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Abstract 

In the current research, eleven strains of lactic acid bacteria (LAB) were screened for the 

production of bioactive peptides with antivirulence activity. Moreover, the effect of different 

nitrogen and carbon sources on the production of antivirulent peptides was investigated by 

employing the proteolytic system of Lactobacillus acidophilus La-5.  

 
A cell free spent medium (CFSM) was prepared from each phase of the research. Initially, a 

bioluminescence assay was conducted to test the antivirulence activity of these CFSMs against 

Salmonella Typhimurium (ssrB::luxCDABE and hilA::luxCDABE). A two-step RT-qPCR was 

conducted to confirm any effect of the CFSMs on the expression of these virulence genes. 

 
The greatest down-regulation of the virulence genes was observed in the presence of CFSMs 

from highly proteolytic LAB strains, while strains with less active proteolytic activity showed 

the lowest inhibition. The La 5 CFSM in Whey Protein Concentrate showed a significant 

suppression of the expression of the virulence genes. 
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Introduction to the thesis 
 
This thesis has four chapters. The first chapter presents the General Introduction and the 

Literature Review. Screening of selected LAB strains for production of potential 

antivirulence peptides is covered in the second chapter. The third chapter describes culture 

media manipulation to investigate the effect of various nitrogen and carbon sources on the 

production of antivirulence peptides by employing the proteolytic activity of Lactobacillus 

acidophilus La 5. Finally, a summary and conclusions as well as future directions for the 

research are provided in the fourth chapter. 

 
The main purpose of the literature review was to provide background information on topics 

related to the research project. The topics covered include general information on the 

importance of Salmonella strains as a pathogen, virulence factors and pathogenesis in 

Salmonella enterica serovar typhimurium, lactic acid bacteria (LAB) as probiotics, 

Proteolytic system of LAB, Bioactive peptides, bovine milk as a source of bioactive peptides 

and LAB proteolytic activity as a cause for the production of bioactive peptides. 
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CHAPTER 1 

1.1 General Introduction 

Salmonella is one of the most common foodborne pathogens and causes diseases ranging from 

gastroenteritis to typhoid fever in humans (Majowicz et al., 2010). Salmonellosis is the infection 

caused by Salmonella strains. Young children under the age of five, people with a weakened 

immune system and the elderly are at higher risk of contracting salmonellosis. Among the 

salmonellae, Salmonella enterica serovars Typhimurium and Enteritidis are economically 

important strains, as these pathogens are commonly associated with foodborne disease outbreaks 

resulting in hospitalization and death. Majowicz et al. (2010) reported that there are 93.8 million 

cases of non-typhoidal Salmonella gastroenteritis with a yearly death rate of 155,000 around the 

globe. Moreover, according to the Centers for Disease Control and Prevention (CDC), there are 

approximately 42,000 reported cases of Salmonellosis each year in the United States alone (CDC, 

2013). 

 
The development of resistance to most known antibiotics is another challenging problem, 

especially for Salmonella Typhimurium, with definitive type DT104 being a good example of a 

multi-drug resistant strain. This strain is resistant to several antibiotics including ampicillin, 

chloramphenicol, streptomycin, sulfonamides, and tetracycline (Poppe et al., 2003). The search for 

other natural alternatives to antibiotics to tackle the multi-drug resistant Salmonella and others has 

been a focus of research over the last few decades. In this regard, research on probiotics and their 

metabolites has shown that they have potential to control pathogens by several different 

mechanisms. Antivirulence is one of the mechanisms proposed for the inhibitory effect exerted by 

probiotic strains on pathogens (Bayoumi & Griffiths, 2010). Antivirulence can be defined as a 

down regulation of a certain gene that is related to virulence. Multiple studies were conducted at 

the Canadian Research Institute for Food Safety (CRIFS) on the antivirulence activity of bioactive 
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peptides isolated from lactic acid bacteria (LAB) fermented milk or following their growth on 

whey-based medium (Brovko et al., 2003; Vinderola et al., 2007; Tellez et al., 2011; Medellin-

Peña et al, 2009; Bayoumi & Griffiths, 2012). 

 
Bioactive peptides that affected the expression of the virulence gene (ssrB) in Salmonella 

Typhimurium without affecting its growth were isolated from two highly proteolytic LAB strains, 

namely L. acidophilus La-5 and L. helveticus LH-2 when these strains were grown in milk and 

whey protein based medium (Tellez et al., 2011). An in vivo study on the bioactive peptides 

isolated from L. helveticus LH-2 showed a protective effect against Salmonella proliferation and 

colonization in mice (Brovko et al., 2003; Vinderola et al., 2007; Tellez et al., 2011). Medellin-

Peña et al. (2007) and Zeinhom et al. (2012) have indicated that bioactive peptide molecules 

produced by L. acidophilus La-5 exert an anti-virulence effect against Salmonella Typhimurium 

and Escherichia coli O157:H7. Both in vitro and in vivo studies were also conducted by using the 

cell free spent medium (CFSM) of the Lactobacillus acidophilus La-5 to arrive at similar 

conclusions (Medellin-Peña et al, 2009; Bayoumi & Griffiths, 2012). Mundi et al., (2013) 

documented the antivirulence activity of La-5 bioactives against Campylobacter jejuni, while Yun 

et al., (2014) documented an inhibitory effect against Clostridium difficile.  

 
In the first phase of this research project, the production of potential bioactive peptides from 

previously unstudied strains of LAB was investigated. The research question that the first section 

tried to address was, do other LAB strains produce bioactive peptides with antivirulence activity 

against selected virulence genes in Salmonella Typhimurium? The hypothesis was that there are 

other strains of LAB that can produce the bioactive peptides as the proteolytic system of the LAB 

was indicated for the production of the bioactive peptides in the previous published research. 

Furthermore, the proteolytic system of many LAB strains has not been investigated.  
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Milk proteins were studied as a source of bioactive peptides in previous publications. Most of 

these studies concluded that the source of bioactive peptides is the milk proteins including casein 

and whey. On the other hand, the peptide profile of milk proteins of fermented milk by LAB and 

that of unfermented milk revealed a significant difference indicating the proteolytic system of the 

LAB as a possible cause for the production of the bioactive peptides (Matar et al., 1996). To this 

effect, the second phase of the research project was conducted to investigate various nitrogen 

sources including milk proteins (whey proteins and caseinates), meat proteins (Brain heart 

infusion (BHI)) broth, permeate (contains trace amounts of true milk protein) and carbon sources: 

sucrose, fructose, and lactose on the production of bioactive peptides by L. acidophilus La-5. 

  
It is probable that the bioactive peptides are metabolites arising due to the proteolytic activity of 

the LAB strains. The two factors that affect the production of metabolites by LAB or any other 

proteolytic microorganisms are the composition of the growth medium and the specific strain 

employed for fermentation. As a result, we hypothesised that the growth medium affects the 

production of potential bioactive peptides as well as the specific strain.  

 
1.2 Literature Review 

1.2.1 Salmonella enterica serovar typhimurium  

 1.2.1.1 Virulence factors and pathogenesis  
 
Salmonella is a Gram negative, non-motile, non-spore forming, facultative anaerobic and 

pathogenic bacterium. Salmonella has been highly associated with poultry and poultry products, 

but currently it is isolated from multiple food products. This mandates the regulators to have not 

only product specific but also pathogen specific risk assessment in terms of inspecting the food 

products for the presence of foodborne pathogens. One of the important features of Salmonella as 

a pathogen is its ability to adapt to hostile environmental conditions including the gastrointestinal 

tract (GI) of humans and intracellular milieu of eukaryotic cells. Once ingested, Salmonella should 
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resist and survive the extracellular conditions of the GI tract such as body temperature (37 °C), 

stomach acidity (pH=2), and low oxygen. Furthermore, to establish long term systemic infection 

Salmonella should withstand attack from phagocytic cells and macrophages. Salmonella employs 

virulence factors to resist attack from the phagocytic cells and macrophages.  

 
Virulence factors are products that help the pathogen adapt and survive hostile conditions of the 

host (Hebard et al., 2011). The expression of these virulence factors is highly coordinated and 

regulated. The ability to remodel its transcriptional status is probably one of the main factors 

allowing the pathogen to adapt and survive in a new environment (Hebard et al., 2011). The 

diagram below (Figure 1.1) shows the different extracellular hostile conditions encountered in the 

GI tract, the intracellular life of Salmonella in macrophages, and virulence factors involved in 

Salmonella pathogenesis.  

 
Pathogenicity Islands located on chromosomes carry the virulence factors in Salmonella (Bayoumi 

& Griffiths, 2010). Salmonella enterica serotype typhimurium carries two major pathogenicity 

islands in its chromosome, (Pathogenicity Island 1 (PSI 1) and Pathogenicity Island 2 (PSI 2)). 

PSI 1 and PSI 2 both encode a type III secretion system (TTSS), which is expressed after 

Salmonella establishes itself in the host cell. The TTSS has a needle-shaped secretion responsible 

for injecting the effector proteins from the cytoplasm of Salmonella into the eukaryotic host cell 

(Garmendia et al., 2003). This injected effector protein allows the pathogen to modify the 

conditions in the host to their benefit. Usually, Salmonella pathogenesis involves invasion or 

penetration of the epithelial cells of the host’s intestine and growth once internalized in the cell.  

 
Two of the regulatory and response roles that virulence genes located in PSI 1 and PSI 2 exhibit 

include invasion or penetration of the host cells and multiplication once the pathogen establishes 

itself inside the cell. The hilA gene located on PSI 1 is a general regulator responsible for the 
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invasion of the host cell, while a gene located on PSI 2, ssrB, acts as a response regulator for the 

multiplication of the pathogen within the host cell (Bayoumi & Griffiths, 2010).  

 
Published Stimulons 

 
Extracellular life within the GI tract  
  
 
                         Organs                      Stress factors 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Diagram showing the fate of Salmonella Typhimurium once ingested by a human host, 

including survival, and replication. Adapted from “The challenge of relating gene expression to 

the virulence of Salmonella enterica serovar typhimurium” by Hebard et al., (2011). 
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Description of virulence factors in the diagram (Fig 1.1). 
 

Virulence genes Description 

 

Virulence genes Description 

Global gene 
regulation  
Crp 

 
Activates spvR and ompR 
expression 

CsrA Activates spvR and rpoE expression 

and represses himD 

Dam Regulates SPI1, the Braun 

lipoprotein gene, flagellar 

genes, and the fimbrial 

operon stdABC 

EnvZ/OmpR Activates slyA, phoP and ssrB 

expression and represses rpoS 

FlhDC Control flagellar gene 

expression and chemotaxis 

gene expression (McpA, 

McpB, and McpC). 

FNR A positive regulator of motility, 

flagellar biosynthesis, and 

pathogenesis 

FruR 
Activates crp expression and 
represses  
rpoS and SPI2 genes 

HilA Up-regulates SPI1 and SPI4 genes 

and down-regulates the master 

regulator of flagellar biosynthesis and 

SPI2 genes. 

Hnr Activates spvR and fruR 

expression 

PhoPQ 
Activates ssrB and csrA and represses  
spvR and smpB 

RamA Controls multidrug 

resistance and expression of 

SPI1 and SPI2 genes. 

RpoE  
Activates spvR expression and 
represses 
Crp and smpB 

RpoS 
Activates rpoE expression SlyA 

Activates himD, phoP and ssrB 

expression 

SsrA Identification of the SsrA 

regulon 

SsrB High-resolution map of the SsrB 

regulatory network 

RcsCBD A positive regulator of SPI2 

and activates other genes 

important for growth in 

macrophages. 

TdcA Play a role in N-acetylmannosamine, 

maltose, and propanediol utilization 

Nucleoid 
Associated 
Protein (NAP)  
Fis 

Play a role in expression of 

metabolic and TTSS-

associated genes 

Hha-YdgT One of the main targets for Hha 

and/or its paralogue YdgT are the 

horizontally-acquired genes that are 

silenced by H-NS 

Sfh 
Binds to a subset of 
horizontally acquired 
genes within the H-NS 
regulon. Sfh functions as 
a molecular back-up for 
H-NS in an hns mutant 

Hfq 
Modulates expression of 785 

genes or 18% of the Salmonella 

genome 
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1.2.2 LAB as Probiotics  

1.2.2.1 Discovery and Definition 

Probiotics, mainly the lactic acid bacteria (LAB) present in fermented dairy products, have been 

consumed for centuries for their health benefits. The word ‘probiotic’ comes from a combination 

of Greek and Latin words and means “for life.” Metchnikoff, the Russian born Nobel Laureate, 

discovered probiotics a century ago. In his research, Metchnikoff demonstrated that the 

lactobacilli in yogurt reduced toxin-producing bacteria in the gut thereby increasing the longevity 

of the host (Metchnikoff, 1907). Although there is no concrete definition provided for probiotics 

to this date, the Food and Agricultural Organization (FAO) and the World Health Organization 

(WHO) jointly suggested that probiotics be defined as, “live microorganisms, which when 

administered in adequate amounts confer health benefits on the host” (FAO/WHO, 2001). 

 
 1.2.2.2 Major groups of LAB  

 
Several strains of LAB that exist in different environmental niches have been identified and 

isolated. Natural habitats of LAB include soil, plant materials, human skin, mouth, and the lining 

of the GI tract. Two of the most widely and commonly used probiotic strains belong to the genera 

of Lactobacillus and Bifidobacterium (Saxelin et al, 2005). Species from these two genera are 

many in number, and are generally regarded as safe to use in humans (FAO/WHO, 2006). Other 

LAB strains that do not belong to these main genera but have a probiotic role as a dairy starter 

culture include Streptococcus thermophilus and Enterococcus faecium. 

 
However, there are other groups of microorganisms that do not produce lactic acid but are labeled 

as probiotics due to the health benefits they impart on the host. These non-lactic acid bacteria 

include Escherichia coli, Bacillus, and Saccharomyces. Table 1.1 lists the major genera of LAB 

with examples of few species together with their respective natural habitat.  
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Table 1.1 Major genera of LAB 
 

Major genera of LAB with few examples of species               Natural Habitat 

Lactobacilli  
L. delbrueckii subsp bulgaricus, L. helveticus, 
L. acidophilus, L. rhamanosus, L. plantarum,  
L. reuteri and L. sakei, L. salivarius, L. paracasei  

Milk, meat, fish, human 
intestinal tract, human saliva, 
and human vagina 

Bifidobacteria           
B. infantis, B. longum, B. bifidum, B. dentium  

Feces of infants, human 
vagina, and intestinal tract  

Pediococcus 
P. Pentosaceus & P. acidilactici  

Vegetables, meat, and dairy 
sources 

Lactococcus 
L. lactis subsp. lactis 

Milk and meat products. 

 
 

1.2.2.3 General characteristics and growth conditions 
 
Lactic acid bacteria are heterogeneous, strictly fermentative, Gram positive, non-motile, non-spore 

forming, and require nutrient dense media like milk and meat for their growth (Lacroix, 2011). 

Traditionally, the phenotypic differentiation of LAB relies on several factors such as the type of 

metabolism (homo- or hetrofermentative), cell morphology (rod and cocci), types of end products, 

growth temperature, acid tolerance, and salt tolerance. However, the general and common 

characteristic of all LAB is fermentation of glucose to produce lactic acid as an end product. Aside 

from fermentation, most LAB and all dairy starter cultures possess proteolytic enzymes that break 

down large protein molecules found in milk into small peptides and free amino acids in the 

process known as proteolysis.  

 
There is no standard temperature and pH requirement set for LAB, as there is a wide variation in 

terms of their natural habitat. So, the growth requirement for a certain LAB strain depends on the 

genetic makeup of the strain itself and its original habitat (Holley et al., 2002). However, most 

LAB prefer an initial pH of 6 to 7 for growth while the acidophilic strains can grow well at pH 4.2 

to 4.8 (Garvie, 1967). Growth temperature requirement greatly varies between species of LAB. In 

general, LAB can be classified as either thermophylic or mesophylic. However, the majority of the 

LAB grow best between 20 ℃ and 40 ℃ and are thus considered as mesophiles (Korekeala et al., 
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1990). Carnobacteria and some lactobacilli and leuconostoc are psychrophilic and grow well at 

temperatures close to 0 ℃, while the streptococci are thermophylic and grow well at 55 ℃ 

(Holley et al., 2002). 

  
1.2.2.4 Screening, identification, and characterization of LAB  

 
Several screening criteria for selection of LAB to be used as probiotics can be employed. Collado 

et al., (2009) suggested the following main criteria for screening LAB to be used as probiotics. 

These criteria include: 

i. Safety; non-pathogenic and non-toxic 

ii. Health benefits established through multiple experiments  

iii. Viability during passage through the stomach and food processing conditions 

iv. Compatibility within the food matrix 

 
According to FAO and WHO guidelines, the screening, identification and characterization of a 

specific strain at a species/strain level is mandatory to make a strain-specific claim of a probiotic 

product containing that specific strain (FAO/WHO, 2006). FAO and WHO also further 

recommended that the characterization of LAB should be conducted using information from both 

the phenotypic and genotypic characteristics of the strain. Figure 1.2 shows the procedure usually 

employed for screening, identification, and characterization of probiotics. 
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Screening Identification and Characterization 
 
Natural niches        Adaptation         GMO 
Animal gut     From known strains  From Known Strains 
(Human Microbiota)   (Ex. bile salts)   (genomes) 
 
 
Isolation 
Identification, typing  
Taxonomic Classification                Characterization  
 
In Vitro tests 
Functional Aspect                                                                         Safety Assessments 
Probiotics                                                                    Antibiotic resistance assessment 
-Resistance to gastric conditions                                  Production of toxic compounds 
(Stomach acid and bile)                                                Hemolytic potentials 
-Adherence to mucus and/or human epithelial cells       
-Antimicrobial activity against potential pathogens  
-Inhibition/displacement of pathogen adhesion                     
-Modulation of immune system  
-Bile salt hydrolase activity  
Glycosidase activity  
 
                                                              Strain (Selection) 
                                                         

               Human Clinical Studies 
(double blind, randomized, placebo) 

 Phase 1- Safety 
    Phase 2- Efficacy 

 
Figure 1.2 Procedure for the isolation and characterization of novel strains with putative probiotic 
status Adapted from Margolles et al., (2009).  
  

1.2.2.5 General health Benefits of LAB as Probiotics 
 
In the field of probiotic research, over the past decades, several general health benefits of LAB 

have been discovered and documented. Table 1.2 lists the major established health benefits of 

probiotic LAB strains that are constituents of a healthy human gut microbiota. Probiotics not only 

deliver health benefits to the human gastrointestinal tract (GIT), but also to other parts of the 

human body. 
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Table 1.2 Established General Health Benefits of Probiotics 
 
Established health benefits  References 
Prevention of gastrointestinal infection, 
prevention of inflammatory bowel syndrome 
(IBS) and immunomodulation effect 

(Diaz-Ropero et al., 2006) 

Prevention of Traveler’s diarrhea (TD) (McFarland, 2007) 
Reduction of Colorectal Cancer  (Geier et al., 2006)  
Prevention of gastric ulcers  (Lesbros-Pantoflickova et al., 2007) 
Improving lactose metabolism in lactose 
intolerant individuals  

(Levri et al., 2006) 

Prevent and in some instances treat urinary 
tract infections and bacterial vaginosis 

(Anukam et al., 2006) 

Treating allergies such as atopic eczema in 
pregnant women and newborns  

(Kukkonen et al., 2007) 

 
1.2.2.6 Mechanism of action   

 
Although the precise mechanism by which probiotics deliver health benefits has not been 

elucidated, different possible modes of actions have been suggested in the past. Some of the 

suggested mechanisms are discussed briefly below. 

 
                 1.2.2.6.1 Enhancement of epithelial barrier integrity  
 
Probiotics control the entry of pathogens by enhancing the epithelial barrier through modulation of 

cytoskeletal and epithelial tight junction in the intestinal mucosa  (Chichlowshi t al., 2007; Ng et 

al., 2009). Chichlowshi et al. (2007) has suggested two possible mechanisms whereby probiotics 

play a role in enhancing the integrity of the epithelial cells. The first mechanism involves 

triggering inflammation in the enterocytes of the small intestine, which induce increased 

production of mucus that acts as a blanket covering the small intestine; thereby increasing its 

integrity. The second mechanism is by forming a unique structure called tight junction on the 

epithelial cells of the small intestine. The tight junction is a continuous biological barrier against 

macromolecules and pathogens. It is made up of proteins with dynamic structure that change its 

functions according to the conditions the bacterial cell is exposed to.  
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1.2.2.6.2 Competitive	  exclusion	  	  
 
There is always competition between the indigenous bacteria and exogenous pathogens for 

adherence to space on the wall of the epithelial cells of the intestine during the lifetime of the host. 

One of the mechanisms probiotics control pathogens is by physically blocking the pathogenic 

bacteria from colonizing and reaching the target site where they cause infection and this is termed 

as competitive exclusion (Chichlowshi et al., 2007). The probiotics exclude the pathogens in a 

number of ways and these include acidification of the environment through production of organic 

acids, which are end products of the fermentation process (Lievin-Le Moal et al., 2002). Probiotics 

also attach or adhere themselves to the wall of the intestine thus preventing pathogens from 

adhering and causing disease (Collado et al., 2007). As a result of their fastidious nature, 

probiotics deplete most of the available nutrients and energy sources, which are otherwise used up 

by the pathogenic bacteria for their growth and proliferation (Cummings and Macfarlane, 1997).  

 
             1.2.2.6.3  Host Immunomodulation 
 
The human gut is the largest immune organ in the body and is the first line of defense against 

foodborne pathogens, as it harbours a large number of lymphocytes as compared to any other 

organ in the body (Chichlowshi et al., 2007). Activation of the lymphocytes and production of 

antibodies are the two possible mechanisms probiotics use to modulate the host immune systems 

thereby providing protection against the pathogenic bacteria (Ng et al., 2009). 

 
      1.2.2.6.4 Disruption of cell-to-cell signalling 

 
Auto-inducers are chemical signalling molecules that help bacterial cells communicate with each 

other. This communication is termed quorum sensing. Quorum sensing is important for bacteria to 

measure population density and availability of nutrient in the local environment so that they can 

co-ordinate and express genes that are related to survival and multiplication (Schauder and 

Bassler, 2001). It is highly dependent on cell density. Small bioactive molecules have been 
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isolated from L. helvetiucs LH-2 and L. acidophilus La-5 that disrupt cell-to-cell signalling among 

pathogenic bacterial cells through down-regulation of virulence genes (Bayomi et al. 2012; 

Medellin-Pena et al., 2007). 

 
Other possible mechanisms that were suggested include secretion of bacteriocins from some LAB 

strains such as L. lactis, L. acidohpilus, P. pentosaecus, and P. acidilactici that have an inhibitory 

effect against pathogenic bacteria and anti-inflammatory effect (Ng et al., 2009).  

 
         1.2.1.7 Safety Concerns 
 
Probiotics, mainly in fermented food products and even in another form, have been consumed for 

centuries without any record of an adverse effect on the health of the consumers (Saarela, 2007). 

An epidemiological study conducted in Finland has demonstrated no sign of infection from 

Lactobacillus strains among healthy individuals who have been consuming food products 

containing these organisms (Saxelin et al. 1996). However, like other members of indigenous oro-

gastrointestinal bacteria, LAB can sometimes cause an opportunistic infection in humans, 

particularly in individuals with a weakened immune system (Saarela, 2007). The history of any 

underlying health problems should be understood before administering probiotics to these 

susceptible individuals. Furthermore, the safety of the LAB strains should be analyzed on a strain-

by-strain basis since the dose and effect of one strain cannot be extrapolated to another strain. 

Non-viable probiotics are good alternatives to probiotics in extremely immunosuppressed 

individuals.   

 
The possibility of transferring antimicrobial resistance is another safety concern when using 

microorganism in the food system. Although many strains of LAB have shown resistance to 

certain kinds of antibiotics, previous research has confirmed that the chance of transferring an 

antimicrobial resistance gene from the LAB is minimal (Saarela, 2007). However, if live bacteria 

need to be introduced in food, it is essential to perform an antimicrobial susceptibility test. This 
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test helps to avoid those strains of LAB with acquired antimicrobial resistance genes. In general, 

multiple studies related to safety and antimicrobial resistance of probiotic strains are required 

before application in humans.  

 
1.2.3 Bovine Milk: Source of Bioactive Peptides 

     1.2.3.1 Composition of Milk  

All female mammals secrete milk that is important for the proper nourishment of the newborn. 

Moreover, milk contains both macro- and micronutrients that are essential for the growth and 

maintenance of the infant. Since nutrients in milk are found in a balanced form, dairy scientists 

regard milk as a nearly perfect diet for the young (DuPuis, 2002). Although milk produced from 

mammals such as sheep, goat, buffalo, and camel is consumed, bovine milk accounts for 85 % of 

the total milk production around the globe (Thompson, 2009). Though there are many similarities 

in mammalian milk composition, there is a significant difference at a species level, (Thompson, 

2009). As a result, the use of these different types of mammals’ milk as a medium for growth of 

LAB results in different outcomes (Champagne, 2005). 

 
On average, bovine milk is composed of mainly water, 4.8% lactose, 3.2% protein, 3.7% fat, 

0.19% non-protein nitrogen and 0.7% ash (Thompson, 2009). The advancement in dairy 

processing technologies enables humans to process milk and produce various milk products that 

provide different nutrients to consumers. Some of these products include cheese, cream, yogurt, 

butter, whey and casein powder, kefir etc. 

 
Aside from its nutritional value, milk has a wide variety of physiological and biological functions 

due, in part, to its protein components. Milk protein is a source of bioactive peptides that are 

encrypted in the large casein and whey protein molecules (Korhonen and Pihlanto, 2007). These 

bioactive peptides can be liberated from their parent protein molecule using methods including 

heat, acid, alkali and enzymes that are either from microbial, plant or other sources (Korhonen, 
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2009). Other components of milk that are biologically important include immunoglobulins, 

enzymes, enzyme inhibitors, growth factors, hormones, and antibacterial agents such as lactoferrin 

and lactoperoxidase (Korhonen, 2009). In the following section the two major milk protein types, 

casein and whey protein will be discussed together with their potential as a source of bioactive 

peptides.  

 
1.2.3.2 Milk Proteins (Casein vs. Whey)  

 
Proteins are large organic compounds, which are essential for life. The major milk proteins are 

whey and casein (Haque and Chand, 2008). Protease peptone and non-protein nitrogen (NPN) are 

other nitrogen sources found in milk (Thompson, 2009). 

 
1.2.3.2.1 Casein Proteins  

 
Casein is the most abundant protein in milk and can be isolated from skim milk by acid 

precipitation at a pH value of 4.6 or by addition of the enzyme rennin (Meisel and Bockelman, 

1999). In total there are approximately 35 grams of total protein in bovine milk of which casein 

constitutes about 80% (Korhonen, 2009). The casein molecules are grouped under the 

phosphoproteins and the individual fractions include αs1 , αs2 , β, and κ-caseins.  

 
          1.2.3.2.1.1 Characteristics of casein protein molecules  
 
Generally, the caseins disperse in water as large (50-500 nm) colloidal aggregates (micelles) and 

have a very limited solubility (Thompson, 2009). The solubility of casein depends on pH and is 

also affected by ionic strength and composition. The casein dissolves and turns into caseinates in 

an alkaline solution containing sodium or calcium. It has also high binding affinity for calcium, 

sodium, phosphate, and other trace elements and can combine with these elements to form sodium 

or calcium caseinates. It has an amphipathic structure due to its non-uniform hydrophobic and 

hydrophilic amino acid sequences. Casein has good surface activity because of its amphipathic 
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structure. Casein molecules, with the exception of β-casein, are very hydrophobic because of the 

presence of stable secondary and tertiary structures (Thompson, 2009).  

 
The chemical properties of casein, which include emulsifying, gelling, and foaming properties, are 

highly dependent on its physical properties. However, the open structure of casein results in high 

specific volume giving the casein high viscosity when it binds or links to other compounds. For 

instance, the highly viscous nature of sodium caseinate is undesirable as it is very difficult to spray 

dry, especially when the protein content is > 20 % (Thompson, 2009). Furthermore, freeze or 

spray dried sodium caseinate powder has low bulk density and it requires a longer drying time 

(Thompson, 2009).   

 
         1.2.3.2.1.2 Casein as source of bioactive peptides 
 
The isolation of bioactive peptides from casein is limited, as the whole casein protein molecule 

and its individual fractions have pre-established biological and physiological functions. 

Furthermore, the isolation of peptides from the casein protein molecule is not as cost effective as 

from whey proteins due to the high price of casein protein and the technology to recover the 

bioactive peptides from casein, which is usually expensive. In addition to its nutritional value, 

however, some bioactive peptides were isolated from the different individual fractions of casein 

protein including αs1, αs2-, β- casein, and Κ-casein (Akuzawa et al., 2009). Table 1.3.  
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Table 1.3 Examples of Bioactive peptides from Bovine Casein 
 

Casein 
type 

 
Peptide 
Sequence 

Amino acid 
segment Bioactivity References 

Κ-cas 113-116 LSFMAIPPK Antithrombotic (Fiat et al. 1993) 

𝛼  S1 102-109 KKYKVPQ Antihypertensive (Gomez-Ruiz et al. 
2002) 

𝛼  S2 174-179 FALPQY Antihypertensive (Tauzin, Miclo, and 
Gaillard 2002) 

 
𝛽 -Cas 

 
74-76 

 
IPP Antihypertensive 

(Nakamura et al. 
1995) 

 

𝛾 Cas 
 

 
114-121 

 
 

YPVEPFTE 
 

 
Opioid property 

 
 

(Perpetuo et al. 2003) 

 
   1.2.3.2.2 Whey proteins  

 
Whey proteins are complex globular proteins and water-soluble with excellent nutritional and 

functional properties. Whey proteins comprise 20% of the total milk proteins and are the second 

most abundant proteins in milk (Korhonen, 2009). In terms of biological and physiological 

functionality, whey proteins are the highest as compared to proteins present in other foods such as 

fish, maize, gelatin, and soy (Farnworth, 2003). Whey is the aqueous part of skim milk after 

casein is precipitated. Results from the proximate analysis of whey revealed that sweet whey 

contains 0.8 % protein, 4.5 %, lactose, 0.7 % minerals, and 94 % water (Morr, 1989).  

 
Whey proteins are recovered from the whey portion of the milk. The whey proteins can further be 

fractionated using techniques like chromatography to release minor proteins or fractions with 

unique structures and functionalities. Whey protein is comprised of 𝛽 -lactoglobulin, 𝛼 -

lactoalbumin, immunoglobulin (IgG), lactoferrin (LF), glycomacropeptides (GMP) and other 

minor proteins. The major and minor constituents of milk whey protein with their concentration 

and molecular weight are presented in Table 1.4. 
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Table 1.4 Major Whey proteins of milk (concentration and molecular weight)  
 

Whey Proteins Concentration 
(g/l) 

Molecular Weight  
(Da) 

β-La 3.3 18400 
α-La 1.2 14200 
Immunoglobulins  
(IgG, IgM,IgA) 

0.5-1.0 150000-900000 

GMP 1.2 8000 
Lactoferrin 0.1 80000 
Lactoperoxidase  0.03 78000 
Lysozyme 0.0004 14000 
Growth Factors <1 µg-2 mg/l 6400-30000 
Adapted from (Korhonen and Pihlanto, 2007; Korhonen and Pihlanto, 2006). 
 
             1.2.3.2.2.1 Characteristics of Whey proteins. 
 
The major characteristics of whey proteins include: solubility over a wide pH, a good nutritional 

profile with respect to its amino acid composition, and a source of biologically and 

physiologically important minor and major peptides. Whey proteins are also important for food 

processing because of their foaming, gelling, water binding, and emulsifying ability. The other 

desirable characteristic of whey is its relatively cheap price. 

 
              1.2.3.2.2.2 Heat treatment and storage conditions  
  
The whey proteins are globular proteins with both tertiary and quaternary structures. So like 

proteins in eggs, the whey proteins are very susceptible to heat treatment. Heat treatment at 70 ℃ 

or above denatures whey protein and its fractions (Thompson, 2009). The denaturation of the 

whey protein and its fractions changes its physical and chemical properties, which in turn changes 

its biological and physiological functions. The application of heat to milk protein is one method of 

liberating the bioactive peptides that are encrypted in large protein molecules (Korhonen and 

Pihlanto, 2007). 

 
The storage conditions under which whey protein powder is held can potentially affect its 

properties and functions. Generally, storage at temperatures below 30 ℃  is recommended, as this 
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temperature does not cause a drastic change in the properties of the whey protein. However, higher 

temperatures result in Maillard browning when lactosyl lysine, derivate of the lysine side chains of 

beta lactoglobulin, is produced (Hiigs and Bolland, 2009).  

 
               1.2.3.2.2.3 Classification of Whey  
 
Whey can be classified as sweet or acid whey. Acid whey is the result of cottage cheese 

production when acid is used to precipitate casein from skim milk, whereas sweet whey is 

produced when the milk is renneted. The production of sweet whey is much larger than acid whey 

throughout the world. In the United States alone, the annual production of sweet whey accounts 

for 94 % of the total whey produced (Anon, 2002). The nutrient compositions of these two types 

of whey (Table 1.5) are almost similar except for the lactic acid composition and some minerals. 

Sweet whey contains high levels of caseinomacropeptide as a result of cleavage of k-casein by the 

addition of rennin enzyme while the acid whey contains much less of these peptides. The high 

production of sweet whey indicates that most of the whey protein powders available on the market 

are manufactured from sweet whey. The market for acid whey is limited and most of it is dumped.  

 
Table 1.5 Comparison of Sweet and Acid whey-Dried dairy ingredients Adapted from 
Wisconsin Center for Dairy Research (Smith, 2008)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The whey proteins can be purified or concentrated using ultrafiltration techniques and dried to 

obtain different types of whey protein powders. The composition of the whey protein powder 

Component  Sweet Whey (%) Acid Whey (%) 

Total Solids 6.5 6.5 
Protein 0.8 0.7 
Lactose 4.8 4.4 
Ash 0.5 0.6 
Fat 0.3 0.3 
Lactic acid 0.1 0.5 
                                     
                                          (mg/100g) 
Calcium 45 103 
Phosphorus 45 78 
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largely depends on the method of purification and concentration. Different whey protein powders 

are available in today’s market depending on their protein and other nutrients like lactose and 

mineral composition. Some of these whey products include whey protein isolates, whey protein 

concentrates, reduced lactose whey powder, and demineralized whey powder. The whey protein 

isolates have high purity as compared to the whey protein concentrates and are usually expensive. 

Different types of whey proteins with approximate composition of protein and other nutrients are 

shown in Table 1.6. 

 
       Table 1.6 Composition of various dried Whey products  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        Adapted from Pihlanto and Korhonen (2003) and Korhonen and Pihlanto (2007). 
 
            

1.2.3.2.2.4 Whey protein as a source of bioactive peptides 
 
The health promoting properties of whey protein were not known until recently. However, 

different production, concentration, and purification techniques made the study of major and 

minor components of whey protein possible. Various studies were conducted on the physiological 

and biological functions of the peptides isolated from whey proteins (Juillard et al., 1995; 

Yamamoto et al., 1994; Mullally et al., 1996; Kukkonen et al., 2007; Pihlanto et al., 2000). 

Product Protein 
(%) 

Lactose 
(%) 

Fat 
(%) 

Ash 
(%) 

Moisture 
(%) 

Whey Protein 
Concentrate 34 34-36 48-52 3-4.5 6.5-8.0 3-4.5 

Whey Protein 
Concentrate 50 50-52 33-37 5-6 7.5-8.5 3.5-4.5 

Whey Protein 
Concentrate 80 80-82 4-8 4-8 3-4 3.5-4.5 

Whey Protein Isolate 90-92 0.5-1 0.5-1 2-3 4.5 
Whey Powder 11-14.5 63-75 1-1.5 8.2-8.8 3.5-5.0 
Reduced Lactose  
Whey powder 18-24 52-58 1-4 11-22 3-4 

Demineralized 
Whey powder 11-15 70-80 0.5-1.8 1-7 3-4 
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Examples of small bioactive peptides isolated from whey and its fractions with their various 

biological and physiological functions are listed in Table 1.7. 

 
Table 1.7 Bioactive peptides isolated from whey protein and its fractions in bovine milk and 
colostrum  
 

Protein Concentration (g/l) 
 

 Colostrum       Milk  

Molecular 
Weight 
(Da) 

Biological Activity 

α -La 3.0 1.2 14.200 Effector of lactose synthesis in 
mammary gland, calcium 
carrier, immunomodulatory, 
precursor for bioactive peptides, 
potentially anti-carcinogenic 

IgG 20-150 0.5-1.0 150.000– 
1000.000 

Specific immune protection 
through antibodies and 
complement system,  

GMP 2.5 1.2 8.000 Antimicrobial, antithrombotic, 
prebiotic, gastric hormone 
regulator 

Lactoferin 1.5 0.1 80.000 Anti-microbial, anti-oxidative, 
Anti-carcinogenic, anti -
inflammatory, iron transport, 
cell growth regulation 

 
Lactoperoxidase 0.02 0.03 78.000 Antimicrobial, synergistic 

effects with immunoglobulins, 
lactoferrin, and lysozyme 

 

Adapted from Pihlanto and Korhonen (2003) and Korhonen and Pihlanto (2007). 
 
1.2.4 Proteolytic System of LAB and Bioactive peptides 

 1.2.4.1 Proteolytic System of LAB 

LAB are fastidious organisms that require various nutrients to survive and grow. Among these 

various nutrients, amino acids are essential for the growth of LAB. Milk and meat are the two 

foods that are rich in proteins with excellent amino acid profiles. LAB metabolize the large 

proteins found in milk to obtain free essential amino acids with the help of their proteolytic system 

(Kunji et al., 1996). LAB produce small bioactive peptides as intermediate or secondary 
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metabolites during proteolysis of milk protein. Their proteolytic activity is affected by changes in 

pH and is strain dependent. Different strains of LAB show different proteolytic activity.  

 
To date, the proteolytic systems of only a few LAB strains have been studied and characterized. 

Lactococus lactis ssp. lactis is a LAB that has a well-studied and characterized proteolytic system 

(Kunji et al., 1995). Based on information from this model organism, the proteolysis by this 

organism involves three steps. In the first step, the proteolytic LAB break down the large protein 

molecules into 4-18 amino acid residues termed oligo-peptides with the help of their cell wall 

associated extracellular proteinase. In the second step, the oligo-, di-, and tripeptides are 

transported across the cell wall and internalized by the LAB cells through oligo-peptide (Opp), 

dipeptide (Dpp) and tripeptide (DtpT) transport systems, respectively. Finally, the internalized 

peptides are further broken down and release free amino acids with the help of intracellular 

peptidases in what is an important step in the metabolism of LAB (Tan et al., 1991).  

 
 The cell wall associated proteinases are crucial for LAB to grow in milk-based media. A deletion 

of the gene responsible for the release of proteinases resulted in the inability of the organism to 

grow on milk-based media (Mayo et al., 2010). Multiple proteinases have been isolated from LAB 

strains but most LAB lack the cell wall associated proteinase enzymes that enable them to grow in 

milk. The cell wall associated proteinase PrtH is present in L. acidophilus, L. bulgaricus, L. 

delbrueckii, L. gasseri, L. helveticus, L. johnsonii, L. lactis, L. paracasei, and L. rhamnosus 

(Pridmore, 2004). L. plantarum lacks these enzymes and cannot synthesize branched chain amino 

acids and small peptides but it does have an oligo-peptide transport system, which enables it to 

internalize the oligo-peptides (Kleerebezem, 2003). In general, information on the proteolytic 

system of many LAB strains is still lacking. It is important to have knowledge of the proteolytic 

system of other LAB strains, as it enables us to use the strains better.  
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Factors that affect the enzymatic hydrolysis include specificity of enzymes, extent of denaturation, 

concentration of enzyme, pH, temperature, ionic strength, and presence or absence of inhibitors. 

Of these, specificity of an enzyme is a key factor that affects the production of peptides, as the 

peptide cleavage site is different from one enzyme to another (Panyam and Kilara, 1996). Figure 

1.3 depicts the three steps of the proteolytic system of Lactococci that involves the breakdown of 

large proteins into free amino acids.  

 

 
 
 
Figure 1.3 Simplified presentation of the function and regulation of the proteolytic system of 

lactococci in casein breakdown. Taken from (Kunji et al. 1996). 
 

1.2.4.2 Bioactive peptides 
 
A protein molecule is made up of sequences of amino acids linked to each other by a peptide 

bond. “Bioactive peptides are fragments of proteins that have a positive influence on body 

functions and may eventually impact health” (Kitts and Weiler, 2003). In many cases bioactive 



 

 24 

peptides play a regulatory role in the physiology of an animal, which assumes that they possess 

hormone-like activity.  

 
The characteristics of bioactive peptides highly depend on the type of amino acid sequences and 

the length of chain. Bioactive peptides with 3-20 amino acid residues per molecule can be 

obtained from the hydrolysis of casein and whey proteins (Korhonen and Pihlanto, 2006). The 

common feature of these small bioactive peptides is the short chain length of peptide residue (i.e. 

2-9 amino acid residues). Most of these bioactive peptides are heat-stable, acid soluble, non-toxic, 

and easily broken down to free amino acids by the proteolytic activity of the gastrointestinal tract. 

In general, the bioactive peptides are multi-functional; possessing antimicrobial activity, 

nutritional and therapeutic value for treating some diseases and infections. However, bioactive 

peptides with different sequences of amino acids may or may not have the same biological and 

physiological functions (Korhonen, 2009).  

 
       1.2.4.2.1 Milk Proteins as a source of bioactive peptides 

 
The availability of bioactive peptides in nature is limited, as they are usually found encrypted or 

hidden in the primary sequence of the native, large parent molecules of different food proteins. 

Milk proteins have been extensively studied as a source of bioactive peptides as mentioned before. 

Bioactive peptides can be isolated from the native protein through different techniques. Enzymatic 

hydrolysis is the most commonly used method to hydrolyze a large protein molecule to obtain the 

bioactive peptides (Korhonen, 2009). Food grade enzymes such as trypsin, pepsin, and 

chymotrypsin can be used to hydrolyze milk proteins, for example, pepsin treatment resulted in 

the release of the ACE-inhibitory peptides from cheese whey protein (Philanto et al., 2000).   

 
On the other hand, microbial enzymes have also been successfully used to produce ACE-inhibitor 

peptides that are commonly found in cheese (Yamamoto et al., 1994). Aside from enzymes and 

microbial fermentation, heat, alkali, and acid digestion can be used to liberate bioactive peptides 
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from the large parent protein molecule (Korhonen, 2009). Another method that can be employed 

to produce bioactive peptides is recombinant DNA technology. This technique has been 

investigated for the production of specific types of bioactive peptides or their precursors in 

probiotics. For this endeavour, a gene responsible for synthesis of human milk casein protein 

precursor 𝛼s1 was successfully inserted in probiotic Escherichia coli, and this then was used as a 

substrate to produce several bioactive peptides (Kim et al., 1999).  

 
 2.4.2.2 LAB as a cause for the production of bioactive peptides 

 
Martar et al. (1996) have claimed another possible method of producing bioactive peptides beside 

enzymatic digestion, which is through the proteolytic system of L. helveticus. In their research, the 

peptide profiles of the milk fermented by L. helveticus and unfermented milk showed a great 

variation indicating that the L. helveticus proteolytic system potentially secretes extra small active 

peptides. Also, recently bioactive peptides with antivirulence activity were isolated from whey 

based medium fermented with L. acidophilus La-5 (Medellin-Peña et al, 2009; Bayoumi & 

Griffiths, 2012). These isolated bioactive peptides were not present in the unfermented whey 

medium indicating the activity of the proteolytic system of L. acidophilus La-5 was necessary to 

obtain bioactive peptides with antivirulence activity.  

 
However, the comparison of the amino acid sequence of bioactive peptides from whey fermented 

by the L. acidophilus La-5 strain and whey that undergoes enzymatic digestion has yet to be 

conducted. Further investigation should also be conducted to check if the production of bioactive 

peptides with antivirulence activity could be obtained using other suggested methods of liberating 

the bioactive peptides, such as enzymatic digestion. This research would help us resolve the 

discrepancies existing in terms of production of the bioactive peptides from different sources and 

using different peptidases. 
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Although the main objective of the second phase of the research was to investigate the effect of 

various growth media on the production of bioactive peptides, the research project was designed 

in such a way that it could potentially give us some additional information for the origin of the 

bioactive peptides. For this purpose, L. acidophilus La-5 was also grown on brain heart infusion 

(BHI) broth that contains neither caseinates nor whey proteins as a source of nitrogen. 

 
2.4.2.3. Enrichment of Bioactive peptides 

 
After hydrolysis of proteins the peptides produced can be concentrated using membrane filtration. 

Antithrombotic peptides were successfully produced by continuous extraction of permeates 

enriched with bioactive fragments (hydrolysates) using ultrafiltration (Bouhallab and Touze, 

1995). The sequencing of the fractionated bioactive is essential after its purification so as to 

identify the sequence of amino acids that resulted in a certain activity. The sequence of amino 

acids in the isolated bioactive peptides is elucidated through molecular modeling after correlating 

the structure with the activity (Schlimme and Meisel, 1995). Once the sequence of amino acids of 

the isolated bioactive peptide is known, the same peptide sequence can easily be synthesized 

chemically without going through the whole production process.  

 
Different strategies, including establishment of a bioassay, hydrolysis of protein using food grade 

enzymes or enzymes obtained from either microorganisms or plants, isolation and determination 

of the structure and chemical synthesis of the peptides can be used as methods to study the 

bioactive peptides. The activity of these bioactive peptides should also be clearly understood from 

different perspectives. Nutrigenomics, including metabolomics and the proteomics are approaches 

that can be employed to study the mode of action of these bioactive peptides (O‘Donnell et al., 

2004). This approach can help us study the effect of the active peptides on the expression of 

various genes that can help us optimize the production of the active peptide from a nutritional 

point of view. Figure 1-4 depicts the steps followed to produce, isolate, concentrate, and 
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characterize the bioactive peptides from the primary sequence of a native protein, while Table 1.8 

summarizes some of the examples of bioactive peptides produced by enzymatic and microbial 

hydrolysis or a combination of these two methods from milk proteins. 

 
In conclusion, bioactive peptides can be produced using a large-scale production system from 

protein rich media using either food grade enzymes or microbial enzymes in a controlled 

bioreactor. However, the limitations of these bioactive peptides that are worth mentioning include 

bioavailability and safety. The safety and bioavailability of the newly sequenced active peptide 

should first be rigorously studied before its application to humans (O‘Donnell et al., 2004).  

 
                                                      Bioactive Sequence 
                                                                     
                                                              Hydrolysis 
 
 
         In Vitro         In Vivo  
 
 
                                                        Enrichment of peptides 
 
                                                           Determination of 
                                                          the bioactive peptides 
 
Isolation by 
 Preparative                        HPLC                                     Enzyme Immuno-assay  
      (ELISA)  
 
Determination of    
Biological Activity         Standards                                 Preparation of Immuno Containing  
                                                                                               anti-peptide reagents 
         
 
                                       
 
                                   Peptide sequence                                         Peptide-protein Conjugate 
                                                                                           
 
                                   Structure-Activity  
                                           Correlations  
 
                                     

Molecular modeling 
 
Figure 1.4 A summary of Identification, concentration, and characterization of bioactive peptides using 
both in vitro and in vivo methods. Schlimme and Meisel., (1995).  
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Table 1.8 Summary of bioactive peptides isolated from milk proteins  
 

Precursor Sequence   Method of 
production 

   Biological 
functions 

   Reference 

𝛼-La YGLF  Pepsin digestion Opioid peptides (Mullally et 
al., 1996) 

𝛽-Cas SLVYP  L. lactis 
fermentation 

 

Opioid peptides (Nurminen  
et al., 2000) 

𝛽-Cas LAVPG  L. delbrueckii 
ssp. bulgaricus 
SS1 
fermentation 

ACE-inhibitor (Vasiljevic 
and Shah, 
2008) 

𝛽-Cas KVLPVP 

 

L. helveticus 
CP90 proteinase  

 

ACE inhibitor  

 

(Korhonen 
& Pihlanto, 
2006) 

𝛽-Cas f 148-154,  
f 145-160,  
f 143-154  

 

L. helveticus 
LH-2 
fermentation 

Immunomodulatory (Tellez et 
al., 2010) 

𝛽-Cas VLDTDY
K  

Pepsin, trypsin 
and then 
chymotrypsin 
digestion 

ACE-inhibitor (Pihlanto et 
al., 2000) 

𝛽-Cas &  
Κ-Cas 

VPP and 
IPP  

L. helveticus 
CM4 & 
Saccharomyces 
cerevisae 
Fermentation 

Hypotensive (Korhonen 
& Pihlanto, 
2006)  

Whey  YP L. helveticus 
CPN 
fermentation 

 ACE-inhibitor (Juillard et 
al., 1995)  

 
 
1.2.5 Carbohydrate metabolism in LAB  
 
Carbohydrates are an important source of fuel for the living organism to execute various functions 

at both extracellular and intracellular level. LAB utilize various forms of carbohydrates including 

mono, di, oligosaccharides according to information from their comparative genomics and 

putative gene expression patterns. The monosaccharaides that are utilized by LAB include 

glucose, fructose, and galactose while the disaccharides include sucrose and lactose.  
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The oligosaccharides include trehalose, raffinose, and fructo-oligosaccharides. These 

oligosaccharides are termed prebiotics to emphasize their importance for the growth and 

modulation of probiotic activity. The two most widely used prebiotics are fructans and resistant 

starches. Table 1.9 lists the major oligosaccharides or prebiotics that can be used to initiate the 

growth of LAB in the gastrointestinal (GI) tract. Carbohydrates are macronutrients required by all 

forms of life as a source of energy.  

 
The availability of at least one form of the above carbohydrate sources in the immediate 

environment is mandatory for the growth of LAB. The coordination and expression of genes 

responsible for the uptake and metabolism of the carbohydrate depends on the types or forms of 

carbohydrate available in their local environment (Barrangou, 2006). For instance, in the case of 

L. acidophilus the uptake and metabolism of carbohydrate involves two systems: 

phosphoenolpyruvate (PEP) and ATP-binding cassettes (ABC) (Barrangou, 2006). The PEP is 

involved in the uptake and metabolism of fructose, glucose, sucrose, and trehalose while the ABC 

is involved in the uptake and metabolism of raffinose and fructo-oligosaccharides (Barrangou, 

2006). 

Table 1.9 Substances with proven prebiotic properties (Probert., et al 2004) 
 

Carbohydrate Non-
digestible  

Fermentable  Selectively 
used  

Inulin Yes Yes Yes 
Oligo fructose Yes Yes Yes 
Trans-galacto oligosaccharides Yes Yes Yes 
Lactulose Yes Yes Yes 
Ismalto-oligosacchrides Partially Yes Probably 
Lactosacarose Yes Yes Probably 
Xylo oligosaccharides Yes Yes Probably 
Soy oligosacchrides Yes Yes Yes 
Resistant Starch  Yes Yes Yes 
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One of the natural habitats of LAB is milk. Milk is a perfect growth media for LAB, as it contains 

balanced nutrients and proteins with excellent amino acid profiles. The lactose in milk is a 

disaccharide sugar that contains a molecule of glucose and galactose. LAB metabolize lactose to 

survive and grow in milk. Lactose uptake in most of the lactobacilli involves the cell membrane 

associated permease enzyme. The permease is located on the cell membrane of most of 

lactobacilli, leuconostocs, and S. thermophilus (Barrangou, 2006). Once the lactose is internalized 

in the cell, it is converted to glucose and galactose with the help of β-galactosidase. The galactose 

is then converted to glucose by the Leloir pathway, and later together with the other molecule of 

glucose is metabolized to lactic acid by the process called glycolysis. Figure 1.5 depicts the fate of 

glucose during its metabolism by homo-fermentative LAB. 

Glucose 

Glucose 6-P 

Fructose 6-P 

Fructose 1,6 di-P 

Glyceraldehydes 3-P  

                                                                 Aldolase dihydroxy acetone phosphate 

      1,3, diphosphoglycerate 

3,phosphoglycerate 

2,phosphoglycerate 

    Phosphoenol pyruvate 

Pyruvate 

                                   Lactate dehydrogenase 

Lactate or lactic acid 

Figure 1.5 Glycolytic pathways of homo fermentative lactic acid bacteria 
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1.2.6 Gene Expression Analysis Methods  
 
Gene expression takes place in both prokaryotic and eukaryotic organisms. It can be defined as a 

process by which information from a particular gene is used to synthesize a functional gene 

product. These functional gene products are usually proteins that have important roles as enzymes, 

hormones, and receptors. However, genes that do not code for proteins such as the ribosomal 

ribonucleic acid (rRNA) or transfer RNA code for functional RNA products. Each cell contains 

genes that are contained in the deoxyribonucleic acid (DNA), the information database of a cell, 

and code for a specific protein (Fryer et al., 2002). In the case of pathogenic microorganisms these 

specific proteins can include effector proteins that facilitate the infection process in the host. The 

genes that code these effector proteins are termed as virulence genes. Conditions that initiate gene 

expression in these organisms include harsh or new environments and some other outside triggers.  

 
Although a single DNA molecule is present in the organism, the cells might be different 

depending on the expression of genes enclosed in this DNA molecule. Cell differentiation in a 

single celled organism is mainly a result of the accumulation of functional RNA and protein 

molecules. The regulation of a specific or set of genes, therefore, give the cell control over its 

structure and function and is the foundation for cellular differentiation, morphogenesis and the 

versatility and adaptability of any organism. The synthesis of mRNA is the critical control point to 

measure and regulate gene expression (Alberts et al., 2002). The quantification of a specific gene 

or gene product in a cell is possible by measuring its expression. Additionally, gene expression 

gives an important indication of the metabolic status of the cell at a specific time and its reaction 

to a set of environmental conditions.  

 
Several methods can be employed to study gene expression in a single cell organism by detecting 

and measuring the amount of functional gene products (mRNA) and protein molecules. These 

methods include a bioluminescence assay using lux gene constructs, reverse transcription 
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quantitative polymerase chain reaction (RT- qPCR), Northern blot, Western blot, fluorescent in 

situ hybridization (FISH) and, DNA microarray (Fryer et al., 2002). In the present study, however, 

to test the effect of several cell free spent media (CFSMs) on the expression of selected virulence 

genes in Salmonella Typhimurium, a bioluminescence assay using a reporter construct in which a 

promoter for the gene of interest was fused with a lux gene cassette was used. The results were 

also confirmed using RT-qPCR using the complementary deoxyribonucleic acid (cDNA), which 

was reverse transcribed from mRNA as a template. These two methods of gene expression 

analysis are briefly discussed below.  

 
1.2.6.1 Bioluminescent reporter Assay Vs. Two- Step RT-qPCR  

         1.2.6.1.1 Bioluminescent reporter Assay 

Many aquatic organisms emit light for the purpose of survival, propagation and communication 

and this emission of light is termed bioluminescence. The principle of the bioluminescence assay 

is based on the concept of these organisms that emit light. The bacterium Vibrio fischeri is 

symbiotic organism that is widely studied for the lux operon that encodes genes that are 

responsible for the production of proteins involved in the generation of luminescence. The 

isolation of this lux gene and its insertion into other prokaryotes allows us to study the survival, 

propagation and communication among these organisms. The luciferase enzyme produced by the 

lux operon catalyzes the reaction causing the emission of light that can be measured by using 

photomultiplier tubes or charged-coupled devices. 

 
1.2.6.1.2 Reverse Trasncriptase quantitative Polymerase Chain reaction 

(RT-qPCR) 
 
The principle or the objective of the polymerase chain reaction (PCR) is to specifically increase 

the target nucleic acid sequences from its undetectable amount of starting material in serial 

thermocycling reactions. The amount of PCR product in the reaction is the function of the kinetics 
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of fluorescence signals detected during the thermocycling. The amount of fluorescence emitted at 

each cycle can be correlated to the initial load of the target gene products in the sample. Higher 

quantity of target gene in the starting material results in a significant increase of fluorescence 

emission, which is detected faster in the reaction. For the reaction, a fixed fluorescence threshold 

is set just above the baseline that represents the threshold cycle (CT). So the cycle at which the 

fluorescence emission exceeds the fixed threshold defines the parameter threshold cycle (CT). 

Samples with high concentrations of the target gene products results in lower CT values while 

higher CT values are observed for samples that contain lower concentration of the target genes.  

 
A comparison of CT values is one of the methods for gene expression analysis where the CT of the 

target gene is compared to a reference or constitutive gene. This method is convenient to analyze 

the relative changes in gene expression observed in real time. The calculation to obtain the relative 

gene expression involves a series of steps in the following order. The initial step is to obtain the 

difference in CT values of the target and the normalizer (reference gene). 

dCT=CT (target)-CT (Normalizer) 

Then ddCT is calculated by subtracting the dCT of the untreated sample from the treated one.  

ddCT= dCT (treated)- dcT (untreated) 

The relative gene expression is calculated as, 2-ddCT 

 Finally, a fold change can be calculated as,  -1/2-ddCt  (Pfaffl, 2004) 

In the current study, the two-step RT-qPCR experiment was conducted as a confirmation test of 

the bioluminescence assay. Results from bioluminescence assay are not as reliable as those 

obtained using qPCR. The bioluminescence assay is not highly reliable method for gene 

expression analysis, as the calculation made to obtain the relative light unit (RLU/OD600nm) is 

factor of cell density or absorbance that might be influenced by the opacity of the various media 

considered for this research project. However, the high sensitivity and specificity of the RT-qPCR 

gene expression analysis method provides a satisfactory and reliable result.  
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To conclude the review, the impact of foodborne pathogens is immense; both jeopardizing the 

health of many and draining the economy due to treating the sick. The resistance of these 

pathogens to most antibiotics further exacerbates the situation. The use of probiotics, mainly LAB, 

as natural alternatives to antibiotics can help us save a substantial amount of money needed to 

develop new antibiotic drugs whenever the existing ones are no longer effective for treatment. 

Furthermore, the scarce resource can be reallocated to develop functional food products that 

contain either the metabolites or the live cells of these probiotics.  

 
In addition to the different intrinsic and extrinsic factors, the knowledge of steps in pathogenesis 

and virulence factors associated with the foodborne pathogens is crucial to control pathogens. The 

virulence factors that are present in the foodborne pathogens are important for their survival and 

growth within the host cell. The control or interruption of one or more of these virulence factors 

therefore prevents the pathogen from successfully infecting the host and causing disease. One 

development in this regard was the production of bioactive peptides with antivirulence activity by 

certain LAB strains following their growth on milk and whey based medium. This development 

also created more opportunities for further research. Consequently, one of the objectives of the 

current research was to screen other selected LAB strains not studied before for the production of 

bioactive peptides with antivirulence activity.  

 
Milk proteins play a great role as a source of encrypted peptides that have various physiological 

and biological activities as indicated in various publications. These different types of bioactive 

peptides isolated from milk proteins with their physiological activities were covered in this 

literature as much as possible. Enzymatic digestion and microbial fermentation were mentioned as 

methods to liberate these encrypted milk peptides. The claim presented by other groups of 

researchers that the proteolytic system of LAB should also be given equal attention as a cause for 

the production of bioactive peptides leads to the second objective of the current research where the 



 

 35 

effect of different nitrogen and carbon sources on the production of antivirulent peptides was 

investigated. The economical way of producing these bioactive peptides was also assessed in this 

research project.  
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CHAPTER 2 

2. Selected LAB strains for the production of potential bioactive peptides  

2.1 Abstract  

Eleven strains of LAB from four major genera were selected. A cell free spent medium (CFSM) of 

each of these strains was prepared after allowing each strain to grow anaerobically on modified de 

Man Rogosa Sharpe medium (mMRS) for 48 h, at 37 ℃.  The CFSM powders, obtained by freeze-

drying were reconstituted using deionized, sterile water to a volume that was 10-fold smaller than 

the original and their pH was neutralized before the experiment. Initially, a bioluminescence assay 

was conducted to test the antivirulence activity of these CFSMs against Salmonella Typhimurium 

(ssrB::luxCDABE and hilA::luxCDABE). A two-step RT-qPCR was conducted to confirm any 

effect of the CFSMs on virulence genes expression by S. Typhimurium observed using the 

bioluminescence assay. The greatest down-regulation of the ssrB gene was observed in the 

presence of CFSM from the highly proteolytic strains L. lactis CFSM (91.4 %) followed by L. 

helveticus (86 %), L. acidophilus La 5 (84 %), B. longum NCC2705 (82.1%), B. infantis (80.5%) 

while strains with a less active proteolytic system showed the lowest inhibition. A similar effect 

on expression of the virulence genes was observed using both methods of analysis.  

 
Significance: The proteolytic activity of the LAB strains is directly related to the production or 

release of bioactive peptide with antivirulence activity. The highly proteolytic strains produce 

potent bioactive peptides as compared to LAB strains with less active proteolytic systems. 

Key Words: Lactic acid bacteria, Proteolytic activity, and Antivirulence peptides. 

 
2.2 Introduction 
 
According to the data gathered between the year 2001 and 2010 in Canada alone, there were four 

million estimated cases of foodborne-associated diseases each year (PHAC, 2011). Moreover, 

foodborne pathogens, including Salmonella spp., have been a leading cause of death throughout 
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the world. Among Salmonella enterica serovars, Typhimurium and Enteritidis have been 

associated with many foodborne disease outbreaks causing hospitalization and in some instances 

death around the globe (Majowicz et al., 2010). The development of antibiotic resistance by these 

foodborne pathogens is another pressing issue that has stimulated interest in probiotics and their 

metabolites as a natural alternative to antibiotics to address the problem. “Probiotics are live 

microorganisms that when consumed in adequate amount confer a health benefit on the host” 

(FAO/WHO, 2001). Many species of lactic acid bacteria (LAB) are probiotics (Hutkins, 2006).  

 
LAB are fastidious organisms that require a nutrient dense growth medium rich in amino acids, 

carbohydrates, vitamins and metallic ions (Lacroix, 2011). In this regard, milk and meat are two 

important substrates for LAB due to their balanced nutrients and proteins with excellent amino 

acid profile. However, only those LAB strains with a developed proteolytic system can grow well 

on milk due to the lack of free amino acids in milk (Korhonen and Pihlanto, 2007). However, 

information on the proteolytic system of many LAB strains is lacking. Many species of LAB that 

belong to the genera of Lactobacillus and Bifidobacteriium are categorized as weakly proteolytic 

organisms mainly due to the absence of cell wall associated proteinase (PrtP-) (Kunji, 1996; 

Saarela et al. 2006; Donkor et al., 2007). On the other hand, L. helveticus LH-2 and L. acidophilus 

La-5 are two species in the genera of lactobacilli that showed high proteolytic activity when grown 

in milk and milk protein-based media (Griffiths & Tellez, 2013; Savijoki et al., 2006).  

 
It is to their obvious benefit that the LAB hydrolyze the large parent protein molecules of milk, as 

the hydrolysis process releases essential free amino acids that the LAB require for their growth. 

Aside from free amino acids, LAB produce small bioactive peptides as intermediate or secondary 

metabolites during the hydrolysis of protein (Korhonen and Pihlanto, 2007). The type and amount 

of these small bioactive peptides depends on the efficiency of the proteolytic system of LAB. 

Furthermore, the proteolytic system of LAB involves various enzymes in the different steps of 
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protein hydrolysis. These enzymes are highly specific for peptides and they cleave the peptides 

into various small peptides with different amino acid sequence that may or may not have 

biological and physiological functions (Korhonen and Pihlanto, 2007). Some bioactive compounds 

that were isolated from fermented milk and cheeses include casomorphins, angiotensin-converting 

enzyme (ACE)–inhibitory peptides, phosphopeptides, mineral-carrying peptides and cytotoxic 

peptides (Gokavi, 2009). 

 
Bioactive peptides that down-regulated a gene associated with virulence (ssrB) in Salmonella 

Typhimurium without affecting bacterial growth were isolated when two highly proteolytic LAB 

strains, namely L. acidophilus La-5 and L. helveticus LH-2 were grown in milk and whey-protein 

based medium (Tellez et al., 2011). An in vivo study on the bioactive peptides associated with L. 

helveticus LH-2 showed a protective effect against Salmonella proliferation and colonization in 

mice (Brovko et al., 2003; Vinderola et al., 2007a; Tellez et al., 2011). Medellin-Peña et al., 

(2007) and Zeinhom et al., (2012) have indicated that bioactive peptide molecules produced by L. 

acidophilus La-5 exert an anti-virulence effect against Salmonella Typhimurium and E. coli 

O157:H7. Both in vitro and in vivo studies were conducted using the cell free spent medium 

(CFSM) of the L. acidophilus La-5 to confirm the attenuation of virulence by these peptides 

(Medellin-Peña et al, 2009; Bayoumi & Griffiths, 2012). Mundi et al., (2013) documented the 

antivirulence activity of La-5 bioactives against Campylobacter jejuni, while Yun et al., (2014) 

documented the same inhibitory effect against Cl. difficile. 

 
However in all of these previous studies only a few strains of LAB were used to produce the 

bioactive peptides with antivirulence activity. This area of probiotic research should expand to 

include other LAB strains that can produce potential antivirulence peptides. Moreover, based on 

the outcome of the research, dairy product manufacturers can decide which LAB strains to use as a 

dairy starter culture. The health benefits of one LAB strain cannot be extrapolated to another 
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species, as the positive health effect is strain specific. The specificity of the proteolytic enzymes in 

these different LAB strains can also result in different types of bioactive peptides, which might 

have antivirulence effects against other foodborne pathogens not studied before. The isolated 

bioactive peptides might also have other therapeutic uses to further promote bioactive products in 

the fast growing market of functional foods. 

 
In the present study, CFSM was prepared from selected LAB strains grown in modified de Man 

Rogosa Sharpe medium (mMRS) to test the antivirulence effect of the CFSM against selected 

virulence genes in S. Typhimurium.  

 
2.3 Materials and Methods 

Objective 

The objective of this first section was to screen selected LAB grown in mMRS for the release of 

bioactive peptides with antivirulence activity against selected virulence genes of S. Typhimurium. 

A number of steps were followed to achieve this objective.  

   2.3.1 Bioluminescent reporter Assay 

   2.3.1.1 Microorganisms and Growth Conditions  
   

LAB Strains  
 
Eleven strains of lactic acid bacteria (LAB) were selected for screening. The strains were 

composed of species from four different genera of LAB and these were Lactobacilli: L. helveticus, 

L. acidophilus, L. rhamnosus, L. plantarum, L. reuteri and L. sakei; Bifidobacteria:  B. infantis, 

 B. longum; Pedoiococcus: P. pentosaceus and P. acidilactici and Lactococcus: L. lactis. Table 

2.1 presents the specific strains of these selected LAB species and their source. L. helveticus LH-2 

and L. acidophilus La-5 were included in the current study to serve as reference strains as these 

strains were previously studied and confirmed that bioactive peptides with antivirulence activity 

were produced (Griffiths & Tellez, 2013; Savijoki et al., 2006). A stock culture was prepared in 
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30% v/v sterile glycerol (Fisher Scientific, Nepean, Ontario, Canada) after growing the strains to a 

late exponential phase with a colony count of 1 × 109 CFU (Colony forming units)/ml in mMRS 

(BD DifcoTM, Mississauga, ON, Canada) (Medellin-Pena et al., 2007). The prepared stock 

cultures were stored at -80 °C until use.   

 
 Table 2.1 LAB strains used for screening  
 
LAB strains Source 
L. acidophilus La-5  CRIFS*  
L. helveticus LH-2 CRIFS* 
L. rhamnosus GG Purchased, Canadian Research & 

Development Centre for Probiotics 
London, ON, Canada  

L. sakei C1335 Donated by Chr. Hansen, Denmark 
L. reuteri C1334 Purchased, Leibniz Institute DSMZ-

German Collection of Microorganisms 
and Cell Cultures, Germany  

L. plantarum C1338 Donated by Chr. Hansen, Denmark 
L. lactis DSM 4366 CRIFS* 
B. longum NCC2705 CRIFS* 

B. infantis ATCC 15697  CRIFS* 

P. pentosaceus C1337 Donated by Chr. Hansen, Denmark  
P. acidilactici C1336 Donated by Chr. Hansen, Denmark  
 
 
S. Typhimurium Virulence Gene Constructs 
 
Two gene constructs of Salmonella enterica serovar typhimurium SA 941256 (Table 2.1) were 

obtained from the Canadian Research Institute for Food Safety (CRIFS) culture collection 

(University of Guelph, Guelph, Canada). Stock cultures were prepared for each construct in a 30% 

v/v sterile glycerol (Fisher Scientific, Nepean, Ontario, Canada) after growing the strains to late 

exponential phase with a colony count of 1 ×109 CFU/ml in Luria-Bertani (LB) broth (BD 

Bioscience, Mississauga, ON, Canada) supplemented with ampicillin (50 μ g/ml) (Sigma, 

Markham, ON, Canada) (Amp). The prepared cultures were stored at -80 °C until use.   
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Table 2.2 Virulence gene constructs of S. Typhimurium  
 

Virulence gene Constructs  Source 

ssrB response regulator of pathogenicity island 2 (SPI 2) fused 
with luxCDABE genes construct in Salmonella Typhimurium 
SA 941256 (ssrB:: lux reporter) 

 
 
 

CRIFS culture 
Collection  
Previously constructed 

hilA general regulator of Salmonella pathogenicity of island 1  
(SPI 1) fused luxCDABE genes construct in Salmonella 
Typhimurium SA 941256 (hilA::lux reporter) 

 
 
 

CRIFS culture 
Collection  
Previously constructed 

 
*CRIFS: Canadian Research Institute for Food Safety, University of Guelph, ON, Canada 
(Bayoumi and Griffiths, 2010) 
 
 

2.3.1.2 Preparation of a Cell Free Spent Medium (CFSM)  

 Modified de Man, Rogosa, and Sharpe (mMRS) medium  

 (Formulation and Sterilization) 

The selected LAB strains were grown in mMRS containing 10 g peptone from pancreatic digest of 

casein, 8 g beef extract, 4 g yeast extract, 5 g sucrose, 1ml Tween 80, 2 g dipotassium hydrogen 

phosphate, 2 g diammonium hydrogen citrate, 5 g sodium acetate, 0.2 g magnesium sulfate, 0.5 g 

L-cysteine, and 0.04 g manganese sulfate in 1 liter of distilled water (all medium components 

were obtained from BD Diagnostic Systems, Sparks, MD). The formulated mMRS was filter 

sterilized using a 0.2-μm-pore-size filter (EMD Millipore, Billerica, MA, USA) and PVDF sterile 

syringe filters (Fisher Scientific, Canada) and used within 24 h of preparation. 

 
CFSM Preparation  
 
A stock culture of LAB strains was removed from a -80 °C freezer and grown on Lactobacilli 

MRS agar (BD DifcoTM, Mississauga, ON, Canada) at 37 °C, anaerobically using a BBL GasPak 

system (BD Bioscience, Mississauga, ON, Canada) for 48 h. A single colony of the LAB strains 

from the plate was inoculated in 10 ml of sterile mMRS medium. The same inoculation rate was 

used for all LAB strains. Uninoculated mMRS was also prepared as a control. Both the inoculated 
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mMRS and the uninoculated (control) were incubated at 37 °C, anaerobically using a BBL 

GasPak system (BD Bioscience, Mississauga, ON, Canada) for 48 h.  

 
At the end of the incubation period all LAB cultures were serially diluted and streak plated on 

Lactobacilli MRS agar (BD DifcoTM, Mississauga, ON, Canada) to determine their viability. The 

supernatant was decanted after centrifugation of the culture at 15,000 × g for 20 min at 4 °C 

(Avanti J-20 XPI, Beckman Coulter, Canada). The supernatant was then filtered through a 0.45-μ

m pore-size low protein-binding filter (EMD Millipore, Billerica, MA, USA) and PVDF, sterile 

syringe filters (Fisher Scientific, Ireland) to remove the bacterial cells. The filtered medium was 

subsequently referred to as cell free spent medium (CFSM). The pH of the CFSM was neutralized 

using 1N NaOH (Fisher Scientific) before it was freeze-dried (Unitop 600 SL, VirTis Co., Inc. 

Gardiner, NY, USA). Finally, the CFSM powder was stored in a -80 °C freezer until use.  

2.3.1.3 Gene expression using the Bioluminescent reporter Assay  

Sample Preparation  

Before the actual assay, sterile deionized water was used to reconstitute the CFSM powder to a 

concentration 10× the original volume. Salmonella Typhimurium constructs were taken from a -80 

°C freezer and grown on Luria-Agar (LA) agar (Sigma, Markham, ON, Canada) supplemented 

with ampicillin (100mg/ml) (Sigma, Markham, ON, Canada) (Amp) at 37 °C, aerobically 

overnight.   

 
Colonies were removed and restreaked onto fresh medium. Following growth, colonies were 

observed for luminescence using a cooled, slow-scan CCD camera (NightOWL Molecular Imager, 

EG&G Berthold Technologies, Wildbad, Germany). A luminescent colony was picked from the 

plate and inoculated in 10 ml of LB broth supplemented with ampicillin (50 μg/ml) (Sigma, 
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Markham, ON, Canada) (Amp). The inoculated medium was incubated at 37 °C with shaking (200 

rpm; orbitary shaker incubator, New Brunswick Scientific, USA) for 19 h.  

 
Bioluminescent reporter Assay 
 
A 96-well microtiter plate (Corning No. 3610, Fisher Scientific, Ottawa, Ontario, Canada) was 

used to analyze the samples. The samples included were a positive control, negative control, 

CFSM treatment, and reconstituted mMRS as experimental control. Ten percent (v/v) of the 4 h 

culture was added to LB broth supplemented with ampicillin (50 μg/ml) in a total volume of 200 μ

l and used as a positive control, while LB broth supplemented with ampicillin (50 μg/ml) in a total 

volume of 200 μl was used as a negative control. Ten percent (v/v) of the reconstituted CFSM was 

added to 10 % (v/v) of the 4 h culture of the appropriate S. Typhimurium reporter strain in LB 

broth supplemented with ampicillin (50 μg/ml) in a total volume of 200 μl as a treatment. Also, 10 

% v/v experimental control, which was uninoculated reconstituted mMRS, was added to 10 % v/v 

of the 4 h culture in LB broth supplemented with ampicillin (50 μg/ml) in a total volume of 200 μ

l. The prepared samples were incubated at 37 °C with shaking  (200 rpm; orbitary shaker 

incubator, New Brunswick Scientific, USA) for 4 h.  

 
Measurement of cell density and luminescence (count per second) were performed at the end of 

the 4 h incubation period using a VictorTM Multilabel Counter (Wallac, PerkinElmer Life 

Sciences Canada, Woodbridge, Ontario, Canada). Finally, results were presented as RLU/OD600nm. 

All CFSMs from the LAB strains were screened in a similar way. Two independent experiments, 

each time in triplicates, were conducted using CFSMs obtained from two independent LAB 

fermentations.  
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2.3.2 Reverse transcriptase quantitative polymerase chain reaction  
(RT- qPCR) gene expression analysis 

 
CFSMs from all LAB strains were tested for their effect on gene expression of selected virulence 

genes of S. Typhimurium using a two-step real time quantitative polymerase chain reaction (RT-

qPCR). This experiment was conducted as confirmation of the bioluminescence assay.  

2.3.2.1 Salmonella enterica serovar typhimurium DT104 SA1997-0934 
growth conditions and Oligonucleotides used  

 
The multi-drug resistant Salmonella Typhimurium phage type or definite type DT (104) SA1997-

0934 was used. A cryovial of S. Typhimurium DT104 was obtained from the CRIFS culture 

collection (University of Guelph, Guelph, Canada). The culture was activated by streaking on 

Luria-Agar (LA) agar (Sigma, Markham, ON, Canada) with subsequent incubation at 37 °C for 24 

h. From this plate a single colony was inoculated in 10 ml of Luria-Bertani (LB) broth (LB, BD 

Bioscience, Mississauga, ON, Canada) and incubated at 37°C for 19 h with shaking (200 rpm; 

orbitary shaker incubator, New Brunswick Scientific, USA). The cell density of the overnight 

culture was measured at a wavelength of 600 nm (OD600nm) using a spectrophotometer.  

One house-keeping gene as a reference and four targeted virulence genes were selected. The 

primers used in the experiment are listed in Table 2.2. 

 
Table 2.3 Primers or genes with their oligonucleotides sequence used 
 
Genes Functions Sequences Reference  

ssrB  Transcriptional 
regulator of SPI-2  

F: 5’-TGGTTTACACAGCTACCAA-3’ 
R: 5’-GGTCAATGTAACGCTTGTTT-3’  

(Sharma, 2014) 

hilA  Transcriptional 
regulator of SPI-1  

F: 5’-TGTCGGAAGATAAAGAGCAT-3’  
R: 5’-AAGGAAGTATCGCCAATGTA-3’  

(Sharma, 2014) 

sopD  Secreted effector 
protein  

F: 5’-ATTAATGCCGGTAACTTTGA-3’  
R: 5’-CTCTGAAAACGGTGAATAGC-3’  

(Sharma, 2014)  

invA  Required for 
invasion of cells  

F: 5’-GAAATTATCGCCACGTTCGGGCAA-3’  
R:  5’-TCATCGCACCGTCAAAGGAACC-3’  

(Rahn et al., 
1992) 

16s  House-Keeping 
gene  

F: 5’-CAAGTCATCATGGCCCTTAC-3’ 
 R: 5’-CGGACTACGACGCACTTTAT-3’  

(Asakura et al., 
2012) 
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2.3.2.2 Ribonucleic acid (RNA) Extraction Procedure and Reverse 
Transcription 

 
Sample Preparation  

From the 19 h overnight culture, 50 μl were transferred to 5 ml of fresh LB broth and used as a 

positive control. CFSM (500 μl) of the LAB strain was added to 50 μl of the 19 h culture in 4.5 ml 

of fresh LB broth as a treatment. The samples were incubated at 37 °C with shaking (200 rpm; 

orbitary shaker incubator, New Brunswick Scientific, USA) for 3 h to allow the bacterium to reach 

an optical density at 600 nm (OD600nm) of 0.8 (mid-logarithmic growth phase). The cell density 

for all treated samples was measured using a spectrophotometer at a wavelength of 600nm and 

results were recorded. Two ml aliquots were removed and centrifuged at 16,000 x g at 25 °C for 4 

min (Spectrafuge- 16M, Labnet International, Edison, USA). After the supernatant was removed, 

2ml of RNAprotect Bacteria Reagent (Qiagen Inc., Mississauga, Ontario, Canada) were added to 

the pellet, mixed by pipetting, and incubated at room temperature (25 °C) for 5 min. At the end of 

the incubation period, the dispersed pellet was centrifuged at 16,000 x g (Spectrafuge- 16M, 

Labnet International, Edison, USA) for 5 minutes for a second time. Carefully, the RNA protect 

agent and any left over growth medium were decanted. Finally, the pellet was stored at -80 °C 

until RNA was extracted.  

 
RNA Extraction 
 
Pellets were withdrawn from the -80 °C freezer and were left at room temperature to defrost. Once 

defrosted, 20 μl of proteinase K (Qiagen), 200 μl of Tris-EDTA buffer, BioUltra for molecular 

biology, pH 8.0 (Fluka, Sigma- Aldrich Co., St. Louis, USA) and 60 μl of 20mg/ml lysozyme for 

molecular biology (Sigma- Aldrich Co., St. Louis, USA) were added to reconstitute the pellet. The 

reconstituted pellets were incubated at 37°C for 1 h with shaking at 450 rpm (Thermomixer, 

Eppendorf, Hamburg, Germany). RNeasy minikit (Qiagen) RNA extraction kit was used to extract 
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the RNA from all samples strictly following the manufacturer’s instructions. The remaining DNA 

was removed from the samples using DNase enzyme treatment. For this purpose 5 μl of RNase-

free DNase  (TurboTM DNase, 2 U⁄μL, Ambion) were added to the samples and incubated at 

37°C for 22 min. Later 1.5 μl of 0.5 M molecular grade EDTA were added to the sample and 

incubated at 70°C for 10 min to deactivate the DNase. RNeasy MinElute cleanup kit (Qiagen) was 

used to purify the RNA using the manufacturer’s protocol. The concentration in (ng/μl) and the 

purity of the purified RNA were measured using a NanoDrop 1000 spectrophotometer 

(Thermoscientific, Wilmington, DE). It was confirmed that all RNA samples passed the 

requirement that the ratio of absorbance at 260nm/280 nm be greater than 1.8 to be regarded as 

pure or not contaminated. The integrity of the RNA was verified by agarose (1.5%) gel 

electrophoresis. 

 
Reverse Transcription 
 
High-Capacity cDNA reverse transcription kit (Applied Biosystems, Burlington, Ontario, Canada) 

was used to convert the RNA to its complementary deoxyribonucleic acid (cDNA). For this 

purpose, RNA aliquots with a final concentration of 1000ng/μl were used. The reaction mixture 

contained 0.8 μl of 25× deoxyribonucleoside triphosphate (100 mM), 2 μl of 10× random hexamer 

primers, 2 μl of 10× RT buffer, aliquot of the extracted RNA (1000ng/μl), 1 μl of Multiscribe 

reverse transcriptase (50 U /ml) in an adjusted total volume of 20 μl using molecular-grade water 

(water, nuclease-free, Thermo Scientific) and was prepared in RNase and DNase free Eppendorf 

tubes. Controls excluding the reverse transcriptase were also prepared for each sample to be used 

in the RT-qPCR experiment to follow as a no RT control (no transcriptase). The synthesis of 

cDNA was conducted using a Mastercycler Gradient Thermocycler (Eppendorf, Mississauga, 
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Ontario, Canada) under the following settings: 25°C for 10 min, 37°C for 120 min, 85°C for 5 

min, and a holding step to 4°C. The cDNA was stored at -80°C until use.  

 
2.3.2.3 Real Time quantitative Polymerase Chain Reaction 
           (RT-qPCR) 

 
A ViiATM 7 Real-Time PCR System (Applied Biosystems, Burlington, Ontario, Canada) and 

SYBR® Select Master Mix (Applied Biosystems, Burlington, Ontario, Canada) were used in the 

subsequent experiments. The reference gene and the targeted genes used for the experiment are 

presented in Table 2.2 of section 2.3.2.1 of the methodology.   

 
Sample Preparation  
 
For the reference or house keeping gene (16S), a total reaction volume of 20 μl that contained 10 μ

l of SYBR® Select Master Mix, primers  (0.8 μl of forward primer (5 μM), 0.8 μl of reverse 

primer (5 μM), 5 μl of 1/10 diluted cDNA, and 3.4 μl of nuclease free water with the final primer 

concentration of 200 nM were added to 96 well plates (4346907, MicroAmp® Fast Optical 96-

Well Reaction Plate, 0.1 mL, Life Technologies, Canada) in triplicates. For the target virulence 

genes, the same total reaction volume of 20 μl containing 10μl of SYBR® Select Master Mix, 

primers (1.6 μl of forward primer (5 μM), 1.6 μl of reverse primer (5 μM), 5 μl of 1/10 diluted 

cDNA, and 1.8 μl of nuclease free water with the final concentration of 400nM were added to the 

96 well plates (4346907, MicroAmp® Fast Optical 96-Well Reaction Plate, 0.1 mL, Life 

Technologies, Canada) in triplicates. 

 
PCR conditions and reactions  
 
The PCR conditions (Sharma, 2014) were strictly followed for this research project. Briefly the 

conditions were as follows: UDG activation at 50°C for 2 min a final primer concentration of 400 

nM was used with UP activation at 95°C for 2 min. Activation was followed by 40 repeated cycles 
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of denaturation, annealing and amplification, at 95°C for 15 s, 54°C for 30 s, and 72°C for 45 s, 

respectively. Subsequently, a default dissociation curve was performed in the instrument and 

specific amplicon was verified for the presence of a single melting-temperature peak. The 

transcript levels were normalized to the gene expression of the most stable housekeeping gene for 

each sample. The relative changes in gene expression were calculated as described previously 

(Livak & Schmittgen, 2001; Pfaffl, 2001). A change in relative gene expression value of greater 

than twofold was considered significant (Phongsisay et al., 2007). 

 
2.4 Results and Discussions 

      2.4.1 Bioluminescent reporter Assay 
The bioluminescence assay was evaluated to screen several extracts CFSMs for inhibitory activity. 

The CFSMs prepared from all selected LAB strains were tested for their modulatory effect on the 

expression of two virulence genes of Salmonella Typhimurium (ssrB and hilA). All CFSMs were 

neutralized using 1N NaOH before the screening to avoid the effect of low pH on the growth of 

Salmonella Typhimurium. 

 
The luminescence reading (count per minute) was obtained from the Victor Multilableler together 

with the cell density measured at the optical density of 600nm. The relative light unit (RLU) was 

then calculated by adjusting the luminescence (count per second) to the optical density at 600nm 

wavelength. The effect of CFSMs from all the LAB strains on the expression of ssrB::lux reporter 

and hilA::lux regulator virulence construct is presented in Fig 2.1.  
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A. Effect of selected LAB CFSMs on expression of ssrB::lux gene construct in S. Typhimurium  

 
 

B. Effect of selected LAB CFSMs on expression of hilA:lux gene construct in S. Typhimurium  
 

 
Figure 2.1 Effect of selected LAB CFSMs on expression of A. ssrB:: lux reporter constructs and B. hilA:: 
lux regulator in S. Typhimurium at the end of 4 h incubation period as analyzed by Biolumencent reporter 
Assay. Data are the means ± standard deviations obtained from two independent trials conducted in 
triplicates each time. The CFSMs were obtained from two independent fermentations by the selected 
LAB strains. Results are expressed as relative light units (RLU) defined as counts/min and adjusted to 
OD600nm (RLU/OD600nm). 

 
 
The effect of CFSMs was indirectly measured by a decrease in virulence activity by the virulence 

gene constructs. This decrease in virulence activity of the CFSM treated samples was calculated 

with respect to the untreated samples assuming the untreated samples showing 100 per cent 
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virulent and then expressed as percentage. A decrease in Virulence activity (% VA) calculated as 

%VA=100-((VA activity of the CFSM/ activity of mMRS) *100)) and presented in Table 2.4.  

 
Table 2.4 The effect of CFSMs from LAB strains on the expression of the virulence genes, 
ssrB and hilA in S. Typhimurium expressed as decrease in virulence activity determined by 
the bioluminescent reporter assay.  
 

CFSMs of Selected 
LAB strains  

A decrease in virulence 
activity ssrB:: lux 
construct expressed as 
percentage  
(%) 

A decrease in virulence 
activity hilA:: lux 
construct expressed as 
percentage (%) 

L. plantarum 34.5 1.8 
L. sakei 51.8 34.4 
L. reuteri 66.5 46.2 
L. lactis 91.4 64.9 
L. rhamnosus 17.6 32.6 
L. helveticus  86.4 74.3 
L. acidophilus 84.7 72.1 
B. longum  82.1 67.7 
P. pentosaceus  61.6 65.2 
B. infantis 80.5 65.0 
P. acidilactici 69.7 65.4 

 
 
Discussions  

As observed from the above results, CFSMs from all selected LAB strains showed inhibition 

effect on the expression of both ssrB and hilA:: lux constructs in S. Typhimurium. However, the 

degree of inhibition was different amongst the CFSMs of the selected LAB strains.  

 
CFSM from L. rhamnosus showed the least antivirulence activity (17 %) against the ssrB:: lux 

construct while L. plantarum CFSM showed least effect on the hilA::lux reporter (1.8 %). The 

largest degree of down-regulation was observed with L. lactis CFSM (91.4 %) followed by L. 

helveticus (86 %), L. acidophilus La 5 (84 %), B. longum NCC2705 (82.1%), B. infantis (80.5%) 

on the ssrB:: lux construct. This result confirmed the previous work that the two strains, L. 

helveticus LH-2 and L. acidophilus La-5 showed a significant down-regulatory effect on these 
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virulence gene constructs (Tellez et al., 2011; Bayoumi & Griffiths, 2012). The CFSMs from these 

two strains also showed a significant level of down-regulation of hilA, while the antivirulence 

activity from CFSMs of L. lactis, B. longum NCC2705 and B. infantis showed less down-

regulation of hilA as compared to ssrB. 

 
Another observation worth mentioning is the similar results obtained with L. plantarum and L. 

rhamnosus CFSMs on both virulence gene constructs. CFSMs from L. sakei and L. reuteri showed 

a greater degree of inhibition on expression of ssrB as compared to hilA. The CFSMs from P. 

pentosaceus and P. acidilactici exhibited a similar degree of suppression of both virulence gene 

constructs. However, the effect of the CFSMs from L. plantarum, L. rhamnosus, L. sakei, L. 

reuteri, P. acidilactici, and P. pentosaceus on the expression of ssrB and hilA constructs was not 

as significant as L. lactis, L. helveticus, L. acidophilus La 5, B. longum NCC2705, B. infantis 

CFSMs.  

 
Although the main objective of this section was to screen selected LAB strains for production of 

cell free spent medium that potentially contain bioactive peptides with antivirulence activity, we 

also investigated the effect of the growth media (modified MRS) on expression of the virulence 

gene constructs. According to the results, there was some degree of inhibition due to the mMRS 

medium when compared to the positive control. Previously, a study was conducted to investigate 

some of the components of MRS on the gene expression of virulence gene constructs. Delcenserie 

et al., (2012) showed that glucose present in the medium exerted an antivirulence effect on 

LEE1::lux and LEE2::lux  constructs of E. coli O157:H7.  

 
Following this discovery, the MRS growth medium was modified to contain sucrose instead of 

glucose. Sucrose is a disaccharide that contains a molecule of glucose and fructose. Sucrose can 

easily dissociate and convert to glucose and fructose molecules upon either acid or heat treatment. 
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So the mMRS medium was not autoclaved or heat-treated to avoid dissociation of sucrose; instead 

it was filter-sterilized before inoculation with the LAB strains. 

 
 In this study, a separate experiment was conducted (results not shown) to investigate the effect of 

selected carbohydrate sources including sucrose on the expression of the virulence genes selected 

for the research project. According to the results, fructose, as low as 0.1% v/v showed a significant 

reduction in light emission of both ssrB::lux and hilA::lux constructs. Some degree of inhibition 

was also observed from sucrose, although this effect was not as significant as fructose. The only 

carbohydrate source that did not show any effect on the virulence gene constructs was lactose. The 

mMRS used to produce the LAB CFSMs contained sucrose as the carbon source and perhaps the 

small inhibitory effect observed in the presence of the medium alone was due to the sucrose 

molecule.  

 
All CFSMs showed an effect on the reporter strains to a certain degree. Schilmme and Meisel 

(1995) indicated that many of the bioactive peptides are very potent so that even trace amounts 

liberated might be adequate to exert a physiological effect. A potent bactericidal peptide was 

released by pepsin digestion of lactoferrin, which is one of the components of whey protein (Shin 

et al., 1998). These potent peptides showed antibacterial activity against Gram-positive and Gram-

negative pathogenic bacteria. In the current research, the antivirulence peptides might be very 

potent so that small amounts released by the LAB strains would modulate gene expression.  

 
However, the different degree of inhibition observed by the LAB CFSMs might be due to 

differences in their proteolytic activity. It has been documented that the two reference strains, L. 

helveticus LH-2 and L. acidophilus La 5 used for this research project are highly proteolytic 

organisms with a well-developed proteolytic system (Griffiths & Tellez, 2013; Savijoki et al., 

2006). Although proteolytic assay on the LAB strains considered for this research project was not 

conducted, it can be inferred that the LAB strains that showed a close or similar inhibition effect 
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on the gene expression as the reference organisms might also have high proteolytic activity. As 

discussed before, information on the proteolytic system of many LAB strain is lacking. Lopez-

Fandino et al. (2006) reported that LAB strains with high proteolytic activity produce more 

bioactive peptides in fermented dairy products.  

 
Lactococcus lactis, L. acidophilus La-5, and L. helveticus LH-2 have a well-developed proteolytic 

system (Kunji et al., 1996; Savijoki et al., 2006; Griffiths & Tellez, 2013). For instance, L. lactis is 

the most widely used as a starter culture in dairy industry because of its fast lactose metabolism 

and flavor production (Kuipers, 2001). Due to the high proteolytic activity of these strains, we 

were able to observe a significant antivirulence activity in their CFSMs. These strains successfully 

break down protein to essential free amino acids with the production of small bioactive peptides as 

intermediate metabolites.  

 
However, the other LAB strains that showed insignificant inhibition on the expression of virulence 

genes might posses a poorly developed proteolytic system. It has been reported that most of the 

LAB strains lack cell wall associated proteinase enzymes important for breaking down protein to 

oligopepides and perhaps the strains with lowest degree of inhibition might lack this enzyme. In 

these findings, a lower inhibitory effect was observed from L. plantarum that lacks a cell wall 

associated proteinase enzyme (Kleerebezem, 2003), and this might support the association 

between bioactive peptide production and activity of the proteolytic system. The balance between 

the proteolytic activity and the specificity of the various proteinases and peptidases is also equally 

important for the production of bioactive peptides (Lopez-Fandino et al., 2006). LAB strains with 

lowest inhibition might as well lack the specific enzymes required for breaking down the 

oligopeptides to release more of the bioactive peptides.  
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Statistical Analysis 

Statistical analysis was performed to determine the statistical significance of the inhibition effect 

of LAB CFSMs on both ssrB and hilA lux gene constructs in S. Typhimurium with respect to a 

single and common uninoculated culture media as a control (mMRS). Furthermore, the 

significance of the difference in the inhibition effect among the various CFSMs on both ssrB and 

hilA lux gene was statistically analysed. The statistical analysis was performed as follows. 

 
SPSS (Statistical Package for the Social Sciences) statistical software was used. For statistical 

significance of the inhibition effect of LAB CFSMs on both ssrB and hilA lux gene constructs in S. 

Typhimurium with respect to the uninoculated culture media (mMRS control), one way –Analysis 

of Variance (ANOVA) followed by Dunnett t-tests post hoc was performed. 

 
Table 2.5 Statistical analysis using one way-Analysis of Variance (ANOVA) to determine the 

significance of the inhibition effect of LAB CFSMs on ssrB::lux gene construct  

ANOVA 
Measure   
 Sum of Squares df Mean Square F Sig. 

Between Groups 62922840.708 11 5720258.246 324.284 .000 
Within Groups 211675.726 12 17639.644   

Total 63134516.434 23    
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*. The mean difference is significant at the 0.05 level. 
a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
 
According to the above statistical analysis, the decrease in virulence activity observed by the 

ssrB:: lux construct was statically significant (P<0.05) in the presence of all CFSMs isolated from 

the LAB strains as compared to a single and common control (mMRS). 

 
Table 2.6 Statistical analysis using one way-analysis of variance (ANOVA) to determine the 

significance of the inhibition effect of LAB CFSMs on hilA::lux gene construct with respect to the 

Control. 

ANOVA 
Measure   
 Sum of Squares df Mean Square F Sig. 

Between Groups 249176133348.798 11 22652375758.982 1194.996 .000 
Within Groups 227472319.258 12 18956026.605   

Total 249403605668.055 23    

 
 

 
 
 

Post Hoc Tests 
 

Multiple Comparisons 
Dependent Variable: Measure  
Dunnett t (2-sided) a   

(I) Treatment (J) Control 

Mean 
Difference  

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound 
Upper 
Bound 

L. plantarum  
 
 
 
 
 
mMRS  

-1821.920* 132.814 .000 -2249.48 -1394.36 

L. sakei -2807.265* 132.814 .000 -3234.83 -2379.70 

L. reuteri -3781.335* 132.814 .000 -4208.90 -3353.77 

L. lactis -5209.105* 132.814 .000 -5636.67 -4781.54 

L. rhamnosus -808.240* 132.814 .000 -1235.80 -380.68 

L. helveticus -4876.360* 132.814 .000 -5303.92 -4448.80 

L. acidophilus -4804.815* 132.814 .000 -5232.38 -4377.25 

B. longum -4657.500* 132.814 .000 -5085.06 -4229.94 

P. pentosaceus -3436.955* 132.814 .000 -3864.52 -3009.39 

B. infantis -4441.185* 132.814 .000 -4868.75 -4013.62 

P. acidilactici -3744.175* 132.814 .000 -4171.74 -3316.61 
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Post Hoc Tests 
Multiple Comparisons 

Dependent Variable: Measure  
Dunnett t (2-sided) a  

(I) Treatment (J) Treatment 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound Upper Bound 

L. plantarum  
 
 
 
 
mMRS 

-4858.157 4353.852 .872 -18874.26 9157.95 

L. sakei -128676.041* 4353.852 .000 -142692.14 -114659.94 

L. reuteri -188690.851* 4353.852 .000 -202706.95 -174674.75 

L. lactis -257663.654* 4353.852 .000 -271679.76 -243647.55 

L. rhamnosus -123274.068* 4353.852 .000 -137290.17 -109257.97 

L. helveticus -297073.657* 4353.852 .000 -311089.76 -283057.55 

L. acidophilus -287321.971* 4353.852 .000 -301338.07 -273305.87 

B. longum -268663.951* 4353.852 .000 -282680.05 -254647.85 

P. pentosaceus -258890.835* 4353.852 .000 -272906.94 -244874.73 

B. infantis -258514.865* 4353.852 .000 -272530.97 -244498.76 

P. acidilactici -261454.596* 4353.852 .000 -275470.70 -247438.49 
 
*. The mean difference is significant at the 0.05 level. 
a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
 
According to the above statistical analysis, the decrease in virulence activity observed by hilA::lux 

construct was statistically significant (P<0.05) in the presence of all CFSMs except CFSM from L. 

planatrum.Additionally, the statistical significance of the difference in the inhibition effect among 

the various LAB CFSMs on ssrB and hilA lux gene was performed using one way –Analysis of 

Variance (ANOVA) followed by tukey post hoc. 

 
Table 2.7 Statistical analysis using one way-Analysis of Variance (ANOVA) to determine the 

significance of the difference in the inhibitory effect among the various LAB CFSMs on ssrB::lux 

gene construct. 

ANOVA 
Measure   

 Sum of Squares df Mean Square F Sig. 

Between Groups 38206786.038 10 3820678.604 458.564 .000 
Within Groups 91650.225 11 8331.839   

Total 38298436.263 21    
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Multiple Comparisons 

Dependent Variable: Measure  
Tukey HSD 

(I) Treatment 

(CFSM) (J) Treatment (CFSM Mean Difference (I-J) Std. Error Sig. 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

L. plantarum L. sakei 985.345* 91.279 .000 623.55 1347.14 

L. reuteri  1959.415* 91.279 .000 1597.62 2321.21 

L. lactis  3387.185* 91.279 .000 3025.39 3748.98 

L. rhamnosus -1013.680* 91.279 .000 -1375.48 -651.88 

L. helveticus 3054.440* 91.279 .000 2692.64 3416.24 

L. acidophilus 2982.895* 91.279 .000 2621.10 3344.69 

B. longum 2835.580* 91.279 .000 2473.78 3197.38 

P.pentosaceus 1615.035* 91.279 .000 1253.24 1976.83 

B. infantis 2619.265* 91.279 .000 2257.47 2981.06 

P. acidilactic 1922.255* 91.279 .000 1560.46 2284.05 

    Lower  Upper 

L. sake L. plantarum -985.345* 91.279 .000 -1347.14 -623.55 

L. reuter 974.070* 91.279 .000 612.27 1335.87 

L. lactis  2401.840* 91.279 .000 2040.04 2763.64 

L. rhamnosus  -1999.025* 91.279 .000 -2360.82 -1637.23 

L. helveticus  2069.095* 91.279 .000 1707.30 2430.89 

L. acidophilus  1997.550* 91.279 .000 1635.75 2359.35 

B. long 1850.235* 91.279 .000 1488.44 2212.03 

P.pentosaceus   629.690* 91.279 .001 267.89 991.49 

B. infantis 1633.920* 91.279 .000 1272.12 1995.72 

P. acidilactic 936.910* 91.279 .000 575.11 1298.71 

L. reuteri  L. plantarum -1959.415* 91.279 .000 -2321.21 -1597.62 

L. sake -974.070* 91.279 .000 -1335.87 -612.27 

L. lactis 1427.770* 91.279 .000 1065.97 1789.57 

L. rhamnosu -2973.095* 91.279 .000 -3334.89 -2611.30 

L. helveticus 1095.025* 91.279 .000 733.23 1456.82 

L. acidophilu 1023.480* 91.279 .000 661.68 1385.28 

B. longum 876.165* 91.279 .000 514.37 1237.96 

P.pentosaceus -344.380 91.279 .067 -706.18 17.42 

B. infanti 659.850* 91.279 .001 298.05 1021.65 

P. acidilactici  -37.160 91.279 1.000 -398.96 324.64 

L. lactis L. plantarum  -3387.185* 91.279 .000 -3748.98 -3025.39 

L. sakei  -2401.840* 91.279 .000 -2763.64 -2040.04 

L. reuteri  -1427.770* 91.279 .000 -1789.57 -1065.97 
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L. rhamnosus  -4400.865* 91.279 .000 -4762.66 -4039.07 

L. helveticus  -332.745 91.279 .081 -694.54 29.05 

L. acidophilus  -404.290* 91.279 .025 -766.09 -42.49 

B. longum  -551.605* 91.279 .002 -913.40 -189.81 

P.pentosaceus   -1772.150* 91.279 .000 -2133.95 -1410.35 

B. infantis  -767.920* 91.279 .000 -1129.72 -406.12 

P. acidilactici  -1464.930* 91.279 .000 -1826.73 -1103.13 

L. rhamnosus L. plantarum  1013.680* 91.279 .000 651.88 1375.48 

L. sakei  1999.025* 91.279 .000 1637.23 2360.82 

L. reuteri  2973.095* 91.279 .000 2611.30 3334.89 

L. lactis  4400.865* 91.279 .000 4039.07 4762.66 

L. helveticus  4068.120* 91.279 .000 3706.32 4429.92 

L. acidophilus  3996.575* 91.279 .000 3634.78 4358.37 

B. longum  3849.260* 91.279 .000 3487.46 4211.06 

P.pentosaceus   2628.715* 91.279 .000 2266.92 2990.51 

B. infantis  3632.945* 91.279 .000 3271.15 3994.74 

P. acidilactici  2935.935* 91.279 .000 2574.14 3297.73 

L. helveticus L. plantarum  

 
-3054.440* 91.279 .000 -3416.24 -2692.64 

L. sakei  -2069.095* 91.279 .000 -2430.89 -1707.30 

L. reuteri  -1095.025* 91.279 .000 -1456.82 -733.23 

L. lactis  332.745 91.279 .081 -29.05 694.54 

L. rhamnosus  -4068.120* 91.279 .000 -4429.92 -3706.32 

L. acidophilus -71.545 91.279 .999 -433.34 290.25 

B. longu -218.860 91.279 .441 -580.66 142.94 

P.pentosaceus  -1439.405* 91.279 .000 -1801.20 -1077.61 

B. infantis -435.175* 91.279 .015 -796.97 -73.38 

P. acidilactici -1132.185* 91.279 .000 -1493.98 -770.39 

L. acidophilus L. plantarum  -2982.895* 91.279 .000 -3344.69 -2621.10 

L. sakei  -1997.550* 91.279 .000 -2359.35 -1635.75 

L. reuteri -1023.480* 91.279 .000 -1385.28 -661.68 

L. lactis  404.290* 91.279 .025 42.49 766.09 

L. rhamnosus  -3996.575* 91.279 .000 -4358.37 -3634.78 

L. helveticus  71.545 91.279 .999 -290.25 433.34 

B. longum  -147.315 91.279 .848 -509.11 214.48 

P.pentosaceus   -1367.860* 91.279 .000 -1729.66 -1006.06 

B. infantis  -363.630* 91.279 .049 -725.43 -1.83 

P. acidilactici  -1060.640* 91.279 .000 -1422.44 -698.84 

B. longum  L. plantarum  -2835.580* 91.279 .000 -3197.38 -2473.78 

L. sakei  -1850.235* 91.279 .000 -2212.03 -1488.44 

L. reuteri  -876.165* 91.279 .000 -1237.96 -514.37 

L. lactis  551.605* 91.279 .002 189.81 913.40 
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  *. The mean difference is significant at the 0.05 level. 

 
 
 
 
 

L. rhamnosus  -3849.260* 91.279 .000 -4211.06 -3487.46 

L. helveticus  218.860 91.279 .441 -142.94 580.66 

L. acidophilus  147.315 91.279 .848 -214.48 509.11 

P.pentosaceus   -1220.545* 91.279 .000 -1582.34 -858.75 

B. infantis  -216.315 91.279 .455 -578.11 145.48 

P. acidilactici  -913.325* 91.279 .000 -1275.12 -551.53 

P.pentosaceus   L. plantarum  -1615.035* 91.279 .000 -1976.83 -1253.24 

L. sakei  -629.690* 91.279 .001 -991.49 -267.89 

L. reuteri  344.380 91.279 .067 -17.42 706.18 

L. lactis  1772.150* 91.279 .000 1410.35 2133.95 

L. rhamnosus  -2628.715* 91.279 .000 -2990.51 -2266.92 

L. helveticus  1439.405* 91.279 .000 1077.61 1801.20 

L. acidophilus  1367.860* 91.279 .000 1006.06 1729.66 

B. longum  1220.545* 91.279 .000 858.75 1582.34 

B. infantis  1004.230* 91.279 .000 642.43 1366.03 

P. acidilactici  307.220 91.279 .122 -54.58 669.02 

B. infantis  L. plantarum  -2619.265* 91.279 .000 -2981.06 -2257.47 

L. sakei  -1633.920* 91.279 .000 -1995.72 -1272.12 

L. reuteri  -659.850* 91.279 .001 -1021.65 -298.05 

L. lactis  767.920* 91.279 .000 406.12 1129.72 

L. rhamnosus  -3632.945* 91.279 .000 -3994.74 -3271.15 

L. helveticus  435.175* 91.279 .015 73.38 796.97 

L. acidophilus  363.630* 91.279 .049 1.83 725.43 

B. longum  216.315 91.279 .455 -145.48 578.11 

P.pentosaceus   -1004.230* 91.279 .000 -1366.03 -642.43 

P. acidilactici -697.010* 91.279 .000 -1058.81 -335.21 

P. acidilactici  L. plantarum  -1922.255* 91.279 .000 -2284.05 -1560.46 

L. sakei  -936.910* 91.279 .000 -1298.71 -575.11 

L. reuter 37.160 91.279 1.000 -324.64 398.96 

L. lactis  1464.930* 91.279 .000 1103.13 1826.73 

L. rhamnosus -2935.935* 91.279 .000 -3297.73 -2574.14 

L. helveticus 1132.185* 91.279 .000 770.39 1493.98 

L. acidophilus  1060.640* 91.279 .000 698.84 1422.44 

B. longum  913.325* 91.279 .000 551.53 1275.12 

P.pentosaceus   -307.220 91.279 .122 -669.02 54.58 

B. infantis  697.010* 91.279 .000 335.21 1058.81 
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  Means for homogeneous subsets are displayed  
    a. Uses Harmonic Mean Sample Size = 2.000. 
 
According to the above statistical analysis, the following can be concluded. The inhibition effect 

of CFSMs from L. plantarum, L. sakei and L. rhamnosus are statistically significant (P<0.05) from 

each other and when compared to all the other LAB CFSMs. The inhibition effect of CFSMs from 

L. reuteri, P. acidilactici and P. pentosaceus are statistically insignificant from each other but 

significant as compared to the Other LAB CFSMs. The inhibition effect of CFSMs from B. 

longum and B. infantis are insignificant from each other but significant to the other LAB CFSMs. 

The inhibition effect of CFSMs from L. lactis and L. helveticus are insignificant from each other 

but significant to the other LAB CFSMs. The inhibition effect of CFSMs from L. helveticus, L. 

acidophilus and B. longum are insignificant from each other but significant to the other LAB 

CFSMs 

 
 
 

Measure 
Tukey HSDa   

Treatment N 

            Subset for alpha = 0.05 

1 2 3 4 5 6 7 

L. lactis  2 503.22 

835.97 

      

L. helveticus  2 835.97 

907.51 

1054.82 

     

L. acidophilus  2       

B. longum  2  1054.82 

1271.14 

    

B. infantis  2       

L. reuteri  2    1930.99 

1968.15 

2275.37 

   

P. acidilactici  2       

P.pentosaceus   2       

L. sakei 2     2905.06   

L. plantarum  2      3890.41  

L. rhamnosus  2       4904.09 

Sig.  .081 .441 .455 .067 1.000 1.000 1.000 

Homogeneous Subsets 
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Table 2.8 Statistical analysis using one way-Analysis of Variance (ANOVA) to determine 

the significance of the difference in the inhibitory effect among the various LAB CFSMs 

on hilA::lux gene construct. 

ANOVA 
Measure   

•  Sum of Squares df Mean Square F Sig. 

Between Groups 166560815735.422 10 16656081573.542 928.803 .000 
Within Groups 197261272.199 11 17932842.927   

Total 166758077007.621 21    

 
Post Hoc    

Multiple comparison 
Dependent Variable: Measure  
Tukey HSD   

(I) Treatment 
(CFSM) 

(J) Treatment 
(CFSM) 

Mean 
Difference  

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound Upper Bound 

L. plantarum  L. sakei  123817.883* 4234.719 .000 107033.05 140602.72 

L. reuteri  183832.694* 4234.719 .000 167047.86 200617.53 

L. lactis  252805.497* 4234.719 .000 236020.66 269590.33 

L. rhamnosus  118415.911* 4234.719 .000 101631.08 135200.74 

L. helveticus  292215.500* 4234.719 .000 275430.67 309000.33 

L. acidophilus  282463.814* 4234.719 .000 265678.98 299248.65 

B. longum  263805.794* 4234.719 .000 247020.96 280590.63 

P.pentosaceus  254032.678* 4234.719 .000 237247.84 270817.51 

B. infantis  253656.708* 4234.719 .000 236871.88 270441.54 

P. acidilactici  256596.438* 4234.719 .000 239811.61 273381.27 

L. sakei L. plantarum -123817.883* 4234.719 .000 -140602.72 -107033.05 

L. reuteri 60014.811* 4234.719 .000 43229.98 76799.64 

L. lactis  128987.613* 4234.719 .000 112202.78 145772.45 

L. rhamnosus  -5401.972 4234.719 .956 -22186.81 11382.86 

L. helveticus  168397.616* 4234.719 .000 151612.78 185182.45 

L. acidophilus 158645.930* 4234.719 .000 141861.10 175430.76 

B. longum 139987.911* 4234.719 .000 123203.08 156772.74 

P.pentosaceus   130214.794* 4234.719 .000 113429.96 146999.63 

B. infantis  129838.825* 4234.719 .000 113053.99 146623.66 

P. acidilactici  132778.555* 4234.719 .000 115993.72 149563.39 

L. reuter L. plantarum  -183832.694* 4234.719 .000 -200617.53 -167047.86 

L. sakei  -60014.811* 4234.719 .000 -76799.64 -43229.98 

L. lactis  68972.803* 4234.719 .000 52187.97 85757.64 
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L. rhamnosus  -65416.783* 4234.719 .000 -82201.62 -48631.95 

L. helveticus 108382.806* 4234.719 .000 91597.97 125167.64 

L. acidophilus  98631.120* 4234.719 .000 81846.29 115415.95 

B. longum 79973.100* 4234.719 .000 63188.27 96757.93 

P.pentosaceus   70199.984* 4234.719 .000 53415.15 86984.82 

B. infantis  69824.014* 4234.719 .000 53039.18 86608.85 

P. acidilactici  72763.745* 4234.719 .000 55978.91 89548.58 

L. lactis CFSM L. plantarum  -252805.497* 4234.719 .000 -269590.33 -236020.66 

L. sakei  -128987.613* 4234.719 .000 -145772.45 -112202.78 

L. reuteri  -68972.803* 4234.719 .000 -85757.64 -52187.97 

L. rhamnosus  -134389.586* 4234.719 .000 -151174.42 -117604.75 

L. helveticus  39410.003* 4234.719 .000 22625.17 56194.84 

L. acidophilus  29658.317* 4234.719 .001 12873.48 46443.15 

B. longum  11000.297 4234.719 .348 -5784.54 27785.13 

P.pentosaceus   1227.181 4234.719 1.000 -15557.65 18012.01 

B. infantis  851.211 4234.719 1.000 -15933.62 17636.04 

P. acidilactici  3790.942 4234.719 .996 -12993.89 20575.77 

L. rhamnosus  L. plantarum  -118415.911* 4234.719 .000 -135200.74 -101631.08 

L. sakei  5401.972 4234.719 .956 -11382.86 22186.81 

L. reuteri  65416.783* 4234.719 .000 48631.95 82201.62 

L. lactis  134389.586* 4234.719 .000 117604.75 151174.42 

L. helveticus  173799.588* 4234.719 .000 157014.76 190584.42 

L. acidophilus  164047.903* 4234.719 .000 147263.07 180832.74 

B. longum  145389.883* 4234.719 .000 128605.05 162174.72 

P.pentosaceus  135616.766* 4234.719 .000 118831.93 152401.60 

B. infantis  135240.797* 4234.719 .000 118455.96 152025.63 

P. acidilactici  138180.527* 4234.719 .000 121395.69 154965.36 

L. helveticus  L. plantarum  -292215.500* 4234.719 .000 -309000.33 -275430.67 

L. sakei  -168397.616* 4234.719 .000 -185182.45 -151612.78 

L. reuteri  -108382.806* 4234.719 .000 -125167.64 -91597.97 

L. lactis  -39410.003* 4234.719 .000 -56194.84 -22625.17 

L. rhamnosus  -173799.588* 4234.719 .000 -190584.42 -157014.76 

L. acidophilus -9751.686 4234.719 .489 -26536.52 7033.15 

B. longum  -28409.706* 4234.719 .001 -45194.54 -11624.87 

P.pentosaceus   -38182.822* 4234.719 .000 -54967.65 -21397.99 

B. infantis  -38558.792* 4234.719 .000 -55343.62 -21773.96 

P. acidilactici  -35619.061* 4234.719 .000 -52403.89 -18834.23 

L. acidophilus  L. plantarum  -282463.814* 4234.719 .000 -299248.65 -265678.98 

L. sakei  -158645.930* 4234.719 .000 -175430.76 -141861.10 

L. reuteri  -98631.120* 4234.719 .000 -115415.95 -81846.29 

L. lactis  -29658.317* 4234.719 .001 -46443.15 -12873.48 

L. rhamnosus  -164047.903* 4234.719 .000 -180832.74 -147263.07 
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L. helveticus  9751.686 4234.719 .489 -7033.15 26536.52 

B. longum  -18658.020* 4234.719 .026 -35442.85 -1873.19 

P.pentosaceus   -28431.136* 4234.719 .001 -45215.97 -11646.30 

B. infantis  -28807.106* 4234.719 .001 -45591.94 -12022.27 

P. acidilactici  -25867.375* 4234.719 .002 -42652.21 -9082.54 

B. longum CFSM L. plantarum  -263805.794* 4234.719 .000 -280590.63 -247020.96 

L. sakei  -139987.911* 4234.719 .000 -156772.74 -123203.08 

L. reuteri  -79973.100* 4234.719 .000 -96757.93 -63188.27 

L. lactis  -11000.297 4234.719 .348 -27785.13 5784.54 

L. rhamnosus  -145389.883* 4234.719 .000 -162174.72 -128605.05 

L. helveticus  28409.706* 4234.719 .001 11624.87 45194.54 

L. acidophilus  18658.020* 4234.719 .026 1873.19 35442.85 

P.pentosaceus   -9773.116 4234.719 .486 -26557.95 7011.72 

B. infantis -10149.086 4234.719 .441 -26933.92 6635.75 

P. acidilactici  -7209.355 4234.719 .809 -23994.19 9575.48 

P.pentosaceus   L. plantarum  -254032.678* 4234.719 .000 -270817.51 -237247.84 

L. sakei  -130214.794* 4234.719 .000 -146999.63 -113429.96 

L. reuteri  -70199.984* 4234.719 .000 -86984.82 -53415.15 

L. lactis  -1227.181 4234.719 1.000 -18012.01 15557.65 

L. rhamnosus  -135616.766* 4234.719 .000 -152401.60 -118831.93 

L. helveticus  38182.822* 4234.719 .000 21397.99 54967.65 

L. acidophilus  28431.136* 4234.719 .001 11646.30 45215.97 

B. longum  9773.116 4234.719 .486 -7011.72 26557.95 

B. infantis  -375.970 4234.719 1.000 -17160.80 16408.86 

P. acidilactici  2563.761 4234.719 1.000 -14221.07 19348.59 

B. infantis  L. plantarum  -253656.708* 4234.719 .000 -270441.54 -236871.88 

L. sakei  -129838.825* 4234.719 .000 -146623.66 -113053.99 

L. reuteri  -69824.014* 4234.719 .000 -86608.85 -53039.18 

L. lactis  -851.211 4234.719 1.000 -17636.04 15933.62 

L. rhamnosus  -135240.797* 4234.719 .000 -152025.63 -118455.96 

L. helveticus  38558.792* 4234.719 .000 21773.96 55343.62 

L. acidophilus  28807.106* 4234.719 .001 12022.27 45591.94 

B. longum  10149.086 4234.719 .441 -6635.75 26933.92 

P.pentosaceus   375.970 4234.719 1.000 -16408.86 17160.80 

P. acidilactici  2939.730 4234.719 .999 -13845.10 19724.56 

P. acidilactici  L. plantarum  -256596.438* 4234.719 .000 -273381.27 -239811.61 

L. sakei  -132778.555* 4234.719 .000 -149563.39 -115993.72 

L. reuteri  -72763.745* 4234.719 .000 -89548.58 -55978.91 

L. lactis  -3790.942 4234.719 .996 -20575.77 12993.89 

L. rhamnosus  -138180.527* 4234.719 .000 -154965.36 -121395.69 

L. helveticus  35619.061* 4234.719 .000 18834.23 52403.89 

L. acidophilus  25867.375* 4234.719 .002 9082.54 42652.21 
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             *. The mean difference is significant at the 0.05 level. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
            
             
               Means for groups in homogeneous subsets are displayed. 
               a. Uses Harmonic Mean Sample Size = 2.000. 
 
 
According to the above statistical analysis, the following can be concluded. The inhibition effect 

of CFSM from L. plantarum and L. reuteri are statistically significant (P<0.05) from each other 

and as compared to all the other LAB CFSMs. The inhibition effect of CFSMs from L. sakei, L. 

rhamnosus are statistically insignificant from each other but significant as compared to the Other 

LAB CFSMs. The inhibition effect of CFSMs from B. longum, B. infantis, L. lactis, P. acidilactici 

and P. pentosaceus are insignificant from each other but significant to the other LAB CFSMs. 

The inhibition effect of CFSMs from L. helveticus and L. acidophilus are insignificant from each 

other but significant to the other LAB CFSMs.  

 

B. longum  7209.355 4234.719 .809 -9575.48 23994.19 

P.pentosaceus   -2563.761 4234.719 1.000 -19348.59 14221.07 

B. infantis  -2939.730 4234.719 .999 -19724.56 13845.10 

Homogeneous Subsets 
 
Measure 
Tukey HSDa   

Treatment N 

Subset for alpha = 0.05 

1 2 3 4 5 

L. helveticus  2 102363.48     

L. acidophilus  2 112115.16     

B. longum 2  130773.18    

P. acidilactici  2  137982.54    

P. pentosaceus   2  140546.30    

B. infantis  2  140922.27    

L. lactis  2  141773.48    

L. reuteri  2   210746.28   

L. sakei  2    270761.09  

L. rhamnosus 2    276163.06  

L. plantarum 2     394578.98 

Sig.  .489 .348 1.000 .956 1.000 
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2.4.2 Two- Step RT-qPCR gene expression analysis  

In the current study, the neutralized and reconstituted CFSMs from all LAB strains were used to 

treat the multi-drug resistant Salmonella Typhimurium DT104 prior to extraction of RNA. The 

extracted and purified RNA was then converted to cDNA to be used as a template for qPCR. The 

16S gene was used as a reference gene, while ssrB, hilA, and two other virulence genes (invA and 

sopD) in S. Typhimurium were targeted to investigate the effect of the CFSMs on their expression.  

 
The qPCR experiment was performed once but with triplicate samples. This was deemed 

sufficient to confirm the results observed with the luminescent reporter assay. The threshold cycle 

(Ct) values were recorded from each wells and averaged to calculate the relative gene expression 

using the comparative CT method as discussed in the literature review section 1.6.1.  

 
The untreated control sample was used to make the comparison to the CFSMs treated S. 

Typhimurium DT104, where S. Typhimurium DT104 was treated by mMRS alone instead of the 

LAB CFSMs before RNA was extracted.  

First the CT of the target gene is normalized to a reference or constitutive gene (16 S).   

dCT=CT (target)-CT (Normalizer) 

Then ddCT was calculated by subtracting the dCT of the untreated samples from the treated one. 

ddCT= dCT (treated)- dcT (untreated). The relative gene expression was calculated as 2-ddC.  Finally, 

a fold change was calculated as,  -1/2-ddCt  (Pfaffl, 2004)  
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Effect of LAB CFSMs on the expression of selected virulence genes in S. Typhimurium  
 

 

Figure 2.2 Effect of CFSMs from selected LAB strains on the expression of virulence genes in S. 

Typhimurium as compared to the experimental control (mMRS growth media alone) as analyzed by 

RT-qPCR.  

 
Overall, according to the results, CFSMs from most of LAB strains considered for the research 

project exhibited a more than two-fold down-regulation of almost all of the selected virulence 

genes in S. Typhimurium with the exception of CFSM from L. sakei. As per the principle of RT-

qPCR gene expression analysis, those CFSMs that showed a more than two-fold down-regulation 

are considered to be significant.  

 
A more or less similar inhibtion effect on the expression of ssrB and hilA was observed when 

these qPCR results are compared to the bioluminescent reporter assay conducted on these 

virulence genes. Based on this result, L. lactis produced the highest down-regulation followed by 

L. helveticus, B. infantis, L. acidophilus La 5 and B. longum; whereas L. planatrum, L. reuteri, L. 

rhamnosus GG and P. acidilactici induced less down regulation of the selected virulence genes.  
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 It was also noted that effects of LAB CFSMs were different on the different virulence genes. hilA 

was more affected as compared to the other selected virulence genes. CFSMs from and P. 

pentosaceus and L. planatrum resulted in up-regulation of invA, while CFSMs from L. reuteri and, 

L. rhamnosus and P. pentosaceus showed up-regulation of sopD. 

  
In general, a more or less similar trend of inhibition was observed for the CFSMs of the LAB 

strains on the selected virulence genes. However, it was observed that the effect of the CFSM 

from each specific strain is different for the different virulence genes selected; indicating that the 

inhibitory effect is strain specific.  
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CHAPTER 3 

3. Effect of various nitrogen and carbon sources on the production of potential 
antivirulence peptides  
 
3.1 Abstract 

The effect of different nitrogen and carbon sources on the production of potential antivirulent 

peptides was investigated. Three types of milk based nitrogen sources: whey protein concentrate 

34  (WPC 34), New Zealand whey protein isolate (NZ WPI), sodium caseinate (SC), Brain heart 

infusion broth (BHI) broth with a nitrogen source from meat proteins, and permeate with trace 

amount of true milk protein were investigated along with the carbon sources sucrose, lactose and 

fructose to determine their effects on bioactive peptide production by L. acidophilus La-5. The 

formulated media (5 % w/v nitrogen and 0.1 w/v carbon source) were sterilized using heat-

treatment and filtration. Each medium was inoculated with L. acidophilus La-5 and incubated 

anaerobically for 48 h, at 37ºC. Cell-free spent medium (CFSM) produced from each medium was 

analyzed using both the bioluminescent S. Typhimurium reporter assay and RT-qPCR to 

determine the antivirulence activity.  

 
L. acidophilus La-5 produced potential antivirulence peptides following its growth on all of the 

growth media selected for the research project, although the activity varies from one medium to 

another. The CFSMs derived from heat-treated media containing SC and WPC34 showed a 

significant suppression of the expression of the virulence genes. However, the CFSM obtained 

following growth of L. acidophilus on filter-sterilized NZ WPI did not significantly affect the 

expression of the virulence genes, whereas the CFSM obtained following growth of the organism 

on either BHI broth or filter sterilized permeate suppressed the expression of virulence genes, but 

the effect was less significant as compared to the heat treated SC and WPC34.  

Significance – The selected Culture Media showed different effect on the expression of the 

virulence genes indicating that the culture media can affect the production of potential antivirulent 
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peptides. However, whey protein concentrates 34 showed the highest suppression of selected 

virulence genes in Salmonella Typhimurium. 

Key Words: L. acidophilus La-5, Proteolytic activity, Nitrogen and Carbon Sources. 

 
3.2 Introduction 
 
In the past few decades, increased consumer awareness of health and healthy eating habits has 

resulted in a greater interest in functional foods. A functional food is defined as a food that 

provides additional health-promoting benefits beyond its nutritional value. Milk and milk products 

could be considered functional foods due to the physiological and biological functions of peptides 

that are encrypted in the milk proteins (Korhonen and Pihlanto, 2007). Milk proteins as a source of 

encrypted bioactive peptides, together with microbial fermentation or enzymatic hydrolysis to 

liberate these encrypted bioactive peptides is an emerging field of research to address the 

increased consumer demand for healthy foods. Some of the purported health benefits of bioactive 

peptides isolated from milk include antiproliferative, anti-inflammatory, antimutagenic anti-

hypertensive, anticancerous, antioxidative, antithrombotic, antimicrobial, cytomodulatory, 

mineral-carrying properties, and analgesic effects (Gokavi, 2009; Mine and Shahidi, 2006).  

 
Bioactive peptides with antivirulence activity were isolated following growth of two highly 

proteolytic LAB strains, namely L. acidophilus La-5 and L. helveticus LH-2 on a variety of growth 

media (Medellin-Peña et al, 2009; Brovko et al., 2003; Vinderola et al., 2007; Tellez et al., 2011; 

Bayoumi & Griffiths, 2012). However, the effect of these various growth media on the production 

of bioactive peptides has not been determined. Furthermore, milk proteins were studied as a 

source of bioactive peptides in previous publications. Most of these studies concluded that the 

source of bioactive peptides is the milk proteins including casein and whey. On the other hand, the 

peptide profile of proteins of milk fermented by LAB and that of unfermented milk revealed a 
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significant difference indicating the proteolytic system of the LAB as a cause for the presence of 

bioactive peptides (Matar et al., 1996).  

 
As a result, the main objective of this section was to investigate the effect of different nitrogen and 

carbon sources on the production or release of antivirulence peptides following growth of L. 

acidophilus La-5. A growth medium that does not contain milk-based nitrogen source was also 

investigated for the production of bioactive peptides following the growth of L. acidophilus La-5 

to determine other possible source of bioactive peptides with antivirulence activity. Particularly, L. 

acidophilus La-5 was selected as the previous studies confirmed that La 5 produced antivirulence 

peptides when grown in both mMRS (Bayomi et al, 2010) and medium containing WPI (Sharma, 

2014). Also, (Delcenserie, 2012) demonstrated the effect of glucose on expression of selected 

virulence genes in E. coli O157:H7. Concomitant to this discovery, in the current research 

different carbon sources were also investigated to determine their effect on the expression of 

selected virulence genes in Salmonella Typhimurium.  

3.3 Materials and Methods  

Objective 

The objective of this second section was to investigate the effect of various nitrogen and carbon 

sources on the production of potential antivirulence peptides against selected virulence genes in S. 

Typhimurium.  

     3.3.1 Bioluminescent reporter Assay 

     3.3.1.1 Selection, formulation, sterilization of the various growth media 
 
The different nitrogen and carbon sources used to prepare the various growth media are listed in 

Table 3.1. A preliminary study was conducted to arrive at the optimum composition of the 

medium for the growth of L. acidophilus La-5. Various concentrations of each protein 1.25 % w/v, 

3.75 % w/v, and 5 % w/v together with a constant 0.1% w/v carbohydrate concentration were used 
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to formulate the medium. A single colony of La 5 was inoculated in 10 ml of these different media 

containing different concentration of nitrogen sources and incubated at 37 °C, anaerobically using 

a BBL GasPak system (BD Bioscience, Mississauga, ON, Canada) for 48 h. A 10-fold serial 

dilution of the 48 h La 5 culture was performed and 100 μl was plated on Lactobacilli MRS agar 

(BD DifcoTM, Mississauga, ON, Canada) and incubated at 37 °C, anaerobically using a BBL 

GasPak system (BD Bioscience, Mississauga, ON, Canada) for 48 h. L. acidophilus La-5 grew 

well in media containing 5 % w/v protein concentration regardless of its source. Based on these 

results media were prepared accordingly to contain 5 % w/v nitrogen source and 0.1 % w/v carbon 

source. 

 
Sterilization of the different media was performed as detailed in Table 3.2. However, the 

preparation of brain heart infusion (BHI) broth and medium containing permeate was different in 

that BHI was prepared based on the manufacture’s instruction guide while the permeate was the 

only constituent of the medium. Although proximate analysis was not conducted to determine the 

composition of permeate, literature was reviewed for its approximate composition and presented 

in Table 3.1. After sterilization, the absence of contamination of the various growth media was 

confirmed by spread plating 100 μl of each sterile media on de Man Rogosa Sharpe (MRS) agar, 

Luria Agar (LA), Trypticase soy agar (TSA) and brain heart infusion agar (BHI) with subsequent 

incubation at 37 °C both anaerobically and aerobically for 48 h.  
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Table 3.1 – Selected nitrogen and carbon sources 
 

Nitrogen Source Carbon Source 

New Zealand Whey protein Isolate (NWI) 
(GRAS, Ergogenics Nutrition Ltd., Vancouver) 

Sucrose (S) – (Sigma Aldrich Mississauga, 
ON Canada) 

Whey Protein Concentrate 34 (WP 34)  
(GRAS) Courtesy of Dr. Milena Corredig, 
Food Science Department, University of 
Guelph). 

Fructose (F) (Sigma Aldrich Mississauga, 
ON Canada) 

Sodium Caseinate (SC) (GRAS, Dairy 
Laboratory- Food Science department, 
University of Guelph) 

Lactose (L) (Sigma Aldrich, Mississauga, 
ON Canada) 

Brain heart Infusion (BHI)- Oxoid Thermo 
Fisher Scientific 

Permeate (P) (Microfiltration from skim 
milk (Beatrice milk Brand) at CRIFS 
Contain4 %NPN, <1% true protein, 
Lactose (82%), 9 % Ash and 4 % moisture 
(Smith, 2008)  

 
Table 3.2 Methods of Sterilization  
  

Growth media Method of Sterilization  

Whey Protein Isolate (WPI) Filter sterilized twice using sterile 0.77 μm pore-size filter 
followed by 0.45 μm low protein binding Millipore-size 
filter  

Whey Protein Concentrate 34 
(WP34) 

pH was lowered to 3 -heated at 100 °C for 5 minutes  - 
rapidly cooled down to 35 °C and Filter sterilized twice 
using 3 μm pore-size filter followed by 0.45 μm pore-size 
filter. pH was neutralized before inoculation  

Sodium caseinate (SC) Heat treated at 95 °C for 30 minutes and rapidly cooled 
down to 35 °C before inoculation 

Permeate (P) Filter sterilized using sterile low protein binding 0.2 μm 
pore-size filters 

Brain hear infusion (BHI) Autoclaved at 121 °C for 30 minutes as per the manufacture  
Carbohydrate Source 
(Fructose, Lactose and 
Sucrose) 

Solution was prepared in sterile deionized water and filter 
sterilized using 0.2 μm pore-size filters 

 
3.3.1.2 Microorganisms and growth conditions  

 L. acidophilus La-5  

A cryovial of L. acidophilus La-5 was obtained from the Canadian Research Institute for Food 

Safety (CRIFS). The frozen La 5 culture was defrosted and was activated by streaking on a fresh 
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Lactobacilli MRS agar plate, which was then incubated at 37 °C anaerobically using a BBL 

GasPak system (BD Bioscience, Mississauga, ON, Canada) for 48 h. From the incubated plate, 25 

colonies were picked and inoculated in 250ml of the appropriate medium. Uninoculated medium 

was used as a control.  

 
S. Typhimurium reporter strains 
 
The reporter strains used were the same as the first phase of the research project and are presented 

in Table 2.1 under section 2.3.1.1 of Material and Methods in Chapter 2. 

 
3.3.1.3 Preparation of cell free spent medium (CFSM) 

 
The method used for the preparation of the CFSM is described in Section 2.3.1.2 material and 

methods of Chapter 2.  

 
 3.3.1.4 Bioluminescent reporter Assay for Gene Expression 

 
This is described in Section 2.3.1.3 material and methods of Chapter 2. 
 

  3.3.2 RT-qPCR gene expression Analysis 
 

Please refer back the entire section of 2.3.2. Material and methods in chapter 2  
 
3.4 Results and Discussions  
 
In the current study, different growth media were fermented by L. acidophilus La-5 and CFSMs 

were prepared. The presence of bioactive peptides with anti-virulence activity in the CFSMs was 

determined using the bioluminescent reporter strains of Salmonella Typhimurium followed by 

RT-qPCR as a confirmation test.  
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3.4.1 Bioluminescent reporter Assay 
 
A. Effect of La 5 CFSM on the expression of ssrB::lux gene construct	  

	  

 
 
B. Effect of La 5 CFSM on expresion of hilA:: lux gene construct	  

	  

    
 

Figure 3.1 Effect of La 5 CFSMs on expression of A. ssrB:: lux reporter and B. hilA:: lux regulator of 
S. Typhimurium. Luminescence was determined following a 4 h incubation period as analyzed by 
Bioluminescent Reporter Assay. Data are the means ± standard deviations obtained from two 
independent trials conducted in triplicate. Results are expressed as relative light units (RLU) defined as 
counts/min and adjusted to OD600nm (RLU/OD600nm). 

 
 Legend WP*- Whey Protein concentrate 34, - NW*- (New Zealand Whey protein Isolate), SC* –
(Sodium Caseinate), BHI – (Brain heart infusion), P- (Permeate), L*- (lactose), S*-(Sucrose), F-* 
(Fructose).  
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Discussions  
 
Effect of sterile uninoculated growth medium on the expression of virulence 
genes 
 
The uninoculated heat-treated medium containing sodium caseinate (SC) or Whey Protein 

Concentrate 34 (WPC 34) decreased light emission by both reporter strains (Figs 3.1. A & B). The 

uninoculated autoclaved Brain heart infusion (BHI) and filter-sterilized permeate (P) also affected 

expression of the virulence gene constructs, although the effect was not as great as that observed 

with the heat-treated media. However, only filter sterilized uninoculated medium containing New 

Zealand whey protein isolate had no effect on light emission.  

 
All the media tested, with the exception of BHI, contained milk proteins as an ingredient, although 

the type of protein and processing used differed. Milk proteins as a source of hidden or latent 

bioactive peptides were discussed earlier in the thesis. The effect of carbohydrates on the 

expression of virulence genes by S. Typhimurium was also investigated in this research.  

 
The different milk protein-based media considered for this research project were not sterile to 

begin the experiment. There was a possibility that protease-producing microorganisms that were 

present during manufacture would be transferred to the growth medium. As a result, sterilization 

of the medium was required before the addition of L. acidophilus La-5 to avoid confounding 

effects due to the presence of proteolytic contaminants. However, studies conducted on heat or 

acid treatment of milk proteins revealed that they are greatly affected by such treatments.     

 
Heat or acid treatment for the purpose of sterilizing milk alters its structural and chemical 

properties, which is manifested through potential damage to the native proteins, and loss of 

biological and physiological functions of major and minor components of proteins and peptides. 

Heat treatment might result in hydrolysis resistant peptides that would not normally occur 

naturally (Rutherfurd-Mrakwick et al., 2005). Heat or acid treatment can also prevent the release 
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of bioactive peptides upon subsequent enzymatic digestion or microbial fermentation because of 

formation of hydrolysis-resistant covalent bonds (Korhonen and Philanto, 2003). The covalent 

bond of the peptides is highly reactive and allows them to bind to other components of the milk.  

 
In light of this, heat treatment was avoided where possible. Filtration was used as an alternative to 

heat or acid treatment to sterilize the growth media, but it was impossible to filter-sterilize some of 

the growth media due to their particulate nature. Heat treatment was performed on sodium 

caseinate and whey protein concentrates, while filter-sterilization was performed on the whey 

protein isolates and permeates. However, the application of heat or acid was one of the methods 

suggested to liberate the bioactive peptides from large protein molecules of food proteins as 

discussed before. 

 
To conclude, the inhibitory effect of the heat-treated sodium caseinate (SC) and whey protein 

concentrate 34 (WPC34) on virulence gene expression by Salmonella (Figs. 3.1 A & B) might be 

due the fact that the applied heat resulted in the release of peptides as explained above in addition 

to the inhibitory effect of sugar as a carbon source. The absence of an inhibitory effect on the 

expression of these virulence genes by filter-sterilized New Zealand Whey protein Isolate 

(NZWPI) confirms the effect of heat on milk proteins in those growth media.  

 
Effect of cell free spent medium (CFSMs) from sterile L. acidophilus La 5 inoculated growth 

medium on the expression of virulence genes 

All CFSMs from L. acidophilus La-5 inoculated milk protein-based media suppressed the 

expression of ssrB and hilA virulence gene in the Salmonella reporter strains. However, the effect 

of La 5 CFSMs from heat-treated SC and WPC34 were smaller than the uninoculated medium 

control. However, CFSM from La 5 grown in filter-sterilized NZWPI produced a higher down 

regulation of both virulence genes (Fig. 3.1. A & B). In this medium, production of a stable 

bioactive peptide was possible as there was no damage done to the protein molecules. This result 
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was reproducible showing a very similar inhibitory effect on the expression of both ssrB and hilA 

virulence gene reporter strains.  

 
It can be postulated that when La 5 was exposed to an intact protein molecule in the filter-

sterilized NZWPI medium, it first employed the cell wall associated extracellular proteinases to 

hydrolyze the protein to produce oligopeptides (Kunji et al., 1995). Faocaud and Julliard (2000) 

reported that the LAB internalizes only 25 % of the oligopeptides produced. The rest of the 

oligopeptides were further broken down to release small peptides with 2-9 amino acid residues 

that are mostly bioactive with the help of intracellular peptidases released during lysis of bacterial 

cells (Law and Haandrikman, 1997). Furthermore, the peptide profile that compared milk proteins 

of fermented milk by LAB and unfermented milk revealed a significant difference indicating the 

proteolytic activity of the LAB as a cause for the presence of the bioactive peptides (Matar et al., 

1996). 

 
Statistical Analysis 
 
Statistical analysis was performed to determine the statistical significant difference between the 

various La 5 inoculated (CFSM) media and their uninoculated (Control) counterparts on the effect 

of the virulence activity of ssrB and hilA lux gene constructs in S. Typhimurium. Furthermore, the 

significance of the difference in the inhibition effect among the various La 5 CFSMs on both ssrB 

and hilA lux gene was statistically analysed. The statistical analysis was performed as follows.  

 
SPSS (Statistical Package for the Social Sciences) statistical software was used. For statistical 

significance of the inhibition effect of different La 5 CFSMs from various Culture Media on both 

ssrB and hilA lux gene constructs in S. Typhimurium with respect to the uninoculated Culture 

Media counterparts, Independent Samples t-test was used.  

The hypothesis for the independent- t-test was, 
 
The null hypothesis (H0) 
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H0: u1 = u2   Where     u1= Mean Relative light unit of uninoculated medium as a control 
   u2= Mean Relative light unit of  La 5 inoculated medium (CFSM) 

 
In words – There is no difference between the La 5 inoculated and uninoculated medium in 
decreasing the virulence activity of the lux gene constructs. 
 
The alternative hypothesis (HA) 
 
HA: u1 ≠ u2   Where     u1= Mean Relative light unit of uninoculated medium as a control 
   u2= Mean Relative light unit of La 5 inoculated medium (CFSM) 
 
In words-There is difference between the La 5 inoculated and uninoculated medium in decreasing 
the virulence activity of the lux gene constructs. 
 
The dependent and independent variables for this test were,  
 
Dependent variable – Measured values for the Relative Light Unit (RLU) after adjusted to 
OD600nm 
           
Independent Variables- La 5 CFSM (treatment) and uninoculated medium (Control) 
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Table 3.3 Statistical analysis using independent Samples t-test to determine the significant 

difference between the various La 5 inoculated (CFSM) and its uninoculated (Control) 

counterparts on the effect of the virulence activity of ssrB::lux gene construct in S. Typhimurium. 

       T-Test  

 Group Statistics 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Remark: Higher mean relative light unit indicates lower inhibition of the activity of the virulence 

gene constructs when the La 5 inoculated is compared to its uninoculated culture media counter 

parts.  

 

 

 

 

Measure	   Group	   N	   Mean	   Std.	  Deviation	  
Std.	  Error	  
Mean	  

WPL WPL Control 3 4957.27 67.25 38.827 

 WPL La 5 CFSM 3 3200.06 12.29 7.096 

WPF WPF Control 3 4779.67 254.68 147.04 

 WPF La 5 CFSM 3 4726.85 37.385 21.584 

WPS WPS Control 3 6625.01 92.565 53.442 

 WPS La 5 CFSM 3 4425.92 189.475 109.393 

NWL NWL Control 3 6786.57 48.1 27.771 

 NWL La 5 CFSM 3 5914.27 23.84 13.764 

NWF NWF Control 3 7416.03 259.695 149.935 

 NWF La 5 CFSM 3 7702.49 266.82 154.049 

NWS NWS Control 3 9432.18 270.16 155.977 

 NWS La 5 CFSM 3 5337.16 16.4 9.469 

SCL SCL Control 3 3514.67 125.62 72.527 

	   SCL La 5 CFSM 3 2573.62 84.27 48.653 

SCF SCF Control 3 2647.7 61.46 35.484 

	   SCF La 5 CFSM 3 3816.55 132.285 76.375 

SCS SCS Control 3 3417.59 149.81 86.493 

	   SCS La 5 CFSM 3 4408.41 109.98 63.497 

BHI BHI Control 3 6593.21 92.93 53.653 

 BHI La 5 CFSM 3 4334.31 54.31 31.356 

P P Control 3 4463.19 105.705 61.029 

	   P La 5 CFSM 3 6151.68 116.32 67.157 
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Independent-Samples T Test  
 

Measure Levene's Test for Equality of 
Variances 
 

t-test for Equality of Means 
 

95% Confidence 
Interval of the 
Difference 

F Sig. t df 
Sig. (2-
tailed) 

Mean 
Difference 

Std. Error 
Difference Lower         Upper 

 
 
WPL 
 

Equal variances 
assumed 2.59 0.18 44.52 4.00 0.000 1757.2 39.5 1647.6 1866.8 

Unequal variance 
assumed   44.52 2.13 0.000 1757.2 39.5 1597.2 1917.2 

 
WPF 

Equal variances 
assumed 2.85 0.17 0.35 4.00 0.740 52.8 148.6 -359.8 465.4 

Unequal variance 
assumed   0.35 2.09 0.755 52.8 148.6 -562.0 667.6 

 
WPS 

Equal variances 
assumed 0.85 0.41 18.06 4.00 0.000 2199.1 121.8 1861.1 2537.1 

Unequal variance 
assumed 

  18.06 2.90 0.000 2199.1 121.8 1804.2 2594 

 
NWL 

Equal variances 
assumed 0.82 0.42 28.14 4.00 0.000 872.3 31.0 786.2 958.4 

Unequal variance 
assumed   28.14 2.93 0.000 872.3 31.0 772.2 972.4 

 
NWF 

Equal variances 
assumed 0.00 0.97 -1.33 4.00 0.254 -286.5 215.0 -883.3 310.4 

Unequal variance 
assumed   -1.33 4.00 0.254 -286.5 215.0 -883.5 310.6 

 
NWS 

Equal variances 
assumed 3.52 0.13 26.20 4.00 0.000 4095.0 156.3 3661.2 4528.9 

Unequal variance 
assumed   26.20 2.02 0.001 4095.0 156.3 3427.4 4762.7 

 
SCL 

Equal variance 
assumed 0.30 0.61 10.77 4.00 0.000 941.1 87.3 698.5 1183.5 

Unequal variance 
assumed   10.77 3.50 0.001 941.1 87.3 684.1 1198 

SCF Equal variance 
assumed 0.94 0.39 -13.87 4.00 0.000 -1168.8 84.2 -

1402.6 -935 

Unequal variance 
assumed   -13.87 2.83 0.001 -1168.8 84.2 -

1446.5 -891.2 

SCS Equal variance 
assumed 0.18 0.69 -9.23 4.00 0.001 -990.8 107.3 

-
1288.7 -692.9 

Unequal variance 
assumed   -9.23 3.67 0.001 -990.8 107.3 

-
1299.6 -682.1 

BHI Equal variance 
assumed 0.52 0.51 36.35 4.00 0.000 2258.9 62.1 2086.4 2431.4 
Unequal variance 
assumed   36.35 3.22 0.000 2258.9 62.1 2068.7 2449.1 

P Equal variance 
assumed 0.02 0.90 -18.61 4.00 0.000 -1688.5 90.7 

-
1940.4 -1436.5 

Unequal variance 
assumed   -18.61 3.96 0.000 -1688.5 90.7 

-
1941.3 -1435.6 

 
 
According to the statistical analysis using Independent-Samples T Test of the above, not all 

culture media, there is a significant difference between the La 5 inoculated (CFSM) and its 

uninoculated counterparts except for NWF and WPF media considered for this project.  

 
For the statistical significance of the difference in the inhibition effect among the various La 5 

inoculated Culture Media (CFSMs) on ssrB:: lux construct, one- way ANOVA followed by tukeys 

Post Hoc was conducted and results are presented in Table 3.4.  
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Table 3.4 Statistical analysis using one-way ANOVA to determine the significance of the 

difference in the inhibitory effect among the various La 5 inoculated Culture Media (CFSMs) on 

ssrB:: lux construct. 

ANOVA 
Measure   

 Sum of Squares df Mean Square F Sig. 

Between Groups 42062030.632 10 4206203.063 568.909 .000 
Within Groups 81328.074 11 7393.461   

Total 42143358.705 21    
 
 
            Post Hoc Test 

Multiple Comparisons 
Dependent Variable: Measure  
Tukey HSD   

Treatment 

La 5 CFSM 

from 

(J) Treatment 

La 5 CFSM 

from 

Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

WPL WPF  -1551.625* 85.985 .000 -1892.44 -1210.81 

WPS  -1326.745* 85.985 .000 -1667.56 -985.93 

NWL  -2732.275* 85.985 .000 -3073.09 -2391.46 

NWF  -4641.985* 85.985 .000 -4982.80 -4301.17 

NWS  -2151.445* 85.985 .000 -2492.26 -1810.63 

SCL  578.160* 85.985 .001 237.35 918.97 

SCF  -688.775* 85.985 .000 -1029.59 -347.96 

SCS  -1269.485* 85.985 .000 -1610.30 -928.67 

BHI  -1167.550* 85.985 .000 -1508.36 -826.74 

P  -2899.605* 85.985 .000 -3240.42 -2558.79 

WPF  WPL  1551.625* 85.985 .000 1210.81 1892.44 

WPS  224.880 85.985 .341 -115.93 565.69 

NWL  -1180.650* 85.985 .000 -1521.46 -839.84 

NWF  -3090.360* 85.985 .000 -3431.17 -2749.55 

NWS  -599.820* 85.985 .001 -940.63 -259.01 

SCL  2129.785* 85.985 .000 1788.97 2470.60 

SCF  862.850* 85.985 .000 522.04 1203.66 

SCS  282.140 85.985 .138 -58.67 622.95 

BHI  384.075* 85.985 .023 43.26 724.89 

P  -1347.980* 85.985 .000 -1688.79 -1007.17 

WPS  WPL  1326.745* 85.985 .000 985.93 1667.56 



 

 82 

WPF  -224.880 85.985 .341 -565.69 115.93 

NWL  -1405.530* 85.985 .000 -1746.34 -1064.72 

NWF  -3315.240* 85.985 .000 -3656.05 -2974.43 

NWS -824.700* 85.985 .000 -1165.51 -483.89 

SCL  1904.905* 85.985 .000 1564.09 2245.72 

SCF  637.970* 85.985 .000 297.16 978.78 

SCS  57.260 85.985 1.000 -283.55 398.07 

BHI  159.195 85.985 .734 -181.62 500.01 

P  -1572.860* 85.985 .000 -1913.67 -1232.05 

NWL  WPL   2732.275* 85.985 .000 2391.46 3073.09 

WPF  1180.650* 85.985 .000 839.84 1521.46 

WPS  1405.530* 85.985 .000 1064.72 1746.34 

NWF  -1909.710* 85.985 .000 -2250.52 -1568.90 

NWS  580.830* 85.985 .001 240.02 921.64 

SCL  3310.435* 85.985 .000 2969.62 3651.25 

SCF  2043.500* 85.985 .000 1702.69 2384.31 

SCS  1462.790* 85.985 .000 1121.98 1803.60 

BHI  1564.725* 85.985 .000 1223.91 1905.54 

P  -167.330 85.985 .683 -508.14 173.48 

NWF  WPL  4641.985* 85.985 .000 4301.17 4982.80 

WPF  3090.360* 85.985 .000 2749.55 3431.17 

WPS  3315.240* 85.985 .000 2974.43 3656.05 

NWL  1909.710* 85.985 .000 1568.90 2250.52 

NWS  2490.540* 85.985 .000 2149.73 2831.35 

SCL  5220.145* 85.985 .000 4879.33 5560.96 

SCF  3953.210* 85.985 .000 3612.40 4294.02 

SCS  3372.500* 85.985 .000 3031.69 3713.31 

BHI  3474.435* 85.985 .000 3133.62 3815.25 

P  1742.380* 85.985 .000 1401.57 2083.19 

NWS  WPL  2151.445* 85.985 .000 1810.63 2492.26 

WPF  599.820* 85.985 .001 259.01 940.63 

WPS  824.700* 85.985 .000 483.89 1165.51 

NWL  -580.830* 85.985 .001 -921.64 -240.02 

NWF  -2490.540* 85.985 .000 -2831.35 -2149.73 

SCL  2729.605* 85.985 .000 2388.79 3070.42 

SCF  1462.670* 85.985 .000 1121.86 1803.48 

SCS  881.960* 85.985 .000 541.15 1222.77 

      

BHI  983.895* 85.985 .000 643.08 1324.71 

P  -748.160* 85.985 .000 -1088.97 -407.35 

SCL  WPL   -578.160* 85.985 .001 -918.97 -237.35 

WPF  -2129.785* 85.985 .000 -2470.60 -1788.97 
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WPS  -1904.905* 85.985 .000 -2245.72 -1564.09 

NWL  -3310.435* 85.985 .000 -3651.25 -2969.62 

NWF  -5220.145* 85.985 .000 -5560.96 -4879.33 

NWS  -2729.605* 85.985 .000 -3070.42 -2388.79 

SCF  -1266.935* 85.985 .000 -1607.75 -926.12 

SCS  -1847.645* 85.985 .000 -2188.46 -1506.83 

BHI  -1745.710* 85.985 .000 -2086.52 -1404.90 

P  -3477.765* 85.985 .000 -3818.58 -3136.95 

SCF  WPL  688.775* 85.985 .000 347.96 1029.59 

WPF  -862.850* 85.985 .000 -1203.66 -522.04 

WPS  -637.970* 85.985 .000 -978.78 -297.16 

NWL  -2043.500* 85.985 .000 -2384.31 -1702.69 

NWF  -3953.210* 85.985 .000 -4294.02 -3612.40 

NWS  -1462.670* 85.985 .000 -1803.48 -1121.86 

SCL  1266.935* 85.985 .000 926.12 1607.75 

SCS  -580.710* 85.985 .001 -921.52 -239.90 

BHI  -478.775* 85.985 .005 -819.59 -137.96 

P  -2210.830* 85.985 .000 -2551.64 -1870.02 

SCS  WPL  1269.485* 85.985 .000 928.67 1610.30 

WPF  -282.140 85.985 .138 -622.95 58.67 

WPS  -57.260 85.985 1.000 -398.07 283.55 

NWL  -1462.790* 85.985 .000 -1803.60 -1121.98 

NWF  -3372.500* 85.985 .000 -3713.31 -3031.69 

NWS  -881.960* 85.985 .000 -1222.77 -541.15 

SCL  1847.645* 85.985 .000 1506.83 2188.46 

SCF  580.710* 85.985 .001 239.90 921.52 

BHI  101.935 85.985 .972 -238.88 442.75 

P  -1630.120* 85.985 .000 -1970.93 -1289.31 

BHI  WPL  1167.550* 85.985 .000 826.74 1508.36 

WPF  -384.075* 85.985 .023 -724.89 -43.26 

WPS  -159.195 85.985 .734 -500.01 181.62 

NWL  -1564.725* 85.985 .000 -1905.54 -1223.91 

NWF  -3474.435* 85.985 .000 -3815.25 -3133.62 

NWS  -983.895* 85.985 .000 -1324.71 -643.08 

SCL  1745.710* 85.985 .000 1404.90 2086.52 

SCF  478.775* 85.985 .005 137.96 819.59 

SCS  -101.935 85.985 .972 -442.75 238.88 

P  -1732.055* 85.985 .000 -2072.87 -1391.24 

P  WPL  2899.605* 85.985 .000 2558.79 3240.42 

WPF  1347.980* 85.985 .000 1007.17 1688.79 

WPS  1572.860* 85.985 .000 1232.05 1913.67 

NWL  167.330 85.985 .683 -173.48 508.14 
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              *. The mean difference is significant at the 0.05 level. 

 
Homogeneous Subsets 
Measure 
Tukey HSDa   

Treatment (La 

5 CFSM) from N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 8 

SCL  2 2615.76        

WPL  2  3193.92       

SCF 2   3882.69      

BHI  2    4361.47     

SCS  2    4463.40 4463.40    

WPS  2    4520.66 4520.66    

WPF  2     4745.54    

NWS  2      5345.36   

NWL  2       5926.19  

P  2       6093.52  

NWF  2        7835.90 

Sig.  1.000 1.000 1.000 .734 .138 1.000 .683 1.000 

 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2.000. 
 

 

 

 

 

 

 

 

 

NWF  -1742.380* 85.985 .000 -2083.19 -1401.57 

NWS  748.160* 85.985 .000 407.35 1088.97 

SCL  3477.765* 85.985 .000 3136.95 3818.58 

SCF  2210.830* 85.985 .000 1870.02 2551.64 

SCS  1630.120* 85.985 .000 1289.31 1970.93 

BHI  1732.055* 85.985 .000 1391.24 2072.87 



 

 85 

Table 3.5 Statistical analysis using independent t-test to determine the significant difference 

between the various La 5 inoculated (CFSM) and its uninoculated (Control) counterparts on the 

effect of the virulence activity of hilA::lux gene construct in S. Typhimurium. 

T-Test 

      Group Statistics 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Remark: Higher mean relative light unit indicates lower inhibition of the activity of the 

virulence gene constructs when the La 5 inoculated is compared to its uninoculated culture 

media counterparts.  

 

 
 
 
 

Measure	   Group	   N	   Mean	   Std.	  Deviation	  
Std.	  Error	  
Mean	  

WPL WPL Control 3 216297.3 7748.156 4473.4 

 WPL La 5 CFSM 3 291074.5 9160.763 5288.969 

WPF WPF Control 3 228022.6 10944.797 6318.982 

 WPF La 5 CFSM 3 298045.8 13991.095 8077.762 

WPS WPS Control 3 258655.6 16644.902 9609.939 

 WPS La 5 CFSM 3 370405.5 18825.303 10868.794 

NWL NWL Control 3 400863.9 1866.545 1077.65 

 NWL La 5 CFSM 3 404661.8 4646.269 2682.525 

NWF NWF Control 3 399818.1 2182.334 1259.971 

 NWF La 5 CFSM 3 374723.0 8753.671 5053.934 

NWS NWS Control 3 473236.7 5693.842 3287.341 

 NWS La 5 CFSM 3 293556.6 5178.159 2989.612 

SCL SCL Control 3 272562.7 3313.603 1913.109 

	   SCL La 5 CFSM 3 393985.3 5916.736 3416.029 

SCF SCF Control 3 218669.3 5028.973 2903.479 

	   SCF La 5 CFSM 3 430925.3 1859.37 1073.508 

SCS SCS Control 3 265183.3 4935.906 2849.747 

	   SCS La 5 CFSM 3 374354.7 4410.823 2546.59 

BHI BHI Control 3 397071.5 5715.048 3299.585 

 BHI La 5 CFSM 3 349933.7 584.721 337.589 

P P Control 3 408607.8 1282.47 740.435 

	   P La 5 CFSM 3 360183.1 5504.407 3177.971 
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Independent- Sample T-Test  
 

Measure Levene's Test for Equality of 
Variances 
 

t-test for Equality of Means 
 

95% Confidence Interval 
of the Difference 

F Sig. t df 
Sig. (2-
tailed) 

Mean 
Difference 

Std. Error 
Difference Lower         Upper 

 
 
WPL 
 

Equal variances 
assumed 0.06 0.83 -10.80 4.00 0.000 -74777.1 6927.1 -94009.8 -55544.5 
Unequal variance 
assumed   -10.80 3.89 0.000 -74777.1 6927.1 -94220.4 -55333.8 

 
WPF 

Equal variances 
assumed 0.12 0.75 -6.83 4.00 0.002 -70023.2 10255.7 -98497.6 -41548.8 
Unequal variance 
assumed   -6.83 3.78 0.003 -70023.2 10255.7 -99160.4 -40886.0 

 
WPS 

Equal variances 
assumed 0.03 0.87 -7.70 4 0.002 -111749.9 14508.0 -152030.5 -71469.3 
Unequal variance 
assumed   -7.70 3.941 0.002 -111749.9 14508.0 -152270.0 -71229.9 

 
NWL 

Equal variances 
assumed 1.23 0.33 -1.31 4.00 0.259 -3797.9 2890.9 -11824.3 4228.5 
Unequal variance 
assumed   -1.31 2.63 0.292 -3797.9 2890.9 -13777.5 6181.7 

 
NWF 

Equal variances 
assumed 2.12 0.22 4.82 4.00 0.009 25095.1 5208.6 10633.6 39556.5 
Unequal variance 
assumed   4.82 2.25 0.032 25095.1 5208.6 4891.9 45298.3 

 
NWS 

Equal variances 
assumed 0.02 0.90 40.44 4.00 0.000 179680.0 4443.5 167343.0 192017.0 
Unequal variance 
assumed   40.44 3.96 0.000 179680.0 4443.5 167299.3 192060.8 

 
SCL 

Equal variance 
assumed 0.59 0.49 -31.01 4.00 0.000 -121422.6 3915.3 -132293.1 -110552.1 
Unequal variance 
assumed   -31.01 3.14 0.000 -121422.6 3915.3 -133569.7 -109275.5 

SCF Equal variance 
assumed 1.40 0.30 -68.57 4.00 0.000 -212256.0 3095.6 -220850.7 -203661.3 
Unequal variance 
assumed   -68.57 2.54 0.000 -212256.0 3095.6 -223207.7 -201304.3 

SCS Equal variance 
assumed 0.03 0.88 -28.57 4.00 0.000 -109171.40 3821.80 -119782.43 -98560.38 
Unequal variance 
assumed   -28.57 3.95 0.000 -109171.40 3821.80 -119835.13 -98507.67 

BHI Equal variance 
assumed 3.19 0.15 14.21 4.00 0.000 47137.8 3316.8 37928.8 56346.7 
Unequal variance 
assumed   14.21 2.04 0.005 47137.8 3316.8 33143.5 61132.1 

P Equal variance 
assumed 2.23 0.21 14.84 4.00 0.000 48424.7 3263.1 39365.0 57484.5 
Unequal variance 
assumed   14.84 2.22 0.003 48424.7 3263.1 35620.5 61229.0 

 
 
According to the statistical analysis using Independent-Samples T Test of the above, not all 

culture media, there is a significant difference between the La 5 inoculated (CFSM) and its 

uninoculated counterparts except for NWL medium considered for this project.  
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For the statistical significance of the difference in the inhibition effect among the various La 5 

inoculated Culture Media (CFSMs) on hilA:: lux construct, one- way ANOVA followed by 

Tukeys Post Hoc was conducted and results presented in Table 3.4.  

 
Table 3.6 Statistical analysis using one-way ANOVA to determine the statistical significance of 

the difference in the inhibition effect among the various La 5 inoculated Culture Media (CFSMs) 

on hilA:: lux construct. 

ANOVA 
Measure   

 Sum of Squares df Mean Square F Sig. 

Between Groups 46305432308.044 10 4630543230.804 120.181 .000 
Within Groups 423825604.783 11 38529600.435   

Total 46729257912.827 21    

 
Post Hoc Tests 

Multiple Comparisons 
Dependent Variable: Measure  
Tukey HSD   

(I )Treatment  (La 5 

CFSM) from 

(J) Treatment 

(La 5 CFSM) 

from 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

WPL WPF -4556.165 6207.222 .999 -29159.26 20046.93 

WPS -74498.755* 6207.222 .000 -99101.85 -49895.66 

NWL -120490.910* 6207.222 .000 -145094.00 -95887.82 

NWF -83852.080* 6207.222 .000 -108455.17 -59248.99 

NWS -4473.485 6207.222 .999 -29076.58 20129.61 

SCL -104532.920* 6207.222 .000 -129136.01 -79929.83 

SCF -143501.510* 6207.222 .000 -168104.60 -118898.42 

SCS -85655.180* 6207.222 .000 -110258.27 -61052.09 

BHI -63731.965* 6207.222 .000 -88335.06 -39128.87 

P -76441.220* 6207.222 .000 -101044.31 -51838.13 

WPF WPL 4556.165 6207.222 .999 -20046.93 29159.26 

WPS -69942.590* 6207.222 .000 -94545.68 -45339.50 

NWL -115934.745* 6207.222 .000 -140537.84 -91331.65 

NWF -79295.915* 6207.222 .000 -103899.01 -54692.82 

NWS 82.680 6207.222 1.000 -24520.41 24685.77 

SCL -99976.755* 6207.222 .000 -124579.85 -75373.66 

SCF -138945.345* 6207.222 .000 -163548.44 -114342.25 
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SCS -81099.015* 6207.222 .000 -105702.11 -56495.92 

BHI -59175.800* 6207.222 .000 -83778.89 -34572.71 

P -71885.055* 6207.222 .000 -96488.15 -47281.96 

WPS WPL 74498.755* 6207.222 .000 49895.66 99101.85 

WPF 69942.590* 6207.222 .000 45339.50 94545.68 

NWL -45992.155* 6207.222 .000 -70595.25 -21389.06 

NWF -9353.325 6207.222 .890 -33956.42 15249.77 

NWS 70025.270* 6207.222 .000 45422.18 94628.36 

SCL -30034.165* 6207.222 .013 -54637.26 -5431.07 

SCF -69002.755* 6207.222 .000 -93605.85 -44399.66 

SCS -11156.425 6207.222 .762 -35759.52 13446.67 

BHI 10766.790 6207.222 .793 -13836.30 35369.88 

P -1942.465 6207.222 1.000 -26545.56 22660.63 

NWL WPL 120490.910* 6207.222 .000 95887.82 145094.00 

WPF 115934.745* 6207.222 .000 91331.65 140537.84 

WPS 45992.155* 6207.222 .000 21389.06 70595.25 

NWF 36638.830* 6207.222 .003 12035.74 61241.92 

NWS 116017.425* 6207.222 .000 91414.33 140620.52 

SCL 15957.990 6207.222 .360 -8645.10 40561.08 

SCF -23010.600 6207.222 .074 -47613.69 1592.49 

SCS 34835.730* 6207.222 .004 10232.64 59438.82 

BHI 56758.945* 6207.222 .000 32155.85 81362.04 

P 44049.690* 6207.222 .001 19446.60 68652.78 

NWF WPL 83852.080* 6207.222 .000 59248.99 108455.17 

WPF 79295.915* 6207.222 .000 54692.82 103899.01 

WPS 9353.325 6207.222 .890 -15249.77 33956.42 

NWL -36638.830* 6207.222 .003 -61241.92 -12035.74 

NWS 79378.595* 6207.222 .000 54775.50 103981.69 

SCL -20680.840 6207.222 .128 -45283.93 3922.25 

SCF -59649.430* 6207.222 .000 -84252.52 -35046.34 

SCS -1803.100 6207.222 1.000 -26406.19 22799.99 

BHI 20120.115 6207.222 .146 -4482.98 44723.21 

P 7410.860 6207.222 .970 -17192.23 32013.95 

NWS WPL 4473.485 6207.222 .999 -20129.61 29076.58 

WPF -82.680 6207.222 1.000 -24685.77 24520.41 

WPS -70025.270* 6207.222 .000 -94628.36 -45422.18 

NWL -116017.425* 6207.222 .000 -140620.52 -91414.33 

NWF -79378.595* 6207.222 .000 -103981.69 -54775.50 

SCL -100059.435* 6207.222 .000 -124662.53 -75456.34 

SCF -139028.025* 6207.222 .000 -163631.12 -114424.93 

SCS -81181.695* 6207.222 .000 -105784.79 -56578.60 

BHI -59258.480* 6207.222 .000 -83861.57 -34655.39 
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P -71967.735* 6207.222 .000 -96570.83 -47364.64 

SCL WPL 104532.920* 6207.222 .000 79929.83 129136.01 

WPF 99976.755* 6207.222 .000 75373.66 124579.85 

WPS 30034.165* 6207.222 .013 5431.07 54637.26 

NWL -15957.990 6207.222 .360 -40561.08 8645.10 

NWF 20680.840 6207.222 .128 -3922.25 45283.93 

NWS 100059.435* 6207.222 .000 75456.34 124662.53 

SCF -38968.590* 6207.222 .002 -63571.68 -14365.50 

SCS 18877.740 6207.222 .194 -5725.35 43480.83 

BHI 40800.955* 6207.222 .001 16197.86 65404.05 

P 28091.700* 6207.222 .021 3488.61 52694.79 

SCF WPL 143501.510* 6207.222 .000 118898.42 168104.60 

WPF 138945.345* 6207.222 .000 114342.25 163548.44 

WPS 69002.755* 6207.222 .000 44399.66 93605.85 

NWL 23010.600 6207.222 .074 -1592.49 47613.69 

NWF 59649.430* 6207.222 .000 35046.34 84252.52 

NWS 139028.025* 6207.222 .000 114424.93 163631.12 

SCL 38968.590* 6207.222 .002 14365.50 63571.68 

SCS 57846.330* 6207.222 .000 33243.24 82449.42 

BHI 79769.545* 6207.222 .000 55166.45 104372.64 

P 67060.290* 6207.222 .000 42457.20 91663.38 

SCS WPL 85655.180* 6207.222 .000 61052.09 110258.27 

WPF 81099.015* 6207.222 .000 56495.92 105702.11 

WPS 11156.425 6207.222 .762 -13446.67 35759.52 

NWL -34835.730* 6207.222 .004 -59438.82 -10232.64 

NWF 1803.100 6207.222 1.000 -22799.99 26406.19 

NWS 81181.695* 6207.222 .000 56578.60 105784.79 

SCL -18877.740 6207.222 .194 -43480.83 5725.35 

SCF -57846.330* 6207.222 .000 -82449.42 -33243.24 

BHI 21923.215 6207.222 .095 -2679.88 46526.31 

P 9213.960 6207.222 .898 -15389.13 33817.05 

BHI WPL 63731.965* 6207.222 .000 39128.87 88335.06 

WPF 59175.800* 6207.222 .000 34572.71 83778.89 

WPS -10766.790 6207.222 .793 -35369.88 13836.30 

NWL -56758.945* 6207.222 .000 -81362.04 -32155.85 

NWF -20120.115 6207.222 .146 -44723.21 4482.98 

NWS 59258.480* 6207.222 .000 34655.39 83861.57 

SCL -40800.955* 6207.222 .001 -65404.05 -16197.86 

SCF -79769.545* 6207.222 .000 -104372.64 -55166.45 

SCS -21923.215 6207.222 .095 -46526.31 2679.88 

P -12709.255 6207.222 .627 -37312.35 11893.84 

P WPL 76441.220* 6207.222 .000 51838.13 101044.31 
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WPF 71885.055* 6207.222 .000 47281.96 96488.15 

WPS 1942.465 6207.222 1.000 -22660.63 26545.56 

NWL -44049.690* 6207.222 .001 -68652.78 -19446.60 

NWF -7410.860 6207.222 .970 -32013.95 17192.23 

NWS 71967.735* 6207.222 .000 47364.64 96570.83 

SCL -28091.700* 6207.222 .021 -52694.79 -3488.61 

SCF -67060.290* 6207.222 .000 -91663.38 -42457.20 

SCS -9213.960 6207.222 .898 -33817.05 15389.13 

BHI 12709.255 6207.222 .627 -11893.84 37312.35 
 
*. The mean difference is significant at the 0.05 level. 

 
Homogeneous Subsets 
Tukey HSDa   
Treatment 

(La 5 CFSM) 

from N 

Subset for alpha = 0.05 

1 2 3 4 5 

WPL 2 286494.07     

NWS 2 290967.55     

WPF 2 291050.23     

BHI 2  350226.03    

WPS 2  360992.82    

P 2  362935.29    

NWF 2  370346.15 370346.15   

SCS 2  372149.25 372149.25   

SCL 2   391026.99 391026.99  

NWL 2    406984.98 406984.98 

SCF 2     429995.58 

Sig.  .999 .095 .128 .360 .074 

 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2.000. 

 
 
3.4.2 Two- step RT-qPCR gene expression analysis 

This experiment was conducted to confirm the results obtained with the reporter assay. Due to its 

high specificity and sensitivity, qPCR is the preferred method for gene expression analysis.  
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A.	  Effect of La 5 CFSM from various growth media on the expression of ssrB virulence gene  
 
 

 
 

B.	  Effect of La 5 CFSM from various growth media on the expression of hilA virulence gene 
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C.	  Effect of La 5 CFSM from various growth media on the expression of invA virulence gene 
 

 
 

D.	  Effect of La 5 CFSM from various growth media on the expression of sopD virulence gene 
 

 
 
Figure 3.3 The Effects of La 5 CFSMs and the growth media as experimental control on the expression 
of individual virulence genes A) ssrB, B) hilA, C) invA, and D) sopD as analyzed by RT-qPCR gene 
expression analysis methods.  
 
Legend WP*- Whey Protein concentrate 34, - NW*- (New Zealand Whey protein Isolate), SC* –
(Sodium Caseinates), BHI – (Brain heart infusion), P- (Permeate), L*- (lactose), S*-(Sucrose),  
 F-* (Fructose). 
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Discussions 
 
Effect of uninoculated growth medium on the expression of selected virulence genes in S. 
Typhimurium  
 
All of the growth media showed an inhibitory effect on the expression of the virulence genes. Of 

the virulence genes, sopD was highly down regulated followed by invA, hilA, and ssrB (Fig. 3.2). 

However, the heat-treated WPC34 with the exception of WPC34 in the presence of sucrose and 

SC showed a high degree of inhibition of expression of all the virulence genes tested as compared 

to the filter sterilized NZ WPI. BHI and permeate also down regulated all the virulence genes but 

the effect on sopD was the highest. The filter sterilized NZ WPI that contained sucrose as a 

carbohydrate source showed the least effect on the expression of all the virulence genes and this 

result confirmed results obtained using the reporter strain assay for the ssrB and hilA virulence 

genes.  

 
Effect of cell free spent medium (CFSMs), obtained following the growth of L. acidophilus 
La 5 on different growth media, on the expression of selected virulence genes. 
 
The La 5 CFSMs from the heat-treated WPL and WPS showed the highest suppression of 

expression of ssrB, sopD, invA, and hilA in that order as compared to CFSMs from the other 

growth media. However, La 5 CFSM from WPF resulted in up-regulation of both ssrB and hilA. 

This result was not clearly observed using the reporter strain assay but it shows that the 

composition of the growth media potentially affect the metabolites produced by LAB. The right 

combination of protein with carbohydrate seems to be also a factor for maximizing the bioactivity 

of the CFSM. The La-5 CFSM produced following growth on medium containing NZ WPI also 

showed a more than two-fold down regulation of all of the virulence genes tested. The La-5 

CFSMs from permeate and BHI showed a variable effect on the expression of the virulence genes, 

with the greatest effect on the ssrB and sopD genes.  
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The differences in results obtained using the bioluminescent reporter strain assay and RT-qPCR 

may be explained by differences in the opacity of the medium used. A medium with a high opacity 

may reduce the bioluminescent signal through light scattering. Moreover, the protein luciferase 

might have interfered with the light emission by the various growth media selected for this 

research project. 

 
To conclude, L. acidophilus La-5 produced bioactive peptides regardless of the nitrogen source 

indicating that the L. acidophilus La-5 proteolytic activity on these different nitrogen sources 

results in production of antivirulence peptides.  In this experiment La 5 grown on BHI media also 

resulted in antivirulence activity indicating that meat proteins can also be used as another possible 

source of bioactive peptides in addition to milk proteins. The cell free spent medium isolated from 

BHI should be subjected to further research to study the amino acid sequences of the peptides 

responsible for the effect.  

 
To make a claim that a certain specific LAB strain is cause for the production of bioactive 

peptides from a certain nitrogen and carbon sources, the medium should be sterilized using a 

method that does not affect the structure and chemical properties of the intact milk protein. In this 

study, microfiltration (0.77 and 0.45 um pore diameter) was used to sterilize the NZ WPI medium. 

This method of sterilization is cheaper and routinely performed in the dairy industry thus the 

production of these bioactive peptides at a larger scale is likely possible.  
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CHAPTER 4 

4.1 Summary and Conclusion 

Prevalence of antibiotic resistant foodborne pathogens, and chronic diseases associated with 

vascular, nervous, and immune systems are the major crises facing humankind in this day and age. 

Milk proteins as a source of encrypted bioactive peptides, while microbial fermentation or 

enzymatic hydrolysis as methods for liberating these encrypted bioactive peptides has been 

explored as a means of mitigating these crises. There have been many studies on bioactive 

peptides in vivo that showed health-promoting activities related to the vascular, nervous and 

immune system. Additionally, more recently bioactive peptides isolated from LAB fermentation 

of milk and whey protein isolates were successfully used to mitigate infections through down-

regulation of virulence genes.  

 
The current research was intended to add more knowledge on what has been discovered in regards 

to bioactive peptides with antivirulence activity. The research had two phases where the first phase 

screened selected LAB strains for the production of potential antivirulence peptides while the 

second phase investigated the effect of different nitrogen and carbon sources on the release of 

potential antivirulence peptides by employing the proteolytic activity of L. acidophilus La-5.  

  
Results from the first phase of this research demonstrated that a cell free spent medium (CFSM) 

isolated from selected LAB strains contain potential antivirulence peptides against Salmonella 

Typhimurium. The LAB strains that have a highly developed proteolytic system are most widely 

used in the dairy industry or some may be naturally present in milk, while the LAB strains that 

showed little activity might lack cell wall associated proteinase enzyme or specific peptidase 

enzymes that are required to break down the oligopeptides and release small peptides and amino 

acids as discussed before.   
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In the second phase of the research project, the effect of the culture medium as a control and the 

La 5 CFSMs from these various culture media on the expression of the virulence gene can be 

explained as follows. The sugar molecules as a carbon source in the different media are 

metabolized by LAB. So, knowledge of carbohydrate metabolism in LAB is crucial to understand 

the fate of the sugar molecules added to the culture medium as a carbon source. Although the 

sugar molecules in those media were different, they all are first converted to glucose and 

consequently enter glycolytic pathway to produce lactic acid as the end product. Therefore, in the 

La 5 CFSMs there are little carbohydrates but lactic acid is present. Thus neutralization of the 

CFSMs before the gene expression analysis was necessary to remove the antimicrobial effect of 

the acid on growth of S. Typhimurium.  

  
On the other hand, the culture medium contains the individual sugar molecules. One reason for the 

inhibitory effect of some of the culture medium as a control on the selected virulence gene is due 

to the inhibitory effect of the sugar molecule used as a carbon source. As discussed in the first 

phase of the research project, fructose as low as 0.1% w/v showed a significant effect on the 

expression of the virulence gene. Sucrose showed some inhibition, while lactose had no effect on 

the expression of the virulence genes. The other reason for the down-regulation of the virulence 

genes observed by some of the media might be the heat treatment received during sterilization. In 

the case of the heat-treated media, SC and WPC, peptides with antivirulence activity might have 

been liberated from their encrypted form. As the application of heat or acid on milk proteins 

results in the release of the encrypted peptides of the large parent protein molecules of milk.  

 
However, the inhibitory effect of the La 5 CFSMs on the virulence gene as compared to the 

culture medium as a control, whether heat-treated or filter sterilized, indicates the presence of 

bioactive molecules with antivirulence activity in the CFSMs. This can tell us that the proteolytic 

activity of the L. acidophilus La-5 resulted in the secretion of these bioactive molecules.  
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The other important finding of this research was the production of antivirulence peptides using 

whey protein concentrates. The use of whey protein concentrate as a growth medium for LAB to 

produce a cell free spent medium that potentially contains antivirulence peptides is economical as 

compared to media containing expensive whey protein isolate and caseinate. Whey is still 

considered as a waste product of dairy industry in many developed countries. The whey can be 

used as a cheap source of bioactive peptides that possibly prevent children from dying due to 

diarrhea. There are 2.5 billion cases of diarrhea among children under five years of age each year 

around the globe with a mortality rate of 1.5 million reported in the year 2004 (Boschi Pinto et al., 

2009). Whey fermented with probiotics along with good sanitation practice can be used as an 

outstanding intervention to prevent diarrhea among these children. Furthermore, the use of LAB 

of human origin to ferment whey would be a natural, safe, and cheap method for the production of 

bioactive peptides.  

 
To conclude, the proteolytic activity of LAB might be directly related to the production of 

antivirulence peptides as the highly proteolytic LAB strains, according to the literature, showed 

the highest suppression of the virulence genes. The presence of potential antivirulence peptides in 

the CFSMs is the sum effect of the culture medium and the specific strain used for fermentation. 

The differences in the inhibitory effect observed from the heat and acid treated media might be 

due to the effect of heat or acid on the proteins in addition to the carbon source present in those 

media. Highest suppression of virulence genes was observed from CFSM of La 5 in Whey Protein 

Concentrate 34, and it is the cheapest and generally recognized as safe medium. 

 
4.2 Future Direction  

In the future, the bioactive molecules that are present in the cell free spent medium (CFSM) can be 

fractionated using chromatography methods such as size exclusion chromatography (SEC) or 

reversed phase high performance liquid chromatography (RP-HPLC). The peptidic fractions can 
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then be retested for antivirulence activity using the highly sensitive RT-qPCR. After confirming 

the activity, sequencing of the peptidic fractions can be conducted allowing a relation between 

their structure and function to be determined. Finally, the bioactive peptides can be sold as a food 

additive or as a dietary supplement after experimenting and studying its bioavailability and safety.  

 
Further insights into the proteolytic system of the LAB will enable us to understand the 

biosynthetic pathway of the bioactive peptides. The transcriptome of La 5 on growth media that 

supports and does not support the production of bioactive peptides can also be compared. 

Moreover, the LAB strains that resulted in the production of bioactive peptides with higher degree 

of antivirulence activity can be grown together to investigate their synergistic effect. As suggested 

by other researchers, probiotic cocultures (particularly the highly proteolytic and the poorly 

proteolytic LAB strains) can be studied for their synergistic effect on the production of the 

bioactive peptides as well. 

 
The peptide profiles of the fermented and unfermented nitrogen sources mainly permeate and BHI 

growth media could give us more information on the resulting potential bioactive peptides. 

Peptide profiles from permeate and BHI can also be compared to the fermented whey and 

caseinates for any similarities or differences. Enzyme digestion on these various growth media can 

be conducted to see if antivirulence peptides are produced beside fermentation. After hydrolysis, 

the activity of the resulting small active peptides can be compared to the anti-virulent peptides 

isolated from the LAB fermentation.  

 
Similar studies can also be applied to other food protein sources using proteolytic probiotics that 

are naturally present in the same food sources. As an example Lactobacillus sakei can be used on 

meat and fish proteins to liberate the bioactive peptides encrypted in these proteins. The minimum 

dose of bioactive peptides required to produce the physiological activity should be established 

before administration in humans. So studies on viability, dose effect, and safety of bioactive 
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peptides are mandatory before application in humans. However, viable probiotics, which are of 

human origin together with food proteins such as whey proteins and caseins can still be consumed 

with no harm or negative outcome on health.  
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