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Mannheimia haemolytica in Feedlot Cattle: Prevalence of Recovery
and Associations with Antimicrobial Use, Resistance, and Health
Outcomes

N.R. Noyes, K.M. Benedict, S.P. Gow, C.W. Booker, S.J. Hannon, T.A. McAllister, and P.S. Morley

Background: Mannheimia haemolytica is an important etiological agent in bovine respiratory disease.
Objectives: Explore risk factors for recovery of susceptible and resistant M. haemolytica in feedlot cattle and explore

associations with health outcomes.

Animals: Cattle (n = 5,498) from 4 feedlots sampled at arrival and later in feeding period.

Methods: Susceptibility of M. haemolytica isolates tested for 21 antimicrobials. Records of antimicrobial use and health
events analyzed using multivariable regression.

Results: M. haemolytica recovered from 29% of cattle (1,596/5,498), 13.1% at arrival (95% CI, 12.3-14.1%), and 19.8%
at second sampling (95% CI, 18.7-20.9%). Nearly half of study cattle received antimicrobial drugs (AMDs) parenterally,
mostly as metaphylactic treatment at arrival. Individual parenteral AMD exposures were associated with decreased recovery
of M. haemolytica (OR, 0.2; 95% CI, 0.02-1.2), whereas exposure in penmates was associated with increased recovery (OR,
1.5; 95% CI, 1.05-2.2). Most isolates were pan-susceptible (87.8%; 95% CI, 87.0-89.4%). AMD exposures were not associ-
ated with resistance to any single drug. Multiply-resistant isolates were rare (5.9%; 95% CI, 5.1-6.9%), but AMD exposures
in pen mates were associated with increased odds of recovering multiply-resistant M. haemolytica (OR, 23.9; 95% CI, 8.4—
68.3). Cattle positive for M. haemolytica on arrival were more likely to become ill within 10 days (OR, 1.7; 95% CI, 1.1-2.4).

Conclusions and Clinical Importance: Resistance generally was rare in M. haemolytica. Antimicrobial drug exposures in
penmates increased the risk of isolating susceptible and multiply-resistant M. haemolytica, a finding that could be explained

by contagious spread.
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Bovine respiratory disease (BRD) is a major eco-
nomic burden to feedlot operators. It is estimated
that BRD-associated morbidity and mortality result in
annual loss of one billion USD for North American
feedlots.! BRD-related costs can account for 7% of total
production costs, and per-calf revenue losses associated
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ALR alternating logistic regression

AMD antimicrobial Drug

AMR antimicrobial resistance

AMU antimicrobial use

BRD bovine respiratory disease

CI confidence interval

FHMS Feedlot Health Management Services
GEE generalized estimating equations

VIF variance inflation factor

with treatment of BRD are estimated at up to $292 USD
for animals requiring 3 antimicrobial treatments.>>

Although the etiology of BRD is multifactorial,
M. haemolytica is arguably the most important associ-
ated bacterial pathogen, primarily because of virulence
factors that induce severe morbidity. M. haemolytica is
typically the most common agent isolated from nec-
ropsy samples of cattle with BRD.*>

Treatment of BRD in large commercial feedlots is
focused on antimicrobial treatment in clinically ill ani-
mals and antimicrobial metaphylactic treatment of
high-risk animals. Sick animals that fail to respond to
initial treatment typically are retreated with a different
antimicrobial ~ (personal =~ communication:  Calvin
Booker). Recently, BRD treatment strategies have come
under scrutiny because of a perception of antimicrobial
resistance (AMR) in M. haemolytica isolates recovered
from feedlot cattle, including multiply-resistant isolates.®
Despite the putative importance of BRD and M. haem-
olytica for feedlot economics and animal health, ambi-
guity persists regarding colonization dynamics of
M. haemolytica and associations with clinical disease.
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Primary objectives of this study were to describe the
prevalence of M. haemolytica in isolates obtained from
commercial feedlot beef cattle, to describe resistance
prevalence and patterns in isolates, and to investigate
associations between antimicrobial use (AMU) and
resistant isolates. A secondary objective was to investi-
gate associations between M. haemolytica isolation and
morbidity and mortality outcomes.

Materials and Methods
Study Overview

Isolates evaluated in this study were collected as part of a
project to develop and evaluate surveillance methods of AMR in
feedlots.” The study population, sampling methods and labora-
tory procedures, and interpretive criteria for antimicrobial sus-
ceptibility have been described.” Briefly, 5,968 individual cattle
were enrolled using a 2-stage random sampling as they entered 4
feedlots in Alberta, Canada. Morbidity, mortality and antimicro-
bial treatment events were tracked throughout the study. Deep
nasopharyngeal swabs were collected at arrival to the feedlot
(“arrival sample”) and again later in the feeding period (“second
sample”) and cultured for M. haemolytica. Isolates with morpho-
logic characteristics of M. haemolytica were confirmed using bio-
chemical tests and PCR.”® Confirmed isolates were evaluated for
resistance to antimicrobial drugs (AMDs; Table 5) using broth
microdilution (Table S1), disk diffusion (Table S2) or both.
Prevalence of and risk factors for isolation of M. haemolytica
were described, and multivariable logistic regression was used to
investigate associations between AMU and AMR in M. haemol-
ytica isolates and between M. haemolytica isolation and health
outcomes.

Study Population

Four feedlots in Alberta, Canada with one-time holding capaci-
ties of between 15,000 and 20,000 cattle were purposely selected

Table 1.

based on their ability to track AMU and other health data as well
as their willingness to participate. Production conditions were typi-
cal for North American commercial cattle feedlots, and veterinary
care was managed by Feedlot Health Management Services
(FHMS). Cattle handling and sampling procedures were approved
by the Animal Care Committee of the University of Calgary (Pro-
tocol Number M07031).

Cattle were sourced from across Canada through auction mar-
kets, and entered the feedlots at a range of weights (225-400 kg),
ages, frame sizes, and sexes. Based upon these factors and histori-
cal patterns of illness in similar cattle, arriving groups were
assigned an ordinal category of perceived risk for developing BRD
(low risk to very high risk), which was used to employ prevention
and treatment protocols. All cattle received a growth implant, vac-
cines against selected pathogens, and topical anthelmintic upon
arrival. Very high risk cattle received M. haemolytica anti-leuko-
toxin vaccine, and cattle with assigned risk status of very high or
high received AMDs as metaphylaxis for respiratory disease,
whereas lower risk, non-clinical cattle did not (Table 1). Cattle in
higher risk categories received drugs shown to have greater efficacy
for prevention and treatment of respiratory disease.” Cattle were
fed a diet that met or exceeded the National Research Council
requirements for beef cattle until reaching a body weight of 550—
650 kg, at which time they were sent to slaughter, typically 120-
250 days after arrival in the feedlot.'®

Trained feedlot personnel evaluated cattle for signs of illness at
arrival and daily thereafter. Animals exhibiting systemic illness (eg,
dyspnea, lack of response to stimulation, reluctance to move,
abnormal carriage or posture of the head, or some combination of
these signs) were assigned a diagnosis of “undifferentiated systemic
illness” with or without fever based on a body temperature of
higher or lower than 40.5°C, respectively, and treated using anti-
microbial protocols formulated specifically for their diagnosis and
risk status. All cattle that died underwent necropsy by a FHMS
veterinarian, who used clinical history and physical findings to
classify the cause of death as either BRD, bovine viral diarrhea-
associated disease, disease caused by Histophilus somni, diseases of
the appendicular skeleton, metabolic disease, and miscellaneous
heath events (eg, trauma).

Antimicrobial drugs used in this study population.

Antimicrobial Drug and Dosage

Primary Reason for Use Class

Parenteral
Ceftiofur sodium 1 mg/kg BW
Ceftiofur crystalline free acid 6.6 mg/kg BW
Ceftiofur hydrochloride 1.1 mg/kg BW
Enrofloxacin 7.7 mg/kg BW
Florfenicol 40 mg/kg BW
Florfenicol 40 mg/kg BW & Flunixin meglumine 2.2 mg/kg BW
Oxytetracycline
10 mg/kg BW
20 mg/kg BW
30 mg/kg BW
Tilmicosin 10 mg/kg BW
Trimethoprim and sulfadoxine 16 mg/kg BW
Tulathromycin 2.5 mg/kg BW
Tylosin tartrate 29 mg
In-Feed
Chlortetracycline @
35 mg/kg diet dry matter
1 g/head/day
3 g/head/day
6 g/head/day
Tylosin phosphate @ 11 mg/kg diet dry matter

BRD Treatment Beta lactam

BRD Treatment Beta lactam
BRD Treatment Beta lactam
Relapse BRD Treatment Quinolone
BRD Treatment Phenicol
BRD Treatment Phenicol
BRD Prevention/Treatment Tetracycline
BRD Prevention/Treatment Tetracycline
BRD Prevention/Treatment Tetracycline
BRD Prevention/Treatment Macrolide
BRD Treatment Sulfonamide
BRD Prevention/Treatment Macrolide
Implant Site Abscess Prevention Macrolide
Liver Abscess Prevention Tetracycline
Histophilosis Prevention/Treatment Tetracycline
Histophilosis Prevention/Treatment Tetracycline
Histophilosis Prevention/Treatment Tetracycline
Liver Abscess Prevention Macrolide
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Animal and Pen Record Management

A computerized data collection system® was used to track the
date each animal arrived at the feedlot, the number of cattle in the
pen, the BRD risk status of each animal, and all health events,
including treatments (date, drug administered, dose, and route of
administration) and clinical and necropsy diagnoses. Only in-feed-
lot AMD exposures were included in this study because of a lack
of information on management of cattle before arrival in the feed-
lot. Most cattle’s pen assignments did not change after arrival,
exceptions being pens that were split or mixed for the purposes of
marketing homogenous groups of cattle; such pens were excluded
from analysis because of an inability to accurately characterize
AMU for penmates. Nasopharyngeal sample collection dates, cul-
ture results, M. haemolytica isolate identification numbers, and
resistance testing results were compiled and linked using the
unique animal identification assigned to each animal upon arrival.

Data Analysis

Descriptive analyses and data distributions were explored
graphically and using numerical summaries. Adjusted CI for bino-
mial proportions (adding 2 successes and 2 failures) were esti-
mated.'"" Crude prevalence of susceptible and resistant
M. haemolytica at arrival and second sampling was calculated and
compared. When drugs were tested by both broth microdilution
and disk diffusion (eg, ampicillin, ceftiofur), isolates were classified
as resistant if either test result indicated resistance. “Pan-suscepti-
bility” was defined as phenotypic susceptibility to all drugs tested.
“Multiple resistance” was defined as phenotypic resistance to >2
antimicrobials, regardless of drug class and whether results were
obtained from broth microdilution or disk diffusion, because the
drugs included in these panels differed. McNemar’s test was used
to detect significant differences in isolation of M. haemolytica
within individual cattle between the 2 sampling points. Least-
square means estimates from generalized estimating equations
(GEE) were used to determine significant changes in the overall
prevalence of M. haemolytica between the 2 sampling points, with
cattle ID specified as a repeated measure.

Inferential analyses were performed with commercial software
using logistic regression with GEE to control for clustering within
pens, specifying an exchangeable correlation structure. Feedlot
was included in all models as a fixed effect. The distributions of
AMU were strongly right-skewed and zero-inflated, and therefore
were modeled dichotomously (ie, no exposure versus any expo-
sure). Each antimicrobial class (tetracycline, macrolide, beta-lac-
tam, phenicol, sulfonamide, and quinolone) and route of exposure
(in-feed versus parenteral) was modeled separately. Parenteral
drugs were grouped into a single variable if exposures were too
sparse for model convergence.

The primary study outcome was isolation of M. haemolytica
(yes or no) in the second sample. Primary exposure variables of
interest were previous exposure to parenteral antimicrobials of any
type, and in-feed macrolides and tetracyclines. Exposures were
classified as direct (ie, administered directly to the enrolled individ-
ual) or indirect (ie, administered to penmates of the enrolled indi-
vidual). Furthermore, exposures were dichotomized as occurring
>7 or <7 days from sample collection. Arrival sample M. haemoly-
tica status (positive or negative) and cattle risk level also were risk
factors of interest. Pen size was added as a potential confounder.

Secondary outcomes were resistance in second sample M. haem-
olytica isolates, both to each of the 21 drugs tested in the 2 panels,
as well as to >2 drugs, that is multiply-resistant (ie, multiply-resis-
tant versus singly-resistant or susceptible). Isolates tested by broth
microdilution and disk diffusion were considered multiply-resistant
if either method showed multiple resistance. Primary exposure

b

variables included individual and penmate parenteral exposure to
betalactams, sulfonamides, phenicols, quinolones, macrolides, and
tetracyclines and in-feed macrolides and tetracyclines at any point
before sample collection. For the outcome of multiply-resistant
M. haemolytica, all parenterally administered drugs were grouped
together into a single exposure variable. M. haemolytica status of
cattle at arrival was the primary risk factor of interest for resis-
tance outcomes. Secondary risk factors included the season of
feedlot arrival and sample collection (Jan-Mar, Apr—Jun, Jul-Sept,
Oct-Dec), the risk status assigned to each animal (low, medium,
high, or very high), and the number of cattle in the pen (<100,
101-200, 201-300, 301-400, or >400). The number of days cattle
had been in the feedlot at sample collection was forced into all
models as a potential confounder. To account for repeated mea-
sures on samples from testing of multiple isolates, we specified
“sample” as a subcluster with a “1-(nested log odds ratio)” struc-
ture using GEE with alternating logistic regression (ALR)."? Some
isolates were tested by both broth microdilution and disk diffu-
sion, and therefore “test type” was added as a fixed effect.

To model isolation of susceptible and resistant M. haemolytica,
each AMU variable was first modeled individually. Variables
exhibiting a P value of <.20 were included in multivariable model-
ing, which proceeded in a backwards stepwise fashion with a criti-
cal alpha for retention of 0.05. Variables with a relatively large
effect size and biological relevance also were retained in the final
model. Confounding (defined as parameter estimate change of
>20%) was assessed for all excluded variables. Collinearity was
evaluated using the variance inflation factor and Chi-square test
for continuous and categorical variables, respectively.'?

A third set of outcomes included BRD-associated mortality and
morbidity (diagnosis of systemic illness with fever at arrival, at
any time during the study period, and within 10 days after sample
collection). For these 4 outcomes, the primary risk factor of inter-
est was arrival sample M. haemolytica status. Secondary a priori
risk factors included in all models were BRD risk status, number
of cattle in the pen, and the season of arrival.

Results
Samples

A total of 5,968 cattle from 288 pens housing 56,080
cattle were enrolled in the study. During the study period,
71 cattle died and were not sampled a second time.
Approximately 7.9% (470/5,968) of arrival samples and
15.6% (918/5,897) of second samples were excluded from
analysis, resulting in 10,477 samples available for analyses.
The majority of exclusions occurred as a result of split/
mixed pens, but 1.4% (20/1,388) were excluded because of
missing sample numbers and laboratory results.

Second samples were collected throughout the feeding
period: 14.5% (721/4,979) were obtained between 30
and 60 DOF; 49.0% (2,441/4,979) between 61 and 90
DOF; 10.1% (502/4,979) between 91 and 120 DOF;
17.5% (873/4,979) between 121 and 150 DOF; 6.0%
(300/4,979) between 151 and 180 DOF; and 2.9% (142/
4,979) at >180 DOF.

Study Population

The 5,498 cattle represented a diversity of BRD risk
categories (Table 2). Most cattle were housed with
101-300 animals (59.4%, 3,267/5,498), and entered the
feedlot in the summer and fall (68.6%, 3,771/5,498).
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Table 2. Demographics of study population.

No. of Cattle % of Cattle

Risk status of cattle

Low risk 2,420 44.0
Medium risk 832 15.1
High risk 1,356 24.7
Very high risk 890 16.2
Arrival season of cattle
Winter (Jan—-Mar) 876 159
Spring (Apr—Jun) 851 15.5
Summer (Jul-Sept) 1,623 29.5
Fall (Oct-Dec) 2,148 39.1
Pen size
<101 459 8.4
101-200 1,858 33.8
201-300 1,409 25.6
301-400 1,173 21.3
>400 599 10.9

Prevalence of Mannheimia haemolytica Recovery

A total of 10,477 nasopharyngeal samples were
obtained, and M. haemolytica was isolated from 16.6%
(1,744/10,477; 95% CI, 15.9-17.4%). Overall, 29% of
cattle (1,596/5,498) were culture-positive for M. haemol-
ytica at least once, and there was significant discordance
in recovery likelihood between arrival and second sam-
ples (McNemar’s P < .001), that is, a majority of posi-
tive cattle (90.7%; 1,448/1,596) were culture-positive
only once. There was a significant increase (P < .001) in
the likelihood of recovery from arrival to second sample
(13.1%; 95% CI, 12.3-14.1% and 19.8%; 95% CI,
18.7-20.9, respectively).

Antimicrobial Use

All enrolled cattle received tetracycline and 9.6%
(477/4,979) received macrolides in-feed for liver
abscess control before second sampling (Table 3). Par-
enteral drugs were given to 47.5% (2,611/5,498) of
enrolled cattle, most commonly during initial process-
ing as metaphylaxis for respiratory disease. Tetracy-
clines and macrolides were the most common
parenterally administered antimicrobials, with 31%
(1,563/4,979) and 23% (1,158/4,979) of enrolled cattle
exposed during the study, respectively. Other parenter-
ally administered AMDs were each given to <2% of
study cattle.

Table 3. Drug use before the time of second sampling,
by class.

No. of % of
Total ADD’s % of Cattle Cattle
Drug Class Analyzed® ADD’s  Exposed  Exposed
Parenteral 211 0.4 73 1.5
Betalactam
Parenteral 57 0.1 19 0.4
Quinolone
Parenteral 81 0.2 27 0.5
Phenicol
Parenteral 3,166 5.7 1,158 233
Macrolide
Parenteral S1 0.1 17 0.3
Sulfonamide
Parenteral 4,540 8.2 1,563 314
Tetracycline
In-feed 47,178 85.2 4,979 100.0
Tetracycline
In-feed 63 0.1 477 9.6
Macrolide
Total 55,346

ADD = animal daily dose, defined as the number of days that
a single treatment remains in the target tissue(s) at therapeutic
concentrations.

Risk Factors for Recovery of M. haemolytica

Odds of isolating M. haemolytica in second samples
from cattle that received any parenterally administered
drug <7 days preceding sample collection were about 5
times lower than for cattle that did not receive parenter-
ally administered drugs in this same timeframe (OR,
0.2; 95% CI, 0.02-1.2; P = .006; Table 4). Nontreated
enrolled cattle housed in a pen with cattle that received
injections >7 days before sample collection were about
1.5-times more likely to be colonized with M. haemoly-
tica than study cattle that did not have treated pen-
mates (OR, 1.5; 95% CI, 1.05-2.2; P = .02; Table 4).
Arrival sample M. haemolytica status was not signifi-
cantly associated with second sample M. haemolytica
status. BRD risk status was collinear with AMD expo-
sure and could not be modeled.

Antimicrobial Resistance

Susceptibility testing was performed on 2,989 isolates
taken from 1,744 culture-positive nasopharyngeal sam-
ples. A total of 1,200 isolates were tested with only broth

Table 4. Risk factors associated with the isolation of M. haemolytica in second samples.

Predictor Level Odds Ratio 95% CI P Value

Parenteral drugs given Any exposure 0.16 0.02-1.23 .006
to sampled individual No exposure Reference Reference Reference
within 7 days of sample collection

Parenteral drugs given to Any exposure 1.52 1.05-2.19 .023
penmates of sampled individual No exposure Reference Reference Reference
at least 7 days before sample collection

Pen size Confounded Confounded Confounded Confounded
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microdilution, 215 with only disk diffusion, and 1,574
with both methods. Over 87% of isolates (2,623/2,989;
95% CI, 87.0-89.4%) were pan-susceptible. Most single-
drug phenotypes exhibited crude prevalence <2.0%, with
insufficient occurrence to support logistic regression mod-
eling (Table 5). The relatively low prevalence of resis-
tance across all drugs is also reflected in the distributions
of minimum inhibitory concentration (MIC) and zone
diameter data (Tables S3, S4). Spectinomycin exhibited
the highest resistance prevalence at 4.5% (81/1,789), fol-
lowed by tetracycline (4.4%, 204/4,622), streptomycin
(4.3%, 119/2,833), and kanamycin (3.8%, 108/2,833;
Table 5). No AMD exposures were significantly associ-
ated with resistance to any of these 4 drugs.

A subset of the 2,989 isolates tested for susceptibility
(8.6%, 415/2,989) was excluded from inferential analy-
ses of resistant M. haemolytica because of missing
AMD exposure information when pens were split or
mixed before sampling. A small proportion of remain-
ing isolates was multiply-resistant (5.9%; 152/2,573;
95% CI, 5.1-6.9%), comprising 3.8% of arrival isolates
(47/1,225; 95% CI, 2.9-5.1%) and 7.8% of second sam-
ple isolates (105/1,348; 95% CI, 6.5-9.4%). Combined
kanamycin and streptomycin resistance was the most
common multiple-resistant phenotype at 47.1% (80/170;

Table 5. Crude prevalence of resistance of M. haemol-
ytica isolates (n = 2,989).%

Resistance Phenotype No. of Isolates % (95% CI)®

Table 6. Most common phenotypes among multiply-
resistant isolates (n = 152).

Frequency

of Resistance

Phenotype® % (95% CI)° Phenotype

80 47.1 (39.7-54.5) Kanamycin, Streptomycin

11 6.5 (3.6-11.4) Ampicillin,
Amoxicillin-Clavulanate

8 4.7 (2.3-9.2) Kanamycin, Streptomycin,
Tetracycline

8 4.7 (2.3-9.2) Ampicillin-Clavulanate,
Tetracycline

7 4.1 (1.9-8.5) Spectinomycin, Danofloxacin

7 4.1 (1.9-8.5) Spectinomycin, Danofloxacin,
Tetracycline

6 3.5(1.5-7.7) Kanamycin, Streptomycin,
Ampicillin-Clavulanate

25 16.4 (10.5-22.4) 25 other multiply-resistant

phenotypes

“From a total of 32 multiply-resistance phenotypes; the pheno-
types listed had a frequency of >2% among multiply-resistant
M. haemolytica isolates.

®Adjusted CI for binomial proportions (adding 2 successes and
2 failures) were estimated as previously described.’

95% CI, 39.7-54.5%; Table 6). Although multiple
resistance was rare, odds of recovery was much greater
when penmates of sampled individuals received paren-
terally administered AMDs (OR, 23.9; 95% CI, 8.4-
68.3; P < .001; Table 7). The wide CI for this estimate

Pan- tibl 2,623 87.8 (87.0-89.4 .4 . .. .
Aﬁiizziﬁfl N ’ 3 o1 20 0-03) ) indicates a predictable lack of precision given the rela-
Amoxicillin-clavulanate® 34 0.7 (0:571:0) tively rare occurrence of multiple resistance.’Parente.ral
Ampicillin® 70 1.5 (1.2-1.9) AMU in sampled cattle also. was assqmated .w1th
Cefoxitin® 5 0.2 (0.1-0.4) increased odds of recovering multiply-resistant
Ceftiofur® 2 0.0 (0.0-0.2) M. haemolytica from second samples, but was collinear
Ceftriaxone® 1 0.0 (0.0-0.2) with parenteral exposure in penmates; individual expo-
C_hloramphénlijwlb 0 0.0 (0.0-0.1) sures were removed from the model because of a
Ciprofloxacin 0 0.0 (0.0-0.2) weaker magnitude of effect on recovery of multiply-
EFT‘}ﬂO?"“Can ; 8(1) Egg’gi; resistant M. haemolytica. Multiple-resistance status was

orienico . U-U.
Gentamicin® 0 0.0 (0.0-0.1 . . . .
Kanamycin® 108 38 23'2 4.6; Table‘ 7. Flpal multivariable model for risk factors
Nalidix acid® 4 0.1 (0.0-0.3) assoc1ateq with recovery of multlply-resmta}nt M. haem-
Streptomycin® 119 4.2 (3.5-5.0) olytica in second sample (multiply-resistant versus
Sulfonamide® 12 0.4 (0.2-0.8) singly-resistant or susceptible).
Spectinomycin® 81 4.5 (3.7-5.6)
Danofloxacin® 35 2.0 (1.4-2.7) Predictor Level Odds Ratio  95% CI P Value
Tilmicosin* . 5 0.3 (0.1-0.7) Parenteral Any 23.9 8.4-68.3  <.0001
Tulathromycin 2 0.1 (0.0-0.4) drugs given exposure
Tetracycline® 204 44 (3.9-5.1) to penmates No Reference Reference
Trimethoprim-sulfadiazine® 9 0.2 (0.1-0.4) of sampled exposure

individual

“Isolates can be listed more than once if they were multiply at any time
resistant; 1,574 isolates were tested by both broth microdilution before sample
and disk diffusion, 1,200 isolates were tested by only broth micro- collection
dilution, and 215 isolates tested oply by d}sk diffusion, for a to.tal Arrival season  Fall 12 0.5-3.1 07
of 2,833 test results from broth microdilution and 1,789 from disk (Oct-Dec)
diffusion (4,622 total test results).

b ( - S ) Summer 0.6 0.2-1.9

Tested by broth microdilution only. (Jul-Sept)

“Tested by both broth mi ilution ¢ i iffusion. :

. y both broth microdilution and disk diffusion Spring 0.2 0.1-1.0

Tested by disk diffusion only. (Apr—Jun)

“Adjusted CI for binomial proportions (adding 2 successes and Winter Reference Reference

2 failures) were estimated as previously described."!
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not associated with BRD risk status, pen size, or
diagnosis of systemic illness or fever.

Morbidity and Mortality

Overall, 7% of enrolled cattle (401/5,498) were diag-
nosed with systemic illness requiring treatment, 19% of
which were febrile at arrival (75/401), 50% of which
became systemically ill and febrile while in the feedlot
(200/401), and 31% of which became ill during the feed-
ing period but were not febrile (126/401). Of the 401
sick cattle, 41% (164/401) were diagnosed as ill
<10 days after sample collection, the majority (95.7%;
157/164) <10 days after arrival sampling.

Approximately 1.3% of enrolled cattle died during
the study (71/5,498), with 21% (15/71) attributed to
metabolic disease, 21% (15/71) to Histophilus sommni,
13% (9/71) to lameness, 11% (8/71) to BRD, and 3%
(2/71) to mucosal disease caused by bovine viral diar-
rhea virus. The remaining 31% (22/71) succumbed to
miscellaneous causes.

M. haemolytica Isolation as a Risk Factor for
Respiratory Morbidity and Mortality

Isolation of M. haemolytica at arrival was not a sig-
nificant predictor of mortality, arrival diagnosis with
systemic illness and fever, or diagnosis of systemic ill-
ness and fever later in the feeding period (Table 8).
However, cattle that were culture-positive for M. haem-
olytica on arrival had almost twice the likelihood of
being identified as systemically ill and febrile <10 days
after arrival as compared to culture-negative cattle (OR,
1.7; 95% CI, 1.1-2.4; P = .07).

Discussion

Mannheimia haemolytica prevalence in this study was
similar to that of previous reports,®'* but recovery was
significantly lower at arrival than later in the feeding
period. Almost 90% of isolates were susceptible to all
AMDs evaluated (21 AMDs from 9 different drug clas-
ses), and only approximately 6% were multiply-resis-
tant. The likelihood of recovery was decreased in cattle
that received AMDs parenterally, but increased in
untreated cattle whose penmates received antimicrobials
parenterally, which may be an indicator of contagious
transmission within pens. In addition, parenteral AMD
exposures in penmates greatly increased the odds of
recovering multiply-resistant M. haemolytica in study
subjects.

These findings are especially relevant to producers
and their veterinarians, because they stem from a longi-
tudinal study conducted in commercial cattle under typ-
ical feedlot conditions. Deep nasopharyngeal sampling
was done on live feedlot cattle regardless of clinical
signs, as opposed to sampling necropsy lung tissues,
and therefore provides a potentially more relevant pic-
ture of M. haemolytica  transmission  dynamics.
Although live animal sampling is unique, it must be
noted that cattle were sampled only twice and outcomes

therefore represent only a snapshot of M. haemolytica
feedlot dynamics.

All cattle were exposed to in-feed AMDs and 50% to
parenterally administered AMDs, primarily for BRD
metaphylaxis. Most AMDs used in this population were
macrolides and tetracyclines, while other classes were
relatively infrequently used, including antimicrobials
germane to AMR in M. haemolytica (eg, ceftiofur).
Although these AMD use patterns reflect real world
practices, they can also hamper analytic analysis
because of sparse data distributions for AMD exposure
measures, as well as rare resistance outcomes. Given
low parenteral AMU rates, randomized controlled trials
may be necessary to evaluate specific hypotheses regard-
ing the impact of use on M. haemolytica recovery and
AMR, particularly for specific resistances that pose sub-
stantial human, animal, or economic health risk. How-
ever, we believe that the observational nature of this
study better reflects real world ecological impact of
AMU on M. haemolytica recovery and AMR.

A striking finding of this study is that parenteral
AMU in penmates not only modestly increased the
odds of isolating any M. haemolytica but also dramati-
cally increased the likelihood of recovering rare multi-
ply-resistant isolates (Tables 4, 7). Parenteral treatment
is a marker of disease occurrence under the manage-
ment strategy used in this population, and therefore this
finding could suggest that contagious spread is pre-
dicted by disease occurrence in penmates. If this is true,
the use of arrival metaphylaxis in high-risk populations
may be effective in controlling disease in clinically ill
cattle, as well as preventing colonization of healthy pen-
mates.” !> However, it might also suggest that treat-
ment selects for more resistant bacterial populations,
which spread among penmates. Indeed, this theory is
supported by the large effect of parenteral treatment on
increasing the likelihood of isolating multiply-resistant
M. haemolytica. Together, these findings suggest that
metaphylaxis treatment protocols may be striking a del-
icate balance between the competing interests of animal
health and antimicrobial resistance. This ecological
impact warrants further investigation given the impor-
tance of M. haemolytica in feedlot cattle.

We also found that feedlot-of-origin exhibited a
strong and consistent association with the 4 single-resis-
tance outcomes that could be modeled (ie, spectinomy-
cin, tetracycline, kanamycin, and streptomycin). If
M. haemolytica undergoes contagious spread, we would
expect resistance patterns to be strongly associated with
geographic location (ie, feedlot). Indeed, the contagious
nature of M. haemolytica previously has been suggested
based on evidence of BRD clustering within transport
trucks and pens.'’

This finding also suggests that M. haemolytica subpop-
ulations may undergo clonal expansion, and that resis-
tant strains are maintained at low levels within a feedlot.
Previous studies have shown a link between resistance
patterns and M. haemolytica subtype.'® Furthermore,
the significant increase in prevalence of M. haemolytica
from arrival to second samples (13-20%) could suggest
that phenotypic characteristics (eg, virulence) of
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M. haemolytica might influence treatment decisions and
thus transmission dynamics. For example, arriving cattle
with clinical signs might be colonized with a particularly
virulent strain of M. haemolytica. Treatment of these
cattle could then increase the likelihood that persistent
M. haemolytica is resistant, and this resistant strain
could then spread to untreated penmates, who subse-
quently exhibit a higher likelihood of colonization even
in the absence of clinical illness. M. haemolytica sero-
types have been shown to differ in virulence, and cattle
exhibiting clinical BRD signs are more likely to be colo-
nized with more virulent serotypes.'” Future studies
should include isolate typing to gain a clearer under-
standing of transmission dynamics.

Published rates of multiply-resistant M. haemolytica
range from 0 to 50%, but it is difficult to compare the
prevalence found in this study, because the only identi-
fied studies used small numbers of young animals in
noncommercial settings (sample sizes ranging from 4 to
27).22% One recent, larger study examined samples
from over 350 cattle and found an increase in multiply-
resistant M. haemolytica from 5 to 35% between 2009
and 2011, but evaluated only isolates from cattle with
terminal respiratory disease.® As stated above, informa-
tion regarding M. haemolytica susceptibility obtained
from our study is particularly relevant to veterinarians
and producers because isolates were obtained from ran-
domly selected live cattle without considering treatment
history or disease status.

Several lines of evidence indicate that isolates
obtained in this study were representative of a
highly susceptible bacterial population. The majority of
M. haemolytica isolates (88%) were pan-susceptible,
there was low resistance prevalence to all drugs, and
distributions of susceptibility information (MICs and
zones of inhibition) were highly suggestive of a largely
susceptible population. The prevalence of multiply-resis-
tant M. haemolytica isolates also was much lower than
indicated by other recent research.®

In addition to a largely susceptible bacterial popula-
tion, it should be noted that no associations were found
between AMD exposures among enrolled cattle or their
penmates, and resistance to single drugs. Furthermore,
the most prevalent resistance phenotypes observed were
for AMDs not used in the study population (eg, kana-
mycin, streptomycin, and spectinomycin). This finding
is consistent with a recent study that showed no correla-
tion between antemortem treatment regimens and resis-
tance patterns in M. haemolytica recovered from
necropsy lung samples.?* Together, these findings high-
light the complexity of AMR and suggest that AMU
practices do not necessarily impact development of
AMR in a predictable manner. Furthermore, these
results support the contention that decreased efficacy of
BRD treatment stems from chronic and repeatedly trea-
ted BRD cases, rather than from AMU practices. The
association between treatment with parenterally admin-
istered antimicrobials and recovery of multiply-resistant
M. haemolytica deserves closer study to determine
whether this relationship affects BRD control or treat-
ment efficacy in feedlot populations.

Recovery of M. haemolytica from 20% of cattle after
arrival was higher than expected, as was the significant
increase in prevalence over time. However, recovery of
M. haemolytica in the second sample was not associated
with increased morbidity or mortality, suggesting that
post-arrival colonization is more likely to be subclinical
and may not be as great a concern for feedlot opera-
tors. In contrast, isolation of M. haemolytica on arrival
was associated with a short-term, significant increase in
risk of clinical illness. Thus, although prevalence of
M. haemolytica was lower at arrival, the clinical and
economic relevance of such colonization was greater. In
addition, these results showed that cattle receiving par-
enterally administered drugs were at decreased risk of
M. haemolytica colonization in the short-term, a finding
that supports AMU in high-risk individuals during a
defined period of stress, such as arrival in the feedlot.
These findings highlights the complexity of colonization,
treatment and clinical illness, and support the belief that
aggravating factors such as transport and handling
stress are critical for causing cattle to develop overt
disease.

Footnotes

4 JFHMS, FHMS, Okotoks, AB
® SAS 9.3, SAS Institute Inc, Cary, NC

Acknowledgments

Supported by grants from the Advancing Canadian
Agriculture and Agri-Food (ACAAF) Program, 2006—
2011; from the Alberta Beef Producers, 2006-2008 (Pro-
ject Number 0007-038RDB); and from the Canadian
Cattlemen’s Association, Beef Cattle Research Council,
20062008 (Project Number BCRC 6.41). Data analysis
was supported by a grant from Boehringer Ingelheim.

We acknowledge Dr Trevor W. Alexander, Shaun R.
Cook, and Lorna J. Selinger for their technical assis-
tance regarding with culture, isolation, and susceptibil-
ity testing at the Lethbridge Research Center, and Dr
Danielle Daignault for technical assistance regarding
susceptibility testing at the Public Health Agency of
Canada. We also acknowledge Chelsea Flaig at Feedlot
Health Management Services Ltd for coordinating sam-
pling. Thanks are also extended to the commercial feed-
lot operators for providing access to their facilities to
obtain the field isolates of Mannheimia haemolytica
which were an integral part of the study.

Conflict of Interest Declaration: Dr Booker is an
owner and Dr Hannon is an employee at Feedlot
Health Management Services, Okotoks, Alberta. This is
a private company that provides expert consultation
regarding management of feedlot cattle, including medi-
cal treatments such as use of antimicrobial drugs. They
also conduct research on a fee-for-service basis regard-
ing a variety of topics including the efficacy of different
antimicrobial drugs.



M. haemolytica, Antimicrobials, and Health Outcomes in Beef Cattle 713

Off-label  Antimicrobial Declaration: The authors

declare no off-label use of antimicrobials.

References

1. Hodgins DC, Shewen PE. Pasteurella and Mannheimia spp.
infections. In: Coetzer JAW, Tustin RC, eds. Infectious Disease of
Livestock, 3, 2nd ed. Cape Town, South Africa: Oxford University
Press; 2004:1672-1676.

2. Griffin D. Economic impact associated with respiratory dis-
ease in beef cattle. Vet Clin North Am Food Anim Pract
1997;13:367-377.

3. Fulton RW, Cook BJ, Step DL, et al. Evaluation of health
status of calves and impact on feedlot performance: Assessment of
retained ownership program for postweaning calves. Can J Vet
Res 2002;66:173-180.

4. Fulton RW, Blood KS, Panciera RJ, et al. Lung pathology
and infectious agents in fatal feedlot pneumonias and relationship
with mortality, disease onset, and treatments. J Vet Diagn Invest
2009;21:464-477.

5. Booker CW, Abutarbush SM, Morley PS, et al. Microbio-
logical and histopathological findings in cases of fatal bovine respi-
ratory disease of feedlot cattle in Western Canada. Can Vet J
2008;49:473-481.

6. Lubbers BV, Hanzlicek GA. Antimicrobial multidrug resis-
tance and coresistance paterns of Mannheimia haemolytica isolated
from bovine respiratory disease cases—A three-year (2009-2011)
retrospective analysis. J Vet Diagn Invest 2013;25:413-417.

7. Benedict KM, et al. Methodological comparisons for antimi-
crobial resistance surveillance in feedlot cattle. BMC Vet Res
2013;9:216. Available at: http://www.biomedcentral.com/1746-
6148/9/216. Accessed January 27, 2015. doi: 10.1186/1746-6148-9-
216

8. Alexander TW, Cook SR, Yanke LJ, et al. A multiplex poly-
merase chain reaction assay for the identification of Mannheimia
haemolytica, Mannheimia glucosida and Mannheimia ruminalis. Vet
Microbiol 2008;130:165-167.

9. Booker CW, Abutarbush SM, Schunicht OC, et al. Evalua-
tion of the efficacy of tulathromycin as a metaphylactic antimicro-
bial in feedlot calves. Vet Ther 2007;8:183-200.

10. National Research Council. Nutrient Requirements of Beef
Cattle, 8th revised ed. Washington, DC: The National Academic
Press; 2000.

11. Agresti A, Coull BA. Approximate is better than “Exact”
for interval estimation of binomial proportions. Am Stat
1998;52:119-126.

12. Carey V, Zeger SL, Diggle P. Modelling multivariate binary
data with alternating logistic regressions. Biometrika 1993;80:517-526.

13. Dohoo I, Martin W, Stryhn H. Veterinary Epidemiologic
Research, 2nd ed. Charlottetown: VER; 2009.

14. Ward TI. Antimicrobial Resistance Patterns of Selected
Bacterial Pathogens of Feedlot Cattle [dissertation]. Calgary, AB:
University of Calgary; 2004.

15. Baggott D, Casartelli A, Fraisse F, et al. Demonstration of
the metaphylactic use of gamithromycin against bacterial patho-
gens associated with bovine respiratory disease in a multicenter
farm trial. Vet Rec 2011;168:241.

16. Catry B, Duchateau L, Van de Ven J, et al. Efficacy of
metaphylactic florfenicol ttherapy during natural outbreaks of
bovine respiratory disease. J Vet Pharmacol Ther 2008;31:479-487.

17. Ribble CS, Shoukri MM, Meek AH, Martin SW. Cluster-
ing of fatal fibrinous pneumonia (shipping fever) in feedlot calves
within transport truck and feedlot pen groups. Prev Vet Med
1994;21:251-261.

18. Katsuda K. Relationship between serotype and the antimi-
crobial susceptibility of Mannheimia haemolytica isolates collected
between 1991 and 2010. Res Vet Sci 2013;94:205-208.

19. Klima CL, Alexander TW, Hendrick S, McAllister TA.
Characterization of Mannheimia haemolytica isolated from feedlot
cattle that were healthy or treated for bovine respiratory disease.
Can J Vet Res 2014;78:38-45.

20. Catry B, Haesebrouck F, Vliegher SD, et al. Variability in
acquired resistance of Pasteurella and Mannheimia isolates from
the nasopharynx of calves, with particular reference to different
herd types. Microb Drug Resist 2005;11:387-394.

21. Esaki H, Asai T, Kojima A, et al. Antimicrobial suscepti-
bility of Mannheimia haemolytica isolates from cattle in Japan
from 2001 to 2002. J Vet Med Sci 2005;67:75-77.

22. Rérat M, Albini S, Jaquier V, Hiissy D. Bovine respiratory
disease: Efficacy of different prophylactic treatments in veal calves
and antimicrobial resistance of isolated Pasteurellaceae. Prev Vet
Med 2012;103:265-273.

23. Wettstein K, Frey J. Vergleich der antimikrobiellen Resis-
tenz von ausgewahlten Infektionserregern des Respirationstraktes
bei verschiedenen Tierarten [Comparison of antimicrobial resis-
tance pattern of selected respiratory tract pathogens isolated from
different animal species]. Schweiz Arch Tierheilkd 2004;146:417—
422. In German. Abstract in English.

24, Lamm CG, Love BC, Krehbiel CR, et al. Comparison of
antemortem antimicrobial treatment regimens to antimicrobial sus-
ceptibility patterns of postmortem lung isolates from feedlot cattle
with bronchopneumonia. J Vet Diagn Invest 2012;24:277-282.

Supporting Information

Additional Supporting Information may be found
online in Supporting Information:

Table S1. M. haemolytica broth microdilution inter-
pretive criteria for minimum inhibitory concentration
(ng/mL).

Table S2. M. haemolytica disk diffusion interpretive
criterian for inhibition zone diameters (mm).

Table S3. Minimum inhibitory concentrations for
Mannheimia haemolytica isolates recovered from deep
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