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Background 

Increased emergence of antimicrobial-resistant pathogens, including Salmonella, has become a 
public health concern worldwide especially considering the potential for increased rates in morbidity 
and mortality (Chen et al., 2004). The routine use of antimicrobials in domestic livestock for disease 
treatment and growth promotion could potentially lead to widespread dissemination of antimicrobial-
resistant bacteria (Tollefson et al., 1997) and transfer to humans through the food chain (Angulo et 
al., 2004). Ground meats are more likely to be internally contaminated with pathogenic bacteria and 
indeed antibiotic-resistant Salmonella have been isolated with increasing frequency from retail 
ground beef (Poppe et al., 2006; Talbot et al., 2006; Varma et al., 2006; White et al., 2001) and 
implicated in outbreaks due to consumption of the same (CDC, 2002; Mclaughlin et al., 2006). 

Federal regulations have addressed Salmonella contamination of fully-cooked meat products, calling 
for a 6.5-log reduction in beef (USDA-FSIS, 1999), however, the pathogen is still found in cooked 
meat (USDA-FSIS, 2005). Furthermore, the U.S. Department of Agriculture Food Safety and 
Inspection Service (USDA-FSIS, 1999) has recommended that ground beef be cooked to an internal 
temperature of 71.1°C since it is a hazard likely to occur and salmonellae attached to meat surfaces 
are more resistant to heat than those unattached or dispersed in a food or liquid (Doyle and 
Mazzotta, 2000). Although, regulators have defined critical limits for pathogen reduction in cooked 
beef, different strains of bacteria react differently to identical heat stress (Bacon et al., 2003; Ng et 
al., 1969). Various factors can influence the heat resistance of bacteria including strain, metabolic 
phase, nutrient availability, growth conditions (temperature), intrinsic and extrinsic factors of the 
substrate, and previous exposure to the same or unrelated stresses. 

The ability of bacteria to exhibit increased resistance when either the same or a seemingly unrelated 
stress is reapplied, cross protection, has been studied extensively (Rowe and Kirk, 1999; Samelis et 
al., 2001; Stopforth et al., 2004). Exposure of bacteria to environmental pressures, such as the 
presence of antibiotics, has caused them to develop survival strategies to survive in the presence of 
the stress. Microorganisms respond to these stresses by inducing specific sets of proteins to protect 
against damage (VanBogelen et al., 1987). Induction of stress proteins by exposure to nonlethal 
levels of a stress (i.e., the application of subtherapeutic levels of antibiotics) may confer protection to 
subsequent exposure to otherwise lethal levels of the same or unrelated stress (Christman et al., 
1985; Yamamori and Yura, 1982). There is sparse and conflicting evidence of the relationship 
between the antimicrobial resistance profile of Salmonella and heat resistance. Bacon et al. (2003) 
found no relationship between antimicrobial resistance and heat resistance while Walsh et al. 
(2005) found that multidrug-resistant S. Typhimurium DT104 had higher heat resistance 
than susceptible S. Typhimurium and S. Enteritidis.  
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The stated objectives for this work were:   

1. Investigate the role of drug resistance in heat resistance of Salmonella serotypes isolated 
from cattle and cattle environments; 

2. Compare the heat resistance of different Salmonella serotypes isolated from cattle and 
cattle environments; and, 

3. Determine survival of Salmonella serotypes with different drug resistance profiles in ground 
beef exposed to consumer cooking. 

Methodology 

Salmonella strains. 
Multi drug-resistant (MDR) and non multi-drug resistant (NMDR) strains of ten Salmonella serotypes 
were used in this study (Table 1). Strains representing the predominant serotypes isolated from the 
ground beef national baseline samples from 1998 to 2005 (USDA-FSIS, 2006) were obtained from 
the Field Disease Investigation Unit, Department of Veterinary Clinical Sciences at Washington State 
University, Pullman, Washington. Single colonies were tested by disc diffusion method for  
antibiotic resistance according to the NCCLS standards (NCCLS, 1999). The antibiotics used were as 
follows: ampicillin (10 μg), chloramphenicol (30 μg), streptomycin (30 μg), sulfonamide (300 μg), 
tetracycline (30 μg), ciproflaxin (5 μg), sulfamethoxazole-trimethoprim (25 μg), kanamycin, (30 μg) 
gentamicin (10 μg), amoxicillin¬clavulanic acid (30 μg), cefotaxime (30 μg), and nalidixic acid (30 
μg). 
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Table 1. Multi drug-resistant (MDR) and non multi-drug resistant (NMDR) Salmonella serotypes 
isolated from cattle and cattle environments 
 

 
Culture preparation.  
Each Salmonella strain was subcultured twice for 24 h at 42°C in 10 ml of Tryptic Soy Broth (TSB, 
Difco Laboratories, Detroit, MI). Following overnight incubation, the cells were harvested by 
centrifugation (20 min at 1,840xg) and washed in 10 ml of 0.1% buffered peptone water (BPW, 
Difco). The cells were resuspended with 10 ml of sterile 0.1% BPW.  
 
Phase I: Thermal-Death-Time of MDR and NMDR Salmonella serotypes in capillary tubes.  
Thermal Inactivation: Thermal inactivation was performed according to methods described in Bacon 
et al. (2003) for evaluation of the thermal resistance of Salmonella with modification. The glass 
capillary tubes (200 μl, Drummond Scientific Co., Broomall, PA) used in this study were sealed on 
one end of the tubes using an acetylene torch, placed in screw-cap test tubes (16 x 125 mm) and 
sterilized in 180°C oven for 24 h. Each Salmonella culture was dispensed (100 μl) into 
capillary tubes with a 22-gauge, 7.6 cm hypodermic needle with a deflected (septum) point 
(Popper & Sons, Inc., New Hyde Park, NY) giving a final concentration of approximately 109 
CFU/ml. After filling, the open end of the capillary tubes was sealed as previously described 
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taking care to avoid inactivating the cell suspension. Immediately after sealing, the cells were 
subjected to heat treatment in a static water bath. Capillary tubes were completely submerged in the 
water bath using thin copper wire. The Salmonella strains were heat-challenged at 55°C for 0, 360, 
720, and 1,080 s, at 60°C for 0, 20, 40, and 60 s, at 65°C for 15, 30, and 45 s, and 70°C for 2, 4, 
and 6 s. Ten replicates were conducted for each test case (temperature-time combination for each 
strain). 
 
Immediately after each time point exposure, capillary tubes were placed in ice-water for 10 minutes 
and then sanitized by immersion in a 10% sodium hypochlorite solution. Capillary tubes were rinsed 
twice by immersions in sterile distilled water. After rinsing, both ends of capillary tubes were briefly 
passed through a flame taking care to avoid inactivating surviving populations. Both ends of the 
capillary tubes were clipped open using sterilized pliers. The cell suspension inside the capillary was 
aseptically transferred into a test tube containing 9 ml of sterile 0.1% BPW and the remaining cells 
were rinsed with approximately 0.9 ml of sterile 0.1% BPW using a 1 ml sterile syringe and needle 
(Becton Dickinson, Franklin Lakes, NJ). Sample suspensions were homogenized by vortexing and 
serial dilutions were made. Enumeration of survivors was performed by plating 1 ml of the 
appropriate dilutions on Aerobic Count Plates (3M™ Petrifilm™, 3M Microbiology Products, St. Paul, 
MN). Petrifilms were incubated at 35°C for 48 h, and colonies were manually counted and recorded. 
 
Phase I: Statistical analysis. 
For each strain, the survivor curves were developed at each temperature by least squares regression 
using SAS software (SAS, 2006). The slopes for individual survivor curves at each temperature were 
determined following which, the D-values were calculated by taking the negative reciprocal of the 
survivor curve slope. The general form of the regression equation used for estimating the D-values is: 
Log10 (N/N0) = ß0 + ß1 * (time) Where N0 =initial number or organisms; N= the number of 
survivors; ß0 = intercept; and ß1 = Slope of the survivor curve or -1/D where D is the decimal 
reduction time. 
 
Mean log D-values versus temperatures were also plotted for each strain, and z-values were 
calculated as the negative inverse of the slope obtained in each plot. The relative heat resistance 
between multi drug-resistant and non multi-drug resistant strains was tested using the two-sample t-
test. The level of significance used to determine difference between treatments means was 5%. 
 
In order to verify that D-values decrease significantly with increasing temperatures, D-values for each 
strain were pooled at different temperatures for both MDR and NMDR groups. These data were 
analyzed using analysis of variance (ANOVA) to determine if the mean D-values differed significantly 
across the chosen temperatures. When differences between means were found to be significant, 
Duncan Multiple Range test was employed to rank the order of the individual treatment 
(temperature) effects. The level of significance used to determine difference between treatments 
means was 5%. The results were statistically analyzed using SAS.  The results of this study were 
evaluated and three serotypes with the highest heat resistance and their drug resistant counterpart 
were selected for inoculation in ground beef patties for Phase II. 
 
Phase II: Survival of heat resistant MDR and NMDR Salmonella in ground beef patties. 
Six strains, MDR and NMDR strains of S. Typhimurium, S. Anatum, and S. Agona (Table 2) were 
selected for survival studies based on the three highest z-values observed in Phase I. 
 
Ground beef patties. 
Preformed ground beef patties containing 25% fat, with a mean weight of 68.5 g, a 
thickness of 1 cm, and a diameter of 9 cm were obtained from the Department of Animal 
Science at Colorado State University, Fort Collins, Colorado. Patties were inoculated 
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immediately prior to heat treatment with Salmonella using a sterile syringe and needle (Becton-
Dickinson) inserted into the geometric center, resulting in a final concentration of approximately 106 
CFU/g. Inoculated patties were stored at 4°C prior to heat treatment. The pH of the ground beef 
patties were determined by a spear-type combination electrode (Accumet Model AP50, Oakton-
Fisher Scientific, Vernon Hill, IL).  
 
 
 
Heat treatment of patties. 
George Foreman® electric household (Next Grilleration GRP99, George Foreman Grilling Machine, 
Lake Forest, IL) grills with double-sided (clam-shell) griddles were used for heating the patties. A type 
K thermocouple (Model USB TC-08 Pico® Technology Limited, Cambridgeshire, UK) was inserted into 
the geometric center of the patties to monitor the internal temperature. Using the thermocouple 
datalogger software, the temperature of patties was monitored and recorded every 3 sec. Patties 
were removed from the grill when internal temperatures reached 48.9, 54.4, 60.0, 65.6, and 
71.1°C (Ortega-Valenzuela, et al., 2001) and immediately placed into separate sterile Whirl-Pak® 
(Nasco, Modesto, CA) bags immersed in ice-water. 
 
Microbial enumeration. 
After cooling, an equal weight of sterile 0.1% BPW (Difco) was aseptically added into the Whirl-Pak® 
bags (Nasco) containing patties. Samples were homogenized for 60 sec with a masticator (IUL 
Instruments, Spain). Serial dilutions were made in sterile 0.1% BPW and 100 μl of the sample or 
diluent was spread-plated onto Tryptic Soy agar (Difco) and XLT-4 agar (Hardy Diagnostics, Santa 
Maria, CA). Plates were incubated at 35°C for 24 to 48 h and colonies were enumerated. 
 
Phase II: Statistical analysis.  
For each strain, the effect of temperature on pathogen survival was determined by ANOVA using the 
General Linear Model (GLM) procedure to compare differences between treatment (temperature) 
means. When the differences between treatment means were found to be significant, Duncan 
Multiple Range test was employed to rank the order of the individual treatment effects. The level of 
significance used to determine difference between treatments means was 5%. The results were 
statistically analyzed using SAS. 
 
Findings 

Serotypes used in this study were derived from cattle or cattle environments and chosen to 
represent the ten predominant serotypes isolated from the ground beef national baseline samples 
from 1998 to 2005 (USDA-FSIS, 2006). An accepted phenomenon of strain-dependent difference in 
stress tolerance was tested by exposing ten different Salmonella serotypes to thermal treatments in 
order to characterize the relative heat resistance of serotypes commonly isolated from ground beef. 
 
Thermal-death-time studies were conducted to determine the decimal reduction time (D-value) at 
specific temperatures and temperature rise for a 1-log reduction of D (z-value) of the Salmonella 
serotypes. ANOVA indicated that D-values decreased significantly (P<0.05) with increase in 
temperature; that is, significantly less time was required to reduce the Salmonella serotypes by 1 log 
with each temperature increment of 5ºC from 55 to 70ºC (Table 2). Overall, heat resistance of MDR 
serotypes did not differ (P20.05) from that of NMDR serotypes with D-values of 215.7 to 472.3 at 
55°C, 18.5 to 32.3 at 60°C, 5.5 to 6.9 at 65°C, and 1.2 to 1.9 at 70°C (Table 2). This was 
confirmed comparing the relative heat resistances in terms of z-values with values of 6.127 
to 7.757 for MDR serotypes and 6.194 to 7.387 for NMDR serotypes (Table 3). Although, 
there was no overall significant difference in heat resistance of MDR and NMDR serotypes, 
NMDR serotypes generally appeared to have slightly higher heat resistance compared to 
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that of NMDR serotypes, especially at 55 and 60ºC (Tables 2 and 3). These results support previous 
findings (Bacon et al., 2003; Walsh et al., 2005) that there is no apparent association between 
antibiotic resistance and heat resistance of Salmonella strains. It should be noted that the work 
conducted by Bacon et al. (2003) did not consider antibiotic resistant and susceptible profiles of the 
same serotypes and as such evaluation of antibiotic resistance is somewhat inconclusive. Walsh et 
al. (2005) compared heat resistance of susceptible and antibiotic resistant Salmonella strains 
generated in the laboratory. This is to our knowledge the first report comparing the heat resistance of 
susceptible and multi drug-resistant counterparts of Salmonella serotypes isolated from the 
environment. This study suggests that the NMDR Salmonella s trains evaluated may have higher, 
albeit not statistically significant, heat resistance that that of their MDR counterparts. There is 
limited work evaluating the role of antibiotic resistance in cross-protection of bacteria to other 
stresses such as heat and no literature proposing a mechanism for such an occurrence. One 
possible hypothesis is that up-regulation of genes for maintaining antibiotic resistance also results in 
up-regulation of genes including alternative sigma factor (ıs) for general stress response or heat 
shock proteins (hsps) (Yousef and Courtney, 2003).  
 
Considering that results of this study suggest a slightly negative relationship between antibiotic 
resistance and heat resistance of Salmonella, the explanation may be that energy expended for 
regulation of house-keeping genes to maintain antibiotic resistance rendered the MDR strains more 
susceptible to the effects of heat than their NMDR counterparts. This is merely speculation and 
further work is needed to understand the relationship between antibiotic resistance and heat 
resistance of bacteria as a whole. 
 
Individual Salmonella serotypes had different heat resistance, irrespective of antibiotic resistance 
profile (MDR or NMDR). This was expected since strain dependent differences is a well-known 
phenomenon, however, the purpose of this work was to assess the relative heat resistance of the 
serotypes included in this study since they represent serotypes commonly isolated from ground beef 
(USDA-FSIS, 2006). Overall, relative heat resistance of individual serotypes did not differ significantly 
in this study (Table 3); however, certain serotypes had substantially higher heat resistance than the 
rest. Overall, the highest relative heat resistance was demonstrated by S. Anatum (highest z-values 
for both MDR and NMDR strains). Notably, the relative heat resistance of NMDR S. Agona was 
equivalent to that of NMDR S. Anatum (Table 3) and had the highest D-values at all four 
temperatures (55, 60, 65, and 70°C) revealing a distinctive tailing effect (Table 2). This is an 
important finding since it may signify the presence of a resistant subpopulation of cells (Humpheson 
et al., 1998) that is not necessarily genetically different than the major portion of the population but 
rather has manufactured more hsps (Xavier and Ingham, 1997). The relatively high heat resistance 
of these serotypes and their frequent isolation from ground beef (USDA-FSIS, 2006) are risk factors 
that highlight the importance for further characterizing their thermal inactivation in actual product. 
 
It is imperative to obtain quantitative information on cooking lethality of different Salmonella 
serotypes in ground beef since these organisms may be protected by meat surfaces (Dhir and Dodd, 
1995) and natural microflora (Duffy et al., 1995). For this reason, the three serotypes (regardless of 
resistance profile) with the highest relative heat resistance (Table 3), NMDR S. Agona, MDR S. 
Anatum,and MDR S. Typhimurium, and their drug resistant counterpart were selected for thermal 
inactivation in ground beef patties. In this study, Salmonella was inoculated (6.4 log CFU/g) in 
ground beef and cooked to end-point temperatures including 48.9, 54.4, 60, 65.6, and 71.1°C. In 
general, the recovery of inoculated Salmonella from heat-treated patties was up to 0.4 log CFU/g 
lower (P<0.05) on XLT4 agar (Table 5) than on TSA (Table 4) which is to be expected since 
XLT4 is a selective recovery medium and not conducive to recovery of heat-injured cells. 
Since the natural bacterial populations on ground beef were relatively low (1.3±0.2 log 
CFU/g), there was no detectable Salmonella, and difference in recovery between the two 
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media was not substantial, data regarding survival of Salmonella will be discussed with reference to 
TSA counts. Irrespective of media and serotype/strain, Salmonella was significantly (P<0.05) 
reduced in ground beef patties as follows: inoculated untreated (control) < 48.9°C, 54.4°C < 60°C 
< 65.6°C < 71.1°C. Reduction of Salmonella in ground beef patties cooked to an internal 
temperature of 71.1°C ranged from 5.4 (NMDR S. Agona) to 6.1-6.4 log CFU/g (Table 4). NMDR S. 
Agona had the highest (P<0.05) survival (1.0 log CFU/g) in ground beef even when cooked to an 
internal temperature of 71.1°C. This is critical since it is accepted that cooking meat such as ground 
beef to an internal temperature of 71.1°C is sufficient to eliminate at least 6.5 logs of Salmonella 
and while this may be the case for the majority of serotypes/strains including those used in this 
study, the existence of heat resistant serotypes/strains should be considered. Adequate cooking of 
ground beef is generally effective at destroying vegetative pathogens such as Salmonella, however, 
numerous foodborne outbreaks implicating multi drug-resistant Salmonella resulted from 
consumption of hamburger meat contaminated that were possibly cooked inadequately (Dechet et 
al., 2006; Talbot et al., 2006). Ground beef is thought to be heated as a result of steam-vapor flow 
rather than conduction of heat and once a given temperature is reached it tends to be maintained 
for several seconds and thus, providing a sufficiently high internal temperature (i.e., 71.1°C) is 
reached will allow optimal kill without specifying holding times (Gannon, 1999). There are several 
methods to cook ground beef and although the main objective is to achieve a specific internal 
temperature there are factors that need to be considered which may affect the cooking process 
including: the type of product (higher fat content may increase thermal resistance of pathogens), the 
thickness (thicker products negatively affect the thermodynamics), the rate and type of heat, and the 
type of equipment (Aberle et al., 2001; Clavero et al., 1998; Jay, 2000). Failure to consider these 
factors when selecting a cooking regimen combined with the occurrence of a heat resistant 
serotype/strain such as the NMDR S. Agona discovered in this study may result in inadequate 
thermal inactivation. This could have severe ramifications given that many consumers prefer “juicy” 
(undercooked) hamburgers and according to the results of this study NMDR S. Agona was only 
reduced by ”2.4 log CFU/g when undercooked (<71.1°C) thereby increasing the risk of foodborne 
illness from consumption of such product. Furthermore, incomplete inactivation of the pathogen may 
result in selection of hardy Salmonella populations with increased potential to survive the acidic 
conditions encountered in the human gastrointestinal tract (Stopforth et al., 2006). These data are 
important since frequent occurrence of higher heat resistant serotypes may pose a public health 
concern and should be considered for inclusion in risk assessments of this pathogen in ground beef. 
 
Implications 
 
The research results did not show any benefit to supplementation with tannins for 42 d in cattle 
receiving a finishing ration in terms of animal performance, carcass traits or fecal E. coli and other 
coliforms shedding patterns.  Similarly, pre- and post-harvest sprays with Chestnut and Mimosa 
tannin plant extracts showed no effect on E. coli and other coliforms.   Unfortunately, the results 
from this 42-d feeding trial do not demonstrate any benefit to the use of Chestnut or Mimosa tannin 
extracts in the E. coli mitigation programs of the beef industry form the feedlot to harvest.  We will 
conduct further research at the hay-feeding and pasture grazing phases of beef production. 
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Table 2. Heat resistance (D-values in seconds) of multi-drug resistant (MDR) and non multi-drug resistant 
(NMDR) Salmonella serotypes inoculated into sterile capillary tubes and submerged in pre-heated water baths 
set to 55, 60, 65, and 70°C. 
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Table 3. Relative heat resistance (Z-values) of multi-drug resistance (MDR) and non multi-drug 
resistant (NMDR) Salmonella serotypes inoculated into sterile capillary tubes and submerged in pre-
heated water baths set to 55, 60, 65, and 70°C 

 
 
 
Table 4. Survival (log CFU/g ± [SD]) of total bacterial populations (Tryptic soy agar) in ground beef 
patties inoculated with multi-drug resistant (MDR) and non multi-drug resistant (NDMR) Salmonella 
serotypes and exposed to consumer cooking using a commercial grill. 
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Table 5. Survival (log CFU/g ± [SD]) multi-drug resistant (MDR) and non multi-drug resistant (NMDR) 
Salmonella serotypes (XLT4 agar) inoculated into ground beef patties and exposed to consumer 
cooking using a commercial grill. 

 


