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Abstract 

This thesis examines two aspects of stress physiology in Lb. casei strain GCRL163:  the ability of this 

strain, and a broader range of lactobacilli isolates, to grow on Tween 80 as a carbon source, which is 

scavenged in the absence of other fermentable carbon sources (glucose and citrate); and adaptation 

to growth under acidic conditions.  Members of the Lb. casei group include Lb. casei, Lb. paracasei and 

Lb. rhamnosus, which are difficult to differentiate on biochemical and physiological traits. The first 

part of the experimental work involved isolating a broader range of Lb. casei strains from fermented 

foods and milk sources, to address the question of whether Tween 80 use as a carbon source was a 

phenomenon common in this group or not.  LC agar was used to isolate Lb. casei group strains 

selectively.  Isolates from plates were speciated by 16S rDNA sequencing of PCR amplicons produced 

using universal primers (Turner's modification of Lane primers) while Lb. casei group-specific and 

species-specific (for Lb. rhamnosus) primers were used to speciate isolates.  The major part of the 

study was on culturing Lb. casei GCRL163 in fermenters in two separate experiments (for 46h and 12 

days, experiments P1 and P2 respectively) under starvation conditions in mMRS broths containing test 

and control growth conditions.  The control culture had no acetate, citrate, Tween 80 or 

lactose/glucose, and the tests were the control medium with addition of Tween 80 only, Tween 80 

plus citrate (TwCit) and citrate only, which allowed comparisons against the control and between 

these conditions.  Another test condition in P1 involved dosing one fermenter with additional Tween 

80 (TwD), to determine whether growth was further stimulated relative to the control.  Proteomic and 

physiological analysis of nutritional stress was performed by application of a comprehensive statistical 

tool (Perseus version 1.5.031) to map proteomic differences between growth conditions – variables 

being added carbon source and growth phase.  .  

In both of these studies, proteomic analyses were conducted on cell-free extracts (CFE) and 

extracellular culture fluids (ECF), with LiCl extracts examined in the case of acid adaptation.  This 

enabled evaluation of stress responses within cells and the secretomes and comparison between 

nutritional and acid stress responses.  Thus the initial aim of this thesis was to determine whether 

Tween 80 could be used as a carbon source by Lb. casei GCRL163, and other strains in the Lb. 

casei/paracasei group, and to clarify the underlying biochemical pathways involved using proteomic 

and physiological analyses of cells.  

Acid stress studies were also conducted using pH 6.5, pH 4.5 and uncontrolled pH growth conditions 

in fermenters.  Growth at low pH had been analysed previously in our laboratory so this set of 

conditions enabled comparisons across data sets, as the HPLC-MS and analytical platform had changed 

since these prior studies at UTAS.  Furthermore, it emerged from the P1 and P2 studies that secreted 
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proteins were an important element of the whole cell proteome, which may also be relevant in acid 

adaptation.  Consequently, analyses were extended to examining the surface and secreted proteins 

under acidic growth conditions, relative to growth at neutral pH and when pH was not controlled in 

fermenters.  In addition to identification of proteins at the cell surfaces, regulation of proteins during 

acid adaptation is described that has not been reported in prior studies.  Fatty acid analyses were 

undertaken for cells from P1, P2 and the acid adaptation study. 

Results indicated that LC agar, a medium recommended for selective isolation of Lb. casei in yogurt, 

was not selective for the Lb. casei group members, as many of the isolates from milk were identified 

as Lactococcus species using 16S rRNA gene sequencing, demonstrating that LC agar failed to eliminate 

other LAB present in the complex microflora of milk and fermented food samples.  The use of two sets 

of PCR primers (Kwon et al. 2004) enabled differentiation of Lb. casei group members from other 

lactobacilli and Lb. rhamnosus-specific primers clearly differentiated this species within the group.  

When tested for growth on Tween 80 in mMRS by Bioscreen there was no correlation observed 

between species or source of isolation and growth capability or patterns of growth, indicating 

considerable variability between the Lb. casei group isolates in capacity to grow on mMRS containing 

Tween 80. 

Co-metabolism of Tween 80 and citrate was observed when both were present in the medium 

resulting in faster growth, more rapid Tween 80 consumption (23% decline in concentration in 46 h in 

TwCit) and further upregulation of proteins already seen as upregulated in citrate-cultured cells 

(citrate metabolism, central glycolytic proteins), while lipid metabolism proteins were repressed. The 

expressed proteome of TwD cells indicated depletion in many cellular proteins and showed induction 

of stress proteins. Fatty acid analysis of cells indicates that 10-hydroxystearic acid was uniquely 

detected in P1 and P2 cells, likely the product of the Sph protein (oleate hydratase) which was 

detected in all cells and culture conditions at varying levels of expression.  Cyclopropyl-C18:0 was also 

detected in P1 and for cells cultured at pH 4.5; this fatty acid has been linked to stress adaptation 

previously.  In P2 cells, 10-hydroxystearic acid was the major fatty acid in Tween 80 cultured cells, 

while citrate and control cells demonstrated synthesis of C15 fatty acids from amino acid primers.  The 

Tween 80 cultured cells lacked many of the Fab and other fatty acid synthesis proteins, whereas the 

control cells in P2 retained several Fab proteins.  Analysis of CFEs and extracellular culture fluids (ECFs) 

for P2 failed to identify a lipase/esterase or hydrolase that may have been related to Tween 80 

degradation, despite detecting several proteins that were unique to this experiment (against the acid 

adaptation study) in the ECFs.  Many of the proteins unique to the ECFs (not detected in the CFEs) 

were transmembrane or secreted proteins (indicated from the presence of signal peptides) and 
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transporters.  Several of the proteins detected in the ECF were also detected in the CFEs as highly 

express proteins.  However, the majority of proteins in the CFEs which were highly expressed were 

not detected in the ECF, so the presence of proteins in the ECF that are normally deemed as 

cytoplasmic could not be fully explained by cell lysis.  Many of these ECF proteins have been previously 

described as moonlighting proteins that have also been detected at the cell surface.  Analysis of 

surface, secreted and cellular proteins across the culture cycle for Tween 80 cells may provide some 

further insight into the degradation pathway of Tween 80. 

Analyses of CFEs showed that cells adapted to growth in acid conditions by rerouting carbon flow 

around pyruvate metabolism, with the noted upregulation of the malolactic enzyme MleA, as reported 

previously from transcriptomic studies on acid shock.  Other upregulated lactate/malate 

dehydrogenases were also detected which may contribute to conversion of malate to pyruvate.  

However, when the pH was uncontrolled, and cells were moving into stationary phase at the point of 

cell harvest, it was clear that many proteins which were detected in the cells grown at pH 4.5 and 6.5 

were not detected and that the pattern of expression was different to the pH 4.5-cultured cells.  In 

several instances, proteins detected as upregulated at pH 4.5 were more highly expressed in cells with 

uncontrolled pH.  Of the three identified pyruvate oxidases on the genome of GCRL163, one was more 

highly expressed at pH 4.5 but was a different protein to the Pox5 detected as regulated during growth 

on citrate.  The latter protein (K0NBB6) was detected in cells grown with uncontrolled pH, suggesting 

cells were moving to utilisation of alternative substrates in mMRS, or recycling cellular components, 

at this stage of growth.  In addition to impacting on central metabolism and the pentose phosphate 

pathway, modulation of proteins during adaptation to growth at low pH occurred principally across 

the following functionalities:  amino acid/peptide degradation and acquisition; t-RNA ligase activity; 

cell wall biogenesis, cytokinesis and membrane bioenergetics; and lipid metabolism.  Many of the 

upregulated proteins were in the uncharacterised or general prediction functional classes.  One 

functionally uncharacterised aminotransferase was highly upregulated in all experiments for cells 

cultured at pH 4.5 and for the uncontrolled pH CFEs, indicating a key role in acid adaptation. 

Initial examination of the LiCl extracts indicated that there was lysis occurring during extraction, given 

that over 800 proteins were detected in extracts.  By looking at proteins that were relatively enriched 

into LiCl, more than 200 proteins were deemed as potentially surface located and extractable into LiCl.  

These proteins were also checked for their presence or absence in the ECF.  Highly upregulated 

proteins in LiCl extracts under acid adaptation (pH 4.5) found at the cell surface belonged to major 

functional classes such as cell wall biogenesis, ABC-type transporter systems, cytokinesis, amino acid-

related metabolism, central glycolytic/intermediary pathways and uncharacterised proteins.  Many of 
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these proteins were transmembrane or had signal sequences, supporting surface or extracellular 

locations.  BLAST analysis was used to assign presumptive identity to many of the proteins in the 

uncharacterised or general prediction categories.  Many of the proteins in these categories were 

regulators, anchor proteins or surface/secreted hydrolases involved in cell wall biogenesis and cell 

division.  Two notable proteins in this group were previously identified as major surface proteins 

(MSPs) in some lactobacilli species.  Uncharacterised, acid regulated, LiCl-extracted protein K0MRM8 

had a signal sequence and was characterised by BLAST as a putative cell wall hydrolase possessing a 

CHAP domain and had sequence similarity to MSP40.  This protein also contains a SibA domain, not 

previously identified in this protein, which is normally associated with mechanisms of pathogenicity 

in Group A streptococci.  The MSP40 protein is associated with immunoglobulin binding and is 

important in probiotic functionality due to its attachment capability or immune-stimulatory capacity. 

K0MRM8 was also found in ECF data as a highly upregulated protein following growth at pH 4.5 and 

was absent in nutritional stress related experiments (P1 and P2).  It was detected in CFE at low levels 

and was not upregulated by growth at pH 4.5 in the CFE and showed only a 2-fold change in 

uncontrolled pH cells against cells cultured at pH 6.5.  Another MSP (K0N7S8) was identified as linked 

with cell wall biogenesis, with peptidase activity that may be linked with peptidoglycan turnover 

function.  This protein was also detected in the CFE at low levels, was detected in P1 in TwCit cultures 

and in P2 citrate ECF.  Other secreted proteins were also classified as cell surface hydrolases, although 

their specific role in surface maintenance or probiotic functionality remains to be defined, and were 

acid regulated.  Other proteins were clearly at the cell surface (e.g. K0N4J7, an uncharacterised 

protein, 53-fold higher in LiCl extracts relative to CFE levels; K0NA78 with FC 40, a rare lipoprotein 

likely to be involved in septal ring formation) but not regulated by growth at low pH in these 

experiments. 

Analysis of ECF indicated that important proteins within the central glycolytic/intermediary pathways 

functional class, such as glyceraldehyde-3-phosphate dehydrogenase, enolase, 6-

phosphofructokinase, pyruvate kinase, phosphoglycerate kinase, 2,3-bisphosphoglycerate-dependent 

phosphoglycerate mutase, were detected in CFE and ECF of all growth conditions (pH 4.5, pH 6.5 and 

UC pH).  Occurrence of these proteins in ECFs indicates that these moonlighting proteins that have 

been detected on cell surfaces of several bacterial species might have been either detached from the 

cell surface or secreted into the ECF through unknown mechanism, although cell lysis may also explain 

the detection of these highly expressed cytoplasmic proteins.   

In this study MerR family transcriptional regulators were demonstrated to be associated with 

starvation, however, these were either not detected or detected but not regulated during acid 
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adaptation.  Tween 80 degradation by Lb. casei GCRL163 was demonstrated by disappearance of 

substrate, growth enhancement during co-metabolism with citrate and upregulation of transporters, 

regulators and pentose phosphate pathway proteins when Tween 80 was included in mMRS media. 

Accumulation of 10-hydroxystearic acid suggested that oleic acid was not degraded when Tween 80 

was the only added carbon source.  The presence of moonlighting proteins mainly related to central 

glycolytic/intermediary pathways were observed in the ECFs of the acid stress study, however their 

transport mechanism is not clear.  A number of MSPs classified as uncharacterised proteins were 

found in LiCl extracts and were upregulated at the cell surface during acid adaptation and were also 

detected as upregulated in ECFs.   Two (MSP 40 and 75) are known to impact probiotic functionality 

in other lactobacilli species. 

Uncharacterised proteins constitute approximately 30% of Lb. casei GCRL163/W56 genome.  Many 

can be assigned presumptive functionality by domain analysis and by determining responses to altered 

environmental conditions which may influence their survival under stress.  Further research on 

genomic analysis of Lb. casei GCRL163 would be useful to determine the genes that are altered in 

starvation conditions and those that are related to the use of poorly utilised substrates such as Tween 

80 is needed.  Another area for future research includes determining mechanisms of lipid degradation 

and modification to different isomeric forms (oleic/vaccenic acid interconversions and their 

degradation) through biochemical and genetic characterisation of these pathways.   



xxiii 

Annexures (Page 253) 



1 

CHAPTER 1:  Introduction and literature review 

1.1 Introduction to lactic acid bacteria  

Lactic acid bacteria (LAB) (order Lactobacillales) are a group of microorganisms that are Gram positive, 

acid resistant, facultative anaerobes, and able to ferment simple sugars to lactic acid (Elshaghabee et 

al. 2016; Makarova et al. 2006b).  Due to their ability to produce lactic acid as the final end product of 

fermentation these bacteria are named as LAB (Martinez et al. 2013).  According to various reviews, 

the order Lactobacillales has six families, 38 genera and more than 400 species (Garrity et al. 2004; 

Papadimitriou et al. 2016; Vandamme et al. 2014).  The list of prokaryotic names with standing in 

nomenclature (LPSN) includes 233 species and 29 subspecies of genus Lactobacillus 

(http://www.bacterio.net/lactobacillus.html).  

LAB contain low GC contents in DNA, are classified in the phylum Firmicutes (Herbel et al. 2013; 

Papadimitriou et al. 2016; Reiss 2013; Schleifer et al. 1995) and are fastidious, requiring  several factors 

including vitamins, amino acids, minerals and nucleic acids to meet specific auxotrophies (Konings 

2002).  Additionally, they require a carbon source to meet energy requirements (Konings 2002).  LAB 

are widespread in nature and form an important part of the gut microflora; they not only ferment 

foods, acidifying and preserving them, but also contribute to flavour and aroma development in foods 

(Leroy & Vuyst 2004).  LAB that produce only lactic acid as an end product are termed as 

homofermentative, whereas those producing compounds such as ethanol, acetic acid and carbon 

dioxide in addition to the  production of lactic acid, and other minor products, are known as 

heterofermentative (Saloff-Coste 1997). 

1.1.1 The genus Lactobacillus and its salient features 

The genus Lactobacillus is the largest within LAB , however genera that are of industrial importance 

and related to food include Lactococcus, Enterococcus, Oenococcus, Pediococcus, Streptococcus, 

Leuconostoc, Tetragenococcus, Carnobacterium, and Weissella as discussed in recent reviews (De 

Angelis et al. 2016; Elshaghabee et al. 2016).  Lactobacillus predominantly comprises a diverse 

microbial group with a number of species that are related with plant, dairy and meat fermentations 

(Kant et al. 2011).  Lactobacillus species have been safely utilised in food fermentation processes and 

are considered as “generally regarded as safe” (GRAS) according to The American Food and Drug 

Administration, as mentioned in various studies (Beganović et al. 2011; Górska et al. 2016; Górska et 

al. 2008; Martínez et al. 2012; Yan et al. 2007).  Lactobacilli are incorporated in foods to gain health 

benefits, however they are also a natural part of raw milk and other dairy based products (Hammes 

http://www.bacterio.net/lactobacillus.html
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et al. 1995).  Lactobacilli lacks physiological markers for its phylogenetic groups and do not have clear 

relationships between diverse phylogenetic groups due to which genus Lactobacillus is confounded 

from taxonomic perspective (Zheng et al. 2015).   For establishment of phylogenetic relationship and 

identification of metabolic properties to distinguish phylogenetic groups they used in their study core 

and pan genomes of Lactobacillus and Prediococcus (174 type strains).  Genus Lactobacillus sensu lato 

was grouped into 24 phylogentic groups (including pediococci) based on the average nucleotide 

identity and phylogenomic tree cluster analysis (Zheng et al. 2015). 

Production of lactic acid by LAB is mainly through metabolism of carbohydrates (Caplice & Fitzgerald 

1999; Elshaghabee et al. 2016).  Lactobacilli lack a functional electron transport chain and therefore 

obtain energy via substrate-level phosphorylation (Caplice & Fitzgerald 1999).  Phosphotransferase 

systems (PTS) are used to transport carbohydrates into the cell in a phosphorylated form.  When 

lactose is taken up glucose and galactose are produced due to hydrolysis of lactose by β-galactosidase 

(LacG), then glucose is converted to lactate via the Embden-Meyerhof-Parnas (glycolysis) pathway 

(Caplice & Fitzgerald 1999) while galactose enters the glycolytic pathway either as tagatose-6-

phosphate (Lac AB, C and D) or metabolised by the Leloir Pathway  (GalM, K, T, E and 

phosphoglucomutase, Pgm) (Grossiord et al. 1998).  Lactobacilli grow well over a temperature range 

of 30-40°C, however they have demonstrated capacity to grow over an even broader temperature 

range of 5-53 °C (Hammes et al. 1995).  Being acidophilic in nature, the best suited pH for their growth 

is in the range of 5.5-5.8 and generally can grow at pH’s below five.  Lactobacilli are facultative 

anaerobes and they have limited growth in the presence of air, however growth is observed to rise 

sometimes in the presence of 5% (v/v) carbon dioxide (Hammes et al. 1995).  

1.2     Identification of Lactobacillus 

The accurate identification of LAB is important because of their widespread application as starter 

cultures and probiotics. More reliable identification methods are required due to problematic 

identification (Adeyemo & Onilude 2014; Beresford et al. 2001).  Accurate identification to strain 

level is imperative as most probiotic traits are strain specific (Azaïs-Braesco et al. 2010).  Phenotypic 

and molecular characterisation of Lactobacillus is discussed in the following sections. 

1.2.1 Phenotypic characterisation 

Phenotypic properties such as bacterial morphology, fermentable carbon sources at different 

temperatures, Gram staining and types of protein in cell walls are used to classify LAB traditionally 

(Mohania et al. 2008; Tynkkynen et al. 1999).  It is widely acknowledged that phenotypic identification 

of bacteria has some limitations (such as being time consuming and laborious) and at times poses a 
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risk of bacterial misidentification at genus or species level (Adeyemo & Onilude 2014; Mohania et al. 

2008).  Study of bacterial morphology, physical and biochemical characteristics of LAB is now primarily 

abused for the purpose of describing the bacteria and not for precise identification (Vandamme et al. 

2014).  It is further described that taxonomically LAB has undergone considerable changes over the 

past 20 years, due to technological advancements, such as availability of rapid and inexpensive whole 

genome sequencing, that were not possible previously.   

 

1.2.2  Molecular characterisation 

LAB are often difficult to differentiate due to the similarity in phenotype and physiological 

characteristics, however, advanced molecular approaches based on a variety of DNA techniques have 

replaced the phenotypic methods for bacterial identification.  Molecular methods are more reliable 

and less subjective and have been successfully applied to both bacterial identification and 

classification (Moraes et al. 2013; Singh et al. 2009; Tannock 1999; Vandamme et al. 2014).  Molecular 

techniques are rapid, precise, reliable and reproducible when compared with phenotypic methods 

and can be classified into four groups as: non-PCR based, PCR based, combinations of PCR and non-

PCR based methods, and sequencing based approaches (Singh et al. 2009).  16S ribosomal RNA (rRNA) 

gene sequences can provide relatively accurate and rapid lactobacilli species identification. However 

a polyphasic approach for LAB species identification, in which the results of both phenotypic and 

genotypic analysis combined together is required to define new species and the certainty of 

identifications of known species (Vandamme et al. 2014; Vandamme et al. 1996).  

 

For bacterial identification and determining ecology of strains from dairy based foods, the 16S rRNA 

gene is an important differentiator of species, particularly in context of quick identification by 

sequencing (Abosereh et al. 2016; Větrovský & Baldrian 2013).  PCR based molecular methods are 

generally regarded as powerful tools for bacterial identification and taxonomic purposes and their 

specificity is extendable up to strain level characterisation (Mohania et al. 2008; Singh et al. 2009).  

Molecular techniques such as Random Amplified Polymorphic DNA (RAPD) analysis and strain specific 

primers were used to successfully identify 22 lactobacilli strains from dairy samples (Saxami et al. 

2016).  In their research, Plessas et al. (2017) used multiplex PCR based on a RAPD analytical approach 

to detect Lb. paracasei K5 in food products.  Other studies have also mentioned PCR approaches as 

reliable for characterisation of Lb. gasseri and Lb. rhamnosus strains (Brandt & Alatossava 2003; 

Lucchini et al. 1998).  Marked variability between species is observed between V1-V3 regions of 16S 

rRNA genes that provided information relating to species-specific patterns in PCR (Cocolin et al. 2001; 
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Duthoit et al. 2003; Kullen et al. 2000; Vasquez et al. 2001; Walter et al. 2000; Ward & Timmins 1999b).  

Furthermore, PCR can also be used in combination with other techniques such as: denaturing gradient 

gel electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE) or single strand 

conformation polymorphism (SSCP) analysis. 

 

1.3 Industrial importance of LAB and lactobacilli  

Lactobacillus spp. have a widespread usage in food production processes that have been well known 

for a long time in the history of agriculture (Hayden et al. 2013) and they have a major role to play in 

food fermentation (Ganzle 2015).  Fermented foods, such as yogurts and cultured milk, beer and 

wines, kimchi and sauerkraut and fermented sausages, were the first processed foods for human 

consumption possessing enhanced shelf life, excellent organoleptic properties and safety (Marco et 

al. 2017).  Lactic acid also has a range of uses in pharmaceutical, chemical and food industries (Sun et 

al. 2015; Taleghani et al. 2017; Zheng et al. 2015).  The diverse nature of lactobacilli species reflects 

their diverse nutritional requirements related to inhabiting environments including ecosystems in 

humans, plants, food and animals (Sun et al. 2015).  Sun et al. 2015 suggested that exploitation of 

lactobacilli is a complex process due to the diversity of their metabolism, problematic species 

identification and their unclear relationships with other LAB of commercial importance. 

LAB are used as starter cultures for food fermentation and their formulations are composed of 

microorganisms having desirable metabolic activities and may consist of bacteria that are primarily 

responsible for acidification and others that contribute to different product quality traits, in particular 

flavour and aroma (Beresford et al. 2001; (Gereková et al. 2011).  The parameters used to judge the 

starter culture’s performance during a fermentation process are characterisation of acidification levels 

such as changes to pH values, production of organic acids and rise in total titratable acidity (Gereková 

et al. 2011).   

During milk fermentations the presence of LAB causes the pH of milk to drop to acidic levels as lactic 

acid is formed (Murano 2003), so that subsequent survival of starter culture members depends on 

their salt tolerance (Jordan & Cogan 1993) and ability to grow on carbon sources present in the cheese 

matrix.  For example, in Emmental cheese lactobacilli take part in fermentation of galactose produced 

by Streptococcus thermophilus (which is responsible for primary acidification), contribute to 

acidification and cause proteolysis of milk proteins thence flavour development (Chamba 2000 ; 

Chopard et al. 2001; Demarigny et al. 1997; Gagnaire et al. 2001).  The number of viable lactobacilli in 

the starter culture tends to decrease rapidly during ripening stages.  According to different research 

studies, during processing of hard cheeses, lactobacilli play a key role as starter culture members (e.g. 
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Lb. helveticus and Lb. delbrueckii spp.) used for cheese manufacture (Bouton et al. 1998; Coppola et 

al. 2000; Hébert et al. 2000) and can also contribute to Cheddar quality through the subsequent 

growth of non-starter lactic acid bacteria (NSLAB) during ripening (Beresford et al. 2001).  NSLAB 

populations are mainly comprised of facultative mesophiles and lactobacilli related to the 

heterofermentative group (Gobetti et al. 2015), but studies over the last two decades have shown 

that the  NSLAB microflora can also include thermophilic LAB such as lactococci, enterococci, 

pediococci, and Leuconostoc spp. (Beresford & Williams 2004; Coolbear et al. 2008; Gatti et al. 2014; 

Klein & Lortal 1999).  The main species found in maturing Cheddar cheese in Australia were members 

of the Lb. casei group (Chandry et al. 2002) noting that this group contains members which are 

important in probiotic applications (Parvez et al. 2006).  (Beresford et al. 2001) highlighted the 

importance of understanding the complex microflora in cheese.  Having an in-depth knowledge of 

bacterial identity at different processing stages was seen as useful for pinpointing the role and the 

relevance of each individual component to cheese manufacture that would lead to improvement in 

selection of starter cultures or adjuncts for cheese processing (Beresford et al. 2001).  Adjuncts in 

starter culture formulations do not necessarily participate in primary acidification: their role is to 

improve flavour and texture, often during ripening phases.  The advantages, and disadvantages, of 

using NSLAB in this context are documented in a reviewed study (Gobetti et al. 2015).  Usage of certain 

strains of lactobacilli as adjunct cultures in cheese manufacture can enhance the development of 

flavour and when these cultures are used for short term ripening of Cheddar cheese or in cow’s milk, 

higher levels of proteolytic products resulted (Lopez & Mayo 1997; Madkor et al. 2000; Menendez et 

al. 2000; Swearingen et al. 2001).  The sensory evaluation scores of these products was also higher.  It 

was further reported that not all adjunct cultures are recommended for flavour enhancement as some 

of these cultures caused bitterness, high acidities, off flavours, crumbly and open textures.  NSLAB 

have also been used to enhance the shelf life of many non-dairy foods: bread, fresh fruits and 

vegetable, emphasising the importance and relevance of culture selection in fermented food 

processing (Crow et al. 2001; Hynes et al. 2001). 

Activity of LAB in processing of sourdough based food products is important as it greatly influences 

the flavour, rheology and nutritional properties of the food (Gobbetti et al. 2005).  Facultative LAB 

such as Lb. alimentarius and Lb. plantarum use the Embden–Meyerhof–Parnas pathway whereas 

obligatory heterofermentative LAB such as Lb. pontis and Lb. sanfranciscensis use the 

phosphogluconate (pentose phosphate) pathway for fermentation of hexose (Gobbetti et al. 2005).  

Both of these microbial groups are used in producing sourdoughs.  In a recent research study it is also 

demonstrated that Lb. sanfranciscensis plays a role in souring action enhancing dough taste and 

reduction of spoilage microorganisms (Musatti et al. 2016).  Important metabolites such as 
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exopolysaccharides (EPS) and other enzymes are produced during sour dough fermentation manly 

due to glycansucrase activity that result in texture enhancement and shelf life of the bread (Galle & 

Arendt 2014).  These EPS serve as hydrocolloids that replace the need to add bread improvers and 

therefore meet the consumer demand for reduction of food additives.  

 

Recently cereal based beverages produced from lactic acid fermentation have  gained commercial 

importance, being popular among consumers due to the nutritional and functional characteristics of 

these foods (Dongmo et al. 2017; Yu & Bogue 2013).   Fermented barley malt wort beverages used six 

strains of LAB producing volatile aroma compounds (Dongmo et al. 2017), however product flavour 

was not popular among consumers who requested flavour improvements.  

 

Lactobacilli are used in production of fermented meat and meat products and are also used as 

probiotic carrier in fermented sausages as these sausages do not require heat treatment (Ammor & 

Mayo 2007; De Vuyst et al. 2008; Pennacchia et al. 2006; Ruiz-Moyano et al. 2008).  The unique 

flavours of most sausages and fermented meats are due to fermentation by bacteria such as members 

of Lactobacillus, Leuconostoc and Pediococcus (Potter & Hotchkiss 1995).  The fermentation cultures 

must be able to withstand high salt concentrations of 2 to 3.5 % and the end product of the meat 

fermentation is lactic acid which is responsible for production of specific colour, flavour and texture 

development (Tsuda et al. 2012).   

1.4 Probiotics, Lactobacillus and their health benefits 

1.4.1 Probiotics and Lactobacillus 

Knowledge of the gut microflora and its benefits to health emerged only from the end of the 20th 

century, with an increasing understanding that perturbation of this microbiota may have important 

health impacts.  Probiotics and their application have a long history subsequently and scientists have 

defined them in a number of ways based on the scientific knowledge available at the time.  According 

to Gismondo et al. (1999), the word probiotic is derived from the Greek ‘pro bios’ that translates as 

‘for life’. They defined probiotics as ‘living micro-organism administered in sufficient numbers to 

survive in the intestinal ecosystem’.  They related this definition with the condition that probiotics 

must have positive healthy effects on the host.  The term probiotics was redefined by the Food and 

Agriculture Organization (FAO) of the United Nations (UN) World Health Organization (WHO) as “live 

microorganisms which when administered in adequate amounts confer health benefits on the host” 

(FAO/WHO 2001).  This definition has been recently reinforced by the International Scientific 

Association on Probiotics and Prebiotics (ISAPP) with minor changes as reported in a review study 
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(Lebeer et al. 2018).   Consumers today are more conscious about health and expect foods not only to 

be healthy but also disease preventing (Mattila-Sandholm et al. 2002).  Many bacterial species have 

been  claimed to have probiotic activity, including members of Lactobacillus, Bifidobacterium, Bacillus, 

Escherichia, Leuconostoc, Enterococcus, Pediococcus, as well as Saccharomyces (Fijan 2014).  

Lactobacillus strains are widely employed as probiotics in various fermented foods (vegetables, meat, 

sourdough, dairy products) and play their role as a functional food due to their enzymatic actions and 

metabolite release (De Angelis et al. 2016; Ouwehand et al. 2002).  Ability of Lb. pentosus as a probiotic 

and starter culture was investigated in a research study using proteomic approaches by measuring 

acid tolerance of three phenotypically distinct strains (Montoro et al. 2018).  It was concluded that 

when Lb. pentosus  was pre-exposed to acidic conditions new proteins were expressed as significantly 

tolerant to acidic conditions and as a probiotic.  In another study three strains of Lactobacillus isolated 

from kefir and three commercial strains of Lactobacillus were investigated in an experimental oral 

environment as probiotics against Streptococcus mutans and Streptococcus sobrinus (Jeong et al. 

2018).  Results indicated that out of the various Lactobacillus strains tested Lb. kefiranofaciens DD2 

has the highest inhibitory effects against S. mutans and S. sobrinus. 

Lactobacillus acidophilus and Lb. casei strains are widely utilised as probiotics as are strains of Lb. 

plantarum,  Lactococcus lactis, Lb. fermentum, Lb. reuteri and Lb. bulgaricus (Mercenier et al. 2002).  

Lactobacillus spp. and Bifidobacterium spp. are considered to play key roles in improving gut health 

(Carlson & Slavin 2016).   

1.4.2 Health benefits of LAB probiotics  

The capability of LAB to serve as delivery vehicles for important biomolecules and provide health 

benefits has made these bacteria  an important part of several food applications applied as probiotic 

products (Themsakul et al. 2016a).  The health benefits of probiotics and LAB vary from strain to strain, 

however generally it is believed that the probiotics confer health benefits to the host by strengthening 

the immune system (Yan & Polk 2011), reducing pathogenic colonisation via competitive exclusion or 

through the production of antagonistic metabolites (O'Toole & Cooney 2008; Sanders 2011), 

controlling gut inflammatory complications (Ganji & Rafieian 2017), metabolic disorder control (Yoo 

& Kim 2016), serum cholesterol control and helping in protection against cancer (Kechagia et al. 2013).  

(Bravo et al. 2011) indicated that a Lactobacillus strain positively affected emotional behaviours (that 

are vagus nerve dependent) as the bacteria modulated expression of GABA receptor (receptors mRNA 

expression that are implicated under anxiety) in their mouse based study.  Where GABA is inhibitory 

neurotransmitter of central nervous system (CNS) associated with regulation of psychological and 

physiological process.  Results of their study suggested that Lb. rhamnosus (JB-1) used in experiment 
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can modulate GABAergic system in mice contributing positively towards anxiety and depression 

treatment.   It is reported that due to enhanced binding capacity of probiotic bacteria to intestinal 

cells health promoting effects are potentially related to immunomodulation, production of beneficial 

microflora, and control on pathogenic microorganisms (Kravtsov et al. 2008).  S-layer proteins of 

lactobacilli have reported activity against pathogens and due to their adhesion capability to intestinal 

cells, extracellular matrix ECM and mucus proteins, they allow competition with pathogenic bacteria 

for attachment site on human epithelial cells (Bravo et al. 2011; Mobili et al. 2010).  It is reported that 

oral probiotics are helpful in periodontal disease treatment however there is limited evidence where 

efficacy of oral probiotics is tested for control of peri-implant diseases (Galofré et al. 2018).  They 

conducted clinical and microbiological investigations in 44 patients (22 with peri-implantitis) to see 

the effects of oral probiotics (Lb. reuteri) used to facilitate non-surgical peri-implantitis mechanical 

therapy.  Results suggested improvements in clinical conditions of patients with peri-implantitis who 

were administered with a daily lozenge of Lb. reuteri.   

Some examples of the important health benefits of LAB are further discussed below.    

 

1.4.2.1    Control in diarrhoeal diseases 

Chronic diarrhoea is a common problem associated with the long-term administration of broad 

spectrum antibiotics, in particular when multiple antibiotics are utilised.  The incidence of diarrhoea 

are reduced both in adults and children on antibiotics if they are administered with probiotics 

(Kechagia et al. 2013; Liu et al. 2017). Studies were carried out on patients with antibiotic-associated 

diarrhoea using a placebo control.  The rate of diarrhoea was 15% to 26% in patients administered the 

placebo whereas in patients using probiotics the incidence of diarrhoea was reduced to 3% to 7% 

(Marteau et al. 2002; Videlock & Cremonini 2012).  Three bacterial strains tested in the study were Lb. 

acidophilus, Lb. bulgaricus and Lb. rhamnosus GG and Saccharomyces boulardii (yeast) was also 

included. The study concluded that probiotics can be effectively utilised to control diarrhoeal 

occurrences caused by antibiotic usage.  In another human-based study, it was concluded that 

supplementation of Lb. helveticus R0052 and Lb. rhamnosus R0011 to the study subjects, who had 

antibiotic associated diarrhoea, drastically reduced the duration of diarrhoeal symptoms (Evans et al. 

2016).  

1.4.2.2    Immune system enhancement  

In a human-based study, mothers and their weaning-aged infants were supplemented with milk 

fortified with Lb. rhamnosus to observe the effect of probiotics on immune system efficiency.  The 

results demonstrated enhanced immune system development of the newborns and mothers (Saliganti 
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et al. 2016).  It is reported that different strains of LAB have varying capacities to affect receptors 

complement in phagocyte cell expression (Fang et al. 2000).  They mentioned in their study that 

probiotic immunomodulatory capacity is dependent of the bacterial strain and also on host’s species 

speciality (Fang et al. 2000).  Limited literature exists indicating a comparison of the strain specific 

responses on the immune modulation of the host.  However, the ability of various strains of 

Bifidobacterium longum to induce cytokine production was studied using mononuclear cells of 

peripheral blood.  It was concluded that different strains of the same species generate differing 

immune responses (Medina et al. 2007).  In patients with human immunodeficiency virus (HIV), 

immune system improvement was associated with the use of probiotics; it was hypothesised that they 

assist in recovery of gut barrier functions by remodelling of microbiome structure and also help to 

reduce translocation of bacteria and pro-inflammatory production of cytokines (Carter et al. 2016; 

Gori et al. 2011; Klatt et al. 2013). 

 

1.4.2.3       Allergy protection 

Increased allergy prevalence and abnormal postnatal maturation of the immune system has been 

reported in cases of low exposure of the subject to diverse microflora, particularly in more affluent 

areas (Forsberg et al. 2016).  Lactobacillus rhamnosus GG has been used successfully in a prenatal, 

randomised placebo controlled trial for the prevention of atopic disease in mothers having allergic 

rhinitis, atopic eczma or asthma (Kalliomäki et al. 2001).  Another study was conducted to determine 

role of probiotics in the management of atopic eczema that involved twenty-seven breast-feeding 

infants of ages 4-6 months.  During exclusive breastfeeding babies who manifested atopic eczema 

were weaned with probiotic supplements (Isolauri et al. 2000) i.e. whey formulas (hydrolysed) 

supplemented with Lb. rhamnosus GG and B. lactis Bb12.  A third control group were weaned with 

formula diet of similar composition but without added probiotics.  The subjects were monitored for 

two month in a double-blind randomized design and it was noted at the end of the study that in both 

groups receiving added probiotics the symptoms of atopic eczema were diminished (Isolauri et al. 

2004).  An earlier study was conducted on 132 pregnant women having known incidences of atopic 

ailments like asthma, eczema or allergic rhinitis.  These selected subjects were provided with two 

capsules of placebo or capsules containing Lb. rhamnosus GG on a daily basis for two to four weeks 

before their deliveries.  If the mothers could not take the capsules after deliveries, the babies born to 

the mother were given the same formulation of the capsules contents mixed in water using a spoon.  

Children were examined at intervals from three to 24 months during the neonatal period during visits 

to the hospital and at the end of the study children were evaluated for atopic disease or not.  Atopic 
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eczema in infants given probiotics was 23% as opposed to 46% for those who were on placebo  

(Kalliomäki et al. 2001). 

1.4.2.4  Anticarcinogenic effects 

According to a study on anti-carcinogenicity of probiotics and prebiotics (Burns & Rowland 2000), 

the role of probiotics in prevention of cancer was evidenced as effects on enzyme activity of 

bacteria, antigenotoxic effects, pre-cancerous lesion growth in laboratory animals, variations in 

incidences of tumour in laboratory animal and conducted as experimental and epidemiological 

studies in humans.  It has been found probiotics seem to have tumour preventative benefits and 

have some capacity to minimise preneoplastic lesions that were induced due to a particular 

carcinogen.  Consumption of yogurt containing high numbers of viable LAB have been studied for 

their impact on cancer development.  Lc. lactis NK34 was recently reported to be able to inhibit the 

proliferation of various cancer cell lines (Han et al. 2015). LAB isolated from faeces of the infants 

were used in the colon cancer biotherapy and prevention of colon cancer (Thirabunyanon & 

Hongwittayakorn 2013).  They used 15 selected isolates (out of 81) based on probiotic criteria: 

growth inhibition against eight pathogenic bacteria, tolerance to GIT properties (such as pH 2.5 and 

0.3% bile salt) and no blood haemolysis.  Results indicated four isolates had an antiproliferation on 

colon cancer cells after use of the Trypan blue exclusion assay (at the rate of 17-35%).  Another 

research study used Sprague Dawley rats that were fed with different probiotics and protective 

activity was observed against 1,2 dimethylhydrazine dihydrochloride (DMH)-induced chemical colon 

carcinogenesis (Verma & Shukla 2013).  Usage of Lb. GG and Lb. acidophillus was recommended by 

the study’s authors as effective prophylactic agent for experimental colon carcinogenesis.  Many 

laboratory based cancer research studies have demonstrated antitumor effects of probiotics, 

however more human based studies in this area would be essential to accept the use of probiotics as 

an alternative cancer therapy (So et al. 2017). 

1.4.2.5     Lactose intolerance 

Probiotic microorganisms present in yogurt, fermented and unfermented milk and milk products aid 

in digestion of lactose and thereby help to overcome symptoms related to lactose intolerance (Vrese 

et al. 2001). These desired benefits are achievable due to the presence of beta-galactosidase available 

in the milk product fermented by probiotic microorganisms that can delay the transit time of lactose 

in gastrointestinal system resulting in a positive effects on intestinal function (Vrese et al. 2001). In a 

human based research study it was found that a strain of Lb. acidophillus (DD-1) was effective in 

improvement of abdomen symptoms compared to placebo for diarrhoeal control, cramps and 

vomiting in lactose intolerant subjects (Pakdaman et al. 2016).   
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1.4.2.6 Probiotic functions discovered using animal model 

Whereas lot of studies have been carried out using murine for gutmicroflora research, there have 

been questions that how these studies can be used to apply for human models in term of their 

beneficial effects (Nguyen et al. 2015).  Inspite of marked similarities in mouse and human gastro 

intestinal tracts, there are differences in the anatomies and surface areas of the intestines between 

mouse and humans (Casteleyn et al. 2010).  Therefore a cautious approach is suggested for using 

results of animal models to translate human gutmicroflora research. 

1.5  Stress responses of Lactobacillus  

Studies on stress physiology in food-related bacteria started in the mid-1980s (Foster 1991), starting 

with particular interest in acid shock and adaptation responses in Salmonella Typhimurium, with rapid 

application in LAB.  Lactobacilli mostly encounter harsh stresses in their environments related to the 

exposure to starvation, high acidity (pH), temperature (heat and cold stress), osmotic pressure, oxygen 

and high pressure that finally may alter the cell physiology and its functioning (De Angelis & Gobbetti 

2004). In a stressed growth condition bacterial cells struggle to maintain survival by expressing a 

molecular response that help to overcome a particular nutrient depletion necessary for growth 

(Papadimitriou et al. 2016).  Understanding relationships whereby lactobacilli adapt the environment 

through  approaches such as proteomics has created possibilities to better understand and interpret 

key metabolic pathways of significance (De Angelis et al. 2016).  There has been a proliferation of 

papers in this field, but relatively few have been specifically published on Lb. casei.  Several studies 

investigate global changes in functional groups of proteins but the methods of culture, media used 

and sensitivity of the systems vary considerably.  It has become important to know about conditions 

that favour or limit persistence and proliferation of lactobacilli and also to gain knowledge about the 

survival mechanisms and related metabolic activities of bacteria within stressful environments such 

as acidic food matrices (De Angelis & Gobbetti 2004).   

1.5.1.       Starvation stress 

Cheese provides  a variety of stressful environmental factors encountered by microorganisms 

especially during cheese maturation (Beresford et al. 2001; Peterson & Marshall 1990) and 

Lactobacillus constitutes the secondary microflora in cheese making process.  NSLAB are able to 

survive well carbohydrate deficiency during the cheese ripening processes where milk-derived 

lactose has been fully consumed (Shakeel-Ur-Rehman et al. 2004).  This adaptation is significant 

since LAB typically derive most of their energy from carbohydrates in fermented dairy products and 

laboratory growth media carbohydrates are always used for bacterial cultivation (Makarova et al. 
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2006a).  It is suggested in various studies that lactobacilli have the ability to adapt to nutritional 

stress by achieving an altered physiological state that involves nucleic acid down-regulation and 

protein synthesis, however at the same time processes of up-regulation of protein degradation and 

synthesis of amino acids also continues (Chatterji & Ojha 2001; Hussain et al. 2009a).   

Starvation stress of Lb. casei GCRL163 was investigated using proteomics applied to stationary phase 

cells that were cultured in the absence of an added carbohydrate source (0% lactose) and in the 

presence of excess lactose (1%) (Hussain et al. 2009a).  It was suggested that Tween 80 was utilised 

noting that some species of lactobacilli had demonstrated growth on Tween 80 substrates (Williams 

et al. 1947) although how widespread this phenomenon is remains unclear in the literature. 

Differences in proteins expressed were assessed by one- and two-dimensional SDS PAGE gel 

electrophoresis, with protein identification made by MALDI-TOF/TOF mass spectrometric techniques.  

They observed differential regulation of many glycolytic enzymes and associated them with the 

survival mechanism of the nutritionally starved bacteria.  Sixteen proteins were noted as upregulated 

in the absence of lactose that were mainly from carbohydrate related metabolic pathways.  They 

emphasised that the Lb. casei GCRL163 proteome was largely affected by the type and nutritional 

composition of media utilised for their growth.  Some of the proteins remained unchanged despite 

subjecting the bacteria to different growth conditions and they used proteomic approaches to develop 

a protein map that helped in creation of enzymatic fingerprints relevant to the metabolism of Lb. casei 

GCRL163.  They further demonstrated that peptides in the culture media in 0% lactose mMRS were 

removed in long-term cultures indicating peptide and amino acid utilisation occurred in old cultures 

(Hussain et al. 2009b).   Starvation stress is reported in few research studies that involved LAB however 

these bacteria live in a highly nutritious environments that rarely encountered any nutrition depletion 

that affect their growth as mention in a review study (Tsakalidou & Papadimitriou 2011).  They 

reported that in some instances starvation responses could be indirect and linked to other factors 

such as auto-acidification due to presence of lactic acid, creating low pH conditions that causes 

nutrient uptake to stop due to transporter inactivity.  However, starvation environments are 

encountered during cheese ripening following lactose depletion. 

The proteome of Lb. casei GCRL163 has been quantitatively analysed after growing bacteria in a 

modified MRS media (with and without Tween 80) and varying combinations of lactose (0%, 0.2% and 

1%) (Al-Naseri et al. 2013).  They observed that in the presence of Tween 80, proteins relevant to 

synthesis of fatty acid were repressed, also the bacteria efficiently utilises citrate and cells in Tween 

80-supplemented cultures survived for longer periods.  According to the authors when cells were 

cultured in the absence of lactose, proteins associated with lactose utilisation were not induced, 
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nucleotide synthesis was repressed along with enhancement of proteins relevant to 

phosphotransferase systems.  Proteomics indicated that in the absence of a carbohydrate source, 

proteins linked with stress response mechanisms were also induced.  Lactate and ethanol levels were 

the major contributors to the metabolic end products (stationary phase) in cultures grown on different 

concentrations of the lactose (0.2% and 1% w/v).  In Tween 80 grown cultures lactate and ethanol 

levels reached maximum levels after 6 days whereas in the case of cultures grown without Tween 80 

their maximum levels were recorded after 4 days.  They concluded that in the absence of an added 

carbohydrate source the bacteria scavenged alternative carbon sources and growth was sustained by 

utilisation of citrate and Tween 80 present in the growth media.  Another experiment using Lb. casei 

GCRL163 was performed using lactose-free mMRS media with different combinations of Tween 80, 

citrate and acetate (Al-Naseri 2015).  Insufficient biomass was generated in the control (basal medium, 

no added C source) to allow proteomic analysis of the control using the technology available at the 

time, so the possible mechanism of Tween 80 use, or co-use, remained unclear from comparisons 

between cultures with Tween 80 plus citrate (TwCit) and Tween 80 alone. Al Naseri et al. (2015) 

emphasised the need to conduct further research to better explain the physiology of Lb. casei 

GCRL163 in the context of Tween 80. 

1.5.2       Acid stress 

LAB encounter acid stress typically in the gastro-intestinal tract (GIT) or during industrial processing 

of food such as in cheese making.  The survival capacity of Lb. casei against such stressful environments 

is regarded as an important parameter for strain selection as a potential probiotics and also for 

industrial applications (Parvez et al. 2006). There are certain important changes that occur in the 

physiology of LAB which enable them to tolerate the effects of highly acidic conditions (Caggia et al. 

2009; De Angelis & Gobbetti 2004). There is also a change to different processes of the cell e.g. division 

of cells, synthesis of membrane components, DNA metabolism and metabolite transport.  The acid 

tolerance response (ATR) in Lb. casei ATCC 334 was investigated by (Broadbent et al. 2010b) using 

transcriptomics, whereby bacterial cells were adapted under acidic conditions (10-20 min) at broad 

pH levels (ranging from 3.0-5.0) and then shocked by exposure to conditions at pH 2.0.  It was 

demonstrated that acid tolerance of cells improved, while adaptation over a broad pH range with 

maximum survival noted in the case of pH 4.5 occurred when cells were adapted for 10 to 20min.  

Higher percentages of saturated and cyclopropane fatty acids were also observed in the cytoplasmic 

membrane fatty acids of acid adapted cells.  

 

Lb. casei strain GCRL46 was tested in response to acidic conditions of growth and changes in proteins 

expressed on the surface of the cells were investigated by (Nezhad et al. 2012). Two-dimensional gel 
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electrophoresis and Western blot methods for detecting cell surface proteins were performed. Using 

lithium chloride (LiCl) the proteins that were differentially expressed on the cell surfaces were 

extracted and subsequently identified by MALDI-TOF/TOF MS methods. It was noted that enzymes 

such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), lactate dehydrogenase and enolase 

were upregulated after growth at low pH. It was also discovered that most of the proteins were related 

to adhesion and stress response mechanisms of this strain. It was suggested that Lb. casei, when faced 

with prolonged acid stress conditions has adaptive strategies to cope with acidic environments while 

maintaining a slow mode of growth (Nezhad et al. 2012). 

The cell membrane plays a key role in the growth of the cell, controlling the metabolic functions, 

integrity of the cell and conveyance of energy (Zhang & Rock 2008). The cell membrane also serves as 

the first line of defence and as a barrier between environments outside the cell surface.  It also 

functions as a medium between the cells (Zhang & Rock 2008).  In addition, the cell membrane aids in 

the regulation of various substances entering and leaving cells.  It well known that environmental 

stresses, including acid stress, causes structural changes to the cell membrane and this affects its  

functioning (Rodriguez-Vargas et al. 2007).  Important factors that determine cell viability and 

regulations of metabolic activities are membrane fluidity levels and integrity of the cytoplasmic 

membranes (Rodriguez-Vargas et al. 2007).  Consequently, the effects of acid stress on cell 

membranes of Lb. casei has been investigated by various scientists (Walter & Gutknecht 1984; 

Warnecke & Gill 2005).  It was noted that lactate is toxic to most microbes and when lactate is in its 

undissociated form, when it enters the cytoplasm it dissociates and releases a proton acidifying the 

cytoplasm. Ultimately cytoplasmic lactate alters purine base integrity and causes the deterioration of 

important cell enzymes.  In a research study (Wu. et al. 2012) 2 probiotic strains were selected i.e. Lb. 

casei Zhang abbreviated as WT (wild type) and another strain that was an acid-tolerant mutant, 

labelled as Lbz-2. The selected strains were subjected to lower glucose levels following encounters 

with acidic conditions. The behaviour of both strains under these stressed environments was 

investigated.  The results demonstrated that strain Lbz-2, when compared with the WT, had developed 

different survival strategies mainly related to cell membrane permeability.  This included a remarkable 

increase in the fluidity of the cell membrane, enhanced levels of unsaturated fatty acid and increased 

mean chain length. Analysis of cell integrity after exposure to acidification by lactic acid was also 

carried out that revealed maintenance of a more intact cell structure was associated with a decrease 

in cell membrane permeability in Lbz-2 as compared with the WT (Wu. et al. 2012).  

  

Different proteins are expressed during acid stress of LAB. These proteins can be identified by making 

use of proteomics. (Wu et al. 2009) established a map of a reference proteome of intracellular proteins 



15 
 

of Lb. casei Zhang. This proteome map was helpful to confirm a variety of expressed proteins related 

to the species and demonstrated stress responses of the bacterium under low pH.  2-DE analysis of 

Lb. casei demonstrated that when cells are exposed to acidic environment there is overproduction of 

a variety of proteins on the cellular surface. It was further elaborated that the cell’s metabolic 

processes perform a key role in developing acid stress response.  They concluded that carbohydrate 

metabolism has prominent position in this process (Wu et al. 2011a). 

 

1.5.3       Heat and cold stresses 

Previously it was reported that exposures to high temperatures targets mainly cellular proteins due 

to their sensitivity to denaturation and inactivation (Teixeira et al. 1997).  In addition to proteins, 

nucleic acids and membranes are also damaged by exposure to high temperatures. Microorganisms 

behave and respond differently when exposed to high temperatures as a rapid temperature change 

causes adaptive heat shock responses (Desmond et al. 2004).  This response results in generation of 

proteins generically termed as ‘heat shock proteins’ (HSPs).  HSPs include chaperones and proteases, 

which are either involved in folding of protein or degrade and turnover mis-folded proteins. HSPs also 

participate in translocation of proteins across the cell membrane and function in the formation of 

protein complexes (Rosen & Ron 2002).  Heat, cold, acid and bile stress responses of a probiotic strains 

Lb. kefiranofaciens were measured via proteomics evaluation (Chen et al. 2017) and found that 

proteins related to carbohydrate metabolism, pH homeostasis, stress response proteins and transition 

related proteins were upregulated in most treatments tested (Chen et al. 2017).    

 

Freezing bacterial cells represents a combination of cold and osmotic stress, according to a recent 

research study where characterisation of biophysical properties of the cell membrane of 

Lb.  delbrueckii subsp. bulgaricus was analysed during freezing (Meneghel et al. 2017).  They 

investigated the impact of increasing sucrose concentration with or without subzero temperature 

exposures on two bacterial strains with variable fatty acid composition and freeze tolerances. 

Previously it was shown that exposure to low temperature also causes many changes in cell physiology 

resulting in lowering fluidity levels of the membrane, alterations in DNA coiling arrangements resulting 

in impairment of DNA and RNA (Phadtare et al. 1999; Thieringer et al. 1998). Various bacterial species 

are able to adaptively respond to cold shock in order to cope with the harmful effects due to DNA and 

RNA impairments, ensuring that normal functions of the cell are performed as per routine even at low 

temperature. According to these studies it is emphasised that bacterial adaptation to low 

temperatures is particularly important in fermentation processes that are initiated by addition of 

starter cultures in a frozen state. There would be added advantage of using starter cultures tolerant 
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against freezing temperatures to better enable fermentation processes. Logically Lactobacillus species 

that have decreased viability during storage of fermented food products at low temperatures (before 

consumption of such food) is a hindrance for the probiotic functions of the bacteria.   

 

1.5.4 Osmotic stress 

Maintenance of turgor pressure and retention of adequate water is a critical cellular process. To 

accomplish this, a system to help in accumulation of solutes that do not contradict the physiology of 

the cell must be in place within lactobacilli. The growth of Lb. plantarum is limited by the presence of 

hypersomatic stress which occurs due to non-availability of organic compatible solutes,  like carnitine, 

betaine and glycine (Glaasker et al. 1996). It is important for survival of lactobacilli that the 

concentrations of solutes in their cytoplasm do not fluctuate drastically and remain within a relatively 

constant range. Lactobacilli are often confronted with a change in the solute concentrations in their 

environments (Poolman & Glaasker 1998).  Changes in cell volumes may occur in case there is an 

increase in the environmental osmolarity levels that is normally termed as hyperosmotic stress. 

Without an adequate response to hyperosmotic conditions water present in the cell tends to move 

out resulting in damage to the cell. Compatible solute accumulation counteracts this phenomenon 

and allows cells to maintain a stable turgour pressure across a range of osmolarities. 

 

Lactobacillus normally utilise environmental sources of these compounds in order to meet the 

requirements of ‘organic compatible solutes’ as they have limited abilities to synthesise these. The 

internal osmolarities of Lb. plantarum are increased due to certain compounds such as proline and 

glutamate. However, compounds such as carnitine or glycine/betaine, which are termed as quaternary 

ammonium compounds, are mostly preferred by Lb. plantarum and other LAB. Thus a system of 

quaternary ammonium compound transport forms that have tendency to accept different quaternary 

ammonium compounds of high affinity as well as compounds with low affinity such as proline 

(Glaasker et al. 1998). 

 

Bacteria can sense stressors and respond by adapting a defensive approach.  This particular behaviour 

allows the bacteria to withstand abruptly changing environmental conditions (Guchte et al. 2002).  

The capacity of the organism to adapt and the speed of the adaptation varies from treatment to 

treatment.  A stress response study was conducted to describe the mechanisms employed by 

Lb. rhamnosus to sense its environment to enable phenotypes that tolerate industrial processes 

(Prasad et al. 2003). Lactobacillus rhamnosus HN001 was stressed with sodium chloride salt (0.6 M) 

and high temperature (50°C) and its viability compared with unstressed controls. Samples were stored 
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in dried form at 30°C and results revealed that there was a marked improvement in viability in the 

stressed group (P <0.05). These authors concluded that the ability of Lb. rhamnosus HN001 to 

withstand industrial processes, such as storage, rehydration and drying, can be enhanced by prior 

adaptation to stress. They related the capacity of the bacteria to tolerate osmotic shock and heat 

shock with stress proteins induced during exposures to the stressed environment. Other factors that 

may be involved in this cross-protection process could be proteins related to stationary phase, 

glycolysis processes and regulatory factors (Prasad et al. 2003). 

 

1.5.5      Oxidative stress 

Oxidative stress responses of lactobacilli have been covered in an early review by De Angelis and 

Gobetti (De Angelis & Gobbetti 2004). It is well known that the fitness of bacteria is adversely effected 

by accumulation reactive oxygen species (ROS) (McCormick et al. 1998).  Lactobacilli are aerotolerant 

anaerobes and have oxidase activity, which facilitates oxygen use with substrates such as NADH and 

pyruvate (Sedewitz et al. 1984) and help in the process of oxidation.  The enzyme NADH oxidase/NADH 

peroxidase is a substitute system to reproduce NAD+ along with pyruvate conversion to ethanol or 

lactate. By this system pyruvate becomes available for conversion into acetate that, in turn, can 

produce an extra ATP mole per mole of substrate (Condon 1987).  It is due to actions of oxidases that 

ROS is produced. It was thus anticipated that the presence of oxygen will then produce a particular 

cellular response in bacteria such as lactobacilli (Archibald & Fridovich 1981). The capacity of bacteria 

to deal with the oxidative stress varies amongst the groups of lactobacilli depending upon type and 

levels of antioxidant mechanisms present.  A proteomic research study (Calderini et al. 2017)  was 

carried out to determine responses of Lb. acidophillus FCFM to H2O2 under oxidation conditions.  

Abundant Proteins (19 of total 21 tested) were identified in response to oxidative stress. These 

proteins were predominantly linked with energy and carbohydrate related metabolism, stress 

response and biosynthesis of cysteine.   

 

1.5.6       High pressure stress 

High pressure is also reported to hinder maturation of food during fermentation processes due to 

autolysis of starter culture strains (Malone et al. 2002).  Proteins are denature and membranes are 

damaged when exposed to high pressure and this damage ultimately results in in loss of cell viability.  

No growth is noted at pressures in the range of 20-130 MPa whereas cells are killed at pressures in 

the range of 130–800 MPa.  The capacity of microorganisms to withstand high pressures varies 

according to the species, strains and medium of suspension.  A study was conducted on Lb. 
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sanfranciscensis DSM20451 to determine  the effect of high pressure on the proteins expressed using 

2-DE (Drews et al. 2001).  It was noted in the study that at pH in the range of 3.5 to 9.0 the level of 

twelve proteins expressed was increased or decreased more than two times. Pressure levels also 

affected expression of each protein.  Two proteins identified based on the pressure levels had a similar 

molecular mass of about 15 kDa and varying levels of pIs of about 4.0 to 4.2.  These proteins were 

determined to be homologs/paralogs to cold shock proteins from Lc. Lactic subsp. lactis.  

 

1.6 LAB and Proteomics 

Protein separation and identification has matured significantly since the genesis of proteomics in the 

1970 and the initial application of 2-dimensional gel electrophoresis (2-DE) for separation of proteins 

(Rabilloud et al. 2010).  This has involved improving the separation methods for peptides, including 

gel-free systems/HPLC, analysis of peptides by MS and management of the data generated through 

improved bioinformatics platforms.  Consequently, the ability to identify and quantify proteins has 

advanced alongside genome sequencing capability.  Application of MS is a reliable and powerful 

technique for protein (peptide) measurement that make use of two instruments: liquid 

chromatography attached with high resolution tandem mass spectrometry(MS/MS) (Cox & Mann 

2011) producing  reliable and precise data.  Targeted and advanced high speed MS-approaches enable 

identification and quantification of  whole proteomes including low abundance proteins that have 

different compartmentalisation (Altelaar et al. 2013; Cox & Mann 2011; Schubert et al. 2015).  

Recently, proteomics was regarded as a highly relevant technique helpful in protein identification that 

provides a strong platform to understand health related functions of probiotics (Ruiz et al. 2016).  

Current platforms allow the detection and quantification of proteins which are expressed at low levels 

in cells.  This contrasts to earlier studies, which were limited by 2-D gel-based systems that have 

constraints in the ability to resolve, identify and quantify proteins.  Significant development is noted 

in proteomics data analysis as well during past ten years due to availability software that can 

interrogate mass spectral data (Tyanova et al. 2016b).  Software for this purpose was not available a 

decade ago and to produce quality data with precise identification of proteins required manual time-

consuming analysis of spectral information.  A breakthrough was made in this respect with the 

development of software platforms such as Perseus (http://www.perseus-framework.org). Such 

platformed software provides efficient pipelines for analysis and interpretation of MS output data and 

enables protein quantification and the means to study protein interactions and post-translational 

modification of proteins e.g. acetylated and phosphorylated proteins (Tyanova et al. 2016b).  

Techniques used for preparation of sample prior to MS analysis need to be robust and simple as the 

http://www.perseus-framework.org/
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sample preparation accuracy is one of the major factors for the success for proteomic exploration and 

accessibility (Mann et al. 2013). 

 

1.7  Surface proteins  

Exoproteome are the proteins that are secreted into the cell culture media and surface proteins are 

attached to the cell surface, often within the S-layer (Celebioglu & Svensson 2017).  Using 

Lb. acidophillus NCFM probiotic bacteria proteins related to bacteria-host interaction have been 

identified in their study.  They demonstrated that the exoproteome constituted nine proteins with 

signal sequences (classically secreted proteins) while ten proteins were non-classically secreted.  Cell 

surface proteins detected were also categorised as classically secreted (n=4) and non-classically 

secreted (n=8).  The potential for protein-mediated probiotic host interaction was also demonstrated 

(Celebioglu & Svensson 2017).  In another study by Jeffery (2017) it is mentioned that  cell surface and 

secreted protein of bacteria interact with host tissues (Jeffery 2017).  Importance of cell surface 

proteins isolated from Lactobacillus strains is demonstrated in probiotic functions of the bacteria such 

as adhesion to the host cell, survival of the bacteria and competition in occupying a space where 

probiotic bacteria can adhere to the epithelial cells thereby reducing chances of pathogen to flourish 

(Singh et al. 2016).  In another recent study surface proteins are linked to the be associated with the 

various probiotic functions such as stress tolerance, survival of bacteria in the gut, adhesion 

mechanism of the bacteria to the host or mucus, however these probiotic functions were variable 

depending upon type of the species and strains used in various experiments (do Carmo et al. 2018). 

(Nezhad et al. 2012) extracted surface proteins from Lb. casei GCRL46 using LiCl but the extracts 

needed to be concentrated to 100-fold to detect extracted proteins, showing that the cell surface 

proteins were present in small amounts in this strain.  These authors reported that the relative 

proportions of proteins changed when cells were cultured at low pH, noting that several glycolytic 

enzymes (including GAPDH, enolase and lactate dehydrogenase) were upregulated at the surface in 

response to growth in acid conditions.  Several proteins, including enolase, glyceraldehyde 3- GAPDH 

and aldolase triose phosphate isomerase that are part of the glycolysis process, are termed as 

moonlighting proteins when they occur in unexpected cellular compartments (Henderson & Martin 

2011).   Protein moonlighting is defined as the ability of a protein to perform many functions at one 

time and such proteins have been  demonstrated to be effective in the control of important human 

pathogens such as Streptococcus pyogenes, Staphylococcus aureus, Helicobacter pylori, S. 

pneumoniae, and Mycobacterium tuberculosis (Henderson & Martin 2011; Kainulainen et al. 2012).  

These authors described that probiotic functions such as adhesion to the epithelium and to mucins, 
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changes in immune systems and proteolytic plasminogen (PIg) of the host, could be associated with 

moonlighting functions of the bacterium.  Moonlighting proteins are typically abundant cytosolic 

proteins and normally considered as highly conserved in terms of function. Some studies have claimed 

these proteins achieve moonlighting functionality, which is different from their functions performed 

at cytosolic level when these specific proteins are located at the cell surface (Castaldo et al. 2009; 

Gupta et al. 2011; Katakura et al. 2010).  According to this research the transfer of moonlighting 

proteins from cytoplasm to outer surfaces of the cell wall occurs without any ‘export signal and a 

specific cell wall or membrane-anchoring motif ’. The exact mechanism of this specific protein transfer 

from the cytoplasm to outer surfaces of the cell wall and achieving the role of moonlighting has not 

been completely elucidated.  

1.8 Aims of thesis 

The present study was conducted to investigate how Lb. casei strain GCRL163 responds to acid and 

nutritional stress at the proteome level by culturing bacteria in controlled fermentation units, so 

eliminating additional stressors such as pH variability and oxygenation.  Application of latest 

bioinformatics approaches were used for protein identification to understand important pathways 

that were relevant to the corresponding stresses.   

The aims of the study were: 

 

1. Isolation of Lb. casei strains from dairy and fermented food sources and validation of species 

by molecular methods, to provide a broader culture collection for comparative studies and 

investigate utilisation of Tween 80 by validated strains of this group; 

2. To study the effect of Tween 80 and citrate (under starvation conditions) on growth and   

bacterial biochemistry of Lb. casei GCRL163 using proteomics and analysis of end-products 

plus cellular lipids, to underpin developing models of metabolism relating to Tween 80 

utilisation in this strain;  

3. To determine changes in protein abundance at the level of cytoplasmic, surface and secreted 

proteins produced during starvation and acid stress conditions of Lb. casei GCRL163, to gain a 

better understanding of how Lb. casei GCRL163  changes in response to stress. 
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CHAPTER 2:  Material and Methods 

2.1 Microbial strains, growth media, reagents and chemicals 

All media and stock solutions were sterilized (when required) by autoclaving at 121°C for 15 min in a 

laboratory autoclave (4050 Certoclave GmbH, Austria), unless otherwise specified. 

2.1.1 Microbial strains 

Acid and nutritional studies were undertaken using Lb. casei strain GCRL163.  This strain was originally 

isolated from Cheddar cheese by staff at Food Science Australia (FSA), Commonwealth Scientific and 

Industrial Research Organization (CSIRO), Werribee, Australia (Chandry et al. 1998b; Chandry et al. 

2002) and renamed in the Gilbert Chandler Research Laboratories (GCRL) of The University of 

Melbourne before acquisition by the University of Tasmania’s (UTAS) microbiology laboratory culture 

collection.  The strain was further characterised (Al-Naseri et al. 2013) by Dr. Ali Al Naseri using multi-

locus sequence typing (MLST).  Seven sequence alleles for housekeeping genes (fus, ileS, leuS, lepA, 

pyrG, recA, recG) were used, which verified the identification as Lb. casei in accordance with Pasteur 

Institute’s MLST data base for Lb. casei (www.pasteur.fr/recherche/genopole/PF8/mlst/Lcasei. html) 

(Al-Naseri 2015).  Other strains of lactic acid bacteria (LAB) were isolated and characterised from farm 

milk, fermented dairy and vegetable products at the UTAS microbiology laboratory as part of the 

current study and stored in the UTAS culture collection (Table 3.2, Chapter 3).  Molecular 

characterisation of these isolates is described in Chapter 3. 

2.1.2 Bacterial growth media 

2.1.2.1 de Man, Rogosa and Sharpe (MRS) agar and broth 

MRS agar was prepared in Schott bottles by using 52 g/l of standard MRS broth (Oxoid Australia, CM 

0359) and adding 15 g/l of agar (Gelita Australia Grade J 3).  The volume was made up to one litre with 

distilled water and pH was adjusted to 6.5 if needed.  After autoclaving, the media were aseptically 

poured onto Petri dishes in a laminar flow cabinet (AXYOS Technologies, Australia,).  Petri plates were 

dried to remove condensation moisture before storage at 4°C.  MRS broth was prepared as above, 

omitting agar.  Modified MRS (mMRS) broths were prepared from the individual components of MRS, 

as described in Chapter 4. 

2.1.2.2 Brain heart infusion agar (BHI agar) 

BHI agar was prepared by adding 35.4 g of dehydrated powder (Oxoid, Australia) and 15 g of agar per 

litre to a Schott bottle containing appropriate volumes of distilled water.  After autoclaving and cooling 

http://www.pasteur.fr/recherche/genopole/PF8/mlst/Lcasei
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to 50oC, glucose was added aseptically from a 20% autoclaved stock to achieve a final concentration 

of 2% (w/v) before dispensing into Petri dishes. 

2.1.3 Reagents and chemicals 

Reagents and chemicals used were purchased from Sigma-Aldrich, Oxoid, Merck, Bio-Rad, and Gelita 

(through Australia subsidiaries).  Buffers and reagents were prepared as listed hereunder.  Where 

solutions were prepared as percentages, these are % (w/v) unless otherwise specified. 

General reagents 

 Tris-HCl buffer (0.01 M, pH 7):  1.2114 g of Tris base was added to a Schott bottle containing 

600 ml of distilled water, adjusting the pH to 7 by adding 32% (v/v) hydrochloric acid (Emsure 

by Merck KGaA, Germany). The volume was made up to one litre using distilled water followed 

by autoclaving.  

 Sodium hydroxide (NaOH), 2 M:  80 g of NaOH was added to a Schott bottle, making the 

volume up to one litre using distilled water followed by autoclaving.  

 Sulphuric acid (H2SO4), 10% (v/v):  10 ml of concentrated sulfuric acid was poured into a Schott 

bottle containing 60ml of distilled water, the volume was made up to 100 ml using distilled 

water. 

 Peptone water solution, 0.1%:  1 g of bacteriological peptone was added to a Schott bottle 

and 800 ml of distilled water was added.  The contents of bottle were mixed and pH was 

adjusted to 7.0.  The volume was made up to one litre with distilled water and the bottle was 

autoclaved. 

 Tween 80 stock (10%):  10 g of Tween 80 was dissolved in 70 ml of distilled water and volume 

was made up to 100 ml using distilled water. The solution was autoclaved and stored at room 

temperature.  

Agarose gel electrophoresis 

 Ethylenediamine tetraacetic acid (EDTA) 0.5 M stock solution:  for 500 ml stock solution, 93.05 

g of EDTA was weighed and dissolved in 400 ml of deionised water and pH of the contents was 

adjusted to 8.0 by addition of 10 M sodium hydroxide (NaOH).  Final volume was made up to 

500 ml using distilled water. 

 Tris-acetate EDTA (TAE) buffer stock solution:  stock solution (50 ×) of TAE was prepared by 

weighing out 242 g of Tris base and dissolving it with 750 ml of deionised water. Acetic acid 

(glacial) (57.1 ml) was carefully added (using a fume hood) followed by addition of 100 ml of 

EDTA (0.5 M).  The volume was made up to 1000 ml using deionised water. 
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 Working stock TAE buffer:  To prepare 100 ml of 1 x TAE working stock solution (from 50 x TAE 

stock buffer), 2 ml of 50 x TAE stock was diluted with 98 ml of deionised water. 

 Agarose gel:  Agarose gel was prepared by dissolving 1g of agarose in 100 ml of 1 x TAE buffer 

and heating the flask contents in a microwave oven until the agarose was completely mixed 

(transparent consistency) with TAE buffer.  Gel red (Bio-Rad) or Gold view stain (3-4 µl) was 

added to the warm solution before pouring the gel into the gel casting assembly for 

solidification. 

 

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 Running gel buffer (1.5 M Tris-HCl, pH 8.8):  36.3 g of Tris base was added to 200 ml capacity 

conical flask then 180 ml of distilled water was added and contents of the flask were mixed 

using a magnetic stirrer.  Solution’s pH was adjusted to 8.8 by adding acid (32% HCl) or base 

(10 M NaOH) and volume was made up to 200ml with distilled water. 

 Stacking gel buffer (0.5 M Tris-HCl, pH 6.8):  3g of Tris base was added to 50 ml capacity conical 

flask then 40 ml of distilled water was added and contents of the flask were mixed using a 

magnetic stirrer.  Solution’s pH was adjusted to 6.8 with addition of acid or base and the 

volume was made up to 50 ml with distilled water. 

 SDS, 10%:  10 g of SDS was added to flask and volume was made up to 100 ml using warm 

deionised water.  The mixture was heated on a hot plate until SDS was dissolved in water. 

 Running gel for SDS-PAGE (10% for 2 gels):  2.6 ml of 40% monomer stock 

(acrylamide/bisacrylamide), 2.62 ml of running buffer, 5.1 ml of deionised water and 105 µl 

of 10% SDS were mixed in a Buchner flask followed by degassing for 10 to 15 min.  N,N,N,N-

Tetramethylethylenediamine (TEMED) (5 µl) and 50 µl of ammonium per sulphate (10%) were 

added to a 100 ml flask and the contents were gently swirled mixed until mixed thoroughly.  

Small volume of water saturated butanol was poured on the top of running gel to create clean 

and straight top of the running gel.   

  Stacking gel for SDS-PAGE (10% for 2 gels):  3ml of 40% monomer stock 

(acrylamide/bisacrylamide), 5ml of stacking buffer and 200 µl 10% SDS, 11.5 ml of deionised 

water, 20µl of N,N,N,N’-tetramethylethylenediamine (TEMED) and 100 µl of ammonium per 

sulphate were added to a 100ml flask and the contents were gently swirled until mixed 

thoroughly. 

 SDS sample buffer:  2.5 ml of Tris buffer pH 6.8, 4 ml of 10% SDS, 78 mg of dithiothreitol, 2 ml 

of glycerol was taken in 15 ml Falcon tube and volume was made up to 10 ml with deionised 

water. 
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Trypsin digestion  

 Denaturation buffer:  7 M urea, 2 M thiourea, 30 mM Tris buffer (pH 8.0) were mixed in a 

volumetric flask and pH was adjusted to 8 by adding acid (32% HCl) or base (10M NaOH) as 

required. 

 

 1,4-Dithiothreitol (DTT) (100mM):  8 mg of dithiothreitol was dissolved in 500µl of deionized 

water in 1.5ml capacity Eppendorf tube and prepared freshly every time. 

 Iodoactamide (IDA) (500mM):  92.48 mg of iodoacetamide was dissolved in 1ml of deionized 

water in 1.5ml capacity Eppendorf tube and prepared fresh every time. 

 Trypsin preparation:  20 µl of 1 mM HCl was added to each trypsin vial (Sigma Aldrich) 

containing 20 µg lyophilized trypsin. 

 Ammonium bicarbonate (100 mM):  15.8 mg of (NH4)HCO3 was added to 2 ml of deionized 

water in 15 ml Falcon tube and were mixed thoroughly 

 

Silver staining chemicals 

 Fixing/stop solution for silver staining (400ml):  200 ml methanol, 48 ml acetic acid and 152 

ml of deionised water was measured in a volumetric cylinder and poured in 500 ml Schott 

bottle. 

 Wash solution for silver staining (500 ml):  175 ml ethanol and 325 ml of deionised water was 

measured in a volumetric cylinder and poured in 500 ml Schott bottle. 

 Sodium thiosulfate (1% stock): 500 mg sodium thiosulfate was taken in a 50 ml capacity Falcon 

tube and volume was made up to 50 ml with deionised water and mixed thoroughly. 

 Silver nitrate (200 ml):  400 mg silver nitrate, 152 µl of formaldehyde were taken in 250 ml 

capacity Schott bottle and volume was made up to 200 ml with deionised water   

 Developing solution (400 ml):   20 g sodium carbonate, 16 µl sodium thiosulfate and 200 µl 

formaldehyde was taken into a 500 ml capacity Schott bottle and the volume was made up to 

400 ml with deionised water. 

 

Standards and chemicals for chromatography 

 Methyltricosanoate internal stock standard (500 µg/ml): 0.0050g of methyltricosanoate was 

added to a 10 ml volumetric flask and dissolved with chloroform to make the volume up to 

the mark. 
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 Nonadecanoic acid, surrogate stock standard for lipid analysis (5,000 µg/ml):  0.050g of 

nonadecanoic acid was added to a 10ml volumetric flask and dissolved with chloroform to 

make the volume up to the mark. 

 Standards preparation for analysis of lactic, succinic and pyruvic acids by Ultra Performance 

Liquid Chromatography (UPLC): 50 µl of each of lactic, succinic and pyruvic acid were 

transferred in 500 ml flask and volume was made up to 500 ml with deionised water to get 

100ppm of the mixed standard. Serial dilutions of the 100 ppm standard were made in 1:1 

ratios with deionised water to give concentrations of 100, 50, 25, 12.5, 6.25, 3.125 ppm.  

 Standards preparation for analysis of volatile and non-volatile fatty acids by gas 

chromatography/mass spectrometry (GC/MS): 50 µl of each of volatile/non-volatile fatty acids 

were transferred in a 500 ml flask and the volume was made up to 500 ml with deionised 

water to get 100 ppm of the mixed standard. Serial dilutions of the 100 ppm standard was 

made in 1:1 ratios with deionised water to give concentrations of 100, 50, 25, 12.5, 6.25, 3.125 

ppm levels.  Heptanoic acid stock solution (1.5 mg/ml) 50µl was added to each 1ml of the 

prepared standards and samples to be analysed. 

 Heptanoic acid stock solution (1.5 mg/ml) for GC/MS:  Pure heptanoic acid (150 mg) was 

added into 100ml of methanol to get 1.5mg/ml of heptanoic acid stock solution. 

2.2 Microbiological techniques 

Anaerobic conditions were generally maintained by using anaerobic jars (3.5 l capacity, Oxoid, 

Australia) by inserting a single sachet of Anaerocult A system (Oxoid, Australia) inside the jar.  MRS 

agar plates were typically incubated for 37°C for 48 h in an incubator (Axyos Technologies, Australia) 

unless otherwise specified.  Inoculated MRS broth cultures were incubated overnight (12 to 14 h) 

before harvesting the bacterial cells.  The bacterial cells obtained were either used for experiments or 

stored at -20°C for short periods or at -80°C for long term storage, as described in protocols in Chapters 

4 and 5. 

2.2.1 Preservation of microbial cultures 

To preserve the selected cultures for long-term storage, bacterial colonies were harvested after 48 h 

of incubation directly from each Petri plate using a sterilised inoculating loop.  The bacterial cells were 

suspended individually into two ml vials containing cryo-preservative (Microbank bacterial and fungal 

storage system, Pro-Lab Diagnostic, USA).  The tubes were closed by fixing the cap, briefly inverting 

two to three times to mix the cultures thoroughly with the cryo-preservative and small beads present 

in the vials.  All extra storage solution were transferred aseptically using a sterile pipette.  The box 
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containing vials was wrapped in a few layers of tissue paper and initially stored at -20oC overnight to 

expose bacteria to low temperature.  Next day, all bacterial samples frozen on beads were transferred 

to a -80oC freezer (Innova 44 shaking incubator series, Eppendorf, Germany) for long-term storage. 

2.2.2 Culturing bacteria for inoculation 

A single bead containing a bacterial culture stored at -80oC on Microbank’s bacterial and fungal storage 

system was transferred aseptically onto an MRS agar plate, unless otherwise stated, and this inoculum 

streak plated to produce single colonies.   Single colonies of bacteria were subcultured twice on MRS 

agar plates for isolation of pure cultures or checking purity routinely.  A single colony from a pure 

culture was used for inoculation after Gram staining and observation of bacterial morphology under 

a compound microscope (Leica microscope, model DFC 490, Australia). 

2.2.3 Gram Staining 

Gram staining of the cultures was carried out using the laboratory Gram staining kit (Sigma-Aldrich, 

USA).  Slides were prepared by adding a single colony of the culture into a drop of distilled water and 

mixing to homogeneity.  After the smear had air dried, the slide was heat fixed by gently passing 

through a Bunsen burner flame for 1-2 s.  Crystal violet was used as a primary stain and few drops of 

it were added to the heat fixed bacterial smear for 1 min.  The slide was washed briefly with tap water 

to remove excessive crystal violet.  Iodine was added to the smear for 1 min and washed with tap 

water for a few seconds.  The slide was briefly decolourised for 10 s with 30% (v/v) alcohol and washed 

with tap water afterwards.  Safranin was used as counter stain and was flooded for 1 min.  After 

washing the slide with tap-water it was air dried for microscopic examination. 

2.2.4 Microscopic examination 

To analyse bacterial morphology a Leica microscope (model DFC 490, Australia) was used to observe 

Gram stained smears using oil immersion.  Lens with 100 × power was used to capture the images 

(software LAS V.48, Leica microsystem) and the images were saved in jpeg file format.  Escherichia coli 

and Lb. casei GCRL163 were used as Gram negative and positive controls respectively. 

2.2.5 Bacterial growth in fermenters 

Bacterial cells were cultured in benchtop fermenters (BioFlo/CelliGen 115, New Brunswick Scientific, 

USA) under controlled growth conditions for acid and nutritional stresses for various experiments.  

The fermentation system was equipped with pH and temperature sensor probes to sense and inform 

the associated computer controlled software which adjusted the media pH and temperature 

respectively during the experiments.  Calibration of pH probes were done in accordance with 
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manufacturer’s protocol before insertion to the head plates of the fermentation system.  Media was 

autoclaved in the fermenters and anaerobic conditions were maintained by sparging with the nitrogen 

gas immediately and as needed during growth.  Throughout the experimentations, pH was maintained 

by addition of 2 M NaOH or 10 M H2SO4 automatically pumped by the fermenter control systems.  

External pH meter was also used to confirm the pH levels of the culture during growth.  The inoculum 

was prepared from a single colony of a pure culture of Lb. casei GCRL163 and growth was monitored 

by withdrawing culture samples and recording optical densities at 600 nm (OD600) values.  Samples 

drawn aseptically were also cultured on MRS agar and BHI agar plates (aerobic and anaerobically 

incubated) to check for contamination, along with regular Gram stains and microscopic examination.   

2.2.6 Determination of biomass by optical density                                                                  

As prior research in our laboratory has shown that biomass measured by dry weight paralleled optical 

density measurements of cultures, OD600 readings were used routinely to estimate the biomass. When 

OD600 values exceeded 0.9, cultures were diluted in appropriate broth so that readings were within 

the linear range of optical readings for the spectrophotometer (BMG LABTECH GmbH, Spectrostar 

Nano, Germany). 

2.2.7 Growth curves                                                                        

Growth curves were generated from the recorded OD600 values at specified intervals and plotting  

Excel (linear, log and semi-log plots) against time. Specific growth rates (μmax)  were determined by 

following the formula (McKay et al. 1997): 

  μmax = (LnX2 – LnX1)/(t2-t1)  

Natural log is represented by symbol ‘Ln’ and time is represented by ‘t’ in hours in above formula.  

2.2.8 Bioscreen assay 

For checking the growth of strains isolated from food sources a Bioscreen instrument (Model 

Bioscreen C ThermoFisher Scientific, Australia) was used.  Triplicates of each of the samples were used 

for culturing the bacteria in mMRS media containing Tween 80 and the control, where media lacked 

an added carbohydrate, citrate and acetate (formulation described in Chapter 4 Table 4.1) to test the 

ability of different strain to grow on Tween 80. The bacterial growth was measured by recording the 

OD600 reading every hour over a period of 13 d at 37oC. 
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2.3  Preparation of cultures for protein extraction and analysis 

Unless otherwise stated, 800 ml of culture was harvested at stationary growth phase from fermenters, 

out of which 150ml was used for preparation of a cell free extract (CFE) and 650 ml was used for cell 

surface protein extraction by lithium chloride (LiCl).  Samples collected from fermenters were 

centrifuged (Eppendorf 5417R) at 5,000 rpm for 10 min at 4°C and were washed twice with Tris-HCl 

buffer (0.01 M, pH 7.0): for cell free extracts (CFE) and washed once for LiCl extraction.  Whole cells 

obtained were resuspended in Tris-HCl buffer (0.01 M, pH7.0) and were concentrated by adding 

sufficient buffer to adjust the OD600 values to be equivalent to 20.  Wet weights of the cells were 

recorded for cell surface protein extraction.  Samples were generally stored at -20°C until further 

analysis the next day or for long-term storage at -80°C. 

2.3.1  Cell free extract (CFE) preparation 

Samples of concentrated cell suspensions (300 µl) were transferred to Eppendorf tubes containing 

500 mg of zirconia-silica beads (0.1 mm; Daintree Scientific, Tasmania).  Bead beating was carried out 

in a tissue lyser (Qiagen, Tissue Lyser II) and optimum conditions for maximum protein recovery was 

determined by using varying time points and bead beating frequencies.  Test samples were cooled for 

2 min on ice after every 1 min of bead beating cycle to avoid overheating of the samples.  The bead-

beaten suspensions were then centrifuged at 14,000 rpm for 30 min at 4°C and the supernatant 

protein concentrations were measured using a BCA kit (Thermofisher Scientific, USA) as per the 

manufacturer’s protocol.  The time point and frequency with maximum protein recovery was noted. 

The optimal processing time was determined to be 7 min at 30 hz/min cycles with cooling on ice for 2 

min after every 1 min of bead beating cycle. This time and frequency was used for all whole cell sample 

extractions subsequently.  CFEs were obtained by centrifugation of bead-beaten cells at 14,000 rpm 

for 30 min at 4°C.  CFE supernatants were transferred into another Eppendorf tubes and protein 

concentration of the samples were measured using the micro-plate procedure of the BCA kit 

(Thermofisher Scientific, USA) as per the manufacturer’s protocol. 

2.3.2 Cell surface protein extraction by lithium chloride 

Unless otherwise stated, 650 ml of culture was harvested from each fermenter for LiCl extraction of 

whole cells.  The wet-weight biomass of the cells was determined at the time of harvesting the culture 

from each fermenter in pre-weighed Falcon tubes before cell storage.  Stored cells were thawed at 

37°C in incubator  and 10-15 mg wet weight of the cells was used per ml of 5 M LiCl solution (Lortal et 

al. 1991; Nezhad et al. 2012).  Cells suspended in 5M LiCl solution were incubated for 1 h at 4oC with 

gentle shaking at 20 rpm (Innova 44 shaking incubator series, Eppendorf, Germany).  After 



29 
 

centrifugation at 20,000 rpm for 30 min at 4°C (5417R Eppendorf Centrifuge), the supernatant was 

collected and filtered through a 0.2 µm filter (Millipore, Australia).   

2.3.3 Concentrating LiCl protein extracts by osmotic removal of solvent using dialysis 

tubing 

Experiments for acid stress study (Chapter 4) were conducted in two phases i.e. experiment 1 (E1) and 

experiment 2 (E2).  In E1, Lb. casei GCRL 163 was cultured (using four replicated fermenters for each 

of pH condition tested (pH 4.5 and pH 6.5) and cells were harvested at early stationary phase.  In 

experiment E1 cells were extracted using LiCl, the filtered extracted dialysed to remove LiCl then 

proteins concentrated by removing solvent by osmotic extraction (Nezhad et al. 2012).  Dialysis tubing 

(D7884, Sigma-Aldrich, USA) molecular weight cut off ≤1,200 was used for dialysis of sample volumes 

of 50-60 ml against 5 l of deionised water (at 4°C) with many changes of water over 48h to remove 

LiCl.  The protein extracts were finally concentrated 100-fold by coating the dialysis tubing with layers 

of Polyacrylate-polyalcohol (P7558, Sigma Aldrich, USA) to remove moisture, before measuring 

protein concentration using the BCA kit. 

2.3.4 Concentrating LiCl protein extracts by ethanol precipitation 

For experiment E2, bacterial cells were cultured in fermenters with one additional pH level 

(uncontrolled pH) and three single fermenters were set up, i.e. pH 4.5, pH 6.5 and uncontrolled pH.  

The cells in experiment E2 were harvested at late stationary phase, concentrated and samples of cells 

and filtered ECF were stored at -80°C until further processing.  Cells were used for preparing CFEs and 

LiCl extracts for proteomic analysis and for lipid analysis.  Ethanol precipitation was used as an 

alternative to dialysis tubing in one of the acid stress experiments for concentrating proteins in LiCl 

extracts (performed by Mr. Adu Kayode Titus, PhD candidate who was routinely performing these 

protocols during his PhD research).  After LiCl extraction and filtration steps, samples were incubated 

with -20oC chilled ethanol in the ratio of 1:9 for 2h followed by centrifugation at 20,000 rpm for 30 

min (4oC) (Wilson et al. 2010).  Supernatants containing ethanol and LiCl were discarded and protein 

pellets were washed twice with 70% (v/v) ethanol to remove any residual LiCl.  The samples were 

resuspended in Tris-HCl buffer (0.01 M, pH 7.0) and protein concentration was measured using the 

bicinchoninic acid assay (BCA) kit (Pierce™ BCA Protein Assay Kit, Thermo Scientific, 23225) 

2.3.5 Concentrating proteins in extracellular culture fluids (ECF) 

After removal of cells by centrifugation, ECF were retained and filtered (0.2 µm, Millipore, Australia).  

The original volume of each ECF was concentrated 40-fold using an Amicon stirred cell with PLBC 
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ultrafiltration discs, generated cellulose, 3,000 (Nominal molecular weight limit) NMWL, 63.5 mm 

filter diameter (Merck PL, Australia).  Protein precipitation was carried out by mixing 1 ml of 

concentrate with 8 ml of analytical grade acetone (pre-chilled at -20oC) and 1 ml of trichloroacetic acid 

(TCA) (1:8:1) at -20°C for 4 min.  After adding each chemical, the reaction tubes were inverted to mix 

the contents thoroughly.  Precipitated proteins were collected by centrifugation at 11,500 rpm (4oC) 

for 15 min.  Pre-chilled (-20°C) acetone was used to soak the protein pellet for 20 min followed by 

washing three times by resuspending the pellet in chilled (-20°C) acetone and centrifuging for 15 min 

at 11,500 rpm (-4°C).  After the final centrifugation, residual acetone was removed (through 

evaporation) by drying of at room temperature and contents were resuspended in Tris-HCl buffer 

(0.01 M, pH7.0).  Samples were stored at -20°C until further protein analysis on nano-liquid 

chromatography–mass spectrometry/mass spectrometry (nanoLC-MS/MS) (Rajalingam et al. 2009; 

Sivaraman et al. 1997).  

2.4 Gel electrophoresis by SDS-PAGE 

Protein analysis was performed by one dimensional SDS-PAGE (Laemmli 1970).  After determining 

protein concentration using a BCA kit, the samples containing appropriate amounts of protein were 

mixed with an equal volume of sample buffer (1:1) followed by heating at 100oC for 10 min in a dry 

bath incubator (Genius, MD series major science, California USA).  To remove any remaining debris, 

samples were briefly centrifuged (Eppendorf centrifuge model 5417R) for 1 min at 100 rpm.  Protein 

standards (3-4 µl) (Precision plus, Bio-Rad USA, MW range 10-250KDA) were used to estimate 

approximate protein molecular weight.  Protein samples (normally 5 µg for initial screening of 

samples) were loaded in the lanes of SDS-polyacrylamide gels and were allowed to run at 100 V had 

until the dye front almost reached the bottom of the gel.   

2.4.1 Silver staining 

A silver staining protocol (Mortz et al. 2001; Wilson et al. 2008) was used to visualise the protein band 

pattern on the gels and estimate the molecular weight of the samples relative to the protein standard.  

Following electrophoresis, the SDS-PAGE gel was transferred to a glass staining tray containing 100 ml 

fixing solution and 0.05% formaldehyde.  The gel was incubated for 30 min and briefly rinsed in the 

wash solution and then incubated twice more for 15 min in the wash solution to reduce the acidity.  

Sodium thiosulphite (0.02%) was used to sensitise the gel for 2 min and then it was rehydrated three 

times with deionised water washed for 5 min each.  The gel was then incubated in silver nitrate 

solution for 20 min followed by two brief washes in deionised water to remove excessive silver nitrate.  

The gel was rinsed with 50 ml developing solution before adding a final 100 ml of developer solution.  
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Final incubation occurred in developing solution until band patterns appeared.  The developing 

solution was removed, and the reaction was stopped by adding 200 to 250 ml of fixing solution.  The 

gel images were recorded using a Samsung camera (Samsung Galaxy S5) that were saved in jpg format 

and all images were labelled according to their sample identity. 

2.4.2 Sample preparation (CFE, LiCl extracts and culture fluids) for proteomic analysis on 

LC-MS/MS 

Unless otherwise stated, 100 µg of sample was added with nine volumes of -20°C ethanol in an 

Eppendorf tube followed by 2 h incubation at -20°C.  Samples were centrifuged at 13,000 rpm for 10 

min at 4°C.  The supernatant fluid was discarded, and pellets were washed with 70% (v/v) ethanol.  

Samples were spun again at 13,000 rpm for 10 min and resuspended in 100 µl of denaturation buffer 

(pH 8.0).  Of this, 5µg of each sample was used for SDS-PAGE gel electrophoresis and 90 µl for 

proteomics. DTT (10 µl of 100 mM) was added to each protein sample (90 µl) in an Eppendorf tube 

then incubated overnight at 4°C.  Iodoacetamide (10 µl of 500 mM stock) was added and the samples 

were incubated for 2 h at room temperature in the dark.  Samples were briefly spun to dry the walls 

of the Eppendorf tubes.  One µl of trypsin (Sigma-Aldrich) that was prediluted with 1 mM HCl (20 µl of 

HCl added to trypsin vial containing 20 µg of trypsin) was added to the Eppendorf tube wall followed 

by co-precipitation by flushing 1 ml of chilled (-20°C) methanol onto the trypsin spot in the Eppendorf 

tube.  The rack containing Eppendorf tubes was shaken for 1 min and the samples were stored 

overnight at -20°C.  On the next day samples were centrifuged at 13,000 g for 5 min at 4°C and 

supernatant (methanol) was discarded followed by drying the samples for 7-10 min at room 

temperature.  (NH4)2CO3 solution (100 µl of 100 mM) pH 8.0 was added to each sample.  Samples were 

incubated for 3 h at 37°C and 1 µl of trypsin (at 1 µg/µl) was added and further incubation for 2 h at 

37°C was completed.  Reaction was stopped by adding 10 µl of formic acid (0.1%) and storing samples 

at -20°C until further analysis on nanoLC-MS/MS. 

 

2.5 Sample preparation for chromatographic analysis 

2.5.1 Sample preparation for fatty acid composition analysis by gas chromatography-mass 

spectrometry (GC/MS)   

The biomass of whole cells (25 to 30 mg) suspended in Tris-HCl buffer (0.01 M, pH 7.0) were weighed 

on an analytical balance in a screw capped (Teflon coated) sterile glass tubes.  Esterification reagent 

(3 to 5ml) consisting of 10:1:1 of methanol, chloroform and concentrated HCl was added to the 
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samples.  Surrogate internal stock (100 µl) standard (nonadecanoic acid 500 µg/ml) was added to all 

samples except the blank that contained only esterification reagent.  All tubes were capped and placed 

in a heating block at 80°C for 1 h.  After cooling to room temperature, 1 ml of deionized water and 

then 1-2 ml of extraction solution (4:1, v/v, hexane and chloroform) was added followed by thorough 

mixing.  Tubes were left at room temperature to allow phase separation and if needed centrifugation 

was performed (at 5000 rpm for 10 min).  Extraction was carried out at least twice as required with 

extraction solution and the upper layers collected using a glass pipette and pooled with prior extracts 

into glass tubes. Fatty acid methyl ester (FAME) samples were fully dried by gently sparging nitrogen 

gas into the tubes then the samples were reconstituted with 1 ml of internal working stock standard 

(methyl tricosanoate, 500 µg/ml). Samples were stored at -20°C until further analysis on GC/MS 

system. 

2.5.2 Sample preparation for analysis of Tween 80 in culture fluids 

Filtered (0.2 µm, Millipore) culture fluids samples from Tween 80 experiments (Chapter 4) were used 

for analysis of residual Tween 80 concentrations.  The samples were taken out from the -20°C freezer 

and thawed at 37°C in incubator until liquid and placed in ice until further analysis the same day by 

ultra-performance liquid chromatography (UPLC) (Waters Acquity H-series fitted with an Evaporative 

Light Scattering Detector (ELSD), as described below. 

2.5.3 End-product analysis  

Stored culture fluids from selected experiments were analysed for end-products of fermentation.  

Sample were thawed at 37°C in incubator and aliquots (100 µl) for analysis were diluted separately 

(1:10) with deionised water to put the samples in the correct range to be measured by UPLC.  Culture 

fluid samples to be analysed for volatile fatty acids were prepared separately by mixing 50 µl of diluted 

heptanoic acid stock solution per ml of the sample for analysis by GC/MS (refer to 2.1.3 for heptanoic 

acid and standard preparation), as described below. 

2.6 Chromatographic techniques 

Various chromatographic techniques were used for proteomic analyses and determining the 

concentrations of possible growth substrates (Tween 80 and glycerol), end-products (volatile and non-

volatile fatty acids) and cellular fatty acid content, as described in the following sections. 
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2.6.1 Protein identification by nanoLC-MS/MS 

Protein samples were digested using trypsin according to established methods (Wilson et al. 2010) 

and analysed by nanoLC-MS/MS using an LTQ-Orbitrap XL and Ultimate 3000 RSLCnano HPLC system 

(Thermo Fisher Scientific Inc, MA, USA). Tryptic peptides equivalent to 1 µg of each protein digest 

were loaded for 3 min onto a 20 mm × 75 mm trapping column packed with PepMap 100 3 µm C18 

resin at a flow rate of 0.05 ml/min using a mobile phase composed of 98% water, 2% acetonitrile and 

0.05% trifluoroacetic acid.  Peptides were then separated at a flow rate of 0.3 µl/min a 250 mm ×75 

mm analytical column packed with PepMap 100 2 µm C18 resin (Thermo Fisher Scientific Inc, MA, USA) 

held at 40ºC.  A multi-segment solvent gradient was utilised strating initially at 97% mobile phase A 

(0.1% formic acid in water) to 50% mobile phase B (0.08% formic acid in 80% acetonitrile and 20% 

water) using three segments (3-10% B over 12 min; 10-40% B over 120 min; 40-50% B over 10 min), 

holding at 95% B for 20 min then re-equilibration in 3% B for 15 min. 

 

The LTQ-Orbitrap XL was controlled using XCalibur 2.2 (Thermo Fisher Scientific Inc, MA, USA) and 

operated in data-dependent acquisition mode where survey scans (m/z 460-2000) (where m is mass 

and z is charge number of ions) were acquired in the Orbitrap at a resolving power of 60,000.  MS/MS 

spectra were concurrently acquired in the LTQ mass analyzer on the eight most intense ions from the 

FT survey scan.  Unassigned and singly-charged precursor ions were not selected for fragmentation 

and 30sec dynamic exclusion (repeat count 1 exclusion list size 500) was used.  Fragmentation 

conditions in the LTQ were:  35% normalized collision energy, activation q of 0.25, 30min activation 

time and minimum ion selection intensity of 3,000 counts. 

 

2.6.2     Database searching and criteria for protein identification 

RAW files from the LTQ-Orbitrap were imported into MaxQuant software version 1.5.1.2 

(http://www.maxquant.org/).  The extracted MS/MS spectra were searched against the UniProt 

proteome for Lactobacillus casei strain W56 (ID UP000003734) database comprising 3,092 protein 

entries (www.uniprot.org) using the Andromeda search engine.  The MaxQuant default parameters 

for protein identification by LTQ-Orbitrap MS/MS and label-free quantitation (LFQ) were used, 

including a maximum of two missed trypsin cleavages, variable oxidation of methionine and fixed 

carbamidomethylation of cysteine.  The false discovery rates for peptide-spectrum matches and 

protein identification were both set to 0.01. 
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2.6.3     Statistical analysis of differential protein abundance 

MaxLFQ was used for peptide intensity determination and normalization, based on pair-wise 

comparison of unique and razor peptide intensities and a minimum ratio count of 2.  The protein 

groups output file generated by MaxQuant was processed as follows:  the normalised label-free 

quantification (LFQ) peptide intensity values, MS/MS counts and the numbers of razor and unique 

peptides for each of the identified proteins were imported into Perseus software version 1.5.031 

(http://perseus-framework.org/).  Protein groups identified as potential contaminants (prefixed with 

CON) and proteins identified only by site or by reverse database matching were removed and the 

remaining observed intensity values were log2-transformed.  Proteins were filtered to include proteins 

detected in a minimum of 3 replicates of one treatment group.  The data was analysed both by 

imputing the missing values with random intensity values for low-abundance proteins based on a 

normal distribution of protein abundances as well as without any imputation, to analyse the effect of 

various growth conditions in detail particularly when LFQ values were zero (below the level of 

detection) in tests or controls.  Protein expression matrices were generated by calculating mean LFQ 

peptide intensities and standard deviations for each sample.  The means were then subtracted from 

each LFQ value and the results were divided by the standard deviation.  To determine proteins that 

were significantly altered in abundance by a particular treatment a two-sided t-test with a 

permutation-based FDR of 0.05 was applied, using 250 randomizations and a stabilization parameter 

of 0.5.  Protein identity numbers (Protein IDs) and Gene locus numbers were matched with previous 

sequences of the Lb. casei W56 proteome and proteins groups were sorted into major functional 

classes.  Heat maps were generated using the T profiler approach (Boorsma et al. 2005) to get the 

overall proteomic profile of different growth conditions of various experiments. The T profiler 

approach was used to assign overall single expression to each functional group using Log ratios (and 

also to calculate T and p values) facilitating comparison across multiple growth conditions of the 

complex proteomics datasets.  In many instances, uncharacterised proteins or ones with general 

prediction of function (in the W56 genome) could be assigned presumptive functionality or class of 

enzyme activity, through BLAST analysis (KEGG gene and UniProt platforms, through domain analysis 

in the InterPro domain/family database) and these were included in the T profiler input data.  In other 

cases, proteins showing changes in relative levels of abundance in different treatments could not be 

assigned to a functional class:  these were analysed separately and noted as exceptions where 

appropriate. 

 

http://perseus-framework.org/
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2.6.4 Tween 80 analysis by UPLC   

Tween 80 levels were determined using a Waters Acquity H-series UPLC with a Waters Acquity UPLC 

BEH C18 column (2.1 x 100mm x 1.7 micron particles) connected to a Waters Acquity ELSD.  The 

solvent used were 1% (v/v) acetic acid in water (Solvent A), acetonitrile (Solvent B) and 20% (v/v) 

hexane in methanol (Solvent C).  The initial conditions were 70% A:30% B for 3 min then an immediate 

switch to 100% B followed by a ramp to 100% C over 0.4 min, and this was held for a further 5 min 

before re-equilibration to starting conditions for 3 min.  The flow rate was 0.35 ml/min.  Under these 

conditions the various components of Tween 80 eluted between 5 and 7 min, and the peak areas in 

this time window were summed.   

A reference standard of Tween 80 was made up at 1,000 ppm, and varying volumes from 6 µl to 20 

µl of this were injected to create a standard curve.  Note that ELSD standard curves are very non-

linear at the lower end (less than 6 µg injected), so standards and sample volumes were manipulated 

to ensure the responses were in the linear region of between 6 and 20 µg injected, and final 

concentrations were calculated based on the volume injected.  Samples taken later in the 

experiment when considerably more Tween 80 had been metabolised therefore required larger 

injection volumes (Zhang et al. 2012).  Data was analysed using MassLynx software (Waters).  

 

2.6.5 Pyruvic, lactic and succinic acid analysis by UPLC 

Pyruvic, lactic and succinic acids were analysed on a Waters Acquity H-series UPLC coupled to a Waters 

Xevo triple quadrupole mass spectrometer.  A Waters Acquity UPLC BEH amide column (2.1 x 50 mm 

x 1.7 micron particles) was used, held at a temperature of 45oC.  A series of standards for external 

calibration were made up at 200, 100, 50, 25 and 12.5 ppm in MilliQ water.  The solvent was 94% 

acetonitrile, 6% MilliQ water containing, 0.1% formic acid and 0.02% ammonium formate at a flow 

rate of 0.45 ml/min.  Under these conditions pyruvic acid eluted at 2.64 min, lactic acid at 2.74 min 

and succinic acid at 3.62 min.  The mass spectrometer was operated in negative ion electrospray 

ionisation mode with needle voltage of 2.8 KV, and Multiple Reaction Monitoring (MRM) was used to 

monitor the analytes after optimisation of method parameters using standards.  The ion source 

temperature was 130°C, the desolvation gas was nitrogen at 950 l/h, the cone gas flow was 100 l/h 

and the desolvation temperature was 400°C (method developed by Dr. Noel Davies of CSL, UTAS).  

Data was analysed using TargetLynx software (Waters).  Cone voltages and collision energies were 

optimised using reference standards, and dwell time per channel was 43 min (Table 2.1).  Calibration 

curves gave correlations between 0.9991 and 0.9998, and 50 ppm QC samples run after every 7 
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samples gave averages (n=4)  of 49.3, 48.7 and 49.5 ppm  for pyruvate, lactate and succinate 

respectively, and relative standard deviations of 1.8%, 1.8% and 3.4% respectively.  

 

2.6.7 Fermentation end-products analysis by GC/MS 

Fermentation end products analysis (other than non-volatile fatty acids listed at section 2.6.5) were 

determined by GC/MS with calibration of detector response against the standards solutions with a QC 

sample at the 0.0125% (v/v) level run after every five samples, as well as regular blanks due to the risk 

of ‘carryover’ when analysing VFA/non-VFA.  The instrument used was a Varian 3800 GC, using a 

Restek Stabilwax-DA column (30 m x 0.25 mm x 0.5 µm) and helium as carrier gas coupled to a Bruker-

300 triple quadrupole mass spectrometer.  The flow rate was 1.2 ml/min, the injector temperature 

was 220oC and 1 µl injections split 20:1 were made.  The oven program was 90oC to 230oC at 15oC/min.  

The mass spectrometer was scanned from m/z 35 to 150 every 0.1 s, with Selected Ion Monitoring 

(SIM) ions at m/z 45, 46, 60, 73 and 74 also monitored for 30 min each.  Injections were in split mode 

with a 20:1 split ratio and an injection temperature of 220oC.  No solvent delay was employed as water 

eluted between ethanol and acetic acid.  Data was extracted using the peak area at the appropriate 

retention time of the SIM channel m/z 46 for ethanol and formic acid, m/z 73 for isobutyric, m/z 74 

for propanoic and m/z 60 for all other analytes.  All analytes resulted in linear standard curves other 

than formic acid.  All correlation coefficients were between 0.997 and 0.999 (Henderson & Steedman 

1982) (method developed by Dr. Noel Davies of CSL, based on method in (Henderson & Steedman 

1982). 

2.6.8 Whole cells fatty acid analysis by GC-MS/MS 

Samples were analysed using a GC-MS/MS system consisting of a Varian 3800 GC and Bruker 300-MS 

MS/MS instruments. A Zebron VF-5MS 30m x 0.25mm x 0.25µm capillary column was used with 

helium as the carrier gas at 1.2 ml/min.  Injection volume was 1µl with injector temperature 

maintained at 290oC, transfer line at 280oC and source temperature 220oC.  Oven temperature began 

at 50oC for 1min, then ramped to 150oC at 30oC/min, then to 250oC at 2oC/min and finally to 300oC at 

5oC/min, which was maintained for 5 min. Data was acquired in full scan mode utilising electron impact 

ionisation over the mass range (m/z) 40 to 450 and processed using Star software (Bruker Star MS 

Workstation Version 7.0, 2010).  FAMEs were identified by relative retention times and comparison of 

mass spectra to known standards and reference spectra (method developed by Dr. David Nichols of 

CSL). Negative Ion MRM channels are shown in Table 2.1. 
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Table 2.1:  Negative ion MRM channels 

Compound MSI MS3 Cone V Collision V 

pyruvate 87 43 24 10 

lactate  89 43 22 7 

succinate 117 73 23 10 
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2.6.9 Glycerol analysis by UPLC 

Glycerol was analysed on a Waters Acquity H-series UPLC coupled to a Waters Xevo triple quadrupole 

mass spectrometer.  A Waters Acquity UPLC BEH amide column (2.1 x 50 mm x 1.7 µm particles) was 

used, held at a temperature of 45°C. A series of standards for external calibration were made up at 

700, 70 and 7 ppm in MilliQ water. 

The UPLC was operated using 10% of 0.1% formic acid/90% acetonitrile for 1.5 min, then a wash cycle 

of 40% of 0.1% formic acid/60% acetonitrile for 1 min followed by 2.5 min re-equilibration to starting 

conditions. Flow rate was 0.35 ml/min. 

 

The mass spectrometer was operated in positive ion electrospray ionisation mode with needle voltage 

of 2.8 KV, a cone voltage of 12V and Multiple Reaction Monitoring (MRM) was used to monitor the  

glycerol, using the transitions m/z 93 to m/z 57 and m/z 93 to m/z 75 with collision energies of 5 V and 

4 V respectively.  The ion source temperature was 130°C, the desolvation gas was nitrogen at 950 l/h, 

the cone gas flow was 100 l/h and the desolvation temperature was 400°C.  Data was analysed using 

TargetLynx software.  Dwell time per channel was 160 ms (method developed by Dr. Noel Davies of 

CSL).   
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CHAPTER 3:  Isolation and characterisation of Lactobacillus species from 

dairy and fermented food products and validation of type and control strains 

used in this thesis 

 

3.1 Introduction 

Lactic acid bacteria (LAB) are of considerable commercial importance due to their wide use in food 

fermentations and the growing recognition of animal and human health benefits through 

consumption of probiotics (Bernardeau et al. 2006; Quinto et al. 2014).  Due to increasing trends 

observed among consumers for healthy living, food containing probiotic cultures (such as lactobacilli) 

is more prevalent and produced by manufacturers in different forms such as cheese, yogurt, 

fermented vegetable and fermented meat products (Herbel et al. 2013).  Ability of the fermented 

foods to confer health benefits is directly associated with the presence of particular bacteria and LAB 

constitute a major part of such bacteria (Moraes et al. 2013).  For quality assurance purposes different 

phenotypic, physicochemical and genotyping methods have been developed for identification of 

lactobacilli that are effective in genus- or species-level identification, however their specificity to strain 

level represents a challenge (Herbel et al. 2013).  In a research study (Moraes et al. 2013) 29 LAB 

isolates were identified by application of species-specific PCR primers for 16S rRNA gene regions, with 

subsequent sequencing, with the conclusion that molecular analytical techniques are more reliable 

for LAB identification relative to phenotypic approaches.  Strains of the genus Lactobacillus and 

Bifidobacterium are predominantly used as a probiotics due to their well-documented health benefits 

(Soccol et al. 2010).  Lactobacillus species have played a major role in producing dairy, vegetable, 

bakery products and meat related fermented food products and are also used as probiotics (De Angelis 

et al. 2016).  Probiotic properties of LAB are species and strain specific necessitating their precise and 

reliable identification (Quinto et al. 2014).  In recent decades new concepts pertaining to probiotic 

traits have been evidenced and are still under ongoing investigation, in particular moonlighting 

proteins of commensal microorganisms (Kainulainen & Korhonen 2014).   

Based on bacterial morphology and physiology, the genera Lactobacillus, Leuconostoc and 

Pediococcus can be distinguished from each other.  However, classification within genera can be 

problematic based on phenotypic characteristics including bacterial morphology, glucose 

fermentation to lactic acid and other end-products, growth at different temperatures, and carbon 

source fermentation patterns (Holzapfel et al. 2001).  Identification of different species and strains of 

lactobacilli by classical biochemical and physiological methods is complex and not efficient enough in 
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discriminating isolates with similar physiological traits (Coeuret et al. 2003; Kwon et al. 2004).  By 

comparison, application of molecular techniques is more reliable, quick and reproducible for 

lactobacilli identification (Singh et al. 2009).  Molecular identification creates the possibility of clearly 

distinguishing between species groups that are otherwise phenotypically closely related  (Singh et al. 

2009).  PCR amplification of target genes followed by DNA sequencing has enabled accurate 

identification and taxonomic classification of microorganisms and created possibilities for discovering 

new microorganism of interest when compared to other conventional methods of microbial 

identification (Petti 2007).  In most of the bacterial identification assays the gene target is the ∼1500 

bp 16S rRNA gene (Petti 2007). 

The Lactobacillus casei group traditionally includes the species Lb. casei, Lb. paracasei, Lb. rhamnosus, 

and Lb. zeae (Felis & Dellaglio 2007).  Phylogenetic and phenotypic  analyses of the Lb. casei group 

indicated that these species are closely related to each other and are difficult to differentiate using 

traditional fermentation profiles (Toh et al. 2013).  Species-specific PCR primers for accurate bacterial 

identification and differentiation between closely related species of Lb. casei group members have 

been developed.  These species-specific primers were designed to target specific regions of the 16S 

rRNA gene (Ward & Timmins 1999a), including the region between the 16S and 23S rRNA genes (the 

intergenic spacer region, ISR) (Kwon et al. 2004).  A recent study (Santos et al. 2016) identified and 

characterised LAB and yeast by application of molecular techniques (16S rRNA for LAB and 18S rRNA 

for yeast).  They reported that molecular techniques were not only successful for the confirmation of 

genetic identities but also helped in identification of uncultivated bacterial strains.   

As LAB are present in food mixed with other microflora, development of selective media to 

differentiate between genera and sometimes species types is also focused (Lee & Lee 2008).  It was 

also mentioned that closely related species co-inhabit fermented dairy foods therefore selective 

media based methods are required to differentiate between these species (Galat et al. 2016).  In order 

to distinguish different lactobacilli from fermented milk, a method relying on bacterial culture media 

was successfully developed that involved combining a chromogenic agar medium and optimum 

bacterial incubation conditions (Galat et al. 2016). 

The target of the research described in this chapter was to isolate Lb. casei group member species 

from different sources (dairy foods, milk and fermented vegetables), to broaden the strain collection 

available at the University of Tasmania for future research.  The UTAS collection contained other LAB 

strains obtained from international culture collections and other Australian laboratories, many of 

which had not been characterised to verify their taxonomic affiliations.  The PCR strategy employed 

was designed to detect members of the Lb. casei group amongst other lactobacilli species isolated 
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from food products and milk, and specifically to distinguish between strains of the Lb. casei group, 

notably Lb. rhamnosus and Lb. casei/paracasei.  MRS agar and 16S rRNA gene sequencing were also 

used in the experimental work, however MRS agar is not selective for Lactobacillus species, as it 

supports growth of most LAB, and LC agar was developed for selective isolation and enumeration of 

Lb. casei in yogurt (Ramakanth & Shah 1998).   Furthermore, Lb. casei group and Lb. rhamnosus 

species-specific PCR conditions were applied to further differentiate between Lb. casei group 

members, given that the universal primers used for 16S rRNA gene sequencing can only identify strains 

to group level, not species within the Lb. casei group. 

3.2 Materials and Methods 

General microbiological methods, strains, buffer preparation and equipment used are described in 

Chapter 2. 

3.2.1 Sample collection 

Cheese, yogurt, fermented drinks and fermented vegetable samples were collected from various local 

supermarket stores and milk was obtained directly from the farm. Labels of the food products were 

examined before selection for inclusion in the study so that these would contain a variety of probiotic 

microorganisms (products claiming to contain live yogurt cultures, lactic acid cultures or probiotic 

cultures).  Also the samples were collected from different supermarkets and stores having different 

brand names to include variety in the samples.  All samples were transported in their original packing 

by placing them in insulated boxes filled with ice to maintain sustainable temperature during 

transportation.  Each sample was assigned a laboratory identification number before storage at 4°C.   

In addition to the processed dairy foods (cheese and yogurt), fresh milk samples were also collected 

from the UTAS dairy farm situated in Elliott, north-west Tasmania.  The Dairy Centre leader of UTAS 

(Cradle Coast Campus, Burnie) was requested to arrange sample collection from cows and collected 

samples were transported to UTAS (Hobart) for analysis.  Samples were collected from different cows 

and were collected during two different milking intervals in a single day.  Fresh milk samples were 

collected in sterile 15 ml conical centrifuge tubes (Falcon) that were placed in insulated boxes filled 

with ice to maintain the suitable temperature during transportation from the dairy farm to the UTAS 

Sandy Bay campus, Hobart, for laboratory analysis (~350 km).  All fresh milk samples were transported 

within 24 h to UTAS following collection and were assigned with the date and identity code on receipt 

for recognition and laboratory investigations.  Samples were stored at 4°C in the laboratory 

refrigerator overnight until further analysis the next day.  Table 3.1 lists sample type and source. 
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3.2.2 Microbiological methods 

3.2.2.1  Preparation of Lactobacillus casei (LC) agar 

A selective medium was used for isolation of Lb. casei from mixed cultures. LC agar was prepared as 

described by (Ramakanth & Shah 1998). The ingredients of LC agar per litre include:  10 g 

bacteriological peptone (Oxoid Australia), 1 g yeast extract (Oxoid Australia), 4 g Lab Lemco powder 

(Oxoid Australia), 2 g KH2PO4 (Sigma Aldrich, Japan), 3 g sodium acetate (BDH Chemicals Australia), 1 

g tri-ammonium citrate (M&B Laboratory Chemicals UK), 0.2g MgSO4.7H2O (BDH, Australia), 0.05 g 

MnSO4.4H2O (M & B England), 1 g Bacto Casitone (pancreatic digest of casein, MD USA) and 1 ml 

Tween 80 (BDH France).  All these ingredients were added together in a sterile Schott bottle (1 l 

capacity) to which was added 700 ml of distilled water, 15 g of agar (Gelita Australia product of Chile) 

and 6 ml of bromocresol purple solution (0.04%, w/v, Sigma-Aldrich USA).  The contents were stirred 

using a magnetic stirrer until soluble components were completely dissolved before pH was adjusted 

to 5.1 using 32% (v/v) hydrochloric acid.  The volume was made up to one litre with sterile distilled 

water.  The medium was sterilised at 121°C for 15 min in an autoclave then cooled in a 50°C incubator.  

A sterile filtered (0.2 µm, Microanalytix Australia) solution (10%, w/v) of D-(-)-ribose (Sigma-Aldrich, 

USA) was prepared and 10 ml was added per 90 ml of already prepared medium (1% final 

concentration).  This medium was finally aseptically poured into Petri plates in a laminar flow cabinet 

(CF 435 Gelmen Science, Australia) and the plates were kept in the cabinet until dried and any 

condensate removed.  LC agar plates were stored at 4°C until use.   

3.2.2.2 Sample preparation and plating 

Cheese and fermented vegetable samples were randomly selected from the middle of the 

container/packaging using a knife sanitised with 70% ethanol.  Approximately 13-20 g of the sample 

was shredded into small pieces using a pre-sanitised knife on a sterile flat plate.  Upon achieving a 

uniform texture, the samples were transferred aseptically to Nasco whirl pack sterile bags (Stennick 

Scientific, S.A.) that possessed a plastic zip lock.  Sterile phosphate buffer saline (PBS) solution (9 ml) 

was added to the plastic bags containing 1 g samples.  A homogeniser (Colworth Stomacher 400, UK) 

was used to homogenise the samples in PBS until a uniform liquid consistency was obtained. Samples 

were stored at 4°C and processed further the same day by streak plating onto LC agar in duplicate.  

Fermented drinks and milk samples were similarly streak plated onto LC agar, drawing samples of 

yogurt and milk from the middle of the container using a sterilised inoculating loop.  Plates were 

incubated anaerobically at 27°C for 72 to 96 h before reviewing colony formation. To maintain 

anaerobic conditions, anaerobic jars AnaeroGen (Oxoid, Australia) were used with sachets of 
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AnaeroGen (Oxoid, Australia).  Bacterial colonies were physically observed for creamy round 

appearance and specific sweet odour characteristic of lactobacilli. 

3.2.2.3  Isolation of pure cultures from food samples 

Pure cultures of presumptive LAB were obtained by subculturing bacterial colonies by observing the 

morphology and single colonies from LC agar were picked for pure culture isolation onto MRS agar 

twice. Gram staining was performed followed by microscopic examination to select Gram positive 

bacteria for further study. Strains were cryogenically stored (Chapter 2 section 2.2.1). 

3.3.3 Molecular Methods 

3.3.3.1 Overview of strategy and generic methods used 

After Gram staining of pure cultures, Gram-positive bacilli (including cocco-bacilli) only were selected 

for molecular characterisation by PCR.  Primers used, and their anticipated product sizes, are shown 

in Table 3.2.  All of these isolates were screened by 16S rRNA gene sequencing from amplicons 

generated by the universal primers in PCR reaction mixtures.  Differentiation of presumptive Lb. casei 

group strains was then undertaken using group-specific or species-specific (for Lb. rhamnosus) primers 

using PCR and amplicons generated by group specific primers were sequenced.  Amplification of 16S 

rRNA genes was carried out using templates and primers as described below in thermal cyclers 

supplied by Bio-Rad, Australia (model C100) or Bioline, USA (model CC 004410).  Two “no template” 

controls (NTC) were also included in each assay group.  Products of PCR amplification were analysed 

on agarose gels (Bioline, USA) prepared at appropriate concentrations in Tris-acetate (TAE) buffer to 

separate amplicons of different sizes, as described in each PCR protocol below (see Chapter 2 for 

preparation of buffers and chemicals).  The gels were cast in a Gel assembly unit (Sub-Cell GT 

Electrophoresis System, Bio-Rad, Australia) and the wells were created by inserting a comb having well 

diameter 0.75 mm.  HyperLadder II (Bioline, USA) (5 µl) was used as a molecular weight marker to 

assess the size of amplicons.  DNA was detected either by using GelRed (Gold View, USA) nucleic acid 

stain or by including 5 µl of GelRed per agarose gel before casting, according to the manufacturer’s 

instructions.  Samples were loaded into the wells along with the molecular marker.  Glycerine dye was 

added to one of the wells to make the dye front visible.  Electrophoresis (Bio-Rad Sub-Cell GT system) 

was performed at 100 V until the dye marker had reached close to the bottom of the gel.  DNA bands 

were detected using the Gel Doc XR System (Bio-Rad Australia) for visualising nucleic acid under UV 

light, recording images and analysing data. 
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3.3.3.2 DNA Extraction  

DNA extraction was performed for pure cultures of isolates (Chapter 2) using Isolate II Genomic DNA 

extraction kits (Bioline, USA) in accordance with the manufacturer’s directions for Gram-positive 

bacteria. Purified DNA was quantified by spectrophotometry using a Nanodrop 8000 UV visible 

spectrophotometer (Thermo Scientific, USA) and quality assessed by determination of 260/280nm 

ratio.  A ratio of ~1.8 was generally used as an indicator of good DNA purity and the DNAs of samples 

showing lower 260/280 ratios were again extracted to achieve satisfactory results for DNA purity.  DNA 

samples were stored at -20°C before subsequent analysis. 

3.3.3.3 PCR conditions for16S rRNA gene amplification and sequencing  

Gram positive food sample isolates were speciated based on PCR amplification of 16S rRNA genes 

followed by gene sequencing.  Primers used were 16S-27F and 16S-1492R (Lane 1991a), as modified 

by Turner (Turner et al. 1999), were purchased from Sigma Aldrich (USA).  The expected size of the 

amplicon was approximately 1,500 bp (Schuurman et al. 2004) that according to Lane (Lane 1991b) 

the  combination of primers for 16 S rRNA gene amplification yields a product size equivalent to 1,500 

bp for E. coli (between position 8 and 1509) and are thought to be universal primers for bacteria.  The 

PCR reaction volume used was 25 µl containing: 12.5 µl reaction mixture (Immomix II, Bioline, USA), 1 

µl each forward and reverse primer (each supplied at 10 mM), 9.5 µl molecular grade deionised water, 

1 µl DNA template (100 ng).   The positive controls were Lb. casei ATCC393 and Lb. rhamnosus 

ATCC7469.  Amplification of 16S rRNA genes was carried out in a model C100 thermal cycler and the 

conditions of PCR used were: 10 min at 95°C, 46 cycles of 30 s at 95°C, 1 min at 55°C, 1 min at 72°C, 5 

min at 72°C and a final hold at 4°C.  The amplicons were separated on 1.5% agarose gels with TAE 

running buffer. 

3.3.3.4 Annealing temperature optimization  

Annealing temperature optimization was performed prior to undertaking group- or species-specific 

PCR assays (Kwon et al. 2004) by setting up a gradient PCR (selecting temperature range from 49°C to 

54°C).  The volume used for gradient PCR reactions was 25 µl and contained:  12.5 µl Immomix Red 

(Bioline USA), 2 µl of 10 mM relevant primers for either the Lb. casei group or Lb. rhamnosus species 

specific (i.e. IDL11F, IDL03R or IDL04F, IDL73R respectively) 9.5 µl molecular grade water and 1 µl DNA 

template (100 ng).  Based on these conditions a series of gradient PCR assays were conducted on a 

model CC 004410 thermal cycler and the protocol found to be best suited for this set of experiments 

comprised:  activation at 95°C for 10 min, followed by of 40 cycles of denaturation for 20 s at 94°C, 

annealing for 40 s at gradient temperature range 49 to 54°C, extension for 30 s at 68°C and final 

extension for 1 min at 68°C.  The temperature best suited from the outcome of the gradient PCR 
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performed using control strains Lb. casei ATCC 393 and Lb. rhamnosus ATCC 7469 was applied to all 

isolates from food samples included for study. Lb. casei ATCC 393 and Lb. rhamnosus ATCC 7469, and 

later Lb. casei GCRL163, were used routinely as controls for subsequent PCR. 

3.3.3.5 Lb. casei group and Lb. rhamnosus species-specific PCR conditions 

The PCR assay used was modified from the multiplex approach described by (Kwon et al. 2004) for 

identifying Lactobacillus species based on group- or species-specific primers in combination with 

primers conserved across all Lactobacillus species.  This approach was adapted as the current study 

was focused on detection and identification of Lb. casei group members only, among the isolates 

presumptively identified in this group by 16S rRNA gene sequencing using the Lane (1999) primers.  

To accomplish this, Lb. casei group-specific primer (IDL11F) along with Lactobacillus conserved primer 

(IDL03R) (binding sites of both primers are within the 16S rRNA gene) and Lb. rhamnosus species 

specific primer (IDL73R) (binding site within the 16-23S ISR region) along with Lactobacillus conserved 

primer (IDL04F) (within the 16S rRNA gene) were selected for identification of Lb. casei group and Lb. 

rhamnosus isolates and controls, respectively (Kwon et al. 2004).  The PCR protocols were designed 

so that Lb. casei group and Lb. rhamnosus species-specific primers were used in individual PCR assays 

by providing primers only for the Lb. casei group or for Lb. rhamnosus in reaction mixtures. 

 

3.3.3.6 Identification and characterisation of Lb. casei group and Lb. rhamnosus  

A two stage PCR approach was designed to identify and characterise Lb. casei group and Lb. 

rhamnosus.  In the first stage, PCRs using Lb. casei group PCR primers were performed.  The PCR 

reaction mixture consisted of Lb. casei group primers 20 mM each (2 µl) (IDL11F and IDL03R), My Taq 

HS Red Mix, 2 x 12.5 µl (Bioline, Australia) molecular grade PCR water (9.5 µl)  and 1 µl DNA template 

(100 ng). Cycling conditions were:  initial heating at 95°C for 1 min followed by 35 cycles of 

denaturation at 94°C for 15 s, annealing at 52°C for 40 s, extension at 72°C for 10 s and final extension 

at 68°C for 7 min on a model C100 thermocycler.  Products of PCR amplification were analysed on 2% 

agarose gels with TAE running buffer.  In order to detect Lb. rhamnosus isolates from amongst those 

isolates shown above to be in the Lb. casei group, a separate PCR reaction was set up in the second 

stage using Lb. rhamnosus specific primers drawn out of the multiplex PCR set of primers of Kwon et 

al. (2004) using the same reaction volume and conditions as described earlier for the first stage. The 

set of primers used in this case was Lb. rhamnosus species specific and Lactobacillus conserved 

primers instead of the Lb. casei group primers.   
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3.3.3.7 Gene sequencing and data analysis  

All the Gram-positive bacilli and cocco-bacilli from samples which showed PCR products of 

approximately 1,500 bp using the universal primers (Lane 1999), and those having product size of 

727 bp with the Lb. casei group primers, were sent for gene sequencing to Macrogen (Republic of 

Korea).  Gene sequencing results obtained were analysed using the Sequencher software 

programme (Sequenchergenetics version 4.8) to remove the ambiguities in the data.  The nucleotide 

sequences were then searched through Basic Local Alignment Search Tool (BLAST) of the National 

Centre of Biotechnology Information (NCBI) to determine the closest matches with known 16S rRNA 

gene sequences.  The data obtained after searching through the data bases provided presumptive 

identity of bacterial strains and the BLAST results were compared with PCR amplicon patterns as a 

confirmatory test to assign species identity. 

3.3.3.8 Phylogenetic tree construction 

16S rRNA gene sequence data from Lb. casei group strains was used to construct a phylogenetic tree.  

Genious software R9.1.6 (www.geneious.com) was used to import nucleotide sequences of individual 

strains from files containing nucleotide sequences of each strain.  A phylogenetic tree was constructed 

making use of tree view function and alignment type was global alignment option of the software.  

The relationship, similarities and differences between the strains are represented diagrammatically. 

3.4 Results  

Sixty-five samples were selected from various food or farm sources, however only 48 of these (27 milk, 

ten cheese, seven yogurt, two fermented milk and two fermented vegetable – Kimchi – samples) were 

able to produce colonies on LC agar (Table 3.1a).  Samples where no growth was observed on LC agar 

were 17 in total of which 13 were fresh milk, two cheese and two yogurt samples (Table 3.1b).  These 

17 samples were not progressed for further study.  One or more colony types were selected from LC 

agar plates for purification by subculturing twice on MRS agar before storage:  all of these strains were 

able to grow on MRS agar.   

3.4.1 Gram stains 

Gram staining showed a variety of morphologies, from rods to cocco-bacilli, and 48 Gram positive 

isolates were processed further for PCR amplification followed by amplicon sequencing. 
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Table 3.1:   Samples and their sources.  A total of 65 samples were collected of which 48 showed 

growth on LC agar plates (a).  The remaining 17 samples are detailed in (b).   

Table 3.1 (a) 

Serial Lab ID Source Source ID 

1 01 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

2 02A Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

3 02B Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

4 03 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

5 04 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

6 05 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

7 06 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

8 07 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

9 08 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

10 09 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

11 10 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

12 11 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

13 12 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

14 13A Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

15 13B Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

16 14A Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

17 14B Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

18 15A 1B(Fresh milk) UTAS Dairy Farm,  Elliott, north-west, Tasmania  

19 15B Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

20 16 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

21 17 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

22 18 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

23 19KB Kimchi  Fermented vegetable (Woolworth) 

24 20KA Kimchi  Fermented vegetable (Woolworth) 

25 22 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

26 23A Fresh Milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

27 23B Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

28 24 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

29 25 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  

30 SS2 South Cape mini camembert cheese Woolworths Sandy Bay 

31 SS3 Innergy drink Lb. GG Woolworths Sandy Bay 

32 SS4 Yakult live Lb. casei & Lb.shirota Woolworths Sandy Bay 

33 SS5 Greek style yogurt Lb.casei/acidophillus and bifidos Woolworths Sandy Bay 

34 SS6 Yaplat yogurt live probiotics Woolworths Sandy Bay 

35 1 MP Wicked cloth bound Cheddar cheese Wicked Cheese Factory Richmond 

36 2 MP Wicked vintage Cheddar Wicked Cheese Factory Richmond 

37 3 MP Wicked Cheddar Wicked Cheese Factory Richmond 

38 4 MP Wicked smoked Cheddar Wicked Cheese Factory Richmond 

39 5 MP Ashgrove Tasmania farm cheddar cheese  Woolworths Sandy Bay 
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40 6 MP Masey Valley Cheese from Burnie Hill Street grocery store 

41 7 MP Farm house Cheddar 12 months matured  Hill Street grocery store 

42 8 MP NewZealand Cheddar Hill street grocery store 

43 9 MP South Cape matured Cheddar cheese Woolworths Sandy Bay 

44 11 MP Yogurt cheese in olive oils (Hand Made by Elani) Wicked Cheese Factory Richmond 

45 12 MP Tamar Valley no fat yogurt Woolworths Sandy Bay 

46 13 MP Natural Greek style breakfast yogurt Woolworths Sandy Bay 

47 14 MP All natural yogurt by Pauls Hill Street grocery store 

48 15 MP Organic yogurt Hill Street grocery store 

 
Table 3.1 (b) 

Sr Source Source ID 

1 Mango Orange yogurt (yogurt culture) Woolworths Sandy Bay 

2 Tamar valley yogurt (live yogurt cultures with acidophillus, bifidus and casei) Woolworths Sandy  Bay 

3 Philadelphia Cheese(starter cultures) Woolworths Sandy Bay 

4 Castello Blue Cheese(lactic acid cultures) Woolworths Sandy Bay 

5 13 fresh milk samples UTAS Dairy Farm,  Elliott, north-west, Tasmania 
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3.4.2 16S rRNA gene sequencing        

A typical amplification of template DNA from food isolates using the universal primer set Lane (1991) 

as modified by Turner (Turner et al. 1999), was carried out that showed clear single bands of 

approximately 1,500 bp when compared to the corresponding size ladder.  All other isolates selected 

for further study also showed similar patterns on separate gels.  Sequence data and analysis by BLAST 

indicated that 16 of the 48 isolates were Lb. casei group members and these were all obtained from 

fermented foods (Table 3.3).  Of the non-Lb. casei group lactobacilli (17), 10 came from milk samples 

and the remainder from fermented foods, including Kimchi (Table 3.4a) (4 Lb. curvatus, 2 Lb. 

coryniformis, 2 Lb. plantarum, one each of Lb. paraplantarum,  Lb. acidophilus, Lb. sakei, Lb. helveticus, 

and Lb. delbrueckii and 4 identified as unclassified lactobacilli).  The majority of the isolates (15) from 

fresh milk sources were classified as Lactococcus lactis subsp. cremoris (Table 3.4b).  This indicated 

that LC agar used in the study was not specific for the selective isolation of Lb. casei from a variety of 

dairy sources, however PCR amplification of 16S rDNA genes was able to differentiate between Lb. 

casei group members and other lactobacilli species and genera able to grow on LC agar. 

 

3.4.3 Optimising PCR conditions for species-specific primers 

Fig. 3.1 shows a gel image for assessing annealing conditions for Lb. casei group and Lb. rhamnosus 

specific primer sets, using template DNA prepared from two control strains (ATCC393 and ATCC7469).  

The size of the main bands, 727 bp for Lb. casei group primers tested against ATCC393 template and 

448 bp for Lb. rhamnosus specific primers tested against ATCC7469, were as anticipated from Kwon 

et al. (2004).  However, a second band was seen in the lanes for the latter combination:  this faint and 

more diffuse band was routinely seen in subsequent PCR gels when screening new isolates.  Data 

reported by Kwon et al. (2004) showed similar banding patterns, although the nature of the amplicon 

was not further characterised in that or the present study.  An annealing temperature of 52°C was 

selected in this annealing temperature optimization assay step to be used for further PCR based on 

the Kwon et al. (2004) model.  

3.4.4 Characterisation using Lb. casei group PCR primers 

Gram-positive bacilli were analysed by PCR assay using the IDL03R and IDL04F primer set. The gel 

image of amplicons showed a single, clear, sharp band for Lb. casei group members, and controls (Fig. 

3.2).  This PCR assay yielded product sizes of 727 bp relative to the corresponding size marker 

(HyperLadder II) for Lb. casei group isolates, as expected from the report of Kwon et al. (2004).  Table 

3.3 provides descriptions of various sources of Lb. casei group member organisms identified based on  
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Table 3.2:   Primers used in PCR amplification of 16S rRNA gene regions 

 
Primer name 

 

Primer sequence Target in PCR 16S rDNA 

amplification 

Product size 

(bp) 

IDL11Fa 5’-TGGTCGGCAGAGTAACTGTTGTCG-3’ Lb. casei group specific 727 

IDL03Ra 5’-ACCTTCCTCCGGTTTGTCA-3’ Lactobacillus conserved region  

IDL73Ra 5’-CCAACAAGCTATGTGTTCGCTTGC-3’ Lb. rhamnosus species specific 448 

IDL04Fa 5’-AGGGTGAAGTCGTAACAAGTAGCC-3’ Lactobacillus conserved region  

16 S-27Fb 5'-AGAGTTTGATCCTGGCTCAG-3' Universal bacterial  1,500 

16S-1492Rb 5'-GGTTACCTTGTTACGACTT-3' Universal bacterial  

a Kwon et al. (2004) 
b Lane (1991) as modified by Turner (Turner et al. 1999) (http://lutzonilab.org/16s-ribosomal-dna/)  
 
 
Table 3.3:   Lb. casei group members identified from various food sources, based on sequencing PCR 
amplicons using 16S rRNA gene primers and subsequently Lb. casei group- and Lb. rhamnosus species-
specific primers  (99 to 100% similarities) 

 
Serial Sample 

ID 

Source Species and strain with closest similarity 

1 19KB Fermented vegetable (Kimchi)  Lb. casei strain 186 

2 SS2 Cheese Lb. paracasei N1115, (complete genome) 

3 SS3 Fermented dairy drink Lb. rhamnosus strain 20983 

4 SS4 Yakult Lb. casei strain SWU91231  

5 SS5 Yogurt Lb. casei strain 87200:2 

6 SS6 Yogurt Lb. casei strain 87200:2 

7 4MP Cheese Lb. paracasei subsp. paracasei strain 3-4 

8 5MP Cheese Lb. casei strain 20130913 

9 6MP Cheese Lb. casei strain 20130913 

10 7MP Cheese Lb paracasei strain NBRC 15889 

11 8MP Cheese Lb. rhamnosus strain NBRC 3425  

12 9MP Cheese Lb. casei strain 20130913  

13 12MP Yogurt Lb. rhamnosus strain NBRC 3425 

14 13MP Yogurt Lb. paracasei strain 7K07A2 

15 23A Fresh milk Lactobacillus casei culture-collection IMAU:80826 

16 2MP Wicked wintage Cheddar Lactobacillus paracasei strain HD1.7 

*16S rRNA gene sequences unless otherwise noted 
 
 
 

 

 

http://lutzonilab.org/16s-ribosomal-dna/
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Table 3.4:  Isolates other than Lb. casei group members and their food sources, based on 16SrRNA 

gene sequencing of amplicons from the universal primers, including lactobacilli (a) and non-lactobacilli 

(b)(Table 3.2 for primers detail Lane,1991 as modified by Turner et al. 1999) 

Table 3.4(a)  Lactobacillus species 

Serial Lab ID Source Source ID Closest similarity based on 16S rDNA gene 

sequencing 

1 02B Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania Lb. paraplantarum strain 72815  

2 03 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lb.  coryniformis strain KLDS  

3 05 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lb.  curvatus  

4 06 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lb. curvatus  

5 07 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Uncultured Lactobacillus sp. clone LC  

6 10 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lb. sakei  

7 16 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lactobacillus sp.  

8 17 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lb.  coryniformis strain KLDS 1.0723  

9 18 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lb.  curvatus gene  

10 25 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Uncultured Bacilli bacterium clone ATB-LH-

6349  

11 24 Fresh milk UTAS Dairy Farm,  Elliott, north-west, Tasmania  Lactococcus lactis  

12 20KA Kimchi  Woolworths  Lb. curvatus  

13 1 MP Wicked cloth bound 

Cheddar cheese 

Wicked Cheese Factory Richmond Lb.  plantarum strain N1  

14 3 MP Wicked Cheddar Wicked Cheese Factory Richmond Lb.  plantarum subsp. plantarum  

15 11 MP Yogurt cheese in olive 

oils 

(Hand Made by Elani) Wicked Cheese Factory 

Richmond 

Lb.  delbrueckii strain SP1.1  

16 14 MP All natural yogurt by 

Pauls 

Hill Street grocery store Lb.  helveticus strain K1/R0052  

17 15 MP Organic yogurt Hill Street grocery store Lb. acidophilus strain JCM 1132  

 

Table 3.4 (b) Non-lactobacilli isolated from fresh milk samples (UTAS Dairy Farm, Elliott, north-

west, Tasmania) 

Serial Lab 

ID 

Closest similarity based on 16S rRNA gene sequencing 

1 01 Lactococcus lactis subsp. cremoris strain DR2  

2 02A Lactococcus lactis subsp. cremoris SK11 strain SK11 
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3 04 Lactococcus lactis subsp. cremoris SK11 strain SK11  

4 08 Lactococcus lactis subsp. cremoris strain DR2  

5 09 Lactococcus lactis subsp. cremoris strain K-24  

6 11 Lactococcus lactis subsp. cremoris strain DR2  

7 12 Lactococcus lactis subsp. cremoris SK11 strain SK11  

8 13A Lactococcus lactis subsp. cremoris SK11 strain SK11  

9 13B Lactococcus lactis subsp. cremoris strain DR2  

10 14A Lactococcus lactis subsp. cremoris SK11 strain SK11  

11 14B Lactococcus lactis subsp. cremoris SK11 strain SK11 

12 22 Lactococcus lactis subsp. cremoris SK11 strain SK11  

13 15A Lactococcus lactis subsp. cremoris strain DR2  

14 23B Lactococcus lactis subsp. cremoris strain DR2  

15 15B Lactococcus lactis subsp. cremoris SK11 strain SK11  
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sequencing amplicons from Lb. casei group- and Lb. rhamnosus species-specific PCR (see sections 

3.4.6) and 16S rRNA gene primers.  Fig. 3.3 shows an example of PCR products detected when DNA 

from a broader range of presumptive Lactobacillus isolates (as indicated by 16S rRNA gene 

sequencing), were screened with this primer set, where negatives were very clear from the absence 

of the signature band for Lb. casei group members or faint bands of different molecular weight.  

Analysis of the gel indicates the presence of more than one band pattern for the non-Lb. casei group 

isolates.  In one case (top portion of the gel) most of lactobacilli isolates (non-Lb. casei group members) 

and an unclassified strain are represented by a faint band corresponding to 727 bp and another diffuse 

band of approximately 150 bp (missing in Lb. casei group members).  Identities of the speciated 

isolates (Table 3.4) were Lb. plantarum, Lb. coryniformis, Lb. curvatus and Lb. sakei and their source 

was fresh milk.  Four samples (one from top and 3 from bottom gel portions) had only one faint band 

(150bp) and occurred with isolates with different identities, based on 16S rDNA sequencing (Lb. 

plantarum, Lb. helveticus and Lb. acidophilus).  One cheese isolate (Lb. delbrueckii) showed faint 

double bands (727bp region) and a single band (150bp).  All of these bacilli (non-Lb. casei group) that 

did not demonstrate a sharp band with the Lb. casei group primers and were excluded from further 

screening.   

3.4.5 Characterisation using Lb. rhamnosus species-specific PCR primers 

The isolates identified as presumptive Lb. casei group members were then screened using species-

specific primers for Lb. rhamnosus (Fig. 3.4).  The positive control, strain ATCC7469, showed the 

expected banding pattern as reported by Kwon et al. (2004), noting that there are two characteristic 

bands, a major band of 448 bp and a faint band of 600-700 bp.  However, one of the controls, Lb. casei 

ATCC393, showed a similar banding pattern:  the classification of this strain as Lb. casei is controversial 

(Dellaglio et al. 1981; Dicks et al. 1996).  Consequently, an additional control, Lb. casei GCRL163, was 

added to assays as this strain was previously used in research reported from our laboratory and had 

been confirmed as Lb. casei on the basis of MLST (Al-Naseri 2015; Al-Naseri et al. 2013; Hussain et al. 

2009a; Hussain et al. 2009b).  Three isolates showed amplification products aligned with strain 

ATCC7469, confirming a likely identity as Lb. rhamnosus.  The characteristic doublet banding pattern 

was only seen for Lb. rhamnosus (Fig. 3.3) but when the Lb. rhamnosus-specific primers were used 

with DNA from several of the other isolates and the known Lb. casei control, GCRL163, a faint band of 

<300bp was always seen with Lb. casei group members.  The nature of this band was not further 

investigated in this study.   
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Fig. 3.1: PCR annealing temperature optimization using gradient PCR.  Lanes, PCR primers used and 

temperatures in °C are: Lane 1, molecular weight markers (HyperLadder, Bio-Rad);  Lanes 2, 4, 6, 8, 

10, 12, 14, template DNA from Lb. casei ATCC 393, Lb. casei group primers;  Lanes 3, 5, 7, 9, 11, 13, 15, 

Lb. rhamnosus ATCC 7469 template DNA, Lb. rhamnosus specific primers; Lanes 16, 17, no template 

control (NTC), whereas temperature range is from 49°C  to 54°C  given on the top row. The circled 

area shows the temperature selected for use for screening food isolates. 

 

Fig. 3.2: Agarose gel electrophoresis image of PCR amplicons produced using Lb. casei group primers 

(Kwon et al. 2004). Lane 1, molecular weight markers; Lanes 2 to 15 Lb. casei group members 

isolated from food samples (sources including fermented vegetable, fermented dairy based drinks, 

yogurt and cheese, see Tables 3.3 and 3.4); Lane 16 Lb. casei ATCC 393, lane 17 Lb. rhamnosus ATCC 

7469; Lane 18 and 19 NTC. 
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3.4.6 Gene sequencing and data analysis  

Sequencing was also undertaken on the 727 bp amplicons generated using the Lb. casei group-specific 

primers for all samples showing clear, major bands in gels (Fig. 3.3).  BLAST analysis confirmed the 

identity of the three presumptive Lb. rhamnosus isolates (Fig. 3.4) and the remainder of the Lb. casei 

group isolates as Lb. casei/paracasei with 100% similarity (as summarised in Table 3.3).  Most of the 

Lb. casei group members were from cheese and yogurt, one from a fermented drink and one from a 

fermented vegetable sample. 

 

3.3.7  Phylogenetic tree analysis 

Construction of a phylogenetic tree (Fig. 3.5) indicated that all three Lb. rhamnosus isolates are 

distinct from the Lb. casei/paracasei strains, which is in consistent with the Fig. 3.2 and 3.4.  

Although the tree contains only 14 strains, it is clear that there is a cluster of highly related strains 

and two more distant outliers, 4MP (Wicked smoked Cheddar, location in southern Tasmania) and 

13MP (commercial Greek yogurt).  It is interesting to note that the tightly clustered group of six 

strains come from several sources (yogurt, fermented milk drink, cheese and Kimchi).    

3.5 Discussion 

Strains of Lactobacillus are widely used as probiotics due to their role associated with human health 

and are mainly isolated from human sources and dairy products (Kwon et al. 2004).  Being able to 

accurately detect, differentiate and enumerate probiotics is of particular interest (Ashraf & Shah 

2011). Identification of Lb. casei using phenotypic or genotypic approaches may result in inaccurate 

bacterial identification (Huang et al. 2015).  It is further demonstrated in various studies that the Lb. 

casei group has been subject to taxonomic confusion. The 2008 Judicial Commission of the 

International Committee of Systematics of Prokaryotes determined that the Lb. casei group includes 

the closely related species Lb. casei, Lb. paracasei and Lb. rhamnosus. Subspecies originally 

belonging to Lb. casei had been previously transferred to Lb. paracasei which included the creation 

of the species Lb. rhamnosus (Collins et al. 1989).  An attempt to restructure the taxonomy of the 

group by revival of “Lb. zeae” and combining Lb. paracasei with Lb. casei (Dicks et al. 1996) was 

rejected as it contravened rules of the Bacterial Code of Nomenclature.  The current situation is that 

the type strain of Lb. casei is ATCC 393, “Lb. zeae” is rejected, while the taxonomic status of Lb. 

paracasei is maintained. 

The Lb. casei group is considered generally safe for use as potential probiotics (Holzapfel et al. 2001; 

Salvetti et al. 2012; Tindall 2008).  Tremendous improvements have been made recently by 
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Fig. 3.3:  Example of gel images for PCR amplicons produced using the Lb. casei group primers (Kwon 

et al. 2004) for DNA extracted from isolates (laboratory ID names as marked) and controls:  (+) Lb. 

casei  ATCC 393, Lb. rhamnosus ATCC 7469, and (-) NTC. 

 
 

 
                  
Fig. 3.4: Agarose gel electrophoresis image of PCR amplicons produced using Lb. rhamnosus specific 

primers (Kwon et al. 2004).  Lane 1, molecular weight markers; Lanes 2 to 15 Lb. casei group members 

isolated from food samples; Lane 16 Lb. casei GCRL163; Lane 17 Lb. casei  ATCC 393; Lane 18 Lb. 

rhamnosus ATCC 7469; Lanes 19 and 20 NTC.  
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application of molecular techniques employed for microbial identification and testing their activities 

(Amor et al. 2007).  For bacterial identification and phylogenetic analysis targeting the sequence of 

the 16S rRNA gene has long been used as one of the accepted methods (Amann et al. 1995).  Targeting 

the specific primers relevant to 16S- or 23S-rDNA, or intergenic regions, using PCR approaches also 

remained successful in identifying probiotic Lactobacillus species (Nour 1998; Ward & Timmins 

1999a).  For identification of LAB in a single step procedure, multiple PCR assays are routinely used 

(Cremonesi et al. 2011; Karapetsas et al. 2010; Nikolaou et al. 2011).  Isolation and identification of 

these bacteria from a mixed population, however, remains a challenge so it is important to have access 

to reliable and simple methods for their selection and identification.  Ashraf and Shah (2011) reviewed 

known selective media that enable enumeration of LAB in yogurt, with emphasis on differentiating 

between viable probiotics and other bacteria likely to be in yogurt as starter cultures or adventitious 

microbiota (including Lb. delbrueckii subsp. bulgaricus, Streptococcus thermophilus, Lb. acidophilus, 

Lb. casei and Bifidobacterium spp.).  Developing new selective and indicator media continues to be of 

interest (Galat et al. 2016).  LC agar (Ravula & Shah 1998) was recommended by Ashraf and Shah 

(2011) as an appropriate medium for enumeration of Lb. casei in yogurt and fermented milks, as it 

inhibited growth of yogurt starter cultures.  However, in the current study, many colonies selected as 

presumptive Lb. casei following culture from milk on LC agar were identified as Lactococcus lactis 

subsp. cremoris and various other Lactobacillus species, using 16S rRNA gene sequencing.  While LC 

agar was able to isolate strains of the Lb. casei group from fermented dairy and vegetable products, 

several other species of Lactobacillus were also detected, further indicating that LC agar was not 

sufficiently selective for Lb. casei when dealing with complex indigenous flora.  These observations 

emphasise the importance of using selective culture conditions in association with molecular 

characterisation to detect and enumerate probiotics.  It is worth noting that there is no evidence that 

molecular speciation was undertaken in parallel with evaluating the selectivity of LC agar using known 

standard strains, either initially or subsequently (Ravula & Shah 1998; Ashraf & Shah 2011).  This 

practice continues when developing new media (Galat et al. 2016), including standardising media 

using strains which problematic histories (such as ATCC393).   

 

The PCR assays used to characterise isolates to Lb. casei group and species level in the present study 

were derived from the experimental approach established by Kwon et al. (2004), who used multiplex 

PCR to differentiate clearly between seven species, viz.:  Lb. acidophilus, Lb. delbrueckii, Lb. casei, Lb. 

gasseri, Lb. plantarum, Lb. reuteri and Lb. rhamnosus.  The strategy used in the current study 

employed the primers described by Kwon et al. (2004) but in single PCR reactions to detect, firstly, 

members of the Lb. casei group and then to differentiate between Lb. rhamnosus and Lb. casei and  
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Fig. 3.5:  Phylogenetic tree of Lb. casei group strains characterised, based on 16S rRNA gene 

sequencing of amplicons generated using the universal primers 

 

  

   Lb. rhamnosus  

Lb. casei/paracasei 
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Lb. paracasei.  In this study, Lb. casei group-specific primer IDL11F was utilised in conjunction with 

primer IDL03R, which corresponds to a region conserved across Lactobacillus species, which would 

produce a PCR product size of 727bp, characteristic of Lb. casei group members.  Although other 

species of Lactobacillus sometimes produced faint bands, typically in conjunction with a smaller 

amplicon, or bands of a size not consistent with Lb. casei group members (Fig. 3.5), sequencing of 

727bp amplicon consistently showed that the group-specific primer identified Lb. casei group 

members. 

 

To further differentiate between Lb. casei/Lb. paracasei and Lb. rhamnosus, a PCR reaction using the 

same DNA templates with a different primer set (i.e. IDL73R and IDL04F) produced a product size of 

448 bp that was specific for detecting Lb. rhamnosus strains.  However, during progression of 

experimentation it was necessary to add one more strain as a control (Lb. casei GCRL163, a Cheddar 

cheese isolate) to assays as DNA from ATCC 393, described as Lb. casei, produced amplicons 

characteristic of Lb. rhamnosus.  It was demonstrated that while investigating the phylogeny, protein 

and the genetic profile of Lb. casei strain ATCC393 that this strain showed more DNA similarity to Lb. 

rhamnosus compared to Lb. paracasei (Dicks et al. 1996).  It was clarified (Dellaglio et al. 1981; Dicks 

et al. 1996) that the percentage of DNA similarity of strain ATCC393 was low when compared with 

Lb. casei susbsp. casei subsp. casei (8 to 46 %) and strain of Lb. paracasei (similarity 30 to 50%), 

whereas high DNA similarity (80%) was noted with Lb. rhamnosus ATCC15820.  The pattern of the 

bands on the gel for Lb. rhamnosus type strain ATCC7469 was distinctive, with one prominent and 

one faint band  (Fig. 3.6), as demonstrated previously (Kwon et al. 2004).  However, in the same PCR 

assay a faint band of less than 300 bp was observed in all tested Lb. casei samples, which had not 

been reported by Kwon et al. (2004).  Future work may include sequencing this amplicon to see 

where it sits in the 16S rRNA gene for Lb. casei or determine whether it arises due to cross-reactivity 

with other parts of the genome.   The identity of the Lb. rhamnosus isolates was further supported 

by gene sequencing data, as sequences searched through the BLAST search engine of NCBI produced 

identities of the strains that were in conformity with the PCR results, and affirming that strain 

ATCC393 aligned with Lb. rhamnosus.  Our modified PCR assay successfully discriminated mainly 

between Lb. casei/Lb. paracasei and Lb. rhamnosus using species-specific primers.    

 

A phylogenetic tree was constructed for the Lb. casei group strains, including those confirmed as Lb. 

rhamnosus by sequencing 16S rDNA and group- or species-specific PCR amplicons.  The Lb. rhamnosus 

strains aligned together and are located at a distant position relative to all of the Lb. casei or Lb. 

paracasei isolates, that are grouped more or less together and at the opposite end of the phylogenetic 
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tree.  These findings are consistent with the PCR assays (Fig. 3.6) where similar trends are shown 

between various strains of Lb. casei group members.   

 

The assays used in the study were unable to discriminate between Lb. casei and Lb. paracasei.  It has 

been reported previously that discrimination between Lb. casei and Lb. paracasei has remained 

controversial and the matter was one of the taxonomy disputes raised in the Judicial Commission 

(Kwon et al. 2004).  Therefore more experimentation would be needed in this context to further 

differentiate the new isolates obtained in this study, including MLST approaches used by Al-Naseri (Al-

Naseri et al. 2013) and whole genome comparisons.  It is also noted that,  as expected, the PCR banding 

patterns of strain GCRL163, previously identified as a member of the Lb. casei group (Chandry et al. 

1998a) and confirmed as Lb. casei through further genetic analysis (Al-Naseri et al. 2013), aligned with 

all of the new isolates of Lb. casei/ paracasei from food samples.  The genome of GCRL163 was shot-

gun sequenced following this current study and analysis of the genome confirmed the phylogenetic 

relationship of this strain as Lb. casei (Nahar et al. 2017a). 

3.6 Conclusions  

Based on primers used previously in multiplex PCR to differentiate Lactobacillus species, Lb. casei/Lb. 

paracasei could be distinguished from Lb. rhamnosus using Lb. casei group-specific primer sets and 

Lb. rhamnosus species-specific primers based on Lactobacillus conserved regions of the 16S rRNA gene 

in conjunction with a primer targeting 16S-23S rRNA region in Lb. rhamnosus.  Alignment of PCR 

products corresponding to the amplicon size specific to the particular Lactobacillus species and 

confirmation of the PCR amplicon sequences indicated that the modified multiplex model can be used 

to achieve precise bacterial characterisation and identification within the Lb. casei group, following 

selection on appropriate media. LC agar, which was developed for enumerating Lb. casei in yogurt, 

was not sufficiently selective for use with dairy products with more complex microbiota but its use in 

combination with the PCR approaches used here could distinguish Lb. casei group members from 

other LAB species present. 

The study has also shown that strain Lb. casei GCRL163 was validated according to the methods as this 

strain will be used for further acid and starvation studies in this thesis. These methods worked well to 

isolate and characterise new Lactobacillus strains that are now in the University of Tasmania’s strain 

collection (Tables 3.3 & 3.4). 
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CHAPTER 4: Proteomic investigations on the effect of Tween 80 on growth 

of Lactobacillus casei (GCRL163) 

4.1 Introduction 

Members of the genus Lactobacillus are well known for their usage as probiotics and in food 

processing, mainly in fermentation processes relevant to production of dairy, sourdough bread, meat 

and vegetable products.  However, there are relatively few studies on nutritional stress in probiotic 

products and specifically related to Lb. casei (De Angelis et al. 2016).  Tween 80 is an important 

component of the MRS media and is composed of variable quantities of different components 

(polyoxyethylene isosorbide, polyoxyethylene sorbitan, polyoxyethylene isosorbide, polyoxyethylene 

sorbitan monooleate-dioesters-trioleates-tetraoleates and polyoxyethylene isosorbide monoester-

dioesters) (Zhang et al. 2012).  Prior research in our group investigated growth and survival of Lb. casei 

GCRL163 under lactose starvation conditions, undertaking proteomic analyses using 2D gel 

electrophoresis and MALDI-TOF analyses to characterise proteins (Hussain et al. 2013; Hussain et al. 

2009a).  It was observed in their studies that in long-term cultures in MRS broths lacking lactose 

expression of proteins in several functional classes was modulated.   However, it remained unclear 

how these cellular responses were correlated with the particular carbon sources present, given that 

the medium contained several carbon sources including tryptone, yeast extract, citrate, acetate and 

Tween 80.  End-products detected in culture filtrates suggested that Tween 80 was being utilised, 

given detection of caproic and octanoic acids as possible breakdown products of the oleic acid side 

chain of Tween 80 (Al-Naseri 2015; Hussain et al. 2009a).   This matter was partially addressed in 

another study where Lb. casei GCRL163 was cultured on modified MRS with citrate, acetate, Tween 

80 or Tween 80 plus citrate as carbon sources, in a basal medium containing the peptone-yeast 

extract-salts base of MRS (Al-Naseri et al. 2013).  Under the experimental conditions used, insufficient 

biomass was generated for proteomics in the control cultures (mMRS without added C sources) grown 

in flask cultures (pH controlled by phosphate buffers) so the underlying mechanism of Tween 80 use 

or co-use could not be explained.  Keeping in view of the previous experiments it was necessary to 

further study Lb. casei GCRL 163 capacity to grow on the Tween 80 when no carbon source is provided 

in the presence of appropriate control media 

The current study was carried out by culturing Lb. casei GCRL163 under tightly controlled conditions 

using a fermentation system that controls the pH of the media by adding acid or base through 

computer controlled software, maintenance of anaerobic conditions by sparging nitrogen and 

automated temperature control to the defined set point.  Maintaining constant pH was an important 
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factor in eliminating possible impacts of using high concentrations of buffers, which may have been 

an added variable due to osmotic stress.  Media used for culturing bacteria was based on the 

constituents of MRS but had no carbohydrate source (glucose) or acetate.  Tween 80 and citrate were 

used either alone or in combination, while the basal media (containing peptone, yeast extract and 

salts) was used as the control. Experiments were designed in two phases i.e. short experiment (P1) for 

46 h and in a time course of 12 d (P2) to analyse growth phase-related bacterial proteomics with 

suitable controls included.  Appropriate media selection and adding additional controls provided an 

improved platform to interpret proteomics and biochemical data with  clarity not demonstrated in the 

earlier studies (Al-Naseri et al. 2013; Hussain et al. 2009a).   Additionally, measuring Tween 80 and 

glycerol concentrations in experiment P2 media, and fatty acid analysis of whole cells, provided an 

overall picture of the key proteins/functional classes regulated and metabolic products generated that 

were associated with a particular growth conditions tested in these experiments.  Measuring the 

concentration of Tween 80 in the media provided evidence of its utilisation as a carbon source in 

addition to possibly enhancing growth and survival.  Differences in duration of experiments P1 and P2 

enabled testing bacterial growth phase on the related regulated proteins and changes at 

proteome/cellular and subcellular levels. 

Proteomics changes in the CFE and ECF fractions in P2 are also described in this chapter, where the 

latter may have provided some indication of hydrolytic enzymes involved in Tween 80 degradation.  

Strains isolated in Chapter 3 were also cultured on Tween 80 to determine their capacity to growth on 

Tween 80 using the Bioscreen assay system.  A comprehensive statistical tool (Perseus version 1.5.031) 

was used to map proteomic differences between various growth conditions – added carbon source 

and growth phase.  Perseus facilitates handling the complex data sets produced by MS to generate 

more efficient and meaningful results where analyses were previously time consuming and laborious 

(Tyanova et al. 2016b).  During the course of the experimentation and analysis, it became clear that 

the raw data needed to be reviewed in parallel with Perseus, to ensure that the values imputed by the 

software tool for proteins not detected in one or more sets of triplicates for tests or controls did not 

mask detecting changes in relative protein levels between conditions. 

4.2 Material and Methods 

General methods, media preparation and procedures are described in detail in Chapter 2.  In the 

following sections methods relevant to this chapter are described.  
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4.2.1 Bacterial strain and starter culture preparation  

The bacterial strain used in experiments P1 and P2 was Lb. casei GCRL163 that was subcultured initially 

from cryobeads onto MRS agar for starter culture preparation.  Anaerobic conditions were maintained 

using Anaerocult A system (Oxoid, Australia) and plates were incubated routinely for 46 h at 37°C.  

Starter cultures were prepared by suspending a single pure colony of Lb. casei GCRL163 into 200 ml 

of MRS broth that was reconstituted containing 0.2% of glucose.  This concentration had been shown 

to be growth-limiting in prior experimentation (Hussain et al. 2009a).  The cells were collected by 

centrifugation at 6,000 rpm, 4°C, for 10 min when optical densities at 600 nm (OD600) of the culture 

had reached between 1.5 to 2.0.  The cells were washed twice with sterile Tris-HCl buffer (0.01 M, pH 

7.0), resuspended in 100 ml of peptone water (1% w/v) and OD600 was checked.  Gram staining was 

performed and bacterial morphology was observed under a compound microscope prior to 

inoculating the starter culture into fermenters. Fermenters OD600 was adjusted in the range of 0.04 to 

0.09.  All other Lb. casei group strains isolated in Chapter 3 were cultured in a Bioscreen assay 

(described in Chapter 2) to determine their growth patterns on Tween 80 as the main carbon source 

in mMRS (yeast extract, peptone and salts as the control).  

4.2.2 Modified MRS media preparation 

Five formulations of mMRS media were used to grow the bacteria under anaerobic conditions in the 

fermenters.  The basal medium (peptone, yeast extract and salts) served as the control and tests 

contained either Tween 80 (no citrate), Tween 80 dosed (no citrate), Tween 80 plus citrate or citrate 

only (no Tween 80).  The detailed composition of all media is given in Table 4.1.  After weighing 

ingredients on an analytical balance for each medium condition, all media constituents (except Tween 

80) were transferred into separate one litre Schott bottles and filled with distilled water up to 700 ml.  

The pH was adjusted to 6.5 then the volume was made up to 1,000 ml with distilled water; 800 ml of 

each of the media was transferred to each of the fermentation vessels, which were autoclaved at 

121°C for 15 min.  Tween 80, when used, was injected into fermenters through the injector port of 

the fermentation system using a sterile syringe (targeting 0.1%, v/v, final concentration).  Tween 80 

(0.1%) was dosed into one of the replicate fermenters in experiment P1 when the OD600 reached close 

to stationary phase (OD600 of 0.34) and the same concentration was added every 10 to 12 h till 

harvesting the cultures. 

4.2.3 Experimental design and fermentation set-up 

The study was conducted in two phases, i.e. phase 1 (P1) and phase 2 (P2).  In experiment P1, Lb. casei 

GCRL163 was cultured for 46 h until early stationary phase on five combinations of mMRS media, as 
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described above.  The purpose was to check Tween 80 use or co-use at stationary phase (P1) or late 

stationary growth phase (P2) under various growth conditions, given that previous starvation 

experiments had shown synthesis of new proteins 8 days after incubation in the absence of lactose 

(Hussain et al. 2013). In P2, Lb. casei GCRL163 was cultured for 12 d with three growth conditions: 

Tween 80 only (no citrate), citrate only (no Tween 80) and the control media.  The P2 experiment was 

specifically targeted to determine bacterial ability to utilise Tween 80 and citrate individually as 

substrates over a time course period of 12 d and to obtain late stationary cells for proteomic 

examination. Prior experiments reported in a research study (Hussain et al. 2009a) had shown that 

new proteins were detected well after cells had ceased growing when Lb. casei GCRL163 was cultured 

for up to 30 d in mMRS lacking an added carbohydrate source. However, it was not clear whether the 

new proteins related to citrate, Tween 80 or other substrates use.  Cells were collected for proteomic 

analysis (section 2.3.1) and filtered culture fluids reserved for analysis of Tween 80 and end-products 

(sections 2.7.2, 2.7.3 and 2.7.4); proteomic analysis was also undertaken on concentrated culture 

fluids (section 2.3.5).   

Separate fermenter units were set up for each growth condition with 800 ml of mMRS media for each 

growth condition.  Pre-calibrated pH probes were installed to each of fermenter vessel and 

temperature was set at 30°C with agitation speed of 100 rpm.  Set pH was 6.5 and NaOH (2 M) and 

sulfuric acid (10%, v/v) was used to adjust the pH of the media during growth.  Nitrogen gas was 

sparged into each fermenter to create anaerobic growth conditions, immediately after autoclaving 

and during fermentation. Fermenters were inoculated with a volume of starter culture (Lb. casei 

GCRL163) to give a starting OD600 reading of ˂0.1.  Samples of culture were drawn from each unit 

during growth for Gram staining, monitoring growth by recording OD600 measurements against 

appropriate medium blanks.  Growth curves were recorded, and fermenters were harvested at early 

stationary phase (46 h for experiment P1) and late stationary phase (12 days for experiment P2).  

Bacterial cells were collected by harvesting cultures at 6,000 rpm for 10 min at 4°C.  In experiment P2, 

the culture supernatant fluids were also collected for concentration and proteomic analysis. Cells were 

washed once with Tris-HCl buffer (0.01 M, pH 7.0) and concentrated to an OD600 equivalent to 20 by 

suspending the cells in the appropriate volume of Tris-HCl buffer (0.01 M, pH 7.0).  The cells from all 

fermenters were preserved at –80°C until further analysis.  Supernatants of culture fluids were filtered 

(0.2 µm, Microanalytix Australia) and stored until further analysis at -20°C (General Methods, Chapter 

2). 



65 
 

4.3 Results           

4.3.1 Growth rate in fermenters (P1 and P2 experiments)  

In experiment P1 Lb. casei GCRL163 was cultured for 46 h using five mMRS media combinations (Table 

4.1).  Growth curve data shows that bacterial growth was slower and final OD600 lower in the control 

relative to the other conditions tested.   Faster bacterial growth was observed when citrate and Tween 

80 (TwCit) were both present in the media compared to when citrate alone was present Fig. 4.1(a).  

Similar growth patterns were observed in a previous study (Al-Naseri 2015).  When Tween 80 was 

supplied in the basal medium final OD600 increased suggesting Tween 80 is being used or co-used as a 

carbon source.  Tween 80 was also dosed into one fermenter at the points shown in Fig. 4.1(a).  A 

small increase in OD600 after the first addition occurred however a decline in OD600 was observed after 

further doses of Tween 80 Fig. 4.1(a).  The Tween 80 dosed (TwD) culture was harvested after two 

days.  To demonstrate bacterial potential to consume Tween 80 over a prolonged period, a separate 

experiment (P2) was set up with three growth conditions (Tween 80, citrate and control) using Lb. 

casei GCRL163 (see Fig. 4.1[b]).  In this experiment, the starting OD600 was lower compared to P1 

experiment and hence there are differences observed for the growth curves between these two 

experiments.  The bacterial growth in the control was lower relative to Tween 80 and citrate-

containing media and cells were cultured up to late stationary phase (12 d).   

4.3.2 Tween 80 concentrations 

Tween 80 analyses were done by UPLC and ELSD in the Central Science Laboratory of UTAS (section 

2.7.2).  The concentrations of Tween 80 in the growth media at different growth stages of experiments 

P1 and P2 are shown in Fig. 4.2(a) and 4.2(b).  In experiment P1, samples were collected at the start 

and at the end of the experiment and it is shown that overall Tween 80 consumption was higher (0.12 

mM) when the media was supplemented with citrate compared to growing bacteria on Tween alone 

(0.0542 mM) (Fig. 4.2a).  This represents 22.7% and 7.35 %, respectively, use of Tween 80 during the 

period of culture. 

As experiment P1 was conducted for a relatively short time period (46 h), only limited Tween 80 

utilisation was observed in the two growth conditions (i.e. Tween 80 and TwCit).  In experiment P2, 

samples were drawn from the fermenters every two days to measure Tween 80 levels.  Figure 4.2(c) 

shows that Tween 80 concentrations gradually fell from 1.08 mM (day 0) to 0.384 mM (day 12) 

representing a 63.9% decline over this period, as shown in Fig. 4.3(b). 
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There was no added carbohydrate source in the media so it is suggested that bacteria were 

consuming Tween 80 as an alternative carbon source in addition to the nutrients supplied in 

peptone plus yeast extract and sustained growth at a slower pace than when citrate provided a 

further carbon source (experiment P1).  In experiment P2 it was further noted that bacteria were 

constantly utilising Tween 80, as shown by a gradual decline in Tween 80 concentrations recorded 

until day 12 (Fig. 4.2c).  The decline in Tween 80 concentration could not be explained by abiotic 

degradation of Tween 80, as experiments performed by Sek Ho in his Honours thesis at UTAS (Ho 

2014) had shown that Tween 80 was found to be stable in uninoculated media and not degraded 

after incubation for up to 8 days at 30oC following autoclaving or filter sterilisation in deionised 

water or MRS broth.  He demonstrated this by measuring the concentrations of octanoic, hexanoic 

and butanoic acids, that are possible degradation products of Tween 80 and were detected in very 

low quantities (<3 ppm) after incubation of Tween 80 in MRS broth or deionised water for 8 days, 

following filter sterilization or autoclaving. He also measured oleic acid concentrations and showed 

that the amounts detected did not change over 8 days and these equated to <0.4% of Tween 80 

added to the solutions, indicating that cells were not growing on free oleic acid released from Tween 

80 due to abiotic breakdown.  Proteomic analyses were subsequently undertaken to investigate the 

underlying biochemistry of cells when incubated in the presence of Tween 80, as reported in the 

following sections.  

4.3.3 SDS-PAGE gel electrophoresis 

The SDS-PAGE gel images of cell free extracts (CFEs) prepared from Lb. casei GCRL163 cells for 

experiments P1 and P2 are shown in Fig. 4.3.  There were clear visual differences in banding patterns 

both between conditions within each experiment and between experiments.  For example, 

comparison of the CFE gels between the two experiments indicates that a major protein band of 

<250kDa is expressed in abundance in experiment P1 (Fig 4.3a) whereas it is absent in experiment P2 

(Fig 4.3b).  This major ~250kDa band may be related to early stationary phase cells of Lb. casei 

GCRL163.   Proteomic analysis of the P1 CFE detected a protein of similar molecular weight in the CFEs, 

the Dp or Dumpy peptidase (K0MSV0), although it is not clear whether these proteins correspond.   It 

was reported by (Bernardo et al. 2012) and (Kankainen et al. 2009) that high molecular aggregates of 

proteins that were difficult to disaggregate for separation on SDS-PAGE may lead to artefacts on SDS-

PAGE gels in the high molecular weight region of gels and that trypsin-resistant proteins may not be 

detected subsequently in proteomic analysis.  Glycosylation may also change the observed molecular 

weight of proteins, as has been noted for a major surface protein of several species of Lactobacillus 

(reported MW in the literature of 75kDa, hence the name of this protein p75, whereas the molecular  
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Table 4.1:    Growth media composition 

 Growth 

condition 1 

Growth 

condition 2 

Growth 

condition 3 

Growth 

condition 4 

Growth 

condition 5 

 Tween 80 Tween 80 

(added 

growth) 

Tween 80 + 

citrate 

Citrate Control 

 % (w/v) amount present 

Peptone 1.0 1.0 1.0 1.0 1.0 

Yeast extract 0.4 0.4 0.4 0.4 0.4 

K2HPO4 0.2 0.2 0.2 0.2 0.2 

MgSO4.7H2O 0.02 0.02 0.02 0.02 0.02 

MnSO4.4H20 0.005 0.005 0.005 0.005 0.005 

Tween 80 0.1 0.1 (late log 

phase 

addition) 

0.1 - - 

Triammonium 

citrate 

- - 0.2 0.2 - 
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weight from the gene sequence is 50kDa) (Bauerl et al. 2010; Segers & Lebeer 2014). The extracellular 

culture fluids (ECF) of experiment P1 were not analysed.  However, a protein of similar molecular  

weight (K0N883) was later detected at low levels by proteomic analysis in the ECF of P2, only in the 

citrate medium and not in the corresponding CFE (see Annexure 6), which is also consistent with Fig. 

4.3.  It is not clear whether K0N883 is the same protein that was seen in these gels.  The submitted 

name in UniProt for K0N833 is an LPXTG-motif cell wall anchor domain protein:  it is transmembrane 

and contains an adhesion domain (IPR008966) (InterProt), which has been identified in several 

proteins that bind to collagen, fibronectin and in pilus adhesion proteins, noting that some of these 

properties are shared with the Dp protein (InterProt).  It is therefore likely that these proteins are of 

importance in probiotic function. The proteins have multiple trypsin cleavage sites 

(http://web.expasy.org/peptide_cutter/), so that they would be expected to be detected in proteomic 

analysis. 

 
The gel images show a number of patterns of differentially expressed proteins between the various 

growth conditions of both experiments, however comparison of both gels with each other (Fig. 4.3a 

& b) indicates that a lot of overall change was observed in the expression levels of proteins in CFE of 

Lb. casei GCRL163 in experiment P1 compared to experiment P2:  some of the areas of difference in 

expression levels are indicated on Fig. 4.3 as examples, as described below.  

In experiment P1 (Fig. 4.3a) a protein between molecular weight range of 75 to 100 kDa is expressed 

at higher expression level in TwCit and citrate growth conditions whereas this protein is relatively 

lower in abundance in Tween 80, Tween 80 dosed and control conditions.  This protein may be related 

to citrate metabolism.  Another protein expression trend is seen in the molecular weight range above 

50kDa (marked by an oval) which is not seen in the control condition and present in all other conditions 

of experiment P1 (Fig. 4.3a).  Analysis of the gel of experiment P2 (Fig. 4.3b) indicates that some 

proteins (above 50kDa) are specific to control conditions whereas the others are only expressed in 

either Tween or in citrate conditions, marked by an oval.  In the same gel, several proteins of molecular 

weight range of approximately 37 to 60kDa related to experiment P2 (Fig. 4.3b) were seen at relatively 

less abundance in the control condition compared with the tests (Tween and citrate) where they 

appear to be at abundant levels.  In experiment P2 proteins of molecular weight ≥ 150kDa are showing 

faint band patterns in Tween 80 and citrate relative to the control conditions.  Detailed analysis on the 

identity of these protein is illustrated in the following proteomics results section. 

http://web.expasy.org/peptide_cutter/
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4.3.4 Proteomics (experiment P1) 

Tryptic digest analysis of CFE (Lb. casei GCRL 163) detected a total of 777 proteins that were initially 

filtered through the Perseus software (version 1.5.031).  A total of 722 proteins were progressed for 

further analysis by setting a stringent filtration criterion (minimum three valid LFQ values in at least 

one group).  Statistics was applied to 541 proteins that were filtered after meeting the criteria for the 

purpose of heat map generation and visualising overall protein expression trends amongst different 

functional classes for tests against the control.  Any proteins with LFQ values of zero (below the 

detection level of the MS system) are identified by the software as non-assigned numbers (NaN):  to 

allow statistical analyses, the software imputes a valid number from within the normal distribution 

using a downshift parameter set at 1.8 (Perseus default).   Imputation of NaN numbers with valid 

values underpins calculations of log ratios, fold changes (FC) based on log ratios, generation of volcano 

plots and heat maps to determine the overall expression levels of various functional groups across 

different growth conditions.  However, it was necessary to review all data manually without 

imputation of NaN with valid numbers to determine which protein fell into this category, given that 

the absence of a protein may represent complete repression of expression or unique detection in 

particular conditions.  

4.3.4.1 Volcano plots and identification of highly regulated proteins 

Volcano plot images of test growth conditions relative to the control were constructed on the basis of 

two sample t test (Fig. 4.4).  Difference in the t test values is on the X axis and -log p ratios are on the 

Y axis.  Highly expressed proteins occupy the top positions on the plot which implies that they are 

significantly altered in the relative expression level as they have lesser p values.  Some highly down- 

or upregulated proteins are arrowed on Fig. 4.4.  There were fewer significantly altered proteins seen 

for Tween 80 versus the control condition relative to the other comparisons of growth conditions (Fig 

4.4).  Aldehyde alcohol dehydrogenase (Protein ID K0N307, ADH2) is an example of a highly expressed 

protein in the Tween 80 growth condition relative to the control (Fig. 4.4a):  this protein is relevant in 

several pathways, including fermentation end product formation (KEGG Pathways, 

http://www.genome.jp/dbget-bin/www_bget?lcw:BN194_08400),  whereas 3-oxoacyl-[acyl-carrier-

protein] reductase (Protein ID K0N799, Bkr4), which is involved in fatty acid synthesis, is a significant 

protein in the control condition. In the comparison of citrate Vs control, formate acetyltransferase 

(also called pyruvate formate lyase, PflB, K0N8I5) (carbohydrate related metabolism) and pyruvate 

carboxylase subunit B (K0MWI8), related to citrate utilisation, are detected as significantly 

upregulated proteins whereas an important uncharacterised protein, discovered here as a MerR  

http://www.genome.jp/dbget-bin/www_bget?lcw:BN194_08400
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      (a)  

 

     (b) 

 

 

Fig. 4.1: Growth curves for Lb. casei GCRL163 when cultured on mMRS-based media supplemented 

with different carbon sources.  Panel (a):  experiment P1, culture period 46h.  Panel (b): culture period 

12 days.  When additional Tween 80 was supplemented in P1, the points of addition are arrowed. Tw 

or Tween = Tween 80; Cit = citrate. 
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   (a)      (b)    

 

                     (c)

              

Fig. 4.2:  Measurement of Tween 80 concentrations in culture media following cultivation of Lb. casei 
GCRL163 in mMRS-based broths supplemented with different carbon sources.   Panel (a):  differences 
between initial and final Tween 80 concentrations (mM) for experiment P1, growth media Tween 80 
and Tween plus citrate. Panel (b): % decrease in Tween 80 concentrations (experiment P1 & P2) 
relative to initial sample. Panel (c):  Tween 80 concentrations for experiment P2, samples taken over 
12 days.   
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Fig. 4.3: SDS-PAGE gel electrophoresis image of cell free extracts from experiments P1 (a) 

   and P2 (b).  Circled or marked bands highlight visual differences in band intensity 

   between the test conditions. 
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family transcriptional regulator (K0N833), was highly repressed by citrate relative to the control 

condition (citrate and TwCit grown cells). Citrate lyase alpha subunit (Protein ID KON607, Gene name 

citF), related to the tricarboxylic acid (TCA) functional class and involved in citrate utilisation, was 

significantly upregulated in citrate and Tween 80 relative to the control condition. Dihydrolipoyl 

dehydrogenase (Protein ID K0N4P1, Gene name pdhD), related to central glycolytic/intermediary 

pathways functional class, was abundant in control and citrate conditions but was significantly lower 

in CFEs following growth in Tween 80.   For Tween dosed, there was a greater number of proteins 

expressed at lower levels relative to the control when compared to the other conditions.  Volcano 

plots gave a useful indication of key proteins altered relative to the control so detailed protein analysis 

of major functional classes was progressed using the T profiler.  Heat map and clustered bar diagrams 

were used for further analysis of various functional groups and proteins within the functional groups 

respectively as described in the following sections.  

4.3.4.2 Functional class-based proteome analysis using heat map construction 

Log ratios of proteins belonging to various functional classes (31 in number) were used to construct 

the heat map shown in Fig .4.5.  The image was produced using Java TreeView.  The heat map indicates 

significant variation in the expression levels of the proteins that belonged to diverse functional classes 

amongst different growth conditions.  There were clear differences in the patterns of protein 

expression for cells cultured in media containing citrate relative to the control, specifically in central 

glycolytic/intermediary pathways, cell defence/detoxification, carbohydrate related metabolism and 

tricarboxylic acid pathways, indicating induction of genes related to citrate metabolism.  When Tween 

80 was present with citrate, cells showed further upregulation of genes in the 

unknown/uncharacterised category and lesser induction in the cell defence/detoxification functional 

class. Whenever Tween 80 was present in media (Tween 80 only, TwD and TwCit) lipid related 

metabolism class proteins were repressed relative to the control and citrate, whereas when media 

contained citrate only these proteins were upregulated relative to the control.  Other repressed 

proteins following growth in Tween 80 were from the functional classes of cytokinesis, central 

glycolytic/intermediary pathways, cell defence/detoxification, protein folding/turnover and 

transcriptional regulations.  Upregulation of proteins was seen for several functional classes following 

growth in Tween 80 relative to the control:  tricarboxylic acid pathway, carbohydrate related 

metabolism, phosphotransferase systems, protein translation (peptide release), RNA polymerase, 

transcriptional proteins and tRNA aminoacyl synthesis.  In some functional classes, Tween 80 grown 
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cells showed upregulation of proteins when compared with citrate, specifically for transcriptional 

associated proteins and RNA polymerase, ribosomal proteins, tRNA aminoacyl synthesis, and  

 

 

  

   Tween 80 Vs control (a)               Citrate Vs control (b)                    Tween 80 citrate Vs control (c)      

 

 

  

 

 

 

                            Tween 80 dosed Vs control (d)                  Tween 80 Vs citrate (e)  

 

Fig. 4.4: Volcano plot of cell free extracts based on log p ratio for experiment P1 showing significant 

protein detected in different growth conditions when comparing the tests against the control growth 

conditions or between tests.  Arrows indicate specific proteins that are highly up or down regulated. 
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Fig. 4.5: Functional class based global heat map (experiment P1) prepared by T Profiler using Gene 

Cluster 
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transporters (ABC and PTS systems).  These observations align with the initial trends seen in volcano 

plots in that the control and Tween 80 cultured cells showed similar patterns of protein expression 

with relatively fewer differences than seen when compared to citrate cultured cells.  When compared 

with the control, cells from the Tween 80 dosed culture showed significant movement in relative 

protein expression, notably upregulation in signal transduction, membrane bioenergetics, 

transporters, nucleic acid metabolism and turnover, and protein folding/turnover.   

4.3.4.3 Lipid related metabolism  

Analysis of lipid related metabolism proteins indicated that when Tween 80 is present in the media, 

either alone (Tween 80 Vs control, Tween 80 dosed Vs control) or in combination with citrate (TwCit 

Vs control), expression of all of the enzymes involved in fatty acid synthesis from acetyl-CoA relative 

to the control was repressed (AccA, AccB, AccC, Bkr4, AcpP2, FabD, FabF, FabG, FabH, FabK, FabZ, 

FabZ_2) (Fig. 4.6).  Upregulation of these proteins at various levels is shown in the citrate Vs control 

comparison, with the exception of FabD and FabH, which showed negligible differences in expression 

levels between citrate and the control.   These proteins were highly expressed in the control and 

citrate cells and detected with very low LFQ values for the other test conditions.    Other genes that 

are upregulated, unchanged or repressed at various levels relative to the control in different 

comparisons are indicated in Fig. 4.6.   Of note are the following proteins:  K0N6M0, a predicted fatty 

acid methyltransferase implicated in cyclopropyl-fatty acid synthesis (highest LFQ in the control); the 

Sph protein, oleate hydratase (NaN in TwD, more highly expressed in citrate and TwCit); and BfmBAB 

(2-oxoisovalerate dehydrogenase subunit beta, involved in branch chained amino acid degradation 

and synthesis of branch chain fatty acids), highly expressed in TwCit but other subunits of the complex, 

BfmBB and BfmBC, were not detected. 

4.3.4.4 Cell wall biogenesis 

Although the heat map suggested that proteins in the cell wall biogenesis functional class were not 

differentially regulated by growth in the test conditions relative to the control, it was noted that 

several proteins within this class were significantly altered relative to the control.  Cell wall biogenesis 

class proteins and associated genes are represented in Fig. 4.7 (also see Fig. 4.9 for proteins that relate 

to this class and are classified in the carbohydrate related metabolism functional class).  The data 

indicate that highly upregulated proteins are GlmS (glucosamine-fructose-6-phosphate 

aminotransferase, which produces glutamate and glucosamine-6-phosphate, the first step in UDP-N-

acetylglucosamine synthesis in the early part of the peptidoglycan synthesis pathway) and GalE (UDP-

glucose 4-epimerase) that are upregulated in citrate Vs control and more highly upregulated in the 

TwCit Vs control comparisons.  GalK and GalT (K0N8X1) (Fig. 4.9) follow a similar trend (TwCit 
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upregulation greater than for citrate alone) but GlmU and GlmM, the next two proteins in the early 

peptidoglycan synthesis pathway, are either not altered in expression or are down regulated relative 

to the control, noting that all of the Glm proteins were highly abundant in all CFEs.  GlmS was also 

upregulated in Tween Vs control but to a much lesser degree.  GlmS is important in peptidoglycan 

synthesis (together with GlmU and GlmM) as well as polysaccharide and glycolipid synthesis (Ferré-

D'Amaré 2010; McCown et al. 2011; Rodríguez‐Díaz et al. 2012).  GlmS is a key enzyme in channeling 

carbon into various cell surface structures and its synthesis is regulated by a number of mechanisms, 

including ribozymes and components of PTS transport systems (Rodríguez‐Díaz et al. 2012) .  The 

product of GlmS, glucosamine-6-phosphate, from exogenous sources or produced through normal 

metabolism, interacts with GlmS ribozymes to activate mRNA cleavage within mRNA that codes for 

GlmS, so preventing further synthesis of this key enzyme in peptidoglycan synthesis. 

The majority of enzymes involved in peptidoglycan synthesis (Mur proteins) are also not altered in 

expression relative to the control, although several of the Mur proteins, and the Ddl protein, were 

higher in Tween Vs control (fold change <2).  Tween grown cells also showed some upregulation of 

proteins (FC<2) involved in exopolysaccharide synthesis and attachment (RmlB, BN194_21350 [RmlC], 

SpsK_2 [RmlD], DltA).   

A putative cell wall hydrolase, protein ID number K0N7S8 (NlpC_P60 family protein, peptidase 

domain) was upregulated in TwCit, and slightly downregulated in the citrate growth condition.   This 

protein is homologous to the major secreted or surface protein which has been identified in several 

lactobacilli and has been linked with probiotic functionality, p75 or MSP75 (Bauerl et al. 2010; Ruiz et 

al. 2014; Segers & Lebeer 2014).  Most of the repressed proteins were in the Tween dosed growth 

condition (Fig. 4.7).   

4.3.4.5 Central glycolytic/intermediary pathway 

Fig. 4.8 shows the expression levels of central glycolytic proteins relative to the control growth 

condition.   This data includes some enzymes involved in pyruvate metabolism (refer to Fig. 4.9 for 

other enzymes involved in pyruvate, carbohydrate and intermediary metabolism).   In the case of 

citrate Vs control and TwCit Vs control, proteins were generally regulated more or less similarly and 

either a slight repression or no change in these proteins is observed.  The notable exceptions are 

greater upregulation of RpiA/A_2 (ribose-5-phosphate isomerase) and PpdK (pyruvate, phosphate 

dikinase), and a small increase in DeoB (phosphopentomutase, data not shown in Fig. 4.8) in TwCit 

relative to citrate.  In the case of Tween 80 Vs control comparisons, RpiA/A_2 was the only highly 

expressed protein and this was also upregulated in Tween 80 dosed.  Although the majority of proteins 

in the Tween 80 Vs control comparison of central glycolytic/intermediary pathways were unchanged, 
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all of the proteins of the pyruvate dehydrogenase (Pdh A-D) complex were repressed, a trend not seen 

for citrate and TwCit CFEs versus the control.    PTS-dependent dihydroxyacetone kinase proteins, 

DhaK_2 and DhaM, were upregulated to different extents in all conditions relative to the control (Fig. 

4.8).  Related proteins were identified by BLAST analysis as putative DhaL (K0N8A3, upregulated in 

citrate and TwCit, no change in Tw and TwD) and K0N5I6 (with Dha domain, only upregulated in TwD, 

suppressed in TwCit):  these proteins may play a role in central carbohydrate metabolism and lipid 

metabolism, given Dha proteins also contain fatty acid binding domains (UniProt).  It is also noted that 

when cells were grown under excessive Tween 80 (Tween 80 dosed Vs control), repression of the 

majority of proteins was evident with a few exceptions:  upregulation of Rpe, RbsK, RpiA/A_2, and a 

small increase in Gnd, all enzymes in the Pentose Phosphate Pathway (PPP), and all of the glycolytic 

enzymes after Gap (Pgk, Gpm, Eno, but not Pyk), noting that the carbon from the PPP can enter 

glycolysis through the formation of glyceraldehyde-3-phosphate.  Furthermore, glucokinase (GlcK) 

was upregulated in TwD.  Although upregulation of some of the PPP enzymes was not unique to TwD, 

these results may suggest involvement of both the PPP and degradation of storage polysaccharides in 

the TwD condition. 

In all the following figures the proteins are identified by the gene names and where these specified 

uncharacterised proteins BLAST was used to assign presumptive identity or function.  A similar 

approach is used in all following figures.  Mostly gene symbols are used as identifiers in clustered bar 

diagrams due to their suitability to fit within each diagram, however their detailed names are 

mentioned at the end of each diagram.  In a few cases protein names and protein identity numbers 

are used where gene symbols are unavailable in the proteomic data. 

4.3.4.6 Carbohydrate related metabolism 

Fig. 4.9 shows the log ratios of proteins in the carbohydrate related functional group, which also 

includes proteins involved in pyruvate metabolism and formation of fermentation end products.  The 

majority of proteins related to carbohydrate metabolism (Lac A-D, AgaS, Pmi, MtlD, TreA) showed 

largely similar levels of abundance to the control for all conditions, except for TwD, where all were 

suppressed to differing degrees, and LacX (aldose-1-epimerase or mutarotase, which converts D-

glucose and other aldoses between their α- and β-forms), and Agl (α-glucosidase), which were 

upregulated in citrate and TwCit.  Notably FruK_2 (tagatose-6-phosphate kinase, also named 1-

phosphofructokinase) was significantly upregulated in Tween 80 and slightly upregulated in TwCit.  

All of the Iol proteins, including those presumptively identified as analogues of these, which form the 

inositol pathway, were highly upregulated in citrate and also upregulated in TwCit, but to a lesser 

extent, indicating that the presence of Tween 80 impaired expression.  Reviewing the unimputed data 
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showed that Iol A, C, D and G were not detected in the control and Tween 80 CFEs, and two 

uncharacterized proteins related to IolA or G, were also undetected in Tween 80, low in the control 

and were expressed at lower levels in TwCit relative to citrate.  The presumptive iolS protein (myo-

inositol catabolism), which is not clustered with the iol operon on the W56 genome, was upregulated 

in citrate, TwCit and TwD relative to the control, indicating a different regulatory pattern to the other 

proteins. 
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Fig. 4.6: Protein (CFE) log ratios of lipid related metabolism proteins (P1).   

sph Oleate hydratase, yutG Uncharacterized protein, putative phosphatidylglycerophosphatase, gpsA Glycerol-3-phosphate 

dehydrogenase, YerQ Uncharacterized protein, bfmBAB 2-oxoisovalerate dehydrogenase subunit beta, plsX Phosphate acyltransferase, ispA 

Farnesyl diphosphate synthase, hmgCS1 Hydroxymethylglutaryl-CoA synthase, ilvE Branched-chain-amino-acid aminotransferase, K0N6M0 

Probable fatty acid methyltransferase, accA Acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha, fabZ  3-hydroxyacyl-[acyl-

carrier-protein] dehydratase, accB  Biotin carboxyl carrier protein of acetyl-CoA carboxylase, fabF  3-oxoacyl-[acyl-carrier-protein] synthase 

2, bkr4 3-oxoacyl-[acyl-carrier-protein] reductase 4, fabG  3-oxoacyl-[acyl-carrier-protein] reductase, fabD  Malonyl CoA-acyl carrier protein 

transacylase, fabK  Enoyl-[acyl-carrier-protein] reductase [FMN], acpP2 Acyl carrier protein (ACP), fabH  3-oxoacyl-[acyl-carrier-protein] 

synthase 3, fabZ_2  (3R)-hydroxymyristoyl-[acyl-carrier-protein] dehydratase, accC  Biotin carboxylase, (K0N8A1) yqjQ Uncharacterized 

oxidoreductase yqjQ, possible short-chain dehydrogenase  

-8 -6 -4 -2 0 2 4

sph

yutG

gpsA

YerQ

bfmBAB

plsX

ispA

hmgCS1

ilvE

K0N6M0

accA

fabZ

accB

fabF

bkr4

fabG

fabD

fabK

acpP2

fabH

fabZ_2

accC

(K0N8A1)yqjQ

Log ratio

G
en

e

Lipid related metabolism

Tween 80 Vs Citrate Tween 80 D Vs control Tween 80 Citrate Vs Control

Citrate Vs Control Tween 80 Vs Control



81 
 

 

Fig. 4.7: Protein (CFE) log ratios of cell wall biogenesis  (P1) 

ddl  D-alanine--D-alanine ligase, dacA  D-alanyl-D-alanine carboxypeptidase dacA, murE  UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-2,6-

diaminopimelate ligase, K0N7L2 glycosyltransferase family protein, K0N7S8 cell wall hydrolase, NlpC_P60 family protein, galE  UDP-glucose 

4-epimerase, dltA  D-alanine-poly(phosphoribitol) ligase, murI  glutamate racemase, glmM  phosphoglucosamine mutase, glmS  

glucosamine--fructose-6-phosphate aminotransferase, cap4C  UTP--glucose-1-phosphate uridylyltransferase, murD  UDP-N-

acetylmuramoylalanine--D-glutamate ligase, ponA  peptidoglycan glycosyltransferase, murC UDP-N-acetylmuramate--L-alanine ligase, rmlB  

dTDP-glucose 4,6-dehydratase, K0N6R1 UDP-glucose 4-epimerase, BN194_21350 dTDP-4-dehydrorhamnose 3,5-epimerase, murF  UDP-N-

acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase, murA  UDP-N-acetylglucosamine 1-carboxyvinyltransferase 2, glmU glucosamine-1-

phosphate N-acetyltransferase/UDP-N-acetylglucosamine pyrophosphorylase, rmlA Glucose-1-phosphate thymidylyltransferase,  

spsK_2  SpsK protein, Spore coat polysaccharide biosynthesis protein, dTDP-4-dehydrorhamnose reductase family. 
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Fig. 4.8: Protein (CFE) log ratios of central glycolytic/intermediary pathways (P1) 

rpiA_2, ripA Ribose-5-phosphate isomerase A (EC 5.3.1.6) (Phosphoriboisomerase A), tpiA Triosephosphate isomerase (TIM) (EC 5.3.1.1) 

(Triose-phosphate isomerase), pgk Phosphoglycerate kinase (EC 2.7.2.3), dhaM PTS-dependent dihydroxyacetone 

kinase,phosphotransferase subunit, fba_2 Fructose-bisphosphate aldolase, dhaK_2 PTS-dependent dihydroxyacetone 

kinase,dihydroxyacetone-binding subunit, gap Glyceraldehyde-3-phosphate dehydrogenase, rpe Ribulose-phosphate 3-epimerase, eno 

Enolase, zwf Glucose-6-phosphate 1-dehydrogenase,  K0MTA8 Aldose 1-epimerase, GalM, hexose 1-epimerase, gpmA2,gpmA 2,3-

bisphosphoglycerate-dependent phosphoglycerate mutase (BPG-dependent PGAM) (PGAM) (Phosphoglyceromutase) (dPGM) (EC 

5.4.2.11), pgi Glucose-6-phosphate isomerase, gnd 6-phosphogluconate dehydrogenase, decarboxylating, pfkA ATP-dependent 6-

phosphofructokinase (ATP-PFK) (Phosphofructokinase) (EC 2.7.1.11) (Phosphohexokinase), rbsK Ribokinase (EC 2.7.1.15), pgcA 

Phosphoglucomutase (EC 5.4.2.2),  fbp Fructose-1,6-bisphosphatase class 3 (FBPase class 3) (EC 3.1.3.11) (D-fructose-1,6-bisphosphate 1-

phosphohydrolase class 3), glcK Glucokinase, gntK Gluconokinase (EC 2.7.1.12), K0NAP4  Aldose 1-epimerase, yqeC 6-phosphogluconate 

dehydrogenase, decarboxylating, ppdK Pyruvate, phosphate dikinase, pdhB Pyruvate dehydrogenase E1 component subunit beta, pdhA 

Pyruvate dehydrogenase E1 component subunit alpha, pdhC  Dihydrolipoyllysine-residue acetyltransferase component of pyruvate 

dehydrogenase,  pdhD Dihydrolipoyl dehydrogenase , ackA acetate kinase, xpkA  Probable phosphoketolase,  
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Comparison of log ratios for proteins involved in pyruvate metabolism showed that citrate and TwCit 

upregulated the following proteins:  Pox_5 (pyruvate oxidase), Pta (phosphate acetyl transferase), PflB 

(pyruvate formate lyase) and Ack (acetate kinase, Fig. 4.8).  All of these proteins are concerned with 

conversion of pyruvate to acetyl-CoA thence to acetyl-phosphate, or directly to acetyl-phosphate 

(Pox_5), thence to acetate.  The Act protein (Pfl activating) was upregulated in TwCit, but down 

regulated in Tw, Citrate and TwD.  Pta was also upregulated in TwD, although Ack, which converts 

acetyl-phosphate to acetate, was not detected (NaN).  These results indicate that citrate is utilized via 

pyruvate and acetyl-CoA using two alternative routes to acetate.  It was proposed (Lazzi et al. 2014) 

that a similar mode of citrate conversion to acetate based on transcriptomic evidence occurred in Lb. 

rhamnosus PR1019 when cultured in a cheese broth medium containing citrate and lysed lactobacilli 

cells (simulating a cheese environment) when compared to MRS broth. 

There were two lactate dehydrogenase proteins detected in the control and test CFEs (Fig. 4.9):  

K0N7J5 (Ldh) is highly expressed in all, with TwD lower but with high LFQ; K0N8S5 (Ldh/Ldh1), which 

is expressed in the control and Tween 80 CFEs at a lower LFQ than K0N7J5, NaN in TwD and was 

upregulated in citrate and TwCit.  K0N1L0, identified as D-2-hydroxyisocaproate dehydrogenase/D-

lactate dehydrogenase, was upregulated in Tween 80 while L-2-hyroxyisocaproate dehydrogenase 

(domain also found in lactate/malate dehydrogenases) was upregulated in citrate cultures.  AldA 

(lactaldehyde dehydrogenase) was not detected in Tween 80 or TwD CFEs but this protein, which 

converts methylglyoxyal (pyruvate aldehyde, from glycine, serine and threonine metabolism) either 

to pyruvate to lactate via lactaldehyde, was upregulated in citrate and detected at a lower level in 

TwCit, suggesting Tween 80 impairs induction of this protein.  These data indicate that lactate 

formation can occur by several but differing routes when cells are cultured on citrate or in the 

presence of Tween 80.  ADH was a highly upregulated protein relative to the control in all conditions 

except TwD.  Glycerol metabolism proteins, GlpK and GlpO, were upregulated only in citrate grown 

cells. Two proteins associated with synthesis of starch/glycogen, GlgC and GlgD, were detected in all 

CFEs except for TwD, and were upregulated in TwCit and citrate relative to the control and Tween 80.  

4.3.4.7 ABC- and PTS-type transporter systems 

Fig. 4.10 shows the log ratios for ABC-type transporter system proteins, while PTS transporter proteins 

are noted in the Annexures.  Relatively few ABC transport system proteins were upregulated in citrate-

grown cells, with the exception of: K0N3U4 (maltose ABC transporter, periplasmic maltose-binding 

protein), which was also upregulated in TwCit; K0N3T6 (glycerol-3-phosphate ABC transporter 

substrate-binding protein, which was more highly upregulated in TwCit); and BceA_2 (bacitracin 

export ATP-binding protein), which was upregulated in all cultures relative to the control cultures to 
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varying degrees.   In many cases, citrate repressed expression of the ABC transporters detected, when 

either alone or when cells were cultured in TwCit, relative to the control.   

In the case of Tween 80 Vs control, the majority of other proteins from this functional category were 

upregulated at a relatively lower level, or were unchanged or repressed at varying levels, with the 

exception of MsmK (multiple sugar-binding transport ATP-binding protein), which was also more 

abundant in TwD (Fig. 4.10).  However, several proteins were upregulated relative to the control when 

cells were cultured in TwCit, and several of these were also upregulated in TwD, suggesting that 

regulation of the genes is related to cell biochemistry in the presence of Tween 80, particularly in the 

presence of citrate:  K0N2Z3 (ABC substrate binding component); PotA (named as a 

spermidine/putrescine import ATP-binding protein in the W56 genome but BLAST analysis showed 

assignment of this protein as a maltose transporter in the majority of Lb. casei genomes); K0NAI1 

(phosphate/phosphonate uptake); Opp A and F (oligopeptide uptake); K0N6C9 (ABC-type 

uncharacterized transport system, ATPase component, likely related to methionine uptake); and RbsB 

(ribose binding).  Furthermore, the following proteins were also upregulated in TwD:  MetQ 

(methionine uptake), GlnQ_4 and GlnH_2 (glutamine uptake), OppD and OppF.   

The common components of the phosphotransfer system, PtsH (K0N9I2, histidine phosphocarrier 

protein-like) and PtsI (K0N5T2, PEP-protein phophotransferase) were highly abundant proteins in all 

CFEs, while HprK (K0N6Y3, HPr kinase/phosphorylase) was up to 100-fold less abundant.  The first two 

proteins were slightly upregulated (FC 1.2) in TwCit, while the latter was upregulated in citrate (FC 1.4) 

and TwD (FC 2.1).  Several of the other 10 proteins detected as part of the sugar-specific PTS transport 

systems were related to each other, as they were components of single transport units and showed 

similar patterns of regulation.  K0MSE1 (ManZ, mannose permease IID component, upregulated in 

TwCit), K0N1P6 (putative mannose-specific EIIAB component, upregulated in TwD) and K0N7U7 

(fructose-specific phosphotransferase enzyme IIB component, upregulated in TwCit and TwD) genes 

are co-located on the W56 and GCRL63 genomes.   K0N954 (ManZ_9, mannose permease IID 

component) and K0NDL4 (mannose component IIB) were both upregulated in citrate and TwCit; 

another protein specified in this gene cluster, K0N8G4 (SorA_4) was not detect in experiment P1 was 

detected in P2.  Although these two gene clusters are labelled mannose-specific, domain analysis 

(UniProt, InterPro) indicates that both have broad specificity for sugar uptake, covering mannose, 

fructose, sorbose and aminosugars.  

Other notable changes in in PTS system proteins were: upregulation of K0MT60 (β-glucoside EIIBCA 

component, BglP) in TwD; upregulation of K0MY77 (FruA_4, fructose-specific EIIBCA component in 

Tween 80 and TwCit;  higher expression of K0N5N9 (fructose/sorbose-specific phosphotransferase 
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enzyme IIB component) in Tween 80 and the control; higher expression of K0N6A5 (component IIB, 

Gat family PTS system) in the control and TwCit; and upregulation of K0N8N0 (MtlF, mannitol-specific, 

component IIA) in Tween 80, citrate and TwCit. 

These data suggest that the presence of Tween 80, with citrate or in TwD, upregulates genes 

associated with uptake of oligopeptides, amino acids and carbohydrates that are related specifically 

to cellular metabolism in the presence of Tween 80.  Furthermore, the presence of citrate specifically 

represses several of these transport systems.  

4.3.4.8 Citrate metabolism 

Citrate growth conditions induced proteins related to citrate metabolism as indicated by the observed 

upregulation of the following proteins in citrate Vs control and TwCit Vs control comparisons (Fig. 

4.11):   OadA and OadH, Cit C, D, E, F and X.  Slight upregulation is also evident for Pyc in citrate Vs 

control and TwCit Vs control.    The expression of citrate metabolism proteins was also detected in 

Tween 80 Vs control but noted to be at relatively lower levels. Also in the presence of excess Tween 

80 (TwD), these genes were repressed in most of the cases (except CitX and OadH), indicating that 

high levels Tween 80 contributes to repression of those genes that are expressed under normal Tween 

80 levels (Fig. 4.11). 

4.3.4.9 Amino acid related protein 

The presence of citrate upregulated synthesis of amino acid metabolism genes, either alone and in 

TwCit (GabD/SsdA, succinate-semialdehyde dehydrogenase, highly upregulated; GlyA, CysK, AlsS and, 

to a lesser extent, ProC and Asd).  CysK was also upregulated in TwD (Fig. 4.12).    Citrate also 

upregulated IlvE, which was more highly upregulated in TwCit (Fig. 4.6). Tween 80 repressed 

acetolacetate synthase (AlsS) relative to the control.  Both Tween 80 and TwD conditions upregulated 

the Mtn protein (5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase), which is associated 

with L-methionine biosynthesis through a salvage pathway that recycles adenine and methionine 

(UniPro, InterPro) as well as several other functions, including quorum sensing through synthesis of 

autoinducer-2 (Parveen & Cornell 2011). 

Several peptidases were also upregulated in citrate CFEs (PepF, and to a lesser extent PepS and Pcp), 

while a dipeptidase (K0MXA1, peptidase C69 family, PepD) was highly upregulated in all tests when 

compared with the control but this protein was more highly upregulated in Tween 80 and TwCit CFEs.  

The Dp protein (Dumpy, K0MSV0, MW 237kDa) was highly expressed in all CFEs and was highly 

upregulated in TwD.  This protein is a multi-domain, cell surface, transmembrane endopeptidase with 

subtilisin-like activity.  In lactobacilli and other Gram-positive species, it is important in adhesion and 
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invasion (UniProt, InterPro).    It is further noted that addition of excessive Tween 80 to the media 

(Tween 80 dosed Vs control) resulted in lower abundance of most of these proteins that are either 

upregulated or unchanged in the Tween 80 condition.  

These data indicate that citrate and Tween 80 impacted on amino acid metabolism and peptidase 

activity when compared to the control condition and that Mtn and dipeptidases, including K0MSV0, 

were highly upregulated by Tween 80, while the Dp protein was upregulated more highly in TwD.   

4.3.4.10 Protein folding/turnover 

Protein folding/turnover proteins are indicated in Fig. 4.13.  In the Tween 80, TwCit and citrate Vs 

control comparisons, the majority of proteins in this class are repressed with the exception of a few 

proteins that were upregulated in citrate (Pth, HslU, HslV; ClpB_2 and HtrA, also upregulated in TwD) 

and TwCit (PrsA, also upregulated in TwD, and K0N387, also upregulated in Tween 80).  This indicates 

that the majority of proteins in this class were more highly expressed in the control CFEs, with the 

inference that the control cells were more highly stressed than the tests.  Notably there was a number 

of proteins upregulated in TwD with a FC>2 (ClpC, ClpE, GrpE and K0N5T8) in addition to proteins 

showing lesser levels of upregulation (HslO, ClpB, DnaK and GroEL).  The upregulation of chaperone 

proteins and associated proteinases linked to protein degradation in stress responses indicates that 

Tween 80 dosed cells demonstrated significant stress responses in comparison to control cells. 

4.3.4.11 Proteins highly changed in regulation across different growth conditions 

(Experiment P1). 

In experiment P1, the proteins that were upregulated in the Tween 80 growth condition belonged to 

different functional classes:  nucleic acid metabolism, protein translation (initiation and elongation), 

protein export, phosphotrasferase systems, RNA degradation, RNA polymerisation and protein 

transport (peptide release), however proteins in these functional classes were repressed in citrate or 

in TwCit as shown in the heat map. Notably expression of many of the ribosomal proteins was lower 

in citrate and TwCit cells relative to both the control and Tween 80 CFEs, although the magnitude of 

the fold changes seen was often <2. 

Proteins with FC values of ˃2 (log2 differences between test and control >1 or between two growth 

conditions, p<0.05) were considered as significantly altered in level of expression in different 

combinations of growth conditions. Aldehyde-alcohol dehydrogenase (ADH2, K0N307, FC 22), which 

is involved in carbohydrate related metabolism and several parts of intermediary metabolism, was 

highly upregulated in Tween 80 relative to the control condition (Annex. 1a).   
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Fig. 4.9: Protein (CFE) log ratios of carbohydrate-related metabolism (P1) 

K0N1L0 D-2-hydroxyisocaproate dehydrogenase, iolC 5-dehydro-2-deoxygluconokinase (EC 2.7.1.92) (2-deoxy-5-keto-D-gluconate kinase), 

iolD  3D-(3,5/4)-trihydroxycyclohexane-1,2-dione hydrolase (THcHDO hydrolase), iolG  Inositol 2-dehydrogenase/D-chiro-inositol 3-

dehydrogenase, yrbE Uncharacterized oxidoreductase YrbE, iolG related, iolE Inosose dehydratase, pmi Mannose-6-phosphate isomerase, 

agaS  Putative tagatose-6-phosphate ketose/aldose isomerase, manD  N-acetylglucosamine-6-phosphate deacetylase, treA  Trehalose-6-

phosphate hydrolase, ldh1,Idh  L-lactate dehydrogenase, glpK Glycerol kinase, galK  Galactokinase, lacC Tagatose-6-phosphate kinase, lacD 

Tagatose 1,6-diphosphate aldolase lacB Galactose-6-phosphate isomerase subunit, lacA Galactose-6-phosphate isomerase subunit lacA, 

ADH2 Aldehyde-alcohol dehydrogenase, ywcC Uncharacterized protein, putative 6-phosphogluconolactonase, pta  Phosphate 

acetyltransferase, pflB  Formate acetyltransferase, act  Pyruvate formate-lyase-activating enzyme, pox5 Pyruvate oxidase, nagA N-

acetylglucosamine-6-phosphate deacetylase, aldB  Alpha-acetolactate decarboxylase, glgD  Glucose-1-phosphate adenylyltransferase, glgC  

Glucose-1-phosphate adenylyltransferase, ldh  L-lactate dehydrogenase, lacD  Tagatose 1,6-diphosphate aldolase, lacX  Protein lacX, 

plasmid, K0NCZ6 L-2-hydroxyisocaproate dehydrogenase, fruK_2 Tagatose-6-phosphate kinase/1-phosphofructokinase, agl  Alpha-

glucosidase, ulaG  Probable L-ascorbate-6-phosphate lactonase, iolS  Protein IolS, putative aryl-alcohol dehydrogenase, mtlD_3 mtlD  

Mannitol-1-phosphate 5-dehydrogenase, nagB  Glucosamine-6-phosphate deaminase, iolA protein, glpO protein, K0N8X1 (galT) Galactose-

1-phosphate uridylyltransferase, aldA Lactaldehyde dehydrogenase (K0NCB9) 
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Fig. 4.10: Protein (CFE) log ratios of ABC-type transporter systems (P1) 

rbsB D-ribose-binding protein, ykpA Uncharacterized ABC transporter ATP-binding protein, K0N2V5 ABC transporter substrate-binding 
protein, K0N2Z3 ABC transporter substrate-binding protein, K0N6C9 ABC-type uncharacterized transport system, ATPase component, msmK 
Multiple sugar-binding transport ATP-binding protein, K0N3U4 Maltose ABC transporter, periplasmic maltose-binding protein,  K0N3T6 
Glycerol-3-phosphate ABC transporter substrate-binding protein, potA Spermidine/putrescine import ATP-binding protein, 
metQ_2Lipoprotein, oppA  Oligopeptide-binding protein,  oppF Oligopeptide transport ATP-binding protein, oppD Oligopeptide transport 
ATP-binding protein, bceA_2Bacitracin export ATP-binding protein, glnQ_3 Glutamine transport ATP-binding protein, K0NAI1 ABC-type 
phosphate/phosphonate transport system,periplasmic component, K0N8H4 ABC transporter, glycerol-3-phosphate, permease protein, 
glnQ_4 Glutamine transport ATP-binding protein, glnH_2 Glutamine-binding periplasmic protein 
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Fig. 4.11:  Protein (CFE) log ratios of citrate metabolism (P1) 

Pyc pyruvate carboxylase, OadA oxaloacetate decarboxylase, alpha subunit, CitX apo-citrate lyase phosphoribosyl-dephospho-CoA 
transferase, CitF citrate lyase alpha subunit, CitE citrate lyase beta subunit, CitD citrate lyase acyl carrier protein, OadH oxaloacetate 
decarboxylase biotin carrier protein, CitC [citrate (pro-3S)-lyase] ligase. 
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Fig. 4.12:  Protein (CFE) log ratios of amino acid related metabolism (P1) 

Asd aspartate-semialdehyde dehydrogenase, Pcp pyroglutamyl peptidase, Aspr aspartate racemase,  PepN aminopeptidase N,  CysK 

cysteine synthase, YjbG2 oligoendopeptidase F, LuxS  S-ribosylhomocysteine lyase, PepQ  Xaa-Pro aminopeptidase, APP_like family, PepV 

beta-Ala-Xaa dipeptidase, PatB2 cystathionine beta-lyase PatB, PepF  oligoendopeptidase F, PepS leucyl aminopeptidase S,  PepD 

dipeptidase, peptidase C69 family, GlyA serine hydroxymethyltransferase, Mtn 5'-methylthioadenosine/S-adenosylhomocysteine 

nucleosidase, PepO2 neutral endopeptidase,  AspC aspartate aminotransferase, GlnA  glutamine synthetase , ProC pyrroline-5-carboxylate 

reductase, YuxL peptidase S9 superfamily protein,  AlsS acetolactate synthase, PepDB dipeptidase B, FpaP_3 Proline iminopeptidase,  PatA2 

aromatic amino acid aminotransferase, AsnB  asparagine synthetase [glutamine-hydrolyzing] 1,  PepD  dipeptidase, peptidase C69 family, 

K0MXA1  GabD  succinate-semialdehyde dehydrogenase [NADP(+)], SsdA , PepC  cysteinyl aminopeptidase, peptidase C1 family,  PepC2 

aminopeptidase C  
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Fig. 4.13: Protein (CFE) log ratios of protein folding/turnover (P1) 

K0N387 Peptidyl-prolyl cis-trans isomerase, clpP_2, clpP  ATP-dependent Clp protease proteolytic, tig  Trigger factor (TF), clpX  ATP-

dependent Clp protease ATP-binding subunit, clpB  Chaperone protein, hslV  ATP-dependent protease subunit, hslU  ATP-dependent 

protease ATPase subunit, dnaJ  Chaperone protein, dnaK  Chaperone protein DnaK (HSP70) (Heat shock 70 kDa protein) (Heat shock protein 

70), grpE  Protein GrpE (HSP-70 cofactor), prsA  Foldase protein, clpE ATP-dependent Clp protease ATP-binding subunit, K0N5T8 

Uncharacterized protein (ClpA/B domain), clpC Probable ATP-dependent Clp protease ATP-binding subunit, groL,groEL 60 kDa chaperonin 

(GroEL protein, groS,grES 10 kDa chaperonin, clpB_2 Chaperone protein, hslO 33 kDa chaperonin (Heat shock protein 33 homolog), ftsH  

ATP-dependent zinc metalloprotease, pth  Peptidyl-tRNA hydrolase, htrA  Serine protease Do-like. 
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Probable dipeptidase (K0MXA1, FC 6.54) was the protein with second highest FC value in the Tween 

80 Vs control comparison and was related to the amino acid related metabolism. Pyruvate carboxylase 

subunit B (K0MWI8, FC 5.47), citrate lyase alpha chain (K0N607, FC 4.34) from citrate utilisation and 

cold shock protein 1 (K0MT67, FC 2.81) that performs RNA chaperone activity were also highly 

upregulated proteins of Tween 80 Vs. control conditions (Annex. 1a).  Protein K0NB06 (submitted 

name on the W56 genome of autoinducer-2 (AI-2) kinase, BLAST consensus across lactobacilli named 

class II aldolase/adducin domain protein) was upregulated in Tween 80 (FC 3.6, annex.1a) but not as 

much in TwCit (FC 1.4 annex.1h) (note that abundance in citrate CFEs was below the control and 7 FC 

lower than in Tween 80), possibly linking this protein specifically to Tween 80 metabolism.  KEGG 

pathways places this protein in fucose metabolism, which feeds into glycolysis in the 

fructose/mannose pathways. 

An uncharacterised protein that belonged to the MerR family of transcriptional regulators (W56 Gene 

locus BN194_25900, protein ID K0N833) was highly expressed in Tween 80, control and TwD growth 

conditions and it was highly repressed in the citrate and TwCit growth conditions (FC 81 increase in 

Tween 80 relative to citrate CFE abundance) (Annexure 1i).  These data suggest that the MerR protein 

could be linked with protein expression in cells under stress, including when readily fermentable 

carbon sources are scarce. 

In the citrate Vs control comparison (experiment P1), highly expressed proteins were:  Putative TrmH 

family tRNA/rRNA methyltransferase YacO (K0NC34, FC 42.89) from tRNA/Ribosome 

assembly/processing, aldehyde-alcohol dehydrogenase (ADH2, K0N307, FC 35.06), uncharacterized 

oxidoreductase YrbE (K0N524, FC 33.54), D-(3,5/4)-trihydroxycyclohexane-1,2-dione hydrolase 

(K0N1T3, FC 15.12), 5-dehydro-2-deoxygluconokinase (K0N1H4, FC 12.65)  from carbohydrate-related 

metabolism, citrate lyase alpha chain (K0N607, FC 19.03) and pyruvate carboxylase subunit B (pycB, 

FC 35.02) from citrate utilisation(Annexure 1c).  

Comparison of TwCit Vs control indicated top proteins from citrate metabolism: pyruvate carboxylase 

subunit B (K0MWI8, FC 46.69), citrate lyase alpha chain (K0N607, FC 28.37) and citrate lyase subunit 

beta (K0NBF4, FC 15.23), from tRNA/Ribosome assembly/processing class Putative TrmH family 

tRNA/rRNA methyltransferase (K0NC34, FC 39.84), proteins from carbohydrate related metabolism 

classs, aldehyde-alcohol dehydrogenase (K0N307, FC 26.82) and formate acetyltransferase (PflB, 

K0N8I5, FC 15.57) (Annex. 1e). 

In Tween 80 dosed Vs control growth condition uncharacterised protein (K0MVY5, a 9kDa 

transmembrane, functionally uncharacterised protein UPF0154, FC 10.26) was the highest 
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upregulated protein (also slightly upregulated in TwCit Vs control) whereas ABC type transporter 

system related Multiple sugar-binding transport ATP-binding protein (K0N747, FC 8.48) was the 

second most highly upregulated (Annex. 1g). 

The detailed description of all other highly expressed proteins (experiment P1) in all five growth 

conditions showing FC ˃2 are mentioned in Annex. 1 (a, c, e, g and i).  Proteins that are unchanged (FC 

˂2 but FC˃1) and those that are repressed (FC <1) in various growth conditions are represented in 

Annex. 1 (b, d, f, h and j).   

4.3.4.12 Tween dosed Vs. control comparison 

Comparison of Tween 80 dosed Vs control condition indicates that fatty acid related proteins were 

highly repressed, as seen for Tween 80: (3-oxoacyl-[acyl-carrier-protein] reductase 4 (K0N799), 

Probable nitronate monooxygenase (K0N799) and Malonyl CoA-acyl carrier protein transacylase 

(K0NBT1).  Aldehyde-alcohol dehydrogenase (ADH2), which was highly upregulated in the Tween 80 

condition, was repressed in the Tween dosing condition relative to the control.  Pyruvate carboxylase 

subunit B and citrate lyase alpha chain, from citrate metabolism, showed similar patterns of 

expression.   An overall comparison of Tween 80 dosed with Tween 80 condition indicates that many 

of the proteins that were either unchanged or highly expressed in Tween 80 conditions were repressed 

in the presence of excessive Tween 80 (Tween 80 dosed).  Examination of the unimputed data showed 

that the Tween 80 dosed cells had many more proteins that were NaN (below the level of detection 

of the instrumentation) and that when proteins were upregulated they often coincided with TwCit or 

Tween 80 (notably in the functional classes of cell wall biogenesis and nucleotide metabolism):  many 

of the upregulated proteins in the Tween 80 dosed condition were uncharacterised.   

4.3.5 Proteomics (experiment P2) 

A total of 636 proteins were initially detected in the CFEs and these were filtered on the basis of 

detection in at least three replicates in at least one group (experimental condition).  A total of 407 

proteins were progressed further, having met the filtration criteria. Application of comprehensive 

proteomics revealed that the CFEs had a wide variety of proteins that belonged to a diverse range of 

functional classes.   These proteins had variable expression levels relevant to a particular growth 

condition.  Data analysis performed through Perseus software (version 1.5.031) showed that certain 

protein groups were unchanged and were common in all three growth conditions (Tween 80, citrate 

and control) however various protein functional groups showed culture media specific responses as 

detailed in the following sections. 
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4.3.5.1 Volcano plot  

Volcano plot of CFE was prepared by Perseus software indicating proteins that were significantly 

altered in regulation (Fig 4.14) using two sample t test and permutation based false discovery rate 

(FDR) of 0.05.  A number of proteins significantly altered in relative expression are indicated in the 

diagrams when comparisons were made between different growth conditions (Tween 80 Vs control, 

citrate Vs control and Tween 80 Vs citrate).   

In the Tween 80 Vs control comparison, ribosomal protein (K0N724, RplK) was a highly significantly 

altered protein indicated from its position on the top of the volvano plot with FC value of 2.98 (Fig 

4.14a).  Mannose permease IID component protein (K0N954, ManZ_9) related to phosphotransferase 

system functional class is a repressed protein (FC 0.53), as indicated in Fig 4.14a.  In the citrate growth 

condition, citrate lyase alpha chain protein (K0N607, FC 5.71) and pyruvate carboxylase subunit B 

(K0MWI8, FC 46.58), both related to citrate metabolism, are highly significant proteins indicated on 

the volcano plot diagram (Fig 4.14.b).  Tagatose 1,6-diphosphate aldolase (K0N7P0, gene lacD2_2, 

lacD) related to carbohydrate-related metabolism functional class with a FC value of 0.56 was one of 

the repressed proteins in citrate relative to the control growth condition. In Tween 80 Vs citrate 

growth condition pyruvate, phosphate dikinase protein (K0NAC6, PpdK) belonging to central 

glycolytic/intermediary pathways having FC value of 2.05 was a highly upregulated protein.  

4.3.5.2 Functional class based proteome analysis using a heat map 

The heat map constructed on the basis of sorting proteins into relevant functional groups using T 

profiler software is shown in Fig 4.13.  According to the heat map, lipid related metabolism proteins 

were repressed in the presence of Tween 80 relative to the control condition, however they are 

upregulated in citrate growth condition (Fig 4.15), a trend similar to results observed for P1.  Patterns 

of protein expression were similar to this in the cases of tricarboxylic acid pathways and transcriptional 

associated proteins i.e. generally were more abundant in citrate whereas these proteins were in 

general less abundant in the Tween 80 growth condition.  In the case of carbohydrate metabolism, 

uniform trends are noted between all three growth conditions, particularly in Tween 80 Vs control 

and Tween 80 Vs citrate, however slight differences in overall protein expression were seen in citrate 

relative to the control condition of growth.  Central glycolytic/intermediary pathways were 

upregulated in Tween 80 Vs citrate and Tween 80 Vs control comparisons.  Ribosomal proteins 

emerged as a major functional class having 44 proteins.  Analysis of these proteins indicated that 

ribosomal proteins were highly upregulated in Tween 80 Vs control condition whereas this class of 

proteins was repressed in the presence of citrate Vs control; furthermore, significant differences in 
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expression levels were noted between Tween 80 Vs citrate.  A similar trend was observed for 

expression of proteins relating to nucleotide metabolism.  Most of the other proteins are showing 

more or less similar patterns in all growth conditions (Fig 4.15). 

4.3.5.3 Lipid related metabolism  

Proteins related to lipid related metabolism in all three growth conditions are represented in Fig. 4.16.  

Review of the unimputed data showed that the following proteins were detected in the control CFEs:  

Fab F, G, K and Z.  However, several proteins involved in lipid metabolism were either NaN or detected 

in only one of the replicates:  Acc and Acp proteins, Bkr4, GpsA (glycerol-3-phosphate dehydrogenase, 

involved in phospholipid synthesis), MvaS (alternative name HmgCS1, in the KEGG mevalonate 

pathway isoprenoid backbone synthesis), K0N6M0 (presumptive fatty acid methyltransferase involved 

in cyclopropyl-fatty acid synthesis), Sph (oleate hydratase),  IlvE and BfmBC (the latter two proteins 

are involved in branch chain amino acid degradation and fatty acid synthesis). In citrate cultured cells, 

most lipid biosynthetic proteins were apparently more abundant relative to the control, including  IlvE, 

Bkr4, AccB, AccC , AcpP, AcpP_2 and Fab F, G, K, Z and Z_2. As mentioned above several of these 

proteins were below detection limits in the control unimputed data.  All of the other lipid metabolism 

proteins (MvaS, GpsA, K0N6M0, Sph and the branch chain amino acid suite of proteins, BfmBA, BfmBB, 

BfmBC, Ptb and Buk) were also detected and recorded as upregulated when compared with the 

control.  These data indicate that the Tween 80 grown cells had limited ability to synthesise straight 

chain fatty acids de novo although oleate modification via Sph and K0N6M0 activities was possible, 

while branch chain amino acid degradation proteins were detected.  Citrate grown cells retained all 

lipid metabolism related proteins after 12 days of culture. 

4.3.5.4 Cell wall biogenesis  

Details of protein expression in this functional class for P2 are represented in Fig. 4.17; other proteins 

relating to this class (NagA, NagB, ManD, GalK and GalT) are in Fig 4.19. Highly expressed proteins in 

cell wall biogenesis were D-alanyl-D-alanine carboxypeptidase (DacA) in Tween 80 Vs control (also 

upregulated in citrate) and the bifunctional protein GlmU (UDP-N-acetylglucosamine 

pyrophosphorylase/glucosamine-1-phosphate N-acetyltransferase) in citrate Vs control comparisons.    

Proteins involved in early peptidoglycan synthesis, GlmS, GlmU and GlmM, were all upregulated or 

unchanged from the control levels, with the exception of the GlmU protein noted above.  The GlmS 

protein was upregulated in citrate CFEs (FC 1.8).  These observations are in contrast to experiment P1, 

where GlmS was highly upregulated in all tests except Tween dosed.  Of the other proteins associated 

with early peptidoglycan synthesis (Mur proteins) and late peptidoglycan synthesis (DacA and Ddl),  
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          Tween 80 Vs Control                                 Citrate Vs Control                     Tween 80 Vs Citrate 

Fig. 4.14: Volcano plot of cell free extracts based on -log p ratio of experiment P2 showing significant 
                  proteins detected in different growth conditions. 
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Fig. 4.15:   Functional class based global heat map prepared by T Profiler using Gene Cluster (P2) 
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citrate grown cells showed continued expression of the proteins involved and Tween 80 grown cells 

showed either similar or lower expression levels in the CFEs.   

Proteins involved in formation of dTDP-L-rhamnose from D-glucose-1-phosphate (RmlA/A_2, 

RmlB/B_2, Bn194_21350 and SpsK) (KEGG polyketide sugar unit biosynthesis pathway) were detected 

at varying levels of expression in citrate and Tween 80 when compared with the control, with only 

Spsk_2 showing higher abundance in Tween 80 CFEs relative to the control and the control showing 

higher abundance for RmlB_2 than the tests (noting that this protein was not detected in P1).  

Comparing experiments P1 and P2, Tween 80 cultured cells in P1 showed upregulation of most of the 

enzymes for synthesis of dTDP-L- rhamnose whereas the control cells showed higher levels of 

expression for most of these proteins in P2. 

Unlike in experiment P1, GalK and GalT were not detected at levels above the control in either citrate 

or Tween 80 CFEs, and GalE was marginally (1.7 FC) upregulated in citrate CFEs.  However, several of 

the proteins involved in peptidoglycan (GlmS, NagA, NagB, DacA, Ddl) and exopolysaccaride synthesis 

(Bn194_21350, GalE, GalK, GalM [K0MTA8], Pgi and GlcK) were detected in the ECF in P2.   While log 

ratio differences for proteins in the ECF for cells grown in Tween 80 and citrate relative to the control 

generally reflected those seen in the CFEs, there were notable differences also observed.  Firstly, GalE, 

GalK and GalM proteins were all significantly higher in citrate ECFs relative to Tween 80 and the 

control; secondly, Ddl was only detected in Tween 80 ECFs; thirdly, both NagA and NagB were 

significantly higher in Tween 80 ECFs.  These data emphasise the importance of analysis in both CFEs 

and ECFs to determine the regulatory patterns of proteins which may function at the cell surface 

(including surface structure synthesis and maintenance) and also indicate that Tween 80 cultured cells 

may favour peptidoglycan breakdown to fructose-6-phosphate in late stationary phase. 

Comparisons between P1 and P2 data indicate a shift in regulation involving GlmS for both citrate and 

Tween 80 cultured cells, given the relative down regulation of this protein in experiment P2 when 

compared to experiment P1.  Taking P1 and P2 observations together, it is suggested that tight 

regulation of carbon flow between catabolism and anabolism is mediated partly through the role of 

GlmS regulation. 

4.3.5.5 Central glycolytic pathways 

Highly expressed proteins of this group were Zwf, DhaK_2, RipA/RpiA_2, K0NAP4, Pdh proteins (A, B, 

C & D) that were from citrate Vs control comparisons (Fig. 4.18).  In the case of Tween 80 Vs citrate 

Zwf, PpdK, Fba_2, Pyk, and DhaK_2, were upregulated (FC>1.5).  Otherwise the glycolytic proteins 
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were expressed at levels similar to the control, noting that most of the glycolytic enzymes were highly 

abundant in both tests and control CFEs. 

Lower expression of the pyruvate dehydrogenase proteins in Tween 80 CFE was also observed in 

experiment P1.  

4.3.5.6 Carbohydrate related metabolism 

As noted above, Glucose-1-phosphate adenylyltransferase (GlgC) was highly upregulated protein in 

citrate Vs control comparison whereas in Tween 80 Vs control comparison GlgC, Tagatose 1,6-

diphosphate aldolase (LacD/LacD2) and Intracellular maltogenic amylase (BbmA) were highly 

upregulated proteins.  Detailed comparison of all other proteins regulated in different growth 

conditions is indicated in Fig 4.19.  This shows that there are several proteins which had expression 

profiles in Tween 80 and citrate CFEs similar to those seen in experiment P1 (TreA, IolS, AldB, K0NCZ6, 

Act, PflB, Pox5, AckA) and Pta showed upregulation in Tween 80 as well as citrate, in contrast to 

experiment P1.   

However, several proteins detected in experiment P1 were absent in P2 in all conditions:  all of the Iol 

operon proteins, UlaG, GlpO, GlpK and FruK_2 (tagatose-6-phosphate kinase/1-phosphofructokinase).  

The majority of the Iol proteins were moderately abundant in P1 in citrate CFEs and would be expected 

to be detected if expressed similarly in P2 cells, noting that the inositol pathway interfaces with several 

key metabolic pathways (nucleotide synthesis, fatty acid metabolism and end-product formation).    

Furthermore, several proteins that were detected in experiment P2 were absent in P1:  yvdK protein 

(domains suggest maltose phosphorylase, galactose mutarotase and uncharacterised glycosyl 

hydrolase activities) (down regulated in citrate CFEs); BbmA; BdhA (Butyrate dehydrogenase); LacG; 

GlgA, GlgB and GlgP.  The GlgA-D proteins convert α-D-glucose-1-phosphate into storage 

carbohydrates, starch and glycogen, and GlgP reverses this by converting storage carbohydrates 

directly into α-D-glucose-1-phosphate (KEGG Starch and Sucrose Metabolism pathway).  In 

experiment P1, the two sub-units of glucose-1-phosphate adenylyltransferase proteins, GlgC and D, 

which produce ADP-glucose, were detected in all CFEs except TwD, with upregulation in citrate and 

TwCit.  This suggested that citrate cultured cells had the capacity to make storage carbohydrates.  

However, in experiment P2, all of the Glg proteins were upregulated in citrate CFEs, including GlgP, 

and only GlgC was upregulated in Tween 80 CFEs while the other proteins were down regulated 

relative to the control.   These observations suggest that citrate cultured cells continued to synthesise, 

and turnover, storage carbohydrates.  BbmA was highly upregulated in Tween 80, less so in citrate, 
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and Agl (α-glucosidase) was more highly upregulated in Tween 80 P2.   Together these data suggest 

greater turnover of storage carbohydrate in P2 cells, with degradation favoured in Tween 80 cells. 

Other key changes between P2 and P1 proteins were:  proteins in the tagatose degradation operon, 

LacA-D, were all suppressed relative to the control in citrate/TwCit in P1, whereas in both citrate and 

Tween 80, the detected proteins were expressed at levels above the control; ADH2 was upregulated 

only in citrate CFEs in P2; both Ldh proteins were upregulated in Tween 80 CFEs more so than for 

citrate cultured cells. 

The data, taken together, indicate considerable shift in carbon flow between 46h and 12 days of 

culture, as anticipated for movement into late stationary phase and the need to control carbon flow 

into energy producing pathways and synthesis of storage and structural polysaccharides (with a key, 

pivotal point around the fate of fructose-6-phosphate). 

4.3.5.7 ABC- and PTS-type transporters 

ABC-type phosphate/phosphonate transport system protein (K0NAI1) was highly upregulated in 

Tween 80 Vs control and citrate Vs control whereas highly repressed protein in Tween 80 Vs control 

comparison was Lipoprotein (MetQ_2) (Fig 4.20).  Most of the ABC transport system proteins 

upregulated in P1 showed expression levels similar to or lower than the control, including MsmK, 

which was highly upregulated in Tween 80 and TwD in P1, and the maltose-binding protein K0N3U4, 

which was upregulated in citrate and TwCit in P1 (noting that the abundance of this protein in P2 was 

10-fold higher than P1). The exceptions were upregulation of K0NAI1 (phosphate/phosphonate 

transport), K0MU90 (spermiding/purescine transport, PotA, in W56, Maltose/maltodextrin transport 

ATP-binding protein MalK in the GCRL163 genome annotation) and K0N8V6 (ATP-binding protein) in 

both Tween 80 and citrate CFEs.  OppA was highly abundant in all CFEs in P2, as well in P1, and was 

also detected at low abundance in the ECFs for control, citrate and Tween 80 cultures in P2.  OppA_2 

was only detected in TwCit at low levels in P1 but was in all CFE in P2 in moderate abundance, while 

OppF was not detected in P2. 

Most of the PTS transport system components for mannose/fructose/sorbose were NaN in the control 

and the majority of the 11 PTS proteins detected in this category were similarly expressed in Tween 

80 and citrate CFEs.  The exception was the PtsH (phosphocarrier) protein, which was abundant in all 

CFEs, upregulated in Tween 80 (FC=2.6) and citrate (FC= 1.6) CFEs.   

These data suggest that the P2 cells were metabolically less active in uptake of nutrients relative to P1 

cells, although proteins involved in peptide uptake remained abundant.   
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Fig. 4.16:   Protein (CFE) log ratios of lipid related metabolism (P2) 

sph Oleate hydratase, buk Probable butyrate kinase (BK) (EC 2.7.2.7) (Branched-chain carboxylic acid kinase), ptb Phosphate 

butyryltransferase, bfmBC Dihydrolipoyl dehydrogenase, hmgCS1 Hydroxymethylglutaryl-CoA synthase, bfmBAB 2-oxoisovalerate 

dehydrogenase subunit beta, gpsA Glycerol-3-phosphate dehydrogenase [NAD(P)+] (EC 1.1.1.94) (NAD(P)H-dependent glycerol-3-

phosphate dehydrogenase), bfmBB Lipoamide acyltransferase component of branched-chain alpha-keto acid dehydrogenase complex, 

K0N6M0 Probable fatty acid methyltransferase, fabH 3-oxoacyl-[acyl-carrier-protein] synthase 3 (EC 2.3.1.180) (3-oxoacyl-[acyl-carrier-

protein] synthase III) (Beta-ketoacyl-ACP synthase III), ilvE Branched-chain-amino-acid aminotransferase, bkr4 3-oxoacyl-[acyl-carrier-

protein] reductase 4, accC Biotin carboxylase, fabD Malonyl CoA-acyl carrier protein transacylase, accB Biotin carboxyl carrier protein of 

acetyl-CoA carboxylase, fabZ_2 (3R)-hydroxymyristoyl-[acyl-carrier-protein] dehydratase, acpP_2, acpP Acyl carrier protein, fabG 3-oxoacyl-

[acyl-carrier-protein] reductase, fabZ 3-hydroxyacyl-[acyl-carrier-protein] dehydratase, fabK Probable nitronate monooxygenase,  fabF 3-

oxoacyl-[acyl-carrier-protein] synthase 2 
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Fig. 4.17:   Protein (CFE) log ratios of cell wall biogenesis (P2) 

dacA D-alanyl-D-alanine carboxypeptidase dacA, rmlB  dTDP-glucose 4,6-dehydratase dltA  D-alanine-poly(phosphoribitol) ligase subunit 1 

(EC 6.1.1.13) (D-alanine-D-alanyl carrier protein ligase) (D-alanine-activating enzyme),  glmM  Phosphoglucosamine mutase, murA2,murA  

UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC 2.5.1.7) (Enoylpyruvate transferase) (UDP-N-acetylglucosamine enolpyruvyl 

transferase), glmU  Bifunctional protein, murE UDP-N-acetylmuramyl-tripeptide synthetase, galE  UDP-glucose 4-epimerase, K0N6R1 

Putative UDP-glucose 4-epimerase, glmS  Glutamine-fructose-6-phosphate aminotransferase [isomerizing] (EC 2.6.1.16) (D-fructose-6-

phosphate amidotransferase) (GFAT) (Glucosamine-6-phosphate synthase) (Hexosephosphate aminotransferase) (L-glutamine--D-fructose-

6-phosphate amidotransferase), rmlB_2 dTDP-glucose 4,6-dehydratase, murD  UDP-N-acetylmuramoylalanine-D-glutamate ligase (EC 

6.3.2.9) (D-glutamic acid-adding enzyme) (UDP-N-acetylmuramoyl-L-alanyl-D-glutamate synthetase), ddl D-alanine-D-alanine ligase (EC 

6.3.2.4) (D-Ala-D-Ala ligase) (D-alanylalanine synthetase), BN194_21350 dTDP-4-dehydrorhamnose 3,5-epimerase, spsk protein, dTDP-4-

dehydrorhamnose reductase family, rmlA Glucose-1-phosphate thymidylyltransferase 
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Fig. 4.18:    Protein (CFE) log ratios of central glycolytic/intermediary pathways (P2) 

zwf Glucose-6-phosphate 1-dehydrogenase ppdK Pyruvate, phosphate dikinase, fba_2 Fructose-bisphosphate aldolase, pyk Pyruvate kinase, 

dhaK_2 PTS-dependent dihydroxyacetone kinase,dihydroxyacetone-binding subunit, glcK Glucokinase, pfkA ATP-dependent 6-

phosphofructokinase (ATP-PFK) (Phosphofructokinase) (EC 2.7.1.11) (Phosphohexokinase) K0MTA8 Aldose 1-epimerase, GalM, rpiA_2, ripA 

Ribose-5-phosphate isomerase A (Phosphoriboisomerase A), pgcA Phosphoglucomutase, K0NAP4 Aldose 1-epimerase, tpiA 

Triosephosphate isomerase pdhD Dihydrolipoyl dehydrogenase, fbp Fructose-1,6-bisphosphatase class 3 (FBPase class 3) (D-fructose-1,6-

bisphosphate 1-phosphohydrolase class 3), pdhB Pyruvate dehydrogenase E1 component subunit gpmA2,gpmA 2,3-bisphosphoglycerate-

dependent phosphoglycerate mutase (BPG-dependent PGAM) (PGAM) (Phosphoglyceromutase) (dPGM), pgk Phosphoglycerate kinase, 

pdhC Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex, xpkA Probable phosphoketolase, eno 

Enolase (EC 4.2.1.11) (2-phospho-D-glycerate hydro-lyase) (2-phosphoglycerate dehydratase),  gnd 6-phosphogluconate dehydrogenase, 

decarboxylating pdhA Pyruvate dehydrogenase E1 component subunit alpha (EC 1.2.4.1), gap Glyceraldehyde-3-phosphate dehydrogenase, 

pgi  Glucose-6-phosphate isomerase 
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Fig. 4.19:  Protein (CFE) log ratios of carbohydrate related metabolism (P2) 
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ackA Acetate kinase (EC 2.7.2.1) (Acetokinase), pmi  Mannose-6-phosphate isomerase,  agaS Putative tagatose-6-phosphate ketose/aldose 

isomerase, manD N-acetylglucosamine-6-phosphate deacetylase, treA Trehalose-6-phosphate hydrolase. ldh1,Idh L-lactate 

dehydrogenase, lacG 6-phospho-beta-galactosidase, galK Galactokinase, lacD2, lacD Tagatose 1,6-diphosphate aldolase (EC 4.1.2.40) (D-

tagatose-1,6-bisphosphate aldolase) (Tagatose-bisphosphate aldolase), lacB Galactose-6-phosphate isomerase subunit lacB, lacA 

Galactose-6-phosphate isomerase subunit lacA, ADH2Aldehyde-alcohol dehydrogenase, ywcC Uncharacterized protein, bbmA Intracellular 

maltogenic amylase, yvdK Uncharacterized glycosyl hydrolase yvdK, pta Phosphate acetyltransferase, pflBFormate acetyltransferase, act 

Pyruvate formate-lyase-activating enzyme, pox5 Pyruvate oxidase, nagA N-acetylglucosamine-6-phosphate deacetylase, aldB Alpha-

acetolactate decarboxylase, glgP Glycogen phosphorylase, glgA Glycogen synthase,  glgD Glucose-1-phosphate adenylyltransferase,  glgC 

Glucose-1-phosphate adenylyltransferase, glgB 1,4-alpha-glucan branching enzyme, bdhA NADH-dependent butanol dehydrogenase A, ldh 

L-lactate dehydrogenase, lacD2_2,lacD Tagatose 1,6-diphosphate aldolase (EC 4.1.2.40) (D-tagatose-1,6-bisphosphate aldolase) (Tagatose-

bisphosphate aldolase), lacX Protein lacX, plasmid,  K0NCZ6 L-2-hydroxyisocaproate dehydrogenase, agl Alpha-glucosidase, iolS 

Protein IolS, mtlD_3mtlD Mannitol-1-phosphate 5-dehydrogenase, nagB Glucosamine-6-phosphate deaminase, galT Galactose-1-

phosphate uridylyltransferase (Gal-1-P uridylyltransferase) (EC 2.7.7.12) (UDP-glucose--hexose-1-phosphate uridylyltransferase), aldA 

Lactaldehyde dehydrogenase, K0N1L0 D-lactate dehydrogenase, putative,  
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Fig. 4.20:  Protein (CFE) log ratios of ABC type transporters (P2) 

rbsB D-ribose-binding protein, nodI Nod factor export ATP-binding protein I, K0N8V6 Uncharacterized ABC transporter ATP-binding protein 

YkpA, K0N6C9 ABC-type uncharacterized transport system, ATPase component, msmK Multiple sugar-binding transport ATP-binding protein, 

K0N3U4 Maltose ABC transporter, periplasmic maltose-binding protein, K0N3T6 Glycerol-3-phosphate ABC transporter substrate-binding 

protein, K0MU90 Spermidine/putrescine import ATP-binding protein PotA, metQ_2 Lipoprotein, oppA Oligopeptide-binding protein, oppD 

Oligopeptide transport ATP-binding protein, oppA_2 Oligopeptide-binding protein, glnQ_3 Glutamine transport ATP-binding protein, 

K0NAI1 ABC-type phosphate/phosphonate transport system, periplasmic component, K0N8H4 ABC transporter, permease protein, glnQ_4 

Glutamine transport ATP-binding protein  
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4.3.5.8 Citrate metabolism 

Genes associated with citrate metabolism are represented in Fig. 4.21.  In both Tween 80 Vs control 

and citrate Vs control comparisons oxaloacetate decarboxylase, alpha subunit (OadA) was highly 

abundant.  Citrate operon proteins (citC, D, E, F and X) were detected in citrate CFEs whereas CitC and 

CitX were NaN in Tween 80 and control CFEs.  Experiment P1 showed that citrate induced higher 

expression of the citrate metabolism proteins and that these proteins were also detected at a lower 

level of expression in Tween 80 CFEs. 

4.3.5.9 Amino acid related proteins 

Highly upregulated proteins were GlyA and Fpap_3 in citrate Vs control whereas in Tween 80 Vs 

control comparisons the PepQ protein was highly upregulated.  Details of other proteins unchanged 

or regulated at various levels in all growth condition is shown in Fig 4.22.   

4.3.5.10 Protein folding and turnover 

The 60 kDa chaperonin protein (GroL, GroEL) was shown as highly upregulated in the Tween 80 Vs 

control and citrate Vs control comparisons whereas in citrate Vs control the uncharacterised protein 

(K0N5T8) was highly upregulated (Fig. 4.23).  Among the repressed proteins was the ATP-dependent 

Clp protease proteolytic subunit (ClpP_2, ClpP) and the 10 kDa chaperonin (GroS, GroES) are indicated 

in Tween 80 Vs control and citrate Vs control comparisons. 

4.3.5.11 Proteins highly changed in regulation across different growth conditions 

(Experiment P2) 

Considering proteins with FC values˃2 as positive change, a number of proteins were detected in all 

three growth conditions of experiment P2 in this category.  In the Tween 80 Vs control comparison 

50S ribosomal protein L18 (K0N7F4, RplR, FC 11.84), 50S ribosomal protein L17 (K0N841, RpsQ, FC 

9.96), 30S ribosomal protein S11 (K0NCJ0, RpsK, FC 5.52) from ribosomal functional classs,  and Sensor 

protein CiaH (K0N319, FC 9.82) from the signal tranduction functional class and part of a two-

component response system, were on the top of the list (Annex. 2a).  

In the citrate Vs control comparison, an uncharacterised protein identified here as a MerR family 

transcriptional regulator (K0N833, FC 68.26), oxaloacetate decarboxylase, alpha subunit (K0MWI8, 

OadA, FC 46.58) from citrate metabolism, malonyl CoA-acyl carrier protein transacylase (K0NBT1, 

FabD, FC 13.74), 3-hydroxyacyl-[acyl-carrier-protein] dehydratase (K0NBS8, FabZ, FC 12.05), 3-



108 
 

oxoacyl-[acyl-carrier-protein] reductase 4 (K0N799, Bkr4, FC 12.04) from lipid related metabolism 

fucntional class were highly upregulated proteins in additon to many others listed in Annex. 2c.  

Comparison of Tween 80 Vs citrate indicated CiaH (K0N319,  FC 15.04), Uncharacterized protein 

MJ0282 (K0N1T2) from cofactor related metabolism (FC 4.75), 30S ribosomal protein S3 (K0N7G5, 

RpsC, FC 4.43),  50S ribosomal protein L30 (K0MXS6, RpmD, FC 3.49) from ribosomal protein functional 

class were highly upregulated proteins (Annex. 2f).  Proteins that are unchanged (FC ˂2 but FC˃1) and 

those that are repressed (FC ˃1) in various growth conditions are represented in Annex. 2(b, d and f). 

Annexure 05 indicates proteins that are were not detected in one or more growth conditions of 

experiment P2 and also those that were detected in all three conditions of the experiment. 

4.3.6 Secreted proteins detected in experiment P2  

A summary of proteins detected in the ECF media for experiment P2 and for the acid stress experiment 

reported in Chapter 5 is shown in Annexures 6 and 7.  A total of 107 proteins were detected in the 

different growth conditions.  Unimputed LFQ data was used to distinguish between the proteins that 

were specific to particular growth conditions and to identify proteins that were detected only in the 

ECF (Annexure 6) in comparison with those which were in both the CFEs and ECFs (Annexure 11).  In 

experiment P2, 89 proteins were detected whereas the remaining were exclusive to the acid stress 

experiment (which will be discussed in Chapter 5). Uncharacterised proteins were searched through 

the UniProt and its BLAST function, and they were assigned with putative names based on the 

available information (representing consensus of interpretation of potential function based on 

domain structure, across several strains of Lb. casei).  The presence of signal sequences in proteins in 

the ECF indicated that some of cytosolic proteins were translocated from inside to the outside of cells 

(Annexure 6), and identification of proteins that are transmembrane or likely to be surface located on 

the basis of coiled/coil domains was also noted from UniProt analyses.  The data were also evaluated 

in term of whether the relative levels of detection in the ECF reflected the level of relative expression 

of proteins in the CFE.  This evaluation related to assessing the degree of cell lysis that may have 

occurred to explain the presence of proteins that are normally considered to be cytosolic, including 

moonlighting proteins.  Overall analysis of the ECF proteome of  experiment P2 indicated that these 

proteins belonged to a variety of different functional classes:  cell wall biogenesis, amino acid-related 

metabolism, nucleic acid/nucleotide metabolism, lipid related metabolism, DNA replication-related 

proteins, protein folding/turnover, cell defence/detoxification, general prediction or 

unknown/uncharacterised, carbohydrate-related metabolism, central glycolytic/intermediary 

pathways, tricarboxylic acid pathway, transcriptional regulation, tRNA aminoacyl synthesis and 

protein translation (elongation).   Many of the known moonlighting proteins, such as enolase,  
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Fig. 4.21:  Protein (CFE) log ratios of citrate metabolism (P2) 

Pyc pyruvate carboxylase, OadA oxaloacetate decarboxylase, alpha subunit, CitX apo-citrate lyase phosphoribosyl-dephospho-CoA 

transferase, CitF citrate lyase alpha subunit, CitEcitrate lyase beta subunit, CitD citrate lyase acyl carrier protein 
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Fig. 4.22: Protein (CFE) log ratios of amino acid related metabolism (P2) 

Asd Aspartate-semialdehyde dehydrogenase (ASA dehydrogenase) (ASADH) (EC 1.2.1.11) (Aspartate-beta-semialdehyde dehydrogenase), 

K0N7H2 Aspartate racemase, yjbG Oligoendopeptidase F homolog, pepN Aminopeptidase N, cysK Cysteine synthase,  

bG_2Oligoendopeptidase F, pepQ Xaa-Pro dipeptidase, pepV Beta-Ala-Xaa dipeptidase, K0N779 Oligoendopeptidase, pepF/M3 family, 

K0N7S0 Probable dipeptidase, glyASerine hydroxymethyltransferase (SHMT) (Serine methylase), gcvH Glycine cleavage system H protein, 

pepO_2 Neutral endopeptidase, aspC Aspartate aminotransferase, glnA_2Glutamine synthetase, yuxLUncharacterized peptidase yuxL, 

pepDB Probable dipeptidase B, fpaP_3 Proline iminopeptidase (PIP) (EC 3.4.11.5) (Prolyl aminopeptidase),  asnB Asparagine synthetase 

[glutamine-hydrolyzing] 1, K0MXA1 Probable dipeptidase, ssdA/gabD Succinate-semialdehyde dehydrogenase, pepC Aminopeptidase C, 

pepC_2 Aminopeptidase C 
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Fig. 4.23:  Protein (CFE) log ratios of protein folding and turnover (P2) 

K0N387 Peptidyl-prolyl cis-trans isomerase, clpP_2, clpPATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92) (Endopeptidase Clp), 

tig Trigger factor (TF) (EC 5.2.1.8) (PPIase), clpB Chaperone protein ClpB, hslU ATP-dependent protease ATPase subunit HslU, 

dnaKChaperone protein DnaK (HSP70) (Heat shock 70 kDa protein), prsA Foldase protein, clpE ATP-dependent Clp protease ATP-binding 

subunit, K0N5T8 Uncharacterized protein (ClpA/B domain), clpC Probable ATP-dependent Clp protease ATP-binding subunit, groL,groEL60 

kDa chaperonin (GroEL protein) (Protein Cpn60), groS,grES 10 kDa chaperonin (GroES protein) (Protein Cpn10),  clpB_2Chaperone protein, 

ftsH ATP-dependent zinc metalloprotease FtsH 
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glyceraldehyde-3-phosphate dehydrogenase and molecular chaperones, were detected in the ECF as 

well as the CFE.   

Although the level of cell lysis was not measured, it is likely that cell lysis was limited:  the total number 

of proteins in the ECF was low relative to the CFE and many of the highly abundant proteins in the CFE 

were not detected in the ECF, indicating that the presence of moonlighting and other (normally) 

cytosolic proteins in the ECF could not be fully explained by cell lysis.  DnaK, which was highly 

expressed in all P2 CFE but not significantly upregulated relative to the control, was significantly more 

highly detected in the ECF of both citrate and Tween 80 cultured cells.  Similarly, Pyk, PepO, GlcK and 

PtsH were all detected at higher levels in Tween 80 ECF; RpoC was only detected in the control ECF.  

This, again, emphasises the value of evaluating proteins in the ECF as well as the CFE to determine the 

overall expression levels of proteins.  Of particular interest was the detection of proteins in the ECF 

that were not in the CFE of one or more of the growth condition, as these proteins may have included 

those responsible for Tween 80 degradation, including hydrolase activity that may cleave oleic acid 

from the sorbitan moiety of the molecule (Table 4.2).  Many of the ECF proteins not detected in the 

CFE in P2 (Table 4.2) had signal peptides or transmembrane features, including anchor proteins, 

transporters and proteins involved in cell wall biogenesis.  Few proteins were detected that were 

unique to Tween 80 ECFs and a putative alternasucrase/glycohydrolase was also detected in the ECFs 

of the acid experiment.  An uncharacterised, 30.3kDa, secreted protein, K0N9Y1, was only detected in 

Tween 80 ECFs:  the corresponding gene is located within a region of the genome encoding several 

proteins involved in nucleotide sugar synthesis (Britz, personal communication).   Several proteins 

detected in the ECF in P2 were not detected in CFEs of P1; proteins that were detected in P1 are 

highlighted.  The ECF of P1 was not analysed. 

4.3.7 End-product analysis: volatile fatty acid and non-volatile compounds/acid (ppm by 

weight)  

 

Tables 4.3 and 4.4 show the results obtained for analyses of some of the volatile and non-volatile end-

products for experiments P1 and P2 respectively (analyses performed by the Central Science 

Laboratory of the University).   It is noted that this was a limited study which does not cover a broad 

range of expected end-products.  Comparing the level of metabolites for 46h of culture with starting 

concentrations, acetic and lactic acids were the main end-products detected in citrate and TwCit 

cultures in P1.  In contrast, the control, Tween 80 and TwD culture filtrates showed some increase in 

acetic acid but concentrations were significantly lower than for citrate and TwCit cultures, and lactic 

acid was the main end-product detected.  Although there was some increase in formic acid 

concentration seen in the control, formic acid was a minor product in all cultures.  Concentrations of  
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Table 4.2: Proteins found only in ECF of 12-day cultures of Lb. casei GCRL163 in mMRS basal medium without supplementation (control) or 

supplemented with citrate (Cit) or Tween 80 (Tw). Proteins were not detected in the cell-free extracts (CFEs) in one or more of the tests or controls.  Proteins 

marked in shaded cells were detect in the CFEs of P1. 

 

Gene number Protein ID 

number 

Name (W56 

genome 

annotation) 

Consensus name/s from UniProt and BLAST Functional class Signal 

peptide? 

Trans-

membran

e or coiled 

coil 

domains? 

Occurrence in 

ECF 

BN194_02820 K0N7S8 Uncharacterisedb Putative secreted protein; domain NLPC/P60, 

endopeptidase; cell wall-associated hydrolase 

cell wall biogenesis 

 

Y N Cit only 

BN194_21300 K0N472 Uncharacterised Predicted Zn-dependent protease Unknown – amino 

acid acquisition? 

Y N Cit only 

BN194_29460 K0N8D9 HtrA Serine protease, Do-like, HtrA Protein folding and 

turnover, chaperone 

N Y In all 

BN194_02430 K0N547 

 

Uncharacterised Alternansucrase, glycohydrolase cell wall biogenesis Y N Tw only 

BN194_29720 K0NDL4 ManX_5 proteinc PTS system mannose-specific EIIAB 

component 

Phospho-transferase 

systems 

N N Cit, Tw, Control 

BN194_07700 K0N2V5 Uncharacterised ABC transporter substrate-binding protein ABC-type transporter 

systems 

Y N Tw only 

BN194_25450 K0N7Y2 FimA protein Manganese ABC transporter substrate-binding 

lipoprotein; domains,  Adhesin B, Periplasmic 

solute binding protein, ZnuA-like 

ABC-type transporter 

systems 

 

Y Y Cit, Tw, Control 

BN194_26300 K0N883 Uncharacterised, 

MW 250 kDa 

LPXTG-motif cell wall anchor domain protein; 

adhesion 

Cell surface 

proteins/internalins 

N Y Cit 
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domain  

BN194_05290 K0MSU3 Uncharacterised Cell wall surface anchor family protein Cell surface 

proteins/internalins 

Y Transmem

brane 

Cit, Tw, Control 

BN194_05260 K0N2E5 YvcC protein Domain: von Willebrand factor, type A; anchor 

or pilin protein 

 

Unknown/ 

uncharacterized 

Or 

Cell surface 

proteins/internalins 

 

Y N Cit>Tw>Contro

l 

BN194_26010 K0N7F0 

 

Adenylate kinase Adenylate kinase Nucleic 

acid/nucleotide 

metabolism 

 

N N Tw>Controld 

BN194_22520 K0NBS8 FabZ proteinc 3-hydroxyacyl-[acyl-carrier-protein] 

dehydratase FabZ 

 

Lipid-related 

metabolism 

 

N N Cit only 

BN194_02540 K0MS94 

 

LytR protein Transcriptional regulator lytR Transcriptional 

regulation   

N Transmem

brane 

Cit only 

BN194_06990 K0MT67 Cold shock 

protein, Csp 

Cold shock protein 1 Transcription-

associated proteins 

N N Cit onlyd 

BN194_21380 K0N9Y1 Uncharacterised Uncharacterised Unknown/ 

uncharacterised 

Y N Tw only 

 
 

a  Detected in a minimum of two replicates in ECF of the specified medium; when the levels of detection varied, the order of LFQs is shown 
b GCRL163 genome RAST annotation:  2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase, domain similar to serine proteases 
c LiCl extraction data reported in Chapter 5 suggested surface location of FabZ when cells were cultured in MRSd Not detected in CFE of Control, low LFQ in Tw and Cit CFE
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succinic acid did not alter from day zero.   These observations are consistent with the proteomics 

reported for experiment P1 and prior reports on the major end-products from citrate metabolism in 

Lb. casei (Diaz‐Muniz et al. 2006).  Lactate dehydrogenase was highly expressed in all CFEs and more 

highly expressed in citrate and TwCit CFEs; citrate and TwCit CFEs showed upregulation of several 

proteins associated with pyruvate metabolism (Pdh complex, Pox5, Pta, AckA; Pfl and AldA) (Figs. 4.8 

and 4.9) as well as citrate metabolism (Fig. 4.11), which would suggest carbon flow into both acetic 

and lactic acids.   The Pta and AckA proteins were detected in Tween 80 and control CFEs but at 

relatively lower abundance, which may indicate that acetic acid accumulation was possible at a 

reduced capacity, as observed.  Although PflB was upregulated in citrate, TwCit and Tween 80 CFE 

relative to the control, suggesting that formic acid production was possible, the Act protein, which 

activates the Pfl enzyme, was only detected in TwCit cells.  Several peptidases and amino acid 

metabolism proteins were upregulated in citrate, TwCit and TwD cells, as were ABC transporters for 

polypeptides (Figs. 4.10 and 4.12), in experiment P1 the end-products did not reflect accumulation of 

degradation products (for example, succinic acid and branch-chain volatile fatty acids).  Like other 

lactobacilli species, strain GCRL163 is auxotrophic for several amino acids, which may suggest that 

peptide degradation and amino acid uptake was important for meeting these requirement in protein 

synthesis rather than for energy metabolism or lipid biosynthesis at this stage of growth.  Although 

the ADH2 protein was highly upregulated in citrate, TwCit and Tween 80 cells, ethanol was not a major 

end-product; analysis of acetaldehyde was not undertaken.  The bifunctional acetaldehyde-alcohol 

dehydrogenase can also participate in several pathways, including lipid degradation and butyrate 

metabolism (KEGG pathways).  It has also been reported that this protein plays a role in deactivating 

Pfl in E. coli (Kessler et al. 1991):  a similar role of ADH2 in Lb. casei remains to be explored.  

 

In experiment P2 (Table 4.3), after day 2 the major end-products detected in Tween 80 cultures were 

acetic, formic, lactic and succinic acids, with propionic, isobutyric and isovaleric acids, and ethanol, 

detected as minor products.  The products of branched chain amino acid degradation increased over 

the period of incubation.  Citrate cultures showed similar trends but with lower levels of formic, 

isobutyric and isovaleric acids.  Lactic acid concentrations fell during the period of incubation.  These 

data require validation, given the possible transposition of numbers that may have occurred in some 

instances in the control and citrate measure reported from the Central Science Laboratory.    

Proteomic data showed that the relative expression levels for proteins involved in pyruvate and citrate 

metabolism (Figs. 4.18-4.20) were similar in P1 and P2, with the exception of ADH2 (only being 

upregulated in citrate CFEs) and the Act protein (detected in both citrate and Tween 80 cultured cells 

in P2).    
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4.3.8 Fatty acid analysis of whole cells 

Fatty analysis of the whole cells indicates (Table 4.5) that important Omega 7 and Omega 9 fatty acids 

are present on the cell wall of the bacteria in experiment P1.  Omega 7 fatty acids (Palmitoleic acid, 

16:1 n-7) levels were high in cells cultured in TwCit (8.4%) and the control (6.5%) relative to other 

growth conditions. Another uncommon fatty acid (palmitvaccenic acid) 16:1(n-5) was also found in 

high percentages in TwCit (15.8%) and the control (11.5%) growth conditions whereas they were 

almost negligible in other growth conditions of experiments P1  and P2 (Tween and control).  Other 

noticeable fatty acids in P1 experimental conditions were mainly from omega 9 fatty acids (oleic acid), 

18:1(n-9) and omega 7 fatty acid classes, 18:1(n-7) (vaccenic acid). The highest proportion of oleic acid 

was observed in the cells grown on Tween 80 (52.7%). Vaccenic acid, 18:1 was another omega 7 fatty 

acid detected in higher proportions (33.3%) in TwCit and the control (22.5%) growth conditions of P1 

experiment however their low levels in experiment P2 indicates that these fatty acids are not common 

when bacteria are cultured for longer periods of time in starved conditions. In experiment P2,  an 

important fatty acid 10-OH-18:0 (10-hydroxy stearic acid) was detected at highest level (82.8%) in 

Tween 80 cultures and control cultures (38.9%).  In P1 experiment the highest level of this fatty acid 

was 27% in Cit.  Cyclopropyl C18:0 was detected in all P1 cells, with the lowest percentage in the control 

cells.  C15:0 fatty acids, which are likely synthesised from amino acid primers, were only detected in P2 

cell. 

4.3.9 Glycerol content analysis 

Glycerol metabolism and transport proteins were regulated in both experiments P1 and P2, which 

may have been related to the possible presence of glycerol in the media as well as phospholipid 

metabolism processes. Glycerol content in Tween 80 and control growth conditions of experiment P2 

are shown in Table 4.6. A small quantity of glycerol (0.066 mM) in the control was recorded whereas 

in the Tween 80 condition a relatively higher quantity (0.16 mM) was detected at day zero. Glycerol 

levels gradually decreased and were undetected at day 4 onwards.  When glycerol content in freshly-

prepared media was measured, similar levels were detected in both Tween 80 and the control media 

(data not shown), indicating that glycerol was present at very low concentrations in the media and 

would have been available as a growth substrate for cells.  4.3.10 Growth patterns of Lb. casei 

group isolates on Tween 80  

The ability of Lb. casei group isolates from different food sources (described in Chapter 3) to grow on 

Tween 80 as the only added C source in the control medium is summarised in Table 4.7.  Examples of 

the growth curves observed for the classes of growth kinetics shown in Table 4.7 are shown in 
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Table 4.3: End-product analysis (volatile fatty acid and non-volatile compounds) ppm by weight 
  in experiment P1  
   

                                                 Volatile fatty acids (ppm by weight) 

 

Non-volatile 

compounds/acids 

(ppm by weight) 

Hour

s of 

cultu

re 

Growt

h 

conditi

on 

Acet

ic 

acid 

For

mic 

acid 

Capr

oic 

acid 

Octan

oic 

acid 

Propio

nic 

acid 

Buty

ric 

acid 

Isobut

yric 

acid 

Vale

ric 

acid 

Isoval

eric 

acid 

Etha

nol 

Pyru

vic 

acid 

Lact

ic 

acid 

Succi

nic 

acid 

0 Tween 34 20 2 3 2 5 6 1 3 0 0.0 166

.2 

24.2 

0 Tween 

dosed 

31 24 1 3 1 3 5 0 2 0 0.0 134

.7 

20.7 

0 Tween 

citrate 

32 23 1 2 1 3 5 0 2 0 0.0 88.

7 

17.0 

0 Citrate 36 31 1 1 1 4 6 0 2 0 0.0 90.

9 

14.6 

0 Contro

l 

25 20 0 1 1 3 5 0 1 0 0.0 149

.3 

23.3 

46 Tween 62 27 1 2 1 3 5 0 2 0 2.2 311

.8 

13.0 

46 Tween 

dosed 

81 35 1 2 1 4 6 0 2 0 0.0 337

.1 

19.7 

46 Tween 

citrate 

595 31 0 2 1 3 5 0 4 4 7.4 226

.4 

15.5 

46 Citrate 841 27 1 2 2  4 7 0 3 0 4.1 211

.4 

16.9 

46 Contro

l 

90 44 0 1 1 4 6 0 2 1 1.4 256

.0 

22.1 

Note: Yellow highlights indicate significant figures observed in particular growth condition in all tables 

Table 4.4:  End-product analysis (volatile fatty acid and non-volatile compounds) ppm by weight 

in experiment P2 
Growth 

condition/

Days of 

culture 

Volatile fatty acids (ppm by weight) Non-volatile 

compounds (ppm by 

weight) 

Tween 80 Acet

ic 

acid 

For

mic 

acid 

Capr

oic 

acid 

Octan

oic 

acid 

Propio

nic 

acid 

Buty

ric 

acid 

Isobuty

ric acid 

Vale

ric 

acid 

Isovale

ric acid 

Ethan

ol 

Pyru

vic 

acid 

Lactic 

acid 

Succi

nic 

acid 

0 48 0 2 5 6 16 7 2 2 0 82.8 128.7 124.1 

2 167 46 2 3 5 15 7 1 3 3 58.0 665.6 74.6 

4 385 251 1 4 8 8 9 1 7 15 4.9 222.0 92.5 
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6 937 435 2 3 19 15 27 1 31 29 19.6 297.6 254.1 

8 105

7 

371 4 7 24 18 52 3 62 24 11.5 164.5 273.8 

10 126

9 

333 1 4 27 17 80 1 88 22 7.5 139.0 304.6 

12 109

2 

183 1 2 27 16 92 1 99 15 3.3 78.7 271.1 

Citrate 
             

0 43 33 0 0 3 12 5 0 2 0 0.0 97.4 123.2 

2 707 47 1 1 3 11 5 0 2 0 70.0 797.7 152.7 

4 108

6 

180 1 2 9 13 8 0 10 20 30.0 540.3 282.9 

6 988 176 1 3 10 11 8 1 12 20 28.1 370.9 354.9 

8 856 103 2 3 12 11 11 1 15 24 0.0 104.5 284.2 

10 141

7 

74 1 2 21 17 20 1 28 12 0.0 15.4 58.5 

12 120

1 

14 1 0 21 16 20 1 27 6 0.0 23.9 306.4 

Control 
             

0 10 0 0 0 0 0 0 0 0 0 16.8 42.8 16.0 

2 82 15 0 0 1 0 5 1 2 0 8.6 83.0 14.3 

4 412 32 0 0 8 3 22 0 7 0 19.4 16.3 207.0 

6 280 6 0 0 7 7 24 0 9 4 0.0 14.2 5.8 

8 160 0 0 0 7 6 20 0 9 0 0.0 9.5 192.1 

10 132 0 0 1 7 7 24 0 11 0 0.0 6.8 4.8 

12 63 0 0 0 6 6 20 0 10 0 0.0 5.4 6.0 

 

Table 4.5: Fatty acid composition of whole cells expressed as a percentage of total fatty acids 

  detected in each sample for experiments P1 and P2 
    Percentage Composition 

 
Experiment P1 Experiment P2 

 
Tween Tween 

dosed 

Citrate TwCitrate Control Tween Citrate Control 

Fatty Acid 
        

 12:0 1.1 1.2 1Ta.6 - - <0.1 0.2 0.4 
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 i13:0 - - - - - 0.1 1.4 0.4 

 a13:0 - - - - - <0.1 0.3 0.1 

 i14:0 - - - - - 0.1 0.9 0.9 

 14:1(n-7)c - - <0.1 0.5 - - 0.2 - 

 14:1(n-7)t - - - 0.3 - - - - 

 14:0 3.1 3.5 1.6 2.9 - 0.5 7.9 1.7 

 i15:0 0.1 - - - - 1.2 17.0 19.4 

 a15:0 0.1 0.1 - - - 0.7 12.2 8.7 

 15:0 0.2 0.1 - - 0.5 0.1 0.9 0.5 

 i16:0 - - - - - 0.1 1.1 2.5 

 16:1(n-7)c - - - - - 0.1 1.3 1.1 

 16:1(n-7)t 0.7 0.6 - 8.4 6.5 0.1 5.4 3.0 

 16:1(n-5) 0.1 0.3 - 15.8 11.5 <0.1 3.4 - 

 16:0 25.2 26.1 16.1 17.5 23.8 3.1 26.8 9.4 

cyclopropyl-16:0 - - - - - - - 1.6 

cyclopentenyl-16:0a - - - 0.5 - - - - 

cyclopentenyl-16:0b - - - - 0.3 - - - 

cyclopentenyl-16:0c - - - 6.4 0.8 - - - 

cyclopentenyl-16:0d - - - 1.8 1.5 - - - 

 i17:0 - - - - - 0.2 1.8 3.4 

 a17:0 - - - - - 0.0 0.5 0.4 

 17:1(n-8) - - - - - - 2.7 1.1 

 17:0 - 0.1 - - - <0.1 0.2 0.1 

 18:2 - - - - 1.1 - - - 

 18:1(n-9) 52.7 51.5 42.5 4.8 17.9 5.8 0.9 5.2 

 18:1(n-7) 0.8 1.3 - 33.3 22.5 0.1 7.0 0.7 

 18:0 1.5 1.3 1.2 2.5 5.1 1.0 2.1 0.9 

cyclopentenyl-18:0a - - - - - 0.1 - - 

cyclopentenyl-18:0b - - - - - 0.1 - - 

cyclopentenyl-18:0c - - - - 0.3 <0.1 - - 

cyclopentenyl-18:0d 0.6 0.6 0.6 0.6 0.6 0.6 - - 

 19:0 - - - - - - - 0.2 
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cyclopropyl-18:0a 14.2 14.2 10.9 1.9 6.6 0.7 4.9 1.1 

cyclopropyl-18:0b - - - 2.7 1.2 - 1.3 - 

 20:1 0.3 - - - - 2.7 - - 

 10-OH-18:0 (-hydroxy 

stearic acid) 

0.5 0.4 27.0 - - 82.8 2.3 38.9 

other - - - - - - - - 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

 

Table 4.6:  Glycerol content in Tween 80 and control culture media (experiment P2) 

 
Glycerol contents (mM) 

Days Control Experiment P2 (Tween growth condition) 

0 0.066 0.1627 

1 0 0.1309 

4 0 0.0931 

6-12 0 0 

 

Table 4.7:  Summary of growth patterns of Lb. casei group isolates on Tween 80 and control media.  

Growth was monitored over 13 days using the Bioscreen system (section 2.2.8).  

ID Source Speciesa  Control 

growth 

No 

growth 

above 

control 

High growth 

(High OD, no 

lag period) 

 

Intermediate 

growth (lower 

maximum OD, 

no lag period) 

  

Delayed 

growth (high 

maximum 

OD, 

long lag 

period) 

Rapid death 

(high maximum 

OD, no lag, 

rapid OD drop) 

4MP Cheese Lb. paracasei 

subsp. 

paracasei  

- + - - - - 

7MP Cheese Lb paracasei  - + - - - - 

9MP Cheese Lb. casei  - + - - - - 

19KB Fermented 

vegetable 

(Kimchi)  

Lb. casei  - - + - - - 

8MP Cheese Lb. rhamnosus  - - + - - - 

5MP Cheese Lb. casei  - - - + - - 

6MP Cheese Lb. casei  - - - + - - 

12MP Yogurt Lb. rhamnosus  - - - + - - 

SS2 Cheese Lb. paracasei  - - - + - - 

SS4 Yakult Lb. casei  - - - + - - 
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SS5 Yogurt Lb. casei  - - - + - - 

SS6 Yogurt Lb. casei  - - - + - - 

SS3 Fermented 

dairy drink 

Lb. rhamnosus - - - - + - 

13MP Yogurt Lb. paracasei  - - - - - + 

a  Closest identity from 16SrRNA gene sequencing, see Chapter 3   

 

Fig. 4.24.  All 14 isolates tested showed no significant growth in the control medium (peptone, yeast 

extract, salts).  Three of the strains failed to show changes in OD above the controls over the 13 days 

of culture, while the remaining strains showed different patterns of growth kinetics, in terms of lag 

phase and maximum OD600 reached.  There was no correlation between species or source of 

isolation and growth capability or pattern of growth, indicating considerable variability between Lb. 

casei group strains to utilise Tween 80.            

 

Fig. 4.24:   Examples of growth kinetics for Lb. casei group isolates when cultured on mMRS (peptone, 

yeast extract, salts) with or without Tween 80 supplementation. 
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4.4 Discussion 

4.4.1 Framework for data interpretation and analysis  

4.4.1.1  Proteomics, limitation and imputed values  

Proteomic analyses was used as a major tool in the studies reported in this Chapter, with heavy 

reliance on application of Perseus software (software version 1.5.031 http://perseus-framework.org/) 

for interpreting quantitative information obtained through mass spectrometry, including statistical 

analysis and normalisation of data that enables comparisons across complex datasets (Cox. J & Mann 

2012; Tyanova et al. 2016b).   This software is highly flexible and provides various options of filtering 

the data to eliminate misleading information and validate results statistically.  Application of stringent 

filtration criteria allows quantitation of large numbers of proteins and changes between expression 

levels in different test conditions, however this approach also limits the data analysis when important 

proteins are excluded from analysis as they were either below the detection level of the system or 

totally absent in one or more conditions being tested.   In order to allow statistical analysis for proteins 

where the LFQ intensity is below detection limits the software uses a value for these proteins by 

imputing a number from within the normal distribution otherwise detected for that protein.  We 

selected default settings for all analyses but recognised that some of the imputed values masked 

changes where the absence of detection was important in assessing repression of expression.  In order 

to check the integrity of system-generated (imputed) values, it was important to review the original 

LFQ intensity values and confirm that the imputed values were not higher than the original LFQ 

intensity values detected by the MS system.   In this study we have analysed the data using both 

approaches i.e. verification by manual data analysis and system-generated data analysis.  The 

fermentation conditions differed from prior experiments, which used biological replicates of three 

fermenters each inoculated from a starter culture prepared from a different single colony.  This 

approach had led sometimes to high variability between replicates, probably due to subtle difference 

in growth kinetics between each replicate fermenter and the observed impact of growth phase on the 

proteome of GCRL163 (Al-Naseri 2015).  Using technical replicates (triplicates taken from one 

biological replicate) resulted in tight clustering of replicate LFQ values and emulated the approach 

advised for comparing omics data across technologies (Cox & Mann 2012).   

Due to five different growth conditions tested in P1 and three growth conditions tested in P2 

experiment,  it was not possible to run each experiments with biological replicates as the laboratory 

did not have the capacity to set up triplicate fermenters simultaneously for all growth conditions.  

Accordingly technical replicates were used in P1 and P2 experiments. 

http://perseus-framework.org/
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4.4.1.2 Use of Lb. casei W56 proteome as the reference  

The proteome of Lb. casei W56 was used in this study for functional group sorting of the experimental 

data. During the course of this PhD study, the genome of GCRL163 was shotgun sequenced; the 

genome has not been closed (NCIB Accession: SAMN05949208).  The choice of strain W56 as the main 

comparator was reasonable in that an annotated genome was available, the strain history of use of 

this strain as a probiotic was recorded and the genome size and general features of W56 (Hochwind 

et al. 2012) are similar to the draft CGRL163 genome (Nahar et al. 2017b).  However, detailed genomic 

analysis (Britz, personal communication) indicated that a number of genes that were present in the 

GCRL163 genome, and on the genome of other Lb. casei strains such as BL23 and LOCK919, were 

absent in the W56 genome (of note, this includes Acetyl-CoA acetyltransferase/3-ketoacyl-CoA 

thiolase, EC 2.3.1.16, which is involved in the final step of fatty acid degradation, KEGG 

pathway[http://www.genome.jp/keggbin/show_pathway?map=map00071&show_description=sho

w]).  Furthermore, BLAST analyses showed that the highest similarity between GCRL163 proteins was 

sometimes much greater with proteins from other Lb. casei strains, notably LOCK919.  Comparative 

genomic studies of Lb. casei and related groups (Cai et al. 2009; Smokvina et al. 2013) indicated that 

approximately 2,800-3,100 genes encode proteins and the pan-genome consists of approximately 

4,200  ortholog groups, which includes around 1,800 ortholog groups in the conserved, core genome.  

The genomes across the Lactobacillus genus differ depending on the origin of strains (animal, plant, 

dairy), with smaller genomes often seen in strains from specialised environments such as the human 

GIT.  The genome of W56, with well characterised proteins in key metabolic pathways, provided an 

appropriate platform for data interpretation; challenges remain in dealing with the considerable 

number of uncharacterised proteins with no confirmed function.  The data sets in P1 and P2 contained 

541 and 407 filtered proteins respectively, which represented approximately 15-19% of the proteins 

encoded on the W56 genome (approximately 2,800 total). 

4.4.1.3 Assignment of presumptive protein function  

Known and highly homologous genes have clear identification in the Lb. casei W56 genome so that 

assignment of protein function can occur with high confidence.  However, many submitted names 

remain unreviewed and are based on sequence similarity and domain structures; BLAST analysis of 

protein sequences in UniProt often showed that presumptive names did not align with the majority 

of names submitted in other strains of Lb. casei and related species, given that many domain 

structures are found in proteins with multiple possible functions.  For example, the protein homologue 

of K0NB06, which was highly upregulated in Tween 80 and TwD CFEs in experiment P1, has a 

submitted name of Autoinducer-2 (AI-2) kinase in W56, based on the presence of domains found in 

http://www.genome.jp/keggbin/show_pathway?map=map00071&show_description=show
http://www.genome.jp/keggbin/show_pathway?map=map00071&show_description=show
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class II aldolases and adducins. These proteins have a variety of functions in metabolism, often as 

aldolases of phosphate sugars, and the majority of similar proteins in other strains of Lb. casei assign 

the class II aldolase name associated with carbohydrate metabolism rather than quorum sensing.  In 

the KEGG fructose-mannose pathway, the gene in W56 is identified as part of fucose metabolism.      

Where possible, presumptive functions were assigned to uncharacterised proteins based on 

UniProt/InterPro domain analysis and consensus across several strains of Lb. casei through BLAST, plus 

review of RAST assigned names in the draft GCRL163 genome.  Where possible, and when the 

proposed presumptive names had high similarity scores in BLAST results, the proteins were included 

in T-profiler data to determine the overall changes in abundance of proteins in functional classes.  

Assigning presumptive function to proteins is a recognised challenge in genome analysis (Zhao et al. 

2013). 

As noted in section 4.3.4.7, the assigned names of many transporters may not reflect the specificity, 

or lack thereof, of the ABC- and PTS-systems.  Similarly, assigned functions of enzymes may be 

misleading, given the broad substrate specificity shown for many of the enzymes involved in central 

carbohydrate metabolism in some species.  For example, (Arai et al. 2001) reported that Lb. casei L-

lactate dehydrogenase has broad substrate specificity while preferring pyruvate and oxaloacetate, 

and the activity of L-Ldh can be converted to D-hydroxyisocaproate dehydrogenase (D-Ldh) by a single 

amino acid mutation, noting that the wild-type L-Ldh showed catalytic activity towards hydroxy-acids 

with up to 6 carbons (Tokuda et al. 2003).  (LowKam et al. 2010) described “substrate ambiguity” in 

Streptococcus pyogenes in tagatose-1,6-bisphosphate aldolase (LacD), which lacked chiral 

discrimination and could cleave several isomers, including fructose 1,6-bisphosphate, psicose 1,6-

bisphosphate and sorbose 1,6-bisphosphate, to produce dihydroxyacetone and glyceraldehyde 3-

phosphate.  These authors suggested that the ability to utilise chiral variants allows adaptation to 

changing environmental sources of carbon.  Although similar substrate ambiguity has not been widely 

studied in lactobacilli, (Jung et al. 2013) showed from X-ray crystallography studies that the active site 

of D-galactose-6-phosphate isomerase (LacA, B complex) from Lb. rhamnosus could accommodate 

ribose and allose substrates, as well as the natural substrate tagatose-6-phosphate, and isomerise 

these to D-ribulose and D-psicose, indicating some degree of chiral tolerance.  These reports provide 

some context for interpreting the data from experiments P1 and P2, where the tagatose pathway 

enzymes were detected and more highly abundant in the control and Tween 80 cells and less 

abundant in cells cultured in citrate and TwCit (P1) in the absence of the normal inducer of lactose 

metabolism.  
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4.4.1.4 Lysis/fractionation methods 

CFEs were prepared by bead beating, where prior studies in our laboratory had shown that the 

number of cycles used was exhaustive (i.e. further cycles caused no further protein release) (Al-Naseri 

2015).  Both CFE and ECF data detected the presence of transmembrane proteins with a variety of 

functions, such as transporters and surface anchor proteins (Annexures 5 & 6).  However, it is likely 

that the fractionation methods used failed to detect many of the membrane or surface proteins 

present in cells.  Several methods have been used to explore the surface proteins in LAB, including 

extraction into LiCl or guanidine hydrochloride, trypsin shaving and use of other enzymes (such as 

mutanolysin), sometimes in combination with detergent treatments (Eslami et al. 2013; Espino et al. 

2014; Garrote et al. 2004; Lortal et al. 1992).  None of these methods alone are definitive in assigning 

compartment location of proteins due to inherent technical issues, including cell lysis and possible 

inaccessibility of membrane-imbedded proteins to trypsin digestion.   Detecting proteins in 

extracellular culture fluids   provided some information on secreted proteins, and those removed from 

the cell surface during incubation (mainly proteins associated with cell surface biogenesis and 

maintenance), but this data does not provide a complete picture of the secretome.  The ECFs were 

analysed only for P2:  it was clear that the control cells had a depleted proteome and after 12 days of 

incubation (37% fewer proteins than in Tween 80 and citrate CFEs), the Tween 80 and citrate cultures 

were also likely depleted of many nutrients.  Future research should include evaluation of the ECF at 

earlier growth phases, including exploring the surface proteins using available extraction and trypsin 

shaving approaches, to inform the mechanisms of how Tween 80 degradation occurs, particularly in 

TwCit cultures where Tween 80 removal from the culture medium was significantly enhanced. 

4.4.1.5 Nutrients available in the mMRS medium 

The basal medium used as the control in this study contained no added carbon source (glucose or 

lactose acetate, citrate, Tween 80) and had salts, peptone and yeast extract.  Some growth was 

observed in the control in both experiments P1 and P2 (Fig. 4.1).  The observed increases in OD600 

were higher than seen by Al-Naseri (2015), who cultured GCRL163 in phosphate buffered mMRS 

anaerobically in bottles rather than fermenters; better growth in fermenters may relate to better 

availability of nutrients due to mixing or differences in endogenous carbon sources in batches of 

peptone and yeast extract.   However, when new Lb. casei group isolates were screened for growth 

on Tween 80 mMRS, all of these strains showed negligible growth in the Bioscreen control cultures 

(section 4.3.10), which was similar to kinetics reported by (Al-Naseri 2015).  Proteomics data provided 

some evidence that glycerol related enzymes (glycerol kinase, glycerol-3-phosphate dehydrogenase) 

were induced during the experimentation, and analysis of freshly prepared media and P2 culture fluids 



126 
 

detected low quantities of glycerol (up to 15 ppm).  Furthermore, Bridson and Brecker (1970) reported 

that yeast extract contains carbohydrate, which is present at 8.2g/100g - or equivalent to 0.033% in 

mMRS - noting that the carbohydrates present consist largely of mannose, glucose and trehalose.  

Although well below growth-limiting concentrations of glucose reported for strain GCRL163 (Hussain 

et al. 2009a), the nutrients in mMRS may contribute to some cell turnover in the absence of added 

carbon sources and hence influence the baseline expression of proteins in the control as well as tests.  

A minimal medium for strain GCRL163 was not available, however, the addition of citrate, and Tween 

80 plus citrate, clearly stimulated further growth so that proteomic changes can presumably be 

attributed to the experimental conditions relative to the control to identify condition-specific 

differences in protein abundances.  Importantly, statistical analyses allowed two-way comparisons to 

be made (one test condition against the control) but the data needed to be reviewed to determine 

when proteins, or groups of proteins, were common across conditions and when these were 

condition-specific or differentially regulated under one or more conditions.  

4.4.2 Proteomics of citrate utilisation  

Comparison of protein abundances in CFEs for citrate Vs control indicated that all of the citrate operon 

enzymes were upregulated in experiment P1 (Annexure 1d; Fig. 4.11):   some of these proteins were 

also detected in Tween 80 and control CFEs but Cit C, F and X were in very low abundance or below 

detection levels, indicating the relative induction of the operon in the presence of citrate.  A citrate 

transporter that is located in the citrate operon of strain GCRL163 (CitN, Mg++/citrate complex 

transporter), which is a transmembrane protein, was not detected in any extracts.  There was no 

evidence that a CitH protein (Ca++-citrate transporter) was involved in citrate metabolism in the 

absence of an added carbohydrate, as had been reported by Mortera et al. (2013) for Lb. casei ATCC 

334 (Mortera et al. 2013), but this may be due to failure to detect membrane proteins in the CFEs in 

experiments P1 and P2.  Most of the citrate metabolism proteins were abundant in Tween 80 CFEs (P1 

experiment) with few exceptions (such as pyruvate carboxylase) where they were less abundant.  

Regulation of carbohydrate related metabolism proteins (ADH2, aldehyde-alcohol dehydrogenase FC 

33.54) and central glycolytic related proteins (Fructose-1,6-bisphosphatase class 3 FC 7.46) was also 

seen in this comparison for experiment P1 (Annexure 1d).  These findings indicate that citrate, 

carbohydrate and central metabolic pathways were upregulated when cells were cultured on citrate 

as the main energy source.     

In the citrate Vs control comparison, the highest protein upregulated was Putative TrmH family 

tRNA/rRNA methyltransferase (FC 42.89) from tRNA/Ribosome assembly/processing functional class 

in P1.  Most of other upregulated proteins, in addition to the citrate and glycolytic pathways, were in 
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amino acid and lipid related metabolism functional classes (Annex. 01b).  Similar patterns of 

expression were seen between experiments P1 and P2. 

A research study on Lb. casei ATCC 334 by Mortera et al. (2013)  involving Ca++- citrate metabolism 

stated that LAB utilise lactose as a carbon source to derive energy however in some instances these 

bacteria can use citrate, which is usually present in cheese curd, for metabolism (Mortera et al. 2013).  

In their study, they noticed carbohydrates/citrate co-metabolism occurred during late exponential 

growth and high biomass production, suggesting that citrate metabolism was involved in 

counteracting cytosolic acidification from lactose use late in the growth cycle.  The citrate lyase 

enzyme plays a vital role in metabolism by acting on “splitting of internalised citrate in oxaloacetate 

and acetate” (Dudley & Steele 2005).   The latter authors described how most species of lactobacilli 

have a route that leads to production of malate, succinate and fumarate, which occurs in the 

tricarboxylic acid cycle of many species including Escherichia coli, but Lb. casei and other lactobacilli 

species only have part of the TCA cycle and cannot produce succinate by this route.  An incomplete 

TCA cycle in lactobacilli had been demonstrated previously by Morishita and Yajima (1995)  through 

assaying enzymes in the TCA cycle of several lactobacilli species (Morishita & Yajima 1995).  

Oxaloacetate decarboxylation produces pyruvate, which becomes part of the central pyruvate pool of 

the glycolytic pathway (Saier Jr et al. 2002; van der Rest et al. 1992).  Three enzymes involved in 

oxaloacetate-pyruvate interconversions were detected in P1 and P2:  OadA/PycB  (converts 

oxaloacetate to pyruvate) was more abundant in citrate and TwCit cultured cells in P1, and highly 

expressed in P2 citrate (FC=46 Vs the control) and Tween 80 CFEs (FC=4 Vs the control); Pyc (converts 

pyruvate to oxaloacetate) was more abundant in citrate and TwCit CFEs in P1, detected in all CFE in 

P2 at equal abundance; and PEP carboxykinase, which was in all CFEs except TwD in P1, equal 

abundance, and not detected in P2.  Other enzymes in pyruvate metabolism were detected in citrate 

and TwCit CFEs which support the conversion of citrate to oxaloacetate thence pyruvate, which is then 

converted via Pox5 and acetate kinase to pyruvate. Acetate kinase takes part in conversion of pyruvate 

to acetate and also produces energy (1 ATP from each molecule of pyruvate) which is enough for 

bacteria to survive and continue growth on the media supplemented with citrate alone as a major 

energy source (Dimorth 1982; Dimroth & Thomer 1989) .   Pyruvate is converted to acetyl-CoA (Pdh 

complex) then to acetyl-phosphate by phosphate acetyltransferase (Pta) thence to acetate by acetate 

kinase (Ack); alternatively, pyruvate is converted to L-lactate (Ldh) or to formic acid (plus acetyl-CoA) 

via Pfl.  This is supported by both the proteomic evidence presented in P1 and P2, as well as the 

metabolites detected (as reported in sections 4.3.4, 4.3.5 and 4.3.7).  Furthermore, AlsS (acetolactate 

synthase) and AldB (acetolactate decarboxylase), which together convert pyruvate to acetoin, were 

detected in all CFEs except TwD but both were more abundant in citrate CFEs only, not in TwCit.  



128 
 

Indeed, AlsS was present at very low levels in Tween 80 CFEs in P1 and abundance in TwCit was lower 

than citrate, indicating that Tween 80 repressed induction of this protein.   Acetoin levels were not 

measured in the present study and broader analysis of end-products may confirm further changes in 

metabolites produced under the experimental conditions used here, in particular informing how cells 

grown on Tween 80 manage carbon flow from pyruvate. 

The alternative routes from pyruvate to acetate seen in P1 and P2 generally align with the scheme 

proposed by (Diaz‐Muniz et al. 2006) for citrate utilisation by Lb. casei ATCC334, which was based on 

in silico analysis of genes and observed metabolites produced when this strain was culture in a 

“cheese” broth (CB).  However, the medium included growth-limiting concentrations of galactose and 

short-term incubation periods (16-18h) were used in fermenters:   the major end-products detected 

were L-lactate and acetate, with minor products of D-lactate, acetoin, formic acid, ethanol and 

diacetyl, with no succinic acid, butanediol or breakdown products from amino acids detected, where 

the major products could have been derived from the other carbohydrate sources in CB medium 

(galactose and lysed lactobacilli cells).  Transcriptomic studies on Lb. rhamnosus (Lazzi et al. 2014), 

which compared differences in gene expression for cells cultured in CB against MRS, produced 

evidence that the pyruvate oxidase pathway was activated in CB, underpinning a model of citrate 

conversion to pyruvate thence acetate via this route as well as through phosphotransacetylase (Pta).  

This paper claimed that this was the first report of these observation in Lb. rhamnosus.  We observed 

lactic and acetic acids were the main products from citrate metabolism in the absence of Tween 80 

and no added carbohydrate in P1, with succinic, formic and branch-chain volatile acids detected later 

in culture in P2, as metabolism switched to amino acid (and possibly lipid) degradation for energy 

production and cell maintenance.   Results reported in this chapter are the first report of the pyruvate 

oxidase route to acetate in Lb. casei and the first comprehensive proteomic mapping of all proteins 

regulated in pyruvate metabolism beyond conversion to acetate. 

4.4.3 Identification of MerR family of transcriptional regulators related to starvation 
 stress response 
 

When comparing across the abundance levels of proteins in CFEs in P1, it was apparent that citrate 

repressed expression of several proteins in different functional classes, notably ribosomal proteins 

(which were more abundant in the control and Tween 80 CFEs in P1 and Tween 80 CFEs in P2).  One 

of the most highly down regulated proteins in citrate and TwCit CFEs in P1 was an uncharacterised 

protein which was identified here as a MerR family transcriptional regulation, K0N833, by BLAST and 

domain analysis.   High abundance of this protein in the control, Tween 80 and TwD CFE suggested 

that its expression is linked with starvation, where the presence of a metabolisable carbon source such 
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as citrate led to catabolite repression of expression.  This hypothesis is supported by the observed 

upregulation of K0N833 in citrate CFEs in experiment P2 (FC 68.26) (Annexure 2c), given that after 12 

days of culture citrate was likely utilised and cells had moved into a starvation state.  A second 

uncharacterised protein was also identified as a MerR regulator in P2, protein K0N6F6.  K0N833 was 

detected in the acid adaptation experiments reported in Chapter 5, but at low abundance and not 

regulated in acid adaptation, whereas K0N6F6 was only detected in experiment P2.  Some other 

transcriptional regulatory proteins were also found exclusively upregulated in citrate in P1 and P2:  

phosphate transport system regulatory protein (PhoU, K0MTZ9) and a GntR family of transcriptional 

regulators (YvoA, K0N9L8) (not detected in TwD, suppressed by Tween 80 in TwCit) and were 

undetected in Tween 80 CFEs in P2, citrate showing their specificity to citrate metabolism.  Regulators 

impacted by growth on citrate, or Tween 80, have not been documented and this is also important in 

future studies once the genome of GCRL163 is closed. 

It is well known that bacterial gene regulation is dependent on recognition of the promoters by RNA 

polymerases, which initiate transcription (Browning & Busby 2016).   Mechanisms of transcription are 

adjustable by the bacteria in response to changing environments using different regulatory processes 

associated with the functioning of RNA polymerase or replacing whole promoter sets used by the RNA 

polymerase for attachment (Browning & Busby 2016), which allows gene expression modulation and 

rapid adaptation (Counago et al. 2016; Galperin 2006).  It is further described that stress responses to 

various factors such as overload of metal ions, redox stress and xenobiotic is controlled by the MerR 

family of transcriptional regulators (Brown et al. 2003; McEwan et al. 2011).  Papadimitriou et al. 

(2016) mentioned in a review that according to a study by (Solioz et al. 2011) LAB are not well 

characterised for metal ion resistance mechanisms and the latest information is only available related 

to streptococci.  It has been reported that there are three different types of transcriptional regulators 

that are detected in bacteria in relation to metal ions concentration: “derepressors (ArsR-SmtB, CopY, 

and CsoR-RcnR families), activators (MerR family), and corepressors (Fur, NikR, and DtxR families)”  

(Merchant & Spatafora 2014).  MerR regulators were named originally due to their role in heavy metal 

ion resistance but the majority of MerR regulators which are not involved in heavy metal ions remain 

largely uncharacterised and are regarded as an important area of future research (Pool 2011).   The 

MerR family of transcriptional regulator proteins are recognised as AdhR proteins in Gram positive 

bacteria, which includes members of lactobacilli, Bacillus subtilis and clostridia, whereas these are 

known as NmlR in Gram negative organisms.  These regulators (MerR) are not related to heavy metal 

ion binding due to the absence of “C-terminal metal binding sites and large sensor regions” and 

therefore attaches to the “IR sequences that flank -35 promoter elements of their target genes” 

(Counago et al. 2016).  MerR regulators are understood to improve RNA polymerase binding to 
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promotor regions through DNA configuration changes which improve binding to promoter regions 

where the spacing between the -35 and -10 region is suboptimal (Brown et al. 2003). Although MerR 

regulators are known to be involved in stress responses in some bacteria (Korostelev et al. 2016), the 

role of this class of regulator in lactobacilli has not been explored and this is an area of future research 

in context of starvation stress responses in Lb. casei.  Approaches which may be fruitful would include 

gene inactivation and subsequent studies on cell survival, utilisation of amino acids following 

depletion of added carbon sources and alteration of gene expression in deletion mutants through 

proteomics or transcriptomics. 

4.4.4 Co-metabolism of Tween 80 and citrate 

The results of the study in experiment P1 indicated that when Tween 80 and citrate are present 

together there is a co-metabolism of Tween 80 and citrate that results in faster growth compared to 

when the bacteria are cultured only on Tween 80 or citrate, as evidenced from the growth curves (Fig. 

4.1a), and more Tween 80 consumption (Fig 4.2a).  Proteomics has indicated that in case of TwCit Vs 

control comparison, the highest FC observed were for pyruvate carboxylase subunit (FC 46.96), citrate 

lyase alpha chain (FC 28.37) from citrate metabolism functional class and citrate lyase acyl carrier 

protein (FC 39.84) from tRNA/Ribosome assembly/processing functional class (Annex. 1e).  Other 

proteins that were upregulated were mostly from citrate metabolism, carbohydrate related, central 

glycolytic metabolism and uncharacterised functional classes (Annex. 1e).  It was also observed that 

the overall the number of proteins that were upregulated (i.e having FC values ˃2) were more in TwCit 

Vs control compared to the total number of upregulated proteins in Tween 80 Vs control comparison, 

supporting the contention of co-metabolism of Tween 80 and citrate when they are present together 

in the growth media.  In the case of Tween 80 Vs control comparison (Annexure 1a), and all other CFE 

comparisons, higher FC values were noted for protein ADH2 (aldehyde-alcohol dehydrogenase) (FC 

22.16 for Tw Vs control comparison) from carbohydrate related metabolism functional class.  Protein 

autoinducer-2 (AI-2) kinase (FC 3.65) was found in Tween 80 Vs control comparison (repressed in 

Tween 80 citrate Vs control FC 1.39, Annex. 1f).  Sequence analysis using BLAST algorithm of NCBI 

indicated that this protein (autoinducer-2 AI-2 kinase) has 99.6% similarity to class II aldolase/adducin 

domain (Lb. casei LOCK919), which is assigned as part of fructose/mannose interconversions in KEGG 

pathways as part of fucose metabolism – an observation that may inform how Tween 80 in the media 

is utilised by cells.  Changes in cell wall biogenesis, storage polysaccharide synthesis and control of 

central metabolism (through GlmS regulation changes) are also noticeable in Tween 80 growth 

condition.  Also, lots of transporters are up in TwCit relative to Tw, for ABC and PTS systems, some of 
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which are probably related to Tween 80 degradation and uptake of the sorbitan moiety as well as fatty 

acids. 

4.4.5 Tween 80 supresses lipid related metabolism  

Lipid related metabolism proteins in the presence of Tween 80 relative to the control conditions are 

repressed, as indicated on the heat map (Fig. 4.15) that was generated based on log ratios (t test 

differences).  It was indicated in the results section that fatty acid synthesis enzymes are repressed in 

the case of Tween 80 Vs control comparison of both experiments and TwCit, TwD in P1.  Unimputed 

data indicated that in case of Tween 80 Vs control a few lipid-related proteins were even below the 

detection level of MS system or totally absent in P1 and more enzymes were undetected in Tween 80 

in P2.  This is in contrast with citrate CFEs, which retained all of the enzymes in P2 that were detected 

in P1.  Lipid related protein oleate hydratase (Sph, K0N5Q0) was detected in all three conditions 

(unimputed data) in P2 and was also detected in experiment P1 (except TwD growth condition). 

According to UniProt, oleate hydratase is associated with catalysis of oleic acid to 10-hydroxystearate. 

High production of 10-hydroxystearic acid (82%) in experiment P2 in Tween 80 growth condition was 

noted and this is likely catalysed by the Sph protein (oleate hydratase).  Bifidobacteria have been 

reported to produce 10-hydroxystearic acid by converting oleic acid which is a natural compound 

found in vegetable oils (O'connell et al. 2013).   A probable fatty acid methyltransferase (K0N6M0) was 

detected in all CFEs in P1, except TwD, and it was most abundant in the control.  It is likely that the 

concencentration of Tween 80 in the TwD fermenter was toxic, given that the induction of several 

chaperone and stress-related proteins and there was evidence that the cells went into salvaging 

metabolism for nucleic acids, resulting in shutting down expression of many proteins, including 

K0N6M0.  The proportion of cyclic variants of oleic acid in TwD spent medium were similar to those 

seen for Tween 80 cultured cells, demonstrating acitivity of K0N6M0 prior to Tween 80 dosing.   

Proteomic changes in Lb. casei GCRL163 (stationary phase) were previously investigated under lactose 

starvation and using different lactose concentrations using the modified MRS (mMRS) medium with 

and without Tween 80 supplementation in the growth media (Al-Naseri et al. 2013).  Results reported 

indicated that the presence of Tween 80 under carbohydrate starvation conditions repressed the 

proteins related to the fatty acid metabolism, however their media was also enriched with citrate and 

acetate that might have participated in development of particular expression levels of these proteins.  

Subsequently, Al-Naseri (2015) compared the proteomes of cells grown in Tw and TwCit in mMRS  

lacking glucose and acetate.  Howeverk, he was unable to test the control for proteomics due to 

insufficient biomass generation as the experiments were conducted in the bottles using phosphate 

buffers to control the pH of the medium, possibly causing osmotic stress in cells.   In these 
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experiments, it appeared that Tw relative to TwCit promoted fatty acid synthesis proteins, in contrast 

to the results reported by Al-Naseri et al. (2013).  However, when comparing P1 and P2 against the 

control, it was clear that the presence of Tween 80 in both alone and in TwCit suppressed fatty acid 

synthesis relative to the control lacking citrate and Tween 80, explaining this anomaly.  In both 

experiments P1 and P2, media used for bacterial growth were not supplemented with citrate and 

acetate also pH was controlled using appropriate acid and base without any need to add phosphate 

buffers in the media and therefore provided stronger evidence of repression of lipid related 

metabolism proteins.  The repression of lipid related metabolism may be due to breakdown of Tween 

80 causing release of oleic acid that later becomes part of the cell membrane (Al-Naseri et al. 2013; 

Corcoran et al. 2007).   

It has been demonstrated that if growth media is supplemented with C18 fatty acids then only oleic 

acid and vaccenic acid play a vital role to protect and enhance Lb. rhamnosus GG survival when the 

bacteria were exposed to the acid stress (Corcoran et al. 2007).  They demonstrated through fatty acid 

analysis of cell membranes that the lactobacilli cells grown on media containing Tween 80 had 

increased oleic acid content relative to the control.  Another study also reported previously that 

incorporation of Tween 80 in the growth media causes the oleic acid part of the molecule to be 

incorporated in the bacterial membrane (Johnsson et al. 1995).  It is shown that in P1 and P2 

experiment the levels of oleic acid (18:1, n-9) are highest in the cultures containing Tween 80 in the 

media (Table 4.4) compared to other growth conditions.  Another important fatty acid was vaccenic 

acid (18:1, n-7) was found in the TwCit and control culture of experiment P1, the production 

mechanism of which is not well characterised for anaerobic growth conditions.  Oleic acid was further 

converted (P2 experiment) to 10-OH-18:0 (10-hydroxystearic acid) with high quantities (82.8%) in P2 

experiment (Table 4.4).  Previously it has been reported that in a medium enriched with deuterium 

oxide, Pseudomonas converted oleic acid to 10-D-hydroxystearic acid (George & Schroepfeer 1966).   

4.4.6 Amino acid metabolim proteins 

Proteins related to amino acid metabolism were regulated in the experiments P1 and P2 (Tween 80 

Vs citrate) that provides evidence that Tween 80 presence in the media stimulates degradation of  

polypeptides in the media, uptake of peptides and use of amino acids in metabolism.  Another 

interesting pattern seen is that when more Tween 80 is utilised (Experiment P2) some of the 

peptidases (such as PepQ and PepN) were detected as upregulated in late stationary phase cultures, 

as indicated by the increased log ratios and FC values relative to early stationary phase cultures (i.e. 

compared to experiment P1) as shown in Fig. 4.24. The only exception was aspartate racemase 

(K0N7H2), the level of which was higher in P1 compared to lower level in P2.  UniProt search indicated 
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that this protein is involved in cellular amino acid metabolic processes.  As reviewed recently (De 

Angelis et al. 2016) various research studies (Di Cagno et al. 2006; Koponen et al. 2012; Suokko et al. 

2008; Wu et al. 2011b; Zhai et al. 2014) have shown that stationary phase cells of Lb. casei, or cells 

that are cultivated under acid or starvation stress conditions, obtain some energy from free amino 

acids. (Hussain et al. 2009b) cultured Lb. casei strain GCRL163 in a semi-defined medium with 0.5% 

tryptone with growth-limiting lactose (0.2%) up to 46 days and showed that the peptides present 

initially in the medium were largely metabolised over the growth period, providing evidence of 

peptide utilisation by starved cells. Peptidases such as PepQ, V and N were more abundant when 

Tween 80 is used by the cells for longer period of time in experiment P2 compared to experiment P1 

where changes in abundance of these peptidases relative to the control were not large (Fig. 4.24).  

Due to toxic effects of addition Tween 80 in TwD cultures, the majority of the amino acid proteins 

were supressed with the exception of a few that were more abundant (such as CysK, LuxS, PatB-2 and 

MtnN), again supporting the hypothesis of cells moving into a non-growing state in association with 

stress management. 

4.4.7 Central glycolytic/intermediary pathways, carbohydrate metabolism proteins  

Regulations of central glycolytic/carbohydrate metabolism enzymes is noted in Tween 80 and citrate 

culture in P2 experiment (compared to experiment P1) indicating that under prolonged starvation 

conditions, central glycolytic enzymes are stimulated and provide Lb. casei GCRL163 with energy to 

sustain viability.  Of note was the upregulation of pyruvate oxidase and acetate kinase, in addition to 

other enzymes involved in pyruvate metabolism, in experiment P1, which indicated that the early 

accumulation of acetate in citrate cultures was from metabolism via this mechanism.  It was reported 

that (Al-Naseri et al. 2013; Bove et al. 2012) Lb. casei GCRL163 and Lb. rhamnosus are involved in 

differential regulation of glycolytic enzymes under starvation condition as reported in a recent review 

paper (Papadimitriou et al. 2016).  Regulation of many glycolytic enzymes was noted in Lb. casei 

GCRL163 when subjected to lactose starvation in a study (Hussain et al. 2009a) suggesting survival of 

the bacteria in stressed environments.  In results sections it is indicated that various Pdh (A, B and C) 

proteins associated with central glycolytic/intermediary pathways of P1 and P2 are downregulated in 

Tween 80 growth conditions.  Another study reported (Bove et al. 2012) that growth of LAB bacteria 

under starvation increases catabolism of other sources (such as free amino acids, peptides, proteins, 

lipid, RNA, inositol and glycerol) that are alternative  carbon sources and are probably associated with 

the bacterial survival under harsh nutritional stress conditions.  The proteomic datasets produced in 

P1 an P2 were limited but provide some indication that both nucleotide metabolism and carbon 

scavenging from cell-surface polysaccharides may be occurring, given the upregulation of multiple 

sugar transporting systems in cultures with citrate, TwCit and Tw and the unexpected upregulation of 
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the Lac operon proteins (implying that galactose and isomers of this sugar are being metabolised).  

Some of these transport systems may be linked specifically to the presence of Tween 80 (e.g. MsmK) 

whereas many of these are common in their upregulation across the growth conditions relative to the 

control medium.  This aspect requires further evaluation in context of providing evidence of 

exopolysaccharide turnover. 

 

4.4.8 Tween 80 impacts on fermentation end products 

Tween 80 and citrate effect on production of volatile and non-volatile fatty acid is demonstrated.  In 

non-volatile fatty acid class acetic acid and formic acid were the major end products that were 

produced in Tween 80 and citrate growth conditions (Table 4.2 and 4.3).  In non-volatile fatty acid 

class lactic acid and succinic acid production was noted in Tween 80, Tween 80 dosed and citrate 

growth condition. It is mentioned in a research study that amino acids are catabolised by cheese 

microbiota to produce different types of volatile compounds (Bai 2014).  It is further reported that 

Cheddar cheese that has been produced from the milk inoculated with Lb. casei ssp. casei IFPL. 731 

and Propionibacterium shermanii NCDO 853 imparts flavour and proteolysis.  Volatile compounds 

were analysed in a study on Lb. paracasei I90 that resulted in 44 compounds out which 21 were 

associated with catabolisation of amino acid directly or indirectly (Peralta et al. 2013).  In cheese 

aroma compounds are mainly produced by amino acid catabolism, lactose breakdown, citrate and 

breakdown of other milk components such as ribonucleotides and vitamins (Ardö & Varming 2010).   

 

4.4.9 Protein folding and turnover related proteins 

Protein folding and turn over functional class proteins in case of Tween 80 growth condition are 

upregulated in experiment P2 (such as Tig, ClpB, ClpC, GroL,groEL and FtsH) whereas in experiment P1 

down regulation of these proteins was noted (Fig. 4.25).  In the case of experiment P1 the majority of 

proteins in this class were more highly expressed in the control CFEs, which indicates that the control 

cells were more highly stressed than the tests.  Notably there was a number of proteins upregulated 

in TwD with a FC>2 (ClpC, ClpE, GrpE and K0N5T8) in addition to proteins showing lesser levels of 

upregulation (HslO, ClpB, DnaK and GroEL).  The upregulation of chaperone proteins and associated 

proteinases linked to protein degradation in stress responses indicates that Tween 80 dosed cells 

demonstrated significant stress responses in comparison to control cells.  Proteins that were 

upregulated in the experiment P2 were:  tig, clpB, K0N5T8, clpC, groL groEL and FtsH whereas in 

experiment P1 these proteins were down regulated or unchanged indicating that the expression level 

of these proteins is growth phase related and Tween 80 consumption by the bacteria. 
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4.4.10 Moonlighting proteins in extracellular fluids 

Ina recent research study (Peng et al. 2017) five moonlighting proteins (PK, PGI, PGK, chaperonin 

GroEL and EF-TU) were identified from Lactobacillus using LC-Ms/MS with their possible role adhesion 

to the host.  Proteins secreted to the ECF having signal sequences and surface proteins that are 

attached to the cell wall are identified with the help of SDE and MALDI TOF MS (Celebioglu & Svensson 

2017).  These proteins are possibly associated with probiotic bacterial host interaction. Certain 

proteins (such as enolase, GAPDH) are believed to be located at the bacterial cell wall in commensal 

and pathogenic microorganisms (Kainulainen & Korhonen 2014) . These specific proteins are actually 

part of cytosol normally where they are associated with glycolysis process, however their presence is 

also reported to the outside of the cells through unknown mechanism (Kainulainen & Korhonen 2014).  

Proteins such as GroEL and HSP60 are known and studied since long times due to important roles 

played by them as ATP- dependent molecular chaperones (Jeffery 2018).  Western blotting technique 

has also been used in a research study (Glenting et al. 2013) to confirm the presence of glycolytic 

enzymes (GAPDH and enolase) on the cell surface of Lb. plantarum 299v with no evidence of signal 

peptide genes that could confirm the transportation of these enzymes outside the cell.  In our 

experiments glycolytic enzymes (enolase, GAPDH) and molecular chaperones were identified through 

proteomics in ECF related proteins (Annex. 6b).  A number of identified protein of experiment P2 had 

signal sequences or they were transmembrane location and they were only detected in ECF (not 

detected in CFE). These proteins were from different functional classes: cell wall biogenesis, 

cellsurface proteins, uncharacterised/unknown, transcriptional regulation. These ECF protein were 

also checked across their presence/absence in acid stress experiment that will be discussed in chapter 

5. Ribosomal proteins were not detected in ECF of experiment P2 which indicates that little lysis has 

occurred however transfer process of the glycolytic enzymes in the ECF is not known.  

4.4.11 Future work 

Further research in looking at the genomic analysis of Lb. casei GCRL163 useful to determine the genes 

that are altered in the starvation conditions and those that are related to the use of poorly utilised 

substrates such as Tween 80.  Lipid degradation proteins need to be worked on for further research 

to understand which proteins are involved in fatty acid degradation, interchange between isomeric 

forms and phospholipid synthesis.  Many of the proteins that were altered in abundance between 

conditions and over time were uncharacterised proteins with no known function.  Their location within 

the genome and pattern of regulation may inform how they contribute to pathways and substrate 

transport, given the ambiguity seen in genome annotation and multiple possible assignment of 

function based on domain analysis.  Proteomics on ECF of early stationary phase cells could be 
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performed in future to provide its comparison with late stationary phase cells (experiment P2) to know 

the proteomic differences of ECF between two culture conditions of Lb. casei GCRL163.    
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Fig. 4.24:  Amino acid related metabolism protein (Experiment P1 and P2) 
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Asd Aspartate-semialdehyde dehydrogenase (ASA dehydrogenase) (ASADH) (EC 1.2.1.11) (Aspartate-beta-semialdehyde dehydrogenase), 
K0N7H2 Aspartate racemase (EC 5.1.1.13), CysK Cysteine synthase (EC 2.5.1.47), PepQ Xaa-Pro dipeptidase (EC 3.4.13.9), PepV Beta-Ala-
Xaa dipeptidase (EC 3.4.13.-), YjbG Oligoendopeptidase F homolog (EC 3.4.24.-), K0N779 Oligoendopeptidase, pepF/M3 family, GlyA 
Serine hydroxymethyltransferase (SHMT) (Serine methylase) (EC 2.1.2.1), GlnA_2 Glutamine synthetase (EC 6.3.1.2), YuxL Uncharacterized 
peptidase yuxL (EC 3.4.21.-), PepC Aminopeptidase C (EC 3.4.22.40), PepN Aminopeptidase N (EC 3.4.11.2), YjbG_2 Oligoendopeptidase 
F, GcvH Glycine cleavage system H protein, AspC Aspartate aminotransferase (EC 2.6.1.1), FpaP_3 Proline iminopeptidase (PIP) (EC 
3.4.11.5) (Prolyl aminopeptidase), AsnB Asparagine synthetase [glutamine-hydrolyzing] 1 (EC 6.3.5.4), SsdA Succinate-semialdehyde 
dehydrogenase [NADP(+)] (EC 1.2.1.79), PepC_2 Aminopeptidase C (EC 3.4.22.40), K0N7S0 Probable dipeptidase (EC 3.4.-.-), K0MXA1 
Probable dipeptidase (EC 3.4.-.-), PepDB Probable dipeptidase B (EC 3.4.-.-), PepO_2 Neutral endopeptidase (EC 3.4.24.-), LuxS S-
ribosylhomocysteine lyase (EC 4.4.1.21) (AI-2 synthesis protein) (Autoinducer-2 production protein LuxS), PatB_2 Cystathionine beta-lyase 
PatB (EC 4.4.1.8), MtnN 5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 2 (EC 3.2.2.9) (5'-methylthioadenosine/S-
adenosylhomocysteine nucleosidase) (5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 1), ProC Pyrroline-5-carboxylate 
reductase (P5C reductase) (P5CR) (EC 1.5.1.2) (PCA reductase), AlsS Acetolactate synthase (EC 2.2.1.6), PatA_2 Putative N-acetyl-LL-
diaminopimelate aminotransferase (EC 2.6.1.-), PepS Aminopeptidase pepS (EC 3.4.11.-), Pcp Pyrrolidone-carboxylate peptidase (EC 
3.4.19.3) (5-oxoprolyl-peptidase) (Pyroglutamyl-peptidase I).       
     

 

Fig. 4.25: Protein folding and turnover related protein (experiments P1 & P2) 
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4.5 Conclusions 

Early stationary phase of Lb. casei GCRL163 cultures (P1 experiment) showed significant and more 

diverse overall proteomic changes in functional classes compared to the late stationary phase cultures 

of experiment P2, as indicated by the heat maps (Fig 4.26).  Differences in the time of harvesting the 

cells allowed detection of changes in major functional classes of proteins that represents variable 

trends between the two experiments (Fig 4.26).  Following are the main conclusions from this Chapter. 

 Although the number of strains examined was small, there was no correlation between 

species or source of isolation and growth capability or pattern of growth, indicating 

considerable variability between these Lb. casei group isolates to grow on mMRS containing 

Tween 80. Some strains of Lb. casei can grow on Tween 80, others cannot. 

 Co-metabolism of Tween 80 and citrate was evidenced when both are present in the media 

resulting in faster growth, more rapid Tween 80 consumption.  

 Tween 80 promotes peptide utilisation in the absence of other fermentable carbon sources. 

 MerR family of transcriptional regulators were discovered that were regulated under 

starvation conditions whether cells were cultured initially in Tween 80 or citrate and hence 

were related to starvation.  Citrate repressed expression of one MerR regulator that was 

otherwise detected in Tween 80, TwD and control cells. 

 The presence of Tween 80 stimulates amino acid related metabolism and suppresses lipid 

related metabolism proteins and some central glycolytic pathway proteins (relative to the 

control) suggesting that cells have the ability to utilise alternative carbon sources during 

periods of low nutrient availability. 

 Analysis of extractable, secreted and cellular proteins across the culture cycle for Tween 80 

cells may provide some further insight into the degradation pathway of Tween 80. 

 The presence of citrate in the media elevated the abundance of citrate metabolic enzymes, 

and those of the inositol pathway, and this supported growth on citrate as a main carbon and 

energy source. 

 Proteins detected in late stationary phase culture fluids included several secreted and 

membrane-associated proteins which were otherwise not detected in CFEs.  Some of these 

were condition-specific.  

 The absence of ribosomal proteins in the extracellular fluids indicated that there was not 

much lysis of the cells after incubation for 12 days.   

 Presence of oleic acid on the bacterial cell surface in Tween 80 culture indicates Tween 80 in 

the media is metabolised making oleic acid available for incorporation into cellular lipids.  
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 Tween dosing at exponential phase slightly increased the bacterial growth, however further 

addition of Tween 80 did not enhance the growth.  The proteome of TwD cells indicated 

depletion in many cellular proteins and showed induction of stress proteins. 

 

 

 

 

Fig: 4.26:   Combined heat map of P1 and P2 experiments 
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CHAPTER 5: Proteomic responses of Lactobacillus casei GCRL163 under acid 

stress 

5.1 Introduction 

Lactic acid bacteria play a dominant role in various food manufacturing processes. These bacteria act 

as starter cultures in food fermentation processes and hence are of significance mainly because they 

not only impart specific taste to the food but they also help to increase shelf life (Serrazanetti et al. 

2013a).  During food processing operations, LAB are exposed to many stressful conditions including 

acid stress (Schott et al. 2016).  In this chapter changes in proteomic profiles (CFE, ECF and LiCl 

extracts) of Lb. casei GCRL163 cells grown at different set pH (pH4.5 and 6.5) and uncontrolled pH 

conditions were investigated.  Unlike studies on acid stress that involved subjecting bacterial cell to 

acid shock (Broadbent et al. 2010b), in the present study bacterial cells were cultured in media with a 

uniform pH and proteomic differences between different growth conditions were recorded.  

Fermenters were used, and bacterial cells were grown under controlled growth parameters, collecting 

cells for CFE and concentrated ECF preparation.  Cell surface proteins were also extracted using LiCl 

and proteins were concentrated by either osmotic removal of liquid from extracts in dialysis tubing or 

by ethanol precipitation (see Chapter 2 for details of general methods).  Growth at pH 4.5 was used 

as an approach to standardising results as the analytical platform (HPLC-MS) and statistical analyses 

tools had changed since similar prior studies had been performed earlier at UTAS (Al-Naseri 2015) and 

thus was required to enable comparison across different data sets.  Growth under uncontrolled pH 

conditions also had not been investigated in this laboratory previously.  During the analysis of the 

extensive proteomic dataset reported in Chapter 4 it also became clear that secreted proteins 

(including cell surface proteins, LiCl extractable, or ECF proteins) could be of significant importance in 

relation to the explanation of Tween 80 use.  Accordingly, the analyses were performed so that surface 

and secreted proteins under acidic conditions could be compared with the proteins that are produced 

when bacterial cells are grown at neutral or uncontrolled pH.   

During growth LAB produce lactic acid as a major end product due to fermentation of sugars that 

works as an antimicrobial agent against other competing microbiota, however lactic acid also effects 

the physiological systems of LAB notwithstanding their acid tolerance capabilities (Even et al. 2002).  

Autoacidification processes reduce bacterial growth whereas in the case of longer acid exposure cell 

death may occur (Borges et al. 2014).  In the gastrointestinal tract LAB face acid stress due to the 

presence of HCl and gastric juice that cause the pH to drop to 2.0 to 4.0 (Borges et al. 2014).  Response 

of LAB to a particular stress depends on different factors such as bacterial species, type of strain and 

the environment (Serrazanetti et al. 2009).  Bacterial stress-sensing systems depend on regulatory 
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genes and their level of expression, which changes with alterations in their environments.  Cumulative 

effects of the genes associated with specific cellular mechanisms (such as transport, DNA metabolism, 

carbohydrate metabolism, amino acid synthesis and use etc.) play their role to enhance or reduce the 

bacterial ability to tolerate stress (Serrazanetti et al. 2009).  Use of the latest computation proteomics 

tools has provided a wider platform to analyse and quantify proteins from different experiments either 

by labelling or label-free approaches (Cox & Mann 2008).  Perseus has emerged as a comprehensive 

data analysis tool that has facilitated interpretation of complex proteomics MS data sets in a 

meaningful way for the researchers working in biological and biomedical projects, at a level of 

sensitivity and detail  that was not possible a decade ago (Tyanova et al. 2016a).  The data presented 

in this chapter provides evidence of different approaches used by Lb. casei GCRL163 in coping with 

adaptation to growth at low pH, at the level of cytosolic, cell surface and extracellular proteins, and 

highlights differences in metabolic responses when cells experience stress from uncontrolled pH in 

culture when moving into stationary phase. 

5.2 Material and methods 

5.2.1 Bacterial strain and starter culture preparation 

Pure cultures of Lb. casei GCRL163 strain was obtained from cryogenic frozen stocks by subculturing 

the bacteria on MRS agar for 48h at 37°C.  Anaerobic conditions were maintained using Anaerocult A 

system (Oxoid, Australia) during growth.  The starter cultures were prepared by suspending a single 

pure colony of Lb. casei GCRL163 strain into 200 ml of MRS broth. The cells were collected by 

centrifugation at 6,000rpm at 4°C for 10 min when the OD600 of the culture had reached between 1.5 

and 2.0.  Gram staining was performed, and bacterial morphology was observed under a compound 

microscope prior to inoculating the starter culture into fermenters (see Chapter 2 for details of 

General Methods). 

5.2.2 Experimental design 

Experiments were conducted in two phases i.e. experiment 1 (E1) and experiment 2 (E2).  In E1 Lb. 

casei GCRL163 was cultured (using four replicated fermenters for each of pH condition tested (pH 4.5 

and pH 6.5) and cells were harvested during the early stationary phase.  In E1 cells were extracted 

using LiCl, the filtered extracted dialysed to remove LiCl then proteins concentrated by removing 

solvent by osmotic extraction.  Each fermenter represented one biological replicate.  For E2, bacterial 

cells were cultured in fermenters with one additional pH level (uncontrolled pH) and three single 

fermenters were set up, i.e. pH 4.5, pH 6.5 and uncontrolled pH.  The biological material collected 

from each fermenter was later split into triplicates for processing representing three technical 
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replicates for each growth condition and fraction.  The cells in experiment E2 were harvested in late 

stationary phase, concentrated and samples of cells and filtered ECF were stored at -80oC until further 

processed.  Cells were used for preparing CFEs and LiCl extracts for proteomic analysis and for lipid 

analysis.  For LiCl extracts proteins in filtered extracts were concentrated by ethanol precipitation.  ECF 

were concentrated by membrane ultrafiltration and TCA precipitation for proteomic analysis.   

5.2.3 Growth conditions in fermenters 

Fermenter units were generally set up with 800 ml of MRS broth media for each growth condition 

tested in both experiments (E1 and E2).  Calibrated pH probes were prepared and used as per the 

manufacturer’s protocols before their installation into each fermenter vessel and temperature was 

set at 30°C.  Agitation speed of 100 rpm was maintained and pH was adjusted as required in each 

experiment (i.e. set points pH 4.5, 6.5 or uncontrolled).  NaOH (2 M) and sulfuric acid (10 %, v/v) were 

used to adjust the pH of the media automatically within the desired range during culture.  For 

uncontrolled pH, the initial pH was adjusted to 6.5 with no pH control arrangements over the 

fermentation run.  Nitrogen gas was sparged into each of the fermenter to create anaerobic growth 

conditions.  Fermenters were inoculated with a volume of starter culture (Lb. casei GCRL163) to give 

a starting OD600 reading in the range of 0.01 to 0.04.  Bacterial cells were collected by harvesting the 

cultures at 6,000 rpm for 10 min at 4°C.  From each fermenter 150 ml sample was used for CFE analysis 

and remaining 650ml was used for extraction of cell surface proteins.  For CFE preparation, cells were 

washed twice with Tris-HCl buffer (0.01M, pH7) and the OD600 was adjusted to 20 by suspending the 

cells in an appropriate volume of Tris-HCl buffer (0.01M, pH7).  For cell surface protein extraction using 

LiCl, bacterial whole cells were washed once with Tris-HCl buffer (0.01M, pH7).  The cells from all 

fermenters were preserved at –80°C until further analysis.   

After removal of cells by centrifugation, ECF were retained and filtered (0.2 µm, Millipore, Australia).  

The original volume of each ECF was concentrated 40-fold using an Amicon stirred cell with PLBC 

ultrafiltration discs, generated cellulose, 3,000 nominal molecular weight limit (NMWL,) 63.5 mm filter 

diameter (Merck PL, Australia).  Protein precipitation was carried out by mixing 1 ml of concentrate 

with 8 ml of analytical grade acetone (pre-chilled at -20oC) and 1 ml of trichloroacetic acid (TCA) (1:8:1) 

at -20oC for 4 min.  After adding each chemical, the reaction tubes were inverted to mix the contents 

thoroughly.  Precipitated proteins were collected by centrifugation at 11,500 rpm (4oC) for 15 min.  

Pre-chilled (-20oC) acetone was used to soak the protein pellet for 20 min followed by washing three 

times by resuspending the pellet in chilled (-20oC) acetone and centrifuging for 15 min at 11,500 rpm 

(-4oC).  After the final centrifugation, residual acetone was removed (through evaporation) by drying 

of at room temperature and contents were resuspended in Tris-HCl buffer (0.01 M, pH7.0).  Samples 
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were stored at -20oC until further protein analysis on nano-liquid chromatography-mass 

spectrometry/mass spectrometry (nanoLC-MS/MS) (Rajalingam et al. 2009; Sivaraman et al. 1997).  

5.2.4 Samples preparation for proteomics 

All methods related to sample preparation for proteomics are described in detail in Chapter 2.  Briefly, 

CFEs were obtained, whole cell samples were treated with LiCl, concentrated 100-fold using dialysis 

tubing (E1) or ethanol precipitated (E2) for cell surface protein extraction and ECF proteins were 

concentrated by acetone-TCA precipitation.  After estimating protein concentration using the BCA kit 

and checking protein profiles by 1-D-SDS-PAGE, samples were digested with trypsin for proteomic 

analysis on nanoLC-MS/MS for protein identification. The data was statistically analysed using Perseus 

software version 1.5.031 (http://perseus-framework.org/). 

5.3 Results 
 

5.3.1 Growth in fermenters  

Growth curves for Lb. casei GCRL163 in fermenters with different set pH are shown in Fig. 5.1.  

Averages of Log OD600 values for four replicated fermenters set up in E1 at pH 4.5 and pH 6.5 are 

represented in Fig. 5.1a and b respectively, whereas Log OD600 values shown in Fig. 5.1c, d and e are 

from each of the fermenter units set up at different pH levels (pH 4.5, 6.5 and UC) for E2.  For both E1 

and E2, cells cultured at pH 4.5 are growing at a slower pace relative to the control at pH 6.5 and the 

cells were harvested at early stationary phase, as indicated by the slope of each curve.   Specific growth 

rate (µ max, h-1) was 0.25 for pH 4.5 and 0.57 for pH 6.5 in experiment E1.  In experiment E2 the growth 

rate for cells cultured under uncontrolled pH (UC pH) were in the middle of pH 4.5 than pH 6.5, 

indicating a degree of growth inhibition when the pH was allowed to fall, and cells were harvested at 

late stationary phase relative to E1 experiment.  The µmax value for UC pH was 0.26 whereas these 

values were 0.31 and 0.48 for pH 4.5 and pH 6.5 respectively.  The pH of media dropped to between 

3.5 to 4 for UC cultures, which is consistent with prior reports for this strain where pH was measured 

(Al-Naseri 2015; Al-Naseri et al. 2013; Hussain et al. 2009b) and it was reported that accumulation of 

metabolites included acetic and lactic acids as major end-products which made the media acidic. 

5.3.2 SDS-PAGE gel electrophoresis 

The gel image of experiment E1 (Fig 5.2a) shows proteins that were extracted by LiCl from Lb. casei 

GCRL163 cells.  When compared with the molecular weight markers, several proteins from the pH 6.5 

growth conditions were detected in abundance in the molecular weight range of 10 to 37 kDa whereas 

these proteins are seen at relatively lower levels at pH 4.5, as shown by the very faint bands seen in 

http://perseus-framework.org/
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the gel image.  Two proteins between the molecular weight range of 37 to 50 kDa are relatively highly 

expressed at pH 6.5 compared with pH 4.5 as indicated by the presence of sharp bands in pH 6.5, 

whereas there are clear differences between the two growth conditions seen in the proportions of 

proteins across the full MW range.  A combined gel image (from the same experiment E1) of samples 

of CFE and LiCl extracted proteins for Lb. casei GCRL163 shows that the LiCl extracts contain a suite of 

proteins that are in different proportions to those seen in the CFE (Fig 5.2b), suggesting selective 

extraction of some proteins into LiCl. 

In experiment E2, protein profiles of LiCl extracts and CFE for cells harvested from cultures grown at 

various pH levels (6.5, 4.5 and uncontrolled pH) are shown in Fig. 5.3a.  This gel image indicates that 

fewer proteins were detected in the extract for cells cultured without pH control.  Several attempts 

were made to prepare LiCl extracts from this growth condition, but all gave a similar outcome:  very 

few bands detected across the MW range except for those in a MW range <20 kDa.  Proteomic 

analyses subsequently were therefore not undertaken.   A major band of MW˂250 KDa was readily 

detected in pH 6.5 LiCl and missing in pH 4.5 LiCl, although the same size band was present in CFEs of 

pH 6.5 and pH 4.5.  It may also be simply due to being more easily released bacause of cell wall 

structural differences following culturing bacteria under different growth conditions. This protein 

band may be related to the early stationary phase under controlled pH (4.5 and 6.5) conditions and a 

similar banding pattern was also noted in gel images presented in Chapter 4 (experiment P1).  

Generally, proteins in LiCl extracts for cells grown at pH 6.5 in the molecular weight range of 10 to 100 

kDa are increased in term of abundance relative to the LiCl pH 4.5 whereas most of them are not seen 

in LiCl extracts of UC pH (Fig. 5.3a).  Also seen in the same gel is a protein of 15-20 kDa (highlighted in 

a black circle) specific to pH 6.5 (LiCl and CFE) and absent pH 4.5 CFE and LiCl, which is similar to 

observations for E1.    

Triplicate CFE preparations of CFE, later used in proteomic analyses, are shown in Fig. 5.3b.  Besides 

the absence of the high MW band in the uncontrolled pH CFE, there were clear visual differences in 

the proportions of proteins detected in the MW range of 25-37 kDa (marked with a black arrow):   

three faint bands are seen in the uncontrolled pH relative to a single sharp band plus very faint bands 

in both CFE of pH 4.5 and 6.5 (Fig. 5.3b).  The bottom of the gel shows a 15 kDa band highly expressed 

in all three pH conditions whereas a 10 kDa band is missing in the uncontrolled pH CFEs. Proteomic 

analyses were subsequently undertaken on the pH 4.5 and 6.5 LiCl extracts and the CFEs of all three 

conditions for E2.  Similar analyses were also undertaken for E1 LiCl extracts and CFE:  the results are 

not reported in this thesis, as the number of cellular proteins detected in the unfiltered data for CFEs 

was 465 in E1 and 1038 in E2, so that E2 provided a more comprehensive data set for detailed analyses. 
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Fig. 5.1:  Growth curves for Lb. casei GCRL63 cultured in four replicate fermenters in experiment E1  

(a) at pH 4.5 and (b) pH 6.5 or in single fermenters in experiment E2 (c) at pH 4.5, (d) at pH 6.5 or (e) 

at uncontrolled pH (E2). 
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Fig. 5.2: SDS-PAGE gel electrophoresis images for (a) cell surface protein extracted by LiCl from Lb. 

casei GCRL163 cells (experiment E1) with different protein loadings and (b) CFE and LiCl extracts of Lb. 

casei GCRL163 (experiment E1). Circled areas show differences in relative proportions of some 

proteins between the different conditions. 
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Fig. 5.3:  SDS-PAGE gel electrophoresis images of (a) Lb. casei GCRL163 (CFE and LiCl) at different set 

pH of culture (E2) and (b) SDS-PAGE gel electrophoresis image of triplicate CFEs of Lb. casei GCRL163 

for cells cultured at pH 4.5, 6.5 or uncontrolled pH (E2).   Circled or arrowed bands show differences 

between conditions. 
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5.3.3 Heat map (Experiment E2) 

A heat map for CFEs prepared from cells cultured at different pH levels is shown in Fig. 5.4.  It is noted 

that the majority of the protein functional classes observed in pH 4.5 Vs pH 6.5 grown cultures are 

unchanged and a few are downregulated at pH 4.5.  Exceptions are  seen in protein expression levels 

where particular protein functional groups were upregulated, notably  in:  protein folding and 

turnover, ribosomal proteins, membrane bioenergetics,  amino acid related metabolism, unknown or 

uncharacterised function.  In contract, more overall protein abundance changes are observed among 

various protein functional classes when comparing UC pH Vs pH 6.5.  This heat map also shows that 

when the pH of the media is not controlled (UC) more proteins are highly changed compared to cells 

cultured at pH 4.5 where growth media pH was constantly maintained.   

5.3.4 Proteomics of CFEs 

CFE proteins are graphically illustrated in the following sections with the help of clustered bar 

diagrams based on the log ratio differences of the proteins detected, so that changes in expression 

level of each protein within a specific functional group could be evaluated. Comparisons of proteins 

in various combinations allowed identification of proteins that were found at various abundance levels 

when growth media pH was uncontrolled, during acid adaptation or neutral growth conditions.  Full 

details of proteins detected, their abundance (LFQ), relevant statistical analysis and comparisons 

across culture conditions are found in Annexures 7 and 8.  In all figures, the gene names (when known 

or listed in UniProt with a submitted name) are shown.  For uncharacterised/general prediction of 

function proteins, the gene locus number or protein identification number (according to Lb. casei 

strain W56 annotation) is used, as this allows the uncharacterised proteins to be included in the 

figures.   

5.3.4.1 Cell wall biogenesis 

Changes in log2 transformed LFQ intensities for proteins related to cell wall biogenesis, relative to the 

abundance of these proteins detected in CFEs cultured at pH 6.5, are shown in Fig. 5.5; some   

proteins involved in amino-sugar metabolism but also involved in cell wall biogenesis (including 

ManD, NagA, NagB, involved in peptidoglycan degradation) are shown in Fig. 5.15. The most 

downregulated protein was MurE, whereas the DltC protein was highly upregulated in both UC and 

pH 4.5 when compared to pH 6.5. When the pH was uncontrolled, there was a trend towards 

reduced abundance of proteins overall relative to expression levels for cells grown at pH 6.5 in the 

cell wall biogenesis functional class (Fig. 5.5).   Indeed, both downward and upward changes in 

relative abundance of proteins in the UC CFEs were more dramatic than seen for pH 4.5 CFE, which is 
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further indicated when comparing the expression in UC to pH 4.5 (log2 differences shown in figures 

by yellow bars).      

The majority of the peptidoglycan synthesis proteins (including Glm, Mur and Pbp proteins) are less 

abundant in both UC and pH4.5.    However, NagB and ManD were slightly upregulated at pH 4.5 and 

NagB was highly more abundant in UC CFEs:  these proteins are responsible for converting N-acetyl-

D-glucosamine 6-phosphate into β-D-fructose 6-phosphate, essentially reversing the action of 

GlmS/U/M in early peptidoglycan synthesis.    Two presumptive cell wall hydrolases, K0N7S8 and 

K0N6S2, were upregulated in both pH 4.5 and UC, and several other enzymes involved in cell wall 

hydrolysis/autolysins (see later sections on proteomics of LiCl extracts and ECF) were also 

upregulated.  Overall, these data suggest that peptidoglycan synthesis was repressed following 

culture at pH 4.5 or when the pH was uncontrolled, and cells moved into stationary phase, and 

peptidoglycan turnover occurred.  

Most of the other upregulated proteins in UC, and to a lesser extent in pH 4.5, CFEs were associated 

with lipoteichoic acid synthesis (LtaS1_2, K0N7Q9), nucleotide sugar synthesis (Rml proteins, 

including BN194_21350, which was greatly more abundant in UC and pH 4.5 CFEs) and attachment 

of exopolysaccharides to the cell surface (DltA, DltC and DltD, K0N978).  Exopolysaccharides are 

important in probiotic functions as they help in maintenance of bacterial cell structure, formation of 

biofilms and pathogenicity (Schmid et al. 2015).  

Many of the cell wall biogenesis proteins were also detected in LiCl extracts and extracellular culture 

fluids (see sections 5.3.5 and 5.3.6) and several have signal peptides and transmembrane motifs 

which would indicate that they would have surface or extra-cytoplasmic locations.  Conclusions 

regarding the overall expression patterns for these proteins would therefore need to consider the 

relative expression across these sub-cellular fractions.   

5.3.4.2 Lipid related metabolism 

CFE proteins from the lipid related metabolism functional class were generally less abundant 

following culture at pH 4.5 or UC relative to pH 6.5 (Fig. 5.6), with some notable exceptions.    The 

abundance of the two acyl carrier proteins, AcpP and AcpP_2, was greatly increased in the UC pH 

CFEs and also upregulated at pH 4.5 relative to pH 6.5, and AccA and AccD (greater abundance at pH 

4.5).   AcpP_2 is in the genomic region where all of the fatty acid synthesis genes are located in 

GCRL163 whereas the gene encoding AcpP (K0M988) is in a locus that includes the plsX gene (acyl-

[ACP] phosphotransferase) and a gene we propose encodes a fatty acid kinase (FakA), BN194_17960 

(K0N5I6).  The annotation of this uncharacterised protein in the sequenced GCRL163 genome is a 
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dihydroxyacetone kinase family protein, which is consistent with the domain structures described in 

UniProt for BN194_17960 (PF02734, Dak2, the phosphatase domain, and PF13684, Dak1_2, the 

kinase and DegV domain).  Parsons et al. (2014) described a two-component fatty acid kinase that is 

responsible for incorporating exogenous fatty acids into S. aureus phospholipids (Parsons et al. 

2014).  In this paper, the layout of the locus containing the fakA gene in S. aureus was compared 

with other Gram-positive species, including Lb. johnsonii (which lacks a FasII system and relies on 

external fatty acids for growth).  In the genome of GCRL163, the order of genes is:  a gene encoding 

a presumptive Asp23 protein (alkaline shock protein, based on UniProt domain analysis, K0NB37), a 

presumptive fakA, recG, plsX and acpP.  The order of these genes is identical to the Lb. johnsonii 

locus and is also seen in other Lb. casei strains, including strain MJA12 (genome sequence 

undertaken in our laboratory) (Nahar et al. 2017a).  The domain structure of the S. aureus FakA 

protein is the same as seen for BN194_17960 although the sequence similarity between the genes 

from Gram positives for fakA genes is low (Parsons et al. 2014).  The second component of S. aureus 

fatty acid kinase system, FakB, was identified by Parsons et al. (2014) as a protein containing a DegV 

domain (GO molecular function is lipid binding):  of the 4 proteins annotated on the GCRL163 

genome as containing a DegV domain, 3 were detected in proteomic analyses (K0N405, K0N8F3, 

K0N8L5) (Annexure 7) but none were differentially expressed at pH 4.5.  If is not clear from these 

data which, if any, of the DegV proteins is part of the fatty acid kinase complex in Lb. casei GCRL163.  

The presumptive FakA, PlsX and K0N8L5 proteins were significantly less abundant in UC pH CFEs and 

the abundance levels in pH 4.5 CFEs were similar to, or marginally lower than, the pH 6.5 control 

(Annexure 7a), in contrast to upregulation of both AcpP. 

The other protein important in phospholipid synthesis is PlsC (forms 1,2-diacyl-sn-3-

phosphoglycerol, acyl donor is AcpP) was detected in all CFEs at low LFQ but was not seen as 

differentially regulated.  This protein was also detected in LiCl extracts and was upregulated at pH4.5 

relative to pH 6.5 (4-fold increase) (Annexure 8) but data was not included in section 5.3.5, as the 

filtering criteria used eliminated consideration of proteins where the enrichment (LiCl LFQ relative to 

CFE LFQ) was <2-fold change (a 1.6-fold change increase was detected).  Taken together, these 

results suggest elevated synthesis of phospholipids at pH 4.5 and in uncontrolled pH cells relative to 

cells cultured at pH 6.5, specifically through the action of the second acyl transfer to 1-acyl-sn-3-

phosphoglycerol using AcpP as acyl donor.  In his PhD thesis, Al-Naseri (2015) examined the change 

in abundance of proteins during growth at pH 4.5 and 6.5, sampling at mid-log and stationary phases 

for strains GCRL163 and MJA12.  Review of this data indicated differences between the strains in 

terms of stress responses at different growth phases, but the following can be observed for 

GCRL163:   the acyl-carrier proteins, AcpP (K0N988) and AcpP_2 (K0NX45), declined in abundance 
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from log to stationary phase but were upregulated at pH 4.5 at both growth phases; PlsX and the 

presumptive FakA proteins were detected at the same relative abundance at mid-log and stationary 

phases, with no changes in abundance at pH 4.5 relative to pH 6.5.  This shows general agreement 

between these two independent experiments, which both conclude that the PlsX and presumptive 

FakA proteins are located in same genomic region but differentially regulated to the AcpP protein. 

Proteins AccA and AccD are primarily involved in fatty acid metabolism and many be involved in 

other functions in bacteria:   pyruvate metabolism, propanoate metabolism, biosynthesis of 

secondary metabolites, microbial metabolism of diverse environment, biosynthesis of antibiotics and 

carbon metabolism.  The proteomic data which shows much greater abundance of these proteins 

following culture at pH 4.5 and slightly higher abundance in UC relative to pH 6.5.  The other two 

components of the acetyl-CoA carboxylase complex, AccC and AccB, were not similarly regulated, 

suggesting differential regulation of the accA and accD genes in experiment E2.  In contract, most of 

the proteins involved in the fatty acid chain elongation were mostly highly suppressed in UC (FabD, 

FabG, Fab H, FabK, FabZ and FabZ_2) whereas the abundances of these proteins in pH 4.5 CFE were 

either slightly higher or marginally lower than seen for pH 6.5.  These data suggest that fatty acid 

synthesis continued in cells cultured at pH 4.5 and harvested at stationary phase whereas fatty acid 

synthesis had ceased or occurred at a lower level in cells from UC pH cultures.  Data from Al Naseri 

(Al-Naseri 2015) showed general upregulation of Fab proteins in log-phase and stationary phase for 

cells cultured at pH 4.5, including the acetyl-CoA carboxylase complex proteins, again in general 

agreement with results presented here for experiment E2. 

Several other proteins showed lesser changes in abundance but are notable as they are involved in 

fatty acid modification.  Protein K0N6M0 (a putative fatty acid methyl transferase involved in 

synthesising cyclopropyl-derivatives of phospholipids, gene location in the region of the main fatty 

acid synthesis locus) and the Sph protein (oleate hydratase, K0N5Q0, which converts oleic acid into 

10-hydroxystearic acid) were both more abundant in pH 4.5 CFEs relative to 6.5, whereas both 

proteins were suppressed in UC CFEs. 

While glycerol-3-phosphate dehydrogenase (GpsA) was downregulated in both pH 4.5 and UC CFEs, 

glycerol kinase (GlpK) was highly abundant in UC CFE (Fig. 5.15) and 3 dihydroxyacetone (glycerone) 

kinase sub-units (K0N2C2, K0N8A3, K0N5Q3) were all elevated in both pH 4.5 and UC (Fig. 5.14).  

These data indicate considerable modulation in protein expression around metabolism of glycerone 

phosphate, which interfaces with glycolysis and the pathway for formation of phospholipids. 
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5.3.4.3 Protein folding and turnover 

Overall abundance was noted in the protein folding and turnover functional class in the case of CFEs 

pH 4.5 Vs CFE pH 6.5 and in the other two comparisons (CFE UC pH Vs CFE pH 4.5 and CFE UC pH Vs 

CFE pH 6.5) proteins were downregulated, as indicated by the log ratios for each comparison shown 

in Fig. 5.7.  A highly upregulated protein was the acid shock protein with ID K0MYM2, Hsp18, known 

as an acid shock protein (which belongs to the small heat shock protein family, HSP20) (CFE pH 4.5 

Vs CFE pH 6.5), whereas a highly downregulated protein was ClpB_2, a chaperone protein (with 

molecular function of ATP binding as indicated in UniProt) detected in CFE UC pH Vs CFE pH 6.5.  A 

second HSP20 family protein, H0N8Z3, was not detected in pH 6.5 CFEs but was moderately 

abundant in UC CFEs, indicating differences in regulation of these two HSP20 family proteins.  While 

many of the chaperone proteins were upregulated in pH 4.5 CFEs, these showed variable trends in 

UC CFEs.  Interestingly, Clp proteases were not upregulated following culture at pH 4.5 or UC pH, 

which may indicate that the primary stress responses during culture at pH 4.5 were concerned with 

protein folding.  

5.3.4.4 tRNA aminoacyl synthesis 

Overall, proteins in this functional class were upregulated in pH 4.5 and in UC pH cultures relative to 

pH6.5 (Fig. 5.8).  However, while proteins in pH 4.5 and UC generally followed the same patterns of 

expression, the relative upregulation in the UC CFEs was higher and the comparison of UC pH Vs CFE 

pH 4.5 showed that proteins were more highly expressed in UC CFE than pH4.5.  Highly upregulated 

proteins in UC CFEs were GlyS, associated with aminoacyl-tRNA biosynthesis pathway 

(http://www.genome.jp/dbget-bin/www_bget?lcw:BN194_16950) and a Hit protein (K0MWA8), 

where the domain has been found in proteins exercising various catalytic functions. Highly 

downregulated ones in UC CFEs were ThrS, associated with molecular functions such as ATP binding, 

metal ion binding and threonine-tRNA ligase activity, and ArgS, linked with arginine-tRNA ligase 

activity and ATP binding (http://www.uniprot.org/uniprot/K0NB86) (Fig. 5.8).  Where expression 

differed in UC- and pH4.5-cultured cells was in the unique upregulation in UC CFEs of SerS and CysS. 

5.3.4.5 Transcriptional regulation 

The majority of proteins detected in CFEs that are involved in transcriptional regulation were 

significantly less abundant in pH 4.5 and UC growth conditions. (Fig. 5.9).  The notable exception was 

protein K0N3E1 (transcriptional repressor, Xre-like DNA binding):  this transmembrane protein was 

not detected in the CFEs of cells cultured at pH 6.5 (from unimputed LFQ data) but was in the LiCl 

extracts of cells grown at pH 4.5 and 6.5 (Annex. 10).  It was detected in UC pH CFEs and was 

upregulated pH 4.5 Vs 6.5 in LiCl extracts, indicating its upregulation during growth following growth  
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Fig. 5.4: Heat map of CFE at different pH levels 
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Fig. 5.5: Protein (CFE) log ratios of cell wall biogenesis 
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dacA D-alanyl-D-alanine carboxypeptidase dacA (EC 3.4.16.4), murE UDP-N-acetylmuramyl-tripeptide synthetase (EC 6.3.2.-), K0N1U1 

Uncharacterized protein, K0N1U3 Uncharacterized glycosyltransferase HI_0868 (EC 2.4.-.-), K0N7L2 Glycosyl transferase family protein, 

K0N547 Alternansucrase, K0N1U7 Glycosyl transferase family 2, K0N7S8 Putative secreted protein, pbpC Penicillin-binding protein 3, galE 

UDP-glucose 4-epimerase (EC 5.1.3.2), dltA D-alanine--poly(phosphoribitol) ligase subunit 1 (EC 6.1.1.13) (D-alanine-D-alanyl carrier protein 

ligase) (D-alanine-activating enzyme), dltC D-alanine--poly(phosphoribitol) ligase subunit 2 (EC 6.1.1.13) (D-alanyl carrier protein), K0N978 

DltD protein, murI Glutamate racemase (EC 5.1.1.-) (EC 5.1.1.3), pbpF Penicillin-binding protein 1F, K0MTQ9 1,2-diacylglycerol 3-

glucosyltransferase (EC 2.4.1.157), K0N346 Glycosyltransferase, ltaS1 Lipoteichoic acid synthase 1 (EC 2.7.8.-), K0N3F8 Glycosyl transferase 

group 1, murB UDP-N-acetylenolpyruvoylglucosamine reductase (EC 1.3.1.98) (UDP-N-acetylmuramate dehydrogenase), glmM 

Phosphoglucosamine mutase (EC 5.4.2.10), glmS Glutamine--fructose-6-phosphate aminotransferase [isomerizing] (EC 2.6.1.16) (D-

fructose-6-phosphate amidotransferase) (GFAT) (Glucosamine-6-phosphate synthase) (Hexosephosphate aminotransferase) (L-glutamine--

D-fructose-6-phosphate amidotransferase), K0N795 Glycosyl transferase family 8, cap4C UTP--glucose-1-phosphate uridylyltransferase (EC 

2.7.7.9) (UDP-glucose pyrophosphorylase), ltaS1_2 Lipoteichoic acid synthase 1 (EC 2.7.8.-), murD UDP-N-acetylmuramoylalanine--D-

glutamate ligase (EC 6.3.2.9) (D-glutamic acid-adding enzyme) (UDP-N-acetylmuramoyl-L-alanyl-D-glutamate synthetase)murG UDP-N-

acetylglucosamine--N-acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol N-acetylglucosamine transferase (EC 2.4.1.227) 

(Undecaprenyl-PP-MurNAc-pentapeptide-UDPGlcNAc GlcNAc transferase), ponA Penicillin-binding protein 1A, yqgF Uncharacterized 

protein, murC UDP-N-acetylmuramate--L-alanine ligase (EC 6.3.2.8) (UDP-N-acetylmuramoyl-L-alanine synthetase), pbpF_2 Penicillin-

binding protein 1F, rmlB dTDP-glucose 4,6-dehydratase (EC 4.2.1.46), K0MWS4 Lipopolysaccharide synthesis sugar transferase, K0N6R1 

Putative UDP-glucose 4-epimerase (EC 5.1.3.2), K0N6S2 Surface antigen, rmlB_2 dTDP-glucose 4,6-dehydratase (EC 4.2.1.46), BN194_21350 

(K0N6Q5) dTDP-4-dehydrorhamnose 3,5-epimerase (EC 5.1.3.13),K0MWX1 Uncharacterized protein, K0NA48 Sortase, K0NCS1 ErfK family 

protein, peptidoglycan binding,  murF UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase (EC 6.3.2.10) (D-alanyl-D-alanine-adding 

enzyme), murA2,murA UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC 2.5.1.7) (Enoylpyruvate transferase) (UDP-N-

acetylglucosamine enolpyruvyl transferase), glmU Bifunctional protein GlmU  
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Fig. 5.6: Protein (CFE) log ratios of lipid related metabolism 
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sph Oleate hydratase (EC 4.2.1.53), birA Bifunctional protein BirA (EC 6.3.4.15), biotin-[acetyl-CoA-carboxylase] ligase, yutG Uncharacterized 

protein, putative phosphatidylglycerophosphatase, gpsA Glycerol-3-phosphate dehydrogenase [NAD(P)+] (EC 1.1.1.94) (NAD(P)H-

dependent glycerol-3-phosphate dehydrogenase), K0N7B3 Uncharacterized protein, mvk Mevalonate kinase (EC 2.7.1.36), mvd1 

Diphosphomevalonate decarboxylase (EC 4.1.1.33), Isopentenyl-diphosphate delta-isomerase (IPP isomerase) (EC 5.3.3.2) (Isopentenyl 

diphosphate:dimethylallyl diphosphate isomerase) (Isopentenyl pyrophosphate isomerase) (Type 2 isopentenyl diphosphate isomerase), fni 

Isoprenyl transferase (EC 2.5.1.-)uppS, plsC 1-acyl-sn-glycerol-3-phosphate acyltransferase (EC 2.3.1.-), acpP Acyl carrier protein (ACP), plsX 

Phosphate acyltransferase (EC 2.3.1.n2) (Acyl-ACP phosphotransacylase) (Acyl-[acyl-carrier-protein]--phosphate acyltransferase) 

(Phosphate-acyl-ACP acyltransferase), ispA Farnesyl diphosphate synthase (EC 2.5.1.10),  hmgCS1 Hydroxymethylglutaryl-CoA synthase, 

mvaA 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase) (EC 1.1.1.88), ilvE Branched-chain-amino-acid 

aminotransferase (EC 2.6.1.42), K0N6M0 Probable fatty acid methyltransferase (EC 2.1.1.-), accA Acetyl-coenzyme A carboxylase carboxyl 

transferase subunit alpha (EC 6.4.1.2), accD Acetyl-coenzyme A carboxylase carboxyl transferase subunit beta (ACCase subunit beta) (Acetyl-

CoA carboxylase carboxyltransferase subunit beta) (EC 6.4.1.2), fabZ 3-hydroxyacyl-[acyl-carrier-protein] dehydratase FabZ (EC 4.2.1.59), 

accB Biotin carboxyl carrier protein of acetyl-CoA carboxylase,  fabF 3-oxoacyl-[acyl-carrier-protein] synthase 2 (EC 2.3.1.179), bkr4 3-

oxoacyl-[acyl-carrier-protein] reductase 4 (EC 1.1.1.100), fabG 3-oxoacyl-[acyl-carrier-protein] reductase FabG (EC 1.1.1.100), fabD Malonyl 

CoA-acyl carrier protein transacylase (EC 2.3.1.39), fabK Probable nitronate monooxygenase (EC 1.13.12.16), acpP_2, acpP Acyl carrier 

protein (ACP), fabH 3-oxoacyl-[acyl-carrier-protein] synthase 3 (EC 2.3.1.180) (3-oxoacyl-[acyl-carrier-protein] synthase III) (Beta-ketoacyl-

ACP synthase III), fabZ_2 (3R)-hydroxymyristoyl-[acyl-carrier-protein] dehydratase (EC 4.2.1.-), K0N709 Acyl-ACP thioesterase, accC Biotin 

carboxylase (EC 6.3.4.14) (EC 6.4.1.2)  
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Fig. 5.7: Protein (CFE) log ratios of folding and turnover 

hsp1818 kDa heat shock protein, K0N387 Peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8), clpP_2, clpP ATP-dependent Clp protease 

proteolytic subunit (EC 3.4.21.92) (Endopeptidase Clp), tig Trigger factor (TF) (EC 5.2.1.8) (PPIase), clpX ATP-dependent Clp protease 

ATP-binding subunit, clpB Chaperone protein, ctpA Carboxy-terminal processing protease CtpA (EC 3.4.21.102), hslV ATP-dependent 

protease subunit HslV (EC 3.4.25.2), hslU ATP-dependent protease ATPase subunit HslU, dnaJ Chaperone protein DnaJ, dnaK Chaperone 

protein DnaK (HSP70) (Heat shock 70 kDa protein) (Heat shock protein 70), grpE Protein GrpE (HSP-70 cofactor), prsA Foldase protein 

PrsA (EC 5.2.1.8), clpE ATP-dependent Clp protease ATP-binding subunit ClpE,  K0N5T8 Uncharacterized protein, clpC Probable ATP-

dependent Clp protease ATP-binding subunit, groL,groEL 60 kDa chaperonin (GroEL protein) (Protein Cpn60), groS,grES 10 kDa 

chaperonin (GroES protein) (Protein Cpn10), clpB_2 Chaperone protein ClpB, hslO 33 kDa chaperonin (Heat shock protein 33 homolog), 

ftsH ATP-dependent zinc metalloprotease FtsH (EC 3.4.24.-), pth Peptidyl-tRNA hydrolase (PTH) (EC 3.1.1.29), K0MYM2 Acid shock 

protein, htrA Serine protease Do-like HtrA (EC 3.4.21.107)  
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Fig. 5.8: Protein (CFE) log ratios of tRNA aminoacyl synthesis 

alaS  Alanine--tRNA ligase (EC 6.1.1.7) (Alanyl-tRNA synthetase), leuS Leucine--tRNA ligase (EC 6.1.1.4) (Leucyl-tRNA synthetase), gatC 

Aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase subunit C (Asp/Glu-ADT subunit C) (EC 6.3.5.-), gatA Glutamyl-tRNA(Gln) 

amidotransferase subunit A (Glu-ADT subunit A) (EC 6.3.5.7), gatB Aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase subunit B 

(Asp/Glu-ADT subunit B) (EC 6.3.5.-), valS Valine--tRNA ligase (EC 6.1.1.9) (Valyl-tRNA synthetase), ileS Isoleucine--tRNA ligase (EC 

6.1.1.5) (Isoleucyl-tRNA synthetase), asnS Asparagine--tRNA ligase (EC 6.1.1.22) (Asparaginyl-tRNA synthetase), glyS Glycine--tRNA 

ligase beta subunit (EC 6.1.1.14) (Glycyl-tRNA synthetase beta subunit), aspS Aspartate--tRNA ligase (EC 6.1.1.12), hisS Histidine--tRNA 

ligase (EC 6.1.1.21) (Histidyl-tRNA synthetase), proS Proline--tRNA ligase (EC 6.1.1.15) (Prolyl-tRNA synthetase), pheT Phenylalanine--

tRNA ligase beta subunit (EC 6.1.1.20) (Phenylalanyl-tRNA synthetase beta subunit), pheS Phenylalanine--tRNA ligase alpha subunit (EC 

6.1.1.20) (Phenylalanyl-tRNA synthetase alpha subunit), thrS Threonine--tRNA ligase (EC 6.1.1.3) (Threonyl-tRNA synthetase), hit Protein 

hit, argS Arginine--tRNA ligase (EC 6.1.1.19) (Arginyl-tRNA synthetase), serS Serine--tRNA ligase (EC 6.1.1.11) (Seryl-tRNA synthetase) 

(Seryl-tRNA(Ser/Sec) synthetase), cysS Cysteine--tRNA ligase (EC 6.1.1.16) (Cysteinyl-tRNA synthetase), gltX Glutamate--tRNA ligase 

(EC 6.1.1.17) (Glutamyl-tRNA synthetase), lysS Lysine--tRNA ligase (EC 6.1.1.6) (Lysyl-tRNA synthetase), tyrS Tyrosine--tRNA ligase 

(EC 6.1.1.1), metG Methionine--tRNA ligase (EC 6.1.1.10), trpS Tryptophan--tRNA ligase (EC 6.1.1.2)  
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at pH 4.5 and UC conditions.   The greatest negative change in log2 ratio was seen for the putative 

CcpA protein, which has a DNA binding molecular function and is involved in repression of DNA 

transcription and may be involved in both catabolite repression and broader regulation in Gram 

positive cells  (http://www.uniprot.org/uniprot/K0N323):   this indicates that when pH is not  

controlled regulation of transcription is reduced.   

5.3.4.6 Tricarboxylic acid pathway 

A group of nine proteins that are related to the tricarboxylic acid functional class were detected (Fig. 

5.10).  Lowered abundance of almost all of the proteins was seen for cells cultured at pH4.5 (pH 4.5 

Vs CFE pH 6.5 comparison), where the most highly repressed proteins were pyruvate carboxylase 

(Pyc and PycB)  for both pH4.5 and UC conditions.  The malolactic enzyme MleA was highly 

upregulated in CFE UC pH Vs CFE pH 6.5 and, to a lesser extent, in pH4.5 CFEs.  This enzyme is 

associated with different pathways:  pyruvate metabolism, carbon metabolism and two component 

systems.  Two pathways for malate degradation are described in Lb. casei  malolactic enzyme (MLE) 

and malic enzyme (ME) pathways (Landete et al. 2013).  Domain analysis indicates that Pyc takes 

part in a two-step reaction: ATP-dependent carboxylation of the covalently attached biotin and the 

second step aids in transfer of the carboxyl group to pyruvate.  

The genome of Lb. casei GCRL163 has several other proteins that may be involved in malate 

conversion to pyruvate and lactate, as these proteins have domains described as lactate/malate 

dehydrogenases – however their role in converting malate to products in acid shock or adaptation is 

not validated.  However, protein K0NCZ6 (BN194_27170) is annotated as L-2-hydroxyisocaproate 

dehydrogenase, or lactate/malate dehydrogenase:  it was upregulated during growth in mMRS with 

citrate (Chapter 4, experiment P1) and was also  upregulated in pH 4.5 and UC CFEs, which may 

support its role in converting malate to oxaloacetate.  This remains experimentally unexplored. 

5.3.4.7 Amino acid-related metabolism 

Relatively more proteins from the amino acid related functional class were found to be altered in 

abundance in CFEs, as indicated in Fig. 5.12 and the heat map (Fig. 5.7).  A highly upregulated 

protein was K0N8N4 (uncharacterised aminotransferase) and a highly repressed one was GlyA 

(serine hydroxymethyltransferase) and both of them were from the CFE UC Vs CFE pH 6.5 

comparison (Fig 5.11).   In many cases, upregulation of peptidases in UC and pH 4.5 CFEs were in 

parallel but the overall trend was that the UC cells showed higher upregulation levels as well as a 

greater variety of peptidase being upregulated, relative to pH 6.5 and 4.5 CFEs.  Uncharacterised zinc 

protease (ymfH) is an example of a specific protease that was more abundant in UC pH growth 

http://www.uniprot.org/uniprot/K0N323
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0004736
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condition.  Peptide transport systems are upregulated as described in later sections, indicating that 

peptides are being degraded by the proteases, taken up into the cytoplasm, amino acids being 

degraded to produce ammonium ion to neutralise acid, the breakdown of amino acids leads to 

succinyl-CoA which is then handled by the malolactic enzymes (including MleA).  Notably, the 

uncharacterised aminotransferase (or transaminase), K0N8N4, was highly upregulated in pH 4.5 and 

UC CFE, in experiments E1, E2 and in data reported by Al-Naseri (2015), indicating that this protein 

has a key role in responding to acid stress. 

 

5.3.4.8 Membrane bioenergetics 

In this functional class, overall the majority of proteins showed higher abundance when cells were 

cultured at pH 4.5 and UC pH (Fig. 5.12).  In the case of CFE pH 4.5 Vs CFE 6.5 comparison, CydA_2  

was more highly abundant.  This protein is associated with oxidative phosphorylation, two component 

systems and metabolic pathways.   CydB, also accociated with oxidative phosphorylation, was not 

detected in CFEs or LiCl extracts.   CydA_2 is a haem- and Zn-binding transmembrane protein (UniProt):  

its function under anaerobic conditions in the absence of an electron transport chain and oxygen as a 

terminal electron acceptor in Lb. casei is not known.  A highly repressed protein was K0N337 

(Ferredoxin-NADP reductase) in CFEs of UC pH Vs CFE pH 6.5 (Fig. 5.12).  This protein is associated 

with flavin adenine binding, NADP binding and ferredoxin-NADP+ reductase activity.  The abundances 

of all of the ATP synthase subunits detected were highly increased in pH 4.5 relative to both pH 6.5 

and UC.  While the inorganic pyrophosphatase PpaC was more abundant in UC pH, 

exopolyphosphatase and polyphosphate kinase were both repressed in UC pH and pH4.5.  This 

indicates differences in energy management, including phosphate availability and turnover, is its 

regulation under acidic conditions. 

5.3.4.9  RNA degradation 

Two ribonucleases (NrnA_2 and a ribonuclease K0N3V2) were more highly abundant in both the UC 

pH and (more so than) in the pH 4.5 CFEs.  A third ribonuclease (NrnA) was upregulated only in the 

UC CFE.  The remainder of proteins were downregulated (Fig. 5.13).  A number of other nucleases 

were also detected (functional class 2.3, Annexure 8), many associated with DNA repair and DNA 

degradation, some of which were upregulated only in CFEs from pH 4.5 cultures (e.g. K0NAW5, nfo 

protein, probable endonuclease; K0MW55, xseB protein, exodeoxyribonuclease 7 small subunit).  

These data indicate greater turnover of both RNA and DNA in cells cultured at pH 4.5 and harvested 

at stationary phase.  Examination of the nucleic acid/nucleotide metabolism functional class 

(Annexure 8) showed the following trends:    the majority of the proteins associated with purine and 
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pyrimidine synthesis were less abundant in CFEs of pH 4.5 and UC relative to pH 6.5; several purine 

and pyrimidine salvaging proteins were detected in all of the CFEs, with the majority of these at 

higher abundance at pH 6.5, including Upp, Apt and Xpt (noting Hpt was higher in the UC pH CFEs), 

which are nucleotide phosphoribosyltransferases that produce 1- or 5-phospho-ribose plus a purine 

or pyrimidine base.  Notably, upregulation of nucleoside deaminases (GuaD, Add and Cdd) as well as 

other proteins invoved in nucleoside interchanges (GuaA, GuaB) was observed particularly in UC pH 

CFEs relative to both pH 6.5 and 4.5 CFEs, with GuaD, and Udp (uridine salvaging) were also 

upregulated at pH 4.5.  DeoD (which converts purine nucleosides or deoxynucleosides plus 

phosphate into nucleic acid bases plus D-ribose-1-phosphate or 2-deoxy-D-ribose-1-phosphate) was 

also highly upregulated in UC CFEs.  These observations are of significance in context of the 

mechanisms used by LAB to synthesise and recycle purines, in particular, from the intracellular 

nucleotide pool, which includes de novo synthesis, interconversions and salvaging (Kilstrup et al. 

2005).  Deamination of purines and pyrimidines results in the formation of the nucleic acid bases 

plus ammonium ion:  in the case of GMP, the action of Htp would produce guanine which is then 

converted into xanthine by guanine deaminase (GuaD), which is then available for salvaging into 

IMP.  The ammonium ion generated may contribute to intracellular pH homeostasis, which has not 

been reported before as part of the acid stress response in Lb. casei.  The veracity of this proposal 

requires experimental verification.  Upregulation of DeoB and DeoC/C_2 was also observed in pH 4.5 

CFEs and these enzymes were highly upregulated in UC CFEs (Annex. 8).  Together with the 

detection, and sometimes upregulation, of pentose phosphate pathway enzyme (see sections 

5.3.4.10 and 5.3.4.12), notably two proteins with known or presumptive XpkA activity, it is suggested 

that this strain of Lb. casei is utilising ribose-1-phosphate, or 2-deoxyribose-1-phosphate, in 

response to acid stress (Rimaux et al. 2011).   Rimaux et al. (2011) provided evidence that Lb. sakei 

was able to utilise ribose salvaged from nucleic acid bases as a carbon source. 

5.3.4.10  Central glycolytic/intermediary pathways 

A highly abundant protein in central glycolytic/ intermediary pathways functional class was HoaX 

with submitted name as hydroxyacid oxidase (UniProt) whereas protein PdhA was highly repressed 

(CFE UC pH Vs CFE pH 6.5) (Fig. 5.14).  Proteins PdhB, PdhC and PdhD were also repressed at 

comparatively lower level than PdhA as shown in the Fig. 5.14.  This suite of proteins (Pdh complex) 

is involved in many pathways (glycolysis, citrate cycle, pyruvate metabolism, biosynthesis of 

secondary metabolites, and carbon metabolism, http://www.genome.jp/dbget-

bin/www_bget?lcw:BN194_15080), but is principally involved in converting pyruvate to acetyl-CoA.  

Important proteins of central metabolism (enolase and glyceraldehyde-3-phosphate dehydrogenase) 

are also seen to be upregulated in UC pH relative to relative to growth at pH 4.5, indicating that 

http://www.genome.jp/dbget-bin/www_bget?lcw:BN194_15080
http://www.genome.jp/dbget-bin/www_bget?lcw:BN194_15080
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when pH is not controlled these proteins are upregulated.  Several other proteins in glycolysis or 

glucose metabolism were also more abundant in the UC cells relative to pH 4.5 but these were also 

abundant in pH 4.5 Vs pH 6.5 (Tpi, Pgi, Fsa).   Notably PfkA, which converts β-D-fructose-6-phosphate 

to β-D-fructose-1,6-bisphosphate, was downregulated in pH 4.5 and highly downregulated in UC 

CFEs, whereas Fsa (which produces dihydroxyacetone plus glyceraldehyde-3-phosphate) was highly 

upregulated in pH 4.5 and (more so) in UC CFEs.  In contrast, Pgi, which catalyses the reversible 

interconversion of β-D-fructose-6-phosphate  and β-D-glucose-6-phosphate, was upregulated in pH 

4.5 and (more so) in UC CFEs, indicating key differences in how carbon flow is regulated around β-D-

fructose-6-phosphate.  

DhaM was upregulated at pH 4.5 only, while DhaM, Dhak/K_2 and presumptive DhaL were 

upregulated at both pH 4.5 and UC, noting that the activity of this dihydroxyacetone kinase enzyme 

complex  is an important control point for carbon flow either through glycolysis or to glycerol 

phosphate for production of phospholipids. 

5.3.4.11 General prediction and uncharacterised proteins 

A number of proteins from general prediction and uncharacterised category were seen in pH 4.5. pH 

6.5 and UC pH.  Overall data indicates that in the case of UC pH more total number of proteins were 

changed in relative abundance, indicating upregulation of their expression, or alternatively 

repressed when compared to pH 4.5, where relatively lesser numbers of proteins were altered 

(Annexure 8).  Protein with ID K0N9P7 (esterase/lipase) from a general prediction functional class 

with log ratio of 6.40 and putative uncharacterised protein with protein ID K0N5I7 were highest in 

changed abundance (log ratio of 4.7) in pH 4.5 grown cells.  Highly repressed proteins were a protein 

with ID K0N2J8 from general prediction functional class (log ratio – 4.11) and protein with ID 

K0N1N3 (log ratio of - 6.67) from uncharacterised functional class.  General prediction and 

uncharacterised proteins may be regulated due to going into stationary growth phase as they may 

be regulated possibly by alternative sigma factors.  Further investigation of where the genes for 

some of these proteins occur within regulons may reveal some information on their function. 

 5.3.4.12 Carbohydrate related metabolism 

Proteins around pyruvate metabolism included the Pdh complex (Fig. 5.14), Pfl, Pox, Pta, Ldh and 

Ack (Fig. 5.15), and citrate metabolism (Fig. 5.10).  Overall the proteins associated with pyruvate 

metabolism were downregulated for pH 4.5 CFEs, with the exceptions noted in the following.  It is 

also noted that several proteins which were upregulated in citrate utilisation, as reported in Chapter 

4, were either not significantly changed relative to pH 6.5 or were downregulated.   A highly 

expressed protein in carbohydrate related metabolism function class (CFE pH 4.5 Vs CFE pH 6.5) was  
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Fig. 5.9:  Protein (CFE) log ratios of transcriptional regulation 
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ZiaR Transcriptional repressor smtB homolog, iolR HTH-type transcriptional regulator, K0N7J9 Hex regulon repressor, lytR Transcriptional 

regulator, glcR HTH-type transcriptional repressor, galR HTH-type transcriptional regulator, K0N260 Transcriptional regulator, xre family,  

lacR Lactose phosphotransferase system repressor, K0N6I4 Transcriptional regulator, K0N354 Putative transcriptional regulator (DtxR 

family), ytoI Uncharacterized protein, niaR Probable transcription repressor, ccpA Probable catabolite control protein A, K0N3E1 Xre-like 

DNA-binding protein, phoU Phosphate-specific transport system accessory protein, whiA Putative sporulation transcription regulator, 

ohrR Organic hydroperoxide resistance transcriptional regulator, K0N9U8 Double-stranded beta-helix related protein, K0N3Z3 Probable 

transcriptional regulatory protein BN194_11600, K0MUM1 Transcriptional regulator, TetR family, K0N4E8 Transcriptional regulator, xre 

family, K0N551 Transcriptional regulator, nac Transcriptional regulator GltC,  rp2 Putative pyruvate, phosphate dikinase regulatory protein 

(PPDK regulatory protein) (EC 2.7.11.32) (EC 2.7.4.27), hrcA Heat-inducible transcription repressor, yodB HTH-type transcriptional 

regulator, nrdR Transcriptional repressor, argR1,argR Arginine repressor, yvoA_2 HTH-type transcriptional repressor, lytR_3 

Transcriptional regulator, K0N6N9 MarR family transcriptional regulator, K0NBT5 Uncharacterized protein, K0N6Q3 Uncharacterized 

protein, K0N6Y7 Transcriptional regulator, xre family, lytR_4 Transcriptional regulator, rex_2,rex Redox-sensing transcriptional repressor, 

ccpN Transcriptional repressor, K0N833 MerR family transcriptional regulator, purR_2 Pur operon repressor, K0MY64 Putative 

transcriptional regulator, MarR family, srlR Glucitol operon repressor, K0NDP4 Transcriptional regulator, XRE family 
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Fig. 5.10: Protein (CFE) log ratios of tricarboxylic acid pathway 

MleA Malolactic enzyme (EC 1.-.-.-), pyc Pyruvate carboxylase (EC 6.4.1.1), K0N684 Phosphoenolpyruvate carboxykinase (ATP), pycB 

Pyruvate carboxylase subunit B (EC 6.4.1.1), citX Probable apo-citrate lyase, hosphoribosyl-dephospho-CoA transferase (EC 2.7.7.61), citF 

Citrate lyase alpha chain (EC 2.8.3.10) (EC 4.1.3.6), citE Citrate lyase subunit beta (EC 4.1.3.34) (EC 4.1.3.6), citD Citrate lyase acyl carrier 

protein (Citrate lyase gamma chain), fumC Fumarate hydratase class II (Fumarase C) (EC 4.2.1.2) 
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Fig. 5.11: Protein (CFE) log ratios of amino acid-related metabolism 

K0N1E0 Probable dipeptidase, AK0N787 Putative carboxypeptidase dapB 4-hydroxy-tetrahydrodipicolinate reductase (HTPA reductase) 

(EC 1.17.1.8), dapA 4-hydroxy tetrahydrodipicolinate synthase (HTPA synthase) (EC 4.3.3.7), lysA Diaminopimelate decarboxylase (DAP 

decarboxylase) (DAPDC) (EC 4.1.1.20), asd Aspartate-semialdehyde dehydrogenase (ASA dehydrogenase) (ASADH) (EC 1.2.1.11) 

(Aspartate-beta-semialdehyde dehydrogenase), pcp Pyrrolidone-carboxylate peptidase (EC 3.4.19.3) (5-oxoprolyl-peptidase) 

(Pyroglutamyl-peptidase I), K0N7H2 Aspartate racemase (EC 5.1.1.13), yjbG Oligoendopeptidase F homolog (EC 3.4.24.-), pepT 

Peptidase T (EC 3.-.-.-) (EC 3.4.11.-) (EC 3.4.11.4), glnA Glutamine synthetase (EC 6.3.1.2), pepN Aminopeptidase N (EC 3.4.11.2), cysK 

Cysteine synthase (EC 2.5.1.47), metE 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase (EC 2.1.1.14) (Cobalamin-

independent methionine synthase) (Methionine synthase, vitamin-B12 independent isozyme), gdh Glutamate dehydrogenase, yjbG_2 

Oligoendopeptidase F fpaP Proline iminopeptidase (PIP) (EC 3.4.11.5) (Prolyl aminopeptidase), yxjH Uncharacterized protein yxjH, luxS 

S-ribosylhomocysteine lyase (EC 4.4.1.21) (AI-2 synthesis protein) (Autoinducer-2 production protein LuxS), pepQ Xaa-Pro dipeptidase 

(EC 3.4.13.9), pepV Beta-Ala-Xaa dipeptidase (EC 3.4.13.-), patA Putative N-acetyl-LL-diaminopimelate aminotransferase (EC 2.6.1.-), 

patB_2 Cystathionine beta-lyase PatB (EC 4.4.1.8), K0N9H8 Predicted Zn-dependent peptidase, ymfH Uncharacterized zinc protease 

ymfH (EC 3.4.24.-), K0N779 Oligoendopeptidase, pepF/M3 family,pepO Neutral endopeptidase (EC 3.4.24.-), pepS Aminopeptidase 

pepS (EC 3.4.11.-),K0N7S0 Probable dipeptidase (EC 3.4.-.-), glyA Serine hydroxymethyltransferase (SHMT) (Serine methylase) (EC 

2.1.2.1), gcvH Glycine cleavage system H protein, dapE Probable succinyl-diaminopimelate desuccinylase (EC 3.5.1.18), sdaAB Probable 

L-serine dehydratase, beta chain (EC 4.3.1.17), sdaAA Probable L-serine dehydratase, alpha chain (EC 4.3.1.17),  mtnN 5'-

methylthioadenosine/S-adenosylhomocysteine nucleosidase 2 (EC 3.2.2.9) (5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase) 

(5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 1), pepO_2 Neutral endopeptidase (EC 3.4.24.-), aspC Aspartate 

aminotransferase (EC 2.6.1.1), yqhT Uncharacterized peptidase yqhT (EC 3.4.-.-), glnA_2 Glutamine synthetase (EC 6.3.1.2), dapE_2 

Probable succinyl-diaminopimelate desuccinylase (EC 3.5.1.18), proC Pyrroline-5-carboxylate reductase (P5C reductase) (P5CR) (EC 

1.5.1.2) (PCA reductase), yuxL Uncharacterized peptidase yuxL (EC 3.4.21.-), alsSAcetolactate synthase (EC 2.2.1.6), pepDB Probable 

dipeptidase B (EC 3.4.-.-), fpaP_3 Proline iminopeptidase (PIP) (EC 3.4.11.5) (Prolyl aminopeptidase), patA_2 Putative N-acetyl-LL-

diaminopimelate aminotransferase (EC 2.6.1.-), asnB Asparagine synthetase [glutamine-hydrolyzing] 1 (EC 6.3.5.4), K0MXA1 Probable 

dipeptidase (EC 3.4.-.-), ansA L-asparaginase (EC 3.5.1.1), ssdA Succinate-semialdehyde dehydrogenase [NADP(+)] (EC 1.2.1.79), pepC 

Aminopeptidase C (EC 3.4.22.40), pepC_2 Aminopeptidase C (EC 3.4.22.40), alr Alanine racemase (EC 5.1.1.1), pip_2, Proline 

iminopeptidase (PIP) (EC 3.4.11.5) (Prolyl aminopeptidase), K0N8N4 Uncharacterized aminotransferase SSO0104 (EC 2.6.1.-) 
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Fig. 5.12:  Protein (CFE) log ratios of membrane bioenergetics 

K0N337 Ferredoxin--NADP reductase (FNR) (Fd-NADP(+) reductase) (EC 1.18.1.2), atpF ATP synthase subunit b (ATP synthase F(0) 

sector subunit b) (ATPase subunit I) (F-type ATPase subunit b), atpH ATP synthase subunit delta (ATP synthase F(1) sector subunit delta) 

(F-type ATPase subunit delta), atpA ATP synthase subunit alpha (EC 3.6.3.14) (ATP synthase F1 sector subunit alpha) (F-ATPase subunit 

alpha), atpG ATP synthase gamma chain (ATP synthase F1 sector gamma subunit) (F-ATPase gamma subunit), atpD ATP synthase subunit 

beta (EC 3.6.3.14) (ATP synthase F1 sector subunit beta) (F-ATPase subunit beta), ppaC Probable manganese-dependent inorganic 

pyrophosphatase (EC 3.6.1.1), K0N9E0 Putative quinone-oxidoreductase homolog,chloroplastic (EC 1.-.-.-), cydA_2 Cytochrome d ubiquinol 

oxidase subunit 1 (EC 1.10.3.-), yjlD NADH dehydrogenase-like protein yjlD (EC 1.6.99.-), ppk Polyphosphate kinase (EC 2.7.4.1) (ATP-

polyphosphate phosphotransferase) (Polyphosphoric acid kinase), K0NAV4 Exopolyphosphatase 

 

Fig. 5.13: Protein (CFE) log ratios of RNA degradation 

nrnA Bifunctional oligoribonuclease and PAP phosphatase nrnA (EC 3.1.-.-) (EC 3.1.3.7), rny Ribonuclease Y (RNase Y) (EC 3.1.-.-), 

K0N3V2 Uncharacterized protein, rnjA Ribonuclease J 1 (EC 3.1.-.-), K0MVC2 Uncharacterized protein, yhaM 3'-5' exoribonuclease  
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Fig. 5.14: Protein (CFE) log ratios of glycolytic/intermediary pathways 
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xpkA Probable phosphoketolase (EC 4.1.2.-), yqeC 6-phosphogluconate dehydrogenase, decarboxylating (EC 1.1.1.44), gntK Gluconokinase 

(EC 2.7.1.12), rbsK Ribokinase (EC 2.7.1.15), dhaM PTS-dependent dihydroxyacetone kinase,phosphotransferase subunit dhaM (EC 

2.7.1.-), K0N8A3 Uncharacterized protein , dhaK/L domain, dhaK_2 PTS-dependent dihydroxyacetone kinase,dihydroxyacetone-binding 

subunit dhaK (EC 2.7.-.-), fba_2 Fructose-bisphosphate aldolase (EC 4.1.2.13), K0MTA8 Aldose 1-epimerase (EC 5.1.3.3), zwf Glucose-6-

phosphate 1-dehydrogenase (G6PD) (EC 1.1.1.49), pgcA Phosphoglucomutase (EC 5.4.2.2), gap Glyceraldehyde-3-phosphate dehydrogenase 

(EC 1.2.1.12), pgk Phosphoglycerate kinase (EC 2.7.2.3), tpiA Triosephosphate isomerase (TIM) (EC 5.3.1.1) (Triose-phosphate isomerase), 

eno Enolase (EC 4.2.1.11) (2-phospho-D-glycerate hydro-lyase) (2-phosphoglycerate dehydratase), yvdM Putative beta-phosphoglucomutase 

(EC 5.4.2.6), pgi Glucose-6-phosphate isomerase (GPI) (EC 5.3.1.9) (Phosphoglucose isomerase),Phosphohexose isomerase), pdhA Pyruvate 

dehydrogenase E1 component subunit alpha (EC 1.2.4.1), pdhB Pyruvate dehydrogenase E1 component subunit beta (EC 1.2.4.1), pdhC 

Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex (EC 2.3.1.12), pdhD Dihydrolipoyl 

dehydrogenase (EC 1.8.1.4), pfkA ATP-dependent 6-phosphofructokinase (ATP-PFK) (Phosphofructokinase) (EC 2.7.1.11), 

Phosphohexokinase), pyk Pyruvate kinase (EC 2.7.1.40), K0NAP4 Aldose 1-epimerase, rpe Ribulose-phosphate 3-epimerase (EC 5.1.3.1), 

glcK Glucokinase (EC 2.7.1.2), gnd 6-phosphogluconate dehydrogenase, decarboxylating (EC 1.1.1.44), fbp Fructose-1,6-bisphosphatase 

class 3 (FBPase class 3) (EC 3.1.3.11) (D-fructose-1,6-bisphosphate 1-phosphohydrolase class 3), gpmA2,gpmA 2,3-bisphosphoglycerate-

dependent phosphoglycerate mutase (BPG-dependent PGAM) (PGAM) (Phosphoglyceromutase) (dPGM) (EC 5.4.2.11), gdhII Glucose 1-

dehydrogenase 2 (EC 1.1.1.47), gpmA1, gpmA 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase (BPG-dependent PGAM) 

(PGAM) (Phosphoglyceromutase) (dPGM) (EC 5.4.2.11), hoax Hydroxyacid oxidase (EC 1.1.3.15), gpmA2_2 2,3-bisphosphoglycerate-

dependent phosphoglycerate mutase 2 (EC 5.4.2.1), fsa Transaldolase (EC 2.2.1.2), rpiA_2, ripA Ribose-5-phosphate isomerase A (EC 

5.3.1.6) (Phosphoriboisomerase A), K0N8X7 Probable phosphoketolase (EC 4.1.2.-) 
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YdaP (putative thiamine pyrophosphate-containing protein, oxidoreductase ortholog, possible 

pyruvate oxidase)  (http://www.genome.jp/dbget-bin/www_bget?lcw:BN194_05070), which was 

also upregulated in UC pH CFEs.  Pox5, which was seen to be upregulated in Chapter 4 when cells 

were cultured in citrate, was upregulated in UC but not pH 4.5 CFEs.  There are 3 genes for pyruvate 

oxidase proteins in the genome of GCRL163 (the third was not detected in any CFEs in any 

experiments), one of which is linked with citrate metabolism and the other (ydaP) is modulated by 

low pH or stationary phase transition.  The Act protein, which activates the Pfl protein, was 

downregulated and this, together with downregulation of Pfl and the Pdh complex proteins, implies 

that pyruvate to acetyl- CoA, plus formic acid, is downregulated.   

The conversion of acetyl-CoA to acetyl-P via Pta is operating as are two pyruvate oxidases, indicating 

that acetyl-P is being synthesised by these two routes.  However, AckA (acetyl-P to acetate + ATP) is 

downregulated and acylphosphatase (which dephosphorylates acetyl-P) is expressed in in CFEs at low 

level.  This means that acetyl-P may accumulate in cells grown at low pH.  Acetyl-P is known as a stress 

regulator in several bacteria and its accumulation helps signalling system for stress responses possibly 

by modulating phosphorylation levels.  Acetyl-P can also be used to phosphorylate transport proteins 

which would normally be phosphorylated by phosphoenolpyruvate  (Klein et al. 2007; Xu et al. 2010).  

The role of acetyl-P either acting as an alternative source of phosphate to PEP and its accumulation 

under stress is not documented in Lb. casei. 

Aldehyde-alcohol dehydrogenase 2 (ADH2) was seen to be downregulated in acid and UC pH growth 

condition as opposed to the experiments reported in Chapter 4, where it was highly upregulated in P1 

against the control CFE.   A highly downregulated protein was Aga_S2 (CFE UC pH Vs CFE pH 6.5) (Fig. 

5.15). 

Other changes in relative abundance of note in UC pH CFEs are:  upregulation of MalL in both UC 

(converts storage dextrin into α-D-glucose);  upregulation of the Lac proteins (noting that LacA and B 

have Rpi-like domains and the substrate specificity of the proteins names as utilising tagatose are 

termed fructose-tagatose kinases and aldolases, which implies that they may have a role in glycolysis 

along with several homologs known in this pathway); upregulation of the Leloir pathway proteins 

(GalE, GalK and GalM, also called aldose-1-epimerase) and upregulation of D-mannitol-1-phosphate 

dehydrogenase (which converts mannitol-1-phosphate into D-fructose-6-phosphate). 

5.3.4.13 Phosphotransferase systems 

A number of proteins were detected in phosphotranferase system, a list of which is mentioned in 

(Annexure 8, Fig. 5.16).  A protein that was highly upregulated was K0N885 in UC pH is involved in 

http://www.genome.jp/dbget-bin/www_bget?lcw:BN194_05070
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many pathways:  fructose and mannose metabolism, aminosugar and nucleotide sugar metabolism, 

phosphotransferase system and metabolic pathways.  The upregulated proteins are all from 

fructose/mannose/sorbose PTS transport families, which often have broad capacity to transport a 

variety of sugars (UniProt). 

5.3.4.14  ABC-type transporter systems   

Overall a general downregulation of proteins in most cases is seen for proteins of this functional 

class however, while a few of the CFE proteins from pH 4.5 (DppE, MetN, MetQ_2, K0N2R6, DppE_2, 

K0MSD4, DppE_4, OppD_3, OppA,C,B,F, YhaQ_2) were upregulated (Fig. 5.17 a and b).  Abundant 

protein was K0N2R6 (presumptive amino acid binding protein) in pH 4.5 whereas protein with ID 

K0N2Z3 was more highly abundant in UC pH CFE relative to pH 4.5 (Fig. 5.17 a and b).  Several of the 

DppE/Opp proteins were also detected in LiCl extract or ECFs as upregulated. 

5.3.4.15 Other transporters  

In addition to ABC type transporter proteins, there were other transporter proteins that were 

regulated at various levels in the different growth conditions.   Generally, protein down regulation is 

also observed in this category.  A highly downregulated protein was CadC that was downregulated at 

equal levels in both the comparisons (CFE UC pH Vs CFE pH 4.5 and CFE UC Vs CFE pH 6.5) whereas 

MscL (large-conductance mechanosensitive channel) and PacL (probable Ca-transporting ATPase) 

proteins were upregulated at pH 4.5 (Fig. 5.18).   
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Fig. 5.15: Protein (CFE) log ratios of carbohydrate related metabolism 
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K0N1L0 D-2-hydroxyisocaproate dehydrogenase (EC 1.1.1.-), ackA Acetate kinase (EC 2.7.2.1) (Acetokinase), pmi Mannose-6-phosphate 

isomerase (EC 5.3.1.8), agaS Putative tagatose-6-phosphate ketose/aldose isomerase (EC 5.3.1.-), manD N-acetylglucosamine-6-phosphate 

deacetylase (EC 3.5.1.25) (GlcNAc 6-P deacetylase), BGAL17 Beta-galactosidase 17 (EC 3.2.1.23), sorE L-sorbose 1-phosphate reductase (EC 

1.1.1.-), malL Oligo-1,6-glucosidase (EC 3.2.1.10), ydaP Putative thiamine pyrophosphate-containing protein , pyruvate oxidase, dld D-lactate 

dehydrogenase (EC 1.1.1.28), treA Trehalose-6-phosphate hydrolase (EC 3.2.1.93), ldh1,Idh L-lactate dehydrogenase (L-LDH) (EC 1.1.1.27), 

lacG 6-phospho-beta-galactosidase (EC 3.2.1.85) (Beta-D-phosphogalactoside galactohydrolase) (P-beta-Gal), galK Galactokinase (EC 

2.7.1.6) (Galactose kinase), lacC Tagatose-6-phosphate kinase (EC 2.7.1.144), lacD2,lacD Tagatose 1,6-diphosphate aldolase (EC 4.1.2.40) (D-

tagatose-1,6-bisphosphate aldolase) (Tagatose-bisphosphate aldolase), lacB Galactose-6-phosphate isomerase subunit lacB (EC 

5.3.1.26),lacA Galactose-6-phosphate isomerase subunit lacA (EC 5.3.1.26), ADH2 Aldehyde-alcohol dehydrogenase, ywcC Uncharacterized 

protein YwcC, 6-phosphogluconolactonases, pta Phosphate acetyltransferase (EC 2.3.1.8), K0MVB0 Archaeal fructose-1,6-bisphosphatase 

related enzyme of inositol monophosphatase family, fruK Tagatose-6-phosphate kinase (EC 2.7.1.144), pflB Formate acetyltransferase (EC 

2.3.1.54), act  Pyruvate formate-lyase-activating enzyme (EC 1.97.1.4), acyP Acylphosphatase, pox5 Pyruvate oxidase (EC 1.2.3.3), nagA N-

acetylglucosamine-6-phosphate deacetylase (EC 3.5.1.25) (GlcNAc 6-P deacetylase), aldB Alpha-acetolactate decarboxylase (EC 4.1.1.5), 

glgD Glucose-1-phosphate adenylyltransferase, GlgD subunit, glgC Glucose-1-phosphate adenylyltransferase (EC 2.7.7.27) (ADP-glucose 

pyrophosphorylase) (ADP-glucose synthase), agaS_2 Alpha-galactosidase 2 (EC 3.2.1.22), frlD Fructoselysine kinase (EC 2.7.1.-), scrB Sucrose-

6-phosphate hydrolase (EC 3.2.1.26), bdhA NADH-dependent butanol dehydrogenase A (EC 1.1.1.-), ackA_2,ackA Acetate kinase (EC 2.7.2.1) 

(Acetokinase), ld L-lactate dehydrogenase (L-LDH) (EC 1.1.1.27), lacD2_2,lacD Tagatose 1,6-diphosphate aldolase (EC 4.1.2.40) (D-tagatose-

1,6-bisphosphate aldolase) (Tagatose-bisphosphate aldolase), lacX Protein lacX, plasmid, K0NCZ6 L-2-hydroxyisocaproate dehydrogenase 

(EC 1.1.1.-), glpK_2,glpK Glycerol kinase (EC 2.7.1.30) (ATP:glycerol 3-phosphotransferase) (Glycerokinase), galT Galactose-1-phosphate 

uridylyltransferase (Gal-1-P uridylyltransferase) (EC 2.7.7.12) (UDP-glucose--hexose-1-phosphate uridylyltransferase), agl Alpha-glucosidase 

(EC 3.2.1.20), sgbH 3-keto-L-gulonate-6-phosphate decarboxylase sgbH (EC 4.1.1.85), iolS Protein IolS (EC 1.1.1.-), mtlD_3mtlD Mannitol-1-

phosphate 5-dehydrogenase (EC 1.1.1.17), nagB Glucosamine-6-phosphate deaminase (EC 3.5.99.6), ybdH Uncharacterized oxidoreductase 

YbdH (EC 1.1.-.-) 
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Fig. 5.16:  Protein (CFE) log ratios of phosphotransferase systems 
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levE Fructose-specific phosphotransferase enzyme IIB component (EC 2.7.1.69), K0N5D0 PTS family mannose/fructose/sorbose porter 

component IIC, manZ Mannose permease IID component, K0N1P6 Putative PTS system mannose-specific EIIAB component, K0MSJ3 

Putative PTS system mannose-specific EIIAB component, levE_2 Fructose-specific phosphotransferase enzyme IIB component (EC 

2.7.1.69), K0N5T2 Phosphoenolpyruvate-protein phosphotransferase (EC 2.7.3.9) (Phosphotransferase system, enzyme I), manZ_4 

Mannose permease IID component, levE_3 Fructose-specific phosphotransferase enzyme IIB component (EC 2.7.1.69), K0N885 

Uncharacterized protein, PTS IIB mannose type bglP PTS system beta-glucoside-specific EIIBCA component (EC 2.7.1.-) (EC 2.7.1.69), 

K0MTX4 Sorbitol PTS, EIIA, hprK HPr kinase/phosphorylase (HPrK/P) (EC 2.7.11.-) (EC 2.7.4.-) (HPr(Ser) kinase/phosphorylase), fruA_3 PTS 

system fructose-specific EIIABC component (EC 2.7.1.-) (EC 2.7.1.69), ptsH Phosphocarrier protein HPr (EC 2.7.11.-), gmuB Oligo-beta-

mannoside-specific phosphotransferase enzyme IIB component (EC 2.7.1.69), K0N8F9 Phosphoenolpyruvate-dependent sugar 

phosphotransferase system EIIA, galactitol/fructose specific, sorB_2 Sorbose-specific phosphotransferase enzyme IIB component (EC 

2.7.1.69), manZ_9 Mannose permease IID component, sorA_4 Sorbose permease IIC component, manX_5 PTS system mannose-

specific EIIAB component (EC 2.7.1.-) (EC 2.7.1.69), mtlF Mannitol-specific phosphotransferase enzyme IIA component (EC 2.7.1.-) 
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Fig. 5.17(a): Protein (CFE) log ratios of ABC-type transporter systems (a) 
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OpuCC Glycine betaine/carnitine/choline-binding protein, opuCA Glycine betaine/carnitine/choline transport ATP-binding protein, dppE 

Dipeptide-binding protein, K0MSD4 ABC transporter, permease protein, dppE_2 Dipeptide-binding protein, rbsB D-ribose-binding protein, 

K0N2R6 Probable amino-acid ABC transporter-binding protein HI_1080, nodI Nod factor export ATP-binding protein I (EC 3.6.3.-), yfiB 

Uncharacterized ABC transporter ATP-binding protein, K0N2K4 Uncharacterized ABC transporter ATP-binding protein TM_0288, ykpA 

Uncharacterized ABC transporter ATP-binding protein YkpA, K0N2V5 ABC transporter substrate-binding protein, K0N2Z3 ABC transporter 

substrate-binding protein, K0N914 Uncharacterized protein RP368, K0N6C9 ABC-type uncharacterized transport system, ATPase 

component, pstS1 Phosphate-binding protein pstS 1, pstB1,pstB Phosphate import ATP-binding protein PstB (EC 3.6.3.27) (ABC phosphate 

transporter) (Phosphate-transporting ATPase), pstB2,pstB Phosphate import ATP-binding protein PstB (EC 3.6.3.27) (ABC phosphate 

transporter) (Phosphate-transporting ATPase), msmK Multiple sugar-binding transport ATP-binding protein, K0N3U4 Maltose ABC 

transporter, periplasmic maltose-binding protein,K0N3T6 Glycerol-3-phosphate ABC transporter substrate-binding protein, potA 

Spermidine/putrescine import ATP-binding protein PotA (EC 3.6.3.31), yhaQ Uncharacterized ABC transporter ATP-binding protein, K0N9U5 

ABC-type Na+ efflux pump permease component-like protein,  potA_2, potA Spermidine/putrescine import ATP-binding protein PotA (EC 

3.6.3.31), potD Spermidine/putrescine-binding periplasmic protein, metQ_2 Lipoprotein, metN Methionine import ATP-binding protein 

MetN (EC 3.6.3.-), dppE_3 Dipeptide-binding protein, glnQ Glutamine transport ATP-binding protein, glnQ_2 Glutamine transport ATP-

binding protein  

 



183 
 

 

Fig. 5.17(b): Protein (CFE) log ratios of ABC-type transporter systems (b) 
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yfmR Uncharacterized ABC transporter ATP-binding protein YfmR (EC 3.6.3.-), oppA Oligopeptide-binding protein, oppC Oligopeptide 

transport system permease protein, oppB Oligopeptide transport system permease protein, oppF Oligopeptide transport ATP-binding 

protein, oppD Oligopeptide transport ATP-binding protein, K0N670 ABC transporter substrate-binding protein, K0MWG2 ABC-type 

antimicrobial peptide transport system,ATPase component, yhaQ_2 Uncharacterized ABC transporter ATP-binding protein, oppF_2 

Oligopeptide transport ATP-binding protein, oppD_2 Oligopeptide transport ATP-binding protein, oppC_2 Oligopeptide transport system 

permease protein,oppB_2 Oligopeptide transport system permease protein, oppA_2 Oligopeptide-binding protein, K0NBK2 

Uncharacterized protein, bceA_2 Bacitracin export ATP-binding protein, K0N6A4 Probable glutamine ABC transporter permease protein, 

glnH ABC transporter glutamine-binding protein, glnQ_3 Glutamine transport ATP-binding protein, oppD_3 transport ATP-binding protein, 

dppE_4 Dipeptide-binding protein, ydbJ Uncharacterized ABC transporter ATP-binding protein, fimA Manganese ABC transporter 

substrate-binding lipoprotein, mntB Manganese transport system ATP-binding protein, K0N7B2 ABC transporter substrate binding protein, 

K0NCD4 ABC transporter substrate binding protein, K0NAI1 ABC-type phosphate/phosphonate transport system,periplasmic component, 

phnC_2,phnC Phosphonates import ATP-binding protein PhnC (EC 3.6.3.28), ecfA2, ecfA Energy-coupling factor transporter ATP-binding 

protein EcfA (ECF transporter A component EcfA) (EC 3.6.3.-), yecS_3 Inner membrane amino-acid ABC transporter permease protein, 

K0N8H4 ABC transporter, permease protein, glnQ_4 Glutamine transport ATP-binding protein, glnH_2 Glutamine-binding periplasmic 

protein, glnH_3 Glutamine-binding periplasmic protein 
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Fig. 5.18:   Protein (CFE) log ratios of ABC-type transporter systems 1 

glnH_3 Glutamine-binding periplasmic protein, K0N4D9 Transport protein, K0N796 Xanthine/uracil/vitamin C permease, K0N2S6 MFS 

permease-like protein, yfnA Uncharacterized amino acid permease YfnA, exp7 Probable cation-transporting ATPase exp7 (EC 3.6.3.-), ykuT 

Uncharacterized MscS family protein, pacL Probable calcium-transporting ATPase (EC 3.6.3.8), pbuX Xanthine permease, copB Probable 

copper-transporting P-type ATPase B (EC 3.6.3.-), K0NBC5 Calcium-transporting ATPase lmo0841 (EC 3.6.3.8),  cadC Cadmium efflux 

system accessory protein, mscL Large-conductance mechanosensitive channel, zosA_2 Zinc-transporting ATPase (EC 3.6.3.5) 
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5.3.5 Proteins detected and regulated in LiCl extracts  

Analysis of the LiCl extracts revealed a total of 1038 proteins before data filtering.  Of these proteins, 

many were likely to be present due to cell lysis incurred during handling.  This was evident from the 

high number of proteins detected and the likelihood that proteins that were released from minor cell 

lysis but which were highly abundant proteins in the cytosol that would still be highly represented in 

the LiCl extracts, as these were concentrated 100-fold before proteomic analysis.  However, it was 

also evident that there were many proteins in the LiCl extracts that were not detected in the CFEs or 

were present only at low to very low abundance, suggesting that they were selectively enriched into 

the LiCl extract relative to their presence in the cytosol.  Furthermore, many of the detected proteins 

had signal peptides, transmembrane signatures or cell surface anchor motifs, so they would be 

expected to be found on the cell surface or in the extracellular culture fluids.  Several approaches were 

used to explore the relative enrichment of proteins into the LiCl extract and a method which provided 

some indication of enrichment, which compared the difference in log2 abundance in LiCl relative to 

the abundance in the corresponding CFEs, was used to classify proteins as potentially surface located 

or not.  This was done for pH 4.5 and 6.5 cultured cells (CFEs described above):  several attempts were 

made to extract proteins from UC cells but the amount of protein obtained was too low for proteomic 

analysis. 

Given that many proteins of the 1038 showed some small level of enrichment into LiCl, a filter was 

applied so that only proteins which showed a minimum of a 2-fold increase in abundance in LiCl 

relative to the abundance seen in the corresponding CFE were considered for further analysis.  It is 

appreciated that this may have eliminated some proteins which were truly LiCl extracted and enriched 

but this also eliminated many proteins which may have been present in extracts due to lysis.   A group 

of 167 (out of 1038) proteins were consequently deemed as enriched in LiCl extracts and these were 

categorised into two groups for analysis: 

1. Proteins enriched into LiCl extracts (not regulated) – where the abundance in both pH 4.5 and 

6.5 LiCl extracts was similar; and   

2. Proteins enriched into LiCl and significantly regulated (e.g. abundance at pH 4.5 >> 6.5). 

When proteins were absent from CFEs, imputed LFQ values were used to allow calculation of relative 

enrichment into LiCl extracts and unimputed data was examined to determine absence from any 

extract. 

A further filter was used when evaluating potential regulation of proteins at the cell surface:  only 

proteins with FC ≥2 were included as regulated and proteins where the FC is <2 are considered not 

significantly regulated. 
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5.3.5.1 Proteins enriched in LiCl extracts (not regulated) 

Annexure 09 indicates a category of 123 proteins that are enriched into LiCl, not regulated, as all of 

these proteins have FC values ˃2 in LiCl extracts (for cells cultured at either pH 4.5 or 6.5), whereas 

their log2 difference LiCl pH 4.5 against pH 6.5 was <1 (or less than a 2-fold change).  These enriched 

proteins detected in LiCL extracts were from different functional classes including cell wall 

biogenesis, membrane bioenergetics and cell surface or uncharacterised proteins.  Surface located, 

signal sequence and transmembrane membrane proteins were mainly from the uncharacterised 

functional classes.   Transmembrane proteins (ID K0MS25 with FC 7.23, K0N6M9 with FC 2.17, 

K0N947 with FC 4.0, K0NA78 with FC 73.2) and signal sequence proteins (K0N9Y1 with FC 13.32) are 

examples of uncharacterised proteins enriched in LiCl extracts, however these proteins were not 

upregulated.  Interestingly, K0NA78 has a domain structure found in ‘rare lipoproteins’, RplA, 

commonly in septal ring proteins that have transglycosylase activity and contribute to cell shape and 

separation in Pseudomona aeruginosa (Hochwind et al. 2012).   

5.3.5.2 Proteins enriched and regulated in LiCl  

Annexure 10 indicates a category of 44 proteins that are enriched and regulated in LiCl due to the 

observation that their FC values are >2 in in both comparisons:  LiCl pH 4.5 Vs CFE pH 4.5 and in LiCl 

pH 4.5 Vs LiCl pH 6.5.  TrsG protein with ID K0MRM8 was an important secreted protein detected in  

LiCl pH 4.5 extracts as well as the ECF:  this protein is a likely cell wall hydrolase and contains a CHAP 

domain (cysteine, histidine-dependent aminohydrolase/peptidase) and also contains a SibA domain.  

Most of the proteins in this category were from uncharacterised/general prediction, ABC type 

transport, central glycolytic/intermediary pathways and transcriptional regulation functional classes.  

Cell surface proteins detected in LiCl extracts not due to lysis were checked for their 

presence/absence in CFE and ECF data and only those present exclusively in LiCl extracts are 

mentioned in Table 5.1.   

Proteins that have FC˃2 are considered as upregulated, those with FC˂2 but ˃1 are unchanged and 

those with FC˂1 are rated as downregulated and they are mentioned as Annexures 6(a-f).  The purpose 

of arranging the data in high to low FC order is to see the proteins upregulated, down regulated or 

unchanged in any specific comparison and also to see what proteins are found at the cell surface that 

are efficiently extracted into LiCl and not present in extracts due to cell lysis.   

In the case of LiCL pH 6.5 Vs CFE pH 6.5 comparison FC values of highly expressed proteins are 

mentioned as Annexure 7(f) and all FC values are arranged in descending order.  Uncharacterised 

protein (K0N505, annotated as S1 RNA binding domain protein as per UniProt), ribosomal protein 
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RluB, (K0N4T0) and tRNA/Ribosome assembly/processing protein (RluB, K0N509) were regulated in 

LiCl extract (absent in CFE pH 4.5 and UC pH as per unimputed data).  Other functional classes were 

also regulated in LiCl extracts:  transcriptional regulation, cell wall biogenesis, lipid related metabolism 

and ribosomal proteins.  Protein from 33 kDa chaperonin (Heat shock protein 33 homolog) (K0N893) 

with FC value of 3.72 was also regulated in LiCl extract.  Protein from wide range of different functional 

classes were unchanged (FC˂2) or downregulated (FC˂1) in LiCl extract as mentioned in Annexure 7(f).   

Unimputed data was used to separate proteins that were detected in LiCL extracts not due to lysis.  

These proteins were not found in CFE or ECF and are mentioned in Table 5.1.  Acid regulated 

proteins are also mentioned in Table 5.2 and their presence or absence in various cellular 

compartments is mentioned.  

5.3.6 Extracellular culture fluids analysis 

5.3.6.1 Proteins detected in ECF only (absent in CFE) and their occurrence  

Proteins that were present in ECF (absent in CFE) were few in number and are listed in Table 5.3.  

Occurrence of these proteins relevant to a particular growth condition is also listed.  Proteins that 

were common in all growth conditions were uncharacterised proteins and had indication that they 

were secreted into the ECF as they had signal sequences and a few of them were transmembrane 

proteins. In the case of UC pH, protein with ID K0N216 and K0NDR4 were only detected in UC pH 

indicating that they were exclusive to UC pH. Protein with ID K0N216 is an uncharacterised protein 

with signal sequence with WxL domain, whereas protein with ID K0NDR4 is predicted Zn-dependent 

protease having signal sequence and hence is a secreted protein.  

5.3.6.2 Proteins common in CFE and ECF and their occurrence 

Proteins that were detected in ECFs were checked for their presence in CFEs.  Proteins that were found 

in both CFE and ECF were further checked for their occurrence in specific growth conditions using 

unimputed data and are listed in Annexure 11  (such as glyceraldehyde-3-phosphate dehydrogenase, 

enolase, 6-phosphofructokinase, pyruvate kinase, phosphoglycerate kinase, 2,3-bisphosphoglycerate-

dependent phosphoglycerate mutase from central glycolytic/intermediary pathways functional class). 

These proteins were detected in all three growth conditions (pH 4.5, pH 6.5 and UC pH).  The presence 

of these proteins in CFEs and ECFs may indicate moonlighting protein presence on the cell surfaces 

that might have been released to the ECF or by cell lysis so are detected in the concentrated ECF due 

to their high abundance in CFEs.  When the CFEs were examined for highly abundant proteins, it was 

clear that many of these were not detected in the ECF.  If cell lysis only was responsible for the 
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Table 5.1: Cell surface proteins detected in LiCl extracts only so consider as present not due to lysis (NaN in all CFEs, not detected in ECF) 

Protein names Functional Class Function Gene Mol. 

weight 

[kDa]_ 

Gene locus FC CFE 4.5 

Vs CFE 6.5 

FC UC pH 

Vs CFE 6.5 

FC UC pH 

Vs CFE 4.5 

FC LiCL 

pH 4.5 

Vs LiCL 

pH 6.5 

FC LiCL 

pH 4.5 

Vs CFE 

pH 4.5 

FC LiCL 

pH 6.5 

Vs CFE 

pH 6.5 

Uncharacterized 

protein yaaA 

General prediction only Unknown role 

(DNA replication 

and/or repair?) 

yaaA 7.5 BN194_00040 0.97 0.92 0.95 0.60 27.39 44.33 

Membrane protein Unknown/uncharacterized unknown function 40.8 BN194_22700 1.02 0.93 0.92 2.53 3.40 1.36 

Hypothetical 

lipoprotein 

Unknown/uncharacterized unknown function 23.3 BN194_12440 0.63 0.62 0.99 9.56 3.87 0.25 

Uncharacterized 

protein 

Unknown/uncharacterized unknown function 8.5 BN194_16650 1.21 0.51 0.42 0.10 4.38 51.93 

Queuosine 

transporter QueT 

General prediction only unknown function queT 18.3 BN194_21930 0.79 1.20 1.51 1.00 4.55 3.60 

Uncharacterized 

protein 

Cell wall biogenesis teichoic acid biosynthesis 51.1 BN194_02360 1.27 0.37 0.30 1.60 15.09 11.98 

Gluconate 5-

dehydrogenase (EC 

1.1.1.69) 

General prediction only unknown function idnO 26.6 BN194_08150 0.85 0.38 0.45 10.95 30.51 2.35 

Uncharacterized 

protein yitL 

General prediction only unknown function yitL 31.9 BN194_15600 0.95 1.16 1.23 1.51 167.10 104.98 

Uncharacterized 

protein 

Unknown/uncharacterized unknown function 11.2 BN194_11770 1.18 0.30 0.26 1.05 2.54 2.85 

Protein veg Unknown/uncharacterized unknown function veg 11.4 BN194_27010 2.58 0.61 0.24 0.92 2.16 6.05 

Uncharacterized 

protein 

Unknown/uncharacterized unknown function 10.1 BN194_05550 0.59 0.23 0.40 1.07 44.76 24.73 
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Arginine repressor Transcriptional regulation regulation of 

arginine 

metabolism genes 

argR1,argR 16.8 BN194_19110 1.38 1.31 0.95 0.39 10.14 36.28 

MarR family 

transcriptional 

regulator 

Transcriptional regulation regulatory role unknown 19.2 BN194_22610 1.10 0.71 0.64 0.12 0.54 4.76 

Transcriptional 

repressor smtB 

homolog 

Transcriptional regulation regulation of 

heavy metal efflux 

ziaR 13.0 BN194_01180 0.72 0.47 0.65 0.28 2.24 5.83 

Putative 

transcriptional 

regulator, MarR family 

Transcriptional regulation regulatory role unknown 15.5 BN194_27490 0.89 0.64 0.72 0.34 1.26 3.26 

Oligopeptide 

transport system 

permease protein 

oppB 

ABC-type transporter 

systems 

oligopeptide 

uptake 

oppB_2 35.1 BN194_20630 0.44 0.20 0.44 0.20 2.40 5.16 

Inner membrane 

amino-acid ABC 

transporter permease 

protein yecS 

ABC-type transporter 

systems 

polar amino acid 

uptake 

yecS_3 58.5 BN194_29780 0.91 0.79 0.87 28.69 15.42 0.49 

Oligopeptide 

transport system 

permease protein 

oppB 

ABC-type transporter 

systems 

oligopeptide 

uptake 

oppB 35.7 BN194_17900 3.35 1.80 0.54 2.27 13.87 20.50 

Ribosome maturation 

factor RimP 

tRNA/Ribosome 

assembly/processing 

ribosome 

processing (SSU) 

rimP 18.0 BN194_17590 1.98 0.34 0.17 0.44 3.17 14.15 

Pseudouridine 

synthase (EC 5.4.99.-) 

tRNA/Ribosome 

assembly/processing 

ribosomal RNA 

processing (LSU) 

rluB 27.3 BN194_15650 1.15 0.65 0.57 0.70 35.31 57.68 

Pseudouridine 

synthase (EC 5.4.99.-) 

tRNA/Ribosome 

assembly/processing 

ribosomal RNA 

processing (SSU) 

ytzG 25.9 BN194_09230 1.05 0.33 0.31 0.84 9.95 12.49 



191 
 

Single-stranded-DNA-

specific exonuclease 

recJ (EC 3.1.-.-) 

DNA 

repair/recombination 

DNA repair (base 

excision;mismatch; 

homologous 

recombination) 

recJ 87.9 BN194_17390 0.62 0.26 0.42 0.22 2.71 7.58 

4-hydroxy-

tetrahydrodipicolinate 

reductase (HTPA 

reductase) (EC 

1.17.1.8) 

Amino acid-related 

metabolism 

L-lysine 

biosynthesis 

dapB 27.3 BN194_01000 0.74 1.05 1.42 4.62 5.81 0.93 

SsrA-binding protein 

(Small protein B) 

Posttranslational 

modification 

defective protein 

degradation 

(tagging) 

smpB 18.3 BN194_11110 1.62 0.44 0.27 0.24 3.76 25.59 

Xanthine permease Other transporter proteins xanthine uptake pbuX 47.3 BN194_12500 0.62 0.70 1.13 0.48 1.95 2.53 

50S ribosomal protein 

L32 

Ribosomal proteins 50S (LSU) 

ribosome 

rpmF 7.1 BN194_15510 0.17 0.11 0.68 2.38 1343.80 93.17 

ABC transporter, ATP-

binding protein 

Cell surface 

proteins/internalins 

unknown function 22.1 BN194_15700 0.43 0.48 1.12 0.83 9.18 4.75 

NAD kinase (EC 2.7.1.23) (ATP-dependent NAD kinase) nadK 29.9 ppnK 1.65 0.74 0.45 0.97 5.37 9.10 
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Table 5.2: Acid upregulated (pH 4.5) cell surface proteins (enriched into LiCl extracts) 

Protein names Functional Class Function Gene Mol. 

weigh

t 

[kDa]_ 

Gene Locus CF

E 

pH 

4.5 

CF

E 

pH 

6.5 

CFE 

UC 

pH 

LiC

l 

pH 

4.5 

LiC

l 

pH 

6.5 

FC 

CFE 

4.5 

Vs 

CFE 

6.5 

FC UC 

pH Vs 

CFE 

pH 

6.5 

FC UC 

pH Vs 

CFE 

pH 

4.5 

FC 

LiCL 

pH 

4.5 

Vs 

LiCL 

pH 

6.5 

FC 

LiCL 

pH 4.5 

Vs CFE 

pH 4.5 

FC LiCL 

pH 6.5 

Vs CFE 

pH  6.5 

Surface antigen Cell wall biogenesis peptidoglycan turnover 42.7 BN194_21500a Y Y Y Y Y 2.5 2.9 1.1 19.0 26.3 3.5 

Putative secreted 

protein 

cell wall biogenesis peptidoglycan turnover? 49.7 BN194_02820 Y Y Y Y Y 5.7 15.9 2.8 18.2 74.7 23.3 

Penicillin-binding 

protein 1F 

Cell wall biogenesis peptidoglycan 

polymerization 

pbpF_2 77.0 BN194_19090 Y Y N Y Y 0.7 0.1 0.1 9.7 35.9 2.6 

Penicillin-binding 

protein 3 

Cell wall biogenesis peptidoglycan 

polymerization 

pbpC 72.3 BN194_03320 Y Y Y Y Y 0.9 0.8 0.8 8.8 3.0 0.3 

ErfK family protein Cell wall biogenesis unknown function 

(peptidoglycan 

crosslinking?) 

50.4 BN194_26570 Y Y N Y Y 2.2 0.6 0.3 4.0 4.6 2.5 

D-alanine--

poly(phosphoribitol) 

ligase subunit 2 (EC 

6.1.1.13) (D-alanyl 

carrier protein) 

Cell wall biogenesis teichoic acid D-

alanylation 

dltC 8.9 BN194_08610 Y Y Y Y Y 12.

9 

55.6 4.3 3.1 1.4 5.7 

Alternansucrase Cell wall biogenesis peptidoglycan turnover 100.6 BN194_02430 Y Y Y Y Y 0.2 0.0 0.3 2.3 302.8 20.7 

Cytochrome d 

ubiquinol oxidase 

subunit 1 (EC 1.10.3.-

) 

Membrane bioenergetics electron 

transport 

cydA_2 54.8 BN194_23410 Y Y Y Y Y 7.0 8.5 1.2 14.4 0.6 1.5 
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Penicillin-binding 

protein 2B 

Cytokinesis cell division; 

divisome 

complex 

pbpB 76.8 BN194_14700 Y Y Y Y Y 1.2 0.8 0.7 13.4 10.0 0.9 

Putative N-

acetylmuramoyl-L-

alanine amidase YrvJ 

(EC 3.5.1.28) 

Cytokinesis cell division; 

septum 

splitting 

yrvJ 49.1 BN194_17200 N Y Y Y Y 0.5 0.4 0.8 4.7 110.1 10.7 

4-hydroxy-

tetrahydrodipicolinat

e synthase (HTPA 

synthase) (EC 4.3.3.7) 

Amino acid-related 

metabolism 

L-lysine 

biosynthesis 

dapA 32.1 BN194_01010 Y Y Y Y Y 20.

3 

22.1 1.1 40.0 3.9 2.0 

4-hydroxy-

tetrahydrodipicolinat

e reductase (HTPA 

reductase) (EC 

1.17.1.8) 

Amino acid-related 

metabolism 

L-lysine 

biosynthesis 

dapB 27.3 BN194_01000 N N N Y Y 0.7 1.1 1.4 4.6 5.8 0.9 

Acetyl-coenzyme A 

carboxylase carboxyl 

transferase subunit 

alpha (EC 6.4.1.2) 

Lipid-related metabolism fatty acid 

biosynthesis 

accA 28.0 BN194_22470 Y Y Y Y Y 23.

7 

1.3 0.1 2.5 0.3 2.3 

ADP-dependent (S)-

NAD(P)H-hydrate 

dehydratase (EC 

4.2.1.136) (ADP-

dependent NAD(P)HX 

dehydratase) 

Cofactor-related 

metabolism 

NAD(P)H 

metabolism 

nnrD 29.6 BN194_09250 Y N N Y Y 3.6 0.8 0.2 4.0 10.7 9.8 

DNA polymerase III 

subunit beta (EC 

2.7.7.7) 

DNA replication-related DNA 

replication 

elongation 

dnaN 41.5 BN194_00020 Y Y Y Y Y 1.2 1.5 1.3 2.6 2.4 1.1 

Ribonuclease H (EC 

3.1.26.4) 

DNA 

repair/recombination 

DNA repair 

(ribonucleotid

e excision) 

rnhA 18.3 BN194_27580 Y Y N Y Y 1.1 0.8 0.8 2.8 45.4 17.6 
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ATP-dependent Clp 

protease proteolytic 

subunit (EC 

3.4.21.92) 

(Endopeptidase Clp) 

Protein folding/turnover recycling 

defective 

proteins; 

virulence 

clpP_2, 

clpP 

21.5 BN194_10510 Y Y Y Y Y 0.3 0.1 0.2 4.2 6.0 0.5 

2,5-diketo-D-gluconic 

acid reductase B (EC 

1.1.1.274) 

Cell 

defense/detoxification 

methylglyoxal 

removal via 

acetol 

dkgB 30.9 BN194_08260 Y Y Y Y Y 0.9 0.4 0.5 5.1 3.0 0.5 

Gluconate 5-

dehydrogenase (EC 

1.1.1.69) 

General prediction only unknown 

function 

idnO 26.6 BN194_08150 N N N Y Y 0.8 0.4 0.4 11.0 30.5 2.4 

Uncharacterized 

protein 

General prediction only unknown function 53.1 BN194_01300 Y Y N Y Y 1.9 0.3 0.1 2.9 3.9 2.5 

D-2-hydroxyacid 

dehydrogenase (EC 

1.1.1.-) 

General prediction only unknown 

function 

ddh 33.7 BN194_16660 Y Y Y Y Y 0.5 1.1 2.4 2.6 14.3 2.5 

Oxidoreductase YdhF 

(EC 1.-.-.-) 

General prediction only unknown 

function 

ydhF 36.0 BN194_25320 Y Y N Y Y 0.3 0.1 0.3 2.1 2.7 0.4 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 5.4 BN194_07550 Y N Y Y N 2.7 89.7 33.8 495.

3 

103.7 0.6 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 14.0 BN194_24220 Y N N Y Y 2.8 0.8 0.3 39.2 9.1 0.7 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 13.7 BN194_01080 Y N N Y Y 2.1 0.3 0.2 15.5 397.6 53.6 

Possible TrsG protein Unknown/uncharacterize

d 

unknown function 43.4 BN194_00240 Y Y Y Y Y 1.3 3.2 2.4 10.2 32.7 4.3 

Hypothetical 

lipoprotein 

Unknown/uncharacterize

d 

unknown function 23.3 BN194_12440 N N N Y Y 0.6 0.6 1.0 9.6 3.9 0.3 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 51.7 BN194_12200 N Y N Y Y 0.3 0.2 0.6 6.6 26.1 1.3 
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Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 43.3 BN194_11890 Y Y Y Y Y 1.1 0.8 0.7 6.4 2.7 0.5 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 20.0 BN194_20240 Y Y Y Y Y 0.9 4.5 4.9 4.3 14.7 3.1 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 18.9 BN194_19210 Y Y Y Y Y 6.1 6.4 1.0 4.3 1.9 2.7 

Uncharacterized 

protein ypuA 

Unknown/uncharacterize

d 

unknown 

function 

ypuA 35.6 BN194_27250 Y Y Y Y Y 0.6 0.8 1.5 3.5 8.2 1.4 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown 

function 

yvcC 63.3 BN194_05260 Y Y Y Y Y 1.0 2.5 2.5 3.4 17.3 5.0 

SPFH/Band 7/PHB 

domain protein 

Unknown/uncharacterize

d 

unknown function 27.3 BN194_29820 N N N Y Y 0.9 0.9 0.9 3.0 2.2 0.7 

Uncharacterized 

protein 

Unknown/uncharacterize

d 

unknown function 13.3 BN194_12100 Y Y Y Y N 0.9 0.7 0.8 2.9 2.4 0.8 

Membrane protein Unknown/uncharacterize

d 

unknown function 40.8 BN194_22700 N N N Y Y 1.0 0.9 0.9 2.5 3.4 1.4 

Uncharacterized 

protein ybbP 

Unknown/uncharacterize

d 

unknown 

function 

ybbP 32.2 BN194_11530 Y N N Y Y 8.0 1.9 0.2 2.4 0.7 2.4 

Inner membrane 

amino-acid ABC 

transporter permease 

protein yecS 

ABC-type transporter 

systems 

polar amino 

acid uptake 

yecS_3 58.5 BN194_29780 N N N Y Y 0.9 0.8 0.9 28.7 15.4 0.5 

Lipoprotein ABC-type transporter 

systems 

methionine 

uptake 

metQ_

2 

30.4 BN194_13740 Y Y Y Y Y 6.0 1.9 0.3 10.1 3.0 1.8 

ABC transporter 

substrate binding 

protein 

ABC-type transporter 

systems 

metal ion uptake 33.3 BN194_25510 Y Y Y Y Y 1.3 1.0 0.7 10.1 6.2 0.8 

Dipeptide-binding 

protein dppE 

ABC-type transporter 

systems 

oligopeptide 

uptake 

dppE_3 63.0 BN194_14020 Y Y Y Y Y 2.3 1.1 0.5 8.2 2.3 0.7 
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Oligopeptide 

transport system 

permease protein 

oppB 

ABC-type transporter 

systems 

oligopeptide 

uptake 

oppB 35.7 BN194_17900 N N N Y Y 3.4 1.8 0.5 2.3 13.9 20.5 

Transaldolase (EC 

2.2.1.2) 

Central 

glycolytic/intermediary 

pathways 

pentose 

phosphate 

pathway 

fsa 25.1 BN194_28440 Y Y Y Y Y 10.

2 

5.8 0.6 28.8 2.3 0.8 

6-phosphogluconate 

dehydrogenase, 

decarboxylating (EC 

1.1.1.44) 

Central 

glycolytic/intermediary 

pathways 

pentose 

phosphate 

pathway 

yqeC 32.1 BN194_02330 Y Y Y Y Y 1.0 1.9 1.9 7.3 9.5 1.3 

Transcriptional 

regulator lytR 

Transcriptional regulation regulatory role 

unknown 

lytR_4 39.0 BN194_23780 Y Y Y Y Y 0.7 0.7 1.1 2.6 17.5 4.7 

Xre-like DNA-binding 

protein 

Transcriptional regulation regulatory role unknown 33.1 BN194_10050 N N Y Y Y 4.1 6.5 1.6 2.5 8.0 13.1 

50S ribosomal 

protein L32 

Ribosomal proteins 50S (LSU) 

ribosome 

rpmF 7.1 BN194_15510 N N N Y Y 0.2 0.1 0.7 2.4 1343.

8 

93.2 

 

a Yellow highlighted  proteins described by their Gene Locus were also found in ECF
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detection of moonlighting proteins in the ECF then other highly-abundant, cytosolic proteins should 

also be detected. As this was not the case, lysis is not a sufficient explanation for the detection of the 

limited number of proteins, including the moonlighting proteins, in the ECFs.  

5.3.6.3  ECF proteins their detection, enrichment and regulation in LiCl extracts 

ECF proteins that were detected in all three growth conditions (pH 4.5, pH 6.5 and UC pH) were 

further checked for their presence, enrichment and regulation in LiCl extracts.  Cell wall biogenesis 

related proteins (K0N6S2, K0N7S8, PonA), uncharacterised proteins (K0MRM8, also a cell wall 

hydrolase, and K0MWI3), transcriptional regulatory protein (LytR_4, K0NA85) and cytokinesis 

protein (K0N5G4) were the proteins that were present in ECF and were also found in LiCl extracts.  

These proteins were enriched and regulated in the LiCL extract of pH 4.5. It is further noted that 

K0N1V5, another rare lipoprotein, was only detected in the ECF and not in CFEs or LiCl extracts:  it 

was more highly abundant in the UC pH ECF relative to pH 4.5 and 6.5.   

5.3.6.3 Fatty acid analysis of whole cells 

Fatty acid analysis of whole cell is given in Table 5.23.  Fatty acid profile of pH 6.5 grown cells indicates 

that almost equal quantities of vaccenic acid and oleic acid in pH 6.5 grown cell whereas palmitic acid 

is the next most abundant fatty acid of pH 6.5 grown cells.  In contrast, fatty acid profile of pH 4.5 

grown cells indicates that oleic acid content is reduced relative to the vaccenic acid with the 

concomitant increase in cyclopropyl-oleic acid derivatives.  The precursor of vaccenic acid, 16:1(n=7) 

is also up in pH 4.5 cultures, consistent with fatty acid synthesis impairment and lower vaccenic acid 

synthesis relative to pH 6.5.  Uncontrolled pH grown cells also showed cyclic-oleic acid derivatives, but 

at a lesser relative proportion than for pH 4.5.  In comparison to Chapter 4, where 10-hydroxysteric 

acid was accumulated in Tween 80 cultured cells, this form of fatty acid was not detected in 

considerable quantitates in pH 4.5 or UC pH growth condition.   Sph, the protein annotated as an 

oleate hydratase, was marginally higher at pH 4.5 in CFEs:  its role in fatty acid degradation or 

derivatisation is not yet characterised, although its likely role is in forming 10-hydroxysteric acid.  

K0N6M0, annotated as a cyclopropane-fatty-acyl-phospholipid synthase in the genome of GCRL163 

and in the same genomic region as the fatty acid synthesis genes, was more highly abundant in pH 4.5 

(2.8 FC) than in pH 6.5 CFEs, which is consistent with the observed higher level of cyclo-oleic acid 

derivatives after culture at pH 4.5. 
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Table 5.3: Proteins (uncharacterised) only found in ECF (absent in CFE) and their abundance (log2 

LFQ values) in replicates 

Protein name or 

putative annotation  

Entry Occurrence pH 

4.5_1 

pH 

4.5_2 

pH 

4.5_3 

pH 

6.5_1 

pH 

6.5_2 

pH 

6.5_3 

UC 

pH_1 

UC 

pH_2 

UC 

pH_3 

Transmembrane helix, 

surface anchor protein? 

Pilin-related? 

K0N8C9 Detected in 

all conditions 

19.9 20.0 19.8 19.1 19.5 18.9 22.6 21.2 21.9 

sig seq, coiled coil, PA = 

cell wall associated 

hydrolase; Rare 

lipoprotein domain, 

septal ring protein? 

K0N1V5 Detected in 

all conditions 

23.4 22.3 22.6 23.2 23.1 24.4 25.3 24.4 24.6 

Sig. Seq., PA FliK family 

flagellar hook-length 

control protein 

K0N647 Detected in 

all conditions 

20.9 20.7 21.1 19.0 NaNa 19.6 21.9 21.3 22.1 

uncharacterized K0NB76 Detected in 

all conditions 

20.6 20.8 20.8 20.2 20.2 20.1 22.5 21.7 22.3 

transmembrane, FliK 

family flagella hook-

length control protein 

K0NDJ8 Detected in 

all conditions 

23.7 22.6 22.9 22.8 22.8 23.2 21.2 20.7 21.2 

PA LPXTG-motif cell wall 

anchor domain, 

transmembrane 

K0NAB9 pH 4.5 and 

UC  

19.7 18.5 18.7 NaN NaN 17.2 21.1 20.2 20.8 

PA Adhesion exoprotein, 

MW 135kDa 

K0NDR4 UC pH only 18.2 NaN NaN NaN NaN NaN 19.7 18.6 18.9 

uncharacterized, sig. 

seq., WxL domain 

K0N2I6 UC pH only NaN NaN NaN NaN NaN 18.8 19.4 19.3 19.8 

Predicted Zn-dependent 

protease, sig. seq. so 

secreted 

K0N472 pH 4.5 only 20.7 18.4 20.1 NaN NaN 17.2 NaN NaN NaN 

 

a NaN is non-assigned number, equates to zero LFQ value 
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Table 5.2: Fatty acid profiles of whole cells cultured at different pHs or uncontrolled pH.   

 

Fatty Acid Percentage Composition 

pH 6.5 pH 4.5 Uncontrolled 

pH 

   

 12:0  -  - 0.1 

 i14:0  -  -  - 

 14:1(n-7)c 0.3 1.1 0.5 

 14:1(n-7)t 0.1 0.3 0.1 

 14:0 6.2 4.7 7.3 

 i15:0 0.1 0.1 0.1 

 a15:0 0.1 0.1 0.1 

 15:0 0.1 0.1 0.1 

 i16:0 0.1  - 0.1 

 16:1(n-7)c 6.8 12.4 7.3 

 16:1(n-7)t 3.2 4.4 2.7 

 16:1(n-5) 0.6 0.9 0.7 

 16:0 (Palmitic acid) 26.3 14.0 26.0 

cyclopropyl-16:0  -  -  - 

cyclopentenyl-16:0a  - 0.1  - 

cyclopentenyl-16:0b  - 0.1  - 

cyclopentenyl-16:0c  - 0.2  - 

cyclopentenyl-16:0d 0.4 1.8 0.4 

 a17:0 0.2 0.1 0.2 

 17:1(n-8) 0.3 0.2 0.3 

 17:0 (Margaric acid/ heptadecanoic acid) 0.1 0.1 0.1 

 18:2  -  -  - 

 18:1(n-9) Oleic acid/ cis-9-octadecenoic acid 22.7 8.2 18.4 

 18:1(n-7) Vaccenic acid (Omega 7 fatty acid) 23.6 17.8 15.6 

 18:0 Steric acid/ Octadecanoic acid 0.9 1.1 1.0 

cyclopentenyl-18:0a 0.8 0.6 0.8 

cyclopentenyl-18:0b 0.8 0.5 1.0 
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cyclopentenyl-18:0c 0.1 0.1 0.1 

cyclopentenyl-18:0d 0.6 0.9 0.7 

cyclopropyl-18:0a 2.8 20.7 8.9 

cyclopropyl-18:0b 1.0 8.7 6.7 

 20:1 0.2 0.5 0.4 

 10-OH-18:0 (10-hydroxy stearic acid) 1.9 0.3 0.6 

Total 100.0 100.0 100.1 
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5.4 Discussion 

5.4.1 Proteomics changes in CFE of different growth condition 

Microorganisms are regularly exposed to variable types and levels of stresses in their corresponding 

growth conditions, developing specific responses that involve modulation of protein and 

phosphorylation of dependent signal transduction systems to cope with stressors and continue their 

survival (Serrazanetti et al. 2013b).  Proteomic responses in CFEs of Lb. casei GRL163 following 

culture at low pH, 4.5, relative to neutral conditions (pH 6.5), or when cultured in fermenters 

without pH control are discussed in this section.    

The cells were harvested in stationary phase, when the pH would normally fall to around 3.5 in 

uncontrolled growth conditions.  Our prior studies (Al-Naseri et al. 2013) used 1% lactose as the 

carbon source in mMRS (pH buffered with phosphate buffers) and had shown that Lb. casei GCRL163 

produced approximately 12 mM lactic acid and 17 mM (net) of acetic acid.    Both lactic and acetic 

are weak acids, with pKa values of 3.86 and 4.75 respectively (point of 50% dissociation), so that at 

pH 4.5 or in UC conditions, these acids would be a mixture of undissociated and dissociated forms 

(lactate and acetate plus H+), where the latter can pass through cell membranes (unlike the 

undissociated forms) (https://pubchem.ncbi.nlm.nih.gov/compound/L-lactic_acid or acetate).  

Consequently, stress reactions would be as a result of exposure of cells to both H+ and the counter 

ion. 

Because the cells were harvested at stationary phase, the data presented cannot distinguish 

between transition into stationary phase, which is known to cause induction of stationary phase 

responses in bacteria, and impact of the pH of growth conditions.  However, both UC and pH 4.5 

extracts are compared to cells harvested at the same growth phase after culturing at pH 6.5, and 

whenever possible the data has been benchmarked against that of Al-Naseri (2015), who 

investigated the proteomics of GCRL163 cultured at pH 6.5 and 4.5 for cells harvested at exponential 

and stationary phase.   

5.4.1.1 Proteomic changes in CFE of acid stress (pH 4.5) 

The majority of the proteins from functional classes of carbohydrate-related metabolism, amino 

acid-related metabolism, unknown/uncharacterised proteins, protein folding/turnover, nucleic 

acid/nucleotide metabolism were highly expressed in acid stress as indicated by their FC values (CFE 

pH 4.5 Vs. CFE pH 6.5 comparison, Annexure 7a) whereas s few of proteins from these functional 

classes were repressed or unchanged.  In the same comparison, probable dipeptidase A (K0N1E0) 

was the amino acid class related protein with the highest FC value (95.66) as mentioned Annexure 
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7a (where FC values are given in the order of high to low FC).  The acid tolerance response was 

reported in a research study (Broadbent et al. 2010b) using Lb casei ATCC 334 and bacterial 

physiology and transcriptomic responses recorded.  They reported that several proteins that were 

upregulated were from amino acid related metabolism functional class including transporter 

subunits (OppF, OppD, OppC, OppB, OppA), however a few proteins from the amino acid functional 

class were downregulated as well.  They used 10 or 20 min acid adaptation (pH range between 3 to 

5) followed by a further 120 min acid challenge to the cells at pH 2 to determine the acid tolerance 

response (ATR).  Two proteins from energy production and conversion class (malolactic enzyme and 

malate/lactate antiporter) and one protein from carbohydrate transport metabolism (n-Glycerol-3-

phosphate transport system permease protein UgpA) were also upregulated. The majority of other 

functional classes of protein were downregulated: Nucleotide transport and metabolism, 

Information storage and processing, Translation, ribosomal structure and biogenesis, cellular 

processes in protein turnover stress response, cell envelope biogenesis and cell division 

chromosome partitioning.  The present study was conducted in automated fermenters that 

controlled and maintained acidic pH (4.5) where bacterial cells were cultured throughout in acidic 

environments along with other pH condition (pH 6.5 and UC pH) and provided a stable platform for 

bacterial growth to evaluate/compare their proteomics.    

Similar experimental approach was used in a previous study (Al-Naseri 2015) where Lb. casei 

GCRL163 along with Lb. casei MJA12 strains were cultured in constant pH 4.5 acid stress conditions 

(against pH 6.5 used as the control) in buffered mMRS and proteomics of both strains was compared 

for mid-log and stationary phase cells.  The results reported in the present study are more similar to 

Al-Naseri than Broadbent in terms of protein expression levels, such as upregulation of amino acid 

related metabolism, uncharacterised proteins, cell wall biogenesis and lipid related metabolism 

functional class proteins.  It is noted that the TCA pathway proteins, specifically those in citrate 

metabolism to oxaloacetate and pyruvate, were upregulated in the UC growth condition.  However, 

differences are seen in tricarboxylic acid pathways, nucleic acid/nucleotide related metabolism, and 

other functional classes in the present study as these protein functional classes were downregulated 

after growth at pH 4.5 relative to Al Naseri’s research.  Examining the data from mid-exponential 

CFEs and comparing these with stationary phase CFEs shows that many proteins that were low at pH 

6.5 at mid-exponential became more abundant in stationary phase, so that the difference seen 

between data sets are attributed, at least in part, to growth phase differences.  Alternatively, the 

sub-cellular location of proteins may be different, given that proteins in the above functional classes 

were also detected in the ECF so that summing across the fractions may also account for the 

differences.    
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Cell wall biogenesis related proteins D-alanine-poly (phosphoribitol) ligase subunit 2 (DltC) and 

dTDP-4-dehydrorhamnose 3, 5-epimerase (BN194_21350) were highly upregulated in acid stress 

conditions (Fig. 5.5 in Results section).  Penicillin-binding proteins (PBPs) (K0MWB2, K0N7W9 and 

K0NAU3) were also upregulated in acid stress from the cell wall biogenesis functional class.   These 

proteins (PBPs) are involved in synthesis of peptidoglycan and were detected in recent research 

reported by Hattori et al. (2017), where they examined three Lb. paracasei strains and identified 10 

PBPs with the help of biotinylated ampicillin binding.  Seven of the 10 PBPs in that study had 

molecular sizes similar to those in E. coli.  It is demonstrated in a study that LAB have the capability 

to maintain  cell envelope integrity and when damage to the cell envelope occurs the bacteria 

induce specialised repair mechanisms (Jordan et al. 2008; Papadimitriou et al. 2016), so it may be 

anticipated that cells grown for extended periods at low pH would mobilise proteins associated with 

cell wall synthesis and turnover.   

All of the peptidoglycan synthesis proteins such as Glm, Mur and Ddl are less abundant in both UC 

and pH4.5.  Proteins associated with lipoteichoic acid synthesis (Ltas1_2), and nucleotide sugar 

synthesis and attachment to the cell surface are up in abundance.  Exopolysaccharides such as 

lipoteichoic acid and teichoic acid are an important constituent of peptidoglycan that contains other 

proteins: glycoproteins, LPXTG proteins and mucus binding pili (Mozzi & Vignolo 2010).  

Exopolysaccharides are important in probiotic functions and they can be isolated from fermented 

foods (Khalil et al. 2018).  In their study six species of lactobacilli were proven to produce 

exopolysaccharides out of thirty lactobacilli species tested that were isolated from local Malaysian 

foods.  They also mentioned that each bacterial strain has different ability to produce 

exopolysaccharides.  Alteration in exopoysaccharide synthesis under acidic conditions may impact 

on probiotic function as well as how LAB contribute to food quality traits. 

Fatty acid synthesis proteins were abundant in pH 4.5 and UC cultures such as AcpP proteins that are 

normally linked to synthesis of fatty acids, however they also play a role in phospholipid synthesis 

carrying acyl groups onto the glycerol backbone as acyl-donors.  Protein Sph (oleate hydratase) was 

also upregulated in pH 4.5 cells (down in UC pH) but its role in fatty acid degradation or 

modification,  including formation of unsaturated fatty acids like vaccenic acid (7-8 double bonds) is 

not well understood.  This is an area for future research investigations. 

5.4.1.2 Proteomic changes in CFE of UC pH 

Differences are observed between CFE proteins of pH 4.5 and UC pH in a few cases where protein 

expression levels of pH 4.5 is totally opposite to UC pH:  lipid related metabolism protein Acetyl-

coenzyme A carboxylase Acc subunits (mainly A & D) are abundant in pH 4.5 as opposed to UC pH, 
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where they are strongly repressed, indicating shutting down of pathways in fatty acid synthesis in UC 

pH.  While most of proteins of fatty acid related proteins are down in abundance in pH 4.5 and UC 

pH, exception is also noted in acetyl carrier proteins (AcpS and acpP_2, acpP) that were up in 

abundance in both pH 4.5 and in UC pH.  Protein with ID K0N6MO (probable fatty acid 

methyltransferase was upregulated in pH 4.5 CFEs but not so in UC pH.  Probable fatty acid 

methyltransferase helps in making cyclopropyl-fatty acids in phospholipids, where culture at pH 4.5 

caused a more avid production of the cyclic-oleic acid derivatives. 

An uncharacterised with ID number K0MYM2 was identified as an acid shock protein (Hsp20) was 

this was highly expressed under acid stress (detected in all combinations as per unimputed data.) 

Other molecular chaperone proteins involved in stress responses were found under acid stress 

including GroEL/GroES chaperonin and molecular chaperone DnaK and DNaJ, which rescue partly 

misfolded proteins for refolding (where DnaJ is the co-chaperone that forms complex with DnaK).  

Improvement in survival of Lactobacillus strains under stressed growth conditions is partly due to 

increased abundance in chaperones to ensure correct and rapid folding of proteins (De Angelis et al. 

2016; De Angelis & Gobbetti 2011).  Chaperone proteins (such as ClpB and Clp) and other ATP-

dependent Clp protease were noted to be down in abundance in both pH 4.5 and UC pH with 

exception to ClpC that was abundant in pH 4.5 and repressed in UC pH cultures.  Previously it was 

demonstrated that Clp proteins, their yeast homologs (Hsp1) and  their mitochondrial protease 

(Pim1) are related with HSPs. (Schirmer et al. 1996).  It is considered that Clp system is probably the 

main component for protein turnover in LAB under stress and also in other Gram-positive bacteria 

that are low in GC contents (Elsholz et al. 2011). 

Malolactic enzyme, MleA (tricarboxylic acid pathway) was abundant protein of UC pH and pH 4.5.  

This protein is an important part of pyruvate metabolism and converts S-malate to L-Lactate plus 

carbon dioxide.  Conversion of malate to lactate by malolactic acid enzyme is shown in KEGG 

pathways related to pyruvate metabolism (http://www.genome.jp/kegg-

in/show_pathway?lcw00620+BN194_08070).  In a research study related to acid stress (Broadbent 

et al. 2010b) response of Lb. casei, physiological and transcriptomic behaviour of bacteria was 

monitored.  They reported upregulation of a single gene to ˃16-fold that encodes a malolactic 

enzyme.  In addition to LAB, streptococci are also reported to have malolactic fermentation that 

specifies L-malate to be decarboxylated by the bacteria to produce L-lactic acid with reduction in 

acidity (Sheng & Marquis 2007).   Fumarate hydratase class II was another protein that was only 

slightly altered in abundance in pH 4.5. All other proteins of the tricarboxylic acid pathway were 

supressed in pH 4.5 indicating that this pathway was functioning at a low level in this organism.  
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Protein Cit (D, E and F) were abundant in UC pH.  Lb. casei does not have a full TCA pathway and is 

unable to convert citrate to succinate, but is able to form oxaloacetate and acetyl-CoA from citrate.  

Malate formation as a substrate for MleA may arise from purine degration to glyoxylate, as part of 

the glyoxylate cycle, but the pathway in Lb. casei has not been characterised, if it exists, although 

some enzymes involved in glyoxylate detoxification pathways are known.    

Upregulation of ribonucleases was observed in UC pH CFEs, while the abundance of protein involved 

in purine (PurN, PurK and others) synthesis declined, while proteins involved in  nucleotide 

metabolism and purine nucleoside interconversion/salvage (Htp, GuaD, DeoB, DeoC and DeoD) were 

highly elevated.  These data show that in UC pH cells that RNA is being degraded, synthesis of 

nucleotides destined to RNA are going down and nucleotide interconversion (salvaging from existing 

pool of nucleotide) is going up.  Nucleoside interconversion/salvage protein level were lower in pH 

4.5 compared to UC pH. Interconversion/salvage protein process may result in energy conversation 

by lowering expenditure in synthesis and use of carbon sources from within the cell for survival 

(Annexure 8).  Nucleoside deaminases were also elevated, plus parts of the pentose phosphate 

pathway (XpkA) were upregulated, suggesting that purine degration was contributing to energy 

production by feeding glyceraldehyde-3-phosphate into glycolysis while releasing ammonium ion to 

contribute to intracellular pH statis.  The degradation pathways for purines in LAB are not well 

documented so this hypothetical process remains experimentally untted.  However, the pentose 

moiety from adenosine and inosine has been reported as a carbon source for energy production in 

Lb. sakei (Rimaux et al. 2011).  The majority of other proteins of purine and pyrimidine synthesis 

were less in abundances in all three combinations of comparisons.  It has been reported that at 

stationary growth phase the purine and pyrimidine level are low compared to log phase in Lb. 

rhamnosus (Koskenniemi et al. 2009), although Al-Naseri (2015) observed an increase in the relative 

abundance of purine synthesis proteins in both GCRL163 and MJA12 from exponential to stationary 

phases. 

Large numbers of proteins were detected belonging to the general prediction and uncharacterised 

functional classes.  An uncharacterised protein having a UniProt domain entry that represents the C-

terminal domain of enolase (K0N5I7) was an important protein that was upregulated in acid stress 

conditions compared to pH 6.5 with FC value of 26.1.  This protein likely does not have an enolase 

function but warrants further investigation.  

Abundant proteins of central glycolytic pathways (enolase and glyceraldehyde-3-phosphate 

dehydrogenase) in UC pH (relevant to pH 4.5) indicates that pathways related to these proteins are 

working in this organism.  Higher abundance of DhaK protein and protein with ID K0N8A3 (has 
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DhaK/L domain) in pH 4.5 cultures is evidenced that indicates the importance  of carbon flow 

through glycolysis for energy production or to glycerol phosphate for production of phospholipids. 

Possible accumulation of acetyl-P around pyruvate metabolism is demonstrated in this study as 

indicated in carbohydrate related metabolism functional class protein changes.  Acetyl-P is related 

with stress regulation in many bacteria owing to the fact that it helps in stress response signalling 

systems (Klein et al. 2007; Xu et al. 2010) .   This is an important aspect of cellular regulation that has 

not been expored in LAB and warrants further investigation. 

     5.4.2 Proteomics of lithium chloride extracts and extracellular fluids 

5.4.2.1 Proteins found at the cell surface (and at pH 6.5) extracted by LiCl and approaches to 
 distinguishing these proteins from other proteins detected due to cellular lysis 
 

In this study the bacterial cells of Lb. casei GCRL 163 were cultured throughout in acidic environment 

(in addition to pH6.5 and UC pH) as opposed to subjecting bacteria to acid shock.  Extraction of cell 

surface protein was accomplished using 5M LiCl, as described in detail in Chapter 2. Extraction of cell 

surface protein using LiCl was successfully used in the present study to evaluate changes in surface 

proteins expression at various growth conditions.  However it is suspected that there was some cell 

lysis associated with the processing steps of treating the cells with LiCl.  Consequently, filtering 

criteria were used to demonstrate enrichment of proteins into LiCl extracts relative to their 

representation in the CFEs.  This approach demonstrated that proteins with transmembrane motifs 

or signal peptide signatures were differentially enriched in the LiCl extracts and that many of these 

proteins were regulated following growth at pH 4.5.   Furthermore, several of these reguated 

proteins were not detected, or not only detected at very low abundance, in CFEs so that their 

regulation would othwise be undetected.  Many studies on LiCl extraction have been published for 

Gram positive bacteria but few account for the level of lysis that may impact on the distribution of 

proteins in the extracts.  Dealing with Lb. casei is complicated by the lack of an S-layer, which forms a 

continuous micro-crystalline layer of protein at the cell surface, and the general understanding that 

Lb. casei have few proteins extracted into LiCl (Johnson et al. 2016).  The current study demonstrates 

that LiCl can be used to enrich surface-located proteins and evaluate their regulation. 

The effect of culturing Lb. casei under acidic growth conditions on changes at the bacterial cell 

surfaces using proteomics was previously reported  (Nezhad et al. 2012), where GCRL46 (an acid-

tolerant Lb. casei strain) cells were cultured in bottles, controlling the pH using 2M sodium citrate 

phosphate buffer and harvesting at late log phase.  They reported the presence of various proteins 
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on Lb. casei GCRL46 in LiCl extracts after concentrating 100-fold followed by 2D-gel proteomics 

analysis.  Among those proteins detected, enolase and GAPDH were noticeable more highly 

abundant at low pH under these growth conditions.  In the present study using strain GCRL163, the 

LiCl extracts did not show enrichment of GAPDH, enolase and other glycolytic proteins but several of 

these proteins were detected at higher levels in pH 4.5 and UC ECFs.  This may indicate that strain, 

growth phase, culture media composition and culture methods will influence the outcome of 

detecting proteins in LiCl extracts.  The literature indicates that proteins such as enolase, GAPDH and 

others are found in the secretomes of Lactobacillus strains and that these proteins may have 

moonlighting functions (De Angelis et al. 2016; Henderson & Martin 2011).  S-layer proteins (SLP) are 

found on the cell surfaces of several genera and species of various Gram positive microorganisms 

and have been linked with bacterial attachment capabilities to the gut wall (Gerbino et al. 2015) 

however S-layer protein genes are not present in Lb. casei, Lb. paracasei or in Lb. rhamnosus (Boot 

et al. 1996; Hynnonen & Palva 2013).  It is apparent that proteins are enriched into LiCl, many of 

which were not detected in the CFEs, suggesting a surface location, in the absence of a structured 

external S-layer. 

The challenge faced in the present study was to differentiate between the proteins that were 

extracted from the cell surfaces by LiCl and to avoid those proteins in the data analysis that were 

present due to possible cellular lysis.  This aspect was carefully handled while interpreting 

proteomics data and six combinations of analysis (3 for CFE and 3 for LiCL) were made as mentioned 

in the Results section.  Ratios of protein FC that were above 2 in LiCL pH 6.5 Vs CFE pH 6.5 and FC LiCl 

pH 4.5 Vs CFE pH 4.5 combinations were considered as surface proteins (either in pH 6.5 or pH 4.5) 

that were extracted by LiCl (not present due to cellular lysis), given that these proteins were 

proportionally more highly represented in the LiCl extracts than when they were present in the CFEs.  

Furthermore, there were many proteins that were either present at very low LFQ values in CFEs or 

not detected at all in CFEs but had very high LFQ values.  These proteins would not have been 

detected as being regulated under acidic conditions if the LiCl extractions were not performed.   

Proteins extracted by LiCl with the highest FC differences were mainly from the following functional 

classes:  uncharacterized/unknown, cell wall biogenesis,  membrane bioenergetics, signal 

transduction, cell surface proteins/internalins, DNA replication-related, tRNA/Ribosome 

assembly/processing,  lipid-related metabolism, carbohydrate-related metabolism, cytokinesis, 

protein folding and turn over, ABC-type transporter systems, transcriptional regulation, RNA 

polymerase and ribosomal proteins.    



208 
 

5.4.2.2: Protein enriched but not regulated in LiCL extract at the cell surface under acid 

adaptation pH 4.5 

A number of protein (123) from different functional classes were enriched in LiCl extracts at pH 4.5 

but they were not regulated at the cell surface.  Cell wall biogenesis protein functional class was one 

of those having protein performing important functions: late peptidoglycan biosynthesis (DacA, 

MurG, MurF),  teichoic acid biosynthesis (K0N1U1, Cap4C, PbpF), cell wall protein sorting/binding 

(K0NA48) and exopolysaccharide biosynthesis (RmlB_2).  Bacterial cell wall is a composed of 

macromolecules such as teichoic acid, proteins and polysaccharides and provides structural support 

to the cell (Chapot-Chartier & Kulakauskas 2014).  Cell wall play important role in cell division, 

adhesion, cell aggregation and supports in bacterial attachment with external structures (such as 

flagella and pili) extracellular enzymes(Scheurwater & Burrows 2011), hence play important roles in 

probiotic activity. 

CsbD was a bacterial general stress response protein, regulated by alternative sigma factors that was 

recognised as uncharacterised protein.  Protein with ID K0N505 YitL, which has a nucleic acid binding 

domain (where some proteins in this group have S1 RNA binding capacity), was only detected in LiCl 

extracts with similar LFQ values at pH 6.5 and 4.5 (Matsumoto et al. 2007).  A few of uncharacterised 

proteins had transmembrane location (K0MS25, K0MVY5, K0N6M9, K0N947), and signal sequence 

(K0N1N3, K0NA78) that were also enriched in LiCl extracts which indicates surface location of these 

proteins.  Other enriched and regulated proteins that have signal sequence or transmembrane 

location are mentioned in Anexure 10. 

Transcriptional regulator LytR (K0MS94), a transmembrane protein, was also detected on the cell 

surface, however this protein was highly abundant in acidic pH conditions as well in LiCl pH4.5 Vs 

CFE pH 4.5 comparison (FC 17.58).  UniProt has listed LytR as an integral membrane component 

found in Lactobacillus.  Previously it is described that transcriptional regulators related to family of 

AlgR/AgrA/LytR and has a novel type of conserved domain of DNA binding (Anastasia et al. 2002).  

The majority of the transcriptional regulators having this specific domain that perform various 

important functions: quorum sensing, extracellular polysaccharide biosynthesis, production of 

exoprotein (including toxins) and fimbriation (Anastasia et al. 2002).  They referred this domain as 

LytTR in relation to a role in cellular autolysis regulation.  According to UniProt, LytTR is an important 

domain related with cytoplasmic proteins of bacteria that play a dominant role in in virulence 

characteristics such as toxins, extracellular polysaccharide production and regulation 

(https://www.ebi.ac.uk/interpro/entry/IPR007492). In a recent study it is mentioned that LytR is a 
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novel form of DNA binding domain made up of predominantly β-strands (Behr et al. 2016).  It is 

further stated that response regulators of numerous bacteria come in contact with DNA via a binding 

domain that have α-helix in their structure noting that LytR is a novel binding domain.   Another 

study reported involvement of homologue (39%) of LytR known as ORF (ORF0317) in the sucrose 

independent adhesion of Streptococcus mutans (Chatfield et al. 2005) .  The role of this regulator at 

the cell surface warrants further investigation. 

5.4.2.3 Protein enriched and regulated in LiCL extract at the cell surface under acid 

adaptation pH 4.5  

The majority of enriched and regulated proteins from uncharacterised protein functional class with 

evidence of signal sequence or transmembrane location were from the uncharacterized category 

which indicates that these proteins would be expected to have a cell surface, or extracellular 

location and would be available for extraction into LiCl.  Importantly, an uncharacterised TrsG 

protein K0MRM8 (43kDa) was detected in LiCl extracts of pH 6.5 (FC 4.29) and was highly enriched in 

LiCl extracts of cells grown at pH 4.5 (FC 10.15).  This protein is a secreted protein, also found in ECF 

and upregulated in cells grown at pH4.5 and uncontrolled conditions.  Domain and BLAST analysis of 

K0MRM8 on UniProt indicated that this protein is a putative cell wall hydrolase with a CHAP domain 

(cysteine, histidine-dependent aminohydrolase/peptidase) and also contains a SibA domain.  This 

protein was previously observed as a highly expressed protein in doctoral research thesis  of Dr Sue 

Pepper (Pepper 2004), who cultured Lb. casei/paracasei GCRL46  under acidic  conditions in 

fermenters.  However, this protein (identified through N-terminal sequence analysis) was in the 

pellet fraction when CFEs were centrifuged, indicating it has a probable surface location.  Genomic 

studies of strains of Lb. casei/paracasei and Lb. rhamnosus have shown that these species are 

considered to have two important genes that are homologues to p40 and p75 genes of Lb. 

rhamnosus GG (Bauerl et al. 2010).  Both of these genes code proteins that are secreted and are 

involved in the protection of the epithelial cells of the human intestine as well as exerting anti-

apoptotic properties (Bauerl et al. 2010).  The p40 protein contains an immunoglobulin binding 

domain and is likely to play a role in the gut in immunomodulation and possibly acts as an adhesion; 

the protein is homologous to a SibA protein involved in pathogenesis in Group M streptococci. 

Uncharacterised significantly important secreted protein was K0N7S8 (49.69kDa) that was highly 

abundant at the FC value of 18.18 in acid adaptation (LiCL pH 4.5 Vs LiCL pH 6.5).  Domain analysis 

indicated that this protein is a secreted protein and has cell wall associated hydrolase activity.  Cell 

wall associated proteins such as p40 and p75 are important proteins that were found in Lb. 

rhamnosus GG (Segers & Lebeer 2014; Yan & Polk 2002).  These proteins have survival promoting 
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effect as they help in enhancement of intestinal epithelial cells and prevent cytokine induced 

apoptosis through  blocking of p38 MAP kinase (Segers & Lebeer 2014; Yan & Polk 2002).   These 

proteins are reported to be present in Lb. casei ssp. Lb. rhamnosus GG (Ruiz et al. 2014).  Functional 

analysis of p40 and p75 protein was performed in a research study and it is mentioned that 

translation products of proteins similar to p75 are encoded by gene whose molecular weight is 

49kDa (Bauerl et al. 2010).  It is demonstrated in their study that that Lb. casei p40 and p75 have 

affinity to bind to epithelial cells and extracellular matrix.  Presence of highly similar proteins (in Lb. 

casei and Lb. rhamnosus) P75 and P40 were renamed as MSPl and MSP2 respectively due to 

molecular weight discrepancy found in these strains with the observation that these proteins have 

similar functions in these bacterial species (Bauerl et al. 2010; Claes et al. 2012; Douillard et al. 2013; 

Regulski et al. 2012).  Another research study (Lebeer et al. 2012) on Lb. rhamnosus GG reported 

presence of O-glycosylated protein (previously quoted as P75) and renamed it as major secreted 

protein 1 (MSP1) and provided evidence of its glycosylation by number of approaches:  chemical 

glycosylation, lectin blotting with ConA and standard glycosylation techniques.  They described that 

presence of glycoproteins in probiotics is not widely documented however their presence, 

functionality and biosynthesis is mainly reported in case of pathogenic bacteria.  In earlier study 

presence of P75 and P40 proteins in Lb rhamnosus GG was linked with pathways of mitogen-

activated protein kinase (MAPK) in the intestine cells (Yan et al. 2007). It is also noted while 

comparing the genomes of Lb. casei and Lb. rhamnosus that these are remarkably similar to each 

other (Kant et al. 2011).   

Another uncharacterised protein with protein ID K0N4J7, a 13.7 kDa protein, was highly abundant in 

LiCl extract in acid adaptation condition and was found to have a signal sequence which is a 

conserved protein in the Lb. casei group.   Other uncharacterised proteins were also detected in LiCl 

extracts having signal sequences that were enriched and regulated at the cell surface in pH 4.5: 

Possible TrsG protein (K0MRM8), hypothetical lipoprotein (K0MUR1), K0MWI3, YvcC protein 

(K0N2E5), YpuA protein K0N8I3 and K0NC21.  Protein YvcC incorporate vWF domains and participate 

in numerous biological events e.g. cell adhesion, migration, homing and pattern formation 

Signal peptides facilitate protein secretion, which is important with respect to bacterial probiotic 

functionality as  well as for various biotechnological applications (Mathiesen et al. 2009).  Bacterial 

ability to participate in the transport mechanism for delivery of important biological material is 

considered important aspect of LAB probiotic functions (Themsakul et al. 2016b).  As not all the CFE 

proteins were found in the ECF and only a selection of the CFE proteins were found in ECF, it is 

anticipated that these proteins were extracted by LiCL  
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5.4.2.4 Regulation of proteins in extracellular fluids 

ECF proteins were checked for their presence and absence in pH 4.5, pH 6.5, UC pH and their 

enrichment, regulation of proteins in LiCL extract is noted.  Only few protein categories related to 

cell wall biogenesis, unknown/uncharacterised, phosphotransferase, ABC type transporter protein, 

transcriptional regulation, cell surface and DNA binding proteins were found in LiCl extracts that 

were enriched.  Proteins that were enriched and regulated in LiCl extracts at cell surfaces were 

predominantly from cell wall biogenesis related class (K0N6S2, K0N7S8, PonA), uncharacterised 

proteins (K0MRM8, K0MWI3), transcriptional regulatory protein (LytR_4, K0NA85) and cytokinesis 

protein (K0N5G4).  Importance of LytR protein is already discussed in earlier discussion section with 

regards to cell wall hydrolase regulation activity.  Many CFE proteins that were at high abundance 

were not detected in the ECF which indicates that the ECF ‘moonlighting’ proteins were not simply 

there due to cell lysis and release of highly abundant proteins.  If the latter were the case, then all 

highly abundant proteins would be present, not just a selection.  In a recent research study 

(Domínguez Rubio et al. 2017) it is also suggested that selected proteins are wrapped into lipid 

spheres that are pinched out of the cytoplasm, released into the ECF. ECF in present study were 

prepared by TCA-acetone precipitation of proteins to concentrate, so any microspheres would be 

probably lysed and proteins would then appear as soluble/ECF proteins.   

The presence of uncharacterised protein (K0NAB9) is demonstrated in the ECF of pH 4.5/UC pH 

grown cell that is probably leached into the ECF from the bacterial cell surface.  Domain analysis 

revealed that this a transmembrane secreted protein with PA LPXTG-motif cell wall anchor domain 

that was only detected in acid stress (ECF of pH 4.5 and UC pH with relatively higher LFQ values in UC 

pH) absent in CFE/ECF of all other growth condition.  Another uncharacterised protein (K0N472) was 

only detected in ECF of acid stress pH 4.5 only (undetected in others pH) and was found to be 

predicted Zn-dependent protease with a signal sequence so is a secreted protein.  A recent review 

study highlighted on the importance to discover new proteins at the LAB cell surfaces as they are 

rated as effective vector for the delivery of active molecules to mucosal tissues (Michon et al. 2016).  

The broad range of promising applications based on LAB driven mucosal delivery systems includes 

autoimmune disease management, inflammatory bowel disease control and delivery of vaccines 

(Michon et al. 2016). In case of UC pH specific uncharacterised proteins (K0N2I6 and K0NDR4) were 

only detected in UC pH and K0N216 on domain analysis gave identity of secreted protein with Wxl 

domain whereas K0NDR4 protein was as adhesion exoprotein with MW of 135 kDa. Studies have 

shown the presence of several surface layer protein domains (such as Wxl domain, GW modules, 

LysM domain) present on the cell wall of Gram positive bacteria where protein can be bound 

through non-covalent bonding (Desvaux et al. 2006; Desvaux et al. 2009).  Moonlighting proteins 
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(Gap, enolase, pyruvate kinase and others) were common in CFE and ECF that may be on ECF fluids 

due to lysis or their presence at surface location were possibly leached into the ECF under various pH 

conditions examined.  (De Angelis et al. 2016) summarised the recent literature on secretomes in the 

genus Lactobacillus including moonlighting proteins (such as enolase, GAPDH and EF-TU), which 

have been detected in the secretions of many lactobacilli.  However the mechanisms underlying the 

presence of these cytoplasmic protein in secretomes or on the cellular surfaces is not yet elucidated 

(Calasso et al. 2013; De Angelis et al. 2015; Kelly et al. 2005; Pessione 2012; Sanchez et al. 2009; 

Sánchez et al. 2009; Waśko et al. 2014; Zhu et al. 2011).  Specific proteins related to acid adaptation 

were detected only in ECFs (pH 4.5) in the present study were from different functional classes:  

LacD2 Tagatose 1, 6-diphosphate aldolase protein (K0N7P0) from carbohydrate metabolism, 50S 

ribosomal protein L24 (K0N7F9) and LytR_3 protein (K0N6U3) from transcriptional regulation, ItaS1 

lipoteichoic acid synthase (K0N496) transmembrane protein, however these proteins were also 

found in CFEs of the same experiment related to different growth conditions. 

5.4.3 Mapping of metabolic changes in lipid profiles 

Fatty acid proteins are less abundant both in pH 4.5 and UC pH with exception to Acp proteins with 

the highest level in UC pH relative to pH 4.5.  These proteins can be linked to fatty acid synthesis as 

well as synthesis of phospholipids carrying acyl group onto the glycerol phosphate backbone. Protein 

with ID K0N6M0 (probable fatty acid methyltransferase) was abundant protein only in pH 4.5 and 

was involved in cyclopropyl-oleic acid derivatisation:  this protein is next to the FA synthesis operon 

in the genome of GCRL163.    Cell grown at pH 6.5 had equal amounts of vaccenic acid and oleic acid 

that were the dominant fatty acids reported previously.  In contrast to this, oleic acid contents were 

reduced following growth at pH 4.5 with the concomitant increase in cyclopropyl-oleic acid 

derivatives that have been previously reported to be linked with stress responses.  Cyclopropane 

fatty acid synthesis has been demonstrated in Lactobacillus by during cold and acid stress conditions 

for short term (Montanari et al. 2010).  UC pH also showed elevated proportions of cyclopropyl-oleic 

acid derivatives but at relatively lower level compared to pH 4.5.  Precursor of vaccenic acid, 

16:1(N=7) (palmitoleic acid), was also up in pH 4.5 culture that indicates fatty acid synthesis 

impairment and lower vaccenic acid synthesis relative to pH 6.5.  10-hydroxystearic acid was not 

observed in this experiment contrary to Chapter 4 experiments where this fatty acid was 

accumulated when bacterial cells were grown in the media containing Tween 80.  Sph, the protein 

involved in forming this  erivative, was at a similar level in CFEs:  its role in fatty acid degradation or 

derivatisation is not yet characterised.   Upregulation of proteins Dha (L/M/K), GpsA and AcpP 

indicates involvement of these proteins in carbon channelling between glycolysis and phospholipid 

synthesis.  As fatty acids in phospholipids are changed under acid stress, the permeability of the cell 
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membrane is altered to protect cellular functions from changes in internal pH:  modulation of 

phospholipid content appears to be controlled by a suit of proteins including the upregulation of the 

AcpP protein (in the region of the proposed FakA protein and PlsX) and PlsC (upreguation detected 

in LiCl extracts), which work together to incorporate modified fatty acids into the glycerol-phosphate 

backbone of phospholipids. 

5.5 Conclusions 

 Lysis is apparent in the study due to detection of increased number of proteins in LiCl 

extracts, however the technique described in earlier sections (setting up of a FC criteria of 

≥2) worked well in separating LiCl extracted protein from those that may be detected due to 

possible lysis occurring in the cells during sample processing.  Many CFE proteins that were 

at high abundance were not detected in the ECF which points towards the presence of 

moonlighting proteins not simply only due to lysis in the cells.   

 Proteins abundance of lipoteichoic acid synthesis, nucleotide, sugar synthesis and 

attachment to the cell surface is demonstrated in CFE of pH 4.5. These exopolysaccharides 

are regarded as important in probiotic functionality.   

 Protein abundance of a Hsp18 protein (ID K0MYM2) in CFE of UC pH culture was distinctive 

and together with upregulation of chaperones indicates active protein folding and turn over 

in cells cultured in UC pH. 

 Increase in the process of transcription regulation in LiCl extracts of an Xre-like DNA-binding 

protein is evident (K0N3E1, a transmembrane protein) in pH 4.5 and UC pH cultures 

(Annexure 10).   

 The abundance of a pyridoxal phosphate binding transaminase was highly increased in UC 

pH and pH 4.5 CFEs as indicated by upregulated protein K0N8N4 (uncharacterised 

aminotransferase).  This protein has been seen in every experiment undertaken (Al-Naseri, 

2015, and the current work, E1 and E2) as highly upregulated following growth at pH 4.5 and 

UC:  it is a key protein responding to growth under acid conditions and was seen as 

upregulated in exponential phase (GCRL163) as well as stationary phase (GCRL163 and 

MJA12).  This is a new finding. The role of this enzyme warrants further investigation, given 

its likely impact in nitrogen management in Lb. casei GCRL163 and MJA12.  This protein was 

not detected (unimputed data) in pH 6.5 CFEs. 

 Proteomic data suggests that RNA is being degraded in CFEs of UC pH that produces (Hpt 

phosphotransferase activity) nucleosides which can be converted to purine bases plus 

ribose-1- or -5-phospate, which can feed into the peptose phosphate pathway via savaging 

enzymes (DeoB, C and D).  The purine bases can be deaminated (GuaD) to release 
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ammonium ions which help neutralise acid.   This model is unproven and the degradation 

pathway of purine bases is not yet documented in Lb. casei. 

 The Dha complex proteins are upregulated in pH 4.5.  The Dha complex is an important 

control point for carbon flow through glycolysis or to glycerol-phosphate for phospholipid 

production. 

 Altered regulation of proteins concerned with pyruvate metabolism suggests accumulation 

of acetyl-P in pH 4.5.  Acetyl-P is known as a stress regulator in several bacteria through its 

propsed role in modulating two-component response proteins via phosphorylation.    Acetyl-

P can also be used to phosphorylate transport proteins which would normally be 

phosphorylated by phosphoenolpyruvate. 

 The majority of proteins that were differentially expressed at the cell surface (from LiCl 

extract data) following culture at pH 6.5 or 4.5 were from the uncharacterized functional 

class.  As these proteins had a signal sequences and also the majority of them had predicted 

transmembrane location as well, their extraction into LiCl or detection in ECFs would be 

anticipated.  Several proteins were only found in ECFs or only in LiCl extracts whereas other 

were present in all cellular fractions (LiCl extracts, and CFE).  
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CHAPTER 6:  General Discussion  

There has been a huge volume of literature emerging over the last 30 years on lactic acid bacteria in 

general and, to a lesser extent, Lactobacillus species (De Angelis et al. 2016; Gill & Guarner 2004; 

Marco et al. 2017; Martinez et al. 2013; Papadimitriou et al. 2016; Tsakalidou & Papadimitriou 2011; 

Tuohy et al. 2003).  With genome sequencing becoming more commonplace, some of the matters 

regarding phylogenetic classification have been addressed, although speciation remains confounded 

(Kang et al. 2017; Suryavanshi et al. 2017).  Despite the volume of research in this field, there are 

relatively fewer studies on Lb. casei and many of the studies on stress responses cannot be compared 

or generalised to this species due to differences in experimental and analytical approaches used.  Few 

studies use fermentation equipment to limit variables in experiments, points of harvesting cells vary 

and methods for proteomic analyses may include 2D-gel-based or the most recent quantitative 

systems (Al-Naseri 2015; Hussain et al. 2009a).  A further matter which hampers detecting trends 

which can be generalised to species level is cell fractionation methods:  many laboratories only 

consider cell lysates, some use extraction methods such as LiCl treatment and few attempt to sum 

proteomic changes across all cell and extracellular compartments (Nezhad et al. 2012) .  What has 

emerged is that there is incredible variation between strains in their stress responses and that genetic 

variation is seen even in strains which come from similar environments.  In the current study, it was 

shown that LiCl can be used to extract surface proteins from Lb. casei, which does not contain S-layer 

genes.  LiCl extraction has been used in a recent research study (Johnson et al. 2016) where S-Layer-

Associated proteins were extracted using LiCL from S-Layer forming Lactobacilli. There is considerable 

scope to explore this area using reliable and consistent experimental protocols.  The purpose of this 

General Discussion is to summate the information gleaned in this thesis on a strain with a known 

history and with considerable experimental evidence from past research regarding its behaviour.  

Prior studies have investigated nutritional stress in Lb. casei strain GCRL163 by examining the 

proteome when cells were cultured in a modified MRS medium (mMRS) lacking lactose as a 

carbohydrate source (Hussain et al. 2009a).  When a carbohydrate source was excluded from MRS, 

upregulation of proteins was often detected in CFEs well after cells were in stationary phase.  

However, several potential carbon sources were in the media in addition to nutrients supplied in 

peptone and yeast extract, specifically citrate, acetate and Tween 80, so it remained unclear what 

cellular responses were linked to any one particular C source.  End-products of culture fluids during 

long-term culture were analysed (Hussain et al. 2009b) and suggested that Tween 80 was utilised, 

noting that some species of lactobacilli had been shown to grow on Tween 80 substrates (Williams et 

al. 1947) although how widespread this phenomenon was remained unclear in the literature.  Use of 
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peptides in long-term cultures in 0% lactose mMRS was observed (Hussain et al. 2009b) indicating 

peptide and amino acid utilisation occurred in old cultures.  Impact of Tween 80 in mMRS with no, 0.2 

or 1% lactose was examined, where proteomic analyses indicated that the presence of Tween 80 

significantly suppressed lipid biosynthesis in 0% lactose mMRS (Al-Naseri et al. 2013).  He also 

examined growth of Lb. casei GCRL163 in mMRS broths with citrate, acetate, Tween 80 or Tween 80 

plus citrate as carbon sources (Al-Naseri 2015).  However, insufficient biomass was generated in the 

control (basal medium, no added C source) to allow proteomic analysis of the control using the 

technology available at the time, so the possible mechanism of Tween 80 use, or co-use, remained 

unclear from comparisons between cultures with Tween 80 plus citrate (TwCit) and Tween 80 alone. 

Stress physiology of Lb. casei strain GCRL163 mainly related to two aspects is described in this thesis:  

the ability of this strain, and a broader range of lactobacilli isolates, to grow on Tween 80 as a carbon 

source, which is scavenged in the absence of other fermentable carbon sources (glucose and citrate); 

and adaptation to growth under acidic conditions. So the initial aim of this thesis was to determine 

whether Tween 80 could be used as a carbon source by Lb. casei GCRL163, and other strains in the Lb. 

casei/paracasei group, and to clarify the underlying biochemical pathways involved using proteomic 

and physiological analyses of cells.  The first part of the experimental work involved isolating a broader 

range of Lb. casei/paracasei strains from fermented foods and milk sources using LC agar to isolate 

Lb. casei/paracasei group strains selectively followed by molecular characterisation: Lb. casei group-

specific and species-specific (for Lb. rhamnosus) primers for speciation.  Tween 80 use as a carbon 

source and common phenomenon in this group is explained by isolating a broader range of Lb. 

casei/paracasei strains from fermented foods and milk sources.  It was concluded that LC agar was not 

selective for Lb. casei/paracasei group members, as many of the isolates from milk were identified as 

Lactococcus species using 16S rDNA sequencing, demonstrating that LC agar failed to eliminate other 

LAB present in the complex microbiota of milk and fermented food samples.  Using two sets of PCR 

primers (Kwon et al. 2004) was useful in differentiating Lb. casei/paracasei group members from other 

lactobacilli and the Lb. rhamnosus-specific primers clearly differentiated this species within the group.  

When tested for growth on Tween 80 in mMRS by Bioscreen there was no correlation observed 

between species or source of isolation and growth capability or pattern of growth, indicating 

considerable variability between these Lb. casei group isolates to grow on mMRS containing Tween 

80. 

The major part of the study was on culturing Lb. casei GCRL163 in fermenters in two separate 

experiments (for 46h and 12 days, experiments P1 and P2 respectively) under starvation conditions in 
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mMRS broths containing test and control growth conditions. Fatty acid analyses were undertaken for 

cells from experiments P1, P2 proteomics was also performed on ECF of experiment P2. 

Lb. casei GCRL163 was cultured on the control mMRS medium plus citrate in experiment P1.   Both 

the citrate and inositol operons were upregulated, despite their different location on the genome of 

Lb. casei GCRL163, indicating coregulation.  Most of the upregulated proteins seen during growth on 

citrate (relative to the control) were from carbohydrate/central metabolism, amino acid and lipid 

related metabolism functional classes.  Of note was the upregulation of pyruvate oxidase and acetate 

kinase, in addition to other enzymes involved in pyruvate metabolism, in experiment P1, which 

indicated that the early accumulation of acetate in citrate cultures was from metabolism via this 

mechanism.  This is the first demonstration of this pathway to acetate production in Lb. casei.   Relative 

to the control and Tween 80 CFEs, citrate grown cells showed lower expression levels for several 

proteins, notably nucleotide metabolism, transporters and galactose operon proteins.  Furthermore, 

expression of ribosomes in the major cluster of ribosome genes was also marginally but consistently 

lower.   

Looking across the expressed proteomes showed that in P1 the control, Tween 80 and TwD cells 

expressed a MerR protein which was significantly lower in citrate and TwCit cells.  The same protein 

was detected in P2 in citrate cells, suggesting that the MerR regulator is important in responses to 

starvation, given that citrate would have been utilised well before cell harvest in P2.  A second MerR 

regulator was uniquely detected in P2 citrate cells.  These data suggest a metabolic regulatory role for 

these MerR regulators in surviving nutrient depletion.   

Co-metabolism of Tween 80 and citrate was demonstrated, based on the observations that:  when 

both were present in the media faster growth occurred with a significantly higher final OD relative to 

citrate and Tween 80 supplemented media; more rapid Tween 80 consumption (23% decline in 

concentration in 46h in TwCit) when compared to Tween 80 alone (7%); and proteomic analyses 

showed further upregulation of proteins that were already seen as upregulated in citrate-cultured 

cells (citrate metabolism, central glycolytic proteins).   While lipid metabolism proteins were repressed 

in both Tween 80 and TwCit, the presence of Tween 80 in TwCit medium showed higher expression of 

ABC and PTS transporters, pentose phosphate pathway proteins, transcriptional regulators and many 

functionally uncharacterised proteins.   

The expressed proteome of TwD cells indicated depletion in many cellular proteins and showed 

induction of stress proteins above the levels seen in the control cells, which already demonstrated 

induction of chaperone and stress-related proteins.  Looking across the data for Tween 80 dosed, 
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Tween 80 and TwCit expressed proteomes, a model for Tween 80 utilisation is proposed. Proteins 

potentially involved with uptake and utilisation of the sorbitan plus oleic acid components of Tween 

80 are identified to underpin this model.  Important ECF were those that were not found in the ECF of 

one or more growth conditions as possibly these proteins are involved in the Tween 80 degradation 

such as hydolase activity that may cleave oleic acid from the sorbitan moity of the molecule   

Fatty acid analyses of P1 and P2 whole cells uniquely detected 10-hydroxystearic acid, likely the 

product of the Sph protein (oleate hydratase) that was detected in citrate grown cells in experiment 

P1 (27%), whereas Sph was detected in higher quantities in experiment P2:  82.8% and 38.9% in Tween 

80 and control culture conditions respectively.  In comparison to experiments P1 and P2 , where 10-

hydroxy-stearic acid was accumulated in Tween 80 cultured cells, this form of fatty acid was not 

detected in considerable quantitates in pH 4.5 or UC pH growth condition for experiments reported 

in Chapter 5.   Sph was marginally higher at pH 4.5 in CFEs:  its role in fatty acid degradation or 

derivatisation is not yet characterised, although its likely role is in forming 10-hydroxy-stearic acid.  

K0N6M0, annotated as a cyclopropane-fatty-acyl-phospholipid synthase in the genome of GCRL163 

and in the same genomic region as the fatty acid synthesis genes, was more highly abundant in pH 4.5 

(2.8 FC) than in pH 6.5 CFEs, which is consistent with the observed higher level of cyclo-oleic acid 

derivatives after culture at pH 4.5.  Fatty acid degradation in Lb. casei is poorly documented:  results 

presented in this thesis provide some insights into the mechanisms involved, based on detection of 

fatty acid metabolism enzymes and fatty acids present, including the possible involvement of Fab 

proteins (such as the surface-located FabZ) in lipid degradation (one of the enzymes in the fatty acid 

synthesis pathway retained in P1 CFE, while the other protein were repressed).  Lb. casei N87 is studied 

in a recent research study where effects of bacterial growth conditons (anaerobiosis vs respirtatiojn) 

and Tween 80 supplementation on metabolite production plus fatty acid composition of the bacteria 

is noted (Zotta et al. 2017).  They quantified biomass production, amino acid consumption, volatile 

organic compounds and fatty acid membrane composition.  Affect on fatty acid compostion is 

reported in their study along with enhanced biomass production and aroma compounds following 

respiratory growth of Lb. casei N87 in presence of Tween 80 .  

Analysis of CFEs and extracellular culture fluids (ECFs) for experiment P2 revealed that many of the 

proteins unique to the ECFs (not detected in the CFEs) were transmembrane or secreted proteins 

(indicated from the presence of signal peptides) and transporters.  Many of the detected ECF proteins 

(at cell surface) in the study have been previously described as moonlighting proteins.  Signal sequence 

proteins presence in ECF denotes transportation of proteins from inside to outside of the cell on the 

basis of coiled/coil domains. Proteomic data showed that the relative expression levels for proteins 
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involved in pyruvate and citrate metabolism (Figs. 4.18-4.20) were similar in P1 and P2, with the 

exception of ADH2 (only being upregulated in citrate CFEs) and the Act protein (detected in both 

citrate and Tween 80 cultured cells in P2).  Comparing the level of metabolites for 46h of culture with 

starting concentrations, acetic and lactic acids were the main end-products detected in citrate and 

TwCit cultures in P1.  In contrast, the control, Tween 80 and TwD culture filtrates showed some 

increase in acetic acid but concentrations were significantly lower than for citrate and TwCit cultures, 

and lactic acid was the main end-product detected. 

Citrate and Tween 80 impacted on amino acid metabolism and peptidase activity when compared to 

the control condition and that Mtn and dipeptidases, including K0MSV0, were highly upregulated by 

Tween 80, while the Dp protein was upregulated more highly in TwD.  The upregulation of chaperone 

proteins and associated proteinases linked to protein degradation in stress responses indicates that 

Tween 80 dosed cells demonstrated significant stress responses in comparison to control cells. 

Acid stress studies were also conducted using pH 6.5, pH 4.5 and uncontrolled pH growth conditions 

in fermenters.  Analyses of CFEs showed that cells adapted to growth in acid conditions by rerouting 

carbon flow around pyruvate metabolism, with the noted upregulation of the malolactic enzyme 

MleA, as reported previously from transcriptomic studies on acid shock.  Possible accumulation of 

acetyl-P around pyruvate metabolism is indicated in carbohydrate related metabolism functional 

class.  Acetyl-P is related with stress regulator in many bacteria as it assists in stress response signalling 

system.  Unlike other studies on acid stress response in LAB (Broadbent et al. 2010a; Wu et al. 2014) 

where cells were acid challenged for a shorter duration of time, bacterial cells in present study were 

continuosly grown in acidic environments for longer duration time and protemics was performed.  

Lysis was evident due to large number of proteins detected in LiCl extracts, however protein enriched 

and regulated in the LiCl extracts were separated from using the data analysis approach discussed in 

Chapter 5.  LiCl extraction has been used for extraction of cell surface proteins using 5 M LiCl 

concentrations in various studies using Lactobacillus species (Al-Naseri 2015; Nezhad et al. 2012; Singh 

et al. 2016).  Important functional classes in LiCl extract found (using 5 M LiCL concentraions) in 

present study were cell wall biogenesis, membrane bioenergetics, signal transduction, cell surface 

proteins/internalins, DNA replication-related, tRNA/Ribosome assembly/processing,  lipid-related 

metabolism, carbohydrate-related metabolism, cytokinesis, protein folding and turn over, ABC-type 

transporter systems, transcriptional regulation, RNA polymerase and ribosomal proteins.  

Uncharacterised proteins were also significantly important in LiCl extracts and they had signal 

sequences and transmembrane locations. LytR protein involved in cell wall hydrolase regulation 

activity was found in LiC extracts. 
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Proteins that were enriched into LiCl were deemed as potentially surface located and extractable into 

LiCl and were also checked for their presence or absence in the ECF.  Many of these proteins were 

transmembrane or had signal sequences, supporting surface or extracellular locations.  Many of the 

proteins from uncharacterised or general prediction categories when analysed using the BLAST 

algorithm of NCBI  and were identified as regulators, anchor proteins or surface/secreted hydrolases 

involved in cell wall biogenesis and cell division.   

Two notable proteins identified in uncharacterised group and highly upregulated at the surface of pH 

4.5 cultured were previously reported as major secreted proteins (MSPs) in some lactobacilli species.  

Uncharacterised, acid regulated, LiCl-extracted protein (K0MRM8) had a signal sequence and was 

found to be a putative cell wall hydrolase containing a CHAP domain that had sequence similarity to 

the previously described MSP40.  This protein is associated with immunoglobulin binding and is 

important in probiotic functionality due to its attachment capability or immune-stimulatory capacity.  

K0MRM8 was also found in ECF data as a highly upregulated protein following growth at pH 4.5 and 

UC pH, and was absent in nutritional stress related experiments (P1 and P2).  Another MSP (K0N7S8) 

was identified as participating in cell wall biogenesis, with peptidase activity that may be linked with 

peptidoglycan turnover function.  This protein was also detected in the CFE at low levels, was detected 

in P1 in TwCit cultures and in P2 citrate ECF.   

Lysis was evident due to large number of proteins detected in LiCl extracts, however protein enriched 

and regulated in the LiCl extracts were separated from using the data analysis approach discussed in 

Chapter 5.  Important functional classes in LiCl extract were cell wall biogenesis, membrane 

bioenergetics, signal transduction, cell surface proteins/internalins, DNA replication-related, 

tRNA/Ribosome assembly/processing, lipid-related metabolism, carbohydrate-related metabolism, 

cytokinesis, protein folding and turn over, ABC-type transporter systems, transcriptional regulation, 

RNA polymerase and ribosomal proteins.  Uncharacterised proteins were also significantly important 

in LiCl extracts and they had signal sequences and transmembrane locations. LytR protein involved in 

cell wall hydrolase regulation activity was found in LiC extracts. 

Moonlighting proteins presence (such as glyceraldehyde-3-phosphate dehydrogenase, enolase, 6-

phosphofructokinase, pyruvate kinase, phosphoglycerate kinase, 2, 3-bisphosphoglycerate-

dependent phosphoglycerate mutase) in ECFs is reported which have been detected on cell surfaces 

of several bacterial species. These proteins might have been either detached from the cell surface or 

secreted into the ECF through unknown.  Penicillin-binding protein, PonA (K0NAU3), was found in pH 

4.5 and UC pH (absent in pH 6.5).  Other proteins common to both pH 4.5 and UC pH ECFs were from 

uncharacterised, carbohydrate and central glycolytic/intermediary pathway functional groups.   
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6.1 Recommendations for future research  

While this investigation has demonstrated proteomic aspects of cellular, surface and secreted 

proteins of Lb. casei strain GCRL163 in starvation and acid stress growth conditions there are other 

relevant areas of research that could be useful for future research.  A few of them are listed as 

under: 

 Uncharacterised proteins constitute approximately 30% of Lb. casei GCRL163/W56 genome.  

Many can be assigned presumptive functionality by domain analysis and by determining 

responses to altered environmental conditions which may influence their survival under 

stress.  Mapping their regulation across stresses may provide insight into their function. 

 Further research on genomic analysis of Lb. casei GCRL163 would be useful to determine the 

genes that are altered in starvation conditions and those that are related to the use of poorly 

utilised substrates such as Tween 80 is needed. 

 Determining mechanisms of lipid degradation and modification to different isomeric forms 

(oleic/vaccenic acid interconversions and their degradation) through biochemical and genetic 

characterisation of these pathways.   

 For cell surface protein extraction application of alternative methods such as trypsin shaving 

can be used and proteomics results can be compared with LiCl extraction method used in 

present study in terms of method based cellular protein extraction capacity and better lysis 

control. 

 Effects of multiple stresses (such as heat, aerobic growth conditions, osmotic pressures) on 

bacterial growth and proteomics profiles would be useful in determining the capability of 

bacteria to cope with variable stresses normally encountered by probiotic bacteria during 

food processing or in the human gut. 

 Cell surface protein extracted by LiCl extraction can be coupled with protein tagging and 

mutagenesis techniques in order to provide more accurate evidence and to serve as a 

confirmatory test for the presence of surface protein on Lb. casei strain GCRL163. 

 Genes important in Tween 80 utilisation or acid survival need further study e.g. gene 

knockouts or overexpression.  
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