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About 48 million cases of Foodborne illnesses (FBIs) are estimated to occur every year in 

the US. These are diseases caused by contamination of foods with bacteria, viruses, protozoa, 

parasites and toxic chemicals. Clostridium difficile infections (CDIs) are an important health-

care and community associated problem. Since C. difficile spores have been frequently 

isolates from meat product, this pathogen should be considered an emerging food pathogen.  

Low temperature and reduced water activity (aw) are commonly used methods to preserve 

meats and meat products. Chapter 3 covers studies on the viability of C. difficile spores during 

4 months at -80°C, -20°C, refrigeration (4°C) and room temperature (20°C), and after ten 

freeze-thaw cycles (10 cycles). Two epidemic strains, R20291 (PCR ribotype 027, human 

isolate) and M120 (PCR ribotype 078, animal isolate), were used in this published study. 

At -20°C and -80°C, the spore viability of both strains declined with storage time. The 

viability of M120 spores also declined during storage at 4°C and 20°C. Although no 

significant changes were observed in the viability of R20291 spores stored at 4°C, their 

significant viability increase when stored at 20°C is most remarkable and raises food safety 

concerns. Finally, the viability of both strains decreased when subjected to ten freeze-thaw 

cycles. In summary, this study provides evidence that C. difficile spores can survive the room 



and low temperature conditions found in food processing, storage and distribution.  

Chapter 4 covers studies on the aw effect on the viability of C. difficile spores stored at room 

temperature. In addition to the spores of the strains previously described, spores of a food 

isolate strain, C. difficile DK1 (unidentified ribotype), were included in this study. The 

viability of their spores during 3 months at room temperature in phosphate buffer saline (PBS) 

at aw of ~1.00, 0.82 and 0.72, and in commercial samples of beef jerky with aw 0.82 and 0.72 

was investigated. Spores of the strains M120 and DK1 showed a ~1 decimal reduction after 

3 months in PBS kept at room temperature, while no significant changes in spore viability 

were observed in the reduced aw beef jerky. The steady and significant 2 decimal increase in 

the viability of R20291 spores in PBS and ~1 decimal increase in the beef jerky during the 

3-month storage raises again food safety concerns. This study provides evidence that beef 

jerky enhanced spore survival and viability during room temperature storage. Furthermore, 

it suggests that R20291 spores lost superdormancy but the mechanism involved remains to 

be determined. Changes in the surface hydrophobicity of C. difficile spores have been 

reported to be associated with the loss of the exosporium and an increase in their viability. In 

this study, the R20291 spore viability increase during room temperature storage was not 

associated with a change in surface hydrophobicity. 

Chapter 5 covers the determination and modeling of the thermal resistance of spores of the 

C. difficile strains M120 and DK1. They were treated at 70, 75, 80 and 85°C in PBS buffer 

and at 80°C in sterile ground beef. Linear 1.5 and 0.8 decimal reductions for strains M120 

and DK1, respectively, were observed in PBS after 60 min at 70°C. At higher temperatures, 

non-linear inactivation reached 3.2 and 1.6 decimal reductions in 32 min at 75°C, and 3.1 and 

2.9 decimal reductions in 24 min at 80°C, respectively. During come-up time to 85°C, a 1.1 

decimal reduction was observed for M120 but none for DK1. Spores of M120 and DK1 



strains in ground beef showed a 1.6 and 1.4 decimal reductions, respectively, after 24 min at 

80oC, i.e., a much lower value than in PBS. The modified Gompertz model for nonlinear 

microbial activation fitted the spore inactivation in PBS data better than the Weibull model 

yielding smaller maximum inactivation levels (A), faster maximum inactivation rates (μmax), 

and shorter lag times (λ) for strain M120 than DK1. This study confirmed the high resistance 

of C. difficile spores suggesting the need to lower their presence in animal meat products.  

Chapter 6 focuses on the development of a model for the microbial inactivation achieved by 

a novel food processing technology, high pressure carbon dioxide (HPCD). The non-linear 

survival curves for the microbial inactivation by HPCD depend on the processing temperature 

and CO2 pressure. In this study, the nonlinear inactivation of Escherichia coli CGMCC1.90 

in apple juice by HPCD treatments was best described using a modified Gompertz primary 

model and the secondary models for its parameters b(T,P)=14.21+0.011P-0.67T+0.0085T2 

and c(T,P)= -0.10 +0.0023P+0.0037T (T and P in °C and MPa). Monte Carlo simulations 

were used to incorporate the variability and uncertainty of the parameter b and c estimates, 

which were then used to predict microbial inactivation values for a given time, temperature 

and CO2 pressure combination and desired confidence boundary. The model predicts that 

HPCD processes can meet 5 decimal reduction at 95% confidence but at relative long apple 

juice processing times, i.e., 35-124 min treatments in the experimental temperature and 

pressure range of 32-42°C and 10-30 MPa, respectively. 

Risk assessments of food microbial safety have become a valuable tool to understand, analyze 

and control microbial risks. They address the pathogen source, load reduction by processing, 

and pathogen survival during storage and distribution in a quantitative manner. Chapter 7 

describes a Monte Carlo based quantitative microbial risk assessment tool developed for the 

consumption of raw oysters potentially contaminated with the pathogen Vibrio vulnificus. It 



predicted that depuration at 15oC for 47 and 16 h would reduce the risk of oysters harvested 

during the warm (Jun-Aug) and transition seasons (Apr-May, Oct-Nov), respectively, to an 

acceptable level. Furthermore, the model predicted that the consumption of untreated raw 

oysters harvested during the cold season (Dec-Mar) can be considered an acceptable and very 

low risk. Moreover, the model can be adjusted by an individual processor to reflect the 

conditions at their specific location. This study demonstrated that Monte Carlo based models 

are an effective approach to use in quantitative risk management when considering the 

variability of multiple farm-to-table factors.  
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CHAPTER 1 

1. Introduction 

Foodborne illnesses (FBIs) are diseases caused by bacterial, viral, protozoan, parasitic 

and chemical contamination of foods leading to considerable morbidity and mortality 

throughout the world. Estimations indicate that up to 48 million cases of FBIs occur each 

year in the US alone. FBIs are divided into illnesses caused by an unspecified agent and those 

with a known cause including the 31 pathogens tracked by public health systems. Unspecified 

agents refer to FBIs with insufficient data to estimate an agent-specific burden, known agents 

not yet identified as causing FBIs, food substances with unproven ability to cause an FBI, 

and other agents not yet identified (Centers for Disease Control and Prevention 2011). 

In the US, it is estimated that the 31 pathogens monitored cause each year 9.4 million 

foodborne diseases (90% confidence interval (CI), 6.6-12.7 million) and that 59, 39 and 2% 

of these cases are caused by viruses, bacteria and parasites, respectively (Scallan and others 

2011a). There are several pathogen contamination sources, but those from food origin have 

major importance. For example, over 45% or 370 out of the 818 total 2013 U.S. foodborne 

illness outbreaks were associated with contaminated raw materials (Centers for Disease 

Control and Prevention 2015). 

Non-animal origin foods include crops, vegetables, and fruits while those of animal 

origin include meat and meat products; poultry, eggs and egg products; fish, shellfish, fishery 

products; and, milk and dairy products. Non-animal origin bacterial foodborne disease 

outbreaks (FBDOs) recorded by the European Food Safety Authority (2013) include those 

caused by Salmonella spp., Shigella spp. Staphylococcus aureus, pathogenic Escherichia coli, 

Yersinia pseudotuberculosis, Y. enterocolitica and Bacillus cereus, Clostridium perfringens, 

C. botulinum, and other Clostridium spp. Animal-origin bacterial pathogens include 
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Salmonella spp., Staphylococcus aureus, Campylobacter spp., pathogenic E. coli, Listeria 

monocytogenes, Y. enterocolitica, Arcobacter spp., Shigella spp. Vibrio spp. B. cereus, C. 

perfringens, C. botulinum, and other Clostridium spp. (Van Doren and others 2013).  

A particularly challenging problem for the food industry are spore-forming bacteria. 

Dormant spores are resistant to heat, freezing, chemicals and other adverse environments 

found in the food production and supply chain, and can also survive long storage times 

(Setlow 1994; Setlow 2014b; Rodriguez-Palacios and Lejeune 2011). From a food safety 

point of view, the most important of these spore-forming bacteria are those belonging to the 

genus Bacillus and Clostridium. Due to their high resistance to adverse environments, these 

spores are found in soil, water, and the intestinal content of humans and animals; hence, there 

are numerous potential food contaminations routes. Even though their vegetative forms are 

easily inactivated during food preparation and processing, spores survive unless severe 

conditions are used (Setlow 1992b). Furthermore, food processing methods such as thermal 

pasteurization, high pressure processing (HPP), pulsed electric field (PEF), and high-pressure 

carbon dioxide (HPCD) treatments are insufficient to inactivate spores (Setlow 2014b; 

Garcia-Gonzalez and others 2007; Watanabe and others 2003; Jeyamkondan and others 1999; 

Ananta and others 2001). Research on the mechanisms of spore resistance to harsh 

environments is still fairly incomplete but they involve several spore structure elements 

(Setlow 1992b). 

In the US, C. perfringens, B. cereus and C. botulinum are the most frequently reported 

food poisoning bacterial spore-formers and estimated to cause each year about 970,000, 

64,000 and 56 cases of FBIs, respectively (Scallan and others 2011a). Although no food 

associated outbreaks have been reported yet, C. difficile, a spore-forming, toxin-producing, 

animal and human pathogen estimated to cause annually 453,000 (95% CI, 387,100-508,500) 
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infections, has been isolated from many food products (Broda and others 1996; Rodriguez-

Palacios and others 2007; Songer and others 2009; Weese and others 2009a). This spore-

former has emerged as an industry problem requiring new knowledge on its survival and 

inactivation kinetics in food. 

 

1.1. Microbial risk assessments of foods  

Good manufacturing practices (GMP), supplemented by hazard analysis critical 

control point (HACCP) systems, have been introduced to reduce foodborne bacterial diseases 

causing considerable morbidity and mortality throughout the world (Notermans and Mead 

1996). However, these tools cannot be used to estimate quantitatively the specific changes 

needed to meet a desired reduction in the risk associated with the consumption of a particular 

food product. To obtain such information, a quantitative risk analysis (QRA) approach needs 

to be used.  

Quantitative microbial risk assessment is an emerging field seeking to understand, 

analyze and reduce risks by quantitatively addressing the effect of pathogen contamination 

sources, microbial load reduction by processing, and extent of survival during storage and 

distribution to yield a quantitative assessment of the food consumption risk (Notermans and 

Mead 1996; Haas and others 1999; Vose 2008). Farm-to-table risk assessments address 

comprehensively each element of the food supply chain (production, processing, storage, 

distribution, preparation and amount consumed) to help government agencies and 

commercial processors understand and manage microbial pathogen risks. Reducing microbial 

risks requires a full understanding of the pathogens involved during food processing, storage 

and distribution conditions (Notermans and others 1995; Notermans and Mead 1996). 
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1.2. Modeling of the microbial load reduction by food processing 

The determination and modeling of inactivation kinetics play an important role in 

microbial risk assessment. Predictive models can be used to identify process time and 

conditions achieving the desired/required reduction of the microorganisms responsible for 

food spoilage or causing FBIs. These models can also be used to assess the impact of 

environmental conditions during transportation, storage and handling of foods and to identify 

conditions inhibiting or reducing microbial growth during transportation and storage to 

achieve the shelf-life desired. The recommended process time/condition depends on food 

properties (e.g., composition, pH, water activity, antimicrobial agent, etc.), packaging 

(anaerobic, modified atmosphere, etc.), storage temperature (ambient, refrigeration, or 

frozen), and many other factors. Recent novel technologies such as hyperbaric storage (Deng 

and others 2015b) and antimicrobial packaging (Valderrama Solano and de Rojas Gante 2012; 

Kerry and others 2006) can inhibit and even inactivate microorganisms during food storage. 

With adequate information on microbial inactivation by food processing and growth and 

survival during storage and distribution, kinetic models can be used to estimate pathogen 

loads at the point of food consumption. Therefore, statistically-valid models are critically 

important when assessing microbial food safety. Models are used to predict the microbial 

inactivation achieved by food processing (van Boekel 2002; Chen 2007; Center for Food 

Safety and Applied Nutrition (CFSAN) 2002b), to estimate microbial survival/growth during 

food distribution and storage (Dalgaard 1995), and to assess the probability of a health risk 

when consuming a food with a certain pathogen load (Serment-Moreno and others 2015a). 

The reduction of microbial counts by processing, most often achieved by a thermal 

technology alternative, has been traditionally described using first-order kinetic models 

(Food and Drug Administration 2012). In spite of its historical importance and still frequent 
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use by regulatory agencies, there is strong evidence that microbial inactivation does not 

follow first-order kinetics (Campanella and Peleg 2001; Peleg 2000; Peleg 2006b; Peleg and 

Cole 1998; Serment-Moreno and others 2014). Several alternative primary models such as 

the modified Weibull (Albert and Mafart 2005; Buzrul and others 2005; Corradini and Peleg 

2007), modified Gompertz (Buchanan and others 1997b; Linton and others 1995; Linton and 

others 1996b), biphasic linear (Dong-Un-Lee and others 2001; Humpheson and others 1998; 

Serment-Moreno and others 2016a), and log-logistic models (Chen 2007; Serment-Moreno 

and others 2016b), have been developed and used to describe and predict non-linear 

inactivation. Examples of the first-order (Figure 1.1a), and the alternative Weibull (Figure 

1.1b) and Gompertz model (Figure 1.1c) describing microbial reductions as a function of 

time under constant conditions (temperature, pressure, food property, etc) illustrate the 

inadequacy of the first-order alternative. 

The application of primary models is limited to the experimental process conditions 

used to develop them. The practical value of primary models can be enhanced significantly 

by developing secondary models describing the process/food condition dependence of the 

primary model parameter(s). In the case of first-order microbial inactivation model developed 

in the late 1800’s at the Massachusetts Institute of Technology by Prescott and Underwood 

(1897), a secondary model based on the thermal inactivation resistance parameter (z) is used 

to describe the temperature dependence of the decimal reduction time parameter (D) used in 

the primary model (Morales-Blancas and others 2003; Morales-Blancas and Torres 2011). 

Secondary Weibull models have been developed based on primary and secondary model 

parameters similar to the widely-accepted D and z values (Albert and Mafart 2005; Corradini 

and Peleg 2007; Couvert and others 2005). Although the modified Gompertz model has been 

shown to describe well the microbial inactivation of alternative processing technologies 
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including HPCD, PEF, and PATP (Ferrentino and others 2014; Pina-Pérez and others 2012; 

Serment-Moreno and others 2016a), no secondary model has been developed for this 

approach. 

 

1.3. Quantitative risk analysis  

Quantitative risk analysis was developed to estimate the probability of a health 

adverse effect associated with the consumption of a food product (Notermans and Mead 

1996). Five steps are recognized as essential: hazard identification, exposure assessment, 

dose-response assessment, risk characterization and risk management. Hazard identification 

gives an indication of potential microbial hazards arising from a food product consumption. 

Information on potentially hazardous pathogens is obtained from sources such as studies on 

the microbial composition of raw materials and food products or from data collected by the 

CDC Foodborne Diseases Active Surveillance Network (FoodNet). The next step is the 

pathogen exposure assessment, i.e., the estimation of the load of potentially hazardous 

pathogens when consuming a product. This information is obtained from surveys, storage 

tests, and also from mathematical models predicting the growth or inactivation of the 

microorganisms of interest. Dose-response assessment is the process of obtaining information 

on the probability of adverse human health effects after consuming foods with potentially 

hazardous microorganisms. Since the required information is only available from the analysis 

of foodborne disease outbreaks, a few human volunteer studies, and questionable model 

studies, obtaining dose-response relationships is a challenging task (Notermans and Mead 

1996; Buchanan and others 1997a; Buchanan and others 2000; Holcomb and others 1999b; 

Ritz 2010). When the dose-response model is combined with exposure assessment 

information, the disease probability can be quantitatively estimated. The next step is a risk 
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characterization decision, i.e., the acceptance of a particular risk level based on consumer 

perceptions, health recovery costs, and the severity of economic and social consequences. 

Finally, risk management is a complex analysis aimed at identifying specific actions required 

to reduce the probability of occurrence of an unacceptable risk. 

The target of food safety improvement efforts should be the reduction of the safety 

risk at the consumption point of a certain amount of a food and not the safety risk after food 

processing. Thus, evaluating each point in the food supply chain is important. At the 

population level, the risk estimation for a given community (infants, children, etc.) is highly 

variable reflecting the variance of initial microbial loads, environmental conditions at each 

point of the food chain, microbial reductions by processing, microbial growth/die-off during 

storage and distribution, and many other factors describing a food chain. Quantitative 

microbial risk assessment of farm-to-table has been a useful tool when evaluating food safety, 

but it is difficult to quantify the impact of the numerous factors in a food supply chain. An 

effective strategy is the Monte-Carlo approach to analyze systems with multiple coupled 

datasets following different statistic distributions to generate a statistical distribution for the 

output values of interest (Duffy and Schaffner 2002; Poschet and others 2003). 

 

1.4. Objectives of study 

The research goal of this dissertation is a comprehensive microbial food safety study 

with emphasis on mathematical modeling and summarized in three chapters covering: 

(1) survival of an emergent pathogen during food handling; (2) modeling of microbial 

inactivation kinetics; and, (3) farm-to-table quantitative microbial risk analysis. Following 

this Chapter 1 describing the general area of research and study objectives, Chapter 2 

provides a general literature review.  
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Chapters 3 and 4 are manuscripts reporting research findings covering the resistance 

to storage conditions of the spores of C. difficile, a bacterial pathogen recently reported to be 

frequently present in meats and meat products. Specific research objectives were the survival 

of C. difficile spores during room or low temperature handling of foods under high water 

activity conditions, and during room storage under reduced water activity conditions. 

Knowledge of the survival of this pathogenic spore to food handling and storage conditions 

generated essential information required by processors seeking to reduce C. difficile FBI risks. 

Chapters 5 and 6 are manuscripts focusing on the development of mathematical 

models to describe and predict the kinetics of microbial inactivation by conventional and 

novel processing technologies. Chapter 5 reports research on the thermal inactivation of 

C. difficile spores in model systems and meat. Modified Gompertz model was used to 

describe the inactivation of these spores as a function of process time and temperature. 

Chapter 6 covers the development of a modified Gompertz model predicting the inactivation 

of pathogenic E. coli in apple juice by HPCD, a non-thermal process method that can 

inactivate microorganisms by exposure to supercritical phase CO2 at moderate temperatures. 

Under these conditions, microbial inactivation is a function of process temperature T, CO2 

pressure P and process time. Microbial inactivation data as a function of process time under 

given P/T process conditions was used to develop secondary models describing the effect of 

multiple variables (in this case process temperature and CO2 pressure) on the parameters of 

a modified Gompertz model. Finally, the microbial reduction and its variance was estimated 

using a Monte Carlo approach. Therefore, the overall aim of Chapters 5 and 6 was to gain an 

insight on the modeling of microbial inactivation kinetics as in the thermal inactivation of a 

highly resistant bacterial spore, and as applied to a non-thermal, multi-variable process for 

the inactivation of an important microbial pathogen. 
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The aim of the research reported in the publication included as Chapter 7 is a farm-

to-table quantitative microbial risk assessment focusing on the consumption of raw oysters 

potentially contaminated with the pathogen V. Vulnificus. A specific research objective was 

the application of Monte Carlo simulations to quantify the impact of the variability of all risk 

assessment factors on the microbial safety of raw oyster consumption. This Monte Carlo-

based microbial risk model was used to critically analyze current government and industry 

recommendations for oyster processing. The definition of an acceptable risk at the final raw 

oyster consumption point generated recommendations for harvesting, depuration processing 

and handling of raw oysters. The model developed using national data is a user-friendly Excel 

application and can be adjusted by oyster processors to generate operational conditions 

reflecting their specific location, harvesting procedures, seasonal temperatures, and 

processing method. A second farm-to-table quantitative microbial risk assessment focusing 

on the consumption of raw oysters treated by high pressure is included in Appendix I. 

In summary, this dissertation focuses on the information, mathematical models and 

farm-to-table approaches needed for microbial safety assessment considering the entire food 

supply chain. Specifically investigated were pathogenic C. difficile spores during food 

storage generating information on their survival under low temperature and reduced water 

activity conditions; kinetics of the inactivation by thermal processing of spores of C. difficile 

strains; development of a modified Gompertz primary model to predict pathogenic E. coli 

reduction in apple juice by HPCD treatments including secondary models for temperature 

and CO2 pressure effects; and, developing a Monte Carlo-based microbial risk analysis model 

for raw oysters consumption as an efficient tool for quantitative risk management decisions 

considering multiple farm-to-table factors and including their variance. 
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Figure 1.1. Comparison of first-order kinetic model (a), modified Weibull model(b), 

and modified Gompertz model (c). The data is obtained Deng and others unpublished data. 
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CHAPTER 2 

2. Literature Review 

2.1. Food pathogen contamination sources 

Pathogens are widely spread in the environment contaminating foods at any point in 

the supply chain from sources such as water and soil, handling and processing equipment, 

packaging equipment and materials, storage and distribution facilities, and by contact with 

workers. The first step in the food supply chain is the growing and harvesting of non-animal 

origin foods or the raising, catching and processing of animal-origin foods. In the case of 

animal foods, pathogens can be transmitted not only by fecal and oral routes but also by feeds 

and feed supplements, soil and water. During processing of animal foods, particularly during 

slaughtering, it is unavoidable for their pathogenic and non-pathogenic microflora to be 

transferred to meat and meat products. Marine and freshwater environments are a source of 

pathogenic and non-pathogenic microflora for aquatic animals, such as fish, shellfish, fishery 

product, and other seafood. For non-animal origin food, contaminated soil and water will 

transmit microbes to fruits and vegetables. 

Foods can be contaminated by improperly cleaned and sanitized processing 

equipment and any contact surface. In the absence of adequate protection by food packaging, 

cross-contamination from raw foods and the environment can occur during transportation, 

storage and handling. Most importantly, CDC reported that 231 out of 370 FBI outbreaks 

were associated with food workers as the source among the 818 total US FBI outbreaks in 

2013 (Centers for Disease Control and Prevention 2015). Several authors have reviewed FBI 

outbreaks associated with unsafe handling by food workers (Todd and others 2007; Greig and 

others 2007). Virus contamination caused by food workers due to inadequate hand cleaning 

and improper glove sanitation play a major role in human norovirus transmission (Rönnqvist 
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and others 2014; Kotwal and Cannon 2014; Koopmans and Duizer 2004). 

 

2.2. Microbial food safety risks caused by bacteria  

Among the 818 food poisoning outbreaks reported in 2013 in the US (Table 2.1), 604 

had a single confirmed or suspected etiological agent (Centers for Disease Control and 

Prevention 2011). Among these outbreaks, 47% (287) were caused by bacteria including 

Salmonella (55%) followed by Shiga toxin-producing E. coli (STEC) (11%) and Clostridium 

perfringens (9%) while V. parahaemolyticus and V. cholera together contributed 5% of them. 

Food originating from aquatic animal sources contributes 36% of the outbreaks reported in 

2013, while 40% are from land animal sources food, and 22% are from non-animal origin 

foods. Table 2.2 reports bacteria caused illness including annual hospitalization and death 

rates in the US as estimated by Scallan and others (2011b) based on the US population in 

2006 (299 million persons) and using data mostly from 2000-2008. Finally, the bacterial 

pathogens directly related to this thesis are reviewed in the following sections.  

 

2.2.1. Pathogenic E. coli 

E. coli consists of a diverse group of Gram-negative, rod-shaped bacteria. Pathogenic 

E. coli strains are categorized into pathotypes including six associated with diarrhea and 

referred as diarrheagenic E. coli, enterohemorrhagic or Shiga toxin-producing E. coli 

(EHEC/STEC), enterotoxigenic E. coli (ETEC), enteropathogenic E. coli (EPEC), 

enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), and diffusely adherent E. 

coli (DAEC). Of these, the first four groups are known to be transmitted via contaminated 

food or water with EHEC implicated particularly often in major worldwide foodborne 

outbreaks. Table 2.2 reports annual estimates by Scallan and others (2011b) of EHEC O157, 
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EHEC non-O157, foodborne ETEC, and other diarrheagenic E. coli caused illnesses, 

hospitalizations and deaths in the US. 

EHEC is characterized by the production of Shiga toxin (Stx) including Stx1 and/or 

Stx2 which are often associated with human illnesses including hemolytic uremic syndrome 

(HUS) with a 3-17% mortality rate (Welinder-Olsson and Kaijser 2005). The infective dose 

of EHEC O157:H7 is estimated to be in the very low range of 10 to 100 cells while the 

infective dose of other EHEC serotypes is suspected to be slightly higher (Paton and Paton 

1998; Griffin and others 1994). While ETEC is an important cause of bacterial illnesses and 

the leading cause of travelers’ diarrhea, ETEC outbreaks are infrequent in the US (Food and 

Drug Administration 2013). Volunteer feeding studies have shown that a high dose, ranging 

106 to 109 ETEC cells, may be needed to cause an infection in adults. Children may be 

affected by a smaller dose. Therefore, EPEC is less important in developed countries, but 

continues to be a common cause of diarrhea in developing economies, particularly affecting 

children less than 2 years old. The mortality of EPEC infantile diarrhea has been largely 

reduced due to treatment and medical facility improvements. EIEC can cause a mild form of 

bacillary dysentery, similar to that caused by Shigella spp. The death rate of diarrheagenic E. 

coli other than EHEC and ETEC is listed as 0 by Scallan and others (2011b). 

 

2.2.2. Vibrio spp. 

The gram-negative, halophilic and asporogenous rod genus Vibrio are natural 

habitants of marine environments. Three species, V. parahaemolyticus, V. vulnificus, and V. 

cholerae are human pathogens linked to foodborne illnesses associated with seafood 

consumption, particularly raw or lightly cooked shellfish. In 2013, 1,176 Vibrio infections 

were reported to the National Cholera and Vibriosis Surveillance (COVIS). Among patients 
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for whom information is available (1,041 cases), 363 (35%) were hospitalized and 43 (4%) 

died. V. parahaemolyticus is the leading cause of bacterial seafood-borne illness and was 

isolated from 594 (51%) of the 1,041 cases. Among the patients infected with V. 

parahaemolyticus for whom information was available (543), 112 (21%) patients were 

hospitalized, and 4 (<1%) patients died. V. vulnificus, the leading cause of seafood-related 

death, has been isolated from 137 (12%) of the patients. Among the patients for whom 

information was available (127), 120 (94%) patients were hospitalized and 32 (28%) died 

(Centers for Disease Control and Prevention (CDC) 2013). 

 

2.2.3. Spore forming bacteria 

In the food industry, spore-forming bacteria are a particularly challenging problem. 

Dormant spores are resistant to heat, freezing, chemicals and other adverse environments 

found in the food production and supply chain, and can also survive long storage times. From 

a food safety point of view, the most important of these spore-forming bacteria are those 

belonging to the genus Bacillus and Clostridium. Bacillus are Gram-positive rod-shaped and 

can be obligate aerobes or facultative anaerobes. Clostridium are anaerobic Gram-positive, 

rod-shaped bacteria. Foodborne B. cereus, C. perfringens and C. botulinum are the most 

common foodborne spore-forming pathogens in the US. The spore-forming and toxin-

producing pathogen C. difficile has been isolated from many food products and is becoming 

an emerging foodborne pathogen (Broda and others 1996; Rodriguez-Palacios and others 

2007; Songer and others 2009; Weese and others 2009a). The annual number of Clostridium 

difficile infection (CDI) cases in the U.S. is estimated to be 453,000 (297,100-508,500 w/ 

95%), and causing 29,300 (16,500-108,900 w/ 95% CI) deaths , but there is not yet any 

foodborne illness case reported (Lessa and others 2015). 
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Bacillus cereus. This is a widespread facultative anaerobe often isolated from soil, plants, 

meat, egg and dairy products. B. cereus associated food poisoning is generally described as 

a diarrheal and vomiting (emetic) type. Diarrheal cases are caused by a large-molecular-

weight protein while vomiting ones are associated with cereulide, a ionophoric low-

molecular-weight dodecadepsipeptide. The mortality rate of B. cereus is estimated to be 0 

(Table 2.2), but a cytotoxin (CytK) has been isolated from a B. cereus strain that caused a 

severe outbreak and 3 deaths in France (Lund and others 2000). Human illness can be caused 

by consuming food contaminated with enterotoxigenic B. cereus or with the preformed toxin. 

Presence of B. cereus greater than 106 organisms/g in food has been reported to be a potential 

human health hazard. 

 

Clostridium perfringens. This is an aerotolerant anaerobic bacteria producing several 

enterotoxins (CPE). Foodborne C. perfringens illnesses usually take two forms, 

gastroenteritis form and enteritis necroticans (“pig-bel disease”). The gastroenteritis form is 

mild and self-limiting, but it may cause small intestine damage and potentially, but rarely, it 

can be fatal. Enteritis necroticans is more severe, and often fatal. C. perfringens poisoning is 

one of the most commonly reported foodborne illness in the US, and ranked second after 

Salmonella in bacterial FBI in 2013 (Centers for Disease Control and Prevention 2015). The 

CDC estimates that C. perfringens causes annually close to 1 million illnesses but with low 

rates of hospitalizations (0.6%) and death (<0.1%, Table 2.2). The illness is caused after 

ingestion of large number (> 106 organisms/g) of vegetative cells or spores in food. Toxin 

production is associated with sporulation in the digestive tract, and the disease is 

characterized as a food infection (Food and Drug Administration 2013). CPE are released at 
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the completion of sporulation, along with the mother cell lysis and the release of mature 

spores (Uzal and others 2014). 

 

Clostridium botulinum. This is an anaerobic bacteria producing a potent neurotoxin. Its 

spores are heat-resistant and can survive in foods that are incorrectly or insufficiently 

processed (Barker and others 2002). Botulism is a serious, sometimes fatal, disease caused 

by a potent neurotoxin formed during growth of C. botulinum in the food (Hatheway 1990). 

The infection results in flaccid paralysis of muscles, including those of the respiratory tract. 

An extremely small amount of toxin (a few nanograms) can cause the illness. Infant botulism 

is an infection caused by ingestion of spores that further colonize and produce toxin in the 

intestinal tract of infants. Although the incidence of botulism in the U.S. is a low annual 55 

illnesses (34-91 w/ 90% CI), the hospitalization rate and death rate is as high as 82.6% and 

17.3%, respectively (Table 2.2). 

 

Clostridium difficile. This strictly anaerobic bacteria causes an infectious diarrhea by 

producing two clostridial toxin, toxin A (Tcd A, an enterotoxin) and toxin B (Tcd B, a 

cytotoxin) (Voth and Ballard 2005). C. difficile is spread through the fecal-oral route. The C. 

difficile spores can survive for weeks to months on surfaces including food handling devices 

and food materials. The transmission occurs when the bacteria or its spores are ingested by 

consumers with their normal bowel flora disturbed, usually as a result of board spectrum 

antibiotic usage (Sunenshine and McDonald 2006). This creates a favorable environment for 

C. difficile to reproduce and release toxins leading to C. difficile associate disease (CDAD). 

Since C. difficile is an opportunistic pathogen, the infectious dose and incubation period is 

unknown and widely debated. It is estimated that there are 453,000 (387,100-508,500 w/ 95% 
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CI) C. difficile infection in the US annually, and 65.8% of CDAD were health care-associated, 

and there is not yet any report of foodborne outbreak caused by C. difficile (Lessa and others 

2015). However, C. difficile is frequently isolated from food material across the world (Broda 

and others 1996; Rodriguez-Palacios and others 2007; Songer and others 2009; Weese and 

others 2009a). Unlike other foodborne spore-forming bacterium, there is only limited 

information on the survival of this organism during food processing and storage. Hence, study 

of C. difficile spore has become an emerging food safety risk requiring new research.  

  

2.3. Bacterial spores 

Spore-forming bacteria are a particularly challenging problem to food processors 

(Setlow and Johnson 2013; Oomes and others 2007; Setlow 2014b). These bacteria sporulate 

when encountering adverse environments such as starvation or when foods are processed to 

achieve microbial stability and safety. Dormant spores are resistant to heat, freezing, 

chemicals and other adverse environments found in the food production and supply chain, 

and can also survive long storage times. When conditions become favorable, endospores 

begin to germinate, loose dormancy, and then outgrow into vegetative cells. Spores of the 

bacterial genus Bacillus have been well-studied but a deep lack of knowledge persists in the 

case of the Clostridium genus with C. difficile lagging far behind well-studied organisms such 

as B. subtilis, B. anthracis and C. perfringens. 

 

2.3.1. Spore structure 

Bacterial spores have several structural layers contributing to their unique resistance 

to environmental stresses (Figure 2.1). From the inner to the outer layer these are the spore 

core, inner membrane, germ cell wall, cortex, outer membrane, coat and exosporium 
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(Henriques and Moran 2007). 

Spore core. This is the innermost spore compartment containing the spore DNA, RNA and 

most enzymes. It has a very low water content (25-60% wet weight) compared to about 80% 

wet weight in germinated spores or vegetative cells, and contain a large concentration of 

pyridine-2,6-dicarboxylic acid, or dipicolinic acid (DPA), chelated with calcium (Ca-DPA), 

which contributes to the saturation of DNA with small acid soluble proteins (SASP). 

Lowering water content is likely a major reason for the minimal metabolic activity in spores, 

and its proteins appear to be immobile (Cowan and others 2003). Dormant spores of Bacillus 

or Clostridium species contain a number of SASPs of molecular weight 5-7 kDa comprising 

10-20% of the total spore proteins. Based on their primary sequence, these proteins are 

classified in Bacillus into α/β-type and γ-type groups.  

No γ-type SASPs are found in Clostridium species (Raju and others 2006). The α/β-

type SASPs in B. subtilis are encoded by multiple genes (sspA through sspD) and comprise 

a large protein family whose amino acid sequences are highly conserved within and between 

species (Fairhead and others 1993). The SASPs are synthesized midway during sporulation 

and are degraded early in spore outgrowth, providing amino acids for protein synthesis 

(Fairhead and others 1993; Setlow 1993; Setlow 1988). The α/β-type SASPs of B. subtilis 

are non-specific DNA binding proteins which saturate the spore chromosome and protect the 

spore DNA from damage caused by heat, UV radiation, and peroxidases (Setlow 2007; 

Fairhead and others 1993; Coleman and others 2010; Coleman and others 2007; Setlow and 

Setlow 1993a). The α/β-type SASPs of C. perfringens are encoded by ssp1, ssp2, and ssp3 

and have been suggested to play a similar role in the resistance of its spores to wet-heat, UV 

radiation, and multiple chemicals, including hydrogen peroxide, hydrochloric acid, nitrous 

acid and formaldehyde (Raju and others 2006; Raju and others 2007; Paredes-Sabja and 
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others 2008a). The SASPs of C. difficile are highly homologous to previously characterized 

SASPs in C. perfringens and B. subtilis (Table 2.3) suggesting that α/β-type SASPs play a 

role in their spore resistance to wet-heat, UV radiation and chemicals. 

DPA at high concentrations (~20% of core dry weight) in the spore core and present 

chelated 1:1 to divalent cations, usually Ca2+ (Ca-DPA), contributes to lowering its water 

content. In the presence of Ca-DPA, α/β-type SASPs binds better to DNA in Bacillus spores. 

DPA also plays an important role in spore germination in Bacillus spp. and C. perfringens. 

DPA release can trigger the Bacillus spp. spore cortex hydrolysis leading to germination. 

However, this has not been observed in C. difficile. When DPA is fully released, the spore is 

no longer dormant and becomes a germinated spore. 

 

Inner membrane. The highly compressed, low-permeability inner membrane (IM) of 

dormant spores is the major barrier restricting the passage of small molecules, including water, 

into the spore core (Figure 2.1). It has been reported that the composition of the spore IM is 

similar to that of the cytoplasmic membrane of vegetative cells, but its permeability is 

remarkably lower than the growing cells (Song and others 2000; Cowan and others 2004; 

Setlow and Johnson 2013). Vegetative cell membranes consist of a phospholipid bilayer with 

embedded proteins. At warmer temperatures, this bilayer is in a fluid state reflecting the 

mobility of lipids (Gennis 2013). Furthermore, while soluble membrane proteins are mobile 

in germinated spores and vegetative cells, they are immobile in the IM of Bacillus dormant 

spores (Cowan and others 2003). A probe was used to demonstrate that lipids in the IM lipid 

bilayer of dormant Bacillus spores are immobile providing further direct evidence of the 

immobility of the IM in dormant spores. Also, a significant membrane surface area reduction 

has been suggested to coincide with the development of immobility and that the IM dormant 
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spore is in a gel state distinct from the fluid state of vegetative cell membranes (Cowan and 

others 2004). The gel phase lipid and reduced surface area can be expected to greatly decrease 

the passive permeability of small molecules (Gennis 2013; Mathai and others 2001; Xiang 

and Anderson 1997). After germination, the mobility of spore IM lipids and proteins is 

restored and the surface area is increased (Cowan and others 2003; Cowan and others 2004). 

Germinant receptors (GR), localized in the IM of the spores, are important in the 

germination of Bacillus spores (Paredes-Sabja and others 2011). Upon binding of nutrient 

germinants to their cognate GR, a series of biophysical events lead to spore germination. 

Most of the proteins involved in spore germination are present in or adjacent to the IM, 

including GRs and the GerD spore germination protein, which is essential for the normal 

function of GRs in Bacillus. However, orthologs of the GerA family of GRs, important in 

Bacillus and C. perfringens, are not predicted to be present in C. difficile since its germination 

and sporulation pathways appear to be differently regulated in C. difficile than in C. 

perfringens and B. subtilis. A subtilisin-like serine protease, CspC, plays a role as GR 

responding to germinant taurocholate in C. difficile was speculated to be located at 

coat/cortex boundary but not at IM (Paredes-Sabja and others 2014; Olguín-Araneda and 

others 2015; Francis and others 2013). Other proteins present in or adjacent to the IM include 

SpoVA proteins, apparently uniformly distributed in the IM and involved in regulating Ca-

DPA release in Bacillus and C. perfringens, have unclear functions in C. difficile (Setlow 

2014a; Paredes-Sabja and others 2014). 

 

Germ cell wall and cortex. The IM is surrounded by two structural layers composed of 

peptidoglycans (PGs), the germ cell wall and cortex (Figure 2.1). The major component of 

the germ cell wall and the cortex is PG, which is a polymer consisting N-acetlyglucosamine 
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(NAG) and N-acetylmuramic acid (NAM) cross-linked by peptides. The spore germ cell wall 

PG has identical structure to the growing cell wall PG, while the cortex PG is distinct by 

specific modifications. All of the second muramic acid residue in cortex PG is converted to 

muramic-δ-lactam (MAL). The peptides cross-linked with NAM appears to be shorter in 

cortex PG, resulting a lower degree of cross-linking. About a quarter of NAM residues carry 

a single L-alanine residue that does not found in germ cell wall PG (Popham and Setlow 1993; 

Warth and Strominger 1972). During germination, the MAL residues are specifically 

recognized by the cortex-lytic enzymes (CLEs) leading hydrolyzing the spore cortex but not 

the germ cell wall (Gutelius and others 2014; Kumazawa and others 2007). 

In general, the activation of CLEs that degrade the PG cortex layer allows the IM and 

the germ cell wall to expand and take up water. Resumption of metabolism in the spore core 

is observed as a result of core hydration, and this is followed by macromolecular synthesis 

and the transformation of spores into growing cells. In B. subtilis, cortex hydrolysis results 

from the activation of two major CLEs, SleB and/or CwlJ (Setlow 2014a; Paidhungat and 

Setlow 2002). In C. perfringens and C. difficile, cortex hydrolysis is caused by the activation 

of a CLE SleC requiring cleavage by a serine protease, CspB (Kumazawa and others 2007; 

Adams and others 2013). In addition, a CspC was identified to play a role in the taurocholate 

GR in C. difficile by inducing the activation of CspB. Csp is a family of subtilisin-like serine 

proteases found in Clostridium species, which were speculated to be located at the boundary 

of coat/cortex (Paredes-Sabja and others 2014; Gutelius and others 2014; Olguín-Araneda 

and others 2015). The cortex hydrolysis is an essential step in spore germination but the signal 

pathway of the proteins involved may vary among species and requires further studies. 

 

Outer membrane. During the sporulation engulfment, part of the mother cell’s membrane 
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migrates around the prespore and forms the outer membrane (OM) (Figure 2.1). The OM, 

essential in sporulation but not in mature spores, may not be a permeability barrier. 

 

Spore Coat. This layer is composed of more than 70 proteins providing protection against 

lytic enzymes and reactive chemicals (Figure 2.1). The major proteinaceous layers as 

identified by McKenney and others (2013) are shown in Figure 2.2. In B. subtilis, more than 

70 proteins have been identified in the coat layer which is composed of basement layer, inner 

coat, outer coat and crust (Figure 2.2). In B. subtilis, the formation of the first three layers is 

governed by SpoVM, SpoIVA, SpoVID, SafA, and CotE (McKenney and others 2013). In C. 

difficile, divergent proteins seem to be required during spore assembly and it has no SpoVID, 

SafA and CotE homologs. In addition, it remains to be determined whether these spores have 

an inner coat, outer coat and crust layer. 

 

Exosporium. B. subtilis spores lack this layer which is present in pathogenic spore-forming 

species such as B. anthracis, B. cereus and C. difficile. The exosporium of B. anthracis and 

B. cereus spores is composed of a loosely-fitted layer composed of ~15 protein (Henriques 

and Moran 2007; Bozue and others 2007; Stewart 2015). Bioinformatics and proteomic 

analyses suggest that the exosporium of C. difficile spores contains highly divert proteins 

from those found in Bacillus species (Henriques and Moran 2007; Lawley and others 2009; 

Stewart 2015). The exosporium has been shown to play a role in the pathogenesis of B. 

anthracis spores (Xue and others 2011; Bozue and others 2007; Oliva and others 2008). Oliva 

and others (2008) have shown that BclA, the most abundant exosporium protein, mediates 

spore attachment and host internalization. 

Spores of several C. difficile strains have an exosporium layer organized with hair-
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like extensions tightly attached to the spore coat. A total of 184 proteins have been found in 

the exosporium layer of C. difficile spores with 7 them located in the spore coat/exosporium. 

Furthermore, 6 proteins appear to have roles in the protection of germinated spores against 

oxidative stress, 6 are likely involved in pathogenesis, 146 proteins are cytosolic proteins 

probably encased into the exosporium during spore assembly, and 13 proteins have not been 

characterized (Díaz-González and others 2015). Several studies suggest that the C. difficile 

exosporium plays a significant role in CDI transmission and persistence (Joshi and others 

2012; Paredes-Sabja and Sarker 2012) and it contribute to the adherence of C. difficile spores 

to inert surfaces (Joshi and others 2012) and intestinal epithelium cell lines (Paredes-Sabja 

and Sarker 2012). Spores lacking most of the exosporium layer have a lower surface 

hydrophobicity suggesting a lower adherence ability. 

 

2.3.2. Sporulation process 

In general, the sporulation process in the spore lifecycle is similar in all bacterial 

sporeformers. In B. subtilis, it can be divided into 7 stages with Stage 0 as vegetative cell 

growth and involving DNA replication and sporulation initiation (Figure 2, Hilbert and Piggot 

2004). In Stage I, two DNA copies form an axial chromain filament and the developmental 

protein RacA stretches chromosomes across the long axis of the cell from their origin region 

to the cell poles (Wu and Errington 2003; Bylund and others 1993; Ben-Yehuda and others 

2003). In Stage II or asymmetric division, the cell divides into a larger compartment (mother 

cell) and a smaller compartment (prespore). The DNA translocase, SpoIIIE, pumps one DNA 

copy into the prespore, which contains only about 1/3 of the DNA material at the time of 

division (Wu and Errington 1994; Bath and others 2000). During Stage III, the polar septum 

undergoes septal thinning, followed by bulging of the prespore into the mother cell and 
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migration of the septal membrane around the prespore. This can be described as engulfment 

by the mother cell forming a forespore with inner and outer membranes (Piggot and others 

1994). In Stage IV, PG synthesis takes place to form the germ cell wall and cortex in the 

space between the inner and outer membrane surrounding the forespore (Foster and Popham 

2002). By the end of Stage V, the complex spore coat structure surrounding the outer 

membrane of the forespore is formed (Henriques and Moran 2000; Sonenshein and others 

2002). The spore outer layers (i.e., coat, cortex or exosporium) might be further modified 

after this stage. Maturation of the spore in the mother cell occurs in Stage VI gaining 

resistance to UV radiation and high temperature (Nicholson and others 2000). In Stage VII, 

the mother cell undergoes lysis and the spore is released into the environment. Released 

spores may undergo further modifications, possibly involving the coat layer and reaching full 

resistance to severe environments (Sanchez-Salas and others 2011a), and remain dormant 

until exposure to nutrient-rich environment induces germination. 

 

Sporulation signals. In Bacillus, a multi-component signal transduction or phosphorelay is 

responsible for signaling sporulation initiation (Stephenson and Hoch 2002). At least 5 

orphan kinases (KinA, KinB, KinC, KindD and KinE) are identified as sporulation-specific 

histidine kinases in B. subtilis with KinA and KinB as the most efficient ones (Figure 2.4). 

These kinases respond to different intercellular and extracellular stimuli to initiate sporulation. 

After receiving a signal, they autophosphorylate and transfer the phosphoryl group from their 

phosphotransferase domain to an aspartate residue in Spo0F. The phosphoryl group is then 

passed to a histidine residue in the phosphotransferase domain within Spo0B. Finally, the key 

sporulation regulator, Spo0A, is phosphorylated by Spo0B, and sporulation enters Stage I 

(Jiang and others 2000). 



   25 
   

Though Clostridium and Bacillus species share the same master regulator Spo0A, the 

activation system described above is not found in Clostridium species (Talukdar and others 

2015). As shown in Figure 2.4, an alternate sigma factor, SigH, a transcription factor 

activating Spo0A, Spo0F, KinA, and KinE has been found in B. subtilis and C. difficile 

(Errington 2003; Talukdar and others 2015). In addition, the presence of putative orphan 

histidine kinases have been observed in Clostridium species including C. acetobutylicum, C. 

perfringens, C. tetani, C. botulinum, and C. difficile (Paredes and others 2005; Talukdar and 

others 2015). 

Spo0A is the most widely studied and functionally characterized component of the 

sporulation machinery in spore-forming bacteria. Spo0A is the key regulator, and conserved 

in both Bacillus and Clostridium (Brown and others 1994; Sauer and others 1994). When the 

number of phosphorylated Spo0A reaches a threshold, this protein activates the sporulation 

process by binding directly to specific DNA sequences upstream of several early sporulation 

genes and thus (Fujita and others 2005; Liu and others 2003; Molle and others 2003; 

Rosenbusch and others 2012; Fimlaid and others 2013; Talukdar and others 2015). In Bacillus, 

Spo0A directly activates 121 genes, including genes required for the polar septum formation 

(Molle and others 2003). Inactivation of spo0A blocks sporulation and the synthesis of 

sporulation-specific sigma factors in C. difficile and C. perfringens and other Clostridium 

species (Talukdar and others 2015; Huang and others 2004; Underwood and others 2009; 

Pettit and others 2014). Huang and others (2004) indicated that spo0A expression is also 

essential for the production of C. perfringens enterotoxins. Transcriptomic and proteomic 

analyses identified C. difficile Spo0A as a global regulator that regulates metabolic and 

virulence factors outside the sporulation process (Pettit and others 2014). Several works 

report that Spo0A and its signaling pathway appear to be involved in the regulation of toxin 
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synthesis in C. difficile (Underwood and others 2009; Pettit and others 2014). However, some 

authors have suggested that its responsibility for the regulation of toxin A and toxin B 

production by C. difficile is different for each strain (Mackin and others 2013; Rosenbusch 

and others 2012). 

Transitions through Stage I to VII to form mature spores are facilitated by DNA-

dependent RNA polymerases for target promoters (σ factors, Errington 2003). Four 

sporulation-specific σ factors regulating the sporulation process in Bacillus and Clostridium 

are synthesized as precursor proteins and then cleaved for activation (Figure 2.4). The σF and 

σG are forespore-specific while σE and σK are mother cell-specific. In general, σF is the first 

factor appearing in the sporulation process and synthesized prior to the formation of the polar 

septum in Stage I but it is held inactive until septation is completed by the end of Stage II 

(Errington 2003). In B. subtilis, σF is synthesized prior to division, and it remains inactive and 

bound with the anti-σ factor SpoIIB. The σF is then released from the complex and becomes 

active by the end of Stage III to direct gene expression regulated by SpoIIAA, SpoIIAB, and 

SpoIIE. However, the regulatory process in Clostridium has not been confirmed yet (Talukdar 

and others 2015). The factor σE is synthesized as an inactive precursor protein (pro-σE), and 

it is not activated until cleaved by gene products regulated by the factor σF. The factor σG is 

synthesized in the pre-engulfed prespore but it is not activated until the forespore engulfment 

is completed (end of Stage III). In B. subtilis, the transcription of sigG is σF dependent, and 

the products of spoIIIA and spoIIIJ are needed for the release of the factor σF. spoIII is 

selectively expressed in the mother cell under control of σE, whereas spoIIIJ is expressed in 

the forespore (Errington 2003; Piggot and Hilbert 2004). Notably, factor σE is not necessary 

for factor σG activation in C. difficile, which only requires σF (Paredes-Sabja and others 2014). 

The factor σK regulates spore coat formation in the mother cell during Stage IV. Although in 
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both B. subtilis and C. difficile, the activation factor σK is regulated by a factor σE product, 

there is a notable difference in their pathways. In B. subtilis, σK activation requires proteolysis 

of the precursor protein, Pro-σK, while in C. difficile σK it is directly produced and regulated 

by σE (Paredes-Sabja and others 2014). It is also different in C. perfringens which has a 

regulatory sporulation circuit and both Pro-σK and Pro-σE are required to produce the 

activated factors σK and σE, respectively. In forespores, these two precursor proteins are 

regulated by Spo0A and the factor σF. Moreover, an active σK is necessary to generate an 

activated factor σE (Talukdar and others 2015).  

SASPs are only synthesized midway during sporulation in the forespore and are not 

detected in any other physiological bacteria state (Fairhead and others 1993; Setlow 1993; 

Setlow 1988). At least six σG-controlled genes are involved in Bacillus (Errington 1993b). In 

B. subtilis, α/β-type SASPs are encoded by multiple genes (sspA, sspB, sspC) and comprise 

a large protein family whose amino acid sequences are very highly conserved within and 

between species (Fairhead and others 1993). All SASP genes are expressed in parallel and 

specifically during sporulation and their expression levels rise to a peak and then fall back to 

zero. The expression regulation of the α/β-type SASPs genes (sspA through sspD) are 

different from that of γ-type SASPs genes (sspE in B. subtilis). All of the SASPs have a short 

conserved sequence recognized by a specific protease, GPR, encoded by a gpr gene regulated 

by σG. The GPR is synthesized as an inactive precursor with a molecular mass of 46kDa, 

which is cleaved to 41-kDa during the germination (Errington 1993b). In C. perfringens, the 

α/β-type SASPs are encoded by ssp1, ssp2, and ssp3 genes while γ-type SASPs are not found 

in Clostridium species. A new SASP, Ssp4, encoded by ssp4 is reported to play an important 

spore resistance role in C. perfringens food-poisoning and non-food-poisoning strains (Li 

and McClane 2008; Li and others 2009). Similar to those in B. subtilis, ssp genes in C. 
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perfringens are expressed a few hours after sporulation induction, and are not expressed 

during vegetative growth (Raju and others 2007; Raju and others 2006).  

C. difficile SASPs are highly homologous to previously characterized SASPs and can 

be assumed to function as in C. perfringens and B. subtilis (Table 2.3). Fimlaid and others 

(2013) have shown that SASPs genes sspA depend on both σF and σG, sspB on σF, and that 

gpr expression requires only σF. These genes are expressed only during sporulation and not 

during vegetative cell growth (Fimlaid and others 2013). 

DPA accumulates to high concentrations in Bacillus and Clostridium species spores, 

and mutants lacking DPA cannot complete sporulation and the spores formed will lyse 

(Daniel and Errington 1993; Errington 1993a). DPA is synthesized late in sporulation within 

the mother cell compartment of sporulating cells and accumulate only in developing 

forespores (Daniel and Errington 1993; Setlow 1981). Studies of the cloned spoVF locus 

indicate that it consists of an operon encoding two proteins required for DPA synthesis 

(Daniel and Errington 1993). In B. subtilis, DPA uptake and release requires SpoVA proteins. 

At least during sporulation, one of the SpoVA proteins (SpoVAD) is directly involved in DPA 

movement (Li and others 2012). A spoVA gene product is synthesized at the same time than 

SASPs and 1-2 hours before DPA synthesis (Setlow 1988). The sequences of many SpoVA 

proteins suggest that they are membrane proteins (Daniel and Errington 1993; Fort and 

Errington 1985). Li and others (2012) speculated that all SpoVA proteins, not just SpoVAD, 

associate to form a complex in and on the forespores' inner membrane, and a number of 

SpoVA proteins are almost certainly integral membrane proteins. SpoVA proteins are also 

needed for DPA uptake by spores of C. perfringens (Paredes-Sabja and others 2008c). 

In general, spores formed at higher temperatures have lower core water contents than 

those formed at lower temperatures, with the latter spores having a reduced wet heat 
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resistance (Setlow 2006). The core water content is lowered during sporulation and it 

involves the formation and function of the spore cortex but the precise mechanism is still 

unclear (Driks and Setlow 1999; Nicholson and others 2000; Popham and others 1996; 

Setlow 1999). Some protein penicillin binding proteins (PBPs) determining PG cross-linking 

level in the cortex, i.e., SpmAB, DacB, and DacF, play a role in determining the spore core 

water content during sporulation, whereas the level of cortex PG cross-linking plays no or a 

minor role in the spore resistance to wet-heat, UV and nitrous acid (Popham and others 1999; 

Paredes-Sabja and others 2008b; Orsburn and others 2009). 

The spore germ cell wall, cortex, coat and exosporium layers are formed after stage 

III (McKenney and others 2013; Henriques and Moran 2000). During the B. subtilis spore 

coat assembly, the mother cell encases the forespore with a series of proteinaceous shells, 

which form the basement layer, inner coat, outer coat and crust layers (Figure 2.1). In B. 

subtilis, the formation of the first three coat layers is governed by SpoIVA, SpoVM, SpoVID, 

SafA, and CotE (McKenney and others 2013). Two major coat morphogenetic proteins in the 

basement layer, spoIVA and spoVM, are essential for spore formation in B. subtilis. These 

proteins appear to be involved in localizing spore coat proteins on the coat surface. SpoVID, 

SafA and CotE are also governing the formation of the first three layers. Assembly of each 

layer may require polymerization of morphogenetic spore coat proteins. After release from 

the mother cell, spore coat layers may undergo further modifications enhancing their spore 

wet-heat and hypochlorite resistance (Sanchez-Salas and others 2011a). However, it remains 

unknown whether and how proteins from individual layers interact with adjacent layers and 

how adjacent layers interact to form a mature spore coat. 

Differing from B. subtilis, C. difficile spores have an exosporium with hair-like 

extensions tightly attached to spore coat whereas the existence of sub-layers (inner coat, outer 
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coat and crust layer) remains to be determined. Both SpoIVA and SpoVID homologs have 

been identified in C. difficile. As in B. subtilis, SpoIVA plays an essential role in coat 

localization around the forespore, and a critical morphogenetic protein, SipL, is required for 

proper spore formation. A direct interaction between SpoIVA and SipL has been confirmed 

by biochemical and mutation analysis (Putnam and others 2013). Divergent proteins seem to 

be required during C. difficile spore assembly, while there are no homologs of SpoVID, SafA 

and CotE. CdeC is the morphogenetic protein of the exosporium layer, and BclA is attached 

to it. Proteins on this layer are encoded by bclA1, bclA2, and bclA3 genes, which are 

expressed in the mother cell compartment only during sporulation (Pizarro-Guajardo and 

others 2014; Díaz-González and others 2015; Fimlaid and others 2013; Paredes-Sabja and 

others 2014). 

  

2.3.3. Spore germination and outgrowth 

Spores survive long times in a dormant state but in the presence of a stimulus or 

germinant, germination occurs rapidly. In B. subtilis, spore germination is divided into an 

activation step and germination Stages I and II followed by outgrowth into vegetative cells. 

An activation step typically achieved by a sub-lethal heat shock and following mechanisms 

still mostly unknown, is necessary for some spores to potentiate and synchronize germination. 

After activation and during germination Stage I, cognate GRs located in the inner membrane 

in the case of B. subtilis spores, sense the germinants and after binding to them in Stage I, the 

germination signal is transduced and amplified, perhaps by the GerD protein which is most 

likely also located in the inner membrane (Pelczar and others 2007). Most Bacillus and 

Clostridium spores have multiple GRs with various germinant specificities and homolog GR 

subunits (Setlow 2003). B. subtilis spores have three major GRs, namely GerA, GerB, and 
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GerK, which are encoded by gerA, gerB and gerK operons expressed during sporulation 

(Setlow 2006; Setlow and Johnson 2013). The GerA receptor recognizes L-alanine (Feavers 

and others 1990) while the GerB and GerK receptors are both required to respond to L-

asparagine, D-glucose, D-fructose and KPO4 (AGFK) (Li and others 2011). These GRs are 

composed of 3 subunits, termed as A, B, and C, and they are essential for specific GR 

activities and most likely forming a multi-subunit complex. Most likely, the A and B subunits 

of each GR are polytopic integral membrane proteins, while the C subunit is held in the 

membrane by a diacylglycerol anchor. Once spores commit to germination, a series of 

biophysical events is initiated including the release of monovalent cations (i.e., K+ and Na+) 

from the spore core by activation of the cortex lytic enzyme (CwlJ) when Ca-DPA is released 

with the likely participation of SpoVA. At the same time, core Ca-DPA is replaced by water, 

and the spore core begins to rehydrate. This partial core rehydration seems to activate a 

second cortex lytic enzyme, SleB. During Stage II, cortex degradation is completed, and 

when the core is fully hydrated, the spore loses its resistance, metabolism is resumed, and 

spores outgrow into a vegetative cells. 

C. difficile lacks GRs homologs to those present in Bacillus and many other 

Clostridium species, suggesting a different germination mechanism (Paredes-Sabja and 

others 2014). Unlike B. subtilis, C. difficile spore germination does not require heat activation, 

and directly responds to a bile salt mixture (i.e., cholate and its derivatives taurocholate, 

glycocholate, cholate and deoxycholate) (Figure 2.5). Although there is a lack of biochemical 

evidence, CspC has been suggested to play a role as taurocholate GR in C. difficile (Francis 

and others 2013). Notably, some C. difficile strains can germinate in rich media without 

taurocholate, suggesting a complex GR mechanism (Heeg and others 2012). 

Chenodeoxycholate appears to interact more tightly with CspC than taurocholate does, and 
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it can inhibit taurocholate-mediated spore germination (Sorg and Sonenshein 2009). The 

germinant binding to the GR leads to the activation of CspB involved in SleC cleavage. The 

mechanism of cortex hydrolysis is similar in C. perfringens and C. difficile, i.e., CspB 

activation leads the cleavage of pro-SleC that further matures into SleC resulting in cortex 

hydrolysis (Adams and others 2013). Notably, the release of monovalent ions and Ca-DPA is 

not observed in C. difficile until the cortex is fully hydrolyzed (Paredes-Sabja and others 

2014). After cortex degradation and release of monovalent ions and Ca-DPA, the spore core 

is fully rehydrated resulting in complete loss of dormancy and resistance and outgrowth into 

vegetative cells. However, knowledge of the signaling pathway involved remains incomplete. 

For example, further studies are needed to define the mechanisms of Ca-DPA release, and 

whether other components play a role. Also, the role of SpoVA proteins in regulating Ca-DPA 

release in C. difficile still needs to be investigated. 

When the spore core is fully rehydrated, enzymes become functional and metabolic 

activities can resume. In outgrowing cells, SASPs are degraded providing amino acids needed 

for protein synthesis. Spores lacking one or more SASP initiate germination normally but 

show a decrease in their outgrowth rate, particularly noticeable in amino acid free media 

(Mason and Setlow 1986; Hackett and Setlow 1988). In B. subtilis, degradation of both α/β-

type and γ-type SASP is initiated during germination by a sequence-specific endoprotease, 

GPR, which cleaves at one site in α/β and in two or three sites in γ-type SASPs (Setlow 1988). 

The protease is a tetramer of enzymatically active 40 kDa subunits (P40), and the activity of 

GPR is allosterically modulated by DPA. An inactive precursor, P46, synthesized during 

sporulation in parallel with SASP is autoprocessed into P41 under DPA stimulation. However, 

protease modification from P41 to P40 by the removal of one amino acid residue occurs only 

after core DPA is released and becoming significantly active to initiate SASP degradation. 
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Eventually, P40 is degraded in an energy-dependent process (Illades-Aguiar and Setlow 1994; 

Sanchez-Salas and Setlow 1993; Paidhungat and others 2000). GPR cleavage generates 20-

35 amino acid oligopeptides which are then rapidly degraded by peptidases to generate amino 

acid to synthesize other proteins (Setlow 1988). 

 

2.3.4. Inactivation resistance of spores 

The spores of Bacillales and Clostridiales exhibit extreme resistance to severe 

environments including wet-heat, dry-heat, desiccation, freezing, freeze-thaw, UV and γ 

radiation, high pressure and exposure to toxic chemicals. This high resistance reflects spore 

protection structures and by rapid repair mechanisms during outgrowth (especially DNA 

repair). The mechanisms of spore inactivation by different agents and the corresponding 

protective factor or structure are listed in Table 2.4. Spoilage and pathogenicity factors in 

foods include spores of C. perfringens, the second most common food-borne bacterial 

pathogen, and of C. botulinum producing an extremely dangerous neurotoxin. The resistance 

and stability of spores and their resistance to low pH, including survival to the acid conditions 

in the stomach, makes spores a potential and effective alternative to develop probiotic 

products. On the other hand, their disease-causing potential and persistence in the 

environment, opens the possibility that some spores such as those from B. anthracis may be 

used as biological warfare weapons. In spite of the large interest in spore survival resistance, 

most studies have focused only on B. subtilis and much less work has been done with 

Clostridium species. 

 

Role of the exosporium in spore resistance. This outermost layer is involved in pathogenesis 

because of its role in surface adherence (Joshi and others 2012; Paredes-Sabja and Sarker 
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2012; Oliva and others 2008). While there is no significant evidence of its spore resistance 

contribution, exosporium knowledge is incomplete. 

 

Role of the coat in spore resistance. The coat layer, providing protection against a large 

number of agents, particularly chemicals, contains a large fraction of the spore proteins. The 

protection mechanisms may involve low permeability, activity of detoxifying enzymes, and 

non-specific detoxification mechanisms. The spore coat acting as a permeability barrier 

prevents large molecules such as enzymes reaching potential targets in inner layers. The 

action of enzymes such as lysozyme that can degrade PG, a major component of the cortex 

and germ cell wall, is restricted by the coat layer protecting spores against predation by 

bacterivores (Klobutcher and others 2006; Laaberki and Dworkin 2008). Enzymes found in 

the outer coat layer of several Bacillus species, including catalase and superoxide dismutase, 

can detoxify toxic chemicals (Henriques and Moran 2007; Checinska and others 2012). Coat 

is also responsible for the spore protection against many biocidal chemicals, probably by non-

specific reactions detoxifying them before they can target essential spore components (Setlow 

2006; Henriques and Moran 2000). In B. subtilis, spores lacking most coat layers exhibit a 

significant decrease in their resistance to hypochlorite and nitrous acid (Henriques and Moran 

2000; Bosak and others 2008). In some species, the coat may contain pigments with strong 

absorption in the UV region suggesting a contribution to UV resistance (Setlow 2006; Setlow 

2007; Khaneja and others 2010).  

Spore populations exhibit significant wet-heat resistance heterogeneity probably 

reflecting coat modifications during spore maturation. Sanchez-Salas and others (2011a) 

found that early-released B. subtilis spores have lower wet-heat resistance than those released 

after full maturation, and suggested that modifications of the coat or cortex may be involved. 
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However, determination of the specific contributions of the spore coat layer to wet-heat 

resistance, and the mechanisms involved, remains incomplete. 

 

Role of the outer membrane in spore resistance. The OM layer between the coat and cortex 

is essential for spore formation but there is no significant evidence of its involvement in 

resistance to radiation, heat, or chemicals (Leggett and others 2012). Although some Bacillus 

species contain pigments in their OM layer and they may play a role in UV resistance 

(Khaneja and others 2010), the OM permeability remains unclear, and further studies are 

necessary to determine its role in spore resistance and germination. 

 

Role of the cortex in spore resistance. The PG cortex is essential in ensuring spore viability. 

Defective cortex mutants fail to form stable spores and sporulation is interrupted at an early 

stage (Vasudevan and others 2007). Although cortex-less mutants of spore-forming bacteria 

have been produced, their resistance has not been determined (Daniel and others 1994). The 

cortex PG has a low level of cross-linking and is speculated to be responsible for attaining 

and maintaining minimum core hydration, which plays an essential role in spore resistance 

to wet heat, UV, and nitrous acid (Leggett and others 2012; Orsburn and others 2009; Paredes-

Sabja and others 2008b). As mentioned before, the cortex and coat may be modified after 

release from the mother cell to acquire full resistance to wet-heat and hydrochloride 

(Sanchez-Salas and others 2011a). In C. perfringens, the relative amount of cortex and germ 

cell wall PG appears to play a role in wet-heat resistance, while the overall thickness of spores 

seems to be similar in different strains (Orsburn and others 2008). Since cortex is essential in 

maintaining spore dormancy, its degradation by enzymes such as lysozyme, leads to loss of 

dormancy and resistance. 
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Role of the inner membrane in spore resistance. The gel like spore IM is highly compressed, 

containing largely immobile lipids and proteins, and its viscosity is much higher than that of 

the membrane of germinated spores or growing cells. Moreover, its permeability to small 

molecules, including methylamine and water, is extremely low (Setlow 2006; Cortezzo and 

Setlow 2005; Loison and others 2013; Sunde and others 2009). These properties contribute 

significantly to keep the core dehydrated. The low permeability prevents also the penetration 

of chemical agents into the spore preventing damage to DNA, structural proteins, and 

enzymes. Though spore IM prevents the entry of small molecules into the spore core, it may 

be damaged by other mechanisms (wet heat, dry heat, desiccation, and oxidation chemicals) 

and cause spore inactivation. Spore IM damage is the major cause of spore inactivation by 

hypochlorite, ClO2, ozone and peroxides (Setlow 2006; Setlow 2012; Setlow 2014b; de 

Benito Armas and others 2008). 

 

Role of the core in spore resistance (dehydration, DPA and SASPs). Several core features 

including low water content, high DPA level, and SASPs contribute and interact with each 

other to enhance spore resistance to wet/dry heat, UV/γ radiation, desiccation and chemicals. 

Reducing the water content enhances wet-heat resistance and maintains spore dormancy; 

DPA is important to resistance to DNA-damaging agents and also in maintaining spore 

dormancy; and SASPs bound to DNA affect the DNA structure enhancing its stability. 

Moreover, DPA accumulation lowers the core water content, and this low water content 

enhances binding of α/β-typed SASPs to DNA by promoting the A-like DNA conformation. 

An elevated core water content decreases the spore resistance to wet heat, hydrogen peroxide, 

formaldehyde, and iodine-based disinfectants (Paidhungat and others 2000). Many chemical 

reactions leading to DNA damage may be slowed by low water content (Coleman and others 
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2007; Setlow 1992b; Setlow 1995; Lindahl and Nyberg 1972). Furthermore, the low water 

content may promote binding of SASPs to the spore DNA (Setlow 1988; Setlow and others 

1992). Furthermore, a decrease in DNA hydration lowers UV degradation products, and 

therefore enhancing spore resistance to UV radiation. When compared with in vitro tests with 

well-hydrated DNA, in vitro tests with poorly hydrated DNA produced less harmful 

photoproducts and enhanced the yield of photoproducts that the spores can repair (Nicholson 

and others 1991). A lower core water content is presumed to reduce the molecular mobility 

of core proteins increasing their resistance to heat denaturation (Setlow 2014b; Coleman and 

others 2007). For example, Cowan and others (2003) demonstrated that a green fluorescent 

protein, a soluble core protein immobile in dormant spores, increases its mobility after 

germination. Notably, the immobility is suggested to be due to a reduced water content rather 

than the high level of DPA accumulated in the spore core. While most of the water in the 

spore core is assumed to be bound, further evidence is needed to support this assumption. 

Additionally, the precise mechanism of how PBPs lower the core water content remains to 

be determined. 

Though there is no evidence that DPA is directly involved, it certainly plays an 

indirect role in wet heat resistance. In both Bacillus and Clostridium species, if DPA fails to 

accumulate during spore sporulation, the core water content appears to be higher than in 

spores with normal DPA levels. Furthermore, DPA-less spores have higher water content and 

significantly less wet heat resistance (Setlow 2006; Magge and others 2008). Granger and 

others (2011) suggested that DPA chelated with mental divalent cations, Mn2+ , and Ca2+ 

provides partial protection of spores against ionizing radiation. The high level DPA is 

effective in preventing damage of some enzymes by reactive oxygen species (ROS) generated 

by ionizing radiation. Under UV radiation, spore DNA lesions changing the DNA structure 
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are unavoidable. The existence of high level DPA enhances the formation of the α/β-SASP-

DNA complex forming a spore photoproduct (SP) form that can be efficiently repaired during 

germination (Paidhungat and others 2000; Setlow and Setlow 1993b).  

It has been shown that 90 to 99.9% of the wet-heat killed B. subtilis spores gave two 

fraction on equilibrium density gradient centrifugation, a fraction comprised less dense 

spores that had lost all of their deposit DPA, and a fraction comprised high dense spores that 

retain all of their DPA. The spores lost their DPA undergo significant protein denaturation, 

and cannot germinate. However, the latter ones is able to germinate normally, but not to 

outgrow into vegetative cells. Suggestively, these spores may suffer damage to some proteins 

essential to metabolic activity during outgrowth (Coleman and others 2007). It has been 

shown that the inactivation mechanism of C. perfringens spores is similar, either retaining or 

loss all CaDPA in the spore. The spores lost CaDPA exhibited extensive protein denaturation 

while those retain CaDPA exhibit partial protein denaturation. Notably, the germination of 

latter ones are defected. It is suggested that wet-heat treatment damaged some proteins 

important in C. perfringens, and the CaDPA release process seems likely to be damaged by 

wet heat (Wang and others 2012). 

Coleman and others (2010) have investigated the mechanisms of wet-heat killing of 

B. cereus and B. megaterium spores, and the result is consistent with the findings in B. subtilis, 

suggesting denaturing one or more key proteins result in spore death. In addition, it is indicted 

that spores with DPA lost during wet-heat treatment exhibit some proteins change from α-

helical structure to one that is irregular and likely denatured, and the structural change of 

spore proteins takes place in parallel with and to some degree even before rapid CaDPA 

release (Zhang and others 2010). These findings further support the suggestion that protein 

damage is a major reason that wet heat kills spores of Bacillus species. However, which 
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proteins affect by wet-heat treatment have not been identified in neither Bacillus species nor 

C. perfringens. 

In Bacillus and Clostridium, spore specific proteins, SASPs, binding to DNA 

contributes to the DNA resistance, and the DNA repair system is another key feature to the 

spore DNA resistance.α/β-SASPs have been shown to bind to spore DNA in vivo and to 

double-stranded DNA in vitro (Setlow and others 1992; Fairhead and others 1993; Nicholson 

and others 1991; Nicholson and others 1990; Frenkiel-Krispin and others 2004; Setlow 2007). 

Studies in vivo and in vitro have shown that α/β-SASP provide remarkable protection to spore 

DNA. In vivo studies have shown that wild-type (WT) B. subtilis spores are significantly 

more resistant to wet/dry heat, UV radiation, desiccation, nitrous acid and hydrogen peroxide 

than α- β- mutants lacking α/β-SASP (Setlow 2014b; Setlow 2007). In inactivated WT spores 

of C. perfringens and B. subtilis, no damage to DNA nor to DNA repair proteins due to wet 

heat, hydrogen peroxide, and desiccation has been detected (Nicholson and others 2000; 

Setlow and Setlow 1996; Setlow 1999; Salas-Pacheco and others 2005; Raju and others 2007; 

Raju and others 2006; Li and others 2009). 

DNA structure can have different helical forms, including right-handed (A- and B-

form) and left-handed (Z-form) helices depending on the nucleotide sequence and/or cell 

condition. In vegetative cells, the prevailing in vivo conformation is the B-form DNA. The 

Z-form is found in small DNA amounts in stretches of alternating purines and pyrimidines, 

e.g., GCGCGC, particularly in negatively-charged supercoiled DNA. The A-form DNA, a 

thicker right-handed double strand DNA with a shorter distance between base pairs (Drew 

and others 1988; Ussery 2002), is generally observed under low water content conditions and 

thus not usually associated with living cells (Saenger 1984). The A-form DNA with bound 

α/β-SASPs is found in the low water content core of dormant spores (Setlow 1992a). Setlow 
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and others (1992) suggested that α/β-SASPs exhibit no particular specificity for different 

double-stranded DNA, but the DNA must be capable of adopting an A-form conformation. 

In vitro studies have shown that the binding of α/β-type SASPs saturates DNA at a 

protein/DNA ratio (wt/wt) of 4:1 to 5:1, which is about 1 SASP per 4-5 bp DNA. The α/β-

type SASP and DNA interaction does not involve divalent cations, is independent of pH 

between 6 and 8, and for some SASP-DNA pairs it is relatively insensitive to NaCl up to 0.3 

M. The relative DNA affinity of α/β-type SASP is poly(dG)·poly(dC) > 

poly(dG-dC)·poly(dG-dC) > plasmid pUC19 > poly(dA-dT)·poly(dA-dT). Notably, 

poly(dA) ·poly(dT) shows no detectable binding. The SASP-DNA complex blocks DNA 

cleavage by hydroxyl radicals and restriction enzymes, particularly of DNA stretches with a 

GC-rich sequence (Hayes and others 2000; Frenkiel-Krispin and others 2004; Setlow and 

others 1992). Electron microscopy studies confirms that DNA is fully coated with SASPs 

modifying the DNA conformation and forming distinct protruding domains that might be 

important to the stability of spore DNA. The tight packing conformation of the DNA-SASP 

complex in a supercoiled A-form DNA (Frenkiel-Krispin and others 2004) lowering water 

content and activity may prevent UV-induced DNA lesions (Patrick and Gray 1976). 

DNA repair is an essential spore resistance mechanism. Rapid DNA repair by 

different mechanisms is essential for spores to survive during outgrowth. In α- β- B. subtilis 

spores, wet-heat, desiccation or UV treatment precedes the expression of three DNA repair 

genes (dinR, recA, and uvrC) during spore outgrowth (Setlow 2006). Several studies suggest 

that the repair of damaged DNA by recombination and excision involves RecA and spore-

specific repair proteins (Moeller and others 2008; Setlow 2006; Moeller and others 2011; 

Salas-Pacheco and others 2005). In vegetative cells, UV-induced photochemical reactions 

may cause DNA lesions transforming DNA structure to pyrimidine dimers, and 6-4-
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photoproducts (64PP), while an intra-strand thyminyl-thymine adduct conformation or spore 

photoproduct (SP), is produced in dormant spores. This unique SP can be rapidly and 

accurately repaired during early outgrowth with α/β-SASPs playing an essential role in 

promoting SP production during UV exposure. In the absence of α/β-SASPs, spore DNA 

contains large amounts of pyrimidine dimers and 64PP and less SP. When compared to WT 

spores containing SP, those lacking DPA have less SP and contain lethal conformations of 

pyrimidine dimers and 64PP (Xue and Nicholson 1996; Setlow 2006; Fajardo-Cavazos and 

others 1993). Spore photoproduct lyase (SPL), an enzyme specific for SP, found only in the 

developing spore and repairing SP efficiently and rapidly by recombination and excision, is 

a major factor in the spore UV resistance (Cheek and Broderick 2002). 

 

2.4. Pathogen load reduction during food processing and storage  

Although many alternatives have been developed, thermal processing remains the 

most frequent, efficient, effective and low-cost alternative used for microbial risk reduction. 

However, the demand for improved nutritional quality and higher retention of sensory 

properties is driving the development of novel thermal technologies such as HPP, PATP, 

HPCD and many others. In terms of food safety, processing can be divided into pasteurization 

and sterilization, the latter uses the more severe process conditions required to inactivate 

bacterial spores to a low probability of survivors. In the canning industry, spores from C. 

botulinum and C. sporogenes are typically the most heat resistant pathogen risk and spoilage 

concern, respectively. Technologies are also needed to control the growth of pathogens and 

spoilage microorganisms during storage. 

 

2.4.1. Thermal processing 
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Microorganisms are far less resistant to wet than to dry heat applied for the 

disinfection of packaging and equipment. Heat damages multiple vegetative cell sites 

including cell wall components, cytoplasmic membranes, ribosomes, ribosomal RNA, and 

enzymes involved in key cellular metabolic pathways (Smelt and Brul 2014). When growing 

microorganisms undergo sublethal heat treatment, the cell membrane appears to be the most 

commonly affected component along with DNA, RNA, ribosomes, and enzymes (Ray 1979; 

Ray 1993; Hurst 1977; Jay and others 2008). For example, mild temperature (< 64°C) 

damages the cytoplasmic membranes of Lactobacillus bulgaricus (Teixeira and others 1997). 

Busta (1976) showed the release of potassium, amino acids, and proteins from heat injured 

cells suggesting cell membrane damage and confirmed by differential scanning calorimetry 

studies (Teixeira and others 1997; Nguyen and others 2006). Treatments of growing cells at 

higher temperatures have been shown to cause more damage cell membranes and affecting 

also ribosomes, key proteins, RNA and DNA (Mackey and others 1991; Nguyen and others 

2006; Teixeira and others 1997). Mackey and others (1991) have shown that various 

mechanisms are involved in the inactivation of E. coli cell at elevated temperatures. Heat 

treatments at 20-40°C cause sublethal cell membrane damage. The first irreversible change, 

denaturation of the 30S ribosomal subunit and soluble cytoplasmic proteins, occurs at 47°C. 

Ribosome melting and DNA damage has been observed at 47-85°C and 95°C, respectively. 

Further studies have shown that the maximum inactivation rate coincided with the 

denaturation of the 30S ribosomal subunit in E. coli, B. stearothermophilus, L. 

monocytogenes, Lactobacillus species (Mackey and others 1993; Stephens and Jones 1993; 

Teixeira and others 1997; Anderson and others 1991).  

As discussed in Section 2.3.4, bacterial spores are more heat resistant than vegetative 

cells. Spore protein denaturation is the major reason of spore inactivation (Zhang and others 
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2010), while IM or DNA damage have been observed in some Bacillus spores (Zhang and 

others 2011). In a population, superdormant and early matured spores show higher and lower 

wet-heat resistance, respectively (Ghosh and others 2009; Sanchez-Salas and others 2011a). 

Though much information on Bacillus species and C. perfringens is available, data and 

inactivation resistance mechanisms on the emerging pathogen C. difficile is not yet complete. 

C. difficile spores may have similar α/β-SASPs resistance systems. Homologues to those 

characterized in C. perfringens and B. subtilis have been identified. However, GRs 

homologous to those found in Bacillus and many other Clostridium species have not been 

found, and the germination pathways appears to be also different (Paredes-Sabja and others 

2014).  

Although desirable from a microbial inactivation point of view, thermal processing 

reduces the nutrient content of products, changes the color, texture and flavor of food, and 

can even accelerate the formation of toxic, mutagenic and carcinogenic compounds including 

heterocyclic aromatic amines, furans, acrylamide, and monochloropropanediol (Eisenbrand 

and others 2007; Segovia Bravo and others 2012). The Maillard reaction involving reducing 

sugars and free amino acids may form acrylamide but it is also responsible for many desirable 

color/flavor compounds. The oxidation of unsaturated fatty acids and the advanced glycation 

between aminoacids and sugars is unavoidable in the thermal process. The growing demand 

for food products with improved nutritional quality and higher retention of their color and 

texture has encouraged the commercial development of novel and alternative technologies. 

HPP, HPCD, PEF, and pressure-assisted thermal processing (PATP) are new alternatives to 

conventional and widely-used technologies (Cheftel 1995; Damar and Balaban 2006; 

Jeyamkondan and others 1999; Farkas 1998; Serment-Moreno and others 2015c; Caballero-

Cerón and others 2015; Pazos and others 2015; Jiménez-Aguilar and others 2015; Escobedo-
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Avellaneda and others 2015). 

 

2.4.2. High pressure processing (HPP) 

High-pressure processing (HPP) has been a significant recent development in food 

industry. The commercialized HPP products in market include refrigerated products such as 

fruit juices, deli meats, seafood, ready-to-eat meals, and salsas (Torres and Velazquez 2008; 

Torres and others 2010). HPP products are recognized as “fresh-like”, and have a similar 

retention of nutrient to unprocessed food, and have been facilitated acceptance by consumers 

with higher market value (Cruz and others 2011a). Typical commercial HPP treatments at 

mild or refrigerated temperature for short time (1-5 min) providing only a pasteurization 

effect since the inactivation of bacterial spores by pressure alone is not feasible (Torres and 

Velazquez 2008; Mújica-Paz and others 2011; Serment-Moreno and others 2014). Pressures 

between 300 and 600 MPa can inactivate yeasts, moulds and most vegetative bacteria 

including most infectious food-borne pathogens. Pressure treatment of microbial growing 

cells induces many changes in the bacterial cell, including inhibition of key enzymes, 

inhibition of protein synthesis, alterations in cell morphology and the cell membrane, as well 

as affecting the genetic mechanisms of the microorganism such as disruption of transcription 

and translation and cellular functions responsible for survival and reproduction (Patterson 

1999; Mújica-Paz and others 2011; Torres and Velazquez 2008). Membrane permeability has 

been attributed to the compression and reduction of the phospholipid bilayer (Hoover et al., 

1989). The damage of bacteria membrane causes leakage of intracellular components as 

confirmed by uptake of ethidium bromide and propidium iodide (Chilton and others 1997; 

Mackey and others 1995; Ritz and others 2001). Morphological changes may occur, such as 

the detachment of the membrane from the cell wall (Patterson 2005).  
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Bacterial spores can survive up to 1000 MPa when treated by pressure alone 

(Paidhungat and others 2002; Smelt 1998; Akhtar and others 2009; Heinz and Knorr 1996; 

Paredes-Sabja and others 2007). The mechanisms for the high pressure inactivation of 

bacterial spores remain unclear. High pressure inactivation does not involve α/β-type SASP, 

nor spore coat damage (Nicholson and others 2000). High pressure may cause changes in the 

spore's inner membrane by decreasing the membrane fluidity, and this would be expected to 

retard DPA loss. However, such events have not been observed in B. subtilis (Paidhungat and 

others 2002). Since spore IM is highly compressed and immobilized, and cortex layer provide 

additional protection to the IM, high pressure alone is presumed unable to affect IM fluidity. 

Several studies confirmed that HPP can induce the germination of spores of Bacillus species 

and the release of DPA from the spore core (Wuytack and others 1998; Paidhungat and others 

2002; Black and others 2007; Raso and others 1998). This suggested that Bacillus spores 

could be inactivated by HPP cycle treatments (Heinz and Knorr 2001; Meyer and others 

2000). However, high pressure does not induce the germination of C. perfringens spores 

(Paredes-Sabja and Sarker 2011a; Paredes-Sabja and others 2007).  

 

2.4.3. High pressure carbon dioxide (HPCD) 

The use of supercritical fluids, in particular supercritical CO2, have been suggested to 

be an alternative, non-thermal alternative. Pressurized CO2 at mild temperature (>7.38 MPa 

and >31.1°C) is a supercritical fluid. High pressure carbon dioxide (HPCD) treatments have 

been reported to inactivate at least 12 Gram-positive bacteria, 10 Gram-negative bacteria, 8 

bacterial spores, and 8 fungi as filament or spores (Zhang and others 2006). Several studies 

have shown that the E. coli and natural microflora in fruit juice is inactivated by HPCD 

(Erkmen 2001; Ferrentino and others 2008; Ferrentino and others 2009; Liao and others 2007; 
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Liao and others 2008; Peleg 2002; Ferrentino 2009). HPCD also have been applied to reduce 

bacteria in solid food product (Ferrentino and others 2013a; Ferrentino and others 2013b; 

Galvanin and others 2014). Although some spores can be inactivated, they are generally 

reported highly resistant to HPCD treatments. Watanabe and others (2003) reported that 

HPCD cannot inactivates efficiently spores of B. coagulans, B. subtilis, B. cereus, B. 

licheniformis, and Geobacillus stearothermophilus. Furthermore, the inactivation of B. 

subtilis spore by HPCD treatment at higher temperature (>75°C) is due to heat and not CO2 

pressure (Spilimbergo and others 2003).  

HPCD treatments are applied typically at mild temperatures not far above the critical 

point (31.1°C). This mild temperature alone is insufficient to cause irreversible microbial 

inactivation (Mackey and others 1991; Nguyen and others 2006; Teixeira and others 1997). 

The exact mechanisms of vegetative cell inactivation by HPCD are not clear, but the 

mechanisms involved may be pH shift due to dissolved CO2, enzyme inhibition, physical 

disruption of cells, cell membrane damage, and extraction of intracellular components 

(Damar and Balaban 2006; Garcia-Gonzalez and others 2007). Pressure enhances the CO2 

solubility resulting in acidification of the external medium which is presumed to increase the 

cell permeability and further facilitating the penetration of CO2. As it accumulates in the cell 

membrane, it causes cell membrane damage by disturbing the phospholipids structure and 

function (Isenschmid and others 1995; Garcia-Gonzalez and others 2007). Penetration and 

accumulation of CO2 and HCO3
- may reduce internal pH and directly inhibit enzyme activity 

(Jones and Greenfield 1982). In addition, CO2 at higher pressure exhibit higher solvating 

power that can enhance the ability of extracting constituent from the cell or cell membrane 

(Lin and others 1992).  
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2.4.4. Low temperature  

Only few microorganisms can multiply at temperatures below 4°C (40°F) which 

retards the growth of all microorganism (Russell and others 1990a). This temperature is 

below the lower limit for the growth of major foodborne pathogens including Campylobacter 

spp., proteolytic strains of C. botulinum, C. perfringens, B. cereus, Staphylococcus aureus, 

and Salmonella spp. (Russell and Gould 2003). By reducing the enzyme activity, refrigeration 

temperature inhibits not only microbial growth but also the synthesis of toxins. Low 

temperature also reduces the solubility and diffusion of nutrients and the fluidity of 

membrane lipids (Nedwell 1999). However, psychrophiles, yeasts and mold can grow at 

refrigeration temperature including some non-proteolytic strains of C. botulinum which can 

grow at 3°C. Particularly significant is the ability of L. monocytogenes to grow at 

refrigeration temperature as low as -0.4°C (Walker and others 1990; Farber and Peterkin 

1991).  

At sub-zero temperature, some microorganisms may grow if there is free water due 

to supercoiling or the presence of solutes depressing the freezing point. In frozen food, water 

activity is reduced which contributes to the prevention of microbial growth (Russell and 

others 1990b). At -20°C or lower, intracellular water will freeze and preventing the growth 

of microorganisms (Franks 1985b). Damage of cold-labile proteins by freezing inactivates 

some microorganisms and injures others (Franks 1985a; Strambini and Gabellieri 1996). 

Early studies have found that spores of Bacillus and Clostridium species can survive 

at frozen temperatures for over 30 years in nature (Hughes and Nobbs 2004). However, only 

few long-termed studies have been done in controlled environment. Cronin and Wilkinson 

(2008) observed a 2 decimal reduction in viability of sublethal heat-shock treated B. cereus 

spores in 1-month storage at freezing temperatures. Also, less than 1.3 and 1.6 decimal 
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reduction in viability of C. perfringens spores were observed after 6 months at 4 and -20°C 

was reported (Li and McClane 2006). One reason for spore survival over extended periods is 

undoubtedly their extreme metabolic dormancy, and low temperature is not expected to affect 

enzyme activity. Additionally, the low water content in spore core can minimize the damage 

from ice formation. Freeze-thaw cycle can induce microbial inactivation (El-Kest and Marth 

1992; Bang and Drake 2002; Garénaux and others 2009; Gao and others 2009). Freeze-thaw 

injury of microbes is manifested by an increase in fastidiousness and by changes in cellular 

morphology, release of materials from the micro- and macrostructure of cells, and 

denaturation of macromolecules (El-Kest and Marth 1992). Not surprisingly, bacteria spores 

are routinely resistant to multiple freeze/thaw cycles even when the freezing process is 

extremely slow (Setlow 2006). A few studies have indicated that the spore coat and the α/β-

type SASPs were not involved in Bacillus spore resistance to freezing and thawing (Setlow 

2014b). 

 

2.4.5. Low water activity  

Although curing (salt addition, e.g. NaCl), conserving (sugar addition), and drying 

(partial or complete) have been widely used to preserve foods for thousands of years, water 

activity level was identified as the food property limiting microbial growth only in the 1950s 

(Scott 1953; Scott 1957). Water activity (aw) is the ratio of the partial vapor pressure of the 

food and that of pure water. This value is widely used to predict the stability of foods with 

respect to microbial growth, chemical and enzymatic reactions, and physical changes during 

food storage. The lowest aw resistant pathogenic bacteria is S. aureus, capable of aerobic and 

anaerobic growth at 0.86 and 0.91, respectively. Most yeasts and molds can grow to lower aw 

than bacteria, and some can grow slowly at aw 0.60 although most are not a safety concern. 
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Microbial inactivation is observed at aw levels below the growth limit. The lowest aw growth 

limits for C. botulinum, C. perfringens and B. cereus are 0.95, 0.96 and 0.93, respectively. 

However, their spores remain viable after long storage times at low aw. The metabolic 

activities of toxin production by growing cells are inhibited in low aw food and thus they are 

less likely to cause intoxications, but consuming food containing viable spores may cause 

infections as is the case for C. perfringens (Food and Drug Administration 2013; Uzal and 

others 2014). While food infections can also result from consuming foods containing viable 

C. difficile spores (Sunenshine and McDonald 2006), their viability in reduced aw foods needs 

has not been determined. 

 

2.5. Mathematical inactivation models 

Mathematical models are used to develop food processes ensuring food safety and 

inactivation of spoilage microorganisms, and to compare the impact on microbial inactivation 

of different process conditions (Vose 2008; van Boekel 2008). Generally, these models are 

determined empirically from microbial inactivation kinetic studies. Although the inactivation 

mechanism for vegetative cells and bacterial spores differ, the same empirical model 

structures have been used. Microbial survival curves are obtained by plotting the logarithm 

of the survivors’ fraction as a function of time which is then expressed mathematically as a 

primary model. The observed rate of microbial inactivation as a function of time describes 

the process efficiency and remains constant only when the assumption of first order kinetics 

is fulfilled. In all cases, the inactivation rate depends on process conditions expressed 

mathematically using secondary models (van Boekel 2008; Peleg 2006a; Zwietering and 

others 1990). 

Reflecting the distribution of the inactivation rate in a population, the shape of the 
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microbial inactivation/survival curve is more complex than a linear function of time and 

shows ‘shoulders’ and ‘tails’, i.e., downward and upward concavity (Zwietering and others 

1990; van Boekel 2008; van Boekel 2002; Peleg 2006a; Peleg and Penchina 2000). A true 

linear survival curve would indicate that all individuals in a population have the same 

probability of being inactivated at any given time and condition which is unlikely since 

microorganisms in a population are not identical. An upward concavity would occur when a 

fraction of the individuals in a population have lower resistance while the typical initial 

downward concavity would indicate a lag time in microbial inactivation (Mafart and others 

2002; Gil and others 2006). 

 

2.5.1. First order kinetics model 

The first order kinetics model is the classical approach to describe microbial survival 

during thermal processing and was initially formulated to describe mathematically the 

kinetics of the inactivation of bacterial spores (Smelt and Brul 2014; Peleg 2003b). The heat 

resistance of microbial cells and spores is expressed in terms of a decimal inactivation value 

(D) denoting the time (t) at a constant temperature T lowering a microbial population by one 

decimal log cycle (Eq.2.1). The temperature dependence of the D value is assumed to be log 

linear and characterized by a thermal resistance constant (z) corresponding to the temperature 

increase required to decrease the D value by a factor of 10 (Eq.2.2). In heat pasteurization 

and in heat sterilization of low-acid foods (pH < 4.5), 82.2°C (180°F) and 121.1°C (250°F), 

respectively, are used as the reference temperature.  
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First order kinetic parameters (D, z) describing the thermal inactivation of microbial 

pathogens in various food materials are widely available (FDA 2012). These parameters can 

be applied to other processing technologies when temperature is the primary microbial 

inactivation factor. The first order kinetics approach has been extended to alternative 

processing technologies such as HPP and PEF (FDA 2012). To describe the kinetics of 

microbial inactivation by HPP treatments, Zook and others (1999) assumed first order 

kinetics and proposed a decimal reduction time DP as the time required to achieve 1 decimal 

reduction at a given pressure, and the constant zP to describe the pressure increase required 

to reduce Dp by one log cycle. These constants are determined using isothermal and isobaric 

experiments above the threshold pressure needed for microbial inactivation. 

New microbial inactivation models have been proposed to describe the kinetics of 

microbial inactivation, particularly since the commercialization of alternative processing 

technologies in the early 1990s. These models seeks to overcome limitations of the first order 

kinetic model when describing the downward and upward concavity of microbial survival 

curves (Peleg 2003b; Zwietering and others 1990; Fernandez and others 1999b; Mafart and 

others 2002; Sapru and others 1993; van Boekel 2002; Serment-Moreno and others 2016a; 

Serment-Moreno and others 2014). Forcing a straight line when an upper concavity or “tail” 

occurs in a survival curve, leads to under processing and hence an increased safety risk. On 

the other hand, a downward concavity or “shoulder” results in over processing and thus 

unnecessary high processing costs and quality losses. The classic first order kinetic 
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inactivation model was formulated considering computational limitations prevailing in the 

early 1900’s. Today, mathematical model simplicity is no longer a primary concern allowing 

researchers to propose more complex alternatives if they are required to eliminate the 

consequences of under and over processing. 

 

2.5.2. Modified Weibull model 

Among non-linear microbial inactivation kinetic models, the cumulative probability 

equation of the Weibull distribution has been widely used reflecting its simplicity, flexibility 

and semi-empirical nature. The Weibull and modified Weibull equations have been applied 

to describe the inactivation of vegetative cells and bacterial spores (Eqs.3-4, Couvert and 

others 2005; Fernandez and others 1999b; Mafart and others 2002; van Boekel 2002; 

Fernández and others 2002; Peleg and Cole 1998; Collado and others 2006; Peleg 2003a). In 

its Eq.2.3 form proposed by Mafart and others (2002), the scale parameter (δ) is analogous 

to D values to the power of p, a scale parameter defining the curve concavity (Figure 2.6). 

When p=1, the survival curve corresponds to a straight line suggesting homogeneous 

resistance while p>1 and p<1 corresponds to a downward concavity or “shoulder” and to 

upward concavity or “tail,” respectively. To describe the thermal inactivation of vegetative 

cells, van Boekel (2002) used the Eq.2.4 form based on a scale factor (scale) and a shape 

parameter (shape). Among the 55 datasets investigated, 39 cases showed downward 

concavity (shape>1), 14 cases showed upward concavity (shape<1), and only 2 cases were 

linear (shape=1). The scale parameter depends on temperature and can be considered 

analogous to the D value in the first order kinetic model. In most cases (48 out of 55), 

temperature had no effect on the shape parameter. Similar results have been obtained when 

using this model to describe the thermal inactivation of Bacillus species and C. botulinum 
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spores (Mafart and others 2002; Couvert and others 2005).  
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The microbial inactivation by HPP treatments has been described by the Weibull 

model using as secondary models a logistic-exponential expression and an exponential decay 

expression for the scale and shape parameters, respectively (Doona and Feeherry 2008; Peleg 

2002; Peleg 2006a; Serment-Moreno and others 2014; Serment-Moreno and others 2015c; 

Serment-Moreno and others 2015d). Serment-Moreno and others (2015b) pointed out that 

experimental data to model HPP treatments should be limited to typical commercial treatment 

times (less than 10 min). 

The modified Weibull equation has also been used to estimate the microbial 

inactivation by HPCD treatments (Ferrentino and others 2008; Peleg 2002). Ferrentino and 

others (2008) concluded that the Weibull shape parameter was only temperature dependent 

while the scale parameter was both temperature and pressure dependent. The scale parameter 

was estimated separately as a pressure dependence parameter under isothermal conditions, 

and a temperature dependence under isobaric conditions. Though the model obtained fitted 

the experimental data with good overall agreement (R2 > 0.945), large differences between 

observed and predicted values were found. This limitation in predicting the combined effects 

of pressure and temperature on microbial inactivation suggests the need to develop an 

improved model to estimate microbial inactivation by HPCD treatments. 
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2.5.3. Modified Gompertz model 

The Gompertz model was developed to describe sigmoidal survival curves observed 

sometimes for thermal processing, HPP, PATP and other microbial inactivation treatments, 

particularly for treatments with long processing times (Linton and others 1996a; Xiong and 

others 1999; Gil and others 2006; Serment-Moreno and others 2016a; Zwietering and others 

1990). Similar to other microbial inactivation models, microbial survival is described by a 

primary model for a given process condition (Eqs.2.6-2.7). Although the model parameters 

(λ, μmax, A) in the Eq.2.5 form of the Gompertz model can be assigned a biological meaning, 

the simpler Eq.2.6 form has been used in many studies (Zwietering and others 1990) requiring 

Eqs.2.7-2.8 to generate a similar interpretation. A modified Gompertz model has been used 

to predict microbial inactivation under time-varying temperature conditions (Gil and others 

2006). To estimate the microbial inactivation in milk by HPP treatments, Serment-Moreno 

and others (2016a) proposed recently the use of a modified Gompertz model to incorporate 

the effects of the dynamic pressure conditions prevailing during come-up time and of the 

microbial detection limit. The modified Gompertz model has been also used to estimate the 

microbial inactivation by HPCD treatments (Erkmen 2001) but its application when using 

other technologies needs further study. 
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2.5.4. Model selection criteria 

The statistical quality of a proposed model needs to be evaluated during its 

development (Ramsey and Schafer 2002). Usually, multiple models are proposed and thus 

the model goodness of fit to the experimental data has been suggested as the approach to 

select the best model. Measures of the goodness of fit summarize the discrepancy between 

observations and values estimated by the regression model. Statistical quantities based on 

squared differences such as the mean square error (MSE) and the coefficient of determination 

(R2), are the most frequently used to evaluate the goodness of fit of a mathematical model. 

 

Mean square error (MSE). This is the mean value of the square of the errors or residuals in 

a model, i.e., the difference between the observed responses to the explanatory variable(s) 

and the corresponding response predictions estimated by the model (Eq.2.9). A lower MSE 

value suggests a better model fit. 
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Coefficient of determination (R2). This can be defined as the proportion of the total response 

variation explained by the explanatory variable (Eq.2.10). The residual sum of square errors 

(SSRES) is the sum of squared residuals while the total sum of squares (SST) is the sum of 

squared difference between the individual observed values and the mean value of the 

observations (Eq.2.10). R2 varies from 0 to 1 to describe how well the observed outcomes are 

replicated by a model. A value of R2=1 denotes that all residuals are zero, i.e., there is no 

difference between estimated and observed values suggesting a “perfect” fit of the model to 

the observed values. In microbiological research, R2~0.90 is defined as “good enough”. 

However, an R2 value is insufficient to discriminate between different models. The R2 
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criterion is a useful and quick assessment of a model performance, but it cannot be used to 

access the adequacy of the model. The adequacy of a model can be determined either by 

visual examinations of residual plots or by quantitative analysis of residuals. Most 

importantly, even if the model is missing an important variable, it may still yield a high R2 

value for a model. Furthermore, R2 tends to increase when the number of variables is 

increased even when adding unrelated parameters. Therefore, relying solely on the R2 

criterion may lead to over- or underestimation of a model (Ramsey and Schafer 2002). 

Moreover, R2 tends to be an unfavorable measure for non-linear models, and the use of other 

measures such as the Akaike Information Criterion (AIC) and Bayesian Information Criterion 

(BIC) have been encouraged when evaluating non-linear models (Spiess and Neumeyer 

2010). 
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Information theory criteria. In this approach, measures of the information lost in an 

empirical distribution when a proposed model is used to approximate the distribution of a 

population have been shown to be powerful tool for model selection (Akaike 1998). The 

likelihood is a function summarizing the probability of a set of outcomes described by a 

model representing the observed population. The maximum likelihood estimate (MLE) is 

used to evaluate the sample relevance to the parameters in a given mathematical model. In 

general, increasing the number of parameters benefits the likelihood estimation, and results 

in over-fitting the model. Hence, a penalty term is introduced to include the effect of the 

number of parameters in the model. If the underlying distribution of the sample data follows 
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a normal distribution, ℓ can be calculated from the data sample size and the variance estimate 

(
2̂ ). The Akaike information Criterion (AIC) favors the accuracy of model through the 

maximum log-likelihood estimation (ℓ, Eq.2.11), and penalizes the indiscriminate use of extra 

parameter (Eq.2.12) when assessing the goodness of fit among nested and non-nested models. 

The Bayesian Information Criterion (BIC) is partly based on the likelihood function and 

closely related to the AIC (Eq. 2.13). The penalty term is larger in BIC than in AIC. Models 

with lower AIC and BIC values are preferred in the model selection. In conclusion, when 

developing models describing the microbial inactivation kinetics or any other process, both 

goodness of fit (i.e., R2, MSE, and residual plots) and information theory criteria (i.e. AIC 

and BIC) should be used. 
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2.5.6. Model prediction  

Extrapolation and interpolation. When a prediction model is established, its primary 

goal is to predict the response to the explanatory variable(s). The prediction model makes it 

possible to make inference about any mean response within the range of explanatory variables. 

The model is usually developed by assuming that there is a subpopulation of responses for 

each value of the explanatory variable, and the selection of an observation from any of the 

subpopulation is independent of the selection of any other observation. The explanatory 
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variable is not necessary in the observation data set, but within the range of observed variable 

values. The ability to interpolate is the great benefit to regression analysis. However, it is 

potentially dangerous to make prediction outside the range of observed variable values. A 

regression model derived from inside of the range is not necessarily able to represent the 

response outside of it (Ramsey and Schafer 2002). 

 

Variation, variability and uncertainty. The inference of a model is derived by simulating the 

sampling process and predicting the mean value of response at a given condition representing 

the subpopulation. The variation of such predicted subpopulation is divided into two 

variability and uncertainty. The variability of a population refers to the natural inherent 

heterogeneity or diversity of the population, and it is usually expressed through statistical 

metric, such as standard deviation, range, or a set of distribution parameters. The variability 

of a population cannot be reduced, but its characterization can be improved. The uncertainty, 

or measurement error, refers to the degree of precision of a model or statistical metric 

describing the population. The uncertainty, contributed by model and input uncertainty, is 

reduced or eliminated by more precise data. Model uncertainty refers to the problem that a 

model is unlikely to predict the population “perfectly”, and the input uncertainty refers to the 

uncertainty of the explanatory variable(s) used to make the prediction (FAO/WHO 1995; 

Ramsey and Schafer 2002). It is necessary to consider the model uncertainty when 

interpreting the model outcome. A confidence interval (CI) is often used to summarize the 

uncertainty of a model or the measurement error of a population. In a regression model, the 

probability of the “true” mean response of subpopulation to a given explanatory variables is 

likely to be contained in a range predicted by the model and termed as confidence interval 

(CI). For example, a 95% CI denotes a 95% probability that the “true” mean of a population 
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is in the range of the CI (Ramsey and Schafer 2002). 

Under new food safety regulations, processors must provide evidence that the process 

target will be met with a certain probability considering all variation sources (FDA 2003; 

Rieu and others 2007a; Smout and others 2000c; Chotyakul and others 2011c; Food and Drug 

Administration 2015). The variability and uncertainty of the estimation can be described by 

statistical metrics such as the mean value and its standard deviation and the level of 

confidence, respectively (Food and Drug Administration 2015). The mean value and standard 

deviation describe the variability of a subpopulation, and the confidence level indicates the 

uncertainty of the sample representation of the subpopulation of interest.  

In microbial food safety determinations, a kinetic model is used to draw inferences 

about the inactivation achieved by a given process condition and time. Variation in the 

microbial inactivation level achieved is unavoidable, and caused by heterogeneity in the 

resistance to the process of each individual in the population, heterogeneity of the initial food 

material and its changes during inactivation, and, the uncertainty of the prediction model. A 

certain confidence level can be used to describe the variation of the prediction for the 

microbial reduction. A high confidence level (typically >95%) should be required when 

establishing a food safety standard such as the 5 decimal reduction of pathogens used for 

juice pasteurization (Salgado and others 2011; Gayán and others 2012; Gayán and others 

2014; Chotyakul and others 2011c). This implies that 95% of juice batches processed under 

that condition will reach at least 5 decimal reductions. Although the importance of variation 

of the data is acknowledged by food processors, mean values are still widely used in the 

design of commercial processes. 
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2.5.7. Monte Carlo simulation  

Single point or deterministic modeling is typically used when analyzing the kinetics 

of microbial inactivation generating a single-value prediction response. This approach makes 

it difficult to estimate the influence of the input data variability. Among the techniques 

proposed to overcome this limitation, Monte Carlo simulations are widely recognized as valid 

and are thus frequently used (Vose 2008). A Monte Carlo approach is not only able to assess 

the impact of variability, but also to reduce the uncertainty of the model. It uses the structure 

of the deterministic model, but replaces single values for each variable and estimated 

parameter in the model with their specific probability distribution. This yields a new 

distribution describing the model outcome and reflecting the influence of the input data 

variability (Figure 2.7). To assess the variability of the input data, this technique involves 

simulating randomly and independently each input probability distribution (uniform, normal, 

Poisson, etc.). The simulation largely increases the sample size, and thus reducing the model 

uncertainty. Therefore, in the outcome of the model the uncertainty is minimized and overlaid 

by the data variability (Vose 2008). Model calculations for each input set represents an 

iteration and the number of iterations can be determined by evaluating coefficient of variation 

(CV). The CV is expressed as a ratio of standard deviation to mean, and is useful to compare 

the variation from one data series to another. The iteration size is considered to be large 

enough when the CV of simulated data series in multiple iterations are similar. (Vose 2008). 

The random simulation procedures can be performed using Microsoft® Excel, 

RStudio®, or @RISK® Monte Carlo software. Though Monte Carlo simulations are 

criticized as an approximation technique, the precision level can be increased by increasing 

the simulation sample size. The limitations might be the number of random numbers that can 

be produced from an algorithm of the computer calculation, or more commonly the 
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computation time needs to perform the iterations (Vose 2008). The Monte Carlo based 

prediction model is widely used in microbial inactivation kinetic models and dose-response 

models in the microbial quantitate risk assessment (MQRA) as presented in the following 

sections. 

 

2.6. Quantitative risk analysis 

Food microbial quantitative risk analysis (MQRA) is the quantification of the 

probability and the potential impact of a microbial risk. The application of a MQRA requires 

5 steps: 1) hazard identification: knowledge of the microorganisms that represents a potential 

hazard and needs to be controlled; 2) exposure assessment: describing the impact of farm-to-

table factors on the level of the hazard; 3) dose-response assessment: a semi-quantitative or 

quantitative analysis of the dose of hazardous microorganism affects the public health; 4) risk 

characterization: establishing a safety standard that is acceptable considering public health 

goals, cost, consumer expectations, and economic and social consequences; 5) risk 

management: a complex analysis aimed at identifying specific actions required to reduce the 

probability of occurrence of an unacceptable risk on each steps. The total uncertainty of the 

QMRA comes from the uncertainty due to the method and tool used, and the variability, a 

function of system. These two components act together to erode the ability to make 

predictions. The structure of MQRA model is very similar to a single point or deterministic 

model linking together all farm to table variables or factors. The difference is that the MQRA 

describes each model variable with a probability distribution instead of a single value. The 

objective of MQRA is to calculate the combined impact of the variability in the model’s 

parameters in order to determine a probability distribution of the possible model outcomes. 

Monte Carlo method provides a powerful and precise method for assimilating the uncertainty 
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and variability of a problem and for producing a more realistic appreciation of the total 

uncertainty.  

 

2.6.1. Hazard identification and exposure assessment 

The first step of MQRA is hazard identification which is a qualitative analysis 

identifying the potential microorganism arising a food safety concern in a particular food 

product. Information on potentially hazardous bacteria can be obtained from epidemiological 

surveillance of foodborne infections and intoxication data base, such as CDC FoodNet. In 

this step, the list of microorganisms known to cause foodborne diseases is cross compared 

with microorganisms naturally present in the components of a specific food product and in 

potential post-harvest contamination sources to determine whether these pathogens are likely 

to be present in the food products. Next, the pathogenesis type (infection, intoxication, or 

toxicoinfection) is investigated with respect to the expected food handling and preparation 

for consumption. This is followed by an analysis of the pathogen ability to survive processing, 

storage and distribution conditions. Finally, the dose or consumer exposure to the pathogens 

identified is assessed quantitatively in the end-product at the time of consumption 

(Notermans and Mead 1996; World Health Organization 2003). This involves the 

quantification of pathogen hazard from farm to table, including but not limited to the 

pathogen load in raw materials, reduction by processing, the survival and/or growth during 

storage and distribution, and any reduction due to preparation steps before consumption. 

Most importantly, it is essential to include in these estimations the variability of each factor. 

Mathematical models to predict microbial survival, growth, or inactivation during storage, 

distribution and processing can be divided into two categories: deterministic and probabilistic 

(World Health Organization 2003). 
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Deterministic models. These are predictions based on single-point estimates such as the mean 

or extreme value of a population. Deterministic risk models use single-point estimates and 

thus produce single value outcomes. However, recent changes in food safety regulations 

require now estimations of the variation of the end-point pathogen load in food products 

(FDA 2003; Rieu and others 2007a; Smout and others 2000b; Chotyakul and others 2011c; 

Food and Drug Administration 2015).  

Extreme scenario data has been often used to determine a microbial safety goal. For 

example, the 12D concept originally used in the thermal processing of low-acid canned foods 

was based on the assumption of a high C. botulinum spores load of 103 CFU/container to be 

reduced by 12 decimal cycles to estimate a process time FT (= 12DT) at temperature T 

(Stumbo and others 1975; Stumbo 1973). Given the heterogeneity of the spore resistance and 

distribution in foods, a single-value FT is an unreliable criteria to produce safe food products 

and may lead to under- and overprocessing situations. Therefore, the safety objective for the 

thermal processing of low-acid canned foods has changed to achieving a minimum risk of 1 

failure in 109 containers with a 95% confidence level (Smout and others 2000a; Smout and 

others 2000b). Another example in the guidance for control of pathogens in raw oyster 

production, the FDA requires “the dealer must demonstrate that the process reduces the level 

of Vibrio vulnificus and/or Vibrio parahaemolyticus … to non-detectable (<30 MPN/gram) 

and that the process achieves a minimum 3.52 decimal reduction (see p. 140, Anonymous 

2011a).” The 3.52 decimal reduction was determined by reducing the pathogen load from a 

“worst case” observed to a non-detectable levels. However, the worst case observed does not 

necessarily represent the pathogen loads observed in commercial oyster processing (Motes 

and others 1998). Overprocessing increases product costs and lowers product quality. 
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Moreover, when the number of factors included in the deterministic model, the use of extreme 

scenario values is an inadequate assessment of the impact of the variability pathogen risk at 

the point of consumption (Vose 2008; Haas and others 1999; Serment-Moreno and others 

2015a). 

 

Probabilistic model. In the probabilistic approach probability distributions are used instead 

of single-point estimates. The Monte Carlo strategy approach is a widely recognized and 

frequently used probabilistic model to consider the variability of multiple input factors (Vose 

2008; World Health Organization 2003; FAO/WHO 1995; Ang and Tang 1984; Metropolis 

1987; Poschet and others 2003; Wittwer 2004; Chotyakul and others 2011c; Coleman and 

others 2010; Serment-Moreno and others 2015a). In Monte Carlo based exposure assessment 

models, the variation of each farm-to-table step is taken into account to estimate the 

probability distribution of the pathogen load at product consumption. This end point pathogen 

load may be further analyzed using dose response models to estimate the health risk to the 

consumers.  

A Monte Carlo based risk model was developed for ground beef hamburgers to 

identify and estimate the E. coli O157:H7 risk in the end product. The estimated distribution 

of the pathogen E. coli O157:H7 in ground beef packages at retail as predicted by this 

exposure model was found to be consistent with published pathogen load survey data (Cassin 

and others 1998). Chotyakul and others (2011c) used Monte Carlo procedures to estimate the 

combined effect of the variability of the model parameter and input data. Thermal decimal 

reduction time (DT=110°C) and initial load of C. botulinum (N0) spores assumed to follow 

normal and log-normal distributions, respectively, were used to recommend 9.6 min at 110°C 

to achieve the required failure rate of 1 in 109 containers with a 95% confidence level. A 
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Monte Carlo based model has also been used to assess the risk of consuming raw oysters 

contaminated with the pathogen V. vulnificus considering the variability in the seasonal 

pathogen load in raw oysters, seasonal variation in the temperature and time for harvest and 

transportation to processing facilities, growth/inactivation during harvest and transportation 

to processing facilities, processing used to reduce the pathogen load in raw oyster, time and 

growth/inactivation during distribution and storage, and finally number and size of the oysters 

consumed in a single serving. The outcome of exposure assessment was further used for dose 

response assessment to estimate the impact on health threat to consumers when consuming 

untreated or pressure-treated raw oysters (see Appendix A; Serment-Moreno and others 

2015a). It is important to emphasize that the Monte Carlo method is based on the assumption 

that the probability distribution of each input has been correctly determined even when using 

direct resampling of measured values for each of the farm-to-table factors considered in the 

analysis. 

 

2.6.2. Dose-response assessment  

Exposure to a given pathogen load is insufficient information to predict food safety 

since the foodborne disease event also depends on other factors such as the virulence 

characteristic of the pathogen strain, the pathogen resistance to the host immune system, the 

health status of the host, and the attributes of the food that alter the microbial or host status. 

Thus, the response of an individual in a given population to a contaminated food consumption 

event varies. This generates an uncertainty in the population risk to a pathogen exposure. This 

can be expressed as a population dose-response, i.e., the relationship between the number of 

pathogens ingested and the percentage of the population that is affected by the foodborne 

disease (Buchanan and others 2000; Notermans and Mead 1996). This has replaced the 
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traditional and outdated concept of minimum infectious dose, i.e., the threshold number of 

bacteria capable of causing a disease which was used previously used to assess the microbial 

risk of contaminated foods. Although substantial efforts were invested in defining the 

minimum infectious dose for various foodborne pathogens (Food and Drug Administration 

2013), the assumption of no effect below a certain level of pathogen number or toxin 

concentration is questionable. For example any viable, free-living microorganisms capable 

of reproducing in the human intestinal tract has the potential to cause an infection. Therefore, 

the alternative dose-response relationship or hit-theory, states that in a large enough 

population, there is a finite possibility that ingesting a single microorganism can cause an 

infection, and that the probability of infection increases as the number of microorganisms 

increase (Buchanan and others 2000; Rose and Gerba 1991; Holcomb and others 1999b).  

In the past, dose response relationship were largely described using single value 

estimates of biological endpoints. For example, the 50% lethal dose (LD50) describes the 

mean of dose relationship between the microorganism level and the mortality frequency 

(Reed and Muench 1938). More recently, empirical dose-response models have been used to 

estimate the ingested dose of a certain toxin or microorganism causing a foodborne disease 

in a percentage of the population (Holcomb and others 1999b; Buchanan and others 2000; 

Notermans and Mead 1996). The lack of data is the greatest limitation to the development of 

dose-response models. It is necessary, yet difficult, to obtain information on the adverse 

effects on human health of the exposure to potentially hazardous organisms and toxins. This 

information is based on limited studies of healthy human volunteers, analysis of foodborne 

disease outbreaks, and animal models (Notermans and Mead 1996; Haas 2015). Ethical 

considerations limit the use of human volunteer studies as well as the use of animal studies 

(Orlans and others 2008; Black and others 1988). In the case of animal model studies, it is 
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necessary to review the applicability to humans because of the unavoidable differences in 

host/risk interactions (Cornick and Helgerson 2004; Ritz 2010). Information on reported 

foodborne infection events is thus most often used to generate dose-response models as in 

the case of Salmonella spp., S. typhi, Campylobacter spp., Vibrio spp., C. botulinum, C. 

perfringens, and pathogenic E. coli (Centers for Disease Control and Prevention 2011; 

Centers for Disease Control Prevention 2014; Centers for Disease Control and Prevention 

2015). However, this information sources lack data for extreme high and low risk levels 

because the consumption of highly contaminated foods and the reporting of illnesses caused 

by low pathogen/toxin concentrations, respectively, are both unlikely events. Hence, dose 

models use theoretical extrapolation considerations to estimate the response at extremely high 

or low level dose levels (Anonymous 2005a; Anonymous 2005b; Buchanan and others 1997a; 

Haas 1983; World Health Organization 2003). 

Several statistical empirical dose-response models have been proposed (World Health 

Organization 2003). Haas (1983) evaluated the ability of log-normal, single-hit or simple 

exponential, and beta-Poisson models to describe experimental dose-response data for human 

exposure to pathogens and concluded that the beta-Poisson model appeared to be most widely 

applicable, while others were capable of describing at least some of the available data. Later 

studies have shown that the single-hit (Eq.2.14), simple exponential (Eq.2.15) and beta-

Poisson (Eq.2.16) are the most frequently used models for fitting dose-response model in 

foodborne pathogens (Haas 2015; Buchanan and others 2000).  

  Dose

mill pp  11  Eq.2.14 

 )exp(1 Doserpill   Eq.2.15 
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The single-hit model assumes that the infectivity of an organism is independent of 

dose, i.e., each organism has an equal finite possibility of causing disease which is not 

affected by accumulation. In the single-hit exponential model it is assumed that only one 

surviving organism can cause the illness, and that the probability of this organism surviving 

all host barriers and cause the disease is r, and thus the probability of the host not becoming 

ill is (1-r). If more pathogens (dose) are ingested, the probability of not being ill is (1-r)dose, 

while the probability of being ill is displayed in Eq. 2.14. A family of hit-theory dose-response 

models have been derived (Haas and others 1999). The simple-exponential model (Eq. 2.15) 

assumes that while all organisms ingested can cause the illness not everyone will contribute 

to causing the illness. The number of organism involved in causing disease is assumed to be 

described by a Poisson distribution and a constant probability of certain organisms surviving 

to cause disease (r) is used to predict the probability of illness (Eq.2.15) (Haas and others 

2000). The Beta-Poisson model (Eq.2.16) is based on a similar assumption of simple-

exponential, but the probability of certain organisms surviving and reaching the site to cause 

disease follows a beta distribution rather than a constant value (Teunis and Haavelar 2000). 

The variation in the probability of surviving to cause disease (r) is described by a beta-

distributed probability density function. The probability of illness is predicted by the 

“hypergeometric” dose response relation, and the formula was then simplified to be Beta-

Poisson model (Eq.2.16) (Furumoto and Mickey 1967). In the Beta-Poisson model, the 

parameters α and β describe the probability r that the pathogen will survive all host barriers 

and cause the disease. The model uses the mean dose of the pathogen ingested to predict the 

illness probability. Beta-Poisson dose-response model has been developed and widely used 

for quantitative risk assessments for V. parahaemolyticus, V. vulnificus, and V. cholera 

(Teunis and Haavelar 2000; Anonymous 2005a; Anonymous 2005b; Cash and others 1974; 
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Chen and Liu 2006; Serment-Moreno and others 2015a; Yamamoto and others 2008). Teunis 

and others (2004) used an E. coli O157:H7 outbreak in Japan 1996 (Shinagawa and others 

1997) to show that a Beta-Poisson model developed based on human feeding study on 

Shigella by Powell and others (2000) was consistent with the Japanese outbreak data, while 

a Beta-Poisson model based on a rabbit dose-response study by Haas and others (2000) and 

validated with human outbreaks in the USA failed to show consistency with the Japanese 

outbreak data. These authors speculated that the failure of the latter model could be due to 

infectivity differences of the strain in the Japanese outbreak and the one used in the animal 

feeding study, or infectivity differences of the population in the USA and Japan. 

 

2.6.3. Risk characterization and management  

Risk characterization is defining and ranking the health risk, and establishing the 

acceptance of a particular risk. In addition to estimating the probability of a foodborne disease 

in a population, the severity of its health, economic and social consequence needs to be 

considered. This includes the hospitalization rate, patient mortality, medical cost burden, and 

the impact on the food product marketing among many other factors. For example, FBIs 

associated with C. botulinum are relatively rare events in the USA. Only 4 suspected illnesses, 

none confirmed, were reported in 2013 while 601 confirmed or suspected FBI outbreaks 

associated with C. perfringens were reported (Table 2.1). A C. botulinum associated FBI is 

estimated to result in the USA in an average 128 hospitalization days (54-202 days, 95% CI), 

while those caused by C. perfringens result in 3 hospitalization days (1-5 days, 95% CI). In 

addition, the financial impact FBI case of C. botulinum is over US$1.5 million (US$1.5 -1.53 

million, 95% CI) compared to US$210 (US$204-218, 95% CI) for a C. perfringens FBI case 

(Minor and others 2015). Also, the type of food is another major factor when defining an 
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acceptable health risk. For example, a maximum C. botulinum load of 1x10-9 spores/container 

is required for low-acid canned foods but not for high-acid foods (Peleg 2006b; Pflug 1987; 

Toledo 2007). The acceptable health risk standard varies also with the target population 

consuming the food. Also, the task of the risk manager is to reduce all health risks while 

control the impact on the product cost and nutrient retention. The decision of the risk manager 

must also meet the expectation of the consumer and comply with all established product 

regulations. Selecting raw materials with lower initial pathogen contamination can 

significantly reduce the process intensity. In the specific case of the food canning industry, 

choosing a higher quality food source can reward the producer by shortening the process 

yielding lower production costs and improved food quality (Chotyakul and others 2011c). 
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Figure 2.2 Diagram not drawn to scale of the main layers of a typical bacterial spore 

structure. Adopted and modified from Paredes-Sabja and others (2014) 

 

Figure 2.1 Schematic of Bacillus subtilis and Clostridium 

difficile surface layer. Adopted and modified from Parades-Sabja and 

others (2014). 
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Figure 2.3 Morphogenetic stages of sporulation. Adopted and modified from Hilbert and Piggot (2004) 
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Figure 2.4 Schematic of sporulation pathway of Bacillus and Clostridium. Adopted 

and modified from (Paredes-Sabja and others 2014; Talukdar and others 2015). 

 

 

Figure 2.5 Information flow during the germination of Bacillus subtilis and 

Clostridium difficile spores. The arrow indicates the flow chart direction; the red dashed 

arrow indicates inhibitor of chenodeoxycholate to CspC. Modified from Parades-Sabja and 

others (2014) 
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Figure 2. 7 Schematic representation of the Monte Carlo calculation procedures. 

Figure 2.6 Schematic view of a semi-logarithmic survival curve of microorganisms 

with Weibull distribution. The red dotted line denotes the downward concavity (p>1); blue 

dashed line denotes the straight line (p=1); black solid line denotes the upward concavity 

(p<1); and the scale parameter is an arbitrary equivalence in all lines. 
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Table 2.1 Number of U.S. reported foodborne disease outbreaks, illnesses, and hospitalizations with confirmed or suspected etiology1,2 

 

Bacteria 
Outbreaks  Illnesses  Hospitalizations 

CE SE Total %  CE SE Total %  CE SE Total % 

Salmonella 149 8 157 26  3553 4- 3593 32  623 5 628 62 

Shiga toxin-producing E. coli (STEC) 29 2 31 5  409 23 432 4  137 7 144 14 

C. perfringens 12 15 27 4  361 240 601 5  2 1 3 0 

Campylobacter 20 7 27 4  266 21 287 3  17 5 22 2 

V. parahaemolyticus 9 4 13 2  57 23 80 1  4 1 5 0 

Staphylococcus aureus enterotoxin 6 4 10 2  221 42 263 2  25 2 27 3 

Listeria monocytogenes 6 0 6 1  34 0 34 0  30 0 30 0 

B. cereus 2 3 5 1  9 16 25 0  0 1 1 0 

Shigella 3 1 4 1  27 4 31 0  4 0 4 0 

V. cholera 1 1 2 0  3 2 5 0  3 1 4 0 

Staphylococcus spp. 1 1 2 0  33 5 38 0  0 0 0 0 

C. botulinum 0 1 1 0  0 4 4 0  0 4 4 0 

E. coli, enteroaggregative  1 0 1 0  34 0 34 0  0 0 0 0 

Other  0 1 1 0  0 3 3 0  0 0 0 0 

Total  239 48 287 47  5007 423 5430 49  845 27 872 86 

(1) If at least one etiology was laboratory-confirmed, the outbreak was considered to have a confirmed etiology (CE). If no etiology 

was laboratory-confirmed, but an etiology was reported based on clinical or epidemiologic features, the outbreak was considered to 

have a suspected etiology (SE). (2) Source: U.S. Foodborne Disease Outbreak Surveillance System (Centers for Disease Control and 

Prevention (CDC) 2013). 
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Table 2. 1 Annual number of bacteria caused outbreaks, illnesses, hospitalizations and deaths in the U.S.1 

 

Pathogen 
Outbreaks 

CE2 

Foodborne illnesses Hospitalization 

% 

Death 

% Mean 90% CrI3 

Bacillus cereus 85 63,400 15,719–147,354 0.4 0 

Brucella spp. 120 839 533–1,262 55.0 0.9 

Campylobacter spp. 43,696 845,024 337,031–1,611,083 17.1 0.1 

Clostridium botulinum 25 55 34–91 82.6 17.3 

C. perfringens 1,295 965,958 192,316–2,483,309 0.6 <0.1 

EHEC O157 3,704 63,153 17,587–149,631 46.2 0.5 

EHEC non-O157 1,579 112,752 11,467–287,321 12.8 0.3 

ETEC 53 17,894 24–46,212 0.8 0 

Non STEC/ETEC diarrheagenic E. coli 53 11,982 16–30,913 0.8 0 

Listeria monocytogenes 808 1,591 557–3,161 94.0 15.9 

Mycobacterium bovis 195 60 46–74 55.0 4.7 

Nontyphoidal Salmonella spp. 41,930 1,027,561 644,786–1,679,667 27.2 0.5 

S. enterica serotype Typhi 433 1,821 87–5,522 75.7 0 

Shigella spp. 14,864 131,254 24,511–374,789 20.2 0.1 

Staphylococcus aureus 323 241,148 72,341–529,417 6.4 <0.1 

Group A Staphylococcus spp. 15 11,217 15–77,875 0.2 0 

Vibrio cholera, toxigenic 8 84 19–213 43.1 0 

V. vulnificus 111 96 60–139 91.3 34.8 

V. parahaemolyticus 287 34,664 18,260–58,027 22.5 0.9 

V. spp., other 220 17,564 10,848–26,475 37.1 3.7 

Yersinia enterocolitica 950 97,656 30,388–172,734 34.4 2.0 

Total  3,645,773 2,321,468–5,581,290   

(1) Source: Scallan and others (2011a). (2) See Table 1 footnote. (3) Credible confidence interval 
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Table 2. 2 Number of homologues of previously characterized SASPs and their predicted functions 

 

Strain ssp1  ssp2 ssp3 ssp4 sspA sspB sspC 

C. difficile 630 2 2 2 1 2 2 2 

C. difficile R20291 2 2 2 1 2 2 2 

C. difficile BI1 2 2 2 1 2 2 2 

C. difficile CD196 2 2 2 1 2 2 2 

        

Genes1 Functions 

ssp1,2,3 α/β-type Small acid-soluble proteins in spore core, protecting DNA in C. perfringens 

ssp4 Associated to heat resistance of some C. perfringens strains   

sspA,B,C α/β-type Small acid-soluble proteins in spore core, protecting DNA in B. subtilis 

(1) The names of B. subtilis or C. perfringens genomes are preferably used, respectively.  
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Table 2. 3 Mechanisms of spore killing and factors important in spore resistance 

 

Inactivation 

agent 

Major mechanism of spore 

inactivation 

Protective factor 

Wet-heat Inactivation of core 

proteins/enzyme 

DNA saturation by α/β-SASP 

DNA repair 

Low water content 

Dry-heat DNA damage DNA saturation by α/β-SASP 

DNA repair 

DPA 

UV radiation DNA damage DNA saturation by α/β-SASP 

DNA repair 

Low water content 

Desiccation IM damage DNA saturation by α/β-SASP 

DPA 

Oxidizing agents IM damage Spore coat proteins 

Low permeability of IM 

DNA saturation by α/β-SASP 

Detoxifying enzymes in outer layers 

(1) Hypochlorite (ClO−), chlorine dioxideClO2, peroxides, etc. 
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Abstract 

Clostrium difficile presence has been reported in meat products stored typically at low 

temperatures. This study evaluated the viability in phosphate buffer saline (PBS) of spores 

from epidemic C. difficile strain R20291 (4.6 log CFU/ml) and M120 (7.8 log CFU/ml). 

Viability was assessed during 4 months at -80°C, -20°C, 4°C (refrigeration), and 23°C (room 

temperature), and after 10 freeze (-20oC)/thaw (+23oC) cycles. Although spore viability 

decreased, significant viability was still observed after 4 months at -20°C, i.e., 3.5 and 3.9 

log CFU/ml and -80°C, i.e., 6.0 and 6.1 log CFU/ml for strains R20291 and M120, 

respectively. The same trend was observed for M120 at 4°C and 23°C, while for R20291 the 

viability change was non-significant at 4°C but increased significantly at 23°C (p>0.05). 

After 10 freeze-thaw cycles, viability of both strains decreased but a significant fraction 

remained viable (4.3 and 6.3 log CFU/ml for strain R20291 and M120, respectively). 

Strikingly, both strains showed higher viability in a meat model than in PBS. A small but 

significant decrease (p<0.05) from 6.7 to 6.3 log CFU/ml in M120 viability was observed 

after 2-month storage in the meat model while the decrease from an initial 3.4 log CFU/ml 

observed for R20291 was non-significant (p=0.12). In summary, C. difficile spores can 

survive low-temperature conditions for up to 4 months. 

Keywords: C. difficile, spore, low temperature, storage spore resistance, meats 
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3.1. Introduction 

Clostridium difficile is a Gram-positive, spore-forming, anaerobic bacterium and a major 

causative agent of antibiotic-associated diarrhea (Ananthakrishnan 2011), and 

pseudomembranous colitis (McFarland and others 1989). Most episodes of C. difficile 

infections (CDI) are believed to be acquired from healthcare settings through person-to-

person transmission or from the hospital environment (Rupnik and others 2009). Recently, 

the whole-genome sequencing of 1250 C. difficile isolates obtained from patients with CDI 

revealed that there were considerable non-hospital reservoirs of C. difficile (Eyre and others 

2013). Community-acquired CDI (CA-CDI) has been recently suggested to represent ~32% 

of all CDI cases in the U.S.A. (Lessa 2013) and strengthened the conclusion that non-hospital 

transmission sources might be involved in CDI. Since C. difficile is also a farm animal 

pathogen, meat products are potential reservoirs of C. difficile (Hoover and Rodriguez-

Palacios 2013). Several reports have demonstrated that C. difficile is present in meat products, 

including but not limited to ground beef and pork, turkey, vacuum-packed meat, and various 

meat sausages. Although convincing evidence is still lacking, the presence of C. difficile 

spores in foods suggests the foodborne transmission of C. difficile (Hoover and Rodriguez-

Palacios 2013). Therefore, C. difficile could be considered a zoonotic pathogen transmitted 

by farm animals, foods and water. 

 Food transmission of C. difficile implies that C. difficile spores survive common 

environmental stressors found in industrial food processing and handling steps. To date, only 

one study has addressed the ability of C. difficile spores of various strains to survive at the 

heating temperatures typically used in meat processing. Their results demonstrated that C. 

difficile spores are able to survive 2 h at 71°C, and that a 10-min treatment at 85°C inactivates 

only ~90% of the spore strains (Rodriguez-Palacios and others 2010), suggesting that current 
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commercial thermal processing practices may be insufficient to reduce C. difficile spores to 

an acceptable level. Also, it has been suggested that the reduction of C. difficile spore 

recovery might be enhanced during storage at 23°C for 20 or 52 weeks (Rodriguez-Palacios 

and Lejeune 2011).  

Hughes and Nobbs (Hughes and Nobbs 2004) studied fecal microorganisms in 30-40 

year old human feces collected in an Antarctic Peninsula location with regular daily positive 

maximum of 0 to 5oC, and negative minimum temperatures of -7 to -40°C in the summer and 

winter months, respectively. They found that sporeforming Bacillus and Clostridium species 

can survive these climatic conditions with C. perfringens and Bacillus spp. spores in fecal 

samples reaching 5x107 CFU/g and less than 103 CFU/g, respectively. Another study 

indicated that the spores of Clostridium welchii, a major spoilage organisms of meat and meat 

product, can survive freezing storage at -5 and -20°C for up to 26 weeks (Barnes and others 

1963). Early work on food freezing cited by Georgala and Hurst (1963) showed that spores 

can remain viable more than 100 d at -2 to -20oC. Reviewing freeze-thaw studies, Young and 

others (1968) concluded that Bacillus and Clostridium sporeformers spp. would survive daily 

cycles of -70oC in dry ice followed by 4.5 h thawing at 25oC.. A study on the effect of storing 

Bacillus cereus endospores at 4°C in PBS for up to 1 month showed a loss of viability (Cronin 

and Wilkinson 2008). Another study on Clostridium perfringens found less than 1.3 and 1.6 

decimal reductions in the viability in sporulation medium of spores from some C. perfringens 

strains after storage for up to 6 months at 4 and -20°C, respectively (Li and McClane 2006). 

A review of published work showed that the effect of low temperatures on the survival 

of C. difficile spores has been reported only in human feces and for nosocomial strains p24 

and B32 (clinical toxigenic isolates, PCR ribotype 1 and 78, respectively) and for strain E16 



   84 
   

(environmental toxigenic isolate, PCR ribotype 44). Storage temperature (-20°C or 4°C) and 

multiple of freeze/thaw cycles had minimal effects upon the viability of their spores (Freeman 

and Wilcox 2003). Therefore, the aim of this work was to evaluate the effect of storage in 

PBS and in a meat model for up to 4 months at freezing, refrigeration and room temperature 

on the viability of C. difficile spore strains associated with hospital acquired- and CA-CDI. 

The effect of freeze/thaw cycles commonly observed in commercial meat handling was also 

included. 

 

3.2. Material and Methods 

3.2.1 C. difficile strains and spore preparation 

 Two C. difficile strains were used in this study. C. difficile M120, kindly provided by Dr. 

Trevor Lawley (Wellcome Trust Sanger Institute, Hinxton, UK) is a PCR-ribotype 78 strain 

often detected in farm animals, and even more frequently found in CA-CDI (Goorhuis and 

others 2008). C. difficile R20291, kindly provided by Dr. Nigel Minton (University of 

Nottingham, UK), is a ribotype 27 strain that is positive for tcdA (tcdA+), tcdB (tcdB+) and 

cdtB (cdtB+) C. difficile strains were plated and incubated on 1.5% tryptone-yeast extrac 

orulating cells and cell debris) were prepared in phosphate buffer saline (PBS, 8 g/L NaCl, 

0.2 g/L KCl, 1.44 g/L Na2HPO4, and 0.24 g/L KH2PO4) as previously described (Sorg and 

Sonenshein 2008a) and stored for up to 3 months at 80°C until use. The same spore stock 

suspensions were used for all experiments conducted in this study. 

 

3.2.2 Low temperature storage 
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 Spore suspensions with counts diluted from 5x109 to 1.7x108 spores/ml, were prepared 

in PBS. Aliquots (50 µl) of triplicate spore suspensions were kept in Eppendorf tubes for up 

to 4 months at 23°C (room temperature), 4°C (refrigeration), -20°C, and -80°C. In addition 

to storage studies, spores were subjected to 10 cycles of freezing triplicate PBS suspensions 

at -20°C and then thawing them at room temperature (20 min at each cycle condition). For 

studies in meat, spore suspensions were mixed in triplicates with sterile ground beef at 

2.5x107 spores/g and then stored at -20oC for 2 months in 15 ml Falcon centrifuge tubes 

(VWR International LLC, Radnor, PA). Sample aliquots were collected every month for up 

to 2 and 4 months for storage tests in meat and PBS, respectively, and after 10 freeze-thaw 

cycles of the PBS spore suspensions, and then serially diluted before plating onto 1.5% Brain 

Heart Infusion (BHI) agar (Difco, BD Diagnostic Systems, Sparks, MD) supplemented with 

0.5% yeast extract (Y) and 0.1% sodium taurocholate (ST, Himedia, Mumbai, India). BHI-

YST plates were incubated at 37°C for 36 h under anaerobic conditions (5% H2, 5% CO2, 

and 90% N2) in a ShelLab Bactron III-2 chamber (Sheldon Manufacturing, Inc., Cornelius, 

OR). Colony-forming units (CFU) were recorded and converted to log CFU/mL and log 

CFU/g values for tests in PBS and meat, respectively. All experiments were conducted with 

three biological replicates. Data was then analyzed by ANOVA and pairwise comparisons 

using Microsoft Excel 2013 (Redmond, WA). 

 

3.3. Results and discussion 

3.3.1 Germination efficiency of C. difficile spores 

Prior to analyzing the survival ability of C. difficile spores at low temperature, a striking 

difference in the germination ability of C. difficile strain R20291 and M120 spores was 

observed. Estimations of the % of spores forming colonies (CFU/spore count x 100) showed 
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that only 0.03% of R20291 spores formed viable colonies while the corresponding value for 

M120 was ~35% suggesting that most C. difficile spores were unable to germinate or form 

colonies. To confirm that the spore suspensions of both strains were viable, C. difficile spores 

were decoated and plated onto BHI agar plates containing lysozyme, which triggers 

germination by directly degrading the spore peptidoglycan cortex (Paredes-Sabja and others 

2009; Paredes-Sabja and Sarker 2011b). Spore colony-forming efficiency reached ~90% for 

both strains indicating that nearly all spores were fully viable (data not shown). 

 

3.3.2 Survival of C. difficile spores at low temperature 

An increasing body of work suggests that meat products may be an important reservoir of C. 

difficile spores (Rodriguez-Palacios and others 2007; Rodriguez-Palacios and others 2009; 

Weese and others 2009b; Songer and others 2009; Rupnik 2007). Although low temperatures 

are commonly used to increase their shelf-life, including freezing (i.e., < -20°C) and 

refrigeration temperatures (i.e., 4°C), the ability of C. difficile spores to survive these storage 

conditions is unclear. The initial colony forming units of the 1.7x108 spores/ml of both strains 

in PBS buffer were 4.6 and 7.8 log CFU/ml for R20291 and M120, respectively. Results 

showed that the 4-month storage at -80°C caused only 0.7 and 1.7 decimal reductions in C. 

difficile R20291 and M120 spore viability, respectively (Figure 3.1A). After 4-month storage 

at -20°C, the reduction in spore viability was 1.2 and 1.7 log CFU/ml R20291 for M120, 

respectively (Figure 3.1B). These results indicate that C. difficile spores, albeit being 

inactivated to some extent by 4-month storage at -80°C and -20°C, can persist at freezing 

storage temperatures in agreement with earlier observations by Freeman and Wilcox 

(Freeman and Wilcox 2003) on C. difficile spores in fecal samples, and reports on the survival 
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to low temperatures of C. welchii, C. perfringens, and B. cereus spores (Cronin and 

Wilkinson 2008; Li and McClane 2006; Barnes and others 1963). 

 The effect of multiple freeze-thaw cycles on the in vitro viability of C. difficile spores 

was also evaluated in this study. C. difficile R20291 and M120 spores were frozen at -20°C 

and thawed at room temperature (23oC) ten times. A significant 0.9 log CFU/ml spore 

viability reduction from 7.2 to 6.3 log CFU/mL (p<0.01) was observed for M120 spores, 

while a non-significant reduction from 4.6 to 4.3 log CFU/mL (p=0.07) was observed for 

R20291 spores (Figure 3.2). These results indicate that despite the fact that multiple freeze-

thaw cycles might inactivate some spores, many are likely to survive and persist in C. difficile 

contaminated meats. 

 Next, the survival ability of C. difficile spores stored at refrigeration and room 

temperature was studied. After 4-month storage at 4°C, the observed decrease in M120 spores 

viability from 7.8 to 6.2 log CFU/mL was significant (p < 0.05), whereas the reduction in 

R20291 spores viability from 4.6 to 4.7 log CFU/mL was not (Figure 3.3A). A significant 

decrease of 1.2 log CFU/ml in spore viability of M120 spores 7.8 to 6.9 log CFU/mL was 

observed after 4-month storage at 23°C (Figure 3.3B). However, there was a striking increase 

in the ability of R20291 spores to form colonies with an overall increase of 1.8 log CFU/ml 

from 4.6 to 6.4 log CFU/mL (Figure 3.3B). Indeed, after 4-month storage at 23°C, nearly 1 % 

of R20291 spores were able to form colonies as compared to ~ 0.03% when the spores were 

from the freshly prepared suspension (i.e., time zero, Figure 3.3B). After 6-month storage at 

4°C, C. perfringens spores showed a significant viability difference between chromosomal 

cpe and plasmid cpe isolates, the former showing a 0.3- decimal reduction while the latter 

showed a larger 1.3-decimal reduction (Li and McClane 2006). Freeman and Wilcox 
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(Freeman and Wilcox 2003) found minor change in the number of total counts of a multiple 

strains mixture of C. difficile spores stored at 4 and -20°C for up to 56 days while this study 

provides evidence that C. difficile strains have different resistance to low temperature. Under 

refrigeration, strain R20291 spores showed a higher survival rate than strain M120. During 

prolonged room temperature storage, R20291 spores appear to be in a superdormant stage 

and undergo some unidentified maturation process, allowing them to germinate in the 

presence of taurocholate and nutrients. Maturation of bacterial spores has been well described 

for spores of B. subtilis species (Sanchez-Salas and others 2011b), but has not been reported 

for C. difficile. Another tentative explanation is that R20291 spores may gradually lose their 

exosporium structure, which has recently been suggested to have a role in C. difficile spore 

germination efficiency (Escobar-Cortes and others 2013). These findings are notable because 

they suggest that C. difficile spores are not only able to survive at room and freezing 

temperatures, but also that spores of some C. difficile strains are able to recover from 

superdormancy and become viable after long periods of storage at room temperature. Further 

work is clearly needed to understand the molecular mechanisms underlying C. difficile spore 

resistance and ability to form superdormant spores. 

A meat model system previously used to study C. perfringens spore survival (Akhtar 

and others 2008; Akhtar and others 2009) was used to validate in vitro results obtained in this 

study. Meat was contaminated with C. difficile spores of strains M120 and R20291 and stored 

at -20°C for up to 2 months. A significant viability decrease of 0.4 log CFU/ml (p < 0.05) 

from 6.7 to 6.3 log CFU/ml was observed for M120 spores after 2 months (Figure 3.1B). 

Strikingly, a non-significant viability decrease (p=0.12) from the initial 3.4 log CFU/mL 

count was observed for R20291 spores (Figure. 3.1B). These results indicate that the meat 
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matrix provides low temperature protection to some C. difficile spores, facilitating their 

survival in meat products. 

 

3.4. Conclusions 

In summary, the main conclusions offered by the results of this work are that C. 

difficile spores can survive at -80 and -20°C and that spores of at least some strains may 

increase their germination ability when stored at 23°C. Although long-term storage at 

freezing temperatures inactivates some spores, these reductions are negligible when analyzed 

from a food safety perspective. Further studies to understand the behavior of C. difficile 

spores to stressors found in food processing operations will lead to improved estimates of the 

foodborne transmission risk of C. difficile. 
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Figure 3.1 Effect of long-term storage at freezing temperature on the viability of 

Clostridium difficile spores. 

Figure 3.2 Effect of multiple freeze-thaw cycles on the 

viability of Clostridium difficile spores. 
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Figure 3.3 Effect of long-term storage at refrigerated temperature on the viability 

of Clostridium difficile spores. 
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Abstract  

Although Clostridium difficile infections (CDI) have been considered only a health 

care and community associated risk, C. difficile spores have been frequently isolated from 

meat and meat products. During three months storage at room temperature, the viability of 

spores of C. difficile strains M120 (animal), R20291 (human), and DK1 (beef meat isolate) 

was investigated in phosphate buffer saline (PBS) at water activity (aw) 1.00, 0.82 and 0.72, 

and in commercial beef jerky samples with aw 0.82 and 0.72. At all aw levels tested, spores 

of strains M120 and DK1 in PBS showed a ~1 decimal reduction. However, no significant 

viability loss was observed for spores in beef jerky suggesting a protective effect. A steady 

viability increase with no significant aw effect was observed in the case of R20291 spores 

inoculated into PBS (~2 decimal log) and beef jerky (~1 decimal log) suggesting a loss of 

spore superdormancy during storage. Determination of the spore surface hydrophobicity 

suggested that exosporium loss was not involved in the spore viability difference between 

strains.  

 

Keywords: Clostridium difficile, spore survival, water activity, spore hydrophobicity 
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4.1. Introduction  

Health care-associated (HCA) and community-associated (CA) cases of Clostridium 

difficile infections (CDI) have been steadily increasing over the past decades 

(Ananthakrishnan 2011; Rodriguez-Palacios and others 2012). In the US, it is estimated that 

each year there are 453,000 (95% confidence interval (CI95% ) = 297,100-508,500) CDI cases, 

and 29,300 (CI95% = 16,500-108,900) deaths. It is estimated that 65 and 35% were HCA- and 

CA-CDI cases, respectively (Lessa and others 2015). Rodriguez-Palacios and others (2013) 

suggested that the epidemiology of CDIs in human might be influenced by foods. Although 

foodborne transmission CDI have not been reported yet, there is evidence that people are 

being exposed to the Gram-positive, anaerobic spore-former C. difficile in the food supply. 

Epidemic C. difficile strains have been found in food animals, raw meat, meat products, 

poultry, and ready-to-eat foods (Rodriguez-Palacios and others 2007; Songer and others 2009; 

Deng and others 2016b; Rodriguez-Palacios and others 2013; Lund and Peck 2015). Some C. 

difficile strains, particularly PCR-ribotype 027 and 078, are commonly isolated from CDI 

cases. The PCR ribotype 027/ North American pulse-field type 1 (NAP1) strain is associated 

with more severe colitis and higher mortality than other strains (Clements and others 2010). 

While PCR ribotype 078 has been attributed equally high mortality, it has a lower frequency 

of CDI cases (Walker and others 2013; He and others 2013; Patterson and others 2012). Lessa 

and others (2015) reported that NAP1 is a highly resistant strains and the most common strain 

in HCA- and CA-CDI cases in the US (Cloud and Kelly 2007; Deng and others 2015a) while 

C. difficile PCR ribotype 078 is the most prominent ribotype in England (Public Health 

England 2016). 

Bacterial spores survive the environmental conditions used during food processing 
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and preservation. Unique structural components, combined with repair mechanisms, confer 

bacterial spores high resistance to wet-heat, high pressure, chemicals, low temperature, 

irradiation, and other stress factors (Setlow 2014b; Setlow 2012; Setlow 2006). In nature, 

bacterial spores can survive freezing temperatures for several decades (Hughes and Nobbs 

2004). Li and McClane (2006) observed less than 1.3 and 1.6 decimal reductions in the 

viability of spores of C. perfringens stored 6 months at 4 and -20°C, respectively. After 1-

month storage at 4°C in phosphate buffer saline (PBS), Cronin and Wilkinson (2008) detected 

~2 decimal reductions in the viability of Bacillus cereus spores. Differences in the resistance 

of C. difficile spores to wet-heat temperatures (70-85°C) used in preparing meat products 

(Rodriguez-Palacios and others 2010; Deng and others 2016b) and to low temperature 

conditions (4 months at -80, -20, and 4°C, and ten -20/+20°C freeze/thaw cycles) have been 

observed (Deng and others 2015a).  

Ghosh and Setlow (2009) defined superdormant spores as those that fail to respond 

to a particular germinant while remaining viable. Superdormancy has become a major 

concern for the food industry, because such spores show higher resistance to stress factors 

including high wet-heat temperatures, lower core water content, and retain the potential to 

recover from heat-stress injury (Ghosh and others 2009). The germination ratio of C. difficile 

strain R20291 spores has been shown to increase after 4 months at room temperature may 

reflect superdormancy loss (Deng and others 2015a). Rodriguez-Palacios and Lejeune (2011) 

found evidence of superdormancy in spores of C. difficile. Increases in the germination ratio 

of C. difficile spores have been associated with the loss of the exosporium, an outer spore 

structural layer (Escobar-Cortés and others 2013; Pizarro-Guajardo and others 2014). 

Water activity (aw) reduction is a frequently used alternative to the storage of foods at 
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low temperature with high energy costs. Though spore-forming bacteria cannot grow in foods 

with reduced aw, their spores can survive for a long period, and cause food infections. Since 

there are few studies on the viability of bacterial spores stored under low aw conditions, the 

aim of this work was to determine its effect on the viability of C. difficile strains isolated from 

CDI cases, animals and meat products. The media used were PBS solutions at high and 

reduced aw and commercial beef jerky samples. The superdormancy of C. difficile strain 

R20291 was also investigated. 

 

4.2. Materials and methods 

4.2.1. C. difficile spores preparation  

The C. difficile strains used in this study were M120 (PCR-ribotype 078) kindly 

provided by Dr. Trevor Lawley (Wellcome Trust Sanger Institute, Hinxton, UK), a strain 

found in food animals frequently associated with CA-CDI (Goorhuis and others 2008). Strain 

R20291 (PCR-ribotype 27/NAP1), kindly provided by Dr. Nigel Minton (University of 

Nottingham, UK), is a hypervirulent pathogenic strain associated with human CDI cases 

(Valiente and others 2012; Stabler and others 2009). Finally, C. difficile strain DK1 

(unidentified PCR-ribotype) was isolated from a commercial ground beef sample (Deng and 

others 2016b). All strains were tcdA and tcdB positive. The harvest of C. difficile spores 

followed procedures previously described (Sorg and Sonenshein 2008b). Briefly, 1.5% 

tryptone-yeast extract (TY) agar (Difco, BD Diagnostic Systems, Sparks, MD) were used to 

incubate C. difficile at 37 °C for 7 days under anaerobic conditions (10% H2, 5% CO2 and 

85% N2) in an anaerobic chamber (Type A Vinyl Anaerobic Chamber, Coy Laboratory 

Products Inc., Grass Lake, MI). Plates were flooded with ice cold water to resuspend and 

collect sporulating cells, and followed by repeated centrifuge washing and resuspension with 
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water (10 times, 14000g, 10 min). The final suspension was sonicated for ~5s before 

separation of free spores by density gradient centrifugation (14000g, 45 min) using 50% 

Nycodenz (Accurate Chemical & Scientific, Westbury, NY). The residual Nycodenz was 

eliminated by washing spores 5 times with PBS (8g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 

and 0.24 g/L KH2PO4). After microscope enumerations, spore concentration was adjusted to 

~5x109 spore/mL and stored at -80°C until use.  

 

4.2.2. Low water activity storage  

The stock spore suspension was used to inoculate PBS to a concentration of 1.7 x 108 

spores/ml before adjusting its aw with NaCl to ~1.00, 0.82, and 0.72 (AquaLab PRE Water 

Activity Meter, Decagon Devices, Inc., Pullman, WA). Spore suspension aliquots (40 μL) in 

Eppendorf tubes were kept at room temperature (20oC) for up to 3 months. To investigate the 

viability of C. difficile spores in a reduced aw meat product, commercial samples of beef jerky 

(Tender Bite, Link Snacks, Inc., Minong, WI, and Beef Jerky, Monogram Food Solutions, 

LLC, Memphis, TN) with aw 0.82 and 0.72 (AquaLab PRE Water Activity Meter), 

respectively, were purchased locally. Aliquots (100 μl) of C. difficile spores suspended in 

reduced aw PBS were inoculated into ~0.1 g sterile ground jerky yielding a concentration of 

~2x108 spores/g. Samples stored for up to 3 months at 20oC. PBS and beef jerky samples 

were serially diluted and plated on 1.5% Brain Heart Infusion (BHI) agar (Difco, BD 

Diagnostic Systems, Sparks, MD) supplemented with 0.5% yeast extract (S) and 0.1% 

sodium taurocholate (ST) (Alfa Aesar, Haverhill, MA). The BHIS-ST plates were incubated 

anaerobically at 37°C for 25 hours. Colony-formation units (CFU) were recorded and 

converted to log CFU/mL and log CFU/g values for tests in PBS and meat, respectively. In 

addition, the spores were examined microscopically at each sample time point. All 
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experiments were conducted in triplicates and analyzed by ANOVA and paired t-test using 

Microsoft Excel 2013 (Redmond, WA).  

 

4.2.3 Spore hydrophobicity determinations 

Spore hydrophobicity was used as a marker for exosporium removal as previously 

described (Pizarro-Guajardo and others 2014; Díaz-González and others 2015). Fresh and 2-

month stored C. difficile spores (at room temperature) were analyzed following the 

hydrophobicity assay described by Paredes-Sabja and Sarker (2012). Briefly, 500μl spore 

suspension were adjusted to OD440 ~0.4 using distilled water, and then mixed with 100μl 99.0% 

hexadecane (Mallinckrodt Chemicals, Hazelwood MO) and then vortexed for 30 s. After 15-

min room temperature incubation, the turbidity loss of the aqueous solution was measured by 

OD440, and the relative hydrophobicity (RH) of the spore surface was calculated as in Eq. (1). 

RH values were analyzed by ANOVA using Microsoft Excel 2013. 

 %
OD

OD-1
 RH

initial440,

final440,
  (1) 

 

4.3. Results and discussion 

4.3.1. C. difficile spore viability 

In this study, the viability of spores was evaluated as germination efficiency, i.e., their 

ability to germinate and form colonies. At the levels tested, no significant aw effect was 

observed on the initial spore viability of the three strains included in this study (P>0.05). 

However, a striking difference in viability was observed among strains. While the initial spore 

concentration in PBS was the same for all strains (8.2 log spores/ml, >98% free of germinated 

spores or vegetative cells), the germination ratios for strains M120, DK1, and R20291 on 1.5% 
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BHIS-ST agar were 21%, 26% and 0.06%, respectively.  

4.3.2. Spore viability during storage of C. difficile in PBS at reduced aw 

In the case of spores of strains M120 and DK1, aw had no significant effect on viability. 

After 12 weeks storage in PBS solutions at room temperature and aw ~1.00, 0.82 and 0.72, the 

decimal reductions in spore viability (mean ± standard deviation) for strain M120 spores were 

0.7±0.01, 1.2±0.5 and 1.0±0.2, respectively (Table 4.1). The corresponding values for strain 

DK1 were 1.1±0.1, 1.1±0.1 and 1.1±0.2. These spore viability reduction values are not 

significant from a food safety point of view and concur with earlier observations for M120 

spores stored at room temperature in PBS (aw ~1.00) (Deng and others 2015a). However, the 

viability of R20291 spores stored at aw ~1.00 and room temperature increased by 1.7±0.3 and 

2.1±0.2 log CFU/ml after 6 and 12 weeks, respectively (Table1). At aw 0.82 and 0.72, no 

significant changes were observed during the first 6 weeks (P>0.05), whereas increases of 

1.2±0.1 and 1.1±0.08 log CFU/ml, respectively, and 1.8±0.3 and 1.8±0.08 log CFU/ml, 

respectively, were observed after 8 and 12 weeks (Table 4.1). These spore viability increases 

can have a significant food safety impact and are consistent with a reported ~2.0 log CFU/ml 

viability increase for spores of this strain stored in PBS (aw ~ 1.00) after 3 months at room 

temperature (Deng and others 2015a). Microbial examinations during the 12 weeks of storage 

showed that spores remained in bright phase and free of germinated spores and vegetative 

cells. This indicates that spore germination during storage which could have contributed to 

the observed changes in spore viability did not occur. 

 

4.3.3. Spore viability of C. difficile in beef jerky 

The viability of spores of C. difficile strains M120 and DK1 in beef jerky at aw 0.82 
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and 0.72 during storage at room temperature for up to 12 weeks did not change significantly 

(Table 4.1). The comparison with the viability decrease observed in PBS solutions at the same 

aw level (Table 4.1) indicates that the low aw beef jerky protected the spores of these 

C. difficile strains (Table 4.1). However, the viability of strain R20291 spores in beef jerky at 

the same aw levels showed a 0.9±0.3 and 1.0±0.4 log CFU/g increase (Table 4.1), respectively, 

i.e., a lower increase than the 1.8±0.3 and 1.8±0.1 log CFU/ml increase observed in PBS at 

the same aw levels (Table 4.1). The mechanisms underlying the effect of the meat matrix on 

the spore viability during reduced aw storage remain unclear.  

 

4.3.4. Further investigation of C. difficile spore viability  

The removal of exosporium has been reported to increase the germination efficiency 

of the spores of some C. difficile strains (Escobar-Cortés and others 2013; Díaz-González and 

others 2015). The hydrophobicity of C. difficile spores controls their adherence to epithelial 

cells (Joshi and others 2012; Paredes-Sabja and Sarker 2012). Figure 4.1 shows the C. difficile 

spores hydrophobicity at time 0 and after storage for 2 months at the three aw levels included 

in this study. Spores of C. difficile strain R20291 showed a significant higher hydrophobicity 

than the M120 and DK1 strains. At time 0, the RH value for spores of strain R20291 is ~69.7% 

± 0.03 (95% CI) and similar to the previously reported value (Joshi and others 2012). This 

suggests that C. difficile strain R20291 spores have a greater ability to adhere to human 

epithelial cells, which may explain why R20291 strain spores are associated with more CDI 

cases than other strains (Clements and others 2010). However, the precise mechanisms of 

spore adherence to epithelial is not fully understood. During storage, R20291 showed an 

increase in spore viability during room temperature storage (Table 4.1), which is consistent 

with previous findings (Deng and others 2015a). Although loss of the exosporium changes 
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the spore hydrophobicity and increases the germination efficiency of some C. difficile spore 

strains (Escobar-Cortés and others 2013; Díaz-González and others 2015), the 

hydrophobicity of fresh and stored spores showed no significant differences (P>0.05) (Figure 

4.1). This suggests that the increase in the viability of R20291 spores is unlikely to be caused 

by the loss of the exosporium during storage. This suggests that during room temperature 

R20291 spores may follow an unidentified maturation process resulting in a loss of 

superdormancy. Although maturation of bacterial spores has been well described in B. subtilis 

species (Ghosh and Setlow 2009; Sanchez-Salas and others 2011a), it has not been reported 

in spores of C. difficile strains. Further work is necessary to investigate the superdormancy 

of C. difficile spores and the molecular mechanisms involved. 

 

4.4. Conclusions  

Spores of C. difficile strains M120 and DK1 suffered viability losses that were not 

sufficiently large from a food safety point of view when stored at room temperature in PBS 

solutions and in beef jerky with reduced aw. On the other hand, spores of strain R20291 

showed a significant increase in germination ability. This germination ability increase is not 

likely due to a loss of the exosporium layer which has been shown to play a significant role 

in the efficiency of the spore germination in the presence of taurocholate a nutrient rich media. 

Further studies are necessary to understand the mechanisms of C. difficile spore survival and 

increase viability of spores from strains such as R20291 to minimize the C. difficile foodborne 

transmission risk.  
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Figure 4. 1 Relative hydrophobicity of Clostridium difficile spore. The relative 

hydrophobicities of strain M120 (white), DK1 (black), and R20291 (grey) in 2-month 

storage in PBS of aw = 1.00, 0.82, and 0.72. 
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Table 4. 1 Clostridium difficile spore viability reduction (log[CFU/ml]) in reduced water activity PBS and meat product. 

 

 

Time 
(weeks) 

DK1 M120 R20291 

PBS 

1.00 

PBS 

0.82 

PBS 

0.72 

Meat 

0.82 

Meat 

0.72 

PBS 

1.00 

PBS 

0.82 

PBS 

0.72 

Meat 

0.82 

Meat 

0.72 

PBS 

1.00 

PBS 

0.82 

PBS 

0.72 

Meat 

0.82 

Meat 

0.72 

1 0.2 

(0.3) 

0.6 

(0.06)* 

0.5 

(0.06)* 

- 0.17 

(0.08) 

0.3 

(0.4) 

0.1 

(0.1) 

0.3 

(0.3)* - 
-0.02 

(0.03) 

-0.4 

(0.2) 

0.3 

(0.2) 

0.1 

(0.05) 

- -0.4 

(0.09) 

2 0.3 

(0.1) 

0.6 

(0.2)* 

0.4 

(0.1) 

- 0.16 

(0.07) 

0.01 

(0.08) 

0.7 

(0.04)* 

1.3 

(0.3)* - 
-0.02 

(0.06) 

-1.1 

(0.1) 

-0.3 

(0.3) 

-0.3 

(0.1) 

- -0.4 

(0.07) 

4 0.9 

(0.1)* 

0.5 

(0.04)* 

1.5 

(0.3)* 

-0.23 

(0.25) 

0.00 

(0.004

) 

0.1 

(0.3) 

0.9 

(0.2)* 

1.3 

(0.09)* 

0.01 

(0.3) 

0.00 

(0.1) 

-0.9 

(0.4) 

-0.3 

(0.2) 

-0.4 

(0.3) 

-0.3 

(0.1) 

-0.5 

(0.1) 

6 0.8 

(0.5)* 

1.3 

(0.3)* 

1.2 

(0.04)* 

- 0.14 

(0.2) 

0.4 

(0.04)* 

1.3 

(0.03)* 

0.7 

(0.3)* - 
0.03 

(0.1) 

-1.7 

(0.3)* 

-0.2 

(0.3) 

-0.3 

(0.2) 

- -1.3 

(0.2)* 

8 0.2 

(0.08) 

1.2 

(0.4)* 

1.2 

(0.3)* 

0.15 

(0.18) 

0.12 

(0.2) 

0.2 

(0.1) 

1.52 

(0.3)* 

0.8 

(0.2) 

0.54 

(0.2) 

-0.06 

(0.1) 

-2.1 

(0.05)* 

-1.2 

(0.1)* 

-1.1 

(0.08)* 

-0.8 

(0.7) 

-1.3 

(0.01)* 

12 1.1 

(0.1)* 

1.1 

(0.1)* 

1.1 

(0.17)* 

0.28 

(0.29) 

0.17 

(0.2) 

0.7 

(0.01)* 

1.2 

(0.5)* 

1.0 

(0.2)* 

0.32 

(0.2) 

0.09 

(0.2) 

-2.1 

(0.2)* 

-1.8 

(0.3)* 

-1.8 

(0.08)* 

-0.9 

(0.3)* 

-1.0 

(0.4)* 

* Subscript indicates significant difference from the initial spore viability (P<0.05) 
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Abstract 

Spores of epidemic strain M120 and beef-isolated DK1 were treated at 70-85°C in 

PBS buffer and 80°C in ground beef. Linear 1.5 and 0.8 decimal reductions (ST) were 

observed when M120 and DK1, respectively, were held for 60 min in PBS at 70°C. Non-

linear inactivation reached respectively ST=3.2 and 1.6 in 32 min at 75°C, and ST=3.1 and 2.9 

in 24 min at 80°C. During come-up time to 85°C, a 1.1 decimal reduction was observed for 

M120 but none for DK1. After 24 min at 80oC, M120 and DK1 spores in ground beef showed 

ST=1.6 and 1.4, respectively, i.e., lower values than in PBS. The nonlinear Gompertz model 

fitted well the inactivation data for spores in PBS yielding smaller maximum inactivation 

levels, faster maximum inactivation rates, and shorter lag times for M120 than DK1. This 

study confirms the need to lower the presence of C. difficile spores in meat products. 

Keywords: Clostridium difficile, spore, thermal inactivation, beef, Gompertz model 
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5.1. Introduction 

Clostridium difficile is a gram positive, spore forming, anaerobic bacterium first 

isolated from the stool of a healthy infant in 1935. It has been identified as the causative agent 

of pseudomembranous colitis and nosocomial diarrhea (McFarland and others 1989). 

C. difficile infection (CDI) is often accompanied by systemic symptoms including diarrhea, 

abdominal pain, fever and a distinctive foul stool odor. CDI diagnosis requires identification 

of C. difficile toxin A or B in diarrheal stool but the accuracy of current tests remains 

inadequate (Ananthakrishnan 2011). During the last decade, increasing CDI incidence and 

mortality trends have been reported across the USA, Canada, and Europe. The Healthcare 

Cost and Utilization Project reported that in 2009 there were 336,600 CDI-related hospital 

stays in the USA compared to 85,700 cases in 1993 (Lucado and others 2012). 

Although CDI is commonly thought as a hospital-related infection, C. difficile has 

been isolated from meat products. The first food detection report occurred in 1996 when it 

was found present in chilled vacuum-packed red meats and dog rolls in gas-impermeable 

plastic casings (Broda and others 1996). C. difficile has been detected and isolated from beef, 

pork, ground beef, ground pork, ground turkey, pork sausage, pork chorizo, ready to eat 

summer sausage, and pork braunschweiger (Rodriguez-Palacios and others 2007; Songer and 

others 2009; Weese and others 2009a). Although no food borne CDI cases have been reported, 

pathogenic bacterial spore formers are frequently associated with food borne outbreaks. 

Although several novel inactivation methods have been commercially implemented 

(Mújica-Paz and others 2011; Torres and Velázquez 2005), thermal treatments remain the 

principal method of microbial inactivation used by the food processing industry. The minimal 

internal cooking temperature recommended by the U.S. Food Safety and Inspection Services 
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to inactivate foodborne pathogens such as Salmonella spp. and Escherichia coli O157 is 

160°F (71°C) in ground meat, and 145°F (63°C) with an additional 3-min rest time before 

cutting for whole cuts of pork, beef, veal, and lamb (Anonymous 2013; Anonymous 1999). 

However, these guidelines are based on limited and outdated research published in 1978 on 

the fate of Salmonella during the cooking of beef (Goodfellow and Brown 1978), and they 

do not consider the expansion of products based on new meat ingredients, changes in the 

additives used, and the need to inactivate emerging pathogens such as Listeria 

monocytogenes, E. coli O157:H7 and others. Furthermore, these temperatures do not 

inactivate pathogenic bacterial spores including those from C. perfringens which are 

prevalent in meat products (Sarker and others 2000). A recent study indicated that C. difficile 

spores survive the temperature used for cooking ground meat (71°C) for up to 120 min 

(Rodriguez-Palacios and others 2010). The same authors reported markedly different heat 

resistance among the spore strains tested in their work. Differences in the resistance to 

multiple freeze-thaw cycles and to storage at room, refrigeration and freezing temperature 

have also been reported for C. difficile spore strains R20291 and M120 (Deng and others 

2015a). 

The first order kinetic model (Eq. 5.1) based on the decimal reduction time (DT) at 

constant temperature (T) and thermal resistant constant (z), describes microbial inactivation 

during thermal processing as follows (FDA 2012): 
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 (5.1) 

 

where No and N stand as the number of microorganisms at time 0 and t, respectively, and ST 

is the number of decimal reductions achieved at temperature T. Though this traditional 
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approach is still used by regulatory agencies, there is strong evidence that the microbial 

inactivation/survival curve is more complex (Zwietering and others 1990; van Boekel 2008; 

Peleg 2006a). While the first order model assumes homogeneous individuals in a population, 

bacterial spores appear to be heterogeneous (Cronin and Wilkinson 2008; Deng and others 

2015a). Therefore, alternative non-linear mathematic models have been proposed 

(Zwietering and others 1996). The Gompertz model (Eq. 5.2), a non-linear model frequently 

used, can describe the “shoulder” and “tail” in the microbial inactivation curve.  
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At a given temperature, the microbial inactivation model parameters A, μmaz and λ 

describe the maximum observed microbial decimal reductions, the maximum inactivation 

rate, and the lag time or “shoulder,” respectively (Serment-Moreno and others 2015d). In the 

work reported by Rodriguez-Palacios and Lejeune (2011), inactivation data was analyzed 

using conventional linear modeling by ignoring the tail portion of the survival plot observed 

after 8 min heating at 85oC. Furthermore, the authors reported only aggregated D-value data. 

Individual data is needed as bacterial spores may differ significantly in their resistance to 

environmental conditions. This was also the case for the survival at low temperature of spores 

of C. difficile strains R20291 and M120 during storage tests for up to 4 months reported by 

Deng and others (2015a). In this study, the wet heat resistance of two C. difficile spore strains 

was determined in PBS and ground beef. The non-linear Gompertz model was applied to 

analyze their heat resistance at 70 to 85°C.  

5.2. Materials and Methods 
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5.2.1. Bacterial strains 

The strains used for thermal inactivation studies in PBS and meat were M120 and 

DK1. The former is a PCR ribotype 078 kindly provided by Dr. Trevor Lawley (Wellcome 

Trust Sanger Institute, Hinxton, UK) often detected in farm animals, and even more 

frequently in CA-CDI cases (Janezic and others 2012). Strain DK1 was isolated as follows 

from beef purchased from a local retail store (Santiago, Chile). Five samples of beef (1 g) 

treated with 5 mL 100% ethanol for 30 min to inactivate vegetative cells were transferred to 

tubes with 10 mL Brain Heart Infusion (BHI, 17.5 g/mL) broth (Difco, BD Diagnostic 

Systems, Sparks, MD) supplemented with 0.5% yeast extract (BHIS), 0.1% sodium 

taurocholate (ST), 250 μg/mL cycloserine, and 16 μg/mL cefoxitin. Tubes were incubated at 

37°C for 4 d under anaerobic conditions in a ShelLab Bactron III-2 chamber (Sheldon 

Manufacturing, Inc., Cornelius, OR). A 1 mL aliquot treated with 100% ethanol for 30 min 

was plated on BHIS-1.5% agar containing ST, cycloserine and cefoxitin as described before 

and incubated anaerobically at 37°C for 48 h. Isolated colonies were picked and grown for 

48 h in BHIS broth. The isolate culture was cultivated and kept in cooked meat medium 

(Difco) under anaerobic condition until further analysis.  

5.2.2. DNA extraction and PCR ribotyping 

DNA extraction and PCR ribotype determinations were performed using primers and 

PCR cycling conditions described by Bidet and others (1999). The sequences of the primers 

were GTGCGGCTGGATCACCTCCT (position 1482-1501 of the 16S rRNA gene) and 

CCCTGCACCCTTAATAACTTGACC (position 1-24 of the 23S rRNA gene). The program 

consisted of an initial denaturation of 5 min at 95°C, followed by 35 cycles of 94/57/72°C (1 

min at each temperature), and ending with an additional 5 min at 72°C. The reaction mixture 

was separated as described by Fortier and Moineau (2007). An aliquot (6 μl) of the reaction 
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mixture was analyzed using a 1.5-mm-thick 5% nondenaturing polyacrylamide gel in 1X 

Tris-acetate-EDTA buffer (Mini Protean, Bio-Rad Laboratories, Mississauga, Ontario, 

Canada). C. difficile presence was confirmed by PCR-amplification of the C-terminal domain 

of the collagen-like glycoprotein, BclA3 (CD630_33490), a unique marker for C. difficile. 

The gel was run for 45 min at 150 V and stained with ethidium bromide for 20 min before 

exposure to UV light. Images were visually analyzed and results confirmed with the Gel 

Compar II software (Bionumerics, Applied Maths, Austin, TX). 

5.2.3. Spore preparation 

C. difficile strains were plated on 1.5% tryptone-yeast extract (TY) agar (Difco) and 

kept 7 d at 37°C under anaerobic conditions. Sporulating cells were recovered by flooding 

plates with sterile water and washed with the same by centrifugation (10 times, 14000 g, 10 

min). Free spores were obtained by density gradient centrifugation (14000 g, 45 min) using 

50% Nycodenz (Sigma-Aldrich Corp., St. Louis, MO). After washing five times with PBS to 

eliminate Nycodenz, spores were enumerated using a microscope counting chamber. Spore 

suspensions of both strains (5x109 spores/mL, >99% free of vegetative cells, sporulating cells 

and cell debris) were prepared in phosphate buffer saline (PBS, 8 g/L NaCl, 0.2 g/L KCl, 

1.44 g/L Na2HPO4, and 0.24 g/L KH2PO4) as previously described (Kuehne and others 2010) 

and stored for up to 3 months at -80°C until use. The same spore stock suspensions were used 

for all experiments. 

5.2.4. Thermal treatments in PBS 

Aliquots (40 μL) of the stock spore suspension diluted from 5×109 spores/mL to 

1.67×108 spores/mL were transferred into PCR tubes and then placed in a water bath at 70, 

75, 80, and 85°C. One PCR tube was used to monitor the suspension temperature (DP41-TC 
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Thermocouple Panel, Omega Engineering Inc., Stamford, CT). Treatment time was started 

after the sample reached the test temperature and recording the come-up time (CUT). After 

heating, samples were cooled in an ice-water bath, homogenized before preparing serial 

dilutions, plated on 1.5% BHIS agar supplemented with 0.1% ST, and incubated at 37°C for 

36 h under anaerobic conditions. Colony forming units (CFU) at each heat treatment time 

and including CUT were recorded and converted into log10 CFU/mL.  

5.2.5. Thermal treatment in ground beef 

A ground beef model system described by Akhtar and others (2009) was used to 

validate results observed in laboratory media. Ground beef obtained from a local retail store 

(Santiago, Chile) was used to prepare heat-sealed 1 g pouches sterilized at 121°C for 30 min 

and then stored at 4°C before use within 24 h. Pouch surfaces were cleaned by immersion in 

70% ethanol before opening for inoculation with 1 mL of a 1/1000 dilution of a 5x109
 

spores/mL suspension of each strain yielding ground beef samples with about 2.5×106 

spores/g. Re-sealed pouches, mixed by hand to ensure even spores distribution in the meat, 

were treated in a 80°C water bath for 6, 12 and 24 min, and then cooled immediately after 

treatment in an ice-water bath (1 min). A control sample for temperature measurements was 

used to determine CUT and temperature holding times. After sterilizing the bag surfaces, 

samples were transferred into Eppendorf tubes. Homogenized samples and untreated controls 

were enumerated as previously described. 

5.2.6. Mathematic model and statistical analysis 

All heating experiments were done using triplicate samples. Triplicate log CFU/mL 

counts (mean ± standard deviation (SD)) were used to prepare survival curves. A t-test was 

applied to compare differences between untreated and CUT-heated controls for both strains 
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(P<0.05). Gompertz model parameters were estimated by the nonlinear least square function 

(nls) in R (R Development Core Team 2010), and the mean squared error (MSE) and R2 for 

the models were then calculated. The approximated confidence interval of the nonlinear 

regression model parameters were calculated using the R function confint2. ANOVA and the 

Tukey HSD test were used to evaluate the significance (P<0.05) among model parameters. 

The t-test was applied to compare model parameters between two strains at the same 

treatment condition. Monte Carlo simulations were used to obtain the 95% confidence 

boundary for the microbial reduction as described previously (Deng and others 2016a). 

Briefly, the estimated Gompertz model parameters were assumed to follow normal 

distribution with the estimated values and standard error as the corresponding mean and 

standard deviation. One thousand simulations of each parameter were used as input for the 

Gompertz model (Eq. 5.2) to predict the amount of microbial decimal reductions. The 95% 

quantile (R function, quantile) was determined to define the 95% confidence boundary of the 

microbial inactivation.  

5.3. Results and discussion 

5.3.1. Characterization of beef meat isolates 

The PCR ribotyping of isolates obtained from a locally purchased beef sample (lanes 

1-5) revealed four strains (DK2, DK3, DK4 and DK5) with similar ribosomal intergenic 

banding patterns as strain M120. DK1 banding pattern differed from R20291 used as a control 

for the 027 PCR ribotype and although it was similar to that of reference strain M120 

(ribotype 078), it differed by a single extra band at nearly 300 bp. Using gene-specific primers, 

all five meat isolates were confirmed to be C. difficile by PCR-amplification of the C-terminal 

domain of the collagen-like glycoprotein, BclA3 (CD630_33490), which according to 

bioinformatic analysis is unique to C. difficile. Cluster analysis confirmed that DK2, DK3, 
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DK4 and DK5 beef isolates belong to the same clade as the 078 PCR ribotype, while DK1 

was significantly different from the 078 and 027 PCR ribotypes (Figure 5.1B). Since the meat 

sample isolate DK1 might belong to a different unidentified ribotype, it was selected for this 

spore thermal resistance study.  

5.3.2. Thermal inactivation in PBS 

Initial M120 and DK1 colony counts of inoculated PBS were approximately 7.4-7.6 

log CFU/mL. The analysis of CUT-heated controls for both strains showed no detectable 

decreases during heating (P>0.05), except for strain M120 heated to 85°C, which showed 

1.1 log CFU/mL reductions (P<0.05). Colony counts decreased after 60 min at 70°C from 

7.2 to 5.7 log CFU/mL and from 7.6 to 6.9 log CFU/mL for strains M120 and DK1, 

respectively. These reductions in the counts of both spores are insufficient from a food safety 

point of view.  

At 75°C and higher temperatures, survival curves were clearly not linear (Figure 5.2). 

Several studies have reported nonlinear survival curves for the thermal inactivation of C. 

difficile (Rodriguez-Palacios and Lejeune 2011; Rodriguez-Palacios and others 2010) and 

other bacterial spores (Peck and others 1993; Fernández and others 1999). At 75°C, M120 

showed a 3.1 log CFU/mL reduction after 16 min while DK1 decreased by 1.3 log units. At 

80°C, the reduction after 9 min for M120 was 2.6 log CFU/mL and 2.7 log CFU/mL for strain 

DK1. After the 1.1 log CFU/mL reduction during CUT previously mentioned, counts of 

M120 spores heated to 85°C reached 3.0 and 3.5 additional decimal reductions after 3 and 20 

min, respectively. As to strain DK1, showing no significant inactivation during CUT, 

reductions of 4.3 and 4.7 log CFU/mL were observed after 4 and 20 min heating, respectively. 

Rodriguez-Palacios and others (2010) observed markedly different heat resistance when 
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subjecting twenty C. difficile isolates to heating at 71°C. Significant differences in heat 

resistance have also been reported for C. botulinum (Peck and others 1993), and C. 

perfringens strains (Sarker and others 2000). In the latter case, spores carrying a 

chromosomal C. perfringens enterotoxin (cpe) gene were on average 60-fold more heat 

resistant than isolates carrying a plasmid cpe gene. The mechanisms underlying the thermal 

resistance difference between DK1 and M120 spores remain unclear. 

5.3.3. Thermal inactivation in ground beef  

Initial M120 colony counts for ground beef inoculated were about 5.7 log CFU/g and 

after 24 min at 80°C showed a 1.6 decimal reduction (Figure 5.2C). Under the same 

conditions, M120 inoculated into PBS showed a significantly lower heat resistance (3.1 

decimal reductions). The initial spore concentration difference, 8.2 log CFU/mL and 

5.7 log CFU/g in PBS and ground beef, respectively, is not a likely reason for this difference. 

In the case of DK1 spores in ground beef with an initial count of 5.5 log CFU/g, a 1.4 decimal 

reduction was observed after 24 min while a 3.0 decimal reduction was observed in PBS. 

Similar observations have been reported for C. perfringens spores yielding different thermal 

resistance in 0.067M PBS (pH 7) and beef gravy (Bradshaw and others 1977). The 

inactivation of C. perfringens spores observed in meat product was also lower than in BHI 

broth (Akhtar and others 2009). Rodriguez-Palacios and Lejeune (2011) observed also 

differences in the thermal resistance of a C. difficile spore cocktail when comparing heat 

processing of ground beef (3 and 30% fat content) and fat-free gravy, suggesting a heat 

protection effect by the meat matrix. 
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5.3.4. Modeling of thermal inactivation 

As shown in Figure 5.2, the survival curves for C. difficile spores in PBS at 70-85°C 

were sigmoidal. The three parameter Gompertz model used to describe them yielded smaller 

MSE and higher R2 values (Table 5.1) than when using the Weibull model. The superior 

performance of the Gompertz model was confirmed with Akaike (AIC) and Bayesian 

Information Criteria (BIC). The parameters of the Gompertz model have been assigned a 

biological meaning (Serment-Moreno and others 2015d). Lower A values indicate that a 

smaller fraction of the spore population can be inactivated under a given condition. As shown 

in Table 5.1, a smaller (A= 0.99, 0.40-1.57 95% CI) and a larger fraction (A=4.70, 4.09-5.31 

95% CI) of strain DK1 spores were inactivated at 70°C and 85°C, respectively. While the 

maximum inactivation increased significantly with temperature for DK1 strain spores 

(P<0.05), strain M120 showed no significant difference in A values at the temperatures tested 

(P>0.05) (Table 5.1). Moreover, the comparison at lower temperatures (70, 75°C) showed 

that the fraction of M120 spores inactivated was larger than for DK1, whereas no significant 

difference between strains was observed at 80 and 85°C. The inactivation rate μmax of both 

strains increased with temperature as expected, and values for DK1 were smaller than those 

for M120 at the same temperature except for 80°C (Table 5.1). Lag time (λ) decreased 

significantly with temperature (P<0.05, Table 5.1). λ values of 0.58 and 0.51 min for strains 

DK1 and M120 treated at 85°C, respectively, were not statistically different (P>0.05) and 

larger than CUT (0.62 min). However, a significant 1.1 decimal reduction (P<0.05) was 

observed at CUT for strain M120 indicating that inactivation was initiated during CUT, 

whereas no significant difference was observed for strain DK1 (P>0.05). In general, the 

smaller maximum inactivation rate (μmax) and longer lag time for strain M120 at all 

temperature tested indicate that M120 is more heat sensitive than DK1. These significant heat 
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resistance differences among spores from the two C. difficile strains tested in this study 

confirm the need for individual determinations of thermal inactivation kinetics. 

5.4. Conclusions 

A beef sample collected from a local retail store was found to be contaminated with 

at least two C. difficile strains confirming again the presence of this pathogen in the food 

supply. Spores of one of them, DK1, found to be different from other strains available in the 

laboratories where this work was completed, and spores of the epidemic strain M120 were 

subjected to thermal treatments. This study confirmed the high resistance of C. difficile spores 

to the temperature levels typically used when cooking meat products (70-75°C). Microbial 

load reductions observed at these temperatures do not meet minimum safety standards 

suggesting that producers and processors must find means to lower the presence of C. difficile 

spores in animal meat products. In the 70-85oC range, M120 spores showed less heat 

resistance than DK1. Application of the modified Gompertz model yielded a smaller 

maximum inactivation level (A), a faster maximum inactivation rate (μmax), and a shorter lag 

time (λ) for strain M120. These significant heat resistance differences observed among spores 

of the two C. difficile strains tested in this study confirm the need for individual 

determinations of thermal inactivation kinetics. Further studies are necessary to identify the 

mechanisms for these differences and the observed protection by meat to the heat inactivation 

of spores of C. difficile strains. Finally, thermal inactivation determinations over a wider 

temperature range are needed to develop improved kinetic models predicting the inactivation 

of C. difficile spores and including secondary models for the effect of temperature on the 

parameters of the primary model. 
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Figure 5.1 (A) PCR ribosomal intergenic regions band pattern of Clostridium difficile 

reference strains M120 (ribotype 078) and R20291 (ribotype 027) in addition to beef isolates 

DK1, DK2, DK3, DK4 and DK5. Standard marker (St) indicates the 100-bp DNA ladder; (B) 
Cluster analysis of reference strains (R20291 and M120) and strains isolated from beef 

(DK1, DK2, DK3, DK4, and DK5) 
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Figure 5. 2 Survivor colony counts of Clostridium difficile spores strains M120 () 

and DK1 (○) suspended in PBS, and M120 (■) and DK1 (●) in meat after heat treatments 

in a water-bath at 70(A), 75(B), 80(C), and 85oC(D). Solid lines are the Gompertz model 

fits of M120 and DK1, respectively 
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Table 5. 1 Parameter estimates and statistical summary of primary Gompertz fit for 

the inactivation of Clostridium difficile strains DK1 and M120 in PBS 

 

T(°C) 70 75 80 85 

CUT1 (s) 28 30 34 36 

DK1 

A (SE) 0.99 (0.18)a  1.64 (0.06)a  2.88 (0.05)b 4.70 (0.27)c 

95% CI 0.40-1.57 1.51-1.79 2.75-3.02 4.09-5.31 

μmax (SE) 0.02 (0.003)a 0.11 (0.009)b 0.53 (0.041)c 1.06 (0.105)d 

95% CI 0.01-0.03 0.09-0.13 0.43-0.63 0.82-1.31 

λ (SE) 14.34 (2.91)a 1.70 (0.62)b 0.84 (0.21)b 0.58 (0.16)b 

95% CI 5.07-23.60 0.38-3.02 0.33-1.35 0.20-0.95 

R2 0.991 0.995 0.997 0.981 

MSE 0.0008 0.0017 0.0049 0.0740 

M120 

A (SE) 3.37 (0.97)a 3.30 (0.12) a 3.09 (0.06) a 4.28 (0.24) a 

95% CI 0.89-5.86 2.98-3.62 2.93-3.20 3.69-4.86 

μmax (SE) 0.03 (0.004) a 0.34 (0.051) b 0.37 (0.02) b 2.01 (0.42) c 

95% CI 0.02-0.04 0.20-0.48 0.32-0.46 0.98-3.04 

λ (SE) 14.68 (4.63) a 4.26 (0.61) b 1.70 (0.23) c 0.51 (0.16)d 

95% CI 1.80-27.6 2.56-5.95 0.99-2.51 0.11-0.90 

R2 0.967 0.988 0.998 0.980 

MSE 0.0087 0.0091 0.0039 0.0732 

(1) Come up time (CUT) 

*Subscript letters indicates a significant temperature effect difference (P<0.05) 
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Abstract 

Current U.S. regulations require juice pasteurization processes achieving at least five 

decimal reductions (SV) with high confidence. Sigmoidal microbial survival curves are 

typically observed when foods are treated by High Pressure Carbon Dioxide (HPCD), an 

alternative non-thermal pasteurization technology using supercritical CO2 to inactivate 

pathogenic and spoilage microorganisms. In this study, the inactivation of Escherichia coli 

CGMCC1.90 in apple juice by HPCD treatments was described using a modified Gompertz 

model. The values of MSE, R2, pvalue obtained with the regression coefficient standard error 

and Student’s t distribution, Akaike information criteria (AIC) and Bayesian information 

criteria (BIC) were used to assist in the selection of secondary models yielding the Gompertz 

model parameters b(T,P)=14.21+0.011P-0.67T+0.0085T2 and c(T,P)=-0.10 

+0.0023P+0.0037T (T and P in °C and MPa). Monte Carlo simulations were used to 

incorporate the variability and uncertainty of the parameter b and c estimates, which were 

then used to predict SV values for a given time, temperature and CO2 pressure combination 

and desired confidence boundary. The model showed that HPCD processes can meet SV ≥ 5 

at 95% confidence but at relative long apple juice processing times, i.e., 35-124 min 

treatments in the experimental temperature and pressure range of 32-42°C and 10-30 MPa, 

respectively. 

Keywords: High-Pressure Carbon Dioxide (HPCD); Gompertz model; pathogen; Escherichia 

coli CGMCC1.90; apple juice; pasteurization 
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6.1. Introduction 

In the early 1980’s, Escherichia coli O157:H7 was identified as the causative agent 

for hemorrhagic colitis with hemolytic uremic syndrome (HUS) as a life-threatening illness 

complication (Karmali and others 1983). E. coli O157:H7 outbreaks were primarily 

associated with the consumption of undercooked beef meat, raw milk, and contaminated 

water (Griffin and Tauxe 1991), although other foods including yogurt, mayonnaise 

(Weagant and others 1994), fresh vegetables (Ackers and others 1998), salami (Centers for 

Disease Control and Prevention (CDC) 1995), and fruit juices including apple juice (Senkel 

and others 2003; Gayán and others 2014) have been involved too. Low pH (<4.0), 

refrigeration, and the addition of chemical preservatives were previously assumed to 

safeguard apple juice against the survival and growth of pathogens. However, severe 

outbreaks with important economic impact and high morbidity and mortality have been 

reported in the past two decades (Besser and others 1993; Hilborn and others 2000; Vojdani 

and others 2008). 

Commercial thermal processing has been used for more than 200 years to reduce 

microbial safety risks, extend shelf-life and improve the palatability of foods. In spite of 

continuous improvements, developing non-thermal technologies has become necessary 

because of the increasing consumer demand for safe foods with close-to-fresh quality, high 

retention of nutrients, and a high bioavailability of phytochemicals associated with desired 

health improvement (Cruz and others 2011a; Serment-Moreno and others 2015c). Processing 

by High Pressure Carbon Dioxide (HPCD), also called Dense Phase Carbon Dioxide (DPCD), 

has been proposed as a non-thermal pasteurization alternative (Spilimbergo 2002). 

Supercritical CO2 at or above its critical temperature (31.1oC) and pressure (7.38 MPa) can 

diffuse through solids like gases, and dissolve in liquids (Garcia-Gonzalez and others 2007). 
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HPCD has been reported to inactivate at least 12 Gram-positive bacteria, 10 Gram-negative 

bacteria, 8 bacterial spores, and 8 fungi as filament or spores (Zhang and others 2006). 

Several studies have shown the inactivation by HPCD of Escherichia coli and the natural 

microflora in apple and grapefruit juice (Erkmen 2001; Peleg 2002; Liao and others 2007; 

Liao and others 2008). Liao and others (2007) reported the effectiveness of HPCD treatments 

in the 32-42oC and 10-30 MPa range for the inactivation in apple juice of E. coli CGMCC1.90 

(China General Microbiological Culture Collection Center, Beijing, China), a Risk Group 2 

pathogen strain (Zhou 2015). The exact means of microbial inactivation by HPCD are not 

clear, but studies show that several mechanisms may be involved, including lowering of the 

internal and external pH of cells, enzyme inhibition by CO2, physical disruption of cells, 

modification of cell membranes, and extraction of cellular components (Damar and Balaban 

2006; Garcia-Gonzalez and others 2007). pH does not decrease significantly when CO2 

reaches the supercritical phase (Meyssami and others 1992). Furthermore, at the temperature 

of HPCD treatments (~30-50oC), irreversible thermal inactivation is unlikely to occur. 

However, higher moderate temperatures increase CO2 diffusivity, and by increasing the 

fluidity of membranes, its penetration into cells increases (Hong and Pyun 1999). Therefore, 

the bacterial inactivation efficiency of HPCD treatments depends on both temperature and 

CO2 pressure (Lin and others 1992; Lin and others 1993; Hong and Pyun 1999). 

As specified in 21 CFR Section 101.17(g), the U.S. Food and Drug Administration 

(FDA) now requires the application of HACCP procedures when producing retail-packaged 

fruit and vegetable juices and beverages is required. Furthermore, they must be processed to 

achieve five decimal reductions (SV) of the pathogens of concern or to bear a safety warning 

statement (Center for Food Safety and Applied Nutrition (CFSAN) 2002a; Food and Drug 

Administration 2009). The process selected should reach this safety goal with a high 
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probability, e.g., 95% of production batches will reach SV=5 when following exactly the same 

pasteurization procedures (Salgado and others 2011; Gayán and others 2012; Gayán and 

others 2014). 

Primary models predicting microbial inactivation as a function of time are essential 

tools when analyzing inactivation data and designing industrial processes. Moreover, the 

application of these primary models must be extended by secondary models describing the 

pressure and temperature dependence of the primary model parameters (Serment-Moreno and 

others 2014; Serment-Moreno and others 2015d). Non-linear HPCD inactivation kinetics of 

E. coli has been frequently reported but process pressure and temperature effects on the 

parameters of the inactivation models proposed remain in debate (Liao and others 2007; 

Ferrentino and others 2008; Ferrentino and others 2009). Ferrentino and others (2008) 

proposed a modified Weibull equation to describe the microbial survival curve after HPCD 

treatments, and a secondary model describing the relation between the Weibull parameters 

and the pressure-temperature conditions was also suggested. Nevertheless, the model analysis 

was just performed to describe the microbial inactivation under isothermal or isobaric 

conditions. In this study, secondary models for Gompertz model parameters were developed 

to describe temperature and pressure effects on the kinetics of E. coli inactivation in apple 

juice by HPCD treatments. The Gompertz model was then applied to design HPCD 

treatments ensuring SV=5 with 95% confidence boundary using a Monte Carlo simulation 

method. 

 

6.2. Materials and Methods 
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6.2.1. HPCD processed apple juice 

SV values defined as Log(N0/Nt) with N0 and Nt denoting initial counts and those after 

t min HPCD, respectively, were obtained directly from Liao and others (2007). In their work, 

sterile apple juice (pH 3.9, oBx 11.5) was inoculated with E. coli strain CGMCC1.90 in the 

early stationary growth phase yielding No values ranging 1.03-6.75x107 CFU/ml. Counts after 

5, 8, 15, 30, 45, 60 and 75 min triplicate treatments under 10, 20 and 30 MPa CO2 at 32, 37 

and 42 °C in a batch HPCD system were obtained by total plate counts (TPC). 

 

6.2.2. Pathogen inactivation model 

In this study, a model assuming no growth and no injury recovery during HPCD 

processing was used to predict microbial inactivation. The model is a modification of the 

Gompertz equation (Zwietering and others 1990) describing microbial load as a function of 

HPCD processing time (t) as follows (Serment-Moreno and others 2016a): 

 )]exp(exp[log tcbA
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where Nql is the TPC quantification limit (Nql, CFU/ml = 25). 

 

6.2.3. Statistical analysis 

Multiple linear regression was used to obtain secondary models describing the 

Gompertz parameters b and c as a function of temperature (T) and pressure (P). A set of 

candidate models describing their P, T and interaction dependence (T·P) were proposed 
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(Eqs.6.4-6.5). The secondary model selection using the R linear regression function (lm) was 

based on model performance evaluations including values of the mean squared error (MSE), 

coefficient of determination R2, pvalue obtained with the regression coefficient standard error 

and Student’s t distribution, Akaike Information Criteria (AIC), and Bayesian Information 

Criteria (BIC). Models with a better goodness of fit yield lower MSE values and R2 values 

approaching 1. While the goodness of fit indicates how well a model fits experimental 

observations, the fit can be improved by increasing the model complexity, even though the 

resulting model may describe random error or noise instead of the true underlying 

relationship. AIC provides a balance between the goodness of fit of the model and its 

complexity. Closely related to AIC, BIC is also a criterion for model selection based on the 

likelihood function and the complexity of the model (Serment-Moreno and others 2015d). 

Therefore, the preferred model should show significant regression coefficients (pvalue <0.05), 

low AIC and BIC values, low MSE values and R2>0.90. 

 TPbTbTbPbPbbb  5

2

43

2

210  (6.4) 

 TPcTcTcPcPccc  5

2

43

2

210  (6.5) 

 

The Gompertz model parameters were obtained by minimizing the residual sum of 

squares (RSS) using the nonlinear least square function (nls) in R (R Development Core Team 

2010). Mean squared error (MSE) and coefficient of determination (R2) values were 

calculated as well. The MSE is mean value of the squared residual, and R2 value is defined 

as the proportion of the total response variation explained by the explanatory variable. 
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6.2.3. Monte Carlo model simulations 

Monte Carlo simulations can describe the response to the variability of the secondary 

model parameters b(T, P) and c(T, P) of complex mathematical models such as Gompertz 

containing exponential function terms (Vose 2008). Within the range of the experimental 

data and using the R function predict.lm, b(T, P) and c(T, P) were assumed to follow normal 

distributions with their parameter estimate and standard error obtained for each T and P 

combination as their mean and standard deviation, respectively. Each simulation iteration of 

the secondary model parameters was then used as input into the primary Gompertz model 

(Eq. 6.1) to estimate microbial inactivation SV values for t<75 min, i.e., within the range of 

experimental data. The one-side 95% quantile was determined to define the confidence 

boundary of SV estimates for a given process time and T/P combination using the R code 

quantile. In addition, the Gompertz model rewritten in the form of Eq. 6.6 and R code quantile 

were used to estimate the process time required to achieve SV=5 with a 95% confidence 

boundary for T and P levels within the range of the experimental data. 
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Increasing the Monte Carlo simulation sample size (n) reduces the uncertainty of the 

model providing better estimates of the population variability (Vose 2008; Chotyakul and 

others 2011c). A desirable n value was determined using the coefficient of variation (CV) of 

the population of estimated values for the Gompertz model parameters b and c. Briefly, the 

CV for each parameter and simulated sample size (n=50, 100, 500, and 1000) was calculated 

100 times. The simulation size n was considered large enough when the CV values for each 

P/T combination were similar. In addition, the mean area under the HPCD SV curve (t=0-75 
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min) for each experimental P/T combination was also calculated. The simulation sample size 

n was considered large enough when the area values became stable.  

 

6.3. Results and Discussion 

6.3.1. Primary pathogen inactivation model 

The Gompertz primary model fitted survival curves for E. coli CGMCC1.90 in apple 

juice with R2 and MSE values between 0.90-0.95 and 0.07-0.84, respectively (Table 6.1). 

High R2 and low MSE values provided positive evidence that the regression model described 

the observed data well.  

The inactivation lag time (λ) estimated using Eq. 6.7 as suggested by Zwietering and 

others (1990) yielded much longer values than come-up time (CUT) values measured for the 

same HPCD system (Table 6.2). It should be noted that t=0 in the Gompertz primary model 

corresponds to the time when the HPCD system reaches equilibrium. At 37oC, CUT values 

to reach the supercritical pressure (7.2 MPa) and then 10, 20 and 30 MPa were 0.5, 2.5, 3.5 

and 4 min, respectively (Table 6.2). Under the same conditions, SV values after 5 min were 

respectively 0.3, 0.5 and 0.6 (data not shown) with λ of 2.0, 2.7 and 3.1 min (Table 6.2). 

These values suggest that inactivation during CUT is negligible. 

  
c

b 1
  (6.7) 

 

Lag time values were less sensitive to pressure than temperature (Table 6.2) 

confirming the suggested inactivation mechanism. While higher HPCD treatment pressures 

increase the partial CO2 pressure differential increasing the diffusion of supercritical gas into 

the cell, temperature increases has two consequences contributing to an increased microbial 

inactivation, i.e., an increase in CO2 diffusivity (Stahl and others 2012) and also in cell 
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membrane fluidity (Jones and Greenfield 1982; Spilimbergo and others 2002; Garcia-

Gonzalez and others 2007). The combination of these two temperature effects leads to a much 

higher diffusion of supercritical gas into the cell. On the other hand, an increase in CO2 

pressure increases the diffusion of supercritical gas into the cell but does not increase the 

fluidity of the membrane (Jones and Greenfield 1982; Spilimbergo and others 2002). 

The effect of temperature and pressure on the two Gompertz model parameters were 

evaluated under isothermal conditions. The parameter c increased with pressure, whereas the 

trend observed for the parameter b depended on temperature (Table 6.1). At 37°C, it followed 

a convex behavior against pressure, while at 32 and 42°C, the concavity inverted and b values 

followed a similar trend to parameter c. Under isobaric conditions, c increased with 

temperature while b showed a convex behavior. This data behavior suggested that the 

parameter c depends on both temperature and pressure and that the parameter b is more 

sensitive to temperature while also being significantly influenced by pressure. This latter 

behavior is consistent with the difference in pressure and temperature effects on the 

inactivation mechanism previously described (Jones and Greenfield 1982; Spilimbergo and 

others 2002; Garcia-Gonzalez and others 2007). This also explains the significant shortening 

of the lag time when temperature increases under isobaric condition, while it is less sensitive 

to CO2 pressure under isothermal conditions (Table 6.2). 

 

6.3.2. Secondary pathogen inactivation models 

Empirical models describing the combined temperature and pressure effect on the 

primary microbial inactivation kinetics model were developed (Eqs. 6.8-6.9). Multiple linear 

regression was sufficient to determine the relationship between the Gompertz model 

parameters b and c and the process temperature and CO2 pressure yielding similar statistical 
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evaluations for several candidate models. Based on minimum AIC and BIC values (data not 

shown), significant model coefficients (pvalue <0.05), and analysis of residual plots, the 

secondary model selected for the Gompertz parameter b consisted of an intercept, a first-

order pressure and a second-order temperature term (Eq. 6.8), while the parameter c could be 

described as the sum of a first-order pressure and a first-order temperature function (Eq. 6.9). 

Additionally, the preferred secondary models for the Gompertz parameters b (Eq. 6.8) and c 

(Eq. 6.9) yielded R2 of 0.90 and 0.89, and MSE of 0.0053 and 7.38×10-5, respectively, 

providing positive evidence of their goodness of fit. Low AIC and BIC values indicated a 

balance between the models goodness of fit and their complexity while randomly dispersed 

of points in residual plots confirmed their good fit (data not shown). Significant coefficients 

confirmed the dependence of the response on the explanatory variables. The form of the 

secondary models confirmed the previous suggestion that the parameter c is T and P 

dependent, and that while significantly influenced by P, the parameter b is more T sensitive. 

Neither model parameter showed a significant T·P interaction (pvalue < 0.05). However, it 

should be noted that these models were based on limited T and P observation, and thus the 

validation of these models may require additional data over a wider experimental range. 

 
b (T,P) = 14.21+0.011·P-0.67·T+0.0085·T2 (6.8) 

 
c (T,P) = -0.10+0.0023·P+0.0037·T 

(6.9) 

 

Using parameter estimates obtained with Eqs. (6.8-6.9), predicted SV values for the 

inactivation of E. coli in apple juice treated under the HPCD conditions included in this study 

are shown in Figure 6.1. Curves generated using the primary (data not shown) and secondary 

Gompertz model were similar confirming that the latter described well the effect of HPCD T 
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and P conditions on the survival of E. coli. Furthermore, experimental values shown as circles 

with their standard deviation bars were generally in close agreement with predicted values 

providing further evidence that the secondary Gompertz model generated good 

approximations. Predicted curves using other candidate secondary models showed similar 

behaviors, but were in slightly less close agreement with observations (data not shown). 

Notably, the secondary model performance is based on limited experimental data and should 

be validated using experimental data over a wider experimental P and T range.  

 

6.3.2. Monte Carlo model simulations to estimate inactivation levels (SV) 

A Monte Carlo method was used to evaluate the effect of the variability and 

uncertainty effects of the Gompertz model parameters on the estimated reduction of E. coli 

counts by HPCD treatments of apple juice. The Monte Carlo simulation size (n>500) was 

determined to be large enough by examining the sample size effect on the CV for the 

parameters b and c, and the variability of the mean area under the SV curve (data not shown). 

In this study, 1000 values of parameter b and c were simulated within the experimental 

temperature (32-42°C) and pressure range (10-30 MPa). As shown in Figure 6.1, the solid 

line indicates the estimated mean of SV values, and the dash line indicates the one-side 95% 

certainty boundary of SV estimates. A modified Weibull model with two pressure dependent 

parameters was suggested by Peleg (2002) to describe the survival of E. coli suspended in 

Ringer solution when subjected to CO2 under pressure. Ferrentino and others (2008) fitted 

the modified Weibull model to the survival of the natural microflora in apple juice when 

treated with HPCD at 7-16 MPa and 35-60°C. These authors concluded that the Weibull 

shape parameter was only temperature dependent, while the Weibull scale parameter was 

both temperature and pressure dependent. In this study, the survival curves of E. coli in apple 
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juice treated by HPCD were not well described by the modified Weibull model (data not 

shown). It may reflect differences in the response of the natural microflora to HPCD 

treatments. Erkmen (2001) used a Gompertz model to describe the survival of E. coli in 

nutrient broth in the 2.5-10.1 MPa and 25-45°C range (i.e., including conditions outside the 

supercritical range), suggesting that the Gompertz model parameters were only temperature 

dependent but no secondary models were developed. Using survival data in the supercritical 

phase, Liao and others (2008) concluded that the coefficients of a primary model assuming a 

lag time and first order models for a less and a more resistant population were process 

temperature and also CO2 pressure dependent in agreement with the findings of this study. 

 

6.3.4. Monte Carlo model simulations to estimate process time to reach SV=5 

A similar simulation process but using the rearranged Gompertz equation (Eq. 6.6) 

was used to predict the process time required to achieve SV=5 with a 95% confidence (Table 

6.3). For HPCD treatments in the 32-37°C and 10-30 MPa range, the predicted process time 

to fulfill the food safety requirement varied from 35 to 124 min range (Table 6.3). These 

values are relatively long when compared to thermal pasteurization times recommended by 

the National Food Processors Association (NFPA, 3 s at 71.1 oC) to achieve SV=5 for E. coli 

O157:H7, Salmonella, and Listeria monocytogenes when processing single strength apple, 

orange, and white grape juice (see Section C.5.2, U.S. Food and Drug Administration 2015). 

The data reported by Erkmen (2001) for the inactivation of E. coli in nutrient broth shows 

that ~30 min would be required to reach SV=5 for an HPCD treatment at 10.1 MPa and 45°C. 

Using Eq.6.6, the estimated time for the same HPCD conditions would be 44 min. However, 

it should be noted that the strain and media are different and that the predicted value is an 

extrapolation beyond the T used to obtain the Eq.6.6 model parameters (42oC) and thus not 
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reliable. In addition, this author did not provide information on the variability and confidence 

in their findings further limiting comparisons with this study. While Ferrentino and others 

(2008) reported the inactivation of the natural microflora in apple juice by HPCD treatments 

in the 35-60°C and 7-16 MPa range, the difference in the microorganisms tested prevented 

further comparisons with this study. 

 

6.4. Conclusions 

In this study, secondary models for the effect of temperature and CO2 pressure were 

obtained for the modified Gompertz primary model. This is the first time that secondary 

pressure-temperature Gompertz models were developed to describe the microbial survival of 

E. coli in apple juice when treated by HPCD. The model combined with Monte Carlo 

simulations allowed the estimation of the time required to achieve SV=5 with a 95% 

confidence. However, in the 10-30 MPa and 32-42°C range studied, the treatment time 

required is too long when compared to conventional thermal pasteurization. This shows the 

need for work on strategies enhancing the HPCD microbicidal effect, particularly in 

commercially important commodities such as apple juice. Also needed is experimental data 

with an extended range of HPCD temperature and pressure conditions. 
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A 
Parameter of Gompertz equation, 

asymptote difference, log cfu/m1 

AIC Akaike information criteria 

b Gompertz equation parameter 

b0, b1, ...b5 Coefficients of parameter b 

BIC Bayesian information criteria 

c Parameter of Gompertz equation 

c0, c1, ... , c5 Coefficients of parameter c 

CUT Come-up time, min 

CV Coefficient of variation 

DPCD Dense Phase Carbon Dioxide 

HPCD High Pressure Carbon Dioxide 

HUS Hemolytic uremic syndrome 

MSE Mean squared error 

n Monte Carlo simulation sample size 

N0 Microbial initial count, log cfu/m 

NFPA National Food Processors Association 

Nql Microbial quantification limit, log cfu/m 

Nt Microbial counts at t min, log cfu/m 

P Pressure, MPa 

R2 Coefficient of determination 

RSS Residual sum of squares 

SV Microbial decimal reduction, log cfu/ml 

T Temperature, °C 

t  Processing time, min 

TPC Total plate counts 

λ Lag time, min  
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Figure 6. 1 Observed and predicted microbial load reductions expressed as SV 

values at 10, 20, and 30 MPa (left to right) and 32, 37, and 42 °C (top to bottom). Solid 

and dashed lines denote the estimated mean one-sided 95% confidence level values. 

Empty symbols with error bar are the observed values published by Liao and others (2007) 

and obtained directly from the authors. The horizontal and vertical dotted lines denote the 

SV=5 target value and the estimated process time to achieve it at 95% confidence. 
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Table 6. 1 Gompertz primary model parameters describing the survival of Escherichia 

coli CGMCC1.90 in apple juice treated by HPCD 

 

HPCD conditions 
A b c  R

2
 MSE 

P (MPa) T (oC) 

10 32 

5.37 

1.56 0.05  0.91 0.19 

20 32 1.64 0.07  0.95 0.07 

30 32 1.73 0.08  0.95 0.10 

10 37 1.15 0.06  0.93 0.11 

20 37 1.06 0.07  0.90 0.24 

30 37 1.46 0.12  0.93 0.31 

10 42 1.17 0.08  0.93 0.12 

20 42 1.21 0.10  0.93 0.21 

30 24 1.33 0.13  0.91 0.84 
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Table 6. 2 Estimated lag time (λ) and reported come-up time (CUT)1 for the 

inactivation of Escherichia coli CGMCC1.90 in apple juice as a function of the pressure 

and temperature of the HPCD treatment 

 

P (MPa) 

λ (min)  CUT (min) 

T (oC) 

32 37 42  37 

7.22     0.5 

10 12.7 2.0 1.6  2.5 

20 9.8 2.7 2.3  3.5 

30 8.5 3.1 2.7  4.0 

(1) Obtained from data reported by Huang and others (2009) for the same HPCD unit; 

(2) Supercritical pressure at 37oC (Stahl and others 2012) 
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Table 6. 3 Estimated process time (min) to achieve the required number of decimal 

reduction (SV≥5) with a 95% confidence for the inactivation of Escherichia coli CGMCC1.90 

in apple juice as a function of the pressure and temperature of the HPCD treatment 

 

 Temperature 

Pressure 32 oC 37 oC 42 oC 

10 MPa 124 74 55 

20 MPa 70 49 40 

30 MPa 54 41 35 
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Abstract 

A beta Poisson dose-response model for Vibrio vulnificus food poisoning cases 

leading to septicemia was used when evaluating the effect of 15oC depuration on the 

estimated risk of raw oyster consumption. Statistical variability sources included V. vulnificus 

load at harvest, time and temperature during harvest and transportation to processing plants, 

decimal reductions (SV) observed during experimental circulation depuration treatments, 

refrigerated storage time before consumption, oyster size, and number of oysters per 

consumption event. Although reaching non-detectable V. vulnificus levels (<30 MPN/g) 

throughout the year and a 3.52 SV were estimated not possible at 95% confidence, depuration 

for 1, 2, 3, and 4 d would reduce the warm (Jun-Sep) season risk from 2,669 cases to 558, 93, 

38, and 47 cases per 100 million consumption events, respectively. At 95% confidence, 47 

and 16 h depuration would reduce the warm and transition (Apr-May, Oct-Nov) season risk, 

respectively, to 100 cases per 100 million consumption events assumed to be an acceptable 

risk, while 1 case per 100 million events would be the risk when consuming untreated raw 

oysters in the cold (Dec-Mar) season. 

 

Keywords: Oyster, Vibrio vulnificus, dose-response, depuration, Monte Carlo, risk analysis 
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7.1. Introduction  

Pathogens frequently present in oysters include Vibrio species and noroviruses 

(Boxman and others 2006; Formiga-Cruz and others 2002). Among Vibrio species, 11 can 

cause human disease including V. parahaemolyticus, V. vulnificus and V. cholerae causing 

severe illnesses (Janda and others 1988). During warm seasons, these halophilic Gram-

negative bacteria can reach high numbers in oyster harvesting areas with moderate salinity 

(Kaspar and Tamplin 1993). The Centers for Disease Control and Prevention (CDC) reports 

over 400 Vibrio illnesses each year including about 90 due to V. vulnificus Infection mostly 

during warm-weather months (Nishibuchi and DePaola 2005; Anonymous 2012). Diseases 

caused by V. vulnificus are among the most severe food-borne infections and have the highest 

case-fatality rate in the United States (Mead and others 1999). Several dose-response models 

have been used to predict the probability of illness when consumers are exposed to a given 

pathogen dose (Christensen and Chen 1985; Ritz 2010). Because human dose-response 

studies cannot be conducted, modelling of the V. vulnificus dose-response relationship is 

based on estimates of dose exposure per serving, number of servings in the susceptible 

population and the number of oyster-associated cases of V. vulnificus septicemia cases 

reported to the CDC (Anonymous 2005a). The frequently used Beta-Poisson model 

(Holcomb and others 1999b) has been used to estimate the number of V. vulnificus cases 

likely to occur when consuming raw oysters harvested in the Gulf of Mexico (Anonymous 

2005a) and was the model used in this study. 

Depuration consists of placing live oysters in circulating seawater tanks. During 

treatment, the oysters’ pumping activity expels V. vulnificus and other contaminants from 

their gills and intestinal tract (Chae and others 2009; Lewis and others 2010). To allow its 

reuse, seawater is filtered and then disinfected by UV, ozone or chlorine (Lee and others 
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2008). A 15oC treatment temperature has been recommended for the depuration of oysters in 

circulating seawater (2009). A depuration time of 44 h was prescribed in the National 

Shellfish Sanitation Program for reducing V. vulnificus to nondetectable levels (i.e., 

<30MPN/g) based on the three-tube most-probable-number (MPN) procedure and a 1:10 

dilution.(see p. 140, Anonymous 2011a). High consumer expectations of quality and safety 

make it necessary to develop depuration treatments that are effective for every raw oyster 

production lot. The design should consider the variability of production and handling factors 

including harvest, transportation, post-harvest processing, storage and other risk factors; 

however this approach is not possible using deterministic algorithms or experimental test 

runs in processing plants. In this study, a Monte Carlo procedure was applied to estimate the 

health risk associate with consuming raw oysters treated by depuration. The approach has 

been used to evaluate the uncertainty of food safety, quality and shelf-life estimations 

(Salgado and others 2011; Serment-Moreno and others 2015b; Serment-Moreno and others 

2012; Chotyakul and others 2011c; Chotyakul and others 2011b; Rieu and others 2007b). In 

this study, procedures were developed to estimate the number of septicemia infection cases 

per 100 million oyster consumption events, and to determine depuration times that would 

reduce this risk to an acceptable level defined as 100 cases (Serment-Moreno and others 

2015b). This study included risk factors from harvest to consumption of raw oysters. The 

procedures allowed estimation of whether process objectives are met with a confidence set 

at 95%, while considering the statistical variability of these multiple factors. 

 

7.2. Materials and methods 

Statistical distributions can describe: (i) V. vulnificus load at harvest as a function of 

season; (ii) time and temperature during transportation from harvest site to processing plants; 
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(iii) kinetic V. vulnificus growth parameters during harvest and transportation; (iv) depuration 

parameters for models developed using published circulation depuration laboratory data; (v) 

oyster size; (vi) refrigerated storage time before consumption; (vii) V. vulnificus die-off 

during refrigerated storage; and, (9) oysters consumed per serving. Motes et al. (1998) 

quantified the V. vulnificus (Log (No, MPN/g oyster)) in oysters collected from northern Gulf 

and Atlantic Coast sites including sites implicated in major V. vulnificus infection outbreaks 

yielding values of 3.22±0.60, 2.01±1.12, and -0.29±0.51 for the warm (Jun-Sep), transition 

(Apr-May, Oct-Nov) and cold (Dec-Mar) season, respectively. The USFDA Gulf Coast 

Seafood Laboratory described the time for the unrefrigerated oyster harvest and 

transportation time to processing plants using beta-PERT distributions (Table 7.1) 

(Anonymous 2005b). Data for Louisiana, Alabama, Texas and Florida (1000 values for each 

state ) were generated using the Excel Add-in OpenPERT.xlam 

(https://code.google.com/p/openpert/downloads/list). These values were then grouped into 

cold, warm and transition season and used with the same Excel Add-in to find the min, max 

and ml values for each season in the four states. During harvest and transportation, oysters 

are exposed to air temperatures slightly higher than seawater. Since this difference is small 

(1.6-3.3oC) (see p. 34, Anonymous 2005a), oysters were assumed to be at air temperature 

with normal distribution values of 13.1±4.3, 23.3±4.1, 27.2±2.0 and 16.4±5.5oC for Winter, 

Spring, Summer and Fall, respectively, reported in the National Oceanic and Atmospheric 

Administration/National Data Buoy Center database (Anonymous 2005a). As before, 1000 

generated temperature values were grouped to calculate the warm, transition and cold season 

temperature values used in this study. Next, the V. vulnificus load for oysters arriving at the 

processing plant (Log (N1, CFU/g)) was estimated using Eq. 7.1 where μm(T) represents the 

growth rate at a random temperature T(oC) obtained from the seasonal air temperature 

https://code.google.com/p/openpert/downloads/list
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distribution, t(h) the unrefrigerated oyster handling time at this temperature T, and A 

(= Log (N1,max, CFU/g oyster) = 6) the maximum V. vulnificus counts possible in raw oysters 

(Anonymous 2005a; 1997a). The temperature dependence of the growth rate μm(T) in Eq. 7.1 

was described by Eq. 7.2 where T is the seasonal air temperature, k (= 0.011 Log (CFU)/(h 

oC)) is the V. vulnificus growth rate above T0, and T0 (= 13°C) a threshold temperature below 

which V. vulnificus does not grow (see p. 32, Anonymous 2005a; Cook 1994). 
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Data on the V. vulnificus load reduction by depuration at 15oC obtained by Chae et al. 

(2009) by sampling inoculated oysters every 24 h (Table 7.2a) was used to generate 1000 

random pathogen load values at 0, 24, 48, 72 and 96 h. Quadratic models fitted to these values 

were used to estimate the V. vulnificus load after a 0 to 96 h depuration time (tdepuration). The 

difference between the initial V. vulnificus load and that after depuration was used to estimate 

decimal reduction (SV) values achieved during that time for each of the 1,000 randomly 

generated datasets. SV values were then used to estimate the microbial load after depuration 

(Log (N2, MPN/g oyster)) (Eq. 7.3). 

    
depurationoysteroyster SVgMPNNLoggMPNNLog  /,/, 12  (7.3) 

 

Cooling time to refrigeration temperature from depuration at 15°C was assumed short 
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and ignored in this study. Under refrigeration, the V. vulnificus die-off rate is 0.041 log 

CFU/day and the refrigerated time before consumption follows a beta-PERT distribution with 

min, ml and max values of 1, 6 and 21 d (Cook and others 2002b). The lognormal distribution 

for oyster meat weight reported by the Interstate Shellfish Sanitation Conference (ISSC)/FDA 

is Log (W, g/oyster) = 1.18±0.15 (Anonymous 2005a; Anonymous 2005b). A published 

survey of metropolitan areas within 100 miles of Cedar Key in Florida encompassing 5 

million residents generated data for 306 oyster consumption events (Degner and Petrone 

1994a). Random sampling of this non-parametric distribution (numbers (frequency) = 1, 2, 

3(9x), 4(10x), 5(14x), 6(61x), 7, 8(11x), 10(15x), 12(95x), 13, 15(5x), 17, 18(8x), 20(8x), 

24(37x), 25(5x), 30(3x), 36(7x), 40(3x), 45(2x), 48(4x), 50(3x), 60) was used in this study. 

The shape and scale parameter  (= 9.3x10-6) and β (= 1.1x105) of the Beta 

distribution dose-response model (Eq. 7.4), frequently used to estimate the V. vulnificus 

septicemia risk probability (Pill) for a population ingesting a given pathogen dose (D) per 

serving published by the World Health Organization (WHO, Anonymous 2005a), incorporate 

pathogenicity heterogeneity, i.e., not every ingested microorganism survives to cause an 

infection. 

 

















D
Pill 11  (7.4) 

 

Safety risk was expressed as the number of septicemia cases in 100 million oyster 

consumption events. Estimations were divided into 8 steps repeated 1,000 times to obtain the 

number of infection cases with 95% confidence (Serment-Moreno and others 2015b): 

(1) V. vulnificus oyster load at harvest (Log (No, CFU/g)); (2) V. vulnificus load for oysters 

arriving to processing plants (Log (N1, CFU/g)); (3) SV value reached after a given 
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depuration time (SVdepuration); (4) V. vulnificus load after depuration (Log (N2, CFU/g)); 

(5) V. vulnificus load at consumption (Log (N3, CFU/g)); (6) V. vulnificus dose per serving 

(D, CFU/serving)); (7) infection probability (Pill); and, (8) number of infection cases per 100 

million consumption events (N, cases). In each step, parameter values were randomly 

generated using their normal, lognormal or beta-PERT distribution or by random sampling 

(number of oysters per consumption event). In the depuration step, 1,000 sets of V. vulnificus 

load randomly generated using their lognormal distribution were fitted into quadratic 

expressions for SV values after depuration times between 0 and 96 h. V. vulnificus load as a 

function of depuration time, season, and handling step was analyzed by ANOVA tests. As in 

previous studies (Serment-Moreno and others 2014), a health risk of 100 cases per 100 

million oyster consumption events at 95% confidence was used to recommend a depuration 

time. 

 

7.3. Results 

The estimated V. vulnificus growth rate during harvest and transportation to 

processing plants was 0.159±0.022, 0.074±0.047, and 0.022±0.030 Log (MPN/g oyster)/h in 

the warm, transition, and cold season, respectively, and combining these values with random 

harvest and transportation time values, the estimated pathogen load increase was 1.21±0.28, 

0.57±0.38, and 0.23±0.32 Log (MPN/g oyster), respectively. Combining the latter values with 

the harvest load variability yielded pathogen load values before depuration (Log N1) of 

4.41±0.28, 2.59±0.38 and -0.09±0.32 Log (MPN/g oyster), respectively. 

SV values achieved by 24, 48, 72 and 96h depuration at 15oC using quadratic models 

(average R2 = 0.95) were 1.55±0.17, 2.56±0.24, 3.03±0.24, and 2.95±0.24 Log (MPN/g 

oyster), respectively, showing that after 72 h the pathogen load reduction is not significant 
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(P-value>0.05). Microbial load values after depuration are summarized in Table 7/2b. 

V. vulnificus die-off during refrigerated handling time before consumption was 

estimated as 0.31±0.15 Log (MPN/g oyster) yielding pathogen loads for untreated oysters at 

consumption of -0.38±0.59 and 4.14±0.66 Log (MPN/g oyster) in cold and warm seasons, 

respectively, and a significantly lower value for the transition season (2.26±1.15 Log (MPN/g 

oyster)) when compared to the warm season (P value < 0.05). The season effect is reflected 

also in V. vulnificus loads for raw oyster treated by depuration for up to 96 h (Table 7.2c). 

The pathogen dose consumed per oyster serving (D) reflects the variability in the number of 

oysters consumed per serving, oyster weight, and pathogen load after depuration. In the case 

of untreated oysters, the dose of (10.0±3.06) x 106 MPN/serving in the warm season was 

significantly higher (P value < 0.05) than the (9.7±0.44) x 105 and 283.1±61.71 MPN/serving 

in the transition and cold season, respectively. Dose values after depuration for 24 to 96 h are 

shown in Table 7.2d. 

At 95% confidence, the estimated number of infection cases in 100 million 

consumption events for untreated oysters in the warm season was 2669 cases, while 24 and 

48h depuration would reduce it to 558 and 93 cases, respectively (Table 7.3). The depuration 

time required to reach the safety target used in this study (100 cases per 100 million 

consumption events) was estimated to be 47h. The discrepancy between the estimated 93 and 

100 cases after 48 and 47h depuration time, respectively, reflects the non-deterministic 

procedure used in this study. In the transition season, the number of predicted cases would be 

491 for untreated oysters, reaching the 100 cases safety-target after 16h depuration, meaning 

that the 44h recommended depuration (see p. 126, Anonymous 2011a) could be considered 

over-processing. Only 35 cases would be observed after depuration for 24h, while a 48h 

depuration is likely to reduce the number of infection cases to 4. The number of cases at 95% 
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confidence that could be expected after the recommended 44h depuration time would be 135, 

8 and 0, for oysters harvested in the warm, transition and cold season, respectively (Table 

7.3). 

 

7.4. Discussion 

The U.S. FDA requires that “the dealer must demonstrate that the process reduces the 

level of Vibrio vulnificus and/or Vibrio parahaemolyticus … to non-detectable (<30 

MPN/gram) and that the process achieves a minimum 3.52 decimal reduction (see p. 140, 

Anonymous 2011a).” Furthermore, V. vulnificus and V. parahaemolyticus levels must be 

determined following the sampling protocol (Anonymous 2011b) and microbial enumeration 

(see p. 345, Anonymous 2011a) described by the National Shellfish Sanitation Program 

(NSSP). The USFDA/CFSAN and the ISSC state that treated oysters meeting these specified 

endpoint and decimal reduction levels can be labeled as "Processed to reduce Vibrio 

vulnificus to non-detectable levels" (see p. 187, Anonymous 2011a). The 3.52 decimal 

reduction in these regulations is based on assuming extremely high V. vulnificus or V. 

parahaemolyticus loads observed sometimes in the Gulf Coast during summer months 

(100,000 MPN/g) being lowered by processing to reach non-detectable levels (<30 MPN/g) 

(see p. 172, Anonymous 2011a). Although artificial seawater depuration tests showed that 

reduction in V. vulnificus counts leveled off after 48 h and that 96 h depuration cannot achieve 

3.52 decimal reductions for (Chae and others 2009), use of this experimental data showed 

that depuration would achieve large reductions in the V. vulnificus infection risk reaching 

values below 100 cases per 100 million consumption events (Table 7.3).  

The probability that depuration would reduce the V. vulnificus load to the non-

detectable endpoint (<30 MPN/g) was also determined (Table 7.4). A 95% confidence level 
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is typically used in process design calculations (Rieu and others 2007b; Smout and others 

2000a). Oysters harvested in the cold season would meet this requirement at 95% confidence 

in less than 1h while in the transition and warm season it cannot be met even after 96h 

depuration. If pathogen loads after depuration (N2) are lower than the non-detectable 30 

MPN/g, the estimated infection risk at 95% confidence per 100 million consumption events 

estimated using Eq. 7.4 would be less than 27 cases per year (calculations not shown).  

An analysis of the effectiveness of the recommended depuration time (44 h) showed 

that only 23% and 50% of oysters harvested in the warm and transition seasons, respectively, 

would reach the non-detectable V. vulnificus level (i.e., below 30 MPN/g), while 100% would 

reach it in the cold season (Table 7.4). At 95% confidence, the use of the recommended 44 h 

depuration time would result in 135, 8, and 0 cases in the warm, transition, and cold season, 

respectively (Table 7.3). Thus, in the summer season it would be too short while for other 

seasons it would be too long. The microbial risk analysis of HPP-treated oysters completed 

by Serment-Moreno et al. (2015b) showed that 4 cases of V. vulnificus infection cases (95% 

confidence) per 100 million consumption events could be expected from the consumption of 

oysters harvested in the warm season if treated at 250 MPa for 2 min at 1°C with no cases 

expected in other seasons. 

The number of oysters consumed per serving was obtained from central and north-

central Florida surveys (Degner and Petrone 1994a) where the number consumed per oyster 

serving could be higher than in inland states. Population inference errors may also occur 

when consumers recall consumption events (Degner and Petrone 1994a) and consumers 

eating oysters more frequently may tolerate higher pathogen loads (Saavedra and others 

2004). Moreover, V. vulnificus in oysters were assumed to correspond to equally virulent 

strains (DePaola and others 2003). Although samples below detectable level were assigned a 
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half-way value between 0 and the detection value, this can be ignored since the number of 

oyster samples below detection level was reported to be small (i.e., 2 of 24 samples, Motes 

and others 1998). 

This study used reported experimental data (Chae 2007) focusing on V. vulnificus 

oyster depuration. The same procedure could be applied to reduce the risks of other pathogens 

by depuration, or to analyze other oyster treatment technologies by modifying only the SV 

estimation. The procedure would be most effective when using data for individual processors 

or at least individual harvest regions. This would reduce statistical variability and lower the 

treatment intensity recommended (depuration time/temperature, pressure level/holding time, 

etc.). The positive effect of reducing statistical variability has been previously shown 

(Salgado and others 2011; Chotyakul and others 2011b).  

In conclusion, the V. vulnificus infection risk associated with raw oyster consumption 

was quantified to estimate a recommended depuration time. The 44h depuration set 

independently of oyster harvest season, non-detectable endpoint (<30 MPN/g), and 3.52 V. 

vulnificus decimal reduction, were analyzed using a Monte Carlo protocol. The analysis 

included the variability of the seasonal oyster pathogen load at the point of harvest, the time 

and local temperature during oyster harvest and transportation to oyster processing facilities, 

time that oysters are kept refrigerated after processing and before consumption, and the size 

and number of oysters consumed per serving. For untreated oysters, the V. vulnificus infection 

risk at 95% confidence is exceedingly low in the cold season but unacceptably high in the 

warm and transition season. An acceptable risk, defined in this study as 100 cases per 100 

million consumption events, could be achieved with 95% confidence by oyster depuration 

for 47 and 16 h in the warm and transition season, respectively.  
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Table 7. 1 Harvest and transportation time (hours) to processing plants in the U.S. 

Gulf Coast 

 

Location 
 Winter 

(Jan-Mar) 

Spring 

(Apr-Jun) 

Summer 

(Jul-Sept) 

Fall 

(Oct-Dec) 

Louisiana  max = 

min =  

ml =  

13 

 7 

 12 

 11 

 5 

 9 

 11 

 5 

 9 

 13 

 7 

 12 

Alabama, Texas, and Florida  max = 

min =  

ml = 

 11 

 2 

 8 

 10 

 3 

 7 

 10 

 3 

 7 

 10 

 3 

 7 

 

  



   161 
   

 

Table 7. 2 Vibrio vulnificus load and consumption dose of untreated and depurated 

oyster 

 

 
Untreated* 

Depuration time 

Sample 24 h 48 h 72 h 96 h 

a) Reduction during depuration test at 15°C** 

Inoculated 5.52 ± 0.16 3.49 ± 0.23 2.76 ± 0.19 2.67 ± 0.29 2.23 ± 0.20 

b) Load after depuration for t = 0 (untreated) to 96 h, Log (N2,t MPN/g oyster) 

Warm  4.41±0.581 2.89±0.68 1.87±0.70 1.41±0.69 1.48±0.69 

Transition  2.59±0.381 0.95±1.20 -0.07±1.21 -0.54±1.22 -0.46±1.22 

Cold  -0.09±0.321 -1.63±0.63 -2.65±0.65 -3.11±0.64 -3.03±0.62 

c) Load after depuration and refrigerated storage, Log (N3, MPN/g oyster 

Warm  4.14±0.66 2.59±0.68 1.58±0.71 1.12±0.70 1.19±0.72 

Transition  2.26±1.15 0.71±1.16 -0.31 ±1.18 -0.77±1.18 -0.69±1.19 

Cold  -0.38±0.59 -1.95±0.63 -2.96±0.64 -3.43±0.64 -3.35±0.65 

d) Dose when consuming raw oysters, D, MPN/serving 

Warm 10.0±3.06x106 3.0±0.29x105 3.1±0.53x104 1.1±0.43x104 1.4± 0.16x104 

Transition 9.7±0.44x105 3.3±0.37x104 3.6± 0.44 x103 1.1±0.64 x103 1.3±0.19 x103 

Cold 283.1±61.71 8.0±0.57 0.83±0.11 0.29±0.09 0.37±0.03 

(*) Untreated load corresponds to the Log N1 value obtained in the previous calculation step 

(**) Data obtained from Chae et al. (Chae and others 2009) 
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Table 7. 3 Probable number of septicemia infection cases by consuming raw oysters treated by depuration for t = 0 (untreated) to 

96 h and recommended depuration time (tdepuration)
1 

 

 
Untreated  

Depuration time 
tdepuration (h) 

Season 24 h 48 h 72 h 96 h 44 h2 

Warm  2669 558 93 38 47 135 47 

Transition 491 35 4 1 2 8 16 

Cold 1 0 0 0 0 0 03 

(1) depuration time to reach N = 100 cases per 108 consumption events 

(2) # of cases at 95% confidence expected after the recommended 44h depuration time 

(3) depuration treatment is not recommended for cold season 
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Table 7. 4 Probability that the Vibrio vulnificus load in raw oysters is reduced to <30 MPN/g by depuration for t = 0 to 96 h and 

recommended depuration time (t30MPN/g) to reach this load with 95% confidence 

 

Season Untreated 
Depuration time 

t30MPN/g 
24 h 48 h 72 h 96 h 44 h1 

Warm 0% 3% 31% 55% 50% 23% >96 h 

Transition 17% 66% 88% 95% 94% 50% 72 h 

Cold 99% 100% 100% 100% 100% 100% 0 h 

(1) Currently recommended depuration time 
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CHAPTER 8 

8. Conclusions and future studies 

Bacterial spores pose particularly challenging microbial food safety problems 

reflecting their resistance to adverse environments including high and low temperatures, 

freeze/thaw treatments, reduced aw, high hydrostatic pressure, pulsed electric fields and other 

stress factors used for the control of pathogens and spoilage microorganisms. The spore-

forming C. difficile, a toxin-producing pathogen affecting human and animals, has not been 

implicated in foodborne outbreaks. However, it is frequently found in meat and meat products 

and thus its spores are emerging as a food industry problem. This study addressed the need 

to determine the survival of C. difficile spores during long term storage in PBS solutions and 

in meat products at high and reduced aw. Their survival after multiple freeze/thaw treatments 

and after long term storage at refrigeration and subzero temperature was also determined. 

Also included were the assessment and modeling of the inactivation of C. difficile spores 

subjected to heating at the temperatures used by consumers in food preparation.  

Experimental work summarized in Chapter 3, shows that C. difficile spores can 

survive multiple freeze-thaw cycles and long term storage at low (-80, -20, 4 °C) and room 

temperatures. Significant resistance differences to long-term storage conditions were found 

among C. difficile strains suggesting the need for future studies to determine the factors 

explaining this heterogeneity. Most remarkably, in Chapter 4 the clinical C. difficile strain 

R20291 showed an increase in spore viability when stored at room temperature in PBS 

solutions at high (~1.0) and reduced aw (0.82, 0.72) suggesting the existence of superdormant 

C. difficile spores. Studies of the inactivation of C. difficile spores by heating to temperatures 

typically used in food preparation presented in Chapter 5showed that they are insufficient to 

reduce C. difficile spores to an acceptable safety level. As in the thermal inactivation studies, 
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spores of the strains studies showed significant thermal resistance differences. In summary, 

temperatures recommended for the preparation of meat products are insufficient to inactivate 

C. difficile spores and they can survive storage at room/low temperatures and high/low aw. 

Therefore, procedures are needed to eliminate C. difficile spores during animal meat 

production and processing. 

Experiments should be followed by data analysis based on probabilistic engineering 

and statistical principles to develop predictive mathematical models, an essential tool when 

designing microbial inactivation processes and establishing regulations ensuring the safety 

of foods and beverages. This study demonstrated the limitations of first-order inactivation 

kinetic model, which is still widely used by agencies regulating the safety of foods and 

beverages. Non-linear microbial survival curves were observed respectively in the thermal 

and HPCD inactivation of C. difficile spores and a pathogenic E. coli strain, respectively. In 

Chapter 5, the “shoulder” and “tail” observed in the C. difficile spores survival curve to 

thermal treatments were well described by a modified Gompertz equation. The application 

of this model provided specific information about the heterogeneous wet-heat resistance of 

the spores of the C. difficile strains included in this study. In Chapter 6, the Gompertz model 

used also to model the HPCD inactivation of a pathogenic E. coli strain showed non-linear 

inactivation kinetics as well. In this application, secondary models were developed to 

describe the temperature and CO2 pressure effects on the Gompertz model parameters. These 

secondary models allowed the selection of time, temperature and CO2 pressure combinations 

meeting current food safety regulations for the pasteurization of fruit juices. Furthermore, 

process design and government regulations must be based on probabilistic engineering 

principles. This approach considers the impacts of the mathematical model uncertainty and 

experimental measurement variability. Probabilistic engineering is an effective tool to assess 
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the probability, while a predictive model may yield an incorrect recommendation. In this 

study, the Monte Carlo method was used to quantify the impact of the variability of multiple 

factors using several predictive models. In chapter 7, a Monte Carlo based quantitative 

microbial risk assessment tool was developed for the consumption of raw oysters 

contaminated with V. vulnificus. Although the analysis was conducted using national data, 

the model can be adjusted to reflect the harvesting procedure, seasonal temperature changes, 

and post-harvest method used by a processor at specific location. This Monte Carlo based 

tool for the quantitative risk management of the consumption of raw oysters considered the 

variability of multiple farm-to-table factors and demonstrated that the post-harvest process 

condition should be adjusted to reflect the seasonal and regional differences in the pathogen 

load. This would generate savings for the oyster processors without compromising food 

safety. 

Specific recommendations for future studies include the determination of the 

mechanisms explaining the heterogeneity of the resistance of C. difficile spores to stress 

factors encountered in the processing and storage of meat products. The existence of 

superdormant C. difficile spores needs to be confirmed also. Recent food regulation changes 

require the design of microbial inactivation process based on probabilistic engineering 

principles to include the variability and uncertainty associated with the mathematical models 

used in quantitative microbial risk assessments. A long term goal of this and other related 

work from our group and worldwide collaborators, is to discourage decisions based on mean 

and extreme values as they lead to unreliable recommendations. 
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Monte Carlo analysis of the product handling and high-pressure treatment effects on 

the Vibrio vulnificus risk to raw oysters consumers  
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Abstract 

A Monte Carlo procedure considering the variability in oyster handling from harvest 

to raw consumption estimated reductions in the number of Vibrio vulnificus induced 

septicemia cases achieved by high-pressure processing (HPP). The calculations yielded 

pathogen load distributions in raw oysters from harvest to consumption. In the warm season, 

2-6 min treatments at 250 MPa and 1°C would lower the predicted number of septicemia 

cases associated with raw oyster consumption from 4,932 to less than four per 100 million 

consumption events (95% confidence). This study highlighted that HPP conditions should be 

selected according to the seasonal pathogen load and environment temperature. Finally, the 

procedure emphasized that the variability in the V. vulnificus population at harvest, before 

and after HPP treatments, reflecting in part the microbiological quantification methods used, 

significantly affected the estimated number of septicemia cases. Therefore, improving 

microbiological quantification should provide better predictions of the number of septicemia 

cases.  

  

Keywords: oyster, high pressure processing, Vibrio vulnificus, Monte Carlo analysis, beta-

Poisson dose response models, seafood poisoning risk 
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I.1. Introduction 

Oysters and other bivalve mollusks are filter feeders and thus concentrate microbial 

pathogens and other environmental contaminants (He and others 2002). Among pathogens 

found in oysters, Vibrio vulnificus poses a severe health threat due to its ability to cross the 

intestinal barrier reaching the blood stream and causing primary septicemia (up to 55% 

fatality rate) (Chiang and Chuang 2003). V. vulnificus proliferates in warm seawater (>20°C) 

with moderate salinity (5-25%), and thus consumption of raw oysters is particularly unsafe 

during summer days (Motes and others 1998). The Interstate Shellfish Sanitation Conference 

(ISSC) proposed the application of shellfish post-harvest treatments reaching a 3.52-decimal 

reduction in V. vulnificus counts with an endpoint of non-detectable counts at the level of <30 

cfu/g (ISSC 2011). To reach this safety standard, high pressure processing (HPP) at 200-300 

MPa is likely the best alternative amidst oyster pasteurization treatments. HPP is a well-

established processing technology (Mújica-Paz and others 2011) able to reduce pathogen 

levels (Cook 2003; Kural and Chen 2008) while shucking oysters (Torres and Velázquez 

2005) and yielding products with high consumer acceptance (Cruz and others 2011b). 

The efficacy of HPP treatments eliminating V. vulnificus in oysters harvested from 

different seasons can be determined by microbial risk assessment (MRA). MRA is an 

essential tool in the management of foodborne pathogens risks and the development of 

international food trade standards. MRAs, particularly quantitative MRAs, are resource-

intensive tasks in which the reported incidence frequency of food-borne disease outbreaks 

(FBDOs), the pathogen load in the foods involved, and the food amount consumed per 

serving are used to generate a pathogen dose-illness response model for a given population 

group (Teunis and others 2008; Holcomb and others 1999a). The Beta-Poisson model (Eq. 

I.1), a recurring mathematical expression for pathogen dose-illness response predictions, 
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assumes that the food microbial load is known and can be described by a Poisson distribution. 

Furthermore, a single pathogen, with a probability described by a Beta distribution of 

surviving the patient defense mechanisms, is deemed sufficient to cause the illness. The 

parameter α determines the shape of the dose-response curve, whereas β regulates the shift 

along the vertical axis (Teunis and Haavelar 2000; Strachan and others 2005; Holcomb and 

others 1999a). 

    



 /11;; ddPill

 (I.1) 

 

Dose-response model development difficulties include a general lack of studies using 

human volunteers, and when available, these studies are restricted to healthy populations 

(Coleman and Marks 1999; Foegeding 1997) violating essential statistical principles. 

Moreover, most published dose-response models assume that all pathogen strains are equally 

virulent as in the case of FBDOs involving V. vulnificus. Additionally, bioassays performed 

to determine strain virulence rely primary on animal models, and thus their results may not 

be valid for humans. Furthermore, although animal studies indicate that most strains are 

virulent, not all appear to be so in humans. Consequently, the seasonal and regional 

distribution of virulent V. vulnificus strains remains unknown (DePaola and others 2003).  

The first and most important step when assessing processing technologies is to select 

operating conditions for specific food applications reducing known microbial risks by a 

specific number of decimal reductions, or by lowering the pathogen survival probability to a 

specified level (e.g., 1 spore in 109 containers). Another frequently overlooked aspect is that 

kinetic studies rarely discern between sub-lethal and lethal effects of microbial inactivation 

treatments. In addition, effects on sensory or nutritional quality caused by the entire food 

microflora are ignored when a single microorganism is being targeted. More recently, 
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regulatory agencies have begun to require evidence that these process objectives are met with 

a high probability typically set at a 95% confidence interval (95CI) considering all relevant 

variability factors (Smout and others 2000a; Rieu and others 2007b; Fernandez and others 

1999a). Monte Carlo based calculations have been used to meet this new regulatory 

requirement for different food products and processes (Chotyakul and others 2011c; 

Chotyakul and others 2011a; Salgado and others 2011). In this work, the impact factors and 

their variability involved in the handling of raw oysters from harvest to consumption were 

analyzed with a Monte Carlo procedure to estimate the V. vulnificus load with 95CI at 

consumption. The risk of consuming these untreated and HPP-treated raw oysters was then 

determined by a dose-response analysis.  

 

I.2. Materials and Methods 

I.2.1. Parameters in the chain from harvest to oyster consumption 

The following paragraphs describe the data sources and their variability for the 

handling factors considered in this study and the calculations required by the Monte Carlo 

model predicting the V. vulnificus risk when consuming untreated and HPP-treated raw 

oysters. 

 

I.2.2. Vibrio vulnificus counts at harvest 

The information collected by Motes et al. (1998) for the 1994-95 harvest from 

multiple sites in the northern México Gulf coast was pooled to describe the initial V. 

vulnificus load in raw oysters used in this study (log Nharvest; Table I.1). Since the load of this 

pathogen depends mostly on seawater temperature, microbial counts were grouped into warm 

(summer, Jun-Sep), transitional (spring, Apr-May; fall, Oct-Nov), and cold (winter, Dec-
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Mar) seasons. 

 

I.2.3. Oyster transportation from harvest site to processing facilities 

The time during which oysters remain unrefrigerated after harvest (tholding; h) varies 

widely depending on the fishery boat operation. Reports by the World Health Organization 

(WHO), and the U.S. Center for Food Safety and Applied Nutrition (CFSAN), show that a 

Beta-PERT distribution can describe this transportation time. The following minimum (min), 

maximum (max), and most likely (mlk) tholding values were used in this study: (a) spring, 

summer, and fall seasons: min = 3 h, max = 10 h, mlk = 7 h; and, (b) winter season: min = 2 

h, max = 11 h, mlk = 8 h (WHO and FAO 2005; FDA and CFSAN 2005).  

The growth of V. vulnificus during transportation was estimated by the three phase 

linear model (Eq. 2, WHO and FAO 2005; Buchanan and others 1997b) where μmax is the 

maximum growth rate (cfu/h), and A is the highest V. vulnificus load found in oysters sold to 

consumers and defined as 106 cfu/goyster by WHO and FAO (2005). Moreover, the maximum 

growth rate (μmax; Eq. I.3) was assumed directly proportional (m = 0.011 cfu/h·°C) to the 

difference between the transportation ambient temperature (Tair; Table I.2) and a minimum 

growth temperature (T0 = 13°C) (WHO and FAO 2005; Kaspar and Tamplin 1993). These 

authors assume that when the transportation temperature is lower than the minimum growth 

temperature (13°C), V. vulnificus cells enter a viable but nonculturable (VBNC) state in 

which there is neither microbial growth nor death. Therefore, Eq. I.3 selects the maximum 

value between zero and the temperature difference term (Tair – T0) through the function “max” 

to distinguish the growth response below and above 13°C.  

   AtNtN holdingharvesttiontransporta ,logminlog max    (I.2) 
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    0max ,0max TTmT air   (I.3) 

 

I.2.4. Oyster post-harvest processing and storage 

In this study, harvested oysters for raw consumption were considered to be stored 

under the typical 5-10°C commercial temperature conditions (FDA and CFSAN 2005; Cook 

and others 2002a; Su and Liu 2007), or subjected to HPP treatments and then stored at the 

same conditions. Under these storage conditions, several reports indicate that V. vulnificus 

counts will decrease at a rate of 0.041 log units per day (Cook and others 2002a; WHO and 

FAO 2005). The time before raw consumption (trefrigeration; days) under 5-10°C was described 

by the following Beta-PERT distribution parameters determined in a national survey within 

the United States: (a) min = 1 day; (b) max = 21 days; (c) mlk = 7 days (Cook and others 

2002a; WHO and FAO 2005). Thus, the load of V. vulnificus at retail (N0; cfu/goyster) was 

calculated as in Eq.I.4: 

 
ionrefrigerattiontransporta tNtN  041.0loglog 0

 (I.4) 

 

Table I.3 shows HPP treatments at 250 MPa and 1°C approaching the pressure 

processing conditions (293 MPa, 8°C, 2 min) for which Ma and Su (2011) achieved ≥ 3.52 

decimal reductions of V. parahaemolyticus as recommended for shellfish post-harvest 

processing (ISSC 2011) . As in the case of untreated oysters, the rate of reduction in V. 

vulnificus counts for HPP treated oysters (NHPP; cfu/goyster) during cold storage was calculated 

by considering the same rate of 0.041 log units per day when stored under the typical 5-10°C 

commercial temperature conditions (Eq. I.6) (Cook and others 2002a; WHO and FAO 2005). 
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HPPtiontransportaHPP SVNN  loglog  (I.5) 

 
ionrefrigeratHPP tNtN  041.0loglog 0

 (I.6) 

 

I.2.5. Oyster consumption and risk assessment 

WHO correlated records of septicemia incidences caused by V. vulnificus (no specific 

strain) from 1995 to 2001 with estimates of V. vulnificus counts at consumption to obtain 

Beta-Poisson model parameters (Table I.4) describing the relationship between probability 

(Pill) of developing septicemia and V. vulnificus load (Anonymous 2005a). In this study, the 

pathogen dose was calculated by multiplying the V. vulnificus load in untreated and HPP-

treated oysters after cold storage (N0; cfu/goyster; Eq. I.4), the meat amount per oyster (Table 

4; Anonymous 2005a), and the number of oysters consumed per serving obtained from a 

published survey given in the “Consumption vector” column of Table I.4 (Degner and 

Petrone 1994b). The latter may be interpreted as in the following example: according to the 

survey, 61 persons claimed to have consumed six oysters per serving. Therefore, the number 

6 appeared 61 times in the 306-element vector describing the number of oysters per serving.  

 

I.2.6. Monte Carlo estimations 

The mean (μREP) and standard deviation (σREP) values reported for parameters 

following normal or log-normal distributions: V. vulnificus counts at harvest, ambient 

temperature during transportation from harvest site to processing plant, meat weight per 

oyster, Beta-Poisson model parameters, and HPP decimal reductions; were used with 

Microsoft ExcelTM to generate random data vectors. The Excel add-in developed by Hayes 

and Jacobs (2011) was used for variables estimated through the Beta-PERT distribution: 
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transportation time from harvest site to processing facilities, and storage refrigeration time. 

The number of oysters consumed per serving was the only variable not following a parametric 

statistical distribution. Therefore, the number of oysters consumed per serving used in this 

study was generated based on the frequency of each oyster consumption number as reported 

in the published survey with 306 participants (Degner and Petrone 1994b). The number of 

oysters consumed per serving was selected randomly from this vector. 

 

I.2.7. Determination of the random probability distribution data vectors size 

Randomized vectors with n = 10, 50, 100, 200, 500 and 1,000 elements were 

generated to assess the effect of the vector size on the Monte Carlo estimation method as 

implemented in this study (Figure I.1). These calculations were performed with the spring 

season data and for SVHPP = 6.3±1.5, since these conditions represented the input with the 

highest variability. The 95% confidence interval (95CI) of the logarithm of illness probability 

(log Pill) after ingesting untreated and HPP-treated oysters were calculated 1,000 times for 

each random vector size. An ANOVA test was performed to detect first significant 

differences and then mean comparisons of 95CI values were performed with a Tukey test 

(95% confidence level) to determine which vector size was adequate to deliver consistent 

estimations of log Pill. Once the optimal vector size was determined, the same calculations 

were repeated for warm (summer), transitional (fall/spring), and cold (winter) seasons to 

ensure that log Pill determinations remained consistent. 

 

I.2.8. Effect of seawater temperature on dose response analysis 

Warm (summer), transitional (fall/spring), and cold (winter) seasons calculations with 

the optimized random vector size were implemented to assess the effect of seawater 
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temperature on the risk of consuming untreated and HPP-treated oysters, and to evaluate the 

V. vulnificus load for each oyster handling step from harvest to consumption. 

 

I.2.9. Assessing the impact of reductions in the variability in parameters subject to 

raw oyster producer control 

The reported standard deviation of several factors in oyster-handling steps can be 

reduced by changes in commercial oyster production practices and improvements in data 

collection (e.g., microbial enumeration methods). Reductions in the variability of some 

factors without a change in their mean values may lower significantly the estimated 

probability of septicemia infections. Half-reductions in the standard deviation (0.5σREP) of 

the following parameters were considered in this study: (a) microbial counts at harvest (Log 

Nharvest); (b) ambient temperature during transportation from harvesting site to processing 

facilities (Tair); (c) transportation time (tholding); (d) storage time at 5-10°C (trefrigeration); and, 

(e) V. vulnificus decimal reductions achieved by high pressure processing (SVHPP). 

 

I.3. Results  

I.3.1 Size of the random probability distribution data vectors 

Logarithmic illness probability (Log Pill, 95% confidence) values for untreated 

oysters stabilized quickly (n ≥ 50; Figure I.2a) whereas values for HPP-treated oysters varied 

widely when n < 200 (Figure I.2b). Moreover, a mean comparison analysis indicated no 

significant difference of Log Pill for n = 100-1,000 for both untreated and HPP-treated oysters 

(pvalue > 0.05). The variation coefficient (VC) remained below 5.1% for all cases when the 

vector size was at least n = 100. For n = 1,000, the VC reached values below 0.5 and 1.5% 

for untreated and HPP-treated oysters, respectively (Figure I.2b). Furthermore, simulations 
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with n = 1,000 for all other seasons resulted in similar consistent results for 95CI Log Pill 

calculations (VC ≈ 1.5%; data not shown). Consequently, random data vectors with 1,000 

elements were sufficient for the Monte Carlo analysis used in this study. 

 

I.3.2 HPP treatments at 250 MPa and 1°C 

At 95% confidence, all treatments were predicted to meet the post-harvest processing 

objective, although the 2 min process yielded significantly higher decimal reductions (SVHPP 

≥ 4.56; pvalue < 0.05) than the 4 and 6 min treatments (SVHPP ≥ 4.29 and 3.88, respectively). 

This apparent contradiction with the reported decimal reduction mean values (see Table I.3) 

reflects the lower variability of the least severe treatment (σREP = 0.2) as compared to the 

more severe processes (σREP = 0.7 and 1.5). The large experimental data dispersion reported 

for the 4 and 6 min treatments may reflect experimental artifacts, or enumeration method 

limitations, as revealed by the Monte Carlo analysis here presented. Moreover, the Monte 

Carlo analysis showed that the predictions of the mildest HPP treatment analyzed in this study 

(250 MPa, 1°C, 2 min) is clearly sufficient to pasteurize oysters in accordance to the ISSC 

recommendation. 

 

I.3.3. Dose exposure for untreated and HPP-treated oysters in different seasons  

Seawater temperature affects significantly the pathogen loads in oysters reported for 

each season (pvalue > 0.05) as reflected in the estimated V. vulnificus dose of untreated 

(horizontal axis) and HPP-treated oysters (vertical axis) shown in Figure I.4. The pathogen 

level range (90% confidence) were highest for summer (log d0 = 5.02 to 7.35 cfu/serving; 

Figure I.4a) and considerably lower for the winter season (log d0 = 0.80 to 2.79 cfu/serving; 

Figure I.4b). V. vulnificus exposure doses for the spring and fall seasons (data not shown) 
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displayed the broadest range, covering nearly 4 log units in the horizontal axis (log d0 = 2.68 

to 6.59 and 2.23 to 6.22 cfu/serving, respectively). The calculated arithmetic means for spring 

and fall were intermediate values (log d0 = 4.65 and 4.29, respectively) between those 

generated for the summer (log d0 = 6.19) and winter (log d0 = 1.75) seasons. The data 

variability difference between the predicted HPP treatments was observed clearly in the range 

of log dHPP (90% confidence) value for the 2 min (2.2 to 2.5 log units) and the 6 min (5.5 to 

5.6 log units) processes (Figure I.4). 

 

I.3.4. Dose response modeling for untreated and HPP-treated oysters harvested in 

different seasons  

The estimated illness probability values did not approach log Pill = 0 (Pill = 1) even 

when the exposure dose reached extremely high values (Figure I.5). The illness probability 

approached a maximum value log Pill ≈ -4.31 for the summer season at dose levels 

approaching 107 cfu/serving. The reason for this data behavior is that the parameter values 

for the Beta Poisson model used in this study have limitations because they were determined 

from public health records and thus do not include extremely low dose values rarely causing 

an FBDO, nor extremely high doses theoretically expected to affect 100% of the population. 

Still, the analysis did confirm that the summer consumption of untreated oysters should be 

avoided since they cause an unacceptably high public health risk, estimated at 4,932 

septicemia cases for every 100 million consumption events (95CI = log Pill = -4.307, Table 

I.5). 

The estimated probability of acquiring septicemia through oyster consumption 

reduced significantly (pvalue < 0.05) for all HPP treatments analyzed in Table I.5. The 95% 

confidence intervals of septicemia cases during summer would be substantially decreased to 
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just 2-4 cases for every 100 million consumption events (log Pill = -7.34 to -7.62), whereas 

no cases would be expected to occur in the winter (log Pill = -11.73 to -12.26). These 

estimated values suggest that intervention technologies reducing raw oyster consumption risk 

such as HPP treatments should be applied with different intensity throughout the year, i.e., 

the same low consumer exposure dose can be achieved throughout the year but operational 

costs would be reduced by eliminating over processing when the pathogen load in the 

untreated oyster is low. The definition by regulatory agencies of a minimum consumer risk 

is a necessity since complete absence of a pathogen in oysters is not possible. Low risks of 

foodborne illness are present even after severe food processing conditions. 

 

I.3.5. Effect of the standard deviation reduction in the oyster handling conditions on 

estimated V. vulnificus counts 

At the 90% confidence interval, a slight but significant bacterial growth (≈ 0.2-1.2 log 

units; pvalue >0.05) was estimated to occur during transportation from oyster harvesting sites 

to the process facility in all seasons except in the winter (Table I.6). This modest pathogen 

growth is followed by a decrease in V. vulnificus counts during refrigerated storage (≈ 0.2-

0.4 log units; Table I.6).  

Temperature and storage time during boat fishery and retail operations are susceptible 

to important fluctuations as shown in Section 2.1. Additionally, environmental factors at the 

oyster harvest site and the microbial quantification methodologies can induce variability 

affecting the predicted V. vulnificus counts. Therefore, the effect of the statistical variability 

in the handling steps from harvest to consumption on the V. vulnificus load distribution in 

raw oysters was determined to identify steps in which variability could be controlled to lower 

Pill estimations. To investigate the effect of the handling steps variability, Log Pill 
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distributions were generated with the same mean but with standard deviation reduced by 50% 

(0.5σREP) for the oyster handling parameters listed in section 2.2.3. The range of the estimated 

Log Pill values narrowed significantly when lowering the reported σREP values for log Nharvest, 

SVHPP, or by simultaneously decreasing the σREP for all variables (pvalue < 0.05). Whereas the 

latter yields no specific recommendations on how to improve oyster, these results suggest the 

need to identify those factors responsible for high Log Nharvest values, and to repeat 

inactivation experiments with large standard deviations in SV values. . 

 

I.4. Conclusions 

This study showed that a Monte Carlo analysis facilitates the inclusion of the 

statistical variability of the multiple factors affecting the selection of the operating conditions 

for processing technologies reducing microbial risks such as HPP treatments of raw oysters. 

The analysis showed also that consumers and processors would benefit from food safety 

regulations enforced by requiring consumption risk reductions achieved by intervention 

designs considering statistical variability. This approach is a superior regulatory standard 

alternative to specifying a number of decimal reductions or an endpoint microbial load value.  

Consumption of HPP-treated raw oysters should be encouraged as the analysis here 

presented predicted an important reduction in the number of septicemia cases caused by 

Vibrio vulnificus. For example, the HPP conditions evaluated in this study reduced the risk 

in the summer to fewer than 4 cases per 100 million raw oyster consumption events. The 

predicted HPP treatment effect met the shellfish pasteurization standard (SVHPP ≥ 3.52) by 

delivering with 95% confidence 3.88-4.56 decimal reductions in V. vulnificus counts. 

Moreover, the estimated septicemia risk would drop from an unacceptable 4,932 cases per 

100 million consumption events to less than 4 incidents even for the mildest HPP treatment 
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analyzed in this study (250 MPa, 2 min, 1°C, Table I.5). In addition, over-processing could 

be minimized by selecting this least-severe HPP treatment at a lower processing cost and 

yielding a higher expected sensorial quality as compared to the 4 and 6 min treatments at the 

same pressure and temperature levels.  

The intervention treatment severity, e.g., the selection of the HPP time and pressure 

level, should reflect the pathogen load in raw oysters for each season. In the case very low 

pathogen loads, an HPP treatment appears unnecessary. Finally, this study showed that the 

natural and quantification variability of V. vulnificus at harvest and after HPP treatments have 

a significant influence on the estimation of raw oyster consumption risk. Therefore, raw 

oyster sampling, and V. vulnificus quantification methods, must be rigorously scrutinized 

prior to the implementation of treatment and handling recommendations based on risk 

analysis. 
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Abbreviations 

95CI 
95% Confidence interval, i.e., 950 of 1,000 calculated values will fall in this 

interval 

A Maximum V. vulnificus concentration in oysters (106 cfu/goyster) 

d Pathogen dose (cfu/serving) 

d0 V. vulnificus dose in raw unprocessed oysters (cfu/serving) 

dHPP 
V. vulnificus dose in raw oysters reduced by high pressure processing (HPP) 

(cfu/serving) 

m V. vulnificus growth rate as a function of temperature (0.011 cfu/h·°C) 

max Maximum value parameter of a Beta-Pert distribution 

min Minimum value parameter of a Beta-Pert distribution 

mlk Most likely value parameter of a Beta-Pert distribution 

n Number of elements of the random data vector 

N0 V. vulnificus load in raw unprocessed oysters (cfu/goyster) 

NHPP V. vulnificus load remaining after HPP treatments (cfu/goyster) 

Nharvest V. vulnificus at harvesting site (cfu/goyster) 

Ntransportation 
V. vulnificus load after transportation from harvesting site to processing 

facilities (cfu/goyster) 

  

Pill Septicemia acquisition probability as a function of an ingested pathogen dose 

SVHPP Number of microbial decimal reductions achieved by HPP treatments 

T0 Minimum growth temperature of V. vulnificus, 13°C 

Tair 
Temperature at which oysters are transported from the harvest site to the 

processing facilities (°C) 

t High pressure treatment time (min)  

tholding Time interval in which oysters remain unrefrigerated after harvesting (h) 

trefrigeration Time interval in which oysters are stored at 5-10°C (days) 

VC Variation coefficient 

  

α Shape parameter in the Beta-Poisson dose response model 

β Scale parameter in the Beta-Poisson dose response model 

μmax Maximum growth rate parameter in the three phase linear model (cfu/h) 

µGEN Mean value generated with Monte Carlo procedure 

σGEN Standard deviation used in the Monte Carlo procedure 

µREP Mean value reported in literature 

σREP Standard deviation reported in literature 
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Figure. I. 1 Random data vector size (n) optimization algorithm for 

Monte Carlo simulation.  
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Figure. I. 2 Log Pill calculations (95% confidence) for different 

random data vector sizes: (a) untreated oysters; (b) HPP-treated oysters. 
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Figure. I. 3  Histograms of Vibrio vulnificus decimal reductions achieved 

with different high pressure processing (HPP) times at 250 MPa and 1°C. 
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Figure. I. 4  Seawater temperature effect on the Vibrio vulnificus dose of 

untreated and HPP treated oysters: (a) summer; (b) winter. 90% confidence intervals 

delimited by dotted lines. 
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Figure. I. 5 Beta Poisson dose-response modeling of septicemia acquisition 

probability (Pill) after consuming untreated and HPP-treated oysters with different Vibrio 

vulnificus doses during summer season. 
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Table I. 1 Vibrio vulnificus counts (MPN/g) at different sampling locations. Data from 

Motes and others (1998) 

 

 
Warm (Summer) 

Transitional 

(Spring/Fall) Cold (Winter) 

Sampling site μREP σREP μREP σREP μREP σREP 

Alabama 3.26 0.62 1.99 1.26 -0.52 0.29 

Florida 3.03 0.67 1.72 1.18 -0.40 0.45 

Louisiana 3.38 0.43 2.34 0.80 0.08 0.52 

Gulf 3.20 0.59 2.00 1.12 -0.30 0.52 

log Nharvest 3.22 0.58 2.01 1.09 -0.29 0.45 
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Table I. 2 Reported ambient temperature (°C) during the transportation of oysters 

from northern México Gulf Coast harvest sites to processing facilities (WHO and FAO 2005) 

 
 Spring Summer Fall Winter 

μREP 23.3 27.2 16.4 13.1 

σREP 4.1 2.0 5.5 4.3 

 

 

Table I. 3 Decimal reductions (SVHPP) of Vibrio vulnificus in HPP-treated oysters at 

250 MPa and 1°C. Modified from Kural and Chen (2008) 

 
 time (min) μREP σREP 

2 4.9 0.2 

4 5.4 0.7 

6 6.3 1.5 
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Table I. 4 Meat weight, oyster consumer and Beta Poisson model data utilized for 

dose-response modeling 

 

Meat weighta Consumption vectorb Beta-Poisson parametersc 

Log(gmeat/oyster) Oysters per serving 

(Frequency) 
 

Log10 

(Parameter) 

µREP σREP Parameter µREP σREP 

1.18 0.15 
1, 2, 3 (9x), 4 (10x), 5 (15x), 6 (61x), 

7, 8 (11x), 10 (15x), 12 (95x), 13, 15 

(5x), 17, 18 (8x), 20 (8x), 24 (37x), 25 

(5x), 30 (3x), 36 (7x), 40 (3x), 45 (1x), 

48 (4x), 50 (3x), 60 

α 
-

5.0321 

0.0066

7 

 β 5.0398 
0.0184

0 

a FDA and CFSAN (2005); b Degner and Petrone (1994b); c WHO and FAO (2005) 
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Table I. 5 Logarithm of septicemia acquisition probability (Log Pill) after raw oyster 

consumption during different seasons as predicted by the Monte Carlo estimation procedure. 

 

Season HPP treatment Mean 95CI 05CI 

Spring Untreated -5.660 -4.479 -7.376 

 2 min -10.297 -8.269 -12.215 

 4 min -10.775 -8.498 -13.062 

 6 min -11.675 -8.643 -14.499 

Summer Untreated -4.651 -4.307 -5.205 

 2 min -8.759 -7.527 -9.982 

 4 min -9.294 -7.624 -10.912 

 6 min -10.216 -7.340 -12.962 

Fall Untreated -5.947 -4.574 -7.830 

 2 min -10.691 -8.678 -12.724 

 4 min -11.242 -8.830 -13.583 

 6 min -12.091 -9.200 -14.959 

Winter Untreated -8.327 -7.290 -9.266 

 2 min -13.252 -12.145 -14.286 

 4 min -13.728 -12.264 -15.154 

 6 min -14.026 -11.734 -15.497 

95CI = 95% confidence interval; 05CI = 5% confidence interval 
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Table I. 6 Estimated Vibrio vulnificus counts (cfu/g of oyster) at different stages of the oyster handling chain 

 
   Untreated oysters HPP-treated oysters 

Season Harvest Transportation Retail HPPd Retail 

Spring 2.004a±1.099b 

(0.213, 3.865)c 

2.777±1.139 

(0.850, 4.636) 

2.433±1.144 

(0.534, 4.285) 

-2.114±1.165 

(-4.047, -0.233) 

-2.451±1.163 

(-4.437, -0.527) 

Summer 3.238±0.567 

(2.344, 4.178) 

4.304±0.615 

(3.308, 5.343) 

3.961±0.626 

(2.964, 5.021) 

-0.586±0.659 

(-1.658, 0.505) 

-0.931±0.684 

(-2.020, 0.233) 

Fall 2.067±1.119 

(0.209, 3.861) 

2.386±1.173 

(0.428, 4.212) 

2.043±1.181 

(0.057, 3.950) 

-2.508±1.190 

(-4.480, -0.621) 

-2.844±1.204 

(-4.296, -0.979) 

Winter -0.292±0.430 

(-1.022, 0.409) 

-0.144±0.494 

(-0.927, 0.697) 

-0.487±0.515 

(-1.319, 0.404) 

-5.054±0.536 

(-5.909, -4.112)  

-5.391±0.558 

(-6.300, -4.416) 
aGenerated mean; bGenerated standard deviation; cGenerated 90% confidence interval; d250 MPa, 1°C, 2 min 
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