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Abstract 

Probiotics are bacteria which have the capacity to exert a beneficial effect upon the host 
when consumed in sufficient numbers. However, in order for these bacteria to colonise the 
gut, they need to survive the harsh conditions of the upper gastrointestinal tract (GIT). In this 
project, the probiotic spore former Bacillus subtilis has been investigated upon exposure to 
simulated pig gastric conditions. The main aim of this work was to elucidate what 
phenomena influence the perceived decline in viable count observed in gastric conditions by 
exploring the impact of acidified medium on the physiological state and viability of spores. 
It was anticipated that the main cause of spore death would either be a germination-induced 
death, or a direct sporicidal effect. 

The primary part of this project involved developing a methodology to assess these 
physiological states. Flow cytometry (FCM) was selected for this role based on its potential 
to rapidly analyse and enumerate high numbers of single cells. Furthermore, germination 
levels were measured via release of dipicolinic acid (DPA) from the spore core.  

The results indicated that surprisingly high levels of spore death occurred despite very 
little DPA release. Whilst this initially supported the direct sporicidal hypothesis, a more 
detailed examination of the forces at work within the system studied eluded to the fact that 
aggregation was a key driver behind the perceived decline in counts. This conclusion was 
only possible due to the fact that FCM enabled an analysis of the total spore and cell count 
within each sample. 

As was hypothesised, pre-germinated spores became far more susceptible to acidic 
conditions than dormant spores. Crucially, the loss in viability was only confirmed through 
the use of propidium iodide staining in FCM. 

Aggregation in the stomach environment has not been mentioned before in probiotic 
research, and also explains the unusual results shown by previous researchers, where 
significant losses in viability were reported in the stomach of animals, only to be rapidly 
recovered in the other parts of the GIT. 

The findings of this work highlight the need to find better methods to assess bacterial 
numbers, as current methods may give misleading data into probiotic survival in the host. 
The advantage of using a method such as FCM is also highlighted, given its ability to assess 
sub-populations of bacteria, rather than being limited to assessing culturability. Furthermore, 
the need for precise dosing instructions with regards to probiotics should also be considered. 
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1 Chapter One: Introduction 

1.1 Introduction to Probiotics 

The application of some non-pathogenic bacteria as probiotics has become a widely 

studied area of current research in food and nutritional sciences, and also veterinary and 

medical sciences.  Probiotics are defined as  ‘A preparation of or a product containing 

viable, defined microorganisms in sufficient numbers, which alter the microflora (by 

implantation or colonization) in a compartment of the host and by that exert beneficial health 

effects in this host’ (Schrezenmeir and de Vrese 2001). This definition applies to the use of 

probiotics in any accessible compartment of the host. In this research, issues relating to the 

use of probiotics in the porcine gastrointestinal tract (GIT) will be investigated. 

 The health benefits associated with probiotics have been known for thousands of 

years; Genesis 18: 8 implies that the effect of drinking sour milk is associated with longevity 

and Hippocrates and other ancient scientists reported that drinking fermented milk could 

cure disorders of the digestive system (Ranadheera et al. 2010). In 1907, the Russian 

scientist Élie Metchnikoff first proposed a scientifically valid assumption on the benefits of 

drinking sour milk, whereby health could be improved by manipulating the host microbiome 

through the consumption of host-friendly bacteria (Anukam and Reid 2007; Ranadheera et 

al. 2010; Mackowiak 2013). This principle still encompasses the kernel of probiotic research 

today. However, it wasn’t until 1965 that the name ‘probiotic’ was first coined as an 

antonym to antibiotics (Lilly and Stillwell 1965). Since then, it has been shown that 

probiotics work by improving the balance of favourable microflora in the gut (Ibrahim and 

Bezkorovainy 1993).  This might occur through a variety of mechanisms mediated by 

bacterial and host factors.  According to the FAO/WHO (2002) the essential properties a 

bacterium should have to be classed as a probiotic are: 

• Resistance to gastric acidity 
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• Bile acid resistance 

• Adherence to mucus and/or human epithelial cells and cell lines 

• Antimicrobial activity against potentially pathogenic bacteria 

• Ability to reduce pathogen adhesion to surfaces 

• Bile salt hydrolase activity 

There are several extensive reviews which highlight the known and theoretical advantages 

probiotics may impart (Cutting 2011; Novik et al. 2014), though a probiotic may not 

necessarily meet all of these properties. 

1.1.1 Probiotic properties 

Firstly, the probiotic organism might produce bacteriocins, which are small peptides, 

lethal to other bacteria but not the producing strain (Józefiak et al. 2013) meaning they could 

help eliminate a subset of other micro-organisms, including pathogens (Kleerebezem et al. 

2004). Bacteriocins such as nisin have been shown to be produced in situ (i.e. in the GIT) 

(Bogovič-Matijašić and Rogelj 2011) and Józefiak et al. (2013) have shown that the levels 

of short chain fatty acids (SCFA) generated by bacterial fermentation were lowest in diets 

supplemented with nisin or salinomycin and body weight gain (BWG) was highest when 

broilers received nisin above 900 and 2700 IU nisin/g feed respectively. This believed to be 

attributed to modification of the host’s GIT microbial ecology, resulting in the modulation of 

host immunity or improved nutrient absorption and utilisation. Whilst the lactic acid bacteria 

(LAB) usually have a narrow target spectrum, capable of killing only closely related 

bacteria, Bacillus spp. have been shown to produce bacteriocins with a broader spectra of 

inhibition (Khochamit et al. 2015). 

With reference to Bacillus subtilis, strain W42 produces bacteriocin W42, shown to 

have bactericidal activity against Listeria monocytogenes (Kindoli et al. 2012). The B. 

subtilis strain KKU213 has been shown to have antimicrobial action against L. 

monocytogenes, Staphylococcus aureus, Bacillus cereus and Micrococcus luteus owing to 
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the production of subtilisin A. The genes responsible for this are identical to those found in 

B. subtilis 168, the most commonly used strain in B. subtilis research. Given this 

information, it is likely that many B. subtilis strains will be capable of producing 

antimicrobials (Khochamit et al. 2015). 

Another popular principle is that the probiotic could prevent colonisation by harmful 

bacteria in the gut via competitive exclusion (C.E.), following the principle that the 

adherence of probiotic bacteria to the intestinal wall will limit the availability of adherence 

sites for opportunistic pathogens reducing the risk of infection (Larsen et al. 2007). In 

support of this hypothesis, over the past few decades, research has proven that probiotics can 

colonise the GIT, at least on a temporary basis (Alander et al. 1999; Casula and Cutting 

2002; Sheth et al. 2012).  

Aside from these mechanisms which alter or buffer GIT microflora community 

structure through microbe-microbe interactions, others have been proposed which influence 

host biology.  One such mechanism to improve the health of the recipient organism is via the 

production of vitamins, and others have been suggested involving the triggering of non-

specific immune interactions thus heightening the host’s immune responses (Isolauri et al. 

2001; Walker and Buckley 2006). Isolauri et al. (2001) states, ‘a potential mechanism of 

probiotic therapy is improvement of the intestine’s immunologic barrier, particularly through 

intestinal immunoglobulin A responses and alleviation of intestinal inflammatory responses, 

which produce a gut-stabilizing effect’. In support of this possibility is B. subtilis recent use 

as adjuvants  in vaccine delivery (de Souza  et al. 2014).  

The combination of these findings, has led to the notion that probiotic consumption 

will give the host greater protection against pathogenic organisms, a lowered chance of 

contracting colonic cancer, and can attenuate the effect of gastro-intestinal diseases such as 

irritable bowel syndrome, Crohn’s disease and lactose intolerance (Liong 2008; Ranadheera 

et al. 2010). In relation to cancers, previous research has suggested probiotics may be 

capable of reducing bacteria responsible for mediating the conversion of pro-carcinogens to 
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carcinogens, though it is acknowledged that further studies are needed to elucidate the exact 

mechanism behind these promising results (Salminen et al. 1993; Orrhage et al. 1995; 

Uccello et al. 2012).  

However, the current opinion on probiotics from the European Food Safety 

Authority (EFSA 2010a) is that there is insufficient evidence to prove immune-stimulation 

occurs and that other potential effects have not been investigated long enough to form any 

significant proof (Binnendijk and Rijkers 2013). Given this verdict, it is important to 

investigate probiotics further and more rigorously, thus aiming to generate new insights on 

their modes of action and therefore provide sufficient evidence for their potential effects.  

1.1.2 Probiotic challenges 

In order for the viable components of a probiotic preparation to impart a beneficial 

effect on the recipient they must be able to survive a series of quite different hostile 

environments. The first challenge the probiotic faces is the preparation and storage 

conditions of the food matrix in which it is delivered. For example, yoghurts are frequently 

used as vehicles for probiotic delivery however they undergo a series of heat treatments and 

retain a low pH, therefore it is essential that the probiotic can survive these treatments too. 

The next hurdle a probiotic must be able to survive is passage through the strongly acidic 

environment of the stomach. Not only this, but the stomach also contains the protease 

pepsin, which is known to have broad spectrum antimicrobial properties against both Gram 

positive and Gram negative bacteria (Holzapfel et al. 1998; Zhu et al. 2006). 

Once the bacteria have passed through the stomach they are then exposed to the bile 

salts in the duodenum. This will break apart any clumps or aggregates that have formed and 

then expose the bacteria to a highly alkaline environment. Finally, the probiotic must be able 

to adhere to the mucosal wall of the large intestine to be able to act as a C. E. agent (Liu et 

al. 2011) and colonise the intestines, at least on a transient basis. Considering all these 

factors, the probiotics must then be able to survive in large enough numbers to be able to 
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colonize the intestine and assert a beneficial effect on the host. Given the multiple junctures 

at which attritional losses might occur, the magnitude of the initial inoculum dose is critical.  

However reported dosages required vary, for example Khan (2014) notes that the minimum 

therapeutic dose is 105 cells/ml (for liquid food), however the Fermented Milks and Lactic 

Acid Bacteria Beverages Association in Japan state that at least 107 cells/ml need to be 

present to be labelled as probiotic. Previously, it was recommended that bacterial numbers 

should range between 107 and 109 cells/ml  in the product for this to be achieved (Gordon et 

al. 1957). Khan (2014) stresses that in general, there is no clear minimum dose required to 

assert a probiotic effect. These values are reported for commonly used probiotic species such 

as Lactobacilli and Bifidobacteria. In agriculture, there has been a shift towards using spore 

forming bacteria as probiotics, aiming to use them in the dormant spore form, rather than 

administering the vegetative form. In particular Bacillus licheniformis and B. subtilis are 

now commercially available from companies such as Chr. Hansen (Hansen 2014) and 

ORFFA (ORFFA 2010). Similarly to the vegetative cell probiotics, the recommended 

dosage for the spore forming probiotics also varies according to the manufacturers. Chr 

Hansen, have recommended a minimum dose of 1.28x109spores/kg feed of their product 

BioPlus 2B (Commission 2000) which contains B. subtilis and B. licheniformis, whereas 

Orffa recommend 3x108spores/kg feed of B. subtilis as Calsporin (EFSA 2010b).  

1.1.3 Probiotics in agriculture 

Probiotics are an extremely popular constituent of health foods, with a global market 

value of $24.23 billion in 2011 (Pedretti 2013). A significant part of this market is in 

agriculture, where probiotics are used to improve the quality of life, and therefore 

productivity, of many commonly farmed animals such as cows, broiler chickens and pigs 

(Link and Kováč 2006; Chiquette 2009; Capcarová et al. 2011). The need for probiotics 

stems from the banning of antibiotics as prophylactics, in an attempt to prevent the 

emergence of antibiotic resistant pathogenic bacteria (Šabatková et al. 2008). The vast 

majority of products available for animals are spore-forming bacilli, with B. subtilis being a 
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common species used. Since the legislative ban on antibiotic usage in animal husbandry, 

probiotic spores are now commonly fed to animals as a disease preventative measure 

(Vondruskova et al. 2010). B. subtilis probiotic spores are currently used in commercial 

brands of feed supplement such as BioPlus 2B (from Chr. Hansen) and Calsporin (from 

ORFFA). 

Sporulation occurs upon deprivation of available nutrients, leading to the formation 

of dormant endospores which are extremely resilient to external stresses. They will 

germinate once they return to more favourable conditions for outgrowth. However, it is 

widely acknowledged that vegetative cells will die very quickly in both stomach and 

duodenal conditions (Clavel et al. 2004; Ceuppens et al. 2012).  

There is sufficient evidence in the current scientific literature to substantiate the 

beneficial effects of ingested probiotic spores (Alexopoulos et al. 2004). In recent years 

there have been studies involving pigs to indicate that the enteric nervous system (ENS) 

contains chemically coded neurons that serve specific functions for the control of the 

gastrointestinal tract. Intriguingly, di Giancamillo et al. (2010) has shown that luminal 

changes in the gut of piglets administered probiotics instigated a response in the ENS that 

altered the neuronal and glial (non- electrical brain cells (Fields 2013)) chemical codes thus 

creating a ‘larger number of galanin- and calcitonin gene related peptide (CGRP)-

immunoreactive neurons’ and also ‘glial fibrillary acidic protein positive enteric glial cells 

were significantly higher in the inner and outer submucosal plexuses of treated animals’. 

Nutritional advantages are also proven to be related to gut microflora. In a study by 

Torrallardona et al. (2003), pigs were given 15N and 14C isotopes from dietary 15NH4Cl and 

14C-polyglucose respectively. These were assimilated by bacteria in the gut to make essential 

amino acids such as lysine. This lysine (with the heavier isotope) was found to persist in the 

piglet faeces and gut contents. As mammals are unable to assimilate lysine into amino acids 

themselves, the lysine must be from bacterial origin. This highlights the importance of 

having a good balance of microflora in the gut. 
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However, it is not clear yet what exactly happens to the ingested spores while 

travelling across the animal GIT tract (Leser et al. 2008; Ceuppens et al. 2010), which may 

be due in part, to the complexities of in vivo modelling (Sumeri et al. 2008). Although it is 

now generally acknowledged that spores can indeed germinate in the GIT, (Casula and 

Cutting 2002; Cartman et al. 2008) the extent of germination is still not known (Hong et al. 

2005; Ripamonti et al. 2009). Whilst there is great ambiguity in this area, one of the most 

financially important questions would be to query the viability of the spores. This question 

would be vital for farmers and those in the animal husbandry sectors and can be answered by 

evaluating the physiological states exhibited by the probiotic bacteria (administered as 

spores) as they travel along the gastrointestinal tract (GIT) (Hong et al. 2005; Huyghebaert 

et al. 2011; Kenny et al. 2011). Before such studies can be undertaken, it is essential that a 

thorough understanding of the organism’s life cycle is obtained, and the challenges it will 

face in the GIT are understood. 

1.1.4 Diet 

The conditions of the pig stomach are incredibly variable, but the first and most 

significant cause of changes in composition and pH of stomach fluids will be the diet 

(Kararli 1995; Partanen et al. 2006; Merchant et al. 2011). Any food given to a pig will 

cause an initial increase in pH (caused by the food directly) to reported values of pH 4.94 

(Mößeler et al. 2010). The stomach then reaches a pH of around 3.5 shortly after eating 

(Kararli 1995; Canibe and Jensen 2003; Canibe et al. 2005; Yang et al. 2005; Marcinakova 

et al. 2010; Mößeler et al. 2012). An interesting factor to also consider is that the size of the 

particles of food will also impact the pH in the stomach. This was studied in detail by 

Mößeler et al. (2010), where it was found that a finely ground diet would cause less 

variation in the separate regions of the stomach compared to a coarsely ground diet (See 

Figure 1.1 for areas of the stomach). This finding is probably due to the increased surface 

area in a finely ground meal, compared with a coarsely ground meal, where the particles 

would obviously take longer to be broken down. 
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Testament to the differences seen in stomach conditions at different times is that 

‘gastric juice has a high Na+ and a low H+ concentration at low secretory rates (when the 

stomach is nearly empty), while at high secretory rates (post meal) the reverse is found.’ 

Noted by Allen and Garner (1980). 

 

Figure 1.1 Diagram showing the four main compartments of the pig stomach. From the oesophagus: 

pars nonglandularis, cardia, fundus and pylorus leading to the duodenum (Mößeler et al. 2010). 

1.1.5 Intra-gastric variation 

The study carried out by Mößeler et al. (2010) illustrates that the first part of the 

stomach, (pars nonglandularis) has the highest pH (up to 4.94) and the penultimate part of 

the stomach (fundus) typically has the lowest pH (to pH 3.07). 

Ion movement across the mucosal layer of the stomach 

Given the very low pH of the stomach, the thick layer of mucus in the stomach is 

vital in protecting the epithelial layer (Allen and Garner 1980). 
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Figure 1.2 Diagram showing the movement of ions across the mucosal layer and lumen of the 

stomach (Allen and Garner 1980). 

Figure 1.2 illustrates that the mucus layer remains unstirred, giving protection to the mucosal 

cells. This mucus gel is where the HCl from the stomach is neutralised by HCO3 secreted by 

the surface epithelial cells to produce CO2 and H2O. 

This constant neutralisation of HCl by HCO3 will mean that HCl is secreted 

constantly to ensure a low lumen pH is maintained (Allen and Garner 1980)  

 

1.2 Bacillus subtilis 

B. subtilis is a Gram positive facultative anaerobe from the family Bacillaceae 

(Traag et al. 2013). Originally found in soil, it is one of the most widely studied organisms, 

largely owing to its potential as a model for Bacillus anthracis and other pathogenic spore 

formers (B. cereus, Clostridium difficile) and also as a means to investigate industrial 
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decontamination processes. Furthermore, its’ genome was fully sequenced in 1997 (Kunst et 

al. 1997), meaning it is the best characterised Gram positive bacteria. Domestic strains of B. 

subtilis can be traced back to the original Marburg strain, which gave rise to the tryptophan-

requiring auxotroph  B. subtilis 168 (Zeigler et al. 2008).  

It has recently been hypothesised that it has specifically adapted to life in the GIT 

(Tam et al. 2006). Their purported efficacy as probiotics rests in the dormant spores’ 

resistance to external stresses, meaning they are less susceptible to the harsh conditions 

encountered in the GIT (Cutting 2011). Since it is generally believed that the lower GIT is 

an anaerobic environment (oxygen concentration at 2–7% of air saturation) (He et al. 1999), 

B. subtilis’ ability to grow in anaerobic conditions is another attribute that makes it suitable 

for both colonisation of the GIT and its suitability as a probiotic. B. subtilis cells will use 

nitrate as the terminal electron acceptor under anaerobic conditions and since this is 

abundant in the GIT, the organism should be able to undergo anaerobic respiration in these 

conditions (Sorokulova 2013). 

1.2.1 Sporulation 

Spore forming Firmicutes bacteria generally fall under the genera of Bacillus and 

Clostridia. Sporulation occurs as a response to insufficient nutrients in the environment, 

typically carbon and nitrogen, and in some cases phosphorous. This starvation is usually 

caused by harsh environmental conditions (Piggot and Hilbert 2004; Cutting 2011). 

Sporulation can be induced in a laboratory setting through the use of Difco Sporulation 

Medium (DSM) or AK sporulating agar detailed in Appendix 1, in which the vegetative cells 

are starved of nutrients and therefore begin the sporulation process early in culture. 

Typically, the changes that result in spore formation begin in the cytoplasm of the 

vegetative cell. The cell will divide asymmetrically (shown in Figure 1.4 A and B) and the 

smaller compartment will ultimately form the dormant spore and the resulting spore houses 

the DNA of the original bacterium, whilst the larger segment is mainly responsible for the 

formation of the spore coat (McKenney and Eichenberger 2012). As a general rule, spores 
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are non-motile and one bacterium forms one spore, similarly as one spore germinates, it 

germinates into one vegetative cell originally (Muir and Kitchie 1961). 

Sporulation takes between six to eight hours and involves the formation of a 

proteinaceous coat via a cascade of four mother cell-specific transcription factors as well as 

protein-protein cross linking and proteolytic events (Henriques and Moran 2000). 

Sporulation has previously been broken down into six key stages (labelled O to V) 

(McKenney and Eichenberger 2012). However more recently, eight stages are described, 

though as Tan and Ramamurthi (2014) state, the process of sporulation does not occur in 

distinct stages, as there may be considerable overlap in defined stages as the events occur in 

a continuum. An overview of the general process of sporulation is shown below in Figure 

1.3 

 

Figure 1.3 Overview of the stages of sporulation in B. subtilis from González-Pastor (2011) 

Stage O relates to the spore decision to sporulate. Whilst there is no known specific 

molecular signal that initiates sporulation, a combination of factors are known to play a role 
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in triggering sporulation (McKenney et al. 2013). Nutrient depletion is of course one of the 

primary factors involved, though initially a sub-population of the spores will begin 

cannibalistic behaviour, in which the neighbouring spores are broken down to provide 

nutrients for the toxin-producing sub-population (González-Pastor 2011). However, when 

starvation conditions become clearer, the spores commit to sporulation through the 

activation of histidine sensor kinases (Kin A, Kin B and Kin C) which shuttle phosphate 

through a phosphorelay system leading to phosphorylation of the Spo0A transcription factor 

(McKenney et al. 2013). 

Stage I: axial filamentation and ensuring correct chromosome copy number. 

Sporulation begins when initiation signals activate the master transcription regulator Spo0A. 

The commencement of spore forming manifests visually as small granules in the protoplasm 

that eventually join together to assume an oval shape which is shorter but broader than the 

original bacterium. The granule is highly refractile and will not stain by ordinary methods 

(Henriques and Moran 2000; Cutting 2011). At this stage, the cell harbours two 

chromosomes, one for the mother cell and another for the forespore, though the pattern of 

transcription in the two genomes are different and the structures of the nucleoids in each 

compartment are very different also (Ragkousi et al. 2000). This stage involves early spore 

engulfment, where the septum shows curvature seen in Figure 1.4 A. 

Stage II is known as asymmetric septation. In this stage, temporary genetic 

asymmetry arises because the polar septum bisects the axial filament resulting in only about 

a third of the chromosome being harboured by the forespore. The enzyme DNA translocase 

(found in the mother cell) is responsible for pumping the remaining DNA into the forespore 

(Tan and Ramamurthi 2014). 
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Figure 1.4 Electron microscopy images showing stages I, II and III of sporulation. A and B= wild 

type B. subtilis cell (168) undergoing asymmetric septation, C and D= early stage forespore 

engulfment. Scale bar = 200nm. Electron microscopy images taken from Thompson et al. (2006) 

Stage III, is known as engulfment. It is at this point that the mother cell engulfs the 

forespore as the polar septum curves around the forespore forming a double membrane 

around the forespore within the mother cell cytosol. To finish engulfment, ‘the membranes 

must undergo membrane fission to pinch off and release the forespore’ (Tan and 

Ramamurthi 2014).  

Stage IV and V refer to the cortex and coat assembly. Some researchers have 

denoted stage IV as cortex formation and stage V as coat formation (Errington 2003; 

González-Pastor 2011), though there is considerable overlap between the two processes (Tan 

and Ramamurthi 2014). At stage IV, (late sporulation) the spore is still phase dark. Coat 

formation begins with a scaffold that it comprised of half of the coat proteins on the mother 

cell side of the forespore (known as the mother cell proximal pole, MCP). The sigma factor 

σE controls the assembly of the basement layer, though this is under the control of three 
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morphogenic proteins: SpoIVA, SafA and CotE (de Francesco et al. 2012). The inner and 

outer coat layers are reliant on SafA and CotE (McKenney et al. 2013). 

Stage V is late sporulation where the spore becomes phase bright, this occurs 

approximately six hours after the initiation of sporulation. 

Stage VI is the release of the dormant spore from the mother cell. This is shown in 

Figure 1.5 a.  The larger mother cell, which is required for spore formation, is eventually 

lysed. The prespore is then released within the mother cell as a protoplast (Piggot and 

Hilbert 2004) 

.  

 

 

 

 

 

Stage VII is sometimes used to refer to the completed lysis of the mother cell and the 

released spore in Figure 1.5 b (Reineke 2013). 

FS  forespore 
MC mother cell cytoplasm 

OC outer spore coat 
Cx cortex 
Cr core 
 IC inner lamellar spore coat 

a) 

b) 

Figure 1.5 Stages of Sporulation visualised by electron microscopy a = Mature B. subtilis spore within 

a mother cell from Catalano et al. (2001) where scale bar =500nm. b = mature free spore. Scale bar = 

125nm from Silvaggi et al. (2004).  
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The spore itself is composed of various different layers (see Figure 1.6), the outer most layer 

is known as the surface layer (SL), then the coat is formed of the outer (OC), inner (IC) and 

a stained amorphous layer known as the under coat (UC) which separates the coat from the 

cortex (Cx). The outer forespore membrane (OFM) also separates the cortex from the 

undercoat. The cortex is a key factor in protecting the spore from heat resistance and 

lysozyme enzymes. Separating the cortex from the spore core (Cr) is the Inner forespore 

membrane (IFM) which is surrounded by the primordial germ cell wall (PGCW). It is inside 

the spore core that the chromosome is situated, protected by many barriers from harsh 

conditions. This spore core is composed of several fine lamellae (Carroll et al. 2008). 

 

 

 

 

 

 

Figure 1.6 A: Example of scanning electron microscopy (SEM) cross section of Bacillus spore and B, 

schematic diagram of radial spore layers. Scale bar represents 0.2μm (Henriques and Moran 2000).    

                       

Cr Core 
PGCW primordial germ cell wall 
Cx Cortex 
UC Under coat 
Ic Inner cortex 
Oc Outer Coat 
SL Surface Layer or exosporium 
IFM Inner Forespore membrane 
OFM outer forespore membrane 
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1.2.2 Germination 

The transition of a spore into a dividing vegetative cell is now referred to in two 

different stages; germination and outgrowth. Germination refers to the first stage and 

outgrowth is the transformation of the germinated spore into the vegetative cell (Hitchins et 

al. 1963).  

With regards to the germination of spores in the gastrointestinal tract, it is 

acknowledged that this is triggered through nutrient germinants of low molecular weight 

such as sugars, amino acids or purine derivatives (Paredes-Sabja et al. 2011). The most 

commonly named germinants are ʟ-alanine, glucose, fructose, potassium (GFK) and ʟ-

asparagine. ʟ-alanine interacts with the nutrient germinant receptor GerA whereas GerB and 

GerK are thought to interact with ʟ-asparagine and GFK  (Atluri et al. 2006). As most of 

these compounds are found in abundance in the GIT it can be assumed that they are key 

factors in germination of Bacillus in gastric conditions. Furthermore, germination of B. 

subtilis spores can be induced by acid treatment at pH 3 for 30 minutes (Leser et al. 2008). 

This suggests that ingested spores may start to germinate during stomach passage. 

The process of germination occurs in two stages and takes approximately 25 

minutes (Hitchins et al. 1963), though there is a highly variable lag time from the addition of 

germinants to the onset of germination between spores in a given population (Setlow 2014). 

A diagram detailing the basic process is shown below in Figure 1.7 



17 
 

 

Figure 1.7 Outline of nutrient germination of Bacillus spores. The germ cell wall is not shown but it 

expands as the cortex is hydrolysed in stage II of germination. Image and text from Setlow (2014) 

 

Stage I.  

• Nutrient germinants bind to specific receptors, known as germinant receptors (GRs) 

located in the spore’s inner membrane, (IFM) as shown on Figure 1.6 which 

initiates spore commitment to germination (Yi and Setlow 2010). This is associated 

with a change in the permeability of the inner membrane (Setlow 2014). 

• This triggers the release of core small molecules, including dipicolinic acid (DPA). 

DPA is assumed to be released via channels made of SpoVA proteins (Setlow 

2014). It is at this point in germination that the spore will lose its resistance to 

stresses. 

• The small molecules released are replaced by water. 

Stage II.  

• DPA release triggers hydrolysis of the peptidoglycan cortex. 
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• Cortex hydrolysis is catalysed by either of two cortex-lytic enzymes (CLEs) (CwlJ 

and SleB) which recognise muramic acid-δ-lactam (MAL) – a component of the 

cortex PG (Setlow 2014). 

• Cortex hydrolysis then allows core expansion and further water uptake followed by 

spore outgrowth (Kong et al. 2010). 

 

Outgrowth 

Rehydration of the spore (when water reaches approximately 80% of wet weight) 

allows metabolism to begin in the core, followed by macromolecular synthesis. This leads to 

the conversion of the germinating spore to a growing cell (Setlow 2014). Outgrowth takes 

around 95 minutes and is divided into four stages: swelling, emergence from the spore coat, 

elongation of the emergent organism, and finally division of the elongated organism 

(Hitchins et al. 1963). Zaman et al. (2005) illustrated this process using transmission 

electron microscopy (TEM) in Figure 1.8. 
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Figure 1.8 Imaging of B. anthracis spore germination through TEM at (a) 0 hour, (b) 1 hour, (c) 2 

hours, and (d) 3 hours. A, spore coat; B, outer spore membrane; C, spore cortex; D, germ cell wall; E, 

inner spore membrane; F, spore core; G, cell wall; H (Zaman et al. 2005). 

In Figure 1.8 a) the B. anthracis spore is in its dormant state. Bacillus spores either have a 

smooth or ridged surface. The difference is thought to be due to the loss of the exosporium 

in the bumpy or ridged spores during cultivation or sampling. This fact is intriguing as most 

non-pathogenic Bacilli do not possess a well formed exosporium, therefore this feature is 

linked with infection (Swiecki et al. 2006). 

Figure 1.8 b. Illustrates the beginning of germination, there is a small increase in 

length as well as volume of the spores. This change may be a result of the increase in 

hydration levels of the spore. 
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In Figure 1.8 c. a further increase in length but a decrease in width is seen. The spore coat 

begins to break and the germ wall becomes the outer layer which later forms the cell wall.  

Figure 1.8 d. illustrates two distinct vegetative cells in the typical Bacillus rod form (Zaman 

et al. 2005). 

Once the final stage is reached, vegetative growth can resume, assuming conditions are 

favourable and there are sufficient nutrients to meet the needs of the organism. 

Bacterial spores are one of the most durable life forms on Earth, owing to their 

resistance to extreme heat, desiccation, radiation, and various chemicals (Setlow 2006). 

Understandably, they are a common topic in biological research, however there are still 

many aspects of the dormant spore’s structure to function relationship that are poorly 

understood. Of primary importance, is to understand what the spore is composed of and how 

these structures aid the spore’s resistance. 

1.2.3 Function and composition of bacterial spore structures. 

The structure of the spore has been studied in great detail, as shown in Section 1.2.1 

(sporulation). In the following section, the most relevant functions and compositions of 

spore structures are highlighted in the context of the research project executed herein. 

The core 

It is acknowledged that the spore core, where the DNA is located, is semi-

dehydrated by replacing water with Ca2+ - dipicolinic acid (CaDPA),  a 1:1 chelate of 

pyridine-2,6-dicarboxylic acid (DPA) with divalent cations, predominantly Calcium. DPA is 

present at >800mM in the spore core, well above the level of solubility (Huang et al. 2007). 

This dehydration plays a large role in spore resistance to external stresses. Only when the 

DPA has been dissolved by water and exits the spore can outgrowth be achieved. It is 

surrounded by the inner forespore membrane (McKenney et al. 2013). 
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The PG cortex 

The cortex is a peptidoglycan layer encasing the core, it is composed of a thin layer 

called the primordial germ cell wall (PGCW) and the thicker outer layer referred to as the 

cortex. The PGCW is so named because it is believed to form the basis for the vegetative 

cell wall (Atrih et al. 1996). The main cortex is composed of the same amino acids and 

sugars found in the vegetative cell peptidoglycan, however around 50% of disaccharides in 

the spore peptidoglycan are substituted with muramic acid δ-lactam residues (Warth and 

Strominger 1969). Muramic acid δ-lactam is produced by enzymatic removal of a peptide 

side chain from the N-acetylmuramic acid residue (a disaccharide) (Gilmore et al. 2004). Its 

main purpose is to assist in core dehydration, and is believed to contribute to heat resistance 

(Meador-Parton and Popham 2000). 

Spore coat 

 

Figure 1.9 Diagram of cross section of a dormant spore, illustrating layers of the spore coat. The outer 

forespore membrane covers the cortex (PGCW), and this is surrounded by the basement layer (blue), 
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followed by the inner coat (orange), then the outer coat (purple) and finally the crust (red). Coloured 

boxes underneath indicate where important germinant receptors are located in each layer. 

The coat is largely comprised of proteins, which are assembled by the mother cell during 

sporulation. The first layer, known as the basement layer, or the under coat (Huang et al. 

2008) is the first to be assembled, by the cascading mother cell genes. The inner coat and 

outer coat are constructed in layers. The full sequence of events in coat formation are 

explained in a recent review from McKenney and Eichenberger (2012). Within the coat are 

enzymes, of particular note is the presence of alanine racemase YncD, which converts L-

alanine to D-alanine: a germination inhibitor. It is thought to play a role in preventing 

germination when conditions are unfavourable to cell survival (Chesnokova et al. 2009). 

 

1.2.4 Alternative responses to changes in the environment 

As well as sporulation, some B. subtilis strains may react to a depletion of nutrients 

by changing their motility, secreting extracellular enzymes, undergoing competence for 

genetic transformation (Dubnau 1991) or producing antibiotics. One particularly well 

studied bioactive compound is surfactin (Carvalho et al. 2010). This acts as a surfactant and 

an antimicrobial. 

Biofilm formation is another key response to certain environmental conditions. A 

bacterial biofilm consists of aggregates of bacteria, stabilised by an extracellular 

polysaccharide matrix (EPS) produced by the cells (Winkelman et al. 2009).  Bacterial 

motility initially promotes the formation of biofilms, but once the bacteria start to adhere, 

this motility is inhibited by EpsE, a protein that inhibits flagellar rotation. Biofilms arise due 

to a complex series of regulatory proteins, which alter the B. subtilis from the planktonic 

individual cell, to the cell aggregate state (Guttenplan et al. 2010). Surfactin is considered to 

be one of the signals that induces the expression of matrix genes in the population (Vlamakis 

et al. 2013) though biofilm formation is primarily dependent on  the adhesion of cells to a 
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surface. Ultimately, the biofilm structure provides increased antibiotic resistance to the 

bacterial population as well as resistance to other stressors in the environment, making them 

a clear alternative survival strategy for B. subtilis (Stanley and Lazazzera 2004).  

1.2.5 Viability assessment of B. subtilis cells and spores in the GIT 

Understandably, given the potential for Bacillus subtilis as a probiotic, a lot of 

studies have been focused on the transit of spores through the GIT. In vivo mice models are 

a convenient means of exploring spore behaviour in GIT conditions (Hoa et al. 2001). 

Casula and Cutting (2002) inoculated mice with spores of B. subtilis and tracked their 

passage through the murine GIT. In some examples, faecal spore numbers exceed the 

inoculum suggesting that germinated spores, after a few limited rounds of growth and 

division, re-sporulate to escape the hostile environment in the GI tract. Re-sporulation of B. 

subtilis can occur in the ileum and large intestine of mice; however, the author notes that 

these figures are quite unusual, given the timescale for the spores to undergo germination, 

outgrowth as well as survive the acid and bile stress across the GIT (Casula and Cutting 

2002). No other explanations are offered for this increase in spore count in this paper. 

As probiotics are geared towards use in agriculture, another in vivo model to use is 

pigs. Leser et al. (2008) illustrate that in nutrient-rich medium, germination of B. 

licheniformis CH200 and B. subtilis CH20 occurs  within 60–90 minutes. Given that the 

stomach passage time for a solid meal is 3–12 hours in growing pigs, a fraction of the spores 

most likely germinated in the stomach. Indeed Leser et al. (2008) go on to partially assess 

spore behaviour in a pig GIT using spores encased in a dialysis membrane of molecular 

weight cut off from 12,000 to 14,000 Daltons. This allows complete transport of GIT liquids 

but not microorganisms (Leser et al. 2008). This experimental approach has the inherent 

limitation of not allowing direct interaction between the spores and other microbial 

communities in the gut, confining the study to the assessment of the influence of the abiotic 

conditions on the spores. However it should be noted that antimicrobial peptides, such as 

those produced by LAB may pass through these membranes since they are usually in the 
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range of 5-10kD (Dirix et al. 2004). Similarly, one cannot exclude the fact that small 

diffusible chemical signals, known as quorum sensing molecules may also pass through 

these membranes which can influence multicellular behaviours such as germination and 

biofilm formation (Sifri 2008). It was noted in the study that the numbers of bacteria drop 

quite dramatically in the stomach, but recover very quickly in the jejunum. As with the 

murine study by Casula and Cutting (2002), this rapidly changing count seems quite 

unusual, though again, no explanation is offered for this phenomenon. Furthermore, there 

was a lack of a rigorous assessment on the physiological states of the ingested bacterial 

spores.   

However, another merit of the study from Leser et al. (2008) is the deployment of a 

basic microbial flow cytometric (FCM) analysis to simply identify general numbers of 

vegetative cells and spores. Their FCM protocol lacked the ability to verify viability, 

meaning the ability to cross reference the FCM data with the plating data was limited. 

Despite the limitations, their idea of spore encasement provides a unique and effective way 

of systematic monitoring of the spore physiological status across the GIT. Provided that a 

more advanced FCM analysis was applied to their experimental approach, more light could 

be shed on which areas of the GIT may cause probiotic spore outgrowth, death or 

sporulation. Within this idea lies the opportunity to obtain more detailed and insightful 

knowledge that could be directly applicable for enhancing probiotic viability, whilst 

generating information in an area that is not well investigated as  acknowledged in the 

current literature (Casula and Cutting 2002; Cartman et al. 2008)  

1.2.6 Current Microbial Enumeration Methods 

Aside from FCM, viability has been conventionally studied via plating/culturing. 

The use of plating as a means to count bacteria rests on the assumption that one cell will 

produce one colony, therefore colony forming unit counts (cfu/ml) can be used as a method 

of cell counting (Stopa 2000). Whilst information on the culturability of probiotics can be 

readily achieved through these traditional microbiological techniques, they do not indicate 
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how damaged or in what physiological state the spores are. A large problem with any 

technique involving the measurement of viability is the fact that viable or ‘living’ cells can 

be defined in a number of different ways. For methods such as plating, viability simply 

refers to an organisms’ ability to grow in the presence of nutrients (Khan et al. 2010). There 

are a number of drawbacks associated  with this assumption, primarily, if a cell was stressed 

or sub-lethally damaged, the organism may be resuscitated in the appropriate conditions, for 

example Kong et al. (2004) illustrated how bacteria may be resuscitated in anaerobic 

conditions. A standard plating method, performed in aerobic conditions would therefore not 

include bacteria which could possibly be recovered in anaerobic conditions.  Similarly, there 

are several bacterial species cells which can enter a viable but non-culturable state (VBNC). 

This is a strategy employed by some species which enables them to enter a state of very low 

metabolic activity, allowing them to achieve long-term survival in unfavourable conditions. 

However this prevents them from being able to form colonies, and accordingly, bacteria in 

this state will not be viewed under plating techniques (Ramamurthy et al. 2014). 

Furthermore, an extensive study by Jongenburger et al. (2010) highlights the large variation 

in plate count data. It may be that issues such as bacterial aggregation or chains of cells 

affect these plate counts. For example, a clump of cells would only be viewed as a single 

colony, where in actual fact there could be several viable bacteria. 

It is possible to gain an approximate number of spores to germinating/vegetative 

cells within a sample. The most common method is to heat samples to 80˚C for 20 minutes 

to destroy vegetative cells and germinating spores, therefore leaving the dormant spores 

only. Another method of eliminating vegetative cells is to grow Bacillus in DSM and treat 

with lysozyme (Spinosa et al. 2000) as previously noted, the spores are resistant to lysozyme 

therefore only the vegetative cells and germinating spores will be killed. The spores can then 

be germinated and counted on a suitable medium. Another method for determining spore 

counts in a mixture of spores and cells, is to kill vegetative cells with Renografin (used to 

destroy vegetative cells in B. anthracis) (Wang et al. 2009). 
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Owing to the nature of cultivation it is known that this technique, whilst useful, does 

not give a very accurate account of microflora of the GIT. This has resulted in the use of 

molecular techniques, such as Fluorescent in situ hybridisation (FISH) Denaturing Gradient 

Gel Electrophoresis (DGGE) and reverse transcriptase polymerase chain reaction (RT-PCR) 

and real time-quantitative PCR (qPCR). The benefits of such techniques are that they 

eliminate the need for culturing of bacteria. This is particularly relevant when one considers 

the number of uncultivable bacteria known to exist. A significant body of bacterial research 

takes advantage of molecular techniques to measure species richness and microbial diversity 

in samples (Thanantong et al. 2006; Baxter and Cummings 2008; Hajela et al. 2012).These 

culture-independent methods are reviewed extensively by Davis (2014), the main benefits of 

such molecular methods being that high numbers of different bacterial species can be 

detected based on their DNA or RNA.  

In particular, FISH has been covered quite extensively in probiotic research.  

Usually rRNA targeted fluorescently labelled oligonucleotides are used, which have the 

advantage of  being able to identify species at the sub-species level owing to the wide 

availability of rRNA sequence data (Wallner et al. 1993). Typically, 16s rRNA sequences 

are retrieved from online databases such as Genbank, or EMBL. These sequences are 

analysed and potential target regions for the hybridisation probes are selected (Langendijk et 

al. 1995). These fluorescently labelled bacteria can then be analysed using a direct imaging 

technique, such as confocal microscopy, or can be enumerated using flow cytometry (FCM) 

(Davis 2014).  

Measuring metabolic activity of cells is another common way of determining counts 

of viable cells. The dye carboxyfluorescein diacetate (cFDA) can be used to detect the 

cytoplasmic esterase-catalysed hydrolysis of cFDA to carboxyfluorescein (cF) and two 

acetate molecules. As cF is strongly fluorescent this can be used as a marker for metabolic 

activity (Shen et al. 2009). 

To visualise this dye, microscopic techniques can be employed. A haemocytometer 

is regularly employed in microscopic research to enumerate cells, however specially 
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designed bacterial counting chambers are preferential, as these have a smaller depth and 

hence there is less space for bacteria to flow over each other and eliminates the issue of 

multiple planes of view. Typically a Petroff-Hausser (PH) counting chamber is 0.02mm in 

depth, as opposed to a standard haemocytometer depth of 0.1mm, (some may be further 

specialised to 0.01mm in depth) (Guillard and Sieracki 2005). The main issue associated 

with microscopic techniques are the time consuming nature of this analysis. Whilst there are 

new software that can enumerate or ‘count’ fluorescent bacteria, such as Image Pro and 

ImageJ, these programs require an advanced level of IT knowledge and hence a great deal of 

time to set up for efficiently accurate enumeration. Furthermore, these programs require a 

high quality image to work effectively; therefore when an image is of poor quality (for 

example if the background was unevenly lit), these programs would not function. Without 

the use of advanced software, the only other option available in these cases is to count 

bacteria manually, though to gain accurate PH counts, a high concentration of cells is 

required (at least 106-107cells/ml) (Carlberg 1995). Suffice to say the time taken to count 

hundreds, or perhaps thousands of bacteria renders microscopic enumeration unsuitable for 

experimental work involving millions of bacteria (Bakker et al. 2007). 

 

One main drawback of the above mentioned methodologies is that they do not equip 

the investigator with the required insights into the physiological states of the organism. This 

is particularly relevant when investigating an organism such as B. subtilis which has 

multiple physiological states. From this perspective flow cytometry has much more potential 

as a tool provided that a suitable FCM protocol is applied for quantification of the different 

physiological microbial states. Whilst there has been a moderate amount of data generated as 

to total counts of bacteria by FCM (Paulse et al. 2007), to date, there is very little 

quantitative data concerning specific sub-populations of bacteria. It was found that Khan et 

al. (2010) provides some detailed insights into the viability of Escherichia coli O157:H7, 

Pseudomonas aeruginosa, Pseudomonas syringae, and Salmonella enterica, through 

staining with Syto 9 and PI. However, the information derived from their study was to assess 
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VBNC organisms, by identifying cells with a compromised membrane. As such, the study 

by Khan et al. (2010) was not applied to the study of spores and their intermittent states.  

Leser et al. (2008) have also used counting beads to enumerate Bacillus in the GIT, but they 

have not extended their studies to enumerate the amount of dead cells present or the number 

of dead spores present. While it is evident from the wider current literature that FCM has not 

been used to its full potential in the area of quantification of bacterial physiological states, it 

appears that there is a significant volume of knowledge/findings already available (Comas-

Riu and Vives-Rego 2002; Black et al. 2005; Cronin and Wilkinson 2007; Mathys et al. 

2007; Leser et al. 2008; Nebe-von-Caron 2008) which endorse the potential of flow 

cytometry (FCM) as a useful tool to assess quantitatively the state of B. subtilis spores 

exposed in different environments provided that is optimised for this objective (Abee et al. 

2011; Reineke et al. 2012). An example is given below in Figure 1.10 of the standard FCM 

outputs expected and how these can be manipulated to assess and enumerate physiological 

states of B. subtilis. These are displayed using the software VenturiOne. 

 

Figure 1.10 a) FCM output of B. subtilis cells and spores, (stained with 1.5µM Syto 16 and 48µM PI) 

with SpheroTech fluorescent counting beads on a forward scatter (FSC) vs side scatter (SSC) density 

plot. b) The same sample, displayed on a far red (FL4) vs Red (FL3) fluorescent density plot. Region 

A is drawn around the fluorescent counting beads 
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Figure 1.10 illustrates the typical output of B. subtilis spores and cells obtained from a FCM 

analysis. The counting beads fluoresce on all channels meaning they can be separated from 

the general population by viewing on a fluorescent channel that the other dyes will not 

fluoresce on (in this example the FL4 channel). A region is drawn around these beads 

(region A) which are then removed from the general population using Boolean theory to 

create gates, where the equation NOT A will remove anything in this region from the 

following gated plots in Figure 1.11. 

 

Figure 1.11 Gated FCM density plot of B. subtilis cells and spores, (stained with 1.5µM Syto 16 and 

48µM PI, a) FSC vs SSC with region B drawn around the main cells and spore population, b) Gated 

plot of region B with Green (FL1) vs Red (FL3) density plot (of the same sample), showing the 

fluorescence emission of this stained sample. Region C: dormant spores, Region D: germinating 

spores, Region E: Live cells and outgrown spores, Region F: dead cells and spores, Region G: double 

stained cells and spores, and/or cell doublets. 

Figure 1.11 demonstrates a gated plot of a stained sample of B. subtilis cells and spores. 

Region B is drawn around the main cells and spore population and this region is then 

selected and presented in b) where the sub-populations are assigned (based on previous 

standards). Thus sub-population enumeration can be achieved using the number of events 

from each of these regions and combining this with number of counting beads events in 

region A. This process is detailed further in Chapter 2. 
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1.3 Flow cytometry principles 

Flow cytometry (FCM) uses laser light to characterise cells, determining either their 

shape or complexity. If specific stains are used fluorescence emitted by stained cells 

(Shapiro 2003; Mathys et al. 2007; Nebe‐von‐Caron 2009) can reveal structural integrity 

or compositional information. Commonly applied stains and their utility are described in 

Table 1.1. 

 

Figure 1.12 Diagram of inner flow cytometry system showing the position of the laser in relation to 

the cell stream and the fluorescent detectors (Invitrogen 2014).  

 

Flow cytometry uses hydrodynamic focusing of a sample suspension of particles (Figure 

1.12), allowing them to pass sequentially through a beam of laser light. The first option in 

collecting data from a FCM is which trigger channel to collect from. Triggering the 

collection of data can be from a less sensitive photodiode detector that is linked with the 

forward scattered light (the FSC trigger). Alternatively triggering of data collection can take 

advantage of the more sensitive photomultiplier (PMT) detectors. These are linked to either 

the Side Scattered light (SSC trigger) or to the fluorescent channels (FL trigger). In all cases, 

the photodetectors can quantify the effect of the spores/cells on the scattering of light 

emitted by the laser. This yields information on the size and complexity of the particles. The 
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fluorescent photodetectors allow a flow cytometer to measure emission of fluorescent light, 

by laser excitation of fluorophores used in dyes (Hernlem and Ravva 2007). 

The FCM can distinguish between different sized cells and also determine cell 

complexity through light scatter. As a cell passes through the beam of light, the light is 

scattered and the FCM measures both forward scatter and side scatter to determine 

shape/complexity. Forward scatter relates to cell size, and more specifically diameter, 

whereas side scatter is indicative of cell complexity, i.e. how many organelles are in the cell, 

or spore roughness (Vives-Rego et al. 2003; Cronin and Wilkinson 2007). The forward 

scatter is detected as a voltage pulse by a receptor in front of the laser beam. A large forward 

scatter is indicative of a larger cell and vice versa. The side scatter is detected through a 

different channel to the right of the beam. For this reason side scatter is sometimes referred 

to as right angle light scatter (RALS) and is caused by the light from the laser ‘bouncing’ off 

granules in the cell. A high side scatter therefore indicates a high cell complexity (Díaz et al. 

2010). 
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1.3.1 FCM data acquisition strategies 

Settings analysis 

Whilst bacterial flow cytometry has become far more prominent in microbial 

research over the past two decades, it remains that little if any, standardisation has taken 

place (Nebe-von-Caron 2008). One possible reason for this may be the differences in Flow 

cytometer models, not only across different makes, but also variations within each FCM 

model. For example, Reineke et al. (2012) used the BD FACSCalibur to analyse B. subtilis 

using the E01 setting for forward scatter (FSC) and set the side scatter (SSC) amplification 

to 721V. Another study using the same model and the same organism (B. subtilis) used the 

FSC E01 setting but set the SSC amplification to 427V (Zahavy et al. 2003). Another reason 

individual settings must be analysed is due to the size of different bacterial species and 

strains. For example even different species within the same genus have significant 

differences in cell size, such as B. cereus, which typically measures around 1µm in width 

(Senesi and Ghelardi 2010), whereas B. subtilis is usually around 0.5µm in width (Hayhurst 

2008). Such differences will have a significant impact on the FCM profile, not only on the 

FSC and SSC signals, but also in terms of the fluorescent signals. As such, the staining 

conditions will also need to be manipulated to suit each species of bacteria. 

Given the variation in FCM settings used in the literature an investigation into FCM 

settings might be required to find the optimum settings for a particular model, and 

microorganism of interest. Further to this, suitable stains will need to be used to meet the 

needs of the aims of the particular investigation. Table 1.1 details some of the typical stains 

used for bacterial FCM. 
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Table 1.1 Commonly  used stains for bacterial flow cytometry and their uses 

  
Stain Function Properties 

Emission 

wavelength (nm) 

Excitation 

wavelength (nm) 

Acridine orange Stains nucleic acids 
Permeable nucleic acid stain (Ueckert et 

al. 1995) 

460 for RNA and 

500 for DNA 

650 RNA and 526 

for DNA 

Biscarboxyethyl-

carboxyfluorescein 

(BCECF) 

Indicates metabolically 

active cells. 

Properties like cFDA, but more easily 

loaded. Very pH-sensitive (Ueckert et al. 

1995) 
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Stain Function Properties 
Emission 

wavelength (nm) 

Excitation 

wavelength (nm) 

Carboxyfluorescein

-diacetate (cFDA) 

The fluorescence intensity 

of cF is often considered to 

be a relative measure of 

cellular metabolic activity. 

Can be used as an indicator 

of metabolically active cells 

(Shen et al. 2009). 

Non-fluorescent cFDA is taken up by 

diffusion & converted via a cytoplasmic 

esterase catalysed hydrolysis to 

carboxyfluorescein (cF) & 2 molecules of 

acetate neutral esterase substrate. Crosses 

even intact membranes, and is retained by 

these cells, therefore denotes vitality. 

Extruded by cells of certain strains with 

specific translocation mechanism(Ueckert 

et al. 1995). 

493 (FL1) 

DAPI Useful for cell cycle studies Blue membrane impermeant stain 358 461 
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Stain Function Properties 

Emission 

wavelength (nm) 

Excitation 

wavelength (nm) 

DHPE 

Used for fluorescence 

activated cell sorting 

(FACS) 

Lipid specific green fluorescent dye. Binds 

to phospholipid head. pH sensitive (Park et 

al. 2005) 

496 519 (FL1) 
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Stain Function Properties 

Emission 

wavelength (nm) 

Excitation 

wavelength (nm) 

DiBAC4 (Bis-

oxonol) 

Dead cells and spores. It is 

an oxonol – anionic dye 

Distributional membrane-potential probe 

enters depolarized cells, binds to lipid-rich 

components. Excluded from cells that 

exhibit a membrane potential (Nebe-von-

Caron et al. 1998). However irradiated & 

controlled populations of endospores were 

positive for the dye, therefore, unable to 

distinguish viable from nonviable 

endospores Cronin and Wilkinson 2007) 

Stains intracellular proteins or membrane. 

490 

516 – (Red spectral 

shift) to 590 

depended on the 

specific bis-oxonol 

used 
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Stain Function Properties 

Emission 

wavelength (nm) 

Excitation 

wavelength (nm) 

DiOC18 

Used for FACS on a range 

of different bacteria (Park 

et al. 2005) 

Green. Stains cell membranes and lipids 475 510 (FL1) 

Ethidium Bromide 

Indicates de-energised or 

depolarised cells (Ueckert 

et al. 1995) 

Positively charged dye, intercalates RNA 

and DNA. Slow penetration of intact 

membranes (Nebe-von-Caron et al. 1998). 

488 575 (FL2) 

Fluorescein 

isothiocyanate 

(FITC) 

Tags various biological 

molecules, eg. Antibodies 

Binds with neutral amino acids to 

form protein-fluorescein conjugates 

(McClatchey 2002). 

490 525 
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Stain Function Properties 
Emission 

wavelength (nm) 

Excitation 

wavelength (nm) 

Propridium Iodide 

(PI) 

Count vegetative cells and 

spores that are dead/have 

damaged membranes 

(Cronin and Wilkinson 

2008) 

Properties like ethidium bromide (EB), 

but more membrane-impermeable. Enters 

cells with compromised membranes 

(Shapiro 2003). Stains cytoplasm & 

cytosol – does not penetrate intact 

membranes due to its additional charge. 

Will not stain endospores with   

depolarized cytoplasmic membranes 

though will stain non-viable spores 

(Cronin and Wilkinson 2007) 

535 optimum. 

Can be excited 

with 488nm argon 

laser (Invitrogen) 

617 (FL2 channel – 

585nm) can be  

collected at 675nm 

(Comas-Riu and 

Vives-Rego 2002) 

Rhodamine 123 
Shows cells with a 

membrane potential. 

Cationic lipophilic RH123 passes 

membranes, but is only retained in cells 

with a membrane potential. 

505 525 
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Stain Function Properties 
Emission 

wavelength (nm) 

Excitation 

wavelength (nm) 

SYTO-16 

Indicates completion of 

spore germination. It has 

been shown to have the 

biggest difference in 

fluorescence  of dormant 

and germinating spores 

(Black et al. 2005) (Mathys 

et al. 2007) 

Nucleic acid, DNA & RNA. Shown to 

give the biggest difference in fluorescence 

between dormant and germinating cells 

(Black et al. 2005). Stains only cortex 

hydrolysed/ germinating spores. 

488 
518-525 collected by 

FL1 specifically 515 
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Towards standardisation of FCM  

The Flow Cytometry UK organisation (Davies et al. 2006) initiated a study into flow 

cytometry standardisation; this involved the participation of several labs across the UK. This 

research involved dispensing samples of ‘Giga beads’ to many different laboratories. These 

Giga beads consist of seven different sized nano bead populations, ranging in diameter from 

190nm to 3,000nm. This is a comparative study set up by the small particle interest group of 

Flow Cytometry UK. The aim of these studies was to provide general guidelines for 

troubleshooting in flow cytometry, with the objective to study differences in FCM 

equipment across the UK. This gives flow cytometrists across the UK, the opportunity to see 

how their acquired flow cytometry data would compare with the indicative picture across 

different UK/EU FCM laboratories. 

Given the fact that current literature indicates that people use different settings on 

each machine it remains likely that for anyone wishing to embark upon a FCM methodology 

an analysis of all the settings must be done. This is covered in Chapter 2. Furthermore, it 

would be unrealistic to use FCM as the sole means to analyse data given the relative infancy 

of the method. Accordingly, most researchers employ at least one other methodological tool 

while carrying out research, though by adding FCM to current procedures, a greater amount 

of information can be gained (Díaz et al. 2010). 

 

1.4 Aims and Objectives 
 

Given the state of the art in current literature, the following aim was proposed for 

this project: 

Investigate the fate of ingested spores in in vitro pig gastric conditions as a means of 

delineating the phenomena involved with the reported loss of viability of probiotic 

spores.  

This in turn, required the following objectives to be met: 
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• Develop a bacterial FCM methodology to accurately assess and enumerate the sub-

populations of B. subtilis 

• Assess the effect of different treatments on B. subtilis cells and spores via FCM and 

plating 

• Determine the extent of germination in in vitro GIT conditions 

With the information to hand, the following hypotheses have been suggested: 

• Spores will germinate in the presence of nutrients and moisture and hence become 

more susceptible to the harsh conditions of the stomach 

• Spore death in the gastric compartment will either be due to germination induced 

death or a direct sporicidal affect 
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2 Chapter Two: Developing a FCM methodology to analyse B. 

subtilis cells and spores 

2.1 Introduction 

The primary focus of this chapter is to detail the steps taken to determine whether a 

rapid and accurate flow cytometric methodology (FCM) to assess physiological states of B. 

subtilis could be devised. This would be a useful means to study the effects of simulated 

gastric conditions on B. subtilis spores and cells.  

2.1.1  Fluorochrome selection 

Recent research shows a great deal of variation in staining protocols used for FCM 

analysis of bacteria (Ananta et al. 2005; Cronin and Wilkinson 2007; Khan et al. 2010; van 

Melis et al. 2011b; Reineke et al. 2012), see Chapter 1 Table 1.1 for full details regarding 

staining]. It is unclear whether these large variations are due to different preferences in 

method, or simply a necessity owing to inherent differences in the experimental set-up of the 

different laboratories (stains used, microorganism/strain, flow cytometer model, etc). 

Whatever the route of this, it is certain that there is a significant level of variation in terms of 

the duration of staining, the temperature of staining and also in terms of the type of dye and 

the dye concentrations.  

There are a number of dyes that can be used to assess viability of bacteria (Table 

1.1). Among them is the commercially available dual stain: Baclight comprised of Syto 9 

and propidium iodide (PI), used by Stocks (2004). Syto 13, was used by Leser et al. (2008) 

for B. subtilis and B. licheniformis. It has also been used extensively with aquatic organisms 

and E. coli (Guindulain et al. 1997; Comas-Riu and Vives-Rego 1999; Troussellier et al. 

1999). Syto 16 has been used by Black et al. (2005), Mathys et al. (2007); and more recently 

by Reineke et al. (2012) for studying germination of B. subtilis spores. For the purpose of 

this study, the dye would need to be used on mixtures of cells and spores, as it seems likely 
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that the gastric challenges the spores will face in this project will cause different 

physiological states to arise.  

The Syto dyes belong to a class of cyanine dyes. They are thought to have multiple 

binding modes, including intercalation and charge interactions with the phosphate backbone 

and binding to the groove of the DNA double helix. Once they bind to the nucleic acid this 

causes a vast increase in fluorescence as they become rigid (Shapiro 2003). They will 

permeate virtually all cell membranes (Tárnok 2008). The differences in the Syto dye family 

comes from modifying a number of side groups of the molecules. This changes the 

permeability to live cells. They are based on a heterocyclic ring structure whose permeancy 

properties are dependent on the nature of various ring substituents (Shapiro 2003). The dyes 

passively diffuse through cell membranes but only fluoresce once bound to nucleic acid. The 

PI dye will displace the cyanine dyes when used together (Díaz et al. 2010). 

PI is a red dye that binds to DNA. However, its usefulness in FCM comes from the 

fact that it cannot cross an intact cytoplasmic membrane (Díaz et al. 2010). This means that 

only cells which have a damaged membrane will stain with this dye. For this reason it can be 

used to identify dead cells.  

Other stains used to identify dead cells via mechanisms such as membrane 

depolarisation, are indicators of damage rather than death as illustrated by Nebe-von-Caron 

et al. (1998). In this study, cells that took up Bis-oxonol (BOX) and ethidium bromide (EB) 

denoting depolarisation, recovered moderately well on agar plates after sorting. The cells 

stained with PI showed no recovery on agar plates, indicating this is a more efficient way to 

detect dead cells. 

Given that a high number of Syto dyes are available it is important to find which 

Syto stain is most appropriate. Most of these stains can be used in combination with PI to 

stain cells of B. subtilis. Syto 13 has been used to differentiate cells from spores of B. 

licheniformis and B. subtilis subjected to in vivo piglet GIT conditions (Leser et al. 2008). 

Whilst this is a significant finding, the stain was not used in conjunction with PI. Comas-Riu 

and Vives-Rego (2002) have used Syto 13 with PI to study spores, though the organism of 
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interest in this study was Paenibacillus polymyxa. A key study by Black et al. (2005) 

investigated a range of Syto dyes (9, 11,12, 13, 14, 15, 16) and found Syto 16 to show the 

largest difference in fluorescence between dormant spores and germinated spores of B. 

subtilis. Syto 16 has also been used frequently for B. subtilis in combination with PI (Mathys 

et al. 2007; Kong et al. 2010; Reineke et al. 2012). As such, it was thought that Syto16 was 

the most appropriate dye to use. 

The FCM model used in these studies is the BD FACSCalibur, equipped with a 15 

mW, 488 nm air-cooled argon ion laser. BD CellQuest Pro software was used for setting and 

acquiring data.  

 

2.1.2  Staining concentrations 

A rigorous approach to staining analysis involves a number of factors. Temperature, 

time, cell concentration and optimising the staining concentrations are all key parameters to 

consider (Longsworth 1954). Of key importance is to ensure that the staining protocol 

conditions are not limited by the staining concentration. For example Stocks (2004) 

highlights the issue of having inappropriate staining concentrations. In his study, it was 

illustrated that when the dye Syto 9 was in excess, DNA which should have stained with PI, 

was shown to fluoresce on the green channel instead, indicating that the PI was not in 

sufficient enough quantities to displace the Syto stain. 

2.1.3  Setting compensation 

The phenomenon of fluorescence involves the excitation of a dye, followed by its 

emission. The emission spectra of Syto 16 and PI have very little overlap in the fluorescent 

bands collected by a FCM making them ideal for combining in double staining protocols. 
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In Figure 2.1 the emission spectrum of Syto 16 (green line) and PI (blue line) following 

excitation with a blue monochromatic light laser beam at 488nm (magenta/cyan line) are 

shown as a function of their wavelength. The typical collected bandwidths for the FCM 

fluorescent detectors are also shown. As is clear from the graph, there is no overlap of 

staining in the FL1 (530/30) channel, however there is a small amount of overlap in the FL3 

(670/0) channel. It is important to note, that the stronger the fluorescence of Syto 16, the 

greater the overlap into the FL3 channel will be. As such, compensation must be set to 

account for the potential false positive results this could generate. Compensation is set by 

taking the spectral overlap values and inverting these values using matrix algebra to generate 

the percentage compensation levels required. More information on this can be found through 

Bagwell and Adams (1993) 

It is a widely held belief that compensation levels could be set with BD Calibrite 

beads (Invitrogen, UK), which fluoresce on all channels and include a blank set of beads. 

However, a more advantageous practise is the use of stained populations of cells to set the 

compensation levels as these would be stained with the actual stains involved in a given 

study. The emission spectra of stains differ significantly from that of the FITC and PerCP 

stains used in the BD calibrate beads and execution of calibration assuming an incorrect 

Figure 2.1 Emission spectra of Syto 16          and PI           the 530/30 filter/bandpass is the FL1 channel 

and the 670/0 long pass filter is the FL3 channel.  Graph constructed using Fluorescence Spectra Viewer 

(Life Technologies). Bandwidth windows at 530/30 

Wavelength (nm) 
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emission spectra has the potential of influencing the accuracy of the FCM data particularly 

when aiming at a quantification objective (Nebe-von-Caron 2012). 

 

2.1.4  Staining temperature analysis 

Previous research by Mathys et al. (2007) and Baier et al. (2010) has shown FCM 

profiles using Syto 16 and PI to differentiate dead from dormant B. licheniformis spores. (see 

Figure 2.2) 

 

      

 

 

 

To establish whether it was possible to see this difference meant a highly efficient method of 

spore killing needed to be found. It was essential to obtain a sample of pure dead spores to 

use as a standard. Edwards et al. (1965) found that heating at 135°C for just over two 

seconds was sufficient for 99.9999% spore death and 129.4°C for eight seconds was enough 

  

Figure 2.2 a) FL1 (green) fluorescence against FL3 (red) fluorescence showing density profile of cells 

and spores of B. licheniformis from Mathys et al. (2007) (0 = noise), 1 = dormant, 2 = germinated, 3 = 

unknown, 4 = inactivated. b) Results of flow cytometric assessment (density plots) (Baier et al. 2010) 

Regions: R1: dormant spores, R2: germinated spores, R3: unknown state, R4: inactivated spores, R5: 

noise, V1: vegetative cells, V2: vegetative cells inactivated by thermal effects. 
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to get almost the same level of spore death. More recently, inactivation has been shown at 19 

minutes at 98°C or 95°C for 43 minutes (Jagannath et al. 2005). 

When these pure populations were acquired, FCM analysis could then take place. A 

thorough literature search was carried out to look into previous methods used to create clear 

FCM profiles. It was noted that there was a large variation in staining concentrations used 

and temperatures (see Table 1.1 in Chapter 1). Experts in the field were consulted on this 

matter (Cronin 2012) and it was decided that a higher staining temperature could increase 

the separation between dead spores staining profiles and dormant profiles. 

 

2.2 Materials and Methods 

2.2.1  Cell and Spore preparation 

Cells of B. subtilis (DSM 23776 from the German collection of micro-organisms), a 

derivative of the 168 strain, were grown overnight at 37°C using 10µl of a frozen spore 

stock to inoculate a 20ml LB broth. Cells were analysed at stationary phase so that there 

would be fewer actively growing cells in the mixture, thus avoiding chains of cells. The cells 

were harvested by centrifuging at 13,000 x g for five minutes and re-suspending in 0.2µm 

filtered PBS (100mM, pH 7.4). 

Spores were prepared on AK sporulating agar, (inoculated with 200µl of an 

overnight culture of cells on each plate) inverted and incubated for seven days at 37°C. After 

this, the spores were harvested by scraping the plate surface with a sterile loop and placed in 

a sterile 15ml falcon tube with 10ml sterile water. Based on the method of Zhao et al. (2008) 

these suspensions were washed twice with sterile 0.2µm filtered H2O at 10,000 x g at 4°C 

(Sorvall RC 5B plus centrifuge, Thermo Scientific, UK), and then re-suspended in 0.2µm 

filtered 50% EtOH (with H2O). This mixture was left for 12 hours at 6°C, and then washed 

three times more in ddH2O before being stored at 6°C. 
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2.2.2 FCM settings and operation 

The FACSCalibur flow cytometer was initially set up using the E01 setting for FSC, the 

SSC was set to 300V, and the fluorescent channels were all set at 500V. All sample 

collection was performed using the ‘low’ setting, corresponding to 12 ± 3 µl/min. 

Optimisation of these settings is detailed in Section 2.3. BD Biosciences Sheath fluid (a 

liquid with a similar composition to PBS) was used in the machine, and 3ml round bottomed 

FCM tubes (BD biosciences, UK) were installed in the sample injection port containing a 

1ml aliquot of the cell suspensions in PBS. 

Setting FCM acquisition 

The first option in collecting data from the FCM is which trigger channel to collect 

from. Collection of data can either be activated from the photodiode channel linked with the 

forward light scattering (known as FSC trigger) or any of the photomultiplier channels 

linked with the side light scattering or the fluorescent channels (known as  SSC or FL 

trigger). To explore which settings were most appropriate, a range of different voltages were 

explored: 

• FSC voltages: E00, E01, E02 and E03 

• SSC voltages: 233, 340, 620V 

Using a sample of cells (10µl) with 50µl fluorescent Calibrite counting beads, 6µm 

in diameter (Invitrogen, UK) suspended in 940µl PBS (phosphate buffered saline) solution at 

pH7.4, 100mM the samples were run through the FCM until 10,000 events were collected 

for each trial. The results were analysed on density plots using the computer software 

VenturiOne (Applied Cytometry, UK). 
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Staining concentration analysis 

Cells were prepared as previously stated (2.2.1) and 1ml aliquots were taken and 

centrifuged at 13,000 x g for two minutes. The top 995µl supernatant was discarded and then 

the cells were re-suspended in sterile filtered PBS (pH 7.4, 100mM). This washing step was 

repeated again, and in the case of thermally treated cells, this microtube was placed in a 

water bath set to 85°C and left for 35 minutes. The temperature of the water bath was 

carefully checked using a microtube filled with 1ml water. A thermocouple was placed into 

this tube via a small perforation made in the lid of the microtube. The temperature of the 

water could then be measured over time. The thermocouple was calibrated with a 

temperature probe before use to ensure accuracy of results.  

10µl of the cell suspension was pipetted into a 1ml microtube. Staining concentrations 

were made up by diluting with the appropriate amount of PBS to a total volume of 500µl. 

PI: 12µM, 24µM, 48µM, 60µM and 100µM 

Syto 16: 0.1µM, 0.5µM, 1µM, 2µM, 2.5µM, 3µM and 5µM 

Samples were vortexed thoroughly after the stains were added and incubated in an ice box 

for at least 30 minutes before analysis. Prior to FCM, the tubes were vortexed again and then 

pipetted directly into a fresh FCM tube. For the PBS only samples (Figure 2.14), the same 

protocol was implemented using the following concentrations of Syto 16: 2, 2.5, 3 and 5μM. 

2.2.3 Visualising dead from dormant spores 

Dead spores were obtained by placing 1ml of dormant spores in a microtube and 

autoclaving. For FCM analysis, 1ml aliquots of dead spores and dormant spores were stained 

with 48µM PI and 2µM Syto 16. One set of samples were kept at <4°C (in an ice box) 

whereas another set of samples were subjected to 28°C incubation period for a range of 

times. Depending on the temperature treatment for the sample, the respective microtubes 

were kept at either 4°C or 28°C for at least 30 minutes before use to minimise the time taken 

for the sample to reach the desired temperature. All samples were kept in the dark by 

covering the microtubes with aluminium foil. 
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2.2.4 Assessing germination via DPA release 

Spores with an OD600 of 1.0 (approximately 2x108/ml) were suspended in sterile 

phosphate buffer (100mM, pH 5.5) in aliquots of 1.3ml in DNA free microtubes (Sarstedt, 

Germany).  

Using the UV-Vis spectrophotometer Cary 50, (Varian Inc, USA) equipped with 

CaryWin UV software to analyse the data, absorbance was measured every 0.5 seconds for 

15 seconds. UV transparent plastic disposable cuvettes (Sarstedt, Germany) were filled with 

1ml of the supernatant of samples to avoid disturbing the pellet.  

DPA release was measured after 15, 30 and 60 minutes at 37˚C, 28˚C and 4˚C 

(performed in triplicate). Total DPA release was measured from spores which had been 

heated at 99˚C for 37 minutes. This was a modification of the method described by Coleman 

et al. (2007) as it took seven minutes for samples to reach 99°C. To measure the DPA, the 

samples were centrifuged for two minutes at 13,000 x g and the top 1ml supernatant 

carefully removed and placed in the UV cuvettes. These were then sealed with parafilm to 

avoid contamination and evaporation. 
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2.3  Results: Selection and optimization of FCM data acquisition 

strategies 

2.3.1 Towards Standardisation using Giga Beads 

A nation-wide study in FCM standardisation has been carried out over the past few 

years using a selection of different sized beads, with the aim to see how these same beads 

will appear on various different Flow cytometer models and between different laboratories. 

A detailed protocol for these experiments can be found in the Giga-bead mix protocol v2.1 

(Nebe von Caron and Bongaerts 2012). 

To keep in line with the study, this trial was performed using the E00 FSC voltage 

setting and both the ‘high’ and ‘low’ flow rate settings of FCM were investigated. The 

voltages used in all other parts of this study were optimised for visualisation of Bacillus 

subtilis and counting beads. As such, the voltage of SSC detector was set to a value of 345V, 

for the Green fluorescence detector [FL1] a value of 551V was used, the red fluorescence 

[FL2] was set to 580V, and for the Far-Red fluorescence detector [FL3] a value of 608V.  

It is important to note that the in this section, detector voltages reported were 

specifically selected for ensuring visualisation of all sizes of beads used in the Giga bead 

protocol i.e. beads across the range of 190nm to 3000nm. Hence, they are different to those 

that are used to analyse the bacterial samples. 

 

Figure 2.3 a, b shows a low concentration of Giga beads run in filtered Sheath fluid. 

The profiles are constructed using the green fluoresce signal (FL1-Height) against the Side 

scatter. Results of the Giga bead trial are presented here on density plots of SSC vs FL1. 

Regions were drawn around each sub-population using the data from the Giga bead protocol 

as a guideline. 
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The SSC voltage was set so that the larger beads could be seen clearly also (region C). 

Visually, these results seem to be similar in each instance, though the results from the Giga 

bead protocol appear to use a higher SSC value, causing the large bead population to 

become less clear. However to get a better idea of how the results of this study compare with 

others, it is necessary to compare the values obtained.  

In Figure 2.4 a-e the plot of side scatter as a function of green fluorescence [FL1] 

intensity is presented for all conditions studied with the Giga Beads pack.  

 

 

  

b) 

 

a) 

Figure 2.3 Representative dual parameter density plot showing SSC vs FL1 of the Giga bead mix. a) 

Our own trial b) results from the Giga bead mix protocol. Regions are constructed so that: Region A: 

380nm beads (far red fluorescence), region B: 525nm, region C: 3000nm, region D: 190nm, region E: 

380nm, region F: 450nm, region G: 660nm and region H: 1000nm. n=3. 
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The results from Figure 2.4 a-e indicate a low proportion of the beads are 3000nm. For 

example, in Figure 2.4 e) there are no beads found in this region, and even in Figure 2.4b) 

the 3000nm beads only constitute 0.58% of the total events collected. 

The percentage of beads in each region was recorded in Table 2.1 using the data 

from Figure 2.4. 

Table 2.1 Relative percentage detection of beads in each mixture under different flow rate settings. a) 

low concentration of beads and b) a high concentration of beads. Percentages based on regions drawn 

in Figure 2.4. 

Bead Detection proportions 
 Low bead concentration1   High bead concentration2 

diameter  
nm 

Official 
Giga bead 

% 
Low Flow Rate3 High Flow Rate4 

 
Low Flow Rate High Flow Rate 

190 6.97 9.25 9.50  19.88 19.86 

300 8.55 10.43 11.24  20.85 20.79 

380 9.38 11.58 12.01  26.12 26.07 

450 1.78 1.43 1.48  3.17 3.05 

525 2.88 5.06 5.04  8.62 8.29 

660 0.41 0.70 0.69  1.58 1.59 

1000 0.18 0.18 0.22  0.29 0.28 

3000 0.92 0.00 0.34  0.02 0.58 

       

1. Low bead concentration = 2µl beads per 1ml 2. High bead concentration =20µl beads per 

1ml. 3. Low flow rate =12µl/min 4. High flow rate = 60µl/min 

Figure 2.4 (From previous page) Dual parameter density plots showing green fluorescence (FL1) vs 

side scatter (SSC) density plots of Giga bead mix. Regions are assigned such that: Region I: 380nm 

beads (far red fluorescence), region J: 525nm, region P: 3000nm, region K: 190nm, region L: 

380nm, region M: 450nm, region N: 660nm and region O: 1000nm. a) Results from protocol 

(percentages not clear) b) Results from a high concentration  of beads run on ‘high’ flow rate setting, 

c) low concentration  of beads run on the ‘high’ flow rate  setting, d) high concentration of beads run 

on the ‘low’ flow rate setting, e) low concentration  of beads run on the ‘low’ flow rate setting. 
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The results indicate that similar to other UK labs participating in the study, our FCM facility 

is able, upon suitable adjustment of trigger channel and detector voltages, to obtain 

synchronous acquisition of features ranging from 190 to 3000nm. Being capable of 

visualising particles across this range of diameter is of particular relevance for our study. 

Figure 2.4 e illustrates a low concentration and low flow rate may lead to small populations 

being undetected, given that the region of 3000nm beads (region P) is unpopulated in Figure 

2.4 e, with 0% of events recorded, rather than 1% as would be expected based on the values 

derived from the protocol. Table 2.1 highlights that a higher concentration of beads reduces 

the signal to noise ratio, this is evident through the fact that the percentage of results in the 

bead regions are far higher with the high concentration bead mix, than the results for the low 

concentration bead mix. 

The Giga bead experiment has shown us that the flow cytometer available for this 

study is capable of detecting particles as small as 190nm in diameter. Given that B. subtilis 

will typically have a diameter of 0.5µm (Hayhurst et al. 2008) this indicates that the use of 

FCM is possible for this particular area of research. 

The key findings of this part of the study show that switching the FCM from the 

‘low’ to the high setting does not cause a lot of variation in results. This is important to 

know should it be necessary to use the high setting in future analysis. 

With a low concentration of beads, the average increase from the low to high flow 

rate setting is 5.4%. Interestingly, though the high flow rate gives a visual increase in noise 

as seen in Figure 2.4 a-e, there is very little difference in the percentages of bead populations 

in each region. For example, in Table 2.1 with high concentrations of beads, the ‘high’ 

setting differed by just 2% to the ‘low’ setting on average. What was noted was the 

difference on the large bead population (3000nm Region P, in Figure 2.4). On the ‘low’ 

setting, the FCM showed that the largest beads (3000nm) were almost completely 

undetected (Figure 2.4 e). However, when the FCM was set to the ‘high’ flow rate setting 

this region became far more populated (Figure 2.4 c). As has been noted in literature, the 

high setting can therefore be used for rare event analysis (Nunez 2001). 
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A closer analysis of the plots in Figure 2.4 (a-e) shows us that there appear to be 

more clusters of signals than anticipated. Previous literature has suggested that such results 

are caused by beads which have clumped together during storage (Khan et al. 2010). This 

causes a ‘shoulder’ to appear on single parameter histograms, as has been seen in the results 

from this trial. 

In general, it appears that our FCM shows a good agreement with the standards 

expected in flow cytometry. It is interesting that the flow cytometer used in this research 

appears to have a little more background noise than the example given, (see Figure 2.3 a and 

b and Figure 2.4 a-e) as the beads were run using a standard filtered sheath fluid 

(FACSFlow, BD, UK) it is unclear what causes this additional noise. 

 

2.3.2 Setting FCM acquisition 

To begin FCM analysis, the FSC voltage was set at E01 and the SSC voltage was set 

to 340V. Cells were grown as stated in Section 2.2.1 and were analysed under FCM with 

fluorescent Calibrite counting beads. Results are displayed as density plots where Forward 

scatter (FSC) is plotted along the x axis and Side scatter (SSC) is plotted as the y-axis. Each 

dot represents an event and the colour of the dot shows how many events have shown up in 

the same place. Blue indicates ~0.01% of total events, green indicates low frequency events 

(~0.03% of the total) yellow, slightly more (0.06%) light orange 0.1% darker orange 0.2% 

and red 0.5%. Black dots are events that constitute less than 0.005% of total events. 
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Figure 2.5 a) Establishment of a triggering criterion using a preliminary FCM analysis of B. subtilis 

cells and fluorescent beads.  Cells and beads (6µm, Calibrite, Invitrogen) were suspended and 

surveyed in filtered PBS.  Events were logged using the FSC trigger channel (a) and the same sample 

using the SSC channel (b). Region A (green) shows the beads and region B (blue) denotes the cell 

population and region C (orange) denotes the ‘noise’ and debris. Data collection set to 10,000 events. 

 

Comparison of the results of the survey of the B. subtilis overnight culture population using 

either FSC or SSC as the event trigger (Figure 2.5) reveals strikingly different profiles.  

Observation of panel a, which describes the data captured using the FSC as an event trigger, 

reveals that most of the 10,000 recorded events generated an extremely low signal in SSC; 

this is indicated by the thin red line at the bottom of the profile.  Clearly the compression of 

the data to such an extent allows no possibility of using it to distinguish subtle changes in 

cellular properties. Of the events that are visible, these cluster into three apparent 

populations; those with low intensity FSC (< 100) and SSC (<20) signals, those with low 

intensity FSC and mid intensity SSC (20< SSC <200, region B blue) and those with high 

intensity signals in both parameters (region A, green).  The latter correspond to the detection 

of the Calibrite beads, their large diameter (6μm) generating a strong FSC signal.  Their 

density also generates a strong signal in side scatter.  The precision in signal that they 

generate is indicated by the event density-related colour change. This precision is testament 
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to their uniform manufacture but is, in part, generated by the use of the logarithmic scaling 

and our focus on much smaller particles, thus reducing their apparent heterogeneity. The 

boundaries of region A were established by running a sample of pure beads through the 

FCM and drawing a square region around this signal, ensuring space was left between these 

events and the outskirts of the region. 

The events described in region B (blue) are associated with intact B. subtilis cells 

and spores, these have a smaller diameter than the beads and generate a lower peak voltage 

in the FSC photodiode detector that limits at approaching the 102 decade. Their granularity 

also limits signal strength in the much more sensitive photomultiplier detectors of the SSC 

channels. This region is defined by running a sample of pure PBS through the FCM and 

comparing this with a sample containing spores, and hence the difference in signal denotes 

where the cells appear on the FSC vs SSC plot. 

Another population of events is detected with a similar distribution of FSC signals 

strength but with weaker associated SSC responses.  These events are likely to be small 

particles found in the filtered buffer. Whilst it is unusual that the FSC signal is still quite 

high for these particles, this may indicate a slight issue with the alignment of the laser. This 

point is covered later in Section 2.3.7. 

When the same material was surveyed using SSC triggering, only events which 

provided strong signals for each parameter were recorded. Hence Figure 2.5 b is more 

populated with events that map the three populations described above.  It is clear that the 

SSC signals related to events recorded in region B do not merge with those events that 

generate the lower SSC signals; these clearly represent a different population of particulates 

distinct from intact B. subtilis spores and cells.  Approximately one-third of the 10,000 

surveyed events map to region B attributed to intact B. subtilis cells and spores.  The beads 

(region A) were detected at 0.25% of events which is inconsistent with their relative 

abundance within the B. subtilis dominated suspension. 
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Having established that more robust data collection would be gained using an SSC 

trigger, the triggering threshold was modified to refine data collection.   

 

According to Nebe-von-Caron (2012), the population of interest has to be clearly 

separate from the edge of the plot to avoid population artefacts. If the population of interest 

was placed at the very bottom of the plot, (i.e. close to point 0, 0) there would be a strong 

chance that electronic noise or other debris might contaminate this region. As such, in 

previous studies, the cell/spore location is manipulated to establish the region of interest in 

the middle of the FSC vs SSC plot to achieve maximum resolution of the data set (Bunthof 

and Abee 2002; Sharpe and Wulff 2005).  

With respect to side scatter, the voltage can be set from 150 to 999. By increasing 

the voltage, the SSC signal is amplified and therefore moves further up the SSC scale. 

Therefore, a range of SSC voltages were investigated to achieve this (Figure 2.6). 
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For this investigation the FSC channel was yet to be set, the E02 setting was used which 

causes the limit of event FSC magnitude to move from about 100 to about 1000. When a 

lower voltage (233V) was applied to the SSC PMT detector (Figure 2.6 a) nearly 100% of 

events collected in the cell and bead regions. Consistent with the lower amplification of 

signal associated with this reduced voltage, the smaller previously detected particulates were 

excluded from the data set.  In contrast, when the voltage was increased to 620V in Figure 

2.6 b), the cell and bead regions become amplified to such an extent that their signals fall off 

the scale, and the remaining events are simply electronic noise and small debris (based on 

samples of pure PBS). Therefore the regions cannot be drawn at this voltage. It appears this 

increased voltage causes the noise signal to be amplified such that these dominate the events 

on the plot and therefore become the main cause of ‘events’. At 340V shown in Figure 2.6 c) 

a clear image of cells, beads and noise are shown on scale. The cell and bead regions 

account for 35% of the total events, though the bead population is at the maximum end of 

the FSC scale therefore is not visible due to the outline of the bead region. Accordingly, the 

SSC voltage can be kept at this level, and the FSC channel can then be optimised.  
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c) 

Figure 2.6 Optimisation of SSC voltages for simultaneous detection of cells and beads in filtered 

PBS. FSC set to E02. a) SSC voltage 233 V, b) SSC voltage at 620V and c) SSC voltage at 340V. 

Region A (green): bead population, Region B (blue:) cell and spore population, Region C (orange): 

‘noise’ and debris. 
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A similar comparison of survey outcomes was made using different voltage settings applied 

to the FSC Photodiode detector (Figure 2.7).  The cell population is in region B (blue) and 

the bead population is in region A (green). Values from Figure 2.7 a to d show that there is a 

poorer detection of beads from the E00 setting to the E03 setting from 0.28% to 0.21%. This 

corresponds to a 25% reduction in bead number detection. The cell number values differ by 

very little, indicating they are unaffected by the change in FSC voltage. 
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Figure 2.7 FSC voltage analysis of cell and bead sample. a) E00 setting, b) E01 setting, c) E02 setting 

and d) E03 setting. Region A (green): beads Region B (blue): Cell and spore population, Region C 

(orange): ‘noise’ and debris. 
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In summary, the SSC trigger provides a better signal due to the fact that the SSC trigger is a 

photomultiplier (PMT) channel, whereas the FSC channel is a photodiode detector. The 

photomultiplier channels receive significantly lower light levels, but have high gain and far 

greater signal to noise resolution (Díaz et al. 2010). The FSC is more suitable for larger 

cells, as it is less sensitive (Sharpe and Wulff 2005) therefore does not detect small particles 

as readily. The results from Figure 2.5 a) show that the bead population becomes far more 

prominent when the trigger channel is switched from the SSC to FSC, showing a percentage 

increase from 0.24% to 1.6%. In terms of SSC voltage (Figure 2.6) values around 340 to 360 

were optimal for positioning the cell region in the centre of the plot. Whilst the lower SSC 

voltage gives us a clear image without any debris, it was thought that some background 

‘noise’ could be left in as a control, to show that no valuable data is cut out (Nebe-von-

Caron 2012). This excess noise can later be gated out if needs be using the computer 

software Cell Quest Pro or VenturiOne. 

Based on the above mentioned analysis, the E01 channel was found to be optimal for 

cell analysis as it provides the most centrally placed cell population (Figure 2.7b), whilst still 

allowing us to see counting beads up to 7µm diameter without compromising their signal. 

This setting is also reported in literature (Musovic et al. 2006; Marbouty et al. 2009). It is 

clear that the E03 setting was inappropriate for this experiment due to the 25% loss in bead 

number at this voltage. The preliminary FCM investigations into enumeration have 

suggested that at least 250 events (or 2.5% of total events) are required for the bead 

enumeration to be accurate. When the bead numbers fell below this level the calculated cell 

numbers were far higher than expected. This means the bead signal cannot be compromised.  
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2.3.3 Developing the Staining Protocol 

Staining conditions 

Before the dye concentrations were investigated, the conditions for the staining were 

determined based on previous literature. The selection criteria are described in Table 2.2. 

Table 2.2 Criteria for selecting a protocol 

Parameter Value Comments 

Temperature 4°C 

There was no practical need to investigate temperature 
effects at this stage. The 4°C was selected to delay/prevent 
cell proliferation or germination at this temperature. 
Furthermore, an effective staining concentration at 4°C will 
be equally if not more effective at higher temperatures. It is 
known that Diffusion Coefficients of low molecular solutes 
increase in line with temperature (Longsworth 1954). 

Time Up to 30 
minutes 

Allow stains to fully penetrate but not leave them so long 
that a.) the cells will pump out the dye, or cause the dyes to 
fade.  b.) the cells/spores might start proliferate/germinate 
upon abusing  the temperature conditions 

Stain Syto 16 
and PI 

Black et al. (2005) has shown that Syto 16 yields the largest 
change in fluorescence for germinating to non-germinated 
B. subtilis. For this reason it was selected as the viable 
stain. PI is a typical indicator of dead cells, used extensively 
in this area of research in combination with Syto 16 (Kong 
et al. 2010; Reineke et al. 2012). 

Stain 
Concentration 

2µM and 
48µM 

Stocks (2004) pointed out that the Syto 16 concentration 
should be under 8% of the PI concentration. The singly 
stained dead cells show no further increase in red intensity 
at 48µM, indicating this concentration is the optimum for 
staining B. subtilis. Similarly, cells stained with 2µM of 
Syto 16 show a very high level of staining. This 
concentration is also below 8% of the PI concentration. 

Cell 
concentration 

5x105 to 1x 
106 

beads/ml 

A cell concentration below 104 has been shown to be too 
low owing to interference with the electronic signal (Khan 
et al. 2010). A cell concentration which is too high would 
cause insufficient sampling of the population to occur 
owing to high event rates. As such it is recommended that 
event rates remain below 1000 events/s, preferably nearer 
200 events/s (Mathys et al. 2007; Shen et al. 2009). For our 
investigations, a concentration of between 5x105 to 1x 106 
gives us a good flow rate and prevents the dyes from being 
in excess or too low in concentration (which would mean 
not all cells were stained). 

 

The staining analysis consisted of using 1ml samples of cells which were stained with the 

appropriate concentration of dye and then directly analysed (i.e. no further PBS dilution for 

FCM analysis). 
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Another set was analysed containing spores (Figure 2.10). This was done to check the 

staining concentrations did not cause the spore population to interfere with the cell 

population at high or low concentrations. Two cell concentrations were used in this 

experiment, one at 1x 106 (Figure 2.13) and another at 5 x 105 counts/ml (Figure 2.12). In 

preliminary experiments cell concentrations outside this range have been shown to be either 

too low to cause a build-up of ‘noise’ or too high, such that the collection time for 10,000 

events was not long enough to obtain an accurate cross section of the entire range of sub-

populations in the sample. 

 

The staining kinetics experiments are analysed on single parameter histograms using 

the overlay function in the VenturiOne software. The fluorescence intensity is related on the 

x-axis and the frequency of events (height) functions as the y-axis. This allowed us to see 

both increasing staining intensity, as shown by a shift to right in histogram peaks, and 

whether there was  an increase in the number of events stained, shown through an increase in 

the height of the histogram peak. These are shown below in Figure 2.8 and Figure 2.9.  
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Figure 2.8 Single parameter histogram showing green fluorescence of cells stained with Syto 16 at 

varying concentrations. Red: 0.1µM, Green: 0.5µM, Blue: 1µM, Turquoise: 1.5µM, Orange: 2µM, 

Pink: 2.5µM, Burgundy: 3µM and Lilac: 5µM. 

 

Figure 2.9 Single parameter histogram of red fluorescence (FL3-Height) Heated cells stained with PI. 

No dilution upon FCM analysis. Red: 12µM, Green: 24µM, Blue: 48µM, Turquoise: 60µM and 

Orange: 100µM. 
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Figure 2.8 shows that the maximum level of intensity in the samples is after the 103 decade 

for the Syto 16 dye at 3µM and above, whereas in Figure 2.9 the histogram peaks between 

the 102 and 103 mark for the PI stained cells at 48µM and above.  

Figure 2.10 shows cell and spores singly stained with a range of concentrations Syto 

16 from 1μM to 6μM. The results are displayed as single parameter overlay plots of green 

fluorescence (FL1) versus Height (frequency of events). 

 

 

 

 

 

 

Figure 2.10 illustrates the fact that there is a certain level of spore staining around the 101 to 

the 102 intensity. The cell populations stain with a higher intensity around the 103 log, 

meaning no overlap of populations is seen. This is clearly conveyed through the fact that the 

single parameter histograms have two distinct peaks. 

The fluorescence intensities of spores and cells stained with Syto 16 were also 

examined on FL1 vs FL3 density plots to check the dye could adequately separate the 

dormant spores from the live cells. Spores were stained to check the region assignment in 

Figure 2.11 and then mixtures of spores and cells were stained. This is shown in Figure 2.12. 

 

Figure 2.10 Single parameter histograms of green fluorescence (FL1-Height) versus frequency of 

events. a) cells and spores at a concentration of 1x106 counts/ml and b) cells and spores at a 

concentration of 5 x105 counts/ml. 
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Figure 2.11Dual parameter density plots of green fluorescence (FL1) against red fluorescence (FL3). 

Region E (green) = vegetative cells, region D (lilac) = spores. Spores stained at a) 1µM b) 2µM c) 

2.5µM, d) 3µM and e) 6µM with Syto 16 
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Figure 2.12 Dual parameter density plots of green fluorescence (FL1) against red fluorescence (FL3). 

Region E (green) = vegetative cells, region D (lilac) = spores. Cells and spores at 5x105 counts/ml 

stained at a) 1µM b) 2µM c) 2.5µM, d) 3µM and e) 6µM with Syto 16. 

a) b) 

c) d) 

e) 
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Figure 2.13 Dual parameter density plots of green fluorescence (FL1-Height) as a function of red 

fluorescence (FL3-Height).Results are left ungated to see the effect of staining concentration on the 

debris. Cells and spores at a concentration of 1 x106 counts/ml stained with Syto 16 at the following 

concentrations a) 1µM, b) 2µM, c) 2.5µM, d) 3µM, e) and 6µM 

a) b) 

c) d) 

e) 
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Figure 2.12 shows us the cell population in the green region, with debris still in view 

(ungated). The spore region is in the lilac shape, verified by running a sample of dormant 

spores through the FCM alone (Figure 2.11). Increasing the concentration of Syto 16 caused 

the debris to become stained also (Figure 2.13 a). This phenomenon was investigated further 

by performing a staining of PBS alone, Figure 2.14 shows the results of this experiment. 

 

 

 

 

Figure 2.14 Green (FL1-Height) versus red (FL3-Height) fluorescence density plot showing filtered 

PBS with the following concentrations of Syto 16. a) 2μM, b) 2.5μM, c) 3μM and d) 5μM. 

  

a) b) 

c) d) 
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 A clear increase in the fluorescence along the FL3 channel is seen as the concentration 

increases. At 5μM almost the entire region has shifted into the second log of intensity. 

 

It was noticed that increasing the staining concentration had no effect on the number of 

events stained, as shown through the fact that all histogram peaks are at the same height 

(Figures 2.8 to 2.10). Instead the optimum staining concentration was selected based on the 

point at which the fluorescent intensity increases no further. 

The information derived from the staining concentration investigation was coupled 

with information from Stocks (2004). This research details how the concentrations of PI and 

Syto dyes must be in the correct ratios. It was found that the Syto stain must be between 4% 

and 8% of the PI concentration.  

Following this line of reasoning, it can be seen from the graphs that 48µM of PI is 

the point at which the fluorescence intensity increases no further (see Figure 2.9). With this 

in mind, the correlating concentration of Syto 16 to be between 4 and 8% of the PI 

concentration is from 2µM to 3.5µM. However, it was noted that during the staining 

concentration investigation, after 3µM the amount of debris stained increased quite 

significantly. This is seen clearly as the ungated events in Figure 2.12 e) and Figure 2.13 

e). This non-specific staining also shifted from the first decade to the second decade of the 

FL3 channel as opposed to the central level. As Syto 16 is only meant to stain nucleic 

acids, one can assume at this concentration, the Syto 16 dye is in excess, and may be 

staining non nucleic acid components. Based on these assumptions, 48µM PI would be a 

suitable concentration and 2µM to 3µM of Syto 16 would be a sensible choice of 

concentration to visualise dead cells and living cells clearly and without too much ‘false’ 

staining. When examining the results from the PBS with stain experiment in Figure 2.14, it 

is evident that as the Syto 16 concentration gets higher, it fluoresces so strongly that the 

FL3 detector picks up some of this light due to increased spectral overlap. This means that 

the concentration of Syto 16 should be kept under 3μM to avoid conflicting or confusing 

results.  
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2.3.4 Setting compensation 

Compensation is a tool that can be used to counteract any spectral overlap between 

dyes. As seen in Figure 2.1. the spectral overlap with PI and Syto 16 appears very low; 

however, one must take into account that Syto 16 increases its fluorescence intensity upon 

binding to nucleic acids by a far greater amount than PI. Accordingly, the perceived overlap 

could be far greater. 

Compensation between the FL1 and FL2 channel can be achieved using rainbow 

fluorescent beads. However, it has been recommended that to gain an accurate level of 

compensation, the dyes which shall be used in the experimental research should also be used 

to set the compensation. 

As such, to set the compensation correctly, it is necessary to have a Syto 16 positive 

sample (live cells stained with 2µM Syto 16), and a PI positive sample (dead cells stained 

with 48µM PI) and a negative sample, which would be a sample of dormant spores which do 

not stain with Syto 16 or PI. Additional to this, a sample of unstained cells are also 

visualised, to determine whether this population exhibits significant auto-fluorescence.  

In Figure 2.15 a & b results of unstained cells, presented as a function of green 

fluorescence [FL1] intensity against red fluorescence intensity (FL3). The FSC and SSC 

profiles are shown for the cells also. The quadrant tool divides the plots into 4 sections, 

showing the percentage of events in each sector. 
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Figure 2.15 a) Dual parameter density plot of forward scatter (FSC) vs side scatter (SSC) of unstained 

cells in PBS. Region B indicates the cell population. b) Ungated dual parameter density plot of green 

fluorescence (FL1-Height) against red fluorescence (FL3-Height). Quadrants set so that the lower left 

quadrant encompasses the first decade denoting unstained material. This shows the corresponding 

FL1 vs FL3 density plot of the sample. No compensation or threshold set. 

 

 

Figure 2.16 Dual parameter density plot showing green fluorescence (FL1-Height) against red 

fluorescence (FL3-Height) of a) Heated cells stained with 48µM PI and b) Cells stained with 2µM 

Syto 16). Quadrants set so that the lower left quadrant encompasses the first log. No compensation set  

 

a) b) 

a) b) 
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From Figure 2.15 and Figure 2.16 it is clear that the red fluorescence of PI is very high, 

reaching above the 104 decade under the initial settings and the Green fluorescence is under-

compensated, due to this population branching into the upper right quadrant. As such the 

voltages were changed to FL1: 551, FL2: 580, FL3: 608. Compensation can only be adjusted 

between adjacent channels, therefore to ensure the spectral overlap is removed from the FL3 

channel, the compensation must be altered using the FL1-FL2 setting, and then the FL2-FL3 

function. The compensation levels were also adjusted such that: FL2- FL1 =40.0%; FL3 to 

FL2 = 23.8%. These altered settings were tested and their outputs are displayed in Figure 

2.17 and Figure 2.18. 

 

Figure 2.17 Dual parameter density plot of green (FL1) versus red (FL3) fluorescence. Cells and 

spores stained with Syto 16. Quadrants set so that the lower left quadrant encompasses the first 

decade denoting unstained material. Voltage Settings: FL1= 551, FL2= 580, FL3= 608; 

Compensation: FL2- FL1 =40.0%; FL3 to FL2 = 23.8% 

 

 

 

 

 



75 
 

 

 

Figure 2.18 Dual parameter density plot of green (FL1) versus red (FL3) fluorescence. Quadrants set 

so that the lower left quadrant encompasses the first decade denoting unstained material. Showing a) 

Living cells double stained, b) mixture of living and dead cells double stained, and c) Living cells, 

dead cells and spores double stained. Purple region: dormant spores, orange region, dead cells and 

blue region: live cells. 

 

 

The region assignments in Figure 2.18 show clearly living cells in the turquoise square, 

stained with Syto 16 only though a slight increase on the FL3 channel owing to the fact that 

this sample is now double stained. Dead cells are in the orange region, with a strong PI 

staining and mild Syto 16 staining. The purple region indicates spores which have little to no 

staining on either fluorescent channel owing to the fact that the stains do not penetrate the 

a) 

b) c) 
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spore to bind nucleic acid. Regions are drawn using samples of pure populations of dormant 

spores, live cells or dead cells. 

It is clear that the negative population still expands outside the bottom left quadrat. 

With this in mind, the most sensible way to accurately adjust the compensation settings is to 

look at the mean values for the quadrats and adjust these so the lower left and right quadrats 

have a similar mean y value, and the lower left and upper left quadrats have a similar x 

value. The percentage compensation is therefore adjusted so that these values match as 

closely as possible 

Figure 2.19 shows a PI positive population and a PI negative population correctly 

compensated 

 

Figure 2.19 Gated FCM plot using equation AND A to examine only the cell and spore region. a) An 

FL1 (green) fluorescence (x axis) against FL3 (red) fluorescence (y axis) a) Heated cells and dormant 

spores stained with 48uM PI to form a PI positive population (top left) and PI negative population 

(bottom left). B) Live cells and dormant spore stained with 1μM Syto 16. F1: upper left quadrat, F2: 

upper right quadrat, F3 bottom left quadrat, F4 bottom right quadrat. NB. ERROR notice indicates no 

events in that region. 

The x-axis mean for the bottom left is 2.16 and the x-axis mean for the top left is 2.81. As 

these values are very similar, no compensation is required. The compensation set for the 

Syto 16 is 40% in the FL2 to FL3 overlap, and 30% in the FL1 to FL2 overlap. 

b) a) 
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With the voltage and compensation settings as they are in Figure 2.18 (c), dead cells 

can be easily identified from living cells, and dormant spores from cells. These settings must 

be checked on a regular basis owing to potential fluctuations in the flow cytometer relating 

to the strength of the laser. It is recommended that compensation settings are checked before 

each experimental set (Cronin 2012). The next stage in the development of the methodology 

is to visualise dead spores from dormant spores. 

2.3.5 Visualising Dead from Dormant Spores 

As mentioned in Section 2.1.4 the temperature required for at least a 6 log reduction 

in counts was 129.4°C for eight seconds (Edwards et al. 1965). To ensure spores would be 

killed in the autoclave, a check of the temperature was done using the temperature probe, 

fitted to a ‘dummy’ microtube, filled with water. The results of the autoclave temperature 

and the sample temperature are plotted in Figure 2.20 

 

Figure 2.20 Temperature analysis of water in autoclave 
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Given that the sample temperature is over 100°C for 20 minutes based on the data shown in 

Figure 2.20 it can be assumed that spores kept in these conditions would definitely reach the 

required temperatures to induce 100% spore death. (These temperatures were detailed in 

Section 2.1.4.) 

To investigate the effect of temperature on staining profiles of dead spores and dormant 

spores one set of samples were kept at <4°C whereas another set of samples were subjected 

to 28°C incubation period for a range of times. 

Figure 2.21 to Figure 2.24 compares dormant spores and dead spores staining 

profiles. As the staining temperature increased and the incubation period increased the dead 

spores region stained with a higher intensity. 

 

Figure 2.21 Dual parameter density plots of green fluorescence (FL1) versus red fluorescence (FL3) 

Spores stained at 4°C a) Dead spores b) Dormant spores 
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Figure 2.22 Dual parameter density plots of green fluorescence (FL1) versus red fluorescence (FL3) 

Spores stained at 28°C for 5 minutes a) Dead spores b) Dormant spores. 

 

 

 

Figure 2.23 Dual parameter density plots of green fluorescence (FL1) versus red fluorescence (FL3) 

Spores stained at 28°C for 10 minutes a) Dead spores and b) Dormant spores. 

 

 

 

a) b) 

a) b) 
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Figure 2.24 Dual parameter density plots of green fluorescence (FL1) versus red fluorescence (FL3) 

Spores stained at 28°C for 15 minutes a) Dead spores and a) Dormant spores.  

The encouraging results from this experiment showed little to no change in the dormant 

spore profiles despite higher temperature incubation over differing periods of time, but a 

steady increase in dead spores staining was observed with increased temperature and time.  

Following this investigation, the vegetative cells of B. subtilis were subject to the 

same staining procedure to ensure the higher staining temperature did not have a detrimental 

effect on cell staining. Again, Figure 2.25 shows cells and spore profiles on a FL1 vs FL3 

density plot. The regions drawn were suitable for each treatment. 

  

 

 

a) b) 
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The profiles obtained from the dormant spores and dead spore FCM fluorescent profiles 

indicate that a staining time above ten minutes should be sufficient to differentiate dead 

spores from dormant (Figure 2.24) From this data, 15 minutes incubation time was selected 

for spore staining at 28°C. This time was chosen as it will give us a clear separation in dead 

and dormant spores, but will not cause the fluorescence signal of dead spores to become so 

high they would interfere with the cell populations.  

  

 

Figure 2.25 Dual parameter density plot showing green fluorescence (FL1) as a function of red 

fluorescence (FL3)a) Cells incubated for 30 minutes at 28°C b) a mix of cells, dead cells, dead spores 

and dormant spores. Incubated at 28°C for 30 minutes. Region A (Red) = Living cells, Region B 

(Green)= dead cells, Region C (Dark blue) = Damaged cells, Region D (Orange) = dormant spores, 

Region E (Turquoise) = dead spores. 
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2.3.6 Assessing levels of germination via UV spectrophotometry 

As detailed in Figure 2.24, to visualise dead spores from dormant, an elevated 

temperature staining protocol, of 28°C for ten minutes was found to be advantageous. 

However, it was important to ascertain whether this temperature may cause spore 

germination.  

One of the standard methods for assessing the level of spore germination is to 

measure the OD600 of spores, where a decline in optical density (OD) is indicative of spore 

germination (van Melis et al. 2011a). Specifically, this method measures the change in spore 

physiology from phase bright to phase dark. However, a more sensitive method is described 

by Black et al. (2007) where the release of pyridine-2,6-dicarboxylic acid (dipicolinic acid, 

DPA) is measured through an increase in OD at 270nm. This molecule is found solely in the 

spore cortex and comprises ~20% of core dry weight (Yardimci and Setlow 2010). The 

advantage of this method is that the onset of germination is detected far more quickly than 

changes in OD 600. This is because DPA release occurs in the first stage of germination, 

before spores turn phase dark (Setlow 2003). 

 

Figure 2.26 shows the % DPA release as a result of incubation times in PBS for 60 minutes 

at three different temperatures, namely 4, 28 and 37°C. The baseline was set using PBS as 

the blank. 
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Figure 2.26 Percent DPA release from B. subtilis spores incubated in PBS at 4, 28 and 37°C. 

Error bars represent the 95% confidence interval and n=3 
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Figure 2.27 shows DPA release from spores kept in ice water (0°C) 

 

 

 

 

 

 

 

 

  

Figure 2.27 Spores suspended in PBS and kept in ice water. Error bars represent the 95% confidence 

interval and n=3 
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Upon consultation with Setllow (2012) the baseline was then re-set using the values from the 

supernatant of spores kept at 0°C. This is shown in Figure 2.28. 
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Figure 2.28 Amended DPA release from spores in PBS. The ‘blank’ was set using the supernatant of 

the spores kept at 0°. Error bars show the 95% confidence interval where n=3. 
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Before the results of the UV spectrophotometer were analysed, the Equation 2.1 was created 

to account for all substances that absorb at 270nm. 

 

 

 

 

                                                                                                        (1) 

 

Where: 

ABSPBS = absorbance generated by PBS, 

ABSnon GerDPA sources = absorbance generated by non-germination related compounds  

ABSGerDPA = absorbance generated by DPA released upon germination 

 

However ABSPBS =0 as UV spectrophotometer is set to zero by a PBS blank 

Hence  

 

Equation 2.2 

ABSmeasured = ABSnon GerDPA sources +ABSGerDPA                         (2) 

 

The ABSnon GerDPA sources refers to other components that may cause an increase in absorbance 

at this wavelength, not linked with germination. In particular, nucleic acids, proteins and 

phenols will all cause an increase in absorbance at 270nm (Rosen et al. 1975; Wilfinger et 

al. 1997). Nucleic acids and proteins will originate from the B. subtilis organism itself, and 

trace amounts of phenols will arise from the AK sporulation plates used to culture the 

spores. Previous studies by Igarashi & Setlow (2005) and Vepachedu & Setlow (2007) have 

shown that DPA is responsible for 85-90% of the absorbance at 270nm. This means that up 

to 15% of absorbance is due to the non-germination related compounds.   

ABS270 = ABSPBS + ABSnon GerDPA sources+  ABSGerDPA  

Equation 2.1 
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There is also the issue that a small amount of DPA will be present in the surrounding PBS 

from samples even when no germination has occurred. This is because DPA is synthesised 

in the mother cell upon sporulation so there will be a small amount of DPA present in all 

spore samples (Setlow 2006). 

To evaluate the potential interference of the ABS value at 270nm from non-

germination related compounds, B. subtilis spores were incubated in PBS at 0oC for 5, 15 

and 60 minutes and their ABS was measured. The apparent % DPA release is presented in 

Figure 2.26 and Figure 2.27 suggests an unlikely level of germination.  

It is known that 0°C temperature inhibits germination, and whilst it would be 

preferable to check this by measuring whether spores remain phase bright, it was shown in 

previous studies that spores should remain dormant at this low temperature (Zhao et al. 

2008; van Melis et al. 2011b). All ABS signal obtained from the 0°C experiment should be 

treated as baseline noise [ABSnon GerDPA sources ] and hence be subtracted from the ABS 

values of samples at the other temperatures (4-37 °C).  Based on this line of reasoning the 

percentage DPA release was re-calculated after correcting for the absorbance values from 

the 0°C spores in PBS. The corrected results are shown in Figure 2.28. 

From the corrected % DPA release values at Figure 2.28 it is apparent that there is a 

high variability of the DPA release values. This is inherent to the methods and has also been 

reported previously (Paredes-Sabja et al. 2008). None-the-less it is possible to confirm that 

4°C and 28°C treatments have shown no statistical difference (p>0.05) for all three time 

points indicating a grand average %DPA release value ca 3.1% after 60 minutes. This 

suggests that possible spore staining treatments at 28°C for up to 60 minutes is unlikely to 

induce significant levels of germination. On the contrary, incubation at 37°C was found to 

induce moderate levels of germination, particularly for incubation times exceeding 30 

minutes exposure.  

It can therefore be concluded that the changes observed in the FCM profiles when 

elevating the staining protocol temperature from 4°C to 28°C are not due to temperature 

induced germination. Hence, the sub-population assignments should accurately reflect the 
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true nature of the samples. Based on this information, it is evident that the staining protocol 

could be amended to up to 28°C incubation time at 60 minutes, or 30 minutes incubation at 

37°C. 

 

2.3.7 FCM servicing and re-alignment 

Before our experimentation could begin, the FCM required configuring for bacterial 

analysis. Little standardisation has been carried out in FCM small particle analysis (Nebe‐

von‐Caron 2009) so this involved checking the instrument was in optimum working order. 

Figure 2.29.a illustrates an example of spores run through the FACSCalibur before and after 

machine maintenance was carried out, in which the laser alignment was corrected.  

   

Figure 2.29 Representative FSC vs SSC density plots of a sample of dormant spores run through the 

FCM. Region B (blue) shows the spore and cell area and region C (orange) shows the debris. Left 

panel a) shows the profile before servicing, and right, b) shows the optimised conditions after the 

service. FCM acquisition settings as follows for both plots: FSC E01 and SSC 425. n=4. 

 

Spore samples were run through the machine before and after the re-alignment to monitor 

changes on the profiles. Before the service, it was noted that the blocking bar for the laser 
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was misaligned, causing continuous background signal from the laser to be present 

consistently. Once this was corrected, the spore region became much clearer, and two 

populations can be clearly distinguished, as opposed to an unclear population before the 

correction. Such results highlight the importance of good machine maintenance for anyone 

wishing to carry out small particle analysis on a flow cytometer, to minimise background 

interference from the laser. As has been shown in the results detailed in this chapter, 

particular with reference to the Giga bead mixture, this mis-alignment can lead to smaller 

particles being lost in the noise. It is possible that such problems could deter other 

researchers from engaging with FCM. Hence by documenting such obstacles, other 

researchers may be able to better use this multi-parametric tool, since there is currently a 

paucity of detailed information on bacterial FCM settings (Nebe‐von‐Caron 2009). 

Furthermore, general machine maintenance was employed to prevent the build-up of 

non-specific noise, both a daily and a monthly cleaning was carried out on the sheath lines 

and sample tubes. The monthly cleaning consisted of a 10% sodium hypochlorite solution 

followed by a ddH2O cleaning of the system. This cleaning regime was kindly suggested by 

one of our collaborators (Cronin 2012). 

 

2.4 Concluding remarks on the development of a FCM methodology 

Based on the observations reported in this section, a bacterial FCM methodology has 

been developed and adapted to specifically measure the viability and physiology of B. 

subtilis cells and spores. With this methodology now in place it was possible to begin 

assessing the behaviour of B. subtilis in different conditions. 
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3 Chapter Three: Optimising spore yields and purity 

3.1 Introduction 

Reliable and reproducible production of dormant B. subtilis spores was essential to 

support experimental work. Several studies have compared the purity of spore preparations 

using different sporulation strategies, however these papers do not report the best method to 

check spore purity (Powers 1968; Dragon and Rennie 2001; Monteiro et al. 2005; Harrold et 

al. 2011; Tavares et al. 2013). To successfully obtain a stock of pure dormant spores it is 

necessary to have a very high sporulation efficacy, a good method for killing off remaining 

vegetative cells, whilst keeping the dormant spores unharmed, and for FCM analysis, to 

have minimal debris left in the mixture.  

Not only does the acquisition of a pure dormant spore stock profit researchers, it 

could also be invaluable to those using spores a probiotics. For commercial probiotic 

suppliers, obtaining stocks of pure dormant spores should be high on the agenda to produce 

good quality probiotics. 

  In this chapter, the development of methods undertaken to create spores with a 

dormant spore purity of >90% and little cellular debris are detailed. 

3.1.1 Methods for sporulation 

Sporulation occurs upon the depletion of nutrients in the culture environment, which 

prevents further cellular replication. Specifically, sporulation can be induced when carbon, 

nitrogen and sometimes phosphorous are limited (Harrold et al. 2011). Whilst there is 

evidence that a decrease in GTP concentration may be a key trigger in sporulation (Ochi et 

al. 1982; Ratnayake-Lecamwasam et al. 2001), Chubukov and Sauer (2014)  point out that 

no single signal (such as NAD(H), NADP(H), ATP or GTP) seems to be responsible for 

driving the sporulation decision. 

However, events surrounding the initiation of sporulation are complicated at the 

population level as individual cells behave differently (de Jong et al. 2011). For example, 
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previous research has suggested that only a fraction of cells actually undergo sporulation, 

and the rest lyse, releasing nutrients into the medium that sporulating cells utilise. This is 

known as ‘cell cannibalism’ and it is intimately linked with the activity of  spo0A gene 

(González-Pastor 2011), the master regulator for sporulation. In some cells, this gene is 

transcriptionally active whereas in others, it remains inactive. Cannibalism is achieved by 

the release of toxins produced by gene clusters Skf and Sdp in the cells expressing spo0A. Skf 

is responsible for the production and release of a killing factor as well as immunity to it. The 

Sdp gene cluster is responsible for a second killing factor and again the immunity to this 

bacteriocin, though this bacteriocin also functions as a sporulation delaying protein. 

The sporulating cells (with the active spo0A gene), therefore break down the non-

sporulating cells releasing nutrients. This nutrient release will have one of two possible 

effects on the Spo0A active cells, depending on their stage in sporulation. If the cells have 

not yet formed an asymmetric polar septum, then sporulation is arrested and cells resume 

normal growth (González-Pastor 2011). Alternatively, if septation has been completed, 

(stage two of sporulation) the additional nutrients will drive the sporulation process (Parker 

et al. 1996). According to González-Pastor (2011), the non-sporulating cells (or Spo0A 

inactive cells) are affected by these toxins for two known reasons: 

a) ‘the Skf putative immunity genes and ABC transporters are not transcribed in Spo0A 

inactive cells’ 

b) ‘AbrB is expressed in Spo0A-inactive cells (abrB gene is repressed by Spo0A), and 

represses transcription of the operon sdpRI conferring immunity to the Sdp toxin’(González-

Pastor 2011).  

As many of the cells are broken down by the toxins, this leads to a build-up of 

cellular debris in the sporulating mixture that might not be completely broken down by the 

cannibalism process. Furthermore, at the final stage of sporulation (Stage five) the mother 

cell is lysed freeing the mature spore (McKenney and Eichenberger 2012). As such, further 

cellular debris is present in the environment. This particulate debris can interfere with FCM 
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analysis of small particles like spores. Accordingly, it is necessary to have a means to 

prevent or eliminate as many small particles as possible. 

 

To create spores in a laboratory environment, it is necessary to find a means to 

exhaust nutrients from the cells. Smith et al. (2011), in one of the most extensive recent 

publications on spore production, noted that there is no standard method to produce spores, 

and the level of dormant spore purity varies considerably between batches whilst using a 

consistent method. Post-harvest treatments of spores also vary considerably (Smith et al. 

2011). For example while multiple washes in sterile H2O are commonly implemented, 

additional heat, lysozyme, and EtOH treatments are frequently performed in an attempt to 

achieve higher purity levels (Dragon and Rennie 2001). Importantly, Smith et al. (2011) also 

states that there are no consistent tests for spore dormancy (i.e. resistance to stresses) and 

spore yield.  

One of the most common methods for producing dormant spores is to use specially 

formulated sporulation media. Difco sporulation medium (DSM) is a liquid sporulation 

medium developed by Nicholson and Setlow (1990), and includes the key compounds 

MnCl2FeSO4 and Ca(NO3); Mn2+ and Fe2+ are essential to sporulation, and calcium is 

required for the Ca-DPA complex in the spore core (Fleming and Ordal 1964; Fortnagel and 

Freese 1968).  

 Production of spores using AK sporulating agar, devised by Arret and Kirshbaum 

(1959) allows for more direct manipulation of the sporulating environment, since different 

compounds can be added to the surface of agar plates. The product is available in a 

powdered form and contains sources of nitrogen, sulphur, amino acids, B vitamins and D-

glucose as an energy source, though does not contain additional Fe or Ca sources. This 

medium contains MnSO4, vital to the sporulation process, due to its role in proteinase 

formulation and phosphoglycerate phosphomutase (Charney et al. 1951; Oh and Freese 

1976) 
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3.1.2 Methods for purification 

Purification of spores involves both the killing and removal of vegetative cells. 

Lysozyme is  commonly used for killing vegetative cells, as outlined by Powers (1968), 

however this method has been shown to alter the morphology of B. cereus spores, and will 

cause clumping of cells (Zhao et al. 2008). As such, gentler methods are often employed. 

Zhao et al. (2008) explored a few methods for B. cereus purification. Among these was an 

ethanol treatment, used to kill off living cells and germinating spores, which was shown to 

be most effective in terms of spore purity and time efficiency according to a comparison 

with heat shock, lysozyme and daily washes (for seven days) (Zhao et al. 2008) achieving at 

least 93% purity after a 10 day culturing period. Heat shock will kill off cells, as will 

lysozyme, and daily washes will help to remove cellular debris. The ethanol washing method 

was also utilised by Dragon and Rennie (2001) who found it to be just as effective as heat 

treatment. 

Others have used density gradient centrifugation to separate the spores from 

vegetative cells since spores have a higher density. However, this is a lengthy process, 

involving several washing steps in ddH2O. Accordingly, more efficient means of spore 

purification have been sought out by different researchers (Nicholson and Setlow 1990). 

Spore purification to remove cell debris will inevitably involve several washing 

steps no matter which procedure is followed. Whereas some researchers have used 

centrifugation at 10,000 x g for 10 minutes to harvest their spore preparations during 

washing (Goldrick and Setlow 1983), others have centrifuged at 7,000 x g for 20 minutes 

with the belief that more debris should be removed (Munoz et al. 1978). This was based on 

the fact that fewer cells and debris will be spun down into the pellet, allowing more to be 

decanted with the supernatant. 

The general summary of spore purification is to undertake many washes (in sterile 

distilled water at 4°C) and to keep examining the solution by phase contrast microscopy 

until 95%-100% free spores without cells or debris (Keijser et al. 2007). It may be that by 
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spinning at a slightly lower speed (at 7000 x g rather than 10000 x g) as suggested by Munoz 

et al. (1978) the debris should be eliminated more readily, though since this procedure has 

not been adopted by a wide range of researchers, this is unlikely to have a large impact on 

the rates of purification. This is due to the higher density of spores in relation to cells (Dean 

and Douthit 1974), as a lower G force will mean fewer particles are pelleted, leaving the less 

dense particles in suspension, which can then be decanted.   

3.1.3 Aims and Objectives 

The main aim of the research detailed in this chapter was to produce spore stocks 

with low levels of cellular debris and of high dormant spore purity, i.e. greater than 90% 

pure dormant spores. 

To achieve this, the main parameters investigated were: 

• Multiple spore washing steps 

• Spore filtration 

• Manipulation of the sporulation medium with additional manganese 

• Different spore harvesting methods 

• Alternative sporulation strategies (i.e. plating vs liquid media) 

 

3.2  Materials and Methods 

3.2.1 Spore production 

AK sporulation agar was made according to manufacturer’s instructions (BBL, UK). 

B. subtilis was cultured in LB broth overnight at 37°C. 1ml samples of cells were 

centrifuged at 10,000 x g for three minutes and re-suspended in 995µl sterile filtered 

phosphate buffer (100mM, pH7.4). 200µl of this cell suspension was spread on each plate 

using an EtOH flamed L-shaped glass rod. Plates were left to dry, then inverted and 

incubated for at least 10 days at 37°C. After this point, spore production was checked daily 
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by taking a sterile scraping and suspending this in sterile PBS (100M, pH 7.4) and 

visualising under a microscope using phase contrast, where dormant spores will be phase 

bright.  Incubation was continued until a sample of nearly all free (>90%) dormant spores 

was seen. 

 

Spores were then harvested by either: 

• Flooding the plate with 10ml cold sterile 0.2µm filtered water, then gently agitating 

the agar surface to dislodge the spores with a sterile glass rod. This spore 

suspension was then poured into a 15ml falcon tube. 

• Scraping the plate with a sterile inoculating loop and shaking this off in a 15ml tube 

of sterile 0.2µm filtered H2O. 

 

Post-harvest, the tubes were centrifuged three times at 4080 x g for 10 minutes and the 

supernatant replaced with sterile H2O. After the third wash, the samples were then 

suspended in 50% EtOH and refrigerated overnight. 

Following this purification step, the samples were centrifuged at 4080 x g and re-

suspended in H2O twice more. 

All spore samples were kept either refrigerated or on ice, to limit germination. 

3.2.2 FCM 

Spores stocks were usually at a fairly consistent density (~2 x 108 spores/ml), 

therefore to analyse the purity of each stock sample, they were diluted 100-fold in 0.2µm 

filtered phosphate buffer (pH 7.4, 100mM) and double stained with 1.5µM Syto 16 (Life 

Technologies, UK) and 48µM PI (Sigma Aldrich, UK) for 10 minutes at 28°C.  Stained 

spores were kept on ice until analysed with a BD FACSCalibur flow cytometer (FCM). The 

SSC channel (a PMT detector) was selected as the trigger and the voltages were set as 

follows: FSC: E01, SSC 425V, FL1 584V, FL2 641V, FL3 625V. Compensation was set so 
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that FL2-FL1 41.9% and FL3-FL2 12.6% and SSC threshold was set 160V. At least 10,000 

events were recorded for each sample. 

 

3.2.3 Fluorescent Microscopy 

Spores were stained with 1.5µM Syto 16 and 48µM PI then 7µl of each spore 

sample was transferred to the centre of an ethanol-cleaned glass slide and protected by the 

immediate placing of a cover slip. A Leica DM5000B microscope was used to visualise 

sample and at least five frames were taken per slide. At each frame both a differential 

interference contrast (DIC) light image and an I3 (blue) light fluorescent image were 

captured.  
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3.3 Results 

Spores preparations were analysed by flow cytometry (FCM). The single parameter 

histogram for FSC (Figure 3.1) appears to suggest a single population of particulates based 

on the single peak evident; however the SSC histogram illustrates a second incompletely 

resolved peak suggesting that the debris can be detected within the spore preparation 

meaning the preparation is not adequately purified for FSC. Thus it is difficult to separate 

the spore region from debris as shown in the FSC vs SSC density plot below (Figure 3.3).  

  

Figure 3.1.Representative FSC and SSC analysis of spores produced on AK sporulating agar (sample 

A), incubated for 10 days and harvested by flooding with sterile filtered water, treated with EtOH and 

then re-suspended in water. Spores were analysed by FCM in sterile filtered PBS. Panels a) single 

parameter histogram describing Forward scatter and b) single parameter histogram describing Side 

scatter. n=10. 
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Figure 3.2 Double stained spore sample A analysed by FCM on a) FSC vs SSC density plot. Region B 

(green): cells and spores. b) Gated (using equation B) fluorescence plot where FL1-Height represents 

green fluorescence and FL3-Height red fluorescence. Region C (orange): dormant spores, region D 

(turquoise): germinating spores, region E (pink): Live cells, region F (burgundy): dead spores, region 

G (light blue): double stained cells. 

In Figure 3.3 the region assignments were based on pure samples of live cells, dormant 

spores, germinating spores, dead spores and dead cells which had been previously defined 

on this instrument (Chapter 2). It was evident that further purification was necessary in these 

samples. 

3.3.1 Effect of multiple washing steps 

In order to reduce the amount of cellular debris retained in the spore sample, a 

further three (six in total) washing steps were undertaken. Five samples were investigated in 

this series (labelled A-E), below are representative images and FCM profiles of a typical 

spore sample. The remaining FCM outputs for samples B-E are presented in Appendix 2. 
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Figure 3.3 FCM output for spores from centrifuged spores sample A, double stained with Syto 16 and 

PI a) FSC vs SSC density plot of spore sample A, where Region B (blue): cells and spores. b), Gated 

(using equation B) fluorescence plot where FL1-Height represents green fluorescence and FL3-Height 

red fluorescence. Region C (orange): dormant spores, region F (burgundy): dead spores, region D 

(turquoise): germinating spores, region E (pink): Live cells, region G (light blue): double stained 

cells. 

The FCM analysis of spores from Sample A prepared with these extra washes (Figure 3.3) 

clearly shows the percentage of events in region B (the spore and cell area) rose from 

47.76% to 63.52% that indicates a moderate reduction in the contamination of the 

preparation with debris. However, there appears to have been an increase in the number of 

dead spores and cells in the sample, characterised by a larger percentage of events 

populating region F (dead spores region). The unstained region C (dormant spores) 

constitutes just 32.9% of the total events, this is far lower than reported in previous studies, 

where 88% ±11% is the average spore yield (Harrold et al. 2011). 

 

In an attempt to gain a better understanding of the composition of particulates 

materials within these preparations they were analysed by fluorescent microscopy as detailed 

in Section 3.2.  Again, the remaining images and FCM profiles of samples (B-E) are given in 

Appendix  2. 
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Figure 3.4 DIC image of B. subtilis spores sample A under 40x objective lens 

On consideration of Figure 3.4, it appears that the majority of organisms in the sample are 

either intact cells or phase bright dormant spores, the latter are largely clumped together 

forming aggregates. However, since the FCM profiles (Figure 3.3) suggested a high level of 

debris was present, the magnification was increased to see if any smaller particles could be 

seen. 



101 
 

 

Figure 3.5 a) DIC image of B. subtilis spores sample A taken under 63x objective lens. b) Blue circles 

highlight spores (phase bright) which are in focus, and red circles indicate dormant spores which are 

still phase bright, but appear dark owing to the fact these are not in the plane of view. 

In Figure 3.5 it is evident that there are several intact cells present in the mixture, as well as 

many other particles of variable sizes. Circular organisms are spores, whether dark or light 

depends on the plane of view at which these are analysed, though dormant spores in the 

correct focus should appear brighter, as this corresponds with the amount of DPA present in 

b) 

b) 
a) 



102 
 

the spore core. Conversely spores which have lost their brightness are likely to be 

germinated spores which have lost their DPA depot (Zhang et al. 2010b).   

 

Figure 3.6 I3 (blue) light image of double stained (1.5µM Syto 16 and 48µM PI) B. subtilis spores 

sample A. Taken under the 63x objective 

Green-staining indicates uptake of Syto 16; there were many small circular bright green 

organisms recorded as (live) immature spores (or possibly germinating spores) and rod 

shaped green cells, indicating live vegetative cells. A few red-stained rods had taken up PI 

indicating their loss of viability during processing. Rigorous classification and quantification 

of these particulates was not carried out to compare to the profiling provided by the FCM 

analysis.  The example shown here illustrates that the excessive washing steps are not 

sufficient to produce pure spore samples. Significant quantities of intact viable cells and 

non-viable cells have co-purified with the spores.  However, other samples behaved slightly 

differently under the same conditions.  

Fluorescent microscopy was carried out on each sample, to determine how the FCM 

profiles matched with the microscopy results. Whilst it would be advantageous to enumerate 
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the samples via both FM and FCM, the images produced by FM were not clear enough to 

accurately define which spores were dormant, germinating, dead live or vegetative cells. 

Unforunately, the ImagePro analysis software could not enumerate these samples due to the 

poor resolution. However, the FM images do provide a rough insight into the state of the 

samples, therefore these are shown below. 

Red circular bodies most likely represent immature spores which have been killed 

by the EtOH treatment, whilst rod shaped orange/red coloured organisms ae dead cells. The 

I3 light image shows that several spores do appear to be dormant, which corresponds with 

the FCM profile where 40%, of the population sits in the dormant spore region, meaning 

there is little to no staining with either dye. There are a few red circular spores, indicative of 

dead spores, which would be representative of the 43% of events in region C of Figure 3.3 b. 

There are also lots of germinating spores. These are bright green circular points on the I3 

light image, corresponding to region D in Figure 3.3. 
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Table 3.1 Mean values (in bold) for each region from spore samples A-E before and after the multiple washing steps. Regions based on the FCM profile in Figure 3.3, Region 

B: cells and spores, region C: dormant spores, region D: germinating spores, region E dead cells, region F: Live cells region G: double stained cells, 

  
Region 

  
B C D E F G 

  
Before After Before After Before After Before After Before After Before After 

Sa
m

pl
e 

A 47.76 63.52 41.04 32.89 17.1 12.08 0.24 0 33.94 50.95 0.04 0.06 

B 36.53 63.33 73.63 34.26 12.89 15.73 0.16 0 7.52 45.65 0 0.15 

C 41.61 58.41 65.97 55.43 16.29 26.89 0.19 0.04 11.75 13.26 0.06 0.02 

D 54.5 62.14 30.16 25.4 20.79 16.45 0.78 0.04 44.05 55.01 0.25 0.28 

E 51.77 57.99 40.04 33.01 25.38 27.38 0.16 0.39 27.45 34.36 0.08 0.61 

 
Mean 46.43 61.08 50.17 36.20 18.49 19.71 0.31 0.09 24.94 39.85 0.09 0.22 

 
SD 7.36 2.68 18.62 11.31 4.77 6.98 0.27 0.17 15.25 16.76 0.10 0.24 
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Whilst the washing steps significantly increased the percentage of events in the main region 

(B) this was still quite low at 61%, indicating large amounts of debris still present and in 

particular the dormant spore region (C) consisted of just 36% on average. This was deemed 

unsuitable for bacterial spore work so further purification steps were undertaken.  

3.3.2 Exploring the effect of filtering on spore purity 

Despite microscopic analysis of the five spore preparations described above showing 

a composition of mainly spores and cells, the FCM profiles are complex and indicate the 

presence of significant quantities of debris in the samples, though this debris is not clear via 

microscopy. When these profiles were compared to those of other researchers it was noted 

that there seemed to be excessive ‘noise’ in these samples. Accordingly, it was decided that 

the samples should be passed through a 0.2µm pressure filter to eliminate small debris. The 

remaining cells and spores were retained on the filter paper and these were scraped off and 

re-suspended in sterile PBS for analysis (Figure 3.7).  
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Figure 3.7 Fluorescent microscope output and FCM output of B. subtilis spore sample B, showing 

effect of filtering. a) Top row, left, DIC image using 63x objective before 0.2µm filter and right, FCM 

FSC vs SSC profile of the same sample, with Region B drawn around the cells and spore population. 

b) Bottom row, DIC image at 63x magnification post 0.2µm filter and right, FCM FSC vs SSC 

density profile, with Region B drawn around the cell and spore population for sample B. 
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In this example filtering definitely removes about 16% of the debris, where the initial 

percentage of events in region B was 66%, the filtering increases this to 82%. However, the 

spores are more sparsely distributed under the microscope, indicating a loss of cells and 

spores through the filtering process.  The spores also appear to be forming aggregates. The 

same filtering process was carried out on the remaining samples (A, C-E) the FCM profiles 

and microscopic images are presented in Appendix 2, and the mean percentage of events in 

Region B is summarised below in Table 3.2. 

Table 3.2 Average percentage of events in region B before and after 0.2µm filtering. Region B 

corresponding to that drawn in the FCM profiles in Figure 3.7. Mean values in bold. 

 
Region B 

Sample Before filter After filter 

A 70.12 59.44 

B 66.13 81.92 

C 66.29 73.67 

D 62.14 68.2 

E 57.99 61.51 

Mean 64.53 68.95 

SD 4.62 9.18 

 

Whilst a clear improvement in the level of debris is observed following filtration in sample 

B and C, the results from sample A, D and E suggest filtering has not had any impact on the 

levels of debris present in the samples, with the percentage of events in region B (main cell 

and spore population) remaining close to 65%.  

To conclude, despite the fact that filtering does sometimes reduce the amount of 

debris present in the samples, this is associated with a vast reduction in spore number and 

increased aggregation, thus it isn’t suitable for mass production of dormant spore stocks. 
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Furthermore, this method is unsuitable for spore purification, as filtering cannot separate 

spores from cells. 

3.3.3 Manganese supplementation 

Accordingly, another strategy was employed in an attempt to increase spore stock 

purity, whilst also increasing the yield. Following a review of literature concerning spore 

purification strategies, a paper by Verma et al. (2013) exploring various media on B. 

megatarium sporulation used AK sporulating agar supplemented with MnSO4. Manganese 

supplemented agar is also part of the SOP for the US Environmental Protection Agency 

Office of Pesticide Programs and the US army research facility for production of B. subtilis 

spores (Smith et al. 2011). 

AK agar plates were made as described previously and supplemented with 200µl of 

3.4mM MnSO4 which was spread over the dried plate with a sterile bent glass rod. The 

spores were analysed by flow cytometry, shown below as Forward scatter vs side scatter 

density plots.  

From the four example profiles illustrated in Figure 3.9, it is very clear that when no 

manganese is used it is difficult to determine the spore population due to debris signals 

overlapping with the spore region. However, manganese supplementation clearly reduces the 

level of debris present making FCM possible. Precision was addressed by recording the 

number of events in the debris region A and the number of events in Region B for ten 

samples (from three different preparations) each of manganese supplemented and non-

manganese supplemented samples (Figure 3.9).  
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Figure 3.8 Examples of FCM density plot of FSC vs SSC, region A (red) corresponds to debris and 

region B (green) is the cell and spore location. Column a) B. subtilis spores harvested from a normal 

AK sporulating agar plate and column b) B. subtilis spores harvested from a MnSO4 supplemented 

AK agar plate. 
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Figure 3.9 Effect of manganese supplementation on the amount of debris present in spore stocks. 

Debris corresponds to region A on the FCM FSC vs SSC plots and spores correspond to region B of 

Figure 3.8. White bars show spores grown on AK agar without additional manganese and shaded bars 

are spores grown on AK agar with 100µl 3.4mM MnSO4. Error bars represent the 95% CI where n 

=10. 

These results clearly indicate that the addition of manganese improves the quality of FCM 

profiles by reducing the amount of debris by 18% on average.  By reducing the amount of 

debris present in the sample, the overlap between the ‘noise’ and the regions of interest is 

reduced, thus making FCM assignments of physiological state more reliable. 

Following the results from the FCM analysis, a check was also made using the 

fluorescent microscope, to see if differences in spore purity could be noticed 

microscopically. The results are shown in Figure 3.10 and Figure 3.11 using the DIC light at 

100x magnification. 
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Figure 3.10 DIC image under 100x objective lens of B. subtilis spores grown on AK sporulating agar 

without additional Mn. Representative frame where n=10. 

 

Figure 3.11 DIC image under 100x objective lens of B. subtilis spores grown on AK sporulating agar, 

supplemented with an additional 100µl 3.4mM MnSO4. Representative frame where n=10. 
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When comparing the images in Figure 3.10 and Figure 3.11 there are no clear visible 

differences between the samples (five frames taken for each sample in total). Hence, the 

effect of manganese is only apparent by FCM analysis, and no clear distinction is seen even 

under the 100x objective lens. 

3.3.4 Comparison between spore harvesting methods 

Two methods of harvesting spores were used, either scraping the surface with a 

sterile loop before re-suspending, or flooding the plates with cold sterile water and gently 

agitating the spore layer. The effect these methods have on both manganese and non-

manganese supplemented spores has been analysed by FCM. The assessment between each 

method was based on the levels of debris compared to the amount of events in the cell/spore 

region as shown in the representative FCM plot below (Figure 3.12). 

 

Figure 3.12 Representative FCM density output of manganese supplemented spores on a FSC vs SSC 

plot. Region A (red) is drawn around the debris or 'noise' population and region B (green) corresponds 

to the cell and spores area on the plot. 
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Figure 3.13 The percentage of events that correspond to either debris or spores as shown by FCM 

FSC vs SSC profiles for non-Mn supplemented samples. White bars indicate flooded samples and 

shaded bars are scraped plates. Error bars represent the 95% CI where n=4. 

 

Figure 3.14 The percentage of events that correspond to either debris or spores as shown by FCM 

FSC vs SSC profiles for Mn supplemented samples. White bars indicate flooded samples and shaded 

bars are scraped plates. Error bars represent the 95% CI where n=7. 

As is evident from the large 95% CI there is no significant difference between either 

harvesting method irrespective of culture medium (Figure 3.14). As such, the flooding 
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method was selected for further studies as this was a far more rapid method and eliminated 

the problem of puncturing the agar which would obviously lead to small amounts of the agar 

becoming deposited in the spore sample. 

 

3.3.5 Alternative sporulation media 

Finally, given that DSM culturing medium is frequently used by other researchers, a 

sample of spores prepared in this medium according to the method described by Nicholson 

and Setlow (1990) detailed in Appendi. These were analysed under a fluorescent microscope 

and via FCM following staining with 1.5uM Syto 16 and 48uM PI. 

  

   

Figure 3.15 Typical example of FCM profiles for spores produced in DSM broth. a) shows density 

plots of FSC vs SSC where Region B (blue): cell and spores region  b): Gated on Region B, region C 

(orange): dormant spores, region D (turquoise): germinating spores, region E (pink): Live cells, region 

F (burgundy):  dead spores and cells, region G (light blue) cell doublets. 
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Figure 3.16 An example of typical FCM profiles for spores produced via AK sporulating agar. a) 

shows density plots of FSC vs SSC where Region B: cell and spores region, b) Gated on Region B, 

region C (orange): dormant spores, region D (turquoise): germinating spores, region E (pink): Live 

cells, region F (burgundy): dead spores and cells, region G (light blue) cell doublets. 

 

As is clear from the FCM profiles, the spores produced in DSM, Figure 3.15 appear far less 

resistant to the EtOH washes than those from AK agar in Figure 3.16, meaning they have 

taken up a lot of the nucleic acid dye. The majority of these spores are either in the dead 

spore region, (which could also indicate immature spores, as there is little chance of dormant 

spores being killed during the sporulation process) or in the dead cell region, indicating 

remaining non-sporulated cells which are susceptible to the EtOH washes. A check was 

made on these spores under a fluorescent microscope (Figure 3.17) to further verify the 

physiology of the spores matched the FCM profile. The reasons for these differences in 

levels of susceptibility are currently not known 
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Figure 3.17 B. subtilis spores produced using DSM medium. DIC light under 63x objective lens. 

Representative image where n=7. 

Figure 3.18 Double stained B. subtilis spores produced using DSM medium. I3 light under the 63x 

objective lens. Representative image where n=7. 



117 
 

 

 

 

 

 

 

 

 

 

Figure 3.20 Double stained B. subtilis spores produced using DSM medium. I3 light under the 63x 

objective lens. Representative image where n=7. 

As is clear from the image in Figure 3.20 many of the spores stained with PI, indicating they 

were no longer viable. In Chapter 5, cell sorting was done on PI stained cells and spores and 

yielded no growth on LB agar plates.  Another key point with spores made using DSM broth 

Figure 3.19 B. subtilis spores produced using DSM medium. DIC light under the 63x objective 

lens. Representative image where n=7. 
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is that the yield produced in a large conical flask was very low in comparison with the 

number of spores produced via AK agar.  

3.4 Conclusion 

Given the five parameters investigated in this chapter, it was concluded that the 

optimum method for producing spores was to use AK agar, supplemented with 100µl 

3.4mM MnSO4. Harvesting using cold sterile and 0.2µm filtered water was the preferred 

method, and to purify, a 50% EtOH wash followed by at least three more washes in 0.2µm 

filtered H2O. To gain spores of a high quality, spores were left refrigerated in sterile filtered 

H2O for at least two more days before being used. This was thought to lyse any remaining 

vegetative cells. Prior to any experimentation, spores were centrifuged at 5,000 rpm for at 

least five minutes and re-suspended in cold sterile 0.2µm filtered PBS. This produced spores 

with a good quality (>90%) illustrated below in Figure 3.21. 

 

Figure 3.21 VenturiOne output for B. subtilis spores produced on manganese supplemented agar, 

following 50% EtOH treatment and multiple washes, a) density plot of FSC vs SSC, region A (red) 

drawn around the cell/spore area. b) density plot gated on region A of FL1 (Green) fluorescence vs 

FL3 (Red) fluorescence, Region A (red): cells and spores, region B (green): dormant spores, region C 

(blue): dead spores, region D (orange): germinating spores, region E (turquoise) dead cells, region F 

(pink): Live cells. Region G: double stained cells. Representative output where n=5. 
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3.4.1 Selection of sporulation medium 

AK sporulating agar was preferable to DSM medium owing to the fact that many 

spores from DSM medium stained with PI, indicating the inner membrane has been 

damaged, likely causing these organisms to lose viability. Another reason AK agar was 

selected was that greater yields of spores could be produced. This corresponds with the study 

carried out by Smith et al. (2011) where agar was preferable to broth for all sporulation 

compositions studied. 

 

3.4.2 Supplementation with Manganese 

The significant difference in spore yield with the addition of MnSO4 to the agar 

plates stems from the fact that without manganese, spores cannot be produced (Charney et 

al. 1951). Mn2+ acts as a cofactor with the enzyme phosphoglycerate phosphomutase. This 

glycolytic enzyme is needed for optimal spore production, as it ensures maximum use of 

carbohydrates. Without this enzyme, there is a build-up of 3 phosho-glyceric acid (3PGA) in 

the cell, which prevents carbohydrate uptake. This occurs before the first stage of 

sporulation, meaning the assymetric septation does not occur in the cell (Oh and Freese 

1976; Vasantha and Freese 1979) . Whilst AK sporulating agar does contain manganese, the 

results from this study indicate that additional supplementation is necessary to ensure a 

suitable level of sporulation. 

 

3.4.3 Assessment of spore purity 

 Harrold et al. (2011) point out that there are no standard procedures for assessing 

spore purity (i.e. dormancy, lack of debris) and yield, therefore many researchers do not 

have an accurate means to assess their spore stocks. Traditionally, spore purity has been 

checked using an optical microscope, and the number of phase bright spores counted until a 

suitably high level of spore purity is attained (usually >90%). Other researchers check spore 

yield by applying a heat treatment, and plating out the suspension before and after heat 
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treatment to estimate dormant spore numbers. This is a very lengthy procedure, thus in the 

research undertaken in this section, a far faster means of checking spore purity is to use 

FCM, and stain the samples with Syto 16 and PI. By performing this on a small sample, the 

purity can be assessed far more readily, and without the need for manual counts. 

 

The approaches taken in the production of dormant spores are sound and thoroughly 

researched. One option to further purify the spore stocks would be to use Percoll gradients. 

This separates the cells from spores based on the different density of spores and cells. 

Unfortunately, Percoll gradients are not sensitive enough to resolve the tiny changes in 

density between spores and germinating spores so these physiological states cannot be 

separated using this method (Carrera et al. 2008). However this would be a good option to 

remove debris. 

None-the-less, with these procedures in place to make good quality high purity spore 

stocks, work could progress to explore the impact of various different conditions on both 

spores and cells of B. subtilis. 
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4 Chapter Four: Assessment of the impact of antimicrobials and 

other microbiocidal treatments on B. subtilis cells and spores. 

4.1 Introduction 

With the ability to produce dormant spores with high purity (Chapter 3), and the 

FCM methodology in place (Chapter 2), the next stage was to explore how well the FCM 

could monitor the viability of B. subtilis cells and spores, following various different 

treatments. 

4.1.1 Enumeration using counting beads 

As stated previously, the use of flow cytometry as a quantitative tool remains an 

underused application. Uptake might be limited because viability estimations from FCM are 

often higher than plating results, meaning comparative studies may not show a strong 

agreement, and a higher bacterial recovery could mean there is a risk of over-prescribing 

antibiotics (Gunasekera et al. 2000; Keserue et al. 2012). However it could be argued that 

when assessing the effectiveness of an antimicrobial agent it may be better to overestimate 

cell survival in certain cases. Otherwise one would risk not sufficiently decontaminating a 

surface or wound and therefore potentially risk infection. For example Khan et al. (2010) 

used FCM to enumerate the numbers of theoretically living but non-culturable cells. Briefly, 

viable but non-culturable (VBNC) cells still exhibit metabolic activity, though they do not 

form colonies when plated (Ramamurthy et al. 2014). The advantage of using a method to 

analyse the staining properties of these cells is that they would still exhibit fluorescence 

when stained with Syto 16, assuming they still had an intact membrane to exclude PI as 

described in Table 1.1 in Chapter 1. 

FCM-based quantitation is internally calibrated through the use of a known density 

of counting beads added to the sample, which allows cells to be enumerated ratiometrically. 

Whilst FCM enumeration has been used on cultures of B. subtilis before (Paulse et al. 2007; 
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Leser et al. 2008), the method has not been applied to the discrimination of specific sub 

populations/physiological states. 

4.1.2 EtOH as a method of cell killing without activating spore germination 

A key requirement for this study is a methodology that can be used to enumerate 

cells and spores of B. subtilis in complex mixtures. The established traditional methodology 

involves heating samples before plating (van Melis et al. 2011a). This treatment effectively 

kills vegetative cells but has a negligible effect upon spore viability, meaning only the spores 

will generate colonies on agar plates to be counted. On comparison with an identical but 

non-heated sample, the proportions of spore and cells in the B. subtilis suspension are 

revealed.  However, it may be difficult to find a suitable temperature and treatment time that 

will effectively kill off all cells whilst leaving spores unaffected. 

To confirm the results of such experiments there is a need to compare FCM with 

plating (the standard method in microbiological research) and direct counting using a Petroff 

Hausser haemocytometer.  

A range of timings between 10 and 20 minutes have been reported for efficient cell 

killing at 80°C (Cronin and Wilkinson 2007; Mathys et al. 2007). The discrepancies between 

the heating conditions in the literature, suggest the need for experimentation prior to 

adopting a time and temperature protocol for effective cell killing, in the presence of spores.  

To get the most accurate plate-counts possible for spores, it is necessary to 

completely prevent growth of vegetative cells present in the inoculum. However, 

temperatures around 80°C are close to levels that could damage or even kill spores; for 

instance, Jagannath et al. (2005) held spores at 89°C for 20 minutes causing a 0.5 log10 

reduction in spore number.  

Furthermore, it is typical for spores of B. subtilis to be heat activated before 

germination. This heat activation is usually 70°C for 30 minutes which would kill off 

remaining vegetative cells and prematurely germinating spores (Yi and Setlow 2010; Zhang 

et al. 2011a). As the temperatures stated for killing cells exceeds this, it is very likely that 
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when spores are then returned to more favourable conditions, they may start to germinate 

and then subsequently be killed should the conditions become hostile. 

As such, an alternative means of killing cells and leaving spores unharmed was investigated. 

Zhao et al. (2008) used 50% EtOH to purify spore populations by killing vegetative cells. It 

was thought a similar method to kill vegetative cells and leave the spores unaffected could 

be employed in this study.  

 

4.1.3 Antimicrobials used and their effect on Bacillus subtilis 

It is important that the methodology developed in these studies can be applied to the 

study of bacteria subject to a range of conditions. B. subtilis can be a safe model for the 

study of more dangerous organisms such as B. cereus and even B. anthracis (Harwood 

2001). A highly relevant issue in bacterial spore research is that of industrial contamination. 

Food spoilage is a common issue affecting shelf life of processed foods. Antimicrobials 

offer a good solution and may help to increase the shelf life of foods. Common 

antimicrobials such as peracetic acid (PAA) and Chlorine are known to have strong 

bactericidal effects on B. subtilis, however, they can cause irritation to skin and eyes, and 

irritate the respiratory mucosae when inhaled (Herruzo et al. 2010). Natural antimicrobials 

such as green tea extract offer a safe alternative to this. 

Industrially, one of the main problems with Bacillus biofilms is the fact that they are 

extraordinarily water-resistant, with a water repelling potential that exceeds Teflon. As such, 

it is very difficult for antimicrobials to be effective against biofilms as they cannot penetrate 

into the biofilm (Epstein et al. 2011).  

Many industrials settings operate at low temperatures throughout the year (i.e. dairy, 

meat factories). This can be a problem as generally, antimicrobials are more effective at 

higher temperatures, largely due to increased movement of particles meaning the 

antimicrobial agents can come into contact with more bacteria (Huang et al. 1997). It is 

therefore important to find agents that can decontaminate surfaces at low temperatures. 



124 
 

4.1.3.1 Chlorine 

Chlorine is a moderate oxidizing agent. It can penetrate the walls of bacteria causing 

the cytoplasmic membrane to be destroyed, meaning it is permeabilised (Virto et al. 2005). 

This leads to inhibition of bacterial respiration, mainly phosphotransferase is inactivated 

(Huang et al. 1997). The reaction that takes place is shown in Equation 4.1. 

Equation 4.1Action of sodium hypochlorite in water. 

NaOCl + H2O                     HOCl + NaOH- 

Chlorine is capable of oxidizing the peptide links of proteins and hence denatures them 

(Maris 1995). The microbial enzyme, glucose oxidase is destroyed by chlorine too, meaning 

its enzymatic activity is lost, so the glucose oxidation system is further impaired. As glucose 

breakdown is essential to all cells, the inhibition of glucose oxidation parallels  the rate of 

cell death (Knox et al. 1948). It is worth noting that a lower pH will increase the 

antimicrobial activity of chlorine, and that a higher concentration of bacteria will require 

more chlorine to achieve effective killing (Knox et al. 1948; Huang et al. 1997). 

4.1.3.2 Peracetic acid 

 Kitis (2004) describes PAA as an oxidizing agent with an oxidation potential higher 

than that of chlorine. It is the peroxide of acetic acid, and hence combines the active oxygen 

of the peroxide within the acetic acid molecule, demonstrated in Equation 4.2 below: 

 

Equation 4.2 Quaternary equilibrium mixture of peracetic acid from Kitis (2004) 

CH3CO2H + H2O2                     CH3CO3H + H2O 

Where: 

CH3CO2H = acetic acid 

CH3CO3H = peracetic acid 

H2O2 = hydrogen peroxide: 
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It releases active oxygen, which disrupts sulfhydryl and sulphur bonds in proteins, enzymes 

and other metabolites, meaning they are oxidized and double bonds reacted. This means 

important components in cells and membranes are broken by oxidative disruption (Block 

2001). It is suggested that PAA disrupts the chemiosmotic function of the cytoplasmic 

membrane and transport through dislocation or rupture of cell walls. It acts on DNA, as well 

as intracellular enzymes, affecting biochemical pathways and active transport across 

membranes. Importantly, PAA is protein denaturing, therefore it can attack spore coats 

(Kitis 2004). 

Industrially, PAA has been shown to be a better decontaminant than chlorine due to 

its environmental safety, as unlike bleach, PAA does not break down into harmful 

substances (Kunigk and Almeida 2001).  

 

4.1.3.3 Green Tea extract 

Green tea is believed to have antimicrobial effects due its tea polyphenols. In 

particular the flavonoid: epigallocatechin-3- gallate (EGCG), has been shown to have anti-

tumour, antimicrobial, anti-inflammatory and anti-allergen properties and encourage the 

migration of smooth muscle progenitor cells to the cardiovascular system after injury 

(Gordon and Wareham 2010; Park et al. 2014b). It is particularly effective against Gram 

positive bacteria (such as B. subtilis) and has been shown to be effective against methicillin-

resistant Staphylococcus aureus (MRSA), meaning it could be a novel disinfectant in a 

medical setting (Gordon and Wareham 2010). Its action is derived from the generation of 

hydrogen peroxide (H2O2) which inhibits the function of several membrane proteins in the 

cell envelope (Nakayama et al. 2015). The resulting irreversible damage to the bacterial 

cytoplasmic membrane means the bacteria no longer adhere to the cell membrane, 

effectively meaning the EGCG acts as an anti-adhesive agent (Lee et al. 2009; Sharma et al. 

2012).  
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4.1.4 Aims and Objectives 

For the present chapter, the following aims were proposed: 

• Explore the effect of GTE, PAA and Chlorine on the viability of B. subtilis cells 

via plating and FCM 

• Explore the impact of heat treatments and EtOH treatments on cell and spore 

mixtures and analyse via plating and FCM 

• Compare the results of plating, FCM and PH 

 

4.2 Materials and Methods 

4.2.1 Antimicrobial treatments 

Cells and spores were cultured as described in Chapter 3, Section 3.2 and 1 ml 

aliquots of cells were taken for each experiment. Treatment of cells with antimicrobials was 

carried out using 50ppm of PAA, 100ppm of Chlorine (Sodium hypochlorite from a 

household bleach), and 40ppm of Green Tea extract (GTE, green tea extract powder, 

Myprotein, UK) (a novel antimicrobial). Each sample was subject to a five minute treatment 

time with the antimicrobial in an ice box (<4°C) which was continuously shaken to mimic 

refrigerated conditions. Following this treatment, the samples were diluted 1 in 10 in sterile 

filtered PBS. It is important to note that centrifugation of the supernatant was not possible 

for these treatments as the particles of the green tea form pellets at the same force as the 

cells. 

As well as the antimicrobial treatments, a heat activation was also carried out for 35 

minutes at 85°C on a sample of dormant spores, a sample of vegetative cells and on a sample 

containing a 1:1 mixture of cells and spores. One sample of spores and cells were left on ice 

without any treatment, to act as a control. 
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4.2.2 Plating  

LB agar plates (15g/L agar, 25g/L LB powder) were dried before use to prevent 

confluent growth in surface water. Samples of serial decimal dilutions (200µl) were spread 

using a sterile glass spreader onto the plates, which were then inverted and incubated at 

37°C for 24 hours.  

 

4.2.3 Petroff-Hausser counting chamber 

A Petroff-Hausser counting chamber with improved Neubauer ruling (ProSource, 

Canada) was used for enumerating spores and cells of B subtilis. The Petroff-Hausser (PH) 

counting chamber is a specially designed shallow depth (0.01 mm) haemocytometer as 

opposed to the 0.1mm depth of a normal haemocytometer.  A sample of 6μl was transferred 

onto the viewing plane and the cover slip was applied firmly. To minimise Brownian motion 

and prevent evaporation the cover slip was affixed with Vaseline. 

 

4.2.4 FCM Enumeration 

The following FCM settings were used for the trials under the cytometer ‘low’ flow 

rate setting: FSC: E01, SSC trigger 366; FL3 680 FL2: 665. Compensation: FL2 to FL1 

50.2%; FL3 to FL2 14.5% FL1 to FL2 0.6%.  

10µl of each sample was placed in 440µl of filtered PBS. 50µl of 6µm Countbright 

beads were added (0.47x105 beads per 50μl). 

Enumeration was achieved by using 50µl of Countbright Beads in each sample. The 

counts/ml were then calculated using the following equation from Khan et al., (2010): 

 

Equation 4.3 Calculation of events obtained from FCM to cfu/ml using counting beads 

 

𝑛𝑛𝑛𝑛. 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  
𝑛𝑛𝑛𝑛. 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

×   
𝑛𝑛𝑛𝑛. 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
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FCM data were analysed first through FSC vs SSC plots to determine bead counts and total 

cell and spore counts. Corresponding data for the measured particles were used to create FL1 

vs FL3 density plots to distinguish sub-populations. Counts of cells and spores in the 

dormant and viable regions were added together to get a total viable count. These were then 

compared with plate counts which can only show viable counts. 

 

4.2.5 Effect of EtOH on cells and spores 

Cells and spores were cultured as described in Chapter 3, Section 3.2. Before spores 

were used for analysis, aliquots of 1ml were centrifuged at 13, 000 x g for two minutes and 

re-suspended in sterile filtered PBS (100mM, pH 5.5). 

Cells and spores concentrations were estimated by measuring the OD600 in PBS and 

diluting to 1.0, equivalent to 1.0 x 108 cfu/ml as shown by Posada-Uribe et al. (2015). These 

concentrations were checked with PH counts. Two x1ml aliquots of 1:1 solutions of cells 

and spores in PBS were made. One sample was heated at 70°C for 17.5mins (originally 

suggested as 70°C for 15 minutes (van Melis et al. 2011b). However, the come up time was 

2.5 minutes therefore time 0 was not started until then).  

After heating, the sample was rapidly cooled in ice water. Following this, both 

samples were centrifuged at 13,000 x g for two minutes. They were then re-suspended in 

filtered EtOH and vortexed vigorously for 30 seconds. These were then kept overnight in a 

fridge at 6°C. 

Each sample was re-suspended in filtered PBS for FCM analysis. 100µl of each 

sample was diluted with 84.5µl PBS and were stained with 2µM Syto 16 and 48µM of PI 

and then kept in an ice box (<4°C). Another set was stained with the same concentrations but 

kept in pre-warmed microtubes and then incubated at 28°C for 15mintues. After this 

incubation, the samples were removed and placed in the ice box. To ensure the effect of the 

EtOH treatment can be seen clearly, a sample of untreated dormant spores and a sample of 

only dead spores were also analysed. 
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4.2.6 Statistical analysis of the data collected 

  The enumeration data from FCM, plating and Petroff Hausser results were subjected 

to linear regression analysis. The goodness of Fit (R2) and a and b coefficients of the linear 

equation were fitted to the data and calculated using Microsoft Excel.  

For all data, experiments were run in triplicate (unless otherwise stated) and mean 

values, Standard deviation, % coefficient variation (%CV) and 95% confidence interval 

(95%CI) values were calculated using Excel for comparison of available data. Each point on 

a regression analysis shown represent mean values of triplicate samples. 

 

4.3 Results  

4.3.1 Antimicrobial assessment 

The results of the antimicrobial treatments were gated on FSC vs SSC plots. This 

gating was required due to the potential interference of green tea particles, which have a 

slight orange auto-fluorescence and therefore show up on fluorescent profiles. Figure 4.1 

illustrates the FL1 vs FL3 density plots of sample gated according to the cell FSC vs SSC 

profile. Regions were drawn around each sub-population showing dead cells (F, burgundy), 

damaged cells of unknown viability (Region G, light blue) and living cells in region E 

(pink). (No spores were present in this sample so the region assigned for dormant spores 

may contain unstained debris). 
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Figure 4.1 shows that chlorine and PAA induce high levels of cells death, with 97 to 98% 

cell death in each case. Green tea causes 92.18% of cell membranes to become 

compromised, whilst the untreated cells show 53% viability. The data collected from the 

density plots was then converted to counts/ml using the formula from Khan et al. (2010) 
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Figure 4.1 FCM density plots showing The FL1 – Height (green fluorescence) parameter against the 

FL3-Height (red fluorescence) parameter are shown as  density plots of B. subtilis cells treated with a) 

untreated, b) Green Tea, c) PAA and d) chlorine. Regions assigned showing dead cells: Region F 

(burgundy), damaged cells: Region G (light blue), Living cells: Region E (pink), Germinating spores: 

Region D (turquoise) and Dormant spores (or unstained debris): Region C (orange). All plots gated 

using equation NOT A to remove beads followed by AND B to examine cells only and omit debris. 

Representative plots where n=3. 
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which ratiometrically works out the cell count. These results were then noted in Table 4.1 

next to plate counts. 

 

Table 4.1 Various treatments on cells and spores of B. subtilis and their viable counts. 

Data set description 

Enumeration Data 

FCM Plating 

cfu/ml %CV cfu/ml %CV 

Spores no treatment (RUN 1) 4.08 x 107 4.2 4.70 x 107 14.0 

Spores no treatment (RUN 2) 2.03 x 107 12.3 2.72 x 107 9.0 

No treatment on cells grown for 24 hour in 

LB broth at 35°C 
1.27 x 109 5.8 5.08 x 108 17.0 

Peracetic acid 50 ppm contact with cells for 

5 minutes at 4°C. 
0.00 N/A 0.00 N/A 

Chlorine 100 ppm contact with cells for 5 

minutes at 4°C. 
0.00 N/A 0.00 N/A 

Cells heated for 85°C for 35 minutes 0.00 N/A 0.00 N/A 

Cells and spores mix 2.32 x 108 17.7 1.61 x 108 8.0 

Spores heated for 85°C for 35 minutes 2.67 x 108 5.5 1.67 x 108 6.0 

Green tea extract 40 ppm for 5 minutes at 

4°C 
9.63 x 107 7.3 7.20 x 107 5.0 

Cells and spores heated at 85°C for 20 

minutes 
1.01 x 108 0.6 1.61 x 108 8.0 

 

n=3, %CV = Percentage coefficient variation 

To better understand this relationship, log counts of the viable cells and spores were plotted 

to see the relationship between methods in Figure 4.2 
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Figure 4.2 Log plate count and FCM count comparisons of various treatments shown in Table 4.1 

 

A linear trend line was fitted to this data to obtain R2 values, with no intercept set. Table 4.1 

illustrates 100% cell death caused by the antimicrobials PAA and chlorine, similarly the 

heating for 35 minutes at 85°C meant no cell survived. The green tea treatment gave partial 

cell survival despite a 1.17x109 cell/ml drop in cell viability according to the FCM counts 

and a 4.36 x108 cell/ml decrease in plate counts from the initial untreated cells grown in LB 

broth (Table 4.1). For the FCM counts this corresponded to 92.1% decline in viability, 

whereas for the plate counts this was an 85.5% decrease in viability. The R2 value of 0.93 

indicates a good correlation between the methods. 
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4.3.2 EtOH as method of cell killing without activating spore germination 

The sub-population assignments were based on individual samples of pure 

populations shown below 

 

Figure 4.3 FCM density plot of Green fluorescence (FL1-Height) vs Red fluoresnce (FL3-Height). 

Mixture of dormant spores, dead spores, live cells and dead cells. Gated on Region B (not shown, cell 

and spore region), region C (orange): dormant spores, region D (turquoise): germinating spores, 

region E (pink): Live cells, region F (burgundy): dead spores and cells, region G (light blue) cell 

doublets (one live and one dead cell joined together, Representative plot where n=3. 

Region G in Figure 4.3 was assigned as cells doublets owing to the fact that there was a very 

high fluorescence on both channels, most likely meaning a dead and live cell were joined 

together and classed as one event. This may be caused by the presence of undivided growing 

cells. Though events in this could also indicate sub-lethally damaged cells, i.e. PI has been 

able to enter the cell but not in a high enough quantity to fully displace the Syto 16.  
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In Figure 4.4 and Figure 4.5, an unknown sub-population was observed, shown as region G 

(light blue) on the density plots. As this population was only seen in the presence of dormant 

spores, it could be that these are dead spores.   

 The dormant spore samples (Figure 4.4) reveals a small population of living cells 

(region H) which constitutes 0.98% of the total events collected. There is also a small 

population of dead spores in our dormant spore sample, making up 18.5% of our total 

events. The dead spore sample (Figure 4.5) shows us a small amount of events in the 

‘damaged’ region D. This may indicate cells which had been present in the original spores 

sample and then killed during autoclaving. In both cases the ‘unknown’ region G populated 

with 1-2% of events.  

 

 

b) 

Figure 4.4 FCM density profiles of double stained B. subtilis spores. The FL1 – Height (green 

fluorescence) parameter against the FL3-Height (red fluorescence) parameter are shown as density 

plots of a) dead spores stained at 28°C and b) Dormant spores stained at 28°C, showing a smaller 

region of dead spores. Region H (lilac) indicates living cells, region C (orange) dead cells, (high PI 

staining indicating high DNA content) region D (turquoise) dead cells, region E (pink) Dormant 

spores, region F (burgundy) dead spores and region G (light blue) unknown sub-population. 

Representative plot where n=3.  

  

a) 
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In Figure 4.5, the high level of events in region C indicate a large proportion of dead cells, 

showing the EtOH has effectively killed cells, as there are no events stained with Syto 16 

alone. To assess whether the unknown region was attributed to the cells or spores, the cell 

and spores mixtures were gated based on their FSC vs SSC plots (Figure 4.6). These regions 

were then used to gate FL1 vs FL3 density plots separately based on whether they were cells 

or spores (Figure 4.7). This means particles which do not fall into the region of interest are 

disregarded. 

  

  

Figure 4.5 a) The FL1 – Height (green fluorescence) parameter against the FL3-Height (red 

fluorescence) parameter are shown as density plots of a) Heat activated EtOH treated cells and spores, 

and b) EtOH treated cells and spores (no heat activation). Region B: beads, Region C (orange): Dead 

cells (high DNA content), Region D (turquoise): Dead cells, Region E (pink): Dormant spores, Region 

F (burgundy): Dead spores, Region G (light blue): unknown sub-population. Region H (lilac): Live 

cells and germinating spores. Representative FCM plot where n=3. 

a) b) 
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Figure 4.6 Representative forward scatter (FSC) versus side scatter (SSC) density plot of cells and 

spores heat activated and treated with EtOH. Region L (blue) corresponds to the spores region and 

region M (Orange) corresponds to the cell region. (Region I in green shows us the bead population) 

and region A encompasses the cell and spore population. Where n=3. 
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Figure 4.7 Heat activated EtOH treated cells and spores displayed on a) FL1 vs FL3 density plot of 

gated on the cell region M in Figure 4.6. Where Region N (orange): dead cells, Region O (turquoise) 

dead cells, Region P (pink): dormant spores, Region Q (burgundy): dead spores, Region R (light 

blue): Dead spores. b) FL1 vs FL3 density plots, gated on the spore region L from Figure 4.6. Where 

Region S (orange): dead cells, Region U (turquoise) dead cells, Region T (pink): dormant spores, 

Region V (burgundy): dead spores, Region W (light blue): Dead spores. Representative FCM profiles 

where n=3. 

The results here illustrate that cells and spores can be at least partially identified based on 

their FSC and SSC profiles. As shown in the fluorescence plots in Figure 4.7, when 

considering region M in isolation, or just the cells, the fluorescence intensity clearly 

demonstrates that these are dead cells, stained with PI and therefore a high FL3 signal. 

Region L on the other hand is largely composed of unstained particles, correlating with 

dormant spores which do not stain with either Syto 16 or PI and therefore have little 

fluorescence.  

To check the reliability of this method, plate counts and Petroff-Hausser (PH) 

Haemocytometer counts were carried out on all samples (Figure 4.4 - Figure 4.7) and results 

compared via linear regression analyses as described in Section 4.3.1. 
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Table 4.2 Viable counts of B. subtilis cells and spores following exposure to different 

treatments, and different staining conditions. n=3. 

Sample Plates FCM 4°C FCM 28°C PH 

EtOH 1.79 x 107 1.99 x 107 8.60 x 106 1.90 x 107 

HA*EtOH 1.43 x 107 1.55 x 107 8.54 x 107 1.20 x 107 

Spores 2.37 x 107 9.32 x 107 2.02 x 107 3.05 x 107 
 

 *HA = Heat activated 

 

 

 

Figure 4.8 Correlation of viable counts shown in Table 4.2 via plating (x axis), Petroff-Hausser 

haemocytometer (     ) and FCM after staining at 4°C (       ) and 28°C (      ). n=3.  
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Table 4.3 Linear regression analyses of bacterial enumeration methodologies vs culture on agar.  

equation and R2 values for different methodologies against plating 

Comparator Method Equation R2 value 

Petroff-Hausser y = 1.8477x - 6.1348 0.9962 

FCM at 4°C y = 3.6606x - 19.092 0.8994 

FCM at 28°C y = 1.7749x - 5.8292 0.8139 

 

The R2 value for the Petroff-Hausser haemocytometer counts suggests a high level of 

correlation between plating counts and those from this method. The r2 value of 0.8 and 0.9 

for the FCM counts at 28 and 4°C respectively means there is a slightly lower level of 

correlation between these counts and plating, however since the trends in terms of increase 

in counts is still the same the two methods can complement each other. 
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4.4 Discussion 

4.4.1 Antimicrobial investigations 

The antimicrobials PAA (at 50ppm) and Chlorine (100ppm) both had a very 

efficient cell death rate, resulting in no plate counts, and no significant living counts for 

FCM (see Table 4.1 and Figure 4.1). This exceeds the standard 5 log reduction required for 

confirmation of activity of a product (Block 2001). Previous studies on the susceptibility of 

Bacillus cells to PAA revealed that 100µg/ml (100ppm) PAA was sufficient to cause almost 

a 3 log reduction in B. cereus cell count in just ten minutes (at 30°C) (Ceragioli et al. 2010) 

and a 40ppm treatment resulted in a 3.8 log reduction in B. cereus cell counts in five minutes 

at 22°C (Ryu and Beuchat 2005).  Likewise, cells of B. subtilis treated for five minutes with 

peracetic acid/hydrogen peroxide lost 99.5% of viable numbers. The potency of PAA is such 

that even dormant spores of B. subtilis treated with 500ppm PAA suffered a 1.5 log 

reduction in counts in just five minutes, with visible destruction of the external spore coat 

layers shown by SEM (Park et al. 2014a). As stated in Section 4.2.1, PAA is thought to act 

by releasing active oxygen or producing oxidized sulfhydryl bonds. These disrupt bacterial 

cell walls and membranes, as well as targeting enzymes and the base of the bacterial DNA 

(Kitis 2004) 

Similarly, the effects on Bacillus cells with chlorine are well characterised, a 50ppm 

treatment for five minutes at 22°C caused a 4.7 log reduction in B. cereus counts (Ryu and 

Beuchat 2005) showing good accordance with the results presented herein, where a 100ppm 

treatment caused greater than a five log reduction in count. As with PAA, chlorine is also 

sporicidal at relatively low concentrations, a 100µg/ml (100ppm) treatment with HCl-based 

ClO2 (pH 3.8) reduced the population of B. cereus spores significantly (p ≤ 0.05) within 

three minutes (Kim et al. 2008a). Destruction of bacteria is caused by chlorination of the 

lipid protein substance in the cell wall, forming toxic chloro-compounds. This results in 

macromolecular leakage from the bacterial cell (Kim et al. 2008b) 
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Green tea was less effective with a 92.4% death rate in five minutes with 40ppm 

GTE (Table 4.1). Sharma et al. (2012) reported that a minimum inhibitory concentration 

(MIC) for action against B. subtilis was 0.156mg/ml or 156ppm, and Daglia (2012) stated 

that 100ppm was sufficient to act against 90% of all bacteria. As GTE is not used 

industrially as an antimicrobial this is still a significant finding, and could be cause for 

further research to improve the decimal reduction (D) further, possibly by using the ECGC 

extract directly. However as Sharma et al. (2012) states, all the green tea catechins work 

synergistically, therefore the crude GTE has the strongest antimicrobial power. Indeed  a 

very recent study by Park et al. (2014b) has shown that GTE improves skin wound healing 

and has the potential to prevent local skin infection. More interestingly  still, the review by  

Daglia (2012) noted that GTE compounds were more active against B. cereus than 

vancomycin and tetracycline, and goes on to infer that such compounds could have a 

positive effect against GIIT diseases. 

Another key finding in this research was that the FCM staining profiles indicate that 

whilst Chlorine and PAA cause cells to fluoresce only on the FL3 channel (indicating PI 

staining and no Syto 16 staining) the GTE treated cells have a small amount of green 

fluorescence also, indicating that they might be damaged rather than dead at the time of 

staining. This suggests that the cell membrane is compromised, however not to the same 

extent as the PAA and Chlorine treated cells. This is inferred due to the fact that PI displaces 

Syto 16 when in sufficient enough concentrations (Stocks 2004). If a cell was damaged but 

not greatly permeabilised, only a small amount of PI could pass into the cell, therefore this 

may not displace Syto 16. In cells which have severe membrane permeabilisation, the PI 

would completely displace the Syto 16. 

 An initial evaluation of the plating and FCM enumeration showed a tendency for 

FCM counts to be higher (Table 4.1). One could argue this type of result is to be expected as 

FCM will give counts for viable but non-culturable organism whereas plating will not. 

However, the r2 value of 0.93 indicates a proportional relationship between results.  
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The Coefficient of Variation (%CV) values obtained during these experiments were 

occasionally above 10% however, Mathys et al. (2007) states that they found up to 15% 

variation in results so this is perhaps a common level of variation. As to truly assess the 

reliability of this method, more experiments involving different treatments and different 

mixtures of cells and spores are necessary. 

Findings such as these highlight the significance of FCM as a descriptive tool, as 

plating or fluorescent microscopy would not give us information as to the numbers of 

damaged cells. It is also relevant when one considers the lack of FCM enumeration data 

available. To date, only Khan et al. (2010) and Leser et al. (2008) have used FCM to 

enumerate sub-populations. However, both these studies involved the use of just one dye, 

meaning a detailed sub-population enumeration was not possible. Whilst other studies, for 

example those by Mathys et al. (2007) and  Black et al. (2005) using two stains have used 

FCM as qualitative tool and inferred results based on their staining profiles. 

 

4.4.2 EtOH as a method of cell killing without activating spore germination  

The region of ‘unknown’ sub-population ‘G’ is only stained with PI and no Syto 16 

at all. As this region is populated in both the cell gated plot and the spore gated plot (Figure 

4.7) there are a few possible explanations for this region. It could be that these are dead 

germinating spores, owing to the fact that the samples consist of mixtures of cells and spores 

which have been subject to harsh conditions. Alternatively, this region could be populated 

by cell debris caused by sporulating cells or germinating spores. Only with access to a cell 

sorter could these ideas be properly explored by examination under a fluorescent 

microscope. In Figure 4.5 a, the burgundy region ‘F’ denotes the region of dead spores. In 

this case, the region is moderately populated, with around 8-9% of total events. One may 

suggest that the heat activation could have caused early onset germination, followed by 

EtOH induced death. However Figure 4.5 b shows only EtOH treated cells and spores. As 

region F is also moderately populated in this profile with 6-7% of total events one can 
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assume that a moderate level of dead spores was already present in the spore mixture. This is 

also confirmed by the pure spore sample analysis (Figure 4.4 b) 

The results shown in Table 4.2 and Figure 4.8 indicate a very strong correlation of 

PH and plating, with r2 value of 0.99, a good level of correlation with 4°C stained samples 

(r2 value 0.9) and a moderate correlation between 28°C stained samples (r2 value 0.8).  

4.5 Concluding Remarks 

By studying a range of treatments of B. subtilis, the use of FCM as a quantitative 

and qualitative tool is emphasised. It is hoped that this will enable others to use FCM to gain 

a deeper understanding of the physiological states of bacteria under stressful conditions. 

Whilst many studies have investigated the effect of pressure on B. subtilis spores (Mathys et 

al. 2007; Shen et al. 2009), the application of FCM to assess damage to cells by 

antimicrobials, both novel and conventional, suggests this method could take a far more 

prominent role in bacterial research in the future.  
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5 Chapter Five: Assessing germination in B. subtilis spores 

5.1 Introduction 

FCM has the capacity to be an insightful tool for understanding the lethality 

inducing mechanisms of the GIT on B. subtilis spores. Since probiotics must reach the gut in 

a viable state to assert beneficial effects, information regarding their survival across the GIT 

is vitally important in the domain of probiotic research. 

The gastrointestinal tract (GIT) has evolved to cause high levels of bacterial death 

during the process of digestion, which is a largely useful mechanism protecting animals and 

humans from countless potential pathogens consumed. Conversely, this hostile environment 

could become a hindrance when probiotics are administered, as these beneficial bacteria are 

also likely to be killed along the GIT. Whilst common probiotic products designed for 

human consumption attempt to circumvent the issue of low pH by using bacteria such as the 

acid resistant lactobacilli  (Corcoran et al. 2005) there has been a shift in the agricultural 

sector to administer spores of probiotics rather than vegetative cells, since spores are highly 

resistant to lethality inducing conditions, and perhaps specifically adapted to life in the GIT 

(Tam et al. 2006). This means the spore should be resistant to both strong acids from the 

stomach and also the effects of bile in the duodenum. As the first major obstacle the spore 

faces is the stomach acid, this was investigated primarily in this study. 

A decline of 75% of the initial probiotic counts administered has been observed in 

the stomach of pigs (Leser et al. 2008). There are a few factors that may be responsible for 

this (such as HCl, antimicrobial agents like pepsin), to determine the likely cause it was 

decided that HCl should be investigated first. Accordingly, loss of bacterial spore viability 

by HCl was proposed to be caused by two possible mechanisms, which might operate 

simultaneously.  Death of individual bacterial spores could occur via   

a) the HCl ions exerting a direct sporicidal effect or 
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b) The environment promotes germination, thus exposing less tolerant germinating 

bacteria to the HCl.  

5.1.1 DPA release of acid treated spores 

To test these hypotheses, germination was measured by monitoring release of DPA 

from the spore core. Complete release of DPA occurs in the very first stage of germination, 

meaning it is a good measure of commitment of spores to germination (Zhang et al. 2010a). 

However, there are still many unknown factors in the process of DPA release from the core, 

in particular,  the mechanism for DPA release under wet-heat treatment is not yet understood 

(Zhang et al. 2011b; Setlow 2013). None-the-less, DPA release remains a far better method 

for detecting germination than measuring the OD600 decrease, caused by the change from 

phase bright to phase dark due to the fact that DPA release occurs before the spore changes 

to phase bright (van Melis et al. 2011a) . 

The experiments were therefore undertaken informed by the conventional wisdom 

that rapid DPA release is indicative of germination and can therefore be used as a criterion 

to assess this process (Kort et al. 2005; Zhang et al. 2010a). Under hostile conditions, i.e. in 

the gastric environment, it would be assumed that the spores which would germinate would 

suffer a loss of viability.  

Recently, two modes of DPA release have been shown to occur:  

• Physiologically induced DPA release: follows a sigmoid shape, with a very 

brief lag phase of under five minutes according to Setlow et al. (2013), 

characterised by bulk DPA release within 40 minutes. 

• Damage induced DPA release, (e.g. by H2O2 and hypochlorite) follows a 

much slower and more linear trend.  

According to Setlow et al. (2013), ca. 97% DPA release occurs within 60 minutes for spores 

germinated naturally compared with just 12% release for hypochlorite (Setlow et al. 2013) . 

One could anticipate a similarity between the mode of action between hypochlorite and that 

of HCl since it is known that hypochlorite does not damage spore DNA and instead kills 
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spores by damage to the inner membrane, rendering the spores unable to germinate (Young 

and Setlow 2003), similarly it has been shown that spore rupture is the cause of spore death 

when treated with strong mineral acid (Setlow et al. 2002). By measuring the DPA released 

in an hour, this should mainly reflect the germination induced DPA release rather than the 

damage induced DPA release. Since germinated spores lose their resistance to stresses, it is 

reasonable to assume loss of viability soon after germination in the gastric environment, 

hence the link with plating to test the hypothesis. Irrespective of whether spore germination 

induced damage occurs, or direct spore death, neither spore will be able to form colonies. 

To assess the effect of gastric conditions on spores, a range of in vitro experiments 

should be carried out. Ideally, these in vitro experiments should accurately reflect the true in 

vivo conditions. As such, the literature available on gastric conditions was explored to make 

an informed decision on the in vitro conditions required. One advantage of in vitro 

modelling is that spores can be sampled at any time point, permitting changes in spore 

physiology to be far more easily assessed. Given that the hypothesis, H1, developed is that 

the germinants present in the stomach cause spores to germinate and then die due to the 

strong acid stress, it is necessary to individually assess the effect of strong acid and 

germinants. 

HCl and pH of the porcine stomach 

The conditions of the porcine stomach are discussed in detail in Chapter 1. Briefly, 

HCl is secreted and HCO3 is released to neutralise this acid. As Chiang et al. (2008) 

mention, it is very difficult to simulate the constantly changing conditions of the pig stomach 

in a static model.  For example, Babinszky et al. (1990) attempted to imitate gastric 

conditions of a pig but found that because they used a static model the hydrolysis of pepsin 

occurred at pH 1.0. (Chiang et al. 2008)  further state ‘In vivo, gastric pH decreases from 4.8 

to 2.1 and 1.7, after one and two hours, respectively, after ingestion of milk’ (Marteau et al. 

1990). ‘The amount of digesta within the GI tract and digesta transit time significantly 

affects nutrient digestive capacity. None of these conditions can be properly simulated in a 
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batch, static model of in vitro digestibility.’ However a more sophisticated, dynamic model 

such as the TNO gastrointestinal tract simulator, could mimic conditions much more 

accurately since this model permits the incorporation of altered transit times and pH as well 

as other parameters (Déat et al. 2009). In the absence of such a highly sophisticated model in 

the department of Applied Sciences at Northumbria University, the investigations have 

instead focused on a wide range of conditions using simple batch in-vitro models. 

Based on current literature, a bank of HCl concentrations and pH values from the 

pig stomach were collated, and a variety of experiments were set up to analyse the viability 

and germination of spores of B. subtilis under HCl/pH conditions which correlate with those 

found in the literature. 

To cover a wide range of stomach conditions reported in the literature and at the 

same time to investigate the HCl effect on spore viability, the experiments detailed in this 

chapter focused on a range of HCl concentration and pH, in a buffered solution. Whilst pH 

has been studied separately by many researchers over the past 50 years, an interesting study 

by Gould and Sale (1970) explored the effects of pressure on germination in different 

Bacillus species and noted that when trying to initiate germination at 250 atm, only at a 

narrow pH range could any germination take place. Though pressure is not going to be 

explored in this research, it is important to note that germination may not take place at 

certain pH depending on pressure.  

While other compounds such as enzymes will indeed have an impact on spore 

viability also, this was omitted for the first part of the experiment to focus on the effects of 

HCl only. 

Table 5.1 illustrates the data from in vivo studies on HCl secretion and pH values 

(Cranwell et al. 1976; Barrow et al. 1977; Risley et al. 1992; Mößeler et al. 2010). This is 

linked with piglet age.  
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Table 5.1 pH values and HCl concentrations of piglet stomach at different ages 

Age (Days) pH HCl (mM) Age (Days) pH HCl (mM) 

1 

4.7 44 
7 

5.2 78 

5 41 4.9   

2 

4.1 67 8 4.1 51 

4.1 46 4 59 

3.5 76 

10 

4 51 

2.8 110 3.8 96 

6 40 4.7 

 
3 

4.6 69 4.1 118 

3.8 58 

11 

4.4 66 

4 

5 56 4 120 

4.8 72 6 20 

4.3 49 
13 

2 120 

5 

5 74 6.5 20 

3.6 44 
15 

2 130 

3.5 120 6 42 

6 15 
20 

3 110 

6 

4 56 7 30 

4.3 45 
20-24 

4.4 67 

4 25 4.1 28 

5.5 60 

19-33 

4.1 144 

5.2 36 3.9 88 

4.5 48 3.8 118 
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A key point to acknowledge when looking at in vivo data is the effect that a meal will have 

on the pH and HCl concentration. Due to the increased volume of the stomach in its fed 

state, and the food composition, e.g. milk or pellet feed, the HCl concentration will 

undoubtedly drop at first due to the dilution caused by food. Similarly the pH will rise 

accordingly. Post-meal, a decrease in pH will be seen, due to gastric secretion. This will 

continue to fall until it reaches the ‘empty’ state as the food passes out the stomach (Wilfart 

et al. 2007). 

Table 5.2 shows the values selected for testing in this study, compared to those 

reported in the literature. In these in vitro models which specifically mimic pig stomach 

conditions, HCl concentrations and pH values have been the main focus. The aim was to 

acquire a certain pH with a known amount of HCl, to mimic the gastric conditions reported 

in a pig stomach. It was found that it was not possible to match the correct pH with 100mM 

PBS, therefore the buffer was diluted to obtain the desired pH and HCl concentration.  

Table 5.2 In vitro values used to mimic gastric secretion in pigs. NA= data  not available. 

Present study Other in-vitro studies 

pH HCl (mM) Buffer (mM) pH HCl (mM) Buffer (mM) Source 

0.8 100 0 1 NA NA 
(Letourneau-Montminy et 

al. 2011) 

1.4 100 50 2 70 71 (Wilfart et al. 2007) 

2.8 50 50 2 70 71 
(Boisen and Fernández 

1997) 

3.6 45 50 2.5 100 NA (Liu et al. 1997) 

4.0 40 67     

4.8 0 50 2.5 180 NA (Chiang et al. 2008) 
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Since HCl is likely to be the lethality inducing compound it is important to know the HCl 

concentration, interestingly this information was not always available in previous studies 

(Thacker and Baas 1996; Knarreborg et al. 2002; Letourneau-Montminy et al. 2011) . 

Gastric residence time 

 Anderson et al. (2002) notes that the time taken for half clearance time of a liquid 

feed is 31 ± 4 min for non-nutrient and 30 ± 7 min for nutrient meal. For a solid meal, 

Gregory et al. (1987) noted that it took over an hour for  50% emptying. 

Other factors affecting germination 

A key factor in germination is the availability of nutrients. As detailed in Chapter 1, 

spores germinate upon exposure to L-alanine or AGFK. The concentrations needed to induce 

germination are reported to be 10mM L-alanine (Wuytack and Michiels 2001) or for the 

AGFK germination route, L-alanine (10mM), (D)- Glucose (5mM), (D) –Fructose (1mM) 

and KCl (24mM) (Wuytack et al. 2000). 

5.1.2 FCM Cell sorting 

The first experimental work undertaken on the flow cytometer was to analyse 

standards of all physiological states of B. subtilis and identify where and how these sub-

populations would appear on the FCM profiles. Although it is not customary to verify 

regions by sorting (da Silva et al. 2005; Mathys et al. 2007; Cronin and Wilkinson 2008; 

Baier et al. 2010; Reineke et al. 2012; Zhang et al. 2012), meaning leading experts accept 

assignment of regions without further validation, and products have even been certified 

without the requirement for sorting, it would still be beneficial to verify the assumptions by 

using a cell sorter. Sorting of B. subtilis cells has been done previously into buffer solutions 

by Chung et al. (1995), and Davey and Kell (1996) note several studies where flow 

cytometric cell sorting of different species of bacteria has been successful. More recently, 

there has been successful sorting of B. subtilis into microtiter plate wells using PI and cFDA 

staining by Shen et al. (2009) and  B. cereus using PI, RedoxSensor Green and DiOC6 (Want 
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et al. 2011). However, to date and to the best of our knowledge this is the first time 

physiological states of B. subtilis have been sorted directly onto agar plates based on Syto 16 

and PI staining. Furthermore, sorting has never been undertaken following acidic treatment 

of spores or cells. 

5.1.3 Aims and Objectives 

For this study, the following key aims and objectives were proposed: 

• Explore the effect of different HCl concentrations on spore viability and 

germination via plate counts and DPA release respectively. 

• Verify the FCM region assignments by cell sorting of cells and spore under 

different treatments 

 

5.2 Materials and Methods 

5.2.1 Spore production 

Spores were prepared on AK sporulating agar (BD, UK), supplemented with 200µl 

MnSO4 (3.4mM) spread onto the surface with a sterile glass rod to improve the rates of 

sporulation (Vasantha and Freese 1979). This was then allowed to be absorbed and the plates 

were inoculated with 200µl of an overnight culture of cells on each plate (grown in LB 

broth). Plates were left and additional 30 minutes, then inverted and incubated for seven 

days at 37°C. After this, the spores were harvested by flooding the plate with 0.2µm filtered 

cold (4°C) sterile deionised water and gently agitating the surface with a sterile glass 

spreader. The resulting spore suspension was poured into a sterile (15ml) falcon tube. Based 

on the method of Zhao et al. (2008) these suspensions were washed twice with sterile 0.2µm 

filtered H2O at 10,000 x g at 4°C (Sorvall RC 5B plus centrifuge, Thermo Scientific, UK), 

and then re-suspended in 0.2µm filtered 50% EtOH (with H2O). This mixture was left for 18 

hours at 6°C, and then washed three times more in ddH2O. This method was modified 
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slightly by leaving spores for two more days in pure water to lyse any remaining vegetative 

cells and washed again before being stored either at 6°C or -20°C (Kong et al. 2010). 

Before spores were used for analysis, aliquots of 1ml were washed three times by 

centrifuging at 13,000 x g for two minutes. The top 995ul supernatant was removed and then 

the pellet was re-suspended in sterile 0.2µm filtered phosphate buffer (100mM, pH 7.4). 

 

5.2.2 Analysis of DPA release from spores 

The method for detecting DPA release is detailed in Chapter 2. Briefly, the total 

amount of DPA is calculated by boiling the spores for 90 minutes, to ensure the entire DPA 

deposit is released. The amount of DPA released from the samples which undergo treatment 

are therefore reported as percentages of the total (Setlow et al. 2003). Spores were at a 

density of between 5 x 108 and 1x 109 cfu/ml (OD600 between 1 and 2) to ensure a large 

enough pellet was formed to enable easier removal of the supernatant. The top 0.5ml of the 

supernatant was removed and pipetted into UV transparent plastic disposable cuvettes 

(Sarstedt, Germany). The optical density of the supernatant was then measured at 270nm 

(OD270), the wavelength at which DPA absorbs, using a UV-Vis spectrophotometer Cary 50, 

(Varian Inc, USA) equipped with CaryWin UV Kinetics software to analyse the data. The 

alignment was checked prior to measuring to ensure the cuvette was correctly positioned. 

Absorbance was then measured every 0.5 seconds for 15 seconds. 

The DPA release from spores was measured following immersion in water or PBS 

(50mM) at different HCl concentrations (see Table 5.2). The water simulated an extreme 

case where no food was present but some HCl secretion took place (this occurs due to 

stimulation of appetite). The variable concentration of HCl in PBS simulates the intake of 

feed, which causes a reduction in HCl concentration due to the increase in the volume of 

liquid in the stomach. The concentration of the PBS was altered to ensure the correct range 

of pH values and the corresponding HCl concentration was met. PBS also serves the purpose 

of mimicking the buffering capacity expected from food (Cranwell et al. 1976). The 
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experiments were carried out at 37°C in a rotating incubator set to 200rpm and treatment 

time was 1 hour. 

Determining the magnitude of DPA release following an extreme acid treatment 

The first experimental work into DPA release was designed to ensure that the DPA 

release seen was indeed due to the effect of the acid or the proton action on DPA release, 

rather than just the impact of the temperature (37°C). The aim was to find the maximum 

DPA release expected due to HCl only (i.e. an environment with little to no buffering 

capacity). To do this, a 1ml sample of spores (1 x 109spores/ml) in pure water, kept at 37°C 

in a rotating incubator set to 200rpm was analysed. This was compared with spores subject 

to a harsh acid treatment (100mM) in water, where again, 1ml of a spore stock (1 x 

109spores/ml) was pipetted into 1.5ml sterile microtubes and were centrifuged at 14,000rpm 

for two minutes to pellet. The supernatant was removed and replaced with water then a 

second centrifugation step was undertaken, the top 600µl was removed and replaced with 

500µl water and 100µl of 1M HCl (resulting pH0.8) and incubated for one hour at 37°C. 

Each treatment and control was performed in triplicate.  

 Following incubation, the samples were centrifuged again and the supernatants were 

retained in UV transparent cuvettes (Sarstedt, UK) for DPA release analysis by UV 

spectroscopy.  
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5.2.3 DPA release and viability of spores following different HCl treatments 

The aim of the next set of experiments was to determine the levels of DPA following 

exposure to different concentrations of HCl. Again, all experiments were performed in 

triplicate and two runs were undertaken. A 1ml aliquot of spore stock (of ~1 x 109 

spores/ml) was pipetted into a 1.5ml sterile microtube. These were centrifuged at 10,000 x g 

for two minutes to pellet, the supernatant was removed and replaced with 1ml PBS, then a 

second centrifugation step was undertaken, the top 800µl was removed and replaced with the 

following amounts of water, PBS and HCl to make up the treatments described in Table 5.2 

shown below in Table 5.3 

Table 5.3 Amount of PBS, water and HCl added to spores for each acid treatment 

Sample code PBS (µl) HCl (1M) µl Water (µl) pH 

1 0 100 700 0.8 

2 500 100 200 1.4 

3 500 55 245 2.8 

4 500 45 255 3.6 

5 500 (pH4.8) 0 300 4.8 

6 670 40 90 4.0 

 

The samples were incubated at 37°C in a rotating incubator set to 200rpm for one hour to 

mimic the movement of fluids in the stomach. After this incubation period, the samples were 

removed from the incubator and 100µl was taken for plating viability assessment. 

 Samples were then centrifuged again and the supernatants were retained in UV 

transparent cuvettes (Sarstedt, UK) for DPA release analysis. 

 

Germinant treatment 

The following germinants were used in the study: ʟ-alanine (10mM), ᴅ-Glucose 

(5mM), ᴅ-Fructose (1mM) and KCl (24mM) (GFK) (All Sigma-Aldrich, UK). These were 
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made up at 20x strength so they could be diluted to the correct level in the samples. Where 

germinants were added, the volume of supernatant removed was 850µl from each sample to 

ensure similarities between the samples without germinants. The amounts re-added are 

shown below in Table 5.4. 

Table 5.4 Amount of PBS, water and HCl added to spores for each acid treatment 

Sample code PBS (µl) HCl (1M) µl 
Germinants 

mixture (µl) 
Water (µl) pH 

7 500 100 50 200 1.4 

8 500 55 50 245 2.8 

9 500 45 50 255 3.6 

10 500 (pH4.8) 0 50 300 4.8 

11 670 40 50 90 4.0 

 

Viability assessments 

To assess the viability of the samples after treatment the Miles and Misra method for 

plating was undertaken (Miles et al. 1938). Plates of LB agar were used (12g/L agar with 

25g/L LB broth). Briefly, the LB agar plates were dried thoroughly before plating, and then 

divided into six segments. Each segment was used for one serial dilution ranging from 101 to 

106. Following the one hour incubation period detailed in Section 5.2.3, the 100µl taken 

from each sample was pipetted into a sterile test tube containing 900µl PBS. Six serial 

dilutions were systematically carried out to a final 10-6 dilution. A 20µl droplet of each serial 

dilution was placed in each segment with the respective dilution and left for an hour to dry. 

Plates were inverted and incubated at 37°C for 24 hours and all samples were performed in 

triplicate. 

Counts were taken from the segments which showed between 8 and 80 colonies. 

Segments with counts outside this range were designated either too numerous to count or too 

low to be significant. 



156 
 

Plating was implemented to provide an insight into the total lethal effect of the 

treatments. By using this information in combination with the DPA release, an equation was 

derived through which the lethality mechanism could be inferred. Hence, the data could be 

used to test the initial hypothesis of whether germination induced death takes place or a 

direct sporicidal impact is seen. The equation is presented below in Equation 5.1. 

Equation 5.1 Lethality mechanism formula to determine lethality mechanism. 

 

% 𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = �
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
� ×  100 

 

5.2.4 Cell Sorting 

To verify the results obtained via FCM, cell sorting was deemed necessary to 

validate the denoted viability. Unfortunately, the FACSCalibur at Northumbria University 

was not equipped with this function; however an EPICS Coulter Elite cell sorter was 

available at Bedford Technology Park under the guidance of Dr. Gerhard Nebe-von-Caron. 

The cells and spores were sorted based on their forward scatter (FSC) and fluorescent 

staining properties, and the set up was as described by Nebe-von-Caron et al. (1998).  

A sample of dormant spores was immersed in a variety of conditions that would 

trigger germination, or cause a decline in viability.  

In a few cases, the raw data from the FCM, known as listmode files were corrupt 

and as such these could only be analysed using the WinMDI software as opposed to the 

VenturiOne software 

To accurately see how well the culturability matched up with the region 

assignments, the following treatments were applied: 

• Unstained cells (in PBS 100mM pH 7.4)  

• Cells stained with Syto 16 only. 
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• Dormant spores immersed in LB (pH 6.5) for 30 minutes and double stained 

(three replicates) 

• Spores immersed in LB broth for 30 minutes, then treated with 55mM HCl for 1 

hour (pH 2.7) 

• Spores immersed in LB broth to initiate germination, then shocked with 55mM 

HCl for 30 seconds (pH 2.7) 

 

5.3 Results 

5.3.1 Determining the magnitude of DPA release following an extreme acid 

treatment 

To investigate the magnitude of DPA release as a result of the acid stimulus in the 

gastric environment an extreme acid treatment (100mM) was selected in pure water. As 

described in Section 5.2.2, to delineate the level of DPA release influenced by the acid 

treatment alone, a control sample of spores in pure water at 37°C for 60 minutes was 

included to determine the magnitude of DPA release due to exposure to this temperature. 

This was done because germination is known to occur at 37°C therefore it was necessary to 

ascertain that DPA release was linked to the gastric conditions and not just a product of the 

temperature. This is shown below in Figure 5.1. The OD270 was measured in triplicate, and 

the results were pooled for each treatment to get the average OD values. 
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Figure 5.1 %DPA release of spore samples. Plain: showing the sample heated at 96°C for 90 minutes, 

Shaded: showing the sample treated with 0.1M HCl (pH 0.8) at 37°C for 1 hour in water, Dotted: 

Dashed: spores kept at 37°C in dd H2O for one hour. Error bars showing the 95% CI where n=3. 

 

The control only released 2% of the total DPA possible, whereas the acid treatment caused 

significantly more germination to occur with 28% germination. By combining this 

information with the DPA release from the control, it emphasises that the temperature 

(37°C) was not a factor in the germination, suggesting that acid was responsible for 26% 

DPA loss. The results obtained were highly consistent as illustrated by the bars denoting the 

95% confidence interval. Based on the analysis mentioned earlier in Section 5.1.1, given the 

60 minutes duration and the fact that high hydrogen concentrations are known to induce 

germination it is reasonable to ascribe the observed DPA release to germination. Due to the 

severity of the conditions we could assume that all germinated spores will subsequently lose 

their viability.  

It could be concluded that when germination is caused from a high proton 

concentration the germination induced mechanism could explain up to a maximum of 26% 
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reduction in ingested probiotic spores. This clear cut experiment suggests that even in the 

most hostile gastric conditions, 26% DPA release would be the maximum expected. 

5.3.2  DPA release and viability of spores following different Hydrochloric 

acid treatment 

To assess the viability of spores under different pH and HCl concentrations, plating 

was carried out on each sample and the percentage decline in viability was calculated. The 

results are illustrated in Figure 5.2. 

 

1 2 3 4 5 6 7 8 9 10 11 

pH 0.8 
100mM 
HCl  
in water  

pH 1.4 
100mM 
HCl  

pH 2.8 
55mM 
HCl 

pH 3.6 
45mM 
HCl  

 pH 4.8 
(PBS 
only) 

pH 4.0 
40mM 
HCl  

pH 1.4 
100mM  
HCl  
&  
AGFK 

pH 2.8 
55mM  
HCl 
& 
AGFK  

pH 3.6 
45 mM 
HCl  
& 
AGFK  

pH 4.8 
(PBS 
only) 
&  
AGFK 

pH 4.0  
40mM  
HCl   
& 
AGFK  

 

Figure 5.2 shows the percentage decrease in viability of spores subject to the conditions described in 

the table below. Spotted bar        indicates spores in water, empty bars         indicate spores in PBS 

only and shaded bars       show spores in PBS with germinants. Error bars represent the 95% CI where 

n=6. 
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As would be expected, as the pH increases and the HCl content decreases, the perceived 

decline in viability is much reduced. For the HCl in water (sample 1), at pH 0.8 the large 

decline in viability (87%) is significantly higher than any other sample. This is particularly 

noticeable when comparing samples 1 and 2, which both contain the same amount of HCl 

(100mM), but the presence of a buffer in sample 2 means the decline in count is significantly 

lower at 42%. This signifies the impact of the buffering capacity since the lack of buffer in 

this sample means the spores are exposed to more H+ protons, so damage to the inner 

membrane is more likely. In sample 2, where the pH is 1.4, the decline is 42% which is 

statistically similar to the decline in counts seen in sample 3 at pH 2.3 where a 43% 

reduction in counts is observed. The decline in counts is significantly lower again in samples 

4, 5 and 6 corresponding to pH 3.6, 4.8 and 4. It is interesting that even in sample 5 (pH 4.8 

no HCl) the decline in counts is still 25%, since the environment is not as hostile in this case.  

When germinants are used there are three levels of reduction in counts. At pH1.4 

(sample 7) the decline in viability is 56%, when the pH increases to 2.8 the decrease is 

significantly lower at 42%. The decline in counts decrease significantly further in samples 9, 

10 and 11, to 28, 20 and 19% respectively, with no statistically significant difference in the 

decrease of viability seen in these samples. 

With the exception of samples 2 and 7, when looking at the comparable results for 

the samples without germinants compared to the samples with germinants, there was no 

statistically significant difference in spore count observed. Only at pH 1.4, (samples 2 and 7) 

did the addition of germinants cause a significant decline in counts by 14% more than the 

non-germinant sample as can be seen from the non-overlapping bars representing the 95% 

confidence interval.  

Therefore, the addition of germinants does not tend to increase the death toll by a 

significant amount apart from at pH1.4, assuming that the plate counts are indicative of 

viability. 
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Based on the results from this experiment and the corresponding DPA release, the level of 

germination induced death was calculated. This was done using the lethality mechanism 

formula, presented in Equation 5.1. 

Figure 5.3 shows the percentage of spore death attributed to the two postulated 

lethality inducing mechanisms i.e. direct sporicidal and germination induced mechanisms. 

The coding is the same as that used in the table in Figure 5.2 

 

Figure 5.3 The percentage attributed to direct sporicidal effects is the total lethality minus the percent 

germination. Sporicidal effect implies the amount of death without release of DPA. Error bars 

represent the 95% CI where n=6. Sample codes as per Figure 5.2. 

When no germinants are present there is no significant DPA release from pH 2.8 and above 

(samples 3-6) (p>0.05). The only contribution can be seen at pH 0.8 and 1.4 where an 

increase of the sporicidal activity from pH 0.8 to 1.4 corresponds to a significant decrease in 

DPA release (from 24% to 8% actual DPA release). 

 In the presence of germinants, at pH 1.4 (sample 7) 26% of the total death toll is 

attributed to germination, and at pH 2.8, 3.6 and 4.8 the germination induced death is 

significantly less than at pH 1.4 but still contributes to 9, 10 and 14% of the total perceived 

decline in counts. 
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The addition of germinants caused an increased contribution ascribed to germination 

induced death at pH 2.8, 3.6 and 4.8 (samples 8, 9, and 10). From this perspective, inclusion 

of germinants increases germination induced death. It may not drive spore death but it is still 

a mechanism that may be notable. This means that the germinants do influence the levels of 

DPA release from the spores despite the presence of HCl. In particular, a statistically 

significant increase in DPA release was seen at pH 4.8 (noted when comparing sample 5 and 

10) where the addition of germinants caused 12% more DPA release (p<0.05), similarly at 

pH 1.4 (comparing samples 2 and 7) DPA release was 12% greater in the presence of 

germinants. 

 

To explore the impact of HCl further, FCM analysis on HCl treated spores was 

carried out with cell sorting to look at the culturability in relation to the Syto 16 and PI 

staining properties. 
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5.3.3 Cell sorting 

Cell sorting on B. subtilis cells grown in LB broth 

A sort of cells grown overnight at 37°C in LB broth without being exposed to any 

lethality inducing acid treatments was undertaken, to check the recovery rate from the cell 

sorter. The cells were run through the FCM and then regions to be sorted were drawn and 

selected. Following region selection, the cells were sorted onto an LB agar plate. Sorting 

was organised so that there are columns from A to F and rows from 1 to 10 and each point 

(i.e. A2) is referred to as a well. The petri dish was separated into two halves and the sorting 

was mirrored on each side. For each well, the number of droplets could be altered so that 

recovery rates could be estimated. For regions where no anticipated cells were expected 

because they were branded debris a very high droplet number was used. In Figure 5.4 a) the 

strategy was to use a very high droplet number in column A and a varied droplet number in 

column B to determine whether any growth was likely in an area typically assigned as 

debris. In columns C to F the regions sorted were anticipated to have a high viability, 

therefore single droplets were sorted onto each well so an accurate recovery rate could be 

obtained. The results of this sorted plate are summarised in Table 5.5. 

In Figure 5.4 a, the forward scatter (FSC) vs side scatter (SSC) profile of cells 

grown in LB broth overnight is displayed. In Figure 5.4 b the sorted plate of the same cells 

grown in LB broth is shown with a notional grid created showing the location of the 

columns and rows.  
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Figure 5.4 Cells grown in LB broth, then re-suspended in PBS a) FCM profile of side scatter (SSC) vs 

forward scatter (FSC) where five sub-populations are apparent on the density plot. Region A (red): 

cell doublets in chains, Region B (green): single cells, Region C (blue): cell doublets (width ways), 

Region D (orange): single cells, width ways, Region E (turquoise): debris. b) FACS sorted LB agar 

plate, in columns A and B) Region E (turquoise) is sorted at rates of 1, 3, 10, 30 and 50 droplets per 

well. Cell regions (A-D) in columns C-F sorted at one drop per well.  n=1 

  

010 110 210 310 410
100

101

102

103

104

 

 


[Ungated]

A: 25.26%

B: 27.01%

C: 11.98%

D: 3.94%

E: 9.00%

 A B C D E F 

1 0 3 1 1 1 1 

2 50 3 1 1 1 1 

3 50 30 1 1 1 1 

4 50 10 1 1 1 1 

5 50 3 1 1 1 1 

6 50 1 1 1 1 1 

7 50 30 1 1 1 1 

8 50 10 1 1 1 1 

9 50 3 1 1 1 1 

10 0 1 1 1 1 1 

Side scatter 

Fo
rw

ar
d 

sc
at

te
r 

a) 

b) 



165 
 

The percentage recovery rates have been tabulated and presented below in Table 5.5, which 

are based on the number of droplets sorted and the subsequent colony formed. Hence the 

viability is a function of the number of droplets per well. 

Table 5.5 Estimated recovery from sorted plate. Parameter description according to sorted plate 

columns and FCM regions in Figure 5.4. Recovery rates are a function of number of drops per well. 

Column FCM Region Physiology 
Recovery 

(droplets) 
% Recovery 

A E Debris/ ‘noise’ 3/800 ≥0.4% 

B E Debris/ ‘noise’ 0/194 0 

C B Single cells 15/20 75% 

D D Single cells, width ways 14/20 70% 

E A Cells doublets/chains 11/20 55% 

F C Cells doublets, width ways 8/20 40% 

 

Primarily there was absolutely no growth in the column B since out of 194 droplets not a 

single colony was formed. When droplet numbers were increased to 800 (column A) three 

wells displayed colonies. Despite the fact that one cannot be certain whether the wells which 

displayed colony formation arose from just one bacteria, since we know that only three wells 

had growth and the 13 other wells (with 50 droplets) did not give rise to any colony 

formation, strongly implies that the recovery from this region was indeed close to just 0.4%. 

Based on this, one can assert the belief that region E does not hold any significant numbers 

of bacteria. As can be seen from Table 5.5 the first sorted plate illustrates that the maximum 

recovery of untreated cells from a cell sorter is around 75%. This can be stated with a good 

level of accuracy since single droplets were sorted for the viable regions. 
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Cell sorting on Syto 16 stained cells 

In Figure 5.6, cells stained with Syto 16 alone were sorted. The aim of this was to 

see whether Syto 16 had any noticeable effect on the viability of the cell.  

 

Figure 5.5 FCM profiles for live cells stained with, the Syto 16 only. Density plots created using 

WinMDI software. a) FL1 vs Forward scatter (FSC), Region L: small Syto positive particles, Region 

U: Outgrown spores, Region W: Germinating spores, Region X: Phase dark spores, or possibly spore 

aggregates, Region AH: dormant spores. b) FL3 vs FSC, region O: outgrown dead spores or dead 

cells, region S: germinating spores, Region Y: dead cells. n=1 
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Figure 5.6 Sorted plate of cells grown in LB broth overnight and stained with Syto 16 (only) 

The purpose of this sorted plate in Figure 5.6 was to check that the Syto 16 didn’t cause any 

decline in the viable count itself. The recovery rates are described below in Table 5.6 

Table 5.6 Estimated recovery from sorted plate. Parameter descriptions are based on the sorted plate 

columns and FCM regions. Recovery rates are a function of number of drops per well. n=1 

Column 
FCM 

Region 
Physiology Recovery  

% 

Recovery 

A L Stained debris 0/88 drops 0% 

B X Single germinating spores 16/20 wells ≤80% 

C AH Germinating spores (doublets) 17/20 wells ≤85% 

D U 
Live cells (Strong green fluorescence 

indicating chains/doublets) 
20/20 wells ≤100% 

E W Single live cells 18/20 wells ≤90% 

F O Dead cells (PI positive) 3/20 wells ≤3% 

 

 A B C D E F 

1 0 1 1 1 1 1 

2 30 30 30 30 30 30 

3 10 10 10 10 10 10 

4 3 3 3 3 3 3 

5 1 1 1 1 1 1 

6 30 30 30 30 30 30 

7 10 10 10 10 10 10 

8 3 3 3 3 3 3 

9 1 1 1 1 1 1 

10 0 1 1 1 1 1 
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Given the recovery rates (maximum 80%) it can be agreed that the Syto 16 will not have an 

effect on the recovery of the cells as single sorted unstained cells showed a recovery of 55% 

to 70%. Interestingly there still appears to be some PI positive cells in this sample. This may 

be due to carry over from previous samples as this cell sort was performed last. 

Cell sorting on germinated spores 

A sort was performed on germinated spores, which were stained with both Syto 16 and PI. 

The aim of this was to check whether the staining procedure had any effect on viability and 

recovery from the cell sorter. In Figure 5.7 the FCM profile containing the sorted regions is 

presented and the sorted plate in. Figure 5.8 The further two sorted plates are displayed in 

Appendix 3. 
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Figure 5.7 Representative FCM output on density plots created using VenturiOne software. a) FCM 

profiles for sorted plate 2 of side scatter SSC vs forward scatter FSC. Region D: all spores, Region J: 

Large particles (possibly germinating spores), Region N: small spores, Region M: small spores, 

region V: debris. b) FCM profiles for sorted plate 3. FL1 vs FSC, region L: small green particles, 

region E: Dormant spores, region U: large bright green particles, region W: germinating spores, 

Region X: germinating spores. c) FL3 vs FSC, region O: very small red particles, Region S: main 

cells/spores region. n=3. 
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 A B C D E F 

1 0 50 1 1 1 1 

2 50 30 1 1 1 1 

3 50 10 1 1 1 1 

4 50 3 1 1 1 1 

5 50 1 1 1 1 1 

6 50 1 1 1 1 1 

7 50 3 1 1 1 1 

8 50 10 1 1 1 1 

9 50 30 1 1 1 1 

10 0 50 1 1 1 1 

 

Figure 5.8 Representative sorted plate of spores immersed in LB broth, then re-suspended in PBS and 

stained with Syto 16 and PI. Region V (Figure 5.7a) in columns A and B: debris, sorted at rates of 1, 

3, 10, 30 and 50 droplets per well shown in the grid. Cell and spores regions D, J, M, N from Figure 

5.7a in columns C-F sorted at one drop per well. Representative sorted plate where n=3. 
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The cell sorting results were tabulated and presented below in Table 5.7. The remaining 

regions were sorted onto plates presented in Appendix 5. Percentage recovery rates are based 

on either the number of droplets sorted and the subsequent colonies formed, or the number 

of wells in which colonies are present. 

Table 5.7 Estimated recovery from sorted plate. Parameter description according to sorted plate 

columns and FCM regions. Recovery rates are a function of number of drops per well. n=3. 

Region Physiology Colony count 
%age 

recovery 
Mean SD %CV 

N Small single cells 16/20 drops 80% N/A N/A N/A 
M Small particles 14/20 drops 60% N/A N/A N/A 
J Large cells 16/20 drops 80% N/A N/A N/A 
V Debris/ ‘noise’ 1/994 drops 0.1% 0.1 N/A N/A 

D All cell/spores 51/52 wells ≤95% 98 2.89 2.94 

O Small red fluorescent particles 0/388 drops 0% 0 0.00 0.00 
L Small green fluorescent events 0/194 drops 0% N/A N/A N/A 

U 
Live cells (Strong green 
fluorescence) 

19/20 wells ≤95% 95 0.00 0.00 

W 
Germinating spores (Mid green 
fluorescence) 

38/40 wells ≤100% 95 7.07 7.44 

X 
Germinating spores (phase dark) 
low green fluorescence 

39/40 wells ≤95% 98 3.54 3.63 

E Dormant spores 17/20 wells ≤85% N/A N/A N/A 

 

In Figure 5.7 a, the regions were assigned so that a homogenous spore population could be 

observed which is incorporated in region D. The larger events in this region could be 

analysed by sorting the events in region J. The slight overlap between these regions was to 

highlight any culturability difference in the slightly higher FSC and SSC signals generated. 

Similarly, region N was sorted so that the events with lower SSC and FSC could be 

determined.  

The sort of Region O and L (Figure 5.7 b and c) illustrates that the region with very 

low FSC i.e. very small particles but with high red and green staining, is not a viable 

organism based on the recovery rate of 0. This means that this region may be nucleic debris, 
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or it could possibly indicate that Syto 16 and PI have a slightly lipophilic nature, meaning 

they are binding to phospholipid membrane of the cells. 

Figure 5.7 c illustrates the progression in Syto staining intensity as the stages of 

germination occur. As would be expected, the further the spores progress through the stages 

of germination, the more Syto 16 they take up. Another key aspect noted in the FCM 

profiles is that after the spores become phase dark (region X) their Forward scatter intensity 

decreases temporarily, followed by an increase in FSC signal once the cells are outgrown. 

This subtle difference in FSC signals are not apparent on the FACSCalibur due to the fact 

that the laser intensity cannot be altered on this machine, whereas with the EPICS Coulter 

Elite, the intensity of the laser can be adjusted so that more subtle changes can be detected. 
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Cell sorting on acid treated spores 

Given that the recovery rates based on the staining profiles appeared to be in good 

accord with what was expected, a few HCl treatments were applied to the spores. In Figure 

5.10 spores were in LB broth for 30 minutes, then in 55mM HCl for one hour (pH 2.6). 

  

Figure 5.9 FCM profiles for spores immersed in LB broth for 30 minutes, then treated with 55mM 

HCl for one hour. Density plots created using VenturiOne software. a) Side scatter (SSC) vs forward 

scatter (FSC), Region F (green): all spores. b) FL1 vs FSC, region G (blule): small green particles, 

region I (turquoise): germinating spores. c) FL3 vs FSC, region H (orange): very small red particles, 

Region J (pink): main spore region, K (purple): germinated dead spores. n=1 
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Figure 5.10 Spores immersed in LB broth for 30 minutes, than treated with 55mM HCl for 1 hour. 

Re-suspended in PBS and stained with Syto 16 and PI. All sorted at rates of 1, 3, 10, and 30 droplets 

per well. n=1. 

The recovery rate appears far lower following the HCl treatment. The FCM profiles 

highlight that a large proportion (28%) of the population is now PI positive (region K in 

Figure 5.9 c). The recovery rates are presented below in Table 5.8. 

Table 5.8 Estimated recovery from sorted plate. Parameter descriptions are based on the sorted plate 

columns and FCM regions. Recovery rates are a function of number of drops per well. n=1. 

Column 
FCM 

Region 
Physiology Recovery 

% 

Recovery 

A F All cell/spores 10/16 wells ≤63% 

B H Very small red particles 0/194 drops 0% 

C J Dormant spores 13/20 wells ≤65% 

D K Dead germinating spores 0/90 drops 0% 

E G Small green fluorescent particles 0/90 drops 0% 

F I Germinating spores green fluorescence 5/20 wells ≤25% 

 A B C D E F 

1 0 1 1 1 1 1 

2 30 30 30 30 30 30 

3 10 10 10 10 10 10 

4 3 3 3 3 3 3 

5 1 1 1 1 1 1 

6 30 30 30 30 30 30 

7 10 10 10 10 10 10 

8 3 3 3 3 3 3 

9 1 1 1 1 1 1 

10 0 1 1 1 1 1 
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Cell sorting on acid shocked spores 

In the example shown below, dormant spores were placed in LB broth for 30 

minutes at 37°C to initiate germination. Following this, 55mM HCl was added to the 

mixture and vortexed for 30 seconds. By performing this HCl ‘shock’ it was hoped that a 

sample containing dormant spores, germinating spores and dead germinated spores would be 

present. The results from this are presented below in Figure 5.11 and the sorted plate in 

Figure 5.12. 

 

 

Figure 5.11 FCM profiles for sorted plate 4. Density plots created using VenturiOne software. a) Side 

scatter (SSC) vs forward scatter (FSC), Region F (green): all spores. b) FL3 vs FSC, region H 

(orange) very small red particles, Region J (pink): main spore region, K (purple): germinated dead 

spores. c) FL1 vs FSC, region G (blue): small green particles, region I (turquoise): germinating spores 

(phase dark). Region L (pale blue): germinating spores and Region M (lilac): outgrown spores and 

cells. 
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Figure 5.12 Spores immersed in LB broth to initiate germination, then shocked with 55mM HCl. a) 

Plated double stained spores, germinated in LB broth then shocked with 55mM HCl for 30 seconds at 

room temperature (analysed in PBS). Sorted at rates of 1, 3, 10 and 30 

 

To better understand how the FCM profiles link with the recovery rates, a description of the 

staining profiles and their likely viability and physiological characteristics are detailed in 

Table 5.9. 

  

 A B C D E F 

1 0 1 1 1 1 1 

2 30 30 30 30 30 30 

3 10 10 10 10 10 10 

4 3 3 3 3 3 3 

5 1 1 1 1 1 1 

6 30 30 30 30 30 30 

7 10 10 10 10 10 10 

8 3 3 3 3 3 3 

9 1 1 1 1 1 1 

10 0 1 1 1 1 1 
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Table 5.9 Description of region assignments in relation to their staining profile. 

Row Region Staining pattern and assigned state Recovery 

A F 

Region of cells and spores based on their FSC and SSC 

signals only. As no staining is visualised in this plot, the 

region will contain both living and dead organisms. 

70% 

B K 

High PI staining, indicating the spores in this region have a 

hydrated core, which the stain has been able to enter and 

bind with DNA to fluoresce. This is likely to represent the 

population that has been killed by the HCl ‘shock’ therefore 

most bacteria in this section will be non-viable. 

1.6% 

C J 

Dormant spores, based on their low PI staining and high 

FSC signal. A good recovery rate is anticipated in this 

region since the PI has not permeated the core. 

85% 

D M 
Very high Syto 16 staining but unknown PI levels. The high 

staining indicates these are outgrown spores. 
65% 

E L 

Medium Syto 16 staining likely show that these are 

germinating spores, e.g. spores which have had their core 

fully hydrated. 

100% 

F I 

Low Syto 16 staining indicates these are spores which have 

just recently underwent spore core hydration, meaning some 

Syto 16 has managed to penetrate the core, but not in large 

amounts. Spores at this stage in germination are most likely 

to be phase dark under a phase contrast microscope, though 

this hasn’t been proven. Recovery for this region should be 

quite high 

80% 
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The plating data clearly supports the assigned regions, where the area with high PI staining 

has less than 1.6% recovery and the regions which are stained with Syto 16 show >65 to 

100% recovery. 

Due to time limitations, it was not possible to perform more replicates or controls on 

these samples, however the sorted plates show that the regions assigned based on the 

staining properties correlate well with the culturability of the organisms. Following these 

trials, the next stage in the project was to assess the effect of simulated gastric conditions on 

spores.  

5.4 Discussion 

5.4.1 DPA release studies 

In this chapter the experimental findings on DPA release show significant plate 

count decline but very little DPA release over the 60 minutes set time in some cases, while 

no DPA release is observed in others. 

The percentage germination induced death for spores immersed in 100mM HCl in 

water for one hour was 27% (Figure 5.3). This corresponded to an 87% decline in count 

shown in sample 1 of Figure 5.2 Following the theory put forward, this would imply that 

27% of spores are killed via germination induced death and their DPA is thus released. For 

the spores immersed in PBS with no germinants (samples 2-6 in Figure 5.2), at pH levels 

above 2.8 very little  release of DPA was observed, characterised by an OD270 as being the 

same as those in a control sample of dormant spores kept at 4°C. On the basis of these 

results, only at very low pH (<2.8) does DPA release occur in PBS.  

In the presence of germinants (samples 7-11), the amount of DPA release reaches a 

maximum of 25%, however the total lethality in this sample is still far higher at 56%. This 

would imply that even in the presence of germinants, the majority of spores are killed 

without germinating or releasing any of their DPA.  
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When comparing the spores immersed in PBS and those immersed in PBS with 

germinants, the DPA release is higher in the presence of germinants. For example, since 

samples 2 (pH 1.4) and 7 are comparable, the DPA release is 12% higher in the sample with 

germinants present. Likewise, samples 3 (pH 2.8), 4 (pH 3.6) and 5 (pH 4.8) are comparable 

to 8, 9 and 10, which all have levels of germination above 9%, compared to <2% 

germination in the absence of germinants.  

In general, the ʟ-Alanine- GFK mixture appeared to be relatively ineffective at 

inducing germination, which was unusual given that Yi and Setlow (2010) reported high 

levels of germination (50% release of DPA) after 56 minutes in spores supplied with 10mM 

each of AGFK (ʟ-asparagine and GFK). Though it was noted that this was far slower than 

when the spores were germinated with ʟ-valine, which took only 14 minutes for spores to 

release their DPA depot. However this germination rate was reported in a medium without 

any acid content, thus it could be that the spores have a function whereby the acid in the 

environment is detected and therefore the spores do not commit to germination. Since it is 

widely acknowledged that spore germination occurs in favourable conditions, this theory 

could certainly be worthy of further investigation. Indeed it has been shown that pressure 

induced germination is inhibited at low pH (<5)(Wuytack and Michiels 2001), therefore it 

may be possible that nutrient germination is inhibited at low pH also. 

The reduction of viable counts comes at conditions with unexpectedly low lethality 

power for bacterial spores, for example treatment 5 (pH 4.8) causes a reduction of 25% 

viability on dormant spores. This was unexpected as B. cereus spores immersed in a 

simulated gastric media at pH 5 for one hour have previously been shown to have no change 

in viable counts (Clavel et al. 2004). With regards to the effects of HCl, dormant spores have 

previously been shown to suffer a 90% loss in viability following 500mM HCl for 1 hour (at 

24°C) (Setlow et al. 2002) likewise, a study where spores of B. cereus were subject to 0.2N 

(200mM) HCl indicated that after an hour less than 10% of high silicate spores remained 

viable, and only 1% of spores with a low silicon content remained viable, although silicon in 
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the B. subtilis spore coat is presumed absent (Hirota et al. 2010). This difference does draw 

attention to the impact that various compounds may have on spore resistance, or more 

specifically how certain compounds may confer greater acidic resistance to the spore. In the 

study by Hirota et al. (2010) it is noted that ‘strong mineral acids rupture Bacillus spores by 

breaking down spore permeability barriers’ hence anything that may improve the robustness 

of the spore layers would be likely to increase acid resistance.  

In addition, one also observes conditions (sample 3 vs 8 at pH 2.8 with 55mM HCl 

in Figure 5.3) where the addition of germinants leads to an increased DPA release but the 

observed viable counts reduction is not altered (Figure 5.2). At this point, it is necessary to 

question if the reduction of counts illustrate genuine lethality or whether another mechanism 

exerts an influence on the outcome of viable plate counts.  

For a number of conditions, for example the decline in plate counts for samples 3 

(pH 2.8, 55mM HCl) and 4, (pH 3.6, 45mM HCl) of 43 and 22% respectively, occurred 

without any release of DPA for the first 60 minutes (Figure 5.2 and 5.3). This finding is in 

agreement with observations recently reported by Setlow et al. (2013) where plate count 

data indicated 93-97% spore death but very little DPA release was recorded in the first 60 

minutes.  Setlow et al. (2013) shows that damaged spores release their DPA in a linear 

fashion as opposed to when they are germinating, where an  exponential release is observed. 

This means DPA release occurs very rapidly with germinating spores, but relatively slowly 

when spores are damaged. Indeed, when spores are germinated, close to 100% of their DPA 

is released within 45 minutes, whereas when spores are killed with H2O2, less than 10% of 

their total DPA is released in 45 minutes, and even after 150 minutes, only 60% of the total 

DPA was released (Setlow et al. 2013). This was postulated to be caused by damage to one 

or several spore germination proteins.  

Tanghe et al. (2006) supports this theory, suggesting that damage to spore channel 

proteins involved in the bulk intake of water would inhibit the release of DPA. This influx of 
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water is essential as in the spore core, DPA (Figure 5.13) is chelated with Ca2+ sometimes in 

equal proportions forming Ca-DPA. This molecule forms 10% of the total spore dry weight 

(Leuschner and Lillford 1999). Huang et al. (2007) carefully studied the amount of Ca-DPA 

present in the spore core and found that the concentration of Ca-DPA in the core to be 

between 800mM to 1M. Since the solubility of DPA is far below this value, at 100mM, in 

the spore core the DPA will be insoluble, especially when one considers that the spore core 

is between 30 to 50% hydrated (De Vries 2004). 

 

Figure 5.13 Structure of DPA from Yardimci and Setlow (2010) 

 

This means that when DPA is released from the spore core, it needs to be extensively 

hydrated before it can exit. This hydration is largely accomplished by germinants binding to 

germinant receptors (Moir 2003), though such a rapid release of DPA, as seen in 

physiologically germinating spores, would require a very fast hydration. Such a rapid 

hydration would necessitate bulk water transport. This is only possible via the activation of 

aquaporins. These are known water channel forming proteins found in animals and more 

recently found in plant membranes. It has recently been suggested that Bacillus may have 

aquaporins, and indeed a possible sequence coding for an aquaporin related protein has 

recently been sequenced (Deng and Sun 2011). Whilst the existence of aquaporins remains 

under dispute, Setlow (2003) has shown that a CaDPA channel composed of SpoVA protein 

exists, supported by van Melis et al. (2011a) who have shown that sorbic acid can interfere 
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with the Ca-DPA channels. These are positioned in the spores inner membrane and outer 

membrane in numbers of 6000-8000 molecules per spore. It is known that these proteins are 

hydrophilic, though no detailed information on their mode of operation is known (Setlow 

2013).  

In summary, the data presented in Figure 5.2 and 5.3 could be ascribed to: 

a) a direct sporicidal impact of the conditions to which the spores are exposed 

b) a very slow release of DPA caused by damage to the inner spore membrane 

proteins  

c) the decline in counts is skewed by aggregation, and the actual decline in 

viability is much lower.  

Given the fairly mild nature of treatments investigated in this chapter option a seems 

the least likely. Option b may have more weight, which would mean the DPA release 

percentage noted in Figure 5.3 only corresponded to the DPA release from the germinated 

spores as the limited 60 minute time frame would not provide enough time for the DPA to be 

released from the damaged spores. In short, the influence seen is down to the kinetics of 

DPA release from the spore and the data obtained in this experiment, could indicate that 

DPA release from the killed spores has not been completed.  

Alternatively, option c also seems very plausible, that the perceived declines in plate 

counts are actually reflecting the increased levels of aggregation.  

Importantly, the results shown do verify that germination induced death is a 

possibility in the gastric environment, and if aggregation is considered then the actual 

percentage of germination induced death could be far higher. Furthermore, the extent spore 

death in the gastric environment portrayed in the literature could be far less owing to the 

oversight of aggregation. In light of the aggregation phenomena there is more reason to 

believe that a germination induced mechanism is what causes the reduction in counts, rather 

than damage induced death. For example, if the actual reduction in viability was 50% less, it 
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would follow that the effect of germination induced mechanism was twice as high. This 

phenomenon is much more likely to have a profound impact when the pH is very low (<2.6). 

From the experimental conditions investigated here, the data does not support the 

hypothesis that a significant loss of bacterial viability is caused by germination induced 

mechanisms. However, the data does clearly show that germination induced death 

mechanism does exist and would occur in the gastric environment. Such a mechanism could 

well contribute to the significant decreases in spore counts mentioned in the literature by 

Leser et al. (2008) though would not fully explain the extreme loss in viable counts.  

5.4.2 Cell sorting  

The cell sorting results are very promising, when comparing with the expected 

recovery rates of each region. Most prominently is the PI stained areas correlate with little to 

no recovery in any of the sorted plates. The maximum recovery is 3% (Figure 5.6) meaning 

that that PI can denote cell death with at least 97% accuracy. This result is similar to a study 

by Nebe-von-Caron et al. (1998) where PI positive stained Salmonella typhimurium were 

single sorted onto nutrient agar plates and showed no colony formation. 

Another key outcome from the cell sorting is the fact that the regions denoted as 

‘noise’ and debris, showed a maximum of 0.4% recovery (Figure 5.4). These results are very 

encouraging as it strongly suggests that the cell and spore regions are clearly defined based 

on their higher SSC and FSC signals, and smaller particles, even those which have stained, 

do not grow when sorted onto agar plates. This is shown by the sorting of region O, a PI 

positive region with a very low FSC signal, in Figure 9.11 c where no recovery was seen, 

and region G, a Syto 16 positive region with a very low FSC signal,  in Figure 5.9 b. This 

indicates that FSC alone is a good detector of cells and spores. 

Sorting of Bacillus cereus has been carried out by Want et al. (2011) using either a 

combination of DioC6(3) and PI or RedoxSensor Green (an indicator of bacterial reductase 

activity) and PI, with successful results, however, this was performed on an asporulating 
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strain, therefore only vegetative cells were analysed in this work. This is the first time B. 

subtilis spores have been sorted based on their Syto 16 and PI staining profiles. As such, it 

appears that there is a good accordance between the staining profile region assignments and 

their recovery rates on agar. 
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6 Chapter Six: In vitro modelling of Pig stomach conditions 

6.1 Introduction 

Given that the region assignments were verified by cell sorting, the next stage in the 

research was to explore the effect of acid on spores in more depth. This was investigated as a 

basic means of determining spore behaviour in the gastric environment. It was hoped that 

through this experimental work, an understanding of the cause behind the reduction in spore 

count would be obtained.  

6.1.1 In vitro conditions 

Whilst studying the spores in vivo would be desirable, the use of an in vitro model, 

designed to mimic conditions seen in pigs is a clear alternative, without the need for killing 

or harming animals (Löwgren et al. 1989). In this study, spores of B. subtilis were subject to 

various acidic treatments designed as a simple means of mimicking the effects of the pig 

stomach (see Table 6.1). These treatments were derived from those reported in the literature 

(Cranwell et al. 1976; Löwgren et al. 1989; Ange et al. 2000; Mößeler et al. 2010). 
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Table 6.1 Composition of simulated gastric challenge to spores of B. subtilis 

 Heat activation pH HCl (mM) Medium Temp Time 

Dormant 
N 

1.9 100 

LB
 b

ro
th

 

37°C 
 

60
 a

nd
 1

20
 m

in
ut

es
 

Y 

Pre-germinated 
N 

Y 

Dormant 
N 

2.6 55 
Y 

Pre-germinated 
N 

Y 

Dormant 
N 

3.4 40 
Y 

Pre-germinated 
N 

Y 
 

The reasoning behind assessing the impact of different acid concentrations and pH was due 

to the fact that pig gastric conditions will vary considerably as mentioned previously in 

Chapter 5.  

By measuring the effect of these conditions on both dormant and pre-germinated 

spores the impact of different dosing methods could be predicted. Probiotic spores, whilst 

commercially available may be administered to pigs by mixing with pig feed and left 

throughout the day for pigs to be fed ad libitum. Problems arise from dosing the pigs in this 

manner, since the spores will inevitably be exposed to an uncontrolled environment. It is 

highly probable that the pigs themselves will transfer water from their water bottles to the 

feeding trough and the weather conditions (rain, humidity) could cause water to enter into 

the feeding area. Similarly during storage, it would be very difficult to keep the feed and 

spores dry, again due to the uncontrolled environment. An increase in the water activity (aw) 

of the feed and spore mixture is therefore very likely. Since it has been previously shown 

that aw as low as 0.5 can initiate germination of B. subtilis spores (depending on the 

environment) with typical aw values around 0.7 to 0.8 causing germination (Marshall et al. 
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1963; Hagen et al. 1967) it would be very likely that at least part of the feed mix would 

contain areas with aw at this level or higher. As such, by comparing the pre-germinated 

spores with the dormant spores, the impact of this pre-germination step could be explored. If 

this factor is shown to have a significant impact on viability, it could at least partially 

explain why probiotics do not always seem to have a beneficial effect on animals, as shown 

in a trial exploring the effect of Calsporin (a B. subtilis spore preparation), 3 out of 4 trials 

were shown to increase final body, daily weight gain and improve the feed to gain ratio, 

however in one trial consisting of 336 pigs, no significant effect was seen with the dosing of 

B. subtilis spores on any of these parameters (EFSA 2010b). 

6.1.2 Heat activation 

A common treatment administered to dormant spores noted in the literature is a wet 

heat activation to encourage germination. Optimal parameters for heat treatment will be both 

strain and medium dependent and for B. subtilis a range of treatments are reported. Yi and 

Setlow (2010) and Luu and Setlow (2014) report that a sample of spores with an OD600 of 20 

should be heat activated for 30 minutes at 75°C. Others have treated for 30 minutes at 70°C 

(Cowan et al. 2003; Zhang et al. 2011a) while Leuschner and Lillford (1999) employed a 

heat activation of 10 minutes at 65°C. Conversely, Paidhungat et al. (2002) noted that heat 

activation is not required for B. subtilis to achieve high levels of germination. In reality, an 

equivalent level of thermal energy may be delivered to the spores during spray drying, which 

is a key process for production of probiotics on an industrial scale. 

As such, it was deemed necessary to explore the effect of heat activation, given that 

in Chapter 5 it became clear that germination induced lethality in the GIT could be 

significant. To investigate the effect of pre-germination, heat activation and HCl 

concentration on the viability and the physiology of probiotic spores, both conventional and 

novel methodologies were used. Culture of bacteria on solid media was undertaken since 

this is the gold-standard methodology commonly used to assess bacterial viability, but 

alongside this, FCM was also implemented. The benefit of using FCM analysis in this study 
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was that the physiological state of the spores could be analysed and equally importantly, the 

total counts (i.e. both viable and non-viable) of spores could be determined. This is of 

importance should one consider the possibility of aggregation within the system, as plating 

relies on the assumption that one bacterium will produce one colony, whereas in reality, this 

may not be the case.  

6.1.3 Aims and objectives 

• To explore the viability of both dormant and germinating spores subject to 40, 55 

and 100mM HCl 

• Keep track of total cell and spore numbers following exposure to each treatment 

condition via FCM 

6.2 Materials and Methods 

6.2.1 FCM settings 

The FCM model used in these studies is the BD FACSCalibur, equipped with a 15 

mW, 488 nm air-cooled argon ion laser. BD CellQuest Pro software was used for setting and 

acquiring data.  

All sample analysis was collected using the cytometer ‘low’ setting, with data 

acquisition set to 20,000 events or 300 seconds. Two data acquisitions were performed, once 

using the FSC trigger with threshold set to 190 an a second acquisition using the Side Scatter 

(SSC 390). The E01 voltage setting was selected for the Forward Scatter (FSC) channel. The 

Photomultiplier detector (PMT) voltage settings for each of the three fluorescent detector 

channels used in the studies were: a.) Green Fluorescent channel 1 (FL1) 595, b.) Red 

Fluorescent channel 2 (FL2) 634 and c.) Far Red Fluorescent Channel 3 (FL3) 683. Under 

these settings, unstained cells were kept in the first decade of the FL1 versus FL3 density 

plots. Compensation settings were FL2 to FL1 30.6% and FL3-FL2 12.7%. These were 

checked monthly using single stained cells and spores. The ‘low’ flow rate setting was 

selected corresponding with a flow of 12μL/min (Picot et al. 2012). 
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6.2.2 FCM Enumeration 

The FCM settings used for the trials were the same as those in 6.2.1 

For each sample, 10µl of spore stock (spores generated according to Section 5.2.1) 

was placed in 440µl of filtered PBS containing 1.5µM Syto 16 and 48µM PI. 20µl of 

Spherotech beads were added (1x107beads/ml). 

Enumeration was achieved by using 20µl of Spherotech Beads in each sample. The 

counts/ml were then calculated using the following equation from Khan et al. (2010): 

Equation 6.1 Conversion of FCM events into counts/ml using counting beads 

 

𝑛𝑛𝑛𝑛. 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑛𝑛𝑛𝑛. 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

×
𝑛𝑛𝑛𝑛. 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏/𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

× 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

 

Results from the FCM were analysed first through FSC vs SSC plots to give us bead counts 

and total cell and spore counts. These data were then transferred to FL1 vs FL3 density plots 

to see each sub-population. To compare the FCM with plating results the counts of cells and 

spores in the dormant and viable regions were added together to get a total viable count. 

These were then compared with plate counts which can only show viable counts. 

 

Treatments with HCl were undertaken as described in Table 6.1, based on 

representative values reported across the literature. The samples were analysed 60 and 120 

minutes after exposure to the LB/HCl mix. For each HCl concentration, a heat activated 

(HA) (70°C for 30 minutes) and a non-heat activated (NHA) sample were compared. For 

each concentration of HCl used, there were two experimental set-ups.  

a) Dormant spores: In the first set-up 200µl of dormant spore stock (ca. 2 x 108 

spores/ml) was added directly to 800µl of the HCl/LB mixture in a microtube. These 

were vortexed for 15s, 10µl removed and added to a microtube containing the FCM 

staining mixture (as described at the beginning of Section 6.2.2) and another 100µl 

was pipetted into a tube containing 900µl PBS for plating.  
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b) Pre-germinated spores: The alternative experimental set-up involved a pre-

germination step, where 200µl of dormant spore stock were placed in LB broth for 

30 minutes at 37°C and following this, the appropriate amount of HCl was added to 

initiate the experiment (time 0), vortexed for 15s and then 10µl removed and added 

to a microtube containing the FCM staining mixture (see first paragraph Section 

6.2.2) and another 100µl was pipetted into a tube containing 900µl PBS ready for 

plating.  

As soon as the time 0 samples had been taken, the microtubes were placed in a beaker and 

into a rotating incubator set to 37°C at 200rpm. Further samples were taken at 60 and 120 

minutes. The pre-germination step was designed to initiate a significant amount of 

germination without outgrowth. The previous work in Chapter 5 has revealed that spores 

very quickly germinate in LB broth, indicated by the Syto 16 uptake, whereas the outgrowth 

process is not initiated till much later (Pelczar et al. 2007; Pandey et al. 2013). 

6.2.3 Plating 

As described in Chapter 5, to assess the viability of the samples after treatment the 

Miles and Misra method for plating was undertaken (Miles et al. 1938). Plates of LB agar 

were used (12g/L agar with 25g/L LB broth) which were dried thoroughly before plating, 

and were divided into six segments. Each segment was used for one serial dilution ranging 

from 10-1 to 10-6. A 20µl droplet was placed in each segment with the respective dilution and 

left for an hour to dry. Plates were inverted and incubated at 37°C for 24 hours. 

Counts were taken from the segments which showed between 8 and 80 colonies. 

Segments with counts outside this range were deemed either too numerous to count or too 

low to be significant. 

6.2.4 Viability of spores in simulated gastric conditions 

For simplicity, LB broth was used to simulate a liquid meal (such as milk), due to its 

high nutrient content. This system was put in place since probiotics are mixed with feed 
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prior to be given to pigs. Briefly, the spores were immersed in LB broth with different 

amounts of HCl at 37°C and analysed after 60 minutes and 120 minutes. These time 

intervals were selected based on the fact that stomach half emptying time for a liquid meal is 

30 minutes (Anderson et al. 2002). Spores were heat activated (HA) at 70°C for 30 minutes 

prior to experimentation, and compared with non-heat activated spores (NHA). 

 

6.2.5 Statistics 

The experiments were performed in triplicate, and the 95% confidence intervals 

(95% CI) were calculated in Excel, using an alpha of 0.05. Bacterial counts were converted 

via a log10 transformation.  

 

6.3 Results 

6.3.1 FCM output from acid treated spores 

To calculate the viability of spores based on their FCM profiles, it was necessary to 

determine the regions corresponding to viable spores and cells compared to the non-viable 

spores and cells. Since the cell sorting undertaken in Chapter 5 has shown that the staining 

profiles correspond well with recovery rates, the regions denoted as viable could be 

confidently denoted as presented below in Figure 6.1, which depicts a typical example. 
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Figure 6.1 a) FSC vs SSC density plot of heat activated spores immersed in 55mM HCl for two hours, 

Region B denotes the cell and spore population. b) FL1 vs FL3 density plot gated on region B. Region 

C (orange) Dormant spores, Region D (turquoise) germinating spores, Region E (pink) outgrown 

spores/live cells, Region F (Burgundy) Dead cells and dead spores and Region G, double stained cells 

and/or cell doublets. 

In the example given above, regions C, D and E would correspond to viable regions, and 

region B would yield the total counts. Since Region G would contain viable and non- viable 

events, 50% of the events in this region could be added to the other viable counts to obtain 

the total viable counts. Though in all samples, the events in this region were quite low so this 

will not have a drastic impact on viable counts. 

6.3.2 Effect of 40mM HCl on spores in LB broth 

  Spores were immersed in LB broth with 40mM HCl for up to two hours, and 

analysed at 0, 60 and 120 minutes (Figure 6.2). Samples were analysed using FCM and 

plating. FCM viable counts were calculated by adding the events which did not stain, such as 

those seen in region C in Figure 6.1 b. (dormant spores) and events that stained with Syto 16 

(germinating spores and cells) corresponding to region C and D in Figure 6.1 b. PI stained 

events were not classed as viable, since their recovery rates were shown to be very low. 

These were therefore not included in the viable count. In Figure 6.3, the spores were 

immersed in the same concentration of HCl (40mM) though for this experiment, the spores 
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were pre-germinated by immersion in LB broth at 37°C for 30 minutes prior to the addition 

of acid. The results for the plating and FCM counts are presented on the next page. 

 

 

 

 

 

 

 

Figure 6.3 40mM HCl on pre-germinated spores, showing log 10 transformed a) plating counts and b) 

viable FCM counts. Error bars represent the 95% CI where n=3. Shaded bars refer to heat activated 

(HA) spores and white bars denote the non-heat activated (NHA) spores. 
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Figure 6.2 40mM HCl on dormant spores of B. subtilis, showing log (10) transformed data a) plating 

and b) viable FCM counts. Error bars represent the 95% CI where n=3. Shaded bars refer to heat 

activated (HA) spores and white bars denote the non-heat activated (NHA) spores. 
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The plating results show that for the non-heat activated (NHA) samples, at 40mM HCl 

(pH3.4), there was no statistically significant decline (p>0.05) in viability seen for dormant 

spores (Figure 6.2 a) and for the HA spores, there was actually a statistically significant 

increase (p<0.0.5) in viable spore count after 120 minutes from time 0.  

Similarly the FCM data indicates that the HA activated spores also increased in 

count, though this increase was within the statistical error (p>0.05). For the NHA spores in 

both intervals measured (60 and 120 minutes) a trend of reduction in viablity, however only 

at 60 minutes is a statistically significant difference between the starting count observed 

(p<0.05). 

It is unusual that in this experiment there was no impact seen on viability via 

plating, whereas in Chapter 5, where the impact of viability was assessed at pH 4 in PBS 

(50mM) (Figure 5.3) there was a 25% decline in viability. This would indicate that the 

different medium the spores are immersed in has a clear impact on viability, perhaps 

showing that the LB broth increases spore survival.  

In Figure 6.3 b the FCM data shows there is a statistically significant decline seen in 

the NHA pre-germinated spores by FCM of 74 and 68% after one and two hours 

respectively (p<0.05). Similarly, a significant difference is seen in viability via plating 

Figure 6.3 a after two hours at 40mM HCl, illustrated by the non-overlapping 95% CI bars. 

No statistically significant differences (p<0.05) were observed in the case of HA 

pre-germinated spore counts via either method. 
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6.3.3 Effect of 55mM HCl on spores in LB broth 

Figure 6.4 shows spores exposed to 55mM HCl in LB broth (pH 2.7). The dormant spores 

were immersed in LB broth with the HCl already present and Figure 6.5 shows pre-

germinated spores exposed to 55mM HCl in LB broth.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 55mM HCl on pre-germinated spores, showing log (10) transformed viable counts by 

plating (a) and FCM (b). Error bars represent the 95% CI, where n=3. Shaded bars refer to heat 

activated (HA) spores and white bars denote the non-heat activated (NHA) 
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Figure 6.4 55mM HCl (pH 2.6) on dormant spores, showing log (10) transformed viable counts by 

plating (a) and by FCM (b). Error bars represent the 95% CI, where n=3. Shaded bars refer to heat 

activated (HA) spores and white bars denote the non-heat activated (NHA) spores. 
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There is a statistically significant decline in counts seen for each treatment condition on 

dormant spores according to the FCM analysis (Figure 6.4 b). For the NHA samples this 

decline reaching a level between 52-60% over the duration of two hours. The decline in 

viability for the HA samples is slightly greater, from 67 to 75% over the two hours.  

By contrast, the plating data (Figure 6.4.a) shows very little impact on dormant 

spore viable counts. There is a small decline in counts for the HA samples, however this 

decline does not fall outside the statistical error.  

When the spores are pre-germinated, the effect of 55mM HCl is far more severe, 

with a statistically significant loss in viable counts seen in all cases via FCM reaching a 90% 

decline (p<0.05) after two hours for NHA spores and 86% decline (p<0.05) for the HA 

spores (Figure 6.5 b).  

A significant decline of 51% (p<0.05) is seen via plate counts for the HA samples 

after two hours (Figure 6.5 a). The decline in plate counts is greater when there is no heat 

activation (NHA), where the average viable count decreases significantly by 59% (p<0.05) 

after two hours. 
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6.3.4 Effect of 100mM HCl on spores in LB broth 

Figure 6.6 shows dormant spores exposed to 100mM HCl in acidified LB broth (pH 1.9) and 

Figure 6.7 shows pre-germinated spores exposed to 100mM HCl in LB broth.  

 

 

Figure 6.6 100mM HCl on dormant spores, showing log 10 transformed viable counts by plating (a) and FCM 

(b). Error bars represent the 95% CI, where n=3. Shaded bars refer to heat activated (HA) spores and white bars 

denote the non-heat activated (NHA) spores. 

 

 

 

Figure 6.7  100mM HCl on pre-germinated spores, showing log 10 transformed viable counts by 

plating (a) and FCM (b). Error bars represent the 95% CI, where n=3. Shaded bars refer to heat 

activated (HA) spores and white bars denote the non-heat activated (NHA) spores 
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No statistically significant differences were revealed on viable plate counts for NHA 

dormant spores. Although a downwards trend was suggested from the corresponding plating 

data after two hours. FCM on the other hand, illustrates a significant decline (p<0.05) for the 

NHA dormant spores of 39 to 55% loss in viable counts after one and two hours respectively 

(Figure 6.6. b). 

The HA dormant spores do significantly decline in plate count by 40% (p<0.05) 

after two hours (Figure 6.6.a). However, no statistically significant differences (p>0.05) 

were revealed in the FCM obtained viable counts for HA dormant spores. HA dormant spore 

counts do still fall by 23% after two hours based on the FCM data (Figure 6.6 b). 

For germinating spores (Figure 6.7), there is a clear significant decline (p<0.05) in 

viability shown through both methods. For the FCM counts (Figure 6.7 b) this decline is 

greater than 90% reduction in all conditions. The plating data shows the decrease (p<0.05) in 

viability ranges from 58% for HA germinated spores after one hour, up to 75% in NHA 

germinated spores after two hours. 

6.3.5 Assessment of total counts 

One main advantage of FCM analysis is that the entire population can be monitored 

and counted. Accordingly, the total counts in the system were checked, by using the number 

of events from Region A of the beads (Figure 6.8.a.) and the number of events found in the 

total population from region B in Figure 6.8.b. in the example given below. The numbers of 

events in each region were input into Equation 6.1 as described in Section 6.2.2 to generate 

the total counts/ml. 
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Figure 6.8 a) FL3 vs FL4 density plot for HA sample subject to 40mM HCl for 60 minutes, region A 

is drawn around the bead population b) Gated FSC vs SSC density plot using equation NOT A to 

remove beads. Region B denotes the cell and spore population. 

These percentage reductions in total count are presented on the following page in Figure 6.9. 
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Figure 6.9 Percentage of total count for each sample in relation to the total count at time 0 for NHA 

spores. Error bars represent the 95% CI. a) Shows the dormant spores and b) the pre-germinated 

spores. 

The total counts for the NHA dormant spores at time 0, were attributed to 100% of the total 

count, however it should be noted that this is an arbitrary denotation and it is very likely that 

this first count will also reflect a level of aggregation inherent in the samples. Therefore it is 

only possible to observe the relative decline from this point. 
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Comparing the total count values at time zero for NHA and HA for either dormant spores 

(Figure 6.9 a) or pre-germinated spores (Figure 6.9 b) it is evident that NHA counts are 

systematically higher than HA counts, thus it can be concluded that during heat activation 

the spore samples suffered aggregation. This is based on the fact that at time 0, there is no 

treatment given to the spores, other than the heat activation, which should not cause a 

decline in viability since spore purities are 95%, and all spores have been previously treated 

with 50% EtOH to kill off remaining vegetative cells. The data clearly show a significant 

decline (p<0.05) for all the time 0 HA samples except the dormant 40 and 55mM treated 

samples where there is still a decline though it does not fall outside the statistical error 

(p>0.05).  

For all dormant samples (Figure 6.9 a), maximum total counts are achieved at time 

zero with total counts at 120 minutes to be the lowest or similar to the respective 60 minute 

counts within the statistical error. Interestingly FCM data reveals a similar pattern between 

the total count change (Figure 6.9 a) and the viability change (Figure 6.2 b, Figure 6.4 b, & 

Figure 6.6 b) suggesting a proportion of the perceived decline in total counts may be due to 

aggregation. 

At 40mM HCl treatment, the NHA dormant spore total count undergoes a 

statistically significant reduction by 24 and 26% after 60 and 120 minutes (p<0.05). The HA 

dormant spores subject to 40mM HCl do not suffer a statistically significant reduction in 

counts (p>0.05) illustrated by the overlapping error bars in Figure 6.9 a. 

For NHA dormant spores immersed in 55mM HCl the decline in total counts do not 

fall outside the statistical error (p>0.05). For the HA dormant spores the decline in counts 

does fall by a statistically significant amount (p<0.05) with a 51% decline in total count 

reached after 60 minutes (Figure 6.9 a). 

 The decline in total counts is statistically significant for NHA dormant spores at 

100mM HCl treatment (p<0.05). Interestingly the observed decline in viable counts (Figure 
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6.6 b) is only 10-20% lower than the percentage decline in total counts. It could be 

confirmed that the actual loss in viability is at least equal to the difference between the total 

count decline and the viable decline i.e the minimum decline in viability is 10 and 20% but 

could be as high as 39-55% (Figure 6.6 b).  

Similar to the dormant spores, for all pre-germinated samples (Figure 6.9 b), 

maximum total counts are achieved at time zero with total counts at 120 minutes to be 

lowest or similar to the respective 60 minute counts within the statistical error. Interestingly 

again, a similar pattern between the total count change (Figure 6.9b) and the FCM viability 

change (Figure 6.3b, Figure 6.5b, & Figure 6.7 b) is becoming apparent, suggesting a 

proportion of the perceived decline in total counts may be due to aggregation. Comparing 

the total counts between dormant spores (Figure 6.9 a) and pre-germinated spores (Figure 

6.9 b) at similar in vitro conditions a greater total count decline is evident for pre-germinated 

spores.  

For the NHA pre-germinated spores at 40mM the decline in perceived viable counts 

closely matches the decline in total count, with a maximum difference of 21% for the sample 

after 120 minutes (Figure 6.3 b and Figure 6.9 b).  The decline in HA pre-germinated total 

spore counts and total decline in viable counts are more similar, with a maximum difference 

in viable decline to total decline of 10% after 120 minutes.  

Similarly, at 55mM HCl (Figure 6.5 b and Figure 6.9 b), the decline in total count 

corresponds closely with the decline in viability with a maximum of 22% difference between 

these counts after 120 minutes for the NHA pre-germinated samples but only 11% difference 

in the HA pre-germinated spores. 

This trend continues to 100mM, where the decline in total counts was 28 to 69% but 

the decline in viability according to FCM was >90% (Figure 6.7 b and Figure 6.9 b). This 

may indicate that a minimum decline in viability was 23% (seen after two hours for the HA 

sample) by calculating the difference between the decline in total counts with the decline in 
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viable counts. Though the difference in total counts to viable was as much as 65% after one 

hour for the HA pre-germinated spores, indicating a much higher minimum death toll. 

6.3.6 Assessing FCM sub-populations 

Due to the phenomenon of aggregation, it is not possible to assess the decline in 

counts via cfu/ml alone as one cannot be sure about the absolute number of non-viable cells 

following exposure to each studied condition. The FCM event collection approach registers 

one aggregate as one event, despite this particle potentially containing hundreds of spores. 

The size of these aggregates can be estimated via FCM by using size calibration beads and 

their FSC signal, which is largely related to particle size. Size calibration beads are 

represented below in Figure 6.10. 

 

  

 

 

 

 

 

 

Using this example of size beads illustrates roughly where a particle of a particular size 

would lie on the FSC scale under the E01 setting. For example the beads of 4µm in diameter 

and greater fall beyond the 103 point on the FSC scale, implying that particles of 4µm and 

above would have a signal in the 103-104 decade. 

A B C 

D 

Figure 6.10 FCM output for size calibration beads on a single parameter histogram of Forward scatter 

(FSC) vs number of events. Region A: 1µm beads, Region B: 2µm beads, Region C: 4 µm beads, and 

Region D 6µm beads. (Displayed using WinMDI software). 



204 
 

 

Figure 6.11 FCM analysis of a NHA sample of dormant spores subject to 55mM HCl for 120 minutes 

a) Gated FSC vs SSC density plot using equation NOT A to remove beads. Region B denotes the cell 

and spore population. b) Single parameter histogram of FSC vs number of events where Region L 

incorporates particles of ≤1 µm, Region M approximately 2 µm, and Region N particles greater than 

4µm.  

On the forward scatter scale it appears that the impact of the larger particles is not always 

very profound, given the small percentage of events in this region. However the profound 

effect comes from the fact that depending on the aggregate size, one registered event could 

contain from a few tens up to a few hundred spores, therefore the effect of aggregation will 

have a minute effect on the viability profile in terms of percentages. To gain a rough idea of 

how many spores may be lost in these aggregates the assumption could be made that an 

aggregate has a spherical shape (this is only an approximation, aggregates will not be 

perfectly spherical) and then based on the volume of a sphere the number of spores in an 

aggregate of a particular diameter could be estimated using the volume of a sphere, i.e. 

3

3
4 rV π=  

It is known that a spore has a diameter of ca. 0.5 µm, therefore by calculating the volume of 

a spheroid aggregate and dividing this by the estimated volume of a spore, the number of 

spores per aggregate could be estimated. This is displayed below in Table 6.2. A spore will 
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have a more ellipsoid shape therefore the volume of a single spore would be better 

calculated using a cylindrical model: 

hrV 2π=  

The spore dimensions could be approximated to 0.5 x 1µm therefore the volume of one 

spore would be 0.2µm3 

Table 6.2 Particle volume analysis based on particle diameter 

Particle size 
height (µm) 

Particle size 
diameter (µm) 

Volume (µm3) 
Estimated number of 

spores 

1 0.5 0.2 1 

 
1 0.5 2-3 

 
2 4.2 21 

 
4 33.5 171 

 
6 113.1 576 

 

As stated in Section 6.2.1, event collection was set to 10,000, which would mean that even if 

just 1% of the total events registered had a FSC signal greater than the 103 mark, this would 

mean that 100 events were particles with a diameter greater than 4µm. Given that an 

aggregate of 4µm diameter would contain approximately 171 spores based on a spherical 

model (Table 6.2), it could be estimated that between 17,100 and 57,600 spores could be in 

this 1% of total events collected. 

However, the death toll can still be quantified by assessing the FCM sub-

populations, since PI has been shown to be a good indicator of loss of viability, and the 

aggregates themselves only form a small percentage of the total events collected. Thus the 

percentage change in PI positive events will mainly reflect the non-aggregating spores as the 

larger events constitute less than 5% of the total events (Figure 6.11 b) meaning the non-

viable cells and spores could be denoted as a percent of the FCM events registered following 
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exposure to each studied condition. This information, although semi-quantitative still allows 

one to infer the level of lethality imparted on the cell population as a result of the 

investigated condition. Conditions that impart lethality should have a high percentage of 

events that take up PI. Therefore the difference between the % PI positive events between 

the starting time and the end time of a treatment could a reasonable, albeit semi-quantitative, 

measure of the lethality inducing potential of the treatment under the studied duration.  An 

example of this PI uptake is shown on the FCM plots in Figure 6.12. 

 

Figure 6.12 Representative FCM analysis of pre-germinated spores immersed in 55mM HCl in LB 

broth displayed on FL1 vs FL3 density plot at a) time 0 and b) 120 minutes. Region C: dormant 

spores, Region D: Germinating spores, Region E: Live cells and outgrown spores, Region F: Dead 

spores and cells, Region G: Cell doublets. 

In this typical example, the change in profiles following the addition of HCl is demonstrated 

through the high percentage of events in the dormant spore region C at time 0 (74%) with 

only 14% of the events populating the ‘Dead’ region F. After 120 minutes, the percent 

events in this region reaches 56% and the percentage events in the dormant region is reduced 

to 33%. Using the percentage events from region F, Figure 6.13 was constructed to show the 

percentage increase of events in this region for all samples. 
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Figure 6.13 Percentage increase in PI positive events of a) dormant spores immersed in 40, 55 and 

100mM HCl in LB broth and b) Pre-germinated spores immersed in 40, 55 and 100mM HCl. Error 

bars represent the 95% CI where n=3. 

A comparison between the percentage increase in PI positive events between the dormant 

and pre-germinated spores shows a significantly higher lethality when spores are germinated 

in each case (p<0.05). The effect of pre-germination is particularly relevant at 40mM HCl, 

which has little to no effect on the viability of HA dormant spores, but which causes a 28 

and 32% increase in PI positive events on HA pre-germinating spores.  
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The NHA dormant spores subject to 40mM HCl increase in percentage of PI positive events 

after 60 minutes is statistically significant (p<0.05) though after 120 minutes the percentage 

PI positive events do not fall outside the statistical norm (p>0.05). The HA dormant spores 

show no statistically significant change in PI positive events (p>0.05).  

By contrast, the NHA pre-germinated spores show a 27 and 30% increase in PI 

positive events over 60 and 120 minutes and similarly the HA pre-germinated spores percent 

PI positive events increase by 24 and 28% over 60 and 120 minutes all of which are 

statistically significant (p<0.05). 

The NHA dormant spores subject to 55mM HCl undergo a statically significant 

increase in percentage PI positive events of 15 and 22% after 60 and 120 minutes 

respectively (p<0.05). The HA dormant spores show a similar trend with a statistically 

significant increase in the percentage PI positive events of 18 and 24% after 60 and 120 

minutes (p<0.05). 

The NHA pre-germinated spores subject to 55mM HCl show a 33 and 45% increase 

in PI positive events over 60 and 120 minutes and similarly the HA pre-germinated spores 

percent PI positive events increase by 25 and 33% over 60 and 120 minutes again these 

percentage increases are all statistically significant (p<0.05). 

NHA dormant spores subject to 100mM HCl undergo a statistically significant 

increase in the percentage PI positive events of 8 and 18% over 60 and 120 minutes 

(p<0.05). The HA dormant spores show a similar trend with a statistically significant 

increase in the percentage PI positive events of 9 and 12% after 60 and 120 minutes 

(p<0.05).  

Whilst the NHA pre-germinated spores treated with 100mM HCl had a very high 

decline in viability according to FCM (>90%) PI positive percentages still significantly 

increase by 32% after 60 minutes (p<0.05). Similarly, the HA pre-germinated spores 
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percentage PI positive events significantly increased by 22 and 24% over 60 and 120 

minutes (p<0.05). 

 

6.4 Conclusion 

6.4.1 Comparison of methodologies 

Whilst plating has long been considered a suitable method for determining the levels 

of viability in different samples, it remains a very limited tool. This is due to the fact that 

only the reduction in colony forming ability can be quantified from the starting point. On the 

other hand, the insights possible through FCM can enable a much more detailed picture to be 

seen. For example, given the results from Section 6.3.2 to 6.3.4 the plating and FCM 

viability counts alone would imply large death tolls. However, by harnessing the potential of 

FCM to monitor the total counts in a given sample, the resulting decline in total numbers 

were noticed which then led to the deeper analysis of the data generated thus far. It was only 

by implementing the FCM methodology that this issue was highlighted, leading to an 

investigation into what other phenomena could be driving the total decline in count. 

6.4.2 Effect of simulated feeding and gastric conditions on spores 

The most significant effect seen throughout these studies is that of pre-germination. 

Where spores remain dormant, the impact on viability is systematically less than the 

equivalent conditions when spores are pre-germinated. Though the initial FCM viability 

analysis using counts/ml would indicate that spores which have been pre-germinated can 

suffer up to greater than a 1 log reduction in count following one hour exposure to 100mM 

HCl in LB broth (Figure 6.7 b) with the additional experimental insights generated in this 

research, it cannot be soundly concluded that the reduction in germinating spore counts it is 

more likely that a 45% reduction would be the largest decline seen (Figure 6.13 b). 

Interestingly the significant increase in PI positive events for pre-germinated spores exposed 

to 40mM HCl emphasises the fact that pre-germination can make spores susceptible to even 
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weakly acidic environments (Figure 6.13). This compliments previous studies on B. cereus 

where dormant spores remain fairly resistant to acidified media (J broth) at up to pH 1.5 for 

one hour, whereas cells of B. cereus can incur up to a 3 log reduction in counts at pH 3.5 in 

the same time (Clavel et al. 2004). With this data, it becomes apparent that ingested pre-

germinating spores would be likely to suffer a significant death toll if consumed by a pig. 

For example, if spores are mixed with pig feed and left there during the day, any moisture 

that would enter this mixture would be very likely to initiate the germination process, as 

discussed in Section 6.1. Should the germinating spores then be ingested by the pig, the now 

susceptible germinating spores would likely be killed upon entry to the stomach. This is due 

to the fact that the spore will very quickly become hydrated in the first stages of 

germination, therefore losing most of its resistance to external stresses.  

However the reduction in viable counts do not match the reduction in viable counts 

seen in Chapter 5 (Figure 5.2), where a much sharper decline in viable counts has been seen 

in all conditions, including conditions where lethality would not be anticipated. Previous 

studies have shown that 2.5% HCl (692mM) is sufficient to inactivate B. anthracis spores on 

hides and skins (Block 2001) whereas 500mM HCl treatment for 50 minutes (at 24°C) 

resulted in >90% B. subtilis spore killing according to Setlow et al. (2002). As mentioned in 

Chapter 5, an hours exposure to 0.2N HCl resulted in 90% death of B. cereus spores (with 

high silicon content) (Hirota et al. 2010). Interestingly there is little other data available on 

the effect of HCl on B. subtilis spores. 

6.4.3 Assessment of total counts 

It appears that the decline in viable counts is not solely related to the viability of the 

spores. Via the FCM total counts it was noted that the total counts were declining, as shown 

in Figure 6.9.  

However, given that spores cannot escape from the FCM tubing, one of the most 

logical explanations for this would be that aggregation was occurring. It follows that the 
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perceived reduction in viable counts via plating or FCM is caused by not just genuine 

lethality mechanisms but is also driven by aggregation, as the decline in total counts 

frequently matches the decline in viable counts in measurements. Based on these findings, to 

assess the lethality inducing effect of GIT conditions it might be necessary to first 

disentangle the possible contribution of aggregation on skewing the viable counts of the 

samples analysed.  

A simple means to determine the level of aggregation in these samples, is to add a 

surfactant to these mixtures prior to analysis. The results of such trials are detailed in 

Chapter 7. 

6.4.4 FCM sub-population analysis 

Although the presence of aggregates means assessing viability via cfu/ml is 

unreliable, the level of cell and spore death can still be inferred using FCM PI staining. The 

results from Figure 6.13 show there is a significantly higher level of PI positive events 

following acid treatment in all cases except 40mM HCl on dormant spores. This implies all 

other treatments cause a significant level of lethality. This analysis also highlights the 

statistically significant increase in dead spores and cells when spores are allowed to pre-

germinate. The increase in PI positive events confirms that this is not just due to a decline in 

total counts, but is indeed a significant loss in viability. 
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7 Investigating the impact of aggregation on B. subtilis viability 

enumeration  

7.1  Introduction 

As has been heavily implied in the results seen in Chapter 6, total cell and spore 

numbers appear to fall in more acidic conditions. Aggregation often occurs in bacterial 

populations as a result of the physicochemical and biological parameters within the system. 

The bacteria can either be in the vegetative or spore form and it is important to note that in 

the dormant spore form the physicochemical aspects will be the dominating factor whereas 

for vegetative cells, the mechanisms behind adhesion will be different owing to the larger 

impact of the biological interactions. 

 

7.1.1  Bacterial aggregation and intermolecular forces 

Attachment of bacteria, either between themselves or to surfaces, irrespective of 

their physiological state, is considered to be a surface-driven phenomenon. Hence this is 

conventionally interpreted using the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. 

Bos et al. (1999) has claimed that the main forces at work causing aggregation are Lifshitz-

van der Waals, acid-base (permanent dipole-permanent dipole) and electrostatic interactions. 

All other specific and localised molecular interactions are linked to one or more of these 

three forces. To a lesser extent, (and for non-motile bacteria) Brownian motion will also play 

a role in levels of adhesion and aggregation, however in microbial systems this is believed to 

have a small impact (Marshall et al. 1971; Bos et al. 1999) though in systems where 

profound environmental changes take place, such as strong thermal treatments e.g. 

pasteurization, sterilization or a drastic increase in pressure e.g. high pressure processing etc. 

Brownian motion could significantly contribute to aggregation. 

To be able to predict the level of aggregation expected in a system one can follow a 

variety of different parameters. These are detailed in the paragraphs below. 
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7.1.1.1 Electrostatic forces and Zeta potential 

Zeta potential, or electrokinetic potential, is the electric potential of the interfacial area 

between the bacterial surface and the aqueous environment. The electrostatic charge is a 

function of the total net charge across the bacterial cell or spore surface and is influenced 

primarily by the electrostatic forces and secondary by the ionic strength (Wilson et al. 2001). 

Spore charge is due to the fact that the spore coat surface is proteinaceous, and a protein will 

have an overall charge depending on the medium it is in, or more specifically, the spore coat 

protein structure is anticipated to have a charge as a function of the pH (McKenney et al. 

2013). As a result of its proteinaceous nature, the spore coat will harbour polar and apolar 

regions. The polar (hydrophilic) protein regions consist of areas with amino acids that have 

positively charged side groups (e.g. lysine, histidine), negatively charged side groups (e.g. 

glutamate aspartate) and polar but uncharged side chains (e.g. serine, threonine). The latter 

will only contribute to permanent dipole-permanent dipole interactions due to their polar but 

uncharged nature. By contrast, amino acids with charged side chains will contribute directly 

to electrostatic interactions. The apolar (hydrophobic) protein regions consist of areas with 

amino acids that have nonpolar side chains (e.g. alanine, leucine). These nonpolar chains of 

these amino acids will contribute to the Lifshitz-van der Waals interactions (Gooding and 

Regnier 2002; Gitlin et al. 2006). Due to the 3D folding arrangement of the protein, polar 

areas as well as apolar regions will arise across the spore coat. Some of the positive and 

negative charges will cancel each other out whereas others will contribute to the net charge 

(Israelachvili 2011).  

  The electrostatic charges can be measured by passing an electrical current through a 

suspension of spores in an electrophoresis chamber. The direct movement of the spores and 

the velocity of this movement can be used to calculate the zeta potential, assuming the ionic 

strength, pH and temperature of the suspension is known (Wilson et al. 2001). Below in 

Table 7.1 are some reported zeta potential values for Bacillus species. 
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Table 7.1 Reported zeta potential values for a range of Bacillus species 

Species Medium Zeta Potential (mV) Author 

B. cereus (NCTC 2599) 

NaCl 

145mM 

-14.1±1.5 

(Husmark 1993) 

B. cereus (IAM 1110) -15.5±1.2 

B. mycoides (ATCC 6462) -23.9±0.8 

B. polymyxa (DSM 36) -22.6±1.3 

B. licheniformis (DSM 13) -20.9±0.6 

B. megaterium (DSM 32) -33.7±2.6 

B. megaterium (ATCC 10778) -35.1±1.4 

B. brevis (ATCC 8246) -12.2±0.8 

B. pumilus (ATCC 14884) -29.6±0.7 

B. subtilis (ATCC 6633) -29.1±3.0 

Bacillus (various strains) 40mM PB -23.74±3.97 (Parkar et al. 2001) 

B. subtilis PY79 

Deionised 

water 

(pH6.5) 

-30.7±0.9 

(Pesce et al. 2014) B. subtilis BZ213 -34.7±0.8 

B. subtilis ER220 -28.4±0.7 

B. subtilis S6633 -46.6±9.4 
(Mamane-Gravetz 

and Linden 2005) 
B. subtilis F6633 -25.4±5.0 

B. subtilis AY616160 -37.8 ± 4.5 

 

The results from Table 7.1 are not surprising since most microorganisms have a negative 

charge, and indeed B. subtilis spores have very recently been shown to have a negative 

surface charge by accurate measurement with optical tweezers (Pesce et al. 2014).  

7.1.1.2 Hydrophobicity 

Husmark (1993) places considerable emphasis on the hydrophobic nature of B. 

cereus spores and hence their propensity for adhesion to surfaces, though an important 
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distinction between spores of B. cereus  and B. subtilis  is that B. cereus spores have an 

exosporium with several filamentous appendages. B. subtilis spores do not possess an 

exosporium and therefore do not have these filamentous appendages. Previous studies have 

shown a variable correlation between hydrophobicity and adhesion levels. For example Kos 

et al. (2003) and Del Re et al. (2000) have shown a good correlation between 

hydrophobicity and adhesion, whereas the results seen by Seale et al. (2008) and Mamane-

Gravetz and Linden (2005) do not support the theory that hydrophobicity is a good indicator 

of adhesion. It can be further deduced that depending on the physiological structure of the 

spore or bacteria, whilst hydrophobicity will always be a factor in adhesion or aggregation, it 

may not be the dominant mechanism in determining adhesion. 

7.1.1.3 Lifshitz-van der Waals forces 

Lifshitz van der Waals forces are a product of the apolar, therefore hydrophobic 

areas of the spore coat (Van Oss et al. 1988). They are caused by the occasional orientation 

of electrons in an apolar molecule causing instantaneous only dipoles (Burns and Dick 

2002). When two particles get close enough the instantaneous dipole of one molecule can 

induce another instantaneous dipole moment in the other molecule. This induced weak 

polarity can cause the particles to reversible adhere (Van Loosdrecht et al. 1990b). However, 

these forces are weaker than permanent dipole-permanent dipole interactions and 

consequently require close proximity to be effective, therefore cannot overcome the 

expected electrostatic repulsion between bacterial spore surfaces or more specifically, their 

respective spore coat layers, alone (Bos et al. 1999). In conclusion whilst Liftshitz-van-der 

Waals are active over several tens of nm (Busscher et al. 2008), they only have an effect at 

very short ranges of ~1nm (Mittal et al. 1998; Israelachvili 2011), and they become 

dominant in the vicinity of a surface (Hori and Matsumoto 2010).  

7.1.1.4 Acid- base (or permanent dipole-permanent dipole) forces 

Acid base (or permanent dipole-permanent dipole) forces, of which hydrogen bonding 

is the most common example, are always attractive and far more powerful than the ever 
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present Lifshitz-van der Waals forces, however they only have an impact over a short range, 

usually about 5nm (Bos et al. 1999). Permanent dipole-permanent dipole forces arise due to 

the existence of molecules with polar covalent bonds. This is a bond where either atom has 

electronegativity greater than 1.9 and the difference between the atoms is more than 0.5 but 

less than 2.1. In these conditions, the two shared electrons move closer to the more 

electronegative atom, such as the SH polar covalent bond in the side chain of cysteine. 

Hydrogen bonding is the most well-known permanent dipole-permanent dipole and exists in 

the case of water (the electrons move closer to the oxygen) forming  polarised areas because 

they contain sites of electron poor and electron rich areas, i.e basic and acidic sites 

(Israelachvili 2011). This creates a permanent dipole. Amino acids with polar but uncharged 

side chains such as serine, threonine cysteine have exposed polarised side chains (e.g. 

hydroxyl groups) so permanent dipole-permanent dipole forces arise on the surface of spore 

coats due to their presence. Because these forces are only active over short range, the spores 

need to overcome the natural repulsion (or energy barrier) for this attractive force to have an 

effect. 

7.1.1.5 The energy barrier 

One important aspect of bacterial adhesion is the presence of an energy barrier that 

must be bridged in order for spores (or cells) to adhere. Since the spores are known to have a 

negative charge, the repulsive energy between each spore will be proportional to the 

reciprocal distance they are from each other (Van Loosdrecht et al. 1990b).  

Protein net charge is known to be primarily governed by pH.  In fact no protein 

charges occur at a pH equal to the isoelectric point of the protein, while a rise of the protein 

charge is observed as we move farther away from that point. The proteinaceous nature of 

spore coat is mainly responsible for the observed charges at the spore surface. A range of 

different spore coat proteins with individual isoelectric points should be acknowledged, 

nevertheless there is a pH point where a zero net charge will be shown (i.e. an overall 

isoelectric point) and will be characteristic for the spore coat proteins as a whole. It follows 
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that pH alterations in the environment where the spores are immersed could significantly 

influence the net charges on the spore surface in exactly the same pattern as with a single 

protein. When spores are exposed to a pH far away from the spore coat proteins’ isoelectric 

point, maximum charges at the spore surface occur thus maximizing the repulsive forces 

amongst the neighbouring spores. This maximizes the energy barrier for aggregation to take 

place. When spores are exposed to a pH closer to the isoelectric point of the spore coat 

proteins, charges at the spore surface will be reduced, hence reducing the energy barrier to 

aggregation and increasing the spore propensity for aggregation. 

Alongside the prime effect of pH on the development of net spore charges there will 

also be a secondary effect arising from the distribution of counter ions around these spores 

which will form an electric double layer (Hori and Matsumoto 2010). For a given pH and at 

very low ionic strengths, it is more difficult for spores to aggregate since additional energy is 

required to overcome the naturally repulsive forces exerted from the neighbouring spore due 

to the prevalence of a net negative spore coat charge. However, as the ionic strength 

increases, the ions will dampen this negative charge, by what is believed to be a compression 

of the electrical double layer around the spore. This leads to a reduction in the electrostatic 

interaction between two particles (spores) at a given distance of separation (Van Loosdrecht 

et al. 1990b). Hence, the spores can more easily overcome the energy barrier caused by the 

strength of the electrostatic repulsion and come into closer contact and are therefore more 

likely to aggregate. As soon as the ionic strength exceeds a level the energy barrier is 

negated, and spores will aggregate very readily. This is shown below in the diagram taken 

from Hori and Matsumoto (2010).  



218 
 

 

Figure 7.1 Total interaction between a bacterial cell and surface depending on ionic strength (Hori and 

Matsumoto 2010) 

7.1.2 Models for determining adhesion 

By obtaining an understanding of the forces at work within a bacterial system, it is 

possible to compose a model by which bacterial adhesion or aggregation could be evaluated. 

It was Zobell (1943) who first systematically investigated the effect of bacterial attachment 

to solid surfaces, but it wasn’t until Marshall et al. (1971) used the DLVO theory of 

colloidal adhesion to interpret his work on bacterial to solid surface interaction that bacterial 

attachment to surfaces could be modelled.  

 The DLVO theory is based on three equations which can evaluate  the likelihood of 

aggregation by assessing the electrostatic, the Lifshitz van der Waals forces and permanent 

dipole-permanent dipole forces as a function of their separation distance (Hori and 

Matsumoto 2010). 

 Van Loosdrecht et al. (1990a) have proposed a more appropriate notion on the 

DLVO theory including the addition of the Brownian motion. This is particularly significant 

for non-motile bacteria or spores. Harding and Johnson (1986) used the Stokes-Einstein 

equation to illustrate how a higher temperature increases the rates of diffusion/Brownian 

motion, but even at an ambient temperature of 25°C this movement is in the region 5 x 10-9 

cm2/s which should not be disregarded. 
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Factors affecting the application of the DLVO theory 

The DLVO theory is appropriate to most spore systems but when dealing with 

bacterial cells (and some spores such as B. cereus), there are uncertainties in the theory 

which are partially accounted for by the anatomical features of the spores and bacteria such 

as their pilli, flagella or other  appendages (Husmark 1993). For B. subtilis spores, the outer 

crust recently  reported by McKenney et al. (2013) will have an influence though it is not 

known what implications this will have on the applicability of the DLVO theory. In the case 

of bacteria these anatomical features could also be generated as a result of the environment 

they are subjected to, though in the case of spores, such a dynamic response element is 

lacking. In both cases, cells and particularly spores, the understanding of the outside layer is 

still not fully matured (McKenney et al. 2013). Inevitably, uncertainties will arise as a result 

of this lack in knowledge.  

An example of how these unknown factors can have larger implications on adhesion 

behaviour is highlighted in a study on the probiotic Lactobacillus rhamnosus GG and its 

adhesive properties (Deepika et al. 2009). Specifically, the effects of different fermentation 

mechanisms on cell adhesion was investigated and it was found that cell adhesion to Caco 2 

cells varied widely depending on the length of time the cells had been fermented. This 

emphasises the issue that even the same strain of bacteria may have different aggregation 

and adhesion properties depending on how they are cultured. This is thought to be the result 

of differences between components on the cell surfaces, such as (lipo-)teichoic acids, 

polysaccharides, covalently bound proteins and S-layer proteins. For spores, another 

uncertainty linked to anatomical features is that the outside layer is dictated by the preceding 

sporulation process and the harvesting processing. This is an additional source of complexity 

in the system and would therefore be a very appropriate area of further research. 

On the basis of the DLVO theory, in the case of the vegetative form of bacteria the 

initial attachment could be either immediate, or, if they are in close proximity to a surface, a 

second step could aid the permanent attachment. The second step is facilitated by active 
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biological processes such as secretion of exopolysaccharides, or development of additional 

anatomical features that bridge the distance between the bacteria and the surface (Parkar et 

al. 2001; Garrett et al. 2008). Since this is true for the interaction of bacteria to surfaces, this 

could also be true for bacteria to bacteria interactions. 

7.1.3 The importance of aggregation in probiotics 

In probiotic research, an organisms’ ability to form aggregates is considered a 

favourable and possibly essential characteristic in order to be classed as a probiotic. 

Irrespective of whether spores or cells are investigated, adhesion to the GIT is a vital point in 

establishing whether or not an organism is able to exert a beneficial effect. Probiotic 

adhesion is frequently tested using Caco 2 cell lines, and sometimes mucus or extracellular 

matrix components (Deepika et al. 2012). For example, Castagliuolo et al. (2005) studied 

the adhesion of Lactobacillus crispatus to colonic mucosa and found that the auto-

aggregating strain consistently adhered to the mucosa. However, when a mutant strain 

(MU5) which lacked the auto-aggregating properties of strain M247 was fed to mice, whilst 

the M247 strain was detected in high numbers in the faeces, the MU5 strain was not detected 

at all. This heavily implies that the lack of aggregating properties made this unsuitable as a 

probiotic. 

For spore surface adhesion in particular, it has been previously shown that B. subtilis 

adhesion to Caco 2 cells varies depending on the physiological state, for example Tam et al. 

(2006) showed that while spores of strains HU58 and HU78, as well as the laboratory strain 

PY79, could adhere, the level of adhesion in the vegetative cells was much reduced. Strain 

to strain variation is also an important point to consider since it was found that the PY79 

strain was not capable of forming biofilms, whereas as the HU58 and HU78 strains did have 

this capability (Branda et al. 2001). This emphasises the variability between not just species, 

but also strains of a bacterium and their tendency to form biofilms.  
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 Seale et al. (2008) undertook an investigation into to the adhesive properties of 

Geobacillus spores, in which adhesion, hydrophobicity and zeta potentials were measured. It 

was found that the spores were hydrophilic and had a negative zeta potential but would 

adhere to all surfaces tested. They concluded that whilst hydrophobicity definitely had an 

influence on adhesion, it was not consistently correlating with the adhesive ability of the 

spore. Another important point to note from this study was that the DLVO theory of 

adhesion was not applicable to this system, as spores were predicted to strongly adhere to a 

stainless steel surface, whereas in reality three out of the four isolates tested adhered less 

strongly to this surface in comparison to others. This study highlights the fact that there is no 

simple relationship between the individual physicochemical properties of a spore and its’ 

ability to adhere to surfaces. 

7.1.4  External factors inducing aggregation 

Temperature, pH and pressure have all been shown to influence aggregation. For 

example Furukawa et al. (2005) found that a heat treatment of 85°C for 20 minutes (or 

more) caused an increase in spore clumps of spores of B. licheniformis, B. cereus and B. 

coagulans. They hypothesised that this increase in spore clumps was due to denaturation of 

the surface proteins of the spore coat, thereby increasing the hydrophobicity. Harding and 

Johnson (1986) have reported the diffusivity of Bacillus spores to be in the order of 5 x 10-9 

cm2/s at 25°C. An increase in the temperature will inevitably cause an increase in the 

diffusion coefficient which will signify increased kinetic energy. This in turn will increase 

the collisions (in the unit of time) between spores thereby increasing the chances of 

aggregation to occur. As described above (Figure 7.1) when the energy barrier is bridged by 

bringing the spores in close enough proximity, the remaining forces e.g. permanent dipole-

permanent dipole and Lifshitz van der Waals will be attractive and thus increasing the 

likelihood of aggregate formation. 

In another study from Furukawa et al. (2006) the effects of high pressure CO2 

treatment on spore clumping was evaluated. Again, the treatment significantly increased the 
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percentage of Bacillus spore aggregates. The authors attribute these clumps to the 

denaturation of spore coat surface protein creating a more hydrophobic spore surface. In 

addition to their valid explanation, it is also possible that the reduction of net charges by the 

increased acidity has contributed significantly for bridging the energy barrier and allowing 

short range attractive intermolecular forces such as Lifshitz van der Waals and permanent 

dipole-permanent dipole to drive the reported spore clumping.   

A lot of evidence suggests that bacterial aggregation occurs to a larger extent when 

exposed to different HCl concentrations, for example Streptosporangium brasiliense has 

been shown to aggregate at low pH and disaggregate at neutral and alkaline pH (Oh and 

Nash 1981). Similarly a study by Muda et al. (2014) has shown that 12 strains of bacteria 

would aggregate at acidic conditions and reduce the level of aggregation at higher pH. 

During the course of the present project, a change in the FCM profiles has been 

continuously seen during studies after heating. Specifically, FCM analysis reveals that the 

cell and spores region gains a higher SSC and the samples appear ‘cleaner’ i.e. there’s less 

debris. It is likely that this is because heating causes cells and spores to aggregate. It has 

previously been suggested that aggregation could partly be inhibited using a non-ionic 

surfactant such as Tween 80 (Furukawa et al. 2005).  

7.1.5  Aims and objectives 

To investigate the levels of aggregation in a system both microscopic and 

macroscopic approaches can be used. Given the available time for concluding the post 

graduate research degree, the expertise developed and the availability of experimental 

facilities, a macroscopic approach was favoured for investigating the extent that aggregation 

could have an influence across the experimental conditions used in the present study. The 

investigation involved a non-ionic surfactant for disaggregating the spores (Tween 20). The 

aggregation and disaggregation was explored in the relevant gastric conditions studied using 
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FCM and plate counts, aided with particle size distribution, and Zeta potential 

measurements.  

 

7.2  Material and Methods 

Spores were produced as described in Section 5.2.1 and the FCM settings were the 

same as those described in Section 6.2.1. 

7.2.1  Effect of heating-induced aggregation on total counts 

The effect of heating (70°C for 30 minutes) on total count in PBS (100mM, pH 7.4) 

with and without 1% Tween 20 was investigated. A 1ml aliquot of spore stock (~5 x 108 

spores/ml) was pipetted into a 1.5ml microtube and centrifuged at 10,000 x g for three 

minutes. The top 995µl supernatant was removed and replaced with the desired liquid. 

7.2.2  Effect of surfactant on total spore counts exposed immersed in LB at 

different pH ranges 

Assessment of aggregation via the addition of 1% Tween 20 was carried out in LB 

across different pH ranges (Preliminary experiments showed that higher concentrations of 

Tween 20 did not yield any higher counts). The pH was altered by adding either HCl or 

NaOH to the medium. Total counts were assessed using FCM, and the extent of aggregation 

in LB broth when following two different potential preparatory steps was evaluated. Two 

different approaches were followed in the Chapters 5 and 6, one method involved 

centrifuging the spores and then adding the desired liquid (owing to the fact that the 

supernatant was needed) whereas method 2, employed in Chapter 6, the spores were added 

directly to the in vitro media. 

Method 1: simulated gastric media applied to directly centrifuged spores 
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Spores were centrifuged at 10,000 x g for three minutes and top 995µl supernatant 

was removed and replaced with the desired liquid. This was repeated twice more and the 

resulting suspension was vortexed vigorously until a homogenous liquid was observed. 

Method 2: pre-dispersed spores added to simulated gastric media 

This method was implemented in previous chapters (5 and 6), 800µl of the desired 

liquid was pipette into a microtube and 200µl of spores in sterile PBS were pipette into this. 

Tubes were vortexed vigorously before analysis. 

It was anticipated that the execution of spore viability studies with samples prepared 

by Method 1 simulated gastric media applied to directly centrifuged spores should lead to 

higher spore aggregate formation. Spores which have been centrifuged will be mechanically 

compacted, and therefore in close proximity with each other. From a theoretical point of 

view  (Section 7.1) when spores are compacted close enough together by the power of the 

centrifugal forces, the attractive short range intermolecular forces will exert a higher 

influence and thus increase the propensity of the compacted spores for clumping together.  

7.2.3 Assessment of total counts in acidified PBS 

Assessment of aggregation via the addition of 1% Tween 20 was carried out in PBS 

at pH 1, 3, 5 and 7. The pH was altered by adding HCl to the medium. Total counts were 

assessed using FCM and the samples were prepared as described by the method 2 procedure. 

7.2.4 Assessment of viable spore counts in LB and PBS 

Assessment of aggregation via the addition of 1% Tween 20 was carried out in 

acidified LB and PBS at pH 1, 3, 5, and 7. The pH was altered by adding HCl to the medium 

until the desired pH was obtained. Viable counts were assessed by plating and the samples 

were prepared as described by the method 2 procedure. 
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7.2.5 Assessment of spore counts in 100mM HCl acidified pig feed 

Spore aggregation was also explored experimentally in a pig feed mixture designed 

to simulate a fed pig stomach. 125g of pig feed was mixed into 250ml water with 100mM 

HCl in a 500ml conical flask. Pre-dispersed spores were added (by experimental method 2) 

and sealed in sterile dialysis tubes (ServaPor MWCO 12-14kDa) and then immersed in this 

mixture, which was placed in a rotating incubator set to 200rpm at 37°C. Samples were 

recovered after two and four hours and analysed as described below. 

7.2.6   Enumeration 

FCM samples were stained with 48µM PI and 1.5µM Syto 16 to obtain viable 

counts. A microtube was filled with 540µl of this staining mixture and following the 

experimental 10µl of the relevant sample was added to this. Before FCM analysis, 490µl of 

this mixture was pipetted into an FCM tube and 10µl of Spherotech beads were added to 

enable conversion of events to counts/ml.  

Plate counts were undertaken according to the Miles and Misra method (Miles et al. 

1938). Briefly, serial dilutions (10-1 to 10-6) were plated out on an LB agar plate by pipetting 

20µl of the respective dilution onto the labelled segment of the plate. The dilutions were 

performed in triplicate. After allowing time to be absorbed, the plates were inverted and 

incubated at 37°C overnight. The drop method reduces the number of bacteria lost by 

spreading (Pope et al. 2008). 

7.2.7  Particle size analysis 

To gain a better understanding of the level of aggregation, the spores were also 

subject to particle size analysis using a Mastersizer 2000. Spores were analysed in PBS 

(100mM) at pH 1, 3, 5 and 7 or PBS (100mM) at pH 1, 3, 5 and 7 with 1 % Tween 20. The 

PBS (at the desired pH) was added to the dispersal chamber and the stirrer was set to 

2000rpm.  Spores were added to the PBS until they were in a detectabble range for data 

analysis, and then data collection commenced.  
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7.2.8  Measuring zeta potential 

Measurements were conducted in the National Centre for Macromolecular 

Hydrodynamics at Nottingham University led by Prof Harding. A Malvern zetasizer was 

used to assess the zeta potential of spores at 7x107/ml (OD580 = 0.45) in accordance with the 

previous study by Harding and Johnson (1984) in 100mM PBS at pH 1, 3 5 and 7 with and 

without 1% Tween 20 according to method 2. 

7.2.9 Statistical analysis 

All bacterial counts were converted via a log10 transformation. The data were 

processed in Excel and the 95% confidence intervals were calculated to check for statistical 

significance. 

7.3  Results 

7.3.1 Exploring the effect of heating on total counts using FCM 

The aim of this first experiment was to check the levels of aggregation caused by 

heating at 70°C for 30 minutes in PBS (pH7.4 100mM), but also to ensure that the region 

assignment via the FCM didn’t cause any distortion in the results. Samples were prepared 

according to Method 1 in Section 7.2 of the Materials and Methods section. Therefore 

Figure 7.2 shows the FCM region assignments and Figure 7.3 the corresponding counts for 

these different regions. 

http://www.nottingham.ac.uk/ncmh
http://www.nottingham.ac.uk/ncmh
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Figure 7.2  Representative FCM analysis of spores immersed in PBS with 1% Tween 20 displayed on 

a FSC vs SSC density plot. The plots have been gated to remove beads. I) Left, region B (blue) is 

drawn around the main cells and spore position. b) all high FSC and SSC events region E (pink) on 

the FCM profile. Other regions are C (pink)= dormant spores and cells, D (turquoise) = Large 

aggregates. n=3. 

 

 

 

 

Figure 7.3 Total counts for heat activated and non-heat activated spores in different conditions, 

prepared according to method 1. a) the log counts/ml are from region B containing cells and spores, 

on the FCM profile above (Figure 7.2.). b) Counts for ‘large events’ shown as all high FSC and SSC 

events region E (pink) in Figure 7.2. Error bars represent the 95% CI where n=3. 
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It appears from this first trial that when spores are in PBS, the presence of Tween 20 causes 

a significantly greater number of events to be recorded (p<0.05) and in fact this is over 

double the original count. As was expected, heating significantly reduced total counts 

(p<0.05). For example the non-Tween unheated samples were 102% greater than the heated 

non Tween count. However when 1% Tween 20 was added to the heated sample, the counts 

increased almost 4 fold (to 275% of the heated count).  

A check was made to see the effect of region assignments on the counts. Results 

from region B (Figure 7.2. a) mirror the trends seen in region E (Figure 7.2. b) indicating 

changes in total count are not linked to the region assignment. 
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7.3.2  Comparison of total numbers of spores in LB broth at different pH’s 

with and without 1% Tween using two methods 

For the next part of the investigation, dormant spores were placed in filtered (0.2µm) 

LB broth at different pHs, in conditions with 1% Tween 20 and without. Two different 

methods were employed, method 1, where spores were directly centrifuged Figure 7.4 a. and 

method 2, Figure 7.4 b. An example of the FCM output for these trials is presented in Figure 

7.4 and the total counts obtained are presented below in Figure 7.5.  

  

Figure 7.4 Representative FCM analysis of spores immersed in LB broth presented on a  FL1 vs FL3 

density plot (a) and region A (red) drawn around beads. b)  regions drawn on a gated plot using 

equation NOT A to remove beads from the FSC vs SSC plot. Region E (pink): all spore events 

(including large aggregates), Other regions are C (orange)= dormant spores and cells, D (turquoise) = 

Large aggregates. n=3. 
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Figure 7.5 Comparison of log spore counts in LB over a range of pHs, showing a) run one according 

to method 1 (top) and b) run two according to method 2 (bottom). White bars indicate spores in LB 

broth only and red bars show spores in LB broth supplemented with 1% Tween. Values are based on 

the number of events in region E (burgundy). Error bars represent the 95% CI where n=2 in run one 

and n=3 in run two.  
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Similar  trends are seen with both methods. For method 1, across all the pH ranges, except 

pH 3, there is a statistically significant increase when 1% Tween 20 is added, with a 

maximum increase of 136% seen at pH5 (p<0.05)  

At neutral pH (6 and 7), the addition of Tween causes a statistically significant 

increase in total counts in both runs (p<0.05) where the Tween 20 samples were 73 and 

122% higher than the non Tween samples. 

At acidic pH (5 and below), in run one, whilst at pH 3 there is no statistically 

significant difference (p>0.05) with the addition of 1% Tween 20, at all other acidic pH the 

addition of Tween increases the total counts (p<0.05). In particular the counts for the 1% 

Tween samples at pH 2 reach 123% of the non Tween supplemented sample. 

In run two, where method 2 was applied, (spores were added directly to the LB 

broth), whilst Tween was shown to increase the average counts in all cases, this increase was 

not always significant. For alkaline pH, the increase is statistically significant at pH12 

(p<0.05) of 28% but not at pH 9 (p>0.05). At acidic pH a statistically signifcant increase in 

total counts is seen at pH 3 and 4 (p<0.05) of 31 and 48% respectively. 

A parameter that should not be overlooked is the spore concentration in both trials. 

For the first run, the average count was 2 x 108 spores/ml, whereas in run two, the spores 

concentration was higher, at 5 x 108 spores/ml. This difference may indicate that the spore 

tendancy to aggregate changes depending on counts.  

 

7.3.3 Comparison of total numbers of spores in PBS at different pH’s with 

and without 1% Tween  

To focus more on conditions of relevance to our studies the experiment was tapered 

to measure pH 1, 3, 5 and 7. This was first performed using PBS (100mM, pH 7.4) as the 
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medium in which spores were immersed. Furthermore, since the method 1, involving 

application of liquids directly to centrifuged spores seemed to be causing aggregates to form 

(Figure 7.3), only method 2 was employed from this point onwards.  

 

Figure 7.6 Comparison of total spore FCM counts in PBS over a range of pHs. White bars indicate 

spores in PBS only and red bars show spores in PBS supplemented with 1% Tween. Values are based 

on the total number of cells and spores according to FCM. Error bars represent the 95% CI where 

n=3. 

At pH 1, 3 and 7, Tween significantly imcreases the total count by a statistically significant 

amount (p<0.05) of 31, 65 and 56% respectively. At pH 5 there was no statistically 

significant difference between the Tween and non Tween samples (p>0.05). 

7.3.4 Exploring the effect of surfactant on plate count 

Given that the results from FCM have been shown to highly suggest the presence of 

aggregates, an investigation into whether aggregation effected the plating data was also 
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undertaken. Plate counts from spores immersed in PBS and LB were investigated, owing to 

the fact that the work in previous chapters has largely focused on acidic conditions in these 

liquids.  

7.3.4.1 Plating counts of spores immersed in LB broth with and without 1% Tween 

20  

The results from plating, investigating pH 1,3,5, and 7 were plotted for comparison 

against the Tween 20 supplemented and LB only samples shown below in Figure 7.7. 

 

 

  

Figure 7.7 Plate counts of spores immersed in acidified LB broth. Error bars represent the 95% CI 

where n=3 

It is clear that for the plate counts at pH 1 and 7 1% Tween 20 significantly increases the 

plate counts (p<0.05) by 120 and 40% repsectively. For pH 3 and 5, there is no statistically 

significant difference in the presence of Tween 20 (p>0.05). 

7.3.4.2 Plating counts of spores immersed in PBS with and without 1% Tween 20 

The results from plating, investigating pH 1,3,5, and 7 were plotted for comparison 

against the Tween 20 supplemented and PBS only samples shown below in Figure 7.8. 
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Figure 7.8 Comparison of plating counts for PBS alone and PBS with 1% Tween 20. White bars 

indicate spores immersed in PBS without Tween 20 and shaded bars represent spores immersed in 

PBS with 1% Tween 20. Error bars represent the 95% CI where n=3 

The plating data show a significant increase in counts with the addition of Tween 20 at pH 1, 

3, and 7 (p<0.05) of 75, 101 and 51% respectively. At pH 5, there is greater variation in 

results, and thus no significant difference (p>0.05), though the results with 1% Tween 20 are 

still higher on average by 60%. 

7.3.5 Application of 1% Tween 20 to spores immersed in simulated fed 

stomach conditions 

The spores were analysed in an acidified pig feed medium using dialysis tubing 

(MWCO 12-14kDa) that would prevent bacteria from escaping but would allow water and 

low molecular weight compounds to pass through. Viable FCM were taken using the total of 

events from the viable regions as shown in Figure 7.9 
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Figure 7.9 Spores immersed in 100mM PBS in Servapore dialysis tubing (time 0) displayed on a 

representative FCM density plot a) FSC vs SSC density plot gated to remove beads where region B 

(blue) is drawn around the total cell and spore region, b) FL1 vs FL3 fluorescent density plot gated on 

region B (blue), where region C (orange): dormant spores, Region D (turquoise): germinating spores, 

Region E (pink): Live cells and outgrown spores, Region F (burgundy): Dead spores and cells, and 

region G (light blue): double stained cells and spores. n=3. 

Based on the FCM profiles in Figure 7.9 a, the total counts were assessed using the events 

from region B. This is presented in Figure 7.10. 

 

Figure 7.10 Total FCM counts of dormant spores immersed in 100mM HCl in pig pellet feed, based 

on Region B. Error bars denote the 95% CI where n=3. 
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A statistically significant increase in total counts is seen with the addition of 1% Tween at 

all the time points. At time 0 this increase is 70% and after two and four hours the increase 

reaches 146 and 107% of the respective non-Tween supplemented sample.  

Based on the profile in Figure 7.9 b. the viable events were taken as the total from 

region C, D and E, and half the events from region G. The results from the plating and viable 

FCM analysis are shown in Figure 7.11.  

 

 

Figure 7.11 Dormant spores immersed in 100mM HCl in pellet pig feed. White bars denote samples 

analysed with no Tween and shaded bars with 1% Tween 20. a) Plating and b) viable FCM counts. 

Error bars denote the 95% CI where n=3. 
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For all cases the addition of 1% Tween 20 increases the counts, and this increase is 

statistically significant in all cases exept the two hour plating data. There is no significant 

decline in viable counts seen during these trials, implying the spore viability remains 

unaffected by the presence of 100mM HCl in the pig pellet feed. 

7.3.6 Spore particle size analysis   

The data thus far provides strong evidence that aggregation is taking place in the 

samples. However to understand the processes taking place a little better, a particle size 

distribution analysis was performed using a Malvern Mastersizer. 

 

Figure 7.12 Particle size distribution of spores in PBS (100mM) at different pH levels. Values 

represent the average of three samples. Red line pH 7, green line pH 5, blue line pH 3, black line pH 1  

The build-up of aggregates was evaluated up to a size of 20µm. This was based on previous 

optical microscopy observations where clumps of 20µm have never been noticed (see 

Appendix  2).  

At pH 7 (red line in Figure 7.12) the distribution of spore sizes shows one clear peak 

and is more symmetrical, indicative of a more homogenous population with respect to 

particle size distribution. Whilst this single peak does not necessarily denote one population, 

the data from pH 5 (green line in Figure 7.12) show that the recorded distribution curve is 

becoming asymmetric indicating a spore sample with significant differences in the particle 

size. More specifically, this verifies that there are at least two populations with an average 
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particle size close to 1 and 2µm, respectively. The size distribution profile of the spores 

immersed in PBS at pH 3 and 1 clearly indicates the existence of at least two populations 

with distinctly different particle size averages; one at about 0.8 µm and a second one at 

about 2.5µm. These observations suggest aggregation of spores in the investigated 

conditions and are verifying previously reported observations from this study.  

Further to this, particle size analysis was also done on spore samples under pH 3 & 

7, with 0, 0.05, 1% Tween 20 and the median particle size values were plotted on the figures 

below. Due to the possible reversible nature of aggregation a range of three different 

agitation levels in the stirring cell of the Malvern Mastersizer were investigated, namely 

1000, 1500 and 2000 rpm.  
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Figure 7.13 Analysis of average particle size of dormant spores immersed in PBS at pH 7 and 3, 

analysed at a) 1000rpm, b) 1500 rpm, and c) 2000 rpm. Error bars denote the 95% CI where n=3. 
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The average particle size was significantly higher when spores were exposed to pH 3, with 

the non Tween median value rising from 1.5µm at pH 7 to 1.9µm at pH 3. This higher 

average particle size indicates the presence of larger aggregates, further indicating 

aggregation increases at lower pHs. The data from Figure 7.13 also indicates that Tween 

significantly lowers the average particle size at both pH levels. 

7.3.7 Zeta potential 

As previously discussed in the introduction to this chapter, electrostatic repulsive 

forces amongst the negatively charged B. subtilis spores are expected to represent a 

significant barrier to be overcome for any aggregation to begin. Although the forces 

determining aggregation in our spore-medium system will interact in a complex way, it is 

still valid to assess the zeta potential of the spores to indicate the level of electrostatic 

repulsion likely in different conditions. Figure 7.14 below shows the zeta potential 

measurement for spores immersed in PBS at different pH. 

 

Figure 7.14 Zeta potential for spores immersed in PBS at pH 1, 3, 5 and 7. Data represent the average 

of 9 measurements and error bars represent the 95% CI. 
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significant reduction in the charge, and this drops significantly again at pH 1 where the zeta 

potential is close to 0. 

 

7.4 Conclusion 

7.4.1 Conclusions relating to the addition of 1% Tween 20 

7.4.1.1 Effect of heat activation on total spore count 

As seen from the results in Figure 7.3, heating causes aggregation, denoted by the 

decline in counts. As anticipated by Furukawa et al. (2005), this is believed to be due to an 

increase in spore hydrophobicity caused by spore coat surface proteins being denatured. 

However as postulated in 7.1.4 the increased kinetic energy will also promote aggregation 

by increasing the number of spore collisions, enabling the attractive forces to act between 

spores. 

7.4.1.2 Comparison of total numbers of spores in LB broth at different pH’s with 

and without 1% Tween using two methods  

In general, the results so far have shown that the addition of 1% Tween 20 to LB 

broth will significantly increase counts for all pH values in run 1, with the excpetion of pH 3 

(Figure 7.4 a) and in run 2 (Figure 7.4 b) the increase in counts is apparent but is only 

significant at pH 3, 4, 6, 7 and 12. The reason for this variable effect of Tween 20 is not 

clear, though it may be that spores are less aggregated in some cases. 

7.4.1.3 Effect of preparation method on levels of aggregation 

As expected, spores prepared via method 1, which were pelleted before analysis, 

diplayed far higher levels of aggregation than those which were immersed in the media. This 

perceived decline in counts was attributed to the compacting of the spores caused by 

centrifugation, meaning spores were mechanically brought into close contact, allowing the 
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attractive forces to become dominant and therefore cause aggregate formation. This could 

have serious implications for general bacterial cell counts, as bacterial cells are usually 

washed using a centrifugation step, however this could mean counts from spore stocks are 

actually higher than perceived, owing to the impact of this induced aggregation. 

7.4.1.4 Effect of surfactant on total spore counts in PBS  

 At pH 1, 3 and 7 the addition of 1% Tween 20 to the spores was shown to 

significantly increase the total counts. Whereas at pH 5 there was no significant effect seen. 

This implies that at acidic pH, there is a tendency for spores to aggregate more. 

7.4.1.5 Effect of surfactant on plate counts 

Plate count results for spores immersed in acidified LB broth indicated a varibale 

contribution form the addition of Tween, where at pH 1 and 7, the counts significantly 

increased but at pH 3 and 5 there was no impact seen. This is similar to the impact of Tween 

on total via FCM where a variable impact of total count was found. This also ties in with the 

previous results seen in Chapter 6, where the total counts of dormant spores were highly 

variable. For example no significant change in total count was seen at  pH 2.7 (55mM HCl) 

but there was a significant decline in total count at pH 1.9. (100mM HCl) and 3.4 (40mM 

HCl). 

The effect of 1% Tween 20 on PBS at acidified pH was statistically significant at pH 

1, 3, and 7, but again, as seen with the total counts in PBS by FCM, at pH 5 there was no 

difference seen in the counts. 

It is also worthy to note that aggregation causes not just FCM counts to decline, but 

also plate counts. This implies that one aggregate may only form one visible colony, which 

can lead to confusing results given that a colony forming unit could either be one cell or an 

aggregate of an unknown number of cells (Shapiro 2005). This can lead to complications 

when researchers use plating to assess viability, for example in a study on spore germination 

in the murine GIT, plate counts were used to assess spore counts in mice feces. The problem 
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with such an approach being that the conditions encountered by the spores will be extremely 

varied, thus there is no clear way to determine what levels of aggregation may have occurred 

(Casula and Cutting 2002). Likewise, in studies exploring the effect of acid treatment on 

other species of bacteria, the issue of aggregation is still likely to persist (Ampatzoglou et al. 

2010)  

7.4.1.6 Application of 1% Tween 20 to spores immersed in simulated fed stomach 

conditions 

The results from the spores immersed in pig pellet feed again imply that sigificant 

levels of aggregation are occurring, where 1% Tween 20 significantly increases counts in all 

but one sample point. Again, the effects of aggregation are shown through both FCM and 

plating. It is known that buffering capacity of the feed is quite strong given the fact that 

100mM HCl does not impact viability at up to four hours (Lawlor et al. 2005).  

The impact of Tween 80 on disaggregating B. subtilis spore clumps has been well 

established (Rao et al. 2015), it is notable that the Tween 80 does not have any significant 

impact on germination, hence it can be assumed that the presence of Tween in the samples 

will act to disaggreagte the spores but should not affect their physiology in any other 

significant manner (Blank et al. 1987). 

7.4.2 Particle size distribution and zeta potential 

Data from the Malvern mastersizer strongly suport the theory that the average 

particle size increases as the pH lowers. Since the zeta potential data show that the charge 

moves closer to 0 as the pH lowers, this could imply that the electrostatic repulsive forces 

that would stop the spores from aggregating become less powerful at lower pHs and almost 

zero at pH 1. This will likely be due to the primary composition of the proteinic spore coat 

as a result of the different amino acid side chains. As discussed in 7.1.1 this leads to an 

uneven distribution of charges across the spore coat giving both positive and negative areas. 

The zeta potential will only give a net charge, and will not factor in the spatial distribution of 
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charges across a proteinic molecule. This effect is only extenuated in the case of the spore 

surface, which consists of a number of proteinic layers of different proteins (Wilson et al. 

2001; McKenney and Eichenberger 2012). Never-the-less, since proteins have a different 

charge depending on the pH they are in, a protein in an environment above its isoelectric 

point will be negative, whereas below its isoelectric point its’ net charge will be positive. 

This means that at a certain pH the overall net charge of the spore surface will be 0, and will 

therefore lack the repulsive force to prevent aggregation. The zeta potential data indicates 

that this is around pH 1 for the system studied herein. This would fit with the results seen 

throughout this chapter, as consistently at pH 1 there has been an increase in total and viable 

counts when 1% Tween 20 is added. 

Whilst the charges shown in this study are less negative than previous studies (see 

Table 7.1) (Mamane-Gravetz and Linden 2005; Pesce et al. 2014) it is important to 

remember that in this experiment, the zeta potential was measured in 100mM PBS of which 

the actual ionic strength is much higher. In the previous studies, the zeta potential is 

measured in deionised water, 145mM NaCl or 40mM PBS. Since the ionic strenth is much 

lower in these cases, the negative charge of the spores is not dampened to the extent shown 

in these trials.  

7.4.3 Concluding remarks 

There appears to be a good correlation with the reduction of counts seen at very 

acidic pH, where a significant reduction in total counts was seen in Chapters 5,6 and 7 for 

dormant spores subject to 100mM HCl, whilst at pH 5 the decline in total count was not seen 

when method 2 was employed. This corresponds with the particle size distribution data 

(Figure 7.12), where at pH 3; the average particle size was significantly greater than the 

average particle size at pH 5.  

The studies detailed in this chapter highlight the fact that aggregation occurs in 

different media, and that the level of aggregation increases at lower pHs. The zeta potential 
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data would suggest that at least part of the reason for this trend may be that the repulsive 

negative charge of the spore coat surface becomes less negatively charged as it reaches pH 1, 

therefore as a result of the absence of the electrostatic repulsion barrier the spores are more 

likely to stick together.  

Fluctuating counts have been reported previously in studies by Leser et al. (2008) 

and Hoa et al. (2001). Conclusions based on these previous studies on the enumeration of 

spores (and cells) across the GIT should be treated with caution, as without the presence of a 

non-ionic surfactant or another agent to break apart aggregates, it is likely that the resulting 

counts could reflect changes in the levels of aggregation, rather than a perceived decline in 

viability (or even growth), depending on the conditions the spores are exposed to. 

On a wider perspective, the complexity of physicochemical interactions between 

spores and their signficance for the perceived spore viability under the GIT conditions 

appear to be underestimated and further studies delineating these interactions would be 

worth pursuing. 
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8 Chapter Eight: Discussion and Conclusion 

The following chapter summarises the main conclusions from the research presented 

throughout the thesis, in order to meet the primary objective: to investigate the fate of 

ingested spores in in vitro simulated pig gastric conditions as a means of delineating the 

phenomena involved with the reported loss of viability of probiotic spores. The project 

focused on why such large declines in viable counts had been reported in gastric conditions 

followed by a rapid recovery of cell and spore numbers in further parts of the GIT (Casula 

and Cutting 2002; Cartman et al. 2008; Leser et al. 2008). To do this, experiments were 

undertaken to determine what factors were responsible for the decline in counts, or more 

specifically, what phenomena influence the standard perception of spore viability in the 

gastric step of the GIT. The resulting insights and novel information derived from these 

experiments are highlighted in this chapter. 

 

8.1 Selection and optimisation of FCM settings 

It was deemed essential to develop a methodology that could accurately assess and 

enumerate the sub-populations of B. subtilis in order to fulfil the primary objective of the 

project, that of investigating the fate of spores in in vitro pig gastric conditions. This was 

needed so that the phenomena that influenced the spore and cell counts could be better 

investigated. The steps undertaken throughout Chapter 2, illustrate how a full analysis of all 

FCM parameters and settings was required in order to achieve this aim. 

8.1.1 Setting FCM acquisition 

The results from Figure 2.5 suggest that for bacterial analysis, the SSC trigger is 

preferential as it provides a better signal since the SSC trigger is a photomultiplier (PMT) 

channel, whereas the FSC channel is a photodiode detector. As mentioned in Chapter 2, the 

photomultiplier channels have significantly lower light levels, but have high gain, meaning 

even the unstained cell and spores can be differentiated from the noise, thus meaning the 
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signal to noise resolution is much clearer (BDBiosciences 2005; Díaz et al. 2010). However 

there is a recent consensus that both the FSC and a PMT channel should be used as dual 

trigger signals, mainly as a fluorescent channel will aid to distinguish between actual cell 

and debris (Ambriz-Avina et al. 2014). As illustrated in the FCM output when the EPICS 

Coulter Elite FCM was used (Figure 5.4, Figure 5.5, Figure 5.7, Figure 5.9 and Figure 5.11), 

the FSC trigger could actually identify more sub-populations. This was related to the 

instrument capabilities, as the strength of the laser could be altered on this machine but this 

function was not available on the FACSCalibur. As a general rule, for the FACSCalibur 

used throughout this research, it appears the SSC trigger channel is preferential for bacterial 

or small particle (<0.6µm) analysis, though the trigger channel did not appear to affect the 

data following the laser realignment in Section 2.3.7.  

 

8.1.2  Staining procedure 

The investigations undertaken throughout Chapter 2 highlight the importance of 

adopting a staining procedure that will enable the highest number of physiological states to 

be identified. Dye concentration, temperature and cell concentration have all been shown to 

have an impact on the staining intensities (Section 2.3.3) and whilst this was anticipated 

(Stocks 2004), the results show that by manipulating these parameters, greater insights can 

be gained. This is highlighted in Figure 2.21, where the dead spores are only separated from 

the dormant via an elevated staining temperature. 

Further key information from these trials for other researchers is that compensation 

should be set using singly stained samples with the dyes that will be implemented in the 

experiments, rather than using universal fluorescent beads (Nebe-von-Caron 2012).  Upon 

advice from Nebe-von-Caron (2012) the Calibrite beads that were previously used to set the 

compensation levels were discontinued owing to the fact that the fluorescence spectrum is 

different for these beads compared to the stains used in the study. This realisation was 
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essential in setting the FCM protocol, and again, is vital information for others who wish to 

design a new FCM methodology. 

 

8.1.3  OD270 measurements 

Implementing an amended version of the OD270 measurements of DPA release was 

necessary to check levels of germination (Setlow et al. 2013). By using a sensitive method to 

check the onset of germination it can be soundly concluded that the changes observed in the 

FCM profiles when elevating the staining protocol temperature from 4°C to 28°C were not 

due to temperature induced germination. Hence, the sub-population assignments should 

accurately reflect the true nature of the samples. Based on the information from Figure 2.26, 

it was evident that the staining protocol could be amended to up to 28°C incubation time at 

60 minutes, or 30 minutes incubation at 37°C. The implications for this are that spores kept 

at this temperature in PBS (or water) should undergo no germination. 

 

8.2 Spore generation and purification 

The thorough investigations undertaken to produce high purity dormant spores has 

highlighted several current issues in relation to spore production. One key issue, is that there 

is no standard method for determining spore purity (Harrold et al. 2011), this means that 

whilst many researchers may assess spore purity based on microscopic examinations 

(Carrera et al. 2008; Carroll et al. 2008; Chen et al. 2010; Yi and Setlow 2010; Zhang et al. 

2014), others may plate out heat activated samples to assess the levels of spore dormancy 

(Dragon and Rennie 2001). What is very notable is that both these methods are laborious 

and take considerable time to implement. The FCM assessment of spores detailed in Chapter 

3 provides good evidence that FCM could be an excellent alternative to assess spore purity 

in the future due to its speed and accuracy.  
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8.2.1 The impact of manganese on sporulation 

The influence of manganese on spore production has been shown to be a vital 

element in creating spores with a high enough purity to be used. Importantly, it is clear that 

the amount of manganese present in AK sporulating agar does not seem to be sufficient to 

produce spore stocks of high enough purity. Whilst it is likely that each strain of B. subtilis 

will vary in its sporulating ability, the addition of MnSO4 would be a sensible course of 

action for any researchers wishing to produce large amounts of high purity spores as it 

significantly lowers the amount of debris present in samples as illustrated in Figure 3.9. As 

detailed in Chapter 3, manganese is essential to the sporulating process owing to its use as a 

cofactor to the enzyme phosphoglycerate phosphomutase (Oh and Freese 1976). As 

Vasantha and Freese (1979) state, sporulation is dependent on establishing the correct 

balance of intracellular metabolites. If these are disturbed in any way, sporulation is arrested. 

This may lead to a build-up of dead cells, which will eventually be broken down resulting in 

far greater amounts of cellular debris as demonstrated in Figure 3.12. Such sensitivity may 

explain the variation in levels of spore purity seen throughout this project, accordingly, the 

sporulation processes detailed in Chapter 3 should be followed diligently when a high spore 

purity stock is required. 

 

8.3  FCM assessment of antimicrobials on cells of B. subtilis 

As stated in Chapter 1, one of the key objectives required to establish the validity of 

the FCM methodology was to assess the effect of different treatments on B. subtilis cells and 

spores via FCM and plating. The assessment of different antimicrobial compounds on cells 

of B. subtilis have shown that FCM can accurately determine the lethality of certain 

treatments (Figures 4.3 and 4.9) though there are differences in count between FCM and 

plating. These differences are related to the contrast between viability (measured by FCM) 

to culturability (measured by plating). Whilst these two parameters are often considered to 

be synonymous, it remains that culturability only measures an organisms’ ability to form 
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colonies on a given medium, whereas viability could refer to any number of parameters. In 

the case of the research presented herein, the integrity of cell membranes, metabolic activity 

or membrane potential could also be used to assess viability (Nebe-von-Caron et al. 1998; 

Lehtinen 2007). 

Whilst the reported values are generally higher for FCM than plating, this can 

actually be an advantageous trait, owing to the fact that FCM will not underestimate viable 

counts of cells. This is particularly relevant when screening for new bactericidal agents, 

where an overestimate of the efficacy of a novel antimicrobial could have potentially fatal 

consequences. Given the success with which the GTE has been evaluated (Figure 4.1, Table 

4.1) it would seem that FCM could well be implemented in the ongoing quest for other novel 

antimicrobial agents,  where high numbers of potential candidates will need to be screened 

quickly and efficiently, often in a limited time period (Ambriz-Avina et al. 2014).  

 

8.4 FCM assessment of germination and cell sorting 

Based on the initial literature search, it had been hypothesised that spore death in the 

gastric compartment would either be due to germination induced death or a direct sporicidal 

affect. To analyse whether this was case, the OD270 method to monitor DPA release was 

employed to determine the extent of germination in in vitro GIT conditions 

 

8.4.1  Monitoring the release of DPA via UV spectroscopy 

The low levels of DPA release, in combination with high death tolls, indicated a 

possible scenario where spores were killed and the receptors that mediate the release of DPA 

were also destroyed or damaged (Figure 5.3). There is some current evidence that may point 

to the existence of aquaporin like structures on the spore coat. For example a gene has been 

sequenced that could be an aquaporin related protein [L8AJL5_BACIU (UniProt 2014)]. 

The existence of these structures in cells may indicate there are similar structures in the 

spore coat which could point to one possible reason why spores may lose their viability but 
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retain their DPA depot, at least within the time frame stipulated in the experiments 

undertaken in Chapter 5 (i.e. 60 minutes). However, as mentioned in Section 5.4.1, it is more 

likely that aggregation drives the decline in plate counts noted, hence, it is very probable that 

the combination of slow DPA release coupled with the potential formation of aggregates 

would mean that the actual death tolls were linked to a germination induced method, rather 

than the direct sporicidal effect. 

8.4.2 FCM analysis of spore germination 

It has been proven that FCM can monitor the germination process, i.e. Syto 16 

uptake occurs very rapidly once the spores have been exposed to a nutritionally rich 

environment, demonstrated by an increase in the intensity on the FL1 (green) fluorescence 

axis displayed in Figure 5.7. This method could be used in conjunction with others as a 

means to assess the physiological states of B. subtilis spores in close to real time scenarios. 

Cell sorting (Figure 5.4, to Figure 5.12) verifies the physiological assignment based 

on FCM analysis, and furthermore confirms that the areas labelled as ‘debris’ do not harbour 

any culturable bacteria either. Thus it can be affirmed that the Syto 16 and PI staining are an 

accurate and rapid means to assess the physiological states of B. subtilis.  

Whilst it would be advantageous to assess the sorted sub-populations in further 

downstream analysis, it remains that the technology required to cell sort is only capable of 

sorting up to a certain speed (estimated 40,000 events/second maximum (Ambriz-Avina et 

al. 2014)). It can therefore take a considerable amount of time to collect a statistically 

sufficient number of cells or spores for microscopic analysis or PCR, particularly if the sub-

population is a low percentage of the total events. Hence, the advantage of sorting onto 

plates is that only a small number of droplets are required to elicit colony growth, and should 

DNA analysis be desired, this can be done following colony formation (Hernlem and Ravva 

2007). The limitation of this process is that transient sub-populations cannot be analysed 

owing to the length of time such analysis would need. However, FACS remains very 
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important in the verification of any new FCM methodology, and would be particularly 

important when implementing novel viable stains (Nebe-von-Caron et al. 1998).  

8.5 In vitro porcine gastric conditions 

The experimental findings from the present study have shown that heat activation 

does not significantly alter the susceptibility of spores to acid stress. This has been also 

reported by Leuschner and Lillford (1999) where a 65°C heat activation for 10 minutes only 

increased the homogeneity of germination, as the times taken for spores to turn from phase 

bright to phase dark were highly consistent, though the average time taken for germination 

did not differ from the non-heat activated spores.  

Based upon the knowledge that spores will germinate in the presence of nutrients 

and moisture, hence losing their resistance to harsh conditions, the comparison between 

dormant and pre-germinated spores detailed in Chapter 6 was considered particularly 

important from an animal husbandry stand point. As was hypothesised, pre-germination does 

significantly decrease viability when looking at comparable conditions (Figure 6.13 b). Even 

at relatively low HCl concentrations (40mM) there is up to a 32% decline in viability of the 

pre-germinated spores, whereas the dormant spores exposed to the same conditions do not 

undergo any significant change in viability. As such it is essential that farmers and others 

involved in pig husbandry are alerted to the fact that if the probiotics are not kept in sealed, 

dry conditions they risk losing a high proportion of the spore stock. With this in mind, it is 

also essential to dose the pigs with the probiotic either in water or as a dose with a restricted 

feed. If spores are left in a pig feed where pigs are fed ad lib, it is highly probable that the 

spores will begin to germinate in this feed and therefore lose their dormancy. As highlighted 

by the pre-germinated spores in Chapter 6, this would have a significant effect on probiotic 

survival, with up to 45% reduction in viability (Figure 6.13 b). Hence, in order to gain the 

maximum benefit from the spores and to minimise profit loss, farmers should adhere to these 

guidelines. 
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The variability reported by previous researchers into the effectiveness of probiotics 

may well be linked to the variability of individual pigs. For pigs who are not secreting high 

HCl it could be that this low acid concentration has minimal impact on spore (or indeed cell) 

viability, whereas high HCl concentrations do have a significant impact on germinated 

spores and therefore cells. This could be a contributing factor in explaining why the effect of 

probiotics varies from pig to pig, as each pig will have a different amount of acid secretion 

in the stomach.  

8.6 Bacterial spore aggregation 

The experimental findings from Chapters 5and 6 heavily implied that aggregate 

formation was a driving factor behind the declining counts seen in in vitro gastric conditions. 

In Chapter 7, these assumptions were validated as B. subtilis spores were clearly indicated to 

aggregate in a variety of in vitro conditions studied in LB and PBS as can be seen by FCM 

and plating count evidence. Though aggregation and adhesion are considered important 

points for probiotics this can also mean enumeration can be difficult, thus requiring 

additional and complementary enumeration techniques to be used in conjunction with 

plating. Whilst it is acknowledged that traditional plating has the disadvantage of 

underestimating counts due to aggregation there are few researchers who have tried to 

circumvent this issue (Reimann et al. 2010). The effect of aggregation on probiotic 

enumeration is not a widely reported phenomenon but it offers a perfectly plausible 

explanation as to why previous spore counts have been drastically reduced in the stomach 

only to rapidly recover again in the duodenum (Leser et al. 2008). This could reflect the fact 

that acid causes the spores to aggregate, whereas the bile from the gall bladder released 

emulsifies the digesta, thus causing the spore aggregates to break apart. Although 

aggregation would be expected to occur at least during the gastric phase, the extent of 

aggregation might be dependent on the wider digesta composition, as can be inferred from 

the differing results in terms of percentage decline in total counts between spores in PBS 

(Figure 7.6) and LB (Figure 7.5 b). For example, when dormant spores are immersed in 
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acidified PBS or LB (using the same concentration of HCl), there is a greater loss in number 

when the spores were immersed in PBS. The effect of the digesta is further emphasised 

when one considers the results from Figure 7.10, where the addition of 1% Tween 20 was 

shown to significantly increase both viable (FCM and plating) and total counts (FCM) over 

each time point analysed. 

For PBS, investigation of aggregation phenomena involved also the use of particle 

size analysis and Zeta-potential measurement. These additional methods have created a 

range of compelling evidence pointing towards the existence of spore aggregation at least 

under the investigated conditions. Indeed the Zeta-potential measurements (Figure 7.14) 

revealed that the electrostatic repulsion force is reduced. In particular a low negative charge 

of 7.26mV at pH 5 was observed, which was further reduced to -4.20mV at pH 3 and 

reached practically a zero charge at pH 1. In line with the DLVO theory, the reduced Zeta-

potential value could explain a high propensity for spore aggregation. 

This indicates aggregation is very likely and accordingly it is most likely that the 

effects of aggregation will have influenced the results of previous researchers of spore 

viability in the gastric environment (Hoa et al. 2000; Casula and Cutting 2002; Tam et al. 

2006; Leser et al. 2008) Where a vast decline in counts are observed and then an unusually 

high increase in counts as the spore move further across the GIT are seen. This would 

support the idea that bile acts as a surfactant on the counts. 

8.7 Conclusion 

Whilst flow cytometry has been used frequently in literature since the 1980’s 

(Shapiro and Nebe-von-Caron 2004) there has been little effort to extend this tool to 

enumerate sub-populations of cells and spores. The reasons for this may be due to the high 

risk of contamination when dealing with axenic cultures, i.e. cells which have been exposed 

to environmental conditions will be contaminated with other species of bacteria. It may be 

that FCM is not used as readily as other methods due to the fact that determining different 
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species of bacteria is not yet possible. Though older studies attempted to group bacteria 

based on the staining profiles with PI and FITC, out of 19 bacteria, these could only be 

sorted into three related groups, and differentiating bacteria in the same genus was only 

possible in a few instances (Miller and Quarles 1990). This may have given rise to the 

precedence of molecular methods in microbial research (Thanantong et al. 2006; Degnan 

and Ochman 2012). 

However, the results generated from this study show that FCM is a potentially 

valuable tool for the assessment of the impact of treatments upon cells and spores of B. 

subtilis. As stated by Abee et al. (2011) the ability to analyse bacteria at the single cell level 

is highly desirable. Although time lapse microscopy can provide information on specific 

individual cell behaviour, it is highly time consuming and is not adaptable to assess very 

high numbers of cells. In these ways FCM really does provide insights not possible by other 

methods. What is noteworthy is that the results from this study were only possible upon 

examining all FCM parameters (Cronin 2012). 

The specific alterations to the staining protocols were based on key insights 

highlighted through collaborations with Cronin (2012). The basis of this was a study by 

Cronin and Wilkinson (2007) where it was first noticed an elevated staining temperature was 

used. This led to the survey of staining protocols in current available literature. The source 

of the variation observed in the staining protocols was not apparent in the literature as the 

selection criteria for each method was not detailed. Furthermore, the underpinning 

assumptions relating to staining temperature and time, and the behaviour of the micro-

organisms were not mentioned. In this research, the steps leading to the selection of the 

current staining regime, are clearly outlined. It is also clear that informed steps have been 

made in order to select the optimum FCM settings. The findings from these studies are 

therefore highly important.  

By studying a range of treatments upon B. subtilis, the use of FCM as a quantitative 

and qualitative tool is emphasised. It is hoped that this will enable others to use FCM to gain 

a deeper understanding of the physiological states of bacteria under stressful conditions. 
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Whilst many studies have investigated the effect of pressure on B. subtilis spores  (Mathys et 

al. 2007; Shen et al. 2009); the application of FCM to assess damage to cells by 

antimicrobials, both novel and conventional, suggests this method could take a far more 

prominent role in bacterial research in the future.  

It has been suggested by this research that spore DPA release may be inhibited by 

certain conditions, for example, the presence of HCl in PBS with no germinants caused 

spore death yet no significant DPA release. As discussed in Section 8.4, this may be due to 

the damaging of DPA release channel proteins, or a similar structure. 

Aggregation is a key parameter that has been overlooked in probiotic assessments to 

date. This could at least be a contributing factor if not completely explain why counts of 

viable probiotic have varied so widely. Indeed the nature of aggregation is complex and 

difficult to predict across a variety of gastric conditions, therefore it might be argued that is 

unreasonable to expect that probiotic assessment would follow a strict trend. However for 

future research, it is essential to keep this in mind as it has the potential to severely distort 

the accuracy of results obtained. 

To the best of our knowledge this is the first example of FCM enumeration and cell 

sorting used to assess the physiological states in mixtures of B. subtilis cells and spores. By 

combining the FCM results with other methods, i.e. plating and Petroff-Hausser 

haemocytometry, it can be agreed that the results obtained are an accurate reflection of the 

effects of various treatments upon this organism. The key insights generated throughout this 

research are that FCM can be used as a tool to assess spore purity much faster than current 

microbiological methods. Furthermore, it can be used to keep track of mass balances across 

experiments, as a result of its ability to count not just viable cells and spores, but also dead 

and damaged organisms. 
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8.7.1 Future Work 

With respect to the FCM methodology developed, the most current developments in 

this field involve the replacement of the analogue technology (developed 20 to 30 years ago) 

with modern, solid state opto-electronics. This, combined with micro-fabrication and digital 

signal processing technology would increase the resolution of FCM outputs, meaning more 

subtle changes in physiology could be detected with the intent that this should lead to more 

user-friendly and robust technology, better suited for microbial analysis (Veal et al. 2000; 

Ambriz-Avina et al. 2014).  

The most imminent further work to be carried out will involve direct high resolution 

microscopic analysis of spores in media at different pH to confirm the presence and size of 

the aggregates formed. This will be coupled with further investigations into flow cytometric 

analysis of spore behaviour in further parts of the GIT, i.e. the addition of bile salts to the in 

vitro simulated GIT conditions, thus extending the insights gained in this research to more 

thoroughly examine spore behaviour in other conditions. 

It is envisaged that the methodologies and insights generated will be applied to other 

species of bacteria, for example Alicyclobacillus spp. or B. cereus, in the fields of food 

spoilage to better enumerate bacterial concentrations and assess food preservation methods 

with greater accuracy. This will continue to explore the link between acidity and aggregation 

phenomena, as well as furthering the applications of these findings potentially into industrial 

fields. There is also scope to extend the FCM methodology into further antimicrobial 

assessments, particularly sporicidal agents and treatments. Such research could be of value 

not only in food science, but also medical fields, anti-bioterrorism (Oie et al. 2011; Xing et 

al. 2014), and even astrobiological spore behaviour (Hagen et al. 1967; La Duc et al. 2003). 
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9 Appendices 

Appendix 1 

BBL™ AK Agar #2  

Per litre 

Pancreatic Digest of Gelatin     6.0 g  

Pancreatic Digest of Casein    4.0 g  

Yeast Extract       3.0 g  

Beef Extract      1.5 g 

Dextrose       1.0 g  

Agar       15.0 g  

MnSO4       0.3 g 

Suspend 30.8 g of the powder in 1L of purified water. Mix thoroughly and heat with 

frequent agitation and boil for 1 minute to completely dissolve the powder. 

Difco Sporulation Medium (DSM) 

Per litre 

Bacto nutrient broth (Difco)   8 g 

10% (w/v) KCl     10 ml 

1.2% (w/v) MgSO4·7H2O   10 ml 

1 M NaOH     ~1.5 ml (pH to 7.6) 

 

Adjust volume to 1 litre with dd H2O pH 7.6. Autoclave and allow to cool to 50°C. Just 

before use, add the following sterile solutions: 

1M Ca(NO3)    1ml 

0.01M MnCl2   1ml 

1mM FeSO4   1ml 
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Step Gradients of Renografin (Nicholson and Setlow 1990) 

Gradient Solutions: 

A. For 20% Renografin for 10ml 

Reno-60   3.33ml 

dd H2O    6.66ml 

 

B. For 50% Renografin for 30ml 

Reno-60   25ml 

dd H2O        5ml 

 

1. Inoculate colony into 25ml DSM and grow to mid log phase 0.45<A600<0.6 (~2 

hours) 

2. Dilute by 1 to 10 into 250ml pre-warmed (37C) DSM in 2L flask. Incubate a further 

48 hours at 37°C at 150rpm. 

3. Observe culture occasionally during growth & continue to next step when >90% 

culture are free spores 

4. Centrifuge culture for 10min at 10G & discard supernatant 

5. Wash pellet with 200ml cold sterile ddH2O. 

6. Centrifuge for 10min at 10G again and discard supernatant 

7. Re-suspend the pellet in 200ml cold distilled water and leave at 4°C overnight.  

8. Repeat steps 4-7 and then check pure spore suspension under phase contrast 

microscopy – when >90% are phase bright, the Renografin purification to eliminate 

vegetative cells can be carried out. 

9. Collect spores by centrifugation and suspend in 2-3ml 20% Renografin soln. 

10. Layer the suspension over 15ml 50% Renografin in a glass Corex tube and 

centrifuge for 30 mins at 10G. 

11. Use a pipette connected to a vacuum line to remove all layers of the gradient except 

the pellet which contains free spores 
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12. Suspend the pellet in 10ml cold sterile water, then transfer to a falcon tube and 

centrifuge at 7G for 10 minutes 

13. Repeat the above step 3 more times to remove all Renografin as tract amounts may 

induce germination 

14. Re-suspend the pellet in 2ml sterile ddH2O and count 1:100 dilution using a Petroff 

Hauser haemocytometer  

15. Keep the spores at 4°C and every 2-4 weeks re-pellet and decant the water and 

replace with fresh cold ddH2O to prevent germination. 

 

Available online at: 

http://docs.google.com/viewer?a=v&q=cache:MxyoR0kETJYJ:www.uab.edu/luckielab/prot

ocols/sporeprep.doc+purification+of+spores&hl=en&gl=uk&pid=bl&srcid=ADGEESjlS9x5

IrWMBkHibNg84XACvFTalLHUvFbGv6atacBeKuF2aDCF1TIY17qCzQNkgYsSbXPL5H

IWjON5yuef5mxkWjX6VKK6TXltVYyrayUqxch2EldAWhD866sspN1j3&sig=AHIEtbRU

4JY5S9AVwpij8vblwtM0YumSHw (Accessed 17 October 2011)  

 

Ethanol treatment  (Zhao et al., 2008): 

 

• Add 0.1mM MnSO4 (or MnCl2) to the growth medium to maximise spore efficiency 

and stability. 

• Harvest  a suspension of spores and vegetative cells by taking 70ml culture and 

transferring to an 85ml centrifuge tube 

• Centrifuge at 10,000×g for 10 min at 4°C 

• Decant supernatant and wash pellet with 20ml sterile deionized water by vortexing 

for 20s. 

• Centrifuge at 10,000xg for 10 min at 4°C  

• Resuspend the pellet  in 20ml of 1:1 sterile deionized water and ethanol (200 proof; 

http://docs.google.com/viewer?a=v&q=cache:MxyoR0kETJYJ:www.uab.edu/luckielab/protocols/sporeprep.doc+purification+of+spores&hl=en&gl=uk&pid=bl&srcid=ADGEESjlS9x5IrWMBkHibNg84XACvFTalLHUvFbGv6atacBeKuF2aDCF1TIY17qCzQNkgYsSbXPL5HIWjON5yuef5mxkWjX6VKK6TXltVYyrayUqxch2EldAWhD866sspN1j3&sig=AHIEtbRU4JY5S9AVwpij8vblwtM0YumSHw
http://docs.google.com/viewer?a=v&q=cache:MxyoR0kETJYJ:www.uab.edu/luckielab/protocols/sporeprep.doc+purification+of+spores&hl=en&gl=uk&pid=bl&srcid=ADGEESjlS9x5IrWMBkHibNg84XACvFTalLHUvFbGv6atacBeKuF2aDCF1TIY17qCzQNkgYsSbXPL5HIWjON5yuef5mxkWjX6VKK6TXltVYyrayUqxch2EldAWhD866sspN1j3&sig=AHIEtbRU4JY5S9AVwpij8vblwtM0YumSHw
http://docs.google.com/viewer?a=v&q=cache:MxyoR0kETJYJ:www.uab.edu/luckielab/protocols/sporeprep.doc+purification+of+spores&hl=en&gl=uk&pid=bl&srcid=ADGEESjlS9x5IrWMBkHibNg84XACvFTalLHUvFbGv6atacBeKuF2aDCF1TIY17qCzQNkgYsSbXPL5HIWjON5yuef5mxkWjX6VKK6TXltVYyrayUqxch2EldAWhD866sspN1j3&sig=AHIEtbRU4JY5S9AVwpij8vblwtM0YumSHw
http://docs.google.com/viewer?a=v&q=cache:MxyoR0kETJYJ:www.uab.edu/luckielab/protocols/sporeprep.doc+purification+of+spores&hl=en&gl=uk&pid=bl&srcid=ADGEESjlS9x5IrWMBkHibNg84XACvFTalLHUvFbGv6atacBeKuF2aDCF1TIY17qCzQNkgYsSbXPL5HIWjON5yuef5mxkWjX6VKK6TXltVYyrayUqxch2EldAWhD866sspN1j3&sig=AHIEtbRU4JY5S9AVwpij8vblwtM0YumSHw
http://docs.google.com/viewer?a=v&q=cache:MxyoR0kETJYJ:www.uab.edu/luckielab/protocols/sporeprep.doc+purification+of+spores&hl=en&gl=uk&pid=bl&srcid=ADGEESjlS9x5IrWMBkHibNg84XACvFTalLHUvFbGv6atacBeKuF2aDCF1TIY17qCzQNkgYsSbXPL5HIWjON5yuef5mxkWjX6VKK6TXltVYyrayUqxch2EldAWhD866sspN1j3&sig=AHIEtbRU4JY5S9AVwpij8vblwtM0YumSHw
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99.5%).  

• Cap centrifuge tube and incubate at 22°C for 12 h on an orbital shaker (Lab Line) at 

100 rev/min (3-day culture) or for 2 h at 200 rev/min (10-day culture).  

• Centrifuge again and wash suspension twice with sterile deionized water. 
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Appendix 2 
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Figure 9.1 FCM output for spore samples B, C and D and E following multiple washing steps. Left 

column) density plot of FSC vs SSC, region A (red) drawn around the cell/spore area of a) sample B, 

c) Sample C, e) Sample D and g) Sample E. Region B (blue): cells and spores. Right column) density 

plot gated on region B of FL1 (Green) fluorescence vs FL3 (Red) fluorescence, region C (orange): 

dormant spores, region D (turquoise): germinating spores, region E (pink): live cells, region F 

(burgundy): dead spores and cells, region G (light blue): double stained cells. b) Sample B, d) Sample 

C, f) Sample D and h) Sample E. 
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.  

Figure 9.2 Fluorescent microscopy image of B. subtilis spore sample B, taken using the 63x objective 

lens. Stained with Syto 16 and PI under a) DIC light and b) I3 (blue) light  
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Figure 9.3 Fluorescent microscopy image of B. subtilis spore sample C, taken using the 63x objective 

lens. Stained with Syto 16 and PI under a) DIC light and b) I3 (blue) light 
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Figure 9.4 Fluorescent microscopy image of B. subtilis spore sample D, taken using the 63x objective 

lens. Stained with Syto 16 and PI under a) DIC light and b) I3 (blue) light 
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Figure 9.5 Double stained B. subtilis spores sample E under the 63x objective lens a) DIC light image 

b) I3 light image.  
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Figure 9.6 Sample A of B. subtilis spores. a) Top row, left, DIC image using the 63x objective lens 

before 0.2µm filter and right, FCM FSC vs SSC profile of the same sample with Region B drawn 

around the cell and spore population. b) Bottom row, DIC image at 63x magnification post 0.2um 

filter and right, FCM FSC vs SSC density profile with Region B drawn around the cell and spore 

population. 
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Figure 9.7 Sample C of B. subtilis spores.  a) Top row, left, DIC image at 63x magnification before 

0.2µm filter and right, FCM FSC vs SSC profile of the same sample with Region B drawn around the 

cell and spore population. b) Bottom row, DIC image at 63x magnification post 0.2um filter and right, 

FCM FSC vs SSC density profile with Region B drawn around the cell and spore population. 
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Figure 9.8. Sample D of B. subtilis spores. a) Top row, left, DIC image using 63x objective lens 

before 0.2µm filter and right, FCM FSC vs SSC profile of the same sample with Region B drawn 

around the cell and spore population. b) Bottom row, DIC image at 63x magnification post 0.2um 

filter and right, FCM FSC vs SSC density profile with Region B drawn around the cell and spore 

population. 
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Figure 9.9 Sample E of B. subtilis spores. a) Previous page, left, DIC image under the 63x objective 

lens before 0.2µm filter and right, FCM FSC vs SSC profile with Region B drawn around the cell and 

spore population. b) DIC image under the 63x objective lens post 0.2µm filter and right, FCM FSC vs 

SSC density profile with Region B drawn around the cell and spore population. 
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Appendix 3 

 

Cell sorting on germinated spores (repeat) 

 

 

 

Figure 9.10 Spores immersed in LB broth for 30 minutes, then re-suspended in PBS and stained with 

Syto 16 and PI. All sorted at rates of 1, 3, 10, and 30 droplets per well as shown in the grid on the 

right. 

  

 A B C D E F 

1 0 1 1 1 1 1 

2 30 30 30 30 30 30 

3 10 10 10 10 10 10 

4 3 3 3 3 3 3 

5 1 1 1 1 1 1 

6 30 30 30 30 30 30 

7 10 10 10 10 10 10 

8 3 3 3 3 3 3 

9 1 1 1 1 1 1 

10 0 1 1 1 1 1 
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Figure 9.11 Spores immersed in LB broth for 30 minutes, then re-suspended in PBS and stained with 

Syto 16 and PI. All sorted at rates of 1, 3, 10, and 30 droplets per well as shown in the grid on the 

right. 

 

 

  

 A B C D E F 

1 0 1 1 1 1 1 

2 30 30 30 30 30 30 

3 10 10 10 10 10 10 

4 3 3 3 3 3 3 

5 1 1 1 1 1 1 

6 30 30 30 30 30 30 

7 10 10 10 10 10 10 

8 3 3 3 3 3 3 

9 1 1 1 1 1 1 

10 0 1 1 1 1 1 
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