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ABSTRACT

Antimicrobial use in food-producing animals is under 
increasing scrutiny due to the potential impact on the 
selection of antimicrobial-resistant bacteria that may 
be transmitted to humans by direct contact, with the 
food chain, or the environment. Novel data monitoring 
commensal E. coli from dairy farms is essential for un-
derstanding antimicrobial resistance (AMR) patterns 
and their association with herd health management 
practices. The objectives of this study were to: 1) com-
pare the prevalence of antimicrobial resistance in the E. 
coli isolates from the hospital, fresh, and mid-lactation 
pens from 18 conventional dairy farms participating 
in an educational training program in antimicrobial 
stewardship practices in California and Ohio, and 2) 
to characterize the prevalence of antimicrobial resis-
tance of commensal E. coli isolated from pooled fecal 
pat samples before and 3 mo after participating in the 
educational training program. Pooled fecal pat samples 
were collected from the hospital pen, the fresh pen (1 
to 5 DIM), and the mid-lactation pens (90 to 150 DIM) 
on conventional dairies in CA (n = 9) and OH (n = 9). 
Fecal samples were collected as part of a larger study 
using a quasi-experimental design that assigned farms 
to the training intervention group (TG; 9 per state) or 
the control group (CG; 3 per state). For the TG, farm 
worker(s) identified as having the task of diagnosis and 
treatment of adult cows on the farm participated in 
a training program on antimicrobial stewardship prac-
tices. Pooled fecal samples (n = 7) were collected at 
enrollment and 3 mo after completing the intervention 
on each of the participating farms (n = 18), followed by 
culture for E. coli isolation and antimicrobial sensitiv-
ity testing using the broth microdilution methodology. 
Logistic regression models were used to evaluate the 

association between E. coli antimicrobial resistance 
patterns with the training intervention and farm-level 
factors. No effect was observed in the prevalence of 
resistant isolates between the control and intervention 
farms after the training was delivered. Isolates from 
the hospital pens were 2.48 (95% CI: 1.06 – 6.22, P 
= 0.03) and 5.61 (95% CI: 1.94 – 16.91, P < 0.001) 
times, more likely to be resistant to streptomycin and 
chloramphenicol, respectively, than isolates from the 
mid-lactation pens. Our findings indicate there was a 
higher prevalence of AMR in E. coli associated with 
the hospital pen within the farm, while the training 
program for 3 mo did not affect the prevalence of AMR 
in E. coli on the farms participating in the program. 
Further research efforts should be conducted to iden-
tify factors driving AMR at the pen level, as well as 
approaches that could be used to reduce the risk of 
disseminating AMR from sick pens to animals being 
housed and to other pens on the farm.
Keywords: dairy cattle, antibiotic resistance, multidrug 
resistance, lactation, pen

INTRODUCTION

Antimicrobial resistance (AMR) is one of the most 
urgent public health challenges of our time (CDC, 
2019). Antimicrobial use in food-producing animals is 
under increased scrutiny due to the potential impact on 
the selection of antimicrobial-resistant bacteria, which 
may later be transmitted to other animals and humans 
through direct contact (e.g., farm workers), the food 
chain, or through the environment (Chantziaras et al., 
2014; Manaia, 2017).

Judicious use of antimicrobials on the farm, despite 
requiring veterinarian oversight and a veterinarian-
client-patient relationship (VCPR), relies heavily upon 
dairy workers’ skills to accurately detect and treat sick 
animals daily (Espadamala et al., 2016, 2018). There-
fore, educational programs to improve farmworkers' 
knowledge and attitudes toward antimicrobial steward-
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ship on the farm are also critical in achieving judicious 
use of antimicrobials while maintaining animal health 
and welfare.

Current AMR is monitored and published annually 
through surveillance programs such as the US National 
Antimicrobial Resistance Monitoring System integrat-
ed report (NARMS, 2019a), which efforts are focused 
on post-harvest locations. Thus, there is a knowledge 
gap for on-farm AMR monitoring data and that could 
result in more effective efforts to reduce the selection 
and dissemination of AMR from cattle.

AMR surveillance requires a holistic approach to 
identify trends in resistance to selected antimicrobials. 
E. coli is a fecal commensal bacterium used as an indi-
cator organism for antimicrobial resistance surveillance 
as well as a potential source of resistance genes (EFSA, 
2008). Horizontal transfer of AMR genes from E. coli to 
pathogenic bacteria poses a risk to public health. Moni-
toring commensal E. coli from dairy farms is a crucial 
step for understanding AMR patterns and profiles. Re-
sistance patterns are the description of the antibiotic 
resistance testing results for an isolate, while resistance 
profiles are the description of the resistance patterns 
for all isolates in an investigation (NARMS, 2019b). 
Detecting trends in phenotypic resistance relevant to 
public health and their relation to different herd health 
management practices could be used as an approach 
to evaluate on-farm antimicrobial stewardship program 
implementation.

Different factors influence the AMR patterns of E. 
coli such as age (Berge et al., 2005; Pereira et al., 2015; 
Cao et al., 2019), geographic location (Berge et al., 
2010; Abdelfattah et al., 2021), production systems 
(Berge et al., 2005; Enne et al., 2008; Hailu et al., 
2021), and previous antimicrobial treatments (Pereira 
et al., 2014, 2020; Duse et al., 2015), among other fac-
tors. Therefore, identifying risk factors associated with 
AMR on dairy farms can help identify areas on which 
to focus antimicrobial stewardship practices.

Our first objective was to compare the prevalence 
of antimicrobial resistance in the E. coli isolates from 
the hospital, fresh, and mid-lactation pens in 18 farms 
participating in an educational training program in 
antimicrobial stewardship practices. We hypothesized 
that farms participating in the training would have a 
significantly lower prevalence of AMR in E. coli in fecal 
pats compared with pre-training samples. Our second 
objective was to characterize the prevalence and pat-
terns of antimicrobial resistance profiles on commensal 
E. coli isolated from the farms in California and Ohio 
before and after participating in the educational pro-
gram. We hypothesized that the hospital pens would 
have a significantly higher prevalence of AMR in E. 

coli in fecal pats when compared with the fresh and 
mid-lactation pens.

METHODS

All procedures conducted were approved by The 
Ohio State University Institutional Review Board 
(#2019B047) and the study was conducted from Au-
gust 2020 to March 2022.

Study design

Environmental pooled fecal pat samples were collected 
from the hospital pen (cows that have received antimi-
crobial treatment with milk withhold period), the fresh 
pen (1 to 5 d postpartum), and the mid-lactation pens 
(90 to 150 DIM), on conventional dairies in California (n 
= 9) and Ohio (n = 9). Fecal samples were collected as 
part of a larger study with a quasi-experimental design 
that assigned farms to the training intervention group 
(TG; 6 per state) or control group (CG; 3 per state). 
For the TG, farmworker(s) (n = 25) identified as hav-
ing the task of diagnosis and treatment of adult cows 
on the farm participated in a 12-week training program 
on antimicrobial stewardship practices as described in 
Garzon et al., (2023). Briefly, 6 training modules were 
developed and delivered as interactive short videos with 
audio using a case-based teaching approach to cover 
the learning objectives for each module: antimicrobial 
resistance, treatment protocols, visual identification 
of sick animals, clinical mastitis, puerperal metritis, 
and lameness. All materials were available in Spanish 
and English. Pre- and post-training assessments were 
administered using an online training assessment tool 
to evaluate changes in knowledge and attitudes about 
antimicrobial stewardship practices.

Composite fecal samples (~200 g/sample) were 
collected from the floor of each pen by pooling feces 
from 10 fresh fecal pats using a 20 mL sterile sampling 
spoon. One composite sample was collected from the 
hospital pen, 3 composite fecal samples were collected 
from one fresh pen, and 3 composite samples from one 
mid-lactation pen, for a total of 7 composite samples 
in each farm. Each composite sample was placed into 
an 18 Oz Whirl-Pak bag (Nasco, Fort Atkinson, Wis-
consin) and mixed by hand thoroughly. After collec-
tion, fecal samples were immediately placed on ice and 
transported to a laboratory for processing.

Samples were collected twice during the study: at en-
rollment (Time 1) and 3 mo after finishing the 12-week 
educational training program (Time 2). By the end of 
the study, 252 pooled fecal samples were collected for 
antimicrobial susceptibility testing.

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms
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Bacterial Isolation and Antimicrobial Susceptibility 
Testing

Within 24 h after collection, each pooled fecal sample 
was used to inoculate a single CHROMagar-E. coli se-
lective plate (CHROMagar Microbiology, Paris, France) 
which was then incubated aerobically at 37°C for 24 h. 
Two individual isolates were selected and subcultured 
individually in 10 mL of sterile Luria-Bertani broth 
(Difco; Becton, Dickinson, and Company, Sparks, MD, 
USA) at 37°C for 24 h. The broth culture (0.5 mL) 
was mixed with 50% sterile glycerol/50% sterile water 
solution (0.5 mL) before storage at −80°C.

A total of 504 E. coli isolates were evaluated for an-
timicrobial susceptibility using a microbroth dilution 
method following the Clinical Laboratory Standards 
Institute (CLSI) guidelines (CLSI, 2022). The Sensititer 
NARMS Gram-Negative Plate (CMV3AGNF, Thermo 
Fisher Scientific Inc., Waltham, MA, USA) was used for 
testing susceptibility to the following 14 antimicrobial 
drugs: aminoglycosides (gentamicin and streptomycin), 
β–lactam combination (amoxicillin/clavulanic acid), 
cephems (cefoxitin, ceftriaxone, and ceftiofur), folate 
pathway antagonists (trimethoprim/sulfamethoxazole 
and sulfisoxazole), macrolides (azithromycin), penicil-
lins (ampicillin), phenicols (chloramphenicol), quino-
lones (ciprofloxacin and nalidixic acid) and tetracyclines 
(tetracycline). Sensititer plates were read manually, 
and minimum inhibitory concentrations were inter-
preted as susceptible, intermediate, and resistant using 
current CLSI breakpoints (CLSI, 2022) (Supplemental 
Table 1)(Garzon et al., 2023b). Isolates that grew in 
all dilutions of an antimicrobial assessed (sulfisoxazole) 
were classified as “growth in all dilutions” (GAD) be-
cause their MIC was higher than the highest dilution 
tested in our study, hence the actual MIC value is un-
known. As CLSI interpretive criteria for streptomycin, 
azithromycin, and ceftiofur for E. coli are lacking, the 
National Antimicrobial Resistance Monitoring System 
interpretive criteria were used instead (NARMS, 2019). 
A reference strain of E. coli (ATCC 25922) was used as 
quality control and run weekly. Isolates were classified 
as multidrug-resistant (MDR) when they were resistant 
to at least one drug in 3 or more antimicrobial classes.

Statistical analysis.

Statistical analyses were conducted using SAS (SAS 
Institute Inc., Cary, NC; version 8.3.0). The proportions 
of resistant isolates and associated 95% Clopper–Pear-
son confidence interval (CI) were descriptively reported 
for each antimicrobial drug across the state (California 
and Ohio) and pen (hospital, fresh and mid-lactation) 
within each treatment group (treatment and control) 

and sampling point (enrollment and end of interven-
tion). A kappa statistic was conducted to evaluate the 
degree of agreement between the 2 isolates from the 
same pooled fecal sample for the classification of the 
isolate as MDR.

Logistic regression models in SAS using PROC 
GLIMMIX logit function were used to evaluate the as-
sociation between E. coli antimicrobial resistance pro-
file and the specific pen where samples were collected 
(hospital pen, fresh pen, mid-lactation pen) on each 
farm, to assess the effect of the pen on the AMR of 
the isolates. All models included the farm as a random 
effect, and samples were nested within the farm. To 
control for confounders, variables that changed the co-
efficients of remaining variables greater than 30% were 
checked. The Akaike information criterion (AIC) was 
used for model selection and to assure a more parsimo-
nious model was selected. All p-values were adjusted for 
multiple testing using a Bonferroni correction.

Logistic regression models were also used to evaluate 
the effect of the educational intervention on the E. coli 
antimicrobial resistance profile. A univariate analysis 
was conducted for each of the explanatory variables 
(pen, state, time points, treatment group) using the 
Chi-squared test (χ2 test), and variables with a P < 
0.30 were offered to the logistic regression model using 
a backward stepwise elimination process. A model was 
generated for each antimicrobial evaluated, excluding 
azithromycin and sulfisoxazole, given that isolates were 
fully susceptible to both antimicrobials. A model us-
ing a multidrug resistance (MDR) binomial variable as 
an outcome was also evaluated. The MICs breakpoints 
were used to categorize the outcome as a binomial vari-
able classifying an isolate as resistant or susceptible. 
Isolates with an intermediate classification according 
to their MIC breakpoint were grouped as susceptible 
in the binomial variable. All models included the farm 
as a random effect and samples were nested within 
the farm. To control for confounders, variables that 
changed the coefficients of remaining variables greater 
than 30% were checked. The Akaike information crite-
rion (AIC) was used for model selection and to assure 
a more parsimonious model was selected. All p-values 
were adjusted for multiple testing using a Bonferroni 
correction.

RESULTS

A total of 252 pooled fecal samples were collected for 
the study. The information on the 18 enrolled study 
farms is summarized in Table 1. All farms used a free-
stall housing management system. The outline of the 
number of samples from the E. coli isolates obtained by 
the time point, state, and pen is presented in Figure 1.

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms
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The distribution of the minimum inhibitory concen-
tration (MIC) and resistance for E. coli (n = 504) by 
the individual antimicrobial drug is shown in Table 2. 
All isolates were susceptible to azithromycin. For sul-
fisoxazole, the MIC for all isolates was greater than 
the highest concentration evaluated which could not 
be accurately classified and was excluded from the 
analysis. The 3 most common antimicrobial drugs to 
which isolates were resistant were tetracycline, followed 
by streptomycin, and ampicillin (Table 2). The top 
15 most common AMR patterns are shown in Table 
3 and the complete list of AMR profiles is shown in 
Supplemental Table 2 (Garzon et al., 2023b). Multi-
drug resistance (MDR) was defined as resistance to 3 
or more drug classes and was found in 15.2% (n = 
77/504) of the isolates, with a diversity of 57 distinct 
AMR patterns (Supplemental Table 3) (Garzon et al., 
2023b). There was a moderate agreement between the 2 
isolates from the same pooled fecal sample for the clas-
sification of the isolate as MDR (kappa: 0.37, 95% CI: 
0.26 to 0.47). The commonly observed MDR patterns 
were streptomycin-ceftriaxone-tetracycline (n = 5), 
streptomycin-chloramphenicol-tetracycline (n = 5), and 
streptomycin-ampicillin-chloramphenicol-tetracycline 
(n = 4). MDR prevalence was 19, 33, and 25% for the 
hospital, fresh, and mid-lactation pens, respectively. 
At the farm level, MDR prevalence varied between 3.5 
to 39.2%, and MDR isolates were retrieved from 14 of 
the 18 participating farms. The prevalence of resistant 
isolates to any of the antimicrobial drugs evaluated 

between farms was not statistically significant. The 
percentage of resistance in E. coli isolates in each of the 
participating farms is shown in Supplemental Figure 1 
(Garzon et al., 2023b).

The percentage of resistant isolates for each antimi-
crobial drug or classified as MDR did not statistically 
differ between the control and intervention farms after 
the training was delivered (Figure 2). The complete 
results from the logistic regression are shown in Supple-
mental Tables 4 and 5 (Garzon et al., 2023b).

The percentage of resistant isolates for each an-
timicrobial drug did not statistically differ between 
California and Ohio after the training was delivered 
(Supplemental Figure 2) (Garzon et al., 2023b). The 
percentage of resistant isolates for each antimicrobial 
drug from the hospital, fresh, and mid-lactation pens 
did not statistically differ between the control and 
intervention farms after the training was delivered 
(Supplemental Figure 3) (Garzon et al., 2023b). The 
complete results from the logistic regressions are shown 
in Supplemental Tables 6 and 7 (Garzon et al., 2023b), 
respectively.

For the logistic regression evaluating the association 
between the AMR prevalence within the pen, indepen-
dent of the intervention effect, there were significant 
differences between the hospital pen compared with the 
mid-lactation and the fresh pen for streptomycin and 
chloramphenicol (Figure 3A). Isolates from the hospital 
pen were 2.48 (95% CI: 1.06 – 6.22, P = 0.03) and 5.61 
(95% CI: 1.94 – 16.91, P < 0.001) times, more likely 

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms

Table 1. Descriptive characteristics of nine California and nine 
Ohio dairy farms enrolled in a study to determine the antimicrobial 
resistance profiles of E. coli isolated from pooled fecal samples of dairy 
cows

Farm  State Herd size1 Breed RHA, Kg/cow2

1  CA 1,000 Holstein and Jersey NR
2  CA 1,380 Holstein and Jersey 9,825
3  CA 1,343 Holstein and Jersey 9,131
4  CA 675 Holstein 10,024
5  CA 1,360 Jersey 9,370
6  CA 3,400 Holstein 13,926
7  CA 6,100 Holstein NR
8  CA 6,000 Holstein 12,525
9  CA 2,200 Holstein and Jersey 8,893
10  OH 1,200 Holstein 9,375
11  OH 630 Holstein 11,804
12  OH 900 Holstein 9,785
13  OH 4,900 Holstein 12,657
14  OH 1,150 Holstein 13,094
15  OH 1,060 Holstein 13,882
16  OH 4,000 Holstein NR
17  OH 1,000 Holstein 12,999
18  OH 2,000 Holstein 10,330
1Mean milking herd size.
2Rolling herd average, mean milk produced per milking cow in the 
herd during the previous year.

Figure 1. The number of enrolled farms, the pooled fecal samples 
collected, and E. coli isolates by farm and sampling point. Numbers of 
pooled fecal samples collected by pen in each farm (underlined), and in 
total (bold) for the 18 farms before and after the intervention.
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to be resistant to streptomycin and chloramphenicol, 
respectively, than isolates from the mid-lactation pen. 
Similarly, isolates from the hospital pen were 5.11 times 
(95% CI: 1.8 – 14.4, P < 0.0001) more likely to be re-
sistant to chloramphenicol than isolates from the fresh 
pen (Table 4).

For the logistic regression evaluating the association 
between the MDR prevalence within the pen, there was 
a significant difference between the hospital compared 
with the mid-lactation pen (Figure 3B). Isolates from 
the hospital pen were 3.1 (95% CI: 1.14 – 8.43, P = 
0.02) times more likely to be multidrug resistant than 
isolates from the mid-lactation pen.

DISCUSSION

There are increasing concerns with antimicrobial use 
in food-producing animals as they potentially can favor 
the selection of antimicrobial-resistant bacteria. Imple-
menting antimicrobial use stewardship programs on 
farms can be a mitigation strategy. Our study investi-
gated the efficacy of implementing antimicrobial stew-
ardship educational training programs in California and 
Ohio dairy farms to reduce AMR in fecal E. coli. We also 
explored differences in AMR between different lactat-
ing pens (hospital, fresh, and mid-lactation). Changes 
in AMR in fecal E. coli from fresh, mid-lactation and 
hospital pens of dairy farms were not observed after 
a 3-mo training program for dairy workers on animal 
health disorders identification and treatment. A recent 
systematic review revealed that strategies aimed at en-
hancing antimicrobial stewardship practices resulted in 
inconsistent results when the expected outcome is the 
reduction in the prevalence or number of antimicrobial 
resistance genes (Nobrega et al., 2021). Furthermore, 
the reduction in AMR prevalence at the pen or farm 
level could take a longer time or may be influenced 
by other genetic, ecological, or metabolic factors (Bot-
tery et al., 2020) such as AMR co-selection (Aarestrup, 
2000), microbial collective resistance (Sorg et al., 2016) 
or the variation in the persistence of mobile genetic 
elements despite segregational loss (Carroll and Wong, 
2018). However, active long-term antimicrobial resis-
tance monitoring at the farm may be a valuable tool 
as part of the evaluation of antimicrobial stewardship 
programs.

The low prevalence of AMR for fecal E. coli in adult 
cattle observed in our study has also been reported 
by other authors in Pennsylvania, California, Canada, 
and Great Britain (Enne et al., 2008; Cao et al., 2019; 
Abdelfattah et al., 2021; Massé et al., 2021). A study 
evaluating the prevalence and resistance of E. coli from 
dairy animals in 80 Pennsylvania dairy herds, also 
found a lower prevalence of E. coli resistant to antimi-

crobials in composite fecal samples in adult dairy cattle 
than in calves (Cao et al., 2019). Differences in AMR 
prevalence may be due to selective pressure, given dif-
ferences in management practices such as feeding waste 
milk or medicated milk to pre-weaned calves (Pereira et 
al., 2014; Maynou et al., 2017), and higher disease and 
treatment incidence in younger animals (Berge et al., 
2005; Awosile et al., 2018; Springer et al., 2019). Future 
research evaluating the effect of training programs for 
disease identification in both adult cattle and calves, 
as well as the AMR profile of the dairy calves of the 
farms may provide a more complete understanding of 
the prevalence of antimicrobial resistance in bacteria 
on the farm and the management practices associated 
with the selection of the resistance.S

Our low AMR profile for tetracycline in fecal E. coli 
isolates agrees with prior findings from lactating dairy 
cows in California and Pennsylvania herds (~15%; Cao 
et al., 2019; Abdelfattah et al., 2021). Accordingly, 
the 2019 dairy cattle NARMS reported a 16.8% AMR 
prevalence of tetracycline (FDA, 2019). Similarly, in 
Canada, E. coli isolates from pooled adult dairy cattle 
reached a resistance to tetracycline of 15% (Massé et al., 
2021). According to the NAHMS report, tetracyclines 
were used as the primary antimicrobial for reproductive 
disease in 13.3% and lameness in 11.4% of dairy opera-
tions in the US (USDA, 2018).

Following resistance to tetracycline, the most com-
mon drugs for which AMR was observed were ampicil-
lin (11.1%), chloramphenicol (8.3%), and streptomycin 
(16.2%). However, our findings were higher than the 
2019 NARMS report, in which the resistance levels 
were 4.7, 4.0, and 9.7%, respectively. Chloramphenicol 
was never approved for the treatment of food-producing 
animals in the US, and it has been banned for extra-
label use since the 1980s (Gilmore, 1986). Resistance to 
this antimicrobial drug may come from cross-resistance 
with florfenicol, currently indicated for the treatment 
of respiratory diseases in dairy cattle younger than 20 
mo of age (White et al., 2000; Schwarz et al., 2004). 
Cross-resistance or indirect resistance between chloram-
phenicol and tetracycline (Okamoto and Mizuno, 1964; 
Cohen et al., 1989) or β-lactams has been described 
before, but the specific mechanisms is not completely 
understood (Nicoloff H. and Andersson, 2015).

Among cephalosporins, ceftiofur had the lowest 
proportion of resistance (1.9%), while the resistance 
to cefoxitin (6.1%) and ceftriaxone (10.7%) was com-
paratively higher. Ceftiofur is a third-generation cepha-
losporin and one of the most common antimicrobials 
used in US dairies for treating lactating dairy cattle 
(USDA, 2018). Currently, only ceftiofur and cephapirin 
are labeled to use in cattle (FDA, 2022). Ceftriaxone 
is also a third-generation cephalosporin, as is ceftiofur. 

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms
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Resistance against ceftriaxone represents a concern 
given its importance in the treatment of serious gram-
negative bacterial infections infection in humans, and 
its close relationship with ceftiofur (Sato et al., 2014; 
Taylor et al., 2021). For ceftiofur, previous studies have 
found similarly low levels of resistance in adult cattle 
(Cao et al., 2019; Massé et al., 2021), while higher lev-
els of resistance have been observed in younger animals 
(Springer et al., 2019). Factors such as age (Duse et 
al., 2015; Cao et al., 2019; Hordijk et al., 2019), and 
management practices (Pereira et al., 2014; Maynou 
et al., 2017; Awosile et al., 2018), influence the AMR 
profiles, which highlight the importance of understand-
ing and considering those differences where planning 
effective antimicrobial stewardship practices on the 
farm. Differences in resistance between ceftiofur and 
ceftriaxone and cefoxitin may be related to the break-
points used for defining resistance. For both ceftriaxone 
and cefoxitin, there are current MIC breakpoints avail-
able developed by the CLSI, while there are not for 
ceftiofur. Verification and validation of antimicrobial 
susceptibility methods and breakpoints for ceftiofur 
may be warranted to promote stewardship practices 
and treatment decisions.

All isolates from our study were susceptible to 
azithromycin. Enterobacteriaceae are reported to be 
intrinsically resistant to macrolides with exception of 
azithromycin (CLSI, 2022). Our results agree with pre-
vious results where isolates from lactating dairy cows 
were highly susceptible to azithromycin (97.8%, Tyson 
et al., 2015; 98.8%, Abdelfattah et al., 2021). This high 
susceptibility to azithromycin can be explained by a 
higher intracellular uptake compared with other mac-
rolides, attributed to its cationic properties (Farmer et 
al., 1992; Gomes et al., 2017).

The 2 most common MDR profiles found in our 
study were streptomycin-ceftriaxone-tetracycline and 
streptomycin-chloramphenicol-tetracycline. Isolates 
from the hospital pen had significantly higher odds of 
being classified as MDR when compared with isolates 
from the mid-lactation pens. The prevalence of multi-
drug-resistant bacteria is of special concern given the 
implicated risk of limiting the options for treating an 
infection in both humans and animals (Brichta-Harhay 
et al., 2011; Doyle, 2015; Walther et al., 2017). This 
finding highlights the importance of continuing surveil-
lance of resistance patterns and a better understanding 
of the resistance in the dairy, to monitor and control 
the dissemination and spread of drug-resistant bacteria 
to the environment, other animals, and humans work-
ing in close contact with the animals.

Isolates from the hospital pen had significantly 
higher odds of resistance to streptomycin and chloram-
phenicol when compared with isolates collected from 
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the mid-lactation pen. To our knowledge, this is the 
first study comparing the resistance profile of E. coli 
between different pens based on disease and lactation 
stages within the farm. Previous research has investi-
gated differences in resistance patterns between lactat-
ing and dry cows (Cao et al., 2019) and the variation in 
a cohort study conducted in California following cows 
from the close-up period up to 120 DIM (Abdelfattah 
et al., 2021). Differences found between the hospital 
and mid-lactation pen in our study could be due to the 
higher antimicrobial use and the consequent increase 
in antimicrobial resistance bacteria in the hospital pen. 
This finding highlights the importance of promoting the 
judicious use of antimicrobials, by improving disease 
diagnosis and treatment of cattle to avoid the unneces-
sary use of antimicrobials. This also highlights the need 
for further research to investigate the persistence over 
time of resistant bacteria after antimicrobial treatment 
and before cows leave the hospital pen to mitigate the 
risk of dissemination of resistance on the farm (Singer 
et al., 2008; Taylor et al., 2019).

This study evaluated E. coli AMR patterns from 
large conventional dairy farms in California and Ohio, 
before and after an educational program was conduct-
ed, which precludes us from generalizing our findings to 
other management practices. Further studies including 
small and medium size dairy farms, different manage-
ment practices, and other states will generate results 
that provide a more comprehensive AMR panorama on 
the dairy industry. Minimum inhibitory concentration 
cutoffs to determine antimicrobial susceptibility are 

based on clinical treatment outcomes and may not be 
appropriate for environmental monitoring. Our study 
also only evaluated the change in resistance during a 
3-mo period, which may have precluded us from find-
ing any change in the resistance profile of the enrolled 
farms. Active long-term antimicrobial resistance moni-
toring at the farm may be a valuable tool as part of 
the evaluation of antimicrobial stewardship programs. 
Further studies evaluating the genetic elements present 
in the bacteria would provide a further understanding 
of the ecology and evolution of antimicrobial resistance 
in the bacteria communities, which provide information 
better understanding of the AMR dynamics at a farm 
level.

CONCLUSION

Antimicrobial resistance in E. coli isolates on dairy 
cattle pooled fecal samples from the hospital, fresh 
and mid-lactation pens on 9 CA and 9 OH farms was 
similar to previous reports. We identified tetracycline, 
streptomycin, and ampicillin as the 3 most common an-
timicrobial drugs that isolates were resistant to. Isolates 
from the hospital pen had greater odds of resistance 
to streptomycin and chloramphenicol, as well as being 
multidrug resistant compared with the mid-lactation 
and fresh cow pens. We were not able to identify a 
change in antimicrobial resistance related to our edu-
cational program intervention aiming to improve farm-
workers’ knowledge and attitude toward antimicrobial 
stewardship. Our findings support the need for further 
research to better understand the long-term effects of 
antimicrobial stewardship farm practices driving AMR 
in lactating cattle, especially in the pens housing the 
sick animals.
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Table 3. Top 15 most common antimicrobial resistance patterns for 
E. coli isolated from dairy farms participating in an antimicrobial 
stewardship educational training program for farm employees (n = 
414/504)

AMR profile Number of isolates Percent

pansusceptible 312 61.9
Tet 20 10.4
Str 14 7.2
StrTet 10 5.2
Axo 8 4.1
Amp 6 3.1
Chl 6 3.1
Fox 6 3.1
AxoTet 5 2.6
StrAxoTet 5 2.6
StrChlTet 5 2.6
Sxt 5 2.6
Cip 4 2.0
StrAmp 4 2.0
StrAmpChlTet 4 2.0

* Fox: cefoxitin, Gen: gentamicin, Str: streptomycin, Axo: ceftriaxone, 
Xnl: ceftiofur, Sxt: trimethoprim/sulfamethoxazole, Fis: sulfisoxazole, 
Azi: azithromycin, Aug: amoxicillin/clavulanic acid 2:1 ratio, Amp: 
ampicillin, Chl: chloramphenicol, Cip: ciprofloxacin, Nal: nalidixic 
acid, Tet: tetracycline.



Journal of Dairy Science Vol. TBC No. TBC, TBC

cial relationships that could be construed as a potential 
conflict of interest.

REFERENCES

Aarestrup, F. M. 2000. Characterization of glycopeptide-resistant En-
terococcus faecium (GRE) from broilers and pigs in Denmark: Ge-
netic evidence that persistence of GRE in pig herds is associated 
with coselection by resistance to macrolides. J. Clin. Microbiol. 
38:2774–2777. https: / / doi .org/ 10 .1128/ JCM .38 .7 .2774 -2777 .2000 .

Abdelfattah, E. M., P. S. Ekong, E. Okello, T. Chamchoy, B. M. Karle, 
R. A. Black, D. Sheedy, W. R. ElAshmawy, D. R. Williams, D. 
Califano, L. F. D. Tovar, J. Ongom, T. W. Lehenbauer, B. A. By-

rne, and S. S. Aly. 2021. Epidemiology of antimicrobial resistance 
(AMR) on California dairies: descriptive and cluster analyses of 
AMR phenotype of fecal commensal bacteria isolated from adult 
cows. PeerJ 9:e11108. https: / / doi .org/ 10 .7717/ peerj .11108 .

Awosile, B., J. McClure, J. Sanchez, J. C. Rodriguez-Lecompte, G. 
Keefe, and L. C. Heider. 2018. Salmonella enterica and extended-
spectrum cephalosporin-resistant Escherichia coli recovered from 
Holstein dairy calves from 8 farms in New Brunswick, Canada. J. 
Dairy Sci. 101:3271–3284. https: / / doi .org/ 10 .3168/ jds .2017 -13277 .

Berge, A., D. Hancock, W. Sischo, and T. Besser. 2010. Geographic, 
farm, and animal factors associated with multiple antimicrobial re-
sistance in fecal Escherichia coli isolates from cattle in the western 
United States. J. Am. Vet. Med. Assoc. 236:1338–1344. https: / / 
doi .org/ 10 .2460/ javma .236 .12 .1338 .

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms

Figure 2. The proportion of resistant E. coli isolates from pooled fecal samples from control (CT) and intervention (TG) groups before (Time 
1) and after (Time 2) participating in an educational program in antimicrobial stewardship A) to each tested antimicrobial and B) categorized 
as multidrug resistant. Error bars represent 95% CI.

https://doi.org/10.1128/JCM.38.7.2774-2777.2000
https://doi.org/10.7717/peerj.11108
https://doi.org/10.3168/jds.2017-13277
https://doi.org/10.2460/javma.236.12.1338
https://doi.org/10.2460/javma.236.12.1338


Journal of Dairy Science Vol. TBC No. TBC, TBC

Berge, A. C. B., E. R. Atwill, and W. M. Sischo. 2005. Animal and 
farm influences on the dynamics of antibiotic resistance in faecal 
Escherichia coli in young dairy calves. Prev. Vet. Med. 69:25–38. 
https: / / doi .org/ 10 .1016/ j .prevetmed .2005 .01 .013 .

Bottery, M.J., J.W. Pitchford, and V.P. Friman. 2020. Ecology and 
evolution of antimicrobial resistance in bacterial communities. The 
ISME Journal 2020 15:4 15:939–948. doi: https: / / doi .org/ 10 .1038/ 
s41396 -020 -00832 -7 .

Brichta-Harhay, D. M., T. M. Arthur, J. M. Bosilevac, N. Kalchay-
anand, S. D. Shackelford, T. L. Wheeler, and M. Koohmaraie. 
2011. Diversity of multidrug-resistant Salmonella enterica strains 
associated with cattle at harvest in the United States. Appl. En-

viron. Microbiol. 77:1783–1796. https: / / doi .org/ 10 .1128/ AEM 
.01885 -10 .

Cao, H., A. K. Pradhan, J. S. Karns, E. Hovingh, D. R. Wolfgang, 
B. T. Vinyard, S. W. Kim, S. Salaheen, B. J. Haley, and J. A. S. 
van Kessel. 2019. Age-Associated Distribution of Antimicrobial-
Resistant Salmonella enterica and Escherichia coli Isolated from 
Dairy Herds in Pennsylvania, 2013–2015. Foodborne Pathog. Dis. 
16:60–67. https: / / doi .org/ 10 .1089/ fpd .2018 .2519 .

Carroll, A. C., and A. Wong. 2018. Plasmid persistence: costs, ben-
efits, and the plasmid paradox. Can. J. Microbiol. 64:293–304. 
https: / / doi .org/ 10 .1139/ cjm -2017 -0609 .

CDC. 2019. Antibiotic resistance threats in the United States. At-
lanta, GA.

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms

Figure 3. The proportion of resistant E. coli isolates from pooled fecal samples from the fresh cows’ pen, the hospital pen, and the mid-
lactation pen of dairy farms participating in an educational training program in antimicrobial stewardship before starting the intervention to 
A) each tested antimicrobial, and B) categorized as multidrug resistant. Asterisk represents a statistically significant difference at the logistic 
regression analysis (P < 0.05). Error bars represent 95% CI.

https://doi.org/10.1016/j.prevetmed.2005.01.013
https://doi.org/10.1038/s41396-020-00832-7
https://doi.org/10.1038/s41396-020-00832-7
https://doi.org/10.1128/AEM.01885-10
https://doi.org/10.1128/AEM.01885-10
https://doi.org/10.1089/fpd.2018.2519
https://doi.org/10.1139/cjm-2017-0609


Journal of Dairy Science Vol. TBC No. TBC, TBC

Chantziaras, I., F. Boyen, B. Callens, and J. Dewulf. 2014. Correla-
tion between veterinary antimicrobial use and antimicrobial resis-
tance in food-producing animals: A report on seven countries. J. 
Antimicrob. Chemother. 69:827–834. https: / / doi .org/ 10 .1093/ jac/ 
dkt443.

CLSI. 2022. Performance Standards for Antimicrobial Susceptibility 
Testing, 32nd Edition. CLSI supplement M100. USA.

Cohen, S. P., L. M. McMurry, D. C. Hooper, J. S. Wolfson, and S. 
B. Levy. 1989. Cross-resistance to fluoroquinolones in multiple-
antibiotic-resistant (Mar) Escherichia coli selected by tetracycline 
or chloramphenicol: decreased drug accumulation associated with 
membrane changes in addition to OmpF reduction. Antimicrob. 
Agents Chemother. 33:1318–1325. https: / / doi .org/ 10 .1128/ AAC 
.33 .8 .1318.

Doyle, M. E. 2015. Multidrug-resistant pathogens in the food supply. 
Foodborne Pathog. Dis. 12:261–279. https: / / doi .org/ 10 .1089/ fpd 
.2014 .1865 .

Duse, A., K. P. Waller, U. Emanuelson, H. E. Unnerstad, Y. Persson, 
and B. Bengtsson. 2015. Risk factors for antimicrobial resistance 
in fecal Escherichia coli from preweaned dairy calves. J. Dairy Sci. 
98:500–516. https: / / doi .org/ 10 .3168/ jds .2014 -8432 .

EFSA. 2008. Report from the Task Force on Zoonoses Data Collection 
including guidance for harmonized monitoring and reporting of 
antimicrobial resistance in commensal Escherichia coli and Entero-
coccus spp. from food animals. EFSA J. 141:1–44. https: / / doi .org/ 
10 .2903/ j .efsa .2008 .141r .

Enne, V. I., C. Cassar, K. Sprigings, M. J. Woodward, and P. M. 
Bennett. 2008. A high prevalence of antimicrobial resistant Esch-
erichia coli isolated from pigs and a low prevalence of antimicrobial 
resistant E. coli from cattle and sheep in Great Britain at slaugh-
ter. FEMS Microbiol. Lett. 278:193–199. https: / / doi .org/ 10 .1111/ 
j .1574 -6968 .2007 .00991 .x .

Espadamala, A., P. Pallarés, A. Lago, and N. Silva-del-Río. 2016. 
Fresh-cow handling practices and methods for identification of 
health disorders on 45 dairy farms in California. J. Dairy Sci. 
99:9319–9333. https: / / doi .org/ 10 .3168/ jds .2016 -11178 .

Espadamala, A., R. Pereira, P. Pallarés, A. Lago, and N. Silva-del-
Río. 2018. Metritis diagnosis and treatment practices in 45 dairy 
farms in California. J. Dairy Sci. 101:9608–9616. https: / / doi .org/ 
10 .3168/ jds .2017 -14296.

Farmer, S., Z. Li, and R. E. W. Hancock. 1992. Influence of outer 
membrane mutations on susceptibility of Escherichia coli to the 
dibasic macrolide azithromycin. J. Antimicrob. Chemother. 29:27–
33. https: / / doi .org/ 10 .1093/ jac/ 29 .1 .27 .

FDA. 2019. NARMS Now: Integrated Data. Rockville, MD.

FDA. 2022. ECFR — Code of Federal Regulations. Title 21: Food and 
Drugs. Chapter I: Food and Drug Administration, Department of 
Health and Human Services. Subchapter E Animal Drugs, Feeds, 
and Related Products. Accessed June 29, 2022. https: / / www .ecfr 
.gov/ current/ title -21/ chapter -I/ subchapter -E.

Garzon, A., R. Portillo, G. Habing, N. Silva-del-Rio, B. Karle, and R. 
Pereira. 2023a. Antimicrobial stewardship on the dairy: Evaluat-
ing an on-farm framework for training farmworkers. J. Dairy Sci. 
106:4171–4183. https: / / doi .org/ 10 .3168/ jds .2022 -22560 .

Garzon, A., R. Portillo, G. Habing, N. Silva-del-Rio, B. Karle, and R. 
Pereira. 2023b. Supplemental materials: Antimicrobial resistance 
of Escherichia coli from dairy farms participating in an antimi-
crobial stewardship educational program for farm employees. doi: 
https: / / doi .org/ 10 .5281/ zenodo .8311633 .

Gilmore, A. 1986. Chloramphenicol and the politics of health. CMAJ: 
Canadian Medical Association Journal 134:423.

Gomes, C., S. Martínez-Puchol, N. Palma, G. Horna, L. Ruiz-Roldán, 
M. J. Pons, and J. Ruiz. 2017. Macrolide resistance mechanisms in 
Enterobacteriaceae: Focus on azithromycin. Crit. Rev. Microbiol. 
43:1–30. https: / / doi .org/ 10 .3109/ 1040841X .2015 .1136261.

Hailu, W., Y.A. Helmy, G. Carney-Knisely, M. Kauffman, D. Fraga, 
and G. Rajashekara. 2021. Prevalence and Antimicrobial Resis-
tance Profiles of Foodborne Pathogens Isolated from Dairy Cattle 
and Poultry Manure Amended Farms in Northeastern Ohio, the 
United States. Antibiotics 2021, Vol. 10, Page 1450 10:1450. doi: 
https: / / doi .org/ 10 .3390/ antibiotics10121450 .

Hordijk, J., E. A. J. Fischer, T. van Werven, S. Sietsma, L. van Gom-
pel, A. J. Timmerman, M. P. Spaninks, D. J. J. Heederik, M. 
Nielen, J. A. Wagenaar, and A. Stegeman. 2019. Dynamics of fae-
cal shedding of ESBL- or AmpC-producing Escherichia coli on 
dairy farms. J. Antimicrob. Chemother. 74:1531–1538. https: / / doi 
.org/ 10 .1093/ jac/ dkz035 .

Manaia, C. M. 2017. Assessing the Risk of Antibiotic Resistance 
Transmission from the Environment to Humans: Non-Direct Pro-
portionality between Abundance and Risk. Trends Microbiol. 
25:173–181. https: / / doi .org/ 10 .1016/ j .tim .2016 .11 .014.

Massé, J., H. Lardé, J. M. Fairbrother, J. P. Roy, D. Francoz, S. 
Dufour, and M. Archambault. 2021. Prevalence of Antimicrobial 
Resistance and Characteristics of Escherichia coli Isolates From 
Fecal and Manure Pit Samples on Dairy Farms in the Province 
of Québec, Canada. Front. Vet. Sci. 8:654125. https: / / doi .org/ 10 
.3389/ fvets .2021 .654125 .

Maynou, G., L. Migura-Garcia, H. Chester-Jones, D. Ziegler, A. Bach, 
and M. Terré. 2017. Effects of feeding pasteurized waste milk to 
dairy calves on phenotypes and genotypes of antimicrobial resis-

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms

Table 4. Summary of the logistic regression model evaluating the effect of the pen on the odds ratio of AMR 
prevalence in E. coli isolates

Antimicrobial  Variable OR

OR 95% CI

p-valueLower Upper

STR      0.02
  Fresh vs Hospital 0.86 0.37 2.03 1.00
  Fresh vs Midlactation 2.14 0.99 4.34 0.05
  Hospital vs Midlactation 2.48 1.06 6.22 0.03
FOX      0.07
  Fresh vs Hospital 0.37 0.12 1.17 0.12
  Fresh vs Midlactation 1.00 0.35 2.88 1.00
  Hospital vs Midlactation 2.68 0.86 8.39 0.12
AUG      0.06
  Fresh vs Hospital 0.30 0.08 1.08 0.07
  Fresh vs Midlactation 0.45 0.15 1.30 0.21
  Hospital vs Midlactation 1.48 0.49 4.48 1.00
CHL      <.0001
  Hospital vs Fresh 5.11 1.8 14.8 <.0001
  Fresh vs Midlactation 1.10 0.39 3.09 1.00
  Hospital vs Midlactation 5.61 1.94 16.19 <.0001

* STR: streptomycin, FOX: cefoxitin, AUG: amoxicillin/clavulanic acid, CHL: chloramphenicol.

https://doi.org/10.1093/jac/dkt443
https://doi.org/10.1093/jac/dkt443
https://doi.org/10.1128/AAC.33.8.1318
https://doi.org/10.1128/AAC.33.8.1318
https://doi.org/10.1089/fpd.2014.1865
https://doi.org/10.1089/fpd.2014.1865
https://doi.org/10.3168/jds.2014-8432
https://doi.org/10.2903/j.efsa.2008.141r
https://doi.org/10.2903/j.efsa.2008.141r
https://doi.org/10.1111/j.1574-6968.2007.00991.x
https://doi.org/10.1111/j.1574-6968.2007.00991.x
https://doi.org/10.3168/jds.2016-11178
https://doi.org/10.3168/jds.2017-14296
https://doi.org/10.3168/jds.2017-14296
https://doi.org/10.1093/jac/29.1.27
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-E
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-E
https://doi.org/10.3168/jds.2022-22560
https://doi.org/10.5281/zenodo.8311633
https://doi.org/10.5281/zenodo.8311633
https://doi.org/10.3109/1040841X.2015.1136261
https://doi.org/10.3390/antibiotics10121450
https://doi.org/10.3390/antibiotics10121450
https://doi.org/10.1093/jac/dkz035
https://doi.org/10.1093/jac/dkz035
https://doi.org/10.1016/j.tim.2016.11.014
https://doi.org/10.3389/fvets.2021.654125
https://doi.org/10.3389/fvets.2021.654125


Journal of Dairy Science Vol. TBC No. TBC, TBC

tance in fecal Escherichia coli isolates before and after weaning. J. 
Dairy Sci. 100:7967–7979. https: / / doi .org/ 10 .3168/ jds .2017 -13040 .

NARMS. 2019a. NARMS 2019 Integrated Report Summary.
NARMS. 2019b. Glossary of Terms Related to Antibiotic Resistance. 

Accessed March 21, 2023. https: / / www .cdc .gov/ narms/ resources/ 
glossary .html.

Nicoloff, H., and D. I. Andersson. 2015. Indirect resistance to several 
classes of antibiotics in cocultures with resistant bacteria express-
ing antibiotic-modifying or -degrading enzymes. J. Antimicrob. 
Chemother. 71:100–110. https: / / doi .org/ 10 .1093/ jac/ dkv312 .

Nobrega, D. B., K. L. Tang, N. P. Caffrey, J. de Buck, S. C. Cork, P. E. 
Ronksley, A. J. Polachek, H. Ganshorn, N. Sharma, J. P. Kastelic, 
J. D. Kellner, W. A. Ghali, and H. W. Barkema. 2021. Prevalence 
of antimicrobial resistance genes and its association with restricted 
antimicrobial use in food-producing animals: a systematic review 
and meta-analysis. J. Antimicrob. Chemother. 76:561–575. https: / 
/ doi .org/ 10 .1093/ jac/ dkaa443 .

Okamoto, S., and D. Mizuno. 1964. Mechanism of Chloramphenicol 
and Tetracycline Resistance in Escherichia coli. J. Gen. Microbiol. 
35:125–133. https: / / doi .org/ 10 .1099/ 00221287 -35 -1 -125 .

Pereira, R., J. Siler, R. Bicalho, and L. Warnick. 2014. In Vivo Selec-
tion of Resistant E. coli after Ingestion of Milk with Added Drug 
Residues. PLoS One 9:e115223. https: / / doi .org/ 10 .1371/ journal 
.pone .0115223 .

Pereira, R., J. D. Siler, K. J. Cummings, M. A. Davis, and L. D. 
Warnick. 2015. Effect of heifer-raising practices on E. Coli an-
timicrobial resistance and Salmonella prevalence in heifer rais-
ers. Epidemiol. Infect. 143:3256–3265. https: / / doi .org/ 10 .1017/ 
S0950268815000357 .

Pereira, R. V., C. Foditsch, J. D. Siler, S. C. Dulièpre, C. Altier, A. 
Garzon, and L. D. Warnick. 2020. Genotypic antimicrobial resis-
tance characterization of E. coli from dairy calves at high risk 
of respiratory disease administered enrofloxacin or tulathromycin. 
Sci. Rep. 10:19327. https: / / doi .org/ 10 .1038/ s41598 -020 -76232 -w.

Sato, T., T. Okubo, M. Usui, S. I. Yokota, S. Izumiyama, and Y. 
Tamura. 2014. Association of veterinary third-generation cepha-
losporin use with the risk of emergence of extended-spectrum-
cephalosporin resistance in Escherichia coli from dairy cattle in 
Japan. PLoS One 9:e96101. https: / / doi .org/ 10 .1371/ journal .pone 
.0096101 .

Schwarz, S., C. Kehrenberg, B. Doublet, and A. Cloeckaert. 2004. 
Molecular basis of bacterial resistance to chloramphenicol and 
florfenicol. FEMS Microbiol. Rev. 28:519–542. https: / / doi .org/ 10 
.1016/ j .femsre .2004 .04 .001 .

Singer, R. S., S. K. Patterson, and R. L. Wallace. 2008. Effects of 
therapeutic ceftiofur administration to dairy cattle on Escherichia 
coli dynamics in the intestinal tract. Appl. Environ. Microbiol. 
74:6956–6962. https: / / doi .org/ 10 .1128/ AEM .01241 -08 .

Sorg, R. A., L. Lin, G. S. van Doorn, M. Sorg, J. Olson, V. Nizet, 
and J. W. Veening. 2016. Collective Resistance in Microbial Com-
munities by Intracellular Antibiotic Deactivation. PLoS Biol. 
14:e2000631. https: / / doi .org/ 10 .1371/ journal .pbio .2000631 .

Springer, H. R., T. N. Denagamage, G. D. Fenton, B. J. Haley, J. A. 
S. van Kessel, and E. P. Hovingh. 2019. Antimicrobial resistance 
in fecal escherichia coli and salmonella enterica from dairy calves: 
A systematic review. Foodborne Pathog. Dis. 16:23–34. https: / / doi 
.org/ 10 .1089/ fpd .2018 .2529 .

Taylor, E. A., E. R. Jordan, J. A. Garcia, G. R. Hagevoort, K. N. 
Norman, S. D. Lawhon, J. M. Piñeiro, and H. M. Scott. 2019. Ef-
fects of two-dose ceftiofur treatment for metritis on the temporal 
dynamics of antimicrobial resistance among fecal Escherichia coli 
in Holstein-Friesian dairy cows. PLoS One 14:e0220068. https: / / 
doi .org/ 10 .1371/ journal .pone .0220068 .

Taylor, E. A., C. Ossa-Trujillo, J. Vinasco, E. R. Jordan, J. A. Gar-
cía Buitrago, R. Hagevoort, K. N. Norman, S. D. Lawhon, J. M. 
Piñeiro, G. Levent, and H. M. Scott. 2021. Use of critically impor-
tant antimicrobial classes early in life may adversely impact bacte-
rial resistance profiles during adult years: potential co-selection 
for plasmid-borne fluoroquinolone and macrolide resistance via 
extended-spectrum beta-lactam use in dairy cattle. Lett. Appl. 
Microbiol. 72:220–224. https: / / doi .org/ 10 .1111/ lam .13419 .

Tyson, G. H., P. F. McDermott, C. Li, Y. Chen, D. A. Tadesse, S. 
Mukherjee, S. Bodeis-Jones, C. Kabera, S. A. Gaines, G. H. Lon-
eragan, T. S. Edrington, M. Torrence, D. M. Harhay, and S. Zhao. 
2015. WGS accurately predicts antimicrobial resistance in Esch-
erichia coli. J. Antimicrob. Chemother. 70:2763–2769. https: / / doi 
.org/ 10 .1093/ jac/ dkv186 .

USDA. 2018. Dairy 2014: Health and Management Practices on U.S. 
Dairy Operations, 2014. Fort Collins, CO: USDA–APHIS–VS–
CEAH–NAHMS, # 696.0218.

Walther, B., K. Tedin, and A. Lübke-Becker. 2017. Multidrug-resistant 
opportunistic pathogens challenging veterinary infection control. 
Vet. Microbiol. 200:71–78. https: / / doi .org/ 10 .1016/ j .vetmic .2016 
.05 .017 .

White, D. G., C. Hudson, J. J. Maurer, S. Ayers, S. Zhao, M. D. Lee, 
L. Bolton, T. Foley, and J. Sherwood. 2000. Characterization of 
chloramphenicol and florfenicol resistance in Escherichia coli as-
sociated with bovine diarrhea. J. Clin. Microbiol. 38:4593–4598. 
https: / / doi .org/ 10 .1128/ JCM .38 .12 .4593 -4598 .2000 .

Garzon et al.: Antimicrobial resistance profiles of E. coli in dairy farms

https://doi.org/10.3168/jds.2017-13040
https://www.cdc.gov/narms/resources/glossary.html
https://www.cdc.gov/narms/resources/glossary.html
https://doi.org/10.1093/jac/dkv312
https://doi.org/10.1093/jac/dkaa443
https://doi.org/10.1093/jac/dkaa443
https://doi.org/10.1099/00221287-35-1-125
https://doi.org/10.1371/journal.pone.0115223
https://doi.org/10.1371/journal.pone.0115223
https://doi.org/10.1017/S0950268815000357
https://doi.org/10.1017/S0950268815000357
https://doi.org/10.1038/s41598-020-76232-w
https://doi.org/10.1371/journal.pone.0096101
https://doi.org/10.1371/journal.pone.0096101
https://doi.org/10.1016/j.femsre.2004.04.001
https://doi.org/10.1016/j.femsre.2004.04.001
https://doi.org/10.1128/AEM.01241-08
https://doi.org/10.1371/journal.pbio.2000631
https://doi.org/10.1089/fpd.2018.2529
https://doi.org/10.1089/fpd.2018.2529
https://doi.org/10.1371/journal.pone.0220068
https://doi.org/10.1371/journal.pone.0220068
https://doi.org/10.1111/lam.13419
https://doi.org/10.1093/jac/dkv186
https://doi.org/10.1093/jac/dkv186
https://doi.org/10.1016/j.vetmic.2016.05.017
https://doi.org/10.1016/j.vetmic.2016.05.017
https://doi.org/10.1128/JCM.38.12.4593-4598.2000

	Antimicrobial resistance of Escherichia coli from dairy farms participating in an antimicrobial stewardship educational program for farm employees
	INTRODUCTION
	METHODS
	Study design
	Bacterial Isolation and Antimicrobial Susceptibility Testing
	Statistical analysis.

	RESULTS
	DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES




