Emergence and transfer of antibacterial resistance mechanisms

There is currently increased public and scientific interest regarding the administration of therapeutic and subtherapeutic antimicrobials to animals, due primarily to the emergence and dissemination of multiple antibiotic resistant zoonotic bacterial pathogens.  This issue has taken center stage of late, yet, there is still no complete agreement on the significance of antimicrobial use in animals and/or resistance in bacterial isolates from animals on the development and dissemination of antibiotic resistance among human bacterial pathogens.  In fact, this debate regarding antimicrobial use in animals and subsequent human health implications has been going on for over 30 years, initiated by the release of the Swann report in the United Kingdom.  The latest report released by the National Research Council (1998) confirmed that there were substantial information gaps that contribute to the difficulty of assessing potential detrimental effects of antimicrobials in food animals on human health.  Regardless of the controversy, bacterial pathogens of animal and human origin are becoming increasingly resistant to most frontline antibiotics, including third generation cephalosporins, aminoglycosides, and even fluoroquinolones. The majority of these antimicrobial resistant phenotypes are obtained by the acquisition of external genes that may provide resistance to an entire class of antimicrobials.  In recent years, a number of these resistance genes have been associated with large, transferable, extrachromosomal DNA elements, called plasmids, on which may be other DNA mobile elements, termed transposons and integrons.  These DNA mobile elements have been shown to possess genetic determinants for several different antimicrobial resistance mechanisms and may be responsible for the rapid dissemination of resistance genes among different bacterial genera and species.  

The ability of the mobile DNA elements to establish genetic associations between widely different bacterial species and genera makes them likely to be principal components in the dissemination of a wide assortment of antimicrobial resistance determinants.

There are several different mechanisms by which bacteria can acquire resistance to antimicrobials (17,22).  Bacterial resistance to antimicrobials most likely results from either the mutation of normal cellular genes, over-expression of genes coding for various efflux pumps, or by the acquisition of foreign DNA coding for antimicrobial resistance. The majority of antimicrobials used in veterinary medicine can be inactivated or blocked by one or more of these mechanisms.

Infections caused by drug-resistant organisms are a major and costly animal health problem; these infections prolong illness and if not treated in time with more expensive, alternative antimicrobial agents, they can lead to death. Mechanisms of antimicrobial resistance utilized by today’s major bacterial pathogens will be described together with the emergence of antimicrobial resistance to several of our most powerful antimicrobials.  If current trends continue, we may see bacterial pathogens which are resistant to all current antimicrobials.  However, we feel the best prospect for the future is the development of a greater understanding of how bacterial autimicrobial resistance occurs in combination with the development and use of effective control strategies.

For instance, fluoroquinolone resistance has been linked to chromosomal mutations mediating changes in the A subunit of bacterial DNA gyrase (gyrA), or to decreased levels of drug accumulation, or both, where as (-lactam antibiotics can be inactivated by the presence of bacterial enzymes called  (-lactamases, which cleave the  (-lactam ring.  Additionally, bacteria have the capability to utilize any or all of these mechanisms at the same time, possibly rendering combination treatments ineffective.  

While much of the bacterial antimicrobial resistance observed in human medicine may be attributed to overuse in human patients, it is being adamantly argued that antimicrobial use in veterinary medicine and food animal agriculture contributes to the problem for several bacterial pathogens (2,21,25).  The recent isolation and detection of vancomycin-resistant enterococci, fluoroquinolone-resistant campylobacters and multi-drug resistant Salmonella typhimurium DT104 from animal sources or their immediate environment has revived this controversy. Regardless, it is clear that the use of antimicrobials in both animals and humans select for resistant bacterial populations.  The question than becomes “are the populations of resistant bacteria observed in people and animals independent or do they form a common pool with antimicrobial resistant bacteria in animals posing a threat to human health and perhaps vice versa?” (2).  

The emergence of antimicrobial resistance among bacterial pathogens is a serious crisis and several strategies have been proposed to try to circumvent and control this dilemma.  Prevention should be the ultimate solution, and vaccines have been suggested as a strategy that can be used to decrease the therapeutic use of antimicrobials (19).  An additional approach is to increase our understanding of the complex ecological and biochemical origins of antimicrobial resistance mechanisms which could provide insight into new preventive and therapeutic strategies for overcoming resistance development and transfer (Figure 1). 

The difficulty of bacterial antibiotic resistance is worsened by the certainty that many of the more virulent pathogens have acquired resistance to multiple, structurally unrelated antimicrobials, and to the fact that few new veterinary antimicrobials are likely to be available before the end of the decade (5,10,17).  Diseases requiring the most extensive use of antimicrobial drugs for treatment or prophylaxis are respiratory and enteric diseases in pigs and cattle, mastitis in dairy cattle, and colibacillosis in poultry.  The most commonly used antimicrobial drugs in food animals are usually from five major classes: (-lactams, tetracyclines, aminogylcosides, macrolides, and sulphonamides.  In addition, fluoroquinolones have been available in some European countries for more than 20 years with large animal approval occuring in the United States last year (1998).  This recent approval of fluoroquinolones for bovine respiratory disease by FDA-CVM attracted tremondous attention in the scientific community. 

Several epidemiological studies have demonstrated an association between use of antimicrobials in animals and the subsequent isolation of resistant bacterial from the same animals.  For example, Salmonella sp. isolated from healthy animals possessed an antibiotic resistance profile that matched the antibiotics used in the animal feed (7).  Another study profiled the emergence of both gentamicin and apramycin resistant E. coli and Salmonella sp. following the use of these antibiotics in food animals.  The same plasmid carrying the resistance gene (animoglycoside-3-N-acetyltransferase) was isolated from both the animals and the workers caring for them (6).  Once antimicrobial pressure has been introduced into an environment, resistance can quickly develop and spread (22).  With time, antimicrobial resistance can move from one microbial species to the next.  This movement is often orchestrated by extra-chromosomal DNA known as plasmids (22).  On the farm, multiple antimicrobial resistant bacteria can quickly become a normal component of the gut flora, persisting in numerous hosts (18).  Antimicrobial resistant bacteria can, over time, displace the antibiotic-susceptible population when selection pressure is present (13,17,22).  

In summary, as is the case for related bacterial human infections, therapeutic options for treatment of several infectious diseases in animals is decreasing.  It is possible that some day veterinarians may confront bacterial infections that no longer respond to antimicrobial therapy.  Therefore it is essential that prevention strategies and infection control measures be identified, evaluated, and implemented to head off this potential problem.  Understanding the molecular basis of how antimicrobial resistance genes are acquired and transferred among veterinary and foodborne bacterial pathogens will undoubtedly lead to the creation of new antimicrobial use strategies and perhaps lead to changes in management practices that will reduce and or eliminate multiple antimicrobial resistant bacterial pathogens on the farm.
In today’s world of high antibiotic usage in both the agricultural and medical fields, bacterial antibiotic resistance is becoming a prevalent trend and is cause for concern.  Antibiotic resistant pathogens in animals not only pose a concern with respect to animal health but also pose a growing concern regarding possible transmission to humans as food borne pathogens.  The problem of antibiotic resistance is worsened by the growing number of pathogens resistant to multiple, structurally unrelated drugs, and to the fact that few antimicrobials are likely to be available before the end of the decade.  Accordingly, more attention is now being paid to the case at which resistance can develop to both single and multiple antimicrobials among bacterial pathogens.  Oftentimes, these resistances are acquired with alarming ease.  It is very possible that in the near future certain bacterial strains could become resistant to the effects of all known antibiotics. Controlling bacterial infections in non-food animals is perhaps, the most common drug therapy administered in veterinary medicine.  Without appropriate antibacterial drugs to control and treat infection, it would be practically impossible to practice rational health care to animals.  The most common infections treated in these animals are skin infections, urinary tract infections, wound infections, and respiratory tract infections.  In small animals, infections caused by Staphylococcus intermedius, and Escherichia coli and common.  In horses, infections are frequently caused by streptococci and E. coli.  Bacterial drug-resistance presents a significant problem to veterinarians that treat infections in these animals, but the incidence of resistance has not reached the crisis that has been publicized in human medicine.  The most common bacteria to develop serious resistance in the non-food animals are E. coli, Pseudomonas aeruginosa, and enterococci.  Resistance also develops among other bacteria of the Enterobacteriaceae.  Some of the drug-resistant bacteria cause nosocomial infections in veterinary hospitals, but ordinarily, the nature of veterinary practice minimizes the opportunity for serious spread of nosocomial infections.  There is an impression that drug-resistant bacterial infections have become more common in the last ten years, but there is a lack of objective data in the published literature to confirm this assumption.  There is no evidence that antibiotic use, or emergence of drug-resistant bacteria in non-food animals, has caused a public health risk.  The most common antibacterial drugs administered for routine infections include penicillins, (particularly ampicillin and amoxicillin), cephalosporins, fluoroquinolones, trimethoprim-sulfonamides, and tetracyclines.  Veterinarians administer both veterinary-labeled drugs and human-labled drugs for treatment of infections in these animals.  Use of human-labeled drugs is allowed under the provisions of the 1994 Animal Medicinal Drug Use Clarification Act.  However, even with this clarification of the law, veterinarians are limited to a narrow choice of drugs, compared to the availability of antibacterials in human medicine.  Although some inexpensive human generic oral antibiotics are popular for routine infections, the expense and lack of dosing information restricts the use of many human-lable drugs, unless the infection is unusually resistant.  The most important challenges facing veterinarians that treat infections in non-food animals is to have the availability of safe and effective drugs in formulations that can be conveniently administered to their patients.

Salmonella is the most commonly isolated infectious enteric bacterial pathogen of dairy cattle and the most common zoonotic disease associated with human consumption of beef and dairy products. Epidemiological studies of the prevalence of Salmonella indicate 16 to 73% of U.S. dairy farms and 38% of feedlots are infected with salmonella. There are over 2,200 reported serotypes of Salmonella yet fewer than 2% of these account for approximately 80 % of the disease reported in livestock, poultry, and humans.  In cattle, over 95% of Salmonella associated with disease is in serogroups B, C, D, and E.  There is significant homology between the serotypes isolated from livestock, poultry, and humans suggesting all species are exposed to a common pool of Salmonella.  Epidemiological studies indicate significant transmission of Salmonella between species.  Human salmonellosis is commonly linked to the consumption of Salmonella contaminated beef, dairy, and poultry products.  Salmonella outbreaks usually reflect errors in food processing and or food handling that promote growth of Salmonella in contaminated food products.  The high prevalence of antimicrobial resistance in zoonotic Salmonella isolates is of particular concern to public health authorities.  Human transmission of Salmonella to livestock occurs sporadically when Salmonella infected individuals work with livestock and extensively when Salmonella contaminated human effluent is released into waterways and is used to irrigate livestock forage crops. 

Clinical outbreaks of disease in livestock amplify environmental Salmonella contamination.  Irrigation of crops with Salmonella contaminated dairy flush water contaminates forages and watersheds, thus maintaining the Salmonella challenge to the herd and disseminating Salmonella throughout the region.  Mammals, reptiles, birds, and insects also disseminate Salmonella within and between production units.  Cattle dying of salmonellosis are commonly rendered along with other by-products from the livestock and poultry industries, and converted into animal feed.  Although rendering is effective at killing Salmonella, post process contamination often leads to significant (50% of lots tested) Salmonella adulteration of rendered feed products.  Although the number of Salmonella in feed may initially be low, under appropriate moisture, temperature, and pH conditions Salmonella replicate approximately every 30 minutes.  The resultant increase in Salmonella numbers is exponential.  Salmonella outbreaks often reflect a series of events that culminate in a large challenge dose and impaired host immunity.  Salmonella outbreaks commonly last several months. Resolution appears to reflect increasing herd immunity in response to Salmonella exposure.  Despite resolution of clinical disease, Salmonella may continue to cycle through the herd and persist in the environment. Salmonella contamination of dairy and beef products continues even in the absence of clinical disease.

With an increase in the prevalence and distribution of antimicrobial resistant infections in hospitals and the community, the question has been raised as to how this escalation of resistance could have been influenced by the use of antimicrobials in livestock production. In general, there appears to be little doubt that treatment problems due to resistant bacteria are related to the prescribing practices of human health care workers and drug taking practices of patients, but considerable amounts of antimicrobials are also used in animal and plant agriculture.  Over 50 percent of the total production of antimicrobial compounds may be used in agriculture, with much of this applied in subtherapeutic doses as growth promoters in food animals. Microbiological and clinical evidence is mounting that resistant bacteria or resistance determinants might be passed from animals to humans.  Given this background the World Health Organization (WHO) held a meeting in conjunction with the WHO/FAO (Food and Agriculture Organization) Collaborating Centre for Research and Training in Food Hygiene and Zoonoses (BgW) in Berlin, Germany, from 13-17 October 1997, to review the currently available knowledge on the hazards to human health of the use of antimicrobials in food animals. Over 60 participants from the fields of both human and animal health discussed the public health consequences of such drug usage, focusing on the emergence of resistant organisms or resistance determinants which can then be transferred to humans through the food chain. Of particular interest were strains of four groups of organisms that can cause disease in humans and have been transmitted from animals to humans: Salmonella, Campylobacter, enterococci, and E.coli. Among the recommendations made by the meeting participants were that: the use for growth promotion in animals of any antimicrobial agent that is used in human therapeutics, and/or known to select for cross-resistance to antimicrobials used in human medicine, should be terminated: it is essential to have a systematic approach towards replacing growth promoting antimicrobials with safer non-antimicrobial alternatives; the development of production practices to reduce antimicrobial use in food animals should be encouraged; and countries should establish and monitor the prevalence of resistant bacteria in food-producing animal populations and animal-based food products.

Treatment of food-producing animals with antimicrobial agents that are important in human therapy may present a health risk by the transfer of resistant zoonotic pathogens or resistant genes from animals to humans via consumption of contaminated food.  Resistant bacteria can diminish the effectiveness of antibiotics and demand the use of more expensive or less safe alternatives.  In 1996, the U. S. Food and Drug Administration (FDA), the Centers for Disease Control and Prevention (CDC), and the Department of Agriculture (USDA) established the National Antimicrobial Resistance Monitoring Program to prospectively monitor changes in antimicrobial susceptibilities of zoonotic enteric pathogens from human and animal clinical specimens, from healthy farm animals, and from carcasses of food-producing animals at slaughter plants.

Veterinary testing is conducted at USDA’s Agricultrual Research Service and CDC’s Foodborne Disease Laboratory is testing human isolates under contract to FDA.  Both the CDC and USDA laboratories are using a semi-automated system (Sensitire™, Accumed, Westlake, Ohio) for testing susceptibilities of the isolates to 17 antimicrobial agents on a minimum inhibitory concentration plate.  Comparable methods for isolate handling are used in both laboratories.  This presentation will describe the development, implementation, and objectives of the National Antimicrobial Resistance Monitoring Program and plans for expansion of the program under the National Food Safety Initiative.

Since the introduction of antimicrobials into veterinary medicine some 45 years ago, animal health and productivity has improved appreciably (1,5,12,17).  Despite considerable use, and some misuse, many antimicrobials continue to remain effective today.  However, there is increased public and scientific interest regarding the administration of therapeutic and subtherapeutic antimicrobials to animals, due primarily to the emergence and dissemination of multiple antibiotic resistant zoonotic bacterial pathogens (1,3,4,8,20,21,25).  Antimicrobial resistant bacterial pathogens in animals not only pose a risk with respect to animal health, but are a growing concern regarding possible transmission to humans as foodborne pathogens (9,11,15,21,24). 

This issue has taken center stage of late, yet, there is still no complete consensus on the significance of antimicrobial use in animals and/or resistance in bacterial isolates from animals on the development and dissemination of antibiotic resistance among human bacterial pathogens.  In fact, this debate regarding antimicrobial use in animals and subsequent human health implications has been going on for over 30 years, initiated by the release of the Swann report in the United Kingdom (21).  The latest report released by the National Research Council (1998) confirmed that there were substantial information gaps that contribute to the difficulty of assessing potential detrimental effects of antimicrobials in food animals on human health (26). While much of the bacterial antimicrobial resistance observed in human medicine may be attributed to overuse in human patients, it is being adamantly argued that antimicrobial use in veterinary medicine and food animal agriculture contributes to the problem for several bacterial pathogens (2,21,25).  The recent isolation and detection of vancomycin-resistant enterococci, fluoroquinolone-resistant campylobacters and multi-drug resistant Salmonella typhimurium DT104 from animal sources or their immediate environment has revived this controversy. Regardless, it is clear that the use of antimicrobials in both animals and humans select for resistant bacterial populations.  The question than becomes “are the populations of resistant bacteria observed in people and animals independent or do they form a common pool with antimicrobial resistant bacteria in animals posing a threat to human health and perhaps vice versa?” (2).  

The emergence of antimicrobial resistance among bacterial pathogens is a serious crisis and several strategies have been proposed to try to circumvent and control this dilemma.  Prevention should be the ultimate solution, and vaccines have been suggested as a strategy that can be used to decrease the therapeutic use of antimicrobials (19).  An additional approach is to increase our understanding of the complex ecological and biochemical origins of antimicrobial resistance mechanisms which could provide insight into new preventive and therapeutic strategies for overcoming resistance development and transfer (Figure 1). 
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    Figure 1.  Antibiotic ecosystems (Johnston, 1998)

The difficulty of bacterial antibiotic resistance is worsened by the certainty that many of the more virulent pathogens have acquired resistance to multiple, structurally unrelated antimicrobials, and to the fact that few new veterinary antimicrobials are likely to be available before the end of the decade (5,10,17).  Diseases requiring the most extensive use of antimicrobial drugs for treatment or prophylaxis are respiratory and enteric diseases in pigs and cattle, mastitis in dairy cattle, and colibacillosis in poultry.  The most commonly used antimicrobial drugs in food animals are usually from five major classes: (-lactams, tetracyclines, aminogylcosides, macrolides, and sulphonamides.  In addition, fluoroquinolones have been available in some European countries for more than 20 years with large animal approval occuring in the United States last year (1998).  This recent approval of fluoroquinolones for bovine respiratory disease by FDA-CVM attracted tremondous attention in the scientific community. 

Several epidemiological studies have demonstrated an association between use of antimicrobials in animals and the subsequent isolation of resistant bacterial from the same animals.  For example, Salmonella sp. isolated from healthy animals possessed an antibiotic resistance profile that matched the antibiotics used in the animal feed (7).  Another study profiled the emergence of both gentamicin and apramycin resistant E. coli and Salmonella sp. following the use of these antibiotics in food animals.  The same plasmid carrying the resistance gene (animoglycoside-3-N-acetyltransferase) was isolated from both the animals and the workers caring for them (6).  Once antimicrobial pressure has been introduced into an environment, resistance can quickly develop and spread (22).  With time, antimicrobial resistance can move from one microbial species to the next.  This movement is often orchestrated by extra-chromosomal DNA known as plasmids (22).  On the farm, multiple antimicrobial resistant bacteria can quickly become a normal component of the gut flora, persisting in numerous hosts (18).  Antimicrobial resistant bacteria can, over time, displace the antibiotic-susceptible population when selection pressure is present (13,17,22).  

The majority of antimicrobial resistant phenotypes are obtained by the acquisition of external genes that may provide resistance to an entire class of antimicrobials (22,23).  There are several different mechanisms by which bacteria can acquire resistance to antimicrobials (17,22).  Bacterial resistance to antimicrobials most likely results from either the mutation of normal cellular genes, over-expression of genes coding for various efflux pumps, or by the acquisition of foreign DNA coding for antimicrobial resistance. The majority of antimicrobials used in veterinary medicine can be inactivated or blocked by one or more of these mechanisms.  For instance, fluoroquinolone resistance has been linked to chromosomal mutations mediating changes in the A subunit of bacterial DNA gyrase (gyrA), or to decreased levels of drug accumulation, or both, where as (-lactam antibiotics can be inactivated by the presence of bacterial enzymes called  (-lactamases, which cleave the  (-lactam ring.  Additionally, bacteria have the capability to utilize any or all of these mechanisms at the same time, possibly rendering combination treatments ineffective.  

In recent years, a number of these resistance genes have been associated with large, transferable, extrachromosomal DNA elements, called plasmids, on which may be other DNA mobile elements, termed transposons and integrons (16,23).  These DNA mobile elements have been shown to possess genetic determinants for several different antimicrobial resistance mechanisms and may be responsible for the rapid dissemination of resistance genes among different bacterial genera and species (3,16,22,23).  In fact, some of these determinants have been found to contain genes encoding resistance to disinfectants and heavy metals in addition to antimicrobial resistance genes (22,23).  This raises an unsettling question, what is the actual selection pressure that maintains these combined resistant phenotypes?  In addition, the existence of mobile plasmids in the Enterobacteriaceae predates the use of antibiotics (14).  The ability of the mobile DNA elements to establish genetic associations between widely different bacterial species and genera makes them likely to be principal components in the dissemination of a wide assortment of antimicrobial resistance determinants.

In summary, as is the case for related bacterial human infections, therapeutic options for treatment of several infectious diseases in animals is decreasing.  It is possible that some day veterinarians may confront bacterial infections that no longer respond to antimicrobial therapy.  Therefore it is essential that prevention strategies and infection control measures be identified, evaluated, and implemented to head off this potential problem.  Understanding the molecular basis of how antimicrobial resistance genes are acquired and transferred among veterinary and foodborne bacterial pathogens will undoubtedly lead to the creation of new antimicrobial use strategies and perhaps lead to changes in management practices that will reduce and or eliminate multiple antimicrobial resistant bacterial pathogens on the farm.
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Bacterial antimicrobial resistance has become a serious problem worldwide and to make matters worse, resistance mechanisms have been identified and described for all known antimicrobials currently available for clinical use.  Since the induction of antimicrobials into veterinary medicine some 45 years ago, animal health and productivity has improved significantly (1,4,10,12).  Despite considerable use, and some misuse, many antimicrobials continue to remain effective today.  However, loss of efficacy through emergence of bacterial antibiotic resistance is always an ever present hazard (1,2,3,6,14,15).  Antimicrobial resistant bacterial pathogens in animals not only pose a risk with respect to animal health but are a growing concern regarding possible transmission to humans as foodborne pathogens (7,9,15,18).  Currently, there is increased public and scientific interest regarding the administration of therapeutic and subtherapeutic antimicrobials to animals, due primarily to the possible emergence and dissemination of multiply-drug resistant zoonotic bacterial pathogens.  However, this is not a new argument.  In fact, this debate regarding antimicrobial use in animals and potential human health implications has been going on for over 30 years, initiated by the release of the Swann report (15).  The predicament of antibiotic resistance is worsened by the reality that many of the more virulent bacterial strains have acquired resistance to multiple, structurally unrelated antimicrobials, and to the fact that few new veterinary antimicrobials are likely to be available before the end of the decade (4,8,12).  Oftentimes, these bacterial antimicrobial resistance phenotypes are acquired with alarming ease and rapidity.  Accordingly, more interest is now being directed at the spontaneity which resistance can develop to both single and multiple antimicrobials among bacterial pathogens.  To safeguard the efficacy of antimicrobial therapy in veterinary medicine and to minimize possible public health risks, it is necessary to identify emerging resistance’s and limit the spread of these resistant bacterial isolates.  If current trends continue, we may encounter bacterial pathogens which are resistant to the effects of all known antimicrobials.  This situation is being addressed by both FDA and USDA which are currently implementing strategies to head off this potential hazard in veterinary medicine.  In fact, FDA’s Center for Veterinary Medicine (FDA-CVM), Centers for Disease Control and Prevention (CDC), and the American Veterinary Medical Association (AVMA) are currently working together to develop recommendations promoting the judicious use of antimicrobials in veterinary medicine.



The recent approval of fluoroquinolones for bovine respiratory disease by FDA-CVM attracted tremondous attention in the scientific community.  Conditions of approval were more complex than other antimicrobials in the past, including post-approval monitoring for the development of resistance, responsible use-education programs, and a pledge to the effect of voluntarily removing the product should a public health risk be detected.  Is this the future of veterinary antimicrobial approvals?  One thing is certain, at present, antimicrobial treatments form the backbone against spread of infectious diseases in veterinary medicine.  The use of antimicrobials on farms is predominantly to treat or prevent disease in animals.  However, gram negative bacterial pathogens, in particular E. coli and Salmonella spp, have been slowly accumulating multiple antibiotic resistance phenotypes, to a point where in the near future, therapeutic choices could become very limited (5,8,12,14,16).  In particular, bacterial pathogens (animal and human origin) have become increasingly resistant to most frontline antibiotics, including sulfa drugs, aminoglycosides, third generation cephalosporins, and even fluoroquinolones (1,2,3,6,9,10,17).  Infections caused by drug-resistant bacteria are a severe and costly animal health problem; these infections prolong illness and if not treated in time with more costly, alternative antimicrobial agents, can lead to increased morbidity and mortality.  


Wild-type E. coli and Salmonella spp., unexposed to selective pressures tend to be sensitive to the majority of antimicrobials, but exposure to such agents favors resistance development (16).  This resistance development has been observed since the initial introduction of antimicrobial agents in both the human and veterinary arenas.  Extended use of antimicrobial agents supports resistant bacterial strains by eliminating more susceptible competitors.  If these resistant strains also happen to be more virulent than others, than more pathogenic bacteria could become established at the expense of favorable commensal microorganisms (12,16).  


The development of bacterial antimicrobial resistance creates complications due to their increased tendency to distribute multiple antimicrobial resistance genes to susceptible bacteria.  Bacterial antimicrobial resistance usually develops by means of chromosomal mutations, or by the acquisition of large, transferable, extrachromosomal DNA elements, called plasmids, on which may be other DNA mobile elements, termed transposons and integrons (11,17).  These DNA mobile elements have been shown to possess genetic determinants for several different antimicrobial resistance mechanisms and may be responsible for the rapid dissemination of resistance genes among different bacterial genera and species (2,11,16,17).  In fact, some of these determinants have been found to contain genes encoding resistance to disinfectants and heavy metals in addition to antimicrobial resistance genes (16,17).  This raises a disturbing question, what is the selection pressure that maintains these combined phenotypes?  Only further research will tell.


When we mention the term “Antimicrobial resistance”, it can be interpreted many different ways by many different disciplines.  For instance, there is the microbiological definition versus the clinical interpretation of antimicrobial resistance; intrinsic or natural resistance versus acquired; and mutational versus extra-chromosomal antimicrobial resistance.  All of these considerations should be encompassed when one attempts to describe the emerging bacterial antimicrobial resistance situation facing us today.  Bacterial antimicrobial resistance generally develops through one of four mechanisms: antimicrobial inactivation; alteration of target enzyme; alteration of target binding site; and reduced cellular uptake and or increased efflux of the antimicrobial agent out of the cell.  The majority of antimicrobials used in veterinary medicine can be inactivated or rendered ineffectual by one or more of these mechanisms.  For instance, fluoroquinolone resistance has been linked to chromosomal mutations mediating changes in the A subunit of bacterial DNA gyrase (gyrA), or to decreased levels of drug accumulation, or both (6,10,14), where as  -lactam antibiotics can be inactivated by the presence of bacterial enzymes called  -lactamases which cleaves the  -lactam ring (5).   Additionally, bacteria have the potential to utilize any or all of these mechanisms at the same time, possibly rendering combinational treatments ineffective.  


The focus of my past research at NDSU was to collect data concerning the prevalence of multiple antimicrobial resistance among E. coli strains incriminated in bovine calf scours, swine enteritis, and avian colisepticemia, and identify the bacterial resistance mechanisms at work.  Over 600 E. coli isolates were obtained from clinical cases submitted to the North Dakota State University Veterinary Diagnostic Laboratory from 1996 to 1997.  Bacterial antimicrobial sensitivities were carried out using standard antibiotic disk diffusion assays and micro dilution methods (13).  The resulting antibiograms (antibiotic sensitivities) are already yielding interesting data concerning patterns of resistance.  These strains were also screened for several virulence factors that have recently been identified among both human and animal pathogenic E. coli strains (2,9).  For E. coli strains incriminated in calf scours, antimicrobial resistance percentages ranged from 93% for Tetracycline to less than 1% for Amikacin.  Seventy-seven percent of strains were resistant to Ampicillin whereas only 23% were resistant to Gentamicin.  Eleven percent of strains were resistant to Ceftiofur and 5% were resistant to Enrofloxacin, even though this drug is prohibited from bovine extra-label use.  Enrofloxacin is approved for treatment of bovine respiratory pathogens but cannot be used to treat bovine diarrhea.  For  -hemolytic E. coli strains incriminated in swine enteritis, antimicrobial resistance percentages ranged from 94% for Spectinomycin to less than 1% for Amikacin and Ceftiofur.  Eighty-eight percent of strains were resistant to Tetracycline whereas only 25% were resistant to Ampicillin and potentiated Sulfonamides.  Thirteen percent of strains were resistant to Gentamicin and Cephalothin and surprisingly, 44% were resistant to Chloramphenicol, even though this drug has been prohibited from swine use for over a decade.  In addition, the majority of these swine        E. coli isolates expressed multiple fimbria and producecd either shiga-toxins, enterotoxins, and/or cytonecrotizing factors.  Interestingly, most bacterial pathogens isolated from intramammary infections in our area are almost completely susceptible to the approved antimicrobials to treat mastitis.  


Why are certain E. coli strains found to be resistant to multiple antimicrobials?  One must remember that these isolates are the “worst of the worst” since they are submitted to the NDSU Veterinary Diagnostic Laboratory after other antimicrobial treatments have probably failed.  All one needs to do is scan the histories of the majority of case submissions to get some idea at what multiple antimicrobials have already been used in an attempt to control the infection.


In conclusion, bacterial antibiotic resistance has emerged with surprising rapidity among E. coli strains incriminated in bovine and swine infectious diseases following the prolonged use of antimicrobials in veterinary medicine.  There are however, significant differences between antimicrobial susceptibility patterns between bovine and swine diarrheagenic E. coli isolates, and those bacteria isolated from mastitis infections, most likely reflecting management decisions and policies regarding antimicrobial use to treat infectious bacterial diseases.  Many of these bacterial pathogens also possess several virulence factors that enable these strains to produce disease in both animals and humans.  This combination of increased virulence coupled with multi-drug resistance is an increasing threat to successful treatment of E. coli related animal diseases and possibly to human health.  As is the case for particular bacterial related human infections, therapeutic options for treatment of diseases in animals is decreasing.  Because multiple antimicrobial resistance is such a escalating dilemma, it is conceivable that in the near future, veterinarians may confront bacterial infections for which there is no effective therapy.  It is therefore essential that prevention strategies and infection control measures be identified, evaluated, and implemented to head off this potential dilemma.  Pharmaceutical companies must continue their drug discovery efforts, however, with the increasing scrutiny regarding antimicrobial approval in veterinary medicine, how likely is this to happen?  Regardless, 

understanding the molecular basis of how antimicrobial resistance genes are acquired and transmitted among veterinary bacterial pathogens will undoubtedly lead to the creation of novel antimicrobial strategies and perhaps changes in management practices that will lead to the reduction and or elimination of multi-drug resistant bacterial pathgens.
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