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Title 
 
Antibiotic Resistance and Water Quality: Land Application of Swine Lagoon Effluent as a Potential Source 
of Antibiotic Resistant Genes in Surface Water 
 
 
Problem 
 
The use of antibiotics in animals is suspected to be a major route of the transference of antibiotic resistant 
bacteria to humans, even when different antibiotics are used in animals than in people. Mathematical 
models have been used to evaluate the medical impacts of simultaneously using the same antibiotic in food 
animals and human medicine. Analysis from the mathematical models demonstrates that animal antibiotic 
use may hasten the appearance of antibiotic resistance and decrease the efficacy of antibiotic used in 
humans. A number or reports have specifically linked antibiotic use in livestock with the spread of antibiotic 
resistant pathogenic bacterial to humans. North Carolina is the home of our Nation’s second largest swine 
industry. Most of this swine production is restricted to a small geographical area in southeastern North 
Carolina. This high concentration of swine production may increase the risk of antibiotic resistant bacteria 
from swine operations reaching the nearby surface waters. If antibiotic resistance and the presence of 
antibiotic resistant genes are occurring at an elevated level in swine waste, then it logically follows that 
antibiotic resistant genes found in bacteria are potentially discharged during land application of swine 
lagoon effluent and have the potential to reach nearby surface waters. The goal of this study is to evaluate 
the association of antibiotic resistance genes found in E.coli isolated from swine with the actual phenotypic 
expression of the resistance. Additionally to develop an antibiotic resistance database for E. coli isolates 
from a commercial swine facility and assess its efficacy for tracking movement of bacteria from swine 
confinement houses to surface waters. The appearance of swine-manure derived bacteria in shallow 
groundwater near the stream or in the stream would document the need for improved mitigation strategies. 
To establish that swine manure-derived bacteria are discharged to surface waters, source tracking methods 
will be used. 
 
The predominant manure management choice for swine is the lagoon system. Anaerobic lagoons are 
widely used in temperate climates in the United States for the treatment of swine manure. They 
are simple to manage and very effective in reducing organic matter and nutrients when properly 
designed and operated (Bicudo et al, 1999). Anaerobic lagoons store, treat and minimally dilute 
the waste from concentrated animal feeding operations (CAFO). Lagoons, however, were not designed to 
control pathogens, despite the fact that swine manure contains as high as a billion protozoa, fungi and 
bacteria per gram. 
 
Previous studies showed that pathogens can persist in swine lagoon liquid and sludge, in manure 
piles, and in waste litter (Plym-Forshell 1995; Radtke and Gist 1989). Pathogens are more likely 
to persist in liquid or moist waste, and in sludge or lagoon treatments, which do not heat manure 
to a high enough temperature to kill pathogens (Kudva et al. 1998). Hog manure may contain 
pathogens like Cryptosporidium and Salmonella, which can cause diarrhea in normal healthy 
adults, but can be fatal in children, the elderly and other groups at risk. (Sobsey et al, 1999). 
Raw hog waste applied to crops can contain 100 to 10,000 times the number of pathogens that is 
allowed in treated human waste (Sobsey et al, 1999). However, since raw hog waste is rarely if 
ever applied to crop land in North Carolina, the level of human pathogens in effluent from 
treatment lagoons applied to crops is likely to be lower than that reported for raw manure 
(Sobsey, et al. 1999) Nevertheless, since pathogens move easily through air and water, there is 
potential for transmission from swine operations to humans. 
 
 
Research Objectives 
 
The goal of this study is to evaluate the association of antibiotic resistance genes found in E.coli isolated 
from swine with the actual phenotypic expression of the resistance. Additionally to develop an antibiotic 



resistance database for E. coli isolates from a commercial swine facility and assess its efficacy for tracking 
movement of bacteria from swine confinement houses to surface waters. 

1. Determine the relationship between presence of antibiotic resistance genes for tetracycline, 
sulfonamides, streptomycin and apramycin resistant genes found in E. coli strains from swine 
manure, lagoon effluent and nearby ground and surface waters with the actual phenotypic 
expression of the resistance. 

2. Develop a database of antibiotic resistance patterns for E. coli isolated from swine manure, cattle 
manure, wildlife manure, human and pets. 

3. Evaluate the usefulness of this database for assessing movement (or dispersal) of E. coli from a 
confined swine operation to a nearby stream. 

 
The goal of this study is to identify and quantify E.coli isolates with antibiotic resistant genes in raw swine 
manure, lagoon effluent from a commercial swine facility and in nearby ground and surface waters. The 
appearance of swine-manure derived bacteria in shallow groundwater near the stream or in the stream 
would document the need for improved mitigation strategies. To establish that swine manure-derived 
bacteria are discharged to surface waters, source tracking methods will be used. 
 
 
Methodology 
 
The Soil Science Department has well equipped laboratories for molecular and microbiological analysis of 
manure, water/wastewater, and soil. Dr. Graves’s laboratory is equipped with a Mastercycler ep realplex 
real-time thermal cycling system, eppendorf thermocycler for conventional PCR, agarose gel 
electrophoresis units, gel documentation systems, membrane –filter manifolds, centrifuges, water baths, 
incubators, refrigerators, -20°C and -80°C freezers. The lab also houses PC computers with internet 
access. 
 
Study Site: The study site (Figure 1) is a commercial swine farm with a standing herd of 4400 
finishing animals, located in a 275 ha watershed along the upper reach of Six Runs Creek, which flows in a 
southerly direction in eastern Sampson County, NC. The study site is approximately 18 km north of Clinton, 
NC. The study site has two waste application fields. The stream adjacent to waste application field 1 flows 
in a channel, but the segment adjacent to waste application field 2 
is impounded by two beaver dams and forms an elongated pond. Below the lower beaver dam the stream 
flows in a channel as it exits the producer's property. Four swine operations with 23 swine houses are 
located in this watershed. Fields receiving swine-lagoon effluent (approximately 40 ha) and cropped with 
coastal bermuda grass managed for hay or as grazed pastures are situated on both 
sides of the creek. A forested riparian buffer of variable width (41 to 87m) is located between the waste 
application fields and the creek. Three transects of piezometers (wells) have been installed in each of two 
waste application fields and the adjacent forested riparian system on the west side of Six Runs Creek for 
sampling of shallow ground water. Each transect has four or five well nests positioned on the side slope of 
the field, at the field edge, in the riparian zone, and at the stream edge. In the waste application fields, wells 
within a nest have been placed 1 m apart and screened at three different depths: near top of water table, 
and at two greater depths below the water table (Israel et al., 2005).  
 



 
Figure 1. Map of study site. Figure found in Israel et al., 2005 
 
 
Procedures for Objective 1: A combined total of 300 E. coli isolates from swine houses, 
lagoons, ground and surface waters will be evaluated for antibiotic resistance genes and 
phenotypic expression of antibiotic resistances. Shallow groundwater will be sampled from wells 
in the sprayfield and at the stream edge and the stream will be sampled upstream, adjacent to and 
down stream of the swine operation. Swine manure and lagoon effluent samples will be serially 
diluted (surface water and groundwater samples will not be diluted) and filtered on membrane 
filters. Filters will be transferred to plates and incubated at 44.5°C. After 24 h single colonies 
will be picked and transferred to liquid media and incubated at 37°C. After 24 h an aliquot of 
each culture will be taken for PCR analysis and another aliquot will be transferred to micro-well 
plates for the antibiotic resistance evaluations. 
 
PCR detection of resistance genes. Bacterial lysates will be used as templates for the PCR 
reactions. Lysates will be prepared by resuspending a loopful of bacteria from a fresh overnight 
culture on a blood agar plate will be resuspended in 500μl of water, homogenized and heated at 
95°C for 15 min. After cooling to room temperature, suspensions will be centrifuged for 3 min 
at maximum speed in a microcentrifuge. A 1-μl volume of the supernatant will be used as a 
template for each 25-μl PCR mixture. The primers and protocols for major resistance genes for 
tetracycline (tetA, tetB, and tetC), sulfonamides (sul1, sul2, and sul3), streptomycinspectinomycin 
(strA/strB, aadA), and apramycin [aac(3)IV)] are described in Table 1. All polymerase chain reactions will be 
completed with the following temperature cycling: 1 cycle of 4 min at 95°C; 35 cycles, each consisting of 1 
min at 95°C, 1 min at annealing temperature given in Table 1 followed by 1 min at 72°C; and 1 cycle of 7 
min at 72°C. SYBR Green I (Applied Biosystems) will be used to detect the amplified product. The product 
will be run through gel electrophoresis to confirm fragment location. 
 
 
 
 
 
 
 
 
 



Table 1. Single PCR conditions and control strains 
Gene  Primer 

name  
Primer sequence  Anneal 

(°C)  
Fragment 
size (bp)  

Positive 
control  

aadA  4Fa  GTGGATGGCGGCCTGAAGCC  68  525  AMR-
002d  

 4Ra  AATGCCCAGTCGGCAGCG     
strA  2Fa  CCTGGTGATAACGGCAATTC  55  546  AMR-

009d  

 2Ra  CCAATCGCAGATAGAAGGC     
strB  3Fa  ATCGTCAAGGGATTGAAACC  55  509  AMR-

009d  

 3Ra  GGATCGTAGAACATATTGGC     
tetA  TetA-Lb  GGCGGTCTTCTTCATCATGC  64  502  RO8d  
 TetA-Rb  CGGCAGGCAGAGCAAGTAGA     
tetB  TetB-Lb  CATTAATAGGCGCATCGCTG  64  930  PB#11d  
 TetB-Rb  TGAAGGTCATCGATAGCAGG     
tetC  TetC-Lb  GCTGTAGGCATAGGCTTGGT  64  888  PB#02d  
 TetC-Rb  GCCGGAAGCGAGAAGAATCA     
sul1  Sul1-Lb  GTGACGGTGTTCGGCATTCT  68  779  AMR-

130d  

 Sul1-Rb  TCCGAGAAGGTGATTGCGCT     
sul2  Sul2-Lb  CGGCATCGTCAACATAACCT  66  721  AMR-

130d  

 Sul2-Rb  TGTGCGGATGAAGTCAGCTC     
sul3  Sul3-Fc  GAGCAAGATTTTTGGAATCG  51  880  RL0044c  
 Sul3-Rc  CATCTGCAGCTAACCTAGGGCTTTGGA     
aac(3 
)IV  

Aac4-Ld  TGCTGGTCCACAGCTCCTTC  59  653  AMR-
075d  

 Aac4-Rd  CGGATGCAGGAAGATCAA     
a Reference: Boerlin et al., 2005; b Reference: Lanz et al., 2003; c Reference: Perreten and 
Boerlin, 2003; d Reference: Boerlin et al., 2005. 
 
Antibiotic resistance analysis of isolates. Various antibiotic concentrations will be used to 
determine antibiotic resistance patterns in target microorganisms (Table 2). The antibiotics/concentrations 
were selected based on previous success from other ARA studies and 
their common use in human and veterinary practice (Mathew et al., 1999). Each of the thirty-eight 
antibiotic/concentrations is added separately to flasks of autoclaved and cooled Trypticase 
Soy Agar (TSA, BBL) from stock antibiotic solutions to achieve the desired concentration, and 
then poured into sterile 15x100mm petri dishes. Control plates (no antibiotics) are included with 
each set. Isolates are transferred from the microwell plate using a stainless steel 48-prong replica 
plater (Sigma). The replicator is flame-sterilized (95% ethanol) after inoculation of each TSA 
plate. The inoculant is allowed to soak into the agar and the plates are then incubated for 48 
hours at 37oC. Resistance to an antibiotic is determined by comparing each isolate to the growth 
of that isolate on the control plate. A one (1) is recorded if that isolate grew (a round colony, 
mostly filled) and a zero (0) is recorded for no growth. This is repeated for each isolate on each 
of the 30 antibiotic plates. 
 
This information will allow correlation of occurrence of antibiotic resistance genes carried by 



isolates with the expression of antibiotic resistances encoded by these genes. This will allow an 
assessment of the level of expression of antibiotic resistance genes in the E. coli population. 
 
 
 
 
Table 2. Antibiotics and concentrations used in ARA. 
 ________________________________________________________________  

Antibiotics  Concentrations  (μg/ml)  No. of Variables  
Erythromycin  60, 70, 90, and 100  4  
Neomycin  2.5, 5.0, and 10  3  
Oxytetracycline  8, 16, 32, 64, and 128  5  
Streptomycin  8, 16, 32, 64, and 128  5  
Tetracycline  8, 16, 32, 64, and 128  5  
Cephalothin  16, 32, 64, and 128  4  
Apramycin  16, 32, and 64  3  
Sulfamethoxazole  64, 128, 256, and 512  4  
Trimethoprim-    
Sulfamethoxazole  8, 16, 32, 64, and 128  5  
Control  No antibiotic  2  
Total   40  

__________________________________________________________________  
 

 

 
Procedures for Objective 2. Strains of E coli will be isolated from known fecal waste samples 
to develop a known source library. No more than 10 isolates will be taken from a given sample 
of each manure source to build a database of 1000-1200 isolates. The known source categories 
will be composed of swine, cattle, wildlife and pets. Over 300 E. coli isolates from swine and 300 E. coli 
isolates from cattle have already been collected for database development. Antibiotic resistance analysis on 
1000-1200 known isolates will be performed as described under Objective 
1. 
 
Statistical Analysis for ARA: Variables for the analyses include the number of antibiotics used 
and the degree of pooling of sources. Each analysis produces a classification set for every 
known source isolate. The correct classification rates are calculated using one set of antibiotic 
resistance patterns (ARPs) both to establish the classification rule and as test subjects (Harwood 
et al., 2000). The number of isolates from a given source that are placed in the correct source 
category by discriminant analysis is termed the rate of correct classification. The average rate of 
correct classification (ARCC) for the database is obtained by averaging the correct classification 
percentages for all sources (Harwood et al., 2000). The holdout method of cross validation, in 
which isolates from known sources are randomly removed from the data set and treated as test 
subjects, will be used as a more rigorous test of the predictive power of the databases (Harwood 
et al., 2000). To determine whether the known database are large enough or has ample 
representation, artificial clustering will be used. Artificial clustering involves randomly 
assigning equal numbers of isolates from each source and applying discriminant analysis to 
determine the random ARCC. Our database will contain 4 source types, swine, cattle, wildlife 
and pets. The random ARCC should be approximately 25% for each source. Thus, any percent 
significantly greater than the 25% ARCC indicates that the known source database is not 
representative. If the ARCC for a source segment of the database is found not to be 
representative, isolates will be added until the problem is corrected. By doing so, assures that the 
database will serve as a good point of reference for identifying unknown source isolates collected 
from Six Runs Creek. The development and validation of this database will allow determination 
of the source of unknown E. coli isolates obtained from the Six Runs Creek. 
 



Procedures for Objective 3. Water samples will be collected from a total of 5 stream sampling 
sites, once a month for nine months. Sampling sites will consist of upstream (above waste 
application field 1, see Figure 1) and downstream sites in relation to the swine facility. The 
sampling regime is designed to capture possible seasonal variation in host sources contributing 
bacterial loading to Six Runs Creek. Ground water samples will be collected from the wells of 
transect two at each waste application fields (figure 1). Sampling from these sites will occur 
once every other month for nine months. 
 
Isolation of E. coli will be performed by membrane filtration of a known volume of a water 
sample passed through a membrane filter that is then placed on media that is selective for the 
target microorganism. After incubation for 24 hr in a 44.5°C water bath, colonies will be 
transferred to 96-microwell plates containing 0.2 ml colilert broth specific for the target 
microorganism, and incubated for 24 h at 37°C. Twenty-four isolates from each water sample 
will be evaluated using antibiotic resistance analysis to determine its source. Antibiotic 
resistance analysis will be performed as described under objective 1. Isolates identified as swine 
will be evaluated for the presence antibiotic resistant genes using procedures described in 
objective 1. 
 
 
 
Principal Findings 
 
Microbial source tracking by means of antibiotic resistance analysis (ARA) and polymerase chain reaction 
(PCR) have been performed on E. coli recovered from groundwater and surface water.  Out of a total of 192 
groundwater well samples only 7 wells had E. coli counts greater than 250 cfu/100ml, representing 3.6% of 
the samples. Of the 3.6% of groundwater samples that had elevated levels of E. coli, MST indicated that 
both lagoon effluent and wildlife (bird, deer, and unknown wildlife sample) were the major contributors of 
this contamination.   
 
Surface water samples had E. coli counts that were consistently higher than the recreational standard of 
250 cfu/ 100 ml.  Elevated surface water counts were not surprising as beavers had taken residence in the 
stream and built a dam. We recently made contact with a professional wildlife trapper and were able to 
collect feces from beaver, nutria and raccoon; ARA and PCR profiles from these three sources will be 
added to the database and all the data collected from the groundwater and surface water will be re-
evaluated against the more comprehensive database. 
 
To date, a total of 1,208 E. coli isolates from swine feces, lagoon effluent, cattle, wildlife and nearby ground 
and surface waters (n=238, 234, 192, 144, 200 and 200, respectively) have been evaluated for phenotypic 
expression of resistance to various concentrations of the following antibiotics: erythromycin, neomycin, 
oxytetracycline, streptomycin, tetracycline, cephalothin, apramycin, trimethoprim, and rifampicin. All the 
isolates displayed multiple antibiotic resistances. These isolates have also been evaluated for antibiotic 
resistance genes.  Genotypic evaluation indicated the presence of aadA, strA, strB, tetA, tetB, tetC, sul1, 
sul2, sul3, and aac(3)IV ARGs in all the sources of isolates.  
 

 Swine feces and lagoon effluent isolates: Had high levels (aad, strA, strB tetA and sul1); 
intermediate (tetB and tetC); low (sul2, sul3 and Aac(3)IV) (Figure 2). 

 Cattle isolates: Had high levels (aadA and tetA); intermediate (strA, strB, tetB and sul1); while 
wildlife isolates had high levels (aadA, strB, tetA and tetB); intermediate (strA and sul1). Both 
sources had low levels of tetC, sul2, sul3 and Aac(3)IV genes (Figure 2). 

 Ground and surface water isolates: Had high levels (aadA, strA, tetA, tetB and sul1); intermediate 
(strB, sul2 and sul3) and low (Aac(3)IV. Both strB and tetC genes increased in surface water 
(Figure 3). 

 ARGs in isolates from swine feces, lagoon effluent and wildlife sources were not significantly 
different (Figure 4).   

 ARGs in isolates from both ground and surface water were significantly greater than all the known 
sources (P<0.05) (Figure 4). 



 

 
Figure 2:  Distribution of antibiotic resistant gene types in known sources. 

 

 
 

Figure 3: Distribution of antibiotic resistant gene types in environmental sources. 

 
 



 
 

Figure 4:  Distribution of antibiotic resistant genes among the sources (P<0.05). 
 

 
 
Significance 
 
Microbial resistance to antibiotics is spreading fast; incidence of vancomycin resistance has increased from 
less than 1% to 17% within a span of 10 years (Pfaller et al., 1998). This study is intended to evaluate the 
association of antibiotic resistance genes found in E.coli isolated from swine with the actual phenotypic 
expression of the resistance. Additionally to develop an antibiotic resistance database for E. coli isolates 
from a commercial swine facility and assess its efficacy for tracking movement of bacteria from swine 
confinement houses to surface waters. Quantitative polymerase chain reaction will provide robust, sensitive 
and highly discriminant data. The results of this research will provide important information regarding the 
role of land application of lagoon effluent in spreading of bacteria with antibiotic resistance genes to surface 
waters. Early diagnosis of the problem will allow for the development of improved technologies and 
mitigation strategies. 
 
This work can be used to track sources responsible for fecal pollution in the environment and also to make 
decisions based on scientific evidence to establish if waste management systems are working properly. The 
study can also provide timely answers to questions about antibiotic resistance. Swine production is not the 
major source of fecal pollution in the creek but multiple sources are responsible. This might also be the 
case for other similar locations dominated by swine. However, considerations should be made for the role 
of wildlife in transporting E. coli from lagoons to the streams, such as birds, turtles, etc. They were surprised 
that some resistant genes were more pronounced in wildlife than the livestock where antibiotics are mostly 
used. 
 
 
References 
 
Aminov, R. I., N. Garrigues-Jeanjean, and R. I. Mackie. 2001. Molecular ecology of 
tetracycline resistance: development and validation of primers for detection of tetracycline 
resistance genes encoding ribosomal protection proteins. Appl. Environ. Microbiol. 67:22-32. 
 
Ananthaswamy, Anil. Spreading problem: Suberbug genes are getting into soil and water-will 
humans be next? 2001. New Scientist Magazine. 
 
Bates, J. 1997. Epidemiology of vancomycin-resistant enterococci in the community and the 
relevance of farm animals to human infection. J. Hosp. Infect. 37: 89-101. 
 



Bicudo, J. R., L. M. Safley, and P. W. Westerman. 1999. Nutrient content and sludge volumes 
in single–cell recycle anaerobic swine lagoons in North Carolina. Trans. ASAE 42(4): 
1087–1093. 
 
Bischoff, K. M., D. G. White, M. E. Hume, T. L. Poole, and D. J. Nisbet. 2005. The 
chloramphenicol resistance gene cmlA is disseminated on transferable plasmids that confer 
multiple-drug resistance in swine Escherichia coli. FEMS Microbiol. Lett. 243:285-291. 
 
Boerlin, Patrick, Rebeccah Travis, Carlton L. Gyles, Richard Reid-Smith, Nicol Janecko 
Heather Lim, Vivian Nicholson, Scott A. McEwen, Robert Friendship, and Marie 
Archambault. 2005. Antimicrobial Resistance and Virulence Genes of Escherichia coli 
Isolates from Swine in Ontario. 71(11):6753-6761. 
 
Bryan, A., N. Shapir, and M. J. Sadowsky. 2004. Frequency and distribution of tetracycline 
resistance genes in genetically diverse, nonselected, and nonclinical Escherichia coli strains 
isolated from diverse human and animal sources. Appl. Environ. Microbiol. 70:2503-2507. 
 
Centers for Disease Control and Prevention (CDC). 1998. Report to the State of Iowa 
Department of Public Health on the Investigation of the Chemical and Microbial Constituents 
of Ground and Surface Water Proximal to Large-Scale Swine Operations by E.R. Campagnolo 
and C.S. Rubin, National Center for Environmental Health, Center for Disease Control and 
Prevention, Atlanta, GA. 
 
Diaz Granados, C. A., and J. A. Jernigan. 2005. Impact of vancomycin resistance on 
mortality among patients with neutropenia and enterococcal bloodstream infection. J. Infec. 
Diseases 191 (4):588-595. 
 
Donoho, A. L. 1984. Biochemical studies on the fate of monensin in animals and in the 
environment. J. Anim. Sci. 58:1528-1539. 
 
Elmund, G. K., S. M. Morrison, D. W. Grant, and M. P. Nevins. 1971. Role of excreted 
chlortetracycline in modifying the decomposition process in feedlot waste. Bull. Environ. 
Contam. Toxicol. 6:129-135. 
 
Feinman, S. E., and J. C. Matheson. 1978. Draft environmental impact statement: 
subtherapeutic antibacterial agents in animal feeds. Food and Drug Administration Department 
of Health, Education and Welfare Report, p. 372. Food and Drug Administration, Washington, 
D.C. 
 
Flanagan, D. A., L. G. Gregory, J. P. Carter, A. Karakas-Sen, D. J. Richardson, and S. 
Spiro. 1999. Detection of genes for periplasmic nitrate reductase in nitrate respiring bacteria 
and in community DNA. FEMS Microbiol Lett. 177:263-270. 
 
Gavalchin, J., and S. E. Katz. 1994. The persistence of fecal-borne antibiotics in soil. J. Assoc. 
Off. Anal. Chem. Int. 77:481-485. 
 
Goni-Urriza, M., M. Capdepuy, C. Arpin, N. Raymond, P. Caumette, and C. Quentin. 
2000. Impact of an urban effluent on antibiotic resistance of riverine Enterobacteriaceae and 
Aeromonas spp. Appl. Environ. Microbiol. 66:125-132. 
 
Graves, A. K., C. Hagedorn, A. Teetor, M. Mahal, A. M. Booth, and R. B. Reneau, Jr. 
2002. Antibiotic resistance profiles to determine sources of fecal contamination in a rural 
Virginia watershed. J. Environ. Qual. 31:1300-1308. 
 
Guerra, B., E. Junker, A. Schroeter, B. Malorny, S. Lehman, and R. Helmuth. 2003. 
Phenotypic and genotypic characterization of Antimicrobial resistance in German Escherichia 



coli isolates from cattle, swine, and poultry. J. Antimicrob. Chemother. 52:489-492. 
 
Haapapuro, E. R., N. D. Barnard, and M. Simon. 1997. Review animal waste used as 
livestock feed: dangers to human health. Prev. Med. 26:599-602 
 
Hagedorn, C., S. L. Robinson, J. R. Filtz, S. M. Grubbs, T. A. Angier, and R. B. Reneau. 
1999. Determining sources of fecal pollution in a rural Virginia watershed with antibiotic 
resistance patterns in fecal streptococci. Appl. Environ. Microbiol. 65:5522-5531. 
 
Harwood, V. J., J. Whitlock, and V. Withington. 2000. Classification of antibiotic resistance 
patterns of indicator bacteria by discriminant analysis: Use in predicting the source of fecal 
contamination in subtropical waters. Appl. Environ. Microbiol. 66:3698-3704. 
 
Israel, D.W., W. J. Showers, M. Fountain and J. Fountain. 2005. Nitrate Movement in 
Shallow Ground Water from Swine-Lagoon-Effluent Spray Fields Managed under Current 
Application Regulations. J. Environ. Qual. 34:1828-1842. 
 
Krapac, I. G., W. S. Dey, C. A. Smyth, and W. R. Roy. 1998. Impacts of bacteria, metals, and 
nutrients on groundwater at two hog confinement facilities, p. 29-50. In Proceedings of the 
National Ground Water Association Animal Feeding Operations and Groundwater: Issues, 
Impacts, and Solutions A Conference for the Future. National Groundwater Association, St. 
Louis, Mo. 
 
Krapac, I. G., W. S. Dey, W. R. Roy, B. G. Jellerichs, and C. Smyth. 2000. Groundwater 
quality near livestock manure pits, p. 710-718. In 8th International Symposium on Animal, 
Agricultural and Food Processing Wastes. American Society for Agricultural Engineering, Des 
Moines, Iowa. 
 
Kudva, Indira T., Kathryn Blanch, and Carolyn J. Hovde. 1998. Analysis of Escherichia 
coli O157:H7 survival in ovine or bovine manure and manure slurry. Applied and 
Environmental Microbiology. 64 (9): 3166-3174. 
 
Lanz, R., P. Kuhnert, and P. Boerlin. 2003. Antimicrobial resistance and resistance gene 
determinants in clinical Escherichia coli from different animal species in Switzerland. Vet. 
Microbiol. 91:73-84. 
 
McAllister, T. A., L. J. Yanke, G. D. Inglis and M. E. Olson. 2001. Is antibiotic use in dairy 
cattle causing antibiotic resistance? Advances in Dairy Technology. 13:229-247. 
 
Mathew, A. G., W. G. Upchurch and S. E. Chattin. 1998. Incidence of antibiotic resistance 
in fecal Escherichia coli isolated from commercial swine farms. J. Anim. Sci. 76:429-434. 
 
Maynard, C., J. M. Fairbrother, S. Bekal, F. Sanschagrin, R. C. Levesque, R. Brousseau, L. 
 
Masson, and J. Harel. 2003. Antimicrobial resistance genes in enterotoxigenic Escherichia 
coli O149:K91 isolates obtained over a 23-year period from pigs. Antimicrob. Agents 
Chemother. 47:3214-3221. 
 
Mazel, D. 2004. Integrons and the origin of antibiotic resistance gene cassettes. ASM News 
70(11):520. 
 
Odland, Brant A., Meredith E. Erwin, and Ronald N. Jones. 2000. Quality Control 
Guidelines for Disk Diffusion and Broth Microdilution Antimicrobial Susceptibility Tests with 
Seven Drugs for Veterinary Applications. J. Clin. Microbiol. 38 (1):453-455. 
 
Perreten, V., and P. Boerlin. 2003. A new sulfonamide resistance gene (sul3) in Escherichia 



coli is widely spread in the pig population of Switzerland. Antimicrob. Agents Chemother. 
47:1169-1172. 
 
Pfaller, Michael A., Ronald N. Jones, Gary V. Doern, Kari Kugler, and The Sentry 
 
Participants Group. 1998. Bacterial Pathogens Isolated from Patients with Bloodstream 
Infection: Frequencies of Occurrence and Antimicrobial Susceptibility Patterns from the 
SENTRY Antimicrobial Surveillance Program (United States and Canada, 1997). 
Antimicrob. Agents Chemother. 42(7):1762-1770. 
 
Plym-Forshell, L. 1995. Survival of Salmonellas and Ascaris Suum Eggs in a thermophilic 
biogas plant. Acta Vet Scand. 36(1): 79-85. 
 
Radtke, TM and Gist, GL. 1989. Wastewater sludge disposal — antibiotic resistant bacteria may pose 
health hazard. J Environ Health 52 2, pp. 102–105. 
 
Smith, D. L., Harris, A. D. Johnsom, J. A. Silbergeld, E. K., and J. G. Morris, Jr. 2002. 
Animal antibiotic use has an early but important impact on the emergence of antibiotic 
resistance in human commensal bacteria. Proc. Natl. Acad. Sci. 99(9):6434-6439. 
 
Sobsey, M., V.R.Hill and D. Cole. 1999. Public Health Impact of Intensive Livestock 
Operations: Human Communicable Disease Concerns. Presented at First Annual Public Health 
Symposium: Public Health Impact of Intensive Livestock Operations, July 15–16, 1999, at 
North Carolina State University, Raleigh, NC. Sponsored by the North Carolina Department of 
Health and Human Services. 
 
Teuber, M. 2001. Veterinary use and antibiotic resistance. Curr. Opin. Microbiol. 4:493-499. 
 


