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Multidrug resistant bacterial strains are a current challenge to modern medicine, 

and according to the Centers for Disease Control and Prevention are responsible for 

$20 billion in excess healthcare costs, $35 billion in societal costs, and 8 million 

additional hospital days in the United States. As occurs for clinical use, the 

administration of antimicrobial drugs in cattle creates selective pressure shown to 

result, in many cases, in resistance to antimicrobial drugs critically important to 

human medicine. Furthermore, the use of antimicrobial drugs in food animals, 

specifically drugs in classes that are also used in human medicine, remains a 

contentious public health issue. Studies that identify risk factors that increase the rate 

of selection, amplification and spread of resistance on dairy farms, and generate 

information to propose intervention to prevent or reduce such undesired outcomes are 

of vital importance. The studies in this dissertation focused on this knowledge gap and 

used epidemiology, microbiology and genomic approaches to generated novel data in 

many priority areas, including (1) prevalence and concentration of drug residues 

present in the milk commonly fed to dairy calves; (2) impacts of feeding milk with 

drug residues on selection of resistant bacteria and on the composition of the fecal 



 

microbiota of preweaned calves; (3) effect of preweaned dairy calf housing systems on 

prevalence of antimicrobial resistance; (4) prevalence of resistant E. coli and 

Salmonella in cattle under different heifer-raising practices; and  (5) efficacy of using 

ultraviolet light as an intervention to reduce pathogens in the milk and colostrum fed 

to calves. This dissertation supports the view that intended or unintended exposure of 

cattle to therapeutic and sub-therapeutic concentrations of antimicrobial drugs can 

select for resistance to antimicrobials of critical importance to veterinary and human 

medicine. Moreover it encourages the implementation of management practices that 

improve the health of cattle without the use of antimicrobials, and endorses the 

judicious use of antimicrobial drugs concomitant with improvement of animal 

production and wellbeing. 
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1. Past, present and future of antimicrobials 

 

The etymology of the word “antibiotic” is Greek, from “biotikos” meaning ‘against life’.  

The first application of an antibiotic was a moldy soybean curd used by the Chinese to treat 

carbuncles and furnuncles.   Other agents with antimicrobial properties, such as myrrh and 

inorganic salts, were routinely used by the ancient Greeks, including Hippocrates, to treat 

infected wounds. (Weinstein L, 1970). The discovery of one of the most well-known and used 

antibiotics, penicillin, happened on September 3rd 1928 when Alexander Fleming fortuitously 

observed that Staphylococci was inhibited on an agar plate contaminated with Penicillium mold 

(Aminov, 2010). Twelve years after this observation, in 1940, a purification method capable of 

obtaining stable penicillin from the Penicillium mold was developed at Oxford (Chain et al., 

2005). The discovery of penicillin is acknowledged as a pivotal happening in twentieth century 

medicine, renovating the outcome of treatment of infectious diseases and stimulating the search 

for new antimicrobial classes (Miller E, 2002).  

With the introduction of antimicrobials, new challenges to the treatment of infectious 

disease arose from the evolution and adaptation of bacteria to the new treatment strategies. Since 

the introduction of the use of penicillin into clinical settings, the deployment of novel 

antimicrobials has been followed by the evolution of clinically significant resistance to those 

antimicrobials (Clatworthy et al., 2007). Howerver resistance genes have been present in the 

environment since before the first human use of an antimicrobial drug. The presence of 

antimicrobial resistance determinants (resistance plasmids) in untouched environments, with no 

known records of exposure to antimicrobial drugs, was described in 1969 during the first 

antimicrobial resistance study conducted in the field (Gardner et al., 1969; Martinez, 2012). 
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Nowadays antimicrobial resistance has been identified by the World Health Organization 

as one of the greatest threats to human health. Antimicrobial resistance increases the cost and the 

dificulty of treating a variety of common infections, causing delays, ineffective treatments, or in 

worse cases, inability to provide an effective therapy. Some consequences of antimicrobial 

resistance are extended infections, higher morbidity, an increased risk of treatment failure, and 

higher mortality rates, beyond the increased economic burden from loss of productivity and cost 

of diagnosis and treatments (WHO, 2012).  

 Nearly all antimicrobials in use today were discovered during the 1940s to 1960s with an 

innovation gap between 1968 and 2000 (Table 1.1) (Lewis K, 2013). The majority of these 

compounds were identified by screening soil-derived Actinomycetes, but with time discovery of 

new compounds using this platform became increasing difficult (Lewis K, 2013). In addition, 

economic factors have drastically reduced investment in new antimicrobial development. Some 

of the reasons behind this decrease are: 1) antimicrobials are used in smaller quantities than other 

drugs, such as prescriptions for chronic illnesses that can last years or decades, whereas a 

standard course of antimicrobials lasts only weeks; 2) newly approved non-antimicrobial drugs 

can be prescribed to all who would benefit, while the use of a recently approved antimicrobials 

may be limited to the treatment of grave infections caused by bacteria (Fischbach and Walsh, 

2009). Therefore antimicrobials yield lower revenues than most drugs, which in turn generate 

fewer investments in the research, development and marketing of new antimicrobials. 

A challenging regulatory climate adds to the current difficulties in developing new drugs. 

Development of new drugs and FDA requirements for clinical efficacy take time and entail large 

investments (Shlaes and Spellberg, 2012). As a consequence of such an unfavorable economics, 

within the last 10 years 15 of the 18 major pharmaceutical suppliers of antimicrobials have left 
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the field (Gilbert et al., 2010; Bartlett et al., 2013).  

 

Table 1.1 History of introduction of new classes of antimicrobials. 

 

 

  Year introduced                           Class of drug 

1935 Sulfonamides 

1941 Penicillins 

1944 Aminoglycosides 

1945 Cephalosporins 

1949 Chloramphenicol 

1950 Tetracyclines 

1952 Macrolides/lincosamides/streptogramins 

1956 Glycopeptides 

1957 Rifamycins 

1959 Nitroimidazoles 

1962 Quinolones 

1968 Trimethoprim 

2000 Oxazolidinones 

2003 Lipopeptides 

Source: (Conly and Johnston, 2005) 

 

Spiellberg et al. (2004), when investigatigating the number of new antibacterial drugs 

approved by the FDA from 1980 to 2003, observed that the approval of new antimicrobials had 

declined by 56% over 20 years (1998 to 2002 versus 1983 to 1987) (Spellberg et al., 2004; Conly 

and Johnston, 2005). Of the 225 total new drugs approved by FDA from January 1998 to 

December 2002, only seven (3%) were new antibacterial agents (Figure 1.1). The number of new 

antimicrobials that are approved for use in humans in the United States continues to decrease 

yearly. According to the Infectious Disease Society of America (IDSA), between 2009 and early 

2013 only 2 new antimicrobials were approved (Boucher et al., 2013a). 
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In an effort to motivate new antimicrobial development and research, a new collaboration has 

been launched by the IDSA titled the “10 X ‘20” initiative. Their objective is to develop a strong 

framework for global antimicrobial research with a short-tem pontetial of identifying 10 new, 

effective, and safe antimicrobials by 2020 (Infectious Diseases Society of America, 2010). 

Antimicrobial resistance has been recognized worldwide as an eminent threat to human health, 

receiving special attention by the World Health Organization (WHO), European Union, the US 

Congress, and the US FDA (Boucher et al., 2013b). The theme of the 2011 World Health Day 

(the date of the founding of WHO) was "antimicrobial resistance: no action today and no cure 

tomorrow” (CDC, 2011).  The European Commission has proposed an action plan against the 

increasing hazards from antimicrobial resistance through the Innovative Medicines Initiative 

(IMI). Initial funding of 223.7 million euros established the IMI in 2012 with the aim of tackling 

antimicrobial resistance and speeding up the development of new antimicrobials (IMI, 2012). 

The US government budget for the 2016 fiscal year nearly doubled federal funding for 

combating antimicrobial resistant bacteria, with an increase of more than $550 million above the 

2015 budget (U.S. Government, 2015). 

Challenges in the development of effective new drugs have directed research to new 

platforms for antimicrobial discovery. New strategies include investigating unexploited natural 

sources such as uncultured bacteria, focusing on identifying species-specific antimicrobials and 

discovering antimicrobial drugs that have the prospective for eradicating dormant persisters 

(Lewis K, 2013).  An exciting new development has been the use of a high-throughput 

multichannel device called the iChip to screen the 99% of uncultured soil bacteria (Kahrstrom, 

2015). Through this approach individual bacterial cells are isolated in one of 96 chambers 

encircled by a semi-permeable membrane; bacteria are then grown in situ, having access to the 
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natural environment, a source for nutrients and growth factors. Using the iChip, the antimicrobial 

activity of extracts obtained from 10,000 soil bacteria have been screened, and identified that a 

new bacteria temporarily named Eleftheria terrae (a Gram-negative β-proteobacteria), has 

extracts with the potential inhibitory activity against the Gram-positive pathogen Staphylococcus 

aureus. 

 

Figure 1.2 Antibacterial agents approved by the US Food and Drug Administration (FDA) per 5-

year period. 

 

Source: (Spellberg et al., 2004; Boucher et al., 2013b) 

 

Alternative approaches proposed for antimicrobials include targeting functions essential for 

infection, such as virulence factors. This approach has multiple possible advantages including 

increasing the range of bacterial targets, having less selective pressure (which may result in less 

selection of resistance), and conserving the host endogenous microbiome (Clatworthy et al., 

2007).  

Although the discovery of new drugs is of vital importance, the future effectiveness of 

antimicrobials rests on preventing or slowing the emergence of resistance. Important steps to 
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achieving this goal are to identify risk factors for selection and dissemination of drug resistance, 

and propose measures to support the judicious use of antimicrobials in both human and 

veterinary medicine (Spellberg et al., 2013). 

 

2. Antimicrobial resistance mechanisms in bacteria 

 

               Table 1.2 Mechanism of action of antimicrobial drugs’. 

● Interference with cell wall synthesis 

        β-Lactams: penicillins, cephalosporins, carbapenems, monobactams 

        Glycopeptides: vancomycin, teicoplanin 

● Protein synthesis inhibition 

        Bind to 50S ribosomal subunit: macrolides, chloramphenicol, 

          quinupristin-dalfopristin, linezolid 

       Bind to 30S ribosomal subunit: aminoglycosides, tetracyclines 

       Bind to bacterial isoleucyl-tRNA synthetase: mupirocin 

● Interference with nucleic acid synthesis 

       Inhibit DNA synthesis: fluoroquinolones 

       Inhibit RNA synthesis: rifampin 

● Inhibition of metabolic pathway: sulfonamides, folic acid analogues 

● Disruption of bacterial membrane structure: polymyxins, daptomycin 

                tRNA, transfer RNA. Source: (Tenover FC, 2006). 

 

 

 An essential step for the prevention of antimicrobial resistance is understanding the 

mechanisms that confer resistance. There are five major mechanisms of action for antimicrobial 

drugs: interference with nucleic acid synthesis, interference with cell wall synthesis, inhibition of 

protein synthesis, inhibition of metabolic pathways and disorganization of the cell membrane 

(Table 1.2) (Steenbergen et al., 2005; Tenover FC, 2006). Antimicrobial resistance occurs when 

bacteria develop or acquire means to circumvent these mechanisms of action. The biology of 
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antimicrobial resistance can be explained by dividing it in two fronts: biochemical aspects and 

genetic aspects (Dzidic et al., 2008).  

 

2.1 Biochemical aspects of antimicrobial resistance 

 

Although the means of acquisition of antimicrobial resistance may differ among bacterial 

species, there are few main mechanisms of resistance to antimicrobials: A. membrane barrier, B. 

efflux pumps, C. drug inactivation (Allen et al., 2010). 

 

 

A. Membrane barrier 

 

The membrane barrier of bacteria can result in resistance to antimicrobials by regulating 

or preventing the passage of drugs through the cell membrane to target regions (Denyer SP, 

2002). The chemical composition of the drug molecule will determine the route of entry which 

can be by diffusion through porins, by diffusion through the bilayer (hydrophobic pathway) or by 

self-promoted uptake (Mayers, 2009). 

 

B. Efflux pumps  

 

Efflux pumps affect all classes of antimicrobials, especially those that work 

intracellularly, such as aminoglycosides, tetracyclines, macrolides and fluoquinolones. Many 

efflux systems are multidrug transporters capable of ejecting a varied range of distinct drugs 

(Zgurskaya and Nikaido, 2000). Because exposure to at least one compound included in the 
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substrate profile of an efflux pump will favor over-expression, this resistance mechanism can 

result in cross-resistance to all other substrates of the efflux pump, resulting in multidrug 

resistance (Webber MA, 2003).  

  

 

C. Drug inactivation 

 

 The inactivation of antimicrobial drugs by bacteria occurs through the production of 

enzymes that degrade or modify the drug, often inactivating drugs before they reach their target 

within the bacteria. Biochemical mechanisms include: hydrolysis (e.g. β-lactamases), group 

transfer (e.g. adenylyl, phosphoryl and acetyl are added to the periphery of the drug molecule) 

and redox process (e.g. oxidation or reduction of antimicrobials) (Table 1.3). 

 

Table 1.3 Examples of antimicrobial inactivation mechanisms and enzymes. 

Antimicrobial Class Mechanisms Enzyme(s) 

β-Lactams Hydrolysis β-Lactamase 

Macrolides Hydrolysis Macrolide esterase 

Tetracyclines Redox TetX 

Aminoglycosides Group transfer 

Acetyltransferase 

Kinase 

AMP-transferase 

Macrolides Group transfer Kinase 

Lincosamides Group transfer AMP-transferase 

Chloramphenicol Group transfer Acetyltransferase 

  Source: (Mayers, 2009) 
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2.2 Genetic aspects of antimicrobial resistance 

 

The emergence and transmission of antimicrobial resistance is the result of an evolutionary 

development where microbes acclimatize to antimicrobials in the same way they adapt to 

environmental change (Rodríguez-Rojas et al., 2013). Overall, resistance to antimicrobials can 

be either intrinsic (universally found within the genome of the species) or acquired (through 

acquisition of new genetic material, through sporadic mutations to intrinsic genes or a 

combination of both mechanisms) (Hollenbeck and Rice, 2012). The main mechanisms of 

acquired antimicrobial resistance are mutation and horizontal gene transfer (Andersson and 

Hughes, 2010). 

2.2.1 Mutation 

 

Phylogenetic rsearch on the diversity and evolution of various antimicrobial resistance genes 

indicate that at least some of these genes have a extended evolutionary history of diversification 

that innitiated long before the ‘antibiotic era’ (Aminov and Mackie, 2007). Mutagenesis in 

bacteria is known to be induced by environmental stresses including DNA damage, nutritional 

deprivation, exposure to bactericidals, and temperature shift (Foster PL, 2007).  

Antimicrobials represent a major stress to the microbe and generate an intracellular 

environment highly conducive to genetic evolution owing to a tremendous degree of selective 

pressure and the physiological response of the microbiome. Mutagenesis from exposure to 

antimicrobials may arise directly from the interaction between the chromosome and the 

antibacterial agent or antimicrobial–induced production of reactive oxygen species (ROS), or 

indirectly by an SOS response inducing the expression of error-prone DNA polymerases or by 

repressing the expression of genes involved in the repair of DNA, such as the mismatch repair 
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(MMR) system (MacLean et al., 2013). 

The ROS is a common pathway of antimicrobial mediated lethality and is mediated by an 

increased respiratory rate, a transient depletion of NADH and the destabilization of iron-sulfur 

clusters, which all lead to hydroxyl radical formation via Fenton chemistry (Kohanski et al., 

2007). ROS can result in damage in important cellular components, and if these are not repaired 

they can result in the buildup of mutations. Treatment of E. coli with sub-inhibitory 

concentrations of antimicrobials has been shown to increase ROS levels, which is significantly 

associated with increases in mutation rate and heterogeneous rise in the minimum inhibitory 

concentration for multiple antimicrobials, independent of the drug target (Kohanski et al., 2010). 

As a consequence of ROS or replication fork stall (produced, for instance by fluoquinolones), or 

both, the SOS response is activated (Rodríguez-Rojas et al., 2013). SOS response activation 

triggers the expression of error-prone DNA-polymerase that is able to bypass DNA lesions with 

reduced fidelity. 

Antimicrobial pressure has been shown to select bacteria with elevated mutation rates, called 

hypermutators (Mao et al., 1997). Since these alleles increase the likelihood of advantageous 

mutations, they can quicken the evolutionary rate at select conditions. Hypermutators are mainly 

produced by alterations in genes belonging to the mismatch repair (MMR) system (mutS, mutL, 

mutH and uvrD), although deficiencies in other antimutator genes (such as mutT, mutY and 

mutM) have also been found among hypermutator strains of Pseudomonas aeruginosa in cystic 

fibrosis patients (Mandsberg et al., 2009; Ciofu et al., 2010; Oliver and Mena, 2010). Deficiency 

of the MMR system not only increases the mutation rate, but also the frequency at which two 

divergent sequences coming from the same or different bacterial species recombine (Rayssiguier 

et al., 1989). Therefore, the chances of acquiring resistance by both mutation and recombination 
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are favored in MMR-deficient strains. 

 

2.2.2 Horizontal gene transfer and recombination 

 

Horizontal gene transfer (HGT) and reshuffling of genomic sequences (recombination) are 

the principal mechanisms for the spread of antimicrobial resistance. Most antimicrobial 

resistance genes probably are acquired through HGT from other bacteria (Binnewies et al., 

2006). HGT can occur by different mechanism: A. transformation, B. conjugation, or C. 

transduction (Stecher et al., 2013). 

 

A. Transformation: is the steady uptake, integration and functional expression of 

extracellular DNA that can happen under natural bacterial growth conditions. Most bacteria with 

a competent sequence-independent DNA-uptake mechanism can translocate chromosomal DNA 

and plasmids across their membrane. However, due to the complex steps involved in the uptake 

of plasmids, transformation with chromosomal DNA fragments is more successful (Nielsen et 

al., 1997; Thomas and Nielsen, 2005).  

 

B. Conjugation: from a donor to a recipient cell, DNA is transferred during cell‑to‑cell 

contact.  Conjugation can be used in the transfer of transposons, plasmids, integrative and 

conjugative elements (ICEs), and integrons (Lang et al., 2012). Because a plasmid may harbor 

multiple resistance genes, conjugation is an important mechanism for bacteria to acquire 

multidrug resistance (Sun et al., 2012). For drugs in the cephalosporin class, the principal 
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mechanism by which resistance disseminates is horizontal transfer of antimicrobial resistance 

genes encoded on conjugative plasmids (Giles et al., 2004; Subbiah et al., 2011). 

 

C. Transduction: during bacteriophage reproduction, particles that contain DNA from the 

cellular genome are sporadically produced, in addition or opposed to, the phage genome. The 

transfer of this DNA to a subsequent host cell is called transduction (Lang et al., 2012). 

Antimicrobials may influence horizontal gene transfer by transduction. In one study murine 

treatment with ampicillin or ciprofloxacin led to enrichment with phage-encoded genes that can 

confer resistance (Modi et al., 2013). In this study they also observed that this increased 

connectivity was broadly reflective of phages, as more bacterial species were associated with a 

given phage. These results indicate that antimicrobial treatment stimulates broad host range and 

increases the frequency of phage interaction, which favors the development of a genetically 

diverse functional reservoir that is highly accessible to bacteria in the gut.  

Another mechanism that can allow the persistence of resistant genes is DNA recombination. 

With the exception of plasmids that succeed in reconstituting a replication-proficient form, the 

horizontally transferred DNA transiently present in the bacterial cytoplasm must integrate into 

the bacterial genome to persist for many generations (Thomas and Nielsen, 2005). Homologous 

recombination depends on extensive segments (between 25 and 200bp in length) of high 

sequence similarity between two DNA molecules. Recombination between chromosomal DNA 

has been shown to occur when less than 25% of the chromosomal DNA is divergent (Majewski 

et al., 2000). As sequence divergence increases between the participating DNA molecules, 

constraints to protein functionality lower the number of allelic replacements that will be neutral 

or positively selected within a bacterial population (Townsend et al., 2003; Thomas and Nielsen, 
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2005). However, recombination processes have been observed to extend into areas with little 

similarity, acquiring the name homology-facilitated illegitimate recombination (HFIR). For 

example, in Acinetobacter baylyi and Streptococcus pneumoniae, single regions of high 

nucleotide-sequence similarity (∼200 base-pairs in length) have been shown to initiate 

recombination events that lead to the additive integration of  >1000 base-pair long heterologous 

DNA fragments into the bacterium’s genome (Meier and Wackernagel, 2003; de Vries et al., 

2004). From this process some of the host DNA may be deleted in the integration process. 

Nevertheless, HFIR events occur at frequencies several orders of magnitude below those 

observed for homologous DNA. 

 

3.  Dynamic between drug residues, resistance and the microbiota 

 

Antimicrobial drugs are undoubtedly one of the most important tools for preventing and 

treating disease in human and veterinary medicine. However, an undesired consequence from the 

use of antimicrobial drugs is the elimination of pharmaceutical residues and/or metabolites in 

waste (feces and urine), or in milk of lactating mammals. Drug residues are currently a major 

concern due to the potential selection of drug resistant microbes that can reduce the effectiveness 

of antimicrobials, and also due to other unwanted consequences to microbiomes exposed to these 

drug residues. The prolongation of the life of a drug in the environment creates an intimate 

connection between in vivo (e.g., animals and humans) effects of drugs and ex vivo elimination 

of residues into the environment. 

The presence of low concentrations of antimicrobials in natural environments such as 

soils and waterways, and in water and foodstuffs for animal and human consumption, have been 
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widely reported (Bendz et al., 2005; Hernando et al., 2006; Pruden et al., 2006; Schriks et al., 

2010). Due to the large volume of drugs used in food animals, residues eliminated after exposure 

to antimicrobials is a major public health concern, particularlly in countries such as the United 

States where approximately 14.8 million kilograms of antimicrobial drugs are sold and 

distributed for use in food producing animals annualy (US FDA, 2014). Most current studies 

available have evaluated the effect of drugs on resistance and the microbiota and focus on the 

impacts of therapeutic concentrations of antimicrobial drugs. However there is a growing 

awareness and concern with the impact of involuntary daily exposure to sub-MIC drug residues 

which warrants more research to provide the scientific evidence to fully understand the impacts 

of drug residues. 

 

3.1 Drug residues in the milk 

 

In humans, administration of drugs to pre or post-partum mothers can result in ingestion 

by infants of milk containing drug residues (Berlin and Briggs, 2005). In the United States 32.7% 

of deliveries are cesarean sections, and because cesarean section is the one most significant risk 

factor for postpartum maternal infection in humans, it is usually preceded and/or followed by 

treatment with antimicrobial drugs (Smaill and Grivell, 2014; CDC, 2015). Limited information 

is currently available on the impacts from the ingestion of milk containing drug residues on the 

microbiota of infants, however administration of antimicrobials at therapeutic doses to infants 

has been identified as a risk factor for asthma, allergy and obesity later in life, and has been 

suggested to be linked to the disruption of the microbial flora (Johnson et al., 2005; Kusel et al., 

2008; Ajslev et al., 2011). 

Misuse and overuse of drugs in humans and food-producing animals has broadly been 
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blamed for the increase in the speed of in the emergence of antimicrobial resistance, highlighting 

the need for the judicious use of antimicrobials (Maron et al., 2013; Flanders and Saint, 2014). In 

the dairy industry, disease is a great financial burden resulting in treatment expenses and 

production losses from lower milk yield and withholding of milk due to drug residues (Cha et al., 

2011). The majority of antimicrobial drugs used to treat disease in lactating cattle result in the 

milk from these cows being withheld from sale (waste milk) because of the presence of drug 

residues above the tolerance concentration established by the U.S. Food and Drug 

Administration (FDA). A tolerance level is a concentration determined by the FDA at which 

residues of a substance present in a food will have no harmful effects on the human consumers of 

the food product (Arkin, 2005). To decrease production losses due to waste milk, on third of 

dairy farms in the United States feed preweaned calves waste milk (USDA, 2008a). Feeding 

pasteurized waste milk instead of milk replacer to preweaned calves has been shown to result in 

an estimated saving of $0.69 per calf per day (Godden SM et al., 2005). 

The three most common drug residues identified in waste milk fed to calves collected 

from dairy farms in central New York were the following β-lactams: ceftiofur, penicillin G, and 

ampicillin (Pereira et al., 2014). Although these β-lactam drugs were observed at concentrations 

above the tolerance levels for human consumption of milk, their concentrations were still below 

the minimal inhibitory concentration established for E. coli by the Clinical Laboratory Standard 

Institute (CLSI) (CLSI, 2008). Because selection of resistant bacteria has traditionally been 

assumed to occur at concentrations between the MIC of the susceptible population and that of the 

resistant bacteria, the probable effect of feeding waste milk to calves on drug resistance has not 

been evaluated extensively. However, recent studies have shown that selection of resistant 

bacteria can occur at low antimicrobial drug concentrations by selecting for resistant bacteria 
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with compensatory mutations that counterbalance the decreased fitness cost caused by resistance 

(Davies et al., 2006; Andersson and Hughes, 2010).  

 

 

3.2 Resistance selection dynamic at sub-MICs 

 

3.2.1 Enrichment of existing resistant mutants 

 

The classical view of antimicrobial resistance is the selection of pre-existing resistant 

clones that survive exposure to antimicrobials at or above the minimum inhibitory concentration 

(MIC). However recent in vitro studies have demonstrated that drug concentrations up to several 

hundred-fold under the minimal inhibitory concentration of susceptible bacteria could increase 

the numbers of resistant bacteria (Gullberg et al., 2011). 

 Most antimicrobial resistance mechanisms have a fitness cost, and once exposure to an 

antimicrobial drug above MICs terminates, susceptible bacteria out-compete resistant bacteria, 

allowing reversibility of resistance. However, several findings suggest that the rate of 

reversibility of resistance can be slower than previously expected or even absent (Andersson and 

Hughes, 2010). Factors that contribute to this result include absence of a fitness cost for 

resistance, reduction of the fitness cost through genetic co-selection and compensating mutations 

(Andersson and Hughes, 2010). 

In an in vitro study by Gullberg et al. (2011), isogenic pairs of susceptible and 

tetracycline resistant (Tn10dTet) S. enterica serovar Typhimurium were grown in the presence of 

tetracycline at concentrations many times below the MIC (Gullberg et al., 2011). Their findings 

showed that tetracycline concentrations up to 60 times below the MIC for the susceptible 
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bacteria reduced the growth rate in the susceptible strain without any apparent effect on the 

resistant strain. These findings suggest that for most antimicrobial drugs, susceptible bacteria 

will experience a reduction in growth even when exposed to concentrations many times below 

the MIC. This sub-MIC selection window is commonly called the minimum selective 

concentration (MSC), and is defined as the lowest concentration of an antimicrobial drug that 

still selects for a given resistance determinant (Sandegren, 2014). The MSC is directly associated 

with the fitness cost of the resistance determinant conferring competitive advantage to the 

resistant strain in relation to the susceptible strains. This means that if the fitness cost of 

resistance is too elevated, its presence will not necessarily result in a lower MSC for the resistant 

bacteria. For example, in the same study by Gullberg et al. (2011), antimicrobial sensitivity tests 

were conducted for ciprofloxacin using isogenic E. coli with either the mutation gyA(D87N) or 

gyA(S83L) (Gullberg et al., 2011). Although both mutations select for resistance to 

ciprofloxacin, the MSC for E. coli with gyA(D87N) and gyA(S83L) was 0.0025 ug/ml and 

0.00001 ug/ml, respectively. The cause of this difference is that the fitness cost for the mutation 

gyA(D87N) is 3%, while for gyA(S83L) it is 0.2%. These findings reinforce the argument that the 

effect of resistance determinants on fitness is a major factor affecting the MSC (Sandegren, 

2014). Moreover, this raises concerns about the exposure of a microbiota to antimicrobial drugs 

at sub-MICs, as it could cause selection of a sub-population of strains carrying resistance with a 

low fitness cost that could contribute to the persistence of these bacteria in the commensal 

microbiota, even after exposure to antimicrobial drugs had ceased.  
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3.2.2 Mechanism of resistance at sub-MIC 

 

Multidrug resistance caused by sub-MICs of antimicrobials has been shown to be 

conferred through many mechanisms such as horizontal gene transfer (e.g. mediated through 

plasmids), mutagenesis, co-selection through mobilization of integrons with cassettes carrying 

antimicrobial resistant genes, and activation and overexpression of bacterial efflux systems (Barr 

et al., 1986; Du et al., 2005; Wu et al., 2012; Gutierrez et al., 2013). 

Sub-MICs of antimicrobials can increase mutagenesis by causing an increase in reactive 

oxygen species (ROS) and induction of the SOS response in bacteria (Kohanski et al., 2007; Thi 

et al., 2011b). A recent study by Gutierrez et al. (2013) exposed E. coli to sub-MICs of 

ampicillin and elucidated some of the mechanisms that result in increased mutagenesis 

(Gutierrez et al., 2013). This study showed that sub-MICs of ampicillin induced mutagenesis by 

the combined activities of both the error-prone DNA polymerase and the normal replicative 

DNA polymerase in the absence of an adequate mismatch repair system. The mismatch repair 

system is a DNA-repair system present in most organisms that recognizes and repairs erroneous 

DNA replication and recombination, and DNA damage (Andersson and Hughes, 2014). 

Exposure of Streptococcus pneumoniae to sub-MICs of ciprofloxacin and streptomycin has also 

been associated with inducing error-prone DNA polymerase resulting in increased frequency of 

mutation to rifampicin resistance between 2 and 5 fold (Henderson-Begg et al., 2006). 

Furthermore, E. coli has shown increased mutagenesis when exposed to eight different 

antimicrobials at sub-MICs, with cessation of the mutagenic effect when recA was inactivated 

(Thi et al., 2011a). The recA gene is induced by the SOS response and promotes self-cleavage of 

the SOS transcriptional repressor enzyme LexA.  

One concern with the increase in mutagenesis caused by sub-MICs of antimicrobials is that it 
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can result in heterogeneous increases in MICs of bacteria across a range of antimicrobials, 

irrespective of the drug target (Kohanski et al., 2007; Kohanski et al., 2010; Thi et al., 2011c). 

An in vitro study by Kohanski et al. (2010) observed that exposure of E. coli to sub-MICs of 

bactericidal antimicrobials could lead to multidrug resistance via radical-induced mutagenesis 

(Kohanski et al., 2010). Moreover, a study by Braoudaki et al. (2004) observed a high degree of 

cross-resistance to a range of antimicrobials and biocides in Salmonella serovar Virchow and E. 

coli O157 when strains were repeatedly exposed to sub-MICs of antimicrobials agents 

(Braoudaki and Hilton, 2004). Although their study could not determine the specific mechanism 

contributing to this adaptive resistance, they suggested that the most likely cause was the 

presence of active multidrug efflux pumps. Resistance to multiple antimicrobials has been linked 

to mutations in drug-efflux systems such as the AcrAB multidrug efflux pump observed in E. coli 

(George and Levy, 1983; Ma et al., 1993; Ma et al., 1993), as well as to mutations in the 

transcription factors controlling these systems, such as SoxS (Amabile-Cuevas and Demple, 

1991), MarA (Maneewannakul and Levy, 1996) and ROB (Ariza et al., 1995). 

Exposure of bacteria to sub-MICs has also been shown to significantly increase the 

frequency of transfer on mobile genetic elements (MGE), which can result in increased 

dissemination of antimicrobial resistance genes between bacteria. In a recent study, E. coli 

carrying the multidrug resistance plasmid pB10 was exposed to concentrations of tetracycline as 

low as 0.01 µg/mL, and showed a significant increase in the transfer rate of this plasmid to 

enteric bacteria present in activated sludge from a wastewater treatment plant (Kim et al., 2014). 

Furthermore, sub-MICs of antimicrobial drugs could potentially increase the spread of antibiotic 

resistance genes (ARG) in the environment. ARG are currently considered an emerging 

environmental contaminant in lakes, rivers, and at drinking water treatment plants, representing a 
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health hazard for humans and animals (Pruden et al., 2006). 

 

3.3 Sub-MICs of drugs and the microbiota 

 

Although antimicrobials are of great importance to both human and animal health, 

exposure of the microbiota to drugs has been associated with imbalance of the intestinal 

microbial flora followed by harmful effects to the host, such an invasion by pathogenic bacteria 

and impacts on nutrient absorption by the host (Sekirov et al., 2008; Riley et al., 2013). This is 

because the gut microbiota provides important benefits for the host, protecting against 

enteropathogens (Candela et al., 2008; Fukuda et al., 2011), extracting nutrients and energy from 

the diet (Sonnenburg, 2005; Yatsunenko et al., 2012), and contributing to normal immune 

function (Olszak et al., 2012). 

A main disturbance to the microbiota observed after therapeutic exposure to 

antimicrobials is substantial growth inhibition or death of microbes susceptible to the drug. One 

study conducted with human patients evaluated the effect of treatment with fluoquinolones and 

β-lactams on the fecal microbiota (Panda et al., 2014). In this study they collected samples prior 

to and one week after treatment with these drugs, and observed that fluoroquinolones and β-

lactams significantly decreased microbial diversity by 25% and reduced the core phylogenetic 

microbiota from 29 to 12 taxa. Another study that examined the distal gut microbiota of three 

individuals over a 10 month span after treatment with ciprofloxacin (a fluoquinolone drug) 

observed that, although the composition of the gut microbiota stabilized by the end of the 

experiment, it was altered from its initial state, having an incomplete recovery to the initial state 

(Dethlefsen and Relman, 2011).  In both studies, drugs were used at therapeutic concentrations, 
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and as discussed above, the exposure of microbes to sub-MICs of antimicrobials results in 

different outcomes for the microbiota. After exposure of a microbe to drug concentrations above 

the MIC, such as treatment with therapeutic doses of antimicrobials, microbial populations 

susceptible to the drug will usually be quickly and easily outcompeted by the resistant microbes, 

even if they carry resistance genes that have a high fitness cost. The fitness cost of a resistance 

gene is typically measured by comparing the growth rate of isogenic microbes that differ only by 

the presence of a resistance gene, under culture conditions that do not contain the antimicrobial 

drug to which the gene confers resistance. Because of the fitness cost frequently associated with 

resistance to antimicrobial drugs used in medicine, after drug use is stopped and the selective 

advantage for the resistant microbes is removed, susceptible strains will out-compete resistant 

strains for most microbes. This process is called the classical window for selection of resistance. 

Contrary to this classical selective window, when microbes are exposed to sub-MICs of drugs 

the fitness cost of resistance genes is important not only after the exposure to drugs is stopped, 

but also during the time of exposure. This is due to the fact that sub-MICs of antimicrobials will 

not completely cripple or kill susceptible bacteria, but instead will only add a burden to their 

growth, resulting in a small advantage for microbes that carry resistance determinants that do not 

have a high fitness cost. Furthermore, a major difference in the sub-MIC resistance window is 

the potential for the selection of a sub-population of strains carrying resistance with low fitness 

cost that could contribute to their persistence after exposure to an antimicrobial drug ceases. 

Although many in vitro studies have generated information to support this hypothesis, limited in 

vivo experiments have been conducted to confirm or reject it. 
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4. The microbiota: a reservoir of antimicrobial resistance 

 

The microbiota consists of the sum of all microorganisms (including archaea, bacteria, 

viruses and eukaryotes) that reside in and/or on a host or a specific part of a host (such as the 

gastrointestinal tract). Development of new sequencing technologies and bioinformatics in the 

past few years have made the study of the microbiome possible, opening a new frontier for 

studying the 97% of bacteria that currently are unculturable (Foster et al., 2012). 

Many studies have focused on the human microbiota, now considered a new organ 

because of its diverse and dense microbial population, ability to interact with other tissues 

including neural and immune cells, immense metabolic potential and most importantly, its 

amenability to transplantation. These studies have demonstrated that the diversity of the 

microbiota can be significantly different within an individual according to the body region 

(Human Microbiome Project Consortium, 2012). In the last few years research has been focused 

on the gut microbiota. The adult intestine has been shown to have approximately 10
14

 bacterial 

cells, which corresponds to ten times the number of human cells in the body (Gordon JI, 2012; 

Sommer F, 2013). The human gastrointestinal tract has a very dynamic and complex microbial 

community which is explicit for each person based on factor that are releated to environment and 

genetics (Khachatryan et al., 2008a). The gut microbiota protects against enteropathogens 

(Candela et al., 2008; Fukuda et al., 2011), extracts nutrients and energy from our diets 

(Sonnenburg, 2005; Yatsunenko et al., 2012), and contributes to normal immune function 

(Olszak et al., 2012).  

Altered microbiota can be introduced by diversification of the collective microbial gene 

pool, that can happen at three different levels: 1) by disappearance or intrusion of individual 
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members (e.g. invading bacterial strains during maturation of an infant gut microbiota) 

(Yatsunenko et al., 2012; Sharon et al., 2013);  2) by shifts in bacterial relative abundances, such 

as those  caused by immune deficiency, dietary changes, antimicrobial use or infections, possibly 

resulting in dysbiosis (Walker et al., 2011; Dethlefsen and Relman, 2011); 3) and finally, by 

mutation or HGT (Stecher et al., 2013). Dysbiosis is  the disruption of the balance between the 

normal gut microbiota and host, and has been associated with malnutrition (Kau et al., 2011), 

obesity (Ley et al., 2006), neurological disorders (Gonzalez et al., 2011), inflammatory bowel 

diseases (IBD) (Frank et al., 2007; Dicksved et al., 2008), cancer (Lupton, 2004; Cardona et al., 

2013), and exchange of virulence and antimicrobial resistance genes (Stecher et al., 2013). 

 HGT particularly enables bacterial evolution in the gut microbiota to occur in quantum 

leaps, mediating the acquisition of ‘ready-made’ genes which can significantly influence 

metabolic pathways, fitness factors, virulence determinants, and antimicrobial resistance. Factors 

that contribute to favorable conditions for HGT in the intestinal microbiota include: 1) high 

density of bacterial population, conducive to conjugal transfer (Sekirov et al., 2010); 2) constant 

temperature and high nutrient inflow, allowing the maintenance of a continuously active 

bacterial metabolism (Stecher et al., 2013); 3) heterogeneous bacterial communities, host 

components (e.g. catecholamine’s), and presence of efficient donors which together can 

accelerate plasmid transfer and permit millions of other bacteria to obtain the plasmid in a matter 

of days, while in the lack of such strains plasmid spread would take years (Dionisio et al., 2002). 

In one study norepinephrine at physiological concentrations was shown to enhance HGT of a 

conjugative plasmid from a clinical strain of Salmonella Typhimurium to an Escherichia 

coli recipient in vitro (Peterson et al., 2011).  

The exposure of the gut microbiota to antimicrobials has been shown to have a dramatic 
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impact on the microbiota, potentially resulting in permanent changes to the indigenous flora 

(Dethlefsen L, 2011; Blaser M, 2011). Furthermore, the use of antimicrobials has been shown to 

increase the abundance and diversity of antimicrobial resistance genes present in both pathogenic 

bacteria and non-pathogenic bacteria (Willing et al., 2011; Looft et al., 2012).  The collection of 

all the antimicrobial resistance genes in both non-pathogenic and pathogenic bacteria is 

commonly called the resistome. As a consequence of antimicrobial use and HGT of genes in the 

resistome, commensal bacterial populations may function as reservoirs and amplifiers of 

resistance. 

Antimicrobial treatment may further lead to the enrichment of phage-encoded genes that 

confer resistance via disparate mechanisms. This was observed in a study where after oral 

treatment of mice with either ciprofloxacin or ampicillin, different resistance mechanism profiles 

for each drug class were observed in the phage metagenomes (Modi et al., 2013). In this study, 

aerobically cultured naïve microbiota was infected with phages from ciprofloxacin or ampicillin-

treated mice or with phages from control mice, which did not receive any antimicrobial 

treatment. They observed that the naïve microbiota infected with phages from mice administered 

ciprofloxacin or ampicillin yielded two to three times more colonies resistant to the respective 

drug than the naïve microbiota infected with phages from control mice (Modi et al., 2013). These 

data indicate that phages from antimicrobial-treated mice can result in relevant functional 

benefits to their microbial hosts. 

Moreover, antimicrobial treatment failure could occur as a consequence of a resistant 

commensal microbiota through an umbrella effect. This umbrella effect was shown in a study by 

Perlin et al. (2009) while examining if β-lactamase-producing E. coli could protect ampicillin-

sensitive cohorts of other species, particularly species that can cause human disease (Perlin et al., 
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2009). They observed that β-lactamase-secreting E. coli allowed for survival of a large number 

of ampicillin-sensitive cohorts of Salmonella enterica serovar Typhimurium. The Salmonella 

survivors remained sensitive to ampicillin when replated onto solid medium and there was no 

indication of gene transfer, suggesting a protective effect by β-lactamase-secreting E. coli. 

 

5. Health and antimicrobials: Humans and Food Animals 

 

5.1 Enteric foodborne illnesses 

 

A recent study estimated the cost of foodborne illnesses using cost-of-illness modeled on 

economic estimates for medical costs, productivity losses, and illness-related mortality (Scharff, 

2012). The results showed that foodborne illnesses caused by bacteria had an estimated mean 

cost of $24.7 billion dollars a year. Costs related to foodborne pathogens are greater when 

outbreak strains are resistant to several commonly prescribed antimicrobials, resulting in 

increased risk for hospitalization and treatment failure in infected individuals.  

From 1996 through 2009, the percentage of human nontyphoidal Salmonella isolates 

nonsusceptible to ceftriaxone and ciprofloxacin in the United States increased from 0.2% to 

3.4% (OR=20, 95% CI 6.3-64), and 0.4% to 2.4% (OR=8.3, 95% CI 3.3-21), respectively 

(Medalla et al, 2013). In this report, a fivefold increase in the proportion of human Salmonella 

isolates resistant to extended-spectrum cephalosporins reported from 1998 through 2001 was 

primarily credited to the emergence of multidrug resistant S. Newport strains, and cattle on local 

dairy farms were identified as a reservoir (Table 1.4 & 1.5) (Gupta et al., 2003). Because cattle 

are a major source of human S. Newport infections, the authors concluded that shifts in 
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multidrug resistance (MDR) patterns in human isolates may be attributed mainly to shifts in 

MDR resistance patterns among this serovar in cattle. The findings from this report are troubling 

because fluoroquinolones such as ciprofloxacin are frequently prescribed as the first-line 

treatment for adults with severe infections (Crump, 2003). Furthermore, because 

fluoroquinolones are not routinely prescribed for children (based on evidence of destruction of 

the immature joint cartilage in animals), ceftriaxone, a third-generation cephalosporin, is an 

central drug in the treatment of invasive infections in children (Crump, 2003; Stahlmann and 

Lode, 2013). 

  

Table 1.4 Percent distribution of laboratory-confirmed Salmonella isolates by clinical non-

human animal sources (bovine, chicken, porcine, and turkey) submitted to the National 

Veterinary Services Laboratories (NVSL) for typing, for the top 4 serotypes causing human 

illness in 2012, by source. Source: (CDC, 2014) 

 
 

 

 

 

 

 

 

 

 

 



 

28 

 

 

Table 1.5 Percent of Salmonella Newport Isolates from Humans and Cattle Resistant to 

Ceftriaxone, by Year, 1996-2009
1
. Source: (NARMS, 2014) 

 

 
1
Data for other sources are not included due to the small number of Salmonella Newport isolates. 

 

 

5.2 Food animals and antimicrobial resistance 

 

 

Multidrug resistant (MDR) bacterial strains are a present challenge for modern medicine. 

Many studies have provided evidence to show that food animals are potential sources for transfer 

of resistance to humans (Tables 1.6 & 1.7). The cost of MDR infections, independent of the 

source, is significant, as evidenced by a Center for Disease Control and Prevention (CDC) report 

showing that these infections were responsible for $20 billion in excess healthcare costs, $35 

billion in societal costs, and $8 million in additional hospital days in the United States (CDC, 

2011).  
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Contact with farm animals has been shown to be a high risk factor for transmission of 

zoonotic disease. In a study by Cummings et al. (2012), patients that had contact with farm 

animals 5 days prior to salmonellosis onset had significantly higher odds of being infected with 

Salmonella isolates that matched existing bovine isolates, when  compared to being infected with 

Salmonella isolates that were not associated with cattle (OR= 3.2; P=0.0008) (Cummings et al., 

2012). Evidence of animal-to-human spread of antimicrobial resistance has been observed in 

studies focused on people in close contact with food producing animals such as veterinarians, 

farm workers and slaughterhouse workers (Table 1.6 & 1.7) (Marshall BM, 2011).  

Extraintestinal pathogenic E. coli (ExPEC) originating from the gut flora are an important 

group of bacteria causing urinary tract infections (UTIs), septicemia and meningitis in humans 

(Russo and Johnson, 2003). Approximately 130 to 175 million human UTIs happen every year in 

the world, with about 80% of the cases caused by uropathogenic E. coli strains (Russo and 

Johnson, 2003). ExPEC are also the main Gram-negative bacterial pathogen linked with neonatal 

meningitis and one of the primary causes of nosocomial bloodstream infections in hospitals and 

nursing homes (Bonacorsi and Bingen, 2005; Ron, 2006). A study by Ajiboye (2009) compared 

the distribution of one class of integrons and gene cassettes among uropathogenic E. coli isolates 

(from women with community-acquired urinary tract infection), Salmonella enterica serovar 

Typhimurium isolates (from human diarrhea cases), and E. coli and Salmonella isolates (from 

food animals) (Ajiboye et al., 2009). They observed that sequences of aadA1, dfrA12-orfF-

aadA2, and dfrA17-aadA5 gene cassettes from 35 urinary tract infection E. coli isolates, and 

aadA2 and aadA12 gene cassettes from 7 Salmonella isolates were 100% identical to the 

corresponding cassette sequences from food animal E. coli isolates and those deposited in 

GenBank. The aadA family of genes encodes resistance to streptomycin and spectinomycin, and 
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the dfrA family of genes encodes resistance to trimethoprim (van Hoek et al., 2011). These 

findings corroborate the theory that common community-acquired human antimicrobial resistant 

infections can be caused by bacterial strains that harbor mobile drug resistance determinants that 

could have originated from animals. 

Ground beef is considered an important source of E. coli O157:H7 and Salmonella 

infection in humans, as observed by previous outbreaks and detection of Salmonella in beef and 

in bovine lymph nodes (which are commonly incorporated into ground beef) (Williams et al., 

2010; CDC, 2012; Brichta-Harhay et al., 2012; Gragg et al., 2013; Glenn et al., 2013). A study 

by Zhao et al (2003) observed that Salmonella enterica serotype Newport MDR-AmpC (a strain 

resistant to 9 antimicrobials including extended spectrum cephalosporins) was identified in 

isolates from dairy cattle and that these isolates were identical to isolates from humans. In a 

recent study, practices that could put consumers at risk for foodborne illness while preparing 

hamburgers and a salad in their homes were recorded through filming sessions (Phang HS, 

2011). They observed that potential cross-contamination was common, with an average of 43 

events noted per household. Analysis of food handling behaviors suggested that consumers with 

and without food safety training exposed themselves to possible foodborne illness even during 

video observation. Based on this data, even when a burger was cooked above recommended 

temperatures, a foodborne infection could occur by cross-contamination, showing the importance 

of proper handling of foods that could be sources of foodborne disease. 

Ground beef is only one of the products of animal origin that is consumed daily by the 

human population which can be a source for foodborne disease. The strategy to reduce the risk of 

foodborne illness and the dissemination of antimicrobial resistance to the human population from 

food animals is to reduce their prevalence at the preharvest stage. Studies that elucidate the 
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process of development, amplification, and spread of antimicrobial resistance at the farm level 

can improve preharvest food safety by providing scientific data to create a sustainable and safe 

animal production system that will reduce the presence and spread of drug resistant pathogens 

harmful to human health.  
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Table 1.6 Examples of evidence for transfer of antimicrobial resistance from animals to humans 

in diseased human patients after direct or indirect animal contact. 

Species 

tracked 

Animal 

Host 

Recipient 

host(S) 

Resistance 

Transferred 

Evidence Ref. 

      

Salmonella 

Heidelberg 

Retail 

chicken 

634 persons Multidrug 

resistant 

Outbreak strains of 

Salmonella 

Heidelberg isolated 

from an unopened 

package of raw retail 

chicken from ill 

person’s home. 

(CDC, 2013) 

      

      

Salmonella 

Typhimurium 

Ground 

Beef 
 

20 persons Multidrug 

resistant 

Outbreak strain of 

Salmonella 

Typhimurium  was 

isolated from 2 

separate samples of 

leftover ground beef  

(CDC, 2012) 

      

E. coli Retail 

poultry 

products 

Bacteremic 

hospital 

patients 

Ciprofloxacin Multiple molecular 

and epidemiological 

typing modalities 

demonstrated avian 

source of resistant E. 

coli. 

(Johnson et 

al., 2006) 

Enterococcus 

faecium 

Danish 

swine and 

chickens 

Hospital 

patients 

with 

diarrhea 

Vancomycin Clonal spread of E. 

faecium and 

horizontal 

transmission of the 

vanA gene cluster 

(Tn1546) found 

between animals and 

humans. 

(Hammerum 

et al., 2000) 
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Table 1.7 Examples of evidence for transfer of antimicrobial resistance from animals to humans 

by colonization of human microbiota after direct or indirect animal contact. 

Species 

tracked 

Animal 

Host 

Recipient 

host(S) 

Resistance 

Transferred 

Evidence 

  

Ref. 

MRSA  

ST39, 

a MRSA 

isolated 

from 

livestock 

Domestic 

animals 

Danish and 

Belgian 

veterinarians 

Multi-drug 

resistance 

(MDR) 

Human nasal carriage of the 

MRSA ST398    compared to the 

MRSA non-ST398 was strongly 

associated with veterinarians 

working with livestock (OR = 5.6; 

P value = 0.02), who also had 

higher odds for isolation of MRSA 

ST398 (OR=6.6; P value = 0.046) 

compared to small animals 

veterinarians. 

(Garcia-

Graells et 

al., 2012) 

MRSA  

ST398 

Dutch 

veal 

calves 

Veal 

farmers 

MDR Human nasal carriage of the mecA 

gene was associated with greater 

intensity of animal contact and the 

number of MRSA-positive 

animals; calves were more often 

carriers when treated with 

antimicrobials, while farm hygiene 

was associated with a lower 

prevalence of MRSA. 

(Graveland 

et al., 

2010) 

E. coli U.S. 

Swine 

Swine 

slaughter 

plant 

worker 

MDR Antimicrobial susceptibility test of 

E. coli cultured from wastewater 

samples from sewage 

representative of workers from a 

swine slaughter plant and from a 

sewer from non-swine workers 

revealed a higher isolation of MDR 

E. coli from the sewer of the 

workers in the swine slaughter 

plant (OR = 1.70; P value < 0.05) 

compared to sewer from non-swine 

workers. 

(Alali et 

al., 2008) 

E. coli U.S. 

Poultry 

Poultry 

workers 

Gentamycin Poultry workers in contact with 

chickens receiving gentamycin 

prophylactically had 32 times the 

odds of carrying gentamicin-

resistant E. coli compared with 

community referents. 

(Price et 

al., 2007) 
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6. Cattle and antimicrobial resistance 

 

6.1 Antimicrobial use in cattle 

 

According to the last FDA summary report on antimicrobials sold or distributed for use in 

food-producing animals and the IMS National Sales Perspectives for antibacterial drugs, more 

than 14.8 million kg of antimicrobials were sold or distributed for use in food-producing animals 

in 2012 (US FDA, 2014). The last USDA-APHIS report on antimicrobial drug use on U.S dairy 

operations showed that mastitis was the leading disease responsible for antimicrobial use in 

cows, followed in descending order by lameness, respiratory disease and reproductive disorders 

(USDA, 2008b). According to this report cephalosporin was the most widely used antimicrobial 

for mastitis treatment (53.2% of cows were treated with cephalosporins). Other antimicrobials 

frequently used to treat cows with mastitis were lincosamide (19.4% of cows) and 

noncephalosporin β-lactam antimicrobials (19.1% of cows). Regardless of the benefits of using 

antimicrobial agents in food producing animals, the potential for the development of 

antimicrobial resistance is a considerable concern from the public health, food safety, and 

regulatory perspectives (Table 1.8).  
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Table 1.8 Examples of evidence of antimicrobial resistance from cattle exposed to 

antimicrobials 

 

 

Species/Gene 

tracked 

Animal 

Hosts 

Treatment(s) Evidence Ref. 

blaCMY-2 Dairy 

cows 

5-day course of 

systemic  

treatment with 

ceftiofur 

During treatment 

ceftiofur-treated animals 

had significantly higher 

mean quantities of fecal 

blaCMY-2 than untreated 

animals.  

(Boyer TC, 

2012) 

Campylobacter 

species 

Crossbred 

steer 

calves 

Oral 

administration of 

antimicrobial 

treatments at 

sub-therapeutic 

concentrations 

Chlortetracycline 

treatment increased the 

rates of erythromycin-

resistant C. 

hyointestinalis, and the 

addition of sulfamethazine 

in the diet increased the 

number tetracycline 

resistant isolates. 

(Inglis et al., 

2005) 

E. coli Prewea-

ned dairy 

calves 

Growth-

promoting 

antimicrobials 

(GPA) in the 

calves’ milk 

Group receiving GPA in 

the milk had higher odds 

of antimicrobial resistance 

for most of the individual 

antimicrobials tested. 

(Pereira et al., 

2011) 

Ceftriaxone -

resistant 

bacteria 

Dairy 

calves  

(2-6 

months 

olds) 

5-day course of 

systemic 

administration of 

ceftiofur 

Therapeutic dosages of 

ceftiofur caused increased 

excretion of ceftriaxone-

resistant bacteria 

(including Salmonella 

species) in calves for at 

least 17 days. 

(Jiang et al., 

2006) 

E. coli calves Treatment with 

various 

antimicrobials 

Fecal E. coli from calves 

treated with antimicrobials 

within 5 days of sampling 

were two times more 

likely to have MDR E. 

coli than calves not treated 

with antimicrobials. 

(Berge et al., 

2005) 
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 6.2 Calves as a source of antimicrobial resistance on the dairy farm 

 

Preweaned calves have been shown to be an important source of zoonotic enteric 

pathogens in humans (Table 1.9). Moreover, they have been identified as risk factors associated 

with multidrug resistant E. coli in cattle, with one study observing that dairy calves have 23 

times higher odds of having multidrug resistant fecal E. coli than  adult cows (Berge et al., 

2010).  A study by Khachatryan et al (2004) investigated the relationship between age and 

antimicrobial drug resistance at a research dairy in Washington State (Khachatryan et al., 2004). 

They observed an inverse relationship between the prevalence of resistant E. coli and animal age, 

with preweaned calves having a higher prevalence of resistant E. coli than heifers 3 to 6 months 

old, heifers 6 to 14 months old and lactating and nonlactating cows. Furthermore, they observed 

that resistant E. coli from the calf enteric environment had higher fitness than susceptible strains 

independent of exposure to antimicrobial drugs. Higher fitness of E. coli isolates resistant to 

streptomycin, sulfadiazine, and tetracycline was likewise observed in calves in yet another study 

(Khachatryan et al., 2008b). Their results indicated that the elements responsible for maintenance 

of the resistant traits probably had linkage to genetic traits that provide a selective advantage in 

the intestinal lumens of dairy calves.  

 

6.3 Dairy calf management, antimicrobial resistance and zoonotic pathogens 

 

Management of preweaned calves at dairy farms has shown to be an important risk factor 

for the development and spread of antimicrobial resistance. One example is the use of 

antimicrobials in the milk fed to preweaned calves, commonly referred to as growth promoting 

antimicrobials. Studies from over 60 years ago observed that adding subtherapeutic 
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concentrations of antimicrobials to the milk given to calves can stimulate the growth rate of 

calves from 10 to 30% during the first 16 weeks of age, reduce the incidence of calf scours, 

increase feed consumption and feed efficiency, and improve the over-all condition and well-

being of the animal (Lassiter, 1955). The inclusion of antimicrobials in the rations of dairy calves 

at that time was justified by the authors based on the beneficial effects to calves health and 

growth. However, use of antimicrobials in food production is a political issue now and 

antimicrobial resistance is an emerging public health concern.  

A study by Pereira et al. (2011) observed that calves 2 to 8 d of age that received growth 

promoting antimicrobials in their milk (sulfamethazine sodium and chlortetracycline 

hydrochloride) had significantly (P<0.05) higher odds of antimicrobial resistance in fecal E. coli 

for most of the individual antimicrobials tested compared to calves not receiving growth 

promoting antimicrobials in their milk (Pereira et al., 2011). Similar findings were observed in a 

study by Kaneene at al. (2009), where discontinuing the feeding of milk replacer medicated with 

oxytetracycline and neomycin to preweaned calves reduced multidrug resistance in Salmonella 

and E. coli isolated from calves (Kaneene et al., 2009). Furthermore, current alternative products 

for calves result in similar or better calf performance than feeding antimicrobials (Quigley III et 

al., 1997; Donovan et al., 2002).  

Calves have also been shown to be an important source of zoonotic pathogens (Table 

1.9). A study estimating the incidence of salmonellosis in large dairy herds in the northeast 

United States observed that the animal-level incidence rates for preweaned female calves, 

heifers, and adult cows were 8.1, 0.04, and 1.8 cases per 1,000 animals/year, respectively. The 

same study also observed that the proportion of multidrug resistance was significantly higher (P= 

0.006) among Salmonella isolates from calves (77.0%, 117/152) than from those obtained from 



 

38 

 

cows (65.2%, 272/417) (Cummings et al., 2009). In this study the greater risk of infection in 

calves than in adults was suspected to be due to calves’ naïve immune systems and the common 

scenario of infection with multiple enteric pathogens, further compromising their immune status. 

Also, the lack of intestinal microflora in young calves was considered to contribute to the calves’ 

susceptibility, since such microflora is believed to offer a degree of protection against 

colonization by pathogenic enteric bacteria. 

 

Table 1.9 Examples of reported outbreaks of enteric disease associated with calf contact in 

public settings in the United States. 

Year State Pathogen Affected population Vehicle/animal Ref. 

      

2000 PA E. coli O157:H7 Visitors to 

a dairy farm, 

predominantly 

children. 

Calves and their 

environment 

(Crump et al., 

2002) 

2000/ 

2001 

MN Multiple 

pathogens
1
 

Children and parents 

attending a farm day 

camp. 

Calves (Smith et al., 

2004) 

2003 MN Cryptosporidiu

m species 

Middle-/high-school 

students in an 

educational farm 

program. 

Calves (Kiang et al., 

2006) 

2011 IN/ 

MI 

Cryptosporidiu

m parvum 

Firefighters responding 

to a fire in a dairy calf 

barn. 

Calves or 

contaminated 

water 

(Wilczynski et 

al., 2012) 

1. Laboratory confirmed cases: Cryptosporidium parvum (17 cases), Escherichia coli O157:H7 

(4 cases), non-O157 Shiga toxin-producing E. coli (7 cases) and Salmonella enterica serotype 

Typhimurium and Campylobacter jejuni (1 case each). 
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7. Dissertation objectives 

 

Antimicrobial drugs are a precious resource vital to the health of both animals and humans. 

Due to the close relationship between the health of food-animals and humans, it is critical to 

secure the effectiveness of antimicrobials. This is especially relevant for dairy cattle, which are 

an essential source of nutrients and of other everyday products in human life. Control and 

reduction of the risks of selection, amplification and spread of antimicrobial resistant enteric 

pathogens in dairy cattle can be achieved by judicious use of antimicrobials and by implementing 

management practices that improve animal health and reduce the need to administer drugs. The 

overall objective of this dissertation was to address those concerns and the relevant knowledge 

gaps by focusing on the following broad objectives: 

1) Identify and estimate the prevalence of drug residues present in the non-saleable milk of 

dairy farms in upstate New York, 

2) Evaluate the impacts on selection of resistant bacteria from feeding preweaned dairy 

calves milk containing drug residues, 

3) Determine the impacts of ingesting milk containing drug residues on the composition of 

the enteric microbiota, 

4) Estimate the effect of preweaned dairy calf housing management systems on 

antimicrobial resistance in commensal E. coli, 

5) Identify antimicrobial drugs used on-farm on preweaned dairy calves and estimate their 

impacts on selection of resistance in fecal E. coli, 

6) Evaluate the effect of heifer-raising practices on selection of antimicrobial resistance in 

feces and prevalence of Salmonella of dairy heifers, 
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7) Test the effects of an intervention to reduce bacteria in the milk and colostrum fed to 

calves by using ultraviolet light. 
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ABSTRACT 

Many of the drugs commonly used in lactating dairy cows result in residues in the milk, 

prohibiting its sale for human consumption. Milk withheld for sale because of drug treatment or 

from cows with high somatic cell counts is commonly called “waste milk”.  One third of dairy 

farms in the United States use waste milk to feed preweaned dairy calves. Limited information is 

currently available on the impact of this practice on the selection and dissemination of antibiotic 

resistant bacteria. Pooled waste milk samples were collected from 34 dairy farms in Central New 

York with the objective of detecting the presence and quantity of drug residues in these samples. 

Samples were collected and refrigerated using ice packs and then stored at 4ºC upon arrival at 

the Cornell laboratory. Screening for beta-lactam, tetracycline, and sulfonamide residues in the 

milk was performed using commercial enzyme-linked receptor-binding assay (SNAP) tests. 

Samples with a positive SNAP test were selected for screening using a multi-residue liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) method. The SNAP tests revealed that 

75, 14.3 and 7.1% of waste milk samples (n=34) contained beta-lactam, tetracycline and 

sulfamethazine residues, respectively. Of the samples sent for LC-MS/MS (n=28), half had 

detectable quantities of drug residues. The most prevalent drugs detected by LC-MS/MS were 

ceftiofur (39.2%; mean concentration = 0.151 µg/ml; SE= ±0.042), penicillin G (14.2%; mean 

concentration = 0.008 µg/ml; SE= ±0.001), and ampicillin (7.1%; mean concentration = 0.472 

µg/ml; SE= ±0.43). In addition, one sample had detectable concentrations of oxytetracycline and 

one sample had detectable concentrations of sulfadimethoxine. These results bring insight on 

drug residues present in waste milk from select farm in Upstate New York, and additionally 

provide evidence for the need of additional studies targeting treatments at the farm that could 

degradate drugs residues present in waste milk and reduce the potential effects on the biosphere 
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from the disposal and use of waste milk as a feed source.  
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INTRODUCTION 

According to the last USDA-APHIS report on antimicrobial drug use on U.S. dairy 

operations, mastitis is the leading disease responsible for the use of antibiotics in cows, followed 

in descending order by lameness, respiratory disease and reproductive disorders (USDA, 2008b).  

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

considerable concerns from public health, food safety, and regulatory perspectives arise from the 

potential for development of antimicrobial resistance (Oliver et al., 2011). The selection of 

resistant bacteria has generally been assumed to occur at concentrations between the minimal 

inhibitory concentration (MIC) of the susceptible wild type population and that of the resistant 

bacteria, and concentrations below the MIC of the susceptible population were considered to not 

inhibit growth of the susceptible bacteria and therefore were considered unable to cause selection 

pressure (Drlica and Zhao, 2007; Gullberg et al., 2011). However, studies using highly sensitive 

competition experiments have shown that selection of resistant bacteria can occur at extremely 

low antibiotic concentrations, selecting for resistant bacteria with compensatory mutations that 

counterbalance the decreased fitness cost caused by resistance (Davies et al., 2006; Kohanski et 

al., 2010; Andersson and Hughes, 2010; Gullberg et al., 2011). Furthermore, exposure of bacteria 

to antibiotics at sub-MIC concentrations has been shown to stimulate mutagenesis and 

recombination, leading to bacterial adaptation to various stresses, including antibiotic pressure 

(Lopez and Blazquez, 2009; Thi et al., 2011). 

Diseases have a great impact on the dairy industry, resulting in treatment expenses and 

productions losses such as reduction in milk production and withholding of non-saleable milk 

containing drug residues (Cha et al., 2010; Cha et al., 2011). To overcome production losses 

related to treating cows with antibiotics, 33% of dairy farms in the United States feed preweaned 
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calves “waste milk”, the non-saleable milk from cows with milk withhold because of 

therapeutics or cows with high somatic cell counts (USDA, 2008a). Feeding pasteurized waste 

milk instead of milk replacer to preweaned calves has been observed to result in an estimated 

saving of $0.69 per calf per day (Godden SM et al., 2005).  

 To the best of our knowledge, currently there are no available studies identifying the 

presence and the concentration of antimicrobial drugs in waste milk from dairy farms in the 

United States. The objective of this study was to identify the presence and measure the 

concentration of 27 drugs in the pooled waste milk of dairy farms located in Central New York. 

 

MATERIAL AND METHODS 

 

Study Population 

 

With the objective of identifying antimicrobial agents that could be present at any given 

time in the waste milk of a dairy farm participating in the study, one raw non-saleable milk 

(waste milk) sample was collected from each farm. Milk samples from 34 dairy farms were 

collected by three veterinarians from herds in the following counties in Central New York: 

Cortland, Tompkins, Cayuga, Allegany, Livingston, Wyoming, Ontario, Wayne and Steuben. 

Participating veterinarians identified study farms based on having typical management practices 

for nonorganic dairy farms in upstate New York, routinely pooling nonsaleable milk, and 

willingness of the owner to participate.   

Descriptive data from sampled farms was collected and revealed that the number of 

lactating cows ranged from 28  to 5000 (median = 780), the number of preweaned calves ranged 
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from 8 to 400 (median = 57.5) and the number of cows milked into the pooled waste milk bulk 

tank on the day of sampling  ranged from 3 to 150 (median = 19.5). Twenty one of these farms 

had more than 500 lactating cows and thirteen had less than 500 lactating cows. 

 

Milk sample collection and processing  

 

Collected waste milk samples were kept in a leak proof container with ice packs and 

transported or mailed overnight to our laboratory at Cornell University where they were 

refrigerated at 4ºC upon arrival. Milk samples that tested positive for antibiotic residues using the 

commercial enzyme-linked receptor-binding assay tests were stored at -18ºC until sent by 

overnight mail in cold packaging to a commercial laboratory for drug residue quantification 

using liquid chromatography-tandem mass spectrometry (LC-MS/MS). 

 

Commercial enzyme-linked receptor-binding assays screening test 

 

 Three commercial enzyme-linked receptor-binding assay (SNAP) tests with limit of 

detection (LOD) for antibiotic residues at or below the U.S. Food and Drug Administration 

(FDA) tolerance levels were used for the initial screening of milk samples for antimicrobial 

residues. The New SNAP® Beta-lactam Test Kit (IDEXX Laboratories Inc., Westbrook, ME) 

was used to screening for the following beta-lactam drugs (the 90/95% sensitivity for the test is 

displayed in parenthesis): penicillin (90/95% sensitivity at 0.003 µg/ml), amoxicillin (90/95% 

sensitivity at 0.0073 µg/ml), cephapirin (90/95% sensitivity at 0.0117 µg/ml) and ceftiofur 

residues (90/95% sensitivity at 0.012 µg/ml) in raw milk. In addition the SNAP
®
 Sulfamethazine 
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Test Kit (IDEXX Laboratories Inc., Westbrook, ME), which detects sulfamethazine (LOD= 0.01 

µg/ml) residues in milk and the SNAP
®
 Tetracycline Test Kit (IDEXX Laboratories Inc., 

Westbrook, ME) which detects tetracycline (LOD= 0.05 µg/ml), oxytetracycline (LOD= 0.05 

µg/ml) and chlortetracycline (LOD= 0.1 µg/ml) residues in milk were also used as an initial 

screening test. SNAP tests were used following the manufacturer’s instructions. 

 

Quantification of Drug residues using LC-MS/MS 

 

 Milk samples that tested positive for the presence of antibiotic residues for at least one of 

the three screening tests were sent to Eurofins CAL (Metairie, LA) for quantification by the use 

of LC-MS/MS using a protocol that can detect and quantify 27 drugs. The protocol for LC-

MS/MS at Eurofins CAL followed a laboratory information bulletin by the FDA (U.S. FDA, 

2012) which was modified and internally validated by Eurofins CAL to include testing for 

ceftiofur. Briefly, the reagents and materials used for LC-MS/MS were: deionized water (18.2 

MΩ
.
cm), high purity chromatographic and spectrophotometric grade acetonitrile and methanol, 

and formic acid at 96% purity. 

The limit of quantification (LOQ) for the 27 residues screened using LC-MS/MS were: 

ampicillin (LOQ= 0.01 µg/ml), penicillin G (LOQ= 0.005 µg/ml), cloxacillin (LOQ= 0.01 

µg/ml), cephapirin (LOQ= 0.01 µg/ml), ceftiofur (LOQ= 0.01 µg/ml), sulfamethazine (LOQ= 

0.002 µg/ml), sulfadiazine (LOQ= 0.002 µg/ml), sulfadimethoxine (LOQ= 0.002 µg/ml), 

sulfathiazole (LOQ= 0.002 µg/ml), sulfaquinoxaline (LOQ= 0.002 µg/ml), sulfapyridine (LOQ= 

0.002 µg/ml), sulfachloropyridazine (LOQ= 0.002 µg/ml), sulfamerazine (LOQ= 0.002 µg/ml), 

oxytetracycline (LOQ= 0.01 µg/ml), tetracycline (LOQ= 0.01 µg/ml), chlortetracycline (LOQ= 
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0.01 µg/ml), doxycycline (LOQ= 0.01 µg/ml), tylosin (LOQ= 0.01 µg/ml), tilmicosin (LOQ= 

0.01 µg/ml), erythromycin (LOQ= 0.05 µg/ml), sarafloxacin (LOQ= 0.05 µg/ml), enrofloxacin 

(LOQ= 0.05 µg/ml), ciprofloxacin (LOQ= 0.05 µg/ml), 5-hydroxyflunixin (LOQ= 0.002 µg/ml), 

bacitracin (LOQ= 0.25 µg/ml), thiabendazole (LOQ= 0.01 µg/ml) and virginiamycin (LOQ= 

0.005 µg/ml). The concentration of the stock solutions used in the LC-MS/MS corresponded to 

the active drug compound and the amounts weighed were adjusted to take into account purity 

and any counter-ions.  

 

Statistical analysis 

 

Descriptive analysis for the SNAP tests and LC-MS/MS were done using Microsoft 

Office Excel 2010 (Microsoft Corporation, Redmond, WA), and PROC FREQ and PROC 

UNIVARIATE procedures in SAS (SAS Institute Inc., Cary, NC). 

 

RESULTS 

 

Commercial enzyme-linked receptor-binding assays screening test 

 

Antibiotic screening of waste milk using the SNAP test revealed that 28 of the 34 milk 

samples tested positive for beta-lactam drug residues. Additionally, 7.1, 14.3, and 3.6% (n= 28) 

of the samples tested positive for sulfamethazine, tetracycline, and simultaneously for all 3 

antimicrobial classes, respectively (Table 2.1). 
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Table 2.1 Distribution of drug residues in non-saleable raw milk samples from dairy farms 

detected by three commercial enzyme-linked receptor-binding assay (SNAP) tests and liquid 

chromatography-tandem mass spectrometry (LC-MS/MS).  

 

Description Percent 

Result of commercial SNAP screening test (n=34) 

   Positive
1
 82.3% 

   Negative
2
 17.7% 

Distribution of results by drug class as detected by commercial SNAP tests (n=28) 

   Only Beta-lactams 
3
 75.0% 

   Beta-lactams
3
 and Tetracycline 

4
 14.3% 

   Beta-lactams
3
 and Sulfamethazine 

5
 7.1% 

   Beta-lactams
3
, Sulfamethazine

5
 

   and Tetracycline  
6
 

3.6% 

Distribution of results by drug class as detected by LC-MS/MS (n=28) 

   Negative
7
 50% 

   Only Beta-lactams
8
 43% 

   Beta-lactams and Sulfonamide
8
 3.5% 

   Beta-lactams  and Tetracycline
8
 3.5% 

 

1. Percent of milk samples testing positive for at least one of the three commercial enzyme-linked receptor-binding 

assays used. 

2. Percent of milk samples testing negative for all three commercial enzyme-linked receptor-binding assays used. 

3. Percent of milk sample testing positive for the New SNAP® Beta-lactam Test Kit (IDEXX Laboratories Inc., 

Westbrook, ME). 

4. Percent of milk sample testing positive for the SNAP® Tetracycline Test Kit. 

5. Percent of milk sample testing positive for the SNAP® Sulfamethazine Test Kit. 

6. Percent of milk samples testing positive for each of the Beta-lactam, Sulfamethazine and Tetracycline commercial 

enzyme-linked receptor-binding assays. 

7. Percent of milk samples with no drug residues observed by LC-MS/MS.  

8. Percent of milk samples with drug residues belonging to the described drug classes at concentrations above the 

limit of quantification for LC-MS/MS. 

 

Drug residues quantification using LC-MS/MS 

 

Half of the milk samples submitted for LC-MS/MS had detectable concentrations of one 

or more of the 27 drug residues screened by this analytical test. Ceftiofur was the most 

frequently detected beta-lactam, present in 39.2% (n= 28) of the waste milk samples (mean 

concentration = 0.151µg/ml; SE= ±0.042), followed by penicillin G at 14.2% (mean 
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concentration = 0.008 µg/ml; SE= ±0.001), ampicillin at 7.1% (mean concentration = 

0.472µg/ml; SE= ±0.43), concentration = 0.008 µg/ml; SE= ±0.001), ampicillin at 7.1% (mean 

concentration = 0.472µg/ml; SE= ±0.43), cephapirin at 3.5% and cloxacillin at 3.5% (Table 2.2). 

 

Table 2.2 Drug residues in non-saleable raw milk detected and quantified by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). 

Drug residues Percent
1
 

(n=28) 

Mean
2
 

(µg/ml
3
) 

SE
4
 LOQ

5 

(µg/ml
3
) 

Tolerance
6
 

(µg/ml
3
) 

Beta-lactams
7
 50%         

   Ampicillin 7.1% 0.472 (n=2) 0.438 <0.01 0.01 

   Cephapirin 3.5% 0.033 (n=1) - <0.01 0.02 

   Ceftiofur 39.2% 0.151 

(n=11) 

0.042 <0.01 0.1 

   Cloxacillin 3.5% 0.055 (n=1) - <0.01 0.01 

   Penicillin G 14.2% 0.008 (n=4) 0.001 <0.005 0 

Sulfonamide 3.5%     

   Sulfadimethoxine 3.5% 1.00 (n=1) - <0.002 0.01 

Tetracycline 3.5%     

   Oxytetracycline 3.5% 0.01 (n=1) - <0.01 0.3 

NSAI
8
 3.5%     

   5- hydroxyflunixin 3.5% 0.003 (n=1) - <0.002 0.002 

1. Percent of milk samples with drug residues at concentrations above the LOQ for LC-MS/MS for each individual 

drug or drug class described. 

2. Mean concentration of drug residues in non-saleable raw milk samples collected from dairy farms and quantified 

by LC-MS/MS. Number of samples with drug residues within the limit of detection in parentheses. 

3. Parts per million (1 µg/ml = 1µg/ml). 

4. Standard error of drug residues quantified by LC-MS/MS. 

5. Limit of quantification of LC-MS/MS for each drug tested. 

6. Food and Drug Administration (FDA) tolerance for drug residues in raw milk. 

7. Samples with detectable concentrations of one or more beta-lactam drug residues measured by LC-MS/MS.  

8. Non-steroidal anti-inflammatory. 

 

One sample had detectable concentrations of oxytetracycline and one sample had detectable 

concentrations of sulfadimethoxine. In addition, one sample had detectable concentrations of 5-

hydroxiflunixin. The interpretation from LC-MS/MS in our study is limited to samples testing 
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positive on a screening test (SNAP tests), once only milk samples that tested positive for the 

presence of antibiotic residues for at least one of the three SNAP were screened using LC-

MS/MS. Furthermore, these results do not represent the average concentration for all waste milk 

samples collected in the study. 

 

 DISCUSSION 

 

A study by Selim et al. (1997) screened 189 waste milk samples using SNAP tests and 

observed that 46, 30 and 63% of samples tested positive for beta-lactam, tetracycline, and beta-

lactam or tetracycline drugs, respectively. In the present study the prevalence of beta-lactam 

residues was greater than that of tetracycline, possibly as a consequence of shift in the antibiotic 

class used in dairy farms from 1997 to 2013, such as the increase in the use of cephalosporins 

(Sawant et al., 2005; Raymond et al., 2006; Saini et al., 2012). To assure that the residues in the 

milk were not the result from the treatment of an individual animal with antimicrobials, samples 

were collected only from farms where the waste milk bulk tank contained milk pooled from 3 or 

more cows. In addition to exclude the effect of antibacterial treatments on the concentration of 

antimicrobial in the waste milk, samples were collected prior to receiving any antibacterial 

treatments. 

With the exception of penicillin the LOQ for every drug in the LC-MS/MS panel was 

below the SNAP tests’ LOD, however only half of the milk samples submitted for LC-MS/MS 

had one or more drug residues at detectable concentrations. LC-MS/MS offers analytical 

specificity superior to that of immunoassays or conventional high performance liquid 

chromatography (HPLC) for low molecular weight analytes and has higher throughput than gas 
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chromatography-mass spectrometry (Grebe and Singh, 2011). A study by Gibbons-Burgener et 

al. (2001) evaluated the reliability of the  commercial SNAP test for detection of beta-lactam 

residues in the milk of cows diagnosed with mild clinical mastitis and observed that of 28 milk 

samples positive by a beta-lactam SNAP test, only 11 had a beta-lactam drug detected by HPLC. 

Factors that may cause false-positives in SNAP tests include: 1) high colony-forming unit counts 

in the milk, which may affect the binding of components in the assay system and result in 

increased probability of a false-positive outcome; 2) high butter milk fat, which hinders the 

movement of milk through the assay and causes a lack of chemical reaction resulting in an 

increased probability of false-positives (Van Eenennaam, A.L., Cullor, J.S., Perani, L., Gardner, 

I.A., Smith, W.L., Dellinger, J., Guterbock, W.M.,Jensen, L., 1993). Furthermore, increased 

probability of false-positive outcomes when using commercial drug residue screening tests in 

milk have been linked to increased milk protein content and somatic cell counts (Van 

Eenennaam, A.L., Cullor, J.S., Perani, L., Gardner, I.A., Smith, W.L., Dellinger, J., Guterbock, 

W.M.,Jensen, L., 1993; Andrew, 2000). In addition, a positive result when using the beta-lactam 

SNAP test and a negative result for the presence of a beta-lactam drug above the LOQ when 

using LC-MS/MS could have occurred because the 90/95% sensitivity for penicillin residues in 

the beta-lactam SNAP test (90/95% LOD = 0.003µg/ml) is below the LOQ for penicillin residues 

in the LC-MS/MS (LOQ = 0.005µg/ml). In our study milk samples were labeled as testing 

positive or negative for one of the three antimicrobial classes tested by using one snap test for 

each of these classes. The use of replicates for the same antimicrobial class is one alternative to 

decrease the number false positive tests when using SNAP tests. We also recognize the cross-

sectional nature of the sampling as a study limitation.  We did not collect data to determine the 

variation of residue presence and concentration on the same farm over time.  Therefore the 
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results should be considered a snapshot of a set of typical NY dairy farms. 

Discordance between results of SNAP tests and quantification using liquid 

chromatography has also been attributed to decomposition of drug residues during storage and 

transportation. A study by Riediker et al. (2004) showed that penicillin G, amoxicillin, and 

ampicillin spiked in milk at a concentration of 0.01 µg/ml and stored for 6 days at 4ºC suffered 

degradation in most cases of more than 50% of initial concentration. Raw milk spiked with 

ceftiofur at a concentration of 0.1 µg/ml and stored for 14 days at 4ºC retained 90 to 100% of the 

initial concentration (Karageorgou EG and Samanidou VF, 2010). Sulfonamide drugs spiked in 

milk and stored at -18ºC, 4ºC, and room temperature have been reported to retain 90 to 100% of 

the initial concentration after 4 weeks, 4d and 6h, respectively (Tolika et al., 2011).  Raw milk 

samples with tetracycline residues have been shown to have losses ranging from 4 to 13% after 

storage for 72h at 4ºC and 3 to 18% after storage for 48h at 25ºC (Podhorniak LV et al., 1999).  

The identification of penicillin G as the second most common drug detected in the waste 

milk samples was not surprising because penicillin is reportably the most common drug used on 

dairy farms (Zwald et al., 2004; Saini et al., 2012).  Ceftiofur was the most common drug 

detected in waste milk and is the only third-generation cephalosporin licensed to treat food 

animals in the USA. Whether ceftiofur is derived from sodium salts, hydrochloride salts or free 

acid, it’s rapidly metabolized to produce the central active metabolite desfuroylceftiofur (Hornish 

RE et al., 2003). Because parenteral administration of ceftiofur has a short half-life of 5 to 10 

minutes in plasma following intramuscular administration in cattle, desfuroylceftiofur is the main 

metabolite residue of concern in milk after parenteral administration (Jaglan PS et al., 1990). 

Nevertheless, parenteral administration of commercially available ceftiofur at the approved label 

dosage does not result in ceftiofur or desfuroylceftiofur milk residues at concentrations above the 
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tolerance levels established by the FDA (FOI, 1995; FOI, 1998; FOI, 2012). Therefore the most 

plausible source for the ceftiofur residues observed in the waste milk samples is not parenteral 

administration of the drug (unless it was administered above the label dosage), but a mastitis 

treatment for lactating cows using intramammary infusion of ceftiofur. The currently available 

commercial intramammary treatment for lactating cows using ceftiofur (Spectramast LC
®
, 

Zoetis, NY) was approved for the treatment of clinical mastitis in lactating dairy cattle in 2005 

and results in drug residues in milk above the FDA tolerance concentrations, requiring a 72 hour 

milk withdraw period after the last treatment (FOI, 2005).  

Of the three sulfamethazine SNAP tests positive for residues in the waste milk samples, 

only one had quantifiable sulfonamide drugs identified by LC-MS/MS, namely sulfadimethoxine 

(Table 2.2). As described in the FDA code of federal regulation, except for the approved use of 

sulfadimethoxine, sulfabromomethazine, and sulfaethoxypyridazine, sulfonamide drugs are 

prohibited from extra-label use in lactating dairy cattle (U.S. FDA, 2012). Of the three antibiotics 

approved for use in cows, only sulfadimethoxine is marketed for use in lactating dairy cattle, 

with restrictions limiting its extra-label use as a sustained-release bolus or as an intramammary 

infusion of an injectable form, as determined by the Animal Medical Drug Use Clarification Act 

(AMDUCA) (U.S. FDA, 2006). Resistance to sulfadimethoxine on the dairy farm has been 

shown to vary drastically by bacteria species and site of isolation, with reports of 

sulfadimethoxine resistance in 72% (n=256) of Salmonella isolates from fecal samples of dairy 

cows (Cummings et al., 2013), and reports of sulfadimethoxine susceptibility in all 

Staphylococcus aureus isolates (n= 116) in milk from cows with clinical mastitis  (Oliveira et al., 

2012).  

Of the three milk samples testing positive with the tetracycline SNAP test, only one had 
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quantifiable tetracycline drugs identified by LC-MS/MS, namely oxytetracycline (Table 2.2). 

The low cost and multiple routes of administration of tetracycline make it one of the most widely 

used drugs in dairy farms (Zwald et al., 2004). A survey on antimicrobial resistance of 

Salmonella enterica isolates from milk bulk tanks and milk filters indicated that tetracycline 

resistance was the most common resistance phenotype, observed in 15.3% of isolates (n= 176) 

(Van Kessel JS et al., 2013). In addition, a study of the prevalence and antimicrobial resistance 

of Campylobacter in US dairy cattle revealed that regardless of species, resistance to tetracycline 

was the highest among the antibiotics tested and was present in 49.4% of isolates (n= 532) 

(Englen et al., 2007). 

The non-steroidal anti-inflammatory flunixin meglumine was also identified in one of the 

waste milk samples by LC-MS/MS screening through its residue marker 5-hydroxyflunixin. 

Flunixin meglumine is approved for intravenous administration in cattle, although intramuscular 

and subcutaneous administrations are common routes of extra-label use in dairy cattle (FOI, 

2004). The extra-label use of drugs can modify the route, duration and concentration of 

excretion, as shown in a study by Kissell et al. (2012). They observed that the administration of 

flunixin meglunime intramuscularly and subcutaneously in cows results in concentrations of 5-

hydroxyflunixin above the tolerance limit after the 36 h withdrawal time established by the FDA 

for intravenous drug administration.  

Currently, limited information is available evaluating the effects of waste milk on the 

selection of resistant bacteria on the dairy farm. However, in vitro studies have shown potential 

for the dissemination and selection of antibiotic resistant pathogens when exposed to low 

concentrations of antibiotics. In a study by Gullberg et al. (2011) the effect of low antibiotic 

concentrations was tested in single cultures where a susceptible wild-type and a resistant mutant 
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carrying a tetracycline resistant gene (Tn10dTet) were grown separately in the presence of 

different concentrations of tetracycline. It was observed that concentrations far below the MIC 

for the susceptible bacteria reduced the exponential growth rate of the susceptible strain without 

any apparent effect on the resistant strain.  

Several prospective methods are currently available to reduce the concentration of 

antibiotic residues in waste milk and include heat treatment, storage, and electrochemical 

methods. As previously discussed, temperature and storage time can result in degradation of 

antibiotics. Degradation of beta-lactams has also been shown in the presence of various metal 

ions where the ions catalyze the inactivation of the hydrolytic opening of β-lactams (Navarro PG 

et al., 2003; Michnik A et al., 2004; Alekseev et al., 2006). Electrochemical oxidation of raw 

milk with an initial concentration of oxytetracycline of 100mg/ml has resulted in an 83% 

reduction of this drug by after a 6h treatment (Kitazono et al., 2012). Heat treatment (120ºC for 

20 min) of milk containing beta-lactam drugs has shown to degrade 47% of amoxicillin, 84% of 

ampicillin, 53% of cloxacillin and 61% of penicillin G (Roca et al., 2011). In addition, 

biodegradation of ceftiofur has been shown to increase with the increase of temperature, with 

optimal biodegradation temperatures between 35 ºC and 45ºC (Li X, Zheng W, Machesky ML, 

Yates SR,Katterhenry M, 2011). Pasteurization of waste milk used to feed preweaned calves has 

been a recommended strategy to reduce bacterial contamination and limit the spread of disease, 

and furthermore may result in the reduction of the concentration of certain antibiotics (Elizondo-

Salazar et al., 2010).  

Studies evaluating the effect on the biosphere from the disposal of and use of waste milk 

as a feed source for calves are timely and essential for the development of new intervention 

measures to counteract the development and spread of antimicrobial resistance.  
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CONCLUSION 

 

 The use of a SNAP test to detect antibiotic residues in pooled waste milk revealed that 

the most prevalent antibiotic class observed beta-lactams (74%), followed by tetracycline 

(14.3%) and sulfamethazine (7.1%).  Analysis of these samples using LC-MS/MS revealed that 

the most prevalent detectable drug was ceftiofur (39.2%; mean concentration = 0.151µg/ml) 

followed by penicillin G (14.2%; mean concentration = 0.008µg/ml) and ampicillin (7.1%; mean 

concentration = 0.472µg/ml). Further studies are necessary to evaluate impacts on the 

development and dissemination of antibiotic resistance on dairy farms from using waste milk as 

feed source for calves.  
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ABSTRACT 

Antimicrobial resistance represents a major global threat to modern medicine. In vitro studies 

have shown that very low concentrations of drugs, as frequently identified in the environment, 

and in foods and water for human and animal consumption, can select for resistant bacteria. 

However, limited information is currently available on the in vivo impact of ingested drug 

residues. The objective of our study was to evaluate the effect of feeding preweaned calves milk 

containing antimicrobial drug residues (below the minimum inhibitory concentration), similar to 

concentrations detected in milk commonly fed to dairy calves, on selection of resistant fecal E. 

coli in calves from birth to weaning. At birth, thirty calves were randomly assigned to a 

controlled feeding trial where: 15 calves were fed raw milk with no drug residues (NR), and 15 

calves were fed raw milk with drug residues (DR) by adding ceftiofur, penicillin, ampicillin, and 

oxytetracycline at final concentrations in the milk of 0.1, 0.005, 0.01, and 0.3 µg/ml, 

respectively. Fecal samples were rectally collected from each calf once a week starting at birth 

prior to the first feeding in the trial (pre-treatment) until 6 weeks of age. A significantly greater 

proportion of E. coli resistant to ampicillin, cefoxitin, ceftiofur, streptomycin and tetracycline 

was observed in DR calves when compared to NR calves. Additionally, isolates from DR calves 

had a significant decrease in susceptibility to ceftriaxone and ceftiofur when compared to isolates 

from NR calves. A greater proportion of E. coli isolates from calves in the DR group were 

resistant to 3 or more antimicrobial drugs when compared to calves in the ND group. These 

findings highlight the role that low concentrations of antimicrobial drugs have on the evolution 

and selection of resistance to multiple antimicrobial drugs in vivo.  
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INTRODUCTION 

 

The rapid development of antimicrobial resistance in the past few decades is considered 

one of the greatest global threats to modern medicine (Huttner et al., 2013; WHO, 2014). 

Acceleration in the rise of antimicrobial resistance has widely been blamed on misuse and 

overuse of drugs in humans and food-producing animals, emphasizing the need for the judicious 

use of antimicrobials (Maron et al., 2013; Flanders and Saint, 2014). In the dairy industry 

diseases have a great impact, resulting in treatment expenses and production losses such as lower 

milk yield and withholding of milk due to presence of drug residues (Cha et al., 2011). Most 

antimicrobial drugs used to treat cows result in the milk from these animals being withheld from 

sale (waste milk) because of the presence of drug residues above the tolerance concentration 

established by the U.S. Food and Drug Administration (FDA). A tolerance level is a 

concentration determined by the FDA at which residues of a substance present in a food will 

have no harmful effects on the human consumers of the food product (Arkin, 2005). To decrease 

production losses due to waste milk, 33% of dairy farms in the United States feed preweaned 

calves waste milk (USDA, 2008). Feeding pasteurized waste milk instead of milk replacer to 

preweaned calves has been shown to result in an estimated saving of $0.69 per calf per day 

(Godden SM et al., 2005). 

In a recent study conducted by our research group, waste milk fed to calves was collected 

from several dairy farms in central New York and screened for drug residues (Pereira et al., 

2014). The three most common drug residues identified were the following β-lactams: ceftiofur, 

penicillin G, and ampicillin. Although these β-lactams drugs were observed at concentrations 

above the tolerance levels for human consumption of milk established by the FDA, their 
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concentrations were still below the minimal inhibitory concentration established for E. coli by 

the Clinical Laboratory Standard Institute (CLSI) (CLSI, 2008a). Minimum inhibitory 

concentrations (MICs) are defined as the lowest concentration of an antimicrobial that will 

inhibit the visible growth of a microorganism after overnight incubation. Because selection of 

resistant bacteria has traditionally been assumed to occur at concentrations between the MIC of 

the susceptible wild type population and that of the resistant bacteria, the potential impact of 

feeding waste milk to calves on drug resistance has not been evaluated extensively. However, 

recent studies have shown that selection of resistant bacteria can occur at low antimicrobial drug 

concentrations by selecting for resistant bacteria with compensatory mutations that 

counterbalance the decreased fitness cost caused by resistance (Davies et al., 2006; Andersson 

and Hughes, 2010).  

Studies have reported that antimicrobial drugs at concentrations below the minimal 

inhibitory concentration (sub-MIC) can stimulate mutagenesis and recombination, leading to 

bacterial adaptation to various stresses, including antimicrobial pressure (Lopez and Blazquez, 

2009; Thi et al., 2011a). An increase in mutagenesis can also result in heterogeneous increases in 

MIC of the bacteria across a range of antimicrobials, irrespective of the drug target (Kohanski et 

al., 2007; Kohanski et al., 2010; Thi et al., 2011b). Exposure of bacteria to sub-MICs has also 

been shown to significantly increase the frequency of transfer on mobile genetic elements 

(MGE), which can result in increased dissemination of antimicrobial resistance genes between 

bacteria. In a recent study, E. coli carrying the multidrug resistance plasmid pB10 was exposed 

to concentrations of tetracycline as low as 0.01 µg/mL, what was shown to significantly increase 

the transfer rate of this plasmid to enteric bacteria present in activated sludge from a wastewater 

treatment plant (Kim et al., 2014). Furthermore sub-MICs of antimicrobial drugs could 
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potentially increase the spread of antibiotic resistance genes (ARG) in the environment, which 

are currently considered an emerging environmental contaminant in lakes, rivers, and at drinking 

water treatment plants, representing a health hazard for human and animal health (Pruden et al., 

2006). 

The development of a commensal microbiota carrying resistance to antimicrobials 

represents an important reservoir for resistance genes (resistome) that could be transferred to 

pathogenic bacteria, leading to the emergence of clinically problematic strains (Wardwell et al., 

2011). Moreover, antimicrobial treatment failure in a disease caused by pathogenic bacteria 

susceptible to a drug used for treatment could occur as a consequence of a resistant commensal 

microbiota through an umbrella effect. This umbrella effect was shown in a study by Perlin et al. 

(2009) while examining if β-lactamase-producing E. coli could protect ampicillin-sensitive 

cohorts of other species, particularly species that can cause human disease (Perlin et al., 2009). 

They observed that β-lactamase-secreting E. coli allowed for survival of a large number of 

ampicillin-sensitive cohorts of Salmonella enterica serovar Typhimurium. The Salmonella 

survivors remained sensitive to ampicillin when re-plated onto solid medium and there was no 

evidence of gene transfer, suggesting a protective effect by β-lactamase-secreting E. coli. 

Few studies have evaluated the impacts of ingesting sub-MICs of antimicrobial drugs in 

an in vivo model, and many questions remain about the effects on the enteric microbiota and 

selection of antimicrobial resistance (Kohanski et al., 2010). The objective of our study was to 

evaluate the effect of feeding preweaned dairy calves raw milk with residual concentrations (sub-

MICs) of ampicillin, ceftiofur, penicillin, and oxytetracycline from birth to weaning on the 

selection of resistant E. coli in the feces. 
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MATERIAL AND METHODS 

 

Ethics statement 

 

Fecal samples were collected from calves (Bos taurus) that were housed on Cornell 

University facilities. The research protocol was reviewed and approved by the Institutional 

Animal Care and Use Committee of Cornell University (Protocol number: 2012-0090).  

 

Study design and sample collection 

 

 Randomized controlled feeding trials were conducted at the College of Veterinary 

Medicine, Cornell University (Ithaca, NY, USA) from June 2013 to March 2014. Three feeding 

trials were completed with a total of 10 male calves in each trial, with 5 calves belonging to each 

treatment group. All thirty calves enrolled in the trials were purchased from a local dairy farm 

and enrolled in the study on their date of birth. Control calves (n=15) were enrolled in the trials 

concurrently with test calves (n=15). At least one author in the study was involved in all calf 

collection at the farm. Upon collection, a physical examination was performed and calves were 

weighed. Additionally, the assignment of calves to study groups was done at the farm by pairing 

calves born on the same day by weight and using a coin toss to randomly allocate a calf as either 

a test or control. Once a calf was assigned to a treatment group it received an identification tag, 

which was placed in the right ear. All calves were fed 2–4 liters of maternal colostrum from 

individual cows within the first 4 h of life. Colostrum fed to calves in both milk feeding 
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treatments originated from the dairy farm where calves were collected. At this farm cows were 

under the same management. After feeding of colostrum, calves were transported from the 

source farm to Cornell University. 

Calves were individually housed in concrete box stalls to prevent contact between calves. 

Blood samples were collected from each calf in the first 24–48 hours of life, and the serum total 

protein was measured to assess adequacy of passive transfer. Control calves were fed raw milk 

without the addition of antimicrobial drugs (NR), and test calves were fed raw milk with the 

addition of low concentrations of ceftiofur, penicillin, ampicillin and oxytetracycline (DR). All 

calves were bucket fed one gallon of raw whole milk twice a day from birth to 6 weeks of age. 

Feedings occurred once in the morning and once in the afternoon with approximately 12 hour 

intervals between feedings. A non-medicated pelleted calf starter (18% crude protein, 3% crude 

fat, 8% crude fiber; DuMOR
 
Calf Starter, Tractor Supply Co., Brentwood, TN) was offered from 

day 7 until day 42 of life up to a maximum of 1 kg/day. To prevent cross-contamination between 

calves, each calf stall had dedicated equipment and supplies, and all study personnel used 

personal protective equipment when entering each calf stall, which was changed after exiting the 

calf stall. 

Single-use gloves were used to collect rectal fecal samples from each calf once a week 

starting at birth, prior to the first feeding in the trial (pre-treatment), until 6 weeks of age. No 

calves required treatment with therapeutic antimicrobial drugs during the trial.  
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Spiking milk with drug residues 

 

Raw milk used to feed calves was collected daily from the Cornell University College of 

Veterinary Medicine Dairy Farm. Antimicrobial stock solutions used to spike milk were 

prepared one week prior to each calf trial. Stocks were prepared by diluting powdered drugs in 

distilled water to a concentration of 100 µg/mL for ampicillin sodium salt, 1,000 µg/mL for 

ceftiofur sodium, 50 µg/mL for penicillin G sodium, and 3,000 µg/mL for oxytetracycline 

hydrochloride. Individual sterile cryovials with 2.28 ml of each stock solution for each 

antimicrobial drug were stored at -80ºC until used (Schenck and Friedman, 2000; Karageorgou 

and Samanidou, 2010; Berendsen et al., 2011). Individual antimicrobial stocks (instead of a 

cocktail of drugs) for each antimicrobial drug were prepared to avoid potential interactions 

between different antimicrobials before adding it to the milk.  

Milk containing drug residues fed to DR calves was prepared twice a day 10 to 20 

minutes prior to feeding. For each drug, a tube containing 2.28 ml of antimicrobial stock solution 

was thawed at room temperature and added to a batch of 22.8 liters of raw milk which was 

stirred for 1 minute at approximately 400 RPM prior to feeding to calves. The final concentration 

of each antimicrobial drug in the milk fed to DR calves was calculated to be: 0.01 µg/ml of 

ampicillin sodium, 0.1 µg/ml of ceftiofur sodium, 0.005 µg/ml of penicillin G sodium, and 0.3 

µg/ml of oxytetracycline hydrochloride. Because limited information is currently available on 

the impacts of waste milk on selection of resistance, drugs were pooled in the milk (instead of 

tested individually) to simulate what is expected to be observed on dairy farms. Milk fed to NR 

calves was also stirred for 1 minute at approximately 400 RPM prior to feeding, but without the 

addition of any antimicrobial and by using clean dedicated equipment to avoid drug 
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contamination from milk fed to DR calves. After each feeding, equipment was thoroughly 

cleaned separately by milk feeding treatment group using a dedicated brush and hot water, liquid 

soap, and sodium hypochlorite (The Clorox Co., Oakland, CA). The selection of drugs and the 

concentration added to the milk was based on an article published by our research group where 

we screened waste milk withheld for sale at dairy farms in central New York (Pereira et al., 

2014). In that study the most prevalent drugs detected by LC-MS/MS were ceftiofur (mean ± SE 

concentration = 0.151 ± 0.042 μg/mL), penicillin G (mean ± SE concentration = 0.008 ± 0.001 

μg/mL), and ampicillin (mean ± SE concentration = 0.472 ± 0.43 μg/mL). In addition, one 

sample had detectable concentrations of oxytetracycline (0.01 μg/mL). Because of the high 

frequency use of this drug in dairy cattle, it was also added to the milk fed to DR calves (Zwald 

et al., 2004). Moreover, the tolerance and safe levels for drug residues in raw milk used for 

human consumption determined by the Federal Department of Agriculture (FDA) were also used 

to determine at what concentration the selected antimicrobial drugs should be added to the milk. 

Raw milk used in the trial was screened daily for drug residues prior to its use in the 

study. Two commercial tests were used: New SNAP Beta-lactam Test Kit (IDEXX Laboratories 

Inc., Westbrook, ME) which detects penicillin (LOD= 0.005 µg/ml), ampicillin (LOD= 0.01), 

amoxicillin (LOD= 0.01 µg/ml), cephapirin (LOD= 0.02 µg/ml), and ceftiofur (LOD= 0.1 µg/ml) 

residues in raw milk; and SNAP Tetracycline Test Kit (IDEXX Laboratories Inc., Westbrook, 

ME) which detects tetracycline (LOD= 0.05 µg/ml), oxytetracycline (LOD= 0.05 µg/ml), and 

chlortetracycline (LOD= 0.1 µg/ml) residues in raw milk. During the entire trial all milk samples 

from the dairy farm tested negative for drug residues. 

Milk spiked with antimicrobial drugs fed to DR calves was screened weekly for drug 

residues using the New SNAP Beta-lactam Test Kit and the SNAP Tetracycline Test Kit. As 
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expected, all spiked milk samples tested positive. There are no current commercial test kits for 

detecting drug residues in cow colostrum. Additionally the commercial kits available for milk are 

not appropriate for colostrum because the high fat percentage and viscosity of colostrum 

compared to milk can interfere in the results of the test. Therefore colostrum fed to calves was 

not screened for drug residues. However, colostrum fed to calves in both milk feeding treatments 

originated from one dairy farm where cows were under the same management. 

 

Bacterial isolation, culture, and antimicrobial susceptibility testing 

 

Individual fecal samples were streaked onto MacConkey agar plates on the day of 

collection and incubated overnight at 37°C. Up to three E. coli colonies were selected and stored 

in Luria-Bertani broth containing 20% glycerol at −80°C, as previously described (Pereira et al., 

2011). All fecal samples had three E. coli colonies, except for a few samples collected at week 0, 

which were meconium samples. All samples collected at week 0 had at least one E. coli isolate 

isolated from feces. A total of 609 E. coli isolates were cultured from rectal fecal samples and 

tested for antimicrobial susceptibility. 

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

Antimicrobial Resistance Monitoring System (NARMS) panel of 12 antimicrobial drugs. The 

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, 2008b; 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 
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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. Results of the disk diffusion test for the 

internal quality control strains were within the anticipated standards. Susceptibility of the isolates 

to antimicrobial drugs was categorized as susceptible, intermediate, or resistant (SIR) by 

measuring the inhibition zone diameter according to interpretive criteria and breakpoints 

established by the CLSI guidelines (CLSI, 2008a). 

 

Statistical analyses 

 

Descriptive analysis for the SIR distribution of E. coli isolates by antimicrobial drug for 

each feeding treatment group was done using PROC FREQ in SAS (SAS Institute Inc., Cary, 

NC). Descriptive analysis of E. coli resistance phenotypes and the proportion of isolates 

pansusceptible or resistant to 3 or more antimicrobial drugs for each weekly sampling was also 

done using PROC FREQ in SAS. In this study, phenotypic multidrug resistance was defined as 

isolates having resistance to ≥3 antimicrobial agents. Descriptive analysis for the comparisons of 

the average weight gain during the 6 weeks of the calf trial between NR calves and DR calves 

was conducted in SAS using PROC GLIMMIX. 

To evaluate the effects of calf milk feeding treatment over time in weeks on the 

proportion of resistant E. coli per calf for each of the 12 antimicrobials tested, multivariable 

mixed logistic regression models were fitted to the data using the GLIMMIX procedure of SAS. 
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The independent variables milk feeding treatment, time in weeks of sampling, and interactions 

were included in all models. The effect of animal identification nested within trial number was 

controlled in the models as a random effect. Adjusted probabilities (for all variables and 

interactions offered to each model) for antimicrobial resistance were obtained using the 

LSMEANS statement. This statistical model was also used to evaluate the effect of milk feeding 

treatment over time in weeks on the proportions of multidrug resistant isolates, where the only 

difference was that the dependent variable was the binary variable for classification of E. coli as 

resistant to 3 or more antimicrobial drugs or not. 

For antimicrobial drugs with more than 10% of E. coli isolates within each treatment 

group classified as intermediate according to CLSI breakpoints, an additional analysis using the 

GLIMMIX procedure of SAS was conducted. In this model, the dependent variable was a 

categorical variable that classified isolates as susceptible or nonsusceptible (intermediate or 

resistant). This binomial variable was used in the analysis for two main reasons: to reduce 

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

where the CLSI breakpoints may not correlate well to acquisition of resistant genes, and to focus 

the analysis on the presence or absence of isolates that are fully susceptible to the antimicrobial 

drugs tested. The independent variables milk feeding treatment, time in weeks of sampling, and 

interactions were included in all models. The effect of animal identification nested within trial 

number was controlled in the models as a random effect. Adjusted probabilities (for all variables 

and interactions offered to each model) for antimicrobial resistance were obtained using the 

LSMEANS statement. 

To determine if there was a statistical difference between the diameter of the inhibition 

zones of E. coli at the calf level for each treatment group, generalized linear models were fitted 
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to the data using the GLM procedure of SAS. For each antimicrobial drug, the calf level mean 

zone diameter value was calculated for each week using Proc Means in SAS. For the linear 

regression analysis, the independent variables milk feeding treatment, time in weeks of sampling, 

and interactions were included in all models. The effect of trial number was controlled in the 

models as a random effect. Adjusted means (for all variables and interactions offered to each 

model) for inhibition zone diameter were obtained using the LSMEANS statement. 

 

RESULTS 

 

Descriptive data 

 

 The mean birth weight for the NR calves was 99.8 lbs (range: 68- 116 lbs) and for the DR 

calves the mean was 97 lbs (range: 75-116 lbs). Mean serum total protein (g/dL) for blood 

samples collected 24-48 hrs after birth was 5.5 (range: 5.0 – 6.2 g/dL) for the DR calves and 5.4 

(range: 5.1 – 6.0 g/dL) for the NR calves. No calf in the study had failure of passive transfer 

(serum total protein < 5 g/dL). Average weight gain during the 6 weeks of the calf trials was 

1.1lbs (95% C.I. 0.9-1.4) for NR calves and 1.35lbs (95% C.I. 1.1-1.6) for DR calves. There was 

no significant difference in the average weight gain during the 6 weeks of the calf trials between 

NR calves and DR calves (P-value = 0.3). 
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Antimicrobial Resistance in E. coli isolates 

 

SIR distribution of E. coli and mean disk diffusion zone diameter by milk feeding 

treatment group are shown on Table 3.1. Additionally, Figure 3.1 has a histogram for the zone 

diameter of all E. coli cultured from fecal samples and tested for antimicrobial susceptibility to 

three of the four drugs added to the milk of DR calves (ampicillin, ceftiofur and tetracycline). No 

difference was observed in the proportion of nonsusceptible isolates of NR and DR for the pre-

treatment sample (week 0) for any of the antimicrobial drugs tested. For ampicillin (weeks 1 to 

6), cefoxitin (weeks 1 to 6), ceftiofur (weeks 2, 5 and 6), streptomycin (weeks 3 and 5) and 

tetracycline (weeks 1 to 6), there was a significantly greater proportion of resistant isolates from 

DR calves when compared to NR calves (Figure 3.2). Additionally for ceftiofur and ceftriaxone, 

which had more than 10% of isolated E. coli within each treatment group classified as 

intermediate, we observed a significantly greater proportion of non-susceptible isolates from DR 

calves when compared to NR calves (Figure 3.3). 

For both treatment groups, calves in the study had a peak in the proportion of resistant E. 

coli at one to two weeks of age for the majority of the antimicrobial drugs tested (Figure 3.2). 

The inhibition zone diameter for ampicillin, cefoxitin, ceftiofur, ceftriaxone, and tetracycline was 

significantly wider for these drugs in isolates from DR calves when compared to NR calves 

(Figure 3.4).  

  



 

96 

 

Table 3.1 SIR distribution of E. coli and mean disk diffusion zone diameter (ZD) by milk 

feeding treatment group. 

1. Percent distribution by antimicrobial of E. coli from calves fed raw milk without the addition 

of sub-MICs of antimicrobial drugs. 

2. Percent distribution by antimicrobial of E. coli from calves fed raw milk with the addition of 

sub-MICs of ceftiofur, penicillin, ampicillin, and oxytetracycline from birth to 6 weeks of age. 

* Trimethoprim-sulfamethoxazole. 

 

  

Antimicrobials 

NR
1
  DR

2
 

S,% I,% R,% Mean 

ZD 

 S,% I,% R,% Mean 

ZD 

Ampicillin 55 6 39 12  22 2 76 4 

Cefoxitin 65 0 35 20  28 0 72 13 

Ceftiofur 64 13 23 24  25 27 48 19 

Ceftriaxone 64 35 1 27  26 71 3 21 

Ciprofloxacin 99 0 1 36  99 0 1 35 

Chloramphenicol 88 0 12 21  87 1 12 21 

Gentamicin 99 0 1 24  100 0 0 24 

Nalidixic Acid 99 0 1 25  100 0 0 25 

Neomycin 87 0 13 19  77 2 21 19 

Streptomycin 61 8 31 14  47 4 49 11 

Tetracycline  54 2 44 12  17 2 81 4 

TMS
*
 89 1 10 24  84 0 15 23 
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Figure 3.1 Zone diameter histogram of all E. coli cultured from fecal samples and tested for 

antimicrobial susceptibility (n= 609) to drugs added to the milk fed to DR calves. Data is 

stratified by milk feeding treatment group. Labeled shaded areas on graphs correspond to 

the zone diameter SIR classification according to Clinical and Laboratory Standards 

Institute (CLSI) breakpoints. The CLSI minimum inhibitory concentration breakpoints for 

E. coli classified as susceptible (MICs) and resistant (MICR) are displayed in graphs. 1. 

Calves fed raw milk without the addition of sub-MICs of antimicrobial drugs. 2. Calves fed raw 

milk with the addition of sub-MICs of ceftiofur, penicillin, ampicillin, and oxytetracycline from 

birth to 6 weeks of age. 
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Figure 3.2 Proportion of resistant E. coli by milk feeding treatment at the calf level over 

time in weeks. Error bars represent 95% confidence interval of the least square mean. 1. 

Calves fed raw milk without the addition of sub-MICs of antimicrobial drugs. 2. Calves fed raw 

milk with the addition of sub-MICs of ceftiofur, penicillin, ampicillin, and oxytetracycline from 

birth to 6 weeks of age. *Sampling weeks where the proportion of resistance was significantly 

different between NR and DR.  
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Figure 3.3 Proportion of E. coli nonsusceptible to ceftiofur and ceftriaxone by milk feeding 

treatment at the calf level over time in weeks. Error bars represent 95% confidence 

interval of the least square mean. 1. Calves fed raw milk without the addition of sub-MICs of 

antimicrobial drugs. 2. Calves fed raw milk with the addition of sub-MICs of ceftiofur, 

penicillin, ampicillin, and oxytetracycline from birth to 6 weeks of age. *Sampling weeks where 

the proportion of resistance was significantly different between NR and DR.  
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Figure 3.4 The effect of milk feeding treatment on the least square means of the zone 

diameter of E. coli at the calf level over time in weeks. Error bars represent 95% 

confidence interval of the least square mean. 1. Calves fed raw milk without the addition of 

sub-MICs of antimicrobial drugs. 2. Calves fed raw milk with the addition of sub-MICs of 

ceftiofur, penicillin, ampicillin, and oxytetracycline from birth to 6 weeks of age. *Sampling 

weeks where the mean zone diameter was significantly different between NR and DR.  
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Distribution of multidrug resistant E. coli and resistance phenotypes  

 

Of the 270 E. coli isolates obtained from DR fecal samples collected during weeks 1 to 6, 

6% were pansusceptible (isolates non-resistant to all antimicrobial drugs tested) and 84% were 

resistant to three or more antimicrobials. The most common resistance phenotype from DR 

calves was ampicillin-cefoxitin-ceftiofur-tetracycline, which was present in 17% of isolates 

(Table 3.2). Of the 270 E. coli isolates from NR fecal samples collected during weeks 1 to 6, 

46% were pansusceptible and 37% were resistant to three or more antimicrobials. The most 

common resistance phenotype from NR calves was ampicillin-cefoxitin-ceftiofur-neomycin-

streptomycin-tetracycline, which was present in 10.3% of isolates (Table 3.2). 

From week 1 to week 6, a significantly greater proportion of isolates from DR calves was 

resistant to 3 or more antimicrobial drugs compared to isolates from NR calves (Figure 3.5). No 

significant difference was observed in the proportion of isolates resistant to 3 or more 

antimicrobial drug between NR calves and DR calves for week 0 (the pre-treatment samples).  
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Table 3.2 Ranking of the most common antimicrobial resistant phenotypes (ARP) among 

540 E. coli from fecal samples collected from week 1 to week 6. 

 

Drug Resistant phenotypes  
DR 

Rank
1
 

NR 

Rank
2
 

DR 
1
          

%, n 
 NR

2
            

%, n  

AMP-FOX-TIO-TET 1 6 17 (47) 2 (6) 

AMP-FOX-TIO-NEO-STR-TET 2 1 12 (32) 10  (28) 

AMP-FOX-TET 3 10 11 (29) 1 (4) 

AMP-FOX-TIO-CHL-STR-TET-COT 4 3 9  (25) 8  (21) 

TET 7 2 5  (13) 9  (24) 

   PANSUSCEPTIBLE   6 (15) 46 (27) 

 

AMP, Ampicillin; FOX, cefoxitin; TIO, ceftiofur; CHL, chloramphenicol; GEN, gentamicin; NEO, 

neomycin; STR, streptomycin; COT, trimethoprim sulfamethoxazole; TET, tetracycline. 

1. Ranking or percent of ARP for isolates from calves fed raw milk with the addition of sub-MICs of 

ceftiofur, penicillin, ampicillin, and oxytetracycline from birth to 6 weeks of age. 

2. Ranking or percent of DRP for isolates from calves fed raw milk without addition of sub-MICs of 

antimicrobial drugs. 

 

Figure 3.5 Proportion of E. coli resistant to 3 or more antimicrobial drugs by milk feeding 

treatment overtime in weeks. Error bars represent 95% confidence interval of the least 

square mean. 1. Calves fed raw milk without the addition of sub-MICs of antimicrobial drugs. 

2. Calves fed raw milk with the addition of sub-MICs of ceftiofur, penicillin, ampicillin, and 

oxytetracycline from birth to 6 weeks of age. *Sampling weeks where the the proportion of 

resistant isolates resistance to 3 or more antimicrobial drugs was significantly different between 

NR and DR. 
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DISCUSSION 

 

The presence of low concentrations of antimicrobials and of antimicrobial resistance 

genes in natural environments such as rivers and soils, and in foods and water for human and 

animal consumption have been widely reported (Bendz et al., 2005; Hernando et al., 2006; 

Pruden et al., 2006; Schriks et al., 2010; Pereira et al., 2014). Our understanding of the impacts 

of low concentrations of drugs on antimicrobial resistance is still limited, although in vitro 

studies have indicated that selection and maintenance of resistant bacteria can occur (Gullberg et 

al., 2011). The present study observed that calves fed milk with added antimicrobial drugs at 

very low concentrations had a significantly higher proportion of isolates resistant to three β-

lactams drugs, an aminoglycoside drug, and a tetracycline drug when compared to calves fed 

milk without the addition of drugs (Figure 3.2). The traditional concept of antimicrobial 

resistance has been suggested to be the selection of resistant bacteria when exposed to drugs at 

concentrations above the minimum inhibitory concentration (MIC) of the susceptible bacteria 

(Drlica and Zhao, 2007). Above the MIC the susceptible strain will be out-competed by strains 

with phenotypic resistance to that drug. According to the CLSI, the MIC breakpoint for resistant 

bacteria in the Enterobacteriaceae family (which includes E. coli) for tetracycline, ceftiofur, and 

ampicillin is 16 µg/mL, 8 µg/mL, and 32 µg/mL, respectively (Figure 3.1). The final 

concentration of tetracycline, ceftiofur, and ampicillin in the milk fed to DR calves was 0.3 

µg/mL, 0.1 µg/mL, and 0.01 µg/mL, respectively. Therefore the concentration of tetracycline, 

ceftiofur, and ampicillin in the milk fed to DR calves was respectively 53, 80, and 3200 times 

below the MIC breakpoint for resistant E. coli (CLSI, 2012). Our findings challenged the 

conventional concentration window for selection of resistance and indicate that exposure of 
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commensal E. coli to sub-MIC of antimicrobials drugs in preweaned dairy calves can cause 

selection of resistant bacteria. 

In a study by Gullberg et al. (2011), isogenic pairs of susceptible and tetracycline 

resistant (Tn10dTet) S. enterica serovar Typhimurium were grown in the presence of tetracycline 

at concentrations many times below the MIC (Gullberg et al., 2011). Their findings were similar 

to ours, observing that tetracycline concentrations up to 60 times below the MIC for the 

susceptible bacteria reduced the growth rate in the susceptible strain without any apparent effect 

on the resistant strain. These findings suggest that for most antimicrobial drugs, susceptible 

bacteria will experience a reduction in growth even when exposed to concentrations many times 

below the MIC. This sub-MIC selection window is commonly called the minimum selective 

concentration (MSC), and is defined as the lowest concentration of an antimicrobial drug that 

still selects for a given resistance determinant (Sandegren, 2014). The MSC is directly associated 

with the fitness cost of the resistance determinant conferring competitive advantage to the 

resistant strain in relation to the susceptible strains. This means that if the fitness cost of 

resistance is too elevated, its presence will not necessarily result in a lower MSC for the resistant 

bacteria. For example, in the same study by Gullberg et al. (2011), antimicrobial sensitivity tests 

were conducted for ciprofloxacin using a pair of isogenic E. coli with either the mutation 

gyA(D87N) or gyA(S83L) (Gullberg et al., 2011). Although both mutations select for resistance 

to ciprofloxacin, the MSC for E. coli with gyA(D87N) and gyA(S83L) was 0.0025 ug/ml and 

0.00001 ug/ml, respectively. The cause of is difference is that the fitness cost for the mutation 

gyA(D87N) is 3%, while for gyA(S83L) it is 0.2%. These findings reinforce the argument that the 

effect of resistance determinants on fitness is a major factor affecting the MSC (Sandegren, 

2014). Moreover, this raises concerns about the exposure of a microbiota to antimicrobial drugs 
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at sub-MIC, as it could cause selection of a sub-population of strains carrying resistance with low 

fitness cost that could contribute to the persistence of these bacteria in the commensal 

microbiota, even after exposure to antimicrobial drugs had ceased.  

More than 35 percent of isolates in both feeding treatment groups were classified as 

intermediate for the third-generation cephalosporin ceftriaxone (Table 3.1). The intermediate 

zone is considered a buffer zone that should prevent small, uncontrolled, technical factors from 

causing major discrepancies in interpretation, and typically only a limited proportion of isolates 

are expected to be allocated in this category. Classification of many isolates as intermediate has 

also been reported by other researchers who suggested that species-specific breakpoints may be 

needed for these drugs to allow accurate prediction of the MIC equivalent of the zone diameters 

(Silley, 2012). Although DR calves did not have a significantly higher proportion of isolates 

resistant to ceftriaxone when compared to ND calves (Figure 3.2), they did have a significantly 

higher proportion of isolates nonsusceptible (isolates classified as intermediate or resistant) to 

ceftriaxone when compared to isolates from ND calves (Figure 3.3). A lack of a species-specific 

clinical breakpoint for ceftriaxone, resulting in a high number of isolates classified as 

intermediate, could have been the reason for this discrepancy. The decrease in susceptibility to 

ceftriaxone could also be noted by a significantly narrower zone diameter for this drug in isolates 

from DR calves when compared to ND calves (Figure 3.4). In our study, we compared the 

average zone diameter (ZD) of isolates at the calf level for each antimicrobial to allow detection 

of changes in susceptibility within a range that would not lead to changes in SIR classification. 

In this analysis, significantly larger zone diameters for an antimicrobial drug did not necessarily 

mean that one group had more clinically resistant isolates, but instead showed a reduced 

susceptibility to that drug. Resistance to third-generation cephalosporins is mainly conferred by 
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the AmpC-like CMY β-lactamases and by the CTX-M β-lactamases (Daniels et al., 2009; 

Shaheen et al., 2011). The selection of a sub-population of E. coli isolates less susceptible to 

third generation cephalosporins from feeding calves milk with sub-MICs is of concern to human 

health as drugs in this class have been labeled as critically important to human medicine by the 

World Health Organization (WHO) (Collignon et al., 2009). 

A higher proportion of resistant isolates from DR calves for three β-lactams was not 

unexpected, since three out of four of the drugs added to the milk of DR calves belonged to this 

drug class. This also applies to tetracycline resistance, because oxytetracycline was added to the 

milk with drug residues. Mechanism of resistance to β-lactams and tetracycline is commonly due 

to plasmid-mediated acquisition of resistance genes (Chopra and Roberts, 2001; Roberts, 2005; 

Batchelor et al., 2005; D'Andrea et al., 2013). In addition to the selection pressure for resistant 

bacteria, sub-MIC concentrations of antimicrobials can increase rates of homologous 

recombination and horizontal gene transfer of resistant genes (Lopez et al., 2007; Couce and 

Blazquez, 2009; Canton and Morosini, 2011). For example, exposure of Staphylococcus aureus 

to sub-MICs of β-lactams was shown to stimulate a 1000-fold increase in the transfer of a 

plasmid conveying tetracycline resistance (Barr et al., 1986). Moreover sub-MICs of 

antimicrobials in DR calves could have increased resistance in isolates from DR calves by 

favoring the transfer rate of plasmids between commensal E. coli, amplifying the spread of 

resistance to β-lactams and tetracyclines between microbes in the gut. 

Although no aminoglycoside was added to their milk, DR calves had a higher proportion 

of E. coli resistant to streptomycin at weeks 3 and 5 when compared to NR calves (Figure 3.2). 

Target modification by mutation of the 16S rRNA or ribosomal proteins can cause resistance to 

aminoglycosides (Galimand et al., 2005; Ramirez and Tolmasky, 2010). Additionally, mutation 
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in genes controlling efflux pumps for aminoglycoside drugs can result in overexpression, 

reducing susceptibility to aminoglycosides (Magnet and Blanchard, 2005). Similarly, resistance 

to β-lactams can also occur by mutations that increase the chromosomal expression level of β-

lactamase (bla) genes, which can extend the substrate specificity to important 3
rd

 and 4
th

 

generation cephalosporins (Pfeifer et al., 2010). Sub-MICs of antimicrobial drugs have been 

shown to increase mutagenesis, which has been correlated with an increase in reactive oxygen 

species and induction of the SOS response in bacteria (Kohanski et al., 2007; Thi et al., 2011a). 

A recent study by Gutierrez et al. (2013) that exposed E. coli to sub-MICs of ampicillin 

elucidated some of the mechanisms that result in increased mutagenesis (Gutierrez et al., 2013). 

This study showed that sub-MICs of ampicillin induced mutagenesis by the combined activities 

of both the error-prone DNA polymerase and the normal replicative DNA polymerase in the 

absence of an adequate mismatch repair system. The mismatch repair system is a DNA-repair 

system present in most organisms that recognizes and repairs erroneous DNA replication and 

recombination, and DNA damage (Andersson and Hughes, 2014). Moreover the higher 

proportion of isolates resistant to streptomycin in DR calves could have been caused by higher 

mutagenesis induced by sub-MICs of antimicrobial drugs. Alternatively, selection of resistance 

to streptomycin could have been caused by a higher occurrence of a class 1 integron in E. coli 

from DR calves. Integrons are mobile DNA elements capable of encoding multiple resistance 

genes at once (Gillings et al., 2008). Characterization of class 1 integron-mediated antimicrobial 

resistance among E. coli from calves has revealed its capability to integrate multiple 

antimicrobial resistance genes including β-lactams and aminoglycosides (Du et al., 2005). Sub-

MICs of antimicrobials could result in the selection of E. coli with class 1 integrons in the DR 

group, causing co-selection of resistance to streptomycin. 
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DR calves had a significantly greater proportion of E. coli resistant to 3 or more 

antimicrobial drugs when compared to NR calves (Figure 3.5). Multidrug resistance caused by 

sub-MICs of antimicrobials has been shown to be conferred through many of the mechanisms 

already discussed such as increase in horizontal gene transfer (e.g. mediated through plasmids), 

mutagenesis, co-selection through mobilization of integrons with cassettes carrying antimicrobial 

resistant genes, and activation and overexpression of bacteria efflux systems (Barr et al., 1986; 

Du et al., 2005; Wu et al., 2012; Gutierrez et al., 2013). Additionally, an in vitro study by 

Kohanski et al. (2010) observed that exposure of E. coli to sub-MICs of bactericidal 

antimicrobials could lead to multidrug resistance via radical-induced mutagenesis (Kohanski et 

al., 2010). Moreover, a study by Braoudaki et al. (2004) observed a high degree of cross-

resistance to a range of antimicrobials and biocides in Salmonella serovar Virchow and E. coli 

O157 when strains were repeatedly exposed to sub-MICs of antimicrobials agents (Braoudaki 

and Hilton, 2004). Although their study could not determine the specific mechanism contributing 

to this adaptive resistance, they suggested that the most likely cause was the presence of active 

multidrug efflux pumps. Resistance to multiple antimicrobials has been linked to mutations in 

drug-efflux systems such as the AcrAB multidrug efflux pump observed in E. coli (George and 

Levy, 1983; Ma et al., 1993; Ma et al., 1993), as well as to mutations in the transcription factors 

controlling these systems, such as SoxS (Amabile-Cuevas and Demple, 1991), MarA 

(Maneewannakul and Levy, 1996) and ROB (Ariza et al., 1995). These findings support the 

important role that sub-MICs of antimicrobial drugs have on the selection of multidrug resistant 

bacteria. Additionally, the small percentage of pansusceptible isolates in DR calves (6%) 

compared to NR calves (46%) is a reflection of the effect that sub-MICs of antimicrobials has on 

the promotion of resistance genes between commensal E. coli. 
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Independent of feeding treatment group, calves in the study had a peak in the proportion 

of resistant E. coli at one to two weeks of age for the majority of the antimicrobial drugs tested 

(Figure 3.2). Similar findings were observed in a study by Berge et al. (2005), where calves 2 

weeks of age were more likely to have multidrug resistant E. coli compared to calves 4 and 6 

weeks old (OR=29.8 and OR=16.4, respectively). The introduction of resistant bacteria into the 

enteric microbiota depends on their ability to effectively compete with the indigenous microbiota 

(Jernberg et al., 2010). Young calves lack a developed and diverse intestinal microflora, which 

could reduce the degree of protection against colonization by bacteria with a higher fitness cost, 

such as antimicrobial-resistant and pathogenic enteric bacteria (Oikonomou et al., 2013). 

Exposure of this tenuous enteric microbiota to sub-MICs of antimicrobials could increase the 

vulnerability of this microbiota to colonization by resistant bacteria. This was observed in our 

study, where from weeks one to six, calves in the DR group had a significantly higher proportion 

of isolates resistant to ampicillin, cefoxitin, and tetracycline compared to NR calves. However, 

because our study did not used quantitative methods, we could not determine whether this 

resulted primarily from decreased numbers of susceptible E. coli, an increase in the absolute 

number of resistant strains, or a combination of the two. Feeding calves milk with added sub-

MICs of drugs since birth could have resulted in stress or perturbation beyond what the calves 

gastro intestinal microbiota could tolerate before its trajectory was changed towards a different 

equilibrium state (Lozupone et al., 2012). This may result in a longitudinal change in the 

microbiota composition with an increase in the proportion of microbes carrying antimicrobial 

resistance genes that allow them to survive and reproduce under this continuous antimicrobial 

drug challenge. To test this hypothesis high throughput metagenomic methods would be needed. 

However, results from commensal E. coli suggest this as observed by a higher proportion of E. 



 

110 

 

coli resistant to 3 or more antimicrobial drugs in the DR calves when compared to NR calves 

(Figure 3.5).  

Although at different rates, for most antimicrobial drugs in both milk feeding treatment 

groups the proportion of resistant E. coli decreased over the weeks after week 2. Calves are 

known to have a higher proportion of resistant E. coli when compared to older animals such as 

heifers and cows, which have an mature enteric microbiota (Khachatryan et al., 2004; Berge et 

al., 2010). Although there were a greater proportion of resistant E. coli until the last week 

sampled in DR calves compared to NR calves, it is uncertain if as calves mature, animals from 

DR will continue to be hosts for a greater proportion of resistant E. coli when compared to 

animals from NR. Our study did not monitor animals beyond weaning and because of that we are 

unable to answer this question. However, studies in humans have revealed that treatment with 

antimicrobials can result in permanent changes to the microbiota that may result in the 

persistence of antimicrobial resistant bacteria (Lindgren et al., 2009; Jakobsson et al., 2010; 

Andersson and Hughes, 2014). Additional studies are needed to evaluate the impacts of feeding 

waste milk on the composition of the developing enteric microbiota of preweaned calves as they 

mature. 

Based on the findings of our study, feeding waste milk to preweaned dairy calves is a 

practice that has the potential to at least temporarily increase the selection of resistance to drug of 

critical importance to both animal and human health. To eliminate the risk originating from 

feeding calves waste milk, an initial option would be to discontinue this practice at dairy farms. 

Some disadvantages include the possibility of polluting the environment with drug residues by 

disposing of the waste milk, disposal of a nutritious food source, and increase in the costs of 

feeding preweaned dairy calves. A reasonable assessment to determine whether to continue or 
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discontinue feeding waste milk to dairy calves must take into account the health hazards to 

animals and humans, and economic advantages and disadvantages. An alternative to reduce the 

negative impacts of drug residues present in waste milk fed to calves is to use methods to 

degrade these drugs to concentrations below the minimum selective concentration (MSC) which 

may decrease the selection for a given resistance determinant. Some potential methods that could 

be used to reduce the concentration of drug residues in waste milk include heat treatment, time of 

storage, ion catalysis, and electrochemical methods. Heat treatment (120ºC for 20 min) of milk 

containing beta-lactam drugs has shown to degrade 47% of amoxicillin, 84% of ampicillin, 53% 

of cloxacillin and 61% of penicillin G (Roca et al., 2011). Biodegradation of ceftiofur has been 

shown to increase with the increase of temperature, with optimal degradation temperatures 

between 35 ºC and 45ºC (Li X, Zheng W, Machesky ML, Yates SR,Katterhenry M, 2011). A 

study by Riediker et al. (2004) showed that penicillin G, amoxicillin, and ampicillin spiked in 

milk at a concentration of 0.01 µg/ml and stored for 6 days at 4ºC suffered degradation in most 

cases of more than 50% of initial concentration . Raw milk spiked with ceftiofur at a 

concentration of 0.01 µg/mL and stored for 14 days at 4ºC retained 90 to 100% of the initial 

concentration, indicating that storage may not be the best option for reducing concentrations of 

cephalosporins in the milk (Karageorgou EG and Samanidou VF, 2010). Degradation of beta-

lactams has also been shown in the presence of various metal ions where the ions catalyze the 

inactivation of the hydrolytic opening of β-lactams (Navarro PG et al., 2003; Michnik A et al., 

2004; Alekseev et al., 2006). Electrochemical oxidation of raw milk with an initial concentration 

of oxytetracycline of 100 mg/ml has resulted in an 83% reduction of this drug after a 6h 

treatment (Kitazono et al., 2012). Pasteurization of waste milk used to feed preweaned calves has 

been a recommended strategy to reduce bacterial contamination and limit the spread of disease, 
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and furthermore may result in reduced concentration of certain antibiotics (Elizondo-Salazar et 

al., 2010). However additional studies must be conducted to measure the effectiveness of 

methods to reduce the concentration of drugs in the milk and take into account factors such as 

initial concentration of drug residues usually present in waste milk, final concentration of drugs 

after method application, and feasibility and costs of various methods.  

In conclusion, feeding calves milk with residual concentrations (sub-MICs) of 

antimicrobial drugs from birth to weaning resulted in a higher proportion of E. coli isolates 

resistant to multiple antimicrobial drugs. Treatment of calves with sub-MICs of ampicillin, 

penicillin, ceftiofur, and tetracycline resulted in a greater proportion of E. coli resistant to 

ampicillin, cefoxitin, ceftiofur, streptomycin, and tetracycline. Additionally, isolates from DR 

calves had a significant decrease in susceptibility to ceftriaxone and ceftiofur when compared to 

isolates from NR calves. A significantly greater proportion of E. coli in DR calves was multidrug 

resistant when compared to isolates in NR calves. These findings stress that the exposure of E. 

coli to sub-MICs of antimicrobials in the milk has an important effect on the frequency of 

antimicrobial resistance in preweaned dairy calves. 
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ABSTRACT 

Although antimicrobial drugs are central to combat disease in modern medicine, the use 

of these drugs can have undesired consequences for human and animal health. One consequence 

is the post-therapy excretion of pharmacological agents, such as the elimination of drug residues 

in the milk of lactating mammals. The ingestion of milk with drug residues is a concern to 

humans and animals. In the United States approximately one third of dairy farms feed milk 

containing drug residues to calves. Potential outcomes from this practice include disruption of 

the developing gut microbiota and selection of antimicrobial resistance. Limited information is 

currently available on the impact from the exposure of the gut microbiota to drug residues using 

in vivo natural models. The objective of our study was to address this knowledge gap and 

evaluate the effect on the fecal microbiota composition from feeding preweaned dairy calves raw 

milk with residual concentrations of ampicillin, ceftiofur, penicillin, and oxytetracycline from 

birth to weaning. At birth, thirty calves were randomly assigned to a controlled feeding trial 

where: 15 calves were fed raw milk with no drug residues (NR), and 15 calves were fed raw milk 

with drug residues (DR) by adding ceftiofur, penicillin, ampicillin, and oxytetracycline at final 

concentrations in the milk of 0.1, 0.005, 0.01, and 0.3 µg/ml, respectively. Fecal samples were 

rectally collected from each calf once a week starting at birth, prior to the first feeding in the trial 

(pre-treatment), until 6 weeks of age. Sequencing of the microbial 16S rRNA genes was 

conducted using the Illumina MiSeq. Discriminant analysis showed that, except for pre-treatment 

samples, calves fed milk with drug residues and calves fed milk without drug residues easily 

discriminated at the genus level on their weekly microbial profile. However, analysis comparing 

the abundance of taxon between NR and DR showed significant differences only at the genus 

levels, and not at the phylum, class, order or family levels. These results suggest that although 
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drug residues can result in clear discriminate gut microbial communities, they do not result in 

disruption of taxonomic levels above the genus. 
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INTRODUCTION 

Although antimicrobials are of great importance to both human and animal health, 

exposure of the microbiota to drugs has been associated with imbalance of the intestinal 

microbial flora followed by harmful effects to the host, such an invasion by pathogenic bacteria 

and impacts on nutrient absorption by the host (Sekirov et al., 2008; Riley et al., 2013). This is 

because the gut microbiota conducts important tasks for the host, protecting against 

enteropathogens (Candela et al., 2008; Fukuda et al., 2011), extracting nutrients and energy from 

the diet (Sonnenburg, 2005; Yatsunenko et al., 2012), and contributing to normal immune 

function (Olszak et al., 2012). Most current studies available using high throughput sequencing 

approaches to study the exposure of the microbiota to drugs have focused on the impacts of 

therapeutic concentrations of antimicrobial drugs.  

However, a growing concern is the impact of involuntary daily exposure of the 

microbiota to drug residues, such as from drinking water or ingesting foods containing drug 

residues. An undesired consequence from the use of antimicrobial drugs in human and veterinary 

medicine is the elimination of pharmaceutical residues and/or metabolites in waste (feces and 

urine), or in milk of lactating mammals. These drug residues are environmental pollutants that 

can increase drug resistance and could potentially affect the balance of the microbiomes exposed 

to these drugs (Kim et al., 2012; Pereira et al., 2014a).  Due to the large volume of drugs used in 

food animals, residues eliminated after exposure to antimicrobials is a major public health 

concern, (Dantas and Sommer, 2014). In addition to livestock sources, antimicrobial agents have 

been detected in water (e.g. rivers, drinking water) (Bendz et al., 2005; Schriks et al., 2010), 

aquacultures (e.g. shrimp farms) (Schneider et al., 2005), irrigation of plants (McManus et al., 

2002), and in soil and sediments (Hernando et al., 2006). 
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In humans, administration of drugs to pre or post-partum mothers can result in ingestion 

by infants of milk containing drug residues (Berlin and Briggs, 2005). In the United States 32.7% 

of deliveries are cesarean sections, and because cesarean section is the single most important risk 

factor for postpartum maternal infection in humans, it is usually preceded and/or followed by 

treatment with antimicrobial drugs (Smaill and Grivell, 2014; CDC, 2015). Limited information 

is currently available on the impacts from the ingestion of milk containing drug residues on the 

microbiota of infants, however administration of antimicrobials at therapeutic doses to infants 

has been identified as a risk factor for asthma, allergy and obesity later in life, and has been 

suggested to be linked to the disruption of the microbial flora (Johnson et al., 2005; Kusel et al., 

2008; Ajslev et al., 2011). 

In the dairy industry, most antimicrobial drugs used to treat cows result in the milk from 

these animals being withheld from sale because of the presence of drug residues above the 

tolerance concentration established by the U.S. Food and Drug Administration (FDA). A 

tolerance level is a concentration determined by the FDA at which residues of a substance 

present in a food will have no harmful effects on the human consumers of the food product. To 

make use of the nutrient value of waste milk, 33% of dairy farms in the United States feed 

preweaned calves milk containing drug residues (USDA, 2008).  

Preweaned calves are regarded as monogastric animals because they have a physically 

and functionally different GI system from that of the mature ruminant and, similar to human 

infants, their diet is mainly composed of milk until weaning (Heinrichs and Lesmeister, 2005).  

In a recent study conducted by our research group, milk withheld from sale and fed to calves was 

collected from several dairy farms in central New York and screened for drug residues (Pereira 

et al., 2014b). The three most common drug residues identified were the following β-lactams: 
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penicillin G, and ampicillin and the cephalosporin drug ceftiofur. Commercially available β-

lactams drugs are commonly used in lactating dairy cattle to treat conditions such as mastitis, 

respiratory disease and metritis.  Cephalosporin drugs are of particular interest because they are 

commonly used in human medicine, one example being ceftriaxone, a broad spectrum 

antimicrobial commonly used to treat neonates for gonococcal ophthalmia, invasive 

salmonellosis in children, and as a second line drug for sepsis and meningitis. 

As in human research, limited information is available on the impact of feeding 

preweaned dairy calves drugs at concentrations typically found in milk withheld from sale on the 

composition of the microbiota, and no study has used a controlled feeding trial to fully evaluate 

this issue. The objective of our study was to address this knowledge gap and evaluate the effect 

on the fecal microbiota composition of feeding preweaned dairy calves raw milk with residual 

concentrations of ampicillin, ceftiofur, penicillin, and oxytetracycline from birth to weaning. 

  

MATERIAL AND METHODS 

 

Ethics statement 

 

Fecal samples were collected from calves (Bos taurus) that were housed on Cornell 

University facilities. The research protocol was reviewed and approved by the Institutional 

Animal Care and Use Committee of Cornell University (Protocol number: 2012-0090).  
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Study design and sample collection 

 

 Randomized controlled feeding trials were conducted at the College of Veterinary 

Medicine, Cornell University (Ithaca, NY, USA) from June 2013 to March 2014. Three feeding 

trials were completed with a total of 10 male calves in each trial, with 5 calves belonging to each 

treatment group. All thirty calves enrolled in the trials were purchased from a local dairy farm 

and enrolled in the study on their date of birth. Control calves (n=15) were enrolled in the trials 

concurrently with test calves (n=15). At least one author in the study was involved in all calf 

collection at the farm. Upon collection, a physical examination was performed and calves were 

weighed. Additionally, the assignment of calves to study groups was done at the farm by pairing 

calves born on the same day by weight and using a coin toss to randomly allocate a calf as either 

a test or control. Once a calf was assigned to a treatment group it received an identification tag, 

which was placed in the right ear. All calves were fed 2–4 liters of maternal colostrum from 

individual cows within the first 4 h of life. Colostrum fed to calves in both milk feeding 

treatments originated from the dairy farm where calves were collected. At this farm cows were 

under the same management. After feeding of colostrum, calves were transported from the 

source farm to Cornell University. 

Calves were individually housed in concrete box stalls to prevent contact between calves. 

Blood samples were collected from each calf in the first 24–48 hours of life, and the serum total 

protein was measured to assess adequacy of passive transfer. Control calves were fed raw milk 

without the addition of antimicrobial drugs (NR), and test calves were fed raw milk with the 

addition of low concentrations of ceftiofur, penicillin, ampicillin and oxytetracycline (DR). All 

calves were bucket fed one gallon of raw whole milk twice a day from birth to 6 weeks of age. 
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Feedings occurred once in the morning and once in the afternoon with approximately 12 hour 

intervals between feedings. A non-medicated pelleted calf starter (18% crude protein, 3% crude 

fat, 8% crude fiber; DuMOR
 
Calf Starter, Tractor Supply Co., Brentwood, TN) was offered from 

day 7 until day 42 of life up to a maximum of 1 kg/day. To prevent cross-contamination between 

calves, each calf stall had dedicated equipment and supplies, and all study personnel used 

personal protective equipment when entering each calf stall, which was changed after exiting the 

calf stall. No calves required treatment with therapeutic antimicrobial drugs during the trial. 

Single-use gloves were used to collect rectal fecal samples from each calf once a week 

starting at birth, prior to the first feeding in the trial (pre-treatment), until 6 weeks of age. Fecal 

samples were stored at 4ºC until DNA extraction. 

 

Spiking milk with drug residues 

 

Raw milk used to feed calves was collected daily from the Cornell University College of 

Veterinary Medicine Dairy Farm. Antimicrobial stock solutions used to spike milk were 

prepared one week prior to each calf trial. Stocks were prepared by diluting powdered drugs in 

distilled water to a concentration of 100 µg/mL for ampicillin sodium salt, 1,000 µg/mL for 

ceftiofur sodium, 50 µg/mL for penicillin G sodium, and 3,000 µg/mL for oxytetracycline 

hydrochloride. Individual sterile cryovials with 2.28 ml of each stock solution for each 

antimicrobial drug were stored at -80ºC until used (Schenck and Friedman, 2000; Karageorgou 

and Samanidou, 2010; Berendsen et al., 2011). Individual antimicrobial stocks (instead of a 

cocktail of drugs) for each antimicrobial drug were prepared to avoid potential interactions 

between different antimicrobials before adding it to the milk.  
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Milk containing drug residues fed to DR calves was prepared twice a day 10 to 20 

minutes prior to feeding. For each drug, a tube containing 2.28 ml of antimicrobial stock solution 

was thawed at room temperature and added to a batch of 22.8 liters of raw milk which was 

stirred for 1 minute at approximately 400 RPM prior to feeding to calves. The final concentration 

of each antimicrobial drug in the milk fed to DR calves was calculated to be: 0.01 µg/ml of 

ampicillin sodium, 0.1 µg/ml of ceftiofur sodium, 0.005 µg/ml of penicillin G sodium, and 0.3 

µg/ml of oxytetracycline hydrochloride. Because limited information is currently available on 

the impacts of waste milk on selection of resistance, drugs were pooled in the milk (instead of 

tested individually) to simulate what is expected to be observed on dairy farms. Milk fed to NR 

calves was also stirred for 1 minute at approximately 400 RPM prior to feeding, but without the 

addition of any antimicrobial and by using clean dedicated equipment to avoid drug 

contamination from milk fed to DR calves. After each feeding, equipment was thoroughly 

cleaned separately by milk feeding treatment group using a dedicated brush and hot water, liquid 

soap, and sodium hypochlorite (The Clorox Co., Oakland, CA). The selection of drugs and the 

concentration added to the milk was based on an article published by our research group where 

we screened waste milk withheld for sale at dairy farms in central New York (Pereira et al., 

2014b). In that study the most prevalent drugs detected by LC-MS/MS were ceftiofur (mean ± 

SE concentration = 0.151 ± 0.042 μg/mL), penicillin G (mean ± SE concentration = 0.008 ± 

0.001 μg/mL), and ampicillin (mean ± SE concentration = 0.472 ± 0.43 μg/mL). In addition, one 

sample had detectable concentrations of oxytetracycline (0.01 μg/mL). Because of the high 

frequency use of this drug in dairy cattle, it was also added to the milk fed to DR calves (Zwald 

et al., 2004). Moreover, the tolerance and safe levels for drug residues in raw milk used for 

human consumption determined by the Federal Department of Agriculture (FDA) were also used 
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to determine at what concentration the selected antimicrobial drugs should be added to the milk. 

Raw milk used in the trial was screened daily for drug residues prior to its use in the 

study. Two commercial tests were used: New SNAP Beta-lactam Test Kit (IDEXX Laboratories 

Inc., Westbrook, ME) which detects penicillin (LOD= 0.005 ppm), ampicillin (LOD= 0.01), 

amoxicillin (LOD= 0.01 ppm), cephapirin (LOD= 0.02 ppm), and ceftiofur (LOD= 0.1 ppm) 

residues in raw milk; and SNAP Tetracycline Test Kit (IDEXX Laboratories Inc., Westbrook, 

ME) which detects tetracycline (LOD= 0.05 ppm), oxytetracycline (LOD= 0.05 ppm), and 

chlortetracycline (LOD= 0.1 ppm) residues in raw milk. During the entire trial all milk samples 

from the dairy farm tested negative for drug residues. 

Milk spiked with antimicrobial drugs fed to DR calves was screened weekly for drug 

residues using the New SNAP Beta-lactam Test Kit and the SNAP Tetracycline Test Kit. As 

expected, all spiked milk samples tested positive. There are no current commercial test kits for 

detecting drug residues in cow colostrum. Additionally the commercial kits available for milk are 

not appropriate for colostrum because the high fat percentage and viscosity of colostrum 

compared to milk can interfere in the results of the test. Therefore colostrum fed to calves was 

not screened for drug residues. However, colostrum fed to calves in both milk feeding treatments 

originated from one dairy farm where cows were under the same management. 

 

DNA extraction 

 

 DNA was extracted from fecal samples using the Mobio PowerSoil DNA isolation kit 

(MO BIO Laboratories) with slight modifications based on previously published protocols 

(Wesolowska-Andersen et al., 2014). Approximately 50g of feces was thawed at room 
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temperature and transferred to the bead-beating tube, which was heat treated at 65ºC for 10 

minutes and then 95ºC for 10 minutes. Bead-beating of the samples was performed for 5 minutes 

in a Mini-Beadbeater-8 (Biospec Products, Battersville, OK, USA). The remaining DNA 

extraction procedure followed the standard protocol supplied by the company.  

 

PCR amplification of the V4 hypervariable region of bacterial 16S rRNA genes 

 

The 16S rRNA gene was amplified by PCR from individual metagenomic DNA samples 

of feces using barcoded primers. For amplification of the V4 hypervariable region of the 

bacterial/archaeal 16S rRNA gene, primers 515F and 806R were used according to a previously 

described method optimized for the Illumina MiSeq platform (Caporaso et al., 2012). The earth 

microbiome project (http://www.earthmicrobiome.org/) was used to select 140 different 12-bp 

error-correcting Golay barcodes for the 16S rRNA PCR, as previously described (Gilbert et al., 

2010; Caporaso et al., 2012). The 5'-barcoded amplicons were generated in triplicate using 3µl 

DNA template, 1× GoTaq Green Master Mix (Promega, Madison, WI), 1 mM MgCl2, and 10 

µM of each primer. The PCR conditions for the 16S rRNA gene consisted of an initial 

denaturing step of 94°C for 3 min, followed by 35 cycles of 94°C for 45 s, 50°C for 1 min, and 

72°C for 90 s, and a final elongation step of 72°C for 10 min. Replicate amplicons were pooled 

and purified with a QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA), and visualized 

by electrophoresis through 1.2% (wt/vol) agarose gels stained with 0.5 mg/ml ethidium bromide 

before sequencing. Blank controls in which no DNA was added to the reaction were also 
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conducted. Purified amplicon DNA was quantified using the Quant-iT™ PicoGreen® dsDNA 

Assay Kit (Life Technologies Corporation, Carlsbad, CA, USA). 

 

Sequence library analysis and analysis of data 

 

Amplicon aliquots of fecal samples were standardized to the same concentration and then 

pooled into 2 different runs (one run with 139 samples and a second run with 71 samples) 

according to individual barcode primers for the 16S rRNA gene. Final equimolar libraries were 

sequenced using the MiSeq reagent kit v2 (300 cycles) on the MiSeq platform (Illumina, Inc., 

San Diego, CA, USA). The obtained 16S rRNA gene sequences were processed through the 

open source software pipeline Quantitative Insights Into Microbial Ecology (QIIME) version 

1.7.0-dev (Caporaso et al., 2010). Sequences were filtered for quality using established 

guidelines (Bokulich et al., 2013). Sequences were binned into Operational Taxonomic Units 

(OTUs) based on 97% identity using UCLUST (Edgar, 2010) against the Greengenes reference 

database (McDonald et al., 2012), May 2013 release. Low-abundance clusters were filtered and 

chimeric sequences were removed using USEARCH (Edgar, 2010). The representative 

sequences for each OTU were compared against the Greengenes database for taxonomy 

assignment, and only full-length, high-quality reads (-r=0) were used for analysis. Additionally, 

we generated a species-level OTU table using the MiSeq Reporter Metagenomics Workflow. 

The MiSeq Reporter classification is based on the Greengenes database 

(http://greengenes.lbl.gov/) and the output of this workflow is a classification of reads at multiple 

taxonomic levels: kingdom, phylum, class, order, family, and genus.  

Using the obtained OTU information, we evaluated each sample’s richness and diversity 
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using the Chao1 index and the Shannon index, respectively. To evaluate the effect of calf milk 

feeding treatment over time in weeks on the richness and diversity indexes, multivariate mixed 

logistic regression models were fitted to the data using the GLIMMIX procedure of SAS. The 

independent variables treatment group, time in weeks of sampling, and interactions were 

included in all models. The effect of animal identification nested within trial number was 

controlled in the models as a random effect. Least square means and standard error of the means 

for these indexes were obtained using the LSMEANS statement. 

 The relative abundance of different bacterial taxa in each sample was used as covariates 

in stepwise discriminant analysis models built in JMP Pro 11. In the discriminant analysis used 

in our study, taxa were removed in a stepwise manner until only variables with a P value <0.05 

were retained in the final model. Multiple discriminant analyses were conducted using the 

following variables as covariates: time in weeks of sampling by treatment group, treatment group 

by each week of sampling, and treatment group for all samples collected from calves after 

receiving the first feeding treatment (weeks 1 to 7). Canonical scores for these analyses were 

used to create graphical display of the results for taxon in the analyses. 

 Taxa that were retained after the stepwise manner discriminant analysis for treatment 

group by discriminating or not by each week of sampling were evaluated in JMP through a 

screening analysis using the false discovery rate (FDR) to correct for multiple comparisons. The 

FDR is an approach for multiple testing that aims at controlling the proportion of significant 

results that in fact are false rejections of the null hypothesis, minimizing type-1 statistical errors.  

Taxa with a significantly different relative frequency between treatment groups were selected for 

further analysis using a multivariate mixed logistic regression model in PROC GLIMMIX, as 

described above.  
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RESULTS 

 

Sequencing results, core microbiome description, and taxa prevalence 

 

Quality-filtered reads for 16S sequences yielded 18,613,793 sequences in total with a median 

length of 301 bases per read, and an average coverage of 88,637 sequences per sample. The 

mean number of operational taxonomic units (OTUs) per sample was 66,778 (95% C.I. = 62,382 

- 71,172) for NR samples and 63,750 (95% C.I. = 58,808 – 68,692) for DR samples.  

The six most common phyla for both treatment groups were: Firmicutes, Actinobacteria, 

Bacteroidetes, Proteobacteria, Verrucomicrobia, and Tenericutes. Although no significant 

difference in phyla relative abundance between treatment groups was observed (Figure 4.1), 

when the data of both treatment groups was combined, differences between weekly samples were 

observed (Figure 4.2). Of the top 4 phylum, Firmicutes, Bacteroidetes and Verrucomicrobia 

relative abundance tended to increase in abundance over time, while Proteobacteria tended to 

decrease in abundance over time. The phylum Actinobacteria had a significant increase in 

relative abundance from week 1 to week 2, and after week 3 it gradually decreased in abundance. 

Relative abundance of the most prevalent genera in fecal samples 

The relative abundance of the 20 most prevalent microbes at the genus level is depicted in 

Figure 4. 3. Of these microbes, the only one that was significantly different between treatment 

groups for at least one week in the linear regression analysis was Veillonella spp (P value = 

0.04), for which the prevalence and results from linear regression analysis are displayed on 

Figure 4.4. The results of the discriminant and linear regression analysis conducted on samples 

collected from calves after receiving the first feeding treatment (data combined from weeks 1 to 
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7) showed that the relative abundance of Clostridium spp. (NR = 0.008 and DR = 0.004 ; P value 

= 0.03) and Streptococcus spp. (NR = 0.02  and DR = 0.004 ; P value = 0.004) was significantly 

reduced in the DR samples when compared to NR samples. 

 

Figure 4.1 Average percentage of the 16 most prevalent phyla for each treatment group by 

week of sampling. Week 0 is the sample collected from calves at birth, prior to receiving any 

treatment. 
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Figure 4.2 Mean relative abundance for the 5 most common phyla for each sampling week. 

Error bars correspond to a 95% confidence interval. Different letters (a–c) between weeks 

within each graph indicate means that are statistically different (P < 0.05). Week 0 is the sample 

collected from calves at birth, prior to receiving any treatment. 
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 Figure 4.3 Average percentage of the 20 most prevalent genera for each treatment group 

by week of sampling. Week 0 is the sample collected from calves at birth, prior to receiving any 

treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Mean relative abundance of the genus Veillonella spp for each treatment group 

by week. Error bars correspond to a 95% confidence interval. * Weeks where mean relative 

abundance was significantly different between treatment groups. Week 0 is the sample collected 

from calves at birth, prior to receiving any treatment. 
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Discriminant analysis 

 

A discriminant analysis between treatment groups for all sampling weeks combined can be 

observed in Figure 4.5, and the Canonical 1 score (difference between DR and NR) can be seen 

in Figure 4.6. A discriminant analysis for the microbiota over time in weeks for each treatment 

group is shown in Figure 4.7. A discriminant analysis by treatment group for each week is 

depicted in Figure 4.8, and the Canonical 1 scores (difference between DR and NR) are 

displayed on Figure 4.9.  

 

Richness, diversity and similarity indexes 

 

Chao 1 richness index was not significantly different between treatment groups. When 

analyzed within each treatment group, richness index for samples from ND calves varied 

significantly for weeks 0 (birth), 1 and 4 (Figure 4.10). Shannon diversity index was not 

significantly different between treatment groups for any of the weekly samples. 
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Figure 4.5 Discriminant analyses of fecal sample microbiome by treatment group for all 

sampling weeks. Differences in the fecal microbial profiles for each treatment group (NR = blue 

dots, DR = red dots) are illustrated by Canonicals 1 and 2. 

 
 

 

 

Figure 4.6 Canonical score 1 for taxa that were found to be significant for the discriminant 

analysis displayed in Figure 4.5.  
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Figure 4.7 Discriminant analyses of fecal sample microbiome for each treatment group by 

week. Differences in the fecal microbial profiles for each sampling week (birth = red dots, week 

one = green dots, week two = blue dots, week three = orange dots, week four = light green dots, 

week five = purple dots, week six = yellow dots) are illustrated by Canonicals 1, 2 and 3.  
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Figure 4.8 Discriminant analysis for the differences in fecal microbiomes for samples 

collected from week 1 to 6 by treatment group. Bacteria genus relative abundance was used as 

covariates and treatment group as the categorical variable (NR = red dots , DR = blue dots).  
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Figure 4.9 Canonical scores for taxa that were found to be significant for the discriminant 

analysis displayed in Figure 4.8.  
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Figure 4.10. Bar graph illustrating the mean Chao richness index and Shannon diversity 

index for each treatment group by week. Error bars correspond to a 95% confidence interval. 

Different letters between sampling weeks indicate time points within each treatment group when 

means were statistically different. Week 0 is the sample collected from calves at birth, prior to 

receiving any treatment. 
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DISCUSSION 

 

    Our study focused on evaluating the effect of the ingestion of milk containing drugs 

residues on the fecal microbiota of preweaned dairy calves. The four drugs added to the milk of 

DR calves were present at the tolerance and safe levels limit for these drugs in raw milk, as 

established by the Federal Department of Agriculture (FDA). Tolerance levels for drugs are 

established by the FDA and are deemed as the concentration below which a substance, if present 

in a food, will have no harmful effects on the human consumers of the food product. From the 

210 fecal samples sequenced in our study, discriminant analysis showed that, except for pre-

treatment samples (collected at birth before any treatment was administered), calves fed milk 

with drug residues and calves fed milk without drug residues easily discriminated based on their 

microbial profile at the genus level for every week following treatment (Figure 4.8 & 4.9). This 

finding showed that consuming drug residues in the milk affected the composition of the 

microbial population in the feces. However, analysis comparing the abundance of individual taxa 

between NR and DR showed significant differences only for few genera, with no difference 

observed at the phylum, class, order and family levels. These results suggest that although drug 

residues can result in clear discriminant gut microbial communities, they do not result in 

disruption of taxonomic levels above the genus. This finding indicates that the selective impacts 

of drug residues present in the milk exert effects on the competition between microbes 

principally at the strain level, influencing the final balance between these microbial populations. 

Discriminant analyses conducted within each treatment group for weekly samples showed 

that between birth and week 2, calves fed milk without drug residues had a more differentiated 

microbial profile when compared to calves fed milk containing drug residues (Figure 7). This 
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indicates that drug residues can exert a selection pressure that impacts immature microbiomes 

that have none or very low resistance to colonization by foreign microbes, what resulted in an 

abrupt transition to a microbial profile that is most commonly found in older preweaned calves. 

Evidence for this can be observed by a significantly higher richness index at week 1 when 

compared to week 0 (birth) for calves in the NR group (Figure 4.10). For calves in DR group, 

richness index did not vary significantly between week 0 and week 1, or for any other weekly 

sampled.  

A main disturbance to the microbiota observed after therapeutic exposure to 

antimicrobials is substantial growth inhibition or death of microbes susceptible to the drug. One 

study conducted with human patients evaluated the effect of treatment with fluoroquinolones and 

β-lactams on the fecal microbiota (Panda et al., 2014). In that study they collected samples prior 

to and one week after treatment with these drugs, and observed that fluoroquinolones and β-

lactams significantly decreased microbial diversity by 25% and reduced the core phylogenetic 

microbiota from 29 to 12 taxa. Another study that examined the distal gut microbiota of three 

individuals over a 10 month span after treatment with ciprofloxacin (a fluoquinolone drug) 

observed that, although the gut microbiota composition stabilized by the end of the experiment, it 

was altered from its initial state, having an incomplete recovery to the initial state (Dethlefsen 

and Relman, 2011). In our study, exposure of the microbiota to sub-MIC of drugs did not seem 

to have a major effect on richness and diversity of the microbiota, with no significant differences 

observed between the microbiota of samples collected weekly from NR and DR calves (Figure 

3). After exposure of a microbe to drug concentrations above the minimum inhibitory 

concentration (MIC), such as treatment with therapeutic doses of antimicrobial drugs, microbial 

populations susceptible to the drug will usually be quickly and easily outcompeted by the 
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resistant microbes, even if they carry resistance genes that have a high fitness cost. The fitness 

cost of a resistance gene is typically measured by comparing the growth rate of isogenic 

microbes that differ only by the presence of a resistance gene, under culture conditions that do 

not contain the antimicrobial drug to which the gene confers resistance. Because of the fitness 

cost frequently associated with resistance to antimicrobial drugs used in medicine, after drug use 

is stopped and the selective advantage for the resistant microbes is removed, susceptible strains 

typically will out-compete resistant strains for most microbes. This process is called the classical 

window for selection of resistance. 

 Antimicrobial drugs fed in the milk of dairy calves were present a concentration many 

times below the MIC of important enteric bacteria. As an example, the concentration of 

tetracycline, ceftiofur, and ampicillin respectively in the milk of DR calves was 53, 80, and 3200 

times below the MIC breakpoint for resistant E. coli (CLSI, 2012). Although the disruption of 

the microbiota was not as severe as observed with exposure to drugs at or above the MIC, 

feeding drug residues in the milk clearly discriminated microbial populations between samples 

obtained from each treatment group (Figure 4.9). Contrary to the classical selective window 

discussed above, when microbes are exposed to sub-MICs of drugs the fitness cost of resistance 

genes is important not only after the exposure to drugs is stopped, but also during the time of 

exposure. This is due to the fact that sub-MICs of antimicrobials will not completely cripple or 

kill susceptible bacteria, but instead will only add a burden to their growth, resulting in a small 

advantage for microbes that carry resistance determinants that do not have a high fitness cost. 

This sub-MIC selection window is commonly called the minimum selective concentration 

(MSC), and is defined as the lowest concentration of an antimicrobial drug that still selects for a 

given resistance determinant (Sandegren, 2014). In other words, MSC is the lowest concentration 
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of a drug where carrying a resistance determinant can provide a competitive advantage for a 

resistant microbe when compared to an susceptible isogenic counterpart. Because of the critical 

importance of fitness cost under sub-MICs of antimicrobials, the presence of a resistance 

determinant will not always necessarily result in a lower MSC for the resistant bacteria. For 

example, in a study by Gullberg et al. (2011), antimicrobial sensitivity tests were conducted for 

ciprofloxacin using a pair of isogenic E. coli with either the mutation gyA(D87N) or gyA(S83L) 

(Gullberg et al., 2011). Although both these mutations select for resistance to ciprofloxacin, the 

MSC for E. coli with gyA(D87N) and gyA(S83L) was respectively 0.0025 ug/ml and 0.00001 

ug/ml. The explanation for this difference is that the fitness cost for the mutation gyA(D87N) is 

3%, while for gyA(S83L) it is 0.2%. Compared to the classical window for selection of 

resistance, the sub-MIC selection window has a much higher competitive environment, which 

results in different consequences from the exposure of microbes to these conditions.  

A major difference in the sub-MIC selective window is the potential for the selection of a 

sub-population of strains carrying resistance with low fitness cost that could contribute to their 

persistence after exposure to an antimicrobial drug ceases. Although the 16s rRNA sequencing 

used in this study is an effective tool to achieve a glimpse into the phylogenetic diversity of 

uncultured organisms, its lowest limit of detection is the genus. Moreover, these limitations must 

be recognized because the effect of sub-MICs of drugs on the microbiota may be occurring at 

lower taxa than genus (e.g. species and strain). Evidence for the hypothesis that sub-MICs of 

drugs affect taxa lower than genus can be found in a recent study conducted by our research 

group, where Escherichia coli was isolated from the same fecal samples used in this study, and 

treatment of calves with drug residues resulted in a significantly higher proportion of multidrug 

resistant E. coli when compared to calves being fed milk without addition of drug residues 
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(Pereira et al., 2014a).  

 Abundance of individual genus for all samples collected after calves received the first 

milk with drug residues (excluding sample collected at birth) revealed that calves receiving drug 

residues in the milk had significantly lower abundance of Gram-positive bacteria belonging to 

the Clostridium and Streptococcus genera when compared to calves receiving milk without drug 

residues. The antibacterial activity of the cocktail of antimicrobial drugs added to the milk of 

calves included 1 drug with a narrower activity spectrum covering mostly Gram-positive bacteria 

(penicillin) and three drugs having a wide range of activity (both Gram-positive and Gram-

negative bacteria). Of the drugs added to the milk, tetracycline and penicillin are used at sub-

MIC levels as a growth promoting antimicrobial (GPA) in the feed of cattle at concentrations 

respectively of 44 µg/ml and 0.5 µg/ml (Langford et al., 2003; Alexander et al., 2008). 

Moreover, the GPA concentrations of tetracycline and penicillin are respectively 146 and 100 

times above the concentration that these drugs were added to the milk of calves in the DR group. 

A study in swine evaluating the effect of feeding GPA showed that when pigs were fed GPA 

with chlortetracycline, sulfamethazine, and penicillin there was a significant reduction in the 

abundance of Streptococcus spp. (Allen et al., 2011). A study in broilers feeding GPA containing 

flavophospholipol (active primarily against Gram-positive bacteria) showed a significant 

reduction in the number of Clostridium perfringens excreted in the feces (Bolder et al., 1999). 

Furthermore, the lower abundance of Streptococcus spp. and Clostridium spp. when exposed to 

GPA drugs and residual concentration of drugs, as used in our study, suggest that these two 

bacteria are highly sensitive to the stress of exposure to sub-MICs and/or to environmental 

changes caused by sub-MICs. Further studies focusing on these specific bacteria would be 

needed to fully identify what factors are playing a role in the growth rate and death of these 
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bacteria. 

Gram-negative Veillonella was the only genus that significantly differed in abundance 

between treatment groups for individual weeks, with a lower prevalence in calves fed drug 

residues in the milk at week 1 (Figure 4). Veillonella spp. use lactic acid produced by other 

carbohydrate fermenting bacteria, such as Streptococcus and Lactobacillus, which mean 

abundance at week 1 was higher in ND samples than in DR samples (although not significantly 

different between treatment groups). Lack of nutrients for the growth of Veillonella bacteria is a 

potential cause for the lower abundance in DR calves. Another hypothesis is related to the 

findings of a study that profiled the gut microbiota of children with irritable bowel syndrome 

(IBS), a functional bowel disorder associated with low-grade inflammation in the mucosal 

compartment of the gut (Akiho et al., 2010; Rigsbee et al., 2012). A notable observation in their 

study was a significantly lower abundance of Veillonella spp. in the gut of IBS children when 

compared to healthy children. Although GPA has been used for many years in food animals, the 

exact mechanism for growth enhancement is not clearly understood. Among current hypotheses 

is that the beneficial effects of GPA in food animals result from inhibition of the production and 

excretion of catabolic mediators by intestinal inflammatory cells, reducing the expenditure of 

energy on inflammation (Niewold, 2007). Oxytetracycline, one of the drugs added to DR milk, is 

known to exhibit multiple significant anti-inflammatory actions, such as inhibition of 

chemotaxis, granuloma formation, and protease (Webster and Del Rosso, 2007). This anti-

inflammatory property would be specifically relevant for calves 1 to 2 weeks of age, when calves 

are known to be more vulnerable to gastro-intestinal pathogens that could induce inflammation 

in the gut (Smith, 2012). Based on these assumptions, feeding milk containing drug residues 

could potentially have similar anti-inflammatory outcomes as hypothesized for GPA, which 
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could affect the composition of the microbiota and explain the higher abundance of Veillonella in 

calves with higher occurrence of inflammation, as observed in children with IBS. 

   

CONCLUSION 

 

The current study used a controlled feeding trial to evaluate the effect of ingesting milk 

containing drug residues on the fecal microbiota. The microbiota of preweaned calves fed milk 

with drug residues easily discriminated at the genus level in their weekly microbial profile. 

Nevertheless, significant relative abundance differences between treatment groups were only 

observed at the genus level, but not at the phylum, class, order or family level. These results 

suggest that although drug residues can result in clear discriminant gut microbial communities, it 

does not result in disruption of taxonomic levels above the genus. Furthermore, future studies on 

the effect of drug residues on the microbiota should focus on evaluating the composition and 

function of the microbes and microbiota using methods that allow a more complete evaluation at 

and below the genus level. 
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ABSTRACT 

 

Group housing of preweaned dairy calves is a growing practice in the United States. The 

objective of this practice is to increase the average daily gain of calves in a healthy and humane 

environment while reducing labor requirements. However feeding protocols, commingling of 

calves, and occurrence of disease in different calf housing systems may affect the prevalence of 

antimicrobial drug resistant bacteria. This study evaluated the effect of a group pen housing 

system and individual pen housing system on antimicrobial resistance trends in fecal E. coli of 

preweaned dairy calves and on the prevalence of environmental Salmonella. Twelve farms from 

central NY participated in the study: 6 farms using individual pen housing system (IP), and 6 

farms using group pen housing system (GP). A maximum of three fecal E. coli isolates per calf 

was tested for susceptibility to 12 antimicrobial drugs using a Kirby-Bauer disk diffusion assay. 

Calves in GP had a significantly higher proportion of E. coli resistant to ciprofloxacin and 

nalidixic acid, while calves in IP had a significantly higher proportion of E. coli resistant to 

ampicillin, ceftiofur, gentamycin, streptomycin, and tetracycline. Calf housing system had an 

effect on resistance to individual antimicrobial drugs in E. coli, but there was no clear-cut 

advantage to either system with regard to overall resistance frequency. There was no outstanding 

difference in the richness and diversity of resistant phenotypes between the two calf housing 

systems. 
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INTRODUCTION 

 

According to the last inventory report released by the USDA in January 2011, there were 

more than 14 million calves in the United States, of which 650 thousand are estimated to be 

preweaned dairy calves (USDA, 2011). A growing practice on US dairies, especially in the 

Northeast, is housing calves in group pens ranging from 12 to 25 calves, and feeding free choice 

(ad libitum) acidified milk. Milk is acidified to a pH of 4.0-4.5 to preserve it by preventing 

bacteria and mold growth. This practice differs from the current conventional system where 

calves are housed in individual pens and fed predetermined amounts of milk or milk replacer for 

specific number of times during the day. The objective of group housing is to increase the 

average daily gain of calves in a healthy and humane environment while reducing labor 

requirements (Warnick et al., 1977; O'Driscoll et al., 2006; Bernal-Rigoli et al., 2012). One calf 

housing study reported that the time needed to manage a calf in an individual pen is 

approximately 10 minutes per calf per day, but the time committed to management of a calf 

raised in a group pen is less than 1 minute per calf per day (Kung et al., 1997). A potential 

disadvantage of group housing is that direct contact between calves in group pens could increase 

the risk of transmission of pathogens between calves and potentially the exchange of 

antimicrobial resistance.  

The effect of group penning on calf health is not clear and the practice remains 

controversial (Wells et al., 1997). Housing calves in group pens was observed by Linton et al. 

(1974) to result in a higher incidence of salmonellosis, with a 10.5% average incidence in calves 

housed in group pens compared to a 1.1% average incidence in calves housed in individual pens. 

Waltner-Toews et al. (1986) while studying dairy calf management, morbidity and mortality in 
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Ontario Holstein herds, observed that the direction of group penning effects on calf morbidity 

relative to individual pens was not consistent. They observed that the odds ratio of scours or 

pneumonia for calves housed either in group pens or individual pens was not significantly 

different, and that any effects appeared to be minimal. 

Commingling of calves, feeding protocols, and incidence of disease are a few differences 

between calves housed in group pens and calves housed in individual pens that could result in a 

distinct prevalence of antimicrobial drug resistance. The objective of this study was to evaluate 

the effects of these two calf housing systems - calves in individual pens fed milk or milk replacer 

two to three times a day and calves in group pens fed free choice acidified milk - on 

antimicrobial resistance trends in fecal E. coli and on the prevalence of environmental 

Salmonella. 

 

MATERIAL AND METHODS 

 

Inclusion Criteria for Farms 

 Farms were eligible for inclusion in the study if their calf housing system consisted of 

either: 1) housing calves in individual pens while feeding them milk or milk replacer (IP); or 2) 

housing calves in group pens while feeding them acidified milk ad libitum (GP). In addition, 

farms participating in the study could not add any antimicrobial drugs to the milk fed to 

preweaned calves. A total of 658 preweaned dairy calves were enrolled from 12 farms in central 

NY (Table 5.1). Herds were selected from a convenience sample of commercial dairy farms 

within a 3-h radius of Cornell University (Ithaca, NY). Dairy farms were located in the following 

counties in central New York State: Cayuga, Cortland, Onondaga, Ontario, Tompkins and 
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Wayne. Farmers were requested to answer a short questionnaire on calf management practices on 

the dairy.  

 

 

Table 5.1 Total number of calves, E. coli isolates, and average age of calves in the study by calf 

housing system.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer two to three 

times a day. 

2. Calves with ages between 0 to 14 days. 

3. Calves with ages between 15 to 35 days. 

4. Calves with ages between 35 to 65 days.  

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

 
 
 

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 three 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, Redmond, WA). The age groups were: 

Description 
No. 

calves 

No. E. coli 

isolates 

Mean age in 

days (min; max) 

IP1    

AG-12 92 275 8 (0;14) 

AG-23 128 379 26 (15; 35) 

AG-34 83 249 48 (36; 65) 

Total 303 903  

    

GP5    

AG-12 94 278 9 (1; 14) 

AG-23 129 383 28 (15; 35) 

AG-34 132 396 42 (37; 62) 

Total 355 1,057  

    

Overall Total 658 1960  
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1) 3 to 14 days of age (AGE-1); 2) 15 to 35 days of age (AGE-2); and 3) 36 to 65 days of age 

(AGE-3). All calves enrolled in the study were female. Environmental samples were collected 

from the pen floors and feeder nipples of group pens in GP farms, and the pen floor and hutches 

of calf pens in IP farms. Farm sampling was conducted from July to October 2012. 

Bacterial isolation, culture and identification 

Transport swabs with Amies medium were used to collect individual rectal fecal samples 

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. 

Up to three E. coli isolates were confirmed as E. coli and stored in Luria-Bertani broth 

containing 20% glycerol at −80°C, as previously described (Pereira et al., 2011). A total of 1960 

E. coli isolates were obtained from fecal swab cultures (Table 5.1).   

Standard bacteriologic culture methods were used to isolate Salmonella from environmental 

samples. Individual swab specimens from each sample were enriched in 10 mL of Tetrathionate 

broth (Difco, Detroit, MI) containing 0.2 mL of iodine solution; the mixture was incubated at 

42ºC for 18–24 h. After incubation, the sample-broth mixture was streaked onto Brilliant Green 

agar with novobiocin (Northeast Laboratory, Waterville, Maine) and Xylose Lysine Tergitol 4 

(XLT-4) selective media, and both plates were incubated at 37ºC for 18–24 h. Red colonies 

(lactose-nonfermenting bacteria) on Brilliant Green agar with novobiocin and black colonies 

(hydrogen sulfide–producing bacteria) on XLT-4 were inoculated into Kligler Iron Agar slants 

and incubated at 37ºC for 18–24 h. XLT-4 plates without suspected colonies were reincubated at 

37ºC for an additional 18–24 h before checking again for characteristic black colonies. If a 

Kligler Iron Agar slants exhibited the biochemical properties of Salmonella, the isolate was 

confirmed by slide agglutination using Salmonella O Antiserum Poly A-I &Vi (Becton 
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Dickinson and Company, Franklin Lakes, NJ). Confirmed Salmonella isolates were stored in 

Luria-Bertani broth containing 20% glycerol at -80ºC. Additionally one confirmed Salmonella 

isolate from each sample was sent to the National Veterinary Services Laboratories in Ames 

Iowa for serotyping.  

Antimicrobial susceptibility of E. coli and Salmonella isolates was tested for a modified 

National Antimicrobial Resistance Monitoring system panel (NARMS) of 12 antimicrobial 

drugs. The NARMS was established in 1996 by the Food and Drug Administration’s Center for 

Veterinary Medicine in collaboration with the Centers for Disease Control and Prevention (CDC) 

and the United States Department of Agriculture (USDA) in an effort to prospectively monitor 

the occurrence of antimicrobial resistance of zoonotic pathogens from human diagnostic 

specimens, retail meats, and food animals. The susceptibility testing test 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, 2008b; Hoelzer et al., 2011; Pereira et al., 2011). Internal quality control was performed 

by inclusion of E. coli ATCC 25922, 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. All susceptibility results of quality control strains complied with 

the quality control ranges. 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 
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adhering to the CLSI guidelines (CLSI, 2008a).  

 

Statistical analyses 

 

E. coli isolates were categorized as susceptible, intermediate, or resistant in accordance 

with CLSI guidelines as described above. The herd level effect from group housing system on 

the proportion of calves resistant to antimicrobial drugs was estimated using generalized linear 

models (GLMs). For this analysis a calf was considered positive for resistance if at least one of 

the E. coli classified as resistant. The herd level proportion of calves resistant to individual 

antimicrobial drugs was determined using PROC MEAN in SAS (SAS Institute Inc., Cary, NC). 

GLMs for each antimicrobial drug tested were created using PROC GLM in SAS.  For these 

herd-level analyses the dependent variable was the proportion of resistant calves per farm 

sampled and the independent variable was calf housing system (IP and GP). The assumption of 

normal distribution of residuals was analyzed using PROC UNIVARIATE in SAS and by 

visually evaluating the distribution plot of the residuals. Assumption of normal distribution of 

residuals was satisfied. 

To evaluate the effect of calf housing system on the odds of E. coli resistance, 

multivariable mixed logistic regression models were fitted to the data using the GLIMMIX 

procedure of SAS. The variables calf housing system (IP or GP) and age group (AG-1, AG-2 or 

AG-3) were included in all models as independent variables and the variable for individual 

identification of each calf (to account for clustering within calf) was nested within the herd 

variable and included in all models as a random effects. 

 Antimicrobial drug susceptibility phenotypes (ADSP) consisted of patterns of resistance 
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to the antimicrobial drugs, including a pansusceptible phenotype. Diversity and richness of 

ADSP at the pen and farm levels were estimated using the 9.1 version of the software EstimateS 

(Colwell, 2013). Pens represented by less than 6 E. coli isolates were considered inadequate for 

this analysis and a total of 4 pens (total of 17 E. coli isolates) from GP farms were excluded from 

this analysis. Richness was calculated using the Chao richness index and by using rarefaction 

curves which are produced by repeatedly sampling all of the collected species at random and 

computing the expected number of species as a function number of accumulated samples 

(MacGregor-Fors and Payton, 2013). Diversity was estimated using the Shannon diversity index. 

Rarefaction curves, Chao index and Shannon index were estimated by calf housing system type 

at the pen and herd level. To compare the richness, diversity and biotic similarity of 

antimicrobial susceptibility phenotypes at the pen level for IP farms mock group pens were 

created. This was done by the following steps: 1) an IP farm was matched to a GP farm by total 

number of lactating cows; 2) at the farm level, GP pens were ordered according to the average 

calf age in days in each pen and the proportion of total sampled calves present in each pen was 

determined; 3) at the farm level, all calves sampled for each IP farm were ordered by age in days 

and distributed in the same number of pens present in the matched GP farm following the same 

proportion of total sampled calves present in each pen using the age in days range as a guide.  

E. coli ADSP similarities between pairs of calves were assessed using the Sorensen and 

Jaccard incidence-based similarity indices. The Jaccard index compares the number of shared 

species to the total number of species in the combined assemblages, whereas the Sorensen index 

compares the number of shared species to the mean number of species in a single assemblage 

(Gotelli and Chao, 2013). Additionally, the Chao-Sorensen abundance-based similarity index 

was used to measure E. coli ADSP similarity. Similarity indices were calculated at the pen and 
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farm level using the software EstimateS (Colwell, 2013). Both the incidence-based and 

abundance-based similarity indices range from 0 to 1, with 0 indicating that no susceptibility 

phenotypes are shared between a pair of calves and 1 indicating complete identity (all the 

susceptibility phenotypes present in calf 1 were also present in calf 2 and vice versa). The 

similarity indices are shown as a percentage in the results by multiplying the index by 100. 

Descriptive analysis of E. coli resistance phenotypes and environmental samples cultured 

for Salmonella was conducted using PROC FREQ in SAS. In this study multidrug resistance was 

defined as having resistance to ≥3 antimicrobial agents. For all statistical models and tests, 

variables were considered significant when a P≤ 0.05 was observed. 

 

 

RESULTS 

 

Descriptive data 

 

A total of 12 farms participated in this study, with 6 farms using GP housing system for 

calves and 6 farms using IP housing system for calves. The number of calves in a group pen at 

GP farms ranged from to 6 to10 calves for two farms, 15 to 20 calves for two farms, and 20-26 

calves for two farms. For all GP farms calves were added to a group pen according to birth order 

until the desired number of calves for the pen was reached. For both GP and IP farms, one farm 

had less than 200 lactating cows, two farms had 500 to 1000 lactating cows and three farms had 

more than 1000 lactating dairy cows. The total number of calves and E. coli isolates, and the 

average age of calves in the study by calf housing system are shown in Table 5.1. The two most 
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commonly reported antimicrobial drugs used for calves in the group housing system were 

enrofloxacin (Bayer Animal Health, Shawnee Mission, KS) and tulathromycin (Draxxin 

Injectable Solution, Pfizer Animal Health). Information on the two most common antimicrobial 

drugs used on farms with individual housing systems was available for 3 of 6 farms and were 

ceftiofur (Excenel RTU, Pfizer Animal Health, New York, NY) and penicillin G. 

 

Antimicrobial Resistance in E. coli isolates 

 

 At the herd level, calf housing systems did not have a significant effect on the proportion 

of antimicrobial resistance (Table 5.2). At the calf level, IP farms had a significantly greater 

number of resistant isolates per calf compared to GP farms for one or more age groups for 

ampicillin, ceftiofur, gentamicin, streptomycin, and tetracyline (Table 5.3). GP farms had a 

significantly greater number of resistant isolates per calf compared to IP farms for ciprofloxacin 

(P ≤ 0.0001) and nalidixic acid (P= 0.001) (Table 5.3). No significant difference between the 

numbers of resistant isolates per calf for calf housing systems by age group was observed for any 

of the antimicrobials tested.  

 

Distribution of E. coli Antimicrobial Susceptibility Phenotypes  

 

Of the 903 E. coli isolates from IP calves, 11.7% were pansusceptible and 75.5% were 

multidrug resistant. Of the 1,057 isolates from GP calves, 18.2% were pansusceptible and 69.1% 

were multidrug resistant. The most common multidrug resistant phenotype observed in IP 

isolates was ampicillin-cefoxitin-ceftiofur-streptomycin-tetracycline (5.4%), while for GP 
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isolates chloramphenicol-streptomycin-tetracycline (7.3%) was the most common (Table 5.4). 

 

 

Table 5.2 Herd-level effect of calf housing system on the proportion of antimicrobial resistant E. 

coli.  

Antimicrobial 

Agent 

PR* 

P-value IP1 
(n=6) GP2 

(n=6) 
    

Ampicillin 80.0 72.6 0.43 

Cefoxitin 48.9 59.1 0.73 

Ceftiofur 29.6 25.1 0.85 

Ceftriaxone 8.0   4.0 0.43 

Chloraphenicol 42.6 45.7 0.75 

Ciprofloxacin 1.8   9.0 0.16 

Gentamicin 21.2  5.8 0.73 

Nalidixic acid 2.5 10.3 0.12 

Neomycin 53.3 46.9 0.69 

Streptomycin 83.1 72.9 0.18 

Tetracycline 87.2 79.1 0.24 

TMS
**

 45.4 54.3 0.49 
 
1. Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer two to three 

times a day. 

2. Calves housed in group pens with 3 to 25 calves being fed free choice acidified milk. 

*Proportion of calves with resistant E. coli isolates by calf housing system (IP or GP).  

**Trimethoprim sulfamethoxazole 

 

 

. 
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Table 5.3 Effect to calf housing management (IP or GP) and calf age group (AG-1, AG-2 or AG-3) on E. coli resistance while controlling for the 

random effect of herd and calf. 
 

 

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

2. Calves housed in group pens with 3 to 25 calves being fed free choice acidified milk. 

3. Odds ratio for resistance in IP when compared to GP. 

4. P-value for calf housing management (IP or GP). 

5. Age group with a range between 0 to 14 days old (AG-1). 

6. Age group with a range between 15 to 35 days old (AG-2). 

7. Age group with a range between 36 to 65 days old (AG-3). 

8. Odds ratio for resistance in AG-1 when compared to AG-3. 

9. Odds ratio for resistance in AG-2 when compared to AG-3. 

10. P-value for age group (AG-1, AG-2 and AG-3). 

* Trimethoprim Sulfamethoxazole 

 

 

Antimicrobial 

agent 

Resistance,

% 

 Odds Ratio, 95% C.I.  Resistance, %  Odds Ratio, 95% C.I. 

IP
1
 GP

2
  IP vs GP

3
 P-value

4
 

 
AG-1

5
  AG-2

6
  AG-3

7
  

 
AG-1 vs AG-3

8
 

AG-2 vs AG-

3
9
 

P-

value
10

 

Ampicillin 72 59  7.0 (3; 18) <0.0001  68 65 61    2  (0.8; 7) 1.0   (1; 10) 0.06 

Cefoxitin 46 47  0.7 (0.3; 1) 0.4  52 43 45  2.0 (0.9;6) 1... (0.5; 3) 0.14 

Ceftiofur 33 27  2.0 (1; 5) 0.02  29 35 25  2.0 (0.8; 5) 4.0    (2; 10) 0.004 

Ceftriaxone 10 5  2.0 (0.8; 7) 0.1  5 10 6  0.9 (0.4; 2) 0.8 (0.3; 2) 0.7 

Chloraphenicol 36 35  1.0 (0.6; 2) 0.8  34 35 37  0.6  (0.3; 1) 0.7 (0.3; 2) 0.8 

Ciprofloxacin 1 6  0.2 (0.1; 0.4) <0.0001  0.3 4 7  0.1 (0.02; 0.2) 0.6 (0.3; 1) <0.0001 

Gentamicin 16 4  5.0 (1; 19) 0.03  7 8 12  0.5 (0.1; 2)    0.7 (0.1; 3) 0.7 

Nalidixic acid 1 7  0.3 (0.1; 0.6) 0.001  0.5 4 9  0.1 (0.03; 0.3)    0.5   (0.2; 1) 0.006 

Neomycin 32 32  1.0 (0.8; 1) 0.6  42 29 26  2.0 (2; 3) 1.0 (0.9; 1) <0.0001 

Streptomycin 70 58  4.0 (2; 7) <0.0001  67 59 65  1.0 (0.5; 2) 0.5 (0.2; 1) 0.14 

Tetracycline 77 70  2.0 (1; 5) 0.04  79 70 72  2.0 (0.8; 6) 0.6 (0.2; 1) 0.02 

TMS6   33 37  0.6 (0.3; 1) 0.1  49 30 30  8.0 (3; 19) 1.0 (0.5; 2) <0.0001 
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Table 5.4 Most common multidrug-resistant phenotypes among 1960 E. coli from calves by 

calf housing system. 

 

Resistant phenotypes 
No. of 

isolates 

% of 

isolates 

IP (n= 903)1     

   AMP-FOX-TIO-STR-TET 49 5.4 

   AMP-FOX-CHL-STR -TET 45 4.9 

   AMP-FOX-CHL-GEN-STR-TET 31 3.4 

   Pansusceptible 106 11.7 

GP (n= 1057) 2     

   CHL-STR-TET 78 7.3 

   AMP-FOX-TIO-NEO-STR-TET-COT 59 5.6 

   AMP-FOX-CHL-NEO-STR-TET-COT 42 4.0 

   Pansusceptible 193 18.2 
 

AMP, Ampicillin; FOX, cefoxitin; TIO, ceftiofur; CHL, chloraphenicol; GEN, gentamicin; NEO, neomycin; STR, 

streptomycin; COT, trimethoprim sulfamethoxazole; TET, tetracycline. 

1. Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer two to three 

times a day. 

2. Calves housed in group pens with 3 to 25 calves being fed free choice acidified milk. 

 
 

 

  Figure 5.1 shows the rarefaction curves where isolates were clustered by pen and by 

farm for IP and GP. The mean Chao richness index for E. coli ADSP was 11.5 and 29.3 for 

IP isolates (n=903) and 10.1 and 29.7 for GP isolates (n=1040) at the pen level and at the 

farm level respectively (Table 5.5). The mean Shannon diversity index for E. coli ADSP at 

the pen level and at the farm level were 1.6 and 2.4 for IP isolates (n=903) and 1.5 and 2.3 for 

GP isolates (n=1040) (Table 5.5). 

 Within each calf housing system both incidence-based (Jaccard and Sorensen) and 

abundance-based (Chao-Sorensen) similarity indices for E. coli ADSP were higher between 

pairs of calves at the pen level compared to the farm level (Table 5.5).  When similarity 

indexes were compared between calf housing systems, both incidence-based and abundance-

based similarity indexes calculated either at the pen or farm level were slightly higher for GP 

(Table 5.5). 
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Distribution of Environmental Salmonella Serovars 

 

 Among the 122 environmental samples, 36% were positive for Salmonella. Of these, 

25 Salmonella isolates were from IP farms and 19 Salmonella isolates were from GP farms. 

The Salmonella serovars identified in IP isolates were Cerro (n=23) and Liverpool (n=2), 

while for GP isolates Cerro (n=11) and Newport (n=8) were observed (Table 5.6). All 

Salmonella isolates from IP farms and all Cerro isolates were pansusceptible. Eight Newport 

isolates had the same multidrug resistant phenotype ampicillin-cefoxitin-ceftiofur-

chloramphenicol-neomycin-streptomycin-tetracycline and belonged to a single GP farm.  

 

Figure 5.1 Rarefaction curves for the number of E. coli antimicrobial drug susceptibility 

phenotypes. Shaded area corresponds to a 95% confidence interval. 

 

 
 

1. Calves housed in group pens with 3 to 25 calves being fed free choice acidified milk. 

2. Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer two to three 

times a day. 
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Table 5.5 Mean richness, diversity and biotic similarity of E. coli antimicrobial drug 

susceptibility phenotypes. 

 

Description 

 

IP1
  (n=903 isolates)   GP2 

(n=1040 isolates) 

Pen3 
 

(n=29 pens) 

Farm4  
(n=6 farms) 

 Pen3 
 (n=29 pens) 

Farm4  
 (n=6 farms) 

Richness           

 Chao index 11.5 (3.7; 

19.3) 

29.3 (8.5; 

55.1) 

 10.1 (5.5; 

13.4) 

29.7 (16.8; 

43.0) 
       

Diversity      

 Shannon index 1.6 (1.0; 2.0) 2.45 (1.5; 3.1)  1.5 (1.1; 1.8) 2.36 (1.9; 2.8) 
       

Similarity5      

 Shared* 33% (3; 80) 29% (11; 65)  37% (6; 73) 31% (13; 54) 

 Jaccard index 13% (2; 53) 11% (4; 27)  15% (2; 30) 12% (5; 20) 

 Sorensen index 17% (2; 57) 16% (6; 36)  21% (3; 39) 17% (6; 27) 

 Chao-Sorensen index 19% (3; 53) 16% (6;  34)  22% (4; 44) 18% (7; 30) 

 

1. Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer two to three 

times a day  

2. Calves housed in group pens with 3 to 25 calves being fed free choice acidified milk. 

3. Mean richness, diversity and similarity index estimated between calves within pens. In parenthesis are the minimum and 

maximum mean values at the farm level.  

4. Mean richness, diversity and similarity index estimated between calves within farms. In parenthesis are the minimum and 

maximum mean values at the farm level.  

5. Similarity was calculated by comparing E. coli antimicrobial drug susceptibility phenotypes between pairs of calves. 

Indices are shown as a similarity percentage. 

*Mean percent of resistance phenotypes shared by a pair of calves. 

 

 
Table 5.6 Salmonella serotypes by calf housing system, source, and farm for 44 

environmental Salmonella isolates.  

 

Serovar 

No. of Salmonella 

from environment 
% 

Salmonella 

by samples
3
 

%  

Salmonella 

by farms
4
 Pen floor

1
 Nipple

2
 

IP
5 

(n= 25)  25 - 41% (25/61)   83% (5/6) 

  Cerro 23 - 38% (23/61) 66% (4/6) 

  Liverpool 2 - 3%   (2/61) 16% (1/6) 

         

GP
6 

(n=19)  15  4 31% (19/61) 33% (2/6) 

  Cerro 7 4 18% (11/61) 33% (2/6) 

  Newport 8 0 13%   (8/61) 16% (1/6) 
 

1. Salmonella isolates cultured from environmental samples of calf housing pen floors. A maximum of one isolate was 

cultured per sample. 

2. Salmonella isolates cultured from environmental samples of nipples used for ad libitum feeding of GP calves.  

3. Percent of environmental samples culture positive for Salmonella. 

4. Percent of farms with at least one environmental sample culture positive for the specified Salmonella serovar. 

5. Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer two to three 

times a day  

6. Calves housed in group pens with 3 to 25 calves being fed free choice acidified milk.  
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DISCUSSION 

 

Antimicrobial Resistance in E. coli Isolates 

 

 GP calves had a higher prevalence of resistance to antimicrobials belonging to the 

quinolone class than did IP calves, with 0.2 and a 0.3 odds for resistance in IP compared to 

GP for ciprofloxacin (P ≤ 0.0001) and nalidixic acid (P =0.001) (Table 5.3). E. coli from calf 

feces typically are not resistant to ciprofloxacin and nalidixic acid and this resistance is an 

uncommon finding as reported in other calf studies (Gow et al., 2008; Pereira et al., 2011). 

However a recent study that inclusively screened calf E. coli  isolates received by the Cornell 

University Animal Health Diagnostic Center (AHDC) from 2004 to 2011 observed that 

resistance to enrofloxacin has increased from 1.0% (6/574) in 2004 to 8.1% (15/185) in 2011 

(Cummings et al., 2014). The observed higher prevalence of resistance to quinolone drugs is 

a major area of concern because they are regarded as critically important antimicrobial agents 

for human medicine according to the World Health Organization (WHO) (Collignon et al., 

2009). Resistance to quinolones can limit therapy options in humans with invasive diseases 

due to Salmonella species, Campylobacter species, and multidrug-resistant Shigella species 

(Collignon et al., 2009).  

The health effects of housing calves in group pens under field conditions are not clear 

and the practice remains controversial (Wells et al., 1997; Lorenz et al., 2011). Many study 

reports agree that overall, calves housed in group pens tend to have a higher occurrence of 

respiratory disease compared to calves housed in individual pens (Hanekamp et al., 1994; 

Gulliksen et al., 2009). A study by Svensson et al. (2003) observed that calves younger than 

90 days old housed in group pens with 6-30 calves had a 2.2 odds ratio for incidence of 

respiratory disease compared to calves housed in single pens (P= 0.019) . However in this 
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same study calves housed in group pens with 3-8 calves had a 0.93 odds ratio of respiratory 

disease compared to calves housed in individual pens (P= 0.019). A later study focusing on 

the effect of group pen size on health reconfirmed that the risk of respiratory disease can be 

reduced by reducing the number of calves in a group pen (Svensson and Liberg, 2006). The 

most common range of calves per group pen in our study was 15-20 calves, which may have 

resulted in a higher medication rate of GP calves with antimicrobial drugs used for treatment 

of BRD.  Furthermore, Baytril (Bayer Animal Health, Shawnee Mission, KS) is the only 

quinolone drug currently approved for use in commercial dairy cattle in the United States. 

This is an enrofloxacin drug approved for use in non-lactating dairy cattle less than 20 

months of age for the treatment of bovine respiratory disease (BRD) and for the control of 

BRD in animals at high risk of developing BRD associated with Mannheimia haemolytica, 

Pasteurella multocida, Histophilus somni and Mycoplasma bovis. A higher occurrence of 

pneumonia in GP calves followed or preceded by the use of enrofloxacin could potentially be 

the cause for the observed higher prevalence of resistance to quinolone drugs in GP calves 

when compared to IP calves. This is in accordance with the descriptive data where one of the 

two most common drugs used on the GP farms was enrofloxacin (Baytril). However more 

information on individual animal treatment would be necessary to confirm this hypothesis. 

Calves from IP presented a significantly higher proportion of E. coli resistant to 

ampicillin, ceftiofur, streptomycin, and tetracycline compared to GP group. Reports have 

showed a tendency for higher incidence of diarrhea in calves housed in individual pens 

compared to those housed in group pens being fed milk manually or using an ad libitum 

automatic milk-feeding (Hänninen et al., 2003; Svensson et al., 2003). Svensson et al. (2003) 

suggested that this could be occurring because calves in group pens better meet their social 

and emotional needs and drink their milk in a more natural way (Svensson et al., 2003). This 

may be relevant to the selection of resistance in IP calves because diarrhea in calves has 
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previously been associated with identification of antimicrobial drug resistance (Orden et al., 

2000; Kaneene et al., 2009). A study by Verdier et al. (2012) evaluated the relationship 

between occurrence of diarrhea and prevalence of antimicrobial resistance in fecal E. coli. In 

their study E. coli was isolated from fecal samples of pairs of calves where one calf was 

diagnosed with diarrhea and one calf was diagnosed as healthy. Their study only sampled 

calves not treated with antimicrobial drugs within two weeks prior to sampling. They 

observed a higher prevalence of isolates resistant to ampicillin, tetracycline, streptomycin, 

and sulfonamide (P≤ 0.05) in calves with diarrhea when compared to healthy calves. The 

selection of resistance found in diarrheic calves could be due to linkage between virulence 

genes and resistance genes in E. coli causing diarrhea in calves (Martinez and Baquero, 

2002). In the Verdier et al. (2012) study, phenotypic resistance to one or more antimicrobial 

drugs was associated with the presence of three E. coli virulence genes. The administration of 

broad-spectrum β-lactams such as ampicillin (e.g. Polyflex
®
, Boehringer Ingelheim 

Vetmedica, St. Joseph, MO, USA) and ceftiofur (e.g. Excenel RTU
®
, Pfizer Animal Health, 

Exton, Pennsylvania) to treat diarrhea in calves could also be a factor in the selection of 

resistance to antimicrobial drugs in IP calves (Constable, 2004). The fact that the two most 

commonly used antimicrobials on IP farms were β-lactams (ceftiofur and penicillin G) 

corroborates the hypothesis that more animals may have been treated for diarrhea on IP 

farms, and that selection for resistance to β-lactams could have also occurred because of the 

therapeutic use of these drugs. 

To our knowledge the higher proportion of resistance to gentamicin observed in IP 

isolates has not been previously related to diarrhea in calves. However, a study by Ahmed et 

al. (2009) identified class 1 integrons in up to 10.4% of E. coli isolates from calves with 

diarrhea. Integrons are mobile DNA elements capable of encoding multiple resistance genes 

at once (Gillings et al., 2008). Furthermore diarrhea could have resulted in the selection of E. 
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coli carrying class 1 integrons that resulted in co-selection of resistance to gentamicin. 

Moreover, characterization of class 1 integron-mediated antibiotic resistance among E. coli 

from calves has revealed the capability to integrate antimicrobial resistance genes to 

antimicrobial classes such as β-lactams and aminoglycosides (Du et al., 2005). Resistance to 

these antimicrobial classes was observed in higher prevalence in IP isolates compared to GP 

isolates, and could have resulted in co-selection of gentamicin. 

Dietary differences between IP and GP calves could also play a role in the selection 

advantage of resistant bacteria on IP farms. A study by Khachatryan et al. (2006) observed 

that feeding preweaned calves milk with an added non-medicated dietary supplement  

composed of nonfat dry milk and vitamins contributed to a significantly higher prevalence of 

fecal E. coli resistant  to streptomycin, sulfadiazine, and tetracycline (SSuT) when compared 

to calves fed milk without the addition of the supplement. The researchers’ hypothesis for 

this finding was that there may be a genetic linkage of the SSuT determinants to other genes 

that confer a selective advantage in the presence of the dietary supplement. The difference in 

the proportion of antimicrobial drug resistance between IP and GP calves may be related both 

to dissimilarities in the nutrients in acidified and non-acidified milk or milk replacer, and the 

volume and frequency of feed consumed. Acidification of milk has been shown to have little 

to no effect on milk nutrients commonly considered of major importance, such as fat and 

crude protein (Woodford et al., 1987; Hill et al., 2013). However it has been claimed that the 

lower pH of milk and frequency of meals of GP calves could diminish diurnal pH 

fluctuations in the abomasum, resulting in a lower pH in the digestive tract and reduction in 

the amount of pathogens (Hepola, 2003; Guler et al., 2006). Preweaned calves provided milk 

ad libitum have been shown to have more frequent meals (up to 7 meals a day) and more 

evenly distributed diurnal patterns of feeding activity compared with the restrictive feeding of 

milk twice a day (Miller-Cushon et al., 2013).  
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Independent of the calf housing system, a shift in the proportion of resistant isolates 

by age group was observed in the study (Table 5.3). The variance in antimicrobial drug 

resistance observed between calf housing systems at different age groups could be a 

consequence of changes in the microbiota due to different feeding protocols in IP and GP. A 

study by Berge et al. (2005) observed that calves 2 weeks of age were more likely to have 

multidrug resistant E. coli compared to calves 4 and 6 weeks old (OR = 29.8 and 16.4, 

respectively). Lack of a developed intestinal microflora in young calves could be a factor 

resulting in higher colonization of younger calves by resistant bacteria. A degree of 

protection against colonization by bacteria with a higher fitness cost, such as antimicrobial-

resistant bacteria and pathogenic enteric bacteria, may follow as the calves’ indigenous 

microflora matures and the enteric microbiota diversity increases, resulting in a decreased 

prevalence of resistant bacteria (Cummings et al., 2009; Oikonomou et al., 2013). Studies 

evaluating the impacts of feeding preweaned calves acidified milk and non-acidified milk on 

the composition of the gastro-intestinal microbiota are needed to test this assumption. 

 

Distribution of E. coli Antimicrobial Susceptibility Phenotypes  

 

Calves in GP presented a higher prevalence of multidrug resistant phenotypes than IP 

calves did as seen in Table 5.4. To observe if the accumulation of E. coli ADSP between calf 

housing system types clustered differently at the pen and farm levels, a rarefaction curve was 

used to visualize the richness of ADSP. Similar results for most rarefaction curves within GP 

pens and farms were observed with signs of reaching an asymptote earlier than in IP pens and 

farms (Figure 5.1). Rarefaction curves reach an asymptote faster when accumulation occurs 

with fewer numbers of isolates. Therefore when no new ADSP is added an asymptote should 

be reached (Gotelli and Colwell, 2001). The rarefaction curve indicates that GP isolates are 
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distributed in fewer ADSP, suggesting less richness of isolates. Because not all rarefaction 

curves reached an asymptote, ADSP richness was estimated using Chao’s asymptotic 

mathematical function (Magurran and McGill, 2011). A slightly lower and narrower range for 

the mean Chao richness index and Shannon diversity index calculated at the pen and farm 

level were observed for GP isolates compared to IP isolates. 

Moreover, mean similarity indices of E. coli ADSP between pairs of calves were 

higher between calves in GP than calves in IP (Table 5.5). A potential cause for these 

findings is that commingling of calves in group pens increases the exchange of bacteria and 

resistance genes between calves, resulting in a more homogenous distribution of E. coli 

ADSP between calves in GP. Although commingling may play a role in the distribution of E. 

coli ADSP, we did not observe a significant difference in richness, diversity and similarity 

indices between GP isolates and IP isolates, indicating that it probably is not the main factor 

in the spread of antimicrobial resistant commensal E. coli. 

 

Distribution of Environmental Salmonella Serovars 

 

S. enterica serovar Cerro was the most common serovar observed in farm 

environmental samples. This is in accordance with a recent study that reported Cerro as the 

most common serotype among 1174 dairy cattle isolates from dairy farms in the northeastern 

United States between 2004 and 2011 (Cummings et al., 2013).  More IP farms (83%) had at 

least one Salmonella colony isolated from environmental samples compared to GP farms 

(33%) (Table 5.6). An interesting finding among GP farms was the isolation of S. enterica 

serovar Cerro from the feeding nipples shared by calves. Although the role of S. enterica 

serovar Cerro in causing clinical illness among dairy cattle is still unclear, the isolation of 

Cerro from the feeding nipples represents a potential source for the dissemination of 
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pathogenic bacteria in a group pen, reinforcing the importance of frequent sanitation and 

replacement of feeding nipples on GP farms (Cummings et al., 2010).  

 

CONCLUSION 

 

 The calf housing system has an effect on resistance to individual antimicrobial drugs 

in E. coli, but no clear-cut advantage to either system with regard to overall resistance 

frequency was observed. Calves in GP had a significantly higher proportion of E. coli 

resistant to ciprofloxacin and nalidixic acid, while calves in IP had a significantly higher 

proportion of E. coli resistant to ampicillin, ceftiofur, gentamicin, streptomycin, and 

tetracycline. There was no outstanding difference in the richness and diversity of resistant 

phenotypes between the two calf housing systems. Salmonella Cerro was the most commonly 

isolated serotype in environmental samples from all farms. Salmonella was isolated from 

feeder nipples on GP farms, raising the importance of frequent sanitation and replacement of 

shared feeding nipples in group pens.  
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ABSTRACT 

 

Respiratory disease and diarrhea are the two 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 E. coli from rectal swabs of 

preweaned dairy calves. Eight farms from central NY participated in the study: three farms 

using individual pen housing management (IP), and five farms using group pen housing 

management (GP).  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 

nine 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 (P-value= 0.08). The median 

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

calves was 16 days (range: 1-39) and 12 days (range: 6-44), respectively. At the isolate level, 

treatment with enrofloxacin resulted in an odds ratio of 2 (95% CI: 1-4) and 3 (95% CI: 2-6), 

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

compared to 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 
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compared to 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 to no treatment with ceftiofur (73%). These findings 

reinforce the necessity for continued 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 secondly by pneumonia (USDA, 2008). According to the last National 

Animal Health Monitoring Survey (NAHMS) 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 two 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 non-

lactating dairy cattle less than 20 months of age for the treatment of bovine respiratory 

disease (BRD) associated with Mannheimia haemolytica, Pasteurella multocida, Histophilus 

somni and Mycoplasma bovis (FOI, 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 

(FDA) 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 BRD 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 
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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 

evaluate the effects of antimicrobial drug use on the prevalence of antimicrobial resistant E. 

coli from rectal swabs of preweaned dairy calves.  

   

MATERIAL 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 165 miles radius of Cornell University (Ithaca, NY). Farms 

housed calves in one of two housing systems: 1) in individual pens while feeding them milk 

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

(GP). Additionally 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 
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eligible farms were required to have antimicrobial drug treatment records of individual calves 

from birth to weaning for at least 6 months prior to the farm visit.  Five study farms housed 

calves using GP and three study farms housed calves using IP. A total of 479 preweaned 

dairy calves were enrolled from 8 farms in central NY (Table 6.1). 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.  

 

 

Table 6.1 Descriptive data for the total number of calves, fecal E. coli isolates, and average 

age of calves in the study by calf housing management and age group.  

 

Description 
Nº. 

calves 

Nº. E. coli 

isolates* 

Mean age in 

days**  

IP
1
    

AG-1
2
 37 132 10 (3; 14) 

AG-2
 3

 89 217 25 (15; 34) 

AG-3
 4

 38 137 49 (37; 65) 

Total 164 486  

    

GP
 5

    

AG-1 84 285 8 (1; 14) 

AG-2 120 321 25 (15; 35) 

AG-3 111 331 43 (37; 58) 

Total 315 937  

    

    

Overall Total 479 1,423  

 

1. Calves housed in individual pens without direct contact with neighboring calves and fed milk or milk replacer 

two to three times a day. 

2. Calves with ages between 0 to 14 days. 

3. Calves with ages between 15 to 35 days. 

4. Calves with ages between 36 to 65 days.  

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

* Number of E. coli isolates from rectal swabs. 

** Mean age in days with age range in parenthesis. 
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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 three 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, Redmond, 

WA). The age groups were: 1) 3 to 14 days of age (AGE-1); 2) 15 to 35 days of age (AGE-

2); and 3) 36 to 65 days 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 three 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 Maine), confirming E. coli 

characteristic 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 (NARMS) 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 nonsusceptible (Kronvall, 2003). 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). ECV can be used as the most sensitive measure to categorize 
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isolates as susceptible and nonsusceptible and measure the development of resistance (Simjee 

et al., 2008).  

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 No 1383913, US Patent No. 7,465,559). An advantage of using the NRI 

analysis is that it provides a formal method of overcoming situations where the distribution of 

zones obtained for nonsusceptible strains manifested low-level resistance (Smith et al., 2012). 

The NRI  utilizes  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 four-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).  

 

 Statistical analyses 

 

E. coli isolates were categorized as susceptible or nonsusceptible (intermediate or 

resistant) in accordance with the interpretive methods and breakpoints described above. This 
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binomial categorical variable was selected for use in the analysis ( instead of the 3 category 

CLSI classification) for two main reasons: to focus the analysis on the presence or not 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 two 

antimicrobial drugs (ceftiofur and ceftriaxone) where 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 6.2). 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 6.2).  

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 2-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 two steps 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 



 

195 

 

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

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

for the chi-square 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 2-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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Table 6.2 Distribution of antimicrobial drug use on individual calves as documented in farm 

records. Displayed by calf housing type and order of treatment after birth. 

 

Description 
IP

 1
 (164)   GP

 2
 (315) 

1st Tx
 3
 2nd Tx

 3
 3rd Tx

 3
   1st Tx

 3
  2nd Tx 

3
 3rd Tx 

3
 

        

Any Drug
4
 38% 

(63) 
18% 
(31) 

9%  (14)  
16% 

(55) 
6% (19) 1% (3) 

        

Distribution of antimicrobial drug use by treatment order:   
        

 β-lactam 79% 
(50) 

35% 

(11) 
7%   (1)  12% (7)   

  Penicillin G 17% (11) 6%     (2)      

  Ampicillin     12% (7)   

  Ceftiofur 62% (39) 29%   (9) 7%   (1)     

        

 

Fluoroquinolones 
3%   (2) 6%    (2) 21% (3)  

49% 
(27) 

47%  (9) 66% (2) 

   Enrofloxacin 3%   (2) 6%    (2) 21% (3)  49% (27) 47%  (9) 66% (2) 

        

 Macrolides 
11% (7) 

58% 

(18) 
43% (6)  

23% 
(13) 

53% (10)  

  Tulathromycin 11% (7) 55% (17) 36% (5)  23% (13) 53% (10)  

  Tylosin  3%     (1) 7%   (1)     

        

 Phenicols 9%   (6)      44% (1) 

   Florfenicol 9%   (6)      44% (1) 

        

 Tetracyclines     2%   (1)   

   Oxytetracycline     2%   (1)   

        

 Sulfonamide   30% (4)     

   Sulfamethazine   30% (4)     

        

Median Age Tx
 5

 
9 (0; 57) 12 (6;46) 19 (7;46)  20 (3;37) 

29 

(15;49) 
37 (32;43) 

        
 

1. Calves housed in individual pens while fed milk or milk replacer. Number of calves in parenthesis. 

2. Calves housed in group pens while fed acidified milk ad libitum. Number of calves in parenthesis.
 

3. Order of antimicrobial treatment (Tx) after birth.  

4. Percent of calves receiving any antimicrobial drug treatment.  

5. Median age in days of calves when treated with any antimicrobial drug, with lowest and highest values in 

parenthesis. 
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RESULTS 

 

Descriptive data 

Two GP farms and one IP farm kept calf antimicrobial treatment records using a 

notebook, and three GP farms and two IP farms kept records using a computer program. The 

number of lactating cows at farms ranged from 100-199 cows for one GP farm, 500-999 cows 

for two GP farms and one IP farms, 1000-3000 cows for one GP farms and two IP farms, and 

>3000 cows for one 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 6.1. 

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 6.1). 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. 
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Figure 6.1 Zone diameter histogram with susceptibility classification of E.coli according to 

CLSI clinical breakpoints. Reconstructed ideal population of susceptible strains shown as a 

line graph (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 can be considered nonsusceptible for comparative 

purposes. 

 

 
 

 
1. Nonsusceptible range for isolates set as 2.5 standard deviation limits bellow the mean of the reconstructed 

ideal population of susceptible strains. 
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Distribution of antimicrobial treatment of preweaned calves 

 

 The on-farm recorded use of antimicrobial drugs in calves is shown in Table 6.2. 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, while 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 days (range: 1-

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

sampling of calves was 12 days (range: 6-44 days). 

 

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-value <0.0001) and nalidixic acid (P-value <0.0001) (Table 6.3).  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 nonsusceptibility 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-value= 0.003) and nalidixic acid (P-value 

<0.0001; Table 6.4). Treatment of a calf at least once with ceftiofur resulted in a 0.5 odds 

ratio (P-value= 0.05; 95% CI 0.3-1) of identification of isolates nonsusceptible to neomycin, 
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and a 3 odds ratio (P-value= 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 associated with the nonsusceptibility of E. coli to ceftriaxone 

(P-value= 0.0002), neomycin (P-value< 0.0001), ciprofloxacin (P-value= 0.0003), and 

nalidixic acid (P-value<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 to 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 to 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 where at least one drug treatment variable had a P-

value < 0.10 are shown in Table 6.4. 
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Table 6.3 Calf level effect of antimicrobial drug treatment (Tx) on the number of 

nonsusceptible fecal E. coli cultured from a calf.  

1. Number of nonsusceptible fecal E. coli from a calf. 

2. Binomial variable for calf receiving at least one treatment with enrofloxacin or no treatment. 

3. Percent of calves with farm records with at least one treatment with enrofloxacin from birth to fecal sampling. 

Number of calves in parenthesis. 

4. Percent of calves with a farm record with no treatment with enrofloxacin from birth to fecal sampling. 

Number of calves in parenthesis. 

5. Odds ratio in case of three nonsusceptible isolates from a calf compared to zero nonsusceptible E. coli isolates 

(reference) when a calf received at least one antimicrobial treatment of enrofloxacin. The 95% confidence 

interval is in parenthesis. 

 

 

Antimicrobial 

 

 

Nº. 

Non-S
1
 

 Tx = Enrofloxacin
2
 

  Tx3, 

%  

(42) 

NoTx4, % 

(437) 

P-   

value OR5 

Nalidixic Acid 

 0  55 94 

<0.0001 

Ref. 

 1  2 4   

 2  5 1   

 3  38 1 41.0 (10;172) 

         

Ciprofloxacin 

 0  62 96 

<0.0001 

Ref. 

 1  3 2   

 2  4 1   

 3  31 0.5 92.0 (14; 613) 
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Table 6.4 Isolate level effect of antimicrobial treatment of calves on prevalence of nonsusceptible E. coli.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Categorical age group variable with animals grouped by age in days: 3 to 14 days (AGE-1), 15 to 35 days (AGE-2), and 36 to 65 days (AGE-3). 

2. Classification of isolate as susceptible (S) or nonsusceptible (Non-S) to the respective antimicrobial drug. 

3. Binomial variable for calf receiving at least one treatment with enrofloxacin or no treatment. 

4. Binomial variable for calf receiving at least one treatment with ceftiofur or no treatment 

5. E. coli from a calf with a farm record of treatment at least once with the referred antimicrobial drug from birth to rectal swab sampling. 

6. E. coli from a calf with a farm record showing no treatment with the referred antimicrobial drug from birth to rectal swab sampling. 

7. Odds ratio for isolation of a nonsusceptible E. coli in the drug treated group compared to the not treated group. The 95% confidence interval is in parenthesis. 

 

 

 

Antimicrobial

s 

 

 AGE
1
  

Class
2
 

 Tx = Enrofloxacin
3
  Tx = Ceftiofur

4
 

 P-  

value 

  Tx
5
, % 

(152) 

NoTx
6
, % 

(1271) 

  P-  

value 
OR

7
 

 Tx
5
, % 

(144) 

NoTx
6
, % 

(1279) 

  P-

value 
OR

7
 

Ceftriaxone 
 

0.0002 
 S  34 40 

     0.3 
  3 43 

0.08 
  

  Non-S  66 60 0.8 (0.5; 1)  97 57 3 (0.9; 12) 

                 

Neomycin 
 

<0.0001 
 S  65 68 

    0.7 
  62 68 

0.05 
  

  Non-S  35 32 0.9 (0.6; 1)  38   32 0.5 (0.3; 1) 

                 

Ciprofloxacin 
 

 0.0003 
 S  80 97 

0.005 
  98 95 

0.31 
  

  Non-S  20  3 2.0 (1.2; 4)  2    5 4 (0.3; 58) 

                 

Nalidixic 

Acid 

 
<0.0001 

 S  73 96 
<0.0001 

  94 94 
0.08 

  

  Non-S  27  4 3.0 (2; 6)  6   6 6 (0.8; 42) 
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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 three 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 6.5).  

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

and 97.3% were resistant to three 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 6.5). 
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Table 6.5 Ranking of the most common drug resistant phenotypes (DRP) among 1,423 E. coli 

by farm record treatment (Tx) with enrofloxacin or ceftiofur. 

 

Drug Resistant phenotypes (DRP) 
TX 

Rank
1
 

NoTX 

Rank
2
 

Tx
1
          

%, (n) 

 NoTx
2
            

%, (n)  

TX= Enrofloxacin
3
(Tx

1
=152 / 

NoTx
2
=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) 

          

TX = Ceftiofur
4
  (Tx

1
=144 / NoTx

2
=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) 

          
 

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. 

1. Ranking or percent of DRP for isolates from a calves with a farm record of receiving at least one treatment with 

the referred drug. Total number of isolates by corresponding antimicrobial drug treatment in parenthesis. 

2. Ranking or percent of DRP for isolates from a calf with a farm record showing no treatment with the referred 

drug.   

3. DRP for animals by farm record of treatment with enrofloxacin. Total number of isolates by antimicrobial drug 

treatment in parenthesis. 

4. DRP for animals by farm record of treatment with ceftiofur. Total number of isolates by antimicrobial drug 

treatment in parenthesis. 

* Absence of the mentioned DRP in E. coli for the referred group. 
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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 to calves not treated with enrofloxacin, treated animals 

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

14-613) for having three versus zero E. coli isolates nonsusceptible to nalidixic acid and 

ciprofloxacin, respectively (Table 6.3). Additionally, isolates from enrofloxacin-treated calves 

had a higher odds ratio for being nonsusceptible to fluoroquinolones (Table 6.4). These findings 

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

agents for human medicine according to the World Health Organization (WHO) (Collignon et 

al., 2009). Similar findings were observed in a study conducted in swine receiving a daily 

intramuscular injection of enrofloxacin for 14 days at a dose of 5mg/kg, where quinolone 

susceptibility of recolonizing fecal E. coli dropped dramatically compared to pre-treatment 

isolates (P-value< 0.0001) (Beraud et al., 2008). 

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

to 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, two enzymes 

that quinolones bind thus causing DNA replication fork progression arrest which results in 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), 
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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 minimum inhibitory 

concentration (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 7.5-12.5mg/kg as a single-dose therapy 

or 2.5-5 mg/kg as a multiple-day therapy repeating treatment every 24-hours for three days. 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 a 25 to 35% of the 

concentration of enrofloxacin in the blood (Kaartinen et al., 1995; McKellar et al., 1999). A 

study by Wiuuf et al. (2002) conducted in pigs administered a single intramuscular dose of 

enrofloxacin at 2.5mg/kg resulted in measurable concentrations of ciprofloxacin and 

enrofloxacin up to 6 hours 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 
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concentrations of free and active antimicrobial drugs reaching the enteric microbiota, the 

minimal inhibitory concentration (MIC) of bacterial populations, and barriers exerted in the 

colonic ecosystem. To our knowledge there is no current published data 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 Wiuuf 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 2-4 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 hours 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 Wiuuf et al. (2002), this non-lethal 

concentration of ciprofloxacin could still result in the selection of resistance to fluoroquinolones 

(CLSI, 2006). Studies have shown that exposure of bacteria to non-lethal concentrations of 

antimicrobial drugs, including fluoroquinolones, can enrich pre-existing resistant mutants with 

very small fitness 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 weeks of age (Berge et al., 2006). Commensal 

microbiota has been shown to protect the intestine from exogenous pathogens and antimicrobial  
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resistant species through microorganism-mediated direct inhibition and by enhancing host 

immunity in the intestines (Macpherson and Uhr, 2004; Stecher B, 2008; Chung et al., 2012; 

Lawley and Walker, 2013; Buffie and Pamer, 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-value= 0.08). A study treating 

calves with ceftiofur hydrochloride at therapeutic doses (2.2 mg/kg/day) for 5 consecutive days 

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

Salmonella species) for at least 17 days 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 
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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-value= 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 two to seven dates post-treatment, with a shift from >6 cfu/g pre-treatment to <4 

cfu/g two days 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 due to the high 

fitness cost that has been associated with many mechanisms of resistance to aminoglycosides 

(Kramer JR, 2013; Lioy et al., 2014). 

 

Distribution of E. coli Antimicrobial Resistant Phenotypes (DRP)  

 

 For calves treated with enrofloxacin, the most common DRP included resistance to 5 

drugs in the β-lactam, phenicol, aminoglycoside and tetracycline classes (Table 6.5). 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, 
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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 three 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 IncA/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 
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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 was respectively associated with 49% and 23% of E. coli 

isolates which were classified as intermediate using clinical breakpoints (Figure 6.1). A 

limitation of using ECV compared to clinical breakpoints is that isolate classification is limited 

to susceptible or nonsusceptible, and specific detection of clinical resistant isolates that would be 

of greater interested for everyday clinical laboratory work to advice on therapy in a patient, is not 

possible (Simjee et al., 2008).  
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CONCLUSION 

 

 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 to 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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ABSTRACT 

 

Although cattle movement and commingling play an important role in the inter-herd 

transmission of pathogens, little is known about the effect of commingling of heifers at raising 

operations. The objective of this study was to compare the resistance of E. coli and prevalence of 

Salmonella from pooled fecal pats of heifers raised off-farm at multi-source raisers (MULTI) 

that raised heifers from at least 2 farms compared with on-farm raisers (HOME), with heifers 

from only that farm. MULTI fecal pat samples were collected from pens with animals that had 

arrived at the farm within the previous 2 months (AP) and from animals departing the heifer 

raiser in 2 to 3 months (DP). Corresponding age sampling was conducted at HOME farms. Odds 

of ampicillin resistance were 3.0 times greater among E. coli collected from MULTI compared to 

HOME. E. coli from AP pens had significantly (P <0.05) higher odds of resistance to ampicillin, 

neomycin, streptomycin, and tetracycline compared to DP pens. Salmonella recovery was not 

significantly different between heifer-raising systems (P = 0.3). Heifer-raising system did not 

have a major overall impact on selection of resistant E. coli, which was strongly affected by the 

age of the animals sampled.  
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INTRODUCTION 

 

According to the 2013 report by the Centers for Disease Control and Prevention (CDC) 

on foodborne disease outbreaks in the Unites States, non-typhoidal Salmonella was responsible 

for more than half of multistate outbreaks and was the most common cause of outbreak-related 

hospitalization (CDC, 2013b).  Compared to susceptible strains, multi-drug resistant (MDR) 

Salmonella pose an increased threat to public health as observed in a 2011 multistate outbreak 

linked to ground beef involving 20 persons infected with Salmonella Typhimurium.  The 

outbreak strain was resistant to several commonly prescribed antibiotics, which was thought to 

account for the increased risk of hospitalization and possible treatment failure in infected 

individuals (CDC, 2012).   

In the CDC’s first report on antibiotic resistance threats released in 2013, drug-resistant 

non-typhoidal Salmonella was labeled with a serious threat level, requiring prompt and sustained 

actions to ensure that the problem does not increase (CDC, 2013a). As described in the report, 

costs related to Salmonella are expected to be higher for resistant than for susceptible infections, 

because resistant infections are more severe, and patients are more likely to be hospitalized, and 

have treatment failure. 

Cattle movement and commingling have been shown to have an important role in the 

inter-herd transmission of pathogens such as Salmonella (Jordan et al., 2008). A study by 

Adhikari et al. (2009) observed that the practice of raising heifers off-farm in situations where 

the heifers were commingled with cattle from other sources resulted in an 8.9 times higher risk 

for introduction of multidrug-resistant (MDR) Salmonella strains into the dairy herd (P= 0.001) 

(Adhikari et al., 2009). In this study, fecal samples were collected from the heifers after they 
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returned to the home farm, and thus the effect of commingling of animals at the heifer raiser on 

the selection of MDR Salmonella was not directly evaluated.  

Environmental survival of MDR Salmonella is a concern for the transmission of this 

pathogens among animals housed in the same environment (LeJeune et al., 2001). In one study 

evaluating the associations between cattle-level factors and environmental samples with the 

isolation of Salmonella from dairy farms in the United States, water troughs were among the 

environmental locations that had a higher chance of having Salmonella isolated (Fossler et al., 

2005). Sharing a same water trough may be an important source to increase the transmission of 

Salmonella between animals from different farms being commingled in a same pen. Commensal 

bacteria such as E. coli, even if not pathogenic, can represent a hazard to animal and human 

health because they may serve as reservoirs for antimicrobial resistance, disseminating resistance 

to pathogenic bacteria through the exchange of resistance genes (Marshall and Levy, 2011). 

Currently there is a lack of information on commingling of heifers at heifer raisers as a 

risk factor for dissemination of MDR Salmonella and E. coli. Most studies have focused on 

heifers after returning to the home dairy farm and therefore lack important information that could 

be learned if sampling was done at the raising facility itself. The objective of this study was to 

compare the resistance of E. coli and Salmonella, and the prevalence of Salmonella from fresh 

fecal pats of heifers raised off-farm at multi-source heifer raisers that raised heifers from at least 

2 farms vs. on-farm with heifers from only that farm. 
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MATERIAL AND METHODS 

 

Inclusion criteria for farms 

 

 Heifer raisers were eligible for inclusion in the study if they were either: 1) offsite multi-

source heifer raisers (MULTI) that raised heifers from at least 2 farms, or 2) on-farm heifer 

raisers (HOME) that raised heifers from only that farm. A total of 3 MULTI raisers and 3 

HOME raisers were enrolled in the study. Herds were selected from a convenience sample of 

commercial dairy farms within a 3-h radius of Cornell University (Ithaca, NY). All farmers 

answered a short questionnaire on heifer management practices on the farm.  

 

Study design and sample collection 

 

 Each MULTI and HOME raiser was visited 3 times at 2-3 month intervals over a period 

of 6-9 months. This was a cross-sectional repetitive sampling study design. MULTI and HOME 

farms were matched based on number of heifers. The same numbers of pooled fecal samples 

collected from animals that had arrived at the farm within the previous 2 months (AP) and from 

animals that would be departing the heifer raiser in 2–3 months (DP) during the first visit were 

also collected during the following farm visits. Pooled fecal samples consisted of ∼5 g of feces 

randomly collected from each of 3 freshly passed fecal pats from different corners of the pen 

floor. Sampling was conducted using the collection spoon provided in the cap of the Para-pak C 

& S vials (Meridian Bioscience, Inc., Cincinnati, OH). During each farm visit, half of the 

MULTI samples were collected from pens with animals that had arrived at the farm within the 
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previous 2 months (AP) and the other half from pens with animals that would be departing the 

heifer raiser in 2 to 3 months (DP). The average age of animals in pens sampled at MULTI 

raisers was used to select pens sampled at HOME raisers. Pooled fecal samples were collected 

from each age group (AP and DP), and a minimum of 3 pooled fecal pats and a maximum of 12 

pooled fecal pats were collected from each pen. The number of pens sampled per age group per 

farm visit ranged from 1 to 4 pens. The estimated samples size and number of samples collected 

for this study was of 434 pooled fecal samples, collected from 6 farms during 3 visits (α=0.05; 

SD= 0.1;  Power = 0.89). 

 Environmental samples were collected from pen floors using sterile drag swabs (four 4 ×

4-inch gauze sponges saturated in double-strength skim milk (Becton Dickinson and Company, 

Franklin Lakes, NJ). During each farm visit one environmental sample was collected from pens 

belonging to AP, and one environmental sample was collected from pens belonging to DP. 

Gauze sponges were pooled into one environmental sample per age group. 

 

Bacterial isolation, culture, and identification 

 

Each Para-pak vial containing the collected sample was streaked onto MacConkey agar 

plates and incubated overnight at 37°C. Two distinct E. coli colonies were collected and frozen 

at −80°C.  

Standard bacteriologic culture methods were used to isolate Salmonella from fecal pat 

samples and environmental samples.  Environmental drag swabs and a swab from each fecal pat 

sample vial were enriched in Tetrathionate broth (Difco, Detroit, MI) containing iodine solution; 

the mixture was incubated at 42ºC for 18–24 h. After incubation, the sample-broth mixture was 
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streaked onto Brilliant Green agar with novobiocin (Northeast Laboratory, Waterville, Maine) 

and Xylose Lysine Tergitol 4 (XLT-4) selective media, and both plates were incubated at 37ºC 

for 18–24 h. Red colonies (lactose-nonfermenting bacteria) on Brilliant Green agar with 

novobiocin and black colonies (hydrogen sulfide–producing bacteria) on XLT-4 were inoculated 

into Kligler Iron Agar slants and incubated at 37ºC for 18–24 h. XLT-4 plates without suspected 

colonies were reincubated at 37ºC for an additional 18–24 h before checking again for 

characteristic black colonies. If a Kligler Iron Agar slant exhibited the biochemical properties of 

Salmonella, the isolate was confirmed by slide agglutination using Salmonella O Antiserum Poly 

A-I &Vi (Becton Dickinson and Company, Franklin Lakes, NJ). Confirmed Salmonella isolates 

were stored in Luria-Bertani broth containing 20% glycerol at -80ºC. Additionally, select 

Salmonella isolate from each sample were sent to the National Veterinary Services Laboratories 

in Ames, Iowa for serotyping and confirmation of results from slide agglutination. 

Antimicrobial susceptibility of E. coli and Salmonella isolates was tested using a 

modified National Antimicrobial Resistance Monitoring System (NARMS) panel of 12 

antimicrobial drugs. Susceptibility testing test 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, 

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

isolate known to have the blaCMY-2 gene and to be resistant to 9 of the antimicrobial agents 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 
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μg, and trimethoprim-sulfamethoxazole 23.75/1.25 μg. Results of the disk diffusion test for the 

internal quality control strains were within the anticipated standards. Susceptibility of the isolates 

to antimicrobial drugs was categorized as susceptible, intermediate, or resistant (SIR) by 

measuring the inhibition zone according to interpretive criteria and breakpoints established by 

the CLSI guidelines [10]. 

 

Statistical analyses 

 

Descriptive analysis of the SIR distribution of E. coli and Salmonella isolates by 

antimicrobial drug for each heifer raising type was done using PROC FREQ in SAS (SAS 

Institute Inc., Cary, NC). Descriptive analysis of Salmonella positive sample distribution, E. coli 

resistance phenotypes, and the proportion of E. coli resistant to 3 or more antimicrobial drugs 

was also done using PROC FREQ. In this study, multidrug resistance was defined as having 

resistance to ≥3 antimicrobial agents.  

To evaluate the effects of heifer raiser type and age group on the odds of resistant E. coli 

per pooled fecal sample for each of the 12 antimicrobial agents tested and on the odds of 

Salmonella  recovery per pooled fecal pat, multivariable mixed logistic regression models were 

fitted to the data using the GLIMMIX procedure of SAS. The independent variables heifer raiser 

type, age group, and their interaction were included in all models. A continuous variable with the 

number of animals per pen was also included in the model as a fixed effect. This continuous 

variable was dropped from all the models because it was not significant and had a minimal effect 

on the parameter estimates of the other variables. The effects of farm visit and pen where fecal 

pats were collected, which was nested within herd, were controlled for in the models as random 
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effects. This statistical model was also used to evaluate the effects of heifer raiser and age group 

on the odds of multidrug resistant E. coli, where the only difference was that the dependent 

variable was the binary variable for classification of E. coli as resistant or not to 3 or more 

antimicrobial drugs. The goodness of fit of the models was assessed with the Hosmer & 

Lemeshow test using the LOGISTIC procedure of SAS. No model rejected the goodness of fit 

test. The COVTEST statement was used to test the variance of the random effect of pen nested 

within herds, and for all models the results indicated that this G-sided random effect should 

remain in the model. 

E. coli antimicrobial drug susceptibility phenotypes (ADSP) consisted of patterns of 

resistance to the antimicrobial drugs, including a pansusceptible phenotype describing isolates 

that were susceptible to the 12 antimicrobial agents screened for in this study. Diversity and 

richness of ADSP at the pen level were estimated using the 9.1 version of the software EstimateS 

(Colwell, 2013). Richness was calculated using the Chao index, and diversity was estimated 

using the Shannon index (MacGregor-Fors and Payton, 2013). Diversity is a measure that 

incorporates both the number of ADSP in an assemblage and a measure of their relative 

abundance. Richness is only a measure of the total number of ADSP in a sample, and therefore 

its value can be affected by sampling effort. Chao index and Shannon index were estimated by 

heifer raiser type and age group at the pen level. E. coli ADSP similarities between pairs of 

pooled fecal pats were assessed using the Jaccard index, which compares the number of shared 

species to the total number of species in the combined assemblages (Gotelli and Chao, 2013). 

Similarity indices were calculated at the pen level using the software EstimateS (Colwell, 2013). 

The similarity index ranges from 0 to 1, with 0 indicating that isolates from fecal pats from a pair 

of pens did not share any ADSP, and 1 indicating complete agreement of ADSP between isolates 
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from these two pens (all the ADSP present in pen 1 were also present in fecal pen 2 and vice 

versa). The similarity indices are shown as a percentage in the results by multiplying the index 

by 100. The main objective of the use of these ecological measuring indices was to estimate and 

identify similarities between the ADSP identified in sampled fecal pats at the pen level, 

comparing results within and between pens.  

To determine if there was a statistical difference between E. coli ADSP richness, 

diversity, and similarity indices by heifer type and by age group, generalized linear models were 

fitted to the data using the GLM procedure of SAS. For richness and diversity indices, the 

independent variables were the heifer raiser type, age group, and interactions. For the similarity 

index, the independent variable was either heifer raiser type or age group. This was done because 

the similarity index is a result of the comparson of two pens, calculated in this study by using 

one of two different grouping factors: heifer raiser type and age group. Two similarity datasets 

resulted from these two analysis.  For both linear models, the effect of herd was controlled for as 

a random effect. Adjusted means for each index were obtained using the LSMEANS statement. 

For all statistical models and tests, variables were considered significant when a p-value <0.05 

was observed.  

 

 

RESULTS 

 

Herd descriptive data 

 

Most heifers arrived at MULTI raisers between 3 and 5 months of age and remained on 
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the farm until 18 to 24 months of age. The number of animals per pen varied greatly within and 

between heifer raisers, ranging from 10 to 160 heifers per pen. The majority of heifers remained 

at MULTI raisers until 1 to 3 months prior to parturition. The approximate number of farms that 

sent heifers to the MULTI raisers A, B, and C was 14, 5, and 4, respectively. The approximate 

number of heifers at MULTI raisers A, B, and C was 3100, 1100, and 300, respectively. The 

approximate number of heifers at HOME raisers D, E, and F was 3000, 1361, and 200, 

respectively. The approximate age of heifers within AP where fecal pats were collected ranged 

from 3 to 6 months, while the approximate age of heifers within DP where fecal pats were 

collected ranged from 14 to 19 months. None of the MULTI farms quarantined animals arriving 

at the farm. 

Heifer raisers were located in the following counties in central New York: Cayuga (herd 

E), Ontario (herd A), Seneca (herd C), Schuyler (herd F), Steuben (herd B), and Tompkins (herd 

D). Because farms where selected based on their proximity to Cornell University, the 

applicability of the results from this study to other regions must be carefully taken into 

consideration. 

Farms participating in the study were asked questions about drug use on the farms. The 

most common antimicrobial drug used in MULTI farms was oxytetracycline for herds A and B, 

and tulathromycin for herd C. The most common antimicrobial drug used in HOME farms was 

oxytetracycline for herd E, and tulathromycin for herds D and F. None of the herd participating 

in the study had individual antimicrobial drug use records for heifers.  
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Antimicrobial resistance in E. coli isolates 

 

A total of 1296 fecal pats were collected, resulting in a total of 432 pooled fecal samples. 

At the pen level, the odds of E. coli resistance were significantly greater in MULTI compared to 

HOME for ampicillin only (P = 0.04) (Table 7.1). Odds of E. coli resistance to 3 or more 

antimicrobial drugs did not differ significantly by heifer raiser type (P = 0.2) (Table 7.2). Odds 

of E. coli resistance were significantly greater in AP pens compared to DP pens for ampicillin (P 

= 0.02), neomycin (P = 0.007), streptomycin (P = 0.01), and tetracycline (P < 0.001) (Table 

7.1). Odds of E. coli resistance to 3 or more antimicrobial drugs were significantly greater in AP 

pens compared to DP pens (P = 0.005) (Table 7.2). No significant difference was observed 

between the interaction term of type of heifer raiser and type of pen for any of the antimicrobial 

agents tested. 

 

Distribution of E. coli antimicrobial drug susceptibility phenotypes  

 

Of the 429 E. coli isolates from HOME pooled fecal pats, 75% were pansusceptible and 

5.6% were multidrug-resistant. Of the 429 isolates from MULTI pooled fecal pats, 64.3% were 

pansusceptible and 8.6% were multidrug-resistant. The most common resistance phenotype 

observed in E. coli was tetracycline for both HOME (10.7%) and MULTI isolates (16.7%). The 

ranking of the most common antimicrobial resistance phenotypes for each heifer raiser type by 

age group is shown in Table 7.3. 

The mean Chao richness index for E. coli ADSP was significantly different between 

heifer raiser types, with HOME isolates having a mean index of 3.7 (95% C.I. 1.8-5.6) and 
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MULTI isolates having a mean index of 7.7 (95% C.I. 5.6-10). The mean Shannon diversity 

index and the Jaccard similarity index were not significantly different between HOME and 

MULTI isolates (Table 7.4). The mean Shannon diversity index for E. coli ADSP was 

significantly different between age groups, with an index of 1.1 (95% C.I. 0.8-1.4) for AP 

isolates and an index of 0.5 (95% C.I. 0.2-0.8) for DP isolates. The mean Chao richness index 

and the Jaccard similarity index were not significantly different between AP and DP isolates 

(Table 7.4). 

 

Distribution of Salmonella serovars and their resistance phenotypes 

 

Among the 434 fecal pat samples collected, 39 (9%) were positive for Salmonella. Of 

these, 31 Salmonella isolates were from HOME and 8 Salmonella isolates were from MULTI. 

Most of the Salmonella isolated from fecal pats (36/39) belonged to the serovar Cerro. Of the 36 

environmental samples collected, 5 (14%) were positive for Salmonella. Of these, 3 Salmonella 

isolates were from HOME and 2 Salmonella isolates were from MULTI. All environmental 

Salmonella isolated during the study belonged to the serovar Cerro. Fecal and environmental 

Salmonella serovar distribution by heifer raiser type and age group is displayed in Table 7.5. No 

significant association was observed between either heifer raiser type (P-value = 0.3) or age 

group (P-value = 1.0) on the odds of having a Salmonella-positive culture from pooled fecal pat 

samples. 

All Salmonella environmental isolates were pansusceptible to the drugs tested. A total of 

four Salmonella isolates from pooled fecal pats were resistant to at least one drug. Of these, two 

were Cerro isolates, with one being resistant to only tetracycline (isolated from a HOME raiser) 
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while the other was resistant to ampicillin-cefoxitin-ceftiofur-chloramphenicol-streptomycin-

tetracycline (isolated from a MULTI raiser). The remaining resistant Salmonella were serovar 

Dublin and had the same resistant phenotype as the MDR Cerro (both isolated from a MULTI 

raiser). One MDR Dublin and the only recovered MDR Cerro were isolated from the same 

MULTI raiser. 
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Table 7.1. Effect of heifer raiser type and age group on the odds of antimicrobial resistance in E. coli at the pen level while controlling 

for the random effect of pen (nested within herd) and farm visit. Odds ratio and 95% confidence interval (CI) provided. 

1. Off-farm multi-source heifer raisers (MULTI) that raised heifers from at least 2 farms. Number of isolates in parentheses; 2. On-farm heifer raisers with heifers 

from only that farm. Number of isolates in parentheses; 3. Isolates from pooled fecal pats collected from pens with animals that had arrived at the farm within the 

previous 2 months; 4. Isolates from pooled fecal pats collected from pens with animals that would be departing the heifer raiser in 2 to 3 months.  

*Trimethoprim-sulfamethoxazole 

 

 

Antimicrobial 

agent 

%, Resistance  Odds ratio and 95% CI  %, Resistance  Odds ratio and 95% CI 

MULTI
1
 

(429) 

HOME
2
 

(429) 
 

MULTI
1
 vs 

HOME
2
 

P-

value 

 AP
3
 

(428) 

DP
4
 

(430) 

 
AP

3
 vs DP

4
 P-value 

Ampicillin 11.0 6.0  3.0  (1; 8) 0.04  13 4.0  3.0  (1; 9) 0.0200 

Cefoxitin  2.0 3.0     2.  (0.2; 15) 0.60    4 1.0  1.0  (0.1; 9) 0.9000 

Ceftiofur 1.0 0.5  2.0  (0.2; 13) 0.50  1   0.5  2.0  (0.2; 14) 0.5000 

Ceftriaxone 1.0 0.5  2.0 (0.5; 13) 0.30  1 0.5  2.0 (0.5; 13) 0.3000 

Chloraphenicol 4.0 1.0  4.0 (0.7; 18) 0.10  1 0.5  2.0 (0.5; 13) 0.3000 

Ciprofloxacin 0.2 0.2  1.0 (0.03; 22) 0.90  4 1.0  1.0 (0.04; 27) 0.9000 

Nalidixic Acid 0.2 0.5  0.5 (0.04; 5) 0.60      0.2 0.5  0.5 (0.2; 22) 0.6000 

Neomycin 2.0 3.0  0.7 (0.1; 4) 0.70  4 0.2  26.0  (2; 272) 0.0070 

Streptomycin 12.0 9.0  1.0 (0.5; 3) 0.60  17 4.0  4.0 (1; 10) 0.0100 

Tetracycline 31.0 22.0  2.0 (0.7; 4) 0.20  42 11.0  8.0 (3; 19) <.0001 

TMP*        002   0.2  10.0 (0.9; 115) 0.06  2 1.0  0.7 (0.08; 7) 0.8000 
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Table 7.2. Effect of heifer raiser type and age group on the odds of E. coli resistance to 3 or 

more antimicrobial drugs (MDR) at the pen level while controlling for the random effect of pen 

(nested within herd) and farm visit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. On-farm heifer raisers with heifers from only that farm. Number of isolates in parentheses; 2. Off-farm multi-

source heifer raisers that raised heifers from at least 2 farms. Number of isolates in parentheses; 3. Isolates from 

pooled fecal pats collected from pens with animals that had arrived at the farm within the previous 2 months. 4. 

Isolates from pooled fecal pats collected from pens with animals that would be departing the heifer raiser in 2 to 3 

months.  

 

Table 7.3. Ranking of the most common E. coli antimicrobial resistance phenotypes (ARP) for 

each heifer raiser type by age group.  

Antimicrobial Resistance Phenotypes  

HOM

E 

Rank
3
 

MULTI 

Rank
4
 

HOME
3
          

%, n 

 MULTI
4
            

%, n  

AP
1
 (nHOME = 214 and nMULTI =214)       

TET       1      1 15.0 (32) 27.1 (6) 

STR-TET       2      2 4.5 (10) 6.5 (28) 

AMP-FOX-STR-TET       3   None 4.2 (9) 0.0 (0) 

AMP-TET       9      3 0.9 (2) 3.7 (21) 

Pansusceptible   63.5 (136) 43.4 (93) 
       

DP
2
  (nHOME = 215 and nMULTI =215)       

TET       1     1 6.5 (14) 6.5 (14) 

STR-TET       2     3 2.8 (6) 1.9 (4) 

AMP       3     2 0.5 (1) 1.4 (3) 

Pansusceptible   87.9 (189) 85.1 (183) 

 

AMP, ampicillin; FOX, cefoxitin; STR, streptomycin; TET, tetracycline. 

1. Isolates from pooled fecal pats collected from pens with animals that had arrived at the farm within the previous 2 

months. Number of isolates (n) for each heifer raiser type in parentheses; 2. Isolates from pooled fecal pats collected 

from pens with animals that would be departing the heifer raiser in 2 to 3 months. Number of isolates (n) for each 

heifer raiser type in parentheses; 3. Ranking or percent of ARP for isolates from pooled fecal pats from on-farm 

heifer raisers with heifers from only that farm; 4. Ranking or percent of ARP for isolates from pooled fecal pats 

from off-farm multi-source heifer raisers that raised heifers from at least 2 farms. 

Factor MDR% (n)  Odds ratio   (95%CI) P-value 

Heifer Raiser       

  HOME
1 

 (n= 429) 5.6 (24)  0.4 (0.1; 1.5) 
0.200 

  MULTI
2   

(n= 429) 8.6 (37)  Reference NA 
       

Age Group       

  AP
3     

(n= 428) 11.9 (51)  6.2 (1.7; 22.7) 
0.005 

  DP
4     

(n= 430) 2.3 (10)  Reference NA 
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Table 7.4. Mean richness, diversity, and biotic similarity of E. coli antimicrobial drug 

susceptibility phenotypes (ADSP) at the pen-level by heifer raiser and age group. In parentheses 

is the 95% confidence interval of the least square mean. 

Description 

 

Raiser   Age Group 

HOME1
   MULTI2

  AP3
   DP4 

 

Richness           

 Chao index 3.7 (1.8; 5.6) 7.7 (5.6; 10)  6.1 (4.5; 7.7) 5.4 (3.5; 7.3) 
       

Diversity      

 Shannon index 0.6 (0.2 ; 1.0) 1.0 (0.5; 1.4)  1.1 (0.8; 1.4) 0.5 (0.2; 0.8) 
       

Similarity7      

 Jaccard index 50% (36; 62) 36% (23; 49)  38% (24; 51) 46% (31; 60) 

 

1. On-farm heifer raisers with heifers from only that farm; 2. Off-farm multi-source heifer raisers that raised heifers 

from at least 2 farms; 3. Isolates from pooled fecal pats collected from pens with animals that had arrived at the farm 

within the previous 2 months; 4. Isolates from pooled fecal pats collected from pens with animals that would be 

departing the heifer raiser in 2 to 3 months. 
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Table 7.5. Distribution of Salmonella serovars from fecal pats and environmental samples by 

heifer raiser and age group. 

 

Serovar No. (%)
*
 

Heifer Raiser     

  HOME
1
   

    Pooled fecal pats (n= 31) 

        Liverpool 1 (3.2) 

        Cerro 30 (96.7) 

    Environment (n= 3) 

        Cerro 3 (100) 

   
  MULTI

2
   

    Pooled fecal pats (n= 8) 

        Dublin 2 (25) 

        Cerro 6 (75) 

    Environment (n= 2) 

        Cerro 2 (100) 

   

Age group   

  AP
3
   

    Pooled fecal pats (n= 12) 

        Liverpool 1 (8.3) 

        Dublin 2 (16.6) 

        Cerro 9 (75) 

    Environment (n= 2) 

        Cerro 2 (100) 

  DP
4
   

    Pooled fecal pats (n= 27) 

        Cerro 27 (100) 

    Environment (n= 3) 

        Cerro 3 (100) 
 

*Number or percent of samples that cultured positive for Salmonella and that belonged to the referred serotype; 1. 

On-farm heifer raisers with heifers from only that farm; 2. Off-farm multi-source heifer raisers that raised heifers 

from at least 2 farms; 3. Isolates from pooled fecal pats collected from pens with animals that had arrived at the farm 

within the previous 2 months; 4. Isolates from pooled fecal pats collected from pens with animals that would be 

departing the heifer raiser in 2 to 3 months.  
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DISCUSSION 

 

Antimicrobial resistance in E. coli isolates and drug susceptibility phenotypes 

 

E. coli isolates from multi-source heifer raisers were more likely to be resistant to 

ampicillin than isolates from on-farm heifer raisers with heifers from only that farm (Table 7.1). 

No significant differences were observed between the two heifer raiser types for the remaining 

drugs tested. Our hypothesis was that commingling of heifers at MULTI would provide a 

mechanism for transfer of MDR E. coli and Salmonella between animals from different farms 

(horizontal transmission). The overall lack of a significant difference in resistance of E. coli 

between MULTI and HOME suggests that either commingling heifers from different farms in 

this region does not increase the prevalence and abundance of different resistant E. coli in heifer 

fecal pats, or that the environment is not a major source for dissemination of resistant E. coli in 

heifer raisers. Because MULTI had a significantly higher mean richness index for E. coli ADSP 

at the pen level, we cannot rule out that the introduction of animals from different farms of origin 

is not a potential source for the spread of resistance to different antimicrobial drugs (Table 7.4). 

However, the lack of a significant difference in the diversity index for E. coli between raiser 

types indicates that although there is a greater diversity of ADSP in MULTI, they are not present 

in high numbers. This suggests  that the  commingling  of  heifers from  different  farms may 

have  a minor  role  in  the  dissemination  of different resistance phenotypes in E. coli.   

Independent of the heifer raiser type, a significant difference in E. coli antimicrobial 

resistance was observed when comparing isolates from AP (age range: 3 to 6 months) and DP 

(age range: 14 to 19 months) fecal pats, with respect to ampicillin, neomycin, streptomycin, and 
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tetracycline resistance. Similar findings were observed in a study by Khachatryan et al. (2004), 

in which E. coli isolates from the feces of heifers 3 to 6 months of age had a higher percentage of 

resistance compared to heifers 7 months of age and older for ampicillin (14.5% vs 5.9%), 

tetracycline (35.7% vs 17%), and streptomycin (26.4% vs 10.9%) [15](merged). In addition to 

increased resistance to individual antimicrobial drugs, E. coli isolates from AP were more likely 

to be resistant to 3 or more antimicrobial drugs compared to isolates from DP (Table 7.2). The 

influence of age on antimicrobial resistance in cattle has been suggested to be a consequence of 

the undeveloped enteric microflora in younger animals, which could result in higher colonization 

by resistant bacteria. The assumption behind this thought is that as the indigenous microflora 

matures, there is an increase in the degree of protection against colonization by bacteria with a 

higher fitness cost, such as antimicrobial-resistant bacteria and pathogenic enteric bacteria, 

resulting in a decreased prevalence of resistant bacteria (Cummings et al., 2009; Oikonomou et 

al., 2013). This is supported by our results which showed a significantly higher diversity index 

for E. coli ADSP from AP animals, which suggests younger heifers (AP) are less resistant to the 

establishment of different ADSP E. coli within the gut microbiota (Table 7.4). This can further 

be confirmed by a significantly greater proportion of MDR E. coli in AP compared to DP, 

indicating lower microbiota resilience to invasion by bacteria with a probable higher fitness cost 

(Table 7.2). 

Some additional factors that could contribute to a change in the gastro-intestinal 

microbiota of calves and results in increased shedding of resistant E. coli includes stress from 

transportation and potential changes in diet regimen. Stress from transportation of cattle, 

including handling of animals, and feed and water withholding, have been shown to result in the 

increased shedding of E. coli O157:H7 (Cray et al., 1998). The cause for this has been thought to 
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be related to changes in the microbial ecological dynamic in the gastrointestinal tract of cattle, 

favoring the growth and shedding of these bacterial populations (Callaway et al., 2008). Upon 

arrival at the heifer raiser, the introduction of calves into pens with unfamiliar animals could also 

results in stress to the animals, which could affect the shedding patterns of these animals 

(Færevik et al., 2006). Although all calves arriving at the heifer raiser already were weaned, 

another stress to the gastrointestinal microbiota could be a slight change in the diet. In our study 

we compared animals arriving at multi-source heifer raisers with animals with a similar age at 

home farms, and many of the burdens resulting in stress to animals arriving in the heifer raisers 

were not experienced by calves in the home farms. Furthermore, because we did not observe any 

significant difference in the odds ratio of antimicrobial resistance between E. coli isolates from 

pooled fecal pats in AP of MULTI and in AP of HOME, the stresses mentioned above may not 

have played a major role in the higher prevalence of antimicrobial resistant E. coli in pooled 

fecal pats from AP when compared to DP. 

None of the farms where sampled were collected had a consistent records of keeping 

individual antimicrobial drug use records for heifers, and the lack of this information is a 

limitation for the study. The most common justification was that antimicrobial drugs were 

infrequently used for this age group, and when it was used it was not recorded. The United States 

Department of Agriculture (USDA) National Health Monitoring System (NAHMS) last report on 

dairy heifer raisers (2012) presented data on antibiotic use in heifer raisers. The age of animals in 

the AP and DP respectively corresponded to animals referred to as weaned heifers and pregnant 

heifers in the report. For weaned heifers, the most common reason for treatment with drugs was 

respiratory disease, for which 11% of affected animals received an antibiotic treatment. 

According to the report, pregnant heifers were infrequently affected or treated for disease. The 
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most common reason for treatment of pregnant heifers with drugs was respiratory disease, for 

which 1.2% of affected animals were treated with an antibiotic (USDA, 2012).  

 Higher resistance prevalence in younger animals has been observed in various studies 

that compared resistance between preweaned calves at different ages, and between calves and 

cows (Berge et al., 2010; Pereira et al., 2014). Our findings indicate that when heifers raised at 

multisource raisers return to the home farm, they pose a lower risk for the transmission of 

antimicrobial resistance on the home farm than when they went to the heifer raiser. Because of 

the significant correlation between young animals and a higher prevalence of resistance, housing 

calves and young heifers in a facility apart from the rest of the herd could perhaps decrease the 

hazard for dissemination of resistance on the home farm. More studies are needed to further 

investigate and measure the impact that young cattle have on the spread of antimicrobial 

resistance to older animals on the farm. 

 

Distribution of Salmonella serovars and their resistance phenotypes 

 

 Our study did not show an increase in fecal pats testing positive for Salmonella 

associated with commingling at multisource heifer raising operations. In a study by Adhikari et 

al. (2009) conducted at 59 commercial dairy farms, history of off-farm heifer raising, including 

contract heifer raising with commingling of cattle from other farms, was significantly associated 

with the introduction of new MDR Salmonella strains on the farm (Adhikari et al., 2009). The 

lack of an association of raising animals at multi-source heifer raisers with prevalence of MDR 

Salmonella in our study may be explained by the fact that in our study the prevalence of 

Salmonella was measured at the raiser prior to the return of heifers to the home farm. A study 
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conducted by Edrington et al. (2008) at a single heifer raiser facility observed findings similar to 

ours, where commingling of calves from multiple farms at a heifer feedlot did not serve as a 

major source of Salmonella transmission back to the dairy farm [24](merged).  These authors 

suggested that 24-month-old heifers have a lower Salmonella prevalence than calves, and since 

this is the age when heifers are returning to the home farm, it is unlikely that they represent a 

major source of Salmonella when they return to the home dairy. Furthermore, they concluded 

that calves and cattle in the sick or fresh pens should be the primary concern regarding MDR 

Salmonella. In our study we also observed that younger heifers in AP pens had a higher 

prevalence of samples positive for non-Cerro Salmonella isolates when compared to older heifers 

in DP pens. Another possible explanation for the observed low dissemination of Salmonella at 

MULTI could be a low prevalence of Salmonella in the heifers that were sent to the heifer raiser 

participating in the study; if more animals shedding Salmonella were sent to the heifer raiser, a 

more noticeable spread of the pathogen to animals from other farms might have been observed.  

Independent of heifer raiser type or if samples were collected from fecal pats or the 

environment, Cerro was the most common Salmonella serovar. Similar findings have been 

observed by other studies done at dairy herds in the northeastern Unites States (Cummings et al., 

2010; Cummings et al., 2013). A recent study conducting a genomic characterization of 

Salmonella Cerro from dairy cattle suggested that the increase in prevalence of Cerro is probably 

caused by a highly clonal subpopulation, which is characterized by unique genomic deletions 

that may indicate adaptation to specific ecological niches and possibly reduced virulence in some 

hosts (Rodriguez-Rivera et al., 2014). The findings from this genomic study could also help 

explain why although Cerro is commonly isolated from cattle, its role in causing clinical disease 

in cattle remains uncertain (Tewari et al., 2012). 
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In summary, heifer-raising system did not have a major overall impact on selection of 

resistant E. coli. Younger heifers recently arrived at the heifer raiser had a significantly higher 

prevalence of multidrug resistant E. coli and resistance to ampicillin, neomycin, streptomycin 

and tetracycline when compared to older heifers soon to depart back to the home farm.  

Prevalence of non-Cerro Salmonella was low on fecal pat and environmental samples, and no 

significant effect of heifer raiser type or age group was apparent. The most prevalent serovar for 

both fecal pat and environmental samples was Salmonella Cerro. 
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CHAPTER 8: Evaluation of Ultraviolet-light on bacterial contaminants inoculated into whole 

milk and colostrum, and on colostrum IgG* 

 

 

 

 

 

 

 

 

*Pereira RV, Bicalho ML, Machado VS, Lima S, Teixeira AG, Warnick LD, Bicalho RC. 

Evaluation of the effects of ultraviolet light on bacterial contaminants inoculated into          

whole milk and colostrum, and on colostrum immunoglobulin G.                                                                      

Journal of Dairy Science. 2014 Feb 26 doi: 10.3168/jds.2013-7601.  
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ABSTRACT 

 

Raw milk and colostrum can harbor dangerous microorganisms that can pose serious 

health risks for animals and humans. According to the USDA reference of dairy cattle health and 

management practices, in the United States more than 58% of calves are feed unpasteurized milk 

(USDA, 2008). The aim of this study was to evaluate the effect of UV light on reduction of 

bacteria in milk and colostrum, and on colostrum IgG. A pilot-scale flow-through UV light unit 

(UVC; 45J/cm
2
) was used to treat milk and colostrum. Colostrum and sterile whole milk were 

inoculated with Listeria innocua, Mycobacterium smegmatis, Salmonella serovar typhimurium, 

Escherichia coli, Staphylococcus aureus, Streptococcus agalactiae and Acinetobacter baumannii 

prior to being treated with UVC. During UVC treatment, samples were collected at five time 

points and bacteria were enumerated using selective media. The effect of UVC on IgG was 

evaluated using raw colostrum from a nearby dairy farm without the addition of bacteria. For 

each colostrum batch, samples were collected at several different time points and IgG was 

measured using ELISA. UVC treatment of milk resulted in a significant final log CFU/ml 

reduction of Listeria monocytogenes (3.2 ± 0.3 log CFU/ml reduction), Salmonella spp. (3.7 ± 

0.2 log CFU/ml reduction), Escherichia coli (2.8 ± 0.2 log CFU/ml reduction), Staphylococcus 

aureus (3.4 ± 0.3 log CFU/ml reduction), Streptococcus spp (3.4 ± 0.4 log CFU/ml reduction), 

and Acinetobacter baumannii (2.8 ± 0.2 log CFU/ml reduction). UVC treatment of milk did not 

result in a significant final log CFU/ml reduction for Mycobacterium smegmatis (1.8 ±0.5 log 

CFU/ml reduction). UVC treatment of colostrum was significantly associated with a final 

reduction of bacterial log CFU/ml of Listeria spp (1.4 ± 0.3 log CFU/ml reduction), Salmonella 

spp (1.0 ± 0.2 log CFU/ml reduction), and Acinetobacter spp (1.1 ± 0.3 log CFU/ml reduction) 
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but not of E. coli (0.5 ± 0.3 log CFU/ml reduction), Streptococcus agalactiae (0.8 ± 0.2 log 

CFU/ml reduction), and Staphylococcus aureus (0.4 ± 0.2 log CFU/ml reduction). UVC 

treatment of colostrum significantly decreased IgG concentration, with an observed final mean 

IgG reduction of approximately 50%. Development of new methods to reduce bacterial 

contaminants in colostrum must take into consideration the barriers imposed by its opacity and 

organic components, and account for the incidental damage to IgG caused by manipulating 

colostrum.  
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INTRODUCTION 

 

  Feeding pre-weaned calves raw milk and colostrum has the potential to increase calf 

morbidity and mortality due to ingestion of pathogenic agents. Some important pathogenic 

bacteria identified in raw milk and colostrum include: Listeria monocytogenes, Salmonella spp., 

Escherichia coli, Mycobacterium avium subspecies paratuberculosis (MAP), Staphylococcus 

aureus and Streptococcus spp. (Elizondo-Salazar and Heinrichs, 2009; Pearce et al., 2012; 

Oikonomou et al., 2012). 

  Pasteurization is commonly used on dairy farms as an effective preventive method to 

reduce bacterial load in the milk fed to calves. However, pasteurization is an energy-demanding 

process with high capital and operating costs (Krishnamurthy et al., 2004). Heat treatment of 

colostrum at a high temperature short time has been associated with a decrease of IgG 

concentration of 22 to 27% (Stabel et al., 2004). However, heat treatment of colostrum at a lower 

temperature (60ºC) for 60 min has been observed to have no significant changes in the IgG 

concentration compared to raw colostrum and has been suggested as a viable option for treatment 

of colostrum at the dairy farm (Johnson et al., 2007; Donahue et al., 2012). 

The classical use of ultraviolet (UV) light has been in biological safety cabinets in 

laboratories, although in recent years its use has been extended to inactivation of microorganisms 

in the food-processing industry, in potable water, and in wastewater (Gomez et al., 2011). UV 

light inactivates microorganisms by forming pyrimidine dimers in RNA and DNA, which can 

interfere with transcription and replication (Goosen and Moolenaar, 2008; Cutler and 

Zimmerman, 2011). The germicidal effect of UV light treatment is dependent on microbial 

exposure, but when used on opaque foods with irregular surfaces, UV light may cause less 
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microbial destruction. Although the opacity and high absorption coefficient of milk has been 

considered a barrier to the use of UV light as a disinfectant, UV light treatment of milk has been 

shown to reduce bacterial counts of Listeria monocytogenes in goat milk and Staphylococcus 

aureus in cow milk (Matak et al., 2005). 

Therefore, the objectives of this study were to determine the effect of UV light treatment 

on log CFU/ml reduction of bacteria (Listeria innocua, Mycobacterium smegmatis, Salmonella 

serovar typhimurium, Escherichia coli, Staphylococcus aureus, Streptococcus agalactiae and 

Acinetobacter baumannii) inoculated into sterile milk and colostrum, and on IgG concentration 

in colostrum.  

 

MATERIAL AND METHODS 

 

Bacteria for inoculation of milk and colostrum 

 

Seven bacterial species of concern to animal and human health were selected as 

inoculants in the milk trials: Listeria innocua, Mycobacterium smegmatis, Salmonella serovar 

typhimurium, Escherichia coli, Staphylococcus aureus, Streptococcus agalactiae and 

Acinetobacter baumannii.  For Salmonella spp., E. coli, S. aureus, S. agalactiae, and A. 

baumannii, two to three different strains were selected for inoculation of milk (Table 8.1). For 

the remaining bacterial species, only one strain was selected for inoculation of milk. L. innocua 

and M. smegmatis were chosen as surrogates for Listeria monocytogenes and Mycobacterium 

avium subspecies paratuberculosis (MAP), respectively (Bannantine et al., 1997; Friedly et al., 

2008).   
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For the colostrum experiments, only one strain of L. innocua (ATCC 33090), Salmonella 

serovar typhimurium (ATCC 14028), E. coli (ATCC 25922), S. aureus (ATCC 27708), S. 

agalactiae (SAG 2) and A. baumannii (ATCC 19606) were chosen as inoculants (Table 8.1).  
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Table 8.1 Bacterial species, strain identification (ID), and description of bacteria used to 

inoculate whole milk and colostrum. 

 

 

1 
AK, amikacin; AMP, ampicillin; AMC, amoxicillin-clavulanic acid; AMS, ampicillin-sulbactam; CEFT, 

ceftiofur;  

CHL, chloramphenicol; CRO, ceftriaxone; KAN, kanamycin; NAL, nalidixic acid; STR, streptomycin; 

STX, sulfamethoxazole-trimethoprim; TET, tetracycline. 
2 
ATCC, American Type Culture Collection. 

3 
EAEC, enteroaggregative E. coli. 

4
 EHEC, Enterohemorrhagic E. coli. 

 

  

Gram Negatives STRAIN ID Description
1
 

Salmonella typhimurium 
ATCC

2 

14028 
ATCC

2
 strain 

Salmonella typhimurium N001 Resistance to AMP/KAN/STR/STX/TET 

Salmonella typhimurium MDR001 Resistance CRO/CHL/NAL/TET/STR 

Escherichia coli 
ATCC

2
 

25922 
ATCC

2
 strain 

Escherichia coli 34405-1 Resistance to STX/TET/AMP/STR and EAEC 

Escherichia coli 34583-1 EAEC
3
/EHEC

4
 and resistance to 

CEFT/AMC/STX/TET/AMP/STR.  

Acinetobacter baumannii 
ATCC

2
 

19606 
ATCC

2 
strain 

Acinetobacter baumannii 4628 Resistance to AK/AMS 

Acinetobacter baumannii 5076 Resistance to AK 

Gram Positives  
 

Staphylococcus aureus 
ATCC

2
 

27708 
ATCC

2
 strain 

Staphylococcus aureus 5445 Methicillin-resistant S. aureus (MRSA) 

Staphylococcus aureus 5480 Methicillin-resistant S. aureus (MRSA) 

Streptococcus agalactiae SAG2 Resistant to STX 

Streptococcus agalactiae SAG18 Resistant to STX 

Listeria innocua 
ATCC

2
 

33090 
ATCC

2
 strain and surrogate for Listeria monocytogenes 

Mycobacterium smegmatis mc2155 
Surrogate for Mycobacterium avium ssp. 

paratuberculosis 
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Figure 8.1 Flow-through UV light unit used for trials. White arrows indicate the continuous flow 

trajectory of fluids through UV lamp and returning to the bulk tank when the pump was switched 

on. 
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Sample Preparation and inoculation 

 

Commercial pasteurized-homogenized whole milk (3.25% fat content) was purchased at a 

local supermarket and autoclaved (121◦C for 32 min) before inoculation with bacteria. Two 

different bacteria-inoculated milk batches were used, and their bacterial composition and mean 

concentration (log CFU/ml) in the milk prior to initializing the UV light treatment were: 1) milk 

inoculated with only M. smegmatis (4.7 ± 0.5 log CFU/ml); 2) milk inoculated with a bacterial 

cocktail made from combining one strain of Listeria. innocua (7.6 ± 0.2 log CFU/ml), 

Salmonella serovar typhimurium (7.4 ± 0.2 log CFU/ml), E. coli (6.2 ± 0.2 log CFU/ml), 

Staphylococcus aureus (7.3 ± 0.2 log CFU/ml), Streptococcus agalactiae (5.2 ± 0.3  log 

CFU/ml) and Acinetobacter baumannii (6.4± 0.2  log CFU/ml). M. smegmatis was inoculated in 

a separate batch to increase the precision of the enumeration on the selective growth media. For 

Salmonella spp., E. coli, S. aureus, S. agalactiae, and A. baumannii, two to three different strains 

were selected for inoculation of milk, and to compare the effects of UVC on each individual 

strain, sterile milk batches were inoculated with only one bacteria strain belonging to the same 

bacteria species at a time. Four repetitions were performed for each bacteria strain and each bath 

contained 4 liters of milk. 

Raw colostrum pooled from multiple cows was obtained from a nearby dairy farm. 

Colostrum used in the study was not autoclaved. Raw colostrum was used to evaluate the effect 

of UVC on bacterial contaminants was inoculated with a bacterial cocktail composed of one 

bacterial strain. The bacterial strains selected and the mean concentration (log CFU/ml) in the 

colostrum for these bacteria species prior to initializing the UV light treatment were: Listeria spp 

(strain ATCC 33090) (4.6 ± 0.2 log CFU/ml), Salmonella spp (strain ATCC 14028) (7.6 ± 0.2 
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log CFU/ml), E. coli (strain ATCC 25922) (6.7 ± 0.3 log CFU/ml), Staphylococcus aureus 

(strain ATCC 27708) (7.8 ± 0.1 log CFU/ml), Streptococcus agalactiae (strain SAG 2) (3.7 ± 0.2 

log CFU/ml) and Acinetobacter spp (strain ATCC 19606) (5.0 ± 0.2 log CFU/ml) (Table 8.1). 

Four repetitions where performed for each bacterial species and each bath contained 4 liters of 

colostrum. 

 

Testing the effect of UVC on bacterial counts 

 

To evaluate the ability of UVC treatment to reduce bacterial counts in milk and 

colostrum, samples were collected at 5 time points: 1) UV lamp and pump both off and after 

mixing the milk or colostrum manually with a sterile rod for one minute (OFF); 2) UV lamp off 

and after the pump had been on for 2 minutes and 30 seconds (40 cycles) (PT); 3) UV lamp on 

and after the pump had been on for 2 minutes and 30 seconds (40 cycles) (T-1); 4) UV lamp on 

and after the pump had been on for 5 minutes (80 cycles) (T-2); 5) UV lamp on and after the 

pump had been on for 7 minutes and 30 seconds (120 cycles) (T-3) (Figure 8.2). Samples OFF 

and PT were collected prior to any exposure to UV light with the aim of evaluating the effect of 

the pump alone on bacterial contaminants. When collecting UV light-exposed samples (T1, T2 

and T3), the UV lamp was switched on for 5 minutes prior to switching on the pump, allowing 

the UV lamp to achieve an optimal activity level. 
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Figure 8.2 UV light continuous flow-through unit (UVC) operation and description of exposure 

time and number of cycles the entire sample flowed through UVC prior to sample collection. To 

evaluate the ability of UVC treatment to reduce bacterial counts in milk and colostrum, samples 

were collected at 5 time points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1
 OFF, UV lamp and pump both off and after mixing the milk or colostrum manually with a sterile rod 

for one minute; PT, UV lamp off and after the pump had been on for 2 minutes and 30 seconds; T1, UV 

lamp on and after the pump had been on for 2 minutes and 30 seconds; T2, UV lamp on and after the 

pump had been on for 5 minutes; T3, UV lamp on and after the pump had been on for 7 minutes and 30 

seconds. 

 

UVC unit cleaning protocol 

 

Between milk or colostrum batches a 5-step cleaning protocol was implemented for the 

UVC unit as follows: 1) rinsed with 6 liters of warm water and sodium hypochlorite (Clorox
®
, 

Oakland, CA) for 5 minutes; 2) rinsed with 4 liters of warm water and an alkaline detergent 

(TRI-PFAN, GEA Farm Technologies) for 5 minutes; 3) rinsed with 4 liters of warm water and a 

low-foam acid cleaner (LAC, GEA Farm Technologies) for 3 minutes; 4) rinsed with 8 liters of 

warm water and sodium hypochlorite (Clorox
®
, Oakland, CA) for 3 minutes; 5) rinsed with 4 

UVC UVC 

UV light switched off UV light switched on 

Pump     
switched off 

Pump     
switched off 

 

Pump 
switched on 

Pump                      
switched on 

Milk or 
colostrum 

 

80 CYCLE
SSS

- 40 40 120 

T2 SAMPL
E 

OFF 
oleic 

PT T1 T3 

SAMPLING TIME POINTS1 

5’ TIME 1’ 2’30” 2’30” 7’30” 
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liters of hot water (>75ºC) for 3 minutes. 

 

Microbiology assays 

 

Both milk and colostrum samples were serially diluted (10
-1

 to 10
-8

) and 20-μl aliquots 

were plated and incubated aerobically using selective media and conditions specific for each 

bacterial species (Table 8.2). An estimate of the colony forming units (CFUs)/ml was made by 

calculating the average number of colonies (from triplicates) and multiplying this number by the 

reciprocal of the dilution factor. 

 

Testing the effect of UVC on colostrum IgG 

 

Raw colostrum pooled from multiple cows was obtained from a nearby dairy farm. 

Colostrum used in the study was not autoclaved. To evaluate the effect of UVC on colostrum 

IgG, samples were collected at 7 time points: 1)  UV lamp and pump both off and after mixing 

the colostrum manually for one minute (OFF); 2) UV lamp off and after the pump had been on 

for 2 minutes and 30 seconds (40 cycles) (PT); 3) UV lamp on and after the pump had been on 

for 2 minutes and 30 seconds (40 cycles) (T1); 4) UV lamp on and after the pump had been on 

for 5 minutes (80 cycles) (T2); 5) UV lamp on and after the pump had been on for 7 minutes and 

30 seconds (120 cycles) (T3); 6) UV lamp on and after the pump had been on for 10 minutes 

(160 cycles) (T4); 7) UV lamp on and after the pump had been on for 12 minutes and 30 seconds 

(200 cycles) (T5). When collecting UV light-exposed samples (T1, T2, T3, T4 and T5), the UV 

lamp was switched on for 5 minutes prior to switching on the pump, allowing the UV lamp to 
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achieve an optimal activity level. Because of the limited research on the effects of treatment of 

colostrum with UV light, a longer UVC exposure time of colostrum (up to T5 instead of only T3) 

was used with the objective of obtaining additional information on the cumulative incidental 

effects of UV light on colostrum IgG. In total, 9 repetitions were performed and each bath 

contained 4 liters of colostrum. IgG levels were quantified using ELISA (Immuno-Tek Bovine 

IgG ELISA Kit).   

 

Statistical analysis 

 

Microbial counts (CFU/ml) were converted into logarithmic units for statistical analysis. 

The effect on milk and colostrum of flowing through the UVC pump in the absence of UV 

irradiation was tested by observing the variance of log CFU from samples at OFF and PT by 

using analysis of variance (ANOVA) in the statistical software SAS (SAS Corp. Cary, NC).  

To evaluate the effect of UV light treatment on bacterial species added to sterile milk and 

to colostrum, for each bacteria species a mixed linear model accounting for repeated measures 

(batches) was used (PROC MIXED, SAS Corp. Cary, NC). In this model the dependent variable 

was the log CFU/ml for the bacteria species and the independent variable was the sampling time 

points (PT, T1, T2, and T3). For bacteria species where more than one bacteria strain was used, 

an explanatory variable accounting for each individual bacteria strains and its interaction with 

sampling time points (PT, T1, T2, and T3) was added and retained in the model if the interaction 

was significant. A Tukey Honestly Significant Difference (HDS) test was performed in SAS to 

identify pairs of sampling time points that had significantly different mean log CFU/ml of each 

bacteria species tested.  
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The PROC REG procedure in SAS was used to complete a simple linear regression to 

evaluate the effect of UVC on colostrum IgG. IgG measured in colostrum was offered to the 

model as the dependent variable and the 7 sampling time points (OFF, MIX, T1, T2, T3, T4 and 

T5) were offered as independent variables. To illustrate the linear association of colostrum IgG 

and treatment by UVC, a simple linear scatter plot was computed using MedCalc Version 

12.4.0.0 (MedCalc Software, Mariakerke, Belgium). All statistical models, variables and their 

interactions were considered significant when their respective P-values were < 0.05. 
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Table 8.2 Bacterial species culture media and growth conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 
LB, Luria-Bertani broth. 

2 
BHI, brain heart infusion broth. 

3 
MB, Middlebrook culture media. 

4
 ADC, oleic acid-albumin-dextrose-catalase. 

 

Bacterial species 
Broth culture media and 

growth conditions 
Recovery and enumeration media and growth conditions 

Salmonella 

typhimurium 

LB
1
 broth for 24h at 37◦    

(Barrow et al., 1996) 

1. CHROMagar
TM 

Salmonella for 24h at 

37◦C 

Escherichia coli 
LB

1
  broth for 24h at 37◦C   

(Zhang et al., 2011) 

CHROMagar
TM 

E. coli for 24h at 37◦C 

 

Acinetobacter 

baumannii 

BHI
2
  broth for 24h at 37◦C  

(Viazis et al., 2008) 

 

CHROMagar
TM 

Acinetobacter for 24h at 37◦C 

 

Staphylococcus 

aureus 

LB
1
  broth for 24h at 37◦C 

 (Zhang et al., 2011) 

 

CHROMagarTM Staphylococcus for 24h at 37◦C 

Streptococcus 

agalactiae 

BHI
2
  broth for 24h  at 37◦C  

(Viazis et al., 2008) 

 

CHROMagar
TM

 StrepB for 24h at 37◦C 

 

Listeria innocua 
BHI

3
 broth for 24h  at 37◦C  

(Viazis et al., 2008) 

 

CHROMagar
TM

 Listeria for 48h at 37◦C 

 

Mycobacterium 

smegmatis 

LB
1
 with 0.05%Tween 80 for 

72h at 37◦C          

(Anuchin et al., 2009; Haydel 

et al., 2012) 

MB
3
  7H10 with 10% of ADC

4
  and 5ml/l of 100% glycerol for 

72h  at 37◦C                 

 (Singh and Reyrat, 2009) 
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RESULTS 

 

Effect of UVC on bacterial contaminants in milk samples 

 

UVC treatment of milk resulted in a significant log CFU/ml reduction at T3 for Listeria 

monocytogenes (3.2 ± 0.35 log CFU/ml reduction), Salmonella spp. (3.7 ± 0.27 log CFU/ml 

reduction), Escherichia coli (2.8 ± 0.22 log CFU/ml reduction), Staphylococcus aureus (3.4 ± 

0.28 log CFU/ml reduction), Streptococcus spp (3.4 ± 0.45 log CFU/ml reduction) and 

Acinetobacter baumannii (2.8 ± 0.24 log CFU/ml reduction). However UVC treatment of milk 

did not result in a significant log CFU/ml reduction at T3 for Mycobacterium smegmatis (1.8 

±0.5 log CFU/ml reduction) (P = 0.07; Figure 8.3). No significant difference was observed in the 

log CFU/ml from OFF to PT for all milk trials (UV light was switched off during these two 

sampling points). No significant difference in the log CFU/ml at different time points was 

observed at the bacteria species level between strains of Salmonella spp., E. coli, S. aureus, S. 

agalactiae, and A. baumannii, for which more than one strain per bacteria species was used to 

inoculate distinct sterile milk batches.  

  

Effect of UVC on bacterial contaminants and IgG in colostrum samples 

 

Although increasing the number of cycles that the colostrum was exposed to UVC 

radiation lowered the log CFU/ml for all six bacterial species tested, the UVC treatment of 

colostrum was significantly associated with a log CFU/ml of reduction at T3 of Listeria spp (1.4 

± 0.3 log CFU/ml reduction), Salmonella spp (1.0 ± 0.2 log CFU/ml reduction) and 
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Acinetobacter spp (1.1 ± 0.3 log CFU/ml reduction) but not of E. coli (0.5 ± 0.3 log CFU/ml 

reduction), Streptococcus agalactiae (0.8 ± 0.2 log CFU/ml reduction), and Staphylococcus 

aureus (0.4 ± 0.2 log CFU/ml reduction)(Figure 8.4). No significant difference was observed in 

the log CFU/ml for any of the six bacterial species tested from OFF to PT. 

Treatment of colostrum with UVC had a negative linear association with IgG 

concentration in colostrum (P=0.019; Figure 8.5). A mean IgG reduction of approximately 50% 

was observed from OFF (70.5 g/l; 95% confidence interval, CI, 51-90 g/l) to T5 (35.1 g/l; 95% 

confidence interval, CI, 15-54g/l).  
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Figure 8.3 Mean log CFU/ml for milk samples after UVC treatment. Error bars correspond to a 

95% confidence interval. Different letters between time points within each graph indicate means 

that are statistically different (P <0.05).  
 

 

* P-values for the mixed linear model used to analyze the mean Log CFU/ml difference between all 

sampling time points. 
1
 PT, UV lamp off and after the pump had been on for 2 minutes and 30 seconds; T1, UV lamp on and 

after the pump had been on for 2 minutes and 30 seconds; T2, UV lamp on and after the pump had been 

on for 5 minutes; T3, UV lamp on and after the pump had been on for 7 minutes and 30 seconds.  
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Figure 8.4 Mean log CFU/ml for colostrum samples after UVC treatment. Error bars correspond 

to a 95% confidence interval. Different letters between time points within each graph indicate 

means that are statistically different (P <0.05).  

 

* P-values for the mixed linear model used to analyze the mean Log CFU/ml difference between all 

sampling time points. 
1
 PT, UV lamp off and after the pump had been on for 2 minutes and 30 seconds; T1, UV lamp on and 

after the pump had been on for 2 minutes and 30 seconds; T2, UV lamp on and after the pump had been 

on for 5 minutes; T3, UV lamp on and after the pump had been on for 7 minutes and 30 seconds.  
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Figure 8.5 Simple linear scatter plot indicating the negative association of treatment of 

colostrum with UVC and IgG concentration (P=0.019). A 95% confidence interval is delimited 

by the trace lines. To evaluate the effect of UVC on colostrum IgG, samples were collected at 7 

time points. 

 

 
1
 OFF, UV lamp and pump both off and after mixing the milk or colostrum manually with a sterile rod 

for one minute; PT, UV lamp off and after the pump had been on for 2 minutes and 30 seconds; T1, UV 

lamp on and after the pump had been on for 2 minutes and 30 seconds; T2, UV lamp on and after the 

pump had been on for 5 minutes; T3, UV lamp on and after the pump had been on for 7 minutes and 30 

seconds; T4, UV lamp on and after the pump had been on for 10 minutes; T5, UV lamp on and after the 

pump had been on for 12 minutes and 30 seconds. 
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DISCUSSION 

 

With the exception of Mycobacterium smegmatis, a significant reduction in the log 

CFU/ml for all bacterial species tested was observed as the milk was treated with the UVC. The 

UVC used in the trials had the same UV light (45J/cm
2
) and followed the similar dosage protocol 

recommended for UV Pure
TM

 (UV Pure system; GEA Farm Technologies), a commercially 

available machine to treat milk using UV light. Similar to our findings, a field trial by Teixeira et 

al. (2013) using the UV Pure
TM

 to treat hospital milk from one dairy observed significant 

reductions in bacteria counts, with log reductions in bacterial colony counts for total bacterial 

count, E. coli, S. aureus and Streptococcus spp. of 3.3, 1.7, 0.2 and 2.0, respectively. The same 

study also evaluated the pasteurization of hospital milk (72ºC for 15 s) and observed log 

reductions in bacterial colony counts for total bacterial count, E. coli, S. aureus and 

Streptococcus spp. of 5.2, 1.2, 0.2 and 2.4, respectively (Teixeira et al., 2013). Teixeira et al. 

(2013) concluded that overall heat treatment of hospital milk was more effective than UV 

treatment in decreasing bacterial counts. A study by Matak et al. (2005) using a machine with 

eight UV lamps (254 nm and 90% emittance) observed a significant 5-log reduction of L. 

monocytogenes in UV-treated goat milk.  

The lack of an effect of UV light on reduction of mycobacteria in milk identified in our 

study was also observed by Donaghy et al. (2009) when using a pilot-scale UV light machine (30 

W UV-C output) to treat milk inoculated with Mycobacterium avium subspecies 

paratuberculosis (MAP). They concluded that the apparent resistance of MAP to UV light 

treatment could have been caused by the opacity of milk and the recalcitrance of MAP to 

inimical treatments. Because MAP is a slow-growing mycobacteria which can have an 
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incubation period for enumeration of colonies by solid culture of more than 3 months, M. 

Smegmatis was chosen to be used as a surrogate in the current study (Grant, Irene R, Rowe, 

Michael T, Dundee, Louise,Hitchings, Edward, 2001; Kralik et al., 2012) . M. smegmatis is a 

fast-growing species of mycobacteria with no linkage to human disease, having dormancy genes 

similar to those in MAP (Whittington RJ, Marshall DJ, Nicholls PJ, Marsh IB,Reddacliff LA, 

2004). M. smegmatis has often been used as a surrogate for pathogenic bacteria such as M. 

tuberculosis, M. Leprae and MAP (Bannantine et al., 1997; Dhandayuthapani et al., 1997; Harris 

NB, 2001; Chaturvedi et al., 2007). 

In this study UVC treatment of colostrum caused a significant reduction in the log 

CFU/ml for Listeria spp, Salmonella spp and Acinetobacter spp but not of the remaining bacteria 

species. A study by Teixeira et al. (2013) observed an average log reduction in bacterial 

reduction in colostrum treated with UV Pure
TM

 of 1.7, 2.2, 0.4 and 2.5 for the total bacterial 

count, E. coli, S. aureus and Streptococcus spp., respectively. When using heat treatment of 

colostrum at 63ºC for 60 min in the same study they observed an average log reduction in 

bacterial reduction in colostrum of 3.5, 4.5, 0.4 and 2.5 for the total bacterial count, E. coli, S. 

aureus and Streptococcus spp., respectively (Teixeira et al., 2013). Teixeira et al. (2013) study 

concluded that the overall heat treatment of colostrum was more effective than UV treatment in 

decreasing bacterial counts. Additional research using the same settings used in our study is 

needed to allow a direct comparison of efficacy on reduction of bacterial counts when using 

UVC or other available approaches to treat milk or colostrum.  

 The lack of a significant bacterial reduction of some of the bacteria species after 

treatment of colostrum with UVC may be explained by a limited penetrating ability of UV light 

in colostrum, causing a lower reduction in bacterial counts. Liquids that have high light 
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transmissivity can be effectively treated with UV light, but liquids with low light transmissivity, 

caused by particulate materials or organic compounds, may pose a barrier for UV treatment 

(Guerrero-Beltran and Barbosa-Canovas, 2004). A common measurement to assess the 

penetration of UV light through fluids is the absorption coefficient (AC), where less penetration 

of light occurs with higher AC. As an example, the AC for drinking water is around 0.02 - 0.1 α 

(cm
-1

), whereas the AC for milk is 300 α (cm
-1

), which illustrates a limitation of using UV light 

on opaque fluids (Guerrero-Beltran and Barbosa-Canovas, 2004). The challenges of using UV 

light to irradiate colostrum are even greater than those observed for milk, considering that 

colostrum has on average higher quantities of organic compounds such as fat (6.7% in colostrum 

vs 4% in milk) and protein (14% in colostrum vs 3.1% in milk) (Godden, 2008). 

 Added to the potential reduction in exposure of bacteria to UV radiation in the colostrum, 

another additional explanation for the significant reduction in the log CFU/ml for Listeria spp, 

Salmonella spp and Acinetobacter spp but not of the remaining bacteria species after treatment of 

colostrum samples with UVC could have been related to a resistance of these bacteria species to 

UV radiation. Albarracin et al. (2012), who studied strains of Acinetobacter spp. isolated from 

ecosystems at high altitudes, observed strains resistant to high levels of UV radiation. The 

resistance of these strains was related in part to their ability to more effectively repair pyrimidine 

dimers compared to control strains. The mechanism of UV light inactivation of microorganisms 

is based on the formation of dimers in RNA and DNA, causing damage that can interfere with 

transcription and replication and furthermore cause bacterial death (Cutler and Zimmerman, 

2011). Bacterial mechanisms to repair damage caused by UV light include direct reversal of the 

damage by a photolyase (photoreactivation), removal of the lesion by a DNA glycosylase, and 

nucleotide excision repair (Goosen and Moolenaar, 2008). Bacterial strains with more effective 
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mechanisms of dimer repair could have lower count reductions in milk after exposure to UV 

light. 

  A negative linear relationship was observed between the duration of UVC treatment of 

colostrum and the concentration of IgG (Figure 8.5). A study by Teixeira et al. (2013) observed 

that colostrum treated with a commercial UV light flow-through machine caused a reduction in 

colostrum IgG of 42.2% when compared to untreated colostrum. Although UVC was capable of 

significantly reducing the bacterial counts for Listeria spp, Salmonella spp and Streptococcus 

agalactiae in colostrum, its use to treat colostrum fed to calves must be carefully considered and 

the potential loss of viable IgG taken into account. Colostrum IgG has been shown to be 

sensitive to pressure, heat and acid, which affect the conformation of the immunoglobulin 

molecule and ultimately the immunological activity of the antibody (Hurley and Theil, 2011).  

Trujillo et al. (2007) observed that treatment of caprine colostrum at a pressure of 500MPa 

caused a reduction in IgG of 40% compared to untreated colostrum. Heat treatment of colostrum 

has been shown to result in mean IgG losses as high as 24% after treatment at 63ºC for 30 

minutes (Meylan M et al., 1996; Godden et al., 2003). However recent studies have shown that 

heat treatment of colostrum at a slightly lower temperature (60ºC) for 60 min had no significant 

changes in the IgG concentration compared to raw colostrum and furthermore decreased 

colostrum total plate counts (−2.25 log10) and coliform counts (−2.49 log10) (Johnson et al., 

2007; Donahue et al., 2012). Acidic pH has also been shown to cause denaturation and to reduce 

the antigen-binding activity of IgG in colostrum (Chen and Chang, 1998; Dominguez et al., 

2001).  Procedures which have the purpose of reducing the bacterial load present in colostrum 

must take into account the resulting effects on the immunological activity of the antibodies.  
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CONCLUSION 

 

UVC treatment of sterile, commercial whole milk inoculated with bacteria caused a 

significant reduction for all bacterial species tested except Mycobacterium smegmatis. UVC 

treatment of colostrum samples inoculated with bacterial contaminants resulted in a significant 

reduction in the bacteria count at T3 for Listeria spp, Salmonella spp, and Acinetobacter spp but 

not of E. coli, Streptococcus agalactiae, and Staphylococcus aureus. Moreover, UVC treatment 

of colostrum lowered the concentration of IgG in colostrum in relationship to the length of 

treatment duration. Processes that aim to reduce bacterial count in colostrum must take into 

consideration the incidental effects on colostrum IgG. 
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Antimicrobial resistance: dissecting facts from assumptions 

 

The rapid development of antimicrobial resistance in the past few decades is considered 

one of the greatest global threats to modern medicine (Huttner et al., 2013; WHO, 2014). The 

quick rise of antimicrobial resistance has been widely presumed to be caused largely by the 

misuse and overuse of drugs in food-producing animals (Maron et al., 2013). The continuous use 

of antimicrobials in cattle has been considered acceptable by many concerned that banning of the 

use of antimicrobials in food animals could affect animal welfare, health, and well-being, and 

impact food quantity, quality, and costs (Oliver et al., 2011a). However this practice is viewed as 

imprudent to many who are concerned that the use of drugs in cattle will reduce the efficacy of 

antimicrobials in human medicine. Inability to find common ground has led to decades of debate 

about the need to legislate the use of antimicrobials in food animals (Stanton, 2013). Scientific 

unknowns and conflicts of interest have been suggested as the main fuel for this divergence of 

opinions, making the resolution for this issue very complex (Wielinga et al., 2014). A coherent 

and effective approach to distinguish assumptions from facts is to address concerns from both 

opinions by using unbiased epidemiological studies. The field of epidemiology offers powerful 

tools to identity risk factors, monitor trends, and design field, microbiological and genomic 

studies to efficiently answer questions relevant to antimicrobial resistance. Outcomes from these 

studies generate information to identify factors contributing to selection and spread of resistance 

and propose intervention to prevent or reduce undesired outcomes from the use of antimicrobials 

(e.g. selection of resistance). In food animals, this can translate into recommendations for 

management practices that minimize the use of antimicrobials on the farm while maintaining or 

improving animal health and welbeing. Additionally, results of epidemiological studies provide 



 

281 

 

public health officials and legislators with scientific data to develop strategies that prioritize the 

areas that need urgent attention and are important for identifying topics to invest research dollars. 

 

Dissertation scope and conclusions 

 

The use of antimicrobial drugs in food animals, specifically drugs in classes that are also 

used in human medicine, remains a contentious public health issue. Regardless of the benefits of 

using antimicrobial agents in food-producing animals, considerable concerns from public health, 

food safety, and regulatory perspectives arise from the potential for development of 

antimicrobial resistance (Oliver et al., 2011b). Furthermore, research that identifies risk factors 

that increase the rate of selection, amplification and spread of resistance on dairy farms, and that 

generate information to propose intervention to prevent or reduce such undesired outcomes, are 

of vital importance. The studies in this dissertation focused on this knowledge gap and used 

epidemiology, microbiology and genomic approaches to generate novel data in many priority 

areas, including (1) prevalence and concentration of drug residues present in the milk commonly 

fed to dairy calves; (2) impacts of feeding milk with drug residues on selection of resistant 

bacteria and on the composition of the fecal microbiota of preweaned dairy calves; (3) effect of 

preweaned dairy calf housing systems on prevalence of antimicrobial resistance; (4) prevalence 

of resistant E. coli and Salmonella in cattle under different heifer-raising practices; and  (5) 

efficacy of using ultraviolet light as an intervention to reduce the number of pathogens in the 

milk and colostrum fed to calves. 

Reducing the disposal of unused valuable food resources, such as non-saleable milk due to 

drug residues (waste milk), is a high priority in a world with a growing population in need of 
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healthy and safe foods. Feeding of non-saleable milk to calves reduces the use of saleable milk 

that meets standards for human consumption. Additionally it reduces expenditures for animal 

feed, decreasing the cost to produce foods (Godden SM et al., 2005). However, as has been 

shown, waste milk often contains drug residues, including drugs belonging to classes of critical 

importance to human medicine, such as the cephalosporins (Pereira et al., 2014c). Nevertheless, 

the concentration of drug residues present in the waste milk typically many times below the 

MIC, as observed when using breakpoint reference values for E. coli. Under these circumstances, 

the logical questions that emerge are whether the ingestion of drug residues at exceedingly low 

concentrations have harmful impacts and consequences to animal and human health, and do 

these potential undesired outcomes outweigh the benefits that using waste milk as a feed source 

bestows.  

Feeding calves from birth to weaning with milk containing drug residues at concentrations 

observed in waste milk from dairy farms resulted in a significant increase in the proportion of 

multidrug resistant E. coli in feces of calves overtime (Pereira et al., 2014b). Calves fed waste 

milk had a significantly greater proportion of E. coli resistant to ampicillin, cefoxitin, ceftiofur, 

streptomycin and tetracycline. Additionally, feeding waste milk significantly decreased E. coli 

susceptibility to ceftriaxone and ceftiofur, two third generation cephalosporin drugs. Resistance 

to cephalosporins in production animals is troublesome due to the importance of this drug in 

treating disease in humans, such as complicated Salmonella infections in adults and children. 

The extent of this concern was observed in 2012 when the U.S. Food and Drug Administration 

(US FDA) issued an order prohibiting certain uses of the cephalosporin class in cattle, swine, 

chickens and turkeys (US FDA, 2012). Feeding calves waste milk also selected for resistance to 

a drug class that was not added to the milk (an aminoglycoside drug), supporting the hypothesis 
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that the peculiar selection dynamic and microbial stress prompted by sub-MIC levels of 

antimicrobials can result in selection for resistance irrespective of the drug target. These findings 

support the argument that feeding waste milk to calves results in a health hazard by increasing 

the prevalence of enteric bacteria resistant to drugs of vital important to human and veterinary 

medicine. 

Independent of feeding or not feeding waste milk to calves, a peak in the proportion of 

resistant E. coli at one to two weeks of age for the majority of the antimicrobial drugs tested was 

observed, with a slow decrease in the proportion of resistant E. coli as calves aged. This finding 

has also been observed by other researchers, and the most logical justification has been that very 

young preweaned calves lack a developed and diverse intestinal microflora, making the 

microbiota more susceptible to colonization by bacteria with a higher fitness cost, such as 

antimicrobial resistant and pathogenic enteric bacteria (Berge et al., 2010; Oikonomou et al., 

2013). The maturation of the gut microbiota as calves become older could result in an exclusion 

of resistant bacteria from the GI tract of calves, reducing the longitudinal post-weaning impacts 

of resistance caused by feeding waste milk.  Nevertheless, studies in humans have revealed that 

treatment with antimicrobials can result in permanent changes to the microbiota that may result 

in the persistence of antimicrobial resistant bacteria [53,68,69]. Furthermore, even though there 

could be a reduction in the prevalence of resistant bacteria with age, exposure to drug residues 

may create a new microbial equilibrium state that supports the survival and persistence of 

resistant bacteria even in the mature microbiome. This resistant microbial population could 

potentially thrive again in adult animals when a condition that favors their growth occurs, such as 

therapeutic treatment with antimicrobials. 

 Feeding preweaned calves waste milk was shown to result in clear discriminant gut 
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microbial communities. The microbial profile of preweaned calves fed milk with drug residues 

discriminated at the genus level in weekly samples collected one week after birth until weaning. 

Nevertheless, significant relative abundance differences between treatment groups was limited to 

the genus level, not extending to the phylum, class, order or family level. The prevalence 

divergence of individual genera between calves receiving or not receiving drug residues in the 

milk suggests that some bacterial genera are more sensitive to the stress of exposure to sub-MICs 

and/or to environmental changes caused by sub-MICs. Limited information is currently available 

on the impact of exposure of the gut microbiota to drug residues using in vivo natural models, 

and the results in my dissertation have helped advance the understanding of the ecological 

impacts of sub-MIC administration on the intestinal microbiota. Overall, these results indicate 

that future studies on the effect of drug residues on the microbiota should focus on evaluating the 

composition and function of the microbes and microbiota using methods that have a limit of 

detection below the genus level. 

 On-farm treatment of preweaned calves with antimicrobial drugs was shown to play a 

major role in the selection of resistant enteric bacteria. Farm history of treatment of calves with 

enrofloxacin (a fluoroquinolone) resulted in an odds ratio of 41 (P-value <0.0001) and 92 (P-

value <0.0001) for having three versus zero E. coli isolates nonsusceptible to nalidixic acid and 

ciprofloxacin, respectively (Pereira et al., 2014d). 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). A study that screened cattle 

E. coli  isolates received by the Cornell University Animal Health Diagnostic Center from 2004 

to 2011 observed that resistance to enrofloxacin has increased from 1.0% in 2004 to 8.1% in 
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2011 (Cummings et al., 2014). Moreover, the increase in resistance to enrofloxacin coincides 

with the 2008 approval of enrofloxacin use in calves for treatment of respiratory disease. This 

finding is alarming because fluoroquinolones such as ciprofloxacin are regarded as critically 

important antimicrobial agents for human medicine according to the World Health Organization. 

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

Salmonella species, Campylobacter species, and multidrug resistant Shigella species (Collignon 

et al., 2009). Farm history of treatment of calves with ceftiofur was also been shown to result in 

reduced susceptibility of E. coli to ceftriaxone (P-value = 0.08) (Pereira et al., 2014d).  Similar 

results were observed in a study treating calves with ceftiofur for 5 consecutive days, with a 

significant increase in the fecal excretion of ceftriaxone resistant bacteria (including Salmonella 

species) for at least 17 days following initial treatment (Jiang et al., 2006). These findings 

emphasize the importance of judicious use of antimicrobials and the use of farm management 

practices that reduce the incidence of disease and therefore the need for treatment of calves with 

antimicrobial drugs. 

 Preweaned calf housing system was identified as a major factor influencing the frequency 

and use of individual antimicrobial drugs on the farm, and directly impacted drug resistance 

trends in calves. Calves housed in individual pens and fed milk or milk replacer 2 to 3 times a 

day had a significantly higher proportion of isolates resistant to ceftiofur, ampicillin, gentamycin, 

streptomycin, and tetracycline than calves housed in group pens fed free-choice acidified milk. 

However, calves in the group pens housing system had a significantly higher proportion of E. 

coli resistant to the quinolone drugs ciprofloxacin and nalidixic acid. The disparate resistance 

prevalence between these calf housing systems is due to differences in feeding protocols, 

incidence of disease, and the commingling of calves.  The individual and/or combined effects of 
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these differences have been linked to lower occurrence of diarrhea and higher prevalence of 

respiratory disease in calves housed in group pen systems compared to calves housed in 

individual pen systems (Linton et al., 1974; Hanekamp et al., 1994; Svensson et al., 2003; 

Gulliksen et al., 2009). As expected, a pattern of antimicrobial resistance to drugs commonly 

used to treat the most prevalent illnesses in each calf housing system was observed. For example, 

calves in the group housing system had higher prevalence of resistance to fluoquinolones, a drug 

class approved exclusively for the treatment of respiratory disease in calves. Furthermore, 

identifying specific factors that account for patterns of disease in each of these calf housing 

systems provides information for farmers to support their decisions when choosing a housing 

system that will result in low incidence of disease and less need for drug use. Lower incidence of 

diarrhea in group pens fed free-choice milk has been associated with the beneficial effect of 

social interactions (Svensson et al., 2003) and with more frequent meals and evenly distributed 

diurnal patterns of feeding activity, resulting in a lower pH in the digestive tract and fewer 

pathogens (Hepola, 2003; Guler et al., 2006). The number of calves in group pens has been 

shown to be a major determinant for incidence of respiratory disease when compared to calves 

housed in individual pens, with large pens (6-30 calves) having higher incidence and smaller 

pens (3-8 calves) having lower incidence (P-value = 0.02) (Svensson et al., 2003). Based on 

these indicators, group housing using smaller numbers of animals per pen may be an optimal 

solution for reducing the incidence of respiratory disease and drug use while maintaining the 

beneficial aspects of this housing system. Regardless of the advantages of group housing of 

calves, a major concern is the dissemination of enteric pathogens during outbreaks. Salmonella 

enterica serovar Cerro was the most common serovar observed in the calf housing environment, 

and on farms using group housing S. Cerro was isolated from the feeding nipples shared by 
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calves in the same pen. Although the role of S. Cerro in causing clinical illness among dairy 

cattle is still unclear (Cummings et al., 2010), the isolation of Cerro from the feeding nipples 

represents a potential source for the wide dissemination of pathogenic bacteria in group pens, 

reinforcing the importance of frequent sanitation and replacement of feeding nipples in group 

calf housing systems.  

A factor that can increase disease in preweaned calves, independent of the calf housing 

system being utilized, is the feeding of colostrum or milk contaminated with pathogens. 

Pasteurization is an effective method to reduce bacterial load in the milk fed to calves, however 

it is an energy-demanding process with high capital and operating costs (Krishnamurthy et al., 

2004). Treatment with a flow-through UV light unit was shown to result in a significant 

reduction of Listeria monocytogenes, Salmonella, E. coli, Staphylococcus aureus, Streptococcus, 

and Acinetobacter baumannii in the milk (Pereira et al., 2014a). Additionally it reduced bacterial 

counts of L. monocytogenes, Salmonella, and A. baumannii in colostrum, although it also caused 

a mean IgG reduction of approximately 50%. UV light was shown to be an alternative for 

reducing the load of bacteria that cause disease in dairy calves and humans. Minimizing or 

preventing neonatal exposure to pathogenic bacteria is a judicious approach to reducing the use 

of antimicrobials on the farm while increasing production.  

Direct contact between animals from a same farm in a same pen is considered a major 

risk factor for the exchange of bacteria and spread of disease. This risk is commonly assumed to 

be elevated when animals being commingled in a same pen originate from different farms 

(Jordan et al., 2008; Adhikari et al., 2009). However, our results show that commingling of 

heifers at multi-source heifer raisers did not have a major overall impact on selection of resistant 

E. coli or Salmonella when compared to heifers raised at the home farm. This finding suggests 
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that either commingling heifers from different farms does not increase the prevalence and 

abundance of resistant enteric bacteria in heifer fecal pats, or that the environment is not a major 

source for the dissemination of resistance in heifers. Independent of the heifer raiser type, a 

significant difference in E. coli antimicrobial resistance in fecal pats was observed between 

younger heifers that had recently arrived at the heifer raiser (age range: 3 to 6 months) and older 

heifers soon departing the heifer raiser (age range: 14 to 19 months) to join the lactating herd at 

their respective farms. Younger heifers had a significantly higher prevalence of E. coli resistant 

to ampicillin, neomycin, streptomycin, and tetracycline. As already discussed, younger calves 

have higher prevalence of resistant E. coli (Pereira et al., 2014b; Pereira et al., 2014e), and the 

logic for this finding in heifers follows the rationale thought for preweaned calves. When 

considering these findings from a farm management standpoint, housing calves and young 

heifers in a facility apart from the rest of the herd (off-site calf/heifer raiser) could perhaps 

decrease the risk for dissemination of resistant bacteria from young heifers on the home farm. 

Nevertheless, the validity of this hypothesis is contingent upon the biosecurity and hygiene of the 

home farms sending animal to multisource raisers, and the odds for introduction of highly 

pathogenic bacteria from animals returing to the home farms.  

Independent of heifer raiser type or if samples were collected from fecal pats or the 

environment, Cerro was the most common Salmonella serovar identified from heifer raisers. 

Similar findings have been observed in other studies conducted at dairy herds in the northeastern 

United States (Cummings et al., 2010; Cummings et al., 2013). A recent study conducting a 

genomic characterization of Salmonella Cerro from dairy cattle suggested that the increase in the 

prevalence of Cerro is probably caused by a highly clonal subpopulation, which is characterized 

by unique genomic deletions that may indicate adaptation to specific ecological niches and 



 

289 

 

possibly reduced virulence in some hosts (Rodriguez-Rivera et al., 2014). The findings from this 

genomic study could also help explain why although Cerro is commonly isolated from cattle, its 

role in causing clinical disease in cattle remains uncertain (Tewari et al., 2012). However, the 

frequency of isolation of Cerro in dairy calves and heifers warrant a close monitoring of this 

serotype.  



 

290 

 

Future directions  

 

Although this dissertation has clarified many scientific questions on the selection, 

amplification, and dissemination of antimicrobial resistance on the dairy farm, it has also 

identified new areas of research that require more study. Through the calf waste milk studies we 

currently know that feeding calves a very low-concentration antimicrobial cocktail can select for 

resistance. However, each farm usually has a different pattern of drug use according to the 

prevalence of disease and personal preference, resulting in different drug residues being present 

in the waste milk. The next step should be to identify the impact of feeding waste milk 

containing individual drug residues, allowing the estimation of the risk of each drug on the 

selection of resistance. This is of particular interest for drug residues belonging to antimicrobial 

classes of critical important to human medicine, such as the cephalosporin class.  

Although feeding waste milk was shown to result in a higher prevalence of multidrug 

resistant E. coli, as calves became older this prevalence slowly decreased. Moreover, it is 

uncertain if as calves mature, animals fed waste milk will continue to be hosts for a greater 

proportion of resistant E. coli when compared to animals fed milk not containing drug residues. 

Studies in humans have revealed that treatment with antimicrobials can result in permanent 

changes to the microbiota that may result in the persistence of antimicrobial resistant bacteria 

(Lindgren et al., 2009; Jakobsson et al., 2010; Andersson and Hughes, 2014). Additional studies 

are needed to evaluate the impacts of feeding waste milk on the longitudinal spread of resistance, 

evaluating if mature animals will continues to harbor and shed more resistant bacteria in the 

feces. 

Feeding waste milk to preweaned dairy calves is a practice that can increase the selection 
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of resistance to drugs of critical importance to both animal and human health. To eliminate the 

risk originating from feeding calves waste milk, an initial option would be to discontinue this 

practice at dairy farms. Some disadvantages include the possibility of polluting the environment 

with drug residues by disposing of the waste milk, discarding a nutritious food source, and 

increasing the costs of feeding preweaned dairy calves. An alternative to reduce the negative 

impacts of drug residues present in waste milk could be to use methods to degrade these drugs to 

concentrations below the minimum selective concentration (MSC), decreasing or eliminating the 

selection for a given resistance determinant. Future studies are needed to evaluate the 

effectiveness of methods to reduce the concentration of drugs in the milk, taking into account 

factors such as initial concentration of drug residues usually present in waste milk, final 

concentration of drugs after method application, and feasibility and costs of various methods. 

These studies are important regardless of whether waste milk will be fed to calves or discarded, 

because they have the potential to reduce the overall prospective exposure of bacteria to drug 

residues. 

Another area that warrants more research regarding exposure of cattle to sub-MICs is the 

potential increase in the expression of virulence genes in Salmonella. Exposure of Salmonella in 

vitro to sub-MICs of tetracycline has been shown to cause an up-regulation in the hilD and hilA 

genes, both regulators of Salmonella pathogenicity island 1 (SPI-1) (Majtan et al., 2008), which 

is essential for Salmonella Typhimurium colonization of intestinal tissues in calves (Tsolis et al., 

2000). Other up-regulated genes from exposure to sub-MICs of tetracycline included genes 

involved in motility. Furthermore, feeding waste milk to calves exposed to pathogenic 

Salmonella, could result in more severe clinical disease caused by a higher expression of 

Salmonella virulence genes by, significantly increasing shedding and spread of Salmonella 
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through the feces. The response to these questions is of importance to both animal and human 

health and will provide data to help reduce the spread of an important foodborne pathogen 

through the food chain. 

Farm history of recent treatment of calves with enrofloxacin, a fluoroquinolone, was 

shown to have a significant association with selection of resistance to nalidixic acid and 

ciprofloxacin. However, many questions about the use of fluoroquinolones in calves remain 

unanswered, such as how many days after treatment does selection of resistance occur and how 

long after treatment are quinolone-resistant E. coli (QREC) shed in the feces? These questions 

are important because in humans, treatment with fluoroquinolones has been shown to result in 

persistence of QREC in the gut microbiota for a long period after treatment, indicating that they 

are highly adapted to a commensal lifestyle (de Lastours et al., 2013). QREC has also been 

shown to harbor more virulence determinants than quinolone susceptible E. coli (de Lastours et 

al., 2013). The potential selection of a highly virulent QREC from the use of enrofloxacin in 

cattle is a serious concern to human medicine because it could limit treatment options and 

increase disease severity. This generates a new question about whether treatment of cattle with 

enrofloxacin can select for QREC carrying multiple virulence genes. The answers to these 

questions are central to assessing potential hazards to human health from the use of enrofloxacin 

in cattle. 

In summary, this dissertation has generated novel knowledge on different farm 

management practices that can affect animal health, occurrence of disease, and prevalence of 

drug resistance. It is clear that antimicrobials are vital to animal and human health; however, 

intended or unintended exposure of cattle to antimicrobial drugs is an important factor for 

selecting resistance to antimicrobials of critical importance to veterinary and human medicine. 
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Therefore, it is of critical importance to implement management practices that improve cattle 

health without the use of antimicrobials, and endorse the judicious use of antimicrobial drugs 

concomitant with improvement of animal production and wellbeing. 
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