60 s) ×35 cycles; 72◦C, 10min

385 (22)

R: CACTCGATAATTATTCTAAATTAG

Pasteurella multocida, 23S rRNA F: GGCTGGGAAGCCAAATCAAAG 95◦C, 5min; (94◦C, 30 s; 58◦C, 45 s; 72◦C,

60 s) ×35 cycles; 72◦C, 10min

1,432 (23)

R: CGAGGGACTACAATTACTGTAA

Histophilus somni, 16S rRNA F: GAAGGCGATTAGTTTAAGAG 95◦C, 5min; (94◦C, 30 s; 55◦C, 45 s; 72◦C,

60 s) ×35 cycles; 72◦C, 10min

400 (24)

R: TTCGGGCACCAAGTRTTCA

Mycoplasma bovis, uvrC F: TTACGCAAGAGAATGCTTCA 95◦C, 5min; (94◦C, 30 s; 56◦C, 45s; 72◦C,

60 s) ×35 cycles, 72◦C, 10 min

95◦C, 5min; (94◦C, 30 s; 56◦C, 45s; 72◦C,

60 s) ×35 cycles, 72◦C, 10min

171 (25)

R: TCATCCAAAAGCAAAATGTTAAA

Mycoplasma bovis, 16S F: GGGAGCAAACAGGATTAGATACCCT 269

R: TGCACCATCTGTCACTCTGTTAACCT

aF, forward primer; R, reverse primer.
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Sequencing
Eighty-three isolates from BRD Pasteurellaceae species [M.
haemolytica (n = 25), P. multocida (n = 29), and H. somni
(n = 29)] were selected for sequencing. The selection protocol
was based on inclusion of isolates of varying MIC levels
(low, intermediate, and high) against selected antimicrobials
(macrolides, fluoroquinolones, tetracyclines, and phenicols),
from different operations and sampling points in order to ensure
that all operations were represented. Isolates were streaked onto
BAC plates forM. haemolytica and P. multocida, and BAP plates
for H. somni. Plates were incubated overnight at 37◦C (BAC),
or for 48 h at 37◦C in 5% CO2 (BAP). A single colony was
then sub-cultured onto BAC or BAP plates, and incubated as
described above. Bacteria were diluted in TE (10mM Tris, 1mM
EDTA), pH 8.0 buffer to an OD 600 of ≈2, equivalent to ≈2
× 109 cells/ml. The cell suspension (1ml) was transferred to
a microcentrifuge tube and centrifuged for 2min at 14,000 g.
Genomic DNA was extracted using DNeasy Blood and Tissue
kit (Qiagen, Montreal, QC, Canada) following manufacturer’s
instructions. DNA quality and quantity were estimated using
a Nanodrop 2000 spectrophotometer and a Qubit Fluorometer
with PicoGreen (Thermo Fisher Scientific, Mississauga, ON),
respectively. Genomic library construction was performed using
the Illumina Nextera XT DNA sample preparation kit (Illumina
Inc., San Diego, CA, USA). Libraries were sequenced on an
Illumina MiSeq platform using the MiSeq Reagent Kit V3 to
generate 2× 300 base paired-end reads.

Sequencing reads were de novo assembled into contigs using
SPAdes version 3.13.0 with a multi-sized de Bruijn graph
approach (32). Draft genome assemblies were annotated with
Prokka (33). ABRicate version 0.8.7 (34) was used to screen
contigs against the NCBI Bacterial Antimicrobial Resistance
Reference Gene Database (NCBI BioProject ID: PRJNA313047)
for presence of AMR genes. The sequencing data of isolates used
in this study have been submitted to the NCBI (under BioProject
ID: PRJNA720670).

Statistical Analysis
All analyses were carried out in R (35) using the following
packages: brms, lme4,mice, and runjags (36–39).

MIC50 and MIC90
Minimum inhibitory concentration results (in µg/ml)
were summarized for each pathogen, sampling point, and
antimicrobial tested using distribution tables. Likewise,
the 50th and 90th MIC percentiles, defined as the MIC
capable of inhibiting the growth of 50 and 90% of isolates
(MIC50 and MIC90, respectively), were estimated for each
species individually.

Prevalence of Respiratory Pathogens and Associated

Risk Factors
Prevalence of respiratory pathogens (P. multocida, M.
haemolytica, H. somni, and M. bovis) was estimated at each
sampling point (BRANDING, WEANING/INDUCTION, and
REPROCESSING). Prior to model estimation, preliminary
assessments were carried out to check for missing values.

In 21 out of the 22 operations enrolled, at least 1 animal
was lost to follow-up either at WEANING/INDUCTION or
REPROCESSING (Supplementary Table 3). All calves from five
cow–calf operations were lost to follow-up at REPROCESSING.
Operation-conditional comparisons of prevalence of respiratory
pathogens at WEANING/INDUCTION (the second sampling
point) indicated no difference between calves from operations
with at least one sample collected at REPROCESSING and
calves from the five operations with no REPROCESSING data,
meaning that the probability of missing values was most likely
independent from the observed values (results not shown).
Regardless, data from the five operations were excluded from
prevalence estimates at the last sampling point (no imputation
was attempted). For the remaining data, we used a multivariate
imputation method based on chained equations for handling
missing values. Imputation models were used to generate a set
of 20 datasets with complete outcome information after 100
iterations each. Imputation was based on the “2l.bin” method
from the mice package in R (38). Imputation models contained
operation-level random effects, sex, and results from previous
sampling(s) introduced as fixed effects. All Markov chains were
visually inspected for convergence, where absence of trends for
any chain was deemed adequate. If trends were detected for
any inputted parameter, the number of iterations was increased
until convergence was achieved. As samples were mostly
collected in batches, DOF of missing samples were deemed
as the most frequently observed value for samples that were
collected at the same feedlot at that sampling. Likewise, a similar
approach was used to infer the comingling status of missing
samples. Thereafter, generalized linear mixed models with logit
link and operation-specific random effects at the intercept
level were fit in a Bayesian framework to estimate prevalence
of respiratory pathogens, and to study associations between
prevalence and potential risk factors [presence of feedlot onsite,
sex, comingling status at weaning and results from previous
sampling point(s)]. Binary indicators for potential risk factors
were generated and introduced as predictors in multivariable
models. Risk factor effects were assumed to be common to
all levels of remaining model terms (no two- or three-way
terms were considered). A minimum of five observations per
factor was required for risk assessment; for instance, effects of
previous sampling points at WEANING/INDUCTION were
not assessed in absence of at least five calves harboring the
bacteria at BRANDING. To account for potential deviations
from original sampling protocols, DOF centered at 0 and 139
days (median DOF of REPROCESSING samples) were forced
in WEANING/INDUCTION and REPROCESSING models,
respectively. The relationship between the log odds of the
presence of a respiratory pathogen and DOF was assumed to
be linear. As DNPS is not a perfect test, latent class models,
containing sensitivity estimates based on findings from previous
research (40) (Supplementary Table 4), were used to account
for potential misclassification of DNPS to detect respiratory
pathogens in cattle. For P. multocida and H. somni, DNPS
sensitivity was assumed to be identical to that ofM. haemolytica.
To allow for some degree of uncertainty in sensitivity parameters,
beta distributions were truncated at ±5 percentual points from
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distribution modes. Specificity of DNPS was deemed to be 100%,
as results were PCR-confirmed. Non-informative priors were
used for all other parameters. Overlapping of credible intervals
(95% CI) were used for statistical inference. Predictors not
associated with presence of a respiratory pathogen were excluded
and simpler models were attempted. A full Bayesian statistical
inference framework with Markov chains based on Hamiltonian
Monte Carlo sampling was used for model estimation. This
scheme generates proposal distributions that are pulled toward
the posterior distribution mode instead of being symmetrical
around the current position. Two parallel chains per dataset
were used with a total of 100,000 post-warmup samples. Effective
sample sizes (minimum of 1,000 for each parameter), Rhat
estimates per dataset, and visual inspection of chains were used
to evaluate efficacy. Posterior distribution plots were generated
and distribution modes as well as respective 95% CIs were
reported as proportions. Analysis were done in R with use of
functions from the brms package (36).

A second approach was attempted with the use of models
for longitudinal data (three-level models [operation, animal, and
sample] with random slopes for time at the second level) and
time splines that would allow for the evaluation of non-linear
time changes and comingling effects when DOF > 0. In this
second approach, DOF was used as a metric of time, where DOF
= 0 represented the day when animals transitioned to feeding.
However, Markov chains failed to converge. Therefore, results
from the first approach were kept for presentation.

Antimicrobial Resistance of Respiratory Pathogens
Frequency tables were built to summarize AMR rates for each
species and sampling point. Next, two distinct approaches were
used to compare resistance rates between sampling points and
estimate comingling effects: mixed models and exact logistic
regression models. For these analyses, only antimicrobials for
which animal-specific breakpoints were available were retained.

Generalized linear mixed effects models were used to estimate
effects of comingling and time in the AMR of P. multocida
at the isolate level. A binary indicator related to presence or
absence of resistant P. multocida in the sample was considered
an outcome. The logit link was used for analysis, and models
contained operation-specific random effects. Models were fit for
each antimicrobial separately. Comingling effects were analyzed
at WEANING/INDUCTION exclusively; only two producers
did not comingle their calves at feedlots and it was impossible
to distinguish operation-specific effects from comingle effects
at REPROCESSING. As calves could not have been comingled
prior to BRANDING, models were fit separately to assess
time and comingle effects. For time models, results obtained
at BRANDING were used as a reference. Models were fit
using maximum likelihood, using the adaptive Gauss-Hermite
quadrature with 50 quadrature points per scalar (37), providing
existence of at least one resistant and one susceptible isolate per
strata (sampling point or comingle status), as well as a minimum
of five isolates per strata.

For M. haemolytica, H. somni, and M. bovis, exact logistic
regression models were used to compare the prevalence of AMR
between sampling points and estimate comingling effects. Exact

logistic regression models for clustered data were carried out
according to Troxler et al. (41) in R. Pairwise comparisons
between sampling points were carried out on a pathogen basis
for each antimicrobial in separate analyses. Comingling effects
at WEANING/INDUCTION were also tested using exact logistic
regression models. Models were attempted providing existence
of at least one resistant and one susceptible isolate per species,
as well as a minimum of five isolates per strata. Statistical
significance was set at the 5% level.

Effects of Administration of Antimicrobials in the MIC

of Respiratory Pathogens
The goal of this analysis was to compare the MIC of respiratory
pathogens sampled from animals treated with antimicrobials
to corresponding values from animals not treated. In short,
throughout the study, antimicrobials were administered as one
of the following: (i) prior to weaning to treat clinical diseases;
(ii) metaphylactic injections at weaning or immediately after
placement at feedlots; (iii) in feed as BRD metaphylaxis to high-
risk groups at feedlot induction; (iv) after feedlot induction, as
treatment or prevention of clinical diseases at the feedlot; (v)
a second injection to treat clinical diseases at feedlots. Prior to
any assessment, records containing unreliable information about
antimicrobial exposure status (e.g., where AMU was classified
as “unknown”) were excluded. Administration of antimicrobials
prior to BRANDING and after WEANING/INDUCTION
was uncommon and therefore not analyzed due to limited
statistical power.

For the assessment of effects of metaphylactic use
of antimicrobials at feedlot induction toward AMR at
REPROCESSING, analyses were carried out at the isolate
level. A preliminary assessment was carried out at the operation
level to compare the distribution of DOF of samples collected
at REPROCESSING according to the type of metaphylaxis
adopted using general linear models. No differences were
detected in DOF of samples collected at REPROCESSING
when contrasting operations according to main categories of
metaphylaxis (mean DOF of 135, 139, 138, and 135 for calves
that were fed chlortetracycline, were not fed chlortetracycline,
were treated parenterally with macrolides, and were not treated
parenterally with macrolides, respectively; p > 0.05). Thereafter,
DOF was omitted from further analysis. Isolates obtained
at REPROCESSING were retained, and effects of parenteral
administration of macrolides or in-feed administration of
tetracyclines toward antimicrobial-specific MIC data were
assessed using Bayesian models (42). Minor modifications
were implemented to adapt the WinBUGS code to JAGS. In
brief, log-transformed MIC values (logMIC) were assumed
to follow a normal distribution with a common variance. As
the true underlying MICs were not observed, logMIC values
were considered censored at the maximum and minimum
antimicrobial concentrations tested (interval censored). Unlike
the original WinBUGS code used for analysis of MIC data
(42), the distributions were not truncated in JAGS using the I
operator. Instead, the dinterval function was used to represent
censored outcomes, as recommended (43). Models contained
frailty terms to account for the variability due to unobserved
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operation-level effects. Models were fit for tetracyclines and
macrolides separately. Fixed-effects included the parenteral
administration of macrolides (macrolide models), or the in-feed
use of tetracyclines at feedlot induction (tetracycline models).
To evaluate effects of other routes of administration that were
adopted throughout the study (parenteral administration of
tetracyclines or in-feed administration of macrolides), we
performed sensitivity analysis. Estimates and conclusions
obtained from models with and without observations from
selected operations were contrasted. A sensitivity analyses was
undertaken due to the absence or low number of operations
in each stratum defined according to type of antimicrobial
therapy adopted, as this would preclude the proper estimation
of operation-level random effects if a second herd-level exposure
was added to the models.

Models were attempted when a minimum degree of variability
in MIC values was apparent and not analyzed for antimicrobials
with the same MIC for all isolates. Models were fit for
each pathogen (M. haemolytica, P. multocida, H. somni,
and M. bovis) and antimicrobial [(oxy)tetracycline, tylosin,
tulathromycin, tilmicosin, and tildipirosin] combination in
a Bayesian framework using a Markov Chain Monte Carlo
approach based on Gibbs sampling. Four chains were run in
parallel with a total of 500,000 iterations using the runjags
package (39). Posterior distribution plots were visualized, and
95% CIs were used for statistical inference. Iteration plots
were visually inspected for proper mixing of Markov chains.
Autocorrelation values and ESS were used asmeasures of efficacy,
where an ESS of 10,000 or higher was deemed as adequate.

RESULTS

In total, 660 calves were enrolled consisting of 301 heifers and
359 steers. Nearly 40% of calves (n = 265) were not sampled
at all times (Supplementary Table 3), with the sale of calves as
the most common reason for missingness (65% or 173 missing
animals), including all calves from five operations, which were
sold prior to the third sampling. Additionally, in large operations,
study animals were distributed among several pens. In those
settings, there were challenges involved in gathering calves for
sampling, which accounted for another 87 animals (32% of 265
missing animals) lost to follow-up (Supplementary Figure 1).

Six operations (27%) had a feedlot co-located to the cow–
calf operation. At WEANING/INDUCTION, seven producers
sampled calves prior to arrival at the feedlot. Nine operations
sampled calves after comingling participants with calves from
other sources. Following feedlot induction, two producers did not
practice comingling, meaning that no animals from other sources
were introduced at their feedlots. REPROCESSING samples were
collected from 81 to 228 DOF, with an average of 142.6 DOF.

Antimicrobial administration prior to or at BRANDING
was limited. A total of four calves from two operations were
treated with florfenicol for pneumonia. Additionally, one calf
with pneumonia was treated with tilmicosin, and a calf with a
navel infection was treated with enrofloxacin. Finally, a calf with
footrot was treated with tulathromycin. In total, treatment with

antimicrobials prior to or at BRANDING were reported from
four operations.

At WEANING/INDUCTION, animals from five operations
were categorized as “low risk” and were not treated with
antimicrobials. Calves from remaining operations were treated
with tetracyclines, macrolides, and a combination of the two
classes (Table 2).

After induction, calves from seven operations received no
antimicrobials. Two operations that induced with macrolides
also administered tylosin in feed to prevent or reduce the
incidence of liver abscesses (110 mg/hd-day). Fourteen of the
392 (3.6%) calves that remained in the study were treated
individually with antimicrobials at least once after induction.
From this total, nine calves from four feedlots were treated for
BRD. Other reasons for treatment included lameness (n = 3),
footrot (n = 2), atypical interstitial pneumonia (n = 1), and
infectious keratoconjunctivitis (n= 1). Themost commonly used
antimicrobials were florfenicol (n = 8 animals; four operations),
ceftiofur (n = 4; two operations), and tilmicosin (n = 3;
one operation).

Prevalence of Respiratory Pathogens and
Associated Risk Factors
Among studied BRD-associated pathogens, P. multocida was
the most frequently recovered species (n = 424), followed

TABLE 2 | Antimicrobial treatment protocols adopted at WEANING/INDUCTION

at each cow–calf operation.

Operationa Feedb Parenteralb

Antimicrobial Dosage Antimicrobial Dosage

1 –c – – –

2 Chlortetracycline 1 g/100 lbsd Gamithromycin 6 mg/kg

3 – – Tulathromycin 2.5 mg/kg

5 – – – –

7 Chlortetracycline 1 g/100 lbsd Tulathromycin 2.5 mg/kg

9 – – – –

11 – – – –

12 Chlortetracycline 1 g/100 lbsd Tulathromycin 2.5 mg/kg

13 – – Tilmicosin 10 mg/kg

15 – – Oxytetracycline 20 mg/kg

16 Chlortetracycline 1 g/100 lbsd Tilmicosine 10 mg/kge

17 – – – –

18 Chlortetracycline 1 g/100 lbsd

19 – – Tulathromycin 2.5 mg/kg

20 Chlortetracycline 1 g/100 lbsd Oxytetracycline 20 mg/kg

21 Chlortetracycline 1 g/100 lbsd – –

22 Chlortetracycline 1 g/100 lbsd – –

aFive operations with no antimicrobial use data were excluded.
bProtocols listed are those adopted in most calves from each operation.
cA dash (–) indicates that antimicrobials were not used at WEANING/INDUCTION by that

route of administration.
dBody weight, daily for 15 days.
eProtocol administered to 15 calves. Another 14 calves were treated with tulathromycin

(2.5 mg/kg).
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by M. haemolytica (n = 61), M. bovis (n = 49), and H.
somni (n = 30). From a total of 660 samples collected at
BRANDING, 7.4% (n = 49) were positive for at least one
respiratory pathogen. This percentage increased to 52.3%
(310/608) at WEANING/INDUCTION, and 50.3% (197/392)
at REPROCESSING at feedlots. Accordingly, prevalence of
P. multocida, M. bovis, and M. haemolytica were significantly
higher at REPROCESSING than at BRANDING (Table 3).
Additionally, forM. haemolytica there was no difference between
prevalence at WEANING/INDUCTION, and prevalence at
either BRANDING or REPROCESSING. Conversely, in M.
bovis, there was a significant difference between prevalence
at WEANING/INDUCTION and at REPROCESSING,
suggesting that animals were infected at feedlots. For P.
multocida, a sharp increase in prevalence was observed at
WEANING/INDUCTION, which persisted at REPROCESSING
(Figure 1). M. bovis was the second most prevalent respiratory
pathogen at feedlots (Figure 1). Comingling, co-location of
feedlot, and cow–calf operation, and results from previous
sampling point did not have an impact on the prevalence of
respiratory pathogens at WEANING/INDUCTION.

Antimicrobial Resistance of Respiratory
Pathogens
On average, 14 isolates per operation were tested for
susceptibility, ranging from 5 to 28 isolates per operation. MIC50

and MIC90 according to species and sampling point are available
as Supplementary Material (Supplementary Tables 5–8).
Overall, low levels of AMR were detected in BRD-associated
Pasteurellaceae species isolates. Considering antimicrobials for
which resistance breakpoints have been established, resistance
against spectinomycin was observed in 12, 11, and 3% of M.
haemolytica, P. multocida, and H. somni isolates, respectively.
In M. bovis, resistance against macrolides was prevalent, with
the majority of isolates resistant to tildipirosin, tilmicosin, and
tylosin. In contrast, resistance to enrofloxacin and ceftiofur
was absent or rare, regardless of species (Table 4). Resistance
to tetracyclines was observed in all species, ranging from 3.3%
of oxytetracycline resistance in H. somni to 18.4% in M. bovis.

TABLE 3 | Prevalence per 100 animals of Mannheimia haemolytica, Pasteurella

multocida, Histophilus somni, and Mycoplasma bovis at BRANDING (n = 660

samples), WEANING/INDUCTION (n = 608 samples), and REPROCESSING

(n = 392 samples).

Bacteria BRANDING WEANING/

INDUCTION

REPROCESSING

Prevalence 95% CI1 Prevalence 95% CI Prevalence 95% CI

M. haemolytica 0.87a 0.68; 1.47 3.06a,b 1.20; 6.19 5.31b 2.28; 9.96

P. multocida 3.59a 1.34; 7.71 40.0b 27.9; 49.2 30.74b 22.04; 40.36

H. somni 0.83 0.67; 1.35 1.53 0.72; 3.52 2.70 0.88; 7.13

M. bovis 1.29a 0.70; 2.80 1.65a 0.71; 4.71 9.37b 4.92; 14.99

195% Credible interval (95% CI).
a,bWithin row prevalences followed by different letters denote statistically significant

differences between sampling points for each species.

Resistance to tetracyclines and spectinomycin appeared to
co-exist inM. haemolytica, P. multocida, and H. somni.

There was limited evidence to support an increase in
resistance rates from BRANDING to REPROCESSING in BRD-
associated bacteria isolated from cattle (Table 4). Most pairwise
comparisons indicated no significant differences in AMR rates
among sampling points. The exception was resistance against
florfenicol in M. bovis; 68% of isolates at REPROCESSING
were resistant against florfenicol vs. 37% of M. bovis isolated
at WEANING/INDUCTION (p = 0.02). Florfenicol-resistant
M. bovis were isolated from eight feedlots. From this total,
only a single feedlot reported one incidence of treatment with
florfenicol. Finally, there were no differences in resistance
rates at WEANING/INDUCTION among bacteria isolated from
comingled and non-comingled calves.

As inferred from the WGS, 2 out of 25 sequenced M.
haemolytica isolates harbored the aph(3′)-Ia, aph(6)-Id, aph(3′′)-
Ib, sul2, and tet(H) antimicrobial resistance genes (ARGs).
Additionally, 9 out of 29 sequenced P. multocida had the
aph(3′)-Ia, aph(6)-Id, aph(3′′)-Ib, sul2, aadA31, and tet(H)
genes, with two isolates also carrying a A2058G mutation
in the 23S rRNA gene. We did not detect any ARG in H.
somni sequenced isolates. Overall, the AMR phenotypes were
corroborated by presence of ARGs (Supplementary Table 9).
The tet(H) gene was present in all tetracycline-resistant M.
haemolytica and P. multocida. P. multocida and M. haemolytica
isolates harboring the neomycin and kanamycin resistance
gene aph(3′)-Ia had neomycin MIC values >32µg/ml. aadA31
was associated with spectinomycin resistance in P. multocida
(Supplementary Table 9). The streptomycin resistance ARGs
aph(3′′)-Ib and aph(6)-Id were detected in all M. haemolytica
and P. multocida strains harboring the neomycin resistance
determinant aph(3′)-Ia. Unfortunately, streptomycin resistance
was not assessed for any species. In all isolates, the MIC of
sulphadimethoxime was ≥256 µl/ml. Yet, sul2 was detected in

FIGURE 1 | Distribution of respiratory pathogens according to sample point.
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9 P. multocida and 2 M. haemolytica isolates (31.0 and 8.0% of
total sequenced P. multocida and M. haemolytica, respectively).
The A2058Gmutation in the 23S rRNA gene was detected in two

TABLE 4 | Antimicrobial resistance rates (%) according to antimicrobial, sampling

point (B, BRANDING; I, WEANING/INDUCTION; R, REPROCESSING), and

bacteria species.

Class Antimicrobial Mannheimia haemolytica Histophilus somni

B I R B I R

n = 1 n = 30 n = 27 n = 0 n = 10 n = 20

Aminocyclitol Spectinomycin 0 20 3.7 –1 10 0

Cephalosporin Ceftiofur 0 0 0 – 0 0

Fluoroquinolone Danofloxacin 0 3.3 0 – 10 5

Enrofloxacin 0 0 0 – 10 0

Macrolide Tilmicosin 0 13.3 14.8 – 10 0

Tulathromycin 0 0 3.7 – 0 0

Penicillin Penicillin 0 3.3 14.8 – 0 0

Phenicol Florfenicol 0 0 0 – 10 0

Tetracycline Oxytetracycline 0 0 7.4 – 0 5

Antimicrobial Antimicrobial Pasteurella multocida Mycoplasma bovis

B I R B I R

n = 24 n = 88 n = 38 n = 2 n = 19 n = 28

Aminocyclitol Spectinomycin 8.3 10.2 15.8 – – –

Cephalosporin Ceftiofur 0 0 0 – – –

Fluoroquinolone Danofloxacin 0 0 0 – – –

Enrofloxacin 0 0 0 0 0 0

Macrolide Gamithromycin 0 1.1 5.3 100 84.2 100

Tildipirosin 0 0 5.3 100 94.7 100

Tilmicosin 4.2 3.4 7.9 100 94.7 100

Tulathromycin 0 0 5.3 100 31.6 60.7

Tylosin – – – 100 78.9 85.7

Penicillin Penicillin 0 0 0 – – –

Phenicol Florfenicol 0 0 0 50 36.8a 67.9b

Tetracycline Chlortetracycline – – – 0 15.8 14.3

Oxytetracycline – – – 0 15.8 21.4

Tetracycline 8.3 9.1 15.8 – – –

1A dash (–) denotes either absence of clinical breakpoints for that specific pathogen–

antimicrobial combination or absence of tested isolates.
a,bWithin row percentages followed by different letters denote statistically significant

differences between resistance rates for each species (p < 0.05).

P. multocida isolates and linked to resistance against macrolides
(Supplementary Table 9). For the remaining sequenced isolates,
no relevant 23S rRNA mutation was detected. One P. multocida
isolate had the A2059G mutation in ∼35% of the sequence
reads mapped to 23S rRNA. The MICs for tilmicosin and
tulathromycin were at 4µg/ml (both susceptible). No mutations
were detected in genes encoding the ribosomal proteins L4 and
L22 (rplD and rplV, respectively). No other macrolide resistance
mechanism was evident in the sequenced isolates.

Effects of Administration of Antimicrobials
in the MIC of Respiratory Pathogens
Administration of tetracyclines at WEANING/INDUCTION
was not linked to the MIC of tetracyclines (oxytetracycline,
chlortetracycline, and tetracycline) in any respiratory bacteria
at REPROCESSING (Figure 2). Effects were independent on
the parenteral use of tetracyclines. In contrast, there were clear
associations between the use of and reduced susceptibility to
macrolides in P. multocida, M. haemolytica, and H. somni
(Figure 3). The parenteral administration of macrolides at
WEANING/INDUCTION was linked to an increased MIC
of at least one macrolide for each species. In M. bovis, the
tylosin MIC was on average 1.44 logs higher in bacteria
isolated from calves treated parenterally with macrolides at
WEANING/INDUCTION vs. the MIC of calves that did not
receivemacrolides. Yet, no statistically significant association was
detected, as the 95% CI ranged from −0.05 to 2.93 (Figure 3).
Some of the effects were dependent on inclusion of observations
from the two operations that fed tylosin; effects of the parenteral
administration of macrolides toward the MIC of tylosin and
gamithromycin in P. multocida as well as tulathromycin in
H. somni were detected only when observations from the two
operations that fed tylosin after induction were kept in models.
TheMICs of tilmicosin and tildipirosin inM. bovis, and tylosin in
M. haemolytica were either constant or had a very low variability.
Therefore, no modeling was attempted for these antimicrobials.

DISCUSSION

Here, we report on the prevalence of BRD-associated bacteria in
calves from the spring processing to the reprocessing at feedlots.

FIGURE 2 | Mean difference between antimicrobial-specific logMICs of bacteria isolated at REPROCESSING from the respiratory tract of calves fed, and not fed

tetracyclines at feedlot induction. Model includes observations from all operations, including ones that administered tetracyclines parenterally at induction. Sensitivity

analysis indicated no effects of removing observations from operations that administered tetracyclines parenterally at induction.
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FIGURE 3 | Mean difference between antimicrobial-specific logMICs of bacteria isolated at REPROCESSING from the respiratory tract of animals treated, and not

treated parenterally with macrolides at feedlot induction. Model includes observations from all operations, including ones that fed tylosin to control liver abscesses.

Sensitivity analysis indicated that effects of parenteral administration of macrolides toward the logMIC of tylosin and gamithromycin in P. multocida, and tulathromycin

in H. somni were statistically significant only when observations from operations that fed tylosin after induction were kept in models.

We also determine the AMR profile of respiratory pathogens
and explore factors linked to it such as the use and type of
antimicrobial used in BRDmetaphylaxis. We provide a summary
that will integrate the existing literature reporting on AMR of
BRD bacteria and explain trends that have been observed in
BRD-associated bacteria from feedlot cattle in North America.

There are a number of factors that contribute to clinical
BRD in beef cattle, including stressors such as weaning,
transportation, and feedlot entry (44), and presence of
pathogenic bacteria in the respiratory tract of animals (45).
Here, we demonstrate that prevalence of three respiratory
pathogens (P. multocida,M. bovis, andM. haemolytica) increases
from spring processing (BRANDING) to reprocessing at feedlots.
At least one respiratory pathogen was recovered from >50% of
calves at WEANING/INDUCTION and at REPROCESSING,
whereas <10% of calves were colonized at BRANDING. P.
multocida was the most abundant species identified at all
three time points, with a marked increase in prevalence at
WEANING/INDUCTION that persisted at feedlots. Prevalence
of P. multocida in clinical BRD appears to be increasing (46).
In Canada, P. multocida was more prevalent in feedlot cattle
with BRD than in healthy control animals (47). Interestingly,
prevalence of P. multocida at WEANING/INDUCTION was
independent of comingling status, whichmeans that an increased
prevalence of P. multocida was detected for calves sampled early
at feedlots as well as for those still at the cow–calf environment
(e.g., at weaning). Based on our findings, we hypothesize that
animals become increasingly colonized by P. multocida prior to
or immediately after feedlot placement rather than around 40
days after placement as previously suggested (48). In contrast,
M. bovis had the highest relative increase in prevalence from

WEANING/INDUCTION to REPROCESSING at the feedlot.
At BRANDING, prevalence of M. bovis was low, in agreement
with previous North American studies where the prevalence
ranged from 0 to 7% (49, 50). The increased relative abundance
of Mycoplasma spp. after feedlot placement has been previously
described (51), as well as their role in BRD development (45).
The highly contagious nature of M. bovis among cattle and
increased animal density in feedlots have been implicated as the
most likely reasons for sharp increases in prevalence of M. bovis
at feedlots (52).

Comingling of cattle from multiple sources can increase
the incidence of respiratory disease (53). We observed some
variability of the time of sampling at WEANING/INDUCTION
between operations, which reflected producer-specific practices
relative to the feedlot induction. This variability was explored
in our models by assessing comingling effects. Step et al. (54)
reported on associations between commingling and animal
health indicators such as antibodies titers to M. haemolytica
and P. multocida and incidence of clinical BRD during a 42-
day receiving period. Comingled calves had increased BRD
morbidity and were treated earlier and more often with
antimicrobials than non-comingled calves, which suggests that
comingling can be a risk factor for development of AMR
among BRD bacteria. In our study, comingling, results from
previous sampling, and co-location of cow–calf operations and
feedlots were not associated with prevalence of respiratory
pathogens at WEANING/INDUCTION. Additionally, bacteria
from comingled and non-comingled cattle had comparable AMR
rates at WEANING/INDUCTION. As comingled calves were
sampled relatively close to the arrival at feedlots (mean DOF =

9 days, range 2–21 days), we believe that comingling effects in
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AMR, if present, would manifest later at feeding. Indeed, Step
et al. (54) estimated an average of 10.6 days after placement
for the first antimicrobial treatment of comingled cattle due
to clinical BRD. In contrast, commingling for short periods of
time did not significantly impact the nasopharyngeal or tracheal
bacterial communities of recently weaned beef calves (51).

M. haemolytica, P. multocida, and H. somni isolates were
susceptible to most antimicrobials tested for which standardized
clinical breakpoints were available. None or very few isolates
were resistant to florfenicol, fluoroquinolones, and ceftiofur,
in agreement to previous findings involving clinically healthy
feedlot cattle in Canada (47). Resistance to aminoglycosides was
reported in bacteria causing BRD in feedlot cattle in Alberta (55).
As inferred from WGS data, ARG profiles of resistant isolates
indicated the co-existence of tetracycline [tet(H)], neomycin
[aph(3′)-Ia], streptomycin [aph(6)-Id and aph(3′′)-Ib], and
sulfadimethoxine (sul2) determinants in multidrug resistant
(MDR) M. haemolytica and P. multocida. Presence of multiple
ARGs in the same isolates suggests existence of integrative and
conjugative elements (ICE), which have been previously detected
in BRD bacteria (56–58). We confirmed that ICE-associated
recombination and conjugation genes were present in MDR
isolates. It is unclear what exactly is driving presence of ICE-
harboring MDR bacteria in the nasopharynx of beef cattle. In
our study, ICE-positive MDR bacteria were isolated from 8 to
17% of sequenced isolates obtained at WEANING/INDUCTION
and REPROCESSING, respectively, which suggests that
antimicrobial use at induction could be driver of their presence.
Nevertheless, it is intriguing that 2 out of 10 sequenced
isolates obtained at BRANDING also harbored ICE and
were MDR.

We detected the A2058G mutation in the 23S rRNA of two
macrolide-resistant P. multocida. Macrolide resistance due to
rRNA mutations is well-documented in bacteria with a single
or multiple rrn operons (59). Bacteria from the Pasteurellaceae
family associated with BRD typically contain five to six copies of
the rrn operon. As more copies harbor the A2058G mutation,
a greater increase in the MIC against macrolides is expected.
Indeed, a single mutated operon confers only a slight selective
advantage in the presence of macrolides, which can be followed
by homologous recombination between rrn operons amplifying
the proportion of mutant ribosomes, with a corresponding larger
increase in macrolide resistance (60). An in-depth analysis of
the sequence read data mapped to the wild-type 23S rRNA
from P. multocida revealed that ∼80% of reads from the two
macrolide-resistant isolates contained the A2058G SNP, whereas
the remaining 20% had the wild-type sequence at the locus, which
suggests that four out of five copies of the rrn operons encoded
the mutation. Accordingly, the two isolates displayed a high MIC
(64µg/ml) for tilmicosin and tulathromycin.

In M. bovis, there was an increased rate of resistance
against florfenicol at REPROCESSING in comparison to isolates
obtained at WEANING/INDUCTION. Interestingly, florfenicol
was the most frequently used antimicrobial after feedlot
induction, with four operations reporting at least one treatment
with florfenicol. Yet, florfenicol-resistant M. bovis were detected
in eight feedlots, from which only one reported use of florfenicol.

There are two likely explanations to our findings. First, the
increase in prevalence of florfenicol-resistant M. bovis at
REPROCESSING might not be linked to the use of florfenicol
at feedlots. Florfenicol-resistant strains could harbor mutations
linked to resistance to other antimicrobial classes that were in
use at feedlots. Indeed, florfenicol and macrolides target the
same ribosomal subunit, and changes in the MIC of tylosin
and tilmicosin were noted in florfenicol-resistant strains (61).
Unfortunately, as we did not sequenceM. bovis isolates, we could
not infer whether mutations were shared between florfenicol
and macrolide-resistant strains. Alternatively, we might have
failed to detect antimicrobial therapies with florfenicol at feedlots.
From 2008 to 2012, use of phenicols has nearly doubled in
Western Canada feedlots, with an estimated use of approximately
1 daily dose for every 10 feedlot cattle in 2012 (62). Additionally,
phenicols were among the most frequently used antimicrobials
to treat cattle that succumbed to BRD at western Canadian
feedlots, where nearly 80% of diseased animals were treated with
phenicols (63). Conversely, we observed eight treatments with
florfenicol during feeding in nearly 400 feedlot-placed calves. It
is conceivable that the use of florfenicol was higher than reported
by feedlots, and responsible for increased florfenicol resistance
rates in M. bovis isolated at REPROCESSING. Our study was
done before increased veterinary oversight of antimicrobial
use in Canada, as well as prior to the launch of a Canadian
fed-cattle antimicrobial surveillance program (64). Under new
regulations, medically important antimicrobials are sold under
prescription, which facilitates the gathering and recording of
antimicrobial usage data, providing a much more reliable metric
of antimicrobial exposure for future studies.

High levels of resistance to macrolides in M. bovis were
detected in our study, in agreement to previous reports (30,
65). A western Canadian study reporting on resistance rates
of M. bovis recovered from feedlot cattle also demonstrated
elevated macrolide-resistance rates, with resistance to various
macrolides detected in over 95% of isolates (55). These results
suggest that resistance against macrolides in M. bovis isolated
from the respiratory tract of feedlot cattle in western Canada
is widespread. A word of caution is necessary, as currently the
CLSI has no approved breakpoints forM. bovis isolated from the
respiratory tract of beef cattle. Breakpoints adopted herein were
defined based on a combination of historical MIC data, previous
reports and current breakpoints for other respiratory pathogens
of cattle (30). When MIC50 of macrolides were inspected, our
estimates were comparable to ones reported from France and
Japan in 2008–2012 (11, 66), and higher than values reported
from the US in 2002–2003 (29).

Susceptibility of M. bovis from feedlot cattle to macrolides
has decreased over the last decades in France (11). In Canada,
although we currently lack definitive data to support a sustained
increase in AMR rates of M. bovis, there is some evidence
suggesting an increase in resistance against tulathromycin over
the last decade (30). Additionally, a study done in 2007 and 2008
involvingM. bovis from dead and sick cattle from a single feedlot
in western Canada reported lowerMIC50 values of tulathromycin
than those observed in our study (67), which also suggests that
macrolide resistance ofM. bovis from western Canadian feedlots
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is on the rise. Such trends could be driven by the increased use
of macrolides in western Canadian feedlots for metaphylaxis and
the prevention of liver abscesses (68). The link between use of
macrolides in feedlot cattle and resistance against tulathromycin
in M. bovis isolated from the respiratory tract of feedlot cattle
was recently explored. M. bovis isolated from cattle raised
without antimicrobials had diminished MIC of tulathromycin in
comparison to bacteria from cattle exposed to macrolides (12).
In our study, the incidence of tulathromycin-resistant M. bovis
at REPROCESSING was 5.3 times higher in feedlots that treated
calves parenterally withmacrolides at induction in comparison to
feedlots not using macrolides (p = 0.04 in operation-conditional
Poisson models; results not shown).

We detected significant associations between parenteral use
of and increased MICs against macrolides in P. multocida, H.
somni, and M. haemolytica at REPROCESSING. We were not
able to infer whether effects were also evident for the in-feed
administration of macrolides; the two operations that fed tylosin
after induction as prevention of liver abscesses also inducted
with macrolides. Nonetheless, by excluding observations from
operations in which tylosin was administered to calves via
feed, some of the associations previously detected were lost,
which suggests that the in-feed administration of tylosin will
also play a role in the selection of respiratory bacteria with
increased MIC against macrolides. Macrolides are antimicrobials
of critical importance to human health according to the WHO
(9). It is unknown if and to what extent the presence of
respiratory bacteria with increased resistance to macrolides in
beef cattle represents a threat to humans or to the environment.
Furthermore, we are not able to estimate the likely impacts of
increased MICs of macrolides on the therapeutic effectiveness
of antimicrobials against BRD, especially if increases incur
under breakpoints used to define clinical resistance. Nevertheless,
our findings are extremely valuable to interpret trends of
susceptibility in BRD bacteria from North American feedlots.
Decreases in susceptibility to macrolides in P. multocida, H.
somni, and M. haemolytica have been documented (10). Based
on our findings, we hypothesize that the use of macrolides at
feedlots is impacting the susceptibility of respiratory bacteria
against macrolides.

Conversely, the in-feed administration of tetracyclines as
metaphylaxis was not associated with antimicrobial-specific
MICs in respiratory bacteria isolated from feedlot cattle at
REPROCESSING. Levels of AMR are expected to increase
after antimicrobial use, but this pattern was not evident when
chlortetracycline was fed in our study. The lack of an association
could be due to an already widespread prevalence of resistance to
tetracyclines in respiratory bacteria of feedlot cattle in western
Canadian feedlots. Timsit et al. (47) studied the prevalence of
AMR in P. multocida, H. somni, and M. haemolytica recovered
from the respiratory tract of healthy and sick cattle in Canadian
feedlots. Resistance to oxytetracycline was widespread, regardless
of animal category or bacteria species. Yet, most of our isolates
were susceptible to tetracyclines, and resistance levels were
much lower than reported previously in western Canada (55).
Alternatively, we could have missed rapid, transient increases of
AMR following use of chlortetracycline in feed. Indeed, cattle

exposed to a 5-day therapy with chlortetracycline in feed had
increased levels of tetracycline-resistant Escherichia coli in feces
5 days post-treatment in comparison to unexposed animals, with
no differences between groups detected >27 days post-treatment
(69). Our median DOF at REPROCESSING was 139 days, which
means that transient increases of AMR in respiratory bacteria, if
any, were probably not captured by our study.

Our findings suggest that, under One Health lens,
tetracyclines fed at induction will have a minimal long-
term impact in prevalence of AMR in respiratory bacteria, which
could support the sustained use of tetracyclines in feedlots as
BRD metaphylaxis. From an animal health perspective, two
meta-analysis explored the effects of metaphylaxis on BRD
in beef cattle. Abell et al. (15) identified differences between
classes of antimicrobials used as metaphylaxis, with macrolides
outperforming tetracyclines, regardless of the duration of the
feeding period. In contrast, Baptiste and Kyvsgaard (70) did
not detect differences in efficacy of these antimicrobial classes
against BRD; macrolides were superior to tetracyclines only
when used as a prophylaxis (medication of asymptomatic cattle
upon arrival at feedlot), but not as metaphylaxis. Altogether,
further consideration should be given to the in feed use of
tetracyclines as metaphylaxis, including the identification of
specific circumstances in which these antimicrobials should be
recommended as first choice in prevention of BRD.

As the use of macrolides at feedlot induction was linked to the
MIC of bacteria isolates at REPROCESSING, we were surprised
by the lack of differences in prevalence of macrolide resistance
between sampling points. This contradiction is a consequence
of at least four factors. First, not all feedlots administered
macrolides at induction, and resistance to macrolides could have
been dependent on the use of macrolides. Indeed, the incidence
of tulathromycin-resistant M. bovis was statistically higher at
REPROCESSING in comparison to WEANING/INDUCTION
only in feedlots that induced with macrolides (1.4 resistant
isolates/100 calves at WEANING/INDUCTION vs. 5.2 resistant
isolates/100 calves at REPROCESSING in feedlots that used
macrolides at induction, p < 0.05 in operation-conditional
Poisson models; results not shown). Second, increases in
MIC could have occurred under clinical breakpoints used to
define macrolide resistance, particularly for species with low
resistance levels (M. haemolytica, H. somni, and P. multocida).
Surveillance data have demonstrated substantial year-to-year
variation in the MIC of some macrolides, but with values
generally below the specific criteria for defining resistance (71).
The clinical implications of sub-breakpoints MIC increases
remain to be demonstrated, but such increases could partially
account for historical trends observed in MIC data. Third,
we could have lacked power to detect specific differences in
AMR rates between sampling points. Despite lack of statistical
significance, all macrolides resistance rates in P. multocida
isolated at REPROCESSING were higher in comparison to
resistance rates at other sampling points. Finally, Bayesian
models for MIC data can be used even in absence of clinical
or epidemiological susceptibility breakpoints. For antimicrobials
in which breakpoints have not been defined (e.g., tylosin in P.
multocida, H. somni, and M. haemolytica), we were not able to
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compare resistance rates between sampling points, which could
contrast with findings obtained from Bayesian models.

We provided important results from a longitudinal study
that can be used to inform strategies to optimize use of
antimicrobials in beef cattle. Nevertheless, our findings should
be considered in the face of study limitations and caveats.
In a cohort study, loss to follow-up can negatively affect the
internal validity of the study if the probability of missingness
is dependent on the observed values, values that would have
been observed, or both. Producers were selected, in part, by
their usual management strategy of retaining ownership of
their cattle through to slaughter. However, more cattle than
expected were sold before the end of the study, or producers
divided study calves among a number of pastures or pens and
animals were not available for sampling. Such challenges are
not uncommon when working with commercial operations.
Regardless, we believe our findings are internally valid for at
least three reasons. First, decisions to sell cattle or divide the
study calves among several pastures were based on economics
and management terms and not on animal health. There is
limited evidence to suggest that the probability of not being
sampled was dependent on presence of respiratory bacteria that
were either observed or that would have been observed. Our
missing data were most likely generated at random, also given
results from the comparison between some of the completers and
non-completers (discussed in the Statistical Analysis). Second,
we used operation-conditional models, meaning that estimates
and comparisons reported were conditional on the operation.
These models are efficient at dealing with missing data that
are generated randomly (e.g., missing completely at random or
missing at random). Hence, any impact arising from imbalances
in the number of samples collected per operation was minimized,
assuming that, within each operation, the probability of not
being sampled was independent of observed values. Third, for
prevalence estimates, we used multiple imputation models that
included results from previous sampling point(s) and operation
random effects. This approach is very efficient to increase the
study power and therefore minimize impacts of missing data. A
second limitation arises from the use of sensitivity and specificity
estimates in our prevalence models. It is unclear whether the
sensitivity and specificity values of DNPS were adequate for
detection of H. somni and P. multocida in the respiratory tract
of calves. Unfortunately, to our knowledge there is no study
reporting on the characteristics of DNPS to detect the two species
in the respiratory tract of beef cattle.

In summary, P. multocida was the most prevalent bacteria
in the respiratory tract of beef calves from spring processing to
reprocessing at feedlots, followed by M. haemolytica, M. bovis,
and H. somni. For M. bovis, a sharp increase in prevalence
was detected at REPROCESSING, whereas for P. multocida, an
increase in prevalence occurred at WEANING/INDUCTION
and persisted during feeding. Comingling was not associated
with prevalence of any respiratory pathogen at feedlot induction.
Resistance levels were generally low, with a few exceptions.
In M. bovis, resistance against macrolides was prevalent,
with the majority of isolates resistant against tildipirosin,
tilmicosin, and tylosin. There was limited evidence to support

an increase in resistance rates from the spring processing
to reprocessing at feedlots in M. haemolytica, P. multocida,
and H. somni, although macrolide resistance rates were
consistently higher in P. multocida at REPROCESSING. In M.
bovis, increased florfenicol resistance rates were detected at
REPROCESSING. Metaphylactic administration of tetracyclines
at feedlot induction was not linked to the MIC of tetracyclines
in any respiratory bacteria at REPROCESSING. Conversely,
there were clear associations between the parenteral use of
macrolides as metaphylaxis, and increased MIC in P. multocida,
M. haemolytica, and H. somni. We hypothesize that the use
of macrolides such as tulathromycin at feedlot induction is
responsible for historical changes in macrolides MIC data of
respiratory bacteria isolated from post-arrival cattle in feedlots.
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Pasteurella multocida is one of the primary pathogens of bovine respiratory disease

(BRD), and causes huge losses in the cattle industry. The Pm3 strain was a natural

isolate, which is a strong form of pathogen and is sensitive to fluoroquinolones antibiotics.

A high fluoroquinolone resistant strain, Pm64 (MIC = 64µg/mL), was formed after

continuous induction with subinhibitory concentration (1/2 MIC) of enrofloxacin, with

the enhanced growth characteristics and large attenuation of pathogenicity in mice.

This study reports the whole genome sequence and the transcription profile by RNA-

Seq of strain Pm3/Pm64. The results showed an ineffective difference between the two

strains at the genome level. However, 32 genes could be recognized in the gene islands

(GIs) of Pm64, in which 24 genes were added and 8 genes were lost. Those genes

are involved in DNA binding, trehalose metabolism, material transportation, capsule

synthesis, prophage, amino acid metabolism, and other functions. In Pm3 strain, 558

up-regulated and 568 down-regulated genes were found compared to Pm64 strain, from

which 20 virulence factor-related differentially expressed genes (DEGs) were screened.

Mainly differentially transcribed genes were associated with capsular polysaccharide

(CPS), lipopolysaccharide (LPS), lipooligosaccharide (LOS). Iron utilization, and biofilm

composition. We speculated that the main mechanism of virulence attenuation after the

formation of resistance of Pm64 comes from the change of the expression profile of

these genes. This report elucidated the toxicity targets of P. multocida serogroup A which

provide fundamental information toward the understanding of the pathogenic mechanism

and to decreasing antimicrobial drugs resistance.

Keywords: P. multocida serogroup A, complete genome sequencing, transcriptomic sequencing, gene islands,

virulence gene
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INTRODUCTION

In recent years, the high incidence of bovine respiratory
diseases (BRD) has seriously affected the cattle breeding industry
worldwide, and these diseases mainly occur in fattening cattle
and calves during long distance transportation, and cause a lack
of energy and appetite, accompanied by cough, runny nose, and
dyspnea (1). In North America, BRD accounts for ∼75% of all
disease incidence and 50% of all mortality in cattle farms, with an
even higher prevalence (nearly 90%) in calves (2).

Bacterial pathogens which are associated with BRD include

Pasteurella multocida, Mannheimia haemolytica, Mycoplasma

bovis, and Histophilus somni (3). Among these bacteria,

Pasteurella multocida (P. multocida), a pathogenic gram-negative
bacterium, has been divided into three subspecies, five capsular
serogroups, and 16 serotypes. P. multocida serogroup A is
commonly isolated from both enzootic calf pneumonia of young
dairy calves and shipping fever of weaned and stressed beef
cattle (4). In Belgium between 2016 and 2018, analysis of the
cattle samples from 128 BRD outbreaks found P.multocidawith a
detection rate of 89.1% (5). Several researchers confirmed that P.
multocida serogroup A was the primary pathogen causing BRD
in China, and in our previous study, we found it has a higher risk
of fluoroquinolone resistance during antibiotic therapy (6, 7).

After acquiring antibiotic resistance, bacteria are prone
to incurring fitness costs, which are manifested in survival
inhibition, transformation rate retardation, and virulence
attenuation in resistant strains compared with wild type strains
without antibiotic treatments (8, 9). But the cost is not absolute;
some bacteria do not experience this phenomenon, while others
have a compensative evolution to maintain their competitive
advantage and levels of resistance without antibiotic pressure
(10–12). It blows a hole in the theory that reducing the use of
antibiotics can reduce antibiotic resistance. Developing targeted
drugs at themolecular level to coordinate antibiotic use to control
antibiotic resistance and virulence factors may lead to more
effective control.

During the evaluation of antimicrobial susceptibility test
and antibiotic resistance risk of P. multocida isolates in
our research, one P. multocida serogroup A isolate (Pm3)
showed a strong virulence to mice and resistance developed
rapidly with the increase of fluoroquinolones in vitro. Hence,
a fluoroquinolone-resistant strain, Pm64, was obtained from
fluoroquinolone-sensitive strain Pm3 induced by enrofloxacin
at a subinhibitory concentration (Increasingly 1/2 MIC). And
we found that the virulence of the Pm64 strain to enrofloxacin
decreased significantly. This study aimed to further analyze the
mechanism of toxicity attenuation of P. multocida serogroup
A with the development of fluoroquinolone drug resistance.
In this study, the difference between P. multocida Pm3 and
Pm64 strains were compared on genomic and transcriptome
levels. We hypothesized that genes and gene expression patterns
investigations will show the differences between the two
strains which may elucidate the underlying molecular virulence
attenuation mechanisms of P. multocida. We found several
candidate genes that may be highly important to the virulence
attenuation of P. multocida serogroup A strains andmay facilitate

the design of new and improved vaccines and target drugs to
overcome the rapid growth of antibiotic resistance.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
P. multocida serogroup A Pm3 strain used in the present study
was isolated from the nasal cavity of cattle with BRD in Henan
China. Previous studies have identified themolecular type of Pm3
(7). The Pm64 strain was induced from Pm3 strain by gradually
increasing subinhibitory concentration (1/2 MIC) enrofloxacin
in a liquid culture environment. Every 12 h was recorded as one
generation, and the growth was observed to determine whether
enrofloxacin concentration doubled or not. All the strains were
streaked on Brain Heart Infusion (BHI) agar plates (Qingdao
Hope Biol-Technology Co., Ltd., Qingdao, China). One colony
of each strain was inoculated into 5mL BHI broth at 37◦C with
shaking (160 rpm).

Median Lethal Dose (LD50) Determination
The LD50 of Pm3 and Pm64 strains were determined by the
modified Kirschner method, and the colony count of each strain
was carried out (13). Then, four graded doses of 1× 106-1× 109

and 1 × 1011-1 × 1014 colony-forming units (CFU)/mL of the
two strains were set through the pre-experiment. Eight mice, with
equal numbers of males and females (20 ± 3 g), were randomly
selected from each group. Mice by intraperitoneal injection of 0.2
mL bacterial suspension of different concentration gradients and
the control group was injected with equal pH 7 phosphate buffer
solution (PBS). The mice in each group were kept isolated, the
death rate was observed for 3 days, and the LD50 was counted
and calculated (14). The data were statistically analyzed using
SPSS (19.0) software. The lungs of dead mice were fixed in
formalin, embedded in paraffin, and then stained with H&E.
Observe the pathological changes under a microscope. All the
methods were carried out in accordance with the US NIH
guidelines and protocols for laboratory animal use and proper
care, approved by the Animal Care and Use Committee of Jilin
Agricultural University.

Growth Curves Measurement
Pm3 and Pm64 strains were aerobically subcultured twice in the
BHI medium. 4% cultures were selected to inoculate fresh BHI
medium for monitoring growth at 37◦C with shaking(160 rpm).
The growth rates of Pm3 and Pm64 cultures were plotted by
recording OD changes at 0, 2, 4, 6, 8, 10, and 12 h.

Whole Genome Sequencing
Genome DNA of Pm3 and Pm64 was extracted using a genomic
DNA kit (A&A Biotechnology, Gdansk, Poland). The harvested
DNA was detected by the agarose gel electrophoresis and
quantified by Qubit R© 2.0 Fluorometer (Thermo Scientific).
Then the large fragments of DNA were recovered by Blue
Pippin automatic nucleic acid fragment recovery system,
and repaired. Barcode was added by PCR-free method of
EXP-NBD104 kit (Oxford Nanopore Technologies Company).
The size of fragments was detected by AATI automatic
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capillary electrophoresis instrument, and the samples were
isomolar mixed.After that the SQK-LSK109 connection kit
was used to link the adapter. The Nanopore PromethION
platform Libraries for sequencing were constructed with
an insert size of 10 kb. Next, Sequencing libraries were
generated using NEBNext R© UltraTM DNA Library Prep
Kit for Illumina (NEB, USA). The whole genome of Pm-3
and Pm-64 was sequenced using Nanopore PromethION
platform and Illumina NovaSeq PE150 at the Beijing Novogene
Bioinformatics Technology Co., Ltd. Genome sequences
were assembled using Unicycler to combine PE150 data
and Nanopore data, then the reads were compared to the
assembled sequence, the distribution of sequencing depth was
couned, whether the assembled sequence is a chromosomal
sequence or a plasmid sequence was distinguished according
to sequence length and alignment, and it was checkedwhether
it was a circular genome. The Pm3 DNA sequence was
deposited in GenBank with the accession number CP081486
(BioSample SAMN20842242). The Pm64 DNA sequence was
deposited in GenBank with the accession number CP081487
(BioSample SAMN20845833).

Genomic Analysis
Related coding genes were retrieved using the GeneMarkS
program and the interspersed repetitive sequences were
predicted using the RepeatMasker (perl 5.8.0). The tandem
Repeats were analyzed by the TRF (Tandem repeats finder).
Genomics Islands were predicted using IslandPath-DIOMB
program. Gene function of the whole genome sequences
was subsequently annotated with GO (Gene Ontology),
KEGG (Kyoto Encyclopedia of Genes and Genomes),
COG (Cluster of Orthologous Groups of proteins), and
NR (Non-Redundant Protein Database). The secretory
proteins were predicted by the Signal P database, and
the prediction of Type I-VII proteins secreted by the
pathogenic bacteria was based on the EffectiveT3 software.
Pathogenicity and drug resistance were analyzed using the
PHI (Pathogen Host Interactions), VFDB (Virulence Factors
of Pathogenic Bacteria), and ARDB (Antibiotic Resistance
Genes Database).

RNA Sequencing
Total RNA of Pm3 and Pm64 bacterial samples were extracted
using Trizol reagent (Invitrogen Life Technologies, USA),
following the manufacturer’s protocol, each treatment was
conducted in triplicate. RNA degradation and contamination of
samples was monitored on 1% agarose gels. RNA integrity of
samples were assessed using the RNA Nano 6000 Assay Kit of
the Bioanalyzer 2100 system (Agilent Technologies, CA, USA).
After the RNA quality testing, the ribosomal RNA (rRNA) in
total RNA was removed to obtain mRNA. Subsequently, the
obtained mRNA was broken into short fragments randomly
by fragmentation buffer, and the library was built in a chain-
specific way (15). After that, Qubit2.0 Fluorometer was used for
preliminary quantification, and the library was diluted to 1.5
ng/ul. Then the Agilent 2100 bioanalyzer was used to detect
the insert size of the library. qRT-PCR was used to accurately

quantify the effective concentration of the library (>2 nM) when
the insert size meets expectations (StepOnePlus Real-time PCR
Systems, Thermo Science). Finally, samples were sequenced on
the Illumina Novaseq platform, and 150-bp paired-end reads
were generated. The sequencing data were deposited in GenBank,
with accession number GSE182406.

RNA-Seq Analysis
Clean data (clean reads) that all the downstream analyses were
based on were obtained from Raw data (raw reads) by removing
reads containing adapter, reads containing ploy-N, and low
quality reads. At the same time, quality scores Q20, Q30, and
GC content of the clean data were calculated. Reads were mapped
onto the genes of P. multocida 36950. Both building index of the
reference genome and aligning clean reads to reference genome
used Bowtie2-2.2.3 (16). HTSeq v0.6.1 was used to count the read
numbers mapped to each gene. And then FPKM (Fragments Per
Kilobase of transcript per Million mapped reads) of each gene
was calculated based on the length of the gene and read count
mapped to the gene. Differential expression analysis (DEGs) of
two strains was performed using the DESeq2 (17). Genes with
an adjusted log2(FoldChange)| > 0 & Padj < 0.05 found by
DESeq2 were assigned as differentially expressed. Gene Ontology
(GO) enrichment analysis of differentially expressed genes was
implemented by the GOseq R package, in which gene length
bias was corrected. And the statistical enrichment of differential
expression genes in KEGG pathways (http://www.genome.jp/
kegg/) was tested using KOBAS software.

Quantitative Real-Time PCR
Take 1ml of logarithmic growth phase bacterial liquid and use
EZ gene bacterial RNA kit (BIOMIGA, California, USA) for total
RNA extraction. cDNA was synthesized using PrimeScriptTM RT
reagent Kit with gDNA Eraser (TaKaRa, RR047A, Japan), and
qRT-PCR was performed using TB Green R© Premix Ex TaqTM

II (Tli RNaseH Plus) (TaKaRa, RR820A, Japan). The premixing
system is 20ul (10 µL 2×TB Green Premix Ex Taq II, 0.8 µM for
each primer, 2 µg cDNA, add water to 20 µL). The PCR reaction
conditions were as follows: 95◦C for 30 s, 45 cycles at 95◦C for 5 s,
and 55◦C for 60 s). Each target gene was individually normalized
by the reference gene 16S rRNA using the quantification method
2−11Ct (18). The specific primers were designed according to the
reference sequences in NCBI with Primer-BLAST and the qRT-
PCR primer sequences were listed in Supplementary Table 1.

RESULTS

Induction and Biological Characteristics of
Pm64
Pm3 strain was isolated from the nasal cavity of cattle with
BRD in the previous study (6). In this research, under the
stimulation of a gradually increasing 1/2 MIC concentration
of enrofloxacin culture environment, the MIC of enrofloxacin
on Pm3 was increased from 0.05 to 64µg/mL (continued
culture for 21 generations in vitro). After more than two
generations of continuous passage culture, Pm64 strain was
obtained (Figure 1A).Then, the pathogenicity in mice (LD50)
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FIGURE 1 | Biological characteristics of Pm3 and Pm64. (A) Induction process of Pm64 from Pm3 strain under continuous increasing subinhibitory concentration

(1/2MIC) enrofloxacin culture condition. (B) LD50 of Pm3 and Pm64 to mice. (C) Growth curve of Pm3 and Pm64 (***p < 0.001).

and culture characteristics in vitro of the two strains were
examined (Figures 1B,C). Results showed Pm3 strain showed
a strong virulence to mice (3.532 × 108 CFU/mL per mice).
Observing the pathological changes under a microscope, it can be
seen that the alveolar wall capillaries are dilated; a large number
of neutrophils infiltrate, which is consistent with the infection
characteristics of P. multocida (Supplementary Figure 1). The
LD50 for the Pm64 showed a significant reduction (3.682×1013
CFU/mL per mice) with an increased growth rate and plateau
peak concentration on the growth curve. The virulence of the
Pm64 strain showed significant attenuation during the formation
of quinolone resistance..

Whole-Genome Features of Pm3 and Pm64
Based on the significant differences in biological characteristics
of P. multocida serogroup A isolates P3 after being induced
by fluoroquinolones, Pm3 and Pm64 were selected for
whole-genome sequencing to elucidate potential mechanisms

of virulence attenuation. Circos circular representation of the
Pm3 and Pm64 genome with annotated genes were constructed
(Supplementary Figures 2A,B). Lengths of the obtained
genomes were, respectively, 2,386,471 bp (Pm3) and 2,424,216
bp (Pm64) and contained 2,265 (Pm3) and 2,378 (Pm64)
predicted coding genes. The GC content of the Pm3 and Pm64
genome was 40.28 and 40.3%, respectively, which showed
a higher similarity (Supplementary Table 1). The complete
nucleotide sequence of Pm3 and Pm64 sequenced in this study
were submitted to GenBank with accession number CP081486
and CP081487.

Gene Islands Comparison
Gene islands (GIs) contribute to lateral gene transfer and
bacterial evolution. Thus, the phylogenetically biased and
mobility genes (such as transposases or integrases) of the Pm3
and Pm64 genome were detected to determine the GIs and the
potential horizontal genes transfer. Eightand seven GIs were
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TABLE 1 | Gene islands (GIs) prediction results statistics.

Sample Pm3 Pm64

GIs number 8 7

GIs total length (bp) 148,520 131,993

Average length (bp) 18,565 18,856

Predicted genes 162 138

predicted in Pm3 and Pm64 genome, respectively (Table 1;
Figure 2). Then population analysis was performed to analyze
core and specific genes, and 38 and 14 genes were recognized as
specific genes of Pm3 and Pm64 GIs (Figure 3); 24 and 8 genes of
these could be realized with a potential function. We found some
specific genes changed in the composition of GIs; those specific
genes were involved in DNA binding, trehalose metabolism,
material transportation, capsule synthesis, prophage, amino acid
metabolism, and other functions (Supplementary Tables 3, 4).

Genomic Annotation and Annotation
Comparison
The genome sequencing results were compared and annotated
with GO, KEGG, and COG databases. The annotation
results between Pm3 and Pm64 strains were compared
(Supplementary Figures 3–5). It was found that no new genes
were obtained during the formation of enrofloxacin resistance in
Pm64. Although there are numerical differences in the annotated
results, most of them are the recurrence of some genes. Similarly,
comparing annotations results from VFDB, ARDB, and CARD
database, no new genes were obtained in Pm64. In order to
explain the causes of the formation of fluoroquinolone resistance
in Pm64, the quinolone resistance determining region (QRDR)
genes gyrA, gyrB, parC, and parE were selected for sequence
alignment (Figure 4). The results showed that all four genes had
partial mutations of the QRDR sequence but only three gene
mutations led to the replacement amino acid mutations (GyrA
R88I, GyrB S467F, and ParC L84S).

RNA-Seq Analysis and DEGs Identification
of Pm3 and Pm64
All data on the quality of RNA-Seq are shown in
Supplementary Table 5. The average percentages mapped
to the reference genome were all above 98%. The correlation
analysis of gene expression patterns (Figure 5A) showed
significant differences among samples and good repeatability
between groups (R2 > 0.9). The gene expressions’ data were
statistically analyzed to screen the genes with significant change
in their expression in the samples of different states, and the
significance of each gene in all comparison combinations
was assessed by P-value test and FDR (False discovery rate)
correction. Finally, a complete set of differential genes were
identified. Based on the transcriptome analysis of Pm3 and
Pm64 [log2(FoldChange)| > 0 & Padj < 0.05], a total of
1,126 DEGs were observed, including 558 up-regulated
and 568 down-regulated genes (Figures 5B,C). The top 10

up and down regulated DEGs were selected and shown in
Figure 6.

Virulence Related DEGs of Pm3 and Pm64
Functional enrichment of filtered DEGs of the virulent Pm3
strain and virulence attenuation Pm64 strain were carried out
based on GO and KEGG database. By GO enrichment analysis,
508 DEGs were matched to three parts of the gene function:
BP (Biological Process), CC (Cellular Component), and MF
(Molecular Function). The top 30 enriched GO functions was
shown in Figure 7 and Supplementary Figure 6. In the overall
DEGs function enrichment, CC is the most enriched, mainly
including associated functions of cell, intracellular, organelle,
periplasmic space, and ribosome. However, the up-regulated
DEGs were more concentrated in BP, mainly nitrogen, sulfur,
phosphorus metabolism, and phospholipid biosynthesis. At the
same time, the down-regulated genes were concentrated in MF,
which wasmainly reflected primarily in the weakened activities of
some transferases, oxidoreductases, kinases, and somemolecules’
binding ability. By KEGG enrichment analysis, a total of 504
DEGs were identified. The top 20 significantly enriched KEGG
pathways were shown in Figure 7B, including Citrate cycle (TCA
cycle), Sulfur metabolism, Biosynthesis of secondary metabolites,
Oxidative phosphorylation, Metabolic pathways, Amino acids
biosynthesis and metabolism, Ribosome, RNA degradation,
Fatty acid biosynthesis and metabolism, Carbon metabolism, 2–
Oxocarboxylic acid metabolism, Butanoate metabolism, Fructose
and mannose metabolism, Propanoate metabolism, Porphyrin
and chlorophyll metabolism, and Glutathione metabolism.
Moreover, 20 virulence factors annotated in VFDB and related to
five lipopolysaccharide and lipooligosaccharide (LPS/LOS), four
pilis (including Flp pili and Type IV pili), five iron utilization,
and six others were significantly changed in the formation of
virulence attenuated Pm64 strain (Supplementary Table 6).

To validate the transcriptomic analysis results, three
significantly down-regulated genes (speF, grcA, potE) and three
significantly up-regulated genes (L31, ftsH, dnaK) were selected
for qRT-PCR validation. The relative expression levels(2−11Ct)
of these genes with the transcriptome quantification
results (log2FoldChange) were shown together in Figure 8,
which shows a consistent trend from qRT-PCR results to
RNA-seq results.

DISCUSSION

Based on previous studies, P. multocida serogroup A is
considered the major pathogen of BRD (2, 19, 20). The persistent
respiratory tract infection caused by P. multocida serogroup
A has always been a huge issue for the cattle industry. The
prevention of and treatment measures for P. multocida are still
based on broad-spectrum antibiotics, but the increasing use of
antibiotics (such as fluoroquinolones and macrolides) has led to
the increase of resistance and resistance spectrum of P. multocida
(6). In view of this situation, while standardizing antibiotics,
new strategies should be sought to slow down the emergence of
P. multocida resistance and effectively suppress the harm of P.
multocida to the host. While much progress has been made in
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FIGURE 2 | Statistical representation of gene distribution in GIs of Pm3 and Pm64. (A) Predicted GIs structure in Pm3 chromosome. (B) Predicted GIs structure in

Pm64 chromosome. The horizontal coordinates are length scales and the lengh of gene islands shown in the figure are <15 kb.

understanding bacterial resistance and virulence development,
major gaps remain in our knowledge of the potential adaptive
evolution of virulence and resistance mechanisms. We used
global transcriptome and genome analyses to address theses gaps
to identify the underlying regulatory and genetic adaptations
in acquired fluoroquinolone-resistant P. multocida serogroup A.
The results of our study revealed the multiple pathways in DNA
replication recombination and repair, amino acid transport and
metabolism, inorganic ion transport, and cell wall andmembrane

biogenesis that is associated with the attenuation of virulence
following acquired resistance of P. multocida serogroup A.

The original intention of the study was to simulate
the formation of fluoroquinolone resistance of P. multocida
serogroup A in vitro to analyze the genetic changes in the
development of resistance phenotypes in P. multocida. Then the
study aimed to find the target of antibiotic resistant inhibitors
that can be used in the follow-up screening of synergistic drug
use with antibiotics.
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Resistance mutations often map to genes that encode
antibiotics targeted proteins; these proteins are mostly
involved in some essential functions such as DNA replication,
transcription and translation, or cell wall biosynthesis (21). The
mutations that endowed resistance to antibiotics often provide
a selective advantage in the presence of a hostile environment,
but these mutations tend to alter the biochemistry of the target
protein, which will adversely affect the biological function
of mutants, sometimes resulting in reduced fitness of the
microorganism (also known as fitness costs) (22, 23). However,
in some cases, compensatory mutations ameliorate fitness
costs of resistance mutations from secondary mutation, gene
duplication, ectopic dominance, and metabolic compensation
(12, 24–27). It was suggested that fitness costs and compensatory
evolution occurred in fluoroquinolone resistance acquisition in
Pm64, which allowed us to move beyond the target mutation

FIGURE 3 | Venn diagram of core and specific gene cluster of Pm3 and Pm64

gene islands. Each ellipse represents a sample, the data on each region

represents the groups number occur in and only in the samples. A group

represents a set of genes with more than 50% similarity and sequence length

difference < 0.7.

from quinolone resistance to the mechanisms of virulence
attenuation due to acquired resistance. Thus, the whole genome
sequences and transcriptome expression profiles related to highly
virulent quinolone sensitive strain Pm3 and virulent attenuated
quinolone-resistant strain Pm64 are explored in this study.

Resistance development against fluoroquinolones can occur
via various mechanisms ranging from chromosomal gene
mutations to the specific transferable genes acquisition (28). The
mutations in the chromosomal elements encoding the target
enzyme (quinolone resistance determining region, QRDR) DNA
gyrase (gyrA, gyrB) and topoisomerase IV (parC, parE) can
considerably alter the susceptibility of the isolates, while the
acquisition specific genes are always involved in overexpression
of efflux pumps, alteration of the membrane permeability,
and the expression of inactivation enzymes (28–30). Since
foreign plasmids were not acquired in the genome, the acquired
horizontal transfer of quinolone resistant genes was excluded.
Only chromosome-mediated spontaneous mutations of QRDR
genes were detected in this study. The complete ORF genes (gyrA,
gyrB, parC, and parE) of Pm3 and Pm64 were compared by
sequence alignment. It was shown from comparison that the
QRDR genes had incurred varying degrees of base mutation
in Pm64 induced from Pm3, which leads to the amino acid
substation GyrA R88I, GyrB S467F, and ParC L84S (Figure 5).
It suggests that these site mutations may be the vital cause of
quinolone resistance of P. multocida serogroup A, which requires
further in-depth verification.

Genomic islands (GIs) of prokaryotes are discrete inserted
DNA segments obtained by horizontal transfer which carries
genes that could affect pathogenicity, antibiotic resistance,
metabolism, and adaptability (31–33). Compared with Pm3,
the GIs of Pm64 had lost some genes involved in trehalose
metabolism (treB, treC and treR). They added several capsular
polysaccharide syntheses and transport-related genes (lipA, lipB)
and a gene folD that mediates tetrahydrofolate metabolism.
Trehalose is a sugar widely distributed in bacteria, fungi, and
other higher organisms, playing different biological functions.
In some plant bacterial pathogens, it plays a important role in
enhancing colonization and enhancing virulence (34, 35).The
trehalose-monomycolate is a precursor for the synthesis of

FIGURE 4 | Quinolone resistance determining region (QRDR) comparison of Pm3 and Pm64. Only part of the base mutations sequence (labeled in green) was shown.
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FIGURE 5 | RNA-Seq analysis of Pm3 and Pm64. (A) Correlation map of gene expression. (B) Differential analysis volcano map. (C) The clustering heat map of DEGs.

mycolic acid essential for the synthesis of the bacterial cell
wall and is pathogenic (36). Capsule plays the most critical
role of P. multocida serotype A, which is a critical structural
component and a virulence factor (37). Hyaluronic acid (HA) is a
component of some types of capsules of P. multocida serotype A,
which endows the strain with anti-phagocytosis ability and the
bactericidal action defense from antimicrobial agents (38, 39).
FolD occupies a central position in the folate-dependent C1
metabolism, and the folate-dependent C1 metabolism provides
the key building blocks for growth, most importantly nucleic

acids, amino acids, provitamines, and formylated methionine
tRNA for translation initiation (40, 41). Therefore, we speculated
that these genetic changes in GIs were of great significance for
virulence attenuation, fluoroquinolone resistance, and growth
performance enhancement of P. multocida serotype A.

In microbial infections, the virulence genes are the major
determinants of disease severity (33). In explaining the
mechanism of Pm64 virulence attenuation, more attention
should be attached to the level of gene expression in addition
to the presence or absence of virulence genes. Therefore, the
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differences in the expression levels of virulence factor related
genes were analyzed in transcriptome sequencing results.

Fimbrial low-molecular-weight protein (Flp) pili are
assembled and secreted by a complex of proteins encoded by the

FIGURE 6 | Top 10 up and down regulated DEGs screened from Pm3/Pm64.

tad operon,which plays an important role in the establishment
and resistance of Vibrio vulnificus biofilms to mechanical
clearance (42). The Type IV pili, meanwhile, contributes to
biofilm formation and auto agglutination (43). It was reported
that the amount of capsular polysaccharide (CPS) produced by
P. multocida is inversely proportional to the amount of biofilm
formed. Through mutation or in vitro passage, CPS can be lost
or reduced. Finally the deficient biofilm-forming strains can
be transformed into robust biofilm-forming strains (32). Four
pili-related genes (tadD, tadF, comE, and flp1) were up-regulated
in Pm3/Pm64, which increased in biofilm formation and may
lead to the decrease of CPS; in turn this leads to the attenuation
of virulence to a certain extent.

Lipid A-anchored lipopolysaccharide (LPS) or
lipooligosaccharide (LOS) in the outer leaflet of the outer
membrane are also major virulence factors of Gram-negative
bacteria, which are essential for bacterial viability and fitness
in the host (44). And the inflammatory response to the
endotoxic lipid A component is a significant cause of infection
pathogenesis (45). There are two up-regulated (lpxB and lpxC)
and three down-regulated (galE, rfaC, and msbA) LPS related
genes in RNA Sequencing. In Gram-negative bacteria, LpxB and
LpxC are essential for the lipid A biosynthesis, so maintaining the
structure of the bacterial cell envelope and its growth (44, 46, 47).
GalE was associated with exopolysaccharides (EPS) and LOS.
The disruption of galE gene in Glaesserella parasuis could
produce more biofilms and increase the sensitivity to porcine
serum (48). RfaC is necessary for oligosaccharide synthesis,
which is a core block of LPS formation. It was involved in flagella

FIGURE 7 | Scatter plot of GO and KEGG enrichmen. (A) Top 30 enriched GO function and DEGs numbers enriched in each function of Pm3/Pm64. (B) Top 20

enriched KEGG pathways and the number of DEGs in of Pm3/Pm64. The abscissa represents the ratio of DEGs annotated to the total differential genes; the ordinate

represents the GO Term and KEGG pathway, respectively; the size of the point represents the number of annotated genes; the color from red to purple represents the

decreasing significance of enrichment.
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FIGURE 8 | Expression level validation of part of virulence factor-related DEGs

(n = 3). (A) The mRNA expression (RNA-Seq) of virulence factor-related DEGs

in Pm3/Pm64. (B) The mRNA expression (RNA-Seq) of virulence factor-related

DEGs in Pm3/Pm64. Results were representative of two independent

experiments, with three replicates per group, analyzed by multiple comparative

analysis and expressed as means ± SD (*p < 0.05, **p < 0.01).

assembly, T3SS secretion mechanism, and protein secretion (49).
Some studies have reported that it is related to the fitness cost
of E. coli (50, 51). LPS ABC transporter MsbA is associated with
the transbilayer movement of lipid A-core molecules from the
cytoplasmic to the periplasmic face of the inner membrane,which
is also a putative determinant of tetracycline resistance (52, 53).
The changes in expression levels of LPS and LOS related gene in
Pm64 not only affect the host viability and antibiotics adaptation
mediated by LPS and LOS, but also greatly affect the biofilm and
potentially attenuate CPS production.

Iron assimilation and its utilization are crucial for the cells’
biological functions, which are not only involved in pathogenesis
but also the resistance of strains (54). For pathogenic bacteria,
heme is the major source of nutritional iron. Heme biosynthesis
is an important cofactor of peroxidases, catalases, sensor
molecules, and cytochromes, indirectly coupled to respiration
(55). For the DEGs associated with heme biosynthesis, hemG
(protoporphyrinogen oxidase), hemH (ferrochelatase), and hemE
(uroporphyrinogen decarboxylase) were down-regulated and
two heme transportation related genes (ccmB and ccmE) were

up-regulated in Pm3/Pm64. It suggests that iron assimilation and
its utilization may be the key mechanisms for the formation of
quinolone resistance and the resulting attenuation of virulence.

The major outer membrane protein DnaK plays a key role in
native protein folding, which was also recognized as a potential
therapeutic targets inMycobacterium smegmatis andHelicobacter
pylori (23, 56). Other studies have shown that dnaK enhances
the virulence of Listeria monocytogenes (57). Compared with
Pm64, the dnaK gene in Pm3 was the most significantly up-
regulated among all the screened virulence factors’ DEGs. This
indicates that dnaK may play an essential role in stress survival
and virulence attenuation in P. multocida serogroup A.

In addition, we found some special genes that might influence
the virulence but are not annotated toVFDB. These include
speF (ornithine decarboxylase), potE (putrescine-ornithine
antiporter), and ftsH (Atp-dependent zinc metalloproteinase).
The polyamines have been described as key signals of virulence
in pathogenic bacteria. Putrescine is the most important
polyamine in bacterial cells, which could be synthesized by
ornithine decarboxylation of redundant enzymes encoded
by the speC and speF genes (58). The potE gene encodes a
membrane protein that was associated with exchange reactions
of putrescine and ornithine (59). The speF and potE are the
two most obvious down-regulated genes in Pm3/Pm64. It is
speculated that they may have a negative regulatory effect on
pathogenicity. FtsH is a membrane protease that is critical for
degrading membrane proteins. The decrease of proteolytic
activity of FtsH protease could promote the pathogenicity of
Salmonella in phagocytic cells, as well as the negative effects on
growth, stress tolerance, and biofilm formation on Lactobacillus
plantarum (60, 61). Moreover, the overexpression of ftsH in
Mycobacterium tuberculosis causes growth retardation (62).
These phenotypes were consistent with what we observed
in Pm3/Pm64, suggesting an important role of these genes
in the virulence attenuation mechanism of P. multocida
serogroup A. Furthermore, some 30/50s ribosome proteins were
down-regulated in Pm64 strain, suggesting more translational
modification changes in the mechanism of P. multocida
virulence attenuation, which needs more in-depth studies in
the future.

While deeply exploring the mechanism of P. multocida
virulence attenuation, an important question that needs to be
discussed is whether virulence-virulence reduced strains can
revert to a highly virulent phenotype if they infect animals and
lose the inhibition of drugs for a long time. Similar results were
not found in our study, and may require more in vivo data.

In conclusion, the study showed that, after being induced by
enrofloxacin at the subinhibitory concentration, the virulence
of the P. multocida serogroup A resistant strain decreased
significantly. The potential mechanisms may be related to the
loss genes of GIs at the genomic level and the expression
changes of some virulence and drug-resistance related genes at
the transcriptional level. Several candidate genes that may be
highly important for the virulence attenuation of P. multocida
serogroup A strains were found in this study, which may
facilitate the design of new and improved vaccines. The data
presented here provide fundamental background knowledge that
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would help follow-up research on pathogenesis and antimicrobial
drugs development.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/genbank/, CP081486; https://www.ncbi.nlm.
nih.gov/genbank/, CP081487; https://www.ncbi.nlm.nih.
gov/, GSE182406.

AUTHOR CONTRIBUTIONS

LZ and JZ: collected the samples. LZ, JZ, BZ, and XL: performed
the experiments. RH, LK, XZ, LZ, and JZ: wrote the manuscript.
All authors read and approved the final manuscript.

FUNDING

This research was supported by the National Natural
Science Foundation of China Youth Fund (31702293)
and the China Agriculture Research System of MOF and
MARA (CARS-37).

ACKNOWLEDGMENTS

The authors would like to thank Novogene Technology Co., Ltd.,
Beijing, China, for high throughput sequencing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.765495/full#supplementary-material

REFERENCES

1. Dabo SM, Taylor JD, Confer AW. Pasteurella multocida and

bovine respiratory disease. Anim Health Res Rev. (2007) 8:129–50.

doi: 10.1017/S1466252307001399

2. Snyder E, Credille B. Mannheimia haemolytica and Pasteurella multocida

in bovine respiratory disease: how are they changing in response to efforts

to control them? Vet Clin North Am Food Anim Pract. (2020) 36:253–68.

doi: 10.1016/j.cvfa.2020.02.001

3. Grissett GP, White BJ, Larson RL. Structured literature review of responses

of cattle to viral and bacterial pathogens causing bovine respiratory disease

complex. J Vet Intern Med. (2015) 29:770–80. doi: 10.1111/jvim.12597

4. Fanelli A, Cirilli M, Lucente MS, Zarea AAK, Buonavoglia D, Tempesta

M, et al. Mycoplasma bovis fatal calf pneumonia outbreaks in Italian dairy

herds involving and other agents of BRD. Front Vet Sci. (2021) 8:742785.

doi: 10.3389/fvets.2021.742785

5. Pardon B, Callens J, Maris J, Allais L, Van Praet W, Deprez P, et al. Pathogen-

specific risk factors in acute outbreaks of respiratory disease in calves. J Dairy

Sci. (2020) 103:2556–66. doi: 10.3168/jds.2019-17486

6. Kong LC, Gao D, Gao YH, Liu SM, Ma HX. Fluoroquinolone resistance

mechanism of clinical isolates and selected mutants of Pasteurella multocida

from bovine respiratory disease in China. J Vet Med Sci. (2014) 76:1655–7.

doi: 10.1292/jvms.14-0240

7. Kong LC, Wang Z, Wang YM, Dong WL, Jia BY, Gao D, et al.

Antimicrobial susceptibility and molecular typing of Pasteurella multocida

isolated from six provinces in China. Trop Anim Health Prod. (2019) 51:987–

92. doi: 10.1007/s11250-018-1754-9

8. Roux D, Danilchanka O, Guillard T, Cattoir V, Aschard H, Fu Y, et al. Fitness

cost of antibiotic susceptibility during bacterial infection. Sci Transl Med.

(2015) 7:297ra114. doi: 10.1126/scitranslmed.aab1621

9. Guo B, Abdelraouf K, LedesmaKR, NikolaouM, TamVH. Predicting bacterial

fitness cost associated with drug resistance. J Antimicrob Chemother. (2012)

67:928–32. doi: 10.1093/jac/dkr560

10. Baker S, Duy PT, Nga TV, Dung TT, Phat VV, Chau TT, et al.

Fitness benefits in fluoroquinolone-resistant Salmonella Typhi in the

absence of antimicrobial pressure. Elife. (2013) 2:e01229. doi: 10.7554/

eLife.01229

11. Song T, Park Y, Shamputa IC, Seo S, Lee SY, Jeon HS, et al. Fitness

costs of rifampicin resistance in Mycobacterium tuberculosis are amplified

under conditions of nutrient starvation and compensated by mutation in

the beta’ subunit of RNA polymerase. Mol Microbiol. (2014) 91:1106–19.

doi: 10.1111/mmi.12520

12. Meftahi N, Namouchi A, Mhenni B, Brandis G, Hughes D, Mardassi

H. Evidence for the critical role of a secondary site rpoB mutation

in the compensatory evolution and successful transmission of an MDR

tuberculosis outbreak strain. J Antimicrob Chemother. (2016) 71:324–32.

doi: 10.1093/jac/dkv345

13. Zhang Y, Zeng J, Liu W, Zhao F, Hu Z, Zhao C, et al. Emergence

of a hypervirulent carbapenem-resistant Klebsiella pneumoniae

isolate from clinical infections in China. J Infect. (2015) 71:553–60.

doi: 10.1016/j.jinf.2015.07.010

14. Almofti YA, Dai M, Sun Y, Haihong H, Yuan Z. Impact of erythromycin

resistance on the virulence properties and fitness of Campylobacter jejuni.

Microb Pathog. (2011) 50:336–42. doi: 10.1016/j.micpath.2011.02.009

15. Parkhomchuk D, Borodina T, Amstislavskiy V, Banaru M, Hallen

L, Krobitsch S, et al. Transcriptome analysis by strand-specific

sequencing of complementary DNA. Nucleic Acids Res. (2009) 37:e123.

doi: 10.1093/nar/gkp596

16. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat

Methods. (2012) 9:357–9. doi: 10.1038/nmeth.1923

17. Love MI, Huber W, Anders S. Moderated estimation of fold change and

dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.

doi: 10.1186/s13059-014-0550-8

18. He F, Zhao Z, Wu X, Duan L, Li N, Fang R, et al. Transcriptomic

analysis of high- and low-virulence bovine Pasteurella multocida in vitro

and in vivo. Front Vet Sci. (2021) 8:616774. doi: 10.3389/fvets.2021.

616774

19. Magstadt DR, Schuler AM, Coetzee JF, Krull AC, O’Connor AM, Cooper

VL, et al. Treatment history and antimicrobial susceptibility results for

Mannheimia haemolytica, Pasteurella multocida, and Histophilus somni

isolates from bovine respiratory disease cases submitted to the Iowa State

University Veterinary Diagnostic Laboratory from 2013 to 2015. J Vet Diagn

Invest. (2018) 30:99–104. doi: 10.1177/1040638717737589

20. Portis E, Lindeman C, Johansen L, Stoltman G. A ten-year (2000-2009) study

of antimicrobial susceptibility of bacteria that cause bovine respiratory disease

complex–Mannheimia haemolytica, Pasteurella multocida, and Histophilus

somni–in the United States and Canada. J Vet Diagn Invest. (2012) 24:932–44.

doi: 10.1177/1040638712457559

21. Balbontin R, Frazao N, Gordo I. DNA breaks-mediated fitness cost reveals

RNase HI as a new target for selectively eliminating antibiotic-resistant

bacteria.Mol Biol Evol. (2021) 38:3220–34. doi: 10.1093/molbev/msab093

22. Durao P, Balbontin R, Gordo I. Evolutionary mechanisms shaping the

maintenance of antibiotic resistance. Trends Microbiol. (2018) 26:677–91.

doi: 10.1016/j.tim.2018.01.005

23. Fay A, Philip J, Saha P, Hendrickson RC, Glickman MS, Burns-

Huang K. The DnaK chaperone system buffers the fitness cost of

antibiotic resistance mutations in mycobacteria. mBio. (2021) 12:e00123–21.

doi: 10.1128/mBio.00123-21

Frontiers in Veterinary Science | www.frontiersin.org 11 November 2021 | Volume 8 | Article 765495104

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fvets.2021.765495/full#supplementary-material
https://doi.org/10.1017/S1466252307001399
https://doi.org/10.1016/j.cvfa.2020.02.001
https://doi.org/10.1111/jvim.12597
https://doi.org/10.3389/fvets.2021.742785
https://doi.org/10.3168/jds.2019-17486
https://doi.org/10.1292/jvms.14-0240
https://doi.org/10.1007/s11250-018-1754-9
https://doi.org/10.1126/scitranslmed.aab1621
https://doi.org/10.1093/jac/dkr560
https://doi.org/10.7554/eLife.01229
https://doi.org/10.1111/mmi.12520
https://doi.org/10.1093/jac/dkv345
https://doi.org/10.1016/j.jinf.2015.07.010
https://doi.org/10.1016/j.micpath.2011.02.009
https://doi.org/10.1093/nar/gkp596
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3389/fvets.2021.616774
https://doi.org/10.1177/1040638717737589
https://doi.org/10.1177/1040638712457559
https://doi.org/10.1093/molbev/msab093
https://doi.org/10.1016/j.tim.2018.01.005
https://doi.org/10.1128/mBio.00123-21
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Zhan et al. Pasteurella multocida Virulence Attenuation Exploration

24. Hughes D, Brandis G. Rifampicin resistance: fitness costs and the

significance of compensatory evolution. Antibiotics. (2013) 2:206–16.

doi: 10.3390/antibiotics2020206

25. Zampieri M, Enke T, Chubukov V, Ricci V, Piddock L, Sauer U. Metabolic

constraints on the evolution of antibiotic resistance. Mol Syst Biol. (2017)

13:917. doi: 10.15252/msb.20167028

26. Olivares Pacheco J, Alvarez-Ortega C, Alcalde Rico M, Martinez JL.

Metabolic compensation of fitness costs is a general outcome for

antibiotic-resistant pseudomonas aeruginosa mutants overexpressing

efflux pumps. mBio. (2017) 8:e00500–17. doi: 10.1128/mBio.0

0500-17

27. Borrell S, Teo Y, Giardina F, Streicher EM, Klopper M, Feldmann J, et

al. Epistasis between antibiotic resistance mutations drives the evolution

of extensively drug-resistant tuberculosis. Evol Med Public Health. (2013)

2013:65–74. doi: 10.1093/emph/eot003

28. Juraschek K, Deneke C, Schmoger S, Grobbel M, Malorny B, Kasbohrer

A, et al. Phenotypic and genotypic properties of fluoroquinolone-resistant,

qnr-carrying Escherichia coli isolated from the German food chain

in 2017. Microorganisms. (2021) 9:1308. doi: 10.3390/microorganisms90

61308

29. Hooper DC, Jacoby GA.Mechanisms of drug resistance: quinolone resistance.

Ann N Y Acad Sci. (2015) 1354:12–31. doi: 10.1111/nyas.12830

30. Chang MX, Zhang JF, Sun YH, Li RS, Lin XL, Yang L, et al.

Contribution of different mechanisms to ciprofloxacin resistance in

Salmonella spp. Front Microbiol. (2021) 12:663731. doi: 10.3389/fmicb.2021.6

63731

31. Nell S, Estibariz I, Krebes J, Bunk B, Graham DY, Overmann J, et

al. Genome and methylome variation in helicobacter pylori with

a cag pathogenicity island during early stages of human infection.

Gastroenterology. (2018) 154:612–23.e7. doi: 10.1053/j.gastro.2017.

10.014

32. Bolinger H, Kathariou S. The current state of macrolide resistance in

Campylobacter spp.: trends and impacts of resistance mechanisms. Appl

Environ Microbiol. (2017) 83:e00416–17. doi: 10.1128/AEM.00416-17

33. Yang F, Zhang J, Wang S, Sun Z, Zhou J, Li F, et al. Genomic

population structure of Helicobacter pylori Shanghai isolates and

identification of genomic features uniquely linked with pathogenicity.

Virulence. (2021) 12:1258–70. doi: 10.1080/21505594.2021.19

20762

34. Alexandrino AV, Goto LS, Novo-Mansur MT. treA codifies for

a trehalase with involvement in Xanthomonas citri subsp. citri

pathogenicity. PLoS ONE. (2016) 11:e0162886. doi: 10.1371/journal.pone.01

62886

35. Hamilton CD, Steidl OR, MacIntyre AM, Hendrich CG, Allen C. Ralstonia

solanacearum depends on catabolism of myo-inositol, sucrose, and trehalose

for virulence in an infection stage-dependent manner. Mol Plant Microbe

Interact. (2021) 34:669–9. doi: 10.1094/MPMI-10-20-0298-R

36. Umare MD, Khedekar PB, Chikhale RV. Mycobacterial membrane

protein large 3 (MmpL3) inhibitors: a promising approach to combat

tuberculosis. ChemMedChem. (2021) 16:1–14. doi: 10.1002/cmdc.2021

00359

37. Guan L, Zhang L, Xue Y, Yang J, Zhao Z. Molecular pathogenesis

of the hyaluronic acid capsule of Pasteurella multocida.

Microb Pathog. (2020) 149:104380. doi: 10.1016/j.micpath.2020.1

04380

38. Pasomboon P, Chumnanpuen P, E-kobon T. Comparison of

Hyaluronic acid biosynthetic genes from different strains of Pasteurella

multocida. Bioinform Biol Insights. (2021) 15:11779322211027406.

doi: 10.1177/11779322211027406

39. Petruzzi B, Briggs RE, Tatum FM, Swords WE, De Castro C, Molinaro

A, et al. Capsular polysaccharide interferes with biofilm formation

by Pasteurella multocida serogroup A. mBio. (2017) 8:e01843–17.

doi: 10.1128/mBio.01843-17

40. Fu C, Sikandar A, Donner J, Zaburannyi N, Herrmann

J, Reck M, et al. The natural product carolacton inhibits

folate-dependent C1 metabolism by targeting FolD/MTHFD.

Nat Commun. (2017) 8:1529. doi: 10.1038/s41467-017-0

1671-5

41. Green JM, Matthews RG. Folate biosynthesis, reduction, and

polyglutamylation and the interconversion of folate derivatives. EcoSal

Plus. (2007) 2. doi: 10.1128/ecosalplus.3.6.3.6

42. Pu M, Rowe-Magnus DA. A Tad pilus promotes the establishment and

resistance of Vibrio vulnificus biofilms to mechanical clearance. NPJ Biofilms

Microbiomes. (2018) 4:10. doi: 10.1038/s41522-018-0052-7

43. Masada CL, LaPatra SE, Morton AW, Strom MS. An Aeromonas salmonicida

type IV pilin is required for virulence in rainbow trout Oncorhynchus mykiss.

Dis Aquat Organ. (2002) 51:13–25. doi: 10.3354/dao051013

44. Zhou P, Hong J. Structure- and ligand-dynamics-based design of novel

antibiotics targeting lipid A enzymes LpxC and LpxH in gram-negative

bacteria.Acc Chem Res. (2021) 54:1623–34. doi: 10.1021/acs.accounts.0c00880

45. Harper M, Boyce JD. The myriad properties of Pasteurella multocida

lipopolysaccharide. Toxins. (2017) 9:254. doi: 10.3390/toxins9080254

46. Bohl TE, Shi K, Lee JK, Aihara H. Crystal structure of lipid A

disaccharide synthase LpxB from Escherichia coli. Nat Commun. (2018) 9:377.

doi: 10.1038/s41467-017-02712-9

47. Biernacka D, Gorzelak P, Klein G, Raina S. Regulation of the first committed

step in lipopolysaccharide biosynthesis catalyzed by LpxC requires the

essential protein LapC (YejM) and HslVU protease. Int J Mol Sci. (2020)

21:9088. doi: 10.3390/ijms21239088

48. Zou Y, Feng S, Xu C, Zhang B, Zhou S, Zhang L, et al. The role of galU

and galE of Haemophilus parasuis SC096 in serum resistance and biofilm

formation. Vet Microbiol. (2013) 162:278–84. doi: 10.1016/j.vetmic.201

2.08.006

49. Crhanova M, Malcova M, Mazgajova M, Karasova D, Sebkova A,

Fucikova A, et al. LPS structure influences protein secretion in Salmonella

enterica. Vet Microbiol. (2011) 152:131–7. doi: 10.1016/j.vetmic.2011.

04.018

50. Linkevicius M, Anderssen JM, Sandegren L, Andersson DI. Fitness of

Escherichia coli mutants with reduced susceptibility to tigecycline.

J Antimicrob Chemother. (2016) 71:1307–13. doi: 10.1093/jac/

dkv486

51. Linkevicius M, Sandegren L, Andersson DI. Mechanisms and fitness costs

of tigecycline resistance in Escherichia coli. J Antimicrob Chemother. (2013)

68:2809–19. doi: 10.1093/jac/dkt263

52. Mamat U, Meredith TC, Aggarwal P, Kuhl A, Kirchhoff P, Lindner B, et al.

Single amino acid substitutions in either YhjD or MsbA confer viability to 3-

deoxy-d-manno-oct-2-ulosonic acid-depleted Escherichia coli.Mol Microbiol.

(2008) 67:633–48. doi: 10.1111/j.1365-2958.2007.06074.x

53. Lucassen K, Muller C, Wille J, Xanthopoulou K, Hackel M, Seifert H,

et al. Prevalence of RND efflux pump regulator variants associated with

tigecycline resistance in carbapenem-resistant Acinetobacter baumannii

from a worldwide survey. J Antimicrob Chemother. (2021) 76:1724–30.

doi: 10.1093/jac/dkab079

54. Sharma D, Bisht D. Role of bacterioferritin & ferritin in M.

tuberculosis pathogenesis and drug resistance: a future perspective

by interactomic approach. Front Cell Infect Microbiol. (2017) 7:240.

doi: 10.3389/fcimb.2017.00240

55. Heinemann IU, Jahn M, Jahn D. The biochemistry of heme biosynthesis. Arch

Biochem Biophys. (2008) 474:238–51. doi: 10.1016/j.abb.2008.02.015

56. Gollapalli P, Manjunatha H, Shetty P. Network topology analysis of essential

genes interactome of Helicobacter pylori to explore novel therapeutic targets.

Microb Pathog. (2021) 158:105059. doi: 10.1016/j.micpath.2021.105059

57. Hanawa T, Yamanishi S, Murayama S, Yamamoto T, Kamiya S.

Participation of DnaK in expression of genes involved in virulence

of Listeria monocytogenes. FEMS Microbiol Lett. (2002) 214:69–75.

doi: 10.1111/j.1574-6968.2002.tb11326.x

58. Guerra PR, Herrero-Fresno A, Pors SE, Ahmed S, Wang D, Thofner

I, et al. The membrane transporter PotE is required for virulence in

avian pathogenic Escherichia coli (APEC). Vet Microbiol. (2018) 216:38–44.

doi: 10.1016/j.vetmic.2018.01.011

59. Kashiwagi K, Kuraishi A, Tomitori H, Igarashi A, Nishimura K, Shirahata A,

et al. Identification of the putrescine recognition site on polyamine transport

protein PotE. J Biol Chem. (2000) 275:36007–12. doi: 10.1074/jbc.M0060

83200

60. Choi E, Kwon K, Lee EJ. A single amino acid of a Salmonella virulence

protein contributes to pathogenicity by protecting from the FtsH-mediated

Frontiers in Veterinary Science | www.frontiersin.org 12 November 2021 | Volume 8 | Article 765495105

https://doi.org/10.3390/antibiotics2020206
https://doi.org/10.15252/msb.20167028
https://doi.org/10.1128/mBio.00500-17
https://doi.org/10.1093/emph/eot003
https://doi.org/10.3390/microorganisms9061308
https://doi.org/10.1111/nyas.12830
https://doi.org/10.3389/fmicb.2021.663731
https://doi.org/10.1053/j.gastro.2017.10.014
https://doi.org/10.1128/AEM.00416-17
https://doi.org/10.1080/21505594.2021.1920762
https://doi.org/10.1371/journal.pone.0162886
https://doi.org/10.1094/MPMI-10-20-0298-R
https://doi.org/10.1002/cmdc.202100359
https://doi.org/10.1016/j.micpath.2020.104380
https://doi.org/10.1177/11779322211027406
https://doi.org/10.1128/mBio.01843-17
https://doi.org/10.1038/s41467-017-01671-5
https://doi.org/10.1128/ecosalplus.3.6.3.6
https://doi.org/10.1038/s41522-018-0052-7
https://doi.org/10.3354/dao051013
https://doi.org/10.1021/acs.accounts.0c00880
https://doi.org/10.3390/toxins9080254
https://doi.org/10.1038/s41467-017-02712-9
https://doi.org/10.3390/ijms21239088
https://doi.org/10.1016/j.vetmic.2012.08.006
https://doi.org/10.1016/j.vetmic.2011.04.018
https://doi.org/10.1093/jac/dkv486
https://doi.org/10.1093/jac/dkt263
https://doi.org/10.1111/j.1365-2958.2007.06074.x
https://doi.org/10.1093/jac/dkab079
https://doi.org/10.3389/fcimb.2017.00240
https://doi.org/10.1016/j.abb.2008.02.015
https://doi.org/10.1016/j.micpath.2021.105059
https://doi.org/10.1111/j.1574-6968.2002.tb11326.x
https://doi.org/10.1016/j.vetmic.2018.01.011
https://doi.org/10.1074/jbc.M006083200
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Zhan et al. Pasteurella multocida Virulence Attenuation Exploration

proteolysis. FEBS Lett. (2015) 589:1346–51. doi: 10.1016/j.febslet.2015.

04.014

61. Bove P, Capozzi V, Garofalo C, Rieu A, Spano G, Fiocco D.

Inactivation of the ftsH gene of Lactobacillus plantarum WCFS1:

effects on growth, stress tolerance, cell surface properties and biofilm

formation. Microbiol Res. (2012) 167:187–93. doi: 10.1016/j.micres.2011.

07.001

62. Kiran M, Chauhan A, Dziedzic R, Maloney E, Mukherji SK, Madiraju M,

et al. Mycobacterium tuberculosis ftsH expression in response to stress and

viability. Tuberculosis. (2009) 89:S70–3. doi: 10.1016/S1472-9792(09)70016-2

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Zhan, Zhang, Zhao, Li, Zhang, Hu, Elken, Kong and Gao. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 13 November 2021 | Volume 8 | Article 765495106

https://doi.org/10.1016/j.febslet.2015.04.014
https://doi.org/10.1016/j.micres.2011.07.001
https://doi.org/10.1016/S1472-9792(09)70016-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


ORIGINAL RESEARCH
published: 18 November 2021

doi: 10.3389/fvets.2021.782872

Frontiers in Veterinary Science | www.frontiersin.org 1 November 2021 | Volume 8 | Article 782872

Edited by:

Annamaria Pratelli,

University of Bari Aldo Moro, Italy

Reviewed by:

Chuck Czuprynski,

University of Wisconsin-Madison,

United States

Robin James Flynn,

Technological University South-East

Ireland, Ireland

*Correspondence:

Jodi L. McGill

jlmcgill@iastate.edu

Specialty section:

This article was submitted to

Veterinary Infectious Diseases,

a section of the journal

Frontiers in Veterinary Science

Received: 24 September 2021

Accepted: 22 October 2021

Published: 18 November 2021

Citation:

Slate JR, Chriswell BO, Briggs RE and

McGill JL (2021) The Effects of Ursolic

Acid Treatment on

Immunopathogenesis Following

Mannheimia haemolytica Infections.

Front. Vet. Sci. 8:782872.

doi: 10.3389/fvets.2021.782872

The Effects of Ursolic Acid Treatment
on Immunopathogenesis Following
Mannheimia haemolytica Infections
Jamison R. Slate 1, Bradley O. Chriswell 2, Robert E. Briggs 2 and Jodi L. McGill 1*

1Department of Veterinary Microbiology and Preventive Medicine, Iowa State University, Ames, IA, United States,
2 Agricultural Research Service, United States Department of Agriculture, National Animal Disease Center, Ames,

IA, United States

Bovine respiratory disease complex (BRDC) is a costly economic and health burden

for the dairy and feedlot cattle industries. BRDC is a multifactorial disease, often

involving viral and bacterial pathogens, which makes it difficult to effectively treat or

vaccinate against. Mannheimia haemolytica (MH) are common commensal bacteria

found in the nasopharynx of healthy cattle; however, following environmental and

immunological stressors, these bacteria can rapidly proliferate and spread to the lower

respiratory tract, giving rise to pneumonic disease. Severe MH infections are often

characterized by leukocyte infiltration and dysregulated inflammatory responses in the

lungs. IL-17A is thought to play a key role in this inflammatory response by inducing

neutrophilia, activating innate and adaptive immune cells, and further exacerbating

lung congestion. Herein, we used a small molecule inhibitor, ursolic acid (UA), to

suppress IL-17A production and to determine the downstream impact on the immune

response and disease severity following MH infection in calves. We hypothesized

that altering IL-17A signaling during MH infections may have therapeutic effects by

reducing immune-mediated lung inflammation and improving disease outcome. Two

independent studies were performed (Study 1 = 32 animals and Study 2 = 16 animals)

using 4-week-old male Holstein calves, which were divided into 4 treatment group

including: (1) non-treated and non-challenged, (2) non-treated and MH-challenged,

(3) UA-treated and non-challenged, and (4) UA-treated and MH-challenged. Based

on the combined studies, we observed a tendency (p = 0.0605) toward reduced

bacterial burdens in the lungs of UA-treated animals, but did not note a significant

difference in gross (p = 0.3343) or microscopic (p = 0.1917) pathology scores in

the lungs. UA treatment altered the inflammatory environment in the lung tissues

following MH infection, reducing the expression of IL-17A (p = 0.0870), inflammatory

IL-6 (p = 0.0209), and STAT3 (p = 0.0205) compared to controls. This reduction in

IL-17A signaling also appeared to alter the downstream expression of genes associated

with innate defenses (BAC5, DEFB1, and MUC5AC) and lung remodeling (MMP9 and

TIMP-1). Taken together, these results support our hypothesis that IL-17A signaling may

contribute to lung immunopathology following MH infections, and further understanding

of this inflammatory pathway could expand therapeutic intervention strategies for

managing BRDC.

Keywords: Mannheimia haemolytica, bovine respiratory disease complex, innate immunity, inflammation,

interleukin-17A, immunomodulation, ursolic acid
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INTRODUCTION

Bovine respiratory disease complex (BRDC) is a leading cause of
morbidity and mortality within the North American feedlot (1)
and dairy (2) industries, and its economic burden is estimated
to cost in excess of 1 billion dollars annually due to increased
labor and production-loss expenses (3, 4). Current vaccinations
strategies are limited in their efficacy (5), and BRDC is often
difficult to treat because it is a multifactorial disease. These
infections typically involve a combination of environmental and
host factors, as well as multiple viral and bacterial pathogens.
Unfortunately, many BRDC pathogens are highly pervasive,
and early production practices, like weaning and shipping, can
leave young cattle immunologically stressed and susceptible
to primary infections. Mannheimia haemolytica (MH) is a
common commensal bacteria found in the nasopharynx of
healthy cattle, where its proliferation is generally limited by
other commensal flora and the host’s immune system (3, 4).
However, following immunological stressors or a primary viral
infection, MH can migrate deeper into the lower respiratory
tract, eventually culminating in severe bacterial pneumonia (4).
Although BRDC is a syndrome involving multiple viral and
bacterial pathogens, MH is often the most prevalent bacteria
isolated from pneumonic bovine lungs, and it is considered
the principal bacterial agent involved in BRDC (6). Severe MH
infections are often characterized by fibrinous exudate and an
accumulation of activated macrophages and neutrophils, which
further contribute to lung congestion through inflammatory
cytokine signaling and excretion of cytotoxic compounds (6, 7).

Interleukin-17A (IL-17A) is an inflammatory cytokine known
to aid in the infiltration and activation of neutrophils, and recent
studies have shown that MH infections induce an upregulation
of IL-17A expression in the lungs (8). Our recent studies
have shown that IL-17A is also upregulated in the lungs of
calves infected with bovine respiratory syncytial virus (BRSV),
a common viral agent associated with BRDC. Inhibiting IL-17A
production during BRSV infection was shown to reduce disease
severity and lung damage in neonatal calves (9). Considering that
severe cases of MH infection are often associated with increased
lung inflammation and cytotoxic neutrophil infiltration (10, 11),
IL-17A signaling following MH infection may be contributing
to immune-mediated tissue damage and pathogenesis (8).
Therefore, we hypothesized that inhibiting IL-17A signaling
during MH infection may have beneficial effects on immune-
mediated lung inflammation and disease outcome.

Previous studies in our lab have used a small molecule drug,

digoxin, to inhibit the production of IL-17A in neonatal calves;
however, digoxin treatment can have considerable cytotoxic

effects, limiting its potential as a therapeutic inhibitor of IL-17A

(8, 9). Recent research has suggested that another small molecule
drug, ursolic acid (UA), may have similar inhibitory capabilities

with fewer cytotoxic effects (12, 13). Herein, we confirmed that
UA treatment can reduce IL-17A production at non-cytotoxic
levels using bovine peripheral bloodmononuclear cells (PBMCs).
We subsequently employed prophylactic UA treatment as an in
vivo tool to disrupt IL-17A signaling following MH infection of
neonatal calves.

UA-treated calves showed a favorable trend toward reduced
bacterial burdens in the lungs compared to control calves.
Additionally, UA treatment reduced IL-17A expression in
vivo in pneumonic lungs, and also significantly reduced
expression of inflammatory interleukin-6 (IL-6) and the
regulatory transcription factor, signal transducer and activator of
transcription 3 (STAT3). Interestingly, untreated control calves
had a higher expression ratio of matrix metalloproteinase 9
(MMP9) to tissue inhibitor of metalloproteinase 1 (TIMP-1)
in their lungs compared to UA-treated calves, which indicates
ongoing extracellular matrix destruction is not being dampened
for tissue repair and remodeling. This result is consistent with
the increased inflammatory response andmore severe lung scores
observed in control animals compared to UA-treated calves.
Taken together, our results suggest that inhibiting inflammatory
IL-17A signaling may decrease lung bacterial burden and alter
host immune responses to potentially reduce disease severity
following MH infection. By further exploring the role of
inflammatory IL-17A signaling in MH infections, we hope to
expand therapeutic intervention strategies for severe respiratory
infections that contribute to the pathogenesis of BRDC.

MATERIALS AND METHODS

MTT Cell Viability Assay
The CyQUANT MTT Cell Viability Assay (Invitrogen) was
used according to manufacturer’s recommendations. Varying
concentrations of UA (AstaTech) in DMSO were prepared using
serial dilutions, and 5µg/ml of Concanavalin A (ConA, MP
Biomedicals) in complete RPMI media (cRPMI) was prepared
for cellular stimulation. The cRPMI was composed of RPMI-
1640 (Gibco) supplemented with 2mM L-glutamine, 25mM
HEPES buffer, 1% antibiotic-antimycotic solution, 1% sodium
pyruvate, 1% non-essential amino acids, 2% essential amino
acids, 50µM 2-mercaptoethanol, and 10% (volume/volume)
fetal bovine serum as outlined in McGill et al. (14). Bovine
PBMCs were suspended in cRPMI and plated into 96-well round-
bottomed plates at 250,000 cells per well, and then corresponding
UA, ConA, DMSO (carrier control), and cRPMI solutions were
added to the wells for a total volume of 200 µl in each well. Cells
were incubated in the dark at 37◦C and 5% CO2 for 72 h. Cell
cultures were then centrifuged to pellet the cells and supernatants
were collected for ELISA analysis. Cells were re-suspended in
the CyQUANT MTT reagent and then returned to the incubator
for an additional 4 h. MTT crystals were vigorously mixed with
SDS-HCl solubilizationmixture and returned to the incubator for
another 4–8 h. The solubilized MTT mixture was transferred to
a flat-bottomed 96-well plate for microplate spectrophotometer
analysis at 570 nm.

ELISA for IL-17A Production
IL-17A production by bovine PBMCs was determined using the
Bovine IL-17A Do-It-Yourself ELISA kit (Kingfisher Biotech,
Inc) following the manufacturer’s published ELISA Technical
Guide (Kingfisher Biotech, Inc). In summary, anti-bovine IL-
17A capture antibody was coated overnight at 4◦C in 96-
well plates (Themo Scientific MaxiSorp, Immulon 4 HBX) at
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a concentration of 2.5µg/ml. Plates were then blocked with
a 4% bovine serum albumin in PBS solution for 1 h at room
temperature. Plates were washed with a 0.05% Tween 20 in
PBS buffer, and bovine IL-17A standard or stimulated PBMC
cell culture supernatants (from the MTT cell viability assays)
were incubated at room temperature for 2 h. The plates were
washed and then incubated with biotinylated anti-bovine IL-17A
detection antibody at a concentration of 0.1µg/ml for 1 h at room
temperature. The plates were washed and then incubated with
1:100 HRP-Streptavidin (Kingfisher Biotech) in assay diluent for
an additional hour at room temperature. Plates were washed a
final time, and then incubated with 1-Step Ultra TMB ELISA
Substrate (ThermoFisher Scientific) until sufficient color change
was detected in the standards. The reaction was then stopped
with 2M H2SO4 stop solution and the sample absorbance was
measured at 450 nm using an ELISA microplate reader (Fisher
Scientific accuSkanTM FC Filter-Based Microplate Photometer).

Animal Husbandry
All animal procedures were conducted in accordance with
institutional guidelines, and protocols were approved by
Iowa State University’s Institutional Animal Care and Use
Committee (IACUC-19-081).

The fall 2019 (F2019) study enrolled 32, male, 4-week-old
Holstein and Holstein/cross calves which were randomly divided
into 4 treatment groups (n = 8 animals per group): non-
treated and non-challenged, UA-treated and non-challenged,
non-treated and MH-challenged, and UA-treated and MH-
challenged. The summer 2020 (S2020) study enrolled 16 male
Holstein and Holstein/cross calves, all ∼4 weeks old at the time
of receiving, which were randomly divided into 2 treatment
groups (n = 8 animals per group): non-treated and MH-
challenged, and UA-treated and MH-challenged. Calves were
housed by treatment group, with 4 animals per room, under
climate controlled ABSL2 conditions in the Livestock Infectious
Disease and Isolation Facility at Iowa State University.

Animals had ad libitum access to water, hay, and calf starter.
Calves were fed 3 quarts of milk twice daily (once in the morning
and once in the evening) in buckets for the duration of the study.
Beginning 3 days prior to MH infection and for the remainder
of the trial, UA-treated animals received 0.5 g of UA mixed into
their milk at each feeding, resulting in a total of 1 gram of UA
powder per day. The selection of UA was determined based on
the doses used in the literature for mice and allometric scaling
calculations (12, 13, 15, 16); the equation and theories for these
allometric scaling calculations have been previously summarized
in West and Brown (17).

MH Intratracheal Infection
Intratracheal inoculation was performed as previously described
(18). F2019 animals were challenged intratracheally with 4.15 ×

108 of MH (D153 and D174 strains) in 50ml of Earle’s balanced
salt solution (EBSS), followed by a 50ml intratracheal wash of
EBSS: the MH inoculation mixture was comprised of 2.05 × 108

of MH strain D153 and 2.10× 108 of MH strain D174 suspended
in EBSS. F2020 animals were challenged intratracheally with 1.98
× 108 of MH (D153 and D174 strains) in 50ml of EBSS, followed

by a 50ml intratracheal wash of EBSS: the MH inoculation
mixture was comprised of 1.05 × 108 of strain D153 and 9.25
× 107 of strain D174 suspended in EBSS.

Clinical Scoring
Calves were monitored for signs of clinical illness and scored
every day beginning on the day of MH infection, or 0 days
post infection (0 dpi). Calves were scored using a modified
University of Wisconsin Calf Health Respiratory Scoring Chart
(9). Scoring categories include nasal discharge, eye discharge,
ear tilt, spontaneous or handler-induced coughing, lung sounds
detected by auscultation, expiratory effort and rectal temperature
(0, temperature is <101.0◦F; 1, temperature is 101.1–101.9◦F; 2,
temperature is 102.0–102.9◦F; 3, temperature is ≥103.0◦F).

The study protocols included provisions for a humane
endpoint. Eleven calves from the F2019 study were euthanized
early after reaching a humane endpoint: 3 animals in the non-
treated and non-challenged group, 0 animals in the UA-treated
and non-challenged group, 5 animals in the non-treated and
MH-challenged group, and 3 animals in the UA-treated and
MH-challenged group. Two calves from the S2020 study were
euthanized after reaching a humane endpoint. This included 1
calf from the non-treated and MH-challenged group, which was
euthanized before MH infection, and 1 calf from the UA-treated
and MH-challenged group, which was euthanized within 24 h of
MH infection.

Sample Collections
Nasal swabs were collected by swabbing both nostrils with
sterile polyester-tipped applicators (Puritan) on three separate
occasions through the course of each study; 3 days prior to
infection (−3 dpi), on the day of MH infection but before
intratracheal inoculation (0 dpi), and at the time of necropsy (4
dpi, or humane endpoint).

Blood and serum samples were collected through the jugular
vein; whole blood for immediate use in assays was collected in
acid citrate dextrose (ACD, yellow-top) tubes, while blood for
serum isolation was collected in silica clot activator (marbled red-
gray-top) tubes. Blood collected in serum tubes was allowed to
clot, centrifuged for serum separation, and aliquoted for storage
in−80◦C.

Necropsy
Calves were euthanized by barbiturate overdose and necropsied
on 4 dpi or upon reaching humane endpoint. At necropsy,
the lungs of each calf were cleaned, photographed, and scored
based on the observable lung consolidation and lesion area.
The lungs were divided into nine sections and each section was
visually evaluated and palpated for the degree of pneumonic
consolidation. Scored sections included the cranial half of left
cranial, caudal half of left cranial, left caudal, accessory, cranial
half of right cranial, caudal half of right cranial, right middle, and
right caudal. These sectional scores were then weighted based
on air exchange: cranial half of left cranial (4%), caudal half of
left cranial (6%), left caudal (32%), accessory (4%), cranial half
of right cranial (6%), caudal half of right cranial (5%), right
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middle (7%), and right caudal (35%) and each lung was assigned
a final score (18).

Bronchoalveolar lavage (BAL) fluid was collected at the time
of necropsy. A total of 500mL of ice-cold saline containing 1%
antibiotic-antimycotic solution was washed through the trachea
and massaged into the lungs. The BAL fluid was then transferred
into sterile collection bottles and stored on ice before processing
in the lab. BAL fluid was filtered through sterile gauze, and
aliquots were submitted for cytospin and cytology analysis at
the Iowa State University Veterinary Diagnostic Laboratory. The
remaining BAL fluid was centrifuged and washed twice with
cold (4◦C) PBS, and then live cells were enumerated using
trypan blue exclusion. Cells were suspended in cRPMI for cellular
assays or freezing media (10% DMSO in FBS) for storage in
liquid nitrogen.

Representative tissue sections were excised from the trachea
and lungs (right cranial, upper-right caudal, lower-right caudal,
lower-left caudal, upper-left caudal, left cranial, and accessory) of
each animal. Samples were fixed in formalin and submitted to the
Iowa State University Veterinary Diagnostic Lab for pathological
evaluation by a certified veterinary pathologist, stored in either
Qiagen RNAlater solution for quantitative polymerase chain
reaction (qPCR) analysis, or snap frozen over dry ice for bacterial
quantification. Samples of liver and spleen were also snap frozen
for bacterial quantification. All samples were stored at −80◦C
until analysis.

Bacterial Recovery
Bacterial lung loads were determined by quantitative culture
and reported as total colony forming units (CFUs) as previously
described (18). Briefly, lung tissue samples were ground in EBSS
to produce a homogenized suspension that was then diluted 10-
fold in EBSS. The dilutions were then spread on blood agar base
plates containing 5% defibrinated bovine blood and incubated
overnight at 37◦C. Colonies with typical MH morphology were
enumerated, and representative colonies were selected for plate
agglutination. Swabs were rolled on half of a fresh blood agar
plate, then a sterile loop was used to semi-quantitatively streak
for isolation on the remaining two quarters. In addition to rapid
plate agglutination (19), PCR analyses were performed. In MH,
primers targeting Lkt D (all MH) and capsule specific regions
(MH st1 and MH st6) were used to confirm the lung isolates
produced the same PCR products as the challenge strains (Briggs,
unpublished-sequences available upon request). In Pasteurella,
KMT primers were used (20). Isolates were sent to NVSL
diagnostics for MALDI-ToF identification.

Dihydrorhodamine 123 (DHR) Reactive
Oxygen Species Assay
Approximately 3mL of fresh whole blood collected in ACD tubes
was transferred to a 15mL conical. Each tube of whole blood was
volumed up to the top with warm (35◦C) red blood cell lysis
buffer and incubated in a 35◦C water bath for 5min, agitating
the tubes halfway through the incubation. Cells were centrifuged
and washed with warm PBS, then re-suspended in warm Hanks’
balanced salt solution (Gibco, 14175-095) and plated in 96-well
round-bottomed plates. The cells were re-suspended in a 75µM

solution of DHR (FITC+) in HBSS and incubated at 37◦C for
20min. After 20min, cells were stimulated with 100 ng of PMA
and returned to the incubator for an additional 25min. Following
incubation, the cells were placed on ice for 5min, centrifuged,
and re-suspended in FACS buffer (10% fetal bovine serum,
0.1% sodium azide, and PBS). The cells were surface stained
with 10µg/mL mouse anti-bovine CD14 to detect monocytes
(clone CAM36A, IgG1, Kingfisher Biotech, Inc.) and mouse-
anti-bovine granulocytes to detect neutrophils (clone CH138A,
IgM, Kingfisher Biotech, Inc.). Cells were incubated for 30min
at 4◦C. Cells were washed 2 times with FACS buffer and stained
with 5µg/mL mouse anti-IgG1-PE (BD Pharmingen) and goat
anti-mouse IgM-AF647 (Invitrogen) for 30min at 4◦C. Finally,
cells were fixed in 1x BD FACS lysing solution (BD Bioscience)
at room temperature for 10min and stored in FACS buffer
for flow cytometry analysis. Supplementary Figure 1 includes a
representative FACS gating strategy. Flow cytometry data were
collected on BD FACS Canto II (BD Biosciences) and analyzed
using FlowJo software version 10.6.1 (BD Biosciences).

RT-qPCR Analysis of Lung Tissues
Pneumonic (lesion) and healthy (non-lesion) control (non-
treated, non-challenged) lung tissue samples were stored in
RNAlater at −80◦C until processing for PCR analysis. RNA
isolation, cDNA preparation, and quantitative PCR were
performed as previously reported (8). Primer sequences are
compiled in Table 1. Primers for RORC, IL-8, and DEFB1
were designed using Integrated DNA Technologies’ (IDT)
PrimerQuestTM Tool. Primers for BAC5 were a kind gift from
Dr. Corwin D. Nelson, University of Florida. Relative expression
(RE) for each gene was determined using the 2−11CT method
(28), with RPS9 used as a reference housekeeping gene from
which 1 cycle thresholds (CT) were determined. Briefly, the
RE was calculated as RE = 2−11CT, where 11CT = 1CT of
pneumonic lung – Average 1CT of healthy control lungs. These
RT-qPCR data were depicted with the Average RE of a particular
gene along with the individual RE values for each animal.

Statistical Analysis
All statistical analyses were made using Prism v9.1.0 (GraphPad
Software, Inc.).

The treatment means ± the standard error of the means
(SEM) were plotted for the in vitro MTT and ELISA assays, and
significant differences between these groups were determined
using one-way ANOVA with Tukey’s multiple comparisons.
Clinical scoring data was plotted as the mean clinical score ±

SEM for each treatment group, and the data was analyzed by
two-way ANOVA (time and treatment) mixed-effects model with
multiple comparisons. Pneumonic consolidation (lung lesion)
scoring and pathology scoring data were plotted with the mean
score ± SEM along with individual scores for each animal
amongst the two studies; outliers were removed from these data
sets using the ROUT method (Prism v9.1.0), and significant
differences between treatment effects were determined using a
standardized unpaired t-test. Similarly, bacterial burden data
were reported on a log scale with mean CFUs ± SEM, as
well as CFUs for each animal; outliers for these data sets were

Frontiers in Veterinary Science | www.frontiersin.org 4 November 2021 | Volume 8 | Article 782872110

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Slate et al. Interleukin-17A and BRD

TABLE 1 | Primers for RT qPCR Analysis.

Primer Table

Gene target NCBI reference sequence Primer sequence References

RPS9 NM_001101152.2 F: 5′ CGCCTCGACCAAGAGCTGAAG 3′

R: 5′ CCTCCAGACCTCACGTTTGTTCC 3′
(21)

IL-6 NM_173923.2 F: 5′ CTGAAGCAAAAGATCGCAGATCTA 3′

R: 5′ CTCGTTTGAAGACTGCATCTTCTC 3′
(21)

STAT3 NM_001012671.2 F: 5′ GACCGGTGTCCAGTTCACAA 3′

R: 5′ AAATTTCCGGGACCCTCTGA 3′
(22)

RORC NM_001083451.2 F: 5′ GTCAGCGCTCCAATATCTTCTC 3′

R: 5′ CTTAGCGAACTCCACCACATA 3′

IL-17A NM_001008412.2 F: 5′ CACAGCATGTGAGGGTCAAC 3′

R: 5′ GGTGGAGCGCTTGTGATAAT 3′
(23)

IL-8 NM_173925.2 F: 5′ CGCTGGACAGCAGAGCTCACAAG 3′

R: 5′ GCCAAGAGAGCAACAGCCAGCT 3′

BAC5 (CATHL2) NM_174826.3 F: 5′ TTCAAGGAGAATGGGCTGGT 3′

R: 5′ GATCGGTGGGAAGATCGGTG 3′

DEFB1 NM_001324544.1 F: 5′ GTCAGGAATAAGTGATTTTGCAAGC 3′

R: 5′ GCCGGAAACAGATGCCAATC 3′
(24)

MUC5AC XM_024987596.1 F: 5′ CAGACCCTCCACCTTCTTCA 3′

R: 5′ GGTCCTCGAAGCTGTTCTTG 3′
(25)

IFNγ NM_174086.1 F: 5′ AGAATCTCTTTCGAGGCCGGAG 3′

R: 5′ TATTGCAGGCAGGAGGACCATTAC 3′
(21)

MMP9 NM_174744.2 F: 5′ GACCAGGACAAGCTCTACGG 3′

R: 5′ CAGAAGCCCCACTTCTTGTC 3′
(26)

TIMP-1 NM_174471.3 F: 5′ GATGTCGTCATCAGGGCC 3′

R: 5′ TCGCTCTGCAGTTTGCAG 3′
(27)

removed using the ROUT method (Prism v9.1.0) and significant
differences between treatment effects were determined using
a standardized unpaired t-test. The reactive oxygen species
(DHR) assays were reported as the mean change in fluorescent
intensity (1MFI) ± SEM, and significant differences between
treatments were determined using an unpaired t-test. RT-qPCR
data were reported as the Average RE ± SEM for each gene,
and included individual REs for each animal; once again,
outliers were removed using the ROUT method (Prism v9.1.0),
and significant treatment differences were determined using a
standard unpaired t-test.

RESULTS

UA Treatment Inhibits IL-17A Cytokine
Production by Bovine PBMCs in vitro
Previous studies in our lab have shown that reducing IL-17A
production using digoxin (a small molecule inhibitor of the
RORγt transcription factor) can ameliorate a viral respiratory
disease in cattle but with potential cytotoxic effects. However,
recent investigations have shown that another small molecule
inhibitor of RORγt, ursolic acid (UA), can similarly suppress IL-
17A production without cytotoxic effects in mouse and human
cells (12, 13). To assess the cytotoxicity and verify the inhibitory
capabilities of UA within the context of a bovine model, we
incubated bovine PBMCs with escalating concentrations of UA
and concanavalin A (ConA) for 72 h.We then used anMTT assay
to test cell viability, and an enzyme-linked immunosorbent assay

(ELISA) to screen for IL-17A production in the cell supernatants.
The MTT assay (Figure 1A) demonstrated that the three lowest
concentrations of UA (dissolved in DMSO) were not significantly
different in their absorbance values from the carrier control
(DMSO + ConA), indicating no loss of cell viability due to
UA treatment. However, the two highest concentrations of UA
treatment (12.5 and 25µM) did have a negative impact on cell
viability compared to the carrier control (p = 0.0901 and 0.0064,
respectively). As seen in Figure 1B, all three of the lowest UA
treatment concentrations had a substantial impact on IL-17A
production, with the 3.13 and 6.25µM concentrations causing
a significant reduction in cytokine production compared to the
carrier control (p = 0.0362 and 0.0350 respectively), while the
1.56µM UA treatment also showed notable inhibitory potential
(p = 0.0562). Although both the 12.5 and 25µM treatments
showed significant reductions in IL-17A production (p = 0.0112
and 0.0057, respectively), we cannot determine if the reduced
cytokine production was due to inhibitory effects from the
treatment or reduced cell viability (Figure 1A). Taken together,
these data show that UA treatment can effectively reduce IL-17A
production at concentrations that are not cytotoxic to bovine
lymphocytes in vitro.

Impact of Prophylactic UA Treatment on
Clinical Disease and Lung Pathology
Following in vivo MH Infection in Calves
Based on our in vitro data from Figure 1, we next chose to use
UA treatment to evaluate the role of IL-17A on the outcome of
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FIGURE 1 | UA suppresses mitogen-induced IL-17A production by bovine PBMCs. Peripheral blood mononuclear cells from three healthy bovids were plated at 3 ×

105 cells per well in a 96-well plate and incubated with Concanavalin A, vehicle control (DMSO), or escalating concentrations of UA dissolved in DMSO for 3 days. On

day three, cell supernatants were collected, and the remaining cell pellet was re-suspended with an MTT solution using the manufacturer’s protocol to subsequently

analyze the viability of the cells after the incubation period. (A) Mean absorbance values at 570 nm ± SEM following the MTT incubation and solubilization.

Significance was determined using a one-way ANOVA with Tukey’s multiple comparisons; (ns) indicates no significant differences were observed. (B) The

supernatants from the 3-day incubation were analyzed for IL-17A concentration by ELISA. Data represent mean IL-17A concentration (in ng/mL) ± SEM detected in

the supernatants. The data were analyzed using a standard one-way ANOVA with Tukey’s multiple comparisons; *p < 0.05.

MH infection in vivo in calves. Full study details are provided
in section Animal Husbandry, but in brief, a total of 48, 4-
week-old, male Holstein calves were enrolled in two independent
studies (F2019 n= 32 calves; S2020 n = 16 calves). Additionally,
calves were either treated with 1 g/head/day of UA mixed into
milk replacer, or received no treatment in their milk replacer at
feedings. Treatment was initiated 72 h prior to MH infection and
continued for the duration of the trials. On day 0, calves were
challenged intratracheally with MH. The calves were monitored
daily for clinical signs of infection until the study endpoint
on 4 dpi. As seen in Figure 2A, clinical scores quickly rose
within the first 24 h of infection and stabilized between 1 and
4 dpi with no significant differences between the two treatment
groups. Several animals in the F2019 and S2020 cohorts reached
a humane endpoint prior to 4 dpi and were removed from the
trial (Figure 2B). In total, 8 animals were removed early from the
F2019 study: 5 calves from the non-treated group and 3 calves
from the UA-treated group. There were only 2 animals removed
early from the S2020 study: 1 calf from the non-treated group was
removed before theMH challenge, and 1 calf from the UA-treated
group was removed shortly after MH challenge. We observed no
differences in mortality between treatment groups.

Necropsies were performed on 4 dpi, or upon reaching

a humane endpoint. At necropsy, lungs were photographed
(Figures 2C,D), scored for consolidated lung area (Figure 2E),

and tissue sections were fixed in formalin for histopathology
scoring (Figure 2F). Figure 2C shows a representative image of
lung consolidation from a non-treated calf. Figure 2D shows a
representative image of lung consolidation from a UA-treated
calf. The lung consolidation scores were combined from both
studies, and the average lesion area is depicted in Figure 2E.
We did not detect a statistically significant difference in lung

lesions in UA-treated animals compared to controls (p= 0.3343);
however, the mean area of pneumonic lung in UA-treated calves
(10.31%) was lower than the mean area of pneumonic lung in
non-treated calves (14.91%). The S2020 animals tended to cluster
lower in lung lesions compared to the F2019 animals.

Histopathology scores for each individual animal are shown in
Figure 2F. Histopathology scores were not significantly different
between treatment groups (p = 0.1917); however, the mean
histopathology score of UA-treated animals (69.42) was lower
than the mean score of non-treated controls (109.90). Similar to
the lung lesion scoring in Figure 2E, the F2019 animals tended to
have the highest histopathology scores in Figure 2F compared to
the S2020 animals. Taken together, the reduced means of both
lung consolidation scoring and histopathology scoring suggest
that IL-17A signalingmay contribute to lung pathology following
MH infection.

Prophylactic UA Treatment Maintains
Immune Cell Populations and Functionality
While Reducing Bacterial Burden
Following MH Infection
We next performed quantitative culture for MH on lung tissue
sections collected at necropsy to determine bacterial loads in
UA-treated and non-treated calves. As seen in Figure 3A, the
average MH CFUs recovered by quantitative culture tended to
be lower in the UA-treated animals compared to the non-treated
animals (p= 0.0605).

Since IL-17A signaling is known to be a chemoattractant
for neutrophils, we sampled the cellular populations of the
lung environment by collecting BAL fluid for cytospin analysis.
Figure 3B depicts the relative frequencies of macrophages,
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FIGURE 2 | Effects of prophylactic UA treatment on clinical disease and lung lesions following Mannheimia haemolytica infection. In both studies (F2019 and S2020)

animals were divided into non-treated and UA-treated groups (n = 8 calves per group). UA-treated animals were given 1 g per head per day of UA powdered

supplement with milk feedings beginning 3 days before infection (-3 dpi) and through the duration of the study. Non-treated animals were given no additional

supplements with their milk feedings. Animals were challenged through intratracheal instillation with Mannheimia haemolytica (∼1 × 108 each of strains D153 and

D174) (0 dpi). (A) Calves were monitored and scored daily using a modified Wisconsin scoring system. The data depict the average daily clinical score ± SEM pooled

from both studies (n = 15 per group). The data were analyzed by two-way ANOVA mixed-effects model with multiple comparisons. (B) Calves were removed from

their respective studies upon reaching a humane endpoint, and the number of surviving calves in each treatment group were charted over the 4 day challenge period.

(C) Representative image of a non-treated lung (S2020) at 4 dpi. (D) Representative image of a UA-treated lung (S2020) at 4 dpi. (E) At necropsy, lungs were

photographed and scored based on the percentage of that area that was affected with pneumonic consolidation. Individual animal data from F2019 has been

represented as a circle, while S2020 animal data has been represented as a triangle. This figure shows the average lung consolidation ± the SEM for each treatment

group (non-treated n = 15, UA-treated n = 13); the data were analyzed using a standardized unpaired t-test. (F) Samples from each lung were collected and

submitted to a blinded pathologist for scoring as described in McGill et al. (9). Individual animal data from F2019 has been represented as a circle, while S2020 animal

data has been represented as a triangle. The graph depicts the mean histopathology ± SEM for each treatment group (non-treated n = 15, UA-treated n = 12).

Outliers in the data were first identified using the ROUT method (Prism v9.1.0), and the data was subsequently analyzed using a standardized unpaired t-test to

determine significant differences between the two treatments.
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FIGURE 3 | Prophylactic UA treatment reduces bacterial burden following MH infection but does not affect the oxidative burst potential of infiltrating or circulating

innate immune cells. (A) Lung sections were collected from 7 predetermined locations around the lung and assayed by quantitative culture to determine the bacterial

burden at 4 dpi as described in Briggs et al. (18). Individual animal data from F2019 has been represented as a circle, while S2020 animal data has been represented

as a triangle. The average number of colony forming units (CFUs) determined from each animal are plotted on the graph above along with the average CFUs ± the

SEM for each treatment group (non-treated n = 13, UA-treated n = 12). (B) BAL fluid was collected at 4 dpi and subjected to cytology analysis to quantify neutrophils,

macrophages, lymphocytes, eosinophils, and other cell types infiltrating the lung airways. The graph depicts the mean relative frequencies of cell types ± SEM for

each treatment group (non-treated n = 14, UA-treated n = 13). (C–F) Whole blood and BAL fluid were collected for DHR assays at 4 dpi to determine the oxidative

burst potential of circulating macrophages (C), BAL macrophages (D), circulating neutrophils (E), and BAL neutrophils (F) in the two treatment groups; these data

were only collected during the S2020 study, thus individual animal data is represented with a triangle symbol (N). Cells were stimulated with PMA or remained

unstimulated for 30min. Cells were then surface stained with monoclonal antibodies to detect monocytes (anti-bovine CD14) and granulocytes (anti-bovine CH138A)

and fixed for flow cytometry analysis. These figures depict the average 1MFI (MFI of PMA stimulated minus MFI of unstimulated wells) ± SEM of DHR labeled and

PMA stimulated cells. Data represent animals from the S2020 study only (non-treated n = 7, UA-treated n = 7).

neutrophils, lymphocytes, eosinophils, and other cell types
infiltrating the lung airways. We observed no significant
differences in the relative proportions of these cell populations
between non-treated and UA-treated animals.

We next chose to determine the impact of UA treatment
on the oxidative burst capacity of neutrophils and macrophages
from MH infected calves. Functional immune cells undergoing
oxidative burst release reactive oxygen species (ROS) that oxidize
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dihydrorhodamine 123 (DHR) into fluorescent rhodamine
123; thus, the mean fluorescence intensity (MFI) reported in
Figures 3C–F is ameasure of ROS generated from oxidative burst
in cells collected 4 dpi. This assay was conducted only on samples
from the S2020 study. Figures 3C,D show ROS production
generated from circulating and BAL infiltrating macrophages
(CD14+ cells), respectively. Figures 3E,F show ROS production
generated from circulating and BAL infiltrating peripheral
mononuclear cells (PMNs, CH138A+ cells), respectively. ROS
production from circulating (3C) and lung infiltrating (3D)
macrophages was similar between non-treated and UA-treated
animals (p= 0.5845 and p= 0.5243, respectively). Likewise, there
were no significant treatment differences in ROS production
from circulating (3E) and lung infiltrating (3F) PMNs (p= 0.6251
and p= 0.5993, respectively).

Irrespective of cell type or location, we did not observe any
treatment differences in ROS production, which suggests altered
IL-17 signaling is not impacting the oxidative burst functionality
of innate immune cells following MH infection. We also noted
that UA treatment did not alter the frequencies of host cells
infiltrating the BAL fluid; however, UA-treated animals tended to
have a lower MH burden (p = 0.0605) compared to non-treated
animals. Therefore, we speculate that altered IL-17 signaling
may be altering other aspects of the immune response to limit
bacterial colonization and pathogenesis following infection.

Prophylactic UA Treatment Modulates
Inflammatory Signaling Following MH
Infection
The immune response to MH infection includes production of
the chemokine IL-8 (neutrophil chemotactic factor, or CXCL-
8) and the inflammatory cytokine IL-6. IL-6 binds to surface
receptors of other immune cells to induce STAT3 signaling and
subsequent activation of the RORC gene; RORC encodes the
transcription factor (RORγt) for IL-17A production. IL-17A
subsequently acts in a positive feedback loop to induce further
upregulation of IL-8. Therefore, we next chose to investigate the
impact of UA treatment, and its suppression of IL-17A signaling,
on this inflammatory pathway during MH infection.

Figures 4A–E show the relative mRNA expressions of genes
associated with the IL-17A signaling pathway; each gene’s RE
was determined using the 2−11CT method by comparing 1CTs
from pneumonic lung tissue to healthy control lung tissues
obtained during the F2019 study. Figure 4A shows significantly
(p = 0.0209) higher IL-6 expression in the lungs of non-
treated animals compared to UA-treated animals following MH
infection. As seen in Figure 4B, UA treatment also significantly
(p = 0.0205) down-regulated STAT3 expression compared to
non-treated animals. Intracellular STAT3 signaling has been
shown to transcriptionally regulate other immune activating and
inflammatory genes (29, 30). Interestingly, the relative mRNA
expression for the RORC gene (Figure 4C) does not appear
to differ (p = 0.7399) between treatment groups; since this
gene is tightly regulated at multiple levels its expression may

FIGURE 4 | Prophylactic UA treatment modulates inflammatory IL-17A

signaling in the lungs following MH infection. Samples of lung tissue were

collected at necropsy and stored in RNAlater solution for qPCR analysis of (A)

IL-6, (B) STAT3, (C) RORC, (D) IL-17A, and (E) IL-8 mRNA expression;

individual animal data from F2019 has been represented as a circle (•), while

S2020 animal data has been represented as a triangle (N). The relative mRNA

expression in pneumonic lung tissue from non-treated and UA-treated animals

was compared to healthy lung tissue from control animals (F2019 group) for

both studies. The average relative expression (RE) ± the SEM for each

treatment group across both studies is depicted in (A–E). Outliers were

identified using the ROUT method (Prism v9.1.0), and the data were analyzed

using a standardized unpaired t-test (*p < 0.05). (A) Non-treated n = 11,

UA-treated n = 11; (B) non-treated n = 12, UA-treated n = 12; (C)

non-treated n = 12, UA-treated n = 12; (D) non-treated n = 12, UA-treated n

= 11; (E) non-treated n = 11, UA-treated n = 11.

be more immutable. Downstream from the RORC gene, IL-
17A expression (Figure 4D) was reduced (p = 0.0870) in UA-
treated animals compared to non-treated animals. However, IL-
17A may not be the only neutrophil activating signal being
differentially expressed during MH infection. Subsequently,
we investigated the impact of the IL-17A inhibitor (UA)
on IL-8 expression (Figure 4E, p = 0.2603), but did not
observe any significant differences in treated compared to
non-treated animals.
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Prophylactic UA Treatment Alters
Expression of Innate Defense Genes in
Response to MH Infection
Neutrophilic granules contain a multitude of antimicrobial
peptides (AMPS) that can be weaponized against invading
pathogens. In addition to its role in the inflammatory cascade,
IL-17A also plays an important role in activating neutrophil
expression of AMPS and other innate defense molecules (31, 32).
Figures 5A–D show the relative mRNA expressions of genes
associated with the host’s innate defenses; each gene’s RE was
determined using the 2−11CT method by comparing 1CTs
from pneumonic lung tissue to healthy control lung tissues
obtained during the F2019 study. Bactenecin-5 (BAC5) is an
AMP found in bovine neutrophils that is effective at inhibiting
the growth of and killing Gram-negative bacteria (33), and
its expression is controlled under the BAC5 (CATHL2) gene.
Interestingly, relative expression of BAC5 (Figure 5A) tended to
be downregulated (p= 0.0519) in the lungs of UA-treated animals
compared to those of untreated controls. β-defensin 1 is an AMP
capable of permeabilizing membranes and inducing neutrophil
extracellular traps (NETs) to control bacterial pathogens (34).
Its expression is regulated under the DEFB1 gene in epithelial
cells that line the respiratory tract. In Figure 5B, we do not see
a significant difference in the expression of lung DEFB1 (p =

0.1212) between non-treated and UA-treated animals. MUC5AC
is another innate defense gene commonly expressed in the lungs
during respiratory infections, and its expression leads to the
production of gel-forming mucins that can trap extracellular
pathogens. However, the buildup of these mucins can block
airways and contribute to lung congestion, so managing mucin
production is important for both mucociliary function and
pathogen clearance (3, 35). Figure 5C shows that the relative
expression of MUC5AC is down regulated in non-treated and
UA-treated animals alike, but UA-treated animals tend to express
lower levels compared to untreated controls (p = 0.0913), which
may be indicative of improved infection-resolution in their lungs.
Interferon-γ (IFNγ) signaling can play an overlapping role in
both the induction of AMPs and inhibition of some mucins. As
seen in Figure 5D, the relative expression of IFNγ tends to be
reduced in UA-treated calves compared to control calves (p =

0.0889), and is thus not likely a driving factor for the observed
increase in AMP production.

Prophylactic UA Treatment May Influence
Lung Tissue Remodeling Following MH
Infections
Matrix metalloproteinases (MMPs) are produced to degrade
the extracellular matrix and allow for more efficient leukocyte
infiltration while clearing away damaged and necrotic tissues.
MMP9 (gelatinase B, a type IV collagenase) has been implicated
in lung tissue damage following MH infections; its release
by bovine neutrophils during degranulation can exacerbate
inflammatory signaling through the induction of both IL-1
and IL-8. Macrophage production of the tissue inhibitor of
metalloproteinase 1 (TIMP-1) can be upregulated to offset some
of the inflammatory and degradative effects of MMP9, and it is

FIGURE 5 | Prophylactic UA treatment alters expression of innate defense

genes in the lungs following MH infection. Samples of lung tissue were

collected at necropsy and stored in RNAlater solution for qPCR analysis of (A)

BAC5, (B) DEFB1, (C) MUC5AC, and (D) IFNγ mRNA expression; individual

animal data from F2019 has been represented as a circle (•), while S2020

animal data has been represented as a triangle (N). The relative mRNA

expression in pneumonic lung tissue from non-treated and UA-treated animals

was compared to healthy lung tissue from control animals (F2019 group) for

both studies. The average relative expression (RE) ± the SEM for each

treatment group across both studies is depicted. Outliers in the data sets were

first identified using the ROUT method (Prism v9.1.0), and the data were

analyzed using a standardized unpaired t-test (*p < 0.05). (A) Non-treated n =

11, UA-treated n = 10; (B) non-treated n = 11, UA-treated n = 10; (C)

non-treated n = 10, UA-treated n = 11; (D) non-treated n = 12, UA-treated

n = 12.

thought that an imbalance of these two proteins may play a role
in disease progression (29, 36). Since inflammatory signaling has
a profound effect on tissue remodeling processes, we speculated
that inhibited IL-17 signaling may alter the balance of MMP
production and inhibition.

Relative expression levels of MMP9 (Figure 6A) are not
significantly different (p = 0.1755) between non-treated and
UA-treated animals, although the mean expression of MMP9
is higher in control animals (non-treated = 18.44; UA-treated
= 9.95). The relative expression of TIMP-1 (Figure 6B) did
not differ (p = 0.3223) between UA-treated animals and non-
treated animals. However, only 4/11 control animals have a
relative expression value >1, indicating that most of these
animals have downregulated TIMP-1 expression relative to
healthy lung samples. Meanwhile, 8/11 UA-treated animals have
a RE value >1, indicating an upregulation of TIMP-1 compared
to healthy lungs. TIMP-1 directly antagonizes the degradative
capabilities of MMP9 in a 1:1 ratio (36); therefore, comparing
MMP9 expression to TIMP-1 expression provides insight into

Frontiers in Veterinary Science | www.frontiersin.org 10 November 2021 | Volume 8 | Article 782872116

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Slate et al. Interleukin-17A and BRD

FIGURE 6 | Prophylactic UA treatment alters matrix metalloproteinase activity

in the lungs following MH infection. Samples of lung tissue were collected at

necropsy and stored in RNAlater solution for qPCR analysis of (A) MMP9 and

(B) TIMP-1 mRNA expression; individual animal data from F2019 has been

represented as a circle (•), while S2020 animal data has been represented as a

triangle (N). The relative mRNA expression in pneumonic lung tissue from

non-treated and UA-treated animals was compared to healthy lung tissue from

control animals (F2019 group) for both studies. Graphs depict the average

relative expression (RE) ± the SEM for each treatment group across both

studies. Outliers in the data sets were first identified using the ROUT method

(Prism v9.1.0), and the data were analyzed by standardized unpaired t-test (*p

< 0.05). (A) Non-treated n = 11, UA-treated n = 10; (B) non-treated n = 11,

UA-treated n = 11). (C) Depicts the ratio of MMP9 to TIMP-1 RE for each

individual animal. Data represent mean RE ratios ± the SEM for each

treatment group.

the state of tissue repair occurring in the lungs following
MH infections. Figure 6C shows the ratio of MMP9 to TIMP-
1 relative expressions for each animal, and this comparison
highlights an interesting tendency (p = 0.1333) between UA-
treated and non-treated animals, with UA-treated animals having
a lower mean ratio and clustering more tightly than non-treated
animals. Considering the antagonistic functionality of MMP9
and TIMP-1, these data suggest that our control animals may still
be actively remodeling lung tissue to combat infection, while the
UA-treated animals with altered IL-17 signaling may be resolving
the lung environment to repair functionality.

DISCUSSION

Inflammatory cytokines, like IL-17A, are thought to contribute to
lung congestion by orchestrating the mobilization of neutrophils,
inducing the production of ROS and MMPs, and activating the
innate defenses from cells lining the respiratory tract. Production
of IL-17A, and the subsequent IL-17A-driven inflammation,

is regulated by the transcription factor RORγt (12, 13). The
small molecule inhibitor, UA, is reported to be a specific and
highly effective agonist of RORγt (12). We believe this is
the first time the drug has been implemented in a bovine
model, and our in vitro (Figure 1B) and in vivo (Figure 4D)
results underpin UA’s inhibitory effects on IL-17A production.
Although applications of UA treatment are being investigated
clinically, the drug still has limitations in its therapeutic potential.
Initial reports have implied that UA treatment is specific
for inhibiting IL-17A production, but more recent reports
show that treatment effects may not be precise. A recent
publication from Zhang et al., has shown that UA is also a
potent agonist of peroxisome proliferator-activated receptor γ

(PPARγ) in experimental models of multiple sclerosis (37).
Other reports have determined that UA treatment suppresses
the phosphorylation of STAT3 and JAK2, which further explains
the drug’s capacity to inhibit Th17 differentiation (13, 38).
Despite not having looked at phosphorylation levels, we did
see a significant reduction in STAT3 expression in the lungs
of UA-treated calves (Figure 4B) consistent with these reports.
Thus, although UA was a useful tool to impair IL-17 signaling
in our studies, its effects may not be specific only to IL-
17A production.

There is a significant degree of variability amongst animal
trials utilizing experimental MH infection. One study used 4.10
× 107 CFUs of MH inoculum to induce clinical signs similar to a
natural infection (39). Meanwhile, other reports have employed
considerably higher doses (4.4 × 1011 CFUs) (36). Considering
the variability in disease outcomes and infection doses, we
selected an inoculum of 2–4 × 108 total MH CFUs. While
this inoculation strategy did produce clinical MH infection, the
resulting disease was severe in some animals (mostly in the
F2019 study), which may have limited our ability to discern
differences between treatment groups. Although some of these
differences may be attributed to natural variations between
animals, the F2019 animals also developed a concurrent infection
with Pasteurella multocida (PM). Subsequently, F2019 animals
had higher MH burdens than S2020 animals (Figure 3A), and
lung cultures from F2019 animals also revealed the presence
of PM in both control and UA-treated animals. Importantly,
the F2019 animals were evaluated by thoracic ultrasonography
the day prior to infection (Porter et al., manuscript under
review) and their lungs were clear of consolidation or pleural
defects that would indicate a prior or ongoing bacterial infection.
This suggests that F2019 animals were either in the early
stages of PM infection, or possibly that our intratracheal MH
infection created a window of susceptibility for PM infection.
We speculate that the increased pathogenesis from PM co-
infection may have limited our ability to discern more significant
treatment effects, and future studies should consider the balance
between inducing pathogenesis and over-challenging beyond the
immunomodulatory capabilities of UA.

MH infection is characterized by lung consolidation with
infiltrating neutrophils found in the lung exudate (40). There
is also a well-established role for IL-17A inflammation in
driving the production of neutrophil chemoattractants and
activating innate defenses (32, 41). We have previously reported
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that MH infection induces IL-17A cytokine production in the
lungs (8). Ergo, we hypothesized that altering IL-17A-driven
inflammation during MH infection would reduce the presence
or activation of infiltrating leukocytes in the lung. Interestingly,
we did not observe any changes in the frequency of neutrophils
isolated from the BAL fluid of calves treated with the IL-
17A inhibitor (Figure 3B). Although the UA-treated animals
tended to have lower IL-17A expression in their lung tissues
(Figure 4D), we observed no differences in the expression of
IL-8 (Figure 4E) (42). It is plausible that neutrophil infiltration
was not impacted by altered IL-17 signaling due to IL-17A-
independent production of IL-8. To this point, LPS (shed
from MH) and damage-associated molecular patterns (induced
from ROS and leukotoxins) can directly stimulate alveolar
macrophages and epithelial cells to produce IL-8 in the absence
of IL-17 signaling (42–44). Others have demonstrated that LPS
and flagellin can activate TLR4 and TLR5 signaling cascades in
bronchial epithelial cells (through MAPK and NF-κB pathways)
to release of large quantities of TNFα, IL-6, and IL-8 (43),
which can synergize to recruit and activate neutrophils and
macrophages apart from IL-17 signaling (31, 42, 43, 45).

Inflammatory signaling following MH infection is known to
induce tissue remodeling by matrix metalloproteinases. MMP9 is
an important gelatinase which contributes to lung tissue damage
during MH infection (36). Initially, MMP9 production causes
degradation of the extracellular matrix, allowing for increased
immune cell infiltration. However, prolonged production of
MMP9 leads to degradation of the basement membrane of
the lung epithelia, which compromises the architecture and
barrier functions within the airways, resulting in consolidated
lung lesions (36, 46). TIMP-1 is the conjugate inhibitor to
MMP9, and its expression is induced to temper the tissue
degradation spurred on by inflammatory signaling (36). The
inverse ratio between these two proteins is helpful in assessing
the state of lung remodeling following acute damage or infections
(47, 48). In our study, UA-treated animals had a lower (more
inhibitory) expression ratio of MMP9:TIMP-1 (mean expression
ratio of 4.287) compared to the non-treated control calves (mean
expression ratio of 14.437). Although the treatment difference
between the ratios of MMP9:TIMP-1 was not statistically
significant, it suggests that lung remodeling and tissue repair may
be expedited when inflammatory IL-17 signaling is altered.

CONCLUSION

Herein, we have shown that inflammatory IL-17 signaling
following MH infection plays a dual role in pathogen clearance
and immunopathogenesis which may adversely affect disease
resolution. We have observed that animals receiving an IL-17A

inhibitor tended to have lower lung pathology scores and reduced
bacterial colonization in the lungs compared to control animals.
Furthermore, blocking the IL-17A signaling pathway resulted
in altered expression of inflammatory and innate defense genes
in the lungs, and impacted the expression of genes related to
tissue remodeling in the lungs following MH infection. Taken
together, our results suggest that inflammatory IL-17 signaling
plays an important role inMH infection and BRDC pathogenesis,
and further investigations into this pathway may offer new
therapeutic intervention strategies for respiratory infections.
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Bovine viral diarrhea virus (BVDV) and classical swine fever virus (CSFV) are members

of the genus Pestivirus that cause disease in wild and domestic animals and are

responsible for extensive economic losses of livestock and biological industry. BVDV is

also a significant laboratory contaminant. Currently, no effective antiviral therapeutics are

available to control their infection. Ginsenosides, as major pharmacological ingredients

in the plants of ginseng, have various biological activities. In the present work, the

antiviral activity of 9 ginsenosides and 3 other saponins from Araliaceae plants was

investigated against Pestivirus. Ginsenoside Rb2 and Rb3 showed low cytotoxicity and

obvious antiviral effect. They were able to inhibit the replication and proliferation of BVDV

and CSFV. In addition, our results suggest that the possible antiviral mechanism of Rb2

might be related to its ability to affect the translation of these viruses. Obtained results

suggest that ginsenoside Rb2 and Rb3 have a potential for effective treatment against

Pestivirus infection.

Keywords: antivirus activity, ginsenoside Rb2/Rb3, BVDV, CSFV, in vitro

INTRODUCTION

Bovine viral diarrhea virus (BVDV) and classical swine fever virus (CSFV) are members of the
genus Pestivirus, family Flaviviridae. They are viral pathogens affecting wild fauna and domestic
livestock, causing extensive economic losses worldwide (1). Their genomes are single stranded
positive polarity RNA, which consist of a single large open reading frame (ORF) flanked by 5′ and 3′

untranslated regions (UTR). The ORF encodes a polyprotein of∼3,900 aa and cleaved by viral and
cellular proteinases into the individual viral proteins (2). The highly conserved 5′ UTR of genome
binds to the host ribosome using the internal ribosome entry site (IRES) mechanism that facilitates
translation of Pestivirus proteins (3).

CSFV infection mainly causes high fever, multiple hemorrhages, and leukopenia, leading to
high morbidity and mortality, the severity of which might be due to the host species and the
virulence of viral strains (4). Infections with BVDV are related to various clinical conditions such as
reproductive failure, subclinical infection, persistent infections, severe acute disease with or without
hemorrhagic diathesis, and even fatal mucosal disease (5, 6). BVDV is not only an important clinical
pathogen, but also a significant laboratory contaminant. It has been reported that bovine serum,
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canine, bovine and feline cell lines, and vaccine commercially
available have been found to be contaminated with BVDV (7–9).

Panax ginseng Meyer, a perennial herb of the Araliaceae
family, has been used as a preventive and/or therapeutic
herbal medicine in China, Japan, and Korea to strengthen
holistic health for thousands of years (10). Ginsenosides are
considered the major components of ginseng, they have a
variety of biological activities, such as anti-aging, anti-oxidative,
anti-cancer, and other actions improving the health (11).
Currently, numerous studies have reported the beneficial effects
on infections with pathogenic viruses. 20(R)-ginsenoside Rh2
was shown to suppress the replication of gamma herpesviruses
in mouse and humans (12), 20(S)-protopanaxtriol possessed
potent in vitro antiviral effect on the CVB3 (13). In particular,
Re, Rf, and Rg2 could protect the host from the infections of
rhinovirus 3 and coxsackievirus. In addition, ginsenoside Rg2
has also been found to have significant anti-EV71 activity (14).
Ginsenoside Rg3 presented antiviral activity on Hepatitis C virus
(HCV), inhibiting HCV-induced abnormal mitochondrial fission
and mitophagy (supporting mechanisms for the establishment
of persistent viral infection) (15). Rb2 showed the ability to
reduce the virus titers and protect against infection of rotavirus
and Sendai virus in mice (16, 17). However, to date, little
is known about antiviral activity of the ginsenosides against
BVDV. Currently, no effective antiviral therapeutics are available
to control the BVDV infection. Thus, we have evaluated the
antiviral activities of ginsenosides and other saponins for in vitro
toxicity and activity against BVDV, also for a possible application
to other closely genetically related pathogens as HCV.

MATERIALS AND METHODS

Cells and Viruses
Madin Darby Bovine Kidney (MDBK) cells and swine testicle
(ST) cells were grown in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM), which was added with 8% fetal bovine serum
(FBS). The FBS was confirmed to be free of BVDV antibody
with commercial BVDV antibody test kit (IDEXX Laboratories,
Inc.). All cells and FBS were tested negative for the presence
of Pestivirus antigen by RT-PCR (18). The cpBVDV C24V and
CSFV Shimen strains were obtained from the China Institute
of Veterinary Drug Control, and propagated in MDBK and ST
cells, respectively.

Ginsenosides
Ginsenosides Rb1, Rb2, Rb3, Rc, Re, Rf, Rg1, Rh1, 20(S)-
Rh2, pseudo ginsenoside Rh2 (PRh2), pseudo ginsenoside F11
(PF11), and NotoginsenosideR1 (NR1), screened in this study,
were obtained from the Jilin University. The purity of these
ginsenosides was above 98%, as estimated by high performance
liquid chromatography. Stock solutions (40 mg/mL) of the
compounds were dissolved in dimethyl sulfoxide (DMSO) or

Abbreviations: BVDV, bovine viral diarrhea virus; CSFV, classical swine fever

virus; HCV, hepatitis C virus; ORF, open reading frame; UTR, untranslated

regions; IRES, internal ribosome entry site; FBS, fetal bovine serum; PRh2, pseudo

ginsenoside Rh2; PF11, pseudo ginsenoside F11; NR1, notoginsenoside R1; DMSO,

dimethyl sulfoxide; CPE, cytopathic effect; EC50, 50% effective concentration.

ethanol and were subsequently diluted in culture medium.
As a negative control, DMSO was also added to all no-drug
control samples.

Cytotoxicity Assays
Cytotoxicity assays were carried out as described previously
(19). In short, MDBK cells, exponentially grown in the 96-
well plates (approximately 5 × 103 cells/well), were incubated
in 5% CO2 at 37◦C for 24 h. Then, the medium was removed
and serial dilutions of compounds were added. DMSO was
used as a negative control. The cells were proliferated at 37◦C
for 3 days, and their overall metabolic activity was determined
by the method of MTS/PMS (Promega, USA). The 50%
cytotoxic concentration (CC50) was calculated using a non-linear
regression fitting of the data as the compound concentration
necessary to reduce 50% cell viability compared to control non-
treated cells.

Antiviral Screening Using CPE Inhibition

Assay
The activity of compounds against BVDV was achieved by
inhibiting the cpBVDV C24V strain induced cytopathogenicity
in MDBK cells. Cells were seeded in 96-well plates and incubated
overnight in growth medium in 5% CO2 at 37◦C. Then, the
cells were infected with virus at 103 TCID50/mL, using a
multiplicity of infection (MOI) of 0.05. After 2 h, the virus
was removed and maintenance medium (DMEM supplemented
with 2% FBS) with or without serial dilutions of compounds
was added. Concentrations of compounds were from 6.25 to
200µg/mL. DMSO was used as a control sample. The cells were
incubated at 37◦C for 3 days. Subsequently, the antiviral activity
was evaluated through the viral titration and the cytopathic
effect (CPE) inhibition, by MTS/PMS (Promega, USA). The 50%
effective concentration (EC50) was calculated using a non-linear
regression fitting of the data as the compound concentration
necessary to reduce 50% cytopathic effect on MDBK cells
compared to DMSO treated control cells.

Antiviral Activity of Ginsenoside Rb2 and

Rb3 Against cpBVDV Strain
MDBK cells were seeded in 6-well plates and cultured overnight,
then inoculated with cpBVDV strain C24V with 0.05 MOI and
Rb2 or Rb3 (200µg/mL) mixture. Uninfected cells, added with
DMSO, were used as controls. The plates were incubated for 72 h
at 37◦C to be further submitted for BVDV RNA and E2 protein
detection by real-time PCR and Western blot.

Real-Time Quantitative Polymerase Chain

Reaction
Total RNA was extracted, retrotranscribed, and quantified by
the real-time PCR. Followingmanufacturer’s instructions, TRIzol
reagent was used to extract RNA (Invitrogen, China) and
the M-MLV Reverse Transcriptase was used to conduct the
reverse transcription reaction (Promega, USA). The specific
primer of BVDV, as described previously, was used to conduct
the real-time PCR (20). In brief, a 135-bp fragment from
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the 5′UTR of BVDV was amplified: 5′UTR forward, 5′-
GGTAGCAACAGTGGTGAGTTC-3′, and 5′UTR reverse, 5′-
CTCAGGTTAAGATGTGCTGTG-3′. The qPCR reactions were
performed with the GoTaq qPCR master mix (Promega, USA) in
the Bio-Rad iQ5 Real-Time PCR System (Bio-Rad Laboratories,
USA). A 91-bp fragment of bovine β-actin mRNA in each
sample was amplified and used as the endogenous control
(BBA forward, 5′-CCCACACGGTGCCCATCTAT-3′, and BBA
reverse, 5′-CCACGCTCCGTGAGGATCTTC-3′), in order to
normalize the target amplification data (21). The 2–11CT
method was used to perform the relative quantification of RNA of
treated cells compared with that of untreated and infected cells.
Each sample was tested in triplicate, including the positive and
negative controls.

Western Blot Analysis
Treatment cells were washed using the icy PBS, and total
protein samples were extracted using the RIPA Lysis and
Extraction Buffer (Thermo Fisher Scientific, USA). According to
the instructions of the manufacturer, after being centrifuged at
13,000 rpm for 20min, concentration of proteins in supernatants
was detected using a BCA Protein Assay Kit. Proteins were
equally separated on 12–15% SDA-PAGE and then moved onto
the PVDF membrane (Merck Millipore, USA). After being
blocked in 5% skimmed milk for 2 h, the membrane was
incubated with the anti-BVDV E2 antibodies (VMRD, USA)
at 4◦C overnight and washed, and then incubated with the
HRP-conjugated goat anti-mouse IgG (Sigma, USA) at room
temperature for 1 h. Signals were developed with an ECL
Detection Kit (Thermo Fisher Scientific, USA).

Rb2 and Rb3 Effect on Viral Replication
To expound the stage of viral replication at which ginsenoside
Rb2 and Rb3 exerts their activity, three different assays
were performed as described previously (22, 23) with some
modifications. MDBK cells were treated with Rb2 and Rb3 before
virus infection (pre-treatment group), after infection (post-
treatment group), or virucidal group (pre-treatment and post-
treatment group) (Figure 6A). Rb2 and Rb3 were always used at
the non-cytotoxic concentration (200µg/mL) and the cpBVDV
strain C24V titration was always used at 0.05 MOI.

The virucidal assay was conducted with equal amounts of
BVDV and ginsenoside. The mixtures were incubated in the
microcentrifuge tubes at 37◦C for 2 h, and then they were added
into the MDBK cell monolayers. The pre-treatment and post-
treatment groups were conducted in the procedures that MDBK
cell monolayers were incubated with ginsenoside or BVDV virus
at 37◦C for 2 h. After removal of the liquid, the BVDV or
ginsenoside was added. Virus and DMSO were also included on
each plate as controls. The plates were incubated at 37◦C for 72 h,
followed by fixation and staining with BVDV specific antibody
labeled by FITC (VMRD, USA).

Time of Addition Effect of Rb2: Effect on

Viral RNA Synthesis
MDBK cells were seeded in 12-well plates and cultured overnight,
then infected with cpBVDV strain C24V at a MOI of 0.05,

then Rb2 (200µg/mL) was added at different time points after
infection and the cells were further incubated to complete 24 h of
infection. All samples were processed for viral RNA analysis.

Rb2 Effect on CSFV
Using the FA-based virus inhibition assay, the antiviral efficacy of
Rb2 against CSFV was investigated.

CSFV Shimen strain with 0.05 MOI was separated and added
into the ST cell monolayers and allowed to inoculation for 2 h
at 37◦C. After inoculation, cells were washed with PBS and
serial dilutions of ginsenoside Rb2 was added. Concentrations
of compounds were from 25 to 200µg/mL. Uninfected cell
and virus treated with DMSO were used as controls. The
plates were incubated at the temperature of 37◦C for 72 h,
cells were fixed with icy stationary liquid (acetone:methanol =
3:1) at 4◦C for 20min. The cells were further incubated with
mouse anti-CSFV E2 mAb WH303 at 37◦C for 1 h, washed
three times with PBS and incubated with FITC-conjugated
rabbit anti-mouse IgG (Sigma, USA) at 37◦C for 30min.
After three washes, immunofluorescence was observed using a
fluorescence microscope.

Luciferase Reporter Constructs
The BVDV and CSFV IRES were cloned into the
firefly luciferase plasmids pGL4.20 (Promega, USA),
respectively. The specific primer for CSFV was described
previously (24). The BVDV primer sequences were: F:
5′CCGAGCTCGTATA CGAGAATTT GCCTAGGAC-3′;
R: 5′ CCC AAGC TTGGCATAAACAGGTTCTTCCACCC3′.
Similar 470 bp fragments of the BVDV were amplified and
subcloned into the pGL4.20 using restriction enzymes with
HindIII and SacI. All reconstructed plasmids were sequenced at
Invitrogen Co., Ltd.

DNA Transfection
The 293T cells were grown in 96-well plates until 80% confluence,
reconstructed plasmids and Renilla luciferases plasmids pGL4.74
(Promega, USA) were co-transfected with the X-treme GENETM
HP DNA transfection reagent (Roche, Philadelphia, PA), using
standard operation, respectively. The parental vector pGL4.20
and pGL4.74 co-transfected group served as mock controls. The
cells were allowed to inoculate for 4 h at 37◦C. After inoculation,
cells were washed with PBS, added with the ginsenoside Rb2
(200µg/mL) and incubated at 37◦C for 48 h. The luciferase
activity was determined using the dual luciferase reporter assay
system (Promega, USA).

Statistical Analysis
Student’s t-test was conducted to examine the statistical
differences among ginsenoside treatment groups, virus control,
DMSO control, and mock groups. Expression of results was
in the form of mean ± standard deviation, representing three
independent experiments. Statistical analyses were conducted
with GraphPad Prism 6 (GraphPad Software, San Diego,
CA). In the case of a value of p < 0.05, it was regarded
statistically significant.
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FIGURE 1 | Cytotoxicity of compounds. The result of cell viability is expressed as the percentage of control. The data are expressed as the mean of three

experiments. ***p < 0.001. PRh2, pseudoginsenoside Rh2; PF11, pseudoginsenoside F11; NR1, notoginsenosideR1 (NR1).

RESULTS

Cytotoxicity of Compounds
Most compounds had no effect on the cell viability at 200µg/mL,
while ginsenoside 20(S)-Rh2 and pseudo ginsenoside Rh2
reduced the viability of MDBK cells significantly (Figure 1).
Therefore, ginsenoside 20(S)-Rh2 and pseudo ginsenoside Rh2
were not included in further experiments.

Cytopathic Effect Inhibition by the

Compounds
Concerning the antiviral tests undertaken on the 10 compounds,
ginsenoside Rb2 and Rb3 significantly inhibited BVDV induced
CPE. CPE inhibition was 94.5 and 91.2% at the 200µg/mL
concentration. All other compounds demonstrated a limited or
no inhibitory effect on CPE (Figure 2). To further determine the
antiviral effect of ginsenoside Rb2 and Rb3, and calculate the
EC50, different concentrations of Rb2 and Rb3 (6.25–200µg/mL)
were added into the BVDV infected MDBK cells. The viral
titer and CPE inhibition were inversely proportional to the
ginsenoside Rb2 and Rb3 concentrations (Figures 3, 4). The EC50

of Rb2 was 57.76µg/ mL, that of Rb3 was 60.25µg/ mL (Table 1).

Antiviral Activity of Ginsenoside Rb2 and

Rb3 Against BVDV
BVDV replication was significantly inhibited by Rb2 or Rb3,
as shown by reduction of viral RNA levels when compared to
DMSO (Figure 5A). Similar results were obtained on BVDV E2
protein with Western blot (Figure 5B). Compared with the virus
control and DMSO treated group, there is almost nothing or
slight bands in the Rb2 and Rb3 treated groups.

Rb2 and Rb3 Effect on Viral Replication
The different assays performed to elucidate the mechanism of
action of the ginsenoside Rb2 and Rb3, applied at different
periods, showed that Rb2 and Rb3 completely suppressed

BVDV infection with virucidal assay and post-treatment of
cells. Pre-treatment of cells assay also showed effects on BVDV
infection, but the inhibitory effect was weaker than other assays
(Figures 6B,C).

Time of Addition Effect of Rb2: Effect on

Viral RNA Synthesis
In order to give a better perspective about the time of action
of Rb2, time of drug addition experiments were carried out. A
concentration of Rb2 of 200µg/mL was added at different points
of time after infection, and then viral replication was evaluated
as the yield of viral RNA synthesis. Viral RNA was markedly
reduced when Rb2 was added during the first 8 h, after which a
gradual reduction in drug inhibition was observed. The antiviral
effect of Rb2 can be exerted within in 14 h p.i. (Figure 7).

Rb2 Effect on CSFV
To further understand the ginsenoside Rb2 antiviral activity for
other pestiviruses, CSFV Shimen was investigated. Using the FA-
based virus inhibition assay, ginsenoside Rb2 demonstrated to
have a similar inhibition ability on CSFV to that observed on the
BVDV reference strain CV24V (Figure 8).

Effect of Ginsenoside Rb2 on the Pestivirus

IRES
Direct antiviral activity of ginsenoside Rb2 at the level of
Pestivirus IRES mediated translation in 293T cell culture was
investigated. The translation efficiency in 293T cells was analyzed
by a reporter RNA encoding Flufly under the Pestivirus IRES
control, in the presence or absence of the Rb2. As shown in
Figure 9, the luciferase activity (Flufly/Renilla) in the presence of
Rb2 was significantly reduced than that of the control in absence
of Rb2. But the luciferase activity of vector was not changed
in the presence or absence of Rb2. These results suggest that
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FIGURE 2 | Antiviral activity of compounds. All compound concentrations were used with 200µg/ml, and uninfected and virus infected cells were used as control.

The data are expressed as the mean of three experiments.

FIGURE 3 | Ginsenoside Rb2 antiviral activity against bovine viral diarrhea

virus (BVDV). All serial dilutions Rb2 concentrations were used and uninfected

and virus infected cells were controls.

ginsenoside Rb2 can inhibit the translation process mediated by
the Pestivirus IRES.

DISCUSSION

Ginseng (Panax ginseng) is often used as herbal tonic to
increase immunity and reduce stress. These effects are attributed
to ginsenosides, major pharmacological components. Although
the antiviral activities of ginsenosides have also been reported
in several previous studies, the mechanisms underlying the
antiviral activity have not yet been elucidated. Several studies
about the antiviral mechanism of ginsenosides focused on
the immunomodulatory action. The Kang Laboratory (Georgia

FIGURE 4 | Ginsenoside Rb3 antiviral activity against bovine viral diarrhea

virus (BVDV). All serial dilutions Rb3 concentrations were used and uninfected

and virus infected cells were controls.

State University, GA) has published several studies on the
immunomodulatory and antiviral effects of KRG extract (RGE)
on RSV. Their results indicated that RGE possesses an
immunomodulatory effect by balancing Th1 and Th2 immune
responses, and protects the host from severe pulmonary
inflammation upon FI-RSV immunization and RSV infection
(25). The Kang et al. report showed that ginsenoside Rb1 is
an immune-stimulatory agent with antiviral activity against
enterovirus71. They demonstrated the effective antiviral activities
of Rb1 against EV71 in vitro and in vivo. Furthermore, Rb1
treatment could induce high cellular and humoral immune
responses in vivo. Meanwhile, Rb1 contributed to the enhanced
type I IFN responses and IFN-β knockdown reversed the antiviral
activity of Rb1 in vitro (26).
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TABLE 1 | The structure and antiviral activity of Rb2 and Rb3.

Compound Structure MDBK CC50 (µg/mL) BVDV EC50 (µg/mL) SI(CC50/EC50)

Rb2 >200 57.76 >3.46

Rb3 >200 60.25 >3.32

FIGURE 5 | Effect of ginsenoside Rb2 and Rb3 on BVDV replication. (A) Real-time PCR analysis of the viral RNA. (B) Western blot analysis of BVDV E2 protein

expression. Uninfected cells and DMSO-treated cells were used as control. ***p < 0.001.

FIGURE 6 | Stage of antiviral activity against cpBVDV C24V by ginsenoside Rb2 and Rb3. (A) A schematic diagram describing the experimental scheme for

measuring the stage at which ginsenoside exerts its effects. (B) The FA result of plaque reduction assays. (C) Changes in viral RNA level. *p < 0.05; ***p < 0.001.
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The antiviral mechanism of ginsenoside was scarcely studied,
and focused on the quantification of inhibitory effect on virus
growth, thus indirectly estimating the inhibition of the virus
translation process. To investigate if ginsenosides have the same
inhibitory effect on virus translation as other synthetic antiviral

FIGURE 7 | Effect of Rb2 addition on viral RNA synthesis.

drugs, we studied the antiviral effect of Rb2 on Pestivirus IRES.
It is known that the 5′ UTR of Pestivirus and HCV RNA genome
used for IRES mediated translation, many drugs and antibodies
were designed and synthesized according to it (27, 28). The effect
of Rb2 on the Pestivirus IRES was evaluated through luciferase
reporter assay. In the presence of Rb2, the luciferase activity was
significantly reduced than that of the control in the absence of
Rb2. Compared to CSFV IRES, the luciferase activity in BVDV
IRES was lower because the luciferase reporter plasmid of BVDV
IRES deleted the 5′ boundary, reducing the IRES function (29).
But it did not affect the inhibitory effect of Ginsenoside Rb2.
These results suggest that ginsenoside Rb2 could inhibit the
translation process mediated by the Pestivirus IRES. However,
further research is needed to be carried out.

The interest of the observations reported in this study is
not necessarily directly related to the control or the prevention
of the diseases caused in animals by the pathogens used as
model (CSFV and BVDV). While for pestiviruses, prophylactic
means are available, no curative compounds can be applied to
infected animals. Nevertheless, the current strategy is focused
on the eradication of these pathogens to progressively gain
an officially free status. In addition, for BVDV, measures rely
on the identification and elimination of persistently infected

FIGURE 8 | The effect of Rb2 on CSFV Shimen with IFA.
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FIGURE 9 | The effect of Rb2 on the activity of IRES of BVDV and CSFV with

dual-Luciferase assay. **p < 0.01.

immunotolerant animals, and for CSFV, when the disease
is eradicated in a country or zone, stamping out policy is
strictly applied.

Bovine-derived biological materials are important to
medicine and other biological applications. But contamination is
frequently reported with BVD-associated viruses. Contamination
of FBS leads to contamination of biological products that
use FBS for their production, including cell cultures and
vaccines. BVDV contamination can affect the outcome of
cell-culture-based research and diagnostic procedures, resulting
in misinterpretation of research data or an incorrect diagnosis.
Vaccine contamination may not only influence the results
of vaccination but may also lead to new infections, causing
serious BVD outbreaks (30). With concern to biological product
contamination by BVDV, antiviral properties of ginsenosides
might be taken into account with a possible use in the framework
of laboratory testing and biological products manufacturing
activities to counter occurrence of adventitious pestiviruses.
However, the problem will be resolved through the application of
stringent laboratory safety practices and the compulsory use of
biologicals such as bovine fetal serum derived only from officially
BVDV-free animals, guaranteed by relevant health competent
authorities, and not based on claims from manufacturers.
Official free status is contemplated by the recent EU regulations
429/2016 and 689/2020. Possibly, in veterinary medicine, the
use of antivirals for pestiviruses might be restricted to highly
valuable animals, in order to reduce the impact of the infection
on their health and welfare.

HCV is the main causative agent of chronic hepatitis in
humans, responsible for more than 185 million infections
worldwide. Not only are vaccines absent, but the treatment of
hepatitis C has improved only over the past decade. Initially, with
interferons and ribavirin, cure rates did not exceed 60% (31, 32),
and almost all of them had side effects so severe that some
people abandoned the treatment. Highly effective, well-tolerated
therapies are now available. However, the therapeutic constraint
is represented by very high costs (up to about 97,000 USD for
a 12-week treatment). BVDV is genetically similar to HCV in
structure and, in general, both of them can produce chronic
infections in their hosts, respectively. Due to the limitations in the
discovery and development of HCV drugs, compounds with the
antiviral activity against BVDV are regarded as a surrogate model
system for efforts to discover drugs effective against HCV (33).
Therefore, the search for antiviral properties of ginseng using
animal models may offer alternatives for the cure and possibly
also the prevention of the disease in humans.

In this study, we demonstrated that ginsenoside Rb2 and
Rb3 have antiviral effects on inhibition BVDV replicated in
MDBK cell. Furthermore, ginsenoside Rb2 and Rb3 showed
antiviral potency, thus, representing potentially useful antiviral
compounds for controlling contamination in biological products.
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Bovine respiratory disease (BRD) is caused by complex interactions between viral and

bacterial pathogens, host immune status, and environmental stressors. In both clinical

and research settings, current methods for detecting BRD in calves commonly focus on

visual indicators such as attitude, nasal discharge, and cough, in addition to vital signs

such as rectal temperature and respiration rate. Recently, thoracic ultrasonography (TUS)

has become more commonly used in clinical settings, in addition to physical examination

to diagnose BRD. To assess the value of performing TUS during experimental BRD

infection, 32 calves were challenged with bovine respiratory syncytial virus, to mimic

a viral infection, and 30 calves were infected with Mannheimia haemolytica, to mimic a

bacterial infection. TUS was performed at regular intervals using a standardized method

and scoring system in addition to daily clinical scoring. Although overall correlations

between clinical scores and TUS scores were generally weak (maximum R2 = 0.3212),

TUS identified calves with abnormal lung pathology that would have otherwise been

misclassified on the basis of clinical scoring alone, both on arrival and throughout the

studies. In addition, TUS had an increased correlation with gross lung pathology on

necropsy (maximum R2 = 0.5903), as compared to clinical scoring (maximum R2 =

0.3352). Our results suggest that TUS can provide additional information on calf health

at enrollment and throughout a study and may provide an alternative to terminal studies,

due to the high correlation with lung pathology at necropsy.

Keywords: bovine respiratory disease, thoracic ultrasonography, calves, clinical scoring, pneumonia

INTRODUCTION

Bovine respiratory disease (BRD) is a leading cause of morbidity and mortality among pre-
weaned dairy calves and is a major health concern among feedlot cattle (1, 2). In addition to the
cost of treatment, BRD causes economic losses through reduced growth, reduced lifetime milk
production, and increased mortality (3, 4). BRD results from a complex interaction between viral
and bacterial pathogens, host immune status, and environmental stressors that commonly presents
as a primary viral infection followed by a secondary bacterial infection. Early identification is crucial
to successful treatment but difficult with current approaches to disease detection. Current detection
methods primarily focus on clinical scoring, which relies on indicators such as rectal temperature,
difficulty breathing, increased respiration, ear position, and nasal discharge (5). However, these
indicators have a low sensitivity and specificity for lesions within the lung (6). In addition, many of
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these clinical signs such as temperature and depression can be
caused by environmental conditions and are nonspecific disease
indicators (7). Some clinical scoring methods also fail to identify
calves with subclinical pneumonia if they rely on external,
visual indicators associated with more obvious clinical disease.
Lung auscultation performed by an experienced veterinarian
can improve the accuracy of clinical scoring models; however,
studies have suggested that this method may lack sensitivity for
diagnosing BRD (6), and it is difficult to assign a quantitative
score. In the laboratory, research of potential BRD interventions
is often performed with controlled infections using clinical
scoring as the mainmethod of determining the severity of disease
progression. With the current detection methods, many markers
of disease severity in these intervention studies can only be
observed post-mortem, limiting the ability to analyze disease
progression longitudinally.

Thoracic ultrasonography (TUS) has been identified as a
rapid, on-farm, validated predictor of lung lesions in pre-weaned
dairy calves (8). TUS can identify calves with both clinical and
subclinical pneumonia with increased sensitivity and specificity
(6, 8). Limited research has been done on the detection of
subclinical pneumonia, but calves that suffer from BRD early
in life are known to have lower production later in life, such
as decreased average daily gain, decreased carcass value, and
decreased survival of heifers to first calving (2, 4). These findings
suggest that the effects of lung damage persist even after clinical
signs return to normal (9). Many studies of TUS and its ability
to accurately detect disease within the lungs have taken place in
field experiments where the exact infectious agent is unknown.
The BRD monitored in these studies is likely complex with
coinfections by multiple bacterial or viral agents. Thus, in
uncontrolled field settings, there is little opportunity to assess the
differences in changes in lung appearance as observed by TUS
between bacterial or viral pneumonia and the different ways that
these diseases progress within the lung.

The objective of this study was to compare TUS with
clinical scoring, gross pathology, and pathogen burden in
controlled infection of bovine respiratory syncytial virus (BRSV),
to represent the primary viral infection, or Mannheimia
haemolytica, to represent the secondary bacterial infection, in
pre-weaned dairy calves. Our secondary objective was to track
the progression of lung lesion development as observed by TUS
throughout a controlled infection trial.

MATERIALS AND METHODS

Study Population
This study includes calves from three different trial populations.
All animal procedures were conducted in strict accordance
with federal and institutional guidelines and were approved
by the Iowa State University Institutional Animal Care and
Use Committee (IACUC protocols 18-058 and 19-081). Trial 1
consisted of 32 4-week-old, mixed gender Holstein calves that
were challenged with aerosolized BRSV. Calves were colostrum-
replete with BRSV titers ranging from 32 to 256 (mean 116).
Calves were confirmed negative for BVDV before enrollment.
Trial 2, also referred to as the Fall 2019 cohort, consisted of 16

4-week-old, mixed gender Holstein calves that were challenged
with Mannheimia haemolytica. Trial 3, also referred to as
the Summer 2020 cohort, consisted of 14 4-week-old, mixed
gender Holstein calves that were challenged with Mannheimia
haemolytica. Antibody titers to M. haemolytica ranged from 32
to 128 and did not differ between trials. The animals from all
three trials were purchased from the same, single source. The
animals were transported approximately 3 h from a farm in
Eastern Iowa. Calves were housed individually at the farm but
were comingled and house in groups of n = 4 upon arrival at
the research facility. Calves were confirmed negative for BVDV
before enrollment. Animals from all three trials were housed
under AgBSL2 conditions at the Iowa State University Livestock
Infectious Disease Isolation Facility. Calves were allowed to
acclimate for 4 days before beginning the studies. Animals were
fed milk replacer twice daily and had ad libitum access to food
and water.

BRSV and M. haemolytica Challenge
BRSV inoculum was prepared and administered as previously
described (10). Briefly, BRSV strain 375 was prepared from
virus stock re-isolated from the lung of an infected animal and
passaged on bovine turbinate cells less than four times. The
inoculum was determined to be uncontaminated with BVDV by
PCR. Calves received the inoculum via an aerosolized challenge
with∼104 TCID50/ml of BRSV strain 375.

Mannheimia haemolytica was prepared and administered as
previously described (11). Briefly,M. haemolytica strains NADC-
D153 and NADC-D174 were grown to log phase in Columbia
broth for approximately 2.5 h. Growth was then diluted 50-fold
for challenge. Calves were challenged intratracheally with 25ml
ofM. haemolytica in Earle’s Balanced Salt Solution (EBSS) at 2×
107 colony-forming units (CFU)/ml. All preparations were kept
on ice before inoculation.

Clinical Scoring
Calves were scored for clinical illness daily using a modified
University of Wisconsin calf health respiratory scoring chart (5).
The original scoring chart assigns a number (0–3) to each calf for
various clinical signs including fever, ear position, eye discharge,
nasal discharge, and cough. Additional scoring categories that
were added to the chart include expiration effort (0–3) and lung
auscultation (0 = abnormal lungs sound absent, 1 = abnormal
lung sounds present) (6). The scores for each day are then totaled,
and a total score of ≥5 was used to indicate clinical disease.
Clinical scoring was performed by one, blinded individual for
the duration of the study. The humane endpoint defined by
our IACUC protocol included prolonged increases in body
temperature (>40.5◦ C formore than 48 h), inappetence formore
than two feeding periods, and respiratory effort scores of 3 for
more than 48 h.

Thoracic Ultrasonography
TUS was performed on days 0, 3, 7, 10, and 14 with the
BRSV-challenged calves and days 0, 1, 2, 3, and 4 with the
M. haemolytica–challenged calves. TUS was performed with an
IBEX R© EVO R© (E.I. Medical Imaging, Loveland, CO) using the
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FIGURE 1 | Position of ultrasound probe and description of locations. The labeled blue locations in (A) and (B) indicate the positioning of the ultrasound probe within

each ICS on the left and right sides of the calf, respectively. Location labels are derived from Rademacher et al. (12).

TABLE 1 | Anatomical landmarks associated with each ultrasound location.

Location

name

Anatomical landmarks

19L ICS immediately caudal to shoulder muscle, bottom of probe even with

point of elbow

18L One probe length dorsal to 19L, middle of probe even with point of

shoulder

14L One ICS caudal from 18L, middle of probe even with point of shoulder

10L One ICS caudal from 14L, middle of probe even with point of shoulder

9L One probe length dorsal to 10L, bottom of probe even with point of

shoulder

22R ICS immediately caudal to shoulder muscle, middle of probe even with

point of shoulder

18R One ICS caudal from 22R, middle of probe even with point of shoulder

19R One probe length ventral to 18R, bottom of probe even with point of

elbow

14R One ICS caudal to 18R, middle of probe even with point of shoulder

L in the location name denotes the location was on the left side of the calf and R in the

location name denotes a location on the right side of the calf. Ultrasounds were always

taken in the order listed.

L7HD linear transducer probe (5–9MHz) set to a depth of 8.7 cm
for all scans with 70% isopropyl alcohol applied to the areas of
interest. The thoraxes of all calves were clipped within 1 week
before the start of challenge to improve image quality. Nine
locations on the calf were identified for ultrasonography with
five locations on the left side of the calf and four locations on
the right side of the calf. Ultrasound locations were based on
previously described locations of interest (12) and are shown in
Figures 1A,B. Locations were observed in the same order each
time beginning with the most cranial and ventral location on
the left side and moving caudally and dorsally on the left side
and then repeated on the right side. The first ultrasound location
on the left side of the calf was identified by placing the probe
so that the bottom of the probe was even with the point of the
elbow and in the intercostal space (ICS) immediately caudal to
the shoulder muscle. The remaining four locations on the left

side of the calf were placed, as described in Table 1. On the
right side of the calf, the first ultrasound location was found
by again placing the probe in the ICS that was immediately
caudal to the shoulder muscle with the first location on the right
side even with the point of the shoulder. The remaining three
locations on the right side of the calf were placed, as described
in Table 1. At each location, a four second clip was recorded
and stored for later image review. Images were captured by study
personnel without previous ultrasound experience (MP and PM)
but who were trained on ultrasound image collection by an
experienced ultrasonographer [AK; diplomate, American College
of Veterinary InternalMedicine (Large Animal)] at the beginning
of trial 1.

Image Review
Images were scored by a reviewer without previous ultrasound
experience (MP) who was trained on ultrasound interpretation
by an experienced ultrasonographer (AK). Initial training
consisted of review of images concurrently for identification of
lung consolidation, pleural defects including comet tail artifacts
and B-lines, pleural irregularity, pulmonary abscessation, and
pleural fluid presence. A subset of images was then scored
independently by the trained ultrasonographer and the trainee,
and results were compared and confirmed to be consistent
between reviewers. All ultrasound scoring utilized in this study
was thereafter performed by the trainee; the final review of any
substantially discordant results between necropsy scoring and
TUS was also performed on as needed basis by the experienced
ultrasonographer. Ultrasound clips for each location were scored
for presence of pleural defects and depth of consolidation. Pleural
defects were assigned a score of 0–3, 0 = no comet tails/B-lines
observed; 1 = one to two comet tails/B-lines observed; 2 = three
to five comet tails/B-lines observed; 3 = six and above comet
tails/B-lines observed. Depth of consolidation was also assigned
a score of 0–3 based on the maximum depth of consolidation
seen at each location: 0 = no consolidation, 1 = <2 cm of
consolidation, 2 = >2 cm but <4 cm of consolidation, and 3 =

>4 cm of consolidation. Once all nine locations for a day were
scored, the scores for presence of pleural defects were combined
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for a final pleural defect score and the maximum consolidation
depth seen in any of the nine locations on each day was assigned
as the final depth of consolidation score. Calves were assigned
a final ultrasound score for the day on a scale of 0–4: 0 = no
consolidation present, final pleural defects score of <5; 1 = no
consolidation present, final pleural defects score >5; 2 = final
depth of consolidation score of 1; 3= final depth of consolidation
score of 2; 4= final depth of consolidation score of 3.

Necropsy
BRSV-challenged calves were humanely euthanized on day 14
after infection or as clinical symptoms deemed necessary. M.
haemolytica–challenged calves were euthanized on day 4 after
infection or as clinical symptoms deemed necessary. All were
euthanized by barbiturate overdose using sodium pentobarbital
administered at 100 mg/kg. On necropsy, the lungs were
removed, and 11 lobes (left cranial, right cranial, middle, upper
right caudal, middle right caudal, lower right caudal, lower left
caudal, middle left caudal, upper left caudal, accessory, and
left cranial caudal lobes), as shown in Supplementary Figure 1,
were assessed for the presence of lesioned lung on a percent
basis. Lung tissue was assessed for any visual changes to the
surface of the lung and palpated for any changes to lung texture.
Necropsy data were not included from BRSV-challenged calves
that were euthanized before day 14. To identify the lung lobes
that were captured on ultrasound, the calf was placed on its
side, the ultrasound locations were identified, as shown in
Supplementary Figures 2A,B, and Trypan blue dye was injected
into the lung tissue. Once the lungs were removed from the
calf, the blue injection sites were identified and marked, as
shown in Supplementary Figures 2C,D. Five lobes of interest
were identified: left cranial, left cranial caudal, upper left caudal,
right cranial, and middle.

Real-Time PCR and Quantitative Culture
Viral load was determined in lung tissue and nasal swab samples
by quantification of BRSV NS2 copy number, as previously
described (13).

Briefly, randomly selected samples, ∼0.5 g each, lesioned
and non-lesioned lung tissues were collected from two separate
lung lobes each calf and stored in RNAlater (ThermoFisher).
RNA was then isolated and pooled from the separate locations
(lesioned samples pooled together, non-lesioned lung tissues
pooled together) using Trizol Reagent (Life Technologies) and
then cleaned up using a Qiagen RNeasy isolation column, as
described (14). Nasal swabs samples were collected from the
upper nasal cavity of BRSV infected calves on days 0, 3, 7,
10, and 14 after infection. Viral RNA was isolated from nasal
swab samples using the MagMax Viral Isolation Kit (Applied
Biosystems, Life Technologies). cDNA synthesis and quantitative
rtPCR reactions were carried out with the TaqMan RNA-to-CT 1-
step-kit (Applied Biosystems) according to the instructions of the
manufacturer. Primers and probes for the BRSV NS2 gene and
the bovine RPS9 gene have been published (13). Reactions were
performed using a ThermoFisher QuantStudio 3 Real-Time PCR
machine under previously described cycling conditions (10).
Standard curves for NS2 and RPS9 genes were run in parallel

with test samples, and all were run in duplicate. Viral NS2 copy
numbers were calculated using standard curves and normalized
to RPS9 to account for differences in input materials.

Quantitative culture for M. haemolytica was performed, as
previously described (11). Briefly, lung tissue samples were
ground in EBSS to produce a homogenized suspension that was
then diluted 10-fold in EBSS. The dilutions were then spread
on blood agar base plates containing 5% defibrinated bovine
blood and incubated overnight at 37◦C. Colonies with typicalM.
haemolytica morphology were enumerated, and representative
colonies were selected for plate agglutination. Cotton-tipped
applicators were rolled on half of a fresh blood agar plate then
a sterile loop was used to semi-quantitatively streak for isolation
on the remaining two quarters.

Statistical Analysis
Statistical analysis was performed using Prism v9.0.1 (GraphPad
Software, Inc.). Data were analyzed using linear regression and R
values were calculated using the Pearson method.

RESULTS

Infection Models
In the first trial, 32 4-week-old, mixed gender Holstein calves
were infected with BRSV strain 375 via aerosol inoculation.
Calves were monitored daily and assigned a clinical disease score
on the basis of an adapted University of Wisconsin calf health
scoring model. TUS images were collected on days 0, 3, 7, 10, and
14 after infection. Because of elevated clinical disease scores, two
calves were euthanized on day 6, and four calves were euthanized
on day 7. The remaining 26 calves were euthanized on day 14
after infection. As shown in Figure 2A, both clinical disease
and TUS scores peaked on day 7 after infection. Clinical scores
gradually decreased through day 14; however, ultrasound scores
remained elevated for the remainder of the study.

In the second and third trials, a total of 30 4-week-old, mixed
gender Holstein calves were infected via intratracheal inoculation
with 107 CFU M. haemolytica strain NADC-D153. Calves were
monitored and assigned a clinical disease score daily with TUS
images collected daily on days 0–4 after infection. In trial 2, six
calves were euthanized on day 1, one calf was euthanized on day
2, and the remaining nine calves were euthanized on day 4 after
infection. In trial 3, all 14 calves were euthanized on day 4 after
infection. The Fall 2019 cohort ofM. haemolytica–infected calves
had peak clinical and ultrasound score on day 1 after infection,
and the Summer 2020 cohort had clinical scores and TUS scores
that peaked on days 3 and 4, respectively, as shown in Figure 2B.

Disease Progression
All calves had TUS performed before inoculation with either
BRSV orM. haemolytica. In trial 1, seven of the 32 BRSV-infected
calves had a TUS score ≥2 on arrival indicating the presence
of previous clinical disease or current subclinical pneumonia. In
trials 2 and 3, none of the 30M. haemolytica–infected calves had
a TUS ≥ 2 on arrival.

After experimental infection, consistent trends, unique to each
disease process, were observed in the development of pleural
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FIGURE 2 | Timeline of experimental BRSV and M. haemolytica infection. Calves were challenged with either BRSV (A) or M. haemolytica (B). Unless clinical signs

necessitated earlier euthanasia, calves challenged with BRSV were euthanized on day 14 after infection, whereas calves challenged with M. haemolytica were

euthanized on day 4 after infection. All calves were assigned a clinical score each day by a trained observer based on fever, eye and nose discharge, severity of lung

sounds, and ear position. All calves were assigned an ultrasound score on selected days (days 0, 3, 7, 10, and 14 in BRSV-challenged calves; all days in M.

haemolytica–challenged calves) by a trained reviewer based on presence and severity of consolidated lung tissue and pleural defects such as B-lines and comet tail

artifacts. Data represent mean ± SEM.

defects and consolidation that were detected by TUS as shown
in Figure 3. In M. haemolytica–infected calves, a majority of
calves (12/16) in the Fall 2019 cohort (Figure 3A) developed
lesions consistent with consolidation (TUS score ≥ 2) on TUS
within 24 h of infection. After the peak observed on day 1 after
infection, the average ultrasound score steadily decreased until
the final observation on day 4 after infection. Notably, however,
six of the most severe calves were euthanized 24 h after infection,
and an additional two were euthanized 48 h after infection,
including the calf depicted in Figure 3A, which likely contributed
to the decrease in ultrasound score as the study progressed. In
the Summer 2020 cohort (Figure 3B), one third of the calves
(5/15) developed lesions consistent with consolidation on TUS
within 24 h of infection and one additional calf developed lesions
consistent with consolidation by day 4 of the study. No calves
were euthanized before necropsy on day 4 after infection. In
general, the consolidation lesions observed on ultrasound in the
M. haemolytica–infected calves had well-defined borders; this
was consistent with the appearance of localized, firm lesions
observed in the lung tissue on necropsy.

In the calves that had no prior consolidation, lesions
consistent with lung consolidation (TUS score ≥ 2) were
commonly first identified via TUS on day 7 after BRSV infection
and remained detectable until necropsy (Figure 3C). The calves
with positive TUS scores before infection were no more likely
to develop positive clinical scores or elevated TUS scores;
however, these elevated scores were detected sooner. In addition,
pleural defect scores peaked on day 10 after infection and
were not always associated with the presence of consolidation.
Lesions consistent with consolidation observed on ultrasound
in BRSV infection had less defined borders than those of the

M. haemolytica–infected calves; this was also consistent with the
appearance of more diffuse, regionalized lesions within the lung
tissue on necropsy.

Clinical Score and Ultrasound Score
Diagnosing BRD through clinical disease scoring relies primarily
on visual cues and an elevated body temperature. A number
of field studies have demonstrated the poor sensitivity of
clinical disease scoring systems, which fail to detect a significant
population of calves with subclinical pneumonia (6). Few studies
have compared the relationship between clinical disease scoring
progression with TUS scoring progression in controlled infection
settings. Therefore, we compared clinical disease score and TUS
score from all calves from all days of the study. In trial 1, 131
clinical disease score and TUS score pairs from all days that TUS
images were collected were compared (Figure 4A). In trials 2 and
3, 59 and 69 clinical disease score and TUS score pairs from all
days of the study were compared (Figures 4B,C). In the BRSV
infection model, there was a weak to mild positive correlation
between clinical disease score and TUS score (R2 = 0.3212).
Given the differences in disease progression, theM. haemolytica–
infected calves from trials 2 and 3 were treated as two separate
cohorts. The correlation between clinical disease score and TUS
score was lower after M. haemolytica infection, regardless of
cohort (R2 = 0.2866 in the Fall 2019 cohort and R2 = 0.0677 in
the Summer 2020 cohort).

To further explore the relationship between clinical disease
score and TUS score, the scatterplots were then divided into four
quadrants on the basis of a positive clinical score (CS≥5) and
the presence of consolidation (TUS score≥ 2). The bottom left
quadrant represents calves with negative clinical scores and no
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FIGURE 3 | Progression of disease in ultrasound images. Ultrasound images were collected from nine locations each day for each calf in the study. (A) depicts

ultrasound image progression from location 14R on days 0, 1, and 2 of a M. haemolytica–infected calf from the Fall 2019 cohort. The final TUS scores of the calf were

0, 4, and 4, and its clinical scores were 2, 7, and 9, respectively. The calf was euthanized on day 2 after infection because of the severity of disease progression. (B)

depicts the ultrasound image progression from location 18L on days 1, 2, 3, and 4 of a M. haemolytica–infected calf from the Summer 2020 cohort. The final TUS

scores of the calf were 1, 1, 4, and 4, and its clinical scores were 4, 4, 7, and 2, respectively. The calf was euthanized on day 4 after infection. (C) depicts the

ultrasound image progression from a location 18L on days 3, 7, 10, and 14 of a representative BRSV-infected calf. The final TUS scores of calf were 0, 3, 3, and 3,

and its clinical scores were 1, 9, 6, and 2, respectively. The calf was euthanized on day 14 after infection. Asterisks with or without horizontal brackets indicate pleural

defects and vertical brackets indicate maximum depth of consolidation.

consolidation present; these calves make up 41% (107 of 259)
of all the data points collected. The top left quadrant represents
calves with a positive clinical score but with no consolidation
present; these calves make up 10% (27 of 259) of the data
points collected. The top right quadrant represents calves with
a positive clinical score and consolidation present; these calves
have clinical pneumonia and make up 31% (81 of 259) of the data
points collected. The bottom right quadrant represents calves
with a negative clinical score but consolidation present; these

calves have subclinical pneumonia that is undetectable by other
methods of disease progressionmonitoring andmake up 17% (44
of 259) of the data points collected.

Of the 32 BRSV-infected calves, 19 were classified as having
subclinical pneumonia on at least one day that TUS was
performed. The highest incidence of subclinical pneumonia, 11
of the 26 remaining calves, occurred on day 14 after infection
(Figure 5A). On day 0 of the study, 24 calves had negative clinical
and TUS scores. By day 7 after infection, 24 calves were in the
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TABLE 2 | TUS and clinical score progression of calves across BRSV and M. haemolytica infection.

BRSV cohort Day 0 Day 3 Day 7 Day 10 Day 14

CS(–)/TUS(–)a 24 16 1 3 2

CS(+)/TUS(–) 1 0 2 2 1

CS(–)/TUS(+) 6 5 3 1 11

CS(+)/TUS(+) 1 1 24 15 12

M. haemolytica Fall 2019 cohort Day 0 Day 1 Day 2 Day 3 Day 4

CS(–)/TUS(–) 16 0 1 3 3

CS(+)/TUS(–) 0 4 2 2 0

CS(–)/TUS(+) 0 3 3 3 3

CS(+)/TUS(+) 0 8 4 1 2

M. haemolytica Summer 2020 cohort Day 0 Day 1 Day 2 Day 3 Day 4

CS(–)/TUS(–) 14 8 7 7 2

CS(+)/TUS(–) 0 1 2 3 7

CS(–)/TUS(+) 0 3 1 1 1

CS(+)/TUS(+) 0 2 4 3 4

aCS(–)/TUS(+) is also referred to as subclinical pneumonia. CS(+)/TUS(+) is also referred to as clinical pneumonia.

FIGURE 4 | Relationship of clinical score and TUS score and classification of calves. Daily clinical scores were compared to daily ultrasound scores from

BRSV-infected calves (A) and M. haemolytica–infected calves (B,C). The graphs include all data points from days 0, 3, 7, 10, and 14 in BRSV-infected calves and

from days 0 to 4 in M. haemolytica–infected calves. The size of the point represents the number of calves represented in each location: (A) the maximum dot size

represents 10 calves; (B) the maximum size dot represents seven calves; (C) the maximum sized dot represents 12 calves. The plots were divided into four quadrants

according to positive clinical score (≥5) and positive ultrasound score (≥2). Green quadrant represents calves that are negative for clinical score and ultrasound score.

Blue quadrant represents calves with positive clinical scores but negative ultrasound scores. Red quadrant represents calves with elevated clinical and ultrasound

scores (clinical). Yellow quadrant represents calves who had non-elevated clinical scores but had positive ultrasound scores (subclinical). The percentage in each

quadrant represents the frequency of points from that study represented in each quadrant.

clinical pneumonia classification with positive clinical and TUS
scores. Six of these calves were euthanized before day 10 because
of severe clinical disease symptoms, so on day 10 after infection,

15 calves remained in the clinical pneumonia classification. By
day 14, the number of clinical pneumonia calves was reduced to
12, and there were 11 calves classified with subclinical pneumonia
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FIGURE 5 | The distribution of calves represented in each of the four quadrants over the course of BRSV (A) and M. haemolytica (B,C) infection. For the

BRSV-infected calves (A), TUS was performed on days 0, 3, 7, 10, and 14 after infection. For the M. haemolytica–infected calves (B,C), TUS was performed on days

0, 1, 2, 3, and 4 after infection.

(Table 2). On average, the calves had negative clinical disease and
TUS scores on days 0 and 3 after infection and then entered the
clinical pneumonia classification on day 7 after infection. The
calves that survived to day 10 generally continued to present with
clinical pneumonia scores and then moved into the subclinical
pneumonia classification by day 14 after infection.

In the two trials with M. haemolytica–infected calves, seven
of the 16 calves in the Fall 2019 cohort and four of the 14 calves
in the Summer 2020 cohort were classified as having subclinical
pneumonia on at least one day that TUS was performed
(Figures 5B,C). In these two trials, the highest incidence of
subclinical pneumonia was on day 1 after infection, with six
of the 30 calves in this classification. In trial 2, all 16 calves
began the study with negative clinical and TUS scores. On
day 1 after infection, half the calves were classified as having
clinical pneumonia and four calves had positive clinical scores
with negative TUS scores. Six of these animals were euthanized
because of severe clinical disease symptoms. By day 2 after
infection, calves were mostly distributed in the subclinical
and clinical pneumonia classifications. An additional calf was
euthanized because of severe symptoms. On days 3 and 4 after
infection, approximately half the calves had negative clinical and
TUS scores, and the remainder was classified with subclinical
pneumonia. In trial 3, all 14 calves entered the study with
negative clinical and TUS scores. On day 1 after infection, eight

calves remained in this classification and the remaining six were
distributed among the other three classifications. On day 2 after
infection, seven calves were still negative in both scores, but
four calves had entered the clinical pneumonia classification,
and similar numbers were seen on day 3 after infection. By
day 4 after infection, only two calves remained negative for
both clinical and TUS scores, seven calves had positive clinical
scores and negative TUS scores, and four calves were in the
clinical pneumonia classification. By using TUS, calves that
lacked clinical symptoms but still developed lung consolidation
after experimental infection were frequently identified.

Pathogen Burden and Ultrasound Score
Although it is known that a portion of the lung damage arising
during BRD is a result of immunopathology, there is little
information available regarding the relationship between the
development and progression of lung lesions and pathogen
load. Therefore, nasal swabs samples were collected from BRSV-
infected calves for quantification of viral shedding in Trial 1,
and representative lesioned and non-lesioned lung tissues were
collected for evaluation of pathogen burden in Trials 2 and 3.
In Figure 6A, quantitative Real-Time (qRT)-PCR was performed
for the BRSV NS2 gene on nasal swabs collected from the BRSV-
infected animals on day 7 after infection, the peak of virus
shedding in this model (15). Virus quantity, described as copy
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numbers of the NS2 gene, was then plotted against the ultrasound
scores. There was no association between ultrasound scores and
peak virus shedding on day 7 after infection (R2 = 0.01324).
Samples of lesioned and non-lesioned lung tissue were also
collected from the BRSV-infected calves on day 14 after infection.
As seen in Supplementary Figure 3, few BRSV NS2 gene copies
were detected at this timepoint, and there was no association
between TUS score and lung viral load at day 14 after infection
(R2 = 0.03588 in non-lesioned lung tissue and R2 = 0.02543 in
lesioned lung tissue). Lung tissue samples were collected fromM.
haemolytica–infected calves at necropsy, and lung bacterial loads
were determined by quantitative culture. As shown in Figure 6B,
lung bacterial loads ranged from undetectable to as high as 7
× 107 CFU/g of lung tissue. The lung bacterial loads depicted
in Figure 6B include calves that were euthanized at humane
endpoint and thus include samples that were collected on days
1 (six calves), 2 (one calf), and 4 (23 calves) after infection.
There was no association betweenM. haemolytica lung burden at
necropsy and ultrasound score (R2 = 0.08831). Thus, there is no
discernible relationship between pathogen load and TUS score
at the peak of virus shedding (day 7 after infection) for BRSV-
infected calves or at the day of necropsy for M. haemolytica–
infected calves.

Pathology and Clinical Score
Lung tissue damage can have long-term effects on calf health and
performance. Because clinical disease scoring is a widely used
disease detection model, its correlation to gross lung pathology
can provide a useful basis for determining whether TUS is
more or less accurate in detecting the presence of lesions in
the lung tissue. All calves that had necropsy data collected from
all three studies showed visible lung lesions on necropsy. In
Figure 7, the area of pneumonic lung, expressed as a percent,
was compared to clinical disease score on the day of necropsy.
There was a weak to mild positive correlation among BRSV-
infected calves (R2 = 0.1961). In the M. haemolytica–infected
calves, the relationship between clinical disease score and gross
lung pathology score was stronger (R2 = 0.3352) but still failed
to show a strong relation between the two parameters. This
result is not unexpected and underlines the point that clinical
disease score is not a strong predictor of the disease severity in
the lung. Therefore, for researchers who want to determine the
efficacy of a BRD intervention, clinical disease scoring on its own
only provides limited information related to disease progression
and severity.

Pathology and Ultrasound Score
To further explore the accuracy and sensitivity of TUS scores
for predicting gross lung damage, the correlation between
ultrasound score on necropsy and gross lung pathology score
was determined in Figures 8A,B. The nine ultrasound locations
that were evaluated were focused in the cranial and ventral
regions of the lung field because consolidation is more likely to
develop in these lobes. One caveat of the ultrasound system is the
restricted depth of penetration if normal lung tissue is present.
This limits the ability of the ultrasound to detect lesions that
are deep to normal aerated lung and certain regions of the lung.

Therefore, in addition to comparing the total percentage of lung
affected, the percentage of pneumonic lung within the five cranial
and ventral lobes of interest that were directly examined using
ultrasound (as indicated by the location highlights in Figure 8C)
was also calculated and compared to the respective TUS score.
A moderate correlation between the gross lung pathology score
encompassing the entire lung and TUS score on necropsy was
observed for calves infected with BRSV (R2 = 0.5137). This
correlation increased when the gross lung pathology score of
only the five lobes of interest was considered (R2 = 0.5903). For
the M. haemolytica–infected calves, there was also a moderate
correlation when the pathology score of the entire lung was
considered (R2 = 0.4324) and the correlation increased when
TUS score was compared to the five lobes of interest (R2 =

0.4899). In both infection models, there was a greater correlation
between gross lung pathology score and ultrasound score than
between gross lung pathology score and clinical score. Thus, TUS
provides a more accurate representation of gross lung pathology
than clinical scoring and can be obtained at any point in the
disease process.

To further investigate the relationship between clinical score,
TUS score, and gross lung pathology score, the three variables
were compared in Figure 9. The location of each point on
the graph is based on the clinical score and ultrasound score
on the day of necropsy, and the focused gross lung pathology
score (denoted in Figure 8C) is represented by the color of
each data point. For the BRSV-infected calves, a higher gross
lung pathology score was associated with a higher TUS score,
regardless of clinical score. For the M. haemolytica–infected
calves, this trend was still present but less pronounced. The
differences seen between these two models may be associated
with the types of lesions associated with the disease. In BRSV
infection, more diffuse and regionalized lesions were observed
within the tissue after necropsy. This leads to a higher likelihood
of identifying lesions on ultrasound of only a select number of
locations. In M. haemolytica infection, more localized lesions
were observed on necropsy, leading to a decreased likelihood
of identifying lesions on ultrasound when only observing select
locations. However, there is a trend for both viral and bacterial
infections, where, as both clinical and TUS scores increase, the
percentage of lung affected increases as well.

DISCUSSION

There have been many studies on the detrimental effects, both
in short and long terms, and the costs of BRD (1, 2, 4). Early
detection remains a key factor in mitigating the negative effects
of the disease. Previous studies on BRD detection have focused
on clinical scoring models that rely on visual indicators, such as
nasal discharge, cough, attitude, and physical assessment such as
rectal temperature or expiration rate (5). Some of these markers,
such as attitude and rectal temperature, are not BRD specific and
can be caused by a wide variety of illnesses. In addition, not all
calves with BRD will present with the same symptoms or with
symptoms that are severe enough to be considered clinically ill.
Thus, calves with active, but subclinical, BRD are not identified.
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FIGURE 6 | Relationship between pathogen burden and TUS score. For BRSV–infected calves (A), qRT-PCR was performed on nasal swabs for the BRSV NS2 gene

to quantify the amount of virus being shed in nasal secretions on day 7. For M. haemolytica–infected calves (B), quantitative culture was performed using samples of

lung tissue to estimate bacterial lung burden.

FIGURE 7 | Gross lung pathology on necropsy plotted against clinical score on day of necropsy. In both BRSV-infected (A) and M. haemolytica–infected calves (B),

the lungs were divided into 11 lobes and scored based on percentage of lung affected by gross lesions. There was a weak correlation between clinical score and

gross lung pathology in both models.

In recent studies comparing on-farm detection of clinical disease,
TUS has been shown to have increased sensitivity and specificity
over clinical scoring, allowing it to capture even subclinical
pneumonia (9, 16). Therefore, the goal of our study was to
determine whether TUS could provide the same improvements
to disease monitoring during experimental BRD trials.

In experimental models of BRD, lung pathology is typically
utilized as the gold standard for detection of disease (17–19).
For our studies, we compared TUS to lung pathology as the gold
standard, and our results show an improved relationship between
TUS and lung pathology compared to traditional clinical disease
scoring. Thus, TUS was shown to be a more accurate predictor of
disease presence within the lungs than clinical scoring. Although
the R2 value between TUS score and gross lung pathology was
only moderate, the TUS data in our study were collected from
a small portion of the lung, and using TUS, lesions that are
deep to aerated lung cannot be observed. When considering

these limitations, the increased correlation between TUS and
lung pathology as compared to clinical scoring is increasingly
significant. Furthermore, although lung pathology is considered
the gold standard, it is highly invasive and requires the animal
to be euthanized. In contrast, TUS is non-invasive and can
provide results that are well correlated with gross lung pathology,
especially if more of the lung field is included in the scan (20),
thus providing researchers with an alternative to euthanasia.

The two experimental infection models used in the present
study were selected to mimic a viral infection and a bacterial
infection due to the known variations in disease presentation
and progression in these two types of infection. In most of the
parameters, we examined that there was a decreased correlation
seen in the M. haemolytica–infected calves compared with that
in the BRSV-infected calves. This decreased correlation may
be related to the increased variation of the disease process
itself. Progression of disease in M. haemolytica infection models
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FIGURE 8 | Gross lung pathology on necropsy plotted against ultrasound score on necropsy. In both BRSV-infected (A) and M. haemolytica–infected calves (B), the

lungs were divided into 11 lobes and scored based on percentage of lung affected by gross lesions. The average percent affected across all lobes was plotted in

addition to an average across the five lobes imaged via ultrasound. The approximate ultrasound locations for both the left and right sides of the lung are shown (C).

Because the entire lung field was examined via TUS, the average of the lobes that were imaged was plotted separately. In both disease models, there was a

correlation between gross lung pathology on necropsy and ultrasound score and the correlation increased when only the lobes with the TUS locations were used.

is frequently inconsistent due to variations in endotoxin and
leukotoxin production between strains and challenge dose.
Previous studies have used doses ranging from 106 to 109

CFU/ml in their inoculation and experienced a range of disease
severity even with the same concentration of bacteria (7, 17,
21). Generally, BRSV has a much more consistent pattern of
disease (22–24). Within the present study, there was an increased
variation in clinical score and TUS score in M. haemolytica–
infected calves compared with that in BRSV-infected calves.
During the Fall 2019 cohort, there was 50% mortality by
48 h after infection, whereas in the Summer 2020 cohort, all
infected calves survived to necropsy. When considered together

the high variation in clinical score, TUS score and mortality
confirm previous observations of the increased variability in
disease progression seen in M. haemolytica infection. Despite
this variation, it is important to note the stronger correlation
between TUS score and gross lung pathology compared with the
correlation between clinical score and gross lung pathology in
M. haemolytica–infected calves. Thus, although there was higher
variation and somewhat decreased relationships, TUS was still
able to accurately capture the differences in disease progression
and severity.

The two infection models vary in many ways, but, in addition
to the disease mechanisms, there was also variation in the
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FIGURE 9 | Gross lung pathology plotted against clinical score and ultrasound score on day of necropsy for BRSV-infected (A) and M. haemolytica–infected calves

(B). Clinical score for each calf was plotted against the final ultrasound score with the color of dot representing the percentage of lung affected with gross lesions. The

plot is divided into four quadrants, similar to Figure 5.

calf populations. In the BRSV infection trial, consolidation was
observed before experimental infection in seven of the 32 calves
that were entered in the trial. This suggests that these calves
had previous respiratory infections that may not have been fully
resolved at the time of enrollment in the study. TUS was able
to capture the disease in these calves that would have otherwise
been missed by clinical scoring alone. The presence of pre-
inoculation lesions has the potential to influence all subsequent
data that were collected on these calves, in particular TUS and
necropsy results, because lesions had already developed before
study initiation. Previous studies have also noted suspected pre-
enrollment respiratory illness and its effect on the subsequent
data that were collected (18, 25). In our study, calves that entered
the study with consolidation already present were more likely to
remain in the clinical and subclinical pneumonia quadrants. BRD
trials with experimental infections are attempting to simplify a
complicated disease to study a more specific part of the infection
process. Calves that enter experimental trials with undiagnosed
or unresolved subclinical respiratory infections can significantly
affect study outcomes. Therefore, the results of our study strongly
suggest that TUS can be a powerful tool for screening calves for
existing disease before they are entered into a trial.

By plotting the relationship between clinical score and TUS
score, we identified four different subgroups of calves. Previous
papers have identified these calves as having upper respiratory
tract infections (positive clinical score and negative TUS score),
subclinical pneumonia (negative clinical score and positive TUS
score), and clinical pneumonia (positive clinical and TUS score)
(8). Because of the nature of our experimental infections, where
pathogens were introduced directly into the lungs, the term
upper respiratory tract was not used for animals with a positive
clinical score that lacked ultrasonographic changes. In our
study population, this subset of animals most likely included
animals with mild pathology of the lungs or pathology that

was either deep to normal aerated lung or in a location that
was not visualized using our TUS system. However, we did
utilize the “subclinical” and “clinical” terminology for calves that
had negative clinical score and positive TUS score (subclinical)
and positive clinical and TUS score (clinical). Utilization of
these classifications highlights the advantages of using TUS in
conjunction with clinical scoring. The calves in the subclinical
group represent calves that would have been considered within
normal limits if TUS was not used in the study but clearly had
changes to their lung tissue that were confirmed on necropsy.
It is also important to note that some of the calves within the
subclinical pneumonia group may also represent calves who are
in the process of disease resolution. Changes in lung tissue that
are brought on by pathogensmay persist even after the pathogens
have been cleared, therefore creating a population of healthy
calves with significant abnormalities in lung tissue appearance.
The lesions persisting in the lungs of the BRSV-infected calves
on day 14 after infection, after the virus has been eliminated
from the lungs, are one example of this occurrence. The disease
resolution process and its timeline are not well understood, but
the presence of long-term effects suggests that the resolution
process is likely prolonged compared to the duration of active
infection. Disease resolution is an important area for future study
of BRD pathogenesis, because it may have long-term implications
for animal performance.

The weakest relationship observed was between viral shedding
or pathogen burden and TUS score. Our measurements of viral
shedding quantified the amount of specific BRSV genes present
in nasal secretions on a given day. The peak of BRSV shedding
usually occurs around day 6 after infection (23, 26). By day
14 after infection, when the calves in the present study were
necropsied, the amount of virus that remains in the tissue is
very low or has been completely cleared, as previous studies have
shown (23, 26). Therefore, to more accurately reflect pathogen
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load in the BRSV study, we used the amount of virus shed
in nasal secretions on day 7 after infection as our indicator of
pathogen burden. Despite selecting the peak shedding day, our
dataset still did not detect a correlation with viral shedding. This
is not surprising given that viral shedding is not always well
correlated with lung damage, which can instead be attributed
to the host immune response and subsequent immunopathology
(27, 28). In theM. haemolytica trials, we used quantitative culture
of lung tissue to determine pathogen burden. The presence
alone of pathogenic bacteria in the lungs is also not necessarily
related to disease severity because some level of M. haemolytica
presence, which is a normal commensal of the upper respiratory
tract, can be considered within normal limits (29, 30). As with
viral infection, much of the lung damage resulting from M.
haemolytica infection can be attributed to immunopathology
rather than pathogen burden. Limited work has been done
on the relationship between markers of immune function and
classifications of BRD as determined by TUS, and all work that
has been performed previously has been under field conditions
(9, 31).

Most previous research of TUS has focused on its value
as a tool to help in clinical diagnosis and treatment of BRD
(6, 8, 12). These studies have focused on using TUS in natural
BRD infections to confirm its sensitvity and specificity and have
primarily taken place in the field where pathogen identification
is limited. There are few studies that have used TUS in an
experimental infection (7). Our data clearly demonstrate that
TUS can provide researchers with additional data on the
respiratory health of the animals enrolled in their studies. It
is important to note that TUS scanning for clinical diagnosis
is typically performed using a different scanning pattern with
inclusion of more of the lung surface. In this study, the
TUS images were collected by previously untrained individuals;
training was able to be completed in a few sessions, and the
difficulty of training for image collection was comparable to
training for blood collection. It is also important to note that the
images were collected as research data to be analyzed and not
used to make any clinical diagnosis of disease. When utilized in
this manner, TUS can serve as another tool for researchers to use
for measuring disease progression, similar to the way that clinical
scoring has been integrated in BRD research. In this context, TUS
could be especially beneficial in interventional studies that do not
call for a final necropsy, such as in the feedlot setting. In these
studies, researchers rely on clinical scoring and various blood
tests to determine severity of disease (32, 33), and the addition
of TUS could provide further information on the health of the
lung itself even without necropsy of the animals. Using TUS as
a determinant of disease severity could help researchers increase
the size of their data pools while decreasing the number of calves
that must be euthanized.

CONCLUSION

When performed in conjunction with clinical disease scoring,
in both controlled infections and field studies, TUS can provide
a non-invasive method of assessing disease progression within
the lung tissue and provide researchers with a more complete
image of calf health. TUS can also identify additional diseased
calves that clinical scoring alone cannot capture and provide
valuable information on calf lung health at the time of
study enrollment.
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Bovine respiratory disease complex (BRDC) occurs widely in cattle farms. The main viral

pathogens include bovine viral diarrhea virus (BVDV), Bovine herpesvirus 1 (BoHV-1),

bovine parainfluenza virus type 3 (BPIV3), and bovine respiratory syncytial virus (BRSV),

and the newly emerged influenza D virus (IDV). In this study, we have developed a

one-stepmultiplex real-time Polymerase Chain Reaction (PCR) capable of simultaneously

detecting these five viral pathogens causing BRDC. The established assay could

specifically detect targeted viruses without cross-reaction with others. The detection limit

was ∼10 copies/reaction for single real-time PCR and 100 copies/ reaction for multiplex

real-time PCR assay. A total of 213 nasal samples from cattle with signs of respiratory

tract disease were then collected for performance evaluation of the established platform,

proving that the method has good specificity and sensitivity. The surveillance data

suggested that BVDV and BoHV-1 infections are the dominant cause of BRDC in

the herd, whereas the detection rate of IDV, BIPV3, and BRSV is relatively lower. In

summary, the established assay provides technical support for rapid clinical detection

of BRDC associated viral pathogens to guide the formulation of BRDC prevention and

control measures.

Keywords: BRDC, IDV, BVDV, BoHV-1, BRSV, BPIV3, quantitative PCR

INTRODUCTION

Bovine respiratory disease complex (BRDC) has posed a great threat to the dairy and beef industries
throughout the world (1). The disease is usually resulted from stress, primary viral infection and
secondary bacterial infection, leading to highmortality andmorbidity in cattle (2, 3). It’s considered
that single or combinational infections by viral pathogens are the prerequisites to developing BRDC
(4). So far, the viral pathogens including Bovine Viral Diarrhea Virus (BVDV), Bovine herpesvirus
1 (BoHV-1), Bovine Parainfluenza Virus Type 3 (BPIV3), Bovine Respiratory Syncytial Virus
(BRSV) and Influenza D Virus (IDV) have been proposed to be directly associated with BRDC (5).
Moreover, secondary bacterial infections such as Mannheimia haemolytica, Pasteurella multocida,
and Haemophilus somnus during or after viral infections potentially cause fatal complication of
viral infections (6, 7). Thus, early diagnosis of viral pathogens associated with each outbreak could
be beneficial to timely managing and controlling BRDC (1).
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BVDV is single-stranded, positive-sense RNA viruses that
belongs to genus Pestivirus, family Flaviviridae (8). BVDV
are genetically divided into genotype 1 (BVDV-1), genotype
2 (BVDV-2) and genotype 3 (BVDV-3) (9). Previous studies
have concluded that BVDV aggravates the respiratory disease
syndrome by causing immune tolerance and persistent infection
(10). BoHV-1 harbors a linear double-stranded DNA genome
and causes infectious bovine rhinotracheitis (IBR), a highly
contagious infectious respiratory disease (11, 12). The World
Organization for Animal Health (OIE) lists IBR as a Category
B animal disease. As reported, BoHV-1 preferentially infects
the basal epithelium of injured monolayers and/or genital tracts
to induce mucosal barrier injury (13, 14). Serological survey
of BoHV-1 infection in China suggested that the seropositive
rate was approximately 40% (11). Unlike BoHV-1, BPIV3 is
restricted to replicate in the apical ciliated epithelium causing
tissue damage and immunosuppression which often progresses
to bronchial pneumonia in calves and adult cattle (15). BRSV
infection is the major cause of BRDC in calves during their
first year (16). It infects both ciliated bronchial epithelia and
type II pneumocytes, and causes minimal to extreme respiratory
diseases (17). In addition to these well-known viral pathogens,
IDV, a new type of influenza virus with cattle as a primary
reservoir, can infect and cause influenza diseases in cattle (18).
Recently, IDV was reported as a crucial viral agent that drives
the occurrences of bovine respiratory disease syndrome (18).
However, the contribution of IDV to the bovine respiratory
disease development as well as the co-infection between IDV
and other respiratory viral pathogens remains unknow. Due
to the similarity of clinical signs and co-infections involved in
BRDC, it’s nearly impossible to rapidly and accurately identify
the causative agents solely based on the clinical signs and
conventional methods such as pathogens isolation. Therefore,
single and multiplex real-time PCR assays have been developed
for the rapid detection of pathogens associated with BRDC in
the past years (13, 17, 19–21). However, the single target real-
time PCR requires separate amplification by consuming excess
resources along with inefficient processing. Direct diagnostic
methods assay for the presence of the viruses associated with
BRDC are still lacking. In addition, the relative contribution of
these viruses in BRDC development has not been defined yet,
especially in China (22). In this study, we developed a multiplex
real-time PCR assay for synchronously detecting five viral
pathogens associated BRDC.We showed that the optimized assay
displayed excellent performance. The detection limits for all these
five viral pathogens were 100 copies/reaction with the multiplex
real-time PCR assay. More importantly, our established assay can
effectively detect BRDC related pathogens from the nasal swabs
collected from the cattle with signs of respiratory tract disease.

MATERIALS AND METHODS

Viruses and Cell Cultures
BVDV-1a NADL strain (ATCC VR-534), Bovine rotavirus (BRV)
strain NCDV (ATCC VR-452) Pasteurella multocida P-1059
(capsular serogroup A) were obtained from China Veterinary
Culture Collection Center (CVCC). BoHV-1 isolate HLJ07,

BRSV field isolate HLJ01, Bovine coronavirus (BCoV) isolate
HM and Mannheimia haemolytica SH1801 (Serotype 1), and
BPIV-3 (HQ530153) were isolated by our laboratory (23).
BVDV-2 HLJ-10 strain was provided by Dr. Mingchun Gao
at Northeast Agricultural University (24). The Nucleic Acid of
CSFV vaccine strain (C-strain) was provided by Dr. HuaJi Qiu
at Harbin Veterinary Research Institute of Chinese Academy
of Agricultural Sciences (25). BVDV, BoHV-1, BPIV3 were
propagated onMadin-Darby bovine kidney (MDBK) cells. BRSV
was propagated on bovine Turbinate (BT) cells cultured in
Minimum Essential Medium (MEM) (Thermo Fisher, Inc.; USA)
supplemented with 2% bovine serum (GE, Inc.; USA). IDV strain
D/bovine/Mississippi/C00046N/2014 was obtained via reverse
genetics system and propagated on Madin-Darby Canine Kidney
(MDCK) cells (26).

Primer and Probe Design
All available sequences of BVDV, BoHV-1, BRSV, BPIV3 and IDV
were retrieved from GenBank for alignment via MEGA X. To
obtain the specific primer/probe set for the assay development,
we selected the highly conserved regions BVDV 5’UTR region,
BoHV-1 glycoprotein E (gE) gene, BRSV nucleocapsid (N) gene,
BPIV3 matrix (M) gene, IDV PB1 gene for primer/probe design
using the Oligo7 and Primer Express 3.0.1 software. The designed
primer/probe sets were then subjected to Primer-BLAST for
specificity validation. The primer/probe sets with excellent
specific properties were finally chosen for the assay development.
All oligonucleotides listed in Table 1 were synthesized by
RuiBiotech (Beijing, China).

Nucleic Acid Extraction
DNA/RNA was extracted from cell cultures or clinical samples
following the instruction of Axygen Body Fluid Viral DNA/RNA
Miniprep Kit. Briefly, 2mL of DMEM was added into the nasal
swabs and mixed well. After centrifugation at 5,000 rpm for
5min, the clarified supernatants were then collected and used
for nucleic acid extraction. To obtain the DNA/RNA from
either clinical samples or infected culture fluids, 200 µL of the
supernatants were mixed with equal amount of lysis buffer. After
incubation at room temperature for 5min, the mixture was
mixed with 75 µL of V-N buffer. The supernatants were then
collected after centrifugation for RNA extraction. Finally, the
resulting RNA was eluted using 30 µL elution buffer and stored
at−80 ◦C for further use.

Virus Titration on Cell Cultures
BVDV, BoHV-1, and BPIV3 were propagated in MDBK cells.
Briefly, the monolayer MDBK cells were inoculated with
the indicated virus stock at MOI of 0.02. After one hour
adsorption, the cultures were rinsed and washed three times
with PBS. DMEM supplemented with 2% horse serum was
then added for maintenance. The cell cultures are collected
once 100% cytopathic effect (CPE) is observed. The TCID50

values were determined using standard methods after incubation
for 48–120 h.
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TABLE 1 | Primer and probes used in this study.

Pathogens Primer or probes Sequence (5’-3’) Position Length

BVDV BVDV-F228 TCGAGATGCCACGTGGAC 228–245 162 bp

BVDV-UTR ATGTGCCATGTACAGCAGA 371–390

BVDV-Pro CY5-ACCCTATCAGGCTGT-MGB 322–337

BOHV-1BoHV-1 gE-85bp-F CCGCCAATAACAGCGTAGA 122735–122753 85 bp

gE-85bp-R CCGTTGTACTGCAGCACAA 122801–122819

BOHV-1-gE-Pro FAM-CCTCCGGGCTTTAC-MGB 122783–122796

BRSV BRSV-N-141bp-F ATACAAAGGACTCATCCCGAAAG 155–173 75 bp

BRSV-N-141bp-R AAGATTCCTTCTACCCTACTACCTCC 201–220

BRSV-N-Probe NED-AGTATTTGAAAAGTACCCTC-MGB 178–192

BPIV3 BPIV3M-113bp-F CAGGAACTCCTACAAGCCGC 164–183 113 bp

BPIV3M-113bp-R CATGGGTACAGTTCAGGTTTAATG 317–338

BPIV3-MTPro VIC-CTATCATCTCCGTGGC-MGB 218–237

IDV IDV-F (19) AATTCTGTGCCAATGAAGCTG 320–340 104 bp

IDV-R (19) TGGCATATTTCTTTCACTTGTCC 401–423

IDV-Pr ROX-CATAAGTTTGYCTTCCTTCAGTG-MGB 375–397

Sensitivity Test
To determine the lowest detection limit of primers and probes
used in this study, the specificity tests of single real-time PCR
and multiple real-time PCR were conducted in single tube. Liner
positive control with the copy number ranging from 107 to 101

was used as standards.

Real-Time PCR
The fixed reaction conditions for the multiplex reaction system
were as follow: 10 µL of 2× one step RT-PCR buffer III (Takara),
0.4 µL of Ex Taq HS, 0.4 µL of PrimeScript RT Enzyme Mix II,
0.1 µL of each primer set (10 µmol), 0.2 µL of Probe (10 µmol),
2 µL of nucleic acid template, and enzyme-free water 5.7 µL.
Amplification was carried out using the following program: 42◦C,
5min, 95◦C, 10 s, 45 cycles of 95◦C 5 s, 60◦C 30 s.

Clinical Samples
A total of 213 nasal swab samples were collected from the cattle
with signs of respiratory tract disease in the northeastern part of
China. Among them, 30 nasal swabs were collected from dairy
herds in 2019, 38 nasal swabs were collected from dairy herds
in 2020, while the remaining 145 nasal swabs were collected
from dairy herds in 2021. Most these sampled animals had either
one or several of the following symptoms: fever >39 ◦C, cough,
serious nasal and/or lacrimal discharge, and breath sounds. The
nasal samples were stored frozen at−80◦C until use.

RESULTS

Analytical Specificity of the Primer/Probe
Sets Used in the One-Step Real-Time
RT-PCR Assay
To experimentally evaluate the specificity of the selected
primer/probe sets, we isolated the viral genomes from the
cultured viruses including BVDV NADL strain, BoHV-1 isolate
HLJ07, BPIV3 strain HQ510351, BRSV field isolate HLJ01,

IDV strain D/bovine/Mississippi/C00046N/2014, BCoV isolate
HM and BRV strain NCDV as well as the bacterial genomes
from Pasteurella multocida and Mannheimia haemolytica for
testing. We found that the designed primer/probe set could
successfully recognize and amplify the gene fragment derived
from the corresponding virus. No amplification and fluorescent
signals were observed for non-related pathogens (Figures 1A–E).
These results proved that each set of primers and probes
exhibited good specificity which can be applied for the
assay development.

Establishment of the Standard Curve for
the Multiplex Real-Time PCR
To further verify the sensitivity of the multiplex detection
method, we generated the recombinant plasmids containing the
five target fragments amplified from IBPV3 [M gene (4039-
4194)], BoHV-1 [gE gene (120290-123438)], BVDV-1b [5’-UTR
(64-494)], BRSV [N gene (1342-2289)], and IDV [PB1gene (129-
488)] and cloned into pLVX-IRES-zsGreenI vector created by
Clontech Laboratories Inc. The primers used for amplification
were shown in Table 2, respectively. The standard curves for
the five detected viruses were then determined using a range of
10-fold diluted recombinant plasmids with concentrations from
107 to 101 copies/µL. The qPCR amplifications of each standard
plasmid DNA showed amplification plots corresponding to mean
Ct values of 16.272–35.966 for BVDV, 15.697–35.694 for BoHV-
1, 17.563–36.402 for IBPV3, 20.394–39.084 for BRSV, 17.385–
36.634 for IDV (Figures 2A–E left panel). The slope of the
standard curve, correlation coefficient (R2), and amplification
efficiency (Eff%) were calculated as follows: −3.125, 0.999, and
108.905 % for BVDV; −3.312, 0.992, and 100.424% for BoHV-
1, −3.206, 0.999, and 105.053% for BPIV3, −3.322, 0.995, and
100.104% for BRSV, −3.165, 0.990, and 107.012% for IDV
(Figures 2A–E right panel), showing an excellent amplification
efficiency and linear equation required for RNA quantification.
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FIGURE 1 | Analytical specificity of the primer/probe sets used in the one-step real-time RT-PCR assay: Amplification curves represent samples positive for BVDV,

BoHV-1, BPIV3, BRSV and IDV detected by the real-time qRT-PCR assay. Negative samples include BCoV, BRV, Pasteurella multocida and Mannheimia haemolytica.

Equal amount of isolated viral/bacterial genome were mixed for the assay. The non-detected samples were highlighted in the box.

TABLE 2 | Primers used for standard constructions.

Pathogens Primer or probes Sequence (5’-3’) Position Length

BVDV BVDV-F54 CCGGAATTCCGGGACAAATCCTCCTTAGCGAA(EcoRI) 64–85 450 bp

BVDV-2F54 CGC ctcgag TCTCCTCTCTCGCCAAACA(XhoI) 476–494

BOHV-1 BOHV-1-gI-gE-L gttaTCTAGAgtgatggtgatggtgatgGCGGAGGATGGACTTGAGTCG(xba I) 120290–120309 3188 bp

BOHV-1-g3E-U GATC gactagt CGGTGCCTGTTGCTCTGGAT(Spel I) 123418–123438

BRSV BRSV-NF2 GATCGACTAGTC GCCACCATG ATGTTATATGCTATGTCCCGAT (Spel I) 200–221(N) 980 bp

BRSV-NR2 GTTA CTCGAG CCAATTGGTTCTTGATTGCCTC (Xhol) 1127–1147(N)

BPIV3 BPIV3 MF1 CTAG TCTAGAAACGAACAAAGGAAGGCAAT(XbaI) 3834-3853 881 bp

BPIV3 MR1 CGC GGATCCATGATGCCCATATAACCAGA (BamHI) 4676–4695

IDV IDV-F GATCGACTAGTCGCCACCATG acgtcaatgatatcattgaca(Spel I) 68–88 2135 bp

IDV-R GTTACTCGAGC ttcaattgcctctcccatcga (Xhol) 2150–2170

Optimization of the Multiplex Reaction
System
To improve the performance of the multiplex reaction
system and reduce the interference among the fluorophores,
the parameters including primer concentration, probe
concentration, annealing temperatures, and cycling conditions
were selected for optimization. The optimized multiple real-time
PCR reactions were further evaluated by using the nucleic acids
isolated from related pathogens including BVDV, BoHV-1,
BPIV3, IDV, and BRSV. Amplification was carried out on
Applied Biosystems QuantStudio 5 (Thermo Fisher Scientific).
We found that a good amplification effect can be achieved
when the total reaction system is 10 µL. Consistently, the
optimized multiplex reaction system could efficiently recognize
the specific pathogen with the corresponding primer/probe
set (Figures 3A–F). By using the 10-fold serial diluted plasmid
standards, we further validated the amplification efficiency

and detection limits, and found that the sample with the
concentrations as low as 1 × 101 copies/µL are detectable.
Unfortunately, this lowest number of nucleic acid copies per unit
volume (1 × 101 copies/µL) was not able to be detected in 95%
of BVDV and IDV detection. Therefore, the lowest acceptance
limit was defined as 1 × 102 copies/µL for BVDV and IDV. The
cutoff Ct value for BVDV positivity was defined at 36, which
means the sample with a Ct value less than or equal to 36 (≤ 36)
was considered as positive, but higher than 36(>36) are negative.
The cutoff Ct value for BoHV-1 and BPIV3 positivity was defined
at 36, and the cutoff Ct value for IDV positivity was defined at 37
(Figures 4A–E).

Repeatability of the Multiplex Real-Time
PCR Assay
To assess the repeatability of the multiplex real-time PCR assay,
four dilutions of the plasmid standards ranging from 103 to 106
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FIGURE 2 | Preparation of plasmid standards: (A–E): amplification curves (X-axis: Cycle, Y-axis: 1Rn) of BVDV, BPIV3, BRSV, BoHV-1 and IDV for each plasmid

standard with concentrations ranging from 1 × 107copies/µL to 1 × 101copies/µL; (F–H): standard curves of plasmid standards of BVDV, BPIV3, BRSV, BoHV-1and

IDV. (F): BVDV: Y = −3.125log(X)+39.474 R2 = 0.999 Eff% = 108.905; (G): BoHV-1: Y = −3.312log(X)+38.736 R2 = 0.992 Eff% = 100.424; (H): BPIV3: Y =

−3.206log(X)+38.173 R2 = 0.999 Eff% = 105.053; I: BRSV: Y = −3.322log(X)+39.273 R2 = 0.995 Eff% = 100. 104; (J): IDV: Y = −3.165 log(X)+38.044 R2 = 0.99

Eff% =107.012.
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FIGURE 3 | Specificity of the multiplex real-time PCR assay: The data were represented with amplification curves (X-axis: Cycle, Y-axis: 1Rn) (A–E) Amplification

curves represent samples positive for BVDV, BoHV-1, BPIV3, BRSV and IDV detected by the multiplex real-time PCR assay. (F) Co-infection simulation experiments

with nucleic acids of five pathogens extracted from cell culture The viruses can be detected by our multiplex real-time PCR.

are used for intra-batch and inter-batch repetitions. The standard
deviation and coefficient of variation were calculated based on the
Ct values obtained from three replicates. As shown in Table 3,
the coefficient of variation is <3%, indicating the method has
good repeatability.

Clinical Sample Detection
To further verify its clinical applicability for the differential
diagnoses of BRDC associated viral pathogens, 213 clinical
samples collected from the cattle with clinical signs of BRDC
were tested. Among them, 63 (29.577 %) were detected as
positive for BVDV, 55 (25.822 %) were detected as positive for
BoHV-1, 32 (15.023 %) were detected as positive for BPIV3,
6 (2.817 %) were detected as positive for BRSV. Interestingly,
15 (7.042 %) IDV positive sample was also detected (Figure 5).
Among all samples, 52 (24.413 %) clinical specimens were
co-infected with two or more than two pathogens. Of note,
26(12.207 %) clinical samples were co-infected with BoHV-1and
BPIV3, among which the co-infections of BPIV3 and BoHV-
1 were the most serious (Table 4), indicating that BVDV and
BoHV-1 is widespread in the dairy herds in China and exist
serious co-infections.

DISCUSSION

BRDC is an important disease that plagues the cattle industry
and causes significant economic losses (1). Since BRDC is
a muti-factorial disease, involving both viral and bacterial
pathogens (26). The early diagnosis and detection of BRDC
is of great economic and clinical significance (27). At present,
the commonly used detection assays are classified into antigen
detection and antibody detection (28). Conventional RT-PCR
and PCR have been widely applied for pathogen detection.

However, this method is only suitable for infection by a single
pathogen, and time-consuming (29, 30). As bovine respiratory
disease syndrome is mainly caused by co-infection of multiple
pathogens, it is urgent to develop a rapid and convenient
detection method to simultaneously the pathogens causing
BRDC. So far, a variety of detectionmethods have been developed
for the BRDC diagnosis (3, 21). For instance, Liu et al. developed
a nanoparticle-assisted PCR assay for detection of BRSV, BoHV-
1, BVDV, and BPIV3 with a detection limit of 1.43 ×102

copies of recombinant plasmids per reaction (31). Leenadevi
et al. developed a one-step multiplex real time RT-PCR for
the detection of BRSV, BoHV-1 and BPIV3. The assay was
rapid, highly repeatable, specific and had a sensitivity of 97%
in detecting 102 copies of BRSV, BoHV-1 and BPIV3 (22).
Mari et al. developed a multiplex real-time RT-PCR assay for
BVDV-1, BVDV-2 and HoBi-like pestivirus. The assay was
found to be sensitive, specific and repeatable, ensuring detection
of as few as 100-101 viral RNA copies (32). Although these
methods have good specificity and sensitivity, the detected
pathogens were only limited to BVDV, BoHV-1, or BPIV3.
The accumulating studies have found that IDV and BRSV are
also highly associated with bovine respiratory disease syndrome
(19, 27). Therefore, the assays that are capable of detecting all
these five pathogens are needed. In this study, primers and
probes that could specifically recognize the dedicated pathogens
were designed in the highly conserved regions. To improve
the amplification efficiency of different primers and probes,
the annealing temperature of the primers was set at 57◦C, the
annealing temperature of the probe was set at 67◦C. Notably,
in this developed assay, the primer/probe set of BVDV showed
the lowest amplification. One possible explanation is that the
fluorescence of Cy5 was the weakest and very susceptible to
interference from other fluorophores due to its own physical
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FIGURE 4 | Sensitivity of the multiplex real-time PCR assay: (A–E) amplification curves (X-axis: Cycle, Y-axis: 1Rn) of plasmid standards of BVDV,

BoHV-1,BPIV3,BRSV and IDV detected by multiplex real-time PCR. (F–J) standard curves of plasmid standards of BVDV, BoHV-1, BPIV3, BRSV and IDV. F: BVDV: Y

= −3.224log(X)+39.303 R2 = 0.998 Eff% = 104.237; (G): BoHV-1: Y = −3.333log(X)+39.022 R2 = 0.999 Eff% = 99.532; (H): BPIV3: Y = −3.14log(X)+39.537 R2

= 0.998 Eff% = 108.215; (I): BRSV: Y = −3.114log(X)+42.192 R2 = 0.994 Eff% = 109.479; (J): IDV: Y = −3.209 log(X)+39.842 R2 = 0.998 Eff% = 104.934.
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properties (30). Despite the optimization such as primer/probe
concentration and annealing temperature, the improvement
effect was not significant. Among all these viruses, BoHV-
1exhibited the highest amplification efficiency probably due to its

TABLE 3 | Repeatability of the multiplex real-time PCR assay.

Virus Concentration Intra-coefficient Inter-coefficient

of template of variation of variation

(copies/µL)

X ± SD CV(%) X ± SD CV(%)

BVDV 106 19.323 ± 0.134 0.70 19.319 ± 0.227 1.17

105 23.188 ± 0.016 0.07 23.140 ± 0.153 0.66

104 26.157 ± 0.044 0.17 26.411 ± 0.366 1.39

103 29.904 ± 0.123 0.41 29.598 ± 0.281 0.95

BOHV-1 106 18.807 ± 0.034 0.18 18.874 ± 0.136 0.72

105 22.414 ± 0.038 0.17 22.428 ± 0.042 0.19

104 26.785 ± 0.089 0.33 26.727 ± 0.137 0.51

103 29.617 ± 0.179 0.60 29.428 ± 0.315 1.07

BRSV 106 21.283 ± 0.038 1.70 21.759 ± 0.465 1.45

105 25.067 ± 0.032 0.12 25.177 ± 0.084 0.33

104 28.681 ± 0.023 0.80 28.852 ± 0.45 1.56

103 32.118 ± 0.125 0.39 33.081 ± 1.14 2.14

BPIV3 106 20.815 ± 0.064 0.31 20.694 ± 0.362 1.75

105 24.435 ± 0.012 0.53 24.348 ± 0.559 2.29

104 27.510 ± 0.438 0.25 27.400 ± 0.285 1.04

103 30.747 ± 0.028 0.09 30.640 ± 0.288 0.94

IDV 106 19.278 ± 0.042 0.21 19.425 ± 0.55 2.80

105 22.185 ± 0.349 1.57 22.650 ± 0.104 0.45

104 25.070 ± 0.074 0.30 25.608 ± 0.389 1.50

103 28.230 ± 0.099 0.35 28.664 ± 0.243 0.85

double-stranded DNA structure which enables the amplification
more efficient.

In the clinical samples tested, the highest prevalence was
observed for BoHV-1 and BVDV, while the infection rate of
BRSV is relatively lower. Our observations were consistent with
the previous reports showing the prevalence of BoHV-1 and
BVDV in China was ∼40 and 50.10%, respectively (11, 33).
As reported previously, the infection rate of BPIV3 and BRSV
is relatively lower (34). However, a survey in Slovenia showed
that the most prevalent virus was BRSV instead, followed by
BCoV, BPIV3, and BVDV, while BoHV-1 was less frequently
detected (35). The observed differences of BRSV and BoHV-1
prevalence indicated that the major causes of BRDC in different
country/regions need to be determined by conducting routine
surveillance. In addition, we found that the positive rate of IDV
is more than 7.042%, suggesting that a certain prevalence of IDV

TABLE 4 | The number of clinical specimens with co-infection.

Co-infection Number

BoHV-1, BPIV3, IDV 3

BVDV, BoHV-1, BPIV3 5

BVDV, BoHV-1, BPIV3 5

BoHV-1, BPIV3 15

BPIV3, IDV 1

BoHV-1, IDV 1

BVDV, BoHV-1 11

BPIV3, BRSV 1

BVDV, IDV 4

BPIV3, BRSV, IDV 1

BoHV-1, BRSV 1

BVDV, BPIV3 1

BoHV-1, BPIV3, BRSV 1

FIGURE 5 | Clinical sample detection: (A) The distribution of clinical samples that are positive for BVDV, BoHV-1, BPIV3, BRSV or IDV. (B) The co-infection incidence

among BVDV, IBRV, BPIV3, BRSV and IDV.
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occurs in the northeast part of China. The surveillance of IDV in
cattle population in China needs to be performed.

Due to the sampling season and sampling method, the
positive rate may be affected. As reported, the high incidence of
respiratory diseases mainly occurs in spring (4). while the clinical
samples used in this study were collected from the northeast
part of China during 2019–2021. Notably, we found that the
dual infections (BoHV-1 and BPIV3, BVDV and BoHV-1) were
identified most often in the cattle with BRD symptoms. Due to
the limited sample size, further investigation is required to verify
the observation. In conclusion, this study established efficient
multiple real-time PCR detection method which can detect the
fivemajor viral pathogens causing BVDV, BoHV-1, BRSV, BPIV3,
and IDV, and provided support for the clinical surveillances.
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