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Abstract

Respiratory disease and diarrhea are the 2 most common diseases that result in the use of 

antimicrobial drugs in preweaned calves. Because the use of drugs in food animals, including 

dairy calves, has the potential for generating cross-resistance to drugs used in human medicine, it 

is vital to propose farm practices that foster the judicious use of antimicrobials while assuring 

animal health and productivity. The objective of this study was to use dairy farm calf treatment 

records to identify antimicrobial drug treatments in calves and to evaluate their effects on the 

prevalence of antimicrobial-resistant Escherichia coli from rectal swabs of preweaned dairy 

calves. Eight farms from central New York participated in the study, 3 farms using individual pen 

housing management and 5 farms using group pen housing management. Eligible study farms 

could not add antimicrobial drugs to the milk fed to preweaned calves and were required to have 

farm records documenting antimicrobial drug treatment of calves from birth to weaning. Three 

fecal E. coli isolates per calf were tested for susceptibility to 12 antimicrobial drugs using a Kirby-

Bauer disk diffusion assay. A total of 473 calves were sampled, from which 1,423 commensal E. 

coli isolates were tested. Of the 9 antimicrobial drugs used on study farms, only enrofloxacin was 

significantly associated with reduced antimicrobial susceptibility of E. coli isolates, although 

treatment with ceftiofur was associated with reduced susceptibility to ceftriaxone. The median 

numbers of days from treatment with ceftiofur and enrofloxacin to rectal swab sampling of calves 

were 16 d (range: 1–39) and 12 d (range: 6–44), respectively. At the isolate level, treatment with 

enrofloxacin resulted in odds ratios of 2 [95% confidence interval (CI): 1–4] and 3 (95% CI: 2–6), 

respectively, for isolation of nonsusceptible E. coli to nalidixic acid and ciprofloxacin compared 

with calves not treated with enrofloxacin. Treatment with ceftiofur resulted in an odds ratio of 3 

(95% CI: 0.9–12) for isolation of nonsusceptible E. coli to ceftriaxone compared with calves not 

treated with ceftiofur. Treatment with enrofloxacin resulted in selection of isolates that presented 

phenotypic resistance to both ciprofloxacin and ceftriaxone. Treatment with ceftiofur resulted in a 

higher prevalence of isolates resistant to ≥3 antimicrobial drugs (97%) compared with no 

treatment with ceftiofur (73%). These findings reinforce the necessity for continued 
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implementation of practices at the dairy farm that support the sustainable and judicious use of 

antimicrobial drugs in dairy calves.
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INTRODUCTION

The most common disease in calves that results in the use of antimicrobial drugs is diarrhea, 

followed by pneumonia (USDA, 2008). According to the last National Animal Health 

Monitoring Survey in 2007, the most common drugs used to treat diarrhea belonged to the 

tetracycline (16%) and β-lactam (9%) classes (USDA, 2008). In the same report, the 2 

antimicrobial drugs most commonly used for treatment of respiratory disease were 

florfenicol (18%) and drugs belonging to the macrolide class (15%). In addition to these 

drugs, in 2008 enrofloxacin (a fluoroquinolone) was approved for use in nonlactating dairy 

cattle less than 20 mo of age for the treatment of bovine respiratory disease associated with 

Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, and Mycoplasma bovis 

(FDA, 2008).

Regardless of the benefits of using antimicrobial agents in food-producing animals, concerns 

from public health, food safety, and regulatory perspectives arise from the potential for 

development of antimicrobial resistance (Oliver et al., 2011). Because of the paradoxical 

decrease in the approval of new antimicrobials by the US Food and Drug Administration 

concomitant with the rise of antimicrobial resistance, there is an urgent need for the 

sustainable and judicious use of current antimicrobial drugs to extend their effectiveness to 

treat disease in animals and humans (Spellberg et al., 2011). Approaches that have been 

shown to be effective focus on farm practices that attempt to limit food animal morbidity 

and mortality while reducing the use of antimicrobial drugs. Examples include targeted 

therapy of animals with bovine respiratory disease and diarrhea through the use of 

appropriate criteria for early and accurate diagnosis (McGuirk, 2008). Such screening 

programs can allow identification of up to 85% of active disease cases and contribute to 

reduced morbidity and mortality (McGuirk, 2008). A study by Berge et al. (2009) observed 

that calves in a conventional therapy group treated as per dairy protocol with 

sulfamethoxazole-trimethoprim, spectinomycin, penicillin, and bismuth-pectin for diarrhea 

had 70% more days with diarrhea than calves in the targeted therapy group treated with 

bismuth-pectin for diarrhea and antimicrobial treatment only in cases of fever or depressed 

attitude. In addition to monitoring tools, the use of preventive-measures such as adequate 

feeding of colostrum to calves to prevent failure of passive transfer have been shown to 

result in lower occurrence of disease, and therefore decreased use of antimicrobial drugs in 

preweaned calves (Windeyer et al., 2014).

On-farm monitoring of selection of antimicrobial drug resistance is vital to propose 

alternatives to practices that result in resistance to antimicrobials important in human and 

animal medicine. The objective of this study was to use dairy farm records to identify and 
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evaluate the effects of antimicrobial drug use on the prevalence of antimicrobial resistant 

Escherichia coli from rectal swabs of preweaned dairy calves.

MATERIALS AND METHODS

Inclusion Criteria for Farms

The data used for this study was part of a project evaluating calf housing management on 

antimicrobial drug resistance. Study herds were selected from a convenience sample of 

commercial dairy farms within a 265-km (165-mile) radius of Cornell University (Ithaca, 

NY). Farms housed calves in 1 of 2 housing systems: 1) in individual pens, feeding calves 

milk or milk replacer (IP); or 2) in group pens, feeding calves acidified milk ad libitum 

(GP). Farms could not add any antimicrobial drugs to the milk fed to preweaned calves. 

Farms participating in the study used antimicrobial drugs by parenteral route for treatment, 

control, or prevention of disease in calves. To participate in the current study, eligible farms 

were required to have antimicrobial drug treatment records of individual calves from birth to 

weaning for at least 6 mo before the farm visit. Five study farms housed calves using GP 

and 3 study farms housed calves using IP. A total of 479 preweaned dairy calves were 

enrolled from 8 farms in central NY (Table 1). Dairy farms were located in the following 

counties in central New York State: Cayuga, Cortland, Ontario, Tompkins, and Wayne. 

Farmers were requested to answer a short questionnaire on their calf management practices.

Study Design and Sample Collection

This study used a cross-sectional design in which rectal swabs were collected from 

preweaned dairy calves during a single farm visit. At each farm preweaned calves were 

divided into 3 age groups, and approximately the same numbers of total samples were 

collected from each age group using a randomization spreadsheet. The randomization 

spreadsheet was created using the random number function of Excel (Microsoft Corp., 

Redmond, WA). The age groups were (1) 3 to 14 d of age (AGE-1); (2) 15 to 35 d of age 

(AGE-2); and (3) 36 to 65 d of age (AGE-3). All calves enrolled in the study were female. 

Farm sampling was conducted from July to October 2012.

Bacterial Isolation, Culture, and Identification

Transport swabs with Amies medium were used to collect rectal swabs from calves (Becton 

Dickinson and Company, Franklin Lakes, NJ). Individual fecal swabs were streaked onto 

MacConkey agar plates on the day of collection and incubated overnight at 37°C. Individual 

fecal swabs were streaked onto MacConkey agar plates on the day of collection and 

incubated overnight at 37°C. Up to 3 typical lactose-positive E. coli colonies were picked 

and stored in Luria-Bertani broth containing 20% glycerol at −80°C (Pereira et al., 2011). 

Biochemical testing was performed on 20% of the colonies using sulfur-indole-motility 

medium tubes (Northeast Laboratories, Waterville, ME), confirming E. coli characteristics 

by the observation of indole production, motility, and no H2S production (Berge et al., 

2003).

Antimicrobial susceptibility of E. coli isolates was tested against a modified National 

Antimicrobial Resistance Monitoring system panel of 12 antimicrobial drugs. The 
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susceptibility testing was done using a Kirby-Bauer disk diffusion agar assay in accordance 

with the guidelines published by the Clinical and Laboratory Standards Institute (CLSI) and 

methodology previously described (CLSI, 2008; Hoelzer et al., 2011; Pereira et al., 2011). 

Internal quality control was performed by inclusion of E. coli ATCC 25922, which was 

previously determined to be pansusceptible, and a previously characterized in-house E. coli 

isolate known to have a blaCMY-2 gene and to be resistant to 9 of the antimicrobials tested. 

Antimicrobial susceptibility for all isolates was assessed using the following panel: 

ampicillin, 10 μg; cefoxitin, 30 μg; ceftiofur, 30 μg; ceftriaxone, 30 μg; chloramphenicol, 30 

μg; ciprofloxacin, 5 μg; gentamicin, 10 μg; nalidixic acid, 30 μg; neomycin, 30 μg; 

streptomycin, 10 μg; tetracycline, 30 μg; and trimethoprim-sulfamethoxazole, 23.75/1.25 μg. 

Susceptibility of the isolates to most antimicrobial drugs was categorized (susceptible, 

intermediate, or resistant) by measuring the inhibition zone according to interpretive criteria 

adhering to the CLSI guidelines (CLSI, 2008).

Normalized Resistance Interpretation

Inhibition zone diameter histograms for each antimicrobial tested were visually examined 

for detection of drugs that had an unclear transition between isolates devoid of detectable 

resistance phenotypes and resistant isolates. For antimicrobial drug histograms where the 

clinical breakpoints values did not appear consistent with the frequency distribution, 

epidemiological cut-off values (ECV) were used in place of the CLSI clinical breakpoints to 

classify isolates as susceptible or non-susceptible (Kronvall, 2003). The ECV are determined 

on the basis of the distribution of the inhibition zone diameter, where the population that 

departs from the distribution of the susceptible population is categorized as nonsusceptible 

(Silley, 2012). The ECV can be used as the most sensitive measure to categorize isolates as 

susceptible and nonsusceptible and measure the development of resistance (Simjee et al., 

2008).

The ECV were calculated using the normalized resistance interpretation (NRI) analysis. The 

NRI analysis was used with permission from the patent holder, Bioscand AB, Täby, Sweden 

(European patent number 1383913, US Patent number 7,465,559). An advantage of using 

the NRI analysis is that it provides a formal method of overcoming situations in which the 

distribution of zones obtained for nonsusceptible strains manifested low-level resistance 

(Smith et al., 2012). The NRI uses the fact that zone diameter distributions of the susceptible 

isolates are Gaussian in shape and that the upper half for zones (the susceptible side of the 

peaks) should be unaffected by the occurrence of resistance, and might therefore be used for 

reconstruction of the whole susceptible isolates peak of the distribution (Kronvall et al., 

2011). This is achieved by localizing the peak using moving averages, then calculating the 

fraction of isolates from the highly susceptible side (Kronvall, 2003). After probit 

transformation of these values, the constants of the straight line between probit values and 

zone diameters are then calculated using the equation of least-squares and the mean and 

standard deviation of the ideal normal distribution can be determined. To define the optimal 

parameter settings for the reconstruction of the real standard distribution of susceptible 

isolates, a 4-zone moving average with a peak adjustment of 2.5 standard deviation limits 

from the switch position for the moving average to the proper position of the peak was used 

(Joneberg et al., 2003).
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Statistical Analyses

Escherichia coli isolates were categorized as susceptible or nonsusceptible (intermediate or 

resistant) in accordance with the interpretive methods and breakpoints previously described. 

This binomial categorical variable was selected for use in the analysis (instead of the 3-

category CLSI classification) for 2 main reasons: to focus the analysis on the presence or 

absence of isolates that are fully susceptible to the antimicrobial drugs tested, and to reduce 

erroneous analysis of the data caused by a high number of isolates classified as intermediate 

for 2 antimicrobial drugs (ceftiofur and ceftriaxone) for which the CLSI breakpoints may not 

correlate well to acquisition of resistant genes. The records for the dates of antimicrobial 

drug treatments of sampled preweaned dairy calves were obtained from the farm records and 

arranged by order of antimicrobial drug treatment after birth using PROC FREQ in SAS 

(SAS Institute Inc., Cary, NC; Table 2). Additionally, the median, minimum, and maximum 

age in days of calves when treated with antimicrobial drugs for the first, second, and third 

time after birth were estimated using PROC MEANS in SAS (Table 2).

A multinomial logistic regression was used to determine the calf level effects of 

antimicrobial drug treatment on the number of nonsusceptible fecal E. coli cultured from 

each calf. The model was developed using the generalized logit-link function (glogit) in 

PROC GLIMMIX in SAS. The outcome variable was the number of nonsusceptible fecal E. 

coli cultured from a calf for an individual antimicrobial drug (range from 0 to 3 isolates). 

The model was controlled for calf housing type and age group as fixed effects, and herd as a 

random effect. The independent binomial variables for farm records showing at least one 

treatment with the referred antimicrobial drug was offered to the model. All possible two-

way interactions between the independent variables were added to the model. Variables and 

interactions were manually excluded from the model if their P-value was >0.05.

The isolate level association between identification of nonsusceptible E. coli and 

antimicrobial drug treatment of a calf was estimated in a 2-step analysis. First, a bivariate 

analysis using a chi-squared test in PROC FREQ in SAS was used to determine if 

identification of a nonsusceptible E. coli was associated with the binomial variable for 

antimicrobial drug treatment of a calf (treatment at least once with the referred antimicrobial 

drug or no treatment). Second, antimicrobial drug treatment variables with a P-value <0.05 

for the chi-squared tests were added as independent variables to logistic regression models 

using PROC GLIMMIX in SAS. The models were controlled for calf housing type and age 

group as fixed effects, and herd as a random effect. All possible two-way interactions 

between the independent variables were added to the model. Variables and interactions were 

manually excluded from the model if their P-values was >0.05.

Descriptive analysis of E. coli resistance phenotypes was conducted using PROC FREQ in 

SAS. CLSI clinical breakpoint values were used for all drugs tested to categorize an isolate 

as resistant and determine the resistance phenotypes. For all statistical models and tests, 

variables were considered significant when a P-value <0.05 was observed.
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RESULTS

Descriptive Data

Two GP farms and 1 IP farm kept calf antimicrobial treatment records using a notebook; 3 

GP farms and 2 IP farms kept records using a computer program. The number of lactating 

cows at farms ranged from 100 to 199 cows for 1 GP farm, 500 to 999 cows for 2 GP farms 

and 1 IP farm, 1,000 to 3,000 cows for 1 GP farm and 2 IP farms, and >3,000 cows for 1 GP 

farm. The total number of calves and E. coli isolates and the average age of calves in the 

study by calf housing management are shown in Table 1.

Normalized Resistance Interpretation

Visual examination of histograms of antimicrobial drugs zone diameter sizes revealed that 

for ceftiofur and ceftriaxone, the distribution based on clinical breakpoints values did not 

appear consistent with the frequency distribution (Figure 1). The reconstructed ideal 

population of susceptible strains using the NRI method identified a mean of 27.6 for 

ceftiofur and 31.7 for ceftriaxone. Using a 2.5 standard deviation limit below the mean, the 

new breakpoints for susceptible isolates using these parameters were defined as 23 mm for 

ceftiofur and 26.5 mm for ceftriaxone.

Distribution of Antimicrobial Treatment of Preweaned Calves

The on-farm recorded use of antimicrobial drugs in calves is shown in Table 2. A total of 9 

antimicrobial drugs belonging to 6 antimicrobial drug classes were used on farms sampled. 

The most common antimicrobial class used in calves housed in IP was β-lactams, with 

ceftiofur being the most common drug, whereas for calves housed in GP, it was 

fluoroquinolones with enrofloxacin being the most common drug. The median number of 

days from treatment with ceftiofur to rectal swab sampling of calves was 16 d (range: 1–39 

d), and the median number of days from treatment with enrofloxacin to rectal swab sampling 

of calves was 12 d (range: 6–44 d).

Antimicrobial Resistance in E. coli Isolates

Only treatment with enrofloxacin was significantly associated with the number of 

nonsusceptible fecal E. coli cultured from a calf. Treatment of a calf at least once with 

enrofloxacin was associated with an increase in the number of fecal E. coli nonsusceptible to 

ciprofloxacin (P < 0.0001) and nalidixic acid (P < 0.0001; Table 3). Age group and calf 

housing used for calves were not significantly associated with resistance to ciprofloxacin 

and nalidixic acid.

The effect of antimicrobial treatment of calves with enrofloxacin was significantly 

associated with the non-susceptibility of E. coli to ciprofloxacin and nalidixic acid. 

Treatment of a calf at least once with enrofloxacin was associated with an increase in the 

odds of isolates nonsusceptible to ciprofloxacin (P = 0.003) and nalidixic acid (P < 0.0001; 

Table 4). Treatment of a calf at least once with ceftiofur resulted in a 0.5 odds ratio (P = 

0.05; 95% CI: 0.3–1) of identification of isolates non-susceptible to neomycin, and a 3 odds 

ratio (P = 0.08; 95% CI: 0.9–12) of identification of isolates nonsusceptible to ceftriaxone). 

For all models where antimicrobial drug treatment had a P-value <0.1, calf age group was 
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associated with the nonsusceptibility of E. coli to ceftriaxone (P = 0.0002), neomycin (P < 

0.0001), ciprofloxacin (P = 0.0003), and nalidixic acid (P < 0.0001). The highest prevalence 

of nonsusceptible isolates for ceftriaxone (CRO = 865 isolates) and neomycin (NEO = 464 

isolates) was observed at AGE-2 (CRO = 39%, NEO = 39%) compared with AGE-1 (CRO 

= 27%, NEO = 32%) or AGE-3 (CRO = 34%, NEO = 28%). The highest prevalence of 

nonsusceptible isolates for ciprofloxacin (CIP = 70 isolates) and nalidixic (NAL = 91 

isolates) was at AGE-3 (CIP = 59%, NAL = 59%) compared with AGE-1 (CIP = 3%, NAL 

= 3%) or AGE-2 (CIP = 39%, NAL = 37%). No interaction between age group and record of 

antimicrobial drug treatment was significant. Type of calf housing was not significantly 

associated with resistance to ceftriaxone, neomycin, ciprofloxacin, or nalidixic acid. Models 

for which at least one drug treatment variable had a P-value <0.10 are shown in Table 4.

Distribution of E. coli Antimicrobial Resistance Phenotypes

Of the 152 E. coli isolates from calves treated with enrofloxacin, 15.8% were pansusceptible 

and 77% were resistant to 3 or more antimicrobials. The most common resistance phenotype 

from enrofloxacin-treated calves was ampicillin-cefoxitin-chloramphenicol-streptomycin-

tetracycline, which was present in 7.9% of isolates (Table 5).

Of the 144 E. coli isolates from calves with ceftiofur treatment, 0.3% were pansusceptible 

and 97.3% were resistant to 3 or more antimicrobials. The most common resistance 

phenotype from ceftiofur-treated calves was ampicillin-cefoxitin-ceftiofur-chloramphenicol-

neomycin-streptomycin-tetracycline-trimethoprim sulfamethoxazole, which was present in 

14.5% of isolates (Table 5).

DISCUSSION

Antimicrobial Resistance in E. coli Isolates

Treatment of a calf with enrofloxacin was significantly associated with a higher number of 

nonsusceptible fecal E. coli. Compared with calves not treated with enrofloxacin, treated 

animals had an odds ratio of 41 (P < 0.0001; 95% CI: 10–172) and 92 (P < 0.0001; 95% CI: 

14–613) for having 3 versus 0 E. coli isolates nonsusceptible to nalidixic acid and 

ciprofloxacin, respectively (Table 3). Additionally, isolates from enrofloxacin-treated calves 

had a higher odds ratio for being nonsusceptible to fluoroquinolones (Table 4). These 

findings are a major concern because fluoroquinolones are regarded as critically important 

antimicrobial agents for human medicine according to the World Health Organization 

(Collignon et al., 2009). Similar findings were observed in a study conducted in swine 

receiving a daily intramuscular injection of enrofloxacin for 14 d at a dose of 5 mg/kg, 

where quinolone susceptibility of recolonizing fecal E. coli dropped dramatically compared 

with pre-treatment isolates (P < 0.0001; Beraud et al., 2008).

Resistance to quinolones can limit therapy options for humans with invasive disease caused 

by Salmonella species, Campylobacter species, and multidrug-resistant Shigella species 

(Collignon et al., 2009). The most prevalent mechanism for resistance to quinolones is target 

modification by mutation in topoisomerase DNA gyrase and topoisomerase IV, 2 enzymes 

that quinolones bind, thus causing DNA replication fork progression arrest which results in 
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cell death (Jacoby, 2005). In gram-negative bacteria, high levels of quinolone resistance are 

mainly due to mutation of the genes encoding for the gyrase subunits gyrA and gyrB 

(mainly in gyrA), whereas mutations in parC and parE, which encode for the subunits of 

topoisomerase IV are secondary. Additionally, quinolone resistance has been linked with 

other mechanisms of resistance such as efflux pumps (Poole, 2000). In the vast majority of 

cases, resistance to the fluoroquinolone ciprofloxacin is always accompanied by resistance 

to the quinolone nalidixic acid, with a few exceptions reported (Cambau et al., 1993). One of 

the main ways fluoroquinolones differ from the original quinolone compound is the addition 

of a fluorine atom at position 6 of the quinolone molecule, which can provide 

fluoroquinolones with more than a 10-fold increase in gyrase inhibition and up to a 100-fold 

improvement in MIC (Andersson and MacGowan, 2003). In our study, all isolates resistant 

to ciprofloxacin were also resistant to nalidixic acid.

Enrofloxacin is the only quinolone drug approved for use in commercial dairy cattle in the 

United States. The dosage for enrofloxacin in cattle is 7.5 to 12.5 mg/kg as a single-dose 

therapy or 2.5 to 5 mg/kg as a multiple-day therapy repeating treatment every 24 h for 3 d. 

The extra-label use of fluoroquinolones in animals in the United States is strictly prohibited, 

as determined by the Animal Medicinal Drug Use Clarification Act (FDA, 2013). 

Enrofloxacin administered to cattle is partly metabolized to ciprofloxacin, achieving only 25 

to 35% of the concentration of enrofloxacin in the blood (Kaartinen et al., 1995; McKellar et 

al., 1999). A study by Wiuff et al. (2002) conducted in pigs administered a single 

intramuscular dose of enrofloxacin at 2.5 mg/kg resulted in measurable concentrations of 

ciprofloxacin and enrofloxacin up to 6 h after the initial dose. They observed that intestinal 

contents had concentrations of ciprofloxacin corresponding to only 4 to 5% of the 

enrofloxacin concentration (0.9 to 5.5 μg of ciprofloxacin per gram of feces) (Wiuff et al., 

2002). The traditional concept is that selection of resistant bacteria is dependent on several 

parameters, among which are the concentrations of free and active antimicrobial drugs 

reaching the enteric microbiota, the MIC of bacterial populations, and barriers exerted in the 

colonic ecosystem. To our knowledge, no current data has been published showing the 

concentration of enrofloxacin or ciprofloxacin in the fecal content of calves after a 

parenteral administration of enrofloxacin. However, if the concentration in calves is similar 

to that observed in the Wiuff et al. (2002) study with pigs, after treatment of a calf with 

enrofloxacin, selection for resistance to quinolones could occur from the presence of 

enrofloxacin in the feces at concentrations above the MIC of 2 to 4 μg/mL for bacteria from 

the Enterobacteriaceae family (CLSI, 2008). Because all quinolones have a common 

mechanism of resistance, resistance to one quinolone will usually result in resistance to all 

other quinolones, and selection pressure from enrofloxacin treatment could result in the 

selection of resistance to ciprofloxacin and nalidixic acid (Hopkins et al., 2005). Although 

the concentration of ciprofloxacin within 6 h after a treatment with enrofloxacin would 

probably be below the 4 μg/mL MIC for bacteria from the Enterobacteriaceae family based 

on the findings from Wiuff et al. (2002), this nonlethal concentration of ciprofloxacin could 

still result in the selection of resistance to fluoroquinolones (CLSI, 2006). Studies have 

shown that exposure of bacteria to nonlethal concentrations of antimicrobial drugs, 

including fluoroquinolones, can enrich pre-existing resistant mutants with very small fitness 
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costs and select for de novo resistant mutants (Cebrian et al., 2003; Marcusson et al., 2009; 

Hughes and Andersson, 2012).

As expected, a higher prevalence of isolates nonsusceptible to neomycin and ceftriaxone 

was observed for calves at AGE-2 because previous studies have associated increased levels 

of multiple antimicrobial resistances in calves 2 to 4 wk of age (Berge et al., 2006). 

Commensal microbiota has been shown to protect the intestine from exogenous pathogens 

and antimicrobial resistant species through microorganism-mediated direct inhibition and by 

enhancing host immunity in the intestines (Macpherson and Uhr, 2004; Stecher and Hardt, 

2008; Chung et al., 2012; Buffie and Pamer, 2013; Lawley and Walker, 2013). The lack of a 

developed microbiota in young calves, as observed in metagenomics studies, could be a 

factor allowing the amplification of bacteria that may have antimicrobial resistance 

mechanisms that result in a high fitness cost (Oikonomou et al., 2013). However, for 

ciprofloxacin and nalidixic acid, a higher proportion of resistant isolates was observed at 

AGE-3, when the calf has a more developed enteric microbiota. A study by Marcusson et al. 

(2009) evaluating the interplay in the selection of fluoroquinolone resistance and bacterial 

fitness in E. coli observed that some fluoroquinolone-resistant mutations may reduce drug 

susceptibility without reducing fitness, and that the addition of a resistance mutation to an 

already low-fitness mutant strain could cause both a reduction in drug susceptibility and an 

increase in relative fitness (Marcusson et al., 2009). The low fitness cost of resistance to 

fluoroquinolones would allow these bacteria to compete with susceptible strains. This would 

explain the persistence of fluoroquinolone-resistant E. coli in the commensal microbiota of 

calves even with the development and probable increase in resilience of the commensal 

microbiota to colonization by antimicrobial resistant bacteria.

Although not statistically significant at the 0.05 level, calves treated with ceftiofur displayed 

reduced susceptibility of fecal E. coli to ceftriaxone (P = 0.08). A study treating calves with 

ceftiofur hydrochloride at therapeutic doses (2.2 mg/kg per d) for 5 consecutive days 

observed a significant increase in the fecal excretion of ceftriaxone resistant bacteria 

(including Salmonella species) for at least 17 d following initial treatment (Jiang et al., 

2006). Ceftiofur is the only third-generation cephalosporin approved for use in cattle and is 

labeled for the treatment of pneumonia, postpartum metritis, necrotizing pododermatitis, and 

mastitis (Daniels et al., 2009). Additionally, ceftiofur has been recommended as an extra-

label treatment for diarrhea in preweaned calves (following approved label dose, frequency, 

duration, and route of administration; Constable, 2004). Resistance to third-generation 

cephalosporins is mainly conferred by the plasmid-encoded AmpC-like CMY β-lactamases 

and by the plasmid-encoded CTX-M β-lactamases (Daniels et al., 2009; Shaheen et al., 

2011). An increase in E. coli susceptible to neomycin (P = 0.05) was also observed in calves 

treated with ceftiofur. This was an unexpected finding that could have resulted from the 

treatment with ceftiofur shifting the population of commensal E. coli that carried resistant 

genes to aminoglycosides. Systemic treatment of cows with ceftiofur has been shown to 

result in significant decrease in the number of fecal E. coli 2 to 7 d posttreatment, with a 

shift from >6 cfu/g pretreatment to <4 cfu/g 2 d after treatment (Mann et al., 2011). In our, 

study the selection pressure induced by ceftiofur treatment could have directly affected E. 

coli resistant to neomycin because of the high fitness cost that has been associated with 
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many mechanisms of resistance to aminoglycosides (Kramer and Matsumura, 2013; Lioy et 

al., 2014).

Distribution of E. coli Antimicrobial-Resistant Phenotypes

For calves treated with enrofloxacin, the most common drug-resistant phenotypes (DRP) 

included resistance to 5 drugs in the β-lactam, phenicol, aminoglycoside, and tetracycline 

classes (Table 5). However, the most worrying finding was the resistance pattern of the 

second-most common DRP from enrofloxacin-treated calves, which included ampicillin, 

ceftiofur, ceftriaxone, ciprofloxacin, nalidixic acid, and tetracycline. Ceftriaxone and 

ciprofloxacin are the current antimicrobials of choice for treatment of important diseases in 

humans, including clinical Salmonella infections, and pathogens carrying resistance to both 

of these drugs could dramatically increase treatment failure. Resistance to fluoroquinolones 

seems to co-select for class-1 integrons and integron-borne extended-spectrum β-lactam 

(ESBL) genes because quinolone resistance genes (qnr) are situated in class-1 integron 

structures, which also carry ESBL resistance (Nordmann and Poirel, 2005; Wellington et al., 

2013). This could explain why treatment with enrofloxacin would select for resistance to 

cephalosporins.

The most common DRP from calves with a farm record of treatment with ceftiofur consisted 

of 8 antimicrobial drugs belonging to the β-lactam (including second- and third-generation 

cephalosporins), phenicol, aminoglycoside, tetracycline, and sulfonamide classes. Among 

calves treated with ceftiofur, 97% were resistant to 3 or more antimicrobials versus 73% for 

calves not treated with ceftiofur. This finding is in accordance with other studies observing 

that treatment of cattle with ceftiofur results in co-selection of phenotypic antimicrobial 

resistances besides cephalosporins in E. coli (Singer et al., 2008; Kanwar et al., 2013). A 

study by Kanwar et al. (2013) observed that the presence of blaCMY-2 in fecal E. coli from 

cattle, one of the most common third-generation cephalosporin resistance genes in the 

United States, was associated with selection of multidrug resistance. An explanation for this 

has been linked to the fact that blaCMY-2 is usually located on a large Inc A/C plasmid that 

harbors several other resistance genes (Call et al., 2010; Kanwar et al., 2013; Guo et al., 

2014).

Normalized Resistance Interpretation

Because the distribution of the inhibition zone diameters for the disk diffusion test for 

ceftiofur and ceftriaxone had an unclear transition between isolates devoid of detectable 

resistant phenotype, ECV were determined for these drugs (Kronvall et al., 2011). In our 

study, we used the NRI analysis to obtain the ECV (Kronvall, 2003). Of the 1,423 E. coli in 

our study, low-level resistance to ceftriaxone and ceftiofur were respectively associated with 

49% and 23% of E. coli isolates which were classified as intermediate using clinical 

breakpoints (Figure 1). A limitation of using ECV compared with clinical breakpoints is that 

isolate classification is limited to susceptible or nonsusceptible, and specific detection of 

clinical resistant isolates that would be of greater interest for everyday clinical laboratory 

work to advise on therapy in a patient is not possible (Simjee et al., 2008).
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CONCLUSIONS

Treatment of preweaned dairy calves with enrofloxacin resulted in significantly reduced 

susceptibility of fecal E. coli to ciprofloxacin and nalidixic acid. Although not significant at 

the 0.05 level, treatment with ceftiofur resulted in a reduced susceptibility of E. coli to 

ceftriaxone and a higher prevalence of multidrug resistant isolates compared with E. coli 

from calves not treated with ceftiofur. These findings emphasize the need for the 

implementation of practices that support the sustainable and judicious use of antimicrobial 

drugs in dairy calves.
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Figure 1. 
Zone diameter histogram with susceptibility classification of Escherichia coli according to 

Clinical and Laboratory Standards Institute clinical breakpoints. Reconstructed ideal 

population of susceptible strains shown as a line graph of normalized resistance 

interpretation (NRI) with a mean of 27.6 for ceftiofur and 31.7 for ceftriaxone. The 2.5 

deviation limit below the NRI mean is marked with a vertical arrow (23 for ceftiofur and 

26.5 for ceftriaxone) and the isolates below this limit can be considered nonsusceptible for 

comparative purposes.
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Table 1

Descriptive data for the total number of calves, fecal Escherichia coli isolates, and average age of calves in the 

study by calf housing management and age group

Description Calves, no. E. coli isolates,1 no. Mean age, d (range)

IP2

 AGE-13 37 132 10 (3–14)

 AGE-2 89 217 25 (15–34)

 AGE-3 38 137 49 (37–65)

 Total 164 486

GP4

 AGE-1 84 285 8 (1–14)

 AGE-2 120 321 25 (15–35)

 AGE-3 111 331 43 (37–58)

 Total 315 937

Overall total 479 1,423

1
E. coli isolates from rectal swabs.

2
Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer 2 to 3 times a day.

3
Age groups refer to calves with ages AGE-1 = 0 to 14 d; AGE-2 = 15 to 35 d; AGE-3 = 36 to 65 d.

4
Calves housed in group pens with 3 to 25 calves and fed free choice acidified milk.
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Table 5

Ranking of the most common drug-resistant phenotypes among 1,423 Escherichia coli by farm record 

treatment (Tx) with enrofloxacin or ceftiofur

Drug-resistant phenotypes1 TX rank2 NoTX rank2 Tx, % (no.) NoTx, % (no.)

Enrofloxacin (Tx, n = 152; NoTx, n = 1,238)

 AMP-FOX-CHL-STR-TET 1 3 7.9 (12) 4.4 (56)

 AMP-TIO-CRO-CIP-NA-TET 2 23 5.3 (8) 1.4 (18)

 AMP-FOX-NEO-STR-TET 3 4 4.6 (7) 4.2 (54)

 CHL-STR-TET 27 1 0.7 (2) 5.7 (72)

 TET 43 2 0.7 (1) 5.1 (65)

 Pansusceptible 15.8 (24) 11.8 (150)

Ceftiofur (Tx, n = 144; NoTx, n = 1,279)

 AMP-FOX-TIO-CHL-NEO-STR-TET-COT 1 23 14.5 (21) 1.4 (18)

 AMP-FOX-CHL-GEN-STR-TET 2 24 13.2 (19) 1.1 (15)

 AMP-TIO-STR-TET-COT 3 77 6.9 (10) 0.2 (2)

 CHL-STR-TET None 1 0 (0) 5.8 (74)

 TET None 2 0 (0) 5.1 (66)

 AMP-FOX-CHL-STR-TET 6 3 4.1 (6) 4.9 (62)

 Pansusceptible 0.3 (1) 13.5 (173)

1
AMP = ampicillin; FOX = cefoxitin; TIO = ceftiofur; CRO = ceftriaxone; CIP = ciprofloxacin; CHL = chloraphenicol; GEN = gentamicin; NA = 

nalidixic acid; NEO = neomycin; STR = streptomycin; COT = trimethoprim sulfamethoxazole; TET = tetracycline.

2
Ranking of drug-resistant phenotypes for isolates from a calf with a farm record of receiving at least one treatment with the referred drug (Tx) or 

from a calf with a farm record showing no treatment with the referred drug (NoTx).
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