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1.1 Milk in the United States  

1.1.1 Importance of milk in the American diet 

In 2010, the United States Department of Agriculture (USDA) Center for 

Nutrition Policy and Promotion published new dietary guidelines for Americans. These 

guidelines prescribe proportions of foods from five food groups which when consumed in 

appropriate proportions, would not only enable Americans to become healthier but also 

help address the rising rate of obesity (98). These food groups: vegetables, fruits, grains, 

protein and dairy, and their respective proportions have been diagrammatically shown in 

“My Plate” to replace the older “My Pyramid” illustration as shown below in Figure 1. 

 
Figure 1: Illustration of food groups and their respective proportions according to the 

2010 dietary guidelines, using “My Plate” compared to the older “My Pyramid” 

illustration. 1a. The new illustration shows proportions of the five building blocks for a 

healthy meal in a plate format, to facilitate visual comprehension of the proportions of the 

foods relative to each other. 1b. The pyramid model uses a pyramid shape to represent 

the food groups and their proportions relative to each other (102, 103). 

 

 The dietary guidelines recommend that Americans should consume 2 to 3 cups of 

dairy foods daily. Dairy foods include fluid milk, milk based desserts, cheese, yogurt and 

calcium-fortified soymilk (61, 101). These foods provide an excellent source of readily 

available calcium which is known to aid in the growth of bones and helps to prevent 
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osteoporosis. Consumption of dairy foods also helps to lower blood pressure in adults, 

aids in the prevention of type II diabetes and averts cardiovascular diseases such as 

hypertension, stroke, and coronary artery disease (66). Among the dairy group, fluid milk 

products contribute to the largest consumption and in 2009, 62 billion pounds of fluid 

milk and fluid milk products were consumed (99) . Fluid milk is defined by its standard 

of identity as the “lacteal secretion, practically free from colostrum, obtained by the 

complete milking of one or more healthy cows” (33). A cup serving (244 g) of full milk  

provides an excellent source of vitamin D (when fortified), riboflavin and phosphorus, 

and also delivers a good supply of potassium and vitamin B12 (26, 100, 104).  

This nutrient dense profile of milk along with its high moisture content and 

neutral pH makes milk susceptible to microbial contamination and creates a favorable 

environment for the growth of microorganisms. Therefore, these factors make milk a 

good vehicle for transmission of microorganisms to humans. 

 

1.1.2 Milk contamination with microorganisms 

 Milk secreted by or harvested from cows on dairy farms becomes contaminated 

when there is bacterial transfer into the milk. This transfer can occur either during pre-

harvest or post-harvest collection of the milk (75). With pre-harvest contamination, 

commensal bacteria such as Corynebacterium, Micrococcus, Bacillus, Staphylococcus 

and Streptococcus, which colonize the udder of cows, can be transferred into the excreted 

milk. Additionally, Staphylococcus and Streptococcus species can also be transferred 

from cows infected with mastitis, which is the inflammation of the mammary gland, into 



 

 4 

the milk.  Species from these genera have been isolated from milk at a frequency of 20% 

from milk samples (78). Due to the abnormal appearance of milk from cows with clinical 

mastitis and the possibility of the milk having blood clots, this milk is not included in 

bulk tank milk. However, milk from cows with subclinical mastitis has the same 

appearance as milk from healthy cows and may be commingled with regular milk (61).  

 Post-harvest contamination predominantly occurs through the transfer of 

microorganisms from the dairy farm environment after the milk has been harvested or 

from the processing plant into the milk during collection, processing, distribution and 

storage. Dairy farm water, soil, cows, clothes of personnel and personnel who don’t 

practice proper current Good Manufacturing Practices (cGMP), serve as reservoirs and 

modes of transfer for non-pathogenic and pathogenic bacteria into milk (79). Pathogenic 

bacteria that can contaminate milk include Listeria monocytogenes, Shiga toxin-

producing Escherichia coli (STEC), Campylobacter jejuni, Salmonella and Yersinia 

enterocolitica (55, 59, 61, 78, 106–107). Frequencies of these pathogens in bulk tank 

milk as reported by several authors have been shown to vary in US dairy farms as shown 

in Table 1. The highest incidence of foodborne pathogens in bulk tank milk is linked to 

the presence of L. monocytogenes followed by C. jejuni, Salmonella spp., Y. 

enterocolitica and STEC. Yet, even at low frequencies such as with STEC, the presence 

of any of these bacterial pathogens in milk can pose a serious health risk for humans 

when ingested. 
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Table 1: Frequencies of foodborne pathogens found in bulk tank milk in US dairy farms 

(61, 79) 

Pathogen Prevalence (%) 

L. monocytogenes 1.0 - 12.6 

C. jejuni 0.4 - 12.3 

Salmonella spp. 0.2 - 8.9 

Yersinia enterocolitica 1.2 - 6.1 

Shiga toxin-producing Escherichia coli 0.8 - 3.8 

 

1.1.3 Foodborne illnesses from milk 

The 2011 estimates from the Centers for Disease Control and Prevention (CDC) 

indicate that 48 million Americans suffer from foodborne illnesses, 128,000 of these 

cases result in hospitalizations and more than 3,000 of these cases lead to deaths annually 

(89). Of these estimated figures, roughly 9.4 million illnesses, 56,000 hospitalizations and 

1,350 deaths are attributed to 31 foodborne pathogens of bacterial, viral or parasitic 

origin. More than 38 million foodborne diseases are typically caused by unspecified 

agents (9).  The epidemiological impacts of bacterial pathogens that may be found in bulk 

tank milk are shown in Table 2. The three bacterial species responsible for the highest 

incidences of illnesses, percentages of hospitalizations and deaths from illnesses are 

Salmonella, L. monocytogenes and STEC O157:H7.  
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Table 2: CDC’s 2011 estimates of annual illnesses with percentages of hospitalizations 

and deaths caused by some bacterial foodborne pathogens (9, 88) 

 

Bacterial 

Pathogen 

No. of  

illness 

% hospitalizations 

from illnesses  

% of deaths 

from illnesses  

Salmonella spp. nontyphoidal 1,027,561 1.88 0.04 

Campylobacter spp. 845,024 1.00 0.00 

S. aureus 241,148 0.44 0.00 

Y. enterocolitica 97,656 0.55 0.03 

B. cereus 63,400 0.03 0.00 

STEC O157:H7 63,153 3.36 0.03 

Streptococcus spp. Group A 11,217 0.00 0.00 

L. monocytogenes 1,591 91.45 16.03 

S. enterica serotype Typhimurium 1,281 15.38 0.00 

 

1.2 Salmonella spp. 

1.2.1 Biochemical and physiological characteristics 

 The leading cause of bacterial foodborne illnesses in the United States is 

Salmonella, and this genus includes nontyphoidal Salmonella species and S. enterica 

serotype Typhimurium. Salmonella belongs to the Enterobacteriaceae family and is a 

Gram-negative, rod-shaped, facultative anaerobe which is able grow on a wide range of 

organic substances aside from D-glucose (37). It is resilient and can grow in extreme 

environmental conditions of pH, temperature and salinity. The optimal pH range of 

growth for Salmonella is 6.5 to 7.5, but it can also grow from pH 4.5 to 9.5. However, pH 

levels less than 4 are inhibitory to its growth and low pH has been used in food 

preservation against Salmonella (49).  

Some Salmonella strains can exhibit psychotropic properties and grow at 

temperatures as low as 2˚C. On the other hand, some strains such as mutant strains of S. 

enterica serovar Typhimurium have been shown to grow at elevated temperatures of 
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54˚C, but Salmonella grows optimally at 37˚C (23).  It has also been shown that the heat 

resistance of Salmonella increases with a decline in the water activity (aw) of the food.  

Although aw less than 0.93 does not support its growth, outbreaks of Salmonella in low 

water activity foods such as chocolate and peanut butter have been reported. It appeared 

that the bacterium was able to survive but did not grow until it was ingested by a human 

host and thus cause illness (17, 32).  Also, salt concentrations of 3% to 4% typically are 

able to inhibit Salmonella but the salt tolerance of the pathogen increases at higher 

temperatures. Even under high salinity conditions of greater than 9%, NaCl which is 

known to inhibit microbial growth and used to extend the shelf life of food products, 

Salmonella can survive (49).   

  

1.2.2 Nomenclature, taxonomy and infectious dose 

There are two species of Salmonella; S. enterica and S. bongori. S. enterica is 

further divided into six subspecies and has more than 2,400 serovars while S. bongori has 

20 serovars. The identification of Salmonella serovars is based on different antigens: the 

somatic (O), flagella (H) or capsular (K) antigens. Some of the serovars that have been 

linked to foodborne outbreaks include S. enterica serovars Typhimurium, Newport, 

Tennessee, Agona and Enteritiditis. However the Typhimurium and Enteritiditis serovars 

are the most frequently isolated serovars in human cases in the United States (10, 11, 13, 

20, 77). Given its ability to survive in a wide range of environments, Salmonella can be 

found in contaminated water, food or animals. However, the main route of transmission is 

through contaminated water or food. The infectious dose for Salmonella can be as little as 
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10 colony forming units (CFU) or as high as 10
6
 - 10

7
 CFU, depending on the type of 

serovar (72).  

 

1.2.3 Salmonellosis 

S. enterica has acquired five to ten pathogenicity islands from E. coli. These 

islands possess virulence factors such as those that induce the lysis of macrophages or 

cause inflammation in host cells, resulting in diarrhea. Once food or water contaminated 

with the pathogen is ingested, the pathogen is able to able to evade the human defense 

system of saliva, the acidic environment of the stomach, antimicrobial peptides and 

mucus from the intestines, using these virulence factors to cause either typhoidal or 

nontyphoidal infections (23, 43). 

When S. enterica travels down the esophagus and reaches the stomach without 

inactivation, it penetrates microfold (M) cells which are specialized intestinal epithelial 

cells that transfer pathogens across the epithelial barrier, for recognition by the immune 

system. Penetration occurs when the pathogen secretes effector proteins into the cytosol 

using the SPI1-encoded type II secretion system (T3SS). The attachment and colonization 

leads to the disruption of signal transduction cascades of the M cells resulting in 

cytoskeletal rearrangement. These rearrangements cause the ruffling of the cell 

membrane around the microbe to initiate the engulfment of S. enterica. The ruffling of 

the cell membrane leads to an immunological response which results in the destruction of 

the intestinal mucosa and contributes to inflammatory diarrhea. This type of infection 

particularly occurs when humans are affected with non-typhoidal S. enterica and infected 
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patients exhibit symptoms such as non-bloody diarrhea and abdominal pain after 8 to 72 

hours of ingesting contaminated food (23, 46, 94). 

Unlike with non-typhoidal S. enterica, S. enterica serovar Typhimurium tends to 

have poor intestinal colonization. Therefore when it enters M cells, it becomes engulfed 

by macrophage which places it in the acidic environment of phagosomes. In this 

environment, the phagosomes partially fuse with lysosomes to start the enzymatic 

degradation of the pathogen. However, typhoidal S. enterica is able to avoid this 

degradation by reducing the formation of phagolysosomes through the secretion of 

effector proteins, via the SPI2 TS33 into the phagolysosome. On the other hand if the 

pathogen fuses with lysosomes it experiences a decline in pH from 6 to 4.5. This decline 

in pH induces the expression of several proteins that enable typhoidal S. enterica survive 

the low pH environment, thereby giving it an adaptive acid-tolerance response. Due to 

this, the bacteria can replicate and cause a mild state of inflammatory response and 

systemic infection characterized by enteric fever. Additionally, the inability of the host 

defense system to control the activity of Salmonella can cause septicemia, Reiter’s 

syndrome, ankylosing spondylitis and reactive arthritis. Symptoms of typhoidal 

infections typically develop within 7 to 28 days after ingestion and include diarrhea, 

abdominal pain, headaches, fever and prostration (43, 68). Symptoms for both typhoidal 

and non-typhoidal salmonellosis tend to be more severe and fatal for the 

immunocompromised, children, new born babies and the elderly. In these high risk 

populations, the fragile or undeveloped immune systems make it easier for S. enterica to 

evade the immune system and survive to cause disease (72).  
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Treatment of typhoidal S. enterica infection is through the use of antibiotics such 

as ampicillin, trimethoprim-sulfamethoxazzole and chloramphenicol and/or supportive 

therapy. Non-typhoidal infections on the other hand are treated with supportive therapy 

such as rehydration, to replace lost fluids and electrolytes lost to diarrhea. Unfortunately, 

there has been an increase in the number of antibiotic-resistant human S. enterica 

serovars. This increased resistance reduces the effectiveness of antibiotic therapy with 

ampicillin, trimethoprim-sulfamethoxazzole and chloramphenicol in Salmonella infected 

patients (23, 46, 77). 

 

1.2.4 Salmonella spp. association with milk 

 On dairy farms, the main route of milk contamination with Salmonella is through 

the shedding of the pathogen from asymptomatic cows. Recent studies on the prevalence 

rates of Salmonella in bulk tank and milk filters in the US, reported relatively higher 

incidences than incidences from previous studies. These recent studies have shown that 

Salmonella was isolated at a rate of 12.7% from bulk tank milk and milk filters, which 

was higher than previous reported rates of 4.8%. Of the twenty-two serotypes identified 

from milk isolates, the serotype most frequently identified was Cerro followed by 

Kentucky, Muenster, Anatum and Newport Eight of the twenty-two serotypes have been 

frequently linked to salmonellosis. (107). 
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1.2.5 Detection of Salmonella spp. 

Detection of Salmonella may involve rapid methods such as the use of 

polymerase chain reaction (PCR) and immunoassay techniques such as enzyme-linked 

immunosorbent assay (ELISA) (59). However, results from these methods still require 

confirmation by conventional and traditional techniques such as culturing, which are 

based on the biochemical and physiological characteristics of Salmonella. Conventional 

identification of Salmonella is based on production of hydrogen sulfide, decarboxylation 

of lysine and ornithine, glucose fermentation to produce acid and gas, synthesis of urea 

and lack of oxidase and catalase. These characteristics form part of the principles for the 

selective differential media: xylose lysine desoxycholate (XLD) agar, bismuth sulfite 

(BS) and/or Hektoen enteric (HE) agar, which are used for the isolation and detection of 

presumptive colonies (108, 110). 

Clinical samples of Salmonella only require streaking samples unto selective agar 

media for detection, isolation and identification. However, with food samples where 

Salmonella populations might be low, samples need to be pre-enriched in lactose broth 

and selectively enriched with Rappaport-Vassiladis (RV) medium. Pre-enrichment and 

selective enrichment allows for the growth of and recovery of injured cells and to 

increase the population of Salmonella for the detection, isolation and identification. 

Selenite cysteine (SC) broth) and tetrathionate (TT) broth are also selective enrichment 

broths which could be used. However, it has been recommended that RV broth is used in 

place of SC broth while TT broth serves as a second selective enrichment broth (22, 110).  
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Following pre-enrichment, cultures are streaked unto selective media such as 

XLD, BS or HE agar media for isolation. Selective agents in these the selective media 

inhibit the growth of Gram positive and non-enteric bacteria, while facilitating the growth 

of Salmonella. Bismuth sulfite agar contains sulfite anion which is converted to hydrogen 

sulfide by Salmonella. Presumptive Salmonella colonies on BS agar have a black to green 

color with or without a black halo appearance because the hydrogen sulfide reacts with 

ferrous sulfate in the media to form a black precipitate (22). In HE agar, the selective 

agents are bile salts, bromothymol blue and acid fuchsin. Bile salts inhibit gram positive 

bacteria while bromothymol blue and acid fuchsin serve as acid production indicators for 

presumptive colonies, which will have a greenish blue appearance with a black center. 

Salmonella does not ferment lactose, sucrose or salicin in HE media, but produces 

hydrogen sulfide from thiosulfate, which reacts with ferric ion to form the characteristic 

black center indicative of Salmonella colonies growing on this media. Desoxycholate in 

XLD media serves as the selective agent to inhibit nonenteric bacteria. Also, the presence 

of L-lysine in the media allows Salmonella to be distinguished from other xylose 

fermenters and forms an alkaline product from the decarboxylation of lysine. When this 

alkaline product is combined with the phenol red indicator as well as sugars and amino 

acids in the media, it gives Salmonella a characteristic red color with black center 

appearance. Presumptive colonies are then streaked unto lysine iron agar (LIA) and triple 

sugar iron agar (TSI) for biochemical identification on the basis of decarboxylation in the 

LIA medium and anaerobic fermentation of glucose in the TSI  agar (72, 111). 
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1.3 Listeria monocytogenes 

1.3.1 Biochemical and physiological characteristics 

 Although L. monocytogenes causes relatively low incidences of illnesses 

compared to Salmonella¸ it causes the highest rates of hospitalizations and deaths of all 

the bacterial foodborne pathogens. This Gram positive, non-spore forming, rod-shaped, 

facultative anaerobe belongs to the Clostridium subbranch, to which Brochothrix, 

Lactobacillus, Streptococcus and Staphylococcus belong to as well (21, 70). 

 L. monocytogenes is a microaerobic and ubiquitous psychotropic organism that is 

resistant to adverse environmental conditions of temperature, low pH, low aw and high 

salt environment. Its ability to persist in different environments of soil, water, plants, 

food processing plants and on foods, under these conditions makes it a major problem in 

the food industry (97). Temperatures above 50˚C are lethal to L. monocytogenes but it is 

able to thrive at temperatures between 0˚C to 45˚C and has optimal growth temperatures 

between 25˚C and 30˚C. The ability of L. monocytogenes to grow and replicate at very 

low temperatures makes it a unique health risk in refrigerated and ready to eat (RTE) 

foods which are usually preserved by refrigeration. The ability of this pathogen to move 

in the gastrointestinal tract enables intestinal adhesion and colonization upon infection in 

the body. However at body temperature of 37˚C, L. monocytogenes is non-motile but at 

temperatures of less than 30˚C, it produces flagella and is motile. This suggests that 

motility may not be needed for infection (21). 

The ideal pH of growth for L. monocytogenes is 6 to 8, but it is known that it can 

survive in media with pH as low as 4.3 and as high as 9.6. Studies have shown that using 
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0.1% of weak acids such as citric acid, lactic acid and acetic acid which partially 

dissociate, can kill this bacteria and this is one of the ways used in the food industry to 

inactivate this pathogen (51). Water activity levels greater than 0.96 easily support the 

growth of L. monocytogenes but it is known to grow at levels less than 0.93 while other 

microorganisms can only survive at such low water activity levels. Even at aw as low as 

0.83, the pathogen can persist in food for extended periods. The heat resistance of L. 

monocytogenes increases with a decrease in water activity, making it a problem for food 

preservation techniques that use the hurdle technology of low water activity and heat 

treatment (97). Additionally, in the presence of 10% to 12% sodium chloride, the 

bacterium can thrive. Its salt resistance increases as temperature increases, making L. 

monocytogenes a health risk for cured foods such as ham and hot dogs (70). 

 The ability of L. monocytogenes to form biofilms is important for its survival in 

food-processing environments. The formation of biofilms enables the pathogen to attach 

to different types of surfaces such as polystyrene, glass and stainless steel. Formation of 

biofilms facilitates the formation of additional resistance to desiccation, detergents, 

antibiotics, UV light and sanitizing agents and makes the pathogen even more persistent 

and difficult to get rid of (15, 19, 79). Due to this, post-pasteurization contamination of 

milk can occur from L. monocytogenes. In 2007, three adult men died, one woman 

delivered a stillborn baby while another delivered her baby prematurely from drinking 

pasteurized milk, post contaminated with L. monocytogenes in Massachusetts (12). 
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1.3.2 Nomenclature, taxonomy and infectious dose 

 The Listeria genus is made up of six species: L. monocytogenes, L. innocua, L. 

seeligeri, welshimeri, L. ivanovii and L. grayi. Of this group two species are pathogenic, 

the human pathogen L. monocytogenes and the animal pathogen L. ivanovii. Although 

the other species are non-pathogenic, they serve as indicators for the presence of L. 

monocytogenes (21, 70). Further characterization of L. monocytogenes has revealed 13 

serotypes and the most common serotypes associated with foodborne outbreaks in the 

United States have been the 1/2a, 1/2b and 4b serotypes (21, 80). 

 The infectious dose of L. monocytogenes has been reported to be greater than 100 

CFU/g but currently there is a zero (in 25 g sample) tolerance policy for its presence in 

ready-to-eat (RTE) foods in the U.S. This zero-tolerance policy is due to the high 

mortality rate of foodborne listeriosis which is caused by L. monocytogenes. The 

presence of this pathogen in food is considered adulteration (30) .  

 

1.3.3 Listeriosis 

 It is believed that the main way L. monocytogenes gets into the human body is 

through the consumption of tainted food or water. Upon its ingestion, it travels down the 

gastrointestinal tract to the stomach, where it encounters acid stress of pH 2. The 

pathogen is then subjected to additional stress of increased osmolality and bile detergent 

action. L. monocytogenes has mechanisms of tolerances to these stresses, which it uses to 

escape this environment in order to cross the intestinal barrier by invading the intestinal 

epithelium (42, 93).  
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Subsequently, it can gain access to non-phagocytic cells via the protein internalin, 

which recognizes the host cell epithelial protein, cadherin.  In non-phagocytic cells, L. 

monocytogenes utilizes actin polymerization and membrane ruffling to move inside the 

cells and from cell to cell. Entry into phagocytic cells occurs either via direct placement 

of the pathogen into phagosomes or from phagosomes into the cytoplasm of the 

macrophage. However, the pathogen is able to evade being destroyed in the phagosomes 

by producing the protein listeriolysin which causes the lysis of the phagosomes. Upon 

escaping from the phagosomes, the pathogen initiates actin polymerization which it uses 

to move towards the cell membrane. At this junction, a two-membrane vacuole forms 

around the bacteria which allow it to move into the adjacent cell. In the adjacent cell, 

lysis of the phagosomes occurs and the cycle is repeated. This way the bacteria is able to 

move from cell to cell and infect the host while evading the host defenses  (18, 42, 51, 

97).  

In both phagocytic and non-phagocytic cells, L. monocytogenes replicates and 

moves to the blood then to the liver and spleen via the lymph nodes. In the liver and 

spleen, most of the pathogens are killed through T-cell response. The cells that survive 

either travel to the brain or in the case of a pregnant woman, travel to the placenta (70). 

Listeriosis is a sporadic disease but L. monocytogenes infection in immunocompromised 

individuals or pregnant women can lead to non-invasive or invasive listeriosis. Non-

invasive listeriosis develops as febrile gastroenteritis in healthy individuals while in 

immunocompromised individuals it develops as septicemia, meningitis or 

meningoencephalitis due to infection in the brain. Also, with invasive listeriosis there is 
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transfer of L. monocytogenes from the mother to the fetus and this leads to materno-fetal 

and perinatal infections. Placental infections can cause abortions in pregnant women or 

cause the still birth of babies. High risk group for listeriosis are the 

immunocompromised, pregnant women, the elderly and children (1, 19, 93).  

The incubation time from the ingestion of L. monocytogenes until infection 

ranges from thirty days to ninety days. The high mortality rate associated with listeriosis 

is due to the ability of L. monocytogenes to transcend the host barriers of intestinal 

barrier, blood-brain barrier and the maternal-fetal barrier. Listeriosis is treated with 

antibiotics such as penicillin, ampicillin and amoxicillin. However in fatal cases such as 

with listeriosis induced abortion or still birth nothing can be done (25, 47, 111). 

 

1.3.4 Listeria monocytogenes association with milk 

 The main mode of milk contamination with L. monocytogenes on dairy farms is 

through fecal contamination from cows and through environmental contamination at the 

processing plant. Environmental contamination is largely via the formation of L. 

monocytogenes biofilms on dairy plant processing equipment. Recent studies show that 

L. monocytogenes was isolated from dairy farms in the US at a rate of 7.1% from bulk 

tank milk and milk filters. The three serotypes most common human isolates from this 

study were 1/2a, 1/2b and 4b and they were isolated at 89% with the most common 

isolate being the 1/2a serotype. These incidences are higher than previously reported rates 

of 3.8% from dairy farms (106, 107).  
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1.3.5 Detection of Listeria monocytogenes 

Detection of Listeria monocytogenes in foods can be done via rapid detection 

methods such as ELISA or through conventional detection methods. Regardless of which 

method is used, the first step to detect this pathogen involves enrichment or pre-

enrichment. Typically, L. monocytogenes populations in foods may be too low to obtain a 

count via direct plating thus enrichment of the food in an enrichment media such as 

University of Vermont (UVM1) broth, a non-selective media, is performed. The use of 

non-selective media allows the recovery of injured Listeria cells and suppresses the 

growth of Gram negative bacteria. Then the pre-enriched sample is treated with a 

selective media, such as Fraser broth to allow the recovered cells to grow and to select for 

the growth of L. monocytogenes species. Selection of the pathogen is based on their 

ability to hydrolyze esculin, to produce catalase and their lack of oxidase. After 

enrichment, rapid detection methods or convention methods can be applied (21). 

Conventional detection methods involve enrichment, isolation and identification. 

After enrichment, samples are plated unto selective-differential media such as Modified 

Oxford (MOX) or polymoxin, acriflavin, lithium chloride, ceftazidine, aesculin and 

mannitol (PALCAM) media, which select for the growth of only L. monocytogenes. 

These agar media contain esculin which is hydrolyzed by Listeria species and reacts with 

the ferric ions in the media to produce black isolates. Clinical isolates of L. 

monocytogenes can be plated directly MOX or PALCALM for isolation and 

identification (112). Finally, suspected L. monocytogenes isolates undergo biochemical 
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characterization, blood hemolysis test via the CAMP test, colony morphology and cell 

morphology determination for confirmation (27).  

 

1.4 Escherichia coli O157:H7 

1.4.1 Biochemical and physiological characteristics 

 Despite the relatively low incidence of E. coli O157:H7, this pathogen causes one 

of the most severe forms of illness associated with bacterial foodborne diseases. This 

Gram negative, non-spore forming, rod shaped facultative anaerobe belongs to the 

Enterobacteriaceae family (69). Some factors that influence the growth and survival of 

E. coli O157:H7 in food and in humans upon infection include temperature, water 

acitivty, acid tolerance and antibiotic resistance. However, it has been shown that in food 

it can be easily inactivated by heat and irradiation. Compared to other food borne 

pathogens E. coli O157:H7 can tolerate some of the most acidic environments. This 

ability to resist acidic condition enables the pathogen to cross the gastric barrier into the 

digestive tract and cause disease. Additionally, its acid resistance allows it to survive in 

high acid foods such as apple juice. The acid tolerance of E. coli O157:H7 is genetically 

encoded and is based on its acid-induced oxidative system, acid-induced arginine-

dependent system and glutamate-dependent system. The acid tolerance of E. coli 

O157:H7 has been linked to the tolerance of other stresses such as radiation, 

antimicrobials and UV light. When this tolerance is induced, the pathogen can persist at 

refrigeration temperature (62, 67, 69).  
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 The growth range for this pathogen has been reported to be between 8ºC to 45ºC. 

E. coli O157:H7 is sensitive to heat treatments which are used to inactivate the pathogen. 

Studies have shown that this pathogen is more heat sensitive than Salmonella and its heat 

sensitivity decreases with an increase in the fat content of the food product. Additionally, 

irradiation is an effective tool in inactivating the bacteria even at low dose treatments. 

However, treatment conditions are dependent on the physiological state of the bacteria, as 

well as the temperature that the product is being irradiated at (8, 38, 50).  Water activity 

above 0.98 supports the growth of E. coli O157:H7 but it can survive for several weeks 

even after it has been desiccated and its survival increases when stored at refrigeration 

temperature (8). 

  

1.4.2 Nomenclature, taxonomy and infectious dose 

 Escherichia coli is a commensal microorganism which inhabits the 

gastrointestinal tract of and forms part of the normal micro flora of warm-blooded 

animals and humans. In its hosts, it competes with or suppresses the growth of pathogenic 

bacteria and also synthesizes useful vitamins for the host to use. Additionally, it serves as 

an indicator of fecal contamination. Despite being known as a harmless microorganism, 

E. coli can cause disease when the intestinal barrier is compromised thus making it an 

opportunistic microorganism. However some strains of this bacterial species have 

virulence factors that allow them to cause diseases such as meningitis, urinary tract 

infection, diarrheal disease and sepsis (67).  
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 The classification of E. coli strains into serotypes is based on the somatic (O), 

flagella (H) and capsule (K) antigens of the bacteria. The O antigen determines the 

serogroup of the strain while the H antigen determines the serotype. Using clinical 

syndromes, virulent properties, mechanisms of pathogenicity and serotypes, virulent 

strains have been determined and classified into pathotypes, resulting in six groups of 

diarrheagenic E. coli isolates. These groups are enteropathogenic E. coli (EPEC), 

enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), diffuse-adhering E. coli 

(DAEC), enteroaggregative E. coli (EAEC) and Enterohemorrhagic E. coli (EHEC) (38, 

50).  

 The most common EHEC pathotype is E. coli O157:H7. It was first identified as a 

pathogen in 1982 and was initially associated with consumption of beef products (67). 

EHEC serotypes produce Shiga-like (Stx) toxin, possess the locus of enterocyte 

effacement (LEE) pathogenicity island and contains a 60 MDa plasmid. E. coli O157:H7, 

cannot grow well at temperatures greater than 45ºC, cannot ferment sorbitol within 24 

hours and cannot produce β-glucuronidase, unlike non O157:H7 strains (109). 

 The infectious dose of E. coli O157:H7 has been reported as greater than 10 

CFU/ml but this low infectious dose has been coupled with the ability for person-to-

person and water borne infections from the microbe. Currently, the USDA has declared 

E. coli O157:H7 as an adulterant in meat and there is a zero-tolerance policy for the 

presence of the pathogen in food products (105).  
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1.4.3 E. coli O157:H7 infection 

 E. coli O157:H7 is responsible for causing non-bloody diarrhea, hemorrhagic 

colitis (HC), hemolytic uremic syndrome (HUS) or thrombotic thrombocytopenic purpura 

(TTP) in patients that ingest contaminated foods or water (50). After ingestion, this 

bacterium travels down the gastrointestinal tract and is able to survive the acidic 

conditions in the stomach and bile acids. Subsequently, it moves into the large intestine 

where it attaches using LEE genes encode proteins which are responsible for the 

recognition and attachment of the pathogen to the host cells. An important adherence 

factor essential for intestinal colonization is intimin. In the intestine, the pathogen 

produces the Tir protein which inserts itself into the host cell where it serves as an intimin 

receptor to allow the recognition and attachment of the pathogen to the host cell via the 

type III secretion system. (67). Once E. coli O157:H7 attaches to the epithelial cells it 

produces Stx toxins which can be transported across the intestinal wall and in the blood 

stream. These toxins inhibit protein synthesis by disrupting peptide chain elongation 

resulting in cell death. This leads to the loss of microvilli of the epithelia cells, sloughing 

off of the intestinal walls and a further accumulation of F-actin in the cytoplasm. The 

sloughing off of the epithelial cells causes bloody diarrhea resulting in hemorrhagic 

colitis (69).  

Symptoms of hemorrhagic colitis typically occur within 24 to 48 hours of 

ingesting the tainted food and it is characterized by mild, non-bloody diarrhea, abdominal 

pain and fever, which is short-lived. However if this is not treated, the diarrhea increases 

in intensity with time resulting in bloody diarrhea that is associated with severe 
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abdominal pain and dehydration (8). It has been reported that 3 to 7% of HC infections 

result in HUS and TTP complications. HUS is more prevalent among children while TTP 

occurs more frequently among elderly adults (69). With HUS, Stx toxins cause the 

destruction of the endothelial cells of the kidney which eventually leads to renal failure. 

Hemolytic uremic syndrome is life threatening and occurs a week after the initial 

gastrointestinal symptoms have appeared. Its symptoms include intravascular destruction 

of red blood cells, low platelet counts, lack of urine formation, swelling, pallor and acute 

renal failure. Those who develop HUS usually require hospitalization, blood transfusion, 

dialysis, kidney transplant or even die (6, 8). Children between the ages of 2 to 10 are 

most susceptible to HUS because they express higher levels of Gb3 receptors on their 

renal endothelial cells for Stx proteins to bind, they have an increased exposure to 

contaminated foods, environments, person-to-person contamination and also they lack 

adequate antibodies to protect again Stxs proteins (67). 

Although TTP resembles HUS there is less renal failure but there is deterioration 

of the nervous system, seizures and stroke (6). In adults TTP tend to be fatal for elderly 

and immunocompromised. Over the years, this pathogen has developed resistance to 

most of the antibiotics that are used to treat gram negative bacteria such as streptomycin-

sulfisoxazole-tetracycline. Antibiotic treatment is generally not recommended for human 

illnesses associated with this pathogen as the disease could worsen through the release of 

endotoxin and Shiga toxins from the inactivated bacteria (69). 
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1.4.4 Escherichia coli O157:H7 association with milk 

The main reservoir for E. coli O157:H7 on dairy farms is cows. Factors that play 

a role in the transmission of the pathogen on the farm include water, feed sources and 

farm management practices such as manure handling. Recent national studies indicate 

that Stx genes (stx1 and/or stx2) were isolated from bulk tank milk and milk filters at a 

rate of 15.2% and 51.0% respectively while intimin gene was isolated at a rate of 16.1% 

and 64.8% respectively. The prevalence rates of all three virulence factors which is 

indicative of the presence of E. coli O157:H7, were 1.1% in bulk tank milk and 6.3% in 

milk filters (78, 107). 

 

1.4.5 Detection of Escherichia coli O157:H7 

 Enumeration of clinical samples of E. coli O157:H7 is carried out by performing 

decimal dilutions of the samples in peptone buffered water (PBW) and plating directly 

unto MacConkey agar. With food samples where counts may be below 1000 cells/g, 

samples are first enriched with buffered peptone water with pyruvate (mBPWp) to 

promote the growth of O157:H7 cells while suppressing the growth of non-target 

competitors and normal growth flora. The enriched cells then undergo real-time PCR for 

the stx1 and stx2 genes and for the single +93 single nucleotide polymorphism in the uidA 

gene that encodes for the β-D-glucuronidase (GUD) enzyme. Strains that test positive 

from the PCR screening undergo enrichment in Butterfield’s phosphate buffer and 

confirmed by plating unto a differential agar such as cefixime sorbitol-MacConkey (TC-

SMAC) and chromogenic agar, which work based on the inability of E. coli O157:H7 to 
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ferment sorbitol. On TC-SMAC, colonies appear colorless with a smoky center while on 

chromogenic agar, they appear black to blue black. Subsequently, suspected colonies 

from the agar plates are screened by latex agglutination for the O157 and H7 antigens. 

The purity of positive colonies is tested by streaking them unto trypticase soy agar with 

yeast extract (TSAYE) agar. On this plate, a Colicomplete (CC) disc which has an assay 

for galactopyranosidase (X-gal) and a fluorogenic assay for glucuronidase (MUG) on the 

same disc, is placed on the heaviest streak on the agar. O157:H7 strains are X-gal 

positive but MUG negative and hence would have a blue appearance around the disc and 

have a blue fluorescence at 365 nm. Consequently, growth from the TSAYE plate is 

spotted unto filter paper wetted with Kovac’s reagent on which E. coli O157:H7 turns 

purple showing that it is positive for the indole test. Finally, colonies which are shown to 

be X-gal positive, MUG negative and indole positive undergo confirmation tests using 

commercial antisera for the O157 and H7 antigens and further strain characterization by 

pulsed field gel electrophoresis (PFGE) (28).  

 

1.5 Pasteurization 

1.5.1 The need for pasteurization 

 According the Center for Disease Control (CDC) the majority of bacterial 

outbreaks associated with dairy products have been linked to raw milk and raw milk 

products, with a few cases linked to pasteurized milk through post-contamination. 

Between 1993 and 2006, there were 121 outbreaks involving dairy foods. Approximately 

60% of these outbreaks which resulted in 1,571 illnesses, 202 hospitalizations and 2 
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deaths were associated with non-pasteurized fluid milk and milk products. These 

outbreaks were linked to E. coli O157:H7, Salmonella, L. monocytogenes or 

Campylobacter.  

Due to the severity of illness and high rates of hospitalization associated with the 

aforementioned bacterial species, the USDA and FDA has mandated that fluid milk is 

thermally treated to reduce pathogenic bacterial counts by greater than 5 logs or by 

99.999%. The process of applying time and temperature combinations to destroy 

pathogens in milk, which is based on the destruction of Coxiella burnetti known to cause 

Q fever, is referred to as pasteurization. This process does not destroy spores and does 

not render the product sterile (7, 8, 61, 90).   

 

1.5.2 History of Pasteurization 

Pasteurization is a thermal destruction process developed by and named after 

Louis Pasteur, based on his work on preserving wine by heating it at a relatively mild 

temperature for a relatively short time. In 1889, Henry Koplik applied this process for the 

treatment of milk for infants which eventually led the US Public Health Service to 

develop the Standard Milk Ordinance in 1924 as a method for milk sanitation. Today, this 

Ordinance is referred to as the “Grade A” Pasteurized Milk Ordinance (PMO) (29, 96). 

The guidelines outlined in the Ordinance pertain to all aspects of fluid milk processing, 

production, handling, sale and transportation. Also, the PMO outlines the time and 

temperature combinations which milk processors should follow as shown in Table 3: 
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Table 3: FDA time and temperatures for the pasteurization of fluid milk (61, 98) 

Temperature (°C) Temperature (°F) Time (seconds) 

63 145 1,800.00 

72 161 15.00 

89 191 1.00 

90 194 0.50 

94 201 0.10 

96 204 0.05 

100 212 0.01 

 

 These time and temperature combinations for pasteurization are based on the 

holding time of heating only and does not include the time taken to heat up the milk and 

to cool it down (92). Typically milk is pasteurized  using the VAT treatment at 63ºC for 

30 minutes; the high temperature short time (HT-ST) treatment at 72ºC for 15 seconds or 

the ultra-high treatment (UHT) at 100ºC for 0.01 seconds (76). The PMO has been 

voluntarily adopted by all US States and since 1987 the USDA banned the interstate sale 

of unpasteurized fluid milk products for sale to consumers. However, twenty-seven states 

permit the sale of raw milk on dairy farms and this sale is regulated by the state (2).  

 

1.5.3 Raw milk consumption 

In spite of the serious health risks involved with the consumption of raw milk, 

35% to 60% of families that live on farms consume raw milk (54). This consumption is 

driven by arguments that drinking raw milk is cheaper, it has a better taste and  has 

beneficial health benefits compared to pasteurized milk (78). Some of these health 

benefits claimed include the presence of probiotics, the prevention and treatment of 

asthma, prevention of eczema, heart and kidney diseases and the treatment of lactose 

intolerance (16). Although there is no conclusive scientific data to support these health 
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claims, proponents argue that pasteurization destroys key enzymes and nutrients thus 

making it less beneficial for human consumption compared to raw milk. However, it has 

been shown that some of the nutrients and enzymes such as lactoferrin, bacteriocins, 

bovine immunoglobulin, caseins, lactose, oligosaccharides and fat soluble vitamins are 

either heat stable or retain their enzymatic activities after pasteurization. Also, vitamin C, 

xanthine oxidase, lactoperoxidase and lysozyme are not completely degraded with 

pasteurization. Overall, studies have shown than there is no significant difference in the 

overall nutrient profile of raw milk and pasteurized milk (2, 61, 63).  

 

1.6 Potential alternative processes 

1.6.1 The need for potential alternative processes 

Given consumer demand for minimally processed foods which are also safe to 

consume and have an extended shelf life, there is a growing interest in non-thermal or 

low-thermal processes which can be applied for the treatment of food products including 

milk. This interest stems from perceived negative changes in taste, flavor, color and 

nutritional quality in thermally processed foods compared to their raw state (57). 

Therefore an ideal alternative process should be able to inactivate pathogens, to extend 

the shelf life of the food product, to retain the organoleptic properties and the nutritional 

profile of the food, should be affordable and should not face objections from legislation 

and consumers (85).  

Some of the potential alternative technologies that have been developed utilize 

irradiation, electric pulses, pressure or low temperature to inactivate pathogens while 
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retaining the organoleptic properties and original nutrient profile of the food product  

(95). With these technologies, the active principle; radiation, pressure or electric pulses, 

is applied throughout the sample independent of the size and geometry of the food 

product unlike with thermal treatment where the size and geometry of the food product 

affects the effect of the thermal treatment (60). These technologies include low energy 

irradiation, high hydrostatic pressure (HHP), pulsed electric field (PEF), concentrated 

high intensity electric field (CHIEF) technology and low thermal inactivation. 

 

1.6.2 Irradiation 

 Irradiation of food involves the application of electrons of electromagnetic waves 

from X-ray, UV light, electron beams or gamma rays to foods to inactivate 

microorganisms by causing lesions in their DNA (85). Radiation treatment uses low 

energy between 2 to 7 kilograys to inactivate bacteria thereby rendering the food product 

safe and extends the shelf life of the food. Although irradiation is highly effective in 

inactivating pathogens, it has been shown that a microbe’s sensitivity to irradiation is 

dependent on Gram-stain type. Gram negative bacteria such as Salmonella and E. coli 

O157:H7 are more sensitive to irradiation than Gram positive bacteria such as Listeria 

monocytogenes (52).  

Given the relatively low temperatures at which the food is treated compared to 

pasteurization, irradiation maintains the nutritional quality of the food product. With 

irradiation the food product can be treated in its packaging material thereby reducing the 

chances of post treatment contamination and thus it can be used for treating frozen foods. 
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Foods that have been treated with irradiation include poultry, meat, fish, spices and other 

dry food ingredients (34).  

 However, irradiation has not been approved for the treatment of milk due to the 

formation of lipid oxidative products. The primary milk fat component that causes lipid 

oxidation in milk is linoleic acid and it has a characteristic fishy smell. This smell 

combined with the smells from other lipid oxidation products result in negative 

organoleptic properties of the milk (45). Lipid oxidation can however be minimized by 

removing oxygen from the system but it has been shown that irradiation is more effective 

in the presence of air than with vacuum or modified atmosphere packaging. Also, some 

irradiated foods have to be refrigerated to extend their shelf life by limiting the activities 

of enzymes and the growth of microbes (64). Irradiated milk also becomes more sensitive 

to thermal browning when heated, thus if irradiation is combined with a thermal 

treatment, it could result in a negative visual appeal to the milk (91). Other factors that 

affect the efficacy of irradiation include the numbers of organisms present, the 

composition of the food, the physical state of the food, and the age of the organisms.  

   Although the irradiation doses required by the World Health Organization 

(WHO) of up to 10 kilograys is safe and has no toxicological effects, there is a negative 

consumer perception about the use of irradiation for food (81). Unfortunately, consumer 

perception of irradiation coupled with the formation of oxidative products in milk does 

not make irradiation an effective alternative technology to use for milk processing.  
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1.6.3 High Hydrostatic Pressure (HHP) 

 In 1899, Bert H. Hite discovered that the shelf life of food products including 

milk could be extended by applying pressure to the food product. However, it was not 

until 1990 that the first commercially produced jam treated with HHP was introduced 

unto the Japan market. The following year, other food products including fruit yogurts, 

fruit jellies and salad dressings which had been treated with HHP were introduced unto 

the market (4). 

 High hydrostatic pressure technology works by applying pressures between 300 

MPa to 1,000 MPa instantly and uniformly to a food product to extend its shelf life. 

During treatment non-covalent bonds such as hydrogen, ionic and hydrophobic bonds in 

the structures of microbes are destroyed. Destruction of these bonds, in addition to the 

alteration of the cell membranes, leads to changes in cell morphology and destruction of 

proteins such as ribosomes, which inactivate the microbes (53). Just as with irradiation, 

the effectiveness of HPP is related to the size and complexity of the microorganism. 

Gram-positive bacteria are more resistant to pressure than Gram-negative bacteria such as 

Salmonella and E. coli O157:H7. Also, it has been reported that rods are more sensitive 

than cocci shaped bacteria (35).   

Given that covalent bonds which are present in colors, nutrients and flavor 

compounds of the food are not affected, the food retains the organoleptic properties after 

HHP. Also, because pressure is applied uniformly, the original shape of the product is 

retained. Additionally, HHP can modify the rheological properties of food which could 

be a potential benefit for the food industry (37, 85). Factors that affect the efficacy of the 
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HHP technology include the amount of pressure applied, the type of pressure; cyclic or 

continuous, the temperature, time, the type of microbe; shape and gram type, the growth 

stage and age of the culture and the medium composition and properties. Aside from 

these factors it has been shown that HHP is more effective when combined with other 

treatments such as heat, low pH, modified atmospheres and antimicrobials (65).  

One of the most important drawbacks to HHP is its high capital intensive due to 

the design of the unit. It has been reported in some cases that HHP costs 20 times more 

than pasteurization, which poses a major hurdle in the adoption of HHP processing (58, 

83). 

 

1.6.4 Pulsed Electric Field (PEF) 

 Pulsed Electric Field which was discovered by Sale and Hamilton, is a non-

thermal and continuous process which leads to the disruption of the cell membranes of 

microbes via the electroporation of the membranes. This disruption occurs when voltage 

between 20 and 80 KV/cm is applied to liquids and semi-liquids. During PEF treatment, 

electric pulses from electrodes are passed through the product at ambient temperatures for 

less than 1 second thus reducing energy loss due to heating (31, 86). The pulsed electric 

field technology mimics the electroporation technique which allows the uptake of DNA 

by bacteria. Yet, unlike with electroporation where low electric fields are applied and 

thus cell repair can occur, with PEF high voltage discharges are applied to the food or 

medium to inactivate microbes. When the electric pulse is applied, pores are formed in 

the cell membrane of the cell, there is an influx of water which causes the lysis of the cell 
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leading to the inactivation of the cell (57). The inactivation of microbes is proportional to 

the number and duration of pulses applied.  

It has been reported that Gram negative bacteria are more sensitive to PEF 

treatment than Gram positive bacteria. Other factors that also affect the efficacy of PEF 

treatment include the strength of the electric pulses, shape of pulse wave, treatment 

temperature, intrinsic properties of the food, electrode configurations and mode of 

operation,  type of microorganisms and the growth state of the microorganism (35, 53, 

57). 

It has also been reported that PEF retains the nutrient profile of the food and 

would only add $0.03 to $0.07/L to the final costs of food compared to pasteurization 

(84). Yet, some of the draw backs of PEF include its high energy processing costs and 

ohmic heating of the food due to the dissipation of electric energy in the food. As a result 

it has been recommended that PEF is more effective and less costly when combined with 

heat treatment or other treatments such as low pH (40).    

 

1.6.5 Concentrated High Intensity Electric Field (CHIEF) 

 The CHIEF processor was developed by Dr. Roger Ruan (Department of 

Biosystems and Agricultural Engineering, University of Minnesota) with support from 

the Dairy Management Incorporated (DMI), in 2007. This technology is similar to PEF in 

that it uses high intensity electric fields to inactivate microorganisms via the 

electroporation of their cell membrane. However compared to PEF, CHIEF utilizes low 

to medium frequency alternate current (AC) compared to high frequency pulsed direct 
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current (DC). The use of AC as opposed to DC significantly reduces the capital 

investment. Also, because the CHIEF processor utilizes a non-metal dielectric barrier, 

ohmic heating is reduced, it prevents contamination of the food product via the corrosion 

or erosion of the electrodes which typically occurs with PEF and reduces the cost of 

having to replace the electrodes frequently. Additionally, the unique configuration of the 

processor improves the energy efficiency by directing electric field strength to the liquid 

instead of having the electric field being directed to the electrodes and dielectric barriers. 

A small pilot scale CHIEF processor which was used for experiments had a flow rate of 2 

L/min capacity and had 2 reactor sets each with 2 reactors arranged vertically and 

connected serially as shown in Figure 2: 

 

Figure 2: Small pilot scale Concentrated High Intensity Electric Field (CHIEF) processor 

with 4 reactors in parallel assembly. There are 2 sets of 2 reactions arranged vertically 

and connected serially. Pictures are provided by Dr. Ruan. 
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During treatment of the liquid food products, electric field strength can be applied 

between 10 KV/cm to 70 KV/cm, the liquid would have a flow rate of 0.5 to 2 L/min and 

a pressure of 1 MPa to 10 MPa can be applied to the liquid. Pressure is applied to ensure 

high flow rate through the small orifice of the reactor and that the liquid is cooled down 

quickly when heat is generated during treatment. Also, a higher pressure allows the exit 

temperature of the liquid to be less than 60˚C and allows the electric field to be increased 

without increasing the output temperature of the liquid. Also, applying high pressure 

helps to prevent electric discharge in the liquid which could potentially damage the 

reactor set and it reduces the electrical conductivity of the liquid being treated thus 

preventing temperature rise of the liquid. The process flow using the CHIEF processor is 

shown in Figure 3 

 

Figure 3: Processing mechanism for the concentrated high intensity electric field 

(CHIEF) technology. The liquid food product is pumped through the machine where 

pressure is applied, it is heated up prior to the application of electric pulses via the reactor 

set, another set of temperature treatment is applied and the product cooled down prior to 

exiting the system. Schematic is provided by Dr. Ruan 
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The CHIEF technology was tested on a non-pathogenic E. coli strain and had promising 

results of 3 log reduction. However, it had not been evaluated on pathogenic 

microorganisms to determine its efficacy in creating greater than 5 log CFU/mL 

reductions.  

 

1.6.6 Low-temperature thermal inactivation 

 Food processing technologies using thermal treatment is based on heating food at 

a particular temperature for a certain time, which results in a logarithmic kill of microbes 

in the food and this is the principle upon which pasteurization is based on. Heating the 

food denatures nucleic acids, proteins and enzymes and causes damage to the 

microorganisms DNA (71). 

 When the decline in the population of the microorganism with time is plotted, a 

rate of destruction curve or survival curve can be generated a shown in Figure 4. From 

this curve, the decimal reduction (D) values for the thermal process can be determined. 

The D value represents the time taken to inactivate 90% of the microorganisms after 

thermal treatment. Generally, the higher the temperature, the lower the D value and it is a 

reflection of a microorganism’s resistance to a specific temperature (35).  
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Figure 4: Survival curve for the thermal destruction of microorganism over time showing 

D value. The equation of the line is represented as y=mx+c, where m is the slope of the 

curve, c is the y intercept, y is the number of survivors and x is the time  

 

Mathematically, the D value is the absolute value of the reciprocal of the slope of the 

survival curve and it can also be calculated using the equation below:  

         
       

             
  ; where t is time and logx is the log of the number of 

survivors. Under given conditions, the rate of death of survival curve of any 

microorganism is constant and this rate is not affected by the initial count of the 

microorganism. The D values obtained are influenced by pH, the age of cells, growth 

medium composition, exposure to prior stresses, state of the cell; vegetative versus spore 

state and growth temperature (71).   

When the logarithm of the D values is plotted against temperature conditions, the 

thermal death time curve is generated as shown below in Figure 5. This curve shows how 

the heat resistance of a microorganism changes at different temperatures. From this curve 

the Z value which is the degrees of temperature needed for an increase in of D value by a 
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factor of 10, can be determined. The Z value represents the relative resistance of the 

microorganism to different thermal treatment temperatures (48).  

 
 

Figure 5: Thermal death time curve illustrating the concept of the Z value. The equation 

of the line is represented as y=mx+c, where m is the slope of the curve, c is the y 

intercept, y is the number of survivors and x is the time  

 

Mathematically, the Z value is the absolute reciprocal of the curve of the D value against 

temperature as shown in the equation below: 

         
        

              
  ; where t is temperature and logD is the log of the D value. 

Currently, milk pasteurization at 63˚C is based on a D-value of 2.5 minutes and a Z value 

of 4.1˚C (92).  

Although there is research done detailing the kinetic parameters of low thermal 

treatment of food products below the current minimum pasteurization temperature, there 

is no literature detailing the kinetic parameters of low thermal inactivation of pathogenic 

bacteria in skim milk.  
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1.7 Project Objectives 

Given the high risk of the outbreak of foodborne diseases from the consumption 

of raw milk, milk undergoes pasteurization to reduce this risk and to extend its shelf life. 

This thermal time and temperature process reduces the counts of both pathogenic and 

non-pathogenic vegetative cells in milk by greater than 5 logs CFU but does not kill 

spores. Some of the pathogens associated with raw milk consumption are Salmonella, 

Escherichia coli O157:H7, Campylobacter and Listeria monocytogenes.  

According to the Centers for Disease Control and Prevention, there has been an 

increase in the consumption of raw milk and raw milk products in the U.S (14). This 

increased demand is due to consumer call for minimally processed products. Proponents 

for alternative processes argue that during pasteurization there are losses of nutrients, 

enzymes and changes in organoleptic properties of the milk. Although these claims have 

not been scientifically supported, at the same time researchers have been looking into 

alternative processes for extending the shelf life of milk. Currently, only irradiation and 

high pressure processing (HHP) have been proven to be effective but these have their 

limitations. Irradiation has not been approved for use in milk while HHP has been shown 

to be more effective when combined with heat treatment and this process is cost-

intensive. 

An alternative technology referred to as concentrated high intensity electrical field 

(CHIEF) technology had been developed at the University of Minnesota, but had never 

been tested with foodborne pathogenic bacteria in milk. Additionally, given consumer 

demand for less processed food products there is a growing interest in non-thermal or 
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low-thermal treatment of milk. However, currently there is no data detailing kinetic 

parameters of time and temperature for the low temperature treatment of milk below 

63°C (145°F). 

The objectives of this study were thus to: 

a) Investigate the efficacy of a CHIEF process in leading to > 5 log reduction in the 

populations of L. monocytogenes, Salmonella, E. coli O157:H7 and B. cereus 

spores in skim milk after a single pass through it 

b) Examine the differential effectiveness of a CHIEF process with a double pass of 

inoculated milk through it 

c) Evaluate the time & temperature combinations below 63˚C to achieve >5 log 

reduction with L. monocytogenes, Salmonella and E. coli O157:H7 in skim milk                                                                                                                                                                                                                                                                              

d) Determine the D and Z values of L. monocytogenes, Salmonella and E. coli 

O157:H7 in skim milk at determined time and temperature combinations 

e) Test the biochemical components and the presence of alkaline phosphatase of raw 

milk prior to and after low temperature thermal treatment 
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The null hypothesis for the project objectives are: 

a) The CHIEF processor does not generate >5 log reduction in the populations of L. 

monocytogenes, Salmonella, E. coli O157:H7 and B. cereus spores in skim milk 

after a single pass through it 

b) The CHIEF processor does not generate >5 log reduction in the populations of L. 

monocytogenes, Salmonella, E. coli O157:H7 and B. cereus spores in skim milk 

after  a double pass through it 

c) Low thermal inactivation does not generate > 5 log reduction in the population of 

L. monocytogenes, Salmonella and E. coli O157:H7 at determined time and 

temperature combinations 

d) Low thermal inactivation does not give D and Z values similar to literature D & Z 

values 

e) Alkaline phosphatase is present in samples after low thermal inactivation 

treatment 

f) There are no differences in the biochemical components in milk after  low 

thermal inactivation treatment 
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2.1 Materials 

2.1.1 Bacterial strains 

 Pure cultures of strains used for experiments and their respective sources are 

outlined in table 4: 

Table 4: Strains of the four bacterial food borne pathogens used in CHIEF and low 

temperature thermal inactivation studies and their respective sources 

 

Species Serovar Strain Designation Sources 

E. coli  

 

O157:H7 

ATCC43890 

ATCC43895 

ATCC35150 

86-24 

3081 

ATCC
a
 

ATCC 

ATCC 

ARS
b 

USDA
c
 

Salmonella Typhimurium 

Typhimurium 

Typhimurium 

Newport 

Tennessee 

ATCC14028 

ATCC700408 

UK1 

AM05104 

E2007000502 

FSML
d
 

FSML 

FSML 

CDC
e 

MDH
f
 

L. monocytogenes 1/2a 

4b 

4b (I) 

 

4b 

Scott A 

ATCC51775 

ATCC15313 

H7776 

DUP-1038 

FSML 

ATCC 

ATCC 

USDA 

ILSI
g
 

B. cereus  ATCC14579 

ATCC9139 

ATCC10987 

ATCC 

ATCC 

ATCC 
a
 American Type Culture Collection 

b
 Southern Plains Agricultural Research Center 

c
 United States Department of Agriculture 

d
 Food Safety and Microbiology Laboratory, University of Minnesota 

e
 Center for Disease Control 

f
 Minnesota Department of Health 

g
 International Life Sciences Institute Collection, Cornell University 
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2.1.2 Inoculum preparation 

Frozen stock cultures for the strains of E. coli O157:H7, L. monocytogenes and 

Salmonella were prepared by individually transferring the obtained strains to tryptic soy 

broth (TSB; Neogen Corp, Lansing, MI) and incubating at 37ºC for 18 hours. Strains 

were three phase streaked unto tryptic soy agar (TSA; Neogen Corp) at 37ºC for 24 

hours. Individual colonies from the TSA plates were transferred into TSB medium and 

incubated at 37ºC for 24 hours. Aliquots of 1 ml of overnight cultures were centrifuged 

(Hettich Zentrifuge, EBA12; Beverly, MA) at 14,000 × g for 5 minutes. The supernatants 

were discarded and the cultures re-suspended in 1 ml of peptone water by vortexing for 1 

min. Re-suspended cultures (0.5 ml) were then transferred to a sterile labeled cryogenic 

vials containing 0.5 ml of glycerol and vortexed. The stock cultures were then stored at -

55ºC. 

Working cultures were prepared from frozen stock cultures by transferring 

individual strains to TSB media and incubating at 37ºC for 24 hours. Strains were then 

streaked unto TSA plates, incubated at 37ºC for 48 hours and stored at 4ºC for less than a 

month. Overnight cultures were prepared by transferring a single colony from the 

working culture of each strain into TSB media. The TSB media was incubated at 37ºC for 

18 hours. On the day of testing, 100 µl of each strain of bacteria was transferred into 

sterile micro centrifuge tubes and vortexed to obtain a cocktail mixture of each bacterial 

species.  

Spores were prepared by streaking B. cereus strains from a frozen vial collection 

unto a TSA plate and incubating at 37ºC for 24 hours. Subsequently, a single colony was 
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picked and transferred to TSB medium and incubated at 37ºC for 18 hours. The liquid 

cultures were spread unto plates of sporulation media and the plates incubated at 37ºC for 

48 hours. The plates were then incubated at room temperature for 24 hours. The biomass 

from the plates were re-suspended in sterile distilled water and incubated at room 

temperature for 27 hours and the spores harvested by centrifugation (Hettich Zentrifuge, 

EBA12) at 6000 × g for 10 minutes at 4ºC. The supernatant was discarded and the 

biomass re-suspended in sterile distilled water, centrifuged (Hettich Zentrifuge, EBA12) 

and washed again. The spore suspension was then stored at 4ºC for no more than 2 

weeks. 

 

2.2 Methods 

2.2.1 CHIEF processing 

 During initial trials with the CHIEF processor, commercially available skim milk 

(Cub Foods® Fat Free Milk) samples were inoculated with single strains of E. coli 

O157:H7 to an initial inoculum level of approximately 10
6
 CFU/ml, in a biosafety 

cabinet.  The milk was mixed using a magnetic stirrer, a sample of the inoculated milk 

collected and the milk transferred to the CHIEF processor’s inflow containers. Milk 

batches were processed at a flow rate of 2000 ml/min, at 35 to 40 kV, at a frequency of 

60 Hz, pump pressures of 6 MPa to 7 MPa and at temperatures between 55 to 60˚C. A 

sample of the treated milk was collected in an outflow container in the biosafety cabinet. 

After three experiments, the initial inoculum was increased to 10
8 

CFU/ml due to the 

limit of detection of 2 log CFU/ml with the inoculum level of 10
6
 CFU/ml. For all 
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experiments, single trials were done, single pre-treatment and post treatment samples 

were obtained and each sample was plated in duplicates. Four of the five strains of E. coli 

O157:H7 were evaluated in these experiments.  

 The next sets of experiments were done using cocktail mixes of Salmonella with 

one of the five strains taken out to give 4-strains cocktail mix. The initial inoculum for 

these tests was 10
8
 CFU/ml and tests were carried out under the same processing 

parameters as before. Single trials were run, two pre-treatment and two treated samples 

were obtained for microbiological analysis [Section 2.2.3] and each sample was plated in 

duplicates. 

 Following these tests, skim milk was inoculated with 5-strain cocktail mixes of 

either Salmonella, E. coli O157:H7, L. monocytogenes or the 3-cocktail mix of B. cereus 

spores to obtain an initial inoculum of 10
8
 CFU/ml for the vegetative cells and 10

3
 

CFU/ml for the spores. Milk samples were also processed under the same parameters as 

before and passed through the CHIEF processor once. Three trials were conducted for 

each bacterial species, two pre-treatment samples and two post-treatment samples were 

obtained for microbiological analysis and each sample was plated in duplicates. 

 To test the differential effectiveness of a CHIEF process with two passes of milk 

through it, the inoculated milk was circulated through the processer twice. Three trials 

were conducted for each bacterial species, two pre-treatment samples and two post-

treatment samples were obtained for microbiological analysis and each sample was plated 

in duplicates. 
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2.2.2 Low-temperature thermal inactivation 

 Volumes of 100 ml of skim milk were heated in an Isotemp 205 water bath 

(Fisher Scientific, Inc., Hanover Park, IL) to the target temperature using a temperature 

probe to confirm the internal temperature of the milk compared to the temperature of the 

water bath. When milk samples reached the desired internal temperature, they were 

inoculated with a 5-strain cocktail mix of either Salmonella, E. coli O157:H7 or L. 

monocytogenes to obtain an initial inoculum level of 10
6
 CFU/ml. The flask was swirled 

to mix the content and samples were taken at determined time intervals for 

microbiological analysis. At 60˚C samples were taken at 0, 1, 2, 3, 4, 5 minutes, at 57˚C 

samples were taken at 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30 minutes, at 54˚C samples were 

taken at 0, 5, 10, 15, 20, 25, 30, 40, 50, 60 minutes and at 51˚C samples were taken at 0, 

10, 20, 30, 40, 50, 60, 90 minutes.  Each sample was plated in duplicates and two trials 

were run for each bacterial species. The detection limit for all experiments was 1 log 

CFU/ml. 

 

2.2.3 Microbiological analysis 

 1 ml of milk samples from the CHIEF and low-temperature thermal inactivation 

projects were serially diluted 10-fold in tubes containing 9 ml of buffered peptone water 

(BPW, Neogen Corporation). Diluted samples were spread plated unto respective 

selective differential media: sorbitol MacConkey agar without or with cefixime and 

potassium tellurite (SMAC or TC-SMAC) agar for E. coli O157:H7, PALCAM media for 

L. monocytogenes, xylose-lysine-desoxycholate (XLD) agar for Salmonella and 
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mannitol-egg yolk polymoxin (MYP) agar for B. cereus, to obtain bacterial counts. All 

agar plates (Neogen Corporation) were stored at 37˚C for 24 hours to 48 hours while 

MYP plates were stored at 21˚C for 48 hours. Typical colonies with black precipitate of 

L. monocytogenes, black color typical of Salmonella or B. cereus or colorless typical of 

E. coli O157:H7 were counted using a plate counter and the bacterial population 

determined using the dilution factor and amount plated. 

 

2.2.4 Statistical analysis 

 Statistical parameters such as the mean log of the bacterial counts and the 

standard deviations for the trials with CHIEF and low-temperature thermal inactivation 

projects were determined using Microsoft Excel (Microsoft Inc. ®, Seattle, Washington). 

For the CHIEF project, a two-tailed paired t-test with α of 0.05 was run for the reductions 

of L. monocytogenes and E. coli O157:H7 for both single and double passes of the milk 

through the CHIEF processor. A t-test value less than 0.05 showed statistical difference. 

For the low-temperature thermal inactivation project, the survival and thermal death time 

curves were also generated using Microsoft Excel and using these plots the D and Z 

values were determined.. 

 

2.2.5 Biochemical and enzymatic analysis 

 Using the highest calculated D value at each temperature, the time needed to 

generate a 5 log reduction for the bacterial pathogens were determined. This was done by 

multiplying the highest D-value at each temperature by 5 for the total heating time. Raw 
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milk obtained from the pilot plant of Department of Food Science and Nutrition 

(University of Minnesota, MN) was heated in an Isotemp 205 water bath (Fisher 

Scientific Inc.) at 51, 54, 57 or 60°C for the determined total respective heating time. A 

temperature probe was used to confirm the internal temperature of the milk compared to 

the water bath. Two samples each of the pre-treated and post-treated milk were sent to 

Dairy Testing, Dairy Laboratory, Calibration Standards (DQCI, MN) to determine 

biochemical components of the milk and for enzymatic analysis. The enzyme tested for 

was alkaline phosphatase and milk components tested for were fat, protein, lactose and 

solid nonfat contents and the somatic cell count.  
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3.1 Results 

3.1.1 Effect of single CHIEF treatment on single E. coli O157:H7 strains  

 

 Trials were carried out to determine the inactivating effect of the CHIEF 

processor on single strains of E. coli O157:H7. The reductions in counts in the population 

of the strains were determined with a limit of detection of 2 log CFU/ml as show in Table 

5. Therefore, the initial inoculum was increased to 8 log CFU/ml for the trial with E. coli 

O157:H7 86-24. 

Table 5: Average reduction in populations of single strains of E. coli O157:H7 in skim 

milk after a single pass through the CHIEF processor [Raw data: Table 14] 

 

E. coli O157:H7 strain 

Count (log CFU/ml) 

Pre-treatment Post treatment Reduction  

ATCC43890 5.68 2.30 3.38 

ATCC43895 5.96 <2.00* >3.96 

ATCC35150 5.41 <2.00* >3.41 

84-26 7.94 4.8 3.14 

       *Indicates the limit of detection  

 

The CHIEF processor caused more than 3 logs CFU/ml reduction in the 

populations of E. coli O157:H7 strains with a single pass through it. Despite varying 

sensitivities, the extent of viable cell reduction was markedly less than the desired 5 log 

CFU/ml reduction in counts after treatment with CHIEF processor. 

 

3.1.2 Effect of single CHIEF treatment on 4-strains cocktail mixes of Salmonella  

 

The average reduction in population among the different cocktail mixes was 3 log 

CFU/ml (Table 6). The removal of a strain from the cocktail mix produced different 

sensitivities to the treatment by the CHIEF processor. The cocktail mix which had 
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ATCC700804 excluded from the mix had the greatest resistance to the treatment with a 

reduction of 2.79 logs CFU/ml, while the cocktail mix with ATCC14028 excluded had 

the greatest sensitivity with a reduction of 3.18 log CFU/ml. Despite the varying 

sensitivities, all strains showed less than 5 log reduction in population after treatment 

with CHIEF processor. 

Table 6: Average reduction in populations of 4-strain Salmonella mixtures in skim milk 

after a single pass through the CHIEF processor [Raw data: Table 15] 

 

Salmonella strain 

excluded from cocktail mix 

Count (log CFU/ml) 

Pre-treatment Post-treatment Reduction  

Newport AM05104 7.93 4.86 3.07 

Tennessee E2007000502 8.16 5.04 3.12 

UK-1 8.19 5.38 2.81 

ATCC700804 7.92 5.14 2.78 

ATCC14028 8.09 4.90 3.18 

 

 

3.1.3 Effect of single CHIEF treatment on strain mixtures of E. coli O157:H7, 

Salmonella, L. monocytogenes and B. cereus  

 

The efficacy of the single-pass CHIEF processor was tested on all-strains cocktail 

mixtures of E. coli O157:H7, Salmonella, L. monocytogenes and B. cereus. The average 

of the duplicates of pre and post treated milk as well as the averages and standard 

deviations of each of the independent experiments are shown in Table 7 and Figure 6. 

The limit of detection for all trials was 2 log CFU/ml. 
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Table 7: Average reductions in the population of strain mixtures of Salmonella, L. 

monocytogenes, E. coli O157:H7 and B. cereus in skim milk after a single pass through 

CHIEF processor [Raw data: Tables 16, 18, 20 and 22] 

 

 

Type of  

cocktail mix 

 

Independent 

Trial 

Count (log CFU/ml) 

Pre- 

treatment  

Post-

treatment  Reduction 

 1 8.10 4.78 3.32 

Salmonella 2 8.02 5.38 2.64 

 3 8.14 5.37 2.77 

 1 8.05 5.02 3.03 

L. monocytogenes 2 7.85 5.21 2.64 

 3 7.82 5.33 2.49 

 1 8.05 4.18 3.87 

E. coli O157:H7 2 8.01 5.61 2.40 

 3 7.95 5.99 1.96 

 1 3.55 3.20 0.35 

B. cereus 2 3.61 3.47 0.14 

 3 3.52 3.47 0.05 

   

 
 

Figure 6: The effect of single-pass CHIEF treatment on the average populations of 

Salmonella, L. monocytogenes, E. coli O157:H7 and B. cereus in skim milk after a single 

pass through it. Each bar represents three trials of duplicate sampling and duplicate 

plating. Error bars represent standard deviations of triplicate runs.  
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The inactivation of Salmonella was the highest with a reduction of 2.91 log 

CFU/m. The difference between the reductions of E. coli O157:H7 and L. monocytogenes 

were less than 0.2 log CFU/ml and they were not statistically significant with a t-test 

value of 0.96.  Also, the CHIEF treatment could only inactivate less than 0.2 log CFU/g 

of B. cereus spores. With only a reduction of 0.18 logs CFU/ml, it suggests that the 

CHIEF processor has little to no effect on the inactivation of spore formers. Despite the 

reductions of vegetative cell species, the CHIEF processor was not effective in achieving 

a minimum of than 5 log CFU/ml.  

The variations among the independent trials conducted were evident in the 

standard deviations of the average reductions as shown in Figure 6. The greatest variation 

in replicates of trials was observed with E. coli O157:H7 which had the greatest standard 

deviation of 1.0, while the least relative variation was observed with L. monocytogenes 

which had a standard deviation of 0.28.  

 

3.1.4 Effect of double-pass CHIEF treatment on strains mixtures of E. coli O157:H7, 

Salmonella, L. monocytogenes and B. cereus  

 

 The differential effectiveness of the machine was tested by passing the milk 

through the processor twice in three independent trials, with duplicate samples of the pre-

treated and post-treated milk collected. The average of the duplicates of pre and post 

treated milk as well as the averages and standard deviations of each of the independent 

experiments are shown in table 8 and Figure 7.  
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Table 8: Average reductions in populations of strain mixtures of Salmonella, L. 

monocytogenes, E. coli O157:H7 and B. cereus in skim milk after a double pass through 

the CHIEF processor [Raw data: Tables 17, 19, 21 and 23] 

 

 

Type of 

cocktail mix 

 Count (log CFU/ml) 

 

Independent 

Trial 

Pre- 

treatment  

Post-

treatment  Reduction 

 1 7.99 2.48 5.51 

Salmonella 2 8.00 2.24 5.76 

 3 7.97 2.53 5.44 

 1 8.30 3.44 4.86 

L. monocytogenes 2 8.17 3.42 4.75 

 3 8.06 3.45 4.61 

 1 7.92 3.30 4.62 

E. coli O157:H7 2 7.86 3.54 4.32 

 3 7.83 3.67 4.16 

 1 3.44 2.93 0.51 

 2 3.43 2.81 0.62 

B. cereus 3 3.22 2.45 0.77 

 

 
 

Figure 7: The effect of the CHIEF processor on the populations of Salmonella, L. 

monocytogenes, E. coli O157:H7 and B. cereus after a double pass through it. Each bar 

represents three trials of duplicate sampling and duplicate plating.  Error bars represent 

standard deviations of triplicate runs. 
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When skim milk was passed through the CHIEF processor two consecutive times, 

the overall bacterial reduction was markedly increased and an additive effect was 

observed. After the milk was treated twice, the  Salmonella count was reduced by more 

than 5.5 log CFU/ml and this bacterial killing was more than 0.8 CFU/ml and 1.2 log 

CFU/ml greater than those observed for L. monocytogenes and  E. coli O157:H7 

respectively (Figure 7). The reduction of Salmonella count was statistically significant 

compared to the other two vegetative species. The t-test for the reduction in counts of L. 

monocytogenes and E. coli O157:H7 was 0.03 indicating a statistical difference between 

the average reductions of L. monocytogenes compared to that of E. coli O157:H7. The 

Gram negative bacteria; Salmonella and E. coli O157:H7 had both the greatest and least 

reductions respectively among the vegetative species compared to the Gram positive 

bacteria L. monocytogenes. This suggests that the Gram stain type does not play a major 

role in the activity of the CHIEF. An additional pass in the CHIEF processor increased 

the inactivation of B. cereus spores almost three times, but this reduction was still less 

than 0.7 log CFU/ml.  The least variation among the independent trials was shown by L. 

monocytogenes which had a standard deviation of 0.13 while the greatest variation was 

shown by E. coli O157:H7 with a standard deviation of 0.23.   

 

3.1.5 Effect of low temperature heat treatments on Salmonella, E. coli O157:H7 and 

L. monocytogenes  

 

In the second part of this project, the thermal inactivation of the three pathogenic 

vegetative species was determined in skim milk at 51, 54, 57 and 60˚C. These 

temperatures were chosen because they are below typical pasteurization temperature of 
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63˚C. Two independent trials were carried out and samples were plated in duplicates with 

a detection limit of 1 log. The results of the experiments are presented first as a series of 

graphs (Figures 8 to 11) showing the average reduction of the two independent 

experiments at each temperature. The data from the same experiments are then shown in 

Figures 12 to 15 to calculate D values for each individual experiment by means of 

regression analysis. For all of these experiments each bacterial species was individually 

tested using the standard 5-strain mixture.  

 
Figure 8: Average reductions in counts of E. coli O157:H7, Salmonella and L. 

monocytogenes after heat treatment at 60ºC for 5 minutes. Each line represents an 

average of two independent trials of duplicate plating and the error bars represent the 

standard deviation of the trials. 

 

 
Figure 9: Average reduction in counts of E. coli O157:H7, Salmonella and L. 

monocytogenes after heat treatment at 57ºC for 30 minutes. Each line represents an 

average of two independent trials of duplicate plating and the error bars represent the 
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standard deviation of the trials. The tailing region indicate data points from one or both 

trials that were below the detection limit 

 

 
Figure 10: Average reduction in counts of E. coli O157:H7, Salmonella and L. 

monocytogenes after heat treatment at 54ºC for 60 minutes. Each line represents an 

average of two independent trials of duplicate plating and the error bars represent the 

standard deviation of the trials. The tailing regions indicate data points from one or both 

trials that were below the detection limit 

 

 
Figure 11: Average reduction in counts of E. coli O157:H7, Salmonella and L. 

monocytogenes after heat treatment at 51ºC for 90 minutes. Each line represents an 

average of two independent trials of duplicate plating and the error bars represent the 

standard deviation of the trials.  
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was the most resistant to inactivation. The standard deviations shown in the error bars 

were greatest with L. monocytogenes at all temperatures except at 51°C where 

Salmonella shows the greatest variation. 

 

3.1.6 Determination of D and Z values for time and temperature combinations 

 Survival curves for independent trials for each time and temperature treatment for 

the three bacterial species were plotted as shown in Figures 12 to 15: 

   

 
Figure 12: Survival curves for the inactivation of E. coli O157:H7, Salmonella and L. 

monocytogenes at 60ºC in skim milk for 5 min.  
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Figure 13: Inactivation of E. coli O157:H7, Salmonella and L. monocytogenes in skim 

milk at 57ºC. Data points not included represent the region of tailing effect. 
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Figure 14: Inactivation of E. coli O157:H7, Salmonella and L. monocytogenes at 54ºC. 

Data points not included represent the region of tailing effect. 
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Figure 15: Inactivation of E. coli O157:H7, Salmonella and L. monocytogenes at 51ºC. 

Data points not included represent the region of tailing effect. 
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Table 9: Average D values from the regressional analysis of the survival curves for the 

heat treatment of E. coli O157:H7, Salmonella and L. monocytogenes at 51˚C, 54˚C, 57˚C 

and 60˚C with standard deviations of trials 

 

Temperature (˚C) 

Average D –value (min) 

E. coli O157:H7 Salmonella L. monocytogenes 

51 40.21±10.80 16.52±1.37 27.35±2.79 

54 34.54±4.52 9.8±0.26 23.44±11.19 

57 10.67±6.74 5.27±3.21 3.96±0.32 

60 1.47±0.16 1.68±1.88 0.81±0.40 

 
E. coli O157:H7 had the highest D value for all temperatures tested except at 60˚C. At 

60˚C, Salmonella had the greatest D value of 1.68 min while L. monocytogenes had the 

least value of 0.81. However, apart from this trend at 60˚C, Salmonella had the least D-

values at the other temperature conditions tested. For all three bacterial species, there was 

an increase in the D value with a decline in temperature. Also, there were large variations 

in the standard deviations for some of the D-values obtained. This was especially the case 

for E. coli O157:H7 at 51˚C and 57˚C, and L. monocytogenes at 54˚C. From the 

determined D-values, log of D values were plotted against temperature as shown in 

Figures 16 to 18 

 

Figure 16: D-value vs. temperature plot for E. coli O157:H7 at treatment temperatures of 

60˚C, 57˚C, 54˚C and 51˚C. 
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Figure 17: D-value vs. temperature plot for Salmonella at treatment temperatures of 

60˚C, 57˚C, 54˚C and 51˚C. 

 

 
Figure 18: D-value vs. temperature for L. monocytogenes 

 

Using the absolute values of the slopes of the plots, the Z values for the three bacterial 

species were determined as shown in Table 10: 

Table 10: Z values for the heat treatment of E. coli O157:H7, Salmonella and L. 

monocytogenes at 51˚C, 54˚C, 57˚C and 60˚C 

 

Bacterial species Z-value 

E. coli O157:H7 6.22 

Salmonella 9.23 

L. monocytogenes 5.60 

 

Salmonella had the highest Z value, followed by E. coli O157:H7 and then L. 

monocytogenes. 
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3.1.7 Enzymatic and biochemical analysis of raw milk treated at 51˚C, 54˚C, 57˚C 

and 60˚C 

 

 Using the highest determined D values at each temperature, raw milk was heated 

to obtain a 5 log CFU/mL reduction. This was done by multiplying the highest D-value at 

all temperatures by 5 to obtain the number of minutes needed to obtain 5 log CFU/mL 

reduction. At 60˚C, the milk was heated for 8.5 minutes based on a D value of 1.68 min 

for Salmonella, at 57˚C, it was heated for 53.5 minutes based on a D value of 10.67 min 

for E. coli O157:H7, at 54˚C it was heated for173 minutes based on a D value of 34.54 

min for E. coli O157:H7 and at 51˚C it was heated for 201 minutes based on a D value of 

40.21 min for E. coli O157:H7. Samples were heated in duplicates and sent with a 

negative control sample of raw milk, for compositional analysis and testing for presence 

of alkaline phosphatase. All milk samples including the control tested positive for the 

presence of alkaline phosphatase and had greater than 350 mU/L of alkaline phosphatase 

present. Typical results of pasteurized milk gave a value of less than this cut-off value. 

The average results of the compositional analysis are shown below in Table 11. 

Table 11: Biochemical components of the fat, protein, lactose and solid nonfat contents 

and electronic somatic cell count of raw milk treated at 60˚C, 57˚C, 54˚C, 51˚C 

 

Treatment  

temperature 

(˚C) 

Fat 

Content  

(%) 

Protein 

Content 

(%) 

Lactose 

Content 

(%) 

Solids 

Non-Fat 

(%) 

Electronic Somatic 

Cell Count  

(X1000/ml) 

None 3.720 3.315 4.885 8.930 140.0 

51 3.620 3.150 4.905 8.955 122.0 

54 3.625 3.140 4.900 8.945 115.0 

57 3.660 3.150 4.885 8.940 119.0 

60 3.675 3.130 4.890 8.935 134.5 

  

 There are no significant differences in the fat, protein, lactose and solid non-fat 

contents of the non-treated and treated milk samples.  
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3.2 Discussion 

3.2.1 Concentrated High Intensity Electric Field  

 A single pass of skim milk through the CHIEF processor was not capable of 

causing 5 log CFU/ml reduction in the counts of E. coli O157:H7, Salmonella and L. 

monocytogenes. However, with a double pass through the processor, an additive effect 

was observed, but the processor was able to achieve a 5 log CFU/ml reduction only with 

Salmonella. The varying reductions observed with the single strains and the 4-strain 

cocktail mixes is due to the stress sensitivities of the different strains used. This 

inactivating effect of the CHIEF treatment occurred when the electrical pulse  exceeded 

the critical electrical transmembrane potential of 0.7 to 2.2 V (3). The additive effect 

which was not a doubling effect was generated by introducing additional electric pulses 

to the cells leading to their inactivation. Not all the electric pulses delivered to the milk 

resulted in the inactivation of the bacterial cells and this could have resulted in a doubling 

effect not seen, when the milk was passed through the processor twice. Above the 

threshold level of electric pulses use to electroporate the cell membrane, the pulses were 

converted to heat leading to a rise in the temperature of the milk as observed during trials. 

(41) 

With spores of B. cereus, there was less than 1 log CFU/ml reduction with both a 

single and double pass through the CHIEF processor although there was also an additive 

effect seen. Inactivation studies using PEF have shown that there is no lethal effect when 

electric pulses are applied to spores such as B. cereus. Even at 60 kV with 75 pulses and 

combination of PEF with heat treatment at 60˚C, B. subtilis spores were not inactivated. 
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Previous studies have determined that  for spores to be inactivated, they first have to be 

treated with a technology such as HPP to initiate germination of the spores into 

vegetative cells  prior to electrical treatment as with the CHIEF processor (5, 39) 

 The inactivation of the cells was due to a synergistic effect between the electric 

pulses and the temperature conditions of 55˚C to 60˚C at which the trials were conducted. 

However, if temperatures above 60˚C were used, temperature would be the predominant 

factor for inactivation. The heat applied is supposed to weaken the cell membrane and 

make it more fluid to allow the electroporation effect of the electric pulses to be greater. 

Also, an increase in temperature increased the electrical conductivity of the milk solution 

thereby increasing the electric effect on the cell membrane. Additionally, thermal 

treatment affected the internal components of the cells such as the organelles while the 

electric pulses predominantly affect the cells membrane (31, 56). Thus these two factors 

together increased the inactivating damage to the cells. If this process is referred as a non-

thermal process then the temperature that the milk was subjected to has to, be reduced 

because these temperatures still have some effect on the inactivation of the pathogens. 

Inactivation by the CHIEF processor was not dependent on Gram type of the 

microorganism. The Gram negative bacteria, Salmonella and E. coli O157:H7 had both 

the greatest and least reduction among the vegetative bacteria while the reduction of 

Gram positive L. monocytogenes was intermediate compared to the reductions of the 

Gram negative bacteria. It has been shown that electric pulse efficacy is dependent on the 

geometric size because the voltage induced in the cells is proportional to the radius of the 

cell. Yeast cells are therefore more susceptible to inactivation compared smaller cells 
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such as bacterial cells (5). Cell membrane thickness also affects the effect of the electric 

pulses in that, a decrease in the cell membrane increases the induced electric field to the 

cell because the cell membrane affects the flow of electrical ions to the cell. Thus 

increasing cell membrane thickness reduces the induced electrical potential and cells 

while thinner cell membranes are more susceptible to inactivation by electric pulses 

compared to larger cells with thicker cell membranes (82). The combination of the cell 

size and the Gram stain type plays a crucial role on the inactivating effect of electric 

pulses. An inactivation study using PEF reported that inactivation of E. coli O157:H7 

was more noticeable than for L. monocytogenes with a total reduction of 3.6 and 3.4 log 

CFU/ml respectively in apple juice. In buffer solution, similar results were seen with a 

reduction of 4.1 logs for E. coli O157:H7 and 2.2 for L. monocytogenes (24). However, 

this observed trend was not seen with the experimental results with Salmonella which is 

Gram negative and similar in size to E. coli O157:H7. This suggests that another factor 

such as temperature played a major role in the inactivation of Salmonella in this case.  

Variations among the trials were reduced when the number of passes through the 

processor was increased. Therefore to improve the reproducibility of the results, the 

machine can be redesigned to allow multiple passes of the milk through it. This would 

reduce the variations and improve the credibility of the results. Also, this would help to 

achieve a greater than 5 log CFU/ml reduction. Some studies have shown more than 6 

logs CFU/ml reduction with E. coli strains with voltage between 60 to 80 kV/cm. 

Alternatively, the applied electric pulse could be increased above 40 kV but studies have 

shown that applying voltage levels between 20 kV to 50 kV generates the most effective 
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inactivation of cells. The increase in electric field increases the deterioration of the cell 

faster by creating larger cell pores than at lower electric field strengths but not all applied 

voltage would be lethal to the cell with some transformed to heat. The increase in electric 

strength is particularly important when testing in milk or other medium with fat or protein 

since these components shield the bacteria from the electric pulses and reduces the 

efficacy of the electric pulses (44). 

Studies have shown that higher electric strength pulses are required to denature or 

destroy enzymes compared to those required for the inactivation of microorganisms. 

Important enzymes of interest to the milk industry include alkaline phosphatase, lipase, 

peroxidase and proteases. These studies varied in the amounts by which these enzymes 

were reduced depending on the type of medium in which the trials were conducted when 

with electric pulses in the form of PEF. Additionally other studies showed no significant 

effect on the nutrient composition of pre-treated and post-treated milk with electric 

pulses. (5). Given the similarity between PEF and CHIEF, biochemical and enzymatic 

analysis could be performed to evaluate the effect of the CHIEF treatment on these 

enzymes 

 

3.2.2 Low-temperature thermal inactivation 

 For all temperature conditions, the viable count of Salmonella was reduced the 

most, followed L. monocytogenes, while E. coli O157:H7 had the least reduction. These 

results from the survival curves correspond to a study by Sagong et al. in which used 

ohmic heating to inactivate these pathogens in orange and tomato juice. In that study, E. 
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coli O157:H7 was the most resistant bacterium to thermal inactivation while Salmonella 

was the least resistant (87). On the other hand, it has also been reported that Gram-

negative bacteria tend to be more sensitive to heat treatment compared to Gram-positive 

bacteria (48) which is contrary to the results obtained.  

The trend observed in the survival curve plots were confirmed with the D values 

obtained at all temperatures tested except at 60ºC where Salmonella was the most 

resistant. The D values are indicative of the resistance of the pathogen to heat treatment 

and the highest D value obtained is used as the bases for obtaining a minimum reduction 

of 5 log CFU/ml. Other studies on the thermal inactivation of Salmonella, E. coli 

O157:H7 and L. monocytogenes have been performed in ground pork, ground turkey and 

ground beef at temperatures below between 55ºC to 70ºC. These values compared to the 

experimental values obtained at 57ºC and at 60ºC are shown in Table 12. In those studies, 

E. coli O157:H7 had the smallest D values at both temperatures (73, 74), which were 

contrary to what the experimental results showed. This suggests that that E. coli O157:H7 

was the least resistant in those studies, but Salmonella was the least resistant in skim 

milk. These differences could be attributed to the difference in types of medium used, the 

type of bacterial strains, the formulations, and experimental set up, among other factors. 

Compared to raw milk and the other food products tested in those studies such as pork 

which are high in fat, skim milk contains no fat. The fat in a food product serves as a 

protection against the effect of heat treatment and other inactivation technologies (48). 

This is seen with overall higher D values in these products compared to the D values with 

skim milk (Table 12). However, using skim milk as opposed to raw milk or milk with 2% 
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fat allows for the evaluation of the direct effect of inactivation technologies such as heat 

on pathogens without the interference from the fat globules in the food product.  

Table 12: D values of E. coli O157:H7, Salmonella and L. monocytogenes in ground 

pork, ground turkey and ground beef at 57ºC and 60ºC (73, 74) 

 

 

Temperature 

(˚C) 

 

Bacterial species 

D – values (min) 

Skim 

milk 

Ground 

Pork 

Ground 

turkey 

Ground 

beef 

 

 

57 

E. coli O157:H7 10.67 10.37 8.65 8.14 

Salmonella 5.27 26.67 10.74 18.35 

L. monocytogenes 3.96 22.32 17.09 11.28 

 

 

60 

E. coli O157:H7 1.47 3.22 2.06 1.96 

Salmonella 1.68 5.07 6.73 6.90 

L. monocytogenes 0.81 5.61 8.05 3.91 

 

 The reproducibility and credibility of the D values obtained can be improved by 

replicating the trials which would reduce the variations in the independent D values as 

seen by the standard of deviation. Also during trials the sampling times could be 

increased to increase the correlation co-efficient which also goes to affect the D value 

obtained. 

The Z values of these products were also compared to the Z values of the 

pathogens in skim milk. In ground pork, turkey and beef, overall E. coli O157:H7 had the 

smallest Z value while L. monocytogenes had the highest Z values. These results were 

contrary to results from skim milk in which Salmonella had the largest Z value while L. 

monocytogenes had the smallest. The relative resistance of the organisms over 
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temperatures would be affected by the D values obtained hence the differences in Z 

values among the different products as shown in Table 13. 

Table 13: Z values of E. coli O157:H7, Salmonella and L. monocytogenes in ground 

pork, ground turkey and ground beef at 57ºC and 60ºC(73, 74) 

 

 

Bacterial species 

Z values (˚C) 

Skim 

milk 

Ground 

Pork 

Ground 

turkey 

Ground 

beef 

E. coli O157:H7 6.22 4.94 5.17 5.43 

L. monocytogenes 5.60 5.92 5.90 6.01 

Salmonella 9.23 5.89 6.01 5.74 

 

 The presence or absence of alkaline phosphatase is used to test the efficacy of the 

pasteurization processes since alkaline phosphatase is more resistant to heat treatment 

than pathogens. For a process to be deemed effective there has to be less than 350 mU/L 

of alkaline phosphatase (29). With the low heat treatments, although greater than 5 log 

reductions were attained, the milk samples tested positive for the alkaline phosphatase. 

However, this does not suggest that the heat treatment is ineffective. On the contrary, it 

suggests that this type of treatment can be employed to inactivate pathogens in raw milk 

while maintaining the enzymatic profile of the milk. Additionally the credibility of 

relying on alkaline phosphatase as a measure of the adequacy of heat treatment has been 

questioned due to the reactivation of the enzyme after treatment (36). Also, given that 

there were no significant differences in the nutrient compositions of the milk treated at 

different temperatures, treating milk at any of these temperatures would maintain the 

nutrient profile of the milk while rendering it safe for consumers to drink. These factors 
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are crucial for proponents for the consumption of raw milk and this treatment can be 

proposed as an alternative for the pasteurization of raw milk. 

  

3.3 Conclusion 

 Low-temperature thermal inactivation and the CHIEF technology present 

promising results as alternative processes for the inactivation of Salmonella, E. coli 

O157:H7 and L. monocytogenes. However, on their own these technologies would have 

to be looked into more closely to improve upon them before they can be accepted as 

alternative processes. A combination of the CHIEF technology and the low-temperature 

thermal inactivation could be the way forward in attaining greater than a 5 log CFU/ml 

reduction while preserving the nutrient profile of milk.  
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4.2 Appendix 

 

Table 14: Reduction in counts of single strains of E. coli O157:H7 after single pass 

through CHIEF Processor 

 

E. coli 

O157:H7 

strain 

Sample 

Type 

Dilution 

Factor 
Count  

Average 

Count 
CFU/ml 

log 

CFU/ml 
Reduction 

  Pre-

treatment  

-3 45 48 480000 5.68 
 

ATCC43890   51       3.38 

  Post-

treatment  

-1 1 2 200 2.30 
 

    3       
 

  Pre-

treatment  

  

-3 74 90.5 905000 5.96 
 

ATCC43895    107       3.96 

  Post-

treatment  

  

-1 0 0 0 2* 
 

    0       
 

  Pre-

treatment  

  

-3 32 26 260000 5.41 
 

ATCC35150   20       3.41 

  Post-

treatment  

  

-1 0 0 0 2* 
 

    0       
 

  Pre-

treatment 

A  

  65 75 75000000   
 

  -5 85     7.94 

3.18 

  Pre-

treatment 

B 

  80 100 100000000   

86-24 
 

120       

  Post-

treatment 

A 

  5 7 70000   

  -3 9     4.80 

  Post-

treatment 

B 

  8 5.5 55000   

    3       
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Table 15: Reduction in counts of 4-strains mixtures of Salmonella after single pass 

through CHIEF Processor 

 

Salmonella  

strain 

 excluded 

Sample 

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

 

R
3
 

  Pre-

treatment A 

  74 

86 

80 

  

80000000 

  

     

  -5 85000000 7.93  

  

Pre-

treatment B 

  

96 

84 

90 

  

90000000 

  

     

Newport  

AM05104 

 

    

3.07 

  Post-

treatment A  

  77 

50 

63.5 

  

63500 

  

    

  -2 72000 4.86  

  Post-

treatment B 

  97 

64 

80.5 

  

80500 

  

     

         

  Pre-

treatment A  

  154 

160 

157 

  

157000000 

  

     

  -5 144250000 8.16  

 

 

 

 

3.12 

  Pre-

treatment B 

  104 

159 

131.5 

  

131500000     

Tennessee 

 

      

  Post-

treatment A 

  131 
120.5 

  

120500 

  

    

  -2 110 110750 5.04  

  Post-

treatment B  

  106 

96 

101 

  

101000 

  

     

         

 

Salmonella  

strain 

 excluded 

Sample 

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

 

R
3
 

  Pre-

treatment A 

  161 

148 

154.5 

  

154500000 

  

     

  -5 155500000 

  

8.19  

  Pre-

treatment B 

 

  

142 

171 

156.5 

  

156500000 

  

   

 

 

 

 

2.81 

Typhimurium 

UK-1 

 

    

  Post-

treatment A 

  

  262 241 241000 

  

239000 

  

  

  -2 220     5.38 

  Post-

treatment B 

  253 237 237000    

    221          
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Salmonella  

strain 

 excluded 

Sample 

Type D.F
1
 Count  

A.C
2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

 

R
3
 

  Pre-

treatment A 

  77 

80 

78.5 

  

78500000 

  

     

  -5 84000000 7.92  

  

Pre-

treatment B 

  

99 

80 

89.5 

  

89500000 

  

     

 

 

 

2.78 

Typhimurium 

ATCC700408 

 

    

  Post-

treatment A 

  148 

145 

146.5 

  

146500 

  

    

  -3 138500 5.14 

  Post-

treatment B 

  136 

125 

130.5 

  

130500 

  

    

         

 

Salmonella  

strain 

 excluded 

Sample 

Type D.F
1
 Count  

A.C
2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

 

R
3
 

 

  Pre-

treatment A 

  128 

130 

129 

  
129000000 

  
  

8.09 

  

  

 

 

 

 

 

3.18 

  -5 

121750000   

Pre-

treatment B 

  

105 

124 

 

114.5 
115400000 Typhimurium 

ATCC14028 

   Post-

treatment A 

  90 

65 

77.5 

  

77500 

  

    

  -3 
79750 

4.90 

  Post-

treatment B 

  74 

90 

82 

  
82000 

  

         

 

 
1
 D.F – Dilution Factor 

2
 A.C – Average Count 

3
 R - Reduction 
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Table 16: Reduction in counts of 5-strains mixtures of Salmonella after single pass 

through CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre 

treatment A 

  144 138 138000000      

-5 132     125500000 8.10  

Pre 

treatment B 

  116 113 113000000      

 

110         3.32 

Post 

treatment A 

  51 48 48000     

-2 45     60500 4.78 

Post 

treatment B 

  67 73 73000      

  79          

Pre 

treatment A 

  111 107.5 107500000      

-5 104     105000000 8.02  

Pre 

treatment B 

  105 102.5 102500000      

 

100         2.64 

Post 

treatment A 

  28 29.5 295000     

-3 31     242500 5.38 

Post 

treatment B 

  24 19 190000      

  14          

Pre 

treatment A 

  143 138 138000000      

-5 133     137250000 8.14  

Pre 

treatment B 

  145 136.5 136500000      

 

2.77 
 

128         

Post 

treatment A 

  32 27 270000     

-3 22     235000 5.37  

Post 

treatment B  

  22 20 200000      

  18          

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R - Reduction 
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Table 17: Reduction in counts of 5-strains mixtures of Salmonella after double pass 

through CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre 

treatment A 

  96 100 100000000       

-5 104     96750000 7.99   

Pre 

treatment B 

  92 93.5 93500000       

 

95         5.50 

Post 

treatment A 

  33 33 330       

0 33     305 2.48   

Post 

treatment B 

  33 28 280       

  23           

Pre 

treatment A 

  106 99.5 99500000       

-5 93     100250000 8.00   

Pre 

treatment B 

  90 101 101000000       

 

112         5.76 

Post 

treatment A 

  12 17.5 175       

0 23     175 2.24   

Post 

treatment B 

  18 23 23       

  28           

Pre 

treatment A 

  85 90.5 90500000       

-5 96     93000000 7.97   

Pre 

treatment B 

  97 95.5 95500000       

 

94         5.43 

Post 

treatment A 

  46 37 370       

0 28     342.5 2.53   

Post 

treatment B  

  

  31 31.5 315       

  32           

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R - Reduction 
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Table 18: Reduction in counts of 5-strains mixtures of L. monocytogenes after single 

pass through CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre 

treatment A 

  87 65.5 65500000       

-5 44     66000000 7.82   

Pre 

treatment B 

  72 66.5 66500000       

 

61         2.49 

Post 

treatment A 

  22 25 250000       

-3 28     215000 5.33   

Post 

treatment B 

  15 18 180000       

  21           

Pre 

treatment A 

  158 139 139000000       

-5 120     112000000 8.05   

Pre 

treatment B 

  92 85 85000000       

 

78         3.03 

Post 

treatment A 

  116 104 104000       

-2 92     105250 5.02   

Post 

treatment B 

  87 106.5 106500       

  126           

Pre 

treatment A 

  89 84 84000000       

-5 79     71250000 7.85   

Pre 

treatment B 

  57 58.5 58500000       

 

60         2.64 

Post 

treatment A 

  162 181 181000       

-2 200     164000 5.21   

Post 

treatment B  

  142 147 147000       

  152           

 

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R - Reduction 
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Table 19: Reduction in counts of 5-strains mixtures of L. monocytogenes after double 

pass through CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre-treatment A   176 199 199000000       

  -5 222     199750000 8.30   

Pre-treatment B   183 200.5 200500000       

  

 

218         4.86 

Post-treatment A   21 24.5 2450       

  -1 28     2775 3.44   

Post-treatment B   27 31 3100       

    35           

Pre-treatment A   125 126 126000000       

  -5 127     115250000 8.06   

Pre-treatment B   109 104.5 104500000       

  

 

100         4.61 

Post-treatment A   31 28 2800       

  -1 25     2800 3.45   

Post-treatment B   31 30.5 3050       

    30           

Pre-treatment A   124 134.5 134500000       

  -5 145     148000000 8.17   

Pre-treatment B   160 161.5 161500000       

  

 

163         4.75 

Post-treatment A   26 26.5 2650       

  -1 27     2625 3.42   

Post-treatment B   27 26 2600       

    25           

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R - Reduction 
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Table 20: Reduction in counts of 5-strains mixtures of E. coli O157:H7 after single pass 

through CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre-treatment A   100 102 102000000       

  -5 104     113000000 8.05   

Pre-treatment B   109 124 124000000       

  

 

139         3.87 

Post-treatment A   16 10.5 10500       

  -2 5     15250 4.18   

Post-treatment B   17 20 20000       

    23           

Pre-treatment A   73 85 85000000       

  -5 97     90000000 7.95   

Pre-treatment B   96 95 95000000       

  

 

94         1.96 

Post-treatment A   112 100 1000000       

  -3 88     967500 5.99   

Post-treatment B   100 93.5 935000       

    87           

Pre-treatment A   116 106 106000000       

  -5 96     101500000 8.01   

Pre-treatment B   98 97 97000000       

  

 

96         2.40 

Post-treatment A   36 35.5 355000       

  -3 35     410000 5.61   

Post-treatment B   48 46.5 465000       

    45           

 

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R - Reduction 
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Table 21: Reduction in counts of 5-strains mixtures of E. coli O157:H7 after double pass 

through CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre-treatment A   62 73.5 73500000       

  -5 85     82500000 7.92   

Pre-treatment B   93 91.5 91500000       

  

 

90         4.62 

Post-treatment A   23 20 2000       

  -1 17     2000 3.30   

Post-treatment B   15 20 2000       

    25           

Pre-treatment A   68 77 77000000       

  -5 86     73250000 7.86   

Pre-treatment B   71 69.5 69500000       

  

 

68         4.27 

Post-treatment A   44 39 3900       

  -1 34     3900 3.59   

Post-treatment B   41 34.5 3450       

    28           

Pre-treatment A   59 61 61000000       

  -5 63     67500000 7.83   

Pre-treatment B   82 74 74000000       

  

 

66         4.16 

Post-treatment A   42 41 4100       

  -1 40     4700 3.67   

Post-treatment B   45 53 5300       

    61           

 

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R - Reduction 
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Table 22: Reduction in counts of 3-strains mixtures of B. cereus after single pass through 

CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre-treatment A   47 44.5 4450       

    42     4050 3.61   

Pre-treatment B   33 36.5 3650       

  -1 40         0.14 

Post-treatment A   27 29.5 2950       

    32     2975 3.47   

Post-treatment B   30 30 3000       

    30           

Pre-treatment A   36 35.5 3550       

    35     3575 3.55   

Pre-treatment B   31 36 3600       

  -1 41         0.35 

Post-treatment A   15 15.5 1550       

    16     1600 3.20   

Post-treatment B   19 16.5 1650       

    14           

Pre-treatment A   37 33 3300       

    29     3325 3.52   

Pre-treatment B   44 33.5 3350       

  -1 23         0.05 

Post-treatment A   33 33 3300       

    33     2975 3.47   

Post-treatment B   26 26.5 2650       

    27           

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R - Reduction 
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Table 23: Reduction in counts of 3-strains mixtures of B. cereus after double pass 

through CHIEF Processor 

 

Sample  

Type D.F
1
 Count  A.C

2
 CFU/ml 

Average  

CFU/ml 

log  

CFU/ml 

 

R
3
 

Pre-treatment A   32 29.5 2950       

    27     2725 3.44   

Pre-treatment B   26 25 2500       

  -1 24         0.51 

Post-treatment A   14 9 900       

    4     850 2.93   

Post-treatment B   11 8 800       

    5           

Pre-treatment A   38 28.5 2850       

    19     2625 3.43   

Pre-treatment B   31 25 2500       

  -1 19         0.62 

Post-treatment A   6 8 800       

    10     650 2.81   

Post-treatment B   2 5 500       

    8           

Pre-treatment A   13 16.5 1650       

    20     1650 3.22   

Pre-treatment B   22 16.5 1650       

  -1 11         0.77 

Post-treatment A   5 9 300       

    13     283.335 2.45   

Post-treatment B   11 8 266.67       

    5           

 

 
1
 D.F - Dilution Factor 

2
 A.C - Average Count 

3
 R – Reduction 
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Table 24: Reduction in counts of E. coli O157:H7 after treatment at 60˚C for 5 minutes 

 

        Trial 1     

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 62 64.5 645000 5.81 0 

    67         

1 -2 122 122.5 122500 5.09 0.72 

    123         

2 -1 341 329 32900 4.52 1.29 

    317         

3 -1 82 96 9600 3.98 1.83 

    110         

4 0 85 91 910 2.96 2.85 

    97         

5 0 10 11 110 2.04 3.77 

    12         

 

 

        Trial 2     

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 89 83.5 835000 5.92 0 

    78         

1 -2 54 68.5 68500 4.84 1.09 

    83         

2 -2 64 63.5 63500 4.80 1.12 

    63         

3 -1 134 135 13500 4.13 1.79 

    136         

4 0 212 226 2260 3.35 2.57 

    240         

5 0 33 33 330 2.52 3.40 

    33         
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Table 25: Reduction in counts of Salmonella after treatment at 60˚C for 5 minutes 

 

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction 

 in count 

0 -2 203 214 214000 5.33 0 

    225 

 

      

1 0 38 31 310 2.49 2.84 

    24         

2 0 0 0 0   2.84 

    0 

 

      

3 0 0 0 0   2.84 

    0         

4 0 0 0 0   2.84 

    0         

5 0 0 0 0   2.84 

    0         

 

 

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 5 5.5 55000 4.74 0.00 

    6   

 

    

1 -1 1 0.5 50 1.70 3.04 

    0         

2 0 15 15 150 2.18 2.56 

    15   

 

    

3 0 34 46 460 2.66 2.08 

    58         

4 0 172 170.5 1705 3.23 1.51 

    169         

5 0 2 2.5 25 1.40 3.34 

    3         
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Table 26: Reduction in counts of L. monocytogenes after treatment at 60˚C for 5 minutes 

 

       Trial 1 

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -2 130 130 130000 5.11 0 

    130         

1 0 112 109.5 1095 3.04 2.07 

    107         

2 0 2 2 20 1.30 3.81 

    2         

3 0 0 0 0   3.81 

    0         

4 0 0 0 0   3.81 

    0         

5 0 0 0 0   3.81 

    0         

 

 

       Trial 2 

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 42 38 380000 5.58 0 

    34         

1 -1 136 143 14300 4.16 1.42 

    150         

2 0 157 135.5 1355 3.13 2.45 

    114         

3 0 0 1 10 1.00 4.58 

    2         

4 0 6 6 60 1.78 3.80 

    6         

5 0 1 1 10 1 4.58 

    1         
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Table 27: Reduction in counts of E. coli O157:H7 after treatment at 57˚C for 30 minutes 

 

       Trial 1 

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 91 79 790000 5.90 0.00 

    67         

3 -3 21 21.5 215000 5.33 0.57 

    22         

6 -2 110 113 113000 5.05 0.84 

    116         

9 -2 78 93 93000 4.97 0.93 

    108         

12 -2 77 79 79000 4.90 1.00 

    81         

15 -2 72 59.5 59500 4.77 1.12 

    47         

18 -2 24 31.5 31500 4.50 1.40 

    39         

21 -1 1 1.5 150 2.18 3.72 

    2         

24 -1 1 0.5 50 1.70 4.20 

    0         

27 0 2 1.5 15 1.18 4.72 

    1         

30 0 0 0 0   5.90 

    0         
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       Trial 2 

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction 

 in count 

0 -3 45 42 420000 5.62 0.00 

    39         

3 -3 13 12 120000 5.08 0.54 

    11         

6 -2 119 124.5 124500 5.10 0.53 

    130         

9 -2 58 59 59000 4.77 0.85 

    60         

12 -2 65 69.5 69500 4.84 0.78 

    74         

15 -2 64 44.5 44500 4.65 0.97 

    25         

18 -2 13 24 24000 4.38 1.24 

    35         

21 -1 172 171.5 17150 4.23 1.39 

    171         

24 -1 123 114.5 11450 4.06 1.56 

    106         

27 -1 15 33.5 3350 3.53 2.10 

    52         

30 0 348 328 3280 3.52 2.11 

    308         
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Table 28: Reduction in counts of Salmonella after treatment at 57˚C for 30 minutes 

 

       Trial 1 

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 122 123 1230000 6.09 0.00 

    124         

3 -2 1 1 1000 3.00 3.09 

    1         

6 -1 9 6 600 2.78 3.31 

    3         

9 -1 6 3.5 350 2.54 3.55 

    1         

12 0 2 2 20 1.30 4.79 

    2         

15 0 0 0.5 5   4.79 

    1         

18 0 1 0.5 5   4.79 

    0         

21 0 0 0 0   4.79 

    0         

24 0 0 0 0   4.79 

    0         

27 0 0 0 0   4.79 

    0         

30 0 0 0 0   4.79 

    0         
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       Trial 2 

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 59 53.5 535000 5.73 0.00 

    48         

3 -2 58 59 59000 4.77 0.96 

    60         

6 -1 262 264.5 26450 4.42 1.31 

    267         

9 -1 3 3 300 2.48 3.25 

    3         

12 0 75 83 830 2.92 2.81 

    91         

15 0 29 26 260 2.41 3.31 

    23         

18 0 21 18.5 185 2.27 3.46 

    16         

21 0 10 9 90 1.95 3.77 

    8         

24 0 5 5.5 55 1.74 3.99 

    6         

27 0 2 2.5 25 1.40 4.33 

    3         

30 0 3 1.5 15 1.60 4.13 

    0         
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Table 29: Reduction in counts of L. monocytogenes after treatment at 57˚C for 30 

minutes 

 

      Trial 1  

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction 

 in count 

0 -3 19 20.5 205000 5.31 0 

    22         

3 -1 21 25.5 2550 3.41 1.91 

    30         

6 -1 27 22.5 2250 3.35 1.96 

    18         

9 -1 3 4.5 450 2.65 2.66 

    6         

12 0 1 0.5 5   2.66 

    0         

15 0 1 0.5 5   2.66 

    0         

18 0 1 0.5 5   2.66 

    0         

21 0 1 0.5 5   2.66 

    0         

24 0 1 0.5 5   2.66 

    0         

27 0 0 0 0   2.66 

    0         

30 0 0 0 0   2.66 

    0         
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       Trial 2 

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 82 77.5 775000 5.89 0 

    73         

3 -1 136 140.5 14050 4.15 1.74 

    145         

6 -1 23 28 2800 3.45 2.44 

    33         

9 -1 4 5.5 550 2.74 3.15 

    7         

12 0 5 5 50 1.70 4.19 

    5         

15 0 23 31 310 2.49 3.40 

    39         

18 0 0 0 0   3.40 

    0         

21 0 0 0 0   3.40 

    0         

24 0 0 0 0   3.40 

    0         

27 0 0 0 0   3.40 

    0         

30 0 0 0 0   3.4 

    0         
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Table 30: Reduction in counts of E. coli O157:H7 after treatment at 54˚C for 60 minutes 

 

       Trial 1 

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction 

 in count 

0 -3 77 74.5 745000 5.87 0 

    72         

5 -3 33 39 390000 5.59 0.28 

    45         

10 -3 30 33.5 335000 5.53 0.35 

    37         

15 -3 14 14 140000 5.15 0.73 

    14         

20 -2 89 90 90000 4.95 0.92 

    91         

25 -2 76 60.5 60500 4.78 1.09 

    45         

30 -2 50 56.5 56500 4.75 1.12 

    63         

40 -2 15 18 18000 4.26 1.62 

    21         

50 -2 18 16 16000 4.20 1.67 

    14         

60 -1 97 91.5 9150 3.96 1.91 

    86         
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       Trial 2 

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 78 88.5 885000 5.95 0 

    99         

5 -3 16 19.5 195000 5.29 0.66 

    23         

10 -3 18 20 200000 5.30 0.65 

    22         

15 -3 6 9.5 95000 4.98 0.97 

    13         

20 -2 84 95.5 95500 4.98 0.97 

    107         

25 -2 67 65.5 65500 4.82 1.13 

    64         

30 -2 50 63 63000 4.80 1.15 

    76         

40 -2 31 30.5 30500 4.48 1.46 

    30         

50 -2 29 27.5 27500 4.44 1.51 

    26         

60 -1 108 94 9400 3.97 1.97 

    80         
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Table 31: Reduction in counts of Salmonella after treatment at 54˚C for 60 minutes 

 

       Trial 1 

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 114 138.5 1385000 6.14 0 

    163         

5 -2 238 235.5 235500 5.37 0.77 

    233         

10 -1 225 224 22400 4.35 1.79 

    223         

15 0 216 206 2060 3.31 2.83 

    196         

20 0 92 100 1000 3.00 3.14 

    108         

25 0 28 20.5 205 2.31 3.83 

    13         

30 0 4 3 30 1.48 4.66 

    2         

40 0 1 2.5 25 1.40 4.74 

    4         

50 0 2 2.5 25 1.40 4.74 

    3         

60 0 1 0.5 5   4.74 

    0         
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       Trial 2 

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 75 70 700000 5.85 0.00 

    65         

5 -1 163 160.5 16050 4.21 1.64 

    158         

10 -1 16 16 1600 3.20 2.64 

    16         

15 -1 1 1.5 150 2.18 3.67 

    2         

20 -1 4 4 400 2.60 3.24 

    4         

25 0 0 1 10 1.00 4.85 

    2         

30 0 17 18 180 2.26 3.59 

    19         

40 0 3 1.5 15 1.18 4.67 

    0         

50 0 0 0.5 5   4.67 

    1         

60 0 0 0 0   4.67 

    0         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 110 

Table 32: Reduction in counts of L. monocytogenes after treatment at 54˚C for 60 

minutes 

 

      Trial 1  

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 77 74.5 745000 5.87 0 

    72         

5 -3 33 39 390000 5.59 0.28 

    45         

10 -3 30 33.5 335000 5.53 0.35 

    37         

15 -3 14 14 140000 5.15 0.73 

    14         

20 -2 89 90 90000 4.95 0.92 

    91         

25 -2 76 60.5 60500 4.78 1.09 

    45         

30 -2 50 56.5 56500 4.75 1.12 

    63         

40 -2 15 18 18000 4.26 1.62 

    21         

50 -2 18 16 16000 4.20 1.67 

    14         

60 -1 97 91.5 9150 3.96 1.91 

    86         
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       Trial 2 

 

    

Time 

Dilution 

 Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 90 82 820000 5.91 0 

    74         

5 -1 296 292 29200 4.47 1.45 

    288         

10 -1 256 264 26400 4.42 1.49 

    272         

15 -1 233 221 22100 4.34 1.57 

    209         

20 -1 53 52.5 5250 3.72 2.19 

    52         

25 -1 33 27.5 2750 3.44 2.47 

    22         

30 0 95 84 840 2.92 2.99 

    73         

40 0 86 81 810 2.91 3.01 

    76         

50 0 16 17.5 175 2.24 3.67 

    19         

60 0 2 2 20 1.30 2.14 

    2         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 112 

Table 33: Reduction in counts of E. coli O157:H7 after treatment at 51˚C for 90 minutes 

 

       Trial 1 

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction 

in count 

0 -3 115 121 1210000 6.08 0 

    127         

10 -3 46 47 470000 5.67 0.41 

    48         

20 -3 30 32.5 325000 5.51 0.57 

    35         

30 -1 145 149.5 14950 4.17 1.91 

    154         

60 0 360 365 3650 3.56 2.52 

    370         

90 0 340 320 3200 3.51 2.58 

    300         

 

      Trial 2  

 

    

Time 

Dilution 

 Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction 

 in count 

0 -3 89 93 930000 5.97 0 

    97   

 

    

10 -3 53 49 490000 5.69 0.28 

    45         

20 -3 32 38 380000 5.58 0.39 

    44   

 

    

30 -2 168 135 135000 5.13 0.84 

    102         

60 -1 304 339.5 33950 4.53 1.44 

    375         

90 -1 141 135 13500 4.13 1.84 

    129         
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Table 34: Reduction in counts of Salmonella after treatment at 51˚C for 90 minutes 

 

      Trial 1  

 

    

Time 

Dilution  

Factor Count 

Average  

count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 133 121.5 1215000 6.08 0 

    110         

10 -2 179 199.5 199500 5.30 0.78 

    220         

20 -1 280 260 26000 4.41 1.67 

    240         

30 0 360 365 3650 3.56 2.52 

    370         

60 0 17 17 170 2.23 3.85 

    17         

90 0 1 0.5 5   3.85 

    0         

 

      Trial 2  

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 59 66.5 665000 5.82 0.00 

    74         

10 -3 34 35.5 355000 5.55 0.27 

    37         

20 -2 87 89 89000 4.95 0.87 

    91         

30 -1 162 141 14100 4.15 1.67 

    120         

60 0 3 3 30 1.48 4.35 

    3         

90 0 2 2 20 1.30 4.52 

    2         
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Table 35: Reduction in counts of L. monocytogenes after treatment at 51˚C for 90 

minutes 

 

      Trial 1  

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 135 126.5 1265000 6.10 0 

    118         

10 -3 42 40 400000 5.60 0.50 

    38         

20 -3 28 29 290000 5.46 0.64 

    30         

30 -2 115 121 121000 5.08 1.02 

    127         

60 -1 150 151.5 15150 4.18 1.92 

    153         

90 0 30 23 230 2.36 3.74 

    16         

 

 

      Trial 1  

 

    

Time 

Dilution  

Factor Count 

Average 

 count CFU/ml 

log  

CFU/ml 

Reduction  

in count 

0 -3 94 105 1050000 6.02 0 

    116         

10 -3 45 39.5 395000 5.60 0.42 

    34         

20 -3 30 30 300000 5.48 0.54 

    30         

30 -2 117 118.5 118500 5.07 0.95 

    120         

60 -1 136 139 13900 4.14 1.88 

    142         

90 0 78 76.5 765 2.88 3.14 

   75         
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Table 36: log D values of E. coli O157:H7, Salmonella and L. monocytogenes after 

treatment at 51˚C, 54˚C, 57˚C and 60˚C 

 

 

  

E. coli O157:H7 

  

Salmonella 

 

L. monocytogenes 

Temperature 

 (°C) D value 

log D 

 value D value 

log D  

value D value 

log D  

value 

51 40.21 1.60 16.52 1.22 27.35 1.44 

54 34.54 1.54 9.8 0.99 23.44 1.37 

57 10.67 1.03 5.27 0.72 3.96 0.60 

60 1.47 0.17 1.6800 0.23 0.81 -0.09 

 


