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ABSTRACT 

A survey was conducted to study the antibiotic usage on dairy herds (n=113) in 

Pennsylvania. The findings of the study showed that antibiotics were extensively used on dairy 

herds for therapeutic and prophylactic purposes. Beta-lactams and tetracyclines were the most 

widely used antibiotics on dairy herds. Beta-lactams were used for clinical mastitis, dry cow 

therapy, metritis, and pneumonia; while tetracycline was primarily used in medicated milk 

replacers. Extralabel use of antibiotics was practiced on many farms. Extralabel use of a third 

generation cephalosporin, Ceftiofur was reported by 18% of the dairy herds surveyed.  

Recommended prudent practices of antibiotic usage (record keeping, written treatment plans, 

following labeled instructions, and veterinarian’s advice on antibiotic usage) were not widely 

practiced. It is felt that current practices related to the antimicrobial usage on farms could 

contribute to the development of antibiotic resistant bacteria.  

Lactating dairy cattle (n=313) on 33 dairy herds were examined for antibiotic resistant 

gram-negative enteric bacteria. Gram-negative enteric bacteria resistant to ampicillin, 

oxytetracycline, florfenicol, spectinomycin, and neomycin were isolated from feces of 31, 31, 7, 

5, and 1% of lactating cows, respectively. Gram-negative enteric bacteria resistant to ampicillin, 

florfenicol, neomycin, tetracycline, and spectinomycin accounted for 9, 5, 1, 14, and 10% of the 

total Gram-negative enteric bacteria. Gram-negative enteric bacteria belonging to 12 species 

were isolated from dairy cattle, of which Escherichia coli (87%) was the most predominant 

species. Monte Carlo analysis revealed that E. coli would require 126 days to undergo a 3 log 

reduction when held in sterile water at 7oC. It was observed that dairy producers that fed 

medicated milk replacers to calves were 3.4 fold more likely to have lactating cattle shed 
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tetracycline-resistant Gram-negative enteric bacteria. However a similar relationship was not 

observed with calves.  Ampicillin- and tetracycline-resistant E. coli were the predominant 

isolates among the gram-negative species isolated and these isolates were genetically diverse. 

The findings of the study suggest that resistant Gram-negative enteric microflora was widely 

prevalent on farms.  

Tetracycline determinants tet(B) and tet(A) were detected in 93 and 7% of the isolates, 

respectively. These tet determinants were located on the chromosome, and sequence analysis 

revealed association of tetR and tetA with transposon Tn10. This is the first report of a 

chromosomally located tet efflux pump associated with Tn10 in enteric E. coli isolated from 

lactating cattle. The results of this study show that one of the pathways through which 

tetracycline resistance can be mediated is through transposable element Tn10 that harbor a tet(B) 

determinant.  

Ampicillin resistant enteric E. coli (n=94 isolates) from lactating cattle were examined 

for susceptibility to other antibiotics and genetic determinants that encode for beta-lactam 

resistance. The majority of the E. coli isolates were resistant to tetracycline (88%) followed by 

chloramphenicol (30%), spectinomycin (35%), ticarcillin (33%), ticarcillin/ clavulanic acid 

(23%) and ceftiofur (27%). Multidrug resistance (≥3 to 8 antimicrobial agents) was observed in 

44 of 94 (47%) isolates, interestingly on most occasions multidrug resistant ceftiofur isolates 

were also resistant to chloramphenicol. All E. coli isolates were susceptible to the 4th generation 

cephalosporin cefepime. The extended-spectrum beta-lactamase enzymes were not detected in 

ceftiofur resistant isolates. Ampicillin-resistant isolates contained blaTEM, while ceftiofur-

resistant isolates contained cephamycinase (blaCMY). Class I integrons of ≥1 kb were observed in 
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10 of 75 E. coli isolates. Sequence analysis revealed that the integrons encoded for streptomycin 

and spectinomycin (aadA), and/or trimethoprim (dfr) resistance.  

These findings suggest commensal enteric E. coli and other Gram-negative enteric 

bacteria from lactating cattle can be a significant reservoir of antibiotic-resistant determinants. 

Widespread prevalence of antibiotic-resistant E. coli could also pose a risk to public health as 

these organisms have the ability to survive for long periods in the environment and could gain 

access to the food chain.  
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1.1 INTRODUCTION  

Antimicrobials are considered as one of the greatest discoveries of the twentieth century 

that have improved the quality of life in humans. In the pre-antibiotic era, infectious diseases 

accounted for most mortality and morbidity. Antibiotics have significantly reduced the 

incidences of pneumonia, tuberculosis and other diseases that were the leading causes of death in 

the 1900s. The life expectancy in the U.S. has improved from 47.3 to 76.5 years mostly due to 

control of infectious diseases (Department of Health and Human Services, 1999).  

The use of antibiotics in animal agriculture has helped in the production of safer animal 

products, improving growth rate, and conserving land, feed, and water resources (Animal Health 

Institute, www.ahi.org). The use of drugs in food animals is fundamental to animal health and 

well-being as well as to the economics of the industry. The USDA's Economic Research Service 

report estimated that the hog production industry saved about $45.5 million by using low levels 

of sub-therapeutic drugs in the year 1999 (Mathews, 2001).  

Though antibiotics use has its advantages, the intensive and extensive use of antibiotics 

has lead to the emergence of antimicrobial-resistance. Bacteria isolated from sick patients in the 

1940s had negligible antibiotic-resistance, whereas in today’s hospitals we are able to routinely 

isolate bacteria that are resistant to more than one antibiotic (Hughes and Datta, 1983; Tenover 

and McGowan, 1996). Resistance is also now commonly observed on farms that use antibiotics 

(Levy, 1994). More than 100 genes encoding for antibiotic resistance to different antimicrobials, 

varying in their vectors, linkages, and pathways have emerged and disseminated in bacterial 

species spread out in various ecosystems throughout the world over the last 60 years including 

pathogenic strains of bacteria (O'Brien, 1997).   
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The Swann Committee (1969) from the UK was the first to address the concern of 

antibiotic-resistance. The committee recommended that antibiotics used in animal feed should 

not include drugs used in humans, and therapeutic use should be by prescription only. The 

important setback to livestock production came when the use of avoparcin as a growth promotor 

in animals was linked to vancomycin-resistant enterococci in food-animals (Wegener, 2003). 

Outbreaks of multidrug resistant S. Typhimurium definitive type 104 were observed in humans 

and animals (Akkina et al., 1999). The prevalence of fluoroquinolone-resistant C. jejuni in the 

USA increased from 0% in 1990 to 18% in 1999 (Butzler, 2004). Governments and international 

health agencies are very concerned with the trends in antimicrobial-resistance and are taking 

steps to review and analyze the issues with a view toward instituting appropriate measures.   

The Scientific Steering Committee of the European Commission (1999) recommended 

prudent use of antibiotics, that antibiotic-resistant organisms be contained, developing new 

prevention and treatment strategies, and monitoring effects of interventions and evaluating them.  

The Australian Joint Expert Technical Advisory Committee on antibiotic-resistance 

(1999) identified antibiotic regimen, bacterial load, and prevalence of resistant-bacteria as factors 

that influence emergence and spread of antimicrobial-resistant bacteria. They recommended a 

risk analysis approach in reviewing use of antibiotic growth promotants, and effective reporting 

of antibiotic usage and resistance.  

The Canadian perspective was reported by the Advisory Committee on Animal Uses of 

Antimicrobials and Impact on Resistance and Human Health (2002). The important 

recommendations included better control of therapeutic and extralabel (using approved drug in a 

manner that is not in accordance with the approved label directions) use of antibiotics, evaluation 
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of safety and efficacy of antibiotic growth promoters by risk analysis, and effective surveillance 

of antibiotic resistance.     

 Scientists at the Joint FAO/OIE/WHO workshop (2004) suggested that risk associated 

with non-human antimicrobial use and antibiotic resistance be treated as a public health issue. It 

was decided to develop a list of “critically important” antibiotics used for non-human and animal 

purposes, to establish a global surveillance network, and to develop a risk management task force 

for antimicrobial-resistance.  

In the United States, the FDA has developed a framework document for managing the 

potential risks of antimicrobial drugs.  The framework places emphasis on classification of 

antimicrobials into groups based on risk associated with its use to humans, monitoring safety of 

drug pre and post approval in context to resistance development, collecting data on antimicrobial 

use in food animals and establishing regulatory thresholds. To combat antimicrobial-resistance 

the FDA, CDC, and USDA established the National Antimicrobial Resistance Monitoring 

System for Enteric Bacteria (NARMS) in 1996 to monitor changes in antimicrobial 

susceptibilities in foodborne pathogens.   

There is a general consensus among various national and international agencies that 

antimicrobial-resistance is a growing global public health issue. There are critical research gaps 

that needed to be addressed before developing and implementing “science-based” programs to 

address antibiotic-resistance in humans and animals. The scope and relevance of antimicrobial-

resistance in commensal E. coli from healthy lactating cattle for developing such programs was 

the main driving force for undertaking this work as my doctoral research.  
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1.2 Antibacterial agents  

Antibacterial agents are broadly classified into two groups; antibiotics and biocides. 

Antibiotics are chemical compounds produced by actinomycetes, fungi, or bacteria that interfere 

with cell wall formation or processes essential to bacterial growth or survival but do not harm 

eukaryotic hosts harboring the infecting bacteria (Mascaretti, 2003c). Biocides are chemicals that 

possess antiseptic, disinfectant, and/or preservative activity. Biocides differ from antibiotic 

agents in their relative lack of selective toxicity and often lack target specificity, but have broad 

spectrum of activity (Denyer and Stewart, 1998).  

Antiseptics are biocides that destroy or inhibit the growth of microorganisms in or on 

living tissue and disinfectants have similar properties but are generally are used on inanimate 

objects or surfaces. The cell wall, cytoplasmic membrane and the cytoplasm are the main target 

areas for biocides. Antibacterial effects can include metabolic and replicative inhibition 

(aldehydes); metabolic inhibition (halogen releasing agents, pyrogens); leakage, disruption of 

energy, transport and respiratory processes (phenols); leakage, respiratory inhibition, and 

intracellular coagulation (quarternary ammonium compounds, chlorhexidine, and biquanides) 

(Denyer and Stewart, 1998; McDonnell and Russell, 1999).  

Most antibiotics inhibit a specific target in a biosynthetic process and have selective 

toxicity. By contrast, biocides have multiple, concentration-dependent targets, with subtle effects 

occurring at low concentrations and more damaging ones at higher concentrations (Russell and 

Chopra, 1996). Interestingly they do share similarities in some inactivation pathways and effects 

on bacteria. This is evident by 1) inhibition of enoyl reductase, involved in fatty acid synthesis by 

both isoniazid, an important antitubercular antibiotic, and the bisphenol triclosan (biocide) 
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(McMurry et al., 1999); 2) autolysis caused due to phenolic, inorganic, and organic mercury 

compounds has been observed to be similar to that following bacterial exposure to penicillin 

(Hugo, 1999); and 3) the filament formation in Gram-negative bacteria caused by both 

antibiotics (beta-lactams, novobiocin, fluoroquinolones) and biocides (phenoxyethanol, 

phenylethyl alcohol, chloroacetamide, acridines) (Russell, 2003).  

The antibiotic-era started in 1920s, when Alexander Fleming discovered that Penicillium 

notatum fungus was able to inhibit the growth of Staphylococcus aureus. Gerhard Domagk in 

1935 published his work on a compound named prontosil that was highly effective in vivo and 

was non-toxic for treating streptococcal infections. This chemical dye was later called 

sulphonamide. The chemotherapeutic value of penicillin was first studied by Chain and Florey 

(1940). They were able to produce penicillin extract and demonstrated that it could cure 

infections in animals. The development of the tetracycline antibiotics was the result of systemic 

screening of soil specimens collected from many parts of the world for antibiotic-producing 

microorganisms. The first of these compounds, chlortetracycline, was introduced in 1948 

followed by oxytetracycline and tetracycline in 1950 and 1952, respectively.  

These remarkable discoveries were the beginning of the antibiotic revolution that 

changed the course of modern medicine. In the next several decades the quest for better 

antimicrobial agents with greater stability and broader activity lead to the discovery and 

development of many antibiotics including streptomycin, aminoglycosides, glycopeptides, 

cephalosporins, carbapenems, beta-lactamase inhibitors, and monobactam. All were identified 

from natural products as agents with improved or differentiated properties (Bush, 2004).  
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1.2.1 Mechanisms of action 

 Inhibition of cell wall biosynthesis: The bacterial cell wall contains peptidoglycan, a 

meshwork of strands of peptide and glycan that can be covalently crosslinked. The crosslinkage 

of adjacent peptide strands to an amide linkage is via the action of a family of transpeptidase 

enzymes. Beta-lactam antimicrobials (penicillins, cephalosporins, carbapenems, monobactams) 

bind to transpeptidase and inhibit peptidoglycan formation, thus interfering with cell wall 

synthesis (Figure 1.2 and 1.3). These transpeptidases are called penicillin-binding proteins 

(PBPs). The PBPs are different for Gram-negative, Gram-positive, and anaerobic bacteria. 

Glycopeptides like vancomycin also inhibit biochemical reactions in the cell wall catalyzed by 

transpeptidases and carboxypeptidases (Walsh, 2000).        

 Inhibition of protein synthesis: Several classes of antibiotics are able to interfere with 

protein synthesis in the ribosome (Figure 1.2). Bacterial ribosomes contain two subunits, the 50S 

and 30S subunits. Antibiotics can act by interrupting the timing and specificity of different steps 

of protein synthesis, or inhibiting decoding and A-site occupation in the ribosome. Tetracyclines 

bind to the A site and prevent movement of tRNA (Harms et al., 2003). Aminoglycosides bind 

directly adjacent to the decoding site in the 30S subunit, rendering translation highly inaccurate. 

Peptide bond formation is another target that is employed by lincosamides, which prevents 

accurate positioning of tRNA, thereby preventing peptide bond formation, whereas erythromycin 

and other macrolides bind at the entrance of the polypeptide export tunnel and prematurely block 

elongation of the polypeptide (Harms et al., 2003; Schlunzen et al., 2001). Aminoglycosides such 

as spectinomycin prevents conformational changes in the 30S subunit, effectively blocking 

translocation (Carter et al., 2000).  
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Inhibition of DNA replication and repair: Fluoroquinolones are synthetic antibiotics 

that kill bacteria by targeting the enzymes DNA gyrase and topoisomerase (Figure 1.2). DNA 

gyrase is responsible for relieving topological stress in translocation and replication complexes 

by uncoiling the intertwined DNA strands by introducing negative supercoils into DNA 

(Hawkey, 2003). Quinolones act by binding to the DNA-gyrase enzyme complex. Shortly after 

binding, the quinolones induce a conformational change in the enzyme. The enzyme breaks the 

DNA strands for unwinding, but quinolone prevents religation of the broken DNA strands 

forming a quinolone-gyrase-DNA complex. Accumulation of double strand breaks, triggers the 

SOS system is triggered leading to bacterial cell death (Drlica and Zhao, 1997).   

1.3 Role of antibiotics in animal agriculture 

It is difficult to obtain precise estimates on consumption of antimicrobial drugs in the 

U.S. as there is no national collection or surveillance system for drug usage information. 

Although accurate data on antibiotic use are not available, estimates indicate 50.6 million pounds 

of antibiotics are consumed annually and almost half of this use is directed towards agriculture 

(Harrison and Lederberg, 1998). In animal agriculture, approximately 15.4 million pounds of 

antibiotics are used each year (Levy, 2002). Almost 90% of all antibiotics used in farm animals 

and poultry are administered at subtherapeutic concentrations. About 70% of all antibiotics used 

in subtherapeutic concentrations in animal feeds are given for the purpose of disease prevention 

(prophylaxis) and the remainder of this amount is administered for growth promotion (CAST, 

1981; Hay, 1986; US. Int. Trade Com. 1987).  
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There are three categories of use; as feed antibiotics, as over-the-counter drugs, and as 

veterinary prescriptions. The administration of antibiotics for the treatment of existing disease 

condition is termed therapeutic, while use of antibiotics when the risk of disease is high is 

considered prophylactic, and administration of antibiotics for enhanced production is termed 

subtherapeutic (McAllister et al., 2001). Although the duration of antimicrobial use differs 

between subtherapeutic and prophylactic purposes, the amount of antibiotics used is typically the 

same, i.e., less than 200 Grams/ton of feed (IOM, 1989). 

The National Animal Health Monitoring System (NAHMS) indicated that antibiotics 

were delivered by injection to 1 to 39% lactating cows on 87.8% of the farming operations. 

Nearly 50% of dairy producers used antibiotics for dry cow treatment. Antibiotics were also used 

in the feed and water on feedlot operations of all sizes (USDA/APHIS/VS, 1995). Large 

operations (> 1000 head) were three times more likely to use antibiotics than small operations. 

Cattle in large operations were almost twice as likely to receive antibiotics in their feed and 

water. The tetracycline group of antibiotics was the most frequently used in feed and water on 

feed-lot operations (Figure 1.1).  

The benefits of using antibiotics for growth promotion were first reported by Stokstad 

and Jukes (1950) when chickens exposed to small doses of chlortetracycline grew more rapidly 

than non-exposed chickens. At sub-therapeutic levels, antibiotics are helpful in: (1) improving 

growth, (2) reducing risk of disease, (3) improving digestion, (4) fattening of domestic animals, 

and (5) decreasing time and the amount of feed needed to reach slaughter weight (Crawford and 

Teske, 1983; Droumev, 1983; Frost, 1991; Luetzow, 1997).  

Several antimicrobial classes are approved for use in food animals including beta-lactams 

(e.g., penicillin, ampicillin, and cephalosporin), tetracyclines (e.g., oxytetracycline, tetracycline, 
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and chlortetracycline), aminoglycosides (e.g., streptomycin, neomycin, and gentamicin), 

macrolides (e.g., erythromycin), lincosamides (e.g. lincomycin and pirlimycin), and 

sulfonamides (e.g., sulfamethazine) (Mitchell et al., 1998; Hoeben et al., 1998).  

A comprehensive list of drugs that are approved for use in dairy cattle is presented in 

Appendix A; Table A-10. Several antibiotics of the beta-lactam category have been approved for 

use in dairy cattle. The majority of the beta-lactams are approved for mastitis therapy. Penicillins 

like amoxicillin, cloxacillin, hetacillin, and penicillin G are available as intramammary 

preparations. Amoxicillin is also approved for systemic use in treating respiratory diseases and 

foot rot, whereas penicillin G is used for various conditions including black leg, rhinitis, 

pneumonia, and metritis. Penicillin G in combination with novobiocin is used for both lactating 

and dry cow mastitis and in combination with streptomycin for dry cow therapy. Other 

penicillins that can be used for treating mastitis in dry cows include benzathine cloxacillin and 

penicillin G. Among the cephalosporins, cephapirin, a 1st generation cephalosporin is approved 

for treating mastitis in both lactating and dry cows.  

Ceftiofur, a new broad-spectrum third-generation cephalosporin antibiotic originally 

developed for respiratory diseases, which is now approved for treating metritis and foot rot. 

Ceftiofur is rapidly gaining popularity as an effective drug against bovine and swine respiratory 

pathogens. It has been found to be effective against bacteria that are resistant to older generation 

antibiotics (Watts et al., 1994; Salmon et al., 1995). If used according to labeled instructions, no 

residues of ceftiofur above the safe concentration are observed (Jaglan et al., 1992). The absence 

of any withdrawal period is an added advantage over other drugs.   

The other antibiotics that are approved for mastitis in lactating cattle include pirlimycin, 

while erythromycin and novobiocin can be used for both lactating and dry cow mastitis therapy. 
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Antibiotics like florfenicol, spectinomycin, sulfadimethoxine, and tetracyclines are primarily 

approved for conditions like pneumonia and foot rot. Tetracycline and neomycin are approved 

for enteritis treatment.    

Another important use of tetracyclines in the dairy industry is in medicated milk 

replacers, for preventing colibacillosis and improving weight gain in calves (Quigley et al, 1997). 

More than 60% of dairy producers in the United States use antibiotics in milk replacers 

(Heinrichs et al., 1995). Milk replacers supplemented with chlortetracycline and oxytetracycline 

are widely used on dairy farms. Their combination with neomycin, decoquinate, and lasalocid 

are approved for use in medicated milk replacers for dairy calves (USDA/APHIS/VS/CEAH, 

1998).  

1.4 Antimicrobial resistance  

Antimicrobial resistance is defined as “a property of bacteria that confers the capacity to 

inactivate or exclude antibiotics, or a mechanism that blocks the inhibitory or killing effects of 

antibiotics, leading to survival despite exposure to antimicrobials” (IOM, 1998).  

Bacteria can exhibit resistance in different ways. Some bacteria like Providencia stuartii 

have natural genetic ability to resist antimicrobial agents like tetracyclines, and therefore had an 

evolutionary advantage at the beginning of the ‘antibiotic era’ (Mateu and Martin, 2001). In 

addition, antimicrobial resistance can occur as a result of random genetic mutations in bacteria, 

leading to variation in susceptibility within any bacterial population. Single-step mutation in the 

DNA gyrase enzyme makes an E. coli resistant to norfloxacin (Hooper et al., 1986). More 
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commonly, resistance is not due to a chromosomal event, but due to the presence of 

extrachromosomal DNA (plasmids) acquired from another bacteria.  

Different mechanisms that render antibiotics ineffective have evolved in bacteria. One of 

the most common mechanisms is the production of enzymes that degrade antibiotics. Resistance 

to aminoglycosides, beta-lactam (penicillins and cephalosporins), and chloramphenicol is by 

enzyme inactivation (Davies, 1994). Bacteria have also developed the ability to modify their cell 

surfaces to have reduced affinity for antibiotics (Spratt, 1994). Resistance to fluoroquinolones is 

chromosomally encoded and involves mutation in the target genes including DNA gyrase and 

topoisomerase (Chen and Lo, 2003). Active efflux of antibiotics as a resistance mechanism was 

first described for resistance to tetracycline in E. coli by McMurry et al. (1980). Some types of 

efflux pumps are responsible for multiple antibiotic resistances. These pumps cover a relatively 

wide spectrum of antibiotics, chemotherapeutic agents, detergents, dyes, and other inhibitors 

(Nikaido, 1998).  

Bacteria can acquire antimicrobial-resistance through different mechanisms. One of the 

most significant ways of acquiring resistance is by horizontal transmission of genetic material 

(McDermott et al., 2003). Resistance genes that can transfer resistance to one or several 

antimicrobial agents at the same time are reported to be carried on mobile integrative and 

conjugative elements and plasmids (Burrus et al., 2002; Hastings et al., 2004). The broad host 

range of conjugative plasmids gives them the ability to transfer antimicrobial resistance genes 

between species or genera (Davies, 1996). The ability of bacteria to exchange antimicrobial 

resistance genes presents complex scenarios like persistence of resistance without exposure to 

antibiotics. In the case of apramycin resistance, a conjugative plasmid with high transfer 

frequency was responsible for maintaining and spreading resistance in genetically diverse 
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commensal E. coli in calves that were never exposed to aminoglycoside antibiotics (Yates, 

2004). Mobile elements like transposon Tn21 with a class 1 integron play an important role in 

horizontal transfer of multidrug resistance in avian E. coli (Bass et al., 1999). Gebreyes and 

Altier (2002) have described conjugative plasmids that encode for multidrug-resistance in 

pathogens like Salmonella enterica serovar Typhimurium isolated from swine.  

Environmental factors are also known to play an important role in antibiotic-resistance 

gene transfer. Salyers and Shoemaker (1996) observed that the transfer of a conjugative 

transposon carrying antibiotic-resistance genes in Bacteriodes spp. is stimulated considerably by 

exposure to sub-therapeutic concentration of antibiotics. Antibiotics in this case not only selected 

for the resistant strains but also stimulated transfer of resistance genes (Salyers and Shoemaker, 

1996). Selective antibiotic pressure in a farm environment was considered as an impetus for 

horizontal transfer of a multidrug-resistant plasmid between coliform bacteria of human and 

bovine origin (Oppegaard et al., 2001).  

1.5 Beta-lactam and tetracycline class of antibiotics  

In the 1970s, the FDA proposed a ban on the then permitted use of penicillins and 

tetracyclines for subtherapeutic use. In 1978, Congress directed the Food and Drug 

Administration (FDA) to hold such actions until additional studies were completed by the 

National Academy of Sciences. The Academy’s review found that the “postulated hazards to 

human health were neither proven nor disproved.” The Academy recommended that additional 

research be conducted to fill data gaps (FDA-CVM website: www.fda.gov/cvm). These 

antibiotics have been under scrutiny since then. The national surveys indicate that even after 
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their use for decades in the dairy industry, to date beta-lactams and tetracyclines are still the most 

widely used class of antibiotics. 

1.5.1 Beta-Lactams 

The beta-lactam-based antibiotics inhibit bacterial growth by blocking the final stage in cell wall 

synthesis that relates to cross-linking of peptidoglycan polymers by transpeptidation (Figure 1.3). 

The peptidoglycan polymer is an important constituent of the bacterial cell wall and is composed 

of alternating residues of N-acetylglucosamine and N-acetylmuramic acid. The N-acetylmuramic 

acid residues are substituted by peptide chains which are cross-linked to form a mesh-like 

character and provide structural integrity to the cell wall (Weidel and Pelzer, 1964). The cross-

linking is carried out with the help of transpeptidases through a catalytic process (Figure 1.3). 

After each catalytic cycle, one free alanine amino acid is released and the transpeptidase enzyme 

is regenerated which can then participate in another catalytic cycle (Walsh, 2003).   

The transpeptidation step of cell-wall biosynthesis is blocked by beta-lactams. Inhibition 

of transpeptidase activity by penicillins occurs through the formation of covalent acyl enzyme 

intermediates. The transpeptidase gets depleted by irreversible binding with penicillin, which 

presents normal crosslinking and eventually results in loss of integrity of the cell wall structure, 

which leads to cell death (Walsh, 2003; Blumberg and Strominger, 1974). 

The penicillins (G and V) were the first beta-lactams to be introduced and were effective 

against Gram-positive bacteria but had poor activity against Gram-negative bacteria. Within a 

few years of their introduction, penicillinase producing Staphylococcus aureus strains showed 

resistance to pencillin (Rammelkamp and Maxon, 1942). This propelled search for new forms of 

beta-lactams that were not inhibited by penicillinase and had a wider spectrum of activity against 

both Gram-positive and Gram-negative bacteria. By the early 1960s, semi-synthetic penicillins 
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such as ampicillin and carbenicillin were introduced. These antibiotics were more effective 

against Gram-negative bacteria than penicillins. In 1965, a plasmid-borne beta-lactamase (TEM-

1) was first reported in E. coli, which conferred resistance to ampicillin. The enzyme was rapidly 

disseminated among species and was spread to P. aeruginosa by 1969, to Vibrio cholerae by 

1973, and to Haemophilus and Neisseria species by 1974 (Matthew, 1979, Rahal et al., 1973). 

Later on, more plasmid-borne beta-lactamases, notably SHV-1, TEM-2, and OXA-1 were 

disseminated widely in the bacterial populations. In the early 1970s, chromosomally-encoded 

AmpC beta-lactamases were first reported that could rapidly inactivate ampicillin (Livermore 

1987 and 1995; Sanders and Sanders, 1992).  

The first generation cephalosporins were developed with the objective of combining the 

broad-spectrum activity of ampicillin and achieving stability to staphylococcal penicillinase. 

However, like ampicillin they lacked activity against bacterial species with inducible 

chromosomally encoded AmpC enzymes and against strains that had plasmids encoding TEM 

and SHV enzymes (Livermore, 1995). The emergence of resistance to ampicillin and first 

generation cephalosporins fostered the search for newer versions of beta-lactams that were stable 

to beta-lactamases of Gram-negative species, especially TEM-1. This resulted in the 

development and introduction of second generation cephalosporins, such as cefoxitime, 

cefuroxime, and cefamandole. These antibiotics were able to achieve acceptable stability to 

TEM-1 enzymes; however, they were less effective against chromosomally encoded AmpC beta-

lactamases (O’Callaghan, 1979).  

The third generation of cephalosporins included cefotaxime, ceftriaxone, ceftizoxime, 

ceftazidime, and cefoperazone, which were more resistant to beta-lactamases including TEM-1, 

TEM-2, SHV-1, and to chromosomal Class A enzymes of Klebsiella spp. Activity against 
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chromosomally encoded AmpC-inducible species was also observed (Livermore, 1995; 

O’Callaghan, 1979). 

1.5.2 Resistance to beta-lactam antibiotics  

Resistance to beta-lactams can arise through the following pathways: 1) modification of 

their penicillin-binding protein targets, 2) beta-lactamase production, and 3) impermeability and 

efflux. Beta-lactams bind to transpeptidase enzymes to block cell wall synthesis. The 

transpeptidases, also called penicillin binding proteins (PBPs), and alteration of their structure 

can reduce their affinity for beta-lactams. Such a mechanism was detected in Streptococcus 

pneumoniae where decreased susceptibility was linked to multiple mutations in the PBP proteins 

(Pernot et al., 2004). The broad-spectrum beta-lactam resistance in methicillin-resistant 

Staphylococcus aureus strains is attributed to the low affinity of PBP2a transpeptidase for beta-

lactams (Lim and Strynadka, 2002). One important mechanism of resistance in Gram-negative 

bacteria is via beta-lactamases (Livermore, 1995). The beta-lactamase enzymes are classified 

into four classes (A-D) based on their sequence similarities. Classes A, C, and D comprise 

evolutionarily distinct groups of serine enzymes, and class B contains the zinc type (Waley, 

1992).  

Molecular classification of beta-lactamases, their distribution in different species and 

type of expression is provided in Table 1-2. Most Gram-negative bacteria except Salmonella 

produce species specific beta-lactamases. The low-level production of beta-lactamase may not be 

associated with clinically relevant beta-lactam resistance. In most Gram-negative species 

chromosomally encoded specific beta-lactamases are called class C (AmpC) (Medeiros, 1997). 

Expression of class C beta-lactamases may be inducible or constitutive at a high or low-level, 

according to the species and the strain (Table 1-2). The amount of AmpC produced in E. coli is 



 17

not sufficient to exhibit resistance to ampicillin and narrow-spectrum cephalosporins (Normark 

et al., 1980; Sykes and Matthew, 1979) (Table 1-1). Resistance to ampicillin and narrow 

spectrum cephalosporins in E. coli is mostly through acquisition of class A plasmid encoded 

beta-lactamase (Table 1-2) (Liu et al., 1992; Sanders and Sanders, 1992). Chromosomal AmpC 

beta-lactamases of Enterobacter spp., Citrobacter spp., Morganella morganii, Providencia spp., 

and Pseudomonas spp. are induced by ampicillin, and hydrolyze ampicillin and certain 

cephalosporins (Table 1-1 and 1-2).  

Plasmid mediated TEM-1 enzyme is the most common type of beta-lactamase and is 

responsible for most of the resistance to ampicllin in E. coli isolates. Other enzymes along with 

TEM-1 that are nowwide spread in enterobacteria include TEM-2, SHV-1 and OXA-1 (Sanders 

and Sanders, 1992). These beta-lactamases are easily hydrolyzed by broad spectrum 

cephalosporins. The last 20 years has seen the emergence of extended spectrum beta-lactamases 

(ESBLs). These enzymes are resistant to newer cephalosporins, monobactams, and penicillins. 

These beta-lactamases are the result of mutations in molecular class A plasmid encoded enzymes 

like TEM and SHV (Jacoby and Medeiros, 1991). The rising incidence of ESBL-producing 

Gram-negative bacteria from hospital acquired infections is a major health problem (Lautenbach 

et al., 2001).  

A new form of plasmid encoded beta-lactamase emerged in the early 1990s. These 

enzymes exhibit properties similar to AmpC chromosomally encoded beta-lactamases. However 

these beta-lactamases (cephamycinase) exhibit resistance to extended spectrum cephalosporins, 

cefoxitin, and cephamycin. The enzymes can now be subclassified by their degree of genetic 

relationship to AmpC genes of Citrobacter freundii (CMY-2, LAT-1, and BIL-1), Enterobacter 

cloacae (MIR-1), or Pseudomonas aeruginosa (MOX-1 and FOX-1) (Bauernfeind et al., 1996a). 
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The public health importance of this type of resistance was highlighted by the work done by 

Zhao et al. (2001), who showed that isolates of E. coli and Salmonella containing blaCMY gene 

were isolated from food animals as well as retail ground meat. They also showed that blaCMY 

could be horizontally disseminated via large, broad-host-range plasmids or mobile transposons. 

Winokur et al. (2001) has provided epidemiological evidence that the CMY-2 AmpC beta-

lactamase plasmid has been transferred between E. coli and Salmonella isolates. Dunne et al. 

(2000) studied Salmonella Typhimurium isolates collected by the National Antimicrobial 

Resistance Monitoring System between 1996 and 1998. They concluded that domestically 

acquired ceftriaxone resistant Salmonella have emerged in the United States and most isolates 

carried plasmid encoded AmpC type resistance. Plasmid encoded AmpC beta-lactamases have 

been frequently isolated from Gram-negative bacteria including E. coli, Salmonella spp., P. 

mirabilis and C. freundii (Bauernfeind et al., 1998). The high intrinsic resistance to penem 

antibiotics in Pseudomonas aeruginosa is attributed to the membrane impermeability and the 

presence of multidrug efflux system MexAB-OprM (Table 1-1) (Okamoto et al., 2001).  

All ESBL producers, plasmid encoded AmpC beta-lactamases, as well as bacteria devoid 

of outer membrane porins are susceptible to the carbapenems imipenem and meropenem, making 

carbapenems the last resort against infections caused by Gram-negative bacteria that are resistant 

to other beta-lactams (Jacoby and Carreras, 1990). Molecular class B zinc-type metallo beta-

lactamases are a unique group as they can even hydrolyze carbapenems. Cardoso et al., (1999) 

isolated metallo beta-lactamase from P. aeruginosa associated with nosocomial infections in 

Portugal. Senda et al. (1996) reported the presence of metallo beta-lactamases in P. aeruginosa 

from 5 hospitals from different geographical locations in Japan. They also observed that these 

genes were carried on large plasmids.   
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1.5.3 Tetracyclines  

In 1948, the first tetracycline, chlorotetracycline was obtained from fermentation of a soil 

actinomycete Streptomyces aureofaciens. Shortly thereafter oxytetracycline was isolated. 

Tetracycline was discovered in 1953 whereas methacycline, doxycycline, and minocycline were 

obtained by semisynthesis in 1965, 1967, and 1972, respectively (Mascaretti, 2003a). At present 

tetracycline, oxytetracycline, demeclocycline, doxycycline, and minocycline are marketed in the 

United States for human medicine (Mascaretti, 2003a).  

To interact with their targets, tetracyclines traverse the outer membrane of Gram-negative 

bacteria through the OmpF and OmpC porin channels, as a positively charged cations, probably a 

magnesium-tetracycline complex (Chopra et al., 1992; Schnappinger and Hillen, 1996). The 

cationic-metal-ion-antibiotic complex is attracted by the Donnan potential across the outer 

membrane, leading to its accumulation in the periplasm, where the metal-ion-tetracycline 

complex dissociates to liberate uncharged tetracycline, a weakly lipophilic molecule able to 

diffuse through the lipid bilayer regions of the inner (cytoplasmic) membrane (Chopra and 

Roberts, 2001). Once inside the cytoplasm, tetracycline interacts with the acceptor (A) site for 

aminoacyl-tRNA. It forms electrostatic interactions, directly or through an Mg+2 ion with the 

phosphodiester links of the 16S rRNA present in the 30S ribosomal subunit. Tetracycline blocks 

the subsequent rotation of aminoacyl-tRNA into the A site. This results in premature release of 

polypeptide chain and terminates that cycle without peptide bond formation, thus preventing 

protein synthesis. This mechanism of action makes tetracycline largely bacteriostatic (Walsh, 

2003c). 
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1.5.4 Resistance to tetracyclines  

Resistance to tetracycline may be mediated by one of three different mechanisms: (i) an 

energy dependent efflux of tetracyclines carried out by transmembrane spanning proteins, which 

results in reduction of the concentration of tetracyclines in the cytosol; (ii) ribosomal protection, 

whereby the tetracyclines no longer bind productively to the bacterial ribosome or (iii) chemical 

modification, requiring oxygen and NADPH and catalysis by enzymes (Mascaretti, 2003b).  

Presently there are twenty nine different resistance (tet) genes and three oxytetracycline 

resistance (otr) genes that have been characterized. Eighteen of the tet genes and one otr gene 

code for efflux pumps, and seven of the tet genes and one otr gene code for the ribosomal 

protection mechanism (Chopra and Roberts, 2001). The efflux genes are divided into 6 groups 

(Table 1-3).  

The Gram-negative efflux determinants belong to group 1 (Table 1-3) and exchange a 

proton for a tetracycline-cation complex. The majority of the efflux pumps are made up of 2 

genes, one coding for an efflux protein and one coding for a repressor protein. The two genes are 

oriented in opposite directions and share a central regulatory region with overlapping promoters 

and operators (Hillen and Berens, 1994). In the absence of tetracycline, the repressor protein 

binds to the two tandemly oriented tet operators and blocks transcription of both the repressor 

and the efflux gene (Hillen and Berens, 1994; Kisker et al., 1995). Induction in the system occurs 

when a tetracycline-Mg+2 complex enters the cell (Figure 1.4). This complex readily binds to the 

tet repressor protein which allows tet(A) transcription (Orth et al., 2000). The Kd for binding of 

tetracycline-Mg+2 complex with TetR protein is some thousand fold tighter than the binding with 

the 30S ribosome, so tet(A) transcriptional expression initiates even at low levels of drug in the 

bacterial cell (Orth et al., 2000). The 42-kDa TetA pump protein is overproduced, which is then 
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inserted into the cytoplasmic membrane, and acts in an antiport mode to pump out tetracycline in 

exchange of a proton (Yamaguchi et al., 1990) (Figure 1.5). Export of tetracycline reduces the 

intracellular drug concentration and protects the ribosomes within the cell.  

Spread of tetracycline efflux genes is dictated by the genes or genetic elements they are 

associated with. The tet(B) efflux gene can be transferred between Actinobacillus and 

Hemophilus species through conjugative plasmids, whereas the same gene is not mobile in 

Treponema species (Roe et al., 1995; Roberts et al., 1996). The tet(E) gene is associated with 

large plasmids but these plasmids are neither mobile nor conjugative while tet(M) is associated 

with conjugative mobile elements in Haemophilus ducreyi (DePaola et al., 1988; Roberts, 1989).  

Tetracycline resistance determinants have also been detected on transposons. The conjugative 

transposon Tn916 that harbors the tet(M) gene has a wide host range and can transfer the tet(M) 

gene from Gram-positive to Gram-negative bacteria (Bertram et al., 1991). Conjugative 

transposons carrying tet(Q) encode for ribosomal protection in Bacteroides spp. (Shoemaker et 

al., 1989). One of the most extensively characterized resistances to tetracycline is the Tn10 

transposon based efflux pumps (Hillen and Berens, 1994). The regulation mechanism of the 

efflux operon (Figure 1.4) that encodes for the TetA(B) efflux and TetR(B) repressor proteins 

was elucidated using the Tn10 transposon (Roberts, 1996). Tn10 was originally discovered by 

Nakaya et al. (1960) on a drug resistance factor in Shigella species. The factor was referred to as 

R100 by Sugino and Hirota (1962). The R factor acts as a sex factor in that it brings about 

transfer of the host chromosome as well as its own transfer by conjugation (Sugino and Hirota, 

1962). The translocation ability of Tn10 was later documented by Kleckner et al. (1975). They 

observed that Tn10 carrying tetracycline-resistance is capable of translocation as a unit from one 

DNA molecule to another. Tn10 present on a drug resistance plasmid (R-factor) in a Salmonella 



 22

strain was selected by a P22 bacteriophage during a lytic cycle of growth. This phage was able to 

insert Tn10 into a number of different sites on the Salmonella chromosome.  Insertion of Tn10 

was usually precise, occurring without loss of information on the recipient DNA molecule. 

Similar experiments showed that the tetracycline-resistance determinant was able to translocate 

from the plasmid (R100-1) to the chromosome of Escherichia coli K-12 (Foster et al., 1975). In 

the Tn10 encoded tet operon, the repressor protein synthesis occurs before the resistance protein. 

This type of regulation is believed to be common to all tet determinants (Hillen and Berens, 

1994).  

Multidrug efflux pumps (MAR locus) that can export tetracycline have also been 

observed in E. coli (George and Levy, 1983). The resistance is mediated by mutation in the 

negative regulator (MarR) of the mar operon (Alekshum and Levy, 1997; Levy, 1992). A 

mutation in the marR region over-expresses marA, a transcriptional activator of a common group 

of promoters. Over-expression of MarA increases the expression of the multiple drug efflux 

pump AcrAB in E. coli (Oethinger et al., 2000). Escherichia coli exposed to increasing 

concentrations of tetracycline or chloramphenicol may select for mutations in the marR region 

that enhance intrinsic resistance to a variety of antibiotics including penicillins, cephalosporins, 

rifampin, nalidixic acid, and quinolones mediated by the AcrAB efflux system (George and 

Levy, 1983; Levy, 1992). 

1.6 Antibiotic resistant bacteria in food animals  

The emergence and spread of antibiotic resistance genes is enhanced through the 

intensive use of antimicrobials in over-crowded populations of production animals. This 
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phenomenon is known as “selective pressure.” Selective pressure is a general concept that refers 

to the many factors that create an environmental landscape which allows organisms with novel 

mutations or newly acquired characteristics to survive and proliferate (Baquero et al., 1998). The 

classic example of continuous selective pressure in the animal production industry is the use of 

antibiotics in feed at subtherapeutic concentrations (IOM, 1989).  

There is considerable scientific evidence to suggest that the practice of feeding antibiotics 

can result in selection of antibiotic resistant bacteria in animals (Bager et al., 1997; Klare et al., 

1995; Aarestrup et al., 1996). Studies conducted by Smith (1973) found the presence of 

tetracycline resistant enteric E. coli in the late 1950s shortly after tetracycline was introduced in 

the UK as a feed additive. By the year 1970 when tetracycline was still in use, a substantial 

increase in the number of tetracycline-resistant E. coli was observed. Levy et al. (1976) studied 

the effect of feeding tetracycline-supplemented feed to chickens. They observed tetracycline 

resistance in the chicken intestinal flora within one week. Selective pressure selecting for 

tetracycline resistance in bacteria in chickens was transferred gradually to farm personnel within 

5 to 6 months. Recently ampicillin-resistance was detected in E. coli from chicks that were 

exposed to low doses of ampicillin in feed (al-Sam et al., 1993). Antibiotics for treatment 

incorporated in starter and grower finisher rations of pigs exhibited a significant association with 

resistance to important antibiotics like ampicillin, spectinomycin, carbadox, and tetracycline in 

fecal E. coli (Dunlop et al., 1998). The influence of selective pressure is well recognized through 

the work done by Langlois et al. (1983). They observed a significant decrease in tetracycline 

resistant fecal coliform from 82 to 42% after complete withdrawal of therapeutic and 

subtherapeutic use of antibiotics on a swine herd for 126 months. Most of this literature has 

focused the attention of researchers towards the use of antibiotics in animals, especially 
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antibiotic growth promoters. The Food and Drug Administration acknowledges the likelihood 

that an antimicrobial drug used to treat an animal may cause antimicrobial-resistance. Recent 

guidelines issued by FDA (2003) encourages drug sponsors to use a risk assessment process to 

demonstrate that an antimicrobial drug used to treat food-producing animals will not create a risk 

of antimicrobial resistant bacteria likely to lead to human health problems.           

Resistance to the antimicrobial drugs needed to treat human illnesses is a serious public 

health threat. Antimicrobial-resistance in foodborne pathogens is therefore an important issue. 

Foodborne pathogens like Campylobacter, Salmonella, and pathogenic E. coli isolated from 

beef, pork, and poultry have been found to be resistant to quinolones and tetracycline (Mayrhofer 

et al., 2004). A study conducted on the zoonotic pathogen Campylobacter coli isolated from 

fattening pigs in France exhibited resistance to tetracycline, erythromycin, or multidrug-

resistance (Payot et al., 2004). Multidrug-resistant Salmonella including those resistant to 

ceftriaxone have been isolated from retail ground meat (White et al., 2001). A shiga-toxin-

producing E. coli O157:H7 marR mutant isolated from cattle feces showed multiple antibiotic 

resistance to chloramphenicol, tetracycline, nalidixic acid, and ciprofloxacin (Yaron et al., 2003). 

This can become a major clinical problem as in a case study of a child with diarrhea in Nebraska, 

whose stool revealed the presence of ceftriaxone-resistant Salmonella and cattle were identified 

as the source of infection (Fey et al., 2000).  

To deal with the growing problem of antimicrobial-resistance, the United States National 

Antimicrobial Resistance Monitoring System (NARMS) was established in the year 1996 for 

monitoring antimicrobial-resistance in human enteric bacteria including Campylobacter, 

Salmonella, E. coli O157, and Shigella. NARMS maintains a database of antibiotic susceptibility 

patterns of these pathogens. In the year 2002, a report was published by the NARMS on 
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susceptibility of 4,689 veterinary origin E. coli isolates, of which 1389 were from dairy cattle. In 

these baseline E. coli isolates of veterinary origin, predominant resistance was observed against 

tetracycline (36%), streptomycin (35%), sulfamethoxazole (26.4%), gentamicin (18.8%), 

ampicillin (13.7%), and cephalothin (10.4%). Resistance was also observed to important 

antibiotics like amoxicillin/clavulanic acid (7.1%), cefoxitin (5.5%), and ceftiofur (3.7%). 

Multidrug-resistance (> 3 to 14 antibiotics) was observed in 31.5% of E. coli. The most common 

resistance pattern included resistance to gentamicin, streptomycin, sulfamethoxazole, and 

tetracycline and was observed in 5% of the E. coli isolates. This type of data is useful in 

understanding emerging trends in antimicrobial resistance. NARMS data can also be helpful in 

epidemiological investigations of outbreaks.  

In the United States, the Food and Drug Administration has the regulatory responsibility 

of ensuring that the use of antimicrobial drugs in food-producing animals does not result in 

adverse health consequences to humans. In 1999, the FDA proposed guidelines with a document 

entitled, “A proposed framework for evaluating and assuring human safety of the microbial 

effects of antimicrobial new animal drugs intended for use in food producing animals” 

(Framework document, FDA, 1999). The document elucidated a 5-pronged strategy for 

managing risks associated with the use of antibiotic drugs in food-producing animals. Strategies 

included: 1) categorization of antibiotics based on their importance in human medicine; 2) 

revision of the pre-approval safety assessments for new animal drug applications to access 

microbial safety; 3) post-approval monitoring for resistance development; 4) collection of food 

animal antibiotic use data; and 5) establishment of regulatory thresholds. 
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Table 1-1: Distribution, classification and expression of important beta-lactamases* 

 Molecular Class 

 A B C D 
Chromosomal  

 
 

K. oxytoca Ki (Ca) 
K. pneumoniae-
SHV-1b (C) 
P. vulgaris (I) 
C. diversus (I) 
Bacteroides A (C) 
 

S. maltophilia L1 (I) 
F. odoratum (C) 
Aeromonas (I)    
 

E. coli AmpC (c) 
Shigella AmpC (c) 
Enterobacter AmpC (I) 
C. freundii AmpC (I) 
Serratia AmpC (I) 
M. morganii AmpC (I)  
Providentia  AmpC (I)  
P. aeruginosa AmpC (I) 

 

Plasmid 
 

TEM familyc (C) 
SHV familyb,c (C) 
HMS-1 (C) 
Staphyloccal 
penicillinase (I) 
 

IMP-1 and related (C) 
 

Plasmidic AmpC (C) 
(BIL-1, CMY family, FOX-1,  
LAT-1, MOX-1, MIR-1) 
 

OXA- familyc 

* Livermore (1996).  
a Mode of production: c, constitutive at insignificant level; C, constitutive at significant level; I, inducible,  
b SHV-1 is the chromosomal beta-lactamase of K. pneumoniae; but may also be encoded by plasmids in other Gram-
negative bacilli  
c Includes extended spectrum derivatives, active against newer generation beta-lactams   
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Table 1-2: Natural resistance mechanisms prevalent in different Gram-negative Genera/species of 
bacteria* 

Genus/ 
Species  Ampicillin Ampicillin-

Sulbactam 
1st gen 

Cephalosporin 
2nd gen 

Cephalosporin 
3rd gen 

Cephalosporin

Citrobacter β / # β β β S 

Enterobacter β / # β β β S 

E. coli S S S S S 

Morganella β / # β β β S 

Klebsiella β S S S S 

Pseudomonas β / # β / # β / # β / # # 

β = Resistance conferred by chromosomal beta-lactamase 
# = Resistance conferred by impermeability/efflux 
S = Sensitive 

 
* Table compiled from Livermore (1996).  
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Table 1-3: Tetracycline efflux genes* 

Efflux 
groups  Genes  Species  

Group 1 
tet(A), tet(B), tet(C), tet(D), tet(E), 
tet(G), tet(H), tet(Z), tet(I), tet(J), and 
tet(30) 

tet(Z) found in Gram-positive; 
remainder found in Gram-negative 

Group 2 tet(K) and tet(L) Gram-positive  

Group 3 otr(B) and tcr3 Streptomyces spp. 

Group 4 tetA(P) Clostridium spp. 

Group 5 tet(V) Mycobacterium smegmatis 

Group 6 unnamed determinant  Corynebacterium striatum  

* Table compiled from Chopra and Roberts (2001).  
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Figure 1.1: Antibiotic additives used in feed and water on 1000-plus head feedlot operations in 
the U.S. in the year 1994 (USDA/APHIS Veterinary Services, 1995) 
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Figure 1.2: Targets for antibacterial drugs 

Figure adapted and based on information by Walsh C (ed.). 2003. Antibiotics: actions, origins, 
resistance. ASM press. Washington, D.C.    
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Transpeptidase forms crosslinks
between peptidoglycan polymers 

in cell wall 

Enzyme no longer available for cell 
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Penicillin Penicillin bound to 
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peptidoglycan

Figure 1.3: Mechanism of beta-lactam cell wall inhibition 

Adapted from a figure available on line at 
www.shodor.org/master/biomed/pharmaco/penicillin/penapp.html.  
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Figure 1.4: Efflux-mediated resistance in Gram-negative bacteria 

Figure adapted and based on information by Lawley et al. (2000) and Chopra and Roberts 
(2001).  
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Figure 1.5: Tetracycline drug: H+ antiport system 

Figure adapted and based on information by Nikaido (1996) and Thanassi et al. (1995).  
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2.1 ABSTRACT 

A survey (July 2001- June 2002) was conducted on 113 dairy herds, from 13 counties in 

Pennsylvania, for use of antimicrobial agents. Fifty-six of 113 (50%) dairy farms surveyed 

maintained written or computerized antibiotic treatment records on the farm. Only 21% of dairy 

producers had written plans for treating sick animals. On most occasions (93%) antibiotics were 

administered by the owner/manager or designated herdsman, but only 32% of farms sought a 

veterinarian’s advice before administering antibiotics. However, no more than 24% of the dairy 

producers followed the instructions for antibiotic usage and completed the course of antibiotic 

treatment. The majority of dairy producers used antibiotics in an extralabel manner, with 

guidelines from a veterinarian; separated and visibly marked treated cows; and milked treated 

cows last with a separate milking unit. About 3% of dairy producers surveyed had antibiotic 

residue violations in the past 6 months.  

An in-depth analysis of the records of 33 of the 113 dairy farms was done to determine 

the incidence of disease conditions for which antibiotics were administered. Pneumonia and 

enteritis were recorded on 88 and 100% of the farms, respectively. Nearly 79, 100, and 100% of 

farms had lactating cattle with metritis, foot rot, and clinical mastitis, respectively.  

Use of antibiotics was the largest in calves with enteritis (36%), followed by pneumonia 

in calves (25%) and foot rot in cattle (16%). The most widely observed health problems in dry 

cows on farms were clinical mastitis (27%) and pneumonia (24%). A small percent of dry cows 

were treated with antibiotics for clinical mastitis (8%) and pneumonia (10%).  

Twenty four antibiotics including beta-lactams (penicillins and cephalosporins), 

spectinomycin, and florfenicol were widely used for therapeutic purposes, while oxytetracycline 

and neomycin were used in milk replacers for prophylaxis. Feeding medicated milk replacers to 
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calves for prevention of calf scours was widely practiced (70%). Beta-lactam antibiotics were 

mostly used for dry cow therapy, clinical mastitis, and on some farms for pneumonia and 

metritis. Ceftiofur, a third generation cephalosporin, was not only used for the prescribed 

conditions, but also as an extralabel drug on 18% of farms for treating mastitis in lactating cattle. 

Current practices related to antimicrobial usage on farms could contribute to the development of 

antibiotic resistant bacteria. The results of this study suggest antibiotics are extensively used on 

dairy herds for both therapeutic and prophylactic purposes. Beta-lactams and tetracyclines were 

the most widely used antibiotics. Farm management practices associated with antibiotic use 

varied considerably. Extralabel use of antibiotics was practiced on many farms. It is felt that a 

comprehensive study to determine the prevalence and distribution of antibiotic resistant bacteria 

on dairy herds would be valuable in understanding the relationship between antibiotic use and 

development of antibiotic resistance bacteria.  

2.2 INTRODUCTION 

Antibiotics are used in livestock production as therapeutics, growth promoters, and 

prophylactics. Therapeutic use of antibiotics is often required to manage clinically apparent 

diseases. The therapeutic regimen is dictated by label instructions from the manufacturer or in 

accordance with extralabel instructions from a veterinarian. Antibiotics are used as growth 

promoters in livestock via administration at low doses for extended periods of time. As 

prophylactics, antibiotics are used at low doses for a period of 2 weeks, to prevent disease. 

Although the duration of antimicrobial use differs for growth promotion and prophylaxis, the 
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dosage for both is typically less than 200 gm/ton of feed, and is considered subtherapeutic 

(IOM, 1989). 

The earliest evidence of growth-promoting effects of antibiotics became apparent when 

chickens exposed to small doses of chlortetracycline grew more rapidly than non-exposed 

chickens (Stokstad and Jukes, 1950). At subtherapeutic levels, antibiotics are helpful in: (1) 

improving growth, (2) reducing risk of disease, (3) improving digestion, (4) improving weight 

gain, and (5) decreasing time and amount of feed needed to reach slaughter weight (Crawford 

and Teske, 1983; Droumev, 1983; Frost, 1991; Luetzow, 1997). Almost 90% of all antibiotics 

used on farm animals and poultry are administered in subtherapeutic concentrations. About 70% 

of all antibiotics used in subtherapeutic concentrations in animal feeds are given for the purpose 

of disease prevention (prophylaxis), while 30% are used for growth promotion (CAST, 1981; 

Hays, 1986; US. Int. Trade Com., 1987).  

A study conducted by Zwald et al. (2004) on antibiotic usage on conventional dairy farms 

in Michigan, Minnesota, New York, and Wisconsin reported that use of newer antibiotics such as 

ceftiofur was a common practice on farms. They also commonly observed use of dry cow 

therapy on these farms and approximately half of farms fed medicated milk replacers to calves. 

Some of the farms also reported using antibiotics that were prohibited for use in dairy cattle.  

A study conducted in Kenya’s prolific milk producing districts showed that small dairy 

producers produced milk with beta-lactam residues exceeding the established maximum residue 

levels (Shitandi and Sternesjo, 2004). Use of antibiotics in Sweden and Norway for mastitis 

treatment has been influenced by policies and recommendations (Grave et al. 1999). In these 

countries the preference for beta-lactams, including procaine, benzyl penicillin and combinations 

with dihydrostreptomycin, was based on the withdrawal period. Dairy producers in Sweden use 
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long-acting drug treatment for subclinical mastitis and dry cow therapy, whereas the same 

formulations are not accepted in Norway. These examples reveal that antibiotic usage varies 

from country to country, within a country, and between farms, depending on policies and desired 

results.  

The extensive use of antibiotics has caused bacteria to adapt defenses against antibiotics 

(Levy et al., 1987). This has resulted in the evolution, spread, and persistence of antimicrobial 

resistance in bacterial populations in animal agriculture. The emergence and spread of antibiotic 

resistance genes is enhanced through the intensive use of antimicrobials in over-crowded 

populations of production animals. This phenomenon is known as “selective pressure.” Selective 

pressure is a general concept that refers to the many factors that create an environmental 

landscape which allows organisms with novel mutations or newly acquired characteristics to 

survive and proliferate (Baquero et al., 1998). The classic example of continuous selective 

pressure in the animal production industry is the use of antibiotics in feed at subtherapeutic 

concentrations (IOM, 1989).  

Usage of antibiotics is known to leave residues in farm products (Levy et al, 1987; 

Tenover et al., 1996; Corpet, 1996). Several antibiotics enter the aquatic and terrestrial 

ecosystems through the discharge of effluents from farms (Bates et al., 1994). When applied to 

the land, farm wastes containing bioactive veterinary drug residues and antimicrobial resistant 

bacteria are susceptible to runoff into bodies of water and can potentially create reservoirs in the 

environment for antibiotic resistant bacteria (Chee-Sanford et al., 2001; Austin, 1985).  

The present study investigates how antibiotics are used on dairy herds and identifies 

management practices that could contribute to development of antibiotic resistance.  



 

 

50
2.3 MATERIAL AND METHODS 

2.3.1 Dairy Herds 

A total of 248 dairy farms from 36 counties in Pennsylvania were solicited to participate 

in the antibiotic usage survey. The 248 dairy farms had participated earlier in a study on 

foodborne pathogens in bulk tank milk (Jayarao et al., 2002). The dairy herds that participated in 

that study were referred by 19 county extension educators, and three milk cooperatives. The 

same 248 herds were contacted again and 173 of the dairy producers indicated their interest in 

participating in an antibiotic usage survey. Dairy producers were selected for the study who: 1) 

would allow, if available, reviewing of farm records related to antibiotic usage; 2) were currently 

members of National Dairy Herd Improvement Association, and 3) granted permission to contact 

their veterinarian to verify antibiotic use if needed. The 126 dairy producers that met the study 

criteria were requested to take part in the survey. A total of 113 dairy producers (n=13 counties) 

participated in the survey. The dairy herds were categorized based on their herd size of <100 

lactating cows (n= 42 herds, 3-4 herds/county), between 100-199 lactating cows (n=45 herds, 3-5 

herds/county) and > 200 lactating cows (n=26 herds, 2 herds/county). Thirty three of the 113 

dairy herds maintained complete records on individual animal health and antibiotic usage. 

Records from these herds were analyzed to determine the type of antibiotics that were used and 

the purpose for which they were administered.  

 

2.3.2 Survey Questionnaire  

 A survey instrument (questionnaire) on antibiotic usage was developed. The 

questionnaire was modified to improve its usefulness for collecting information on antibiotic 

usage. The questionnaire survey was administered to the dairy producer or manager of each 
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farm. It took 45-60 minutes to complete the survey (Appendix A; Tables A-2 to A-4). The first 

part of the survey was administered to all 113 dairy producers. The second part of the survey was 

administered to the 33 dairy producers who had records on herd health and antibiotic use 

(Appendix A; Table A-5 to A-9). The survey was conducted from July 2001 through June 2002.   

2.3.3 Data Analysis 

 Answers to the questionnaire were transferred to Microsoft Excel and grouped by 

the type of response (e.g., “yes” or “no”) obtained. The response for each question was subjected 

to one-way ANOVA to determine if there was any significant difference in their response. A P 

value of < 0.05 was considered as a significant difference in the type of response for a given 

question. All statistical analyses were performed using JMP software version 4.0 (SAS Institute, 

Cary, NC).  

2.4 RESULTS 

2.4.1 Farm management practices associated with antibiotic usage on 113 farms 

One hundred and thirteen farm managers/producers were administered a survey to 

ascertain why, how, and when antibiotics were used on their dairy herds (Table 2-1).  

Fifty percent of the farms surveyed kept written or computerized records of antibiotic 

treatment, including medicated feed use that could be verified. Of these farms, only 33 producers 

maintained complete records of antibiotic usage. A significant difference was observed among 

the dairy producers who had written plans (21%) and those dairy producers who did not have 

written plans (79%) for treating sick animals. About 32% of dairy producers always sought a 

veterinarian’s advice before administering antibiotics (Table 2-1). Other than the veterinarian, 
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antibiotics were primarily administered by either the owner/manager or herdsman (93%). Only 

24% of the dairy producers followed instructions on antibiotic usage and completed the course of 

treatment presented for a given condition. The majority of the dairy producers (79%) stated that 

extralabel medication was practiced on the farm following the orders or written guidelines from a 

veterinarian (Table 2-1). Statistically significant percent of dairy producers physically separated 

treated cows (85%), marked them visibly (87%), and milked them last (84%) in separate milking 

units (86%). A large percent of dairy producers also visibly marked dry cows treated with 

antibiotics (73%; Table 2-1). Ninety seven percent of farms had no antibiotic residue violation 

for 6 months prior to the survey. A significant percent of dairy producers (58%) routinely 

screened cows for antibiotics after freshening with an antibiotic residue detection test (Table 2-

1).   

2.4.2 Antibiotics approved for use in dairy cattle  

Antibiotics approved for use in dairy cattle are listed in Appendix A. The antibiotics 

approved for use in dairy cattle belong to 10 different classes. Beta-lactam antibiotics comprise 

the largest class of antibiotics used on these farms. Penicillin G and cloxacillin are approved for 

use for both mastitis in lactating cows and dry cow therapy. Penicillin G is also allowed for 

treatment of conditions like black leg, rhinitis, pneumonia, and metritis in dairy cattle (Appendix 

A). Penicillin G is also used in combination with other antibiotics for mastitis treatment. 

Combination with novobiocin can be used for both lactating and dry cows, whereas combination 

with dihydrostreptomycin is only permitted for use in dry cows. Amoxicillin can be used for 

local treatment of mastitis as well as systemic treatment of respiratory and foot rot conditions, 

whereas ampicillin can be used only for the treatment of respiratory conditions (Appendix A). 

Hetacillin, a type of ampicillin is available as an intramammary infusion for treating acute, 
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chronic, or sub-clinical bovine mastitis (Appendix A). The first generation cephalosporin 

cephapirin has been approved for prevention and treatment of mastitis (Appendix A). Ceftiofur is 

a broad spectrum injectable cephalosporin, developed solely for veterinary therapeutic use. First 

approved by the FDA in 1988 for treating respiratory diseases in cattle, is can also be used for 

treating metritis and foot rot. 

Chlortetracycline and oxytetracycline can be used for treatment of non-milking dairy 

cattle and for prophylaxis in calves. Chlortetracycline is allowed for improving feed efficiency 

and weight gain in calves. It can also be used to treat enteritis and respiratory infections in non-

lactating cattle. Oxytetracycline, in combination with neomycin, is used in medicated dairy calf 

milk replacers for prevention of bacterial diarrhea (Appendix A).  

Erythromycin, a macrolide class of antibiotic, can be used for treating mastitis in 

lactating cows and dry cows. Florfenicol, a member of the thiophenicol group of antibiotics, is 

available as an injectable drug and has been labeled for use in cattle for treatment of bacterial 

pneumonia and foot rot conditions (Appendix A). Novobiocin is used for treating mastitis in 

lactating cattle as well as for dry cow therapy. Pirlimycin, a lincosamide antibiotic, is approved 

for treatment of mastitis in lactating cows only (Appendix A). Use of spectinomycin and 

sulfadimethoxine has been allowed for treatment of respiratory diseases in cattle. Since the 

withdrawal period for spectinomycin is not established in pre-ruminating and lactating dairy 

cattle, this medication cannot be used in dairy cattle 20 months of age or older. Currently 

sulfadimethoxine is the only sulfonamide that is labelled for treating lactating cattle with 

respiratory disease and foot rot. Extralabel use of sulfadimethoxine in lactating cattle is 

prohibited (Appendix A).  
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2.4.3 Documented disease or health conditions in dairy herds (n=33) that required use of 

antibiotics  

The treatment in animals and prevalence of disease conditions in different age groups on 

33 of 113 farms was determined (Table 2-2). The percent of farms that recorded clinical cases of 

pneumonia was the highest for calves (88%), followed by lactating cattle (33%), dry cows 

(24%), and heifers (15%). The total number of animals treated for pneumonia was highest for 

calves (25%). Although the number of farms reporting cases of pneumonia was greater for 

lactating cattle than dry cows, the number of animals treated with antibiotics for pneumonia was 

higher in dry cows (10%) than lactating cattle (3%; Table 2-2). Clinical cases of metritis that 

were treated with antibiotics were recorded on more  farms (79%) in lactating cattle than in 

heifers (27%) and cows in early stages of their dry period (21%). Lactating cattle treated with 

antibiotics for metritis comprised 11% of the total lactating cattle population under this study.  

Foot rot cases were detected in lactating cattle on all of the 33 farms, with 16% of the 

infected lactating cattle treated with antibiotics (Table 2-2). The incidence of foot rot was also 

observed in animals of different age groups, but on comparatively fewer farms. Similarly, 

enteritis in calves was commonly observed on all the farms surveyed, as compared to other age 

groups. With 36% of the calf population treated with antibiotics for enteritis, it becomes the 

single most prevalent disease among the recorded diseases on the farms, as well as among 

various age groups. Another disease that was manifested largely in lactating cattle and reported 

on all farms was clinical mastitis. Fourteen percent of lactating cattle were treated with 

antibiotics for mastitis compared to 8% of cows in the early or late phase of their dry period and 

5% of heifers (Table 2-2).    
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2.4.4 Antibiotics used to treat health conditions in dairy herds (n=33)   

Farm records were also studied to collect information on the type of antibiotics used. A 

total of 24 antibiotics were used for therapeutic and prophylactic purposes. The 24 antibiotics 

belonged to 13 antibiotic classes (Table 2-3). The beta-lactam group was the largest single group 

with 7 antibiotics in this class used on study farms.  

A variety of drugs were used for prevention and treatment of mastitis. For dry cow 

therapy, cephapirin was the drug of choice (52%) followed by novobiocin (27%) and penicillin 

G procaine (24%). Other antibiotics used were cloxacillin and penicillin G procaine and 

novobiocin combination. Cephapirin was also a preferred drug for treating mastitis in lactating 

cattle and was used on 49% of the farms (Table 2-3). Penicillin G procaine (18%) and 

erythromycin (9%) were also used for treating mastitis in lactating cattle on farms. Antibiotics 

like amoxicillin, hetacillin, and pirlimycin were also used (Appendix A; Table A-8 and Table 2-

3). The most significant observation was the extralabel use of ceftiofur (18%) for treating 

mastitis in lactating cattle. This antibiotic is not approved for treating mastitis.  

On 30% of the farms, spectinomycin was the drug of choice for treating enteritis. This 

antibiotic has been approved for treatment of pneumonia in dairy cattle less than 20 months of 

age. For treatment of respiratory diseases ten different antibiotics were used. The most 

commonly used antibiotics for treatment of pneumonia were ampicillin (45%, only in calves), 

ceftiofur (48%), florfenicol (30%), and spectinomycin (42%; Table 2-3). All of these antibiotics 

have been approved for systemic use. Sulfadimethoxine was also used on 27% of the farms to 

treat animals with pneumonia. Other antibiotics used were amoxicillin, tetracyclines, 

danofloxacin, and tilmicosin. Danofloxacin, a broad spectrum floroquinolone, is approved for 

use for treating respiratory diseases in chickens, cattle, and swine, but is not indicated for use in 
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dairy cattle. Tilmicosin has been approved for use in calves (< 20 months old) for treatment of 

respiratory diseases. Ceftiofur was a drug of choice for treatment of metritis on 5 of the 33 farms.  

The combination of oxytetracycline and neomycin was widely used on farms (23 of 33; 

70%) for prophylaxis in calves to prevent bacterial diarrhea (Appendix A; Table A-8 and Table 

2-3). Some farms also used chlortetracycline, which has been approved for improving weight 

gain and feed efficiency. Extralabel prophylactic use of bacitracin-zinc and carbadox was also 

observed in some dairy herds. 

A total of nine antibiotics were used to treat more than one condition/disease on the farms 

surveyed. Antibiotics that were widely used for treatment of different conditions on farms were 

ceftiofur (79%), spectinomycin (67%), sulfadimethoxine (49%), and ampicillin (46%).       

2.5 DISCUSSION 

The risk of transferring antibiotic resistant bacteria to humans via the food chain has been 

identified as a major public health threat and a priority issue by several expert committees, 

including the Institute of Medicine, the American Society for Microbiology, and the U.S. Office 

of Technology Assessment (ASM, 1994; US OTA, 1995; ASM, 1997; IOM, 1998). 

The survey in this study included questions that were helpful in gaining insight into farm 

management practices associated with antibiotic usage. Fifty percent of dairy producers 

maintained records of antibiotic treatments conducted, including medicated feeds. Similar 

surveys conducted with dairy producers from Michigan, Minnesota, New York, and Wisconsin 

showed that 71.7%, 58.6%, and 36.4% of conventional dairy producers kept antibiotic treatment 

records for lactating, non-lactating cows, and calves/heifers, respectively (Zwald et al., 2004). 
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Kaneene and Ahl (1987) surveyed dairy producers in Michigan who indicated that insufficient 

record keeping and poor knowledge about drug withdrawal periods among producers are 

important factors leading to drug residues in milk.  

A significant number of dairy producers failed to administer the entire course of 

antibiotic therapy. This lapse could lead to improper usage of antibiotics and potentially result in 

imprudent use of antibiotics on farms. Only 32% of farmers always sought veterinary advice 

before administering antibiotics. The tendency to rely on personal experience for antibiotic use, 

dosage and withdrawal period was also common in dairy producers surveyed by Zwald et al. 

(2004).  

One of the important aspects of prudent and proper use of antibiotics is to take advice 

from the veterinarian before the use of any extralabel antibiotics. The majority of the dairy 

producers sought written guidelines from the veterinarian before using antibiotics extralabelly. 

The Animal Medicinal Drug Use Clarification Act of 1994 (AMDUCA) allows veterinarians to 

prescribe extralabel uses of certain approved animal drugs and approved human drugs for 

animals under certain conditions. The key constraints of AMDUCA are that any extralabel use 

must be by or on the order of a veterinarian and must not result in violative residues in food-

producing animals (http://www.fda.gov/cvm/default.html, accessed September 2004). Taking a 

veterinarian’s advice can avoid extralabel use of antibiotics that are prohibited in food animals. 

These drugs include enrofloxacin, chloramphenicol, and sulfonamides, other than 

sulfadimethoxine, along with a voluntary ban on the use of aminoglycosides.  

A majority of the farms in our survey (87%) marked their animals treated with 

antibiotics. This practice has been shown to be effective in preventing drug residues in milk 

(Talley, 1999). Routine testing of treated cows with a residue detection kit is helpful in reducing 
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the risk of residue occurrence in milk (McEwen et al., 1991). The regular testing of milk and 

proper management of treated animals could be an important factor that allowed 97% of dairy 

producers in our study to produce milk free of antibiotic residues. 

The findings of our study revealed that practices such as consulting the veterinarian 

before using extralabel antibiotics, separating and milking the treated animals last, and routine 

testing of freshened cows (one that’s just given birth to a calf) for antibiotic residues are helpful 

in using the appropriate antibiotics and preventing antibiotic residues in milk. Absence of 

antibiotic treatment records, lack of written plans for treating sick animals, not consulting the 

veterinarian for treating sick animals, and failure to complete antimicrobial treatment course are 

factors that can lead to the selection of antibiotic resistant bacteria. 

Detailed study of the records from 33 farms indicated that prevalence of disease and 

health conditions was different for each age group (Table 2-2). Ortman and Svensson (2004) 

recorded disease and treatments of heifers calves (n=3081) from 112 Swedish dairy herds from 

birth to first calving. Of the infectious diseases recorded, 26.4% were treated with antimicrobial 

drugs. The most common diseases observed from birth to 210 days were respiratory diseases and 

diarrhea. Adult animals (> 420 days of age) were most frequently treated for foot rot and 

mastitis. The results of our study are similar to these findings. The data indicates that on these 

farms typical use of antibiotics is relatively high in calves and lactating cattle.  

The National Animal Health Monitoring System (NAHMS, 1997) conducted a 

nationwide survey on antibiotic use on farms that covered 79% of U.S. milk cows. The survey 

provided broad estimates on the use of antibiotics and the method of use. However, detailed 

information on the type of antibiotics used and the reasons why they are used was limited. The 
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present study emphasized identifying the reasons for antibiotic use and farm management 

practices associated with it.  

The majority of the dairy producers surveyed indicated that mastitis was the most 

commonly treated condition on their farm. A similar observation was made by Mitchell et al. 

(1998) who reported that mastitis was the most common condition where antibiotics were used. 

Two of the cornerstone practices of prevention and control of mastitis are teat dipping and dry 

cow treatment (Pankey, 1989; Berry and Hillerton, 2002). Dry cow therapy (intramammary 

treatment with antibiotics after the last milking of the cow before the dry period) treating was 

practiced on most of the farms surveyed. Application of dry cow therapy at the end of lactation is 

known to significantly reduce the incidence of new intramammary infections both during the dry 

period and at calving (Oliver and Sordillo, 1988; Berry and Hillerton, 2002). Therefore, dry cow 

therapy is now considered an integral part of the total management system recommended for 

controlling intramammary infections.  

Foot rot was the second most common condition treated in lactating cattle on the farms 

surveyed. Common bacterial agents that cause foot rot include Fusobacterium necrophorum and 

Bacteroides melaninogenicus (Berg and Loan, 1975). Foot rot is also considered as the most 

commonly occurring pathological condition in lactating dairy animals (Landais et al., 1989). 

Foot rot has been previously cited as a frequent health problem by dairy producers surveyed in 

Canada (Spicer et al., 1994).  

Metritis is known to reduce the reproductive efficiency of cows. Cows with dystocia 

(difficult parturition), retained placenta, twins or still-births, and various metabolic disorders are 

more likely to develop metritis than are other cows (Lewis, 1997). Analysis of farm records 

revealed that nearly 79% of the farms used antibiotics to treat metritis. Arcanobacterium 
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pyogenes, either alone or in combination with anaerobes like Fusobacterium necrophorum and 

Bacteroides spp. are the most common bacteria associated with metritis (Farin et al., 1989; 

Griffin et al., 1974; Ruder et al., 1981). Use of systemic or intra-uterine antimicrobial therapy is 

typical for treating metritis (Smith et al., 1998). Metritis was also observed in heifers on some 

farms. This could be due to complications associated with first time pregnancy.  

In our study, a significant number of dairy producers reported that they used antibiotics to 

treat calves with enteritis and pneumonia. Calf loss from diarrhea is an important segment of 

total loss in the United States cattle industry. Specifically, it was reported in the late 1970s 

(Hunt, 1985) that enteric pathogens kill up to 25% of calves each year, resulting in more than 

$250 million in losses. The two enteropathogens most commonly encountered in the 

investigation of field outbreaks of calf diarrhea are enterotoxigenic Escherichia coli (ETEC) and 

rotavirus (Acres and Radostits, 1976; Acres et al., 1977). When colibacillosis or salmonellosis is 

confirmed or is the suspected cause of diarrhea in calves, use of appropriate antimicrobial 

therapy plays an important role in restoring and maintaining health of calves (Roussel Jr. and 

Brumbaugh, 1991).  

Calf pneumonia is a disease of calves from 2 to 6 months of age. The morbidity 

associated with dairy calf pneumonia can vary greatly as this disease can occur both endemically 

and as outbreaks of respiratory disease (Ames, 1997). Waltner-Toews et al. (1986) reported 15% 

of Ontario Holstein dairy calves were treated for pneumonia before weaning, based on diagnosis 

by the dairy producers. Virtala et al. (1996) found the crude risk for pneumonia was 11% when 

diagnosed by caretaker and 25.6% when diagnosed by a veterinarian. The incidence rates 

reported in the literature clearly indicate that treatment of calf pneumonia is essential to prevent 

heavy economic losses. Pasteurella multocida, Mannheimia haemolytica, and Histophilus somni 
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are commonly associated with calf pneumonia (Ames, 1997). Antibiotics including ampicillin, 

ceftiofur, florfenicol, and spectinomycin are approved for treatment of pneumonia.   

Different antimicrobial classes are approved for use in food animals and they include 

beta-lactams (e.g., penicillin, ampicillin, and cephalosporin), tetracyclines (e.g., oxytetracycline, 

tetracycline, and chlortetracycline), aminoglycosides (e.g., streptomycin, neomycin, and 

gentamicin), macrolides (e.g., erythromycin), lincosamides (e.g. lincomycin and pirlimycin), and 

sulfonamides (e.g., sulfamethazine and others) (Mitchell et al., 1998; Hoeben et al., 1998). A 

variety of antibiotics were used on the farms that kept complete records (Table 2-3). For 

treatment of mastitis, various commercially available preparations were used. The majority of the 

antibiotics belonged to the beta-lactam class of antibiotics. Cephapirin has been proven effective 

in treating S. aureus udder infections (Owens et al., 1991), and was a drug of choice for treating 

mastitis in lactating cattle as well as for dry cow therapy on the farms. Dry cow therapy with 

cloxacillin has proven effective against mastitis pathogens such as S. agalactiae, S. uberis, S. 

dysgalactiae, and S. aureus, as well as lowering the number of new infections during the dry 

period (Sol and Melenhorst, 1990). Novobiocin alone, and in combination with penicillin G, was 

used for dry cow therapy. This combination is commonly used to treat cows at drying off to 

protect against new intramammary infections (Sanchez and Watts, 1999).  

Amoxicillin and penicillin G are effective antibiotics against mastitis pathogens 

(Jousimies-Somer et al., 1996). Pirlimycin therapy has proven to be effective in eliminating 

intramammary infections caused by environmental streptococci and S. aureus in lactating dairy 

cattle (Gillespie et al., 2002). Interestingly, extralabel use of ceftiofur was observed in 6 of 33 

farms (18%) for treatment of mastitis. Ceftiofur is approved for use in lactating cattle for the 

treatment of pneumonia, metritis and foot rot. Occasional use of ceftiofur in an extralabel manner 
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for intramammary treatment of mastitis was not uncommon (Smith et al., 2004). Studying the 

efficacy of ceftiofur use to treat mastitis is currently an important area of research (Oliver et al., 

2004; Smith et al., 2004). Ceftiofur is the only third generation cephalosporin that is being 

studied for both intramammary and parentral mastitis therapy. The advantage of using this drug 

is that it does not have a withholding period for milk or meat, following the label dose of up to 

2.2 mg/kg daily for 5 days (Erskine et al. 2002).  

Several antibiotic formulations are available and have been approved for treatment of 

mastitis. This indicates the importance of this disease within the dairy industry. The majority of 

antibiotics approved for mastitis therapy are beta-lactams for both lactation and dry cow therapy. 

Use of ceftiofur as an extralabel antibiotic was the most relevant observation. The data from this 

survey shows extensive use of beta-lactam antibiotics on dairy farms and dairy cattle.  

Different antibiotic classes currently labeled in the United States for the treatment of 

enteritis in calves include amoxicillin, chlortetracycline, neomycin, oxytetracycline, 

streptomycin, sulfachloropyridazine, sulfamethazine, and tetracycline (Constable, 2004). 

Interestingly, among the above approved antibiotics, only chlortetracycline, tetracycline, and 

neomycin were used on some farms. The drug of choice for treatment of enteritis among dairy 

producers was spectinomycin. Spectinomycin is approved for treating enteritis in swine (McOrist 

et al., 2000) and was used as extralabel in dairy animals.  

A total of 10 antibiotics were used for treatment of pneumonia. The antibiotics that were 

preferred on most farms were ampicillin, ceftiofur, florfenicol, and spectinomycin. Ceftiofur was 

the drug of choice on most farms. Since ceftiofur is a relatively new drug, most of the available 

literature deals with studies regarding the efficacy of ceftiofur for the treatment of bovine 

respiratory disease (Yancey et al., 1987; Hibbard et al., 2002; Hornish and Kotarski, 2002). Very 
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few reports on the amount of actual ceftiofur usage are available. Zwald et al. (2004) reported 

that 80% of conventional dairy farms located in Michigan, Minnesota, New York, and Wisconsin 

used ceftiofur for treating respiratory diseases. Ampicillin (22%) and florfenicol (7%) were also 

used on these farms for the same diseases. Antibiotics like spectinomycin, sulfadimethoxine, and 

tetracyclines are commonly used for the treatment of pneumonia in cattle (Burrows and Ewing, 

1989; Prescott and Baggot, 1988). Tilmicosin was used on one farm and is a relatively new 

macrolide drug approved for treatment of bovine respiratory disease in the United States since 

1991.  

The most commonly used drug for foot rot therapy was sulfadimethoxine. Sulphonamides 

are not directly effective against most obligate anaerobes, but may affect aerobic organisms that 

create the microenvironment in which Fusobacterium thrive during a foot rot condition 

according to the United States Pharmacopiea (website http://www.usp.org, accessed March 

2005). Ceftiofur is also used for treatment of acute foot rot conditions and has been evaluated 

and recommended for such foot rot treatment (Kausche and Robb, 2003; Morck et al., 1998). 

Ceftiofur has been proven to be effective for the treatment of acute post-partum metritis in dairy 

cows (Chenault et al., 2004) and was the drug of choice for metritis treatment on some farms.   

Medicated milk replacers containing oxytetracycline and neomycin were used on the 

majority of farms surveyed. Use of medicated milk replacers has been reported to reduce the 

severity of diarrhea and the number of days of diarrhea in calves (Quigley et al., 1997). 

Chlortetracycline and oxytetracycline in combination with neomycin, decoquinate, and lasalocid 

are the only approved antimicrobials agents that can be used in medicated milk replacers 

(USDA/APHIS/VS/CEAH, 1998). According to the National Dairy Herd Evaluation Project 

around 60% of US dairy producers use milk replacers for feeding neonatal calves. Medicated 
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milk replacers were used by 59.6% of dairy producers for calves from birth to 3 weeks of age, 

while the use increased to 70.7% for older calves from 3 weeks to weaning age (Heinrichs et al., 

1995). The extensive use of medicated milk replacers in calves was also observed on the farms 

we surveyed. The majority of the dairy producers (70%) indicated that they fed medicated milk 

replacers, with tetracycline and neomycin, to calves as prophylaxis against enteritis.   

Another antibiotic that was used for prophylaxis in dairy animals was carbadox, which is 

actually indicated for use in swine feed for growth promotion, improved feed efficiency, 

increased weight gain, as well as to control swine dysentery, and bacterial swine enteritis (FDA-

CVM, 2004). Similarly bacitracin-zinc, a coccidiostat indicated for use in poultry (CFR, 2004), 

was used in cattle. It was also observed that 20 of 23 (86.9%) farms used the recommended route 

of administration and only 7 of 20 (35%) farms completed the treatment for mastitis, pneumonia, 

and metritis.   

This use of antibiotics in animal agriculture, including extralabel use and especially the 

use of antibiotics for growth promotion, has been controversial because of the potential evolution 

of antibiotic resistance bacteria and their subsequent transfer from animals to humans. Such 

transfer could have severe public health implications as it might lead to treatment failures (Kelly 

et al., 2004). Selective pressure exerted by the use of antibiotics as growth promoters in food 

animals may develop reservoirs of transferable antibiotic resistance in various ecosystems 

(Witte, 2000). Many antibiotics used in animal agriculture are poorly absorbed in the animal gut. 

It is estimated that 25% to as much as 75% of the antibiotics administered to feedlot animals 

could be excreted unaltered in feces (Elmund et al., 1971; Feinman and Matheson, 1978) and can 

persist in soil after land application (Donoho, 1984, Gavalchin and Katz, 1994). Multiple classes 

of antimicrobial compounds were detected in swine waste storage lagoons and surface and 
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groundwater proximal to swine and poultry farms, indicating that animal manure and waste 

serve as sources of antimicrobial residues in the environment (Campagnolo et al., 2002).  

The findings of this study demonstrate that different types of antibiotics were used on 

farms, including extensive extralabel use of antibiotics. Mastitis was the single most important 

disease on dairy farms and antibiotics were used extensively to treat it. A major emphasis was 

given to use of antibiotics in dry cow therapy to prevent mastitis in the freshening cows. 

Different classes of antibiotics were used for treatment of pneumonia. Treatment of mastitis and 

foot rot was common in lactating cattle, whereas enteritis and respiratory disease were the 

primary ones treated in calves. Beta-lactam was the largest and most widely used class of 

antibiotics. Ceftiofur was a drug of choice on many farms and its usage also included extralabel 

use. Another class of antibiotics extensively used was oxytetracycline and neomycin, for 

prophylaxis in calves. It is felt that management practices on these farms do not address proper 

antibiotic usage. It is felt that a comprehensive study to determine the prevalence and distribution 

of antibiotic resistant bacteria on dairy herds would be valuable to understand the relationship 

between antibiotic use and development of antibiotic resistant in bacteria.  

    



 

 

Table 2-1: Response to questionnaire survey on use of antibiotics on 113 dairy herds 
 

Herd size  Herd Characteristics 
< 100 100-199 >200 Total 

  No. of dairy herds surveyed 42 45 26 113 
  No. of cows in milk (average) 64 137 228 75 
  Avg. milk prod./cow/milking  34 lbs. 35 lbs. 36 lbs. 33 lbs 
  Survey question % Response Mean 

1 
Does the farm maintain written records for 
antibiotic treatments including medicated 
feeds 

    

 Yes 52.4 42.2 57.7 50 
 No 47.6 57.8 42.3 50 

2 Does the farm have written plans for 
treating sick animals with antibiotics?     

 Yes 31 13 19 21* 
 No 69 87 81 79 

3 Is the veterinarian’s advice sought before 
administering antibiotics?      

 Always 21 46 57 32 
 Most of the times 57 50 32 38 
 Sometimes 22 4 11 9 

4 Other then the veterinarian, who is allowed 
to administer antibiotics to animals?     

 Owner/Manager/Herdsman 83 94 96 93* 
 Family 8 3 0 4 
 Milker/Farm worker 9 3 4 3 

5 Following administration of an antibiotic, 
is the course of treatment completed?      

 Always 14 36 20 24* 
 Sometimes 80 62 71 71 
 Never 6 2 9 5 

6 
Is extralabel usage of medication done only 
based on the orders or written guidelines 
from a veterinarian? 

    

 Yes 71.4 86.7 76.9 79* 
 No 28.6 13.3 23.1 21 
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Table 2-1: Continued  
 

Herd Size  
<100 100-199 >200 Total   Survey question 

% Response Mean 

7 Are treated cows always visibly marked as 
"treated"?     

 Yes 92.9 80 88.5 87* 
 No 7.1 20 11.5 13 

8 Are treated cows physically separated  
from other milking cows?     

 Yes 83.3 88.9 80.8 85* 
 No 16.7 11.1 19.2 15 

9 Are treated cows milked last?     

 Yes 85.7 82.2 84.6 84* 
 No 14.3 17.8 15.4 16 

10 Are treated cows milked with a  
separate milking unit?     

 Yes 95.2 73.3 92.3 86* 
 No 4.8 26.7 7.7 14 

11 Are dry cows treated with antibiotics 
visibly marked as being dry cow treated?     

 Yes 71.4 73.3 76.9 73* 
 No 28.6 26.7 23.1 27 

12 Were there any antibiotic residues 
violations in past 6 months?     

 Yes 2.4 2.2 3.8 3* 
 No 97.6 97.8 96.2 97 

13 
Are cows routinely screened after 
freshening for antibiotics with an antibiotic 
residue detection test? 

    

 Yes 52.4 57.8 65.4 58* 
 No 47.6 42.2 34.6 42 
      
      

* Difference between answers with each question is significant (p≤ 0.05)  
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Table 2-2: Prevalence of clinical diseases and health conditions in animals of different age groups 
and clinical cases treated with antibiotics in each age group on 33 dairy farms  

Dairy cattle 
Total number 
of animals on 

33 farms       

Farms with 
recorded 

clinical cases
N (%) 

Range of 
clinical 

cases/farm/yr

Animals  
treated with 
antibiotics 

N (%) 
  Pneumonia 

Calves 390 29 (88) 0-14 99 (25) 
Heifers 667 5 (15) 0-2 7 (1) 
Lactating Cattle 2783 11 (33) 0-11 71 (3) 
Dry cow 361 8 (24) 0-7 37 (10) 

  Metritis 
Heifers 667 9 (27) 0-6 26 (4) 
Lactating Cattle 2783 26 (79) 0-14 294 (11) 
Dry cows (early) 361 7 (21) 0-9 27 (7) 

  Foot rot 
Calves 390 3 (9) 0-3 6 (2) 
Heifers 667 4 (12) 0-4 10 (1) 
Lactating Cattle 2783 33 (100) 2-21 459 (16) 
Dry cows 361 7 (21) 0-5 17 (5) 

  Enteritis 
Calves 390 33 (100) 3-30 141 (36) 
Heifers 667 6 (18) 0-7 19 (3) 
Lactating Cattle 2783 9 (27) 0-15 43 (2) 
Dry cows 361 4 (12) 0-4 11 (3) 

  Clinical mastitis 
Heifers 667 10 (30) 0-6 34 (5) 
Lactating Cattle 2783 33 (100) 3-30 389 (14) 
Dry cows 
(early and late) 361 9 (27) 0-7 30 (8) 
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Table 2-3: Antibiotics used for different documented disease or health conditions on 33 dairy 
herds farms 

Therapeutic use Prophylactic use

Antimicrobial agent 
D
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%
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Cephapirin benzathine 17       17 52   
Cloxacillin benzathine 5       5 15   
Novobiocin 9       9 27   
Novobiocin &  
Penicillin G Procaine 4       4 12   

Penicillin G Procaine 8 6     1e 15* 46   
Pirlimycin   4      4 12   
Amoxicillin  4  5 1  1c 9* 27   
Cefapirin sodium  16      16 49   
Ceftiofur  6a  16 3 5 1a 26* 79   
Erythromycin  3     1c 3* 9.1   
Hetacillin  1      1 3   
Ampicillin    15b   2d 15* 46   
Bacitracin-zinc          1a 3 
Bambermycin          1 3 
Carbadox          1a 3 
Oxytet-neomycin          23 70 
Chlortetracycline   1 2    3* 9.1 1 3 
Danofloxacin    1    1 3   
Florfenicol    10    10 30   
Lincomycin   1a     1 3   
Neomycin   2     2 6.1   
Spectinomycin   10a 14    22* 67   
Sulfadimethoxine    8 9   16* 49   
Tetracycline   1 2    3* 9.1   
Tilmicosin    1    1 3   
a: Extralabel use; b: Used in calves; c: Pink eye; d: Navel ill; e: Wounds 
* Farms used same antibiotic to treat different clinical conditions. 
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3.1 ABSTRACT  

A study was conducted to determine the prevalence of antibiotic-resistant Gram-negative 

enteric bacteria (GN-EB) in the feces of calves and lactating cattle. Gram-negative enteric 

bacteria resistant to ampicillin, oxytetracycline, florfenicol, spectinomycin, and neomycin were 

isolated from feces of 31, 31, 7, 5, and 1% of 313 cows (n=33 farms), respectively. Dairy herds 

that fed medicated milk replacer to calves were 3.4 fold more likely to have lactating cattle 

which shed tetracycline-resistant GN-EB. However, a similar relationship between the use of 

medicated milk replacer and the presence of tetracycline-resistant, GN-EB in calves was not 

observed.  

Escherichia coli (87%) was the most predominant of all the GN-EB species isolated from 

feces of healthy lactating cattle. Other species included Citrobacter koseri, Enterobacter 

aerogenes, Klebsiella oxytoca, Klebsiella pneumonia, Kluyvera spp., Morganella morganii, 

Pasturella spp., Providencia alcaligenes, Providencia stuartii, Pseudomonas aeruginosa, 

Pseudomonas fluorescens and Pseudomonas spp. Escherichia coli (n=229) isolates were 

resistant to ampicillin (60%), ceftiofur (11%), chloramphenicol (19%), gentamicin (2%), 

spectinomycin (22%), tetracycline (94%), ticarcillin (21%), and ticarcillin/clavulanic acid (11%). 

Multidrug resistance was observed in 29% of E. coli isolates. A total of 8 (3.5%) E. coli isolates 

encoded for shiga I and/or shiga II genes.  

Gram-negative enteric bacteria resistant to ampicillin, florfenicol, neomycin, tetracycline, 

and spectinomycin accounted for 9, 5, 1, 14, and 10% of the total GN-EB, respectively. Under 

experimental conditions, a multi-drug resistant E. coli phenotype survived for 9 weeks at 7oC in 

sterile water. Monte Carlo analysis revealed that multi-drug resistant E. coli would undergo a 3 

log reduction in 126 days when held in sterile water at 7oC. Using previously reported die off 
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constant values, a 4 log reduction of E. coli in dairy manure piles, soil with no organic matter, 

and river water was predicted to occur in 63, 42, and 28 days, respectively.  

Pulsed field gel electrophoresis of 69 ampicillin-resistant and 99 tetracycline-resistant E. 

coli revealed a highly diverse genotypic population, suggesting that resistance to these antibiotics 

is horizontally disseminated. Interestingly, PFGE subtypes observed on one farm were not found 

on other farms. 

The findings of the study suggest that antibiotic resistant GN-EB are widely prevalent on 

farms. Ampicillin- and tetracycline-resistant E. coli were the predominant isolates among the 

GN-EB species isolated. A causal relationship between use of medicated milk replacers and 

presence of tetracycline-resistant GN-EB was seen in lactating cows, suggestive of long term 

effects of selective pressure of tetracycline. Presence of multi-drug resistant E. coli could pose a 

risk to public health as these organisms have the ability to survive for long periods in the 

environment and can enter the food chain at various steps.  

3.2 INTRODUCTION 

Antibiotic usage has selected for the evolution of bacterial defenses, which result in 

resistance to antibiotics (Levy, 1992). The above defenses and constant exposure to antibiotics 

have resulted in persistence of antimicrobial resistance in bacterial populations in dairy herds.  

The emergence and spread of antibiotic resistance depends on the influence of selective 

antibiotic pressure on bacteria. The presence of multiple antibiotics in the environment allows for 

the selection of bacterial variants that either use different mechanisms or optimize a single 

mechanism of resistance to survive under such selective pressure (Baquero et al., 1998). A 
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classic example of selective pressure is the use of antibiotics at subtherapeutic concentrations in 

feed of food producing animals (IOM, 1989).  

Hospitals and farms with high rates of antibiotic use could serve as “evolutionary 

incubators” for emergence of antibiotic-resistant bacteria. In such environments, selection 

influences evolution and can help develop mechanisms that may increase the mobility of 

antibiotic resistant genes (Smith et al., 2002). While antimicrobial therapy is generally targeted 

towards specific pathogens, commensal bacteria in the treated host are also exposed to antibiotics 

(Levin et al., 1997). Commensal flora of the gut, nasopharynx and other habitats in the host 

generally consists of a number of different species and at times variants of the same species 

(Caugant et al., 1981). The presence of antibiotic resistance in commensal bacteria is a concern 

as antibiotic resistance genes and accessory genetic elements can be horizontally transmitted to 

pathogens like Shigella spp., Salmonella spp., Vibrio cholerae, and Neisseria gonorrhoeae 

(Levin et al., 1997).  

From an environmental standpoint, the discharge of antibiotics and their metabolites in 

farm wastes could create a reservoir of resistant microorganisms in the environment. Residues of 

some antibiotics are known to linger in farm products (Levy et al, 1987; Tenover and McGowan, 

1996; Corpet, 1996). Several antibiotics enter the aquatic and terrestrial ecosystems through the 

discharge of effluents from farms (Bates et al., 1994). Bioactive veterinary drug residues and 

antibiotic-resistant bacteria present in farm wastes when applied to the land can run into water 

bodies and thus serve as a potential source of antibiotic-resistant bacteria and genetic elements in 

the environment (Chee-Sanford et al., 2001; Austin, 1985).  

 It is now clear that the antibiotics to which bacterial populations are presently exposed 

will play a major role in deciding the type of antibiotic resistance that may emerge and spread in 
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bacterial populations in the future. Antimicrobial resistance in commensal flora can be used as a 

marker to monitor antibiotic-mediated selection in individual hosts and the general population 

(Levin et al., 1997). The present study attempts to determine the prevalence of antimicrobial 

resistance in commensal GN-EB in lactating dairy cattle and to study the relationship between 

antibiotic selective pressure and incidence of antimicrobial-resistance in GN-EB. The study 

further tries to clarify genetic relatedness among antibiotic resistant bacteria and the risks 

associated with survival of resistant bacteria in the environment.   

3.3 MATERIAL AND METHODS  

3.3.1 Dairy cattle  

Fecal samples from lactating cattle (n=313) in 33 dairy herds were screened for antibiotic 

resistance. Within each herd, 10% of lactating cows were randomly selected and sampled. Fecal 

samples from calves (n=93) on 13 farms were also collected. Feces were collected from cows per 

rectal using a sterile disposable rectal sleeve, and from calves using a sterile disposable glove. 

Approximately 2-10 grams of feces were transferred to a sterile 50 ml screw-cap centrifuge tube. 

The tube was transported to the laboratory on ice and processed the same day as sampling.  

3.3.2 Screening for antimicrobial-resistant GN-EB 

One gram of feces from a thoroughly mixed sample was transferred to a 50 ml centrifuge 

tube containing 9 ml of sterile normal saline solution. The contents were mixed thoroughly and 

serially diluted ten-fold. MacConkey agar (MAC) was used for selective growth of GN-EB. 

From the 10-3 and 10-4 dilution, 0.1 ml was plated on a MAC control plate without antibiotics, 

while from the 10-1 and 10-2 dilution, 0.1 ml of the sample was plated on a MAC plate containing 
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ampicillin (64µg/ml), or neomycin (512µg/ml), or oxytetracycline (32µg/ml), or spectinomycin 

(256µg/ml) (ICN biomedicals, Aurora, Ohio,U.S.), or enrofloxacin (8µg/ml) (Baytril, Shawnee 

Mission, Kansas, USA), or florfenicol (16µg/ml) (Schering-Plough Animal Health, Union, NJ, 

USA). The concentration of antibiotics used in MAC media was one-fold higher than the 

recommended MIC90 cutoff values suggested by the National Committee for Clinical Laboratory 

Methods (NCCLS) document M31-A2 (2002) for bacteria isolated from animals. The inoculated 

plates were incubated at 37oC for 24 h. The numbers of colonies on MAC without antibiotics and 

with antibiotics were counted and expressed as total GN-EB cfu/g of feces and antibiotic 

resistant GN-EB cfu/g of feces, respectively. Fecal samples from calves were used for 

determining the prevalence of tetracycline resistant GN-EB.  

3.3.3 Species identification  

Isolates (n= 23 farms) from MAC with antibiotics were identified to species level. Based 

on colony morphology and lactose fermentation, 2-3 colonies were selected from each plate for 

species identification. Colonies were tested for gram reaction, oxidase test, and IMViC battery 

test as described by Harley and Prescott (1993). The isolates were then identified to species level 

using the API-20E/NE identification kit (BioMérieux, Hazelwood, MO) as described by the 

manufacturer. 

3.3.4 Relationship between milk replacers and tetracycline resistant GN-EB  

A chi-square test of independence was applied on a 2 × 2 contingency table for 

evaluating the effect of feeding calves milk replacers with oxytetracycline on fecal shedding of 

tetracycline-resistant GN-EB in lactating cattle (n=24 farms). The chi-square test was also used 

to investigate if there was any significant relationship (P <0.05) between the use of tetracyclines 

in medicated milk replacers and the presence of tetracycline resistant GN-EB in calves on 13 
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farms. Epi-info-2002 (Centers for Disease Control and Prevention, Atlanta, GA), a database and 

statistics system for epidemiology on microcomputers, was used for performing χ2- tests and 

odds ratio analysis.  

3.3.5 Antimicrobial susceptibility testing  

Antibiotic resistant E. coli isolates (n=229) were examined for susceptibility to 

antibiotics by disk diffusion assay. Antimicrobial disks with ampicillin (10 µg), ceftiofur (30 

µg), chloramphenicol (30 µg), enrofloxacin (5 µg), gentamicin (10 µg), spectinomycin (100 µg), 

tetracycline (30 µg), ticarcillin (75 µg), and ticarcillin/clavulanic acid (75/10 µg) (Remel Inc. 

KS, U.S.A) were used for the disk diffusion assays. Zones of growth inhibition were measured 

and the results were interpreted according to criteria established by the NCCLS document M31-

A2 (2002) for bacteria isolated from animals (Figure 3.3 and Table 3-5). 

3.3.6 Shiga toxin encoding genes  

The presence of shiga toxins I and II were determined using primers reported by Meng et 

al. (1997). Isolates were screened for the presence of stxI (primer SLT I-F 5´-

TGTAACTGGAAAGGTGGAGTATACA-3´ and SLT I-R 5´- GCTATTCTGAGTCAACGAA 

AAATAAC-3´) and stxII (primer SLT II-F 5´- GTTTTTCTTCGGTATCCTATTCC-3´ and SLT 

II-R 5´-GATGCATCTCTGGTCATTGTATT AC-3´) genes as described (Meng et al., 1997). 

The PCR was performed at 95oC for 5 min for initial denaturation followed by 30 cycles of 95oC 

for 1 min, 53oC for 1 min 30 secs, and 72oC for 1 min. The expected amplicon sizes were 210 

bps (Shiga-I) and 484 bps (Shiga-II) respectively. The PCR assay was performed in 25µl 

reaction volume using puReTaqTM Ready-To-Go-PCR Beads containing PCR reaction mixture 

(Amersham Biosciences, NJ). 
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3.3.7 Survival of multidrug resistant E. coli A92  

A multidrug resistant E. coli isolate A92 (resistance phenotype: AMP-CHL-SPT-TET-

TIC-TIM-XNL) was used for this study. Ten ml of sterile water was inoculated with E. coli A92 

culture to obtain approximately 103 cfu/ml on day 0 as determined by spiral plating. The 

inoculum (50 µl) was spiral-plated on plate count agar at intervals of 7 days and viable cfu/ml 

were calculated. The water was kept at ~7oC throughout the experiment. The experiment was 

repeated three times and the mean cfu/ml was used to calculate the die off rate constant “K” as 

described by Chick (1908). The constant was determined using the formula Nt/No = 10-kt, where 

Nt = number of bacteria at time t, No = number of bacteria at time 0, t = time in days, k = die-off 

rate constant.   

Monte Carlo simulation (@Risk 4.5 version, Palisade Corporation, NY) was used to 

determine the probability distribution of the constant `K´ value. A random `K´ value was 

selected from the dataset and, after defining a standard deviation to incorporate uncertainty in the 

data, the K value was simulated for 5000 iterations to find a probability distribution of the die-off 

rate constant. The mean die-off rate was used to calculate the survival curve of the E. coli isolate 

at an initial concentration of 105 cfu/g held at 7oC.  

Survival curves were calculated for E. coli (initial concentration of 105 cfu/g) using die-

off rate constants reported in the literature. The predicted survival curves of E. coli in a dairy 

manure pile with temperature conditions between 2-8oC (k=0.066; Jones, 1971), soil with no 

organic matter (k=0.097; Mallman and Litsky, 1951), and river water at 5oC (k=0.144; Mitchell 

and Starzyk, 1975) were calculated (Figure 3.7).  
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3.3.8 Pulsed field gel electrophoresis  

Pulsed field gel electrophoresis (PFGE) of 99 of 113 tetracycline-resistant and 69 of 75 

ampicillin-resistant E. coli isolates using the one day PFGE protocol described by Gautom 

(1997). Briefly, the bacterial plugs (known bacterial concentration encased in insert agarose gel 

block) were digested with XbaI and run on Chef MapperTM system (Bio-Rad Laboratories, CA). 

The running conditions were as follows: Initial switch time 2.16 secs, final switch time 35.07 

secs, run time 14 hours, angle 120o, gradient 6.0 V/cm, temperature 14oC, and the ramping factor 

was kept linear. The PFGE types were first compared visually using the guidelines of Tenover et 

al. (1995) and subsequently by constructing a dendogram using GelDoc 2000 Molecular Analyst 

Fingerprinting Plus, version 6.1 Software (Bio-Rad).     

3.4 RESULTS  

3.4.1 Number and percent of farms and cows with antimicrobial resistant GN-EB 

About 31% of the cows shed ampicillin- and tetracycline-resistant GN-EB. Ampicillin 

and tetracycline resistant GN-EB were observed on 61 and 64% of the farms, respectively. The 

prevalence of spectinomycin, florfenicol, and neomycin resistant GN-EB was lower than that 

observed for tetracycline and ampicillin. Enrofloxacin resistant GN-EB were not detected (Table 

3-1).   

3.4.2 Relationship between resistant bacteria and total GN-EB flora 

An average of 106 cfu/g of GN-EB was present in the feces of dairy cattle. Ampicillin- 

and tetracycline-resistant GN-EB were a log lower (105 cfu/g) than total GN-EB, while 

spectinomycin- and florfenicol-resistant bacteria were 2 and 3 log lower than total GN-EB, 
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respectively. Ampicillin-and tetracycline-resistant GN-EB on average accounted for 9.26 and 

13.9% of total GN-EB, respectively.   

3.4.3 Use of antibiotics on farms and prevalence of tetracycline-resistant GN-EB on farms  

 A significant relationship (P < 0.05) was observed between use of medicated milk 

replacers on farms and the presence of tetracycline resistant GN-EB in lactating cattle on those 

farms (Table 3-3). Dairy producers who fed calves medicated milk replacers with tetracycline 

were 3.4 times more likely to have lactating cows shedding tetracycline-resistant GN-EB in their 

feces, as compared to dairy producers who did not feed milk replacers containing tetracycline. 

No cause and effect relationship was observed between feeding medicated milk replacers with 

tetracyclines to calves on farms and the prevalence of tetracycline-resistant GN-EB in calves on 

those farms (Table 3-3).   

3.4.4 GN-EB species isolated from MAC + antibiotic plates   

Isolates of GN-EB (n=264) belonged to 13 Gram-negative bacterial species including 

Citrobacter koseri, Enterobacter aerogenes, Escherichia coli, Morganella morganii, Klebsiella 

oxytoca, Klebsiella pneumonia, Kluyvera spp., Providencia alcaligenes, Providencia stuartii, 

Pasteurella spp., and Pseudomonas spp.  

3.4.5 Antimicrobial resistance among E. coli isolates by disk diffusion assay  

Escherichia coli (n=229) isolates were screened for resistance to 9 antimicrobial agents 

commonly used in animal agriculture (Table 3-5 and Figure 3.3). According to NCCLS 

interpretive criteria, isolates exhibiting resistance to all the antimicrobial agents except 

enrofloxacin were observed. The majority of the isolates were resistant to tetracycline (93.9%) 

followed by ampicillin (59.8%). Resistance to other antimicrobial agents was observed in less 

than 25% of the isolates. Escherichia coli isolates were resistant to ceftiofur (10.9%), 
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chloramphenicol (18.8%), gentamicin (2.2%), spectinomycin (21.8%), ticarcillin (20.5%), and 

ticarcillin and clavulanic acid (10.9%).  

3.4.6 Resistance patterns of E. coli isolates from different MAC+antibiotics plates  

The antibiotic resistant E. coli belonged to 26 resistance profiles (Table 3-7). Among the 

26 resistance profiles, isolates resistant to tetracycline were the single largest resistance group 

(36.7%). The second largest resistance profile (25.3% of the isolates) exhibited resistance to 

tetracycline and ampicillin. Multidrug resistance (≥3 to <9) was observed in 29% of the isolates 

and belonged to 18 resistance profiles. The most frequently observed multidrug resistance profile 

consisted of isolates resistant to ampicillin, chloramphenicol, spectinomycin, tetracycline, 

ticarcillin, ticarcillin and clavulanic acid, and ceftiofur. Resistance to ceftiofur, gentamicin, and 

ticarcillin/ clavulanic acid was observed in multi-drug resistant isolates only (Table 3-7). 

3.4.7 Shiga toxin encoding genes in antibiotic resistant E. coli isolates 

 Of the 229 isolates, a total of 8 isolates were observed to encode for shiga toxin genes. 

Two E. coli isolates encoded for both StxI and StxII genes, while StxI or StxII were observed in 2 

and 4 isolates, respectively (Figure 3.4).  

3.4.8 Survival of multi-drug resistant E. coli A92 at refrigeration  

An increase in E. coli count was observed for the first week of storage at 7oC, followed 

by a gradual decline in E. coli count (Figure 3.5). Viable bacteria were recovered over a 9 week 

period. The initial reading was ignored and data from the 1st wk was used to calculate the die-off 

rate constant. The average die-off rate constant was observed to be 0.0229. A random die-off 

constant value was selected (k=0.0257, 21 days) and using MonteCarlo simulation was simulated 

for 5000 iterations. The mean die-off rate K was observed to be 0.0255, which was close to the 

mean calculated value (0.0229). The K value of 0.0255 was used to calculate the survival of 
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multi-drug resistant bacteria at 7oC with an initial concentration of log 5 cfu/ml; under these 

conditions a log 3 reduction in E. coli would take 126 days (Figure 3.6).  

Using die-off constant values reported in the literature for E. coli, survival curves were 

predicted for a log 5 cfu/ml initial concentration of E. coli A92. Based on these values, it would 

take 63 days for a 4 log reduction in a dairy manure pile at 2-8oC, 42 days in soil with no organic 

matter and 28 days in river water at 5oC (Figure 3.7).          

3.4.9 Genotype profiling using PFGE 

On dendogram analysis, a diverse collection of subtypes was observed (Figure 3.8). The 

99 tetracycline-resistant isolates belonged to 60 genotypes, while 69 ampicillin-resistant isolates 

belonged to 44 genotypes. A genotype detected on one farm was seen frequently on the same 

farm, but rarely detected on another farm (Figure 3.9 and 3.10). Only 2 of 69 ampicillin and 4 of 

60 tetracycline resistant PFGE types were shared among farms.  

3.5 DISCUSSION 

The study of prevalence of antibiotic resistance in commensal microflora can be very 

helpful in monitoring and understanding developments in antibiotic mediated selection in 

individual hosts as well as the general population (Levin et al., 1997). MacConkey’s media 

supplemented with antimicrobial agents can be used for the isolation of antibiotic resistant 

coliforms (Langlois et al., 1984). White et al. (2000) were more successful in finding the flo gene 

in florfenicol-resistant Gram-negative bacteria with higher drug concentrations (≥16µg/ml) than 

the MIC90 recommended by NCCLS (≤ 8µg/ml). Based on the findings of Langlois et al. (1984) 

and White et al. (2000) I believe that using higher concentrations of antibiotics than 
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recommended by NCCLS, I would be able to efficiently isolate antibiotic resistant enteric 

bacteria.  

Escherichia coli isolated from bovine diarrhea and hospitalized calves exhibiting 

resistance to ampicillin, florfenicol, gentamicin, spectinomycin, and tetracycline are frequently 

reported in the literature (Orden et al., 2000; Werckenthin et al., 2002; White et al., 2000). Most 

of these susceptibility studies are conducted on isolates from clinical cases, whereas our study 

was focused on antimicrobial- resistant GN-EB isolated from healthy lactating cows. The 

importance of such investigations has been emphasized by the French Institute for Public Health 

Surveillance. It was suggested that monitoring of resistance should not be restricted to the 

bacteria isolated from samples from infected individuals, but must also include the commensal 

bacterial flora, which could represent a pool of resistance genes (Guillemot and Courvalin, 

2001). 

The numbers of antimicrobial-resistant GN-EB per gram of feces was compared to the 

number of total GN-EB per gram of feces (Figure 3.1 and Table 3-2). Nuru et al. (1972) 

observed that E. coli was the predominant Gram-negative species in feces of cattle and ranged 

from 104 to 106 cfu/g of feces with a mean of 5.6 × 105 cfu/g. Escherichia coli in pig feces 

ranged from 1.6 to 2.5 × 106 cfu/g (Van Den Bogaard et al., 2000). The findings of our study 

(total GN-EB 105 - 106 cfu/g) were in close agreement with that reported by Nuru et al. (1972) 

and Van Den Bogaard et al. (2000).  

To determine the effect of withdrawal of tetracycline from swine feed, Smith (1975) 

conducted a study that monitored tetracycline-resistant enteric bacteria in pigs for 4 years after 

the ban of its use in swine in Britain. The number of tetracycline-resistant bacteria that were shed 

in feces of pigs showed a decrease, but the number of pigs carrying tetracycline-resistant bacteria 
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did not decrease. It was postulated that during the extensive use of tetracyclines, resistant strains 

had emerged that were now able to compete and replace gut microflora (Smith, 1975). 

Persistence of tetracycline resistant enteric microflora was observed for 126 months in the 

British swine population after withdrawal of tetracycline (Langlois et al., 1988).  

A causal relationship was observed between the use of medicated milk replacers in calves 

and the presence of tetracycline-resistant GN-EB in lactating cows. Dairy producers who used 

medicated milk replacers supplemented with tetracycline were 3.4-fold more likely to have 

lactating cows shedding tetracycline-resistant GN-EB when compared to those dairy herds that 

did not use medicated milk replacers. The same relationship was not observed in calves. A study 

conducted by Khachatryan et al. (2004) showed the highest prevalence of resistant E. coli in 

preweaned calves. The high degree of resistance was still maintained in the absence of 

antimicrobial drug selection. It was suggested that the initial intake of a resistant strain by calves 

could be from the environment, and it could perhaps replace sensitive flora by active competition 

leading to the expansion of resistant bacterial populations in calves. With increase in age, the 

prevalence of resistant strains in the gut decreased.  

Hinton et al. (1985) concluded a study which monitored the antibiotic resistance index in 

calves. They observed that the resistance index of fecal E. coli in 1-2 day old calves was low 

initially, but rose rapidly during the first week following weaning of the animals. The resistance 

index then fell from the week 3 to low levels by the time the calves were 5 months of age. The 

antibiotic-sensitive strains that had colonized the calves’ guts in the early days of life differed 

from the antibiotic-sensitive strains observed after the fall in resistance index. The change was 

not due to the reemergence of strains, but through replenishment with newer strains, probably 

from the calves’ environment. Such dynamic responses and changes in resistant flora of calves 
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under selective antimicrobial pressure could explain why we failed in the present study to 

observe any relationship between the use of tetracycline and tetracycline resistant GN-EB in 

calves. 

Among GN-EB species, Escherichia coli was the only species that exhibited resistance to 

florfenicol, neomycin, spectinomycin and tetracycline. The majority of the GN-EB species 

exhibited resistance to ampicillin (Table 3-4). Citrobacter, Enterobacter, Klebsiella, and 

Pseudomonas spp. are important due to their isolation from nosocomial infections in human 

patients (Medeiros, 1997; Livermore, 1996). Antibiotic-resistant Klebsiella and Enterobacter 

spp. have been observed in community and hospital acquired pneumonia, whereas 

cephalosporin-resistant E. coli, Citrobacter koseri (diversus) and Klebsiella pneumoniae have 

been isolated from fecal carriers in hospitals (Bouza and Cercenado, 2002; Moustaoui et al., 

2004). Ampicillin-resistant Citrobacter koseri has been isolated as an opportunistic pathogen 

from urinary tract infections, and respiratory and genital tracts of human patients (Altmann et al., 

1984). Most of these species have the ability to acquire resistance to newer generations of 

cephalosporins- and become multidrug resistant.    

Resistance to the extended spectrum cephalosporin ceftiofur (10.9%) was observed only 

in multidrug-resistant isolates (≥4 antimicrobial agents). Ceftiofur is an expanded-spectrum, 

injectable cephalosporin developed solely for veterinary therapeutic use (Hornish and Kotarski 

2002; Jaglan et al., 1992). Interestingly, the majority of the isolates exhibiting resistance to 

ceftiofur were also resistant to chloramphenicol, tetracycline, spectinomycin, and β-lactams 

including ampicillin, ticarcillin, and ticarcillin with clavulanic acid. Extended spectrum 

cephalosporin resistance including ceftiofur along with resistance to β-lactamase inhibitors like 

clavulanic acid, has been reported in Escherichia coli and Salmonella from food animals and 
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retail ground meat, and calf feces (Allen and Poppe, 2002; Zhao et al., 2001a; Hunter et al., 

1993). Since ceftiofur-resistant organisms also exhibit decreased susceptibility to cephamycins 

and extended-spectrum cephalosporins, the use of this antimicrobial agent in food animals has 

come under increasing scrutiny (Zhao et al., 2001a; Winokur et al., 2000).  

The multidrug resistance of ceftiofur-resistant E. coli isolates to other unrelated 

antimicrobials like tetracycline and chloramphenicol has previously been documented in 

Salmonella and E. coli isolated from animals (Winokur et al., 2000; White et al., 2000). 

Interestingly, multidrug-resistant E. coli isolates exhibited resistance to chloramphenicol (15%), 

an antibiotic that has been banned from veterinary use in food animals in the United States since 

the 1980s (Gilmore 1996). Florfenicol, a fluorinated structural analog of chloramphenicol 

approved by the Food and Drug Administration in 1996, is used for treatment of bovine 

respiratory pathogens. Isolates that are florfenicol-resistant can possibly exhibit resistance to 

chloramphenicol (White et al., 2000). There are many examples of such cross-resistance in the 

literature, including conservation of streptomycin resistance on genetic elements like Tn21-type 

transposons carrying integron in the absence of direct selection pressure (Chiew et al., 1998). 

Chiew et al. (1998) suggested that the presence of cross-resistance and association of resistance 

genes with versatile genetic elements can help conserve resistance to antibiotics.  

Shiga toxin-producing Escherichia coli (STEC) have been an important cause of 

foodborne illness worldwide. Over 100 STEC serotypes, including O157:H7, and have been 

associated with human illness (Meng and Doyle, 1998). In the United States, foodborne STEC 

and non-STEC are estimated to annually cause approximately 94,000 and 79,000 illnesses, 

respectively (Mead et al., 1999). The presence of multidrug-resistance in STEC serotypes has 

also been reported in the literature (Zhao et al., 2001b).  
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In our study, antibiotic-resistant and shiga toxin positive isolates were detected in feces of 

healthy lactating dairy cattle, though the numbers of isolates were few (3.5%). A study 

conducted in southern Brazil observed the presence of STEC in the feces of healthy dairy cattle 

from 57 of 60 farms. Twelve out of 327 STEC isolated belonged to serogroups previously 

associated with cases of haemorrhagic colitis, hemolytic uremic syndrome or diarrhea in humans 

(Moreira et al., 2003). Recent studies have documented that E. coli O157:H7 and non-O157 

STEC strains isolated from humans and animals have also developed antibiotic resistance, and 

many are resistant to the multiple antimicrobials commonly used in human and veterinary 

medicine (Farina et al., 1996; Kim et al., 1994; Gonzalez and Blanco, 1989, Schmidt et al., 

1998). All of the 8 isolates in our study that encoded for shiga toxins were susceptible to the 

majority of the antibiotics we tested. On disk diffusion assay, all the isolates were resistant to 

ampicillin and tetracycline.  

Environmental pollution with bacteria of public health significance and the likelihood of 

this bacteria gaining access to the food chain are the most critical areas of concern. Previous 

literature has mostly studied survival of pathogens like E. coli O157:H7 and Salmonella in water, 

soil, and cow manure (Kudva et al., 1998; Jiang et al., 2002; Rice and Johnson 2000; Natvig et 

al., 2002).  

The findings of our study suggest that healthy lactating cattle on dairies can serve as a 

reservoir of antibiotic-resistant GN-EB. The antibiotic-resistant GN-EB could contaminate the 

environment and pose a public health risk. In our study, E. coli A92, showed an initial log period 

where the counts increased from 3.57 to 4.37 log cfu/ml in the first week of storage at 7oC. This 

increase could be due to several factors, including a reduction in environmental stresses on 

bacteria because of dilution, lowered level of toxic compounds, and/ or increased oxygen supply 
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in the new environment (Moore et al., 1988). The die-off rate was therefore determined from the 

point where the logarithmic decrease in the numbers started (7th day) using the model proposed 

by Chick (1908). The die-off rate constant (K = 0.0225) calculated by MonteCarlo simulation of 

the experimental data was used for creating the survival curve. The model predicted that 126 

days would be required for a 3 log reduction (5 to 2 log cfu/ml) at 7oC storage.  

Using K values reported by Mitchell and Starzyk (1975), a 4 log reduction would take 28 

days in river water at 5oC. Rice and Johnson (2000) studied survival of E. coli O157:H7 in cattle 

drinking water at 5oC and observed that 16 days were required for the count to reach log 1 cfu/ml 

from initial inoculum of log 3 cfu/ml. Studies conducted on survival of enteric E. coli in soil 

mixed with bovine manure indicated a survival period of at least 19 wks at 9-21oC (Lau and 

Ingham, 2001). Using K values calculated by Jones (1971) and Mallman and Litsky (1951), a 4 

log reduction was predicted to take over 63 days for E. coli in a dairy manure pile at 2-8oC and 

28 days in soil at 5oC with no organic matter. Based on this data, there is a high likelihood of 

multidrug-resistant enteric bacteria being prevalent in the farm environment for prolonged 

periods of time. The significance of these observations corroborates the findings reported by 

Aminov et al. (2002) that the antibiotic-resistance gene pool (disseminated through fecal 

contamination from animal production system) persists in the environment.   

The ability to characterize and determine relatedness among bacterial isolates is a 

prerequisite for epidemiological investigations. The degree of clonality within the natural E. coli 

population has yet to be clearly defined. The influence of antibiotic resistance on the selection of 

clonal lines is poorly understood. Identifying the sources of fecal contaminants in bodies of 

surface water, such as rivers and lakes, is of significant importance for environmental quality, 
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food safety, and regulatory purposes. Current DNA library-based-source-tracking approaches 

rely on the comparison of the genetic relatedness among the fecal contaminants (Lu et al., 2004). 

Molecular fingerprinting techniques like PFGE have great value in such epidemiological 

analysis. This technique has now become a standard among public health agencies (Gautom, 

1997). It has successfully been used in tracking diseases caused by bacterial pathogens like E. 

coli O157:H7 (Barrett et al., 1994; Bohm and Karch, 1992) and S. aureus (Schlichting et al., 

1993). The large genotypic variation in both ampicillin- and tetracycline-resistant E. coli isolated 

indicates that resistance to these antibiotics is not associated with a particular clonal type 

(Figure 3.8). Similar high strain diversity was observed in E. coli isolated from sewage, gulls, 

and dairy cattle using repetitive extragenic palindromic PCR and PFGE (McLellan et al., 2003).  

We share the opinion expressed by these authors that extensive isolation of strains to encompass 

the large diversity in E. coli strains is needed for genetic comparison and identifying sources of 

the isolates.  

The sample size of our experiment perhaps was not sufficient enough to cover all the 

possible genotypes of antibiotic-resistant commensal E. coli. Interestingly the genotypes found 

on one farm were rarely shared by another farm and each dairy farm harbored a unique reservoir 

of E. coli genotypes (Figure 3.9 and 3.10). Lu et al. (2004) found that using techniques which 

have high resolution, like PFGE, was a challenging task for tracking the source of E. coli in 

irrigation water. They observed that the PFGE patterns for the same E. coli changed after 8 

weeks in irrigation water.  

The findings of our study indicate that tetracycline- and ampicillin-resistance were the 

most widely prevalent antibiotic resistances in commensal enteric E. coli in lactating dairy cattle. 

The use of medicated milk replacers containing tetracyclines needs to be addressed appropriately 
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to prevent selection and proliferation of tetracycline-resistant enteric bacteria. Epidemiological 

assessments need to take into account that multidrug-resistant E. coli can survive for prolonged 

periods in various environments. The high diversity in genotypes carrying ampicillin- and 

tetracycline-resistance indicates the possibility of non-clonal spread in the population. Presence 

of ceftiofur resistance in multidrug-resistant E. coli signifies that the use of beta-lactams in dairy 

cattle requires more careful monitoring and better management.  
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Table 3-1: Number and percent of farms and cows shedding antimicrobial-resistant Gram-
negative enteric bacteria.  

 

Farm (n=33) Cows (n=313) 
Antimicrobial agent 

No. % No. % 

Ampicillin (64 µg/ml) 20/33 61 98/313 31 

Enrofloxacin (8 µg/ml) 0/33 0.0 0/313 0.0 

Florfenicol (16 µg/ml) 11/33 33 23/313 7 

Neomycin (512 µg/ml) 2/33 6 4/313 1 

Spectinomycin  (256 µg/ml) 7/33 21 14/313 5 

Tetracycline (32 µg/ml) 21/33 64 97/313 31 
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Table 3-2: Number of antimicrobial-resistant and total Gram-negative enteric bacteria per gram of 
feces of lactating cattle belonging to 23 dairy farms. 

 

Cows Mean total  
GN-EB 

Mean resistant   
GN-EB 

Ratio  
(Resistant GN-EB/Total GN-

EB)% 
Antibiotics 

N cfu/g cfu/g Mean Range 

Ampicillin 72 3.8 × 106 3.0 × 105 9.3 0.01 - 96.5 

Florfenicol 18 1.2 × 106 2.9 × 103 4.9 0.000 - 63.0 

Neomycin 4 4.2 × 105 3.5 × 102 1.2 0.01 - 3.0 

Spectinomycin 10 1.9 × 106 6.2 × 104 9.9 0.004 – 89 

Tetracycline 89 6.9 × 106 3.9 × 105 13.9 0.01 - 100 
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Table 3-3: Influence of feeding medicated milk replacers with tetracycline on the prevalence of 
tetracycline-resistant Gram-negative enteric bacteria  in calves and lactating cattle.*  

Calves Test of significance 

Tetracycline-resistant  GN-EB Fed milk replacers 
to calves 

Detected Not-Detected Total 

Yes 49 4 53 

No 33 7 40 

Total 82 11 93 

 
χ2 (P ) = 2.14 (0.1443) 

 
Odds ratio (Confidence 

Interval): 2.60 (0.64-11.64) 

Lactating Cattle 

Tetracycline-resistant  GN-EB 
Fed milk replacers 

to calves 
Detected Not-Detected Total 

Yes 89 23 112 

No 56 50 106 

Total 145 73 218 

 
χ2 (P) = 17.27 (0.00003) 

 
Odds ratio (Confidence 

Interval): 3.45 (1.83-6.56) 

* Calves (n=93) and lactating cattle (n=218) on 13 dairy herds examined for tetracycline-
resistant GN-EB.  
 
Seven dairy herds fed milk replacers and six herds did not feed milk replacers.  
 
Tetracycline was not used for therapeutic purposes on the 13 herds examined.  
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Table 3-4: Antibiotic-resistant GN-EB species isolated from lactating cattle (n=313) on 33 dairy
herds.  

MacConkey’s agar supplemented with: 
Species 

Ampicillin Florfenicol Neomycin Spectinomycin Tetracycline

Citrobacter koseri 14 - - - - 

Enterobacter aerogenes 4 - - - - 

Escherichia coli 75 22 6 13 113 

Klebsiella oxytoca 3 - - - - 

Klebsiella pneumonia - - - 1 - 

Kluyvera spp. - - - 1 - 

Morganella morganii 1 - - - - 

Pasteurella spp. - 2 - - - 

Providencia alcaligenes 1 - - - - 

Providencia stuartii - - - 1  

Pseud. aeruginosa 1 - - - - 

Pseud. fluorescens 5 - - - - 

Pseudomonas spp. - - - 1 - 

Total isolates 104 24 6 17 113 
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Table 3-5: Antimicrobial resistance among 229 E. coli isolates by disk diffusion assay.  
 

Antimicrobial agent Resistant isolates (%) 

Ampicillin 137 (59.8) 

Ceftiofur 25 (10.9) 

Chloramphenicol 43 (18.8) 

Enrofloxacin 0 (0.0) 

Gentamicin 5 (2.2) 

Spectinomycin 50 (21.8) 

Tetracycline 215 (93.9) 

Ticarcillin 47 (20.5) 

Ticarcillin/Clavulanic acid 25 (10.9) 
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Table 3-6: Die off rate (constant K) of E. coli A92 calculated from 7th day. a  

No 
 cfu/ml on 7th day 

Nt  
cfu/ml at day (t) No/Nt log(No/Nt) log(No/Nt)/ t 

`K' days (t) 

23760 21040 1.129 0.053 0.0075 14 

23760 18500 1.284 0.109 0.0078 21 

23760 6870 3.459 0.539 0.0257 28 

23760 3500 6.789 0.832 0.0297 35 

23760 3010 7.894 0.897 0.0256 42 

23760 2030 11.704 1.068 0.0254 49 

23760 1220 19.475 1.289 0.0263 56 

23760 260 91.385 1.961 0.0350 63 

   Average 0.0229  

 k value for 21 days 0.0257 b  

 Uncertainty σ (SD) =1.3  

   range 0.004-0.047  
 
a k value calculation: e.g. k value at 21 days was measured at t=28 actual days since the data used 
here starts from 7th day.   
b k value selected randomly out of the above 8 values for Monte Carlo simulation.  
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Table 3-7: Resistance patterns of E. coli (n=229) isolates.*  
 

Resistance profiles No. of isolates (%) 

TET 84 (36.7) 

CHL 1   (0.4) 

AMP 10 (4.4) 

SPT-TET    2   (0.9) 

CHL-TET    5   (2.2) 

AMP-TIC   1   (0.4) 

AMP-TET 58 (25.3) 

AMP-CHL 2   (0.9) 

AMP-TET-TIC   7   (3.1) 

AMP-SPT-TET    10 (4.4) 

AMP-CHL-TET    3   (1.3) 

AMP-TET-TIC-XNL 1   (0.4) 

AMP-TET-TIC-TIM 1   (0.4) 

AMP-SPT-TET-TIC   9   (3.9) 

AMP-GEN-SPT-TET    1   (0.4) 

AMP-CHL-TET-TIC   3   (1.3) 

AMP-CHL-SPT-TET 4   (1.7) 

AMP-TET-TIC-TIM-XNL 1   (0.4) 

AMP-GEN-SPT-TET-TIC  1   (0.4) 

AMP-CHL-SPT-TET-XNL 1   (0.4) 

AMP-CHL-TET-TIC-TIM-XNL 2   (0.9) 

AMP-CHL-SPT-TET-TIM-XNL 1   (0.4) 

AMP-CHL-SPT-TET-TIC-XNL 1   (0.4) 

AMP-CHL-SPT-TET-TIC-TIM 2   (0.9) 

AMP-CHL-SPT-TET-TIC-TIM-XNL 15 (6.6) 

AMP-CHL-GEN-SPT-TET-TIC-TIM-XNL 3   (1.3) 
Antimicrobials used in disk diffusion assay: AMP, ampicillin; CHL, chloramphenicol; GEN, 
gentamicin; ENO, enrofloxacin; SPT, spectinomycin; TET, tetracycline; TIC, ticarcillin; 
TIM, ticarcillin/clavulanic acid; XNL, ceftiofur. 
* Interpretive criteria: NCCLS document M31-A2 for bacteria isolated from animals (2002). 
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Figure 3.1: Gram-negative enteric bacteria on control plate and plate with tetracycline (32 µg/ml) 
for the same fecal sample.   
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Figure 3.2: Species identification of antimicrobial-resistant GN-EB. 
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Gentamicin (S)

Spectinomycin (R)

Tetracycline (R)

Enrofloxacin (S)

Ticarcillin/Clavulanic
acid (I) 

Ticarcillin (R) 

Ampicillin (R)

Ceftiofur (S) 

Chloramphenicol (I)

Interpretive criteria: NCCLS document M31-A2 for bacteria isolated from animals (2002). 
    Zone Diameter (mm) E. coli  P. aeru 

Antimicrobial agents 
Disk 

content  S I R 25922 27853 
Ampicillin* 10 ≥ 17 14-16 ≤ 13 16-22 - 
Ceftiofur  30 ≥ 21 18-20 ≤ 17 26-31 14-18 
Chloramphenicol* 30 ≥ 18 13-17 ≤ 12 21-27 - 

Enrofloxacin 5 ≥ 23 
(Flexible)

17-22 ≤ 16 32-40 15-19 
Gentamicin* 10 ≥ 15 13-14 ≤ 12 19-26 16-21 
Spectinomycin 100 ≥ 14 11-13 ≤ 10 21-25 10-14 
Tetracycline*  30 ≥ 19 15-18 ≤ 14 18-25 - 
Ticarcillin* 75 ≥ 20 15-19 ≤ 14 24-30 21-27 
Ticarcillin-Clavulanic acid* 75/10 ≥ 20 15-19 ≤ 14 24-30 20-28 
* Based on human interpretive criteria             

Figure 3.3: Disk diffusion assay. 
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Figure 3.4: PCR assay of shiga toxin encoding genes I and II (n=229 antibiotic-resistant E. coli
isolates).  
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Figure 3.5: Growth curve of A92 multidrug-resistant E. coli in sterile water at ~7oC. 
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Figure 3.6: Probability distribution of die-off rate constant using Monte Carlo simulation and
predicted survival of multidrug-resistant E. coli in water at 7oC. 
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Figure 3.7: Predicted survival of multidrug-resistant E. coli A92 under different conditions. 
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Figure 3.8: PFGE patterns of E. coli isolates using dendogram analysis. 
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Figure 3.9: Distribution of PFGE subtypes of ampicillin-resistant E. coli isolates from lactating 
cattle in dairy herds (lines show similar PFGE pattern observed on different farms). 
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Figure 3.10: Distribution of PFGE subtypes of tetracycline-resistant E. coli isolates from 
lactating cattle in dairy herds (lines show similar PFGE pattern observed on different farms). 
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4.1 ABSTRACT 

Tetracycline-resistant E. coli (n=113) were analyzed for tet determinants (A-E and G) 

and the pathways that mediate tetracycline-resistance. Tet determinants tet(B) and tet(A) were 

detected in 93 and 7% of the isolates, respectively. On subculturing tetracycline-resistant isolates 

for several generations on antibiotic free medium, it was observed that isolates were able to 

retain tetracycline-resistance even in the absence of selective pressure. DNA-DNA hybridization 

assays revealed that tet determinants were located on the chromosome. A sub-genomic library of 

E. coli (T8) was created in pTrcHis. Tetracycline-resistant recombinant clones (DH5α) were 

sequenced. The sequenced region showed 96-99% homology to tetR and tetA (class B) genes on 

Tn10 of Shigella flexneri. PCR amplification with primers for 5’ and 3’ ends of Tn10 revealed 

the presence of tetC, tetD, and the right transposase gene (99% homology, Shigella flexneri) in 

wild type E. coli (T8). The 4632 bp sequence consisted of 5 open reading frames. The sequence 

has been assigned accession number AY528506 by the National Center for Biotechnology 

Information. This is the first report of a chromosomally located tet efflux pump associated with 

transposon Tn10 in enteric E. coli isolated from lactating cattle. The results of this study show 

that one of the pathways through which tetracycline-resistance can be mediated through the 

transposable element Tn10 that harbors the tet(B) determinant. The findings of this study suggest 

that commensal enteric E. coli from lactating cattle can be a significant reservoir for tetracycline-

resistance determinants.   
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4.2 INTRODUCTION 

Tetracyclines are one of the most widely used class of antibiotics in the animal industry 

(Chopra and Roberts, 2001). The growth promoting properties of tetracyclines were first reported 

by Stockstad et al. (1949), when young chicks fed with chlortetracycline showed improvement in 

growth rate. Following this report chlortetracycline and oxytetracycline were extensively used as 

animal growth promoters in swine and cattle (Gustafson and Kiser, 1985). The tetracyclines still 

continue to be one of the most widely used antibiotics in human medicine and animal agriculture 

as they are relatively cheap, can be administered orally, and has relatively few side effects 

(Moellering, 1990; Standiford, 1990).  

Resistance to tetracyclines was first detected in the 1950s and became more apparent by 

the 1970s when it was widely reported among Enterobacteriaceae, staphylococci, streptococci, 

and Bacteroides spp. (Levy, 1984). Tetracycline-resistance determinants are now spread wide 

among bacterial species and have been identified in as many as 39 Gram-negative and 22 Gram-

positive bacteria (Chopra and Roberts, 2001). Tetracycline-resistance is mediated through 

ribosomal protection proteins and through efflux mechanisms (Burdett, 1986; Roberts, 1996).  

In most Gram-negative species, bacterial resistance is due to acquisition of an operon 

which consists of a efflux gene tet(A) and a repressor gene tet(R) that are divergently transcribed 

from overlapping operator regions. Nine types of efflux genes consisting of the above operon 

have been described so far in Gram-negative bacteria (tet A to E, G, and H to J) (Schnabel and 

Jones 1999). Spread of tetracycline efflux genes is dictated by the genes or genetic elements they 

are associated with. The tet(B) efflux can be transferred between Actinobacillus and Hemophilus 

species through conjugative plasmids, whereas the same gene is not mobile in Treponema 

species (Roe et al., 1995; Roberts et al., 1996). The tet(E) gene is associated with large plasmids 
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but these plasmids are neither mobile nor conjugative while tet(M) is associated with conjugative 

mobile elements in Haemophilus ducreyi (DePaola et al., 1988; Roberts, 1989).  

A chromosomal tetracycline efflux system associated with multiple antibiotic resistance 

(MAR locus) has also been observed in E. coli (George and Levy, 1983). The resistance is 

mediated by mutations in the negative regulator (MarR) of the mar operon (Alekshum and Levy, 

1997; Levy, 1992). A mutation in the marR region causes over-expression of marA, a 

transcriptional activator of a common group of promoters which increases the expression of the 

multiple drug efflux pump AcrAB in E. coli (Oethinger et al., 2000). Escherichia coli exposed to 

increasing concentrations of tetracycline or chloramphenicol may select for mutations in the 

marR region that enhances intrinsic resistance to a variety of antibiotics including penicillins, 

cephalosporins, rifampin, nalidixic acid, and quinolones mediated by the AcrAB efflux system 

(George and Levy, 1983; Levy, 1992). 

 The diverse ways efflux genes are associated with various mobile genetic elements of 

Gram-negative bacteria have great implications for the way these genes are sustained and shared 

in a microbial population. The objective of the present study was to determine the molecular 

characteristics of tetracycline-resistant determinants in enteric E. coli isolated from lactating 

cattle.  

 
4.3 MATERIAL AND METHODS 

4.3.1 Tetracycline-resistance determinants 

A total of 113 tetracycline-resistant enteric E. coli isolated form lactating dairy cattle 

were screened for tetracycline genes. Specific primers used for amplifying tet(A), tet(B), tet(C), 

tet(D), tet(E) and tet(G) genes are listed in Table 4-1. The PCR assay was performed in 25 µl 
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reaction volume using puReTaqTM Ready-To-Go-PCR Beads containing all the PCR reagents 

(Amersham Biosciences, NJ). The PCR conditions were similar to that reported by Ng et al. 

(2001).      

4.3.2 Effect of subculturing on non-selective media 

Tetracycline-resistant enteric E. coli were grown on Muller-Hinton agar without any 

antibiotics. The isolates were plated on a fresh Muller-Hinton agar plate without tetracycline 

after 24 hours of incubation at 37oC. The isolates were subcultured for 8 generations on 

tetracycline-free medium. The isolate was then re-plated on MacConkey’s with tetracycline (32 

µg/ml) and incubated at 37oC.  

4.3.3 DNA-DNA hybridization  

Small- and large-size plasmids were obtained using an alkaline lysis protocol with SDS 

as described by Sambrook and Russell (2001). Small-size plasmids were electrophoresed on a 

0.8% agarose gel while large-size plasmids were electrophoresed on a 1% PFGE gel. Genomic 

DNA-PFGE was performed using one day PFGE protocol developed by Gautom (1997). The 

bacterial plugs were digested with XbaI and run on Chef MapperTM system (Bio-Rad 

Laboratories, CA). The running conditions for large plasmids and genomic DNA were as 

follows: initial switch time 2.16 secs, final switch time 35.07 secs, run time 14 hours, angle 120o, 

gradient 6.0 V/cm, temperature 14oC, and ramping factor was kept linear.  

All the gels were blotted with a vacuum blotter according to the manufacturers’ 

instructions (Bio-Rad Laboratories, CA). Positively-charged hybond-N+ nylon membrane 

(Amersham Pharmacia Biotech, Buckinghamshire, England) was used for blotting. Small 

plasmids were blotted for 90 min, while large plasmids and genomic DNA were first depurinated 

(0.25 N HCI for 15 min) and then blotted for 180 min.  
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4.3.4 Southern blotting assay 

PCR amplified products tet(A) and tet(B) were purified and used as probes for the 

southern blotting assay. A DNA labeling and detection kit (Roche Molecular Biochemicals, 

Mannheim, Germany) which uses digoxigenin (DIG) to randomly label DNA probes was used. 

Briefly, tet(A) and tet(B) amplified products were denatured by heating in a boiling water bath 

(10 min) and immediately chilled on ice. Random hexanucleotides (10X, 2 µl) were added to 

hybridize to the denatured template. Klenow enzyme (1µl) was added to create a complementary 

strand to the template, using the hybridized hexonucleotides as primers and a mix of dNTPs 

(2µl) containing DIG labeled dUTP for elongation. The reaction mixture was incubated 

overnight at 37oC and kept at -20oC until further use. The DIG-labeled probes were used to probe 

blotted nucleic acids by standard southern-blot methods described by the manufacturer (Roche 

Molecular Biochemicals, Mannheim, Germany). The hybridized probes were detected with anti-

digoxigenin-AP Fab-fragments and then visually detected after addition of colorimetric substrate 

NBT/BCIP.  

4.3.5 E. coli isolate for tet(B) genomic library 

A tetracycline-resistant E. coli isolate (T8) devoid of extrachromosomal DNA was 

selected for sub-genomic library construction. In this isolate the presence of tet(B) was 

confirmed by PCR. A DNA-DNA hybridization assay revealed that the tet(B) was located in the 

chromosome.  
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4.3.6 Sub-Genomic library construction  

The genomic library was constructed following the protocols described by Ausubel et al. 

(1998) and Sambrook and Russell (2001). An overview of the library construction is shown in 

Figure 4.1. The techniques are described in detail in Appendix B. Briefly the library was created 

first by a large-scale preparation of genomic DNA by a CTAB and NaCl method. The size of 

genomic DNA insert suitable for tet(B) cloning was determined to be 2.5 to 3.5 kb. Genomic 

DNA was digested with Sau3A1 and DNA fragments varying from 2.5 to 3.5 kb were cut and 

purified from the gel.   

 The vector pTrcHis (Invitrogen, Carlsbad, CA.) was used for cloning the DNA library. 

The vector was linearized with BamH I at 37oC and dephosphorylated before cloning. The 

linearized vector ligated to genomic DNA inserts (2.5 to 3.5 kb) was transformed into electro-

competent cells (DH5α) using electroporation. Transformed cells were selected on LB agar with 

ampicillin (50 µg/ml). Recombinant clones that were ampicillin resistant were screened for 

tetracycline (12 µg/ml) resistance (Figure 4.1). 

4.3.7 DNA sequencing  

 The recombinant plasmid from cells with tetracycline-resistance was sequenced using 

standard pTrc F and pTrc R primers (Invitrogen, Carsbad, California) (Table 4-1). The whole 

insert was sequenced by using primers pairs F-II, R-II and F-III, R-III (Table 4-1). Primers were 

designed using Oligo 6.6 software (Molecular Biology Insites, Inc, Cascade, Colorado). High 

stringency and Tm above 60oC were the criteria used for designing primers. The sequencing and 

primer design was done at the Nucleic Acid Facility of the Penn State University, University 

Park, PA. The reverse primer R-IV was designed using the sequence of the insert DNA. This 

primer was used with primer IS10F-R for the 5’ and 3’ ends of Tn10. Another set of primers (R-
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V, F-V) was designed to obtain the complete sequence (Table 4-1). The relative location of 

different primers used for sequencing insert DNA from recombinant plasmid and DNA from 

tetracycline-resistant E. coli T8 is shown in Figure 4.2.   

4.4 RESULTS 

4.4.1 Tetracycline-resistance determinants  

On PCR analysis 105 (93%) and 8 (7%) isolates encoded for tet(B) and tet(A), 

respectively (Figure 4.3).  

4.4.2 Effect of subculturing tetracycline-resistant E. coli on non-selective media   

Tetracycline-resistant E. coli isolates retained resistance to tetracycline even after 

subculturing for 8 generations on antibiotic-free medium. The isolates expressed resistance to 

oxytetracycline (32 µg/ml).     

4.4.3 Locating presence of tetracycline-resistant determinants  

Small- and large-size plasmids and genomic-DNA from 30 isolates with tet(B) and all 8 

isolates with tet(A) were blotted and probed with their respective gene probes. None of the 

plasmids hybridized with the probes. DNA-DNA hybridization of tet probes with genomic DNA 

was detected (Figure 4.4). Only one fragment per genomic DNA-PFGE lane exhibited color 

reaction indicating a single copy of tet(B) was present in the genome. The result showed that the 

efflux genes were located on the genomic DNA and not on the plasmids of the E. coli isolates 

(Figure 4.4).  
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4.4.4 Genotypic characteristics of Tetracycline-resistance  

 Twenty nine recombinant clones from LB agar with tetracycline (12 µg/ml) were 

randomly collected. All the isolates showed the presence of the cloned vector. All the 

recombinant clones were also able to grow at 16µg/ml of tetracycline, confirming resistance to 

tetracycline (NCCLS, 2002). The plasmids were isolated from a randomly selected clones and 

2418 bp cloned insert was sequenced using 3 primer sets (Table 4-1 and Figure 4.2). The 

sequence information was used to design reverse primer (R-IV) which was paired with the 

IS10F-R primer. A 2274 bp of PCR product was obtained from the DNA extract of T8 isolate. 

The PCR product was sequenced using an additional set of primers (F-V and R-V).  

All the sequences were aligned using the Basic Local Alignment Search Tool (BLAST) 

algorithm for pair-wise comparison of 2 sequences. Overlapping sequences were deleted and a 

single sequence was created which contained 4692 base pairs. The sequence was compared with 

available sequences in the NCBI nucleotide database by using BLAST pair-wise comparison. A 

99% match was observed with Shigella flexneri Tn10 (Accession no AF162223) and to open 

reading frames of tet(R), tet(A), tet(C), tet(D), and IS10 transposase (tnp) gene. The cloned insert 

that expressed tetracycline-resistance was observed to encode for tetracycline repressor protein 

tet(R) and tetracycline efflux pump protein tet(A). Tetracycline-resistant recombinant clones 

carried inserts with only these 2 genes. The other genes that constituted the remaining sequence 

included tet(C), tet(D), and IS10 tnp. The presence of the open reading frame of IS10 tnp, a 

functional right transposase gene indicated that the efflux pump was associated with Tn10 

(Figure 4.5). 

.   
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4.5 DISCUSSION 

Since the 1940s, food animal producers have used antibiotics to prevent and treat 

infectious diseases in livestock. Resistance to tetracycline has a history almost as long as its use. 

In 1953, the first tetracycline-resistant bacterium, Shigella dysenteriae, was isolated (Falkow, 

1975; Wasteson et al., 1994). The first multi-drug resistant Shigella with resistance to 

tetracycline, streptomycin, and chloramphenicol was isolated just 2 years later, in 1955 (Akiba et 

al., 1960; Falkow, 1975; Lima et al., 1995). In recent years tetracycline-resistance has been 

observed as a part of multidrug-resistance carrying integrons in pathogens like Salmonella 

enterica serovar Typhimurium DT104 from animals as well as humans (Hosek et al., 1997; Ng et 

al., 1999; Threlfall et al., 1994).  

In our study tetracycline-resistant commensal enteric E. coli were isolated from 90 

lactating cattle from 23 farms in Pennsylvania. This suggests that tetracycline-resistant E. coli 

are widely distributed in dairy environments. The majority of the isolates encoded for the efflux-

based tet(B) (Figure 4.3). Marshall et al. (1983) also observed that the majority of lactose-

fermenting coliforms from human and animal origin carried tet(B) (73.3%) and a subset carried 

the tet(A) (21.7%). Lee et al. (1993) observed tet(B) and tet(A) carried by plasmids in 35% and 

1% of E. coli isolates of fecal origin from domestic pigs, respectively. Of the seven tet efflux 

reported in E. coli, studies have shown that no E. coli harbored more than one type of tet (Blake 

et al., 2003; Chopra and Roberts, 2001; Jones et al., 1992; Mendez et al., 1980). The only 

exception to this observation was that of Marshall et al. (1983), who showed that 3.5% of the 

lactose-fermenting coliforms carried 2 different tet genes.  
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Schnabel and Jones (1999) showed that five out of nine efflux determinants that encode 

for an efflux and a repressor protein, which included tet(A) and tet(B) determinants, were carried 

by plasmids of Gram-negative phylloplane bacteria in apple orchards in Michigan. They also 

observed that tet(A), tet(B), and tet(C) were associated with transposons. Others have shown that 

tet efflux genes are part of the transposons borne by plasmids in Gram-negative bacteria (Jones 

et al., 1992; Mendez et al., 1980). tet(B) has been shown to be located on the chromosome in 

Haemophilus spp. and Moraxella catarrhalis (Roberts et al., 1991; Roberts and Smith, 1980). 

tet(B) is not conjugative in these isolates, but can be moved by transformation using 

chromosomal DNA. Our study corroborates these findings, that tet(B) is associated with Tn10, 

and is located on the chromosome of commensal E coli rather than on a plasmid as frequently 

reported in the literature (Chopra and Roberts, 2001; Lee et al., 1993).     

tet(B) is widely found in Gram-negative genera including Escherichia, Enterobacter, 

Proteus, Salmonella, Actinobacillus, Haemophilus, Moraxella, and Treponema spp. (Chopra and 

Roberts, 2001). It is highly likely that horizontal transfer of tetracycline-resistance occurs 

through the conjugation (Speer et al., 1992). Two types of conjugal elements have been 

described: conjugative plasmids and conjugative chromosomal elements called conjugal 

transposons (Salyers et al., 1990). Conjugative plasmids have undoubtedly contributed to the 

spread of efflux gene classes A to E within the Gram-negative bacteria and of classes K and L 

within Gram-positives (Hoshino et al., 1985; Lacks et al., 1986; LeBouguenec et al., 1990). The 

presence of tet(A) and tet(B) on the chromosome rather than on a plasmid is frequently reported 

in the literature was an intriguing observation, as the majority of Gram-negative efflux genes are 

normally associated with large plasmids, most of which are conjugative and belong to different 

incompatibility groups (Mendez et al., 1980; Jones et al., 1992).  
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Further sequence analysis of genomic DNA of the isolate indicated that tet(A) and tet(R) 

were associated with Tn10 (Figure 4.5). Tn10 is a composite transposon flanked by inverted 

repeats of IS10 that cooperate to mobilize the unique sequences (Kleckner 1989; Kleckner et al., 

1996; Chalmers et al., 2000). The transposase enzyme that can mobilize either the flanking IS10 

elements or the whole of Tn10 is encoded by the right IS10 tnp as the left IS10 tnp is defective. 

IS10/Tn10 transposes by a non-replicative mechanism. The tet gene in Tn10 is differentially 

regulated so that the repressor protein is synthesized before the efflux protein is expressed. The 

repressor protein will rebind to the DNA only when there is insufficient tetracycline (smaller 

than nanomolar amounts) present in the cell (Chopra, and Roberts, 2001).  

Although Tn10s are one of the most thoroughly studied transposons, there are very few 

Tn10 nucleotide sequences from different bacterial species reported in the NCBI nucleotide 

database. The partial sequence of Tn10 with Tetracycline-resistance determinants showed 99% 

homology to Tn10 isolated from different bacterial species. A few selected matches included 

plasmids from Salmonella Typhimurium (Accession no. AP005147) and Serratia marcescens 

(Accession no. BX664015) and chromosomally based Tn10 associated tet(B) in Salmonella 

Typhi (Accession no. AY150213). High homology of our Tn10 based tet(A) and tet(R) was 

observed with genomic based Tetracycline-resistance determinants of Neisseria meningitidis 

(Accession no. AB084246), but other Tn10-associated genes or insertion elements necessary for 

transposition were not observed (Takahashi et al., 2002). Truncated version of Tn10 with only 

tet(A) and tet(R), also showed a 99% match with our sequence and was observed in Pasteurella 

aerogenes (Accession no. PAE278685) (Kehrenberg and Schwarz, 2001). In the majority of the 

Tn10 sequences present in the NCBI nucleotide database, the presence of tetR, tetA, tetC, tetD, 

and the right transposase gene was a common feature; however, the open reading frames on the 
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5΄ end of tet(R) were diverse. Association of tet(B) Tetracycline-resistance with Tn10 in the 

chromosome of E. coli from the feces of lactating cattle indicate that the resistance can be 

maintained in these strains and also perhaps translocate to other susceptible species.   

This is the first report of a Tn10 based tet(B) in chromosome of E. coli isolated from the 

feces of lactating cattle. The sequence (4632 bp) can be accessed through NCBI GeneBank 

(accession no. AY528506, see Appendix B). The association of tet efflux genes with Tn10 is 

significant as this transposable element has a broad host range and can play an important role in 

horizontal transmission of resistance. Once acquired, tetracycline-resistance in commensal 

enteric E. coli from lactating cattle, is likely to be conserved even in an environment free of 

tetracycline. The findings of this study suggest that commensal enteric E. coli could serve as a 

reservoir for tetracycline-resistance determinants in the dairy environment even in the absence of 

tetracycline selective pressure.  
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Table 4-1: Primers used for sequence analysis.   

Primer  Sequence Target 
size Reference  

tet(A)F 5’ GCTACATCCTGCTTGCCTTC 3’ 210 bp Ng et al. (2001) 
tet(A)R 5’ CATAGATCGCCGTGAAGAGG 3’   
tet(B)F 5’ TTGGTTAGGGGCAAGTTTTG 3’ 659 bp Ng et al. (2001) 
tet(B)R 5’ GTAATGGGCCAATAACACCG 3’   
tet(C)F 5’ CTT GAG AGC CTT CAA CCC AG 3’ 418 bp Ng et al. (2001) 
tet(C)R 5’ ATG GTC GTC ATC TAC CTG CC 3’   
tet(D)F 5’ AAA CCA TTA CGG CAT TCT GC 3’ 787 bp  Ng et al. (2001) 
tet(D)R 5’ GAC CGG ATA CAC CAT CCA TC 3’   
tet(E)F 5’ AAA CCA CAT CCT CCA TAC GC 3’ 278 bp Ng et al. (2001) 
tet(E)R 5’ AAA TAG GCC ACA ACC GTC AG 3’   
tet(G)F 5’ CAG CTT TCG GAT TCT TAC GG  3’ 844 bp Ng et al. (2001) 
tet(G)R 5’ GAT TGG TGA GGC TCG TTA GC 3’   
pTrc F-I 5’ GAGGTATATATTAATGTATCG 3’  Invitrogen  
pTrc R-I 5’ GATTTAATCTGTATCAGG 3’   
F-II 5’ GCACCTTGCTGATGACTCT 3’  This study  
R-II 5’ TCCGCATATGATCAATTCA 3’   
F-III 5’ CCAAGACCCGCTAATGAA 3’  This study  
R-III 5’ AAGGCGTCGAGCAAAGC3’   
IS10F-R 5’ CTGATGAATCCCCTAATG 3’  Schnabel and Jones 

(1999) 
R-IV  5’ TTTATCGGCAAGCTCTTT 3’  This study  
F-V 5’ CTAGGAGCGGAAAACTGGA 3’  This study 
R-V 5’ ATAAGCAGTTTCATACAACGG 3’    
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Electroporation

Electrocompetent DH5α cells

2.5-3.5 Kb region 
selected for cloning

E. coli (strain T8) 
No extrachromosomal
DNA
(phenotype Tet-R)

DNA extracted 
with CTAB-NaCl
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plasmid vector

Primary selection on 
LB medium with 
oxytetracycline

 
Figure 4.1: tet(B) sub-genomic library construction. 
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Relative location of primers on insert DNA from recombinant plasmid pTrc 
 

pTrc R-I-----------R-II-----------R-III-----------F-III-----------F-II-----------pTrc F-I 
 
 

Relative location of primers on DNA from tetracycline-resistant E. coil T8  
 

R-IV----------- R-V----------- F-V----------- IS10F-R 
 

Figure 4.2: Relative locations of different primers on insert and genomic DNA. 
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Figure 4.3: PCR analysis of genes encoding tetracycline efflux pump based resistance. Lane
A,B,and C represent PCR amplified produces of tet(B) gene. Lane D is  ФX174 Hae III DNA 
ladder. Lane 1, 2, and 3 represent PCR amplified produces of tet(A) gene. Lane 4 is 100bp DNA 
ladder.  

tet(B) 
(650bp)  

tet(A) 
(210bp)  100bp 

DNA ladder  

100bp 

300bp 

500bp 

1000bp  

310bp 

603bp 
1078bp  

ФX174 Hae III 
DNA ladder 

A    B    C    D 1       2        3       4 
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b: Large plasmids on PFGE gel a: Small size plasmid on 0.8% gel
1  2   3   4   5   6   7   8   9   10 11 12  Sa 1   2   3   4   5   6   7  8  9  10 11 12 13

16210 bp
14174 bp
12138 bp
10102 bp
8066 bp
7045 bp
6030 bp
5012 bp
3990 bp
2972 bp
2067 bp

c: Small size plasmid southern blotting results d: Large size plasmid southern blotting results

Conclusion: None of the plasmids carried tet  

1   2    3     4    5   6   7    8     9  10  Sb

f: Southern Blot results 
917 kb

614.9 kb
487.4 kb
321.6 kb
307.6 kb

251.53 kb
230.6 kb
185.1 kb
174.0 kb
123.8 kb
102.7 kb
78.5 kb
65.7 kb
45.1 kb
35.8 kb

1    2    3    4    5    6   7     8    9   10   Sb

e: PFGE Chromosomal DNA  

 
Figure 4.4: Southern hybridization of small and large plasmids and genomic DNA. Fig. a: lanes 1 
to 12 represent small size plasmids. Fig. b: lanes 1-12 represents large size plasmids on PFGE 
gel. Fig. c and d represent blotting results of the small and large plasmids from fig. a and b, 
respectively. Fig. e: lane 1-10 represent digested PFGE fragments. Fig. f: Blotting results with 
tet(B) probe of PFGE genomic DNA from fig. e. Sa: Supercoiled DNA ladder, Sb: Salmonella 
ser. Newport Standard strain am01144 (XbaI digested). 
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tetR
(repressor)

tetA
(membrane bound efflux

Pump)

tetC tetD IS10-right
(transposase)

Tn10 

 
Figure 4.5: Open reading frames of tet efflux pump and other Tn10 genes.  

Adapted from a figure by Lawley et al. (2000).  
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5.1 ABSTRACT 

Ampicillin-resistant E. coli (n=94 isolates) from lactating cattle were examined for their 

susceptibility to other antibiotics and genetic determinants that encode for beta-lactam resistance. 

The majority of the E. coli isolates were resistant to tetracycline (88.3%) followed by 

spectinomycin (35.1%), ticarcillin (33%), and chloramphenicol (29.8%). Resistance was also 

exhibited to ticarcillin and clavulanic acid combination (23.4%) and the third generation 

cephalosporin ceftiofur (26.6%). All isolates were susceptible to enrofloxacin. Multidrug 

resistance (≥3 to 8 antimicrobial agents) was observed in 44 of 94 (46.8%) isolates, and the 

resistance profile of ampicillin, chloramphenicol, spectinomycin, tetracycline, ticarcillin, 

ticarcillin/ clavulanic acid, and ceftiofur was the most frequently observed (n=15 isolates). The 

isolates were also examined for susceptibility to other penicillins and extended spectrum 

cephalosporins. The majority of the isolates (73.4%) were resistant only to penicillins, of which 

resistance to ampicillin and piperacillin was predominant. Resistance to 1st, 2nd, and 3rd 

generation cephalosporins was observed only in isolates that were resistant to ceftiofur. 

Interestingly 23 of 25 (92%) ceftiofur-resistant E. coli were also resistant to chloramphenicol. 

All E. coli isolates were susceptible to the 4th generation cephalosporin cefepime. The extended 

spectrum beta-lactamases were not detected in ceftiofur-resistant isolates. All ceftiofur-resistant 

isolates carried the blaCMY, while rest of the 69 isolates carried the blaTEM. Four ceftiofur-

resistant isolates carried both blaCMY and blaTEM. Sequence analysis of the blaCMY from E. coli 

(n=5) isolates showed 99% to 100% identify with the plasmid encoded blaCMY-2 from 

Salmonella spp. (Acc. No.AY253913, and U77414) and K. pneumoniae (Acc. No. X91840). 

Integrons of ≥1 kb were observed in 10 of 75 E. coli isolates. Sequence analysis revealed that the 
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integrons encoded for streptomycin and spectinomycin (aadA), and/or trimethoprim (dfr) 

resistance genes.  

The findings of our study suggest that ampicillin-resistant commensal E. coli carry for the 

blaTEM. Multidrug resistance was not uncommon but was more pronounced in isolates that were 

resistant to ceftiofur. Ceftiofur-resistant isolates carried genes for cephamycinases that were able 

to confer resistance to 1st, 2nd, and 3rd generations of cephalosporins. The widespread prevalence 

of beta-lactam resistance in the dairy environment could pose a considerable public health risk if 

these organisms gained access to the food chain.  

5.2 INTRODUCTION 

Beta-lactam based antibiotics (penicillins, cephalosporins, monobactams, and 

carbapenems) are used extensively in veterinary medicine. Low toxicity, a broad spectrum of 

activity, and reliable clinical efficacy has lead to extensive use of beta-lactam antibiotics 

(Mealey, 2001). Beta-lactam antibiotics can be broadly grouped as penicillins and 

cephalosporins.  

The penicillins that are approved for use in dairy cattle include ampicillin, amoxicillin, 

cloxacillin, hetacillin, and penicillin. Among the cephalosporins, cephapirin and ceftiofur are 

approved for used in dairy cattle (FDA, 2005). The majority of penicillins are indicated for the 

treatment of mastitis, metritis, systemic illnesses, and respiratory diseases in dairy cattle. 

Cephapirin, a first generation cephalosporin is approved for mastitis treatment whereas ceftiofur, 

a third generation cephalosporin can be used for respiratory diseases, foot rot, and metritis 
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infections in dairy cattle (Hornish and Kotarski, 2002; USP Veterinary Drug Information 

monographs, 2003).  

According to Mandell and Petri (1996) widespread use of these agents has resulted in the 

emergence of resistant organisms. Resistance to beta-lactam antibiotics can occur through the 

following pathways: 1) modification of penicillin-binding protein targets, 2) beta-lactamase 

production, and 3) impermeability and/ or efflux. Resistance to beta-lactam antimicrobial agents 

in gram-negative bacilli is primarily mediated by beta-lactamases (Livermore, 1995). Bacterial 

beta-lactamases are hydrolytic enzymes that catalyze hydrolysis of the amide bond of the beta-

lactam ring, producing acidic derivatives with no antibacterial activity (Mealey, 2001; 

Livermore, 1995). The lactamase enzyme may be encoded on a plasmid (TEM-1 and SHV-1) or 

on the chromosome (AmpC types). Although a variety of beta-lactamases have been described, 

TEM and SHV enzymes are most frequently observed among members of the family 

Enterobacteriaceae (Bush et al., 1995; Livermore, 1995). These enzymes can hydrolyze 

ampicillin but are not effective against newer cephalosporins (Sanders and Sanders, 1992; 

Livermore, 1995; O'Callaghan, 1979).  

Over the last two decades the frequency of isolation of bacteria that produce extended 

spectrum beta-lactamases (ESBL) has increased considerably. ESBLs are variants of TEM-1, 

TEM-2, and SHV-1 type due to point mutations which produce 1 to 4 amino acid substitutions. 

These mutations allow the ESBLs to inactivate many newer cephalosporins and monobactams 

(Jacoby and Medeiros, 1991; Livermore, 1995; Philippon et al., 1989). The presence of ESBLs 

poses a serious clinical problem because of difficulty in identifying their presence. Karas et al. 

(1996) described cephalosporin treatment failure for septicemia caused by a K. pneumonia strain 

which was found to be susceptible to cephalosporins on disc diffusion and MIC tests. This isolate 
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was later found to produce an ESBL. The numbers of reported ESBL variants has been growing 

and currently more than 100 different natural ESBL variants have been reported (Gniadkowski, 

2001). 

Another category of extended spectrum beta-lactamases that has gained importance is the 

plasmid-based AmpC-like beta-lactamase. Plasmid borne AmpC-like resistance was first detected 

in 1989 in an isolate of Klebsiella pneumoniae. The plasmid encode for beta-lactamase that 

exhibited resistance to extended spectrum beta-lactams similar to ESBLs (Bauernfeind et al., 

1989). The beta-lactamase was named cephamycinase (blaCMY) and was genotypically different 

from TEM based ESBLs (Bauernfeind et al., 1989). The cephamycinase gene shares extensive 

homology to chromosomal AmpC beta-lactamases. The CMY-1 is more closely related to AmpC 

of Pseudomonas aeruginosa while there is close relationship between CMY-2 and AmpC of 

Citrobacter freundii. This suggests that plasmidic cephamycinases may have evolved from their 

corresponding chromosomal counterparts (Bauernfeind et al., 1996). Plasmid-borne AmpC beta-

lactamases have been frequently reported in Gram-negative bacteria including E. coli, 

Salmonella spp., P. mirabilis and C. freundii (Bauernfeind et al., 1998).  

With the exception of cephapirin and ceftiofur approved for use in dairy cattle, most of 

the approved cephalosporins have been developed for use in humans. Zhao et al. (2001b) 

recovered Salmonella and E. coli isolates from food animals and retail ground meat that 

contained blaCMY and exhibited resistance to extended spectrum cephalosporins included 

ceftiofur. The presence of this type of resistance in food-borne pathogens is of concern to public 

health. The focus of this study was to characterize commensal ampicillin-resistant E. coli with 

respect to; 1) resistance to other antibiotics and cephalosporins, and 2) genetic determinants that 

encode for penicillin and cephalosporin resistance.  
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5.3 MATERIAL AND METHODS 

5.3.1 Ampicillin-resistant E. coli  

A total of 94 ampicillin-resistant E. coli isolated from feces of lactating dairy cattle 

(n=73) from 33 farms in Pennsylvania were used for this study.  

5.3.2 Antimicrobial susceptibility testing 

Disk diffusion assay: Disks containing ampicillin (10 µg), ceftiofur (30 µg) 

chloramphenicol (30 µg), enrofloxacin (5 µg), gentamicin (10 µg), spectinomycin (100 µg), 

tetracycline (30 µg), ticarcillin (75 µg), or ticarcillin/clavulanic acid (75/10 µg) (Remel Inc. KS, 

U.S.A) were used for the disk diffusion assay. The isolates were screened for susceptibility 

according to the NCCLS disk diffusion assay protocol. The results were interpreted according to 

criteria established by NCCLS document M31-A2 (2002) for bacteria isolated from animals.  

 Pasco MIC gram-negative panel: The Pasco MIC gram-negative panel (Becton 

Dickinson, Sparks, Maryland, USA) was used for evaluating susceptibility to penicillins and 1st, 

2nd, 3rd
, and 4th generation cephalosporins. The isolates were screened according to the 

manufacturer’s instructions. The minimum inhibitory concentration (MIC) results obtained from 

Pasco test panels were interpreted based upon NCCLS MIC interpretive standards (interpretive 

worksheet provided by manufacturer). Results of susceptibility to 20 of 27 antimicrobials are 

presented in this study.  

5.3.3 Integron assay  

 Ampicillin-resistant E. coli (n=75) isolates were screened for the presence of integrons by 

PCR analysis using 5’ and 3’ end conserved primers for class 1 integrons as described by Tosini 

et al. (1998). Integrons ≥ 1 kb were sequenced at the Nucleic Acid Facility at Penn State 
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University. Integron sequences were compared with the gene-bank database using the BLAST 

program available through the National Center for Biotechnology Information 

(www.ncbi.nlm.nih.gov/BLAST).   

5.3.4 Screening for Extended Spectrum Beta-Lactamases (ESBLs) 

 ESBL production in E. coli was determined by using the NCCLS (1999) method for 

screening and confirming the presence of ESBLs. Disks impregnated with ceftazidime and 

cefotaxime alone and with clavulanic acid were used for identification of ESBL phenotypes 

(Sensi-Disc. ESBL confirmatory test disks, BD BBL, Sparks, MD, USA). Isolates that showed a 

≥ 5 mm increase in zone diameter for either antimicrobial agent tested in combination with 

clavulanic acid versus its zone when tested alone were considered phenotypically confirmed 

ESBL-producing isolates.    

5.3.5 PCR analysis of beta-lactamase genes 

 Isolates were screened for the presence of blaTEM-1 and blaCMY by PCR analysis, 

conducted as described by Vahaboglu et al. (2001) and Zhao et al. (2001a), respectively. The 

PCR amplification products for blaTEM-1 and blaCMY were 861 bp and 1 kb, respectively. The 

blaCMY amplified product was sequenced at the Nucleic Acid Facility at Penn State University, 

and was compared with the gene-bank database using the BLAST program available through the 

National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/BLAST).   
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5.4 RESULTS 

5.4.1 Resistance profiles of ampicillin-resistant E. coli isolates to antimicrobial agents -disk 

diffusion assay 

Nearly 88.3% of ampicillin-resistant E. coli were resistant to tetracycline. Resistance was 

also observed to chloramphenicol, spectinomycin, and ticarcillin in 28 (29.8%), 33 (35.1%), and 

31 (33.0%) isolates, respectively (Table 5-1). Isolates with resistance to ticarcillin and clavulanic 

acid combination (23.4%) and ceftiofur (26.6%) were also observed. Few isolates showed 

resistance to gentamicin (5.3%), and resistance to enrofloxacin was not observed.  

Ampicillin-resistant E. coli belonged to 18 antibiotic resistance profiles (Table 5-2). 

Nearly 42% of the isolates exhibited resistance to ampicillin and tetracycline. Multidrug-

resistance (≥ 3 antibiotics) was observed in 44 isolates. All of the 25 isolates that were resistant 

to ceftiofur exhibited multidrug resistance to other unrelated antimicrobial agents (Table 5-

2).The most common multidrug resistance profile (n=15) showed resistance to ampicillin, 

chloramphenicol, spectinomycin, tetracycline, ticarcillin, ticarcillin/ clavulanic acid, and 

ceftiofur (Table 5-2).  

5.4.2 Resistance profiles of ampicillin-resistant E. coli isolates to other penicillins and 

extended spectrum cephalosporins  

The Pasco MIC Gram-negative panel was used to study resistance to cephalosporins 

approved for use in human medicine. The panel included first, second, third, and fourth 

generation cephalosporins. A total of 27 resistance profiles were observed (Table 5-3). A large 

number of isolates (n=42) showed resistance to ampicillin and piperacillin. All ceftiofur-resistant 

isolates (n=25) were resistant to 6 or more antimicrobial agents and included resistance to 1st, 

2nd, and 3rd generations cephalosporins (profile no. 12 to 27; Table 5-3). Interestingly, 23 of 25 
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ceftiofur-resistant isolates showed resistance to chloramphenicol, a drug prohibited for use in 

food-producing animals. All isolates were susceptible to the fourth generation cephalosporin, 

cefepime.  

5.4.3 Integron assay of 75 ampicillin-resistant E. coli isolates 

PCR-amplified DNA fragments of integron 1 (1,000-1600 bp) were obtained using the 

set of primers for conserved regions (5’CS and 3’CS). Integron 1 was observed in 10 E. coli 

isolates. A total of 5, 1, and 4 isolates showed the presence of 1 kb, 1.2 kb, and 1.6 kb of 

amplified product, respectively (Figure 5.1). On sequence analysis, PCR-amplified DNA of 

~1000 bp (A92) showed 95% sequence match to aadA23, which encodes for streptomycin and 

spectinomycin resistance from Salmonella Agona (AJ809407). Amplified DNA of ~1200 bp 

(A73) showed 99% match with dfrA which encodes resistance to trimethoprim from E. coli 

(AB161449). An integron sequence of ~1600 bp (A107) matched 99% to both dfr17 and aadA5 

from Salmonella spp. (AY263739) (Figure 5.2).  

5.4.4 Extended-Spectrum Beta-Lactamases (ESBLs) 

The ceftiofur and extended-spectrum cephalosporin-resistant isolates (n=25) were 

considered as potential candidates for ESBLs screening. The isolates failed to show any 

clavulanic acid effect. Based on this observation, these isolates were not classified as ESBL 

producers (Figure 5.3).  

5.4.5 Beta-lactamase genes 

All the ceftiofur-resistant isolates contained the blaCMY gene. The remaining 69 isolates 

carried blaTEM-1 (Figure 5.1). Four ceftiofur-resistant isolates carried both blaCMY and blaTEM-1 

(Figure 5.1). The blaCMY genes from 5 E. coli isolates were sequenced. Sequence analysis 
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showed 99% to 100% match with plasmid-borne blaCMY-2 from Salmonella spp. (AY253913 and 

U77414) and K. pneumoniae (X91840) (Figure 5.4).   

5.5 DISCUSSION 

Nonpathogenic, multidrug resistant E. coli in the intestine are probably an important 

reservoir of antibiotic resistance genes (Levy, 1978; Levy et al., 1988; Marshall et al., 1990; 

Österblad et al., 2000). Oppegaard et al. (2001) indicated that E. coli is a major carrier of 

resistance traits in the coliform flora of both humans and animals. They observed that 30 of 39 E. 

coli were resistant to ampicillin, tetracycline, streptomycin, trimethoprim, and sulfonamide. 

DeFrancesco et al. (2004) studied antibiotic resistance in commensal E. coli isolated from cows 

and calves from farms with a history of multidrug resistant (MDR) Salmonella infections. They 

hypothesized that high antimicrobial pressure on farms was responsible for the prevalence of 

MDR salmonellosis. The prevalence of MDRs in Salmonella was measured by studying MDRs 

in commensal E. coli. A significantly higher percentage of E. coli isolates from farms with a 

history of MDRs salmonellosis showed resistance to ampicillin, chloramphenicol, sulfadiazine, 

trimethoprim, and gentamicin compared those farms with no outbreaks of salmonellosis.  

Antibiotic resistance among commensal E. coli can serve as an indicator of antimicrobial 

selection pressure on farms and can be useful for estimating selection pressure (van den Bogaard 

and Stobberingh, 2000 and DeFrancesco et al., 2004). Studies of neonatal diarrhea in calves due 

to E. coli have resulted in high resistance (from 23 to 50 %) to ampicillin, neomycin, kanamycin, 

spectinomycin, chloramphenicol, sulphadimethoxine, and trimethoprim (Orden et al., 2000). 

Schroeder et al. (2003) observed E. coli isolates from retail meats displaying high resistance to 
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tetracycline (59%), sulfamethoxazole (45%), streptomycin (44%), cephalothin (38%) and 

ampicillin (35%). Resistance was also observed, but to a lesser extent, to gentamicin (12%), 

nalidixic acid (8%), chloramphenicol (6%), ceftiofur (4%) and ceftriaxone (1%). They observed 

multidrug resistance (≥ 3 antimicrobial agents) in 49% of the isolates. An interesting observation 

in previous studies and our data is the resistance to chloramphenicol in a large number of 

multidrug resistant E. coli isolates (Table 5-2), an antibiotic that has been banned from veterinary 

use in food animals in the United States since the 1980s (Gilmore 1996). This can be explained 

by the fact that bovine-origin florfenicol-resistant E. coli isolates exhibited cross-resistance to 

chloramphenicol (White et al., 2000). Though chloramphenicol is banned, florfenicol, a related 

analog of chloramphenicol, approved by the FDA for treating bovine respiratory diseases, was 

widely used on the farms that we surveyed and could have selected for chloramphenicol-resistant 

isolates (Table 2-3 and A-8). 

A wide range of resistance profiles were observed in the E. coli isolates on Pasco MIC 

Gram-negative panel. Though resistance to extended-spectrum beta-lactams was observed, a 

sizable number of isolates were only resistant to ampicillin, piperacillin, and narrow-spectrum 

cephalosporins. Brinas et al. (2002) studied beta-lactam resistant E. coli from foods, fecal 

samples of humans, and healthy animals, and observed nearly half (48%) of the ampicillin-

resistant E. coli isolates were resistant only to aminopenicillins and not to other beta-lactams or 

beta-lactamase inhibitors. These results can be attributed to beta-lactamases that are most 

frequently associated with ampicillin resistance in E. coli but also confer low level resistance to 

first generation cephalosporins (Medeiros, 1997; Wu et al., 1994).   

Extended-spectrum cephalosporin-resistant E. coli have been previously isolated from 

diarrhoeal disease in cattle, clinical cases of cattle, swine, and humans (Bradford et al., 1999; 
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Brinas et al., 2003; Winokur et al., 2001). In our study we were able to isolate extended-

spectrum cephalosporin-resistant E. coli from the feces of healthy lactating cattle. Most of the 

isolates that were resistant to extended-spectrum cephalosporins were also resistant to beta-

lactamase inhibitor combinations like ampicillin/sulbactam and ticarcillin/clavulanic acid. In our 

study only 3 isolates were resistant to the piperacillin/tazobactam combination (Table 5-2 and 5-

3). Our data agrees with the findings of Vanjak et al. (1995) who studied susceptibility of 300 

amoxicillin resistant E. coli isolates to beta-lactamase inhibitors. They reported 62% of the 

strains had low susceptibility to penicillins, cephalothin, or ampicillin/sulbactam and 

ticarcillin/clavulanic acid combinations except for piperacillin/tazobactam. Of this 23.3% 

isolates exhibited resistance to different cephalosporins. In our study multidrug resistance to non 

beta-lactam antibiotics was observed in extended-spectrum cephalosporin-resistant E. coli 

(Tables 5-2 and 5-3). Previous studies have observed resistance to chloramphenicol, sulfa drugs, 

streptomycin, and tetracycline in extended-spectrum cephalosporin-resistant E. coli and 

Salmonella (Navarro et al., 2001; Winokur et al., 2000). 

A novel system to which multiple-drug resistance and its dissemination is regularly 

attributed is bacterial integrons (Hall, 1997). Integrons have the ability to carry antibiotic-

resistance gene cassettes that can possess resistance genes for beta-lactams, aminoglycosides, 

trimethoprim, chloramphenicol, streptothricin and quaternary ammonium compounds (Hall, 

1997). Integrons have been reported in E. coli isolated from swine, poultry, and cattle (Sunde 

and Sorum, 1999; Bass et al., 1999; Zhao et al., 2001a). Resistance to beta-lactams and 

extended-spectrum cephalosporins was not located within class 1 integrons found in the 

ampicillin-resistant E. coli isolates from our study. These integrons carried genes that encoded 
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resistance to streptomycin, spectinomycin, and trimethoprim. Similar results were reported by 

Winokur et al. (2001).   

The majority of ampicillin-resistant E. coli isolates we studied carried the blaTEM-1. The 

TEM-1 beta-lactamase has been seen in ampicillin-resistant E. coli from animal and human 

origin and is located on plasmids (Brinas et al., 2002; Thomson and Amyes, 1993). Escherichia 

coli that exhibit resistance to extended-spectrum cephalosporins is commonly observed in strains 

that are ESBL producers or if they encode for AmpC-like genes (Shuttleworth, 2004; Mammeri 

et al., 2004). As none of the extended-spectrum cephalosporin-resistant E. coli isolates were 

observed to be ESBL producers, these isolates were screened for blaCMY.  

All of the ceftiofur-resistant E. coli isolates carried the blaCMY. Sequence comparison 

using the NCBI gene bank database revealed that it shared extensive homology with plasmid 

borne blaCMY-2 isolated from species like Salmonella Choleraesuis, K. pneumoniae and 

Salmonella Senftenberg. The sequence data indicates that plasmid borne blaCMY-2 is globally 

spread across species and even the host that inhabit them. Zhao et al. (2001b), while studying 

blaCMY in E. coli and Salmonella found that this resistance is most likely horizontally 

disseminated via large, broad-host-range plasmids or mobile transposons. Winokur et al. (2001) 

has provided conclusive evidence that plasmid borne blaCMY-2 (AmpC like beta-lactamase) can 

be transferred between E. coli and Salmonella isolates.  

Most of the studies conducted on antibiotic resistance study in animal agriculture have 

primarily been directed towards pathogenic bacteria (Winokur et al., 2001; Bradford et al., 

1999). The findings of this study provide a unique perspective on the role of commensal E. coli 

as potential reservoirs of genetic determinants for beta-lactams. The importance of monitoring 

resistance in commensal bacteria such as E. coli is essential as they might gain access to the food 
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chain. Zhao et al. (2001b) recently showed extended-spectrum cephalosporin-resistant E. coli 

and Salmonella present in retail ground meat, signifying the public health importance of this 

issue. The high risk of transfer of beta-lactam genetic determinants from commensal E. coli to 

pathogenic bacteria is likely to occur within the animal intestinal tract (Winokur et al., 2001; 

Blake et al., 2003). This can be an important mechanism for acquiring antibiotic resistance in 

pathogenic bacteria that pose a challenge for effective antibiotic therapy. The findings of our 

study suggest that commensal E. coli can perhaps play a dynamic role in the ecology of beta-

lactam resistance in the dairy environment.  
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Table 5-1: Resistance of 94 ampicillin-resistant E. coli to other antimicrobial agents using disk 
diffusion assay 

Antimicrobial resistance No of isolates (%) 

Ampicillin 94 (100) 

Chloramphenicol 28 (29.8) 

Gentamicin 5    (5.3) 

Enrofloxacin 0    (0.0) 

Spectinomycin 33  (35.1) 

Tetracycline 83  (88.3) 

Ticarcillin 31  (33.0) 

Ticarcillin/clavulanic acid 22  (23.4) 

Ceftiofur 25  (26.6) 
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Table 5-2: Resistance profiles of 94 ampicillin-resistant E. coli isolates on disk diffusion assay 

No. Antimicrobial resistance patterns No. of isolates 
1 AMP 10 
2 AMP-TET 39 
3 AMP-TIC 1 
4 AMP-CHL-TET 1 
5 AMP-SPT-TET 9 
6 AMP-TET-TIC 3 
7 AMP-CHL-SPT-TET 1 
8 AMP-CHL-TET-TIC 3 
9 AMP-GEN-SPT-TET 1 
10 AMP-TET-TIC-XNL 1 
11 AMP-CHL-SPT-TET-XNL 1 
12 AMP-TET-TIC-TIM-XNL 1 
13 AMP-GEN-SPT-TET-TIC 1 
14 AMP-CHL-SPT-TET-TIC-XNL 1 
15 AMP-CHL-SPT-TET-TIM-XNL 1 
16 AMP-CHL-TET-TIC-TIM-XNL 2 
17 AMP-CHL-SPT-TET-TIC-TIM-XNL 15 
18 AMP-CHL-GEN-SPT-TET-TIC-TIM-XNL 3  

Antimicrobial agents used in the study: AMP, Ampicillin; CHL, Chloramphenicol; GEN, 
Gentamicin; SPT, Spectinomycin; TET, Tetracycline; TIC, Ticarcillin; TIM, 
Ticarcillin/clavulanic acid; XNL, Ceftiofur 
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Table 5-3: Resistance profiles of 94 ampicillin-resistant E. coli isolates to extended spectrum 
beta-lactams 

No. Antimicrobial resistance patterns a, * No. of 
isolates 

1 AMP 6 
2 AMP-PIP                 42 
3 AMP-SAM                  1 
4 AMP-SAM-PIP                 9 
5 AMP-PIP-GEN  1 
6 AMP-PIP-CHL  2 
7 AMP-PIP-CEF             3 
8 AMP-PIP-CEF-CHL  2 
9 AMP-SAM-PIP-CEF             1 
10 AMP-SAM-PIP-CHL  1 
11 AMP-SAM-PIP-TOB-GEN   1 
12 AMP-SAM-CEF-FOX-CPD-CHL 1 
13 AMP-CFZ-CEF-FOX-CPD-CHL  3 
14 AMP-SAM-CFZ-CEF-FOX-CPD-CHL  1 
15 AMP-SAM-PIP-CFZ-CEF-CXM-FOX-CPD    1 
16 AMP-SAM-CFZ-CEF-CXM-FOX-CPD-CHL 4 
17 AMP-SAM-CFZ-CEF-CXM-FOX-CPD-CAZ-CHL 1 
18 AMP-SAM-PIP-CFZ-CEF-CXM-FOX-CPD-CHL  1 
19 AMP-SAM-CFZ-CEF-CXM-FOX-CPD-CAZ-CHL 4 
20 AMP-SAM-CFZ-CEF-CXM-FOX-CRO-CPD-CAZ-CHL 1 
21 AMP-SAM-CFZ-CEF-CXM-FOX-CPD-CAZ-ZOX-CHL  1 
22 AMP-SAM-PIP-CFZ-CEF-CXM-CTT-FOX-CPD-CAZ    1 
23 AMP-SAM-PIP-CFZ-CEF-CXM-CTT-FOX-CPD-CAZ-CHL 2 
24 AMP-SAM-PIP-TZP-ATM-CFZ-CEF-CTT-FOX-CRO-CPD-CFP-CAZ-ZOX-CHL 1 
25 AMP-SAM-PIP-ATM-CFZ-CEF-CXM-CTT-FOX-CRO-CPD-CFP-CAZ-ZOX-CHL 1 
26 AMP-SAM-PIP-TZP-ATM-CFZ-CEF-CXM-FOX-CRO-CPD-CFP-CAZ-CTX-ZOX-CHL 1 
27 AMP-SAM-PIP-TZP-ATM-CFZ-CEF-CXM-CTT-FOX-CRO-CPD-CFP-CAZ-ZOX-CHL 1  

a Antimicrobial agents: AMP, Ampicillin; SAM, Amp/Sulbactam; PIP, Piperacillin; TZP, 
Pipera/tazobactam; ATM, Aztreonam; CFZ, Cefazolin; CEF, Cephalothin; CXM, Cefuroxime; 
CTT, Cefotetan; FOX, Cefoxitin; CRO, Ceftriaxone; CPD, Cefpodoxime; CFP, Cefoperazone; 
CAZ, Ceftazidime; CTX, Cefotaxime; ZOX, Ceftizoxime; GEN, Gentamicin; TOB, 
Tobramycin; CHL, Chloramphenicol; NIT, Nitrofurantoin.  
 

 1st gen. cephalosporins  2nd gen. cephalosporins  3rd gen. cephalosporins 
 
* Isolates from pattern 12 thorough 27 were resistant to ceftiofur on disk diffusion assay. 
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Conclusions: 
1. 15 out of 75 E. coli isolates carried class I integron
2. Integron-1 carried aad (streptomycin and spectinomycin) 
and/ or dhfr (trimethoprim) encoding resistance

A: PCR assay for integrons

 

blaTEM-1
861 bp

1       2       3 

1000 bp

500 bp

300 bp

Conclusion: Of 94 E. coli isolates 69 (73%) isolates carried blaTEM-1 
and 25 (27%) carried the blaCMY

blaCMY
1000 bp

4        5
100bp 
ladder

100bp 
ladder

B: PCR assay for beta-lactamase encoding genes

 
Figure 5.1: PCR analysis for integrons and beta-lactamases. Fig. A: lane 1 to 3 represent isolates 
with integrons of different sizes. Fig. B: lane 1, 2, and 3 represent isolates with blaTEM-1 and lane 
4 and 5 represent isolates with blaCMY 
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5’ 3’
Sample A73: Integron size: 1165 bp

5’ conserved region dfrA gene Hypothetical protein 3’ conserved region

5’ 3’

Sample A107: Integron size: 1598 bp

5’ conserved region dfr17 gene aadA5 gene 3’ conserved region

Not-sequenced 536 bpSequenced 534 bp Sequenced 528 bp

5’ 3’

Sample A92: Integron size: 942 bp

5’ conserved region aadA23 gene 3’ conserved region

dfr gene : Confers resistance to Trimethoprim
aad gene: Confers resistance to streptomycin and spectinomycin

Figure 5.2: Genes carried by the class 1 integrons isolate A73, A107, and A92 on the basis of 
sequence match with NCBI database sequences  
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Results: An ≥ 5mm increase in a zone diameter for either antimicrobial agent tested in 
combination with clavulanic acid versus its zone with tested alone = ESBL producer.  

A: ESBL positive control  B: ESBL negative culture   
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Ceftazidime + CA
≥ 5 mm zone
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efotaxim

e

Cefotaxime + CA
≥ 3 mm zone    

No Increase in zones when in 
combination with clavulanic acid     

Clavulanic acid (CA) 
effect

No CA effect

No zone of inhibition

None of the isolates showed 
clavulanic acid (CA) effect, and 
phenotypically were not ESBL 
producers 

C:

Figure 5.3: Phenotypic confirmation of potential ESBL producers.  

Fig. A: ESBL producer K. pneumoniae ATCC 700603 showing ≥ 3 mm increase in cefotaxime 
zone diameter; ≥ 5 mm increase in ceftazidime zone diameter. Fig. B: Negative ESBL producer 
E. coli ATCC 25922 showing  ≤ 2 mm increase in zone diameter for antimicrobial agent tested 
alone versus its zone diameter when tested in combination with clavulanic acid. Fig. C: Results 
of ESBL analysis of 25 ceftiofur and extended-spectrum cephalosporin-resistant E. coli.    
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AmpC : Salmonella enterica subsp. enterica
serovar Choleraesuis plasmid (AY253913) 1774 2919

blaCMY-2: K. pneumoniae plasmid (X91840) 1924 3069

AmpC: Salmonella senftenberg extended-
spectrum beta-lactamase blaLAT-3 (U77414) 1 1143

AmpC sequence region: 1774-2919

AmpC sequence region: 1924-3069

AmpC sequence region: 1-1143

PCR product of blaCMY

I: Isolate A92 
II:  Isolate A113 
III: Isolate C1 
IV: Isolate F10 
V:  Isolate S16 

945 bp (99% match)
940 bp (100% match)
946 bp (99% match)
939 bp (100% match) 
937 bp (100% match) 

Figure 5.4: Sequence match results of PCR amplicons of blaCMY carried by ceftiofur and 
extended spectrum cephalosporin (A92, A113, C1, F10, S16) resistant E. coli with the NCBI 
database. The figure represents 3 gene sequence matches (99-100%) from NCBI genebank 
database (Accession nos. AY253913, X91840, and U77414) for all the 5 blaCMY.    
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 Although the use of antibiotics was part of a routine on the dairy farms studied, current 

management practices are not structured for prudent use of antibiotics. It is important to educate 

the dairy producers about prudent antibiotic use and its implications for public health and that 

antibiotics are precious weapons in our fight against disease causing bacteria. Protocols on 

antibiotic usage should, therefore, be made an integral part of on-farm quality assurance 

programs.  

 Commensal Gram-negative bacteria are resistant to a variety of approved antibiotics, 

however the type and level (number of antibiotics) of resistance is highly variable. Multidrug-

resistant commensal E. coli could survive for long periods in the environment. Monitoring of 

commensal antibiotic-resistant bacteria is essential as it will provide a more realistic picture of 

the potential issues that could emerge as a result of antibiotic usage. Using tetracyclines in 

medicated milk replacers fed for calves could influence the number of lactating cows shedding 

tetracycline-resistant Gram-negative enteric bacteria. Studies are needed to be directed toward 

addressing the influence of antibiotic selective pressure, in particular longitudinal studies to 

determine the effect of withdrawal of antibiotic usage on the dynamics of antibiotic-resistant 

bacteria in dairy cattle.  

 The role of Tn10 as the reservoir of tet(B) determinants in commensal E. coli and the 

frequency of transfer of resistance within a given species and between species needs to be 

assessed. This data would be valuable in developing risk assessment models that address transfer 

and maintenance of resistance in bacterial populations. It is recommended to elucidate whether 

or not antibiotic treatment protocols (dose and frequency) have a significant influence on 

treatment outcomes. 
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 The prevalence of multidrug-resistance and extended-spectrum cephalosporin-resistance 

in commensal E. coli is an important public heath concern. This study warrants the necessity for 

continued monitoring of multidrug- and cephalosporin-resistance in dairy environments. 

Cephalosporins, such as ceftiofur, are the latest and most valuable antimicrobial agents available 

to the dairy industry and attempt to judiciously use this antibiotic need to be widely promoted.  
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Appendix A 
 

SURVEY QUESTIONNAIRE 
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Table A-1: Herd information 

   FILE NO:  
1 Date  
2 Extension Educator   
3 County   
4 Herd Code A     B     C    (circle one) 

  Size A: < 100   B: < 199 C :> 200  
5 Farm Name 
6 Owner 
7   
 

Address 
  

8 E-mail   
9 Telephone   

10 Fax   
   Name Telephone Address E-mail 

11a-b-c-d Veterinarian         
12a-b-c-d Milk Cooperative         
13a-b-c-d Local Sanitarian         

14 Herd ID   
15 Herd DHIA Code #   
16 Other   
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Table A-2: Herd history  

 Category Reported  
Number Ideal ratios Comments 

17 Number of animals (as of today, or last month) 
17a Calves    
17b Unbred heifers    
17c Bred heifers    
17d Milk cows    
17e Dry cows    
17f Bulls    
17g Total    
18 Breed 
18a Holsteins  X  
18b Jersey  X  
18c Other  X  

19 Number of times the 
cows are milked    

19a 2 times  X  
19b 3 times  X  
19c 4 times  X  

29 Milk Production Avg. per 
cow/day Yearly avg. Total milk 

shipped 
29 2001-2002    
30 Milk Premiums  Score  
30a 2 of 6 Months  1  
30b 3 of 6 Months  2  
30c 4 of 6 Months  3  
30d 5 of 6 Months  4  
30e 6 of 6 Months  5  
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Table A-3: Practices Associated with Antibiotic Usage on Farm 

  
 

   Yes  No Score     Cum. Score 

31a-b Does the farm keep written records of all 
antibiotic treatments?       

32a-b 
Do you have written plans for treating 
sick animals with antibiotics?         

33 
Do you seek your veterinarian’s advice 
before administering antibiotics?          

33a Always (9-10)      
33b Most of the time (6-8 )       
33c Sometimes (1-5)       

34 
Other than your veterinarian, who 
administers the antibiotics to animals?        

34a Owner      
34b Manager / Herdsman       
34c Milker / Farm worker       

35 

Following administration of an 
antibiotic, is the course of treatment 
completed?          

35a Always (9-10)      
35b Most of the times (6-8)       
35c Sometimes (1-5)       

36a-b 
Is extra label usage of medication done 
only based on the orders and written 
guidelines from a veterinarian? 

       

37a-b Are treated cows always visibly marked 
as "treated"?         

38a-b Are treated cows physically separated 
from other milking cows?         

39a-b Are treated cows milked last?         

40a-b Are treated cows milked with a separate 
milking unit?         

41a-b Are dry cows treated with antibiotics 
visibly marked as dry cow treated?     

42a-b Were there any antibiotic residue 
violations in the past 6 months?     

43a-b 
Are cows routinely screened after 
freshening for antibiotics with an 
antibiotic residue detection kit? 

   

 



175 

 

 

Table A-4: Practices Associated with Antibiotic Usage on Farm 

 Category Reported/ 
Observed 

Ideal 
ratios 

Assigned 
value Score Cum. 

Score 

44 

How many cases of 
clinical mastitis did 
this farm have in the 
past one year? 

    

45 

Number of cases of 
clinical mastitis in a 
month? 
(Month______?) 

    

46 

How many cows have 
you treated with 
antibiotics in the last 
30 days? 

    

47a-f 

In your observation, 
when do the majority 
of mastitis cases 
occur? (circle one) 

3 to 7 days 
before 
calving 

7 days 
post 

calving 

30 days 
into milk 

mid 
lactation 

late 
lactation 

3-5 
days  
post 

drying 
off 

48a-e 

In which group of 
animals do you 
experience most of 
your clinical mastitis? 
(circle one) 

Dry cows Fresh 
cows 

First calf 
heifers 

High 
producers Others 
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Table A-5: Records on Antibiotic Usage 

   CALVES 
  Antibiotic 1 2 3 4 

Name of Antibiotic         
Route         
Amount         
Frequency          

Scours 

How many  per year        
Name of Antibiotic         
Route         
Amount         
Frequency          

Pneumonia 

How many  per year         
Name of Antibiotic        
Route         
Amount         
Frequency          

Abscesses  
Injuries  
Navel ill 

How many  per year         
Name of Antibiotic         
Route         
Amount         
Frequency          

Eye Infections 

How many  per year         
Name of Antibiotic         
Route oral        
Tetracycline Yes/No       
Neomycin Yes/No       
Coccidiostat Yes/No       

Milk Replacer 

Product Name          
Name of Antibiotic         
Route        
Amount         
Frequency          

Other 

How many  per year         
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Table A-6: Records on Antibiotic Usage 

UNBRED HEIFERS 
 Antibiotic 1 2 3 4 

Name of Antibiotic         
Route         
Amount         
Frequency          

Scours 

How many  per year         
Name of Antibiotic         
Route         
Amount         
Frequency          

Pneumonia 

How many  per year         
Name of Antibiotic         
Route         
Amount         
Frequency          

Foot rot 

How many  per year         
Name of Antibiotic         
Route         
Amount         
Frequency          

Abscesses/Injuries 

How many  per year         
Name of Antibiotic         
Route         
Amount         
Frequency          

Other________ 

How many  per year         
Name of Antibiotic         
Route         
Amount         
Frequency          

Other_______ 

How many  per year          
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Table A-7:  Records on Antibiotic Usage 

   HEIFER MASITIS 
 Antibiotic 1 2 3 4 

Name of Antibiotic        
Route        
Amount        
Frequency         
How many  per year        
CMT     
Pre-dip     
Post-dip     

Lactation  
Preparation 

Gloves     
Name of Antibiotic     
Route     
Amount     
Frequency      
How many  per year        
CMT        
Pre-dip        
Post-dip        

Dry Cow 
Preparation 

Gloves        
Name of Antibiotic     
Route     
Amount     
Frequency      

Other_______ 

How many  per year     
Name of Antibiotic     
Route     
Amount     
Frequency      

Other_______ 

How many  per year     
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Table A-8: Records on Antibiotic Usage 

   LACTATING COWS 
 Antibiotic 1 2 3 4 

Name of Antibiotic        
Route        
Amount        
Frequency         

Scours 

How many  per year        
Name of Antibiotic        
Route        
Amount        
Frequency         

Pneumonia 

How many  per year        
Name of Antibiotic        
Route        
Amount        
Frequency         

Foot rot 

How many  per year        
Name of Antibiotic        
Route        
Amount        
Frequency         

Metritis 

How many  per year        
Name of Antibiotic        
Route        
Amount        
Frequency         

Other________ 

How many  per year        
Name of Antibiotic        
Route        
Amount        
Frequency         

Other_______ 

How many  per year        
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Table A-9: Records on Antibiotic Usage 
 

LACATING COW MASTITIS 
 Antibiotic 1 2 3 4 

Name of Antibiotic         
Route         
Amount         
Frequency          
How many  per year         
CMT     
Pre-dip     
Post-dip     

Lactation  
Preparation 

Gloves     
Name of Antibiotic     
Route     
Amount     
Frequency      
How many  per year        
CMT        
Pre-dip        
Post-dip        

Dry Cow 
Preparation 

Gloves        
Name of Antibiotic     
Route     
Amount     
Frequency      

Other_______ 

How many  per year     
Name of Antibiotic     
Route     
Amount     
Frequency      

Other_______ 

How many  per year     
 



 

 

 

Table A-10:  List of antibiotics approved for use in dairy animals 
 

Antibiotic  Route of administration Condition 
Amoxicillin Intramammary 

Systemic 
Lactating cow mastitis  
Respiratory diseases, foot rot   

Ampicillin Systemic Respiratory diseases 
Ceftiofur  Intramuscular/subcutaneous Metritis, foot rot, respiratory diseases 
Cephapirin  
1.Sodium 
2.Benzathine  

 
Intramammary 
Intramammary 

 
Lactating cow mastitis  
Dry cow mastitis  

Cloxacillin  
1.Sodium  
2.Benzathine 

Intramammary  
Lactating cow mastitis  
Dry cow mastitis  

Chlortetracycline 
Oxytetracycline 

Systemic 
Milk replacer    

Enteritis, weight gain, pneumonia, 
foot rot   

Erythromycin  Intramammary  Lactating and dry cow mastitis  
Florfenicol  Systemic  Pneumonia and foot rot  
Hetacillin Intramammary Lactating cow mastitis   
Neomycin Medicated feed 

Milk replacer 
Bacterial enteritis  

Novobiocin  Intramammary Lactating and dry cow  mastitis  
Penicillin G Intramammary 

Systemic  
Lactating and dry cow mastitis  
Black leg, rhinitis, pneumonia, 
metritis  

Penicillin G and 
Novobiocin 

Intramammary Lactating and dry cow mastitis  

Penicillin G and 
Streptomycin 

Intramammary Dry cow mastitis  

Pirlimycin Intramammary Lactating cow mastitis 

Spectinomycin  Systemic  Pneumonia  

Sulfadimethoxine Systemic 
Shipping fever complex, bacterial 
pneumonia, calf diphtheria, and foot 
rot 

Compiled from  
1. United States Pharmacopeia (http://www.usp.org/veterinary/monographs/main.html). 
2. Food and Drug Administration-Center for Veterinary Medicine HFV-12, 301/594-
1755, Infectious Mastitis Preparations 
(http://www.fda.gov/cvm/index/memos/cvmm34.html). 
3. The Code of Federal Regulations (CFR) (http://www.gpoaccess.gov/cfr/index.html).  
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Appendix B 
 

SUBGENOMIC LIBRARY  

Sub-Genomic library construction (protocols: Ausubel et al., 1998; Sambrook and Russell, 

2001) 

Isolation of genomic DNA with CTAB and NaCl method (large scale preparation)  

A 100 ml of overnight culture of E. coli T8 in LB broth was spun down in 50 ml tubes to 

get a pellet. The pellet was re-suspended in 9.5 ml of TE buffer, 0.5 ml of 10% SDS, and 50 µl 

of 20 mg/ml proteinase K and incubated for 1hr at 37oC. To this viscous solution, 1.8 ml of 5M 

NaCl was added and mixed thoroughly. A total of 80µl of prewarmed CTAB/NaCl was added, 

mixed, and incubated for 10 min in water bath at 65oC. An equal ratio of 

chloroform/isoamylalcohol was added to the extract and centrifuged (10 min at 10,000 rpm). The 

aqueous phase was treated with an equal ratio of phenol/chloroform/isoamylalcohol and spun (10 

min at 10000 rpm). The aqueous phase was transferred to a fresh tube and DNA was precipitated 

with 0.6 volume of isopropanol, then washed with 70% ethanol. The supernatant was decanted 

and the pellet was air dried and re-suspended in 100 µl of TE buffer.  

Preparation of insert DNA from genomic DNA 

Complete enzyme digestion was done with Sau3A1. Genomic DNA was incubated with 

Sau3A1 (5´…▼GATC▲…3´) for variable lengths of time (0, 3, 6, 9 min….) until the genomic 

DNA was completely digested. Once the correct time and enzyme concentration was determined, 

the reaction was scaled up to get enough digested insert for cloning. The digested DNA was then 

treated with phenol/chloroform to remove the enzyme, followed by chloroform wash. The DNA 
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was precipitated at -20oC with final concentration of 0.3 M sodium acetate and equal volume 

of 100% chilled ethanol. The DNA pellet was washed with 70% ethanol and air dried. The 

digested DNA was electrophoresed through low melting point agarose gel. The size of genomic 

DNA suitable for tet(B) cloning was determined to be 2.5 to 3.5 kb region. All the DNA 

fragments with sizes between 2.5 to 3.5 kb were cut out from the gel and purified.  

Transformation of chemically competent DHFα cells with pTrcHis vector 

 Plasmid pTrcHis vector (50 ng) (Invitrogen, Carlsbad, California) was added to 200 µl of 

CaCl2 –treated DHFα cell suspension (Invitrogen, Carlsbad, California) in a sterile, pre-chilled 

microcentrifuge tube. The tube contents were mixed by swirling gently and stored on ice for 30 

minutes. The tube was then transferred to a preheated 42oC circulating water bath and held for 90 

seconds. After 90 seconds the tube was rapidly transferred to an ice bath for 1-2 minutes. To this 

tube 800 ul of LB broth was added and the tube was incubated for 1 hour at 37oC on a rotary 

shaker. Approximately 200µl were inoculated on a LB plate with ampicillin (50 µl/ml) and 

incubated at 37oC for 20 hours.          

Midi-preparation of plasmid pTrcHis by alkaline lysis method  

 Ten ml of LB broth containing ampicillin (50µl/ml) was inoculated with a single colony 

of DHFα cells containing pTrcHis vector. The culture was incubated overnight at 37oC with 

vigorous shaking. The culture was centrifuged and the bacterial pellet was re-suspended in 200ul 

of ice-cold alkaline lysis solution I by vigorous vortexing. To this mixture 400µl of freshly 

prepared alkaline solution lysis solution II was added, the tube was inverted several times to mix 

the contents and then placed on ice. To the tube 300µl of alkaline solution lysis solution III was 

added, the tube was inverted several times and stored on ice for 3-5 minutes. The bacterial cell 

lysate was centrifuged at 14,000 rpm for 5 min and the supernatant transferred to a fresh tube. To 
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this an equal volume of phenol:chloroform was added and the organic and aqueous phase 

vortexed, the emulsion centrifuged at 14,000 rpm for 10 min and the aqueous upper layer 

transferred to a fresh tube. An equal volume of chloroform/isoamylalcohol was added, mixed, 

and centrifuged for 10 min at 14,000 rpm. The plasmids were precipitated from the supernatant 

with 0.8 volume of isopropanol at room temperature by mixing and left to stand for 2 minutes at 

room temperature. The precipitated nucleic acid was collected by centrifugation for 5 minutes, 

the supernatant removed and 1 ml of 70% ethanol added to the pellet, followed by centrifugation 

for 5 minutes. The supernatant was removed and tube was left to air dry. The plasmid was re-

suspended in 100µl of TE buffer containing 20µl/ml of DNase-free RNase. The plasmid was gel 

purified by electrophoresing through low melting temperature agarose gel similar to the 

extraction of the genomic DNA digested fragments from gel slices (refer to paragraph 2 of 

material and methods of chapter 4).  

Dephosphorylation of plasmid  

 The plasmid pTrcHis was linearized by BamH I (5´-G↓ GATC-3´, site compatible with 

Sau3A1) at 37oC for 2 hours. To prevent self-ligation and circularization of plasmid DNA, 

alkaline phosphatase enzyme was added and the mix was incubated at 37oC for 1 hour followed 

by phenol-chloroform extraction to inactivate the enzyme.  

Ligation of insert DNA to vector DNA   

 A number of small-scale ligations were performed using a set amount of vector, and 

varying amount of insert DNA using T4 DNA ligase within a reaction volume of 20µl. Various 

molar ratios of insert/vector (5:1, 2:1, 1:1, 0.5:1, and 0.2:1) were used. A control ligation of 

vector with no insert was used to determine the background of non-recombinant clones. The 

samples were incubated at 12oC overnight. The samples were subjected to drop dialysis for 30 



 

 

185
minutes to remove salts to prevent arcing of the electrical discharge. The samples were then 

used for electroporation. 

Electroporation   

 Electrocompetent cells (40 µl) were thawed and kept on ice. DNA (1-10 µg/ml) to be 

electroporated was added to the electrocompetent cells and kept on ice. The electroporation 

apparatus (MicroPulser, Bio-Rad, Hercules, CA) was used to deliver an electric pulse. The 

electroporation conditions were pre-programmed in to the MicroPulser, program E2 (V=2.5 kV) 

and the bacterial setting was used. The DNA/cell mixture was pipetted into an ice-cold 

electroporation cuvette (0.2 cm). The condensation and moisture from the outside of the cuvette 

was wiped off and the cuvette was placed in the electroporation device, an electric pulse 

delivered to the cells for ~5 milliseconds. Once the DNA/cell mixture was pulsed, immediately 

1ml of LB broth was added at room temperature and the cells were then transferred to a 1.5ml 

centrifuge tube. The tubes were then gently rotated on a rotary for 1 hour at 37oC. Approximately 

200µl were inoculated on a LB plate with ampicillin (50µl/ml) to estimate the transformation 

efficiency. The ratio of DNA to vector that gave the best transformation efficiency was selected 

and the reaction was scaled up to 10 transformations. The transformed cells were plated on LB 

agar (150mm plates) with ampicillin (50µg/ml) and incubated at 37oC for 24 hrs. The colonies 

growing on the plates with ampicillin were harvested and pooled and plated on LB agar with 

tetracycline (12µg/ml) and incubated at 37oC for 24 hrs.  

Screening for tetracycline resistance determinants   

 Midi plasmid extraction from clones growing on tetracycline (12µg/ml) was done with an 

alkaline lysis method. The cloned plasmids were then gel purified. The purified plasmids were 

sequenced with primers pTrc F 5’-gaggtatatattaatgtatcg-3’ and pTrc R 5’-gatttaatctgtatcagg-3’ 
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(Invitrogen, Carsbad, California). A clone was selected for sequencing the entire insert with 2 

more sets of primers (F-II, R-II and F-III, R-III) that were designed using the initial sequencing 

data. Primers were designed using Oligo 6.6, Molecular Biology Insites, Inc, Cascade, Colorado. 

High stringency and Tm above 60oC were the criteria used for designing primers. The 

sequencing and primer designing was done at the Nucleic Acid Facility, 210 Wartik Laboratory, 

Penn State University, University Park, PA. 



 
 

   
Entrez PubMed Nucleotide Protein Genome Structure PMC Taxonomy Books  

 
  Search Nucleotide for   

   Limits  Preview/Index  History  Clipboard  Details    
 
  GenBank

  Show:  20      File   
  

1: AY528506. Escherichia coli ...[gi:42494905]  Links

 
LOCUS       AY528506                4632 bp    DNA     linear   BCT 15-FEB-2004 
DEFINITION  Escherichia coli transposon Tn10 tetracycline repressor protein 
            (tetR), tetracycline efflux pump protein (tetA), TetC (tetC), and 
            TetD (tetD) genes, complete cds, and insertion sequence IS10 
            transposase protein (tnp) gene, complete cds. 
ACCESSION   AY528506 
VERSION     AY528506.1  GI:42494905 
KEYWORDS    . 
SOURCE      Escherichia coli 
  ORGANISM  Escherichia coli 
            Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales; 
            Enterobacteriaceae; Escherichia. 
REFERENCE   1  (bases 1 to 4632) 
  AUTHORS   Sawant,A.A., Hegde,N.V. and Jayarao,B.M. 
  TITLE     Partial sequence of Tn10 transposon associated with tetracycline 
            resistance in Escherichia coli from feces of dairy cattle 
  JOURNAL   Unpublished 
REFERENCE   2  (bases 1 to 4632) 
  AUTHORS   Sawant,A.A., Hegde,N.V. and Jayarao,B.M. 
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Figure B.1: Partial sequence of Tn10 with tet determinants on NCBI database 
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FEATURES             Location/Qualifiers 
     source          1..4632 
                     /organism="Escherichia coli" 
                     /mol_type="genomic DNA" 
                     /db_xref="taxon:562" 
     repeat_region   <1..>4632 
                     /transposon="Tn10" 
     gene            complement(224..850) 
                     /gene="tetR" 
     CDS             complement(224..850) 
                     /gene="tetR" 
                     /codon_start=1 
                     /transl_table=11 
                     /product="tetracycline repressor protein" 
                     /protein_id="AAS17729.1" 
                     /db_xref="GI:42494906" 
                     /translation="MMSRLDKSKVINSALELLNEVGIEGLKTRKLAQKLGVEQPTLYW 
                     HVKNKRALLDALAIEMLDRHHTHFCPLEGESWQDFLRNNAKSFRCALLSHRDGAKVHL 
                     GTRPTEKQYETLENQLAFLCQQGFSLENALYALSAVGHFTLGCVLEDQEHQVAKEERE 
                     TPTTDSMPALLRQAIELFEHQGAEPAFLFGLELIICGLEKQLKCESGS" 
     gene            929..2134 
                     /gene="tetA" 
     CDS             929..2134 
                     /gene="tetA" 
                     /codon_start=1 
                     /transl_table=11 
                     /product="tetracycline efflux pump protein" 
                     /protein_id="AAS17730.1" 
                     /db_xref="GI:42494907" 
                     /translation="MNSSTKIALVITLLDAMGIGLIMPVLPTLLREFIASEDIANHFG 
                     VLLALYALMQVIFAPWLGKMSDRFGRRPVLLLSLIGASLDYLLLAFSSALWMLYLGRL 
                     LSGITGATGAVAASVIADTTSASQRVKWFGWLGASFGLGLIAGPIIGGFAGEISPHSP 
                     FFIAALLNIVAFLVVMFWFRETKNTRDNTDTEVGVETQSNSVYITLFKTMPILLIIYF 
                     SAQLIGQIPATVWVLLAENRFGWNSMMVGFSLAGLGLLHSVFQAFVAGRIATKWGEKT 
                     AVLLGFIADSSAFAFLAFISEGWLVFPGLILLAGGGIAIPALQGVMSIQTKSHQQGAL 
                     QGLLVSLTNATGVIGPLLFAVIYNHSLPIWDGWIWIIGLAFYCIIILLSMTFMLTPQA 
                     QGSKQETSA" 
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     gene            complement(2247..2915) 
                     /gene="tetC" 
     CDS             complement(2247..2915) 
                     /gene="tetC" 
                     /codon_start=1 
                     /transl_table=11 
                     /product="TetC" 
                     /protein_id="AAS17731.1" 
                     /db_xref="GI:42494908" 
                     /translation="MFLRLSRPHHHDTINILTVCYFKSIMENKNHQQENFKSTYQSLV 
                     NSARILFVEKGYQAVSIDEISGKALVTKGAFYHHFKNKKQLLSACYKQQLIMIDAYIT 
                     TKTDLTNGWSALESIFEHYLDYIIDNNKNLIPIQEVMPIIGWNELEKISLEYITGKVN 
                     AIVSKLIQENQLKAYDDDVLKNLLNGWFMHIAIHAKNLKELADKKGQFIAIYRGFLLS 
                     LKDK" 
     gene            2928..3344 
                     /gene="tetD" 
     CDS             2928..3344 
                     /gene="tetD" 
                     /codon_start=1 
                     /transl_table=11 
                     /product="TetD" 
                     /protein_id="AAS17732.1" 
                     /db_xref="GI:42494909" 
                     /translation="MYIEQHSRYQNKANNIQLRYDDKQFHTTVIKDVLLWIEHNLDQS 
                     LLLDDVANKAGYTKWYFQRLFKKVTGVTLASYIRARRLTKAAVELRLTKKTILEIALK 
                     YQFDSQQSFTRRFKYIFKVTPSYYRRNKLWELEAMH" 
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     gene            complement(2247..2915) 
                     /gene="tetC" 
     CDS             complement(2247..2915) 
                     /gene="tetC" 
                     /codon_start=1 
                     /transl_table=11 
                     /product="TetC" 
                     /protein_id="AAS17731.1" 
                     /db_xref="GI:42494908" 
                     /translation="MFLRLSRPHHHDTINILTVCYFKSIMENKNHQQENFKSTYQSLV 
                     NSARILFVEKGYQAVSIDEISGKALVTKGAFYHHFKNKKQLLSACYKQQLIMIDAYIT 
                     TKTDLTNGWSALESIFEHYLDYIIDNNKNLIPIQEVMPIIGWNELEKISLEYITGKVN 
                     AIVSKLIQENQLKAYDDDVLKNLLNGWFMHIAIHAKNLKELADKKGQFIAIYRGFLLS 
                     LKDK" 
     gene            2928..3344 
                     /gene="tetD" 
     CDS             2928..3344 
                     /gene="tetD" 
                     /codon_start=1 
                     /transl_table=11 
                     /product="TetD" 
                     /protein_id="AAS17732.1" 
                     /db_xref="GI:42494909" 
                     /translation="MYIEQHSRYQNKANNIQLRYDDKQFHTTVIKDVLLWIEHNLDQS 
                     LLLDDVANKAGYTKWYFQRLFKKVTGVTLASYIRARRLTKAAVELRLTKKTILEIALK 
                     YQFDSQQSFTRRFKYIFKVTPSYYRRNKLWELEAMH" 
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     gene            complement(3354..4562) 
                     /gene="tnp" 
     CDS             complement(3354..4562) 
                     /gene="tnp" 
                     /codon_start=1 
                     /transl_table=11 
                     /product="transposase protein" 
                     /protein_id="AAS17733.1" 
                     /db_xref="GI:42494910" 
                     /translation="MCELDILHDSLYQFCPELHLKRLNSLTLACHALLDCKTLTLTEL 
                     GRNLPTKARTKHNIKRIDRLLGNRHLHKERLAVYRWHASFICSGNTMPIVLVDWSDIR 
                     EQKRLMVLRASVALHGRSVTLYEKAFPLSEQCSKKAHDQFLADLASILPSNTTPLIVS 
                     DAGFKVPWYKSVEKLGWYWLSRVRGKVQYADLGAENWKPISNLHDMSSSHSKTLGYKR 
                     LTKSNPISCQILLYKSRSKGRKNQRSTRTHCHHPSPKIYSASAKEPWVLATNLPVEIR 
                     TPKQLVNIYSKRMQIEETFRDLKSPAYGLGLRHSRTSSSERFDIMLLIALMLQLTCWL 
                     AGVHAQKQGWDKHFQANTVRNRNVLSTVRLGMEVLRHSGYTITREDLLVAATLLAQNL 
                     FTHGYALGKL" 
     repeat_region   complement(<3354..>4562) 
                     /insertion_seq="IS10" 
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        1 atcacattaa gtggtattca atattttcat gaaatgggaa ttgacgttcc ttccaaacat 
       61 tcacgtaaaa tctgttgtgc gtgtttagat tggagtgaac gccgtttcca tttaggtggg 
      121 tacgttggag ccgcattatt ttcgctttat gaatctaaag ggtggttaac tcgacatctt 
      181 ggttaccgtg aagttaccat cacggaaaaa ggttatgctg cttttaagac ccactttcac 
      241 atttaagttg tttttctaat ccgcatatga tcaattcaag gccgaataag aaggctggct 
      301 ctgcaccttg gtgttcaaat aattcgatag cttgtcgtaa taatgccggc atactatcag 
      361 tagtaggtgt ttccctttct tctttagcga cttgatgctc ttgatcttcc aatacgcaac 
      421 ctaaagtaaa atgccccaca gcgctgagtg catataatgc attctctagt gaaaaacctt 
      481 gttggcataa aaaggctaat tgattttcga gagtttcata ctgtttttct gtaggccgtg 
      541 tacctaaatg tacttttgct ccatcgcgat gacttagtaa agcacatcta aaacttttag 
      601 cgttattacg taaaaaatct tgccagcttt ccccttctaa agggcaaaag tgagtatggt 
      661 gcctatctaa catctcaatg gctaaggcgt cgagcaaagc ccgcttattt tttacatgcc 
      721 aatacaatgt aggctgctct acaccaagct tctgggcgag tttacgggtt tttaaacctt 
      781 cgattccgac ctcattaagc agctctaatg cgctgttaat cactttactt ttatctaatc 
      841 tagacatcat taattcctaa tttttgttga cactctatca ttgatagagt tattttacca 
      901 ctccctatca gtgatagaga aaagtgaaat gaatagttcg acaaagatcg cattggtaat 
      961 tacgttactc gatgccatgg ggattggcct tatcatgcca gtcttgccaa cgttattacg 
     1021 tgaatttatt gcttcggaag atatcgctaa ccactttggc gtattgcttg cactttatgc 
     1081 gttaatgcag gttatctttg ctccttggct tggaaaaatg tctgaccgat ttggtcggcg 
     1141 cccagtgctg ttgttgtcat taataggcgc atcgctggat tacttattgc tggctttttc 
     1201 aagtgcgctt tggatgctgt atttaggccg tttgctttca gggatcacag gagctactgg 
     1261 ggctgtcgcg gcatcggtca ttgccgatac cacctcagct tctcaacgcg tgaagtggtt 
     1321 cggttggtta ggggcaagtt ttgggcttgg tttaatagcg gggcctatta ttggtggttt 
     1381 tgcaggagag atttcaccgc atagtccctt ttttatcgct gcgttgctaa atattgtcgc 
     1441 tttccttgtg gttatgtttt ggttccgtga aaccaaaaat acacgtgata atacagatac 
     1501 cgaagtaggg gttgagacgc aatcgaattc ggtatacatc actttattta aaacgatgcc 
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     1561 cattttgttg attatttatt tttcagcgca attgataggc caaattcccg caacggtgtg 
     1621 ggtgctatta gccgaaaatc gttttggatg gaatagcatg atggttggct tttcattagc 
     1681 gggtcttggt cttttacact cagtattcca agcctttgtg gcaggaagaa tagccactaa 
     1741 atggggcgaa aaaacggcag tactgctcgg atttattgca gatagtagtg catttgcctt 
     1801 tttagcgttt atatctgaag gttggttagt tttccctgga ttaattttat tggctggtgg 
     1861 tgggatcgct atacctgcat tacagggagt gatgtctatc caaacaaaga gtcatcagca 
     1921 aggtgcttta cagggattat tggtgagcct taccaatgca accggtgtta ttggcccatt 
     1981 actgtttgct gttatttata atcattcact accaatttgg gatggctgga tttggattat 
     2041 tggtttagcg ttttactgta ttattatcct gctatcgatg accttcatgt taacccctca 
     2101 agctcagggg agtaaacagg agacaagtgc ttagttattt cgtcaccaaa tgatgttatt 
     2161 ccgcgaaata taatgaccct cttgataacc caagagggca ttttttacga taaagaagat 
     2221 ttagcttcaa ataaaaccta tctattttat ttatctttca agctcaataa aaagccgcgg 
     2281 taaatagcaa taaattggcc ttttttatcg gcaagctctt ttaggttttt cgcatgtatt 
     2341 gcgatatgca taaaccagcc attgagtaag tttttaagca catcatcatc ataagcttta 
     2401 agttggttct cttggatcaa tttgctgaca atggcgttta ccttaccagt aatgtattca 
     2461 aggctaattt tttcaagttc attccaacca atgataggca tcacttcttg gatagggata 
     2521 aggtttttat tattatcaat aatataatca agataatgtt caaatatact ttctaaggca 
     2581 gaccaaccat ttgttaaatc agtttttgtt gtgatgtagg catcaatcat aattaattgc 
     2641 tgcttataac aggcactgag taattgtttt ttatttttaa agtgatgata aaaggcacct 
     2701 ttggtcacca acgcttttcc cgagatctca tctattgaaa cagcttgata gcctttttca 
     2761 acaaacaata ttcgtgctga gttaaccagt gattgatagg tactcttaaa attttcttgt 
     2821 tgatgatttt tattttccat gatagattta aaataacata ccgtcagtat gtttatggta 
     2881 tcatgatgat gtggtcgtga caatcttaag aacatttagg ttattttatg tatattgaac 
     2941 agcattctcg ctatcaaaat aaagctaata acatccaatt aagatatgat gataagcagt 
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     3001 ttcatacaac ggttatcaaa gatgttctat tatggattga acataattta gatcagtctt 
     3061 tactgcttga tgatgtggcg aataaagcgg gttataccaa gtggtatttt cagcggctgt 
     3121 tcaaaaaagt aacaggggtc acactggcta gctatattcg tgctcgtcgt ttgacgaaag 
     3181 cggctgttga gttgaggttg acgaaaaaaa ctatccttga gatcgcatta aaatatcaat 
     3241 ttgattccca acaatctttt acacgtcgat ttaagtacat ttttaaggtt acaccaagtt 
     3301 attatcggcg taataaatta tgggaattgg aggcaatgca ctgagagatc ccctcataat 
     3361 ttccccaaag cgtaaccatg tgtgaataaa ttttgagcta gtagggttgc agccacgagt 
     3421 aagtcttccc ttgttattgt gtagccagaa tgccgcaaaa cttccatgcc taagcgaact 
     3481 gttgagagta cgtttcgatt tctgactgtg ttagcctgga agtgcttgtc ccaaccttgt 
     3541 ttctgagcat gaacgcccgc aagccaacat gttagttgaa gcatcagggc gattagcagc 
     3601 atgatatcaa aacgctctga gctgctcgtt cggctatggc gtaggcctag tccgtaggca 
     3661 ggacttttca agtctcggaa ggtttcttca atctgcattc gcttcgaata gatattaaca 
     3721 agttgtttgg gtgttcgaat ttcaacaggt aagttagttg ctagaaccca tggctccttt 
     3781 gccgacgctg agtagatttt aggtgacggg tggtgacaat gagtccgtgt cgagcgctga 
     3841 ttttttcggc ctttagagcg agatttatac aatagaattt ggcatgagat tggattgctt 
     3901 ttagtcagcc tcttatagcc taaagtcttt gagtgactag atgacatatc atgtaagttg 
     3961 ctgataggtt tccagttttc cgctcctagg tctgcatatt gtacttttcc tcttactcga 
     4021 cttaaccagt accaacccag cttctcaacg gatttatacc atggcacttt aaagccagca 
     4081 tcactgacaa tgagcggtgt ggtgttactc ggtagaatgc tcgcaaggtc ggctagaaat 
     4141 tggtcatgag ctttctttga acattgctct gaaagcggga acgctttctc ataaagagta 
     4201 acagaacgac cgtgtagtgc gactgaagct cgcaatacca taagtcgttt ttgctcacga 
     4261 atatcagacc agtcaacaag tacaatgggc atcgtattgc ccgaacagat aaagctagca 
     4321 tgccaacggt atacagcgag tcgctctttg tggaggtgac gattacctaa caatcggtcg 
     4381 attcgtttga tgttatgttt tgttctcgct ttggttggca ggttacggcc aagttcggta 
     4441 agagtgagag ttttacagtc aagtaatgcg tggcaagcca acgttaagct gttgagtcgt 
     4501 tttaagtgta attcggggca gaattggtaa agagagtcgt gtaaaatatc gagttcgcac 
     4561 atcttgttgt ctgattattg atttttcgcg aaaccatttg atcatatgac aagatgtgat 
     4621 ccacctaact aa 
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Appendix C 
 

ABBREVIATIONS 

AMP  : Ampicillin  
ATM  : Aztreonam 
BLAST : Basic Local Alignment Search Tool 
CA  : Clavulanic acid  
CAZ  : Ceftazidime 
CDC  : Centers for Disease Control and Prevention  
CEF  : Cephalothin 
CFP  : Cefoperazone 
CFZ  : Cefazolin 
CHL  : Chloramphenicol  
CPD  : Cefpodoxime 
CRO  : Ceftriaxone 
CTT  : Cefotetan 
CTX  : Cefotaxime 
CXM  : Cefuroxime 
DHIA  : National Dairy Herd Improvement Association 
ENO  : Enrofloxacin  
ESBL  : Extended Spectrum Beta Lactamases  
FDA-CVM : Food and Drug Administration-Center for Veterinary Medicine   
FOX  : Cefoxitin 
GEN  : Gentamicin  
GEN  : Gentamicin 
GN-EB : Gram-Negative Enteric Bacteria  
MAC  : MacConkey’s medium  
MDR  : Multi Drug Resistant  
NARMS : National Antimicrobial Resistance Monitoring System 
NCBI  : National Center for Biotechnology Information  
NCCLS : National Committee for Clinical Laboratory Standards 
NIT  : Nitrofurantoin. 
PBP  : Penicillin Binding Protein  
PCR  : Polymerase Chain Reaction  
PFGE  : Pulse Field Gel Electrophoresis  
PIP  : Piperacillin 
SAM  : Ampicillin and Sulbactam 
SPT  : Spectinomycin  
STEC  : Shiga Toxin Producing Escherichia coli  
TET  : Tetracycline  
TIC  : Ticarcillin  
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TIM  : Ticarcillin and Clavulanic acid  
TOB  : Tobramycin 
TZP  : Piperacillin and tazobactam 
USDA  : United States Department of Agriculture  
XNL  : Ceftiofur 
ZOX  : Ceftizoxime 
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