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Escherichia coli O157:H7 and Salmonella are among the most important 

foodborne pathogens that cause millions cases of infections and hundreds deaths each 

year in the United States.  Beef and poultry products are frequently recognized 

transmission media for these two organisms.  Rapid detection and isolation methods 

applied to beef or chicken products are expected for these two bacteria.  A rapid 

sample preparation method for E. coli O157:H7 detection by PCR method in ground 

beef samples was developed by combining different techniques, including filtration, 

centrifugation, enzyme digestion, and DNA extraction.  The detection limit of this 

method was 103 cells/g without enrichment, and 100 cells/g can be detected after 6 h 

en-richment.  For Salmonella, a poultry specific isolation method was modified from 



the USDA/FSIS manual by considering the specific characteristics of poultry products.  

Higher than 95% of the suspect colonies isolated by using the modified method were 

confirmed as Salmonella by PCR/API 20 E tests.  This method was applied on retail 

organic and conventional chicken samples for Salmonella isolation.  All Salmonella 

isolates were further characterized by serotyping, PFGE and antibiotics susceptibility 

tests.  The results indicated that organic and conventional chicken samples were 

frequently contaminated with Salmonella, and that Salmonella from organic chicken 

were more susceptible to antimicrobials commonly used in human and veterinary 

medicine. 

High acid resistance capability is another unique characteristic of E. coli 

O157:H7 which is correlated with low infection dose of this pathogen.  Survival 

mechanism of E. coli O157:H7 cells in gastric juice or acidified LB (pH 2.5) was 

studied, it was found that the limited availability of glutamate and/or arginine creates 

an illusion of cell-density-dependent acid sensitive phenotype of E. coli O157:H7 

during acid-challenge. 
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Chapter 1  Introduction 

 

There have been over 200 microbial pathogens identified to be associated with 

foodborne illnesses, including bacteria, viruses, and parasites (56). Each year, these 

pathogens cause an estimate of 76 million cases of foodborne illnesses, 325,000 

hospitalizations, and 5,000 deaths in the United States. The top three foodborne 

pathogens are Norwalk-like virus, Campylobacter and nontyphoidal Salmonella, 

which account for 90% of cases of foodborne illnesses in the United States (Table 

1.1). Food-related deaths are caused mostly by six pathogens: Salmonella (31%), 

Listeria (28%), Toxoplasma (21%), Norwalk-like viruses (7%), Campylobacter (5%), 

and Escherichia coli O157:H7 (3%) (39).  The epidemiology of foodborne diseases 

has changed in the last three decades partly because newly recognized pathogens 

emerge and well-recognized pathogens increase or become associated with food or 

new food vehicles.  Among the 10 most common foodborne pathogens, four were 

recognized only in the last 30 years which account for 81% of foodborne illnesses of 

known causes (Table 1.1.). Several pathogens have been newly emerged to be 

important foodborne pathogens, including E. coli O157:H7 and other 

enterohemorrhagic E. coli, and multidrug resistant Salmonella such as S. 

Typhimurium DT 104 and S. Newport.  This chapter will focus on the major 

characteristics of these pathogens, their significance as foodborne pathogens, and 

methods for detecting such pathogens in food. 
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Table 1.1. Annually estimated food-borne illnesses, hospitalizations and deaths caused by major known food-borne pathogens, United States 

(39) 

Disease or agent Illnesses Hospitalizations Deaths 

 #  of cases %  of total  

foodborne 

#  of  cases %  of total 

foodborne 

# of cases % of total 

foodborne 

Campylobacter spp.*       1,963,141 14.2 10539 17.3 99 5.5

Salmonella, nontyphoidal       

      

      

       

       

      

       

       

1,341,873 9.7 15608 25.6 553 30.6

Clostridium perfringens 248,520 1.8 41 0.1 7 0.4

Staphylococcus food poisoning 185,060 1.3 1753 2.9 2 0.1

Listeria monocytogenens* 2,493 <0.1 2298 3.8 499 27.6

E. coli O157:H7* 62,458 0.5 1843 3.0 52 2.9

Shigella spp. 89,648 0.6 1246 2.0 14 0.8

Giardia lamblia 200,000 1.4 500 0.8 1 0.1

Norwalk-like viruses* 9,200,000 66.6 20000 32.9 124 6.9

2

*: Pathogens have emerged in the last 30 years. 
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E. coli O157:H7 

According to the modified Kauffman scheme, E. coli are serotyped on the basis of 

their O (somatic, polysaccharide chain), H (flagellar), and K (capsular) surface antigen 

profiles (18). Over 200 different O antigens and approximately 30 H antigens are 

recognized currently (30). A specific combination of O antigen and H antigen defines the 

serotype of an E. coli. Some specific E. coli serogroups are associated reproducibly with 

certain clinical syndromes, but it is not the serologic antigens themselves that confer 

virulence. Rather, the serotypes are served as identifiable chromosomal markers that 

correlate with specific virulent clones (58). Several E. coli pathotypes have been 

identified, including enteropathogenic E. coli, enterohemorrhagic E. coli, enterotoxigenic 

E. coli, enteroagressive E. coli, and enteroinvasive E. coli (17).  

E. coli O157:H7 which belongs to enterohemorrhagic E. coli, was first reported in 

the United States in 1983. It was associated with a multi-state outbreak of hemorrhagic 

colitis caused by the consumption of undercooked ground beef products (48). Since then, 

cattle have been identified as a principal reservoir of E. coli O157:H7 (40).  As much as 

28% of cattle fecal samples were positive for E. coli O157:H7 (20).  Accordingly, 

contaminated ground beef has been identified as the source of infections in 48 out of 196 

E. coli O157:H7 outbreaks documented in the United States between 1982 and 1998 (40).  

Most recently, the United States government ordered the second largest recall of beef in 

the U.S. history (approx. 19 million pounds of beef were recalled from 21 states) after at 

least 16 people infected from eating E. coli O157:H7 contaminated beef (4). In addition, 

a variety of other foods, such as apple cider, milk, cheese, yogurt, lettuce, water and 

sprouts have been involved in E. coli O157:H7 outbreaks. 
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The pathogenicity mechanism of E. coli O157:H7 has not been fully understood. 

Mainly, the pathogenicity of E. coli O157:H7 is determined by pathogenetic factors 

encoded by mobile genetic elements. The most important factors are the phage-encoded 

Shiga toxins (stx) elements (26, 27, 61) which are encoded for stx1 and stx2. Besides 

Shiga toxins, E. coli O157:H7 usually carries a large plasmid. On this plasmid, there are 

different virulent factors, such as the enterohemolysin E-Hly, the catalase-peroxidase 

KatP (10, 54), etc. The spectrum of E. coli O157:H7 infection includes diarrhea, 

hemorrhagic colitis, hemolytic uremic syndrome, thrombotic thrombocytopenic purpura 

and death. 

 Most strains of E. coli O157:H7 also possess several characteristics uncommon to 

most other E. coli: inability to grow well, if at all, at temperatures ≥44.5oC in E. coli (EC) 

broth, inability to ferment sorbitol within 24 hours, inability to produce β-glucuronidase 

(i.e. inability to hydrolyze 4-methylumbelliferyl-D-glucuronide, MUG)(32). Unlike most 

foodborne pathogens, many strains of E. coli O157:H7 are unusually tolerant to acidic 

environments(31, 38, 49).  

 

Acid tolerance of E. coli O157:H7 

The minimum pH for E. coli O157:H7 growth is 4.0-4.5, but is dependent upon 

the interaction of pH with other growth factors. It can survive in pH 2.0-2.5 gastric juice 

for at least 2 h because of common, as well as unique, strategies(22, 25). At pH higher 

than 3.0, it can survive for longer time. For example, apple cider which is acidic food and 

was considered free of pathogens became the vehicle of E. coli O157:H7 infection in a 
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food-borne outbreak(8). This high acid resistance ability may be related with the low 

infectious dose of E. coli O157:H7 (10-100 CFU) (37). 

The ability of E. coli O157:H7 to survive in acid condition plays an important role 

in food and water borne diseases because of the acidic condition of stomach and intestine. 

Studies using acetic, citric, or lactic acid at concentrations up to 1.5% as organic acid 

sprays on beef revealed that E. coli O157:H7 populations were not appreciably affected 

by any of the treatments (9).  E. coli O157:H7, when inoculated at high populations, 

survived fermentation, drying, and storage of fermented sausage (pH 4.5) for up to 2 

months at 4oC (11, 23), mayonnaise (pH 3.6 to 3.9) for 5 to 7 weeks at 5oC and for 1 to 3 

weeks at 20oC (28), and in apple cider (pH 3.6 to 4.0) for up to 42 days at 5 or 25oC (49), 

respectively.  Outbreaks of E. coli O157:H7 infection have been directly associated with 

consumption of contaminated dry salami and apple cider. Several studies have described 

how enteric microorganisms cope with this form of environmental stress and referred to 

the acid survival systems as the acid tolerance response, acid resistance, and acid 

habituation (25, 36, 41, 45). Direct comparison of acid survival results among various 

groups (and microorganisms) has been difficult due to the use of complex versus minimal 

media, log-phase versus stationary-phase cells, and acid-challenge at various pH. 

Commonly higher level of acid resistance ability was found at the stationary phase cell 

for both gram-negative and gram-positive bacteria (7, 15, 21, 25). 

Three systems in E. coli O157:H7 are reported that are involved in acid tolerance, 

including an acid-induced oxidative, an acid-induced arginine-dependent, and a 

glutamate-dependent system (47).  The oxidative pathway is regulated by alternative 

sigma-transcription factor (rpoS) which is induced in cells grown on complex media as 
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they enter stationary growth phase(13, 25, 47).  Once the oxidative system is active, the 

way in which it protects cells during acid-challenge is not clear.  The rpoS-mediated 

system is not operative in fermentatively metabolizing cells (grown in complex medium 

containing glucose).  The other two systems are activated in cells under fermentative 

growth condition, which require presence of amino acids during acid-challenge (6).  The 

arginine decarboxylase system involves an arginine decarboxylase, adiA and an inner 

membrane antiporter which removes the decarboxylated product from the cytoplasm 

(13). The glutamate decarboxylase system involves a set of inducible genes encoding two 

nearly identical isoforms of glutamate decarboxylase (gadA and gadB) and an antiporter 

(gadC) that exchanges external glutamate for the intracellular decarboxylation product 

gamma-aminobutyric acid (13). The glutamate decarboxylase pathway is also induced at 

somewhat reduced levels during aerobic growth as cultures enter stationary growth phase.  

 

Salmonella 

Salmonellae are facultative anaerobic Gram-negative rods and belong to 

Enterobacteriaceae family. The organisms grow optically at 37 oC and catabolize D-

glucose and other carbohydrates with the production of acid and gas. Salmonellae are 

oxidase negative and catalase positive, can grow on citrate as the sole carbon source, 

generally produce hydrogen sulfide, decarboxylate lysine and ornithine, and do not 

hydrolyze urea (5). Following the Kauffmann-White scheme, more than 2200 serovars 

have been recognized, whereas according to chromosomal DNA hybridization 

experiments and multilocus enzyme electrophoresis (MLEE), Salmonella can only be 

classified into eight subspecies- I, II, IIIa, IIIb, IV, V, VI, and VII(19, 33, 34). Species V 
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has been designated as Salmonella bongori which is rarely associated with human 

infections.  Salmonella enterica comprises the remaining subspecies, such as S. enterica 

serovar Typhimurium, Enteritidis and Typhi.   

Salmonella serotypes are closely related with pathogenicity and antibiotic-

resistance. Different serotypes vary widely in niche and intrinsic pathogenicity. Most 

Salmonella virulence factors are clustered on chromosome referred as Salmonella 

pathogenicity islands (55). At least five Salmonella pathogenicity islands have been 

identified to date (53) which encode different secretion systems required by pathogenesis. 

The top four most commonly isolated serotypes from human infections were 

Typhimurium, Enteritis, Newport, and Heidelberg. These four serotypes were also the 

most frequently isolated serotypes from food samples (3, 14). 

 As one of the most common foodborne pathogens, nontyphoidal Salmonella have 

a wide range of hosts and are strongly associated with food animal products. Ninety-five 

percent of nontyphoidal Salmonella infection cases are food-borne and salmonellosis 

accounts for more than 30% of deaths resulted from food-borne diseases in the United 

States (39). Notable recent outbreaks of Salmonella infections have been linked to eggs, 

cheese, ice cream premix, a variety of fresh sprouts, juice, cantaloupes, and other fresh 

vegetables (42, 43, 50, 52). The symptoms of salmonellosis include diarrhea, nausea, 

vomiting, fever and abdominal cramps. When the infection spreads beyond the intestinal 

tract, appropriate antimicrobials therapy is necessary and can be lifesaving. However, an 

increasing number of Salmonella have developed resistance to many of the antimicrobials 

commonly used for treatment, which can have a major impact on human and animal 

health.  
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Antibiotic-resistant Salmonella  

 Increasing antimicrobial resistance has become one of the most common concerns 

of foodborne Salmonellae. As more than 90% salmonellosis are foodborne, antibiotic-

resistant Salmonella in food-producing animals has become a focus of the debate on 

antibiotic use in food animals. Research has shown that the frequency of antibiotic-

resistant bacteria is closely related with the volume of antibiotics used (51, 59). There are 

32 different antibiotics used in conventional broiler feeds for growth promotion, disease 

prevention and treatment without veterinary prescription. Each year, 17.62 million 

pounds of antibiotics are used to prevent and treat animal diseases and 2.8 million pounds 

are used for animal growth promotion (12).  

Use of antibiotics in animals selects the growth and spread of resistant strains, 

which will accumulate in the farm environment and may become the dominant strain 

under selective pressure.  This will limit the therapeutic options available to veterinarians 

and physicians in treatment of bacterial infections.  For example, Salmonella 

Typhimurium strain DT 104 which is resistant to five antibiotics: ampicillin, 

chloramphenicol, streptomycin, sulfonamides and tetracycline (ACSSuT), has been 

detected worldwide, including Europe and the United States (29, 35, 46, 60). In 1999, the 

data from National Antimicrobial Resistance Monitoring Systems (NARMS) showed that 

28% of the 362 S. Typhimurium isolates had the ACSSuT resistant pattern (2).  
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Table 1.2. Most frequently reported Salmonella serotypes recovered from humans in the 

United States in 2002 (14) 

Rank Serotype Number of isolates Percentage (%) 

1 Typhimurium 6999 22.1 

2 Enteritidis 5614 17.7 

3 Newport 3158 10.0 

4 Heidelberg 1884 5.9 

5 Javiana 1067 3.4 

6 Montevideo 626 2.0 

7 Oranienburg 595 1.9 

8 Muenchen 583 1.8 

9 Thompson 514 1.6 

10 Saintpaul 469 1.5 

11 Java 466 1.5 

12 Infantis 440 1.4 

13 Braenderup 388 1.2 

14 Agona 370 1.2 

15 Typhi 343 1.1 

16 Mississippi 336 1.1 

17 Berta 330 1.0 

18 Poona 330 1.0 

19 Hadar 307 1.0 

20 Bareilly 205 0.6 

         Sub Total 25024 79.0 

         Total 31675 100.0 
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Detection and identification of foodborne pathogens 

Detection of bacterial pathogens in food products is important to control and 

prevent foodborne illnesses. There are mainly four groups of detection methods available 

for foodborne pathogens: conventional, immunological, molecular, and biosensors 

method.  Food laboratories rely mainly on microbiological culture, enrichment, isolation, 

and phenotypic analysis, followed by serological confirmation in a process lasting several 

days. Clinical laboratories with fewer budgetary constraints have a range of more rapid 

but costly methods available. In most instances detection methods for use with foods 

require greater specifications of specificity and sensitivity at lower cost than clinical 

applications because in disease, the human host selected for sampling carries a high 

likelihood of being positive, the patient provides enriched cultures of pathogens in 

batches of a single sample type (feces), and false positive results are unlikely.  Food 

analysis must contend with a) a great variety of matrices, b) low level uneven 

contamination, c) in-line continuous processing, and d) strict cost constraints. 

 

a. Conventional methods 

The detail of this group of methods is provided in the USDA/FSIS, and FDA 

microbiology laboratory guidebooks (1, 5). Because of low pathogen concentration in 

food samples, non-selective and selective enrichment steps are applied to increase the 

pathogen concentration to a detectable level and followed by isolation methods with 

selective and/or differential media. Finally, colonies of presumptive positive bacteria will 

be confirmed using biochemical tests or serological tests. It may take 3-5 days to detect 

E. coli O157:H7 and Salmonella from food samples. The advantages of these methods 

 10



include that bacteria strains are isolated and may be used for further analysis, and only 

living bacteria in food samples are identified. 

 

b. Immunological methods 

Immunological detection methods, such as ELISA, immunofluorescent antibody 

(IFA) techniques, and radioimmunoassay, are based on the specific binding of antibodies 

to antigens. Compared with the conventional methods, the immunological methods are 

faster, taking only 10-28 h to have the results. The disadvantages include: (i) because 

they are based on the antigen and antibody reaction, false positive results may occur; (ii) 

they are not able to differentiate the dead and living cells since the antigens are present on 

both dead and living cells; and (iii) there are no isolates available for further studies. Due 

to these disadvantages, the immunological methods are usually used as a screening 

method.  Immunological techniques can also be used in sample preparation for further 

bacterial identification, such as immunomagnetic separation(24, 44, 57). 

 

c. Biosensor based methods 

 Biosensor is composed of a biological recognition element (such as an enzyme, 

antibody, receptor, or nucleic acid) coupled to a chemical or physical transducer. Today, 

there are four major types of transducers: electrochemical (electrodes), mass 

(piezoelectric crystals or surface acoustic wave device), optical (optrodes) and thermal 

(thermistors or heat-sensitive sensors) transducers. The biological recognition element 

can specifically identify and bind the target analytes, it can form a signal passing through 
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the transducer. But for the non-target analytes, they can not bind to the biological 

recognition element, so there are no signals from the non-target analytes in theory. 

By using different biological recognition elements and different transducers, many 

kinds of biosensors can be developed. Currently, 90% biosensors used on pathogen 

detection depend on immunological reactions. Immunological based biosensors, 

immunosensors, are composed of an antigen recognition element (antibody) and a 

chemical or physical transducer. In such a biosensor, the antibodies can bind specific 

antigens from food products, and the transducer can translate this signal to a detectable 

signal. The specificity of antibodies used in biosensors determines the specificity of the 

biosensor. Usually mono-clone antibodies are used in biosensors to have a high 

specificity for pathogen detection. There are many reports claiming that their methods are 

rapid (detection time less than 1h), sensitive (detect 1 cell in food sample) and specific 

(specifically detect the target pathogen.). But many of the studies did not report the time 

spent on samples and biosensors preparation. When the specificity of biosensors is 

determined, organisms closely related to the target pathogen were often not included. 

 

d. Molecular detection methods 

Molecular detection methods based on specific composition of the pathogens’ genetic 

materials include DNA hybridization and DNA amplification, such as PCR method. 

Indeed, molecular methods have become popular and reliable techniques for 

differentiating diarrheagenic strains from nonpathogenic strains. Currently, E. coli 

O157:H7 and Salmonella specific genes such as virulent genes stx1, stx2, invasion genes 

invA, are the targets for this group of methods.  As the sequences of the complete 
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genomes of E. coli O157:H7 and Salmonella Typhimurium have become available, more 

DNA sequences specific for the pathogens will be identified and used for detecting the 

pathogens. For the last several years, real-time quantitative PCR assays have been 

introduced to clinical and food laboratories.  By analyzing the fluorescent signals 

collected by a computer, pathogenic organisms and the number of these organisms in 

food samples can be determined simultaneously. 

Although significant progresses have been made in developing rapid, sensitive, and 

specific detection methods, many challenges in the detection of microbial pathogens in 

food remain.  Perfect tests with specific criteria listed in Table 1.3 are still not available. 

 

Project description 

My Ph.D. research focused on detection and characterization of E. coli O157:H7 

and Salmonella in food. We identified cell density-dependent survival phenotype of E. 

coli O157:H7 under acidic conditions, developed food sample preparation procedures for 

PCR detection of E. coli O157:H7, improved the methodology in isolation and 

identification of Salmonella from meat products, characterized antimicrobial resistance of 

Salmonella from retail chickens raised under conventional and organic productions. 
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Table 1.3. Summary of an ideal pathogens detection method used in food samples(16) 

Sensitivity Ability to detect single bacteria in a reasonably sample volume. 

Species selectivity Ability to distinguish individual bacterial species in the presence of 

other microorganisms or cells. 

Strain selectivity Ability to distinguish an individual bacterial strain from other 

strains of the same species. 

Assay time 5-10 min for a single test, useful for field testing. 

Assay protocol No reagent addition needed 

Measurement Direct, without pre-enrichment 

Format Highly automated format (“single button device”) 

Operator No skills required using the assay. 

Viable cell count Should discriminate live and dead cells 

Size Compact, portable, hand-held, design for field use 

Strain isolation The pathogen strains should be available for further study. 

Cost It should be very cheap for negative samples 
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In chapter two, the cell density-dependent acid sensitivity phenotypes of E. coli 

strains K-12 and O157:H7 were examined during stationary growth phase.  High cell 

density suspensions (2 x 109 CFU/ml) survived acid-challenge very poorly (< 0.004% 

survival) in Luria-Bertani broth (pH 2.5, 37 oC, 2 h). The same cultures, when subjected 

to an identical acid-challenge at lower cell density (106 CFU/ml), showed higher survival 

(> 15 %). The cell density-dependent acid sensitive phenotype of E. coli was analyzed 

with reference to three possible mechanisms of acid resistance. 

There was no evidence of any diffusible substance released from dead cells, 

which could influence the cell density-dependent acid-survival phenotype.  Nor was there 

evidence for the involvement of the alternative sigma-transcription factor (rpoS).  

Instead, cell-density dependent acid-survival phenotype was associated with induction of 

glutamate- and arginine-decarboxylase acid-survival pathways and concomitant 

availability of glutamate and arginine during acid-challenge.  The data revealed that 

during acid-challenge at high cell density, the limited availability of glutamate and/or 

arginine creates an illusion of cell density-dependent acid sensitive phenotype. 

In chapter three, an improved, rapid and sensitive sample preparation method for 

PCR-based detection of E. coli O157:H7 in ground beef was developed, fresh ground 

beef samples were experimentally inoculated with varying concentrations of E. coli 

O157:H7. PCR inhibitors were removed and bacterial cells were concentrated by 

filtration, centrifugation, and lysed using enzymatic digestion and successive freeze/thaw 

cycles. DNA was purified and concentrated via phenol/chloroform extraction and the 

Shiga toxin 1 gene (stx1) was amplified using PCR to evaluate the sample preparation 

method. Without prior enrichment of cells in broth media, the detection limit was 103 
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CFU/g beef. When a 6-h enrichment step was incorporated, the detection limit was 1 

CFU/g beef.  Total time required from beginning to end of the procedure is 12 h. The 

sample preparation method developed enabled substantially improved sensitivity in the 

PCR-based detection of E. coli O157:H7 in ground beef, as compared to previous reports. 

Superb sensitivity, coupled with quick turn-around time, relative ease of use, and cost-

effectiveness, makes it a useful method for detecting E. coli O157:H7 in ground beef. 

In chapter four, an improved procedure based on the method described in the 

USDA/Food Safety Inspection Service (FSIS) Microbiological Laboratory Guidebook 

was developed to isolate Salmonella from poultry products.  The modified method was 

evaluated using the standard procedures of the FDA/Bacteriological Analytical Manual 

(BAM) and USDA/FSIS Microbiological Laboratory Guidebook.  Greater than 95% of 

the presumptive Salmonella colonies isolated using the modified method from chicken 

samples were confirmed as Salmonella by PCR/ API 20E tests.  Its high specificity 

significantly reduced the time for isolation and identification of Salmonella from poultry 

products (48 h compared to 3-5 days); thus, the costs were reduced. Since the method has 

a high specificity, Salmonella isolates may be further subtyped by serotyping and/or 

pulsed-field gel electrophoresis (PFGE) without biochemical confirmation. Using this 

method, Salmonella were recovered from 29 of 44 (66%) retail organically produced 

chicken samples.  The widespread occurrence of Salmonella in organic chicken samples 

emphasizes the need for implementation of effective control measures of microbial 

contaminations in organic poultry products.  

In chapter 5, Salmonella in retail organic and conventional chicken samples were 

isolated and characterized by serotyping, antimicrobial-susceptibility testing, and pulse-
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field gel electrophoresis (PFGE). Among 198 organic chicken samples, 121 (61%) were 

Salmonella positive, compared to 27 (44%) out of 61 conventional chicken samples.  

Kentucky, Heidelberg, and Typhimurium were top three serotypes identified and 

accounted for more than 60% of all Salmonella isolates from chicken samples. There 

were 37 PFGE patterns identified among isolates from 148 chicken samples, of which 14 

patterns were found only in conventional chicken samples, 18 patterns were found only in 

organic chicken samples, and 5 patterns were shared by both conventional and organic 

chicken samples.  Antimicrobial-susceptibility testing results showed that antimicrobial 

resistance in Salmonella was associated with serotypes.  All S. Typhimurium positive 

conventional chicken samples contained isolates that were resistant to at least one 

antimicrobial compared to only 21% of organic chicken samples.  The similar trend was 

found among other serotypes. Our results indicated that organic chicken samples were 

frequently contaminated with Salmonella, and that Salmonella from organic chicken were 

more susceptible to antimicrobials commonly used in human and veterinary medicine. 
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Chapter 2  Availability of Glutamate and Arginine during Acid-

challenge Determines Cell Density-dependent Survival  

Phenotype of Escherichia coli Strains 

 

ABSTRACT 

The cell density-dependent acid sensitivity phenotypes of E. coli strains K-12 and 

O157:H7 were examined during stationary growth phase.  High cell density suspensions 

(109 CFU/ml) survived acid-challenge very poorly (< 0.004% survival) in Luria-Bertani 

broth (pH 2.5, 37 oC, 2 h).  The same cultures, when subjected to an identical acid-

challenge at lower cell density (106 CFU/ml), showed higher survival (> 15 %).  The cell 

density-dependent acid sensitive phenotype of E. coli was analyzed with reference to 

three possible mechanisms of acid resistance.  There was no evidence of any diffusible 

substance released from dead cells, which could influence the cell density-dependent 

acid-survival phenotype.  Nor was there evidence for the involvement of the alternative 

sigma-transcription factor (rpoS).  Instead, cell-density dependent acid-survival 

phenotype was associated with induction of glutamate- and arginine-decarboxylase acid-

survival pathways and concomitant availability of glutamate and arginine during acid-

challenge.  The data revealed that during acid-challenge at high cell density, the limited 

availability of glutamate and/or arginine creates an illusion of cell density-dependent acid 

sensitive phenotype. 
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INTRODUCTION 

During their pathogenic and commensal lifestyle, an acidic environment is a 

common stress encountered by enteric bacteria such as Salmonella Typhimurium and E. 

coli.  In order to survive such potentially lethal acid conditions, S. Typhimurium and 

E.coli have evolved common, as well as unique, strategies (10, 14).  Several studies have 

described how enteric microorganisms cope with this form of environmental stress and 

referred to the acid survival systems as the acid tolerance response, acid resistance, and 

acid habituation (14, 17, 18, 20).    Direct comparison of acid survival results among 

various groups (and microorganisms) has been difficult due to the use of complex versus 

minimal media, log-phase versus stationary-phase cells, and acid-challenge at various 

pHs (11, 14, 24).  To add further complexity to the analysis, there appear to be substances 

secreted by cells that apparently influence acid sensitivity (22, 23).  Among various 

extracellular components which have been reported to influence acid tolerance, synthesis 

of some of the diffusible components from enterohemmorrhagic E. coli (EHEC) strains 

appeared to be dependent on the synthesis of an alternative sigma-transcription factor, 

rpoS  (7).  All the EHEC strains and Shigella spp. examined reportedly synthesized the 

diffusible substances irrespective of their serotype or their ability to synthesize Shiga-like 

toxins.  These substances were postulated to regulate cell density-dependent acid survival 

responses in a manner similar to N-acyl-L-homoserine lactones (AHLs) (7, 16).   

Few studies have directly examined the effect of cell density, acid pH, and growth 

conditions on survival of pathogenic E. coli strains.  Earlier studies examined this 

relationship without considering the possibility that exposure to different growth 

conditions might influence the ultimate outcome of acid-challenge (1, 2, 13).  Recent 
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analysis of the molecular aspects of acid tolerance pathways in E. coli has opened up new 

strategies capable of dissecting cell density-dependent acid sensitivity phenotype (6, 12).  

Our aim was to identify putative diffusible substances involved in cell density-dependent 

acid sensitivity in E. coli with the knowledge that multiple acid resistance systems may 

be involved. 

Three pathways have been identified which enable E. coli to survive acid-

challenge.  One is glucose repressible, oxidative pathway regulated by alternative sigma-

transcription factor (rpoS) which is induced in cells grown on complex media as they 

enter stationary growth phase.  Once the oxidative system is active, the way in which it 

protects cells during acid-challenge remains a mystery.  The rpoS-mediated system is not 

operative in fermentatively metabolizing cells (grown in complex medium containing 

glucose).  Two other acid resistant systems are activated in cells under this growth 

condition, which require presence of amino acids during acid-challenge (4).  These two 

systems are known as the glutamate decarboxylase system (gadABC operon) (15) and the 

arginine decarboxylase system (adiA) (17).  The glutamate decarboxylase pathway is also 

induced at somewhat reduced levels during aerobic growth as cultures enter stationary 

growth phase.  

In this study we have addressed the issue of diffusible substances released from E. 

coli strains during acid-challenge (7, 23).  Our data confirmed cell density-dependent acid 

survival in E. coli.  However, no direct evidence for the occurrence of diffusible 

substances, which could induce cell density-dependent acid sensitivity, was obtained.  On 

the contrary, the data indicated that the absence of certain amino acids or their limited 
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availability during acid-challenge gives a phenotype of cell density-dependent acid 

sensitivity.   

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions 

The E. coli and S. Typhimurium strains used in this study are listed in Table 2.1. 

Cultures were streaked on Luria Bertani (LB) agar plates from freezer stocks and a single 

colony was inoculated in LB broth.  Cultures were inoculated in 10 ml LB broth in a 125-

ml flask, which was incubated on a shaker incubator at 37 oC, 230 rpm for 18 to 20 h 

(oxidative growth).  For fermentative growth, cultures were started from a single colony 

in LB broth containing 0.4% glucose (adjusted to pH 5.0) as described by Lin et al., (17).  

Briefly, 2.5 ml of broth was placed in a sterile tube (100 x 11 mm) which was placed at a 

45o angle in a shaker incubator at 37 oC at 230 rpm.  After incubation for 18-20 h, 

cultures had a pH range of 4.5 to 4.7.  

 

Acid-challenge assays 

Cultures grown for 18-20 h, were centrifuged and washed once in sterile saline 

and resuspended in saline at various cell densities.  The washed cell suspensions were 

subjected to acid-challenge in either acidified LB broth (pH 2.5, acidified with HCl) or 

synthetic gastric juice (2, 5) for 2 h at 37 oC.  Acid-challenge was performed in presence 

of glutamate or arginine at different concentrations.  Cells were diluted in sterile 

phosphate-buffered saline before estimating the viable cell count.   
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Table 2.1. E. coli and Salmonella strains used in this study 

Strain Serotype or genotypea Reference 

E. coli   

MG 1655 

 

K-12, wild-type 

 

(21) 

EK274 O157:H7 wild-type (ATCC 43895), Nar Rfr (19) 

EK275 EK274 rpoS::pRR10 Ampr (19) 

EK484 EK274 gadC::pRR10 Ampr Price and Foster, 

unpublished data 

EK489 EK274 adiA::pRR10 Ampr Price and Foster, 

unpublished data 

S. Typhimurium ATCC 14028s wild-type (9) 

 

aAbbreviations for antibiotics: Na, nalidixic acid; Rf, rifampin; Amp, ampicillin. 
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 To obtain “used” synthetic gastric juice, cell suspensions after acid-challenge in 

fresh gastric juice (using 109 CFU/ml) were centrifuged at 10,000 × g and the supernatant 

was passed through a 0.2 µm nylon filter.  The filtered sterilized synthetic gastric juice 

was referred to as “used” gastric juice and was either utilized immediately for acid-

challenge assay or in some cases stored at –20 oC until use.   

 

RESULTS 

Acid-challenge at various cell densities 

Experiments were designed to examine the potential presence of factors 

associated with cell-to-cell communication, especially those which may be associated 

with cell density-dependent acid sensitivity.  High (109 CFU/ml) and low (106 CFU/ml) 

cell density suspensions of E. coli O157:H7 and E. coli K-12 (MG 1665) were subjected 

to acid-challenge in an acidified LB medium (pH 2.5, 37 oC, 2 h).  In order to facilitate 

subsequent purification of diffusible substances, which may be released from dead cells 

(7, 23), experiments were also repeated in synthetic gastric juice under identical 

conditions.  Both strains survived poorly under the test conditions of high cell density 

during acid-challenge.  However, the same cell preparations were resistant to identical 

acid-challenge at lower cell densities (Figure 2.1).  Next, we examined the properties of 

the acidic LB medium or synthetic gastric juice in which acid-challenge assays were 

performed.  Cells challenged at both low and high cell density survived poorly in the 

“used” synthetic gastric juice (Table 2.2).  The failure of low cell density population to 

survive in the “used” synthetic gastric juice was further examined to determine whether it 
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was due to substances released from the dying high cell density population during acid-

challenge. 

 

Table 2.2. Survival of high and low density cell suspensions during acid-challenge. 

% Survival 

Nature of acid-challenge 

Strain Cell density during 

acid-challenge 

(CFU/ml) Fresh gastric juice 

pH 2.5, 37 oC, 2 h 

“used” gastric juice1 

pH 2.5, 37 oC, 2 h 

2 x 10 9 0.0037 + 0.0002 0.0051 + 0.00004 E. coli K 12 (MG 

1655) 2 x 10 6 15.00 + 6.01 0.0026 + 0.0002 

2 x 10 9 0.0014 + 0.00002 < 0.00001 E. coli O157:H7 

(EK274) 2 x 10 6 25.5 + 6.37 < 0.00001 

 

1Fresh gastric juice in which cells (109 CFU / ml) were subjected to acid-challenge (37 

oC, 2 h) was centrifuged, and supernatant was filter sterilized to obtain “used” gastric 

juice.  

 

 

Acid-challenge in the presence of substances released from dead cells 

In order to obtain large quantities of the putative factors at higher concentration, 

cell suspensions of very high cell density (ca. 109 to 1010 CFU/ml) were subjected to 

acid-challenge in synthetic gastric juice.  It was reasoned that killing large cell 

populations in small volumes would provide large quantities of crude diffusible 
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substances that might be responsible for cell density-dependent acid sensitivity.  We 

continued to observe poor survival rates (< 0.004% survival) at cell densities as high as 

1010 cells per ml of synthetic gastric juice (data not shown).  After filter-sterilization, 

various dilutions of “used” synthetic gastric juice made in fresh synthetic gastric juice 

were tested for potency in acid-challenge assays using low cell density suspensions 

(Figure. 2.2).  It was observed that irrespective of the initial cell concentration used to 

obtain the ‘used’ synthetic gastric juice (i.e., 108 CFU/ml or 1010 CFU/ml), only 

undiluted preparations were effective in providing acid-mediated killing of cells at low 

cell density.  In contrast, addition of small quantities of fresh synthetic gastric juice were 

sufficient to restore acid survival (Figure. 2.2), indicating that it may be an absence of 

factor in the ‘used’ synthetic gastric juice that may be responsible for the low survival 

rate during acid-challenge. 

 

Role of individual acid survival pathways 

Of the three pathways by which E. coli cells survive acid-challenge (6), i.e., 

oxidative pathway (rpoS mediated), and two amino acid decarboxylase pathways 

[mediated by glutamate decarboxylase (gadABC operon) and arginine decarboxylase 

(adiA)], the glutamate decarboxylase pathway is expressed under both aerobic as well as 

fermentative growth conditions, while arginine decarboxylase is induced strictly under 

fermentative growth.   
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Figure 2.1. Effect of cell density during acid-challenge on survival of E. coli strains.  

Strains MG1665 and EK274 were acid-challenged at low (106 CFU/ml, closed 

symbols) and high (109 CFU/ml, open symbols) cell densities in fresh synthetic 

gastric juice or acidified LB broth.  Acid-challenge was performed at pH 2.5, 37 

oC for 2 h.  
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Figure 2.2. Survival of E. coli O157:H7 in “used” synthetic gastric juice 

supplemented with varying quantities of fresh synthetic gastric juice.  Acid-

challenge was performed at low cell density (106 CFU/ml).  Error bars represent 

standard deviation. 
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Using mutants of each of the three acid survival pathways, it was determined whether cell 

density-dependent acid sensitivity is due to a limited availability of amino acid during 

acid-challenge. 

 

a.  Effect of rpoS on cell density-dependent acid sensitivity 

The oxidative acid resistant pathway is fully expressed during the stationary 

growth phase of aerobically grown cells and requires the rpoS gene product, an 

alternative σ-factor for transcription.  E. coli  strains defective in rpoS were shown 

previously to be independent of cell density-dependent killing during acid-challenge (7).  

We tested an rpoS mutant of E. coli O157:H7, EK 275 grown under oxidative and 

fermentative growth conditions.  The rpoS mutant, grown aerobically was extremely 

sensitive to acid, and acid sensitivity was independent of cell density during acid-

challenge (Figure 2.3a). However, the strain grown fermentatively in LB-glucose showed 

cell density-dependent survival.  Wild type cells survived in a cell density-dependent 

manner irrespective of aerobic or fermentative growth.  Addition of glutamate and 

arginine rescued the rpoS mutant during acid-challenge (Figure 2.3b).  Likewise, 

fermentatively grown wild-type cells (strain EK274) were protected by glutamate in a 

concentration dependent manner.  The acid survival in these experiments was dependent 

on cell density and the concentration of glutamate and arginine during acid-challenge.  

This suggests that the glutamate and arginine in the acidified LB medium may have been 

limiting factors at higher cell densities during acid-challenge.  No synergistic protection 

was observed using a combining arginine and glutamate (data not shown).    
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b.  Role of glutamate- and arginine-dependent acid survival pathways in cell 

density-dependent acid sensitivity 

Next, cell density-dependent acid sensitivity in a gadC mutant (strain EK484, 

defective in glutamate : γ-aminobutyricacid antiporter) was examined.  Strain EK484 was 

grown under two different culture conditions: aerobic growth in LB medium and 

fermentative growth in LB-glucose medium.  The cells were subjected to acid-challenge 

in the acidified LB medium at various cell densities (Figure 2.4a).  The survival of strain 

EK484, grown aerobically, was independent of cell density, while cells obtained after 

fermentative growth on LB-glucose broth did exhibit cell density-dependent acid 

sensitivity.  Acid sensitivity of strain EK489, defective in arginine decarboxylase was cell 

density-dependent irrespective of aerobic or fermentative growth. The arginine 

decarboxylase pathway would be expected to be induced in strain EK484 when it is 

grown on LB-glucose.  Thus, we determined if arginine could be the limiting factor 

during acid-challenge for strain EK484 cells that were grown on LB-glucose (Figure 

2.4b).  Likewise in strain EK489 glutamate decarboxylase pathway is expected to be 

functional under aerobic as well as fermentative growth conditions. 

It was examined if aerobically grown cells of strain EK489 (and wild-type strain 

EK274) can be rescued during acid-challenge by addition of glutamate.  Availability of 

arginine and glutamate helped cells of strains EK484 and EK489 respectively, to 

overcome acid-challenge, and there was a clear dose-response relationship between 

available arginine or glutamate, cell-density and cell survival (Figure 2.4b).   
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Figure 2.3a. Effect of rpoS mutation, and aerobic vs. fermentative growth on survival 

of E. coli O157:H7 at various cell densities in acidified LB (pH 2.5).  Aerobic and 

fermentatively grown cells of E. coli O157:H7 strains EK274 and EK275 were 

subjected to acid-challenge at low (106 CFU/ml) and high (109 CFU/ml) cell 

densities. Acid-challenge was performed at pH 2.5, 37 oC for 2 h.  
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Figure 2.3b. Effect of glutamate and arginine availability during acid-challenge on 

fermentative growth rpoS mutant.  Fermentatively grown cells of E. coli O157:H7 

strains EK275 (open symbols) and EK274 (closed symbols) were subjected to 

acid-challenge with or without 30 mM glutamate or arginine supplement.  Cells 

were subjected to acid-challenge at high cell density (109 CFU/ml).   
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Figure 2.4a. Effect of gadC and adiA mutations, and aerobic vs. fermentative 

growth on cell density survival of E. coli O157:H7 strains in acidified LB (pH 2.5).  

EK484 and EK489 were grown aerobically  or fermentatively  and subjected to acid-

challenge at low (106 CFU/ml, closed symbols) and high (109 CFU/ml, open symbols) 

cell densities.   
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Figure 2.4b. Effect of addition of arginine or glutamate during acid-challenge 

on survival of gadC and adiA mutant. EK489 were grown under aerobic and fermentative 

conditions and EK484 was grown under fermentative condition.  Cells were subjected to 

acid-challenge at high cell density (109 CFU/ml) with or without 40 mM glutamate or 

arginine supplement.  
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DISCUSSION 

 Experiments performed to quantitate proposed factors released from high density 

cell suspensions during acid-challenge indicated that the absence of a factor may be 

responsible for the cell density-dependent acid sensitivity phenotype (Figure 2.2).  

Moreover, synthesis of this factor was proposed to be under rpoS regulation (7), and 

indeed, the rpoS mutant grown aerobically did not exhibit cell density-dependent acid 

sensitivity.  The likely reason for this is that the rpoS mutant, under aerobic growth 

conditions, does not synthesize glutamate decarboxylase (6), or use glutamic acid-

dependent acid survival pathway.  As a consequence, the strain has no acid resistant 

mechanisms, which are operative during aerobic growth.  This is reflected in the strain’s 

extreme acid sensitive phenotype.   

Activation of the glutamate decarboxylase acid tolerant pathway is complex.  It 

requires functional RpoS as cells enter their stationary growth phase under aerobic 

conditions, however its activation is RpoS-independent under fermentative growth 

conditions in the presence of glucose (6).  We took advantage of the dual regulatory 

aspects  of glutamate decarboxylase pathway by examining cell density-dependent acid 

sensitivity of the rpoS mutant grown fermentatively.  The rpoS mutant strain grown on 

LB-glucose did exhibit the cell density-dependent acid sensitive phenotype (Figure 2.3).  

This phenotype was most likely due to limited quantities of available glutamate and 

arginine in the acidified LB medium.  Exogenous addition of glutamate (and arginine) 

during acid-challenge provided protection to cells in a concentration dependent manner.   
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Limited availability of glutamate (and arginine) causing the cell density-

dependent phenotype was further confirmed by using gadC and adiA mutant strains.  In 

addition to the defect in the glutamate decarboxylase pathway, aerobically grown gadC 

mutant cells do not utilize arginine decarboxylase pathway (17).  Thus, the aerobically 

grown gadC mutant has only an  rpoS-mediated oxidative acid survival pathway that is 

functional when challenged in the acidified LB medium.  Since the strain did not exhibit 

cell density-dependent acid sensitivity, the rpoS-mediated acid survival pathway appears 

to be independent of glutamate and arginine availability during acid-challenge.  On the 

other hand, cells grown under fermentative growth possessed a fully activated arginine 

decarboxylase pathway, and did exhibit cell density-dependent acid sensitivity.  This was 

confirmed by the addition of increasing amounts of arginine, which helped the cells 

survive even under high cell density populations in a concentration dependent manner.  

This indicated that arginine is probably one of the limiting components in the acidified 

LB medium responsible for cell density-dependent acid sensitivity.  

S. Typhimurium cells do not possess glutamate or arginine decarboxylase 

mediated acid resistant mechanisms (3), and we confirmed the absence of glutamate-  or 

arginine-dependent acid sensitivity in this organism (data not shown).  Contrary to the 

previous report (7), the wild type E. coli strain K-12 (MG1665) which possessed all three 

acid resistant pathways, like several other O157:H7 strains, showed cell density-

dependent acid sensitivity.   

The impact of low pH on the virulence of Salmonella and E. coli strains is 

profound.  Studies suggest that acid tolerance aids in survival and pathogenesis of 

organisms since several mutants defective in acid tolerance were attenuated in virulence.  
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A possible link between low pH and cell-to-cell communication has been described in 

that Salmonella and E. coli strains grown at a low pH synthesize an autoinducer similar to 

the system 2 autoinducer involved with induction of bioluminescence in Vibrio harveyi 

(26, 27).  Moreover, induction of the type III secretion system in enterohemorrhagic E. 

coli O157:H7 has been demonstrated recently to be under the control of quorum sensing 

molecules (25).  Thus, there may exist yet to be proven links between quorum sensing 

and acid tolerance in enteric bacteria (8).   Characterization of such a link will 

significantly advance in our understanding of cell-to-cell communication in low pH 

environments and its influence on virulence. 
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Chapter 3 Rapid Sample Preparation Method for PCR-based 

Detection of Escherichia coli O157:H7 in Ground Beef 

 

ABSTRACT 

Infection with E.  coli O157:H7 and other Shiga toxin-producing E. coli (STEC) 

can result in hemorrhagic colitis, hemolytic uremic syndrome, and death.  E.  coli 

O157:H7 causes 73,480 illnesses, 2,168 hospitalizations, and 61 deaths each year in the 

United States, approx. 85% of the cases result from the ingestion of contaminated food. 

Contaminated ground beef has been identified as the main source of infection in E. coli 

O157:H7 outbreaks. To develop an improved, rapid and sensitive sample preparation 

method for PCR-based detection of Escherichia coli O157:H7 in ground beef, fresh 

ground beef samples were experimentally inoculated with varying concentrations of E. 

coli O157:H7. PCR inhibitors were removed and bacterial cells were concentrated by 

filtration and centrifugation, and lysed using enzymatic digestion and successive 

freeze/thaw cycles. DNA was purified and concentrated via phenol/chloroform extraction 

and the Shiga toxin 1 gene (stx1) was amplified using PCR to evaluate the sample 

preparation method. Without prior enrichment of cells in broth media, the detection limit 

was 103 CFU g-1 beef. When a 6-h enrichment step was incorporated, the detection limit 

was 100 CFU g-1 beef.  Total time required from beginning to end of the procedure is 12 

h. The sample preparation method developed here enabled substantially improved 

sensitivity in the PCR-based detection of E. coli O157:H7 in ground beef, as compared to 

previous reports. Superb sensitivity, coupled with quick turn-around time, relative ease of 
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use, and cost-effectiveness, makes this a useful method for detecting E. coli O157:H7 in 

ground beef. 

 

INTRODUCTION 

In humans, infection with Escherichia coli O157:H7 and other Shiga toxin-

producing E. coli (STEC) can result in hemorrhagic colitis, hemolytic uremic syndrome, 

and death (11).  The principal route of infection is via the food chain. Among the 

estimated 73,480 illnesses, 2,168 hospitalizations, and 61 deaths caused each year in the 

United States by E. coli O157:H7, approx. 85% are thought to occur through ingestion of 

contaminated food (13).  E. coli O157:H7 was first recognized as a pathogen following a 

1982 outbreak of food-borne illness associated with the consumption of undercooked 

ground beef (17).  Since that time, cattle have been implicated as a principal reservoir of 

E. coli O157:H7 (14).  For instance, in a study analyzing feces, hides, and carcasses of 

beef cattle during processing, as much as 28% of cattle fecal samples were positive for E. 

coli O157:H7 (8).  Accordingly, contaminated ground beef has been identified as the 

source of infection in 48 of 196 E. coli O157:H7 outbreaks documented in the United 

States between 1982 and 1998 (3,14).  Most recently, the United States government 

ordered the second largest recall of beef in the U.S. history (approx. 19 million pounds of 

beef were recalled from 21 states) after at least 16 people became ill from eating beef 

contaminated with E. coli O157:H7 (4). 

Conventional enrichment and isolation methods with selective and/or indicator 

media, such as E. coli (EC) broth, lauryl sulfate tryptose 4-methylumbellifery-β-D-

glucuronic acid broth, eosin methylene blue agar, and MacConkey sorbitol agar, are 
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currently used to detect E. coli O157:H7 in ground beef.  However, such tests often 

require several days to get results, during which time meat may be shipped from 

production plants to retail stores. These tests also lack the ability to identify E. coli 

O157:H7 strains definitively (1).  Thus development of detection methods requiring less 

time is important in preventing distribution of contaminated beef from producer to 

consumer. Because E. coli O157:H7 strains that cause serious disease produce at least 

one Shiga toxin (Stx1 and/or Stx2) (15), detection of Shiga toxin genes by PCR is very 

useful for detecting E. coli O157:H7.  

But the contamination level of E. coli O157:H7 in ground beef samples is usually 

quite low, i.e., less than 100 CFU g-1 beef (14).  In addition, a variety of substances in 

beef samples, blood and food particles for instance, are potent inhibitors of the PCR (3, 

6). As a result, small variation in amount of inhibitors can lead to large variation in PCR 

amplification.  Techniques such as centrifugation, filtration, DNA affinity columns, and 

magnetic beads coated with specific antibodies or lectins (12, 18, 20), which concentrate 

pathogens or total nucleic acids, and remove PCR inhibitors, have shown promise when 

applied to ground beef samples. Moreover, improvement in efficiency of procedures for 

lysing cells and harvesting target DNA may further increase sensitivity of detection 

assays (1,2).   

We report development of a rapid, sensitive PCR template preparation method to 

remove amplification inhibitors and concentrate E. coli O157:H7 cells from ground beef 

samples.  Based on subsequent PCR amplification of the stx1 gene, 100 CFU E. coli 

O157:H7 g-1 ground beef could be reproducibly detected in 12 h.  Superb sensitivity, 
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quick turn-around time, relative ease of use, and cost-effectiveness make this a valuable 

method for detecting E. coli O157:H7 in ground beef.  

 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

 E. coli O157:H7 strain ATCC 932 NAr (resistant to 50 µg ml-1 nalidixic acid) was 

used in all experiments because the NAr phenotype enabled easy enumeration of E. coli 

O157:H7 cells in ground beef samples. The strain was grown in 5 ml of Luria-Bertani 

(LB) broth medium (Sigma, St. Louis, MO, USA), containing 50 µg ml-1 nalidixic acid 

(Sigma), at 37°C in 50 ml flasks with rotary agitation (230 rpm min-1) for 16 to18 h.  

Stationary phase cells were harvested by centrifugation at 6,500 × g for 6 min at room 

temperature. Cell pellets were washed in 15 ml of saline and re-suspended in saline to an 

O.D.600 of 0.5 (approx. 1×109 CFU ml-1). Different cell concentration solutions, as 

determined via plate counts on LB Agar (Sigma), were used in subsequent experiments. 

 

Sample Preparation Method 

 Packages of fresh ground beef were purchased from retail supermarkets. Ground 

beef samples (25 grams each) were spiked with different concentrations of E. coli 

O157:H7 and homogenized in 225 ml of saline at 230 rev min-1 for 90 s in a two-chamber 

filter bag (Fisher Scientific, Pittsburgh, PA, USA) using a Lab-Blender 400 stomacher 

(Seward Laboratory, London, UK).  Homogenized samples were centrifuged at 50 × g, 

100 × g, 200 × g, or 400 × g for 10 min.  Resultant supernatants were placed in fresh 

tubes and centrifuged at 6,500 × g for 15 min, after which the pellets were re-suspended 
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in 25 ml of saline.  At this point, to evaluate the cell recovery rate, cell concentrations 

were determined by plate counts using MacConkey sorbitol agar containing 50 µg ml-1 

nalidixic acid.  Samples were centrifuged again at 6,500 × g for 15 min and resultant 

pellets were used to extract DNA. 

 

PCR Template Preparation  

a. The boiling method 

 Samples spiked with different concentrations of E. coli O157:H7 cells in saline, or 

in ground beef-saline (1:10, w/v) solutions, were boiled at 100 °C for 10 min.  Insoluble 

material was removed by centrifugation for 2 min and the supernatant used as template in 

the PCR. 

 

b. The enzyme and freeze/thaw method 

 Nucleic acids were extracted from pellets by a direct lysis procedure adapted from 

previously described methods (2,4,5, 21).  The pellets were re-suspended in 2 ml of 

buffer A (500 mmol l-1 Tris-HCl [pH 8.0], 100 mmol l-1 NaCl, 1 mmol l-1 sodium citrate, 

5 mmol l-1 EDTA) in the presence of 5 mg ml-1 lysozyme, and incubated for 1 h at 37°C 

with occasional agitation.  Proteinase K was added to a final concentration of 2 mg ml-1, 

and the mixture incubated for an additional 30 min with occasional agitation.  Following 

incubation, 1.33 ml of lysis buffer (500 mmol l-1 Tris-HCl [pH 8.0], 100 mmol l-1 NaCl, 

4% [w/v] SDS, 25 mmol l-1 EDTA) were added and the solution mixed gently by 

inversion.  Three cycles of freezing in a dry ice-ethanol bath and thawing in a 65°C water 

bath were included to facilitate cell wall destruction, and thus, release of nucleic acids.  
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The mixture (1ml) was used to extract DNA with an equal volume of phenol (pH 6.7 ± 

0.2, Sigma), followed by extraction with an equal volume of chloroform.  Nucleic acids 

were precipitated via addition of an equal volume of isopropyl alcohol, and centrifuged at 

maximum speed in a microcentrifuge for 20 min.  Pellets were washed with 70% ethanol 

and air-dried at 37°C for 5 min, after which they were dissolved in 50 µl distilled water 

and stored at –30°C until further use.  

 

c. PCR Amplification of the stx1 gene 

 The stx1 gene was amplified by PCR using a slight modification of a previously 

published method (16).  Template DNA (5 µl) was added to 45µl of a reaction mixture 

containing 0.1 mmol l-1 each deoxyribonucleotide, 10 mmol l-1 Tris-HCl (pH 8.3), 50 

mmol l-1 KCl, 10 mmol l-1 Na2EDTA, 3 mmol l-1 MgCl2, and 1.0 U AmpliTaq Gold DNA 

polymerase (Applied Biosystems, Branchburg, NJ, USA). The oligonucleotide primers 

used to amplify the stx1 gene segment were F5'-ACGTTACAGCGTGTTGCTGGGATC-

3' and R5'-TTGCCACAGACTGCGTCAGTTAGG-3'. The primers were predicted to 

amplify a 123-bp fragment of the stx1 gene.  The PCR was done using a GeneAmp PCR 

system 9700 thermal cycler (Perkin-Elmer, Foster City, CA, USA).  The program 

consisted of an initial template denaturation step at 94°C for 10 min, followed by 30 

cycles of denaturation at 94°C for 1 min, primer annealing at 60°C for 1min, and primer 

extension at 72°C for 1 min. A final extension step was performed at 72°C for 7 min.  

Amplified products were electrophoresed in 2% agarose gels containing 0.5 µg ml-1 

ethidium bromide.  Appropriate controls were included, such as buffer alone and 

unspiked ground beef samples were included as negative controls, whereas saline or 
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ground beef samples spiked with high concentration of E. coli O157:H7 were used as 

positive controls. 

 

Enrichment of E. coli O157:H7 from ground beef 

 Ground beef samples (25 grams each) were spiked with 100 CFU E. coli O157:H7 

g-1 beef.  Samples were homogenized in 225 ml pre-warmed modified EC medium base 

(DIFCO, Becton Dickinson, Sparks, MD, USA) at 230 rev min-1 for 90 s in stomach bags 

(Seward) without a filter. Samples were incubated at 37°C in 500 ml flasks with rotary 

agitation (230 rpm min-1) for 4 or 6 h, after which they were further homogenized at 230 

rpm min-1 for 30 s in two-chamber filter bags.  Template preparation was then done as by 

using enzyme and freeze/thaw method. 

 

RESULTS 

The effect of ground beef material on the PCR 

To assess the effect of ground beef substances on the PCR, different 

concentrations of E. coli O157:H7 cells were suspended in pure saline or a mixture of 

ground beef and saline (1:10, w/v).  PCR templates were then prepared by boiling method 

as described above.  The detection limit for cells suspended in pure saline was 1.34 × 105 

CFU ml-1 (Figure 3.1, lane 5), whereas the detection limit for cells suspended in the 

ground beef/saline mixture was 3.4 × 1010 CFU ml-1 (Figure 3.1, lane 11).  Thus there 

was approximately 2.5 × 105 times difference in the number of cells required for PCR 

detection of the stx1 gene in saline as compared to the cells suspended in the ground 

beef/saline mixture. 
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Figure 3.1.  PCR amplification  of stx1 gene for detecting E. coli O157:H7 using 

templates prepared by boiling method from saline and saline/ground beef (1:10, wt/wt) 

solutions spiked with different levels of E. coli O157:H7. Lane 1, 123-bp DNA marker; 

lane 2, PCR buffer control; lane 3, saline control; lane 4, E. coli O157:H7 positive 

control; lane 5, 1.48 × 105 CFU ml-1 in saline; lane 6, 1.48 × 106 CFU ml-1 in saline; lane 

7, 1.48 × 107 CFU ml-1 in saline; lane 8, 1.48 × 108 CFU ml-1 in saline; lane 9, 

saline/ground beef solution control; lane 10, 3.4 × 108 CFU g-1 in saline/ground beef 

solution; lane 11, 3.4 × 109 CFU g-1 in saline/ground beef solution; lane 12, 3.4 × 1010 

CFU g-1 in saline/ground beef solution.  
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The effect of centrifugation on E. coli O157:H7 cell recovery 

After homogenization and filtration, ground beef samples were processed by 

centrifugation as described above. The recovery rate of E. coli O157:H7 using different 

first step centrifugation forces was tested. There was no difference between the recovery 

rate when centrifuging 50 × g or 100 × g centrifugation forces; however, both resulted in 

higher cell recovery than when centrifuging at 200 × g and 400 × g (data not shown). In 

addition, when using a 100 × g centrifugation force, more food particles were removed 

than when using a 50 × g force.  Hence a 100 x g first-step centrifugation was included in 

the protocol.  Thereafter, centrifugation at 6,500 × g resulted in a 0.5 to 1.0 g pellet from 

25 g of ground beef. The concentration of E. coli O157:H7 cells in the pellet, as 

determined via plate counts on MacConkey sorbitol agar containing 50 µg ml-1 nalidixic 

acid, indicated 75% (N = 9, S.D. = 9%) of the cells were recovered. Even for very low 

inoculation level, e.g., 103 CFU E. coli O157:H7 g-1 beef, 75% of cells were recovered in 

the pellet, perhaps because small food particles helped to pellet the bacteria.  Regardless, 

concentrations of cells in the pellets were increased 18.8 to 37.5 times over those in 

ground beef.  

 

The effect of sample preparation method on PCR detection of E. coli O157:H7  

Using enzyme digestion followed by freeze/thaw cycles and phenol-chloroform 

extraction to prepare PCR templates, as few as 10 to 100 CFU E. coli O157:H7 cells g-1 

beef could be detected (Figure 3.2a); these results were not consistently repeatable.  Use 

of this method did enable consistently repeatable detection of 1000 CFU E. coli O157:H7 

cells g-1 beef (Figure 3.2b).  
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Figure 3.2a.  PCR amplification of stx1 gene for detecting E. coli O157:H7 using 

templates prepared from beef samples spiked with different levels of E. coli O157:H7.  

Lane 1, 123-bp DNA marker; lane 2, PCR buffer control; lane 3, E. coli positive control; 

lane 4, ground beef control; lane 5, 100 CFU g-1; lane 6, 101 CFU g-1; lane 7, 102 CFU g-1; 

lane 8, 104 CFU g-1.  
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Figure 3.2b.  PCR amplification of stx1 gene for detecting E. coli O157:H7 using 

templates prepared from beef samples spiked with different levels of E. coli O157:H7.  

Lane 1, 100-bp DNA marker; lane 2, PCR buffer control; lane 3, E. coli positive control; 

lane 4, beef control; lane 5, E. coli positive ground beef control; lanes 6 through 9, 103 

CFU g-1; lanes 10 through 13, 104 CFU g-1. 
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The effect of enrichment on PCR detection of E. coli O157:H7  

To improve the sensitivity of detection, an enrichment step was added. Ground 

beef samples spiked with 100 CFU E. coli O157:H7 g-1of beef were enriched in modified 

EC medium base for 4 or 6 h. PCR templates were prepared by using enzyme and 

freeze/thaw method as described above. After 4 h of enrichment, the stx1 gene could be 

detected by PCR, but the results were not consistently repeatable.  After a 6-h enrichment 

step, however, the stx1 gene was consistently and reproducibly detected in all samples, 

but not in the ground beef E. coli O157:H7-free control samples (Figure. 3.3).  As 

determined by viable counts, the concentration of E. coli O157:H7 cells was 102 CFU g-1 

beef after 4 h enrichment, whereas the concentration of E. coli O157:H7 cells was 104 

CFU g-1 beef after 6 h enrichment (data not shown). 

 

DISCUSSION 

Using the protocol developed in this study, 103 CFU E. coli O157:H7 g-1 beef 

were concentrated and reproducibly detected by PCR, without an enrichment step.  From 

beginning to end, the time required to conduct this procedure was roughly six hours.  To 

the best of our knowledge, this represents the most sensitive detection limit for a PCR-

based method without enrichment.  An enrichment step was incorporated to heighten the 

sensitivity of the assay.  Enrichment and PCR methods typically require a 12- to 24-h 

enrichment in order to detect 100 CFU E. coli O157:H7 g-1 ground beef (22).   
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Figure 3.3.  PCR amplification of stx1 gene for detecting E. coli O157:H7 using 

templates prepared from beef samples after 4 or 6 h enrichment spiked with 100 CFU g-1 

of E. coli O157:H7.  Lane 1, 100-bp DNA marker; lane 2, PCR buffer control; lane 3, E. 

coli positive control; lane 4, ground beef control after 6 h enrichment; lanes 5 through 7, 

100 CFU g-1 after 4 h enrichment; lanes 8 through 10, 100 CFU g-1 after 6 h enrichment 
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Using the sample preparation method described here, we were able to detect 100 

CFU E. coli O157:H7 g-1 ground beef after enrichment for 6 hours.  Thus the total time 

required for reliably detecting 100 CFU E. coli O157:H7 g-1 ground beef was 12 h, a 

substantial decrease in time as compared to previous reports.  The relatively short 

enrichment step was advantageous in that it lessened the time for normal microbiota to 

out-compete indicator bacteria (7), a problem that is particularly problematic regarding E. 

coli O157:H7 and other pathogens for which the infectious dose is low (9).  Because the 

ground beef samples were thoroughly homogenized, use of this protocol reduced the 

chance that E. coli cells remained undetected due to protection within food matrices.  

Similar to the report by Witham (22), we observed a difference in the sensitivity 

of the PCR based on sample preparation methods.  Specifically, the detection limit of the 

PCR was much greater for bacteria suspended in saline, as compared to those suspended 

in a mixture of ground beef and saline.  The efficiency of cell lysis and the procedures for 

harvesting target DNA are also important factors that can limit the sensitivity of the PCR 

assay. For example, the extra time invested in a phenol/chloroform extraction (approx. 1 

h) resulted in a substantial dividend: as few as 1.6 x 102 CFU E. coli O157:H7 cells per 

reaction could be detected via PCR, whereas when sample preparation consisted of only 

boiling in saline, the detection limit was 1.6 x 104 CFU per reaction (22).   

Previous research has shown that lysozyme and proteinase K are powerful 

enzymes for lysing bacteria (2, 5). But the presence of either lysozyme or proteinase K in 

the PCR reactions, even after their denaturation at 99.5°C, may substantially hinder DNA 

amplification.  The presence of detergents or other lysis reagents may also affect the 

efficiency of DNA amplification.  Maximum amplification, therefore, is dependent upon 
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purification of target DNA (2).  Among DNA purification methods, ether extraction is 

known to be effective for removing PCR inhibitors present in the samples (19).  In this 

study, a variety of physical and chemical agents, including lysozyme, proteinase K, 

detergents, freezing and thawing, and phenol-chloroform extraction, were used to 

facilitate cell lysis and concentrate DNA. 

The sample preparation method described in this study was relatively easy to 

perform and the total cost of analysis (not including thermal cycler) was roughly equal 

that of conventional enrichment and culture methods.  Besides this, 2-3 hours could be 

further reduced by using real-time PCR or other DNA amplification technologies such as 

strand displacement amplification (10) and ramification amplification.  However, this 

method is not specific for a particular organism and thus may be useful for detecting 

other bacterial pathogens in ground beef; it should also be useful for other DNA 

amplification-dependent assays, e.g., SDA or biosensors.  Whether or not this method is 

applicable for other types of foods remains to be determined. Nevertheless, the results 

described above indicate this method can be used to achieve high sensitivity for detection 

of E. coli O157:H7 in ground beef in a relatively short period of time. The continued 

advent of novel techniques such as real-time PCR foreshadows further reduction in the 

time required for this and similar methods for detection of food-borne bacterial 

pathogens.   
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Chapter 4 Development of a Rapid Method for Isolating Salmonella 

from Poultry Products 

 

ABSTRACT 

Poultry products are one of the major sources of Salmonella infections in human 

beings.  Although many methods for isolating Salmonella from food and clinical samples 

are available, none has been designed specifically based on unique characteristics of 

poultry products.  An improved procedure based on the method described in the 

USDA/Food Safety Inspection Service (FSIS) Microbiological Laboratory Guidebook 

was developed to isolate Salmonella from poultry products.  The modified method was 

evaluated using the standard procedures of the FDA/Bacteriological Analytical Manual 

(BAM) and USDA/FSIS Microbiological Laboratory Guidebook.  Greater than 95% of 

the presumptive Salmonella colonies isolated using the modified method from chicken 

samples were confirmed as Salmonella by PCR/ API 20E tests.  Its high specificity 

significantly reduced the time for isolation and identification of Salmonella from poultry 

products (48 h compared to 3-5 days); thus, the costs were reduced. Since the method has 

a high specificity, Salmonella isolates may be further subtyped by serotyping and/or 

pulsed-field gel electrophoresis (PFGE) without biochemical confirmation. Using this 

method, we were able to recover Salmonella from 29 of 44 (66%) retail organic chicken 

samples.  The widespread occurrence of Salmonella in organic chicken samples 

emphasizes the need for implementation of effective control measures of microbial 

contaminations in organic poultry products.  
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INTRODUCTION 

 
Salmonella is one of the leading causes of foodborne infections worldwide (11, 

23, 24, 28).  Poultry products are widely acknowledged to be a significant reservoir for 

Salmonella and have frequently been incriminated as a source of Salmonella infections 

(2, 25).  The incidence of Salmonella in poultry samples varies from 0% to 100% 

depending on sample sources, sampling and isolation methods (2, 9, 22, 25, 27).  In order 

to minimize the risks of salmonellosis for consumers, microbiological control of the food 

chain is being increasingly emphasized (20).  Thus, the availability of a reliable, rapid 

Salmonella isolation system has become increasingly important for the agricultural and 

poultry industry, as well as for legislative regulation of food safety.  

The ideal Salmonella detection method should be sensitive, specific, simple and 

inexpensive.  The methods described in the USDA/FSIS Microbiology Laboratory 

Guidebook and the FDA/BAM are considered the standard Salmonella isolation methods. 

A 24 h pre-enrichment step in buffered peptone water (BPW) at 35 oC is employed in 

both methods followed by a 24 h selective enrichment step in tetrathionate (TT) and 

Rappaport-Vassiliadis (RV) broth. Three different selective agar plates are applied in 

each method after selective enrichment. In addition to these methods, there are many 

other Salmonella isolation methods available (3, 6, 19, 29), but none was designed 

specifically based on unique characteristics of poultry products.  In poultry houses, 

Proteus spp. is one of the main airborne microflora (21). Our preliminary data indicated 

that more than 90% chicken samples were Proteus spp. positive (data not shown).  

Proteus spp. are tetrathionate reductase positive(15, 16), which can grow very well in TT 

broth.  It can also generate H2S (10) and show the same phenotypes as Salmonella on 
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bismuth sulfite (BS) agar, xylose lysine desoxycholate (XLD) agar, hektoen enteric (HE) 

agar plates and triple sugar iron (TSI) slant. The total viable count of bacteria in poultry 

samples were usually between 103-106 CFU/g.  With this high concentration of bacteria 

as starters, cultures become stationary state after 24 h pre-enrichment in BPW. If the 

media following pre-enrichment step are insufficiently selective for Salmonella, bacteria 

other than Salmonella will overgrow on selective plates.  Considering the specific 

characteristics of poultry samples, it is necessary to develop a poultry-specific Salmonella 

isolation method which selects for the growth of Salmonella but suppresses the growth of 

Proteus spp. and other microorganisms present in poultry products. 

As a newly certified product, there were no reports on Salmonella contamination 

in organic chicken products in the U.S.  The purpose of this study was to develop a 

simple and rapid poultry-specific Salmonella isolation method, and evaluate the method 

using the standard procedures of FDA/BAM and USDA/FSIS manual and testing organic 

chicken samples.  

 

MATERIALS AND METHODS 

Bacteria strains   

S. Typhimurium strain 14028S (API 20E profile: 6705752, invA gene positive), S. 

Enteritidis strain CHS45 NAr (resistant to 100 µg ml-1 nalidixic acid) and P. mirabilis 

strain (API 20E profile: 0732000, invA gene negative) were used in this study.  Bacterial 

cultures were prepared in Luria-Bertani (LB) broth (Difco Laboratories, Detroit, MI) by 

incubation at 37 oC with shaking at 230 rpm for 16-18 h. 
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Growth of Salmonella in BPW 

 S. Typhimurium strain 14028S was tested for growth in BPW (Difco).  S. 

Typhimurium was inoculated at 100CFU/400ml into BPW and incubated in water bath at 

37oC with shaking at 100 rpm/min.  The total plate count of bacteria was determined after 

0 h, 3 h and 6 h incubation by spreading onto LB agar plates (Difco).  

 

Growth of S. Typhimurium and P. mirabilis in Salmonella selective medias 

 S. Typhimurium strain 14028s and P. mirabilis were tested for growth in different 

Salmonella selective medias. Briefly, a loopful of stationary phase culture was streaked 

onto BS (Difco) agar, XLD (Difco) agar, HE (Difco) agar, xylose lysine tergitol 4 agar 

(XLT4; Difco), brilliant green sulfa agar (BGS; contains 0.1% sodium sulfapyridine; 

Oxoid LTD, Basingstoke, Hampshire, England) and double modified lysine iron agar 

(DMLIA; Oxoid).  After 24 h of incubation at 35oC, the growth of both strains on the 

selective agar plates was examined.  

TT (Difco) and RV (Difco) broth were inoculated at 102CFU/ml of the S. 

Typhimurium and P. mirabilis strains and incubated at 42oC with shaking at 100 rpm/min 

for 24 h.  The concentration of the bacteria in the broths was determined on XLD plates.  

 

Competition growth test of S. Typhimurium and P. mirabilis in TT and RV broth

 S. Typhimurium strain 14028s and P. mirabilis were mixed and inoculated at 

102CFU/ml of each strain in TT and RV broth and incubated at 42oC with shaking at 100 

rpm for 24 h, The concentration of the bacteria in the broths was determined on XLD and 

XLT4 plates. 
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Modified chicken Salmonella isolation method  

 A modified procedure based on our data, USDA/FSIS and FDA/BAM methods 

was used to isolate Salmonella from raw chicken products. Briefly, organic chicken 

carcasses were purchased from local grocery stores and each was placed in BPW (see 

below).  After manual mixing, the chicken rinse was incubated in water bath at 37 oC 

with shaking at 100 rpm for 6 h, 10 ml and 1 ml pre-enriched rinse was transferred to 100 

ml TT and 100 ml RV broth, respectively.  After incubation at 42 oC for 24 h, one loopful 

of TT broth was streaked onto XLT4 agar plate, and another loopful of RV broth onto 

XLD agar plate.  

 

PCR/API 20 E confirmation 

 The suspect colonies from selective plates were either confirmed by PCR or API 

20 E tests. The PCR procedure was modified from method described previously (13, 18). 

Typhimurium strain 14028S and a P. mirabilis strain were used as reference strains in the 

PCR test.  A 284 bp PCR product targeting invA gene was amplified by using primers: 

invA139 (5’-GTGAAATTATCGCCACGTTCGGGCAA-3’) and invA141 (5’-

TCATCGCACCGTCAAAGGAACC-3’).  Primers were synthesized by the Life 

Technologies (Gaithersburg, MD.). Amplification reactions were carried out with 10 µl of 

boiled bacterial suspensions, 250 µM deoxynucleoside triphosphate, 2.5 mM MgCl2, 

50 pmol of primers, and 1 U of Gold Taq polymerase (Perkin-Elmer, Foster City, CA). 

Distilled water was added to bring the final volume to 50 µl. The PCR cycle included an 

initial denaturation at 94°C for 10 min, followed by 30 cycles of denaturation for 1 min at 
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94°C, primer annealing for 1 min at 64°C, and extension for 1 min at 72°C, and a final 

extension at 72°C for 10 min. The reaction products were then analyzed by 

electrophoresis in 2.0% agarose gels stained with ethidium bromide, visualized under UV 

light, and recorded by using a gel documentation system (Bio-Rad, Hercules, CA).  

 PCR negative suspect isolates were further confirmed by API 20E tests.  API 20 E tests 

were carried out following the standard protocol from the manufacturer (BioMérieux sa, 

France) 

 

Sensitivity for the modified Salmonella isolation method  

 S. Enteritidis strain CHS45 NAr (resistant to 100 µg ml-1 nalidixic acid) was used 

in sensitivity evaluation experiments because the NAr phenotype enabled easy 

enumeration of Salmonella cells in chicken samples. The strain was grown in 5 ml of LB, 

containing 100 µg ml-1 nalidixic acid (Sigma), at 37°C in 50 ml flasks with rotary 

agitation (230 rpm) for 16 to18 h.  Stationary phase cells were harvested by 

centrifugation at 6,500 × g for 6 min at room temperature. Cell pellets were washed in 15 

ml of saline and re-suspended in saline to an O.D.600 of 0.5 (approx. 5×108 CFU ml-1). 

Cell concentrations were determined via plate counts on LB agar plates. Chicken samples 

were inoculated with the bacterium at 100CFU/sample and 101CFU/sample.  Salmonella 

was isolated from the inoculated samples using the modified method described above. 

 

Evaluation of the modified rapid Salmonella isolation method 

 The modified method was evaluated using the standard methods in the 

FDA/BAM and USDA/FSIS manuals and 44 organic chicken samples. 
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a. Sample collection and preparation Organic chicken carcasses (n=44) of four 

brands were randomly collected from three retail organic stores in the Washington, D.C. 

area.  Sampling visits were made on every other Monday for three times.  On each 

sampling day, 14-15 prepackaged organic chicken samples were randomly collected and 

transported on ice to the laboratory.  Each sample was aseptically removed and placed in 

a sterilized plastic bag which contained 400 ml pre-warmed BPW. The bag was shaken 

manually for 3 min. The rinse was used for Salmonella isolation. 

b. The FDA/BAM method The organic chicken rinse was incubated at 35 oC for 22-24 

h. One milliliter and 0.1 ml pre-enriched rinse were transferred to 10 ml TT and 10 ml 

RV broth, respectively.  TT broth was incubated at 43oC and RV broth at 42oC.  After 20-

24 h incubation, one loopful of culture from each broth was streaked onto BS, XLD and 

HE agar.  The plates were incubated at 35oC for 20-24 h and examined for the presence 

of typical Salmonella colonies.  

c. The USDA/FSIS method The organic chicken rinse solution was incubated at 35oC 

for 22-24 h.  0.5 ml and 0.1 ml pre-enriched rinse was transferred to 10 ml TT and 10 ml 

RV broth respectively.  After 22-24 h incubation at 42 oC, one loopful of culture from 

each broth was streaked onto XLT4, BGS and DMLIA agar plates.  The plates were 

incubated at 35oC for 22-24 h and examined for the presence of typical Salmonella  

colonies.  

Three presumptive Salmonella colonies from each plate were inoculated onto TSI 

(GENE-TRAK systems, MA) and urea agar slants (Difco). After 24 h of incubation at 

35oC, the isolates with typical Salmonella phenotypes (Table 4.1) were further confirmed 

by PCR or API 20E tests.   
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RESULTS 

A rapid method for isolation and identification of Salmonella specifically from 

poultry products was developed based on the standard procedures of the FDA/BAM and 

USDA/FSIS Salmonella isolation manual.  The modified method was evaluated using the 

standard procedures of the FDA/BAM and USDA/FSIS manual and testing 44 organic 

chicken samples.   

BPW was used in the pre-enrichment for Salmonella isolation. When S. 

Typhimurium 14028S was inoculated at 100 CFU/400 ml of BPW and incubated in water 

bath at 37oC with shaking (100 rpm), the number of Salmonella increased to 104 

CFU/400ml after 6 h pre-enrichment, suggesting that 6 h pre-enrichment was sufficient 

for further isolation of Salmonella. 

 

Growth of S. Typhimurium and P. mirabilis on Salmonella selective media 

 Based on preliminary studies, more than 90% of the chicken samples carried P. 

mirabilis that resembles Salmonella (data not shown). In order to effectively isolate 

Salmonella from chicken samples, selective medias that favor the growth of Salmonella 

but suppress the growth of Proteus need to be identified. 

S. Typhimurium and P. mirabilis both grew well on XLD, HE, and BS agar plates 

with identical phenotypes, whereas S. Typhimurium grew well and P. mirabilis showed 

poor growth on XLT4, BGS and DMLIR plates. 
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Table 4.1. Biochemical characteristics of Salmonella on TSI and urea slants (1, 7)  

 

Results Medium  

  

Reaction/enzymes

Negative Positive

Salmonella Percentage of different Salmonella  

strains showing the reaction* 

TSI** Acid production from 

glucose 

Butt red Butt yellow + 100 

 Acid production from 

lactose or sucrose 

Surface red Surface yellow - 99 

 Gas production No air bubbles 

in butt 

Air bubbles in butt + 92 

 H2S production No black color Black color + 92 

Urea slant Urease Yellow Rose pink-deep cerise - 99 

69

* These percentages may vary from country to country and from food product to food product. 

** TSI stands for triple sugar iron slant. 
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When the two organisms each was inoculated at 102CFU/ml in TT and RV 

broth and incubated at 42oC for 24 h, S. Typhimurium showed good growth in both 

broths, but grew faster in TT broth than in RV broth.  P. mirabilis only grew in TT 

broth (Figure 4.1). 

 

Competitive growth of S. Typhimurium and P.mirabilis in TT broth 

 The mixture of S. Typhimurium and P. mirabilis was inoculated each at 

102CFU/ml in TT broth and incubated at 42 oC with shaking at 100 rpm for 24 h.  The 

mixed culture was plated onto both XLD and XLT4 plates.  The number of P. 

mirabilis was 20 times greater than the number of S. Typhimurium after 24 h 

incubation in TT broth (Figure 4.2). The results were repeated for three times. 

 

Evaluation of the modified method 

 Because of the large presence of P. mirabilis in chicken products, a rapid 

method specifically designed for isolating Salmonella in such products was developed 

based on the growth characteristics of P. mirabilis and  Salmonella on Salmonella 

selective medias. Briefly, chicken rinses were first incubated for 6 h, instead of 22-24 

h, in BPW. After pre-enrichment, 10 or 1 ml culture, instead of 1 or 0.1 ml, were 

transferred to 100 ml TT or RV broth for 22-24 h selective enrichment respectively.  
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Figure 4.1. Growth of S. Typhimurium and P. mirabilis in TT and RV broth.  S. Typhimurium 

strain 14028s and one P. mirabilis strain were inoculated in TT  and RV broth at 102CFU/ml 

respectively and incubated at 42oC with shaking at 100 rpm/min for 24 h.   
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Figure 4.2. Competition test of S. Typhimurium and P. mirabilis in TT broth.  S. 

Typhimurium strain 14028s and P. mirabilis were mixed and inoculated at 102CFU/ml of 

each strain in TT and RV broth and incubated at 42oC with shaking at 100 rpm for 24 h. 
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One loopful of culture from TT or RV broth was streaked onto XLT4 or XLD plates 

to examine Salmonella-like colonies. When S. Enteritidis strain CHS45 was 

inoculated at 100 CFU/sample and 101 CFU/sample level, all the inoculated samples 

were detected by the modified method.  The results were repeated for three times.  

The method was also evaluated by comparing to the USDA/FSIS and FDA standard 

methods in isolating Salmonella from 44 organic chicken samples.  

 

a.  Salmonella recovery from organic chicken samples after enrichment in TT 

broth 

By following the method in the FDA/BAM, 2% (3/132), 6% (8/132) and 4% 

(5/129) Salmonella-like colonies on XLD, HE, and BS agar plates, respectively, were 

confirmed as Salmonella. The isolation rate of Salmonella from organic chicken 

samples were only 5% (2/44), 11% (5/44) and 7% (3/44) using XLD, HE, and BS 

agar plate, respectively. Most of the Salmonella-like colonies were urease positive 

and confirmed as P. mirabilis.   

By following the method in the USDA/FSIS manual, 92% (65/71), 49% 

(35/72) and 30% (38/125) Salmonella-like colonies on XLT4, BGS, and DMLIR agar 

plates, respectively, were confirmed as Salmonella. The isolation rate of Salmonella 

from organic chicken samples were 52% (23/44), 41% (18/44), and 36% (16/44) 

using XLT4, BGS, and DMLIR agar plates, respectively.  

When the modified method was applied (see materials and methods), 100% 

(81/81) Salmonella-like colonies on XLT4 plate were confirmed as Salmonella. The 

isolation rate of Salmonella from organic chicken samples was 61% (27/44). (Tables 

4.2, 4.4).  
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b. Salmonella recovery from organic chicken samples after enrichment in RV 

broth 

By following the method in the FDA/BAM, 62% (74/120), 70% (82/118) and 

56% (72/129) Salmonella-like colonies on XLD, HE, and BS agar plates, 

respectively, were confirmed as Salmonella. The isolation rate of Salmonella from 

organic chicken samples were 64% (28/44), 66% (29/44) and 59% (26/44) using 

XLD, HE, and BS agar plate, respectively.  

By following the method in the USDA/FSIS manual, 99% (84/85), 91% 

(80/88) and 56% (70/126) Salmonella-like colonies on XLT4, BGS, and DMLIR agar 

plates, respectively, were confirmed as Salmonella. The isolation rate of Salmonella 

from organic chicken samples were 66% (29/44), 59% (26/44) and 66% (29/44) using 

XLT4, BGS, and DMLIR agar plates, respectively.  

When the modified method was applied, 96% (81/84) Salmonella-like colonies on 

XLD plate were confirmed as Salmonella. The isolation rate of Salmonella from 

organic chicken samples was 66% (29/44) (Table 4.3, 4.4). 

If the isolation rate of Salmonella by using TT and RV broth were merged, the same 

rate (66%) were found for the FDA/BAM, USDA/FSIS and modified method (Table 

4.4). 
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Table 4.2. Salmonella recovery from 44 organic chicken samples by following 

different methods after enrichment in TT broth 

Salmonella isolation 

methods 

Selective 

Agar 

# of tested 

Salmonella-like 

colonies a

# of colonies 

confirmed as 

Salmonella b

Specificity for 

Salmonella c   

(%) 

FDA/BAM method XLD 132 3 2 

 HE 132 8 6 

 BS 129 5 4 

USDA/FSIS method XLT4 71 65 92 

 BGS 72 35 49 

 DMLIR 125 38 30 

Modified method XLT4 81 81 100 

 

a Three Salmonella-like colonies were selected from each plate whenever there were 

suspect colonies. 

b Suspect colonies were confirmed as Salmonella either by PCR or API 20 E test. 

c Specificity for Salmonella was calculated as the following:   

# of confirmed Salmonella colonies by PCR/API 20E 

# of total suspect colonies tested 
× 100% 
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Table 4.3. Salmonella recovery from 44 organic chicken samples by following 

different methods after enrichment in RV broth 

Method Selective 

Agar 

# of total 

Salmonella-like 

colonies a

# of colonies 

confirmed as 

Salmonella b

Specificity for 

Salmonella c  

(%) 

FDA/BAM method XLD 120 74 62 

 HE 118 82 70 

 BS 129 72 56 

USDA/FSIS method XLT4 85 84 99 

 BGS 88 80 91 

 DMLIR 126 70 56 

The modified method XLD 84 81 96 

 

a Three Salmonella-like colonies were selected from each plate whenever there were 

suspect colonies. 

b Suspect colonies were confirmed as Salmonella either by PCR or API 20 E test. 

c Specificity for Salmonella was calculated as the following:   

# of confirmed Salmonella colonies by PCR/API 20E 

# of total suspect colonies tested 
× 100% 
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Table 4.4. Salmonella recovery rate in 44 organic chicken samples by following 

different Salmonella isolation methods  

Salmonella recovery rate (%) Methods Selective 

Agar 
Enriched in  

TT broth 

Enriched in  

RV broth 

Total 

XLD 5 (2/44) 64 (28/44) 

HE 11 (5/44) 66 (29/44) 

FDA/BAM 

method 

BS 7 (3/44) 59 (26/44) 

 

66 (29/44) 

XLT4 52 (23/44) 66 (29/44) 

BGS 41 (18/44) 66 (29/44) 

USDA/FSIS 

method 

DMLIR 36 (16/44) 59 (26/44) 

 

66 (29/44) 

XLT4 61 (27/44) -* The modified 

method XLD - 66 (29/44) 

 

66 (29/44) 

 
* “-” stands that samples were not tested by using that method. 
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DISSCUSSION 

A reliable, time-saving and low cost method for the isolation and preliminary 

identification of Salmonella from chicken samples was developed based on the 

FDA/BAM and USDA/FSIS Salmonella isolation methods.  In general, 

approximately 95% of the presumptive Salmonella colonies that were isolated using 

the modified method were confirmed as Salmonella by PCR/ API 20E tests.  This 

method with high specificity reduced time for isolating Salmonella in chicken 

products by 24-48 hours compared to the USDA and FDA methods.  In addition, 

Salmonella isolates recovered using this method may directly be further typed by 

serotyping and/or PFGE due to its high specificity. 

In the USDA/FSIS and FDA/BAM methods, the rinse from chicken samples 

need to be pre-enriched in BPW for 24 h.  After the pre-enrichment, the number of 

total bacteria reaches as high as 109 CFU/ml.  Although the number of the Salmonella 

cells also increases, it is usually outnumbered by other bacteria because they have a 

much higher number of cells when combined.  When 1 ml or 0.1 ml pre-enriched 

sample was transferred into 10 ml TT or RV broth, these bacteria were only 1:10 or 

1:100 diluted.  Although selective enrichment using TT or RV broth may inhibit the 

growth of many of these bacteria to a certain extent, their overgrowth likely will mask 

the growth of Salmonella.  Consequently, a large number of colonies may appear on 

selective agar plates, which makes it very difficult to isolate Salmonella.  Our findings 

confirmed that non-Salmonella colonies covered Salmonella-like colonies and that it 

was impossible to pick single colonies on certain plates.  

If samples are pre-enriched in BPW for 6 h, the concentrations of bacterial 

cells will be significantly lower than those from 24 h incubation.  But 6 h pre-

enrichment was long enough for one Salmonella cell to grow to 104 CFU in BPW.  
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After 6 h pre-enrichment, there will be enough Salmonella cells if 1 ml or 10 ml 

culture is transferred into 100 ml RV or TT selective enrichment broth.  Because of 

the low starting concentration of other bacteria in RV and TT broth, Salmonella 

competes well with other bacteria in selective broths and become the dominant 

organism when streaked onto a selective agar plate.   

A significant difference on specificity and sensitivity between the FDA/BAM 

and USDA/FSIS methods was found if TT broth was used to enrich Salmonella from 

chicken samples.  Among 44 organic chicken samples, only 4 samples were 

confirmed as Salmonella positive if the FDA/BAM method was applied, but 27 

samples were confirmed as Salmonella positive by the USDA/FSIS method.  In TT 

broth, only bacteria with tetrathionate reductase could grow well (12).  But in chicken 

samples, in addition to Salmonella, Proteus spp, the major airborne microflora in 

chicken houses, also possesses tetrathionate reductase(15, 16, 17, 21).  They can grow 

as well as Salmonella in TT broth, generating H2S (10) and showing the same 

phenotypes as Salmonella on XLD, HE, BS plates and TSI slants.  But almost all the 

Proteus spp. are urease positive (4, 5) and show poor growth on all three USDA/FSIS 

recommended selective agar plates.  However, when XLD, HE and BS agars were 

applied after enrichment in RV broth, the specificity and sensitivity were as good as 

the USDA/FSIS recommended agar plates, because RV broth is more selective than 

TT broth (14, 26) and Proteus spp. grew poorly in RV broth (Figure 4.1).  

Although a single selective enrichment medium plus a single selective agar 

plate work very well in isolating Salmonella in chickens, it is important to include 

additional selective enrichment medium than RV broth as it is a very selective 

medium and may not propagate certain Salmonella strains.  In the modified method, 

two different enrichment broth systems were included.  By using this simplified 
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method, the same positive results were obtained from 44 organic chicken samples 

(66%) compared with the FDA/BAM and USDA/FSIS methods.  The modified 

method also offers a high specificity compared to the standard methods.  Because of 

its high specificity, the modified method also reduced Salmonella isolation and 

identification procedure to 48 h compared to 3-5 days using standard methods.  

More than 66% (29/44) retail organic chicken samples were confirmed 

Salmonella positive.  This contamination rate is much higher than that of the 

conventional retail chicken samples (30).  Retail organic chicken products were 

usually produced by small slaughterhouses.  Some research showed Salmonella 

contamination rate was related with the size of slaughterhouses, small slaughterhouses 

(fewer than 200 birds slaughtered per day) had a much higher Salmonella 

contamination possibility compared with bigger slaughterhouse because of the poor 

hygienic conditions (8).  The widespread occurrence of Salmonella in organic chicken 

samples emphasizes the need for implementation of effective control measures of 

microbial contaminations in organic poultry products.  
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Chapter 5 Prevalence and Characterization of Salmonella Serovars from 

Retail Organic and Conventional Chicken Products 

 

ABSTRACT 

The number of organic livestock produced under certified organic farming 

systems has increased sharply during the last decade.  The market for organic food 

products is expected to grow considerably now that organic labeling is permitted by 

the USDA.  However, there is a paucity of data with regards to the microbiological 

status of organic poultry products.  The objective of this study was to determine the 

prevalence of Salmonella in retail organically produced chicken products.  Salmonella 

isolates were characterized by serotyping, pulsed-field gel electrophoresis (PFGE) and 

antimicrobial-susceptibility testing.  Among 198 organic chicken samples, 121 (61%) 

were Salmonella positive, compared to 27 (44%) Salmonella positive among 61 

conventional chicken samples.  Kentucky, Heidelberg, and Typhimurium were top 

serotypes identified and accounted for more than 60% of all Salmonella isolates from 

chicken samples.  There were 37 PFGE patterns identified among isolates from 148 

chicken samples, of which 14 patterns were found only in conventional chicken 

samples, 18 patterns were found only in organic chicken samples, and 5 patterns were 

shared by both conventional and organic chicken samples.  Antimicrobial-

susceptibility testing results showed that antimicrobial resistance in Salmonella was 

associated with serotypes.  All S. Typhimurium positive conventional chicken 

samples contained isolates that were resistant to at least five antimicrobials. But 

antibiotic-resistant Typhimurium isolates were only recovered in 21% of organic 

chicken samples which were resistant to maximum 4 different antimicrobials.   The 

similar trend was found among other serotypes. Our results indicate that organic 
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chicken samples were frequently contaminated with Salmonella, and that Salmonella 

from organic chicken were more susceptible to antimicrobials commonly used in 

human and veterinary medicine. 

 

INTRODUCTION 

In October 2002, the USDA established criteria for organic food (2) which 

detailed the methods, practices and substances used in producing and handling 

organic crops and livestock.  It also established clear organic labeling criteria (21) and 

any food meeting the criteria can carry a “USDA Organic” seal.  Consumers have 

been increasingly interested in organic food products.  Over the past decade the 

market for organic food has grown by 20-25% each year, which is five times faster 

than food sales in general (13).  However, there is a paucity of data with regards to the 

microbiological safety of organic animal products in the United States.  There is a 

greater risk of contamination of organic animal products with foodborne pathogens 

compared to conventionally raised food animals due to outdoor production and 

prohibition of antibiotic uses in organic livestock production.  

Furthermore, the use of antibiotics for growth promotion, disease treatment 

and prevention in conventional food animal production has been linked to the 

development of antibiotic resistance in bacteria (11, 12, 27).  Animal drugs, including 

hormones and antibiotics, are prohibited from organic feed in the Production 

Standards for Organic Animal Product (4), bacteria in organic animal products are 

likely more susceptible to antibiotics and this may decrease the development and 

dissemination of antibiotic-resistant pathogens, thereby prolong the effectiveness of 

antibiotics for disease treatment in human beings and animals. 
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Salmonella can colonize in the gastrointestinal tracts without causing any 

clinical symptoms in a wide range of wild and domestic animals, including animals 

raised for human consumption.  Numerous epidemiological studies have identified 

food of animal origin as the major vehicles associated with salmonellosis.  

Contaminated raw or undercooked poultry products are particularly important in 

transmitting Salmonella (10, 15).  Nontyphoid Salmonella was also selected as the 

sentinel organism in the National Antimicrobial Resistance Monitoring System 

(NARMS) to monitor changes in antimicrobial susceptibilities of zootomic pathogens 

(20). 

In this chapter, more than two hundred organic and conventional whole 

chicken samples were collected from local supermarkets of the Washington, D.C. 

area.  The prevalence of Salmonella in organic and conventional chicken samples was 

determined and isolates were characterized by serotyping, pulsed-field gel 

electrophoresis (PFGE) and antibiotics susceptibility testing.  The results were 

compared between organic and conventional chicken samples. 

 

MATERIALS AND METHODS 

Samples collection and preparation 

 Four brands of organic chicken carcasses and several brands of conventional 

chicken carcasses were randomly collected from 3 organic stores and 2 conventional 

stores in the Washington, D.C. area.  Sampling visits were made on every other 

Monday for seven months for organic and 3 months for conventional chicken 

samples.  On each sampling day, 8-15 prepackaged organic and 8-12 conventional 

chicken samples were selected and transported on ice to the laboratory.  Each sample 

was aseptically removed and placed in a sterilized plastic bag that contained 400 ml 
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pre-warmed buffered peptone water (BPW, Difco Laboratories, Detroit, MI.).  The 

bag was shaken manually for 3 min.  The rinse solution was used for Salmonella 

isolation. 

 

Salmonella isolation method 

 A modified method based on USDA Food Safety and Inspection Service 

(FSIS) Microbiology Laboratory Guidebook was used to isolate Salmonella (5).  

Briefly, the chicken rinse was incubated in 37 oC water bath with shaking at 100 

rpm/min for 6 h, and 10 ml pre-enriched rinse was transferred to 100 ml tetrathionate 

(TT, Difco) broth and incubated at 42 oC with shaking at 100 rpm/min for 24 h.  After 

incubation, one loopful of TT broth was streaked onto xylose lysine tergitol 4 (XLT4, 

Difco) agar plate.  

Three colonies of presumptive Salmonella on XLT4 plate were picked and 

streaked onto XLT4 plates for purification.  The purified isolates were inoculated onto 

triple sugar iron (TSI; GENE-TRAK systems, MA) and urea agar slants (Difco).  

After 24 h of incubation at 35 oC, the isolates with typical Salmonella phenotypes 

were confirmed by PCR or API 20E.   

 

Salmonella  PCR confirmation 

  A PCR procedure described previously was used (19, 23).  Typhimurium 

strain 14028S and a Proteus mirabilis strain were used as reference strains in the PCR 

test.  A 284 bp PCR product targeting invA gene was amplified by using primers: 

invA139 (5’-GTGAAATTATCGCCACGTTCGGGCAA-3’) and invA141 (5’-

TCATCGCACCGTCAAAGGAACC-3’).  Primers were synthesized by the Life 

Technologies (Gaithersburg, MD.).  Amplification reactions were carried out with 
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10 µl of boiled bacterial suspensions, 250 µM deoxynucleoside triphosphate, 2.5 mM 

MgCl2, 50 pmol of primers, and 1 U of Gold Taq polymerase (Perkin-Elmer, Foster 

City, CA). Distilled water was added to bring the final volume to 50 µl. The PCR 

cycle included an initial denaturation at 94°C for 10 min, followed by 30 cycles of 

denaturation for 1 min at 94°C, primer annealing for 1 min at 64°C, and extension for 

1 min at 72°C, and a final extension at 72°C for 10 min. The reaction products were 

then analyzed by electrophoresis in 2.0% agarose gels stained with ethidium bromide, 

visualized under UV light, and recorded by using a gel documentation system (Bio-

Rad, Hercules, CA).  

 

PFGE 

PFGE was performed to determine DNA fingerprinting profiles of organic and 

conventional chicken Salmonella isolates. The PFGE procedure of the Centers for 

Disease Control and Prevention was used (3, 7, 26). Briefly, bacteria were grown on 

TSA plates supplemented with 5% defibrinated sheep blood (Becton Dickinson 

Microbiology Systems, Cockeysville, MD.) at 37°C for 18 h. Bacterial colonies were 

suspended in cell suspension buffer (100 mM Tris HCl, 100 mM EDTA; pH 8.0) and 

adjusted to an optical density of 0.50 to 0.54 using Dade MicroScan Turbidity Meter 

(Dade Behring, Inc., West Sacramento, CA). The cell suspension (200 µl) was mixed 

with 10 µl of proteinase K (10 mg/ml) and an equal volume of melted 1% SeaKem 

Gold agarose (FMC BioProducts, Rockville, Maine) containing 1% sodium dodecyl 

sulfate. The mixture was carefully dispensed into a sample mold (Bio-Rad). After 

solidification, the plugs were transferred to a tube containing 5 ml of lysis buffer 

(50 mM Tris HCl; 50 mM EDTA, pH 8.0; 1% sarcosyl) and 0.1 mg of proteinase K 
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per ml. Cells were lysed overnight in a water bath at 54°C with agitation at 180 rpm. 

After lysis, the plugs were washed twice with distilled water and four times with TE 

buffer (10 mM Tris HCl, 1 mM EDTA; pH 8.0) for 15 min per wash at 50°C with 

agitation at 180 rpm. Agarose-embedded DNA was digested with 50 U of XbaI 

(Boehringer Mannheim) overnight in a water bath at 37°C. The plugs were placed in a 

1% SeaKem Gold agarose gel. Restriction fragments were separated by 

electrophoresis in 0.5× TBE (Tris-borate-EDTA) buffer supplemented with 50 µM 

thiourea (9, 17, 24, 25) at 14°C for 18 h using a Chef Mapper (Bio-Rad) with pulse 

times of 2.16 to 54.17 s. S. Braenderup H9812 was included on each gel as standard.  

The gel was stained with ethidium bromide, and DNA bands were visualized with a 

UV transilluminator.  

 

Salmonella serotyping 

 Salmonella serotypes were determined at the National Veterinary Service 

Laboratories of the Department of Agriculture in Ames, Iowa by following the 

standard protocol. 

 

Antimicrobial minimal inhibitory concentration (MIC) test 

 Antimicrobial MICs of Salmonella isolates were determined via the Sensititre 

automated antimicrobial susceptibility system (Trek Diagnostic Systems, Westlake, 

Ohio) and interpreted according to the National Committee for Clinical Laboratory 

Standards (NCCLS) guidelines for broth microdilution methods (22). Sensititre 

susceptibility testing was performed according to the manufacturer's instructions.  The 

following antimicrobials were tested: amikacin, amoxicillin-clavulanic acid, 

ampicillin, apramycin, ceftiofur, ceftriaxone, cephalothin, chloramphenicol, 
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ciprofloxacin, florfenicol, gentamicin, kanamycin, nalidixic acid, streptomycin, 

sulfamethoxazole, tetracycline, and trimethoprim-sulfamethoxazole. E. coli ATCC 

25922 and 35218, Enterococcus faecalis ATCC 29212, Staphyloccoccus aureus 

ATCC 29213, and Pseudomonas aeruginosa ATCC 27853 were used as controls in 

antimicrobial MIC determinations. 

 

RESULTS 

Prevalence of Salmonella in organic and conventional chicken samples 

 A total of 259 (198 organic and 61 conventional) chicken carcasses randomly 

collected from 5 retail stores were tested for the presence of Salmonella.  More than 

60% (121/198) of the organic chicken samples were found Salmonella positive 

compared to 44% (27/61) among the conventional chicken samples (Table 5.1). 

The chicken samples belonged to nine producers (four organic and five 

conventional).  There was a significant difference in the Salmonella positive rates 

among different chicken brands.  The Salmonella positive rates of four organic 

chicken brands were 71%, 62%, 54% and 50%, respectively, whereas the rate of one 

dominant conventional chicken brand was 49%, and 39% samples from the other 

brands of the conventional chickens was positive for Salmonella (Table 5.1).  

 

Serotypes 

 Eleven serotypes were identified from 121 organic chicken samples.  

Kentucky and Heidelberg were major serotypes identified in organic chicken samples.  

Typhimurium was mainly found in two of the organic chicken brands.  Other 

serotypes identified in the organic chickens include Agona, Istanbul, Montevid, Ohio, 

Braenderup, Worthington, Thompson and Newport.  Among 21 organic chicken 
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samples, two serotypes were recovered simultaneously from a single sample.  Seven 

organic chicken samples contained Typhimurium and Kentucky, 10 had Heidelberg 

and  Kentucky.  Other combinations included Heidelberg-Ohio, Kentucky-

Braenderup, Heidelberg-Thompson and Kentucky-Worthington (Table 5.2). 

Eight serotypes were identified from 27 conventional whole chicken samples.  

Typhimurium and Kentucky were predominant serotypes among the conventional 

chicken samples.  Other serotypes included Heidelberg, Istanbul, Montevid, 

Enteritidis, Thompson and O4:H12 nomotile .  In three conventional chicken samples, 

two serotypes were found from each sample:  Typhimurium and Kentucky were found 

in two samples, and Typhimurium and Istanbul were found in one sample (Table 5.2).
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Table 5.1. Salmonella recovery from organically and conventionally produced chicken products 

 

  Organic chickena Conventional chickena

        O1 O2 O3 O4 Total C1 Other brands Total

 Rateb (%) 62 (16/26) 71  (58/82) 54 (29/54) 50 (18/36) 61 (121/198) 49 (20/41) 39 (7/18) 44 (27/61) 
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a O1-O4: four organically produced chicken brands; C1: conventionally produced chicken brand; other brands: other conventionally 

produced chicken brands  

b Rate: recovery rate of Salmonella from tested chicken products 
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Table 5.2. Occurrence of S. enterica serotypes among organically and conventionally produced chicken samples 

Percentage of Salmonella enterica serotypes among different chicken brands S. enterica 

serotype O1a O2    O3 O4 Total C1a Other conventional 

chicken brands 

Total 

Kentucky  56

(9/16) 

57 

(33/58) 

79 

(23/29) 

39 

(7/18) 

60 

(72/121) 

40 

 (8/20) 

29  

(2/7) 

37  

(10/27) 

Heidelberg    31

(5/16) 

48 

(28/58) 

21 

 (6/29) 

11 

(2/18) 

33 

 (40/121) 

_ 14

 (1/7) 

4 

 (1/27) 

Typhimurium     6

(1/16) 

16 

 (9/58) 

3 

 (1/29) 

44 

(8/18) 

17 

 (20/121) 

60 

(12/20) 

_ 44

(12/27) 

Istanbul       6

(1/16) 

_b _ 6

 (1/18) 

2 

 (2/121) 

5 

 (1/20) 

_ 4

(1/27) 

Montevid        _ _ _ 6

 (1/18) 

1 

 (1/121) 

_ 14

(1/7) 

4  

(1/27) 
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Table 5.2 (continued) 

Thompson         _ 2

 (1/58) 

_ _ 1

(1/121) 

_ 29

 (2/7) 
7 

(2/27) 

Ohio         _ 5

 (3/58) 

_ _ 3

 (3/121) 

_ _ _

Agona          _ _ 3

(1/29) 

_ 1

 (1/121) 

_ _ _

Braenderup          _ _ 3

(1/29) 

_ 1

(1/121) 

_ _ _

Newport         _ _ _ 6

(1/18) 

1 

 (1/121) 

_ _ _

Worthington         6

 (1/16) 

_ _ _ 1

 (1/121) 

_ _ _
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Table 5.2 (continued)       

O4:H12 

Nonmotile 

_         _ _ _ _ 5

(1/20) 

_ 4

(1/27) 

Enteritidis        _ _ _ _ _ _ 14

 (1/7) 

4 

(1/27) 
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a O1-O4: four organically produced chicken brands; C1: conventionally produced chicken brand; other brands: other conventionally 

produced chicken brands  

b “-“ stands for no sample was found for that serotype.
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PFGE 

All 429 Salmonella isolates (355 isolates from 121 organic and 74 isolates 

from 27 conventional chicken samples) were analyzed for their genetic relatedness 

using PFGE (Figure 5.1).  Thirty-seven distinct PFGE patterns were identified, 

including three main clusters that were constituted by S. Kentucky, S. Heidelberg and 

S. Typhimurium.  Five main PFGE patterns were identified among serotypes 

Kentucky, Heidelberg and Typhimurium.  Among the 37 PFGE patterns, 14 were 

found only in conventional chicken samples, whereas18 were identified only in 

organic chicken samples and 5 were recognized in both conventional and organic 

samples.  From 24 organic and 4 conventional chicken samples, two different PFGE 

patterns were identified in Salmonella isolates from the same samples.  Eleven and 

four PFGE patterns were identified in S. Typhimurium isolated from conventional and 

organic chicken samples, respectively.  Six PFGE patterns were identified from S. 

Kentucky isolates: three patterns in S. Kentucky from organic chicken samples and 

the other three patterns in S. Kentucky from both organic and conventional chicken 

samples. 
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         Relative Similarity (%)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Dendrogram of patterns obtained by PFGE of Salmonella enterica isolates 

recovered from different brands of organically and conventionally produced chicken 

samples 

a  “-” stands no sample was found for that pattern. 

b Restriction enzyme XbaI was used in the PFGE protocol. 

c The tree indicating genetic similarity was constructed on the basis of the neighbor-

joining method. Values of 100 percent mean that the strains are identical. 
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Antimicrobial susceptibility 

 Minimum inhibitory concentration (MIC) of 15 antibiotics (Table 5.3) was 

determined for the 429 Salmonella isolates (74 isolates from 27 conventional and 355 

isolates from 121 organic chicken samples).   

S. Kentucky isolates were identified from 72 organic and 10 conventional 

chicken samples.  Different antibiotic resistance profiles were identified among these 

isolates from the two sources.  S. Kentucky from conventional chicken samples were 

more likely resistant to penicillins and cephalosporins than those from the organic 

chicken samples (Table 5.3).  Most organic and conventional chicken samples 

contained Kentucky isolates either resistant to tetracycline and streptomycin or 

susceptible to all 15 antibiotics tested.  There were a few organic and conventional 

chicken samples which had isolates that were resistant to 3 to 7 different antibiotics 

(Table 5.4).  

S. Typhimurium isolates were recovered from 12 conventional and 19 organic 

chicken samples.  All 12 conventional chicken samples contained isolates that were 

resistant to 5-7 different antibiotics. In contrast, S. Typhimurium isolates recovered 

from 79% of the organic chicken samples were susceptible to all 15 antibiotics tested, 

and antibiotic-resistant S. Typhimurium isolates were recovered only from 4 organic 

chicken samples and these isolates were resistant to 1-4 different antibiotics (Table 

5.5). 

S. Heidelberg isolates were recovered from 40 organic and 1 conventional 

chicken samples.  Isolates from 75% of the organic chicken samples were susceptible 

to all 15 antibiotics tested.  However, several organic chicken isolates were resistant 

to up to 9 antibiotics (Table 5.6).
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Table 5.3.  Occurrence of antimicrobiotic-resistant Kentucky and Typhimurium isolates among conventionally and organically produced 

chicken samples  

    Kentucky Typhimurium

Antimicrobial agent MIC (µg/ml)a,b Organic    Conventional Organic Conventional

Phenicols      

   Chloramphenicol (CHL) ≥32 0/72 (0%)  c 0/10 (0%) c 0/19 (0%) c 0/12 (0%) c

Penicillins      

      

   Amoxacillin-clavulanic 

acid (AUG) 

≥32 3/72 (4%) 2/10  (20%) 0/19 (0%) 12/12 (100%) 

   Ampicillin (AMP) ≥32 3/72 (4%) 2/10  (20%) 0/19 (0%) 12/12 (100%) 

Cephalosporins

   Cephalothin (CEP) ≥32 3/72 (4%) 2/10  (20%) 0/19 (0%) 12/12 (100%) 

   Ceftiofur (TIO ) ≥8 3/72 (4%) 2/10  (20%) 0/19 (0%) 12/12 (100%) 

    Ceftriaxone (AXO) ≥64 0/72 (0%) 0/10 (0%) 0/19 (0%) 0/12 (0%) 
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Table 5.3 continued   

    Cefoxitin (FOX) ≥32 3/72 (4%) 2/10  (20%) 0/19 (0%) 12/12 (100%) 

Tetracycline (TET) ≥16 48/72 (67%) 8/10 (80%) 3/19 (16%) 5/12 (41%) 

Aminoglycosides      

     

    Amikacin (AMI) ≥64 0/72 (0%) 0/10 (0%) 0/19 (0%) 0/12 (0%) 

    Gentamicin (GEN) ≥16 5/72 (7%) 0/10 (0%) 1/19 (5%) 0/12 (0%) 

    Kanamycin (KAN) ≥64 1/72 (1%) 0/10 (0%) 1/19 (5%) 0/12 (0%) 

    Streptomycin (STR) ≥64 48/72  (67%) 6/10 (60%) 2/19 (11%) 3/12 (25%) 

Sulfonamides and potentiated 

sulfonamides 

    Sulfamethoxazole (SMX ) ≥512 5/72 (7%) 0/10 (0%) 1/19 (5%) 0/12 (0%) 

Trimethoprim/Sulfamethoxaz

ole (COT) 

≥4 0/72 (0%) 0/10 (0%) 0/19 (0%) 0/12 (0%) 

100

 100
 



      

 

Table 5.3 continued    

Quinolones and 

fluoroquinolones 

     

    Nalidixic acid (NAL) ≥32 0/72 (0%) 0/10 (0%) 2/19 (11%) 0/12 (0%) 

    Ciprofloxacin (CIP) ≥4 0/72 (0%) 0/10 (0%) 0/19 (0%) 0/12 (0%) 

Sensitive to all antibiotics  23/72 (32%) 2/10 (20%) 15/19 (79%) 0/12 (0%) 

101 

 

aAntimicrobial susceptibility testing was performed according to National Committee for Clinical Laboratory Standards (NCCLS) 

guidelines. Escherichia coli (ATCC 25922 and ATCC 35218), Enterococcus faecalis (ATCC 51299), and Pseudomonas aeurigonosa 

(ATCC 27853) were used as quality controls. 

b “MIC” stands for minimal inhibition concentration 

c  S. Kentucky was recovered from 72 organically produced and 10 conventionally produced chicken samples; S. Typhimurium was 

recovered from 19 organically produced and 12 conventionally produced chicken samples.
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Table 5.4. Occurrence of antibiotic-resistant S. Kentucky among organic and 

conventional chicken samples containing S. Kentucky 

 

Percentage of samples containing 

antibiotic-resistant Kentucky isolates 

Antibiotic-resistant profile 

Organic Conventional 

AUG-AMP-CEP-TIO-FOX-TET-STR 3% (2/72)* 0% (0/10)* 

AUG-AMP-CEP-TIO-FOX-TET 0% (0/72) 10% (1/10) 

AUG-AMP-CEP-TIO-FOX 1% (1/72) 10% (1/10) 

TET-STR-GEN-SMX 7% (5/72) 0% (0/10) 

TET-STR- KAN  1% (1/72) 0% (0/10) 

TET-STR 56% (40/72) 60% (6/10) 

TET 1% (1/72) 0% (0/10) 

Sensitive to all tested antibiotics 32%(23/72) 20% (2/10) 

 

* S. Kentucky was recovered from 72 organically produced and 10 conventionally 

produced chicken samples. 
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Table 5.5.  Occurrence of antibiotic-resistant S. Typhimurium among organic and 

conventional chicken samples containing S. Typhimurium 

 

Percentage of samples containing  

antibiotic-resistant isolates 

Antibiotic-resistant profiles 

Organic Conventional 

AUG-AMP-CEP-TIO-FOX-TET-STR 0% (0/19) * 17% (2/12) * 

AUG-AMP-CEP-TIO-FOX-TET 0% (0/19) 17% (2/12) 

AUG-AMP-CEP-TIO-FOX 0% (0/19) 67% (8/12) 

TET-STR-GEN-SMX 5% (1/19) 0% (0/12) 

TET-STR 5% (1/19) 8% (1/12) 

NAL-KAN 5% (1/19) 0% (0/12) 

NAL 5% (1/19) 0% (0/12) 

Sensitive to all tested antibiotics 79% (15/19) 0% (0/12) 

 

* S. Typhimurium was recovered from 19 organically produced and 12 conventionally 

produced chicken samples. 
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Table 5.6. Occurrence of antibiotic-resistant S. Heidelberg among organic and 

conventional chicken samples containing S. Heidelberg 

 

Percentage of samples containing  

antibiotic-resistant isolates 

Antibiotic-resistant profiles 

Organic Conventional 

CHL-AUG-AMP-CEP-TIO-

FOX-TET-STR-SMX 

3% (1/40) * 0% (0/1) 

TET-SMX-STR-GEN 3% (1/40) 0% (0/1) 

AMP-CEP 5% (2/40) 0% (0/1) 

TET-STR 5% (2/40) 100% (1/1) * 

TET 8% (3/40) 0% (0/1) 

FOX 3% (1/40) 0% (0/1) 

Sensitive to all antibiotics 75% (30/40) 0% (0/1) 

 

* S. Heidelberg was recovered from 40 organically produced and 1 conventionally 

produced chicken samples. 
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Table 5.7. Occurrence of minority antibiotic-resistant S. enterica serotypes among 

organic and conventional chicken samples containing minority S. enterica serotypes 

 

S. enterica serotype Antibiotic-resistant profile # of samples contained 

antibiotic-resistant isolates 

  Organic  Conventional 

Newport CHL-AUG-AMP-CEP-TIO-

FOX-TET-STR-SMX 

1 0 

4,12:Nonmotile AUG-AMP-CEP-TIO-FOX 0 1 

Enteritidis TET-GEN-STR-SMX 0 1 

Istanbul TET-STR 1 1 
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          Ten other serotypes were also recovered from several organic and conventional 

chicken samples. Surprisingly, a S. Newport isolated from an organic chicken sample was 

resistant to 9 antibiotics.  S. Istanbul were identified from one organic and one 

conventional chicken sample and were resistant to tetracycline and streptomycin. S. 

Enteritidis and S. 4,12:Nonmotile were identified from two conventional chicken samples 

and were resistant to 4 and 5 antibiotics, respectively (Table 5.7). Interestingly, none of 

the isolates of serotypes Ohio, Agona, Braenderup, Thompson, Worthington and 

Montevid was resistant to any of the 15 antibiotics tested. 

 

DISCUSSION 

 According to the Salmonella performance standard 9 CFR 381.94(b) of the US 

Department Agriculture, a chicken slaughter operation is required to test Salmonella.  A 

maximum of 12 Salmonella positive samples are allowed in a 51-sample set and plants 

that exceed 12 positive Salmonella samples in the 51-sample set must initiate corrective 

action to meet the performance standard.  In this study, it was found that 61 (121/198) of 

the organic and 44% (27/61) of the conventional chicken samples contained Salmonella 

which were much higher than 20% from the baseline study of the USDA/FSIS conducted 

in 1996 and the Broiler Production Salmonella Performance Standard.  This difference 

might be due in part to the different methods used for isolating Salmonella and the 

sample sources. The isolation method used in this chapter was modified from the 

USDA/FSIS Salmonella isolation manual, 6 h pre-enrichment in BPW was applied 

instead of 24 h, which could decrease the starter concentration of non-salmonella bacteria 

in selective broth and increase the selectivity.  Data from chapter 4 has shown 6 h pre-
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enrichment in BPW was sufficient for one Salmonella cell to grow up to 10-100 cells/ml 

in 400 ml culture.  After pre-enrichment, 10 ml samples were transferred into 100 ml TT 

broth for 24 h selective enrichment and then streaked onto XLT4 plates.  Although 

prevalence of Salmonella in chicken samples was high, no samples containing more than 

100 Salmonella cells were found when MPN was determined for more than 30 organic 

and conventional chicken samples (data not shown).   

 Chicken samples tested in this chapter were collected from retail stores which 

were different from the sample sources in the baseline study of the USDA/FSIS 

conducted in 1996.  Both the baseline study and the Broiler Production Salmonella 

Performance Standard require that samples should be collected from the slaughterhouses.  

There are more chances for chicken samples to be contaminated with Salmonella during 

storage, shipment and handling in retail stores. 

Research from Europe showed that there was no increase in Salmonella positive 

rate in broilers, swine, pork, and chicken meat after the use of antimicrobial growth 

promoters were discontinued (14).  But in our research, the prevalence of Salmonella in 

organic chicken samples was significantly higher than conventional chicken samples.  

Several reasons may have caused this difference.  First of all, organic chickens and 

conventional chickens are raised in different environments.  Usually conventional 

chicken are raised indoors which are more isolated compared to outdoors where organic 

chicken are raised.  The second reason is that antibiotics could not be used in organic 

chicken feed, but 32 different antibiotics can be used on conventional chicken without 

veterinary prescription (1).  Third reason is that organic chicken are usually slaughtered 

in small slaughterhouses because of the small amount of products sold each day in the 
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market.  A USDA study reported that Salmonella positive rate was related with the size 

of slaughterhouses, and small slaughterhouses (fewer than 200 birds slaughtered per day) 

had a much higher Salmonella contamination compared with larger slaughterhouses due 

to possible poor hygienic conditions (16).  

Our findings also showed that it is necessary to pick and test at least three 

Salmonella colonies from each positive sample since 16% (24/148) chicken samples 

contained different Salmonella serotypes and 19% (28/148) chicken samples contained 

Salmonella isolates with different PFGE patterns. 

Serotyping, PFGE and antibiotics susceptibility testing showed that organic and 

conventional Salmonella isolates might have different origins.  S. Kentucky, S. 

Heidelberg and S. Typhimurium were the most frequently isolated serotypes from organic 

chicken samples, whereas, in the conventional chicken samples, S. Typhimurium and S. 

Kentucky were the two predominant serotypes, and S. Heidelberg was only recovered 

from one sample.  Only 5 common PFGE patterns were identified from both organic and 

conventional chicken samples.  Even among isolates from the same serotypes, such as S. 

Kentucky and S. Typhimurium, different PFGE patterns were identified from 

conventional and organic chicken samples.  This was particularly true for S. 

Typhimurium isolates, among which no identical PFGE patterns were shared from 

organic and conventional chicken samples.  Antibiotics susceptibility showed that the 

conventional chicken had a higher prevalence of Salmonella resistant to antibiotics than 

the organic chicken samples. For example, all 12 S. Typhimurium- positive conventional 

chicken samples contained Typhimurium isolates resistant to at least 5 different 

antibiotics, but no Typhimurium isolates resistant to more than 4 antibiotics were 
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recovered from 19 Typhimurium-positive organic chicken samples. These differences are 

related with the antibiotic uses during conventional chicken growth. 

Over half of the antibiotics produced in the United States are used for agricultural 

purposes (18).  A total of 32 antimicrobial compounds, such as penicillin ceftiofur 

chlortetracycline, are approved for use in conventional broiler feeds in the United States 

without a veterinary prescription (1).  The Animal Health Institute (AHI) estimates that 

the total animal antimicrobial use in 1999 was 20.42 million pounds that 17.62 million 

pounds (86%) were used to prevent and treat diseases and 2.8 million pounds (14%) were 

used for growth promotion (8).  It has been shown that antibiotic use in animal husbandry 

is a driving force for the development of antibiotic resistance(28).  The volume of drug 

uses are closely related with the frequency of antibiotic-resistant mutants(6).   

Our results indicate that organic chicken samples were frequently contaminated 

with Salmonella, and that Salmonella from organic chicken were more susceptible to 

antimicrobials commonly used in human and veterinary medicine. 
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Chapter 6   Summary 

 

Each year, pathogens cause an estimate of 76 million cases of foodborne illnesses, 

325,000 hospitalizations, and 5,000 deaths in the United States. Salmonella and 

Escherichia coli O157 are among most important foodborne pathogens.  More than 95% 

of the cases caused by Salmonella and E. coli O157:H7 are infected through consumption 

of contaminated raw or undercooked food products.  My Ph.D. research is focused on 

detection and characterization of E. coli O157:H7 and Salmonella in food products. We 

identified cell density-dependent survival phenotype of E. coli O157:H7 under acidic 

conditions, developed food sample preparation procedures for PCR detection of E. coli 

O157:H7, improved the methodology in isolation and identification of Salmonella from 

meat products, characterized antimicrobial resistance of Salmonella from retail chickens 

raised under conventional and organic productions. 

In chapter 2, the cell density-dependent acid sensitivity phenotypes of E. coli 

strains K-12 and O157:H7 were examined during stationary growth phase.  High cell 

density suspensions (109 CFU/ml) survived acid-challenge very poorly (< 0.004% 

survival) in Luria-Bertani broth (pH 2.5, 37 oC, 2 h). The same cultures, when subjected 

to an identical acid-challenge at lower cell density (106 CFU/ml), showed higher survival 

(> 15 %).  We analyzed the cell density-dependent acid sensitive phenotype of E. coli, 

with reference to three possible mechanisms of acid resistance.   There was no evidence 

of any diffusible substance released from dead cells, which could influence the cell 

density-dependent acid-survival phenotype.  Nor was there evidence for the involvement 

of the alternative sigma-transcription factor (rpoS).  Instead, cell-density dependent acid-
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survival phenotype was associated with induction of glutamate- and arginine-

decarboxylase acid-survival pathways and concomitant availability of glutamate and 

arginine during acid-challenge.  The data revealed that during acid-challenge at high cell 

density, the limited availability of glutamate and/or arginine creates an illusion of cell 

density-dependent acid sensitive phenotype. 

In chapter 3, an improved, rapid and sensitive sample preparation method for 

PCR-based detection of E. coli O157:H7 in ground beef was developed, fresh ground 

beef samples were experimentally inoculated with varying concentrations of E. coli 

O157:H7. PCR inhibitors were removed and bacterial cells were concentrated by 

filtration, centrifugation, and lysed using enzymatic digestion and successive freeze/thaw 

cycles. DNA was purified and concentrated via phenol/chloroform extraction and the 

shiga toxin 1 gene (stx1) was amplified using PCR to evaluate the sample preparation 

method. Without prior enrichment of cells in broth media, the detection limit was 103 

CFU/g beef. When a 6-h enrichment step was incorporated, the detection limit was 1 

CFU/g beef.  Total time required from beginning to end of the procedure is 12 h. The 

sample preparation method developed enabled substantially improved sensitivity in the 

PCR-based detection of E. coli O157:H7 in ground beef, as compared to previous reports.  

In chapter 4, an improved procedure based on the method described in the 

USDA/Food Safety Inspection Service (FSIS) Microbiological Laboratory Guidebook 

was developed to isolate Salmonella from poultry products.  The modified method was 

evaluated using the standard procedures of the FDA/Bacteriological Analytical Manual 

(BAM) and USDA/FSIS Microbiological Laboratory Guidebook.  Greater than 95% of 

the presumptive Salmonella colonies isolated using the modified method from chicken 
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samples were confirmed as Salmonella by PCR/ API 20E tests.  Its high specificity 

significantly reduced the time for isolation and identification of Salmonella from poultry 

products (48 h compared to 3-5 days); thus, the costs were reduced. Since the method has 

a high specificity, Salmonella isolates may be further subtyped by serotyping and/or 

pulsed-field gel electrophoresis (PFGE) without biochemical confirmation. Using this 

method, we were able to recover Salmonella from 29 of 44 (66%) retail organic chicken 

samples.   

In chapter 5, Salmonella in retail organic chicken samples were isolated and 

characterized by serotyping, antimicrobial-susceptibility testing, and pulsed-field gel 

electrophoresis (PFGE). Among 198 organic chicken samples, 121 (61%) were 

Salmonella positive, compared to 27 (44%) among 61 conventional chicken samples.  

Kentucky, Heideburg, and Typhimurium were top serotypes identified and accounted for 

more than 60% of all Salmonella isolates from chicken samples. There were 37 PFGE 

patterns identified among isolates from 148 chicken samples, of which 14 patterns were 

found only in conventional chicken samples, 18 patterns were found only in organic 

chicken samples, and 5 patterns were shared by both conventional and organic chicken 

samples.  Antimicrobial-susceptibility testing results showed that antimicrobial resistance 

in Salmonella was associated with serotypes.  All S. Typhimurium positive conventional 

chicken samples contained isolates that were resistant to at least one antimicrobial 

compared to only 21% of organic chicken samples.  The similar trend was found among 

other serotypes. Our results indicate that organic chicken samples were frequently 

contaminated with Salmonella, and that Salmonella from organic chicken were more 

susceptible to antimicrobials commonly used in human and veterinary medicine. 
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