
 
 
 

 

 
Inactivation of Salmonella and Enterococcus faecium NRRL B-2354 Surrogate on Flax 

Seed using an Ethanol-Peroxyacetic Acid Based Sanitizer Applied on a Laboratory and 

Commercial Scale 

 

 

by 

Narjes Al Ali 

A Thesis 

presented to 

The University of Guelph 

 

In partial fulfillment of requirement 

for the degree of 

Master of Science 

In 

Food Science 

 

 

Guelph, Ontario, Canada 

 

© Narjes Al Ali, May, 2018 



ABSTRACT 

INACTIVATION OF SALMONELLA AND ENTEROCOCCUS FAECIUM NRRL B-

2354 SURROGATE ON FLAX SEED USING AN ETHANOL-PEROXYACETIC ACID 

BASED SANITIZER APPLIED ON LABORATORY AND COMMERCIAL SCALE 

Narjes Al Ali 

University of Guelph, 2018                                               Advisors: Dr. Keith Warriner and 

                                                                                                                Dr. Joseph Odumeru 

There continues to be salmonellosis linked to low moisture foods such as flax seed. 

Decontaminating low moisture foods is challenging due to the sensitivity to moisture, the need to 

retain seed viability (in the case of seeds) and enhanced stress resistance of Salmonella under dry 

conditions. In the following study, a peroxyacetic acid-ethanol based sanitizer was evaluated for 

inactivating Salmonella Newport & Cubana on flax seed at laboratory scale & commercial scale 

respectively. Salmonella Newport was spray inoculated onto flax seeds and recovered in saline to 

give a recovery of 80% of the original inoculum. S. Cubana introduced onto flax seed underwent 

a decline from 6.41±0.36 Log cfu/g to 4.39±0.06 Log CFU/g over 5 days then levels remained 

stable at 4.47±0.20 Log CFU/g for the remainder of the 21 Day storage period. At the end of the 

storage period the seeds were treated with the ethanol-peroxyacetic acid sanitizer at a dose of 40 

ml/kg then allowed to dry over a 24h period. The efficacy of the sanitizer was dependent on the 

concentration applied and method of recovery. With regards to the latter, the log count reduction 

was significantly higher when saline was used to recover survivors compared to Tryptic Soy Broth 

(TSB) supplemented with glycerol (1-10% w/v). The log reduction of Salmonella was further 

increased if the sanitizer treated flax was left 24h prior to enumerating survivors due to die-off of 

sub-lethally injured cells. When the sanitizer was applied at a dose of 80 ml/kg then seeds left for 

24h, the log reduction of Salmonella on flax was 2.500.17 log CFU when saline was used to 

recover the pathogen that compared to 3.090.17 log CFU when recovered in TSB-1% glycerol. 

A range of Salmonella and different seed types could be effectively decontaminated using the 

optimised treatment although lower log reductions were obtained on nuts. Large scale (110 kg) 

studies were performed using Enteroccocus faecium NRRL B-2345 as a surrogate for Salmonella. 

The treatment (40 kg sanitizer per tonne) supported a 5.33 log CFU/g reduction of the surrogate 

compared to 4.19 log CFU/g for the same sanitizer application at laboratory scale trials. In 

conclusion, the study demonstrated that the ethanol-peroxyacetic acid sanitizer could effectively 

inactivate Salmonella on flax seed and that treatments applied on a commercial scale are more 

effective compared to those undertaken within the laboratory environment. 
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Chapter 1         Literature Review 

 

1.1 Introduction 

 
Seeds, such as flax, are regarded as a complete food rich in protein, carbohydrates, antioxidants, 

vitamins and minerals (Neetoo et al., 2009, Shah at el.,2017). In parts of the globe, seed-based 

diets are considered a health food (Gu at el., 2017). Seeds can be consumed whole, ground into 

flour, germinated or sprouted, in addition to being incorporated into multi-component foods. 

Despite the health benefits, seeds (or products derived from seeds) have been implicated in 

foodborne illness outbreaks associated with pathogens such as Salmonella (Neetoo et al., 2009). 

Although considered microbiological stable the microflora associated with seeds such as flax is 

high, being in the order of 6-8 log CFU/g that can include pathogens such as Salmonella (Tamber 

et al. 2016). Indeed, in 2014, chia and flax seeds powders were associated with a salmonellosis 

outbreak, causing 63 cases in Canada and 31within the USA (Tamber et al. 2016).  

The underlying reason for the increase in foodborne illness cases linked to seeds is partly because 

of improved diagnostics and source attribution but also because the products produced are 

minimally processed or consumed raw. The association between Salmonella in seeds is partly 

attributed to the wide distribution of the pathogen in the seed chain but also enhanced persistence 

in low moisture environments (Beuchat et al. 2013; Beuchat and Mann 2015).  

 Most of seed based foodborne illness outbreaks have been linked to sprouted seeds although more 

recently, seeds have been implicated in outbreaks of salmonellosis. In the recent study by Cui et 

al. (2017) reported that a lot of sprout outbreaks occur on seeds that contaminated with pathogenic 

microorganism before the sprouting process begin.  In principle, contamination by pathogens such 

as Salmonella can occur at any part of the seed chain from production through to post-harvest 
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handling (Olaimat et al., 2012). Because the use of chlorine-based chemicals produces hazardous 

by products alternative seed disinfection methods have been researched (Neetoo and Chun, 2010). 

Decontamination of seeds is challenging given that non-aqueous based systems must be applied to 

prevent hydration, whilst maintaining the viability of the seed to maintain germination yields 

(Neetoo and Chun, 2010). To address food safety issues associated with seeds there is an on-going 

need for interventions as part of an overall prevention control approach. To date most focus on 

seed decontamination has been in sprouted seeds where physical, and chemical approaches have 

been described (Ding et al. 2013; Sikin et al. 2013). However, the interventions for 

decontaminating seeds not exclusively destined for sprout production, are limited given hydration 

stimulates germination which is undesirable for long term storage. This is especially relevant for 

gelatinous type seeds such as flax. Consequently, there is a need for aqueous-free decontamination 

methods that can inactivate pathogens without stimulating germination.  

This study reports on the effectiveness of a sanitizing agent based of ethanol-peroxyacetic acid for 

decontaminating low moisture foods such as dried seeds (flax seed). Salmonella was selected for 

study due to being historically linked to seed related foodborne diseases outbreaks. To date most 

interest of ethanol-peroxyacetic acid-based sanitizers have focused on inactivating endospores and 

viruses within health care settings (Wutzler and Sauerbrei 2000; Nerandzic et al. 2016).  

In addition to assessing the efficacy of the ethanol-peroxyacetic acid sanitizer on seeds inoculated 

with Salmonella the work also identified a suitable surrogate for the Salmonella that could be used 

to verify the effectiveness of seed decontamination treatment on a facilitate commercial scale. Both 

ethanol and peroxyacetic acid are individually potent antimicrobial agents with the combination 

acting synergistically to inactivate 5 log CFU Clostridium difficile within a 3 min contact time 

(Nerandzic et al. 2016). In the following, a peroxyacetic acid-ethanol sanitizer will be applied to 
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decontaminate flax seed inoculated with Salmonella Newport, amongst other serovars. S. Newport 

was selected based on the pathogens previous association with outbreaks linked to seeds (Thayer 

et al. 2006; Jianxiong et al. 2010) 

The inactivation of Salmonella on seeds using ethanol-peroxyacetic acid has not been evaluated to 

date although it has been shown to reduce total aerobic counts by >3 log CFU/g of endogenous 

populations on chia seeds (Mathieu et al. 2016). The application applied a sanitizer consisting of 

10% w/v peroxyacetic acid in ethanol supplemented with surfactant that was sprayed onto seeds 

at a dose of 40 kg/Ton. Commercially, the treatment is applied in a cyclone chamber whereby the 

sanitizer coats a constant stream of seeds which then enter a rotating tumbler that further distributes 

the sanitizing agent. The seeds are then transferred to a final drying process and stored for 24 h to 

ensure removal of residual ethanol (Mathieu et al. 2016). 

The purpose of this literature review is to explore five main areas: seeds and grains types; 

microorganisms associated with seeds and grains; sources of contamination in seeds; survival of 

Salmonella in low-moisture foods; and the intervention methods of preventing seeds from 

pathogens.  
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1.2 Seeds and grain types encountered in the food industry 

 
Cereal grains and seeds are important energy source for the world population. In Europe, the 

annual consumption of cereal grains is 131 kg per capita, wheat used the most (108 kg/capita/year). 

In Asia, almost half of the annual consumption of cereal is rice while in central and south America, 

maize is so important. Wheat and rice are significantly the most important cereals globally with 

respect to human nutrition (Poutanen, K. 2012). 

In recent years, the consumption of seed and grain has increased significantly because of the 

nutritional benefits of the products. Seed and grains are good plant source of omega 3, fatty acid 

and a-linolenic acid (Tamber et al.,2016). Seeds can be consumed whole, ground into flour, 

germinated or sprouted, in addition to being incorporated into multi-component foods (Tamber et 

al. 2016). Many bioactive compounds present in the grain most probably act in synergy to 

influence the human metabolism. Figure 2.1 Shows that the grains have so many beneficial 

physiological effects assisting in health maintenance (Poutanen, K. 2012). 

Wheat is one of the oldest cultivated crops. It has been grown at least as far back as 8000-10,000 

BC. Wheat is one of the most significant field crops, and it is a unique grain. Wheat is mostly 

utilized for human consumption due to high protein quality it produces, and wheat is considered 

as major ingredient in many different food products (Arendt, E. K., & Zannini, E. (2013). For 

example, Flour is usually utilized as an ingredient in more different cooked or baked foods before 

consumption (Podolak et al., 2010). 

Some consumers eat the seeds/grains in their diet because they are considered as health food. 

However, some seeds such as alfalfa, chia, flax and mung bean are sometimes eaten raw (e.g., 

whole, ground into flour, sprouted), or subjected to heat treatments such as baking or extrusion 

(e.g., smoothies, cereal, snack chips, baked goods) (Poutanen, K. 2012, Tamber et al.,2016). 
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Figure 1.1 nutritional profile of seeds and grains (Poutanen, K. 2012) 

 

 

 

Figure 2.1 The beneficial physiological effects assisting in health maintenance (Poutanen, K. 

2012).  
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1.3 Outbreaks and recalls linked to seeds-grains 

 
Numerous outbreaks of food-borne diseases linked to consumption of low-moisture food constitute 

a major concern to public health. Between 2007 and 2012, a total of 41 outbreaks were linked to 

the contamination of low-moisture food, resulting in 7,315 cases, 536 hospitalizations and 63 

deaths worldwide (Farakos, 2014).  There are ranges of pathogenic microorganisms associated 

with contamination of seeds-grains. Since 1973 there have been more than 40 outbreaks of 

foodborne illness linked to seeds contaminated with Salmonella,  Escherichia coli O157:H7 or 

Bacillus cereus (Neetoo and Chen 2010).   

 

E. coli O157 and serotypes of Salmonella such as Montevideo, Enteritidis, Typhimurium, and 

Newport have been implicated in outbreaks linked to low moisture foods. Alfalfa and other types 

of seeds associated with contaminated pathogenic microorganisms might be an increasing source 

of diseases (CDC, 1999). A study stated that the bacteria on rice seed exceeded 107 CFU/g. The 

bacteria population can increase during germination with high moisture and a temperature (CDC, 

1999). When the seeds are contaminated with pathogenic microorganisms, the sprouting 

processing provides good conditions for pathogen growth and distribution. It is important to 

inactivate the growth of pathogenic microorganisms on seeds before sprouting (CDC, 1999). 

 

The Public Health Agency of Canada reported that in February and March 2001, Salmonella 

Enteritidis associated with contaminated mung bean sprouts led to the illness of 84 individuals, 

and 6 of these individuals required hospitalization (Kozak GK et al.,2009). In USA between 2007-

2012 Salmonella related outbreaks was the biggest concern, it was associated with 94% of low- 

moisture food recalls and 53% of outbreaks in the whole world (Farakos, 2014). A popular low 
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moisture food product, peanut butter (a 0.45–0.2), has also been implicated in several Salmonella 

outbreaks (CDC, 2014). For example, Heredia et al. (2009) reported that Salmonella can survive 

in peanut butter for more than 24 weeks. Nut and seed products might be naturally contaminated 

with Salmonella because of the nature of cultivation, harvesting, and epidemiologic history 

(Podolak et al., 2010). 

 

Table 1.1 Summary of selected foodborne illness outbreaks linked to contaminated to low 

moister food in North America (CDC,2017) 

 

Pathogen Year Cases Seed Type 
Salmonella enterica, Agona 1998 209 cereal, oat 

Salmonella enterica, Typhimurium 1999 112 clover sprouts 

Salmonella enterica, Enteritidis 1999 23 Beans cooked 

Salmonella enterica, Typhimurium 1999 14 Bread unspecified 

Salmonella enterica, Enteritidis 2001 29 cake, unspecified 

Salmonella enterica, Panama 2001 134 beans, BBQ 

Salmonella enterica, Enteritidis 2001 3 nuts, almonds 

Salmonella enterica, Enteritidis 2001 35 mung bean sprouts 

Salmonella enterica, Saintpaul 2003 16 alfalfa sprouts 

Salmonella enterica, Enteritidis 2003 42 nuts, almonds 

Norovirus Genogroup I 2005 25 bread, white 

Salmonella enterica, Newport 2005 57 cake, unspecified 

Salmonella enterica 2005 4 bean sprouts 

Salmonella enterica, Tennessee 2006 715 peanut butter 

Salmonella enterica, Thompson 2006 100 peanuts 

Salmonella enterica, Montevideo 2007 24 bean sprouts 

Salmonella enterica, Infantis 2007 3 beans, garbanzo 

Salmonella enterica, Mbandaka 2007 15 alfalfa sprouts 

Salmonella enterica 2008 25 beans, baked 

Salmonella enterica, Typhimurium 2008 714 peanut butter; peanut 

paste 

Salmonella enterica, Typhimurium 2008 24 alfalfa sprouts 

Salmonella enterica, Saintpaul 2009 256 alfalfa sprouts 

Clostridium perfringens 2009 350 Beans, baked 

Salmonella enterica, Newport 2010 44 alfalfa sprout seeds 

Bacillus cereus 2010 103 rice, white, noodles 

Salmonella enterica, I 4, [5],12:i:- 2010 140 alfalfa sprouts 

Escherichia coli, O157:H7 2010 8 nuts, hazelnuts 

Salmonella enterica 2011 7 clover sprouts 

Salmonella unknown 2011 4 rice 
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Escherichia coli, Shiga toxin-

producing, O26 

2011 29 clover sprouts 

Salmonella enterica, Enteritidis 2014 15 beans, unspecified 

Salmonella enterica, Stanley 2014 18 cashews 

Salmonella enterica, Muenchen; 

Cubana; Kentucky 

2015 32 alfalfa seeds 

Salmonella enterica, Enteritidis  2015 115 
Bean Sprouts 

Salmonella enterica, Montevideo; 

Senftenberg 

2016 11 pistachio 

Salmonella enterica 2016 5 nuts 

Salmonella enterica, Enteritidis 2016 20 bean sprouts 

Escherichia coli 2016 48 flour 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 
 

1.4 Overview of Salmonella 

 
Salmonella is Gram negative, rod shaped bacteria belonging to the family enterobacteriaceae. 

Salmonella enterica is the primary species of concern although there are over 2500 serotypes of 

varying degrees of virulence. Although closely related genetically, Salmonella serotypes 

demonstrate a broad range of phenotypic characteristics (Montville, T, Matthews K. 2007). The 

primary habitat of Salmonella is within the gastrointestinal tract of humans and animals. Yet, the 

pathogen can persist for extended time periods in the environment and become widely distributed. 

Salmonella can become associated with seeds by direct contact with manure or indirectly via soil 

containing organic amendments and contaminated irrigation water (Montville, T, Matthews K. 

2007).  

Salmonella is a significant human pathogen associated with several foodborne illnesses 

worldwide. Salmonella is associated with the consumption of low moister products. Salmonella is 

flexible, and it can have adapted to different environmental condition such as lower or higher than 

optimal temperatures and pH values. There are a limited number of Salmonella that can grow at 

low temperatures (Salmonella can grow in refrigerator at temperate 4 to 10°C). However, the 

majority have a temperatures minimum of 10°C, and lower temperatures may reduce the survival 

of Salmonella (Heredia et al., 2009, Podolak et al., 2010). The optimal temperatures of Salmonella 

to grow is 35 to 37°C (Podolak et al., 2010). Water activity (Aw) and temperature are the major 

factor which influences the survival and growth of microorganism on a wide range of nuts and 

cereals (Li et al. 2013). Salmonella can grow at a minimum water activity range of 0.93. 

Salmonella is also growing in pH range between 3.6 to 9.5, and the optimal pH for growth of 

Salmonella is in the range of 6.5 to 7.5 (Podolak et al., 2010). Salmonella can survive in dry 
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products such as nuts for months or even years (Montville, T, Matthews K. 2007). If these 

environmental conditions (temperature, humidity, and pH) are convenient, Salmonella can survive 

for years in soil (Podolak et al., 2010). All types of Salmonella are pathogenic to humans and 

generally found in the intestinal tract of humans and animals, environmental sources such as, 

water, soil, insects, animal feces, raw meats, raw poultry, and raw seafood (Health Canada, 2006). 

 

The symptoms of Salmonella infection include fever, diarrhea, abdominal pain, prostration, 

headache and nausea which may appear after 24-48h (WHO, 2013 & Montville, T, Matthews K. 

2007). Globally, 16 million cases of typhoid fever, 1.3 billion cases of nontyphoid salmonellosis, 

and 3 million deaths occur annually due to the Salmonella infection. In the United States, it is 

estimated that more than 1 million cases of Salmonella infections are occurred annually (Scallan 

et al., 2011). The Centrals and Diseases Control and Prevention (CDC,2014) estimates that 

salmonellosis accounts for approximately 1.2 million cases of food-borne illness contracted in the 

United States annually. Young children (under 5 years), elderly adults (over 65 years), people with 

weakened immune system and pregnant women can be at higher risk for infection with more severe 

symptoms and even death (CDC, 2014). 
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1.5 Sources of contamination 

 
Grains and seeds are mixed with the soil during harvest which often lead to product contamination 

by pathogenic microorganisms present in the soil (Li et al. 2013). Soil is a common source of 

pathogens. The contaminated field is a source of pathogens that can survive for long period (several 

months) which lead to product contamination in the field (Yang et al., 2013). Survival of pathogen 

bacteria such as Salmonella in the soil from 7-25 weeks depends on the soil type, moisture level, 

and temperature (Olaimat et al., 2012). Generally, soil moisture content is identified as a principal 

factor impacting pathogen bacteria to survive in the field. If the soil moisture declined, the survival 

of pathogen bacteria will decline because of dehydration and autolysis of bacterial cells (Lang and 

Smath, 2007).  Enteric organisms associated with clay soil more than sandy soil due to their 

susceptible to moisture stress (Lang and Smath, 2007). 

Low-moisture products may still contain Salmonella if products have been in storage for 

months/years (Weissinger et al., 2000, Bari et al., 2010, Tamber et al.,2016). A study mentioned 

that Salmonella Enteritidis was found to be more resistant to dry heat than many other serovars 

evaluated on almonds (Podolak et al., 2010). Also, the survival and heat resistance of 

microorganisms increases as low water activity decreases (Podolak et al., 2010). Some of dry 

products that on heat resistance of Salmonella such as chocolate, peanut butter, almonds, cereal 

grain flours, and spray dried milk (Podolak et al., 2010). As a result, thermal resistance of 

Salmonella is greatly enhanced in the dry products.  

 Pathogenic bacteria such as Salmonella enterica and Escherichia coli can have prolonged survival 

in low-moisture environments as seeds for up to 2 years (Tamber et al.,2016). Salmonella and E. 

coli O157:H7 strains are the most foodborne outbreaks associated with contamination of fresh 

produce (Olaimat et al., 2012). Salmonella and other harmful bacteria are hard to recover because 
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they are capable to stay in tiny seeds cracks (Montville, T, Matthews K. 2007, Heredia et al., 2009). 

Some research publication indicated that none of the current decontamination treatments can 

eliminate pathogens on seeds, probably due to the sanitizers which cannot reach bacteria trapped 

in cracks and crevices on the surface of the seed (Liu, B., Schaffner, DW, 2007). Cracks in the 

seeds might be another source of pathogenic microorganisms, so the damage of the seeds should 

be prevented to avoid contamination and survival of pathogenic microorganisms (Yang et 

al.,2013). 

The contamination of seeds may occur at pre- and post-harvest. Some of contamination pre- 

harvest principles including, fertilizer used, soil quality, animal feces, irrigation water, 

reconstituted fungicides and insecticides, dust, insects, wild or domestic animals and human 

handling (Olaimat et al., 2012, Yang et al., 2013). Contamination can also occur during post-

harvest handling and via processing environments. Once established with low moisture foods or 

processing environments, Salmonella can persist over extended time periods. In addition, grazing 

the wild animal in the field can result in contamination if the field by the leftover from animal 

feces. Pathogenic such as Salmonella might stay in feces or/and soils from 7 to 25 weeks or even 

several months (Olaimat et al., 2012, Yang et al., 2013). The principles of post- harvest including 

dirty harvesting equipment, transportation, handling, and storage of the seeds, and lack of personal 

hygiene of employees a possibility source of contamination (Yang et al., 2013). Also, the main 

food safety hazards encountered at post-harvest would be in contact with rodent or birds, in 

addition to wetting/improper drying. Furthermore, mishandling during harvesting, packaging, 

distribution or in the home, all could be source of seeds contamination (Sharma et al., 2002). Pre-

and post harvest profession should be accurately regulated to help prevent the spread of 
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contamination from pathogenic microorganisms. All these factors should be considered in order 

to avoid pathogenic microorganisms’ contamination. 

 

 

 
 

 
Figure 1.1 pre-harvest and post-harvest sources of Salmonella contamination (Yang et al., 2013) 
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1.6 Interventive methods for Preventing Seed and grains 

Contamination (decontamination method) 

 
In recent years, food processing has switched to non-traditional or used novel food processing 

technologies to meet the consumers demand of high quality food products that are safe and healthy. 

The consumption of raw seeds or nuts has increased due to healthy benefits they have. However, 

contaminated seeds/nuts may have associated with foodborne illness. Therefore, researchers have 

explored seed decontamination by physical or chemical treatment (Kwack et al., 2014). 

 

 

1.6.1 Physical methods 

 
The physical methods, which are categorized as a non-thermal method, is used to decontaminate 

the surface of the products. Below are some of the physical methods that are used to disinfect low 

water activity products.      

1.6.1.1 Hot water 

Hot water treatment is one of the most common methods for seed disinfection. That is used to 

inactivate the pathogenic microorganisms. The first studied on hot water treatments by Jaquette et 

al. (1996), the researchers found that a 5 min-treatment in hot water at 57-60 °C resulted in a 2.5 

log unit decrease in the population of Salmonella enterica on contaminated seeds with no 

perceivable change in the seed germination rate (Neetoo et al.,2011). A study shows that using hot 

water is effective to eliminate the pathogenic microorganism and using hot water treatment at 80 

°C for 2 min has been achieved more than 6.0 log reduction CFU/g of Salmonella (Nei et al., 

2013). Yang and his colleagues in 2013 found that more than 5-log reduction can be achieved in 



 

15 
 

Salmonella if the temperature increased until around 85°C, for example, mung bean seeds exposure 

to 55 - 80 °C for 20 min, radish and alfalfa seeds exposure to 53-64 °C for 8 min while keeping 

the germination rate at 95% or greater (Yang et al., 2013). A study reported that lower temperatures 

may not eliminate the pathogens, and higher temperatures (57°C to 60°C) or longer exposure time 

(10 minutes) decreased germination (CDC,1999). Thus, the total elimination of Salmonella 

inoculated in mung bean seeds has been achieved by using hot water treatment at 85°C for 40 s 

than using chlorine treatment at 2000 ppm for 2 h (Nei et al., 2013). However, another study 

mentioned that using 80°C or higher is not an effective method for sterilizing due to the hardness 

of maintaining the water temperature which is high enough to ensure sufficient sterilization 

(Marriott et al., 2006) and another study shows that there is no more than 1 log CFU reduction 

reduced of E. coli and Salmonella by using this hot water (Taormina et al., 1999), (Olaimat et al., 

2012). In general, using high degree of temperature may destroy the nutritional quality and good 

properties of the products. Also, washing sprout seeds in hot water is important but not effective 

and not enough to remove all pathogenic bacteria contamination. Thus, hot water is not practical 

sanitizing method for food-contact surfaces (Marriott et al., 2006). 
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1.6.1.2 High hydrostatic pressure processing (HHP) 

High hydrostatic pressure processing (HHP) is an established technology for non-thermal 

pasteurization of a diverse range of foods including meats, fruit, vegetables, juices and seeds. It is 

used to decontaminate foods from pathogenic microorganisms without affecting the nutritional 

properties, food sensory and functional qualities of the products (Neetoo et al., 2009 &Yang et al., 

2013). A study showed that treating seed at 500 to 600 MPa for 2 min at room temperature 22-24 

°C was effective to reduce the bacterial load by 3.50 log CFU/g or even more. Using medium 

pressure (300 MPa) for a longer period (15 min) achieved similar results, but it is possible that the 

seed germination took a longer time to appear (Ding et all., 2013). Another study by Neetoo et al 

(2009) reported that pressure treatments at 600 MPa  for 20 min at 20C achieved a ~5 log 

reduction and might reduce but not eliminate E coli O157:H7and Salmonella on alfalfa seeds 

(Neetoo et al. 2009). E coli O157:H7 and Salmonella can be complete elimination if the seed were 

pre-soaked in water then placed into pouches for HHP treatment by applying 600 MPa for 5 min 

and the germination rates decreased by 10% (90-100%) (Neetoo and Chen 2010). Another study 

mentions that the effect of HHP depend on bacteria strains. The treatment of 300 MPa for 15 min 

at 4 °C on garden cress seeds achieved 6-log reductions of S. Typhimurium, 4-log reductions of 

Shigella flexneri, and a 2-log reduction of S. aureus (Yang et al., 2013). This research also shows 

that the efficacy of disinfection the pathogenic microorganisms by HHP is dependent on some 

factors such as, temperature, pressure, exposure time, presoaking treatment, and type of seeds. 

(Yang et al., 2013). HHP is expensive technology that could evidence a further limitation to 

commercial application. In general, according to this researcher the high-pressure processing 

treatment is significantly more effective than the standard of involving the use of 20000 ppm 

calcium hypochlorite, but it is not the optimal option.  
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1.6.1.3 Irradiation 

Irradiation has a long history as a non-thermal intervention method.  On 2000, the food and drug 

Administration (FDA,) approved the use up to 8 kGy of ionizing radiation, and it mentioned the 

use is safe on seeds. The aim is to control and reduce microorganism in and on the seeds. The 

processing can’t be sure to eliminate every organism in seeds, it can achieve a considerable 

reduction. A study to evaluate the effectiveness of ionizing radiation in eliminating Salmonella on 

radish and mung bean show that the effective dose of irradiation for radish was 2 kGy and for 

mung bean the dose was 1.5 kGy (Bair rt al., 2004). The effectiveness of irradiation is dependent 

on the level of irradiation applied, the bacteria used, and the types of seeds. 

 

1.6.2 Chemical method 

 
Utilizing chemical methods depends on sanitizer treatment to inactivate pathogenic 

microorganisms that appear in the products (Marriott et al., 2006). The efficacy of chemical 

sanitizers on the surface decontamination depend on several factors such as exposure and contact 

time, temperature, sanitizer concentration, equipment cleanliness, water hardness, microbial 

population size, and bacterial attachment (Marriott et al., 2006). For example, using high amount 

of chemical sanitizer concentration could be effective to reduce or inactivate pathogens (Marriott 

et al., 2006). Numerous kinds of chemical compounds are used to decontaminate the surface of 

products (Marriott et al., 2006). Below some of the relevant properties, advantages and limitation 

of different types of chemicals will be discussed.   
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1.6.2.1 Chlorine & Chlorine Dioxide (ClO2)  

Chlorine is used in the food industry as anti-microbial agent to reduce the level of pathogenic 

microorganism in foods (Warriner et al., 2003). The National Advisory Committee on 

Microbiological Criteria for Foods (ACMSF) mentioned that using 20,000 ppm chlorine treatment 

is not affective, achieving only 2.5 log reduction CFU/g (Bari et al., 2010, Nei et al., 2013). Using 

chlorine gas-based treatment is ineffective to inactivate the growth of harmful microorganism to 

seed plant, for example, 100 ppm of chlorine could just reduce around < 1 log (CFU) and with 

5,000 ppm of chlorine resulted in a 2-log decrease which is not sufficient to eliminate the 

pathogenic microorganisms (CDC,1999, Taormina et al., 1999). The U.S. Food and Drug 

Administration recommendation is to treat alfalfa seeds with a solution of 20,000 ppm free chlorine 

from calcium hypochlorite. Moreover, some manufacturers prefer not to use chlorine because is it 

toxic, but other industries used it as it is low cost. Furthermore, organic sprout products don’t use 

bleach. If the seeds are sold intact then aqueous based treatments can be used (Sivapalasingam et 

al.,2004). 

Chlorine dioxide is an effective alternative to chlorine. Chlorine dioxide is used as a sanitizer to 

reduce, eliminate, and kill the population of pathogenic bacteria which are present in food or food 

contact surfaces (Marriott et al., 2006). Chlorine dioxide has much higher oxidation capacity than 

chlorine and does not create undesirable chemicals due to the effective of antimicrobial oxidation 

and not chlorination (Kim et al.,2009). Chlorine dioxide is different from chlorine due to chlorine 

dioxide does not produce direct organic chlorine compounds and has less reactivity sensitivity to 

organic matter (Sivapalasingam et al, 2004). Using high concentrations of chlorine dioxide gas 

lead to discoloration of almond surfaces (Ban et al., 2016).    
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Calcium Hypochlorite Ca(OCl)2 is another form of chlorine opting used to remove seeds 

contamination. The U.S Food and Drug Administration (FDA) recommended that all seeds that 

are ready for sprouting product should be decontamination with the concentration of 20,000 ppm 

calcium hypochlorite as a standard of seed disinfection treatment (Neetoo and Chen 2010) & Ding 

et all., 2013). According to Occupational Safety and Health Administration regulations, calcium 

hypochlorite considered as hazardous to workers’ health (Prodduk et al., 2014). The limitation of 

calcium hypochlorite is the undesirable effect on the environment, this chemical is not permitted 

for use in some countries like Germany (Ding., et all 2013). Some researches indicted that this 

decontamination process using this chemical might prevent some foodborne outbreaks 

(Charkowski et al., 2002).  

1.6.2.2 Ozone 

The composition of Ozone consists of three oxygen atoms that occur directly from the earth’s 

upper atmosphere. Ozone can inactivate harmful microorganism by its oxidizing properties. Ozone 

can be used either as a gas or mix with water to sanitize food content surfaces (Marriott et al., 

2006). Ozone is a technology which used to sterilize food and decontaminate microorganisms. 

Ozone has some characteristics that lead food processing used it as a sanitizer. On 26 June 2001, 

the Food and Drug Administration (FDO) confirmed that the use of ozone in gaseous and aqueous 

stages as an antimicrobial agent for treatment is safe for storage, and processing of foods which 

lead to increase in the use of ozone in the food industry (Sharma et al., 2002). Ozone treatment 

include production of low concentrations of ozone gas from air by an ozone generator. Ozone gas 

is inoculated directly into a water or gas stream, then water or gas is mixed to obtain its desirable 

antimicrobial effect (Sharma et al., 2002). Because ozone level decline easily in water, the use of 

ozone as a sanitizer could be used for food processing instead of food additive. Thus, there is no 
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safety concerns about consumption of ozone remaining in treated foods. It is essentially to 

understand the treatment conditions of ozone which include, optimum ozone concentration (ppm), 

contact time, and other treatment conditions when ozone treatment would have used to 

decontaminate food products such as seed sprouts (Sharma et al., 2002). The effective of ozone to 

inactivate foodborne pathogens varies, depending on treatment conditions. Some studies show that 

treatment with 1 to 1.5 mg/ml of ozone kills up to 107 CFU/ ml of the suspension (Wade et al., 

2003). A study show that the ozone treatment of alfalfa seeds inoculated with L. monocytogenes 

was minimally effective in inactivating the pathogen and the treatment of seeds with up to ca. 21 

mg/ml of ozone for 20 min did not reduce the percentage of germination. This study mentioned 

that cannot be recommended to use ozone as a sanitizer to replace the treatment of seeds intended 

for seeds sprout production with 20,000 mg/ml of chlorine (Wade et al., 2003). Treatment with 

ozone of bean sprouts seed has been shown to decrease pathogenic microorganism populations but 

not eliminate them (CDC,1999).  Furthermore, sometimes ozone is powerful and effective for 

disinfectant than chlorine, and it has been approved as safe treatment. Even though Ozone is 

sometimes effective, the limitation is expensive, unstable, corrosive, very reactive and temperature 

sensitive (Marriott et al., 2006). 
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1.6.2.3 Peracetic Acid (PPA) 

Peracetic acid or peroxyacetic acid (PAA) is a colorless liquid, strong odor and soluble in water. 

(Kitits, M 2004). Peracetic acid solution is produced by a reaction between hydrogen peroxide 

(H2O2) and acetic acid (CH3COOH):  

CH3COOH + H2O2     → CH3CO3H + H2O  

Acetic Acid + Hydrogen Peroxide ↔ Peracetic Acid +Water 

 

In 1986, the Food and Drug Administration in the United States (FDA) approved the use of PAA 

as sanitizing solutions, and it has been used as a disinfection sanitizer in many industries. The 

Centers for Disease Control of the United States has been listed the PPA as a chemical sanitizer 

and high-stage- sterilizer. PAA solutions content in commercial preparations ranges from 10% to 

15% as used in industries (Kitits, M 2004). The compounds of PAA are high-energy-level, and the 

oxidation possible of PAA is larger than chlorine or chlorine dioxide. PAA must be stored in 

normal temperature with original containers not affected by glass or plastic containers. Pure 

aluminum, stainless steel and tin-plated iron are all resistant to PAA, however, plain steel, brass 

and bronze are sensitive to reaction and erosion (Kitits, M 2004). 

Exceeding 15% of PAA solution begin to show some stages of explosiveness, sensitivity and 

reactivity. As a result, the use of PAA in industries is between 10-15%. The big advantage of this 

concentration is to avoid explosive situation.  PAA has short exposure time to products that may 

consider the PAA as suitable disinfectant. The disinfection efficacy of PAA to pathogenic 

microorganisms as following bacteria, viruses, bacterial spores and protozoan cysts (Kitits, M 

2004).  
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PAA has been utilized the most as decontamination chemical method in many industries such as 

food processing, beverage, medical, and pharmaceutical. Large antimicrobial series, short time 

exposure and no negative effect to products make the PAA an appropriate decontamination 

chemical. In addition, temperature is an important factor, for example, during decontamination 

with PAA, if the temperature increase, the microbial reduction increases too (Kitits, M 2004). 

Thus, at suitable temperature and short period, the PAA may be an appropriate sanitizer for seed 

decontamination against pathogenic microorganism.    

 

1.6.2.4 Ethanol 

Ethanol is a clear, colourless flammable liquid which used to disinfection on the products surface. 

It is usually used the range of 60-70% solution. Water is needed for suitable disinfectant activities. 

Some data mentioned that for successful microorganism’s inactivation, the use of ethanol should 

be at high concentrations (80-85%). Different percentage of ethanol used to inactivate bacteria 

different bacteria, for example, Streptococcus in 10 s by 60-90% ethanol; Pseudomonas by 30-

100%; Salmonella and Escherichia coli by 40-100%.  Disinfection of microorganisms is due to 

the type of microorganisms and their characterises. In many countries, using alcohol is not the 

suitable for surface decontamination due to the changing amount of the blood and saliva in the 

spills and splatter. Also, some microorganisms are resistance to treatments (WR Moorer,2005).      
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Other types of Chemical treatments 

Determination of the effectiveness of many other types of chemicals in the inactivation the 

growth of pathogenic bacteria on seeds production has been done. Some studies have been done 

to investigate the efficacy of certain types of chemicals in relation to concentration, temperature, 

and time of exposer to contaminated seeds (Table 2) (Taormina et al., 1999). 

 

 

Table 2.1 Control of microorganisms in seed sprouts. By type of treatment and treatment results 

Organism, origin Treatment Results of treatment 

Aerobic bacteria, rice seeds 

 

 

Enterobacteriaceae, 

pseudomonads, commercial 

sprouts 

 

Aerobic bacteria, mung bean 

sprouts 

 

Salmonella Stanley, alfalfa seeds 

 

 

 

Salmonella, alfalfa seeds 

 

 

 

E. coli O157:H7, alfalfa seeds 

 

 

 

 

 

 

E. coli O157:H7, alfalfa seeds at 

various stages of sprouting  

 

 

1,000 ppm NaOCL or 10,000 

ppm H2O2 

 

Washing in water 

 

 

 

100 ppm chlorine or 5,000 

ppm chlorine  

 

chlorine and hot water 

 

 

 

1,800 ppm Ca(OCI)2 or 2,000 

ppm NaOCI or 6% H2O2 or 

80% ethanol  

 

500, 1,000, or >2,000 ppm 

Ca(OCI)2: 500 ppm acidified 

CIO2: >100 ppm and 500 

ppm acidified CIO2: 30% or 

70% ethanol: >1% H2O2: 8% 

H2O2 for 10 min: dry storage 

 

 2,000 ppm NaOCI: 200 and 

2,000 ppm Ca(OCI)2: 500 

ppm acidified CIO2 

 

102 to 102 reductions in aerobic 

plate counts: germination inhibited 

 

Ineffective in removing bacteria 

 

 

 

Reduced microflora by <1 log and 

2 logs, respectively 

 

No reduction at low levels: 

reduction of S. Stanley achieved 

with 2,040 ppm chlorine 

 

Salmonella populations reduced by 

>3 logs, but pathogen not 

eliminated  

 

Populations reduced but not 

eliminated: germination decreased: 

pathogen unaffected by dry storage 

at 5oC 

 

 

 

Populations substantially reduced 

but not eliminated  
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S. Stanley, alfalfa seeds 

 

 

 

E. coli O157:H7, alfalfa seeds 

and sprouts 

Heat, 54 to 71oC 

 

 

 

Irradiation at >1.0 kiloGray 

54oC for 5 min reduced population 

from 260 to 6-9 cfu/g: treatment for 

10 min reduced viability of seed  

 

Pathogen controlled without 

affecting germination 

Table 2.1 The efficacy of certain types of chemicals to see the affected for concentration of the 

sanitizer to inactivate microorganism on seeds (Taormina et al., 1999). 

 

Some studies have tested and investigated certain chemicals and heat treatments to reduce and kill 

pathogens inoculated onto seeds production, but no one of the treatments (Hydrogen peroxide, 

sodium hypochlorite, calcium hypochlorite, ethanol, and organic acids) has been totally effective 

in complete elimination of pathogenic microorganism under experimental conditions (Sharma et 

al., 2002). For example, researchers state that the various chemical treatments that are used to kill 

the populations of E. coli O157:H7 on alfalfa seeds and sprouts have been not totally effective. 

The effectiveness of chemical treatments may vary. Some factors might impact the effectiveness 

of the products: the concentration of the chemical, temperature, time, kind of seed or kind of 

bacteria. They recommended procedures for another sanitizer to eliminate the pathogen because 

these chemicals are not having a total positive effect on the seeds (Sharma et al., 2002). There is 

still a need to identify highly effective treatments to prevent seeds infections even though good 

food manufacturing practices can lead to reduction in the risk of contamination (Sharma et al., 

2002). In the following section some of the physical methods are been discussed regarding their 

effectiveness in disinfection of seed to eliminate contamination by pathogenic microorganisms. 
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1.7 Description of Agri-Neo Sanitizer 

Decontamination of seeds by ethanol-peroxyacetic acid sanitizer 

 
 

In the current study, the ethanol-peroxyacetic sanitizer evaluated for inactivating Salmonella on 

flax seed. The ethanol-peroxyacetic sanitizer (Neo-Pure was provided by Agri-Neo Inc; Toronto, 

Canada) has been used for inactivation Salmonella on flax seed. In 1986, the FDA approved the 

use of peroxyacetic acid as a food- sanitizer (Stephanie et al.,2004). The organization (Agri-Neo) 

has launched Ethanol-Peroxyacetic Acid sanitizer called Neo-Pure which was design specially to 

control pathogens on seeds and grains. Neo Pure is a safe alternative traditional decontamination 

method for consumers. A Neo-Pure organization validated that this sanitizer has achieved the 

standard of 5 log reduction of pathogenic such as Salmonella without effecting the nutritional and 

organoleptic properties (Neo-Pure, 2016). 

To date most interest of ethanol-peroxyacetic acid-based sanitizers have focused on inactivating 

endospores and viruses within health care settings (Wutzler and Sauerbrei 2000; Nerandzic et al. 

2016). Both ethanol and peroxyacetic acid are individually potent antimicrobial agents with the 

combination acting synergistically to inactivate 5 log CFU/g. Clostridium difficile within a 3-min 

contact time (Nerandzic et al. 2016). A study reported that ethanol was very effective in inactivated 

pathogenic microorganisms occurring in rice seed and it inhibited seed germination (CDC,1999). 

The inactivation of Salmonella on seeds using ethanol-peroxyacetic acid has not been evaluated to 

date although been shown to reduce total aerobic counts by >3 log CFU/g of endogenous 

populations on chia seeds (Mathieu et al. 2016). The application applied a sanitizer consisting of 

10% w/v peroxyacetic acid in ethanol supplemented with surfactant that was sprayed onto seeds 

at a dose of 40 kg/Ton. Commercially, the treatment is applied in a cyclone chamber whereby the 

sanitizer coats a constant stream of seeds which then enter a rotating tumbler that further distributes 
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the sanitizing agent. The seeds are then transferred to a final drying process and stored for 24 h to 

ensure removal of residual ethanol (Mathieu et al. 2016). 

 

1.8 Surrogates for Salmonella in verification and validation trials  

 

In addition to assessing the efficacy of the ethanol-peroxyacetic acid sanitizer on seeds inoculated 

with Salmonella, the study also involves identification of a suitable surrogate for the pathogen that 

could be used to verify the treatment on a commercial scale. Non-pathogenic surrogate organism 

selection is a significant consideration in the validation of a disinfection processing method (Liu, 

B., Schaffner, DW, 2007 & Harris, 2014). Surrogates must be assessed to ensure that the surrogate 

exhibits at least equivalent tolerance to treatment as the pathogen under consideration (Harris, 

2014). An ideal surrogate should be a well characterized, non-pathogenic organism that had 

comparable but higher stress tolerance to the most relevant pathogen to be encountered in the food 

product (Ceylan and Bautista 2015). Also, the action of the surrogate should be similar to target 

microorganism if it exposed to conditions similar to the processing parameters (pH, temperature, 

oxygen) ( Rodriguez et al,2006). The main purpose of surrogates in the context of the current 

study, is to enable commercial scale trials to be undertaken without the hazards of introducing 

pathogens. In addition, surrogates provide a means of ensuring standardization in validating 

processes within the scope of risk prevention and control (Niebuhr et al., 2008). To assess the 

efficacy of the seed decontamination treatment on a commercial scale there was a need to select a 

suitable surrogate for Salmonella. Consequently, a surrogate is required to show the same response 

to a particular treatment or enhanced resistance compared to the pathogen target but the surrogate 

itself is non-pathogenic species (Gurtler et al., 2010). With regards to Salmonella, the surrogates 

Enterobacter ATCC 35029and Enterococcus faecium NRRL B-2354have been applied (Koseki 

https://journals-scholarsportal-info.subzero.lib.uoguelph.ca/search?q=O.%20Rodriguez&search_in=AUTHOR&sub=
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and Yamamoto 2006; Liu and Schaffner 2007; Gurtler et al. 2010; Ceylan and Bautista 2015; 

Orlowska et al. 2015; Cheng et al. 2017; Li et al. 2017). The potential and most relevance given 

surrogate for Salmonella included in this study was Enterococcus faecium NRRL B-2354. The 

latter is of most relevance given E. faecium NRRL B-2354 has been previously applied as a 

surrogate to verify thermal inactivation of Salmonella in low moisture foods (Ceylan and Bautista 

2015). Enterococcus faecium is a good surrogate because its easy for cultivation and 

quantification, simplicity of application, and certain non-pathogenic (Ceylan and Bautista 2015). 

Enterococcus faecium like Salmonella can grow within a wide temperature (5-50 °C) and pH (4.6-

9.9) range, and it is easy to isolate from a varied food product (Fisher et al., 2009) Enterococcus 

surrogates have been used to study and test Salmonella and another pathogenic to mitigate the 

biosafety concerns. (Liu et al., 2007). Enterococcus faecium behaves similarly to Salmonella in a 

range of conditions and thus has the possible to be a conservative surrogate for multiple treatment 

techniques. Yet, the mode by which ethanol-peroxyacetic acid inactivates Salmonella likely differs 

to thermal inactivation and hence suitability of surrogates was also assessed as part of the study.  
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Research Hypothesis and Objectives 

• Research Hypothesis  

The research hypothesis is that Ethanol-Peroxyacetic Acid is an effective Sanitizer that can inactivate 

Salmonella on flax seed. In addition, Enterococcus faecium NRRL B-2354 can be applied as a surrogate 

for Salmonella to verify the efficacy of the sanitizer in decontaminating seeds on a commercial scale. 

•  Study Objective: 

The objectives of this study were: 

1- To optimize the inoculation and recovery of Salmonella onto and from seed. 

2- To test the efficacy of different concentration of Ethanol-Peroxyacetic Acid Based Sanitizer 

for inactivation Salmonella of flax and other seed types.  

3- To test the relative resistance of different Salmonella serovars to Neo-Pure sanitizer. 

4-  Select a suitable surrogate for Salmonella with comparative tolerance to the Ethanol-

Peroxyacetic Acid Based Sanitizer. 

5-  Perform large scale validation studies on a commercial line to verify sanitizer performance 

in decontaminating seeds 
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Chapter 2 Materials and Methods 

2.1 First: laboratory environment 

2.1.1 Bacterial culture preparation: 

Five different stains of Salmonella were used including representative from S. Newport,  

S.Montevideo, S. Javiana, S.Typhimurium & S.Enteritidis. The bacteria were cultivated in Tryptic 

Soy Broth (TSB; OXOID Ltd, Basingstoke, Hampshire, England) at 37C for 24 h. The cells were  

Harvested by centrifugation (Avanti J-20 XPI centrifuge; Beckman Coulter, California, USA) at  

5000 rpm for 10 min and the cell pellet were suspended to a final cell density of 9log CFU/ml  

(OD600=2.0). The individual cell Suspension was trained on Nalidixic acid (50uM) to generate  

Resistant strains.  

The surrogate strains tested were E. faecium NRRL B-2354 (ATCC 8459), E. aerogenes ATCC 

35029, E. coli ATCC 259224 and E. coli ATCC 35218 all of which were obtained from the 

American Type Culture Collection, (Manassas, VA, USA). E. faecium was recovered on Slanetz 

& Bartley Enterococci selective medium (SB, Oxoid) incubated at 35°C for 24 h with presumptive 

positive (red or maroon colonies) being enumerated. Enterobacter and E. coli were enumerated on 

MacConkey agar (Oxoid) incubated at 37°C for 24h.   
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2.1.2 Seed samples inoculation (experimental material):   

All seed were provided by Company (Agri-Neo Inc., Toronto, ON) and used directly. The seeds 

were subdivided into 25 g lots and were inoculated by spray inoculation with 1ml Salmonella 

suspension (8Log CFU/ml) or 1ml of surrogate (E. faceium). Homogenous distribution of the 

inoculum was ensured by constant agitation of the seed batch during the inoculation process. The 

inoculated seeds were then laid out in room temperature and allowed to dry for 2 h to keep the 

moisture level back to the original level (8.42%). Then the inoculated seed were transferred to 4C 

over night for the following treatment. 

 

2.1.3 Decontamination of seeds by ethanol-peroxyacetic acid sanitizer 

The ethanol-peroxyacetic sanitizer was provided by Agri-Neo Company and was prepared with 

the ratio of 1:9 (Neo-sanitizer: carrier). For laboratory scale trials, 25 g lots of inoculated seed were 

placed in a 100 ml volume plastic container and 4 ml of the sanitizer introduced as a spray with 

constant manual agitation to ensure efficient mixing. The treated seeds were then placed on a tray 

and left in a biosafety hood to dry for 2h, then the seed were transferred to 4C for microbiological 

analysis over 24h period. In comparing, the treated and non-treated seed controls were then taken 

forward for microbiological analysis directly.  
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2.1.4 Microbiological analysis  

Treated Seed (25g lots) were transferred to a stomach bag and suspended in 100 ml of Tryptic soy 

broth (TSB) with glycerol (1%, 2%, 5% or 10 %) then left 1 h in room temperature for recovery. 

After that, they were stomached for 2 min at 200rpm with Stomacher® (Fisher Company). A 

dilution series was prepared in sterile saline containing 0.1% v/v. For enumeration,0.1 mL of seed 

suspension was added to 0.9 ml of 0.85% sterile saline, and then serially diluted to 10−4 . Each 

0.1ml of dilution was plated onto Xylose-Lysine-Desoxycholate agar with 50uM Nalidixic acid 

(XLD; OXOID 44 Ltd, Basingstoke, United Kingdom). Then all plates were incubated at 37⁰C for 

24-48 hours for counting. The surrogate E. faecium. was plated onto Violet Red Bile agar and 

incubated at 37 ⁰C for 24 hours for enumeration. In the event no colonies were recovered, the 

samples were enriched in 1% peptone water broth followed by streak to confirm Positive/Negative.  

2.1.5 Statistical analysis  

All experiments were performed three times with triplicate samples and their averages analyzed 

alone with standard error and a sample of the control was also analyzed. All the data were 

expressed as mean and standard deviation (SD) of triplicate observations. Log reduction were also 

performed in triplicate and converted to log 10 values prior to analysis with differences between 

means performed using (one-way ANOVA) in combination with the Tukey test. Statistical analysis 

was performed using (IBM SPSS statistics 24) software. Analysis of variance was used to test P ≤ 

0.05 was considered statistically significant.  
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2.2 Second: commercial scale 

2.2.1 Bacteria and cultivation 

The test Salmonella used in the study was S. Cubana that had been previously recovered from a 

naturally contaminated batch of chia seed. The surrogate strains tested were Enterococcus faecium 

NRRL B-2354 (ATCC 8459), E. aerogenes ATCC 35029, E. coli ATCC 259224 and E. coli ATCC 

35218 all of which were obtained from the American Type Culture Collection, (Manassas, VA, 

USA).  

The individual bacterial types were cultivated aerobically in Brain Heart Infusion Broth (BHI, 

Oxoid, Basingstoke, UK) for 24 h at 35°C. The cells were harvested by centrifugation (4000 xg) 

with the pellet bring resuspended in 0.1% buffered peptone water to a final cell density of 8 log 

CFU/g.  

2.2.2 Flax seed inoculation and recovery 

Flax seed (Linum usitatissimum) were purchased from Moms Seeds (Saskatoon, SK, Canada), and 

used directly. Batches (3 kg) of seed were placed into a 10-liter container and the test bacterium 

introduced as a 30 mL spray. Homogenous distribution of the inoculum was ensured by constant 

agitation of the seed batch during the inoculation process. The inoculated seeds were then laid out 

onto a tray and allowed to dry for 24 h in which time the moisture level had decreased back to the 

original level. The seeds were subdivided into 100 g lots the stored at room temperature for up to 

21 days before use.  

In the course of the storage period or following treatment, 100 g lots of flax seed were withdrawn 

are subdivided into 2 x 50g sub-lots. The sublot was resuspended in 100 ml of peptone water then 

stomached for 2 min at 230 rpm. A serial dilution of the homogenate was prepared in peptone 

water and a total of 1 mL of each dilution spread onto three plates of the appropriate selective agar. 
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For Salmonella, Brilliance Chromagenic Agar (BCA) and Brilliant Green Sulfa Agar (BGS; 

Thermo Fisher Scientific, Whitby, Canada) incubated at 37°C for 24 h. Presumptive Salmonella 

colonies were sub-cultured and confirmed by PCR.  

E. faecium was recovered on Slanetz & Bartley Enterococci selective medium (SB, Oxoid) 

incubated at 35°C for 24 h with presumptive positive (red or maroon colonies) being enumerated. 

Enterobacter and E. coli were enumerated on MacConkey agar (Oxoid) incubated at 37°C for 24h.  

  

2.2.3 Decontamination of seeds by ethanol-peroxyacetic acid sanitizer 

The ethanol-peroxyacetic sanitizer (Neo-Pure was provided by Agri-Neo Inc; Toronto, Canada) 

with a formulation of 1-part peroxyacetic and 9 parts ethanol. For laboratory scale trials, 100 g of 

inoculated seed were placed in a 125 ml volume plastic container and 4 mL of the sanitizer 

introduced as a spray with constant manual agitation to ensure efficient mixing. The treated seed 

was then placed on a tray and left for 24 h in a biosafety hood to dry for 24h. The treated and non-

treated flax seed controls were then taken forward for microbiological analysis.  

The commercial scale trials were performed using 110 kg batches of flax inoculated with E. 

faecium. The bacterium was cultivated in 4 x 1liter volumes of TSB incubated at 35°C for 24 h. 

The cells were harvested by centrifugation and the cell pellets combined to give a 4-liter 

suspension of 8 log CFU/g.   

One hundred and ten kg of brown flax seed was inoculated with E. faecium culture in 1 kg batches. 

Here, 1 kg of seed was introduced into 4.2-liter capacity mixing bowel and 100 ml of inoculum 

introduced during continuous agitation for 3 mins. The inoculated seed was then transferred to a 

plastic lined 560-liter container (Buckhorn, Milford, Ohio, USA). The procedure was repeated 

until all the flax seed within the 110 kg batch was inoculated. The container was left open and 
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allowed to sit at room temperature (23°C) for 24h.  

The seeds were fed into the treatment chamber at a rate of 16 kg/min. The treated seeds were 

collected into a plastic line container then held for 1h before passing through an airbed drier 

operating at 60°C and 2,500 CFM. The drying treatment was applied for 20 min by which time the 

moisture content of the flax seeds had been decreased to the original level as determined using a 

moisture analyzer (AND, model: MF-50).  

Sampling was performed by taking 10 g sample aseptically from each 1kg batch then forming a 

composite sample that was used to enumerate the initial level of E. faecium. Additional samples 

(20 x 50 g) were removed upon the flax seeds leaving the reactor and again following drying.  

 

2.2.4 Statistical analysis 

Each experiment (trial) was repeated at least twice with triplicate samples being taken at each 

sampling point. The plate counts were transformed into Log10 values and compared using  

one-way ANOVA followed by the Post-Hocs method for multiple pairwise comparisons (SPSS). 

The level of statistical significance was established at P ≤ 0.05/n, where n is the number of 

comparisons made for each outcome.  
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Chapter 3: Results 

3.1 First: laboratory environment 

3.1.1 Inoculation and recovery methods 

Baseline studies established protocols for the inoculation and recovery of Salmonella from flax 

seed. A spray method was applied to deliver a defined cell density of Salmonella on the flax seed 

(6.6 log CFU/g) without introducing excessive moisture that would stimulate seed germination. 

After allowing the moisture content to return to the original level (8 %) the seeds were held for 

24h then recovered in saline or TSB containing increasing concentrations of glycerol. The 

suspensions were incubated for one hour at 23°C room temperature then plated onto selective agar 

then incubated for 24h at 37°C.  The results show that using TSB supplemented with 1-2% w/v 

glycerol did not significantly (P>0.05) improve the recovery of Salmonella from flax seed relative 

to saline. Trials were performed to verify that no growth of Salmonella occurred in saline or TSB 

containing 1% glycerol over the 1 h incubation period (results not shown). The number of 

Salmonella in TSB supplemented by more than %5 glycerol was significantly (P<0.05) lower 

compared to numbers of Salmonella compared to TSB supplemented by 1 or 2% glycerol and 

saline control (Table 3.1).   

 

Table 3.1: Recovery of Salmonella from flax seed using saline or Tryptic Soy Broth containing 

different concentrations of glycerol. The flax seed was inoculated with Salmonella to give a 

theoretical loading of 6.6 CFU/g then recovered by placing the dried seeds in saline or TSB 

glycerol followed by 1h incubation at 23°C. A dilution series was prepared then plated onto XLD 

media and incubated at 37°C for 24h.  
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Recovery media The percent of glycerol 

Log CFU/g Recovery 

(% Recovery) 

Saline NON 5.27±0.11 (80%)a 

 

TSB+ Glycerol 

 

1 5.34±0.38 (81%)a 

2 5.05±0.09 (76%)a 

5 4.61±0.19 (70%)b 

10 4.79±0.12 (73%)b 

Log recovery from inoculated flax seed 

% recovery based in theoretical Salmonella loading introduced onto flax seed compared to that 

recovered by plating.  

 

3.1.2 Effect of treatment concentration and hold time 

Different concentrations of peroxyacetic acid in ethanol were applied to 100 g flax seed batches at 

a dose ranging from 40 -160 ml/kg. A spray method was applied to deliver a defined cell density 

of Salmonella on the flax seed (6.6 log CFU/g). The treated seeds (25g batches) were taken directly 

or sampled after 24h to recover survivors. Prior to plating out the samples, the seeds were 

suspended in TSB containing differing concentrations of glycerol then incubated for 1h at 23°C.  

 

Table 3.2: Log count reduction of Salmonella inoculated onto flax seed and treated with different 

concentrations of peroxyacetic acid-ethanol sanitizer. Upon completion of the treatment, or 24 

later, the seeds were directly placed in TSB containing different concentrations of glycerol, 

homogenized then incubated for 1h at 23°C before plating out to enumerate survivors.  
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Time 

Sanitizer  

(ml/kg) 

Log Count Reduction 

(CFU/kg) 

  Saline Glycerol in TSB (% w/v) 

   1% 2% 5% 10% 

0 h Post-

Treatment 

40 2.17±0.4ABa 1.47±0.63Bc 1.89±0.39ABb 1.57±0.56Bb 1.94±0.32ABa 

80 2.52±0.20Aa 2.22±0.29Ab 2.02±0.20Ab 2.04±0.33Aab 2.32±0.72Aa 

120 3.20±0.35Ab 1.69±0.29Bbc 2.76±0.36Cab 2.07±0.33Bab 2.76±0.22Ca 

160 >5.80Ab 4.80±0.09Ba 2.26±0.43Ca 2.42±0.02Ca 2.59±0.27Ca 

       

24 h Post-

Treatment 

40 2.50±0.17Aa 1.67±0.30Ba 2.84±0.87Aa 2.65±0.54Aa 2.63±1.48Aa 

80 2.31±0.14Aa 3.09±0.17Bb 2.62±0.32Aa 3.40±0.27Bb 3.65±0.75Ba 

120 3.53±0.74Ab 3.93±0.97Ac 3.37±1.08Aa 2.80±0.24Ba 4.11±0.00Ab 

160 >4.81Ac >4.95Ad >4.87Ab >4.22Ac >4.06Ab 

Means within rows followed by the same capital letter are not significantly different (P>0.05). 

Means within columns followed by the same lower-case letter are not significantly different 

(P>0.05). 

 

The log count reduction (LCR) of Salmonella was significantly reduced in all treated samples 

compere to the non-treated samples (Table 3.2). The lowest LCR was 1.47 for sample treated by 

TSB+ 1% glycerol with 40 ml/kg sanitizer, and the highest was 5.80 for sample treated by 

160ml/kg sanitizer with saline immediately after treatment.  The amount of LCR for saline in all 

of treatments was higher than treated samples with TSB+ glycerol straight after treatment. 

However, after 24h the result was different, maybe due to the effect of time and material. 

The log count reduction in Salmonella was found to be dependent on the concentration of sanitizer, 

recovery medium and time of sampling (t = 0 vs 24h). Table 3.2 shows that the amount of LCR 

for all of treatment increased after 24h except for samples treated by 160ml/kg sanitizer with saline. 
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It was found that the LCR of most of the samples increased when the amount of sanitizer increased 

(p<0.05). The LCR of samples treated by saline had higher values compared to samples treated by 

TSB+ glycerol in all amount of sanitizer immediately after treatment. These results show that the 

saline was more effective than TSB+ glycerol on inactivation of Salmonella in samples was 

immediately after treatment. 

When Salmonella was recovered in saline following sanitizer treatment, an apparent higher log 

count reduction was observed, when doses were applied at >120 ml/kg (Table 3.2). At the higher 

sanitizer concentrations, the log reductions in Salmonella counts were significantly (P<0.05) 

different compared to when TSB-glycerol was applied. With samples pre-incubated in TSB 

containing 1% glycerol the log reduction in Salmonella counts generally increased. However, as 

the concentration of glycerol increased in the TSB recovery medium, the log reductions of 

Salmonella achieved by applying 160 ml/kg were significantly lower (P<0.05) compared to when 

1% was applied (Table 3.2). With TSB containing 2% glycerol or higher, the effect of sanitizer 

concentration on lethality towards Salmonella was less pronounced. The log count reduction 

achieved by applying for 40 ml/kg sanitizer was insignificantly different than 160 ml/kg was 

applied (Table 3.2).  

The number of Salmonella on flax seed treated with sanitizer after 24h was lower compared to 

those samples sampled immediately following sanitizer treatment (Table 3.2). The results suggest 

that the sanitizer continued to exert an antimicrobial effect during the 24h holding period. The only 

exception was with samples recovered in saline that had log reductions in Salmonella counts that 

were not significantly different from those obtained when the flax seeds were sampled immediately 

after treatment (Table 3.2). Again, with the recovery medium containing 1% glycerol, the log count 

reduction of Salmonella was dependent on the sanitizer concentration, with 160 ml/kg dosing 
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returning a higher log reduction compared to 40 ml/kg. Although there was a degree of variation 

in the data, the log count reductions in Salmonella counts, and the concentration of glycerol in the 

TSB recovery medium had a significantly lower effect on seeds left for 24h compared to those 

sampled immediately following sanitizer treatment.  

 

3.1.3 Inactivation of different Salmonella serovars inoculated onto flax seed and treated 

with peroxyacetic acid – ethanol sanitizer 

The efficacy of the peroxyacetic acid-ethanol sanitizer to inactivate Salmonella on flax seed was 

found to be serovar dependent the types of serotypes (Table 3.3). From the serotypes tested, 

Javiana and Enteritidis numbers were reduced to a significantly higher level (P<0.05) compared 

to the reference S. Newport strain when sampled immediately after treatment (Table 3.3). S. 

Newport was the lowest LCR. In comparison, there was no significant difference between 

serotypes Montevideo and Typhimurium compared to Newport with respect to the log reductions 

achieved by the sanitizer treatment (Table 3.3). The time has significantly affect on LCR in all the 

serotypes. S. Javiana get the highest LCR for samples recovery straight after treatment or samples 

hold for 24h before treatment. The results would confirm S. Newport as a reference strain and 

suggest there is variation between serotypes with respect to the lethality or recovery of Salmonella 

from sanitizer treated flax seed.  

Table 3.3: Inactivation of different Salmonella serovars introduced onto flax seed then treated 

with sanitizer at a dose of 80 ml/kg. The seeds were suspended in TSB containing 1% glycerol 

immediately following treatment or after a 24h hold period.   
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Serotype Log Count Reduction (log CFU/g) 

 Post-Treatment 24h – Post Treatment 

S. Newport 2.42±0.02Aa 4.22±0.19Ba 

S. Montevideo 2.49±0.22Aa 4.80±0.15Bb 

S. Javiana 3.32±0.14Ab 5.37±0.15Bc 

S. Typhimurium 2.45±0.18Aa 4.62±0.10Bbc 

S. Enteritidis 3.07±0.22Ab 4.73±0.12Bbc 

Means within rows followed by the same Upper-case letter are not significantly different 

(P>0.05). 

Means within columns followed by the same lower-case letter are not significantly different 

(P>0.05).   

 

3.1.4 Relative tolerance of potential Salmonella surrogates to peroxyacetic acid-ethanol 

sanitizer used to decontaminate flax seed 

To facilitate subsequent large-scale validation/verification studies attempts were made to identify 

a surrogate that exhibited at least equivalent tolerance to the peroxyacetic acid – ethanol sanitizer 

compared to Salmonella Newport. Therefore, trials were performed to evaluate potential 

candidates that have previously been used as surrogates of Salmonella for other applications (for 

example, thermal processing) or regarded as closely related to the enteric pathogen.   

The E. coli strains tested were inactivated or induced into an unculturable state by the inoculation 

onto flax seed with 1% or less of the inoculated cells being recovered (Table 3.4). Only 2% of the 

Enterococcus aerogenes introduced could be recovered despite the TSB-glycerol pre-incubation 

step being applied.  In contrast, the recovery of E. faecium was comparable to that of Salmonella.  

The log reduction of the different surrogates was reflective of the recovery from the flax seed. 

Specifically. E. coli and Enterobacter strains tested did not return countable colonies given that 
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the initial loading achieved was low. In contrast, countable colonies of E. faecium were recovered 

from sanitizer treated flax seed and represented a reduction of 4.19 CFU (Table 3.4). The log count 

reduction (LCR) was significantly higher (P<0.05) for E. faecium compared to S. Newport (Table 

3.2).  The results would suggest that while E. faecium could be applied as a surrogate for 

Salmonella it is likely that the bacterium would over-estimate the efficacy of the peroxyacetic acid 

sanitizing agent.   

Table 3.4: Recovery of surrogates inoculated onto flax seed at a theoretical loading of 6 log CFU/g 

and inactivation by treating with peroxyacetic acid sanitizer at a dose of 80 mL/kg. Flax seeds 

were inoculated with the test bacterium and allowed to dry overnight at room temperature. Batches 

of seed were then placed in TSB containing 1% glycerol and incubated for 1 h before plating onto 

the appropriate media. A further batch of seed was treated with sanitizer and survivors recovered 

after a 24 h hold time.  

 

Bacterium 

Initial Loading 

(% Recovery) 

Ethanol-Peroxyacetic Acid 

Treated (Log CFU/g) 

Enterococcus faecium NRRL B-2354 

5.88±0.04a 

(76%) 

1.69±0.08 

Enterobacter aerogenes ATCC 35029 

4.23±0.22b 

(2%) 

<0.3 

Escherichia coli ATCC 25922 

3.30±0.17c 

(<1%) 

<0.3 

Escherichia coli ATCC 35218 

4.15±0.20b 

(1%) 

<0.3 

Escherichia coli ATCC 11775 

3.40±0.17c 

(<1%) 

<0.3 

 

3.1.5 Efficacy of treating different seed and nuts 
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Trials were performed to assess the efficacy of the peroxyacetic acid-ethanol sanitizer to 

decontaminate a range of seed and nut types. Here, the test seed/nut was inoculated with a cocktail 

of Salmonella (Table 3.3) and treated with the sanitizer at a dose of 160 ml/kg. The samples were 

left for 24h and then Salmonella survivors recovered in TSB containing 1% glycerol (Figure 3.1). 

It was found that Salmonella on barley, quinoa and alfalfa could be reduced to the same extent by 

the sanitizer treatment as recorded for the enteric pathogen on flax seed (Figure 3.1). However, the 

peroxyacetic acid-ethanol sanitizer was significantly (P<0.05) less effective at decontaminating 

chia, hemp, sunflower, pumpkin, filberts and macadamias seeds. The lowest log reductions in 

Salmonella numbers was achieved for Peacan. Pinenuts and cashew nuts that was significantly 

lower (P<0.05) compared to flax seed. The results suggest that the effect of the peroxyacetic acid- 

ethanol sanitizer on inactivation of Salmonella was dependent on the kind of nut and seed. 
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Figure 3.1: Log count reduction (LCR) of cocktail Salmonella inoculated onto different seed or 

nut types then treated with peroxyacetic acid-ethanol sanitizer at a dose of (160 ml/kg). The 

sanitized seeds were held for 24h before submerging in TSB-glycerol solution then holding for 

1h prior to preparing a dilution series and plating onto selective agar.  

 

 

 

 

 

3.2 Second: commercial scale 

3.2.1 Inoculation, persistence, recovery and inactivation of Salmonella Cubana on flax and 

chia seeds 

Salmonella Cubana was inoculated into 3 kg of flax or chia by spray inoculation whilst 

continuously turning the seeds. The seeds were then dried under ambient conditions until attaining 

the initial moisture content (ca. 6.5%) before placing into loosely closed storage bags.  

The amount of Salmonella recovered from the inoculated chia and flax seeds was comparable to 

theoretical loading (6 log CFU/g) thereby verifying that the pathogen remained viable following 

introduction and upon recovery. There was a significantly (P<0.05) higher loading of Salmonella 

on flax seed compared to chia although persistence of the pathogen over 21 days storage was more 

so on the latter (Figure 3.2). The decrease of Salmonella on flax seed was triphasic with an initial 

rapid die-off that transitioned into a slower rate before plateauing (Figure 3.2). The LCR of 

Salmonella on flax was significantly higher than chia. By the end of the 21day storage period the 
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levels of Salmonella on flax had decreased from 6.14±0.36 log CFU/g to 4.47±0.2 log CFU/g with 

residual levels while on chia decreased only up to 5.37±0.05 log CFU/g (Figure 3.2). 

 

Figure 3.2: Persistence of Salmonella Cubana on flax () and chia () seed. The Salmonella was 

inoculated onto seeds that were subsequently dried then stored for 21 days within pouches at 23°C with 

samples (n=3) being withdrawn to enumerate survivors.  

 

 

At the end of the 21day storage period, chia and flax were treated with the sanitizer solution at an 

application dose of 40 ml/kg and subsequently dried over a 24 h period. The counts had decreased 

to below the level of detection (<0.3 log CFU/g) and could not be detected by enrichment thereby 

verifying that complete inactivation of Salmonella on both seed types had been achieved.   

 

3.2.3 Salmonella Cubana and surrogates for flax seeds 
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To assess the efficacy of the seed decontamination treatment on a commercial scale there was a 

need to select a suitable surrogate for Salmonella. To this end, a range of possible surrogates were 

introduced onto flax seeds then challenged with the sanitizer applied at 40 L/ton. It was noted that 

although applied at the same cell density (6 log CFU/g) the counts recovered varied between the 

surrogates. Specifically, E. aerogenes ATTC35029, E. coli ATCC25922, E. coli ATCC35218, and 

E. coli ATCC11775 were significantly lower compared to Salmonella and E. faecium NRRL B-

2345 (Table 3.5). In turn, the recovery of E. faecium was significantly (P<0.05) higher compared 

to that of Salmonella (Table 3.5).  

 

Table 3.5: Recovery of Salmonella and surrogates inoculated onto flax seed at 6 log CFU/g and 

log count reductions achieved by treating with ethanol-peroxyacetic acid sanitizer (40 mL/kg). 

 
Bacterium Initial Loading 

(% Recovery) 

Ethanol-

Peroxyacetic Acid 

Treated 

(Log CFU/g) 

Log Count 

Reduction 

Salmonella Cubana 5.36±0.13a 

(23%) 

0.56±0.24 4.80a 

Enterococcus faecium NRRL B-

2354 

5.88±0.04b 

(76%) 

1.69±0.08 4.19b 

Enterobacter aerogenes ATCC 

35029 

4.23±0.22c 

(2%) 

<0.3 >4.02c 

Escherichia coli ATCC 25922 3.30±0.17d 

(>1%) 

<0.3 >3.00d 

Escherichia coli ATCC 35218 4.15±0.20c 

(1%) 

<0.3 >3.85c 

Escherichia coli ATCC 11775 3.40±0.17d 

(>1%) 

<0.3 >3.10d 

 
Means within columns followed by the same letter are not significantly different (P<0.05). 
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When inoculated seeds were treated with sanitizer the levels of E. coli and E. aerogenes were 

reduced below the level of enumeration (<0.3 log CFU/g). The log reduction of E. faecium 

supported by the sanitizer was 4.19±0.04 Log10 CFU/g which is significantly lower compared 

Salmonella Cubana, 4.79±0.13 Log10 CFU/g.  Given the stability of E. faecium, along with 

higher sanitizer tolerance compared to Salmonella, was deemed a suitable surrogate to undertake 

large scale seed decontamination trials.  

 

 

3.2.4 Decontamination of large batches of flax seed inoculated with E. faecium  

For the large-scale test surrogate validation, 110 kg of flax seeds were inoculated with 2% of liquid 

inoculum of E. faecium NRRL B-2354 with a concentration of 8.69 ± 0.07 Log10CFU/mL and left 

for 24 h to attain the original moisture content (6.350.32 %). The final loading of E. faecium on 

the inoculated flax seed was 5.88±0.24 Log CFU/g and was significantly (P<0.05) reduced to 5.33 

Log CFU/g following sanitizer treatment (Figure 3.3). Following passage through the reactor the 

moisture content of the flax seed increased to 7.48±0.83% and after drying at 60°C returned down 

to 6.550.50 %. No further log reductions of E. faecium was observed during drying at 60°C or 

through post-process storage at 21°C (Figure 3.3).  
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Figure 3.3: Levels of Enterococcus feacium on inoculated onto flax seed and treated with ethanol-

peroxyacetic acid sanitizer (40 kg/ton) in a commercial scale reactor treating 100 kg batches. The sanitized 

seed (Post-Sanitizer) was dried at 60°C for 20 min (Post-drying) before being held for 24 h at 23°C (24 h 

Post-drying). Values are the average of two independent trials.  
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Chapter 4: Discussion 

First: laboratory environment 

The study illustrated the importance of different factors that influence the apparent efficacy of a 

peroxyacetic acid-ethanol based sanitizer to inactivate Salmonella on flax seed. These include the 

method of inoculation required to maintain a low moisture content on flax to prevent seed 

germination. To this end the spray method proved suitable given a relatively high loading was 

achieved without introducing high moisture. Previously, talc, sand and chalk have been used as 

carriers of Salmonella to inoculate into low moisture foods (Beuchat and Mann 2015). The 

Salmonella loading achieved by the different carriers was assessed based on loading of the enteric 

pathogen without increasing moisture levels. Although all three carriers can achieve a high loading 

of Salmonella it is possible that the matrix is altered thereby resulting in non-representative 

survival during disinfection or long-term persistence (Beuchat and Mann 2015).  The current 

method applied a spray-based method that could deliver high inoculum loading without excessive 

increase in the moisture content.  

Kathleen et al (2009) reported that there was just >1 log reduction in Salmonella when treated with 

the 1% peroxyacetic acid (n = 8 for each % peroxyacetic acid concentration used to sanitize the 

Salmonella-contaminated seeds). There was no statistical significant reduction (p< 0.05) for the 

2% or 3% concentrations. The Salmonella inoculums of seeds used was (5–6 log CFU/g) and the 

sanitized treatment used was 1% peroxyacetic acid and there resulted in >1 log reduction in count 

observed. To conclude that the use of 1% peroxyacetic acid just reduce 1 log of Salmonella. Some 

researchers mention that the use of chemical sanitizers alone is not enough to obtain high reduction 
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of pathogenic organisms linked with seeds. The chemical sanitizers may reduce the population of 

pathogenic bacterial but not eliminate them. 

A study by Bucholz, A., Matthews, KR. (2010) tested the efficacy of alfalfa seed treated with 1 

and 3% peroxyacetic acid or 20 000 ppm calcium hypochlorite to reduce Salmonella Stanley. The 

study showed that using 1 and 3% peroxyacetic to treat the seed for 15 min in a commercial seed 

washer was 1.77 and 1.34 log respectively, and it was effective than calcium hypochlorite to reduce 

the growth of Salmonella Stanley. However, the result show that treating alfalfa seed by 1 or 3% 

peroxyacetic acid solution is the same effective as 20 000 ppm calcium hypochlorite in the 

reducing of Salmonella Stanley. The pathogenic organisms were reduced but not eliminate. 

Comparing with the current method, the LCR of the concentration 160ml/kg was >4.95 after24h 

period. Among all four concentrations, 160ml/kg supported the highest log count reductions 

(average of 4 log count reductions). Previous study confirmed these results; Peroxyacetic Acid has 

been applied at 40-80 ppm, it has been showed to support a 2.6-3.8 log CFU reduction of 

Salmonella inoculated onto a type of fruit called cantaloupe (Beauchat, 1999). As some researchers 

mentioned that seeds treatment with sanitizers are not always proven effective in eliminating 

pathogens. There were no statistical differences among them. The efficacy of the study was 

associated sanitizer treatment, Salmonella strain, exposure to time or pH. 

In the present study, the efficacy of 9%v/v Ethanol-Peroxyacetic Acid based Sanitizers to reduce 

population of Salmonella on flax seed depend on different concentration of sanitizer, the serotypes 

of bacteria that tested and recovery time.  Among the four concentration of the sanitizer that used, 

160ml/kg had the highest LCR. Also, the log count reductions were found to be dependent on the 

sanitizer active concentration. 
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In the current study, Enterococcus faecium has been found to be an appropriate surrogate for 

Salmonella in multiple food processes. In the current study among E. faecium, Enterobacter 

aerogenes & Escherichia coli & E. faecium has the highest level of log reduction. The resistance 

of this surrogate (E. faecium) is higher or at least equivalent to Salmonella. E. faecium is a suitable 

surrogate to use in commercial scale.  

In the current study, 14 different seeds and nuts was tested to assess the efficacy of the Ethanol-

Peroxyacetic Acid based Sanitizers to inactivate cocktail Salmonella. The results showed that 

different seed or nut have different reaction to the sanitizer. Some of the samples have high effect 

but other have low effect in log count reduction (LCR). Surface characteristics are different among 

seeds and seed sprouts. Nuts are more challenging to decontaminate because nuts have strong hard 

texture and some of them have covered with shell and shelled. Surfaces of seeds/nuts are tougher, 

irregular shapes and larger surface areas, but sprouts are weaker, longer, smoother and have 

smaller surface areas (Cui et al.,2017). The efficacy of the sanitizer not only depend on bacteria 

strains but also depend the product types because each product has different surface characteristic 

(Shan et al.,2013).  

Seed decontamination treatments in previous studies have been shown to be ineffective in 

eliminating pathogenic microorganism, especially the cells that are in surface cavities (Cui et 

al.,2017). The ethanol-peroxyacetic acid reduce the pathogenic microorganism (2-3 log count 

reduction) but not eliminate them.  

A study by Shan et al.,2013 showed that 70 ppm of PAA for 180s was significantly more effective 

in the disinfection of Salmonella than 170 ppm chlorine in removing bacteria cell from bean sprout. 

1.0-2.1 log reduction achieved by using PAA treatment, but 1.2-1.5 log reduction by using 

chlorine.   
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In the current study, the ethanol-peroxyacetic acid concentration was effective for reducing 

Salmonella microbial load on inoculated seeds. The log count reduction was found to be dependent 

on the concentration of sanitizer and recovery exposure time.  The ethanol-peroxyacetic acid 

sanitizer is more effective than peroxyacetic acid and ethanol alone. The log count reduction by 

treatment with ethanol-peroxyacetic acid sanitizer get higher than peroxyacetic acid and ethanol 

alone. 

Second: commercial scale 

A challenge in undertaking validation and verification trials with Salmonella on low moisture 

foods is the loss in viability upon inoculation (Beuchat and Mann 2011; Bowman et al. 2015; 

Hildebrandt et al. 2016). The current method of inoculation avoided hydrating the seed that would 

have ultimately led to initiation of seed germination. Alternative methods for inoculating low 

moisture foods include introducing the test strain via dried suspension or via inoculated carriers 

such as chalk or sand (Beuchat and Mann 2014). However, the current method of introducing as a 

spray gave high recoveries comparable to those reported in the literature when carriers are applied 

(Beuchat and Mann 2014). It is possible the high recovery of Salmonella was attributed to the 

serotype given a range of tolerance to persisting in low moisture foods have found to differ between 

species (Beuchat et al. 2013). In this respect, the applied serotype, S. Cubana, was recovered from 

a batch of naturally contaminated chia seed. S. Cubana has previously been associated with low 

moisture foods suggesting an adaptation to the niche (Koyuncu and Haggblom 2009). Given there 

was an initial die-off of S. Cubana indicates that there was heterogeneity of populations of the 

pathogen with a greater proportion being susceptible with a relatively low level of residual 

persisted cells. Similar non-linear die-off kinetics have been observed for Salmonella inoculated 

onto fruit (Beuchat and Mann 2014) and other low moisture surfaces (Hokunan et al. 2016).  
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In the current study, the remaining S. Cubana populations remaining on the flax seed after 21 days 

were inactivated when the ethanol-peroxyacetic acid treatment thereby verifying the efficacy of 

the sanitizer intervention. This was not unexpected given ethanol-peroxyacetic acid combination 

has proven to exhibit sporicidal activity being able to achieve a 5 log CFU reduction of C. difficile 

and B. anthracis (Nerandzic et al. 2016). Yet, decontamination of seeds remains challenging due 

to the location of pathogen targets within the cracks and sanitizer inaccessible structures on the 

seed coat. Therefore, the majority of seed decontamination methods only can reduce but not 

illuminate pathogens introduced onto seeds (Kumar et al. 2006; Hora et al. 2007; Bari et al. 2011). 

However, the ethanol-peroxyacetic acid treatment was successful in completely illuminating 

Salmonella on flax seeds which is likely by the greater penetration into the seed coat compared to 

aqueous sanitizers. Yet, it was noted that when inoculated flax seed was held for shorter periods 

prior to applying the sanitizer treatment residual populations of Salmonella were recovered despite 

a greater log reduction being achieved compared to when 21day inoculated seeds were tested. This 

could be likely attributed to the initial higher inoculation level on seeds held for 24 h post-

inoculation vs those held for 21 days prior to sanitizer treatment. Regardless of this fact, it is 

evident that the ethanol-sanitizer combination provides an alternative to current used seed 

decontamination methods and represents a Preventative Control option.  

Although laboratory-based studies provide proof-of-principal of intervention methods there is also 

the need to verify the process is effective on a commercial scale. It is possible to screen for 

endogenous pathogens (e.g. Salmonella) in seeds or indicators (for example, Enterobacteriaceae) 

before or following treatment although this approach is unpredictable, in addition to requiring 

extensive number of samples to be taken (Buncic and Sofos 2012; Gombas et al. 2017; Shah et al. 

2017). In contrast, applying a surrogate provides a more consistent verification approach and more 



 

53 
 

reflective of the efficacy of the process in terms of pathogen control (Orlowska et al. 2015; Li et 

al. 2017). From the surrogates tested, E. faecium NRRL B-2354 was found to be the most suitable 

with respect to tolerance to the low moisture environment of flax seed and comparable resistance 

to the sanitizer. The other surrogates tested were more sensitive to being inoculated onto flax seed 

and this likely reflected on sensitivity to the sanitizer. The results obtained in the current study 

agree with others who also reported that E. faecium is a suitable surrogate when verifying 

interventions for decontaminating low moisture foods (Kopit et al. 2014; Ceylan and Bautista 

2015; Rachon et al. 2016; Jeong et al. 2017). Previously E. faecium as a surrogate has been 

restricted to validating thermal processes although the current study illustrated this can now be 

extended to sanitizers such as ethanol-peroxyacetic acid.  

 In the current study it was found that the lethality of the ethanol-peroxyacetic acid treatment was 

significantly greater than found in laboratory-based trials. This may have been unexpected given 

that laboratory trials are typically performed under optimal conditions without the variability 

linked to, for example, sanitizer distribution in bulk inoculated seeds. Yet, the results from the two 

large scale trials provided data to verify that the commercial process is both effective and 

consistent thereby representing an additional prevention control in low moisture food processing.   
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Chapter 5: Conclusion  

There were six main findings of this study. First, inactivation of Salmonella depends on the 

concentration of peroxyacetic acid-ethanol sanitizer, and exposure time. Second, using glycerol in 

TSB didn’t have big effect for inactivation Salmonella onto flax seed. Third, Enterococcus faecium 

NRRL B-2354 was a good surrogate for Salmonella to use in commercial scale. Four, peroxyacetic 

acid-ethanol sanitizer reduced Salmonella level in flax seed but did not eliminate the organism. 

Fifth, different serovars of Salmonella and different types of seeds/nuts significantly effect the 

amount of log count reduction. The specific conclusions from this study are as follows:  

 

1- Inclusion of recovery step that TSB+ glycerol had no influences on recovery of Salmonella 

from inoculated flax seed, but inclusion of glycerol recovery step on seed with sanitizer 

increased recovery.  

2- LCR of Salmonella inoculation to flax seed was dependent on the concentration of sanitizer 

and the exposure time which lead to increased of LCR after 24h post treatment.  

3- The efficacy of sanitizer was dependent on the types of strains tested. S. Javiana had higher 

LCR compare to S. Newport. 

4-  The efficacy of sanitizer was dependent on the types of seeds or nuts tested. Quinoa had 

the highest LCR compared to Pecans.  
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5- From the range of surrogate tasted, Enterococcus faecium was the most suitable compared 

to other surrogates.  

6-  On a commercial scale, the sanitizer treatment was more effective to control Salmonella on 

flax seed compared to the results obtain in the laboratory scale study. 

 

 

Future Work 

 

Even thought the use of sanitizers is a common processing to increase food safety, future research 

is still needed. The concentration of sanitizer, temperature, and time are important to be more 

studies to inactivate pathogenic microorganism. Also, the sanitizer that would be selected should 

be both safe and effective. Different pathogens, different seeds, establishment of standard protocol 

for assessment, other moisture sensitive materials, chemical residue analysis on treated seeds, 

potential of alternatives to peroxyacetic acid in ethanol-based sanitizer. Another thing, sensory 

attribute such as color and texture should be tested to make sure the quietly of the products does 

no changed. While many of technologies that helps to eliminate pathogenic microorganisms 

already exist, they will need to be developed further processing to achieve the desired 5-log 

reduction without nutrition and quality changing in multiple products.  More tests must be done 

with some other families of genera with the sanitizer. Moreover, developing new methods for 

enhancing quality control of low-moisture food to reduce of pathogen contamination on the surface 

of fresh produce is necessary. Finally, alternative strategies such as physical and chemical should 

continue to be explored for reducing and eliminating of human pathogenic microorganism which 

may be associated with seeds or other low-moisture products. Further research is required to 

determine the effects of the sanitizer on other types of low-moisture food.  
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