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The foodborne illness is a problem faced by every country across the globe 

and major public health concern. Foodborne pathogens are the major cause of 

implications on health and economy domestically as well as internationally.  In 

developed countries like the United States, 9.4 million deaths are from the foodborne 

illness and leading cause of deaths are Salmonella spp, Toxoplasma gondii and 

Listeria monocytogenes (Scallan et al., 2011).  There are multiple factors responsible 

for foodborne illnesses, such as growing the transitory human population, changing 

food habits and increased trend and demand of ready-to-eat (RTE) foods (Newell et 

al., 2010). Safe and healthy food is a primary demand by the consumer, thus the 

food industries take constant efforts towards reducing the contamination and 

increase the shelf life of the food (Begley and Hill, 2015). Still considering the 

factors like the complexity of global food supply, food is traveling the longer 

distance than earlier, consumption pattern and emerging survival of foodborne 

pathogens; risk of foodborne illnesses found to be increasing (Chan, 2014). The 

failure of safety measures at any stage of the complex food chain from the 

environment via primary processing, final production, storage and transport to the 

consumer causes significant health and economy losses (WHO, 2009).  The 

important factor behind this failure of safety measures is well known as stress 

resistance by foodborne pathogens. This stress tolerance not only raises the 

incidence of pathogens, it’s also known to be altering their virulence properties and 

helping them to persist in the food related environment. There are pathogens like 

Listeria monocytogenes which adapt equally in the soil as well as inside the 

eukaryotic host. Being capable of resisting vast physical and physico-chemical 

stresses, they counter stress hurdles used in food industry; eating such contaminated 

food can result in life-threatening infection of immune-compromised individuals 
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(Durack et al., 2013).  So the ways pathogenic microorganisms encounter different 

environmental stresses used in food processing, food preservation and/or similar 

stresses inside the host is a growing interest. 

The stress universally can be referred as the agents, factors or treatments 

causing injury. This analogy can describe ‘temporary or repairable damage’ in case 

of higher organisms, but in terms of microorganisms, it is ‘damage to the cell 

components, cell structures or loss of some cellular functions transiently or 

permanently’ (Hurst, 1984; McMahon et al., 2007).  Collectively these are effects of 

any detrimental factors, conditions or treatments adversely affecting survival and/or 

growth of microorganisms, used with the intention of prevention and control of 

pathogens or spoilage microorganisms in foods and food processing environments 

(Yousef and Courtney 2003; Wesche et al., 2009). Foodborne pathogens go through 

many stresses during their life cycle. The food itself contains many bacteriostatic 

conditions such as water activity (aw), pH and oxidation-reduction potential.  

Foodborne pathogen particularly experiences many stresses during food production, 

food processing, storage and transport including osmotic shock; chemical treatments 

such as acids or detergents; freezing, thawing or combination of different stresses. 

So foodborne pathogens need to overcome many of such stress factors or conditions 

in succession. Exposure to the stresses causes injury to the bacterial cells by 

damaging cellular part/components. This damage obviously depends upon the 

degree and severity of the stresses. Researchers have found that foodborne 

pathogens sense the environmental stresses and act by modulating the gene 

expression assisting the survival of cells. These modulations in expression of genes  

results in the production of proteins, repairing damaged cell components, 

maintaining cell-homeostasis and/or facilitation of abolishing stress agents (Dahl et 
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al., 2015). It has been also postulated that with the exposure to minor/mild stress 

bacteria responds in an adaptive/protective manner accompanied by a temporary 

physiological change and makes it tolerant to a harsh level of the same type of 

stresses. This is called as stress adaptation of bacteria and has been observed 

previously in foodborne pathogens, including L. monocytogenes, Escherichia coli, 

and Salmonella (Sleator and Hill, 2002;  Ryan et al., 2008; Soni et al., 2011; 

A’lvarez-Ordo’nez et al., 2011).  The stress tolerance development may also occur 

through induction of proteins which repairs the damaged cellular parts or DNA or 

proteins, initiation of homeostatic systems and activation of enzymes for countering 

the stress (Dahl et al., 2015). This variation in adaptive tolerance and/or modulation 

of gene expressions could be because of presence or absence of some gene loci. The 

well-studied example of this phenomenon is acid stress tolerance by L. 

monocytogenes correlated with presence/absence of gadD1T1 genes (Cotter et al., 

2005; Van der Veen et al., 2008).  The presence of such stable resistant variants has 

been exhibited in the case of L. monocytogenes. The work done on stable stress 

resistance of L. monocytogenes shows the large diversity within the variants (Van 

Boeijen et al., 2010).  This diversity could be the one of the potential reason behind 

survival and adaptation of L. monocytogenes under diverse environmental 

conditions. Nevertheless, the exact mechanism, origin of such variants and its impact 

on food safety is yet to untangle. So investigation needs to be done towards the 

understanding of molecular basis of stress tolerance of L. monocytogenes; 

knowledge gained will help to design effective food processing strategies towards 

ensuring food safety.  

  L. monocytogenes is a zoonotic, foodborne pathogen with ubiquitous nature 

and the causative agent of listeriosis. It was recognized first time as a foodborne 
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pathogen in the early 1980s (Schlech et al., 1983).  Being ubiquitous nature it has 

the extraordinary fitness to adapt diverse environmental conditions from soil to a 

eukaryotic host with the capacity to tolerate hardy conditions including low moisture 

content, higher salinity, extreme pH and colder temperature (Farber and Peterkin, 

1991; Durack et al., 2013). This versatility comes from the ability of an organism to 

acquire information of external environment and process it accordingly towards 

successful survival and adaptation to these conditions. These abilities make L. 

monocytogenes one of the significant foodborne pathogens, which is difficult to 

control and major safety concern of food industries (Gandhi and Chikindas, 2007; 

Fox et al., 2011).  Listeriosis has 20-30% case fatality rate, 50% neonatal death rate 

and 91% hospitalization rate (Farber and Peterkin, 1991; Sartor et al., 2015). Due to 

the severity of the infection, the occurrence of an even low number of L. 

monocytogenes has been cautioned in food as well as in food industrial premises 

(FSIS, 2014). According to US Economic Research Services, Listeria is third among 

15 major foodborne pathogens responsible for foodborne illnesses-associated deaths 

imposing the total economic burden of $2.8 billion in a typical year (Hoffmann et 

al., 2015). Although infections can occur in healthy individuals, the target group 

under the risk of clinical listeriosis is the pregnant women, elderly people, unborn 

babies, neonates and people under immunosuppressive therapy (Lamont et al., 

2011). This pathogen also causes the disease in domestic animals, including cattle 

and sheep, leading to spontaneous abortion in pregnant animals or circling disease in 

adult animals (Czuprynski, 2005). Generally, L. monocytogenes is widely present in 

a diverse environment including water, sludge, soil, plants, vegetation and also 

resides in a gastrointestinal track of many animal species (Liu, 2008; Esteban et al., 

2009). The carriage of this pathogen by animals can lead to transmission of zoonotic 
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infection via milk or meat. The environmental contamination of raw foods going 

through further minimal processing is a likely great risk for human health 

(Swaminathan and Gerner-Smidt, 2007).  

After major outbreak in 1981 (Schlech et al., 1983) from coleslaw (a regional 

salad dish in US), many researchers explored different types of food products and 

isolated Listeria from milk and milk products (D’Costa et al., 2012), meat and meat 

products (Derra et al., 2013), seafood (Parihar et al., 2008) and raw vegetables 

(Ananchaipattana et al., 2012). Of these, industrially processed and refrigerated food 

revealed to be frequently linked to L. monocytogenes outbreaks than raw foods 

(Gianfranceschi et al., 2002). Though, several efforts have been taken to avoid 

bacterial contamination in food industries, biofilm formation, tolerance and an 

adaptation capability of L. monocytogenes allows persistence in foods and food 

processing industries. In addition, methods used for food preservation or to increase 

shelf-life of food such as high salt concentration, storage at low temperature, 

lowering the pH of food, addition of food preservatives has found ineffective in case 

of L. monocytogenes. Following the food related stresses to establish an infection L. 

monocytogenes must pull through the stressful conditions inside the human host 

including the acidic pH within the stomach, followed by immensely different stress 

conditions during intestinal passage and/or infection (Sleator et al., 2005). It is also 

resistant to detergents and disinfectants used for sanitizing the processing in food 

industry environments. These abilities may reason behind the survival and 

persistence of L. monocytogenes in the food industry and increase its occurrences in 

the foods (Gandhi and Chikindas, 2007). However, such persistence may cause 

contamination of food being processed. Further, such contaminated food that stored 

at refrigerator exclusively enriches the growth of L. monocytogenes (Martins and 
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Germano, 2011; Kramarenko et al., 2013). The 99% of the infections of L. 

monocytogenes are thought to be foodborne (Swaminathan and Gerner-Smidt, 

2007). The worldwide studies confirm 20-25% prevalence of L. monocytogenes in 

foods and food processing environments related to meat, milk, fish and other food 

products (Lianou and Sofos, 2007). The high mortality rate and its prevalence in 

different environments led governments as well as food safety agencies make 

policies to reduce the occurrence of L. monocytogenes in foods. The United States 

has adopted a zero-tolerance policy in case of L. monocytogenes. The detectable 

presence of this pathogen costs recalls of RTE foods and it has big economic 

implications on food industries. The disease also found to responsible health and 

productivity loss including high medical costs every year (Ivanek et al., 2005; 

Hoffman et al., 2015). Effective control strategies are highly demanded by food 

industries. While to device the comprehensive approach, the central mechanism 

lying behind the persistence of the L. monocytogenes needs to be understood. The 

current research is frequently concluding that stress tolerance abilities of L. 

monocytogenes allow the survival and persistence in food industrial premises. 

Earlier studies have observed large variation in stress tolerance of L. monocytogenes 

under different conditions of high salt stress, acidic and/or alkaline pH stress and 

low-temperature stress (De Jesus and Whiting, 2003; Van der Veen et al., 2008; 

Valero et al., 2014). The limited studies are available attempting relation between 

stress tolerance and serotype or origin of isolation. Numerous investigations are 

based on a physiological basis of stress tolerance, but most of these studies are 

available with limited numbers of strains (Vialette et al., 2003; Liu et al., 2005; 

Lianou et al., 2006; Vermeulen et al. 2007). This approach limits investigation from 

giving a full picture of the physiology of stress tolerance and adaptation. In order to 
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control the spread, the stress tolerance mechanisms of L. monocytogenes have been a 

prime area of present research worldwide. Several universal stress mechanisms have 

been identified in L. monocytogenes, which help cells to get easily adapted to low-

level stresses inducing tolerance capabilities (Begley and Hill, 2015). Nevertheless, 

mutants prepared to eliminate or control these stress mechanisms from L. 

monocytogenes could only partially explain the stress tolerance, suggesting that 

there are still unknown mechanisms exist for stress tolerance. In-depth cognizance of 

molecular mechanism behind stress tolerance of L. monocytogenes is, therefore, vital 

for devising the effective control strategies and consequently to control the incidence 

of foodborne listeriosis. It is also important to understand the innate stress tolerance 

capability of L. monocytogenes for different stresses. Considering these factors a 

study was designed to understand survival, adaption and innate stress response of L. 

monocytogenes for different food processing and/or food storage related stresses. 

This study also plotted with the aim, to perceive qualitative, quantitative and 

mechanistic knowledge on the stress response of L. monocytogenes for important 

hurdles used in food processing or preservation, namely high salt concentration, low 

temperature, acidic and alkaline pH. The research was conducted using L. 

monocytogenes strains isolated from diverse sources; broadly food (raw, processed 

and RTE), environmental (natural and food processing) and clinical (human and 

animal) with the following objectives-   

1. To screen Listeria monocytogenes strains from diverse sources for their ability to 

tolerate salt, pH and growth at low temperature.  

2. To determine the change in morphological and physico-chemical parameters of 

the stress tolerant strains 

3. To determine the genetic basis for tolerance. 
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2.1 Introduction  

The frequency of foodborne outbreaks and illnesses has been increased in 

recent years and found to be imposing a considerable economic burden (DeWaal et 

al., 2012; de Noordhout et al., 2014).  These foodborne outbreaks are also 

responsible for socio-economic impact due to illnesses, productivity loss and deaths, 

as well as loss of food industries due to food recalls and shut downs. The changing 

life-style and food habits have increased the demand for RTE Foods; which has 

made the food industries, a part of daily life and hence problems associated with 

food industries have become evident. The primary challenge in food processing is a 

successful removal of naturally present microflora from food, as it has a greater 

impact on the shelf-life of foods (Bhunia 2008; Quigley et al. 2013). Also, this flora 

may contain pathogens of major public health concern. Studies so far have revealed 

that pathogens can enter in food processing environment from the natural 

environment and/or raw material being processed and finally in foods. Once entered 

in food processing environment they establish themselves in there, in a small niche 

(Carpentier and Cerf, 2011; Asselt et al., 2017; Netzeler and White, 2017). This 

makes L. monocytogenes a significant cause of public health concern. Besides being 

of important public health hazard, L. monocytogenes also has economic importance 

as the detectable presence of this pathogen costs recalls of RTE foods and it has big 

economic implications on food industries (Hoffman et al., 2015). Since it is 

mandatory to the food industries to deliver the ‘pathogen free’ food (especially, RTE 

food industries) till it reaches to table of consumer, all the food industries need to be 

sure of absence of such pathogens in the foods being processed and to be sold 

(Robach, 2012). Hence to control the spread of such pathogens, government bodies 

have specified certain rules and regulations for the food industries (FDA, 2012; 
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FDA-BAM 2013). In India, since August 2011, Food Safety and Standards 

Authority of India (FSSAI) have included L. monocytogenes pathogen in the 

regulations and have made it mandatory for the absence of L. monocytogenes in 

foods (MHFW, 2011). 

 The competence of L. monocytogenes to accommodate, endure and proliferate 

at a broad range of environmental stresses appears to be associated with foodborne 

transmission. In food processing environments, L. monocytogenes is known to 

survive and persist for longer periods of time; but, many times source of 

contamination is unknown (Ferreira et al., 2014). Since last two decade, the 

incidences of listeriosis have been increasing which can be traced to increased use of 

RTE and industrially processed food (Garrido et al., 2010). Food industries use 

several food preservation methods to inhibit the bacterial growth and increase in 

shelf-life of the product. Reduction of temperature (freezing), reduction of water 

activity (aw) (by the addition of salt) and alteration of pH (by addition of acids or by 

fermentation) are common techniques used by different food industries for 

prevention and elimination of pathogen (Jay, 2000). 

 A number of Listeria strains have been isolated from clinical, food, and 

environmental samples by many researchers all over the world. In India, L. 

monocytogenes strains have been isolated from diverse foods like meat, dairy 

products and environmental sources such as piggery environments and different food 

processing plants (Barbuddhe et al., 2000 ;  Barbuddhe et al., 2002;  Doijad et al., 

2011; Raorane et al., 2014). It has been also isolated from fish and fishery products 

(Karunasagar and Karunasagar, 2000; Parihar et al., 2008; Gawade et al., 2010; 

Rodrigues et al., 2015). The advancement in understanding of stress response in L. 

monocytogenes is required to limit and/or prevent the occurrences of L. 

http://www.sciencedirect.com/science/article/pii/S0168160511005186#bb0040
http://www.sciencedirect.com/science/article/pii/S0168160511005186#bb0045
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monocytogenes in foods and/or food related environments. Although there is no 

sufficient information available regarding health risks as strain specific, there is 

virulence heterogeneity among the strains of L. monocytogenes (Barbour et al., 

2001). This heterogeneity could partially explain the distribution of serotypes. To 

date, variability in stress responses of L. monocytogenes is generally poorly 

characterized with few exceptions (Shabala et al., 2008). Hence, it is required to 

characterize a large number of L. monocytogenes strains of different origins 

representing the epidemiologically important serotypes for their physiological 

properties and phenotypic characters. This characterization includes growth behavior 

of such strains under different environmental conditions or resistance to various 

stresses. This can help to obtain better insights of the virulence, distribution, and 

epidemiology of this organism with respect to serogroups and source of isolation.  

2.2 Review of Literature  

2.2.1 Brief History  

 Listeria was first isolated in 1926 by E.G.D. Murray from rabbits and named it 

Bacterium monocytogenes (Murray et al., 1926). Further, in 1927, Pirie isolated a 

bacterium from the liver of gerbils and named it Listerella hepatolytica. To honour 

pioneer of antiseptic surgery Joseph Lister, the genus was named eventually as 

‘Listeria’ in 1940 due to taxonomic reasons (Pirie, 1940). The first listeric infection 

in a human was reported by Nyfeldt in 1929 (Nyfeldt, 1929). Since then over the 

years Listeria has been isolated from chicken, pig, cattle, buffaloes, goat, fish, 

diverse types of foods and different environments (Gray and Killinger, 1966; 

Swaminathan and Gerner-Smidt, 2007). In the 1980s, there were several outbreaks 

reported and source of one of the outbreaks found to be pasteurized milk. Then the 
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question arose about tolerance of L. monocytogenes to the pasteurization procedure 

(Fleming et al., 1985). 

In India, listeriosis was first detected and described at Hyderabad in sheep in 

1936-37 (Mahajan, 1936). The pathogen was isolated for the first time successfully 

in Madras from an infected sheep in 1950 (Vishwanatahan and Iyar, 1950). Krishna 

et al. (1966) reported the first case of human listeriosis. Following years there are 

reports of sporadic cases (Barbuddhe et al., 2012), but no surveillance data for 

listeriosis is available in India (NCDC, 2016). There is a lack of awareness about 

listeriosis in India.  Since there is lack of mandatory notification and no organization 

keeps track of listeriosis; no data is available. 

 

2.2.2 Genus Listeria 

 Listeria spp. are Gram positive, rod shaped, small size (0.5 X 1-2µm, diameter 

by length) facultative anaerobe, non-capsulated, non-endospore-forming, catalase 

positive and oxidase negative bacteria (Singleton, 1999). All species are motile at 

ambient temperature (20°C-25°C), but non-motile when cultured at 37°C 

(Glasworthy et al., 1990). The genus Listeria is classified under family Listeriaceae 

(Ryser and Marth, 1999). It is comprised of total 17 species namely, L. 

monocytogenes, L. innocua, L. welshimeri, L. seeligeri, L. ivanovii, L. grayi, L. 

marthii, L. rocourtiae, L. weihenstephanensis and L. fleischmanii.  Recently, seven 

new species have been added, L. floridensis, L. aquatica, L. cornellensis, L. riparia, 

L. grandensis,  L. booriae and L. newyorkensis (den Bekker et al., 2014; Weller et 

al., 2015). Among 17 species only two are pathogenic; L. monocytogenes and L. 

ivanovii. The L. monocytogens is a major pathogen capable to develop the disease in 
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humans as well as in animals and L. ivanovii is predominantly pathogenic for 

ruminants and very rarely in humans (Guillet et al., 2010).  

2.2.3 Listeria monocytogenes 

 L. monocytogenes is a major pathogen of interest among the genus Listeria 

because of its capability to cause listeriosis in humans as well as animals. L. 

monocytogenes is also known to be ubiquitous in nature and capable to thrive 

diverse stressful environmental conditions; it can easily colonize in different 

ecological niches and can persist there for longer period of time. Another quirky 

character,  this bacterium has both psychrophilic and mesophilic features.  Being 

exclusively foodborne pathogen with the known to effectively survive and multiply 

in many different non-host environments, L. monocytogenes is one of the most 

important concerns of food industries. There are total 12 serotypes of L. 

monocytogenes namely 1/2a, 1/2c, 3a, 3c, 1/2b, 3b, 7, 4b, 4d, 4e, 4a and 4c. 

Although all the serotypes are pathogenic, 90% of human listeriosis cases are linked 

with 3 predominant serotypes of 4b, 1/2b, and 1/2a (McLauchlin., 1997).  These 3 

serotypes are considered as important because of their prevalence in all important 

niches, especially serotype 4b has been found to be responsible for major food borne 

outbreaks (Buchrieser et al., 1993), while majority of the foods and food processing 

environment isolates belongs to serotype 1/2a or 1/2b (Farber and Peterkin, 1991). L. 

monocytogenes is an intracellular pathogen which resides within monocytes and 

neutrophils (Gray and Killinger, 1966). L. monocytogenes shows tumbling motility 

when cultured at ambient temperature and loses it when infects and resides in host 

cells. Inside the host Listeria makes movement possible by polymerizing actin to 

form actin tails and propels with it (Salyers and Whitt, 2002). 

http://www.sciencedirect.com/science/article/pii/S0168160511005186#bb0170
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2.2.4 The Disease 

 Listeriosis in humans is generally caused by consumption of food 

contaminated with L. monocytogenes. According to United States Department of 

Agriculture (USDA) Economic Research Services, there are 15 major foodborne 

illnesses with considerable economic burden due to health and productivity losses 

including high medical costs every year. Among those 15 major foodborne illnesses, 

listeriosis is the 2nd costliest disease per case with estimated $2.8 billion economic 

burdens in a typical year (Hoffman et al., 2015). Out of this total economic burden, 

$2.1 billion is due to deaths and that too only from 1,600 illnesses (Hoffman et al., 

2015). The infection occurs mostly in immune-compromised individuals. The 

elderly people, pregnant woman, children below 5 years of age, cancer patients and 

patients under immunosuppressive therapy are at risk (Goulet et al., 2012; Silk et al., 

2012). Initial symptoms of listeriosis are variable including fever, muscle ache, 

nausea, and diarrhea. In untreated cases or on the immune status of infected 

individuals; these symptoms can further develop to septicemia, meningitis, 

encephalitis and may lead to death (CDC, 2012).  There are two different forms of 

listeriosis with respect to age band of patients: listeriosis in adults and fetomaternal 

listeriosis (Schuchat et al., 1996; Vázquez-Boland et al., 2001). The feto-maternal 

listeriosis is thought to be blood-borne colonization of placenta; this can 

subsequently result in a listerial invasion of the fetus and may lead to abortion or 

stillbirth (Farber et al., 1991). Listeriosis in adults; which is in severe form is 

typically associated with infections of central nervous system, manifests meningitis 

or meningoencephalitis (Brouwer et al., 2006). Overall listeriosis has 20-30% case 

fatality rate, 50% neonatal death rate and 91% hospitalization rate (Farber and 



Page | 14  
 

Peterkin, 1991; Sartor et al., 2015). Out of 91% hospitalized cases, about 3% cases 

are moderate. The 80% of adult hospitalizations needs ICU care (Batz et al., 2014). 

2.2.5 Food as Major Source of Transmission 

 The listerial infection in humans can be due to direct contact with the 

contaminated environment, direct contact with infected part of an animal or transfer 

from infected mother to fetus (Vázquez-Boland et al., 2001). The wide categories of 

foods have been identified as principal routes of transmission. Especially foods 

which do not require cooking before consumption or foods stored in the refrigerator 

to extend shelf-life have a higher risk of L. monocytogenes growth and transmission 

(Lianou and Sofos, 2007).  These food categories include raw foods, finished food 

products and RTE foods; such as raw meat, poultry and its products, raw and 

processed vegetables; raw and/or inadequately pasteurized milk, dairy products, 

including ripened soft cheese (Amato et al., 2017); ice-cream; salads including 

coleslaw; retail-cook-chill meals; shellfish, raw fish and fish products (Ramaswamy  

et al., 2007; Swaminathan and Gerner-Smidt, 2007; Barbuddhe et al., 2012). In US 

deli meat has found to be a greater vehicle of transmission leading to outbreaks and 

RTE foods at greater risks (FSIS 2014; Zang et al., 2012). Recently, the rate of 

listeriosis outbreaks observed to be increased in many European countries (Koch and 

Stark 2006; Antal et al., 2007; Garrido et al., 2008; Goulet et al., 2008; Cairns and 

Pyrne, 2009; Kasper et al., 2009; Smith et al., 2009). Outbreak associated with 

Tome cheese in Switzerland (Bille et al., 2006), sandwich associated outbreak in the 

UK (Dawson et al., 2006), soft cheese related outbreak in the Czech Republic and a 

multinational outbreak in Austria and Germany by Quargel Cheese (Fretz et al., 

2010) have been reported. In India, 6.66% to 7.08% goat meat (Barbuddhe et al., 

2000; Rekha et al., 2006), 7.4% sheep meat (Barbuddhe et al., 2000), 3.07% to 6% 
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buffalo meat (Bramhabhatt and Anjaria, 1993; Barbuddhe et al., 2002) and 8.l% 

poultry meat samples (Barbuddhe et al., 2003) found to be positive for L. 

monocytogenes. In the case of milk and dairy products, 4.82% of raw milk found to 

be carrying L. monocytogenes (D’Costa et al., 2012),  Incidence of L. 

monocytogenes in wide range of food processing environments/plants was evident to 

be involved in post-processing contamination (Leong et al., 2014). Although 

organisms are killed by normal cooking regimes; some cheeses made from 

pasteurized and/or unpasteurized milk, inadequate cooking; contamination after 

cooking; partially cooked foods; foods served uncooked or with minimal processing 

(fruits, dairy products), foods processed to be served without further processing 

(RTE foods) may carry L. monocytogenes and sustain the pathogen easily (Chan and 

Wiedmann, 2008). Additionally abilities of this pathogen like osmotolerance (up to 

12.5%) (Farber et al., 1991; Liu et al., 2005; Shabala et al., 2008), diverse pH stress 

tolerance (4.0 to 9.5) and low temperature tolerance (down to 0°C) (Buchanan et al., 

2004; Gandhi and Chikindas, 2007) makes L. monocytogenes to survive in different 

foods and food processing environments and increases the chances of foodborne 

transmission (Pérez-Rodríguez et al., 2008). Interestingly, similar hurdles are often 

being used in food processing and/ or food preservation. This may lead to the 

development of cross protection from different stresses (Durack et al., 2013). Once 

colonized in food processing plants, L. monocytogenes strains persist in those 

conditions; however, the mechanism for persistence is unclear. Further storage of 

contaminated food at lower temperatures may support the growth of L. 

monocytogenes and lead to increase a load of the pathogen in foods (Havelaar et al., 

2010). The incidence in such wide range of foods that to tolerating capacity to 

deleterious conditions have made L. monocytogenes as alarming foodborne pathogen 
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around the globe. The high mortality associated with this pathogen makes L. 

monocytogenes the deadliest food borne pathogen in comparison with common food 

borne pathogens such as Salmonella enteritidis, Campylobacter sp., and Vibrio sp. 

(Painter et al., 2013). 

 

Fig. 2.1: Ecological interrelationships of L. monocytogenes, the environment, food, and clinical cases of 

listeriosis. (Adapted from - Handbook of Listeria monocytogenes by Dongyou Liu (2008)) 

 

2.2.6 Stressors and listerial stress adaptation 

 The deleterious effect of external factors on the physiology of bacterial cells 

leading to the reduction of growth rate or at extreme levels can result in 

inhibition/killing of bacteria is called as ‘environmental stress’ (Archer, 1996; 

McMahon et al., 2007). These stresses can be varying conditions in the external 

environment of the bacteria challenging their optimal growth. Foodborne pathogens 

experience and need to overcome different stresses during transitions from 

environment to the gastrointestinal tract of mammalian hosts via foods. Once 

bacteria survives and grows this resistance helps them to persist in different niches 

(NicAogáin and O’Byrne, 2016). In a case of foodborne pathogens, these stressors 

are mostly hurdles used in food processing and/or food preservations. The most 

important and commonly used hurdles in food preservations include low 
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temperature, high salt concentrations, extreme pH and food preservatives (Leistner, 

2000). The basic concept behind using such stressors as hurdles is putting 

microorganisms under stressful environmental conditions to cause inhibition of their 

growth, reducing the numbers or to death. But the limitation is these stressors cannot 

be used at extreme concentrations/levels that can alter the nature, texture, taste, 

flavor or appearance of the foods (Lucera et al., 2012). So the key phenomenon 

arises in this food preservation is an adaptation to these stresses by microorganisms.  

Bacteria can adapt to these stresses by modulating internal mechanisms which help 

them mainly to maintain homeostasis and in developing stress reactions. 

Homeostasis is a self-regulating process where bacteria maintain uniformity and 

integrity inside the cells irrespective of changes in external environmental conditions 

that surround them. This helps bacteria to perform all intrinsic metabolic processes 

required for survival and growth without affecting due to changes in external 

environment. Homeostasis is generally achieved by mainly with ion transport 

mechanisms across the membrane, compatible solute transporters or adjusting the 

lipid in the cell membrane, thus altering their permeability (Wang et al., 2010; 

Krulwich et al., 2011; Yoon et al., 2015; Hoffmann and Bremer, 2017).  In stress 

reactions, some bacteria generate the stress shock proteins and with adaptation, they 

become more stress tolerant to the severe stresses. Even there are some stress 

response proteins generated by bacteria help them to tolerate more than one stress. 

Likewise in L. monocytogenes there are classes of proteins generated during the 

stress response, namely, class I heat shock response regulated by HrcA response and 

class III heat shock response, which is regulated by the ctsR response (Pleitner et al., 

2014). The heat shock response specifically activated in cold shock (Liu et al., 

2002), increase in temperature (Weibezahn et al., 2004; Shen et al., 2014), high salt 
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stress (Duche et al., 2002; Mataragas et al., 2014) or in acid shock (Metselaar et al., 

2015). Heat shock response encodes for molecular chaperones and proteases that 

protect cell proteins from aggregation and misfolding (Lee et al., 2003; Abee et al., 

2016) and helps to reactivate protein aggregates. In L. monocytogenes there is 

another important stress response mechanism, the class II response regulated by sigB 

protein. This response gets activated by different stresses and help Listeria to adapt 

different stressed conditions (Ferreira et al., 2001). In class II stress response, there 

are genes encoding for decarboxylases for acid resistance (Ferreira et al., 2003; 

Smith et al., 2012); osmolyte transporter proteins including OpuC, DtpT, Gbu, and 

BetL for high salt and low temperature stress and reductases for oxidative stress 

resistance (Soni et al., 2010; Begley and Hill 2015). Class I response includes the 

genes which encode molecular chaperones and include dnaK, dnaJ, grpE, groES, 

and groEL. These chaperone products are in two forms, namely KJE (DnaK, DnaJ, 

GrpE) and GroESL.  GroESL are involved in the refolding of denatured proteins 

after exposure to the stresses (Hecker et al., 1996; Sharma et al., 2003). GroESL 

proteins get induced after exposure to the low-temperature stress and acid stress. 

DnaK protein induction has been observed after exposure to the salt stress, cold 

stress and disinfectant stress (Duche et al., 2002; van der Veen and Abee., 2010; 

Soni et al., 2011). Recently, down-regulation of DnaK under high salt stress has 

been reported (Payne et al., 2013; Bergholz et al., 2012). The class III response 

consists of molecular chaperones as well as ATP dependent Clp proteases, which 

includes two ClpP ATPases ClpB, ClpC and ClpE. The Clp ATPases play important 

role in survival under stressed environment as well as in virulence (Gaillot et al., 

2000; Begley and Hill 2015). ClpB is a chaperon which reactivates the protein 

aggregates in collaboration with KJE system. ClpB also found to be induced by low-
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temperature stress (Liu et al., 2002; Lee et al., 2003). The ClpC and ClpE play 

important roles commonly in virulence and in internalization and cell division, 

respectively (Nair et al., 2000; Van Boeijen et al., 2010). These factors help Listeria 

for survival under different stressful environmental conditions. 

2.2.7 Salt stress adaptation  

 Salt is most commonly used additive in foods which act as a preservative, 

enhances the flavor (Silva et al., 2003) and improves the water adsorption 

(Lawrence et al., 2003). Even if common salt does not have antimicrobial property; 

it reduces the water activity (aw) at that level, at which metabolism or vital 

intracellular processes of microorganisms slow down. A high salt concentration 

generates osmotic effect and affects microbial cellular metabolism. Sodium Chloride 

(NaCl) is commonly used salt in food processing and preservations, and a total 75% 

of dietary salt comes from processed foods (Appel and Anderson, 2010). Salt plays 

different roles in different kinds of foods. In vegetables, salt is mainly used as a 

preservative (Luck and Pager, 2000), a softening agent (Van Buren, 2006), and also 

to achieve the dry-salting process (Panagou, 2006). In dairy products, specifically in 

cheese, salt is added to control the growth of lactic acid bacteria and to prevent 

contamination of undesirable microorganism; it also adds the flavor in cheese 

(Rowney et al., 2004). There are variety of salting procedures, which have been 

developed for preservation and taste development of different meat products such as 

cured ham, Italian Parma ham (Cobe, 2002; Pastorelli et al., 2003), Serrano ham 

(Barat et al., 2005, 2006; Luna et al., 2006). Salt is used as preservative in variety of 

fish and fish products, including sea bream (Chouliara et al., 2004; Goulas and 

Kontominas, 2007), chub mackerel (Goulas and Kontominas, 2005), salted cod 

(Thorarinsdottir et al., 2002; Barat et al., 2003), and smoked salmon 
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(Sigurgisladottir et al., 2000; Gallart-Jornet et al., 2007). Because of different 

properties of NaCl, like reducing water activity values, antioxidant effect, 

modifications in water-holding capacity, taste enhancer and most importantly 

preventing contamination and/ or growth of undesirable microorganisms in the food; 

NaCl has been empirical part of food processing and/or preservation (Caly et al., 

2009).  

 Being widely used as a primary food preservative; development of resistance 

against the salt used in foods by different microorganisms and importantly by 

foodborne pathogens is major public health concern (Kim et al., 2017). L. 

monocytogenes is one of the important robust, persistent foodborne pathogens 

prevalent in food supply chain due to the ability to adapt various food and food 

processing environments (Shabala et al., 2008; Durack et al., 2013; Ferreira et al., 

2014). A high salt concentration is one of the important conditions among foods and 

in food processing. L. monocytogenes is known to adapt and survive at osmotic 

stresses at that extent where other common pathogens cannot survive (Makaritit et 

al., 2015; Poimenidou et al., 2016). L. monocytogenes is known to have primary and 

secondary stress response to the osmotic shock. The influx of K
+
 and glutamate into 

the cell is a primary response; while secondary response involves uptake of small 

molecules known as compatible solutes (Kallipolitis and Ingmer, 2001; Brøndsted et 

al., 2003). These mechanisms help bacterium specifically with maintaining turgor 

pressure, cell volume and stabilizing protein structure and activity. The compatible 

solutes generally accumulated in hyperosmotic conditions are glycine, betaine, and 

carnitine (Sleator et al., 2003; Lebre et al., 2017). Many bacteria are able to 

synthesize these compatible solutes, but L. monocytogenes lacks this ability and 

hence these compounds need to be transported inside the cells during hyperosmotic 
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conditions (Burgess et al., 2016). The uptake of such compatible solutes is driven by 

the transporters namely, Gbu, BetL, and OpuC. These transporters are also known to 

contribute to low-temperature stress response (Angelidis and Smith, 2003; 

Wemekamp-Kamphuis et al., 2004; Watson et al., 2009; Alvarez-Ordonez et al., 

2015). Interestingly; SigB, a class II response has found to be a regulator of these 

transporter genes (Cetin et al., 2004; Utratna et al., 2011). In addition, K
+
 import by 

the kdpE system facilitates the rapid adaptation to the salt stress (Brondsted et al., 

2003). Schmid et al. (2009) reported the up-regulation of csp genes in cold shock as 

well as osmotic shock. This indicates the possible role of Csp proteins adaptation 

under osmotic up-shift. In absence of compatible solutes, Ctc proteins are reported to 

be involved in salt stress response. The exact role of Ctc protein in this salt stress 

response is not clearly known yet (Garden et al., 2003). The transcription study by 

Bergholz et al. (2012) revealed the important role of the MrpABCDEFG 

sodium/proton antiporter in adaptation to salt stress in L. monocytogenes. The 

mutagenesis study by Burall et al. (2012) revealed the involvement of iap gene in 

salt adaptation. As trehalose is also known to be involved in osmotic stress 

adaptation of many bacteria, characterization of the tre (lmo1254) gene 

(phosphotrehalose) indicates the role of the trehalose metabolism in stress resistance 

of L. monocytogenes  (Ells and Hansen, 2011). Proline is known to be good 

osmoprotectant and in L. monocytogenes increased proline biosynthesis by ProBA 

observed under osmotic stress (Sleator et al., 2001). The Opp and DtpT oligopeptide 

transport systems are the alternative sources of osmoprotectants, where peptides are 

provided which can subsequently hydrolyse in amino acids, such as proline 

(Wouters et al., 2005). Two genes namely, lmo2085 (a putative peptidoglycan bound 

protein) and lmo1078 (a putative UDP-glucose phosphorylase) responsible for cell 
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envelope modifications have been involved in salt stress response (Chassaing and 

Auvray, 2007; Utratna et al., 2011). Recently, transposon mutagenesis study 

identified effect of osmotic shock on a growth of L. monocutogenes lstC gene 

deletion mutant (Burall et al., 2015), however, the exact function of the lstC gene is 

unknown. In another study, Δlmo0501 showed alteration in a growth of L. 

monocytogenes under osmotic stress (Michel et al., 2011). A guanosine tetra/penta-

phosphate [(p)ppGpp] synthetase known to be important under various 

environmental conditions, the appropriate concentration of (p)ppGpp inside the cell 

is needed for osmotolerance (Okada et al., 2002; Braeken et al., 2006). So many 

researchers have characterized different candidate genes involved in osmotic stress 

response of L. monocytogenes by proteomic (Abram et al., 2008; Melo et al., 2013a, 

2013b; Pittman et al., 2014), transcriptional (Bae et al., 2012; Bergholz et al., 2012; 

Durack et al., 2013; Ribeiro et al., 2014) and mutagenesis studies (Burall et al., 

2012; Gardan et al., 2003). Still, further functional characterization of these genes is 

needed to clarify their exact role in the osmotic stress response of L. monocytogenes. 

Most of such studies are performed with standard strains or few field strains and that 

to mostly at moderate conditions. Scanty studies are available considering variation 

in response of large number of strains and least of them are available with attempt of 

correlation of stress response with serotype and/or diverse origin within large 

number of strains (Shabala et al., 2008; van der Veen et al., 2008; Durack et al., 

2013). The variable stress response analysis of strains from diverse sources needs to 

be characterized for assessment of the presence of widely disseminated strain type 

(serotype/origin). The further characterization of dominant strains will give insights 

for designing of better control measures. 
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2.2.8 Acid stress adaptation 

Acid stress is combined biological effect of low pH and weak acids present in 

the environment (Liu, 2008). Lowering the pH of the foods for prevention from 

spoilage as well as pathogenic microorganisms is one of the widely used methods. 

The pH of the food can generally drop by two methods; the first method is 

acidification of the food by direct addition of edible acids or acidic compounds to 

the foods and second method is fermentation (Alvarez-Ordóñez et al., 2015). Food 

borne pathogens need to combat with acidic environmental stress at various stages.   

Many bacteria have evolved in response to such changing environmental conditions 

with adaptive strategies to ensure their survival in inhospitable niches. L. 

monocytogenes is well-known acid stress tolerant among the major foodborne 

pathogens (Cotter and Hill, 2003; Rando and Verstrepen, 2007; Metselaar et al., 

2013). There are three main mechanisms of acidic stress tolerance followed in 

foodborne pathogens; actions of enzymes involved in raising of intracellular pH by 

upgrading the amino acids breakdown and proton pump (proton efflux), acid shock 

proteins (ASPs) responsible for protecting and repairing proteins and DNA, and 

modifications in the composition of cell membranes (Alvarez-Ordonez et al., 2011; 

2012). After exposure of L. monocytogenes to the acidic environment, there is the 

increase in the concentration of straight chain fatty acids and reduction of branched 

chain fatty acids in the membranes. This compositional change is achieved to 

comprise cellular proton permeability (Giotis et al., 2007). The acceleration of 

electron transfer through increased oxidation-reduction potential has been reported 

as one of the possible mechanisms used by bacteria to cope up with acid stress. In L. 

monocytogenes cells the adaptation to the low pH stress is triggered by 

dehydrogenases (GuaB, PDuQ and Lmo0560), reductases (YegT) and respiratory 
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enzymes, which includes the active cellular proton flow (Phan-Thanh et al., 2006). 

L. monocytogenes maintains the intracellular pH by expelling protons from cytosol 

via F0F1-ATPase proton pump mechanism (Merrell and Camilli, 2002). The 

glutamate decarboxylase system is well characterized acid stress adaptation 

mechanism in L. monocytogenes and plays a very important role in the survival and 

adaption to the low pH environments. L. monocytogenes fails to survive in the acidic 

environment when mutants of the gadA, gadB and gadC genes were constructed, 

which are involved in glutamate decarboxylase metabolism pathways (Merrell and 

Camilli, 2002; Wemekamp-Kamphuis et al., 2004; Cotter et al., 2005; Feehily and 

Karatzas 2013; Feehily et al., 2014). There is arginine deiminase (ADI) system in L. 

monocytogenes comprised of three enzymes, namely arginine deiminase (ADI), 

catabolic ornithine carbamoyl transferase (cOTC) and carbamate kinase (CK) (Ryan 

et al., 2008; Smith et al., 2012). These three enzymes are encoded by arcA, arcB and 

arcC, respectively. This system converts arginine into ornithine, NH3, CO2 and ATP. 

Ornithine transferred out of the cell in exchange of arginine and this process in 

conducted by the transporter encoded by arcD (Fulde et al., 2014). The ammonia 

produces in this reactions takes another proton to form NH4
+
. This results in the 

increase of cytoplasmic pH and helps bacteria to maintain intracellular pH under 

extracellular acidic environment. The negative effect on the lifetime in argR and 

arcA deletion mutant of L. monocytogenes is observed under low pH stress (Ryan et 

al., 2009; Cheng et al., 2013; Cheng et al., 2017).  Involvement of lmo0038 has also 

been observed in low pH stress response of L. monocytogenes (Chen et al., 2009). 

Madeo et al. (2011) demonstrated that thiamine played an important part in the acid 

resistance mechanisms of L. monocytogenes. They showed that thiamine depleted 

cultures affected significantly under acid stress than that of thiamine sufficient 
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cultures. Following the transposon based mutagenesis studies, it is hypothesized that 

cells failed to produce acetoin without thiamine, where acetoin is a proton-

consuming compound acquired from pyruvate, which is important for pH 

homeostasis.  It has been also observed that HtrA system and LisRK system play a 

significant role in the stress response of L. monocytogenes. The experimental 

deletion of lisRK gene encoding the system of two component signal transmission 

showed the increased sensitivity to the acid stress (Merrell and Camilli, 2002; 

Wonderling et al., 2004; Sleator and Hill, 2005). Transcriptomic analysis of L. 

monocytogenes under low pH stress  showed changes in the expressions of genes 

related to protection from oxidative stress, DNA repair, structural modulations in 

cell wall as well as  induction of genes of cofactors and fatty acid biosynthesis, and 

activation of δB, prfA, hrcA and ctsR regulons (Bowman et al., 2010). A ribosomal 

protein S21 encoded by rpsU found to be responsible for variation in the acid stress 

response of different L. monocytogenes (Metselaar et al., 2015). Recent studies 

reported the role of NmlRlm regulator in L. monocytogenes in survival at highly 

acidic environments (Supa-amornkul et al., 2016). Many researchers have studied 

the acid stress response in L. monocytogenes and it has been observed that microbial 

population is not isogenic showing resistant variants for stresses. So it is important 

to understand the variation in stress response of L. monocytogenes strains from 

diverse sources with different subtypes. There is need to understand the phenotypic 

and genotypic differences in stress response. This will help to emphasize the 

diversity of stress resistance in L. monocytogenes and to identify stable resistant 

dominance of particular subtype in unsuitable niches (Metselaar et al., 2015).  
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2.2.9 Alkaline Stress adaptation 

 The alkaline cleaners and sanitizers are used widely in food processing plants 

and food service industry. The foodborne pathogens may get exposed to alkaline 

stress at variety of pre and post-processing stages in food processing environments. 

Strongly alkaline cleaners are being used to clean the surfaces and/or equipments in 

meat processing industry (Marriott and Gravani 2006).  Several different type of 

sanitizers used in food processing plants have alkaline pH, such as quaternary 

ammonium salts. Benzalkonium chloride and Cetrimide are among these widespread 

sanitizers (Sharma et al., 2003). Generally Chlorine compounds are used extensively 

for cleaning in the food industry. Many alkaline sanitizers are used to be applied 

directly on food and have varying success rate in killing target microorganisms 

(Fonseca, 2006). A commercial washing aid containing water, oleic acid, glycerol, 

ethanol, potassium hydroxide, sodium bicarbonate, citric acid, and distilled grape 

fruit oil found to be reducing Salmonella count significantly as compare to water 

control, when applied on tomatoes (Harris et al., 2001). These different types of 

sanitizers have been employed to kill L. monocytogenes and other bacterial load in 

food facilities, surfaces coming in contact with raw/finished food products and raw 

food surface itself (Somers & Wong 2004; Nakamura et al., 2013). A proper and 

recommended use of disinfectants should inhibit the food borne pathogens, but the 

failure of these procedures has been observed. There are some factors such as 

inadequate cleaning and faulty disinfection procedures, food debris, biofilm 

formation, dosage failure or most importantly, acquired resistance characters 

responsible for a significant reduction of the efficacy of disinfection procedures 

(Müller et al., 2013). The repeated exposure to the sub-optimal concentrations of 

these disinfectants induces the resistance in the pathogens like L. monocytogenes (To 
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et al., 2002). Giotis et al. (2008) reported that the pre-exposure of L. monocytoges to 

pH 9.5 for 1h enhanced the survival to lethal alkaline pH 12.0. Another study by 

Zang et al. (2011) reported that the pre-exposure to pH 9.0 for 30 min. enhanced 

resistance of L. monocytogenes to the sub-lethal concentration of bile salt. Many 

researchers have reported resistance of L. monocytogenes to the alkaline 

disinfectants mainly used in food industries such as benzalkonium chloride 

(Romanova et al., 2006; Mullapudi et al., 2008; Ratani et al., 2012; Nakamura et al., 

2013). Alkaline stress resistant strains have been isolated from many foods and food 

processing facilities; such as turkey processing plants (Mullapudi et al. 2008), dairy 

products, vegetables (Popowska et al. 2006) and cold smoked fish (Soumet et al. 

2005). L. monocytogenes has an important property of extruding toxic ions of ionic 

disinfectants such as benzalkonium chloride (Moorman et al. 2005). This 

development of resistance to hardened alkaline conditions after exposure to mild 

alkali stress and contributing failure of removal of L. monocytogenes has increased 

the concerns (Sharma et al., 2003; Giotis et al., 2008). L. monocytogenes has been 

observed to be developing higher proportion of branched chain fatty acids; which 

includes more of anteiso forms and this is important for adaptation to adverse pH 

(Giotis et al., 2007). There are four broad categories of alkali stress adaptation, (i) 

increased metabolic acids production by deamination which helps in pH homeostasis 

(ii) ATP synthase activity coupled with H
+
 entry to ATP generation is increased 

under alkaline stress (iii) alteration in the cell surface properties (iv) increased 

expression and activity of the monovalent cation/proton antiporters (Padan et al., 

2005; Giotis et al., 2010). A proteomic study (Giotis et al., 2008) reported the 

repression of a large number of proteins along with induction of 8 novel proteins 

under alkaline stress using L. monocytogenes 10403S strain. In exoproteome study 
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of persistent L. monocytogenes revealed up-regulation of four proteins suggested to 

be linked to the stress response: The membrane anchored lipoprotein Lmo2637; 

AA3-600 quinol oxidase (qoxA); formate tetrahydrofolase ligase (lmo1877) and the 

NADPH dehydrogenase (namA) (Rychli et al., 2016). The transposon based 

mutagenesis study in L. monocytogenes LO28 reported 12 mutants sensitive to 

alkaline stress. The identification of these mutation targets found to be putative 

genes (Gardan et al., 2003). A microarray analysis reported differential expression 

of total 390 genes. These genes involved in encoding for multiple metabolic 

pathways (including those associated with Na
+
-H

+
 antiporters), ATP-binding 

cassette transporters of functional compatible solutes, motility and the sigB 

controlled stress resistance network and virulence-associated factors. It is also 

stimulating L. monocytogenes chaperones such as dnaK and groEL (Giotis et al., 

2010; Kocaman and Sarimehmetoglu, 2016). Compared to acid, osmotic and 

temperature stress, alkali stress adaptations in L. monocytogenes have not received 

much attention. However, alkaline stress is still one of the most important stresses 

need to be studied; as L. monocytogenes gets encountered to such stress very 

frequently, due to extensive use of alkaline agents to clean and/or sanitize food 

facilities, food contact surfaces and even raw food surfaces also (Shen et al., 2016).  

2.2.10 Cold stress adaptation 

 The modern food industry aims to reduce the use of food preservative or 

preservative treatment to increase the shelf life of food.  Refrigeration is very 

common and widespread method used in food industry for storage, in processing, 

and for transportation, as it is a common hurdle in microbial growth. Although 

refrigeration or cold storage are effective measures to inhibit many foodborne 

pathogens, this method has found to be ineffective in the case of L. monocytogenes 
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(Tasara and Stephan 2006; Melo et al., 2015; Cordero et al., 2016). Listeria faces 

different forms of cold stress challenges at various stages of food processing and 

storage and needs to come up with the response of effective molecular strategies for 

survival, adaptation, and proliferation. Cold stress affects several cellular events 

such as slowdown of metabolic processes, alteration in membrane fluidity by 

changes in lipid bilayer composition, which comprises cell membrane associated 

functions (Tasara and Stephan, 2006; Chan et al., 2007; Bajerski et al., 2017). After 

exposure to the low-temperature stress, bacteria pass through two stages, namely 

acclimation (cell arrest) and adaptation (Barria et al., 2013). In a case of L. 

monocytogenes various researchers have evaluated different mechanisms behind 

acclimation and growth at low temperature (Chan and Wiedmann, 2008; Soni et al., 

2011; Durack et al., 2013; Hingston et al., 2017). As exposure to the low 

temperatures decreases the metabolic rate; in response, bacteria modulates the gene 

expression pattern towards stabilizing cells and fitness under low-temperature stress. 

These changes in gene expression also induces the several modifications, including 

membrane composition (Mastronicolis et al., 2006; Yoon et al., 2015; Hingston et 

al., 2017), cold shock proteins synthesis (Thieringer et al., 1998; Schmid et al., 

2009; Chaikam and Karlson, 2010) and transporters synthesis facilitating uptake of 

osmolytes that act as cryoprotectants (Angelidis and Smith, 2003; Pittman et al., 

2014). The capacities to tolerate low-temperature stresses and existing mechanisms 

involved in the acclimation and adaptation phases suggests that L. monocytogenes 

have plasticity in genome events and transcriptional regulation (Bresolin et al., 

2008; Rantsiou et al., 2012; Durack et al., 2013). The DNA helicases and cold shock 

proteins play important role in growth of L. monocytogenes, especially cold shock 

proteins play important role in replication, transcription, and translation under low-
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temperature stress (Samara and Koutsoumanis et al., 2009). Out of these cold shock 

proteins, CspA and CspD have been confirmed as very necessary proteins for 

growth at low-temperature stress. The deletion mutants of these two proteins failed 

to grow under cold stress (Schmid et al., 2009). The lisR, lmo1172 and lmo1060 

genes are also found to be playing important role in survival of L. monocytogenes at 

low temperature (Chan et al., 2008). Moreover, lhkA, yycJ and yycF genes observed 

to be transcriptionally very active under cold stress (Liu et al., 2014). Cacace et al. 

(2010) studied the proteome of L. monocytogenes strain grown at 4°C and 

subsequently analyzed with Matrix Assisted Laser Desorption Ionization (MALDI).  

There was over-expression of total of 57 proteins in comparison with strain grown at 

37°C. The proteome showed increased synthesis of proteins linked to energy 

production, oxidative stress resistance, nutrient uptake, lipid synthesis, and protein 

synthesis and folding. Ctc is another general stress response protein found to be 

playing a vital role in low-temperature adaptation (Garden et al., 2003). The gene 

lmo1078 encoding for UDP glucose pyrophosphorylase proposed to promote cold 

adaptation. UDP glucose is essential for lipoteichoic acid production hence may 

have a role in the maintenance of structural integrity under cold stress (Chassaing 

and Auvray, 2007). Analysis of the metabolomes of L. monocytogenes strain 10403S 

at 8°C and 37°C revealed a total of 56 metabolites to be increased and 

concentrations of 8 metabolites to be decreased at 8°C as compared to 37°C (Singh 

et al., 2011). The metabolites with increased concentration at 8°C were amino acids, 

sugars, organic acids, urea cycle intermediates, polyamines, and different compatible 

solutes. The results of this study indicated that increased solute concentration in 

cytoplasm may be associated with cold stress adaptation in L. monocytogenes (Singh 

et al., 2011). Recently Miladi et al., (2017) demonstrated carnitine and betaine to act 
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as cryoprotectant and essential for rapid induction of the stress response under 

conditions like cold stress, typically encountered during food preservation. Till date, 

many studies have demonstrated that involvement of induction of cold stress 

proteins under cold stress as one of the main response mechanisms in L. 

monocytogenes (Durack et al., 2013). However, currently, limited knowledge is 

available about functional contribution of many proposed factors in alleviation of 

cold stress constraints at the molecular level. 

2.2.11 Diversity and Stress response  

 The recent advancements in sequencing technologies have made it 

easier and reliable to get a full picture of whole genome sequences (WGS) 

(Stasiewicz et al., 2015).  There are more than 100 complete WGS of L. 

monocytogenes strains available in Database Resources of the National Center for 

Biotechnology Information including standard strains of each serotype (NCBI 

database). The sequenced genomes ranges in the size of 2.84-3.24Mb, encode 2908 

to 3235 genes with approximately 89% of coding sequences.  L. monocytogenes 

genomes are conserved with maintaining high synteny in genetic organization and 

content (Hain et al., 2008; den Bakker et al., 2013; Barbuddhe et al., 2016).  No 

large genetic shifting or inversions have been observed in the genome and that could 

be due to a low number of Insertion Sequence (IS) elements (Buchrieser, 2007).  

However, some genetic variations have been observed within strains and serotypes; 

this indicates despite lower genetic differences possible phenotypic traits can vary 

(Nelson et al., 2004; Bécavin et al., 2014).  Some studies have revealed the presence 

and/or absence of specific genes restricted to serotypes and type strains (van der 

Veen et al., 2008; Burall et al., 2017). Genetic variations among strains and 

serotypes have showed the correlation with stress response to temperature (Bergholz 
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et al., 2010), acids, osmotic shock (van der Veen et al., 2008), bile salts (Barmpalia-

Davis et al., 2008) and detergents (Müller et al., 2013; Meier et al., 2017); also to 

pathogenesis or to motility (Grundling et al., 2005). In most of the previous 

research, there is a lack of linkage between stress tolerance pattern and serotype 

and/or origin of strains (Vialette et al., 2003; Lianou et al., 2006). Fewer studies are 

available which have attempted such linkage. Most of the studies available with such 

linkage demonstrations have attempted with a low number of strains; which again 

limits the diversity of strains under the study (Makariti et al., 2015; Metselaar et al., 

2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page | 33  
 

2.3 Materials and Methods  

2.3.1 Listeria monocytogenes strains   

A total of 104 Listeria monocytogenes strains were selected from the Indian 

Listeria Culture Collection (ILCC). The strains included in the study comprised of 

the strains isolated from different geographical regions of India and from diverse 

sources such as human as well as animal clinical cases (n=35), food processing and 

natural environment (n=28) and ready to eat (RTE) and raw foods (n=41) (Table 

2.1). All the strains were characterized previously biochemically and for their 

serogroups (Doumith et al., 2004). The L. monocytogenes strains selected were 

belonging to serogroup 4b, 4d, 4e (n= 58), serogroup 1/2a, 1/2c, 3a, 3c (n=34) and 

serogroup 1/2b, 3b, 4b, 4d, 4e (n=12); considering their importance in foodborne 

outbreaks (Buchrieser et al., 1993). All the strains were maintained at -80°C in brain 

heart infusion (BHI) broth (Himedia, India) with 15% sterile glycerol (v/v) 

(Himedia, India). 

2.3.2 Inocula preparation  

Listeria monocytogenes strains were cultured on PALCAM agar (Himedia, 

India) at 37°C for 24 h. A single colony for each strain was inoculated in 10 ml of 

BHI broth and incubated at 37°C for 18 h. The cell densities of overnight grown 

culture were approximately 10
9
 CFU/ml. The grown cultures were further diluted 

1:100 with fresh BHI broth and used for inoculation in microplates. 

2.3.3 Salt tolerance  

 Each strain was tested in duplicate for the salt tolerance in 96 well flat bottom 

microplates (GenAxy, India). BHI broth medium supplemented with additional 
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sodium chloride (Himedia, India) concentrations of 0.5%, 2.5%, 5%, 7.5%, 10% and 

12.5% were prepared. Each well (containing media 190μL) was inoculated with 

10μL of each diluted inocula. Plates were covered with sterile lid and then sealed 

with parafilm.  

The duplicate sets were included for each salt concentration in each 96 well 

flat bottom microplates and a set of three plates was prepared for each experimental 

set-up. The inoculated plates were incubated at 37°C and growth was followed at 

O.D. 600nm after 24 h, 48 h, and 72 h (Multiscan Ascent, Thermofisher, USA) and 

compared with two un-inoculated wells serving as negative controls. The purity of 

cultures was checked by cultivating on BHI agar at the end of the experiment. In 

case of Listeria monocytogenes, growth/no growth boundary limit is not an absolute 

cut-off point but it represents a region where the probability of rapid decrease in 

growth as conditions become more extreme (Pascual et al., 2001). Hence in this 

study stains showing continuous increment of O.D.600nm up to 72h at highest stress of 

each type were considered as highly stress tolerant. 

2.3.4 pH tolerance  

BHI broth was prepared with the pH range of 4.0 to 9.5 with the increments 

of 0.5 pH units. The pH of the medium was adjusted using 1N HCl (Merck, 

Germany) for acidic pH and 1N NaOH (Merck, Germany) for alkaline pH. Each 

well (containing media 190μL) was inoculated with 10μL of each diluted inoculants 

and were incubated at 37°C. The procedures were carried out as explained for salt 

tolerance experiments.  
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2.3.5 Low temperature tolerance  

The inocula of each L. monocytogenes strain were prepared as described 

earlier. Each strain was tested for its low temperature tolerance by inoculating in 

wells containing media 190μL for each strain in each 96 well flat bottom microplates 

in duplicate, and a set of three plates was prepared for each experimental set-up. In 

relation to refrigeration the temperature ranges mostly from 4°C to 6°C 

(refrigerators) and 10°C to 12°C (open chiller display units/ transport). This thermal 

range of 4°C to 12°C is generally in practice domestically and industrially. The 

plates were incubated at 4°C, 10°C, 18°C, 24°C and 30°C. The further observation 

procedures were carried as explained for salt tolerance experiments. 

Table 2.1: List of Listeria monocytogenes strains from Indian Listeria Culture 

Collection (ILCC) used in this study   

ILCC ID PCR serogrouping Source Year of 

Isolation 

ILCC001 4b, 4d, 4e Food 2006 

ILCC003 4b, 4d, 4e Animal 2001 

ILCC004 4b, 4d, 4e Animal 2001 

ILCC006 4b, 4d, 4e Animal 2001 

ILCC007 4b, 4d, 4e Food 2007 

ILCC010 4b, 4d, 4e Food 2007 

ILCC012 4b, 4d, 4e Food 2007 

ILCC013 4b, 4d, 4e Food 2007 

ILCC014 4b, 4d, 4e Food 2007 

ILCC015 4b, 4d, 4e Animal 2001 

ILCC016 4b, 4d, 4e Animal 2006 

ILCC017 4b, 4d, 4e Human 2009 

ILCC022 4b, 4d, 4e Animal 2001 

ILCC025 4b, 4d, 4e Animal 2006 

ILCC026 4b, 4d, 4e Human 2006 

ILCC028 4b, 4d, 4e Human 2006 

ILCC029 1/2b, 3b, 4b, 4d, 4e Human 2006 

ILCC032 4b, 4d, 4e Human 2006 

ILCC035 4b, 4d, 4e Human 2009 

ILCC036 4b, 4d, 4e Human 2005 

ILCC037 4b, 4d, 4e Human 2005 

ILCC038 4b, 4d, 4e Human 2005 
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ILCC040a 4b, 4d, 4e Animal 2001 

ILCC042 4b, 4d, 4e Animal 2006 

ILCC043 4b, 4d, 4e Animal 2006 

ILCC045 4b, 4d, 4e Animal 2007 

ILCC051a 1/2a, 1/2c, 3a, 3c Animal 2002 

ILCC142 4b, 4d, 4e Human 2005 

ILCC145a 4b, 4d, 4e Animal 2005 

ILCC146 4b, 4d, 4e Animal 2005 

ILCC148 1/2a, 1/2c, 3a, 3c Animal 2005 

ILCC149a 4b, 4d, 4e Animal 2005 

ILCC150a 4b, 4d, 4e Animal 2005 

ILCC152 1/2a, 1/2c, 3a, 3c Food 2004 

ILCC158 4b, 4d, 4e Food 2006 

ILCC161 4b, 4d, 4e Food 2006 

ILCC171 4b, 4d, 4e Animal 2006 

ILCC173 4b, 4d, 4e Animal 2006 

ILCC174a 1/2a, 1/2c, 3a, 3c Animal 2006 

ILCC175a 4b, 4d, 4e Environmental 2002 

ILCC176 4b, 4d, 4e Environmental 2002 

ILCC177a 4b, 4d, 4e Environmental 2002 

ILCC179 4b, 4d, 4e Environmental 2002 

ILCC183 4b, 4d, 4e Environmental 2002 

ILCC185 1/2a, 1/2c, 3a, 3c Food 2008 

ILCC187 4b, 4d, 4e Food 2008 

ILCC190 4b, 4d, 4e Food 2008 

ILCC192 1/2a, 1/2c, 3a, 3c Food 2008 

ILCC195 4b, 4d, 4e Food 2008 

ILCC196a 1/2a, 1/2c, 3a, 3c Food 2005 

ILCC264 4b, 4d, 4e Food 2008 

ILCC265 4b, 4d, 4e Food 2008 

ILCC266 4b, 4d, 4e Food 2008 

ILCC267 4b, 4d, 4e Food 2008 

ILCC269 4b, 4d, 4e Food 2008 

ILCC270 4b, 4d, 4e Food 2008 

ILCC272 4b, 4d, 4e Food 2008 

ILCC273 4b, 4d, 4e Food 2008 

ILCC274 4b, 4d, 4e Food 2008 

ILCC276 4b, 4d, 4e Animal 2001 

ILCC277 4b, 4d, 4e Food 2008 

ILCC279 4b, 4d, 4e Food 2008 

ILCC285 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC289 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC293 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC297 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC298 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC301a 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC302a 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC303a 1/2b, 3b, 4b, 4d, 4e Food 2004 

Continued… 
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ILCC304a 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC305 1/2b, 3b, 4b, 4d, 4e Food 2004 

ILCC312 1/2a, 1/2c, 3a, 3c Food 2004 

ILCC317 1/2a, 1/2c, 3a, 3c Food 2007 

ILCC325 1/2a, 1/2c, 3a, 3c Food 2007 

ILCC373 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC374 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC375 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC376 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC377 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC378 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC479 4b, 4d, 4e Food 2008 

ILCC494 4b, 4d, 4e Animal 2006 

ILCC496 4b, 4d, 4e Environmental 2002 

ILCC521 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC529 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC530 1/2a, 1/2c, 3a, 3c Environmental 2010 

ILCC619 4b, 4d, 4e Human 2013 

ILCC622 1/2b, 3b, 4b, 4d, 4e Human 2013 

ILCC624 4b, 4d, 4e Human 2013 

ILCC629 1/2a, 1/2c, 3a, 3c Human 2013 

ILCC767 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC768 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC769 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC770 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC771 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC772 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC773 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC774 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC775 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC776 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC777 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC778 1/2a, 1/2c, 3a, 3c Environmental 2013 

ILCC779 1/2a, 1/2c, 3a, 3c Environmental 2013 

Continued… 
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2.4 Results and Discussion  

2.4.1 Tolerance to different salt concentrations  

Listeria monocytogenes, a ubiquitous pathogen, has been reported to survive 

in different harsh conditions. Because of its ability to adapt to adverse environmental 

conditions, control of L. monocytogenes in food processing facilities is difficult task 

(Gandhi and Chikindas, 2007).  

As food is major route of transmission, it is likely to assume the hypothesis 

that observed epidemiological trends are reflections of the better adaptive response 

and subsequent infection by particular subtypes of L. monocytogenes. To identify 

such subtypes it is required to study stress response of large number of strains from 

diverse sources. To design adequate mild processing methods that can help for 

ample inactivation of pathogens like L. monocytogenes, in sights of this bacterium 

with diversity in relation to stress resistance need to understand. This understanding 

will help to decide level of exposure to certain stresses or treatment for effective 

inactivation of L. monocytogenes.  

 Indian Listeria Culture Collection (ILCC) has a large collection of 

strains of Listeria that have been isolated from various sources and diverse 

geographical areas of India. Therefore, the present study was conducted to assess the 

innate capacity of L. monocytogenes, belonging to different serotypes and isolated 

from various sources, to tolerate food-related stresses. Furthermore, the study 

attempted to correlate the stress tolerant strains with a source of isolation and 

serogroups identifying dominant serogroup. 

It is well understood that L. monocytogenes have the extraordinary fitness to 

adapt diverse environmental conditions; including higher salinity, extreme pH and 
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colder temperatures. We analyzed a total of 104 strains isolated from clinical sources 

(n=35), food processing and natural environment (n=28) and RTE and raw foods 

(n=41) belonging to three epidemiologically significant serogroups 4b,4d,4e (n=58); 

serogroup1/2a,1/2c,3a,3c (n=34) and serogroup 1/2b,3b,4b,4d,4e (n=12) (Table 2.1). 

Strains exhibiting growth at 12.5% NaCl concentration were considered as ‘high’ 

stress tolerant (Table 2.2) (Makarti et al., 2015). Out of 104 strains studied a total of 

12 (11.5%) strains were found to be tolerant up to 12.5% high salt concentration 

followed by 65 (62.5%) strains tolerant to up to 10% salt concentration and all the 

strains showed tolerance up to 7.5% salt (Fig. 2.2a). Six (17.14%) strains from 

clinical cases, 5 (17.85%) from environmental sources and 2 (4.87%) from food 

were found to be tolerant to the high salt concentration. Salting is the indispensable 

method used in the manufacturing of many foods such as cheese types; it is also 

used as additive for flavoring and preservation (Lou and Yousef, 1997). The salt 

concentrations generally used in such procedures are inadequate for inhibiting the 

growth of L. monocytogenes. In this study, all test strains were assessed without any 

previous adaptive exposure to the any of these high salt concentrations. The results 

showed the innate high salt tolerance by L. monocytogenes strains. This capability of 

the pathogen may explain its ubiquitous nature through survival and adaptation to 

diverse environment from soil to a eukaryotic host with the capacity to tolerate 

hardy conditions (Freitag, 2009) and also supports the use of L. monocytogenes as a 

model for understanding the switching life as environmental bacterium to pathogen 

inside the human cell (Xayarath and Freitag, 2012). As percent tolerant strains from 

clinical and food sources are similar, and the percentage of strains from 

environmental sources is low, there was no any exact correlation observed for salt 

stress tolerance and source of isolation of the strains.  



Page | 40  
 

Table 2.2: Average turbidity (a measure of stress tolerance capability) of                

L. monocytogenes strains of different serogroups from diverse sources at highest 

stress of 10% and 12.5% salt (Color indication: Red-high stress tolerant).  

ILCC ID  Serogroup Source 10%   

  

12.5% 

      24h 48h 72h 24h 48h 72h 

ILCC001  4b, 4d, 4e  Food  0.008 0.004 0.006   0.007 0.007 0.005 

ILCC003  4b, 4d, 4e  Animal  0.009 0.016 0.015   0.006 0.008 0.008 

ILCC004  4b, 4d, 4e  Animal  0.207 0.471 0.581   0.006 0.007 0.004 

ILCC006  4b, 4d, 4e  Animal  0.005 0.010 0.009   0.005 0.007 0.005 

ILCC007  4b, 4d, 4e  Food  0.003 0.006 0.002   0.004 0.008 0.008 

ILCC010  4b, 4d, 4e  Food  0.172 0.359 0.514   0.006 0.007 0.004 

ILCC012  4b, 4d, 4e  Food  0.010 0.011 0.013   0.009 0.005 0.006 

ILCC013  4b, 4d, 4e  Food  0.008 0.007 0.007   0.009 0.007 0.004 

ILCC014  4b, 4d, 4e  Food  0.013 0.016 0.015   0.010 0.007 0.005 

ILCC015  4b, 4d, 4e  Animal  0.011 0.017 0.014   0.007 0.008 0.004 

ILCC016  4b, 4d, 4e  Animal  0.008 0.007 0.010   0.002 0.006 0.003 

ILCC017  4b, 4d, 4e  Human  0.256 0.459 0.561   0.005 0.005 0.013 

ILCC022  4b, 4d, 4e  Animal  0.376 0.567 0.782   0.096 0.275 0.325 

ILCC025  4b, 4d, 4e  Animal  0.193 0.343 0.534   0.003 0.004 0.009 

ILCC026  4b, 4d, 4e  Human  0.107 0.255 0.358   0.009 0.005 0.010 

ILCC028  4b, 4d, 4e  Human  0.251 0.482 0.594   0.003 0.004 0.007 

ILCC029  1/2b, 3b, 4b, 4d, 4e  Human  0.302 0.522 0.787   0.135 0.272 0.364 

ILCC032  4b, 4d, 4e  Human  0.163 0.264 0.456   0.003 0.005 0.002 

ILCC035  4b, 4d, 4e  Human  0.143 0.338 0.372   0.006 0.007 0.006 

ILCC036  4b, 4d, 4e  Human  0.185 0.322 0.496   0.003 0.006 0.008 

ILCC037  4b, 4d, 4e  Human  0.219 0.486 0.616   0.002 0.001 0.002 

ILCC038  4b, 4d, 4e  Human  0.102 0.345 0.564   0.005 0.005 0.008 

ILCC040a  4b, 4d, 4e  Animal  0.225 0.392 0.411   0.009 0.012 0.014 

ILCC042  4b, 4d, 4e  Animal  0.157 0.269 0.447   0.007 0.005 0.006 

ILCC043  4b, 4d, 4e  Animal  0.236 0.442 0.527   0.001 0.004 0.007 

ILCC045  4b, 4d, 4e  Animal  0.240 0.431 0.682   0.010 0.007 0.011 

ILCC051a  1/2a, 1/2c, 3a, 3c  Animal  0.264 0.412 0.597   0.007 0.002 0.004 

ILCC142  4b, 4d, 4e  Human  0.342 0.589 0.768   0.128 0.272 0.317 

ILCC145a  4b, 4d, 4e  Animal  0.349 0.522 0.714   0.117 0.237 0.308 

ILCC146  4b, 4d, 4e  Animal  0.301 0.510 0.695   0.007 0.004 0.009 

ILCC148  1/2a, 1/2c, 3a, 3c  Animal  0.013 0.006 0.005   0.008 0.004 0.007 

ILCC149a  4b, 4d, 4e  Animal  0.180 0.383 0.563   0.006 0.007 0.005 

ILCC150a  4b, 4d, 4e  Animal  0.241 0.317 0.528   0.005 0.005 0.006 

ILCC152  1/2a, 1/2c, 3a, 3c  Food  0.164 0.343 0.583   0.007 0.001 0.008 

ILCC158  4b, 4d, 4e  Food  0.241 0.419 0.602   0.007 0.004 0.009 

ILCC161  4b, 4d, 4e  Food  0.269 0.468 0.661   0.008 0.004 0.007 

ILCC171  4b, 4d, 4e  Animal  0.175 0.397 0.574   0.004 0.007 0.002 

ILCC173  4b, 4d, 4e  Animal  0.285 0.468 0.665   0.011 0.006 0.007 

ILCC174a  1/2a, 1/2c, 3a, 3c  Animal  0.343 0.519 0.647   0.118 0.271 0.309 

ILCC175a  4b, 4d, 4e  Environmental  0.361 0.569 0.719   0.124 0.295 0.315 

ILCC176  4b, 4d, 4e  Environmental  0.116 0.348 0.498   0.057 0.059 0.072 

ILCC177a  4b, 4d, 4e  Environmental  0.287 0.409 545   0.051 0.061 0.065 

ILCC179  4b, 4d, 4e  Environmental  0.174 0.272 0.426   0.062 0.065 0.055 

ILCC183  4b, 4d, 4e  Environmental  0.314 0.506 0.745   0.155 0.315 0.410 

ILCC185  1/2a, 1/2c, 3a, 3c  Food  0.285 0.398 0.547   0.053 0.061 0.069 

Continued… 
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ILCC187  4b, 4d, 4e  Food  0.318 0.576 0.716   0.041 0.065 0.065 

ILCC190  4b, 4d, 4e  Food  0.353 0.545 0.717   0.126 0.259 0.322 

ILCC192  1/2a, 1/2c, 3a, 3c  Food  0.244 0.463 0.595   0.050 0.061 0.065 

ILCC195  4b, 4d, 4e  Food  0.354 0.594 0.748   0.131 0.265 0.405 

ILCC196a  1/2a, 1/2c, 3a, 3c  Food  0.013 0.019 0.012   0.007 0.006 0.015 

ILCC264  4b, 4d, 4e  Food  0.011 0.016 0.007   0.013 0.018 0.005 

ILCC265  4b, 4d, 4e  Food  0.010 0.003 0.001   0.006 0.007 0.009 

ILCC266  4b, 4d, 4e  Food  0.33 0.516 0.602   0.007 0.006 0.004 

ILCC267  4b, 4d, 4e  Food  0.172 0.259 0.314   0.002 0.001 0.005 

ILCC269  4b, 4d, 4e  Food  0.011 0.015 0.004   0.004 0.003 0.004 

ILCC270  4b, 4d, 4e  Food  0.268 0.396 0.557   0.009 0.011 0.004 

ILCC272  4b, 4d, 4e  Food  0.113 0.356 0.586   0.007 0.002 0.004 

ILCC273  4b, 4d, 4e  Food  0.159 0.318 0.432   0.006 0.014 0.011 

ILCC274  4b, 4d, 4e  Food  0.254 0.423 0.569   0.017 0.008 0.006 

ILCC276  4b, 4d, 4e  Animal  0.016 0.009 0.005   0.001 0.005 0.004 

ILCC277  4b, 4d, 4e  Food  0.176 0.307 0.502   0.003 0.007 0.008 

ILCC279  4b, 4d, 4e  Food  0.293 0.443 0.534   0.005 0.008 0.007 

ILCC285  1/2b, 3b, 4b, 4d, 4e  Food  0.107 0.315 0.458   0.004 0.008 0.005 

ILCC289  1/2b, 3b, 4b, 4d, 4e  Food  0.012 0.005 0.004   0.011 0.003 0.006 

ILCC293  1/2b, 3b, 4b, 4d, 4e  Food  0.112 0.302 0.477   0.005 0.004 0.008 

ILCC297  1/2b, 3b, 4b, 4d, 4e  Food  0.011 0.004 0.006   0.009 0.003 0.002 

ILCC298  1/2b, 3b, 4b, 4d, 4e  Food  0.243 0.438 0.572   0.005 0.008 0.007 

ILCC301a  1/2b, 3b, 4b, 4d, 4e  Food  0.017 0.011 0.005   0.003 0.004 0.001 

ILCC302a  1/2b, 3b, 4b, 4d, 4e  Food  0.279 0.406 0.336   0.007 0.005 0.002 

ILCC303a  1/2b, 3b, 4b, 4d, 4e  Food  0.016 0.018 0.014   0.008 0.002 0.008 

ILCC304a  1/2b, 3b, 4b, 4d, 4e  Food  0.015 0.012 0.011   0.003 0.005 0.002 

ILCC305  1/2b, 3b, 4b, 4d, 4e  Food  0.157 0.269 0.347   0.009 0.006 0.005 

ILCC312  1/2a, 1/2c, 3a, 3c  Food  0.136 0.342 0.427   0.006 0.007 0.004 

ILCC317  1/2a, 1/2c, 3a, 3c  Food  0.214 0.303 0.542   0.007 0.011 0.009 

ILCC325  1/2a, 1/2c, 3a, 3c  Food  0.015 0.014 0.009   0.003 0.005 0.004 

ILCC373  1/2a, 1/2c, 3a, 3c  Environmental  0.362 0.529 0.692   0.113 0.223 0.325 

ILCC374  1/2a, 1/2c, 3a, 3c  Environmental  0.249 0.322 0.574   0.013 0.012 0.018 

ILCC375  1/2a, 1/2c, 3a, 3c  Environmental  0.391 0.562 0.715   0.138 0.264 0.344 

ILCC376  1/2a, 1/2c, 3a, 3c  Environmental  0.124 0.213 0.325   0.002 0.005 0.006 

ILCC377  1/2a, 1/2c, 3a, 3c  Environmental  0.318 0.543 0.679   0.110 0.218 0.314 

ILCC378  1/2a, 1/2c, 3a, 3c  Environmental  0.141 0.307 0.428   0.003 0.009 0.007 

ILCC479  4b, 4d, 4e  Food  0.216 0.443 0.583   0.013 0.006 0.007 

ILCC494  4b, 4d, 4e  Animal  0.114 0.299 0.402   0.007 0.005 0.004 

ILCC496  4b, 4d, 4e  Environmental  0.271 0.418 0.581   0.011 0.006 0.005 

ILCC521  1/2a, 1/2c, 3a, 3c  Environmental  0.175 0.387 0.574   0.006 0.003 0.007 

ILCC529  1/2a, 1/2c, 3a, 3c  Environmental  0.285 0.468 0.595   0.010 0.007 0.011 

ILCC530  1/2a, 1/2c, 3a, 3c  Environmental  0.211 0.438 0.581   0.009 0.012 0.008 

ILCC619  4b, 4d, 4e  Human  0.243 0.409 0.647   0.011 0.012 0.010 

ILCC622  1/2b, 3b, 4b, 4d, 4e  Human  0.356 0.548 0.788   0.119 0.266 0.352 

ILCC624  4b, 4d, 4e  Human  0.287 0.409 0.645   0.009 0.013 0.011 

ILCC629  1/2a, 1/2c, 3a, 3c  Human  0.274 0.392 0.572   0.007 0.004 0.007 

ILCC767  1/2a, 1/2c, 3a, 3c  Environmental  0.003 0.006 0.005   0.002 0.004 0.005 

ILCC768  1/2a, 1/2c, 3a, 3c  Environmental  0.185 0.298 0.347   0.004 0.005 0.007 

ILCC769  1/2a, 1/2c, 3a, 3c  Environmental  0.178 0.316 0.412   0.005 0.004 0.002 

ILCC770  1/2a, 1/2c, 3a, 3c  Environmental  0.013 0.005 0.007   0.003 0.004 0.002 
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ILCC771  1/2a, 1/2c, 3a, 3c  Environmental  0.014 0.003 0.005   0.001 0.003 0.001 

ILCC772  1/2a, 1/2c, 3a, 3c  Environmental  0.124 0.343 0.542   0.009 0.005 0.006 

ILCC773  1/2a, 1/2c, 3a, 3c  Environmental  0.010 0.003 0.005   0.003 0.002 0.004 

ILCC774  1/2a, 1/2c, 3a, 3c  Environmental  0.241 0.407 0.528   0.009 0.007 0.009 

ILCC775  1/2a, 1/2c, 3a, 3c  Environmental  0.116 0.343 0.383   0.006 0.009 0.010 

ILCC776  1/2a, 1/2c, 3a, 3c  Environmental  0.014 0.011 0.012   0.005 0.007 0.008 

ILCC777  1/2a, 1/2c, 3a, 3c  Environmental  0.185 0.302 0.396   0.003 0.011 0.018 

ILCC778  1/2a, 1/2c, 3a, 3c  Environmental  0.005 0.007 0.007   0.005 0.005 0.008 

ILCC779  1/2a, 1/2c, 3a, 3c  Environmental  0.206 0.395 0.464   0.005 0.003 0.004 

 

2.4.2 Tolerance to different pH  

Effect of diverse pH range (4.0 to 9.5 with an increment of 0.5 units) was 

studied on 104 strains of L. monocytogenes. The strains showing growth at pH ≤ 4.5 

or ≥ 9.0 were considered as ‘high’ stress tolerant (Makarti et al., 2015). A total of 26 

isolates were found to be tolerant to the extreme pH (acidic=13 and alkaline=13). 

Out of 104 strains tested 13 (12.5%) strains showed growth at pH 4.5, while, 76 

(73.07%) strains showed tolerance up to pH 5.0 (Table 2.3) and all strains were 

tolerant up to pH 5.5 (Fig. 2.2b). While, 13 (12.5%) strains showed tolerance at pH 

9.5 and 70 (67.3%) strains showed growth up to pH 9.0 (Table 2.4). All the strains 

showed the tolerance up to pH 8.5 (Fig. 2.2c). The tolerance exhibited by L. 

monocytogenes strains to the diverse pH range supported the earlier observations of 

incidence and persistence of the pathogen in different food processing facilities 

(Moorhead and Dyes 2004; Zang et al., 2011; Larsen et al., 2014) such as milk 

and/or cheese production facilities (Lomonaco et al., 2009; Doijad et al., 2015; 

Stessl et al., 2014), meat processing plants (Martin et al., 2011; Wang et al., 2015), 

seafood industry (Holch et al., 2013; Leong et al., 2014). This may partly explain 

the survival of the pathogen at extreme pH conditions in a host, like gastrointestinal 

environment (McClure et al., 1997). When considered with a source of isolation, 

seven (17.07%) strains from food showed tolerance to each acidic and alkaline pH. 

Continued… 
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Surprisingly, only 1 (3.57%) strain from environmental source found to be tolerant 

to acidic and alkaline pH stress. From clinical sources, 5(14.28%) strains showed 

high tolerance to acidic pH, while, 4 (11.42%) strains were tolerant to high alkaline 

pH. 

Table 2.3: Average turbidity (a measure of stress tolerance capability) of                

L. monocytogenes strains of different serogroups from diverse sources at highest 

stress of pH 5.0 and pH 4.5 (Color indication: Red-high stress tolerant).  

ILCC ID  Serogroup Source pH 5.0   pH 4.5 

      24h 48h 72h   24h 48h 72h 

ILCC001  4b, 4d, 4e  Food  0.328 0.598 0.797   0.122 0.291 0.317 

ILCC003  4b, 4d, 4e  Animal  0.208 0.429 0.579   0.009 0.003 0.004 

ILCC004  4b, 4d, 4e  Animal  0.215 0.465 0.598   0.005 0.011 0.007 

ILCC006  4b, 4d, 4e  Animal  0.010 0.009 0.009   0.009 0.002 0.004 

ILCC007  4b, 4d, 4e  Food  0.261 0.468 0.643   0.006 0.004 0.001 

ILCC010  4b, 4d, 4e  Food  0.141 0.288 0.458   0.007 0.001 0.006 

ILCC012  4b, 4d, 4e  Food  0.007 0.009 0.010   0.006 0.005 0.002 

ILCC013  4b, 4d, 4e  Food  0.194 0.355 0.466   0.003 0.007 0.008 

ILCC014  4b, 4d, 4e  Food  0.215 0.457 0.538   0.013 0.018 0.007 

ILCC015  4b, 4d, 4e  Animal  0.272 0.345 0.318   0.004 0.008 0.008 

ILCC016  4b, 4d, 4e  Animal  0.362 0.576 0.614   0.007 0.003 0.006 

ILCC017  4b, 4d, 4e  Human  0.067 0.056 0.218   0.005 0.004 0.008 

ILCC022  4b, 4d, 4e  Animal  0.422 0.668 0.821   0.159 0.313 0.342 

ILCC025  4b, 4d, 4e  Animal  0.148 0.272 0.424   0.015 0.018 0.017 

ILCC026  4b, 4d, 4e  Human  0.227 0.413 0.598   0.013 0.008 0.012 

ILCC028  4b, 4d, 4e  Human  0.139 0.251 0.456   0.007 0.005 0.002 

ILCC029  1/2b, 3b, 4b, 4d, 4e  Human  0.266 0.474 0.524   0.008 0.002 0.008 

ILCC032  4b, 4d, 4e  Human  0.356 0.511 0.692   0.143 0.285 0.312 

ILCC035  4b, 4d, 4e  Human  0.113 0.231 0.431   0.009 0.006 0.005 

ILCC036  4b, 4d, 4e  Human  0.214 0.393 0.341   0.006 0.007 0.004 

ILCC037  4b, 4d, 4e  Human  0.011 0.011 0.009   0.002 0.008 0.001 

ILCC038  4b, 4d, 4e  Human  0.231 0.434 0.351   0.008 0.009 0.009 

ILCC040a  4b, 4d, 4e  Animal  0.188 0.321 0.589   0.003 0.003 0.005 

ILCC042  4b, 4d, 4e  Animal  0.288 0.398 0.607   0.013 0.012 0.008 

ILCC043  4b, 4d, 4e  Animal  0.248 0.488 0.669   0.008 0.014 0.014 

ILCC045  4b, 4d, 4e  Animal  0.478 0.691 0.862   0.152 0.295 0.376 

ILCC051a  1/2a, 1/2c, 3a, 3c  Animal  0.142 0.298 0.472   0.003 0.008 0.004 

ILCC142  4b, 4d, 4e  Human  0.232 0.488 0.658   0.006 0.009 0.007 

ILCC145a  4b, 4d, 4e  Animal  0.209 0.379 0.436   0.005 0.003 0.001 

ILCC146  4b, 4d, 4e  Animal  0.179 0.312 0.472   0.007 0.011 0.004 

ILCC148  1/2a, 1/2c, 3a, 3c  Animal  0.103 0.253 0.499   0.006 0.006 0.004 

ILCC149a  4b, 4d, 4e  Animal  0.203 0.354 0.543   0.016 0.001 0.007 
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ILCC150a  4b, 4d, 4e  Animal  0.306 0.511 0.682   0.091 0.221 0.334 

ILCC152  1/2a, 1/2c, 3a, 3c  Food  0.212 0.381 0.484   0.009 0.012 0.008 

ILCC158  4b, 4d, 4e  Food  0.003 0.005 0.005   0.008 0.008 0.005 

ILCC161  4b, 4d, 4e  Food  0.344 0.547 0.743   0.119 0.236 0.332 

ILCC171  4b, 4d, 4e  Animal  0.206 0.403 0.584   0.015 0.013 0.001 

ILCC173  4b, 4d, 4e  Animal  0.203 0.383 0.565   0.003 0.004 0.007 

ILCC174a  1/2a, 1/2c, 3a, 3c  Animal  0.175 0.316 0.478   0.012 0.009 0.005 

ILCC175a  4b, 4d, 4e  Environmental  0.202 0.341 0.551   0.009 0.003 0.001 

ILCC176  4b, 4d, 4e  Environmental  0.173 0.332 0.484   0.004 0.014 0.006 

ILCC177a  4b, 4d, 4e  Environmental  0.276 0.372 0.485   0.005 0.004 0.007 

ILCC179  4b, 4d, 4e  Environmental  0.115 0.251 0.482   0.001 0.003 0.001 

ILCC183  4b, 4d, 4e  Environmental  0.193 0.336 0.582   0.003 0.005 0.006 

ILCC185  1/2a, 1/2c, 3a, 3c  Food  0.194 0.332 0.578   0.008 0.002 0.001 

ILCC187  4b, 4d, 4e  Food  0.365 0.616 0.869   0.161 0.287 0.409 

ILCC190  4b, 4d, 4e  Food  0.265 0.378 0.675   0.006 0.009 0.008 

ILCC192  1/2a, 1/2c, 3a, 3c  Food  0.143 0.282 0.486   0.004 0.007 0.008 

ILCC195  4b, 4d, 4e  Food  0.272 0.445 0.518   0.002 0.001 0.001 

ILCC196a  1/2a, 1/2c, 3a, 3c  Food  0.162 0.315 0.474   0.009 0.008 0.009 

ILCC264  4b, 4d, 4e  Food  0.267 0.356 0.518   0.009 0.006 0.007 

ILCC265  4b, 4d, 4e  Food  0.332 0.548 0.691   0.079 0.199 0.278 

ILCC266  4b, 4d, 4e  Food  0.248 0.372 0.424   0.006 0.006 0.001 

ILCC267  4b, 4d, 4e  Food  0.327 0.513 0.688   0.107 0.217 0.325 

ILCC269  4b, 4d, 4e  Food  0.316 0.507 0.671   0.093 0.210 0.322 

ILCC270  4b, 4d, 4e  Food  0.331 0.524 0.690   0.113 0.231 346 

ILCC272  4b, 4d, 4e  Food  0.156 0.311 0.492   0.003 0.009 0.002 

ILCC273  4b, 4d, 4e  Food  0.213 0.401 0.591   0.004 0.009 0.008 

ILCC274  4b, 4d, 4e  Food  0.194 0.323 0.501   0.007 0.003 0.008 

ILCC276  4b, 4d, 4e  Animal  0.276 0.407 0.612   0.005 0.007 0.002 

ILCC277  4b, 4d, 4e  Food  0.193 0.313 0.434   0.009 0.005 0.012 

ILCC279  4b, 4d, 4e  Food  0.207 0.405 0.588   0.005 0.009 0.005 

ILCC285  1/2b, 3b, 4b, 4d, 4e  Food  0.101 0.282 0.414   0.003 0.007 0.005 

ILCC289  1/2b, 3b, 4b, 4d, 4e  Food  0.002 0.002 0.007   0.007 0.001 0.001 

ILCC293  1/2b, 3b, 4b, 4d, 4e  Food  0.163 0.264 0.456   0.008 0.005 0.009 

ILCC297  1/2b, 3b, 4b, 4d, 4e  Food  0.143 0.258 0.432   0.003 0.003 0.006 

ILCC298  1/2b, 3b, 4b, 4d, 4e  Food  0.185 0.322 0.496   0.009 0.009 0.005 

ILCC301a  1/2b, 3b, 4b, 4d, 4e  Food  0.179 0.306 0.516   0.006 0.003 0.006 

ILCC302a  1/2b, 3b, 4b, 4d, 4e  Food  0.008 0.007 0.005   0.002 0.003 0.009 

ILCC303a  1/2b, 3b, 4b, 4d, 4e  Food  0.005 0.007 0.006   0.008 0.001 0.007 

ILCC304a  1/2b, 3b, 4b, 4d, 4e  Food  0.217 0.469 0.547   0.003 0.002 0.002 

ILCC305  1/2b, 3b, 4b, 4d, 4e  Food  0.012 0.007 0.008   0.003 0.004 0.001 

ILCC312  1/2a, 1/2c, 3a, 3c  Food  0.199 0.343 0.532   0.008 0.002 0.001 

ILCC317  1/2a, 1/2c, 3a, 3c  Food  0.164 0.312 0.487   0.002 0.003 0.005 

ILCC325  1/2a, 1/2c, 3a, 3c  Food  0.142 0.289 0.482   0.003 0.009 0.007 

ILCC373  1/2a, 1/2c, 3a, 3c  Environmental  0.149 0.302 0.474   0.003 0.005 0.004 

ILCC374  1/2a, 1/2c, 3a, 3c  Environmental  0.182 0.362 0.575   0.005 0.003 0.005 

ILCC375  1/2a, 1/2c, 3a, 3c  Environmental  0.325 0.543 0.702   0.114 0.253 0.344 

ILCC376  1/2a, 1/2c, 3a, 3c  Environmental  0.118 0.223 0.425   0.006 0.002 0.004 

ILCC377  1/2a, 1/2c, 3a, 3c  Environmental  0.141 0.297 0.484   0.006 0.009 0.002 
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ILCC378  1/2a, 1/2c, 3a, 3c  Environmental  0.181 0.258 0.458   0.001 0.008 0.004 

ILCC479  4b, 4d, 4e  Food  0.218 0.462 0.611   0.011 0.009 0.010 

ILCC494  4b, 4d, 4e  Animal  0.266 0.488 0.654   0.008 0.002 0.003 

ILCC496  4b, 4d, 4e  Environmental  0.199 0.323 0.545   0.009 0.006 0.006 

ILCC521  1/2a, 1/2c, 3a, 3c  Environmental  0.196 0.317 0.493   0.005 0.009 0.007 

ILCC529  1/2a, 1/2c, 3a, 3c  Environmental  0.216 0.342 0.566   0.003 0.005 0.002 

ILCC530  1/2a, 1/2c, 3a, 3c  Environmental  0.161 0.441 0.431   0.002 0.009 0.001 

ILCC619  4b, 4d, 4e  Human  0.274 0.471 0.568   0.009 0.003 0.002 

ILCC622  1/2b, 3b, 4b, 4d, 4e  Human  0.247 0.408 0.534   0.004 0.008 0.004 

ILCC624  4b, 4d, 4e  Human  0.313 0.505 0.712   0.085 0.252 0.368 

ILCC629  1/2a, 1/2c, 3a, 3c  Human  0.196 0.239 0.373   0.001 0.003 0.002 

ILCC767  1/2a, 1/2c, 3a, 3c  Environmental  0.142 0.319 0.489   0.009 0.002 0.008 

ILCC768  1/2a, 1/2c, 3a, 3c  Environmental  0.005 0.006 0.005   0.008 0.005 0.003 

ILCC769  1/2a, 1/2c, 3a, 3c  Environmental  0.205 0.412 0.557   0.001 0.008 0.008 

ILCC770  1/2a, 1/2c, 3a, 3c  Environmental  0.011 0.005 0.007   0.006 0.008 0.005 

ILCC771  1/2a, 1/2c, 3a, 3c  Environmental  0.004 0.005 0.007   0.004 0.001 0.005 

ILCC772  1/2a, 1/2c, 3a, 3c  Environmental  0.258 0.434 0.605   0.005 0.004 0.007 

ILCC773  1/2a, 1/2c, 3a, 3c  Environmental  0.207 0.418 0.569   0.001 0.003 0.001 

ILCC774  1/2a, 1/2c, 3a, 3c  Environmental  0.143 0.313 0.491   0.009 0.005 0.006 

ILCC775  1/2a, 1/2c, 3a, 3c  Environmental  0.179 0.328 0.525   0.008 0.012 0.006 

ILCC776  1/2a, 1/2c, 3a, 3c  Environmental  0.243 0.371 0.603   0.001 0.007 0.009 

ILCC777  1/2a, 1/2c, 3a, 3c  Environmental  0.013 0.009 0.009   0.006 0.009 0.008 

ILCC778  1/2a, 1/2c, 3a, 3c  Environmental  0.006 0.007 0.005   0.004 0.007 0.008 

ILCC779  1/2a, 1/2c, 3a, 3c  Environmental  0.002 0.003 0.003   0.002 0.001 0.001 

 

Table 2.4: Average turbidity (a measure of stress tolerance capability) of                

L. monocytogenes strains of different serogroups from diverse sources at highest 

stress of pH 9.0 and pH 9.5 (Color indication: Red-high stress tolerant).  

ILCC ID  Serogroup Source pH 9.0   pH 9.5 

      24h 48h 72h   24h 48h 72h 

ILCC001  4b, 4d, 4e  Food  0.169 0.203 0.361   0.082 0.129 0.261 

ILCC003  4b, 4d, 4e  Animal  0.107 0.197 0.264   0.003 0.005 0.005 

ILCC004  4b, 4d, 4e  Animal  0.171 0.256 0.306   0.002 0.004 0.005 

ILCC006  4b, 4d, 4e  Animal  0.005 0.003 0.007   0.005 0.005 0.007 

ILCC007  4b, 4d, 4e  Food  0.006 0.006 0.007   0.006 0.006 0.001 

ILCC010  4b, 4d, 4e  Food  0.164 0.268 0.322   0.007 0.007 0.005 

ILCC012  4b, 4d, 4e  Food  0.004 0.005 0.002   0.006 0.003 0.002 

ILCC013  4b, 4d, 4e  Food  0.168 0.207 0.291   0.003 0.001 0.006 

ILCC014  4b, 4d, 4e  Food  0.202 0.295 0.371   0.003 0.009 0.002 

ILCC015  4b, 4d, 4e  Animal  0.156 0.247 0.316   0.004 0.001 0.005 

ILCC016  4b, 4d, 4e  Animal  0.162 0.231 0.306   0.007 0.003 0.005 

ILCC017  4b, 4d, 4e  Human  0.002 0.007 0.007   0.005 0.007 0.002 

ILCC022  4b, 4d, 4e  Animal  0.095 0.181 0.276   0.002 0.0002 0.001 

ILCC025  4b, 4d, 4e  Animal  0.082 0.197 0.259   0.005 0.004 0.005 

ILCC026  4b, 4d, 4e  Human  0.177 0.281 0.387   0.103 0.167 0.251 

ILCC028  4b, 4d, 4e  Human  0.105 0.162 0.204   0.007 0.005 0.004 

ILCC029  1/2b, 3b, 4b, 4d, 4e  Human  0.116 0.184 0.237   0.006 0.005 0.009 
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ILCC032  4b, 4d, 4e  Human  0.106 0.176 0.268   0.003 0.003 0.006 

ILCC035  4b, 4d, 4e  Human  0.115 0.172 0.266   0.005 0.003 0.005 

ILCC036  4b, 4d, 4e  Human  0.101 0.161 0.209   0.006 0.003 0.006 

ILCC037  4b, 4d, 4e  Human  0.009 0.001 0.004   0.002 0.003 0.009 

ILCC038  4b, 4d, 4e  Human  0.117 0.168 0.213   0.006 0.005 0.007 

ILCC040a  4b, 4d, 4e  Animal  0.088 0.159 0.201   0.003 0.002 0.002 

ILCC042  4b, 4d, 4e  Animal  0.102 0.162 0.231   0.003 0.004 0.001 

ILCC043  4b, 4d, 4e  Animal  0.083 0.158 0.217   0.005 0.002 0.001 

ILCC045  4b, 4d, 4e  Animal  0.193 0.261 0.359   0.102 0.212 0.302 

ILCC051a  1/2a, 1/2c, 3a, 3c  Animal  0.083 0.164 0.239   0.003 0.004 0.007 

ILCC142  4b, 4d, 4e  Human  0.127 0.218 0.279   0.003 0.003 0.005 

ILCC145a  4b, 4d, 4e  Animal  0.106 0.196 0.311   0.083 0.193 0.296 

ILCC146  4b, 4d, 4e  Animal  0.076 0.159 0.227   0.007 0.003 0.004 

ILCC148  1/2a, 1/2c, 3a, 3c  Animal  0.121 0.202 0.253   0.006 0.002 0.004 

ILCC149a  4b, 4d, 4e  Animal  0.109 0.158 0.215   0.006 0.009 0.002 

ILCC150a  4b, 4d, 4e  Animal  0.088 0.127 0.203   0.001 0.004 0.004 

ILCC152  1/2a, 1/2c, 3a, 3c  Food  0.065 0.112 0.196   0.009 0.006 0.002 

ILCC158  4b, 4d, 4e  Food  0.002 0.006 0.007   0.008 0.002 0.003 

ILCC161  4b, 4d, 4e  Food  0.114 0.205 0.276   0.009 0.006 0.006 

ILCC171  4b, 4d, 4e  Animal  0.073 0.159 0.203   0.005 0.005 0.009 

ILCC173  4b, 4d, 4e  Animal  0.071 0.162 0.217   0.003 0.005 0.002 

ILCC174a  1/2a, 1/2c, 3a, 3c  Animal  0.103 0.208 0.343   0.102 0.189 0.231 

ILCC175a  4b, 4d, 4e  Environmental  0.078 0.155 0.199   0.009 0.003 0.002 

ILCC176  4b, 4d, 4e  Environmental  0.073 0.150 0.191   0.004 0.006 0.004 

ILCC177a  4b, 4d, 4e  Environmental  0.101 0.158 0.203   0.005 0.002 0.008 

ILCC179  4b, 4d, 4e  Environmental  0.071 0.128 0.185   0.001 0.003 0.003 

ILCC183  4b, 4d, 4e  Environmental  0.164 0.259 0.388   0.119 0.212 0.308 

ILCC185  1/2a, 1/2c, 3a, 3c  Food  0.077 0.124 0.188   0.008 0.005 0.003 

ILCC187  4b, 4d, 4e  Food  0.171 0.262 0.414   0.131 0.258 0.328 

ILCC190  4b, 4d, 4e  Food  0.102 0.186 0.246   0.006 0.008 0.005 

ILCC192  1/2a, 1/2c, 3a, 3c  Food  0.106 0.192 0.257   0.004 0.001 0.005 

ILCC195  4b, 4d, 4e  Food  0.169 0.263 0.311   0.002 0.001 0.001 

ILCC196a  1/2a, 1/2c, 3a, 3c  Food  0.117 0.167 0.264   0.007 0.008 0.007 

ILCC264  4b, 4d, 4e  Food  0.171 0.256 0.316   0.004 0.005 0.001 

ILCC265  4b, 4d, 4e  Food  0.128 0.193 0.307   0.007 0.005 0.007 

ILCC266  4b, 4d, 4e  Food  0.116 0.186 0.277   0.006 0.006 0.001 

ILCC267  4b, 4d, 4e  Food  0.164 0.228 0.342   0.098 0.207 0.311 

ILCC269  4b, 4d, 4e  Food  0.154 0.215 0.336   0.086 0.193 0.301 

ILCC270  4b, 4d, 4e  Food  0.128 0.217 0.340   0.073 0.171 0.286 

ILCC272  4b, 4d, 4e  Food  0.152 0.225 0.310   0.003 0.006 0.002 

ILCC273  4b, 4d, 4e  Food  0.110 0.207 0.289   0.004 0.006 0.005 

ILCC274  4b, 4d, 4e  Food  0.162 0.257 0.316   0.005 0.003 0.005 

ILCC276  4b, 4d, 4e  Animal  0.122 0.079 0.057   0.005 0.005 0.002 

ILCC277  4b, 4d, 4e  Food  0.001 0.001 0.006   0.005 0.008 0.002 

ILCC279  4b, 4d, 4e  Food  0.102 0.07 0.059   0.003 0.002 0.005 

ILCC285  1/2b, 3b, 4b, 4d, 4e  Food  0.107 0.217 0.357   0.083 0.181 0.295 

ILCC289  1/2b, 3b, 4b, 4d, 4e  Food  0.005 0.002 0.004   0.007 0.001 0.001 

ILCC293  1/2b, 3b, 4b, 4d, 4e  Food  0.086 0.174 0.287   0.005 0.375 0.119 
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ILCC297  1/2b, 3b, 4b, 4d, 4e  Food  0.116 0.236 0.371   0.083 0.186 0.276 

ILCC298  1/2b, 3b, 4b, 4d, 4e  Food  0.095 0.172 0.256   0.002 0.003 0.001 

ILCC301a  1/2b, 3b, 4b, 4d, 4e  Food  0.090 0.161 0.249   0.006 0.003 0.006 

ILCC302a  1/2b, 3b, 4b, 4d, 4e  Food  0.009 0.001 0.004   0.002 0.003 0.009 

ILCC303a  1/2b, 3b, 4b, 4d, 4e  Food  0.007 0.008 0.003   0.008 0.005 0.007 

ILCC304a  1/2b, 3b, 4b, 4d, 4e  Food  0.088 0.159 0.271   0.003 0.002 0.002 

ILCC305  1/2b, 3b, 4b, 4d, 4e  Food  0.002 0.002 0.001   0.003 0.004 0.001 

ILCC312  1/2a, 1/2c, 3a, 3c  Food  0.083 0.158 0.237   0.008 0.002 0.005 

ILCC317  1/2a, 1/2c, 3a, 3c  Food  0.103 0.161 0.249   0.002 0.002 0.003 

ILCC325  1/2a, 1/2c, 3a, 3c  Food  0.083 0.144 0.240   0.003 0.002 0.007 

ILCC373  1/2a, 1/2c, 3a, 3c  Environmental  0.127 0.238 0.305   0.003 0.003 0.005 

ILCC374  1/2a, 1/2c, 3a, 3c  Environmental  0.106 0.258 0.301   0.003 0.004 0.002 

ILCC375  1/2a, 1/2c, 3a, 3c  Environmental  0.116 0.239 0.357   0.077 0.183 0.284 

ILCC376  1/2a, 1/2c, 3a, 3c  Environmental  0.121 0.262 0.303   0.006 0.002 0.004 

ILCC377  1/2a, 1/2c, 3a, 3c  Environmental  0.109 0.198 0.275   0.006 0.006 0.002 

ILCC378  1/2a, 1/2c, 3a, 3c  Environmental  0.118 0.197 0.301   0.001 0.003 0.004 

ILCC479  4b, 4d, 4e  Food  0.165 0.252 0.316   0.004 0.004 0.001 

ILCC494  4b, 4d, 4e  Animal  0.002 0.006 0.007   0.002 0.002 0.003 

ILCC496  4b, 4d, 4e  Environmental  0.004 0.001 0.002   0.005 0.005 0.006 

ILCC521  1/2a, 1/2c, 3a, 3c  Environmental  0.073 0.149 0.210   0.006 0.005 0.009 

ILCC529  1/2a, 1/2c, 3a, 3c  Environmental  0.111 0.262 0.317   0.003 0.005 0.002 

ILCC530  1/2a, 1/2c, 3a, 3c  Environmental  0.117 0.198 0.283   0.002 0.005 0.001 

ILCC619  4b, 4d, 4e  Human  0.158 0.255 0.319   0.002 0.003 0.002 

ILCC622  1/2b, 3b, 4b, 4d, 4e  Human  0.103 0.206 0.291   0.004 0.006 0.004 

ILCC624  4b, 4d, 4e  Human  0.151 0.258 0.323   0.005 0.002 0.006 

ILCC629  1/2a, 1/2c, 3a, 3c  Human  0.121 0.228 0.315   0.001 0.003 0.003 

ILCC767  1/2a, 1/2c, 3a, 3c  Environmental  0.084 0.189 0.288   0.007 0.002 0.005 

ILCC768  1/2a, 1/2c, 3a, 3c  Environmental  0.007 0.007 0.004   0.008 0.005 0.003 

ILCC769  1/2a, 1/2c, 3a, 3c  Environmental  0.001 0.006 0.006   0.001 0.008 0.008 

ILCC770  1/2a, 1/2c, 3a, 3c  Environmental  0.008 0.003 0.007   0.006 0.005 0.005 

ILCC771  1/2a, 1/2c, 3a, 3c  Environmental  0.002 0.002 0.001   0.004 0.001 0.005 

ILCC772  1/2a, 1/2c, 3a, 3c  Environmental  0.001 0.005 0.003   0.004 0.005 0.003 

ILCC773  1/2a, 1/2c, 3a, 3c  Environmental  0.098 0.168 0.275   0.001 0.005 0.006 

ILCC774  1/2a, 1/2c, 3a, 3c  Environmental  0.074 0.159 0.238   0.006 0.005 0.005 

ILCC775  1/2a, 1/2c, 3a, 3c  Environmental  0.087 0.194 0.258   0.004 0.001 0.005 

ILCC776  1/2a, 1/2c, 3a, 3c  Environmental  0.001 0.002 0.004   0.002 0.001 0.001 

ILCC777  1/2a, 1/2c, 3a, 3c  Environmental  0.002 0.006 0.006   0.007 0.008 0.007 

ILCC778  1/2a, 1/2c, 3a, 3c  Environmental  0.006 0.002 0.007   0.004 0.005 0.003 

ILCC779  1/2a, 1/2c, 3a, 3c  Environmental  0.005 0.003 0.007   0.005 0.003 0.002 
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2.4.3 Tolerance to low temperature 

Considering varied temperature ranges used in food processing, storage as 

well as the distribution of food products, tolerance was studied at different 

temperatures (4°C, 10°C, 18°C, 24°C, and 30°C). The lowest temperature tested was 

4°C selected as representative of domestic as well as retail refrigerators (Kennedy et 

al., 2005). The strains showing growth at 4ºC were selected as highly tolerant strains 

to low temperature stress. Out of 104 strains tested, a total of 22 (21.15%) strains 

showed growth at 4°C whereas, 64 (61.53%) showed growth at 10ºC (Table 2.5) 

(Fig. 2.2d). While all the strains grew well at temperature of 18°C and above. 

Storage at low temperature is extensively used method for food preservation at 

domestic, retail as well as industrial levels. In this study, the strains showed varied 

tolerance to low temperature. The maximum number of strains found to be highly 

tolerant to the low temperatures which are widely used for food storage, processing 

and/or distribution in industries as well as at domestic and retail levels. The 

temperatures at which L. monocytogenes found to be tolerant are unusual 

temperatures for any pathogenic bacterium. Many RTE foods such as milk, milk 

products are stored at these temperatures may permit the growth of L. 

monocytogenes to increase a load of pathogen thereby increasing chances of 

infection (Chan and Wiedmann, 2008). Modern food industries are attempting to 

minimize the use of food preservatives. Therefore, shelf-life and food safety mainly 

rely on maintenance of the cold chain. Cold stress tolerance explains that ability to 

proliferate at low-temperature benefits L. monocytogenes to overcome other 

pathogens in the environment or in food making it major food borne pathogen 

(Durack et al., 2013). Earlier findings revealed frequent linkage of industrially 

processed and refrigerated foods than raw foods to L. monocytogenes outbreaks 
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(Gianfranceschi et al., 2003). Among the low temperature tolerant strains, 11 

(31.42%) strains were from clinical sources followed by 10 (24.39%) from food and 

1 (3.57%) were from the environmental source. 

Table 2.5: Average turbidity (a measure of stress tolerance capability) of                

L. monocytogenes strains of different serogroups from diverse sources at highest 

stress of 10°C and 4°C. (Color indication: Red-high stress tolerant).  

ILCC ID  Serogroup Source 10°C   4°C 

      24h 48h 72h   24h 48h 72h 

ILCC001  4b, 4d, 4e  Food  0.282 0.391 0.561   0.003 0.004 0.002 

ILCC003  4b, 4d, 4e  Animal  0.005 0.007 0.005   0.002 0.004 0.002 

ILCC004  4b, 4d, 4e  Animal  0.189 0.258 0.417   0.006 0.004 0.01 

ILCC006  4b, 4d, 4e  Animal  0.179 0.249 0.378   0.003 0.004 0.003 

ILCC007  4b, 4d, 4e  Food  0.006 0.006 0.001   0.007 0.005 0.005 

ILCC010  4b, 4d, 4e  Food  0.207 0.317 0.535   0.002 0.002 0.004 

ILCC012  4b, 4d, 4e  Food  0.216 0.343 0.552   0.006 0.002 0.002 

ILCC013  4b, 4d, 4e  Food  0.213 0.331 0.526   0.009 0.003 0.003 

ILCC014  4b, 4d, 4e  Food  0.179 0.319 0.482   0.002 0.004 0.002 

ILCC015  4b, 4d, 4e  Animal  0.194 0.325 0.518   0.005 0.002 0.007 

ILCC016  4b, 4d, 4e  Animal  0.207 0.373 0.558   0.001 0.001 0.003 

ILCC017  4b, 4d, 4e  Human  0.005 0.007 0.002   0.001 0.003 0.003 

ILCC022  4b, 4d, 4e  Animal  0.329 0.489 0.692   0.156 0.226 0.355 

ILCC025  4b, 4d, 4e  Animal  0.235 0.429 0.585   0.108 0.219 0.317 

ILCC026  4b, 4d, 4e  Human  0.123 0.317 0.465   0.003 0.002 0.002 

ILCC028  4b, 4d, 4e  Human  0.327 0.471 0.651   0.119 0.209 0.331 

ILCC029  1/2b, 3b, 4b, 4d, 4e  Human  0.318 0.575 0.779   0.159 0.291 0.421 

ILCC032  4b, 4d, 4e  Human  0.273 0.443 0.516   0.096 0.176 0.247 

ILCC035  4b, 4d, 4e  Human  0.219 0.339 0.505   0.004 0.004 0.005 

ILCC036  4b, 4d, 4e  Human  0.186 0.293 0.496   0.002 0.004 0.001 

ILCC037  4b, 4d, 4e  Human  0.202 0.393 0.519   0.008 0.007 0.004 

ILCC038  4b, 4d, 4e  Human  0.003 0.002 0.006   0.003 0.003 0.005 

ILCC040a  4b, 4d, 4e  Animal  0.313 0.492 0.672   0.088 0.157 0.299 

ILCC042  4b, 4d, 4e  Animal  0.193 0.314 0.481   0.003 0.007 0.002 

ILCC043  4b, 4d, 4e  Animal  0.005 0.002 0.002   0.005 0.006 0.005 

ILCC045  4b, 4d, 4e  Animal  0.002 0.002 0.003   0.002 0.006 0.007 

ILCC051a  1/2a, 1/2c, 3a, 3c  Animal  0.113 0.239 0.397   0.009 0.006 0.004 

ILCC142  4b, 4d, 4e  Human  0.373 0.603 0.808   0.165 0.275 0.418 

ILCC145a  4b, 4d, 4e  Animal  0.173 0.293 0.445   0.004 0.003 0.004 

ILCC146  4b, 4d, 4e  Animal  0.267 0.403 0.644   0.076 0.188 0.282 

ILCC148  1/2a, 1/2c, 3a, 3c  Animal  0.106 0.282 0.364   0.008 0.005 0.009 

ILCC149a  4b, 4d, 4e  Animal  0.276 0.469 0.672   0.121 0.236 0.303 

ILCC150a  4b, 4d, 4e  Animal  0.261 0.448 0.584   0.009 0.005 0.002 

ILCC152  1/2a, 1/2c, 3a, 3c  Food  0.249 0.449 0.619   0.075 0.174 0.257 

ILCC158  4b, 4d, 4e  Food  0.218 0.392 0.503   0.006 0.005 0.004 

ILCC161  4b, 4d, 4e  Food  0.209 0.386 0.516   0.008 0.061 0.075 

ILCC171  4b, 4d, 4e  Animal  0.190 0.289 0.499   0.007 0.005 0.007 
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ILCC173  4b, 4d, 4e  Animal  0.213 0.405 0.592   0.002 0.005 0.002 

ILCC174a  1/2a, 1/2c, 3a, 3c  Animal  0.270 0.389 0.531   0.106 0.264 0.314 

ILCC175a  4b, 4d, 4e  Environmental  0.119 0.213 0.402   0.005 0.005 0.008 

ILCC176  4b, 4d, 4e  Environmental  0.114 0.310 0.424   0.006 0.009 0.008 

ILCC177a  4b, 4d, 4e  Environmental  0.105 0.262 0.368   0.006 0.002 0.001 

ILCC179  4b, 4d, 4e  Environmental  0.081 0.163 0.203   0.002 0.262 0.21 

ILCC183  4b, 4d, 4e  Environmental  0.329 0.562 0.718   0.117 0.231 0.315 

ILCC185  1/2a, 1/2c, 3a, 3c  Food  0.098 0.165 0.303   0.002 0.002 0.001 

ILCC187  4b, 4d, 4e  Food  0.391 0.618 0.818   0.189 0.303 0.442 

ILCC190  4b, 4d, 4e  Food  0.286 0.458 0.705   0.115 0.264 0.321 

ILCC192  1/2a, 1/2c, 3a, 3c  Food  0.284 0.461 0.665   0.121 0.237 0.390 

ILCC195  4b, 4d, 4e  Food  0.294 0.478 0.686   0.110 0.223 0.342 

ILCC196a  1/2a, 1/2c, 3a, 3c  Food  0.151 0.291 0.367   0.006 0.003 0.001 

ILCC264  4b, 4d, 4e  Food  0.228 0.342 0.484   0.007 0.007 0.004 

ILCC265  4b, 4d, 4e  Food  0.221 0.387 0.508   0.001 0.003 0.003 

ILCC266  4b, 4d, 4e  Food  0.378 0.532 0.738   0.118 0.253 0.407 

ILCC267  4b, 4d, 4e  Food  0.288 0.473 0.575   0.088 0.186 0.277 

ILCC269  4b, 4d, 4e  Food  0.219 0.425 0.574   0.004 0.006 0.002 

ILCC270  4b, 4d, 4e  Food  0.206 0.416 0.559   0.003 0.005 0.006 

ILCC272  4b, 4d, 4e  Food  0.182 0.315 0.456   0.006 0.007 0.007 

ILCC273  4b, 4d, 4e  Food  0.315 0.558 0.708   0.102 0.225 0.311 

ILCC274  4b, 4d, 4e  Food  0.231 0.458 0.658   0.006 0.007 0.006 

ILCC276  4b, 4d, 4e  Animal  0.158 0.302 0.511   0.002 0.003 0.006 

ILCC277  4b, 4d, 4e  Food  0.166 0.308 0.534   0.006 0.007 0.006 

ILCC279  4b, 4d, 4e  Food  0.209 0.423 0.595   0.002 0.007 0.007 

ILCC285  1/2b, 3b, 4b, 4d, 4e  Food  0.276 0.437 0.593   0.091 0.191 0.281 

ILCC289  1/2b, 3b, 4b, 4d, 4e  Food  0.196 0.322 0.466   0.002 0.007 0.005 

ILCC293  1/2b, 3b, 4b, 4d, 4e  Food  0.161 0.310 0.431   0.007 0.007 0.006 

ILCC297  1/2b, 3b, 4b, 4d, 4e  Food  0.224 0.371 0.618   0.105 0.222 0.304 

ILCC298  1/2b, 3b, 4b, 4d, 4e  Food  0.227 0.408 0.564   0.003 0.004 0.007 

ILCC301a  1/2b, 3b, 4b, 4d, 4e  Food  0.213 0.395 0.442   0.002 0.001 0.002 

ILCC302a  1/2b, 3b, 4b, 4d, 4e  Food  0.196 0.239 0.373   0.005 0.002 0.006 

ILCC303a  1/2b, 3b, 4b, 4d, 4e  Food  0.142 0.219 0.349   0.005 0.001 0.005 

ILCC304a  1/2b, 3b, 4b, 4d, 4e  Food  0.175 0.266 0.373   0.001 0.001 0.004 

ILCC305  1/2b, 3b, 4b, 4d, 4e  Food  0.005 0.002 0.005   0.001 0.003 0.003 

ILCC312  1/2a, 1/2c, 3a, 3c  Food  0.205 0.306 0.418   0.003 0.005 0.005 

ILCC317  1/2a, 1/2c, 3a, 3c  Food  0.172 0.324 0.485   0.004 0.005 0.002 

ILCC325  1/2a, 1/2c, 3a, 3c  Food  0.158 0.244 0.455   0.002 0.002 0.001 

ILCC373  1/2a, 1/2c, 3a, 3c  Environmental  0.117 0.288 0.419   0.003 0.005 0.007 

ILCC374  1/2a, 1/2c, 3a, 3c  Environmental  0.143 0.303 0.441   0.003 0.001 0.001 

ILCC375  1/2a, 1/2c, 3a, 3c  Environmental  0.179 0.318 0.425   0.003 0.004 0.003 

ILCC376  1/2a, 1/2c, 3a, 3c  Environmental  0.143 0.251 0.403   0.002 0.003 0.003 

ILCC377  1/2a, 1/2c, 3a, 3c  Environmental  0.158 0.306 0.463   0.006 0.005 0.001 

ILCC378  1/2a, 1/2c, 3a, 3c  Environmental  0.131 0.309 0.489   0.005 0.001 0.002 

ILCC479  4b, 4d, 4e  Food  0.211 0.373 0.546   0.001 0.002 0.003 

ILCC494  4b, 4d, 4e  Animal  0.197 0.316 0.554   0.001 0.005 0.005 

ILCC496  4b, 4d, 4e  Environmental  0.005 0.002 0.001   0.002 0.005 0.003 

ILCC521  1/2a, 1/2c, 3a, 3c  Environmental  0.119 0.295 0.365   0.005 0.005 0.001 

ILCC529  1/2a, 1/2c, 3a, 3c  Environmental  0.194 0.308 0.477   0.005 0.002 0.006 

ILCC530  1/2a, 1/2c, 3a, 3c  Environmental  0.198 0.311 0.502   0.002 0.001 0.002 

Continued… 

Continued… 
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ILCC619  4b, 4d, 4e  Human  0.259 0.405 0.589   0.104 0.255 0.316 

ILCC622  1/2b, 3b, 4b, 4d, 4e  Human  0.004 0.003 0.003   0.003 0.005 0.003 

ILCC624  4b, 4d, 4e  Human  0.008 0.003 0.004   0.001 0.002 0.004 

ILCC629  1/2a, 1/2c, 3a, 3c  Human  0.004 0.001 0.003   0.003 0.005 0.003 

ILCC767  1/2a, 1/2c, 3a, 3c  Environmental  0.002 0.003 0.001   0.004 0.005 0.002 

ILCC768  1/2a, 1/2c, 3a, 3c  Environmental  0.103 0.248 0.407   0.003 0.006 0.004 

ILCC769  1/2a, 1/2c, 3a, 3c  Environmental  0.120 0.265 0.412   0.001 0.005 0.003 

ILCC770  1/2a, 1/2c, 3a, 3c  Environmental  0.007 0.006 0.003   0.001 0.002 0.001 

ILCC771  1/2a, 1/2c, 3a, 3c  Environmental  0.001 0.002 0.002   0.004 0.005 0.003 

ILCC772  1/2a, 1/2c, 3a, 3c  Environmental  0.001 0.005 0.005   0.007 0.006 0.004 

ILCC773  1/2a, 1/2c, 3a, 3c  Environmental  0.008 0.006 0.006   0.001 0.003 0.002 

ILCC774  1/2a, 1/2c, 3a, 3c  Environmental  0.116 0.208 0.334   0.001 0.003 0.001 

ILCC775  1/2a, 1/2c, 3a, 3c  Environmental  0.119 0.223 0.395   0.007 0.007 0.004 

ILCC776  1/2a, 1/2c, 3a, 3c  Environmental  0.006 0.003 0.003   0.004 0.006 0.006 

ILCC777  1/2a, 1/2c, 3a, 3c  Environmental  0.078 0.195 0.299   0.001 0.003 0.003 

ILCC778  1/2a, 1/2c, 3a, 3c  Environmental  0.003 0.006 0.004   0.006 0.005 0.003 

ILCC779  1/2a, 1/2c, 3a, 3c  Environmental  0.121 0.258 0.383   0.002 0.001 0.003 

 

A total of 37 (35.57%) strains were found to be tolerant to at least one of 

stresses tested. Of these 16 strains were tolerant to more than one stress. Among the 

tolerant strains, 12 (11.5%) strains were tolerant to high salt, 26 (25%) to extreme 

pH and 22 (21.15%) were tolerant to low temperature (Table 2.6). When compared 

to their serogroups/serotypes; 46.55% (27/58) serogroup 4b, 4d, 4e strains, 33.33% 

(4/12) serogroup 1/2b, 3b, 4b, 4d, 4e strains and 17.64% (6/34) serogroup 1/2a, 1/2c, 

3a, 3c strains were found to be stress tolerant (Fig. 2.3). While comparing the 

sources of isolation, 18 (51.52%) strains from clinical, 15 (36.58%) from food and 5 

(23.80%) from environmental sources were found to be stress tolerant. Analyzing 

the percent tolerance with respect to a source of isolation for each stress of high salt, 

pH and low temperature, there was no exact correlation found among tolerance 

patterns and sources of isolation as observed earlier (Lianou et al., 2006). However, 

interestingly, serotype 4b strains were observed to be more stress tolerant than that 

of serotype 1/2b and 1/2a. Earlier studies (van der Veen et al., 2008; Makarti et al., 

2015) also observed a high number of serogroup 4b strains showing tolerance 

Continued… 
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followed by serotype 1/2b and serotype 1/2a strains. This could be a possible 

explanation for the dominance of serotype 4b strains in clinical cases. 

Table 2.6. L. monocytogenes strains and their growth observed at maximum stress 

conditions. (Red highlights indicate strains exhibiting tolerance). 
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51a 1/2a 10 10 5 9 185 1/2a 10 10 5 9 312 1/2a 10 10 5 9 

148 1/2a 7.5 10 5 9 158 1/2a 10 10 5 9 317 1/2a 10 10 5 9 

174a 1/2a 12.5 4 5 9.5 196a 1/2a 7.5 10 5 9 303a 1/2b 7.5 10 5 9 

629 1/2a 10 18 5 9 152 1/2a 10 4 5 9 304a 1/2b 7.5 10 5 9 

29 1/2b 12.5 4 5 9 289 1/2b 7.5 10 5 9 305 1/2b 10 18 5 9 

40 4b 10 4 5 9 302a 1/2b 10 10 5 9 479 4b 10 10 5 9 

622 1/2b 12.5 18 5 9 298 1/2b 10 10 5 9 Environment 

3 4b 7.5 18 5 9 285 1/2b 10 4 5 9.5 378 1/2a 10 10 5 9 

4 4b 10 10 5 9 293 1/2b 10 10 5 9 529 1/2a 10 10 5 9 

6 4b 7.5 10 5 9 297 1/2b 7.5 4 5 9.5 769 1/2a 10 10 5 8.5 

15 4b 7.5 10 5 9 301a 1/2b 7.5 10 5 9 774 1/2a 10 10 5 9 

16 4b 10 10 5 9 269 4b 7.5 10 4.5 9.5 779 1/2a 10 10 5 9 

17 4b 10 18 5 8.5 274 4b 10 10 5 9 777 1/2a 10 10 5 9 

22 4b 12.5 4 4.5 9 264 4b 7.5 10 5 9 374 1/2a 10 10 5 9 

25 4b 10 4 5 9 161 4b 10 10 4.5 9 376 1/2a 10 10 5 9 

26 4b 10 10 5 9.5 190 4b 12.5 4 5 9 377 1/2a 12.5 10 5 9 

28 4b 10 4 5 9 195 4b 12.5 4 5 9 521 1/2a 10 10 5 9 

32 4b 10 4 4.5 9 267 4b 10 4 4.5 9.5 530 1/2a 10 10 5 9 

35 4b 10 10 5 9 270 4b 10 10 4.5 9.5 767 1/2a 7.5 18 5 9 

36 4b 10 10 5 9 272 4b 10 10 5 9 768 1/2a 10 10 5.5 9 

37 4b 10 10 5 9 273 4b 10 4 5 9 770 1/2a 7.5 18 5.5 9 

38 4b 10 18 5 9 276 4b 7.5 10 5 9 771 1/2a 7.5 18 5 9 

42 4b 10 10 5 9 277 4b 10 10 5 9 772 1/2a 10 18 5 8.5 

43 4b 10 18 5 9 279 4b 10 10 5 9 773 1/2a 7.5 18 5 9 

45 4b 10 18 4.5 9.5 1 4b 7.5 10 4 9.5 775 1/2a 10 10 5 9 

142 4b 12.5 4 5 9 7 4b 7.5 18 5 9 776 1/2a 7.5 18 5 8.5 

145a 4b 12.5 10 5 9.5 10 4b 10 10 5 9 778 1/2a 7.5 18 5.5 9 

146 4b 10 4 5 9 12 4b 7.5 10 5 9 175a 4b 10 10 5 9 

149a 4b 10 4 5 9 13 4b 7.5 10 5 9 176 4b 10 10 5 9 

150a 4b 10 10 4.5 9 187 4b 10 4 4.5 9.5 177a 4b 10 10 5 9 

171 4b 10 10 5 9 192 1/2a 10 4 5 9 179 4b 10 10 5 9 

173 4b 10 10 5 9 265 4b 7.5 10 4 9 183 4b 12.5 4 5 9.5 

494 4b 10 10 5 8.5 266 4b 10 4 5 9 373 1/2a 12.5 10 5 9 

619 4b 10 4 5 9 14 4b 7.5 10 5 9 375 1/2a 12.5 10 4.5 9.5 

624 4b 10 18 4.5 9 325 1/2a 7.5 10 5 9 496 4b 10 18 5 8.5 
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Noteworthy, the majority of studies available concerning L. monocytogenes 

tolerant behavior to food-related stresses usually dealt with as a result of short-term 

exposure to the stress conditions, that is, shock or adaptation for a few hours, before 

the experiments are conducted (Lou and Yousef, 1997; Phan-Thanh and Montagne, 

1998; van Schaik et al., 1999; Wemekamp-Kamphuis et al., 2004; Wałecka‐

Zacharska et al., 2013). However, this approach does not possibly reflect the real 

conditions in food-related stresses, as the contaminating bacteria might present in the 

foods and/or on the food surfaces for several hours or even days’ prior to 

consumption or decontamination, respectively. Thus present study was conducted 

for understanding inherently present tolerance of L. monocytogenes towards 

different food related stresses. The innate resistance by L. monocytogenes strains to 

the stresses commonly employed in food preservation and/or food processing has 

been reported. The data showed that strains varied remarkably with respect to stress 

tolerance abilities under different stresses. There was no correlation observed 

between stress tolerance pattern and origin of the strains for all stresses. The 

investigation underlined significant stress tolerance by strains of serogroup 4b, 4d, 

4e (serotype 4b). This improved our understanding that how specific strains or 

subtypes of L. monocytogenes become resident to selected niches by better adaptive 

response. Hence the food and/or food processing environment related stresses may 

result in selection of particular subtypes possessing the appropriate adaptive 

physiological attributes, promoting efficient adaptation, survival and proliferation 

during stressed environmental conditions.  
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Fig.2.2 Distribution of strains of Listeria moncytogenes with reference to their 

tolerance to various stresses (a) The percentage of tolerant strains to different salt 

concentrations. (b) The percentage of tolerant strains to different acidic pH. (c) The 

percentage of tolerant strains to different alkaline pH. (d) The percentage of 

tolerant strains at different low temperatures. 

 

 

 
 

Fig. 2.3: The overall percentage of stress tolerant serogroups. 
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3.1 Introduction-  

 In various foods and food preparation processes, microorganisms constantly 

experience the kinds of environmental stresses. Depending upon the form and degree 

of stresses microorganism devise mechanisms that assist them in overcoming 

stresses. The stress induces alterations in phenotypic and physiological characters of 

bacteria. These alterations are generally two types; one is the direct effect of stress 

resulting in alterations in morphology and a functional properties of cells; the other 

type is an adaptive attempt by the cells to induce alteration in cell’s properties 

towards combating with the stress (Silhavy et al., 2010; Rowlett et al., 2017). The 

degree and type of alteration in the physiological properties of cells depend upon 

severity and type of stress. This change in the physiology can be the altered 

morphology with respect to size and shape bacterial cells (Giotis et al., 2007; 

Visvalingam et al., 2012; Jones et al., 2013). Membranes are the first line of defense 

against adverse physical environmental conditions; hence stability and permeability 

of cellular membranes are one of the important factors playing a crucial role in the 

adaptation of bacteria to various environmental stresses (Miladi et al., 2013). The 

structural integrity and functional stability of membranes are associated with lipids 

and fatty acids composition of the membranes under that stress. In response to the 

stresses like osmotic, acidic, alkaline or thermal there is an alteration in the cell 

membrane, particularly in the lipids and fatty acids (Murga et al., 2000; Guerzoni et 

al., 2001; Krawczyk-Balska and Lipiak 2013; Zhang et al., 2015). These 

modifications in the membrane lipids are achieved through a change in length of 

fatty acids, alteration in the degree of fatty acid unsaturation and change in the type 

of branching at the methyl end of the fatty acids. The change in the protein 

expression, especially in cell-membrane surface associated proteins is another 
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potential mechanism used by bacterium for modified physiological status towards 

adapting altered environmental conditions. Many stress associated proteins are 

required for proper cellular functioning under stressed environmental conditions, but 

they are also involved in sensing the change in external environment, transduction of 

signals accordingly and maintenance of cell physiology to cope up with changed 

environmental conditions (Wlliams et al., 2005; Soni et al., 2011; Lei et al., 2015).  

 There are many attempts  made towards understanding the factors involved in 

physiology and stress response in L. monocytogenes; which included induced 

alterations in cell morphology, cell membrane, cell-surface associated proteins under 

various stresses (Bereksi et al., 2002; Jydegaard-Axelsen et al., 2005; Giotis et al., 

2007;  Zhang et al., 2015). Studies so far highlighted the contribution of many 

potential but improperly understood common factors involved in the physico-

chemical response of L. monocytogenes under various stresses.  

3.2 Review of Literature  

 The life of microorganisms goes through fierce competition, nutritional 

hardship and often life-threatening exposure to the changing external environment. 

Adaptive response of the bacterium to such deleterious changes in external 

environmental conditions defines the foundation of microbial life in a natural milieu 

(Diard and Hardt, 2017). Stressful environment leads to many alterations at 

morphological, physiological, cellular and biochemical levels in bacteria (Rowlett et 

al., 2017). Those species which adapt to the changing environmental conditions 

survive, while other species vanish completely. When grown under optimal 

conditions, the dimensions such as cell diameter, length, shape are strictly controlled 

in each bacterial species. There is genetic machinery to control and maintain these 
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parameters in bacterial species and hence shape, size, and biochemical property 

became the ‘classical’ descriptions for a particular type of species (Zaritsky, 1975; 

Young, 2006). Despite having such controlled mechanisms bacteria also possesses 

the genes which encode for the protein for purposeful modulations in the cell 

dimensions under certain conditions (Harry et al., 2006). There are different types of 

morphological alterations have been observed acquired by many microbes to cope 

up with changing environment. Chakraborty et al. (2008) observed the change in the 

length, width and radius of Acidocella strain after exposure to the heavy metals. 

Bron et al. (2004) reported the shrunken shape with the empty appearance of 

Lactobacillus plantarum WCFS1 when grown on media supplemented with 0.1% 

bile. After starvation of Enterococcus feacalis, cells developed a rippled cell surface 

with irregular shapes (Hartke et al., 1998). Exposure to the salt stress leading to 

elongations of cells was observed in Lactobacillus acidophilus, Lactobacillus casei, 

and Bifidobacterium bifidum (Gandhi and Shah, 2016). Survival and adaptation 

under chlorine containing disinfectants stress with morphological changes of cells 

from short rod to coccoid were observed in L. monocytogenes strains (Gao and Liu, 

2014). Elongations of the cells with increased adhesion property were observed in 

Pseudomonas aeruginosa as an effect of nalidixic acid (Al Bahry et al., 2012). 

Varying morphotypes:  rod, filamentous and spherical forms were observed in 

Aeromonas hydrophila under salt and cold stress (Pianetti et al., 2009). Salmonella 

strains exposed to acidic pH followed with exposure to cetylpyridinium chloride and 

nisin found to be lost their normal rod shape (Thongbai et al., 2006). After exposure 

to the cold stress and carbon starvation, Vibrio parahaemolyticus cells shape 

changed from rod-like to coccoid with waning-shape (Chen et al., 2015). Scanning 

electron microscopic (SEM) studies revealed changes in mean cell length, radius, 
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and volume of L. monocytogenes subjected to sublethal alkaline stress (Giotis et al., 

2007). Notably, a number of laboratories have converged similar observation of 

bacterial morphology under different stresses and that is filamentous form providing 

a survival advantage. There are many conditions that induce bacterial filamentation 

including environmental stress due to physicochemical changes in surroundings or in 

host defense (Justice et al., 2006; Liu et al., 2014). Filament formation in foodborne 

pathogens such as Escherichia coli, Listeria monocytogenes, Salmonella enterica 

and Bacillus cereus has been observed in conditions involving sublethal stress 

(Jydegaard-Axelsen et al., 2005; Kieboom et al., 2006; den Besten et al., 2009, 

Jones et al., 2013). This formation of a filament is reported to be reversible change 

and believed to be the cause of problems in cell division as well as changes in gene 

and protein expression (Bereksi et al., 2002; Kieboom et al., 2006, Jones et al., 

2013). A filament grows as a single colony when plated on solid media misleading 

assessment of an actual number of bacteria in food samples. It has been opined that 

when filamentous cells are exposed to less stressful conditions, there is a rapid 

division of filaments into a number of individual cells (Giotis et al., 2007) which 

may pose major implications for the food industry. This is a major public health 

concern in the case of the foodborne pathogen since the potential viable number of 

the pathogen can be underestimated due to filamentous form leading to food safety 

risk for the consumer (de Sarrau et al., 2013). The mechanism behind the filament 

formation under stresses has been studied in Gram negative bacteria, however, 

studies are largely lacking in Gram positive bacteria (Jones et al., 2013). 

The bacterial cell envelope is one of the crucial structures that surround and 

protect the cytoplasm. The cell envelope of bacteria falls into two major categories, 

namely, Gram positive and Gram Negative. A Gram-negative bacterium has thin 
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peptidoglycan cell wall, with an outer membrane containing lipopolysaccharide. 

Gram-positive bacteria lack an outer membrane but peptidoglycan layer is thicker 

than that of found in the Gram-negatives (Silhavy et al., 2010; Hong and Hong, 

2016).  Bacteria have evolved with sophisticated envelope structure which not only 

protects them from unpredictable changes in surroundings but allows selective 

passage of nutrients from the outside, waste products from the inside and 

communication interface mediating information exchange from cell to surroundings 

(Uppu and Haldar, 2016). An important mechanism acquired by many bacteria to 

maintain this sophisticated cell envelope with structural and functional integrity is 

the maintenance of lipid fluidity in cell membranes (Yoon et al., 2015). Likewise, 

under low-temperature stress, there is reduced membrane fluidity. Microbes respond 

to this transition of temperatures by altering fatty acid compositions (Bajerski et al., 

2017). The lipids in the bacterial cell membrane are in fluid, crystalline state and this 

physical state needs to maintain for proper enzyme activity and transfer of solutes 

across the cell membrane (Gennis, 2013). Bacteria encounters the extracellular stress 

by adapting membrane fluidity via a change in the fatty acid chain lengths, change in 

the degree of fatty acid unsaturation, and changing type of branching at the methyl 

end of the fatty acids (Brown, 2016). In Streptococcus mutans strains exposed to 

acidic stress increased levels of monounsaturated fatty acids and longer chain fatty 

acids were observed than grown at neutral pH (Quivey et al., 2000). Under salt 

stress bacterium Klebsiella sp. SBP-8 reported synthesizing long chain alkanes and 

fatty alcohols (Singh and Jha, 2017). In L. monocytogenes there is an increase in 

unsaturated fatty acids were observed under cold stress (Hingston et al., 2017). 

Unsaturated fatty acids are known to help enhance the fluidity of the membrane. The 

temperature downshift also leads to shortening of fatty acids, this shortening of fatty 
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acids opined to help in maintaining the degree of membrane fluidity for growth at 

low temperatures (Beales, 2004). The importance of branched chain fatty acids has 

been reported for the survival of L. monocytogenes under pH stress (Giotis et al., 

2007) and under trans-cinnam aldehyde exposure (Rogiers et al., 2017). The 

alterations in the cell membrane of L. monocytogenes were observed over exposure 

to bile salts (Merritt et al., 2010). Recently, there was an increase in the expression 

of cell-wall-associated proteins following bile-salt exposure in the L. monocytogenes 

1/2a, it suggested the involvement of proteins with fatty acids in alterations to cell-

wall composition over exposure to the stresses (Zhou et al., 2012). Proteomics plays 

an important and decisive role in connecting genome and transcriptome to potential 

biological functions (Armengaud et al., 2014). Protein analysis under different 

stresses have been done for better understanding of stress response in L. 

monocytogenes to cold, heat, acidic, salt, alkali, detergent and redox stresses (Duche 

et al., 2002; Giotis et al., 2008; Agoston et al., 2009; Cacace et al., 2010; Bowman 

et al., 2012; Ignatova et al., 2013). There could be adaptation via reconstruction of 

metabolic pathways of pathogen forming de-novo end products such as lipids, 

proteins, and high-energy intermediates. Proteins involved in cell wall maintenance 

and amino acid metabolism, like osmolyte transporters, osmolyte  synthesis 

enzymes, and lipid  biosynthesis proteins,  found to be over-expressed under cold 

temperatures stress and salt stress (Pittman et al. 2014). A set of proteins has been 

reported recently, which could potentially support survival and adaptation of L. 

monocytogenes in abiotic niches in food processing environments. This data has also 

helped towards better understanding and supported elucidation of the mechanism of 

the phenomenon of persistence of L. monocytogenes (Rychli et al., 2016). The 

protein analysis of biofilm form in L. monocytogenes revealed that there were 
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proteins found to be more highly expressed involved in stress response and 

envelope. Apparently cell envelope proteins contribute in surface attachments and 

stress tolerance mechanisms as well (Hefford et al., 2005). Comparative proteomic 

analysis of L. monocytogenes showed a similar pattern of stress proteins 

(chaperones) with some differences in both cellular states when exposed to enterocin 

AS-48 in planktonic and sessile states (Gómez et al., 2013). This observation 

remarks the possible involvement of some common proteins in the response to 

different stresses. Even though proteomic strategies have been applied in 

understanding mechanisms behind stress response of L. monocytogenes, least 

information is available about the involvement of common proteomic factors in 

tolerance response of L. monocytogenes in different stresses. It is important to 

understand commonly involved a proteomic response to diverse stresses. 

Although structural changes in cell envelope of L. monocytogenes under 

different kinds of stresses have been studied; the majority of studies concerning L. 

monocytogenes physiological behavior as a result of exposure to food-related 

stresses usually at short-periods exposure or adaptive response to the stress 

conditions, such as shock or adaptation for a couple of hours, before the 

experiments, are conducted (NicAogáin and O’Byrne, 2016). It does not give the 

idea about innate response and innate changes in physiological factors in dominant 

stress tolerant subtype among strains of diverse origin; when characterized for their 

tolerance to different stresses of high salt, extreme pH and cold stress. This 

information can be applied to the mechanistic studies for understanding the 

molecular factors such as mechanisms involved in bacterial resistance to various 

foods related stressors. 
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3.3 Materials and Methods  

3.3.1 Determination of morphological changes under stress  

The strains exhibiting highest stress tolerance (high salt, low temperature, low 

pH and high pH) were selected to determine the morphological changes under 

particular stressed environmental conditions. The L. monocytogenes ILCC183 

showing tolerance to 12.5% salt concentrations was selected for morphological 

analysis after exposure to high salt concentrations. The L. monocytogenes ILCC187 

with tolerance capacity to low temperature of 4°C, acidic pH 4.5 and alkaline pH 9.5 

was selected for morphological analysis under respective stresses. 

3.3.2 Light Microscopy  

To determine the morphological changes under high salt stress, 16-18 h grown 

culture of L. monocytogenes strain ILCC 183 in BHI broth (2 ml) and in BHI broth 

supplemented with 12.5% NaCl (high salt stress) were centrifuged, washed twice 

with PBS to remove media particles, re-suspended in 2 ml of PBS and a loopful of 

culture was taken on glass slide. The culture was stained with Gram’s Method and 

observed under compound microscope. Similarly, strain ILCC187 was grown at 

respective stresses of low temperature (4°C), acidic pH (4.5), and alkaline pH (9.5) 

and at optimum conditions; which further Gram stained and analyzed.   

3.3.3 Scanning electron microscopy (SEM)  

 Strains exhibiting high tolerance for each of stress (high salt concentration 

12.5%, low temperature (4°C) and extreme pH of 4.5 and pH 9.5) were analyzed for 

morphological changes using scanning electron microscopy (SEM). Bacterial strains 

were incubated in BHI broth (2 ml) under respective stress conditions. After 16-18h, 
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of growth cells were harvested, washed twice with PBS, re-suspended in 2 ml of 

PBS and a loopful of culture was taken on cover slip and allowed to air dry. After air 

drying, the smear was fixed with 2.5% of glutaraldehyde for overnight and then 

dehydrated via successive passages of 10 minutes through 30%, 50%, 75%, 85%, 

90%, 95% and 100% of ethanol. This preparation was then allowed to air dry and 

then sputter-coated with gold. The gold coated smears were examined by scanning 

electron microscope (EVO 18, Carl Zeiss, Germany). 

3.3.4 Determination of genetic basis of filament formation  

The minC gene in L. monocytogenes was detected by PCR in all high salt 

(12.5%) stress tolerant strains (n=13). The primers for amplification of the minC 

gene were designed using Primer 3 (ver. 4.0) software. A 50µl reaction mixture was 

prepared consisting of 55 ng of bacterial genomic DNA, 15pmol of each primer 

(Table 3.1), 25μl of 2X PCR master-mix (Sigma, USA). The reaction was performed 

in an thermal cycler (Eppendorf, Germany) with initial denaturation at 95°C, 5.0 

min; denaturation 95°C, 45 s; annealing 51°C, 30 s; and extension 72°C, 1 min. (35 

cycles); final extension at 72°C, 10 min. PCR products were stored at 4°C till further 

analysis. 

3.3.5 Electrophoresis  

The 7µl of PCR products (+2 µl Loading dye) were loaded on 1% agarose gel 

(added with ethidium bromide) and run at 80V in 0.5x TBE for 30 min. After 

electrophoresis gel was visualized and photographed in G:Box gel documentation 

system (Syngene). 
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3.3.6 Relative gene expression of the minC gene under high salt stress  

The actual effect of salt stress on the minC gene expression was determined by 

qPCR. The strains that formed filaments under salt stress were selected for the study. 

After growing the strains at mid-exponential phase under salt stress, RNA was 

isolated by using TRIzol
®
 reagent (Invitrogen, USA) following the manufacturer’s 

protocol. The extracted RNA was further processed for removal of DNA with Turbo 

DNA free kit™ (Invitrogen, USA) according to manufacturer’s protocol. RNA yield 

was determined using the NanoDrop
®
 ND-1000 instrument (Thermo Scientific, 

USA) and RNA quality was checked by resolving it on 1.5% agarose gel. The cDNA 

synthesis was performed using SuperScript III First-Strand Synthesis SuperMix 

(Invitrogen, USA) for Quantitative-Real Time PCR (qRT-PCR). Total 200ng RNA 

was converted into cDNA in 20 μL reaction mixture according to manufacturer’s 

protocol. The contamination of residual of DNA was checked in each RNA sample 

by a control reaction which includeded a cDNA synthesis without reverse tran-

scriptase enzyme (no RT control). The primers used in this reaction (Table 3.1) were 

designed by using Primer 3 software version 4.0 and optimized to achieve specific 

target gene amplification (product with a single melting peak). qRT-PCR mixture 

was prepared by using 10μL of 2x SYBR green master mix (Sigma, USA), 0.5μL 

(10 nM) of each forward and reverse primers 1μL of template cDNA and 8μL of 

nuclease free water making volume to 20μL. As negative controls, water (no 

template) and the no RT control were applied. The reaction was performed in Light 

Cycler 96 (Roche, Switzerland). The reaction conditions were pre-incubation at 

95°C for 10 min, then 40 cycles (95°C for 10s; 56°C for 20s and 72°C for 20s) 

followed by melting curve (65-97°C with increment rate of 2.2°C/s and a continuous 

fluorescent measurement) and cooling. The expression of minC gene was 
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normalized against expression of reference 23s rRNA gene (Romanova et al., 2006). 

The transcript levels of the minC gene were determined in strain exposed to high salt 

stress as well as optimal (no salt stress control) conditions. The fold induction of the 

minC transcript in response of high salt stress was calculated relative to optimal 

conditions transcript level. 

Table 3.1: List of Primers used in this study 

 

Gene 

 

Primer Sequence 

Amplicon 

Size 

Reference 

 

Primers used for amplification of minC gene 

  

 

minC 

 

F  5’AGAACTAACTCAATTGCTTGCAG 3’ 

R  5’CAAATCTGTTTCAGTGACCTCTTT 3’ 

 

 

475 bp 

 

This study 

 

Primers used in relative expression analysis of minC gene 

  

 

23s rRNA 

 

F  5’GTGTCAGGTGGGCAGTTTG 3’ 

R  5’CATTCTGAGGGAACCTTTGG-3’ 

 

 

76 bp 

 

Romanova       

et al., 2006 

 

minC 

 

F  5’ GGAGGACAAATACGTTCAAATG 3’ 

R 5’GGATAAAGAAATTTCCCTGCTACAA 3’ 

 

 

110 bp 

 

This study 

 

 

3.3.7 FAME analysis  

 A single strain L. monocytogenes ILCC187 exhibiting the stress tolerance to 

acidic pH (4.5), alkaline pH (9.5), low temperature (4°C) and salt (10%) was 

selected for the comparative analysis of fatty acids under respective stresses and at 

optimum conditions. Fatty acid profiles were analyzed as described by Ichihara and 

Fukubayashi (2010) using Fatty Acid Methyl Esterase (FAME) analysis. In brief, the 

overnight grown cultures were diluted 1:50 in 50 ml fresh BHI broth with respective 

stresses and in optimal conditions, which were further grown until reached to mid-
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exponential phase. Then cells were pelleted by centrifugation and washed twice with 

PBS. Approximately 40-50 mg of cell pellet was taken in screw-capped glass tube 

and hydrolyzed with 1 ml of 1 M KOH in 70% ethanol at 90°C for 1 h. Then 

reaction mixture was acidified with 0.2 ml of 6 M HCl, and added with 1 ml of 

water. Then 1 ml of hexane was added to the mixture for release FFAs. Hexane was 

allowed to evaporate and then FFAs were methylated with 1 ml of 10% Boron 

trifluoride (BF3) in methanol at 37°C for 20 min. Finally 1ml of water was added to 

the solution, and then FAMEs were extracted with 1 ml of hexane. FAMEs for each 

stress and control were extracted separately and analyzed on Agilent 6850 Gas 

Chromatography system. 

3.3.8 Protein profiling 

 To study the protein based response of L. monocytogenes, protein profiles of 

cell wall and cytoplasmic proteins under the stresses were analyzed separately. L. 

monocytogenes ILCC187 exhibiting the stress tolerance to acidic pH (4.5), alkaline 

pH (9.5), low temperature (4°C) and salt (10%) was selected for the comparative 

analysis of protein profiles under stress and control conditions by SDS-PAGE.  

3.3.9 Protein Extraction  

 The isolation of cell wall and cytosolic protein fractions was performed as 

described by Mraheil et al. (2017) with little modifications. The overnight grown 

cultures were diluted 1:50 in 50 ml fresh BHI broth with respective stresses (BHI 

broth with 12.5% salt, BHI broth of pH 4.5, BHI broth of pH 9.5 and control BHI 

broth) using 100 ml flasks and incubated at 37°C with shaking at 180 rpm until mid-

exponential phase (A600 ~1.0). For low temperature stress, inoculated BHI broth was 

incubated at 4°C with shaking at 180 rpm until it grew to mid-exponential phase 
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(A600 ~1.0). Subsequently the cells were harvested by centrifugation at 6200g for 20 

min at 4°C. For extraction of cell-wall proteins the cell pellet was re-suspended in 

1.8 ml of 1% SDS and incubated at 37°C with shaking (300 rpm) for 45 min. This 

preparation was then centrifuged at 14,000g for 20 min at room temperature, and the 

supernatant was transferred into a fresh tube. Cell wall proteins were precipitated by 

addition of 200µl of TCA to make final concentration to 10% and incubated at 4°C 

overnight. Finally, the proteins were pelleted by centrifugation at 14,000g for 20 min 

at 4°C and resuspended in 1 M Tris-HCl (pH = 8.8). For extraction of cytosolic 

proteins, 50 ml culture was pelleted by centrifugation at 6000g for 20 min at 4°C. 

Then cell pellet was suspended of 5 ml of 1X SMMP (Appendix-7) buffer and added 

with 100µl of lysozyme solution (10mg/ml). This preparation was then incubated at 

37°C for 12-16h. After incubation solution was centrifuged at 6000rpm for 20 min at 

4°C and protoblast washed with 1X SMMP (Appendix-7) buffer. Finally cells were 

lysed by adding 200µl of cold ultrapure water and centrifuged at 15000 rpm for 30 

min at 4°C. The supernatant (protein) was collected in fresh tube and same step was 

repeated and supernatant (protein) collected again. All protein preparations were 

stored at -20°C till further analysis.  

3.3.10 Estimation of Proteins 

Extracted proteins were estimated by Bradford’s method (Kruger, 1994). 

Briefly, the standards were prepared (1 ml each) containing 0, 10, 20, 30, 40 and 50 

µg ml
-1

 bovine serum albumin (BSA). Sample proteins were diluted at a range of 

dilutions (1, 1:10, 1:100, 1:1000). Then 100µl of each sample and known standards 

were taken in separate tubes in duplicates, distilled water was used as blank.  This 

solution is then added with 1 mL of protein reagent (Appendix-8) to each tube and 

mixed thoroughly. The samples were incubated at room temperature for 5 min. and 
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then absorbance was measured at 595nm. Standard curve was plotted with readings 

of known standards and protein concentrations of samples were estimated. 

3.3.11 SDS-PAGE  

 Profiles of cell wall and cytoplasmic proteins isolated from strains grown 

under stress and control were separated and analyzed by SDS-PAGE (Sambrook et 

al., 1989). Samples were diluted 1:1 with sample buffer containing 2% (w/v) SDS 

and 4% (v/v) 2-mercaptoethanol (Appendix-17). A total of 30 µg of each sample and 

Precision Protein Standard (Bio-Rad) was loaded on polyacrylamide gel comprising 

of 4% stacking gel with 12% resolving gel  (Appendix-18) (SureCast Gel Handcast 

System, Thermo Fischer) in 1X Tris-Glycine electrophoresis buffer (Appendix-16). 

Electrophoresis was carried out in Mini Gel Tank (Thermo Fischer) at conditions 

60V for 3 h. Finally bands were visualized by staining with 1% Coomassie Brilliant 

Blue R 250 in 40% methanol with 10% acetic acid and 50% Milli-Q water 

(Appendix-19) for 30 min. with shaking 50 rpm. Then gel was de-stained with      

de-staining solution (40% methanol with 10% acetic acid and 50% Milli-Q water)  

until distinct blue bands were appeared with clear background. 
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3.4 Results and Discussion 

3.4.1 Determination of morphological changes under stress  

Long filament formations were observed under salt stress (Fig. 3.1a and 3.1b), 

while, no structural changes could be observed for isolates grown under pH and 

temperature stresses. Therefore, effect on morphology under salt stress was further 

studied for longer time (till 72 h). With the increase in time, there was an increase in 

the length of filament (Fig. 3.1c). Compared to control, cells were present singularly 

(Fig. 3.1a) and few elongated cells were observed. Therefore, it appeared that under 

stress conditions there could be inhibition of cell division. To verify this 

phenomenon, the bacteria grown under salt stress (BHI with 12.5% of NaCl) were 

transferred to normal BHI broth and incubated for 2 h and observed for cell 

morphology.  Interestingly, all the cells were observed to occur singularly (Fig.3.1d) 

as observed in control. These observations were further confirmed by Scanning 

Electron Microscopy (SEM).  
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Fig. 3.1: Changes in morphology of Listeria monocytogenes after osmotic shifts.     

a) Cell morphology at control (optimum) conditions b) Cell morphology at 12.5% 

salt stress. c) Cells increases in length with longer incubation under stress (72h) (d) 

Cells regains original size and shape after removal of stress. 

 

3.4.2 Scanning electron microscopy (SEM) 

Scanning electron microscopic studies showed 3-10 times elongation of cells 

under stress which got reverted to normal size after removal of stress. The length of 

the cell found to be increased (8.45 μm) (Fig. 3.2A) as compared to control 

(1.53μm) (Fig. 3.2B) under high salt stress. Under pH and low temperature stresses, 

there were no significant changes observed in morphology. The length of filament 

under high salt stress was observed to be increased (13.84μm, 14.16μm, 16.03μm) 

(Fig. 3.2C and 3.2D) with the longer time of incubation up to 48 h to 72 h indicating 

a positive correlation (R
2
=0.9145) with filament formation with stress duration. The 

filament formation ability have been observed previously in L. monocytogenes under 

different stresses by different researchers including high osmotic stress, low 
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temperature stress, acidic stress and alkaline stress (Bereksi et al., 2002; Giotis et al., 

2007; Vail et al., 2012). It has been observed that as stress increased filamentation 

also increased (Giotis et al. 2007). These morphological changes under stress might 

infer that filament formation under stressed environmental conditions could be the 

one of the mechanisms of stress tolerance in L. monocytogenes. Changes in 

morphology of L. monocytogenes were observed after osmotic shifts. There was 

increase in length of the filament as with longer incubation (72 h). The bacteria 

regained normal size after removal of stress. This type of phenomenon was also 

observed earlier (Pratt et al., 2012).  

 

Fig. 3.2: Scanning Electron Microscopy of Listeria monocytogenes ILCC187 (A) 

Cell under optimum conditions (B) Cell with increased length under high salt stress 

after 24 h incubation (C) Cell under high salt stress after 48 h incubation                 

(D) Elongated cell after 72 h incubation under salt stress. 
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When it comes to the food processing and/or food preservation by using high 

salt, bacteria which forms the filaments under such stress could be the problem. 

Since after exposure to the less stressed conditions filamentous cells immediately 

divides in individual cells, ultimately there is an increase in the number of bacteria 

in the food (Bereksi et al., 2002; Jones et al., 2002). The formation of filamentous 

cells leads to forming a single colony on solid media. This may result in a false 

estimation of bacteria in particular food product by cultural methods and false 

readings in predictive models for growth kinetics of bacteria based on CFU methods 

(Giotis et al., 2007), significantly increasing the risk to consumers. Though filament 

formation under stress has been observed in L. monocytogenes; however, studies are 

largely lacking about further mechanisms (Jones et al., 2013). L. monocytogenes is 

normally exposed to various stresses during food processing and disinfection 

procedures which could influence its response and ability to persist in these 

environments, and thus contribute to defining conditions for better control in food 

processing plants (Magalhaes et al., 2016). 

3.4.3 Determination of genetic basis of filament formation under high salt stress 

Considering the inhibition of cell division, study was further focused at 

genomic level. There are 10 proteins involved in bacterial cell division - FtsA, FtsB, 

FtsI, FtsK, FtsL, FtsN, FtsQ, FtsW, FtsZ, and ZipA (de Boer., 2010). The key stages 

are formation of FtsZ septal ring, positioning of the ring, maturation of the ring and 

then cell division. This septal ring positioning is needed to be on right place and on 

right time which is controlled by two different systems namely, Min system and 

nucleoid occlusion. The Min system plays a role in prevention of cell division at cell 

poles in which MinC and MinD form a cell inhibitor which is topologically 

regulated by DivIVA. The MinC inhibits FtsZ ring formation at poles resulting in 
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septation at middle position of cell and blockage of other possible sites of cell 

divison (Rothfield et al., 2005). It has been reported that there is an over-expression 

of minC in E. coli during its filamentous morphology (de Boer et al., 1989; de Boer 

et al., 1988). Studies in Bacillus subtilis had shown that effect of MinC on FtsZ was 

pH dependant (Scheffers, 2008).   

 We hypothesized that in salt stress the minC gene gets over expressed 

and inhibits the formation of FtsZ ring which ultimately inhibits the septa formation 

in L. monocytogenes. To test this hypothesis, the minC gene was first detected by 

PCR and then its expression was analysed by qPCR under stress in comparison with 

control.  All the 13 salt stress tolerant strains studied showed the presence of 475 bp 

band of the minC gene (Fig 3.3). The induction of the minC gene transcription level 

under high salt stress was examined by qPCR. All tested 13 strains showed the 6 to 

11 fold expression of the minC gene under high salt stress (Fig. 3.4), suggesting the 

possible involvement of the minC gene in altered morphology with filamentous 

structure in L. monocytogenes under high salt stress. The over expression of minC 

gene supported  the hypothesis that the MinC protein over-expression could be the 

factor behind filamentous morphology of L. monocytogenes under high salt stress 

and forming a filament could be the one of the mechanisms by bacteria to tolerate 

high salt stress. 
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Fig. 3.3: PCR amplified product targeting the minC gene (475bp) from filamentous 

cells former strains, run on 1% agarose gel. ILCC183, ILCC029, ILCC190, 

ILCC377, ILCC375, ILCC373, ILCC195, ILCC174, ILCC622, ILCC022, ILCC145, 

ILCC142, ILCC175 – the L. monocytogenes strains tested. NC- Negative Control. 

LM EGDe - Positive Control and L - 100bp Ladder. 

 

 

Fig. 3.4: Transcriptional induction of the minC gene expression in response to high 

salt stress. 
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3.4.4 FAME analysis  

 There is large diversity in structures of phopsholipids in the bacterial world, 

still most membrane phospholipids contains two fatty acid chains. The viscosity of 

the membrane is determined by such phospholipidacyl chains, which in turn 

influences many crucial membrane associated functions, including the passive 

permeability, active solute transport and protein–protein interactions. The alterations 

in fatty acid compositions towards maintaining the biophysical properties of 

membranes are called as homoviscous adaptation (Zhang and Rock, 2008). The 

studies showed that amount and type of fatty acids influences the stress tolerance 

properties of L. monocytogenes. Considering the role of membrane lipids in 

protecting an organism from damaging effect of salt, acidic/alkaline pH and cold 

stress on fatty acids profile, we made attempt to determine whether there is in 

difference in fatty acids profile of L. monocytogenes strain after exposure to the 

stress in comparison with control by GC-MS analysis. The samples were compared 

with reference standards and cell surface fatty acids ranging from 12:0 to 18:2 were 

recognized and their relative amounts were estimated. A significant increase in the 

amounts of C16:0 (Table 3.2) was observed in L. monocytogenes strain grown under 

acid pH and alkaline pH stress as compared to that of control. There was also 

incorporation of C14:0 fatty acids under acidic stress and C13:0 fatty acids under 

alkaline stress. The structures of these fatty acids determine the biophysical 

properties of the membrane bilayer. The C16:0, C14:0 and C13:0 are straight chain 

saturated fatty acids and being linear they pack together efficiently to produce a 

bilayer that has a high phase transition and low permeability property. As observed 

earlier by Mastronicolis et al. (2010) with such alterations in fatty acid composition 

L. monocytogenes decreases the membrane fluidity and under acid stress. Since 
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under acidic/alkaline pH stress, it is necessary for bacterial survival to maintain 

cytoplasmic pH irrespective of ionic conditions outside the cell. Hence bacteria like 

L. monocytogenes counter with such stresses by controlling the ionic diffusion 

across the cell membrane by alteration in fatty acids composition. Earlier in L. 

monocytogenes, alteration in membrane fluidity after exposure to the low 

temperature stress has been reported (Beales, 2004; Najjar et al., 2007). Under low 

temperature stress significant increase in the amount of C16:0 were observed, this 

again underlined the decrease in membrane fluidity. This might be one of the 

important mechanisms of stress adaptation in L. monocytogenes. In cold stress 

exposed strain there is also increase in the amount of unsaturated fatty acids (C18:0, 

C18:1, C18:2) (Table 3.2). Unsaturated fatty acids have one carbon–carbon double 

bond. The presence of double bond restricts the mobility of acyl chains at that 

position (Rustan and Drevon, 2005). This modification of unsaturated fatty acids 

helps in order to stabilize membrane fluidity which is known as ‘homeoviscous 

adaptation’ (To et al., 2011); and plays crucial role in major bacterial adaptive 

response to low temperature stress. Interestingly under high salt stress, the amount of 

C16:0 observed to decline in comparison with control (Table 3.2). This could be the 

attempt by bacteria to enhance the membrane fluidity than that of at optimum 

conditions, as under osmotic stress bacteria needs to accumulate different solutes 

across the membrane to maintain the osmosis.  
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Table 3.2:  Fatty Acids Profile of L. monocytogenes ILCC187 under control and different stresses conditions by FAME analysis. 

 

 

 

Fatty 

Acids 

Control   Acid Stress   Alkaline stress   Cold stress   Salt stress 

Run 

time Area 

Results 

(%)   

Run 

time Area 

Results 

(%)   
Run 

time Area 

Results 

(%)   
Run 

time Area 

Results 

(%)   
Run 

time Area 

Results 

(%) 

C12:0 19.14 13428 0.0013   19.65 15647 0.0011   19.71 18968 0.0009   19.91 22514 0.0007   19.91 22514 0.0007 

C13:0 0 0 0   0 0 0   21.79 213514 0.0087   0 0 0   0 0 0 

C14:0 0 0 0   29.18 13428 0.0013   0 0 0   0 0 0   0 0 0 

C16:0 34.28 11478562 1.1181   34.57 71478562 6.9627   34.91 121478562 4.7333   34.83 61367451 5.3635   33.64 32154188 0.9369 

C18:0 38.81 225145 0.0219   39.36 10212665 0.3512   39.64 10794163 0.4206   38.82 12514528 0.4114   38.21 10526984 0.3067 

C18:1 38.23 32147852 3.1315   39.21 5147852 0.5015   39.41 7158635 0.8732   38.31 121514528 3.9943   37.58 102141526 2.9761 

C18:2 38.11 58794163 5.7271   38.74 18794163 1.8307   38.96 12516227 0.9266   38.23 210794163 6.9291   37.44 148596312 4.3296 
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3.4.5 Protein Profiling  

 Protein is a vital component of a living organisms required for normal 

functioning of many physiological metabolic processes within the cells. When a 

bacterium is exposed to the stressed environmental conditions, proteins are one of 

the very important factors involved in maintaining physiology of cells under those 

stresses (Krawczyk-Balska and Lipiak 2013). Proteins maintain the physiology and 

also help to counter such stressed environmental conditions and help bacteria in 

survival, adaptation and to acquire the resistance (Soni et al., 2011). To study the 

protein based response of L. monocytogenes, protein profiles of cell wall proteins 

and cytoplasmic proteins for both control and stressed strains were analyzed by 

SDS-PAGE. After comparing the protein profiles of L. monocytogenes grown under 

controlled and under stressed conditions, over-expression of proteins in cell wall of 

stressed cells as compared to control conditions was observed. Even though there 

were some cell wall proteins observed differentially expressed specific to the 

stresses, some same size cell wall proteins were also observed to be expressed in 

different stresses. A protein of size ~25 kDa observed to be overexpressed in cell 

wall of high salt stressed strain (Fig. 3.5a) and cell wall acid stressed strain as well 

(Fig. 3.5b). In case of cytoplasmic proteins over expression of protein sized ~45 kDa 

under high salt (Fig. 3.5a), acidic pH (Fig. 3.5b) and alkaline pH stress (Fig.3.5c) 

were observed. This indicated possible involvement of common factors in regulation 

of stress response to high salt and acidic pH. Under low temperature stress 

(Fig.3.5d), there was lower expression of proteins observed in cell wall indicating 

uncommon modifications in cell envelope structures under cold stress than that of 

other stresses.  
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Although this study did not fully detect the major proteins involved in stress 

response, it provided valuable partial picture of both differences and similarities of 

induced and/or expressed proteome of L. monocytogenes strain under four different 

stresses. This protein profiling was attempted as a step towards robust determination 

of physiological factors used by L. monocytogenes in adaptation strategies to high 

salt, extreme pH and low temperature stresses. 
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Fig 3.5: SDS-PAGE analysis of cell wall and Cytoplasmic Proteins under (a)high 

salt stress  (C/CW – Control Cell wall proteins; S/CW-salt stress cell wall; C/Cyto- 

Control Cytoplasm proteins; S/Cyto- salt tress cytoplasm) (b) acid stress (C/CW – 

Control Cell wall proteins; A/CW-acid stress cell wall; C/Cyto- Control Cytoplasm 

proteins; A/Cyto- acid tress cytoplasm)  (c) alkaline stress (C/CW – Control Cell 

wall proteins; AL/CW- alkaline stress cell wall; C/Cyto- Control Cytoplasm 

proteins; AL/Cyto- alkaline tress cytoplasm) (d) low temperature stress (C/CW – 

Control Cell wall proteins; L/CW-Low temperature stress cell wall; C/Cyto- Control 

Cytoplasm proteins; L/Cyto- Low temperature stress cytoplasm). M- Protein Marker 
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4.1 Introduction 

 Sophisticated sensing mechanisms and signal transduction systems have been 

evolved by bacteria that senses dramatic shift in the environmental conditions/ 

stresses. This sense activates intracellular signaling pathways, which can produce 

accurate dynamic outcomes in response to changing environmental conditions and 

controls almost any aspect of cell physiology. The major component of this response 

is modulation of gene expression along with alterations in metabolism, protein 

homeostasis, cytoskeletal organization and modification of enzymatic activities (De 

Nadal et al., 2011; Reverchon et al., 2015). The knowledge of coordination of 

interactions between the regulatory factors such as proteins and/or sRNA molecules 

with the structural entities that is genes and/or groups of genes is required for the 

better understanding of bacterial genetic regulation. The recent advances in 

experimental technology in association with bioinformatics tools have implemented 

high-throughput approaches to study the genetic regulation systems in bacteria 

(Conway et al., 2014). As observed earlier, these adaptive responses controlled by 

gene expressions has reversibility; which enables the cells to change transcriptional 

mode with exposure to stresses and revert to original state after removal of the 

stresses. This helps bacteria to cope up with ups and downs in the external 

environmental conditions. In L. monocytogenes, several studies have been attempted 

to understand genetic basis of stress response. Several researchers have attempted to 

identify uniformity and variation in genes specific to the stresses. The candidate 

genes involved in response of different stresses, such as cold stress (Chan et al., 

2007; Liu et al., 2014); high salt stress (Begley et al., 2002; Gardan et al., 2003; 

Utratna et al., 2011; Bergholz et al., 2012; Burall et al., 2015); acid stress response 

(Ryan et al., 2009; Cheng et al., 2013; Cheng et al., 2017) and alkaline stress (Giotis 
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et al., 2010; Kocaman and Sarimehmetoglu, 2016; Rychli et al., 2016) have been 

identified. Some studies have attempted to correlate variations in stress response 

with genetic makeup in L. monocytogenes (van der Veen et al., 2008; Bergholz et 

al., 2010). However, it is also not well understood that whether subtype dominating 

different niches with exceptional stress tolerance capabilities have genetic 

relatedness. Studies are largely lacking with attempt of identification of common 

genetic mechanisms under different stresses. So, it is important to expand our 

knowledge of Listeria to be more inclusive with respect to genetic factors involved 

in survival, adaptation and physiological response of L. monocytogenes under 

different stresses. A study with the combined physico-chemical and genetic 

approach gives new insights in physiology of stress response of L. monocytogenes to 

the food related stresses. 

4.2 Review of Literature  

 L. monocytogenes contains single circular genome of average size 2.84-

3.24Mb with 2908 to 3235 coding genes (approx. 89%) and low G+C content of 36-

42% (Glaser et al., 2001; Nelson et al., 2004; Hain et al., 2006). There are several 

fully sequenced genomes available on different databases; multiple sequences of 

single standard strains are also available on same and/or different database such as L. 

monocytogenes EGDe. Generally L. monocytogenes strains are very similar with 

respect to genetic content and organization; however, strains or serotype specific 

genes have been identified. L. monocytogenes F2365 (4b) was identified with 51 

strain specific genes (Nelson et al., 2004). Similarly, 97 genes were found to be 

restricted to the L. monocytogenes F6854 (1/2a), 69 genes to the L. monocytogenes 

H7858 (4b) and 61 genes found to be restricted to the L. monocytogenes EGDe 

(1/2a) strains. Similarly 83 genes were restricted to the serotype 1/2a and 51 genes 
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were restricted to the serotype 4b. L. monocytogenes EGDe has 2,944,528 base pairs 

(bp) sized genome with an average 39% of G+C content and 2853 protein-coding 

genes. L. monocytogenes F2365 contains genome of 2,905,310 bp in length with 

G+C content of 38% and total of 2847 predicted coding regions in the genome 

(Glaser et al., 2001). The majority of these genomic differences are opined due to 

phage insertion, transposable elements, scattered unique genes and islands coding 

for proteins of unknown functions (Nelson et al., 2004). The genomics has opened 

new avenues in which the search for stress response factors can be pursued using 

comparative genomic approaches of different subtypes of stress tolerant L. 

monocytogenes. Although there are total 12 serotypes of L. monocytogenes, only 3 

serotypes (1/2a, 1/2b, 4b) are considered as important because of their prevalence in 

all important niches, especially serotype 4b (serogroup 4b,4d,4e) has found to be 

responsible for major food borne outbreaks (Buchrieser et al., 1993), while, majority 

of the food isolates belong to serotype 1/2a (serogroup 1/2a,1/2c,3a,3c) or serotype 

1/2b (serogroup 1/2b,3b,4b,4d,4e) (Farber and Peterkin 1991). Thus, many 

researchers have suggested that there may be a link between serotype and stress 

response (van der Veen et al., 2008; Makaritti et al., 2015). Variation in virulence 

(Wiedmann et al., 1997) and in growth capabilities under adverse conditions (De 

Jesus and Whiting, 2003; Lianou et al., 2006; van der Veen et al., 2008; Metselaar et 

al., 2015) have been observed among different subtypes of L. monocytogenes, which 

may, in part, explain the predominance of some subtypes in human disease. In Shiga 

Toxin-producing Escherichia coli O157, variation in stress tolerance patterns among 

different genotypes have been observed (Lee et al., 2012). Hingston et al (2017) 

reported that the stress tolerance of L. monocytogenes is associated with serotype, 

clonal complex and full length inlA profiles within 55% of the isolates. Metselaar et 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3022828/#B66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3022828/#B14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3022828/#B32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3022828/#B61
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al, (2015) reported that different adverse conditions drive for selection of different 

variants. The variation in salt stress tolerance capability of L. moncytogenes with 

difference in genotype has been reported (Bergholz et al., 2010). These phenotypic 

differences among L. monoocytogenes strains could be due to genetic differences of 

individual L. monocytogenes strains and/or subtypes.  The molecular typing method 

such as PFGE analysis of different isolates is used critically in epidemiological 

studies (Swaminathan et al., 2001; Olsen et al., 2005). Such techniques can be also 

used in characterization of L. monocytogenes strains of diverse origins with respect 

to determine the clonality and genetic diversity of the stress tolerant L. 

monocytogenes strains and their adaptation to specific niches (Vogel et al., 2001; 

Autio et al., 2002). The genetic analysis can be further extended towards finding 

involvement common factors in different stress tolerance. The gene expression and 

quantification studies are required to identify genetic elements associated with stress 

response (Hain et al., 2007).  This gene expression includes a flow of steps from 

DNA to RNA to proteins and it is provided with potential control points for self-

regulation and function. This system helps cells to respond changes in environmental 

conditions and maintain and/or modulate their cell type expressions (Rieger et al., 

2012). The process of transfer of genetic information from the DNA into a RNA 

molecule is designated as transcription and performed by an enzyme called RNA 

polymerase. The regulation at transcriptional level assumes paramount control in 

gene expression. It is only regulation point in the process of gene expression where 

no synthesis of unnecessary intermediates is ensured. In translational regulation, 

there is less control and less stability in all over the process (Khor and Hibberd, 

2011). Even after protein synthesis, there is protein degradation, mis-folding of 

proteins or short life of proteins. This makes transcriptional regulation point best for 
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the gene expression studies (van Vliet, 2010). Gene expression studies under stress 

in L. monocytogenes have been performed using different technologies such as qRT-

PCR, Microarray or RNAseq (Durack et al., 2013; Casey et al., 2014; Mataragas et 

al., 2015). 

Gene expression using RNA sequencing data/transcriptome is exceptionally 

powerful tool in modern biology. RNAseq allows unequivocal mapping of the 

sequences in a single region of the genome (Voelkerding et al., 2009; Fang et al., 

2013). It provides extent of coverage with a large range detection of transcripts, as it 

is able to detect from one to numerous copies of RNA per cell. The transcriptome 

also provides information on operon structures and mapping transcriptional start and 

stop sites (Wang et al., 2010). Transcriptomics data also can be used to elucidate the 

regulatory roles of noncoding RNAs (Storz et al., 2011; Morris and Mattick, 2014). 

The transcrptomic analysis of L. monocytogenes EGDe at different growth phases 

revealed that 7.6% of the genome was regulated of σ
B 

(105 genes upregulated and 

111 genes downregulated) (Hain et al., 2008). Microarray based transcriptomic 

analyses of listerial stress response under salt and cold stress revealed the role of cell 

wall synthesis proteins, transcriptional regulators, and multiple biochemical 

pathways involved in protecting L. monocytogenes (Durack et al., 2013). Sengupta 

and Chattopadhyay (2013) observed up-regulation in cell synthesis genes and 

decrease in overall metabolic turnover and suppression of genes associated with 

motility when subjected to cold stress. The transcriptional response of persistent and 

non-persistent strains to a sublethal dose of the QAC benzethonium chloride was 

analyzed (Casey et al., 2014; Fox et al., 2011). About 600 genes were reported to be  

up-regulated upon exposure to benzethonium chloride, which included the genes 

involved in cell wall reinforcement, sugar metabolism, pH regulation, transcription, 
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and biosynthesis of cofactors (Fox et al., 2011). A transcriptome of L. 

monocytogenes persisted strain 6179 was compared in presence and absence of 

benzalkonium chloride and genes involved in peptidoglycan biosynthesis, 

carbohydrate uptake, chemotaxis, and motility were observed to be overexpressed 

(Casey et al., 2014).  Tessema et al. (2012) reported the up-regulation of several 

genes encoding virulence factors, transport proteins, and transcriptional regulators 

(including σ
L
) in presence of organic acids. Transcriptomic analysis by microarray in 

L. monocytogenes under alkali stress showed rapid change in expressions with up-

regulation of genes encoding for multiple metabolic pathways, ATP-binding cassette 

transporters, motility as well as the σ
B 

controlled stress resistance network (Giotis et 

al., 2010). Mraheil et al. (2011) analyzed the intracellular sRNA transcriptome of L. 

monocytogenes during growth in macrophages and reported 150 putative regulatory 

RNAs; 71 of those have not been previously described and 29 regulatory RNAs, 

including small non-coding antisense RNAs, are specifically expressed intracellular. 

Transcriptome analysis targeted to particular genes or systems under different 

stresses have been performed by some researchers (Oliver et al., 2009; Nielsen et al., 

2012; Supa-amornkul et al., 2016). Although various genetic factors have been 

studied for their role in stress response using different methodologies, numbers of 

observations are inconsistent and hence our understanding of L. monocytogenes 

stress response is still fragmented. None of the studies are available for comparative 

transcriptional analysis under food related stresses of epidemiologically important 

subtype of L. monocytogenes. Therefore encyclopedic picture of transcripts of L. 

monocytogenes under different food related stresses is required towards 

understanding global response as well as common factors in the response to these 

various stresses.  
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4.3 Materials and Methods  

4.3.1 Pulsed Field Gel Electrophoresis analysis (PFGE) 

A total of 37 strains which exhibited tolerance to one of the stress were further 

investigated for their genomic pattern by Pulsed Field Gel Electrophoresis (PFGE). 

The PFGE was performed according to the Pulsenet standardized protocol (Graves 

and Swaminathan, 2001). In brief, cultures were grown in BHI broth overnight and 

cells were pelleted by centrifugation.  Standardized cell suspension and genomic 

DNA was prepared by mixing 240µL of standardized cell suspension with 20µL of 

10mg/ml lysozyme solution (Sigma, St. Louis, Mo), followed by incubation at 56°C 

for 20 min. An equal volume of molten cooled (55°C) 1.2% PFGE grade agarose, 1% 

SDS and 20µL of 20mg/ml Proteinase-K were mixed with standardized cell 

suspension. This mixture was immediately dispensed in volume of 200µL in plug 

molds and allowed to cool for 5 min. The plugs were transferred to 4ml of cell lysis 

buffer (50 mM Tris and 50 mM EDTA, pH 8.0, 1% Sodium lauryl sarcosine and 0.15 

mg/ml Proteinase-K) and incubated at 55°C for 2h in water bath shaker at 200 rpm. 

After incubation, lysis buffer was removed and plugs were washed with preheated 

(50-55°C) sterile ultrapure water. This washing with sterile ultrapure water was done 

twice in water bath shaker at 55°C at 200 rpm for 10 min.  Then plugs were washed 

with preheated Tris EDTA (TE) buffer (50-55°C) as described above for 15 min four 

times. Once washings were completed, plugs were transferred to 1.5 ml tubes in TE 

buffer and held at 4°C until processed for restriction digestion. The plugs were 

digested either with 25U of AscI (New England BioLabs, Beverly, MA, USA) at 

37°C for 3h or 25U of ApaI (New England BioLabs, Beverly, MA, USA) at 25°C for 

5h. After digestion the plugs were loaded on 1% PFGE grade agarose gel in 0.5X 

Tris Borate EDTA (TBE) buffer and electrophoresed on CHEF-DR
® 

III apparatus 
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(Bio-Rad Laboratories, Hercules, USA). The gel also loaded with Lambda ladder 

(New England Biolabs, Beverly, MA). The generated DNA fragments were 

separated using following electrophoresis conditions: voltage, 6V; initial switch time, 

4.0s; final switch time 40s; runtime 19h and temperature at 14°C. After 

electrophoresis gel was stained for 30 min in 400 ml of 0.5x TBE containing 25ml 

(10 mg/ml) of ethidium bromide and destained by two washes of 20 min each using 

400 ml of deionized water and visualized under gel documentation system (Bio-Rad, 

USA). Genomic fingerprints were then analyzed by Phoretix Software (Total labs, 

UK). 

4.3.2 Transcriptome analysis under different stresses  

4.3.2.1 Bacterial strain and growth conditions  

Considering the epidemiological significance, dominance of subtype in stress 

tolerance study and PFGE data; L. monocytogenes ILCC187 belonging to the 

predominant serotype 4b and with stress tolerance capability to all tested stress was 

selected for transcriptomic studies. A single isolated colony of test culture was 

inoculated in BHI broth and incubated at 37°C till reached to early stationary phase 

(18h). This was used as inoculum and 1ml was inoculated in 49 ml of BHI broth 

with pre-adjusted pH 4.5 (designated as ‘AP’) as well as at optimal BHI conditions 

which was used as control (designated as ‘CT’). In the same way 1ml culture was 

inoculated in 49 ml of BHI broth with salt concentration of 10% (designated as 

‘HS’), BHI broth with pre-adjusted pH 9.0 (designated as ‘AL’). All the preparations 

were incubated on shaker with 180 rpm at 37°C until reached to mid-exponential 

phase (A600nm~ 0.9). For low temperature stress, 1ml culture was inoculated in 49 ml 

of BHI broth and incubated on shaker with 180rpm at 4°C until reached to mid-
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exponential phase (A600nm~ 0.9) (designated as ‘LT’). All the cells were separated by 

centrifugation at 6000g for 10 min. at 4°C. Cell pellet was immediately suspended in 

RNAlater (Sigma, USA) and stored at -20°C till further step. 

4.3.2.2 Qualitative and Quantitative analysis of total RNA  

Total RNA was isolated from all samples using Trizol
® 

(Invitrogen, USA) as 

per the manufacturer’s protocol. The quality of the isolated RNA was checked on 

1% agarose gel for the presence of 16S and 23S bands. Further, total RNA was 

quantified using Qubit fluorometer (Invitrogen, USA).  

4.3.2.3 Illumina NextSeq 2 x 150 PE library preparations  

 The RNAseq paired end (PE) sequencing libraries were prepared from the 

isolated Total RNA using illumina TruSeq stranded mRNA sample preparation kit. 

Briefly, mRNA was enriched from the total RNA using MICROBExpress
TM

 kit as 

per manufacturer’s protocol (Ambion, USA), followed by enzymatic fragmentation 

and 1
st
 strand cDNA conversion. The 1

st
 strand cDNA was then synthesized to 

second strand using second strand mix and Act-D mix to facilitate RNA dependent 

synthesis. The ds cDNA samples were then purified using Ampure XP beads 

followed by A-tailing, adapter ligation and then enriched by limited number of PCR 

cycles. 

4.3.2.4 Quantity and quality check (QC) of library on Tape-station  

The PCR amplified libraries for all samples were analyzed in Tape Station 

4200 (Agilent Technologies) using High Sensitivity (HS) D1000 Screen Tape assay 

kit as per manufacturer’s instructions. 
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4.3.2.5 Cluster Generation and Sequencing  

After obtaining the Qubit concentration for the libraries and the mean peak 

size from Agilent Tape Station profile, the Paired End (PE) libraries were prepared 

from RNA samples using TruSeq stranded mRNA Library Prep Kit (Illumina, San 

Diego, CA, USA). The means of the library fragment size distribution is 306 bp to 

401 bp. The library was sequenced on NextSeq 500 using 2 x 150 bp chemistry. The 

PE illumina library was loaded onto NextSeq 500 for cluster generation and 

sequencing. Paired End sequencing allowed the template fragments to be sequenced 

in both the forward and reverse directions on NextSeq 500. The kit reagents were 

used in binding of samples to complementary adapter oligos on paired-end flow cell. 

The adapters were designed to allow selective cleavage of the forward strands after 

re-synthesis of the reverse strand during sequencing. The copied reverse strand was 

then used to sequence from the opposite end of the fragment. The contigs were 

assembled using bwa-0.7.12 mem with default parameters. The putative coding 

sequences (CDS) were identified with Prodigal tool which is a microbial gene 

finding program. Prodigal is a highly accurate gene finder. 

4.3.3 Bioinformatics Analysis  

4.3.3.1 Functional Annotation of Predicted CDSs  

The predicted CDSs data were analyzed by Rock Hopper Software (McClure et al., 

2013) by blasting the sequence data against reference strain Listeria monocytogenes 

F2365. 
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4.3.3.2 Differential Gene Expression  

The DESeq package was used to identify significantly and differentially 

expressed genes between control and treated samples and genes were defined as 

significantly differentially expressed based on a p-value ≤0.05. The comparative 

analysis of the differentially expressed genes and their pathways was performed 

using Kyoto Encyclopedia of Genes and Genomes (KEGG) database 

(http://pathways.embl.de/iPath2.cgi#). KEGG database (Fig. 4.2a and Fig. 4.2b) 

is knowledge base for systematic analysis of gene functions, linking genomic 

information with higher order functional information. The experimental gene 

sequence data is used to produce knowledge in computable forms; namely, in the 

forms of molecular networks called KEGG pathway maps, BRITE functional 

hierarchies and KEGG modules and are developed as networks of KO (KEGG 

Orthology) nodes, representing high-level functions of the cell and the organism. 
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4.4 Results and Discussion  

4.4.1 Pulsed Field Gel Electrophoresis analysis (PFGE) 

Analysis of whole genome patterns of 37 tolerant strains with both the 

enzymes (AscI and ApaI) revealed 15 pulsotypes (Fig.4.1). Two strains could not be 

typed with the AscI enzyme. The Simpson’s Diversity index was low (0.6873), 

indicating low diversity  of strains that were capable of tolerating the stress. The 

observed 15 pulsotypes were labelled serially and alphabetically from ‘A’ to ‘O’. 

The strains with pulsotype ‘M’ were observed to be dominant clustering 15 strains 

belonging to serotype 4b. Apparently, the possibility of single ubiquitous stress 

tolerating 4b clone cannot be denied. Also, in the case of serotype 1/2a and 1/2b 

strains very low genomic variation was noted. Although PFGE profiles showed 

correlation with the serotypes, there were no associations found with the stress 

tolerance capacities. Interestingly, the stress tolerance pattern of the similar 

pulsotype strains was different. For example, the strains with pulsotype ‘M’ were 

found to tolerate variable pH, salt, and low temperature. Similarly, in the case of 

serotype 1/2a strains and 1/2b strains were not consistent with their tolerance 

pattern. Considering the clonal or narrow genetic profile of the strains exhibiting 

tolerance to different stresses, it can be inferred that these tolerances must have been 

controlled by some common factor. Those common factors could be the presence 

some genes playing a role in survival and adaptation during exposure to the stressful 

environment. In-silico bioinformatics analysis of L. monocytogenes whole genomes 

have suggested several such gene-clusters present at distinct regions of the genome 

that altogether play significant roles in stress tolerance. (Kazmierczak et al., 2003; 

Hain et al., 2008). 
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The studies of distinct pattern of genotypes among stress tolerant L. 

monocytogenes strains might help to identify similarities and/or diversity based on 

genetic traits in L .monocytogenes strains of different origin and subtypes. Further 

studies with transcriptional analysis will help to confirm this hypothesis. L. 

monocytogenes is normally exposed to various stresses during food processing and 

disinfection procedures which could influence its response and ability to persist in 

these environments and thus contributes to defining conditions for better control in 

food processing plants (Magalhaes et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page | 94  
 

Fig. 4.1: Dendrogram (UPGMA) showing PFGE patterns of 37 stress tolerant Listeria monocytogenes strains restricted by AscI and ApaI 

enzymes with details of the source of isolation, serotype and stress tolerance patterns 
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4.4.2 Transcriptomic analysis  

 To understand the genomic context of phenotypic observations in various 

studied stresses, we used RNA-Seq approach to comprehensively examine the 

expression of genes in presence and in absence of different stresses.   

4.4.2.1 Transcriptional response under acidic/low pH stress  

In presence of low pH stress, ~55% of the genome of L. monocytogenes 

ILCC187 was mobilized. In brief, 668 (20.75%) and 1109 (34.45%) genes were 

found to be up- and down- regulated while, 1442 (44.79%) genes remained 

unaffected. Nevertheless, 12% and 7% genes were differentially up- and down- 

regulated (Table: 4.1).  

Among the significantly differential regulation we observed that particularly, 

genes that are involved in metabolic pathways, such as pentose phosphate and 

glutathione metabolism were up regulated (Fig4.2a and 4.2b). The pentose 

phosphate pathway is a process of glucose turnover that produces NADPH as 

reducing equivalents and pentoses as essential parts of nucleotides.  Glutathione 

known to act as the most important intracellular redox buffer, that plays a crucial 

role in osmoadaptation of bacteria which in turn maintains the pH homeostasis of 

cells (Schafer and Buettner, 2001, Smirnova and Oktyabrsky, 2005). Differential up 

regulation of 6 phosphogluconate dehydrogenase (LMOf2365_1395) was indicative 

of both the pathway (Table 4.1). Then glnA gene showed significant up regulation 

coding for glutamine synthetase, type I; which is involved in different pathways of 

GABA biosynthesis and metabolism as well as in two component system. GABA- 

gamma-Aminobutyrate metabolism is known to be integral part of acid stress stress 

and response to multiple other stresses in many bacteria (Feehily and Karatzas, 
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2012). Two components system, which is well characterized signal transduction 

system, enable bacteria to sense, respond, and adapt to changes in their environment 

including acid stress (Cotter et al., 2003; Sleator and Hill, 2005; Gao and Stock, 

2009; Pöntinen et al., 2017). Similarly, differential up-regulation of cobC 

(LMOf2365_1156) was indicative of active involvement of cobalamin biosynthetic 

pathway. Although the exact reason for up-regulation of cobalamin biosynthesis is 

unknown, it is well documented in many bacteria, including L. 

monocytogenes (Buchrieser et al., 2003) that biosynthesis of cobalamine or 

intermediates of cobalamine biosynthesis pathways acts as cofactors for various 

different biological processes, including source of carbon and energy, and likewise 

in the synthesis of acetyl-CoA (Roth et al., 1996). The acetyl-CoA synthesis 

pathway may also serve further to fatty acid biosynthesis pathway; this suggests the 

contribution of genes to the maintenance of membrane under severe environmental 

stress (Casey et al., 2014). The observation of acetyl-CoA is supported by another 

observation of up-regulation of gene LMOf2365_0293 (Table 4.1) coding for 

acetyltransferase, the Gcn5-related N-acetyltransferases (GNAT) family. The 

acetyltransferase, GNAT family known to play critical role in peptidoglycan 

synthesis and structural modifications towards escaping from deleterious conditions 

(Aubry et al., 2011; Burall et al., 2015; Favrot et al., 2016). Beside metabolic 

pathways, differential up-regulation of genes encoding for phosphotransferase 

system (PTS), ATP transport systems and DNA repair systems were indicative of 

altered carbohydrate-metabolism of cells at stressed conditions.  

The ability of L. monocytogenes to colonize and grow in diverse ecological 

niches is correlated with the presence of 331 (11.6%) genes encoding for different 

transport proteins. Interestingly, out of 331 genes, 88 (26%) transporter genes 

http://journal.frontiersin.org/article/10.3389/fmicb.2014.00068/full#B3
http://journal.frontiersin.org/article/10.3389/fmicb.2014.00068/full#B30
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specifically code for carbohydrate transporters, mediated by phosphoenolpyruvate-

dependent phosphotransferase systems (PTSs) (Glaser et al., 2001). The components 

of the PTS-system LMOf2365_0024, LMOf2365_0025, LMOf2365_1743, 

LMOf2365_1744, and LMOf2365_2020 (Table 4.1) were significantly up-regulated. 

These proteins are specifically involved in the uptake of carbohydrates which are 

further involved in energy producing metabolic pathways (Barabote and Saier, 2005; 

Stoll and Goebel, 2010; Casey et al., 2014). The gene LMOf2365_0416 encoding 

ABC transporter ATP binding protein; also the genes coding for proteins involved in 

the membrane-associated zinc metalloprotease (LMOf2365_1335), oligopeptide 

ABC transporter permease (LMOf2365_2228) and efflux pump (LMOf2365_2548) 

(Table 4.1) that are involved in the exporting H
+
 ions to maintain the cytoplasmic 

homeostasis observed to be significantly up-regulated. The involvement of ABC 

transporters in acid stress response of Acetobacter aceti and L. monocytogenes has 

been reported earlier (Nakano et al., 2006;  Stasiewicz et al., 2011). The gene 

LMOf2365_1188 (Table 4.1) encoding ethanolamine utilization protein showed 

significant up-regulation. This might helping L. monocytogene to survive through 

host gastrointestinal tract as observed in Clostridium difficile (Sebaihia et al., 2006). 

Interestingly, the gene accC was up-regulated by 8 folds, encoding subunit of acetyl 

Co-A carboxylase enzyme; this enzyme is known to be the major rate-limiting 

enzyme in fatty acid biosynthesis (Brownsey and Denton, 1987; Polyak et al., 2012). 

As observed earlier by Mastronicolis et al. (2010), such alterations in fatty acid 

composition help L. monocytogenes to decrease the membrane fluidity under acid 

stress. These observations of differential regulation in the genes related to fatty acids 

also support the earlier observations of FAME analysis in this study.  Single 

stranded-DNA-binding protein, ssb2 has up-regulated significantly (Table 4.1); 



Page | 98  
 

which is opined to be protecting and repairing of chromosomal DNA in cellular 

stresses (Weber et al., 2007). As observed earlier by Durack et al. (2013), cell 

division proteins significant accumulation under low temperature and osmotic stress, 

similarly there was up-regulation in ftsA (4.6 fold) and divIVA (59.5 folds) was 

observed under acidic stress. Besides this, genes encoding proteins for ribosomal 

subunits (rplM, rplU), DNA repair (recJ), cell wall surface anchor family protein 

(LMOf2365_2052), uridylate kinase (pyrH), segregation and condensation protein A 

(scpA) and many hypothetical proteins showed significant up-regulation under low 

pH stress test strain. Interestingly, there was up-regulation in antisense: 

LMOf2365_2548 (Table 4.1); which is antisense RNA of cation efflux family 

protein. There was up-regulation in antisense: LMOf2365_2495, again antisense 

RNA for LysM family protein which is motif of peptidoglycan known for 

influencing peptidoglycan structural stability (Krawczyk-Balska et al., 2014).  As 

antisense RNAs known for transcription termination, codegradation, control of 

translation, and transcriptional interference (Georg and Hess, 2011); these 

observations suggested their significant accumulation in cells was towards reducing 

cation efflux for maintaining pH homeostasis and to inhibit influence on cell wall 

structure, respectively under this low pH stress.                

A significant down-regulation in the genes LMOf2365_0148 and 

LMOf2365_2139 encoding serine/threonine phosphatase was observed (Table 4.1). 

Serine/threonine phosphatase coupled with serine/threonine kinase is involved in 

peptidoglycan modulation in Gram positive bacteria (Débarbouillé et al., 2009; 

Dworkin, 2015). Deletion mutant study of serine/threonine kinase showed increased 

resistance to Triton X-100 in Staphylococcus aureus (Débarbouillé et al., 2009). 

Hence, this down-regulation could be helping bacteria for inhibiting modulations in 
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cell wall which further helping towards low pH stress tolerance. The small 

nucleotide cyclic di-3′,5′-adenosine monophosphate (c-di-AMP) is essential 

molecule in ubiquitous signaling, with essential roles in bacterial physiology, 

growth, host–pathogen interactions and virulence. HD domain protein acts in 

cooperative hydrolysis of c-di-AMP towards reducing elevated c-di-AMP levels 

(Huynh et al., 2015). Interestingly down-regulation of gene LMOf2365_0504 (Table 

4.1) encoding for HD domain proteins underlined that increased concentration of c-

di-AMP might be helping for growth in such stressed conditions. Glyoxalase are the 

enzymes that catalyses the conversion of toxic metabolites to corresponding 

nontoxic acids, leading to acidification of cytoplasm (Suttisansanee et al., 2011). 

Since the pH of cytoplasm is already lowered with accumulation of H
+ 

ions
 
across 

the membrane
 
towards achieving pH homeostasis; the excessive acidification of 

cytoplasm could be avoided by down-regulation of gene LMOf2365_1726 (Table 

4.1). Van Boeijen et al. (2010) and Liu et al. (2014) observed down-regulation of 

genes associated with flagellar assembly in L. monocytogenes under high hydrostatic 

pressure (HHP) and to a sublethal dose of Carnocyclin A, respectively. Similarly 

here, under low pH stress fliC gene was observed to be down-regulated (Table 4.1). 

Although exact mechanism of inhibition of flagella synthesis is unknown; it might 

be the channeling energy to other cellular processes that aid the survival of the 

organism in low pH stress, as large amount of energy is required in flagellar 

assembly synthesis. Surprisingly, we observed considerable down-regulation of gene 

thiM (Table 4.1) involved in thiamine metabolism.   Under low pH stress tryptophan 

operon was affected very significantly with down-regulation of genes of tryptophan 

operon namely trpA, trpB (Table 4.1). Besides this, genes encoding for 

transcriptional regulators such as AraC family transcriptional regulator 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Huynh%20TN%5BAuthor%5D&cauthor=true&cauthor_uid=25583510
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(LMOf2365_1198) and TetR family transcriptional regulator (LMOf2365_2437) 

showed significant down-regulation. Some uncharacterized proteins of and ABC-2 

type transporter system permease protein (LMOf2365_2247) were down-regulated 

(Table 4.1). Besides this, genes encoding threonine aldolase (LMOf2365_0330), Zn-

dependant alcohol dehydrogenase (LMOf2365_2827), SsrA binding protein (smpB) 

and M20/M25/M40 family peptidase (LMOf2365_2810) showed significant down-

shift (Table 4.1) under this stress. An interesting observation made and it was, the 

15/67 tRNA did not express. Some of these tRNAs have been shown to associated 

with genomic variation forming genomic hot-spot of L. monocytogenes (Kuenne et 

al., 2013). Moreover, some antisense RNAs were also observed to be regulated 

negatively indicating suppression of metabolic pathways.  

Thus, at low pH stress, ABC transporter, ATP dependat PTS systems, 

carbohydrate utilization and energy producing pathways, structural component 

synthesis and/or modulating pathways and DNA repair systems were up-regulated. 

While amino acids and flagella component synthesis pathways, some regulatory 

proteins and tRNAs were down-regulated to tackle the stress (Fig. 4.2a and 4.2b). 

Nevertheless, involvement of several accessory pathways and systems needs to be 

further investigated to determine their actual role in the low pH stress.  
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Table 4.1: Fold change (up-regulation/down-regulation) of differentially regulated 

genes under acidic/low pH stress in L. monocytogenes ILCC187. 

Name Synonym Product 

Fold 

Change 

- LMOf2365_1226 peptidase 4.02 

rplM LMOf2365_2570 50S ribosomal protein L13 4.15 

gnd LMOf2365_1395 6-phosphogluconate dehydrogenase 4.17 

ftsA LMOf2365_2065 cell division protein FtsA 4.67 

- LMOf2365_1418 phosphodiesterase 5.20 

- LMOf2365_2087 hypothetical protein 5.71 

pyrH LMOf2365_1330 uridylate kinase 6.10 

- LMOf2365_2548 cation efflux family protein 6.15 

glnA LMOf2365_1317 glutamine synthetase, type I 6.41 

- LMOf2365_2228 oligopeptide ABC transporter permease 6.65 

recJ LMOf2365_1544 single-stranded-DNA-specific exonuclease RecJ 6.75 

accC LMOf2365_1374 acetyl-CoA carboxylase biotin carboxylase subunit 8 

greA LMOf2365_1515 transcription elongation factor GreA 8.27 

rplU LMOf2365_1561 50S ribosomal protein L21 8.59 

- LMOf2365_0697 cof family hydrolase 9 

rpsS LMOf2365_2601 30S ribosomal protein S19 9.13 

- predicted RNA antisense: LMOf2365_2495 9.68 

- LMOf2365_1095 glycosyl transferase family protein 10.33 

- LMOf2365_0621 hypothetical protein 15.18 

- LMOf2365_1532 carbon-sulfur lyase 17 

- predicted RNA antisense: LMOf2365_2548 17.51 

- LMOf2365_0024 PTS system fructose-specific transporter subunit IIA 31 

- LMOf2365_0112 hypothetical protein 31 

- LMOf2365_0933 hypothetical protein 31 

scpA LMOf2365_1981 segregation and condensation protein A 33 

- LMOf2365_1188 ethanolamine utilization protein 38 

- LMOf2365_2061 hypothetical protein 39 

- LMOf2365_0025 PTS system mannose/fructose/sorbose family transporter subunit IIB 40 

- LMOf2365_1638 phosphotransferase enzyme family protein 40 

- LMOf2365_0416 ABC transporter ATP-binding protein 41 

- LMOf2365_0514 hypothetical protein 41 

cobC LMOf2365_1156 alpha-ribazole-5'-phosphate phosphatase 41 

rbfA LMOf2365_1344 ribosome-binding factor A 41 

- LMOf2365_1744 PTS system beta-glucoside-specific transporter subunit IIB 41 

- LMOf2365_0609 phospholipase/carboxylesterase 43 

- LMOf2365_2020 PTS system mannose/fructose/sorbose family transporter subunit IIA 46 

- LMOf2365_1664 hypothetical protein 48 

- LMOf2365_1879 carboxypeptidase 50 

- LMOf2365_2052 cell wall surface anchor family protein 51 

- LMOf2365_1508 hypothetical protein 52 

- LMOf2365_1743 PTS system beta-glucoside-specific transporter subunit IIA 52 

- LMOf2365_1335 membrane-associated zinc metalloprotease 55 

- LMOf2365_0608 hypothetical protein 56 

divIVA LMOf2365_2045 cell division protein DivIVA 59.5 

- LMOf2365_1300 hypothetical protein 60 

Continued… 
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- LMOf2365_1077 hypothetical protein 63 

- LMOf2365_0657 hypothetical protein 66 

- LMOf2365_0293 acetyltransferase 71 

ssb-2 LMOf2365_2496 single-strand binding protein 72 

- LMOf2365_1581 hypothetical protein 87 

- LMOf2365_1475 hypothetical protein 133 

- LMOf2365_1198 AraC family transcriptional regulator -450.14 

- LMOf2365_0740 hypothetical protein -124 

- predicted RNA antisense: fruB -121.14 

- LMOf2365_1726 glyoxalase -113.75 

thiM LMOf2365_0334 hydroxyethylthiazole kinase -111 

- LMOf2365_0220 hypothetical protein -97 

- LMOf2365_2437 TetR family transcriptional regulator -90 

- LMOf2365_tRNA-Leu-2 Leu tRNA -88 

trpA LMOf2365_1649 tryptophan synthase subunit alpha -86 

- predicted RNA antisense: LMOf2365_2307 -78.16 

- LMOf2365_tRNA-Ser-4 Ser tRNA -78 

- LMOf2365_2791 hypothetical protein -74 

- LMOf2365_tRNA-Glu-2 Glu tRNA -72 

- predicted RNA antisense: LMOf2365_2305 fruB -65.43 

- LMOf2365_2827 zinc-dependent alcohol dehydrogenase -60 

- LMOf2365_0330 threonine aldolase -56 

- LMOf2365_tRNA-Leu-5 Leu tRNA -56 

- predicted RNA antisense: LMOf2365_0726 cheY cheA -54.98 

- LMOf2365_2689 hypothetical protein -52 

trpB LMOf2365_1650 tryptophan synthase subunit beta -51 

- LMOf2365_2510 UDP-N-acetylglucosamine 2-epimerase -51 

- LMOf2365_2840 sugar transporter -50 

- LMOf2365_2810 M20/M25/M40 family peptidase -47 

- LMOf2365_tRNA-Leu-6 Leu tRNA -47 

- LMOf2365_tRNA-Lys-1 Lys tRNA -47 

- LMOf2365_0046 amino acid permease -46 

- LMOf2365_2139 Ser/Thr protein phosphatase -45.34 

- predicted RNA - -44.61 

- LMOf2365_2539 hypothetical protein -44 

- LMOf2365_tRNA-Arg-1 Arg tRNA -44 

- LMOf2365_tRNA-Asp-3 Asp tRNA -44 

- LMOf2365_tRNA-Glu-1 Glu tRNA -44 

- LMOf2365_tRNA-Lys-4 Lys tRNA -44 

- LMOf2365_tRNA-Met-4 Met tRNA -44 

- LMOf2365_tRNA-Pro-1 Pro tRNA -44 

- LMOf2365_tRNA-Ser-3 Ser tRNA -44 

- LMOf2365_tRNA-Tyr-2 Tyr tRNA -44 

- LMOf2365_0313 hypothetical protein -42 

- LMOf2365_0412 hypothetical protein -42 

- LMOf2365_2028 hypothetical protein -39 

- LMOf2365_tRNA-Ile-1 Ile tRNA -38 

- LMOf2365_1427 PadR family transcriptional regulator -37.35 

- LMOf2365_0064 hypothetical protein -36 

- LMOf2365_2427 hypothetical protein -36 

Continued… 

Continued… 
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- LMOf2365_0504 HD domain-containing protein -30.08 

- LMOf2365_1139 hypothetical protein -28.39 

- LMOf2365_0148 Ser/Thr protein phosphatase -26.97 

- predicted RNA antisense: LMOf2365_2313 -24.62 

- LMOf2365_2247 ABC transporter permease -23.51 

- LMOf2365_0726 flagellin -19.91 

smpB LMOf2365_2421 SsrA-binding protein -19.44 

- LMOf2365_1122 hypothetical protein -17.43 

- LMOf2365_0688 hypothetical protein -16.98 

- LMOf2365_1267 hypothetical protein -15.79 

- predicted RNA antisense: LMOf2365_tmRNA1 -1.06 

Continued… 
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Fig. 4.2a : Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under low pH stress. (Color 

indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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Fig. 4.2b: Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under low pH stress (Zoomed view). (Color 

indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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4.4.2.2 Transcriptional response under alkaline/high pH stress  

The alkaline pH stress resistance of L. monocytogenes is of matter of concern 

in the food industries, particularly when mild alkali treatments are used for cleaning 

of surfaces and/or equipment coming in contact with foods. It also accounts for the 

listerial persistence in such environments. The ability of Listeria to resist high pH 

stress also makes this organism capable of escaping pH-related human defense 

mechanisms, e.g. alkaline conditions due to presence of pancreatic secretions and, 

rise and fall of the vacuolar pH in the phagolysosomes (Gray et al., 2006). 

 In this study, under alkaline stress, the genome of the strain L. monocytogenes 

was deployed to higher extent with thousands of genes to be up and down regulated. 

Among the differentially regulated genes with glaring degree there were 60 genes to 

be differentially over-expressed and 23 genes were differentially down-regulated.  

As per earlier observations, there are four broad categories of alkali stress 

adaptation, (i) increased metabolic acids production which helps in pH homeostasis 

(ii) ATP synthase activity coupled with H
+
 entry to ATP generation is increased 

under alkaline stress (iii) alteration in the cell surface properties (iv) increased 

expression and activity of the transporters (Padan et al., 2005; Giotis et al., 2010). 

As primary strategy of bacteria towards maintaining pH homeostasis is increased 

production of acids; here highly differential up-regulation of glutamate synthase 

(gltB) could have been alike strategy of L. monocytogenes to resist alkaline stress. 

Similar phenomenon has been observed in other bacteria under same alkaline 

stressed conditions (Wilks et al., 2009).  In accordance, we observed the induction 

of genes related to carbohydrate and energy metabolism which could be helping L. 

monocytogenes with increased ATP generation to cope-up with alkaline stress (Fig. 
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4.3a and 4.3b). The genes related to glycolysis (bglA) and energy metabolism 

(LMOf2365_2417, LMOf2365_1896, LMOf2365_1901, LMOf2365_0270) were 

observed to be highly up-regulated (Table 4.2). There was a significant up-

regulation in the expression of genes (talA, talB) encoding enzymes involved in 

pentose phosphate pathway (Table 4.2). The alteration in cell surface properties is 

another well-known mechanism in L. monocytogenes under alkaline stress. 

Interestingly, in this study differential up-regulation was observed in the expression 

of genes involved in pathways related to cell wall, such as fatty acids biosynthesis, 

peptidoglycan biosynthesis (LMOf2365_1093) and techoic acid synthesis 

(LMOf2365_1097). The genes encoding for lipoprotein (LMOf2365_0495) as well 

as wall associated protein (LMOf2365_0450) showed differential over-expression 

under alkaline stress. Surprisingly, large number of cell wall surface anchor family 

proteins (LMOf2365_0349, LMOf2365_0350, LMOf2365_0656, LMOf2365_0693, 

LMOf2365_0694, LMOf2365_0768, LMOf2365_0805, LMOf2365_0869, 

LMOf2365_1254, LMOf2365_1974, LMOf2365_2210, LMOf2365_2211, 

LMOf2365_2212, LMOf2365_2370, LMOf2365_2638) were expressed with 

differential up-regulation (Table 4.2). The observations differential regulation of 

genes related to fatty acids supports earlier data of FAME analysis in this study. 

Under alkali stress there was induced differential regulation of many ORFs coding 

for ABC transporters. These ABC transporters are known to play very important role 

in diverse physiological processes of cells (Geourjon et al., 2001), which includes 

the uptake of oligopeptides and other solutes during exposure and growth under 

alkaline pH stress (Padan et al., 2005). Earlier reports in many bacteria have shown 

the import and break down of peptides into free amino acids as significant sources of 

protons (Padan et al., 2005). This phenomenon suggests a possible basis of the 
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increased uptake of peptides under alkaline stressed conditions. This process not 

only acts as source of amino acids, it might be helping with structural adaptation by 

incorporating stress resistant polymers in cell wall of bacteria (Wood et al., 2001; 

Takami et al., 2002). In this study, there was very significant up-regulation observed 

in ABC transporter ATP-binding proteins (LMOf2365_0279, LMOf2365_0280) and 

ABC transporter permease (LMOf2365_1233, LMOf2365_1525) (Table 4.2). An 

up-regulation of gene encoding thiamine-pyrophosphate-requiring enzyme 

(LMOf2365_0398) was observed, which is opined to be involved in microbial 

metabolism in diverse environments. Also up-regulation of S1 RNA-binding protein 

domain (LMOf2365_0917) was observed (Table 4.2), possibly helping in 

modulation of translation via binding mRNA under stress as previously reported for 

other RNA binding proteins (Michaux et al., 2012). The two component system is 

well known to playing important role in sensing stress and regulation of response 

accordingly under different stresses of high salt, low pH and low temperature 

(Sleator and Hill, 2005; Tessema et al., 2012; Pöntinen et al., 2015). It was 

interesting to note the significant over-expression in the genes of sensor (resE, 

LMOf2365_2035) and response regulator (LMOf2365_2034) of two component 

systems in here under alkaline stress. There was notable up-regulation in PRD/PTS 

system IIA 2 domain-containing protein under alkaline stress. The role of PTS in 

alkaline stress response is incompletely understood in case of Listeria and more 

work is required to clarify the relation of differential regulation of PTS under alkali 

stress.  

Besides this, there was induced differential regulation were observed in the 

genes of DNA repair system such as ATP-dependent nuclease subunit A and B 

(addA, addB), DNA segregation ATPase FtsK/SpoIIIE, S-DNA-T family 
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(LMOf2365_0072) and SbcC family exonuclease (LMOf2365_1666). Also dolichyl-

phosphate-mannose-protein mannosyltransferase (LMOf2365_0954), type II 

restriction enzyme Sau3AI (LMOf2365_0325), amidase (LMOf2365_0866), and 

many hypothetical proteins showed high expression under alkaline stress in L. 

monocytogenes. 

It was surprising to note less number of genes to be differentially down-

regulated under alkaline stress in comparison with transcriptome of L. 

monocytogenes under other stresses. 

The pre-protein translocase subunits (secY and yajC) were observed to be 

down-regulated very significantly (Table 4.2). These proteins are very well known 

to play role as membrane transporter for export of peptides (du Plessis et al., 2011; 

Durack et al., 2015). Since import and break down of peptides into free amino acids 

is significant sources of protons (Padan et al., 2005), these are thought to be 

important for better adaptation under alkaline stress; hence the transfer of peptides 

out of the cell need to be controlled. This could have resulted in repression of the 

genes secY and yajC to avoid peptide transfer under alkaline stress. It was interesting 

to note significant repression in bifunctional acetaldehyde-CoA/alcohol 

dehydrogenase (adhE); which is known to be involved in various pathways 

including fatty acid degradation. As cell wall need to be intact under various 

stresses, the inhibition of this enzyme could be helping bacteria under alkaline stress. 

Similar observation of down-regulation of bifunctional acetaldehyde-CoA/alcohol 

dehydrogenase have been reported in L. monocytogenes in response to carnocyclin A 

exposure (Liu et al., 2014); where carnocyclin A is bacteriocin believed to act by 

disruption of the integrity of the membrane of target cells (van Belkum et al., 2011). 

There was down-regulation of GatB/Yqey domain-containing protein 
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(LMOf2365_1487) observed under alkaline stress. The exact function of this protein 

is not yet known and need to be studied further. Interestingly, proteins such as 

peroxide resistance protein Dpr (LMOf2365_0963) and redox-sensing 

transcriptional repressor Rex (LMOf2365_2104) repressed under alkaline stress; 

which are known to be involved in tolerance of various stresses (Tsou et al., 2008; 

Bitoun et al., 2011). The exact relation of down-regulation of these proteins under 

alkaline pH stress in L. monocytogenes needs to be explored. As previously reported 

in L. monocytogenes under alkaline stress; repression of different ribosomal proteins 

(rpsE, rpsF, rpsM, rpsC) was observed (Giotis et al., 2008) (Table 4.2). Although 

there is up-regulation of various ABC transporter genes in L. monocytogenes under 

alkaline stress; surprisingly, ABC transporter substrate-binding proteins 

(LMOf2365_1877, LMOf2365_2229) were down-regulated. Same phenomenon has 

been reported previously for same genes and even under similar stress in L. 

monocytogenes (Giotis et al., 2008). It was also interesting to observe the repression 

of heat shock protein related; co-chaperonin GroES (groES) and TetR family 

transcriptional regulator (LMOf2365_2120) genes under alkaline stress (Table 4.2). 

Still there is no knowledge of its relation with alkaline stress tolerance in L. 

monocytogenes, which need to be elucidated. 

Besides, down-regulation of many hypothetical proteins was observed under 

alkaline stress in this study. Unlike low pH stress the repression of some tRNAs 

were observed under high pH stress (Table 4.2); which could have been shown to 

associated with genomic variation forming genomic hot-spot of L. monocytogenes 

(Kuenne et al., 2013). 
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Thus there was up-regulation of the genes related to energy production 

systems (Fig. 4.2b), cell wall component modifications/biosynthesis systems, 

transporter systems, RNA binding proteins, stress sensor and response regulator 

systems. Also there was up-regulation of many uncharacterized proteins observed 

under this stress. However, there was repression of pre-protein translocase subunits, 

fatty acid degrading proteins, few ABC transporters and many other proteins; which 

are needed to study further for their role in alkaline stress. Though, role of many 

other genes related to different pathways and systems needs to be explored further 

towards advancement of knowledge for their actual role in the alkaline pH stress 

tolerance. 
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Table 4.2: Fold change (up-regulation/down-regulation) of differentially regulated 

genes under alkaline/high pH stress in L. monocytogenes ILCC187 

Name Synonym Product 

Fold 

Change 

- LMOf2365_2417 glycosyl hydrolase 3.48 

- LMOf2365_2211 cell wall surface anchor family protein 3.8 

- LMOf2365_0072 diarrheal toxin/FtsK/SpoIIIE family protein 4.35 

- LMOf2365_0345 hypothetical protein 4.75 

- LMOf2365_0350 cell wall surface anchor family protein 4.84 

gltB LMOf2365_1758 glutamate synthase 5 

- LMOf2365_1233 ABC transporter permease 12.25 

- LMOf2365_0656 cell wall surface anchor family protein 12.43 

- LMOf2365_0103 hypothetical protein 14 

- LMOf2365_1690 hypothetical protein 17 

addB LMOf2365_2301 ATP-dependent nuclease subunit B 22.5 

- LMOf2365_0805 cell wall surface anchor family protein 22.6 

- LMOf2365_0859 cell wall surface anchor family protein 23.5 

- LMOf2365_2212 cell wall surface anchor family protein 29.33 

- LMOf2365_0398 thiamine-pyrophosphate-requiring enzyme 73 

- LMOf2365_0917 S1 RNA-binding domain-containing protein 78 

- LMOf2365_2055 hypothetical protein 78 

- LMOf2365_0495 lipoprotein 81 

- LMOf2365_1825 hypothetical protein 81 

- LMOf2365_2056 hypothetical protein 81 

- LMOf2365_0693 cell wall surface anchor family protein 82 

- LMOf2365_0450 wall-associated protein 83 

- LMOf2365_1093 N-acetylmuramoyl-L-alanine amidase 84 

ppdK LMOf2365_1896 pyruvate phosphate dikinase 84 

- LMOf2365_0768 cell wall surface anchor family protein 85 

- LMOf2365_0349 cell wall surface anchor family protein 86 

- LMOf2365_0494 hypothetical protein 86 

- LMOf2365_1901 phosphoglucomutase/phosphomannomutase 86 

- LMOf2365_1525 ABC transporter permease 87 

- LMOf2365_2034 DNA-binding response regulator 87 

- LMOf2365_0694 cell wall surface anchor family protein 88 

- LMOf2365_1974 cell wall surface anchor family protein 89 

- LMOf2365_0422 PRD/PTS system IIA 2 domain-containing protein 90 

malL-2 LMOf2365_0270 oligo-1,6-glucosidase 91 

- LMOf2365_0280 ABC transporter ATP-binding protein/permease 92 

- LMOf2365_0833 hypothetical protein 92 

- LMOf2365_0954 dolichyl-phosphate-mannose-protein mannosyltransferase 92 

- LMOf2365_1097 glycosyl transferase family protein 92 

glyS LMOf2365_1477 glycyl-tRNA synthetase subunit beta 92 

resE LMOf2365_1977 sensor histidine kinase ResE 92 

- LMOf2365_2035 sensor histidine kinase 92 

Continued… 
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- LMOf2365_0493 hypothetical protein 93 

- LMOf2365_2210 cell wall surface anchor family protein 93 

addA LMOf2365_2300 ATP-dependent nuclease subunit A 94 

- LMOf2365_2370 cell wall surface anchor family protein 94 

bglA LMOf2365_2761 6-phospho-beta-glucosidase 94 

- LMOf2365_0687 hypothetical protein 96 

- LMOf2365_0279 ABC transporter ATP-binding protein 97 

- LMOf2365_0325 type II restriction enzyme Sau3AI 97 

- LMOf2365_0866 amidase 97 

- LMOf2365_0096 hypothetical protein 98 

- LMOf2365_1666 SbcC family exonuclease 98 

- LMOf2365_1096 hypothetical protein 100 

- LMOf2365_2057 hypothetical protein 100 

- LMOf2365_0605 hypothetical protein 101 

- LMOf2365_2766 bacteriocin immunity protein 101 

- LMOf2365_0118 hypothetical protein 106 

- LMOf2365_0374 internalin 106 

- LMOf2365_2638 cell wall surface anchor family protein 107 

- LMOf2365_2740 hypothetical protein 110 

- LMOf2365_1254 cell wall surface anchor family protein 119 

- LMOf2365_2120 TetR family transcriptional regulator -0.0569 

groES LMOf2365_2100 co-chaperonin GroES -0.0363 

- LMOf2365_1877 manganese ABC transporter ATP-binding protein -0.2718 

rpsC LMOf2365_2599 30S ribosomal protein S3 -0.0612 

rpsM LMOf2365_2581 30S ribosomal protein S13 -0.0370 

rpsF LMOf2365_0053 30S ribosomal protein S6 -0.0432 

rpsE LMOf2365_2588 30S ribosomal protein S5 -0.0503 

- LMOf2365_1711 hypothetical protein -0.0563 

- LMOf2365_2104 redox-sensing transcriptional repressor Rex -0.0967 

- LMOf2365_0963 peroxide resistance protein Dpr -0.0150 

- LMOf2365_1487 GatB/Yqey domain-containing protein -0.0574 

adhE LMOf2365_1656 bifunctional acetaldehyde-CoA/alcohol dehydrogenase -0.0152 

yajC LMOf2365_1548 preprotein translocase subunit YajC -0.0447 

- LMOf2365_1622 hypothetical protein -0.0723 

- LMOf2365_1324 hypothetical protein -0.0607 

- LMOf2365_1266 hypothetical protein -0.0022 

- LMOf2365_1916.5 hypothetical protein -0.0038 

- LMOf2365_1180 hypothetical protein -0.0139 

- LMOf2365_0963 peroxide resistance protein Dpr -0.0150 

- LMOf2365_1179 hypothetical protein -0.0168 

- LMOf2365_2229 oligopeptide ABC transporter substrate-binding protein -0.0355 

secY LMOf2365_2585 preprotein translocase subunit SecY -0.0608 

rpsC LMOf2365_2599 30S ribosomal protein S3 -0.0612 

 

 

Continued… 
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Fig. 4.3a: Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under high pH stress. (Color 

indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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Fig. 4.3b: Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under high pH stress (Zoomed view). (Color 

indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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4.4.2.3 Transcriptional response under high salt stress  

L. monocytogenes ILCC187 grown under high salt stress transcribed with up-

regulation of 1667 (51.78%) genes and down-regulation of 612 (19.01%) genes, 

keeping 940 (29.20%) genes at normal. Under this stress, 70.79% of genome was 

deployed with differential up-regulation of 59 genes; while, 51 genes were 

differentially down-regulated (Table 4.3). 

 The ABC transporters form the largest group of paralogous genes in bacterial 

and archaeal genomes (Tatusov et al., 1996). It constitutes a large superfamily of 

multi-subunit permeases that actively involved in transportation of diverse molecules 

across the biological membranes (Braibant et al., 2000). There are reports of solute 

transport based involvement of ABC transporters in osmotic stress tolerance in 

different microorganisms (Perroud and Le Rudulier, 1985; Fraser et al., 2000; Heide et 

al., 2001; Du et al., 2011). In our study, significant up-regulations were observed in 

genes namely, LMOf2365_0416, LMOf2365_0780, LMOf2365_0877, cbiQ 

(LMOf2365_1215) and LMOf2365_2319 (Table 4.3). Energy pool management 

appeared to be critically important for osmo-adaptation of L. monocytogenes cells 

(Duche et al., 2002). This conclusion is supported by up-regulation of genes such as 

atpC (LMOf2365_2501), LMOf2365_2558, LMOf2365_2321 and different genes of 

PTS system family proteins (Fig. 4.4a and 4.4b) (Table 4.3).  Also a significant 

overexpression was observed in genes coding for PTS system transporter subunit IIB 

(LMOf2365_1109) and PTS system transporter subunit IIA (LMOf2365_2785) 

involved in carbohydrate metabolism pathways (Table 4.3). Interestingly, a factor 

associated with virulence of L. monocytogenes that is invasion associated secreted 

endopeptidase encoded by the iap gene significantly activated by 8 folds in cells 

grown under hyperosmotic stress. Cold shock family proteins are nucleic acid binding 
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proteins that presumably have important roles in regulation of various microbial 

physiological processes (Ermolenko et al., 2002). A gene LMOf2365_1908 encoding 

for cold-shock domain-family protein was observed to be up-regulated (Table 4.3) 

under high salt stress. It was interesting to note the up-regulation in the minC gene 

under high salt stress; which defended the earlier data of SEM and qPCR analysis of 

minC gene (Chapter 3) and also supported hypothesis of possible involvement of 

MinC protein in filamentous morphology of L. monocytogenes under salt stress. In 

bacterial pathogens, cell wall surface anchor family proteins are typically involved in 

promoting bacterial attachment to the host tissues or preventing from phagocytosis and 

plays important role in epithelial invasion and survival through macrophage (Reddy et 

al., 2016). Here in strain challenged with osmotic stress showed over-expression of 

gene LMOf2365_0543 coding for cell wall surface anchor family protein. The 

carboxypeptidase family proteins are involved in variety of processes including the 

modifications of peptidoglycan in bacteria to maintain elasticity in the cell wall under 

the stressed environmental conditions (Bergholz et al., 2009). Likewise in our study, 

LMOf2365_1879 gene encoding carboxypeptidase inducted with up-regulation (Table 

4.3) in response of high salt stress. The gene LMOf2365_1532 coding for enzyme 

involved in thiamine metabolism pathway up-regulated significantly; thiamine uptake 

and biosynthesis of thiamine precursors are reported to be required for pathogen’s 

intracellular replication (Schauer et al., 2009). Controlled DNA replication and 

coordination of chromosome duplication with cell cycle is a crucial step in survival of 

microorganisms under stressed environmental conditions (Durack et al., 2013). A 

deletion mutant study of lstC coding for GNAT acetyltransferase showed led to a 

reduction in growth of L. monocytogenes in 7% NaCl (Burall et al., 2015). Similarly in 

our study, the genes encoding for acetyltransferases (LMOf2365_0152 and 
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LMOf2365_0293) observed to be up-regulated significantly. The genes (purN, scpA, 

rnhB, ssb2, LMOf2365_1418) encoding for proteins involved in nucleotide 

biosynthesis pathways, chromosome condensation and segregation, RNA degradation, 

DNA replication as well as in DNA repair were inducted with very significant up-

regulation (Table 4.3). Interestingly, genes encoding for large and small ribosomal 

subunits (LMOf2365_2600, LMOf2365_2601) also observed to be over-expressed. 

Apart from this genes encoding phospholipase/carboxylesterase (LMOf2365_0609), 

MobB operon encoding molybdenum cofactor biosynthesis (LMOf2365_1064), 

membrane-associated zinc metalloprotease (LMOf2365_1335), cell division protein 

(divIVA), general stress proteins (LMOf2365_2340), NADPH dependant FMN 

reductase (LMOf2365_2321) and many hypothetical proteins showed significant 

activation in cells under the hyperosmotic stress (Table 4.3). 

 Similarly to acidic stress LMOf2365_0504 encoding for HD domain-containing 

protein observed to be repressed under high salt stress. HD domain protein already 

known for its role in cooperative hydrolysis of cyclic di-3′,5′-adenosine 

monophosphate (c-di-AMP) towards reducing its elevated levels (Huynh et al., 2015). 

However, in L. monocytogenes c-di-AMP coordinates bacterial growth, cell wall 

stability, and responses to stress and plays a crucial role in the establishment of 

bacterial infection and virulence (Witte et al., 2013; Zeevi et al., 2013). In case of 

glyoxalase protein suppression was observed under high salt stress; although reason 

behind downshift of glyoxalase under salt stress was not clearly known; but unlike in 

low pH stress glyoxalase (LMOf2365_1726) significantly down-regulated under 

osmotic stress (Table 4.3). Being under stress, more energy is required by L. 

monocytogenes for survival and adaptation (Duche et al., 2002). AraC family 

transcriptional regulator (LMOf2365_1198) also observed to be drastically down-
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regulated under high salt stress; which could be part of energy-pool management. 

AraC family proteins are transcriptional regulators and widespread among bacteria 

known for regulating genes having diverse functions; including responsible for 

negative auto-regulation of arabinose operon (Martin and Rosner, 2001; Madar et al., 

2011). As L-arabinose metabolism is involved in different energy related pathways 

including pentose phosphate pathway. Surprisingly, PRD/PTS system IIA2 domain-

containing protein (LMOf2365_0318) which is part of phosphoenolpyruvate-

dependent sugar phosphotransferase system also observed to down-regulated under 

high salt stress (Table 4.3). Enzyme IIA is known to play a central role in the 

mechanism of carbon catabolic repression; which allows microorganisms to adapt 

quickly to the rapidly metabolisable carbon and energy source first (Stülke et al., 

1998; Deutscher et al., 2008). The catabolic repression could have been activated to 

cope up with increased energy requirements resulting down-regulation of PRD/PTS 

system IIA 2 domain-containing protein. A gene LMOf2365_0757 encoding for 

fibronectin-binding protein was observed with significantly repressed. The 

fibronectin-binding protein from L. monocytogenes does not share any similarity with 

previously known bacterial fibronectin-binding proteins and is recognized for its 

ability to bind human fibronectin; thus may facilitate the entry of bacteria into 

mammalian cells (Gilot and André, 1999). Any relationship between reduced 

fibronectin binding protein and high salt stress in L. monocytogenes remains to be 

elucidated. Interestingly, gene encoding for SNF2 family protein involved in DNA 

remodelling, also observed to be down-regulated. The activities of this enzyme need to 

study in depth to find out relation of its down-regulation under stress. The cation 

efflux family proteins are responsible for efflux of positively charged ions from the 

cell cytoplasm. Increased efflux activity may remove excessive ions required as 
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cofactors in high energy consumption situation. These situations may have altered 

cation efflux family protein expression with significant down-regulation of gene 

LMOf2365_2264 (Table 4.3). Another gene LMOf2365_2162 coding LacI family 

transcriptional regulator, the repressor protein of sugar metabolism pathways was 

down-regulated under high salt stress (Table 4.3). This repression of repressor proteins 

could be due to energy demanding situation under stress. Besides this, the down-

regulation of genes (LMOf2365_1761, LMOf2365_0382, LMOf2365_1412) encoding 

some uncharacterized proteins and many hypothetical proteins were observed under 

high salt stress. Surprisingly, some genes related to structural component 

(LMOf2365_1730), metabolic pathways (LMOf2365_2822, LMOf2365_2143) (Table 

4.3) were observed to be down-regulated under high salt stress. Similar to low pH, in 

the presence of high salt concentration 10/67 tRNA and antisense RNA for regulation 

of fructose utilization and chemotaxis were observed to be suppressed. 

Thus, at high salt stress, ABC transporters, ATP dependent PTS systems, 

carbohydrate utilization and energy producing pathways, structural component 

synthesis and/or modulating pathways and DNA repair systems were up-regulated. 

While, carbon catabolic repression, regulator proteins and tRNAs were down-

regulated while tackling the stress by L. monocytogenes. Nevertheless, involvement 

of several accessory pathways and systems needs to be further investigated to 

determine their actual role in high salt stress response. 
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Table 4.3: Fold change (up-regulation/down-regulation) of differentially regulated 

genes under high salt stress in L. monocytogenes ILCC187. 

Name Synonym Product 

fold 

change 

- predicted RNA antisense: rrlE 2.22 

minC LMOf2365_1564 septum formation inhibitor 7.33 

- LMOf2365_1418 phosphodiesterase 7.74 

iap LMOf2365_0611 invasion associated secreted endopeptidase 8.22 

- predicted RNA antisense: LMOf2365_2495 10.02 

rplX LMOf2365_2594 50S ribosomal protein L24 10.78 

- LMOf2365_2319 amino acid ABC transporter substrate-binding protein 10.98 

atpC LMOf2365_2501 F0F1 ATP synthase subunit epsilon 11.63 

- LMOf2365_2558 formate dehydrogenase subunit alpha 12.11 

rplV LMOf2365_2600 50S ribosomal protein L22 13.80 

- LMOf2365_1908 cold-shock domain-contain protein 14.24 

- LMOf2365_2403 hypothetical protein 19.53 

- LMOf2365_2192 hypothetical protein 24 

- LMOf2365_2340 general stress protein 13 24.17 

- LMOf2365_2190 hypothetical protein 24.67 

- LMOf2365_1916.5 hypothetical protein 25.30 

rrfB LMOf2365_5SB 5S ribosomal RNA 25.31 

- LMOf2365_0543 cell wall surface anchor family protein 26 

- LMOf2365_1532 carbon-sulfur lyase 26 

rpsS LMOf2365_2601 30S ribosomal protein S19 26.2 

- LMOf2365_0416 ABC transporter ATP-binding protein 28 

- LMOf2365_1879 carboxypeptidase 28 

- LMOf2365_0785 hypothetical protein 30 

- LMOf2365_1461 AzlC family protein 30 

scpA LMOf2365_1981 segregation and condensation protein A 31 

rrfD LMOf2365_5SD 5S ribosomal RNA 31.27 

- LMOf2365_0650 hypothetical protein 32 

- LMOf2365_0780 ABC transporter ATP-binding protein 32 

cbiQ LMOf2365_1215 cobalt transport protein CbiQ 34 

rrfF LMOf2365_5SF 5S ribosomal RNA 35.35 

rrfE LMOf2365_5SE 5S ribosomal RNA 40.88 

- LMOf2365_0877 sugar ABC transporter permease 42 

lmaC LMOf2365_0134 antigen C 43 

- LMOf2365_1638 phosphotransferase enzyme family protein 44 

purN LMOf2365_1791 phosphoribosylglycinamide formyltransferase 47 

tyrA LMOf2365_1953 prephenate dehydrogenase 47 

- LMOf2365_2785 PTS system transporter subunit IIA 47 

rnhB LMOf2365_1291 ribonuclease HII 49 

- LMOf2365_0620 hypothetical protein 51 

ssb-2 LMOf2365_2496 single-strand binding protein 53 

rrfC LMOf2365_5SC 5S ribosomal RNA 55.78 

rrfA LMOf2365_5SA 5S ribosomal RNA 57.90 

- LMOf2365_1109 PTS system transporter subunit IIB 62 

- LMOf2365_1335 membrane-associated zinc metalloprotease 65 

- LMOf2365_0369 hypothetical protein 66 

Continued… 
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- LMOf2365_0293 acetyltransferase 70 

divIVA LMOf2365_2045 cell division protein DivIVA 74.5 

- LMOf2365_0152 acetyltransferase 77 

mobB LMOf2365_1064 molybdopterin-guanine dinucleotide biosynthesis protein MobB 79 

- LMOf2365_0609 phospholipase/carboxylesterase 80 

nrdR LMOf2365_1584 NrdR family transcriptional regulator 82 

- LMOf2365_2163 hypothetical protein 82 

- LMOf2365_1885 hypothetical protein 112 

- LMOf2365_0711 hypothetical protein 121 

- LMOf2365_0933 hypothetical protein 128 

- LMOf2365_1508 hypothetical protein 155 

- LMOf2365_0608 hypothetical protein 159 

moaD LMOf2365_1066 molybdenum cofactor biosynthesis protein D 177 

- LMOf2365_2321 FMN reductase, NADPH-dependent 279 

        

- LMOf2365_1198 AraC family transcriptional regulator -3151 

- LMOf2365_1122 hypothetical protein -1429 

- LMOf2365_0688 hypothetical protein -747 

- LMOf2365_2182 hypothetical protein -701 

- LMOf2365_0090 hypothetical protein -546 

- LMOf2365_0217 hypothetical protein -486 

- LMOf2365_2822 beta-phosphoglucomutase -407 

- LMOf2365_2379 hypothetical protein -388 

- LMOf2365_2813 hypothetical protein -378 

- LMOf2365_2413 hypothetical protein -300 

- LMOf2365_1716 hypothetical protein -284.75 

- LMOf2365_0382 S51 family peptidase -242.5 

- LMOf2365_0483 hypothetical protein -219.21 

- LMOf2365_1761 alcohol dehydrogenase, iron-dependent -162 

- LMOf2365_1219 hypothetical protein -150.65 

- LMOf2365_0607 hypothetical protein -139 

- LMOf2365_0667 hypothetical protein -130 

- LMOf2365_1726 glyoxalase -130 

- LMOf2365_1941 diguanylate cyclase -130 

- predicted RNA antisense: LMOf2365_2307 -128.84 

- predicted RNA antisense: LMOf2365_0678 -128.27 

- LMOf2365_0031 hypothetical protein -119 

- LMOf2365_0887 hypothetical protein -116.35 

- predicted RNA antisense: LMOf2365_2331 -114.98 

- predicted RNA antisense: LMOf2365_2305 fruB -110.64 

- LMOf2365_2162 LacI family transcriptional regulator -99.30 

- LMOf2365_1328 SNF2 family protein -99 

- predicted RNA antisense: fruB -94.00 

- LMOf2365_0318 PRD/PTS system IIA 2 domain-containing protein -91.4 

- LMOf2365_1412 M16 family peptidase -83 

- LMOf2365_2264 cation efflux family protein -82 

- LMOf2365_0757 fibronectin-binding protein -76.81 

- predicted RNA antisense: LMOf2365_0726 cheY cheA -68.51 

- LMOf2365_1947 hypothetical protein -67.21 

- predicted RNA - -53.02 

Continued… 

Continued… 
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Continued… 

 

- LMOf2365_tRNA-Lys-1 Lys tRNA -47 

- LMOf2365_tRNA-Arg-1 Arg tRNA -44 

- LMOf2365_tRNA-Asp-3 Asp tRNA -44 

- LMOf2365_tRNA-Met-4 Met tRNA -44 

- LMOf2365_tRNA-Pro-1 Pro tRNA -44 

- LMOf2365_tRNA-Thr-2 Thr tRNA -44 

- LMOf2365_tRNA-Tyr-2 Tyr tRNA -44 

- LMOf2365_tRNA-Val-2 Val tRNA -44 

- LMOf2365_0504 HD domain-containing protein -42.61 

- LMOf2365_0687 hypothetical protein -38 

- LMOf2365_tRNA-Ile-1 Ile tRNA -38 

- LMOf2365_1730 ribonuclease BN -35.82 

gltD LMOf2365_1757 glutamate synthase -35.73 

manA LMOf2365_2143 mannose-6-phosphate isomerase -35.49 

- LMOf2365_1636 metallo-beta-lactamase -34.04 
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Fig. 4.4a: Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under high salt stress. (Color 

indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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Fig. 4.4b: Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under high salt stress (Zoomed view). (Color 

indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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4.2.2.4 Transcriptome analysis under low temperature stress  

 There were many different metabolic and regulatory pathways affected under 

cold stress in L. monocytogenes. Total 60% of genome was mobilized under low 

temperature stress with up-regulation of 37% genes, down-regulation of 23% genes 

and 39% genes were unaffected.  

 Among the significantly differentially expressed genes, the gene encoding for 

bifunctional glutamate-cysteine ligase/glutathione synthetase (LMOf2365_2760) was 

one of differentially up-regulated genes; this enzyme known to be involved 

biosynthesis pathway of glutathione (Table 4.4). Glutathione known to act as the 

most important intracellular redox buffer that plays a crucial role in cold stress 

response (Zang et al., 2016). The gene kdpA (LMOf2365_2662) was significantly 

over-expressed; encoding K
+
 transporting ATPase A chain, A subunit. This enzyme 

plays the crucial role of signal transduction in two component systems; a well 

characterized system for sensing change in external environment and helping 

bacteria to accommodate with the change. Interestingly, genes leuB 

(LMOf2365_2011) and ispG (LMOf2365_1460) encoding for enzymes involved in 

diverse metabolites synthesis; known to be involved in many cellular processes were 

inducted under cold stress (Table 4.4). Thiamine metabolism was observed to be 

increased under cold stress via gene LMOf2365_1532 encoding for carbon-sulphur 

lyase. Thiamine metabolism has been investigated for its role in acid stress tolerance; 

its exact mechanism in cold stress yet to elucidated. A gene LMOf2365_1013 coding 

for enzyme TerC family membrane protein was observed to be up-regulated (Table 

4.4). A membrane protein, TerC family is known for involvement in bacterial 

responses to different stresses (Ponnusamy et al., 2011; Anantharaman et al., 2012). 

Being membrane protein it might also involve in maintenance of membrane under 
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stressful environments. The genes encoding for enzymes involved cobalt transport 

cbiQ (LMOf2365_1215) and cbiO (LMOf2365_2573) were up-regulated 

significantly (Table 4.4). Although, the exact mechanism of cobalt transfer in low 

temperature stress tolerance is unknown; still nickel and cobalt are known to be 

essential cofactors for a number of prokaryotic enzymes involved in a variety of 

metabolic processes (Mulrooney et al., 2004). Increased expression of genes 

involved in amino acid synthesis, uptake and transfer (LMOf2365_2619, 

LMOf2365_1953, LMOf2365_1461, LMOf2365_1864, and LMOf2365_1703) 

observed in strain challenged with cold stress (Table 4.3) (Fig 4.5a and 4.5b). This 

expression can be correlated with increased protein synthesis to compensate lowered 

activity of essential cell enzymes under low-temperature conditions. Towards 

compensating the demand of energy under stress unlike observed in acidic and high 

salt stresses; in this study, genes involved in porphyrin and chlorophyll metabolism 

(LMOf2365_1178), carbohydrate metabolism (LMOf2365_0365), 

phosphotransferase system (PTS) uptake of cellobiose (Lmof2365-2774) and 

fructose and mannose (LMOf2365_0114) showed increased expressions (Table 4.4) 

(Fig. 4.5a and 4.5b). Additionally, the genes of ABC transporter system 

(LMOf2365_780; LMOf2365_0877) were up-regulated significantly under cold 

stress. As stated previously these transporters are involved in transportation of 

diverse molecules across the biological membranes (Braibant et al., 2000) and also 

known to be playing crucial role in bacterial low temperature stress response 

(Angelidis et al., 2003; Wemekamp-Kamphuis et al., 2004). Apart from this genes 

encoding for nitrogen regulatory protein P-II (LMOf2365_1536), exonuclease SbcD 

(LMOf2365_1667), peptidase (LMOf2365_0485) and many hypothetical proteins 

were significantly over-expressed under cold stress in L. monocytogenes. 
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 Generally inhibition of flagella synthesis is opined as energy retrenchment 

mechanism under different stresses (Durack et al., 2013; Cordero et al., 2016). In 

accordance with and as observed earlier in low pH stress, the flagellin 

(LMOf2365_0717) gene was observed to be significantly repressed under cold stress. 

It was interesting to note that genes LMOf2365_0407 and LMOf2365_2490 (Table 

4.4) were annotated in KEGG database as acetyltransferases of GNAT family 

proteins; were observed to be supressed at 4°C. OsmC/Ohr family proteins are 

induced by ethanol and osmotic stresses or by organic peroxide and are involved in 

organic hydroperoxide detoxification (Atichartpongkul et al., 2001). The gene 

LMOf2365_0924 encoding for OsmC/Ohr family protein was down-regulated under 

low temperature stress. The reason behind its suppression under cold stress is yet 

obscured and needs to be explicated. As cell wall is first structural part of bacterial 

cells to be challenged with fluctuations in external environmental conditions, the 

genes related to structural components of cell wall also observed to be repressed in L. 

monocytogenes grown at 4°C.  The N-acetylmuramoyl-L-alanine amidase 

(LMOf2365_2236), cell wall teichoic acid glycosylation protein GtcA 

(LMOf2365_2522) and lipoprotein (LMOf2365_2610) encoding genes were down-

regulated significantly (Table 4.4). These are involved in peptidoglycan synthesis, 

the decoration of cell wall teichoic acid with galactose and glucose and cell wall 

associated lipoproteins. Apart from this genes encoding fumarate reductase  

flavoprotein subunit (LMOf2365_0376) and tRNA delta(2)-

isopentenylpyrophosphate transferase (LMOf2365_1311) involved in synthesis of 

secondary metabolites; also the transcriptional regulators such as ArsR family 

transcriptional regulator (LMOf2365_0119) and transcritptional regulator 

(LMOf2365_2433) were down-regulated significantly (Table 4.4). The down-
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regulation of these genes also could be the reduced turnover rate towards 

conservation of carbohydrates for alternative uses. Besides this, the genes of lipid 

kinase (LMOf2365_2529), exodeoxyribonuclease VII small subunit 

(LMOf2365_1379), thymidylate synthase (LMOf2365_1904), quorum sensing 

(LMOf2365_2303) and many hypothetical proteins (Table 4.4) were observed to be 

suppressed under Low temperature stress.  

 Overall under cold stress, there were many systems related to conservation of 

energy observed to differentially regulate. Also there were transporters systems of 

variety of molecules, gene related to protein synthesis machinery and many 

metabolic processes observed to be significantly activated with any other genes. 

While the expression of genes related to flagellar system, secondary metabolite 

synthesis, structural components and GNAT family proteins were greatly affected 

under to low temperature stress.    
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Table 4.4: Fold change (up-regulation/down-regulation) of differentially regulated 

genes under low temperature stress in L. monocytogenes ILCC187. 

Name Synonym Product 

Fold 

Change 

- predicted RNA antisense: rrlB rrfB rrsB ctsR 1.91 

- predicted RNA antisense: rrlA LMOf2365_tRNA-Leu-1 LMOf2365_tRNA-Val-1 rrsA  1.92 

- predicted RNA antisense: rrlC 2.11 

- predicted RNA antisense: rrlD 2.11 

- predicted RNA antisense: rrlF 2.11 

- predicted RNA antisense: rrlE 2.11 

- predicted RNA - 4.52 

- LMOf2365_2760 bifunctional glutamate--cysteine ligase/glutathione synthetase 4.9 

kdpA LMOf2365_2662 potassium-transporting ATPase subunit A 4.96 

- LMOf2365_1139 hypothetical protein 5.69 

- LMOf2365_2558 formate dehydrogenase subunit alpha 6.11 

leuB LMOf2365_2011 3-isopropylmalate dehydrogenase 6.75 

ispG LMOf2365_1460 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 10.9 

- LMOf2365_2774 PTS system beta-glucoside-specific transporter subunit IIC 11.75 

- LMOf2365_0485 peptidase 12.2 

- LMOf2365_1095 glycosyl transferase family protein 17.5 

- LMOf2365_2567 hypothetical protein 26.61 

- LMOf2365_1532 carbon-sulfur lyase 28 

- LMOf2365_1667 exonuclease SbcD 30.5 

- LMOf2365_0265 hypothetical protein 36 

- LMOf2365_0780 ABC transporter ATP-binding protein 47 

- LMOf2365_0114 PTS system mannose/fructose/sorbose family transporter subunit IIC 52 

- LMOf2365_1703 cystathionine beta-lyase 52 

carA LMOf2365_1864 carbamoyl phosphate synthase small subunit 55 

- LMOf2365_1013 TerC family membrane protein 56 

- LMOf2365_1335 membrane-associated zinc metalloprotease 60 

- LMOf2365_0877 sugar ABC transporter permease 61 

- LMOf2365_1461 AzlC family protein 61 

cbiQ LMOf2365_1215 cobalt transport protein CbiQ 63 

tyrA LMOf2365_1953 prephenate dehydrogenase 70 

- LMOf2365_0778 hypothetical protein 73 

cbiO LMOf2365_2573 cobalt transporter ATP-binding subunit 76 

- LMOf2365_0609 phospholipase/carboxylesterase 78 

- LMOf2365_2619 creatinine amidohydrolase 78 

- LMOf2365_0717 flagellar biosynthesis regulator FlhF 80 

- LMOf2365_1178 propanediol utilization protein PduX 88 

- LMOf2365_0369 hypothetical protein 125 

rpiB-1 LMOf2365_0365 ribose 5-phosphate isomerase B 130 

- LMOf2365_1536 nitrogen regulatory protein P-II 181 

        

- LMOf2365_2368 hypothetical protein -324 

- LMOf2365_0995 hypothetical protein -269 

rplN LMOf2365_2595 50S ribosomal protein L14 -116 

xseB LMOf2365_1379 exodeoxyribonuclease VII small subunit -115 

- LMOf2365_0835 hypothetical protein -112 

- LMOf2365_2847 hypothetical protein -100 

Continued… 
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bsaA LMOf2365_1004 glutathione peroxidase -82 

- LMOf2365_2490 acetyltransferase -82 

- LMOf2365_0739 hypothetical protein -71 

- LMOf2365_0575 hypothetical protein -67 

deoC LMOf2365_2018 deoxyribose-phosphate aldolase -53 

thyA LMOf2365_1904 thymidylate synthase -45 

miaA LMOf2365_1311 tRNA delta(2)-isopentenylpyrophosphate transferase -38 

- LMOf2365_2236 N-acetylmuramoyl-L-alanine amidase -38 

- LMOf2365_2379 hypothetical protein -35.27 

- predicted RNA antisense: LMOf2365_2333 -34.18 

- LMOf2365_0726 flagellin -19.91 

- LMOf2365_0119 ArsR family transcriptional regulator -17.28 

- LMOf2365_0817 hypothetical protein -17.04 

- LMOf2365_0376 fumarate reductase flavoprotein subunit -15.57 

- LMOf2365_2610 lipoprotein -14.03 

- LMOf2365_1598 hypothetical protein -12.125 

gtcA LMOf2365_2522 cell wall teichoic acid glycosylation protein GtcA -10.03 

- LMOf2365_2529 lipid kinase -10 

- LMOf2365_2361 hypothetical protein -9.85 

- LMOf2365_1996 hypothetical protein -9 

- LMOf2365_0222 50S ribosomal protein L25/general stress protein Ctc -8.20 

- LMOf2365_0924 OsmC/Ohr family protein -6.78 

- LMOf2365_2433 transcriptional regulator -6.70 

- LMOf2365_0407 acetyltransferase -6.04 

- LMOf2365_2303 transcriptional regulator -5.93 

- 

LMOf2365_tRNA-

Arg-5 Arg tRNA -5.45 
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Fig. 4.5a : Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under low temperature stress. 

(Color indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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Fig. 4.5b: Kyoto Encyclopedia of Genes and Genomes (KEGG) database based analysis of Transcriptome under low temperature stress (Zoomed 

view). (Color indication: Red-Up-regulated, Blue – Down-regulated, Green – Unaffected) (http://pathways.embl.de/iPath2.cgi#) 
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Each stress was observed to be tackled by switching metabolic systems on or 

off. The differentially regulated genes under all stresses showed common 

involvement of various systems under two or more stresses. Genes related to ABC 

transporter systems, associated PTS systems, energy producing pathways, structural 

component synthesis pathways and/or modulating pathways and DNA repair 

systems were profoundly found to be differentially up-regulated under all the 

stresses. Genes for acetyl-transferase, membrane associated zinc metalloprotease 

showed differential up-regulation under low pH and high salt stress. While genes 

related to cell wall surface anchor family proteins were reported to be commonly 

induced under low pH stress, high pH stress and high salt stress also. Genes for 

AzlC family protein and cobalt transport protein CbiQ showed significant up-

regulation under high salt and low temperature stresses. Furthermore, among 

commonly suppressed genes, flagellin gene was found to be commonly down-

regulated under low pH and low temperature stress. While genes for AraC family 

transcriptional regulator and glyoxalase showed significant down-regulation under 

low pH and high salt stresses. The gene encoding TetR family transcriptional 

regulator was observed to be commonly repressed under low pH and high pH stress. 

Overall survival and adaptation to various stress conditions in L. monocytogenes 

strain were found to have many parallel approaches under low pH, high pH, high salt 

and low temperature stresses.  

The observations made in whole transcriptomic analysis of L. monocytogenes 

ILCC187, supported the earlier observations made in PFGE analysis that these 

tolerances must have been controlled by some common factors. Further analysis 

with two-dimensional tandem mass spectrometry-based proteomics assessment of L. 

monocytogenes in response to these various stresses will help for advanced 
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elucidation of results presented in this work. These future aspects will give better 

insights about reliable correlation of transcriptomic data coupled with protein 

abundance changes. It may give excelled knowledge of common factors involved in 

survival and adaption of L. monocytogenes to high salt, adverse pH and cold 

stresses. 
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5.1 Summary and Conclusions 

Listeria monocytogenes is an important foodborne pathogen and nagging 

public health hazard. The disease, listeriosis, caused by this pathogen is rare but 

serious and life-threatening with 20-30% case fatality rate, 50% neonatal death rate 

and 91% hospitalization rate in human cases. The disease mainly occurs in the 

immuno-compromised individuals including pregnant women, neonates, elderly 

persons, cancer patients, and patients undergoing immunosuppressive therapy.  

In this study, we attempted and demonstrated different approaches to elucidate 

the function of stress resistance diversity in L. monocytogenes strains of diverse 

origin and of epidemiologically important serotypes. The analysis of the collection 

of 104 strains of L. monocytogens revealed extraordinary innate resistance capability 

to the stresses commonly employed in food preservations. The data showed that the 

strains varied remarkably with respect to stress tolerance abilities under different 

stresses. The exact correlation of stress tolerance pattern with the origin of the 

strains could not be drawn for all the stresses. The investigation underlined 

significant stress tolerance capability of certain serotype with respect to intensity and 

number of stresses; indicating that certain serotype such as L. monocytogenes 4b 

might be epidemiologically dominant due to capacity to adapt these stressful 

environments. It supported the proposition that observed epidemiological trends 

might be the reflection of superior adaptive response with successive infection by 

particular subtype of L. monocytogenes. Morphological analysis of the strains under 

stress inferred that filament formation under stressed environmental conditions could 

be one of the mechanisms for stress tolerance of L. monocytogenes.  Gene 

expression studies supported the hypothesis that filament formation could be the 

result of over-expression of the minC gene under stressed environmental conditions. 
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The FAME analysis and cell wall proteomic analysis illustrated various cell surface 

modifications and/or alterations needed under the variety of stresses; culminating 

potential but lesser known contribution of cell membrane associated molecular 

factors in adaption of L. monocytogenes to the variety of stressful environmental 

conditions.  Although protein profiling could not fully detect major proteins; it 

provided a valuable picture to develop a partial map of possible common proteins to 

be involved in physico-chemical response of bacteria under different stresses. The 

PFGE analysis showed clonality among the strains with different stress tolerance 

abilities suggesting the possible involvement of common factors in control of 

tolerance abilities. Whole genome transcriptome analysis suggested that a broadly 

similar genetic regulatory mechanism could be operating in response to high salt, 

extreme pH and low temperature stresses. The data depicted possible direct role of 

some genetic elements in stress survival. The transcriptomic data also supported the 

observations made in the genetic basis of the morphological analysis, fatty acids 

profiling, partial proteome and PFGE analysis as well. These transcriptomic results 

have established yet another convergence within various pathways of L. 

monocytogenes under different stresses. This also manifested the complex nature 

and intelligibility of these regulatory units. Hereafter, even though L. monocytogenes 

strains varied in intensity of stress tolerance, there might be common genetic factors 

involved in regulation of physiology of stress response with the innate capability of 

tolerance under different stresses. This makes L. monocytogenes a versatile and 

pervasive pathogen, capable to equally adapt from soil to eukaryotic host. This study 

is a significant step towards understanding the innate stress response of L. 

monocytogenes and adaptive dominance of particular subtypes to the extreme 

environmental conditions encountered during food preservation or in the 
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human/animal host. The study also aided in scrutinizing the molecular events with 

better insights into function and connection of specific genetic elements to the stress 

response mechanisms of L. monocytogenes. The results increased our 

comprehension of the induction and function of the complex stress response 

networks in L. monocytogenes. 
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Future Perspectives 

 Listeria monocytogenes is an emerging foodborne pathogen that shows its 

existence in a variety of food products. L. monocytogenes enters in food processing 

environments from several routes and survives through resisting types of stresses. 

Considering the change in life style, a demand for RTE foods and increased 

incidences of listeriosis; it is important to devise the strategies to control L. 

monocytogenes in foods and food processing premises.  The present study has 

enhanced our knowledge and understanding that the physiological changes appeared 

in L. monocytogenes in response to particular environmental stresses are the 

consequences of modulation at transcription and/or protein expression levels. 

Further study with detailed proteomic analysis coupled with identification and 

characterization of stress inducted proteins promises to lead to the discovery of other 

intriguing factors. This advancement of knowledge will help to devise the strategies 

to control the stress tolerant L. monocytogenes in foods and food processing 

premises. 

L. monocytogenes is one of the most versatile pathogen and able to adapt to 

different type of environments including the human body. Listeria uses various 

virulence mechanisms that enable them to conquer different conditions inside host 

during the course of infection. Many of deleterious effects such as high salt, extreme 

pH are tolerated by the pathogen in the foods and inside the hosts also. L. 

monocytogenes employ many strategies to adhere, invade and multiply within their 

hosts. It is important to understand response by the host after infection of such stress 

adapted L. monocytogenes. Considering similarity of stresses experienced by L. 

monocytogenes in foods as well in hosts; it is important to understand the virulence 
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of Listeria after exposure to such stresses. Furthermore studies of stress tolerant 

strains with employing animal model will give better insights about modulation of 

virulence of L. monocytogenes after stress adaptation. Additionally, the study of 

cytokine profiling employing over-expressed proteins from stress tolerant strains 

will offer a wide range of data, which can be useful for understanding 

immunomodulation. 
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Media 

1. BHI Broth  

Components     Quantity for l lt. 

Brain Heart, Infusion from (Solids) 8.0 gm   

Peptic Digest of Animal Tissue 5.0 gm 

Pancreatic Digest of Casein 16.0 gm 

Sodium Chloride 5.0 gm 

Glucose              2.0 gm 

Disodium Hydrogen Phosphate 2.5 gm 

pH 7.4 ± 0.2   

 

For stress response studies, Salt content in the medium were adjusted to desired 

concentration by additional supplement of Sodium Chloride. The pH of the medium 

was adjusted by addition of 1N HCl for acidic pH stress studies and by addition of 

1N NaOH for alkaline pH stress studies.   

 

 

2. BHI Agar 

Components     Quantity for l lt. 

Brain Heart, Infusion from (Solids) 8.0 gm 

Peptic Digest of Animal Tissue 5.0 gm 

Pancreatic Digest of Casein 16.0 gm 

Sodium Chloride 5.0 gm 

Glucose              2.0 gm 

Disodium Hydrogen Phosphate 2.5 gm 

Agar 13.5 gm 

pH 7.4 ± 0.2   
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3. Listeria Identification Broth Base (PALCAM) 

Component   Quantity for l lt. 

Peptic digest of animal tissue  23.0 gm 

Yeast extract  5.0 gm 

Lithium chloride  10.0 gm 

Esculin  0.8 gm 

Ammonium ferric citrate  0.5 gm 

D-Mannitol  5.0 gm 

Soya lecithin  1.0 gm 

Polysorbate 80  2.0 gm 

Phenol red  0.08 gm 

Final pH 7.4±0.2 

 

 

23.69 grams of medium powder were suspended in 500 ml of distilled water. Then it 

was heated to dissolve the medium completely. It was then sterilized by autoclaving 

at 15 lbs pressure (121°C) for 15 minutes; Cooled to 45-50°C and sterile 

reconstituted contents of 1 vial of Listeria Selective Supplement (PALCAM) were 

added aseptically. This preparation was mixed well and poured in sterile Petri dishes. 

(As per manufacturer’s instructions). 
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Buffers and Reagents 

1. TRIS stock (1M) 

Component Quantity  

TRIS 121.14 gm 

D/W 1000 ml 

Adjust the pH to 8.0   

 

2. EDTA Stock 

Component Quantity  

EDTA 372.24 gm 

D/W 1000 ml 

Adjust the pH to 8.0   

 

3. TE Buffer (10 mM Tris:1 mM EDTA, pH 8.0): 

Component Quantity  

Tris (1M, pH 8.0) 10 ml 

EDTA (1M, pH 8.0) 1 ml 

D/W 89 ml 

Adjust the pH to 8.0   

 

4. 1M KOH in 70% Ethanol 

Component Quantity  

KOH 5.610gm 

Ethanol 70 ml 

D/W 30 ml 
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5. 4X BPB buffer 

Component Quantity 

Nutrient Broth  8.0 gm 

Peptone 74.0 gm 

Yeast Extract 6.2 gm  

Ultrapure water            500ml 

 

Sterilized by autoclaving at 15 lbs pressure (121°C) for 15 minutes.   

 

 

6. 2X SMM Buffer 

Component Quantity 

Sucrose 64.8 gm 

Tris 0.49 gm 

MgCl2 0.41gm 

Maleic acid            0.93gm 

Ultrapure Water             200 ml 

pH 6.8  

Sterilize by autoclaving at 15 lbs pressure (121°C) for 15 minutes.   

 

 

7. 1X SMMP Buffer 

Component Quantity 

4X BPB 20 ml 

2X SMM 27 ml 

(Keep Sterile) 

 

 

8. Protein Reagent  

Component Quantity  

Coomassie Brillient Blue R-250  10.0 mg  

95% Ethanol 5 ml  

85% Phosphoric acid  10 ml  

De-ionized water (make final volume to) 100 ml 

 

 



Page | 211  
 

9. Acrylamide-bis-acrylamide solution (monomer solution) 

Component Quantity  

Acrylamide  29.0 gm  

N,N’ methylene bis acrylamide  1.0 gm  

De-ionized water (make final volume to)  100 ml  

The solution was stored in amber colour bottle at room temperature. 

 

 

10. Resolving gel buffer (Tris 1.5 M, pH 8.8) 

Component Quantity  

Tris 18.171 gm  

De-ionized water (make final volume to) 100 ml  

Adjust to pH 8.8 using 6N HCl  

 

11. Stacking gel buffer (Tris 0.5 M, pH 6.8) 

Component Quantity  

Tris 6.57 gm  

De-ionized water (make final volume to) 100 ml  

Adjust to pH 6.8 using 6N HCl  

 

 

12. Ammonium persulphate (APS) (10% w/v) 

Component Quantity 

Ammonium persulphate 0.1gm 

Deionized water  1ml 

 

13. Sodium dodecyl sulphate (SDS) (10% w/v) 

Component Quantity 

Sodium dodecyl sulphate 10.0 gm 

Deionized water  100 ml 
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14. Hydrochloric acid (6N) 

Component Quantity 

Concentrated HCl 51 ml 

Deionized water (make up to) 100 ml 

 

15. Bromophenol blue (1% w/v) 

Component Quantity 

Bromophenol blue  0.1 gm 

Deionized water (make up to) 100 ml 

 

16. Tris-glycine electrophoresis buffer 5X (pH 8.3)  

Component         Quantity 

Tris base (25 mM)            3.02 gm  

Glycin (250 mM)            18.8 gm 

SDS (10% w/v)            10 ml 

De-ionized water (make final volume to)            200 ml 

 

17. Sample buffer 2X (10 ml) 

Component         Quantity 

Tris-HCl (1 M, pH 6.8)             1 ml 

Glycerol             2 ml 

Bromophenol blue (1% w/v)             2 ml 

SDS (10% w/v)            4 ml 

β-mercaptoethanol (200 mM)              284 μl  

De-ionized water              716 μl 

 

 

 

 

 

 

 



Page | 213  
 

18. Preparation of resolving and stacking gel 

Solution Resolving gel 12% (10 ml)  Stacking gel 4% (4 ml)  

Monomer  4.0 ml 0.67 ml 

Tris (1.5 M, pH 8.8)  2.5 ml -  

Tris (0.5 M, pH 6.8)  -  1 ml 

SDS (10% w/v)  0.1ml  0.04 ml 

APS (10% w/v)  0.1 ml 0.04 ml  

De-ionized water  3.3 ml 2.7 ml  

TEMED  0.004ml  0.004 ml  

 

 

19. Staining solution 

Component       Quantity  

           Coomassie Brillient Blue R-250            1.0 gm 

Methanol           40 ml 

Acetic acid                                  10 ml 

De-ionized water                                 40 ml 

 

20. Destaining Solution 

Component        Quantity  

Methanol           40 ml 

Acetic acid                                  10 ml 

De-ionized water                                 40 ml 

 

21. 1% PFGE agarose in TE Buffer: 

Component           Quantity  

PFGE grade agarose              1.0 g 

TE buffer (pH 8.0)            10 ml 
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22. Preparation of phosphate-buffered saline (0.01 M; pH 7.2)  

Component Quantity  

Na2HPO4 (anhydrous)   1.09 gm 

NaH2PO4 (anhydrous)   0.32 gm 

NaCl 9.0  gm 

D/W 1000 ml 

Mixed to dissolve and adjusted to pH 7.2  

 

23. Cell lysis buffer (50mM Tris:50mM EDTA, pH 8.0 + 1% Sarcosyl) 

  Component Quantity  

  Tris (1M, pH 8.0) 5 ml 

  EDTA (1M, pH 8.0) 5 ml 

  Sarcosyl 1.0 gm 

  D/W 90 ml 

 

24. Cell Lysis/Proteinase K Buffer 

Component Quantity  

Cell lysis buffer 5 ml 

Proteinase K (20 mg/ml) 25 μl 

 

25. SSP solution (1.2% PFGE grade agarose:1% Sodium Dodecyl Sulfate: 0.2 mg/ml 

proteinase K): 

Component Quantity  

PFGE grade agarose 0.12 gm 

SDS 0.1 gm 

Proteinase K (20 mg/ml) 100  μl 

D/W 9.9 ml 
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26. 10X Tris-Borate-EDTA (TBE) buffer 

Component Quantity  

Tris   108.0 gm 

Boric Acid   55.0 gm 

EDTA 9.375  gm 

D/W 1000 ml 

Adjusted to pH 8.0   

 

27. Phosphate buffered saline 

 

Component Quantity  

Sodium Chloride 8.0 gm 

Disodium hydrogen phosphate 1.14 gm 

Potassium chloride 0.2 gm 

Potassium di hydrogen phosphate 0.2 gm 

D/W 1000 ml 
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