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Background 

Emergence and dissemination of bacteria that are resistant to a broad array of antimicrobial agents 
is of growing concern. Accumulation of multiple unrelated resistance determinants has arisen, at 
least in part, from antimicrobial selection pressure; however other non-antimicrobial-use factors also 
contribute. In our preliminary work, we documented that administration of long-acting ceftiofur favors 
expansion of E. coli that are phenotypically resistant to ceftiofur as well coresistant to ampicillin, 
chloramphenicol, streptomycin, sulfisoxazole, and tetracycline (ACSSuT + Cef phenotype). This 
expansion of a broad ensemble of resistance determinants may have occurred through clonal 
expansion or dissemination of a mobile/mobilizable plasmid. It is important to distinguish between 
the clonal expansion and plasmid dissemination. If the latter occurred, we anticipate that an 
indistinguishable plasmid (and resistance phenotype) will present within a broad variety of E. coli 
genotypes. This signifies likely horizontal transfer of antimicrobial resistance. If so, it would guide 
future research toward targets and mechanisms to curtail the dissemination of multidrug-resistant 
pathogenic bacteria.  

In previous research (funded by America's Beef Producers), of 126 Salmonella Newport isolates, 
67% (n=85) were resistant to ceftiofur and all carried the beta lactamase blaCMY-2 gene that 
confers resistance to extended-spectrum cephalosporins. Salmonella Newport isolates were also 
typed using PBRT. Ninety-seven percent (n=97) of the S. Newport isolates carried the Inc A/C 
incompatibility plasmid, presumably where the blaCMY-2 gene is located. These studies 
demonstrated that incompatibility type is important for plasmid transfer.  

Better characterization of the potential role that non-type-specific E. coli play in the horizontal 
dissemination of resistance determinants, particularly on plasmids, is greatly needed. Once the 
objectives of this study are met, we will have the necessary data to begin future studies aimed at 
targeting the mobile/mobilizable plasmids that confer resistance to a broad array of drugs. This may 
ultimately lead to mechanisms to cure bacteria of plasmids through innovative means. The long-term 
goal of our research team is to develop novel interventions to 1) reduce the burden of resistance in 
cattle presented for harvest; and 2) maintain agriculture’s access to efficacious antimicrobial drugs. 

The stated objectives for this work were:  

1. Describe the genetic components conferring the phenotypically expressed resistance 
of our preliminary research.  PCR-based replicon typing (PBRT) of E. coli isolates was 
conducted to determine plasmid (replicon) types carried by the isolates. This also 
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included PCR assays to determine the type of beta-lactamase gene(s) that may be carried by 
the isolates. 

2. Demonstrate that transmissibility of the resistant phenotype to recipient E. coli and 
Salmonella in vitro, evaluate the rate of plasmid transfer to recipient E. coli with and without 
the presence of ceftiofur, and that transmissibility occurs via a mobile/mobilizable plasmid. 

3. Molecularly characterize the isolates using pulsed-field electrophoresis (PFGE) to determine 
if resistance occurs in a single (or a limited number of) clones or in a broad array of 
genotypes. 

4. Molecularly characterize the resistance-encoding plasmid to identify plasmids shared among 
different strains. 

Methodology 

Project Objective 1 - Genetic Description of Resistance Phenotype 
Preparation of isolates for PCR-based replicon typing (PRBT) 
Tryptic soy agar (TSA) slants inoculated with E. coli isolates were received from West Texas A&M 
University, Canyon, Texas at The United States Department of Agriculture, Agriculture Research 
Service (USDA, ARS). Upon arrival the isolates were placed in a walk-in cooler set at 2.7°C (37°F). 
 
Amplified Products Electrophoresis Separation 
A 1% agarose gel (2.5 g agarose in 250 ml Tris-EDTA (Tris-ethylenediaminetetraacetic acid, Sigma 
Chemical, St. Louis, MO) and 10 uL ethidium bromide was prepared. Twelve microliters of loading 
dye (Sigma Gel Loading Solution, Sigma Chemical, St. Louis, MO) was added to each of the amplified 
samples and inserted into wells. Markers (High 1,000 kb, low 100 kb and Amp-C631 bp) were used 
for reference comparison. Gels ran for approximately 2.5 hours at 100 volts. Upon completion image 
was recorded. PCR-based replicon typing (PBRT) 
 
Sequencing 
Amplicons for sequencing were purified by the Qiaquick PCR Purification Kit (Qiagen) and submitted 
to the DNA Core Facility in the Department of Veterinary Pathobiology, Texas A&M University, College 
Station, TX USA. Sequence comparisons for the genes contained in the integron associated gene 
cassettes were made using the BLAST program available at the National Center for Biotechnology 
Information. 
 
Project Objective 2 - Transferability of Phenotype 
Bacterial conjugation 
E. coli strains CVM1548 (donor) and CVM1572 (recipient) have been previously used as conjugation 
controls for in vitro (filter and broth) matings. Three additional recipients included a laboratory strain 
E. coli DH5α, a pansusceptible wildtype S. Newport SN50 and E. coli JM109. All four recipients were 
negative for plasmids (by plasmid isolation) and were selected for resistance to nalidixic acid and 
rifampicin.   
 
Project Objective 3 – Pulsed-Field Gel Electrophoresis 
PFGE Protocol 
Pulsed-field gel electrophoresis (PFGE) was performed using guidelines set by The National 
Molecular Subtyping Network for Foodborne Diseases Surveillance, Center for Disease Control (CDC) 
Pulse Net, USA. 
 
Preparation of isolates for PFGE 
Original isolates were regrown on TSA plates with 5% sheep’s blood incubated for 24 hours 
at 37°C (98°F). 
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E. coli colony preparation for plugs 
One to three distinct E. coli colonies were removed from the TSA blood plate and suspended in 
Falcon tubes inoculated with cell suspension buffer (100 mM tris:100 mM EDTA, pH 8.0; prepared 
from TE buffer 100 X concentrate, Sigma Chemical, St. Louis, MO).  
 
Electrophoresis separation 
Agarose gel (1% SeaKem Gold, TE buffer) was prepared and plugs placed into wells and sealed with 
excess agarose. Lambda ladders (high, low, lot 88, New England BioLabs) were also inserted into 
respective wells and sealed. At the conclusion of the run, the gel was placed in a glass pan and 40 
uL of ethidium bromide was added to 400 mL sterile water, covered with foil and agitated for 20 
minutes. After staining, the gel image was recorded. 
 
Analysis of PFGE images 
Analysis of PFGE images was performed using Bionumerics (Bionumerics version 5.1, Austin, Texas). 
A database was created and the images were imported in tif. file format for comparison analysis. 
Each image was cropped, tone curve edited, densitometric curve (spot removal, thickness averaged) 
optimized, spectral analysis (Weiner cut off, background scale) performed, and normalization of 
bands was completed before lanes were linked. 
 
Project Objective 4 – Molecular Characterization of Resistance-Encoding Plasmid Isolation of 
blaCMY-2 encoding plasmids 
Plasmid DNA was isolated from a subset of E. coli isolates (n=100) using the Qiagen Plasmid Mini Kit 
(Valencia, CA) per manufacturer’s instructions. Electroporants were checked for the presence of 
plasmid DNA using the method described by Kado and Liu. The supernatant was carefully removed 
with suction and the pellet immediately hydrated with 25 μl TE. 
 
Restriction fragment length polymorphism analysis of plasmids (pRFLP) 
Twenty units of PstI (New England Biolabs, Ipswich, MA) was used to digest 5 μl of the DNA elute 
from the PEG precipitation in a 20 μl reaction incubated overnight at 37°C following manufacturer’s 
instructions. 
 
Using the entire volume of the digestion and 4 μl 6X gel loading buffer, the DNA was electrophoresed 
in 1.1% agarose/1X TAE gels for 1.5 h at 7.8 V/cm. Gels were stained using ethidium bromide and 
images were captured in TIFF format for plasmid restriction fragment length polymorphism (pRFLP) 
analysis using the Bionumerics program. To assess the degree of similarity among the plasmids, 
Dice coefficients were analyzed using unweighted pair group method with arithmetic means 
(UPGMA). 
 
Southern hybridization analysis of PstI digested plasmids 
A digoxygenin-labelled full-length blaCMY-2 probe was generated with the primers cmy-F 5_-
GACAGCCTCTTTCTCCACA-3_ and cmy-R 5_-TGGAACGAAGGCTACGTA-3 using the DIG-PCR kit (Roche 
Basel, Switzerland) following manufacturer’s instructions. A gel-purified blaCMY-2 PCR product 
generated from total DNA isolated from E. coli strain known to contain a blaCMY-2 plasmid, was 
used as template in the PCR reaction for probe generation, ensuring that only blaCMY-2 sequence 
was amplified. Detection of the hybridized probe was facilitated using anti-digoxigenin-alkaline 
phosphatase conjugated Fab fragments and NBT/BCIP colormetric alkaline phosphatase substrate 
following manufacturer’s instructions (Roche). 
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Findings 

Project Objective 1 - Describe the genetic components conferring the phenotypically expressed 
resistance of our preliminary research. 
PCR to detect blaCMY-2 gene was performed on all (n=278) ceftiofur-resistant isolates (Table 1; and 
Figure 1) and (n= 296) of the ceftiofur-susceptible E. coli isolates. 
 
PCR-based replicon typing (PBRT) of plasmids incompatibility groups (B/O, K/B, FIIA, FIA, FIB, FIC, 
HI1, HI2, Y, I1, Frep, X, L/M, N, P, W, T and A/C) was performed for all (n=278) ceftiofur resistant E. 
coli isolates. One hundred percent of the ceftiofur-resistant E. coli isolates examined carried the A/C 
plasmid replicon. Thirty three percent (n=93) carried only the A/C replicon; whereas, 65% (n=180) 
carried A/C in combination with FIB. Four isolates carried A/C, FIB and FIC. One isolate carried A/C 
and FIC and another isolate carried A/C, FIB and I1. There was a strong association between the 
blaCMY-2 gene and the inc A/C plasmid in those E. coli isolates resistant to ceftiofur (Table 2). The 
strength of this association was supported with a measure of agreement (Kappa agreement = 
0.821). This was the only association observed between blaCMY-2 gene and plasmids tested.   
 
Sequencing was performed on 2 isolates that were part of the 100 ceftiofur resistant E. coli isolates 
that were also sent to Washington State University. These E. coli isolates were able to produce 
transconjugants and were also resistant to ceftiofur. The plasmids identified were A/C and FIB (n=1), 
A/C only (1). The E. coli isolates sequenced had the same size integron gene cassettes and differed 
only in the number of plasmid replicons they possessed. The sequence from both integrons was 
compared to the EMBL GenBank Data base and both sequence had homology from 96-99% with the 
aadA7 gene found in E. coli strain AK38. The gene product of aadA7 confers resistance to 
streptomycin. 
 
Welch et al.2007 (Plos One 3:e309) have published the A/C plasmid sequence from 1 strain of S. 
Newport. In this strain blaCMY-2 gene was in the middle of the genes responsible for conjugative 
transfer. In this study 11 isolates, five that did not produce transconjugants and five that did, were 
further examined to determine if blaCMY-2 interrupted the transfer gene region of the plasmid. The 
blaCMY-2 gene was found in the transfer region of the A/C plasmid in only one of the 11 isolates 
tested and this was an isolate that produced transconjugants. These data suggests that the 
integration site of blaCMY-2 differs in the A/C backbone found in these E. coli isolates may differ 
than that previously observed in S. Newport.  
 
Project Objective 2 - Transferability of Phenotype 
Demonstrate that transmissibility of the resistant phenotype to recipient E. coli and Salmonella in 
vitro, evaluate the rate of plasmid transfer to recipient E. coli with and without the presence of 
ceftiofur, and that transmissibility occurs via a mobile/mobilizable plasmid. 
Conjugation studies were done on (n=264) of the ceftiofur resistant E. coli isolates. Twenty percent 
(n=53) of the isolates produced transconjugants when tetracycline (zero ceftiofur) was used for 
counter selection. All of these transconjugants possessed A/C. Twenty of the 53 isolates that 
produced transconjugants carried A/C and FIB, but only three transferred FIB along with A/C. One 
isolate that carried A/C and FIC transferred both plasmids. Fifteen percent of the ceftiofur resistant 
isolates produced transconjugants when ceftiofur was present compared to 23% when tetracycline 
was present. Fourteen isolates that produced transconjugants when tetracycline was present did not 
produce transconjugants when ceftiofur used for counter selection. Since genes for tetracycline and 
ceftiofur resistance have been shown to reside on the A/C plasmid, it was thought that either 
antibiotic would result in transconjugants from the same isolates if the A/C plasmid was 
transferred. The differences may be due to resistance genes that might be present on FIB or 
other undetectable plasmids. In either case, the use of tetracycline or ceftiofur will result in 
the clonal expansion of E. coli populations that maintain plasmids such as A/C that carries 
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multiple resistance genes. The conjugation frequency of the donor isolates appeared to be 
independent from the antimicrobial agent used for counter selection. 
 
Project Objective 3 – Pulsed-Field Gel Electrophoresis  
Molecularly characterize the isolates using pulsed-field electrophoresis (PFGE) to determine if 
resistance occurs in a single (or a limited number of) clones or in a broad array of genotypes. 
Pulse field gel electrophoresis (PFGE) has been completed for all (n=278) ceftiofur resistant and 
(n=338) ceftiofur susceptible E. coli isolates. Genetic diversity was limited among the ceftiofur 
resistant E. coli isolates (Figure 2). Two hundred ceftiofur-resistant isolates were used in the final 
analysis. One predominant cluster (with similarity of >90%) was clearly evident and accounted for 
63.5% of resistant isolates. The remaining isolates, 37.5%, were clustered into 5 smaller groups. 
Conversely, sizeable genetic diversity was observed among the ceftiofur-susceptible E. coli isolates. 
There were only two clusters of 10 or more isolates with similarities greater than 90%; this 
represented less than 20% of the susceptible isolates included in the analysis. The remaining 
isolates fell into numerous smaller clusters. PFGE analysis indicates limited genetic diversity among 
the ceftiofur resistant E. coli isolates indicates clonal expansion rather than conjugative gene 
transfer. A large amount of genetic diversity was observed among the ceftiofur susceptible E. coli 
isolates. 
 
Project Objective 4 – Molecular Characterization of Resistance-Encoding Plasmids 
Ceftazidime-resistant DH10B electroporants were recovered from 82 of the 100electroporations, 
thus 82 plasmids were characterized with PstI pRFLP and Southern hybridization. Using a breakpoint 
for similarity of ≥ 90%, there were 12 clusters of plasmids. One cluster (cluster 5) accounted for 
63.4% of the plasmids isolated (Figure 3). All plasmids contained two PstI fragments, 0.8 kb and 20 
kb, to which the digoxigenin-labelled blaCMY-2 probe hybridized. 
 
Implications 
 
Our initial hypothesis was that a single large plasmid harbored the resistance determinants and this 
plasmid was shared among a broad genetic ensemble of E. coli. If so, this would indicate that 
resistance dissemination resulted from relatively rapid plasmid dissemination among an E. coli 
population rather than clonal expansion of a limited number of genotypes. 
 
However, the data reported herein suggest that our hypothesis is not correct. While we did observe 
that the blaCMY-2 gene is harbored on a relatively well conserved plasmid (inc A/C), it is poorly 
mobilizable. Moreover, it appears that a very small numbers of genotypes harbor this plasmid 
whereas among the susceptible isolates, there is a large number of E. coli pulse type. 
 
These data indicate that ceftiofur, when used to provide a selection pressure, favors a limited 
number of clones (or genetic lineages). 
 
The implication of which is that plasmid transfer is a relatively rare event and when it does occur, it 
may be restricted to a limited number of genotypes within the E. coli or Salmonella enterica species. 
The mechanisms by which these select few isolates acquire and harbor these R plasmids is 
uncertain. 
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Table 1. Percentage of E. coli isolates (n=574) by presence of blacmy-2 gene. There was strong agreement 
(beyond chance) between phenotype and gene presence (k=0.65). 

 blaCMY-2 gene 
Phenotype blaCMY-2 detected blaCMY-2 not detected 
Resistant 41.1 7.3 
Susceptible 10.3 41.3 

 
 
 

 
Figure 1. PCR gel for presence of blaCMY-2 gene 
 
 
 
 
Table 2. Association between the A/C plasmid and blaCMY-2 gene. 

 blaCMY-2 Presence  
A/C Presence 0 1 Total 
0 0.00 3.25 3.25 
1 14.63 82.11 96.75 
Total   123 
 14.63 85.37 100.00 

K=0.821 
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Figure 2. Dendogram of ceftiofur-resistant isolates displaying a relative lack of gene diversity. 
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Figure 2 continued. Dendogram of ceftiofur-resistant isolates displaying a relative lack of gene diversity. 
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Figure 3. Dendogram of PstI-digested plasmids representative of the 12 major pRFLP clusters. 


