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Background 

Non-typhoid Salmonella enterica serovars represent an important health problem worldwide. 
Estimates of as much as 1.4 million cases of salmonellosis occur each year in the United States 
(Mead et al., 1999). Salmonella Newport causes significant clinical disease in livestock, particularly 
cattle, in humans, and in other animal species. Multiple antimicrobial resistant strains of S. Newport 
have been recorded in the U.S. and Canada. Generally, all of these strains show a degree of 
resistance to ampicillin, chloramphenicol, streptomycin, sulphonamides and tetracycline (ACSSuT). In 
addition, many of these strains show intermediate or full resistance to third-generation 
cephalosporins, kanamycin, potentiated sulphonamides and gentamicin. Genomic DNA fingerprinting 
patterns (using pulsed-field gel electorphoresis or PFGE) and antimicrobial resistance profiles have 
been used to confirm presence of multi drug resistance and group isolates on the basis of phenotype 
(Fontana et al., 2003; Berge et al., 2004) but this does not provide genotype information or specific 
on plasmid/integron content.  

S. Newport infections have been increasing at a substantial rate in the US, accounting for 5% of total 
reported laboratory-confirmed Salmonella infections in 1997 to 10% in 2001 (CDC, unpublished 
data, 2002). The National Antimicrobial Resistance Monitoring System (NARMS) for Enteric Bacteria 
has identified an increasing number of S. Newport isolates resistant to at least nine of 17 
antimicrobial agents tested: amoxicillin/ clavulanate, ampicillin, cefoxitin, ceftiofur, cephalothin, 
chloramphenicol, streptomycin, sulfamethoxazole, and tetracycline. These isolates also exhibit 
decreased susceptibility (minimal inhibitory concentrations (MIC) >16mg/ml) or resistance (MIC 
>64mg/ml) to ceftriaxone, an antimicrobial agent commonly used to treat serious infections in 
children. Antibiotic resistance in these strains (referred to as Newport MDR-AmpC) can be attributed 
to the presence of plasmids containing blaCMY genes which produce AmpC-type enzymes, conferring 
resistance to penicillin-inhibitor combinations (e.g., amoxicillin/clavulanate), cephamycins (e.g., 
cefoxitin), and expanded-spectrum cephalosporins (e.g., ceftiofur and ceftriaxone). In 1998, one (1%) 
of 78 S. Newport isolates tested in NARMS was Newport MDR-AmpC compared with 33 (26%) of 128 
in 2001 (CDC, 2002).  

Antimicrobial susceptibility testing does not identify the precise identity of the responsible gene 
conveying antibiotic resistance. In addition, the use of PCR, though the most frequently used 
molecular tool to detect antibiotic resistance genes, only allows the detection of a limited number of 
genes and is not cost-effective on a large scale. In screening bacterial DNA for the presence of 
multiple antibiotic resistance, virulence and other genes, the DNA microarray technology is a more 
powerful molecular tool. Previous studies have used microarray detection in the identification of 
bacterial pathogens, virulence factors, antibiotic resistance genes and genetic polymorphisms (Call 
et al., 2003; Chen et al., 2005; Chizhikov et al., 2001; Hu et al., 2002; Lee et al., 2002; 
Volokhov et al., 2002; Westin et al., 2001; Wilson et al., 2002). Protocols for microarray design 
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using published genetic sequence have been standardized and used to screen Salmonella spp. and 
can be easily used to develop a microarray for specifically screening Salmonella Newport for 
antibiotic resistance genes, virulence genes as well as additional genes conveying conjugative ability 
and competitive fitness.  

The stated objectives for this work were:  

To obtain basic knowledge on antimicrobial resistance, virulence and conjugative ability in 
Salmonella Newport isolated from beef carcasses and hides by genetically determining multi drug 
resistance status, pathogenicity and ability to transfer and/or uptake such genes in this Salmonella 
spp. of public health concern. 

Methodology 

Initial pulsed field gel electrophoresis (PFGE) and susceptibility studies was performed to determine 
clonal groups, plasmid content/size and antibiotic resistance profiles of selected Salmonella isolates 
(approximately 100) derived from cattle carcass and hide samples provided by Dr. Koohmaraie’s lab 
(USDA/ARS/MARCK). The S. Newport genomic DNA fingerprinting profiles obtained from PFGE were 
analyzed with BionumericsTM software to assign Salmonella isolates into clonal groups while the 
plasmid DNA fingerprinting profiles determined plasmid content number and approximate size. The 
PFGE gels were carried out on genomic DNA digested with XbaI enzyme and run on a Chef Mapper 
(Bio-Rad) system based on previously published standard protocols (Zhao et al 2003, Berge et al 
2004). The DNA fingerprinting plasmid gels were done on plasmid DNA isolated from each of 100 
isolates with QiagenTM Midi-prep kits and digested with HinDIII and run overnight at 4 °C in an 
electrophoresis system at 50 volts for resolution. Undigested plasmid DNA was also imaged after 
electrophoresis on a 0.75% agarose gel, ran at 100 volts for 2 hours to determine plasmid content 
for each isolate. Antibiotic susceptibilities were determined via the Sensititre® automated 
antimicrobial susceptibility systems (Trek Diagnostic Systems, Westlake, OH, USA) and interpreted 
according to the National Committee for Clinical Laboratory Standards (NCCLS) MIC interpretive 
standards (NCCLS, 2003). NARMS panels (CMV7CNCD) for Gram-negatives were used in the 
Sensititre system; the following antimicrobials were assayed: amikacin, amoxicillin/clavulanic acid, 
ampicillin, cefoxitin, ceftiofur, ceftriaxone, cefalotin, chloramphenicol, ciprofloxacin, gentamicin, 
kanamycin, nalidixic acid, streptomycin, sulfamethoxazole, tetracycline and 
trimethoprim/sulfamethoxazole.. These isolates were tested for conjugative ability and ability to 
release or uptake plasmids by other means in experiments led by Dr. Toni Poole (USDA/ARS/SPARC) 
that will complement this study.  

Approximately 350 genes of interest, known to confer antibiotic resistance, increased virulence or 
conjugative ability to Salmonella spp. were used in the first iteration of a genomic microarray to 
characterize unknown S. Newport isolates from cattle. Positive and negative control plasmids and 
genomic DNA from previously characterized Salmonella and E. coli isolates in-house (at the USDA) 
were used in this study, in addition to background controls, in order to minimize false positive and 
false negatives. Probes were directly synthesized and spotted on a special 4x2K array slide with 4 
microarrays of 2,240 oligonucleotide features each allowing 4 independent hybridizations of directly 
labeled DNA per slide. Each 2240 probe set were representative of the 350 genes selected from 
previously published sequences deposited in GenBank with some genes having up to 15 different 
representative probe sets for validation purposes. A complete list of genes used and the 2240 probe 
sequences are available upon request. Specially developed slides were spotted with products 
derived from selected genes, then hybridized to 1.5 ug DNA from unknown S. Newport as well as 
control genetically characterized isolates for gene identification via the microarray. These 
hybridizations were done for 16 hours followed by manufacturer recommended wash steps with 
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buffers and PBS followed by imaging and scanning of the array. A ScanArrayTM Lite (Perkin Elmer) 
microarray scanner and BRB ToolsTM were used to analyze the results of each scan.  

Further analysis via PCR, sequencing and BLAST alignments (Altschul et al., 1997) was performed 
for several isolates and genes to confirm presence of identified genes and cross-referenced to 
isolates that were used as previously characterized controls (Figure 2). In addition to this study, 
further conjugation experiments will be done at the USDA-ARS to confirm ability of selected strains to 
exchange genes or plasmids conferring antibiotic resistance or virulence based on the results of this 
genetic characterization. Additional related studies will also be performed at the USDA-ARS on 
isolates characterized by this study on the use of inhibitive feed additives (such as flavoymcin) as a 
means of reducing conjugative and other kinds of plasmid/gene transfer and uptake as a major 
source of acquisition of antibiotic resistance in Salmonella spp. including S. Newport. 

Findings 

Varying plasmid content from PFGE and RFLP results indicate a minimum of three clonal groups for 
Salmonella Newport isolates tested (Figure 1). The initial 50 S. Newport isolates clustered in a 
similar pattern (Fig 1A) that was seen when the additional 50 were added to the analysis, thereby 
confirming the segregation into three main serotype groups (Fig1B). Some isolates do not have 
plasmids but contain antibiotic resistance and virulence genes confirmed by microarray analysis and 
susceptibility testing that is most likely incorporated in genome.  

All isolates from feedlot cattle (12) tested to date demonstrated a high degree of antibiotic 
susceptibility and did not contain any virulent or antibiotic resistance genes common in other more 
pathogenic strains. Most of the other 88 isolates from dairy cattle were resistant to at least four 
types of antibiotics and seemed to group together in two general PFGE serotypes (Figure 1) that is 
separate from the feedlot cattle PFGE serotype.  

Initial genotypic analyses and probe validation of microarray was completed (Figure 2). There is 
greater correlation of genes between highly resistant strains tested and the more virulent reference 
strain control (S. Typhi) than when compared to S. Typhimurium. (Figure 3). By microarray analysis of 
the initial 10 isolates, we determined a general agreement between antibiotic susceptibility and 
presence of gene conferring resistance for most of the 240 antibiotic resistance genes included in 
the initial iteration of the array (Table 1). From the simultaneous screening of 358 genes we were 
able to obtain a genotypic profile for isolates tested based on antibiotic resistance and virulence 
(Table 1) that can be expanded in future versions of the microarray to include more genes 
representing more species specific or pathogenic predictor genes.  

Further analysis of additional samples is being performed to collate all data with conjugation 
experiments to determine resistance and virulence genotypes and confirm ability of selected strains 
to exchange genes or plasmids conferring antibiotic resistance or virulence. An expanded microarray 
with additional genes for wider screening capacity is being designed presently, in addition to 
completing screening of the 100 isolates currently characterized by PFGE, conjugation studies and 
plasmid comparisons. Additional beef isolates need to be analyzed in addition to hospital MDR 
strains to determine degree of relatedness and gene content. 

Implications 

Most of the strains tested showed multi drug resistance profiles consistent with antibiotic 
susceptibility tests. All S. Newport isolates derived from the beef feedlot derived carcass samples 
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used in this study were susceptible to most or all antibiotics tested and did not contain any plasmids 
conferring additional virulence/antibiotic resistance detected by our tests. Additional beef isolates 
need to be analyzed as well as hospital strains of human isolates to determine degree of relatedness 
and gene content. An expanded array including several hundred more genes of interest to optimize 
analytical potential could be possibly used as a diagnostic tool as well as a pre-harvest screening 
mechanism for disease in the cattle industry. These results will give the beef industry an advantage 
by providing information on not only the multi drug resistance pattern in these Salmonella isolates, 
but allow for rapid and fairly inexpensive specific genetic comparisons between bacterial strains 
isolated from beef cattle and beef products and those isolates found in other species, including 
highly pathogenic human MDR strains. 
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Figure 1. A. Cluster Analysis of Salmonella Newport isolates. PFGE gels were run and analyzed with 
BionumericsTM software and cluster analyses performed to determine serotype segregation of 50 unknown S. 
Newport isolates into 3 main clonal groups (shown here in yellow, blue and purple block outline) using band-
based estimation (Dice coefficient) of similarity to produce a UPGMA dendrogram. 
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Figure 1B. Cluster Analysis of Salmonella Newport isolates performed on 100 unknown S. Newport isolates. 
Results show 3 main clonal groups as in Figure 1A. The bottom block (purple) is PFGE group 1, middle 
block (yellow) is PFGE Group 2 and the top block (blue) is PFGE Group 3 to which all the beef cattle isolates 
belong 
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Figure 2: Scatter plots showing genetic correlation of Salmonella Newport isolate to controls.  Artificial 
two-color experiments were created by duplicating the reference strain (virulent S. Typhi CT18 or non-
virulent S. Typhimurium LT2) to generate plot data. Data were collated as two-color, and lowess 
smoothing option was used for normalization. BRB ToolsTM was used to calculate log2 ratios of test 
vs reference and the resultant log2 ratios were plotted using the scatter plot function from EXCELTM. 
Figure 2A. S. Newport  5 compared to S. Typhi CT18 shows higher degree of correlation than S. 
Newport 5 vs. S. Typhimurium LT2   (Figure 2B) and is more similar to the virulent CT18 strain in 
gene content when comparing 2240 probes that represent 350 antibiotic resistance/virulence 
genes. There are many more outliers when S. Newport 5 (which has the AmApFT(Ax)CKSSuTe 
multi drug resistant phenotype) is compared to the S. Typhimurium LT2 reference strain than to S. 
Typhi CT18. 
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Table 1. Summary of antibiotic resistance, virulence and plasmid profiles. For the 10 S. Newport isolates with 
completed microarray analysis there was 100% confirmation by PCR on select genes tested (20 out of 240). 
For the pan-susceptible strains since there was no antibiotic resistance there was 0% confirmed by PCR for 
those genes tested. The number of virulence genes varied between isolates and seemed to be lower in isolates 
with high antibiotic susceptibility. 

       Salmonella 
Newport 
Isolate # 

Antibiotic resistance 
profile 

Bovine 
Source 

Plasmid 
Isolated 

Antibiotic Susceptibility 
Phenotype confirmed by 
Microarray Genotype 

% of Antibiotic 
Resistance Genes 
tested Confirmed 
by PCR 

Number of 
Virulence 
Genes Present by 
Microarray 

        

SN1 

 

AmApFT(Ax)CKSSuTe 

 

Dairy 

 

Yes 

 

Yes 

 

100 

 

75 
SN2 AmApFT(Ax)CKSSuTe Dairy Yes Yes 100 89 

SN3 AmApFT(Ax)CKSSuTe Dairy Yes Yes 100 85 

SN4 AmApFT(Ax)CKSSuTe Dairy Yes Yes 100 46 

SN5 AmApFT(Ax)CKSSuTe Dairy Yes Yes 100 67 

SN10 AmApFT(Ax)CKSSuTe Dairy Yes Yes 100 68 

SN41 Pansusceptible Dairy Yes Yes 0 57 

SN42 Pansusceptible Dairy Yes Yes 0 49 

SN43 Pansusceptible Beef Yes Yes 0 28 

SN44 Pansusceptible Beef Yes Yes 0 20 

 


