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ABSTRACT 

ASSESSING LISTERIA RISK DURING DIFFERENT STAGES OF ICE CREAM 

MANUFACTURING AND STORAGE 

NEHA SINGH

2019

Listeriosis is a life-threatening infection caused by foods contaminated with 

Listeria monocytogenes. Some of the major ice cream recalls in recent years 

reaffirm the ability of this food-borne pathogen to survive in diverse dairy 

processing environments and cause cross contamination. Inspection reports 

revealed certain lapses in implementing adequate hygienic practices for Listeria 

persistence in the processing environment, leading to cross contamination of ice 

cream. The higher levels of cross contamination of raw ice cream mix might 

result in random heat-injured cells when exposed to minimum heat treatment 

(69°C for 30 min). Evidence about the presence of injured cells in ice cream mix 

may thus prove useful to establish the overall Listeria risk, which was the aim of 

this study. Challenge studies were conducted to evaluate the dose dependent 

presence of heat-injured cells of Listeria. Ice cream mix formulations of 4 

different types (36, 40, 42, and 45% total solids) were inoculated at 2.0, 3.0, and 

4.0 log cfu/g levels of Listeria innocua (an established surrogate). The dose 

levels were selected based on a likely cross contamination on the raw side from 

environmental Listeria, especially due to their resident nature and growth in 

harborage sites. The samples were exposed to minimum heat treatment (69°C 

for 30 min) and the survivors, including heat-injured cells, were enumerated 
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using standard protocols. A binary logistic regression model was fitted for 

evaluating the severity of risk. The influence of total solids, water activity, and pH 

variability were also studied on Listeria survival. The enrichment protocol, using 

buffered Listeria enrichment broth, followed by plating on modified oxford (MOX) 

agar and Rapid L’mono (RLM) medium, revealed the random presence of heat-

injured cells in buffered Listeria enrichment broth, only at the highest dose level 

of 4+logs. Any potential risk from heat-injured cells was thus limited only to the 

highest levels of cross contamination, irrespective of the type of the mix. 

Significantly, none of the pasteurized ice cream mix samples supported the 

recovery of any heat-injured cells of Listeria during 72h holding at 7°C, even at 

the highest dose level of 4+logs, under the conditions of experimentation. Based 

on this part of the study, the level of cross contamination (dose) emerged as a 

predictor of the potential presence of heat-injured cells of Listeria when exposed 

to minimum pasteurization treatment. 

In the second phase of the study, we proposed a novel concept involving the 

possible protective role of air cells in the random presence of heat-injured cells. 

Challenge studies were conducted by inoculating ice cream mix samples (42% 

total solids) with L. innocua at a mean spiking level of log 4.0 cfu/g. The 

inoculated samples were subjected to minimum batch pasteurization treatment at 

69°C for 30 min, and any heat-injured cells were enumerated using buffered 

Listeria enrichment broth (BLEB), followed by plating on MOX and RLM agar. 

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) were 

conducted on the air-dried, spiked ice cream mix samples, at pre- and post- 
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thermal treatment stages, which showed the presence of large air cells with 

some entrapped cells of Listeria. In the post heat- treated mix, SEM and AFM 

micrographs showed entrapped cells only within the larger air cells, whereas the 

mix matrix, did not show the presence of any Listeria cells. These observations 

thus suggested that the Listeria cells entrapped within the larger air cells might 

not have received adequate thermal effect and resulted in their random presence 

as heat-injured cells, as detected by enrichment protocol. 

In the third phase of the study we compared the effect of any temperature abuse 

of ice cream with the exposure to simulated gastro-intestinal fluids on the 

recovery potential of any carried over injured cells. Ice cream mix samples with 

injured cells were used in this study. Direct plating on Listeria selective agars 

was used for enumerating intact cells, while the heat-injured cells were recovered 

using BLEB, prior to enumerating on selective media. Although no intact cells 

were observed, the enrichment protocol revealed the random presence of heat-

injured cells at the post-pasteurization stages of processing. Freezing and 

hardening steps did not appear to have any further detrimental impact on heat-

injured cells, carried over from the pasteurized ice cream mix. The temperature 

abuse conditions, evaluated in the current study, although led to pudding 

consistency of ice cream, did not support the recovery of heat-injured cells. This 

thus implies that the post-pasteurization contamination with intact Listeria might 

pose a greater risk than any carried over injured cells. Similarly, such injured 

cells did not show any recovery in the simulated gastro-intestinal fluids tested 

under in vitro conditions. In the case of spiked intact cells, no detrimental effect of 
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freezing and hardening steps was observed. Results from this study emphasize a 

need to design stage-specific critical control points to prevent any potential 

Listeria outbreaks. 
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INTRODUCTION 

Listeria is generally secreted in milk of normal as well as cows suffering 

from mastitis and has the potential to survive the manufacturing and ripening of 

many different cheeses. According to U.S. Department of health and human 

services Food and Drug Administration, Listeria has become a great challenge 

for the food industry as it can withstand the cold environment and can easily be 

found in moist conditions both of which commonly exist in a food processing 

plant. The widespread nature of Listeria monocytogenes demands systematic 

approach towards food safety and proper sanitation during ice cream 

manufacture. The bacterium also exhibits general stress response and biofilm 

formation under unfavorable environmental conditions that makes it more difficult 

to control in food processing plants as these make bacteria more resistant and 

tolerant to physical and chemical treatments. The principal factors that influences 

the survival and growth of Listeria monocytogenes in food are processing 

techniques, intrinsic (e.g. pH, water activity) as well as extrinsic features of the 

product (e.g. storage temperature). The overall incidence of Listeria 

monocytogenes in raw milk appears to be 2.2%, excluding Spain. Therefore, it is 

necessary to consider raw milk which comes to dairy plant for processing as a 

source of listeria contamination by the dairy processors. According to the process 

guidelines of the U.S. Food and Drug Administration, the minimum heat 

treatment of 71.7°C for 15 is sufficient to kill Listeria monocytogenes in milk. 

However, several studies have revealed that Listeria is an intracellular parasite, 

which can be found within the white blood cells in Listeria monocytogenes 
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contaminated milk and can survive pasteurization. Despite the implementation of 

a strong quality control program in the manufacturing units, Listeria has often 

been found to defy a logical pattern of persistence in the dairy processing 

facilities. Thus, it has become mandatory to identify the risk factors involved 

during ice cream manufacturing that directly or indirectly influences the cross 

contamination of ice cream with Listeria during the manufacturing process. These 

risk factors can help to generate more robust critical control points and can 

further be used to build a strong Listeria prevention program. 

A typical ice cream manufacturing process is consisted of three basic 

steps (1) Operations that involves raw unpasteurized milk, (2) Operations 

involving pasteurized mix and (3) Operations involving frozen ice cream. The 

process starts with blending, where milk is blended with other dry ingredients 

which are then pasteurized (69 °C for 30 minutes or at 80°C for 25 seconds) 

either by batch pasteurizers or by continuous pasteurization method to destroy 

pathogenic microorganisms present in the ice cream mix. The mix is further 

homogenized at the pasteurization temperature to reduce fat globule size present 

in milk. After pasteurization and homogenization, new ingredients can be added 

to the mix. Although, these ingredients do not support microbial growth because 

of high sugar content, low pH and low water activity but these can allow the 

organism to survive if it had gained entry in the mix because of higher cross 

contamination leading to inadequate pasteurization effect. There is always a 

possibility of cross contamination if Listeria is present in higher numbers on the 

raw side along with the other background microflora, and if the product happened 
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to be contaminated at the post pasteurization stage, Listeria will survive through 

the later stages of ice cream processing and storage, as it can tolerate cold 

temperatures. Thus, it warrants application of Hazard Analysis Critical Control 

Point (HACCP) system in the ice cream manufacturing at every production step 

to avoid, reduce or minimize potential hazards and ensure products of good 

quality and safety. As Listeria does not withstand proper pasteurization 

treatment, however, improper pasteurization, and mishandling at multiple points 

along the food production chain might become the root cause of an outbreak. It 

has also been demonstrated that the contamination with Listeria monocytogenes 

might also occur at post processing steps, from equipment, pathogen prone 

areas, and due to plant hygienic conditions. 

Listeria can be introduced into a processing plant in a number of ways; it 

can blend in with the ingredients, can come along with the processing aids and 

can be transmitted through plant environment via clothing and body, people’s 

shoes, dust, equipment, packaging and inadequate cleaning and sanitation. The 

bacteria may also form a biofilm that is more difficult to eradicate. The 

fundamental quality assurance system in a food processing industry includes 

HACCP that start with raw material collection and continue through to finished 

product and handling. Independent variables such as pH, water activity, total 

solids, and overrun percent in the ice cream manufacturing process can also be 

standardized to optimize operating conditions for Listeria inhibition through 

response surface models. Based on the inherent variation of the parameters in 

the process and their effect on Listeria, tolerance limits for each parameter can 
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be set to achieve the desired outcome. In view of the above, the focus of this 

investigation was to understand Listeria survival at different stages of ice cream 

manufacturing and to identify the factors associated with its survival potential due 

to cellular injury. 
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CHAPTER 1 

LITERATURE REVIEW 

NEHA 

Listeria monocytogenes is an intracellular facultative pathogen, which can 

grow at a pH range of 4.7 to 9.2 (Petran et al.,1989 and Phan-Thanh et al., 

1998), refrigeration temperatures of -0.5 to 9.3°C (Walker et al., 1990) and salt 

concentrations of as high as 10% (McClure et al.,1989). Eating food 

contaminated with Listeria can lead to listeriosis, a severe infection associated 

with high rate of hospitalization and fatalities (Mead et al., 1999). 

Immunocompromised people, pregnant women and their newborns, and 

geriatrics (Doyle 1985; Silliker 1986) have been found to be at greater risk for 

developing Listeriosis with a death rate of 30% in the elderly and newborns 

(Doyle 1985). The primary symptoms of listeriosis in humans are meningitis, 

abortion, and perinatal septicemia (Silliker 1986). If left untreated, the infection 

further develops and leads to death as a result of meningitis. Although statistics 

reports depict a decline in the incidences of listeriosis over the past few years 

(CDC, 2005) but the outbreaks, and recalls due to contaminated food products 

still continues. Keeping in mind the severity of risk associated with this pathogen, 

FDA has established a zero-tolerance policy for listeria monocytogenes in ready 

to eat foods. 

Food manufacturing process typically involves several manufacturing 

steps and use of different temperature conditions. These manufacturing and 
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temperature conditions also provide favorable growth environments to the 

pathogen hence, the presence of listeria in a typical food processing plant is not 

uncommon. In addition, the ability of Listeria to withstand extreme environmental 

conditions makes it difficult for the food processors to completely eradicate its 

presence within the manufacturing environments therefore, it increases the 

chances of cross contamination of various food products. Since, the infection is 

associated with longer incubation time, at times it becomes difficult to even trace 

the contaminated food product. Hence, the repeated presence of listeria in 

several environments and its ability to tolerate several extreme conditions poses 

a greater challenge to the food manufacturing industries. Some reports have also 

mentioned the association of the organism with the retail environments (Sauders 

et al., 2004 and Sauders et al., 2009). Several molecular subtyping studies have 

revealed the persistence of specific listeria strains for years within food 

processing environments (Miettinen et al., 1999, Norton et al., 2001, Lundén et 

al., 2003, Lopez et al., 2008). These persistent subtypes have occasionally been 

reported to cross contaminate the food products and have led to several 

outbreaks of Listeria (Ferreira et al., 2014). 

The following sections of this chapter provides more in-depth information 

about listeria and its significance in the food manufacturing environments, as 

compiled from the available literature sources. 
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Foodborne Disease Outbreaks and Recent Recalls in the USA 

Listeria monocytogenes is a food borne pathogen that is mostly found to 

be associated with recall of frozen products, and in recent years, even ice cream 

has been implicated. According to Centers for Disease Control and Prevention, 

between years 2007-2014, 31 pathogens led to 37.2 million illnesses, of which 

9.4 million were foodborne. These pathogens led to 2,612 deaths, out of which 

19% deaths were due to L. monocytogenes. The infectious dose of L. 

monocytogenes, which is to be ingested in order to cause a disease in humans, 

is mainly strain and host dependent, and not yet certain. Scallan et al (2011) in a 

report mentioned that the estimation of foodborne illness can be efficiently used 

to improvise food safety policies, which further can help in designing newer 

intervention strategies. The data provided in their report from active and passive 

surveillance as well as from other available sources revealed that each year, 31 

pathogens lead to 9.4 million foodborne illnesses, 55,961 cases of hospitalization 

and a total of 1,351 deaths in the United States. Out of which 19% deaths were 

due to Listeria monocytogenes. 

In Massachusetts, a listeria related outbreak in 1983 infected 49 people 

and led to fourteen deaths (Silliker 1986). The CDC investigation in this case 

revealed the consumption of a specific pasteurized whole or 2% milk (Pearson 

and Marth 1990; Doyle 1985) which further was linked to several farms where 

listeriosis had infected the dairy cows. 

An outbreak occurred in 2015, because of consuming milk shakes made 

from ice cream, indicated that highly susceptible persons are likely to develop the 
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infection even after consuming low levels of contaminated food products (Pouillot 

et al., 2016). They reported that out of 2,320 samples, 4 samples had a 

concentration of >100 CFU/g. The average level of contamination in this study, 

was found to be low as compared to the several other listeria related outbreak, 

(Linnaen et al., 1988, Johensen et al., 2010, Pérez-Trallero et al., 2014, Heiman 

et al, 2016, Pouillot et al., 2016). 

Overall, in the case of ice cream, according to Centers for Disease Control 

and Prevention (CDC), there were nine Listeria related ice cream recalls during 

2014-2015. The Blue Bell incidence in March 2015 led to 10 hospitalizations and 

3 deaths. Later in April 2015, Jeni’s splendid ice cream tested positive for Listeria 

and recalled all the products. During sampling of two dairy processing plants to 

evaluate the traditional and molecular methods for Listeria detection, it was 

observed that the molecular method depicted higher Listeria contamination within 

the processing environment. Some equipment within the dairy processing 

environment found to have been contaminated with 10-4- 10-5 cfu of Listeria 

monocytogenes (Alessandria et al., 2010). More recently in 2017-18, a voluntary 

recall issued by Filedbrook Foods Corporation of all the orange cream bars and 

chocolate- coated vanilla ice cream bars indicated the possibility of listeria 

contamination in the finished products line. 

Listeria monocytogenes as a Resilient Food Borne Pathogen 

The gram-positive Listeria species are ubiquitously present in nature. 

These are, non-spore forming rod shaped bacteria (Silliker 1986) which can 

exhibit growth at temperature ranges of 3-45°C, with an optimum of 30-37°C, pH 
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of 4.4-9.6, and salt concentrations of 10% (Pearson and Marth 1990; Meyer and 

Donnelly 1992). According to Lovett and Twedt (1988), Listeria species have 

even survived in salt concentration of 30.5% at 40°C for 100 days. These 

characteristics help listeria to survive in the extreme conditions and makes it 

difficult to control as compared to its other competitive counterparts (Meyer and 

Donnelly 1992). Listeria can easily be isolated from raw as well as pasteurized 

milk, ice cream, soft cheeses, vegetables etc. (Lovett, 1989). Its incidence as a 

food borne pathogen is of great importance due its ability to grow under 

refrigeration temperatures (4°C). In contrast, the organism is also found to be 

quite heat tolerant, as mentioned by Boyle et al.,1990 where they inoculated 80% 

lean ground beef with 8.08 log CFU/g Listeria monocytogenes and noted 0.2-0.9, 

1.6-3.4 and 4.4-6.1 log reductions when heated at 50, 60 or 65°C. Frequent 

isolation of Listeria monocytogenes from frozen food has been noted by Cotton 

and White (1992).  Azizoglu et al., (2009) investigated the impact of growth 

temperature (4, 25, and 37°C) on the cryotolerance of several strains of L. 

monocytogenes isolated from several food processing environments. It was 

found that the cells which were grown at 37°C had greater cryotolerance. The 

cryotolerance was decreased when these cells were grown at 4 or 25°C, 

depending on the strain variability. Hence, the findings from this study suggested 

that growth at 37°C is of importance and is necessary for expression of certain 

virulence determinants of L. monocytogenes, which further protects the organism 

against freeze-thaw stress. 
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Listeria monocytogenes, Environmental Persistence and Cross 

Contamination 

Although, Listeria is ubiquitous and can be isolated from various sources, 

but it has also been reported to be associated with the dairy farm environment. In 

the context of raw milk contamination, the incidence of L. monocytogenes on 

cattle and small ruminant farms was reported to be 22.2 and 16.8%, respectively, 

in New York and adjacent states (Nightingale et al., 2004). Feeding cattle with 

poor quality silage, lack of following good practices during milking and insufficient 

cleaning of cows enhanced possibility of raw milk contamination with L. 

monocytogenes (Sanaa et al.,1993; Hunt et al., 2012). During a regular sampling 

of bulk raw milk on a dairy farm, it was found that the pathogenic L. 

monocytogenes was present at numbers less than 100 cfu/mL. The molecular 

testing depicted the possibility of direct excretion of organism into the milk. One 

cow, out of 180, had L. monocytogenes excretion at a level of 280 cfu/mL, 

suggesting risks associated with direct contamination (Hunt et al., 2012). On the 

other hand, sometimes, mastitis, encephalitis and abortions due to Listeria 

infection in cattle can also result in shedding of organisms in the milk (Fleming et 

al., 1985), which in turn lead to the cross contamination of milk by Listeria. 

Listeria Survival as Injured Cells in Heat-Treated Products Such as Ice 

Cream 

Upon exposure to various environmental stresses, microorganisms can 

experience structural as well as metabolic injuries. Some of the factors that may 

lead to bacterial injury includes high temperatures, freezing, freeze- drying, use 
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of preservatives, acidic environments or treatments like irradiations (Fung and 

Bosch 1975; Foegeding and Ray 1992; Meyer and Donnelly 1992). In addition to 

processing conditions, storage and handling of food products can also lead to 

generation of a stress response and further injury within microorganisms. A cell 

in the injured state loses some of its characteristic features (Busta 1978). For 

example, loss of salt tolerance ability has been reported in Staphylococcus 

aureus (Fung and Bosch 1975) and Listeria monocytogenes (Meyer and 

Donnelly 1992). The injured cells sometimes even fail to form colonies on a 

selective medium therefore requires a nonselective or a complex nutrient 

medium (Busta 1978; McDonald et al. 1983). The injured cells have also shown 

to have an extended lag phase compared to the uninjured cells (Busta 1978). 

Studies have indicated the degree of cell damage differs from organism to 

organism and is largely dependent on type of stress. The recovery of these 

injured cells is further dependent on the type of recovery media chosen for the 

analysis (Ray 1979). 

Almost all injured cells have damaged permeability barrier due to which 

cells become susceptible to selective agents ultimately leading to structural 

injury. While on the other hand, cells may also undergo metabolic injury where 

the metabolic activities of the cell get affected (Ray 1979). The sublethal injury 

leads to cellular changes in the microorganisms and is subjected to the cell 

surface and cytoplasmic membranes. 

In case of leakage of cellular material in the surroundings, the cells lose its 

ability to multiply in the usual manner unless restored (Ray 1979). One of the 
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important aspects associated with injured cells is their ability to repair upon 

exposure to suitable environments. Even though, a pathogen cannot cause an 

illness in the injured state but, upon returning of favorable conditions, these 

injured cells may repair themselves, and can regain pathogenicity (Foegedmg 

and Ray 1992). Hence, identification of sub lethally injured microorganisms, 

especially in the context of pathogens, is critical for the interpretations in a given 

food manufacturing and handling practices (Hoffmans et al., 1997). 

Research work conducted in the direction of recovery of injured cells has 

indicated that the repair is directly related to the type of cellular changes that 

might have occurred as a result of injury (Busta 1976). The injury is reversible 

under suitable environments, the optimum time and temperature required for the 

repair is dependent on the type of stress the cell might have undergone. 

The intracellular presence of some Listeria spp., within leukocytes, might 

result in their greater ability to survive the minimum pasteurization temperatures 

(Doyle et al., 1987). For instance, in Massachusetts, an inadequate filtering 

system in a plant failed to clarify the milk prior to pasteurization and introduced 

leukocytes into the system. This resulted in an inadequate pasteurization effect, 

hence, lead to an outbreak due to presence of intracellular lipid-shielded 

organisms (Bearns and Girard, 1958). In the same study, a post-pasteurization 

recovery of Listeria was demonstrated, when the sterile milk was inoculated with 

5×104 cfu/mL or greater and heated at 61.7 °C for 35 minutes. These recovered 

cells later multiplied at room temperature, reaching to 108 cfu/mL, without any 

noticeable changes in the quality of milk. Similarly, a study conducted by Farber 
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et al., (1988) revealed the significance of large inoculum size and potential 

survival abilities of the organisms during pasteurization. 

Glass and Doyle in 1989 were able to reduce L. monocytogenes counts (> 

2 log CFU/g), by heating sausages to 51.7C for 8 h or 57.2C for 4 h, however, it 

did not completely eradicate the organism. Although after sub-lethal treatment, 

bacteria lose their ability to grow under normal conditions, these cells retain the 

ability to repair themselves when exposed to favorable growth environments. 

Additionally, Besse (2002) in his review mentioned that it was not feasible 

to eliminate all bacteria with thermal treatment, as heating lead to a physiological 

stress within cells leaving them injured. These injured cells could repair 

themselves once the favorable conditions are back and provide a threat to the 

product quality (McMahon et al., 2000). Doyle et al., (1987) concluded that the L. 

monocytogenes, residing within polymorphonuclear leukocyte in the milk of 

Listeria - infected cows, could withstand minimum thermal treatment of 71.7°C for 

15 seconds in a HTST pasteurizer. The level of background microflora in ice 

cream mix is also likely to affect the presence of heat-injured cells. In addition to 

the inoculum size, the physiological state in which the cells exist as well as their 

varied response to stress also influences the survival of Listeria (Pascual et al., 

2001). The viscous foods and food constituents like proteins, carbohydrates also 

increase the bacterial resistance to freezing damage (Speck and Ray, 1977). 

The listeriosis outbreak related detailed information on the prevalence of 

L. monocytogenes in food samples have been shown to provide data that can be 

a better predictor of Listeria risk. This is especially applicable to the products 
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such as ice cream that generally do not support the growth of the organism. In 

addition, L. monocytogenes populations can remain stable at freezing 

temperatures for extended periods of time (Dean et al., 1996, Gougouli et al., 

2008, Palumbo and Williams., 1991); which would keep the Listeria levels in ice 

cream unchanged during retail or at consumer end. 

Researchers have used techniques such as most-probable-number (MPN) 

to enumerate Listeria monocytogenes in commercial ice cream samples 

implicated in listeriosis outbreak. This helped to confirm Listeria monocytogenes 

in 99% of the samples and helped to further understand the risk for highly 

susceptible populations (Chen et al., 2016). 

Listeria Survival in Frozen Products 

Several physical and metabolic damages have been demonstrated to 

cause sub-lethal injury to Listeria monocytogenes under extended cold-storage 

conditions and nutrient poor environment (Dykes, 1999). On such example is 

freezing induced damage of cell wall and plasma membrane (El-Kest and Marth 

1992). On the other hand, cellular protein damages were observed on exposure 

to heating and chlorine-based sanitizers (Bunduki et al. 1995). Dykes (1999) also 

reported visible shrinkage of the cytoplasm and slight cell wall damage by 

electron microscopy under different cold storage conditions. 

Detection of Injured Cells of Listeria 

The background microflora that co-enrich during the recovery process of 

pathogens greatly interferes with the efficient detection as well as recovery of 

Listeria. 
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In a study conducted by Ottesen et al., (2016) during enrichment, the 

bacterial taxa such as Anoxybacillus, Geobacillus, Serratia, Pseudomonas, 

Erwinia, and Streptococcus spp. were also found along with Listeria 

monocytogenes. The incidence of L. monocytogenes was greater at hour 0 as 

compared to 4, 8, and 12 h of testing and the parallel increase in background 

microflora indicated their co-enrichment. 

Also, presence of stressed microorganisms has been reported in many 

foods, including frozen, dried, heated, fermented and in foods containing 

antimicrobials (Read 1979). It is important to be able to recover both normal and 

injured cells as the cells with microbial injury due to the cell damages have been 

reported to escape detection using traditional methods (Ray 1979). Such 

protocols would give opportunity for injured cells and establish the risk due to 

their potential to recover at the consumer end. McDonald et al. (1983) studied 

injured cells by measuring the differences in counts of a stressed microbial 

sample plated on a selective medium (only uninjured will grow) with that of a 

nonselective medium (both injured and uninjured will grow). Similar evidence was 

provided by Foegeding and Ray (1992) who reported a slow increase in numbers 

on both media, with repair being distinguished by increased numbers on the 

selective medium only. They also recommended some alternative methods for 

ensuring detection of injured cells where liquid medium was used to repair 

vegetative bacteria and involved incubating (usually at 37°C for 1 to 5 h or 

longer) the sample containing injured cells in a nonselective medium to support 

their repair. This was followed by MPN technique or direct plating for 
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enumeration. Similarly, some of the solid media can also support repair of injured 

cells by using both surface plate or pour plate techniques using at least 1 to 4 

hours of incubation. Overlaying with selective agar can help diffuse nutrients into 

the nonselective layer thereby creating a more selective environment. The 

challenges however remain to detect, isolate, and resuscitate sub lethally injured 

L. monocytogenes from diverse food products using current methods of 

detection, which primarily focus on intact cells enumeration. This would result 

injured cells to escape detection, potentially recover and cause a consumer 

safety risk. On similar lines Hoffmans et al. (1997) voiced an opinion that the 

regulatory methods for foods should provide for the resuscitation and detection of 

stressed pathogens as well as indicator organisms to assess the risk in a more 

robust manner. 
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CHAPTER 2 

EXPERIEMENTAL PROTOCOL STANDARDIZATION FOR DETERMINING 

LISTERIA RISK IN ICE CREAM 

NEHA 

Abstract 

Eating food contaminated with bacterium Listeria monocytogenes can lead 

to listeriosis, a life-threatening infection which mostly affects pregnant women 

and their newborns, adults of 65 years or more, and immunocompromised 

people (CDC 2015). L. monocytogenes defies all the logical patterns of existence 

thereby, even after following rigorous risk assessment protocols, there have been 

several multistate outbreaks and recalls in the recent years. The frozen products 

are most vulnerable to Listeria outbreaks, as the organism can easily survive at 

lower temperature ranges, leading to its persistence in the dairy manufacturing 

environments. Several recent ice cream recalls (FDA 2018) indicated the 

environmental cross contamination of ice cream with L. monocytogenes. In view 

of this, the present study was conducted to determine the overall risk of Listeria 

in ice cream, in a comprehensive manner. Different stages of ice cream 

manufacturing were selected to understand the behavior of organism, and the 

role of product constituents in providing protection against thermal treatments. 

This chapter reports the preliminary standardization of experimental protocols 

involving selection of a thermal resistance surrogate of L. monocytogenes, cell 

harvesting and inoculation optimization, validation of thermal treatments, and 

enumeration and recovery protocols for detecting injured cells. 
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Ice cream mixes of four different total solid levels were obtained from a 

commercial ice cream manufacturer. The microbiological (Standard Plate 

Counts) and chemical parameters (pH and water activity) of the mixes were 

tested using standard protocols. Keeping in mind the pathogenicity associated 

with L. monocytogenes, a non-pathogenetic thermal processing surrogate 

Listeria innocua ATCC 33090 was selected for the challenge studies. As the 

process variables, the inoculum levels were standardized to achieve 2.0, 3.0 and 

4.0 log cfu/grams of L. innocua. The influence of background microflora on the 

enumeration of Listeria was addressed using selective agar media, modified 

oxford agar (MOX) and rapid’ Listeria monocytogenes agar (RLM) in the spiked 

ice cream mix samples. The second variable selected was the thermal treatment, 

for which three pasteurization temperatures (80°, 85° and 90°C for 25 seconds, 

and 69°C for 30 minutes) were tested under a batch process. These 

temperatures were selected based on the industrial operating limits and were 

evaluated for the presence for heat injured cells in the treated mix samples. In 

addition to direct plating, a selective enrichment protocol involving buffered 

listeria enrichment broth (BLEB) was used to enumerate heat-injured cells of 

listeria. The microscopic observation was conducted to observe any 

morphological changes in Listeria at pre and post pasteurization stages. The 

influence of co-variates on the total solids, water activity, and pH variability on the 

survivability of Listeria was also studied. The data obtained on variables and co-

variates was used to conduct statistical analysis and develop binary models.  
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Based on the growth curve experiments, activated L. innocua was 

incubated for 6 hrs. to harvest cells in the mid exponential phase and the spiking 

standardization was achieved in 90 grams portions of ice cream mix samples. 

Direct plating on MOX and RLM did not reveal any Listeria survival at any of the 

total solid levels, even at the highest inoculation level (dose) of log 4.0+. 

However, the enrichment protocol revealed the random presence of injured cells 

only at the highest dose level of 4.0 logs, and the lowest heat treatment of 80°C 

for 25 seconds. The presence of injured cells showed a non-significant trend with 

the level of total solids. The observed thermal tolerance was also validated using 

a HTST pasteurizer. The MOX and RLM media proved useful in detecting and 

differentiating Listeria, in the presence of background microflora, however, some 

deceptive colonies did appear on these selective media, which needed further 

identified by MALDI-TOF. This information proved critical in preventing any false 

positive identification based on cultural aspects and colony morphologies. The 

microscopic observations showed the heat injured cells to be slightly thicker and 

swollen as compared to the intact cells. Statistical analysis revealed that total 

solids, water activity, and pH variability did not show any influence on Listeria 

survival pattern, leading to a quasi-complete separation, indicating dose and the 

thermal treatment as strong predictors of risk. The results presented in this study 

formed the basis of further studies as reported in the later chapters of this 

dissertation. 
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INTRODUCTION 

Listeria is generally secreted in milk of normal as well as in cows suffering 

from mastitis and has the potential to survive the manufacturing and ripening of 

many different cheeses (FSAI, 2005). According to U.S. Department of health 

and human services Food and Drug Administration, Listeria has become a great 

challenge for the food industry as it can withstand the cold environment and can 

easily be found in moist conditions, both of which commonly exist in a food 

processing plant. The widespread nature of L. monocytogenes necessitates 

systematic approach towards food safety assessment and management, 

especially for the frozen product category including ice cream. The bacterium 

also exhibits general stress response and biofilm formation under unfavorable 

environmental conditions that makes it more difficult to control in food processing 

plants as these factors make Listeria more resistant and tolerant to physical and 

chemical treatments. The principal factors that influence the survival and growth 

of L. monocytogenes in foods are processing techniques, intrinsic as well as 

extrinsic features of the product (Buchanan et al., 2017). In view of the incidence 

of Listeria in raw milk it becomes imperative to consider raw side of dairy 

processing areas as a source of Listeria cross contamination (Farber and 

Peterkin, 1991). According to the processing guidelines recommended by the 

U.S. Food and Drug Administration (FDA), the minimum heat treatment of 71.7°C 

for 15 is sufficient to kill L. monocytogenes in milk. However, several studies 

have revealed that Listeria is an intracellular parasite, which can reside within the 

white blood cells in contaminated milk and can survive pasteurization (Doyle et 
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al., 987). Despite the implementation of a strong quality control program in the 

manufacturing plants, Listeria has always been found to violate a logical pattern 

of persistence in the dairy processing facilities. Thus, it has become critical to 

identify the risk factors involved during ice cream manufacturing that directly or 

indirectly influence the cross contamination of ice cream with Listeria during the 

process and may lead to their survival. A more comprehensive knowledge about 

these risk factors would help to generate more robust critical control points and 

build a strong Listeria prevention program. 

A typical ice cream manufacturing process is consisted of three basic 

steps (1) Operations that involves raw unpasteurized milk, (2) Operations 

involving pasteurized mix and (3) Operations involving frozen ice cream as 

depicted in Figure 1 (Goff, 2018). The process starts with blending, where milk is 

blended with other dry ingredients that are then pasteurized (69 °C for 30 

minutes or at 80°C for 25 seconds) either by batch pasteurizers or by continuous 

pasteurization method to destroy pathogenic microorganisms present in the ice 

cream mix. The mix is further homogenized at the pasteurization temperature to 

reduce fat globule size. Even after pasteurization and homogenization, some 

new ingredients can still be added to the mix, such as fruits, nuts or bulky 

flavorings such as candy or cookie pieces. Although, these ingredients do not 

support microbial growth because of high sugar content, low pH and low water 

activity, but these can allow the organism to survive if it had gained entry in the 

mix because of higher cross contamination. Listeria can be introduced into a 

processing plant in a number of ways; it can blend in with the ingredients, can 
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come along with the processing aids and can be transmitted through plant 

environment via clothing and body, people’s shoes, dust, equipment, packaging 

and inadequate cleaning and sanitation. The bacteria may form a biofilm that is 

more difficult to eradicate. Although, it is difficult to always determine the source 

of Listeria contamination, a possibility of higher cross contamination on the raw 

side cannot be neglected, which might lead to inadequate thermal effect. The 

interactive effect of factors such as levels of contamination, role of background 

microflora, chemical parameters, and the effect of thermal treatments, on Listeria 

survival were not clearly known at the time of initiating this study in context to the 

ice cream manufacturing process. Although, several modeling programs such as 

PMP, Compbase are available online but these models provide the survival 

pattern of the pathogen in the broth environments and do not involve actual 

product matrix conditions. Hence, after considering all these situations, this study 

was designed to work around the first and important step of ice cream 

manufacturing i.e. on the raw side of the product manufacturing. The hypothesis 

was that if Listeria is present in higher numbers on the raw side along with the 

other background microflora, it might lead to the injured cells that may fail to 

appear on direct plating but would be revived during the enrichment process. 

This chapter reports the preliminary standardization of experimental protocols 

involving selection of a thermal resistance surrogate of L. monocytogenes, cell 

harvesting and inoculation optimization, validation of thermal treatments, and 

enumeration and recovery protocols for detecting injured cells. 
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MATERIALS AND METHODS 

Sourcing and Basic Analysis of Ice Cream Mix Samples for Challenge 

Studies 

Based on total solid levels, four different types of raw ice cream mixes (36, 

40, 42 and 45%) were procured from a commercial ice cream manufacturer. The 

samples were packed in plastic containers of 2 gallons and transported under 

cold conditions. These samples were formulated and processed in the R&D 

section of the commercial dairy plant and were used in all our studies to be 

consistent with the ice cream mix characteristics. 

Upon receiving, the ice cream mixes were tempered at 40°C and were 

analyzed for microbiological and chemical parameters. For standard plate 

counts, ice cream mix samples were plated on Brain Heart Infusion (BHI) agar 

(Oxoid, Thermo Scientific, UK) by following the standard methods (Wehr and 

Frank, 2004). Eleven grams portion of the respective sample was aseptically 

drawn and mixed with 99.0 mL of phosphate buffered saline (PBS), using a 

stomacher (Stomacher@ 400 Circulator, Seward Laboratory System Inc., FL, 

USA) for 30 seconds to obtain the first dilution. Further serial dilutions were 

made, in phosphate buffer saline (PBS), and plated on BHI Agar. The plates 

were incubated at 37°C and the colonies were counted at 24 hours to obtain 

aerobic plate counts. The water activity of the samples was measured using 

aqua lab CX-2 system (Aqua Lab, Decagon Devices, Inc.), and the pH was 

measured using A321 pH meter (Orion StarTM A321, Thermo Scientific). 
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Selection, Activation, and Identification of Mid Exponential Phase of 

Surrogate Organism (Listeria innocua ATCC 33090) 

In order to conduct the challenge studies, pure culture of Listeria innocua 

ATCC 33090 was procured from American Type Culture Collection (Manassas, 

VA, USA). This is a nonpathogenic thermal processing surrogate of L. 

monocytogenes, which has previously been used in thermal resistance studies 

(Ryser and Marth, 1999, Kozempel et al., 2000, Li et al., 2013). The freeze-dried 

culture was reconstituted and grown as per instructions provided by the supplier. 

The activated and harvested cells were preserved in the form of glycerol stocks 

in the lab at -80°C. For growth curve experiments, an activated culture was 

streaked onto pre-solidified BHI agar plate and the plate was incubated 

overnight. A loopful of culture was then transferred into a sterile flask containing 

250 mL of BHI broth. The freshly inoculated flask was incubated in a shaker 

incubator at 37°C and was plated on BHI agar following the standard dilution 

schemes at the interval of two hours for 12 hours. The plates were incubated at 

37°C for 24 hrs. The colony forming units were counted and plotted against time 

to create the growth curve and the mid exponential phase for the L. innocua 

strain ATCC 33090, was derived to further use for challenge studies. 

Standardization of Spiking Levels for Challenge Studies 

For standardization experiments, the cells of L. innocua, preserved in 

glycerol stocks, were activated and sub cultured twice in BHI broth (Oxoid, 

Thermo Scientific, UK). The sub-cultured tube was incubated for 6 hours at 37°C, 

centrifuged (2000 x g for 15 min at 4°C), and washed twice with PBS to harvest 
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the cells. Appropriate cell suspensions (2+, 3+ and 4+ logs cfu/grams) were 

made in PBS and dilutions were plated on BHI agar to confirm the spiking levels. 

The spiking protocol was also validated using 90 grams portion of each type of 

ice cream mix. The validation of inoculation levels was done by plating 25 g of 

spiked ice cream mix sample by suspending in 225 mL of PBS followed by and 

mixing in a stomacher to obtain the first dilution. The mix was further diluted in a 

serial manner and plated by pour and spread plate techniques on an esculin 

based medium, Modified Oxford agar (MOX; Remel, San Diego, CA) containing 

containing 1% Moxlactam selective supplement. The plates were incubated at 

37°C for 24 h, and were observed for typical Listeria colonies, which were small 

black with a black halo (Park et al., 2013) on MOX and white, with or without halo 

on RLM (Bio-Rad specification sheet). The counts were recorded as log 

cfu/grams. 

Thermal Treatment (lab Pasteurization) of Spiked Ice Cream Mixes 

The spiked ice cream mix samples (inoculated to obtain 2.0, 3.0, 4.0 cfu/g 

L. innocua) were individually batch pasteurized in a shaking water bath (Lab 

companion AAH44063U 17L reciprocal shaking water bath, Cole- Parmer, USA). 

Each dose level was thermally treated at three different temperatures (80°, 85° 

and 90°C) for a duration of 25 seconds each, under lab conditions. The time 

temperatures combinations were selected based on the range commonly 

practiced in ice cream industry.  The bottles containing spiked ice cream mix 

samples were held in the shaking water bath, and the core temperature was 

monitored using a data logger (Fisherbrand, traceable waterproof K 
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thermometer, accuracy ±0.3°C). The treatment time was recorded as soon as the 

core temperature reached the desired temperature level. At the end of the 

treatment, the samples were rapidly cooled to 4°C in an ice jacketed basket and 

were used for further analysis. A corresponding batch time-temperature 

treatment of 69°C for 30 minutes was also evaluated to simulate the minimum 

pasteurization treatment (80°C for 25 sec). 

Enumeration of Heat Injured Cells 

Direct Plating of Pasteurized Mix Samples. For direct analysis of 

pasteurized ice cream mixes, 25 grams of the sample was suspended in a 

stomacher bag containing 225 mL of PBS. After mixing the sample, 1 mL from 

this suspension was direct plated on MOX and RLM to enumerate the uninjured 

(intact) Listeria cells that might have survived the heat treatment. This is based 

on the previous findings of Hansen and Knochel (2001) that direct plating on 

Oxford agar is likely supports the growth of uninjured populations. The plates 

were incubated at 37°C for 24 hours and were observed for typical Listeria 

colonies. 

Recovery of Heat-Injured Cells using BAM Enrichment Protocol. 

Additionally, in order to enumerate any heat-injured cells of Listeria, an 

enrichment protocol was used, as recommended by USFDA (Bacteriological 

Analytical Manual, BAM, 2017).  A 25 grams portion each of the lab pasteurized 

spiked sample was suspended in 225 mL of buffered Listeria Enrichment Broth 

(BLEB), and incubated for 4 hours at 30°C. Listeria selective enrichment 

supplements (Acriflavin HCl, Nalidixic acid and Cycloheximide) were added after 
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four hours and the samples were further incubated at 30°C. At 24 to 48 h 

intervals, BLEB enrichments were streaked on MOX agar and RLM to show the 

recovery of heat-injured cells. The results were recorded as positive or negative, 

based on the presence or absence of colonies on the selective media used for 

streaking, due to the recovery of heat-injured cells of Listeria. 

Validation of Lab Pasteurization Treatment Using a Pilot Scale R&D Plate 

Heat Exchanger 

The pilot scale validation of the dose response study was done using 36% 

(lowest) and 45% (highest) total solid levels of spiked ice cream mix samples 

using the minimum thermal treatment of 80°C for 25 seconds (that had resulted 

in the random presence of injured Listeria at stage 1 of the experimentation). 

Fifteen gallons of raw ice cream mixes (36 and 45%) were spiked with 4+ logs of 

L. innocua. Eleven grams of sample was aseptically drawn in a stomacher bag 

and was mixed with 99.0 mL of PBS to obtain the first dilution, which was serially 

diluted to plate on MOX agar to confirm the spiking levels of 4+ logs. The spiked 

ice cream mix samples were pasteurized at 80°C for a duration of 25 seconds 

each by using pilot scale R&D plate heat exchanger (HTST Plate Heat 

Exchanger, APV). The samples were collected at two points, start (175.9°F, 

holding time 25 seconds) and end (176.0°F, holding time 25 seconds) of 

pasteurization) and were analyzed further for direct plating on MOX plates as 

well as for the recovery in BLEB. 
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Microscopic Techniques for Studying Cellular Morphology of Intact and 

Injured Listeria 

During the recovery experiments for detecting injured listeria using BLEB 

enrichment followed by selective plating on MOX and RLM, the typical Listeria 

colonies were gram stained and viewed under light microscope (oil immersion 

lens) to observe any changes in the morphology of cells. In a parallel experiment, 

intact Listeria cells were suspended in BHI broth and exposed to minimal thermal 

treatment. The samples were smeared onto the glass slides at pre and post 

thermal stages. The smears were air dried by using the method described by 

Hassan et al., (2010) and SEM analysis was done to view the intact (in spiked) 

as well as injured cells (in thermally treated samples) under the scanning 

electron microscope (Hitachi S-3400N, Hitachi America Ltd., Tarrytown, NY), 

located in the Daktronics Engineering Hall, South Dakota State University.). The 

slides were sputter coated with a 10-nm-thick layer of deposition of 99% gold and 

observed at 10 kV accelerating voltage by maintaining a distance of 10 mm from 

the slide. 

General Statistical Analysis and Binary Logistic Regression 

The data from the plate count results were subjected to analysis of 

variance (ANOVA) using SAS® 9.3 (SAS Institute Cary, NC, USA). The level of 

significance was set to 5%. For the challenge studies, three dose levels (log 2.0, 

3.0, and 4.0) were tested for thermal resistance and presence of any heat injured 

cells of Listeria at different pasteurization temperatures (80,85 and 90°C). In 

order to model the risk, the standard binary logistic regression was applied. The 
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binary dependent variable included the absence of heat-injured cells, recorded 

as 0 (zero), and their presence (recovery) recorded as 1 (one). 

During further study, using enrichment broth, the independent variables 

considered for the potential recovery of heat-injured cells were dose, 

temperature, water activity, and pH. Graphical descriptive analyses were 

performed to study the joint distributions of water activity and pH by total solids 

levels. Boxplots of water activity by total solids, and pH by total solids were 

constructed. At a later stage of the modeling process, penalized logistic 

regression was also used, due to the quasi-complete separation. Non-significant 

predictor variables were eliminated, and the water activity and pH data were 

used to generate boxplots for different total solid levels. 

RESULTS AND DISCUSSION 

Basic Analysis of Ice Cream Mix Samples for Challenge Studies 

Four types of ice cream mixes having total levels ranging 36-45% were 

obtained from a commercial ice cream manufacturer. These were analyzed for 

background microflora, water activity and pH upon arrival. The data presented in 

Table 1 depicts the average standard plate counts of raw ice cream mixes, as 

received. The counts in samples ranged from log 4.5 to 5.97 with no specific 

order for the four total solid levels. Although we did not come across any other 

such reports on raw ice cream mix bacterial counts, even the processed ice 

cream has been shown to have range from 2- 5 logs (Campbell M., 2015). The 

counts were observed to be consistent within the three trials, conducted in the 

replicates of three, for each total solid level. This data helped us to establish a 
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base value for the background bacterial load in raw ice cream mix samples 

tested. 

Chemical analysis of raw ice cream mix samples revealed that the water 

activity (aW) and pH of the ice cream mix samples varied within a narrow range 

despite of differences in the composition, as also reported by Gougouli et al., 

(2008) (Table 2). The aW and pH values were found in the typical range of 

0.984-0.997 and 6.33-6.79, respectively, as generally encountered under 

commercial ice cream manufacturing conditions. 

Developing Growth Curve of the Test Organism 

Based on the colony counts and the duration of plating, a growth curve of 

L. innocua was obtained and the mid exponential phase was determined by 

plating the counts versus duration of incubation. Figure 2 depicts the growth 

curve of L. innocua, based on the graph plotted using the mean values from 

three trials. The data suggested the mid exponential phase for the test organism 

to be about 6 hrs. It may also be noted that the lag phase ended at 4 hrs., and 

the stationary phase began at about 8 hrs. In view of this, L. innocua was 

activated, sub cultured twice in BHI broth (Oxoid, Thermo Scientific, UK) and was 

incubated at 37°C for 6 hrs., at the time of spiking for each experiment while 

conducting the challenge studies. This gave us consistency in the number of 

Listeria cells being harvested for inoculating to ice cream mix samples before 

exposing to thermal treatments. This was an important part of the spiking level 

standardization, as we were not only focusing on the levels of inoculation to be 

2.0, 3.0, and 4.0 logs for the respective experiments, but also wanted the cells to 
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be in comparable physiological state. It is well established that the mid-

exponential growth phase results in the rapidly dividing cells, which are in the 

exponential phase of their growth. Such cells are mostly preferred in resistance 

studies and are considered very comparable in terms of the resistance being 

evaluated. 

Standardization of Spiking Levels of the Test Organisms for Challenge 

Studies 

Raw ice cream mix, along with its natural background microflora, was 

used for conducting the challenge studies to simulate the commercial 

manufacturing conditions. The hypothesis was that the cross contamination of 

raw ice cream mix with Listeria and their later presence as heat-injured cells may 

be influenced by the level of background microflora in the raw ice cream mix. As 

standardized in the experiments above, 6 hrs. old culture of L. innocua was 

centrifuged, washed twice with PBS and was diluted further, as per standardized 

protocol to achieve 2.0, 3.0 and 4.0 logs cfu/mL. Table 3 provides the mean 

counts obtained upon diluting the cultures as per standardization levels as 

achieved in PBS. We were successful in achieving the desired levels of cells in 

the inoculum for spiking purposes in a consistent manner. For spiking ice cream 

mixes, 90 mL of PBS was replaced with 90 grams of ice cream mixes. It may be 

observed form the data presented in Table 4 that the average pre-pasteurization 

spiking counts of L. innocua in ice cream mixes were comparable across all 

inoculation levels in all types of ice cream mixes ranging from 36-45% total 

solids. It may be observed that at 2+ spiking level the actual counts varied 



32 

between logs 2.33 to 2.54, at 3+ spiking level it varied between logs 3.41 to 3.48, 

and at 4+ spiking level it varied between logs 4.55 to 4.62. After completing the 

mid-exponential phase study for the test organism, this was the next important 

step in standardizing the challenge study protocol. The consistency of the 

inoculation process and obtaining reproducible counts in the ice cream mix, 

which itself is so viscous, was a big challenge. The reproducibility of spiking 

levels in ice cream mix thus helped to ensure the consistency of the testing 

protocols followed during the later experiments. 

Colony Morphology on Selective Media 

When the spiked samples were plated on Listeria specific medium, the 

colonies appeared on MOX appeared to be round, approximately 1.0mm in 

diameter, black in color and surrounded by a black zone (Figure 3A) and round, 

white, with or without halo on Rapid L’mono (RLM) agar medium (Figure 3B). 

This was consistent with the colony morphology as described by the media 

brochures (Modified Oxford Agar Base - Thermo Fisher Scientific, Rapid’ L.mono 

medium). This experiment helped us validate the Listeria detection protocol using 

culture media. The selected colonies were sent for MALDI-TOF at the Veterinary 

Diagnostic Lab, SDSU for final confirmation. Based on these results, only MOX 

and RLM were used for detecting Listeria throughout the study. 

The significance of this part of standardization is quite apparent, as the 

Listeria was needed to be isolated in the presence of background microflora of 

ice cream mix. Although, Listeria isolation protocol uses selective media, it was 

hypothesized that some other organisms might also show up on the selective 
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media and result in false positive tests. Results presented in Figures 3C and 3D 

provided a proof of concept for the hypothesis that occasionally, in addition to 

typical Listeria colonies, some deceptively similar colonies appeared on MOX 

and RLM. Hence, these colonies were isolated and purified by the single cell 

isolation culturing technique and were sent to MALDI-TOF for identification.  As 

per the description of different colony morphologies presented in Table 5 and the 

MALDI-TOF identification, it was concluded that deceptively similar colonies 

could appear on MOX and RLM, even if the media are very selective for Listeria 

isolation. Similar results were also observed even while following the two steps; 

BLEB enrichment and selective media isolation protocol. This is very critical 

information in the isolation and identification of Listeria in the presence of 

background microflora. With this study, it was established that deceptively similar 

colonies of the surviving background microflora can appear on the selective 

media such as MOX and RLM, and hence may lead to false positive tests. As a 

standardized protocol, it would thus be important to conduct tests such as 

MALDI-TOF to confirm the presence of Listeria, even though the typical colony 

morphology on selective media may indicate it to be suspect Listeria. This thus 

proved to be another important finding in the standardization of our experimental 

protocols. 

Thermal Treatment (Batch Pasteurization) of Spiked Ice Cream Mixes and 

Enumeration of Heat Injured Cells 

In order to standardize the thermal treatment process for later 

experiments, preliminary studies were conducted using the spiked ice cream mix 
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samples and exposing them to different batch heat treatments at temperatures 

that are commonly attained in the commercial ice cream manufacturing plants. 

The effect of these thermal treatments (80°, 85°, and 90°C for 25 sec) and on the 

survival of Listeria was studied using standard isolation and identification 

protocols as outlined in the previous sections of this chapter. Thermally treated 

ice cream mix samples were direct plated, in addition to enrichment in BLEB. 

While the direct plating on selective media, helped us to establish the presence 

of intact cells (survivors), the BLEB enrichment protocol helped us to recover the 

heat-injured cells. The results obtained from direct plating on both MOX and RLM 

of ice cream samples, exposed to all three thermal treatments, did not result in 

the detection of any Listeria survivors, indicating the effectiveness of 

pasteurization in inactivating Listeria, even at the highest dosing (cross 

contamination) level of Log 4+.  However, the enrichment protocol revealed the 

presence of injured cells that appeared randomly only in samples spiked at log 

4+ levels and exposed to minimum batch pasteurization treatment at 80°C for 25 

seconds batch pasteurization without any particular relationship with total solid 

levels (Table 6A and 6B).  On the other hand, the lower dose levels of log 3+ and 

2+ never showed any survivors on both direct plating and enrichment protocol. 

The thermal experiments were also repeated by using the batch process at 69°C 

for 30 minutes, and produced similar results to the equivalent process of 85°C for 

25 sec.  This part of study helped us to standardize the thermal treatment 

process for conducting the later experiments, which helped us to establish the 

cross contamination (dose) levels on the raw side of processing can serve as 
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predictors of the injured cells. This study is presented in Chapter 3 of this 

dissertation and has also been published (Neha et al., 2018). 

Validation of Thermal Treatment using Pilot Scale R&D Plate Heat 

Exchanger 

Since the above experiments were conducted using batch pasteurization, 

in a shaker water bath, the results were also validated by conducting a pilot scale 

trial using commercial R&D plate heat exchanger. The average log levels of 

spiked samples of pilot plant scale trial with 2+ and 4+ logs in 15 gallons of raw 

mix with Listeria innocua are presented in Table 7. This helped us to standardize 

the inoculation levels in larger volumes of ice cream mix and thermally treat with 

HTST pasteurizer to indicate the validity of a pilot scale experimental trial. When 

the samples were direct plated after HTST pasteurization, the results did not 

detect any survivors on MOX in any sample, indicating the effectiveness of 

pasteurization treatment (80° C for 25 sec) in inactivating Listeria innocua, even 

at the highest dosing (cross contamination) level of Log 4+.  This validated the 

batch pasteurization study as presented in the earlier section of this chapter. 

However, it was noted that the enrichment protocol using the selective medium 

protocol enumerated a few injured cells that appeared randomly in ice cream mix 

samples, spiked at log 4+ levels. As the enriched samples showed presence of 

injured cells, hence, it validated the lab scale study with regard to the detection of 

injured cells in samples spiked at 4+ log levels. This study thus helped to 

establish the comparable effectiveness of the batch treatment processes and 

facilitated conducting extensive experimentation at the lab scale. 
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Microscopic Techniques for Studying Cellular Morphology of Intact and 

Injured Listeria 

In order to study any morphological changes in the heat-injured cells of 

Listeria, intact and injured Listeria cells were observed by gram stained smears, 

as well as, scanning electron microscope. It may be seen from Figures 4A, and 

4B that the intact cells appeared short, regular rods whereas, the injured cells 

appeared slightly distorted rods (polymorphism). Similarly, the heat injured cells 

appeared to have ruffled surfaces as compared to the intact (uninjured cells, pre-

heat treatment) under SEM, Figures 5A and 5B. This observation was similar to a 

previous report, where the ultrastructure analysis of heat-injured cells indicated 

cytoplasmic clearance and swollen cell surfaces as an impact of heat injury, 

while there was no leakage of cellular components observed (Novak and Juneja, 

2001). Such injured cells might recover on restoration of the adequate growth 

conditions such as temperature and composition of the product (Mackey et.al., 

1994) and create a risk for an outbreak. Based on the microscopic observations 

on the intact and injured cell morphologies, later studies were planned, where 

microscopy was incorporated as part of the evaluation protocol. 

Developing Preliminary Binary Logistic Regression Modelling for Listeria 

Risk Assessment 

Binary logistic regression was applied to evaluate the impact of dose and 

total solid levels on the survival of Listeria at each of the pasteurization 

temperature. The model resulted in quasi-complete separation, which indicated 

dose as a strong predictor of risk due to injured cells of Listeria. A non-significant 
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trend was observed for injured cells recovery with the level of total solids. Figure 

6A depicts the interaction of total solids and pH where the boxplots indicate a 

clear separation across different total solid levels. Figure 6B provides the boxplot 

interactions of total solids and water activity. It may be seen that with the 

increase in total solid levels, the water activity decreases across the total solid 

levels. The information on pH and water activity proved useful while evaluating 

the role of these two variables as covariates for developing regression models on 

the risk from the survival of heat-injured cells of Listeria in the cross-

contaminated ice cream mixes. 

CONCLUSIONS 

This part of the study helped in standardizing experimental protocols for 

studying the Listeria risk in ice cream. For obtaining the exponentially growing 

cells, a 6-hour incubation period was derived based on the growth curve 

experiment. While evaluating the thermal process, it was found out that a 

minimum pasteurization temperature of 80°C for 25 seconds or corresponding 

69°C for 30 min, under batch treatment conditions, resulted in random presence 

at the highest level of inoculation. It was also observed that the background 

microflora can appear on selective mediums in the form of deceptive colonies 

hence, more specific approach such as MALDI-TOF should be used for further 

confirmation of Listeria. This study forms the basis of further experimentation 

using the highest dose levels (4.0 cfu/g) in demonstrating the random presence 

of Listeria through different stages of ice cream manufacturing as discussed in 

later part of this dissertation. 
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Chapter 2 Tables and Figures 

Table 1. Average standard plate counts (Log10 CFU/g) of raw ice cream mix 

samples as received form the industry. 

Total Solids Raw Ice Cream Mix 

Mean ±SE 

36% 4.50 ±0.09 

40% 5.78±0.03 

42% 5.97±0.01 

45% 4.95±0.02 

n=9 

Table 2. Water activity and pH values of the samples. 

Sample  Type Water Activity pH 

36% Raw 0.995 6.33 

40% Raw 0.983 6.62 

42% Raw 0.974 6.79 

45% Raw 0.990 6.67 

n= 9 
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Table 3. Standardization of Listeria innocua spiking levels for challenge studies in 

PBS. 

Culture Diluent PBS Mean± SE 

Log10 CFU/g 

50 µL 50 mL PBS 90 mL 4.28± 0.004 

5 µL 50 mL PBS 90 mL 3.42 ± 0.003 

5 µL 500 mL PBS 90 mL 2.78 ± 0.016 

n= 9 

Table 4. Average of Listeria innocua spiking levels achieved in mix samples 

(Log10 CFU/g) for challenge studies. 

Total Solids Raw Ice Cream Mix 

Mean ±SE 

Lab Trial 

36% 2.52 ± 0.01 3.41 ± 0.03 4.62 ±0.04 

40% 2.33 ± 0.00 3.48 ± 0.07 4.59 ±0.09 

42% 2.54 ± 0.01 3.47 ± 0.06 4.57 ±0.12 

45% 2.53 ± 0.07 3.47 ± 0.07 4.55 ±0.10 

n=9 
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Table 5. Colony morphology of typical Listeria and some other deceptively similar 

background micro flora on MOX and RLM. 

Colony Morphology MALDI-TOF Photo 

Small black colonies with a 

black halo on MOX 

Listeria innocua 

Small white, with or without 

halo on RLM 

Listeria innocua 

Small black colonies without 

black halo on MOX 

Microbacterium paraoxydans 

Small white, with or without 

halo on RLM 

Microbacterium paraoxydans 

Dotted whitish with halo on 

MOX 

Bacillus licheniformis 

Grey, pigmented and 

irregular 

Bacillus licheniformis 
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Table 6. Enrichment protocol results of the recovery of injured cells of Listeria in 

the lab pasteurized spiked ice cream mix samples (spiked at log 4+). 

Based on three trials, the color squares show positive results irrespective of the 

total solid levels 

Table 7. Average log levels of spiked samples of pilot plant scale trial with 2+ and 

4+ log cfu/ g. 

Total Solids Raw Ice Cream Mix (Mean ±SE) 

Pilot Scale Trial 

36% 2.52 ± 0.01 4.74 ± 0.23 

45% 2.53 ± 0.07 4.95 ± 0.30 

n=3 
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Figure 1. Flow Chart of the general Ice cream manufacturing process. 

Sourced from: The Ice cream ebook, Univeristy of Guleph. 

https://www.uoguelph.ca/foodscience/book-page/ice-cream-manufacture 

https://www.uoguelph.ca/foodscience/book-page/ice-cream-manufacture
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Figure 2. Growth curve of Listeria innocua at 37°C incubation in Brain Heart 

Infusion broth. 

n=3 
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Figure 3A and 3B. The appearance of Listeria innocua on MOX agar medium 

and RLM medium. 

3A   3B 

Figure 3C and 3D. The appearance of background microflora on MOX agar 

medium and RLM medium. 

3C    3D 
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Figure 4A and 4B. Microscopic view of gram stained intact Listeria cells versus 

recovered Listeria cells on MOX medium after BLEB enrichment. The recovered 

Listeria depicting a potential polymorphism. 

4A   4B 
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Figure 5A and 5B. Scanning Electron Microscopic images of Listeria innocua in 

BHI broth. (Magnification: 10K); Intact cells SEM image (A), and Thermally-

treated cells (B). 

    5A 

    5B 
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Figure 6A. Boxplot depicting interactions of total solids vs pH. 

Figure 6B. Boxplot depicting interactions of total solids vs water activity. 



48 

CHAPTER 3 

LISTERIA CROSS CONTAMINATION IN RAW ICE CREAM MIX CAN SERVE 

AS A PREDICTOR OF THEIR POTENTIAL PRESENCE AS HEAT- INJURED 

CELLS 

NEHA 

ABSTRACT 

Listeriosis is a life-threatening infection caused by foods contaminated 

with Listeria monocytogenes. Some of the major ice cream recalls in recent years 

reaffirm the ability of this food borne pathogen to survive in diverse dairy 

processing environments and cause cross contamination. Inspection reports 

revealed lapses in implementing adequate hygienic practices for Listeria 

persistence in the processing environment, leading to cross contamination of ice 

cream. The higher levels of cross contamination of raw ice cream mix may result 

in some heat-injured cells, when exposed to minimum heat treatment (69°C for 

30 min). These heat-injured cells could later recover under abused storage and 

handling conditions, and pose a health risk. Evidence about the presence of 

injured cells in ice cream mix may thus prove useful to establish the overall 

Listeria risk, which is the aim of this study. Challenge studies were conducted to 

evaluate the dose dependent presence of heat-injured cells of Listeria. Ice cream 

mix formulations of four different types (total solids% 36, 40, 42 and 45) were 

inoculated at 2.0, 3.0, and 4.0 log cfu/g levels of Listeria innocua (an established 

surrogate). The dose levels were selected based on a likely cross contamination 

on the raw side from environmental Listeria, especially due to their resident 
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nature and growth in harborage sites. The samples were exposed to minimum 

heat treatment (69°C for 30 min), and the survivors, including heat-injured cells, 

were enumerated using standard protocols. A binary logistic regression model 

was fitted for evaluating the severity of risk. The influence of total solids, water 

activity, and pH variability were also studied on Listeria survival. The enrichment 

protocol, using Buffered Listeria Enrichment Broth (BLEB), followed by plating on 

Modified Oxford Agar and Rapid L’ mono medium, revealed the random 

presence of heat-injured cells in BLEB only at the highest dose level of 4+ logs. 

Any potential risk from heat-injured cells was thus limited only to the highest 

levels of cross contamination, irrespective of the type of the mix. Significantly, 

none of the pasteurized ice cream mix samples supported the recovery of any 

heat-injured cells of Listeria during 72h holding at 7°C, even at the highest dose 

level of 4+ logs, under the conditions of experimentation. The level of cross 

contamination (dose) emerged as a predictor of the potential presence of heat-

injured cells of Listeria, exposed to minimum pasteurization treatment. 

INTRODUCTION 

Listeria monocytogenes is amongst one of the five most implicated food 

borne pathogens, known for its ubiquity, ability to withstand freezing 

temperatures and persistence in food processing facilities. The psychrotropic 

gram-positive pathogen grows between (-) 0.4 and 50°C, with optimum growth 

between 30–37°C, and at a neutral pH. It, however, can also grow well at a much 

lower pH range of 5.0 to 5.7 at 4°C, and 4.3 to 5.2 at 30°C (Farber and Peterkin, 
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1991). Listeria has become a greater challenge for the food industry as it can 

withstand different types of processing stresses, and can survive in moist 

environment, the conditions that commonly exist in dairy processing plants. The 

Food Advisory Committee of FDA has even established a zero-tolerance policy 

for Listeria in ready to eat products. 

In the context of raw milk contamination, the prevalence of L. 

monocytogenes on cattle and small ruminant farms was reported to be 22.2 and 

16.8%, respectively, in New York and adjacent states (Nightingale et al., 2004). 

Feeding cattle with poor quality silage, lack of following good practices during 

milking and insufficient cleaning of cows enhanced possibility of raw milk 

contamination with L. monocytogenes (Sanaa et al., 1993; Hunt et al., 2012). On 

the other hand, sometimes, mastitis, encephalitis and abortions due to Listeria 

infection in cattle can also results in shedding of organisms in the milk (Fleming 

et al., 1985), which in turn lead to the cross contamination of milk by Listeria. The 

intracellular presence of some Listeria spp., within leukocytes, might result in 

their greater ability to survive the minimum pasteurization temperatures (Doyle et 

al., 1987). For instance, in Massachusetts, an inadequate filtering system in a 

plant failed to clarify the milk prior to pasteurization, and introduced leukocytes 

into the system. This resulted in an inadequate pasteurization effect, hence, lead 

to an outbreak due to presence of intracellular lipid-shielded organisms (Bearns 

and Girard, 1958). With regard to ice cream, according to Centers for Disease 

Control (CDC), there were nine Listeria related ice cream recalls during 2014-

2015. The Blue Bell incidence in March 2015 led to 10 hospitalizations and 3 
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deaths. Later in April 2015, JENI’s splendid ice cream tested positive for Listeria 

and recalled all the products. During sampling of two dairy processing plants to 

evaluate the traditional and molecular methods for Listeria detection, it was 

observed that the molecular method depicted higher Listeria contamination within 

the processing environment. Some equipment within the dairy processing 

environment have previously been shown to be contaminated with L. 

monocytogenes to a level of 104- 105 cfu (Alessandria et al., 2010). In another 

recent recall involving Fieldbrook Foods ice cream bars, although no illnesses 

were confirmed, but the finished sample tested positive for L. monocytogenes 

(FDA 2018). 

In the context of ice cream safety, pasteurization of ice cream mix is 

regarded as the terminal kill step. However, several studies also demonstrated 

that L. monocytogenes could survive a minimum HTST process; under certain 

conditions such as if relatively large numbers were present in milk, growth at 

elevated temperatures, level of background microflora, and certain ice cream 

constituents (Fleming et al., 1985; Doyle et al., 1987; Garayzabal et al., 1987; 

Bunning et al, 1988; Knabel et al., 1990; Farber et al. 1992; Holsinger et al. 

(1992)). In the study conducted by Doyle et al., L monocytogenes was isolated 

from milk in six of nine trials in which the heat treatment was 71.7° to 73.9°C for 

16.4 s, with the Listeria population up to 4.8x104 cells per mL of milk. Similarly, a 

study conducted by Farber et al., (1988) also revealed the significance of large 

inoculum size and potential survival abilities of the organisms during 

pasteurization. In addition to the inoculum size, the physiological state of the cells 
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and their heterogeneous response to stress also influence the survival of Listeria 

(Pascual et al., 2001). Holsinger et al. (1992), reported that while the guidelines 

for pasteurization time-temperature of ice cream mix adequately inactivated L. 

monocytogenes, but it is important to take every precaution to inactivate the 

organism, as some major ingredients of ice cream such as stabilizers are 

associated with their increased thermal tolerance, possibly through entrapment of 

the organism in the three dimensional network formed with casein micelle, as 

reported by Glicksman et al., (1983). While concluding the adequacy of 

pasteurization, Lou and Yousef (1999), also mentioned about the general use of 

pasteurization temperatures well above the minimum legal limit, being practiced 

by many raw milk processors. Additionally, Besse (2002) in his review mentioned 

that it was not feasible to eliminate all bacteria with thermal treatment, as heating 

lead to a physiological stress within cells leaving them injured. These injured 

cells could repair themselves once the favorable conditions are back and provide 

a threat to the product quality (McMahon et al., 2000). It is also important to 

mention that in most of these studies, either a general-purpose enumeration 

medium was used, or it was not clear if any selective enrichment protocol was 

adopted. Many previous studies have shown that enrichment process greatly 

influences the recovery of true numbers of Listeria (Lund et al., 1991; Warburton 

et al., 1991; Flanders eta al., 1994). Detection of any stressed and injured cells 

becomes further complicated due to diverse background microflora, and most of 

the general enumeration protocols may not prove to be as effective (Vlaemynck 

and Moermans, 1996; Pritchard and Donnelly, 1999). It would thus be useful to 
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evaluate any potential presence of heat-injured cells in ice cream mix exposed to 

minimum pasteurization treatment by specifically employing the standard 

enrichment protocol (FDA 2018), and not by simply relying on direct plating on 

general-purpose media. This approach can also help restrict the overgrowth of 

background microflora including Bacillus spp., which has been reported to inhibit 

the recovery and growth of heat-injured L. monocytogenes (Buchanan, 1990; 

Tharrington and Sorrells, 1992).  Although, such heat-injured cells have so far 

not been reported to be the cause of any outbreaks, studying their presence can 

help us design more robust risk assessment protocols.  In view of this, we aimed 

to study, if there is any possibility for detecting heat-injured cells of Listeria in the 

ice cream mix, when contaminated with large inoculum size (up to 4+ logs per 

gram of mix), subjected to minimum heat treatment of 69°C for 30 min, and 

enumerated by employing the FDA approved enrichment protocol. Emphasis was 

also given to study the chances of their recovery during later stages of handling 

and processing of pasteurized mix, Binary distribution models were developed by 

applying logistic regression, where the interactive effect of dose, ice cream mix 

storage temperature and storage duration, water activity, and pH was also 

evaluated on the presence and potential recovery of heat-injured cells.

MATERIALS AND METHODS 

Types of Ice Cream Mixes and Basic Analysis 

Source of Raw Ice Cream Mixes. Raw ice cream mix formulations of 36%, 

40%, 42%, and 45% total solid (TS) levels were obtained in one-gallon packs, in 

temperature-controlled containers, from a commercial ice cream manufacturer. 



54 

The average fat content in these formulations were 7.2, 14.2, 16.3, and 16.4%, 

respectively. The average sugar content varied from 19.3% to 22.2%, while the 

protein content varied from 3.1 to 4.2%. The 45% TS mix samples contained 3% 

chocolate powder. These were analyzed, upon receiving, for background 

bacterial counts and chemical parameters such as water activity and pH. A 90 g 

portion of each ice cream mix sample was kept aside for conducting the Listeria 

challenge studies as detailed below. In all, three trials, each in the replicates of 

three, were conducted for each total solid level. 

Microbiological Analysis of Ice Cream Mixes. To establish the background 

microflora, ice cream mix samples were plated on Brain Heart Infusion (BHI) agar 

(Oxoid, Thermo Scientific, UK) for aerobic plate counts by following standard 

methods (Wehr and Frank, 2004). Eleven grams of the respective sample was 

aseptically drawn and mixed with 99.0 mL of phosphate buffered saline (PBS), 

using a stomacher (Stomacher@ 400 Circulator, Seward Laboratory System Inc., 

FL, USA) for 30 seconds to obtain the first dilution. Further serial dilutions were 

made, as necessary, in phosphate buffer saline (PBS), and plated on BHI Agar. 

The plates were incubated at 37°C and colonies were counted at 24-48h hours 

for obtaining aerobic plate counts. 

Chemical Analysis of Ice Cream Mix Samples. The ice cream mix samples 

were tempered to ambient temperature.  The water activity of the samples was 

measured using aqua lab CX-2 system (Aqua Lab, Decagon Devices, Inc.), and 

the pH was measured using A321 pH meter (Orion StarTM A321, Thermo 

Scientific). 
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Challenge Studies using Listeria innocua 

Sourcing L. innocua and Culture Propagation. Pure culture of L. innocua 

ATCC 33090, an established surrogate of L. monocytogenes, (Friedly et al., 2008 

and Liu et al., 2009), was procured from American Type Culture Collection 

(Manassas, VA, USA). It was activated in BHI broth (Oxoid, Thermo Scientific, 

UK) by incubating at 37°C for 24 hours. In order to achieve the mid-exponential 

cells, the activated culture was sub-cultured in 9 mL of BHI broth, and the 6 h 

growth was pelleted out and suspended in PBS to get the desired numbers of 

cells for inoculation purposes. For long term storage, the pelleted culture was 

maintained in 1.8-mL cryogenic vials (Copan Diagnostic Inc., Murrieta, CA) that 

contained sterile beads and glycerol. The vials were stored in a NuAire ultralow 

deep freezer (NuAire Inc., Plymouth, MN) at −80°C until further use. 

Inoculation and Pasteurization of Ice Cream Mix Samples. To study the dose 

response, ice cream mix samples were tempered to 40°C in a water bath (Wehr 

and Frank, 2004), and inoculated at the average dose levels of log 2.0, 3.0, and 

4.0 cfu/grams of L. innocua activated culture as explained above. The 6 h grown 

culture was centrifuged (2000 x g for 15 min at 4°C) and washed twice with PBS 

to harvest the cells. Appropriate cell suspensions (2+, 3+ and 4+ logs cfu/grams) 

were made by diluting the harvested culture in PBS. The inoculation levels of raw 

ice cream mix samples were selected to simulate any potential environmental 

cross contamination situation, as discussed in the introduction section of this 

paper. The inoculated ice cream mix samples were minimally batch pasteurized 

at 69°C for 30 min (corresponds to 80°C for 25 seconds) (PMO, 2015) in a 
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shaker water bath (Lab companion AAH44063U 17L reciprocal shaking water 

bath, Cole- Parmer, USA). During heating, the core temperature was 

continuously monitored using the temperature probe. The samples were then 

rapidly cooled in an ice bath before further analysis. Each experimental trial was 

done in the replicates of three and repeated three times. The experiments were 

also repeated under the production environment by using HTST time 

temperature conditions to evaluate under production conditions. 

Recovery of Survivors using Direct Plating Method. For each direct analysis, 

twenty-five grams of inoculated and pasteurized ice cream mix sample were 

drawn and suspended in 225 mL PBS, followed by further serial dilutions, as 

necessary. Appropriate dilutions were direct plated on an esculin-based medium, 

Modified Oxford Agar (MOX) to enumerate the Listeria cells that might have 

survived the heat treatment. The direct plating on Oxford agar likely supports the 

growth of uninjured populations (Hansen and Knochel, 2001). The plates were 

incubated at 37°C for 24 hours. The incubated plates were observed for typical 

Listeria colonies, which were small black colonies with a black halo (Park et al., 

2013). 

Recovery of Heat-injured Cells using the BAM Enrichment Protocol. 

Additionally, in order to enumerate any heat-injured cells of Listeria, an 

enrichment protocol was used as recommended by USFDA (Bacteriological 

Analytical Manual, BAM, 2018).  A 25 grams portion each of the lab pasteurized 

inoculated sample was suspended in 225 mL of buffered Listeria Enrichment 

Broth (BLEB), and incubated for 4 hours at 30°C. Listeria selective enrichment 



57 

supplements (Acriflavin HCl, Nalidixic acid and Cycloheximide) were added after 

four hours and the samples were further incubated at 30°C. At 24 to 48 h 

intervals, BLEB enrichments were streaked on MOX agar and a chromogenic 

selective medium (RLM) to show the recovery of heat-injured cells. The typical 

Listeria colonies on MOX appeared black with black zones, and on RLM, the 

colonies were white, with or without halo. The results were recorded as positive 

or negative, based on the presence or absence of colonies on the selective 

media used for streaking, due to the recovery of heat-injured cells of Listeria. 

Recovery of Heat-injured Cells in Ice Cream Mix itself. The inoculated and 

pasteurized ice cream mix samples were stored up to 72 h at 7°C (to simulate 

the common duration of ice cream mix storage in the ice cream industry, to 

observe the recovery of any heat-injured cells in the ice cream mix itself. In order 

to study this, the representative ice cream mix samples from each total solid 

level, in individual treatment bottles, were held at 7°C (Isotemp low temperature 

incubator, MDL 146E, Fisher Scientific) on a shaker. The samples drawn at the 

end of 72 h were serially diluted using phosphate buffer saline, followed by direct 

plating on MOX and RLM agar to enumerate any heat-injured Listeria cells that 

might have been recovered during the mix storage process in the ice cream mix 

samples itself. 

MALDI-TOF based Identification of Isolates and Scanning Electron 

Microscopy (SEM) of Uninjured and Injured Cells. Selected isolates were 

streaked on RLM and MOX agar plates, and the pure colonies thus obtained 

were used for the confirmatory identification using matrix assisted laser 
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desorption ionization-time of flight (MALDI-TOF) (Thouvenot et al., 2018) 

(analysis conducted at the Diagnostic Lab, Veterinary and Biomedical Sciences 

Department, South Dakota State University). 

In addition, the intact and injured Listeria cells were also observed under a 

scanning electron microscope (Hitachi S-3400N, Hitachi America Ltd., Tarrytown, 

NY), located in the Daktronics Engineering Hall, South Dakota State University. 

In order to study the morphological changes in heat injured Listeria, the bacterial 

suspensions in BHI broth were exposed to minimal thermal treatment, and the 

pre- and post-pasteurization suspensions were smeared on the glass slides. 

These smears were air-dried by following the air-drying method described by 

Hassan et al., (2010), with slight modifications. For SEM, the air-dried samples 

were sputter coated with a 10-nm-thick layer of deposition of 99% gold, and 

observed at 10 kV accelerating voltage by maintaining a distance of 10 mm from 

the slide. 

Data Analysis and Developing Risk Assessment Models 

Descriptive Analysis. Graphical descriptive analyses were performed to study 

the marginal and joint distributions of water activity and pH by total solids levels. 

Furthermore, we constructed a scatterplot of pH by water activity (grouped by 

total solids levels) to uncover if there was any pattern. 

Statistical Analysis. The results related to plate counts were subjected to 

analysis of variance (ANOVA) using SAS® 9.3 (SAS Institute Cary, NC, USA). 

The level of significance was set to 5%. 
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Binary Logistic Regression Analysis. For the challenge studies, three dose 

levels (log 2.0, 3.0, and 4.0) were tested for thermal resistance and presence of 

any heat injured cells of Listeria. Ice cream mix samples with different levels of 

total solids (36, 40, 42 and 45%) were inoculated, and pasteurized at 69°C for 30 

min, and direct plated on MOX agar for the presence or absence of survivors. In 

order to model the risk, the standard binary logistic regression was applied. The 

binary dependent variable included the absence of heat-injured cells, recorded 

as 0 (zero), and their presence (recovery) recorded as 1 (one). During further 

study using enrichment broth, the independent variables considered for the 

potential recovery of heat-injured cells were dose, temperature, water activity, 

and pH. At a later stage of the modeling process, penalized logistic regression 

was also used, due to the quasi-complete separation. Non-significant predictor 

variables were eliminated, and the water activity and pH data were used to study 

their interaction with different total solid levels to create a baseline. 

RESULTS AND DISCUSSION 

Influence of Ice cream Types on Microbiological Quality and Chemical 

Parameters of Ice Cream Mix Samples. Raw ice cream mixes of different types 

with total solids levels (36, 40, 42 and 45%) were evaluated for the initial 

bacterial loads and some chemical parameters. The average aerobic plate 

counts of raw ice cream mix samples varied within a narrow range from 4.65- 

5.67 log10 cfu/ gram. Our data related to aerobic counts in samples were 

observed to be consistent for all the three trials, conducted in the replicates of 
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three, for each formulation. This data helped us to establish a base value for the 

background bacterial load in raw ice cream mix samples tested. Such 

background counts in raw ice cream mix samples may result due to carry-over 

contamination from different ice cream mix ingredients, and the environmental 

cross contamination on the raw side of processing. Although we did not come 

across any other such reports on raw ice cream mix bacterial counts, even the 

processed ice cream has been shown to have range from 2- 5 logs (Campbell 

M., 2015). The raw ice cream mix, along with its natural background microflora 

was chosen for inoculation studies to simulate the commercial manufacturing 

conditions. The experiments were designed to potentially evaluate the effect of 

background microflora, if any, on the survival of heat-injured cells, when exposed 

to minimum pasteurization. This information would also be useful in future 

studies to evaluate their influence on the potential recovery of any heat injured 

cells during later holding of ice cream mix, under extended storage prior to 

further processing. The cross contamination of raw ice cream mix with Listeria 

and the later presence of heat-injured cells may also be influenced by the level of 

background microflora in the raw ice cream mix. With regard to the possibilities of 

Listeria contamination in raw ice cream mix, carryover of the pathogen in raw 

milk and potential cross contamination in the processing facility were 

hypothesized. In a previous study, about 18.8% of the equipment sites, 54.7% of 

the environmental sites, and 44.4% of the raw milk samples had Listeria in 

Northern Ireland (Fox et al., 2005). Similarly, another study done by O’ Donnell in 

1995 indicated that 15.43% of raw milk samples from bulk tanks in England and 
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Whales were contaminated with Listeria spp. The study also mentioned about a 

significant increase in Listeria population during a specific time of the year, when 

the cows were housed for that particular period. In addition, some of the previous 

reports depicted the presence of Listeria in the dairy processing environment, 

more prominently the wet drains and floors, and walls. It was thus inferred that 

the Listeria contamination is more likely to occur on the raw-side within an ice 

cream processing environment. Hence, in order to simulate the actual 

commercial conditions that might lead to Listeria cross contamination; raw ice 

cream mix samples were used along with background microflora, for this study. 

This approach also takes in to account any influence of background microflora, 

which might compete with Listeria contaminants within the ice cream mix matrix 

itself. 

Chemical analysis of raw ice cream mix samples revealed that the water 

activity (aW) varied within a narrow range from 0.97 to 0.98, and pH from 6.4 to 

6.7 of the ice cream mix samples, as also reported by Gougouli et al., (2008. This 

helped us to establish that the ice cream mix samples selected for 

experimentation were within normal range of variations. The information on pH 

and water activity proved useful while evaluating the interaction of these two 

variables as covariates for developing regression models for the survival of heat-

injured cells of Listeria due to the cross-contaminated ice cream mixes. The pH 

and aW values were found in the typical range, as generally encountered in 

commercial manufacturing and showed least variability. The discussion in the 
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following sections further elaborates the interaction of these variables and their 

influence on any survival potential of heat-injured cells of Listeria. 

Typical Colony Morphology of Listeria and Predominant Background 

Microflora. The Listeria selective, MOX and RLM agar, media proved very useful 

in isolating and differentiating L. innocua from the background microflora, which 

primarily included Microbacterium paraoxydans and thermoduric endospore 

formers of Bacillus licheniformis.  A look at Figure 1 and Figure 2 reveals that 

typical colonies of L. innocua (the inoculated organism) appeared to be round, 

approximately 1.0 mm in diameter, black in color and surrounded by a black zone 

(Remel Manuals & Protocols), and white, with or without halo on RLM (Bio-Rad 

specification sheet). However, the typical colony morphology of the background 

species Microbacterium paraoxydans, appeared black with a black zone, 

approximately 4 mm diameter and was elevated on MOX, and the colonies were 

transparent and round on Rapid L’ mono agar medium (the color of the medium 

turned pink) (Figures 3 and 4).  Figure 5 depicts typical colony morphology of 

Bacillus, which appeared as scattered colonies with cottony appearance on 

MOX. Further confirmation of selected colonies was done using MALDI-TOF. 

This additional information can prove useful for further studies and prevent any 

false positive identification in the presence of background microflora. 

In order to study any morphological changes in the heat-injured cells of 

Listeria, intact and injured Listeria cells were observed by gram stained smears, 

as well as, scanning electron microscope. It may be seen from Figures 6A, and 

6B that the heat injured cells appeared to be shorter rods clumped together 
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having ruffled surfaces as compared to the intact (uninjured cells, pre-heat 

treatment). This observation was similar to a previous report, where the 

ultrastructure analysis of heat-injured cells indicated cytoplasmic clearance and 

swollen cell surfaces as an impact of heat injury, while there was no leakage of 

cellular components observed (Novak and Juneja, 2001). Such injured cells 

might recover on restoration of the adequate growth conditions such as 

temperature and composition of the product (Mackey et.al., 1994). Based on 

these important observations, our study emphasized the significance of the 

presence and recovery potential of heat-injured cells in order to establish their 

relationship with the cross-contamination levels (dose levels). This also helped 

us to generate evidence in support of the hypothesis that the presence of Listeria 

heat-injured cells is dependent on the levels of cross contamination, and such 

injured cells may serve as a determinant of risk from injured cells in ice cream 

mix exposed to minimum pasteurization. 

Risk Analysis of Listeria Contaminated Raw Ice Cream Mix 

The microbiological risk analysis models include elements such as hazard 

characterization and levels, potential exposure, and relative severity of risk 

(Codex, 1999; EPA, 2012). Keeping the fundamental risk analysis in mind, the 

overall objective of this study was to evaluate if the cross-contamination levels of 

Listeria in raw ice cream mix (representing any environmental cross 

contamination under the industrial processing) could influence their later survival 

as heat-injured cells (as shown by selective enrichment) against minimum 

pasteurization treatment. 
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Relationship of Cross-contamination Levels (dose response) with Intact 

(Uninjured) Cells. In the present study, the influence of dose level (representing 

potential environmental cross contamination situations) was evaluated on any 

intact cells. Results obtained by direct plating of thermally treated inoculated raw 

ice cream mix samples did not detect any survivors (uninjured intact cells) at any 

of the inoculation level of 2, 3 or 4 log cfu/ gram. Such enumeration protocols has 

previously been reported to be suitable for detecting uninjured populations 

(Hansen and Knochel, 2001). These observations also support some of the 

previous reports, which demonstrated that L. monocytogenes did not survive a 

proper pasteurization process in ice cream mix with D79. 4°C value of 0.5 seconds 

(Bradshaw et al., 1987, Hosinger et al., 1992). 

Relationship of Cross-contamination Levels (dose response) with Injured 

Cells.  As the direct plating technique is usually not suitable for the recovery of 

stressed cells (Jasson et al., 2010), BLEB enrichment protocol is recommended 

(BAM, FDA) to estimate the presence of injured cells in a product matrix. 

Following the enrichment protocol, we detected a random presence of some 

heat-injured cells at the highest dose level of cross contamination (depicted by 

average log 4.0, inoculation levels) in all four types of ice cream mixes when 

subjected to minimum pasteurization treatment. As reported previously, this 

could be due to the sub lethal damage of cytoplasmic membrane, also known as 

structural damage (Hauben et al., 1996; Pagan and Mackey, 2000 and Ritz et al., 

2001) or damage to intracellular components, also known as physiological 

damage (Niven et al., 1999 and Ritz et al., 2002). Since the heat-injured cells 
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were only detected at the highest inoculation levels, the average dose level of log 

4.0 was considered for risk assessment and to evaluate its role as a predictor of 

the presence of heat-injured cells, when exposed to minimum pasteurization. 

As Listeria is a high-risk pathogen, especially for pregnant women and 

elderly people (Choi et al., 2016), it is important to establish the accurate risk 

assessment models. Traditionally, a quantitative risk assessment model focuses 

on preventing, regulating and understanding the risk due to pathogenic 

microorganisms (EPA, 2012). However, such risk assessment models generally 

do not consider the presence and recovery potential of injured cells, and thus 

may not adequately address the risk. As per one such study (Roso, 1995) based 

on Monte Carlo simulations, 99% of the iterations showed less than 100 cells per 

serving (as low as 3.7 cells/ gram of Listeria monocytogenes). Our study thus 

provided significant information related to injured cells that could prove useful in 

conducting risk assessment for the process of ice cream mix storage and 

handling. Such heat-injured cells may have the potential to recover and cause a 

risk (Bunduki et al., 1995). The dose (depicting the level of potential cross 

contamination from the processing environment on the raw side) emerged as a 

predictor of the random presence of heat-injured cells. A previous report by Chen 

et al., (2017) for creating a probabilistic model and linking it to the bacterial 

numbers, also depicted the importance of using selective medium to recover low 

number of uninjured cells of Listeria. Hence, our study puts forth a case for 

emphasizing the significance of using enrichment protocol to enumerate any 



66 

random presence of heat-injured cells in developing more robust risk assessment 

approach. 

Recovery of Heat-Injured Cells in Ice Cream Mix itself. At this point in the 

study, it became clear that only high level of cross contamination (log 4.0 or 

higher) could result in post-pasteurization detection of some heat-injured cells 

from the inoculated ice cream mix, when subjected to minimum pasteurization. 

However, the detection of heat-injured cells was only accomplished by using the 

selective enrichment protocol using BLEB (BAM protocol) under the optimal 

growth conditions of organism. In order to create a more realistic assessment for 

the ice cream industry, the recovery potential of heat-injured cells of L. innocua 

was evaluated within ice cream mix itself under the mix aging and storage 

conditions. The inoculated and pasteurized ice cream mix samples of different 

types, with total solid levels (36%, 40%, 42%, and 45%) were stored at 7°C up to 

a maximum duration of 72 h (PMO, 2015).  Significantly, none of the samples 

showed recovery of any heat-injured cell in the ice cream matrix itself, during the 

entire process of mix storage, under the conditions of experimentation. It thus 

reassures the safety of the standard ice cream manufacturing process. However, 

further studies in this direction are necessary to clearly understand the role of the 

random presence of heat-injured cells in developing risk analysis to prevent any 

unintended consequences, especially during mishandling and any abused 

conditions. 

Influence of Covariates on Risk Assessment. The interactions of all the 

covariates (dose, TS, temperature and duration of mix storage, water activity, 
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and pH), and their influence on the recovery of heat-injured cells was also 

studied by fitting a binary logistic model. In order to establish any relationship of 

pH and water activity with total solids, their interactions were studied. Evidently, 

pH differentiated itself with the total solids, as the higher total solid had slightly 

higher pH and the lower total solid formulations had a pH value on the lower side. 

While, as expected, with the increasing total solid levels, there was a decreasing 

trend in the water activity. These parameters were further studied for developing 

the interaction of the covariates using a mix plot, and two different clusters, 

based on the pH and aW, were observed (Figure 7). However, as the values 

within these two clusters were very close, they did not play any important role in 

predicting the risk from Listeria. Hence, despite having slight variability in pH and 

aW, and their interaction with total solid levels, they did not appear to influence 

the overall occurrence of heat-injured cells, which was observed to be equal for 

all formulations. A previous report on ice cream mix components also concluded 

that the ice cream mix components showed no predictable influence on thermal 

stability of L. innocua (McKellar et al., 1996). These baselines values would be 

helpful in creating comparisons with temperature abuse studies, related to the 

interaction of covariates on the recovery potential of any heat-injured cells. 

Industrial Application of Considering the Presence of Heat-Injured in Risk 

Analysis. The findings from our study can serve as a novel approach for Listeria 

risk analysis in the ice cream industry by considering the potential of random 

presence of heat-injured cells, using enrichment protocols. As both intrinsic as 

well as extrinsic factors, related to ice cream manufacture are critical to 
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comprehensively evaluate the risk from Listeria, and to develop efficient risk 

assessment models, it would be justified to incorporate heat-injured cells and 

their recovery potential in developing these models. To elaborate this point 

further, as the ice cream manufacturing involves several processing stages such 

as receiving raw ingredients, pasteurization, mix storage, freezing, hardening, 

and retailing, therefore, it is necessary to predict the fate of any cross-

contamination of Listeria at each processing stage. The present study showed 

the random presence of heat-injured cells, through enrichment protocols, only at 

the high level of cross contamination (logs 4 or higher), when exposed to 

minimum pasteurization treatment. Under the conditions of experimentation, such 

heat-injured cells did not show any recovery during the normal storage of ice 

cream mix. However, the potential of injured cells to recover under any abused 

conditions cannot be ignored and needs to be investigated further. 

CONCLUSIONS 

Many ice cream related outbreaks have occurred in the recent past, 

mostly due to cross contamination under unhygienic processing conditions. 

Listeria is a very resilient organism, which can withstand adverse conditions such 

as wide ranges of pH, water activity, and low temperatures. Its persistence in the 

dairy processing environment has been reported, as the organism can form 

resistant biofilms leading to potential cross contamination of the product, 

especially from harborage sites. Its ability to withstand adverse processing 

conditions may also lead to stressed and injured cells of Listeria, which may 
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recover under abused conditions of handling and storage. Although such injured 

cells have not been linked to any disease outbreaks so far, this information could 

be helpful in improving risk assessment protocols. Keeping this in mind, the 

current study was conducted, which focused on the relationship of cross 

contamination levels at raw ice cream mix stage, with that of the presence and 

recovery potential of heat-injured cells using enrichment protocols. When the raw 

ice cream mix samples were inoculated with about log 4.0 cfu / gram of Listeria 

innocua (an established surrogate) and heat-treated to minimum pasteurization 

treatment, the direct plating did not detect any survivors. On the other hand, 

BLEB enrichment protocol detected a random presence of heat-injured cells. 

Statistical algorithms were used to fit a model by considering covariates. Based 

on the quasi-complete separation, dose (level of cross contamination) came up 

as a predictor of the presence of heat-injured cells, only at the higher level of 

cross contamination (average log 4.0 or more). Further studies are necessary to 

evaluate the significance of the possibilities of random presence of heat-injured 

cells in ice cream mix, when subjected to minimum pasteurization treatment. 

Importantly, ice cream mix itself did not support the recovery of any heat-injured 

cells, during common aging and storage conditions (7°C for 72h), while the 

influence of any abused handling conditions is yet to be studied. 
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Chapter 3 Figures. 

Figure 1 and 2. Typical colonies of Listeria innocua (the inoculated organism) 

appeared to be round, approximately 1.0mm in diameter, black in color and 

surrounded by a black zone on Modified Oxford agar (MOX) medium and round, 

white, with or without halo on Rapid L’mono (RLM) agar medium. 

1    2 
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Figure 3 and 4. Typical colony morphology of Microbacterium, which appeared 

black with a black zone, approximately 4 mm diameter, and elevated on Modified 

Oxford agar medium. These colonies appeared transparent and round on Rapid 

L’ mono agar medium (the color of the medium turned pink). 

  3    4 

Figure 5. Typical colony morphology of a contaminant, Bacillus sp., which 

appeared as scattered colonies with cottony appearance on MOX. 
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Figure 6. Scanning Electron Microscopic images of Listeria innocua in BHI broth. 

(Magnification: 10K); Intact cells SEM image (A), and Thermally-treated cells (B). 

 A    B 
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Figure 7. Scatterplot depicting clusters based on total solid levels. 
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CHAPTER 4 

ENTRAPMENT OF LISTERIA CELLS WITHIN AIR CELLS OF ICE CREAM MIX 

MATRIX MAY LEAD TO HEAT-INJURED CELLS 

NEHA 

ABSTRACT 

In our previous study, a random presence of heat-injured cells of Listeria 

innocua was observed in the ice cream mix, subjected to minimal heat treatment. 

Such heat-injured cells were recovered only by the selective enrichment protocol, 

while direct plating did not detect any Listeria cells. Although, such injured cells 

have so far not been reported to cause any disease outbreaks, it is important to 

understand their survival in food matrices such as ice cream that has recently 

been involved in some recalls. Through the present study, we propose a novel 

concept involving the possible protective role of air cells in the random presence 

of heat-injured cells. Challenge studies were conducted by inoculating ice cream 

mix samples (42% total solids, 16.3% fat, 22.2% total sugar, and 3.4% protein 

levels) with Listeria innocua (an established surrogate) at a mean spiking level of 

log 4.0 cfu/g. The inoculated samples were subjected to minimum batch 

pasteurization treatment at 69°C for 30 min, and any heat-injured cells were 

enumerated using buffered Listeria enrichment broth (BLEB), followed by plating 

on Modified Oxford (MOX) and Rapid’LMono (RLM) agars. Scanning Electron 

Microscopy (SEM) and Atomic Force Microscopy (AFM) were conducted on the 

air-dried, spiked ice cream mix samples, at pre- and post- thermal treatment 

stages. A random presence of heat-inured cells was confirmed by the BLEB 
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enrichment protocol, while direct plating did not reveal the presence of any intact 

cell survivors in heat-treated ice cream mix samples. The scanning electron 

microscopy (SEM) showed the presence of air cells in the ice cream mix 

samples. The pre-heat-treated spiked mix samples showed Listeria cells that 

were randomly distributed in the mix matrix, and also entrapped within some of 

the larger air cells. On the other hand, the post-heat-treated mix SEM and AFM 

micrograph showed entrapped cells only within the larger air cells. The mix 

matrix, on the other hand, did not show the presence of any Listeria cells. These 

observations thus suggest that the Listeria cells entrapped within the larger air 

cells might not have received adequate thermal effect and resulted in their 

random presence as heat-injured cells, as detected by enrichment protocol. 

INTRODUCTION 

Listeria monocytogenes is an important food borne pathogen that is 

frequently associated with recall of frozen products, and in recent years, even ice 

cream has been implicated. In the case of ice cream, according to Centers for 

Disease Control and Prevention (CDC), there were nine Listeria related ice 

cream recalls during 2014-2015. An incidence involving ice cream related 

outbreak in March 2015 led to 10 hospitalizations and 3 death. Later in April 

2015, another commercial ice cream tested positive for Listeria and recalled all 

the products. More recently in 2017, a voluntary recall of all orange cream bars 

and chocolate-coated vanilla ice cream bars was reported, due to the possibility 

that they may be contaminated with Listeria monocytogenes. Post processing 
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environmental contamination was the likely cause of such incidences. On the 

other hand, the possibilities exist for a sublethal thermal effect, especially during 

batch pasteurization in small processing set ups, leading to injured cells. The 

intracellular packaging of some Listeria spp., within leukocytes, has been 

reported to result in an inadequate pasteurization effect, hence, leading to 

presence of intracellular lipid-shielded cells (Bearns and Girard, 1958). Similarly, 

significance of large inoculum size in potential survival abilities of the organisms 

during pasteurization have also been reported (Farber et al., (1988). Previous 

researchers have also reported that it was not feasible to eliminate all bacteria 

with thermal treatment (Besse 2002). The physiological stress caused by heating 

might lead to injured cells that could repair themselves when subjected to 

favorable conditions (McMahon et al., 2000, Besse 2002). In a study by Doyle et 

al., (1987), it was concluded that the L. monocytogenes, residing within 

polymorphonuclear leukocyte in the milk of Listeria - infected cows, could 

withstand minimum thermal treatment of 72.2°C for 16.4 seconds in a HTST 

pasteurizer. While concluding the adequacy of pasteurization, Lou and Yousef 

(1999) mentioned that ‘pasteurization is a safe process, which reduces the 

number of L monocytogenes occurring in raw milk to levels that do not pose an 

appreciable risk to human health’. They also noted that ‘although minimum HTST 

milk pasteurization is considered a safe process, most raw milk processing 

facilities have wisely adopted pasteurization temperatures well above the 

minimum legal limit’. This necessitates studies to evaluate processing factors that 

may have the potential to result in subthermal effect leading to injured cells. In a 
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previous study in our lab (Neha et al., 2018), we observed the random presence 

of heat-injured cells of Listeria in ice cream mix, subjected to a batch heat 

treatment (69°C for 30 min). Such heat-injured cells were recovered only by the 

selective enrichment protocol, while direct plating did not detect any Listeria cells. 

Although, such injured cells have so far not been reported to cause any disease 

outbreaks, it is important to understand their survival strategies. Through the 

present study, we propose a novel concept involving a possible protective role of 

air cells resulting in the random presence of heat-injured cells. 

MATERIAL AND METHODS 

Challenge Studies 

Raw ice cream mix samples (42% total solids, 16.3% fat, 22.2% total 

sugar, and 3.4% protein levels) were obtained in 3.76 Liter packs, in 

temperature-controlled containers, from a commercial ice cream manufacturer. 

These were analyzed, upon receiving, for background bacterial counts and 

chemical parameters such as water activity and pH using standard methods as 

explained in our previous paper (Neha et al., 2018). Pure culture of Listeria 

innocua ATCC 33090 was procured from American Type Culture Collection 

(Manassas, VA, USA). This is a nonpathogenic thermal processing surrogate of 

L. monocytogenes, which has previously been used in thermal resistance studies 

(Ryser and Marth, 1999, Kozempel et al., 2000, Li et al., 2013). It was activated 

(Neha et al., 2018) in brain heart infusion (BHI) broth (Oxoid, Thermo Scientific, 

UK) by incubating at 37°C for 24 h. In order to achieve the mid-exponential cells, 
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the activated culture was sub-cultured in 9 mL of BHI broth, and the 6 h growth at 

37°C was pelleted out and suspended in PBS to get the desired numbers of cells 

for inoculation purposes. For challenge studies, ice cream mix samples were 

tempered to 40°C in a water bath (Wher and Frank, 2004), and inoculated at the 

average dose levels of log 4.0 cfu/g of L. innocua activated culture as explained 

above. The 6 h grown culture was centrifuged (2,000 x g for 15 min at 4°C) and 

washed twice with phosphate buffered saline (PBS) to harvest the cells. 

Appropriate cell suspensions were made by diluting the harvested culture in PBS 

to obtain log 4.0 cfu/g spiking levels in ice cream mix samples as per previous 

study (Neha et al., 2018). The spiked ice cream mix samples were heat treated 

at 69°C for 30 min in a shaker water bath (Lab companion, reciprocal shaking 

water bath, Cole-Parmer, USA) to simulate batch pasteurization in small 

processing facilities. During heating, the core temperature was continuously 

monitored using a temperature probe. The samples were then rapidly cooled in 

an ice bath before further analysis. Each experimental trial was done in the 

replicates of three and repeated three times. 

Enumeration of Listeria 

For enumerating intact cells, twenty-five g of spiked and pasteurized ice 

cream mix sample were drawn and suspended in 225 mL PBS, followed by 

further serial dilutions, as necessary. In addition, one mL each of spiked and 

pasteurized ice cream mix samples were direct plated on an esculin-based 

medium, Modified Oxford Agar (MOX), containing 1% Moxlactam selective 

supplement, to detect the Listeria cells that might have survived the heat 
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treatment. The direct plating approach helped to detect, as low as, one cell per g. 

The plates were incubated at 37°C for 24 h, and extended incubation of 48 h was 

used to confirm the absence of growth. The incubated plates were observed for 

typical Listeria colonies, which were small black colonies with a black halo (Park 

et al., 2013). To enumerate any heat-injured cells of Listeria, an enrichment 

protocol was used as recommended Bacteriological Analytical Manual, USFDA 

(Hitchins et al., 2018) with slight modification.  A 25 g portion each of the lab 

pasteurized spiked sample was suspended in 225 mL of buffered Listeria 

Enrichment Broth (BLEB), and incubated for 4 h at 30°C. Listeria selective 

enrichment supplements (Acriflavin HCl, Nalidixic acid and Cycloheximide) were 

added after 4 h and the samples were further incubated at 30°C. At 24 to 48 h 

intervals, BLEB enrichments were streaked on MOX agar and a chromogenic 

selective medium (RLM) to show the recovery of heat-injured cells. The results 

were recorded as positive or negative, based on the presence or absence of 

colonies on the selective media used for streaking, due to the recovery of heat-

injured cells of Listeria. 

Microscopic Observations 

To observe the air cell and any entrapped Listeria cells within, the pre- 

and post-pasteurized spiked ice cream mix suspensions were placed on the 

glass slides and air-dried by following a method previously described by Hassan 

et al., (2010) for membrane biofilms, with a slight modification. The air-drying 

process helped to retain the original distribution pattern of the spiked organisms 

in the mix matrix to the most extent. For SEM imaging, the air-dried samples 
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were sputter coated with a 10-nm-thick layer of deposition of 99% gold, and 

observed at 10 kV accelerating voltage by maintaining a distance of 10 mm from 

the slide (Hitachi S-3400N, Hitachi America Ltd., Tarrytown, NY). For the atomic 

force microscopy (AFM) studies, no pre-treatment was required for the air-dried 

samples. All the observations were made using a commercial Agilent 5500 

scanning probe microscope using a method previously standardized in our lab 

(Marka and Anand, 2018), and Electrical Engineering department (Fan et al., 

2018). The imaging was done in a tapping mode using Si cantilevers (Budget 

Sensors TAP 300 Al) AFM tip. The air-dried mix sample on the glass slide was 

mounted on the sample stage by sticking four corners of the membrane with 

scotch tape on the stage. The scanner was positioned at the flat center of sample 

surface. The tip’s first resonance (f1) frequency of 67 kHz was fed into the first 

lock-in amplifier (LIA1). The vertical tip-sample separation was controlled from 

LIA1, which provided the error in the amplitude signal at f1 to the servo. This first 

lock-in amplifier was used for topographic and phase imaging. The tip 

characteristics used for measurement is Multi75E-G budget sensor with 

Cr/Pt coating and resonance frequency 75 kHz and force constant 3N/m. All 

images were stored in ASCII format and Gwyddion software 

(http://gwyddion.net/) was used to process the images in 2D format. A minimum 

of three scans were performed on each sample to observe the entrapped cells in 

air cell. Three trials in all were conducted for each of the experiment. 

http://gwyddion.net/
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RESULTS AND DISCUSSION 

Bacterial counts and chemical parameters obtained in the ice cream mix 

samples were quite comparable to our previous study (Neha et al., 2018). 

Results obtained by direct plating of heat-treated spiked ice cream mix samples 

did not detect any survivors (uninjured intact cells). These observations also 

support our previous report (Neha et al., 2018), and some others, which 

demonstrated that Listeria monocytogenes did not survive a proper 

pasteurization process in ice cream mix with D79. 4°C value of 0.5 seconds 

(Bradshaw et al., 1987; Holsinger et al., 1992). Following the BAM enrichment 

protocol, we detected a random presence of some heat-injured cells. As reported 

previously, this could be due to the sub lethal damage of cytoplasmic membrane, 

also known as structural damage (Hauben et al., 1996; Pagan and Mackey, 2000 

and Ritz et al., 2001) or damage to intracellular components, also known as 

physiological damage (Niven et al., 1999 and Ritz et al., 2002). 

Role of Air Cell Entrapment as a Possible Protective Effect 

The SEM observations helped us to establish the presence of several air 

cell in the ice cream mix samples. It was interesting to see that, in general, while 

most of the air cell were smaller (1-2 µm (Figure 1), some were larger (4-8 µm) 

(Figure 2). Such variability in the size of air cell could have been created during 

the handling stages of mix. It appears that the size of the air cell influenced the 

extent of entrapment of Listeria cells, which explains the random presence of 

heat-injured cells in the spiked heat-treated mix. Figure 3 and 4 show the 

presence of Listeria cells embedded in the matrix of spiked ice cream mix, as 
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well as, entrapped within the larger air cells, which are fused with the matrix. 

However, it may be seen that the smaller air cell was empty. This helped us 

prove the hypothesis that it was possible for the larger air cells within the ice 

cream mix to entrap the intact Listeria cells, in case any cross contamination of 

mix occurred prior to pasteurization. We further propose that any air cell-

entrapped organisms might not experience the complete thermal effect, which 

needs to be further investigated. This would thus lead to their presence in the 

heat-treated mix in the form of heat-injured cells. In addition, due to the presence 

of some oxygen in the air cell, there may be conditions available for them to 

survive, while they may not multiply or repair. This observation is supported by a 

previous finding by Fanelli and McKee (2008), who reported living bacteria in ice 

cores sampled at depth of 4 kilometers in Antarctica. Such survival was indicated 

to be supported by oxygen, hydrogen, methane and many other gases that 

diffused from the air bubbles to the tiny liquid film that formed around microbes. It 

was interesting to note that virtually any microbe can remain alive in solid ice, 

resisting temperatures down to -55° C and pressures of 300 atmospheres 

(Fanelli and McKee, 2008). 

The scanning electron and atomic force micrograph developed on the 

spiked and heat-treated ice cream mix samples helped us to prove this point 

further. We could observe some heat-injured Listeria cells entrapped within the 

larger air cell (Figure 5 and 6), while no such cells were visible in the surrounding 

matrix of spiked heat-treated mix. These SEM and AFM visual observations 

supported the culture-based data, as direct plating did not reveal any intact 
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Listeria cells in the spiked and heat-treated ice cream mix, while the enrichment 

protocol revealed the random presence of heat-injured cells. These observations 

thus suggest that the Listeria cells entrapped within the larger air cell might not 

have received complete thermal effect, thus resulting in their random presence 

as heat-injured cells. 

CONCLUSIONS 

Finding from our study suggest a possible role of air-pocket entrapment in 

protecting Listeria cells by limiting their exposure to the complete thermal effect. 

This information thus provides another perspective around Listeria risk, in 

addition to the other reported factors such as higher cross contamination levels, 

background microflora, product constituents, lipid-shielding effects, and 

entrapment in polymorphonucleocytes, reviewed in our previous paper (Neha et 

al., 2018). We hope that this additional information about air cell entrapment may 

serve to develop more robust Listeria risk-assessment protocols by considering 

the potential presence of heat-injured cells. This is an early evidence proposing 

the implications of air cells entrapped Listeria on their later detection as heat-

injured cells in the heat-treated viscous food matrices such as ice cream mix. 

Further studies are necessary to evaluate the complete extent of these findings 

and their relationship to any injured cells detection. 
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Chapter 4 Figures. 

Figure 1. SEM image showing small air pockets in the ice cream mix. 

Figure 2. SEM image showing large air pockets in the ice cream mix. 

Small air cells 

A large air cell 
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Figure 3. Listeria cells embedded in the matrix of spiked ice cream mix prior to 

heat treatment (SEM image). 
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Figure 4. Listeria cells embedded in the matrix of spiked ice cream mix prior to 

heat treatment (SEM image) (Note the cells entrapped in large air cell fused with 

matrix, while small air cells are empty).
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Figure 5. Listeria cells (heat-injured) entrapped in the large air-pocket of spiked 

ice cream mix after the heat treatment (SEM image) (no cells embedded in the 

matrix). 
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Figure 6. Listeria cells (heat-injured) entrapped in the large air-pocket of spiked 

ice cream mix after the heat treatment (AFM 2D image, color version available 

online) (no cells embedded in the matrix). 
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CHAPTER 5 

RECOVERY POTENTIAL OF HEAT-INJURED CELLS OF LISTERIA UNDER 

PRODUCT ABUSE CONDITIONS VS. SIMULATED GASTRO-INTESTIONAL 

FLUIDS- A PROOF OF CONCEPT STUDY 

NEHA

ABSTRACT 

Product manufacturing relies on pasteurization to inactivate any food 

pathogens. However, factors such as cross contamination levels, and protection 

in product matrices may lead to sub lethal thermal effects, which may lead to 

cellular injury. One of our previous studies demonstrated the random presence of 

injured cells of Listeria in spiked ice cream mix samples, exposed to minimum 

pasteurization. Such injured cells did not show any recovery within the ice cream 

mix itself under normal handling conditions. The present study compares the 

effect of any temperature abuse of ice cream with exposure to simulated gastro-

intestinal fluids on the recovery potential of any carried over injured cells. In order 

to generate heat-injured cells, raw ice cream mix (42% TS) samples were spiked 

with 4.54±0.13 log per gram of Listeria innocua (a surrogate) and subjected to 

pasteurization (69°C for 30min). For the intact cells study, 2.65±0.07 log per 

gram of L. innocua were spiked in the pasteurized mix. The mixes containing 

injured and intact cells were followed through ageing (72h at 7°C), freezing (-

3.3°C), and hardening (- 40°C/ 12 h) steps. Direct plating, on Listeria selective 

agars was used for enumerating intact cells, while the heat-injured cells were 

recovered using Listeria enrichment broth (BLEB) prior to enumerating on 
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selective media. All trials were conducted in triplicates and data were statistically 

analyzed. Although no intact cells were observed, the enrichment protocol 

revealed the random presence of heat-injured cells at the post-pasteurization 

stages of processing. Freezing and hardening steps did not appear to have any 

further detrimental impact on heat-injured cells, carried over from the pasteurized 

ice cream mix. The temperature abuse conditions, evaluated in the current study, 

although led to pudding consistency, did not support the recovery of heat-injured 

cells. This implies that post-pasteurization contamination with intact Listeria might 

pose a greater risk than any carried over injured cells. Similarly, such injured 

cells did not show any recovery in the simulated gastro-intestinal fluids tested 

under in vitro conditions. In case of spiked intact cells, no detrimental effect of 

freezing and hardening steps was observed. This implies that post-pasteurization 

contamination of mix might pose a greater risk. Results from this study 

emphasize a need to design stage-specific critical control points to prevent any 

potential Listeria outbreaks. 

INTRODUCTION 

A common method used to inactivate bacterial contaminants in food 

products is the application of thermal treatments such as pasteurization. 

However, it is not always feasible to completely eliminate all bacterial 

contaminants with thermal treatments, especially at their minimum thresholds, as 

bacteria may experience physiological stress leading to cellular injury (Besse, 

2002). Such injured cells offer a food safety risk by repairing themselves, once 
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the favorable conditions are restored (Bunduki et al., 1995; McMahon et al., 

2000). As high-risk food pathogens such as Listeria, provide enhanced risk 

especially to pregnant women and elderly people (Choi et al., 2016), it is 

important to establish the accurate risk assessment protocols. Traditionally, a 

quantitative risk assessment model focuses on preventing, regulating and 

understanding risk due to pathogenic microorganisms (EPA, 2012). However, 

such risk assessment models generally do not consider the presence and 

recovery potential of injured cells, and thus may not adequately address the risk. 

Although, recovery potential of such injured cells or their association with any 

outbreaks has so far not been reported, in a study based on Monte Carlo 

simulations ((Roso, 1995), 99% of the iterations showed the significance of less 

than 100 cells per serving (as low as 3.7 cells/ gram) of Listeria monocytogenes. 

On similar lines, in our previous study, we reported the potential of randomly 

observing heat-injured cells of Listeria innocua in spiked ice cream mix that was 

exposed to minimum pasteurization treatment (Neha et al., 2018). The presence 

of injured cells was limited to the highest levels of inoculation (logs 4 cfu/g or 

higher), and none of the pasteurized ice cream mix samples supported the 

recovery of any heat-injured cells of Listeria during later holding of mix at 7°C for 

72h. However, the potential of injured cells to recover under any abused ice 

cream handling conditions cannot be ignored, and hence this aspect was 

investigated in the current study. Another important aspect related to injured cells 

in a product is their possible recovery inside the host gastro-intestinal tract. On 

consumption of ice cream, containing any injured cells, there is a possibility of 
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such organisms to reach the target site in the host by withstanding the host’s 

natural barriers against ingested bacteria. We also studied if such injured cells 

would have the ability to survive and recover in the harsh condition of acidity and 

bile concentrations commonly encountered in the gastro-intestinal tract of 

humans. To ascertain this, the injured cell recovery process was also evaluated 

in simulated gastrointestinal fluids. 

MATERIALS AND METHODS 

Analysis of Ice Cream Mix Samples 

The ice cream mix samples of 42% total solids were obtained from a 

commercial ice cream manufacturer. The samples were analyzed for standard 

plate counts, upon receiving by tempering the ice cream mix at 40°C and 

aseptically drawing 11 grams of the sample in 99 mL of PBS. Further dilutions 

were made by adding 1 mL of this suspension in 9 mL of PBS and the desired 

dilutions were plated on Brain Heart Infusion agar for standard plate counts. The 

selected colonies were further identified using MALDI-TOF as explained before in 

the earlier chapters. In addition, water activity and pH of the mix was measured 

using aqua lab CX-2 system (Aqua Lab, Decagon Devices, Inc.), and A321 pH 

meter (Orion StarTM A321, Thermo Scientific), respectively. 

Influence of Background Microflora. In order to study the influence of stages 

of ice cream manufacture and handling abuse on the background microflora, the 

samples were analyzed at different stages of ice cream manufacture and three 

cycles of temperature abuse (Figure 1) as detailed later in this chapter. Standard 
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methods of analysis were used by taking 11 grams of the samples and 

suspending in 99 mL of phosphate buffered saline to make the first dilution. 

Appropriate sequential dilutions were made and plated on BHI agar. The plates 

were incubated at 37°C for 24 hrs. and the colony counts were expressed as 

log10  CFU per grams. 

Evaluating the Antimicrobial Activity of Background Microflora by Spot on 

Lawn Assay. The selected colonies form the background microflora were tested 

for any antagonism against L. innocua using ‘spot on lawn assay’. In this case, a 

lawn of L. innocua was created by seeding the top layer with soft agar on pre-

poured TSA plates. The cell free extracts, obtained from the BHI broth growth of 

the selected isolates of Bacillus pumilus and Bacillus licheniformis, were spotted 

on the seeded layer, and the plates were incubated at 37°C for 24h. At the end of 

incubation period, the plates were observed for any ‘zones of clearance’, which 

were indicative of the antimicrobial activity. 

Organism and Culture Conditions 

Sourcing Listeria innocua and Propagation. Pure culture of Listeria innocua 

ATCC 33090, (an established surrogate of L. monocytogenes) was procured 

from American Type Culture Collection (Manassas, VA, USA). It was activated in 

BHI broth (Oxoid, Thermo Scientific, UK) by incubating at 37°C for 24 hours. In 

order to achieve the mid-exponential cells, the activated culture was sub-cultured 

in 9 mL of BHI broth, and the 6 h growth was pelleted out and suspended in PBS 
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to get the desired numbers of cells for inoculation purposes. For long term 

storage, the pelleted culture was maintained in 1.8-mL cryogenic vials (Copan 

Diagnostic Inc., Murrieta, CA) that contained sterile beads and glycerol. The vials 

were stored in a NuAire ultralow deep freezer (NuAire Inc., Plymouth, MN) at 

−80°C until further use. 

Challenge Studies 

Tracking Heat-injured Cells during Ice Cream Manufacturing Stages. Ice 

cream mix samples (42% total solids) were tempered to 40°C in a water bath 

(Wher and Frank, 2004), and inoculated at the average dose levels of log 

4.54±0.13 cfu/grams of L. innocua activated culture as explained above. The 6 h 

grown culture was centrifuged (6000 rpm for 15 min at 4°C), and washed twice 

with PBS to harvest the cells, which were suspended in phosphate buffered 

saline and used for spiking 90 gram portions of ice cream mix. The spiked ice 

cream mix samples were batch pasteurized at 69°C for 30 min (corresponds to 

80°C for 25 seconds) (PMO, 2015) in a shaker water bath (Lab companion 

AAH44063U 17L reciprocal shaking water bath, Cole- Parmer, USA). During 

heating, the core temperature was continuously monitored using the temperature 

probe. The samples were then rapidly cooled in an ice bath before further 

processing and analysis. The pasteurized mix samples were aged at 7°C for 12 

hours followed by freezing -4°C (benchtop kitchen aid freezing system (Model 

KPFD200), hardening at -40°C for 4h, and storage at -18°C. The samples were 

drawn at each stage and direct plated for intact Listeria cells (survivors). The 
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Listeria specific enrichment protocol was followed to enumerate any injured cells. 

The selected colonies were further identified using Matrix-assisted laser 

desorption/ionization time of flight (MALDI-TOF) at the Veterinary Science 

Department, SDSU. Each experimental trial was done in the replicates of three 

and repeated three times. 

Recovery of Survivors using Direct Plating Method. For each direct analysis, 

twenty-five grams of spiked and pasteurized ice cream mix sample were drawn 

and suspended in 225 mL PBS, followed by further serial dilutions, as necessary. 

Appropriate dilutions were direct plated on an esculin-based medium, Modified 

Oxford Agar (MOX) to enumerate the Listeria cells that might have survived the 

heat treatment. The direct plating on Oxford agar likely supports the growth of 

uninjured populations (Hansen and Knochel, 2001). The plates were incubated at 

37°C for 24 hours. The incubated plates were observed for typical Listeria 

colonies, which were small black colonies with a black halo (Park et al., 2013). 

Recovery of Heat-injured Cells using the BAM Enrichment Protocol. 

Additionally, in order to enumerate any heat-injured cells of Listeria, an 

enrichment protocol was used as recommended by USFDA (Bacteriological 

Analytical Manual, BAM, 2017).  A 25 grams portion each of the lab pasteurized 

spiked sample was suspended in 225 mL of buffered Listeria Enrichment Broth 

(BLEB), and incubated for 4 hours at 30°C. Listeria selective enrichment 

supplements (Acriflavin HCl, Nalidixic acid and Cycloheximide) were added after 

four hours and the samples were further incubated at 30°C. At 24 to 48 h 

intervals, BLEB enrichments were streaked on MOX agar and a chromogenic 
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selective medium (RLM) to show the recovery of heat-injured cells. The typical 

Listeria colonies on MOX appeared black with black zones, and on RLM, the 

colonies were white, with or without halo. The results were recorded as positive 

or negative, based on the presence or absence of colonies on the selective 

media used for streaking, due to the recovery of heat-injured cells of Listeria. 

Simulated Studies to demonstrate the Influence of Ice cream Temperature 

Abuse on the Recovery of Injured Cells. The spiked samples of ice cream 

were temperature abused to simulate the consumer handling conditions on the 

recovery potential of heat-injured cells, if any, using three temperature abuse 

cycles (Figure 1). The frozen samples were held at 4.4°C in a refrigerator for 12h 

followed by 30 minutes holding at room temperature (22°C). This was identified 

as first cycle of temperature abuse. Samples were drawn in triplicates and direct 

plated on MOX and RLM for any intact cells due to the possible recovery of 

injured cells. The samples were restored for another 12h at 4.4°C followed by 

holding at room temperature for 30 minutes before testing for intact cells 

(considered second cycle of temperature abuse). Finally, the samples were 

exposed to a third cycle of temperature abuse followed by plating. Such ‘pudding 

consistency’, is often experienced while serving ice cream in long-term care 

facilities and nursing homes. Many a times the ice cream is held at refrigeration 

before serving due to the preference of recovering patients. In addition, there are 

chances of the unused ice cream samples being held for a couple of days under 

refrigeration conditions before being served and consumed. Such temperature 
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abuse conditions may support the recovery process of any carried over heat-

injured cells from the ice cream mix stage onwards.  

Simulated Studies on the Influence of Gastro-Intestinal Fluids on the 

Recovery of Injured Cells. To evaluate the survival and recovery of any Listeria 

cells by consuming the ice cream containing any injured cells under the 

simulated conditions of human upper gastrointestinal transit an in vitro protocol 

was developed by modifying the methods of Mudie et al., (2010). 

For studying the transit in the Simulated Gastric Fluid, a simulated gastric 

fluid (without pepsin, 0.2%(w/v) sodium chloride in 0.7% hydrochloric acid) was 

purchased from Fisher Scientific (Manufacturer, Ricca Chemical Company, 

710816) and adjusted to the gastric fluid pH variability at 1.0, and 2.0 by 

neutralizing with filter sterilized sodium bicarbonate (10%) solution. 

Assuming that US quart is 32 fl. oz, that means that one scoop will contain 

2 fl. oz of ice cream, or 1/4 cup or 56.70g. If a person consumed appx. one scoop 

of ice cream with injured cells, then it will get mixed with about 50mL of gastric 

fluid (56.70g ice cream vs. 50mL gastric fluid or appx. 1:1 dilution). Keeping this 

in mind, the experimental design was made and the ice cream (containing injured 

cells) and the gastric fluids (at different pH values as above) were held at 37°C in 

a shaker water bath. Based on the gastric emptying time in the range of 5 to 60 

min, samples were drawn at 15, 30, and 60 min intervals. The reaction was 

stopped by increasing the sample pH to 7.5 with IN NaOH, and direct plated on 

MOX for enumerating any intact cells that may have recovered from injured cells 

present in ice cream, while being passed through the gastric fluid. Additionally, 
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the samples were also enriched in BLEB and plated on MOX to confirm the 

presence of injured cells. The shortest contact time duration that showed intact 

cells on MOX helped to interpret any recovery potential in gastric fluid, while the 

longest contact time duration still showing no intact cells on MOX meant that 

despite exposure in gastric fluid the cells were still injured and did not recover. 

For studying the sequential transit in simulated intestinal fluid, the shortest 

time duration, under each pH treatment, which was negative for intact cells 

(assumption is that it still has viable injured cells) was selected and exposed to 

Simulated Intestinal Fluid (without pancreatin, USP XXII formulation) from Fisher 

Scientific (Manufacturer, Ricca Chemical Comapany, 7109.7516). Considering 

the average small intestinal fluid to be at pH 6.8 and its volume to be 50mL (after 

food intake), 2.0 g of gastric fluid + ice cream with injured cells (1:1) from 

previous experiment was added to 50mL of simulated intestinal fluid and held at 

37°C in a shaker water bath. Keeping in mind the small intestine emptying time in 

the range of 30 to 360min, samples were drawn at 30, and 360 min intervals. 

Samples were direct plated on MOX for enumerating any intact cells that may 

have recovered from injured cells present in ice cream, while being passed 

through the simulated gastric fluid and simulated intestinal fluid. The shortest 

contact time duration that shows intact cells on MOX helped to interpret any 

recovery potential of injured cells in the simulated intestinal fluid, while the 

longest contact time duration still showing no intact cells on MOX meant that 

despite exposure in simulated gastric fluid followed by simulated intestinal fluid 

the cells were still injured and did not recover. At the final stage of experiment, a 
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BLEB enrichment (BAM protocol) was done to confirm the presence of injured 

cells in the ice cream samples passed through simulated gastric and intestinal 

fluids. 

Statistical Analysis. The results related to plate counts were subjected to 

analysis of variance (ANOVA) using SAS® 9.3 (SAS Institute Cary, NC, USA). 

The level of significance was set to 5%. 

RESULTS AND DISCUSSION 

Changes in Total Microbial Counts of Ice Cream Mix, and Colony 

Characteristics 

The mean background microflora in the raw ice cream was about log 

5.23±0.1cfu/grams and the pH and water activity were 6.56 and 0.958±0.10, 

respectively. This data was comparable to the baseline value as established in 

our previous trials. This data was also used to compare the SPC counts at later 

stages of the analysis, i.e. after pasteurization stage, and at the time of 

temperature abuse cycles (Figure 2). The log counts of the mix after 

pasteurization were 2.81 cfu/grams, which did not change significantly during 

temperature abuse cycles. Similarly, the water activity levels remained pretty 

much unchanged and comparable to the original mix (Table 1). 

Listeria inhibition by background microflora 

Another interesting observation was that the background microflora of the 

pasteurized mix predominated with spore formers such as B. pumilus and B. 

licheniformis, as identified by MALDI-TOF. Amongst these, the B. pumilus 
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isolates appeared as mucoid colonies (Figure 3A) from which long string of 

exopolymeric substances (EPS) could be stretched, as visible in Figure 3B. On 

the other hand, Bacillus licheniformis formed typical spreader colonies, which 

were non- mucoid (Figure 3C). 

Background microflora in product matrices can potentially influence the 

recovery process of injured cells in the product. It was hypothesized that such a 

situation could arise for the ice cream containing injured cells also, if the 

background microflora could directly inhibit the Listeria cells. The ‘spot on lawn 

study’ conducted using cell free extract of B. pumilus and B. licheniformis 

provided an early evidence of the direct inhibition of Listeria innocua. This was 

clearly evident by the zones of clearance produced on the L. innocua plates. 

Figure 4 depicts such a zone of clearance by the CFE of B. licheniformis. This is 

another novel finding and needs further studies to identify the factors responsible 

for this inhibition of L. innocua by the CFE of background microflora, and their 

role in preventing the potential recovery of injured cells of Listeria in the ice 

cream matrix. 

Effect of Ice cream Manufacturing Stages on Listeria Survivors. The ice 

cream mix samples were spiked at log 4.54±0.13 cfu/grams levels and exposed 

to minimum pasteurization treatment (69°C for 30 min). The direct plating on 

MOX and RLM did not detect any Listeria survivors. On the other hand, injured 

cells were recovered by using the BLEB enrichment protocol followed by plating 

on MOX and RLM. These results show the effectiveness of pasteurization in 

eliminating intact Listeria and is similar to our previous findings (Neha eta al., 
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2018) and several others (Bradshaw et al., 1987, Holsinger et al., 1992). Direct 

plating technique does not recover injured or stressed cells (Jasson et al., 2010), 

hence by following the enrichment protocol, we detected a random presence of 

some heat-injured cells. This may be due to the sub lethal damage of 

cytoplasmic membrane, also known as structural damage (Hauben et al., 1996; 

Pagan and Mackey, 2000 and Ritz et al., 2001) or damage to intracellular 

components, also known as physiological damage (Niven et al., 1999 and Ritz et 

al., 2002). In order to establish any potential risk due to injured cells recovery in 

product matrix, especially for the higher risk population including 

immunocompromised, elderly people, and pregnant women (Choi et al., 2016), 

recovery of injured cells was tracked during the ice cream manufacturing stages 

such as freezing, hardening, and storage. Similar to our previous findings (Neha 

eta al, 2018), which depicted no recovery of injured cells in ice cream mix holding 

conditions, none of the later manufacturing stages supported the recovery of any 

injured cells. This study thus provided evidence that despite the random 

presence of injured cells, the ice normal ice cream manufacturing and storage 

conditions do not offer any risk from the recovery of any heat-injured cells that 

are carried over to the final product. This is an important finding that further 

supports the view that post pasteurization environmental contamination of the 

finished product is more critical in establishing the Listeria risk in a more realistic 

manner. 

Effect of Product Temperature Abuse on Recovery Potential of Injured 

Cells. The next part of the study evaluated the role of temperature abuse at the 
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consumer end on the recovery of any carried over injured cells in the final 

product. From the consumer perspective it was observed that in nursing homes 

and patient care facilities the ice cream is held at the refrigerated temperature 

overnight for tempering, before serving to the patients. This may result in 

temperature abuse of ice cream. To simulate the long-term care facilities, and old 

–age nursing homes, the ice cream samples with injured Listeria cells were

exposed to refrigeration temperature storage cycles. Such storage resulted in 

‘pudding like consistency’ to the ice cream samples, during the overnight 

temperature abuse cycles. Direct plating was done on MOX at the end of each of 

the three cycles, and it was observed that none of the temperature abuse cycles 

resulted in any recovery of any carried over injured cells. On the other hand, the 

BLEB enriched samples followed by MOX plating revealed the presence of 

injured cells. This helped us to reiterate that despite the random presence of 

injured cells in the final product, none of the later stages of normal ice cream 

holding or refrigerated temperature abuse resulted in the recovery of those in 

injured cells. Such an evidence will go a long way in developing more robust risk 

assessment models, and help explain the causes of any Listeria outbreaks, from 

products such as ice cream, in a more realistic manner. 

All this information further points towards the necessity of directing greater efforts 

in environmental Listeria control to prevent any post pasteurization contamination 

of the product with intact cells of Listeria. Our further studies about the post 

pasteurization contamination with intact cells of Listeria showed that none of the 

later stages of freezing, hardening, and storage had any detrimental effect on 
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Listeria intact cells (data not included). Such intact cells, which cause 

environmental cross contamination of the finished product, are likely to be more 

significant in causing any disease outbreaks and need to be monitored and 

controlled more effectively. 

Potential of Injured Cells Recovery in the Simulated Gastro-intestinal 

Fluids. Many a times a question comes up that if the injured cells are consumed 

along with a cross-contaminated product, would they have the tolerance to 

gastro-intestinal fluids and cause a disease. There are not many studies 

conducted to evaluate this effect, hence, we conducted a simulated study to 

observe the recovery potential of injured cells of Listeria in the ice cream when 

exposed to GI fluids. 

The two-stage experiment was conducted by exposing the ice cream samples, 

containing injured cells, to simulated gastric and intestinal fluids in a sequential 

manner. The injured cells were detected on exposure to the gastro-intestinal 

fluids using BLEB enrichment only. The direct plating on MOX did not detect any 

cells, indicating the inability of injured cells to recover during the exposure to 

gastro-intestinal fluid, simulating the gastric transit in the host (Table 2). 

However, it is also to be noted that the injured cells remained injured in the 

simulated gastro-intestinal fluid passages and even the low pH of gastric fluid 

was not sufficiently effective in eliminating them completely. This study has a 

limitation of being conducted under in vitro conditions, in the absence of any gut 

microbiome. However, it provides an early evidence that it is not likely that these 

injured cells would recover when exposed to gastro-intestinal fluids. Further 
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studies need to be conducted under better simulated gut microbiome models, 

and appropriate animal model to arrive at final conclusions. 

CONCLUSIONS 

This study evaluates the recovery potential of injured cells of Listeria 

innocua in ice cream matrix under different condition of manufacturing and 

storage. The results provided an evidence about the inability of the randomly 

presented injured cells to recover under later manufacturing steps of freezing, 

hardening and storage. Even the refrigerated temperature abuse cycles, 

assuming a consumer end mishandling of product, also did not show the 

recovery of any injured cells. Further studies conducted using simulated gastro-

intestinal fluids did not provide any evidence of the recovery of injured cells. This 

study thus confirms that any randomly present injured cells in ice cream mix are 

not likely to recover during the later stages of ice cream manufacturing or 

storage. The simulated gastro-intestinal studies provide any early indication on 

the inability of injured cells to recover in the host system but would require more 

in-depth gut microbiome models to clearly establish this finding. 
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Chapter 5 Tables and Figures. 

Table 1. Changes in water activity and pH of ice cream mix and different stages. 

Water activity pH 

Raw ice cream mix 0.958 6.56 

Post pasteurization 0.961 6.57 

Temp abuse Cycle 1 0.969 6.63 

Temp abuse Cycle 2 0.981 6.65 

Temp abuse Cycle 3 0.985 6.62 
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Table 2. Recovery of injured cells in gastro-intestinal fluids. 

Test medium Exposure time 

(min) 

Direct Plating 

on MOX 

BLEB 

Enrichment and 

plating on MOX 

and RLM 

Gastric fluid 

pH 1.0 and 2.0 

15 -* 

- 

+ 

+ 

30 - 

- 

- 

+ 

60 - 

- 

+ 

- 

Intestinal fluid 

pH 6.8 

30 - 

- 

+ 

- 

360 - 

- 

+ 

+ 

*(-) Not detected 
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Figure 1. Flowchart for the temperature abuse cycles of ice cream. 

Figure 2. Standard plate counts (log cfu/g) of ice cream mix samples at different 

stages of treatment and temperature abuse (cycles 1 to 3). 
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Figure 3. Colony characterization of the background microflora in the post 

pasteurized ice cream, mix samples. Mucoid colonies of Bacillus pumilus (3A) 

and EPS string of Bacillus pumilus colony (3B), spreader non-mucoid colony of 

Bacillus licheniformis. 

A   B 

C 

Mucoid colony 

EPS String 

Non-Mucoid colony 
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Figure 4. Spot on lawn assay showing zones of clearance of the growth of L. 

innocua when spotted with the cell free extract of B. licheniformis. 
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SUMMARY AND CONCLUSIONS 

Phase I of the study focused on the relationship of cross contamination 

levels at raw ice cream mix stage and the presence and recovery potential of 

heat-injured cells using enrichment protocols. When the raw ice cream mix 

samples were inoculated with about log 4.0 cfu/g of Listeria innocua (an 

established surrogate) and heat treated to minimum pasteurization treatment, the 

direct plating did not detect any survivors. On the other hand, BLEB enrichment 

protocol detected a random presence of heat-injured cells. Statistical algorithms 

were used to fit a model by considering covariates. Based on the quasi- complete 

separation, dose (level of cross contamination) came up as a predictor of the 

presence of heat-injured cells only at the higher levels of cross contamination 

(average log 4.0 or more). Further studies are necessary to evaluate the 

significance of the possibilities of random presence of heat-injured cells in ice 

cream mix when subjected to minimum pasteurization treatment. Importantly, ice 

cream mix itself did not support the recovery of any heat-injured cells during 

common aging and storage conditions (7°C for 72 h), whereas the influence of 

any abused handling conditions is yet to be studied. Many ice cream-related 

outbreaks have occurred in the recent past, mostly due to cross contamination 

under unhygienic processing conditions. Listeria is a very resilient organism that 

can withstand adverse conditions, such as wide ranges of pH, water activity, and 

low temperatures. Its persistence in the dairy processing environment has been 

reported, as the organism can form resistant biofilms leading to potential cross 

contamination of the product, especially from harborage sites. Its ability to 
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withstand adverse processing conditions may also lead to stressed and injured 

cells of Listeria, which may recover under abused conditions of handling and 

storage. Although such injured cells have not been linked to any disease 

outbreaks so far, this information could be helpful in improving risk assessment 

protocols. 

Phase II of the study suggested a possible role of air-pocket entrapment in 

protecting Listeria cells by limiting their exposure to the complete thermal effect. 

This information thus provides another perspective around Listeria risk, in 

addition to the other reported factors such as higher cross contamination levels, 

background microflora, product constituents, lipid-shielding effects, and 

entrapment in polymorphonucleocytes. We hope that this additional information 

about air cell entrapment may serve to develop more robust Listeria risk-

assessment protocols by considering the potential presence of heat-injured cells. 

This is an early evidence proposing the implications of air cells entrapped Listeria 

on their later detection as heat-injured cells in the heat-treated viscous food 

matrices such as ice cream mix. Further studies are necessary to evaluate the 

complete extent of these findings and their relationship to any injured cells 

detection. 

Phase III of the study evaluated the recovery potential of injured cells of 

Listeria innocua in ice cream matrix under different condition of manufacturing 

and storage. The results provided an evidence about the inability of the randomly 

presented injured cells to recover under later manufacturing steps of freezing, 

hardening and storage. Even the refrigerated temperature abuse cycles, 
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assuming a consumer end mishandling of product, also did not show the 

recovery of any injured cells. Further studies conducted using simulated gastro-

intestinal fluids did not provide any evidence of the recovery of injured cells. This 

study thus confirms that any randomly present injured cells in ice cream mix are 

not likely to recover during the later stages of ice cream manufacturing or 

storage. The simulated gastro-intestinal studies provide any early indication on 

the inability of injured cells to recover in the host system but would require more 

in-depth gut microbiome models to clearly establish this finding. 
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