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ABSTRACT 

Lactic acid bacteria, and more particularly lactobacilli, have been used for the 

production of fermented foods for centuries. They are amongst the most common 

microorganisms in the gastrointestinal tract of human and other animals; several lactobacilli 

have been recognised as probiotics due to their wide range of health promoting effects. One 

such probiotic species Lactobacillus casei, first described in cheese, is widely distributed in 

fermented food products and present within the human intestinal tract and oral cavity. Lb. 

casei strains have been recognized as having probiotic traits and have therefore been applied 

in numerous commercial food-based and drink-based health supplement products.  

Survival of Lactobacillus species in harsh environments is one of the most important 

criteria for industrial and food-based applications. Environmental stresses affect the 

physiological properties, however, little is known about the molecular mechanisms 

underpinning survival of Lb. casei under stress conditions like those introduced during food 

fermentation, including changing composition of the food matrix, oxygen stress and acidity 

of the carrier food. To this end this thesis aims to provide information on the growth and 

physiological response of Lb. casei under nutritional stress (carbohydrate starvation) as well 

as growth under low pH conditions.  

An initial study employed an integrated global proteomic response of the non-starter 

lactic acid bacteria Lb. casei strain GCRL163 under carbohydrate depletion to understand 

aspects of its survival following cessation of fermentation. This study built on prior published 

work from our group on lactose starvation in Lb. casei which, based on partial proteomic 

analysis and single-point analysis of end-products of metabolism, indicated that some 

enzymes involved in the glycolytic pathway were upregulated during lactose starvation and 
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that Tween 80 and other media constituents were potentially being utilized. The proteome of 

Lb. casei GCRL163 was analyzed quantitatively after growth in modified MRS (with and 

without Tween 80) with different levels of lactose (0% lactose, starvation; 0.2% lactose, 

growth limiting; 1% lactose, non-growth-limited control) using gel-free proteomics. Results 

revealed that carbohydrate starvation led to suppression of lactose and galactose catabolic 

pathways, which is consistent with the known mechanisms of induction of genes relating to 

lactose/galactose metabolism in the presence of the cognate substrate, as well as pathways for 

nucleotide and protein synthesis. Enzymes of the glycolysis/gluconeogenesis pathway, amino 

acid synthesis, and pyruvate and citrate metabolism became more abundant as well as other 

carbohydrate catabolic pathways, suggesting increased optimization of intermediary 

metabolism and scavenging alternative carbon and energy sources.  This was consistent with 

temporal end-product analysis. Tween 80 did not affect growth yield; however, proteins 

related to fatty acid biosynthesis were repressed in the presence of Tween 80. These data 

suggested that Lb. casei adeptly switches to a scavenging mode, using both citrate and 

potentially Tween 80, and efficiently adjusts energetic requirements when carbohydrate 

starved and thus can sustain survival for weeks to months. 

The presence of caproic and octanoic acids in culture fluids suggested that Tween 80 

was being degraded during lactose starvation.  However, the mMRS basal medium contained 

both citrate and acetate as possible carbon sources, so it was not clear whether Tween 80 was 

serving as a carbon source or whether it aided growth in the absence of lactose by eliminating 

biotin requirement, as indicated in the early literature (Williams et al., 1947). To investigate 

whether Tween 80 could be degraded as a carbon source, Lb. casei GCRL163 was cultured in 

mMRS with combinations of citrate and acetate, with and without Tween 80.  Gel-free 

proteomic analysis was used to provide insight into the metabolic changes which occurred 
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when media either contained or lacked citrate and Tween 80.  In the absence of carbohydrate, 

acetate and citrate as fermentable substrates, glycolysis and protein synthesis were strongly 

repressed, however moderate growth of GCRL163 was supported indicating that this strain 

has the ability to metabolise Tween 80. Growth could not be explained by release of oleic 

acid from Tween 80 following autoclaving and subsequent incubation of the medium at 30 

oC, as <6% of the Tween 80 was released as oleic acid and this did not change in controls 

over the growth period. The presence of Tween 80 strongly affected metabolic pathways 

related to sorbitol/sorbose, glycerol metabolism and fatty acid biosynthesis, up-regulating 

these pathways.   The metabolism of Tween 80 appears to have a substantial effect on 

providing protection against acid shock and, based on the proteome, does so by strongly 

promoting fatty acid biosynthesis, protein hydrolysis and amino acid accumulation, and also 

stimulates compatible solute uptake and cell wall proteins. This response appears to be 

caused by Tween 80 causing cell membrane disturbances and generalised stress responses. 

 

A further study was conducted to examine the growth of Lb. casei at low pH to 

simulate the acidic environments in food products which may affect the survival and thus the 

potential efficacy of probiotic bacteria. Acid stress adaptation responses of Lb. casei strains, 

including strain MJA12 which was isolated from the fermented milk product YakultTM 

(which claims to contain the Shirota probiotic strain) and a genetically distinct Cheddar 

cheese isolate GCRL163, were investigated using gel-free, label-free proteomic analysis. The 

strains were grown under anaerobic conditions in MRS broth adjusted to and maintained at 

pH 4.5 or pH 6.5 in fermenters, with biomass collected during mid-exponential and early 

stationary growth phase. Approximately 35% of the proteome of each strain was identified to 

a >95% confidence level.  Independent of growth phase, physiological adaptations to grow at 

low pH as predicted by the proteomic responses were different between the strains, however 
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both exhibited increased abundance in olipopeptide/dipepetide importers, 

peptidases/proteinases, branched chain aminotransferase, and the fatty acid biosynthetic 

pathway. These responses suggested exogenous amino acid accumulation, cell wall 

modulation and increased fatty acid unsaturation are the main means by which Lb. casei 

combats sudden acid stress, indicating that similar mechanisms are adopted during acid 

adaptation. Protein abundance data also revealed that acid adaptation varied between the 

strains in a growth phase-dependent manner, with strain MJA12 exhibiting most known acid 

adaptation-type responses when in the stationary growth phase, unlike strain GCRL163 

which seems more directly responsive to acidic pH conditions earlier in growth. In addition, 

acid stress resulted in strain MJA12 (but not strain GCRL163) possessing increased levels of 

malolactic fermentation associated enzymes. The strain-dependent differences in the 

proteomes suggest adaptation of Lb. casei strains varies and thus strains could potentially 

react, behave and have different levels of persistence in either food or host systems. 

Furthermore, the effect of growth under acidic conditions on the adhesion ability of 

Lb. casei cheese isolate GCRL163 and fermented milk isolate MJA12 was examined using 

HT-29 cells as an in vitro model for intestinal epithelium cells. The strains were grown under 

anaerobic conditions in MRS broth adjusted and maintained at pH 4.5 or pH 6.5 in 

fermenters, with biomass collected during early stationary growth phase. Lb. casei showed 

increased numbers of bacterial cells attaching to the cell line after adaptation to grow at pH 

4.5 compared with cultures grown at pH 6.5. Gel-free proteomic analysis was used to 

understand the nature of these changes. Treatment with 5 M LiCl, with the goal of enriching 

surface-associated proteins, demonstrated that proteins enriched in these fractions consisted 

mainly of transmembrane proteins, membrane-associated proteins, extracellular secreted 

proteins and weakly enriched peptidoglycan related proteins, including various small 
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cytosolic proteins.  Other proteins present in LiCl extracts included glycolytic proteins 

(glyceraldehydes-3-phosphate dehydrogenase, enolase and lactate dehydrogenase) and 

several proteins of unknown functionality, notably a highly enriched hydrolase.  Exposing 

HT-29 cells to 10 µg of dialysed LiCl extract decreased subsequent binding of both Lb. casei 

strains, implicating the involvement of proteins in these extracts in binding. 

Collectively, the results in this thesis increase the understanding of the physiological 

response of Lb. casei when grown under conditions that may be encountered in fermented 

foods and which pose specific stress conditions, namely carbohydrate limitation and acid 

stress. The study presents the functional analysis of proteins which also provide new insight 

into the metabolic pathways engaged by Lb. casei in dealing with food relevant stresses. 
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CHAPTER ONE 

LITERATURE REVIEW 
 

1.1 Introduction 

The human gastrointestinal tract (GIT) microbiota is a complex ecosystem comprising 

200 to 600 bacterial species with the number of bacteria within the gut about 10 times greater 

than that of eukaryotic cells in the human body (Palmer et al., 2007). At birth, the human GIT 

is sterile, with bacteria colonizing the gut during the first feeding (Palmer et al., 2007). 

Following infancy, the composition of intestinal microbiota remains relatively constant 

(Knight and Girling, 2003).  

 

The stomach and small intestinal contain relatively small numbers of bacteria. In 

healthy adults recovery of bacteria from the jejunum can be very low, with no detection 

reported in up to 33% of samples (Neish, 2009). In contrast, the microbiology of the ileum 

region represents a transition zone between the jejunum and the colon, and the bacterial count 

can be as high as 109 CFU/ml in the ileum region and predominantly includes Gram-negative 

facultative anaerobes. On crossing into the colon, the bacterial population changes 

dramatically, with strictly anaerobic bacteria predominating due to the very low oxygen 

concentration in the colon (Neish, 2009; Boon et al., 2014). 

 

Genome-based and analytical chemical technologies, including metabolomics, 

metagenomics and proteomics, have advanced our understanding of the colonic microbiota 

and has enabled characterization of colonic bacteria in both healthy and diseased people 

(Hattori and Taylor, 2009; Lepage et al., 2013). Techniques based on 16S rRNA gene 

sequences have already revealed that the diversity of the human microbiota is much greater 
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than previously thought, including many novel bacterial species (Eckburg et al., 2005; 

Kennedy et al., 2014). In any given region of the gut, the composition of the microbiota has 

demonstrated variation along its diameter with certain bacteria preferring adherence to the 

mucosal surface, while others predominate in the lumen. In humans, the composition of 

microbiota is influenced by age, diet, and use of antibiotics (Eckburg et al., 2005; Ley, 2014). 

 

The GIT microbiota plays an important role in the physiology of their host. It influences 

a range of intestinal functions and plays a key role in nutrition, in maintaining the integrity of 

the epithelial barrier and in the improvement of mucosal immunity (Shanahan, 2002; 

Tomaro-Duchesneau et al., 2014). The relationship between the host’s immune system and 

non-pathogenic constituents of the microbiota is important in protecting the host from 

colonization by pathogenic species. This may be due to intestinal bacteria producing a variety 

of substances, ranging from relatively nonspecific fatty acids and peroxides to highly specific 

bacteriocins, which can inhibit or kill other pathogenic bacteria (Quigley, 2010; Mazmanian 

and Lee, 2014).  

 

Russian scientist, Elie Metchnikoff, first proposed that lactic bacteria in fermented milk 

could promote the development of healthy intestinal microbiota. Specifically, the Nobel-

laureate developed a theory that lactic acid bacteria (LAB) of the phylum Firmicutes in the 

GIT could extend life by preventing putrefaction. Since that time, it has been known that 

some LAB and the high G+C-content Gram positive bifidobacteria (phylum Actinobacteria) 

are also found naturally within human and animal cavities, including the GIT. Common 

human-associated LAB species include Lactobacillus acidophilus, Lactobacillus gasseri, 

Lactobacillus plantarum, and Bifidobacterium breve (Tannock, 1999). LAB are considered to 

be important components of the normal intestinal microbiota, which contribute to a variety of 
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functions including intestinal integrity, immune modulation, and pathogen resistance. 

Selected Lactobacillus and Bifidobacterium species are used widely as probiotics primarily in 

fermented food, dairy products and dietary supplements (Reid, 1999; Tannock, 1999).  

 

Lactobacilli are distributed in various ecological niches throughout the GIT and 

constitute an important part of the indigenous microbiota of man and higher animals (Sharma 

and Devi, 2014). Their abundant is affected by several environmental factors, which include 

the level of oxygen, the presence or absence of specific growth substrates, pH, presence of 

secretions and bacterial interactions. They are infrequently associated with cases of 

gastrointestinal infection and strains employed technologically are regarded as non-

pathogenic and safe microorganisms (Deepika and Charalampopoulos, 2010). 

 

Lactobacilli appear to be a relatively minor component of human adult faecal 

microbiota, i.e. around 0.01% to 0.6% of total bacterial counts  (Sghir et al., 2000; Dal Bello 

et al., 2003) Lb. reuteri, Lb. salivarius, Lb. gasseri, Lb. ruminis, and Lb. crispatus appear to 

be the preponderant indigenous Lactobacillus species (Lebeer et al., 2008). Lb. fermentum, 

Lb. acidophilus, Lb. casei, Lb. johnsonii, Lb. brevis, Lb. rhamnosus, Lb. delbrueckii, and Lb. 

plantarum can also be found in the human GIT at varying levels (Heilig et al., 2002). In 

comparison to the adult microbiota, the infant microbiota is highly unstable but also contains 

lactobacilli in variable numbers. The number of Lactobacillus cells in newborn was found to 

be in the range of 105 CFU/g in faeces, while in infants one month and older, the counts 

ranged from 106 to 108 CFU/g. 

 

Within human hosts, Lactobacillus species possess extensively documented effects 

including immunostimulation and reduction of the intensity and duration of diarrhoea 
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(Wolvers et al., 2010; Shao et al., 2014). In addition, many studies have reported beneficial 

effects of Lactobacillus against pathogenic microorganisms including bacteria, fungi and 

viruses. The ability to attach to GIT epithelium cells and to mucins has been recognized and 

it is one of a series of important characteristics that enhances intestinal persistence and allows 

antagonistic competition with pathogens, especially at the point of initial contact with the 

mucosa.  

 

In the early twentieth century, the industrialization and commercialization of fermented 

food necessitated the need to turn traditional fermentation processes into controlled and 

rationalized food processing. Moreover, the food and beverage industry is rediscovering 

fermentation as a crucial step in product innovation (Steensels and Verstrepen, 2014). With 

this aim, fermentation research in food microbiology has focused on the isolation and 

phenotypic characterization of microbes originating from natural sources, such as 

spontaneous fermentation. This approach has delivered defined single and mixed-strain 

cultures suitable for industrial applications (Adamberg et al., 2014). However, the production 

of selected dairy starter cultures has been met with several obstacles, such as how different 

strains cope with limitations in carbon and nitrogen source availability, salt stress during 

brining, temperature fluctuations, pH changes, and phage predation during cheese 

fermentation (Champagne et al., 2005). Sensitivity to those factors and reaction to these can 

be essential for proper flavour formation and product quality. The robustness of the starter 

culture during cheese fermentation is enhanced by the presence of a rich consortium of 

microbes. Diversity in the starter culture is determined by different phenotypic characteristics 

linked to the coexistence of different genomic lineages of microbes. The genetic diversity 

present in wild strains includes a variety of features that are relevant to the improvement of 
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starter cultures (Leroy and De Vuyst, 2004; Akçelik et al., 2014), and this diversity is 

selectively propagated as a result of adaptation by the microbes to dynamic environments. 

 

Lactobacilli are distributed in various ecological niches throughout the GIT and 

constitute an important part of the indigenous microbiota of man and higher animals (Sharma 

and Devi, 2014). Their abundance is affected by several environmental factors, which include 

the level of oxygen, the presence or absence of specific growth substrates, pH, presence of 

secretions and bacterial interactions.  

 

Molecular-based research that concentrates on Lactobacillus has two important 

objectives: defining the circumstances driving the best performance of the Lactobacillus 

strains and allowing the selection of Lactobacillus strains with a well-defined molecular basis 

for functionality. These objectives are important in two contexts:  firstly, selecting strains that 

are able to adapt optimally to niches that they temporarily encounter in the host and, 

secondly, in determining factors that directly contribute to health promotion effects. In 

general, the continuing increase in interest in probiotic bacteria has led to an increase in 

manufacture of functional foods and non-food products (such as dietary supplements) 

containing these bacteria. 

 

In this literature review, the focus will be on probiotic strains from the genus 

Lactobacillus, given their long history of use in fermented milk, meat and vegetables and 

emerging importance in health promotion. 
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1.2 Lactobacilli as Probiotics and Health-Promotion   

The Food and Agriculture Organization (FAO) and World Health Organization (WHO) 

define probiotics as “live microorganisms which, when administrated in adequate amounts, 

confers a health benefit on the host” (FAO/WHO, 2001). Probably the most studied 

probiotics include lactobacilli and bifidobacteria. These bacterial groups have a proven safety 

record both within the fermented foods industry, where they have been used for several years, 

and, more recently, in probiotic-supplemented foods. Probiotic therapy has been investigated 

for its effectiveness against a range of gastrointestinal diseases and disorders. These days 

several hundred commercial products contain probiotic formulations and are functionally 

associated with bacteria known for their role in manufacturing fermented foods 

(Klaenhammer et al., 2005; Sidira et al., 2014). The most commonly bacterial strains used in 

food products belong mainly to a heterogeneous group of species in the genera Lactobacillus 

and Bifidobacterium (Poolman, 2002).  

 

Members of the genus Lactobacillus are aerotolerant, anaerobic, strictly fermentative, 

non-spore-forming, Gram-positive bacteria that belongs to the phylum Firmicutes (Claesson 

et al., 2007). Their main end-product of carbohydrate metabolism is lactic acid.  Because of 

their metabolism, lactobacilli are the amongst the dominant bacteria in the proximal small 

intestinal e.g. duodenum and jejunum, where readily-available carbohydrate-containing 

substrates derived from the host’s diet are used as primary nutrient sources (Bongaerts and 

Severijnen, 2001). 

 

The genus Lactobacillus contains 171 described species as of April 2014 

(http://www.bacterio.net/) and are generally regarded as safe due to their long associated use 

in fermented foods and their presence in the small and large intestine (Tuohy et al., 2003). 
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The beneficial nature of Lactobacillus strains is likely to be multifunctional and from existing 

evidence appears to be strain specific (Sharma and Devi, 2014).  Colonization capability or 

direct inhibitory effects against pathogens are likely to be important factors in situations 

where probiotics have reduced the incidence and duration of gastroenteritis. Lactobacillus 

strains have been shown to inhibit pathogenic bacteria both in vitro and in vivo through 

several different mechanisms. These include production of antimicrobial peptides  

(bacteriocins), reduction of pH through production of short chain fatty acids, competition for 

nutrients, competition for adhesion sites on the gut wall and immune system modulation 

(Steer et al., 2000; Fooks and Gibson, 2002). 

 

1.2.1 Probiotic and the Host 

Current research has focused on understanding the relationship between probiotic 

bacteria and the gut microbiota and the human host, as a means of understanding the 

mechanisms of probiotic functionality that contribute to their beneficial features. The 

stomach and small intestine are colonised by few species of microbiota and are present due to 

attachment to epithelium cells or are in transit. The absence of bacteria in the upper tract 

seems to be due to the composition of the luminal medium (pancreatic secretion, acid, bile), 

which kills most ingested microorganisms. By contrast, the colon contains a complex and 

dynamic microbial ecosystem with high densities of living bacteria, which achieve 

concentrations of up to 1013 to 1014 CFU/g of luminal contents (Knight and Girling, 2003; De 

Preter et al., 2011). Several hundred grams of microbiota living within the colonic lumen 

interact with the host regularly. Some of these community members are potentially 

pathogenic and, if unchecked, can be a source of infection. However, the constant interaction 

between the human host and microbial guests can infer important health benefits.  
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Colonic microbiota carries out metabolic, trophic, and protective functions. A major 

metabolic function of colonic microbiota is fermentation of non-digestible dietary residues 

and the endogenous mucus produced by the epithelium (Roberfroid et al., 1995). Owing to 

the diversity of the microbial community many enzymes and biochemical pathways that are 

distinct from the host’s own resources are employed for these purposes. Overall, the outcome 

of these complex metabolic activities comprises improvement of metabolic energy and 

absorbable substrates for the host, coupled with supply of energy and nutritive products for 

bacterial growth and proliferation. In the right colon and caecum, fermentation is intense with 

rapid creation of short-chain fatty acids, an acidic pH (4.8 – 6.0), and rapid bacteria growth 

(Cummings et al., 1987). By contrast, utilisable substrates in the left or distal colon are less 

available and thus the pH is close to neutrality, putrefactive processes become quantitatively 

more important, and bacterial populations are relatively static. Colonic microorganisms also 

have roles in vitamin synthesis and in absorption of calcium, magnesium, and iron (Younes et 

al., 2001).  

 

Trophic function comprises two major roles: epithelial cell growth and differentiation. 

The most important role of short chain fatty acids on colonic physiology is their trophic effect 

on the intestinal epithelium. Differentiation of epithelium cells is also greatly affected by 

interaction with resident microorganisms (Guarner and Malagelada, 2003). The proportion of 

production of crypt cells is decreased in the colon of rats bred in germ-free environments. Rat 

GIT crypts contain fewer cells compared with those of rats colonised by normal biota, 

suggesting that inter-luminal bacteria affect cell proliferation in the colon (Alam et al., 1994). 

The second role comprises interaction between gut bacteria and host immunity. The gut 

mucosa is the main layer between the immune system and the external environment (Knight 

and Girling, 2003). The relation between the host and microbiota at the mucosal interface 
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plays an important role in development of a competent immune system. Bacterial 

colonisation of the GIT affects the structure of gut-associated lymphoid tissue (Helgeland et 

al., 1996). How probiotic influence the immune system, more details discussed in section 

1.3.3. 

 

Indigenous bacteria with protective functions work as a crucial “wall of resistance” 

impeding colonisation by exogenous microbes and, therefore, are relevant in prevention of 

invasion of tissues by pathogens (Taguchi et al., 2002). Colonisation resistance also applies 

to opportunistic bacteria that are present in the gut but have restricted growth. The evenness 

between species of resident bacteria assists in stability in the microbial population within the 

same individual under normal conditions. Several mechanisms have been involved in the 

barrier effect. In vitro, bacteria compete for adherence sites in the brush border of intestinal 

epithelial cells. Adherent probiotic bacteria can prevent attachment and subsequent invasion 

of epithelial cells by pathogens like Escherichia coli and Listeria monocytogenes (Bernet et 

al., 1994). Some ingested probiotics can affect the composition and behaviour of intestinal 

microbiota and it is of interest to explore factors that determine the survival of probiotics 

while in GIT transit (O'Flaherty and Klaenhammer, 2010).  

 

Bacteriocins within in vitro studies showed inhibition of pathogens, a similar response 

was mediated by low molecular weight substances such as hydrogen peroxide and short chain 

fatty acids such as lactic acid. Bacteriocins produced by lactobacilli can be classified into 

three groups: i) class I lantibiotics, harbouring unusual amino acids such as lanthionine; ii) 

class II, heat stable non-lantibiotics; and iii) class IV, cyclic antimicrobial peptides (Maqueda 

et al., 2008). The class II bacteriocin Abp118 produced by Lb. salivarius strain UCC118 is 

able to protect mice against infection by pathogens especially, L. monocytogenes (Corr et al., 
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2007). Additionally, probiotic strains may also produce other types of antimicrobial 

compounds. For example, reuterin produced by Lb. reuteri ATCC 55730 consists of an 

equilibrium of 3-hydroxypropionaldehyde with its hydrated, and dimeric, derivatives  

(Maqueda et al., 2008). This antimicrobial shows inhibition activity not only against Gram 

positive and Gram negative bacteria but is also active against yeast, fungi, protozoa and 

viruses. Probiotic bacteria can also form deconjugated bile acids, which are derivatives of 

normal bile salts. Deconjugated bile acids show a stronger antimicrobial activity compared to 

the bile salts synthesized by the host organisms (Maqueda et al., 2008). 

 

Probiotics can also influence the composition and behaviour of intestinal microbiota via 

an anti-adhesion activity. Since probiotics have the ability to adhere to epithelial cells in 

tissue culture assays they may be able to actively block adherence of competing microbes. 

This mechanism is important for probiotic activity within the host. The anti-adherence effect 

might be the result of competition between probiotic and pathogen for the receptor or the 

induction of increased mucin production by the probiotic strain Oelschlaeger et al., (2010). 

Mack et al., (2003) has mentioned in his work that induction of MUC3 mucin in HT-29-

MTX cells when co-cultured with Lb. plantarum 299v or Lb. rhamnosus GG MUC3 mucin 

subsequently inhibited the adhesion of pathogenic E. coli strain E2348/69. However, the 

ability to inhibit the pathogen adhesion to human mucus appears to depend on both the 

specific probiotic and the pathogen strains. In addition, some commercial probiotic strains 

actually increased adhesion of E. coli, L. monocytogenes and Salmonella Typhimurium to 

human mucus (Maqueda et al., 2008).  
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1.2.2 Lactobacillus Adhesion Properties   

Arguably the largest and most important interaction between organism microbe and its 

environment occurs at the cell surface (Saarela et al., 2000; Tiittanen et al., 2013). Cell 

surface properties precisely determine the ability of the microorganisms to adhere to both the 

intestinal mucus and to enterocytes (epithelial cells) (Jensen et al., 2014) (Table 1). The 

adhesion of probiotics to human mucosal cells has been suggested as an important 

prerequisite for probiotic action, the adhesion of probiotic cells is likely to aid longer 

persistence in the intestinal tract, stabilize the intestinal mucosal barrier, provide competitive 

exclusion of pathogens, and induce immunomodulation (Saarela et al., 2000; Larsen et al., 

2007). 

 

Studying the mechanisms of probiotic adhesion has been facilitated by in vitro 

experiments using cultured epithelium-associated cells and in vivo using human or animal 

colon biopsy samples, which are then examined by electron microscopy. To obtain a 

probiotic or pathogenic effect depending on the invasive bacteria species concentration, the 

bacteria must adhere to the cell surface of the digestive tract and two conditions must be 

present to allow the implantation of a bacterium:  it must be able to multiply, depending on 

the presence of the nutrients, and it must be able to reside in situ, i.e., adhere to the host cells 

and/or mucus. 

 

Probiotic bacteria exhibit several surface determinants that are associated in their 

interaction with intestinal epithelial cells (Servin and Coconnier, 2003). The microbial 

adhesion process includes passive forces, electrostatic and hydrophobic interactions, 

lipoteichoic acids, and specific structures, such as external appendages covered by lectins 

(Servin and Coconnier, 2003). A variety of in vitro model systems have been used for routine 

11 
 



adhesion experiments.  The most popular cell lines include HT-29 or Caco-2 human-derived 

adenocarcinoma cells (Velez et al., 2007; Dhanani and Bagchi, 2013) and immobilized 

intestinal mucus (Roos and Jonsson, 2002; Vesterlund et al., 2005).  
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Table 1: Lactobacillus strains adhere to mucus and enterocytes (epithelium cell) with different proposed mechanisms. 

Bacterium Substratum  Concentration 
(CFU/ml) 

Type of 
Adhesion 

Adhesion 
condition 

Reference  

 
Lactobacillus rhamnosus 

 
porcine colonic 
mucin (PCM), 
fibronectin, 
laminin, 
collagen IV 
 

 
~107 

 
Extracellular 
proteins 

 
1 h, 0.01% Triton 
X-100 in DMEM, 
5% CO2 and 95% 
air 

 
Nishiyama et 
al., 2014 

Lactobacillus plantarum Caco-2 cell lines 109 Surface proteins 2h, 37°C in a 
humidified 
atmosphere of 5% 
CO2 and 95% 
air 

Li et al., 2015 

Lactobacillus kefiri type III porcine 
gastric mucin 

108 Surface proteins 2 h at 37 °C Carasi et al., 
2014 

Lactobacillus rhamnosus 
DR20 
 
Lactobacillus acidophilus 
HN017 
 

HT-29, Caco-2, and 
HT29-MTX 

108 Unknown 1 h or 2 h at 37°C 
in 10% CO2 –90% 
air. 

Gopal et al., 
2001 

Lactobacillus casei strains   Mucin, fibronectin 
(pig plasma), 
fibronectin (human 
plasma) and 
collagen type I  

106 Mub and Msa 
covalently 
attached 
to the cell surface 
by a sortase-
dependent 
mechanism 

4 h or 2 h at 37°C 
in 5% CO2 –95% 
air. 

Muñoz-
Provencio et al., 
2009 
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Lactobacillus reuteri strains Mouse colonic 
mucus (MCM) 

106 Unknown 1 h incubation at 
room temperature  

MacKenzie et 
al., 2010 

 
Lactobacillus rhamnosus 
Lcr35 

 
Caco-2 and HT29-
MTX 

 
~107 

 
Pilus-specific 
Protein, cell 
surface proteins 

 
3 h at 37 °C under 
5 % CO2 

 
Nivoliez et al., 
2015 

 
Lactobacillus acidophilus 
BG2FO4 

 
Caco-2, HT-29 and 
HT29-MTX cells 

 
2 x 108 

 
Complexes 
containing 
lipoteichoic acid 
are involved in the 
adhesion of 
urogenital 
Lactobacillus 

 
1 h 37°C in 10% 
CO2-90% air 

 
Coconnier et al., 
1992 

 
Lactobacillus johnsonii 
strains 

 
Caco-2 

 
108 

 
Cell surface-
associated 
lipoteichoic Acid 

 
1 h 37°C 

 
Granato et al., 
1999 

 
Lactobacillus strains 

 
Caco-2 

 
~107 

 
Surface proteins   

 
1.5 h 37°C 

 
Tuomola et al., 
1998 
 

Lactobacillus crispatus HeLa cell line ~107 S-layer proteins 1 h at 37 °C in 5% 
CO2 

Chen et al., 
2007 
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Intestinal epithelial cells that play a principal role in the cross talk between the host and 

luminal content (Velez et al., 2007). In despite of many in vitro studies attempting to 

authenticate the adherence of Lactobacillus strains to epithelial surfaces, only a few in vivo 

(biopsy sample) studies have confirmed this adhesion (Valeur et al., 2004). Lactobacillus 

adhesion sites can be different depend on their target in the intestinal mucosa e.g. mucus 

components, extracellular material, according to their localization in the bacterial surface, e.g. 

surface layer proteins, and/or according to the way they are anchored to the bacteria surface, 

e.g. sortase-dependent proteins (Velez et al., 2007; Mangiapane et al., 2013).  

 

The mechanisms of adhesion of Lactobacillus species to components of the intestinal 

mucosa, including information on the surface molecules mediating this adhesion and their 

corresponding receptors, are still fragmentary (Velez et al., 2007). In addition, and probably 

more essentially, the augmentation of adhesive surface compounds by the physicochemical 

properties of bacteria surfaces is still not clear in many cases, and perhaps depends on the 

type of compounds present, their structure and conformation. These characteristic are likely 

influenced by the physiological state of the cells (Deepika and Charalampopoulos, 2010). 

 

The ability of Lactobacillus species to adhere to the GIT has been suggested to 

influence their interaction with host cells, by affecting the local microbial composition and by 

stimulating the immune system (Candela et al., 2008; Qin et al., 2009; Vintiñi and Medina, 

2014). The adhesive abilities of Lactobacillus have been linked with their surface properties, 

which in turn are influenced by the composition, structure and organization of the cell wall. 

This includes the nature of the structural components of the cell surface, including 

lipoteichoic acids, polysaccharides, and cell surface proteins, all of which contribute to the 

net physicochemical properties of the bacteria surface, such as electrostatic charge and 
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hydrophobicity (Schar-Zammaretti and Ubbink, 2003). In addition, using a variety of model 

systems, such as epithelium cells, mucus components, and extracellular matrices, these 

surface components have been used to study adhesion capacity of Lactobacillus cells 

(Granato et al., 1999; Buck et al., 2005; Velez et al., 2007; van Baarlen et al., 2013).  

 

The functional role of S-layer proteins is not yet clear. Surface S-layers are crystalline 

arrays of proteinaceous subunits present as the outmost layer of the cell wall in several 

species of the genus Lactobacillus, as well as in many other bacteria (Hynönen et al., 2014). 

Despite the high similarity of the amino acid composition of all known S-layer proteins, the 

overall sequence similarity is, however, surprisingly small even between the Lactobacillus S-

layer proteins (Avall-Jaaskelainen and Palva, 2005). Many studies have shown they mediate 

adhesion to host cell surfaces (Zhang et al., 2013; Carasi et al., 2014) . The S-layer of diverse 

strains of Lb. acidophilus has been proposed to mediate adhesion to porcine epithelial cells 

(Kos et al., 2003; Zhang et al., 2013) and mouse epithelial cells of other animals (Schneitz et 

al., 1993; Frece et al., 2005). The S-layer of Lb. brevis ATCC strain has been shown to be 

accountable for the interaction with extracellular matrix components, such as fibronectin, 

laminin, and collagen (de Leeuw et al., 2006). Furthermore, the S-layer protein CbsA of Lb. 

crispatus JCM 5810 has been shown to mediate adhesion to laminin and collagen ( Martinez 

et al., 2000; Antikainen et al., 2002).  

 

Sanchez et al. (2008) compared six methods for extracting the surface-associated 

proteins of Lb. rhamnosus GG. Differences were observed both in terms of the total protein 

yield as well as the protein patterns. According to the author, among the methods tested LiCl 

allowed maximum recovery and appeared to be the most suitable extraction method. 

Concerning the cases where molecular methods are used to study the role of S-layer proteins, 
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it has been reported that deletion of the genes encoding the SlpA S-layer protein in Lb. 

acidophilus NCFM was linked to a concomitant decrease in the adhesion of the bacteria cells 

to Caco-2 cells, could have also resulted from the removal of multiple surface-associated 

proteins (Buck et al., 2005). 

  

In addition to the S-layer proteins, non-S-layer surface proteins and non-proteinaceous 

compounds have been associated with the adhesion of lactobacilli to epithelial cells, intestinal 

mucus, or extracellular matrix components (Deepika and Charalampopoulos, 2010; Jensen et 

al., 2014). Most of early studies involved treating the cells with variety of enzymes, 

chemicals, and physical treatment and then testing their adhesion ability. Depending on the 

strain that was studied the main adhesive compounds were probably either proteins or 

carbohydrates, or a combination of the two, and were either surface-associated or 

extracellular (Adlerberth et al., 1996; Tuomola et al., 2000; Lorca et al., 2002; Yadav et al., 

2013; Jensen et al., 2014). 

 

 Studies have used genome sequences to predict the presence of adhesive components, 

which they have then purified and cloned (Azcarate-Peril et al., 2008). Using the information 

from the genome sequence it has been shown that mucus-binding proteins from LAB contain 

several repetitions of a 100-200 amino acid sequence, which has been described as mucin 

binding domains (Mub), that have only been found in LAB, including pediococci, lactococci, 

and lactobacilli (Boekhorst et al., 2006). Rojas et al. (2002) illustrated that an adhesion 

promoting protein with a molecular weight of 29 kDa is engaged in the binding of Lb. 

fermentum 104R to small intestinal mucus from piglets and to partially purified gastric 

mucin. A similar sized protein of 29 kDa was found to mediate adhesion of Lb. reuteri JCM 

1081 cells to HT-29 cells (Wang et al., 2008), whereas a high molecular mass surface protein 
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mucus binding protein Mub, 358 kDa from Lb. reuteri 1063, was associated in the interaction 

between bacterial cells and mucus (Roos and Jonsson, 2002). Adhesion surface proteins have 

also been identified in strains of Lb. crispatus (Antikainen et al., 2002), Lb. salivarius (van 

Pijkeren et al., 2006), and Lb. plantarum (Izquierdo et al., 2009).  

 

Although studied to a much lesser extent than proteins, other surface-associated 

components, such as lipoteichoic acid, have been proposed to play a role in the adhesion of 

lactobacilli to the intestinal mucosa (Chauviere et al., 1992; Greene and Klaenhammer, 

1994). In particular, lipoteichoic acid has been shown to act as an adhesion factor for Lb. 

johnsonii to Caco-2 cells (Granato et al., 1999) and Lb. reuteri (Walter et al., 2007).   

 

1.2.3 The Genus Lactobacillus 

Lactobacilli are nutritionally fastidious, and are associated with a large variety of plants 

and animals, a factor that has presumably contributed to their diversity, by adaptive radiation. 

Lactobacilli are used extensively for fermentation of plant material, dairy products and meat 

(Giraffa et al., 2010) In addition, some species have potential for production of raw 

ingredients for industrial processes, such as propanediol production for the textile industry 

(Nakamura and Whited, 2003). Lactobacilli are part of the normal human GIT microbiota and 

they may also be found in the GIT tracts of other mammalian species (McCartney and 

Gibson, 2013; Etzold et al., 2014; Rajilić‐Stojanović and Vos, 2014). This has added further 

incentive to detailed microbiological, biochemical and genomic studies of lactobacilli 

(Ravcheev et al., 2013). Taxonomic analysis has already led to a recognition of the unusual 

diversity of the genus Lactobacillus (Canchaya et al., 2006).  
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The first essential step in many food fermentation is the catabolism of carbohydrates by 

the lactic acid bacteria. Lactobacillus as one of lactic acid bacteria group exhibit as enormous 

capacity to degrade different carbohydrate and related compounds. 

There has been considerable research undertaken on lactobacilli as probiotics both in 

context of gut health and control of human infections, including vaginosis (Antonio et al., 

2005; Hemmerling et al., 2005; Hemmerling et al., 2010).  However, the focus of the 

research in this thesis is on Lb. casei and the literature review is limited to this and related 

species that occur in food systems and may impact on gut health. 

 

1.2.4 Lactobacillus Species in Dairy and Fermented Food Products 

Lactobacillus species exhibit a great diversity in their metabolism properties as a part of 

a number of fermented food products. Lactobacilli are added as deliberate starter or take part 

in the fermentation as natural contamination of the starting substrates. Various species of 

lactobacilli are used in industry as starter in dairy products and fermented food (Wang et al., 

2014), fermented milk (Zagato et al., 2014), fermented vegetable and fruit juices (Filannino 

et al., 2014) fermented meat (Rubio et al., 2014) and in Cheese (Xu and Kong, 2013).  

 

Two main groups of LAB are potentially important and associated cheese-ripening 

events. The first group, which has been the most studied, include mesophilic (Lactococcus 

lactis subsp. cremoris and Lc. lactis subsp. lactis) and thermophilic (Streptococcus 

thermophilus and Lb. helveticus) starters. For many cheese types (e.g. Cheddar, Colby), these 

starters are the only microorganisms deliberately added to the cheese milk and usually the 

viable starter densities in cheese one day after manufacture (~108 - ~109 cfu/ g cheese) are at 

least 4-5 log cycles higher than other lactic acid bacteria present in the cheese. Therefore, 

starters not only contribute significantly to acid production but will also make the only 
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significant contribution to the biomass of LAB in the young curd. This relatively high starter 

biomass represents considerable biocatalytic potential for cheese ripening reactions, a 

potential that could be modulated through autolysis of the starter cells. The second groups of 

LAB, the adventitious non-starter lactic acid bacteria (NSLAB), are present at low cell 

densities (~102 cfu/g, cheese) in good quality curd at one day. However, during ripping the 

NSLAB proliferate and reach and maintain densities of (~107 CFU/g ripening, the NSLAB 

proliferate and reach and cheese for extended periods of time (McSweeney et al., 1994). 

  

The NSLAB normally consist of various species of mesophilic lactobacilli and 

pediococci. The lactobacilli include both homofermentative species (Lb. casei and Lb. 

plantarum) and heterofermentative species (Lb. fermentii and Lb. brevis) (Martley and Crow, 

1993). 

 

Lactobacilli showed a potential for use as alternative preservation in specific food 

application. The property of lactobacilli which has become more appreciated is the ability to 

produce bacteriocins, which provides the producing organism with a selective advantage in a 

complex microbial niche. Incorporation of Lactobacillus as starters or the inclusion of a 

purified or semi-purified bacteriocin as an ingredient in food products for preventing 

pathogen bacteria has been proposed  (Coman et al., 2014).  

 

1.2.5 Molecular Characterization of Lactobacillus species 

The genus is quite diverse and consists of a number of different species with little 

commonality and shows large phenotypic, biochemical and physiological variability that can 

be used as a basis for their differentiation. During the last few years, nomenclature of the 

Lactobacillus genus has evolved and contains to date more than 171 species (Coeuret et al., 
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2003). Lactobacillus common taxonomical features are restricted to their rod shape and 

ability to produce lactic acid either as an exclusive or at least a major end product. Bacteria 

differentiation and classification was based on classical phenotypic tests using physiological 

characteristic such as morphology under light microscope, respiratory type, motility, growth 

temperature, biochemical characteristics such as homo- or hetero-fermentation and 

carbohydrate fermentation.    

 

The typing of lactobacilli has generally been conducted by cell and colony morphology 

and biochemical tests. These techniques type bacteria based on their ability to ferment sugars 

and produce acids such as lactic acid and acetic acid (Gasser, 1970). Many studies emphasize 

that the classification of lactobacilli is unsatisfactory and does not reflect the real 

phylogenetic relatedness of different strains and species (Collins et al., 1991; Millsap et al., 

1997). Several new genetic and chemotaxonomic approaches have been used during the last 

14 years with an aim of improving the classification and identification of lactobacilli: for 

example, analysis of plasmid content (Xi et al., 2013), sodium dodecyl sulfate-

polyacrylamide gel electrophoresis patterns of whole-cell protein and sequencing of rRNA 

(Grosu-Tudor et al., 2013). All of these approaches have improved the taxonomic knowledge 

of the generic and suprageneric relationships of lactobacilli.   

 

1.3 Lactobacillus and Health Aspects: Rationale and Mechanisms of Action 

Several lactobacilli have been recognized as probiotics due to their wide range of health 

promoting effects in humans. However, little is known about the molecular mechanisms 

underpinning their probiotic functions. Some strains are able to degrade carbohydrates such 

as lactose that may cause abdominal pain. In addition, it was shown that some lactobacilli 

strains can improve mineral absorption in Caco-2 cells (Gilman and Cashman, 2006). 
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Lactobacilli can also contribute to improve the nutritional status of the host by producing 

different group of vitamins (Fukushima et al., 2007). More recently, the role of lactobacilli in 

energy homeostasis, particularly in obese patients, is the object of increased research interest 

(Turpin et al., 2010). Lactobacilli are also involved in the prevention of diseases. The ability 

of some strains to bind to intestinal cells, their pathogen-associated molecular patterns and 

the metabolites they produce confer interesting immunomodulatory effects. Finally, 

pathogenic fungi, virus or bacteria can be inhibited by some of lactobacilli species. 

 

Cell walls are an important structural component of prokaryotic organisms and essential 

for many aspects of their life. Particularly, the diverse structures of the outermost boundary 

layers strongly reflect adaptations of organisms to specific ecological and environmental 

conditions (Beveridge and Graham, 1991). Over the past two decades of research, it has 

become superficial that one of the most common surface structures on archaea and bacteria 

are monomolecular crystalline arrays of proteinaceous subunits termed surface layers or S-

layers (Sleytr, 1978, Sleytr et al., 1993).  
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1.3.1 Cell wall and Surface properties of Lactobacillus  

 The surface properties of Lactobacillus are of significant technological importance as 

they determine the interaction of the bacterial cells with the host, and therefore influence their 

location in the gut and their functionality. Studying the surface of the bacteria is critical for 

understanding the adhesion process better. The cell wall of Gram-positive bacteria, including 

Lactobacillus, is a rigid structure outside the plasma membrane that protects them from 

osmotic lysis and toxic substances. It consists of peptidoglycan, which is abundantly 

decorated with a variety of compounds, including teichoic and lipoteichoic acids, proteins, 

and polysaccharides (Schär-Zammaretti and Ubbink, 2003).  

 

The surface-associated proteins can be divided into those that are associated with the 

membrane/cell wall, either through covalent or non-covalent interactions. The first category 

includes proteins that are bound to the cytoplasmic membrane by hydrophobic 

transmembrane domain(s), lipoproteins which are bound to the cytoplasmic membrane, and 

proteins that possess a C-terminal covalent LPXTG motif and which are bound to the 

peptidoglycan network by sortases. The second category includes proteins that are attached to 

the cell surface by non-covalent associations, by recognizing some cell-wall-binding domains 

(Desvaux et al., 2006, Sánchez et al., 2008).  

 

The S-layer is a unique class of non-covalently attached proteins that form a structured 

layer on the surface of many bacteria and Archaea. The bacterial S-layer is a monomolecular 

crystalline array composed of protein or glycoprotein subunits and has a size between 40 and 

200 kDa. In lactobacilli, the S-layer forms a two-dimensional structure over approximately 

the whole cell surface (Schaer-Zammaretti and Ubbink, 2003). The S-layer proteins in 
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lactobacilli are usually their molecular weights range between 25 and 71 kDa, depending on 

the strain (Åvall‐Jääskeläinen and Palva, 2005).  

 

The S-layer proteins from Lb. brevis and Lb. buchneri are reported to bind to the 

polysaccharide of the cell wall (Masuda and Kawata, 1981), but the location of the proteins is 

unknown. In contrast, the cell wall binding protein of  domain of Lb. acidophilus ATCC 4356 

SlpA and Lb. crispatus JCM 5810 CbsA has been determined to reside the C-terminal one 

third of these proteins (Smit et al., 2001, Antikainen et al., 2002). The literature also shown 

that not all Lactobacillus species has the S-layer proteins and that include Lb. casei, while 

lacking known Slp genes, LiCl extracts of Lb. casei strains have been shown to contain 

proteins that may be surface located (Boot et al. 1996; Zhang et al. 2009; Hynonen and Palva 

2013). 

 

1.3.2 Competition between Probiotic and Pathogen on Adhesion Receptors  

The epithelial cells of the intestinal lining are covered by a protective layer of mucus, 

consisting of glycolipids and a complex mixture of large and highly glycosylated proteins 

called or mucins as the main components (Deplancke and Gaskins, 2001). Mucin expression 

and composition are dynamic, balanced between production by goblet cells and degradation 

by (e.g. human and/ or bacteria origin) and physical erosion in the gut due to transit functions 

(Deplancke and Gaskins, 2001). Bacteria adhering to mucus might therefore have a short 

residence time. In this way, the mucus layer has the potential function of protecting the host 

against undesirable bacterial colonization (Ouwehand et al., 2001; Servin, 2004). 
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1.3.3 Probiotics and the Immune system 

The interrelationship between microbiota and host organism can be either symbiotic or 

commensal (Backhed et al., 2005; Chu and Mazmanian, 2013). The microbiota, as mentioned 

in section 1.2.1, is essential in facilitating the absorption of nutrition and preventing the 

colonization by pathogenic bacteria entering the human body. Consequently, it is essential 

that the immune system recognises components of the microbiota as such and establishes a 

state of tolerance towards them. Specific strains of probiotics can influence many 

mechanisms in the intestinal lamina propria (Palomar et al., 2014). 

 

However, research evidence shows that one should not consider members of the GIT 

microbiota as simply independent residents of the host, but relatively important contributors 

in defining the gut ecosystem (Kelly and Conway, 2001). Previous research has implicated 

non-pathogenic bacteria as factors regulating mucosal inflammation (Kelly and Conway, 

2001) and host defence (Gilmore and Ferretti, 2003). Enteric bacteria have also been 

established to supply energy substrates to epithelial cells, such as short-chain fatty acids 

produced through bacterial fermentation. Indeed, an essential partnership has evolved 

between gastrointestinal epithelium cells, immune cells, and resident bacteria from which the 

normal function and activity of each is dependent on the other two components (McCracken 

and Lorenz, 2001).  

 

 

 

1.4 Lactobacillus and Stress Responses  

A research topic of interest has involved the study of the adaptation mechanisms of 

Lactobacillus species to stressful environmental conditions (De Angelis and Gobbetti, 2004a; 
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Golod et al., 2009; Hamon et al., 2014). This interest is promoted by the commercial demand 

for fermented products containing viable Lactobacillus and other probiotic cultures. The 

desire is to maximise viability, allowing for product shelf life as well as efficacy in terms of 

providing probiotic benefits. 

 

Lactobacillus cultures, generally of human origin, are usually grown to high densities in 

artificial media, then dried and added to a food matrix and stored, before being subsequently 

ingested and exposed to gastric acid and the human intestinal environment. As such, probiotic 

strains in this cycle may experience a wide variety of differing stress including heat, cold, 

oxidation, osmotic, acid or bile and starvation stress. Like all other living organisms, 

lactobacilli have evolved defence systems to cope with environmental stress. Understanding 

the detailed molecular mechanisms underlying these systems and how they can be exploited 

to allow optimization of the production of probiotic cultures that maintain high levels of 

viability through to the target site in the intestine is of research and commercial importance.  

Fermented dairy products, most notably fermented milk drinks and yogurts are the most 

commonly used food systems for delivery of probiotics to the consumer. Recent years, a 

number of studies have investigated the potential of probiotic dairy food developments in 

such diverse food systems as Cheddar cheese (Hamon et al., 2014), cereal bars (Ouwehand et 

al., 2001), spray-dried dairy powders (Jantzen et al., 2013), table olives (Lavermicocca et al., 

2005) and fermented sausages (Jantzen et al., 2013). In this respect, a convenient means of 

introduction of probiotic culture during product manufacture is in a dried powder form. In 

general, it is considered desirable that probiotic for human use should be of human intestinal 

origin (Dunne et al., 2001). As such, these bacteria usually reside in relatively stress-free,  

nutrient-rich, anaerobic environment of natural pH (Vaughan et al., 2005). However, when 

such intestinal bacteria are selected for probiotic use in food, they are typically exposed to a 
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verity of stressful conditions. These include temperatures extremes, for example during 

freeze drying or spry drying, and acid exposure, as occurs during storage in probiotic 

fermented food products, and while in stomach following ingestion. It is thus important to 

know not only which conditions are favorable or unfavorable for the life of Lactobacillus but 

what mechanisms permit their survival and metabolic activities under stress conditions. The 

field of environmental stress responses of Lactobacillus spp. has been steadily increasing in 

recent years. 

 

Understanding stress responses in Lactobacillus spp. may permit: (a) tools to be 

developed for showing tolerant or sensitive strains; (b) their increased use in food processes 

and for medical applications through the optimization of growth, acidification, proteolysis, 

bacteriophage resistance, bacteriocin synthesis and probiotic effects, (c) their improved 

growth and/or survival by suitable methods or by use of genetic engineering to build new 

food-grade starters; and (d) the fitness and level of adaptation of culture  (De Angelis and 

Gobbetti, 2004a). Environmental stress responses in Lactobacillus, which have been 

investigated mainly by proteomics approaches, are reviewed here. 

  

1.4.1 Oxidative Stress 

Lactobacilli bacteria can be affected by oxidative stress at a range of stages in their 

production, including fermentation, drying, and storage (Corcoran et al., 2008; Mills et al., 

2011). Moreover, they may be exposed to steep gradients of oxygen in the GIT, particularly 

at the mucosal surface (Cummings and Macfarlane, 1991). Oxygen alone is incapable of 

damaging the cell, however, partial reduction to water results in reactive oxygen species, such 

as the superoxide anion radical (O2-), the hydroxyl radical (OH˙) and hydrogen peroxide 
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(H2O2), which can affect probiotic activity and viability. Radicals can react with and damage 

proteins, lipids and DNA oxidatively (Corcoran et al., 2008). 

  

Lactobacilli are fermentative, anaerobic microorganisms which do not use a proton 

translocation electron transport chain but possess oxidases which utilize O2 to oxidize 

substrates such as pyruvate (Sedewitz et al., 1984) or NADH. The NADH oxidase/NADH 

peroxidise system is an alternative way to regenerate NAD+, along with the conversion of 

pyruvate to lactate or ethanol. Pyruvate is then available for conversion to acetate, yielding an 

extra mole of ATP (Sedewitz et al., 1984). Lb. delbrueckii subsp. bulgaricus can reduce O2 to 

H2O2 with a NADH-dependent oxidase to eliminate or lower the level of O2. The same was 

found for Lb. plantarum ATCC 8014 through the oxidation of NADH, D/L-lactate or 

pyruvate. Three moles of NADH were consumed per mole of O2, indicating that O2 was 

reduced to H2O via H2O2, by a NADH-dependant oxidase and a NADH-dependant 

peroxidase. Pyruvate oxidation with O2 leads to the formation of H2O2, while lactate 

oxidation produces H2O (Sedewitz et al., 1984).  

 

1.4.2 Osmotic Stress 

Bacteria may suffer exposure to conditions of osmotic stress that causes excessive 

passage of water out of the cell leading to death (Munns et al., 1983). In order to retain turgor 

during osmotic up shift to a level that supports viability, cells needs to adjust their 

intracellular osmolyte concentrations. The principle cause of osmotic stress in lactobacilli is 

salt such as NaCl or KCl, since cells are unable to accumulate K+ or Na+ in sufficiently high 

concentrations to maintain turgor (Glaasker et al., 1998).  Lactobacillus synthesizes 

extremely low levels of compatible solutes, if at all, so that transport is a necessary part of 

taking up these solutes to enhance osmotic tolerance (Poolman and Glaasker, 1998). 
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Transport systems are ATP-binding cassettes (ABC) such as OpuA or BusA, or ion motive-

force driven transporters (BetP, ProP). During osmotic stress mechano-sensitive channels are 

activated (van der Heide and Poolman, 2000). The transporter possibly responsible for 

glycine betaine accumulation in Lb. plantarum is QacT, an ATP-dependent uptake complex, 

with high affinity for glycine betaine and carnitine and low affinity for proline (Glaasker et 

al., 1998).  

 

Two-dimensional gel electrophoresis analysis of the osmotic response of Lb. rhamnosus 

HN001 showed that increased expression of GroEL (3-fold) and DnaK occurred following 

osmotic stress (Prasad et al., 2003). Transcriptional analysis revealed that exposure of Lb. 

helveticus to NaCl (4% w/v) increased HtrA expression 8-fold, although this concentration of 

NaCl did not affect the growth rate of htrA mutants (Smeds et al., 1998). Wu et al. (2013) 

compared the growth and protein expression patterns of Lb. casei Zhang with and without 

bile salts. Analysis of the differentially expressed proteins showed that several pathways are 

involved with a complex physiological response under bile salts stress, particularly including 

protein synthesis and folding (EF-Tu, DnaK and GroEL), modifications to the cell envelope 

and nucleic acid (NagA, GalU, and PyrD), and key components of central metabolism (PFK, 

PGM, CysK, LuxS, PepC). 

 

1.4.3 Heat and Cold Stress 

The ability to adapt rapidly to changes in their environment is essential for the survival 

of all microorganisms. Temperature is a critical environmental factor, and different 

organisms have different capacities to respond to temperature change. The heat shock 

response is the adaptive response to a rapid change in temperature. This adaptive response 
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leads to the transiently improved expression of a subset of genes, the so-called heat shock 

genes, which encode heat shock proteins (Hsps) (Desmond et al., 2004; Rul et al., 2013). 

  

Heat stress affects a number of processes crucial to microbial activity and growth. The 

principle target of heat is the bacterial membrane, where fatty acids are prone to heat damage 

and subsequent aggregation of proteins and damage to ribosomes and RNA also occurs 

(Teixeira et al., 1997). Generally lactobacilli are sensitive to temperatures above 50 ºC, 

although the thermal tolerance appears to be strain and species specific (Gardiner et al., 

2000). Like other prokaryotes, lactobacilli utilise the well-known heat shock chaperones 

GroES, GroEL and DnaK (Desmond et al., 2004; Prasad et al., 2003; Liu et al., 2014). N-

terminal sequencing of over-expressed proteins in heat shocked Lb. plantarum cultures (42oC 

for 1 h) showed up-regulation of DnaK, GroEL, histone-like DNA-binding protein HlbA 

(HU-beta), and cold shock protein CspC (De Angelis et al., 2004b). 

 

Considering their optimal growth temperatures, lactobacilli are mesophilic or 

psychrotolerant. During industrial processes, like frozen storage of starter cultures, low 

temperature fermentation during cheese ripening and refrigerated storage of fermented 

products. Lactobacilli play an important role in the food industry because of their extensive 

application as starter culture in many fermentation processes. Moreover, lactobacilli also 

exposed to cold stress during low temperature fermentation and storage of fermented 

products prior consumption. Cold alters (a) the DNA supercoiling and (b) the stability of at 

least few mRNA which encode proteins involved in the cold shock response (Champomier-

Verges et al., 2002). It was reported that the cytoplasmic membrane, the nucleic acids and the 

ribosome are implicated in sensing the temperature in bacteria (Champomier-Verges et al., 

2002).  
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It was shown that cold pre-treatment can improve LAB (Champomier-Verges et al., 

2002) survival to freezing/thaw cycles. Using a proteomic approach, the rapid induction of 

specific sets of protein upon cold shock was observed in a variety of bacteria. Among 

lactobacilli, cold shock responses of Lb. lactis and Lb. plantarum have been studied at the 

genetic level. Two dimensional gel-based electrophoresis was used to study Lb. lactis in this 

respect and revealed 22 and 24 proteins called cold induced proteins (Wouters et al., 2000), 

which included proteins with roles in protein translation, sugar metabolism, chromosome 

partitioning and signal transduction. 

  

Beaufils et al. (2006) compared the cold shock response of several carbon catabolite 

repression mutants of Lb. casei to that of the wild-type strain. Following a shift from 37 °C to 

lower temperatures (20, 15 or 10 °C), all mutants showed significantly reduced growth rates. 

Moreover, glucose-grown mutants unable to form phosphotransferase system proteins Hpr 

(phosphocarrier) and the associated protein serine kinase HprK exhibited drastically 

increased sensitivity to freeze/thaw cycles. However, when the same mutants were grown on 

ribose or maltose, resistance to freezing and thawing was similar to the wild-type strain. 

These results suggested a direct interaction of HPr, or one of its phospho-derivatives, with 

CspA and/or another undetected cold shock protein in Lb. casei. 

 

1.4.4 Acid stress 

Acid resistance is accepted as one of the most important properties for selecting 

potentially probiotic strains of bacteria. This owes to them being confronted with acidic 

environments, including in fermented dairy products and in the stomach during 

gastrointestinal transit. This is important for delivery of probiotic strains since a large 

ingestion of viable bacteria is necessary  in order to achieve colonisation of the lower parts of 
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the intestine and to function probiotically (Cotter and Hill, 2003; Hamon et al., 2014). The 

growth of lactobacilli is distinguished by the generation of acidic end products of 

fermentation, which accumulate in the extracellular environment. The pronounced organic 

acid production of these bacteria creates an environment unfavourable for many other 

organisms (Anyogu et al., 2014). This characteristic is the basis of numerous methods of food 

preservation by fermentation. These bacteria can also encounter an acidic environment in the 

stomach after consumption and the development of probiotics renewed the interest for 

lactobacilli survival in the digestive tract. The carcinogenicity of oral lactobacilli is directly 

related to their acidogenicity (ability to produce acid at low pH) and aciduricity (capacity to 

function at low pH) (Harper and Loesche, 1984).  

 

A number of mechanisms regulate the homeostasis of interior pH (pH). The proton-

translocating ATPase is the most important for fermentative bacteria (Carlsson, 1997). This 

enzyme was characterized from Lb. casei and its activity was found to be optimal at pH 

values (5.0–5.5) (Bender and Marquis, 1987; Wu et al., 2013). In general proton permeability 

of the plasma membrane also contributes to the regulation of the pHi. Minimal membrane 

permeability of Lb. casei and Lb. plantarum was recorded at pH 4.0 (Bender and Marquis, 

1987). One of the more important systems is F0F1-ATPase. F0F1-ATP is a multi-subunit 

enzyme, comprising a catalytic portion (F1) incorporating the (β, α, δ, γ and ε) subunits for 

ATP hydrolysis and as an integral membrane protein (F0), including the (a, b, and c) subunits. 

The latter subunits function as membranous channel for proton translocation (Sebald et al., 

1982). The function of F0F1-ATPase is two-fold in bacteria, firstly as mechanism for 

synthesising ATP and secondly as a means of proton extrusion, so that F0F1-ATPase is 

crucial for maintaining pH homeostasis at low pH in Lactobacillus (Bang et al., 2014). 

Indeed, F0F1ATpase of lactobacilli appears to function at lower pH value than other LAB. For 
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example, it has been demonstrated that the F0F1-ATPase of Streptococcus thermophilus had 

optimal activity at higher pH values compared with that of Lb. casei (Nannen and Hutkins, 

1991). In addition to F0F1-ATPase, cation transport ATPase such as K+ ATPase can 

contribute to pH homeostasis. This complex exchanged K+ for intercellular H+ and converted 

the transmembrane pH gradient (Kashket, 1987). The F0F1-ATPase is a well-known 

mechanism by which LAB are protected against acidic conditions (Corcoran et al., 2005). 

 

1.4.5 Starvation stress  

Survival of lactobacilli during starvation depends on their ability to utilise other energy 

sources. Starvation conditions were described as leading to the decreased ability of organisms 

to synthesize ATP, and accumulate nutrients necessary to maintain viability over time (see 

Nezhad et al., 2013). Response to three types of limiting conditions has largely been studied 

in bacteria: carbohydrate starvation (Hussain et al., 2009); phosphate starvation, which is 

detrimental for the energy supply and DNA/ RNA synthesis; and nitrogen starvation which 

results primarily in the limitation to protein synthesis (De Angelis and Gobbetti, 2004b). The 

adaptive response during the exponential phase of growth differs from that used in the 

stationary phase (Revilla‐Guarinos et al., 2014). The adaptive response during growth usually 

involves the induction of specific groups of genes or regulons to cope with a specific stress 

condition, while the stress response during the stationary phase is mediated by numerous 

regulons which cope with many stress conditions. Adaptation during the stationary phase 

does not require exposure to stress to develop the response.  

The maintenance of an active metabolic state is common for LAB survival during 

stationary phase. Catabolism of amino acids plays an important role in the survival of Lb. 

sakei during the stationary phase (Verges et al., 1999). Examination of the protein profile 

showed that starvation induced the synthesis of 16 proteins in Lb. acidophilus. Seven of them 
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were specifically induced by the stationary phase itself while the synthesis of the others was 

attributed to the low pH (Lorca et al., 2001). In response to starvation and nutritional stress, 

Lb. casei has been shown to rapidly and transiently express a characteristic set of proteins 

that aid survival and protect the cells from fatal damage (Hussain et al., 2009). Most of the 

proteins were involved in glycolytic pathways, centring around pyruvate metabolism.  

However, the studies on Lb. casei nutritional stress were not comprehensive as these were 

limited by the technical limitations of the number of proteins separated by 2D-gel 

electrophoresis. 

 

1.5 Thesis Objectives 

The aim of this thesis is to provide a comprehensive understanding of the growth and 

cellular responses of Lb. casei subjected to conditions relevant to starvation and growth at 

low pH, conditions encountered in various fermented foods. Understanding the influence of 

these factors on the growth, survival and functionality of the Lb. casei will assist efforts to 

maintain viability of Lb. casei and extend its utility as a beneficial dietary adjunct and 

fermentation processing aid. The following objectives are presented as the goals of this 

thesis: 

1. To observe the growth of Lb. casei GCRL163 under different levels of lactose in the 

presence and absence of Tween 80 and evaluate the physiological responses utilising 

proteomic and metabolomic approaches. Lb. casei GCRL is cheese isolate and was studied 

initially by Hussain et al. (2009) in context of discovering what carbon sources can be 

utilized when the principal carbon source, lactose, is depleted in media given that cheese is 

well known to lack free carbohydrate after the initial period of cheese manufacture.  This 

prior work used proteomics to analyse physiological responses to nutritional stress and there 

was some evidence that Tween 80 or other C sources present in MRS were being degraded.  
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The present work was undertaken to explore the nutritional stress responses and survival 

using more advanced proteomic approaches in a MRS-based medium.  

2. To determine whether Tween 80 could be used as a sole carbon and energy source by Lb. 

casei GCRL163, given that it was suspected from prior work that Tween 80 is utilized as 

a carbon source during starvation.  

3. To observe the growth of Lb. casei at low pH and evaluate physiological adaptations 

using proteomics, using strains from different environmental sources. 

4. The study was conducted to understand the impact of growth at low pH at different 

growth phases under conditions simulating the pH of fermented food. Two Lb. casei strains 

were used, GCRL163, a cheese isolate, and MJA12, a fermented milk isolate.   

5. To examine whether growth under acidic conditions had any impact on the adhesion 

of Lb. casei strain GCRL163 and a presumptive probiotic strain isolated from Yakult 

(MJA12) followed up by analysis of cell envelope proteins using the LiCl extraction method. 

Prior research  (Nezhad et al., 2012) indicated that surface proteins altered when a strain of 

Lb. casei was grown at low pH but there was not information on strain variation or impact on 

adhesion properties had been published.  Given that there is evidence that surface proteins are 

involved in adhesion and probiotic properties of lactobacilli, this proposed line of research 

would determine whether environmental conditions influenced adhesion in particular.   
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CHAPTER TWO 

Impact of lactose starvation on the physiology of Lactobacillus casei 

GCRL163 in the presence or absence of Tween 80 

 

Abstract  

 The global proteomic response of the non-starter lactic acid bacteria Lactobacillus 

casei strain GCRL163 under carbohydrate depletion was investigated to understand aspects 

of its survival following cessation of fermentation. The proteome of Lb. casei GCRL163 was 

analysed quantitatively after growth in modified MRS (with and without Tween 80) with 

different levels of lactose (0% lactose, starvation; 0.2% lactose, growth limiting; 1% lactose, 

non-growth limited control) using gel free proteomics. Results revealed carbohydrate 

starvation lead to suppression of lactose and galactose catabolic pathways, as well as 

pathways for nucleotide and protein synthesis. Enzymes of the glycolysis/gluconeogenesis 

pathway, amino acid synthesis, pyruvate and citrate metabolism become more abundant as 

well as other carbohydrate catabolic pathways, suggesting increased optimisation of 

intermediary metabolism and scavenging. Tween 80 did not affect growth yield, however 

proteins related to fatty acid biosynthesis were repressed in the presence of Tween 80. The 

data suggests that Lb. casei adeptly switches to a scavenging mode, using both citrate and 

Tween 80, and efficiently adjusts energetic requirements when carbohydrate starved and thus 

can sustain survival for weeks to months. Explaining the adaptation of Lb. casei during 

lactose starvation will assist efforts to maintain viability of Lb. casei and extend its utility as a 

beneficial dietary adjunct and fermentation processing aid. 

 

Keywords: Lactobacillus casei, Proteomics, Starvation, Tween 80, Lactic acid bacteria.  
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Introduction 

Foods that are commonly used to deliver probiotic microorganisms to consumers 

include fermented dairy products (particularly fermented milk), yoghurts, and cheese. A 

number of studies have investigated the potential of Cheddar cheese as a probiotic delivery 

system because this product is a naturally rich source of probiotic bacterial genera and 

species (Gardiner et al., 1999; Cai et al., 2009; Minervini et al., 2012). Cheese-associated 

bacteria have been divided into two broad groups:  Starter Lactic Acid Bacteria (SLAB) and 

secondary microorganisms (Jardin et al., 2012). SLAB are involved in acid production during 

manufacture and contribute to the curding and early ripening processes (Jardin et al., 2012). 

Secondary microorganisms do not contribute substantially to acid production; instead they 

contribute to cheese ripening and flavour production (Olson et al., 1990). Lactic acid bacteria 

are highly represented in this group, and are commonly referred to as Non-Starter Lactic Acid 

Bacteria (NSLAB). Lactobacillus casei is a dominant NSLAB in cheese, growing internally 

in most cheese varieties (Beresford 2001 et al., Steele et al., 2006; Hou et al., 2012). 

 

The genus Lactobacillus comprises Gram-positive, non-spore forming aero-tolerant 

anaerobic bacteria (Claesson et al., 2007). Lactobacillus spp. are generally regarded as safe 

due to their long association with fermented foods and their natural presence in the small and 

large intestine (Tuohy et al., 2003) and through transient adaptation to the mammalian host 

can provide health benefits. These probiotic-related interactions are strain specific (Sanders et 

al., 2010) and consequently research investigating strain specific probiotic factors, as well as 

the use of Lactobacillus spp. in food products, particularly cheese, has increased. 

 

Environmental stresses such as osmotic pressure, cold, heat, oxidative, pH and 

starvation can limit the growth of NSLAB during cheese ripening and in other manufacturing 
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processes. Among these stresses, nutrient starvation, in particular of fermentable substrates is 

reportedly the most important limitation to growth (Tsakalidou et al., 2011).  

 

It is reported that cheese is deficient in lactose (Ur et al., 2004). Lactobacilli, when 

faced with carbohydrate limitation, modulate several genetic regulons that are associated with 

different stress responses (Hussain et al., 2009). Bacteria adapt to nutrition limitation by 

assuming a physiological state that is characterized by the down-regulation of nucleic acid 

and protein synthesis and simultaneous up-regulation of protein degradation and amino acid 

synthesis (Chatterji et al., 2001; Hussain et al., 2009). 

 

The physiological effect of lactose starvation and subsequent adaptations on the 

NSLAB was originally conducted by Hussain et al., (2009) and colleagues using a proteomic 

approach on Lb. casei GCRL163, originally is Cheddar Cheese isolate which reported by 

Chandry et al. (1998). Their data were based on 2-dimensional gel-based analyses, which 

have limits in its capacity to adequately quantify protein abundance and comprehensively 

examine a proteome (Chatterji et al., 2001). Examination of metabolites produced during and 

after growth in a semi-defined medium suggested lipid degradation occurred as a 

consequence of starvation, which may have arisen from utilization of endogenous lipids 

through scavenging or from degradation of Tween 80.  Tween 80 is usually added to media to 

optimize the growth of lactobacilli, however it is not required for the growth of Lb. casei (Oh 

et al., 1995). In the present study, the effect of different levels of lactose on the growth and 

physiological adaptations of Lb. casei strain GCRL163 to different levels of carbohydrate 

starvation was examined using gel-based and liquid chromatography/mass spectrometric-

based proteomic approaches. The study also focuses on whether Lb. casei GCRL163 has the 

ability to utilize Tween 80 as a carbon source during starvation by breaking down the 
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polyethoxylated sorbitan section of the molecule.  The goal of the research was to understand 

more thoroughly the responses of a typical NSLAB cheese strain to carbohydrate starvation 

as part of the process to develop more effective ways to deliver food-associated probiotic 

microorganisms and to evaluate the metabolic capacity of NSLAB during starvation phases 

of fermented food products.    

 

Material and Methods 

Bacterial strain and growth conditions. Lb. casei strain GCRL163, a Cheddar cheese 

isolate (Chandry et al., 1998) was obtained from the Gilbert Chandler Laboratory (The 

University of Melbourne) strain collection and restored at the University of Tasmania under 

its original name and strain number. The strain was maintained in 40% glycerol in de Man 

Rogosa and Sharpe (MRS; Oxoid, Australia) broth at -80 °C. Appropriate dilutions of culture 

grown for 12 h in MRS broth were plated on MRS agar and incubated anaerobically using the 

Anaerocult A system (Oxoid, Australia) at 37 °C for 48 h. A single colony from the plate was 

resuspended in MRS broth. One individual colony represented one biological replicate. Cells 

were passaged through two sequential subcultures in MRS broth incubated at 37 °C for 12 h 

under anaerobic conditions. Bacterial cells were harvested during late stationary growth 

phase and washed twice with potassium phosphate buffer (PBS, pH 7.0) and sub-cultured in 

modified MRS (mMRS) consisting of 1% (w/v) bacteriological peptone, 0.5% (w/v) yeast 

extract, 0.1% (v/v) Tween 80, 0.5% (w/v) sodium acetate, 0.2% (w/v) tri-ammonium citrate, 

0.025% (w/v) MgSO4.7H2O, 0.005% (w/v) MnSO4.4H2O in 0.35 M potassium phosphate 

buffer at pH 6.2 ± 0.2 also containing either 0, 0.2 or 1% (w/v) lactose. All cultures were 

incubated at 30 °C for 12 h under anaerobic conditions. 
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Starvation experiments. Buffered mMRS with three different lactose concentrations 

(1%, 0.2% and 0% w/v) were inoculated with Lb. casei GCRL163 to give an initial optical 

density (OD) of 0.021 ± 0.002 at 600 nm. The cultures were then incubated at 30 °C for 30 

days under anaerobic conditions as described previously (Hussain et al., 2010). Tween 80 

was included in the medium since it reportedly enhances survival. To test the impact of 

Tween 80 on survival in mMRS broth, media either containing or lacking Tween 80 were 

also used in these experiments (Corcoran et al., 2007). Cell growth was monitored by 

measuring OD, by determining viable counts on MRS agar and also by calculating biomass 

yield as dry weight. 

 

 Cultures were harvested on days 1, 2, 4, 6, 8, 15 and 30 (150 ml each) using 

centrifugation at 5,000 rpm for 10 min at 4 °C and the cell pellets washed 3 times with Tris-

HCl buffer (pH 7.0). The samples were resuspended in Tris-HCl buffer (40 mM, pH 7.0), 

concentrating to a standard cell density (equivalent to an OD600 of 20).To assess optical 

density culture suspensions were diluted and the optical density at 600 nm recalculated to 

eliminate the effect of light scattering. The samples were stored at -80 °C until selected for 

protein extraction. Three biological replicates were tested for each medium, triplicate cultures 

each set up from a single colony. Then samples were withdrawn at each time point for 

proteomic analysis. 

 

For sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), 

analyses were performed on protein extracts for cells harvested after 1, 2, 4, 6 and 8 days 

incubation, to determine which samples would be used for subsequent analysis based on 

evaluating when cultures had entered stationary phase and when further visual changes in 

protein banding patterns thereafter were not evident. Proteomic analysis by nano HPLC and 
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tandem mass spectrometry (nanoLC-MS/MS) was performed on cells harvested during early 

stationary growth phase (day 4 for 1% and 0.2% lactose, day 6 for 0% lactose). 

 

End-product analysis. The key end-products of Lb. casei GCRL163 grown under 

different levels of lactose in the presence and absence of Tween 80 were quantified. Formic 

acid and lactic acid levels in culture supernatants were determined using an Acquity H-series 

UPLC-Xevo triple quadrupole mass spectrometer fitted with a BEH C18 column (2.1 x 

100mm x 1.7 micron particles) (Waters Corp., Milford, Mass., USA). The solvent used for 

formate was 1% (vol/vol) acetic acid for 1 min followed by a linear gradient to 20% 

acetonitrile at 4 min at a flow rate of 0.35 ml/min. For lactate the initial hold with 1% acetic 

acid was 30 s with a gradient to 100% acetontrile at 4 min. The column was held at 45 °C and 

the sample compartment was maintained at 6 °C. The mass spectrometer was operated in 

negative ion electrospray mode with a needle voltage of 2.3 kV, and selected ion monitoring 

was used for formate and selected reaction monitoring for lactate. The ion source temperature 

was 130 °C, the desolvation gas was nitrogen at 950 L/h, the cone gas flow was 50 L/h and 

the desolvation temperature was 450 °C. The ion at m/z 45.0 was monitored for formic acid 

with a cone voltage of 30 V and a dwell time of 120 ms. A simultaneous negative ion full 

scan was acquired from m/z 40 to 300 in 200 ms. For lactate  the transition from m/z 87 to 43 

was monitored with a cone voltage of 22V, a collision energy of 7V and dwell of 50 ms. For 

external standardisation calibration, a 200 µl aliquot of 10 different samples was pooled to 

create a solution for preparation of the matrix matched spiked standard solutions.  

 

Acetic acid, ethanol, caproic acid and octanoic acid levels in culture supernatants 

were determined using a Varian HP-5ms column (30m × 0.25mm × 0.25micron) on a Varian 

3800 GC coupled to a Bruker-300 triple quadrupole mass spectrometer or a Varian 450-GC 
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possessing a flame ionization detector. The flow rate used routinely was 1.2 ml/min, the 

injector temperature was 220°C and 1 µL injections split 10:1 were made.  For acetic acid the 

oven program was 40 °C, held for 2 min followed by a ramp up to 160°C at 25 °C/min. Ions 

from m/z 35 to 200 were scanned every 0.18 s, and SIM ions at m/z 31, 45 and 60 were 

monitored for 40 ms each. Quality control samples (n=6) at the 0.5% level were run after 

every 10 samples, and gave an average of 0.47% with a  standard deviation of 0.0098% 

(2.1% RSD). For ethanol, caproic acid and octanoic acid, the injector temperature was raised 

to 240 °C, and oven program was 45°C for 5 min followed by a ramp up to 160°C at 25 °C 

per minute and one µL injections split 30:1 were made. 

 

SDS-PAGE. Cytosolic proteins were extracted by bead beating 200 µl of the cell 

suspensions using 0.5 g of zircon beads (0.1 mm; Daintree Scintific, TAS, Australia) in a 

bead beater for 6 min. Cellular debris was removed by centrifugation at 14,000 rpm for 30 

min at 4 °C. The protein concentration in extracts was determined using the BCA kit 

(Thermofisher Scientific, USA), using bovine serum albumin as a standard. Equal amounts of 

the sample buffer (1:1) were added to the protein samples and mixed by vortexing for 30 s 

after which they were heated in heat block at 100 ºC for 10 min. The samples were then 

centrifuged to remove any remaining cell debris. Six µg of protein was loaded in each lane of 

the SDS-polyacrylamide gels (resolving gel, 10% and stacking gel, 4%) and run at 100 volts 

for 90 min. Following electrophoresis the gels were visualized by silver staining (Wilson et 

al., 2012). 

 

nanoLC-LTQ-Orbitrap tandem mass spectrometry.  Protein samples were 

analyzed by nanoLC-MS/MS using an LTQ-Orbitrap XL (ThermoFisher Scientific).  Equal 

quantities of each sample (50 µg) were sequentially reduced, alkylated and trypsin-digested 
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as previously described (Kocharunchitt et al., 2012).  Normalization of total spectral counts 

for each biological sample was used to compensate for minor differences in protein 

concentration, variation in trypsin digestion efficiency between samples and peptide loading.  

Aliquots of tryptic peptides equivalent to 50% of the in-solution digests were loaded at 

0.05ml/min onto a C18 capillary trapping column (Peptide CapTrap, Michrom BioResources) 

controlled by an Alliance 2690 Separations Module (Waters).  Peptides were then separated 

on an analytical nanoHPLCcolumn packed with 5 micron C18 media (PicoFrit Column, 15 m 

i.d. pulled tip, 10 cm, New Objective) using a 4-step gradient of 100% buffer A (5% 

acetonitrile in 0.2% formic acid) to 100% buffer B (90% acetonitrile in 0.2% formic acid) 

using the following steps: 0-10% B over 7.5 min; 10-25% B over 50 min; 25-55% B over 20 

min; 55-100% B over 5 min; holding at 100% B for 15 min and re-equilibration in 100% A 

for 15 min.   

 

The LTQ-Orbitrap XL was controlled using Xcalibur 2.0 software (ThermoFisher 

Scientific) and operated in data-dependent acquisition mode where survey scans were 

acquired in the Orbitrap using a resolving power of 60,000 (at 400 m/z).  MS/MS spectra 

were concurrently acquired in the LTQ mass analyzer on the eight most intense ions from the 

FT survey scan.  Charge state filtering, where unassigned and singly-charged precursor ions 

were not selected for fragmentation, and dynamic exclusion (repeat count 1, repeat duration 

30 s, exclusion list size 500) were used.  Fragmentation conditions in the LTQ were: 35% 

normalized collision energy, activation q of 0.25, 30 ms activation time and minimum ion 

selection intensity of 500 counts. 
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Database searching and criteria for protein identification.  Centroid mode spectra 

acquired were converted from .RAW files into .mzXML peak list files using the msConvert 

command (Proteowizard). The extracted MS/MS data were searched against the Lb. casei 

database of 25,421 protein entries downloaded from the National Center for Biotechnology 

Information on 19/7/2011.  Semi-tryptic searches using parent ion and fragment ion mass 

tolerances of 10 ppm and 0.5 Da, respectively, were performed using X!Tandem running in 

the Computational Proteomics Analysis System (CPAS), an open-source bioinformatics 

resource for analyzing large proteomics datasets (Rauch et al., 2006). S-

carboxamidomethylation of cysteine residues was specified as a fixed modification and 

oxidation of methionine was specified as a variable modification.  The Peptide Prophet and 

Protein Prophet algorithms were applied to the X!Tandem search results to assign 

probabilities to peptide and protein matches, respectively.  Peptide-spectrum matches were 

accepted if the peptide was assigned a probability greater than 0.95 as specified by the 

Peptide Prophet algorithm.  Based on the fit of the data to the predicted distributions of 

correct and incorrect matches, only peptide-spectrum matches for charge states +2 and +3 

were accepted.  Protein identifications were accepted if the protein contained two or more 

unique peptide sequences and the protein was assigned a probability > 0.95 by the Protein 

Prophet algorithm.  This threshold will constrain the protein false discovery rate (FDR) to < 

1%.  

  

Statistical analysis of LTQ-Orbitrap mass spectrometry data. The spectral count 

(SpC), a sampling statistic output of Protein Prophet, was used to determine relative protein 

abundance (Saarela et al., 2004). Differences in the expression level of proteins and their 

significance was then determined for soluble fractions. Log2-fold changes in protein 

expression under each treatment condition were calculated based on the average SpC, 
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according to the method described by Old et al. (2005). Significant differences (P-value of 

<0.05) in protein SpC were normalised and tested for significant differences using the beta-

binomial distribution test implemented in R. The total spectral count (TSpC) normalisation 

approach was used as described by Gokce et al. (2011). 

 

Results and Discussion 

Lb. casei GCRL163 was grown at three different levels of lactose with the pH of 

mMRS controlled using potassium phosphate buffer. Bacterial cells were harvested at 

stationary phase (Figure 1). It has been documented previously that the bacteria generate a 

general stress response upon entering into the stationary growth phase and become stress 

cross-protected (Van de Guchte et al., 2002; Cohen et al., 2006). To understand better how 

NSLABs adapt to conditions where they are carbohydrate starved this study examined growth 

in media with and without Tween 80. It has been documented that presence of Tween 80 in 

the media enhances the growth or survival of lactic acid bacteria (Sidhu et al., 1998; Howe et 

al., 1975; Li et al., 2004; Corcoran et al., 2008).  

 

Lb. casei GCRLl63 grows slowly but retains viability during lactose starvation. 

The growth of Lb. casei GCRL163 in  mMRS supplemented with Tween 80 and containing 

no added lactose reached maximum viable count after 2 days (Log CFU 8.02) and then 

viability declined gradually  over the  30-day incubation period (final count Log CFU 7.04), 

while OD remained constant.  This indicated that cells remained intact but recovery of 

culturable cells declined.  Dry weight data was consistent with this (Appendix A Figure1).  

Viability was higher in cultures lacking Tween 80 and lactose.  In contrast, cultures 

containing 0.2% and 1% lactose reached  maximum cell density after 2 days (Log CFU 9.18 

and Log CFU 9.87 for 0.2% and 1%, respectively), however OD and viability declined 
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substantially after 6-8 days of incubation (Figure 1 A, B).  A similar growth pattern was 

observed in the absence of Tween 80 (Figure 1 D, E).  A decline in pH with 1% and 0.2% 

lactose growth due to organic acid production (principally lactate, Figure 2) paralleled the 

changes in OD and cell viability (Figure 1 C, F). Tween 80 did not substantially affect either 

growth yields or survival whether the media was lactose replete or not. 
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Figure 1. Growth of Lactobacillus casei GCRL163 in modified buffered MRS broth. 

Containing 0% (     ), 0.2% (      ) or 1% (     ) lactose and either supplemented with Tween 80 

(A, B, C) or lacking Tween 80 (D, E, F). Growth levels are shown in the form of viable 

counts (A, D) and optical density readings at 600 nm (B, E) while pH change is shown in the 

bottom graphs (C, F).  
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Key end-products of starved Lactobacillus casei GCRL163. The key end-products 

of Lb. casei GCRL163 grown on three different levels of lactose in the presence and absence 

of Tween 80 were measured over an incubation period of 30 days. Lactate and ethanol were 

the major end products (Figure 2) in media containing 0.2% and 1% (w/v) lactose, reaching 

maximum levels when stationary growth phase was attained. In the presence of Tween 80 

this was found to occur after 6 days, however without Tween 80 the time to reach maximal 

levels was only 4 days. Lactate and ethanol occurred in a ratio of approximately 10:1, 

however, when Tween 80 was present ethanol levels were slightly reduced, which was most 

evident in cultures grown without lactose. The presence of lactate and the reduced pH of the 

medium may have affected the survival of Lb. casei GCRL163 when grown in the presence 

of high levels of lactose as shown previously by Hussain et al., (2010) using a semi-defined 

medium. 

 

Sustained survival of Lb. casei GCRL163 under lactose starvation suggests the use of 

an alternative carbon source to acquire energy or the cells physiologically adjust to tolerate 

carbohydrate starvation. The main potential carbon sources in 0% lactose mMRS are citrate, 

amino acids, acetate and possibly trace carbohydrates in the yeast extract.  Formic acid was 

measured in culture supernatants and data shows that the amount of formic acid produced 

when cultures lacked lactose, either in the presence or absence of Tween 80, was increased 

(Figure 2).  This is particularly of note, given that the biomass in cultures lacking lactose was 

significantly lower than for cultures containing 1% lactose. 

 

Hussain et al., (2010) showed that long-chain fatty acid compounds, including 

octanoic and caproic acids, were detected after growth of GCLR163 in a semi-defined 

medium. The possible source of these long-chain fatty acids is Tween 80, and in this study 
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the mMRS supplied with Tween 80 compared with mMRS without Tween 80 shows 

increases in levels of octanoic and caproic acids over the incubation period (Figure 3). This 

suggests that Lb. casei GCRL163 has the ability to degrade Tween 80 weakly but there is no 

evidence Tween 80 can directly support any significant growth.  Although the concentration 

of these end-products is low, higher levels of both acids may impact on cell viability in 

cultures containing Tween 80. 
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Figure 2. Metabolic products formed by Lactobacillus casei GCRL163 cultures grown in 

mMRS with different levels of lactose (0%, 0.2%, and 1% w/v) with and without Tween 80. 
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Figure 3. Caproic acid and octanoate acid of Lactobacillus casei GCRL163 cultures grown in 

mMRS with different levels of lactose (0%, 0.2%, and 1% w/v) with and without Tween 80. 
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The effect of lactose starvation is reflected in broad changes in the proteome of 

Lb. casei GCRL163. Gel-based protein profiles of Lb. casei GCRL163 grown in mMRS with 

different levels of lactose with and without Tween 80 respectively revealed significantly 

different expression of a number of proteins (Figures 4 (A) and (B)). This included changes 

in the intensity of several protein bands, particularly in lactose starved cultures grown with 

and without Tween 80 in relation to cultures grown with 1% lactose. A consistent set of 

proteins were differentially increased in abundance in response to starvation that had 

molecular weight ranges between ~55 and ~80 kDa while several protein bands of 15 to 20, 

45 and 120 kDa became less abundant. The SDS-PAGE data demonstrates that lactose 

starvation resulted in qualitative changes to the overall proteome of Lb. casei GCRL163. To 

determine the nature of these difference within the proteome specifically LC/tandem MS-MS 

analysis was based on in-solution cytosolic protein samples, allowing discernment of relative 

abundance changes in detectable proteins within the proteome. Samples from stationary 

growth phase were chosen for these analyses.  
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Figure 4.  

(A) SDS-PAGE of cytosolic protein fraction from Lactobacillus casei GCRL163 grown in 

mMRS broth with or without lactose, with Tween 80. The black arrows are proteins bands 

that are up-regulated. The white arrows are protein bands that are down-regulated. 

(B) SDS-PAGE of cytosolic protein fraction from Lactobacillus casei GCRL163 grown in 

mMRS broth with or without lactose, without Tween 80. The black arrows are proteins bands 

that shown qualitative increased concentration. The white arrows are protein bands that show 

qualitatively reduced concentration. 

Lane 1 to 5 are samples from cells cultured in modified MRS with 1% lactose for 1, 2, 4, 6 

and 8 days, lanes 6 to 10 are for the cell cultured in modified MRS with 0% lactose harvested 

at the same days. 
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Starvation leads to repressed lactose metabolism and phosphotransferase 

abundance.  A total of 649 different proteins were detected that passed stringent filtration 

criteria. The contribution of observed proteins organised on the basis of functional groups is 

included in Appendix Figure A2. A heat map based on the relative spectral count abundance 

of proteins grouped into functionally allied protein sets (Figure 5), defined on an ontological 

basis (de Hoon et al., 2004; ; Bowman et al., 2012; Kocharunchitt et al., 2012) was created to 

delineate global proteomic changes against cultures that were provided 1% (w/v) lactose. The 

highest proportions of proteins detected were associated with carbohydrate uptake and 

subsequent fermentation (18% of proteins identified) and these were separated into distinct 

sets to better reflect details of the fermentative metabolism. Proteins required for lactose 

uptake, and catabolism via D-galactose, as well as proteins involved in their activation, were 

strongly repressed in lactose starved cultures (Figure 6).  

 

Francl et al. ( 2010) demonstrated that Lb. gasseri ATCC 33323 uses PTS systems to 

import lactose. Lactose-specific PTS proteins, key enzymes required for lactose catabolism 

(6-phospho-beta-galactosidase, galactose-6-phosphate isomerase LacA and LacB subunits, 

tagatose 6-phosphate kinase, and tagatose 1,6-diphosphate aldolase, 1-phosphofructokinase), 

a lactose transport regulator (equivalent to LSEI_0681) and the transcriptional anti-terminator 

LacT were 5-20-fold less abundant compared to cultures that contained lactose when cultured 

either with or without Tween 80. When grown with 0.2% lactose Lb. casei GCL163 showed 

virtually no deviation in the abundance (0.7-1.3 ratio to the control) of these proteins. 

Accompanying the decline in lactose PTS systems, several other PTS protein subunits were 

also less abundant, likely reflecting the dearth of phosphoenolpyruvate (PEP) occurring 

during carbohydrate starvation. The spectral count data indicated a 5- to 6-fold increase 

occurs in the abundance of fructose 1,6-biphosphatase type III, a key regulator of 
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gluconeogenesis (Titgemeyer and Hillen 2002).  Gluconeogenesis would be necessary for 

creation of key cellular building blocks in the absence of utilisable carbohydrates and is to 

some extent being maintained or compensated given the lack of PEP that drives the process. 

The abundance of proteins in the glycolysis pathway and the Entner-Doudoroff pathway were 

otherwise overall unaffected, suggesting the fundamental importance of these pathways.  We 

had shown previously that 0.2% lactose was growth-limiting but this concentration was 

clearly sufficient to fully induce expression of lactose utilization genes. 
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Figure 5. Heat map generated from spectral count data organized by functional groups using 

Cluster v. 3.0.38.  Unsupervised hierarchical clustering on the basis of uncentered 

correlations was used to compare the overall proteome datasets (top dendrogram) and the 

protein functional groups (left hand dendrogram)a. TW: Tween 80, NTW: No Tween 80.  
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 Citrate fermentation in the presence of low carbohydrate availability.  Reduced 

lactose availability and lactose starvation resulted in an overall increased abundance of 

catabolic enzymes of alternative substrates, however the stimulation was affected by 

carbohydrate availability as well as the presence of Tween 80. The six proteins (OadAB, 

CitXFED) that make up the citrate fermentation pathway resulting in the products pyruvate 

and CO2 had the greatest abundance increases (2-33 fold), when in the presence of Tween 80 

(Figure 6, metabolic map). This was unsurprising since the mMRS growth medium contains 

8.2 mM triammonium citrate, however the influence of Tween 80 on the protein abundance 

levels was unsuspected. Utilization of citrate and conversion into end products such as 

diacetyl and acetaldehyde by Lactobacillus species has previously been reported and appears 

to be strongly subject to catabolite repression (Dudley et al., 2005; Diaz-Muniz et al., 2006).  
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Figure 6. Metabolic map of intermediary metabolism of Lactobacillus casei GCRL163 under 

starvation (no lactose, with Tween 80) relative to 1% lactose control in the absence of Tween 
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80. The map was constructed from spectral abundance data and demonstrates relative 

abundance of pathway components during starvation and support data related to accumulated 

metabolic end-products. Pathway assignments of proteins are based on information from the 

KEGG Database. Enzyme designations are given as their corresponding E.C. code. The width 

of the line is indicative of the relative abundance of the protein. Red arrows indicate proteins 

related to galactose metabolism, blue arrows indicate proteins related to the glycolysis 

pathway, green arrows indicate proteins related to the pentose phosphate pathway, purple 

arrows indicate proteins related to the citrate cycle, and yellow arrows indicated proteins 

related to inositol phosphate metabolism. Numerical values underneath the E. C. codes 

indicate the average log ratio of the fold change in protein abundance with red, green or blue 

colours denoting significant increases, decreases or insignificant changes in protein 

abundance. 
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 Metabolism of pyruvate in NSLAB can yield different end-products such as lactate, 

formate, acetate, ethanol and other compounds that contribute to the particular taste and 

aroma of cheese. Formation of formic acid in the presence of citric acid when under 

limitation of other carbon sources such as galactose or lactose has been reported previously 

(Weinrichter et al., 2004; Rehn et al., 2011). We observed that the pyruvate formate lyase 

complex in Lb. casei GCRL163 was more abundant under both starved and lactose-limiting 

growth conditions. The provision of acetyl-CoA to substrate-level phosphorylation via 

acetate kinase (AckA) remained constant regardless of the growth conditions: AckA is an 

important enzyme which helps to converts pyruvate to different end products and yielding 

ATP (Kandler et al., 1983), so its constitutive synthesis is not unexpected. 

 

Lactose starvation forces scavenging of alternative carbon sources. There was 

also an observably large increase in abundance for most enzymes of the myo-inositol 

catabolic pathway (IolACDEG1G2). This change in abundance only occurred in the absence 

of Tween 80 (3-17 fold increase), while in other conditions these enzymes were not 

detectable. An analogous response was also observed for glycerol catabolic enzymes (GlpO, 

GlpK, GpsA), with Tween 80 also interfering with this response. The effect of Tween 80 

potentially relates to its perturbation of lipid metabolism (discussed further below). 

Glycogen, beta-glucoside, galactose, maltose, trehalose, and ribose catabolic enzymes were 

also stimulated to lesser degrees under carbohydrate-limited conditions with catabolic 

enzymes of the latter three substrate more abundant during complete absence of lactose (see 

Figures 5, heat map, and 6, metabolic map). 

  

In general, lactose starvation increased the abundance of pyruvate-related metabolic 

enzymes that would suggest a slight promotion of mixed acid fermentation likely related to 
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citrate fermentation. A 5-6 fold increased abundance of pyruvate orthophosphate dikinase, 

suggesting gluconeogenesis while at the same time provision of acetyl-CoA, reductant supply 

and substrate-level phosphorylation occurs via acetate kinase (Figure 6, metabolic map). 

Reduced carbohydrate availability also induced greater abundance of certain peptidase, 

including dipeptidase A (PepD), Xaa-Pro aminopeptidase (PepQ) and a dipeptidyl 

aminopeptidase/acylaminoacyl dipeptidase like protein (Appendix A). Beside these proteins 

amino acid metabolism was largely unchanged or slightly suppressed (AspB, IlveE, MetA, 

CysK, PepT, PepN) during starvation. 

 

Tween 80 represses fatty acid biosynthesis-associated enzyme abundance during 

carbohydrate starvation.  Protein abundance estimated in the present study suggest that in 

general carbohydrate starvation appears to broadly repress a wide range of cellular functions 

in GCRL163, including DNA synthesis, replication, repair, and uptake; tRNA charging, 

protein synthesis and subsequent folding and turnover; and proton-motive-force-driven ATP 

synthesis. Collectively this repression, though not resulting in a substantially slower growth 

rate, manifests in lower growth yields when citrate serves as the main source of carbon and 

energy; this is also coupled to slightly greater cell viability over time (Figure 1). 

 

Based on our proteomic data, the presence of Tween 80 leads to reduced abundance 

of enzymes involved in fatty acid biosynthesis (Figures 5 and 7) while in the absence of 

Tween 80 they are instead promoted relative to the 1% lactose grown control cultures. The 

abundance of other functional protein sets, including cell wall biogenesis, RNA degradation, 

and ribosomal proteins, are also suppressed to some extent in the presence of Tween 80 

during carbon starvation. The reason for the apparent effect of Tween 80 could be due to 

release of oleic acid via non-specific cytosolic esterases. It has been observed that oleic acid 
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moiety of Tween 80 can be incorporated into the cell membranes of lactic acid bacteria 

directly (Corcoran et al., 2007). This process potentially diminishes the need for the de novo 

synthesis of fatty acids. The mechanistic basis of the effect Tween 80 has on other aspects of 

cellular physiology is somewhat unclear and requires further investigation.  The impact of 

omitting both citrate and acetate from mMRS, either in the presence or absence of Tween 80, 

is reported in Chapter 3. 

 

 

 
Figure 7. Fatty acid proteins with and without Tween 80 in mMRS lacking lactose but 

containing acetate and citrate. 
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Starvation leads to repressed nucleotide synthesis. Proteins of the purine and 

pyrimidine biosynthethic pathways were repressed in response to carbohydrate starvation 

(Appendix A), which likely associates with the resultant slower growth rate. This is likely to 

be  due to reduced leveles of 5-phosphoribosyl-α-1-pyrophosphate availability. The reduced 

abundance of these pathways is consistent with previous studies in acid and heat stressed 

Gram-positive bacteria (Koponen et al., 2012; Paul et al., 2012). 

   

Protein production depends not only on specific regulatory mechanisms, but also 

changes with growth rate as dictated by environmental conditions.The optimal levels of RNA 

polymerases and ribosomes necessary or required by cells are tightly regulated (Gyaneshwar 

et al., 2005; Klumpp et al., 2009). In the present study, differences in the growth rate of Lb. 

casei GCRL163 under each of the growth conditions were observed. The proteomic analysis 

revealed a significantly decrease in the production of tRNA amino-acyl synthesases in 

starved Lb. casei GCRL163 (0% lactose with and without Tween 80). The data also indicated 

that the overall abundance of ribosomal proteins was also significantly reduced under 

starvation condition (0% lactose, with and without Tween 80).  A decrease in cell growth was 

also reflected in the down-regulation of the cell division proteins FtsX in 0% and 0.2% 

lactose (with Tween 80) and FtsA in 0% lactose (without Tween 80). Decrease in cell 

division proteins have been reported by Wang (Wang et al., 2012), who showed that acid 

stressed Lb. casei Zhang also showed decreased levels of various cell division proteins. 

 

Stress-associated proteins are induced during starvation. Starvation has been 

shown to induce enhanced physicochemical stress tolerance in Lactococcus lactis (Hartke et 

al., 1994). Little equivalent data is available for lactobacilli. Here we can show that starvation 

leads to increased abundance (2-4 fold) of organic hydroperoxide resistance protein OhrA 
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and glycine betaine/carnitine/choline ABC-type transporter OpuA.  In the absence of Tween 

80 there is also a large increase in the protein equivalent to LSEI_0285, annotated as a 

NADH oxidase in most Lb. casei strain genomes. Based on an examination of conserved 

domains, however, this enzyme appears more similar to CoA-disulfide reductases and thus 

may fill a thiol-protective role (delCardayre et al., 1998) in addition to that provided by 

glutathione. Overall, the data may suggest starvation results in some level of oxidative stress 

cross-protection in Lb. casei GCL163 as well as possible protection via compatible solute 

uptake above and beyond that provided by the general stress response. In addition to this it 

was observed that starvation also increased abundance of a peptidoglycan-bound protein 

homologous (44% identity) to BacA of Enterococcus faecium. BacA is a cell wall lysin that 

is also a bacteriocin activator (Tomita et al., 2008). These responses overall potentially 

favour the survival of Lb. casei GCRL163 during carbohydrate limitation. 

 

Conclusion  

The study provides basic information about Lb. casei GCRL163 responses under 

different carbohydrate-limiting conditions. The data suggests that starvation in Lb. casei 

GCRL163 induces several pathways targeted at cellular energy production. This includes 

primarily activation of citrate fermentation pathway as well as pathways for the catabolism of 

polyols including inositol, glycerol, as well as other sugars, likely present in the medium at 

low levels, or due to triglyceride turnover.  It was observed that the presence of Tween 80 

affected the abundance of these proteins markedly with citrate fermentation enzymes strongly 

promoted while carbohydrate scavenging-related proteins only promoted in the absence of 

Tween 80. Since octanoic acid and caproic acid were detected as end-products, this suggests 

that this strain has the ability to weakly degrade Tween 80 with resultant metabolites 

potentially influencing cell physiology, including suppressing fatty acid biosynthesis. Further 
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research is needed to understand the underlying phenomena resulting in this physiological 

response. The data shown here contributes to explaining the adaptations of Lb. casei 

GCRL163 undergoes following cessation of primary carbohydrate fermentation. 

 

Because some of the physiological responses did not differentiate between the impact 

of Tween 80 on lactose starvation, given that the mMRS basal medium contained citrate and 

acetate as potential carbon sources, further experiments were conducted using mMRS lacking 

one or both of citrate and acetate in the presence or absence of Tween 80.  Results are 

reported in Chapter 3. 

  

64 
 



CHAPTER THREE 

Growth of Lactobacillus casei GCRL163 on Tween 80 and impact on low 

pH tolerance 

 

Abstract 

The non-starter  Lactobacillus casei strain GCRL163 grew on  the emulsifier Tween 

80 in the absence of citrate, acetate or a fermentable carbohydrate source in modified 

carbohydrate-free de Man Rogosa and Sharpe (mMRS) broth, indicating that this strain has 

the ability to break down and metabolise all or part of the Tween 80 molecule.  Growth could 

not be attributed to abiotic release of oleic acid from Tween 80 during media preparation or 

culture incubation, as analysis of fatty acids following filtration or autoclaving in stock 

solutions or mMRS indicated that <0.4% of the oleic acid was released and levels did not 

increase in uninoculated media during incubation at 30oC for 8 days. Gel-free proteomic 

analysis was undertaken on cell-free lysates for cultures grown on Tween 80 with and 

without citrate in mMRS broth.  Growth on Tween 80 strongly increased the relative 

abundance of proteins involved in pathways related to glycerol metabolism, the pentose 

phosphate pathway and fatty acid biosynthesis, while many proteins involved in glycolysis, 

pyruvate metabolism and protein synthesis were strongly repressed.  PTS and ABC transports 

for ribose/fructose/mannitol were upregulated as were several proteins of unknown 

functionality, including putative regulators.  Proteins involved with riboflavin and 

pantothenate biosynthesis were also upregulated during growth on Tween 80.  The 

metabolism of Tween 80 appears to have a substantial effect on cell physiology, providing 

protection against exposure to low pH and, based on the proteomic analysis, does so by 

strongly promoting fatty acid biosynthesis, protein hydrolysis, amino acid accumulation and 

stimulation of compatible solute uptake.  Furthermore, cell surface proteins were much more 
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abundant, suggesting modifications to the cell wall and surface.  Enhanced abundance of 

alpha-crystallin Hsp20s, and other proteins related to protein folding (DnaK, ClpE, GroES), 

following growth in the presence of Tween 80 further suggests that stress cross-protection 

which aids environmental survival is possibly linked to preventing protein disaggregation.   

 

Introduction 

Lactobacilli, which are one of the many groups within the lactic acid bacteria (LAB), 

are generally regarded as safe to humans and play a crucial role in the production of a large 

variety of fermented foods as well as playing a role in human health (Orrhage and Nord, 

1999) 

 Specific strains of Lactobacillus species, including the species Lb. casei, which occur 

in the human mouth and gastrointestinal tract, are currently being marketed as health-

promoting cultures, starters or probiotics (Parvez et al., 2006; Zhu et al., 2009; Kleerebezem 

et al., 2009). Lb. casei, along with various other lactobacilli, are naturally aciduric, tolerating 

low pH and are still able to generate significant levels of organic acids, such as lactate and 

acetate, at pH levels of <5.0 (Russell et al., 1998), which aids food preservation and favors 

their dominance in acidic foods.  

 

Lb. casei strains often occur as non-starter LAB (NSLAB) (Williams et al., 2000) and 

are often opportunistically in food matrices as a result of cross-contamination during the 

manufacturing procedure or persistence following pasteurization. In the case of cheese 

production, starter LABs typically consume all the lactose in the cheese matrix in the first 

two weeks of maturation after which NSLAB increase in the population, growing on other 

sugars and/or fermenting other substrates including amino acids (Kieronczyk et al., 2001), 

nucleic acids (Thomas, 1986), and citrate (Starrenburg and Hugenholtz, 1991; Diaz-Muniz et 
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al., 2006), the end-products of which contribute to the organoleptic properties of cheese and 

other fermented food products.  NSLABs like Lb. casei face carbohydrate starvation, elevated 

acidity, and water activity stress during storage and maturation phases of manufacture.  How 

strains cope with these stressors, and how this impacts on their central metabolism and end-

product formation, may influence product traits and subsequent functionality as probiotics.  

Prior studies on lactose starvation in Lb. casei showed that the major impact on the proteome  

involved proteins in glycolysis or sugar metabolism, where changes were presumably 

involved in  energy yield (Hussain et al., 2009).  The physiological and metabolic traits of Lb. 

casei strain GCRL163 were studied in a buffered semi-defined medium supplemented with 

different levels of lactose.  Survival of the strain during 30 days in culture without lactose 

was found to be better than in cultures supplemented with lactose, probably due the latter 

containing high levels of lactate. Important metabolites detected in starved (0% lactose) 

cultures were acetate, as a major end product, as well as ethanol, diacetyl, isopentyl alcohol 

benzyl alcohol, 1-butanol, isopropanol, and 3-(methylthio)-propanoic acid:  it was suggested 

that cells entered a non-culturable state but remained metabolically active and survived under 

the experimental conditions by utilizing alternative available substrates as energy sources 

(Hussain et al., 2010).  

 

In the previous chapter, it was apparent that Lb. casei GCRL163 consumed citrate 

from the modified MRS (mMRS) growth medium and that end-products formed over time 

were consistent with Tween 80 being scavenged from this medium.  This was demonstrated 

by testing growth on mMRS in the presence, or absence, of Tween 80, where the results 

suggested that presence of Tween 80 increased the levels of octanoic and caproic acids 

produced, suggesting that strain GCRL163 has the ability to weakly degrade Tween 80. 
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Fatty acid derivatives such as Tween 80, a polythoxylated sorbitan esterified to oleic 

acid, have been shown to aid in the optimal growth, survival and/or culture stability of LABs 

(Howe and Ward 1975; Oh et al., 1995; Li et al., 2004; Corcoran et al., 2007). This has been 

suggested to occur via incorporation of exogenous fatty acids leading to enhanced levels of 

unsaturated fatty acids and cyclopropane fatty acids in the cytoplasmic membrane (Tan et al., 

2012; Broadbent et al., 2014) that appears to provide improved acid tolerance (Corocoran et 

al., 2000; Wu et al., 2013).  

 

Previously the physiological effect of lactose starvation and associated proteomic-

level adaptations made by Lb. casei strain GCRL163 appraised the effects of Tween 80 

during conditions of carbohydrate starvation (Al-Naseri et al., 2013). The strain studied was  

chosen since it is a typical Cheddar cheese isolate (Chandry et al., 1998) and was identified 

by multilocus sequence typing as closely allied to the main clonal cluster of Lb. casei strains 

sequence type 1 (Diancourt et al., 2007; Ali Al-Naseri et al., 2013). It was observed that 

when GCRL163 was grown anaerobically in modified MRS with 0.1% Tween 80 in the 

presence of citrate plus acetate, and absence of lactose, fatty acid synthesis proteins were 

reduced in abundance. Consequently, the current work was undertaken to evaluate whether 

Tween 80 could be metabolised alone and what impact this had on cell physiology. To further 

understand the role of Tween 80, analysis of the relative abundance of cell-free extract 

proteins most affected by Tween 80 in Lb. casei strain GCRL 163 was undertaken in buffered 

mMRS  media without acetate but containing Tween 80 and where citrate was supplied as an 

additional fermentable growth substrate. The data provides an indication of how Tween 80 

specifically leads to the manifestation of physiological responses that result in acquisition of 

a stress tolerant state.  Normally the relative abundance of proteins would be compared 

against a Tween 80 variable in an mMRS base lacking other added carbon sources but little 
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cell growth occurred in the base medium in the absence of acetate, citrate and Tween 80, so 

that protein yields would have been too small for proteomic analysis. 

 

Materials and Methods 

Lb. casei GCRL163 originally isolated from Cheddar Cheese. The strain was obtained 

from the Gilbert Chandler Research Laboratory (The University of Melbourne) strain 

collection and restored at the University of Tasmania under its original name and strain 

number.  Strains were recovered from glycerol storage by passaging through two sequential 

subcultures in MRS broth (Oxoid, Australia) incubated at 37 °C for 12 h under anaerobic 

conditions (Anaerocult A system, Oxoid, Australia).  Cultures were plated onto MRS agar 

and incubated anaerobically at 37 °C for 48 h then starter cultures prepared by suspending a 

single colony into MRS broth. One individual colony represented one biological replicate. 

 

   Bacterial cells were harvested during early stationary growth phase and washed twice 

with Tris-HCl buffer (40 mM, pH 7.0) and sub-cultured in modified MRS (mMRS) 

consisting of 1% (w/v) bacteriological peptone, 0.5% (w/v) yeast extract, 0.1% (v/v) Tween 

80, 0.5% (w/v) sodium acetate, 0.2% (w/v) tri-ammonium citrate, 0.025% (w/v) 

MgSO4.7H2O, 0.005% (w/v) MnSO4.4H2O in 0.35 M potassium phosphate buffer at pH 6.5 ± 

0.2.  

 

Buffered mMRS at pH 6.5 with no lactose was inoculated with Lb. casei GCRL163 to 

give an initial optical density (OD) of 0.21 at 600 nm. The cultures were then incubated at 30 

°C for 8 days under anaerobic conditions as described previously (Al-Naseri et al., 2013). To 

test the impact of Tween 80, citrate and acetate on growth and survival of Lb. casei in mMRS 

broth, media either containing or lacking combinations of Tween 80 (0.1% [v/v]), tri-
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ammonium citrate (2% [w/v]), and sodium acetate (0.5% [w/v]) were prepared. Cell growth 

was monitored by measuring OD600 and by determining viable counts on MRS agar. 

 

 Cultures were harvested on days 1, 2, 4, 6 and 8 (150 ml each) using centrifugation at 

5,000 rpm for 10 min at 4 °C and the cell pellets washed 3 times with Tris-HCl buffer (40 

mM, pH 7.0). The samples were resuspended in Tris-HCl buffer (pH 7.0) and stored at -80 

°C until selected for protein extraction. Three biological replicates were tested for each 

medium, with triplicate cultures each set up from a single colony. Proteomic analyses were 

undertaken for cells grown in media containing Tween 80 (0.1% [v/v either containing or 

lacking tri-ammonium citrate (2% [w/v]); proteomic analysis was not conducted for the 

media containing sodium acetate (0.5% [w/v]). Samples from stationary growth phase where 

used for proteomics analsyses.  

 

Impact of Tween 80 on Lb. casei GCRL163 survival at low pH. The effect of 

Tween 80 on the Lb. casei GCRL163 survival at pH 2.5 was also tested using buffered 

mMRS with the presence or absence of Tween 80 (0.1% [v/v]) with the presence of acetate, 

citrate and 1% lactose. Strains were passed through two sequential subcultures in MRS broth 

(Oxoid, Australia) incubated at 37 °C for 12 h under anaerobic conditions (Anaerocult A 

system, Oxoid, Australia).  Cultures were plated onto MRS agar and incubated anaerobically 

at 37 °C for 48 h then starter cultures prepared by suspending a single colony into MRS 

broth. The mMRS media were inoculated with Lb. casei GCRL163 to give an initial OD of 

0.21 at 600 nm, the cultures were then incubated at 30 °C for 30 hours under anaerobic 

conditions as described above. Samples where taken every hour for 30 h and bacterial 

survival was monitored by determining viable counts on MRS agar. 
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Analysis of fatty acids and end-products. The possible non-biological hydrolysis of 

Tween 80 in sterile mMRS media and sterile distilled water was quantified by analysis of 

long chain (C:14 to C:18) fatty acids using the approach outlined by in Quehenberger et al. 

(2011).  Free fatty acids were methylated and analysed using the approach described in 

Nichols and McMeekin (2002), except the instrument used was a Varian 3800 gas-

chromatograph coupled to a Bruker 300 triple quadrupole mass spectrometer. Volatile fatty 

acids (acetic, butanoic, caproic and octanoic) were quantified as previously described using 

GCMS (Al-Naseri et al., 2013). 

 

Tween 80 (VWR, Australia) was prepared at 0.1% (v/v) in distilled water or mMRS 

broth and either filter sterilized (0.22 µm, Millipore, Sigma, Australia) or autoclaved (121 ºC, 

15 min). Triplicate samples were collected daily for eight days (beginning immediately pre-

autoclaving or post-filtering) for GCMS analysis.   

 

Peptide analysis by LTQ-Orbitrap mass spectrometry and protein identification. 

Nano LC and MS/MS analysis was performed using an LTQ-Orbitrap XL and Surveyor 

autosampler and MS Pump Plus controlled by Xcalibur 2.0 software (Thermo Scientific). 

Peptides were separated and analyzed with  minimal void volume LC system using two 

PEEK Zero Dead Volume (ZDV) tees installed either side of a sample trap column assembly 

(Upchurch) loaded with a 2.5 cm x 75 µm ID IntegraFrit trapping column (New Objective). 

Approximately 2 µg of peptide sample was loaded onto the trapping column using 100% 

mobile phase buffer A (0.1% formic acid) at a flow rate of 20 µl/min over 5 minutes.  During 

sample loading, solvent and unbound analytes were diverted to waste via the downstream 

ZDV tee.  Flow rate was then split down to 200 nl/min using the upstream ZDV tee and 

peptides were eluted onto a 10.5 cm analytical nanoLC column (New Objective) using a four-
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step gradient of 100% buffer B (90% acetonitrile in 0.2% formic acid) to 90% buffer C (90% 

acetonitrile in 0.2% formic acid).  Data-dependent tandem mass spectrometry and data 

acquisition parameters were essentially as described previously (Al-Naseri et al., 2013).  

 

Results and Discussion 

Our previous study on Lb. casei GCRL 163 showed that this strain fermented citrate 

in buffered mMRS lacking added carbohydrates and that caproate and octanoate accumulated 

as end-products over the period of growth, indicating that Tween 80 was metabolised (Al-

Naseri et al., 2013).  However, it was not clear that this strain could grow on Tween 80 as a 

carbon source or whether it was co-metabolised in the presence of other carbon sources in the 

mMRS, including citrate and/or acetate, plus other carbon sources in tryptone and yeast 

extract.  The ability of strain GCRL163 to grow on Tween 80 in the absence of citrate or 

acetate was therefore examined (Figure 1).  In the absence of Tween 80, citrate and acetate, 

GCRL163 did not grow significantly (Figure 1D). Lb. casei GCRL163 when grown in 

mMRS containing 0.1% (v/v) Tween 80 as the sole growth substrate reached a population of 

log CFU/ml of 7.5 after 2 days, with the population slightly increasing for another 4 days 

reaching a maximum of 7.8 log CFU/ml, then remained constant (Figure 1). The growth yield 

increased approximately 5-fold when 0.2% (w/v) triammonium citrate and 0.1% (v/v) Tween 

80 were present together (log CFU/ml 8.5 after 8 days, Figure 1, panel 2).  In the presence of 

acetate with no Tween 80, Lb. casei GCRL 163 showed a 2.63-fold increase in viable counts 

to log CFU/ml 6.62 after 2 days (Figure 1, panel 4) and numbers did not increase thereafter, 

indicating that little growth occurred on acetate as a carbon source.  However, when acetate 

was present with Tween 80, viable counts were higher than for Tween 80 alone, indicating 

co-metabolism. 
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Figure 1: Growth of Lb. casei GCRL163 in modified buffered MRS broth supplemetation 

with combinations of Tween 80 (TW), citrate (CIT) or acetate (ACE) and in the absence of 

Tween 80 (NTW).  mMRS either supplemented with Tween 80 (panels 1, 2) or lacked Tween 

80 (panels 3, 4). Growth levels are shown in the form of viable counts (panels 2 and 4) and 

optical density measurement at 600 nm (panels 1 and 2).  

A: TW/ CIT/ ACE, B: TW/ CIT/ No ACE, C: TW/ No CIT/ ACE,  D: TW/ No CIT/ No 

ACE, E: No TW/ CIT/ ACE, F: No TW/ CIT/ No ACE, G: No TW/ No CIT/ACE, H: No 

TW/No CIT/No ACE, where is TW: Tween 80, NTW: No Tween 80, CIT: Citrate, ACE: 

Acteate.  
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In this study proteomic analysis was conducted on Lb. casei GCRL163 when grown 

in mMRS containing 0.1% (v/v) Tween 80 as the sole added carbon source compared to those 

grown in mMRS containing 0.1% (v/v) Tween 80 and 0.2% (w/v) triammonium citrate.  Cell 

biomass was harvested at day 6 (Figure1) and proteins extracted and analysed via nano-

LC/tandem MS. A total 1213 proteins with non-singleton peptide identifications were 

obtained and approximately half of these passed stringent filter criteria described above. 

When the culture types (Tween 80 alone versus citrate and Tween 80) were compared 

statistically, 112 and 130 proteins were significantly increased or decreased (p<0.05, relative 

change >2 or <0.5-fold change) in relative abundance, respectively.  The following sections 

describe key changes at a functional level. 

 
Effect of Tween 80 on catabolic pathways and enzymes potentially involved in its 

degradation. Tween 80 is synthesized by dehydration of sorbitol to cyclic ethers, mainly 

sorbitan and isosorbides, followed by esterification with oleic acid and then condensation 

with ethylene oxide (Frison-Norrie et al., 2001). Tween 80 is susceptible to auto-oxidation 

(Kerwin 2008) thus it is possible changes in the chemical integrity, especially attack of the 

olefin component (Kishore et al., 2011) enhanced during autoclaving, could lead to easier 

utilisation by microorganisms (Kerwin et al., 2008) or even release products that are 

utilisable.  To determine if the growth observed in Figure 1 was due to breakdown of Tween 

80 following autoclaving or during the incubation period of growth at 30 oC, GCMS analyses 

for fatty acids (C:14-18, and unsaturated variants) were undertaken for freshly-prepared 

Tween 80 in distilled water or mMRS following filtration or autoclaving.  mMRS without 

Tween 80 contained <0.5 mg/l of fatty acids and this did not change throughout the 

incubation period (8 days) and the average concentration of oleic acid in solutions of Tween 

80 in mMRS broth or distilled water before and after autoclaving, and throughout the 

incubation period, was 3-4 mg/l.  This indicated that there was little degradation of Tween 80 
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from autoclaving and the level of free oleic acid was <0.4% of the Tween 80 provided in 

mMRS, indicating that growth was due to Tween 80 serving as a carbon source.  The 

production of shorter chain fatty acids as end-products was previously observed over the 

growth period of 8 days (Al-Naseri et al., 2013):  with the exception of detecting acetate in 

mMRS broth supplemented with sodium acetate, volatile fatty acids were undetectable by 

GCMS and levels did not increase over the incubation period, confirming that the increase in 

caproic and octanoic acids in cultures was due to biological activity. 

   

Though the nature of the biological degradation pathways involved is so far unknown, 

a number of enzymes were enhanced in abundance that could be relevant. A number of 

enzymes were enhanced in abundance that could be relevant to Tween 80 catabolism (Table 

1). Based on the proteomic data a preliminary proposed pathway is proposed (Figure 2). 

Esterases would be needed release the ethoxy acyl and oleic acid side chains from the 

sorbitan moeity. The activity of the esterase and other enzymes may also be responsible for 

the production of short chain fatty acids as end-products previously observed in chapter 2 

(Al-Naseri et al., 2013):  this remains experimentally unexplored A predicted esterase of the 

alpha/beta hydrolase superfamily, equivalent to BN194_18770 (mean normalized SpC of 3.1 

± 2.2 versus non-detection) was detected only in cells grown with Tween 80. Other putative 

acyl esterases also show enrichment in Tween 80 grown cells (Table 1), however due to the 

paucity of spectra and variability between biological replicates standard statistical analysis 

does not confirm whether these observations are reliable at this stage. It was also observed a 

putative sorbose 1-phosphate reductase (equivalent to BN194_4300) had a 4.3-fold enhanced 

abundance in Tween 80 grown cells (Table 1) and could potentially be involved in the 

catabolism of released sorbitan or sorbitan derivative residues since, with side chain removal, 

a sorbose-like compound would be available. The catabolism would theoretically then 
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proceed via initial phosphotransfer and conversion of the Tween 80 sugar moiety to L-

sorbose 1-phosphate by the reductase followed by conversion of sorbitol 6-phosphate to 

fructose-1,6-biphosphate via sorbitol 6-phosphate dehydrogenase (3 homologs present, one 

increased by 2.7-fold, Table 1). This could represent a source of carbon and energy to the 

cells from Tween 80. However, a large increase in the abundance of glycerol kinase (GlpK, 

44.7-fold increase), glycerol dehydrogenase (GlpD, 10.7 fold increase) was also observed 

suggesting glycerol may be a major product of Tween 80 hydrolysis. The process by which 

glycerol is released is unknown but could derive from the ethoxy acyl side chains. Pyruvate 

oxidase was also observed to become more abundant suggesting pyruvate oxidation via 

acetylphosphate may contribute to ATP generation. 
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Table 1. Enymes putatively involved in degradation and metabolism of Tween 80 in Lb. 

casei GCRL163 

Lb. case loci Gene 
symbol 

Protein specific function Fold-
increase* 

P 
 
 

BN194_30390  esterase/lipase, Aes 
superfamily 

2.8 0.116 

BN194_11090  carboxylesterase, 
esterase_lipase superfamily 

2.8 0.374 

BN194_18770 MqhC esterase/lipase superfamily 
protein 

6.3 0.117 

     
BN194_07280 GlpK glycerol kinase  44.6 2E-05 
BN194_07260-
70 

GlpD glycerol-3-phosphate 
dehydrogenase (aerobic) 

10.7 0.0002 

     
BN194_04300 SorE L-sorbose 1-phosphate 

reductase  
4.3 0.0088 

BN194_28500 SorD2 sorbitol-6-phosphate 2-
dehydrogenase  

2.7 0.113 

     
BN194_11020 Pgk phosphoglycerate kinase  6.7 0.0007 
BN194_22810 Pox5_2 pyruvate oxidase  8.0 0.0 

 

*Comparison of protein abundance in cells grown with Tween 80 alone and cells grown with 

citrate and Tween 80. Fold change values in bold are statistically more abundant (p<0.01). 
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Figure 2: Proposed pathway for Tween 80 degradation in Lb. casei GCRL163.  DHAP = 

dihydroxyacetone phosphate (glycerone phosphate). 
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The conversion of L-sorbose to D-sorbitol followed by metabolism via fructose-1,6-

biphosphate could account for some of the carbon being utilized by cells for growth. 

Evidence to support this includes the observed increase in relative abundance of proteins 

involved in the pentose phosphate pathway, including xyulose-5-phosphate-3-epimerase, 

fructose biphosphate aldolase, 1-phosphofructokinase and xyulose-5-phosphoketolase, for 

cells cultured in Tween 80 (Appendix B).  Hussain et al. (2013) observed increases in XpaK 

and other pentose phosphate pathway enzymes during lactose starvation in Lb. casei 

GRCL163 cells from old stationary phase cultures lacking lactose:  this may be attributed to 

Tween 80 scavening, as the media was MRS modified only to lack lactose or glucose, so 

once citrate was utilized the relief of catabolite repression may then lead to Tween 80 

utilisation for energy production.  Several ABC- and PTS-type transporters involved in 

ribose, fructose, mannose or unkown function were also upregulated in the presence of 

Tween 80 (Appendix B), which may be associated with transport of sorbitan derivatives.  If 

Tween 80 is not taken up by cells and requires release of oleic acid from the sorbitan core of 

the molecule, appropriate esterases may well be located at the cell surface or in the 

extracellular medium and may not have been detected in the cell-free extract analysed in this 

study.  However, a large increase in the abundance of glycerol kinase (GlpK), glycerol 

dehydrogenase (GlpD) was also observed. A predicted esterase of the alpha/beta hydrolase 

superfamily, equivalent to LSEI_1694 became substantially abundant, which could 

potentially release the oleic acid or component molecules from the hydrophilic side-chain 

(Appendix B).  

 

General metabolic effects of Tween 80. Tween 80 though supporting growth due to 

apparent direct degradation also strongly affects the proteome in relation to that obtained 

when citrate is also present. Statistical changes in abundance in functionally allied groups of 
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proteins are shown in (Figure 3) while proteins most altered in abundance are shown in Table 

2. In summary slowed growth and less efficient biomass production is indicated by central 

metabolic pathways being less abundant in tandem with ribosomal proteins and tRNA 

aminoacyl syntheases. Citrate is clearly much better at supporting growth (Figure 1) and the 

abundance of citrate lyase and oxaloacetate decarboxylase enzyme complexes required for 

citrate conversion are consequently highly abundant in citrate grown cells while being nearly 

absent in Tween 80 grown cells (Table 2). Enzymes associated with end-product formation as 

part of mixed acid fermentation show some reduction in abundance in Tween 80 grown cells, 

especially pyruvate formate-lyase (7-fold decrease in Tween 80 grown cells), which suggests 

less carbon flow via pyruvate and subsequent slower growth rates. This is supported by the 

observation that phosphotransferase system (PTS), involved with phosphorylation of 

carbohydrates for their subsequent importation and catabolism, are likely much less active 

since dependent enzyme phosphoenolpyruvate-protein phosphotransferase (PtsI) was less 

abundant in Tween 80 grown cells (3-fold reduction). Normally this is PEP-dependent 

enzyme is very abundant during rapid growth on carbohydrates (and also on citrate) where it 

actively initiates coupled phosphorylation and transport cascades.  
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DNA replication
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Protein folding/turnover
tRNA/Ribosome assembly/processing

IS elements/foreign DNA defense
DNA repair/recombination
Other transporter proteins

Cell surface proteins/internalins
Lipid-related metabolism

T-value
 

 
Figure 3: Abundance trend of protein functional groups for Lb. casei GCRL163.Cells grown 

on Tween 80 alone in comparison to biomass grown on citrate and Tween 80. Black bars 

show a significant trend of increased (positive T-values) and decreased (negative T-values) 

abundance (p<0.05). 
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Table 2: Proteins showing alterations of abundance in Lb. casei GCRL163 when grown on 

Tween 80 as a sole carbon source in relation to growth on citrate + Tween 80. 

 

Equivalent 
BN194 locus 

Gene 
symbol 

Protein Specific Function Function fold-
change 

P 
 
 

BN194_28530 SgaU L-xylulose 5-phosphate 3-
epimerase 

ascorbate 
utilization; 
Pentose 
phosphate 
pathway 

4.51 0.018 

BN194_06940 BglP PTS system beta-
glucoside-specific 
transporter subunit IIBCA  

beta-glucoside 
uptake 

4.27 0.009 

BN194_10010 FtsK DNA translocase FtsK  cell division 
(chromosomal 
segegration) 

4.50 0.017 

BN194_16940 DnaG DNA primase  DNA 
replication 
initiation 

4.84 0.004 

BN194_19170 MecA negative regulator of 
genetic competence; 
adaptor protein 

DNA 
transformatio
n process 

5.41 0.131 

BN194_03290 RsbB ribose ABC-type transport 
system, substrate=binding 
protein 

D-ribose 
uptake 

7.13 0.003 

BN194_23950 Tmk thymidylate kinase  dTDP 
biosynthesis 

6.21 0.023 

BN194_11050  H+ MFS-type efflux 
transporter 

efflux (H+ 
efflux?) 

4.45 0.202 

BN194_18780 YogA quinone-oxidoreductase  electron 
transport 

4.51 0.018 

BN194_21770 RmlB2 dTDP-glucose 4,6-
dehydratase  

exopolysacch
aride 
biosynthesis 

4.01 0.466 

BN194_22590 AcpP2 acyl carrier protein  fatty acid 
biosynthesis 

35.98 0.000 

BN194_22580 FabK enoyl-[acyl-carrier protein] 
reductase II 

fatty acid 
biosynthesis 

25.28 0.000 

BN194_22530 AccB acetyl-CoA carboxylase 
biotin carboxyl carrier 
protein  

fatty acid 
biosynthesis 

18.48 0.001 

BN194_22540 FabF 3-oxoacyl-ACP synthase  
I/II 

fatty acid 
biosynthesis 

15.24 0.001 

BN194_22600 FabH 3-oxoacyl-ACP synthase 
III 

fatty acid 
biosynthesis 

10.62 0.006 

BN194_22560 FabG 3-oxoacyl-ACP reductase  fatty acid 9.80 0.052 

82 
 



biosynthesis 
BN194_22500-
10 

AccC acetyl-CoA carboxylase 
biotin carboxylase subunit 

fatty acid 
biosynthesis 

9.76 0.020 

BN194_22550 Bkr4 3-oxoacyl-[acyl-carrier-
protein] reductase 4  

fatty acid 
biosynthesis 

9.71 0.049 

BN194_22570 FabD 3-oxoacyl-[acyl-carrier-
protein] reductase 4  

fatty acid 
biosynthesis 

8.92 0.063 

BN194_22810 Pox5_2 pyruvate oxidase  fermentation; 
end-product 
metabolism 

6.26 0.162 

BN194_22340 HsdM type I restriction 
modification system, M 
subunit 

foreign DNA 
restriction 

8.91 0.041 

BN194_15420 FruK 1-phosphofructokinase  fructose 
catabolism 

10.03 0.009 

BN194_04030  PTS (Fructose/Mannitol 
family) IIC 

fructose 
uptake 

7.16 0.182 

BN194_28930  PTS (Galacitol family) IIB galactitol 
uptake 

5.31 0.235 

BN194_16280 HisD histidinol dehydrogenase  Histidine 
biosynthesis 

4.50 0.017 

BN194_02260 IolD 3D-(3,5/4)-
trihydroxycyclohexane-
1,2-dione hydrolase  

inositol-
related 
compound 
degradation 

4.51 0.018 

BN194_30430  PTS (Fructose/Mannitol 
family) subunit IIBC 

mannitol 
uptake 

4.48 0.014 

BN194_25450  Mn/Zn ABC transporter 
substrate-binding protein  

Mn/Zn ion 
uptake 

4.49 0.208 

BN194_16370 PanE 2-dehydropantoate 2-
reductase  

pantothenate/
CoA 
biosynthesis 

5.88 0.002 

BN194_09750  phage peptidoglycan 
hydrolase 

phage 
endolysin 

5.38 0.068 

BN194_10790  phage terminase large 
subunit 

phage 
terminase 

5.41 0.132 

BN194_21150 YjbQ Trk-type K+ transport 
ATPase 

potassium ion 
uptake 

4.79 0.005 

BN194_10170 SecA Protein translocase subunit 
SecA  

protein 
secretion: Sec 
system 
(trafficking) 

4.25 0.007 

BN194_19480 PrfC peptide chain release factor 
3  

protein 
synthesis; 
translation 
release 

7.10 0.186 

BN194_21510-
20 

TyrS tyrosine--tRNA ligase  protein 
synthesis; 
tRNA 
charging 

4.74 0.116 
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BN194_19450 ClpE ATP-dependent Clp 
protease ATP-binding 
subunit ClpE  

recycling 
defective 
proteins 

4.28 0.008 

BN194_21680 ClpC ATP-dependent Clp 
protease ATP-binding 
subunit  

recycling 
defective 
proteins 

4.24 0.164 

BN194_28430  LicR family transcriptional 
activator of PTS 

regulation of 
PTS system 
genes 

5.35 0.134 

BN194_27870  GntR family transcriptional 
regulator  

regulation of 
sugar 
metabolism? 

6.26 0.027 

BN194_17510 RibC riboflavin kinase/FMN 
adenylyltransferase 

riboflavin/flav
in 
mononucleoti
de 
metabolism 

5.38 0.008 

BN194_22030  drug resistance MFS-type 
transporter, EmrB/QacA 
subfamily 

toxic 
substance 
efflux 

4.53 0.116 

BN194_03430  transposase, IS5 family transposition 4.49 0.208 
BN194_08380 Tgt queuine tRNA-

ribosyltransferase  
tRNA 
modification 

7.14 0.058 

BN194_15470 Rnz ribonuclease Z  tRNA 
processing; 
RNA 
degradation 

4.48 0.014 

BN194_19150 PyrDA dihydroorotate 
dehydrogenase A 

UMP/uridine/
uracil 
biosynthesis 

4.50 0.017 

BN194_25890  hypothetical protein 
BN194_25890  

unknown 
function 

15.76 0.005 

BN194_27530  hypothetical protein 
BN194_27530  

unknown 
function 

9.77 0.008 

BN194_08830  hypothetical protein 
BN194_08830  

unknown 
function 

8.86 0.000 

BN194_16550  nitroreductase family 
protein 

unknown 
function 

7.27 0.000 

BN194_22260  DUF917 superfamily 
protein 

unknown 
function 

7.10 0.002 

BN194_06780  WxL domain cell surface 
protein with a lectin 
binding domain 

unknown 
function 

6.31 0.261 

BN194_18770 MqhC esterase/lipase superfamily 
protein 

unknown 
function 

6.25 0.117 

BN194_26590  Pip_YghE superfamily 
membrane spanning 
protein 

unknown 
function 

6.23 0.026 

BN194_26450  WxL domain cell surface 
protein with a lectin 

unknown 
function 

5.38 0.008 
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binding domain 
BN194_22250 HyuA D-phenylhydantoinase, 

hydantoinase superfamily 
unknown 
function 

5.36 0.007 

BN194_23630  hypothetical protein 
BN194_23630  

unknown 
function 

5.36 0.001 

BN194_23980  YbaB/EbfC DNA-binding 
family protein 

unknown 
function 

5.36 0.007 

BN194_26300-10 cell surface protein with 
repeat Cna_B domains 

unknown 
function 

5.32 0.014 

BN194_06690  hypothetical protein 
BN194_06690  

unknown 
function 

4.53 0.116 

BN194_04050  DUF1498 superfamily 
protein 

unknown 
function 

4.50 0.017 

BN194_01950  alkaline shock protein 23 
family protein 

unknown 
function 

4.07 0.002 

BN194_18970 YtpR tRNA-binding protein, 
tRNA_domain_binding 
superfamily 

unknown 
function 
(tRNA-
associated?) 

11.48 0.000 

BN194_26500 YabR RNA binding protein, 
S1_like superfamily 

unknown 
ribosome-
associated 
function 

4.56 0.000 

BN194_11790  two-component system 
response regulator 

unknown 
signal 
transduction 

5.36 0.007 

BN194_01120  signaling protein with 
modified GGDEF and 
DHH domains 

unknown 
signal 
transduction 

4.53 0.116 

BN194_07710  ABC-type transporter, 
substrate-binding protein  

unknown 
transport 

8.88 0.007 

      
BN194_02800 DeoB phosphopentomutase  (deoxy)ribose 

1-phosphate 
biosynthesis 

-14.29 0.000 

BN194_15250 RpsT 30S ribosomal protein S20  30S (SSU) 
ribosome 

-4.03 0.000 

BN194_09950 RpsN 30S ribosomal protein S14  30S (SSU) 
ribosome 

-4.33 0.007 

BN194_26090 RpsZ 30S ribosomal protein S14 
type Z 

30S (SSU) 
ribosome 

-5.49 0.039 

BN194_17980 RpmB 50S ribosomal protein L28  50S (LSU) 
ribosome 

-4.29 0.111 

BN194_26170 RplV 50S ribosomal protein L22  50S (LSU) 
ribosome 

-5.64 0.004 

BN194_18800 RplT 50S ribosomal protein L20  50S (LSU) 
ribosome 

-8.30 0.129 

BN194_26210 RplD 50S ribosomal protein L4  50S (LSU) 
ribosome 

-9.00 0.061 

BN194_18810 RpmI 50S ribosomal protein L35  50S (LSU) -45.41 0.061 
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ribosome 
BN194_02120 CesR cell wall integrity sensing 

response regulator CesR 
cell wall 
alteration 
signalling 

-6.33 0.061 

BN194_20310 CitF citrate lyase alpha subunit citrate 
utilization 

-3.97 0.007 

BN194_20300 CitX apo-citrate lyase 
phosphoribosyl-
dephospho-CoA 
transferase  

citrate 
utilization 

-6.33 0.007 

BN194_20290 OadA oxaloacetate 
decarboxylase, alpha 
subunit 

citrate 
utilization 

-7.28 0.069 

BN194_20370 OadH oxaloacetate decarboxylase 
biotin carrier protein 

citrate 
utilization 

-7.65 0.009 

BN194_20320 CitE citrate lyase beta subunit citrate 
utilization 

-10.61 0.009 

BN194_24320  sex pheromone lipoprotein 
(similar to cAD1 in E. 
faecalis) 

conjugation -4.29 0.004 

BN194_30010 Maa maltose O-
acetyltransferase family 
protein 

detoxification  -7.63 0.002 

BN194_11560 GlmS glucosamine--fructose-6-
phosphate 
aminotransferase  

early 
peptidoglycan 
biosynthesis 

-6.77 0.027 

BN194_04930 Sph fatty acid 
hydratase/isomerase  
(oleate hydratase, linoleate 
isomerase) 

fatty acid 
degradation or 
detoxification
? 

-7.60 0.000 

BN194_01620 AckA acetate kinase  fermentation; 
end-product 
formation 

-5.59 0.002 

BN194_16090 PflA pyruvate formate-lyase 
activating enzyme  

fermentation; 
end-product 
formation 

-7.14 0.007 

BN194_19670 Pox5 pyruvate oxidase  fermentation; 
end-product 
metabolism 

-3.99 0.001 

BN194_16020  aldose 1-epimerase  glycolysis -5.69 0.004 
BN194_15110 PdhD dihydrolipoyl 

dehydrogenase  
glycolysis -8.98 0.003 

BN194_24730 PpdK pyruvate, phosphate 
dikinase  

glycolysis -11.04 0.000 

BN194_21660 Fpb fructose-1,6-
bisphosphatase class 3  

glycolysis -14.32 0.016 

BN194_07010  Cys-based peroxiredoxin, 
OsmC superfamily 

hydroperoxide 
removal 

-9.62 0.005 

BN194_07500 LacA galactose-6-phosphate 
isomerase subunit LacA  

lactose 
catabolism 

-8.34 0.001 
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BN194_16640 LplJ lipoate-protein ligase LplJ  lipoate 
metabolism 

-10.17 0.002 

BN194_24910 ProB glutamate 5-kinase  L-proline 
biosynthesis 

-4.33 0.018 

BN194_08130 YjbG2 oligoendopeptidase F  peptidase for 
amino acid 
acquistion 

-5.92 0.000 

BN194_08940  phosphatidylglycerophosph
atase A  

phospholipid 
degradation 

-6.30 0.000 

BN194_11290 PotA spermidine/putrescine 
import ATP-binding 
protein PotA  

polyamine 
uptake? 

-4.29 0.000 

BN194_23520 Ptp tyrosine-protein 
phosphatase 

protein 
phosphorylati
on 
(regulation)> 

-10.29 0.008 

BN194_20080 SerS serine--tRNA ligase  protein 
synthesis; 
tRNA 
charging 

-5.22 0.000 

BN194_19410-
20 

PtsI phosphoenolpyruvate-
protein phosphotransferase  

PTS general 
components 

-8.95 0.001 

BN194_02810 DeoD purine nucleoside 
phosphorylase 

purine 
nucleoside 
interconversio
n/salvage 

-8.94 0.000 

BN194_08750 CcpA catabolite control protein A  regulation of 
catabolic 
enzyme 
coding genes 

-7.50 0.000 

BN194_25440 CzrA ArsR family transcriptional 
repressor 

regulation of 
copper 
resistance  

-4.29 0.001 

BN194_17060 YqfL phosphotransferase 
activator of 
gluconeogenesis 

regulatory 
role 
(gluconeogen
esis?) 

-4.08 0.000 

BN194_22870  universal stress protein,  
UspA superfamily 

stress 
regulation? 

-4.40 0.001 

BN194_24800  CsbD superfamily protein stress 
response 
(phosphate 
starvation)? 

-4.33 0.000 

BN194_11260 UgpB glycerol-3-phosphate ABC 
transporter substrate-
binding protein 

sugar/glycerol 
uptake 

-4.50 0.000 

BN194_15170 Pyc pyruvate carboxylase  TCA cycle -6.87 0.040 
BN194_21400 GalE2 UDP-glucose 4-epimerase  teichoic acid 

decoration 
-10.92 0.015 

BN194_02420  glycosyltransferase family teichoic acid -4.31 0.002 
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protein  decoration? 
BN194_07650 ThiD2 Hydroxymethylpyrimidine/

phosphomethylpyrimidine 
kinase  

thiamine 
biosynthesis 

-8.30 0.001 

BN194_02070 EngD GTP-and nucleic acid- 
binding protein 

translation 
attenuation? 

-6.92 0.002 

BN194_27510  aldo_keto_reductase 
superfamily protein 

unknown 
function 

-3.96 0.003 

BN194_17960  Dak2 domain fusion 
protein  

unknown 
function 

-4.17 0.002 

BN194_05660  DUF1883 superfamily 
protein 

unknown 
function 

-4.31 0.000 

BN194_20400  hypothetical protein 
BN194_20400  

unknown 
function 

-4.99 0.000 

BN194_19080  DUF964 superfamily 
protein 

unknown 
function 

-5.00 0.006 

BN194_30450  hydrolase, HAD 
superfamily 

unknown 
function 

-5.66 0.000 

BN194_28520 YidA hydrolase, HAD 
superfamily 

unknown 
function 

-5.73 0.001 

BN194_08670 YkuL CBS_pair superfamily 
protein 

unknown 
function 

-7.00 0.006 

BN194_07660  hypothetical protein 
BN194_07660  

unknown 
function 

-7.22 0.000 
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Figure 4: Growth of Lb. casei GCRL163 in modified buffered MRS broth at pH 2.5 in the 

presence or absence of Tween 80. TW: Tween 80, NTW: No Tween 80. 
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Tween 80 influences lipid metabolism and enhances acid resistance. A stark effect 

was observed on fatty acid biosynthesis pathway with the primary pathway enzymes 

increased substantially in abundance (Figure 2) during sole growth on Tween 80. In chapter 2 

it was observed lactose starved cells forced to grow on citrate had suppressed fatty acid 

biosynthesis enzymes (AcpP2, FabF, FabG, Cfa) relative to those grown without Tween 80. 

This suggests the metabolism of Tween 80 results in regulatory changes that could affect the 

activity of fatty acid biosynthesis, apparently more active in Tween 80 grown cells in a 

relative sense.  Auxiliary enzymes in the pathway, including cyclopropane fatty acid 

synthetase exhibit a slight increase in abundance (Table 2). This suggests that fatty acid 

synthesis itself occurs more prominently but compositional change is not confirmed. It has 

been noted that Tween 80 supplementation affects fatty acid profiles including higher levels 

of oleic acid and cyclopropane fatty acid (Wu et al., 2013; Broadbent et al., 2010), when cells 

are exposed to acidic conditions. The results here thus strongly suggest that fatty acid 

turnover is increased in the presence of Tween 80 compared to when citrate is also present.  

 

Responses to Tween 80 are known to be strain variable thus the effect on Tween 80 

on fatty acid composition may only be one aspect of its effect on cells that can affect stress 

responses. It was confirmed that when GCRL163 was exposed to a lethal pH challenge (pH 

2.5 for >30 h) that Tween 80 provides substantially enhanced survival (Figure 4). This 

enhanced survival has been indicated to be due to Tween 80’s effect on the cell membrane, 

reducing the entry of H+. The effects of Tween 80 fatty acid biosynthesis appears logically 

connected. However it also possible Tween 80 in its role as a potential inhibitor, which it 

achieves by its surfactant properties, could cause membrane disturbance (Oh et al., 1995) and 

induce stress responses in cells. For example, Tween 80 at only 20 ppm (50-times lower than 

the level used in this study) has been shown to inhibit marine bacteria, mainly Gram-negative 
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species (Buck and Cleverdon 1961). Thus it can be assumed an outcome of Tween 80 

exposure leads to stress responses that could subsequently manifest as “hardening” against 

others forms of stress. An apparent increase in the abundance of the fatty acid biosynthesis 

enzymatic pathway could be associated with increased fatty acid turnover overcoming 

disruption effects of the Tween 80. Since citrate is a better energy source it could be 

suggested that the effect of Tween 80 could be due to a lower availability of acetyl-CoA. This 

can be supported by the observation that the pyruvate dehydrogenase complex (which 

converts pyruvate to acetyl-CoA) is less active in Tween 80 grown cells with abundance 

reduced for all subunits, especially PdhD (which has dihydrolipoyl dehydrogenase activity) 

reduced 9-fold (Table 2). Further metabolite analysis and enzyme studies are needed to 

further explore Tween 80 responses to further clarify these changes.  
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Table 3: Proteins associated with stress responses in Lb. casei GCRL163 that are more 

abundant when grown on Tween 80 as sole carbon source. 

 

Equivalent 
BN194 locus 

Protein 
symbol 

Function Function Fold-
change 

P 
 
 

BN194_00680 OpuCA glycine 
betaine/carnitine/choline 
ABC-type transporter, 
ATP-binding protein 

carnitine/choline/
glycine betaine 
uptake 

7.11 0.058 

BN194_17950 RecG ATP-dependent DNA 
helicase RecG  

DNA repair 
(homologous 
recombination) 

4.51 0.018 

BN194_08360 RuvB Holliday junction 
resolvasome, helicase 
subunit 

DNA repair 
(homologous 
recombination) 

4.48 0.014 

BN194_25470 lactaldehyde 
dehydrogenase/glycolald
ehyde dehydrogenase  

detoxification of 
aldehydes 

6.24 5.78E-
08 

BN194_23760 GroES class I heat-shock protein 
(chaperonin) small 
subunit 

nascent protein 
folding 

5.17 0.0015
33 

BN194_04740 Npr NADH peroxidase  oxidative stress 
management 

6.02 0.0004
1 

BN194_29780 YecS amino-acid ABC-type 
importer substrate-
binding/permease 
components 

polar amino acid 
uptake 

4.53 0.116 

BN194_29910 GlnH4 polar amino acid ABC-
type importer, permease 
component 

polar amino acid 
uptake 

4.51 0.018 

BN194_29920 GlnH5 polar amino acid ABC-
type importer, permease 
component 

polar amino acid 
uptake 

4.48 0.0139
15 

BN194_24060 PII-type proteinase  protein 
degradation 
(casein) 

6.81 0.023 

BN194_29440 alpha-crystallin domain 
heat shock protein 

protein 
disaggregation 
(during rapid 
growth) 

33.3 5.51E-
06 

BN194_07570 Hsp18 alpha-crystallin domain 
heat shock protein 

protein 
disaggregation 
(during rapid 
growth) 

6.20 0.116 

BN194_06990 Csp Cold shock protein 1  RNA chaperone 7.57 4.23E-
05 
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BN194_12460 CspLA Cold shock-like protein 
CspLA  

RNA chaperone 4.08 0.0012 

BN194_19450 ClpE ATP-dependent Clp 
protease ATP-binding 
subunit ClpE  

recycling 
defective proteins 

4.28 0.0079 

BN194_21680 ClpC ATP-dependent Clp 
protease ATP-binding 
subunit  

recycling 
defective proteins 

4.24 0.164 
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Tween 80 and stress response induction in Lb. casei GCRL163. There is also 

increased abundance of cell surface proteins including those putatively involved in adhesion 

and lectin-binding as well as others with more mysterious roles. Tween 80 tends to reduce 

cell clumping, as observed during culture of GCRL163 without Tween 90, suggesting a 

decreased cell surface charge. This change may correspond to a general increase in the 

abundance of cell surface proteins (Figure 2).  Assessment of the proteome data also 

indicated several general responses relevant to stress adaptation summarized in Table 3. 

These responses may arise from the metabolic needs of catabolizing Tween 80 since they 

seem largely non-specific. Increases in proteins involved in nascent protein folding (GroES), 

turnover (ClpC, ClpE and disaggregation (Hsp18) (Spano et al., 2005) could be protective in 

the situation where cytoplasmic pH declines as suggested in the acid tolerance experiment 

(Figure 4). This is supported by increases in transporters for polar amino acids (Wu et al. 

2013; Broadbent et al. 2013) and compatible solutes that contribute to intracellular protein 

integrity and acid tolerance adaptation, which is discussed more in Chapter 4. Other 

responses such as increases in abundance of DNA repair enzymes RecG and RuvB, cold 

shock proteins, and NADH oxidase, the latter potentially involved in removal of H2O2 

formed during pyruvate oxidation. 

 

 In conclusion, the overall data suggests that the GCRL163 can grow directly on 

Tween 80 possibly attacking the sorbitan section of the molecule as well as utilizing the oleic 

acid component of the molecule for energy production. Tween 80 has been incorporated into 

growth media of many species of LAB for a considerable period (see Williams et al., 1947), 

where it improves growth, obviates the need for supply of essential vitamins, such as biotin, 

and provides a source of unsaturated fatty acids (specifically oleic) which are essential for 

some LAB species for growth (Partanen et al., 2001).   Early studies on the impact of Tween 
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compounds and fatty acids on growth used media similar to MRS but generally incorporated 

sugars as carbon sources and used short incubation periods (usually up to 72 h), so that 

growth on Tween 80 as a main carbon source remained undetected although impacts on the 

degree of growth and provision of saturated fatty acids or vitamin substitutes was well 

documented.  The results reported in this work clearly show that Tween 80 can be 

metabolized when other carbon sources are not available and can provide all cellular needs, 

although growth is clearly under stress.  Tween 80’s ability to enhance the survival of 

GCRL163 can be linked to a broad induction of stress responses in the cell beyond that 

related to fatty acid metabolism.  Proteomic data also suggests Tween 80 changes the surface 

properties of GCRL163 potentially linked to markedly more abundant cell surface proteins. 

The data shown here contributes to explaining the effect of Tween 80 on the physiology of 

GCRL163.  Application of Tween 80 or other lipid molecules could be a useful means to 

adjust probiotic physiological properties enhancing survival in food or non-food delivery 

systems.  
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CHAPTER FOUR 

Growth phase dependent and independent acid adaptation responses in 

Lactobacillus casei 

 
Abstract  

Acidic environments in food products affect the survival and therefore the potential 

efficacy of probiotic bacteria.  In this study, acid stress adaptation responses of Lactobacillus 

casei strains, including fermented milk strain MJA12 and Cheddar cheese isolate GCRL163, 

were investigated using label-free quantitative proteomic analysis of cell-free lysates. The 

strains were grown under anaerobic conditions in MRS broth adjusted to and maintained at 

pH 4.5 or pH 6.5 in fermenters, with biomass collected during mid-exponential and early-

stationary growth phases. Approximately 35% of the proteome of each strain was identified 

to >95% confidence. Distinct patterns and responses were observed from the proteome data: 

i) proteome level change at pH 4.5 relative to pH 6.5 were similar to that observed between 

stationary growth phase and exponential growth phase cultures at pH 6.5; ii) both strains 

exhibited increased abundance of olipopeptide/dipepetide importers, peptidases/proteinases, 

and branched chain aminotransferase,and iii) increases in the abundance of proteins in the 

fatty acid biosynthetic pathway and enolase during active growth was strain-dependent. 

These results are consistent with the main means by which Lb. casei combats sudden acid 

stress, including exogenous amino acid accumulation,  and increased unsaturation of fatty 

acid. Protein abundance data, however, revealed that acid adaptation varied between the 

strains in a growth phase-dependent manner, with strain MJA12 enhancing known acid 

adaptation-type responses when in the stationary growth phase, unlike strain GCRL163 

which appeared to be more directly responsive to acidic pH conditions, adapting during 

exponential growth. Furthermore, growth at low pH resulted in strain MJA12, but not strain 
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GCRL163, producing increased levels of malolactic fermentation associated enzymes, 

primarily malic enzyme MleA. Differences in the proteomes suggest that adaptation to 

growth at low pH varies between Lb. casei strains and thus strains are likely to react and 

persist differently in food and host systems. 

 

Introduction 

Lactobacillus casei is an acid-resistant, Gram-positive, rod-shaped, 

heterofermentative bacterial species included in the broad group referred to as the lactic acid 

bacteria (LAB). Lactobacillus species can be found in or on fresh or fermented food products 

including vegetables, fruit, milk and meat, where they can contribute to food organoleptic 

properties (Law Ba, 2001; Smit et al., 2001; Hufner et al., 2007; Bisanz and Reid., 2011). 

Like other LAB, Lb. casei produces lactic acid as its major end product of carbohydrate 

fermentation.  During fermentation Lb. casei exports lactic acid and H+ out of the cytoplasm 

in order to control the internal pH (pHi) and generate ATP, resulting in acidification of the 

surrounding medium (Booth 1985).  Aciduricity is the ability of the bacteria to grow and 

survive in acidic, organic acid-rich conditions. This ability is an important criterion when 

selecting probiotic strains that can be delivered in functional foods (Cotter and Hill, 2003; 

Bisanz and Reid, 2011; Wu et al., 2011). The understanding of physiological aspects 

connected to acidiuricity may better enable strain selection and application of probiotics via 

food delivery systems.  

 

When under acidic conditions, lactobacilli can tolerate a pHi decline to a certain 

extent (Shabala et al., 2006), unlike many other bacteria which usually rigorously maintain 

cytoplasmic pH homeostasis around neutral.  Lactobacilli usually lack metabolic-based pH 

homeostasis mechanisms, such as the glutamate decarboxylase and the arginine deaminize 
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systems, and rely on F1F0-ATPase to aid in pHi homeostasis via H+ extrusion (Cotter et al., 

2003).  Under acid shock, Lb. casei has been shown to modulate fatty acids with changes in 

cyclopropane fatty acid content, oleic acid (18:1ω9c) ratios and fatty acid acyl chain length 

increases, which is understood to be linked with increased acid resistance (Wu et al., 2012). 

These changes presumably lead to reduced permeability to H+ and organic acids (Wu et al., 

2012).  L-malate, L-histidine (Broadbent et al., 2010) and L-aspartate (Wu et al., 2013) 

supplied exogenously were found to protect cells against acid shock, presumably contributing 

indirectly to pHi homeostasis.  

 

The aim of the research described here was to investigate the proteomes of two Lb. 

casei grown under neutral and acidic conditions for cells harvested at different growth phases 

in order to understand the nature of acid adaptation, considering strain and growth phase 

variables. The strains investigated were GCRL163, a Cheddar cheese isolate (Chandry et al., 

1998) and MJA12, isolated from the fermented milk product YakultTM (Yakult Honsha Co., 

Ltd), which contains a probiotic Lb. casei culture. The proteomes of cell-free lysates were 

determined using a gel-free, label-free approach with quantification of protein abundance in 

relative terms employed between treatments (Al-Naseri et al., 2013).  The information, when 

summarised at both specific and broad functional levels, demonstrates that, besides known 

acid resistance mechanisms, there are additional parameters related to strain type and growth 

phase that influence acid adaptation. 

 

Material and methods: 

Bacterial strain and growth conditions.  Lb. casei strain GCRL163, a Cheddar 

cheese isolate, has been described previously (Chandry et al., 1998; Al-Naseri et al., 2013).  

Strain MJA12 was isolated in the present study from YakultTM milk drink (Yakult Honsha 
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Co., Ltd) following culture and purification on MRS agar.  Both strains were confirmed as 

Lb. casei by 16S rDNA sequencing (Chandry et al., 1998) and stored as described previously 

(Al-Naseri et al., 2013).  Multilocus sequence typing analysis (MLST) was undertaken as 

described by Diancourt et al. (2007) using seven sequence alleles for housekeeping genes 

(fus, ileS, leuS, lepA, pyrG, recA, recG) and results matched against the Pasteur Institute 

Lactobacillus casei MLST Database. 

(www.pasteur.fr/recherche/genopole/PF8/mlst/Lcasei.html ).   

 

Strains were revived from glycerol storage by passaging through two sequential 

subcultures in MRS broth (Oxoid, Australia) incubated at 37 °C for 12 h under anaerobic 

conditions (Anaerocult A system, Oxoid, Australia).  Cultures were plated onto MRS agar 

and incubated anaerobically at 37 °C for 48 h then starter cultures prepared by suspending a 

single colony of each strain into MRS broth. One individual colony represented one 

biological replicate. Each stationary-phase starter culture was used to inoculate (2% v/v) 900 

ml of MRS in Bioflo/Celligen 115 Benchtop Fermentor/Bioreactor systems (New Brunswick, 

USA).  Prior to inoculation, media were sparged with nitrogen gas to maintain strictly 

anaerobic conditions and O2 levels monitored during culture using a dissolved O2 probe, with 

gas addition controlled during removal of samples.  Temperature of bioreactors was 

controlled at 30 °C with stirring at 100 rpm.  As required, the initial pH of media was 

adjusted with HCl and subsequently controlled automatically during culture through the 

addition of 2 M HCl and 2 M NaOH. 

 

Growth at low pH.  To determine the maximum specific growth rate (µmax) at 

different initial set pH values, MRS broths were prepared in duplicate sets of bioreactors with 

initial pH of 2.5, 4, 4.5, 5, 5.5, 6.0 or 6.5, inoculated as above and growth monitored by 
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measuring optical density at 600 nm (OD600) and determining viable counts on MRS agar; 

strains were grown at pH 6.5 or 4.5, 30 °C, overnight before being inoculated into 

corresponding duplicate fermenters.  To evaluate proteomic changes in response to growth at 

low pH, two sets of three bioreactors at pH 4.5 or 6.5 were inoculated, growth monitored and 

cells harvested during exponential and stationary growth phases:  this corresponded to 8 and 

20 hours culture at pH 4.5 and 5 and 10 hours at pH 6.5.  Samples (150 ml) of culture broth 

were centrifuged at 5,000 rpm for 10 min at 4 °C using (Avanti J-30I High-Performance 

Centrifuge, Beckman, USA), and the cell pellets were washed three times with Tris-HCl 

buffer (40 mM, pH 7.0). The cells were resuspended in Tris-HCl buffer (40 mM, pH 7.0), 

concentrating to a standard OD600 equivalent to 10.  Each bioreactors sample represented a 

single biological replicate.  

 

Protein extraction and peptide sample preparation. Protein was extracted by bead 

beating 200 µl of cell suspension with 0.5 g of zirconia-silicon beads (0.1 mm diameter; 

Daintree Scientific, Australia) using a Tissuelyser II bead beater (Qiagen) at 30 cycles/s for 6 

min.  Cellular debris was removed by centrifugation at 14,000 rpm (Eppendorf | 5417R | 

Refrigerated Centrifuge, Australia) for 30 min at 4 °C. Peptide samples were prepared by co-

precipitation of proteins with trypsin at a substrate: enzyme ratio of 50:1. Protein samples 

were alkylated by incubation with 50 mM iodoacetamide in the dark at ambient temperature 

for 2 h. Proteins were co-precipitated with 1 µg proteomics grade trypsin (Sigma) using 1 ml 

of methanol (overnight at -20 °C). After centrifugation, protein-trypsin precipitates were 

carefully resuspended in 100 mM ammonium bicarbonate and trypsin digestion allowed to 

proceed at 37 °C for 5 h.  Digests were terminated by addition of 0.1% formic acid and non-

digested protein was removed by centrifugation 13,000 rpm using (Eppendorf | 5417R | 

Refrigerated Centrifuge, Australia) for 5 min (Al-Naseri et al., 2013). 
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Peptide analysis by LTQ-Orbitrap mass spectrometry and protein identification. 

Nano LC and MS/MS analysis was performed using an LTQ-Orbitrap XL and Surveyor 

autosampler and MS Pump Plus controlled by Xcalibur 2.0 software (Thermo Scientific). 

Peptides were separated and analysed with  minimal void volume LC system using two 

PEEK Zero Dead Volume (ZDV) tees installed either side of a sample trap column assembly 

(Upchurch) loaded with a 2.5 cm x 75 µm ID IntegraFrit trapping column (New Objective). 

Approximately 2 µg of peptide sample was loaded onto the trapping column using 100% 

mobile phase buffer A (0.1% formic acid) at a flow rate of 20 µl/min over 5 minutes.  During 

sample loading, solvent and unbound analyses were diverted to waste via the downstream 

ZDV tee.  Flow rate was then split down to 200 nl/min using the upstream ZDV tee and 

peptides were eluted onto a 10.5 cm analytical nanoLC column (New Objective) using a four-

step gradient of 100% buffer B (90% acetonitrile in 0.2% formic acid) to 90% buffer C (90% 

acetonitrile in 0.2% formic acid).  Data-dependent tandem mass spectrometry and data 

acquisition parameters were essentially as described previously (Al-Naseri et al., 2013).  

 

Database searching and criteria for protein identification. The MS/MS data 

extracted from the raw files were searched against the combined complete proteomes of 

strains ATCC 334 (Makarova et al., 2006), BL23 (Maze et al., 2010), LC2W (Chen et al., 

2011), BDII (Chen et al., 2011), Zhang (Zhang et al., 2010), and W56 (Hochwind et al., 

2012) since they effectively cover a substantial proportion of genetic diversity within the Lb. 

casei The database was downloaded on 26/03/2013 and comprised 6126 entries. 

 

Statistical analysis of MS/MS data. The spectral count (SpC), a sampling statistic 

output of ProteinProphet, was used to determine relative protein abundance (Nesvizhskii et 

al., 2003; Gokce et al., 2011). To account for sampling depth the approach of (Gokce et al. 
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2011) was used, in which the overall average of the total SpC for each replicate was used to 

normalize each SpC value. The variation between each replicate compared to the average 

total SpC was -11% to +8%. Log2-fold changes in protein expression under each treatment 

condition were calculated based on the average SpC and a pseudospectral count value of 0.5 

was applied to each replicate to allow for comparisons where proteins were not detected in 

particular treatments (Anderson and Willis, 2003). Significant differences between SpC 

values were determined using t-tests since SpC data was determined to be log-normally 

distributed, according to the Shapiro-Wilk normality test. Significant alteration in protein 

abundance was considered to comprise a log2-ratio change of >1 or <-1 (P-value of <0.05) 

thus moderating unexpectedly high t-statistic scores. 

 

Multivariate statistical comparisons. Due to the complexity of the dataset, the 

derived protein profiles for each replicate and factors (strain, pH, growth phase) were 

assessed initially with multivariate statistics using Primer-6 software (Primer-E, Plymouth, 

UK). This followed the approach of Anderson and Willis (2003) where firstly 

treatment/strain-associated datasets were compared without constraints using multi-

dimensional scaling analysis followed by a constrained analysis utilizing canonical analysis 

of principal coordinates (CAP), in which each of the treatment criteria were considered fixed 

variables. For this purpose the SpC data was log(X+1) transformed and converted to Bray-

Curtis similarity coefficients (to scale between 0 to 100). The influence of strain, growth 

phase and pH on the protein profiles was assessed using permuted multivariate analysis of 

variance (PERMANOVA). The analysis was done using an unrestricted permutation of the 

data (n=9999), fixed terms summed to zero, and utilizing partial sum of squares since the data 

is effectively an unbalanced data layout with proteins frequently not observed owing to 

detection limitations and physiological effects. 
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Protein functional group analysis. The effects of acidic pH and comparison of the 

change from exponential to stationary growth phase was assessed on a functional level as 

done by Liu et al. (2004) and Bowman et al. (2012). For this purpose identified proteins were 

assigned to a functional category on the basis of gene ontology. Changes in protein 

abundance within these sets, in relation to the entire dataset, were tested using a penalized t-

statistic approach devised by Boorsma et al. (2005), developed originally for cDNA 

microarray data. For this analysis the proteins considered included only those that were 

detected. The derived functional groups T-values for each treatment comparison were 

compared collectively in heat maps by utilizing unsupervised hierarchical cluster analysis. 

Clustering of T-values was performed with Cluster 3.0 (De Hoon et al., 2004) using 

uncentered correlation and complete linkage analysis. The heat map, which visualizes the 

collected T-value data, was constructed in Java Tree View (Saldanha et al., 2004). 

 

Results 

Both strains were grown anaerobically in MRS broth constantly maintained at pH 6.5 

and pH 4.5 in bioreactors and so they were exposed to a combination of acidity in the form of 

H+ and unprotonated sodium acetate (33.5 mM) in MRS in addition to end-product 

accumulation (mainly lactate). Thus it can be assumed that physiological adaptation to acidic 

conditions incorporates a response to both elevated H+ ions and organic acids. 

 

Proteome coverage of Lactobacillus casei strains investigated. The strains tested 

were chosen on the basis that they have a capacity to grow, survive, and are effectively 

delivered in acidic food types. MLST analysis indicated MJA12 and GCRL163 belonged to 

sequence types 1 and 2, respectively, within the Pasteur Insititute MLST scheme thus are 

genetically different though it is assumed a high proportion of their proteomes are highly 
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similar (Douillard et al., 2013). Across all treatments, a total of 1154 proteins were identified 

to a confidence level of >95%. Of these, 925 and 844 proteins had at least two unique 

peptides amongst those identified in GCRL163 and MJA12, respectively (Appendix B). The 

data primarily reflects cytosolic-associated proteins due to inherent extraction biases against 

proteins with high GRAVY indexes, those that are sorted and covalently linked to 

peptidoglycan, and those that are mostly secreted extracellularly. Nevertheless, the entire 

suite of functional protein groups is observable and the data provides a clear indication of 

housekeeping and metabolic priorities on the basis of relative abundance of individual 

proteins. The most abundant protein detected was elongation factor Tu (TufA), which is 

consistent with its central role in protein translation. 

Protein profile comparisons using CAP and functional group analysis reveal 

divergent responses of Lactobacillus casei strains to acid growth. Despite growth rates 

and yields of both strain being similar at pH 4.5 (0.47-0.49 h-1 ), the maximum specific 

growth rate responses across a range of pH do not fully align (Figure 1) suggesting 

potentially strain-specific differences may occur during acid adaptation. Broad appraisal of 

the proteomic data using CAP analysis (Figure 2) showed surprising distinctiveness and 

complexity in the responses to acidic conditions. The starkest observation is that strain 

GCRL163 shows considerably greater divergence in its proteomes at pH 4.5 for both growth 

phases compared to that of MJA12 in relation to proteomes derived from biomass grown at 

pH 6.5, where the strains are comparatively more similar. It could be readily discerned that in 

order of influence on the proteomes growth phase is the most influential factor followed by 

strain and then by pH conditions, based on the components of variance derived from the 

PERMANOVA analysis (Appendix C). All factors were significantly different (p<0.0001), 

the distinctiveness enhanced by the fact that biologically-derived variation was quite 

restricted. 
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Figure 1. Maximum specific growth rate of Lactobacillus casei GCRL163 ( ) and MJA12 

( ) in MRS broth under anaerobic conditions with pH maintained at pH 4, 4.5, 5, 5.5, 6, 

and 6.5. 
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Figure 2. Demonstrating the comparison of protein profiles for each replicate and factors 

(strain, pH, growth phase) utilizing canonical analysis of principle coordinates (CAP). 
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Hierarchical cluster analysis of functional data supported the CAP analysis in that it 

demonstrates divergence of proteomes in terms of acid growth adaptation is dependent on a 

combination of growth phase specific-changes that are non-congruent between the strains 

tested (Figure 3). The cluster data for GCRL163 suggests the acid-adapted state acquired 

during active (exponential) growth is broadly similar to that acquired during stationary 

growth phase when pH is maintained deliberately at pH 6.5. On the other hand strain MJA12 

exhibits functionally different trends to GCRL163 during active growth at pH 4.5 but 

consistently also showed that the acid adapted state is relatively similar to that found for 

stationary growth phase biomass that was kept under neutral pH conditions. Similarly, 

proteome divergence is observed between both strains for biomass collected during stationary 

growth phase when maintained at pH 4.5, which reflects a more natural situation of organic 

acid accumulation during fermentation. 
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Figure 3. Heat map generated from T-value data organized by functional groups using 

Cluster v. 3.0.38. Unsupervised hierarchical clustering on the basis of uncentered correlation 

was used to compare the overall proteome data sets (top dendrogram) and the protein 

functional groups (left-handendrogram). G: Lb. casei GCRL163; S: Lb. casei MJA12; exp: 

Exponential growth phase; stat: Stationary growth phase. 
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Fatty acid biosynthesis proteins and fatty acid hydratase increase in abundance 

during acid stress while cyclopropane fatty acid synthetase is abundant under all 

growth conditions. Most enzymes that make up the fatty acid biosynthesis pathway showed 

greater abundance in strain GCRL163 when it was exponentially growing at pH 4.5 

compared to near neutral pH conditions. The abundance of the pathway enzymes was also 

elevated in stationary growth phase independent of pH (Figure 4). Surprisingly, strain MJA12 

had only weak or undetectable abundance of fatty acid biosynthetic enzymes during active 

growth at either pH (Table 1, Appendix C), however during stationary growth phase the 

abundance profile was similar to GCRL163 (Figure 4). The relative abundance of 

cyclopropane fatty acid synthetase (Cfa) in both strains was not significantly altered by either 

pH or growth phase suggesting it is constitutively active at all stages of growth. In GCRL163 

the abundance of 3-oxoacyl-ACP synthase I/II (FabF) involved in initiating nascent fatty acid 

acyl chain synthesis was increased substantially only under acidic conditions, while in 

MJA12 FabF was detectable at both pH 4.5 and 6.5 in the stationary growth phase. This 

suggests a difference in the way fatty acid content is modulated between the strains. A similar 

result was also obtained for a protein designated Sph, typically annotated on genomes as 

myosin cross-reactive antigen, has been shown to be a FAD-dependent fatty acid hydratase 

(Volkov et al., 2010; Volkov et al., 2013) involved in fatty acid desaturation. This result is 

consistent with observations that unsaturated fatty acids become elevated after Lb. casei is 

exposed to an acidic shock (Wu et al., 2012), however growth phase status could be 

important in dictating strain survival. 

  

109 
 



 
Figure 4. Spectral count abundance data for fatty acid metabolism in Lb. casei strains A) GCRL163 and B) MJA12 grown anaerobically at 

different pHs. The SpC values are the average obtained per biological replicate based on spectra that pass filteration criteria. The error bars are 

the standard deviation values derived from the comparisons. Where values are absent spectra were not observed for the enzyme in the given 

samples. Abbreviations: exp (exponential growth phase); stat (stationary growth phase).  AcpP2: acyl carrier protein, AccA: acetyl-CoA 

carboxylase carboxyl transferase subunit alpha, AcpP2: acyl carrier protein, FabH: 3-oxoacyl-ACP synthase III, AccC: acetyl-CoA carboxylase 

biotin carboxylase subunit, FabZ: (3R)-hydroxymyristoyl-ACP dehydratase, FabG: 3-oxoacyl-ACP reductase, Bkr4: 3-oxoacyl-[acyl-carrier-

protein] reductase 4, FabD: malonyl CoA-acyl carrier protein transacylase, FabK: enoyl-[acyl-carrier protein] reductase II, AccB: acetyl-CoA 

carboxylase biotin carboxyl carrier protein, FabF: 3-oxoacyl-ACP synthase I/II, Sph: fatty acid hydratase/isomerase (oleate hydratase, linoleate 

isomerase).  
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Table 1: Proteins that show enhanced abundance in Lb. casei strains GCRL163 and MJA12 during exponential growth in MRS at pH 

4.5 under anaerobic conditions.  

Protein identified 
 

Functional Group GCRL163 P MJA12 p 
   Fold-change  Fold-change  
dTDP-4-dehydrorhamnose 3,5-
epimerase  

 
Cell wall biogenesis 35.5 0.043 

  D-alanine-poly(phosphoribitol) 
ligase subunit 2 DltC Cell wall biogenesis 4.1 0.007 

  ATP synthase subunit delta  AtpH Membrane bioenergetics 4.0 0.002 1.6 0.399 
ferredoxin--NADP reductase  YumC Membrane bioenergetics 1.3 0.365 4.2 0.067 
bifunctional transcriptional 
regulator (WHTH_GntR 
superfamily) fused with a PLP dep. 
ARO8-like aminotransferase family 
protein 

 

Amino acid-related 
metabolism 34.3 0.000 

  
S-ribosylhomocysteine lyase  LuxS 

Amino acid-related 
metabolism 9.5 0.020 0.8 0.309 

oligoendopeptidase F  YjbG2 
Amino acid-related 
metabolism 6.6 0.006 

  
cysteine synthase  CysK 

Amino acid-related 
metabolism 6.2 0.000 1.2 0.691 

pyrroline-5-carboxylate reductase  ProC 
Amino acid-related 
metabolism 5.3 0.025 0.4 0.374 

proline iminopeptidase  Pip2 
Amino acid-related 
metabolism 5.3 0.025 4.2 0.007 

tripeptide aminopeptidase T  PepT 
Amino acid-related 
metabolism 4.7 0.115 19.1 0.001 

oligoendopeptidase F  YjbG 
Amino acid-related 
metabolism 4.7 0.057 2.3 0.028 

glutamyl aminopeptidase, YsdC Amino acid-related 1.0 
 

7.5 0.001 
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M20_dimer superfamily metabolism 
branched-chain amino acid 
aminotransferase  IlvE Amino acid-related 

metabolism 2.5 0.019 5.7 0.001 

Xaa-Pro dipeptidyl-peptidase  PepX Amino acid-related 
metabolism 2.9 0.000 4.4 0.035 

Phosphoribosylaminoimidazole-
succinocarboxamide synthase  PurC 

Nucleic acid/nucleotide 
metabolism 25.1 0.000 

  phosphoribosylaminoimidazole 
carboxamide 
formyltransferase/inosine-
monophosphate cyclohydrolase PurH 

Nucleic acid/nucleotide 
metabolism 17.1 0.000 

  
aspartate carbamoyltransferase  PyrB 

Nucleic acid/nucleotide 
metabolism 13.3 0.000 2.3 0.374 

carbamoyl-phosphate synthase large 
subunit  CarB 

Nucleic acid/nucleotide 
metabolism 7.9 0.000 0.7 0.486 

N5-carboxyaminoimidazole 
ribonucleotide mutase  PurE 

Nucleic acid/nucleotide 
metabolism 7.2 0.066 

  N5-carboxyaminoimidazole 
ribonucleotide synthase  PurK2 

Nucleic acid/nucleotide 
metabolism 5.9 0.091 

  phosphoribosylformylglycinamidine 
synthase PurS 

Nucleic acid/nucleotide 
metabolism 5.9 0.001 

  anaerobic ribonucleoside-
triphosphate reductase  NrdD 

Nucleic acid/nucleotide 
metabolism 5.3 0.124 0.4 0.116 

dihydroorotase  PyrC 
Nucleic acid/nucleotide 
metabolism 4.7 0.026 0.6 0.374 

3-oxoacyl-ACP synthase  I/II FabF Lipid-related metabolism 21.4 0.000 
  acetyl-CoA carboxylase biotin 

carboxyl carrier protein  AccB Lipid-related metabolism 7.2 0.020 
  enoyl-[acyl-carrier protein] 

reductase II FabK Lipid-related metabolism 6.9 0.000 
  malonyl CoA-acyl carrier protein 

transacylase  FabD Lipid-related metabolism 6.6 0.040 1.6 0.374 
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3-oxoacyl-[acyl-carrier-protein] 
reductase 4  Bkr4 Lipid-related metabolism 6.4 0.011 

  3-oxoacyl-ACP reductase  FabG Lipid-related metabolism 5.3 0.002 
  fatty acid hydratase/isomerase  

(oleate hydratase, linoleate 
isomerase) Sph Lipid-related metabolism 5.3 0.002 

  (3R)-hydroxymyristoyl-ACP 
dehydratase  FabZ Lipid-related metabolism 4.7 0.000 

  acetyl-CoA carboxylase biotin 
carboxylase subunit AccC Lipid-related metabolism 4.7 0.026 

  mevalonate kinase  MvaK1 Lipid-related metabolism 0.9 0.733 4.4 0.017 
ferrochelatase  HemH Cofactor-related metabolism 4.7 0.026 0.4 0.116 
riboflavin biosynthesisn 
acetyltransferase RibT Cofactor-related metabolism 4.7 0.025 0.6 0.374 
ATP-dependent helicase/nuclease 
subunit A  AddA DNA repair/recombination 5.9 0.016 0.6 0.374 
ATP-dependent chaperone/Clp 
protease ClpB Protein folding/turnover 1.9 0.115 8.1 0.005 
ATP-dependent Clp protease ATP-
binding subunit ClpE  ClpE Protein folding/turnover 2.5 0.017 4.1 0.004 
glutathione peroxidase  Gpo Cell defense/detoxification 7.2 0.007 1.7 0.139 
esterase/lipase, Aes superfamily 
protein 

 
General prediction only 9.6 0.000 1.6 0.374 

NADPH-dependent FMN reductase 
with a PAS domain 

 
General prediction only 5.9 0.091 0.5 0.357 

phosphatidylethanolamine-binding 
protein, putative 

 
General prediction only 5.3 0.002 _a 

 HAD-like hydrolase superfamily 
protein Gph-like 

 
General prediction only 4.5 0.000 0.9 0.611 

D-hydantoinase/oxoprolinase, 
hydantoinase superfamily HyuA General prediction only 0.6 0.374 31.4 0.000 
MviM family oxidoreductase  General prediction only 1.5 0.337 6.2 0.001 

113 
 



RNA-binding transcriptional 
accessory helicase, Tex family  General prediction only 0.8 0.350 4.9 0.000 
DUF2316 superfamily protein 

 
Unknown/uncharacterized 5.9 0.140 0.6 0.374 

hypothetical protein BN194_07550  
 

Unknown/uncharacterized 5.6 0.013 1.0 0.952 
hypothetical protein BN194_06580  

 
Unknown/uncharacterized 4.7 0.000 

  hypothetical protein BN194_01830  
 

Unknown/uncharacterized 4.6 0.001 1.2 0.452 
hypothetical protein BN194_20190  

 
Unknown/uncharacterized 4.4 0.003 2.9 0.158 

GatB_YqeY superfamily protein 
 

Unknown/uncharacterized 4.4 0.003 1.8 0.127 
DUF2969 superfamily protein 

 
Unknown/uncharacterized 4.1 0.016 0.8 0.556 

DUF901 superfamily protein with 
PIN domain YacP Unknown/uncharacterized 

  
10.0 0.006 

DUF969 membrane superfamily 
protein  Unknown/uncharacterized 

  
5.5 0.002 

hypothetical protein BN194_02480   Unknown/uncharacterized 0.6 0.105 5.5 0.002 
oligopeptide ABC-type transporter, 
ATP-binding protein  OppF2 ABC-type transporter systems 7.2 0.020 

  ABC-type transporter, ATP-binding 
protein YvrO ABC-type transporter systems 5.0 0.047 1.1 0.528 
di-/oligopeptide ABC transporter 
substrate-binding protein DppE/OppA ABC-type transporter systems 0.6 0.374 7.9 0.001 
di-/oligopeptide ABC transporter 
substrate-binding protein DppE/OppA ABC-type transporter systems 1.0 0.961 7.9 0.017 
oligopeptide uptake ABC-type 
transporter, substrate-binding 
protein 

OppA3 
ABC-type transporter systems 0.4 0.116 7.3 0.000 

oligopeptide uptake ABC-type 
transporter, ATP-binding protein OppF3 ABC-type transporter systems 0.6 0.374 4.9 0.026 
branched-chain amino acid ABC-
type transporter, substrate binding 
protein 

LivK 
ABC-type transporter systems 2.9 0.158 4.0 0.009 

pyruvate oxidase YdaP Carbohydrate-related 1.2 0.662 15.9 0.003 
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metabolism 
glycerol dehydrogenase, 
GlyDH_like1 family, putative YbdH Carbohydrate-related 

metabolism 0.6 0.374 7.5 0.001 

enolase  Eno 

Central 
glycolytic/intermediary 
pathways 20.4 0.000 2.4 0.003 

dihydrolipoyl dehydrogenase  PdhD 

Central 
glycolytic/intermediary 
pathways 4.5 0.003 0.8 0.251 

ribulose-phosphate 3-epimerase  Rpe 

Central 
glycolytic/intermediary 
pathways 4.1 0.132 1.6 0.374 

malate dehydrogenase (malic 
enzyme) MleA Tricarboxylic acid pathway 0.1 0.000 10.7 0.000 
pyruvate carboxylase  Pyc Tricarboxylic acid pathway 1.0 0.981 4.2 0.008 

 

aA blank cell indicates the protein was not detected in the protein extract.
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 Several oligopeptide transporters, peptidases and aminotrasferases are boosted 

in abundance as a means to supply exogenous amino acids during acid stress. 

Metabolism or accumulation of amino acids, in particular Asp and His, has been found to be 

a factor in enhanced acid tolerance in Lb. casei. Asp was considered to elevate the 

cytoplasmic levels of Arg, Leu, Ile, and Val, all of which are essential for growth and could 

directly or indirectly act to increase pHi and maintain intracellular ATP levels (Wu et al., 

2012). Enzymes associated with aspartate metabolism, especially aminotransferases leading 

to formation of other amino acids, were not elevated directly under acid stress conditions 

during active growth but were elevated in stationary growth phase cells (Figure C1, Figure 7). 

Detected enzymes of the histidine biosynthetic pathway and the enzymes converting Asp to 

Arg (ArgG, ArgH) were at negligible levels thus it is assumed de novo synthesis is not used 

as a major adaptation to acid conditions. It was surmised that acid stress may increase the 

levels of proteins that are engaged in amino acid acquisition, including transporters and 

peptidases. Several peptidases show significantly greater abundance when either GCRL163 

or strain MJA12 were growing actively at pH 4.5 (Figure 5) including proline iminopeptidase 

(Pip), tripeptide aminopeptidase T (PepT), oligoendopeptidase F (YjbG), neutral 

endopeptidase O (PepO), dipeptidase B (PepD), aminopeptidase N (PepN), and bleomycin 

hydrolase-type aminopeptidase (PepC). These enzymes collectively cleave one to three 

peptides from the end of protein chains or break down oligopeptides thus supplying amino 

acids to the cell. Of 31 transporter proteins that were significantly more abundant under either 

acidic conditions or due to growth phase transition the most pronounced increases in 

abundance were observed for ABC-type oligopeptide transporters, especially in strain MJA12 

(Figure 6). Additional transporter proteins that putatively import polar amino acids (such as 

L-glutamine and L-histidine), branched chain amino acids, polyamines and calcium ions also 

increased in abundance, though the responses were strain dependent and most clearly 
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observed in the biomass collected during stationary growth phase. Branched chain 

aminotransferase IlvE had increased abundance in biomass collected during active growth at 

pH 4.5 and during stationary growth phase (Appendix C1). This enzyme generates keto-acids 

from Ile, Leu and Val, which are potentially converted to their corresponding hydroxyl acidic 

intermediates via a putative L-hydroxyisocaproate dehydrogenase, which exhibits enhanced 

abundance in stationary growth phase cells (Appendix C, Figure 7). This activity could serve 

to contribute NADH/H+ and NH4
+ in the cytoplasm and is known to be associated with 

flavour development in foods (Ardo et al., 2006). 
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Figure 5. Spectral count abundance data for peptidases in Lb. casei strains A) GCRL163 and B) MJA12 grown anaerobically at different pHs.  

See Figure 4 for other detail and abbreviations. PepN: aminopeptidase N, PepDB: dipeptidase B, PepDA: dipeptidase A, PepX: dipeptidase A, 

PepO2: neutral endopeptidase, YjbG: oligoendopeptidase F, PepT: tripeptide aminopeptidase T, Pip2: Proline iminopeptidase, YjbG2: 

oligoendopeptidase. F.
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Figure 6. Spectral count abundance data for oligopeptide uptake ABC-type transporter  proteins in Lb. casei strains A) GCRL163 and B) 

MJA12 grown anaerobically at different pH. See Figure 4 for other details and abbreviations. OppA, OppA2, OppA3, DppE/OppA: di-

/oligopeptide uptake ABC-type transporter substrate-binding protein; OppB, OppB2, OppB3: oligopeptide transport system permease, OppC, 

OppC2, OppC3: oligopeptide transport system, permease, OppD2, OppD3, OppF2, OppF3: oligopeptide uptake ABC-type transporter, ATP-

binding protein.  
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 Contribution of energy yielding pathways during acid stress and stationary 

growth phase. Acid stress may exhaust the cellular ATP pool due to increased ATPase H+ 

extrusion activity. Enhanced activity thus would lead to an expected compensatory increase 

in ATPase subunit abundance. An assessment of the abundance of the F1F0-ATPase complex 

leads to the conclusion that strain GCRL163 does not employ the ATPase complex to drive 

H+ extrusion to a substantial degree, (Figure 7). Strain MJA12 only exhibits an increased 

abundance of most of its ATPase subunits in the stationary growth phase when under acid 

stress, suggesting H+ extrusion could be more important at this growth phase, but otherwise 

behaves similarly to GCRL163. Since fermentation supplies ATP and NAD(P)H+H+ to the 

cell, increased abundance of associated enzymes might be expected to aid in energy 

homeostasis during acid stress. The abundance of enzymes associated with catabolism of 

sugars and other fermentable substrates was generally not directly affected by acidic pH, but 

abundance seems instead tied to the growth phase status of the cell population. Though 

phosphoglycerate kinase (Pgk) levels were unchanged, enolase (Eno) levels were observed to 

be substantially boosted in abundance during active growth at pH 4.5 for both strains (2.5-20-

fold). This response potentially represents a compensation for reduced cellular levels of the 

phosphodonor phosphoenolpyruvate, which is needed to activate sugars for uptake and 

fermentation. The most abundant catabolic enzymes, associated with the metabolism of D-

galactose, D-glucose, and D-fructose, exhibited slightly greater abundance in stationary 

growth phase cultures. The abundance of L-lactate and D-lactate dehydrogenase, the major 

enzymes present leading to end-product formation (and resupplying NAD+), was relatively 

unchanged in GCRL163. The responses of citrate and malolactic fermentation associated 

enzymes, the latter consuming H+ in the conversion of malate to lactate, also showed growth 

phase dependency in GCRL163 with citrate lyase being more abundant in stationary growth 

phase while malic enzyme (oxaloacetate decarboxylating, EC 1.1.1.38), was most abundant at 
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pH 6.5. Strain MJA12 showed a different response with malic enzyme much more abundant 

during active growth at pH 4.5 than GCRL163 while citrate lyase abundance was low under 

all conditions (Figure Appendix C3, Figure 7). The data suggests that Lb. casei strains 

employ a largely similar strategy to gain energy under acidic stress though malolactic 

fermentation as a means to limit H+ and generate PEP in the cytoplasm seems strain-

dependent. 
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Figure 7. Metabolic map of intermediary metabolism of Lb. casei GCRL163 and MJA12 

when grown at low pH 4.5 relative to the control at pH 6.5. The map was constructed from 

spectral abundance data and demonstrates relative abundance of pathway components during 

growth at low pH. Pathway assignments of proteins are based on information from the KEGG 

database. Enzyme designations are given as their corresponding E.C. code. The type of the 

line is indicative of the protein abundant, sold line indicates proteins significantly more 

abundant than the overall mean protein SpC level and dashed lines indicate enzymes of low 

abundance. Red and yellow lines indicate strain GCRL163 at exponential and stationary 

growth phases, respectively. Green and blue lines indicate strain MJA12 at exponential or 

stationary growth phases, respectively.  Lines that are black in color indicate proteins that 

were essentially undetectable with the approach used. 

 

 Acid stress enhances the nucleic acid and nucleotide biosynthetic pathway in 

Lactobacillus casei. Acid stress increased most nucleic acid biosynthetic and several 

downstream nucleoside biosynthetic and salvage pathway enzymes, with this trend becoming 

more obvious in stationary growth phase. Given acidity and stationary phase are slow growth 

rate states and the demand for new DNA would be lower, this response seems to be 

compensatory in nature, possibly due to disruption of availability of certain precursors to the 

pathways, such as glutamine, or reduced functionality of the enzymes when the pHi becomes 

increasingly acidic. The latter is suggested by an increase in abundance (seven to eight fold) 

of RecA in stationary growth phase accompanied by increased abundance of AddA and 

AddB, involved in repairing double-strand breaks as well as two PcrA-like DNA helicases 

that are  putatively involved in DNA repair. 
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Acidification of the cytoplasm does not enhance protein turnover enzyme 

abundance but is associated with reduced nascent protein folding enzyme levels. The 

slow growth at pH 4.5 is presumed to be due to acidification of the cytoplasm and enervation 

of the cells as the ATP pool is depleted. The protein data suggests that an outcome of the 

acidification is reduced abundance of proteins involved with primary folding of nascent 

proteins (GroEL, GroES, DnaK, DnaJ, GrpE, Tig). Stress or shock responsive alpha-

crystalline domain proteins (Hsp18.5 and Hsp19.3) that may have a role in protein 

disaggregation (Spano et al., 2005) were abundant in actively growing cells at pH 6.5 but 

were reduced in abundance (by >90-fold) in slow growing and stationary growth cells. 

Despite acidic conditions leading to reduced pHi there was no evidence of increases in the 

abundance of enzymes involved in turnover of defective, misfolded proteins, including most 

of the Clp system enzymes as well as other enzymes such as HtrA (DegP), HslV/HslU, and a 

Lon protease homolog (YlbL). This could be due to slower protein synthesis and folding rates 

leading to apparent lack of increased recycling of proteins that might be otherwise more 

important in situations when sudden acid stress occurs (Wall et al., 2007). 

 

Discussion:  

Acid adaptation has been proposed as a selection criterion for probiotic bacteria 

(Collado et al., 2007). The ability to adapt and survive in acidic environments is an important 

function of Lb. casei as a probiotic agent. Most of the published works that have examined 

Lb. casei in relation to acid stress have done so under scenarios relevant to sudden exposure 

to gastric juices. This typically involves an exposure at about pH 2.0-2.5 (adjusted with HCl) 

for two hours (Lee et al., 2008; Fernandez et al., 2008; Broadbent et al., 2010). This study 

focused on examining acid adaptation instead, and takes into account the combined effects of 

H+ and organic acids. Relatively high coverage of the proteomes allowed for the first 
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comparisons of different Lb. casei strains (GCRL163 and MJA12) derived from different 

fermented food products and that on the basis of MLST analysis are non-clonal. The study 

takes into account the possibilities of genetic as well as growth phase-related effects on acid 

resistance.  

 

Here we report that in response to adapted growth under low pH, GCRL163 

demonstrates different survival strategies compared to MJA12. In relation to broad scale 

proteome responses and functional trends (Figure 2 and 3), differences between the two 

strains were observed. GCRL163 appeared to acid adapt during the exponential growth phase 

while MJA12 seemed to mainly attain full acid adaptation in the stationary growth phase. 

Acid adaptation has been reported for other LAB (Broadbent et al., 2010; Koponen et al., 

2012). Broadbent et al. (2010) demonstrated that Lb. casei ATCC334 when exposed to 

solutions of pH from 3 to 5 for 1 hour and then challenged at pH 2, the highest survival was 

found for the bacteria adapted at pH 4. The analysis of the membrane fatty acid in acid 

adapted cells demonstrated a higher total percentage of saturated and cyclopropane fatty acids 

compared to control, and that a stringent-type response was invoked. Our study supports the 

findings of Broadbent and colleagues, as proteins involved in fatty acid biosynthesis were 

observed to become more abundant suggesting enhanced synthesis of new fatty acids and/or 

more rapid turnover of fatty acids in the cell membrane. Fozo et al. (2004) and Broadbent et 

al.,(2010) have previously reported that cultures grown at lower pH increased proportions of 

oleic acid and cyclopropane nonadecylic acid, with concomitant decreases in hexadecanoic 

acid and cyclopropane heptadecanoic acid.  

 

It has been suggested that the fatty acid composition of the membrane can influence 

proton permeability. This indicates that membrane composition plays an important role in the 
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defense against acid stress (Wu et al., 2012). This strategy is also used by other Lactobacillus 

strains to withstand various environmental stresses. For example, Zhai et al. (2013) 

demonstrated that Lb. delbrueckii subsp. bulgaricus CAUH1 rerouted pyruvate metabolism to 

fatty acid biosynthesis, aiding possible modifications of the cell membrane when cultures 

were grow under low pH. The same mechanism was observed in other Gram-positive 

bacteria, including Listeria monocytogenes and Streptococcus mutans (Zhai et al., 2013). Lb. 

casei increased the abundance of proteins related to accumulation of amino acids and 

degradation of oligopeptides. This strategy has been demonstrated to have several 

physiological roles including intracellular pH control and generation of energy (Fernández et 

al., 2006). Enzymes related to amino acid metabolism, especially aspartate aminotransfer 

reactions, were mostly increased in abundance at low pH while in stationary growth phase, 

which indicates that these enzymes play a role in adaptation to suboptimal growth conditions. 

This response has been observed in other LAB when grown under low pH conditions, such as 

Lb. rhamnosus GG and Lb. casei Zhang (Wu et al., 2011; Koponen et al., 2012) though the 

details on which proteins are involved were not investigated. Here we can show that a wide 

range of peptidases appear to be increased in abundance in tandem with a variety of 

transporters, mostly of the ABC-type, with a focus on oliogopeptides and polar amino acids. 

  

In this study, enzymes related to energy yield show different abundances under the 

growth conditions examined in by this study. Proteins related to carbohydrate metabolism 

were more abundant at stationary growth phase in GCRL163 and MJA12 (Appendix C2). 

The proteomic data suggests that aspects of fermentation metabolism vary between the strains 

tested. L-lactate and D-lactate dehydrogenase were more abundant at stationary phase for 

strain MJA12, however these enzymes were not significantly altered in abundance in 

GCRL163. Enzymes involved in citrate and malolactic fermentation demonstrated strain 
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dependent changes as well. Malate decarboxylated produces L-lactate and CO2 (Renault et 

al., 1988) and contributes to alkalinization of the cytoplasm and allows ATP generation 

through H+-ATPase (Poolman et al., 1991). Malolactic proteins have been associated in lactic 

acid bacteria with enhanced survival under acidic conditions (Broadbent et al., 2010). In this 

study, proteomic data of Lb. casei MJA12 support the known mechanism of using the 

malolactic proteins for culture grown under low pH. Citrate fermentation was also strain-

phase dependent, and its utilization may also provide ATP for pH homeostasis,  and these 

enzymes key in supporting transporter activity for importing amino acids that are metabolized 

to neutralize the cytoplasm (Al-Naseri et al., 2013). These results are collectively 

summarised in a metabolic map (Figure 7), showing strain and growth phase differences in 

key central metabolic enzymes and pathways. 

 

A number of proteins that play a role in nucleic and nucleotide biosynthesis pathways 

were elevated in response to the growth under low pH. The DNA repair and recombination 

protein RecA increased in abundance in both strains in stationary growth phase, presumably 

repairing damaged DNA created by acid stress (Hartke et al., 1996). Damage repair seems to 

be the ultimate mechanism of resistance against acid stress and other stresses (Hartke et al., 

1996). (Hartke et al., 1994; Quivey et al., 1995), observed that several proteins related to 

DNA repair became more abundant in Lb. lactis after acid shock. Other studies indicate that 

induction of the RecA-DNA repair system in acid adapted Streptococcus mutans also 

improved overall resistance to DNA damage (Wickner et al., 1999).  

 

One of the mechanisms that bacteria often use when under stress is to increase 

production of proteins that are involved in folding and turnover, including chaperones like 

DnaK that rescue proteins and hinder aggregation (Champomier-Verges et al., 2002; Hartl et 
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al., 2002). Clp ATPase and ClpP proteolytic complexes play indispensable roles in cellular 

protein quality control systems by refolding or degrading damaged proteins in both stressed 

and non-stressed cells. A proteomic review study by Champomier-Verges et al. (2002) on 

several acid shock adapted LAB revealed that chaperones were usually up-regulated 

presumably to repair acid induced damaged proteins or to facilitate the folding of newly 

synthesized proteins. However, the subset of acid induced heat shock proteins varies between 

species, with DnaK and GroEL often identified (Champomier-Verges et al., 2002; Lorca et 

al., 2002) likely due to their high abundance. In Lb. acidophilus, the proteins involved with 

protein folding such as DnaK, DnaJ, GrpE, GroES, and GroEL are produced as a response to 

acid adaptation (Wall et al., 2007). Further, the level of GroES, GroEL and DnaK increased 

in an acid-sensitive Lb. casei Zhang grown at low pH compared to wild type cells grown at 

the same pH. However, a study by Wall et al. (2007) on the acid stress response of Lb. reuteri 

showed that heat shock proteins did not significantly respond under acidic conditions. Here 

protein folding protein abundance was reduced in GCRL163 and MJA12 adapted to growth 

at pH 4.5 compared to pH 6.5. Hence, we hypothesize that more slowly growing strains 

simply have reduced rates of protein synthesis and turnover. Thus the difference between acid 

shock and post-adaptation experiments must be considered in the light that the adaptation 

process is akin to a lag phase whereby the cell must commit metabolic energy to obtain a 

physiological state optimal to the prevailing environmental conditions. In this sense existing 

studies primarily have looked at the early stages of acid adaptation where in this study the 

later and end stages of acid adaptation is shown. 

 

In conclusion, we describe the important features of Lb. casei strains achieve once 

acid adapted. This is relevant in understanding how Lb. casei isolates subsist and survive in 

fermented food. The data suggested that the two Lb. casei studies show responses that are 
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growth phase, pH, and strain dependent, with the first being most influential overall. 

Intracellular accumulation of amino acids seems quite active and thus an exogenous supply of 

protein may aid long-term survival of Lb. casei in acidic foods. This and the adroitness of cell 

membrane fatty acid modulation is likely additive in effecting the rates at which H+ and 

organic acids accumulate in the cells. The differences in the proteomes between the strains, as 

suggested at the metabolomic level responses, deserve attention in understanding how 

probiotics can be better applied in food systems and how adaptation responses may alter 

product traits when non-starter LAB survive for long periods in food products. 
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CHAPTER FIVE 

Proteomic Analysis of Lithium Chloride Extracts of Lactobacillus casei:  

Evaluation of Impact of Growth at Low pH on Surface Protein 

Composition and Bacterial Adhesion to HT-29 Cells 

 

Abstract  
The effect of prior growth at low pH of two strains of Lactobacillus casei (strains 

GCRL163 and MJA12) on adhesion was examined using the HT-29 cell line as an in vitro 

model for intestinal epithelium cells. The strains were grown under anaerobic conditions in 

MRS broth adjusted and maintained at pH 4.5 or pH 6.5 in fermenters, with biomass 

collected in early-stationary growth phase. Lb. casei showed increased attachment to the cell 

line after adaptation to pH 4.5 compared with cultures grown at pH 6.5 and prior exposure of 

HT-29 cells to dialysed LiCl extracts inhibited subsequent binding of Lb. casei cells. Gel-free 

proteomic analysis of proteins extracted from whole cells using 5 M LiCl was undertaken to 

understand the nature of the changes in cell-surface proteins that could be related to adhesion. 

Relative to the distribution of proteins in cell-free lysates, 5 M LiCl extracts were enriched 

with mainly of transmembrane and membrane-associated proteins. Cell wall proteins were in 

general only weakly enriched, with the exception of a putative cell wall-associated hydrolase, 

while cytosolic proteins were moderately depleted relative to whole cell lysates.  Although 

LiCl extraction  was clearly not a sufficiently specific approach to fractionate cell-surface 

proteins, the method was able to demonstrate changes in abundance of proteins relative to 

their abundance in cell lysates and changes in abundance following growth at different pHs. 

The results suggest an alternative fractionation approach to study cell surface proteins in 

Lactobacillus is required to differentiate sub-cellular location of several of the moonlighting 

proteins detected in LiCl extracts. 
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Introduction  

Probiotic microorganisms, when consumed in adequate amounts, potentially confer a 

health effect on the host (Joint et al., 2006). Typically probiotic bacteria include members of 

the genera Lactobacillus and Bifidobacterium. These bacteria are Gram-positive, non-

pathogenic, non-sporulating aerotolerant anaerobes that form lactic acid as the main end-

product of carbohydrate fermentation. Probiotic benefits conferred by lactobacilli and 

bifidobacteria colonizing the gastrointestinal tract can potentially include modulation of the 

immune system, lowering serum cholesterol levels, alleviating or preventing intestinal 

disorders and inhibiting pathogen adhesion (Taverniti et al., 2013, Woo and Ahn, 2013). 

With the exception of antimicrobial activity and organic acid production, molecular 

mechanisms underlying such effects on the host still remain unclear.  

 

Fermented products containing Lactobacillus spp. are regarded as safe (Saxelin et al., 

1996) and are used as a major means to deliver probiotic strains (Puertollano et al., 2008). 

Strains of several species also play a role in the manufacture of fermented foods, where they 

influence traits such as flavour development and improve shelf-life, thus combining 

fermented food production with the inclusion of proven probiotic strains is a means of 

improving health benefits of these foods (Awad et al., 2007; Saxelin et al., 1996). To impart 

probiotic functionality, strains must be able to survive and compete during product 

manufacture and storage, and subsequently survive passage through, plus retention in, the 

gastrointestinal tract. 

Adhesion and possible penetration through mucus layers are important probiotic 

characteristics that may contribute to transient colonization of the gastrointestinal tract and 

competitive exclusion of pathogens. The capacity to adhere to epithelial cell layers may also 

promote direct interaction with immune system cells of the lamina propria (Sanchez et al., 
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2008). The ability of probiotic strains to adhere to epithelial cells of the gastrointestinal tract 

is commonly tested  in vitro using different immortalised epithelium cell lines (Altermann et 

al., 2005), such as HT-29 (Sulaiman et al., 2009) and Caco-2 (Tuomola and Salminen, 1998), 

or mucus (Ouwehand et al., 1999). Adhesion to HT-29 cells is mediated by several factors on 

the cell surface of Gram-positive microorganisms, including lipoteichoic acid, mucus- and 

fibronectin-binding proteins (Selle and Klaenhammer, 2013). More specifically, the adhesion 

ability of Lactobacillus is linked to cell surface proteins, where the first interaction happens 

between the bacteria and the host cell surfaces (Deepika and Charalampopoulos, 2010). There 

are several factors that likely influence the surface properties of lactobacilli. It has been 

suggested that these properties are influenced by the physiological state of the cells, and are 

also associated with changes in the fatty acid composition, the membrane permeability, and 

enzymatic activities of the cells (Wang et al., 2005; Carvalho et al., 2004). The fermentation 

medium, incubation conditions, incubation time, and post-fermentation processing (including 

harvesting, freezing, freeze drying, storage and the food matrix) could potentially affect these 

cellular properties (Wang et al., 2005). The rationale behind this assertion is that the 

fermentation and downstream processes are likely to result in compositional, organizational, 

and conformational changes at the bacterial surface, which are consequently likely to affect 

surface electrostatic properties and adhesion abilities (Deepika and Charalampopoulos, 

2010). Further, cell surface proteins may protect the bacterial cell from various environmental 

factors such as mechanical and osmotic stresses (Engelhardt, 2007a; Engelhardt, 2007b). In 

the genus Lactobacillus, the presence of a monomolecular layer composed of the S-layer 

family proteins (SLAP)  has been associated with adhesion and protective properties 

(Glenting et al., 2013). However S-layer proteins are poorly conserved and do not occur in all 

species. Lb. kefir, Lb. helveticus and Lb. hilgardii and organisms of the former Lb. 

acidophilus group carry predicted S-layer protein genes in their sequenced genomes (Garrote 
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et al., 2004). No S-layer proteins have been observed on the surface of Lb. casei, Lb. 

paracasei subspecies paracasei and Lb. rhamnosus nor do SLAP genes occur in genomes of 

these species (Boot et al., 1996; Zhang et al., 2010; Hynonen and Palva 2013).  

 

In recent decades, information about the biological functions of cell surface proteins 

has accumulated in many Gram positive species. The primary functions characterized thus far 

include acting as binding sites for large molecules (Peters et al., 1995) and as mediators of 

bacterial adhesion (Poppinga et al., 2012). Nezhad et al., (2012) showed that putative cell-

surface-associated proteins were extracted from Lb. casei strain GRCL46 using LiCl, and that 

the composition of the extracts was influenced by growth at low pH.  Many of the proteins 

detected were “moonlighting proteins”, proteins with known functions in the cytoplasm (such 

as central metabolism enzymes) but have been suggested to have different functions when 

located at the cell surface (Jeffery et al., 1999; Huberts and Klei, 2011), where some are 

associated with glycolysis – notably glyceraldehydes-3-phosphate dehydrogenase (GAPDH) 

and enolase. Moonlighting proteins are associated with the bacterial surface by electrostatic 

linking to cell wall components or to the cytoplasmic membrane. Limited evidence exists on 

how these proteins have been mobilized to the surface but it is assumed to be passive or may 

involve adhesion to bacterial cells by cytosolic proteins released during growth due to lysis 

(Kainulainen and Korhonen 2014). The secondary functions have only been experimentally 

confirmed in some cases (Huberts and Klei 2011).  Nezhad et al., (2012) noted that the 

proteins extracted from Lb. casei were present at low density, needing to be concentrated to 

demonstrate their presence. Similar observations were made by (Hurmalainen et al., 2007), 

who demonstrated that proteins of several lactobacilli species leached into extracellular 

environment at pH >7 over time but that the relative amount of proteins detected for the Lb. 

casei group was low. Whether these proteins are contaminants from the cytoplasm or indeed 
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have multitasking roles is a topic under considerable study at present  (Copley 2012; 

Henderson and Martin 2011; Sirover 2011; Wang et al., 2013). 

 

To understand further how growth conditions may influence the composition of the 

cell surface proteome of Lb. casei, LiCl extraction and proteomic analysis were employed in 

the present study to investigate strains GCRL163 (cheese isolate) and MJA12 (from a 

fermented milk drink containing a probiotic) grown anaerobically at different pHs. The goals 

of the research were to determine i) the effect of medium pH on the adhesion properties of 

Lb. casei; ii) the efficiency of LiCl extraction in enriching surface proteins from cells grown 

at different pH; and iii) whether growth at low pH leads to enrichment of cell surface proteins 

that might be linked to adhesion mechanisms.  

 

Material and methods 

Bacterial strain and growth conditions 

Two Lactobacillus casei strains GCRL163, a Cheddar cheese isolate (Chandry et al., 

2002), and MJA12, derived from the Yakult milk product (Yakult Australia) were used. Cells 

were passaged through two sequential subcultures in MRS broth incubated at 37 °C for 12 h 

under anaerobic conditions (Anaerocult A system, Oxoid, Australia). Appropriate dilutions of 

cultures grown for 12 h in MRS broth were plated onto MRS agar and incubated 

anaerobically at 37°C for 48 h. A single colony from the plate of each strain was resuspended 

in MRS broth. One individual colony represented one biological replicate, and this step was 

conducted three separate times. Bacterial cells were harvested at early stationary growth 

phase and inoculated at 2% (v/v) into 900 ml of MRS in two sets of three Bioflo/Celligen 115 

Benchtop Fermentor/Bioreactor systems (New Brunswick, an Eppendorf company, USA). 
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Growth at set pH values 

Within bioreactors, cultures were grown at 30°C with agitation at 100 rpm. Two sets 

of three bioreactors were maintained at pH 4.5 (low pH) and 6.5 (control), cell growth was 

monitored by measuring OD and determining viable counts on MRS agar plates. The pH was 

controlled by bioreactors through the additions of 2 M HCl and 2 M NaOH. Prior to 

inoculation, media was rendered anaerobic by sparging with nitrogen gas with O2 levels 

monitored with a dissolved O2 probe, with gas addition controlled to maintain strictly 

anaerobic conditions. Cells from early stationary growth phase were collected from 450 ml of 

culture broth by centrifugation (5,000 rpm, 10 min, 4 oC) and the cell pellets were washed 

once with Tris-HCl buffer (0.04 M, pH 7.0). Samples were taken after 10 hours (early 

stationary phase, pH 6.5) and 20 h (early stationary phase, pH 4.5). Bacterial cells were then 

immediately used for cell surface protein extraction.  

 

Cell surface proteins extraction using LiCl  

Cell surface proteins of Lb. casei GCRL163 and MJA12 were extracted using LiCl 

according to a method developed by Lortal et al. (1992). Cells, after one wash with Tris-HCl 

buffer (0.04 M, pH 7.0), were re-suspended in 5 M LiCl using 10-15 mg wet weight of 

cells/mL (Lortal et al., 1992). Cell suspensions were incubated with gentle shaking at 4 ºC for 

60 min. After centrifugation at 22,000×g for 30 min (Eppendorf 5417C Centrifuge), the 

supernatant fluids were collected and filtered through 0.2 μm nitrocellulose membranes 

(Millipore, Australia) then dialyzed (dialysis tubing pore size molecular weight cut-off 

≤1,200, retention of compounds with a molecular weight >2,000, Sigma, USA) against 5L of 

deionized water (4 oC), with deionized water changed three times (1, 3 and 6 hours, then left 

overnight) to remove LiCl. The proteins were then concentrated by laying the dialysis tubes 

on spectra/gelTM absorbent (Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA), 
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reducing the extract volume from 50 ml to 0.5-1 ml. The concentration of protein in each 

sample was determined using a BCA kit (Thermo Fisher Scientific, USA) with bovine serum 

albumin as a standard. Equal amounts of the sample buffer (1:1) were added to the protein 

samples and mixed by vortexing for 30 s, after which they were heated at 100 ºC for10 min. 

The samples were then centrifuged to remove any remaining debris. Six μg of protein was 

loaded in each lane of the SDS-polyacrylamide gels (resolving gel, 10%; stacking gel, 4%) 

and run at 100 V for 90 min. Following electrophoresis, the gels were visualized by silver 

staining (Al-Naseri et al., 2013). 

 

Adhesion assay  

  The human colon adenocarcinoma cell line HT-29 (Cellbank Australia) was cultured 

at 37 °C under an atmosphere of 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM; 

Merck, Germany) supplemented with 10% (v/v) fetal calf serum, 100 U ml-1 penicillin and 

100 mg/ ml-1 streptomycin. For adhesion assays HT-29 monolayers were prepared on glass 

cover slips and placed in 6-well tissue culture plates according to the method described 

previously (Sulaiman et al., 2009). The cells were incubated for four days to reach 

confluence for use in adhesion assays. The cell culture media was changed every day and 

replaced by fresh non-supplemented DMEM at least 3 h before the adhesion assays. The 

adherence of Lb. casei strains on HT-29 cell culture was examined using two different 

methods. The first method involved adding suspensions of either strain GCRL163 or MJA12 

(approximately 107 cells) to each of the 6 wells tissue culture plate and incubating at 37 °C in 

an atmosphere of 5% CO2 for 60 min. Secondly, 10 µg of the cell surface protein extract from 

cells grown at pH 4.5 was added to each of the 6 wells tissue culture plate and incubated for 

60 min followed then by addition of the bacteria cells (grown at pH 4.5) with incubation then 

performed as described above. After incubation, the HT-29 cell cultures were washed three 
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times with phosphate-buffered saline (PBS, pH 7.2), fixed with methanol, Gram stained and 

counted using 20 randomized microscopic fields per cover slip. Each determination was 

carried out in triplicate (Sulaiman et al., 2009). 

 

LC/MS analysis.  

NanoLC-LTQ-Orbitrap XL tandem mass spectrometry and protein identification were 

performed as previously described (Al-Naseri et al., 2013). The spectral count (SpC), a 

sampling statistic output of ProteinProphet, was used to determine protein abundance in 

individual protein samples (Nesvizhskii et al., 2003, Liu et al., 2004). Differences in the 

levels of proteins between samples and the significance of these differences were calculated 

and Log2 fold changes in protein expression under each treatment condition were calculated 

based on the average SpC, according to the method described by Old et al. (2005). 

Significant differences (P-value of <0.05) in protein SpC were normalised and tested for 

significant differences using the beta-binomial distribution test implemented in R. 

 

Comparison of LiCl extraction to whole cell extraction  

 LiCl extraction SpC data was compared with SpC data obtained from the equivalent 

stationary growth phase whole cell extracts investigated in Chapter 3. It is assumed the whole 

cell extracts obtained via bead beating contain a wide distribution of proteins from different 

cell compartments though the predominant proportion will be cytosolic in origin. The exact 

same cell pellets were used (merely subdivided) to obtain both extract types thus a direct 

comparison can assess relative extraction biases of proteins from the two different extraction 

methods. To determine the differences between these extraction methods in obtaining 

proteins and to determine if the LiCl extraction process is selective, a global analysis of 

biases in relation to subcellular compartment and secondly on a protein-to-protein basis was 
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carried out. SpC data derived from both pH 6.5- and pH 4.5-grown samples were pooled (in 

order to obtain sufficient numbers of comparable proteins) for both strains and the individual 

strains compared separately. Signal peptide regions and transmembrane helical domains 

possessed by Lb. casei GCRL163 and MJA12 proteins were predicted using SignalP server 

4.1 and TMHMM server 2.0 (Emanuelsson et al., 2007). Conserved domain structure 

assignments were used to demarcate proteins to cellular compartments, for example proteins 

with LPTXG motifs were considered cell wall proteins since this motif indicates the protein 

is sorted to a peptidoglycan anchor site. Proteins with one THMM domain were designated as 

membrane-associated since it was assumed they either interact or are anchored in the 

membrane, either at the inner or outer sides. The resultant subcellular compartments are 

summarised in Table 1. A single protein may belong to multiple compartments (secreted, 

membrane and cell wall) while designation of a protein as being secreted only infers it is 

putatively subjected to intracellular trafficked and is not necessarily mobilised outside of the 

cell. The proportion of summed SpC within these subcellular compartments and for 

individual proteins for the different extraction procedures was determined. This was possible 

as most proteins could be detected in both extracts (after pooling of the pH 4.5 and pH 6.5 

culture extracts). To calculate the ratios, contributions of individual proteins to the total SpC 

pool of each strain were normalised as percentile values (to account for sampling 

differences); the values were converted to logarithms (log10) and then a correction factor 

(log10 = 0.5) subtracted since the LiCl extract data showed a consistent bias towards 

enrichment of proteins, which likely derives from the 100-fold concentration needed to allow 

for LC-MS analysis. The resultant comparison was based on the concept that the abundance 

of some proteins was the same in each extract type and the enrichment/depeltion ratio should 

average to zero overall.  
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Results 

Growth at low pH enhances Lb. casei adhesiveness to HT29 cells.  

Adhesion to epithelium cell lines is considered as one of the main criteria for 

probiotic strains. HT-29 cells has been used as an in vitro model for adhesion to screen the 

adherence capability of bacterial strains (Sulaiman et al., 2009, Dhanani and Bagchi, 2013). 

In this study, we examined the adhesion of Lb. casei GCRL163 and MJA12 (Cheese isolate 

and Yakult fermented milk isolate, respectively) using the HT-29 cell line following growth 

of the strains at two different pHs. Growth at low pH enhanced the adhesion by 2.25- and 

1.71-fold for GCRL163 and MJA12, respectively. MJA12 showed better adhesion properties 

compared to GCRL163 at both tested pH conditions (Figure 1 A). Adding LiCl extract from 

cells grown at pH4.5 to HT-29 cells prior to adding Lb. casei cells (also grown at pH4.5) 

significantly decreased the adhesion of both strains (Figure 1 B). This suggests the adhesion 

properties of both tested strains are at least partly related to proteins extracted by LiCl. 
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Figure 1: Adhesion of Lb. casei strains onto monolayers of HT-29 cells. Figures represent 

the mean and standard deviations of Lb. casei strains GCRL163 (Blue) and MJA12 (Orange) 

adhering per 100 HT-29 cells. Figure (A) shows the adhesion of the strains following growth 

at pH 4.5 and 6.5, for triplicate replicates (RE1-3); (B) shows adhesion to HT-29 cells which 

were either treated with 10 µg of protein extract from culture grow at pH 4.5 from the 

corresponding strain or not.  

 

SDS-PAGE analysis of LiCl extracts of two Lb. casei strains.   

SDS-PAGE analysis of Lb. casei GCRL163 and MJA12 grown at two different pHs 

(6.5 and 4.5) revealed significantly different relative expression of a number of proteins 

(Figure 2 A, B) at the cell surface. This included changes in the abundance of several proteins 

bands, especially for bacteria grown in low pH compared to those grown in pH 6.5. The 

approximate molecular weights of groups of proteins differentially increased in abundance 

following growth at low pH were ∼ 55, ∼ 30 kDa in GCRL163 and ∼ 40, ∼ 30 kDa in 

MJA12, while several protein bands of ∼ 50, ∼ 35 kDa in GCRL163 and ∼ 70-80, ∼ 60 kDa 

in MJA12 decreased in abundance. The SDS-PAGE data demonstrate that growth at low pH 

resulted in qualitative changes to the overall proteome of the cell surface in GCRL163 and 

MJA12. To define the nature of these differences within the proteome, specifically 

LC/tandem MS-MS analysis was based on in-solution protein samples, allowing discernment 

of relative abundance changes in detectable proteins. 
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Figure 2: (SDS-PAGE of cell surface fractions from Lb. casei GCRL163 (A) and MJA12 (B) 

grown in MRS with fermenters maintained at pH 6.5 or 4.5. Lanes:  M, protein ladder; 1 and 

2, dialysed and concentrated 5M LiCl extracts of cells after growth at low pH (pH 4.5) 

control or (pH 6.5), respectively. 
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LiCl extracted proteomes of Lb. casei.  

In this study, the LiCl extracted proteins of two Lb. casei, strains GCRL163 and 

MJA12, were analysed using nano-LC-LTQ-Orbitrap tandem mass spectrometry and spectral 

counting f. A total of 380 different proteins were detected that passed stringent filtration 

criteria. The proteomic analysis revealed several proteins related to different functions: 131 

proteins belonged to ABC-type transporter systems, 68 proteins belonged to 

phosphotransferase systems and 20 putative cell surface proteins (based on criteria in the 

methods, Table 1) were detected. The majority of the remaining proteins detected were 

involved in cellular metabolism, with 82 proteins associated with carbohydrate metabolism, 

79 with amino acid metabolism, 53 ribosomal proteins and 43 proteins associated with central 

glycolytic pathways (Figure 3). Sanchez et al. (2009) used LiCl to extract cell surface 

proteins, among the proteins identified in Lb. rhamnosus proteins related to ribosomal 

proteins and other cytosolic proteins similar to what was observed in the present study. 

  

The most abundant proteins that were observed when cultures were grow at pH 6.5 or 

4.5 included phosphocarrier protein HPr (9.6% of SpC), cold shock protein (1.7%), GAPDH 

(1.3%) and elongation factor Tuf (1.2%) (Table 2). The possible presence of these proteins on 

the cell surface of Lactobacillus strains and other bacterial species have been noted 

previously as “moonlighting proteins” (Deepika et al., 2012; Ramiah et al., 2008; Izquierdo 

et al., 2009; Sanchez et al., 2009; Bergmann et al., 2004; Cathy et al., 2013). Furthermore, 

Nezhad et al. (2012) showed that enolase and GAPDH could occur in the extracellular 

proteome extracts of strain Lb. casei GCRL46. 
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Table 1: structure assignments used to demarcate proteins to compartments 

Compartment Criterion 

Cytosolic Absence of below features 

Secreted Signal peptide domain detected. 

Cell wall Assigned by domain structure i.e. 

LPTXG motif 

Membrane 2 or more THMM domains 

Membrane-associated 1 THMM domain 
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Figure 3: Enrichment ratio of whole cell relative to LiCl protein extracts for Lb. casei 

GCRL163 (Green) and MJA12 (Red).  
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Table 2: Total spectral count of highly abundant proteins identified from LiCl extraction of Lb. casei GCRL163 and MJA12 strains at    

pH 6.5 and 4.5  

 

    Average Spectral count 

Protein name Gene NCBI ref no. (LC W56)  pH 6.5 GC pH 4.5 GC pH 6.5 MJ pH 4.5 MJ 

phosphocarrier protein HPr  PtsH YP_006752009 377.50 179.63 370.60 142.75 
DNA-binding protein HU  Hup/Hbs YP_006751640 178.88 65.34 93.50 19.56 
elongation factor Tu  Tuf YP_006751597 96.83 10.53 137.65 19.97 
Cold shock protein 1  Csp YP_006750765 92.59 14.79 26.31 2.20 
30S ribosomal protein S16  RpsP YP_006751847 67.51 23.70 41.72 53.80 
DUF1447 superfamily protein 

 

YP_006751569 58.91 11.47 24.34 7.48 
30S ribosomal protein S1  RpsA YP_006751638 58.16 7.11 69.79 35.71 
50S ribosomal protein L7/L12  RplL YP_006752474 55.19 27.28 7.23 34.78 
30S ribosomal protein S19  RpsS YP_006752684 54.82 37.31 29.84 18.86 
glyceraldehyde-3-phosphate 

dehydrogenase  Gap YP_006751167 54.71 5.18 44.57 7.33 
30S ribosomal protein S7  RpsG YP_006752694 51.56 44.10 8.70 42.92 
50S ribosomal protein L16  RplP YP_006752681 50.86 7.49 2.18 10.61 
30S ribosomal protein S10  RpsJ YP_006752689 45.43 5.53 18.12 4.12 
translation initiation factor IF-1  InfA YP_006752666 44.59 5.99 0.88 0.50 
30S ribosomal protein S8  RpsH YP_006752674 44.14 4.21 33.78 3.51 
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hypothetical protein BN194_25890  

 

YP_006752655 43.88 6.85 5.33 7.54 
30S ribosomal protein S2  RpsB YP_006751834 38.47 4.50 31.84 12.23 
ABC-type transporter, substrate-binding protein  YP_006750837 95.70 36.22 7.79 4.09 
50S ribosomal protein L22  RplV YP_006752683 31.90 3.21 54.97 1.15 
DUF1831 superfamily protein 

 

YP_006751557 30.48 6.50 9.03 4.50 
hypothetical protein BN194_23630 / Cell wall-associated 

hydrolase YP_006752429 86.53 30.48 3.53 31.23 
2,3-bisphosphoglycerate-dependent 

phosphoglycerate mutase  GpmA2 YP_006752340 28.84 271.25 56.29 202.63 
50S ribosomal protein L27  RpmA YP_006751893 27.11 6.44 9.79 1.50 
Cold shock-like protein CspLA  CspLA YP_006751312 26.75 0.50 12.47 0.50 
enolase  Eno YP_006751170 25.44 19.37 86.00 16.73 
hypothetical protein BN194_01830  

 

YP_006750249 24.53 18.47 1.95 2.85 
30S ribosomal protein S21  RpsU YP_006751771 24.49 1.53 10.45 3.86 
50S ribosomal protein L15  RplO YP_006752669 24.18 0.50 37.04 0.50 
tagatose 1,6-diphosphate aldolase 2  LacD2 YP_006752772 24.16 9.89 1.26 0.50 
50S ribosomal protein L13  RplM YP_006752651 24.16 22.24 10.25 32.14 
50S ribosomal protein L17  RpsQ YP_006752661 23.87 6.21 3.03 3.14 
50S ribosomal protein L23  RplW YP_006752686 23.57 2.53 3.01 0.85 
acyl carrier protein  AcpP2 YP_006752325 20.87 13.93 9.21 7.63 
catabolite control protein A  CcpA YP_006750941 20.11 7.50 8.50 2.82 
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oligopeptide ABC-type transporter, 

substrate-binding protein OppA2 YP_006752130 19.77 10.79 6.06 3.18 
hypothetical protein BN194_24860  

 

YP_006752552 18.50 7.24 39.27 1.49 
50S ribosomal protein L29  RpmC YP_006752680 18.21 4.53 7.62 0.50 
30S ribosomal protein S13  RpsM YP_006752664 18.14 0.50 16.64 0.85 
30S ribosomal protein S4  RpsD YP_006751510 18.11 3.54 21.17 0.50 
fructose-bisphosphate aldolase  Fba2 YP_006750572 16.54 2.82 1.82 1.18 
glycine cleavage system H protein  GcvH YP_006751436 16.18 18.48 0.50 5.50 
50S ribosomal protein L10  RplJ YP_006752475 16.16 8.47 11.06 2.15 
50S ribosomal protein L18  RplR YP_006752672 15.47 32.37 1.20 1.48 
RNA-binding protein, S4_2 superfamily YaaA YP_006750070 14.78 3.47 15.07 3.15 
glycerol-3-phosphate ABC transporter 

substrate-binding protein UgpB YP_006751192 14.54 1.50 17.54 0.83 
30S ribosomal protein S17  RpsQ YP_006752679 12.86 1.83 1.52 0.82 
xanthine phosphoribosyltransferase  Xpt YP_006751315 12.81 1.50 1.20 0.50 
translation initiation factor IF-3  InfC YP_006751948 12.50 4.47 1.20 1.18 
50S ribosomal protein L11  RplK YP_006752482 12.20 5.57 0.50 0.50 
hypothetical protein BN194_01870  

 

YP_006750253 11.87 2.50 2.20 1.14 
30S ribosomal protein S14 type Z RpsZ YP_006752675 11.49 2.17 2.56 2.17 
50S ribosomal protein L24  RpsX YP_006752677 10.51 0.50 5.54 0.50 
50S ribosomal protein L5  RplE YP_006752676 10.19 7.18 3.56 0.50 
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elongation factor G  Fus YP_006752693 10.18 4.79 2.95 1.49 
Pur operon repressor  PurR2 YP_006752762 9.84 20.80 3.53 1.51 
L-lactate dehydrogenase  Ldh YP_006752722 9.82 8.86 4.39 2.51 
 

 

GC: Lb. casei GCRL163 

MJ: Lb. casei MJA12 
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Lithium chloride extraction relative to whole cell extraction in terms of protein 

compartment bias. Given that the significance of moonlighting proteins are a phenomena 

difficult to interpret directly, the LiCl extracts were examined more closely for the relative 

enrichment and depletion of proteins in different predicted subcellular compartments for both 

strains studied. The data for these observations are summarized in Figure 5. The results suggest 

LiCl extracts contained a relatively consistent but modest enrichment of transmembrane proteins 

180-190% higher than for lysates obtained by bead beading while membrane-associated proteins 

and putative secreted proteins are more variably enriched between the strains examined (from 

106 to 200%). Cell wall-specific proteins, mostly those that are sorted and linked to 

peptidoglycan and usually also associated with the cytoplasmic membrane (via a conserved 

domain region or regions), were only weakly enriched (135%). Cytosolic proteins were by 

comparison only weakly depleted (20% reduction) overall.  

 

Most proteins identified in the datasets in this study have relatively low abundance and 

thus the ability to accurately estimate ratios between the extraction protocols is challenging.  

Many proteins could be present in the LiCl extract merely due to cell lysis, noting that even 

minor cell lysis followed by concentrating extracts 100-fold to detect proteins would amplify the 

level of cytosolic protein contamination in the extract. Furthermore, growth a low pH would 

favour binding of released protein back onto cells (see Kainulainen and Korhonen, 2014). 

Nevertheless the differential extraction of proteins between strains GCRL163 and MJA12 

strongly correlated (0.68, p<0.001, Figure 4), indicating LiCl extraction in general affects the 

strains similarly.  
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Figure 4: Correlation of enriched proteins of Lactobacillus casei GCRL163 vs MJA12 extracted 

using 5 M LiCl. 
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Highly depleted and enriched proteins obtained following LiCl extraction.  

Depleted proteins tended to include those that are cytosolically compartmentalised and 

possess relatively high cellular abundances. These included proteins that are often observed via 

2D-SDS gel electrophoresis and have important cellular roles, such as GroEL, DnaK, RpoB, 

RpoC, various ribosomal and sugar metabolism-related proteins (Appendix D). Only one 

depleted protein (RmlB2), likely associated with synthesis of capsular polysaccharide, had a 

predicted membrane helical domain. Enriched proteins included mainly those that have predicted 

membrane associations, which are putatively trafficked within and/or out of the cell or are also 

mainly cytosolic in nature. The list includes several proteins that have a role in cell wall biogenic 

processes including peptidoglycan crosslinking, turnover and modification (PgdA, PonA, LytF) 

and the regulation of these processes (LytR proteins). It would be expected these proteins are 

localised at the cell wall. Two enriched, rather poorly conserved proteins annotated as cell wall 

hydrolases lack detectable conserved domains so their functional assignation must be considered 

with caution. One protein with a LPTXG motif indicative of a peptidoglycan anchor domain was 

clearly significantly enriched. This particular cell wall protein is not conserved in all Lb. casei 

strains: whether this protein has any specific significance to adhesion is not known. Two 

membrane-associated proteins with von Willebrand factor type A domains, typically found in 

proteins associated in complexes, were enriched. The function and association of these proteins 

in Lb. casei is currently not known. In addition, a phosphotransferase type transporter protein 

was observed to be enriched though it represented the inner membrane positioned subunit 

(Appendix D). Several proteins with no known function were enriched while small cytosolic 

proteins were also enriched, in particular the conserved (though Firmicutes specific) S4 domain 

protein YaaA (B. subtilis designation), which putatively binds RNA but otherwise has an unclear 
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cellular role. The overall data suggests that LiCl extraction is not specific and enhances detection 

of various proteins such as various membrane proteins. However, the effects of LiCl are not clear 

cut and it is possible LiCl extraction also differentially affects some proteins over others based 

on their physical properties not location, such as certain low molecular weight proteins.  

 

Acid adapted cell derived protein profiles.  

Proteins that show largely increased and decreased abundance trends in common between 

strains GCRL163 and MJA12 that have become acid adapted are shown in Table 1 while 

numbers of these proteins associated with functional groups are shown in Figure 5. A high 

proportion of proteins that become more abundant were ribosomal proteins, 33 for MJA12 and 

13 for GCL163. The only other functional group that produced a substantial number of proteins 

of greater abundance includes ABC-type transporter subunit proteins. This set comprised ABC-

type transporter subunits associated with uptake of compatible solutes (glycine-betaine, choline), 

oligopeptides, and unknown solutes. Protein folding and turnover and central glycolytic 

pathways and carbohydrate-related metabolism included the greatest proportion of proteins with 

reduced abundance. A total of 148 proteins showed differential responses between the strains. 

This could be attributable partly to the signal to noise in the data. Approximately one-third of 

these proteins show large differences between strains (at least 5-fold in terms of relative 

abundance). Most of these proteins were associated with protein synthesis and carbohydrate 

uptake, metabolism and fermentation (Table 1). A variety of cell membrane associated proteins 

noted to be enriched in the LiCl extracts in comparison to whole cell extracts are amongst this 

subset. One peptidoglycan anchored protein was abundant in MJA12 cells grown at pH 6.5 but 

152 
 



disappeared in cells adapted to pH 4.5, however the equivalent homolog in GCRL163 showed no 

significant changes in abundance. 

 

 

 

 
Figure 5: Number of spectra counts of protein identified in LiCl extracts in the current study 

associated with different functions.  
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Discussion 

Surface-associated and surface-anchored proteins play a critical role in adhesion and 

subsequent colonization of probiotic bacteria in the GIT. LiCl extracts were analysed using nano-

LC-LTQ-Orbitrap tandem mass spectrometry and spectral counting, which provides broad 

protein coverage and enables relative quantification. The proteomic data shows that the extracts 

contained proteins that were either enriched or depleted relative to their presence in cell-free 

lysate extracts. The highly enriched proteins in these extracts included transmembrane proteins, 

membrane-associated proteins, extracellular secreted proteins and cell wall specific proteins. Cell 

wall properties are critical for adhesion and likely involve the interaction of a number of factors, 

including surface proteins that can have specific and non-specific binding capacities as well as 

the inherent hydrophobicity or electrostatic properties. Suspected proteins involved in adhesion 

have been delineated on the basis of conserved domains or determined experimentally. Azcarate-

Peril et al. (2008) showed that Lb. gasseri ATCC 33323 contains 14 mucus-binding proteins, six 

of which were likely secreted and four of which were predicted to be covalently linked to the 

membrane via sortase A. It was also shown that these proteins are involved in adhesion of Lb. 

reuteri 1063 to mucin (Roos et al., 2002) and Lb. acidophilus NCFM adhesion to Caco-2 cells 

(Buck et al., 2005).  

 

GAPDH and enolase have been identified on the outer surface of Lb. crispatus and other 

Lactobacillus strains (Antikainen et al., 2007; Kinoshita et al., 2008; Beck et al., 2009) and 

detected in mildly alkaline buffer containing intact cells. Glenting et al. (2013) showed that 

GAPDH and enolase isolated from the outer membrane of Lb. plantarum 299v had demonstrable 

binding to plasminogen, fibronectin, and in the case of GAPDH to mucin. Furthermore, they also 
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showed that the GAPDH and enolase binding to Caco-2 cells was pH dependent. In this respect 

their findings agree with our data analysis where both Lb. casei strains shows better attachment 

to HT-29 epithelium cell when Lb. casei adapted at pH 4.5, possibly due to low pH favouring 

binding to bacterial cells. GAPDH and enolase were also detected in LiCl extracts here (Table 

1), with the total spectral count for GAPDH increasing in strain MJA12 following growth at 

pH4.5. The glycolytic enzymes enolase and GAPDH are also found on the surface of several 

Gram-positive bacteria, where they can be involved in pathogen host interactions (Bergmann et 

al., 2004; Boël et al., 2005). Hurmalainen et al. (2007) showed that commensal Lb. crispatus and 

several other species of the acidophilus group of Lactobacillus have enolase and GAPDH as 

major constituents of their extracellular proteome at neutral pH extracellular proteome at neutral 

pH. However it is important to say that it is possible many other proteins could also interact with 

host glycoproteins, such as mucin, and with glycoprotein-rich surfaces of epithelial cells. Until 

many other proteins, or combinations of these, are specifically tested, as well as gene deletion 

mutants lacking certain cell wall associated proteins, can any progress be made in delineating 

which proteins are specifically associated with adhesion and host cell-interactions.   

 

A previous study by Lortal et al. (1991), showed that using LiCl to extract the S-layer 

proteins from Lb. helveticus was apparently an efficient method, where bacterial cell viability did 

not decrease significantly and extracted proteins had a high content of hydrophobic amino acids. 

In addition, Sanchez et al. (2009) used six different methods to extract the surface-associated 

proteins from Lb. rhamnosus GG, where treatment with 5 M LiCl appearing to be the most 

suitable for surface-associated protein extraction.  In the strains of Lb. casei tested in this study, 

LiCl extraction demonstrated that differences in culture conditions led to qualitative and 
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quantitative differences in extractable proteins, including known moonlighting proteins involved 

in glycolysis (enolase, GAPDH, tagatose 1,6-biphosphae aldolase 2, L-lactate dehydrogenase) 

and a hypothetical protein with possible functionality as a hydrolase/carboxy peptidase/penicillin 

binding protein, which were either abundant in the extracts or altered in relative proportions 

following growth at low pH. It is probably not surprising to observe that there appears to be 

considerable strain to strain variation in the surface proteins seen in Lb. casei strains from 

different ecological sources.  Based on the adhesion data here, LiCl extracted proteins have a 

physical effect on the Lb. casei adhesive capacity, indicating that the proteins in the extract were 

important for bacterial cell binding. Using a suite of cell fractionation approaches may prove 

fruitful in identifying the relative importance of various surface proteins in adhesion. 

 

In conclusion, this study presents the proteomic analysis using LiCl extraction method for 

Lb. casei GCRL163 and MJA12 strains grown at neutral and low pH. Growth of Lb. casei at low 

pH enhanced the adherence properties of GCRL163 and MJA12 strains. Adding the extracted 

cell surface proteins to HT-29 cell decreased the number of adhered bacterial cells, which 

suggests that the adhesion of GCRL163 and MJA12 might relate to some of these proteins. 

Treatment of Lb. casei with 5 M LiCl enriched or depleted different proteins and demonstrated 

that the ability of LiCl to fractionate cell surface proteins was very poor. Further research may be 

helpful to compare these LiCl extraction results with other methods like trypsin shaving (Tjalsma 

et al., 2008)  which is another major technique used to demonstrate the location of cell wall 

proteins. Further research focusing of the adhesion of Lb. casei in the presence of specific 

proteins in cellular fractions to HT-29 will be helpful in understanding the adhesion mechanisms 

of Lb. casei. 
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CHAPTER 6 

GENERAL CONCLUSION 

 

This study was initiated to investigate the physiological responses of Lb. casei strains 

under various stress conditions relevant to survival in fermented foods such as cheese, fermented 

milk and yoghurt. Research focused on responses to carbohydrate starvation and acid growth 

adaptation with investigations primarily performed using a relative quantitative proteomic 

approach (nano-LC-LTQ-Orbitrap tandem mass spectrometry). This research provided 

complementary information to that already available in the literature and allowed growth 

responses observed to be deconstructed to the level of metabolic pathways and proteins.  This 

strategy has been used in several other studies in relation to food-associated bacteria and has 

proven to be a useful tool and gives a provides a different perspective on complex biological 

systems (Rauch et al., 2006; Searle, 2010; Bowman et al., 2012).  

 

In Chapter 2, published in the Journal of Proteome Research (Al-Naseri et al., 2013) the 

study focused on carbohydrate stress. This involved determining the proteomic differences 

between Lb. casei GCRL163 grown in the presence of three different lactose concentrations (0% 

starvation, 0.2% limited growth, 1% control). In addition with presence and absence of the 

surfactant Tween 80 was also considered since it may act as an alternative carbon source (see 

below). The proteomic data shows that the absence of lactose “starvation” Lb. casei GCRL163 

induces several pathways targeted at cellular energy production, essentially a scavenging-like 

response. In particular the proteomic data demonstrated increases in the abundance of proteins 

related to the citrate fermentation pathway, which consists of seven proteins making up the 
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citrate lyase (CitXFED) and oxaloacetate decarboxylase (OadAB) complexes.  Increased 

abundance of enzymes making up pathways for the catabolism of polyols, including inositol and 

glycerol, as well as other sugars, possibly present in the medium at low levels (for example in 

yeast extract) was also evident. It was observed that the presence of Tween 80 affected the 

abundance of these proteins markedly with citrate fermentation enzymes strongly promoted 

while carbohydrate scavenging-related proteins only promoted significantly in the absence of 

Tween 80. End-product analysis (using GC-MS) of cultures grown in the presence of Tween 80 

demonstrated an increase in octanoic acid and caproic acid levels compared with controls (0% 

lactose no Tween 80), suggesting that GCRL163 has the ability to weakly degrade Tween 80 

with resultant metabolites potentially influencing cell physiology. This manifested as apparent 

suppression of fatty acid biosynthethic pathway though the basis of this effect is unclear, noting 

that the medium contained citrate and this probably repressed use of Tween 80 and other carbon 

sources present in the medium.  

 

Viability of Lb. casei dietary adjuncts is important in order to provide health benefits. 

This study suggests that the absence of the main carbon source in the media resulted in high 

viability of bacterial cells after 30 days. This was partially explained as controls with lactose 

contained high levels of lactate which would have impacted on cell viability over time.  The 

industry always aims to have high numbers of viable bacteria in food products that do not affect 

product flavor.  Prior growth conditions of probiotics being added to food products or prepared 

as pharmaceuticals will be an important factor in influencing subsequent survival and probiotic 

functionality.  
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 As a result of the chapter 2 experiments and the intriguing results surrounding Tween 80, 

a set of experiments was carried out to further characterize the growth of Lb. casei GCRL163 

with Tween 80, in the presence and absence of citrate. The results are described in Chapter 3. 

The growth kinetics and proteomic data further suggests that strain GCRL163 can grow directly 

on Tween 80 possibly, attacking the sorbitan section of the molecule. This was surmised since 

GCRL163, like most Lactobacillus strains, lacks the ability to catabolise fatty acids, since the 

required enzymes for anaerobic fatty acid metabolism proteins (FadI, FadJ, FadK) are absent. 

Cultures grown with 0.1% Tween 80 increased abundance of proteins involved in pathways 

related to glycerol metabolism and fatty acid biosynthesis. The metabolism of Tween 80 appears 

to have a substantial effect on cell physiology resulting in a “hardening”, providing protection 

against acid shock and prolonged acid pH (pH 2) exposure. Based on the proteomic analysis, this 

phenotype arises from promotion of fatty acid biosynthesis; protein folding turnover and 

disaggregation; polar amino acid accumulation, and possibly stimulation of compatible solute 

uptake. Tween 80’s ability to enhance the survival of Lb. casei GCRL163, including greater 

tolerance to lethal acidic conditions, was also linked to possible changes in the surface properties 

of Lb. casei GCRL163 potentially linked to markedly more abundant cell surface proteins. The 

data shown here contributes to explaining the effect of Tween 80 on the physiology of 

GCRL163.  

 

Given that Lb. casei with its active carbohydrate fermentative capacity is comparatively 

aciduric, a further study was implemented to examine the growth of Lb. casei GCRL163 and  

MJA12 strain at low pH as described in Chapter 4. This was to discern what means the species 

uses to defend against acidic pH. Furthermore, two strains were tested to determine the 
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consistency of such responses at the strain level.  Experimentally,  the two strains investigated 

were adapted to grow at pH 4.5 (low pH) and pH 6.5 (the control) within a fermentor system 

where anaerobic conditions and stable pH could be maintained. The data suggested that the two 

Lb. casei strains show responses that are growth phase, pH, and strain dependent, with the 

growth phase being most influential overall. Intracellular accumulation of amino acids seems 

quite active and thus an exogenous supply of protein likely could aid long term survival in acidic 

foods, this strategy is also used by other Lactobacillus strains to withstand various environmental 

stresses (Wu et al., 2012; Wu et al., 2013). Enzymes related to membrane bioenergetics, end-

product formation and energy yielding catabolic pathways show different abundances under the 

growth conditions examined reflecting adaptation to different energetic demands exerted by pH 

effects. The proteomic data suggests that fermentation metabolism was different between the 

strains tested, L-lactate and D-lactate dehydrogenases were more abundant at stationary phase 

for strain MJA12, however, these enzymes were not significantly altered in abundance in 

GCRL163. Other groups of enzymes involved in citrate and malolactic fermentation were more 

abundant for GCRL163 and MJA12 strains, respectively. Protein abundance data also revealed 

that acid adaptation varied between the strains in a growth phase-dependent manner, with strain 

MJA12 exhibiting most known acid adaptation-type responses when in the stationary growth 

phase, unlike strain GCRL163 which seems more directly responsive to acidic pH conditions 

with responses more observed in the exponential growth phase. The results presented expand the 

knowledge on how lactic acid bacteria respond to acid stress and strongly suggests further 

studies should include multiple strains to account for strain-dependent behaviour. 
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Further research was employed to investigate the impact of low pH on Lb. casei surface 

associated proteins and the adhesion properties of GCRL163 and MJA12 strains, described in 

Chapter 5. Growth of Lb. casei at low pH was found to enhance the adherence of GCRL163 and 

MJA12 strains to cultured HT29 cells. Interaction of some of these proteins with the HT-29 cell 

line might be part of probiotic traits exhibited by Lb. casei. The LiCl extraction method was able 

to demonstrate changes in abundance of proteins comparative to their abundance in cell lysates 

and changes in abundance following growth at different pHs. Further work with alternative 

methods for selectively fractionating cell surface proteins are required to advance this particular 

area of research. 

 

Future Research 

Gel-free proteome-based analysis provided a comprehensive insight into the functional 

changes and physiology responses of Lb. casei during carbon starvation and growth at low pH. 

Further study could provide further clarity and depth of understanding into these responses since 

they are key to Lb. casei being useful as a general food adjunct.  The following topics were 

identified as potentially useful areas for specific study:  

1. More research into identify specific substrate uptake by Lb. casei under carbohydrate 

starvation and more specific is identify unknown protein that has high abundant when lactose 

was absent in mMRS, that will help to understand how Lb. casei regulates carbon source 

utilisation and multiauxic responses. Changes in relative levels of expression of proteins 

related to carbohydrate or other substrate raises the question about how cells with 

metabolism and what other substrate that it can use in mMRS to survive and maintain 

viability.  
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2. A focused effort to determine how adhesion properties of Lb. casei in the presence or 

absence of Tween 80 are affected and the molecular basis of adhesion. The proteomic data 

show changes on the cell surface properties of Lb. casei and show increase in abundant of 

these proteins when Tween 80 presence in mMRS. A further study to look at the differences 

in adhesion of Lb. casei with presence of Tween 80 will improve the understanding of this 

mechanism.   

3. Studying the application of Tween 80 or other food grade surfactants that may be a useful 

means to adjust probiotic physiological properties, enhancing survival in food or non-food 

delivery systems and subsequently passage into the host intestinal environment. 

Understanding Lb. casei respond under single type of stress was helpful to understand the 

mechanism of surviving but understanding regulatory mechanisms in Lb. casei under 

different stress in one experiment e.g. carbohydrate starvation, as well as, lacking of Tween 

80, and acid stress can give better understanding of the mechanism of adaptation under multi 

type of stress and that should allow us to understand the adaptation responses and help to 

present an appropriate Lb. casei for industry use.  

4. Studying the effect of low pH at the metabolomics level with absolute of metabolite 

concentrations deserves attention, especially in relation to strain variation. Such knowledge 

will improve the predictability of the metabolism of probiotics applied in food systems. 

5. Surface proteins are likely better extracted with methods other than LiCl extraction, for 

example, applying trypsin shaving  to identify surface proteins (Cathy et al., 2013) and to 

explore the quantitative changes in the surface.  

6. Proteomics will provide improved knowledge of how surface proteins contribute to adhesion 

and also the degree that other proteins associated with the cell surface, such as moonlighting 
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proteins including GAPDH and enolase, as well as lectin-binding proteins, might contribute 

to probiotic cell biology in Lb. casei. The LiCl extracts fron cells grown under low pH 

contain many proteins that may be related to increasing the number of bacterial cells 

adhering to HT-29. Further work, for example, could include adding specific proteins to HT-

29 monlayers prior to determining the level of Lb. casei adhesion. More specifically, using 

proteins which have high spectral counts from LiCl extracts following growth at low pH. 

This type of approach may identify new proteins that may involve in Lb. casei adhesion in 

addition to the known proteins identified to date. 

 

The data shown in the thesis contributes to explaining the adaptations of Lb. casei to 

some food-relevant stress scenarios, however clearly much further work is needed to develop a 

more complete and refined knowledge on the behavior of lactic acid bacteria in food systems, 

especially those intended as dietary adjuncts. Advanced approaches, including metabolomics, 

quantitative proteomics and cell biology, when integrated would provide powerful means to 

develop this area further. 
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Appendix A 

Impact of lactose starvation on the physiology of Lactobacillus casei GCRL163 in the 

presence or absence of Tween 80 

 

 
 
Figure A1: Dry weight of Lactobacillus casei GCRL163 in modified buffered MRS broth. 

Containing 0%, 0.2% or 1% lactose and either supplemented with Tween 80 or lacking Tween 

80. 
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Figure A2: Distribution of identified protein groups associated with their functional groups of Lactobacillus casei GCRL163 identified in the 

study. 
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Table A1: Proteomics data of Lactobacillus casei GCRL163with in mMRS with present of Tween 80 with three levels of lactose (0%, 0.2% or 

1%). 
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Table A2: Proteomics data of Lactobacillus casei GCRL163with in mMRS in absent of Tween 80 with three levels of lactose (0%, 0.2% or 1%). 
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Appendix B 

Growth of Lactobacillus casei GCRL163 on Tween 80 and impact on low pH tolerance 

Table B1: Proteomics data of Lactobacillus casei GCRL163 in modified buffered MRS broth supplemetation with Tween 80 or citrate and 
Tween 80.  
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Appendix C 

Growth phase dependent and independent acid adaptation responses in Lactobacillus casei 

 
 

 
Figure C1. Spectral count abundance data for enzymes associated with aspartate-related metabolism in Lb. casei strains A) GCRL163 and B) 

MJA12 grown anaerobically at different pH. The SpC values are the average obtained per biological replicate based on spectra that pass 

filteration criteria. The error bars are the standard deviation values derived from the comparisons. Where values are absent spectra were not 

observed for the enymze in the given samples. Abbreviations: exp (exponential growth phase); stat (stationary growth phase).  AnsA: L-
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asparaginase, AsnB: asparagine synthetase, PatA2: aromatic amino acid aminotransferase, AspC: aspartate aminotransferase, PatA: aromatic 

amino acid aminotransferase, AspA: aspartate ammonia-lyase, BN194_28750: aspartate 4-decarboxylase, putative.  

 
Figure C2. Spectral count abundance data for enzymes associated with carbohydrate fermentation in Lb. casei strains A) GCRL163 and B) 

MJA12 grown anaerobically at different pH.  For other details and abbreviations see Figure S1. Ldh: L-lactate dehydrogenase, AdhE: 

acetaldehyde-CoA dehydrogenase/iron-dependent alcohol dehydrogenase, YdaP: pyruvate oxidase, FruK: 1-phosphofructokinase, GalK: 

galactokinase, LacD2: tagatose 1,6-diphosphate aldolase 2, LacD2: tagatose 1,6-diphosphate aldolase .  
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Figure C3. Spectral count abundance data for enzymes associated with citrate and malolactic fermentation in Lb. casei strains A) GCRL163 and 

B) MJA12 grown anaerobically at different pH.  For other details and abbreviations see Figure S1. MleA: malate dehydrogenase, BN194_20000: 

phosphoenolpyruvate carboxykinase, OadB: oxaloacetate decarboxylase beta subunit, CitE: citrate lyase beta subunit, CitF: citrate lyase alpha 

subunit, MaeA: malate dehydrogenase, Pyc: pyruvate carboxylase, FumC: class II fumarate hydratase, IfcA: fumarate reductase flavoprotein 

subunit, CitG: 2-(5''-triphosphoribosyl)-3'-dephosphocoenzyme-A synthase.  
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Table C1: Proteomics data of Lactobacillus casei GCRL163 and MJA12 under pH 6.5 and 4.5 at exponantioal and stationary growth 
phases.  
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Appendix D 

Proteomic Analysis of Lithium Chloride Extracts of Lactobacillus casei:  Evaluation of Impact of Growth at Low pH on 

Surface Protein Composition and Bacterial Adhesion to HT-29 Cells 

Table A4: Proteomics data of Lithium Chloride extracts Lactobacillus casei GCRL163 and MJA12 growth at pH 6.5 and 4.5. 
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