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ABSTRACT 

SURVIVAL AND VIRULENCE OF LISTERIA MONOCYTOGENES  

DURING LONG-TERM STORAGE ON CHOCOLATE LIQUOR, CORN FLAKES  

AND DRY-ROASTED PISTACHIOS 

Vivian Ly 

University of Guelph, 2020 

Advisor:  

Dr. Jeffrey M. Farber 

Low-moisture foods (LMFs) are increasingly implicated in foodborne illness outbreaks and 

recalls. LMFs inhibit Listeria monocytogenes growth but support its long-term survival which 

presents a public health concern. In this study, the survival and virulence of L. monocytogenes was 

assessed during storage for 336+ days at 4°C and 23°C on chocolate liquor (CL), corn flakes (CF) 

and dry-roasted pistachios (DrP). At 4°C, L. monocytogenes concentrations declined significantly 

on the CL and CF (≤ 0.06 log CFU/g/mth; P < 0.01), but remained stable on the DrP for at least 

336 days. At 23°C, L. monocytogenes declines occurred on the CL, CF and DrP at initial rates of 

0.84, 0.88 and 0.32 log CFU/g/mth, respectively. These declines may be i) strain specific and ii) 

attributed to cellular inactivation and transition to a viable-but-non-culturable state. Surviving 

cells, specifically after 4°C storage, remain infectious and capable of intracellular replication in 

the Caco-2 enterocyte model. 
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1 Literature review  

1.1 Introduction 

Canada is considered to have one of the top-ranked food safety systems in the world 

(Charlebois and Le Vallée, 2014), but an estimated 1 in 8 Canadians still experience foodborne 

illness (FBI) each year (Thomas et al., 2013). Low-moisture foods (LMFs) such as dried fruits, 

cereals and confections, are characterized by a low water activity (aw) below 0.85 and have been 

recognized as being vehicles for FBI (FAO/WHO, 2014).  

LMF were previously considered low risk for FBI, as the growth of bacterial pathogens is 

inhibited by low aw. However, the survival of pathogens such as Salmonella, Shiga-toxin 

producing Escherichia coli (STEC) and Listeria monocytogenes has been demonstrated for up to 

one year in some commodities. For example, previous reports have demonstrated the long-term 

survival of these pathogens on dried fruits (Beuchat and Mann, 2014), nuts (Blessington et al., 

2012; Brar et al., 2015; Kimber et al., 2012), and several other LMFs (Beuchat et al., 2013). 

While L. monocytogenes has not yet been implicated in FBI outbreaks associated with 

LMFs, it has been implicated as the causative agent for numerous recalls in the past five years 

(http://inspection.gc.ca/about-the-cfia/newsroom/food-recall-warnings/eng/1299076382077/ 

1299076493846 and https://www.fda.gov/safety/recalls-market-withdrawals-safety-alerts), and is 

very much a relevant concern because of its disease-causing capacity among susceptible groups of 

the population. Although invasive infection with L. monocytogenes is rather uncommon, with 

annual confirmed case counts in the low 100s in Canada, it is associated with a high case-fatality 

rate of 20% to 30% (Government of Canada, 2011; Thomas et al., 2013). 
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With increasing public interest in LMFs such as tree nuts and chia seeds for their health 

benefits, particularly when consumed in their raw, most 'natural' form (Transparency Market 

Research, 2015), in addition to the rapidly-growing elderly population, an expanded understanding 

of L. monocytogenes survival on food matrices previously thought to be unlikely vehicles for 

listeriosis is necessary. 

1.2 Listeria monocytogenes 

L. monocytogenes is a Gram-positive, non-sporulating, facultative anaerobe found 

throughout the environment as a free-living organism and within mammalian reservoirs such as 

cattle, pigs and poultry (Gray & Killinger 1966). Humans are also documented carriers for L. 

monocytogenes, with asymptomatic shedding occurring in an estimated 5% to 10% of the 

population (Farber and Peterkin, 1991; Government of Canada, 2011).  

As of 2019, 20 species have been described for the genus Listeria, which can be divided 

into two clades, Listeria 'sensu stricto' and 'sensu lato', based on phylogenetic distance to the type 

species, L. monocytogenes (Leclercq et al., 2019; Parte, 2018, 2013). The sensu stricto species 

have all been isolated from the mammalian intestinal tract, while those species in the sensu lato 

clade have been isolated from the environment, e.g., food-contact surfaces (FCS) (Schardt et al., 

2017). Along with five other species, L. monocytogenes belongs to the former clade (Table 1), 

which also includes the only other pathogenic species of the genus, L. ivanovii (MacLeod et al., 

1974; Seeliger et al., 1984). However, L. ivanovii is mainly associated with disease in ruminants 

and human infection is very rare (Alexander et al., 1992; Guillet et al., 2010; MacLeod et al., 

1974). Therefore, research efforts are focused on L. monocytogenes for its prominent disease-

causing capacity in humans which has been described as early as 1929 (Nyfeldt, 1929).   
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Table 1. Species within the Listeria genus. 

Clade Listeria species 

sensu stricto L. monocytogenes, L. ivanovii, L. innocua, L. welshimeri, L. marthii, L. 

seeligeri 

sensu lato L. grayi, L. fleischmannii, L. weihenstephanensis, L. rocourtiae, L. aquatica, 

L. cornellensis, L. riparia, L. floridensis, L. grandensis, L. newyorkensis, L. 

booriae, L. costaricensis, L. goaensis, L. thailandensis 

The L. monocytogenes species may be further divided into serotypes based on 

combinations of the flagellar (H) and somatic (O) antigenic factors. By this method, 13 serotypes 

have been described for L. monocytogenes: 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, and 

7 (Farber and Peterkin, 1991; Seeliger and Höhne, 1979). These serotypes can be grouped into at 

least four lineages, based on phylogeny and ecology (Orsi et al., 2011). Serotypes belonging to 

lineage II, i.e., 1/2a, 1/2c and 3a, are most frequently recovered from food and environmental 

samples. Therefore, the serotyping of L. monocytogenes food isolates for epidemiological purposes 

may not provide especially useful insights (Orsi et al., 2011).  

1.2.1 Pathogenicity and virulence 

L. monocytogenes is an opportunistic pathogen of numerous animals and humans (Gray 

and Killinger, 1966). In otherwise healthy, immunocompetent individuals, infection with L. 

monocytogenes, or 'listeriosis', may manifest as a fever and self-limiting gastroenteritis (Dalton et 

al., 1997; Hof, 2001). However, for particularly susceptible ‘at-risk’ groups, which include the 

fetuses of pregnant women, neonates, the elderly, and immunocompromised individuals, the 

ingestion of L. monocytogenes-contaminated food may result in invasive systemic infection. The 

associated symptoms include diarrhoea and vomiting, but may be as severe as meningitis, 

encephalitis and septicaemia (Government of Canada, 2011). For pregnancy-associated listeriosis, 
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infection may result in premature birth, spontaneous abortion or congenital infection of the 

neonate, for which outcomes can be fatal (De Luca et al., 2015).  

Annual confirmed case counts of listeriosis in Canada and the United States of America 

range in the low 100s and 600-800s, respectively (Foodnet, 2014; Scallan et al., 2011; Thomas et 

al., 2013). These values are often considered underestimates of the true number of cases because 

of underreporting and underdiagnosis (Scallan et al., 2011). The majority of listeriosis cases may 

also be sporadic in nature (Swaminathan and Gerner-Smidt, 2007; Varma et al., 2007), which 

could contribute to underdiagnosis compared to those that occur as part of an outbreak. As a result 

of its high case-fatality rate, human volunteer studies have not been done to determine the L. 

monocytogenes dose response (McLauchlin et al., 2004). Most listeriosis cases are estimated to be 

the result of consuming large numbers of L. monocytogenes (Pouillot et al., 2015). However, 

questions have been raised more recently as to the potential for a low dose-response for L. 

monocytogenes among particularly susceptible populations (McLauchlin et al., 2004; Pouillot et 

al., 2016). 

Of the 13 serotypes listed previously, serotypes 1/2a, 1/2b and 4b are most frequently 

isolated from human clinical cases of listeriosis (Farber and Peterkin, 1991; Schuchat et al., 1991). 

While outbreaks have been associated with all three serotypes, serotype 4b is the predominant 

group implicated in listeriosis outbreaks (Fugett et al., 2006). However, whether these associations 

are the result of differences in virulence or a growth/survival advantage during storage on 

foods/FCS is not entirely clear (Kathariou, 2002). Based on strain histories, previous researchers 

have proposed there to be an association between genetic lineage and virulence (Rasmussen et al., 

1995; Wiedmann et al., 1997). However, a clear relationship between these factors could not be 
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elucidated using plaque assays in the in vitro mouse L cell model or the in vivo mouse virulence 

assay via intraperitoneal injection (Liu, 2006, 2004; Wiedmann et al., 1997). 

1.2.2 Pathogenesis 

L. monocytogenes has long been considered an elegant model organism in cell biology for 

studying intracellular bacterial pathogens. The infection of the human host begins in the intestinal 

tract after ingesting food contaminated with L. monocytogenes. From the intestinal lumen, L. 

monocytogenes is capable of crossing the intestinal barrier, which may occur at multiple sites of 

entry. These sites include the tips of intestinal villi where apoptotic epithelial cells are extruded, 

in addition to the junctions between epithelial cells and mucus-secreting goblet cells (Nikitas et 

al., 2011; Pentecost et al., 2006). Upon entry into the lamina propria, the spread of L. 

monocytogenes can continue through the host system via the bloodstream or lymphatic system 

towards the liver and spleen (Radoshevich and Cossart, 2018). Within these target organs, the 

pathogen may be cleared in the immunocompetent host by macrophages (Kathariou, 2002; Lepay 

et al., 1985). However, in the immunocompromised or immunosuppressed host, colonization of 

the organ could occur by surviving L. monocytogenes, upon which its spread may continue through 

the bloodstream towards the central nervous system and/or uterus of pregnant women (Kathariou, 

2002; Radoshevich and Cossart, 2018). At these sites, L. monocytogenes is capable of crossing 

both the blood-brain and fetoplacental barriers to cause the symptoms discussed in section 1.2.1 

such as meningitis and spontaneous abortion, respectively (Bakardjiev et al., 2006; Disson and 

Lecuit, 2012).  

At the cellular level, internalization of L. monocytogenes into host cells is dependent on 

two surface proteins, internalin A and B (InlA, InlB), which are used in the invasion of different 
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cell types (Figure 1; Kathariou, 2002). InlA associates with the E-cadherin (E-cad) cell surface 

glycoprotein of human intestinal epithelial cells and goblet cells, which is involved in cell-cell 

adhesion (Boller et al., 1985; Mengaud et al., 1996). Generally, E-cad is located in the 

intermediate/adherens junction between cells and is therefore sequestered away from pathogens 

such as L. monocytogenes that may be present in the intestinal lumen (Boller et al., 1985). 

However, the tips of intestinal villi and the epithelial-goblet cell junctions offer L. monocytogenes 

a window of opportunity to access E-cad as a result of cell extrusion and mucus expulsion, 

respectively (Nikitas et al., 2011; Pentecost et al., 2006). InlB associates with the hepatocyte 

growth factor receptor (c-Met) for internalization in a wide variety of cells, including hepatocytes 

and trophoblasts (Figure 1; Shen et al., 2000). The crossing of the human intestinal barrier is InlB-

independent. However, the ability of L. monocytogenes to cross other barriers, such as the 

fetoplacental barrier, may be dependent on both pathways (Disson et al., 2008; Lecuit et al., 2004; 

Pizarro-Cerdá et al., 2012). 

Following internalization, L. monocytogenes escapes the endosome using listeriolysin O 

(LLO) and two phospholipases (PlcA, PlcB) (Figure 1; Radoshevich and Cossart, 2018). Upon 

entry into the host cytoplasm, L. monocytogenes can exploit the host cell actin filament assembly 

machinery for its own purposes, namely intracellular locomotion, using the actin assembly-

inducing protein, ActA (Figure 1; Kocks et al., 1992; Mounier et al., 1990). Propelled towards the 

host cell membrane by its actin tail, L. monocytogenes is capable of protruding from the infected 

cell into adjacent cells where it can repeat the infection process anew. Following cell-to-cell 

internalization, L. monocytogenes can be found within a double-membrane vacuole, which it may 

escape again using LLO, PlcA and PlcB (Mounier et al., 1990).  
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Figure 1. Steps involved in L. monocytogenes infection of human cells. Figure created using the 

web-based BioRender software (https://biorender.com/). 
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1.2.3 Models for assessing L. monocytogenes virulence 

As discussed previously, L. monocytogenes is considered one of two pathogenic species 

within the genus Listeria. However, there are a wide range of virulence potentials within the 

species, including avirulent strains (Barbour et al., 2001; Roche et al., 2003). In addition to 

humans, L. monocytogenes has been reported as being pathogenic to at least 50 animal species 

(Gray and Killinger, 1966). Early research investigating the virulence of L. monocytogenes made 

use of these species to better understand its pathogenicity in the animal host (Osebold and Inouye, 

1954; Scheld et al., 1979). Some examples include rabbits, the species from which L. 

monocytogenes was first identified, and sheep (Murray et al., 1926; D'Orazio, 2014). However, 

many of these are not used today as an in vivo model for human infection because of considerations 

and constraints non-exclusive to cell/tissue similarity, physiology, immune response, and overall 

practicality (Reddy and Lawrence, 2014).  

Since the 1980s, mice have been widely used as an in vivo model for human listeriosis 

(Audurier et al., 1980; Liu, 2004). However, the interactions between L. monocytogenes InlA and 

InlB with the host cell E-cad and c-Met is specific to the human host. Thus, murine virulence 

assays were commonly conducted via intraperitoneal or intravenous injection to circumvent its 

innate resistance to oral infection by L. monocytogenes (Pitts and D’Orazio, 2018). While the InlB-

dependent pathway functions similarly to that observed in the human host, the murine E-cad differs 

from its human counterpart by a single amino acid, which is sufficient to eliminate the InlA-E-

cad-dependent internalization into enterocytes (Khelef et al., 2006; Lecuit et al., 1999). However, 

Lecuit et al. (2001) have since developed a transgenic mouse model which expresses human E-cad 

in the intestinal tract. Nevertheless, virulence assays using the murine model are still disadvantaged 
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by their low throughput, requirement for a large inoculum in the range of 6 to 10 log CFU 

(D’Orazio, 2014; Pitts and D’Orazio, 2018), and expense. 

More recently, a number of invertebrate models have been proposed for L. monocytogenes 

virulence assessment, which provide many advantages over the mouse model: higher throughput, 

ethical acceptability, ease of manipulation, and affordability. Some of these models include 

Drosophila melanogaster, Caenorhabditis elegans and Galleria mellonella (Reddy and Lawrence, 

2014). However, the Drosophila fruit fly model may not be suitable, as infection of the flies with 

a non-pathogenic strain of L. innocua demonstrated an equal mortality rate to infection with L. 

monocytogenes (Jensen et al., 2007). The nematode C. elegans may also have limited use for 

assessing L. monocytogenes virulence. While L. monocytogenes demonstrated faster killing of the 

worms than the E. coli and L. innocua negative controls, a ΔactA mutant strain of L. 

monocytogenes demonstrated an equivalent capacity for killing as the wild type (Thomsen et al., 

2006). Importantly, the inoculated worms are also incubated at 25°C, during which core genes 

involved in L. monocytogenes virulence are not expressed (Johansson et al., 2002). Of these three 

invertebrates, only the greater wax moth Galleria model may be appropriate for assessing L. 

monocytogenes virulence. The worms can be incubated at 37°C during the assay, the optimal 

temperature for the expression of L. monocytogenes virulence genes. However, the main 

limitations associated with the model are the large number of cells, i.e., 6 log CFU per larva, that 

need to be injected and the necessity for this specific dose, above which induces sepsis regardless 

of pathogenicity and below which delays the observation of pathogenic effects (Mukherjee et al., 

2010). 
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Compared to the aforementioned in vivo models, in vitro cell culture models provide many 

of the same advantages as the invertebrate models. It also allows one to determine which stage(s) 

of infection, i.e., attachment, invasion and/or intracellular replication is/are affected. Numerous 

mammalian cell lines have been used to study L. monocytogenes infection such as the human 

HeLa, HepG2 and HT-29 cells, and the African green monkey Vero cells (Pizarro-Cerdá et al., 

2012; Rousset, 1986; Yamada et al., 2006). However, the human epithelial colorectal 

adenocarcinoma Caco-2 cell line is the most frequently used to study L. monocytogenes infectivity 

and for virulence assessment (Reddy and Lawrence, 2014). 

The enterocyte-like Caco-2 model was first established to study L. monocytogenes invasion 

and intracellular replication by Gaillard et al. (1987) and has been demonstrated to be particularly 

efficient at L. monocytogenes internalization compared to 11 other human, monkey and murine 

cell lines (Pine et al., 1991). Under standard cell culture conditions, Caco-2 cells are capable of 

differentiation and polarization (Rousset, 1986). This occurs shortly after adjacent cells attach to 

each other to form islets, starting at the centre of the islets where cells are no longer dividing 

(Gaillard and Finlay, 1996). Interestingly, Gaillard and Finlay (1996) found the invasion efficiency 

of L. monocytogenes to decrease dramatically in polarized and differentiated cells by about 1/10th 

of that observed in its unpolarized and undifferentiated counterpart, suggesting that L. 

monocytogenes may preferentially invade the latter cells, such as those on the periphery of islets 

in a semi-confluent Caco-2 monolayer (Mounier et al., 1990).  

The invasion of Caco-2 cells is mediated by and dependent upon the InlA-E-cad interaction 

(Gaillard et al., 1991). Therefore, the establishment of tight-junctions during Caco-2 polarization 

has the expected effect of decreasing the invasion efficiency of L. monocytogenes as the pathogen 
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can no longer access E-cad receptors (Gaillard and Finlay, 1996). Therefore, the majority of Caco-

2 virulence assays for L. monocytogenes use semi-confluent cultures after 2 to 3 days of culturing 

(Pricope-Ciolacu et al., 2013; Reddy and Austin, 2017).  

1.2.4 Foodborne transmission of L. monocytogenes 

Approximately 4 million Canadians are estimated to suffer from FBI annually, with L. 

monocytogenes accounting for only 0.01% of cases for which there is a known cause (Thomas et 

al., 2013). Compared to pathogens such as norovirus and Campylobacter, FBI outbreaks associated 

with L. monocytogenes are relatively rare. However, it is the leading cause of death associated 

with FBI in Canada and the third leading cause in the United States (Scallan et al., 2011; Thomas 

et al., 2015). For this reason, research on L. monocytogenes, in addition to its prevalence and 

behaviour in foods, is of vital importance for public safety and to maintain a safe food supply. 

L. monocytogenes was initially characterized as an animal pathogen (Murray et al., 1926), 

and its foodborne transmission was not described until the seminal listeriosis outbreak of 1981 in 

the Canadian Maritimes associated with contaminated coleslaw (Schlech et al., 1983). Several 

properties make L. monocytogenes a successful food colonizer including its capacity for growth 

over a wide range of temperatures (< 0°C to 45°C), salt concentrations and pH (Lou and Yousef, 

1999; McLauchlin and Rees, 2009; Walker et al., 1990). As a facultative anaerobe, packaging 

methods that rely on reduced levels of oxygen to minimize bacterial growth and prolong shelf-life, 

such as modified-atmosphere packaging, are also ineffective against L. monocytogenes and the 

inhibition of potentially-competing spoilage bacteria may instead work to promote its growth 

(Farber, 1991). Compared to other foodborne pathogens, however, it is the unusual ability to grow 

at refrigeration temperatures that makes L. monocytogenes particularly dangerous.  
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Microbiological risk assessments or hazard analysis of foods must take into account many 

factors including the likelihood of contamination, the serving size and frequency of consumption, 

and whether the product in question can support pathogen growth to dangerous levels during its 

shelf-life. The majority of confirmed listeriosis cases have been associated with the consumption 

of ready-to-eat (RTE) products (FAO/WHO, 2004). RTE foods can be defined as '…food that is 

in a form that is edible without additional preparation to achieve food safety' (FDA, 2003). The 

contamination of these commodities with L. monocytogenes is cause for concern, because they do 

not undergo further steps for pathogen inactivation. In Canada, RTE products are categorized into 

relative risk groups based on the product's ability to support L. monocytogenes growth and its 

intended consumer. However, there are some exceptions to the policy (e.g., whole fruits and 

vegetables, dry goods, etc.) (Health Canada, 2011).  

RTE products that support L. monocytogenes growth are considered Category 1 and are 

under the highest degree of regulatory control and surveillance. Some Category 1 products that 

have been implicated in listeriosis outbreaks include hot dogs, deli meats and soft cheeses (Health 

Canada, 2011). In 2008, a multi-province outbreak of listeriosis associated with deli meats 

occurred in Canada with 57 confirmed cases and 24 fatalities. Almost 95% of the infected 

individuals were persons > 60 years of age who were served contaminated meats at a long-term 

care home or at the hospital (Currie et al., 2015; Weatherill, 2009). As a result of its high-case 

fatality rate among vulnerable populations such as pregnant women and the immunocompromised, 

all products that are intended for these populations are considered Category 1 regardless of their 

ability to support L. monocytogenes growth (Health Canada, 2011).  
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Category 2A contains products that are considered moderate-risk because they may support 

the growth of Listeria to ≤ 100 CFU/g during its shelf-life, such as fresh-cut produce. Foods 

containing these levels of L. monocytogenes are thought to be safe for consumption by healthy 

individuals (ICMSF 1994). Lastly, Category 2B concerns RTE products in which L. 

monocytogenes may not grow (Health Canada, 2011). Although these products are considered the 

lowest risk for listeriosis and receive the lowest priority for oversight and surveillance, there have 

been listeriosis outbreaks associated with products like ice cream that fall into this category 

(Pouillot et al., 2016; Weissfeld et al., 2017).  

Historically, listeriosis outbreaks have been associated with dairy products and 

delicatessen meats, which tend to fall under the RTE Category 1. Interestingly, recent listeriosis 

outbreaks have involved foods that have not been previously associated with L. monocytogenes 

such as raw fruits, leafy greens and caramel apples (Chen et al., 2016; Kase et al., 2017).  

1.3 Microbial safety of low-moisture foods 

Free water, defined as “the water… which is not bound to food molecules”, can support 

the growth of microorganisms and is therefore an important factor to consider when assessing the 

microbial safety of foods (DRINC 2006). The aw is a measure of the free water in a food on a scale 

from 0 to 1.0, with 1.0 corresponding to pure water. It is important to note that aw is not the same 

as moisture or water content. Table 2 describes the lower growth limits for several pathogenic or 

food spoilage bacteria, with most bacterial species requiring an aw of > 0.9 for growth. The Food 

and Agriculture Organization of the United Nations (FAO) and World Health Organization 

(WHO) and US Food and Drug Administration (FDA) have defined LMFs as being any food 

product with an aw < 0.85 (FDA, 2010). However, LMFs have also been defined throughout the 
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literature as those products with an aw less than 0.60 and 0.70 (Blessington et al., 2013a; Gurtler 

et al., 2014). Examples of LMFs include cereals, confectionery, dried fruits and vegetables, salted 

meats, honey and jam/preserves, nuts and seeds (FAO/WHO, 2014).  

Table 2. Minimum water activity (aw) requirements of different bacteria for growth. Adapted 

from METER Group, Inc (2019).  

Bacteria aw 

Clostridium botulinum E, Pseudomonas fluorescens 0.97 

E. coli, C. perfringens, Salmonella spp., Vibrio cholerae 0.95 

L. monocytogenes 0.92 

Bacillus subtilis 0.91 

Staphylococcus aureus (aerobic) 0.87 

The aw of a food product is an intrinsic factor that affects microbial growth and spoilage. 

Free water is not bound by food constituents, e.g., salts, sugar, charged proteins, and is able to 

move freely across cell membranes to support microbial growth. LMFs are either inherently low 

in free water or have been manipulated in such a way that the amount of free water has been 

reduced, e.g., drying (FAO/WHO, 2014). In the past decade, North America has seen a rise in the 

frequency of outbreaks associated with LMFs and product recalls due to pathogen contamination 

(Beuchat et al., 2013; Ly et al., 2019). Of important consideration is the false belief among subsets 

of the population that LMFs are sterile, which can lead to potentially dangerous food-safety 

practices if bacterial pathogens were introduced into the product during food production or at the 

consumer level by cross-contamination in the home, such as keeping LMFs long past its 

recommended shelf-life and temperature abuse. This can be particularly dangerous for rehydrated 

LMFs such as reconstituted powdered infant formula (PIF). In 2001, a PIF was linked to an 

outbreak of Cronobacter sakazakii in an American neonatal intensive care unit (CDC, 2002). 

During storage at 10°C and 25°C, representative of temperature abuse conditions, doubling times 
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of approximately 3.6 h and 50 min have been demonstrated in reconstituted PIF, respectively 

(Ghassem et al., 2011). 

1.3.1 Microbial safety of chocolate confectionery 

For chocolate products, the main microbial pathogen of concern is Salmonella. Between 

1970 and 2001, there were 6 outbreaks of salmonellosis associated with the consumption of 

chocolate or chocolate confectionery (Beuchat et al., 2013). Contamination with bacterial 

pathogens can occur at any stage during conventional cocoa processing, as outlined in Appendix 

A, Figure A1. Briefly, cocoa pods are collected from cocoa trees (Theobroma cacao L.) and 

cracked open to harvest the cocoa beans. The beans then undergo fermentation, during which 

important flavour precursors are formed, followed by drying. This step often occurs outdoors in 

the sun where the beans are exposed and vulnerable to contamination from the surrounding 

environment and wild animals (Beckett, 2008). Under improper conditions, the beans may also be 

vulnerable to mould growth during fermentation and drying. 

The prepared beans are then transported to manufacturing plants to produce chocolate 

liquor, also referred to as cocoa mass or paste, which is the basic ingredient for all chocolate-based 

confectioneries. During this process, the cocoa beans undergo a roasting process at 105ºC to 150ºC 

for 15 min to 2 h, which acts as both a thermal inactivation step and for flavour development 

(Beckett, 2008; Burndred, 2009). Manufacturers following a Hazard Analysis and Critical Control 

Points (HACCP) plan for chocolate liquor production treat the roasting step as a critical control 

point (Cordier, 1994). From this point forward, there are no other steps for pathogen inactivation 

following traditional methods.  
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The chocolate liquor may be further pressed to separate the cocoa butter from the cocoa 

solids. The solid cocoa mass may be ground down to produce cocoa powder which is frequently 

used to make chocolate beverages such as chocolate milk (Beckett, 2008). The ability of L. 

monocytogenes to remain stable on unsweetened cocoa powder (aw = 0.3) during storage at 22°C 

for at least one month suggests that cocoa powder may also present a more unexpected source for 

introducing L. monocytogenes into the chocolate milk facility. Proper pasteurization is an effective 

step to inactivate L. monocytogenes, but listeriosis outbreaks associated with contaminated 

chocolate milk demonstrate the consequences of post-processing contamination (Hanson et al., 

2019).  

Some chocolate manufacturers have implemented a precautionary pasteurization step for 

all of the raw ingredients, such as chocolate liquor, coming into the chocolate production plant 

(Cordier, 1994). However, others appear to be moving in the opposite direction in response to the 

consumer's increasing interest in 'superfoods', such as 'raw' chocolate, which is characterized by 

its low-temperature thermal processing (Nieburg, 2019). In the absence of a roasting step, the 

ability of Salmonella to survive the subsequent conching and tempering steps in chocolate-making 

i) presents a public health concern and ii) suggests that other bacterial pathogens with increased 

thermotolerance in low aw environments such as L. monocytogenes may also be able to survive the 

process (Sumner et al., 1991; Tsai et al., 2019; van Asselt and Zwietering, 2006).  

1.3.2 Microbial safety of cereals 

Similar to chocolate and chocolate confectionery, the main bacterial pathogen of concern 

is Salmonella. Between 1998 and 2018, there have been three outbreaks involving adult cereal 

products in the United States, with the former two involving the same cereal production facility. 
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In 1998, a multi-state outbreak of Salmonella Agona was associated with the consumption of a 

toasted oats cereal (CDC, 1998). In 2008, a multi-state outbreak involving the same Salmonella 

Agona occurred, associated with the consumption of puffed rice cereal (Russo et al., 2013). A 

decade later, a sweetened puffed wheat cereal was implicated in the third and largest outbreak and 

involved Salmonella Mbandaka (Dickter et al., 2019).  

Similar to the chocolate, cereals can become contaminated at any point during processing. 

However, the production of cereals such as corn flakes often involve thermal processing steps 

where temperatures may reach as high as 127°C and 260°C during cooking and toasting, 

respectively (Kaplan, 2006). Therefore, the products involved in the aforementioned outbreaks 

were likely contaminated after these steps, and prior to packaging. However, unlike for chocolate, 

there exists considerably fewer studies focused on the microbiological safety of adult cereals. This 

may be a valuable area of study as cereals could be purchased in bulk by households and stored 

for long periods of time (StillTasty LLC, 2019). Consumers living in regions of the world with 

humid climates may even store their cereals in the fridge (Arnold, 2019), at which the combination 

of low temperature and low aw may contribute to shelf-life extension. 

1.3.3 Microbial safety of nuts 

The major health hazards associated with nuts are mycotoxins produced by moulds such 

as Aspergillus spp. and the bacterial pathogens Salmonella and STEC (Brar and Danyluk, 2018; 

Gurtler et al., 2019). This literature review will focus on the biological hazards. Between 2009 and 

2019, 10 outbreaks associated with nuts and nut butters have been documented throughout North 

America (Gurtler et al., 2019). The majority of these outbreaks (80%; n = 8) were caused by 

Salmonella and the implicated foods included pistachios, nut butter (almond, peanut), cashews, 
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hazelnuts, Turkish pine nuts and walnuts. Between November 2008 to early 2009, a multi-state 

salmonellosis outbreak involving peanut butter occurred, resulting in 714 confirmed cases, 9 

fatalities, and one of the largest recalls in United States history involving >3900 products (CDC, 

2009; Wittenberger and Dohlman, 2010).  

The raw nut can become contaminated with Salmonella and other foodborne pathogens at 

any point from the farm to the table. Using the pistachio (Pistacia vera L.) as a tree-nut example 

under ideal conditions, the nut is harvested at full maturity by manual or mechanical shaking of 

the tree for young and older trees, respectively (Labavitch, 2016). The nuts are collected upon tarps 

or 'catching frames' on the ground, during which contamination may occur from the soil, then 

transferred into bins or a small hopper (Moussavi et al., 2019a). For some growers, the nuts are 

temporarily stored in a bottom dump trailer until at full capacity, before being transported to a 

hulling facility for further processing. At the beginning and end of the growing season when the 

harvest can be more sporadic, prolonged holding in these trailers can support good growth of 

Salmonella as soon as 3 h post-harvest at 37°C and 90% relative humidity (RH) (Moussavi et al., 

2019a). 

 At the hulling facility, the nuts are hulled by abrasion, rinsed, and sorted in a dunk tank 

using density as a proxy for maturity (Moussavi et al., 2019b). Thereafter, the nuts are dried in a 

column dryer for 6 to 24 h. However, the dryer is most efficient when at full capacity and during 

filling delays, their temperature may be decreased to avoid pistachio over-heating. During 30 h at 

37°C and 90% RH, populations of E. coli O157:H7, L. monocytogenes and Salmonella increased 

by 2.4, 1.6 and 3.2 logs during storage on the underdeveloped 'floater' nuts, respectively (Moussavi 

et al., 2019b). The growth curves for Salmonella and E. coli were similar, but L. monocytogenes 
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demonstrated a comparatively longer lag time. The nuts are then transferred to large silos for 

further drying until the aw reaches < 0.70, upon which they may remain for as long as 18 months. 

The long-term survival of Salmonella, STEC and L. monocytogenes have been demonstrated 

during storage on raw peanuts, pecans, walnuts, almonds, and pistachios at -24°C to 24°C 

(Blessington et al., 2013b; Brar et al., 2015; Kimber et al., 2012; Uesugi et al., 2006). Enhanced 

survival was observed at both freezer and refrigeration temperatures, at which nuts are commonly 

stored to delay rancidity (Lambertini et al., 2017; Lee et al., 2011).  

1.4 L. monocytogenes in LMFs 

1.4.1 Recalls of contaminated LMF 

The Canadian Listeria policy for RTE products describes a tolerance level of ≤ 100 CFU/g 

in foods that do not support the growth of L. monocytogenes (i.e., levels cannot increase to ≥ 0.5 

log CFU/g during its shelf-life) and its absence in 25 g units for products meant for high-risk 

populations (Health Canada, 2011). However, even the suspected contamination of foods with L. 

monocytogenes can result in a voluntary recall, which could have severe economic consequences 

at all levels of the food production chain. At the food processor level, environmental and end-point 

testing is often conducted for Listeria spp. as an indicator of conditions and/or processes that 

support the establishment of L. monocytogenes in the environment and/or food contamination, 

respectively.  

In the United States alone, the annual cost of recalls caused by the potential contamination 

or contamination of foods with Listeria spp. is estimated to be between 1.2 to 2.4 billion USD 

(Orsi et al., 2011). A total of 17 food recall warnings due to the presence of L. monocytogenes in 

LMFs were given out by the Canadian Food Inspection Agency (CFIA) between 2013 and 2018 
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(Table 3), with more than 85% of these recalls being associated with nuts, seeds or their derivative 

products. A series of recalls in 2016 associated with potentially contaminated sunflower seeds 

accounted for the majority (85.7%) of these recalls, where the implicated seeds had been used as 

ingredients in numerous RTE products such as granola bars and nut/berry mixes. In Canada, for 

2016, the number of recalls associated with L. monocytogenes accounted for the greatest 

percentage (39%) of microbiological food recalls (Stericycle Expert Solutions, 2016). 

A similar degree of tolerance, i.e., an action level of 100 CFU/g for L. monocytogenes in 

RTE foods, is described in European Union (EU) legislation (European Commission, 2005). In the 

first half of 2018, ‘nuts, nut products and seeds’ was the top category for food products recalled in 

Europe, and has generally remained in the top three categories for food recalls since 2014 

(Stericycle Expert Solutions, 2018, 2014). The European Commission Rapid Alert System for 

Food and Feed (RASFF) issued at least 15 notifications between 2013 and 2018 associated with 

LMFs and L. monocytogenes (Table 3), 12 of which resulted in product withdrawal and/or 

recipient notification.  

Table 3. Recalls of low-moisture food (LMF) products caused by potential contamination with 

Listeria monocytogenes from 2013-2018 in Canada1, the United States2 and the European 

Union3. 

LMF Year 

No. of 

individual 

notifications 

Cause for recall4; details 

Canada    

Almond butter (protein 

bars) 

2017 1  

Cashew butter (protein bars) 2017 1 Environmental testing (+) 

Granola (coconut & cashew 

butter) 

2017 1 Triggered by US recall of granola 

products 

Waffles, frozen 2017 1  

Sunflower seeds 2016 12 Potentially contaminated ingredient 

in several RTE products 
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Bakery products (various) 2014 1  

USA    

Nut mixes (almonds, 

pistachios, cashews), dried 

fruit mixes 

2018 1 Environmental testing (+) 

Biscuits 2017 1  

Sunflower seeds/butter 2017 2  

Matcha vanilla oat mix  2017 1 Supplier facilities (+); suspected 

ingredient (–)5 

Pine nuts (hummus topping) 2017 1 Supplier equipment (+); different 

product produced at facility (+) 

Almond butter 2017 16 Supplier facilities (+) 

Cashew butter 2017 3 Supplier facilities (+) 

Dried dates (trail mix) 2017 1  

Cashews, almonds  2017 1 Supplier facilities (+); product (-) 

Granola and muesli (several 

products) 

2017 1  

Macadamia nuts 2017 2 Supplier equipment (+); different 

product produced at facility (+) 

Dried apricot (fruit mix) 2017 1  

Granola (several products) 2017 1  

Almonds (protein bars) 2017 1 Product (-) 

Cashews (roasted; salted, 

unsalted) 

2017 1 Supplier equipment (+); different 

product produced at facility (+) 

Pancakes, waffles, toast 2017 1 Environmental testing (+) 

Waffles 2016 1 Environmental testing (+) 

Sunflower seeds 2016 65 Potentially contaminated ingredient 

in several RTE products 

Walnuts (trail mixes) 2016 2 Product (+) 

Baked desserts (containing 

stone fruit) 

2014 2 Fruits (+) 

Walnuts (shelled; bulk, 

packaged) 

2014 3 Product (+) 

Peanut butter 2014 1 Product (+) 

Sunflower seeds (raw, 

roasted, snack mix) 

2013 1 Raw seeds (+) 

EU    

Crackers, sesame with 

sprouted seeds 

2018 1 Contamination; > 3.65 log CFU/g 

Chilled puff pastry products 2017 1 Contamination; < 1 log CFU/g 

Spice marinade 2017 1 Contamination; 3-4 log CFU/g 

Cheesecake 2017 1 Contamination; (+) 

Protein energy balls 2016 1 Potentially contaminated 

Pork sausage, dry cured 2016 1 Contamination; < 10 CFU/g 

Pork fillets, dried 2016 1 Contamination; 3.9 log CFU/g 
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Pork sausage, dried 2016 1 Contamination; 2.7 log CFU/g 

Pasta (sesame) 2015 1 Contamination; (+) 

Ham, dry 2015 1 Contamination; 2.4 log CFU/g 

Pork sausage (lomo), dried 2015 1 Contamination; 2.7 log CFU/g 

Helva (with pistachios) 2014 1 Contamination; (+) 

Fuet sausage, extra-dry 2013 1 Contamination; (+) 

Sausages, dry 2013 1 Contamination; 2.3 log CFU/g 

Pasta (tortelloni) 2013 1 Contamination; 3.58 log CFU/g 

1Inclusive to recalls for which there was a public warning released. CFIA Complete Listing of 

All Recalls and Allergy Alerts; URL: http://www.inspection.gc.ca/about-the-

cfia/newsroom/food-recall-warnings/complete-listing/eng/1351519587174/1351519588221 

2FDA Archive for Recalls, Market Withdrawals & Safety Alerts; URL: 

https://www.fda.gov/Safety/Recalls/ArchiveRecalls/default.htm 

3European Commission RASFF Portal; URL: https://webgate.ec.europa.eu/rasff-

window/portal/ 

4Unless indicated otherwise, cause for recall simply given as the product (or an ingredient) 

being potentially contaminated with L. monocytogenes. 

5Presence/absence of L. monocytogenes determined in 25-g analytical units. 

6Included in the same notification as one associated with cashew butter. 

In comparison, a zero-tolerance policy (i.e., absence in 25 g) has been implemented for L. 

monocytogenes in all RTE foods in the USA. Between 2015 and 2017, LMFs such as nuts and 

grains, cereals, and bakery products were consistently included in the top five categories for food 

recalls (Stericycle Expert Solutions, 2017, 2015). In the past five years, 95 recall notices for LMFs 

contaminated with L. monocytogenes were issued by the U.S. Food and Drug Administration 

(Table 3); 72.6% of these recalls were attributed to seeds (n = 69), with the major recall of 

potentially-contaminated sunflower seeds in 2016 accounting for approximately 68% of all LMF-

related recalls for L. monocytogenes between 2013 and 2018. The second highest category was 

nuts and nut products, which accounted for 16.8% of these recalls (n = 16), followed by confections 

and snacks (5.3%; n = 5). 
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1.4.2 Prevalence of L. monocytogenes in LMFs 

The prevalence of L. monocytogenes has been extensively investigated in RTE foods such 

as deli meats, pre-cut produce, and seafood, generally ranging between 0% to 10% (European Food 

Safety Authority, 2013; Gombas et al., 2003; Luchansky et al., 2017). There have not yet been any 

outbreaks, hospitalizations or documented cases of listeriosis caused by contaminated LMF. Thus, 

government surveillance of LMFs is focused on bacterial pathogens such as Salmonella and STEC 

for which outbreaks have been recorded (Canadian Food Inspection Agency, 2017; FAO/WHO, 

2014; Ozturkoglu-Budak, 2016).  

A retail survey of foods in 2010 collected within Member States (MSs) of the EU by the 

European Food Safety Authority mostly demonstrated a high degree of compliance for the 

presence and concentration of L. monocytogenes in LMFs (European Food Safety Authority, 

2012). Qualitative assessment showed L. monocytogenes to be present in 0.5% of bakery products 

(n = 372; 3 MSs) and absent in all samples of PIF (n = 657; collected across 5 MSs). Higher 

degrees of non-compliance were observed for the ‘sweets’ and ‘confectionary products and 

pastes’, for which L. monocytogenes was detected in 16.7% (n = 36; 1 MS), and present at levels 

> 100 CFU/g for 1.4% (n = 74; 2 MSs) of samples, respectively.  

Between 2012 and 2015, the CFIA conducted a targeted survey of nuts and nut butters 

(Canadian Food Inspection Agency, 2015). L. monocytogenes was absent in 25-g analytical units, 

for the >1000 nut butter samples assessed. The majority (63.5%) of samples were domestic 

products, with most of the imported products originating from the USA (18.2%). A second retail 

survey focused on RTE products collected between 2013 and 2017, recognized several categories 

of LMFs including dried herbs, seeds, and chocolate-based confectionaries as commodities of 
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interest, but microbial testing did not include L. monocytogenes (Canadian Food Inspection 

Agency, 2017).  

The low prevalence of L. monocytogenes in LMFs demonstrated by routine government 

surveillance is also supported by surveys conducted on a smaller scale. L. monocytogenes was not 

detected in a preliminary survey of dried (n = 9) and powdered (n = 4) edible insect products 

originating from Europe or Asia (Grabowski and Klein, 2017). The prevalence of Listeria spp. and 

L. monocytogenes was assessed from a total of 1285 samples of raw wheat flour by enrichment 

and PCR (Myoda et al., 2019). One sample tested positive for Listeria spp. at levels of 0.02 MPN/g 

and the absence of L. monocytogenes was demonstrated. Similarly, one sample of buckwheat flour 

tested positive for L. monocytogenes by enrichment and qPCR among 1250 total samples of 

‘gluten-free’ flour and processing flour products obtained from Northern Italian pasta factories, 

but contamination levels were below the quantification limit (Losio et al., 2017). Retail surveys 

conducted in Turkey also demonstrated an absence of L. monocytogenes in dry legumes (n = 10) 

and nuts/nut products (n = 40) (Ozturkoglu-Budak, 2016), and a low prevalence in spices (1.2%; 

n = 250) (Kara et al., 2015). L. monocytogenes was also absent in a variety of LMFs obtained from 

homes in Durban, South Africa, including adult/infant cereals, PIF, spices, nuts and chocolate (n 

= 60) (Ijabadeniyi and Pillay, 2017). Of particular relevance to this study, Listeria spp. have been 

isolated from chocolate production plants in Western Europe (Cox, 1988), and chocolate 

manufacturers in North America are also concerned about contamination of their products with L. 

monocytogenes (Bio-Rad, 2011). 

There exists little data on the levels of L. monocytogenes in LMF, which may be partially 

attributed to the zero-tolerance policy adopted by the USA (Gombas et al., 2003). There is little 
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advantage or incentive for the increased expenditure to monitor contamination levels in a zero-

tolerance system.  

1.4.3 Survival of L. monocytogenes in LMFs 

L. monocytogenes requires a minimum aw of 0.92 for growth and therefore cannot grow on 

LMFs regardless of the storage temperature or time (Farber et al., 1992). However, several studies 

have demonstrated the desiccation tolerance of L. monocytogenes, in which cells survive the drying 

process and remain viable on the end-product, for as long as one year in some LMFs (Table 4).  

Taylor et al. (2018) demonstrated the influence of low aw on enhancing the survival of L. 

monocytogenes in wheat flour stored at 22°C. Populations of L. monocytogenes declined at a 

slower rate in flour equilibrated to an aw of 0.31, as compared to flour with an aw of 0.56. In the 

higher aw flour, the levels of L. monocytogenes declined by 6.27 log CFU/g after 190 days of 

storage, as compared to a 2.52 log CFU/g decrease in the lower aw product. Similar trends were 

observed in peanut butter and chocolate-peanut spread adjusted to aw values of 0.33 and 0.65, 

respectively (Kenney and Beuchat, 2004). L. monocytogenes showed increased rates of decline in 

the higher aw products, with > 2 log CFU/g population reductions after 4 weeks of storage at 20°C, 

in both food matrices. Comparable reductions between the adjusted products were observed after 

8 weeks. Rachon et al. (2016) assessed the survival of L. monocytogenes in a variety of LMFs 

during storage at 16ºC for 21 days. Populations declined by 0.8 log CFU/g in a high-sugar 

confectionery formulation, but there was a negligible decrease in the levels of L. monocytogenes 

in chicken meat powder and culinary seasoning. The persistence of L. monocytogenes in culinary 

seasoning, which had the highest aw of all products assessed, speaks to the importance of other 

factors such as composition (e.g., fat, sugar content) and inherent antimicrobial properties as being 
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relevant considerations when assessing pathogen survival, and ultimately in the development of 

predictive models (Farakos et al., 2013). 

Storage temperature has also been shown to have a major effect on survival. LMFs 

containing high levels of fat such as nuts and seeds are commonly stored at low temperatures to 

delay the process of rancidity (Scott et al., 2009). However, populations of L. monocytogenes on 

raw almonds and pistachios have been demonstrated to remain stable under frozen (-19°C to -

24°C) and refrigerated (4°C) storage for up to one year, and only a limited decline (≤ 0.8 log 

CFU/g) was observed on raw peanuts and pecans (Brar et al., 2015; Kimber et al., 2012). An 

accelerated decline in levels of L. monocytogenes was observed in nuts stored at higher 

temperatures (22°C to 24°C), with rates of change ranging from -0.59 log CFU/g/month in raw 

peanut kernels to as high as -1.17 log CFU/g/month in raw pecans. Similar rates of decline were 

observed for L. monocytogenes on walnut kernels stored at 23°C to 25°C (Blessington et al., 2012). 

This increased survival at lower storage temperatures may be the result of decreased cellular 

metabolism. Of important note is the considerable variability in the methodology used between 

the various studies. For some LMFs, pathogen survival appears to be affected by factors such as 

the inoculation level, but the relationship does not appear to be consistent between foods (Brar et 

al., 2015; Kimber et al., 2012).  
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Table 4. Summary of existing survival studies of Listeria innocua and L. monocytogenes on low-moisture foods (LMFs). 

LMF 

Water 

activity 

(aw) 

Cell state & 

initial inoculum 

concentration 

Storage 

temperature 

(°C) 

Storage RH 

(%)1 

Survival of Listeria  

(rates of decline or total 

population decline over time)2 

Reference 

Cereals and grains 

Wheat flour 0.31, 0.56 Sessile (~8 log 

CFU/g) 

22 NA 2.52 (aw=0.31; 210 d) and  

6.27 (aw=0.56; 190 d) log CFU/g 

(Taylor et 

al., 2018) 

Confections and snacks 

Confectionery 

formulation 

0.565 Sessile (~7 log 

CFU/g) 

16 Not indicated 0.8 log CFU/g (21 d) (Rachon et 

al., 2016) 

Chocolate-

peanut butter 

spread 

0.33, 0.65 Planktonic (3.37 

log CFU/g) 

20 33, 65 1.58 (aw=0.33), 2.42 (aw=0.65) log 

CFU/g (4 w) 

(Kenney 

and 

Beuchat, 

2004) 

Dried protein products 

Chicken meat 

powder 

0.383 Sessile (~8 log 

CFU/g) 

16 Not indicated ~0.1 log CFU/g (21 d) (Rachon et 

al., 2016) 

Powdered 

infant formula 

< 0.28 Planktonic (5.0-

5.3 log CFU/g) 

5, 22, 35 NA ~2 (5°C), ~3.5 log (22°C) CFU/g 

(365 d); < LOD (35ºC; 4 month) 

(Koseki et 

al., 2015) 

Nuts and nut products 

Almonds, raw 0.33-0.55 Sessile (~4 log 

CFU/g) 

-19, 4, 24 43-55, 89-90,  

38-39 

No decline at -19 or 4°C (12 

month);  

0.71 (24°C) log CFU/g/month 

(Kimber et 

al., 2012) 

Peanuts, raw  Sessile (5.4 log 

CFU/g) 

-24, 4, 22 69±5, 94±9, 

56±8 

0.06 (-24, 4°C); 0.59 (22°C) log 

CFU/g/month  

(Brar et al., 

2015) 

Peanut butter  0.33, 0.65 Planktonic (4.4 

log CFU/g) 

20 33, 65 1.75 (aw=0.33), 2.17 (aw=0.65) log 

CFU/g (4 w) 

(Kenney 

and 

Beuchat, 

2004) 
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Pecans, raw  Sessile (5.7 log 

CFU/g) 

-24, 4, 22 69±5, 94±9, 

56±8 

No decline at -24°C (365 d); 0.03 

(4°C), 1.17 (22°C) log 

CFU/g/month 

(Brar et al., 

2015) 

Pistachios, 

raw 

0.34-0.55 Sessile (~4.6 log 

CFU/g) 

-19, 4, 24 43-55, 89-90,  

38-39 

No decline at -19 or 4°C (12 

month); 0.86 (24°C) log 

CFU/g/month  

(Kimber et 

al., 2012) 

Walnuts 0.15-0.5 Sessile (3.8 log 

CFU/g) 

23-25 25-35 1.2 log CFU/g/month (Blessington 

et al., 2012) 

Seeds  

Tahini 

(sesame paste) 

0.31 L. innocua; 

planktonic (~5.5 

log CFU/g) 

10, 21, 37 Not indicated 1.11 (10°C), 1.98 (21°C), 3.18 

(37°C) log CFU/g (28 d) 

(Al-Nabulsi 

et al., 2013) 

Tahini halva 0.18 Planktonic (4.8 

log CFU/g) 

21 NA 0.54 (7 d), 1.55 (30 d) log CFU/g (Osaili et 

al., 2018) 

Spices, seasonings and powders 

Cocoa powder 0.3 Sessile (8.7 log 

CFU/g) 

22 NA Stable (4 w), 7 log CFU/g (12 

months) 

(Tsai et al., 

2019) 

Savory 

seasoning 

0.655 Sessile (~8 log 

CFU/g)  

16 Not indicated 0.1 log CFU/g (21 d) (Rachon et 

al., 2016)  

1'NA' indicates ‘not applicable’ (e.g. storage in moisture-barrier bags) 

2Rates of decline given in log CFU/g/month; population declines given in log CFU/g; abbreviations: d (days), w (weeks) 
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1.4.4 Desiccation response of L. monocytogenes  

Much of the literature that exists regarding desiccation-stressed L. monocytogenes is 

concerned with its survival on FCS, as L. monocytogenes is well-known to colonize and persist in 

food processing environments (Vogel et al., 2010). L. monocytogenes is capable of adhering to 

stainless steel, glass, polypropylene and rubber, which has been demonstrated to occur as fast as 

20 min and 1 h at 20°C and 4°C, respectively (Mafu et al., 1990). Hairline cracks and crevices in 

these surfaces also present an opportunity for colonization, as L. monocytogenes is capable of 

biofilm formation (Blackman and Frank 1996). In this state, the pathogen displays increased 

resistance to sanitation efforts, which contributes to its persistence in food production facilities 

(Pan et al. 2006). Once established, these reservoirs present a risk for the contamination of foods 

with L. monocytogenes. 

Hingston et al. (2013) proposed two hypotheses to explain L. monocytogenes desiccation 

tolerance: i) innate cellular mechanisms that function to minimize osmotic stress, potentially 

initiated by quorum sensing and ii) the production of a more favourable extracellular environment 

resulting from the lysis of neighbouring cells leading to the release of formerly intracellular water 

and accumulation of dead cell mass. The majority of the research on this topic appears to support 

the former hypothesis of L. monocytogenes cells being independently desiccation-tolerant.  

Several researchers have attempted to understand the relationship between factors that may 

play a role in L. monocytogenes persistence such as desiccation tolerance, biofilm-forming ability, 

sanitizer resistance, motility and osmotic stress tolerance (Hingston et al., 2015; Piercey et al., 

2017). Interestingly, some of these stress responses systems such as desiccation tolerance and 

osmotic stress may overlap or offer cross-protection, as may be the case for the osmotic and cold 
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stress responses (Burgess et al., 2016; Hingston et al., 2015). L. monocytogenes is more desiccation 

tolerant within mature biofilms and in the presence of organic material, salt and fat (Hingston et 

al., 2013; Vogel et al., 2010). However, there may not be any correlation between biofilm 

formation ability and persistence (Piercey et al., 2017). One must also consider that these effects 

may only be significant within a specific range of values or time. This was the case for increasing 

levels of fat, i.e., 20% to 60%, on promoting L. monocytogenes desiccation tolerance, but only 

within the first 14 days of storage at 15°C (Hingston et al., 2013). In response to osmotic stress, L. 

monocytogenes is also capable of taking up extracellular osmoprotectants including glycine 

betaine, proline betaine, acetyl carnitine, carinitne, γ‐butyrobetaine and 3-

dimethylsulfonioproprionate (Bayles and Wilkinson, 2000).  

There is limited information about the cellular mechanisms involved in desiccation 

tolerance. Using transposon mutagenesis, Hingston et al. (2015) identified 30 loci involved in 

desiccation tolerance, with associated functions in flagellum biosynthesis, motor control, lipid 

biosynthesis, energy production, potassium uptake, virulence, membrane transport, protein 

metabolism and oxidative damage control. Non-flagellated strains have also demonstrated 

enhanced desiccation tolerance compared to the wild-type control (Hingston et al., 2015).  
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1.5 Rationale and hypotheses 

The number of recalls of LMFs associated with bacterial foodborne pathogens such as L. 

monocytogenes has been rising in the past decade (Dey et al., 2013; Ly et al., 2019). Even the 

suspected contamination of LMFs with L. monocytogenes can result in a voluntary recall, which 

could have severe economic consequences at all levels of the food production chain. From a food 

safety perspective, we do not as yet fully understand the dose-response of L. monocytogenes for 

highly susceptible individuals as evidenced from recent outbreaks (Chen et al., 2016; Kase et al., 

2017; Pouillot et al., 2016). However, L. monocytogenes contamination of LMFs that are 

commonly consumed as RTE products or used as ingredients in composite products that support 

L. monocytogenes growth, may present a public health concern for high-risk subsets of the 

population. This research has great relevance for predictive modeling used in microbial health risk 

assessments to determine the risk of L. monocytogenes for these commodities.  

We hypothesize that L. monocytogenes may be capable of long-term survival on model 

LMFs: chocolate liquor, corn flakes and dry-roasted pistachios, and that its survival may be 

affected by factors such as aw and storage temperature. We also hypothesize that storage of L. 

monocytogenes on these LMFs may result in the formation of sublethally-injured and/or viable-

but-non-culturable (VBNC) cells. Finally, we hypothesize that long-term storage on LMFs may 

affect the ability of L. monocytogenes to attach, invade and/or replicate within intestinal epithelial 

cells. 
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1.6 Objectives 

The objectives of this research project can be divided into five parts:  

1. To evaluate two solid-agar recovery methods for quantification of presumed desiccation-

stressed L. monocytogenes cells during short-term storage, i.e., 28 days, on chocolate 

liquor, corn flakes and dry-roasted pistachios (LMFs). 

2. To assess the survival of L. monocytogenes on LMFs at 4°C and 23°C and determine 

whether VBNC cells can form/be detected after long-term storage on LMFs. 

3. To assess the relative survival of four serotypes of L. monocytogenes, i.e., 1/2a, 1/2b, 3a, 

and 4b, after long-term storage on LMFs. 

4. To assess whether long-term storage on LMFs affects the ability of L. monocytogenes to 

attach, invade and/or proliferate within the in vitro Caco-2 epithelial cell model. 

5. To characterize the culture-dependent bacterial profile of the LMFs.  
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2 Materials and methods 

2.1 Preparation of LMFs 

The corn flakes used in this study were obtained from Kellogg’s (Battle Creek, MI) both 

as a gift and purchased from retail (Guelph, ON). For each experiment, all corn flakes were sourced 

from the same lot. Prior to inoculation, corn flakes were pooled into giant (38.1 x 50.8 cm), sterile 

Stomacher bags (Nasco Whirl-Pak, Fort Atkinson, WI), and manually shaken for 1 min to evenly 

distribute. For evaluation of solid-agar recovery methods for L. monocytogenes recovery, corn 

flakes were aliquoted (approximately 40 g) into medium (17.8 x 30.5 cm), sterile Stomacher bags 

(Labplas Inc., Sainte-Julie, QC) for inoculation. 

The chocolate liquor was obtained from Cargill (Guelph, ON). The 5-gallon pail was held 

at 35ºC for 4 h or 55°C for 30 min to soften. Chunks of chocolate liquor were manually chiseled 

from the original mass using a sterile cake server and spoons. Aliquots (approximately 90 g) were 

transferred to medium Stomacher bags, sealed with tape, and held in the dark at ambient conditions 

until needed for inoculation. Prior to inoculation, large chunks of chocolate liquor were reduced 

to small granules (≤ 0.5 mm diameter) using a blunt object.  

For evaluation of solid-agar recovery methods for L. monocytogenes recovery, dry-roasted, 

unsalted, in-shell Californian pistachios were obtained from the American Pistachio Growers 

(Fresno, CA). For long-term survival assessment of L. monocytogenes on LMFs, two lots (BATCH 

3DM9275 01; LOT: 7067 KFI 815) of large, dry-roasted, unsalted, in-shell Californian pistachios 

were obtained from two retailers (Guelph and Mississauga, ON). Prior to bacterial inoculation, 

pistachios were pooled into giant Stomacher bags (Nasco Whirl-Pak), manually shaken for 1 min 
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to distribute evenly, and aliquoted (approximately 180 g) into medium Stomacher bags for 

inoculation.  

The absence of Listeria spp. from all LMFs used in this study was determined according 

to the Health Canada method MFHPB-30 (Pagotto et al., 2011). Briefly, 25 g analytical units of 

LMFs were enriched in duplicate at 30°C in 225 mL of Listeria enrichment broth with UVM1 

supplement (LEB; Oxoid, Nepean, ON), followed by a secondary enrichment at 35°C in Fraser 

broth (Oxoid). All enrichments were conducted for a maximum of 48 h at 35°C. Positive tubes of 

Fraser broth (i.e., those that demonstrated a colour change from straw-coloured to black; see 

Appendix A, Figure A2) were streaked onto Oxford Listeria-selective agar (Oxoid) and 

RAPID’L.mono (Bio-Rad, Hercules, CA) using 1 µL disposable inoculating loops (Fisherbrand, 

Pittsburgh, PA). Plates were incubated at 35°C for 48 h and observed for typical Listeria-like 

growth, i.e., green-black colonies with depressed centres and a black halo on Oxford agar, and L. 

monocytogenes-like growth, i.e., blue colonies without a yellow halo on RAPID’L.mono 

(Appendix A, Figure A3). 

2.2 Maintenance of bacteria and cell cultures 

2.2.1 Listeria monocytogenes  

A total of five strains of L. monocytogenes were used in this study. All strains were obtained 

from Dr. Martin Wiedmann (Ithaca, NY) as part of the International Life Sciences Institute (ILSI) 

North America Listeria strain collection (Fugett et al., 2006). Strain histories and further details 

can be found in  

Table 5. Chosen strains were isolated from both food and human sources, and include the 

main L. monocytogenes serotypes involved in human foodborne outbreaks, i.e., 1/2a, 1/2b and 4b, 
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as per Health Canada (2012) guidelines. Stock cultures were maintained in freezing media: 12% 

(w/v) skim milk (Nestle Carnation Inc., Carnation, WA), 1% (v/v) glycerol (Fisher BioReagents, 

Fair Lawn, NJ), 1% (v/v) dimethyl sulfoxide (DMSO; Corning Life Sciences, Tewksbury, MA) 

and stored at -80°C in cryogenic vials.  

Table 5. Listeria monocytogenes used in the four-strain cocktail. 

ILSI No.1 Lineage Serotype Source Year Outbreak type 

4 I 4b Food (Mexican style cheese), 

epidemic, LA (USA) 

1985 Invasive 

18 II 3a Human, sporadic 1998 n/a 

34 II 1/2a Human (hot dog), sporadic, USA 1989 Invasive 

39 I 1/2b Food (chocolate milk), epidemic, 

Illinois (USA) 

1994 Febrile 

gastroenteritis 

55 II 1/2a Food, epidemic (sliced turkey), 

USA 

2000 Invasive 

1 ILSI no. refers to the strain reference number/ID for the International Life Sciences Institute 

(ILSI) North America Listeria strain collection (Fugett et al., 2006). 

L. monocytogenes was streaked from frozen stock onto tryptic soy agar (BD Difco, Sparks, 

MD) with 0.6% (w/v) yeast extract (Fisher BioReagents) (TSA-YE) and purified by a single pass 

through Oxford agar. Plates were incubated at 37°C for 24 and 48 h, respectively. Single colonies 

were re-suspended in 400 µL of TE buffer (10 mM Tris (Fisher Scientific), and 1 mM 

ethylenediaminetetraacetic acid (EDTA, pH 8; Sigma-Aldrich, St. Louis, MO) by vortexing at high 

speed. Crude DNA was extracted by boiling in a water bath for 15 min. Cellular debris was pelleted 

by centrifugation at 14 000 x g for 2 min and 5 µL of the resulting supernatant was used for 

polymerase chain reaction (PCR). All DNA was stored at -20°C until needed.  

All L. monocytogenes strains used in this study were confirmed to the closest taxonomic 

level (97-99% identity) based on partial sequencing of the 16S rRNA gene. PCR amplifications 

targeting from the V3 to V6 regions of the 16S rRNA gene were performed using the primers V3kl 
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and V6r as described by (Gloor et al., 2010), which amplify an approximately 800-bp segment of 

the 16S rRNA gene (Table 6). PCR reactions were conducted with a Biometra TProfessional Basic 

Gradient Thermocycler (Montreal Biotechnologies Inc., Dorval, QC) in 0.2 mL PCR tubes, at a 

final reaction volume of 25 µL. Final reagent concentrations were as follows: 1X ThermoPol 

reaction buffer (2 mM MgSO4) (New England Biolabs-NEB, Pickering, ON), 0.2 mM 

deoxyribonucleotide triphosphates (dNTPs; Invitrogen), 0.8 µM forward and reverse primers, 2.5 

U of Taq DNA polymerase (NEB) with 1-2 µL of crude DNA extract. The PCR reaction conditions 

were as follows: an initial denaturation step at 94°C for 3 min; 35 cycles of 94°C for 30 sec, 60°C 

for 30 sec, 72°C for 30 sec; followed by a final elongation step at 72°C for 5 min. Amplicons were 

separated in a 1% (w/v) agarose (Invitrogen, Carlsbad, CA) gel in 1X TAE (Tris-Acetate-EDTA; 

Fisher BioReagents) buffer using the Mini-Sub Cell GT Horizontal Electrophoresis System (Bio-

Rad). Amplicon sizes were visualized using EZ-Vision Three dye (Amresco, Solon, OH) and 

electronic images were obtained using the ChemiDoc Imaging System (Bio-Rad).  

Samples were submitted for sequencing to the University of Guelph Advanced Analysis 

Centre (AAC) Genomics Facility. Amplicon sequences were compared to the GenBank database 

(NCBI) using BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch), and 

the resulting hits allowed for approximate speciation of the strains according to their closest match 

in the database (>97% identity match). 
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Table 6. All primers used for 16S rRNA gene sequencing, viability-qPCR quantification and multiplex PCR of L. monocytogenes.  

Species and 

serotype 

specificity1 

Gene target Primer 

name2 

Primer sequences (5’ to 3’)3 Amplicon 

size (bp) 

Reference 

All bacteria V3 to V6 region 

of 16S rRNA 

gene 

V3kr F: ACTCCTACGGGAGGCAGCAGT ~800 (Gloor et 

al., 2010) V6r R: ACAACACGAGCTGACGAC 

L. monocytogenes hly hly F: GGGAAATCTGTCTCAGGTGATGT 

R: CGATGATTTGAACTTCATCTTTTGC 

106 (Hough et 

al., 2002) 

Listeria spp. prs prs F: GCTGAAGAGATTGCGAAAGAAG 

R: CAAAGAAACCTTGGATTTGCGG 

370 (Doumith et 

al., 2004) 

Listeria spp. prs prs-2-deg F: ATTTTCTCGCTAAATTCTAATCGTG 

R: CAATACCWACTTCTTTCGCAATCTC 

60 (Barbau-

Piednoir et 

al., 2013) 

L. monocytogenes 

3a (most) 

LMGL_0742 LMGL_0742 F: TGAGTTTGCAGGAAAGAAGG 

R: AACCGTGGTTGGAACTGTAA 

388 (Nho et al., 

2015) 

L. monocytogenes 

1/2a, 1/2c, 3a, 3c 

lmo0737 lmo0737 F: AGGGCTTCAAGGACTTACCC 

R: ACGATTTCTGCTTGCCATTC 

691 (Doumith et 

al., 2004) 

L. monocytogenes 

1/2b, 3b, 4b, 4d, 4c 

ORF2819 ORF2819 F: AGCAAAATGCCAAAACTCGT 

R: CATCACTAAAGCCTCCCATTG 

471 (Doumith et 

al., 2004) 

L. monocytogenes 

4b, 4d, 4e 

ORF2110 ORF2110 F: AGTGGACAATTGATTGGTGAA 

R: CATCCATCCCTTACTTTGGAC 

597 (Doumith et 

al., 2004) 

1 Serotypes relevant to the four-strain cocktail used in this study are underlined. 

2 F, forward; R, reverse. 

3 All oligonucleotides used in this study were synthesized by Eurofins Genomics (Louisville, KY). 
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2.2.2 Cell culture maintenance 

The Caco-2 human epithelial colorectal adenocarcinoma cell line used in these experiments 

was obtained from Dr. Gisèle LaPointe (Guelph, ON). Stock cultures were maintained in 95% 

(v/v) fetal bovine serum (FBS; Gibco, Gaithersburg, MD), 5% (v/v) DMSO and stored at -150°C. 

Caco-2 cells were cultured in ‘complete’ Dulbecco’s Modified Eagle’s Medium (cDMEM): 

DMEM supplemented with L-glutamine, 4.5 g/L glucose and sodium pyruvate (Corning), 10% 

(v/v) FBS, 100 U/mL penicillin, 100 µg/mL streptomycin (Gibco), and 1X non-essential amino 

acids (Sigma-Aldrich). Cells were cultured in 7 mL (25 cm2) and 25 mL (75 cm2) plastic cell 

culture flasks (Thermo Scientific), with all incubations at 37°C and 5% (v/v in air) CO2 in a 

humidified atmosphere. Cells were re-fed every 48-72 h. Confluent monolayers were passaged 

using 0.25% (v/v) trypsin-EDTA (Gibco) as necessary. 

2.3 Measurement of water activity and pH 

The aw measurements of the LMFs were performed using an AquaLab 4TE Benchtop 

Water Activity Meter (METER Group Inc., Pullman, WA). The machine was standardized with 

commercially-available reference solutions and/or saturated salt solutions prepared in-house as 

necessary (Farber et al., 1992; Fontana, 2007). Corn flakes were homogenized by manually 

crushing. In-shell pistachios were ground using a coffee grinder (Rival). LMFs were added to 

sample cups until the fill line, and then sealed closed with lids until measured. Sample cups with 

lids were sealed up to a maximum of 4 h with parafilm as per manufacturer’s recommendations.  

All aw measurements were done in triplicate for each experimental replicate. Values were 

reported as the mean of 6 replicates ± error. The error component was calculated additively as: 

𝑎𝑤  𝑒𝑟𝑟𝑜𝑟 = (𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒𝑠) + (𝑒𝑟𝑟𝑜𝑟𝑎𝑤 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠)      (1) 
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If using commercially-available reference solutions, 𝑒𝑟𝑟𝑜𝑟𝑎𝑤 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠 = 0.003 

If using in-house saturated salt solutions:  

𝑒𝑟𝑟𝑜𝑟𝑎𝑤 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠 =  
(𝑒𝑟𝑟𝑜𝑟𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 1)+(𝑒𝑟𝑟𝑜𝑟𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 2)

2
   (2) 

The pH measurements of LMFs were obtained using an Accumet AB150 Benchtop pH 

Meter (Fisher Scientific, Hampton, NH). Measurements were performed on 10 g samples of LMF 

in both distilled water and peptone water (PW) according to recommendations in Health Canada 

MFHPB-03 (2014).  

2.4 L. monocytogenes inoculum preparation and storage 

All cocktails used in this study were prepared from agar-grown cells similarly to that 

described in survival studies examining L. monocytogenes survival in a wide range of LMFs 

including tree nuts, confectionery formulation and savoury seasonings (Kimber et al., 2012; 

Rachon et al., 2016). The use of sessile cells is recommended by the Almond Board of California 

for process validation studies, based on the evidence of enhanced heat-resistance of Salmonella 

cocktails composed of agar-grown cells as compared to those grown in broth (Almond Board of 

California, 2014; Uesugi et al., 2006).  

All incubation steps were conducted at 37°C unless otherwise specified, from this section 

forward. Incubation times for agar plates were ±2, 3, and 4 h for 24, 36, and 48 h periods, 

respectively. Four strains of L. monocytogenes were streaked from frozen stock onto TSA-YE and 

incubated for 24 h. For evaluation of solid-agar recovery methods for L. monocytogenes recovery, 

the cocktail was composed of four strains: ILSI No. 4, 34, 39, and 55 (Table 3). For long-term 

survival assessment of L. monocytogenes on LMFs, the cocktail was composed of four strains: 
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ILSI No. 4, 18, 34, and 39 (Table 3). Existing studies that examine pathogen survival during 

storage on foods have used cocktails composed of three to six strains, often including those 

recovered from outbreaks related to the food of study, to account for strain-dependent variation in 

growth and survival (Health Canada, 2012; Kimber et al., 2012; Rachon et al., 2016; Taylor et al., 

2018). As mentioned previously, there have not yet been any documented cases or outbreaks of 

listeriosis associated with LMFs, and therefore strains for this study were chosen based on their 

associated food source (e.g., ILSI 39 was isolated from chocolate milk) and serotype. An equal 

number of food and clinical isolates were chosen for the cocktails used in this study.  

Single colonies were inoculated into tryptic soy broth (TSB; BD BBL) and incubated for 

24 h with shaking (200 RPM). Overnight cultures were subcultured (1:100) into TSB and 

incubated for 18 h with shaking. A portion (100 µL) was spread-plated onto TSA-YE and 

incubated for 24 h. Bacterial lawns were re-suspended in 6 mL of 0.1% (w/v) peptone water (Fisher 

BioReagents) or 0.1% (w/v) peptone water with 20% (v/v) glycerol (PW-gly) using cell spreaders. 

This volume was chosen to completely cover the surface of the agar plate without overflowing 

over the sides of the dish during the resuspension process.  

2.4.1 Calibration curve preparation 

For each strain of L. monocytogenes, 5-point calibration curves were produced (viable cell 

concentration vs. OD600). Ten-fold serial dilutions of the re-suspended bacterial lawn were 

performed in sterile PW and plated (100 µL) onto TSA-YE in triplicates. Plates were incubated 

for 24 h and colonies within a countable range (i.e., 30-300) were counted. Simultaneously, 2-fold 

serial dilutions of the re-suspended bacterial lawn were performed in PW were conducted in 4.5 

mL polystyrene cuvettes (Fisherbrand) and OD600 values were recorded using a Beckman DU 530 
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UV/Vis Spectrophotometer. Readings were obtained from triplicate aliquots of the re-suspended 

lawn for each dilution. 

2.4.2 L. monocytogenes cocktail preparation and storage 

Using pre-prepared calibration curves as described previously, appropriate volumes were 

combined to yield a single cocktail with approximately equal concentrations of each strain. 

Bacterial cocktails re-suspended in PW were used immediately, while cocktails re-suspended in 

PW-gly were stored at -20°C for a maximum of two months. Initial cocktail concentrations were 

obtained on TSA-YE as described in section 2.4.1.  

2.5 Inoculation and storage of LMFs 

2.5.1 Inoculum preparation 

For evaluation of solid-agar recovery methods for L. monocytogenes recovery, L. 

monocytogenes cocktails re-suspended in PW were diluted to approximately 9.2 and 8.6 log 

CFU/mL for inoculation of the chocolate liquor and pistachios, and corn flakes, respectively, at a 

target inoculation concentration of 8 log CFU/g. Initial cocktail concentrations were obtained on 

TSA-YE as described in section 2.4.1. 

For long-term survival assessments of L. monocytogenes on LMFs, cocktails stored in PW-

gly were thawed at room temperature (RT). Each cocktail was washed three times in PW. Cells 

were pelleted by centrifugation at 9000 x g for 8 min and then re-suspended in PW to 

approximately 9.4 log CFU/mL for a target inoculation concentration of 8 log CFU/g. Initial 

cocktail concentrations after washing were obtained on TSA-YE as described in section 2.4.1. 
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2.5.2 Wet inoculation 

For evaluation of solid-agar recovery methods for L. monocytogenes recovery, all LMFs 

were wet-inoculated at 7% (chocolate liquor, pistachios) or 25% (corn flakes) v/w with freshly 

prepared L. monocytogenes cocktails in PW at a target concentration of 8 log CFU/g. Using a 

disposable 10 mL serological pipette, the inoculum was introduced in ~0.1 mL droplets into the 

Stomacher bag containing LMFs with continuous shaking during the entire process. Subsequently, 

bags were shaken (corn flakes) and/or massaged (chocolate liquor, pistachios) for 1 min to fully 

distribute the liquid. Inoculated LMFs were divided equally into sterile Petri dishes using sterile 

spoons and lidded.  

For long-term survival assessments of L. monocytogenes on LMFs, inocula were prepared 

as described in section 2.5.1. Two lots of pistachios were wet-inoculated as described previously, 

but using 4% v/w. In a horizontal laminar flow hood, aluminum trays (40 x 28.6 x 7.6 cm) were 

disinfected with 70% (v/v) ethanol (EtOH) and covered with aluminum foil. Cleaned trays were 

moved into the BSC and inoculated pistachios were transferred to the aluminum trays in a single 

layer. The trays were covered with foil for drying.  

2.5.3 Mist inoculation 

For long-term survival assessment of L. monocytogenes on LMFs, corn flakes and 

chocolate liquor were mist-inoculated using a Misty 2.5 Hand-Held Personal Mister (MistyMate, 

Scottsdale, AZ; Appendix A, Figure A4) as described by Beuchat & Mann (2014, 2015). The 

mister was disinfected with 5 mL of EtOH, by manually shaking and expelling according to the 

manufacturer’s instructions. Between each series of pumps, the inner chamber was depressurized 

by loosening the top of the apparatus. EtOH was thoroughly rinsed from the inner chamber and 



 

 

43 

tubing by repeating the shaking-expelling process twice with 5 mL of PW. A biosafety cabinet 

was set-up as illustrated in Figure 2.  

 

Figure 2. Set-up for mist-inoculation of low-moisture foods (LMFs), within a biosafety cabinet. 

Propped up by two micropipette stands, a transparent garbage bag surrounds a tray of LMFs to 

be misted. The opening of the garbage bag is on the right. 

The LMFs were transferred to cleaned aluminum trays (section 2.5.2) in a single layer and 

trays were moved into the bag enclosure illustrated in Figure 2. Inocula were prepared as described 

in section 2.5.1 and an appropriate volume of PW or cocktail was transferred to the mister for 

inoculation of LMFs at 4% v/w (e.g., 4 mL cocktail per 100 g LMFs), for the vehicle control and 

experimental samples respectively. The LMFs were inoculated at a target concentration of 8 log 

CFU/g. LMFs were misted within the plastic bag according to the pattern outlined in Figure 3 and 

agitated by gently shaking the tray between pumps. Freshly inoculated LMFs were processed for 

aw measurement and L. monocytogenes quantification as described in sections 2.3 and 2.6, 

respectively. Trays containing the remaining inoculated samples were covered with aluminum foil 

and allowed to rest for approximately 10 min before removing from the BSC for drying.   



 

 

44 

 

Figure 3. Misting pattern for inoculation of corn flakes and chocolate liquor. Arrows indicate the 

direction of movement. 

2.5.4 Drying and storage of inoculated LMFs 

The LMFs used for evaluation of recovery agars were transferred to an environmental 

growth chamber (EGC) at 22°C, 28-30% RH for drying. For long-term survival assessment of L. 

monocytogenes, the LMFs were transferred to an incubator with a manually adjustable door, 

loosely-sealed at 30°C (Figure 4B). Holes (5-mm diameter) were punctured in the aluminum foil 

covers to facilitate ventilation. Trays were held at these conditions until the aw of inoculated LMFs 

approached pre-inoculation levels, or until a maximum duration of 30 days. Measurements of aw 

were performed every 24 h in triplicate, with sampling of LMFs from both the perimeter and centre 

of the trays. 
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Figure 4. Manually-adjustable incubator door seal for drying low-moisture foods (LMFs). (A) 

Door is tightened fully; (B) Door is ‘loosely’ tightened (used for drying LMFs at 30°C).  

Dry LMFs were transferred to an EGC and held at 23°C, 30-35% RH until samples reached 

equilibrium, defined as having a stable aw for 3 consecutive days. This was defined as day 0 of 

storage. Equilibrated LMFs were transferred to giant Stomacher bags and mixed by shaking for 1 

min. The LMFs were aliquoted into medium Stomacher bags and sealed closed (without vacuum) 

using a FoodSaver Vacuum V2040 Sealing System (Newell Brands, Hoboken, NJ). Samples were 

stored in an incubator at 4°C, 25-81% RH and an EGC at 23°C, 30-35% RH for up to 336 days. 

Storage conditions were monitored using humidity and temperature data loggers (Fisherbrand) 

with hourly measurement intervals.  
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2.6 Recovery of L. monocytogenes from LMFs and quantification  

Populations of L. monocytogenes were quantified from LMFs at day 0 (i.e., at equilibrium), 

7, 14, and 28. For long-term survival assessments of L. monocytogenes on LMFs, sampling was 

continued monthly thereafter up to 336 days. From each storage condition, 10 g analytical samples 

were obtained in triplicate and combined with 20 mL (pistachios, chocolate liquor) or 50 mL (corn 

flakes) PW in medium, filtered Stomacher bags. Samples were homogenized at 230 RPM 

(chocolate liquor, corn flakes) using a Stomacher 400 Circulator (Seward Ltd., Norfolk, UK) or 

manually massaged (pistachios) for 1 min. The filtered, liquid food suspensions were subjected to 

10-fold serial dilutions in PW for quantification by viable plate count using different media as 

described below.  

2.6.1 Solid-agar recovery methods 

All incubation steps for section 2.6.1 were conducted at 35°C. Serial dilutions of liquid 

food suspensions were plated (200 µL) in duplicate onto Oxford agar. Two additional 'solid-agar 

recovery’ methods were also evaluated for L. monocytogenes recovery: a two-step overlay method 

and a one-step thin agar layer (TAL) method. Overlay plates were constructed as follows: 20 mL 

of TSA-YE, on which cells were spread-plated and incubated for 3 h, overlaid with 7 mL of Oxford 

agar, and incubated for an additional 33 h. TAL plates were constructed as follows: 20 mL of 

Oxford agar, overlaid with two layers of 7 mL TSA-YE, each allowed to solidify before the 

addition of the next. Cells were directly plated onto TAL and Oxford agar, and incubated for 36 h. 

At day 28, the overlay method was replaced with enumeration on TSA-YE. 
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2.6.2 Quantification of culturable L. monocytogenes on LMFs by viable plate count 

Serial dilutions of liquid food suspensions were plated (100 µL) onto TSA-YE (corn flakes, 

chocolate liquor) or Oxford agar (pistachios) in triplicate and incubated at 37°C for 24 and 48 h, 

respectively. When viable counts approached the quantification limit, i.e., 1.8 log CFU/g, 10 mL 

of the liquid food suspension was concentrated 5X by centrifugation at 9000 x g for 10 min and 

300 µL was plated in duplicate. 

2.6.3 Quantification of viable L. monocytogenes on LMFs by viability-qPCR (v-qPCR) 

Quantification of L. monocytogenes by propidium monoazide (PMA)-qPCR was 

conducted after 17.5, 20 and 20 months of storage at 4°C on chocolate liquor, corn flakes and 

pistachios, respectively. Stock solutions of 20 mM PMAxx (Biotium, Hayward, CA) were freshly 

diluted in nuclease-free water to a working concentration of 5 mM and kept protected from light. 

Liquid food suspensions (1 mL) were centrifuged at 1000 x g for 2 min to pellet food particulate. 

For corn flakes samples, the supernatant was concentrated 5X by pelleting of bacterial cells by 

centrifugation at 14 000 x g for 3 min, followed by resuspension in an equal volume of PW. 

Working under low light, all samples were processed according to Agustí et al. (2018): 400 µL of 

the supernatant was transferred to a fresh microcentrifuge tube and treated with 4 µL of PMAxx 

for a final concentration of 50 µM. Tube contents were mixed by flicking and incubated on a 

Platform Vari-Mix rocker (Model M79700, Thermo Scientific, Dubuque, IA) at high speed at RT 

(~22°C) for 30 min, covered in aluminum foil. Tube contents were transferred to fresh 

microcentrifuge tubes and light-activated using the PhAST Blue system (GenIUL, Barcelona, 

Spain) for 15 min. Tubes were mixed by flicking and incubated on the rocker for an additional 10 

min in the dark, followed by a second light-activation step. Tube contents were transferred to fresh 
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microcentrifuge tubes and bacterial pellets were obtained by centrifugation at 14 000 x g for 5 min. 

The supernatant was discarded and pellets were stored at -20°C. 

Total genomic DNA extraction was conducted from the bacterial pellets using the DNeasy 

Blood and Tissue kit (Qiagen, Mississauga, ON) following manufacturers recommendations for 

Gram-positive bacteria with the following modification: 100 µL of Buffer AE was used for DNA 

elution. DNA was stored at -20°C. qPCR reactions were performed using the CFX96 Touch™ 

Real-Time PCR Detection System (Bio-Rad) in Hard-Shell 96-well skirted PCR plates (Bio-Rad) 

at a final reaction volume of 20 µL. Final reagent concentrations were as follows: 1X PowerUp™ 

SYBR™ Green master mix, 0.5 µM forward and reverse hly primers (Table 6), and 2 µL of DNA 

eluate, following manufacturer’s recommendations (Biotium, 2017). Primers targeting the L. 

monocytogenes hly gene were chosen based on the gene's conservation throughout the species and 

single-copy nature (Nogva et al., 2000).  

qPCR conditions were as follows: UDG activation at 50°C for 2 min; Dual-LockTM DNA 

polymerase activation at 95°C for 2 min, 40 cycles of 95°C for 5 sec and 63°C for 30 sec; followed 

by a melt curve from 57°C to 99°C (Biotium, 2017). For each qPCR plate, a six-point standard 

curve was produced from a fresh 10-fold dilution series of L. monocytogenes DNA in nuclease-

free water to determine amplification efficiency (Appendix A, Figure A5). This DNA was 

extracted using the DNeasy Blood and Tissue kit as described previously (section 2.6.3), from 1 

mL of an overnight culture of L. monocytogenes (ILSI 4) in brain heart infusion (BHI) broth, 

incubated at 37°C.  

Preliminary experiments for PMAxx for its use in live/dead L. monocytogenes 

differentiation were conducted once. The ability of PMAxx to discriminate between live and dead 
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L. monocytogenes was assessed using an overnight culture of L. monocytogenes (ILSI 34) in BHI, 

incubated at 37°C. An aliquot (400 µL) of overnight culture was pelleted by centrifugation at 14 

000 x g for 1 min and re-suspended in an equal volume of PW. Dead cells were produced by 

incubation in a dry bath incubator (Four E's Scientific, Guangzhou, China) at 95°C for 5 min 

(Biotium, 2017). Tubes were cooled immediately in ice. Live and dead cells were treated with 

PMAxx or PW, the DNA was extracted, and qPCR was performed as described previously. The 

ΔCq values for both live and dead cells was calculated as follows:  

∆𝐶𝑞 = (𝐶𝑞 𝑤𝑖𝑡ℎ 𝑑𝑦𝑒) − (𝐶𝑞 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑑𝑦𝑒)      (3) 

The efficiency of PMAxx to inhibit amplification of dead L. monocytogenes DNA was 

determined by spiking 2 g aliquots of LMFs with 2-5 log CFU/g L. monocytogenes cocktail. Food 

particulate was pelleted and discarded as described previously. Dead cells were produced as 

described previously. Cells were treated with PMAxx, the DNA was extracted, and qPCR was 

performed as described previously. 

The limit of detection (LOD) of this reaction was determined in dry-roasted pistachios as 

a model food matrix by spiking 1 g aliquots of LMFs with 1 to 8 log CFU/g L. monocytogenes 

cocktail. For each LMF, 7-point calibration curves were produced by spiking 1 to 20 g aliquots of 

LMF with 5 to 8 log CFU/g L. monocytogenes. Food particulate was pelleted and discarded as 

described previously. Culturable populations were quantified by plating on TSA-YE. Bacterial 

cells in the supernatant were treated with PMAxx, the DNA was extracted, and qPCR was 

performed as described previously. Cq values obtained by qPCR were plotted against viable cell 

counts (log CFU/mL) to obtain calibration curves for L. monocytogenes quantification. 
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To determine whether there exist differences between the culturable and total viable 

populations of L. monocytogenes recovered from artificially-inoculated LMFs, samples stored at 

4°C for 17.5 or 20 months were obtained as endpoint samples. The culturable cells were quantified 

from two independent long-term survival experiments by aerobic plate count (APC) on TSA-YE 

(n = 2) and the viable cells were quantified as previously described using PMAxx-qPCR in 

technical triplicate (n = 6). The Cq values were converted to L. monocytogenes concentration (log 

CFU/mL) using the calibration curves and values were converted to log CFU/g measurements 

based on the actual mass of sampled LMF.  

For each run in the qPCR thermocycler, standard curve samples were conducted in 

technical duplicates. For the experimental samples and the 'no template controls' (NTC), qPCR 

reactions were conducted in technical triplicates. Standard curve plotting and qPCR reaction 

efficiency calculation, were done with the CFX Maestro™ Software for CFX Real-Time PCR 

Instruments (Bio-Rad) and the web-based ThermoFisher Scientific qPCR Efficiency Calculator 

(https://www.thermofisher.com/ca/en/ 

home/brands/thermoscientific/molecularbiology/molecular-biology-learning-center/molecular-

biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html). 

2.7 Serotyping of L. monocytogenes by multiplex PCR 

2.7.1 DNA extraction using InstaGeneTM matrix 

Approximately 50 colonies of all presumed L. monocytogenes colonies on agar plates from 

long-term survival experiments were serotyped, per treatment, per experimental replicate. For the 

4°C storage condition, day 336 (month 12) was chosen as the endpoint for serotyping. For the 

23°C storage condition, day 168 (month 6) was chosen as one of the last sampling times above the 
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limit of detection for populations stored on the chocolate liquor and corn flakes. For the pistachios, 

L. monocytogenes serotyping was also conducted at day 336 of storage at 23°C.  

Single colonies were randomly picked from agar using sterile, flat-headed toothpicks 

(Touch Industries Inc., Sherbrooke, ON), and re-suspended in BHI by swirling. Cells were 

incubated at 37°C overnight (~18 h). DNA extraction was performed using an InstaGeneTM matrix 

(Bio-Rad) with modifications on the manufacturer’s recommendations. Briefly, 100 µL of an 

overnight culture was pelleted at 14 000 x g for 2 min. The supernatant was discarded and the 

pellet was re-suspended in 50 µL of InstaGeneTM matrix. Samples were incubated in the GeneAmp 

PCR System 9700 (Applied Biosystems) at 56°C for 30 min, 99.9°C for 8 min. The matrix was 

pelleted by centrifugation at 3000 x g for 30 min immediately before using and 10 µL of the 

resulting supernatant was used as template DNA for multiplex PCR (MPCR). All DNA was stored 

at -20°C. 

2.7.2 Multiplex PCR 

A mixture of four primer pairs: LMGL_0742, lmo0737, ORF2819, and ORF2110 (Table 

6) was used in MPCR reactions to discriminate between the four serotypes comprising the L. 

monocytogenes cocktail. PCR reactions were conducted in 96-well plates at a final reaction volume 

of 25 µL. Final reagent concentrations were as follows: 1X ThermoPol reaction buffer, 0.2 mM 

dNTPs, 0.5 µM primer mix, 3.5 mM magnesium sulfate (Sigma-Aldrich; value includes buffer 

MgSO4), and 2.5 U of Taq DNA polymerase. PCR conditions were as follows: an initial 

denaturation step at 94°C for 3 min; 30 cycles of 94°C for 30 sec, 55-45°C for 30 sec (with 

decreasing temperature increments of 0.3°C, ramp = 3°/s), 72°C for 1 min; followed by 10 cycles 

of 94°C for 30 sec, 45°C for 30 sec, 72°C for 1 min; with a final elongation step of 72°C for 5 min. 
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Amplicons were separated in a 2% (w/v) agarose gel in 1X TAE buffer using the Sub-Cell GT 

Horizontal Electrophoresis System (Bio-Rad). Amplicons were visualized and imaged as 

described in section 2.2.1.  

2.8 In vitro virulence assessment of L. monocytogenes  

2.8.1 Sample preparation 

From inoculated LMFs, L. monocytogenes was recovered as described at the top of section 

2.6 at two sampling times: day 0 and after at least 336 days of storage at 4°C. Liquid food 

suspensions were collected in 50 mL centrifuge tubes and the food particulate was pelleted by 

centrifugation at 1000 x g for 2 min. The supernatant was transferred into fresh tubes and bacterial 

cells were harvested by centrifugation at 9000 x g for 20 min. The pellet was washed twice with 

NaCl and re-suspended in Eagle’s minimum essential medium (MEM) supplemented with 2 mM 

L-glutamine (Corning) at a target multiplicity of infection (MOI) of 10:1 (bacteria:Caco-2) for all 

assays (Reddy and Austin, 2017). Vehicle control samples, i.e., LMFs inoculated with sterile PW, 

were processed in parallel for use as negative controls, obtained at the same sampling time as 

contaminated LMFs. Two positive controls, i.e., thawed 4-strain cocktails of L. monocytogenes, 

and freshly-contaminated LMFs immediately harvested, were processed in the same fashion as 

experimental samples. Inocula were incubated at 4°C for a maximum of 18 h before use, to allow 

for confirmation of bacterial concentrations being used in infections. Inoculum concentrations 

were quantified by plate count on TSA-YE and diluted or concentrated to a MOI of 10:1 

immediately prior to infection. For all virulence experiments, Caco-2 cells were used between 

passages 12 and 19.   
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2.8.2 Attachment 

Semi-confluent monolayers were prepared by seeding each well of a 24-well or 96-well 

tissue culture plate (Thermo Scientific) with Caco-2 cells at a density of 5.3 x 104 cells/cm2, two 

days before infection (Appendix A, Figure A6). Cell monolayers were washed with 1X PBS and 

starved in serum-free media, MEM with 0.1% (w/v) bovine serum albumin (BSA; HyClone, 

Chicago, IL), 24 h before all assays following Pricope-Ciolacu et al. (2013). The Caco-2 cells were 

infected with L. monocytogenes recovered from each treatment in technical triplicate and 

centrifuged at 1000 x g for 45 seconds to bring bacteria into contact with the cell monolayer. 

Attachment was assessed as described by Reddy and Austin (2017): Plates were incubated for 30 

min at 37°C to allow for attachment, followed by washing twice with 1X PBS. The Caco-2 cells 

were lysed by pipetting up and down with 200 or 400 µL of cold 0.1% Triton X-100 (Sigma-

Aldrich) for 96- and 24-well plates, respectively. Ten-fold dilutions of the cell suspensions were 

conducted in PW and plated (100 µL) onto TSA-YE in duplicate. Plates were incubated at 37°C 

for 48 h. 

2.8.3 Invasion and intracellular replication 

Invasion and intracellular replication assays were conducted as described by Reddy et al. 

(2016). Caco-2 cells were seeded to semi-confluent monolayers, starved and infected with L. 

monocytogenes as described in section 2.8.2. Infected cells were incubated for 2 h at 37°C, 5% 

CO2 to allow for invasion, followed by washing twice with 1X PBS. Cell monolayers were covered 

with MEM supplemented with 0.1% BSA and 100 µg/mL gentamicin (Gibco) to kill extracellular 

bacteria. The monolayers were washed twice with 1X PBS, lysed with cold 0.1% Triton X-100, 

and L. monocytogenes was quantified on TSA-YE as described previously.  
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For intracellular replication assays, infected cells were incubated for 2 h at 37°C, 5% CO2 

to allow for invasion, followed by washing twice with 1X PBS. Cell monolayers were covered 

with MEM supplemented with 0.1% BSA and 100 µg/mL gentamicin to kill extracellular bacteria. 

Cells were incubated for an additional 6 h (i.e., 8 h post-infection), washed twice with 1X PBS, 

lysed, and L. monocytogenes was quantified on TSA-YE as described previously.  

2.8.4 Sulforhodamine B (SRB) assay for cytotoxicity 

For all sampling times at which cells were lysed for L. monocytogenes quantification (i.e., 

2 and 8 h post-inoculation), the potential cytotoxicity of the treatments was assessed using SRB 

staining. Cells were seeded in 96-well cell culture plates and treated as described above in sections 

2.8.1 to 2.8.3, with the following assay substituting cell lysis as described by Orellana and Kasinski 

(2016), with modifications by Dr. Justina Zhang and Ayano Hojo (Zhang et al., 2019). 

Treatments were removed from the wells, followed by washing with 1X PBS. Volumes of 

200 µL of serum-free media and 50 µL of cold 50% (v/v) trichloroacetic acid (TCA) were added 

to the wells and incubated at 4°C for 1 h. TCA was removed from the wells and cells were washed 

five times with sterile water. Wells were dried overnight at RT. SRB dye (0.4% (w/v) in 1% (v/v) 

acetic acid) (Sigma-Aldrich) was added to cover the bottom of the well and placed on a rocker at 

low speed at RT for 30 min. Wells were washed with 300 µL of 1% (v/v) acetic acid four times 

and allowed to dry overnight at RT.  

The dye was solubilized in 100 µL of 10 mM Tris base solution (pH 10.5) and placed on a 

rocker at low speed at RT for 5 min. The solubilized dye solution was diluted 1:2 in 10 mM Tris 

and the absorbance was measured at 570 nm using a Thermo Scientific Multiskan GO microtiter 

plate reader in clear-bottom 96-well plates. Background absorbance values from 10 mM Tris were 
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determined in triplicate, averaged, and subtracted from all sample absorbance values to obtain 

adjusted-OD570 values. 

Cell viability was calculated using adjusted OD570 values as: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑙𝑙

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝑖. 𝑒. , 𝑀𝐸𝑀 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
× 100% (4) 

Statistical tests were conducted on the log-adjusted, background-adjusted OD570 values 

rather than the cell viability values in order to allow for comparisons between the treatments and 

the negative control, i.e., Caco-2 cells treated with MEM. 

2.9 Culture-dependent bacterial profiling of LMFs 

The bacterial profile of all the LMFs used in this study was determined by culturing, with 

and without enrichment. LMFs were obtained in 10 g aliquots and washed at a food:peptone water 

ratio of 1:5, 2:15 and 1:2, for chocolate liquor, corn flakes and pistachios, respectively. LMFs were 

stomached at 230 RPM (chocolate liquor, corn flakes) or manually massaged (pistachios) for 2 

min. The food washes were transferred to 50 mL centrifuge tubes and the food particulate was 

pelleted by centrifugation at 1000 x g for 2 min. The bacterial pellet was collected by centrifugation 

of the supernatant at 9000 x g for 15 min and re-suspended in 1 mL of PW. Ten-fold serial dilutions 

of the pellet were conducted in PW and plated onto Columbia agar with 5% (v/v) sheep blood (i.e., 

blood agar; Oxoid). Plates were incubated at ambient temperatures (~21°C) for 48 h and 37°C for 

24 h.  

If no growth was observed, 10 g aliquots of LMFs were combined with TSB at a food:broth 

ratio of 1:4 (chocolate liquor, pistachios) and 1:5 (corn flakes). Samples were stomached or 
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massaged as described previously. Enrichment was conducted at ambient temperatures for 3 days 

and 37°C for 48 h. A total of 100 µL of enrichment broths were plated onto blood agar. The 

remaining broth was centrifuged as described previously to remove the food particulate and to 

isolate the bacterial pellet. The pellet was re-suspended in 1 mL of PW and subjected to 10-fold 

serial dilutions in PW for plating onto blood agar. Plates were incubated as described previously.  

Single colonies showing distinct phenotypes on blood agar plates were re-streaked onto 

TSA-YE in triplicate (Appendix A, Figure A7). Plates were incubated as described previously. 

Using 10 µL inoculating loops, heaping loopfuls of agar-grown bacteria were inoculated into 1 

mL of freezing media and re-suspended by vortexing. Stock cultures were stored at -80°C in 

cryogenic vials. All the isolates maintained in freezing media were re-streaked onto TSA-YE and 

confirmed to the closest taxonomic level (98-99% identity) based on 16S rRNA gene sequencing 

as described in section 2.2.1.  

2.10 Experimental design and data analysis 

2.10.1 Experimental design 

Experiments involving the artificial inoculation of LMFs with L. monocytogenes were 

repeated twice, i.e., with two independently-raised L. monocytogenes inocula. Sampling of LMFs 

was conducted in triplicate for each experimental treatment. At each sampling time, values from 

both experiments were pooled (n = 6) to quantify the population of L. monocytogenes on LMFs. 

If the number of colonies on a plate fell below the quantifiable range (i.e., < 30), concentrations 

were considered to be population ‘estimates’ and indicated in figures with asterisks. If the agar 

plates failed to yield colonies, the population was analyzed for statistical purposes as the limit of 

detection, i.e., 0.5 log CFU/g. 
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For all in vitro virulence assays, samples were obtained from two independent experimental 

replicates. For each experiment, the Caco-2 cells were infected with L. monocytogenes in triplicate 

wells. For each assay, values from both experiments were pooled (n = 6) to quantify the population 

of L. monocytogenes. Plate counts were done as described previously. Values were reported as the 

mean ± standard deviation. 

2.10.2 Statistical analysis and modeling 

All statistical tests were conducted using IBM SPSS Statistics Version 25 and 26, 64-bit 

editions (SPSS Inc., Chicago, IL). For all the parametric tests, Shapiro-Wilk tests of normality and 

Levene’s tests were conducted to confirm that the data met the test assumptions. When the 

assumptions were violated, the datasets were log-transformed in an attempt to satisfy these 

requirements. If the transformation was insufficient to make the datasets meet the assumptions, 

particularly the assumption of homogeneity of variances, a more stringent significance level of α 

= 0.01 was set in an attempt to off-set the potential effects of heteroscedasticity on Type 1 error. 

Heterogenous variances between each combination of the groups of the two independent variables 

make it difficult to tell whether the ‘significant differences’ determined using the ANOVA test are 

due to true differences between the means or an inflation of the Type 1 error rate (Pallant, 2016).  

Omnibus tests such as the two-way ANOVA were followed-up with post-hoc tests to 

determine pairwise differences. The Fisher's Least Significant Difference (LSD) test was done if 

the total number of comparisons was less than four (Hayter, 1986). The Bonferroni correction was 

made if the number of comparisons exceeded this value. For the parametric tests with a single 

independent variable, i.e., one-way ANOVAs, a Welch ANOVA was conducted to off-set 
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heteroscedasticity, followed by the Games-Howell post-hoc tests to identify pairwise differences 

(Lund Research Ltd, 2018). 

Best-fit models were determined for long-term survival curves using the GInaFiT version 

1.6 add-in for Microsoft Excel for Windows (Geeraerd et al., 2005). Models were chosen based 

on the R2 values and in some instances, the shape and model complexity.   
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3 Results 

3.1 Evaluation of solid-agar recovery methods for L. monocytogenes recovery 

from LMFs 

Two cocktails containing approximately equal concentrations of four strains of L. 

monocytogenes were prepared using OD600 values and a calibration curve for each strain 

(Appendix A, Figure A8). The presence of L. monocytogenes was not detected in the LMFs used 

for this study following the Health Canada method MFHPB-30 (Pagotto et al., 2011). LMFs were 

inoculated with L. monocytogenes at an average of 8.2 log CFU/g, and left to dry until the aw 

reached approximately pre-inoculation levels (Figure 5). After 8-9 days of drying, the aw of corn 

flakes and chocolate liquor had reached pre-inoculation levels. However, the aw of dry-roasted 

pistachios had still not reached these levels after one month of drying (Figure 5). Pistachio samples 

were processed for L. monocytogenes quantification at this time as day 0. 

By the end of the drying period, populations of L. monocytogenes had declined by 1.99-

2.05 logs on chocolate liquor, 3.37-3.50 logs on corn flakes, and 2.55-2.62 logs CFU/g on 

pistachios, depending on the type of agar used for enumeration (Figure 6). A two-way ANOVA 

was conducted to explore the effects of media type on the recovery of L. monocytogenes from the 

LMFs, and if these effects were dependent on the storage time (i.e., the interaction of media type 

with storage time). Over a storage period of 28 days, there was no significant difference between 

Oxford agar and the two recovery methods for recovering L. monocytogenes from chocolate liquor 

(P = 0.573), corn flakes (P = 0.443) and pistachios (P = 0.101). 
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Figure 5. Water activity of inoculated chocolate liquor, corn flakes, and dry-roasted pistachios 

prior to (i.e., uninoculated) and post-inoculation with two independently-raised inocula of L. 

monocytogenes, at which samples were considered dried to approximately pre-inoculation levels. 

Numbers within the bars represent the days post-inoculation at which samples were measured. 

Values were measured using an AquaLab 4TE water activity meter and are ± 0.003 units.  

 

3.2 Effect of storage conditions on the aw of LMFs over 336 days 

The initial aw values for chocolate liquor, corn flakes and dry-roasted pistachios were 0.03 

± 0.01, 0.30 ± 0.01 and 0.14 ± 0.06, respectively. Immediately after inoculation, the aw values of 

chocolate liquor, corn flakes and pistachios increased by approximately 0.54, 0.19 and 0.38 units, 

respectively. They were all dried to approximately pre-inoculation levels, i.e., 0.13 ± 0.02, 0.23 ± 

0.03 and 0.19 ± 0.05, respectively, and then held at 23°C, 30-35% RH for 72 h (corn flakes, 

pistachios) or 120 h (chocolate liquor) until aw levels reached equilibrium. The inoculated LMFs 

were stored at two conditions: RT and refrigeration for all long-term experiments. 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Uninoculated Inoculum 1 Inoculum 2

W
at

er
 a

ct
iv

it
y
 (

a w
)

Treatment

Chocolate liquor Corn flakes Pistachios

8 8 
31 

 28 
9 9 



 

 

61 

 

Figure 6. Comparison of two solid-agar recovery methods, thin agar layer and overlay, with Listeria selective Oxford agar for 

recovery of L. monocytogenes from chocolate liquor, corn flakes and dry-roasted pistachios over 28 days of storage at 22°C and 28-

30% RH. Error bars represent standard deviations from the mean (n = 6). 
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For the ‘RT’ condition, both temperature and RH were controlled using an EGC during 

long-term storage. These parameters were initially monitored over 7 days with a data logger during 

which time the temperature and humidity remained steady at a median of 23.0°C and 30.7%, 

respectively (Figure 7). As there was little fluctuation in the preset parameters during the test 

period, a data logger was not used to monitor storage conditions over the 336-day storage period 

in the EGC. These parameters were monitored during long-term storage in the refrigerated 

condition due to the lack of humidity control within the incubator. The temperature remained 

steady at a median of 4.4°C with large fluctuations in RH, which ranged from 25.2% to 81.0% 

throughout the storage period with a median of 56.4% (Figure 7). 

A two-way ANOVA was conducted to examine whether there was an effect of time and 

storage condition on the aw of the LMFs during long-term storage, and whether the effects of time 

on the aw depend on the storage condition. At day 0, the aw values for chocolate liquor, corn flakes 

and pistachios were 0.18 ± 0.02, 0.27 ± 0.01 and 0.20 ± 0.01, respectively (Figure 8). For all LMFs, 

the effect of time on the aw depended on the storage conditions (P < 0.0005). 

 During storage at 4°C and 23°C, the aw of inoculated chocolate liquor increased 

significantly by 0.23 and 0.16 units over 336 days (P < 0.0005), respectively (Figure 8A). In 

general, the aw values of samples stored at 4°C were higher than those stored at 23°C after day 28, 

with a significant divergence observed after day 140 (P < 0.01). Pairwise comparisons of aw values 

at consecutive sampling times showed a significant increase in aw of 0.06 and 0.16 units after 84 

and 112 days of storage at 4°C and 23°C, respectively (P < 0.0005). After 112 days of storage at 

4°C, the aw of samples increased by another 0.13 units (P < 0.0005). At both 4°C and 23°C, values 
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remained steady for three months before significantly decreasing by 0.04-0.06 and 0.07-0.08 units 

after 224 days, respectively (P < 0.0005).  

 

Figure 7. (A) Temperature and (B) relative humidity of the storage environments over 336 days 

at 4°C and 7 days at 23°C. Whiskers indicate minimum and maximum values. The upper and 

lower bounds of the box indicate the 25th and 75th percentiles. The median values are indicated 

by the line intersecting the box. Readings were done every hour using a humidity and 

temperature data logger. 
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Figure 8. Water activity of L. monocytogenes on inoculated (A) chocolate liquor, (B) corn 

flakes, and (C) dry-roasted pistachios stored at 23°C, 30-35% RH (black) and 4°C, 25-81% RH 

(blue), over 336 days. Error bars represent standard deviations from the mean (n = 6). Values 

were obtained using an AquaLab 4TE water activity meter. 
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During storage at 4°C and 23°C, the aw values of inoculated corn flakes increased 

significantly by 0.16 and 0.03 units over 336 and 308 days (P < 0.01), respectively (Figure 8B). A 

significant divergence in aw values between samples in different storage conditions was observed 

after day 168 (P < 0.01). Pairwise comparisons of aw values at consecutive sampling times showed 

a significant increase in aw of 0.13 and 0.06 units after 168 days of storage at 4°C and 23°C, 

respectively. Thereafter, the aw of the samples stored at 4°C remained relatively stable until the 

end of the storage period, with the exception of an upward spike at day 280. At 23°C, the aw also 

remained stable with an upward spike at day 252, followed by a decline to approximately pre-

storage levels by day 336.  

During storage at 4°C and 23°C, the aw values of the inoculated pistachios increased 

significantly by 0.19 and 0.14 units over 336 days (P < 0.0005), respectively (Figure 8C). The aw 

values of samples stored in the two different conditions appeared to diverge after day 168, with 

the exception of day 224 (P > 0.01). Pairwise comparisons of aw values showed a significant 

increase of 0.1 units at 140 days of storage at 4°C (P < 0.0005). Thereafter, values remained steady 

up to 336 days. At 23°C, values increased by 0.14 units between day 84 and 140 (P < 0.01). These 

levels remained steady for four months, before decreasing by approximately 0.08 units between 

day 252 and 308 (P < 0.0005).  

3.3 Survival of L. monocytogenes during storage on LMFs over 336 days 

3.3.1 Quantification of culturable L. monocytogenes by viable plate count 

Prior to inoculation, the absence of L. monocytogenes was confirmed for all the LMFs used 

following the Health Canada method MFHPB-30 (Pagotto et al., 2011). The bacterial loss 

associated with a single freeze-thaw cycle of frozen L. monocytogenes cocktail was determined to 
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be negligible (Appendix A, Table A1). Therefore, the chocolate liquor, corn flakes and pistachios 

were spiked two independent times with a thawed-from-frozen cocktail of L. monocytogenes at an 

average concentration of 7.91, 7.96 and 7.93 log CFU/g, respectively. The maximum loss of L. 

monocytogenes from the mist-inoculation method was 0.52 log CFU/g from the corn flakes 

inoculation, as determined by comparison of freshly inoculated LMFs with target inoculation 

levels, i.e., calculated using the concentration of the cocktail itself. The loss of L. monocytogenes 

during the wet inoculation of pistachios was determined to be approximately 0.32 log CFU/g. After 

the drying and equilibrium period, populations of L. monocytogenes declined further by 

approximately 1.2 to 1.9 log CFU/g, with the greatest loss observed on the corn flakes. At the 

beginning of the long-term storage period, L. monocytogenes populations were 6.39 ± 0.07, 5.53 

± 0.27 and 6.38 ± 0.24 log CFU/g on chocolate liquor, corn flakes and pistachios, respectively 

(Figure 9). 

A two-way ANOVA was conducted to examine the effect of time, temperature, and lot (if 

applicable) on the survival of L. monocytogenes during long-term storage on LMFs, and whether 

these effects depended on one another. For all the LMFs, the effect of time on L. monocytogenes 

survival was dependent on the storage condition (P < 0.0005), with the largest effect observed at 

23°C. Comparing the two storage conditions, populations of L. monocytogenes on chocolate liquor 

and corn flakes diverged after 28 days of storage (P < 0.0005). L. monocytogenes levels on the 

pistachios did not diverge until after 56 days (2 months) of storage (P < 0.0005). Over 336 days 

of storage at 23°C, levels of L. monocytogenes declined by > 5.9, > 5.0 and 2.7 log CFU/g on 

chocolate liquor, corn flakes and pistachios (P < 0.0005), respectively. At 4°C, populations of L. 

monocytogenes declined by 0.72 and 0.60 log CFU/g on the chocolate liquor (P < 0.0005) and 

corn flakes (P = 0.004), respectively. 
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Figure 9. Survival of L. monocytogenes during storage on inoculated (A) chocolate liquor, (B) 

corn flakes, and (C) dry-roasted pistachios stored at 23°C, 30-35% RH (black) and 4°C, 25-81% 

RH (blue), over 336 days. Error bars represent standard deviations from the mean (n = 6, 6, 12, 

respectively). The limit of detection was 0.48 log CFU/g (dotted line). Asterisks indicate 

population estimates (i.e., below the limit of quantification). 
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Changes in the levels of L. monocytogenes during storage on pistachios at 4°C were insignificant 

(P = 0.750). 

The effect of lot number on L. monocytogenes survival was also examined during storage 

on the pistachios. While the effect of storage conditions did not appear to be associated with the 

lot (P = 0.705), there was a significant interaction between time and lot (P < 0.0005), i.e., the levels 

of L. monocytogenes differed over time between the two lots. However, the overall trends were 

similar for the two lots which were tested (Figure 10).  

 

Figure 10. Survival of L. monocytogenes during storage on lot 1 (solid lines) and lot 2 (dashed 

lines) of inoculated dry-roasted pistachios stored at 23°C, 30-35% RH (black) and 4°C, 25-81% 

RH (blue), over 336 days. Error bars represent standard deviations from the mean (n = 6). The 

limit of detection was 0.48 log CFU/g (dotted line). 

Best-fit models were generated for all the curves obtained for L. monocytogenes survival 

on the LMFs, except for those obtained at 23°C on pistachios, because the population decline over 

336 days of storage was insignificant (Appendix A, Figure A9). Using these models, the linear 
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rates of decline were calculated for L. monocytogenes in all scenarios for which significant 

population declines were observed during long-term storage (Table 7). 

Table 7. Calculated linear rates of change for L. monocytogenes during long-term storage on 

chocolate liquor, corn flakes and dry-roasted pistachios stored at 23°C, 30-35% RH and 4°C, 25-

81% RH, using best-fit models.  

LMF 
Temperature 

(°C) 
Model1 R^2 

Linear rate of 

change  

(log CFU/g/mth)2 

Reference 

Chocolate 

liquor 

23 Log-linear 

+ tail 

0.9966 -0.8449 (Geeraerd et al., 

2000) 

4 Log-linear 0.6894 -0.0591 (Bigelow and 

Esty, 1920) 

Corn flakes 23 Biphasic 0.9771 (1) -0.8824 

(2) -0.2173 

(Cerf, 1977) 

4 Log-linear 0.1792 -0.0398 (Bigelow and 

Esty, 1920) 

Pistachios 23 Log-linear 

+ tail 

0.9518 -0.3194 (Geeraerd et al., 

2000) 

 4 NA3 NA NA NA 

1Best-fit models were chosen based on the R2 values, shape and model complexity as determined 

using GInaFiT v.1.6 (Geeraerd et al., 2005). 

2Rates of change were calculated based on the linear part(s) of the model. 'mth' indicates 'month'. 

3'NA' indicates “not applicable”; the population decline over 336 days was insignificant.  

 

Rates of population decline were faster on all LMFs stored at 23°C as compared to 4°C. 

The maximum rate of change was observed on corn flakes at 23°C during the first 112 days (four 

months) of storage. In these conditions, populations of L. monocytogenes were fit to a biphasic 

model, with a rapid initial decline at 0.88 log CFU/g/month, followed by a four-fold reduction in 

the rate of change until populations fell below the LOD. Distinct tailing of the survival curve was 

observed toward the end of the storage period (Figure 9). A similar rate of decline, i.e., 0.84 log 

CFU/g/month, was observed at 23°C on chocolate liquor during the first 8 months of storage, after 
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which populations fell below the LOD. The slowest rate of decline during storage at 23°C was 

observed on the dry-roasted pistachios at 0.32 log CFU/g/month, with populations remaining 

above the LOD over 336 days. At 4°C, populations of L. monocytogenes on chocolate liquor and 

corn flakes declined at much slower rates of 0.06 and 0.04 log CFU/g/month, based on a log-linear 

model.  

3.3.2 Quantification of viable L. monocytogenes by viability-qPCR (v-qPCR) 

Several platinum and palladium compounds have been described as having the potential to 

be used for v-qPCR quantification of bacterial pathogens from food samples due to their DNA-

binding abilities within mammalian cells (Soejima et al., 2016; Soejima and Iwatsuki, 2016). Three 

of these novel compounds, Cl2(1,5-cyclooctadiene)Pd, cis-DDP and Pt(PPh3)4 , were screened for 

the ability to discriminate between live and dead L. monocytogenes (Appendix B). At the 

concentrations of 50, 150 and 400 μM for cis-DDP, Cl2(1,5-cyclooctadiene)Pd and Pt(PPh3)4, 

respectively, efficient suppression of qPCR amplification from dead L. monocytogenes DNA was 

not observed. For this reason, we decided to try PMAxx, a newer version of the well-established 

DNA intercalating agent PMA that allows for improved live/dead differentiation (Biotium, 2016), 

for use in v-qPCR in this study. 

Two different PMA treatment protocols, one suggested by the manufacturer (Biotium, 

2017) and a double-tube change protocol described by Agustí et al. (2018), were compared using 

pure cultures of live and dead L. monocytogenes (ILSI 34). The method described by Agustí et al. 

(2018) demonstrated enhanced suppression of qPCR amplification from dead L. monocytogenes 

DNA (Appendix A, Figure A10). Following this method, the ∆Cq of live and dead cells were 

determined to be 0.5 and 7.4 cycles, respectively. 
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Efficiencies for all the qPCR reactions in this study were > 88.1% (maximum = 98.7%) 

(Appendix A, Figure A11). The R2 values for the linear regression lines were > 0.998. The melt 

curves obtained from each run showed the presence of peaks between 75.0-76.5°C (Appendix A, 

Figure A12). However, a single product was observed when qPCR products associated with 

different melting temperatures (Tm) were separated and visualized in an agarose gel, with a size 

corresponding to the expected amplicon of 106-bp (Appendix A, Figure A13). 

For L. monocytogenes quantification, three 7-point calibration curves were produced for 

each LMF. The R2 values for these curves ranged from 0.954 to 0.997 (Appendix A, Figure A14). 

Efficiencies for all calibration curves were > 96.5%, which falls within the recommended range of 

90-100%. The dynamic range for all the LMFs was approximately 5 to 8 log CFU/mL, which 

corresponds to approximately 5 to 8 log CFU/g and Cq ranges of 19.74-29.13, 18.26-28.03 and 

21.72-31.93 for chocolate liquor, corn flakes and pistachios, respectively. Concentrations of L. 

monocytogenes below 5 log CFU/g were not consistently detected by qPCR, i.e., there was variable 

amplification between technical replicates (Appendix A, Table A2). Therefore, the limit of 

quantification (LOQ) for L. monocytogenes from all LMFs was 5 log CFU/g and could not be 

lowered even when using an increased amount of template DNA, i.e., increasing it from 2 to 5 µL 

(Appendix A, Table A2). 

Treatment with PMAxx efficiently suppressed the amplification of dead L. monocytogenes 

cells from spiked dry-roasted pistachios (model food matrix) when inoculated at a concentration 

of 2.0 to 5.1 log CFU/g L. monocytogenes (Appendix A, Figure A15). At a concentration of 2 to 4 

log CFU/g dead cells of L. monocytogenes, no signal was detected by qPCR within 40 cycles. Even 

at a high level of dead cells, i.e., 5 log CFU/g, treatment with PMAxx suppressed amplification by 
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qPCR to a cycle count beyond that of the quantifiable range used in this study, as described 

previously (Appendix A, Figure A14).  

The concentration of both culturable and VBNC L. monocytogenes from inoculated 

chocolate liquor, corn flakes and pistachios stored at 4°C was determined at 17.5, 20 and 20 

months, respectively, by APC on TSA-YE and PMAxx-qPCR (Figure 11). L. monocytogenes was 

not recovered from control samples, i.e., LMFs inoculated with PW, stored and processed in 

parallel with L. monocytogenes-inoculated LMFs. L. monocytogenes could also not be quantified 

from these samples by PMAxx-qPCR for all LMFs.  

The t-test was used to determine the effect of the quantification method on L. 

monocytogenes enumeration after long-term storage on LMFs at 4°C. Across all the foods tested, 

viable populations of L. monocytogenes determined via PMAxx-qPCR were higher than those 

obtained by the APC. On the chocolate liquor, corn flakes and pistachios, viable populations of L. 

monocytogenes at the endpoint obtained using PMAxx-qPCR were 2.29, 3.72 and 1.82 log CFU/g 

higher (P < 0.0005) than that obtained on TSA-YE, respectively (Figure 11).  
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Figure 11. Quantification of L. monocytogenes from artificially-inoculated chocolate liquor, 

corn flakes and dry-roasted pistachios stored at 4°C by aerobic plate count on TSA-YE (grey bar, 

black markers) and PMAxx-qPCR (red bar with stripes, white markers) at months 17.5, 20 and 

20, respectively. Asterisks indicate significant differences between the quantification methods 

according to the t-test (P < 0.05).  
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3.4 Serotype-dependent effects of storage on LMFs on L. monocytogenes 

The relative survival of the four different strains of L. monocytogenes that comprised the 

cocktail was determined by MPCR of individual, randomly picked colonies. Each strain was from 

a different serotype (1/2a, 1/2b, 3a, and 4b), which produced a distinct amplification profile when 

MPCR products were separated on an agarose gel and visualized (Figure 12).  

 

Figure 12. Agarose gel electrophoresis of amplicons produced by multiplex PCR with template 

DNA from four different serotypes of L. monocytogenes. Ladder: GeneRuler 100-bp ladder 

(ThermoScientific). 

A total of 949 colonies presumed to be L. monocytogenes were picked from TSA-YE 

(chocolate liquor, corn flakes) or Oxford agar (pistachios) plates to be serotyped by MPCR. Of 

these colonies, 32 were omitted from the analysis due to the presence of multiple serotypes by 

MPCR or a lack of PCR amplification. The remaining 917 colonies were successfully serotyped. 

All of the negative broth controls, located both within and at the perimeter of the plate, did not 
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show amplification. Therefore, the presence of multiple serotypes in one lane could be the result 

of picking two colonies from different strains that overlapped each other on the agar plate. For 

lanes that did not show amplification, it is possible that the colony was not L. monocytogenes, or 

it could have been the result of human error. All the negative controls, i.e., diluents, agar, LMF 

inoculated with PW, did not show L. monocytogenes-like growth. Therefore, it is more likely that 

due to the low volumes used, there was a transfer of the InstaGeneTM matrix from the DNA 

suspension over to the PCR master mix, which inhibited amplification. 

During the pre-storage, drying-equilibrium period, which lasted from 4 to 9 days depending 

on the LMF, it was observed a strain-dependent decline of L. monocytogenes populations. At day 

0, populations were predominantly composed of serotypes 1/2a and 3a (Figure 13 and Figure 14). 

The serotype 4b strain represented the smallest proportion of colonies recovered at this sampling 

point from all the LMFs assessed. This strain, ILSI 4, was particularly sensitive to the stresses 

experienced during the drying-equilibrium period. For the LMFs stored at 23°C, day 168 (month 

6) was chosen as the endpoint for isolate serotyping, as it was one of the last sampling times where 

L. monocytogenes populations remained above the LOD during storage on chocolate liquor and 

corn flakes. After 336 days of storage in this condition, colonies were no longer recovered on TSA-

YE from the chocolate liquor and very few, i.e., 0-3 colonies, were recovered from the corn flakes. 

For the LMFs stored at 4°C, 336 days (month 12) was chosen as the endpoint, as populations of 

L. monocytogenes were still much higher than the LOD. 

According to the chi-square test for independence, there was no significant association 

between the experimental replicate and the relative survival of four serotypes (P > 0.05). Thus, 

counts for the two experiments were pooled for each treatment at each sampling time. There was 
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a significant association between the storage condition and the relative survival of L. 

monocytogenes for each LMF (P < 0.05). Generally, the relative proportion of serotype 1/2a 

declined after storage at both temperature conditions, which was coupled with an increase of the 

other serotypes depending on the LMF and in some cases, the storage temperature. After 168 days 

at 23°C, the relative proportions of serotypes 3a and 4b increased during storage on the chocolate 

liquor and corn flakes/pistachios, respectively (Figure 13). In addition to that observed for serotype 

1/2a, a relative decline in serotype 1/2b was also observed for populations of L. monocytogenes on 

chocolate liquor. 

After 336 days at 23°C, serotype distributions on the pistachios were consistent with those 

observed at 168 days (Figure 13 and Figure 14). After 336 days at 4°C, the relative proportions of 

serotypes 3a and 1/2b increased during storage on chocolate liquor and pistachios, respectively. 

Interestingly, the opposite was observed for L. monocytogenes on corn flakes with relative 

proportions of serotype 1/2b declining after storage coupled with an increase in serotype 1/2a 

(Figure 14).  
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Figure 13. Relative survival of four L. monocytogenes serotypes on chocolate liquor, corn flakes and dry-roasted pistachios at day 0 

(black), and after storage at 23°C, 30-35% RH for 168 days (orange stripes). Bars indicate the average of two experimental replicates. 

Asterisks indicate significant pairwise differences according to a chi-square test for independence followed by post-hoc tests with the 

Bonferroni adjustment (P < 0.05).  
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Figure 14. Relative survival of four L. monocytogenes serotypes on chocolate liquor, corn flakes and dry-roasted pistachios at day 0 

(black), and after storage at 4°C, 25-81% RH (blue stripes) or 23°C, 30-35% RH (orange stripes) for 336 days. Bars indicate the 

average of two experimental replicates. Asterisks indicate significant pairwise differences according to a chi-square test for 

independence followed by post-hoc tests with the Bonferroni adjustment (P < 0.05).  
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3.5 Effect of storage on LMFs on L. monocytogenes virulence in a human 

intestinal cell model 

3.5.1 SRB assay for cytotoxicity 

Prior to assessing L. monocytogenes virulence, the potential for the food-associated 

microbes that could be co-pelleted with L. monocytogenes to cause Caco-2 cytotoxicity was 

assessed at 2 and 8 h post-treatment with the SRB assay (Voigt, 2005). The cell viability (%) of 

the Caco-2 cell monolayer was determined for four LMF treatments, either in the presence or 

absence of L. monocytogenes, relative to treatment with MEM (Figure 15).  

   

Figure 15. Sulforhodamine B assay for cytotoxicity of Caco-2 cells at (A) 2 h and (B) 8 h post-

treatment with chocolate liquor (CL) or dry-roasted pistachio (P) wash pellets, re-suspended in 

Eagle’s minimum essential medium (MEM) in the presence and absence of L. monocytogenes 

(Lm). Cell viability was calculated relative to treatment with MEM. Error bars represent standard 

deviations from the mean (n = 6). 

According to ANOVA tests, there was no significant difference (P > 0.05) between the 

treatments on the viability of the monolayer at 2 h post-treatment, at which time the Caco-2 cells 

would be harvested and lysed to assess L. monocytogenes invasion (Figure 15A). There was a 

significant effect of treatment on cell viability at 8 h post-treatment (P = 0.041), at which time the 
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Caco-2 cells would be harvested and lysed to determine the degree of L. monocytogenes 

intracellular replication (Figure 15B). However, pairwise comparisons using the Tukey HSD test 

did not identify significantly different pairs at the α = 0.05 level. 

3.5.2 Attachment, invasion and intracellular replication 

The virulence potential of L. monocytogenes was assessed by bacterial enumeration on 

TSA-YE during three vital stages of L. monocytogenes infection, namely attachment, invasion and 

intracellular replication. At each stage, pairwise comparisons between the four-strain L. 

monocytogenes cocktail before and after exposure to chocolate liquor or pistachios were conducted 

using Fisher's least significant difference (LSD) tests to determine whether exposure to the food 

matrix affected the virulence of L. monocytogenes. With exposure to the chocolate liquor prior to 

Caco-2 infection, the number of attached L. monocytogenes cells increased significantly by 

approximately 1 log, as compared to its unexposed counterpart (P = 0.002; Figure 16A). 

Comparing the recovered populations of L. monocytogenes during the invasion and intracellular 

replication stages, no significant difference was observed for cocktails before and after exposure 

to the chocolate liquor (P > 0.01; Figure 16A). With exposure to the pistachios prior to Caco-2 

infection, the number of attached and internalized L. monocytogenes increased significantly by 

approximately 1.5 logs, compared to the unexposed cells (P < 0.0005; Figure 16B). The number 

of intracellular L. monocytogenes recovered from the chocolate liquor 8 h post-infection was 

approximately 1 log higher if exposed to the pistachios prior to infection (P < 0.0005; Figure 16B). 

The consistent log difference observed between treatments for both internalized L. monocytogenes 

and the cells enumerated to assess intracellular replication suggests that the rate of replication, 

strictly from those internalized cells, was consistent between the two treatments.  
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Figure 16. Effect of the (A) chocolate liquor (CL) and (B) dry-roasted pistachios (P) food 

matrices on L. monocytogenes (Lm) attachment, invasion and intracellular replication efficiency 

in the Caco-2 cell model. Error bars represent standard deviations from the mean (n = 6). 

Asterisks indicate significant pairwise differences according to Fisher's least significant 

difference tests (P < 0.01). 
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The potential for L. monocytogenes to retain its infectivity after long-term storage at 4°C 

on LMFs was determined by bacterial enumeration at day 0, and at months 17.5 or 19 on chocolate 

liquor and pistachios, respectively (Figure 17). After the drying-equilibrium period (i.e., day 0) 

and long-term storage on both chocolate liquor and pistachios, L. monocytogenes retained its 

ability to attach, invade and replicate in the Caco-2 cell model.  

The virulence potential of L. monocytogenes was not assessed for samples of LMFs stored 

at 23°C, as the culturable populations of L. monocytogenes after long-term storage were not high 

enough for Caco-2 infection. These assays were also not conducted for L. monocytogenes stored 

on corn flakes at either temperature condition for this same reason. 
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Figure 17. L. monocytogenes (Lm) attachment, invasion and intracellular replication ability in 

the Caco-2 cell model, assessed at day 0 (black bar), and 17.5 or 19 months (grey bar) of storage 

at 4°C on (A) chocolate liquor and (B) pistachios, respectively. Error bars represent standard 

deviations from the mean (n = 6). 'd' indicates 'days' and 'mth' indicates 'months'.  
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3.6 Culture-dependent bacterial profiling of LMFs 

The bacterial profiles of the LMFs used in this study were determined using culture-

dependent methods at both RT and 37°C. APCs were obtained on blood agar plates and samples 

showing a lack of growth, i.e., < 1 CFU/g, were enriched in TSB. In total, 101 presumptive 

bacterial colonies were isolated from the corn flakes and dry-roasted pistachios obtained from 

retail and directly from the American Pistachio Growers (APG) in the case of the pistachios, 

representing 46 different phenotypes on blood agar (Table 8). Bacterial isolates could not be 

recovered from the chocolate liquor using the methods described in Section 2.9 and could only be 

obtained from the APG pistachios and corn flakes after enrichment in TSB. 

A total of 61 presumptive bacterial colonies were collected from two lots of retail 

pistachios, representing 34 phenotypes: 19 from lot 1 and 15 from lot 2 (Table 8). Two phenotypes 

from lot 2 were also observed among the colonies recovered from lot 1. Unlike the other LMFs 

used in this study, colonies could be recovered from the retail pistachios without enrichment. 

However, all APCs were below the quantification limit, i.e., 30 CFU/g (Table 8).  

All but two (97%) of the presumptive bacterial colonies recovered from the retail pistachios 

were submitted for 16S rRNA gene sequencing. However, this submission included replicates 

representing the same phenotypes as those omitted samples. Identities could not be obtained for 

7% (n = 4) of the isolates because PCR amplification of the target 16S rRNA gene region failed, 

suggesting that these isolates may not have been bacterial in nature. Species-level identification 

could not be obtained for 53% (n = 31) of the submitted isolates with confidence, i.e., > 97% 

identity match, and were exclusively of the Bacillus, Pantoea or Erwinia genera (Table 8).



 

 

85 

Table 8. Summary of the bacterial isolates recovered from the LMFs on blood agar, with or without enrichment in TSB at room 

temperature (RT) for 72 h or 37°C for 48 h, as identified by partial sequencing of the 16S rRNA gene.  

LMF 
Enrichment (Y/N); 

temperature (°C) if Y 

Aerobic plate 

count (CFU/g)1 
No. of phenotypes Unique genera/species identities 

Chocolate 

liquor 

N < 1 0 n/a2 

Y; 37 and RT  0 n/a 

Corn 

flakes 

N < 1 0 n/a 

Y; 37  5 n/a 

Y; RT  1 n/a 

APG 

pistachios 

N < 1 0 n/a 

Y; 37  53 n/a 

Y; RT  5 n/a 

Retail 

pistachios 

(lot 1) 

N < 30 (13) 8 Bacillus sp., B. subtilis, B. subtilis/halotolerans4, 

   B. velezensis/amyloliquefaciens/vallismortis 

Y; 37  8 B. velezensis/amyloliquefaciens/vallismortis 

Y; RT  3 Klebsiella pneumoniae, B. subtilis 

Retail 

pistachios 

(lot 2) 

N < 30 (2) 25 B. licheniformis, Pantoea sp. 

Y; 37  56 K. pneumoniae, B. subtilis, 

   B. velezensis/amyloliquefaciens/vallismortis 

Y; RT  8 B. subtilis, B. megaterium, B. agglomerans/vagans, 

   Pantoea sp., Pantoea/Erwinia sp. 

1 Limit of detection = 1 CFU/g; limit of quantification = 30 CFU/g; brackets indicate population estimates. 

2 'n/a' indicates isolates were not submitted for sequencing. 

3 Two phenotypes were also observed after enrichment at RT.  

4 Species divided by slash symbols could not be differentiated by sequencing. 

5 One phenotype was also observed after enrichment at RT.  

6 One phenotype was also observed from lot 1, after enrichment at RT.  
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4 Discussion 

4.1 Evaluation of solid-agar recovery methods for L. monocytogenes recovery 

from LMFs 

Direct plating of liquid food suspensions onto Listeria-selective agars such as Oxford agar 

may inhibit the growth of cells that have survived the desiccation process, but are injured, resulting 

in an underestimation of the true viable population. Both the TAL and overlay methods allow for 

the repair of these 'sublethally-injured cells' before selective agents are introduced and may allow 

for a more accurate representation of the surviving L. monocytogenes population (Kang and Fung, 

1999). Prior to the development of the TAL method, the overlay method was used for the recovery 

of injured cells on a solid medium. However, this ‘two-step’ method is laborious and time-

consuming. The TAL method was created as a ‘one-step’ solution to this problem and showed 

equal effectiveness in allowing for the repair of heat-injured L. monocytogenes cells when 

compared to the traditional overlay method (Kang and Fung, 1999).  

The TAL method has been evaluated for the recovery and enumeration of heat-, cold-, 

pressure- and acid-injured L. monocytogenes. For heat and cold stresses, the TAL method 

recovered more cells as compared to direct plating on selective media, with a 0.7 to 0.85 log and 

~0.9 log difference for heat- and cold-injured cells, respectively (Wu et al., 2001a; Wu and Fung, 

2001). The TAL method using three selective agars, i.e., Oxford, PALCAM and RAPID’L.mono, 

also performed better than their standard counterparts for recovering L. monocytogenes from foods 

after two weeks of frozen storage (McLennon et al., 2018). However, no significant difference was 

observed between the TAL method and selective media for acid-injured cells (P ≥ 0.05) (Wu et 

al., 2001b). Lavieri et al. (2014) evaluated the TAL method for recovering L. monocytogenes after 

treatment with high hydrostatic pressure (HHP) and found no significant difference (P ≥ 0.05) 
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between TAL and selective media at 400 MPa. The TAL method was observed to yield higher 

colony counts only after 2 min of HPP at 600 MPa. However, the two methods showed no 

difference in counts with longer processing times. The TAL method has also been used to recover 

desiccation-stressed Cronobacter spp. after storage on powdered infant formula (aw = 0.21 to 0.28) 

at 21°C for 30 days, showing an increase in recovery of 0.5 to 2.0 logs compared to the selective 

media, depending on the adaptation method applied to the cells pre-inoculation (Osaili et al., 

2010).  

To the author's knowledge, the TAL method has not yet been evaluated for desiccation-

stressed L. monocytogenes. However, it has been used in studies for recovering desiccation-

stressed L. monocytogenes to facilitate the recovery of injured cells from biofilms and inoculated 

coriander after freeze-drying and supercritical CO2 drying (Bourdoux et al., 2018; Pang and Yuk, 

2019). Osaili et al. (2018) also used this method for recovering L. monocytogenes from tahini 

halva, a low-moisture confectionery product consumed mainly in the Middle East, North Africa 

and Mediterranean countries, after storage for up to 30 days at 21°C.  

In this study, there was no significant difference (P ≥ 0.05) between the recovery methods 

and direct plating on selective media for recovering L. monocytogenes from chocolate liquor, corn 

flakes and pistachios stored at 22°C for 28 days, at each sampling time. The greatest difference 

observed between both recovery methods and Oxford agar was 0.24 log CFU/g, compared to 

published log differences of 0.5 to 2.0. The TAL and overlay methods introduce an additional layer 

of complexity and the possibility of contamination, compared to using Oxford agar. While its 

inefficiency has been reported on throughout the literature, we found the overlay method to also 

present difficulties in identifying typical Listeria-like colonies (i.e., black halo and depressed 
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centres). Plates were incubated at 35°C for 36 h (± 3 h) for consistency among the methods tested. 

At 24 h, the TAL plates showed sufficient growth for quantification. However, colonies on Oxford 

agar and the overlay method were still too small to be properly enumerated. Listeria-typical 

morphology was not yet discernable. At 48 h, colonies on the TAL plates were large enough to 

interfere with proper enumeration at high numbers, i.e., > 200 colonies.  

Therefore, the effectiveness of these methods for recovering greater cell numbers does 

seem to vary depending on the type of stress, which may be due to differences regarding the 

specific cellular components and physiological functions affected (Lavieri et al., 2014). As there 

was little difference between the methods assessed in this study, Oxford agar was chosen as the 

optimal agar for recovery and quantification of L. monocytogenes from the LMFs investigated in 

this study. 

4.2 Effect of various inoculation and drying methods on the survival of L. 

monocytogenes 

For the evaluation of solid-agar recovery methods for L. monocytogenes recovery, a wet-

inoculation method was used for all the LMFs. Blessington et al. (2012) dried walnut kernels wet-

inoculated at 16.5% v/w under ambient laboratory conditions, i.e., 23-25°C, 25-35% RH, within 7 

days post-inoculation. Raw, in-shell pistachios and almonds wet-inoculated at 6.25% v/w were 

also dried under ambient conditions, i.e., 24°C, 35-40% RH, within 3 days (Kimber et al., 2012). 

The dry-roasted pistachios used in this study were dried under similar temperature and humidity 

conditions post-inoculation to those described in the literature, i.e., 22°C, 28-30% RH. However, 

the aw of the pistachios did not return to pre-inoculation levels even after 30 days of drying. 

Extended holding under these conditions was insufficient for drying, which may be due to its very 
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low initial aw as a dry-roasted product. The pistachios used in this study had a aw of 0.1 to 0.2, as 

compared to the raw pistachios used by Kimber et al. (2012), which had a aw of 0.4. After drying 

for 8 to 30 days, populations of L. monocytogenes had declined by 1.9, 3.4 and 2.6 log CFU/g by 

day 0 on chocolate liquor, corn flakes and pistachios, respectively. 

For the long-term survival experiments of L. monocytogenes on LMFs, the switch to mist-

inoculation from the wet-inoculation method used for section 4.1 allowed for a lower inoculation 

volume (i.e., 4% mist inoculation vs. 7% and 25%, wet inoculation) and a faster drying time. For 

the chocolate liquor and corn flakes, mist-inoculation maintained the products’ structural integrity, 

an important consideration for survival study design (NACMCF, 2010). Inoculated samples were 

also dried with low heat as per Beuchat and Mann (2010), but in a loosely-sealed incubator instead 

of a forced-air oven. After 1 to 3 days of drying at 30°C and a 72 to 120 h equilibrium period, 

populations of L. monocytogenes had declined by only 1.5, 2.4 and 1.7 log CFU/g by day 0 on the 

chocolate liquor, corn flakes and pistachios, respectively. Comparing the two inoculation and 

drying methods, the degree of pre-storage loss of L. monocytogenes was less using the low-heat 

drying method. The degree of bacterial loss under low-heat drying was consistent with the loss 

observed from drying fruits mist-inoculated with Salmonella at ambient conditions for 1 h 

(Beuchat and Mann, 2014), and various nuts wet-inoculated with Salmonella, E. coli O157:H7 and 

L. monocytogenes dried under ambient conditions for three days (Brar et al., 2015; Kimber et al., 

2012). 

L. monocytogenes inactivation during the drying process may be related to the degree of 

aw change caused by inoculation and the length of the drying-equilibrium period. The greatest 

amount of L. monocytogenes inactivation was consistently observed from drying of the corn flakes, 
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followed by pistachios and chocolate liquor. However, the aw increased the most after inoculating 

the chocolate liquor, followed by the pistachios and corn flakes, which also corresponded to longer 

drying periods for those LMFs that experienced larger shifts from their original aw. Interestingly, 

an unexpected inverse relationship was observed between the degree of aw change/the length of 

the drying-equilibrium period and L. monocytogenes loss. Lang et al. (2004) observed greater 

inactivation of L. monocytogenes on the surface of tomatoes when the drying time at ambient 

laboratory conditions (22°C, unknown RH) increased from 1 to 24 h for two different inoculation 

methods: spot and spray-inoculation. A similar trend was observed for L. monocytogenes on 

artificially-contaminated parsley dried at 22°C for 2 h compared to that dried at 22°C for 2 h and 

followed by a second drying period for 22 h at 4°C (Lang et al., 2004). However, the effects of 

pre-storage drying time on L. monocytogenes survival may be highly variable between different 

food matrices, as no significant difference was observed for artificially-contaminated lettuce dried 

under the same aforementioned conditions as the parsley (Lang et al., 2004).  

4.3 Effect of storage conditions on the aw of LMFs over 336 days  

The aw is a major factor affecting the survival of L. monocytogenes on LMFs, as 

demonstrated in studies looking at the survival of the organism in chocolate-peanut butter spread, 

peanut butter and wheat flour (Kenney and Beuchat, 2004; Taylor et al., 2018). There is a wide 

variety of vessels that have been used to store LMFs during long-term survival studies, which 

either mimic potential storage conditions in the home, or minimize contact between the LMFs and 

moisture from the storage environment. Some examples include moisture barrier bags (Tsai et al., 

2019), plastic zipper bags (Brar et al., 2015), unsealed plastic bags in closed plastic containers 
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(Blessington et al., 2012), sealed Stomacher bags (Burnett et al., 2000), vacuum-sealed retort 

pouches (Lian et al., 2015) and sealed Pyrex bottles (Koseki et al., 2015).  

The LMFs examined in this study for evaluation of solid-agar recovery methods were 

stored in lidded Petri dishes, which allowed for gaseous and moisture exchange with the external 

environment. Since these samples were stored within an environmental chamber at a low RH (i.e., 

28-30%), environmental humidity effects on increasing the sample aw was not a concern. However, 

greater control over this variable was desired during extended storage, particularly in the absence 

of RH control. To minimize any effects that environmental moisture could have on the aw, prior to 

storage, the LMFs stored for 336+ days were heat-sealed in polyethylene (PE) Stomacher bags 

(101 µm thickness). This packaging mimicked storage conditions for cereals and dry-roasted 

pistachios which are commonly enclosed in PE bags (Müller et al., 2016; Shakerardekani and 

Karim, 2013). The chocolate liquor used in this study was provided in bulk within a PE pail 

(Section 2.1). However, smaller quantities of chocolate liquor stored in plastic packaging are also 

available on the market (Appendix A, Figure A16).  

Throughout the 336-day storage period, the aw values of the chocolate liquor and dry-

roasted pistachios remained within expected ranges reported in the literature (Aktas and Polat, 

2007; Nascimento et al., 2011). Those of the corn flakes were higher than expected, ranging from 

0.21 to 0.51 between the two storage conditions, as compared to an expected aw of 0.02 (Dadgar 

et al., 2014).  

During storage, the aw values of the chocolate liquor, corn flakes and pistachios changed 

by 0.32, 0.30 and 0.31, respectively, over the whole period of study. This was slightly higher than 

the ranges of 0.1 to 0.2 observed during long-term storage of almonds and pistachios within plastic 
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zipper bags (Kimber et al., 2012), but consistent with the range of 0.3 observed for walnut kernels 

stored in unsealed plastic bags in closed plastic containers (Blessington et al., 2012). Overall, the 

significant increase in aw over 336 days observed in this study suggests that the PE bags were 

insufficient to completely inhibit moisture exchange between the LMFs and their surrounding 

environment. Importantly, the large fluctuations in RH during storage at 4°C did not appear to 

have an effect on the degree of moisture exchange between the environment and the contents of 

the PE bags, as changes in LMF aw dynamics were similar between the two storage conditions. 

4.4 Survival of L. monocytogenes during storage on LMFs over 336 days  

4.4.1 Quantification of culturable L. monocytogenes by viable plate count 

The three LMFs examined in this study can be ranked by the inactivation rates of L. 

monocytogenes determined after long-term storage in the two conditions tested. At 4°C, the LMFs 

can be ranked as follows: chocolate liquor > corn flakes > pistachios (no decline) and at 23°C: 

corn flakes and chocolate liquor > pistachios. Two rates of change were observed for the survival 

curve of L. monocytogenes during storage on corn flakes at 23°C for each linear segment of the 

biphasic model. Therefore, it is difficult to compare this relative to the chocolate liquor, which 

only had one rate of change.  

The highest rate of decline of L. monocytogenes observed in this study was 0.88 log 

CFU/g/month, which occurred during the first four months of storage on corn flakes at 23°C. From 

this point onward, however, the rate of decline decreased to 0.22 log CFU/g/month. These rates of 

change were based on a biphasic model, which was chosen based on its high R2 value and shape. 

Although the double Weibull and biphasic-shoulder models had similar R2 values of 0.98, they 

were not used because of their shape and complexity, i.e., these models required an additional 
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degree of freedom for computation. The biphasic model suggests varying degrees of stress 

tolerance among subsets of the L. monocytogenes population during storage in these conditions. 

Survival curves of this nature have mostly been documented for bacterial pathogens in LMFs with 

a high fat content such as peanut butter (Shachar and Yaron, 2006). In these types of products, the 

deviation from first-order inactivation kinetics has been hypothesized to be the result of localized 

microenvironments within the emulsion which differ in water and fat content, i.e., a more rapid 

inactivation of cells that are within 'weakly-protective' microenvironments, versus those in more 

'protective' ones (Shachar and Yaron, 2006). However, the biphasic model does not appear to apply 

exclusively to emulsions, as the survival of Salmonella during storage on whole raw almond 

kernels at 35°C and whey protein powder at 36°C to 80°C also followed a biphasic pattern (Farakos 

et al., 2013; Uesugi et al., 2006). The factors contributing to this inactivation pattern are unknown. 

To the author’s knowledge, the potential for L. monocytogenes to survive during storage 

on dry cereals has not yet been explored, but its survival in another high-carbohydrate matrix has 

been studied. During storage at 22°C in wheat flour with adjusted-aw values of 0.3 and 0.6, declines 

in L. monocytogenes populations were approximately linear, corresponding to a population decline 

of 2.5 and 6.3 log CFU/g by the end of the 6-month storage period, respectively (Taylor et al., 

2018). Comparatively, populations of L. monocytogenes recovered in this study from corn flakes 

under similar storage conditions (aw = 0.21 to 0.45) had declined by approximately 4.0 log CFU/g 

after six months of storage, which is consistent with expectations based on the aforementioned 

study. 

Comparisons can also be made between the results of this study and the survival of other 

pathogens in similar cereal matrices. During storage at 5°C on a dry infant rice cereal with a pH 
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of 6.8 and adjusted-aw values of 0.35, 0.52 and 0.73, initial populations (6.3 log CFU/g) of E. coli 

O157:H7 declined rapidly within the first week of storage with total population reductions of 3.1, 

2.7 and 1.9 log CFU/g after 6 months of storage, respectively (Deng et al., 1998). Following a log-

linear model, in this study, L. monocytogenes populations on corn flakes with pH values ranging 

from 5.3 to 5.5, declined by approximately 0.24 log CFU/g after 6 months of storage at 4°C from 

an initial concentration of 5.5 log CFU/g, which is less than that for E. coli in rice cereal within a 

similar range of aw values (Deng et al., 1998). 

During storage at 23°C on the chocolate liquor used in this study (aw = 0.16 to 0.49), levels 

of L. monocytogenes were stable during the first 14 days, followed by a rapid decline by 

approximately 0.84 log CFU/g/month, before falling below the limit of detection after 168 days (6 

months). A similar survival curve was observed for L. monocytogenes in natural unsweetened 

cocoa powder stored at 22°C (Tsai et al., 2019). In samples adjusted to an aw of 0.30, an initial 

concentration of 8.7 log CFU/g L. monocytogenes remained stable during the first 28 days of 

storage, after which a steady decline of approximately 7 logs occurred over the subsequent 11 

months. Assuming these populations followed a linear inactivation curve, the associated rate of 

decline would be approximately 0.64 log CFU/g/month, which is slower than that observed during 

storage on the chocolate liquor. 

Previous studies have also been done to examine the survival of L. monocytogenes in other 

high-fat food matrices. For example, in a chocolate-peanut butter spread (39% fat) with adjusted-

aw values of 0.33 and 0.65, after 8 weeks of storage at 20°C, population declines of > 2.4 logs were 

observed (Kenney and Beuchat, 2004), which is greater than the 1.3 log decrease observed for L. 

monocytogenes on the chocolate liquor used in this study (~50% fat) for the same storage period 
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at 23°C. However, it is difficult to attribute this enhanced survival in the chocolate liquor to any 

one factor, as it may be the result of numerous factors intrinsic to the product (e.g., fat content, 

product composition, aw, pH), experimental method (e.g., inoculation level, storage temperature, 

broth vs. sessile inocula), or a combination of both (Buchanan et al., 2017).  

As the overwhelming majority of research conducted on the microbial food safety of 

chocolate and confectionery has been done with Salmonella, the survival dynamics of L. 

monocytogenes observed in this study may be compared with that of Salmonella during storage in 

similar food matrices. Komitopoulou and Peñaloza (2009) evaluated the ability of 8 strains of 

Salmonella to survive in cocoa butter, crushed cocoa and cocoa beans for approximately one 

month, with enhanced survival observed at 5°C as compared to 21°C. At refrigeration 

temperatures, L. monocytogenes did not decline in numbers, which was consistent with the 

observations of select Salmonella strains during storage in cocoa butter and crushed cocoa. At RT, 

one-month storage resulted in a 0.8 log reduction for L. monocytogenes on chocolate liquor, which 

is lower than that of 1 to 4 logs and approximately 1.5 logs observed for Salmonella in cocoa butter 

and cocoa beans, respectively (Komitopoulou and Peñaloza, 2009). Interestingly, the 

aforementioned decline of L. monocytogenes on chocolate liquor at RT is consistent with that 

observed for select strains of Salmonella on crushed cocoa, which ranged from no decline after 

one month, up to approximately 2 logs during storage at RT. Crushed cocoa (or cocoa nibs) is the 

raw material that is ground to produce chocolate liquor (Beckett, 2008). The results of this study 

suggest that L. monocytogenes may demonstrate similar inactivation kinetics to Salmonella during 

storage in chocolate materials, which is known to be a pathogen of concern in these commodities.  
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The robust survival of L. monocytogenes, particularly at frozen and refrigeration 

temperatures, has been demonstrated on numerous RTE nuts and nut products (Blessington et al., 

2013b, 2012; Kenney and Beuchat, 2004; Kimber et al., 2012). Published linear rates of decline 

of L. monocytogenes during storage on nuts at ambient temperatures (i.e., 22°C to 25°C) ranged 

from 0.59 log CFU/g/month on peanuts (Brar et al., 2015), to 1.3 log CFU/g/month on walnut 

kernels (Blessington et al., 2012). In this study, the linear rate of decline of L. monocytogenes 

during storage at 23°C on dry-roasted pistachios was determined to be 0.32 log CFU/g/month 

using a log-linear model with tailing (Table 7). High R2 values of 0.95 were obtained for the 

Baranyi model and the Weibull model with tailing. However, the Baranyi model, which describes 

the same curve as the log-linear-tailing model, requires an additional degree of freedom for 

computation (Geeraerd et al., 2005, 2000). Therefore, the log-linear-tailing model was preferred 

for its simplicity. The Weibull-tailing model was also not used, because of its complexity and 

because it led to overfitting of the data. The model required four degrees of freedom for 

computation and described the initial population decline as being concave (Albert and Mafart, 

2005), which may be attributed to this overfitting of the data.  

Kimber et al. (2012) determined the linear rate of decline of L. monocytogenes during 

storage at 24°C on raw pistachios to be 0.86 log CFU/g/month using the Baranyi model. In 

comparison, a 2.7-fold slower rate of decline was observed in this study for L. monocytogenes on 

the dry-roasted product stored under similar conditions. The lower rate of decline observed for L. 

monocytogenes on the dry-roasted pistachios in this study, compared to its raw counterpart 

reported in the literature, supports the hypothesis of enhanced pathogen survival during storage in 

LMFs with low aw. Similar to that reported for L. monocytogenes during storage on dry-roasted 
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pistachios in this study, Kimber et al. (2012) did not observe a significant population decline in L. 

monocytogenes on raw pistachios during storage at 4°C. 

4.4.2 Quantification of viable L. monocytogenes by v-qPCR 

The use of PMA and newer viability dyes such as PMAxxTM has been reported for the 

discrimination of live/dead or infectious/inactivated bacterial and viral pathogens such as L. 

monocytogenes, Salmonella, E. coli and human norovirus (Elizaquível et al., 2012; Emerson et al., 

2017; Randazzo et al., 2016). However, there are fewer publications that report the use of PMAxx 

in v-qPCR than those that use PMA, as it is a new analogue. Therefore, the majority of the 

published work discussed in this section pertains to PMA-qPCR.  

The small range of Tm observed on the melt curve analysis in this study was consistent with 

that found by Guilbaud et al. (2005). A single peak at approximately 76°C was produced for the 

five strains of L. monocytogenes (serotypes 1/2a, 3b, 4a), with slight differences in Tm observed 

within the melt curve peak itself. In this study, the specificity of the hly primers for amplifying the 

target region of L. monocytogenes was confirmed by gel electrophoresis (Appendix A, Figure 

A13). The L. monocytogenes serotype 4b and 1/2b strains (ILSI 4, 39) appear to have identical hly 

qPCR amplicons, while in comparison, serotype 1/2a (ILSI 34) has 4 SNPs differences (Table A3). 

This is consistent with the observations by Rodríguez-Lázaro et al. (2004) of their 512-bp hly 

amplicon being highly conserved between 49 strains of L. monocytogenes, but with differences 

between lineages II and I/III. Therefore, the differences related to the proportions of these four L. 

monocytogenes strains in different samples may explain the range of Tm observed during melt 

curve analysis in this study. The annotated genomes for three out of the four L. monocytogenes 

strains used in this study for the long-term survival experiments, are available through NCBI 
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GenBank (Benson et al., 2018; https://www.ncbi.nlm.nih.gov/genbank/). Therefore, comparisons 

between the sequences of the theoretical amplicons obtained from these strains confirm the 

presence of SNPs as described previously (Appendix A, Table A3).  

The importance of PMAxx-treatment optimization was highlighted by a study that 

demonstrated the ability of suboptimal concentrations of PMAxx to penetrate the intact membrane 

of live cells of Clavibacter michiganensis subsp. michiganensis, a Gram-positive plant pathogen, 

for which a significant ∆Cq of 1.0 cycles was determined after treatment of the live cells with 50 

μM PMAxx (Han et al., 2018). In this study, no difference was observed between the Cq values 

obtained from PMAxx-treated live cells and its untreated counterpart: the ∆Cq for live L. 

monocytogenes was 0.5 cycles which corresponded to a 0.1 log reduction (Appendix A, Figure 

A10). This value is consistent with that described by Agustí et al. (2018) for an identical treatment 

of live L. monocytogenes with 50 μM PMA. Therefore, the use of PMAxx as described in this 

study appears to be appropriate for the selective quantification of viable L. monocytogenes. 

For dead L. monocytogenes cells, qPCR suppression by PMAxx was demonstrated by a 

ΔCq of 7.4 cycles, which corresponded to a 2.2 log reduction. These values were relatively 

consistent with that reported throughout the literature after treatment with 50 µM PMA. 

Elizaquível et al. (2012) reported a ΔCq of 9 cycles with PMA treatment, which corresponded to a 

3-log reduction in amplification from isopropanol-killed L. monocytogenes. Pan and Breidt (2007) 

also reported a ΔCq of approximately 8 cycles after treatment of L. monocytogenes heat-killed at 

80°C for 10 min. However, a higher degree of inhibition, i.e., ΔCq of 18 cycles, was obtained by 

Agustí et al. (2018) for L. monocytogenes heat-killed at 85°C for 35 min after an identical treatment 

procedure to that used in this study, but substituting PMAxx for PMA. It is difficult to attribute 
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the higher degree of inhibition obtained by Agustí et al. (2018) to any one factor, as it may be 

related to any of the differences in the protocols used for PMA pre-treatment of cells and/or the 

qPCR reaction itself, such as the effect of amplicon length, master mix composition or inactivation 

method used to produce the dead cell population. For instance, comparisons between this study 

which targets a 106-bp region of DNA and that published by Agustí et al. (2018) which targeted a 

274-bp region, support the idea that v-qPCR using primers that target a longer gene region may 

contribute to enhanced amplification suppression of dead cell DNA, which has been reported 

previously for ethidium monoazide and L. monocytogenes (Soejima et al., 2008). 

The findings of the aforementioned studies suggest that short-amplicon primers for PMA-

qPCR may result in an overestimation of the viable cell population. In this study, a short 106-bp 

amplicon was targeted for PMAxx-qPCR according to the manufacturer's recommendations 

(Biotium, 2017), but no signal was detected within 40 cycles for 2 to 4 log CFU/g of heat-killed 

L. monocytogenes and the Cq obtained from 5 log CFU/g of dead cells was greater than the upper 

bound of the calibration curve used for quantification (Appendix A, Figure A14 and Figure A15). 

Assuming initial concentrations of 8 log CFU/g, the total culturable concentration of L. 

monocytogenes on chocolate liquor, corn flakes and pistachios declined by approximately 3, 5 and 

2 log CFU/g by 17.5, 20 and 20 months of storage at 4°C, respectively. Therefore, one would 

expect that if these population declines were entirely due to cell death, the PMA-qPCR method 

used in this study would be capable of suppressing amplification from this dead cell population.  

However, the accuracy of this method to selectively quantify live L. monocytogenes may 

have been better assessed by mixing defined ratios of live and dead cells as described by Pan and 

Breidt (2007). According to the dynamic linear range determined for their short-amplicon PMA 
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qPCR (SA-PMA-qPCR) method, quantification of L. monocytogenes was appropriate only if the 

dead:live cell ratio was ≤ 4 logs and the concentration of live cells was ≥ 3 log CFU/mL. In this 

study, viable cell counts of L. monocytogenes quantified by APC after long-term storage on the 

chocolate liquor and pistachios were higher than that of the presumed 'dead' cell population, 

assuming an initial concentration of 8 log CFU/g (Figure 11). Therefore, one would not expect 

quantification of the live cells by SA-PMAxx-qPCR to be affected by the dead cells. This is again 

assuming that the initial populations of L. monocytogenes (8 log CFU/g) after storage on the corn 

flakes had 'dead' cell populations greater than that of its live counterpart at a maximum dead:live 

ratio of approximately 2 logs, and an approximate live cell concentration of 3 log CFU/g as 

determined by APC (Figure 11). Although these values fall within the acceptable range of values 

described by Pan and Breidt (2007), it would have been valuable to have confirmed the accuracy 

of the specific SA-PMAxx-qPCR method used in this study for L. monocytogenes quantification 

at this dead:live ratio. 

The detection and quantification of L. monocytogenes using v-qPCR has been described 

from a broad variety of artificially-contaminated foods including mixed salad greens and salmon 

(Barretta et al., 2019; Elizaquível et al., 2013). Of particular relevance to this study, cocoa matrices 

have presented a challenge for DNA-based methods such as PCR and qPCR (Gurtler et al., 2019). 

Chocolate liquor especially has demonstrated a high capacity for inhibiting both DNA extraction 

and PCR amplification, which may be attributed to its high polyphenol content (Gryson et al., 

2007). In an oxidized form, polyphenols can bind irreversibly to nucleic acids, thereby 

compromising the quality of the DNA extraction (Aljanabi et al., 1999). The resulting cross-linked 

DNA cannot be used in PCR and amplification may also be affected by the co-purification of 

polyphenols that can sequester vital metal ions such as Mg2+ (Schrader et al., 2012). Depending on 
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its variety and country of origin, raw cocoa beans can contain between 4% and 15% (w/w) 

polyphenols, which accounts for 12% to 18% of the bean’s dry weight (Bravo, 2009; Oracz et al., 

2015). Similar to cocoa beans, pistachio nuts and grains such as corn also contain high levels of 

polyphenols (Bisignano et al., 2013; Butts-Wilmsmeyer et al., 2017; Liu et al., 2014). However, 

for the latter, the compounds are concentrated in the bran, which is discarded during the dry milling 

step in corn flakes production (Butts-Wilmsmeyer et al., 2018, 2017). Therefore, the final cereal 

product contains limited levels of polyphenols that could affect PCR. Nevertheless, calibration 

curves were produced using DNA extracted from all three LMFs spiked with serial dilutions of L. 

monocytogenes to control for the effects of co-extracted inhibitors on the efficiency of DNA 

extraction and qPCR amplification.  

The VBNC state has been described previously for L. monocytogenes (Zhao et al., 2017). 

The formation of these cells in response to starvation and osmotic stress has been demonstrated 

during incubation in microcosm water and starvation in phosphate buffer diluent (PBS) (Besnard 

et al., 2000; Frank et al., 1992). During storage on LMFs, L. monocytogenes is subjected to both 

starvation and osmotic stresses, with surface-associated cells also experiencing matric stresses, 

i.e., '...differences in water potential between the surrounding gas phase and the cells' (Hingston et 

al., 2013). Therefore, the presence of VBNC populations of L. monocytogenes on chocolate liquor, 

corn flakes and pistachios is consistent with that observed in the microcosm water starvation 

model. This is the first study to quantify the VBNC population of L. monocytogenes present after 

long-term storage on artificially-inoculated LMFs.  

During storage on LMFs, L. monocytogenes is also subjected to oxidative stresses (França 

et al., 2007). The ability of sunlight to reduce L. monocytogenes culturability was demonstrated as 
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quickly as 9 days post-incubation in microcosm water for entire populations of L. monocytogenes 

at 106 cells/mL, while 104 to 105 cells/mL remained metabolically-active even after 80 days of 

storage in microcosm water at RT (Besnard et al., 2002). The LMFs in this study were incubated 

either entirely in the dark or within an incubator oriented away from direct sunlight for samples 

stored at 23°C and 4°C, respectively. Therefore, the effect from natural light exposure is assumed 

to be minimal. However, oxidative damage during cellular desiccation is still a concern (França et 

al., 2007), especially during the drying step at 30°C and may have contributed to the formation of 

VBNC cells on the chocolate liquor, corn flakes and pistachios. During long-term storage, the 

LMFs were enclosed in PE bags with 1 to 2 cm of headspace containing atmospheric oxygen, 

which can react with existing free radicals and produce more free radicals (Embuscado, 2015). In 

this way, oxidative stress during storage could have also contributed to a reduction in L. 

monocytogenes culturability over time. 

The formation of VBNC cells has also been reported for L. monocytogenes spot-inoculated 

onto parsley leaves during storage at 20°C in a low, i.e., 47% to 69%, RH environment (Dreux et 

al., 2007). Importantly, these cells did not return to a culturable state when moved into 100% RH 

conditions, suggesting that rehydration of VBNC L. monocytogenes is insufficient for 

resuscitation. Assuming that these cells were surface associated, they would be subjected to a 

combination of stresses during storage: starvation, osmotic/matric and desiccation. Similarly, the 

LMFs in this study were stored in low RH environments and the PE bags used to enclose the LMFs 

ensured that their aw levels remained low during long-term storage. The initial rates of decline 

demonstrated for culturable L. monocytogenes during storage on parsley leaves by Dreux et al. 

(2007), was much higher than that observed on the chocolate liquor, corn flakes and pistachios in 

this study. Culturable populations of 8 log CFU/parsley leaf had declined by approximately 4.5 to 
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5 logs after 16 days of storage at 20°C. However, populations of the total viable cells determined 

using the LIVE/DEAD BacLightTM viability test and CTC-DAPI staining were 1.5 to 2 logs higher 

that that obtained by APC. This range is comparable to that observed in this study between 

culturable and total viable populations of L. monocytogenes on LMFs. 

Contrary to the aforementioned study, the quantification of presumed desiccation-stressed 

L. monocytogenes during storage on stainless steel coupons over 10 days at 15°C and 33% RH by 

LA-PMA-qPCR was similar to the APCs, suggesting that the non-culturable population was no 

longer viable (Kragh et al., 2020). Additionally, L. monocytogenes on different foods, FCS, or 

laboratory models (e.g., the microcosm water starvation model) may experience a unique 

combination of stresses, and without testing all of these combinations in isolation, it is difficult to 

account for the potential interactions between all of the various factors, e.g., starvation x osmotic 

stress, that have been shown to induce the VBNC state. As discussed previously, Besnard et al. 

(2002) assessed several factors for inducing the VBNC state in L. monocytogenes using a 

microcosm water model, and reported there being a significant interaction between salt 

concentration and pH for one of the four strains of L. monocytogenes assessed. Therefore, rather 

than using laboratory models in an attempt to demonstrate statistical “main” effects (i.e., the effect 

of one of the independent variables, e.g., oxidative stress, on the dependent variable, i.e., survival), 

it may be more valuable to conduct survival studies on the food or FCS of interest to better 

understand the matrix-specific potential for inducing formation of VBNC cells of L. 

monocytogenes.  
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4.5 Serotype-dependent effects of storage on LMFs on L. monocytogenes 

There is very little information on how different serotypes of L. monocytogenes survive on 

LMFs and other RTE products. The few studies exploring the potential for serotype-dependent 

variation in L. monocytogenes survival have focused mainly on FCS materials as a result of the 

pathogen's remarkable ability to persist in food processing environments (Takahashi et al., 2011; 

Zoz et al., 2017). However, the underlying properties and processes responsible for the 

establishment of L. monocytogenes in these facilities are not well understood (Carpentier and Cerf, 

2011; Enache et al., 2017). 

Previous researchers have used single-strain inocula to compare the desiccation-tolerance 

of different strains of L. monocytogenes, which is both tedious and time-consuming. To the authors' 

knowledge, this is the first study that has assessed the survival of multiple L. monocytogenes strains 

after storage on LMFs, having used a cocktail inoculum. Differences in desiccation tolerance 

between 4 serotypes of L. monocytogenes, each represented by a single strain in the cocktail, were 

assessed by determining population proportions at the beginning and at chosen endpoints of 

storage on LMFs, as discussed previously in Section 3.4.  

At day 0, the L. monocytogenes serotype 1/2b strain made up 20%, 29% and 15% of the 

total serotyped population on the chocolate liquor, corn flakes and pistachios, respectively (Figure 

13 and Figure 14), but was never the predominant serotype. Rather, these initial populations were 

composed largely of serotypes 1/2a and/or 3a, representing 26% to 46% and 29% to 44% of the 

total serotyped population, respectively. The L. monocytogenes serotype 4b strain represented 0%, 

2% and 10% of the total serotyped population on chocolate liquor, corn flakes and pistachios, 

respectively and was consistently the smallest group among the four serotypes at day 0 across all 
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the LMFs, suggesting that this strain was particularly sensitive to the stresses experienced during 

the initial drying-equilibrium period prior to storage.  

This study also demonstrated strain-dependent variation in survival for L. monocytogenes 

recovered from LMFs after long-term storage at 4°C and 23°C for selected endpoints. Relative 

declines in proportions of one serotype, coupled with the increase of another serotype were also 

food and temperature dependent. For instance, population changes after storage at 23°C on the 

corn flakes were consistent with those observed on the pistachios. This was not the case when the 

same spiked foods were stored at 4°C. The variation between strains for survival on LMFs 

demonstrated in this study, is consistent with literature describing strain-dependent survival 

dynamics after 60 days on stainless steel at 25°C (Takahashi et al., 2011). However, it is difficult 

to make any further comparisons between these studies as the storage matrices are so different, 

and the study only looked at one storage condition and one FCS material. 

Consistent with the results of this study, Zoz et al. (2017) demonstrated a strain-dependent 

difference for the desiccation tolerance of 30 L. monocytogenes strains stored on polypropylene 

coupons for 3 h at 25°C, 75% RH. Their findings also suggested that there may be an effect of 

serotype on desiccation-tolerance: all six serotype 1/2b strains were categorized as 'desiccation-

resistant', suggesting that strains of this serotype may be particularly resilient under these stresses, 

as compared to the other three serotypes represented among the strains assessed. This was 

consistent with observations made by Takahashi et al. (2011) for two L. monocytogenes 1/2b 

strains on stainless steel coupons stored at 25°C, which demonstrated the greatest degree of 

survival at day 0 compared to the other six serotypes tested. Interestingly, all four of the L. 

monocytogenes serotype 3a strains examined by Takahashi et al. (2011) demonstrated a lower 
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degree of desiccation tolerance compared to the serotype 1/2b strains on stainless steel. The ability 

of L. monocytogenes serotype 1/2b strains to show enhanced desiccation tolerance on FCS 

materials was not observed on the LMFs used in this study, with the serotype 3a strain showing 

generally superior desiccation tolerance at day 0 compared to the serotype 1/2b strain. 

The L. monocytogenes serotype 4b strain used in this study which demonstrated the highest 

desiccation sensitivity during the drying-equilibrium period corresponds to the F2365 strain 

examined by Zoz et al. (2017), which demonstrated 'intermediate resistance' to desiccation on 

polypropylene. This further supports the idea that L. monocytogenes desiccation tolerance is 

largely affected by the matrix, i.e., food vs. FCS, upon which it is stored/adhered to with additional 

variation within those categories. In this study, the effect of different food matrices on the relative 

survival (and desiccation tolerance by extension) of different L. monocytogenes strains is 

supported by different serotype proportions of the populations recovered from the three LMFs at 

day 0. Regarding FCS, Takahashi et al. (2011) identified L. monocytogenes EGD-e (serotype 1/2a) 

as being the most desiccation-sensitive among the 21 strains tested on stainless steel, while Zoz et 

al. (2017) demonstrated the same strain as being desiccation tolerant on polypropylene. A negative 

correlation between temperature and hydrophilicity of the bacterial cell surface has been 

demonstrated for L. monocytogenes LO28 (serotype 1/2c) using 'microbial-adhesion-to-solvents 

partitioning' tests (Bellon-Fontaine et al., 1996; Chavant et al., 2002). This correlation appears to 

be consistent across several other L. monocytogenes serotypes including 1/2a, 1/2b and 4b (Di 

Bonaventura et al., 2008). During short-term incubation on stainless steel or polypropylene at 

25°C, the increased desiccation tolerance of L. monocytogenes EGD-e on polypropylene could 

have been related to a greater adhesion affinity for a hydrophobic surface compared to the 

hydrophilic stainless steel (Chavant et al., 2002). However, the role and relevance of 
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physiochemical properties such as hydrophobicity for pathogen persistence during storage in foods 

is unknown.  

While the initial levels of the serotype 1/2a strain used in this study were high, its relative 

populations declined after long-term storage on LMFs in almost every condition tested. The results 

of this study do not help explain why the majority of the L. monocytogenes isolates recovered from 

foods and FCS are serotype 1/2a (Aarnisalo et al., 2003; Gilbreth et al., 2005). It is unclear whether 

this overrepresentation of serotype 1/2a strains is the result of serotype-dependent differences in 

fitness (e.g., growth or survival advantage in foods, competitive advantage for nutrients in matrices 

supporting its growth, competitive advantage for extracellular osmolytes during desiccation stress) 

or selection for this serotype based on the chosen enrichment broths and recovery media (Gorski 

et al., 2006). 

The L. monocytogenes serotype 3a strain used in this study dominated the final populations 

recovered from chocolate liquor, regardless of storage temperature. Guidelines for L. 

monocytogenes challenge studies recommend using "high-risk" serotypes: 1/2a, 1/2b and 4b 

(Health Canada, 2012). However, this serotype 3a strain was a clinical isolate from a sporadic case 

of listeriosis (Table 5). Therefore, the results of this study highlight a knowledge gap in the 

relevance of "low-risk" L. monocytogenes serotypes, especially for potentially emerging vehicles 

for listeriosis. 

Although the serotype 1/2a and 3a strains used in this study were clinical isolates and the 

serotype 1/2b and 4b strains were food isolates (Table 5), there is not likely to be a relationship 

between strain origin and desiccation tolerance for both the initial drying period and storage on 

LMFs. No correlation was observed between strain origin and desiccation tolerance of L. 
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monocytogenes on polypropylene (Zoz et al., 2017). This was also consistent with observations by 

Faleiro et al. (2003) for 9 L. monocytogenes strains in a 20% (w/v) NaCl osmotic shock model. 

However, whether the strain origin has an effect on L. monocytogenes survival may also be 

dependent on those factors proposed previously for desiccation tolerance, i.e., the food matrix 

upon which it is stored/adhered to, and/or the inoculation, drying and recovery methods used, and 

cannot be discounted entirely. We also acknowledge the limitations of small sample sizes, i.e., 1 

to 11 strains per serotype, for making overall conclusions on whether serotype or strain origin play 

a major role in the strain-dependent differences described for L. monocytogenes desiccation 

tolerance, as observed in both the aforementioned studies and our study. 

4.6 Effect of storage on LMFs on L. monocytogenes virulence in a human 

intestinal cell model 

4.6.1 SRB assay for cytotoxicity  

Using the SRB dye, which binds to basic amino acid residues under mildly acidic 

conditions, we can assess the cytotoxic potential of treatments using total cellular protein content 

as a proxy for Caco-2 cell viability (Voigt, 2005). Cell viability was determined at 2 and 8 h post-

treatment, to confirm that the assessment of L. monocytogenes virulence at these sampling times 

was appropriate. 

All treatments were prepared by pelleting and discarding food particulate from the LMF 

wash (if applicable) prior to pelleting of the bacterial cells, which was washed twice in 0.85% 

(w/v) NaCl and re-suspended in MEM. As a result, one would not expect there to be an effect of 

water-soluble food components on cell viability. However, not all of the food particulate could be 

removed by centrifugation and microbes originating from the LMFs could be co-pelleted with L. 

monocytogenes. Therefore, SRB assays were conducted to determine whether these factors would 
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have a negative effect on Caco-2 cell viability. No significant difference was observed between 

the treatments, suggesting i) that there was no effect of the residual food components or the food-

associated microbes on Caco-2 cell viability during the duration of the L. monocytogenes virulence 

assays and ii) that the sampling times were appropriate. 

4.6.2 Attachment, invasion and intracellular replication  

In this study, L. monocytogenes was exposed to LMFs prior to Caco-2 cell infection to 

identify any potential food-associated effects on attachment, invasion and intracellular efficiency. 

Compared to the control, i.e., L. monocytogenes in MEM, pre-exposure to both chocolate liquor 

and pistachios increased the number of attached cells recovered on TSA-YE. The number of 

internalized L. monocytogenes also increased with pre-exposure to the pistachios. These results 

could be related to the high fat content of pistachios. Lee et al. (2013) observed a higher invasion 

capacity for fat-adapted L. monocytogenes in both milk and pork sausage patties, with a positive 

correlation between milk fat and Caco-2 invasion efficiency. However, the opposite effect of milk 

fat was demonstrated by Pricope-Ciolacu et al. (2013), which may be related to differences in 

strain and/or adaptation conditions, i.e., 36 h at 25°C vs. 2 h at 4°C, for Lee et al. (2013) and 

Pricope-Ciolacu et al. (2013), respectively. These discrepancies in studies using similar foods 

underscore the potential influence of the food environment in which L. monocytogenes finds itself 

in, on the organism’s virulence.  

Increased invasion capacity of L. monocytogenes has been associated with the increased 

expression of the internalin A (inlA) gene, which is essential for invasion using the Caco-2 cell 

model (Duodu et al., 2010; Gaillard et al., 1991). Duodu et al. (2010) demonstrated enhanced 

Caco-2 cell invasion by a low-virulence L. monocytogenes serotype 4d/e strain coupled with 
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increased inlA expression after 48 h of storage on raw salmon at 20°C. PrfA, the key transcriptional 

activator of L. monocytogenes virulence genes, is not expressed at this temperature (Johansson et 

al., 2002). Therefore, the expression of inlA would be mainly controlled by the stress-associated 

sigma factor, sigma B (σB) (McGann et al., 2007), whose expression may be upregulated in 

response to the stresses imposed by exposure to the food matrix (Ferreira et al., 2001). In this 

study, exposure of L. monocytogenes to the chocolate liquor and pistachios was conducted at RT 

and may have introduced a weak acid stress, i.e., pH = 5.6 for both LMFs. 

Previous researchers have mainly used single-strain inocula to assess the effects of growth 

or survival within food matrices prior to in vitro infection assays (Larsen et al., 2010; Pricope-

Ciolacu et al., 2013). However, there appears to be a high degree of variability between strains 

(Duodu et al., 2010; Rantsiou et al., 2012). Therefore, it may be advantageous to investigate the 

general effects of food pre-exposure on L. monocytogenes virulence using a cocktail of strains, 

similar to how survival and challenge studies are conducted. In comparison, the use of enough 

single strains to definitively identify whether there exist food-associated effects on L. 

monocytogenes virulence is time-consuming, tedious, and may be particularly cost-prohibitive for 

cell culture assays. 

After the drying-equilibrium period and long-term storage on the LMFs, the proportions of 

each strain in the recovered L. monocytogenes population are no longer equal, as demonstrated by 

MPCR at day 0 and 336 of storage at 4°C (Figure 14). It would be inappropriate to compare the 

degrees of virulence at these sampling times with each other or with that of the cells briefly pre-

exposed to LMFs presented in Figure 16. Rather, this study demonstrates the ability of L. 

monocytogenes to retain its ability to attach, invade and replicate within an in vitro cell model after 
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long-term storage on LMFs at 4°C and to the author's knowledge, is the first to assess the 

infectivity of L. monocytogenes after long-term storage in LMFs. Larsen et al. (2010) found the 

number of internalized L. monocytogenes after 1 week of storage at 10°C on low-aw fermented 

sausage under modified atmosphere packaging conditions to be similar to the control, i.e., BHI 

with 1.5% (w/v) NaCl, using the Caco-2 cell model. However, the shelf-life of these sausages is 

much greater than 1 week, and the authors could not investigate the infectivity of the L. 

monocytogenes population after long-term storage because of its rapid inactivation (and/or VBNC 

transition) on the product. Altogether, this study, in addition to the aforementioned publications, 

demonstrate the ability of L. monocytogenes to retain its infective properties after storage on foods 

even after 1.5 years of storage. 

4.7 Culture-dependent bacterial profiling of LMFs  

APCs can be used as a measure of good hygienic practices during food production. Many 

agar media have been used to determine APCs, e.g., nutrient agar and plate count agar (Adetunji 

et al., 2018; Hertwig et al., 2015; Maturin and Peeler, 2001). These media can also be used as a 

base nutrient source and supplemented with blood, often sheep- or horse-derived, to support the 

growth of fastidious organisms that have complex nutritional requirements (BD, 2013; Oxoid, 

2019). The use of blood agar for APCs has been described for a wide range of foods including 

meats, shellfish, cheeses and powders (Bell et al., 1997; Tuttlebee, 1975). In this study, the use of 

blood agar also allowed for the enhanced differentiation of colonies by morphology, e.g., colour, 

opacity, texture, and hemolysis, as compared to a non-differential agar medium such as TSA 

(Breakwell et al., 2007). 
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All of the LMFs used in this study had very low APCs, i.e., < 30 CFU/g, when cultured on 

blood agar and were consistent with expectations from the processing steps involved in their 

manufacture. Depending on the initial microbial load of the cocoa beans and the roasting 

conditions used, spore-forming Bacillus species such as B. subtilis, B. licheniformis and B. 

megaterium can be recovered from cocoa products (ICMFS, 2005). However, colonies were not 

obtained from the chocolate liquor used in this study even after enrichment in TSB, which 

suggested that most of the microorganisms and their spores were destroyed during the roasting 

step and no cross-contamination occurred between this step and packaging. 

APCs from the corn flakes used in this study were also consistent with expectations of 

good hygienic practices, i.e., < 3 log CFU/g (Deibel and Swanson, 2001). Colonies were recovered 

from the corn flakes only after enrichment at RT or 37°C, with a significantly higher degree of 

growth observed for the latter. Mesophilic members of the indigenous microbial population that 

grow optimally below 37°C may have been slow-growing and/or present in very low numbers, 

which resulted in the recovery of only 4 colonies when the RT enrichment broth was plated (100 

μL) directly on blood agar. These microbes may also not have been capable of growth on blood 

agar, which supports the growth of fastidious microorganisms, but may be unsuitable for those 

organisms requiring additional growth factors. 

Similar to the corn flakes, presumptive bacterial colonies could only be recovered from the 

APG pistachios after enrichment which suggests that good hygienic practices were used, and 

minimal cross- contamination occurred after the roasting step. Interestingly, although at low levels, 

we isolated bacteria from two lots of retail pistachios without enrichment. This was the only LMF 

in this study for which this was the case. However, as we did not physically track the same lot of 
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pistachios from the processor to the packager, we cannot claim that contamination of the pistachios 

occurred at the packing level, as hygienic practices will differ between facilities. 

From a food safety standpoint, bacterial profiling also provides valuable information 

regarding whether foods contain species that are known competitors of L. monocytogenes during 

enrichment. The dry-roasted pistachios were the product with the most diverse bacterial profile, 

i.e., the largest number of different phenotypes, and were selected for further investigation by 

partial 16S rRNA gene sequencing of isolates. 

The majority of the retail pistachio isolates in this study were identified to be Bacillus 

species. The genus Bacillus is a large group of Gram-positive bacteria, for which > 300 species 

have been described (Euzéby, 1997; Parte, 2018, 2013). Only a handful of members are known to 

cause or have been linked to foodborne illness. The role of B. cereus in foodborne intoxication has 

been well established and confirmed cases of FBI associated with other Bacillus species are rare 

(Logan, 2012; Logan et al., 2011). Retail pistachio isolates belonging to the genus Bacillus that 

were identified to the species level included B. subtilis,  

B. subtilis/halotolerans, B. velezensis/amyloliquefaciens/vallismortis, B. licheniformis, B. mega- 

terium, and B. agglomerans/vagans. Four of those species have been described as plant 

endophytes, i.e., microbes associated with the inner plant tissues: B. subtilis, B. amyloliquefaciens, 

B. licheniformis, and B. megaterium, and may have originated from the raw pistachio nut (Reva et 

al., 2002). Their heat-resistant spores are likely to have survived the roasting step and germinated 

upon introduction to more favourable conditions during enrichment (Berendsen et al., 2016; Soni 

et al., 2016). However, given the ubiquitous nature of these Bacillus species, spores may have been 
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present on FCS on processing equipment and were introduced onto the nuts at the packaging 

facility (Ryu and Beuchat, 2005). 

The closely related Gram-negative genera Pantoea and Erwinia were also represented 

among the isolates recovered from the retail pistachios and are mostly associated with plants and 

soil (Kado, 2006; Walterson and Stavrinides, 2015). The genus Erwinia is composed mostly of 

plant pathogens and to has yet to be associated with pistachios (Kado, 2006). The raw nut is likely 

to have been the origin of the isolates recovered from the dry-roasted pistachios in this study. 

Pantoea species have been isolated from immature almonds and Iranian pistachio trees, in which 

they are hypothesized to play a role in growth promotion (Etminani and Harighi, 2018; Mcgarvey 

et al., 2014). Some Pantoea species such as P. agglomerans and P. dispersa have demonstrated a 

high heat tolerance, and particular strains of these species have been proposed for use as surrogate 

organisms for the validation of Salmonella inactivation during LMF production (Almond Board 

of California, 2007; Fudge et al., 2016). 

Klebsiella pneumoniae was also isolated from both lots of retail pistachios used in this 

study after enrichment. The opportunistic human pathogen has been isolated from RTE vegetables 

and infant formula (Carneiro et al., 2003; Kim et al., 2015). However, the contribution of 

foodborne K. pneumoniae to the incidence rate and the overall burden of disease associated with 

K. pneumoniae infection is unclear (Davis and Price, 2016). Importantly, Dailey et al. (2016) have 

demonstrated K. pneumoniae to outcompete L. monocytogenes during enrichment in buffered 

Listeria enrichment broth (BLEB). The L. monocytogenes serotype 4b strain used in their study 

demonstrated particularly reduced levels of growth, i.e., 3.7 log decrease, when co-enriched for 48 

h with K. pneumoniae, as compared to the 2-log reduction observed for the serotype 1/2a and 1/2b 
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strains. Therefore, if present in low numbers, L. monocytogenes detection by enrichment in BLEB 

could be compromised by the presence of K. pneumoniae. 

Lastly, very few studies have focused on the role of the pre-existing surface-associated 

microbiota in influencing L. monocytogenes attachment and survival under desiccation stress and 

those that do, focus on FCS such as stainless steel and polyvinyl chloride (PVC) (Bremer et al., 

2001; Fagerlund et al., 2017). The enhanced survival of L. monocytogenes during desiccation on 

stainless steel has been described in the presence of Flavobacterium spp. and Pseudomonas 

fluorescens as primary colonizers (Bremer et al., 2001; Pang and Yuk, 2019). In the case of P. 

fluorescens, this may be explained by its robust ability to form biofilms prior to the introduction 

of L. monocytogenes, within which the pathogen is protected against desiccation stress. None of 

the isolates recovered from the retail pistachios used in this study were Flavobacterium or 

Pseudomonas spp. The majority of the isolates were determined to be Bacillus spp., whose effect 

on L. monocytogenes biofilm formation appears to vary between strains (Carpentier and 

Chassaing, 2004).  

Previous researchers have mainly used single strains of L. monocytogenes in their 

experiments (Hingston et al., 2013; Pang and Yuk, 2019). However, Bremer et al. (2001) used a 

7-strain L. monocytogenes cocktail, representing four different serotypes. Which strains survived 

best in the mixed-culture biofilms with Flavobacterium spp., was not investigated. Thus, whether 

there existed a strain- or serotype-dependent difference for survival is unknown. To the author's 

knowledge, the potential for variation between serotypes of L. monocytogenes as related to survival 

within pre-existing biofilms, has not been studied.  
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5 Considerations, limitations and future work 

Efforts were made by the author to design the experiments in this study according to best-

practices as recommended by standard-setting bodies such as government agencies or commonly 

reported methods used by other researchers in the field. However, it is important to acknowledge 

the limitations of this experimental design and one's interpretation of results. 

In an ideal situation, it would have been valuable to assess whether there were effects of 

numerous variables on the survival of L. monocytogenes on each LMF for each storage condition 

assessed: inoculation level, wet vs. dry-inoculation, different dry-inoculum carriers, drying 

method, sessile (agar-grown) vs. planktonic, and desiccation-habituated inocula. Due to the long-

term nature of these experiments, the LMFs in this study were inoculated with L. monocytogenes 

at an initial concentration of 8 log CFU/g to allow for reliable quantification by plate count over 

the year-long storage period. This inoculation level is considered to be a little high for survival 

studies (Health Canada, 2012), but not unusual (Taylor et al., 2018). Natural contamination levels 

of LMFs by L. monocytogenes are very likely to be low based on levels identified from LMF 

recalls due to potential contamination with L. monocytogenes, i.e., < 4 log CFU/g (Ly et al., 2019), 

and thus survival studies conducted using a high-level inoculum would be inappropriate if there is 

an effect of inoculation level on long-term survival dynamics, which has been demonstrated to be 

the case for Salmonella on in-shell walnuts (Blessington et al., 2013b). 

The inoculum level used in this study may be appropriate for the dry-roasted pistachios. 

Kimber et al. (2012) examined the survival of L. monocytogenes on raw in-shell pistachios at 

inoculum levels of 4 and 6 log CFU/g. They observed no significant effect of inoculum level on 

L. monocytogenes survival dynamics over 7 months of storage at ambient conditions. Blessington 
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et al. (2012) also examined the effect of inoculation level on the survival of a single strain of L. 

monocytogenes serotype 4b during storage at 23°C on walnut kernels. Comparing moderate and 

high inoculation levels of 6.9 and 9.6 log CFU/g, respectively, population reductions were greater 

during the initial drying period when inoculated with the former. The rates of population decline 

were not significantly different during storage at 23°C. When the walnut kernels were inoculated 

with a five-strain L. monocytogenes cocktail at low inoculation level of 3.8 log CFU/g, the rate of 

decline observed during storage was consistent with the results obtained using single-strain inocula 

at medium-to-high concentrations. However, the aforementioned studies were all conducted on 

nuts and without assessing this variable for each LMF matrix in this study, the effects of the 

inoculum concentration cannot be ruled out as having negligible effects on L. monocytogenes 

survival. 

The use of a dry inoculum would have been advantageous as it i) eliminates the need for a 

drying-equilibrium period prior to storage, ii) mimics a potential route of contamination, i.e., dust 

or fine food particulate present/generated during processing (Pan et al., 2012; Setton Pistachio of 

Terra Bella Inc., 2009), and iii) allows for desiccation-adaptation prior to storage on the LMFs. 

However, the optimal carrier for these purposes may be dependent upon the food under study 

(Beuchat and Mann, 2011; Blessington et al., 2013a; De Roin et al., 2003). The main drawback 

associated with the use of dry-inocula is the low transfer rate onto the LMFs being studied. 

Blessington et al. (2013a) wet-inoculated sand at a concentration of 10 log CFU/g Salmonella, 

which reduced to approximately 7.6 to 7.8 log CFU/g after drying. The authors achieved an 

inoculation level of 4.2 to 4.8 log CFU/g on walnuts and almonds at 12.5% w/w (inoculum/LMF) 

and doubling the inoculation ratio did not increase pathogen transfer. For a study such as this with 

the objective of modeling the decline of L. monocytogenes during long-term storage on LMFs, low 
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culturable populations at day 0 is not ideal. However, it may be valuable to conduct future work 

in this area using a dry inoculum at lower concentrations of L. monocytogenes, which may be more 

representative of real-world contamination levels. 

All the LMFs in this study were re-hydrated in PW for L. monocytogenes enumeration. The 

recovery of L. monocytogenes from the chocolate liquor may have been improved by hydration in 

milk to neutralize any antimicrobial effects of the polyphenols present in the product as 

recommended by the FDA BAM protocol for Salmonella isolation from confectionery (Andrews 

et al., 2018). In this study, the chocolate liquor samples were processed as quickly as possible to 

minimize the contact time of L. monocytogenes with polyphenols in aqueous suspension. The 

levels of L. monocytogenes recovered from freshly inoculated chocolate liquor were comparable 

to those from the thawed cocktail (i.e., only a difference of 0.05 log CFU/g; data not shown), which 

suggests that the polyphenols did not have an effect on the recovery of L. monocytogenes. 

However, we cannot speak to the effects of the polyphenols on desiccation-stressed cells, 

particularly at sampling times closer to the end of the long-term storage period. 

The effects of long-term storage on the chocolate liquor and pistachios at 4°C on L. 

monocytogenes infectivity was assessed using the in vitro Caco-2 cell model. Cells of L. 

monocytogenes were harvested directly from LMFs and were not enriched in nutrient broth, in an 

attempt to capture the food-associated effects on L. monocytogenes virulence. However, the 

virulence assays were conducting using the same LMFs that were artificially-inoculated with the 

L. monocytogenes cocktail for the survival assessment. As a result of the different survival rates 

of the various strains of L. monocytogenes at the end of long-term storage on the LMFs, 

conclusions could not be made regarding the effect of storage on L. monocytogenes virulence, i.e., 
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whether virulence increases/decreases or remains unchanged. To answer this specific research 

question in future studies, the virulence assays would need to be conducted independently for each 

strain.  

Importantly, the L. monocytogenes inocula used for all the Caco-2 cell infections conducted 

in this study were stored for a maximum of 18 h at 4°C before using. This was done to allow for 

the quantification of the inocula on TSA-YE prior to infection. In preliminary experiments, Caco-

2 cell infections were conducted by determining an 'estimate' of the L. monocytogenes population 

on the LMFs the day before the virulence assays (data not shown). Inocula were prepared using 

those 'estimates' to achieve a target MOI of 10. The actual MOI was determined by APC on the 

day after the virulence assays were completed. However, small differences in L. monocytogenes 

concentration have severe consequences on the calculated MOI, e.g., a difference in +0.5 log 

CFU/g represents a MOI increase to 32. Therefore, the MOIs obtained using these 'estimates' 

ranged from 3 to 28 (data not shown), which represent population differences of approximately ± 

0.5 log from the target concentration, i.e., 6 log CFU. This 1-log difference in concentrations 

between treatments may be inappropriate for comparative analysis. Francis and Thomas (1996) 

demonstrated significantly higher invasion efficiency with lower MOIs using two strains of L. 

monocytogenes in the Caco-2 cell model, which can be arranged as 1 > 10 > 100 (P < 0.001), 

according to the numbers of L. monocytogenes recovered at 4 h post-infection on BHI agar. These 

observations were attributed to an increased lysis of the Caco-2 monolayer with infection at higher 

MOIs, which may be especially problematic at the 8 h post-infection sampling time used in this 

study. Therefore, the authors chose to hold the inocula used in this study at 4°C (to be consistent 

with the conditions during long-term storage of the LMFs), until L. monocytogenes populations 

could be enumerated on TSAYE, so as to be able to obtain consistent MOIs between treatments. 
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Conte et al. (1994) observed no significant difference in the number of internalized L. 

monocytogenes grown in BHI at 4°C, 25°C and 37°C, using the Caco-2 cell model. Therefore, 

temporary storage of the L. monocytogenes inocula at 4°C was not expected to eliminate L. 

monocytogenes infectivity for the same model. However, it would have been ideal to conduct the 

infection assays using freshly harvested L. monocytogenes from the LMFs with a < 1 log difference 

in MOIs between treatments. However, this may not be possible because of constraints related to 

L. monocytogenes concentrations and sample availability, as was the case in this study. Previous 

researchers have assessed the virulence of L. monocytogenes in a mouse model after growth on 

crabmeat using thawed-from-frozen cells in PBS supplemented with 10% (v/v) glycerol (Brackett 

and Beuchat, 1990). Therefore, it may be advantageous in future studies to store the inocula at -

20°C until needed for infection, during which cells would be in a state of metabolic stasis. 

Lastly, the bacterial profiles reported in this study were obtained using blood agar, which 

supports the growth of fastidious bacteria and was advantageous during the initial isolation of 

phenotypically distinct colonies (Parker et al., 2016). However, there are limitations in using only 

one type of media, in that not all microbes have the same nutritional requirements, and one that is 

as 'rich' in nutritional content as blood, may not be well-suited for isolating microbes from a 

presumably nutritionally-starved environment such as the surface of LMFs. We must also consider 

the potential for microbial competition and/or the production of growth-inhibitory metabolites by 

food-associated microbes during the enrichment step, which could contribute to an inaccurate 

representation of the true microbial diversity of a food microbiome. Future research should be 

focused on determining whether there is a role for the food-associated microbiota to support or 

inhibit pathogen adhesion and/or survival during long-term storage on LMFs.  
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A culture-independent approach using high-throughput next generation sequencing would 

have provided a more comprehensive understanding of the microbial community associated with 

the retail pistachios used in this study. However, it is also important to acknowledge the limitations 

associated with DNA-based techniques, and the potential of bias during sample preparation, e.g., 

variation in DNA extraction efficiency, preferential amplification during the PCR (Ercolini, 2013). 

6 Summary and conclusions 

The main goals of this study were to i) assess the survival of L. monocytogenes during 

long-term storage on LMFs and to ii) determine whether storage on these commodities had an 

effect on L. monocytogenes infectivity. Compared to the Listeria-selective Oxford agar, two solid-

agar recovery methods, OV and TAL, did not provide a statistically-significant advantage (P > 

0.05) for recovering L. monocytogenes from the chocolate liquor, corn flakes or pistachios stored 

at 23°C. These results argue against the presence of sublethally-injured L. monocytogenes during 

the initial month of storage and demonstrate the adequacy of selective media for accurate 

quantification of culturable L. monocytogenes during short-term survival studies on LMFs.  

The capacity of L. monocytogenes for long-term survival on LMFs is dependent on the 

food matrix upon which it is stored and the storage temperature. Greater rates of inactivation were 

observed for culturable populations of L. monocytogenes on all the LMFs assessed in this study at 

23°C, as compared to those stored at 4°C. The LMFs can be ranked according to their inactivation 

rates at 23°C, as follows: chocolate liquor and corn flakes > pistachios, and at 4°C: chocolate liquor 

> corn flakes > pistachios (no decline).  

During storage at 4°C, the decline in culturable L. monocytogenes observed over 336+ days 

for all the LMFs in this study may be attributed to both cellular inactivation, i.e., death, and 
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transition into a VBNC state that was quantified by PMAxx-qPCR. However, the importance and 

relevance of the VBNC state for foodborne listeriosis is unknown. Previous researchers have 

demonstrated that rehydration was insufficient for resuscitation of VBNC L. monocytogenes 

formed during storage at low RH conditions (Dreux et al., 2007). Thus, this sub-population of 

VBNC L. monocytogenes may not be a concern, even when re-introduced as an ingredient into 

high-aw products that support microbial growth. However, L. monocytogenes cells that remain in 

a culturable state after long-term storage do remain infective and retain the ability to attach, invade 

and replicate within human intestinal epithelial cells, as demonstrated with the Caco-2 cell model. 

Importantly, K. pneumoniae, a known competitor of L. monocytogenes during enrichment in broth, 

was recovered from the RTE pistachios used in this study, which raises concerns for L. 

monocytogenes detection by enrichment when it is present at low levels, which may be the case 

for this commodity.   

This study is the first to assess strain-dependent variation in L. monocytogenes survival 

during storage on foods using a multi-strain cocktail, rather than single-strain inocula, and 

emphasized the importance of strain selection for L. monocytogenes survival/challenge studies. 

The L. monocytogenes serotype 4b strain used in this study was particularly sensitive to the stresses 

experienced during the initial drying-equilibrium period, as demonstrated by its low relative 

proportions at day 0, compared to the serotype 1/2a and 3a strains which dominated the population 

at this time. Strain-dependent differences in relative survival were also observed during long-term 

storage, which varied depending on the LMF upon which it was stored and the storage temperature. 

Generally, decreases in the relative survival of serotype 1/2a were coupled with increases in other 

serotypes during long-term storage on the LMFs. However, whether there was an effect of serotype 

on L. monocytogenes survival, cannot be determined because only one strain representing each of 
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the four serotypes assessed in this study was used. Interestingly, the serotype 3a strain accounted 

for the greatest proportion of the L. monocytogenes population recovered from the chocolate liquor 

after long-term storage regardless of storage temperature. This was also the case after long-term 

storage on the corn flakes and pistachios at 23°C. These results highlight a knowledge gap for the 

relevance of 'low-risk' strains for potentially-emerging vehicles of listeriosis.  

In conclusion, L. monocytogenes is fully capable of long-term survival on the model LMFs 

used, i.e., chocolate liquor, corn flakes and pistachios. Enhanced survival was observed during 

storage at 4°C, during which subsets of the population transitioned from a culturable state to a 

VBNC state. Prolonged holding of the LMFs, particularly at 4°C, appears to be insufficient as an 

inactivation step for L. monocytogenes and may present a public health concern, as the surviving 

cells remain infectious and capable of intracellular replication within intestinal epithelial cells. The 

findings of this study demonstrate the potential for LMFs to act as an emerging vehicle for 

listeriosis and support the addition of LMFs to food safety questionnaires during listeriosis 

outbreaks, as we do not as yet fully understand the dose-response of L. monocytogenes for highly 

susceptible individuals.   
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APPENDIX A: SUPPLEMENTARY TABLES AND FIGURES 
 

 

Figure A1. Schematic diagram of the chocolate manufacturing process (with modifications from 

Beckett, 2008). 
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Figure A2. Fraser broth displaying a characteristic colour change from (A) straw-coloured to (B) 

black, which is interpreted as a presumptive positive for the presence of Listeria spp.  

Image: http://www.himedialabs.com/intl/en/products/Microbiology/Media-Supplements-

Identification-and-Growth-Listeria-Fraser-Supplement/Fraser-Broth-Base-M1327# 
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Figure A3. Typical Listeria monocytogenes growth on (A) tryptic soy agar with 0.6% (w/v) 

yeast extract, (B) Oxford Listeria selective agar, and (C) RAPID'L.mono chromogenic agar.  
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Figure A4. Misty 2.5 Hand-Held Personal Mister (MistyMate) used for mist-inoculation of 

chocolate liquor and corn flakes. 

 

Figure A5. An example of qPCR amplification of a 106-bp region of the L. monocytogenes hly 

gene using 10-fold serial dilutions of purified L. monocytogenes (ILSI 4) DNA in water. 
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Figure A6. Semi-confluent Caco-2 cell monolayer in a 24-well tissue culture plate prior to 

infection. Cells were seeded and starved in MEM with 0.1% (w/v) bovine serum albumin 48 h 

and 24 h prior, respectively.  

 

 

Figure A7. Streaking pattern for morphologically-distinct isolates from retail dry-roasted 

pistachios (lot #7067 KFI 815) on TSA-YE, with incubation at 37°C for 24 h.  
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Figure A8. Calibration curves for five strains of L. monocytogenes: ILSI No. 4, 18, 34, 39, and 

55 (top to bottom).  
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Table A1. Survival of a four-strain cocktail of L. monocytogenes after a single freeze-thaw cycle 

after storage at -20°C in 0.1% (w/v) peptone water with 20% (v/v) glycerol.  

Sample Concentration (log CFU/g)1 

Fresh cocktail 10.1 

After thawing at room temperature 10.0 

1 Values are the mean of three experimental replicates (n = 3).  
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Figure A9. Best-fit models (dotted lines) for the inactivation of L. monocytogenes during storage 

on (A) chocolate liquor, (B) corn flakes, and (C) dry-roasted pistachios stored at 23°C, 30-35% 

RH (black) and 4°C, 25-81% RH (blue), over 12 months. Plotted values are the mean of 

duplicate experiments. Best-fit models were generated using GInaFiT version 1.6.  
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Figure A10. Comparison of two PMA protocols for L. monocytogenes. (A) Amplification curves 

and (B) ∆Cq values for a qPCR reaction performed with DNA extracted from live and dead L. 

monocytogenes (ILSI 34), both treated (+) and untreated (-) with PMAxx. ΔCq values were 

calculated by subtracting the mean of the untreated samples from the mean of the PMAxx-treated 

samples. qPCR reactions were conducted in technical triplicate.  

 

Figure A11. An example of a standard curve made with 10-fold dilutions of purified L. 

monocytogenes (ILSI 4) DNA in nuclease-free water. qPCR reactions were performed in 

technical duplicate. The curve was plotted and reaction efficiency was calculated using CFX 

Maestro™ Software for CFX Real-Time PCR Instruments (Bio-Rad). 
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Figure A12. Melt curves corresponding to the dissociation of the hly amplicon (106-bp) 

produced during qPCR using template DNA from (A) L. monocytogenes (ILSI 34) and (B) a 

four-strain L. monocytogenes cocktail (ILSI 4, 18, 34, 39). 

 

Figure A13. qPCR products amplified by hly primers (106-bp amplicon) using template DNA 

from a cocktail of L. monocytogenes recovered from LMFs with melting temperatures (Tm) 

ranging from 75.0-76.5°C. Amplicons were run on 2% (w/v) agarose gel to confirm amplicon 

size and primer specificity. 'NTC' indicates the 'no template control', in which template DNA was 

substituted with nuclease-free water. Ladder: Low Molecular Weight DNA Ladder (NEB). 
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Figure A14. Calibration curves for quantifying a four-strain cocktail of L. monocytogenes from 

(A) chocolate liquor, (B) corn flakes and (C) dry-roasted pistachios by PMA-qPCR. Error bars 

represent standard deviations from the mean of triplicate qPCR reactions. 
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Table A2. Cq values obtained from qPCR using 2 or 5 µL of DNA extracted from a four-strain 

cocktail of L. monocytogenes harvested from spiked dry-roasted pistachios.  

Target L. monocytogenes 

concentration (log CFU/g) 

Actual L. monocytogenes 

concentration (log CFU/g)1 
Cq (+ of 3)2 

4.0 4.3 
34.30 (5 µL; 1/3) 

35.30 (2 µL; 1/3) 

3.0 3.2 37.25 (2/3) 

2.0 1.83 38.56 (1/3) 

1.0 0.73 n/a (0/3) 

1 By viable plate counts on TSA-YE.  

2 Values are the mean of qPCR reactions for which a signal was detected, using 2 µL of DNA 

template unless otherwise specified. The number of replicates for which a signal was detected 

within 40 cycles is given in parenthesis. 

3 Plates contained < 30 colonies; these ‘concentrations’ are population estimates.  

 

 

 

 

Figure A15. qPCR amplification of L. monocytogenes DNA from a four-strain cocktail of dead, 

PMAxx-treated L. monocytogenes harvested from spiked dry-roasted pistachios. Concentrations 

were determined by viable plate count on TSA-YE. Reactions for which no signal was detected 

within 40 cycles were plotted as having a cycle count > 40. Error bars represent standard 

deviations from the mean of triplicate qPCR reactions. 
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Figure A16. Chocolate liquor packaged in plastic bags for wholesale.  

Image: https://www.wholesalemeltingchocolate.com/callebaut-chocolate-liquor-100.html 
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Table A3. Differences (SNPs) in the nucleotide sequences of the theoretical 106-bp amplicon obtained by qPCR amplification of the 

hly gene for three strains of L. monocytogenes. 

ILSI 

No. 
Strain1 Serotype Amplicon sequences (5' to 3')2 

Accession No.3 

/Reference 

4 F2365 4b 

GG (G)AA ATC TGT CTC AGG TGA TGT AGA ACT (G)AC AAA TAT 

CAT CAA AAA TTC TTC CTT CAA AGC CGT AAT TTA CGG (T)GG 

(C)TC CGC AAA AGA TGA AGT TCA AAT CAT CG 

U25443.1 

(Vines and 

Swaminathan, 1998) 

34 F6900 1/2a 

GG (A)AA ATC TGT CTC AGG TGA TGT AGA ACT (A)AC AAA TAT 

CAT CAA AAA TTC TTC CTT CAA AGC CGT AAT TTA CGG (A)GG 

(T)TC CGC AAA AGA TGA AGT TCA AAT CAT CG 

NZ_AARU02000009.1 

39 R2-502 1/2b 

GG (G)AA ATC TGT CTC AGG TGA TGT AGA ACT (G)AC AAA TAT 

CAT CAA AAA TTC TTC CTT CAA AGC CGT AAT TTA CGG (T)GG 

(C)TC CGC AAA AGA TGA AGT TCA AAT CAT CG 

NC_021838.1 

1 Strain designation as given in the NCBI entry; additional strain designations for these isolates are given in Fugett et al. (2006).  

2 Forward and reverse primers are indicated by underlined text. SNPs were identified by cross-comparison of the amplicon bases 

and their locations are indicated by the parentheses.  

3 "Accession No." refers to the GenBank (U) or NCBI Reference Sequence (N) accession number. 
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APPENDIX B: SUPPLEMENTARY EXPERIMENTS 

B1 Assessment of palladium and platinum compounds for viability-

qPCR 

B1.1 Materials and methods 

B1.1.1 Preparation of stock solutions 

Stock solutions (50 mM) of dichloro(1,5-cyclooctadiene)palladium(II) (Cl2(1,5-cycloocta-

diene)Pd; Sigma) and two platinum compounds: cis-dichlorodiammineplatinum(II) (cis-DDP; 

Sigma) and tetrakis(triphenylphosphine) platinum(0) (Pt(PPh3)4; Sigma) were prepared in DMSO 

and stored at -20°C (Soejima et al., 2016; Soejima and Iwatsuki, 2016). Stock solutions of Cl2(1,5-

cyclooctadiene)Pd were freshly diluted in 0.85% (w/v) physiological saline (NaCl; Fisher 

Chemical) to yield working concentrations of 250, 500, 1000, and 1500 µM. Similarly, stock 

solutions of cis-DDP were diluted to working concentrations of 100, 250, and 500 µL. Stock 

solutions of Pt(PPh3)4 were diluted to working concentrations of 1000, 2000, and 4000 µL.  

B1.1.2 Screening of Pd and Pt compounds for qPCR inhibition from DNA 

The in vitro efficiency of Cl2(1,5-cyclooctadiene)Pd to inhibit qPCR amplification of 

naked DNA was assessed using purified L. monocytogenes (ILSI 4) DNA extracted using the 

DNeasy Blood and Tissue kit, as described previously (section 2.6.3). A total of 90 µL of DNA 

(41.3 ng) was treated with 10 µL of Cl2(1,5-cyclooctadiene)Pd at a final concentration of 25, 50, 

and 100 µM, and the same volume was also treated with 10 µL of cis-DDP at a final concentration 

of 10, 25, and 50 µM. Lastly, 90 uL of DNA was treated with 10 µL of Pt(PPh3)4 at a final 

concentration of 100 and 200 µM. In parallel, 90 µL of DNA was treated with 10 µL of NaCl as a 

vehicle control. All tubes were incubated at 37°C for 30 min in a water bath. 
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qPCR reactions were performed using the ViiA 7 Real-Time PCR System (Applied 

Biosystems, Foster City, CA) in 96-well PCR plates (Applied Biosystems) at a final reaction 

volume of 20 µL. Final reagent concentrations were as follows: 1X PowerUp™ SYBR™ Green 

master mix (Applied Biosystems), 0.25 µM forward and reverse prs or prs-2-deg primers (Table 

6), and 5 µL of DNA eluate. qPCR conditions for reactions using prs primers were as follows: 

UDG activation at 50°C for 2 min; Dual-LockTM DNA polymerase activation at 95°C for 2 min; 

50 cycles of 95°C for 15 sec, 55°C for 15 sec, 72°C for 1 min. qPCR conditions for reactions using 

prs-2-deg were as follows: UDG and DNA polymerase activation as described previously; 50 

cycles of 95°C for 15 sec, 60°C for 1 min. All reactions were followed by a default melt curve 

from 60°C to 95°C. 

B1.1.3 Screening of Pd and Pt compounds for live/dead L. monocytogenes differentiation  

The efficiency of Cl2(1,5-cyclooctadiene)Pd and the two Pt compounds to inhibit 

amplification from dead L. monocytogenes DNA was determined by growing an overnight culture 

of L. monocytogenes (ILSI 4) in BHI (BD Bacto) at 37°C. An aliquot (1 mL) of culture was pelleted 

by centrifugation at 14 000 x g for 2 min and re-suspended in an equal volume of NaCl. The cell 

suspension was diluted to approximately 5 log CFU/mL in PW. Dead cells were produced by 

subjecting them to a temperature of 80°C for 15 min in a water bath (Pan et al., 2006). Tubes were 

cooled immediately in ice and 90 µL of the cell suspension was treated with 10 µL of Cl2(1,5-

cyclooctadiene)Pd at a final concentration of 100 and 150 µM Cl2(1,5-cyclooctadiene)Pd; 10, 25 

and 50 µM cis-DDP; and 100, 200 and 400 µM Pt(PPh3)4. Tubes were incubated at 37°C for 30 

min in a water bath. The total genomic DNA was extracted as described previously using the 

DNeasy Blood and Tissue kit (section 2.6.3). qPCR reactions were conducted as described in 

Section B1.1.2.  
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B1.1.4 Data analysis 

Standard curve plotting and qPCR reaction efficiency calculation were done manually with 

Excel and the ThermoFisher Scientific qPCR Efficiency Calculator.  

B1.2 Results 

B1.2.1 Screening of Pd and Pt compounds for qPCR inhibition from DNA 

Several platinum and palladium compounds were screened for the in vitro suppression of 

qPCR amplification from L. monocytogenes DNA. Treatment with Cl2(1,5-cyclooctadiene)Pd 

demonstrated a complete suppression of amplification when purified L. monocytogenes DNA was 

treated at 50 and 100 µM. However, successful qPCR suppression with ∆Cq values > 30 cycles 

was only observed when primers for a longer target sequence, i.e., 370-bp, were used (Figure B1). 

Suppression of amplification was not achieved using primers targeting a 60-bp gene region. 

Purified L. monocytogenes DNA was also treated with 10-50 and 100-200 µM of cis-DDP and 

Pt(PPh3)4, respectively (Figure B2). However, the maximum ∆Cq values obtained were 1.8 and 2.7 

cycles using the maximum concentrations of cis-DDP and Pt(PPh3)4 tested, respectively. 

B1.2.2 Screening of Pd and Pt compounds for live/dead L. monocytogenes differentiation  

The treatment of pure cultures of live and dead L. monocytogenes cells with these 

compounds showed different results than observed in vitro. At the concentrations tested in these 

screening experiments, the highest degree of dead cell suppression was observed after treatment 

with 50 µM of cis-DDP (Figure B3). After pre-treatment with cis-DDP, qPCR conducted using 

dead cell DNA showed a delay in 2.1 cycles during amplification compared to that using DNA 

from its live counterpart. This degree of suppression is too low for efficient live/dead cell 

differentiation. 
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Figure B1. The in vitro effects of Cl2(1,5-cyclooctadiene)Pd on qPCR amplification from 

purified L. monocytogenes (ILSI 4) DNA, using primers for a 60 (grey) and 370 (white) bp 

amplicon. ΔCq values were calculated by subtracting the mean of untreated samples from the 

mean of Pd-treated samples. ΔCq values for reactions that did not show amplification were 

calculated by subtracting the mean of untreated samples from the maximum cycle count. Error 

bars represent the standard deviation from the mean of triplicate qPCR reactions (50 cycles). 

 

   

Figure B2. The in vitro effects of (A) cis-DDP and (B) Pt(PPh3)4 on qPCR amplification from 

purified L. monocytogenes (ILSI 4) DNA. Error bars represent the standard deviation from the 

mean of triplicate qPCR reactions (50 cycles). 
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Figure B3. The effects of (A) Cl2(1,5-cyclooctadiene)Pd, (B) cis-DDP, and (C) Pt(PPh3)4 on 

qPCR amplification from live (grey) and dead (white) L. monocytogenes (ILSI 4). Error bars 

represent standard deviations from the mean of triplicate qPCR reactions (50 cycles). 
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