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Abstract  

Copper, as copper sulfate, is often supplemented at elevated concentrations in swine diets, 

particularly in piglets, to promote growth.  Growth promotional effects of copper are believed to 

be similar to that of antibiotics in that gut microbial flora is altered to reduce loss of nutrients and 

suppress pathogens.  Bacteria exposed to copper may acquire resistance, and in Enterococcus 

faecium and E. faecalis, resistance is conferred by a plasmid-borne transferable copper resistance 

(tcrB) gene.  The plasmid also carries macrolide [erm(B)] and glycopeptide (vanA) antibiotics 

resistance genes.  The objectives of the research were to 1) determine the prevalence of tcrB 

gene in fecal enterococci of piglets in relation to normal (16.5 ppm) and elevated level (125 

ppm) of copper supplementation, 2) determine the relationship of tcrB gene and susceptibilities 

to copper, erythromycin, and vancomycin, and 3) determine the transferability of tcrB gene in 

enterococci by conjugation.  Weaned piglets, housed in pens, fed normal (16.5 ppm; control) or 

elevated level of copper (125 ppm) were used.  Fecal samples were collected weekly for isolation 

of enterococci.  Isolates were speciated by multiplex PCR and sodA gene sequence analysis.  The 

prevalence of tcrB-positive enterococcal isolates was higher (P < 0.05) in the copper 

supplemented group than the control group.  The prevalence of tcrB was affected by sampling 

days (P < 0.05) with a significant treatment and sampling time interaction (P < 0.05).  The tcrB 

positive isolates were either E. faecium or E. faecalis, and majority of isolates was E. faecium.  

The mean MIC of copper for tcrB-positive isolates (21.1 mM) was higher (P < 0.001) compared 

to tcrB-negative isolates (6.1 mM).  All isolates were resistant to erythromycin, tetracyclines and 

susceptible to vancomycin.  The transferability of the tcrB gene from tcrB-positive strains to 

tcrB-negative strains was demonstrated by conjugation.  The potential link between tcrB and 



 

 

antibiotic resistance genes and the propensity of enterococci to transfer tcrB to other strains 

suggests the possibility that copper supplementation may exert selection pressure for antibiotic 

resistance.  The positive association between copper supplementation and prevalence of tcrB 

gene has important implications for antimicrobial resistance and food safety, which warrants 

further investigation.    

 

 

 

 



v 

 

Table of Contents 

List of Figures ................................................................................................................................ ix 

List of Tables ................................................................................................................................. xi 

Acknowledgements ....................................................................................................................... xii 

Dedication .................................................................................................................................... xiv 

CHAPTER 1 - Literature Review ................................................................................................... 1 

INTRODUCTION ...................................................................................................................... 1 

Use of Antimicrobial Agents in Food Animal Production ......................................................... 1 

Definition of Antibiotics, Antimicrobials, and Antimicrobial resistance ................................... 6 

Development of Antibiotic Resistance ....................................................................................... 7 

Mechanisms for Bacterial Antimicrobial Resistance .................................................................. 8 

Transfer of Antimicrobial Resistance ....................................................................................... 10 

Public Health Consequences of Use of Antimicrobial Agents in Food Animals ..................... 11 

Antibiotic Resistance in Foodborne Pathogens ........................................................................ 13 

Antibiotic Resistance Associated With Swine Production ....................................................... 13 

Alternatives to Antibiotic Use for Growth Promotion in Animals ........................................... 15 

Use of Heavy Metals in Swine Production ............................................................................... 17 

Use of Copper as a Growth Promoter ....................................................................................... 20 

Resistance to Heavy Metals ...................................................................................................... 21 

Copper Homeostasis ................................................................................................................. 23 

Copper homeostasis in gram-negative bacteria (Escherichia coli) ....................................... 23 

Copper homeostasis in gram-positive bacteria (Enterococcus hirae) .................................. 24 



vi 

 

Copper resistance in gram-negative bacteria ........................................................................ 26 

Copper resistance in gram-positive bacteria ......................................................................... 26 

tcrYAZB Operon .................................................................................................................... 28 

Enterococcus spp. ..................................................................................................................... 31 

Enterococcal infections ............................................................................................................. 32 

CONCLUSION ......................................................................................................................... 34 

REFERENCES ......................................................................................................................... 36 

CHAPTER 2 - Occurrence of tcrB, a Transferable Copper Resistance Gene, in Fecal Enterococci 

of Swine ........................................................................................................................................ 55 

ABSTRACT .............................................................................................................................. 55 

INTRODUCTION .................................................................................................................... 56 

MATERIALS AND METHODS .............................................................................................. 58 

Animals, experimental design and sampling ........................................................................ 58 

Isolation and identification of enterococci ............................................................................ 59 

PCR for detection of the tcrB gene ....................................................................................... 59 

Speciation of enterococci ...................................................................................................... 60 

DNA Sequencing .................................................................................................................. 60 

Detection of erm(B), tet(M), vanA and vanB genes .............................................................. 60 

Copper susceptibility determinations .................................................................................... 61 

Antibiotic susceptibility determinations ............................................................................... 61 

Transferability of the tcrB gene ............................................................................................ 62 

Pulsed field gel electrophoresis............................................................................................. 63 

Statistical analysis ................................................................................................................. 64 



vii 

 

Nucleotide sequence accession number ................................................................................ 64 

RESULTS ................................................................................................................................. 65 

Occurrence of the tcrB gene.................................................................................................. 65 

Species identification ............................................................................................................ 65 

Occurrence of erm(B), tet(M), vanA and vanB ..................................................................... 66 

Minimum inhibitory concentrations of copper ..................................................................... 66 

Minimum inhibitory concentrations of antibiotics ............................................................... 66 

Transferability of the tcrB gene by conjugation ................................................................... 66 

PFGE of tcrB-positive enterococcal isolates ........................................................................ 67 

DISCUSSION ........................................................................................................................... 68 

REFERENCES ......................................................................................................................... 74 

CHAPTER 3 - Selection of tcrB gene mediated copper resistant fecal enterococci in piglets fed 

diets supplemented with copper .................................................................................................... 90 

ABSTRACT .............................................................................................................................. 90 

INTRODUCTION .................................................................................................................... 92 

MATERIALS AND METHODS .............................................................................................. 94 

Animals, experimental design and sampling ........................................................................ 94 

Isolation of enterococci ......................................................................................................... 94 

PCR for the detection of tcrB gene ....................................................................................... 95 

Speciation of tcrB-positive enterococci ................................................................................ 95 

Detection of erm(B) and vanA genes .................................................................................... 96 

Copper susceptibility determinations .................................................................................... 96 

Antibiotic susceptibility determinations ............................................................................... 96 



viii 

 

Pulsed field gel electrophoresis............................................................................................. 97 

Inter-species transferability of tcrB gene .............................................................................. 98 

Statistical analysis ................................................................................................................. 99 

RESULTS ............................................................................................................................... 100 

Prevalence of the tcrB, erm(B), and vanA genes ................................................................ 100 

Minimum inhibitory concentrations of copper, erythromycin, and vancomycin ............... 101 

PFGE for tcrB-positive enterococcal isolates ..................................................................... 101 

Interspecies transferability of tcrB gene ............................................................................. 102 

DISCUSSION ......................................................................................................................... 104 

REFERENCES ....................................................................................................................... 110 



ix 

 

List of Figures 

Figure 1.1: The cop operon and copper homeostasis in Enterococcus hirae ............................... 25 

Figure 1.2: Organization of tcrYAZB operon including the flanking regions in Enterococcus 

faecium (Adapted from Hasman, 2005). ............................................................................... 29 

Figure 2.1: PCR identification of the tcrB gene of enterococcal isolates from piglets fed diets 

supplemented with copper, zinc, copper and zinc, or neomycin and oxytetracycline. ......... 81 

Figure 2.2: Minimum inhibitory concentrations (95% Confidence Interval) of copper for tcrB-

positive and tcrB-negative enterococcal isolates from piglets fed diets supplemented with 

copper, zinc, copper and zinc, or neomycin and oxytetracycline. ........................................ 82 

Figure 2.3: Pulsed-field gel electrophoresis patterns of SmaI-digested genomic DNA of 

enterococcal isolates from piglets fed diets supplemented with copper, copper and zinc, or 

neomycin and oxytetracycline. ............................................................................................. 83 

Figure 2.4: Model for the conjugative transfer of plasmid mediated antibiotic resistance 

determinants .......................................................................................................................... 84 

Figure 3.1: Minimum inhibitory concentrations (95% Confidence Interval) of copper for tcrB-

positive and tcrB-negative enterococcal isolates from piglets fed diets supplemented with or 

without copper. ................................................................................................................... 120 

Figure 3.2: Pulsed-field gel electrophoresis patterns of SmaI-digested genomic DNA of tcrB-

positive Enterococcus faecium isolates from piglets fed diets supplemented with or without 

copper. ................................................................................................................................. 121 



x 

 

Figure 3.3: Pulsed-field gel electrophoresis patterns of SmaI-digested genomic DNA of tcrB-

positive Enterococcus faecalis isolates from piglets fed diets supplemented with or without 

copper. ................................................................................................................................. 122 



xi 

 

List of Tables 

Table 1.1: Antimicrobials used for growth promotion in Europe and United States ..................... 2 

Table 1.2: Dietary recommendations of trace minerals in swine (dose depends on age and 

performance) ......................................................................................................................... 18 

Table 1.3: Nucleotide and protein identities between the genetic elements of the tcrYAZB and the 

copYZAB operons of E. hirae (Adapted from Hasman, 2005). ............................................ 30 

Table 2.1: Primers used in the present study ................................................................................ 85 

Table 2.2:  Occurrence of the tcrB gene in fecal enterococcal isolates from piglets fed diets 

supplemented with copper, zinc, copper and zinc, or neomycin and oxytetracycline. ......... 86 

Table 2.3: Transferability of the tcrB gene of Enterococcus faecium or E. faecalis to tcrB-

negative strains of E. faecium or E. faecalis. ........................................................................ 87 

Table 2.4: Intra-species conjugal transfer of tcrB gene in tcrB-positive Enterococcus faecium and 

Enterococcus faecalis ........................................................................................................... 88 

Table 2.5: Inter-species conjugal transfer of tcrB gene in tcrB-positive Enterococcus faecium and 

Enterococcus faecalis ........................................................................................................... 89 

Table 3.1: Primers used in the present study .............................................................................. 116 

Table 3.2: Occurrence of tcrB gene positive fecal enterococci in piglets fed diets supplemented 

with or without copper. ....................................................................................................... 117 

Table 3.3:  Susceptibility of tcrB-positive or negative enterococcal isolates to antibiotics ....... 118 

Table 3.4: Transfer frequency of tcrB gene in Enterococcus faecium and Enterococcus faecalis

 ............................................................................................................................................. 119 

 



xii 

 

Acknowledgements 

My sincere appreciation and thanks to my mentor, Dr. T. G. Nagaraja.  It was my dream 

come true to come to K-State and work for a researcher and a true friend like Dr. T. G. Nagaraja.  

Words cannot express my gratitude for the professional and personal guidance I have received 

from him.  Without his moral support and valuable guidance this work would not have seen the 

light of the day.  He gave me the freedom to grow scientifically, and his guidance and keen 

insight helped me to focus my efforts on important scientific problems.  He was always available 

to discuss any questions I had and to resolve any problems that came my way.  He also taught me 

how to successfully navigate the world of scientific journals and peer review-based publishing.  I 

am truly grateful and fortunate to have had such an accomplished academic professor as my 

mentor.  His infinite patience, encouragement, support, and optimism are appreciated beyond 

words.  Keep your interest broad, remain diligent in reading the literature, and be tenacious at the 

laboratory bench, are the guiding principles I imbibed from Dr. T. G. Nagaraja.   

I also take this opportunity to thank the respected department head, Dr. M. M. 

Chengappa.  He was instrumental in guiding me through the tough phase of my career, both 

personally and scientifically, and without his moral support and valuable guidance this work 

would not have seen the light of the day.  I am always indebted to him for providing 

intellectually stimulating and personally gratifying scientific environment.  He always supported 

my efforts, strengthened my resolve and congratulated me on my accomplishments. 

I would also like to express my gratitude to my committee members, Dr. Ludek Zurek 

and Dr. Sanjeev K. Narayanan, who have always been there to advise me and answer my queries.  



xiii 

 

Their support and commitment to my graduate work is appreciated.  As in all scientific 

endeavors, nothing great can ever be accomplished without the support and ideas of wonderful 

collaborators; therefore, I would like to thank my collaborators, Dr. Jim Nelssen, Dr. Mike 

Tokach, Dr. Steve Dritz, and Nick Shelton for their support and involvement in my research.  

The success of these projects was made possible by working closely and collaborating with such 

a great group of colleagues.   

I am grateful to Dr. Charles C. Dodd, for his professional and personal guidance during 

my tenure as master‟s student.  I wish to thank Neil Wallace and Xiaorong Shi for their constant 

support and technical assistance in the laboratory work.  Also, thanks to my lab members Trent 

Fox, Ethel Taylor, and Megan Jacob for their support to research and willingness to share 

resources.  I am also indebted to Drs. Harith M. Salih and Ali J. Mahdi, for their personal and 

professional advice during my tenure as MS student at KSU.  I always enjoyed sharing ideas 

with them and tremendously gained from their insight and vast amount of experience.  I also 

wish to acknowledge Dr. Javier Vinasco, for his constant support, sharing ideas, and technical 

assistance towards my graduate research.  I also wish to thank and acknowledge my roommate 

Vinod Mony, for his constant support and suggestions during my tenure as master‟s student.   

There are ups and downs, turns and twists, and plenty of ruts and bumps along the way.  

Therefore, I would like to express special thanks to the many people who helped me to navigate 

all the obstacles, ensuring that I would cross the finish line.  I am always indebted to them. 



xiv 

 

Dedication 

The road that I have taken which has brought me to this point in my life and my career 

has involved some straightforward decisions and some quirky coincidences.  Through it all, I 

have had the support of my family, friends, and colleagues, and I would like to dedicate my work 

to some of those people here. 

1) Affectionately dedicated to HIS LOTUS FEET, SRI SRI RAVISHANKAR GURUJI. 

2) My beloved parents, M. B. Jayashree and Gurusiddashetty for their understanding, 

support, and sacrifice. 

3) KARUNA Family : Drs. B. C. Ramakrishna, P. V. Yathinder, A. W. Subbaiah,  

K. Bhagawan, and H. M. Nanjappa. 

4) Shekar Jannah and Barbara Jannah. 

5) G. Shivamallu and Nagalambike, Dr. Ramesh Rao, and Muralidhara. 

6) PD_ADMAS: Drs. K. Prabhudas, and M. R. Gajendragad. 

The faith and support that my family and friends have provided has been an integral to 

reaching my goals, I could not have accomplished all of this without them. 

 



 1 

CHAPTER 1 - Literature Review 

Effect of supplementing elevated concentrations of copper in diets of 

piglets on the development of bacterial resistance to copper  

INTRODUCTION 

Use of Antimicrobial Agents in Food Animal Production 

Antibiotic growth promotion in agricultural animal production has been practiced for about 

60 years in the United States as well as in other countries.  Since that time food animal 

production has increasingly included larger farms and greater animal densities, requiring a 

greater need for disease management (Mathew et al., 2007).  The food animal production 

involves intensive optimization in every step of production process to maximize the efficiency of 

production (Aarestrup and Jenser, 2007).  The early indications of its beneficial effect on 

production efficiency in poultry and swine were reported by Moore et al. (1946) and Jukes et al. 

(1950).  Improved health management in modern livestock production has occurred, in part, due 

to the use of antimicrobial products (NRC, 1999).  The use of antimicrobial compounds in food 

animal production provides demonstrated benefits, including improved animal health, higher 

production, and reduction in food borne pathogens in some cases (Mathew et al., 2007).  Several 

classes of antimicrobials are used in food animal production for growth promotion both in United 

States and European Union (Table 1.1).   
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  Table 1.1: Antimicrobials used for growth promotion in Europe and United States 

 

Antimicrobial 

group 

Antimicrobial 

growth 

promoter 

United States Europe 

Related to 

antibiotic 

used in human 

treatment 

Polypeptides Bacitracin In use (swine, 

poultry) 

Banned (1999) Bacitracin 

Flavophospholipid Flavomycin / 

Bambermycin 

In use 

(broilers) 

Banned (2006) None 

Glycopeptides Avoparcin Not used Banned (2006) Vancomycin, 

Teicoplanin 

Ionophores Monensin Not used Banned (2006) None 

 Salinomycin Not used Banned (2006) None 

Macrolides Tylosin In use (swine) Banned (1999) Erythromycin 

 Spiramycin Not used Banned (1999) Erythromycin 

Oligosaccharides Avilamycin Not used Banned Evernimicin 

Quinoxalines Carbadox In use (swine) Until 1999 None 

 Olaquindox Not used Until 1999 None 

Streptogramins Virginiamycin In use 

(broilers) 

Banned (1999) Quinupristin/ 

Dalfopristin 

Pristinamycin 

Sulfonamides Sulfathiazole In use (swine) Not used Sulfonamides 

Tetracyclines Tetracyclines In use (swine) Not used Tetracyclines 

Penicillin Penicillin In use (swine) Not used Penicillin 

Pleuromuttilin Tiamulin In use (swine) Prophylactic 

usage 

None 
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Agriculture use of antibiotics accounts for at least half of antibiotics produced in the United 

States (Lipsitch et al., 2002).  Antibiotics or antimicrobials are routinely used in livestock 

production to treat (therapeutic levels) and prevent (subtherapeutic levels) diseases.  In addition, 

subtherapeutic concentrations of antimicrobials are commonly used as growth promoters in feed 

and drinking water (Chee-Sanford et al., 2009).  Antimicrobial products work through a variety 

of bactericidal and bacteriostatic mechanisms that include inhibition of cell wall synthesis, 

inhibition of cell membrane synthesis, protein synthesis, folate synthesis, and DNA synthesis 

(Barton, 2000).  Some of the antibiotics are primarily effective against specific groups of 

bacteria, such as gram-positive, gram-negative, aerobic, and anaerobic organisms.   

In food animal production, the antimicrobial agents are used in one of the four different ways 

(Aarestrup, 2005).  

1. Therapy: Treatment of infectious and clinically sick animals, preferably with a 

bacteriologic diagnosis. 

2. Metaphylactics:  Treatment of clinically healthy animals belonging to the same flock 

or pen as animals with clinical symptoms. 

3. Prophylactics: Treatment of healthy animals to prevent disease in a period where they 

are stressed.  This use of antimicrobial agents may indicate management problems, 

and is in most countries not legal or considered imprudent. 

4. Growth promotion: Continuous inclusion of antimicrobial agents in the feed to 

improve growth.  

There are hundreds of different antimicrobial agents, most of which belong to a few major 

family groups.  Most of the members within a family arise from additions or substitutions of 

attachment to the drug‟s core structure.  
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The major family groups are:  

1. Aminoglycosides 

2. Beta-lactam subdivided into: penicillins, oxacillins, ampicillins, carbenicillins, 

ureidopenicillins, and cephalosporins of four generations, penems, monobactams, and 

betalactamase inhibitors.  

3. Glycopeptides 

4. Heavy metals (copper, zinc, mercury and arsenic) 

5. Macrolides and Lincosamides 

6. Nitrofurans 

7. Nitroimidazoles 

8. Orthosomycines (avilamycin) 

9. Phenicols 

10. Polyether antimicrobials (ionophores such as monensin, narasin, lasalocid and 

salinomycin) 

11. Polypeptides (bacitracin, polymyxin) 

12. Quinolones and Fluoroquinolones 

13. Rifamycin 

14. Steroid antimicrobials (fusidic acid) 

15. Streptogramins (virginiamycin, quniopristin+dalfopristin) 

16. Sulfonamides 

17. Tetracyclines 

18. Trimethoprim      
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The use of antimicrobials as growth promoters have been a regular practice in swine 

production since the early 1950‟s (Cromwell, 2001).  Antimicrobial agents are necessary in 

swine production to treat diseases, increase weight gain, improve carcass quality, and for 

financial security (MacKinnon, 1993).  The use of antimicrobial agents as growth promoters can 

be justified in a number of different ways, but primarily on economic grounds.  Growth 

promoters are generally inexpensive, safe, and easy to use and they tend to improve the growth 

performances in a constant manner regardless of the husbandry practices (MacKinnon, 1987).  
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Definition of Antibiotics, Antimicrobials, and Antimicrobial resistance  

Antibiotics: Refer to substances produced by microorganisms that have antibacterial effects 

(Prescott, 2000; Gustafson and Bowen, 1997; Gould, 2002).  

Antimicrobials: Antimicrobials are substances of natural, synthetic or semisynthetic origin 

that kill or inhibit the growth of microorganisms by targeting cellular processes, and cause little 

or no damage to the host (Prescott, 2000; Walsh, 2003; Giguere, 2006; Guardabassi and 

Courvalin, 2006). 

Antimicrobial resistance: Resistance is a relative term.  It is defined in two ways, 

microbiological and clinical perspectives.  According to the microbiological (in vitro resistance) 

definition, a bacterial strain is defined resistant if it grows in the presence of higher 

concentrations of the drugs compared with other phylogenetically related strains.  But, clinically 

the strain is defined resistant when it survives antimicrobial therapy (Guardabassi and Courvalin, 

2006).  
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Development of Antibiotic Resistance 

A number of bacterial and fungal species possess the ability to produce antimicrobial 

compounds, generally to gain a competitive advantage in microorganism-rich environments 

(Amabile-Cuevas and Chicurel, 1992).  It is thus likely that naturally occurring antibiotics have 

been in the environment even before the higher organisms evolved.  Many of the antimicrobial 

products used in human and animal health are produced by organisms such as Streptomyces, 

Bacillus, Penicillium, Cephalosporium, and Pleurotus (Mathew et al., 2007).   

Antibiotic resistance likely emerged also in nature prior to human use of drugs, as organisms 

producing antibiotic compounds required means to survive in the presence of their own products, 

and competing species also found ways to counteract effects of those antimicrobial compounds 

(Davies, 1997).  Therefore, some of the resistance genes likely originated before the advent of 

modern medicine, and agricultural use of antibiotics.  With the increase in use of antibiotics both 

in human medicine and veterinary medicine, selection pressure increased the advantage of 

maintaining resistance genes in diverse groups of bacteria, and bacterial evolutionary progress 

leading to mechanisms to retain, accumulate, and disperse resistance genes among bacterial 

populations (Aarestrup, 2006).  However, use of antibiotics both in human medicine and food 

animal production may promote dissemination of resistance genes beyond that expected as a 

direct consequence of selective pressure on target organisms.  The soil microbes provide a large 

reservoir of antibiotic resistance genes that can, under selection pressure of antibiotics, may 

disseminate into other microbial communities  Numerous studies have demonstrated a link 

between antibiotic use in livestock and increased prevalence of antibiotic resistant organisms 

associated with farm animals and farm environment (McEwen and Fedorka-Cray, 2002; Witte, 

2000).  Of all the application of antibiotics, the use for growth promotion in food animal 
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agriculture has been the most controversial issue (Viola and DeVincent, 2006).  It is well 

established that agricultural use of antibiotics results in increased prevalence of antibiotic-

resistant bacteria in farm environments, thus contributing to the global pool of resistant 

organisms (Mathew et al., 2007).  Foodborne pathogenic bacteria carrying resistance genes are 

the most likely route through which agricultural use of antibiotics could affect human health.  

However, evidence for direct animal to human transmission of resistant bacteria has also been 

reported (Box et al., 2005; Hunter et al., 1994).   

Mechanisms for Bacterial Antimicrobial Resistance 

Bacterial antimicrobial resistance can be divided into two broad categories, intrinsic and 

acquired.  Intrinsic resistance reflects a bacterial genus or species lacking an appropriate target or 

the permeability needed for inhibition by an antimicrobial, whereas acquired resistance is 

observed once a particular strain has undergone chromosomal mutations or acquired genes 

encoding resistance (Schwarz and Chaslus-Dancla, 2001; Schwarz et al., 2006).  Specifically, 

there are at least three general mechanisms by which bacteria resist antimicrobial activity:  

Reduced intracellular accumulation is mediated by decreased intake or increased export 

of the compound (Schwarz and Chaslus-Dancla, 2001).  Bacterial efflux mechanisms can be 

encoded by either chromosomal or plasmid genes, and belong to one of five classes of efflux 

pumps (Poole, 2005; Depardieu, et al., 2007).  Plasmids, which are transferable between bacteria, 

often contain genes for specific efflux-mediated antimicrobial resistance, while multi-

antimicrobial exporters normally are contained within the host genome.  The effects of 

chromosomal efflux pumps typically occur after increased expression of the pumps (Walsh, 

2003; Depardieu, et al., 2007).   
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a) Enzymatic inactivation can be coded for by genes in the host chromosome or in 

plasmids, gene cassettes, or transposons (Walsh, 2003; Schwarz et al., 2006).  Antimicrobial 

inactivating enzymes have been found in both gram positive and gram negative bacterial 

species, including Staphylococcus aureus and Escherichia coli (Walsh, 2003; Schwarz et al., 

2006).  There are several broad mechanisms for enzymatic inactivation, including 

degradation and chemical modification of the antimicrobial (Schwarz, et al, 2006).   

b) Target modification, which can occur chemically or through mutation or 

protection of the target site (Schwarz et al., 2006).  An example of a target site modification 

is seen in macrolide, lincosamide, and streptogramin B co-resistance encoded for by erm 

genes from multiple bacterial genera (Schwarz et al., 2006).  The erm genes encode rRNA 

methylases (mono- or di-), specific for a single adenine residue (position 2,058) conserved 

within 23S rRNA (Leclercq and Courvalin, 1991; Weisblum, 1995; Schwarz et al., 2006).  In 

contrast to target modification, tetracycline resistance frequently is a result of ribosomal 

protection.  Tetracycline protection involves proteins with homology to elongation factors, 

which are produced and interact with the ribosome, preventing tetracycline binding 

(Schwarz, et al., 2006).  Both the erm genes and tetracycline protection proteins are encoded 

on genes that are present on transferable elements (Leclercq and Courvalin, 1991; Schwarz et 

al., 2006).       
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Transfer of Antimicrobial Resistance 

Mobile resistance determinants likely originated in antibiotic-producing organisms before 

therapeutic or non-therapeutic use of antimicrobials (Boerlin and White, 2006).  Mobile genetic 

elements can be passed through bacteria by vertical or horizontal transmission (Schwarz and 

Chaslus-Dancla, 2001).  Populations of antimicrobial resistant bacteria are expanded by the 

acquisition of these resistance genes through horizontal transmission (Teuber et al., 1999).  One 

specific type of mobile element, resistance-encoding plasmids, can be passed between bacterial 

types as seen by the presence of gram-positive resistance determinants expressed in gram-

negative organisms (Courvalin, 1994).  Doucet-Populaire and others (1992) have shown that 

plasmid DNA containing known kanamycin resistance could be transferred from Enterococcus 

faecalis to Escherichia coli isolates in the gastrointestinal tract of germ-free mice.  Plasmids 

containing the erm(B) and tet(M) genes have the ability to transfer between Lactobacillus 

plantarum and Enterococcus faecalis within the gastrointestinal tracts of germ-free rats 

(Jacobsen et al., 2007).  Movement of plasmids or other mobile elements is not limited to 

commensal bacterial species.  Resistance genes located on mobile elements also can disseminate 

between commensal and pathogenic organisms (Boerlin and White, 2006).  A precise 

determination of the rate at which horizontal transfer occurs within the complex gastrointestinal 

system of piglets has not been examined.  Most recent studies have examined the involvement of 

lactic acid bacteria (LAB) in the spread of resistance genes in the environment and their potential 

role as reservoirs for resistance genes (Ammor et al., 2007).  These resistance genes are more 

often carried on a plasmids and conjugative transposons (Toomey et al., 2009).  
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Public Health Consequences of Use of Antimicrobial Agents in Food Animals 

Antimicrobials have had a more positive impact on human and animal health than any other 

medical discovery.  However, antimicrobial agents are losing their effectiveness because of 

development, spread, and persistence of antimicrobial resistance.  The use of antimicrobial 

agents in food animal production has caused major concern regarding the impact these uses have 

on human health.  A major concern is the transfer of resistance genes via food chain from food 

producing animals to humans.  The use of antimicrobials in animals (or humans) leads to an 

increased resistance in both pathogenic as well as the endogenous, normal flora.  The resistant 

bacteria can get colonized in the host and potentially transfer the resistant genes to other bacteria 

within the gut microflora (van den Bogaard, 1993).  There has been a controversy concerning the 

use of antibiotics as growth promoters for food producing animals.  Use of any antibiotic is 

associated with the selection of resistance in pathogenic bacteria and it has been argued that the 

use of antibiotic growth promoters imposes selection pressure for bacteria that are resistant to 

antibiotics.  The widespread use of antimicrobial agents in food animals is associated with 

increased antimicrobial resistance in foodborne pathogens, which subsequently may be 

transferred to humans.  There is considerable controversy over the use of antibiotics because of 

the potential threat it poses to human health (Feber, 2003; Livermore, 2003; Arnold et al., 2004).  

It is accepted that subtherapeutic use of antimicrobials leads to increased antibiotic resistant fecal 

bacteria in the animals (Aarestrup et al., 2001; Hayes et al., 2004).  

The transfer of these resistant bacteria or genetic determinants for resistance causes adverse 

health consequences in humans by increasing the number of food borne illnesses and increasing 

the potential for treatment failures (Anderson et al., 2003).  The public health risks associated 

with the use of antimicrobial agents as growth promoters in animal husbandry has lead to 
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increased    attention and documentation in some countries, including the European Union, and 

resulted in banning or in the process of phasing out the use (Anderson et al., 2003).  The World 

Health Organization (WHO), following a series of consultations in 1997, 1999, and 2000, has 

recommended that, unless a risk based evaluation demonstrates their safety, the use of 

antimicrobial agents in food animals for growth promotion that belong to the classes of 

antimicrobial agents used in humans should be terminated (WHO, 1997; WHO, 1999; WHO, 

2000; Anderson et al., 2003).  Similar recommendations are made to discontinue the use of 

human antimicrobial agents in food producing animals as growth promoters, which have been 

implemented by several independent organizations in United States, including the Alliance of 

Prudent Use of Antibiotics (2002) and the Institute of Medicine of the National Academics 

(2003).  In the United States, collaborative federal actions are undertaken to address 

antimicrobial resistance by Public Health Action Plan to Combat Antimicrobial Resistance, 

which was released in 2001, by interagency task force.  To address this public health problem, 

overuse and misuse of antimicrobial agents in food animals and humans must be reduced.  

Several European countries have already demonstrated the feasibility of such measures and the 

effectiveness of these interventions to combat the antimicrobial resistance and reduce public 

health risk (DANMAP, 2005).   
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Antibiotic Resistance in Foodborne Pathogens 

It is reported that 76 million people contract foodborne illnesses annually in United States 

(Mead et al., 1999) at an annual cost of nearly $ 6.9 billion (Allos et al., 2004).  In most of the 

severe cases, treatment of foodborne illness may require the use of antibiotics, making antibiotic 

resistance in foodborne pathogens a considerable concern.  The foodborne pathogens including 

Escherichia coli O157:H7, Salmonella spp., Campylobacter spp., Listeria spp., Yersinia spp., 

and Enterococcus spp., may be harbored by livestock and passed to humans via food chains.  

However, some of the other bacteria, such as Enterococcus faecalis and E. faecium, which are 

normal commensals of gastrointestinal tract, can pose zoonotic risks via environmental routes, 

and are responsible for nosocomial infections.  Resistant strains of Enterococcus have become a 

major concern for the medical community as the number of infections has increased from past 

two decades (Huycke et al., 1998; Treitman et al., 2005).   

Antibiotic Resistance Associated With Swine Production 

According to NAHMS (USDA-NAHMS, 2005), 92% of the farms surveyed use antibiotics,   

most delivered through feed.  More than 85% of the farms used in-feed antibiotics in the grower 

or finisher phase.  However, recent changes in the swine industry and a growing concern over the 

non therapeutic use of antimicrobials, and changing trends in therapeutic and non therapeutic 

regimens may have caused a change in the overall use of antibiotics, particularly in grower or 

finisher units (Cromwell, 2001; Dritz et al., 2002).  A link between antibiotic use in swine and 

increased prevalence of resistant bacteria has been demonstrated through several studies 

(Mathew et al., 2001; Mathew et al., 2005).  These studies have shown significant increase of 

resistance in the gut flora following the use of antibiotics, and also have shown that the rapid 
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reversion of susceptibility in commensal microflora following the drug withdrawal may also 

occur in some cases based on the type of antibiotics.  

Any usage of antimicrobials, even in the subtherapeutic concentrations, will select for 

antimicrobial resistance.  Studies have shown that antimicrobial resistant bacteria and 

antimicrobial resistant genes are exchanged between both human and animal reservoirs (Mathew 

et al., 2007).  The termination of the use of antimicrobial growth promoter increased the need for 

other feed additives or alternatives to control disease outbreak, and to improve the growth rate in 

food producing animals.  Generally, heavy metals such as copper and zinc are utilized for these 

purposes, as they possess both antimicrobial as well as growth promotion properties.  These 

heavy metals are more often employed during the first week of weaning, in piglets to control 

diarrhea or scouring and to improve the performance of piglets.  Piglets are subjected to many 

changes at weaning.  The dietary changes associated with the shift from sow milk to a diet 

composed of cereals supplemented with proteins sources, such as soyabean meal, skim-milk 

powder, and or fish meal.  These diets are normally supplemented with minerals and vitamins 

according to current recommendations (NRC, 1998).   
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Alternatives to Antibiotic Use for Growth Promotion in Animals 

The need for other alternative feed additives increased with the phasing out or banning of 

antimicrobial growth promoters use in food producing animals.  To be effective, alternative feed 

additives for swine feed should generate similar benefits as the antibiotics which are currently 

used as growth promoters in swine production.  Some of the commonly used feed additives are 

as follows: 

1. Probiotics and competitive exculsion:  Probiotics are live cultures of microbes, often 

lactic acid bacteria but also other bacterial species, which are fed to animals to improve 

health and growth by altering intestinal microbial balance.  Some of the bacterial cultures 

are used specifically for competitive exclusion, where bacterial cultures are allowed to 

establish in intestinal flora that will prevent colonization by pathogenic bacteria (Abe et 

al., 1995).  Probiotics microorganisms, added to the feed, may protect piglets from 

intestinal pathogens by several possible mechanisms: 

i. Adherence to intestinal mucosa thereby preventing attachment of pathogens 

ii. Production of antimicrobial compounds such as bacteriocins and organic acids 

iii. Competition with pathogens for nutrients  

iv. Stimulation of intestinal immune responses 

v. Affect the permeability of gut and increase uptake of nutrients. 

2. Enzymes:  Pigs have a variety of gastrointestinal enzymes to aid in digestion.  However, 

newly weaned piglets may produce inadequate amount of enzymes.  Therefore, the 

addition of enzymes to feed may be useful strategy to increase its digestibility.  Studies 

reported that average daily growth rate and feed conversion rate increased in piglets 

significantly (Baidoo et al., 1998) with enzyme supplementation.   
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3. Immune modulators:  Immunologically active compounds affect the immune system and 

enhance the resistance to disease.  These substances include antibodies, cytokines, spray 

dried plasma, and other compounds.  The growth promoting effects of antibodies or other 

immune active compounds is similar to that of feeding subtherapeutic antibiotics (Coffey 

and Cromwell, 1995; Chae et al., 1999).   

4. Organic acid: Organic acids are added to the feed to maintain low pH, so that digestion of 

proteins and population of beneficial bacteria are maximized and harmful bacteria are 

inhibited.  Diets fed to piglets often have a high buffering capacity, which can further 

reduce stomach acidity (Gedek et al., 1992).  Studies reported that organic acids also 

improve the digestibility and absorption of proteins, minerals, and other nutrients in the 

diet (Overland et al., 2000).  

5. Other feed supplements:  

a) Minerals: Copper and Zinc are added to piglet diets do significantly improved 

average daily weight gain, feed intake, and feed efficiency. 

b) Vitamins 

c) Conjugated linoleic acid 

d) Phospholipids 

e) Amino acids 

f) Carnitine 

g) Carbohydrates (Polysaccharides, Fiber) 

h) Herbs 
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Use of Heavy Metals in Swine Production 

Metals form integral constituents of the earth‟s crust.  All living organisms have evolved to 

use some metals, even though they are toxic.  The primary source of heavy metals in all 

ecosystems is the underlying bedrock of the planet.  Of the 90 naturally occurring elements, 21 

are non-metals, 16 are light metals, and the remaining 53 are grouped as heavy metals (Nies, 

1999).  Heavy metals are metals with a density above 5 g/cm3, with most of the heavy metals 

containing incompletely filled d orbital.  These d orbitals provide these heavy metal cations with 

the ability to form complex compounds which may or may not be redox-active.  Thus heavy 

metals cations play an important role as “trace elements” in biological reactions (Nies, 1999).  A 

large number of metals are used as trace amounts in adequate quantities in food animal 

production to maintain normal physiology and healthy status of animals.  Two of these trace 

elements, copper and zinc are supplemented in animal feeds higher than their physiological 

requirement (Hasman et al., 2006).  Copper and zinc are essential trace elements; in addition to 

their role in the normal growth of the animal they also seem to have an additional effect when 

supplemented in high doses (Hasman et al., 2006).  In the United States, in addition to copper 

and zinc, livestock producers also use nonessential metal arsenic as a feed supplement to 

chicken, turkeys, and pigs (Hasman et al., 2006).  The following table (Table 1.2) gives the 

dietary recommendations of trace minerals in swine.   
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Table 1.2: Dietary recommendations of trace minerals in swine (dose depends on 

age and performance) 
 

Trace mineral mg/kg 

Copper 3-6 

Zinc 50-100 

Iron 40-100 

Manganese 2-10 

Selenium 0.10-0.30 

Iodine 0.14 

  NRC (1998) 

 

Zinc 

Zinc is a component of various metalloenzymes, ranging from DNA and RNA transferases 

and synthetases, many digestive enzymes, and also the hormone, insulin.  Hence, zinc plays a 

vital role in protein, carbohydrate, and lipid metabolism (NRC, 1998).  The zinc requirement 

varies and depends on type of diet, age, sex, and breeding season (NRC, 1998).  Zinc can be 

supplemented as zinc sulfate, carbonate, chloride, and zinc metal dust, as these are known to 

possess 100% bioavailability (Miller et al., 1991; NRC, 1998).  Zinc, when supplemented with 3, 

000 ppm for 14 days known to reduce post weaning scouring and increased weight gain 

(Poulsen, 1989; Kavanagh, 1992; Hahn and Baker, 1993; Carlson et al., 1995; Hill et al., 1996).  

It is found to be efficacious when fed with 250 ppm of copper sulfate and 3,000 ppm of zinc 

oxide, but with respect to growth promotion action the effects were not additive (Hill et al., 

1996).  Zinc toxicity in pigs was manifested by depression, arthritis, and hemorrhage in auxillary 

spaces, gastritis, and death.  
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Copper 

The pig requires copper for the synthesis of hemoglobin and also for the synthesis and 

activation of several oxidative enzymes necessary for metabolism (Miller et al., 1979; NRC, 

1998).  Copper is also necessary for the normal immune function of the swine.  Copper level of 

5-6 ppm in the diet is sufficient for neonatal pigs (Okonkwo et al., 1979; Hill et al., 1983).  

Earlier studies have reported that 60 ppm of copper fed to sows improved piglet weight at birth 

and at weaning (Lillie and Frobish, 1978).  Copper can be used in the diet of piglets as copper 

sulfate, carbonate, and chloride salts (Cromwell et al., 1998).  Copper, when fed at the rate of 

100-250 ppm as copper sulfate is known to stimulate the growth in pigs (Barber et al., 1955; 

Braude, 1967).  This type of growth response in piglets may be independent of the addition of in-

feed antibiotics (Stahly et al., 1980; Roof and Mahan et al., 1982; Edmonds et al., 1985).  The 

mechanism through which copper promotes growth in piglets remains elusive.  Earlier studies 

have attributed the growth promoting action of copper to its antimicrobial properties (Fuller et 

al., 1960), but the evidence supporting this action is lacking.   Some studies have observed a 

correlation between the availability of copper and growth promoting action of copper (Bowland 

et al., 1961; Cromwell et al., 1989).   

A copper deficiency leads to poor iron mobilization, abnormal hemopoiesis, and poor 

keratinization and synthesis of collagen, elastin, and myelin (NRC, 1998).  Copper deficiency 

signs include microcytic, hypochromic anemia, bowing legs, spontaneous fractures, cardiac and 

vascular disorders, and depigmentation (Hill et al., 1983).  Copper may be toxic if supplemented 

in excess or when dietary levels exceeding 250 ppm are fed for extended periods of time (NRC, 

1998).  Copper toxicity signs include depressed hemoglobin levels and jaundice, mainly because 

of the excess copper accumulation in the liver and other vital organs.  
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Use of Copper as a Growth Promoter 

Copper, as copper sulfate, in diets of weaned piglets has been known to exert growth 

promoting effects (Braude, 1967).  Numerous studies have focused on either the growth 

stimulating effects of copper on daily gain or feed efficiency or on the microbial ecosystem in 

the gut mainly by studying the effects on the fecal micro flora (Fuller et al., 1960; Jensen, 1998; 

Kellogg et al., 1964).  However, no data have shown a definite link of the effects of copper on 

the micro flora to the growth promotion.  Despite this, it is generally accepted that the action of 

copper is attributed to its antimicrobial activity, which is in agreement with H jberg et al. (2005) 

who showed that elevated levels of copper inhibited the coliforms.  Several studies have been 

conducted to elucidate the mechanism of action of copper as growth promoter.  Among these 

studies Li et al. (2006) and Shurson et al. (1990) found positive effect of high dietary copper on 

daily growth rate and feed conversion rate.  Copper supplementation is known to reduce the 

crypt depth in the duodenum of 10- day- old piglets after weaning and tend to increase villous 

height of the jejunum (Zhao et al., 2007).  The latter study also showed increase in growth rate 

and feed intake with increased amount of copper in the diet.  The growth stimulating effect of 

feeding pharmacological concentrations of copper to swine is well documented (NRC, 2005).  

However, the nutritional requirements for copper, based on its biochemical functions are low in 

non ruminants (Underwood and Suttle, 1999). Generally, the response of weanling pigs to 

growth promoter is more pronounced in a conventional on farm nursery than in an experimental 

nursery (Coffey and Cromwell, 1995; Zhao et al., 2007).  This may be suggestive of differences 

in sanitation and subclinical pathogen exposures between locations (Le Floch et al., 2006).  The 

sanitation might modulate the effect of high concentrations of copper as well as zinc, which have 



 21 

been associated with bactericidal effects similar to those of antimicrobial compounds (H jberg et 

al., 2005; Dunning et al., 1998; Fuller et al., 1960).  But, recent studies have reported that copper 

supplementation may result in microbial resistance (Hasman and Aarestrup, 2002).   

Resistance to Heavy Metals 

Bacteria have great capacity to absorb metals from solutions, on a biomass to dry weight 

metal basis (µg/mg dry wt.).  It is always necessary to make a distinction between two types of 

heavy metals such as, heavy metals that are toxic per se and those which are essential for growth 

and maintenance, but are toxic in excess (Choudary and Srivatsava, 2001).  Though many of the 

metals are essential for life, all the metals are toxic at some level.  Metals with high atomic 

masses tend to bind strongly to sulphide groups.  Exceptions to that being, the divalent cations of 

cobalt, copper, nickel, and zinc are medium sulphur lovers and these metals functions at low 

concentrations, but are toxic at high concentrations.  It is necessary to achieve careful 

homeostasis of these metals to avoid either metal deprivation or metal toxicity.   

There are two types of uptake system for heavy metals: (Nies, 1999) 

1) Non specific and fast, used for a variety of substrates and it is constitutively 

expressed and driven by chemiosmotic gradient across the cytoplasmic membrane of 

bacteria.  

2) Specific and slower with higher substrate specificity and uses ATP hydrolysis as the 

energy source and they are inducible.  These specific systems are only produced by 

the cells in times of need.  

When the concentration of a heavy metal increases in a cell, it will be transported into the 

cytoplasm by unspecific uptake systems, which are constitutively expressed.  This is called the 

open-gate, since the gate cannot be closed once it is opened.  This open-gate is the first reason 
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why heavy metal ions are toxic (Nies and Silver, 1995).  This potential of heavy metal toxicity in 

connection with the  open gate phenomenon has forced life in its early evolution to develop 

metal homeostasis factors and metal resistance determinants (Nies and Silver, 1995).  The heavy 

metals are not degraded or modified like toxic organic compounds, thus leading to the 

development of heavy metal resistance system.   

Bacteria do acquire resistance to some of the heavy metals which are physiologically 

required.  Generally, five mechanisms are proposed for heavy metal resistances in bacteria:  

1) Exclusion of the metal by a permeability barrier (Nies, 1992).  

2) Exclusion by active transport of the metal from the cell (Nies, 1992; Mago et al., 

1994).   

3) Intracellular physical sequestration of metal by binding proteins or ligands to prevent 

it from damaging metal-sensitive cellular targets (Gilotra and Srivatsava, 1997). 

4) Extracellular sequestrations (Diels et al., 1995; Nies, 2000). 

5) Transformation and detoxification (Rouch et al., 1995; Ji and Silver, 1995). 
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Copper Homeostasis 

Copper is an essential micronutrient for both prokaryotes and eukaryotes.  The biological 

properties of copper are attributed to its transition state.  Generally, copper exists in two 

oxidation states, Cu+ (Copper I) and Cu++ (Copper II).  Free copper ions (copper II) are stable in 

neutral, aqueous solutions exposed to atmosphere, while copper (I) ions can only be maintained 

in solutions at very acidic pH or in a complexed form.  Because of its two oxidation states, it 

participates in biological redox reactions, thereby taking up and releasing electrons.  However, 

copper homeostasis has to be tightly regulated, because it is toxic to the cells (Solioz and 

Stoyanov, 2003).  The mechanism of copper toxicity in still not fully understood.  Copper 

toxicity could occur via Fenton-type reaction leading to the production of hydroxyl radicals 

(OH·).  

Cu + + H2O2 = Cu 2+ + OH‾ + OH· 

These hydroxyl radicals (OH·) are highly reactive, which in turn damage the phospholipids, 

enzymes, may attack DNA bases preferably guanine residues, and break phosphodiester bonds 

(Yoshida et al., 1993).  For the safe management of intracellular copper concentrations, both 

prokaryotes and eukaryotes have developed various homeostatic mechanisms.   

Copper homeostasis in gram-negative bacteria (Escherichia coli) 

Copper is essential for cells to function.  However, it is toxic at higher concentrations.  

Therefore, intracellular copper concentrations need to be regulated within very narrow limits 

(Pena et al., 1999).  Copper homeostasis in E. coli involves genes such as cutC, cutF, and ndh, 

but their exact roles have not been determined (Gupta et al., 1995; Rapisarda et al., 1999).  

Recent studies have shown the involvement of a two components signal transduction system in 



 24 

copper homeostasis (Grass and Rensing, 2001).  One is the copper-sensing locus, designated as 

cus locus.   The sensor regulator pair containing cusRS genes activates the adjacent cusCFBA 

operon.  The cusCBA genes of the operon are homologous to a family of proton-cation antiporter 

complexes involved in export of metal ions, xenobiotics, and drugs.  The CusF is a putative 

periplasmic copper-binding protein (Munson et al., 2000).  The other system involves CueR, 

which is known to regulate two genes, copA and cueO (Outten et al., 2000).  CopA is a Cu (I)-

translocating P-type ATPase, while CueO is a putative multi copper oxidase (Outten et al., 2000; 

Rensing et al., 2000).  

Copper homeostasis in gram-positive bacteria (Enterococcus hirae) 

Copper homeostasis in Enterococcus hirae is one of the best understood prokaryotic 

homeostasis systems (Solioz et al., 1994; Wunderli-Ye and Solioz, 1999).  Copper homeostasis 

in E. hirae is maintained and regulated by four genes operon, copYZAB operon (Fig. 1.1).  The 

extracellular copper reductase (CorA) converts Cu (II) to Cu (I), thereby it facilitates the supply 

of Cu I to CopA protein.  The CopA (727 amino acids) protein takes up copper when copper is 

limiting and is encoded by copA gene.  CopB protein (745 amino acids), coded by copB gene, 

extrudes copper when it reaches the toxic level.  Both CopA and CopB act as copper transporting 

ATPases.  Inside the cell, copper is transported via CopA ATPses to CopY (145 amino acids), 

which acts as a repressor and regulates the expression.  CopZ protein (69 amino acids), acts as 

copper chaperone, which helps in intracellular delivery of copper from CopA to CopY (Odermatt 

et al., 1993; Odermatt and Solioz, 1995; Magnani and Solioz, 2005; Solioz and Stoyanov, 2003).
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Figure 1.1: The cop operon and copper homeostasis in Enterococcus hirae 

 

The heavy metal ATPases containing aspartic acid of the universally conserved sequence 

DKTGT in the „phosphorylation domain‟, which forms a phosphorylated intermediate, hence the 

name P-type ATPases (Pedersen and Carafoli, 1987).  The copper transporting ATPases, CopA 

and CopB, belong to this class of P-type ATPases (Lutsenko and Kaplan, 1995).  Because of 

their characteristic phenomenon of possessing intramembranous CPC or CPH motifs, of heavy 

metal ATPases, these are also called as CPx-type ATPases (Solioz and Vulpe, 1996).  Copper 

ATPases are surprisingly conserved from bacteria to humans.  The distinguishing CPC/CPH or 

SPC motifs of the CPx-type ATPases are located in the middle of membrane helix at the most 
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conserved structure of these ATPases.  All these ATPases have conserved cysteine and proline in 

the motif (Solioz and Stoyanov, 2003).  

Copper resistance in gram-negative bacteria 

Escherichia coli can survive in copper rich environments, which would it normally 

overwhelm the chromosomally encoded copper homeostatic systems.  But, some strains of E. 

coli harbor additional plasmid encoded genes that confer resistance to copper.  Earlier studies in 

pigs which were supplemented with copper sulfate as a growth promoter showed the presence of 

conjugative plasmid pRJ1004, isolated from E. coli in the gut microflora, which confers copper 

resistance (Brown et al., 1995).  Copper resistance in E. coli is mediated by plasmid borne pco 

gene cluster, which contains seven genes, pcoABCDRSE (Cooksey, 1994).  Pco comprises of 

PcoA, which acts as a multi copper oxidase, PcoC and PcoE act as periplasmic chaperone, PcoB 

and PcoD, are the proteins of unknown function.  Copper dependent expression is achieved by 

the two-component system PcoRS.  

Copper resistance in Pseudomonas syringae is specified by the cop determinant, which has 

six genes, copABCDRS, which are arranged in a single operon and homologous to the pco gene 

cluster of E. coli (Brown et al., 1995; Cooksey, 1994; Silver and Phung, 1996).  In both cases 

copper resistance is inducible (Mellano and Cooksey, 1988; Rouch and Brown, 1997; Rouch et 

al., 1995).  

Copper resistance in gram-positive bacteria 

Copper resistance in gram-positive bacteria, Enterococcus hirae occurs through the efflux 

mechanisms mediated by P-type ATPases.  P-type ATPases are the ion pumps that carry out 

many fundamental processes in biology and medicine, ranging from the generation of membrane 
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potential to muscle contraction and the removal of toxic ions from cells (Kuhlbrandt, 2004).  P-

type ATPases are ubiquitous and present virtually in all living organisms.  

P-type ATPases consist of single, large catalytic monomer of 70-200 kDa.  Heavy metal 

ATPases contain elements common to all P-type ATPases as well as several unique features 

(Lutsenko and Kaplan, 1995).  Members of P-type ATPases carry putative heavy metal binding 

sites in the polar amino-terminal region, and have conserved intramembrane CPC, CPH or CPS 

motif (CPx motif), hence the name CPx-type ATPases, contain conserved histidine-proline 

dipeptide (HP locus), which has 33 to 43 amino acids carboxy-terminal to the CPx motif, and 

possess unique number of topology of membrane spanning proteins.  P-type ATPases based 

resistance to zinc was reported from E. coli and P. putida strain S4 (Beard et al., 1997).   

Copper resistance in gram-positive bacterium, Enterococcus hirae, has led to the discovery 

of two putative copper transporting ATPases (copA and copB).  But, in case of gram-negative 

bacteria such as E. coli and P. syringae, there is no evidence for ATP driven copper transport 

(Solioz et al., 1994).  Hasman and Aarestrup (2002) have identified a gene responsible for copper 

resistance phenotype; a large plasmid (175 kb) was isolated from copper resistant E. faecium pig 

isolate (A17sv1).  The plasmid also contained genes for glycopeptide and macrolide resistance.  

The transferability of the plasmid was confirmed by conjugation assay.  The sequence homology 

and constructed DNA library revealed that the part of the open reading frame had a strong 

homology to a previously sequenced gene from E. coli coding protein (HRA-1) of the CPx type 

ATPase family (Trenor, et al., 1994).  These studies gave a solid foundation to sequence the open 

reading frame (orf710), which codes for a putative protein of 710 amino acids showing 92% 

identity to the HRA-1 (Hidden in reading frame antisense-1) protein and 46% identity to the 

CopB protein of E. hirae.   
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The close homology of tcrYAZB operon to the copYZAB operon makes the structural 

relationship evident, and gives an indication of the function of the plasmid-located tcrYAZB 

genes within the cell, but the origin of the operon remains elusive. The organization of genes in 

tcrYAZB is different from that of copYZAB operon.  The tcrZ gene in tcrYAZB is located between 

tcrA and tcrB genes, whereas copZ is located between the repressor copY and copA in E. hirae.  

Evolutionary evidence suggests that location of copZ gene after the copA gene can be seen 

among the copper-homeostasis genes from Streptococcus mutans and S. gordonii.  

tcrYAZB Operon 

The plasmid localized tcrB (transferable copper resistance gene B) gene from E. faecium and 

E. faecalis was identified to be a part of an operon called the tcrYZAB operon.  The genetic 

organization of the tcrYZAB operon (Fig. 1.2) is similar to the copYZAB copper-homeostasis 

gene cluster from E. hirae (Hasman, 2005).  The tcr gene operon was first characterized by 

Hasman (2005).  The sequence studies of the flanking region of the putative promoter and the 

repressor binding sites revealed strong homology to the well characterized copper-homeostasis 

copYZAB operon from E. hirae.  By analogy to the E. hirae counterparts, the genes are thus 

named as tcrY, tcrA, tcrZ, and tcrB. 
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Figure 1.2: Organization of tcrYAZB operon including the flanking regions in Enterococcus 

faecium (Adapted from Hasman, 2005). 

 

The first gene of the operon, tcrY, has 453 bp encoding 151 amino acids putative protein 

called TcrY.  TcrY is homologous to CopY repressor from E. hirae, and consists of CXCX4CXC 

in the C-terminal part of the protein.  This domain has been known to contain zinc and copper 

binding domains common to all CopY-like repressors (Lu and Solioz, 2002), which indicates 

that tcrY is responsible for expression control of the operon.  The tcrA gene encodes for putative 

copper-influx CPx-type ATPase called TcrA, made up of 2,433 bp and 811 amino acids, 

respectively.  The TcrA has been known to have strong homology to CopA from E. hirae.  TcrA 

is believed to possess a strong homology to CopA from E. hirae, and contained all features of 

CPx-type copper transporter (Solioz and Stoyanov, 2003).  The tcrZ gene contains 204 bp in 

length, which encodes a putative chaperone protein called TcrZ with 68 amino acids, with a 

homology to other copper chaperones, including CopZ from E. hirae.  The tcrB gene, last gene 

of the tcrYAZB operon encodes for copper efflux pump, TcrB protein homologous to CopB from 

E. hirae.  
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Table 1.3: Nucleotide and protein identities between the genetic elements of the tcrYAZB 

and the copYZAB operons of E. hirae (Adapted from Hasman, 2005). 

 

Genes DNA Protein 

Pcop vs Ptcr 70.0 NA 

copY vs tcrY 56.2 44.4 

copA vs tcrA 51.9 49.3 

copZ vs tcrZ 42.7 27.5 

copB vs tcrB 56.9 46.3 

 

The close homology to the copYZAB operon from E. hirae gives evidence of structural 

relationship, and also an indication of the function of the plasmid-borne tcrYAZB genes wihin the 

cell, yet origin of the operon remains elusive, as the order of the genes is not the same as the cop 

genes of E. hirae.   The nucleotide and protein identities between the tcrYAZB operon and the 

copYZAB operon of E. hirae are shown above (Table 1.3).  The truncated ISS-1 type transposase 

was located upstream of the tcr promoter, and an IS 1216E element was located downstream of 

the four tcr genes, indicating the termination of the operon.  This was further supported by the 

fact that intergenic region between tcrB and the IS 1216E contained a strong dyad symmetry 

region which can  form a loop structure and function as a factor-independent transcriptional 

terminator (Hasman, 2005).  
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Enterococcus spp. 

Enterococcus is an extremely versatile bacterial genus.  Enterococci represent part of normal 

commensal of both human and animal gut microbiota, and some of the strains of this genus are 

employed in food manufacturing industry or as probiotics (Facklam, et al., 2002; Simjee, et al., 

2006).  Enterococci are gram-positive cocci that occur singly, in pairs, or as short chains.  They 

are facultative anaerobes with an optimum growth temperature of 35  C and a growth range from 

10 to 45  C.  All species belonging to this genus grow in broth containing 6.5% NaCl, and they 

hydrolyze esculin in the presence of 40% bile salts (Facklam and Elliott, 1995).  Enterococci are 

intrinsically resistant to a broad range of antimicrobial agents, thus leading to limited choice of 

agents against these organisms.  Enterococci have evolved and acquired resistance to many of 

the antimicrobial agents by acquisition of plasmids or transposons from gram-negative as well as 

gram-positive bacteria (Kak and Chow, 2002).  Thus, enterococci have emerged as important 

nosocomial pathogens (Malani et al., 2002).  This ability of enterococci to acquire antimicrobial 

resistance has made it an obvious choice as indicator organism for antimicrobial resistance in 

gram-positive bacteria, and the prevalence of resistance has been monitored in surveillance 

programs (www.cdc.gov/ncidod/hip/Surveill/nnis.htm).  The enterococci are present in high 

numbers in the food of animal origin (Klein, 2003) and have been also associated with food-

borne outbreaks due to their presence in foods and their capacity to carry and disseminate 

antibiotic resistance genes (Simjee et al., 2006).  Recent studies have reported that enterococci 

have been known to harbor resistance genes to copper, which genetically co-exist with macrolide 

[erm(B)] and glycopeptide (vanA) resistance.  This was first reported from Denmark in 

enterococcal isolates of piglets, poultry, and calves.   

http://www.cdc.gov/ncidod/hip/Surveill/nnis.htm
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The main focus of this review is to evaluate the effect of feeding copper on the resistance of 

Enterococcus spp., and its co-selection with other antibiotics from swine production systems.  

Enterococcal infections 

Enterococci occur in remarkable array of environments.  They can be found in soil, 

water, food, and make up a significant portion of the normal gut flora of human and animals.  

Like other gut bacteria, enterococci can also cause infectious diseases.  Twelve different 

enterococcal species can cause infections, including E. avium, E. casseliflavus, E. durans, E. 

faecalis, E. faecium, E. gallinarum, E. hirae, E. malodoratus, E. mundtii, E. pseudoavium, E. 

raffinosus, and E. salitarius (Moellering, 2000).  Most of the infectious diseases are caused by 

Enterococcus faecalis, which account for 80-90 % of the clinical strains.  Enterococcal infections 

are more commonly seen in hospitalized individuals with underlying conditions comprised of 

wide spectrum of severity of illness and immune modulation.  Enterococci are ranked second or 

third among the bacteria isolated from hospitalized patients (Kayser, 2003; Schaberg et al., 

1991).  

The most frequent infection caused by enterococci are as follows: 

a) Urinary tract infections:  Most common form of infection caused by enterococci.  Lower 

urinary tract infections, such as cystitis, prostatitis, and epidydimitis are common in older 

people (Graninger and Ragette, 1992).  However, upper urinary tract infections are more 

common in young peoples, which can lead to severe bacteremia in later stages.   

b) Bacteremia: Enterococci are observed in approximately 6-7% of the all the bacteria 

isolated from the blood stream (NNISS, 1999).  Bacteria can get into the blood via 

urinary tract, intra-abdominal infections, burn wounds, diabetic foot infections, or 

intravascular catheters.  
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c) Intra-abdominal and pelvic infections: Enterococci are often found as part of mixed 

aerobic or anaerobic flora in intra-abdominal and pelvic infections.  These infections are 

more common in patients with nephritic syndrome or cirrhosis, where enterococci can 

cause serious peritonitis (Graninger and Ragette, 1992).   

d) Wound and tissue infections: Enterococci are always found associated with the mixed 

cultures together with gram-negative aerobic rods and anaerobes.  Most commonly 

encountered in burn patients and diabetic foot infections.  

e) Endocarditis: Enterococci account for approximately 5-15% of all cases infective 

endocarditis (Murray, 1990).  Common sources of infections are via genitourinary, biliary 

portals, and also in drug addicts.  

f) Rare enterococcal infections: Rare infections include meningitis in normal adults with 

some anatomic defects, prior neurosurgery or head trauma.  Enterococci are also seen 

unusually in respiratory tract infections.  



 34 

 

CONCLUSION 

The use of antimicrobial compounds in food animal production provides demonstrated 

benefits, including improved animal health, higher production, and reduction of foodborne 

pathogens.  The effect of these antimicrobials on the susceptibility of both commensal and food-

borne bacterial species is heavily debated and has potentially important ramifications for food 

safety.  The issues surrounding antibiotic resistance in bacteria of food animal origin are 

complex and of high relevance to industries, consumers, and health care providers.  Again, it is 

generally accepted that any antimicrobial use will be a selective pressure for antimicrobial 

resistance.  While the use of antibiotics in livestock is known to select for resistant bacteria, and 

impact of these organisms and the resistance genes they carry are not clearly understood.  In 

contrast to Europe, regulatory agencies in the United States and other countries have not imposed 

total ban on the nontherapeutic growth promoting use of antibiotics.  In United States, newer 

restrictions have focused on the withdrawal of antibiotics deemed critical for use in humans.  It is 

likely that both risks and benefits are realized in the use of antibiotics for food animal 

production.  Given that there is an increasing prevalence of antimicrobial resistance and that this 

resistance has clinical implications, thus need for mitigation efforts.  Such actions will require 

collaborative efforts by several partners, including the farming, veterinary, medical, and public 

health communities.  There is a need for enhanced surveillance for evaluating and directing the 

use of antimicrobials in animals.  Heavy metals, particularly copper and zinc are used in the diet 

of piglets as an alternative to antibiotics for growth promotion.  Copper is a very important 

nutrient for young weaned piglets, and assist in control of diarrhea during the first week of 

weaning.  A high dietary level of copper, as copper sulfate, is more often supplemented in the 
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diet of piglets for growth promotion purposes.  It should be noticed that a recent studies from 

Denmark has indicated that high dietary copper may result in microbial resistance.  Because in-

feed antimicrobials provide a continuous selective pressure, it is not unreasonable to believe they 

have an effect on the susceptibility of bacteria with which they associate.  Finding replacements 

for antimicrobial growth promoters and management changes will play a key role in maintaining 

animal productivity in their absence.  It is unlikely that single replacement will be found that will 

prove to be economically viable.  Also, we need to develop a better understanding of how 

bacteria acquire resistance, the importance of mutated strains, plasmids, integrons, clonality, etc.  

Trace amounts of antibiotics and or heavy metals could act as selection pressures for 

maintenance and co-transfer of antibiotic resistance genes.  Acquisition of antibiotic resistances 

through mechanisms of selective mutations and lateral gene transfer may be acting in concert 

with other natural mechanisms of genetic adaptations among diverse range of bacteria.    



 36 

 

REFERENCES 

Aarestrup, F. M. 2005.  Veterinary drug usage and antimicrobial resistance in bacteria of 

animal origin. Basic Clinical Phramacol. Toxicol. 96: 271-281.   

Aarestrup, F. M. 2006. The origin, evolution, and local and global dissemination of 

antimicrobial resistance. Pp. 341-346. In: Aarestrup, F. M (ed.): Antimicrobial resistance in 

bacteria of animal origin. ASM Press, Washington, DC.  

Aarestrup, F. M., and L. B. Jenser. 2007. Use of antimicrobials in food animal production. Pp. 

405-417.  In: Infectious diseases-Foodborne Diseases. S. Simjee (ed.). Humana Press Inc., 

Totowa, NJ.  

Aarestrup, F. M., A. M. Seyfarth, H. D. Emborg, K. Pedersen, R. S. Hendriksen, and F. 

Bager. 2001.  Effect of abolishment of the use of antimicrobial agents for growth promotion on 

occurrence of antimicrobial resistance in fecal enterococci from food animals in Denmark.  

Antimicrob. Agents Chemother. 45: 2054-2059.  

Abe, F., N. Ishibashi, and S. Shimamura. 1995. Effect of administration of bifidobacteria and 

lactic acid bacteria to newborn calves and piglets. J. Dairy Sci. 78: 2838-2846. 

Alliance of Prudent Use of Antibiotics. FAAIR Scientific advisory panel. 2002. The need to 

improve antimicrobial use in agriculture: select findings and conclusions. Clin. Infect. Dis. 34: 

S73-S75. 



 37 

Allos, B. M., M. R. Moore, P. M. Griffin, and R. V. Tauxe. 2004. Surveillance for sporadic 

foodborne disease in the 21st century: the FoodNet perspective. Clin. Infect. Dis. 15:S115-S120. 

Amabile-Cuevas, C. F. and M. Chicurel. 1992. Bacterial plasmids and gene flux. Cell. 70: 

189-199.  

Ammor, M. S., A. B. Florez, and B. Mayo. 2007. Antibiotic resistance in non-enterococcal 

lactic acid bacteria and bifidobacteria. Food Microbiol. 24: 559-570.  

Anderson, A. D., J. M. Nelson, S. Rossiter et al. 2003. Public health consequences of use of 

antimicrobial agents in food animals in United States. Microb. Drug Resist. 9: 373-379.  

Arnold, S., B. Gassner, T. Giger, R. Zwahlen. 2004. Banning antimicrobial growth promoters 

in feedstuffs does not result in increased therapeutic use of antibiotics in medicated feed in pig 

farming. Pharmacoepidemiol. Drug Safety. 13: 323-331.  

Baidoo, S. K., Y. G. Liu, and D. Yungblut. 1998. Effect of microbial enzyme supplementation 

on energy, amino acid digestibility, and performance of pigs fed hulless barley based diets. Can. 

J. Anim. Sci. 78: 625-631. 

Barber, R. S., R. Braude, K. G. Mitchell, and J. Cassidy. 1955. High copper mineral mixture 

for fattening pigs. Chem. Ind. 601-603.  

Barton, M. D. 2000.  Antibiotic use in animal feed and its impact on human health.  Nutrition 

Research Reviews.  13:279-299.  



 38 

Beard, S. J., R. Hashim, J. Membrillo-Hernandez, M. N. Hughes, and R. K. Poole. 1997. 

Zinc (II) tolerance in Escherichia coli K-12: evidence that zntA gene (o732) encodes a cation-

transport ATPase. Mol. Microbiol. 25: 883-891. 

Boerlin, P. and D. G. White. 2006. Antimicrobial resistance and its epidemiology. In S. 

Giguère, (ed.), Antimicrobial therapy in veterinary medicine, 4
th

 ed. Blackwell Publishing, 

Ames, IA. 

Bowland, J. P., R. Braude, A. G. Chamberlin, R. F. Glascock, and K. G. Mitchell. 1961. The 

absorption, distribution and excretion of labeled copper in young pigs given different quantities 

as sulphate or sulphide, orally or intravenously. Br. J. Nutr. 15: 59-72.  

Box, A. T., D. J. Mevius, P. Schellen, J. Verhoef, and A. C. Fluit. 2005. Integrons in 

Escherichia coli from food-producing animals in the Netherlands.  Microb. Drug Resist. 11: 53-

57.  

Braude, R. 1967. Copper as a stimulant in pig feeding. World Rev. Anim. Prod. 3: 69-82. 

Brown, N. L., S. R. Barret, J. Camakaris, B. T. Lee, and D. A. Rouch. 1995. Molecular 

genetics and transport analysis of the copper-resistance determinants (pco) from Escherichia coli 

plasmid pRJ1004. Mol. Microbiology 17: 1153-1166.   

Carlson, M. S., G. M. Hill, J. E. Link, G. A. McCully, D. W. Rozeboom, and R. L. Weavers. 

1995. Impact of zinc oxide and copper sulfate supplementation on the newly weaned pig. J. 

Anim. Sci. 73(S): 72.  



 39 

Chae, B. J., I. K. Han, J. H. Kim, C. J. Yang, J. D. Hancock, I. H. Kim, and D. A. 

Anderson. 1999. Effects of dietary protein sources on ileal digestibility and growth performance 

for early weaned pigs.  Livestock Prod. Sci. 58:45-54. 

Chee-Sanford, C. J., R. I. Mackie, S. Koike, I. G. Krapac, Y. F. Lin, A. C. Yannarell, S. 

Maxwell, and R. I. Aminov. 2009. Fate and transport of antibiotic residues and antibiotic 

resistance genes following land application of manure waste. J. Environ. Qual. 38: 1086- 1108. 

Choudhury, R., and S. Srivatsava. 2001. Zinc resistance mechanisms in bacteria. Current 

Science. 81: 768-775.  

Coffey, R. D. and G. L. Cromwell. 1995. The impact of environment and antimicrobial agents 

on the growth response of early weaned pigs to spray dried porcine plasma. J. Anim. Sci. 

73:2532-2539. 

Cooksey, D. A. 1994. Molecular mechanisms of copper resistance and accumulation in bacteria. 

FEMS Microbiol. Rev. 14:381-386.  

Courvalin, P.  1994.  Transfer of antibiotic resistance genes between gram-positive and gram-

negative bacteria.  Antimicrob. Agents Chemother.  38:1447-1451. 

Cromwell, G. L., H. J. Monegue, and T. S. Stahly. 1989. Effects of source and level of copper 

on performance and liver copper stores in weanling pigs. J. Anim. Sci. 67: 2996-3002.  

Cromwell, G. L., M. D. Lindemann, H. J. Monegue, D. D. Hall, and D. E. Orr, Jr. 1998. 

Tribasic copper chloride and copper sulfate as copper sources for weanling pigs. J. Anim. Sci. 

76: 118-123.  



 40 

Cromwell, G. L. 2001.  Antimicrobial and promicrobial agents. Pp. 401-426.  In: A. J. Lewis 

and L. Southern (ed.) Swine nutrition. 2
nd

 ed. CRC Press, Boca Raton, FL.   

DANMAP (Danish Integrated Antimicrobial Resistance Monitoring and Research 

Program). Use of antimicrobial agents and occurrence of antimicrobial resistance in bacteria 

from food animals, foods and humans in Denmark. 2005. Available at 

www.danmap.org/pdfFiles/Danmap_2005.pdf.  

Davies, J. E. 1997. Origins acquisition and dissemination of antibiotic resistance determinants, 

p. 27-34. In: Antibiotic resistance origins, evolution, selection and spread. CIBA foundation, 

John Wiley and Sons, New York.  

Depardieu, F., I. Podglajen, R. Leclercq, E. Collatz and P. Courvalin.  2007.  Modes and 

modulations of antibiotic resistance gene expression.  Clin. Microbiol. Rev.  20:79-114. 

Diels, L., Q. Dong, D. van der Lelie, W. Baeyens, and M. Mergeay. 1995. J. Ind. Microbiol.  

14: 142-153. 

Doucet-Populaire, F., P. Trieu-Cuot, A. Andremont and P. Courvalin.  1992.  Conjugal 

transfer of plasmid DNA from Enterococcus faecalis to Escherichia coli in digestive tracts of 

gnotobiotic mice.  Antimicrob. Agents Chemother.  36:502-504. 

Dritz, S. S., M. D. Tokach, R. D. Goodband, and J. L. Nelssen.  2002. Effects of 

administration of antimicrobials in feed on growth rate and feed efficiency of pigs in multisite 

production systems. J. Am. Vet. Med. Assoc. 11: 1690-1695.  

http://www.danmap.org/pdfFiles/Danmap_2005.pdf


 41 

Dunning, J. C., Y. Ma, and R. E. Marquis. 1998. Anaerobic killing of oral streptococci by 

reduced, transition metal cations. Appl. Environ. Microbiol. 64: 27-33. 

Edmonds, M. S., O. A. Izquiredo, and D. H. Baker. 1985. Feed additive studies with newly 

weaned pigs: Efficacy of supplemental copper, antibiotics, and organic acids. J. Anim. Sci. 60: 

462-469. 

Facklam, R. R., and J. A. Elliot. 1995. Identification, classification, and clinical relevance of 

catalase-negative, gram-positive cocci, excluding the streptococci and enterococci. Clin. 

Microbiol. Rev. 8:479-495.  

Facklam, R. R., M. S. Carvalho, and L. M. Teixeira. 2002. History, taxonomy, biochemical 

characteristics, and antibiotic susceptibility testing of enterococci. Pp. 1-56. In: Gilmore, M.S. 

(ed.): The Enterococci: Pathogenesis, Molecular biology, and Antibiotic resistance. ASM Press, 

Washington, DC.  

Ferber, D. 2003. Antibiotic resistance – WHO advises kicking the livestock antibiotic habit.  

Science. 301: 1027.  

Fuller, R., L. G. M. Newland, C. A. E. Briggs, R. Braude, and K. G. Mitchell. 1960. The 

normal intestinal flora of pig. IV. The effect of dietary supplements of penicillin, 

chlortetracycline or copper sulfate on the fecal flora. J. Appl. Bacteriol. 23: 195-205. 

Gedek, B., F. X. Roth, M. Kirchgesser, S. Wiehler, A. Bott, and U. Eidelsburger. 1992. 

Influence of fumaric acid, hydrochloric acid, sodium formate, tylosin, and toyocerin on the 

microflora in different segments of gastrointestinal tract. Investigations about the nutritive 

efficacy of organic acids in the rearing of piglets. J. Anim. Physiol. Anim. Nutr. 68: 209-217.  



 42 

Giguère, S. 2006. Antimicrobial drug action and interaction: an introduction.  In S. Giguère, 

(ed.), Antimicrobial therapy in veterinary medicine, 4
th

 ed. Blackwell Publishing, Ames, IA. 

Gilotra, U., and S. Srivatsava. 1997.  Plasmid encoded sequestration of copper by 

Pseudomonas pickettii strain US 321. Curr. Microbiol. 34: 378-381. 

Gould, I. M. 2002. Antibiotic policies and control of resistance. Curr. Opin. Infect. Dis. 15: 395-

400.  

Graninger, W., and R. Ragette. 1992. Nosocomial bacteremia due to Enterococcus faecalis 

without endocarditis. Clin. Infect. Dis. 12: 49-67. 

Grass, G. and C. Rensing. 2001. CueO is a multi copper oxidase that confers copper tolerance 

in Escherichia coli.  Biochem. Biophys. Res. Commun. 286:902-908.  

Guardabassi, L. and P. Courvalin. 2006. Modes of antibacterial action and mechanisms of 

bacterial resistance. Pp. 1-18.  In: Aarestrup, F. M (ed.): Antimicrobial resistance in bacteria of 

animal origin. ASM Press, Washington, DC. 

Gupta, S. D., B. T. Lee, J. Camakaris, and H. C. Wu. 1995. Identification of cutC and cutF 

(nlpE) genes involved in copper tolerance in Escherichia coli. J. Bacteriol. 177:4207-4215.  

Gustafson, R. H., and R. E. Bowen. 1997.  Antibiotic use in animal agriculture. J. Appl. 

Microbiol. 83: 531-541.  

H jberg, O., N. Canibe, H. D. Poulsen, M. S. Hedemann, and B. B. Jensen. 2005. Influence 

of dietary zinc oxide and copper sulfate on the gastrointestinal ecosystem in newly weaned 

piglets. Appl. Environ. Microbiol. 71: 2267-2277.  



 43 

Hahn, J. D., and D. H. Baker. 1993. Growth and plasma zinc responses of young pigs fed 

pharmacologic levels of zinc. J. Anim. Sci. 71: 3020-3024.  

 Hasman, H. 2005.  The tcrB gene is part of the tcrYZAB operon conferring copper resistance in 

Enterococcus faecium and Enterococcus faecalis. Microbiology. 151: 3019-3025.  

Hasman, H. and F. M. Aarestrup. 2002. tcrB, a gene conferring transferable copper resistance 

in Enterococcus faecium: occurrence, transferability, and linkage to macrolide and glycopeptides 

resistance. Antimicrob. Agents Chemother. 46: 1410-1416.  

Hasman, H., S. Franke, and C. Rensing. 2006. Resistance to metals used in agriculture 

production: p 99-114. In: F. Aarestrup, (ed.), Antimicrobial Resistance in Bacteria of Animal 

Origin. ASM Press, Washington, DC.   

Hayes, J. R., L. L. English, L. E. Carr, D. D. Wagner, and S. W. Joseph. 2004. Multiple 

antibiotic resistance of Enterococcus spp. Isolated from commercial poultry production 

environments. Appl. Environ. Microbiol. 70: 6005-6011.  

Hill, G. M., P. K. Ku, E. R. Miller, D. E. Ullrey, T. A. Losty, and B. L. O’Dell. 1983. A 

copper deficiency in neonatal pigs induced by a high zinc maternal diet. J. Nutr. 113: 867-872.  

Hill, G. M., G. L. Cromwell, T. D. Crenshaw, R. C. Ewan, D. A. Knabe, A. J. Lewis, D. C. 

Mahan, G. C. Shurson, L. L. Southern, and T. L. Veum. 1996. Impact of pharmacological 

intakes of zinc and (or) copper on performance of weanling pigs. J. Anim. Sci. 74(S): 181.  

Hunter, J. E., M. Bennett, C. A. Hart, J. C. Shelley, and J. R. Walton. 1994. Apramycin 

resistant Escherichia coli isolated from pigs and a stockman. Epidemiol. Infect. 112: 473-480.  



 44 

Huycke, M. M., D. F. Sahm, and M. S. Gilmore. 1998. Multiple-drug resistant enterococci: the 

nature of the problem and an agenda for the future. Emerg. Infect. Dis. 4:50-61.  

Institute of Medicine. 2003. Microbial threats to health: emergence, detection, and response. 

National Academic Press, Washington, DC. Available: http://www.nap.edu. 

Jacobsen, L., A. Wilcks, K. Hammer, G. Huys, D. Gevers and S. R. Andersen.  2007.  

Horizontal transfer of tet(M) and erm(B) resistance plasmids from food strains of Lactobacillus 

plantarum to Enterococcus faecalis JH2-2 in the gastrointestinal tract of gnotobiotic rats.  FEMS 

Microbiol. Ecol.  59:158-166. 

Jensen, B. B. 1998. The impact of feed additives on the microbial ecology of the gut in young 

pigs.  J. Anim. Feed. Sci. 7: 45-64.  

Ji, G., and S. Silver. 1995. Bacterial resistance mechanisms for heavy metals of environmental 

concern.  J. Ind. Microbiol. 14: 61-75.  

Jukes, T. H., E. L. R. Stokstad, R. R. Taylor, T. J. Combs, H. M. Edwards, and G. B. 

Meadows. 1950. Growth promoting effect of aureomycin on pigs. Arch. Biochem. 26: 324-330.  

Kak, V., and J. W. Chow. 2002. Acquired antibiotic resistance in enterococci. Pp. 355-383.  In: 

Gilmore, M.S. (ed.): The Enterococci: Pathogenesis, Molecular biology, and Antibiotic 

resistance. ASM Press, Washington, DC.  

Kavanagh, N. T. 1992. The effect of feed supplemented with zinc oxide on the performance of 

recently weaned pigs. Pp. 616.  In: 12
th

 Proc. Internat. Pig Veterinary Soc. Congr.  

http://www.nap.edu/


 45 

Kayser, F. H. 2003. Safety aspects of enterococci from the medical point of view. Int. J of Food 

Microbiol. 88: 255-262. 

Kellogg, T. F., V. W. Hays, D. V. Carton, L. Y. Quinn, and V. C. Speer. 1964. Effect of 

dietary chemotherapeutics on the performance and fecal flora of baby pigs. J. Anim. Sci. 25: 

1102-1106. 

Klein, G. 2003. Toxonomy, ecology and antibiotic resistance of enterococci from food and the 

gastrointestinal tract. Int. J. Food Microbiol. 88: 123-131. 

Kuhlbrandt, W. 2004. Biology, structure and mechanism of P-type ATPases.  Nat. Rev. 

Mol.Cell Biol. 5: 282-295. 

Le Floch, N., C. Jondreville, J. J. Matte, and B. Seve. 2006. Importance of sanitary 

environment for growth performance and plasma nutrient homeostasis during the post-weaning 

period in piglets. Arch. Anim. Nutr. 60: 23-34.  

Leclercq, R. and P. Courvalin.  1991.  Bacterial resistance to macrolide, lincosamide, and 

streptogramin antibiotics by target modification.  Antimicrob. Agents Chemother.  35:1267-

1272. 

Li, X., J. Yin, D. Li, X. Chen, J. Zang, and X. Zhou. 2006. Dietary supplementation with zinc 

oxide increases IGF-I and IGF-I receptor gene expression in the small intestine of weaning 

piglets. J. Anim. Sci. 84: 74-75.  



 46 

Lillie, R. J., and L. T. Forbish. 1978. Effect of copper and iron supplements on performance 

and hematology of confined sows and their progeny through four reproductive cycles. J. Anim. 

Sci. 46: 678-685.  

Lipsitch, M., R. S. Singer, and B. R. Levin. 2002.  Antibiotics in agriculture: when is it time to 

close the barn door? Proc. Natl. Acad. Sci. USA. 99: 5752-5754.  

Livermore, D. M. 2003. Bacterial resistance: origins, epidemiology, and impact.  Clin. Infect. 

Dis. 36: S11-S23.  

Lu, Z. H., and M. Solioz. 2002. Bacterial copper transport. Adv. Protein Chem. 60: 93-121.  

Lutsenko, S., and J. H. Kaplan. 1995. Organization of P-type ATPases: significance of 

structural diversity. Biochemistry. 34: 15607-15613.  

MacKinnon, J. D. 1987.  The role of growth promoters in pig production. Pig Vet. Soc. Proc. 

17: 69-100. 

MacKinnon, J. D. 1993. The proper use and benefits of veterinary antimicrobial agents in swine 

practice.  Vet. Microbiol. 35: 357-367.  

Magnani, D., and M. Solioz. 2005. Copper chaperone cycling and degradation in the regulation 

of the cop operon of Enterococcus hirae. BioMetals. 18: 407-412.  

Mago, R., and S. Srivatsava. 1994. Uptake of zinc in Pseudomonas sp. Strain UDG26. Appl. 

Environ. Microbiol. 60: 2367-2370. 



 47 

Malani, P. N., C. A. Kauffman, and M. J. Zervos. 2002. Enterococcal disease, epidemiology, 

and treatment. Pp. 385-408. In: Gilmore, M.S. (ed.): The Enterococci: Pathogenesis, Molecular 

biology, and Antibiotic resistance. ASM Press, Washington, DC.  

Mathew, A. G., M. A. Beckmann, A. M. Saxton. 2001. Comparison of antibiotic resistance in 

bacteria isolated from swine herds in which antibiotics were used or excluded. J. Swine Health 

Prod. 9: 125-129. 

Mathew, A. G., R. Cissell, and S. Liamthong.  2007. Antibiotic resistance in bacteria 

associated with food animals: A United States perspective of livestock production. Foodborne 

Patho. Dis. 4: 115-133.  

Mathew, A. G., K. N. Garner, P. D. Ebner, A. M. Saxton, R. E. Clift, and S. Liamthong. 

2005.  Effects of antibiotic use in sows on resistance of E. coli and Salmonella enterica 

Typhimurium in their offspring.  Food borne Patho. Dis. 2: 212-220.  

McEwen, S. A. and P. J. Fedorka-Cray. 2002.  Antimicrobial use and resistance in animals. 

Clin. Infect. Dis. 34: S93-S106.  

Mead, P.S., L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresse, C. Shapiro, P. M. Griffin, and 

R. V. Tauxe. 1999. Food-related illness and death in the United States. Emerg. Infect. Dis. 5: 

607-625. 

Mellano, M. A. and D. A. Cooksey. 1988. Nucleotide sequence and organization of copper 

resistance genes form Pseudomonas syringae pv. tomato. J. Bacteriol. 170: 2879-2893.  



 48 

Miller, E. R., H. D. Stowe, P. K. Ku, and G. M. Hill. 1979. Copper and zinc in swine nutrition, 

pp. 109 in National Feed Ingredients Association Literature Review on Copper and zinc in 

Animal Nutrition. West Des Moines, Iowa: National Feed Ingredients Association. 

Miller, E. R., M. J. Parsons, D. E. Ullrey, and P. K. Ku. 1991. Bioavailability of iron from 

ferric choline citrate and a ferric copper cobalt choline citrate complex for young pigs. J. Anim. 

Sci. 52: 783-787. 

Moellering, R. C. Jr. 2000. Enterococcus species, Sterptococcus bovis, and Leuconostoc 

species. Pp. 2147-2156. In: Mandell, G. L., J. E. Bennett, R. Dolin (ed.). Mandell, Oouglas and 

Bennett‟s. Principles and practice of infectious diseases. 5
th 

Ed. Churchill Livingstone, New 

York.  

Moore, P. R., A. Evenson, T. D. Luckey, E. McCoy, E. A. Elvehjem, and E. B. Hart. 1946.  

Use of sulphasuccidine, streptothricin and streptomycin in nutrition studies with the chick. J. 

Biol. Chem. 165: 437-441.  

Munson, G. P., D. L. Lam, F. W. Outten, and T. V. O’Halloran. 2000. Identification of a 

copper responsive two component system on the chromosome of Escherichia coli K-12.  J. 

Bacteriol. 182: 5864-5871. 

Murray, B. E. 1990. The life and times of Enterococcus. Clin. Microbiol. Rev. 3: 46-65. 

National Nosocomial Infections Surveillance System (NNISS). 1999. Data summary from 

January 1990-May 1999. Am. J. Infect. Control. 27:520-532. 



 49 

NRC. Nutrient requirements of swine. 1998. In: 10
th

 Ed. The National Academic Press, 

Washington, DC.  

National Research Council (NRC). 1999. The use of drugs in food animals: benefits and risks. 

The National Academic Press, Washington, DC.  

National Research Council (NRC). 2005. Mineral tolerance of animals. The National 

Academic Press, Washington, DC.  

 Nies, D. H. 1992.  CzcR and CzcD, gene products affecting regulation of resistance to cobalt, 

zinc, and cadmium (czc system) in Alcaligenes eutrophus. J. Bacteriol. 174: 8102-8110. 

Nies, D. H. 1999. Microbial heavy metal resistance. Appl. Microbiol. Biotechnol. 51: 730-750. 

Nies, D. H. 2000. Heavy metal resistant bacteria as extremophiles: molecular physiology and 

biotechnological use of Ralstonia sp. CH34. Extremophiles. 2: 77-82.  

Nies, D. H., and S. Silver. 1995. Ion efflux systems involved in bacterial metal resistances. J. 

Indust. Microbiol. 14: 186-199.  

Odermatt, A., and M. Solioz. 1995. Two trans-acting metalloregulatory proteins controlling 

expression of the copper-ATPases of Enterococcus hirae. J. Biol. Chem. 270: 4349-4354.  

Odermatt, A., H. Sutter, R. Krapf, and M. Solioz. 1993. Primary structure of two P-type 

ATPases involved in copper homeostasis in Enterococcus hirae. J. Biol. Chem. 268: 12775-

12779.  

Okonkwo, A. C., P. K. Ku, E. R. Miller, K. K. Keahey, and D. E. Ullrey. 1979. Copper 

requirement of baby pigs fed purified diets. J. Nutr. 109: 939-948.  



 50 

Outten, F. W., C. E. Outten, J. Hale, and T. V. O’Halloran. 2000. Transcriptional activation 

of an Escherichia coli efflux pump regulon by the chromosomal MerR homologue, cueR. J. Biol. 

Chem. 275:31024-31029. 

Overland, M., T. Granli, N. P. Kjos, O. Fjetland, S. H. Steien, and M. Stokstad. 2000. Effect 

of dietary formates on growth performance, carcass traits, sensory quality, intestinal microflora, 

and stomach alterations in growing finishing pigs. J. Anim. Sci. 78: 1875-1884.  

Pedersen, P. L., and E. Carafoli. 1987. Ion motive ATPases. I. Ubiquity, properties, and 

significance to cell function. Trends Biochem. Sci. 12: 146-150.  

Pena, M. M., J. Lee, and D. J. Thiele. 1999. A delicate balance: homeostatic control of copper 

uptake and distribution. J. Nutr. 129:1251-1260. 

Poole, K.  2005.  Efflux-mediated antimicrobial resistance.  J. Antimicrob. Chemother.  56:20-

51. 

Poulsen, H. D. 1989. Zinc oxide for weanling piglets. Acta. Agric. Scand. 45: 159-167. 

Prescott, J. F. 2000.  Antimicrobial drug resistance and epidemiology.  Pp. 27-49. In: Prescott, 

J. F., J. D. Baggot, and R. D. Walker (ed.), Antimicrobial therapy in Veterinary Medicine . Iowa 

state university press, Ames, IA. 

Rapisarda, V. A., L. R. Montelongo, R. N. Farias, and E. M. Massa. 1999. Characterization 

of an NADH-linked cupric reductase activity from the Escherichia coli respiratory chain. Arch. 

Biochem. Biophys. 370:143-150. 



 51 

Rensing, C., B. Fan, R. Sharma, B. Mitra, and B. P. Rosen. 2000. CopA: An Escherichia coli 

Cu (I) translocating P-type ATPases. Proc. Natl. Acad. Sci. USA. 97:652-656.  

Roof, M. D., and D. C. Mahan. 1982. Effect of carbadox and various dietary copper levels for 

weanling swine. J. Anim. Sci. 55: 1109-1117.  

Rouch, D. A. and N. L. Brown. 1997. Copper inducible transcriptional regulation at two 

promoters in the Escherichia coli copper resistance determinant pco. Microbiology. 143: 1191-

1202.  

Rouch, D. A., B. T. O. Lee, and A. P. Morby. 1995.  Understanding cellular responses to toxic 

agents: a model for mechanism-choice in bacterial metal resistance. J. Ind. Microbiol. 14: 132-

141. 

Schaberg, D. R., D. H. Culver, and R. P. Gaynes. 1991. Major trends in microbial etiology of 

nosocomial infection. Am. J. of Med. 91 (Suppl. 3B): 72S-75S. 

Schwarz, S. and E. Chaslus-Dancla.  2001.  Use of antimicrobials in veterinary medicine and 

mechanisms of resistance.  Vet. Res.  32:201-225. 

Schwarz, S., A. Cloeckaert, and M. C. Roberts. 2006. Mechanisms and spread of bacterial 

resistance to antimicrobial agents. Pp. 73-98. In: F. Aarestrup, (ed.), Antimicrobial Resistance in 

Bacteria of Animal Origin. ASM Press, Washington, DC.   

Shurson, G. C., P. K. Ku, G. L. Waxler, M. T. Yokoyama, and E. R. Miller. 1990. 

Physiological relationships between microbiological status and dietary copper levels in the pig. J. 

Anim. Sci. 68: 1061-1071.  



 52 

Silver, S. and L. T. Phung. 1996. Bacterial heavy metal resistance: new surprises. Annu. Rev. 

Microbiol. 50:753-789.  

Simjee, S., L. B. Jensen, S. M. Donabedian, and M. J. Zervos. 2006. Enterococcus. Pp. 315-

328. In: Aarestrup, F. M. (ed.). Antimicrobial resistance in bacteria of animal origin. ASM Press, 

Washington, DC.  

Solioz, M., A. Odermatt, and R. Krapf. 1994. Copper pumping ATPases: common concepts in 

bacteria and man. FEBS Lett. 346: 44-47. 

Solioz, M., and C. Vulpe. 1996.  CPx-type ATPases: a class of P-type ATPases that pump 

heavy metals. Trends Biochem. Sci. 21: 237-241.  

Solioz, M., and J. V. Stoyanov. 2003. Copper homeostasis in Enterococcus hirae. FEMS 

Microbiol. Rev. 27: 183-195.  

Stahly, T. S., C. L. Cromwell, and H. J. Monegue. 1980. Effects of the dietary inclusion of 

copper sources on performance of nursery and growing pigs. J. Anim. Sci. 51: 1347-1351.  

Teuber, M., L. Meile, and F. Schwarz.  1999.  Acquired antibiotic resistance in lactic acid 

bacteria from food.  Antonie van Leeuwenhoek.  76:115-137.  

Toomey, N., A. Monaghan, S. Fanning, and D. J. Bolton. 2009. Assessment of antimicrobial 

resistance transfer between lactic acid bacteria and potential foodborne pathogens using in vitro 

methods and mating in a food matrix. Foodborne Pathog. Dis. 6: 925-933.  

Treitman, A.N., P. R. Yarnold, J. Warren, and G. A. Noskin. 2005. Emerging incidence of 

Enterococcus faecium among hospital isolates (1993 to 2002). J. Clin. Microbiol. 43: 462-463.  



 53 

Trenor, C., III, W. Lin, and N. C. Andrews. 1994. Novel bacterial P-type ATPases with 

histidine rich heavy metal associated sequences. Biochem. Biophys. Res. Commun. 205: 1644-

1650.  

Underwood, E. J. and N. F. Suttle. 1999. The mineral nutrition of livestock, 3
rd

 edition. CABI 

Publishing, New York, NY.  

USDA-NAHMS (United States Department of Agriculture-National Animal Health Monitoring 

Service).  Part IV: Antimicrobial Use on U. S. Dairy Operations, 2002 USDA: APHIS: VS: 

CEAH, National Animal Health Monitoring System, Fort Collins, CO. 2005.  

van den Bogaard, A. E.  1993. A veterinary antibiotic policy: a personal view on the 

perspectives in the Netherlands. Vet. Microbiol. 35: 303-312. 

Viola, C. and S. J. DeVincent. 2006. Overview of issues pertaining to manufacture, 

distribution, and use of antimicrobials in animals and other information relevant to animal 

antimicrobial use data collection in the United States. Prev. Vet. Med. 73: 111-131.  

Walsh, C.  2003.  Antibiotics: actions, origins, resistance. ASM Press, Washington, DC. 

Weisblum, B.  1995.  Erythromycin resistance by ribosome modification.  Antimicrob. Agents 

Chemother.  39:577-585.           

WHO: World Health Organization. 1997.  The medical impact of the use of antimicrobials in 

food animals: Report and proceedings of a WHO meeting. Berlin. Germany, October 13-17, 

1997. 



 54 

WHO: World Health Organization. 1999. Containing antimicrobial resistance: review of the 

literature and report of a WHO workshop on the development of a global strategy for the 

containment of antimicrobial resistance. Geneva, Switzerland, February 4-5, 1999. 

WHO: World Health Organization. 2000. WHO Global principles for the containment of 

antimicrobial resistance in animals intended for food: Report of a WHO consultation. Geneva, 

Switzerland, June 5-9, 2000. 

Witte, W. 2000. Selective pressure by antibiotic use in livestock. Int. J. Antimicrob. Agents. 16: 

S19-S24.  

Wunderli-Ye, H., and M. Solioz. 1999. Copper homeostasis in Enterococcus hirae. Adv. Exp. 

Med. Biol. 448: 255-264.  

Yoshida, Y., S. Furuta, and E. Niki. 1993. Effects of metal chelating agents on the oxidation of 

lipids induced by copper and iron. Biochem. Biophys. Acta. 1210: 81-88.  

Zhao, J., A. F. Harper, M. J. Estienne, K. E. Webb, A. P. McElroy, and D. M. Denbow. 

2007. Growth performance and intestinal morphology responses in early weaned pigs to 

supplementation of antibiotic-free diets with an organic copper complex and spray-dried plasma 

protein in sanitary and non sanitary environments. J. Anim. Sci. 85: 1302-1310. 



 55 

CHAPTER 2 - Occurrence of tcrB, a Transferable Copper Resistance 

Gene, in Fecal Enterococci of Swine 

ABSTRACT 

High concentration of copper, fed as copper sulfate, is often used to increase growth rates in 

swine.  Bacteria exposed to copper may acquire resistance, and in Enterococcus faecium and E. 

faecalis, a plasmid-borne transferable copper resistance (tcrB) gene that confers copper 

resistance has been reported.  Our objectives were to determine the occurrence of tcrB in fecal 

enterococci from weaned piglets fed diets with normal supplemental (16.5 ppm) or elevated 

supplemental level (125 ppm) of copper and to determine the association of tcrB with copper, 

erythromycin, and vancomycin resistance.  A total of 323 enterococcal isolates were examined 

and 15 (4.6%) isolates (14 E. faecium and 1 E. faecalis) were positive for tcrB.  Fifteen tcrB-

positive and 15 randomly chosen tcrB-negative isolates from piglets fed normal supplemental 

level of copper were tested for erm(B), tet(M), vanA and vanB genes and susceptibilities to 

copper, erythromycin, tetracyclines, and vancomycin.  All tcrB-positive and -negative isolates 

contained erm(B) and tet(M), but not vanA and vanB.  The mean MIC of copper for tcrB-positive 

(21.1 mM) was higher (P < 0.001) compared to tcrB-negative isolates (6.1 mM).  All isolates 

were resistant to erythromycin, tetracyclines and susceptible to vancomycin.  The transferability 

of the tcrB gene from tcrB-positive strains to tcrB-negative strains was demonstrated by 

conjugation.  The potential link between tcrB and antibiotic resistance genes and the propensity 

of enterococci to transfer tcrB to other strains raises the possibility that copper supplementation 

may exert selection pressure for antibiotic resistant enterococci.  This study is the first report on 

the occurrence of tcrB gene in enterococci isolated from swine in the U. S. 
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INTRODUCTION 

Copper is an essential trace element for all living organisms, required for vital biological 

functions of cells (Krupanidhi et al., 2008).  Copper, as copper sulfate, is supplemented in swine 

diets, at concentrations of 100-250 ppm, to reduce mortality and morbidity associated with 

bacterial enteric infections, particularly in piglets, and for growth promotion (NRC, 1998).  One 

of the potential mechanisms of growth promotional effects of copper is believed to be similar to 

that of antibiotics in that gut microbial flora are altered to reduce fermentation loss of nutrients 

and suppress pathogens (H jberg et al., 2005).  Copper is highly reactive and toxic to cells 

because of their ability to generate intracellular superoxide or reactive oxygen radicals 

(Macomber and Imlay, 2009).  Therefore, it is critical for a cell to regulate intracellular copper 

concentration.  Bacteria utilize several mechanisms to regulate the intracellular copper 

concentration.  Generally, copper homeostasis in a cell is regulated at three levels, influx, 

intracellular distribution and efflux (Reyes et al., 2008).  The homeostatic mechanism is 

mediated mainly by the action of active efflux systems, which remove copper ion from the cell.   

Copper homeostasis in gram positive bacteria, well documented in Enterococcus hirae, is 

mediated by a group of membrane spanning proteins, called CPx-ATPases, which are encoded 

by four genes in an operon, called cop YZAB (Solioz and Stoyanov, 2003).  The copA and copB 

encode for ATPases, which are responsible for influx and efflux of copper, respectively.  The 

copZ encodes a copper chaperone and copY acts as copper responsive repressor (Solioz and 

Stoyanov, 2003).  Acquired copper resistance has been reported in gram negative bacteria, such 

as Escherichia coli and Pseudomonas syringae (Brown et al., 1995), and in certain gram positive 

bacteria, Enterococcus hirae, Bacillus subtilis, and Lactococcus lactis, (Solioz et al., 2010; 
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Hasman and Aarestrup, 2002; Leelawatcharamas et al., 1997).  A copper resistance gene, 

designated as transferable copper resistance gene or tcrB, that confers copper resistance has been 

identified in E. faecium, E. faecalis, E. gallinarum, E. casseliflavus, and E. mundtii (Hasman and 

Aarestrup, 2002; Hasman et al., 2006b).  The tcrB gene, harbored on a plasmid (Hasman et al., 

2006b), is homologous to copB of copYZAB operon, and encodes a putative protein belonging to 

the CPx-type ATPase family (Hasman, 2005).  Interestingly, the plasmid also carried genes, 

erm(B) and vanA, that encode resistance to macrolides and glycopeptides, respectively (Hasman 

and Aarestrup, 2002; Hasman et al., 2006 b), suggesting a potential linkage of copper resistance 

to antibiotic resistance.  Because tcrB in enterococci has only been reported in Europe, we 

conducted a study to determine the occurrence of tcrB in fecal enterococcal isolates of piglets 

supplemented with elevated levels of copper and relate tcrB to phenotypic susceptibilities to 

copper, erythromycin, and vancomycin.  Also, the transferability of tcrB from tcrB-positive to 

tcrB-negative enterococci strains was determined by conjugation (in vitro).  
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MATERIALS AND METHODS 

Animals, experimental design and sampling  

The use of animals and the experimental procedure followed were approved by the Kansas 

State University Animal Care and Use Committee.  Fecal enterococci for this study were 

obtained from weaned piglets fed diets supplemented with or without elevated supplemental 

level of copper supplied by copper sulfate.  The study was designed and conducted to assess the 

performance benefits of supplementation of copper, zinc or antibiotics.  One hundred and fifty 

weaned pigs (21 days old with an average body weight of 6.0 ± 1.0 kg) were randomly allocated 

to one of five dietary treatments.  The five dietary treatments were: basal diet with 16.5 ppm of 

supplemental copper and 165 ppm of supplemental zinc (control), basal diet supplemented with 

125 ppm of copper provided by copper sulfate (copper group), basal diet supplemented with 

3,000 ppm of zinc provided by zinc oxide (zinc group), basal diet supplemented with 125 ppm 

copper and 3,000 ppm of zinc (copper and zinc group), and basal diet supplemented with 

neomycin sulfate and oxytetracycline (Neo/Oxy 10/10; Penfield Animal Health, Omaha, NE; 

antibiotic group) at 55 mg/kg of feed (1:1).  In treatment groups that were supplemented with 

zinc (zinc and copper and zinc groups), the level of zinc supplementation was reduced from 

3,000 to 2,000 ppm after 14 days (Smith et al., 1997).  The levels of copper and zinc 

supplemented in the basal diet are typical supplementation rates provided in nursery diets to meet 

the nutrient needs of the piglets.  The basal diet consisted of corn, soybean meal, and vitamins, 

amino acids, and trace mineral supplements, and piglets were housed in an environmentally 

controlled nursery facility.  Each dietary treatment group had a total of 30 piglets assigned to 6 

pens with 5 piglets per pen.  Each pen contained a four-hole, dry, self feeder and a nipple water 
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to provide ad libitum access to feed and water.  Pens had wire-mesh floor and that allowed for 

0.3 m2 per piglet.  Piglets were fed the treatment diets for 5 weeks.  During each week of the 

study, fecal samples were obtained from three randomly selected piglets per pen and the samples 

were transported on ice immediately to the laboratory. 

Isolation and identification of enterococci  

All culture media used in the study were from Difco (Becton and Dickson, Sparks, MD).  

Fecal samples were diluted (approx. 1 g in 10 ml) in phosphate buffered saline and 50 µl of the 

suspension was spread-plated onto M-Enterococcus agar.  After 24 h incubation at 37°C, two 

colonies (pin-point red, pink or metallic pink) were picked, streaked on blood agar plates and 

incubated overnight at 37°C.  For the genus confirmation, isolates were inoculated into 100 µl 

Enterococcosel broth in a 96-well microtiter plate (Becton and Dickinson, Franklin Lakes, NJ), 

incubated at 37° C for 4 h, and tested for esculin hydrolysis, followed by testing with the API 20 

Strep kit (bioMérieux®, Durham, NC).  Isolates confirmed as enterococci were stored in protect 

beads (Cryo-Vac®, Round Rock, TX) at -80ºC until further use. 

PCR for detection of the tcrB gene 

The tcrB gene in enterococcal isolates was detected by the procedure described by Hasman et 

al. (2006 b).  For DNA extraction, each isolate from the protect bead was streaked on a blood 

agar plate and a single colony was suspended in nuclease free water with Chelex® 100 Resin 

(Bio-Rad Laboratories, Hercules, CA) and boiled for 10 min.  The primers (Table 2.1) for the 

PCR reaction were supplied by Integrated DNA Technologies (IDT, Coralville, IA).  One of the 

two tcrB-positive E. faecium strains obtained from Denamrk (7430275-4 or 7430162-6) served 

as a positive control.   
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Speciation of enterococci 

Species identification of tcrB-positive and an equal number of tcrB-negative enterococcal 

isolates, randomly chosen from the control group, were performed by a multiplex PCR that 

identifies E. faecium, E. faecalis, E. gallinarum and E. casseliflavus (Jackson et al., 2004 a).  

Additionally, superoxide dismutase (sodA) gene sequence analysis (Poyart et al., 2000) was used 

for confirmation of species.  The DNA of the isolates was extracted as described above.  Master 

mixes, primers (Table 1) and running conditions for the multiplex PCR were as described by 

Jackson et al. (2004 a).  The ATCC strains of E. faecium (ATCC 19434), E. faecalis (ATCC 

19433), E. gallinarum (ATCC 49579) and E. casseliflavus (ATCC 25788) served as positive 

controls.  The primers (Table 1) and PCR conditions for sodA sequence analysis were as 

described by Poyart et al. (2000).  The primers used were supplied by Invitrogen Life 

Technologies (Invitrogen, Carlsbad, CA). 

DNA Sequencing  

PCR products (tcrB and sodA) were purified by QIAquick® Gel Extraction Kit (QIAgen 

Science, Valencia, CA).  The eluted DNA samples were submitted for sequencing to Genomics 

Core, Institute for Integrative Genome Biology, University of California at Riverside.  The 

sequences were analyzed by BLAST search in the NCBI GenBank database.  

  Detection of erm(B), tet(M), vanA and vanB genes  

The primers (Table 2.1) and PCR conditions for detection of erm(B) and tet(M) genes were 

as per Jacob et al. (2008).  Enterococcus faecalis MMH 594 and E. coli harboring plasmid pFD 

310 (Aminov et al., 2001) served as positive controls for erm(B) and tet(M), respectively.  The 

primers (Table 2.1) and PCR conditions used for detecting vanA and vanB genes were based on 
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Kariyama et al. (2000).  The E. faecium (ATCC 51559) and E. faecalis V583 were used as 

positive controls for vanA and vanB, respectively.  

 Copper susceptibility determinations  

Copper susceptibilities of enterococcal isolates were determined by agar dilution method 

(Hasman et al., 2006 b).  The tcrB-positive isolates, including the two E. faecium strains from 

Denmark (7430162-6 and 7430275-4; provided by Henrik Hasman, National Food Institute, 

Technical University of Denmark) and fifteen tcrB-negative strains were included.  Mueller 

Hinton agars plates containing 0, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36 or 40 mM of copper sulfate 

(Fischer Scientific, Fair Lawn, NJ), adjusted to pH 7.0, were used for copper susceptibility 

determinations.  The plates, in duplicates, were spot inoculated with 20 µl of bacterial growth 

that was adjusted to McFarland turbidity standard no. 0.5.  Plates were incubated for 48 h at 

37°C to determine growth or no growth.  The susceptibility determination was repeated with 

different inocula preparations. 

Antibiotic susceptibility determinations 

Minimum inhibitory concentrations of antibiotics were determined by micro-broth dilution 

method (CLSI, 2002).  Antibiotics tested were chlortetracycline, erythromycin, oxytetracycline, 

tetracycline and vancomycin (Sigma-Aldrich, St. Louis, MO).  Stock solutions of antibiotics 

were prepared in sterile distilled water to obtain a concentration of 1,000 µg/ml based on potency 

of antibiotics.  Antibiotics were tested at concentrations of 100, 50, 25, 12.5, 6.25, 3.125, 1.56, 

0.78, 0.39, 0.195 and 0.098 µg/ml.  The bacterial inocula were prepared by diluting (1:100) 

cultures grown in 10 ml Mueller Hinton II broth for 6 h and the concentration adjusted to 0.5 

McFarland turbidity standards.  The antimicrobial susceptibilities were performed in 96-well 
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microtiter plates (Becton and Dickinson, Franklin Lakes, NJ).  Plates were incubated at 37° C for 

24 h and results were recorded as growth or no growth.  Each concentration of the antibiotic was 

duplicated in the microtiter plate and MIC determinations were repeated with different inocula 

preparations.  

 Transferability of the tcrB gene 

A conjugation assay to demonstrate transferability of tcrB gene from tcrB-positive to tcrB-

negative isolates was performed by filter mating procedure (Tendolkar et al., 2006).  The donor 

strains (14 tcrB-positive E. faecium and 1 E. faecalis) were resistant to tetracycline, 

erythromycin, and streptomycin (MIC = >100 µg/ml) and susceptible to spectinomycin (mean 

MIC = 2.2 µg/ml).  The E. faecium TX 5034 (provided by Dr. Barbara E. Murray, University of 

Texas Medical Center) strain resistant to spectinomycin, and erythromycin (MIC = >100 µg/ml) 

and susceptible to tetracycline (MIC = 0.78 µg/ml) and negative for tet(M), was used as the 

recipient for mating with tcrB-positive E. faecium isolates.  The E. faecalis OG1SSp strain, 

resistant to streptomycin (MIC = >100 µg/ml) and spectinomycin (MIC >100 µg/ml) and 

susceptible to tetracycline (MIC = 0.39 µg/ml), was used as the recipient for mating with tcrB-

positive E. faecalis isolate.  Transconjugants were selected on BHI agar plates containing 

tetracycline (40 µg/ml) and spectinomcyin (500 µg/ml) for both E. faecium and E. faecalis 

isolates.  Transconjugants were tested by PCR for tcrB, erm(B) and tet(M) genes.  The MIC of 

copper for the two recipient strains and the 15 transconjugants were determined as described 

above.  The transfer frequency for each isolate was calculated as the number of transconjugants 

per recipient CFU.  The model of the conjugation assay is depicted in Fig. 2.4. 
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Pulsed field gel electrophoresis 

The PFGE analysis of tcrB-positive isolates was done as per Murray et al. (1990 b) with 

minor modifications.  Isolates were grown overnight in 5 ml of BHI broth at 37° C.  The cells 

were pelleted by centrifugation and suspended in 0.85% NaCl.  The plugs were prepared by 

mixing 200 µl of the cell suspension with 200 µl of 1.6% SeaKem gold agarose.  The plugs were 

lysed by transferring them into a 10 ml lysis solution (6 mM Tris-HCl, pH-7.4, 100 mM EDTA, 

1M NaCl, 0.5% sodium lauroyl sarcosine, 0.5% Brij, 0.2% deoxycholate, lysozyme [500 µg/ml] 

and RNaseA [20 µg/ml] for 4 h at 37° C with gentle shaking.  The plugs were then transferred to 

ESP buffer (10 mM Tris-HCl, pH-7.4, 1 mM EDTA, 1% SDS and 50 µg/ml Proteinase K) and 

incubated overnight at 50° C with gentle shaking.  The plugs were washed three times for 10 min 

each time with TE dilute buffer (10 mM Tris-HCl, pH-7.4, 0.1 mM EDTA) and stored at 4° C 

until used.  

Restriction digestion of the plugs was performed by placing a small slice of agarose plug in 

1.5 ml micro centrifuge tube with 2 µl of SmaI in 10 µl of 10X buffer and  volume made to 100 

µl with double distilled water for 4 h at 25° C.  The digested plugs were transferred onto a gel 

(1% SeaKem Gold Agarose with 0.5X TBE) and the gel was placed in an electric field device, 

CHEF-DR II (BioRad®, Richmond, CA) and the pulse time for block 1 was 3.5 s initial time and 

25 s final time at 200 V for 12 h; and for block 2 was 1 sec initial time and 5s final time at 200 V 

for 8h.  Then the gel was stained with 0.0001% (or 1 µg/ml) ethidium bromide for 30 min 

followed by destaining in distilled water for 20 min each for 3 times.  Gel images were captured 

with a Gel Doc 2000 system (BioRad®, Richmond, CA), and band patterns were analyzed and 

compared by using BioNumerics software (Applied Maths, Austin, TX).  We used the band-

based Dice similarity coefficient and the unweighted pair group mathematical average algorithm 
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method (UPGMA) for clustering with a position tolerance setting of 1.5% for optimization and 

position tolerance of 1.5% for band comparison.  Isolates were grouped based on identical 

banding patterns (100% Dice similarity).   

Statistical analysis  

The prevalence of tcrB gene in fecal enterococcal isolates was evaluated using a generalized 

mixed model (PROC GLIMMIX, SAS, Version 9.1.3).  The statistical model included the fixed 

effect of dietary treatment and sampling week as a random effect.  Because all isolates were 

resistant (MIC > 100 µg/ml) to erythromycin, oxytetracycline, and tetracycline, these data were 

not analysed.  The distribution of MIC values within copper or vancomycin and tcrB- negative or 

-positive isolates was evaluated for evidence of departure from normal distribution (PROC 

UNIVARIATE).  Because the values were not normally distributed (P < 0.05), the values were 

transformed based on rank (PROC RANK) and analysis of variance (PROC GLIMMIX) was 

performed on the ranked values. 

Nucleotide sequence accession number  

The partial gene sequence of one tcrB-positive E. faecium (Strain KSU-263) was deposited in 

the NCBI GenBank database (Accession number EU869871). 
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RESULTS 

Occurrence of the tcrB gene 

A total of 323 enterococcal isolates were obtained from the feces of piglets collected at 

weekly intervals for 5 weeks (Table 2.2).  All 323 enterococcal isolates were screened for the 

tcrB gene and 15 isolates (4.6 %) were identified as positive (amplicon size was 663 bp; Fig. 

2.1).  Sampling time (weekly) had no effect on the number of tcrB-positive enterococci isolated 

from the feces (P > 0.05).  Similarly, the number of tcrB-positive enterococci isolated was not 

different among the five dietary treatment groups (P > 0.05; Table 2.2).  Seven tcrB-positive 

isolates (7/109; 6.4%) were from piglets fed elevated supplemental level (125 ppm; copper or 

copper and zinc groups) and eight isolates (8/214; 3.7%) were from piglets fed normal 

supplemental level (16.5 ppm) of copper in their diets (control, zinc, and antibiotic groups).   

Species identification 

Based on API, the 15 tcrB-positive and the 15 randomly chosen tcrB-negative isolates were 

initially identified as E. faecium.  The multiplex PCR revealed that one of the 15 tcrB-positive 

isolates, identified as E. faecium by API, was E. faecalis.  The multiplex PCR confirmed the 15 

tcrB-negative isolates as E. faecium.  The sodA gene sequence analyses indicated that tcrB-

positive or -negative E. faecium had 98-99% sequence homology with the E. faecium and the 

tcrB-positive E. faecalis isolate had 99% homology with E. faecalis.  
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Occurrence of erm(B), tet(M), vanA and vanB 

All 15 tcrB-positive and 15 tcrB-negative isolates were positive for the erm (B) and tet (M) 

genes and negative for vanA and vanB genes.   

Minimum inhibitory concentrations of copper   

All tcrB-positive isolates obtained in our study (14 E. faecium and 1 E. faecalis) and the two 

Denmark strains of E. faecium grew on Mueller Hinton agar containing copper at 16 or 20 mM.  

In contrast, the 15 tcrB-negative isolates were able to grow at 4 or 6 mM of copper 

concentration.  The mean MIC of copper for tcrB-negative and tcrB-positive isolates were 6.1 

[SD (95% CI) = 2.205] and 21.1[SD (95% CI) = 4.677] mM, respectively, and the difference was 

significant at P < 0.001 (Fig. 2.2).  The two E. faecium strains, 7430162-6 and 7430275-4 from 

Denmark had a MIC of 23 and 24 mM, respectively.  

Minimum inhibitory concentrations of antibiotics   

All isolates (14 tcrB-positive E. faecium, 1 tcrB-positive E. faecalis, 2 tcrB-positives E. 

faecium from Denmark and 15 tcrB-negative E. faecium) were resistant to tetracycline, 

chlortetracycline, erythromycin, and oxytetracycline with MIC greater than 100 µg/ml and 

susceptible to vancomycin.  The MIC values for vancomycin were higher (P < 0.001) for tcrB-

positive (0.39 µg/ml) than for tcrB-negative (0.098 µg/ml) isolates.   

Transferability of the tcrB gene by conjugation 

Fourteen tcrB-positive E. faecium isolates and 1 tcrB-positive E. faecalis were used to 

demonstrate transferability of tcrB gene by conjugation.  The 14 transconjugant E. faecium and 1 

E. faecalis strains were positive for tcrB, erm(B), and tet(M) genes (Table 2.3).  As expected, the 



 67 

transconjugants were resistant to tetracycline (MIC > 100 µg/ml) and were able to grow on BHI 

agar containing high copper concentrations (16 mM or higher).  The mean MIC of copper for the 

15 transconjugants was 17.6 mM.  The mean transfer frequency for tcrB-positive E. faecium (14 

isolates) was 1.01 10-5.  The E. faecalis isolate had a transfer frequency of 1.16 10-5.  The 

transfer frequency (number of transconjugants per recipient) for both intra-species and inter-

species conjugal transfer of tcrB gene in tcrB-positive E. faecium and E. faecalis were shown in 

Table 2.4 and Table 2.5.  

PFGE of tcrB-positive enterococcal isolates 

The clonal relationship among the 15 tcrB-positive isolates was determined by PFGE typing 

(Fig. 2.3).  A total of six PFGE patterns (< 95% Dice similarity) were observed among the 14 

tcrB positive E. faecium isolates.  Four of the 5 isolates from the zinc supplemented group had 

identical banding patterns (100% Dice similarity).  Four of the 5 isolates from the copper and 

zinc supplemented group had different banding patterns (< 95% dice similarity).  The two 

Denmark isolates were clonally different and had distinctly different banding patterns compared 

to our tcrB-positive E. faecium isolates (Fig. 2.3). 
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DISCUSSION 

Antibiotics are supplemented in swine diets, particularly of weanling and starter pigs, to 

reduce morbidity and mortality, and increase growth rate (Zhao et al., 2007).  Similarly, copper, 

at elevated levels, is used as a dietary supplement in pigs for growth promotion (Cromwell et al., 

1989; NRC, 1998).  In piglets, the growth response to copper supplementation is in addition to 

the response provided by antibiotics (Edmonds et al., 1985).  However, in European countries 

like Denmark, copper is included increasingly in swine diets at elevated levels, as a replacement 

to in-feed antibiotics, which have been banned for use as growth promotants (Hasman et al., 

2006 a).  The mechanisms to explain the beneficial effects from copper supplementation are not 

fully known.  It is suggested that copper exerts some systemic effect (Zhou et al., 1994) and 

more importantly beneficially alters gut microbial metabolism, which is because of the 

antimicrobial activity of copper (Gould et al., 2009; H jberg et al., 2005).  The inhibition of 

potential pathogens, such as coliforms, and increased availability of nutrients and energy because 

of reduced microbial activity in the gut are contributing factors in growth promotion (H jberg et 

al., 2005).   

In our study, only a small proportion of fecal enterococci (4.6%; 15/323), isolated from 

weaned piglets fed diets supplemented with normal or elevated level of copper, contained the 

tcrB gene.  Majority of the tcrB-positive isolates (14/15) were E. faecium and only one was E. 

faecalis.  In Denmark, the tcrB was also detected in E. gallinarum, E. casseliflavus, and E. 

mundtii (Hasman et al., 2006b).  The presence of tcrB gene was associated with approximately 

four-fold increase (6 vs. 21 mM) in resistance to copper.  Hasman and Aarestrup (2002) have 

reported a seven-fold increase (4 vs. 28 mM) in copper resistance in tcrB-positive E. faecium.  

For tcrB-negative isolates, we determined MIC of copper of only 15 E. faecium isolates that 
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were randomly selected from 308 tcrB-negative enterococci.  None of them had an MIC greater 

than 8 mM of copper.  According to Hasman and Aarestrup (2002), all copper-resistant E. 

faecium strains isolated from feces, harbored the tcrB gene and none of the copper susceptible 

isolates contained tcrB.  Therefore, in enterococci, presence of tcrB gene is associated with 

resistance to copper.  

In our study, the tcrB-positive enterococci were isolated from all five treatment groups, 

regardless of copper level in the diet.  Although we picked two esculin-positive colonies from 

each piglet sampled (three piglets per pen and six pens per treatment), we retained only one 

isolate after confirming the genus and species by esculin hydrolysis and the API and PCR 

analyses.  This allowed us to screen a maximum of 18 isolates per sampling week per treatment 

group and the total isolates in each treatment group for the entire study ranged from 52 to 78.  

Interestingly, a higher proportion of enterococci positive for tcrB (7/109; 6.4%) were from 

groups supplemented with elevated level (125 ppm) of copper (copper or copper and zinc group) 

compared to 3.7% (8/214) of isolates from groups fed normal supplemental level (16.5 ppm) of 

copper in their diets (control, zinc, or antibiotic).  Of the seven tcrB- positive isolates in groups 

fed elevated level of copper, six were E. faecium and they represented only four PFGE types 

based on SmaI restriction digestion.  The clonal identities of the three isolates suggest possible 

pen to pen transmission.  Of the eight tcrB-positive isolates from treatment groups fed normal 

level of copper, only one isolate (from the antibiotic group) was clonally identical to an isolate 

(PFGE type 3) from the copper-supplemented group.  The four tcrB-positive isolates from the 

zinc treatment group were from the same pen and had identical banding patterns (PFGE type 6), 

suggesting possible pig to pig transmission.  Another explanation for the occurrence of the same 

clones may be the common source (same barn or litter mates) of piglets used in the study. 
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Because of the limited number of isolates examined in the study, we could not ascertain whether 

elevated copper level in the diet exerted pressure to select tcrB-positive entercocci.  In testing 

different populations of E. faecium of animal or human origin in Denmark, Hasman and 

Aarestrup (2002) reported the highest level of copper resistance (76%) in isolates from pigs that 

had received 165 ppm of copper sulfate during the post weaning growth phase.  In an in vivo 

animal challenge study (Hasman et al., 2006 b), feeding 175 ppm of copper resulted in the 

selection of tcr-mediated copper resistance in E. faecium compared to piglets fed low levels of 

copper (6 ppm).  The influence of zinc supplementation on copper resistance is not known, 

although there is evidence that in Psedomonas aeruginosa, copper exposure induces resistance to 

not only copper but also zinc (Callie et al., 2007). 

An interesting aspect of copper resistance in enterococci is the genetic link of tcrB to 

macrolide and glycopeptide resistance (Hasman and Aarestrup, 2002).  A 175-kb plasmid from a 

pig isolate of E. faecium that contained genes for vancomycin resistance (vanA) and macrolide 

resistance [erm(B)] along with the tcrB gene has been identified (Hasman and Aarestrup, 2002).  

In our study, all 15 tcrB-positive isolates contained the erm(B) gene and were phenotypically 

resistant to erythromycin (MIC = >100 µg/ml).  However, the tcrB-positive isolates did not 

contain either the vanA or vanB gene and were susceptible to vancomycin (MIC = < 0.7 µg/ml).  

Neither presence of erm(B) nor absence of van genes in enterococci is surprising.  The erm(B) is 

the most common gene associated with enterococcal isolates resistant to macrolides (Jensen et 

al., 1999).  Although erythromycin is not commonly used in swine, tylosin, another macrolide, is 

used in the feed to treat enteric bacterial infections and for growth promotion (Jackson et al., 

2004 b).  We tested our isolates for both vanA and vanB.  The vanB gene shares 76% of its amino 

acid sequence with vanA, and vanA is the most predominant resistant determinant in human 
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enterococcal isolates in Europe, whereas vanB is most common in the United States (Cetinkaya 

et al., 2000).  Occurrence of glycopeptide resistance in enterococci of pigs and chickens in 

Europe is associated with the use of avoparcin, a glycopeptide, for growth promotion (Wegener 

et al., 1999; Aarestrup et al., 2001).  However, the use of avoaprcin in Europe was banned in 

1997.  Also, a genetic link between erm(B) and vanA has been documented in population of E. 

faecium isolates from pigs and chickens in Europe and Japan (Aarestrup, 2000; Yoshimura et al., 

1998).  The absence of glycopeptide resistance in enterococcal isolates of piglets in our study, 

which is in agreement with Poole et al. (2005), was possibly because avoparcin was never 

approved for use as a growth promotant in the United States (McDonald et al., 1997). 

Enterococcal isolates in our study were also positive for tet(M) and phenotypically resistant 

to tetracyclines.  There is evidence of co-selection of tet(M) with erm(B) in enterococci 

(Cauwerts et al., 2007).  The tet(M) gene is most often carried by transposons of the Tn916-

Tn1545 family, which are promiscuous conjugative transposons in both gram negative and gram 

positive bacteria (Chopra and Roberts, 2001).  The carriage of tet(M) is associated with erm(B) 

gene in Tn1545-like transposons (Clewell, 1995).   

Antimicrobial resistant enterococci are important opportunistic and nosocomial pathogens in 

humans (Moellering, 1992; Arias and Murray, 2008; Murray, 2000).  Because of frequent 

occurrence of resistant enterococci in animals, it has been suggested the enterococci may serve 

as a reservoir of resistance genes capable of transferring to humans (Kojima et al., 2010).  The 

medical importance of enterococci is related to the propensity of these organisms to participate in 

the horizontal transfer of the antibiotics and virulence genes.  We were able to demonstrate the 

transferability of the tcrB gene from all strains of tcrB-positive enterococci isolated in our study.  
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Our results suggest that tcrB, erm(B), and tet(M) genes may be present on conjugative plasmids, 

but this remains to be determined. 

An increased use of copper at elevated levels in swine feeds may exert selection pressure for 

copper resistance, mediated by the tcrB.  Because of the genetic link between the tcrB gene and 

antibiotic resistance genes, it could be argued that copper supplementation may co-select for 

resistance to antibiotics, such as tetracyclines and macrolides.  One of the reasons for persistence 

of macrolide and glycopeptides resistance in enterococci in the years following the ban of in-feed 

antibiotics in Europe is thought to the use of copper as a growth promotant (Boerlin et al., 2001; 

Hasman and Aarestrup, 2005).   

Our study is the first report on the occurrence of the tcrB gene in enterococci of swine in the 

U. S.  The significance of this finding is the potential association between copper resistance and 

resistance to other antibiotics and the propensity of enterococci to transfer tcrB and antibiotic 

resistance genes to other strains within the same species and to other enterococcal species. 

Further studies are needed to determine whether supplementation with elevated levels of copper 

selects for copper resistance, and in turn co-selects for antibiotic resistance. 
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Figure 2.1: PCR identification of the tcrB gene of enterococcal isolates from piglets fed 

diets supplemented with copper, zinc, copper and zinc, or neomycin and oxytetracycline. 

(Lane 1: 100 bp molecular marker, Lane 2: Positive control (Denmark strain), 

Lane 3: Negative control and Lanes 4-9: Isolates from this study). 
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Figure 2.2: Minimum inhibitory concentrations (95% Confidence Interval) of copper for 

tcrB-positive and tcrB-negative enterococcal isolates from piglets fed diets supplemented 

with copper, zinc, copper and zinc, or neomycin and oxytetracycline. 
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Figure 2.3: Pulsed-field gel electrophoresis patterns of SmaI-digested genomic DNA of 

enterococcal isolates from piglets fed diets supplemented with copper, copper and zinc, or 

neomycin and oxytetracycline. 
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Figure 2.4: Model for the conjugative transfer of plasmid mediated antibiotic resistance 

determinants  
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Table 2.1: Primers used in the present study 

 

Gene           -  

Product 

size (bp) Reference 

    
tcrB F: CATCACGGTAGCTTTAAGGAGATTTTC 

R: ATAGAGGACTCCGCCACCATTG 

663 

 

Hasman et al., 

2006 

tet(M) F: CTGTTGAACCGAGTAAACCT 

R: GCACTAATCACTTCCATTT 

 

 

156 

 

Jacob et al., 2008 

erm(B) F: GAATCCTTCTTCAACAATCA 

R: ACTGAACATTCGTGTCACTT 

 

 

175 

 

Jacob et al., 2008 

sodA F: CCITAYICITAYGAYGCIYTIGARCC 

R: ARRTARTAIGCRTGYTCCCAIACR 

 

438 Poyart et al., 2000 

vanA F: CATGAATAGAATAAAAGTTGCAATA 

R: CCCCTTTAACGCTAATACGATCAA 

 

1,030 Kariyama et al., 

2000 

vanB F: GTGACAAACCGGAGGCGAGGA 

R: CCGCCATCCTCCTGCAAAAAA 

 

433 Kariyama et al., 

2000 

Enterococcus 

gallinarum 

(vanC1) 

 

F: GGTATCAAGGAAACCTC 

R: CTTCCGCCATCATAGCT 

822 Kariyama et al., 

2000 

Enterococcuscassel

iflavus (van C2/C3) 

 

F: CGGGGAAGATGGCAGTAT 

R: CGCAGGGACGGTGATTTT 

 

484 Kariyama et al., 

2000 

Enterococcus 

faecalis 

 

F: CAAGTACAGTTAGTCTTTATTAG 

R: ACGATTCAAAGCTAACTGAATCAGT 

 

941 Dutka-Malen et al.,  

1995  

 

Enterococcus 

faecium 

 

F: TTGAGGCAGACCAGATTGACG 

R: TATGACAGCGACTCCGATTCC 

 

658 Dutka-Malen et al.,  

1995 

 

16s rRNA gene 

 

F: GGATTAGATACCCTGGTAGTCC 

R:TCGTTGCGGGACTTAACCCAAC 

 

320 Kariyama et al., 

2000 
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Table 2.2:  Occurrence of the tcrB gene in fecal enterococcal isolates from piglets fed diets 

supplemented with copper, zinc, copper and zinc, or neomycin and oxytetracycline. 
 

Treatment 

Sampling weeks (No. of isolates positive for 

tcrB gene/total isolates tested) 

 

 

TOTAL 

 1 2 3 4 5  

Control 0/9 0/14 0/12 0/17 1/15 1/67 

Copper 0/11 0/17 2/13 0/11 0/5 2/57 

Zinc 1/16 1/17 1/8 0/14 2/14 5/69 

Copper + zinc 1/11 0/14 2/8 1/14 1/5 5/52 

Neomycin + 

oxytetracycline 

0/16 0/15 1/18 0/16 1/13 2/78 

TOTAL 2/63 1/77 6/59 1/72 5/52 15/323 

 



 87 

Table 2.3: Transferability of the tcrB gene of Enterococcus faecium or E. faecalis to tcrB-

negative strains of E. faecium or E. faecalis. 

 

Species 

and strains 

tcrB erm(B) tet(M) Copper 

MIC, 

mM 

Species and 

strains 

tcrB erm(B) tet(M) Copper 

MIC, 

mM 

     Recipient     

     E. faecium  

(TX 5034) 

- + - 2 

Donor     Transconjugant     

E. faecium     E. faecium     

KSU 15 + + + 23 KSU- TC-15 + + + 16 

KSU 74 + + + 21 KSU-TC-74 + + + 18 

KSU 124 + + + 19 KSU-TC-124 + + + 16 

KSU 198 + + + 19 KSU-TC-198 + + + 20 

KSU 205 + + + 20 KSU-TC-205 + + + 20 

KSU 219 + + + 24 KSU-TC-219 + + + 16 

KSU 238 + + + 22 KSU-TC-238 + + + 20 

KSU 263 + + + 20 KSU-TC-263 + + + 18 

KSU 264 + + + 24 KSU-TC-264 + + + 16 

KSU 374 + + + 23 KSU-TC-374 + + + 16 

KSU 389 + + + 22 KSU-TC-389 + + + 16 

KSU 390 + + + 22 KSU-TC-390 + + + 16 

KSU 427 + + + 24 KSU-TC- 427 + + + 20 

KSU 449 + + + 17 KSU-TC- 449 + + + 16 

Donor     Recipient     

E. faecalis 

KSU 329 
+ + + 17 

E. faecalis 

(OG1SSp) 

 

- 

 

- 

 

- 

 

4 

     Transconjugant     

     E. faecalis     

     KSU-TC-329 + + + 16 
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Table 2.4: Intra-species conjugal transfer of tcrB gene in tcrB-positive Enterococcus 

faecium and Enterococcus faecalis 

 

Donor Recipient 

Transfer frequency (no. 

of transconjugants per 

recipient) 

E. faecium KSU 15 E. faecium TX5034 8.73×10-6 

E. faecium KSU 74 E. faecium TX5034 8.85×10-6 

E. faecium KSU 124 E. faecium TX5034 1.19×10-5 

E. faecium KSU 198 E. faecium TX5034 6.76×10-6 

E. faecium KSU 205 E. faecium TX5034 1.00×10-5 

E. faecium KSU 219 E. faecium TX5034 9.78×10-6 

E. faecium KSU 238 E. faecium TX5034 8.02×10-6 

E. faecium KSU 263 E. faecium TX5034 6.21×10-6 

E. faecium KSU 264 E. faecium TX5034 1.03×10-5 

E. faecalis KSU 329 E. faecalis OG1SSp 1.16×10-5 

E. faecium KSU 374 E. faecium TX5034 1.24×10-5 

E. faecium KSU 389 E. faecium TX5034 1.13×10-5 

E. faecium KSU 390 E. faecium TX5034 1.29×10-5 

E. faecium KSU 427 E. faecium TX5034 1.36×10-5 

E. faecium KSU 449 E. faecium TX5034 1.21×10-5 
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Table 2.5: Inter-species conjugal transfer of tcrB gene in tcrB-positive Enterococcus 

faecium and Enterococcus faecalis 

 

Donor Recipient 

Transfer frequency (no. 

of transconjugants per 

recipient) 

E. faecium KSU 15 E. faecalis OG1SSp 8.60×10-6 

E. faecium KSU 74 E. faecalis OG1SSp 5.75×10-6 

E. faecium KSU 124 E. faecalis OG1SSp 1.12×10-5 

E. faecium KSU 198 E. faecalis OG1SSp 7.74×10-6 

E. faecium KSU 205 E. faecalis OG1SSp 1.25×10-5 

E. faecium KSU 219 E. faecalis OG1SSp 1.07×10-5 

E. faecium KSU 238 E. faecalis OG1SSp 1.51×10-5 

E. faecium KSU 263 E. faecalis OG1SSp 1.15×10-5 

E. faecium KSU 264 E. faecalis OG1SSp 8.43×10-6 

E. faecalis KSU 329 E. faecium TX5034 6.85×10-6 

E. faecium KSU 374 E. faecalis OG1SSp 6.91×10-6 

E. faecium KSU 389 E. faecalis OG1SSp 7.85×10-6 

E. faecium KSU 390 E. faecalis OG1SSp 7.43×10-6 

E. faecium KSU 427 E. faecalis OG1SSp 4.21×10-6 

E. faecium KSU 449 E. faecalis OG1SSp 8.94×10-6 
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CHAPTER 3 - Selection of tcrB gene mediated copper resistant fecal 

enterococci in piglets fed diets supplemented with copper 

ABSTRACT 

Copper, as copper sulfate, is often supplemented at elevated concentrations in swine diets to 

promote growth.  Bacteria exposed to copper acquire resistance and among Enterococcus 

faecium and E. faecalis in Denmark, a plasmid-borne, transferable copper resistance (tcrB) gene 

has been reported.  The plasmid also carried genes for macrolide [erm(B)] and glycopeptide 

(vanA) resistance.  In a preliminary study, we confirmed the presence of the tcrB gene in fecal 

enterococci of piglets fed diets with normal or elevated concentration of copper.  We conducted a 

full-scale study to determine the relationship between copper supplementation and the 

prevalence of tcrB-positive enterococci in feces of piglets.  Sixty weaned piglets, housed in 10 

pens with 6 piglets per pen, fed normal (16.5 ppm; control) or elevated concentration of copper 

(125 ppm; copper) were used.  Fecal samples were collected randomly from three piglets per pen 

on days 0, 14, 28, and 42, and three enterococcal isolates were obtained from each sample.  The 

speciation of enterococci was done by multiplex PCR and sodA gene sequence analysis.  A total 

of 45 enterococcal isolates were obtained per treatment group at each sampling day and tested 

for tcrB gene by PCR (360 isolates in total).  Overall, prevalence of tcrB-positive enterococci 

was 2.8% (5/180) in the control group and 21.1% (38/180) in those piglets fed elevated 

concentration of copper (P < 0.05).  The tcrB positive isolates belonged to either E. faecium or E. 

faecalis, and majority of isolates (35/43) was E. faecium.  All tcrB-positive isolates contained 

erm(B) and tet(M) genes but none harbored the vanA gene reported in the Danish study.  The 

mean MICs of copper for tcrB-negative and tcrB-positive enterococci were 6.2 and 22.2 mM, 



 91 

respectively (P < 0.001).  Based on PFGE typing, a total of 17 PFGE types were obtained among 

the 35 tcrB-positive E. faecium isolates and 4 PFGE types were obtained among the 8 tcrB-

positive E. faecalis isolates.  The majority of the tcrB-positive isolates obtained on different 

sampling days belonged to different PFGE types.  Only one isolate of E. faecium in the control 

was clonally identical to an isolate from the copper group suggesting that the occurrence of tcrB-

positive enterococci in the control group was not because of transmission from the copper group.  

Conjugation assay demonstrated cotransfer of tcrB along with erm(B) and tet(M) genes within 

and between E. faecium and E. faecalis.  The higher prevalence of tcrB-positive enterococci in 

feces of piglets fed elevated copper compared to normal copper concentration suggests that 

copper supplementation in swine diets selects for tcrB mediated resistant population of 

enterococci.  The genetic link between tcrB and antibiotic resistance genes explains the potential 

importance of elevated copper supplementation in propagation and selection for antibiotic 

resistance.   
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INTRODUCTION 

Copper is an essential trace element required for vital biological functions in both 

prokaryotic and eukaryotic cells (Krupanidhi et al., 2008).  High concentration of copper (100-

250 ppm), as copper sulfate, is routinely added to the diets of piglets to promote growth (NRC, 

1998).  The growth response to copper in piglets is independent of and in addition to the 

response of other commonly used antibiotics in the feed (Edmonds et al., 1985).  Although the 

exact mechanism of action is unknown, the growth-promoting action of dietary copper is 

generally attributed to its antimicrobial activity on the gut microbiota (Gould et al., 2009), 

including suppression of enteric bacterial pathogens (H jberg et al., 2005).  

Copper in excess amount is toxic to cells because of the production of intracellular reactive 

oxygen radicals, which inactivate cell components, such as nucleic acids, lipids, and proteins 

(Macomber and Imlay, 2009).  Therefore, cells tightly regulate intracellular copper concentration 

to avoid copper toxicity (Ridge et al., 2008).  The copper homeostasis mechanism is well studied 

in certain gram-positive bacteria, such as Enterococcus hirae, Lactococcus lactis, and Bacillus 

subtilis (Solioz et al., 2010).  The normal intracellular copper concentration is maintained by 

copYZAB operon, where copA and copB encode for copper transport ATPases, which are 

responsible for influx and efflux of copper, respectively.  The copY acts as a copper responsive 

repressor and copZ, encodes for a copper chaperone (Solioz & Stoyanov, 2003).    

Some bacteria acquire resistance to copper, which may be either chromosome mediated 

(Franke et al., 2003) or plasmid mediated (Lim et al., 1993).  A plasmid- borne copper resistance 

gene, designated as transferable copper resistance (tcrB) gene, homologous to copB of the 

copYZAB operon, was reported in E. faecium and E. faecalis from piglets, calves, poultry and 
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humans in Denmark (Aarestrup et al., 2002).  The strains harboring the tcrB gene resisted up to 

24 mM of copper in vitro, in contrast to strains that lacked the gene resisted only 8 mM of copper 

(Hasman, 2005 ; Hasman et al., 2006a).  The plasmid also carried genes, erm(B) and vanA, that 

encode resistance to macrolides and glycopeptides, respectively (Hasman & Aarestrup, 2002; 

Hasman et al., 2006a), suggesting a potential genetic link between copper resistance and 

antibiotic resistance.  We have confirmed the occurrence of tcrB gene in fecal enterococci of 

piglets fed diets with normal or elevated level of copper (Amachawadi et al., 2010).  Because of 

the limited number of isolates tested in our previous study, we were unable to ascertain whether 

copper supplementation in the diet exerted pressure to select for tcrB-positive enterococci.  

Therefore, the present study was undertaken to determine the relationship between 

supplementation of copper at elevated level and prevalence of fecal tcrB-mediated copper 

resistant enterococci in piglets.   
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MATERIALS AND METHODS 

Animals, experimental design and sampling  

The use of animals and the experimental procedure followed were approved by the Kansas 

State University Animal Care and Use Committee.  Sixty newly weaned piglets (21 days old) 

with an average body weight of 7.0 Kg (± 1 Kg) were randomly allocated to two dietary 

treatments.  The two dietary treatments were: basal diet with 16.5 ppm of copper (control group) 

or basal diet supplemented with 125 ppm of copper as copper sulfate (copper group).  The basal 

diet consisted of corn, soybean meal, vitamins, amino acids, and trace mineral supplements, and 

piglets were housed in an environmentally controlled nursery facility.  Each treatment group had 

a total of 30 piglets assigned to 5 pens with 6 piglets per pen.  Each pen was provided with a self 

feeder, containing four holes and a nipple water so that animals can have access to ad libitum 

feed and water.  Each pen had a wire-mesh floor that allowed for 0.3 m2 per piglet.  Piglets were 

fed treatment diets for 42 days.  Fecal samples were collected randomly from 3 pigs in each pen 

on days 0, 14, 28, and 42, placed in individual bags, and transported to the laboratory. 

Isolation of enterococci 

Unless otherwise mentioned all culture media used were from Difco (Becton and Dickson, 

Sparks, MD).  Fecal samples were processed by diluting 1 g of feces in 10 ml of phosphate 

buffered saline and spread-plating 50 µl of the suspension onto M-Enterococcus agar.  The plates 

were incubated for 24 h at 37°C.  Five colonies (pin-point red, pink or metallic pink) were picked 

and streaked onto blood agar plates and incubated overnight at 37°C.  All isolates were tested for 

esculin hydrolysis by inoculating them into 100 µl Enterococcosel broth in a 96 well micro titer 

plate (Becton and Dickinson, Franklin Lakes, NJ) and incubateing at 37° C for 4 h.  Three 
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esculin hydrolysis positive isolates per fecal sample (9 per pen and 45 per treatment and 

sampling time) were selected and stored in protect beads (Cryo-Vac®, Round Rock, TX) at -80ºC 

until further use. 

PCR for the detection of tcrB gene 

 The tcrB gene was detected according to the procedure described by Hasman et al. (2006a).  

Each isolate from the protect bead was streaked on to blood agar plate and incubated overnight at 

37°C.  The DNA was extracted by suspending a single colony in nuclease-free water with 

Chelex® 100 Resin (Bio-Rad Laboratories, Hercules, CA) and boiling it for 10 min.  A tcrB-

positive E. faecium strain (7430275-4 or 7430272-6; kindly provided by Dr. Henrik Hasman, 

National Food Institute, Technical University of Denmark) served as a positive control.  

Speciation of tcrB-positive enterococci 

Species identification of the enterococcal isolates that were tcrB-positive and an equal 

number of tcrB-negative isolates, randomly chosen from the control group, were performed by a 

multiplex PCR that identifies E. faecium, E. faecalis E. gallinarum and E. casseliflavus (Jackson 

et al., 2004a).  Additionally, superoxide dismutase (sodA) gene sequence analysis (Poyart et al., 

2000) was used for species confirmation.  The DNA template was prepared as before.  The 

ATCC strains of E. faecium (ATCC 19434), E. faecalis (ATCC 19433), E. gallinarum (ATCC 

49579) and E. casseliflavus (ATCC 25788) served as positive controls.  Master mixes, primers 

(Table 1) and running conditions for the multiplex PCR and sodA gene PCR were as described 

by Jackson et al. (2004a) and Poyart et al. (2000), respectively.  The sodA gene products were 

purified by Wizard® SV Gel and PCR clean-up system (Promega, Madison, WI).  The purified 

PCR products were sequenced at Genomics Core, Institute for Integrative Genome Biology, 
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University of California, Riverside.  The sequences were analyzed by BLAST search in the 

NCBI GenBank database.   

Detection of erm(B) and vanA genes 

 The primers (Table 3.1) and PCR conditions for detection of erm(B) and vanA genes were as 

per Jacob et al. (2008) and Kariyama et al. (2000), respectively.  Enterococcus faecalis MMH 

594 (Dr. Lynn Hancock, Dept. of Biology, Kansas State University) and E. faecium (ATCC 

51559) served as positive controls for the erm(B) and  vanA genes, respectively.   

Copper susceptibility determinations  

Copper susceptibility determinations of tcrB- positive and an equal number of tcrB-negative 

enterococcal isolates were done by agar dilution method (Hasman & Aarestrup, 2002; Hasman et 

al., 2006a).  The two tcrB-positive E. faecium strains from Denmark (7430162-6 and 7430275-4) 

were included as positive controls.  Mueller Hinton (MH) agar plates prepared with 

concentrations of copper, added as copper sulfate (Fischer Scientific, Fair Lawn, NJ), at 0, 2, 4, 

8, 12, 16, 20, 24, 28, 32, 36 and 40 mM  and with pH adjusted to 7.0 were used.  The plates were 

spot inoculated with 20 µl of bacterial culture that was adjusted to McFarland turbidity standard 

no. 0.5 (Remel®, Lenexa, KS) and incubated at 37°C for 48 h to determine growth or no growth.  

The susceptibility determinations were repeated on another day with different inocula 

preparations. 

Antibiotic susceptibility determinations   

Micro-broth dilution method was used to determine the minimum inhibitory concentrations 

of erythromycin and vancomycin (Sigma-Aldrich, St. Louis, MO) as per CLSI guidelines (CLSI, 

2002).  Antibiotic stock solutions containing final concentration of 1,000 µg/ml, based on 
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potency, were prepared in sterile distilled water.  The bacterial inocula were prepared by 

inoculating a single colony in 10 ml MH broth, incubating for 6 h, and diluting 100 fold with 

sterile MH broth.  Antibiotics were tested at concentrations of 100, 50, 25, 12.5, 6.25, 3.125, 

1.56, 0.78, 0.39, 0.195 and 0.098 µg/ml.  The antimicrobial susceptibility test was performed in 

96-well micro titer plates (Becton and Dickinson) and inoculated plates were incubated at 37° C 

for 24 h, and results were recorded as growth or no growth.  The MIC determinations were 

repeated one more time with different inocula preparations.  

Pulsed field gel electrophoresis 

 The PFGE analysis of tcrB-positive isolates was done as per Murray et al. (1990b) with 

minor modifications.  A single colony of the isolate was inoculated into 5 ml of Brain-Heart 

infusion broth and incubated at 37° C.  The bacterial cells were suspended in 0.85% NaCl and 

pelleted by centrifugation.  The plugs were prepared by mixing 200 µl of the cell suspension 

with 200 µl of 1.6% SeaKem gold agarose.  The plugs were lysed by transferring them into a 10 

ml lysis solution (6 mM Tris-Hcl, pH-7.4, 100 mM EDTA, 1M NaCl, 0.5% sodium lauroyl 

sarcosine, 0.5% Brij, 0.2% deoxycholate, lysozyme [500 µg/ml] and RNaseA [20 µg/ml] for 4 h 

at 37° C with gentle shaking.  The plugs were then transferred to ESP buffer (10 mM Tris-Hcl, 

pH-7.4, 1 mM EDTA, 1% SDS and 50 µg/ml Proteinase K) and incubated overnight at 50° C 

with gentle shaking.  The plugs were washed three times for 10 min each time with TE dilute (10 

mM Tris-Hcl, pH-7.4, 0.1 mM EDTA) and stored at 4° C till to be used.  

Restriction digestion of the plugs was performed by placing a small slice of agarose plug in 

1.5 ml micro centrifuge tube with 2 µl of SmaI in 10 µl of 10X buffer and volume made to 100 

µl with double distilled water for 4 h at 25° C.  The digested plugs were transferred on to a gel 

(1% SeaKem Gold Agarose with 0.5X TBE) and the gel was placed in a electric field device, 
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CHEF-DR II, clamped homogenous electric field (BioRad®, Richmond, CA) and the pulse time 

for block 1 was, 200v, initial time 3.5 s, final time 25 s, 12 h; and for block 2, initial time 1 sec, 

final time 5s, 8h.  Then the gel was stained with 0.0001% (or 1 µg/ml) ethidium bromide for 30 

min followed by destaining in distilled water for 20 min each for 3 times.  Gel images were 

captured using a Gel Doc 2000 system (BioRad®), and band patterns were analyzed and 

compared by using BioNumerics software (Applied Maths, Austin, TX).  For clustering with a 

position tolerance setting of 1.5% for optimization and position tolerance of 1.5% for band 

comparison, we used the band-based Dice similarity coefficient and the unweighted pair group 

mathematical average algorithm method (UPGMA).  Isolates were grouped based on identical 

banding patterns (100% Dice similarity).   

Inter-species transferability of tcrB gene 

  A conjugation assay was performed using the filter mating procedure (Tendolkar et al., 

2006) to demonstrate the transferability of tcrB gene from tcrB-positive E. faecium isolates to 

tcrB-negative E. faecalis isolates and vice-versa.  The interspecies conjugation was done with 

five isolates each of tcrB-positive E. faecium and E. faecalis.  The tcrB-positive donor strains (5 

E. faecium and 5 E. faecalis) were resistant to tetracycline (MIC > 100 µg/ml) and streptomycin 

(MIC >100 µg/ml) and susceptible to spectinomycin (MIC = 12.5 µg/ml).  The E. faecium (TX 

5034; provided by Dr. Barbara E. Murray, University of Texas Medical School) resistant to 

spectinomycin (MIC > 100 µg/ml), tet(M) negative, and susceptible to tetracycline (MIC = 0.78 

µg/ml), and E. faecalis (OG1SSp provided by Dr. Ludek Zurek. Kansas State University) 

resistant to streptomycin (MIC > 100 µg/ml) and spectinomycin (MIC > 100 µg/ml), tet(M) 

negative and sensitive to tetracycline (MIC = 0.39 µg/ml) were used as recipient strains.  The 

donors and recipients were grown on BHI agar plates containing tetracycline (40 µg/ml) and 
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spectinomycin (500 µg/ml), respectively.  The resultant transconjugants were selected on BHI 

agar plates containing both tetracycline and spectinomycin.  The transconjugants were tested for 

tcrB and erm(B) genes by PCR and their susceptibility to  copper was determined as described 

above.  The transfer frequency for each isolate was calculated as the number of transconjugants 

per recipient CFU. 

Statistical analysis 

 The tcrB gene prevalence in treatment groups was analyzed using a generalized mixed 

model (PROC GLIMMIX, SAS, Version 9.2).  The statistical model included the fixed effect of 

dietary treatment (control or copper) and pen as the random effect.  The analysis was performed 

to determine the effects of sampling days and copper supplementation.  Copper and vancomycin 

MIC values were analyzed for evidence of normal distribution (PROC UNIVARIATE) within 

and between tcrB-positive and -negative isolates.  The MIC values were transformed based on 

rank (PROC RANK) and analysis of variance (PROC GLIMMIX) was performed on the ranked 

values since the MIC values were not normally distributed (P < 0.05).  Data were not analyzed 

for erythromycin because all tcrB-positive and negative isolates were resistant.   
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RESULTS 

Prevalence of the tcrB, erm(B), and vanA genes 

A total of 360 enterococcal isolates consisting of 45 isolates (3 isolates per fecal sample, 3 

piglets sampled per pen and 5 pens per treatment) per treatment group (control or copper group) 

and sampling day (days 0, 14, 28, and 42) were obtained.  All 360 enterococcal isolates were 

screened for the tcrB gene and 43 (11.9 %) isolates were positive (amplicon size of 663 bp).  Out 

of 43 tcrB-positive isolates, five (5/180; 2.8%) were from piglets fed basal diet with normal 

amount of copper (16.5 ppm)  and 38 isolates (38/180; 21.1%) were from piglets supplemented 

with elevated amount of copper (Table 3.2).  The overall prevalence of tcrB-positive 

enterococcal isolates was higher (P < 0.05) in the copper supplemented group than the control 

group.  The prevalence of tcrB was affected by sampling days (P < 0.05) and also had a 

significant treatment and sampling time interaction (P < 0.05).  All tcrB-positive and tcrB-

negative isolates were positive for erm(B) gene and negative for vanA gene. 

The 43 tcrB-positive and 44 tcrB-negative isolates randomly chosen from the control group 

were used for the species identification.  Based on multiplex PCR and sodA gene sequence 

analyses, 35 tcrB-positive isolates were E. faecium and 8 isolates were E. faecalis.  Among 44 

tcrB-negative isolates, 25 isolates were E. faecium and 19 isolates were E. faecalis.   
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Minimum inhibitory concentrations of copper, erythromycin, and vancomycin 

 All tcrB-positive isolates (35 E. faecium and 8 E. faecalis) grew on MH agar containing 

copper at 16 or 20 mM.  However, the tcrB-negative isolates were able to grow only at 2 to 8 

mM of copper concentration.  The mean MIC of copper for tcrB-negative and tcrB-positive 

isolates were 6.2 and 22.2 mM, respectively, and the difference was significant at P < 0.001 (Fig. 

3.1). The two reference strains obtained from Denmark [7430162-6 and 7430275-4] had an MIC 

of 23 and 24 mM, respectively.  

All tcrB-positive and tcrB-negative isolates were resistant to erythromycin and tetracycline   

(MIC >100 g/ml) and susceptible to vancomycin.  The MIC values for vancomycin were higher 

for the tcrB-positive isolates (0.42 g/ml) than the tcrB-negative isolates (0.22 g/ml) and the 

difference was significant at P < 0.001 (Table 3.3).    

PFGE for tcrB-positive enterococcal isolates 

 The clonal relationship among the 43 tcrB-positive isolates was determined (Fig. 3.2 & 3.3) 

by PFGE typing.  Based on species specific distribution of PFGE patterns within and between 

copper and control group, a total of 17 PFGE types were obtained (< 95 % dice similarity) 

among the 35 tcrB-positive E. faecium isolates and the 8 tcrB-positive E. faecalis isolates had 4 

PFGE types.  Among the five tcrB-positive isolates from the control group, three E. faecalis 

isolates belonged to two different PFGE types and the two E. faecium isolates had different 

banding patterns.  Among the 38 tcrB-positive isolates obtained from copper group, 33 E. 

faecium isolates belonged to 15 different PFGE types and five E. faecalis isolates shared two 

PFGE patterns.  Six E. faecium isolates (type 13) with identical banding pattern (100% Dice 

similarity) were obtained from four pens in the copper group on sampling day 14.  Similarly, 
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four E. faecium isolates (type 4) with identical banding pattern (100% Dice similarity) were 

obtained from two pens in the copper group on sampling day 14.  On day 28, three E. faecalis 

isolates obtained from the same pen had identical banding pattern.  Among the two tcrB-positive 

E. faecium isolates in the control group, one isolate had identical PFGE pattern with that of two 

tcrB-positive isolates (obtained from the same pen) in the copper group.  All tcrB-positive 

isolates obtained on three different sampling days (14, 28, and 42) belonged to different PFGE 

types except for two E. faecium isolates obtained from the same pen on day 28 matched with 

another isolate (from a different pen) obtained on day 42.  Few of the tcrB-positive isolates 

obtained within each pen over three different sampling days (14, 28, and 42) belonged to 

different PFGE types.  In one pen of the copper group that had five tcrB-positive E. faecium 

isolates (on sampling day 42) four had identical PFGE banding patterns.  Among the isolates 

obtained from day 14, one PFGE type was distributed among three different pens, which was 

same with other two different PFGE types shared between pens.  On day 28, we observed only 

one PFGE that was common between two pens.  In one pen (pen 32) that had 12 tcrB positive 

isolates obtained on three different sampling days, there were six different PFGE types.  In pens 

7 and 13 that had seven tcrB-positive isolates each, there were five and six different PFGE types, 

respectively.  The pen 21 with nine tcrB-positive isolates had five different PFGE types.  The 

pen 10 with two tcrB-positive isolates had two PFGE types.   

Interspecies transferability of tcrB gene 

 Five each of tcrB-positive E. faecium and E. faecalis isolates were used to demonstrate the 

interspecies transferability of tcrB gene by conjugation.  The ten resultant transconjugants were 

positive for tcrB, erm(B), and tet(M) genes.  As expected, the transconjugants were able to grow 

on BHI agar containing high copper concentrations (16 or 20 mM).  The mean copper MIC of 
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the ten transconjugants was 18.4 mM.  The mean transfer frequency for tcrB-positive E. faecium 

and E. faecalis isolates were 9.3 × 10-6 and 8.2 × 10-6, respectively (Table 3.4).  
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DISCUSSION 

The present study examined the effect of feeding elevated amount of copper on the 

prevalence of tcrB-mediated, copper-resistant enterococcal isolates in the feces of piglets.  Only 

a small proportion of fecal enterococcal isolates (11.9%; 43/360) obtained from piglets fed diets 

supplemented with normal or elevated level of copper harbored the tcrB gene.  This suggests that 

acquired resistance to copper was not widespread in enterococci.  In contrast to our study, 

Hasman and Aarestrup (2002) have reported a prevalence of 76% (45/59) of copper resistant 

enterococcal isolates from pigs at the time of slaughter from Denmark.  The higher prevalence of 

tcrB gene in the Danish piglets may be related to higher level or longer duration of copper 

supplementation (Hasman et al., 2006 b).  In our study, the tcrB gene was detected only in two 

species, E. faecium and E. faecalis, and majority of the isolates (35/43; 81%) were E. faecium.  

Our results are in agreement with Denmark studies, where the prevalence of tcrB gene was 

higher among the E. faecium isolates from pigs (Hasman, 2005; Hasman and Aarestrup, 2005).  

In Denmark, the tcrB was also detected in E. gallinarum, E. casseliflavus, and E. mundtii 

(Hasman and Aarestrup, 2002; Hasman et al., 2006b).  Even among the randomly chosen tcrB-

negative isolates (44 isolates) that were subjected for species identification, we did not find 

species other than E. faecium and E. faecalis.  Studies conducted in swine have generally 

reported E. cecorum, E. durans, E. faecalis, E. faecium, E. hirae, and E. malodoratus as 

predominant species (Devriese et al., 1994; Thal et al., 1995).  The differences in the species 

distribution can be attributed to factors, such as age, diet, use of in-feed antibiotics, identification 

methods employed, and the geographical location (Jackson et al., 2004a).  However, for our 

study samples were collected during the nursery stage, the predominant types of species may be 
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representative of the overall population of swine at that particular stage of production (Jackson et 

al., 2004a).   

The higher prevalence of tcrB in enterococci from piglets fed elevated level of copper 

compared to the control (21.1% vs. 2.8%) suggests exertion of pressure to select for copper 

resistance.  The presence of tcrB-positive isolates in the control group fed normal level of copper 

in the diet suggests the occurrence of naturally resistant isolates.  The occurrence was not 

because of possible pen to pen transmission of tcrB-positive from the copper group because only 

one isolate (among five) of E. faecium was clonally identical to an isolate from the copper group.  

We obtained three enterococcal isolates per sample (nine per pen), which allowed us to screen 45 

isolates per treatment group and sampling day.  Although the prevalence of tcrB-positive isolates 

was detected only after initiation of copper supplementation, we did not find a linear increase in 

the prevalence with continued supplementation of elevated level of copper.  In fact, the highest 

prevalence was on day 14 of copper supplementation.  Also, there was no clone (PFGE type) of 

tcrB positive enterococci that became dominant or persistent with continued supplementation of 

elevated level of copper.  Almost all isolates obtained on different sampling days (14 days apart) 

belonged to different PFGE types.  Based on an in vivo pig challenge study, Hasman et al. (2006 

a) reported that feeding elevated level of copper resulted in the selection of tcrB- mediated 

copper resistant E. faecium.  The in vivo animal challenge study consisted of piglets fed low-

copper  (6 ppm) or high-copper diet (175 ppm) that were orally inoculated with tcrB-positive 

(copper resistant) and tcrB-negative (copper sensitive) E. faecium strains.   

The presence of tcrB gene was associated with an almost four-fold increase in resistance to 

copper (6 mM vs. 24 mM) compared to tcrB-negative isolates.  Hasman and Aarestrup (2002) 

have reported a seven-fold increase in resistance to copper in enterococcal isolates harboring 
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tcrB gene.  Copper is an essential micronutrient for both prokaryotic and eukaryotic cells for 

vital biological functions, because of its involvement as a cofactor in a range of enzymes 

(Magnani and Solioz, 2005).  In piglets, copper is added to diets at concentrations above those 

physiologically required by the animal because of growth promoting effects (NRC, 1998; 

Hasman et al., 2006 b).  The exact mechanism of action of copper as growth promoter has not 

been elucidated, but suggested mechanisms include altered gut microbial populations or 

increased availability of nutrients and energy because of the reduced microbial activity in the 

gut, attributed to the antimicrobial effects of copper (H jberg et al., 2005; Gould et al., 2009).  In 

European countries, copper is supplemented in swine diets at elevated levels, as a replacement to 

in-feed antibiotics, which have been banned for use as growth promotants (Aarestrup et al., 

2001; Hasman et al., 2006b).   

Copper shuttles between Cu++ and Cu+ at biologically relevant oxidation potential and 

interacts with molecular oxygen, which produces toxic oxygen radicals (Solioz et al., 2010).  

Because of its toxicity, cells have evolved homeostatic mechanisms to regulate normal 

intracellular concentration of copper.  In bacteria, these homeostatic mechanisms are very well 

documented and are mediated by a group of membrane spanning proteins, called CPx-type 

ATPases, encoded by genes located on an operon called copYZAB, which in concert work as 

efflux systems (Solioz and Stoyanov, 2003).  Generally gram negative bacteria, exposed to 

elevated levels of copper, possess both plasmid and chromosome mediated resistant mechanisms 

(Brown et al., 1995; Silver, 1996; Hasman et al., 2006 b).  In gram positive bacteria, plasmid 

encoded copper resistance has been shown in Lactococcus lactis and Enterococcus genus (Solioz 

et al., 2010).  In enterococci, a plasmid borne transferable copper resistance gene (tcrB) that 

encodes for CPx-type ATPase and confers resistance to copper was first documented in swine 
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isolates in Denmark (Hasman and Aarestrup, 2002).  The tcrB gene was identified as part of an 

operon, tcrYAZB, which is organized similar to copYZAB (Hasman, 2005).  The tcrB gene was 

detected in E. faecium and E. faecalis isolates of piglets, poultry, calves, and humans (Hasman 

and Aarestrup, 2002).  The strains harboring tcrB gene had a copper MIC of 24 mM compared to 

2 to 8 mM for strains which were negative for tcrB gene (Hasman and Aarestrup, 2002).   

In our study, the PFGE examination of tcrB-positive isolates revealed that there was no 

dominant or persistent PFGE type in the copper supplemented group..  Among the two tcrB-

positive E. faecium isolates in the control group, one isolate had identical PFGE pattern with that 

of two tcrB-positive isolates from the same pen in the copper group. This suggests transmission 

of tcrB-positive isolate across pens; although potential horizontal transfer cannot be excluded.   

An interesting aspect of copper resistance in enterococci of piglets is the potential genetic 

linkage of tcrB gene to macrolide and glycopeptide resistance (Hasman and Aarestrup, 2002).  

Hasman et al. (2006 b) have shown that elevated levels of copper fed to piglets co selected for 

erythromycin and vancomycin resistance in enterococcal isolates obtained in Denmark and 

Spain.  A plasmid of 175 kb containing tcrB gene along with erm(B) and vanA genes has been 

identified from an E. faecium isolate of piglets (Hasman et al., 2002).  In our study, both tcrB-

positive and tcrB-negative isolates contained erm(B) gene and were phenotypically resistant to 

erythromycin (MIC = > 100 g/ml). .  However, our tcrB-positive isolates did not contain the 

vanA gene and were susceptible to vancomycin (MIC = 0.42 g/ml).  It was not surprising to 

observe the presence of erm(B) and absence of vanA genes in our enterococcal isolates from 

piglets.  The erm(B) gene is the most common determinant associated with enterococci 

resistance to macrolides (Jackson et al., 2004 b) and  tylosin, an erythromycin derivative, is used 

in the feed of piglets to treat enteric infections and also for growth promotion (Jackson et al., 
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2004b).  The presence of vanA in enterococcal isolates of piglets and chickens in European 

countries was possibly because of the use of avoparcin, a glycopeptide, for growth promotion. 

However, the use of avoaprcin in Europe was banned in 1997.  The absence of glycopeptide 

resistance in enterococcal isolates in our study is in agreement with Poole et al. (2005) and is 

possibly because avoparcin or other related glycopeptide derivates have never been used in the 

swine industry in the United States (McDonald et al., 1997).   

The copper susceptibility determinations of tcrB-positive isolates showed that all strains were 

able to grow in media with copper concentrations of 16 to 24 mM compared to the tcrB-negative 

isolates which tolerated only 4 to 8 mM.  This relationship between tcrB and copper resistance is 

in agreement with studies from Denmark.  Antibiotic resistant enterococci are opportunistic and 

nosocomial pathogens in humans (Murray, 2000).  Because of the widespread occurrence of 

resistant enterococci in animals, it has been suggested that the enterococci may serve as reservoir 

of potential resistant genes capable of transferring to humans (Kojima et al., 2010).  The 

importance of enterococci is related to their involvement in the conjugal transfer of resistance 

genes, mostly associated with the plasmids or transposons.  In our previous study (Amachawadi 

et al., 2010), we demonstrated the transferability of tcrB gene between strains within the same 

species of enterococci.  In the present study, we demonstrated the interspecies transferability of 

tcrB gene between E. faecium and E. faecalis.  The transconjugants possessing erm(B), tet(M), 

and tcrB genes were suggestive of their presence on a conjugative plasmid, but this remains to be 

confirmed.  The resistance determinants, tet(M), and erm(B), are frequently carried on 

conjugative transposon, Tn916 and Tn916/Tn1545 (Clewell, 1995).  These conjugative 

transposons have broad host range and are capable of being transfered by horizontal gene 

transfer to a variety of gram positive and gram negative bacteria in the gut bacterial community 
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(Bertram et al., 1991).  A critical issue is the co-selection of metal and antibiotic resistance on 

the same genetic determinant, often on a plasmid or a transposon (Nandi et al., 2004).  These 

plasmids or transposons are of concern because they harbor antibiotic resistance genes and have 

the potential to spread between species (Nandi et al., 2004).  The reports on the relationship 

between the copper and antibiotic resistance are limited, and a definitive link (Hasman et al., 

2006 b) is lacking.  The existence of a metal associated co selective mechanism could be a major 

issue relative to public health and need further studies (Hasman et al., 2006 b).   In conclusion, 

our study showed a relationship between the elevated copper supplementation and prevalence of 

copper resistant enterococci in piglets.  
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Table 3.1: Primers used in the present study 
 

Gene -  
Product size     

(bp) 

Reference 

 

    

tcrB F:CATCACGGTAGCTTTAAGGAGATTTTC 

R: ATAGAGGACTCCGCCACCATTG 
663 Hasman et al., 

2006 

erm(B) F: GAATCCTTCTTCAACAATCA 

R: ACTGAACATTCGTGTCACTT 

 

175 Jacob et al., 

2008 

vanA F: CATGAATAGAATAAAAGTTGCAATA 

R: CCCCTTTAACGCTAATACGATCAA 

 

1,030 Kariyama et al., 

2000 

Enterococcus 

faecium 

 

F: TTGAGGCAGACCAGATTGACG 

R: TATGACAGCGACTCCGATTCC 

 

658 Dutka-Malen et 

al.,  1995 

 

Enterococcus 

faecalis 
 

F: CAAGTACAGTTAGTCTTTATTAG 

R: ACGATTCAAAGCTAACTGAATCAGT 

 

941 Dutka-Malen et 

al.,  1995 

 

sodA F: CCITAYICITAYGAYGCIYTIGARCC 

R: ARRTARTAIGCRTGYTCCCAIACR 

 

438 Poyart et al., 

2000 
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Table 3.2: Occurrence of tcrB gene positive fecal enterococci in piglets fed diets 

supplemented with or without copper. 

 

 

 

 

 

Treatment 

No. of isolates positive for tcrB gene/total isolates tested 

Sampling days 

   Total (%) 

0 14 28 42 

      

Control 0/45 3/45 1/45 1/45 5/180 (2.8) 

 

Copper 0/45 19/45 8/45 11/45 38/18(21.1) 
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Table 3.3:  Susceptibility of tcrB-positive or negative enterococcal isolates to antibiotics 

 

Antibiotics tcrB negative isolates 

(n =44) 

tcrB positive isolates 

(n=43) 

Erythromycin, µg/ml > 100 > 100 

Tetracycline, µg/ml > 100 > 100 

Vancomycin, µg/ml 0.2 0.4* 

      * P < 0.001 
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Table 3.4: Transfer frequency of tcrB gene in Enterococcus faecium and Enterococcus 

faecalis 

 

Donor Recipient 

Transfer frequency (no. 

of transconjugants per 

recipient) 

E. faecium KSU 143 E. faecalis OG1SSp 1.18×10-5 

E. faecium KSU 150 E. faecalis OG1SSp 7.88×10-6 

E. faecium KSU 153 E. faecalis OG1SSp 6.97×10-6 

E. faecium KSU 160 E. faecalis OG1SSp 9.48×10-6 

E. faecium KSU 167 E. faecalis OG1SSp 1.02×10-5 

E. faecalis KSU 101 E. faecium TX5034 1.05×10-5 

E. faecalis KSU 102 E. faecium TX5034 8.15×10-6 

E. faecalis KSU 201 E. faecium TX5034 7.43×10-6 

E. faecalis KSU 234 E. faecium TX5034 7.67×10-6 

E. faecalis KSU 269 E. faecium TX5034 6.96×10-6 
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Figure 3.1: Minimum inhibitory concentrations (95% Confidence Interval) of copper for 

tcrB-positive and tcrB-negative enterococcal isolates from piglets fed diets supplemented 

with or without copper. 
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Figure 3.2: Pulsed-field gel electrophoresis patterns of SmaI-digested genomic DNA of tcrB-

positive Enterococcus faecium isolates from piglets fed diets supplemented with or without 

copper. 
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Figure 3.3: Pulsed-field gel electrophoresis patterns of SmaI-digested genomic DNA of tcrB-

positive Enterococcus faecalis isolates from piglets fed diets supplemented with or without 

copper. 

 

 

 

 

 

 

 

 

 

 

 

 

 


