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ABSTRACT 

Increasing antimicrobial resistance creates an urgent need for innovative 

treatments for bacterial infections. Predatory bacteria, such as Bdellovibrio 

bacteriovorus, hold promise as one alternative, they predate a wide range of Gram-

negative bacteria, and are non-toxic to eukaryotic cells. Microbial predators also make 

excellent model systems to study predator-prey dynamics. To exploit the potential of 

chemostats in understanding bacterial predation I developed a family of mathematical 

models and an array of chemostats. 

Using the most biologically relevant model I explored predation under a wide 

range of circumstances and discovered a system prone to extreme oscillations. I 

predicted optimal values for prey size, predator attack rate and mortality. I used 

variants of this model to fit data, from the Sockett lab on dual predation of Escherichia 

coli by B. bacteriovorus and a bacteriophage. This modelling explained why dual 

predation was effective at reducing the density of E. coli when single predation was 

not.  

Finally, I developed an array of chemostats to test model predictions, and a 

community of bacterial species, two prey, one decoy and B. bacteriovorus that can co-

exist as a whole or in combinations for several weeks. These can be used to explore 

the effects of alternative prey and decoy species on predator effectiveness and give 

insights into the best ways of treating bacterial infections with B. bacteriovorus. 
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“Tyger tyger, burning bright, 

 In the forests of the night;  

What immortal hand or eye,  

 Could frame thy fearful symmetry?” 

With his evocative poem Blake (1794) illustrates the sense of fascination 

humankind has for predators, from the tiger in the poem, to the wolf pack or a spider 

waiting in her web. We feel a sense of excitement in the hunt and 

anthropomorphically identify with both the hunter and the hunted. Microbial 

predators rarely evoke the same sense of awe, yet they share many properties of 

larger predator prey ecosystems and can make excellent models, as well as being 

important in their own right.  

Predators are often keystone species in natural ecosystems (Paine, 1969) and 

predation of bacteria by protists (Fuhrman and Noble, 1995), bacteriophages (Proctor 

and Fuhrman, 1990) and other bacteria (Williams et al., 2016) plays an important 

ecological role by regulating the density of bacteria, which are recyclers of carbon and 

nitrogen (Azam et al., 1983). Investigations into predator-prey dynamics in natural 

settings are, however, complicated by an array of confounding factors (Krebs et al., 

2001). Microbes, by contrast, make attractive models for studying predator-prey 

interactions in a controlled environment, with millions of individuals in a drop of liquid 

that can go through many generations in days. A completely separate, but increasingly 

important, reason for interest in microbial predators is the antimicrobial resistance 

crisis, with resistance to even last resort antibiotics such as colistin rising (Arcilla et al., 

2016). There is an urgent need for ‘living antibiotics’ as alternatives to antibiotics, and 

indeed both bacteriophages (Abedon et al., 2011) and bacterial predators (Sockett 
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and Lambert, 2004) have been proposed as alternative treatments for bacterial 

infections. 

Even within microbial predators, predation by bacteria is less well studied, 

though of the bacterial predators Bdellovibrio bacteriovorus has received the most 

attention. B. bacteriovorus is a small, Gram-negative bacterium with predatory 

capabilities. It was discovered by accident by Stolp & Petzold (1962) whilst searching 

for bacteriophages. They had run out of their usual size filters and so used a filter with 

a slightly larger pore, which allowed the Bdellovibrio, to pass through. Normally phage 

plaques develop to their full size within 24 hours. Stolp and Petzold however saw 

plaques that did not start to develop for two days and continued to grow for about 

ten days. Curious about the source of these plaques they examined samples under a 

phase microscopic, and found fast moving bacteria that were only just big enough to 

see and which caused neighbouring Pseudomonas cells to lyse. Bdellovibrio was not 

the first predatory bacterium to be discovered, the predatory capabilities of 

Myxococcus xanthus, had been known since 1941 (Beebe, 1941). Bacterial predation 

however, was a little studied area, and M. xanthus is an opportunistic, wolf-pack type 

predator, while Bdellovibrio is an intracellular predator that has mechanisms to avoid 

sharing prey (Lerner et al., 2012). Like Bdellovibrio, M. xanthus is a δ-proteobacterium 

and the two are quite closely phylogenetically related (Donze et al., 1991). M. xanthus 

has a complex lifecycle, which includes aggregating into large groups and then forming 

a fruiting body to disseminate myxospores when facing starvation. It is also considered 

a model organism for social behaviour in bacteria (Zusman et al., 2007). Unlike 

Bdellovibrio, M. xanthus does not possess a flagellum and can only move by gliding 
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slowly along surfaces. When a colony of M. xanthus cells encounters a colony of prey 

such as E. coli it swarms over them in a rippling motion, releasing lytic enzymes that 

kill and degrade its prey as it goes (Berleman et al., 2006). 

Since the discovery of Bdellovibrio, other predatory bacteria have been found, 

with a wide variety of predatory strategies and lifestyles from almost every habitat 

(Pérez et al., 2016). While still understudied, Bdellovibrio has become the best 

understood intracellular, bacterial predator, and research has clarified many details of 

its predatory nature (Sockett and Lambert, 2004; Sockett, 2009; Rotem et al., 2014). 

Other research has looked into the impacts of predatory bacteria in shaping 

ecosystems, and the evolutionary effects of prey species on their predators (Williams 

et al., 1982; Piñeiro et al., 2004; Chauhan et al., 2009; Chen et al., 2011, 2018). 

Recently, with the ever-increasing problem of antibiotic resistance, significant work 

has gone into evaluating the potential, (Chu and Zhu, 2009; Atterbury et al., 2011; 

Saxon et al., 2014; Willis et al., 2016; Findlay et al., 2019), safety and immunogenicity 

of Bdellovibrio and other predatory bacteria. Predatory bacteria were found to be non-

toxic to rabbit eyes (Romanowski et al., 2016), rats (Shatzkes et al., 2016, 2017) mice 

(Shatzkes et al., 2015) and mice cell lines (Monnappa et al., 2016), human cell lines 

(Shanks et al., 2013; Gupta et al., 2016; Monnappa et al., 2016; Romanowski et al., 

2016) and human phagocytic cells (Raghunathan et al., 2019). Bdellovibrio also 

induced a much smaller cytokine response than pathogens such as Klebsiella 

pneumoniae (Shatzkes et al., 2015, 2017), probably due to its unusual, neutral lipid A 

(Schwudke et al., 2003). 
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1.1 Bdellovibrio morphology and lifecycle: 

Bdellovibrio And Like Organisms (BALOs) are Gram-negative proteobacteria 

with a single flagellum and a curved rod shape (Stolp and Starr, 1963). One genus of 

α-proteobacterial BALOs, the Micavibrios, have been found (Lambina et al., 1982), but 

all other BALOs discovered to date are δ-proteobacteria. Micavibrio are epibiotic 

predators that attach to their prey and suck nutrients out of them (Lambina et al., 

1982). Almost all δ-BALOs, by contrast, invade the periplasm of their prey, an 

exception being Bdellovibrio exovorus, which is another epibiotic predator (Koval et 

al., 2013).  

 

Figure 1.1 – The lifecycle of Bdellovibrio and other BALOs.  
Figure inspired by (Sockett and Lambert, 2004). 

δ-BALOs have an unusual biphasic lifecycle (Fig. 1.1). In their attack phase, 

some Bdellovibrios are capable of swimming at speeds of up to 160 μm second-1 in 

Gram-negative

Predator 
swims at up 
to 160 µm s-1 Predator attaches to 

and penetrates prey

Predator alterations to 
prey peptidoglycan 
cause it to round up 
and form a bdelloplastPredator makes prey  inner 

membrane leaky – causing prey 
cell death

When resources 
are gone predator 
septates and lyses 
prey shell 
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liquid cultures, (Lambert, Evans, et al., 2006) as they search for prey bacteria. They 

probably use chemotaxis to aid the search by detecting areas of high bacterial density 

such as biofilms. The Bdellovibrio genome contains genes involved in chemotaxis and 

knocking out these can reduce predation efficiency (Lambert et al., 2003). It has also 

been showed that Bdellovibrio are chemotactically attracted to yeast extracts (Straley 

et al., 1974), casamino acids (Chauhan and Williams, 2006), high densities of prey cells 

(Straley and Conti, 1977), and various other compounds, including certain amino acids 

(Lamarre et al., 1977), short chain fatty acids, components of the tricarboxylic acid 

cycle and other key metabolic pathways, inorganic ions and oxygen (Straley et al., 

1979). It is unlikely that Bdellovibrio can track individual cells as any chemoattractant 

would likely be at a low concentration and easily diluted away, especially in an 

environment where there is substantial mixing, such as a chemostat. With a cluster of 

prey such as a biofilm however, the high density of cells would cause a much stronger 

signal to be produced, which could be detected. Once in a biofilm the speed of 

Bdellovibrio is much reduced, and movement is via a gliding motion, that is only 

partially understood (Lambert, Chang, et al., 2010; Lambert et al., 2011; Milner et al., 

2014).  

When Bdellovibrio locate a possible prey bacterium they initially attach loosely 

to this (Starr and Baigent, 1966). Attachment to a non-suitable target is reversed after 

a few minutes (Hobley et al., 2006). With suitable prey, attachment becomes 

permanent and is followed by penetration into the prey periplasm and loss of the 

flagellum (Starr and Baigent, 1966). Penetration is accomplished by the secretion of 

lytic enzymes, including peptidases and transglycosylases, to create a pore in the prey 

outer membrane and cell wall (Thomashow and Rittenberg, 1978a), and the use of 
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type IV pili, located at the penetration pole, at the opposite end of the Bdellovibrio 

from its flagellum (Lambert, Morehouse, et al., 2006). There is a degree of redundancy 

in the lytic enzymes, as deletion of the genes for a number of these, including Bd0816 

and Bd3459, reduced the efficiency of predation but did not make the bacterium non-

predatory (Lerner et al., 2012). The type IV pili however, are essential for predation, 

as a pilA deletion mutant was non-predatory (Evans et al., 2007). Once the predator 

has entered the periplasm of the prey, it further modifies the prey peptidoglycan. This 

causes degradation of the peptidoglycan to cease, protecting the structural integrity 

of the prey cell (Thomashow and Rittenberg, 1978c). 

 In cases of particularly high multiplicity of infection, it is possible for two 

Bdellovibrios to attach to and penetrate the same prey simultaneously. Tailgating 

infections, where one Bdellovibrio has already established itself in a prey bacterium, 

and a second Bdellovibrio then penetrates the same prey, are rarer. This is likely due 

to modifications made to the prey cell wall by two carboxypeptidases, encoded by 

Bd0816 and Bd3459, which are expressed in the 15 to 30 minutes after Bdellovibrio 

has entered the prey. These changes mark the prey out as unsuitable for further 

predation and cause the rounding up of prey cells. Deletion of either of these genes 

resulted in slower entry of Bdellovibrio into prey, increased numbers of tailgating 

infections and reduced rounding, with a double knockout mutant showing a more 

severe phenotype (Lerner et al., 2012). X-ray crystallography of Bd3459, which is 

structurally similar to type 4 penicillin binding proteins, responsible for normal 

maintenance of peptidoglycan, showed it lacked a type III domain (Lerner et al., 2012). 

This domain is responsible for substrate specificity (Lerner et al., 2012) and its absence 
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may be the reason Bdellovibrio can degrade the peptidoglycan of a wide range of prey 

species. 

Penetration takes about 20 minutes (Varon and Shilo, 1968), during which time 

the prey cell is killed (Rittenberg and Shilo, 1970). To penetrate the prey cell, the 

predator creates a small pore in the prey outer membrane and peptidoglycan, (Starr 

and Baigent, 1966) through which it squeezes. Once inside the periplasm, the pore is 

sealed and further modifications to the prey peptidoglycan cause the prey cell to swell 

and round up, (Starr and Baigent, 1966; Thomashow and Rittenberg, 1978b) creating 

a space in which the Bdellovibrio can grow. The prey inner membrane becomes porous 

(Romo et al., 1992), allowing nutrients to leak out into the periplasm where the 

growing Bdellovibrio can absorb them. Leakage out of the periplasm is prevented by 

modifications to the prey outer membrane, which becomes less porous (Sockett, 

2009). The rounded up dead prey cell with the Bdellovibrio lodged within, is known as 

a bdelloplast (Marbach et al., 1976).  

Inside the bdelloplast, the Bdellovibrio undergoes a change in gene expression, 

down-regulating many genes associated with its attack phase, and up-regulating 

others to enter its growth phase (Rendulic et al., 2004; Lambert, Chang, et al., 2010). 

The time spent in this growth phase varies, but for a typical E. coli cell is around 3 

hours (Shilo and Bruff, 1965). During this time, the Bdellovibrio releases a battery of 

hydrolytic enzymes, that break down prey macromolecules (Matin and Rittenberg, 

1972). These nutrients are taken up by the Bdellovibrio, which uses them to fuel its 

growth and replicate its genome. In the bdelloplast, the Bdellovibrio elongates, 

becoming a twisted spiral shape containing multiple copies of its genome (Lambert, 

Evans, et al., 2006). When prey resources are largely exhausted the Bdellovibrio 
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septates into multiple new cells, each containing a single copy of its genome and the 

prey cell is lysed (Burnham et al., 1970). The new predators grow a flagellum, and 

leave the remnants of the prey cell by gliding (Lambert et al., 2011), before re-entering 

attack phase and seeking out new prey. 

 From the first discovery of Bdellovibrio, host-independent (HI) mutants that 

can grow outside of prey cells have been observed (Stolp and Starr, 1963) (Fig. 1.2). 

These arise spontaneously at a rate of about 1 in 106 to 107 bacteria (Seidler and Starr, 

1969b). They have also been obtained from many species of BALO by inoculating a rich 

media, supplemented with an antibiotic, with antibiotic resistant BALOs previously 

grown on antibiotic sensitive prey (Seidler and Starr, 1969b). A rich medium is needed 

because Bdellovibrio is auxotrophic for many compounds, including at least nine 

amino acids (Rendulic et al., 2004). Some HI strains may retain the ability to predate 

other cells, albeit at a reduced rate, probably due to a loss of motility, whilst other 

strains are entirely non-predatory (Varon and Seijffers, 1975). Most HI strains have a 

mutation in an area of the genome referred to as the hit-locus (Cotter and 

Thomashow, 1992), which comprises genes Bd0108 and Bd0109, involved in pilus 

formation (Capeness et al., 2013). 
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Figure 1.2 – Host-independent BALO lifecycle 
Host-independent (HI) mutants have been obtained for several species of BALOs. These grow in rich 
media to form coenocytic filaments of varying lengths and morphologies, although they are usually 
spiral in form and lack flagella. After some variable length of time growing as a filament, they septate 
into new flagellated BALOs, which resemble attack phase host-dependent (HD) BALOs in morphology 
and which start to once again grow as filaments and lose their flagella. Many HI mutants are capable of 
predation, but are less efficient at this than HD BALOs. 

There is a high degree of heterogeneity in the morphology of populations of HI 

mutants. They can have spherical, rod-shaped and even spiral forms, but in general 

are between 1 and 10 µm in length and around 0.3 µm wide (Seidler and Starr, 1969b). 

They usually grow as coenocytic filaments, which often have reduced mobility (Varon 

and Seijffers, 1975). Generally they septate on reaching about 10 µm length, which 

usually happens after about 3 hours (Shilo and Bruff, 1965), similar to the time spent 

in a bdelloplast, although they can reach a length of 50 µm (Burnham et al., 1970). 

Septation of a 10 µm filament would be expected to give 7 to 10 new Bdellovibrio 

(Diedrich et al., 1970) (slightly more than from an E. coli bdelloplast). 

One open question concerns the nature and prevalence of any resister 

phenotype. While bacterial resistance to bacteriophages is a common phenomenon 

(Luria and Delbrück, 1943), stable genetically inherited resistance to BALOs is much 

more unusual. To my knowledge only Varon (1979) and Gallet, Tully and Evans (2009) 

have reported the occurrence of stably inherited resistance, the former in a 

continuous culture experiment, the later using serial transfers. A more common 

occurrence is a ‘plastic’ phenotypic resistance, which has been seen in a variety of prey 

chromosomes
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species, including E. coli, Erwinia carotovora and Pseudomonas syringae (Shemesh and 

Jurkevitch, 2004). This can be triggered by exposure to various Bdellovibrio strains and 

is protective against Bdellovibrio strains other than that which triggered the plastic 

resister phenotype. The protection is not absolute, plastic resister cells are still 

eventually preyed upon, and after a period of time without exposure to predators, the 

plastic resistance is lost. In particular, if plastic resistant prey cells are grown in the 

absence of predators their descendants have no resistance to predation (Shemesh and 

Jurkevitch, 2004). The mechanism by which this resistance occurs is unclear, it is 

known that the presence of an S-layer is a barrier to predation (Koval and Hynes, 

1991), but that capsule is not (Koval and Bayer, 1997) and that changes in the 

lipopolysaccharide (LPS) of potential prey affects the rate at which predators attach 

to the prey (Varon and Shilo, 1969). What is also not known is exactly how long plastic 

resistance lasts, by what factor predation efficiency is reduced, and how plastic 

resistance affects growth characteristics of the prey. In Chapter 4 of this thesis I have 

fitted models to an experimental dataset generated by the Sockett lab (Hobley et al., 

2019). This model fitting showed strong support for presence of a plastic resistant 

phenotype and elucidated some of the probable kinetics of the formation and 

reversion of this phenotype. 
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1.2 Bdellovibrio research in chemostats 

Chemostats are environments where nutrients are constantly refreshed and a 

proportion of the contents are removed through dilution. Bacteria will grow at the 

same rate as the dilution rate, unless this is faster than their maximal growth rate on 

the substrate concentration coming into the chemostat (Fig. 1.3a), and will usually 

consume most of the available nutrients unless the dilution rate is close to their 

maximal growth rate (Fig. 1.3c). When two species compete for the same niche within 

a chemostat, such as a single nutrient in limited supply, or a single prey species, 

generally, only one can survive, and this will be the species which grows fastest on the 

available substrate (Fig. 1.3b)(Hardin, 1960). There are exceptions to this, the addition 

of a predator species can allow for the existence of two competing prey species, one 

slower growing, but less predated and the second faster growing but more heavily 

targeted by the predator (Becks et al., 2005). Another example would be, if the faster 

growing species had an incomplete metabolic pathway that resulted in the production 

of a substance that could act as a nutrient source for a second slower growing species, 

thus effectively constructing a second ecological niche (Rosenzweig et al., 1994). 

While no natural system is an ideal chemostat, the gut and wastewater treatment 

plants both have similarity to chemostats. There is an inflow of fresh nutrients and 

bacteria are constantly growing and consuming nutrients, keeping nutrient levels 

within the system low. 



Introduction 
 

 28 

 

Figure 1.3 – Chemostat kinetics 

Panel (a) Relationship between growth rate and dilution rate, units are arbitrary, * marks the point at 
which the bacteria washout. Panel (b) Growth rates of two bacterial species, blue has a higher 
maximum growth rate, but also a higher half-saturation constant for prey. At substrate concentrations 
less than the green line red will outcompete blue and blue will be washed out of the chemostat. At 
substrate concentrations above the green line the reverse will occur. Panel (c) Relationship between 
dilution rate and substrate concentration in blue and bacterial density in red (bacterial specific growth 
rate is constant). 

Most experiments with BALOs have been performed in batch cultures, where 

prey cells are often in stationary phase, due to nutrient depletion, and prey 

populations decrease due to predation. Chemostats, by contrast, offer an 

environment where nutrients are constantly renewed, and the prey is in exponential 

growth phase. As a result of this, the population dynamics and growth kinetics of both 

predator and prey can be studied over long time periods (in the order of months), 

equivalent to several thousand generations. Additionally, it is possible to control and 

adjust both the concentration of nutrients entering the chemostats and their rate of 
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flow. Despite the above benefits, little work on Bdellovibrio has been carried out in 

chemostats.  

Some early laboratory work was undertaken by Whitby in his PhD thesis 

(Whitby, 1977) on predation of Spirillum serpens by B. bacteriovorus strain 6-5-S. At 

low dilution rates (0.05 h-1) the predator and prey were in a stable steady state. At 

faster dilution rates he observed sustained oscillations of both predator and prey that 

were out of phase, and which had a period that ranged from ~70 h to ~130 h 

depending on the dilution rate. At even faster dilution rates (over 0.5 h-1) the 

Bdellovibrio were washed out.  

Varon and co-workers, used the marine BALO BM4 and a luminescent prey, 

Photobacterium leiognathi E28 (Varon, 1979; Varon et al., 1984). Varon reported, that 

in a chemostat the prey diverged into two phenotypes. One was similar to the original 

strain, the other had a slower specific growth rate, but increased resistance to 

predation (Varon, 1979). In later experiments Varon, Fine and Stein found that a prey 

density as low of 2 x 105 colony forming units (cfu) ml-1 of Photobacterium leiognathi 

E28 could sometimes sustain BALO BM4, but this was erratic and in 60% of cases the 

predator did not survive.  

Dulos and Marchand (1984) used E. coli and B. bacteriovorus in their 

chemostats at low dilution rates and obtained oscillations, but these were erratic and 

not reproducible. Since then little experimental work has been carried out on BALOs 

in chemostats, and many questions remain to be answered, particularly around the 

effects of alternative prey species and decoys. 

To help with answering some of these questions I have developed an array of 

small chemostats, detailed in Chapter 5 of this thesis, to facilitate the exploration of 
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multiple conditions in parallel, with good levels of replication. I have also developed a 

small community of four bacterial species, that can co-exist for at least three weeks. 
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1.3 Existing Mathematical Models: 

There is a rich history over the last century of mathematical modelling, of 

predator-prey dynamics. One of the earliest models (Eq. 1.1a and 1.1b), was 

developed independently by Lotka (1925) and Volterra (1926) the latter inspired by 

catches of fish in the Adriatic Sea. The density of prey is 𝑁 and the density of the 

predator 𝑃. The prey has a specific growth rate 𝜇  and the predator a mortality rate of 

𝜆. Predation occurs at a rate proportional to the density of both predator and prey 

and results in the production of 𝛽 units of predator for each 𝛼 units of prey consumed. 

Using this simple system, they showed that predator-prey models could produce 

sustained oscillations in the densities of both populations without the need for 

external fluctuations (e.g. in environmental conditions).  

 !"
!#
= 	𝜇𝑁 − 	𝛼𝑁𝑃  (1.1a) 

 !$
!#
= 𝛽𝑁𝑃 − 	𝜆𝑃  (1.1b) 

These oscillations however were not stable, as they were neutral cycles about 

an equilibrium point at  𝑁 = %
&
, 𝑃 = '

(
, that was neither an attractor, nor a repeller, 

therefore the amplitude of the oscillations depended upon the initial conditions (Fig. 

1.4a) (Edelstein-Keshet, 2005). Any subsequent perturbations, as would be seen in any 

real-world situation, would result in a change to the amplitude of the oscillations. The 

oscillations were not robust to perturbations, because the system did not contain any 

negative feedback mechanisms. The Lotka-Volterra model assumed prey grew 

exponentially without constraint, which destabilises the system, as in the absence of 

predation, there is no control on infinite prey growth. Predation was assumed to be 

proportional to the density of prey, and did not saturate even at very high prey 
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densities, implying the predator could consume prey at an infinitely fast rate. These 

over simplifications lead to results that were neither biologically interesting, nor 

realistic. 

 

Figure 1.4 – Phase plane diagram of equilibrium points 
Panel (a) Phase plane diagram of a Lotka-Volterra system with varying initial conditions (b) Phase plane 
diagram of various types of equilibria. Arrows indicate direction of flow over time, blue towards the 
equilibrium point (black dot), red away from equilibrium, green around the equilibrium. 

More realistic functions for prey growth include the logistic function and the 

Gompertz function. The logistic function was first developed by Pierre Verhulst (1838) 

to model growth in human populations, and was subsequently shown by Gause (1934) 

to be a good fit to the growth of Saccharomyces cerevisiae. The logistic function takes 

the form: 

 !"
!#
= 	𝑘𝑁 /1 − "

)
1  (1.2) 

Where 𝑘 is the growth rate constant and 𝐶 is the carrying capacity. The logistic 

function gives a sigmoidal curve, with growth being slowest at both very low prey 

densities, and at densities close to the carrying capacity.  

The Gompertz function was first used in population dynamics by Gompertz 

(1825) to model human mortality figures and has since been adapted for predator-

prey models. The Gompertz function takes the form: 
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 !"
!#
= 	𝑘𝑁 ln )

"
  (1.3) 

While the logistic and Gompertz functions successfully constrain prey growth 

at high prey densities, they also result in low growth rates at low prey densities. This 

phenomenon, known as the Allee effect (Allee and Bowen, 1932) has been seen in 

many animal systems, and may in part be due to low species density making it harder 

to find a mating partner for reproduction, or to co-operative group behaviour 

increasing reproductive success. In bacterial cultures however, finding a mating 

partner is not an issue as growth is by binary fission of a single individual. An 

alternative means of constraining prey growth, developed specifically for bacteria by 

Monod (1949), is for growth rates to saturate at high nutrient concentrations. In the 

Monod equation growth rate takes the form: 

 !"
!#
=	 '!"#"*

*+,
  (1.2) 

Where 𝜇-./ is the maximum specific growth rate, 𝑆 the nutrient or substrate 

concentration and 𝐾, the prey half-saturation constant, that is the concentration of 

substrate required for the prey specific growth rate to be half its maximal value. The 

Monod equation gives a hyperbola with increases in substrate concentration having 

the largest effect when substrate concentrations are low and very little effect at 

already high substrate concentrations. 

For the predator, similar constraints on growth are required in order for a 

system to realistically model biology, as no predator can consume prey at infinitely 

fast rates, as is implied by the Lotka-Volterra equations. Alternative forms for the 

predation rate were developed by Holling whilst studying the predation of sawflies by 

small mammals (Holling, 1959b), and subsequently tested in a disk experiment, with 
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human volunteers taking the role of predators (Holling, 1959a). Holling proposed 

three forms of predation rate or functional responses. In the type I functional response 

the predation rate is linearly proportional to prey density until it hits a certain value, 

at which point it saturates and does not change with further increase in prey density. 

This type of functional response is found in filter feeders (Jeschke et al., 2004). The 

type II functional response takes the same form as the Monod equation (Eq. 1.2) and 

results from a handling time when prey is caught, that limits the maximum predation 

rate at high prey density. The type III function response has a sigmoidal form and arises 

from the presence of an alternative prey. Which if any of these functional responses 

best matches the actual predation rate of a system depends on the nature of both 

predator, prey and their environment, and indeed Holling saw live predation patterns 

that fitted all three proposed forms (Holling, 1959b). 

Alternative modifications proposed for the predation rate include using a 

logistic function (Leslie, 1948), which introduces a ratio-dependence on prey, and 

using a per-capita predation rate (Arditi and Ginzburg, 1989), which is most useful 

when there is a large difference in the time scales of predation time and generation 

time. Both ratio-dependence and per-capita predation rates solve the paradox of 

enrichment, where increasing nutrients at the lowest trophic level destabilise the 

system (Rosenzweig, 1971), and the biological control paradox (Luck, 1990), where 

models predict a low prey density cannot be stable (Berryman, 1992). This may be 

advantageous for some systems as it is certainly possible for low prey densities to still 

be apparently stable (Turnbull and Chant, 1961; Hagen and Franz, 1973). Additionally, 

while there are circumstances where enrichment does not result in a reduction in 

stability (Arditi and Ginzburg, 1989; Ginzburg and Akçakaya, 1992), there are also 
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cases where it does have a destabilising effect (Huffaker et al., 1963). Furthermore, 

whilst mechanisms such as ratio-dependent and per-capita predation rates, which 

effect predation rates at high prey densities are sufficient to solve the paradox of 

enrichment, they are not necessary. Other mechanisms, such as predator mortality, 

which have the greatest effect on overall predation at low prey densities, also give a 

stabilising effect (Nisbet et al., 1983). The conclusion from this is that care should be 

taken when choosing growth and predation rate functions to select the most 

appropriate functions for the type of system being modelled, no one function has 

been found that is best for all scenarios. 

Adding saturation to prey growth or predation rates in any of the above forms 

alters the stability of the system, making oscillations more or less likely, depending on 

the precise functions chosen. Many real animal predator-prey systems have also been 

shown to display oscillations, including snowshoe hares and lynx (Maclulich, 1936), 

lemmings (Elton, 1942), moths (Bigger, 1973) and protists (Luckinbill, 1973) to name 

but a few. Understanding the nature of these oscillations, and how they are likely to 

be impacted by interventions, such as nutrient enrichment or the reduction of 

predators has implications for both species conservation and bio-control of pest 

species, as well as the use of predators to reduce or eliminate pathogens. May 

contends that almost all predator prey models contain either a stable node or a stable 

limit cycle (Fig. 1.4b), for all parameters where both species can co-exist (May, 1972). 

Although the oscillations associated with a stable limit cycle may be so extreme that 

at their nadir prey (or predator) densities may be become so low that stochastic 

fluctuations will cause the removal of the last of the species and the system will 

collapse (May, 1972). 
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Given the lack of robust permanence (Jansen and Sigmund, 1998) of limit 

cycles with extreme oscillations, it is important to be able to predict when they are 

likely to occur and replace a stable node. Determining the global stability of a predator 

prey system can be an unfeasible task, which only increases in complexity with the 

addition of further interacting species. It is however possible to determine the local 

stability of a system, and therefore its dynamic behaviour, around equilibrium points 

using linear stability analysis (Edelstein-Keshet, 2005). It should be noted that linear 

stability analysis applies linear tools to nonlinear systems, and as such is only strictly 

true at the equilibrium point. Linear stability analysis shows whether an equilibrium 

point of a particular system is a stable, unstable or saddle node or if it is a centre of 

oscillations and if so whether these oscillations will be damped or stable oscillations, 

the latter resulting from the presence of a stable limit cycle (Fig 1.4b). 

As an alternative to linear stability analysis Rosenzweig and MacArthur 

developed a graphical analysis technique to predict the stability of predator-prey 

models and the conditions (parameters) that would cause that stability to change 

(Rosenzweig and MacArthur, 1963). They plotted the nullclines of each species (points 

at which the rate of change of that species over time is zero) against the density of 

predator and prey (with the predator plotted on the y-axis and the prey on the x-axis). 

The points at which the nullclines intersect is an equilibrium point of the system and 

the nature of the prey nullcline at that point determines the stability of the system. If 

the prey nullcline is decreasing with respect to increasing prey density at the 

equilibrium point, i.e. 0$
∗

0"
< 0, where 𝑃∗ is the density of the predator when !"

!#
= 0 

and 𝑁 is the density of prey, the system will be stable, that is it will either have an 

asymptotically stable node or damped oscillations. On the other hand, if the slope is 
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positive the result will be an unstable equilibrium point, resulting in sustained 

oscillations and a stable limit cycle. Points at which 0$
∗

0"
= 0 result in neutral cycles, as 

seen in the Lotka-Volterra model (Rosenzweig and MacArthur, 1963). 

In the Lotka-Volterra model the prey nullcline is horizontal and the predator 

nullcline vertical. Changing the prey growth rate to a logistic form, whilst keeping 

predation unchanged results in the prey nullcline being a straight line with a negative 

slope throughout ensuring that the equilibrium point (where it exists) is always stable 

(Berryman, 1992). Using a Gompertz equation for prey growth gives a logistic curve of 

2
["]
	for the prey nullcline, again resulting in the slope of the nullcline always being 

negative. 

Using a Holling type II functional response for the predation term, along with 

a logistic or Monod function for the prey growth, destabilises the system resulting in 

the prey nullcline taking the form of a parabola. This means that when equilibrium 

points occur at low prey density the prey nullcline is increasing and the equilibrium 

point is unstable, resulting in a stable limit cycle and sustained oscillations. While at 

higher prey densities the prey nullcline has a decreasing slope (Rosenzweig and 

MacArthur, 1963), resulting in either an asymptotically stable node or damped 

oscillations. (For an explanation of precisely why the prey curve is parabolic the reader 

is directed to the excellent explanation given by Rosenzweig (1969)). This system is 

vulnerable to a paradox of enrichment effect, because increasing nutrient levels result 

in an increase in the maximum prey density and a shift to the right of the prey nullcline, 

whilst having no effect on the predator nullcline. This results in an increased likelihood 

of the nullclines intersecting in a region where the prey nullcline has a positive slope 
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(Rosenzweig, 1971). Rosenzweig believed that such systems could not persist 

(Rosenzweig, 1971), however May showed that these systems did persist in the form 

of a stable limit cycle, albeit potentially one where at their nadir, prey population 

densities were so low that they were vulnerable to extinction, due to stochastic 

fluctuations (May, 1972). 

The point at which the slope of the prey nullcline at its intersection with the 

predator nullcline goes from negative to positive is of particular interest. Before and 

after this point changes to the parameters result in quantitative differences of 

predator and prey populations over time, but do not affect the qualitative picture. At 

the point of transition however the system bifurcates from a stable node (possibly 

with damped oscillations) to an unstable node associated with a stable limit cycle, 

resulting in stable oscillations. When a system tips from a regime of damped 

oscillations, associated with a stable node, to one of stable oscillations, caused by an 

unstable node and its associated stable limit cycle, the resulting bifurcation is referred 

to as a Hopf bifurcation (Hopf, 1948). At a Hopf bifurcation the conjugate pair of 

complex eigenvalues, associated with the Jacobian matrix of the system, cross the 

imaginary axis and the sign of their real parts changes from negative to positive. 
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1.4 Microbial Predator-Prey Models: 

Much of the work done on microbial predator-prey relationships in chemostats 

has been theoretical, in the form of mathematical modelling. Most of these centred 

upon protist predation of bacteria (Curds and Bazin, 1980) or bacteriophage infection 

(Krysiak-Baltyn et al., 2016). Only a few studies have involved predatory bacteria, the 

earliest of which, by Varon and Zeigler (1978), used a simple Lotka-Volterra model. 

Using this they predicted a minimum prey density of 7 x 105 cfu ml-1 was required to 

sustain Bdellovibrio. Later models have introduced increasingly complexity, including 

Monod growth kinetics for prey species (Monod, 1949), more realistic kinetics for 

predator attack rate and the introduction of decoy species. For more information on 

these the reader is referred to the introduction to Chapter 2 of this thesis. Detailed in 

Chapter 2, I have developed a family of models for bacterial predation in a chemostat 

and used these to explore the effects of different modelling choices. The most 

biologically relevant of these models (most appropriate predation kinetics and 

inclusion of bdelloplast stage and predator mortality) predicted that Bdellovibrio when 

predating a single prey species is a system that is prone to extreme and long time 

period oscillations which would, in an experimental system, result in the extinction of 

the predator. I also found that Bdellovibrio would, under the conditions tested in my 

model, be outcompeted by a bacteriophage, which is specialist predator. Together 

these findings suggest why Bdellovibrio needs to be a generalist predator. 
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1.5 Aims and objectives: 

This thesis sets out to describe a body of work investigating predator-prey 

population dynamics of the bacterial predator Bdellovibrio bacteriovorus. It aims to 

determine the conditions under which predation is most effective and to understand 

the effects of a secondary prey and/or a decoy species on the effectiveness of the 

predator to eliminate a target species. To further this investigation, I have used a 

combination of theoretical mathematical models and bacterial culturing techniques, 

mostly centred around chemostats. Chapter 2 describes a purely theoretical, ordinary 

differential equation (ODE) model of Bdellovibrio predation on a single prey species in 

a chemostat. It uses this model to investigate the types of dynamic behaviours that 

can be expected from this system and the conditions under which these behaviours 

occur. Chapter 2 also compares Bdellovibrio predation to protist and bacteriophage 

predation, to put the dynamics seen in a wider ecological context. Chapter 3 gives a 

mathematical analysis of the stability of model used in Chapter 2. Chapter 4 details 

the fitting of several variants extending the base model from Chapter 2 to 

experimental data of Bdellovibrio and a bacteriophage jointly predating E. coli, 

gathered by a collaborator. The fitting process used a combination of approximate 

Bayesian computation and a sequential Monte Carlo process to both select models 

and fit parameters to them. Chapter 5 details the construction and optimisation of an 

array of chemostats, designed to allow the testing of many conditions in parallel. I also 

demonstrate that Bdellovibrio can be cultured for over a month within these 

chemostats. As the presence of alternative prey and decoy species could affect 

predation dynamics, and such species may well be present in a real-world 

environment, I developed a small community of three bacterial species, two prey and 
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one decoy, that could be maintained in a mixed culture in a chemostat with or without 

Bdellovibrio.   
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CHAPTER 2: PREDATION STRATEGIES OF THE 
BACTERIUM BDELLOVIBRIO BACTERIOVORUS: 

ATTACK RATE, SIZE EFFECTS AND A RATE 
VERSUS YIELD TRADE-OFF 

 

An earlier version of this chapter has been deposited on BioRxiv – DOI: 

10.1101/621490 
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With increasing levels of antimicrobial resistance alternative means of treating 

bacterial infections are urgently needed. The use of predatory bacteria, such as 

Bdellovibrio bacteriovorus, and phage therapies are highly attractive options for filling 

this gap. In order to make best use of these however, we need to better understand 

the dynamics of microbial predator-prey interactions. We developed mass action 

mathematical models of B. bacteriovorus predation in chemostats, which have the low 

nutrient levels and slow growth rates associated with intended application 

environments such as the gut, aquaculture or wastewater treatment plants. Our 

model predicted that under a wide range of biologically relevant conditions extreme 

oscillations will lead to population bottlenecks. We also show that the system exhibits 

many classical traits of predation models, including two predators being able to 

survive on a single prey species, a paradox of enrichment and a tragedy of the 

commons. Predator mortality had a stabilising effect on the system and there were 

optimal mortality and attack rate constants. As might be expected we found that a T4 

bacteriophage could outcompete Bdellovibrio, due largely to its much greater burst 

size. More surprisingly we found, in contrast to most chemostat systems, that a 

predator that takes longer to fully consume its prey would out compete a faster, but 

more wasteful competitor. Our model predicted an ideal prey: predator size ratio for 

maximum predator productivity, offering an explanation why Bdellovibrio is 

considerably smaller than its prey. Combined, these results suggest that Bdellovibrio 

needs to be a semi-generalist predator to survive in natural environments while under 

competition from specialist phages. 
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2.1 Introduction 

Predator-prey relationships are some of the oldest and most important 

interactions in nature and occur at every level, from the smallest virus infecting a 

bacterium, to lions attacking wildebeest. At the microscopic level, bacteria are under 

attack from a wide range of predators from protists such as amoebae and ciliates to 

bacteriophages and even other bacteria, such as Bdellovibrio bacteriovorus. 

B. bacteriovorus is a small, highly motile, Gram-negative bacterium, which 

predates a wide range of other Gram-negative bacteria (Stolp and Starr, 1963), 

including many pathogens. Gram-negative bacteria are a large group that have an 

outer membrane in addition to the normal cytoplasmic membrane, and a periplasmic 

space in between. This periplasmic space also contains the peptidoglycan - a rigid, 

cross-linked polymer, found in almost bacteria, which provides structure to the cell. 

Bdellovibrio is around one seventh the volume of an Escherichia coli (Cover et al., 

1984), and can swim at speeds of up to 160 µm s-1 (Lambert, Morehouse, et al., 2006). 

Wild type Bdellovibrio replicates within the periplasm of its prey and displays a bi-

phasic lifestyle. When free-living and hunting prey, it has a high metabolic rate, 

resulting in a loss of viability within 10 hours, if fresh prey is not encountered (Hespell 

et al., 1974). When Bdellovibrio first encounters a cell it spends several minutes 

investigating the suitability of the potential prey (Hobley et al., 2006). After this time, 

it either detaches from an unsuitable prey or enters the prey cell, if suitable, by 

creating a pore in the outer membrane and peptidoglycan, through which it squeezes 

in order to enter the prey periplasm (Starr and Baigent, 1966). Once inside the 

periplasm, Bdellovibrio alters the prey peptidoglycan, stopping further degradation 
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and causing the prey cell to round up, forming a structure known as a “bdelloplast”. 

Bdellovibrio also makes the prey’s inner membrane leaky (Romo et al., 1992), thereby 

both killing the prey cell and causing the cytoplasmic nutrients to leak into the 

periplasm. Bdellovibrio uses these nutrients to grow into a coiled, coenocytic filament 

(Lambert, Morehouse, et al., 2006). When the nutrients have been used up, the 

filament septates into as many new cells as resources allow for, typically between 3 

and 6 new predators from one E. coli cell (Seidler and Starr, 1969a). Using normal 

binary fission, it could only produce 2n offspring, potentially wasting prey resources if 

they would suffice for 5 predator offspring, rather than 4 or 8. The new Bdellovibrio 

grow flagella, and the remains of the prey cell are lysed, allowing the new predators 

to burst out in search of fresh prey. 

The first models of predator prey interactions developed separately by Lotka 

(1925) and Volterra (1926) showed that these interactions could result in oscillatory 

behaviour without the need for any external variations. These oscillations are not 

stable however, as the equations produce neutral cycles, where the period and 

amplitude depend on the initial conditions (Fig. 1.4a). Additionally, any perturbations 

would result in a different cycle with an altered period and amplitude. 

 !"
!#
= 	𝜇𝑁 − 	𝛼𝑁𝑃  (2.1a) 

 !$
!#
= 𝛽𝑁𝑃 − 	𝜆𝑃  (2.1b) 

Where N is the prey and P the predator. The specific growth rate of the prey is 

µ and the predator has a mortality rate of λ. α and β are constants that reflect the 

amount of prey consumed in order to produce a certain number of predators. 
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These initial models assumed that prey growth is exponential ( 𝜇" ) and 

unlimited and that predation is proportional to predator and prey population sizes and 

is again unlimited. More realistic models, allowing for saturation of bacterial appetites 

were developed by Monod (1949): 

 𝑃𝑟𝑒𝑦	𝑔𝑟𝑜𝑤𝑡ℎ = 	 '!"#"*
*+,%

  (2.2) 

Where 𝜇-./ is the maximum specific growth rate of the prey and 𝐾5 the level 

of substrate needed for half of this maximum specific growth rate. This was extended 

to also apply to predator consumption of prey by Holling (1959), in the form of the 

type II functional response. 

Most models of microbial predator prey interactions have been tailored to 

protist predation of bacteria, or bacteriophage infection. Only a few studies 

considered predatory bacteria. See Table 2.1 for an overview of these, for more details 

the reader is referred to the review by Wilkinson (2006). Varon & Zeigler (1978) 

applied a Lotka-Volterra scheme to model their experimental results and used this to 

predict that a minimum prey density of 7 x 105 cfu ml-1 was required to sustain the 

predator. Crowley (1980) created a model that tracked substrate levels and used 

Monod kinetics for prey growth, as well as introducing a delay between predation and 

the production of new predators, reflecting the lengthy bdelloplast phase of 

Bdellovibrio predation. This model found that the population dynamics were 

destabilised by increased nutrient concentrations, leading to extreme oscillations. 

Models based on Monod kinetics and Holling type II predator functional response have 

been developed for protist predation of bacteria (Nisbet et al., 1983), which showed 

that incorporating predator mortality had a stabilising effect, however, protists are 

different to bacterial predators. In particular, multiple prey bacteria must be 
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consumed to produce a single protist. In contrast, consumption of a single prey 

bacterium supports the production of multiple B. bacteriovorus cells (Seidler and Starr, 

1969a). Additionally, when B. bacteriovorus predates a prey cell it enters a bdelloplast 

stage where for some period of time it is converting prey biomass into new predators 

and until this is completed it does not seek out fresh prey (Starr and Baigent, 1966). 

By contrast a protist will predate one prey cell, and whilst this is still being converted 

into protist biomass, will continue hunting and predating more prey. Wilkinson (2001) 

developed several Bdellovibrio models, including one based on a Holling type II 

functional response, but without specifically modelling the bdelloplast stage or 

allowing for the delay between the removal of prey and the birth of new predators in 

any other way. Another model did include a combined predator-prey complex, but 

used a Holling type I functional response (Wilkinson, 2001). Wilkinson again concluded 

from these models that increased nutrients destabilised the system, but also that both 

predator mortality and the presence of decoys reduced this effect, making long-term 

predator survival more likely. Similarly Hobley et al., (2006), Baker et al., (2017) and 

Said et al. (2019) also used a predator-prey complex and a Holling type I functional 

response, in models which were fitted to experimental data. Two further models, also 

fitted to experimental data, have been developed by Hol et al. (2016) and Dattner et 

al. (2017), both including spatial structure. Those previous microbial predator prey 

models that dealt with chemostats (those by Crowley, Nisbet and Wilkinson) focussed 

on the effects of dilution rate and substrate inflow on the dynamics of the chemostat 

systems. However, the effects of prey and predator characteristics such as prey size, 

attack kinetics and predation efficiency have not been studied. 
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Table 2.1 – Previous models of Bdellovibrio, and other relevant microbial, predation 
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In this study, we developed a family of models, based on ‘ingredients’ from 

previous models, to identify a unique combination that generates realistic outcomes 

from realistic model assumptions in order to ask many novel questions. This model 

predicts that Bdellovibrio has to be much smaller than its prey to survive, which is in 

agreement with empirical evidence (Cover et al., 1984). We also found that high attack 

rate constants, large prey sizes and low predator mortality, which might be expected 

to help the predator, are in fact detrimental for predator survival. Instead, these 

parameters have optimal values that maximize predator density. These optima 

occurred at the tipping points into oscillations, and were often very narrow relative to 

the natural variation of these parameters. Moreover, we found that the system was 

prone to extreme oscillations in bacterial densities, leading to bottlenecks that would 

result in stochastic extinction. Additionally, Bdellovibrio would easily be outcompeted 

by a bacteriophage. Together, these three key predictions (narrow optima, population 

bottlenecks and phage superiority) suggest that Bdellovibrio would struggle to survive 

on a single prey species in a natural environment full of phages, and where conditions 

are unlikely to be optimal, and if so, not for long. Our findings are consistent with the 

fact that Bdellovibrio is a generalist predator so we posit that our model explains why 

Bdellovibrio is a generalist predator and why it has to be as small as it is. 
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2.2 Methods 

2.2.1 Model development 

We developed models to investigate the effects of a microbial predator, either 

Bdellovibrio bacteriovorus or a bacteriophage, on the population levels of a prey 

bacterium under continuous culture conditions in a chemostat. Under these 

conditions, nutrients are limited, and growth while continuous is often slow, 

mimicking conditions often found in the natural environment (Jannasch, 1969). 

Chemostats also allow population dynamics to be studied over long time periods as, 

unlike in batch cultures, nutrients are constantly renewed. We developed a family of 

models to determine the effect of structural changes and model assumptions on the 

types of behaviour observed. This analysis identified model 6 as being the most 

realistic in its assumptions and we therefore decided to explore this model in greater 

detail (see Table 2.2). Model 6 is described in Fig. 2.1 and its parameters are listed in 

Table 2.3. It consisted of a simple chemostat with a single abiotic resource (S), single 

prey species (N), and a single obligate predator (P). The prey species displayed Monod 

growth kinetics, and the predator had a Holling type II functional response, bdelloplast 

(for Bdellovibrio) or infected cell (for bacteriophage) stage and mortality. The 

bdelloplast (B) is a distinct stage in the Bdellovibrio life cycle that usually lasts for 2 to 

4 hours. There are distinct parallels between this bdelloplast stage and a 

bacteriophage infected cell. For both systems, during the infection time the prey, 

which makes up the majority of the bdelloplast or infected cell, does not grow or 

replicate and the predator making up the remainder of the structure does not infect 

more prey. Due to this delay and the combining of the predator and its prey we 
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modelled the bdelloplast or infected cell stage as a separate ‘species’. For simplicity 

from here on the species will be referred to as a bdelloplast, but the principles apply 

equally to an infected cell. 

 

Figure 2.1 – Model 6 for chemostats 
Used to track predator and prey densities. Substrate is consumed by prey to fuel prey growth. Prey and 
predators combine to form a bdelloplast. The bdelloplast matures to give new predators. Predators 
have mortality. 

2.2.2 Structural Sensitivity Analysis 

Several versions of our model were run on the same set of test conditions to 

determine the effects of each part of the model (Table 2.2). In Model 1, there was no 

predator mortality and no bdelloplast stage. Model 2 was like Model 1 but used delay 

differential equations (DDE) to implicitly model the delay between prey death and the 

birth of new predators. Model 3 was like Model 1 but had predator mortality. Models 

4 to 6 had both mortality and a bdelloplast stage. In Model 4, the predator had a 
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Holling type I functional response whereas in Models 5 and 6, a Holling type II 

functional response was implemented. Unlike all the other models, Model 5 replaces 

substrate dynamics with constant inflow of prey, as if the prey were grown in a 

separate chemostat feeding into the chemostat with the predator. 
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Table 2.2 – Differences between model variants 
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2.2.3 Model 6 description 

The differential equations developed to track the concentrations of each 

species are set out below. 

 !*
!#
= (𝑆6 − 𝑆)𝐷 − 𝑁

'-*
7,.,-+*89-

.(
 (2.3a) 

 !"
!#
= 𝑁 '-*

,.,-+*
− 𝑁𝐷 − 𝑃 '/"

7,-,/+"890
-(

 (2.3b) 

 !$
!#
= 𝑘$𝐵 − (𝐷 +𝑚)𝑃 − 𝑃

'/"
7,-,/+"890

/(
 (2.3c) 

 !:
!#
= 𝑃 '/"

,-,/+"
− 𝐵𝐷 − ;/:

9/
0(

 (2.3d)  

𝑆6  is the concentration of substrate flowing into the system and 𝐷  is the 

dilution rate of the system. The maximum growth rate of the prey is 𝜇" and its half-

saturation constant for substrate is 𝐾*,". The attack rate constant of the predator is 

𝜇$  and its half-saturation constant for prey is 𝐾",$ . The rate of maturation of 

bdelloplasts into new Bdellovibrio is 𝑘$ and the mortality of the Bdellovibrios is 𝑚. All 

yields are expressed in the form 𝑌=
:>

, which is the yield of species A per species B 

consumed. The half-saturation constant of species B for species A is expressed as 𝐾=,:. 

In most animal predator-prey models, the yield terms would be expressed as 

the gain of Y predators at the expense of 1 prey (where Y is likely to be less than 1). 

The model developed here however has to be different to account for the unusual 

biology, in that both predator and prey are ‘consumed’ to produce a bdelloplast 

(which will later mature into new predators). This combined prey-predator entity does 

not exist in canonical predator prey models and as is shown here, requires special 

treatment. If a single yield term were to be placed on the bdelloplast resulting from 

predation, then identical amounts of predator and prey would have to go into making 
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up that bdelloplast, which is not biologically accurate. Placing two yield terms, one on 

each producer species (prey and predator), by contrast, allows the ratios of producers 

going into the bdelloplast to be varied, which also facilitates varying the relative sizes 

of prey and predator. Thus, a single yield term on the ‘product’ species needs to be 

replaced by two separate yield terms on the two ‘reactant’ species to use a chemical 

analogy. 

The standard approach in animal predator prey models is to track species in 

terms of individuals and not to attempt to balance biomass as this is not tractable in 

the wild.  In contrast, the approach of studies of microbial growth and physiology in 

the laboratory is based on substrate and product concentrations rather than individual 

molecules and biomass is often more conveniently determined than cell numbers. 

Moreover, for understanding metabolic pathways and energy metabolism as well as 

process modelling in biotechnology, the mass balance is an essential tool and growth 

and product yields are of primary interest. These two traditions collide when 

modelling the predator prey dynamics of a bacterial prey and a bacterial predator, 

suggesting the use of either particle-based or biomass-based unit systems. In this 

thesis, the biomass-based system is used predominantly, but for modelling phage, the 

particle-based system was found to be more suitable so both systems were compared 

for a subset of the results and found to be in agreement. When tracking numbers of 

individuals of a species no attempt is made to explicitly balance biomass, as one prey 

cell combines with one predator cell to give one bdelloplast, so the two yields of 

bdelloplast per prey and bdelloplast per predator are both unity (𝑌:
">
= 𝑌:

$>
= 1). 

When the units are in terms of biomass however, mass is tracked explicitly, so care 

must be taken to ensure that the equations satisfy conservation of mass of prey and 
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predator when forming a bdelloplast. For this it is required that the mass of the 

bdelloplast not exceed the combined mass of the predator cell and prey cell from 

which it is formed. For simplicity it is assumed that the conversion of predator and 

prey into a bdelloplast occurs without loss, such that the mass of the bdelloplast 

equals the combined mass of the predator cell and the prey cell. Any loss is best 

accounted for in the following conversion of bdelloplast into predator offspring, as 

this is more tractable experimentally. To enforce this mass balance constraint, it is 

necessary (for mass-based units) that the sum of the inverse yields is one (the inverse 

of the yield of bdelloplast mass formed per predator mass is the ‘yield’ of predator 

mass consumed per bdelloplast mass formed, analogously for the prey): 

 2
90

/(
+ 2

90
-(
= 1 (2.4a) 

Hence 

 𝑌:
">
=

90
/(

90
/(
?2

  (2.4b) 

 

2.2.4 Model Parameters 

Details of the model parameters are shown in Table 2.3. Parameters for the 

substrate and prey interactions of the model were based on E. coli as the prey species, 

growing on glucose as the substrate. The kinetics of this are relatively well studied and 

understood, and the parameters were taken from the literature (Kreft et al., 1998). 

For the predator, certain information is also well known. Bdellovibrio is 

approximately 1/7th the size of E. coli (Stolp and Starr, 1963; Kubitschek and Friske, 

1986) and is assumed to be of a similar density. As a result, when one predator and 

one prey cell combined to give a bdelloplast each g of dry mass of bdelloplast formed 
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was at the expense of 0.125 mg dry mass of predator and 0.875 mg dry mass of prey. 

This gave a yield of bdelloplast per prey (𝑌!
"#

) of 1.143 and a yield of bdelloplast per 

predator (𝑌!
$#

) of 8. The burst size of Bdellovibrio from a bdelloplast formed from E. 

coli prey is usually an average of 3.5 cells (Seidler and Starr, 1969a), each 1/8th the size 

of the bdelloplast, since a bdelloplast contains the mass of both the predator and the 

prey that formed it. Hence the yield of predator per bdelloplast (𝑌$
!#

) was set to 0.438. 

Predator mortality rate (m) was based on observations by Hespell (1974). The 

maturation rate (𝑘$) was calculated from the time required for bdelloplasts to mature, 

and release new predators, which when formed from E. coli prey, was observed to be 

between two and four hours (Seidler and Starr, 1969a). The attack rate constant (𝜇$) 

and half-saturation constant for prey (𝐾",$ ) of the predator were set to values 

determined from modelling experimental data (see Chapter 4), as no literature values 

were available for these parameters. 
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Table 2.3 – Baseline parameters for the main model. 
Minimum and maximum values refer to the range over which global sensitivity analysis was performed. 
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2.2.5 Model Simulation 

The model was run in MatLab (8.6.0.267246 (R2015b)) using the ode45 solver, 

which implements an explicit Runge-Kutta method. The relative and absolute 

tolerances were set to 1 x 10-9, all species values were forced to be non-negative and 

all other options left as default. After every 100 hours of simulated time (or 5 volume 

changes at a dilution rate of 0.05 h-1) the system was checked to see if it had reached 

a steady state, was in sustained oscillations or had still to reach its final state. The 

system was considered to be in a steady state if for the last n hours, where n is a 

parameter, for each species the maximum and minimum values for that species were 

within a relative tolerance (set as a parameter) of each other. The system was 

considered to be in sustained oscillations if two consecutive peaks in the substrate 

species values were within a (parameterizable) relative tolerance of each other. If 

after 8000 hours (equivalent to 400 volume changes at 0.05 h-1 dilution rate) the 

system was still not in either steady state or sustained oscillations, it was deemed that 

it was unstable and would likely never reach a stable state. 

2.2.6 Parameter Sweeping 

Parameter sweeps were performed for both the simulations and analytical 

calculations. For the simulation sweeps the final concentration of each species was 

plotted, unless the system was displaying sustained oscillations, when instead the 

average value over the oscillatory cycle was used. This average was calculated over a 

period between two consecutive peaks and was obtained by averaging all values 

recorded during this period, weighted by the simulated time gap between recordings. 

For analytical sweeps the calculated steady state values for the parameter settings 
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were plotted, as were the eigenvalues of the system and the type of regime predicted, 

e.g. damped oscillations. Sweeps were made in small increments through various 

parameters. Other parameters were set according to Table 2.3. 

2.2.7 Global Sensitivity Analysis 

A sensitivity analysis was carried out on all seven parameters revealed by the 

dimensional analysis (detailed in the Results). In order to avoid bias in the analysis it 

was important to select sampling points that were both randomly chosen and well 

distributed. A Latin hypercube design (Mckay et al., 1979) creates randomly selected 

tuples of points in as many dimensions as is required and ensures that these are well 

distributed in each dimension. For this sensitivity analysis 10,000 tuples of points were 

selected at random in a Latin hypercube design. The tuples were obtained by using 

the MatLab function lhsdesign, which created five sets of tuples and selected the best 

of these according to a maximin comparison. This maximised the minimum distance 

between any two points and so reduced clumping. Each of these sets of points was 

scaled evenly across the realistic parameter range (see Table 2.3 for minimum and 

maximum values), to give a set of parameter values (parameter value = minimum 

value + design point value * parameter range). 

For each set of parameters created, the species steady state values were 

calculated using equations 3.4a-d. Each of the parameters was varied up, and down 
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by 1%. The difference between the perturbed values and the baselines values, as a 

percentage of that baseline, was stored for further analysis.  

2.2.8 Competitions 

Competing two species following different strategies is an unbiased and 

unequivocal way to compare the fitness of their strategies. This meant we could 

compare effects such as a change in prey cell biomass, or an increase in the rate at 

which Bdellovibrio consumes prey, at the expense of its efficiency in utilising prey 

resources. The competition assays also allowed a comparison of the effectiveness of 

Bdellovibrio and a bacteriophage. This in particular was of interest because both 

Bdellovibrio and bacteriophages have been proposed as potential alternatives to 

antibiotics. The assays were developed by introducing a second predator species, with 

a second bdelloplast or infected cell stage. Equation (2.3a) for the substrate was 

unaffected. Equation (2.3b) for the prey species became: 

 !"
!#
= 𝑁 '-*

,.,-+*
− 𝑁𝐷 − 𝑃2

'/9"
7,-,/9+"8909 -(

− 𝑃@
'/:"

7,-,/:+"890: -(
 (2.5) 

Equations (2.3c & 2.3d) were duplicated for P2 and B2, the second predator and 

its bdelloplast or infected cell stage. 

2.2.9 High Rate Predator Adjustments 

For the high rate vs. high yield experiments, the standard settings were used 

for the high yield predator. As the high rate predator is assumed to lyse the bdelloplast 

before all the available nutrients are consumed, (in order to more quickly release new 

predators into the environment to locate and prey upon more prey cells), the yield of 

predators from a bdelloplast (𝑌$
:>
) was halved to 0.313 mg predator mg bdelloplast-

1. To reflect the faster maturation rate of bdelloplasts in this model, the 𝑘A  was 
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increased to 0.278 mg predator mg bdelloplast-1 hour-1. This higher rate of predator 

growth has not been observed in Bdellovibrio. However, chemostats generally select 

for microbial strains which can grow more quickly, as these rapidly consume the 

available nutrients and therefore outcompete slower growing competitors. Long term 

growth of predators in a chemostat might therefore be expected to select for faster 

growing predators, if this proved to give them a competitive advantage. 

2.2.10 Bacteriophage models 

For modelling bacteriophage predation, the bdelloplast stage was assumed to 

become an infected cell stage. There are obvious similarities between these two 

situations. In both cases, there is a lag between predator penetration of the prey cell 

and production of new predators, and in both cases (although for different reasons) 

prey cell growth effectively terminates during this time. 

Attempts to run the model using biomass-based units with parameters 

suitable for a bacteriophage were unsuccessful. All the ODE solvers tried were unable 

to resolve the rate equations in a reasonable time period (most probably due to the 

differences in timescales over which species densities were changing meaning that a 

suitable timestep could not be found). All bacteriophage predation assays were 

therefore run using particle-based units. When converting between biomass and 

particle-based units, a prey cell is assumed to be 1 fl in size (Kubitschek and Friske, 

1986). 20% of a cell is assumed to be dry biomass, giving dry mass per prey cell of 0.2 

pg. Predator dry mass per cell is assumed to be 1/7th that of the prey, based on their 

relative sizes (Stolp and Starr, 1963; Kubitschek and Friske, 1986). 
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One bdelloplast, or one infected cell, is formed from one predator cell, or one 

virion, and one prey cell (𝑌:
$>
= 𝑌:

">
= 1). One bdelloplast is assumed to yield on 

average 3.5 Bdellovibrio (Seidler and Starr, 1969a), so 𝑌$
:>
= 3.5 and one cell infected 

by a T4 phage is assumed on average to give 64 phage virions (𝑌$
:>
= 64) (Hadas et 

al., 1997). 

The average lysis time for a phage is assumed to be 36 minutes (Hadas et al., 

1997), giving a rate of virion production (𝑘6) of 107 hour-1. Data from a study by Stent 

(Stent and Wollman, 1952) was used to calculate an attack rate constant (𝜇$) of 19.3 

infected cells predator-1 hour-1 and half-saturation constant for prey (𝐾",$) of 1.32 x 

108 prey cells ml-1, for a T4 virulent bacteriophage of E. coli. 
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2.3 Results 

2.3.1 Model implementation and validation 

2.3.1.1 Structural sensitivity analysis 

To gain a better understanding of the impact of various modelling choices, we 

first compared a number of ordinary differential equation (ODE) and delay differential 

equation (DDE) models. In all cases, the same set of standard conditions, based on 

Bdellovibrio predating E. coli that are growing on glucose (0.05 mg ml-1) and a dilution 

rate of 0.0333 h-1 (equivalent to a 30 hour retention time) were used. For each case, 

we first ran the simulation without predators until the prey had reached a steady 

state, and then simulated the addition of the predator. In all instances, the system 

without a predator reached a steady state, with the same density of prey bacteria (Fig. 

2.2a). (Model 1) The addition of a predator, in a model system without a bdelloplast 

stage, or any other form of delay between prey killing and predator birth, gave rise to 

sustained, extreme oscillations (Fig. 2.2b). (Model 2) Incorporating an explicit delay 

approximately doubled the oscillatory period from ~150 hours to ~300 hours (Fig. 

2.2c). (Model 3) Adding mortality reduced the oscillatory period to approximately 100 

hours (Fig. 2.2d). (Models 4 – 6) The addition of a bdelloplast stage stabilised the 

system and caused it to come to a stable steady state of co-existing predator and prey, 

regardless of the predator Holling type functional response (Fig. 2.2e-g). (Model 4) 

With a Holling type I predator functional response (Fig. 2.2e), the final prey density 

was more than 3 times lower, and the predator density higher, than (Model 6) with a 

type II response (Fig. 2.2g). (Model 5) Having a constant input of prey to the system is 

akin to growing the prey on its own in one chemostat feeding into a second chemostat 
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with prey and predator. This gave (Fig. 2.2f) a very similar response to the single 

chemostat with constant input of substrate (Fig. 2.2g). 

 

Figure 2.2 – Modelling choices affect the qualitative dynamics. 
All models were run with a dilution rate = 0.0333 h-1 (equivalent to a volume change every 30 hours), 
𝑆6 = 0.05 mg ml-1 and all other parameters at default settings. All models had a Holling type II predator 
functional response unless otherwise stated. (a) Model 1 run without any predators (the same result 
was obtained for all models). (b) Model 1, without bdelloplast stage. (c) Model 2, with delay equations. 
(d) Model 3 – as Model 1, but with predator mortality. (e) Model 4 – incorporating a bdelloplast stage, 
predator mortality and a Holling type I functional response. (f) Model 5 – as Model 4, but with constant 
prey input, (g) Model 6 – Final model with bdelloplast stage and predator mortality. 

Model 6 was chosen as the best model for all further work, for several 

biological reasons. Firstly, the time taken for a Bdellovibrio to penetrate prey is in the 

region of ten minutes (Hespell, 1976). This is the minimum time for a successful attack 
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in a prey-saturated environment. By contrast, the time required for a Bdellovibrio to 

consume the contents of a prey cell, convert these into new Bdellovibrio predators, 

septate and finally lyse the prey cell to release new predators is in the region of four 

hours (Seidler and Starr, 1969a). As the prey is killed very shortly after penetration 

(Rittenberg and Shilo, 1970), this difference in timescales meant there is a significant 

delay between prey killing, and the birth of new predators. We felt this difference was 

best modelled by treating the bdelloplast stage as a separate species. Secondly, 

Bdellovibrio has a high endogenous respiration rate, and a correspondingly low life 

span in the absence of suitable prey (Hespell et al., 1974). This meant it was 

appropriate to include a mortality factor in the model. Thirdly, the saturating Holling 

type II functional response results from the ‘handling time’ of a predator (Jeschke et 

al., 2002). This would correspond to the minimum time for a successful attack in a 

prey-saturated environment, i.e., the attachment and penetration time of Bdellovibrio 

of ~10 minutes (Hespell, 1976). 

2.3.2 Dynamic regimes 

Model 6 has six dynamic regimes and 12 parameters (Table 2.4 and Fig. 2.3). 

In order to gain a better understanding of the factors determining which of these 

regimes were observed for any particular parameter setting, we conducted a sweep 

through a range of inflow substrate concentrations (𝑆6 ) and dilution rates. We 

performed a linear stability analysis on the steady state of the system and the 

eigenvalues of its Jacobian matrix for these parameter settings (Fig. 2.3a). As 

expected, at the highest dilution rates and lowest 𝑆6, all biological species washed out. 

Reducing the dilution rate or increasing 𝑆6 enabled survival of first the prey and then 
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the predator. Further increases in 𝑆6 destabilised the system, resulting in first damped 

and then sustained oscillations, before finally reaching a linearly unstable state (Fig. 

2.3a). 

Table 2.4 – Possible dynamical outcomes and associated eigenvalues of the four species co-existence 
state where it exists. 

Dynamical regimes Real parts of eigenvalues 
Imaginary parts of 

eigenvalues 

Complete washout of all 

bacteria 
N/A as four species co-existence state does not exist 

Prey only survival N/A as four species co-existence state does not exist 

Stable co-existence of all 

species (stable node) 

All negative All zero 

Co-existence of all species with 

damped oscillations (stable 

focus) 

All negative Not all zero 

Co-existence of all species with 

sustained, stable oscillations 

(stable limit cycle) 

At least two positive Not all zero 

Co-existence of all species, but 

linearly unstable (saddle node 

or unstable node) 

At least one positive All zero 

 

To confirm that there was a good agreement between the outcomes predicted 

from the linear stability analysis, and those generated by running simulations, we ran 

a series of simulations, with parameters for which the linear stability analysis 

predicted each type of regime (white crosses in Fig. 2.3a). The analytically predicted 

states matched those observed in the corresponding simulations, except where the 

analytical results predicted a linearly unstable state (Fig. 2.3b-g). In that latter case the 

simulation gave sustained, extreme yet stable oscillations (Fig. 2.3d). 
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Figure 2.3 – Dynamic regimes of Model 6. 
(a) Analytically calculated regimes, as depending on the inflow substrate concentration 𝑆6 and dilution 
rate D. (b-g) Simulations at 𝑆6 = 0.25 mg ml-1 and increasing dilution rates, indicated by white crosses 
in (a). (b) Damped oscillations that ended in steady state co-existence. (c) Damped oscillations of much 
shorter period than (b). (d) Amplifying oscillations that ended in sustained, extreme oscillations. (e) The 
analytically predicted linearly unstable region gave sustained, extreme oscillations in the numerical 
simulations. (f) Stable co-existence of predator and prey. (g) Predator extinction. 
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2.3.3 Protist model 

The population dynamics generated by our model are qualitatively different 

from those generated by typical Lotka-Volterra models for animal populations (Curds 

and Bazin, 1980). In Lotka-Volterra models, the oscillations are gentle and fairly similar 

to sine waves, whereas in our model the waves are very asymmetric, approach zero 

very closely and rise and fall abruptly. Such extreme oscillations were also seen by 

Curds and Bazin when they modelled protist predation (Curds and Bazin, 1980), but 

their oscillations had a much shorter period. We hypothesised that this was due either 

to environmental factors (Curds and Bazin had a higher dilution rate in their model), 

biological factors (the two predators differed in their attack kinetics), or a combination 

of these. To understand which of these was responsible for the differences in period 

length we recreated their model, then introduced parameters relevant to Bdellovibrio 

predation (Fig. 2.4). We found that decreasing the dilution rate, decreasing the prey 

half-saturation constant of the predator and reducing the attack rate constant all 

increased the period length. 
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Figure 2.4 – The protist model of predation (Curds and Bazin, 1980). 
Shows similarly extreme oscillations as the Bdellovibrio model but shorter periods. (a) The protist 
predation model without predator mortality, or the equivalent to a bdelloplast stage, gave a similar 
pattern of behaviour to that seen in our model. With a dilution rate of 0.1 h-1, the value used in (Curds 
and Bazin, 1980), the oscillatory period was shorter than seen in our model. (b) Reducing the dilution 
rate lengthened the period. (c) Adjusting the much higher prey half-saturation constant of the protist 
(𝐾2,7 = 1.2 x 10-2 mg dry mass ml-1) to that of Bdellovibrio (𝐾2,7 = 8.6 x 10-4 mg dry mass ml-1) lengthened 
the oscillatory period and reduced the prey recovery, resulting in a different pattern of oscillations. (d) 
When the attack rate constant was also adjusted from the protist rate (𝜇7  = 0.43 h-1) to that of 
Bdellovibrio (𝜇7 = 0.38 h-1), the original pattern was restored but the period further lengthened. 

We concluded that the difference in oscillatory period between our model and 

that of Curds and Bazin was partly due to the different dilutions rates modelled. 

However, even when the same dilution rate was applied to both systems the 

oscillatory period of the Curds and Bazin model was still only approximately half that 

seen in our model. This additional difference was due to the different predation 

kinetics between the two predators. Bdellovibrio has a lower attack rate constant, but 

also a lower prey half-saturation constant meaning the predator comes close to its 

maximal predation rate at lower prey densities. The lengthy oscillation period of both 

the protist and Bdellovibrio models results in both the predator and its prey being at 

very low levels for an extended period of time, meaning that neither system would 

show robust permeance under the conditions modelled. 
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2.3.4 Biological questions 

2.3.4.1 Bdellovibrio has a minimal and optimal attack rate constant 

To our knowledge, Varon & Zeigler (1978) is the only study of predation 

kinetics of a relative of Bdellovibrio. They used the marine strain BM4, with 

Photobacterium leiognathi E28 as prey. P. leiognathi can grow at rates of up to 0.2 h-1 

(Dunlap, 1985), however nothing beyond the study by Varon and Zeigler is known 

about the growth kinetics of BALO BM4. We used this study to calculate our default 

values for the attack kinetics. This however is a different BALO targeting a different 

prey species and as such predation kinetics may vary considerably from Bdellovibrio 

predating E. coli. To better understand how any such changes may affect system 

behaviour we investigated the effects of varying the attack rate constant at a number 

of different 𝑆6 and dilution rate values. The attack rate constant in the Holling type II 

functional response gives the fastest rate at which predation can occur in the presence 

of a saturating density of prey. The ratio of attack rate constant (𝜇$ ) and half-

saturation constant (𝐾",$) give the initial slope of the Holling type II function, which 

determines the predation rate at low prey densities. We hypothesised that the faster 

the predator was at locating and attacking its prey the more successful it would be, 

particularly given its high mortality rate, that meant it would quickly starve (half-life 

of 10 hours) if it did not rapidly find fresh prey. This would suggest that Bdellovibrio’s 

attack rate constant was constrained by a biological inability to be any faster (at up to 

160 µm s-1 it is already one of the fastest swimming bacteria, especially considering its 

small size).  To test this proposition, we examined the final densities of predator and 
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prey when the predator had a range of attack rate constants at various dilution rates 

and reservoir substrate concentrations. 

Surprisingly the highest attack rate constant did not give the greatest levels of 

predator density. Instead there was an optimal attack rate constant for the predator 

(this also gave the lowest level of prey density) (Fig. 2.5). The optimal value occurred 

just above the minimum attack rate constant for the predator survival and increased 

at faster dilution rates (Fig. 2.5b, d) from around 0.5 mg bdelloplast mg predator-1 h-1 

(depending on 𝑆6) at a dilution rate of 0.03 h-1 to 1 mg bdelloplast mg predator-1 h-1 at 

a dilution rate of 0.1 h-1. This is somewhat less than the 1.67 mg bdelloplast mg 

predator-1 h-1, calculated based on the data from Varon and Zeigler (1978), but more 

than the 0.31 to 0.36 mg bdelloplast mg predator-1 h-1 predicted in Chapter 4 by fitting 

to the model to experimental data. The difference in attack rate constants from the 

studies is understandable given that the predatory BALO and the prey species differed 

between the studies and the Varon and Zeigler study was conducted in a chemostat, 

whilst the experimental data used in Chapter 4 was obtained from batch cultures. 

Increasing levels of 𝑆6  caused the peak to narrow towards the minimal attack rate 

constant, which hardly changed (Fig. 2.5a-c), decreasing the range of 𝜇$ at which the 

predator could achieve near maximal density. Below the optimal 𝜇$, there was a sharp 

drop to predator extinction. Above the optimal, predator density slowly declined with 

increasing 𝜇$. The optimal 𝜇$ was also the rate at which the system underwent a Hopf 

bifurcation (Hopf, 1948) from a stable steady state co-existence into an oscillatory 

regime (Fig. 2.5e, g). This difference from our original proposition, that the highest 

attack rate constant would be best, can be understood by realising that the food 

source for the predator is a living organism, and therefore potentially renewable, if it 
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is given time to regrow. Hence, a too aggressive predator kills off too much of its food 

source and will starve, due to a lack of available resources to exploit. This in turn 

suggests that whilst there are undoubtable limits on how fast a bacterium can swim, 

in this case these limits may not be the only reason why Bdellovibrio is not even faster, 

but instead it may have evolved to be at or near the optimal speed to maximally 

exploit its prey. 

 

Figure 2.5 – Minimal and optimal attack rate constant (𝝁𝑷).  
The average population densities and substrate concentrations, oscillatory periods and phase shifts 
strongly depend on the attack rate constant, shown at increasing inflow substrate concentrations (𝑆6) 
and two dilution rates (cf. phase diagram in Fig. 2.3a). Top row shows concentrations at steady state or 
averaged over one oscillatory cycle (see methods 2.2.6). Bottom row shows the oscillatory period (blue, 
left axis) and phase shifts (green, right axis) from substrate peak to peak of prey (solid line), free 
Bdellovibrio (dashed line) or bdelloplast (dotted line). Note that oscillations start above the optimal 
attack rate constant. In order to obtain accurate simulation results at all parameter values, the absolute 
tolerance of the ode45 solver had to be reduced from 1 x 10-9 to 1 x 10-12. 

2.3.4.2 Higher prey growth rate does not benefit prey 

Given that the predator had an optimal attack rate constant, due to a need to 

allow the prey to regrow, we speculated that an increased prey growth rate would be 

to the benefit of both predator and prey. The parameters used in our model were 

based on the prey species being E. coli growing on glucose as its sole carbon source. 
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Bdellovibrio however has a wide potential prey range, with most Gram-negative 

bacteria being vulnerable to some BALO. As different bacterial species have different 

growth rates, we next sought to investigate the effects of different values of prey 

growth rate (𝜇") and determine which species actually benefitted from an increase in 

prey growth rate. We chose growth rates from 0.2 h-1 to 2 h-1, equivalent to a doubling 

time of between 21 minutes and 210 minutes. For comparison the minimum doubling 

time of E. coli growing on glucose in a minimal medium is 34 minutes (Kreft et al., 

1998). 

Contrary to what we had expected, increasing prey growth rate benefitted only 

the predator and never the prey. At the lowest 𝑆6 the system was always in stable co-

existence and increasing 𝜇"  had little or no effect on the densities of any of the 

biological species, although it did cause the levels of substrate within the chemostat 

to fall (Fig. 2.6b). At higher 𝑆6  increasing 𝜇"  caused the density of the predator to 

increase at the expense of the prey, and resulted in a transition from oscillations to 

stable co-existence (Fig. 2.6a, c). Increasing the dilution rate caused this Hopf 

bifurcation to occur at a lower value of 𝜇". The transition from oscillations to stable 

co-existence was accompanied by a sharp drop in prey species density, and increase 

in predator density. 
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Figure 2.6 – Effects of prey growth rate (𝝁𝑵) 
Increasing the maximum specific growth rate of the prey (𝜇2) leads to a sharp drop in prey density and 
stabilizes the system at high inflow substrate concentrations (𝑆6). The system was more stable at low 
𝑆6 (cf. phase diagram in Fig. 2.3a). Top row shows concentrations at steady state or averaged over one 
oscillatory cycle (see methods 2.2.6). Bottom row shows the oscillatory period (blue, left axis) and phase 
shifts (green, right axis) from substrate peak to peak of prey (solid line), free Bdellovibrio (dashed line) 
or bdelloplast (dotted line). Note that oscillations occur at the higher inflow substrate concentration 
and below a critical 𝜇2. Prey density is much higher in the oscillatory regimes where it decreases with 
increasing prey growth rates. Since prey density will of course be zero if 𝜇2 is zero, there is an optimal 
prey growth rate. 

2.3.4.3 Predators benefit from mortality 

Bdellovibrio has a mortality that is much higher than other bacteria, due to its 

high endogenous respiration rate and limited energy reserves (Hespell et al., 1974). It 

would seem logical that if Bdellovibrio were able to reduce its mortality rate it would 

be able to grow to increased densities. To investigate this supposition we included the 

process of predator death in our model, and swept a range of mortality values, from 

zero (no mortality) to 0.2 h-1 – substantially more than had been reported for 

Bdellovibrio (Hespell et al., 1974). Contrary to our expectations, predator mortality 

was found to stabilise the system by preventing oscillations, and we found that a 

certain amount of mortality benefited the predator, resulting in an optimal predator 
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mortality for maximum predator biomass. This optimum was just below the maximum 

mortality before predator washout and was the rate at which the system underwent 

a Hopf bifurcation from steady state to extreme oscillations (Fig. 2.7). The level of 

mortality which was optimal for the predator increased with increasing nutrient inflow 

to the system, from 0.02 to 0.08 h-1, which is comparable to the 0.06 h-1 mortality 

observed for Bdellovibrio (Hespell et al., 1974). Whilst the system was in an oscillatory 

regime further reduction in predator mortality caused the densities of both the 

predator and the prey to decrease. Increasing 𝑆6 levels resulted in a narrower peak in 

predator and trough in prey density, as did increasing the dilution rate. 

 

Figure 2.7 – Optimal predator mortality 
Above a critical predator mortality rate, the population densities no longer oscillated, prey density 
dropped and predator density reached a maximum, which was higher than at zero mortality. At even 
higher mortality, the predator died out, leading to a prey only steady state. At higher substrate inflow 
concentrations (𝑆6 ) and dilution rates, the predator abundance peak narrowed. Top row shows 
concentrations at steady state or averaged over one oscillatory cycle (see methods 2.2.6). Bottom row 
shows the oscillatory period (blue, left axis) and phase shifts (green, right axis) from substrate peak to 
peak of prey (solid line), free Bdellovibrio (dashed line) or bdelloplast (dotted line). 
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We concluded that while a certain amount of Bdellovibrio mortality is likely to 

be inevitable, due to life style (small size and high speed), this mortality is also actually 

advantageous to the predator as it allows the prey a degree of respite in which to 

regrow and support further new predators. 

2.3.4.4 There is an optimal rate of bdelloplast maturation 

The final biological process involved in our model was maturation of the 

bdelloplast to give new predators. The bdelloplast is a unique entity made up of a dead 

prey cell and a Bdellovibrio replicating within it. It takes about three hours for 

Bdellovibrio to consume prey such as a standard size E. coli, during which time it does 

not predate more prey and the prey cell being dead does not consume further 

nutrients. Clearly, there is a biological limit on how quickly Bdellovibrio can convert 

the prey material into more predators. Given the presence of optimal values for 

predator attack rate constant and mortality however, we hypothesised that even if a 

faster rate of conversion were possible it might not be to the benefit of the predator. 

To test this proposal, we swept a range of maturation rates for the bdelloplast. We 

found that, as with predator attack rate constant and mortality, there is also an 

optimal bdelloplast maturation rate to optimise predator biomass. Once again, this 

optimum occurs just above the minimum rate to allow the predator to survive, and is 

the rate at which a Hopf bifurcation occurs from a steady state regime to extreme 

oscillations (Fig. 2.8). The optimal maturation rate at a dilution rate of 0.03 h-1 was 

around 0.1 mg predator mg bdelloplast-1 h-1, depending on 𝑆6 , which is about the 

expected rate (0.109 mg predator mg bdelloplast-1 h-1) for the maturation rate of a 

bdelloplast formed from Bdellovibrio predation of a typical E. coli cell. At low 𝑆6 and 
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dilution rate it was possible for all species to stably co-exist without oscillations at all 

values of 𝑘$ tested (Fig. 2.8a). A faster maturation rate here caused a small increase 

in the density of free predators, combined with a decline in the density of both 

bdelloplasts and prey. Increasing the dilution rate caused an increase in the minimum 

value of 𝑘$ required for predator survival, but otherwise did not affect the trends seen 

(Fig. 2.8a, e). Increasing 𝑆6 destabilised the system and resulted in oscillations (Fig. 2.8 

b-d & f-h). Under these conditions increasing 𝑘$ reduced prey density, but had little 

effect on predators, except at the higher (0.03 h-1) dilution rate (Fig. 2.8d). These 

results confirm that, as with predator attack rate constant, too fast a rate of predation 

is to the detriment of the predator, as it hampers prey regrowth. 

 

Figure  2.8 – Effects of bdelloplast maturation rate 
Varying the maturation rate of the bdelloplast (𝑘7) from 0.02 to 0.5 mg predator mg bdelloplast-1 h-1 
had a plethora of effects. (a, c) At low inflow substrate concentrations (𝑆6), the populations did not 
oscillate regardless of maturation rate. The minimal maturation rate for predator persistence and the 
optimal maturation rate are visible in (c). (b, d) At higher 𝑆6, populations oscillated above a threshold 
maturation rate; the optimal maturation rate was just below this threshold (visible in d). (a-d) 
Concentrations at steady state or averaged over one oscillatory cycle (see methods 2.2.6). (e, f) 
Oscillatory period (blue, left axis) and phase shifts (green, right axis) from substrate peak to peak of 
prey (solid line), free Bdellovibrio (dashed line) or bdelloplast (dotted line). 

Av
er
ag
e	
co
nc
en

tr
at
io
ns
	

(m
g	
m
l-1
)	

Ph
as
e	
sh
ift
	a
s	a

	fr
ac
tio

n	
of
	a
n	
os
ci
lla
tio

n	

Bdelloplast	maturation	rate	(kP)	
(mg	predator	mg	bdelloplast-1	h-1)	

Pe
rio

d	
	(h

)	

S0	=	0.05	mg	ml-1	

0.1 0.2 0.3 0.4
0

1

2

3

4 #10-3

Substrate

Bdellovibrio

Bdelloplast

Prey

(a)	

0.1 0.2 0.3 0.4
0

500

1000

1500

0

0.2

0.4

0.6

0.8

1

(f)	

0.1 0.2 0.3 0.4
0

500

1000

0

0.2

0.4

0.6

0.8

1

(e)	
0.1 0.2 0.3 0.4

0

0.02

0.04

0.06

0.08

0.1 Prey

Substrate

Bdelloplast

Bdellovibrio

S0	=	0.25	mg	ml-1	(d)	S0	=	0.25	mg	ml-1	

0.1 0.2 0.3 0.4
0

0.02

0.04

0.06

0.08

Bdelloplast

Substrate

Prey

Bdellovibrio

(b)	

0.1 0.2 0.3 0.4
0

0.005

0.01

0.015

0.02

0.025
Prey

Bdelloplast

Bdellovibrio

Substrate

(c)	 S0	=	0.05	mg	ml-1	

	No	Oscillations	 	No	Oscillations	

D	=	0.01	h-1	 D	=	0.03	h-1	



Predation strategies of Bdellovibrio 

 79 

2.3.4.5 Lowest half-saturation constant of the predator by its prey is not always 

optimal 

One of the fundamental system parameters identified from the dimensional 

analysis was 𝐾BC 	=
,-,/

,.,-	9-
.(
, the ratio of predator half-saturation constant for prey 

(𝐾",$), to prey half-saturation constant for substrate (𝐾*,"), scaled by the productivity 

of the prey (𝑌"
*>
). While more is known about 𝐾*," and 𝑌"

*>
, 𝐾",$ has been studied 

very little. To our knowledge a literature value for this has not previously been 

available. We obtained an estimate from modelling a batch culture experiment (cf. 

Chapter 4) and we reanalysed data from a chemostat experiment conducted by Varon 

& Zeigler (1978) using a marine BALO (BM4) and Photobacterium leiognathi E28 as 

prey to obtain a second estimate from this data. We wanted however to understand 

the effects of any errors in these estimates, so we swept a range of values for 𝐾",$ to 

observe how changes in this parameter altered the system dynamics. Given the 

optimal value found for the attack rate constant we expected to find a similar pattern 

for the half-saturation constant, although in this instance we expected to find a 

maximum value for survival and a lower optimal value, as a higher half-saturation 

constant results in a lower effective attack rate at any particular substrate 

concentration. As expected, we found that a low half-saturation constant of the 

predator by its prey (low 𝐾",$) resulted in extreme oscillations (Fig. 2.9). Increasing 

that half-saturation level (increasing 𝐾",$ ) resulted in a Hopf bifurcation to steady 

state co-existence of predator and prey. The rate at which this transition occurred was 

also the optimal value for the predator. Increasing the half-saturation constant further 

resulted in a reduction in the biomass of the predator and an increase in that of the 
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prey. As would be expected, increasing 𝑆6 increased the prey density, resulting in an 

increase in the value of 𝐾",$ at which the Hopf bifurcation occurred. 

 

Figure 2.9 – Effects of predator half-saturation constant 
Change in average bacterial densities, oscillatory period and species phase shifts with changing 𝐾2,7 at 
various 𝑆6 and dilution rates. Top - Species concentrations at steady state or average concentrations 
over an oscillatory cycle (see methods 2.2.6). Bottom – Blue line is oscillatory period and Green lines 
are phase shifts from peak substrate to peak of other species; solid – prey, dashed – free Bdellovibrio, 
dotted – bdelloplast. 

2.3.4.6 Increasing prey productivity benefits predator until an optimum is reached 

𝑆6C  is a ratio of 𝑆6 to 𝐾*," and is in essence a measure of the biomass availability 

to the lowest biological level of our food web, the prey. It might be expected that 

increasing the amount of nutrients coming in to a system would be of benefit to all 

species within that system, especially those, such as predators, at the top of the food 

chain. On the other hand it has been seen that increased nutrients levels can 

destabilise an ecosystem in a paradox of enrichment effect (Rosenzweig, 1971). We 

sought to determine which of these effects would be observed in our system. As 
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varying the 𝐾*,"  would have altered a second dimensionless parameter, 𝐾BC , we 

instead varied 𝑆6 . Increasing 𝑆6,  as previously seen, destabilised the system and 

caused oscillations. The optimal 𝑆6 concentration for the predator was just less that 

than which resulted in these oscillations (Fig. 2.10) and occurred at values between 

0.1 to 0.25 mg ml-1, depending on dilution rate. By comparison the amount of carbon 

entering the human gut is much higher and has been estimated to be about 55 mg ml-

1 (Cremer et al., 2017), although not all of this may be in a form digestible to many 

species of enteric bacteria. The amount of readily digestible nutrients entering a 

wastewater treatment plant is much less at about 0.01 mg ml-1 (Henze et al., 1987), 

which is lower than the optimum values predicted by our model. Once oscillations 

were seen, further increases in 𝑆6 increased the oscillatory period up to a maximal 

value (Fig. 2.10c, d). Over the range during which the period increased, the benefit of 

extra resources was almost exclusively felt by the prey species (Fig. 2.10a). Once the 

maximal period had occurred, further increases in 𝑆6 benefited both the predator and 

the prey. 



Predation strategies of Bdellovibrio 

 82 

 

Figure 2.10 – Effects of nutrient levels 
Change in average bacterial densities, oscillatory period and species phase shifts with changing 𝑆6 at 
various dilution rates. Top - Species concentrations at steady state or average concentrations over an 
oscillatory cycle (see methods 2.2.6). Bottom – Blue line is oscillatory period and Green lines are phase 
shifts from peak substrate to peak of other species; solid – prey, dashed – free Bdellovibrio, dotted – 
bdelloplast. 

2.3.4.7 There is an optimal predator burst size 

The final dimensionless parameter 𝑌:∗$C  corresponded to the Bdellovibrio burst 

size, which varies with the biomass of the prey species. We hypothesised that 

increased burst sizes would be to the benefit of the predator as it is effectively using 

its prey more efficiently, whilst lower burst sizes reflect a more wasteful use of prey. 
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confounding the results. To compensate for this, we varied both 𝑌:
$>

 and 𝜇$ at the 

same time, such that the ratio between the two values was kept constant. This 

ensured that 𝑌:∗$C  was varied without altering any other parameters. At the lowest 

burst sizes the predator could only survive at very low (0.01 h-1) dilution rates (Fig. 

2.11). Increasing the burst size resulted in predator survival, and a sharp drop in prey 

density. As with 𝜇$, there was also an optimal burst size, which occurred between 4 

and 6 Bdellovibrio per prey cell, within the observed ranged for an E. coli prey cell 

(Seidler and Starr, 1969a). Increasing the burst size above this value resulted in a Hopf 

bifurcation to extreme oscillations, corresponding with a sharp rise in prey and drop 

in predator density. Further increases caused the density of both predator and prey 

to decline. Increasing the dilution rate resulted in a sharper peak in predator density, 

which also occurred at a higher burst size (Fig. 2.11b, c). Contrary to initial 

expectations, we found that once again that whilst a certain burst size is required for 

predator survival, too large a burst size, i.e. too efficient a predator results in a boom 

in the predator population that cannot be supported by the prey, as it cannot 

reproduce quickly enough to make up for losses due to predation. 
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Figure 2.11 – Effects of predator burst size 
Change in average bacterial densities, oscillatory period and species phase shifts with changing 𝑌8∗7;  at 
various 𝑆6  and dilution rates. Top and bottom – Species concentrations at steady state or average 
concentrations over an oscillatory cycle (see methods 2.2.6). Middle row – Blue line is oscillatory period 
and Green lines are phase shifts from peak substrate to peak of other species; solid – prey, dashed – 
free Bdellovibrio, dotted – bdelloplast. The green line is the burst size of a bdelloplast formed from an 
average E. coli and similar to most prey used in laboratory studies or for isolating Bdellovibrio from the 
environment. 
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outcompeted Bdellovibrio (Fig. 2.12). The bacteriophage is hampered by a higher prey 

half-saturation constant (higher 𝐾",$), but helped by a lack of mortality, higher attack 

rate constant (𝜇$) and improved kinetics of prey consumption (increased 𝑘$ and burst 

size). To find out which of these advantage(s) allowed the phage to outcompete 

Bdellovibrio, we ran competitions where the phage kept the prey saturation 

disadvantage and had one or more of the advantages. We found that increased burst 

size (𝑌$
:>

) alone was sufficient to allow the phage to outcompete the Bdellovibrio (Fig. 

2.13d). Increased attack rate constant (𝜇$) and reduced mortality were also sufficient, 

but only in combination (Fig. 2.13a, b, e). Increased maturation rate (𝑘$ ) was 

insufficient even in the presence of either an increased attack rate constant (𝜇$) or 

reduced mortality (Fig. 2.13c, f, g). In conclusion, bacteriophages outcompete 

Bdellovibrio in spite of the latter having a lower half-saturation constant for their 

mutual prey, largely due to the large burst size of the phages, with some additional 

effects from the increased attack rate constant of the phage and its lack of mortality. 
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Figure 2.12 – T4 phage vs. Bdellovibrio. 
T4 phage caused oscillations and outcompeted Bdellovibrio at two very different inflow substrate 
concentrations. Dilution rate was 0.02 h-1. Note that units had to be changed to particle densities from 
the biomass densities used in the other sections. Panel (c) shows a zoomed in version of a peak in panel 
(b), the substrate concentration appears to be constant on the scale needed to show the other 
variables. 
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Figure 2.13 – Why phage outcompetes Bdellovibrio 
Competitions between Bdellovibrio and a phage that has one disadvantage, an increased prey half-
saturation constant (higher 𝐾2,7), but one or more compensating advantages. The phage wins if it has 
a larger burst size (panel d) or a combination of immortality and higher attack rate constant (panel e). 
All competitions were carried out at a dilution rate of 0.02 h-1 and an inflow substrate concentration 
(𝑆6) of 0.05 mg ml-1. To enable all data to be shown on the same axis, the phage data values were 
divided by 10, so 1 axis unit represents 10 virions. 
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and bacteriophage where present, however, only the bacteriophage spiked in 

numbers, as was expected given our results on Bdellovibrio versus phage 

competitions, though this is in contrast to the findings in (Williams et al., 2016). 

Presumably, their mesocosm did not contain suitable phages that could infect the 

non-indigenous strain of V. parahaemolyticus added to the microcosm. 

 

Figure 2.14 – Predator response to a spike in prey in a closed batch system 
Dilution rate = 0 h-1. 
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without a discernible pattern (Fig. 2.15b). In this case however, the relative changes 

in amplitude were smaller than with the bacteriophage and could have been caused 

by small inaccuracies in the precision of the solver. 

 

Figure 2.15 – Rate vs. yield trade-off 
Simulations of competitions between a predator with a fast maturation rate (high 𝑘7) and one with a 
high burst size (high 𝑌7

8(
), at (a) 𝑆6 = 0.005 mg ml-1 and (b) 𝑆6 = 0.25 mg ml-1. Dilution rates = 0.02 h-1. 

Panel (c) shows a zoomed in version of a peak of panel (b). 
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predators to co-exist on the same prey (Fig. 2.16). Depending on the 𝑆6 value and the 

differences in 𝜇$ and 𝐾",$ it was possible for the species to either stably co-exist (Fig. 

2.16a) or display sustained oscillations (Fig. 2.16d). When substrate was in low 

abundance it also limited the maximal prey density, and prey half-saturation constant 

of the predator was key (Fig. 2.16a, b). At higher substrate concentrations there was 

more prey, so predators encountered prey more often and the limiting factor became 

how fast the predator could handle (penetrate and kill) the prey (Fig. 2.16c, d). 
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Figure 2.16 – Co-existence of two predators 
Simulations of competitions between a predator with a high attack rate constant (high 𝜇7) and one with 
a low prey half-saturation constant (low 𝐾2,7) at a dilution rate of 0.02 h-1. Panels (a, c) – Pair A – 
Predator 1 𝜇7 = 0.6 mg bdelloplast mg predator-1 h-1, predator 2 𝐾2,7 = 3.4 x 10-4 mg prey ml-1. Panels 
(b, d) – Pair B – Predator 1 𝜇7 = 0.39 mg bdelloplast mg predator-1 h-1, predator 2 𝐾2,7 = 1.5 x 10-5 mg 
prey ml-1. Panel (e) 𝜇7 and 𝐾2,7 for all predators. Panels (f, g) comparison of predator growth rates for 
both pairs of predators over a range of prey densities. 
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and predate, however, it is not clear whether there is any upper size constraint. A 

Bdellovibrio cell is around seven times smaller than an E. coli cell and many other 

known prey species such as Pseudomonas putida (Huang and Starr, 1973) and 

Klebsiella pneumoniae (Dashiff et al., 2010) are of a similar size to E. coli. There are 

however, examples of Bdellovibrio species predating much larger cells such as 

filamentous E. coli (Kessel and Shilo, 1976) and aquaspirillum (Núñez et al., 2003) The 

relatively small size of Bdellovibrio could allow it to predate a wider range of cells, 

however there is a potential for the predator cell to prey cell biomass ratio to affect 

the kinetics of predation and alter the population dynamics.  

Given the same amount of nutrients coming into a system, in the absence of 

predators, it can support a certain number of cells of low biomass, or a smaller number 

of cells of a higher biomass. When a predator is added into this system it will 

encounter prey cells more often when there are many smaller cells (encounter rate is 

proportional to the surface area of the prey cells, which increase with square of the 

cell radius, whilst biomass increases with the cube of the radius). However, when the 

predator does encounter a larger cell it will acquire more resources with which to 

reproduce. This trade-off between more frequent, but less profitable encounters with 

prey and rarer, but more profitable encounters means it is difficult to predict whether 

a larger prey cell biomass is to the benefit of the predator. To investigate the possible 

effects of this trade-off, we examined final biomass density of both predator and prey 

over a range of prey to predator cell biomass ratios and a variety of 𝑆6 and dilution 

rate conditions. We found that there was both a minimum prey : predator biomass 

ratio required in order for the predator to survive, which under the conditions tested 

was between 5.25 and 15, depending on dilution rate, and an optimal value for 
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maximal predator biomass of between 8.75 and 32.5, again dependent on dilution 

rate (Fig. 2.17). This means that a typical E. coli would be slightly smaller than the 

optimal value, but larger than the minimum value for at least some conditions. Higher 

prey : predator biomass ratios caused the system to display extreme oscillations and 

the optimal ratio for the predator was just less than that which would cause these 

oscillations. Increases in 𝑆6 resulted in a decrease in the optimal ratio value (Fig. 2.17 

a-c) and a narrowing of the range of values that gave predator biomass close to the 

maximum achievable. Increases in the dilution rate gave a similar narrowing of the 

optimal range, but caused the optimal value to increase (Fig. 2.17c, d). 

 

Figure 2.17 – Minimal and optimal prey biomass 
Prey biomass relative to predator biomass (0.028 pg dry biomass). Predator density showed a broad 
optimum at low inflow substrate concentrations (𝑆6) that became narrower at higher 𝑆6 and dilution 
rate. Too large prey caused oscillations. Top row shows concentrations at steady state or averaged over 
one oscillatory cycle (see methods 2.2.6). Bottom row shows the oscillatory period (blue, left axis) and 
phase shifts (green, right axis) from substrate peak to peak of prey (solid line), free Bdellovibrio (dashed 
line) or bdelloplast (dotted line). The green line is the biomass ratio between an average E. coli and 
Bdellovibrio and similar to most prey used in laboratory studies or for isolating Bdellovibrio from the 
environment. 
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nutrients), but is usually somewhat larger than an E. coli cell, which is typical in size 

and biomass of many cells predated by Bdellovibrio. This would seem to indicate that 

Bdellovibrio should ideally be smaller than it already is however, this may not be 

possible due to biological constraints. Bdellovibrio already has quite a large genome 

(3.6 Mb) to biomass ratio when compared to E. coli (4.5 Mb), which has approximately 

seven times as much biomass. Additionally, lack of energy storage is thought to be a 

factor in the relatively high mortality of Bdellovibrio (Hespell et al., 1974) and any 

further reduction in cell biomass would likely result in a reduction in the already 

limited capacity for energy storage. 

2.3.4.13 Conditions for robust co-existence and paradox of enrichment 

When studying the conditions under which the maximum density of predator 

biomass could be obtained, it became clear that for many of the conditions tested the 

system displayed an oscillatory regime, with periods in the region of hundreds of 

hours. These oscillations had such an extreme amplitude (minimum values < 1 x 10-30 

mg dry mass ml-1) that the stochastic noise present in any real system would result in 

the extinction of the predator, or both the predator and the prey. We therefore 

examined more closely the range of values that would allow for predator survival, 

without either the washout of the predator or the presence of extreme oscillations. 

As can be seen from Fig. 2.18 there was a paradox of enrichment effect. At low 

levels of 𝑆6  there was a wide range of prey to predator biomass ratios at which 

predator survival was possible. Higher values of 𝑆6 destabilised the system, reducing 

the gap between the ratio needed to prevent predator washout, and that which 

caused oscillations. As previously seen (Fig. 2.17c, d) increasing the dilution rate 
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resulted in an increase in the minimum prey : predator ratio at which the predator 

could survive. It also caused a narrowing of the survival range between predator 

washout and extreme oscillations. At nutrients levels of 0.01 mg ml-1, typical of the 

inflow into waste water treatment plants (Henze et al., 1987), there is a wide range of 

prey : predator biomass ratios at which robust co-existence of the predator and prey 

can occur, especially at lower dilution rates. It should be note that at higher dilution 

rates in particular a typical E. coli cell is predicted to be too small to sustain the 

presence of Bdellovibrio, although E. coli can grow into long filaments (Maki et al., 

2000), which would be large enough to sustain Bdellovibrio. 

 

Figure 2.18 – Paradox of enrichment. 
The range of prey to predator biomass ratios enabling permanence or stable co-existence of predator 
and prey (here including the regions of stable co-existence and damped oscillations in Fig. 2.3a) shrank 
with increasing productivity (inflow substrate concentration 𝑆6). At higher dilution rates, prey had to 
be unrealistically large for permanence; also, the prey biomass range for permanence shrank. Below 
the blue line, the predator is washed out. Within the shaded area permanence occurred. Above the red 
line, extreme oscillations occurred resulting in bottlenecks and predator extinction due to stochastic 
dynamics. The green line is the biomass ratio between an average E. coli and Bdellovibrio and similar to 
most prey used in laboratory studies or for isolating Bdellovibrio from the environment. 
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increases in dilution rate caused an increase in the gap (Fig. 2.19a, d & e). Fitting of 

our model to experimental data (see Chapter 4), indicates B. bacteriovorus HD100 has 

an attack rate constant of about 0.38 mg bdelloplast mg predator-1 h-1. At this value 

there is a wide range of prey : predator size ratios at which Bdellovibrio survival is 

possible, for all but the highest concentration of nutrients tested, although a typical E. 

coli cell is near or below the minimum prey size required to sustain Bdellovibrio. 

 

Figure 2.19 – Tragedy of the commons 
The prey biomass range for permanence of the predator (robust co-existence with prey) shrinks rapidly 
as the predator’s attack rate constant increases, as a too effective predator overexploits the prey, and 
then becomes extinct. This large drop in survival range occurs over a small increase in attack rate 
constant, illustrating the sensitivity of the system to the predator attack rate constant (see Fig. 2.5). 
Increased inflow substrate concentration 𝑆6 narrowed the prey biomass range for co-existence (top 
row), whilst increased dilution rate expanded the range (panel a and bottom row). Below the blue line, 
the predator is washed out. Within the shaded area permanence occurred. Above the red line, extreme 
oscillations occurred resulting in bottlenecks and predator extinction due to stochastic dynamics. The 
green line is the biomass ratio between an average E. coli and Bdellovibrio and similar to most prey 
used in laboratory studies or for isolating Bdellovibrio from the environment. 
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2.3.5 Global parameter sensitivity analysis 

When parameterising our model, we based our values on literature values for 

the best-studied predator, B. bacteriovorus strain HD100, predating the best-studied 

prey, E. coli, growing on glucose, as a sole carbon and energy source (Table 2.3). This 

meant that some aspects of this system such as prey growth rate are reasonably well-

studied and understood, however others, such as the predator attack rate constant, 

have hardly been studied. To better understand the effects of inaccuracies in 

parameter estimations, as well as the differences that would be observed if the model 

were used for a different prey species and/or carbon source, we conducted a global 

sensitivity analysis for each of the parameters identified from the dimensional 

analysis. 

Note one parameter 𝑌:∗$C  could not be varied independently of the other 

dimensionless parameters as it consists of two standard parameters 𝑌:
$>

 and 𝑌$
:>

, 

both of which are also part of another dimensionless parameter. To allow for this we 

included both 𝑌:
$>

 and 𝑌$
:>

 in the global sensitivity analysis along with the rest of the 

dimensionless parameters making a total of eight parameters. Each parameter was 

increased and decreased by 1% for 10,000 settings of the other parameters over the 

ranges given in Table 2.3 and the relative change of substrate concentration or 

population densities was calculated. 

For most parameter values a small change in the input value caused only a 

modest change in the species concentrations (Fig. 2.20), however in a small number 

of cases a very large response (several orders of magnitude) was observed (Fig. 2.21). 

These extremely large responses occurred with parameter sets close to bifurcation 

points between a species survival and its washout. 
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Figure 2.20 – Global sensitivity analysis without outliers 
Global sensitivity of (a) substrate concentration, (b) prey, (c) predator and (d) bdelloplast population 
densities to small changes of a given model parameter (at 10,000 settings of the other model 
parameters). The distributions of the 10,000 sensitivities of outcomes to a 1% increase of the given 
model parameter are shown as box plots. Here, only median (red line) and 25th and 75th percentiles 
(blue lines) are shown; Fig. 2.21 includes the sometimes orders of magnitude different sensitivities 
outside the box. 
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changes in predator attack rate constant (𝜇$) and the yield of bdelloplast biomass per 

predator (𝑌:
$>

) and predator biomass per bdelloplast (𝑌$
:>

). 

 

Figure 2.21 – Global sensitivity analysis with outliers 
Global sensitivity of model parameters including outlier values. Response is to a 1% increase in the 
parameter value. Red line is the median response value. Blue box shows values from the 25th to the 75th 
percentile response. Black crosses are outlier values. 
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parameter sets close to the boundaries of regimes, large changes in prey densities 

were observed (Fig. 2.21b). This was especially true of all predator attack kinetics, 

except the predator’s half-saturation constant (𝐾",$). 

With the predator and bdelloplast densities there was generally a very similar 

pattern of responses to changes in parameter values (Fig. 2.20c, d and Fig. 2.21c, d). 

When including the extreme responses, the predator and bdelloplast results were the 

same for all parameters. Increases in prey productivity in the form of increased 

nutrients into the system and faster prey growth rate, were capable of causing very 

large increases in the densities of both free predators and bdelloplasts (future 

predators). Changes in predator kinetics by contrast could cause increases or 

decreases in predator numbers. When these extreme responses were excluded the 

patterns of predator and bdelloplast density changes were still very similar. Both 

predator and bdelloplast benefitted from faster prey growth and suffered if the 

predator was too fast at attacking prey. The main differences were that increases in 

the maturation rate (𝑘$) did not affect predator numbers, but caused a small decrease 

in the density of the bdelloplasts and that decreases in the proportion of the 

bdelloplast that came from the predator (increased 𝑌:
$>

) caused a small decrease in 

bdelloplast densities and a larger increase in predator numbers (Fig. 2.20c & d). 
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2.4 Discussion 

Our results suggest that Bdellovibrio consuming a single prey species can only 

survive permanently within a very narrow range of conditions. Over a wide range of 

conditions, the system is prone to extreme oscillations with periods of over a hundred 

hours and bacterial densities dropping below 0.1 pg ml-1. In a deterministic 

mathematical model, species densities can eventually recover from even the smallest 

positive number but in a biological system, there has to be at least a single cell left (~1 

pg). More importantly, when a system contains just a few cells over a long time, 

stochastic fluctuations will almost inevitably result in the loss of those cells, leading to 

local extinction. For most system parameters, there was a narrow range of values that 

allowed the predator to reproduce fast enough to avoid being washed out without 

triggering these oscillations, and the optimal value to maximise predator numbers 

occurred just above or below the threshold triggering oscillations. 

Clearly, a periplasmic predator, such as Bdellovibrio, must be smaller than its 

prey to squeeze inside the periplasm. Additionally, it would be expected that a prey 

cell would need to be large enough to produce at least two Bdellovibrio progeny, 

although it has been reported that it is possible for Bdellovibrio to start replication 

within one prey cell and complete this in a second prey (Makowski et al., 2019). Our 

model however predicts that Bdellovibrio needs to be even smaller relative to its prey 

in order to survive. The minimum viable prey size predicted by our model was around 

7 times larger than the predator, about the difference in size between Bdellovibrio and 

E. coli (Cover et al., 1984), which is of a similar size to other typical prey species. 

However, the optimal prey size is predicted to be larger than this. Bdellovibrio may be 
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larger than is optimal relative to its prey, because it cannot be any smaller than it 

already is. 

Our model also predicts that a predator that kills its prey too efficiently (has 

too high an attack rate constant, or too little mortality) will drive that prey to 

extinction and will then become extinct itself, resulting in a tragedy of the commons 

(Hardin, 1968). Bdellovibrio does have a high mortality rate compared to other 

bacteria, correlating with a high endogenous respiration rate (Hespell et al., 1974). 

While this may make over exploitation of prey less likely, this is likely to be a side 

effect, with the raised mortality being primarily due to Bdellovibrio’s life style, 

including its fast movement rate (Lambert, Morehouse, et al., 2006) and its small size 

and lack of energy storage vesicles (Hespell et al., 1974). 

In conclusion, our model predicts a system that is prone to extreme, 

destabilising oscillations. This, together with the fact that Bdellovibrio and other 

BALOs need to compete with specialist bacteriophage means they need to be semi-

generalist predators with a wide prey range in order to survive long term in natural 

environments. Additionally, they should be hotspot specialists capable of migrating 

between regions of high prey density which they can likely detect through chemotaxis 

(Lambert et al., 2003; Chauhan and Williams, 2006). This has implications for the use 

of Bdellovibrio either as a therapeutic in agriculture and aquaculture or to reduce 

numbers of pathogens in an environmental setting. BALOs are likely to be most 

effective when there are alternative prey species present that may act to boost 

predator numbers. 
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CHAPTER 3: PREDATION STRATEGIES OF THE 
BACTERIUM BDELLOVIBRIO BACTERIOVORUS: 

ATTACK RATE, SIZE EFFECTS AND A RATE 
VERSUS YIELD TRADE-OFF – MATHEMATICAL 

ANALYSIS 
 

An earlier version of this chapter has been deposited on BioRxiv – DOI: 

10.1101/621490 as supplementary information 
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3.1 Model implementation and validation 

3.1.1 Solver choice 

Results from ODE model simulations can be affected by the choice of ODE 

solver. Different solvers exist because the best choice of solver depends on the nature 

of the ODEs and parameters of the particular model being investigated. In particular, 

MatLab solvers Ode15s, Ode23s and Ode23tb are designed to handle stiff systems, 

where there are significant differences in the timescales over which changes in 

different species values change. By contrast, solvers Ode45 and Ode113 are designed 

for non-stiff systems and Ode23 and Ode23t are best in situations of intermediate 

stiffness. Additionally, Ode23, Ode23s, Ode23t and Ode23tb solvers can be faster 

when less strict tolerances are used, while Ode113 is often fastest for particularly strict 

tolerances. The Ode23 and Ode45 solvers use an explicit Runge-Kutta methodology, 

while Ode113 uses an Adams-Bashford-Moulton method and Ode15 uses numerical 

differentiation formulae with variable order and step size and can also optionally 

implement backwards differentiation using Gear’s method (Shampine and Reichelt, 

1997). 

Unless otherwise stated, results here were obtained with the MatLab Ode45 

solver. In order to evaluate whether this was the most appropriate solver for this 

model, we ran simulations with a number of parameter settings (corresponding to the 

different dynamic regimes observed in Fig. 2.3) using several MatLab solvers. All 

solvers were tested with absolute and relative tolerances set to 1 x 10-9, and all species 

constrained to be non-negative (if the solver permitted such a non-negative 

constraint). While all the solvers tested could correctly handle conditions where the 
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stability analysis had predicted a steady state, solvers Ode113, Ode15, Ode23t and 

Ode23tb were not capable of handling conditions where sustained oscillations were 

predicted (Fig. 3.1). Solvers Ode23 and Ode23s could handle all the scenarios, except 

for predicted sustained oscillations when the initial predator numbers were increased 

to 5 x 10-2 mg ml-1 for Ode23 or to 1 x 10-1 mg ml-1 for Ode23s. Under these conditions, 

simulations with the Ode23 solver incorrectly showed an abiotic state, in which all 

bacteria had been eliminated (Fig. 3.1e). Solver Ode23s (which cannot be set to not 

allow negative values) showed exponential growth of substrate concentrations to the 

order of 2 x 100154 mg ml-1 with negative density of prey in the order of -1 x 100154 mg 

ml-1 (Fig. 3.1f). In both cases, solver Ode45 (Fig. 3.1g) correctly showed the system to 

give sustained, extreme oscillations. 

Although we expected the solvers for stiff systems (ending in s) to be 

appropriate, we found that the Ode45 solver was the only one that was reliable under 

all the tested conditions, so it was used for all further investigations.  
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Figure 3.1 – Effects of solver choice on simulation performed with standard parameters. 
𝑆6 = 0.25 mg ml-1 and a dilution rate = 0.003 h-1. 
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the final result. Based on these finding, all further simulations were run with both 

absolute and relative tolerances of 1 x 10-9, unless otherwise noted. 

 

Figure 3.2 – Effects of solver tolerances on simulations with standard parameters. 
𝑆6 = 0.25 mg ml-1 and dilution rate = 0.003 h-1. Absolute tolerance decreases (becomes stricter) from 
left to right; relative tolerance decreases from top to bottom. The strict settings of panel (i) were used 
for all simulations in this study unless stated otherwise. 

3.1.3 Particle-based units versus biomass-based units versus dimensionless 

equations 

As seen in Fig. 2.3, there was usually a good agreement between the type of 

regime predicted from the eigenvalues of the Jacobian matrix (Table 3.1) and those 
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observed by running simulations. Exceptions were at the boundaries between regimes 

and in the region predicted by the eigenvalues to be linearly unstable, where the 

simulations resulted in very long-period, extreme oscillations. The calculations based 

on the eigenvalues of the Jacobian matrix were using the dimensionless form of the 

ODEs, whilst the simulations were performed using standard equations. To check that 

any differences seen were not due to differences in the use of dimensionless 

equations, all scenarios from Fig. 2.3 were also run with dimensionless equations. The 

results from these simulations (data not shown) were identical to those from the 

standard equations, showing that for these cases the choice of standard or 

dimensionless equations did not affect the outcome of the simulations. For all further 

work, the standard equations were used for simulations. 

Most simulations were run using units of biomass density (mg dry mass ml-1). 

When this was attempted with bacteriophage predators, the simulation ran for 

several days without completing and eventually caused the MatLab program to crash. 

This was most probably due to the system being unable to find a suitable time step, 

as the large differences in densities of the species lead to large differences in the rate 

of change of species over a time step. To handle these scenarios the units were 

changed from biomass-based to particle-based densities (cells, virions or particles ml-

1). This resulted in simulations completing within minutes, to at most a few hours. We 

wanted to check that the only effect of the change of units was to allow simulations 

that would otherwise cause a crash of MatLab, to be successfully completed. To check 

this, test scenarios previously run for biomass-based units, were rerun using particle-

based units. The results from the simulations with particle-based units (Fig. 3.3) were 

the same as those from the biomass-based densities, with two exceptions. Firstly, the 
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relative proportions of the species had changed. This was inevitable as prey cells were 

set to be seven times larger than predator cells. This meant that each cell ml-1 of a 

prey cell resulted in seven times more mg dry mass ml-1 than a predator cell. Secondly, 

for a dilution rate of 0.0025 h-1, the pattern observed differed between particle-based 

and biomass-based units. This dilution rate was very close to the boundary of a Hopf 

bifurcation between damped and sustained oscillations, and was very sensitive to 

initial conditions. For both unit settings it was possible by adjusting the initial species 

values to get either damped or sustained oscillations. For the simulation using particle-

based densities, the initial conditions were adjusted slightly, to get the best match 

possible to the outcome from using biomass-based units. 

 

Figure 3.3 - Standard simulations in particle-based units 
𝑆6 = 0.25 mg ml-1, using particle-based units (cells, virions or particles ml-1). Dilution rates are the same 
as in panels (b-g) of Fig. 2.3 and the same dynamic regimes are observed. 
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3.2 Model analysis 

3.2.1 Dimensional Analysis 

Model 6 has twelve parameters, many of which are interconnected in various 

ways. The more parameters a model has, the more difficult it is to determine which 

parameters, or combinations of parameters, have the biggest effect on model 

outcomes. In order to reduce the number of parameters that had to be considered 

independently, and deduce something about the relationships between parameters, 

a dimensional analysis was performed. The set of dimensional equations for Model 6 

were already given in Chapter 2, but are shown again for convenience: 

 !*
!#
= (𝑆6 − 𝑆)𝐷 − 𝑁

'-*
7,.,-+*89-

.(
 (2.3a) 

 !"
!#
= 𝑁 '-*

,.,-+*
− 𝑁𝐷 − 𝑃 '/"

7,-,/+"890
-(

 (2.3b) 

 !$
!#
= 𝑘$𝐵 − (𝐷 +𝑚)𝑃 − 𝑃

'/"
7,-,/+"890

/(
 (2.3c) 

 !:
!#
= 𝑃 '/"

,-,/+"
− 𝐵𝐷 − ;/:

9/
0(

 (2.3d)  

First the variables were explicitly written as products of numbers and units to 

give: 

 
!E*′*^F

!7#′G8
= M𝑆6 − 𝑆′𝑆^N𝐷 − 𝑁′𝑁^ '-*′*^

7,.,-+*′*^89-
.(
  (3.1a) 

 
!E"′"^F

!7#′G8
= 𝑁′𝑁^ '-*′*^

,.,-+*′*^
− 𝑁′𝑁^𝐷 − 𝑃′𝑃^ '/"′"^

7,-,/+"′"^890
-(

 (3.1b) 

 
!E$′$^F

!7#′G8
= 𝑘$𝐵′𝐵^ − (𝐷 +𝑚)𝑃′𝑃^ − 𝑃′𝑃^

'/"′"^

7,-,/+"′"^890
/(
  (3.1c) 

 
	!E:′:^F

!7#′G8
= 𝑃′𝑃^ '/"′"^

,-,/+"′"^
− 𝐵′𝐵^𝐷 − ;/:′:^

9/
0(

  (3.1d) 
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where primes denote numbers, carets denote units and 𝜏 is the time unit. 

Next the equations were divided by 𝑆^, 𝑁^, 𝑃^ and 𝐵^ and multiplied by 𝜏 to 

remove these from the left-hand side of the equations. 

 	!*′

!#′
= /*=

*^
− 𝑆′1 𝜏𝐷 − 𝜏𝑁′𝑁^ '-*′

7,.,-+*′*^89-
.(
 (3.2a) 

 !"′

!#′
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7,.,-+*′*^8
− 𝑁′𝜏𝐷 − 𝑃′𝑃^ G'/"′

7,-,/+"′"^890
-(

  (3.2b) 

 !$′

!#′
= G;/:′:^

$^
− (𝐷𝜏 +𝑚𝜏)𝑃′ − 𝑃′ G'/"′"^

7,-,/+"′"^890
/(
  (3.2c) 

 !:′

!#′
= $′$^

:^
G'/"′"^

7,-,/+"′"^8
− 𝐵′𝜏𝐷 − G;/:′

9/
0(

  (3.2d) 

Then we chose units to eliminate parameters (𝜏 = 2
I

, 𝑆^ = 𝐾*,", 𝑁^ = 𝐾",$, 

𝑃^ =
,-,/90

-(

90
/(

 and 𝐵^ = 𝐾",$𝑌: ">
) to give: 
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I72+"′8
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  (3.3d) 

Finally, we identified seven independent parameters of the Model 6: 

 DP1 𝜇"′ = '-
I

  

 DP2 𝜇$′ = '/
I90

/(
 

 DP3 𝑘$′ = ;/
I9/

0(
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 DP4 𝑚′ = -
I

 

 DP5 𝑆6′ = *=
,.,-

 

 DP6 𝐾B′ = ,-,/
,.,-9-

.(
 

 DP7 𝑌:∗$′ =	𝑌$
:>
𝑌:

$>
  

To give dimensionless ODEs: 

 !*
!#
= 𝑆6′ − 𝑆 −

*"'-
′,>
′

2+*
  (3.4a) 

 !"
!#
= *"'-

′

2+*
− 𝑁 − "$'/

′

2+"
  (3.4b) 

 !$
!#
= 𝑘$′𝐵𝑌:∗$′ − M1 +𝑚′N𝑃 − "$'/

′

2+"
 (3.4c) 

 !:
!#
= "$'/

′

2+"
− 𝐵 − 𝑘$′𝐵 (3.4d) 

Four of the seven dimensionless parameters (DP1 – DP4) are related to the 

dilution rate of the system as they are ratios of rates relating to the four intrinsic 

biological processes occurring: prey growth (DP1), predation of prey to form a 

bdelloplast (DP2), maturation of that bdelloplast into new predators (DP3) and 

predator mortality (due to starvation – DP4). 

The other three parameters are mass ratios. 𝑆6C  (DP5) is the ratio of substrate 

concentration entering the chemostat, to the half-saturation constant for prey 

growing on the substrate. 𝐾BC  (DP6) is the ratio of half-saturation constants of the 

predator and prey for their respective diets, adjusted for the efficiency with which the 

prey converts substrate. The final parameter 𝑌:∗$C  (DP7) is the burst size of the 

Bdellovibrio, i.e., the number of new predators formed from a single bdelloplast. 
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3.2.2 Analytical Determination of Steady States 

Simulating a system shows how population densities vary over time, and gives 

the final state of the system. Such analysis however, can be relatively slow, and 

dependent on an appropriate choice of initial conditions. It is also possible to calculate 

the nullclines of an ODE system. Each nullcline is the set of values for which one of the 

differential equations equals zero, and the species described by that equation does 

not vary over time. Where all the nullclines intersect none of the species’ values 

change over time and the system is in a steady state, albeit one which may be 

unstable, and lost if small perturbations occur. Calculating the values that produce an 

intersection of the nullclines did not give any information on how the final state was 

approached, but it was independent of initial conditions and much quicker to perform 

than a simulation. This speed made it feasible to study how the steady state varied 

over a very large range of parameter values. 

Analysis showed that for any particular set of parameters there were up to 

three points at which the nullcline would intersect. One intersection was abiotic with 

only substrate present. A second point had substrate and prey, but no predators or 

bdelloplasts, and the final potential steady state had substrate, prey, predator and 

bdelloplast co-existing. We were particularly interested in this final four species co-

existence state. To calculate the species values at the co-existence state we first 

rearranged equation 9d to describe 𝐵 in terms of 𝑁 and 𝑃. 

 "$'/
′

2+"
− 𝐵 − 𝑘$′𝐵 = 0  (3.5) 

 𝐵 = "$'/
′

(2+")E2+;/
′F

  (3.6) 

This value was substituted into equation 3.4c to give 
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90∗/
′ "$'/
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(2+")E2+;/
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′

2+"
= 0  3.7) 

Which could be rearranged into: 

 𝑁 =
E2+-′FE2+;/

′F

;/
′'/
′90∗/
′ ?'/

′E2+;/
′F?72+-′8E2+;/

′F
  (3.8) 

Equation 3.4a was used to give 𝑆 in terms of 𝑁. 

 𝑆6′ − 𝑆 −
*"'-

′,>
′

2+*
= 0  (3.9) 

 𝑆@ + 𝑆M1 + 𝑁𝜇"′𝐾B′ − 𝑆6′N − 𝑆6′ = 0  (3.10) 

This quadratic equation has two solutions, however only the physically 

possible non-negative solution was recorded as a genuine steady state. 

Finally, equation 3.4b was used to get 𝑃 in terms of 𝑁 and 𝑆. 

 *"'-
?

2+*
− 𝑁 − "$'/

?

2+"
= 0 (3.11) 

 𝑃 = /*'-
?

2+*
− 11 (2+")

'/
?  (3.12) 

This meant the three equilibrium points or steady states of the system were, 

in order 𝑆, 𝑁, 𝑃, 𝐵: 

Abiotic state: 

M𝑆6′, 0, 0, 0N  

Predator free state (prey and substrate only): 

R 2
'-
′?2

,
*=′E'-

′?2F?2

,>
′E'-

′?2F
	 , 0, 0S  

All species co-existence (note only 1 possible value for S is non-negative): 
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3.2.3 Jacobian Matrix and Hopf Bifurcations 

The Jacobian matrix is the set of all first order partial derivatives of all 

differential equations of a system with respect to all variables, evaluated at steady 

state. It can be used for linear stability analysis, although it should be noted that 

results of this may only be valid near the steady state as it represents a linearization 

of an intrinsically non-linear system. The linearized system can be solved. The solution 

consists of sums of exponential functions of the form 𝒙(𝑡) = 𝒗𝑒%#  with the 

eigenvalues 𝜆 of the Jacobian matrix in the exponents determining the time evolution 

of perturbations 𝒙(𝑡) of the steady state and therefore the local stability of steady 

states (Edelstein-Keshet, 2005). Any complex eigenvalues indicate that the system will 

display some form of oscillations. If the common real part of the complex conjugate 

eigenvalue pair is negative, the oscillations will be damped, and the equilibrium point 

is a stable focus, while for a positive real part, the oscillations are sustained and the 

equilibrium point is an unstable node with an associated stable limit cycle. If all the 

eigenvalues are real and negative this indicates a stable steady state with the 

equilibrium point being a stable node. While all real and at least one positive is an 

unstable state and the equilibrium point is either a saddle node or an unstable node. 

In order to calculate these eigenvalues for various system parameters the Jacobian 

matrix was determined for the dimensionless equations. The rows of the Jacobian 
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matrix were derived for the substrate S, prey N, predator P and bdelloplast B rates of 

change in this order (Eqs. 3.4a-d) by partially differentiating by S, N, P and B in turn for 

each column: 

 

 (3.13) 

Figure 3.4 – Jacobian matrix for model 6 
Zero entries, circled in brown, indicate independence, i.e., changing a variable had no effect on the rate 
of change of the other variable. Entries that were always negative, circled in red, mean that an increase 
in one variable caused a decrease in the rate of change of the corresponding variable. Entries that were 
always positive, circled in blue, meant that an increase in one variable caused an increase in the rate of 
change of the other. Entries circled in green, could be positive or negative depending on parameter 
values. 

Each entry in the Jacobian matrix (Eq. 3.13) describes the effect of a small 

change in one species on the rate of change of another species, when the system was 

initially at steady state. The values on the main diagonal, are the effects of a change 

in the density of a variable on its own rate of change. The eigenvalues of the Jacobian 

matrix are found using equation 3.14, where 𝜆 is the eigenvalues, J the Jacobian matrix 

and I the identity matrix (Edelstein-Keshet, 2005). 

 𝐽 − 𝜆𝐼 = 0 (3.14) 

This can in theory be solved analytically, but gives rise to a quartic equation 

that is intractable and has to be evaluated numerically. Instead taking inspiration from 

the graphical analysis method of Rosenzweig and MacArthur (1963) I examined the 0
0"

 

!
!"

!
!#

!
!$

!
!%

&"
&' −1 − #*!" +#"

1 + " $ , − "*!
" +#"

1 + " , 0, 0,

&#
&'

#*!"
1 + " $ ,

"*!"
1 + " − 1 −

$*%"
1 + # $ , − #*%"

1 + # , 0

&$
&'

0, − $*!"
1 + # $ , −1 − ." − #*%"

1 + # /%" 0&∗%"

&%
&'

0,
$*!"
1 + # $ ,

#*%"
1 + # , −1 − /%"



Predation strategies of Bdellovibrio 

 117 

of !"
!#

 entry of the Jacobian matrix (Eq. 3.13). This is the rate of change of the prey 

nullcline with respect to prey density. In a two-dimensional predator prey system, 

when this is positive, the equilibrium point is unstable, and the result is stable 

oscillations, resulting from a stable limit cycle. When it is negative, the equilibrium 

point is stable. The point at which the steady state of the system goes from being a 

stable limit cycle, surrounding an unstable node, to damped oscillations around a 

stable node, is a Hopf bifurcation of the system. A four-dimensional system, such as 

described by my model 6 is inherently more complex than a two-dimensional system, 

but similar principles may apply. Substituting the equilibrium value of: 

 𝑃 = /*'-
?

2+*
− 11 (2+")

'/
?  (3.15) 

into the equation for the  0
0"

 of !"
!#

 entry in the Jacobian matrix (Eq. 3.13): 

 *'-
?

2+*
− 1 − $'/

?

(2+"):
 (3.16) 

Gave: 

 /*'-
?

2+*
− 11 −

O
.@-

?

9A.?2P

2+"
 (3.17) 

Which can only be zero if either 𝑁 = 0, which is not a point at which all four species 

are co-existing, as prey density is zero, or when *'-
?

2+*
− 1 = 0 . Substituting the 

equilibrium value for 𝑆  

 𝑆 =
?E2+"'-

′,>
′?*=′F± ME2+"'-

′,>
′?*=′F

:
?N*=′

:

@
 (3.18) 

into equation 3.17 gave an equation that could be solved for inflow substrate 

concentration (𝑆6). Inputting the default parameters (Table 2.3) and a dilution rate of 

0.02 h-1 and solving gave a negative impossible value for 𝑆6  of -0.00607 mg ml-1, 
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indicating that there is no value of 𝑆6 that, with these parameter values, would make 

the 0
0"

 of !"
!#

 entry in the Jacobian matrix zero (or negative). This is not entirely 

surprising, as this is an unusual four species system in which predator and prey 

densities both decrease when predation events occur and only bdelloplast densities 

increase. 

Fig. 2.3a shows, the system does in fact undergo Hopf bifurcations. Take as an 

example the series of points indicated by the series of white crosses in Fig. 2.3a, whose 

Jacobian matrix values and eigenvalues ate listed in Table 3.1. The inflow substrate 

concentration (𝑆6) was set to 0.25 mg ml-1 (and all other parameters to their default 

values). When the dilution rate was set to 0.04 h-1, the predator washed out of the 

system and only the prey remained (Fig. 2.3a, g). When the dilution rate was reduced 

to 0.03465 h-1, the predator could multiple fast enough to survive within the 

chemostat and a four species equilibrium point occurred, the eigenvalues for which 

were all real and negative, indicating the equilibrium point was a stable node (Table 

3.1 and Fig 2.3a, f). When the dilution rate was lowered further to 0.003 h-1 two of the 

eigenvalues were negative real numbers, the other two were a complex conjugate 

pair, with a positive real part, indicating the equilibrium point was an unstable node, 

with an associated stable limit cycle (Table 3.1 and Fig 2.3a, d). Driving the dilution 

rate still lower to 0.0025 h-1 resulted in the system passing through a Hopf bifurcation. 

The complex conjugate pair of eigenvalues associated with the equilibrium point of 

this system had crossed the imaginary axis and now had negative real parts, while the 

other two eigenvalues were both still negative real numbers, indicating the 

equilibrium point was a stable focus, with associated damped oscillations (Table 3.1 

and Fig 2.3a, c). 
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Table 3.1 – Eigenvalues and Jacobian matrix for selected points 

Parameters all had default values (Table 2.3), except 𝑆0=0.25 mg ml-1 and dilution rate was as shown. 

Dilution 
rate (h-1) 

Jacobian matrix Eigenvalues Type of 
node 

0.0001 

-5.6511x103 -0.1045x103 0 0 -5.5230 
-3.3445 

-0.0255+0.1665i 
-0.0255-0.1665i 

Stable 
focus (with 

damped 
oscillations) 

6.8320x103 0.0634 x103 -0.2402 x103 0 
0 -0.0620 x103 -0.0841 x103 0.8720 x103 
0 0.0620 0.2402 -2.4896 

0.0025 

-93.3560 -93.0502 0 0 -139.12 
-0.0540+0.6661i 
-0.0540-0.6661i 

-19.67 

Stable 
focus (with 

damped 
oscillations) 

111.6752 59.4252 -10.1249 0 
0 -52.0894 -35.1249 348.8000 
0 52.0894 10.1249 -100.5434 

0.003 

-62.5338 -90.7286 0 0 -117.43 
7.10 + 57.10i 
7.10 - 57.10i 

-14.22 

Unstable 
node (with 
associated 
limit cycle) 

74.4055 58.5560 -8.5287 0 
0 -50.1513 -29.5287 290.6667 
0 50.1513 8.5287 -83.9528 

0.02 

-1.1386 -27.5136 0 0 23.9566 
-20.0333 
-1.0442 
0.9826 

Unstable 
node 

0.1675 24.2262 -1.7831 0 
0 -8.0427 -5.7831 43.6000 
0 8.0427 1.7831 -13.4429 

0.03465 

-227.2689 -4.2668 0 0 -222.1058 
-12.2486 
-0.6788 
-0.4388 

Stable 
node 

273.6001 3.9991 -1.3142 0 
0 -0.1602 -4.0409 25.0935 
0 0.1602 1.3142 -8.1614 

 
 



Modelling dual predation by Bdellovibrio and a bacteriophage 

 120 

CHAPTER 4: MODELLING DUAL PREDATION BY 
BDELLOVIBRIO BACTERIOVORUS AND A 

BACTERIOPHAGE WHICH TOGETHER 
SUCCESSFULLY ELIMATE E. COLI PREY 

 

A version of this chapter comprises the modelling section of a paper that has 

been published in Journal of Bacteriology. A copy of the main text of that paper as 

submitted is included as appendix A. 
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Bdellovibrio bacteriovorus is a small, predatory Gram-negative bacterium that 

exclusively targets other Gram negative bacteria. As such it holds promise as a means 

of treating antibiotic resistant infections. Previous studies have shown this bacterium 

to be non-toxic to eukaryotic cells and only mildly immunogenic, its effectiveness in 

treating bacterial infections however has been mixed. In order to boost this 

effectiveness, previous studies have combined B. bacteriovorus treatment with 

antibiotics and the effects of the immune system. To our knowledge however no 

previous study has looked into combination treatment involving B. bacteriovorus and 

a bacteriophage. The Sockett lab at the University of Nottingham have successfully 

isolated a bacteriophage infecting E. coli growing in slurry samples taken from a dairy 

farm. The E. coli isolated from these samples were also infected with B. bacteriovorus, 

and the Socket lab have investigated the effects of dual predation by these two 

predators on a population of E. coli. We have taken this data set and used model 

selection and parameter fitting to explain aspects of the data. We found that three 

types of prey, completely sensitive, phage resistant and plastic B. bacteriovorus 

resistant were needed to explain the data. We also found that the results of dual 

predation can be explained by the combined actions of the two predators without 

needing to include additional interactions between them. 
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4.1 Introduction 

With the increase in antimicrobial resistance, new safe and effective 

treatments are constantly being sought to treat bacterial infections. B. bacteriovorus, 

a small, Gram-negative, predatory bacterium that predates other Gram-negative 

bacteria has been proposed as one such treatment. Several studies have addressed 

the issue of safety of Bdellovibrio and like organisms (BALOs) (Lenz and Hespell, 1978; 

Shatzkes et al., 2015; Gupta et al., 2016; Monnappa et al., 2016) and found BALOs to 

be non-toxic to eukaryotic cells and only mildly immunogenic (Gupta et al., 2016; 

Shatzkes et al., 2016, 2017), probably due to their unusual lipid A (Schwudke et al., 

2003). There have also been investigations into the effectiveness of BALOs in treating 

various bacterial infections, in plants (Scherff, 1973), fungi (Saxon et al., 2014) and 

animals (Chu and Zhu, 2009; Atterbury et al., 2011; Emmert et al., 2014; Li et al., 2014; 

Shatzkes et al., 2016; Russo et al., 2018), as well as studies explicitly investigating the 

effectiveness of B. bacteriovorus in combination with the immune system (Willis et al., 

2016) or with antibiotics (Im et al., 2017). Meanwhile a great many studies have 

explored the possibilities of treating infections with bacteriophages over the last 100 

years (Abedon et al., 2011). To our knowledge however no previous study has looked 

at the effects of combining B. bacteriovorus with a bacteriophage to control or 

eliminate bacterial populations.  

The Sockett lab at the University of Nottingham, while attempting to isolate B. 

bacteriovorus from a poultry farm, also isolated a bacteriophage that caused ‘halos’ 

around B. bacteriovorus plaques on an E. coli prey lawn. They isolated the 

bacteriophage causing these halos and found it to be a rosette tailed phage. They also 
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investigated the effects of B. bacteriovorus HD100 and this bacteriophage on 

population dynamics of E. coli, both in isolation and in combination.  

Mathematical models have been used extensively to model bacteriophage 

predation (Levin et al., 1977; Bohannan and Lenski, 2000; Krysiak-Baltyn et al., 2016). 

Fewer models have been developed for B. bacteriovorus predation, for a fuller review 

of these see Chapter 2. Before a mathematical model can be used to explain 

experimental data or make useful predictions an appropriate model must be 

developed. This inevitably involves a balance between a model that is complex enough 

to capture details of the experimental data, without including variable or parameters 

that can neither be inferred from the data, nor known with any degree of certainty 

from previous studies.  

When attempting to fit parameters to models, various Monte Carlo methods 

are frequently used to sample the parameter space. The Markov Chain Monte Carlo 

(MCMC) method creates a chain of sets of parameter values by taking the previous 

parameter set and perturbing the parameter values to give a new candidate 

parameter set (parameters may be updated sequentially or simultaneously). The fit of 

the model to the data using the candidate parameter set is then compared to the fit 

from the previous parameter set. If the candidate fit is an improvement over the 

previous fit the candidate set is accepted and added to the chain and is used as the 

starting point for the next candidate parameter set. If the candidate parameter set 

gives a less good fit to the data it may still be accepted. The probability of accepting a 

less good fit is based on how much worse the fit is compared to the previous 

parameter set, such that parameter sets that are almost as good a fit as the previous 

set are more likely to be accepted. Typical MCMC chains consist of two phases, a burn 
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in section where the fit is improving and a sampling phase where the range of 

parameters that give close to the best fit found is explored. The typical number of 

iterations required to complete the burn in phase varies, both with the model being 

fitted and the choice of starting position, but can be at least hundreds of thousands 

or millions of iterations, particularly for higher dimensional parameter sets. MCMC 

can be sensitive to initial conditions and depending on the choice of these may find a 

local best fit rather than the global optimal solution. MCMC can be used for model 

selection where the model is treated as an additional parameter to fit. This works best 

with models with very similar parameter sets, but is problematic when models have 

very different types of parameters. 

Sequential Monte Carlo (SMC) methods (Halton, 1960) can be used to 

objectively choose which model or models of those proposed best describe a dataset. 

They also fit parameters to the data, to give a range of reasonable values for each 

parameter. SMC consists of several rounds of parameter and model selection, with 

increasingly strict tolerances, and with the selected model and parameter sets in one 

round forming the base pool for future rounds. SMC methods require suitable priors 

on the parameters, but are better than MCMC methods at sampling the entire 

parameter space, and do not have the same sensitivity to initial conditions, making 

them more likely to find globally optimal solutions. With SMC the choice of tolerance 

levels is particularly important, too loose and the range of parameters chosen is too 

broad, too tight and the selection will take too long and there is a risk of overfitting. 

When competing models with different numbers of parameters there is also a risk of 

overfitting. With SMC however, each additional parameter adds an extra dimension 

to the parameter space to search, making it less likely that when a more complex 
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model is chosen the corresponding parameter set selected gives a fit to the data that 

is good enough for inclusion into the next round of selection. Approximate Bayesian 

Computation – Sequential Monte Carlo (ABC-SMC) is an extension of SMC that avoids 

the need for an explicit likelihood function and is particularly well suited for time series 

data (Toni et al., 2009). 

We have taken the data produced by the Sockett lab and fitted it a family of 

ordinary differential equation (ODE) mathematical models based on the model 

described in Chapter 2. We then used ABC-SMC methodology to determine the most 

appropriate model and fit suitable parameters to this. In doing so we found that three 

different prey phenotypes: completely sensitive to predation; phage resistant, but 

predatable by B. bacteriovorus; and B. bacteriovorus plastic resistant (but still 

predatable by phage) were required to explain the experimental data. We also 

inferred some of the details of how resistance to phage and plastic resistance to B. 

bacteriovorus may arise. Finally, we discovered that models fitted to single predator 

data only, could be a good fit to dual predation data, meaning that the response seen 

to the two predators in combination can be explained without requiring any direct 

interactions between the predators. 
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4.2 Methods 

4.2.1 Model description 

A family of ordinary differential equation (ODE) models was developed for the 

population dynamics because the data were on the population rather than the 

individual level and the model could be simulated in a fraction of a second, which was 

important as model selection and fitting requires millions of simulations. Fig. 4.1 

visualizes the variables, their interactions and the equations of the base model and 

Fig. 4.2 shows different model variants. Parameters are defined in Table 4.1.  
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Figure 4.1 – Base model with one prey type 
(A) Diagram of the model variables (populations and chemicals) in circles and their positive or negative 
interactions. The arrow colours match the colours of the terms in the equations in panel (B), and the 
roman numerals refer to the list of processes in the text. (B) Set of differential equations defining the 
base model. 
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Figure 4.2 – Final model and model variants 
(A) Diagram of the final model variables (populations and chemicals) and their positive or negative 
interactions. The arrow colours match the colours of the terms in the equations in panel (B). (B) Set of 
differential equations defining the final model. (C) Top-level model variants with different prey 
phenotypes (models N1, N2, N3, and N4). (D) Mid-level model variants – (Di) Methods of development 
of plastic resistance to B. bacteriovorus, (Dii) Methods of development of phage resistance. (E) Low-
level model variants. The predation rate either saturates at high prey densities or not (can differ 
between B. bacteriovorus and phage). 
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Table 4.1 – Model parameters with their symbols and units. 
The prior values used for parameter fitting were uniformly distributed over the ranges shown. The 
results of ABC-SMC fitting are also given. Typical fitted parameters were identified using Principal 
component analysis (PCA), see Fig. 4.10 for an explanation. 

Parameters Units Priors for fitting Statistics of fitted 
parameters 

Typical fitted 
parameters 

  Minimum 
value 

Maximum 
value Median 25th – 75th 

percentile 

Using all 
data for 
fitting 

Without 
using dual 
predator 

data 
Initial phage resistant 
fraction of prey  
(FR) 

dimensionless 1.0x10-6 1.0x10-4 3.6x10-6 2.3x10-6 
5.4 x10-6 8.6x10-6 3.9x10-6 

Prey maximum 
growth rate 
(µN) 

h-1 ¼ ln(2) 3 ln(2) 0.47 0.38 
0.60 0.46 1.3 

Prey half-saturation 
constant for medium 
(KM,N) 

pg ml-1 1.0x107 4.0x1010 3.8x107 1.9x107 
6.7x107 4.2x107 1.6x108 

Growth rate scaling 
for plastic resistant 
prey 
(𝜂!)  

dimensionless 0.4 2 0.98 0.72 
1.3 

Parameter not in final 
model 

Yield of prey per 
medium 
(YN/M) 

prey cells 
pg substrate-1 1 10 2.2 1.5 

3.0 1.2 1.8 

B. bacteriovorus 
attack rate constant – 
non-saturating 
(µP) 

bdelloplast cells 
B. bacteriovorus 
cells-1  
prey cells-1  
h-1 

2.1x10-9 5.1x10-7 2.3x10-8 1.6x10-8 

3.0x10-8 
Parameter not in final 

model 

B. bacteriovorus 
attack rate constant – 
Holling type II 
(µP) 

bdelloplast cells 
B. bacteriovorus 
cells-1  
h-1 

8.1x10-2 2.1x101 0.36 0.31 
0.43 0.33 0.36 

B. bacteriovorus half-
saturation constant 
for prey 
(KN,P) 

prey cells ml-1 2.0x104 1.0x109 3.2x106 2.5x106 
4.2x106 3.2x106 3.6x106 

Bdelloplast 
maturation rate 
(kP) 

B. bacteriovorus 
cells 
bdelloplast cells-1 

h-1 

7.0x10-1 2.5x100 0.86 0.78 
0.98 1.1 1.1 

Bacteriophage halo 
attack rate constant – 
non-saturating 
(µV) 

infected cells 

bacteriophage 
virions-1  
prey cells-1 

h-1 

1.0x10-10 1.0x10-7 1.6x10-9 1.2x10-9 

2.2x10-9 3.9x10-9 1.9x10-9 

Bacteriophage halo 
attack rate constant – 
Holling type II 
(µV) 

infected cells 

bacteriophage 
virions-1  
h-1 

3.2x10-3 3.2x100 0.43 0.22 
0.91 

Parameters not in final 
model Bacteriophage halo 

half-saturation 
constant for prey 
(KN,V) 

prey cells ml-1 1.3x105 1.3x1010 1.0x108 4.2x108 
5.0x108 

Infected cell lysis rate 
(kV) 

bacteriophage 
virions 
infected cells-1 

h-1 

1.0x100 5.0x102 12 8.1 
18 4.2 8.7 
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Parameters Units Priors for fitting Statistics of fitted 
parameters 

Typical fitted 
parameters 

  Minimum 
value 

Maximum 
value Median 25th – 75th 

percentile 

Using all 
data for 
fitting 

Without 
using dual 
predator 

data 
Bacteriophage halo 
burst size 
(YV/I) 

bacteriophage 
virions 
infected cells-1 

5.0x100 2.0x102 23 20 
27 24 34 

Nutrients released on 
B. bacteriovorus lysis 
(YM/P) 

pg nutrients 
B. bacteriovorus 
cell-1 

2.0x10-5 2.0x10-1 1.2x10-3 2.7x10-4 

5.5x10-3 3.3x10-3 2.8x10-3 

Nutrients released on 
phage lysis 
(YM/V) 

pg nutrients 
bacteriophage 
virion-1 

1.0x10-4 3.2x10-1 1.7x10-2 8.8x10-3 
3.8x10-2 2.1x10-2 6.9x10-3 

Rate of developing B. 
bacteriovorus plastic 
resistance – without 
signal 
(kD) 

h-1 5.0x10-8 5.0x10-4 5.0x10-5 2.0x10-5 
1.1x10-4 

Parameter not in final 
model 

Rate of developing B. 
bacteriovorus plastic 
resistance – with 
signal 
(kD) 

prey cells-1 

h-1 5.0x10-14 5.0x10-10 1.7x10-12 9.4x10-13 

2.9x10-12 4.0x10-12 1.3x10-12 

Rate of reversion to 
sensitive prey 
(kR) 

h-1 5.0x10-7 5.0x10-3 2.9x10-5 6.4x10-5 
1.7x10-4 

Parameter not in final 
model 

Rate of de novo phage 
resistance mutations 
(kM) 

h-1 1x10-10 1x10-8 7.0x10-10 3.5x10-10 
1.6x10-9 7.5 x 10-10 4.9x10-9 

Predator mortality 
rate 
(m) 

h-1 0.04 0.15 6.1x10-2 5.2x10-2 
7.2x10-2 6.4x10-2 9.5x10-2 

B. bacteriovorus burst 
size  
(YP/B) 

B. bacteriovorus 
cells 
bdelloplast-1 

Fixed to literature value of 4.17 (Fenton, 2010) 

 

The model was for a batch culture with a single abiotic resource (M for 

medium) comprising of materials released during lysis of prey cells, a single prey 

species with up to four phenotypes (Ns, NR, NP, ND), all displaying Monod growth 

kinetics, and two predators B. bacteriovorus (P for predator) and a bacteriophage (V 

for virus). The rate of predation of the predators was described either by a linear, non-

saturating response (type I) or by a saturating functional response (Holling type II) (Fig. 

4.2E). Initial assumptions (that were later tested as described below) included that B. 

bacteriovorus predation followed saturating kinetics, whereas bacteriophage 

predation kinetics were non-saturating. B. bacteriovorus has a bi-phasic lifestyle 
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consisting of a free-living attack phase, and a growth phase which occurs within a dead 

prey cell termed a bdelloplast. The bdelloplast is a distinct stage in the predation cycle, 

lasting from two to four hours. During this stage the prey, which makes up the majority 

of the bdelloplast, did not grow or replicate and did not contribute to the viable counts 

when considering the experimental data, and the predator making up the remainder 

of the structure did not carry out further predations. Due to its distinct properties we 

decided to model this stage as a separate entity (variable), (B for bdelloplast). There 

are also parallels between the bdelloplast and a bacteriophage infected cell. When 

infected by a bacteriophage the prey cell no longer grew, consumed nutrients nor 

contributed to the viable cell count, and until the prey cell was lysed the phage did not 

infect further prey cells. Accordingly, we also modelled the infected cell as a separate 

entity (I for infected cell) with properties similar to a bdelloplast. B. bacteriovorus is 

known to have an unusually high mortality rate for a bacterium so we included a 

mortality term. As regrowth of prey was seen in the experiments (Fig. 4.3B), there 

must have been some source of nutrients supporting growth, as the calcium HEPES 

buffer does not support growth, and any spent medium carried over with the prey 

cells would have been insufficient to account for the level of regrowth that occurred. 

It was assumed that the source of these nutrients was ‘waste’ products released 

during the lysis of the prey cells by both B. bacteriovorus and the halo-phage. 
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Figure 4.3 – Experimental results of B. bacteriovorus and bacteriophage predation of E. coli. 
These graphs were produced from data generated by the Sockett lab at the University of Nottingham 
(Hobley et al., 2019) and show optical densities and viable counts measured over 48 hours. Predation 
was on late log-phase E. coli S17-1 by halo-phage alone (green), B. bacteriovorus HD100 alone (red); 
both halo-phage and B. bacteriovorus HD100 (purple) versus E. coli plus buffer control (blue). (A) E. coli 
measured by optical density (OD600 nm) (B. bacteriovorus are too small to register at OD600 nm). (B) E. 
coli viable counts. (C) B. bacteriovorus HD100 enumeration by plaque counts. (D) bacteriophage halo 
enumeration by plaque counts. 

4.2.2 Model simulation 

All model variants were implemented in MatLab (8.6.0.267246 (R2015b)) and 

simulated using the ordinary differential equation solver ode45, which implements an 

explicit Runge-Kutta method.  
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4.2.3 Model selection and parameter fitting 

Each model variant was fitted to experimental data from several 48-hour time 

series with high resolution – data points every 2 hours (Fig. 4.3). These time series 

measured E. coli numbers in the prey only experiment, E. coli and B. bacteriovorus for 

B. bacteriovorus only predation, E. coli and halo-phage for halo-phage only predation 

and E. coli, B. bacteriovorus and halo-phage in the dual predation experiment. 

A Bayesian framework for model selection and parameter inference was used 

to obtain estimates of the uncertainty of the model and parameters. As explicit 

likelihood functions cannot be derived, Approximate Bayesian Computation (ABC) was 

used. Selection of the various model variants and parameter fitting was performed 

using an ABC Sequential Monte Carlo (ABC-SMC) algorithm as described by Stumpf 

and co-workers (Toni et al., 2009) using increasingly strict selection criteria (tolerance 

levels). As the priors were uniformly distributed, and the perturbation kernels were 

symmetric, all parameter sets carried equal weight. In each competition, model and 

parameter set selection was performed multiple times (referred to as generations). 

For each generation, 1,000 ‘particles’ (model with a parameter	set)	that	produced	

simulation	 results	 within	 the	 tolerance	 distance,	 for	 that	 generation,	 of	 the	

experimental	 results,	 were	 selected.	 Models	 were	 competed	 for	 up	 to	 15	

generations,	 and	 the	 tolerance	 levels	 for	 the	 distance	 between	 observed	 and	

simulated	data	were	reduced	from	generation	to	generation.	 

The simulation results for each parameter set were evaluated for their fit to 

the experimental data using the distance function: 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
a𝑠𝑢𝑚[(𝑝𝑜𝑖𝑛𝑡	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)@]:

𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑑𝑎𝑡𝑎	𝑝𝑜𝑖𝑛𝑡𝑠  
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where for each pair of data points (experimental and simulated) the point 

distance was calculated as: 

𝑝𝑜𝑖𝑛𝑡	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = M𝑙𝑜𝑔(𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛	𝑑𝑎𝑡𝑢𝑚) − 𝑙𝑜𝑔(𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙	𝑑𝑎𝑡𝑢𝑚)N 

The data points were log transformed to prevent small relative errors in large 

data values from having an excessive influence as the data values ranged over ten 

orders of magnitude. The distances between experimental and simulation data were 

also squared to emphasis a few large errors, which were likely to be caused by a poor 

model fit, over many smaller errors which could result from noise in the experimental 

data. 

As the tolerance limit decreased from generation to generation, the 

distribution of distances for accepted fits became increasingly narrow, indicating that 

the model parameter set combinations were approaching the best fit possible for the 

model variants and parameter ranges being tested (Fig. 4.4). 
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Figure 4.4 – Distances between simulated and experimental data over successive generation 
The fit of the final model improves from generation to generation in the ABC-SMC method. Each 
generation lowered the threshold for accepting a fit. In the final generation, all accepted fits have a 
similar distance between simulated and experimental data, showing that fits with further reduced 
distance did not occur. None of the accepted fits in the first generation would have been accepted in 
the last generation. The x axis has no meaning and is simply used to spread out the data. See methods 
4.2.3 for the distance measure. 

We repeated the model selection and fitting process ten times to test for the 

reproducibility of its outcomes (Fig. 4.5). 
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Figure 4.5 - Box plots showing the variation amongst the 10 repeats of model selection. 
We repeated the model selection procedure shown in Fig. 4.6A-D ten times because finding 1,000 
acceptable parameter sets with a Monte Carlo method could lead to some variation between runs of 
the ABC-SMC algorithm and it is good to check whether these differences are large. Box plots show the 
variation amongst the 10 repeats. We only show repeats for sub-model selections where the outcome 
was not 100% in favour of one model variant. The Bayes factor is the ratio of the times model X was 
accepted versus model Y. A factor of 1 indicates equally well supported models. A factor above 1 
indicates greater support for the first model, below 1 for the second model. Where a model received 
no support, the Bayes factors comparing this model are not shown as these would be either zero or 
infinity. 
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4.2.4 Model equations 

4.2.4.1 An explanation of symbols.  

The maximum specific growth rate of the prey and attack rate constants of the 

predators are 𝜇" , 𝜇$  and 𝜇Q  respectively and their half-saturation constants for 

substrate and prey are 𝐾5,"  (read as half-saturation of N by M), 𝐾",$  and 𝐾",Q  

respectively. The rates of maturation of bdelloplasts into new B. bacteriovorus and of 

infected cells into new phages are 𝑘$ , and 𝑘Q  and the mortality of B bacteriovorus is 

m. All yields are expressed in the form 𝑌=
:>

, i.e., the yield of A per B consumed (Table 

4.1). 

4.2.4.2 Top level model variants – prey types 

We performed the model selection in a hierarchical manner. The first level of 

selection was the number of prey sub-types or phenotypes. We competed four 

different models, with one, two, three or four prey phenotypes as set out below. 

N1. The equations for the base model with a single prey phenotype (N1) that 

is sensitive to predation from both B. bacteriovorus and halo-phage (NS). This model 

has a type II saturating functional response for B. bacteriovorus and type I non-

saturating response for the halo-phage: 
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N2. The equations for the two prey phenotype model (N2), with one type 

sensitive to both predators (NS) and one type resistant to phage predation only (NR). 

This phage resistant type is assumed to be present at the beginning of the experiment 

and the simulation at a very low frequency given by the parameter FR. Further 

conversion from sensitive to resistant prey (via de novo mutations) continues over the 

course of the experiment at a rate kM. In terms of predation by B. bacteriovorus, both 

types are assumed to be the same. In terms of growth kinetics, we assume that the 

phage resistance does not change the growth kinetics as experimental results by the 

Sockett lab (Hobley et al., 2019) show that phage resistance is due to a mutation in 

the ferric hydroxamate uptake gene fhuA that had no effect on growth in the iron 

sufficient conditions of the experiment. The equations are as below (functional 

response types as above): 
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N3. There were a few different variants of the three prey phenotype model 

(N3). They all had one type sensitive to both predators, one type resistant to phage 

predation and one type exhibiting ‘plastic’ phenotypic resistance to B. bacteriovorus 

predation. They differed in the way the plastic resister types formed and reverted and 

in the way phage resistance occurred. At this level plastic resistance was modelled to 

arise intrinsically (spontaneously) at a rate kD and reversion to sensitivity was coupled 

to growth of the plastic resistant type. The equations for model variant N3 with these 

specifics are shown further below (equation set N3-IG). 

N4. The equations for the four prey phenotype model (N4), with the prey types 

from the N3 model and an additional type resistant to both phage predation and B. 

bacteriovorus (ND): 
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Competing the top-level model variants with one, two, three or four prey types 

(Fig. 4.3C) gave clear results (Fig. 4.6A). The model variant N1 with prey sensitive to 

both predators (𝑁* ) and variant N2 with only 𝑁*  and bacteriophage-resistant prey 

(𝑁B) were not supported by the experimental data at all. The variant N3 with 𝑁*, 𝑁B, 

and prey exhibiting the “plastic” phenotypic resistance to B. bacteriovorus predation 

(𝑁$) was best supported by the experimental data, while variant N4, including the 

doubly resistant prey (𝑁I), was less supported (Fig. 4.6A). N3 and N4 are nested 

models with the same number of parameters, so fitting variant N4 is not intrinsically 

more difficult. 
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Figure 4.6 - Hierarchical model selection process.  
This infers which model variants from Fig. 4.2 are best supported by the data (frequency of a variant 
winning out of 1000). (A) Competition of models with different number of prey phenotypes. N1: one 
prey type sensitive to both predators (NS), N2: two prey types, NS and phage resistant prey (NR), N3: 
three prey types, NS, NR and prey with plastic phenotypic resistance to B. bacteriovorus (NP), N4: four 
prey types, NS, NR, NP and prey with dual resistance (ND). (B) Competition of models with different ways 
of converting between sensitive prey (NS) and plastic resistant prey (NP) but the same saturating B. 
bacteriovorus attack rate (Pii) and non-saturating phage attack rate (Vi). N3-IG-Pii-Vi: NS intrinsically 
(spontaneously) converts to NP and back conversion is coupled to growth. N3-S-Pii-Vi: NS conversion to 
NP is triggered by a signal and back conversion is spontaneous. N3-I-Pii-Vi: spontaneous conversion both 
ways. (C) The best variants from panel (B) were combined to give N3-SG-Pii-Vi, which was competed 
against its ‘parent’ variants. N3-SG-Pii-Vi: NS conversion to NP is triggered by a signal and back 
conversion is coupled to growth. (D) Model variants, derived from the combined model in panel (C), 
but differing in the way the signal is produced. N3-SBG-Pii-Vi: Signal derives from interaction of prey 
and B. bacteriovorus only. N3-SG-Pii-Vi: Signal derives from interaction of prey with both predators. 
N3-SVG-Pii-Vi: Signal derives from prey interaction with virus (phage) only. (E) Different ways of 
generating phage resistance. Phage resistant prey were already present initially or prey developed 
resistance de novo or both. (F) Model variants, based on N3-SBG from panel (D), but differing in attack 
rate saturation. Pii: B. bacteriovorus attack rate saturates at high prey density while Pi does not 
saturate. Likewise, with Vii and Vi for the virus (phage). (G) Mortality of B. bacteriovorus (phage 
assumed to be stable) was either set to Hespell et al. (1974) or fitted by the ABC-SMC method. Less 
decisive competitions (B-D) were repeated 10 times, see Fig. 4.5.  
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4.2.4.3 Mid-level model variants – Generating plastic resistance to B. 

bacteriovorus predation. 

Before investigating the mechanism by which phage resistance arose, we first 

looked into the possible ways in which prey could become phenotypically resistant to 

B. bacteriovorus predation and how these plastic resisters could revert to a sensitive 

phenotype. 

N3-I. The simplest assumed mechanism of plastic persister formation is that 

sensitive prey cells become resistant spontaneously or intrinsically, so that the rate 

was proportional to their density (first order kinetics) with a certain specific rate (kD). 

Likewise, the back conversion to sensitive prey followed first order kinetics with a rate 

of kR. Growth rates between sensitives and plastic resisters were allowed to differ by 

a factor 𝜂$, which could be smaller or larger than one. The equations for this model 

variant (N3-I for Intrinsic conversions) were as below (functional response types as 

above): 

The equations for variant N3-I are: 
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N3-S. Another mechanism assumed that plastic resisters form due to the 

production of a signal (S) somehow produced by predation. Such signals could be 

released during the lysis of prey, so this model includes terms for a signal being 

released from both the lysis of bdelloplasts and the lysis of phage-infected prey. Back 

conversion is intrinsic as in N3-I. The equations for this model (N3-S) are as below 

(functional response types as above): 
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N3-IG. A third three prey phenotype model variant assumed that the 

formation of plastic resisters is intrinsic as in N3-I, but that sensitive prey were 

generated from persisters in a growth coupled manner rather than by a spontaneous 

back conversion, model N3-IG. This is because plastic resisters are assumed to grow 

at a slow rate and resistance is assumed not to be heritable. This is the sub-model of 

N3 used for the top-level model selection and given by the equations below 

(functional response types as above): 
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N3-SG. Competing these three variants (Fig. 4.6B and Fig. 4.5B) revealed that 

the data gave very little support for model N3-I, some support (between 9.4% and 
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27% of accepted parameter sets) for variant N3-S, and stronger support for variant 

N3-IG (between 62% to 89% of accepted parameter sets). 

We then decided to try a combination of the two variants that were supported 

by the data. Here development of plastic resistance was triggered by a signal and 

therefore proportional to the numbers of dead prey cells. Plastic resisters did not 

intrinsically revert to sensitives or suffer any growth penalty, but when they grew, they 

become new sensitive bacteria. The equations for this model (N3-SG) are as below 

(functional response types as above): 
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Competing variants N3-S, N3-IG and N3-SG showed that the data supported 

the (re)combined variant N3-SG much better than its parents N3-S and N3-IG (Fig. 

4.6C and 4.5C). Thus, we can infer from the modelling that plastic resistance arises as 

a result of some signal(s) released upon lysis of infected prey, and that the growth of 

plastic resistant prey results in the production of sensitive prey. 

4.2.4.4 Mid-level model variants – source of plastic resistance signal.  

We next investigated potential sources of the signal that triggered the plastic 

resistance phenotype. We developed three sub-variants of this model that differed in 

source of the signal (see Eq. N3-SG-i). In model N3-SG, both predation by B. 

bacteriovorus and by phage contributed to the formation of the signal.  

Model N3-SBG assumed only predation by B. bacteriovorus produced the 

signal. Here, the equations were the same as variant N3-SG except that equation N3-

SG-i was replaced by N3-SBG-i: 

 !*
!#
= ;/	:
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 (N3-SBG-i) 

In the third alternative N3-SVG, the signal only came from predation by phage, 

again the equations were the same as variant N3-SG except that equation N3-SG-i was 

replaced by N3-SVG-i: 
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Competing these three variants (Fig. 4.6D and 4.5D) showed no support for the 

model where the signal was generated by lysis of the bacteriophage-infected prey 

only. The support for the other two variants was almost equal. Since there was no 

evidence for phage involvement in signal generation, model N3-SBG where all signal 

is derived from B. bacteriovorus predation was the logical choice. 
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4.2.4.5 Mid-level model variants – Source of phage resistant prey.  

The successful model variant N3-IG was then used as a basis to infer how phage 

resistance could arise. One variant assumed that all prey were sensitive to phage at 

the outset of the experiment, but that the resistant population NR could develop by 

de novo mutations during the experiment, with mutation rate kM (Table 4.1), giving 

model N3-IG-RD (Resistance developing): 
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Another variant assumed that a fraction FR (Table 4.1) of the prey population 

was already resistant initially, but that further resistance via mutation did not develop 

(model N3-RI): 



Modelling dual predation by Bdellovibrio and a bacteriophage 

 148 

 !5
!#
= −(𝑁* + 𝑁B + 𝑁$)

'-5
7,%,-	+	58	9-

%(
+ 𝑌5

$>
𝑘A𝐵 + 𝑌5 Q>

𝑘R𝐼 (N3-IG-RI-a) 

 !".
!#

= (𝑁* + 𝑁$)
'-5

,%,-	+	5
− 𝑃 '/".

7,-,/	+	".	+	"/	+	">8	90
-(

  

 −𝑉 'J".
9K

-(
− 𝑘I𝑁*  (N3-IG-RI-b) 

 !"/
!#

= −𝑉 'J"/
9K

-(
+ 𝑘I𝑁* (N3-IG-RI-c) 

 !">
!#

= 𝑁B
'-5

,%,-	+	5
− 𝑃 '/">

7,-,/	+	".	+	"/	+	">8	90
-(

, 

 𝑁B(𝑡 = 0) = 𝐹B 	𝑁*(𝑡 = 0) (N3-IG-RI-d) 

 !$
!#
= 𝑘$𝐵 −𝑚𝑃 − 𝑃

'/(".	+	">)
7,-,/	+	".	+	"/	+	">8	90

/(
 (N3-IG-RI-e) 

 !:
!#
= 𝑃 '/(".	+	">)

,-,/	+	".	+	"/	+	">
− ;/:

9/
0(

 (N3-IG-RI-f) 

 !Q
!#
= 𝑘Q 	𝐼 − 𝑉

'J(".	+	"/)
9K

J(
 (N3-IG-RI-g) 

 !]
!#
= 𝑉	𝜇Q(𝑁* + 𝑁$) −

;J	]
9J

K(
 (N3-IG-RI-h) 

The combined variant N3-IG-RID where phage resistance is both present as an 

initial subpopulation of the prey and also arises due to de novo mutations during the 

course of the experiment was better supported by the data than N3-IG-RI; N3-IG-RD 

was not supported at all (Fig. 4.6E). Model N3-IG-RID is identical to the original model 

variant N3-IG described above. 

4.2.4.6 Low level model variant – saturating or non-saturating predation kinetics.  

The model was initially constructed assuming that bacteriophage predation 

would not saturate with increasing prey density but that B. bacteriovorus predation 

would saturate (Holling type II kinetics) due to its longer handling time (time for 

attachment and prey entry). This assumption was challenged by testing all four 
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combinations of saturating and non-saturating functional responses for the two 

predators (Fig. 4.6F). The previously used model variant N3-SBG (see above) was in 

fact N3-SBG-Pii-Vi where Pii means Predator follows saturating kinetics and Vi means 

that the Virus follows non-saturating or type I kinetics. This original model was 

competed against variants with both predators following non-saturating kinetics (N3-

SBG-Pi-Vi): 
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B. bacteriovorus following non-saturating and phage saturating kinetics (N3-

SBG-RID-Pi-Vii): 
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Both predators following saturating kinetics (N3-SBG-RID-Vii-Pii): 
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The previously used variant N3-SBG-RID-Pii-Vi consistently outcompeted all 

other variants (Fig. 4.6F). 

4.2.4.7 Low level model variants – fixed or fitted B. bacteriovorus mortality.  

There remained some discrepancy in the best fitting model with regards to the 

decline in B. bacteriovorus numbers seen in the experimental data. Therefore, we 

allowed B. bacteriovorus mortality, which had previously been fixed at 0.06 h-1, a value 

taken from Hespell and co-workers (1974), to be fitted as an additional parameter. 
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The N3-SBG-RID-Pii-Vi model with fitted B. bacteriovorus mortality clearly 

outcompeted the variant with fixed mortality (Fig. 4.6G).  

4.2.4.8 Final model 

The variant with fitted mortality became the final model, N3-SBG-RID-Pii-Vi-

fitted-mortality or N3-SBG for short, which was used in the simulations of the 

experimental data shown in Fig. 4.7. Fitted parameters are given in Table 4.1. The 

equations are shown in Fig. 4.1B and are the same as N3-SBG-RID-Pii-Vi above. 
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Figure 4.7 – Comparison of experimental data (mean values) with fits of the best model variant 
The model was either fitted using (A-D) all experimental data or (E-H) all data without dual predation 
and then used to predict the outcome of dual predation (shown in H). The parameter values for each 
case are given in Table 4.1. Experimental data is shown by symbols, lines represent model simulations. 
(A-H) Blue – E. coli prey, Red – B. bacteriovorus, Green – bacteriophage halo, Pink – substrate (not 
experimentally measured). (I-L) Dynamics of the sub-populations of prey and predators predicted by 
the model that was fitted to all data, corresponding to panels (A-D). (I-L) Blue – E. coli prey: solid line –
susceptible prey NS, dotted line – plastic resistant prey NP, dashed line – bacteriophage resistant prey 
NR. Red – B. bacteriovorus: solid line – free B. bacteriovorus P, dashed line – bdelloplasts B. Green –
bacteriophage halo: solid line – free bacteriophage V, dashed line – bacteriophage-infected cells I. Pink 
– substrate. 

4.2.4.9 Picking typical parameters with PCA  

In order to objectively pick a typical parameter set to be used in model 

simulations shown in Fig. 4.7 from the many accepted fits, we used Principal 
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Component Analysis (PCA) to find the parameter sets in the centre of the cloud of 

points, which we regard as ‘typical’ or ‘average’. We applied this PCA idea to the 

parameter sets obtained by fitting the final model to all the experimental data (fitting 

15 parameters, one (B. bacteriovorus burst size) was fixed). We selected four such 

‘typical’ parameter sets and ran simulations for each of them. These sets all gave very 

similar simulation results. The values for one of these parameter sets are given in 

Table 4.1 and the fit to the experimental data is shown in Fig. 4.7A-D. We did the same 

for the parameter sets fitted to all data without dual predation, the resulting typical 

parameter set is also given in Table 4.1 and the fit to experimental data is shown in 

Fig. 4.7E-H. The two fits, to all data or to all data without dual predation, are very 

similar, suggesting that the combined action of the two predators did not require any 

additional terms for direct interactions between the two, and that the observed 

kinetics of dual predation can be predicted from the actions of each predator alone. 
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4.3 Results 

A family of mathematical models was developed (Fig. 4.2) based on the 

predator prey model described in Chapter 2. Unlike that chemostat model this family 

described a batch culture system and so did not include the effects of dilution. 

Additionally, we added into these models, resistance to bacteriophage predation and 

plastic phenotypic resistance to B. bacteriovorus predation. The model was fitted to 

data generated by the Sockett lab (Hobley et al., 2019) (Fig. 4.3). Briefly, a lab strain 

of E. coli (S17-1) was grown to late-log phase before being placed in HEPES buffer with 

2 mM CaCl2 (calcium HEPES). To this was added either a – calcium HEPES (predator 

free control), b – attack phase B. bacteriovorus, c – halo-phage, or d – both B. 

bacteriovorus and halo-phage (dual predation). These cultures were followed for 48 

hours with prey counts determined by optical density at 600 nm (OD600) every hour 

and viable counts every two hours. B. bacteriovorus and halo-phage counts were 

determined by plaquing assays every two hours. All measurements were taken in 

triplicate and two biological repeats of the experiment were performed.  

We initially attempted to determine parameter ranges using an MCMC 

method. This resulted in some success in defining certain parameter ranges, however 

the MCMC method struggled with other parameters and was not particularly suited 

for model selection. As a result, we moved to using an SMC methodology (Toni et al., 

2009) to select and fit those models which best matched the experimental data. 

Approximate Bayesian Computation – Sequential Monte Carlo (ABC-SMC) is an 

extension of SMC that avoids the need for an explicit likelihood function and is 

particularly well suited for time series data (Toni et al., 2009). We used a hierarchical 

selection process to determine first the number of prey phenotypes required, 
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followed by the mechanisms by which resistance to phage and plastic resistance to B. 

bacteriovorus predation arose and finally the kinetics of predation. In the event that 

lower level model competitions selected a model that differed from the higher-level 

selection, the selection process for the higher-level models was repeated with the 

better fitting sub model.  

We found that three prey phenotypes, one sensitive to predation by both 

predators (NS), one displaying plastic resistance to B. bacteriovorus predation only (NP) 

and one resistant to phage predation only (NR) were required to explain the 

experimental results (Fig. 4.6A). 

The population dynamics in the presence of two predators can be predicted by 

a model fitted only to single predator data, showing that the experimental results can 

be explained without invoking any interactions between the two predators (Fig. 4.7E-

H). 

4.3.1 Number of prey phenotypes 

We first competed four top-level models (N1, N2, N3 and N4) with one, two, 

three or four prey phenotypes (Fig. 4.2C). N1 had a single phenotype (Ns) that was 

sensitive to predation by both B. bacteriovorus and halo-phage. N2 had the sensitive 

phenotype (NS) along with a second phenotype that was resistant to predation by 

halo-phage only (NR). We assumed that a small fraction of the prey population (FR) was 

initially resistant to phage predation and that further resistance occurred due to de 

novo mutations during the course of the experiment at a rate kM. N3 had the two 

phenotypes from N2 and a third phenotype (NP) that was plastically resistant to 

predation by B. bacteriovorus. We assumed that this plastic resistance arose 
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spontaneously (at a rate kD) and that reversion to a sensitive phenotype (NS) was 

coupled to growth. N4 had the three phenotypes from N3 and a fourth phenotype 

(ND) that was resistant to predation by both B. bacteriovorus and halo-phage. None of 

the 1,000 successful fits of a model together with its parameter set (distance between 

model prediction and data below threshold) were for models N1 or N2, indicating that 

these models were not supported by the experimental data. Variant N3 was best 

supported by the experimental data, whilst variant N4 received less support (Fig. 

4.6A). Using the parameter values generated by fitting either of variant N3 or variant 

N4 predicted similarly low levels of doubly resistant prey at the end of the experiment 

when applied to the equations of variant N4. Variant N4 fitted to all data predicted 

0.26 colony forming units (cfu) ml-1, while the same variant using parameters from 

fitting variant N3 to all data predicted 0.0084 cfu ml-1. Both are well below the 

detection threshold in the experiments (10 cfu ml-1). Variant N4 predicts double 

resistance to occur, albeit at a very low level; however, the data could not provide 

information to constrain this density. Due to these considerations and the aim to 

choose the minimum adequate model, the N3 model variant was selected for further 

study. 
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4.3.2 Mechanism of plastic resistance generation 

We then competed different variants of model N3, the best top-level model. 

These variants differed in the way the B. bacteriovorus plastic resistant prey (NP) were 

generated from and reverted to sensitive prey (NS) (Fig. 4.2Di). The simplest 

assumption termed N3-I (I for intrinsic conversion) was that the conversion process 

was intrinsic rather than triggered and that it occurred with certain rates in both 

directions. The ‘plastic’ resisters were allowed to grow at a rate that differed from 

sensitive prey by a factor 𝜂$ , which was fitted (Table 4.1) and could be smaller or 

larger than one. A second N3 model variant N3-IG (IG for intrinsic conversion and 

growth coupled reversion of plastic resisters) also assumed that plastic resisters arose 

spontaneously, but that reversion to the sensitive phenotype was coupled to growth. 

The third model variant N3-S assumed that conversion to plastic resistance was 

triggered by a signal generated during the lysis of prey cells and that reversion to 

sensitive was again intrinsic. At this initial stage in the modelling, the signal was 

assumed to be generated by the lysis of bdelloplasts and phage infected cells. Plastic 

resistance has been previously described (Shemesh and Jurkevitch, 2004) as 

developing to B. bacteriovorus in predatory cultures, due to (as yet unidentified) 

molecular signals changing prey metabolism/development but it is not due to genetic 

changes in the prey as when those prey are grown in new cultures and re-challenged 

with B. bacteriovorus they are susceptible once more (Lambert, Chang, et al., 2010). 

As shown in Figs. 4.6B and 4.5B, the data gave no support for the simplest 

model N3-I but good support for the other two models, with model N3-IG being 

somewhat more likely than N3-S, given our experimental results. Since these two 

models had reasonable support, we constructed a new variant by combining the signal 
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assumption with the assumption of plastic resisters growing into sensitive prey at a 

certain rate (N3-SG for signal and growth coupled reversion). This merged model 

outcompeted the parent models (Figs. 4.6C and 4.5C), suggesting that signals 

triggering plastic resister formation are being generated and that reversion from 

plastic resisters back to sensitive cells is coupled to growth. 

4.3.3 Source of signal 

Since the merged N3-SG model was best supported by the data, we then 

compared sub-variants that differed in the source of the signal (see Fig. 4.2Di). This 

signal could in principle arise from prey actively responding to phage attack (N3-SVG, 

SV for Signal response to Virus) (or phage attack passively generating the signal – we 

do not distinguish these cases) or from prey actively responding to B. bacteriovorus 

attack (N3-SBG, SB for Signal response to B. bacteriovorus) (likewise, we do not 

distinguish active response from passive generation here), or both (the original N3-SG 

above). Competing these sub-variants, it is clear that phage generated signal alone 

cannot explain the data (Figs. 4.6D, 4.5D). This is expected as the plastic resisters do 

arise in cultures that contain only B. bacteriovorus. The other two sub-variants (N3-SG 

and N3-SBG) were both supported by the data (Figs. 4.6D, 4.5D). As the N3-SG model 

is a combination of the supported N3-SBG model and the unsupported N3-SVG model 

the N3-SBG model is logically the best choice.  

4.3.4 Phage resistance mechanisms 

We next investigated the mechanisms of phage resistance. We considered 

three possibilities (see Fig. 4.2Dii). Firstly that a small fraction (FR) of the prey was 

already phage resistant at the start of the experiment, presumably having occurred 
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when the prey culture was grown overnight prior to the start of the experiment, 

consistent with the findings of Luria and Delbrück (1943) and that no further 

mutations occurred (N3-SBG-RI). Secondly, that at the start of the experiment all prey 

was sensitive and that resistance mutations arose de novo during the experiments, 

(N3-SBG-RD). Finally, a combination of these two possibilities, that there were phage 

resistant bacteria initially present, and that further mutations occurred over the 

course of the experiment (N3-SBG-RID). We found that a combination model (N3-

SBG-RID) was best supported (Fig. 4.6E). There also was evidence of support for 

resistance being present initially only, but none for the model where all prey was 

initially phage sensitive (N3-SBG-RD). 

4.3.5 Selection of predation kinetic response types 

Finally, with the best resistance generating model variant (N3-SBG-RID), we 

asked whether the predator response would become saturated at high prey density. 

In the ecological literature, this is known as a Holling type II response, whereas the 

simpler mechanism that we refer to as type I assumes that rate of predation is 

proportional to the density of prey and predator without any saturation. Holling type 

II is mathematically identical to Michaelis-Menten kinetics, and shows saturation of 

predation at high prey densities. Competing the four possible combinations Pi-Vi 

(Predator and Virus of type I), Pii-Vi, Pi-Vii and Pii-Vii, we found that the combination 

Pii-Vi was the only one supported by the data (Fig. 4.6F). This suggests that B. 

bacteriovorus becomes saturated at higher prey densities but that the phage does not, 

at least in the range of prey densities used. Since the type II response can be derived 

by assuming that the predator requires a certain time to handle the prey (Jeschke et 
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al., 2002), this suggests that B. bacteriovorus requires a significant handling time while 

the phage’s handling time is negligible, consistent with observations of B. 

bacteriovorus predation requiring between 10 and 30 minutes to attach to prey and 

enter the periplasm (Varon and Shilo, 1968; Hespell et al., 1975). Once it had been 

established that the Pii-Vi type gave the best results, the previous levels of model 

selection were all re-run with this Pii-Vi type combination. This change of response 

type combination did not affect which of the higher-level models were best supported 

by the data. Fig. 4.6 actually shows the results of this rerun.  

4.3.6 B. bacteriovorus mortality 

As there was some discrepancy between the decline in B. bacteriovorus 

numbers predicted by the model and that seen in the experimental data, we decided 

to take the best model from the previous section (N3-SBG-RID-Pii-Vi) but now allowed 

B. bacteriovorus mortality to be fitted as an additional parameter. To confirm the 

improvement in fit justified the addition of an extra parameter we competed the 

model with and without variation in mortality and saw that all 1,000 successful fits 

came from the model where mortality had been fitted (Fig. 4.6G).  

4.3.7 Performance of the best model 

4.3.7.1 Fit of the best model variant to the complete data set 

The best model (N3-SBG-RID-Pii-Vi with fitted mortality) was fitted to the 

whole data set. This was run for 13 generations to a final tolerance of 0.2, which was 

lower than the tolerances used for model selection. Using PCA of the parameter space 

(see section 4.3.11) a ‘typical’ parameter set was selected. Running a simulation with 

this parameter set shows how well the model fits the data (Fig. 4.7). Note that the 
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predicted substrate concentration was not measured experimentally. While the fit to 

prey decline in the presence of phage (Fig. 4.7C) and in the presence of both B. 

bacteriovorus and phage (Fig. 4.7D) is quite good, the fit of the prey decline in the 

presence of B. bacteriovorus only (Fig. 4.7B) is not as close as we would like. However, 

any other parameter sets that fitted this curve any better gave poorer fits to the other 

traces. Clearly, the best model did not give a completely satisfactory fit in all curves as 

the prey decline in Fig. 4.7B is too steep and the plateau level too high. Since none of 

the many models of plastic resister generation and back conversion to sensitive prey 

was able to produce a more gradual decline and entry into the plateau level (Fig. 4.7B), 

we suggest that differences between individual prey cells may cause a more gradual 

change, which could be investigated with an individual-based model in the future. 

4.3.7.2 Fit of the best model variant to single predator data only 

We asked whether fitting the best model (N3-SBG-RID-Pii-Vi) to single 

predator data only would produce a reasonable prediction for the dual predation 

experiment. As above, we used PCA to identify typical parameter sets. Fig. 4.7E-H 

shows that the model fitted to single predator data produces as good a fit as the same 

model fitted to all data. Both fits are very similar, the main difference is the fit to prey 

decline in the presence of B. bacteriovorus (panels B & F), which as discussed is not 

satisfactory in either case. This suggests that single predator experiments can predict 

dual predator experiments so there is no need to assume any interactions between 

the two predators. 
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4.3.8 Sub populations 

The modelling also allowed for insights to be made into the individual sub-

populations that comprised each bacterial population (Fig. 4.7I-L). The model for B. 

bacteriovorus only predation reveals that between 2 and 20 hours the B. bacteriovorus 

population is evenly split between equal numbers of free B. bacteriovorus and 

bdelloplasts. At 20 hours the numbers of bdelloplasts decline exponentially whilst free 

B. bacteriovorus increase a little (due to progeny release from bdelloplasts) and then 

decline again due to their mortality (Fig. 4.7J). This correlates to the rapid decline in 

prey numbers predicted by the model at 20 hours. Both the fully-susceptible and 

phage-resistant prey populations are significantly reduced at 20 hours, whilst the 

numbers of ‘plastic’-resistant prey increase to become the predominant prey sub-

population from this point onwards.  

Modelling of predation by phage alone revealed that most prey killing (and 

conversion of prey into the ‘infected prey’ population happened within the first six 

hours (Fig. 4.7K). Whilst the susceptible prey population was reduced to below 

detectable levels by eight hours, the increase in phage-resistant prey started from the 

four hour timepoint, resulting in a final resistant prey population of approximately 

equal size to the initial predation-susceptible population. In Figs. 4.3B and 4.7L it is 

clear that B. bacteriovorus predation is responsible for clearing these phage resistant 

E. coli after they arise and that this action reduces the E. coli numbers to below 10 ml-

1 by 14 h in the experimentation and by 16 h in the model (Fig. 4.3B and 4.7L). 

In the modelling of dual predation, the phage is mostly responsible for the 

rapid drop in the concentration of the susceptible prey and the removal of the 

intermittently arising plastic B. bacteriovorus resistant prey, whilst B. bacteriovorus is 
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responsible for the removal of the phage resistant prey. All three prey populations are 

eradicated by the two predators together (Fig. 4.7L). Whilst the phage sub-population 

kinetics were very similar to those in the single predator model, the kinetics of the B. 

bacteriovorus population was significantly different to that for the B. bacteriovorus 

alone cases. The early transition of free B. bacteriovorus into bdelloplasts resembled 

that seen for the B. bacteriovorus alone up to the four hour timepoint. However, after 

four hours the bdelloplast population started to decline (as the bdelloplasts formed 

early on, lysed releasing free B. bacteriovorus) but the free B. bacteriovorus population 

did not rise to the same extent as in the B. bacteriovorus alone situation. This is likely 

due to the significant reduction in available prey for subsequent rounds of predation. 

4.3.9 Dependence on initial densities 

To understand the dependence of predation success on the initial densities of 

prey and predators, we used the model to predict the outcome if we varied one 

population at a time, increasing as well as decreasing initial densities 10-fold (Fig. 4.8). 

The time series of the three related traces (10-fold lower, normal and 10-fold higher 

initial densities) showed similar qualitative behaviour for cases with prey only and 

prey with a single predator. Here, the three traces either converged in the end, or their 

separation was less than the 10-fold initial separation. Prey could survive during dual 

predation if (i) the initial density of prey was too high, (ii) the initial density of B. 

bacteriovorus was too low, or (iii) the initial density of the phage was too high (Fig. 

4.8F to H). The model can thus identify suitable densities of the predators to add for 

effective predation. 
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Figure 4.8 – Effect of varying initial densities.  
The final model (N3-SBG-RID-Pii-Vi) was simulated using the typical parameter values fitted to all data 
in Table 4.1, with either initial values from the experimental data (solid lines), one order of magnitude 
higher than these values (dashed lines) or one order of magnitude lower (dotted lines). Blue: E. coli 
prey, Red: B. bacteriovorus, Green: bacteriophage halo, Pink: medium. (A) Effects of initial prey density 
on prey only scenario. (B-C) Effects of varying either initial prey (B) or initial Bdellovibrio (C) densities 
on Bdellovibrio only predation. (D-E) Effects of varying either initial prey (D) or initial halophage (E) 
densities on halo-phage only predation. (F-H) Effects of varying either initial prey (F), initial Bdellovibrio 
(G) or initial halo-phage (H) densities on dual predation. 

4.3.10 Validation of SMC-ABC fitting methodology 

SMC works by selecting models and their parameter sets against an 

increasingly strict selection criterion (tolerance level). The models and parameter sets 

that met one tolerance level became the pool of models and parameters to draw upon 

for the next, stricter tolerance level. In our procedure, for each tolerance setting 

(generation), we selected for 1,000 parameters sets that were below the tolerance 
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set. To confirm that our selection process was working correctly, we examined a 

number of selection diagnostics. Firstly, for each generation, we constructed plots of 

the distance (see methods 4.3.2) between the data simulated based on each accepted 

parameter set and the experimental data set. These distances will always be less than 

the tolerance for that generation (as this is the criterion for their acceptance), 

however, with a well-chosen set of tolerance levels, the distances should initially be 

well spread-out, then gradually become closer to the tolerance setting with 

increasingly strict tolerance levels. Additionally, the minimum distance of the 

simulated data obtained from any accepted parameter set should decrease with 

increasingly stricter tolerance. A levelling of this trend would indicate that the 

tolerance level is close to the best fit that can be expected from this model within the 

parameter space being searched. As can be seen in Fig. 4.4, the distances of the 

simulated data from the observed data clustered closer to the tolerance limit as that 

limit decreased. Additionally, the lowest distance found decreased from 

approximately 0.36 at a tolerance limit of 0.6 to approximately 0.18 at a tolerance 

limit of 0.2. 

As the model fitting procedure progressed through the generations, the range 

for each parameter that gave an acceptable match decreased. For certain parameters, 

this decrease was particularly noticeable, whereas for others the fitting procedure 

narrowed down acceptable values from the initial priors to a lesser extent (Fig. 4.9). 

The parameters for a type II functional response, i.e., the attack rate constant of the 

B. bacteriovorus (µP) and its half-saturation constant for its prey (KN,P), both of which 

were not available in the literature, were significantly narrowed down and estimated 

for the first time. In contrast, the maturation rate of the bdelloplast (kP), which was 



Modelling dual predation by Bdellovibrio and a bacteriophage 

 167 

already reasonably well known, and the nutrient release upon prey lysis by B. 

bacteriovorus (YM/P), which was poorly defined in the literature, were narrowed down 

to a lesser extent. 
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Figure 4.9 – Convergence of fitted parameters from generation to generation 
Parameters are from fitting to final model (N3-SBG-RID-Pii-Vi). We started from the uniform priors to 
the values after the final generation 12. Parameters that are better informed by the experimental data 
reach a narrower spread of fitted values. Medians and quartiles from the final generation are shown in 
Table 4.1. Note the log scale for the parameters. 
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4.3.11 Choosing ‘typical’ parameter sets objectively 

We also performed PCA of the accepted parameter sets for each generation, 

in order to objectively identify typical parameter sets (Fig. 4.10), for figures showing 

typical simulation results. From this analysis we selected four parameter sets as 

‘typical’ (these were sets whose position in a plot of the first two principle components 

was nearest to the origin). With these parameter sets we simulated the model and 

plotted the results of these simulations against the observed data. 

 

Figure 4.10 - Objective selection of a typical parameter set.  
Selection was from the hundreds of parameter sets that gave acceptable fits and were nearly equally 
good (see Fig. 4.4). PCA was used to find the centre of the cloud of parameter sets in 15-dimensional 
parameter space. Four parameter sets that were closest to the centre were picked and used to run 
simulations. Results of these four simulations were indistinguishable by eye and one of these four 
parameter sets was then chosen as ‘typical’ and used in Fig. 4.7 and reported in Table 4.1. 

 

 

Cumulative % 
component 

contributions
1st 44.2
2nd 59.9
3rd 71.0
4th 78.7
5th 85.2
6th 90.7
7th 94.5
8th 96.7
9th 98.5

10th 99.0
11th 99.4
12th 99.7
13th 99.9
14th 100
15th 100
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4.3.12 Simulations fit better from generation to generation 

Fig. 4.11 shows the results of simulations using such typical parameter sets 

from the first, two intermediate and the last generation. It can be seen that the 

simulations matched the observed data more closely with each generation of the 

fitting process.  

 

Figure 4.11 – Comparison of simulated and experimental data 
Comparison shows that with increasingly strict (lower) tolerances the simulated data more closely 
matched the experimental data. Fitting is to final model N3-SBG-RID-Pii-Vi Left to right: simulation 
results based on a typical parameter set meeting increasingly strict tolerances. Pink – substrate, Blue – 
Prey, Red – B. bacteriovorus, Green – halo-phage. Solid lines are simulation results, symbols are 
experimental data. 
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4.3.13 Reproducibility of SMC Model Selection Results 

Model selection by SMC or other procedures has an inherent element of 

stochasticity. This can result in either only one model receiving all the support, or that 

model receiving the strongest support, but there being some small element of support 

for a competing model. When two models have similar performance levels it can be 

down to chance which model is the most successful. To test for the reproducibility of 

model selection, each level of model selection was repeated ten times. With the final 

model selection level, deciding on the Holling types, all successful parameter sets 

corresponded to the B. bacteriovorus Holling type II and halo-phage Holling type I (Pii-

Vi) model. For the other levels of model selection, the picture was more mixed with 

more than one model contributing to the final generation (Fig. 4.5). 

The model selection process was also found to be robust with regard to small 

variations in the models. Model selection was first run with an initial fraction of the 

prey bacteria being resistant to phage, but no further resistance arising. Later all 

competitions were rerun with a combination of an initial phage resistant fraction and 

an ongoing rate of development of resistance (as this had outcompeted the initial 

resistance only model). In both these cases the outcome of subsequent lower level 

model selection was the same. Additionally, the model selection process was run with 

two different fixed values for the B. bacteriovorus burst size 3.5 (Seidler and Starr, 

1969a) and 4.17 (Fenton, 2010) in both cases the same pattern of outcomes was 

observed. 
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4.3.14 Long term species trajectories 

The laboratory experiments tracked the concentrations of bacteria and viruses 

over a 48-hour period, and the model is likewise valid over a similar time frame. 

However, we also ran the ‘winning’ N3-SBG-RID-Pii-Vi model with a typical parameter 

set over a 100-hour time period, to check whether the model would predict any 

unreasonable behaviour at a later time. As can be seen from Fig. 4.12, there was little 

change after 48 hours, except for B. bacteriovorus, which due to its mortality, 

continued to decline slowly, and the E. coli numbers in the dual predator scenario, 

which started to rebound after 48 hours. Further investigation of this rebound in the 

dual predator scenario revealed a range of behaviours for the E. coli concentrations. 

For some of the accepted parameter sets, prey numbers started to rebound soon after 

the initial 48-hour period. For others, simulations showed a prey rebound close to 100 

hours, and for the final group of parameter sets, there was no sign of a rebound within 

100 hours. This rebound is caused by a fall in the density of B. bacteriovorus, due to 

its intrinsically mortality, resulting in it being unable to control the phage resistant sub 

population of E. coli. A similar pattern is observed when initial densities of B. 

bacteriovorus are 10-fold lower (Fig. 4.8G). Note that a rebound from very low 

concentrations is possible in a mathematical model, but with real bacteria at least one 

cell is required and at very low concentrations stochastic noise is likely to result in 

complete extinction, especially if this situation continues over a substantial period of 

time. 
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Figure 4.12 – Extending the model simulations to 100 hours 
Beyond the 48 h time period of the experiments, the model shows behaviour in line with what might 
be expected. Most species change little after 48 h. B. bacteriovorus numbers continue to decline 
steadily due to their mortality and prey species numbers in the dual predator scenario eventually 
rebound (this is unlikely in reality as very low densities would correspond to less than one individual). 
Simulation based on a ‘typical’ accepted parameter set from the final (strictest tolerance) generation 
of running SMC on the most successful model – N3-SBG-Pii-Vi. Pink – substrate, Blue – Prey, Red – B. 
bacteriovorus, Green – halo-phage. 
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4.4 Discussion 

Our modelling of dual predation on E. coli by B. bacteriovorus and a 

bacteriophage suggested that there were three prey phenotypes, one that could be 

predated by both predators, another that was resistant to phage predation, but could 

still be predated by B. bacteriovorus and the third had plastic resistance to B. 

bacteriovorus predation, but was still vulnerable to phage. Phage resistance via 

mutation is a well-established phenomenon (Luria and Delbrück, 1943). Frequently 

this is due to a mutation in a surface protein that acts as a receptor for the virus (Labrie 

et al., 2010). This can result in a reduced growth rate, if for example, the mutation is 

in a nutrient transporter, or in increased susceptibility to antibiotics if an efflux pump 

is mutated. In this instance the Sockett lab reported that the mutation is in fhuA, a 

transporter of ferric hydroxamate, and so did not result in any reduction in growth as 

iron was not limiting in the experimental conditions. 

Plastic resistance to B. bacteriovorus is a little studied phenomenon. Varon 

(1979) was the first to notice resistance of a prey species to a BALO. Subsequently, 

Shemesh and Jurkevitch (2004) found that when a population of Erwinia carotovora 

was predated by B. bacteriovorus strain SNE a small proportion of the E. carotovora 

survived and could regrow. When fresh B. bacteriovorus was added to these survivors 

they retained their immunity, but if they were grown in the absence of predators the 

new cultures were completely sensitive to predation. This is consistent with a 

phenotypic response triggered by either the presence of the B. bacteriovorus or by 

predation, but not with a genetic change that is inherited by subsequent generations. 

This phenotypic resistance could be the result of changes to the prey cell envelope, 

either the outer membrane or the peptidoglycan, resulting in reduced attachment of 
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B. bacteriovorus to the resistant prey or an increase in detachment before penetration 

occurs. It is known that changes to the lipid A of the prey change its susceptibility to 

predation. The absence of O-specific side chains increases attachment, whilst the 

absence of glucosamine reduces it (Varon and Shilo, 1969). Additionally, when B. 

bacteriovorus enters a prey cell it makes several changes to the structure of the prey 

peptidoglycan, which act as an occupancy signal to other B. bacteriovorus cells and 

prevent wasteful tailgating infections (Lerner et al., 2012). We competed models in 

which plastic resistance to B. bacteriovorus arose and reverted in several different 

ways. We found that resistance triggered by a signal associated with predation, 

including B. bacteriovorus predation outcompeted intrinsic resistance. We also found 

that growth coupled reversion to sensitivity matched the data better than intrinsic 

reversion. This is consistent with a phenotypic response rather than genetically 

inherited resistance, where new growth would be expected to be resistant and 

reversion associated with a mutation. It is possible that a chemical released upon lysis 

of the bdelloplast at the completion of the predation cycle acts as a signal to other 

prey cells, triggering a stress response, resulting in an alteration to the prey cell 

envelope, which increases its resistance to predation at a cost of a reduced growth 

rate. Alternatively it is known that the initial stages of predation, before death of the 

prey cell, cause a large transcriptional response in E. coli prey cells (Lambert, Ivanov, 

et al., 2010). It is possible that this response causes the secretion of a chemical that 

acts as a signal to other prey cells triggering a protective response. In either case when 

the prey is subsequently grown in the absence of predator the signal is no longer 

produced and the protect response would cease. 
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The results of the experimental data clearly showed that neither B. 

bacteriovorus, nor the bacteriophage alone was capable of eradicating the E. coli 

population. The bacteriophage caused a large (circa. 5 log units) and rapid drop in E. 

coli density, but this quickly recovered to levels comparable to the starting inoculum. 

With predation by B. bacteriovorus only, the fall in prey numbers was much slower, 

but did not show signs of a rebound, reaching a plateau approximately 4 log units less 

than the starting density. In each case the E. coli levels never fell below 103 cfu ml-1. 

When combined however the initial rapid fall in prey numbers was followed by a 

second slower fall to below detection levels, where numbers stayed for the duration 

of the experiment.  

Examining the sub-populations from the modelling simulations (something 

which would be very difficult to accomplish with live bacteria) offers an explanation 

for this behaviour. As expected, with the phage only predation the rebound is entirely 

due to the resistant population, and the sensitive population continues to decline at 

the same rate until it is below detection levels. With the B. bacteriovorus only 

predation by the end of the experiment the majority of the prey are plastically 

resistant to B. bacteriovorus, but there is also a surviving population of sensitive 

bacteria. To test the model predictions for sub populations with live bacteria it would 

be possible to track the bdelloplast population by using a strain of prey cell that 

expresses a fluorescent protein, and a B. bacteriovorus strain that expresses a 

different fluorescent protein, such as the strains described in Chapter 5. If these 

strains where observed under a microscope bdelloplasts would have a fluorescence 

signal consistent with both predator and prey (Kuru et al., 2017). Similarly 

bacteriophage could either be tagged with a fluorescent marker or radiolabelled 
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(Hilgard and Stockert, 2000). Given that the mechanism of phage resistance is known 

it would be possible to track levels of phage resistant prey using quantitative reverse 

transcriptase polymerase chain reaction (qRT-PCR) to follow the expression levels of 

the mutated receptor (fhuA) (Gommersall et al., 2007). Tracking levels of B. 

bacteriovorus plastic resistant prey however, would require greater knowledge of the 

resistance mechanism. 

It has previously been proposed that B. bacteriovorus predation cannot 

remove prey levels below a certain density because it needs a certain size population 

of prey in order to allow B. bacteriovorus cells to find fresh prey cells before they 

starve (Hespell et al., 1974). Without disputing this need to find fresh prey, our 

modelling analysis offers the intriguing possibility of a second reason why B. 

bacteriovorus does not reduce prey populations below a certain level. The presence 

of the inedible, plastic resistant bacteria acts as a refuge (Alexander, 1981). Growth of 

these resisters is coupled to their reversion to sensitivity giving a source of fresh 

sensitive bacteria. In turn these sensitive bacteria are predated by the B. bacteriovorus 

and so their populations levels are in a state of equilibrium. This effect can most clearly 

be seen by comparing the behaviour of the sensitive prey to the phage resistant 

population which does not interconvert with the plastic B. bacteriovorus resistant 

population and so does not have this refuge from B. bacteriovorus and is reduced to 

below detection levels. Prey levels in the simulations from Chapter 2 were reduced to 

much lower densities than seen in the B. bacteriovorus only simulations in this 

chapter, however in that case the model did not include any form of prey resistance. 

The sub-populations data also offers insights into the total E. coli population 

levels in the dual predation scenario. The initial rapid fall in E. coli density is the 
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sensitive population being consumed by the phage, and this sub-population continues 

to drop at the same rate after the initial fall. The second, slower drop is due to the 

phage resistant prey being consumed by the B. bacteriovorus. This is happening at the 

same time that the phage resistant sub-population was starting its rapid increase in 

the halo-phage only predation scenario and over ten hours before this population 

started to decline in the B. bacteriovorus only predation. This earlier fall in the phage 

resistant sub-population in the dual predation scenario is due to the low density of 

the sensitive prey at this time point, which means the predation effect of B. 

bacteriovorus is focused on the phage resistant sub-population. 

Our modelling of dual predation of E. coli by both B. bacteriovorus and a 

bacteriophage offers insights into this intriguing system, and helps to explain why the 

two predators can together reduce the prey population to below detection levels and 

prevent regrowth of prey over the duration of the experiment. We have also 

uncovered interesting aspects of the kinetics of predation and potential new insights 

into the population dynamics.
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CHAPTER 5: DEVELOPMENT OF AN ARRAY OF 
SMALL CHEMOSTATS FOR BACTERIAL 

PREDATION   
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5.1 Introduction 

The Gram-negative predatory bacterium Bdellovibrio bacteriovorus has been 

proposed as a potential alternative treatment for antibiotic resistant infections and to 

reduce densities of certain types of bacteria, for example coliforms, in environments 

such as waste water treatment plants. At the same time, a microbial predator with its 

high population size and short generation time offers unique opportunities to study 

predator prey ecology in a controlled environment. To fully exploit this potential 

however, we need to understand more about Bdellovibrio particularly the kinetics of 

its prey interactions. To date while a few studies have investigated predation by 

Bdellovibrio and like organisms (BALOs) in chemostats (Whitby, 1977; Varon, 1979; 

Dulos and Marchand, 1984; Varon et al., 1984) most work has been undertaken in 

either biofilms or batch culture. Both of these systems have significant issues for 

understanding microbial kinetics. Biofilms are spatially structured environments 

where conditions and therefore growth and predation kinetics can vary dramatically 

between different regions. Batch cultures on the other hand are spatially 

homogeneous, but heterogeneous over time. As nutrients are used up growth 

conditions and kinetics change, making batch cultures unsuitable for longer term 

studies. Chemostats by contrast are designed to be spatially homogenous and to have 

constant inflow of fresh nutrients.  

This constant inflow of nutrients means that chemostats can allow microbial 

communities to be studied in growth phase over extended periods of time. To study 

many different communities using these however, requires either multiple 

chemostats, or a long time span. In order to facilitate investigations into microbial 
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predator-prey dynamics I developed an array of inexpensive, self-built chemostats 

inspired by work from the Dunham lab (Miller et al., 2013). 

There were several requirements made for the chemostats. 

1. Easy and relatively inexpensive to construct using materials available to most 

microbiology labs. 

2. Small enough to fit many units into one water bath 

3. Able to run reliably for several weeks at a time with minimal issues. 

4. When assembled consist of a sealed unit that could be kept free from 

contamination. 

5. All parts of the sealed unit had to be capable of withstanding an autoclave 

cycle. 

6. Ability to enumerate bacterial densities without altering the volume of the 

chemostat. 

7. Ability to inoculate the chemostat chambers without introducing risk of 

external contamination. 

8. Avoid cross-contamination between chemostats. 

The development of these chemostats followed an iterative process, whereby 

a design was constructed and tested initially with water, to check for structural issues 

with leakage and pressure. Subsequent tests involved first single species of bacteria, 

followed by a co-culture with a single predator and prey species, and finally co-

cultures of a predator with multiple prey species. Issues and problems with a design 

were noted and improvements made to address these. 

To take full advantage of the expanded capacity offered by the chemostat 

array I also needed to be able to process large numbers of samples in a timely manner. 
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Traditionally predator and prey densities in Bdellovibrio research are enumerated by 

plating prey bacteria on rich media (such as YT), and counting plaques formed by the 

predator (Williams, 1987; Shemesh and Jurkevitch, 2004; Kadouri and O’Toole, 2005). 

This is considered the gold standard method for the most accurate results; however, 

it has a number of issues which make it less suitable for work with an array of multi-

prey species chemostats. Firstly, it is a time-consuming process that limits the number 

of samples that can be processed. Secondly, samples must be plated and plaqued 

immediately after sampling and cannot be stored for processing at a future date. 

Finally, plating on standard rich media such as YT or lysogeny broth (LB) cannot 

distinguish between different prey species, limiting prey quantification to knowing the 

total density of bacteria, without any information on the level of contribution from 

any given species. 

The use of chromogenic agars to distinguish between colonies of bacterial 

species is a long established technique, with different agars being suitable for different 

purposes (MacConkey, 1905; Mossel et al., 1962; Perry et al., 1999). It is also possible 

to enumerate bacterial populations without the need for culturing by the use of 

methods such qualitative polymerase chain reaction (qPCR) and flow cytometry. qPCR 

has been used previously to enumerate BALO densities either by specifically 

amplifying the predator DNA and using SYBR green to bind in a non-specific manner 

(Zheng et al., 2008; Shatzkes et al., 2015) or by using a probe that binds to the 

amplified DNA only, allowing multiple species to be identified in one reaction (Van 

Essche, Quirynen, et al., 2009; Van Essche, Sliepen, et al., 2009). More recently flow 

cytometry assays have been developed for Bdellovibrio, using the presence of a 

fluorescent protein to aid in distinguishing this particularly small bacterium from signal 
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noise, caused by dust particles (Duncan et al., 2018, 2019). I sought to investigate the 

use of these methods with a view to developing an assay that was accurate, sensitive, 

reliable and capable of handling a high throughput of fresh and frozen samples from 

mixed microbial communities. 

To date most research into Bdellovibrio has focused on predation of a single 

prey species. However bacterial infections can involve multiple bacterial species and 

waste water treatment plants contain many different species. I therefore sought to 

develop a microbial community of two bacterial species that were potential prey for 

Bdellovibrio and a Gram-positive species that would act as a decoy (Wilkinson, 2001; 

Hobley et al., 2006; Loozen et al., 2015). As my model predicted that any oscillations 

were likely to have a period of over one hundred hours (cf. Chapter 2), I wanted to 

construct a community that could exist stably both in the presence and absence of 

Bdellovibrio for long periods of time. I also sought to ensure that any pair of prey and 

decoy species could co-exist to enable investigation of individual species interactions. 

My research has led to the development of an array of 16 mini chemostats (20 

ml volume in a 50 ml vessel) that can be easily and inexpensively constructed within 

most microbiology laboratories. The chemostats within this array can support single 

or multiple bacterial species including a predatory bacterium for over a month with 

minimal numbers of technical failures of individual chemostats. I also constructed a 

four species microbial community (two Gram-negative prey species, one Gram-

positive decoy and a predatory bacterium) that can be co-cultured together for at least 

a month. 
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5.2 Methods 

5.2.1 Media and strains used in experiments 

Escherichia coli (E. coli) strain MG1655 (a K-12 derivative) was kindly supplied 

by Pete Lund (University of Birmingham, UK). Several fluorescent strains of E. coli were 

also used. All fluorescent E. coli were strain DH5α with a pBad plasmid encoding for 

ampicillin resistance as a selection marker, and an arabinose inducible, fluorescent 

protein (AddGene, Teddington, UK). The fluorescent E. coli strains had either mVenus, 

mOrange2 or mRuby2 as the fluorescent protein. Pseudomonas putida (P. putida) 

strain KT2440 with a constitutively expressed, chromosomally inserted, enhanced 

green fluorescent protein (eGFP) gene was kindly supplied by Victor De Lorenzo 

(Centro Nacional de Biotechnologica, Spain). iMG1655 and iKT2440 were derivatives 

evolved in our lab from MG1655 and KT2440 respectively (see results Section 5.3.4.2) 

as strains that were less prone to clumping under the chemostat conditions used in 

my experiments. A Pseudomonas synxantha strain (NCIMB 10586 DmmpB, DmacpE, 

mupUJ1), with two mutations that prevented production of mupirocin (P. synxantha) 

was kindly supplied by Chris Thomas (University of Birmingham, UK). Bacillus subtilis 

strain 167 (B. subtilis), supplied by the DSMZ strain collection (Leibniz, Germany), was 

used a non-prey decoy species. 

The predator species was either Bdellovibrio bacteriovorus strain HD100 

(Bdellovibrio) or Bdellovibrio bacteriovorus strain HD100 with a chromosomal 

insertion that constitutively expressed the mCherry2 fluorescent protein (mCherry 

Bdellovibrio). Both these strains were kindly supplied to me by the Sockett lab 

(University of Nottingham, UK). 
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5.2.2 Culturing methods 

Prey and decoy species were maintained using methods previously described 

(Lambert and Sockett, 2008) in YT broth (8 g l-1 tryptone, 5 g l-1 bacto peptone, 5 g l-1 

NaCl, pH 7.5) at 30° C with shaking at 150 rpm. When grown in chemostats prey and 

decoy species were grown at 30° C in either LB, (10 g l-1 tryptone, 5 g l-1 yeast extract, 

5 g l-1 NaCl, pH 7.5) (Sambrook and Russel, 2001), supplemented with 0.1 mM CaCl2 

and 2mM MgCl2 or in a minimal medium supplemented with 0.1 mM CaCl2, 2mM 

MgCl2, 1 ml l-1 SL-10 solution (Widdel et al., 1983) (see Table 5.1) and with a carbon 

source. Two types of minimal media were used for the chemostats, M9 medium 

(Sambrook and Russel, 2001) (all concentrations are in g l-1: 6 Na2HPO4, 3 KH2PO4, 0.5 

NaCl, 1 NH4Cl) and Davis Minimal Medium (Eisenstadt et al., 1994) without citrate 

(DMM) (7 g l-1 K2HPO4, 2 g l-1 KH2PO4, 1 g l-1 (NH4)2SO4). 

Tyrosine was added to media before autoclaving (as it did not dissolve at room 

temperature). All other carbon sources as well as CaCl2 and MgCl2 were created as 100 

x stock solutions and filter sterilised through a 0.22 µm filter then added to the 

medium in a sterile manner post autoclaving. SL-10 solution was also added after 

autoclaving. 

Table 5.1 – Components of SL-10 solution 

Component Quantity 
(mg l-1) 

FeCl2 1500 
CoCl2 190 
MnCl2 100 
ZnCl2 70 
H3BO3 6 

Na2MoO4 36 
NiCl2 24 
CuCl2 2 

Predators (Bdellovibrio and mCherry Bdellovibrio) were cultivated using 

methods previously described (Lambert and Sockett, 2008), 10 ml 4-(2-hydroxyethyl)-
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1-piperazineethanesulfonic acid (HEPES), supplemented with 0.25 g l-1 CaCl2, 3 ml of a 

stationary phase culture of E. coli MG1655 or E. coli iMG1655 and 100 µl of a previous 

predator lysate were placed in a 25 ml conical flask and incubated at 30° C, 150 rpm 

for 24 h to give a fresh predator lysate.  

5.2.3 Viable counts 

Viable counts of predators were obtained by performing a plaquing assay 

(Lambert and Sockett, 2008), to give a count of plaque forming units (pfu). The sample 

was first filtered through a 0.45 µm filter to remove any residual prey cells and diluted 

10-fold as required to obtain a suitable dilution in HEPES buffer. 5 ml of 0.6% YPSC 

agar at approximately 55° C was combined with 100 µl of E. coli MG1655 or iMG1655 

grown to stationary phase and 100 µl of the diluted sample to be assayed for predators 

and mixed by gentle inversion. This mixture was poured onto a 1% YPSC agar plate 

and allow to set for 20 minutes before inverting and incubating at 30° C for 3 to 10 

days. YPSC agar consists of 1 g l-1 yeast extract, 1 g l-1 broadbean peptone, 0.5 g l-1 

sodium acetate, 0.25 g l-1 MgSO4 and 10 g l-1 technical agar, pH 7.6 (Sockett, R. E. 

personal communication). Samples were diluted 10-fold in HEPES to obtain useful 

concentrations of predators (20 – 200 pfu per plate). 

Single prey and decoy species were enumerated by plating on 1.5% YT agar. To 

distinguish between different non-predatory species a modified version of 

MacConkey agar, without bile salts or crystal violet, was used. This consisted of 17 g l-

1 bacto peptone, 10 g l-1 lactose, 5 g l-1 NaCl and 0.033 g l-1 neutral red. 
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5.2.4 qPCR 

5.2.4.1 DNA extraction 

Samples from chemostats for use in qPCR were routinely stored at -20° C 

before DNA extraction. Initially DNA was extracted by a simple detergent lysis boil 

(Reischl et al., 2000). Briefly the culture was centrifuged at 13,000 g for 10 min to 

pellet. The pellet was resuspended in 200 µl of 1% triton X-100, 0.5% tween 80, 10 

mM Tris-HCl (pH 8.0) and 1mM EDTA. The suspension was boiled at 100° C for 10 min, 

then centrifuged at 13,000 g for 2 min and the resulting supernatant stored at -20° C 

and used as a DNA template for qPCR. 

As the initial extraction method did not produce DNA of a suitable quality and 

concentration for the subsequent qPCR, four different methods of extracting DNA 

from bacterial cells were tested on four bacterial samples. Each of the samples 

contained stationary phase cultures of E. coli MG1655, P. putida KT2440 and B. subtilis 

and a fresh lysate of Bdellovibrio (see 5.2.2). In order to determine if rare constituents 

of a mixed microbial sample could be detected, each sample consisted of equal 

amounts by volume (33% v/v each) of three of the bacterial species and a small volume 

(1% v/v) of the fourth species (see Table 5.2). The first extraction method tested was 

the original detergent boil lysis with an ethanol precipitation step added. Briefly 200 

µl of lysis buffer was used for the initial extraction. After this was completed 400 µl of 

100% ethanol and 20 µl sodium acetate were added and the sample incubated at -20° 

C for 20 min. The sample was then centrifuged at 13,000 g for 10 min and the 

supernatant discarded. The pellet was washed in 500 µl 100% ethanol and centrifuged 
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for 5 min at 13,000 g before discarding the supernatant and air drying for 10 min. 

When dry the pellet was resuspended in 100 µl nuclease free water. 

Table 5.2 – Composition of samples used for testing DNA extraction techniques for qPCR. 
Sample E. coli (%v/v) P. putida (%v/v) B. subtilis (%v/v) Bdellovibrio (%v/v) 

1 33% 33% 33% 1% 

2 33% 33% 1% 33% 

3 33% 1% 33% 33% 

4 1% 33% 33% 33% 

 

The second method used enzymatic lysis, by Proteinase K and lysozyme, and 

heat to extract the DNA, and spin columns to remove impurities, and was performed 

using a GenElute bacterial genomic DNA kit (Sigma-Aldrich), following the 

manufacturer’s instructions for Gram-positive bacteria and including RNaseA solution. 

The third method used detergent lysis, bead beating and heat to extract the 

DNA, and precipitation and spin columns to remove impurities and was performed 

using a DNEasy UltraClean Microbial kit (Qiagen, Manchester, UK), following the 

manufacturer’s instructions. 

The final method used detergent and enzymatic lysis, and heat to extract the 

DNA, and spin columns to remove impurities and was performed using a QIAamp DNA 

mini kit (Qiagen), following the manufacturer’s instructions. 

After all extraction methods the resulting supernatant was stored at -20° C 

until required. 

5.2.4.2 Probe based multiplex qPCR 

All probe based qPCR assays were performed using an AriaMx machine 

(Agilent, Stockport, UK), with a reaction volume of 20 µl comprising 10 µl Luna qPCR 

probe mix (New England Biolabs, Hitchin, UK), 1.8 µl each of Bdellovibrio and E. coli 
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forward primer (10 µM) (Integrated DNA Technologies - IDT, Coralville, Iowa, USA), 1 

µl each of Bdellovibrio and E. coli reverse primer (10 µM) (IDT), 0.4 µl each of 

Bdellovibrio and E. coli probes (10 µM) (IDT), 1 µl DNA template and 2.6 µl nuclease 

free water (nH2O). Genes sequences for all primers and probes are listed in Table 5.3. 

qPCR reaction conditions were 3 minutes denaturation at 95° C, followed by either 40 

or 45 cycles of 5 s at 95° C and 10 s at 60° C to anneal and a final elongation step at 

72° C for 10 min. Three technical replicates of all reactions were performed. Primers, 

probes and reaction conditions were designed and optimised by Bamford (2016). 

Table 5.3 – Gene sequences of primers and probes for qPCR 
Primers and probes target unique gene sequences from the bacteria I used in multi-species community 
experiments. F = forward primer, R = reverse prime and P = probe 

Organism Target 
Gene 

Reference  Sequence (5’ – 3’) Tm  
(° C) 

GC Product 
size (bp) 

Bdellovibrio 
bacteriovorus 

16S 
rRNA 

(Van Essche, 
Sliepen, et al., 
2009) 

F GGAGGCAGCAGTAGGG
AATA 

62.9 55.0% 

181 
R GCTAGGATCCCTCGTCTT

ACC 
62.8 57.1% 

P TTCATCACTCACGCGGCG
TCGCTG 

71.9 62.5%  

Bacillus subtilis 16S 
rRNA 

(Bamford, 
2016) 

F CGTGTCGTGAGATGTTG
GGT 

64.1 55.0% 194 

R GGTTTCGCTGCCCTTTGT
TC 

64.1 55.0% 

P AGTCCCGCAACGAGCGC
AACCCTTGA 

   

Pseudomonas 
putida gryB (Bamford, 

2016) 

F CTCCTCGGAGGTGAAAA
CCG 

64.1 60.0% 

187 
R AGCGTCGATCATCTTGCC

AA 
64.2 50.0% 

P ACCCGAACGAGGCCAAG
GCCGTCG 

74.9 70.8%  

Escherichia coli 23S 
rRNA 

(Chern et al., 
2011) 

F GGTAGAGCACTGTTTTG
GCA 

62.6 50.0% 

81 
R TGTCTCCCGTGATAACTT

TCTC 
61.6 45.5% 

P TCATCCCGACTTACCAAC
CCG 

65.6 57.1%  
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Table 5.4 – Setup of plate for initial qPCR.  
Wells with no template control (NTC) are blue, those containing samples of E. coli (E) are pink and 
Bdellovibrio (B) are gold. Number refers to the number of times the sample was diluted 10-fold in 
nuclease free water. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A E  E  E E -1 E -1 E -1 E -2 E -2 E -2 E -3 E -3 E -3 

B E -4 E -4 E -4 E -5 E -5 E -5 E -6 E -6 E -6 E -7 E -7 E -7 

C E -8 E -8 E -8 E -9 E -9 E -9 NTC NTC NTC    

D             

E Bd Bd Bd Bd -1 Bd -1 Bd -1 Bd -2 Bd -2 Bd -2 Bd -3 Bd -3 Bd -3 

F Bd -4 Bd -4 Bd -4 Bd -5 Bd -5 Bd -5 Bd -6 Bd -6 Bd -6 Bd -7 Bd -7 Bd -7 

G Bd -8 Bd -8 Bd -8 Bd -9 Bd -9 Bd -9       

H             

 

Table 5.5 – Setup of plate for qPCR with sample concentration.  
Wells with no template control (NTC) are blue, those containing samples of E. coli (E) are pink and P. 
putida (P) are green. Number refers to the number of times the sample was diluted 10-fold in nuclease 
free water. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A E  E -1  E-2 E -3 E -4 E -5 E -6 E -7 E -8 E -9  NTC 

B E E -1 E -2 E -3 E -4 E -5 E -6 E -7 E -8 E -9  NTC 

C E E -1 E -2 E -3 E -4 E -5 E-6 E-7 E-8 E-9  NTC 

D             

E P  P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9  E-5D 

F P P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9  E-5D 

G P P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9  E-5D 

H             

 

5.2.4.3 SYBR green singleplex qPCR 

SYBR based qPCR assays were performed using either an AriaMx machine, or 

a Roche lightcycler (Roche, Basel, Switzerland). Reactions containing 10 µl Luna qPCR 

mix (NEB), 0.5 µl of 10 µM each of forward primer for the target bacterium (IDT) and 
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between 0.4 and 1 µl DNA template make up to a total volume of 20 µl with nH2O. 

Sequences for all primers are listed in Table 5.3. qPCR reaction conditions were 3 

minutes denaturisation at 95° C, followed by 45 cycles of 5 s at 95° C and 10 s at 60° C 

to anneal and a final elongation step at 72° C for 10 min. Three technical replicates of 

all reactions were performed. Primers and probes were designed by Bamford (2016). 

Table 5.6 – Setup of plate for SYBR green singleplex qPCR.  
Wells with no template control (NTC) are blue, those containing samples of E. coli (E) are pink. Number 
refers to the number of times the sample was diluted 10-fold in nuclease free water. H (high) indicates 
that 33% of the original bacterial sample volume was from an E. coli stationary phase culture. L (low) 
indicates that 1% volume was E. coli. Columns 1-3 are DNA extraction method 1, 4-6 – method 2, 7-9 
method 3 and 10-12 method 4 

 1 2 3 4 5 6 7 8 9 10 11 12 

A EH  EH  EH  EH  EH  EH  EH  EH  EH  EH  EH  EH  

B EH -1 EH -1 EH -1 EH -1 EH -1 EH -1 EH -1 EH -1 EH -1 EH -1 EH -1 EH -1 

C EL EL EL EL EL EL EL EL EL EL EL EL 

D EL -1 EL -1 EL -1 EL -1 EL -1 EL -1 EL -1 EL -1 EL -1 EL -1 EL -1 EL -1 

E EL -2  EL -2  EL -2  EL -2  EL -2  EL -2  EL -2  EL -2  EL -2  EL -2  EL -2  EL- 2  

F             

G             

H NTC NTC NTC          

 

5.2.5 Flow cytometry 

All flow cytometry experiments were performed on an Attune NxT flow 

cytometer (Thermo Fischer Scientific) with blue (480nm excitation) and yellow (561 

nm excitation) lasers and BL1 (530/30), YL1 (585/16) and YL2 (620/15) filters. All 

samples were diluted to a maximum total density of approximately 9 x 106 colony 

forming units (cfu) ml-1 in phosphate buffered saline with 1 mM EDTA and 0.01% 

tween 80. A pure sample of each fluorescent species was used to set a detection 
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threshold using the signal in the appropriate filter channel for the fluorescent protein 

being expressed. 

5.2.6 Cryo preservation of samples 

Cryo stocks of Bdellovibrio were made by adding 150 µl 80% glycerol to 750 µl 

Bdellovibrio lysate mixing well and placing in a Nunc vial at –80° C. Cryo stocks of all 

other cultures were made by centrifuging at 13,000 g for 10 min to pellet and 

resuspending in 50% glycerol/50% YT before placing in a Nunc vial at -80° C. 

5.2.7 Clumping quantifications 

Levels of clumping in chemostats were determined after finishing the 

chemostat experiments. As much of the liquid phase as possible was carefully 

discarded without disturbing clumps or floating mats of bacterial growth. A tube was 

weighed and the remainder of the chemostat contents was transferred to this. The 

tube was spun at 1000 g for 1 minute to separate the clumped material from the liquid 

phase, while pelleting as few as possible of the planktonic cells. The remaining (still 

cloudy) liquid phase was discarded and the tube reweighed.  
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5.3 Results 

5.3.1 Chemostat design 

The chemostats were based on an existing design (Miller et al., 2013), but 

adapted to suit the purposes of this study. The development progressed in an iterative 

manner, where one design was constructed as a prototype and tested. Issues with the 

design were noted and addressed in subsequent models. There were three main 

versions of the designs, with minor alterations being made to these (Table 5.7). The 

first version (Design 1) had many issues, could not be used to culture bacteria and 

failed within a week. The second version (Design 2) lasted longer, but still had issues 

which limited run time. The third version (Design 3) addressed these issues with 

additional improvements that meant chemostat arrays could run for over a month 

with few failures (Fig. 5.1).  

Table 5.7 – Chemostat designs 

Model Air supply Media supply Air needle 
position 

Media needle 
position 

1 Branched after 
hydrator (Fig. 5.8a) 

Branched after pump 
(Fig. 5.6a) 

In culture (Fig. 
5.3c) 

Fully inserted 
(Fig. 5.3a) 

2 Branched after 
hydrator (Fig. 5.8a) 

Branched before pump 
(Fig. 5.6b) 

In culture (Fig. 
5.3c) 

Just below 
stopper (Fig. 

5.3b) 

3 Branched on leaving 
hydrator (Fig. 5.8b) 

Branched before pump 
(Fig. 5.6b) 

In culture (Fig. 
5.3c) 

Just below 
stopper (Fig. 

5.3b) 

4 Branched on leaving 
hydrator (Fig. 5.8b) 

Branched before pump 
(Fig. 5.6b) 

Above level of 
culture (Fig. 

5.3d) 

Fully inserted 
(Fig. 5.3a) 
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Figure 5.1 – Survival rate of chemostats. 
Blue – Design 1, Orange – Design 2, Green Design 3, Purple Design 4. Chemostats were run with up to 
four aerobic or facultative aerobic bacterial species. 

One remaining problem with Design 3 was growth on the media needle, which 

lead to back growth in the media input tubing (Fig. 5.2). To correct this in Design 4 the 

air needle was repositioned above the level of the culture (Fig. 5.3d). This did not 

affect the longevity of the chemostats, but did prevent visible signs of growth on the 

air and media needles and in the media line. 
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Figure 5.2 – Chemostat with culture 
Single chemostat (Design 3) with a bacterial culture. Clear luer lock is the air supply, blue luer lock media 
and black is the waste efflux. Note the bacterial growth in the media line, as indicated by red ring. 

 

Figure 5.3 – Alternative positions for media and air needles 

5.3.1.1 Chemostat vessels 

50 ml glass conical flasks were chosen as the main vessels for the chemostats. 

These could contain a 20 ml volume of liquid with plenty of headspace to facilitate 

oxygenation of the cultures. After assembly chemostats were autoclaved to sterilise 
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and placed in a water bath to control temperature and provide an option to stir the 

vessel contents by shaking. An antimicrobial agent (aqua stabil) was also added to 

water bath to reduce risk of water contamination due to bacterial or fungal growth 

over long run times. 

5.3.1.2 Flow of liquids and gases into and out of chemostats 

The chemostat vessels needed to be sealed to prevent contamination, but still 

allow controlled access so fresh media and air could enter and excess volume leave 

the chemostat. To achieve this, I investigated using either a silicone stopper or a 

septum to seal the top of the flask, through which a set of needles could be inserted 

to allow for controlled inflow and outflow of liquids and gases (Fig. 5.4). Both of these 

devices could be autoclaved and each successfully sealed the flask. It was significantly 

easier to insert the needles through the septums than through the stoppers, however 

once inserted the needles were not held firmly enough and could move about to an 

unacceptable extent. Additionally, there appeared to be a loss of pressure in 

chemostats sealed with septums that did not occur with the stoppers. Because of this 

I decided to use the stoppers to seal the chemostat vessels. 
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Figure 5.4 – Chemostat vessel design. 
Panel (a) - Schematic design of the chemostat (with stirring provided by the air supply) (b) Actual 
chemostat enclosed with a septum (c) Enclosed by a silicone stopper. 

Three sharp pointed needles were needed to deliver liquids and gases to and 

from the chemostat (Fig. 5.4). These were inserted evenly spaced, through the stopper 

in the same orientation for each chemostat. The needle used to deliver air into the 

chemostat was initially chosen to be long enough to reach the bottom of the 

chemostat so that the air coming into the chemostat could also stir the contents (Fig. 

5.3c). For this purpose a 100 mm, 19G steel needle (Unimed, Lausanne, Switzerland) 

was chosen. The needle proved to be suitable for air delivery and the air supply mixed 

the contents well, however it also resulted in significant bubbling of the chemostat 

contents, which helped promote growth on the media needle. To reduce this the 

position of the needle was adjusted so that it was approximately 1-2 cm over the 

surface of the liquid (Fig. 5.3d). This allowed for delivery of air to the chemostat with 
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less bubbling of the vessel contents, resulting in less growth on the air and media 

needles. 

The needle used to supply media to the chemostat needed only to be long 

enough to go fully through the stopper and a 2”, 19G disposable (Becton Dickenson) 

needle was used for this purpose. Two positions were compared for this needle (see 

Fig. 5.3a, b). With the needle pushed fully through the stopper, so that it was as far 

into the chemostat vessel as possible, it was closer to the culture within the 

chemostat. This meant it was more exposed to any aerosolised liquids, which could 

promote bacterial growth on the needle. The alternative position tried was furthest 

from the culture within the flask, however it resulted in bacterial growth on the 

stopper around the area of the needle and increased bacterial growth on the needle, 

which could in turn lead to contamination of the media line (Fig. 5.2). Because of this 

the fully inserted position was chosen as the optimal position. 

The media and air pumped into the chemostat flasks caused pressure within 

the vessels to increase. To release this pressure, and keep the volume of liquid within 

the flask constant, a third needle was inserted, through which excess air and liquid 

could be vented. A 3” 19G steel needle was used for this purpose and positioned so 

that the tip was level with the top of the liquid when there was 20 ml of liquid culture 

within the flask. 

Initially (Design 1) all needles were connected to tubing using connectors 

which did not screw into the needles and had no barbs. These quickly disconnected 

under pressure and were replaced (chemostat models 2 & 3) with autoclavable, nylon 

luer locks which screwed onto the needles and had barbs on the other end. These 

were cable tied to 3 mm internal diameter (ID) silicone tubing, which ensured there 
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was no leakage of liquids, and pressures within the tubing did not cause any of the 

junctions to disconnect. The luer locks were also colour coded, to allow for quick 

identification of the needles within an array of chemostats. 

5.3.1.3  Chemostats could be mixed with aeration or shaking 

When fresh media dropped into my chemostats it created a microenvironment 

in the region where it landed, where nutrient levels increased transiently. To remove 

this and ensure the whole chemostat environment remained homogenous it was 

necessary to ensure through mixing of the chemostat contents. In Design 1, 2 & 3 this 

mixing was provided by the air entering the chemostat at the bottom of the culture 

vessel. To confirm that air entry caused thorough mixing of the chemostat contents, a 

chemostat was constructed and filled with water. Once the air supply to the 

chemostat had been started a drop of blue dye was added and the time for the dye to 

be evenly distributed was noted. When the air needle was positioned at the bottom 

of the flask the dye was distributed throughout the contents of the chemostat within 

1 minute of its addition. If the needle was positioned slightly higher within the vessel 

mixing was only effective above the position of the needle. In Design 4 shaking of the 

water bath (at 100 rpm) was used to mix the chemostat contents. Again, a drop of 

blue dye was added to a test chemostat with 20 ml of water and the time for it to be 

thoroughly mixed noted. Once again, the dye appeared to be evenly distributed over 

the chemostat contents within one minute. Because shaking of the chemostat 

contents resulted in changes in the level of the liquid within different parts of the 

chemostat it caused increased efflux of chemostat content through the efflux needle. 

However, it proved possible to compensate for this by adjusting the position of the 
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efflux needle upwards, so that the volume of liquid within the chemostat was 

maintained at 20 ml. Shaking the chemostats resulted in a mixing of their contents 

that was comparable to that obtained by mixing through aeration, without any loss of 

volume control and with the benefit of reduced aerosolisation of the cultures and 

reduced growth on the air and media delivery needles. Accordingly, mixing of the 

chemostat contents by shaking is my recommended method and was used in 

subsequent experiments. 

5.3.1.4 Media supply 

5.3.1.4.1 Choice of carboy design 

Media for the chemostat was supplied from a carboy of between 10 and 20 l 

capacity. Where possible, components of the media were mixed in the carboy before 

autoclaving. As some of the components could not be autoclaved, they were instead 

filter sterilised through a 0.22 µm filter, and added to the chemostat after autoclaving, 

through the media input tube. Several designs were tried for the carboy (Fig. 5.5). 

When a side outlet was used it was prone to leakage and the stopper could be lost 

from the carboy during autoclaving, so a carboy with a single entry at the top was used 

instead. The stopper of the carboy also had a tube leading to a 0.22 µm filter to allow 

pressure with the carboy to equilibrate both during autoclaving and whilst the 

chemostats were running. The third opening was connected on both sides to 8 mm ID 

silicone tubing through which media was supplied to the chemostats. This tubing 

needed to be clamped on the outside of the carboy to prevent loss of liquid from the 

carboy during autoclaving. The external end of this tubing was connected to a female 

quick connector to allow quick and easy changing of carboy during chemostat running, 
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if extra media was required. To prevent contamination through this port it was 

covered with non-absorbent cotton wool and aluminium foil during autoclaving. This 

carboy designed allowed media to be supplied to the chemostat array for over a 

month at a time, with minimal risk of contamination. 

 

Figure 5.5 – Carboy designs 
Left – initial carboy design with a side spout for media delivery to chemostats. Right – Later design 
without side spout (to avoid issues with leakage) and the inclusion of a glass tube with a metal screw 
cap as a port for additions of supplements to the media after autoclaving. 

5.3.1.4.2 Media flow required a multi-channel pump 

To ensure that media flowed into the chemostats at a steady rate it was 

necessary to control the flow rate using a pump. The use of hydrostatic pressure to 

supply media, with a clamp on the tubing to control the flow was considered, but was 

rejected as it was not possible to control the media flow with sufficient accuracy or 

precision. Additionally, the flow rate would inevitably have changed during the life 

span of an experiment, as the reduction in media left in the supply vessel (carboy) 

caused a decrease in hydrostatic pressure that it was not possible to compensate for 

by adjusting the clamps. 
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Initially (Design 1) a single channel peristaltic pump was used to supply liquid 

to multiple chemostats, with the media supply branching after the pump (Fig. 5.6a). 

Small differences in tubing and/or needles and in the pressure levels within a 

chemostat, lead to very different flow rates to the chemostats, with some chemostats 

receiving little or no flow. Attempts to compensate for this, using clamps to help 

control flow rates, were unsuccessful. Additionally, splitting the tubing after the pump 

left the system more vulnerable to cross-contamination due to bacterial growth on 

the media spreading backwards up the media tubing (Fig. 5.2). Therefore, it was 

deemed that each chemostat needed a separate pump channel (Fig. 5.6b). 

 

Figure 5.6 – Tubing for chemostat media supply 
Panel (a) Design 1 – media tubing was initially split into different tubes for each chemostat after passing 
through the media pump. This gave issues with increased cross-contamination and uneven flow into 
each chemostat. Panel (b) Designs 2, 3 & 4 – media tubing was split before the pump and each 
chemostat had a dedicated pump channel. 

A sixteen-channel pump (Watson Marlow, Falmouth, UK) was used for all 

subsequent experiments.  

The pump speed required for a certain flow rate depends on the diameter of 

tubing used within the pump, with wider tubing giving a faster flow rate for the same 

pump settings. The pump was calibrated to give a number of different flow rates for 

two types of tubing. With 0.25 mm tubing the flow rate was 0.26 x the rpm ml h-1. 

With the 3 mm tubing it was 5 x rpm ml h-1. These flow rates were accurate for faster 

Pump
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Pump
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flow rates and with short lengths of tubing between the carboy and the pump. Slower 

flow rates and longer lengths of tubing caused flow rates to become reduced and more 

erratic over time as air bubbles developed in the tubing (Fig. 5.7). 
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Figure 5.7 – Average chemostat flow rates 
Flow rates were calculated from volume collected in waste bottles. Results are from chemostat runs of 
up to 41 days. Panels (a-e) initially involved an array of 4 chemostats, although in some instances 
technical issues resulted in the early termination of a chemostat, the target flow rate for these 
chemostats was 60 ml d-1. Panel (f) had 8 chemostats with a target flow rate of 14.4 ml d-1. Panel (a) E. 
coli MG1655, P. putida KT2440 and B. subtilis 167. Panel (b) E. coli and P. putida. Panel (c) P. putida and 
B. subtilis. Panel (d) E. coli and B. subtilis. Panels (e, f) E. coli.  
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5.3.1.4.3 Media tubing 

The glass tubes through the carboy stopper were sufficiently large that 6 mm 

ID silicone tubing was required to ensure a tight fit that prevented any leaks or 

significant loss of pressure. This was connected to a female quick connector to allow 

the carboy to be autoclaved separately from the rest of the chemostat setup and allow 

a smooth and quick change of carboys if additional media was required during a 

chemostat run. A male quick connector, that fitted into the female quick connector 

was attached to a second piece of 6 mm ID silicone tubing. This tubing was too large 

for the pump and would have resulted in too fast a flow rate even on the lowest pump 

setting. To allow the use of small diameter tubing, the 6 mm ID tubing was connected 

to a reducing connector, the other end of this was connected to 3 mm ID silicone 

tubing. For the faster flow rates this diameter tubing was also used within the media 

pump. For slower flow rates 0.25 mm ID, marprene tubing (Watson Marlow) was used. 

This was connected to the 3 mm tubing by placing a 0.5” 27G blunt needle in each end 

of the marprene tubing to which a luer lock was attached. The 3 mm tubing was 

attached to the luer locks. 

5.3.1.5 Aeration of chemostats 

5.3.1.5.1 Air supply required an aquarium pump and stone 

As the bacteria being cultivated were aerobes or facultative aerobes it was 

necessary to ensure a constant supply of air to the culture vessels. To ensure there 

was no loss of culture volume, due to evaporation, the air also needed to be hydrated. 

Hydration of the air was ensured by pumping it through an aquarium stone in a flask 
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of water. The aquarium stone ensured the air stream was turned into small bubbles 

for additional hydration. Hydrated air was then passed through a 0.22 µm, 

polytetrafluoroethylene (PTFE), autoclavable filter. With Designs 1 and 2 a single air 

line out of the hydrator was split before delivery to the chemostat vessels. However, 

this led to issues with cross-contamination between the chemostats, especially if 

there was any backflow of liquid into the air lines, due to loss of air pressure. To 

prevent this in Designs 3 and 4 each chemostat had a separate air supply from the 

hydrator, with its own 0.22 µm filter. (Fig. 5.8). With both systems there was 

considerable variation in the flow rate of air to each chemostat and the exact flow rate 

for the air supply was unknown, however each chemostat, including those with the 

least flow received sufficient air to ensure thorough mixing of the chemostat contents. 

 

Figure 5.8 – Air supply to chemostats 
In Designs 1 and 2 air tubing was split into different tubes for each chemostat after passing through the 
hydrator and 0.22 µm filter – panel (a). As this gave issues with increased cross-contamination and 
uneven flow into each chemostat for Designs 3 and 4 the air flow out of the hydrator was directed to a 
second side-arm flask sealed with a septum. The air was supplied separately to each chemostat by 
connecting the air tubing for each chemostat to a separate 0.22 µm filter attached to a 2” 19G needle, 
which was inserted through the septum – panel (b). 

5.3.1.6 Pressure within chemostats regulated volume 

Excess liquids and gases were expelled from the culture vessel through the 

efflux needle due to the positive pressure within the chemostat. These then flowed 

through a section of 3 mm ID silicone tubing connected via a cable tied luer lock to 
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another 2” 19G disposable needle. This needle was inserted through a size 29 rubber 

stopper in a 500 ml Duran bottle. A second 2” 19G needle inserted through the stopper 

and connected on the outside to a 0.22 µm filter via a luer lock and a short piece of 3 

mm ID silicone tubing allowed pressure within the bottle to be released without either 

permitting escape of cultured organisms or external contamination of the waste 

bottle. 

A 500 ml volume bottle was chosen so that it could collect waste from several 

days of chemostat operation before needing to be emptied. Because the waste bottle 

had a large volume (500 ml) relative to the chemostat vessel (50 ml) the expansion of 

air within the bottle during autoclaving could cause a build-up of pressure with the 

chemostats sufficient to force the stoppers out of the flasks and break the sterile seal. 

To prevent this the tubing between the two vessels was clamped close to the waste 

collection bottle prior to autoclaving, forcing the excess pressure to vent via the 

attached filter. 

During long runs of the chemostat arrays there were issues with biofilm growth 

on the efflux needles, particularly in the absence of predators (which reduced the level 

of biofilm formation). Despite this, the volume levels, in a majority of chemostats, 

could be kept constant through the outflow of excess fluids via the efflux needle over 

the duration of the predation and co-culture experiments. 
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Figure 5.9 – Final chemostat design – Design 4. 

5.3.1.7 Chemostats were inoculated by injection 

The chemostat apparatus was constructed as a complete unit, then 

autoclaved, before connecting to the media source. It was then necessary to introduce 

the bacteria to be cultured within the vessels without causing a loss of sterility. To do 

this 1 ml of the chosen inoculum was drawn up into a 1 ml syringe, which was then 

attached to a 1.5” 21G needle and injected into the chemostat flask through the 

stopper. This successfully introduced the bacteria into the flasks with a minimal risk of 

contamination. 

5.3.1.8 Ongoing issues 

5.3.1.8.1 Air and venting filters tended to block 

The 0.22 µm filters sterilising the air going into the chemostats tended to clog 

over time when exposed to damp air, resulting in the system not flowing. This was also 

true of the filters sealing the waste bottle venting tubes, which were especially prone 

to clog as the damp air they encountered contained particles of spent media and 

bacterial cultures. The issue with the air supply filters was a particular problem as 
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replacement of these came with a high risk of contaminating the chemostats with 

environmental microbes. 

5.3.1.8.2 Biofilms built up on needles 

Formation of biofilms on the air, efflux and media needles during the running 

of a chemostat was a significant issue. The build-up of biofilms meant that the system 

acted less like an ideal chemostat, especially in the case of the media needle where 

bacteria growing in the biofilm had preferential access to fresh media and would have 

reduced the nutrient levels entering the main chemostat liquid phase. Additionally, 

the physical presence of the biofilm caused blockages that could prevent the flow of 

liquids or gases within the system. Biofilm build up on the needles was reduced and 

the lifespan of chemostats increased by the presence of Bdellovibrio. Build up on the 

media and air needles was greatly reduced by altering the position of the air needle 

from the bottom of the chemostat vessel (Designs 1, 2 & 3) to the air void above the 

surface of the needle (Design 4) (Fig. 5.3c, d). Build up however, still occurred on the 

waste needle, which need to be in contact with the surface of the liquid. 

5.3.1.8.3 Biofilms grew on chemostat walls 

Biofilm growth on the walls of the chemostat vessels meant they acted less like 

ideal chemostats. The growth increased over the lifetime of a chemostat and was 

highest when nutrient levels, and therefore overall bacterial density was greatest, 

while the presence of Bdellovibrio acted to reduce wall growth. This reduction in wall 

growth in the presence of the predator is to be expected, as the concentration of prey 

there acts as a source of nutrients for the predator. This in turn results in increased 

predator growth, at the expense of the prey biofilm, as has previously been seen in 
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other studies (Kadouri and O’Toole, 2005; Núñez et al., 2005). This effectively creates 

a second compartment within the chemostat vessels that acts as an additional source 

of both predator and prey. 

5.3.1.8.4 Sampling caused blockage of the waste bottle needle 

Samples were taken from the waste line by removing the needle from the 

waste bottle stopper and placing it through the septum of the sampling bottle. After 

sampling the process was reversed and the needle replaced in the waste bottle 

stopper. Pushing the needle through this stopper frequently resulted in small pieces 

of the stopper being retained in the needle, which could cause a blockage of the 

needle and prevented the chemostat system from flowing. 

5.3.2 Quantification of bacteria 

When growing a single species monoculture within a chemostat it is 

sometimes possible to follow growth levels without sampling by monitoring the 

optical density (OD) of the culture. With co-cultures however, this is not possible as 

the OD will only give an indication of total biomass, not which species are contributing 

to it or by how much. Additionally, the same number of viable bacteria of different 

species can have different biomass and even the same amount of biomass distributed 

differently can scatter light differently, resulting in a different OD. There is a further 

problem when using Bdellovibrio as these bacteria are so small that they have a 

negligible effect on the OD at 600 nm (the wavelength at which bacterial growth is 

commonly monitored). I therefore needed to develop another method for rapid and 

accurate quantification of multiple bacterial species in co-culture. 
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5.3.2.1 Sampling 

As growth of all species could not be reliably followed using OD and I did not 

wish to alter the culture volume in the chemostat, the decision was made to sample 

the waste products coming out of each chemostat. In an ideal chemostat the culture 

entering the tip of the waste needle is a random sample that is representative of the 

contents of that vessel at that moment in time. Typically, it took less than 5 seconds 

for liquids to travel the length of tubing from the waste needle to the sampling bottle, 

so the bacteria entering the sample should at that moment also be representative of 

the chemostat contents. A sample size of 1 ml was sufficient for all monitoring 

purposes. To collect the sample with minimal risk of contamination I used 2 ml glass 

screw top bottles with a thin silicone septum in the lid (Thermo Fisher Scientific). 

These were autoclaved to sterilise and dried in a 60° C oven to remove any residual 

moisture that could dilute samples. The bottles were packed in ice to minimise any 

metabolic activity during sampling and a drop of 70% ethanol placed on top of the 

septum to sterilise the needle as it passed through. When sampling, the waste lines 

were first clamped close to the collection bottle, to prevent flow during transfer from 

the collection to the sampling bottles. The needle was then carefully withdrawn from 

the collection bottle, and quickly pushed through the septum of the sampling bottle. 

The clamp was removed and the lid of the sampling bottle loosened slightly to prevent 

a build-up of pressure (fully tightening this lid stopped all flow through the waste 

tubing line). At a flow rate of 2.5 ml h-1 it took less than 1 hour to get a sample of 

between 1 and 1.5 ml. 1 hour was the longest time it was felt appropriate to sample 

over, as the contents of the chemostat were expected to change over time, and I 

wanted a sample that was a snapshot of the chemostat contents at one moment in 
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time, rather than an average over a longer period. Whilst sampling was taking place it 

was possible to quantify the amount of chemostat waste within each collection bottle, 

which could then be used to confirm the average flow rate to each chemostat and 

compare this to the expected flow rate. After sampling the needle transfer process 

was reversed. This could result in small pieces of the collection bottle stopper being 

caught in the needle, which in turn impeded flow of liquid from the chemostats to the 

waste collection. To handle this the chemostats were monitored after sampling for 

any sign of blockage. If there was an issue a wire pipe cleaner was soaked in 70% 

ethanol to sterilise and used to clear the needle blockage. 

5.3.2.2 Bacterial species can be distinguished on Modified MacConkey agar 

It was possible to follow the density of the predators using a plaquing assay, 

provided the correct dilution could be estimated or a wide range of dilutions were 

tested. When a single prey species was co-cultured with the Bdellovibrio its density 

could be followed by plating suitable dilutions on to YT agar, and the appropriate 

dilutions could be determined by measuring the OD. For mixed prey/decoy species 

however, this would only give the total density of non-predatory bacteria present, and 

I wished to follow the density of each species separately. To do this I developed a 

chromogenic medium that was a variant of MacConkey agar, which I refer to as 

Modified MacConkey Agar (MMA). This has a similar composition to standard 

MacConkey agar, but the crystal violet and bile salts normally added to inhibit the 

growth of Gram-positive bacteria were not included to enable growth of B. subtilis. 

All three prey/decoy species I wished to use, E. coli, P. putida and B. subtilis 

could grow on this medium. As E. coli fermented lactose, it produced a drop in pH 
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which caused the colony to appear pink. The P. putida strain produced glossy colonies 

and had a chromosomally inserted, constitutively expressed eGFP tag, so colonies 

were yellow/green in appearance. The B. subtilis strain produced white colonies (Fig. 

5.10). Whilst this proved effective for determining if all three species were present at 

similar densities in a co-culture it had limitations. Firstly, whilst most colonies could 

be definitively assigned to one of the three species, some were ambiguous in 

phenotype. Secondly, enumeration of both common and rare species (< 1% total cfu) 

would require a selective medium and plating of multiple dilutions.  

 
Figure 5.10 - Typical modified MacConkey agar (MMA) plate 

Plate was inoculated with a mixed culture of E. coli, P. putida and B. subtilis 

5.3.2.3 qPCR 

5.3.2.3.1 Probe based multiplex qPCR was either sensitive or accurate 

An attempt was made to construct standard curves for E. coli MG1655 and 

Bdellovibrio using the primer and probe sequences listed in Table 5.3. E. coli was 

detected on the FAM channel and Bdellovibrio on HEX. E. coli MG1655 was grown to 

an OD of 0.469. Bdellovibrio were grown on P. putida for three generations, that is a 

predation lysate (see section 5.2.2) was prepared with P. putida as the prey species 

Figure 1 - Typical modified MacConkey agar (MMA) inoculated with a mixed

culture of E. coli, P. putida and B. subtilis

E. coli

B. subtilis

P. putida
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and the results of this (after predation was complete) were transferred to a fresh 

predation lysate, again using P. putida as prey and this was repeated three times. This 

ensured there were no E. coli cells present within the lysate, before a growing a fresh 

lysate on P. putida which had a density of 4 x 107 pfu ml-1 (as determined by a plaquing 

assay). DNA was extracted by detergent boil lysis (method 1). After extraction the 

supernatant was serially diluted 10-fold in nH2O to create the samples for qPCR. 

Dilutions below 4.5 log cfu or pfu ml-1 could not be distinguished from no template 

control (NTC) (Fig. 5.11c, d). Above this threshold the PCR cycle in which the 

fluorescent signal was above the detection threshold (Cq) decreased in a linear 

manner as the log cfu or pfu ml-1 increased (Fig. 5.11a, b). Within the range over which 

DNA from the samples could be detected (3.7 x 104 to 3.7 x 108 cfu ml-1), E. coli DNA 

was amplified with an efficiency of 105%. For Bdellovibrio DNA the efficiency was 

101% (over a range of 4 x 105 to 4 x 108 pfu ml-1). 
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Figure 5.11 - qPCR standard curves 
E. coli MG1655 (left side in pink), Bdellovibrio (right side in gold). The top row includes only samples 
with > 4.5 log cfu or pfu ml-1 (more dilute samples had a Cq indistinguishable from NTC). The middle 
row shows all dilutions tested. The bottom row shows samples concentrated by reducing lysis buffer 
from 200 µl to 20 µl, giving a 10-fold concentration of sample – note the highest sample concentration 
had an unexpectedly large Cq value (shown as a darker coloured square). 

While the standard curve experiment showed that qPCR could accurately 

quantify the density of a pure culture of bacteria within a certain density range, levels 

of bacteria in the chemostats were predicted to fall to well below 4 x 104 cfu or pfu 

ml-1 on occasions, the limit of detection established. To attempt to lower the limit of 

detection for the qPCR assay, the concentration of DNA template in each reaction well 

was increased by decreasing the volume of lysis buffer in which the bacterial pellet 
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was suspended from 200 µl to 20 µl. E. coli MG1655 and P. putida were grown to 

densities of 2.0 x 109 and 1.5 x 109 cfu ml-1 respectively. No signal could be detected 

from any dilution of P. putida. Densities of E. coli samples as low as 2.0 x 102 cfu ml-1 

(the lowest value tested) could be distinguished from NTC (Fig. 5.11e). The Cq values 

for the E. coli samples decreased in a linear manner as the log cfu ml-1 increased, 

except for the highest concentration of 2.0 x 109 cfu ml-1 where the Cq was 26.5. 

Additionally, the DNA appeared, from the Cq values, to have been amplified with an 

efficiency of 193%, even after excluding the highest concentration value. This 

exaggeration of amplification efficiency and the high Cq value observed for the most 

concentrated sample suggests the presence of high concentrations of inhibitors 

(Wilson, 1997). These were presumably concentrated along with the DNA, by using a 

smaller volume of buffer to resuspend the bacterial pellet. 

5.3.2.3.2 SYBR green singleplex qPCR 

Multiplex qPCR with probes could attempt to quantify densities of all four 

bacterial species in a single reaction well. There were however drawbacks with this 

approach. In particular, my model predicted that species densities might vary over 

several orders of magnitude within the chemostats. This can result in certain species 

being rare constituents of the total population. If multiplex qPCR was then performed 

on these samples the more common species would use up all the deoxynucleotides 

before the rarer populations could be amplified sufficiently to cross the threshold 

signal level, resulting in a lack of detectable signal from these species. To prevent this 

issue, I attempted a singleplex qPCR assay where each well contained primers for only 

a single target species and the probes were replaced by SYBR green which binds to 
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DNA regardless of sequence. At the same time, I also tested four different methods of 

extracting DNA from the microbial samples prior to qPCR, in an attempt to maximise 

the DNA recovery, whilst minimising the presence of compounds likely to inhibit the 

qPCR reactions. 

As with the multiplex probe-based qPCR, the fluorescence signal from all P. 

putida samples was indistinguishable from NTC in the singleplex SYBR based qPCR 

assay. The B. subtilis and E. coli primers gave the same pattern of signal for both 

bacteria and all four extraction methods (Fig. 5.12 and 5.13). The two samples where 

target bacterial DNA was predicted to be highest (target bacterial culture made up 

33% by volume of the total culture on which the extraction was performed) gave the 

strongest signal (lowest Cq), with the undiluted sample being stronger than the 10-

fold diluted. The other three samples all had a similar Cq to each other. In the case of 

E. coli this signal was always indistinguishable from NTC. For the B. subtilis the 

UltraClean kit also gave a signal at the same level as NTC, detergent boil lysis with 

ethanol precipitation gave a Cq slightly below NTC and the QIAamp DNA mini kit and 

GenElute kit samples gave the lowest Cq values. 
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Figure 5.12 - Results of singleplex qPCR for E. coli 
Results of primers targeting E. coli genome on a sample from a mixed microbial community. DNA was 
extracted by four different methods. Panel (a) DNA extraction method 1 – detergent boil lysis with 
ethanol precipitation. Panel (b) Method 2 – GenElute enzymatic lysis. Panel (c) Method 3 – DNeasy 
UltraClean detergent lysis and bead beating with precipitation. Panel (d) Method 4 – QIAamp DNA mini 
kit detergent and enzymatic lysis. 

0

10

20

30

0 2 4 6 8

Signal level from NTC
a)

0

10

20

30

0 2 4 6 8

Signal level from NTC

0

10

20

30

0 2 4 6 8

Signal level from NTC

0

10

20

30

0 2 4 6 8

Signal level from NTC

b)

c) d)Cq

Log cfu ml-1



Development of a chemostat array 

 219 

 

Figure 5.13 - Results of singleplex qPCR for B. subtilis 
Results of primers targeting B. subtilis genome on a sample from a mixed microbial community. DNA 
was extracted by four different methods. Panel (a) DNA extraction method 1 – detergent boil lysis with 
ethanol precipitation. Panel (b) Method 2 – GenElute enzymatic lysis. Panel (c) Method 3 – DNeasy 
UltraClean detergent lysis and bead beating with precipitation. Panel (d) Method 4 – QIAamp DNA mini 
kit detergent and enzymatic lysis. 

5.3.2.3.3 qPCR Summary 

Analysis of mixed microbial communities using qPCR proved to be problematic 

in my hands. Using a probe-based technique and a simple boil lysis it was possible to 

get an accurate (R2 = 0.9989, efficiency = 101% to 105%) measure of bacterial densities 

for pure cultures of E. coli MG1655 and B. bacteriovorus HD100, down to a density of 

3.7 x 104 cfu ml-1 and 4 x 105 pfu ml-1 respectively. Attempts to improve this by 

concentrating samples resulted in a loss of accuracy (R2 = 0.9653, efficiency = 193%), 

probably due to increased concentrations of substances that inhibited the PCR 

reactions. Analysis of mixed microbial cultures using singleplex SYBR based qPCR with 
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a variety of commercially available kits proved to be even less successful, (Fig. 5.12 

and 5.13) regardless of the kit used. Other studies (Zheng et al., 2008; Van Essche, 

Sliepen, et al., 2009; Iebba et al., 2013) have used qPCR successfully to detect 

quantities of predatory bacteria in mixed microbial communities. It is therefore 

entirely possible that with further optimisation this technique could be successfully 

implemented and should allow for high throughput of samples. 

5.3.2.4 Flow cytometry 

I tested the ability of the Attune NxT flow cytometer to detect five different 

strains of fluorescently tagged bacteria (Table 5.8). All five strains could be detected 

at varying intensities (Fig. 5.14). I found that unsurprisingly, those fluorophores which 

were encoded on plasmids (and could therefore be expressed in greater numbers) 

gave the strongest signals. Of these mRuby2 gave the strongest signal and mOrange2 

the weakest. 

Table 5.8 – Properties of fluorescent strains 
Bacterial 
species 

Type of tag Fluor Peak 
emission λ 

nm 

Channel 
detected 

Strength of 
signal 

Spillover? 

P. putida Chromosomal 
constitutive 

eGFP 510 BL1 
530±30 nm 

Weak to 
Moderate 

No 

E. coli Plasmid 
inducible 

mOrange2 565 YL1 
585±16 nm 

Strong Yes 

E. coli Plasmid 
inducible 

mVenus 529 BL1 
530±30 nm 

Very Strong No 

E. coli Plasmid 
inducible 

mRuby2 595 YL1 
585±16 nm 

Extremely 
Strong 

No 

Bdellovibrio Chromosomal 
constitutive 

mCherry2 612 YL2 
620±15 nm 

Weak to 
Moderate 

Yes 

 

I next checked whether it was possible to distinguish two differently tagged 

species in a co-culture. For this I chose the mCherry2 tagged Bdellovibrio mixed in 
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equal amounts with either the mVenus tagged E. coli or the eGFP tagged P. putida. 

These species were chosen because the channel in which the mCherry2 gave its 

strongest signal was different from that in which the strongest signal was observed 

from mVenus and eGFP. With the mVenus/mCherry2 sample it was possible to clearly 

distinguish the two populations. With the eGFP/mCherry2 sample however the signal 

of the two fluorescent proteins spilled out of their channels and the populations could 

not be distinguished, although the use of compensating beads might allow the signals 

to be differentiated. 

 

Figure 5.14 – Flow cytometry of predator and prey species 
 

It was possible to detect all the fluorescent strains tested using flow cytometry. 

The use of a fluorescent tag allowed Bdellovibrio cells, which are smaller than prey 

bacteria, such as E. coli, to be distinguished from background noise. Bacteria 
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expressing certain fluorescent proteins, such as mCherry2 and mVenus could be 

distinguished using flow cytometry, however care must be taken in choosing suitable 

combinations of fluorescent tags. Further work is required to determine how 

accurately flow cytometry can determine bacterial densities in mixed samples, 

particularly when one species is a very small percentage of the total population, and 

to determine the minimum density of bacteria that can be accurately quantified. 

5.3.3 Microbial community construction 

I wished to investigate the effects of adding a bacterial predator to an 

otherwise stable community, consisting of a small number of prey and non-prey 

(decoy) bacterial species. To achieve this, I first needed to construct such a 

community, that could be co-cultured for several weeks in a chemostat, without the 

loss of any species. The competitive exclusion principle (Hardin, 1960) postulates that 

each resource within a chemostat can only support a single species. To ensure the 

survival of all species I therefore needed to provide each of them with an exclusive 

resource. This was achieved by supplying all nutrients in excess, except for the carbon 

and energy sources, which were always the limiting nutrients and each of which was 

exclusive for one of the non-predatory bacterial species I wished to grow. 

E. coli, Pseudomonas putida (P. putida) and Bacillus subtilis (B. subtilis) were 

chosen to be the members of the community. All three species are non-pathogenic, 

motile bacilli of similar size (Brenner et al., 2005; De Vos et al., 2009). E. coli (Stolp and 

Starr, 1963) and P. putida (Huang and Starr, 1973) are Gram-negative bacteria known 

to be predated by Bdellovibrio HD100. B. subtilis is a Gram-positive bacterium and as 

such cannot be predated by Bdellovibrio and so should act as a decoy species. 
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A literature search found carbon sources that were predicted to be uniquely 

utilizable for each bacterial species. For E. coli MG1655 this was lactose (Brenner et 

al., 2005), for P. putida KT2440 tyrosine (Nelson et al., 2002) and for B. subtilis 167 

cellulose (Fisher and Sonenshein, 1991). Additionally, B. subtilis 167 is auxotrophic for 

tryptophan (Zeigler et al., 2008), so for all media in which B. subtilis 167 was to be 

grown tryptophan was included at a concentration of 5 mg l-1.  

I attempted to culture all three prey/decoy species together, as well as each 

combination of species in pairs. In all co-culture experiments I used DMM 

supplemented with 0.5 g l-1 of the carbon source for each of the bacterial species being 

cultivated, except for tyrosine, which was 0.4 g l-1 due to its low solubility.  

I initially had four chemostats for each species combination, two of which also 

had the predator (Bdellovibrio) added several days after the prey/decoy species. 

Chemostats were run for between 21 and 41 days. Species densities were enumerated 

by a plaquing assay for Bdellovibrio and plating on MMA for all other species. Most 

colonies could be identified but some could not, so the density of that species was 

underestimated. Despite this issue, I could confirm that in all instances all prey and 

decoy species initially inoculated into a chemostat survived for the duration of that 

chemostat (Figs. 5.15, 5.16, 5.17 & 5.18). 
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Figure 5.15 – Populations of bacteria in 3 prey/decoy species chemostats.  
Red – E. coli, green – P. putida, purple – B. subtilis, yellow – Bdellovibrio, blue – total prey and decoy 
(non-predatory) bacteria. Experiments were conducted using chemostat design 3. Panels (a, b) 
chemostats were inoculated with Bdellovibrio, panels (c, d) chemostats did not contain Bdellovibrio. 
Dilution rate was 0.125 h-1, resulting in a retention time of 8 hours and reservoir carbon source levels 
were 0.5 g l-1 for E. coli and B. subtilis and 0.4 g l-1 for P. putida. Limit of detection (LOD) for Bdellovibrio 
was 102 pfu ml-1. 

Bdellovibrio did best in those chemostats which contained both E. coli and P. 

putida (Fig. 5.15a, b, 5.16a, b, 5.17a, b & 5.18a, b). In the E. coli, P. putida and B. subtilis 

chemostats Bdellovibrio increased from an initial density of less than 105 pfu ml-1 to 

over 107 pfu ml-1 (Fig. 5.15a, b). In the chemostats without B. subtilis, the Bdellovibrio 

density initially dropped to below detection levels before rebounding to over 107 pfu 

ml-1 (Fig. 5.16a, b). When the chemostats contained only P. putida and B. subtilis the 

Bdellovibrio did less well, with densities declining from over 2 x 105 pfu ml-1 to under 

3 x 103 pfu ml-1 and in one instance being below detection levels (Fig. 5.17a, b). It 
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should be noted however, that this experiment was terminated after 20 days, 5 days 

after the Bdellovibrio had been added and at the comparable time in the E. coli and P. 

putida chemostats the Bdellovibrio had also dropped to below detection levels before 

recovering and it is entirely possible that had the P. putida and B. subtilis chemostats 

been run for another seven to ten days the density of Bdellovibrio would have also 

recovered here. When E. coli was the sole prey species and B. subtilis was present as 

a decoy the Bdellovibrio densities were lowest, as they were only detected at one time 

point (the point of initial inoculation) in one chemostat of the two inoculated (Fig. 

5.18a, b). These chemostats were however also terminated at twenty days, five days 

after Bdellovibrio inoculation.  
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Figure 5.16 – Populations of bacteria in E. coli and P. putida chemostats.  
Red – E. coli, green – P. putida, yellow – Bdellovibrio, blue – total prey bacteria. Experiments were 
conducted using chemostat design 3. Panels (a, b) chemostats were inoculated with Bdellovibrio, panel 
(c) chemostat did not contain Bdellovibrio. The prey density counts for days 28 and 33 are absent 
because of contamination of the HEPES buffer used to dilute samples. The densities for day 36 are also 
missing from panels (a, c) because the density of prey on plates from this timepoint was too high to 
count. Dilution rate was 0.125 h-1, resulting in a retention time of 8 hours and reservoir carbon source 
levels were 0.5 g l-1 for E. coli and 0.4 g l-1 for P. putida. Limit of detection (LOD) for Bdellovibrio was 102 
pfu ml-1. 

Assuming an average burst size of Bdellovibrio from an E. coli cell is 3.5 (Seidler 

and Starr, 1969a) and 4.8 from a P. putida (Matin and Rittenberg, 1972) gives an 

average burst size over the two prey of 4.15. To achieve a population of 1 x 107 pfu ml-

1 (the maximum density of Bdellovibrio observed in my chemostats) would therefore 

require the consumption of 2.4 x 106 cfu ml-1 (1 x 107 / 4.15) prey cells (Table 5.9). 

Given that the density of total prey and decoy bacteria in the chemostats was in the 

region of 1 x 109 cfu ml-1 it is not surprising that there was little or no difference in the 
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total prey/decoy densities between those chemostats with and those without 

predator. What is more surprising, is that the predator did not grow to considerably 

higher densities. 

Table 5.9 – Conversion factors between glucose concentration, E. coli density and Bdellovibrio density 
Glucose concentration (g l-1) Density of E. coli (cfu ml-1) Density of Bdellovibrio (pfu 

ml-1) 

0.05 1.1 x 108 3.9 x108 

0.4 8.9 x 108 3.1 x 109 

0.5 1.1 x 109 3.9 x 109 

1 2.2 x 109 7.8 x 109 

 

With mixed cultures it was not always possible to identify bacterial colonies, 

which meant that following trends in the density of any non-predatory species was 

challenging. With the three prey and decoy species chemostats the total density of 

non-predatory species increased from an initial value of just under 108 cfu ml-1 to 

about 4 x 109 cfu ml-1, then fluctuated by 1 to 1½ log units. The chemostats inoculated 

with Bdellovibrio had on average half a log unit fewer non-predatory bacteria than 

those without Bdellovibrio (Fig. 5.15), although this difference was not significant (P = 

0.17). 
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Figure 5.17 – Populations of bacteria in P. putida and B. subtilis chemostats. 
Green – P. putida, purple – B. subtilis, yellow – Bdellovibrio, blue – total prey/decoy bacteria. 
Experiments conducted using chemostat design 3. Panels (a, b) chemostats were inoculated with 
Bdellovibrio panels (c, d) chemostats did not contain Bdellovibrio. Dilution rate was 0.125 h-1, resulting 
in a retention time of 8 hours and reservoir carbon source levels were 0.5 g l-1 for B. subtilis and 0.4 g l-
1 for P. putida. Limit of detection (LOD) for Bdellovibrio was 102 pfu ml-1. 

With the E. coli and P. putida chemostats the total prey bacteria density was 

initially around 1 x 109 cfu ml-1. Due to contamination of the HEPES buffer used to 

dilute samples, several bacterial counts for these chemostats were unobtainable. In 

the chemostat without Bdellovibrio total bacterial densities fluctuated by 0.4 log units 

around the initial population size, but showed no consistent trend (Fig. 5.16). In the 

chemostats with Bdellovibrio the fluctuations were greater (1.4 to 1.6 log units). 
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Figure 5.18 - Populations of bacteria in E. coli and B. subtilis chemostats.  
Red – E. coli, purple – B. subtilis, yellow – Bdellovibrio, blue – total prey/decoy bacteria. Experiments 
conducted using chemostat design 3. Panels (a, b) chemostats were inoculated with Bdellovibrio, panel 
(c) chemostat did not contain Bdellovibrio. Dilution rate was 0.125 h-1, resulting in a retention time of 
8 hours and reservoir carbon source levels were 0.5 g l-1 for E. coli and B. subtilis. Limit of detection 
(LOD) for Bdellovibrio was 102 pfu ml-1. 

While it was encouraging that the bacterial species could survive together with 

or without the presence of the predator, I noted that in all chemostats containing both 

E. coli and P. putida there was considerable clumping (Fig. 5.19). 
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Figure 5.19 – Clumping levels observed in multiple-species chemostats.  
Clumping was quantified at the end of the chemostat run. ‘*’ indicates that any clumped material was 
below detection limits. ‘+’ indicates that Bdellovibrio was also cultured in the chemostat. Chemostat 
design 3 was used for these experiments. 

5.3.4 Clumping reduction 

5.3.4.1 Clumping reduction experiment 1 – Single stage chemostats 

When E. coli MG1655 and P. putida KT2440 were co-cultured in a chemostat 

there was considerable clumping observed in the form of floating mats of bacteria. 

This clumping occurred regardless of the presence or absence of Bdellovibrio and was 

exacerbated by the addition of B. subtilis. The presence of large amounts of clumped 

material meant the vessels were no longer acting as ideal chemostats or reasonable 

approximations of these. To reduce the levels of clumped material I attempted to 

evolve bacterial strains that did not clump when cultured together. The strains I 

evolved needed to be capable of growing on their chosen carbon source (lactose for 

E. coli and tyrosine for the Pseudomonad) at 30° C (the temperature used for 

predation experiments). They also had to be capable of growing in co-culture with 
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each other and with B. subtilis. Growing in a chemostat generally selects for cells that 

have a means to avoid being washed out, such as forming a biofilm. I reasoned that 

cells growing planktonically in the liquid phase of the chemostat however, were less 

likely to be strong biofilm formers or clumpers. I therefore co-cultured various strains 

of E. coli and Pseudomonads, along with B. subtilis, in DMM with their unique carbon 

source, in a chemostat at 30° C for one week, before transferring 1 ml of the liquid 

phase to a fresh chemostat. As well as attempting to evolve the strains of E. coli 

(MG1655) and P. putida (KT2440) previously used, I also wished to test a number of 

other strains to determine if any of these produced less clumped material, or could be 

evolved to do so. For this purpose, I obtained a TRADIS library of E. coli (Langridge et 

al., 2009), which whilst undoubtably containing some strains that were stronger 

biofilm formers, might also have strains that would be less likely to clump under my 

experimental conditions. For the Pseudomonad, I was not able to obtain a TRADIS 

library for P. putida, so instead tested a single strain of a different species of 

Pseudomonad. I chose a strain of P. synxantha for this, as it was phylogenetically 

similar to P. putida and capable of utilising tyrosine as a carbon source. Wild type P. 

synxantha produces the antibiotic mupirocin, so I obtained a strain with two 

independent mutations that prevented mupirocin production, to reduce the 

likelihood of reversion to wild type and antibiotic production. Strains of E. coli and 

species of Pseudomonad were tested in combination as detailed in Table 5.10. When 

the samples were transferred a cryo stock was made of the contents of each 

chemostat and the amount of clumping in the chemostats was quantified. 



Development of a chemostat array 

 232 

Table 5.10 – Strains used in anti-clumping chemostats 
Each chemostat contained either E. coli MG1655 or an E. coli TRADIS library, and one Pseudomonad, as 
well as B. subtilis. Each bacterial combination was run in two chemostats as technical replicates. 

Chemostat E. coli strain Pseudomonad 
1 TRADIS library P. synxantha 
2 TRADIS library P. synxantha 
3 TRADIS library P. putida KT2440 
4 TRADIS library P. putida KT2440 
5 MG1655 P. synxantha 
6 MG1655 P. synxantha 
7 MG1655 P. putida KT2440 
8 MG1655 P. putida KT2440 

 

Chemostats with the TRADIS library of E. coli initially had significantly more 

clumping than those with MG1655 (P = 0.0052) (Fig. 5.20). This was not surprising 

given that amongst the library there was likely to be some mutants that were strong 

biofilm formers, and these would likely be at an advantage in a chemostat, as they 

would be less likely to be washed out. After two weeks of running, clumping levels in 

all chemostats had dropped significantly below their starting levels (P = 0.008), but 

one week later, clumping levels in all chemostats rebounded (P = 0.014). After another 

week levels in three of the chemostats fell, while in the other five chemostats they 

went up further. At this stage there was no significant difference between those 

chemostats containing the TRADIS library and those with the MG1655 strain. At no 

time point were there any significant differences between those chemostats with P. 

putida and those with P. synxantha. 
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Figure 5.20 – Clumping levels in single stage chemostats with serial transfer. 
Clumping was quantified at the time of transfer. Blue – P. synxantha, Red – P. putida KT2440, solid lines 
– TRADIS library of E. coli, dashed lines – E. coli MG1655. Different shades of a colour indicate replicate 
chemostats. Experiments conducted using chemostat design 3. 

5.3.4.2 Clumping reduction experiment two stage chemostats 

As the experiments to evolve non-clumping strains in a single stage chemostat 

showed only limited success, I decided to attempt to evolve the strains in a two stage 

chemostat. In this arrangement two chemostat vessels were used in series. The efflux 

from the first vessel was the media inflow to the second vessel. Initially, I attempted 

to use the pump to control media flow between the vessels, however this resulted in 

the media not flowing properly. Hence, the media pump was only used to control the 

flow into the first vessel. 

Samples taken during clumping reduction experiment 1 were used to inoculate 

the two stage chemostats. I considered using sample point 3 as the inoculum, as it had 

the lowest levels of clumping, but decided against this, as when I had used this 

inoculum previously (during clumping reduction experiment 1) clumping with the 

chemostat had gotten worse not better by sample point 4 , and I was concerned that 

this pattern might be repeated. Instead, I used sample point 2, as in experiment 1 
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chemostats inoculated with these samples had improved (reduced clumping levels) by 

the next sampling point.  

The chemostats were run for eleven days at the end of which the levels of 

clumping in both stage vessels was quantified and the contents of the chemostats cryo 

preserved. In all instances there was less clumping in the second stage vessels than in 

the first stage (P = 0.0033) (Fig. 5.21). There were no statistically significant differences 

between the TRADIS E. coli and MG1655 E. coli second stage chemostat vessels or 

between the P. synxantha and P. putida vessels. The lowest clumping levels were 

observed in one of the MG1655 and P. putida and one of the TRADIS E. coli and P. 

synxantha chemostats. Of the two, the MG1655/P. putida chemostat had consistently 

shown less signs of clumping throughout the running of the chemostats. Accordingly, 

a sample of this chemostat was streaked out to single colonies on YT agar. Cryo stocks 

were made of one isolated P. putida and one E. coli colony. These strains were termed 

iMG1655 and iKT2440. 

 

Figure 5.21 – Clumping levels of two stage chemostats 
Clumping was quantified after running the chemostats for eleven days. Blue – first stage vessels, red – 
second stage vessels. Experiments conducted using chemostat design 3. 
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5.3.5 Predation in a chemostat 

5.3.5.1 Bdellovibrio can replicate within a chemostat 

Initial predation experiments were performed to determine how long 

Bdellovibrio could survive in a chemostat with E. coli strain MG1655 as prey. An array 

of four chemostats was used, two of which had M9 medium, supplemented with 1 g 

l-1 glucose and two had DMM, supplemented with 0.5 g l-1 glucose. The media pump 

was set to a flow rate of 2.5 ml h-1, equivalent to a dilution rate of 0.125 h-1, and an 8 

h retention time. All chemostats were inoculated with 1 ml of approximately 1 x 109 

cfu ml-1 E. coli MG1655 grown to stationary phase in YT. The media pump was stopped 

for 48 hours to allow E. coli to adapt to the new medium (I had previously observed 

long lag phases). After this time both M9 chemostats and one DMM chemostat were 

inoculated with 1 ml of approximately 1 x 107 pfu ml-1 Bdellovibrio HD100. The final 

DMM chemostat was left predator free as a control. 

In all chemostats inoculated with Bdellovibrio they were still detectable for 6 

days, after that levels of Bdellovibrio dropped below detection levels, but in both M9 

chemostats (with higher nutrient levels) the density of predators rebounded after 

another 5 days (Fig. 5.22). This behaviour was similar to that seen in chemostats with 

E. coli and P. putida, but not B. subtilis (Fig. 5.16). In the lower nutrient level, DMM 

chemostat there was no sign of recovery at day 11, but it is possible that given further 

time a recovery would have been observed. It should also be noted that over the three 

days preceding the drop in predator levels there was a drop of 1.8 log units in the E. 

coli densities in the lower glucose concentration (DMM) chemostat. 
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Figure 5.22 – Levels of Bdellovibrio and E. coli in glucose limited chemostats 
Panel (a) represents one experiment where only viable counts were available, panels (b) and (c) are a 
second experiment with both viable counts and OD measurements. Blue lines are chemostats with M9 
minimal medium and 1 g l-1 glucose, all other chemostats have DMM with different glucose levels red 
lines = 0.5 g l-1, green lines = 0.4 g l-1, purple lines = 0.05 g l-1. Solid lines are E. coli counts and dotted 
lines are Bdellovibrio. In panels (b) and (c) pale shades indicate predators were added to the chemostat, 
darker shades indicate no predators. In panel (c) triangular markers indicate a replicate chemostat for 
which viable counts were not available. Panel (a) the E. coli strain was MG1655 and dilution rate was 
0.125 h-1, panels (b, c) E. coli strain was iMG1655 and dilution rate was 0.03 h-1. Chemostat design 3 
was used for the experiment in panel (a) and design 4 was used for the experiment in panels (b, c). 

The density of E. coli in all four chemostats was similar for the first four days. 

From day five onwards however, levels were lower in the lower (0.5 g l-1) glucose DMM 

chemostats than in the higher (1 g l-1) glucose M9 chemostats (P = 0.0047). E. coli 

density was also lower from day five onwards in one replicate higher nutrient 

chemostat than the other (P = 0.014), despite the fact that conditions in the two 
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chemostats were supposedly identical. E. coli densities in the two lower nutrient 

chemostats were not statistically different from each other over this period (P = 

0.061), despite there being predators present in only one of these chemostats. 

Linear regression of the E. coli and Bdellovibrio densities was attempted, but a 

single straight line was generally of poor fit to the data (R2 = 0.0031 to 0.7322). 

5.3.5.2 Effect of predation was greater at lower nutrient levels 

Further predation experiments were conducted at a lower dilution rate of 0.03 

h-1, equivalent to a 33 h retention time and with two inflow substrate concentrations, 

0.4 g l-1 and 0.05 g l-1 glucose (Fig. 5.22b, c). These values were chosen because my 

model predicted, that at the lower nutrient level, a steady state co-existence of 

predator and prey should be observed, while at the higher concentration oscillations 

should occur (cf. Fig. 2.3). DMM medium was used for these experiments as it gave 

more consistent growth than M9 medium. I also used iMG1655 as the prey strain, as 

this had evolved to be less prone to clumping, and mCherry Bdellovibrio as the 

predator. 

Surprisingly the chemostats with the two lowest glucose concentrations (0.4 g 

l-1 and 0.05 g l-1) had the highest E. coli densities. It should be noted that Design 3 was 

used for the experiments with the two highest glucose concentrations (0.5 g l-1 and 1 

g l-1) and there was heavy growth on both the air and media needles, probably due to 

the bubbling of the media. This mean that bacteria growing on, and potentially within 

the media needle were likely to have consumed nutrients within the medium before 

it reached the chemostat thereby potentially reducing the glucose levels available to 

the planktonic culture. For the lower glucose concentration experiments Design 4 was 
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used and there was no bubbling and no growth was seen on either the air or media 

needles even after four weeks of running. There was also a noticeable reduction in 

biofilm growth on the walls of the chemostats vessels in the lower glucose 

concentration experiments. Assuming the yield of E. coli growing on glucose is 0.4444 

mg dry biomass per mg glucose (Kreft et al., 1998), and that an E. coli has a volume of 

1 fl (Kubitschek and Friske, 1986), 20% of which is dry mass then 0.4 mg l-1 glucose 

should give 0.4 x 0.4444 = 0.18 mg dry mass E. coli ml-1 or 8.9 x 108 cfu ml-1 (Table 5.9). 

This is in reasonable agreement with the density of E. coli in the Design 4 chemostats, 

but the density in the Design 3 chemostats is below what would be expected. This 

cannot be solely due to biomass being converted into Bdellovibrio as this would have 

resulted in a much higher density of Bdellovibrio (Table 5.9). 

Within the Design 4 chemostats (Fig. 5.21b), higher nutrient levels had 

consistently higher bacterial densities. In the lowest nutrient level (0.04 g l-1 glucose) 

chemostats, E. coli density in the chemostat inoculated with Bdellovibrio (predator) 

dropped below the predator free chemostat six days after inoculation, and remained 

lower for the duration of the chemostat run. With the higher nutrient levels, the 

effects of predation were less detectable. 

5.3.5.3 Chemostat results could not be well fitted to the theoretical model 

Attempts were made to fit the results of the single prey (E. coli) chemostats to 

my theoretical model using the Sequential Monte Carlo – Approximate Bayesian 

Computational (SMC-ABC) methodology described in Chapter 4. For the chemostats 

with both predator and prey species, three models were competed. Model 1 assumed 

that predators were present, but did not predate prey. Predators in this model were 
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subject to mortality and dilution as previously described in Chapters 2 and 4. Prey 

grew normally as previous described. Model 2 was the standard predation model 

described in Chapter 2. Model 3 also included plastic resistance to predation as 

described in Chapter 4, following the signal-driven conversion to resistance and 

growth coupled back-conversion to a sensitive phenotype (see model N3-SBG-Pii-Vi 

in Chapter 4, but without phages or the phage resistant phenotype). In all instances 

the no predation model was rapidly outcompeted and eliminated. Depending on the 

data being fitted, the levels of support varied from 100% for Model 2 to 100% for 

Model 3 and all combinations in between. After fitting, a typical dataset was chosen 

by principal component analysis (see Chapter 4) and compared to the experimental 

data. With the no persistence model, this gave a fit for the E. coli of either constant 

increase or decrease in biomass and did not match any fluctuations. With the persister 

model there was an initial decline in E. coli density, followed by a plateau, that was 

not a good match to the experimental data. For the Bdellovibrio the pattern of the 

model varied depending on the experimental data, but was never a good fit. Fig. 5.23 

shows a typical fit to data from a Design 3 chemostat with M9 medium, 1 g l-1 glucose 

and E. coli and Bdellovibrio (Fig. 5.21). The model shows the E. coli density in constant 

decline, while the Bdellovibrio density, after an initial small rise drops down to almost 

zero, with no sign of recovery. 
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Figure 5.23 – ‘Typical’ model fit to experimental chemostat data 
Blue – Prey, Red – B. bacteriovorus. Solid lines are  
simulation results, symbols are experimental data. 

The model developed in Chapter 2 was not a good fit for the experimental data 

collected in this chapter. This was likely due to the experimental vessels not behaving 

as ideal chemostats, with in particular biofilm growth on the walls of vessels and on 

all needles, especially the media needle. Adaptation of the model to include a separate 

compartment for biofilm growth, such as a Freter model (Freter et al., 1983), might 

yield a better fit. 
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5.4 Discussion 

I have developed an array of mini chemostats inspired by the work of Miller et 

al. (2013) and adapted their design for use with multispecies bacterial communities, 

including predators. I made several changes, most importantly I found that having the 

air needle fully inserted into the culture media caused bubbling of the bacteria and 

heavy growth on both the air and media needles. This in turn resulted in blockages 

that limited the lifespan of the chemostats. The growth on the media needle also led 

to growth in the media tubing connected to the needle, which over time started to 

spread backwards along the tubing (at a rate of 10 – 20 mm per week) (Fig. 5.2). To 

reduce this, I moved the air needle to be above the level of the liquid culture and 

mixed the chemostat contents via shaking of the water bath. This method ensured 

through mixing of the liquid contents of the chemostat on the same timescale as 

provided by bubbling, however aeration may be less effective. Good aeration is 

important as three of the species cultured, Bdellovibrio (Hespell, 1976), P. putida 

(Belda et al., 2016) and B. subtilis (Sonenshein et al., 1993) are commonly considered 

to be obligate aerobes. Additionally, whilst E. coli is a facultative anaerobe, low oxygen 

levels are likely to result in a transition from respiration to mixed acid fermentation, 

which will again affect growth rates and yields. I did not monitor oxygen levels within 

the chemostats, as traditional oxygen probes would be challenging to incorporate into 

the chemostat design, although alternative methods of measuring oxygen, such as the 

optical monitoring of oxygen sensitive fluorescent sensors (Klein et al., 2013) are 

available. It is also possible to measure the effects of oxygen limitation, in chemostats 

containing E. coli, by measuring the acidification of the media due to the products of 
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mixed acid fermentation such as formate, lactate, ethanol and acetate, in the culture 

(or samples from the waste line) using a methyl red test (Clark and Lubs, 1915). 

As well as developing a chemostat array I also sought to create a stable 

multispecies community that could co-exist both in the presence and absence of 

Bdellovibrio. I found that while all the species could co-exist, when E. coli and P. putida 

were co-cultured large amounts of clumped material, in the form of floating mats of 

bacteria accumulated. This may be the result of a stress response on the part of one 

or both of the bacteria. P. putida KT2440 is known to have a type 6 secretion system, 

which it uses to target other bacteria, including E. coli (Bernal et al., 2017). While this 

did not allow P. putida to eliminate E. coli in my chemostats it is certainly possible that 

it could be responsible for inducing a stress response pathway and stress responses in 

E. coli are known to induce aggregation and increased biofilm formation (Adnan et al., 

2010). To reduce the problems with clumping I attempted to evolve non-clumping 

mutants of E. coli and either P. putida or its relative P. synxantha. The result was a pair 

of strains which I have termed iMG1655 and iKT2440 which clumped less when co-

cultured (Fig. 5.21). 

In order to take full advantage of the additional capacity provided by a 

chemostat array I investigated various methods of enumerating the densities of 

bacteria in my microbial communities. I tested three different methods, traditional 

plating and plaquing, but with a chromogenic medium that could distinguish bacterial 

species, qPCR and flow cytometry. Enumerating viable counts via plating and plaquing 

has long been the gold standard method for research into Bdellovibrio (Williams, 1987; 

Shemesh and Jurkevitch, 2004; Kadouri and O’Toole, 2005). Unlike molecular methods 

such as qPCR, viable counts only include culturable cells. This is important when 



Development of a chemostat array 

 243 

investigating Bdellovibrio because it is a bacterium with an unusually high mortality 

rate (Hespell et al., 1974) and because a recently invaded bdelloplast is likely to still 

contain significant amounts of prey DNA, but it should no longer be counted as a prey 

cell. Viable counts are however, time consuming, limiting throughput, and are 

unsuited for multiple non-predatory species. The chromogenic media did allow me to 

distinguish most colonies, however there was a level of ambiguity in identifying some 

colonies and it would need to be replaced by selective media to enumerate species 

that are a rare (< 1%) component of the community, as otherwise dilutions which 

contained any of the rare species would result in a lawn of the more common species. 

Automation such as spiral platting can reduce plating times, but to my knowledge no 

automated techniques exist for plaquing assays.  

qPCR has several advantages over culturing techniques. Samples for qPCR can 

be frozen and processed in bulk later. It is also significantly faster to perform than 

plating and plaquing and different species can be clearly distinguished even when they 

are a small component of the whole community. qPCR has been used successfully in a 

number of studies on Bdellovibrio and other BALOs (Zheng et al., 2008; Van Essche, 

Sliepen, et al., 2009; Chen et al., 2018). In my hands, however, the qPCR assay tended 

to be somewhat unreliable and there was a trade-off between sensitivity and 

accuracy. 

Flow cytometry has recently started to be used with Bdellovibrio (Duncan et 

al., 2018, 2019). Bacterially produced fluorescent proteins allow similarly sized strains 

of bacteria to be distinguished and are particularly important for Bdellovibrio as they 

help to differentiate signal from this particularly small bacterium from noise. I 

attempted to identify mCherry2 tagged Bdellovibrio, eGFP P. putida and E. coli with 



Development of a chemostat array 

 244 

several different fluorescent proteins using flow cytometry. In single culture all these 

bacteria could be detected and in a dual culture it was possible to tell mCherry2 tagged 

Bdellovibrio from E. coli with mVenus. Ordinarily flow cytometry requires fresh 

cultures meaning samples cannot be stored, but the addition of formaldehyde to fix 

bacteria offers the possibility of storage for future processing. The downside of this is 

that formaldehyde fixation can increase autofluorescence, which may mask the signal 

from the fluorescent tags (Billinton and Knight, 2001). 

I developed a small scale chemostat array that can run reliably for over a 

month without significant issues; although, as evidence by the fluctuations in bacterial 

densities (Fig. 5.15 c, d & Fig. 5.22 a, b), this did not give the sort of results expected 

from an ideal chemostat in the absence of predators. There are several possible 

reasons for this. Firstly, it is possible that samples taken from the waste line of the 

chemostat were not an accurate reflection of the contents of the vessel. This could be 

compensated for by sampling directly from the vessel using a needle inserted through 

the stopper, however, this would disturb the volume of the vessel and would pose a 

risk of contamination. Secondly, in the multispecies communities, where species 

numbers were enumerated by colony counting, it was not always possible to 

accurately assign a species designation to all colonies. This issue could be resolved 

either by using selective media, on which only one species could grow, instead of 

distinguishing species by their appearance on non-selective media, or by the further 

development of molecular methods such as qPCR or flow cytometry. Thirdly, in the 

multispecies communities there may have been interactions between non-predatory 

species that caused numbers to fluctuate. An example of this was seen in the presence 

of rafts of floating bacteria in the vessels containing both E. coli and P. putida. This 
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clumping was reduced, but not entirely eliminated, by the evolution of strains 

iMG1655 and iKT2440 (section 5.3.4), but other less obvious interactions could have 

been occurring. Finally, there was growth both on the walls of the vessels and on the 

needles suppling media and air, and removing waste. These biofilms would have acted 

as a source of bacteria, particularly in the case of the needles, where aggregates were 

especially prone to periodically being dislodged. Additionally, growth on the media 

needle would have reduced the levels of nutrients reaching the liquid cultures. 

Adjusting the chemostat design to have the air needle above the level of the culture 

(Fig. 5.3 d) prevented visible growth of biofilms on the air and media needles, however 

the waste needle still needed to be in contact with the culture. Growth on the walls 

of the vessels could be reduced by the addition of a surfactant, such as tween or by 

coating the walls of the vessels to make them more resistant to colonisation.  

I have also developed a four species community, including a predatory 

bacterium, that can be cultivated within these chemostats and can co-exist for at least 

30 days. Additionally, I evolved two members of this community to reduce their levels 

of clumping. I have shown that Bdellovibrio can survive for long periods within my 

chemostats. Finally, I have worked on improving enumeration of multi-species 

cultures to facilitate high-throughput processing of samples. Whilst the results from 

the qPCR assay were disappointing initial results from the flow cytometry were 

promising. It was possible to detect the Bdellovibrio despite their particularly small 

size and different bacteria could be distinguished based on the fluorescent protein 

they produced. 
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5.5 Future prospects 

Firstly, now that I have evolved strains of E. coli and P. putida that should clump 

less in chemostats, these should be used in new multi-prey/decoy species chemostats. 

These should give better results as without mats of floating bacteria they will be closer 

to an ideal chemostat. The reduction of growth on the media needle and in the media 

inflow tube from repositioning to air needle to prevent bubbling will also help in this 

regard.  

 Secondly, as the Bdellovibrio was generally present at low densities, relative to 

the prey and decoy species, it had little impact on prey densities. While it would have 

be expected that the population of Bdellovibrio would have grown rapidly in the 

presence of excess prey it did not, and it would be interesting to see how it responds 

to lower densities of prey, which can be accomplished by reducing the concentration 

of the carbon source for the prey species. 

 Thirdly, given that prey was present in excess there must have been some 

other factor limiting either absolute population size or the population growth rate of 

the Bdellovibrio. One possibility is that there was insufficient oxygen in the 

chemostats. It would be possible to use an oxygen sensitive fluorescent sensor in the 

chemostats to monitor the oxygen levels. Alternatively, a methyl red test could be 

conducted on the contents of chemostats that contained E. coli to check for 

acidification due to mixed acid fermentation products which will accumulate in the 

absence of sufficient oxygen. 

Fourthly, there were issues with running the chemostats at very low dilution 

rates, especially as the small volume of the chemostats resulted in particularly slow 

flow rates. At these low flow rates, the media tubing can develop air bubbles which 
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interrupt the media flow. Additionally, the use of a peristaltic pump to control the flow 

means that the media is delivered in discrete drops rather than a more continuous 

flow meaning nutrient levels in the chemostat can fluctuate. The use of a syringe pump 

for media delivery and larger chemostats vessels should be investigated as means to 

improve this issue. 

Finally, attempts to fit variants of the model developed in Chapter 2, to the 

data I gathered from running the chemostat arrays, did not result in a good fit to the 

data. It possible to fit variants of that model to experimental datasets of Bdellovibrio 

predation, as this was done successfully with an experimental dataset collected by the 

Sockett lab, as detailed in Chapter 4. That dataset consisted of substantially more data 

points and was of a much higher time resolution. Further experiments should 

concentrate on generating larger datasets to give the model fitting the best chance of 

getting a good fit to the data. Further development of the flow cytometry assay should 

help with this. Using formaldehyde to fix samples would mean that they can be stored 

for processing and do not have to be processed immediately after sampling, although 

this may give issues with autofluorescence.
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CHAPTER 6: CONCLUSIONS 
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B. bacteriovorus is an intriguing Gram-negative bacterium, with a highly 

unusual predatory lifestyle. It holds promise both as an alternative treatment for 

antibiotic resistant infections, and as a model system for understanding predator prey 

dynamics and ecology in microbes, and more generally. Fully exploiting this potential 

requires the application and integration of many different techniques. In this thesis I 

have adapted and explored two previously underexploited methods of investigating 

B. bacteriovorus predation, the use of mathematical models and predation within 

chemostats. 

Mathematical models have a long history in predator prey ecology (Edelstein-

Keshet, 2005). Models of microbial predator prey systems have mostly focused on 

either phage (Krysiak-Baltyn et al., 2016) or protists (Curds and Bazin, 1980), while 

models of bacterial predators are less common (Wilkinson, 2006). In this work, I 

developed a family of mathematical models to explore predation by B. bacteriovorus. 

The most biological relevant of these models included predator mortality, which has 

been previously documented (Hespell et al., 1974), a discrete bdelloplast stage and 

Holling type II saturating kinetics for the predator (which was the predation kinetic 

type that best matched the model fitting to experimental data). Using this model, I 

explored bacterial predation under a wide range of conditions, many of which would 

have been difficult or impossible to investigate experimentally, such as varying the 

predator attack rate constant, mortality and bdelloplast maturation rate. 

This model was also used as a base for model fitting to an experimental 

dataset, collected by the Sockett lab at the University of Nottingham (Hobley et al., 

2019). This detailed the predation in isolation and combination of E. coli by B. 

bacteriovorus and a bacteriophage. This model fitting, gave insights into details of 
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predation kinetics and how different resistance phenotypes could arise. It also 

improved the estimates of various parameters and these parameters were used in the 

theoretical modelling in Chapter 2. 

To attempt to verify the findings of my model, I developed an array of small 

self-constructed chemostats, and a stable four species bacterial community. I used 

these to run experiments with multiple combinations of bacteria, under different 

nutrient levels and dilution rates, to test the predictions of the model. 

My mathematical model predicted that B. bacteriovorus predating a single 

prey species is a system that is prone to extreme oscillations, that would in a natural 

environment, result in the extinction of the predator. As such it could only survive 

permanently within a very narrow range of conditions. Increasing nutrient 

concentrations narrowed this survival range. Previous models of microbial predator 

prey interactions in chemostats, including those with B. bacteriovorus as the predator, 

also showed a tendency to extreme oscillations, especially for higher nutrient 

concentrations (Crowley et al., 1980; Nisbet et al., 1983; Wilkinson, 2001). Only the 

group of Varon studied this experimentally in chemostats with a B. bacteriovorus like 

predator (BM4) and Photobacterium leiognathi E28 as prey. They did observe 

oscillations, albeit less extreme ones than those seen in my model (Varon, 1979; Varon 

et al., 1984). They also found that BM4 could survive in a chemostat with a prey 

density of 2-5 x 104 colony forming units (cfu) ml-1 (Varon et al., 1984), substantially 

less than the 7 x 105 cfu ml-1 predicted by their model (Varon and Zeigler, 1978) and 

less still than the 4.4 x 106 cfu ml-1 minimum required for survival in our model. In 

contrast Keya and Alexander (Keya and Alexander, 1974) found B. bacteriovorus strain 
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PF13, isolated from soil, would only replicate in the presence of at least 3 x 107 cfu ml-

1 of its Rhizobium prey. 

Given the likelihood of extreme oscillations predicted by the model it is 

surprising that B. bacteriovorus is ubiquitous in non-marine and B. bacteriovorus like 

organisms are ubiquitous in marine environments (Shilo and Bruff, 1965; Williams, 

1987; Williams, Schoeffield, et al., 1995; Shemesh and Jurkevitch, 2004). This suggests 

that there must be other forces at work stabilising population numbers. One 

possibility is that B. bacteriovorus is a hotspot organism targeting regions of high prey 

density and structured environments, such as biofilms, and migrates from these 

regions to neighbouring areas with lower prey densities, where it is a transitory visitor. 

Biofilms represent a lush resource grouping for B. bacteriovorus. It possesses the lytic 

enzymes needed to chew the extracellular matrix that holds cells within the biofilm, 

and can likely derive valuable nutrients from this (Im et al., 2018). B. bacteriovorus can 

predate the metabolically inactive cells found deeper within biofilms and its gliding 

motility allows it to move within the biofilm (Lambert et al., 2011). Indeed, there is 

ample evidence that B. bacteriovorus is a hotspot organism. Higher numbers are found 

in sewage rather than in rivers (Dias and Bhat, 1965; Seliavko and Lambina, 1985), and 

downstream of sewage treatment plants rather than upstream (Staples and Fry, 1973) 

or in sewage treated rather than untreated soils (Klein and Casida, 1967). B. 

bacteriovorus are likewise more common in trickling filter biofilms than in their inflow 

(Fry and Staples, 1976). Prey rich rhizospheres support greater B. bacteriovorus 

numbers than bulk soil (Jurkevitch et al., 2000). Eutrophic lakes have higher predatory 

densities than oligotrophic lakes (Chauhan et al., 2009). B. bacteriovorus like 
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organisms are more abundant in marine sediments than the water column and much 

higher in oyster shell biofilms (Williams, Kelley, et al., 1995). 

While it is clear that B. bacteriovorus is present in prey rich natural habitats, 

our model predicts that in these nutrient enriched regions there will be a narrow range 

of conditions under which the predator can survive over long time periods. This is due 

to a paradox of enrichment effect (Rosenzweig, 1971) where high levels of nutrients 

destabilise predator prey communities leading to extreme oscillations, periods of 

dangerously low predator and prey densities and eventual local extinction. This 

narrow survival range, combined with the fact that B. bacteriovorus was outcompeted 

by a typical bacteriophage under conditions tested in both Chapters 2 and 4, and that 

in natural conditions it also has to compete for resource with protists, offers a 

potential explanation of why it has to be a semi-generalist predator. 

Indeed in natural environments phage greatly outnumber B. bacteriovorus 

(Stolp, 1973; Kutter and Sulakvelidze, 2004) (this comparison is reasonable assuming 

that B. bacteriovorus in total can prey on about half of all bacteria that phage in total 

can prey on). This is in spite of the fact that bacteriophage have several disadvantages 

compared to B. bacteriovorus, which were not included in my models. Firstly, 

bacteriophage require metabolically active prey, while B. bacteriovorus can predate 

both active and dormant cells (Varon and Shilo, 1969), which can be found in biofilms 

growing on surfaces in nutrient rich environments. Secondly, while phenotypic 

persistence to B. bacteriovorus attack has been observed (Shemesh and Jurkevitch, 

2004), stable, genetically inheritable resistance to B. bacteriovorus has not been seen. 

In contrast, phage resistance is well known (Luria and Delbrück, 1943). Thirdly, half of 

all sequenced bacterial genomes contain a CRISPR-CAS system (Koonin and Wolf, 
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2015), which acts as an adaptive immune system, and many bacteria also have 

restriction modification systems which digest viral DNA (Bayliss et al., 2006). Finally, 

B. bacteriovorus is highly motile and possesses chemotaxis genes that likely allow it to 

locate regions of high prey density (Straley and Conti, 1977; Lambert et al., 2003), 

potentially allowing the predator to move from hotspot to hotspot as resources are 

used up and prey becomes scarce. Despite all of these advantages, B. bacteriovorus is 

still massively outnumbered by the total population of phages. Taken together, these 

results suggest that for long-term survival B. bacteriovorus needs to be a semi-

generalist predator and indeed B. bacteriovorus and other like organisms (BALOs) are 

known to have wide prey ranges (Stolp and Starr, 1963; Jurkevitch et al., 2000; Dashiff 

et al., 2010; Feng et al., 2016). 

My modelling of dual predation on E. coli by B. bacteriovorus and a 

bacteriophage showed a synergy of action between the two predators. The 

bacteriophage acted fastest and reduced the density of prey by about five orders of 

magnitude. The remaining prey that were resistant to phage predation, could still be 

predated by B. bacteriovorus and were thus removed down to levels that were below 

detection limits. Resistance to predation is a known issue with phage therapy (Abedon 

et al., 2011) and is a well-studied phenomenon (Luria and Delbrück, 1943). In contrast 

to phage resistance, plastic resistance to B. bacteriovorus is much less well 

understood. To investigate possible causes, I competed different models for 

generating and removing plastic resistance to B. bacteriovorus. Resistance arising due 

to a signal caused by predation from B. bacteriovorus (and possibly also 

bacteriophage) outcompeted intrinsic resistance. The data also supported reversion 

to sensitivity being coupled to growth over intrinsic reversion, consistent with a 
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phenotypic response, not genetically inherited resistance, where new growth would 

be expected to be resistant and reversion occur via a mutation.  

In both Chapters 2 and 4 I also investigated whether predation rates saturate 

at high prey densities. I found that at the densities used in both chapters, 

bacteriophage predation did not saturate, but B. bacteriovorus predation did. This is 

consistent with B. bacteriovorus taking about 30 minutes to penetrate a prey cell 

(Varon and Shilo, 1968). At high prey density where encounters with prey are 

common, this handling time limits the maximum attack rate of the predator (Jeschke 

et al., 2002). Most mathematical models of B. bacteriovorus predation have a non-

saturating predation rate (Varon and Zeigler, 1978; Crowley et al., 1980; Hobley et al., 

2006; Baker et al., 2017; Said et al., 2019). Only my model, described in Chapter 2 and 

Chapter 4, and one of the models by Wilkinson (2001), use saturating kinetics, which 

I have found produces a better match to the data. Prior to this study there was very 

little information on the kinetic parameters for a saturating attack rate for B. 

bacteriovorus. By reanalysing data from Varon and Zeigler (1978), on predation of 

photobacterium leiognathi E28 by BALO BM4, I calculated an estimate for these values 

(see Chapter 2). In Chapter 4 I discovered values for the attack rate constant of 0.33 

bdelloplasts B. bacteriovorus-1 h-1 (0.31 to 0.43, 25th to 75th percentile) and a half-

saturation constant of 3.2 x 106 prey cells ml-1 (2.5 x 106 to 4.2 x 106, 25th to 75th 

percentile) based on B. bacteriovorus HD100 predating E. coli S-17. 

My chemostat array permitted testing of multiple growth conditions and 

bacterial communities, including predators in parallel. The results of these chemostat 

experiments demonstrated that B. bacteriovorus HD100 could survive in a chemostat 

for at least 21 days (at which time the experiment was terminated, although there was 
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no reason to suppose the B. bacteriovorus population could not have survived 

substantially longer). Whitby (1977) was able to keep B. bacteriovorus strain 6-5-S 

alive on a diet of Spirillum serpens for a similar period of time, but had to use a complex 

medium, as the minimal medium suitable for S. serpens did not support predation by 

B. bacteriovorus. At faster dilutions rates (0.1 to 0.3 h-1) he observed oscillations in the 

densities of predator and prey with a period in the order of 100 hours. At a lower 

dilution rate (0.05 h-1) the predator and prey came to a co-existing steady state. 

Varon and co-workers (Varon, 1979; Varon et al., 1984) studied the marine 

BALO BM4 predating a luminescent prey Photobacterium leiognathi E28 in a complex 

medium (MPY) at a dilution rate of 0.1 h-1 for 13 days. When nutrient levels were 

sufficiently high to support 1 x 108 cfu ml-1 of prey cells they observed two cycles of 

oscillations with large and irregular amplitude and a period of ~50 to 100 h. They also 

found that after six days of co-culture a predation resistant genotype of the prey, 

which was darker in colour and had a slower growth rate emerged. At lower nutrient 

levels the period of oscillation increased and the amplitude decreased, giving less 

obvious oscillations. A further reduction in nutrients led to either stable co-existence 

of predator and prey or washout of the predator in a stochastic manner. 

Dulos and Marchand (1984) were the only group to previously use a minimal 

medium and a strain of E. coli as the prey species. They maintained B. bacteriovorus 

strain X-Ty in energetically open (chemostat) conditions, and at low dilution rates 

(0.014 h-1 to 0.08 h-1), for up to 14 days. However, they also reported that the system 

was unstable and results were not reproducible between experiments. They found 

that, as previously reported (Huang and Starr, 1973), a deficiency in calcium ions 

hampered predation. In contrast to the previous experiments, they struggled to get 
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either predator survival or oscillations of predator and prey. In order to observe 

oscillations, they had to resort to using large inocula of both predator and prey, and 

the resulting system was still unstable, resulting in damped oscillations and 

experimental results that were quantitatively unrepeatable. 

In contrast to Dulos and Marchand, I could reliably get B. bacteriovorus to 

survive for over a month in my small minimal media chemostats, even when operating 

at a similar low dilution rate of 0.03 h-1. Occasionally, densities of B. bacteriovorus 

dropped below detection levels, sometimes for several days, but usually recovering 

(Fig. 5.16a, b). Like Dulos and Marchand, I found that patterns of population densities 

were often not quantitatively reproducible, to the extent that two replicate 

chemostats could give population densities that were 1 to 2 log orders different from 

each other. Unlike Varon and co-workers and the experiments of Whitby, and in 

contrast to the predictions of my model, I did not see sustained oscillations with 

repeated oscillatory cycles. However, both Whitby and Varon used different strains of 

predator and prey and had undefined complex media for bacterial growth, while I 

used a defined minimal media.  

The differences in media and prey strain are important because my model 

predicts that there are optimal values, with narrow ranges, for many factors, including 

nutrient levels, which are dependent on the medium used, and prey size, prey growth 

rate, predator attack rate constant and BALO burst size, all of which are affected by 

the choice of prey and strain of predator. Increased nutrients levels in particular were 

shown to destabilise my chemostat model predator prey system in a paradox of 

enrichment (Rosenzweig, 1971). While a predator that kills its prey too efficiently 
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overexploits its own resource, and can lead to a tragedy of the commons (Hardin, 

1968). 

While it was clear that B. bacteriovorus could survive for substantial periods of 

time in my chemostats, it did not eliminate the prey species (indeed had it done so it 

would itself have starved, and been lost from the chemostats). This is consistent with 

other reports (Hespell et al., 1974; Varon et al., 1984) that B. bacteriovorus is unable 

to reduce prey densities below a certain level and has implications for its use as a 

therapeutic. It may be that when there is a single prey species B. bacteriovorus is most 

effective in combination with another anti-microbial agent. Previous work has 

indicated a synergy between B. bacteriovorus and the vertebrate immune system 

(Willis et al., 2016) and this may also be a reason behind other successful trials in live 

animal models (Chu and Zhu, 2009; Atterbury et al., 2011; Guo et al., 2016; Shatzkes 

et al., 2016; Findlay et al., 2019). Evidence of the effectiveness of another treatment 

combination comes from my modelling of dual predation of E. coli by B. bacteriovorus 

and a bacteriophage, which showed the combined effect of the two predators was 

sufficient to eliminate the prey when neither predator could do so alone. 

In more complex microbial communities with additional prey, decoy or 

predatory species, the situation becomes less clear. The presence of a secondary prey 

species for a generalist predator to consume may act to boost predator numbers, 

allowing the predator to eliminate one of the prey types. This effect has been 

observed in insects (Harmon and Andow, 2003), protists (Mallory et al., 1983) and 

even polyvalent bacteriophages (Yu et al., 2017) as well as B. bacteriovorus (Johnke et 

al., 2017). By contrast, the presence of a decoy species can reduce the efficiency of 

the predator in locating prey and has been predicted to stabilise a chemostat system 



Predation strategies of Bdellovibrio 

 258 

(Wilkinson, 2001). No previous study investigated the effect of a decoy species on 

bacterial predation experimentally in a chemostat. The multiple species chemostat 

experiments detailed in this thesis were intended to test whether the species could 

co-exist over a period of at least a few weeks and in this regard they were successful. 

However, further, more detailed experiments would be needed to elucidate details of 

the effects of alternative prey and decoy species. 

In conclusion, my investigations predict B. bacteriovorus predation yields a 

system that is prone to extreme, destabilising oscillations. This, together with the fact 

that B. bacteriovorus and other BALOs need to compete with specialist bacteriophage 

means they need to be semi-generalist predators with a wide prey range in order to 

survive long term in natural environments. Additionally, they should be hotspot 

specialists capable of migrating between regions of high prey density which they can 

likely detect through chemotaxis (Lambert et al., 2003; Chauhan and Williams, 2006). 

This has implications for the use of B. bacteriovorus, either as a therapeutic in 

agriculture and aquaculture, or to reduce numbers of pathogens in an environmental 

setting. BALOs are likely to be most effective when there are alternative prey species 

present that may act to boost predator numbers, or when a second type of predator, 

such as bacteriophage is present and can acts synergistically with the BALO.
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6.1 Future prospects 

In order to fully exploit the chemostats developed in this study, the methods 

of quantifying densities of individual species in a co-culture need to be improved. 

When this is done, it should be possible to carry out investigations into the effects of 

prey density and diversity on bacterial predation. These should include: 

1. Under which conditions are oscillations triggered and what is the 

nature of these oscillations? 

2. Do alternative prey boost predator numbers and cause one prey 

species to be eliminated from the chemostat? And if so, under which 

conditions? 

3. Do decoy species reduce the efficiency of the predator? And if so, does 

this allow survival of a prey species under conditions where it would 

otherwise become extinct? 

4. Do the experimental results differ from those predicted by the model, 

and if so, where do they differ and what is the reason for these 

differences? This information should result in the production of a 

better model. 

Future developments of the model are likely to include: 

1. The addition of alternative prey and decoy species. 

2. The addition of a secondary compartment to account for wall growth 

(Freter et al., 1983), as this is one area where my small chemostats 

differ from an ideal chemostat. 

3. The development of an individual-based model of microbial predation 

to explore how stochasticity affects model outcomes and whether this 

stabilises a system that is otherwise prone to extreme oscillations.
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ABSTRACT 

Bacteria are preyed upon by diverse microbial predators including 

bacteriophage and predatory bacteria, such as Bdellovibrio bacteriovorus. Whilst 

bacteriophage are used as antimicrobial therapies in Eastern Europe, and are being 

applied for compassionate use in the United States, predatory bacteria are only just 

beginning to reveal their potential therapeutic uses. However, predation by either 

predator type can falter due to different adaptations arising in the prey bacteria. 

When testing poultry farm wastewater for novel Bdellovibrio isolates on E. coli prey 

lawns, individual composite plaques were isolated, containing both an RTP-like-phage 

and a B. bacteriovorus strain and showing central prey lysis and halos of extra lysis. 

Combining the purified phage with a lab strain of B. bacteriovorus HD100 

recapitulated halo-ed plaques, and increased killing of the E. coli prey in liquid culture, 

showing effective side-by-side action of these predators, compared to their actions 

alone. Using Approximate Bayesian Computation to select the best fitting from a 

variety of different mathematical models demonstrated that the experimental data 

could only be explained by assuming the existence of three prey phenotypes: (1) 

sensitive to both predators, (2) genetically resistant to phage only and (3) plastic 

resistant to B. bacteriovorus only. Although each predator reduces prey availability for 

the other, high phage numbers did not abolish B. bacteriovorus predation so both 

predators are competent to co-exist and are causing different selective pressures on 

the bacterial surface while, in tandem, controlling prey bacterial numbers efficiently. 

This suggests that combinatorial predator therapy could overcome problems of phage 

resistance.   
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IMPORTANCE 

With increasing levels of antibiotic resistance being reported, the development 

of alternative therapies is urgently needed. Two potential alternatives discussed are 

bacteriophage and predatory bacteria. Whilst bacteriophage therapy has long been 

used in Eastern Europe, and is now seeing limited compassionate use in the West; 

prey/host specificity and the rapid acquisition of bacterial resistance to bacteriophage 

are major practical considerations. Predatory bacteria are of increasing interest due 

to their broad Gram-negative bacterial prey range, and the lack of simple resistance 

mechanisms. Here, a bacteriophage and a strain of Bdellovibrio bacteriovorus, isolated 

from the same environmental sample, preyed side-by-side on a population of E. coli 

causing significantly greater decrease in prey numbers than either alone. Such 

combinatorial predator therapy may have greater potential than individual predators 

as prey surface changes selected for by each predator do not protect prey against the 

other predator.  

 

KEYWORDS Bdellovibrio, bacteriophage, RTP phage, predation, co-operation, 

predator prey models, mathematical modelling, Approximate Bayesian Computation 
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INTRODUCTION 

Rapidly rising levels of antimicrobial resistance in Gram-negative bacterial 

pathogens has highlighted the urgent need for the development of alternative forms 

of antibacterial therapies (1) and the World Health Organisation has listed several as 

critically urgent for new therapeutics. Many Gram-negative pathogens can be killed 

by a variety of bacteriophage (‘phage’) and by predatory bacteria including 

Bdellovibrio bacteriovorus (2, 3). Bacteriophage have been used regularly in Eastern 

Europe and Russia as antimicrobial therapies (4). However, the development of 

bacterial resistance to bacteriophage can occur rapidly both in vitro and in vivo by 

receptor gene mutations (5-7), leading to the requirement for, and development of, 

phage cocktails for therapeutic purposes, including recent compassionate treatment 

use (8, 9). Bdellovibrio have recently been the subject of a number of in vivo studies 

to test their efficacy in animals (10-12), but have yet to be trialled for use in humans. 

Unlike bacteriophage, there are no known simple receptor gene mechanisms for 

resistance. 

Bacteriophage are obligate intracellular predators that can be found in 

environments wherever susceptible bacteria are available; over 95% of phage isolates 

described to date belong to the order Caudovirales or “tailed phage” (13). The tails of 

these phage attach to receptors on the surface of the host bacterium including flagella 

(14), lipopolysaccharide (15) or outer membrane proteins (16). Due to the specific 

nature of the receptor for phage attachment, the host range of each phage is typically 

quite small, determined by the prevalence and conservation of phage receptors in 

bacterial populations (17). The cellular machinery of the bacterium is rapidly hijacked 

by the phage, after injection of the viral genome, and redirected to synthesize and 
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assemble new phage virions that are released to start a new infection cycle (2). Host 

resistance against bacteriophage infection falls within four general categories: 

inhibition of adsorption; blocking injection of the viral genome; recognition and 

restriction modification of bacterial DNA and inhibition of the transcription and 

replication of phage DNA (18, 19)  

B. bacteriovorus predation is a biphasic process, consisting of a flagellate, 

rapidly swimming phase, before colliding with, attaching to and invading Gram-

negative bacteria (which can be either actively growing or in stationary phase) (20). B. 

bacteriovorus invade prey cells by interacting with the outer membrane, creating a 

pore in the outer membrane and wall, through which they enter into the prey cell 

periplasm, sealing the pore behind them, forming a rounded structure called a 

bdelloplast (20). Unlike bacteriophage, which hijack prey replication machinery for 

their own replication, Bdellovibrio invasion results in the rapid death of the prey cell 

(20, 21). Periplasmic Bdellovibrio secrete many enzymes into the prey cell cytoplasm, 

using the cytoplasmic contents for growth. The Bdellovibrio elongates, divides into 

multiple progeny cells, lyses the prey bdelloplast and is released (22).  

By growing intracellularly, the Bdellovibrio is within an enclosed niche and does 

not have to compete with other bacteria for resources. The only known protection 

against predation is the synthesis of a paracrystalline S-layer by prey cells, however, 

Bdellovibrio are still able to prey on S-layer+ cells should there be any patchiness to 

the S-layer (23). It has been observed that, in laboratory culture, not all prey bacteria 

are killed by Bdellovibrio, a small population exhibits a “plastic” resistance phenotype; 

when removed from predators and allowed to grow, the resulting cells are as sensitive 

to Bdellovibrio predation as the original prey population (24). Prey resistance to 
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antibiotics does not result in resistance to Bdellovibrio predation as has been shown 

in multiple studies looking at drug-resistant Gram-negative pathogens (25, 26). 

Although well-known for their predatory nature, B. bacteriovorus are not obligate 

predators, approximately one in a million Bdellovibrio from a predatory culture can be 

grown axenically, prey/host-independently (HI), on complex media without prey (27). 

Mathematical modelling of bacterial predation is being increasingly applied to 

understanding predation kinetics of either bacteriophage or Bdellovibrio; however 

modelling of predation by both types of predators on the same prey species has not 

yet been reported. Bacteriophage predation has been the subject of numerous 

studies, reviewed in (7, 28), with the models becoming increasingly complex through 

the inclusion of the effects of the rise of prey resistance (6), altered nutrient 

availability, multiple bacterial species and more (28). Modelling of Bdellovibrio 

predation is more limited, having started from the original Lotka-Volterra equations 

(29), via considering a delay between prey death and predator birth (30) to models 

that consider the bdelloplast stage as a separate population rather than just as a delay 

(31-34). Few papers considered decoys (33, 34) and one of these integrated 

experiments and adjusted the model to match the experiments (33). Other models 

considered the effect of a refuge on predation (32), the effect of serum and “plastic” 

resistance of prey to Bdellovibrio on predation (31), or how predation efficiency 

depends on prey size and other factors (35). 

Here, during sampling standing water on a poultry farm for novel Bdellovibrio 

isolates, single halo-ed plaques were observed on E. coli prey lawns. Within each halo-

ed plaque was both a predatory Bdellovibrio bacteriovorus and a co-isolated 

bacteriophage. In this paper we use ‘prey’ as a unified term that encompasses both 
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prey for Bdellovibrio and host for bacteriophage, as in this work a single bacterium, E. 

coli, acts as both prey and host and we are comparing the action of two different 

predators. 

The phage genome was partially sequenced and shown to be homologous to 

that of a rosette-tailed-phage (RTP) (36). The RTP phage family differ in tail structure, 

but are related to the T1 phages, the receptor for some of which is a component of 

the E. coli outer membrane and host-resistance is reported to arise frequently (36).  

Our experimental analysis of predation kinetics revealed that when both 

predators were combined in one culture with E. coli prey, complete prey lysis was 

achieved in 48 hours. This was in contrast to cultures containing either of the single 

predators where prey remained; with phage alone the remaining prey were phage-

resistant, whilst with Bdellovibrio alone a subpopulation of prey remained but no 

acquisition of genetic resistance occurred. Mathematical modelling of this 

experimental system revealed that both phage resistance and the plastic resistance to 

Bdellovibrio predation arose in the E. coli prey population, and that the two predators 

were most likely acting independently and competitively rather than cooperatively. 

This work shows that two bacterial predators can be co-isolated from the 

environment, co-exist in lab cultures, and when applied in combination can result in 

greater killing of the prey bacterial population than by either predator alone; 

suggesting that Bdellovibrio-phage combinations may be a successful approach 

towards therapeutic antibacterials. 

 

RESULTS 

Isolation of environmental B. bacteriovorus and associated bacteriophage.  
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When isolating Bdellovibrio from 0.45 µm filtrates of standing water on a 

poultry farm, one isolate rapidly lysed offered E. coli lab cultures, and repeatedly 

produced plaques with large “halos” around them on prey lawns (Fig. 1A). These 

plaques contained characteristic small, highly-motile B. bacteriovorus-like bacteria 

(Fig. 1B), and “bdelloplasts” - infected E. coli prey cells containing live B. bacteriovorus. 

Sequencing and alignment of the 16S rRNA gene amplified from predatory Bdellovibrio 

purified from a single isolated “halo-ed” plaque showed that the Bdellovibrio was a 

member of the B. bacteriovorus species, and its 16S rRNA sequence (GenBank 

accession no: GQ427200.1) to be 99% identical to that of the type strain HD100 (37). 

Therefore the isolated Bdellovibrio was named B. bacteriovorus angelus, due to the 

initial halo-ed appearance of the plaques from which it was isolated.  

Predatory cultures derived from individual “halo-ed” plaques, when filtered 

through 0.22 µm filters, which retain B. bacteriovorus, were found to contain an agent 

that lysed E. coli giving different cell debris (without the rounded bdelloplasts). The 

concentrated filtrate showed several prominent protein bands on SDS PAGE (Fig. S1A). 

One of these bands (of approximately 30 kDa) was found, by MALDI QToF MS, (Fig. 

S1B) to contain 5 peptides which were homologous to the 34 kDa protein RTP27 

(GenBank accession no: CAJ42231.1) of a rosette-tailed phage (RTP) of E. coli (36). 

Simultaneous electron microscopy of the 0.22 µm filtrate revealed many phage 

particles with curved tails that resembled RTP, without such a pronounced rosette on 

the tail (Fig. 1C). The phage was given the abbreviated name “halo” and the 46 kDa 

double stranded DNA phage genome was purified and 7 kb of it was sequenced 

(GenBank GQ495225.1 bacteriophage halo named RES2009a) and compared in BLAST 

to other phage genomes. The best matches were to phage genomes belonging to the 
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“rtpvirus” genus, including the characterised RTP phage (EMBL AM156909.1) (36). The 

phage halo was plaque-purified away from the B. bacteriovorus, using a kanamycin 

resistant E. coli as prey (as B. bacteriovorus angelus was found to be kanamycin 

sensitive - as is the type strain HD100) and so was inhibited from predatorily 

replicating in the KnR E. coli in the presence of the antibiotic).  

Thus B. bacteriovorus angelus and bacteriophage halo had been co-isolated, 

from the same environment, via single “halo-ed” plaques in bacterial prey lawns, in 

which both predators were preying, side by side, upon the same offered E. coli 

population and thus it is possible that they prey similarly in the natural environment. 

 

E. coli resistance to bacteriophage halo occurred rapidly.  

Rapid phage resistance was observed in E. coli S17-1 cultures that were preyed 

upon by the  bacteriophage halo alone; with a persistent level of E. coli remaining after 

16 hours of infection (see Fig. 2B for an example from later growth experiments). Two 

independently-derived phage-resistant E. coli cultures, (F & G), were isolated by 

plating out the remaining E. coli prey cells from these 16 hour cultures – preyed upon 

by the phage alone. The two isolates were verified as being phage-resistant by being 

tested for phage predation again. Genome sequencing of each isolate, alongside the 

original E. coli S17-1 strain used in the experiments, was performed to identify the 

mutations that resulted in phage resistance. This revealed (Table 1) that two different 

IS4 transposase insertions had occurred and been selected for in the genomes of 

resistant strains F and G within the same gene - encoding the ligand-gated outer 

membrane porin FhuA responsible for ferric hydroxamate uptake through the outer 
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membrane (36). The FhuA protein is known to act as a receptor for other phages and 

is likely to be the receptor for phage halo (38).  

The two halo-phage resistant E. coli derivatives grew at similar rates to the 

parental E. coli S17-1 strain. Using the phage resistant E. coli as prey in lawns in overlay 

plates allowed for plaque formation by, and subsequent purification of, the B. 

bacteriovorus angelus isolate away from the phage (Fig. S2A), as phage resistance did 

not confer any resistance to predation by B. bacteriovorus. 

We also verified (data not shown) that B. bacteriovorus is not susceptible to 

lytic or lysogenic infection by bacteriophage halo in two tests.  Firstly, using host-

independent derivatives of both B. bacteriovorus angelus and HD100 (isolate HID13 

(21)) as prey in lawns onto which bacteriophage halo was added. No zones of clearing 

were observed, even after prolonged incubation. Secondly, after addition of 

bacteriophage to liquid cultures of pure attack-phase B. bacteriovorus angelus, or 

HD100, no evidence of phage infection was seen when observed microscopically or 

enumerated. Thus B. bacteriovorus itself is not susceptible to the bacteriophage halo 

during either predatory or prey-independent lifecycles. 

 

Experimental predation by combined B. bacteriovorus HD100 and halo-

phage predators eradicates E. coli prey unlike single predators.  

To test the effects of predation by the two predators on a single prey 

population at the same time, the kinetics of predation by equal numbers of phage 

alone, B. bacteriovorus alone and B. bacteriovorus plus phage on E. coli S17-1 was 

measured alongside an E. coli with buffer control (Fig. 2A-D) using methods as detailed 

below. We had found no specific association between the phage and the 
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environmental B. bacteriovorus co-isolate as mixing the purified halo phage and pure 

B. bacteriovorus angelus or B. bacteriovorus HD100 suspensions together both 

reconstituted halo-ed plaques on a lawn of E. coli prey. Having noted that predation 

rates in liquid cultures of each of the two B. bacteriovorus strains angelus and HD100 

were the same, but that HD100 forms larger (and hence more visible and countable) 

plaques, the HD100 strain was used in predation kinetics studies on E. coli with or 

without the phage. 

As phage are usually grown in log-phase prey cultures in broth and B. 

bacteriovorus on stationary phase prey in calcium HEPES buffer, a “compromise” late 

log-phase E. coli prey, of starting OD600nm 0.75, was used with a mean initial E. coli 

population of 2.9 × 108 cfu/ml.  Deliberate inclusion of an equal volume of background 

YT medium used for the E. coli pre-culture in the CaHEPES buffer gave a low nutrient 

environment, which allowed for E. coli viability throughout the 48 hour test period 

(Fig. 2B). 

 

The overall kinetics of the 48 hour experiments were followed by optical 

density at 600 nm (OD600; Fig. 2A) and viable counts (Fig. 2B,C,D), which indicated that, 

during the first 24 hour period, E. coli was killed more slowly by B. bacteriovorus, than 

when preyed upon by both B. bacteriovorus and bacteriophage halo together (Fig. 2B). 

When incubated solely with the bacteriophage halo, the E. coli numbers decreased 

rapidly, reaching the lowest prey density of 2.1 × 103 cfu/ml at 6-8 hours; after which 

the E. coli population began to rise, due to the increase in phage resistant cells within 

the prey population (Fig. 2B). Interestingly, when the prey were incubated with both 

the phage and the B. bacteriovorus, this increase in prey numbers did not occur, 
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instead the E. coli population was eradicated after 14 hours, dropping to below 

detectable numbers (less than 10 cfu/ml) (Fig. 2B). The phage and B. bacteriovorus 

population numbers were lower (by 10-fold and 100-fold respectively at the 48 hour 

timepoints) in the combined culture, likely due to the reduced numbers of prey 

available to each predator population (Fig. 2C and D). It was noteworthy that adding 

an equal number of 5 × 106 pfu/ml of the other predator, each with the potential to 

kill and remove an E. coli cell from the available prey pool, caused 10 fold less 

reduction in phage numbers than in B. bacteriovorus numbers. This may be due to 

more rapid kinetics of E. coli predation by phage versus the slower kinetics of killing 

by B. bacteriovorus.  As the emergence of genetic or plastic resistance, respectively to 

the two different predators, would be expected to have a major effect, we modelled 

these processes mathematically to investigate them further. 

 

Mathematical modelling of co-predation. Modelling started from a one prey 

and one predator model (35). A bacteriophage was added as a second predator to 

build the base model of the experimental system (Fig. 3). This base model has one 

(E.coli) prey type (N) and two consumers of the prey, the Predator B. bacteriovorus (P) 

and the Virus bacteriophage halo (V). Both attack and enter the prey to form a distinct 

stage, thereby removing prey and predator from their respective populations. When 

B. bacteriovorus enters the prey, a bdelloplast (B) is formed. When the phage infects 

the prey, an Infected prey (I) is formed. Upon lysis of B or I, resources enabling 

regrowth of prey called M for Medium are released, together with the respective 

predator offspring.  
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The combined resource M is needed because the experimental data shows 

regrowth of E. coli during halophage predation (Fig. 2B). Altogether, the base model 

(Fig 3A) has 6 variables shown as circles. Processes are shown as arrows and terms of 

the equations in Fig. 3. These are: (i) prey growth by consumption of medium, (ii) 

predation of prey by available B. bacteriovorus to yield the Bdelloplast, (iii) predation 

by free bacteriophage halo (virus) to yield the Infected prey, (iv) maturation 

(replication and development) of B. bacteriovorus within the bdelloplast, (v) 

maturation of the bacteriophage (virus) within the Infected prey, (vi) lysis of 

bdelloplast which yields free replicated B. bacteriovorus and releases nutrients which 

replenish Medium, (vii) lysis of Infected prey which yields free Virus and also releases 

nutrients which replenish Medium. The nutrients remaining were not sufficient to 

produce further whole progeny B. bacteriovorus or more phage, but will be a small 

residue of what did constitute the original prey cell as most nutrients were used in 

producing B. bacteriovorus or phage progeny. As mentioned above the Medium does 

allow some limited growth of the prey.  

We also included (viii) mortality for B. bacteriovorus as this was evident from 

Fig. 2C and is well known from the literature (33, 39). We did not include mortality for 

E. coli and the halophage since the data showed no evidence for this during the 48 h 

experimental time-period (no statistically significant trend; Fig. 2B and D). 

From this base model (Fig 3), we generated a family of related models, adding 

additional variables and processes step by step and testing different mechanisms for 

the transitions between entities (Fig. 4). We then used Bayesian inference to select, in 

several stages, the model variant that best fitted the population dynamics observed 

in the experiments (Fig. 5, see also Fig. S6 demonstrating reproducibility). A full 
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description of the model variants and the Approximate Bayesian Computation process 

for model selection and parameter inference is given in Supplemental Text. 

Competing the top level model variants with one, two, three or four prey types 

(Fig. 4C) gave clear results (Fig. 5A). The model variant N1 with prey sensitive to both 

predators (NS) and variant N2 with only NS and bacteriophage resistant prey (NR) were 

not supported by the experimental data at all. The variant N3 with NS, NR and prey 

exhibiting the “plastic” phenotypic resistance to B. bacteriovorus predation (NP), was 

best supported by the experimental data, while variant N4 including the double 

resistant prey (ND) was less supported (Fig. 5A). N3 and N4 are nested models with the 

same number of parameters, so fitting variant N4 is not intrinsically more difficult. 

Using the parameter values generated by fitting either of the variants N3 or N4, 

predicted similarly low levels of double resistant prey at the end of the experiment 

when applied to the equations of variant N4. Variant N4 fitted to all data predicted 

0.26 cfu/ml while the same variant using parameters from fitting variant N3 to all data 

predicted 0.0084 cfu/ml. Both are well below the detection threshold in the 

experiments (10 cfu/ml). Variant N4 predicts double resistance to occur, albeit at a 

very low level, however the data could not provide information to constrain this 

density. Due to these considerations and the aim to choose the minimal adequate 

model, the N3 model variant was selected for further study.  

After selecting this three prey type N3 model, we tested various sub-models 

based on different ways in which the sensitive prey type converts to the type with 

plastic phenotypic resistance to B. bacteriovorus and back (Fig. 4Di). The simplest 

assumption is that forward and backward conversion occur spontaneously at certain 

rates, without any external triggers (intrinsic conversion both ways, variant I). This was 
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not supported by the data (Fig. 5B). Another model variant replaces the intrinsic back 

conversion with a growth-coupled conversion (variant IG). This variant was well 

supported by the data. A third variant replaces the intrinsic conversion by a signal-

triggered conversion to plastic resistance (variant S). At this initial stage in the 

modelling, the signal was assumed to be generated by the lysis of bdelloplasts and 

phage infected cells. Plastic resistance has been previously described (24) as 

developing to B. bacteriovorus in predatory cultures, due to (as yet unidentified) 

molecular signals changing prey metabolism/development but it is not due to genetic 

changes in the prey as when those prey are grown in new cultures and re-challenged 

with B. bacteriovorus  they are susceptible once more (21). This variant S had some 

support from the data (Fig. 5B). Hence, we tested whether a combination of the two 

supported variants would fit better. This combined variant SG, with signal triggered 

conversion to plastic resistance plus growth-coupled back conversion, was better 

supported by the data than its parental variants (Fig. 5C).  

Following this, we compared variants where the source of the signal was 

interaction of prey with phage only, or B. bacteriovorus only, or both (Fig. 5D). Since 

there was no evidence for phage involvement, and the two variants with B. 

bacteriovorus involvement were about equally supported, we concluded that B. 

bacteriovorus interaction with prey was sufficient to generate the signal for plastic 

resistance.  

Likewise, we looked in the model at different ways in which the phage resistant 

prey arise (Fig. 4Dii). We compared the simpler sub-models where some phage 

resistant prey are already present at the beginning of the experiment, as in the classic 

fluctuation test of Luria and Delbrück (40), or only develop as de novo mutations 
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during the experiment with the combined sub-model that had both pre-existing and 

de novo mutations. This combined model variant was best supported by the data and 

de novo developing mutations alone are insufficient to explain the data (Fig. 5E).  

Modelling predation-rate saturation  

After finding the ‘best’ or most appropriate model variant for prey type 

conversions, we looked at the low level model variants (Fig. 4E) where details of the 

model are varied but not the number of prey types and their conversion. One such 

detail is whether the predation rate saturates at higher prey density or not (Fig. 4E). 

Only the variant assuming no saturation of predation rate for the phage but saturation 

of predation rate for B. bacteriovorus was supported by the data (Fig. 5F). This does 

not mean that phage predation would not saturate at higher prey densities than we 

investigated in this study, but that the bacterial predator saturates at lower prey 

densities than the phage (see parameters in Table S1). This is expected as the longer 

the prey ‘handling time’ for a predator, the more its response will saturate when prey 

becomes abundant (41). It is well known that B. bacteriovorus takes longer to attach 

and enter its prey periplasm than phage (20) and our results support this (42). Lack of 

saturation facilitates the observed rapid initial prey killing by phage (Fig. 2). We did 

not consider saturation effects at high phage densities in this study because there was 

little information in the data from experiments that concentrated on later timepoints 

and the rise of phage resistance to parameterise phage saturation (there is only a brief 

interval with high phage density while sensitive prey are available, see Fig. 2B & D). 

We did however model different initial prey densities as shown in Figure S8, see 

below. 
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The final model shows effective side-by-side action of dual predators.  

The final, most appropriate model variant was then fitted to all the data (Fig. 

6A-D). We explain in Supplemental Text how we used Principal Component Analysis 

to objectively select a typical parameter set out of the hundreds of accepted fits. The 

final model fits the prey dynamics well, apart from the exact kinetics of the decline of 

prey in the presence of B. bacteriovorus as the only predator (Fig. 6B) where prey 

density does not drop as gradually in the model as in the experiments. Despite trying 

many variants of prey type conversions, we could not find any variant that would give 

a better fit to this more gradual decline of prey without making the fit to other parts 

of the data much worse, so Fig. 6A-D shows the best fit we could obtain. 

We also compared the fit of this final model to all data (Fig. 6A-D) with the fit 

of the same model to all data, excluding that from two predators acting on one prey 

(Fig. 6E-H). The two fits are almost the same. This means that the experimental results 

can be explained without invoking any direct interactions between the two predators.  

 

Dependence on initial densities. 

To understand the dependence of predation success on the initial densities of 

prey and predators, we used the model to predict the outcome if we varied one 

population at a time, increasing as well as decreasing initial densities 10-fold (Fig. S8). 

The time series of the three related traces (10-fold lower, normal, 10-fold higher initial 

densities) showed similar qualitative behaviour for cases with prey only and prey with 

a single predator. Here, the three traces either converged in the end or their 

separation was less than the 10-fold initial separation. Prey could survive during dual 

predation if (i) the initial density of prey was too high, or (ii) the initial density of B. 
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bacteriovorus was too low or (iii) the initial density of the phage was too high (Fig. S8F-

H). The model can thus identify suitable densities of the predators to add for effective 

predation.  

 

Modelling reveals interactions of sub-populations of predators and prey 

The modelling allowed insights into the different sub-populations that 

comprised the observed total bacterial populations (Fig. 6I-L). In the simulated B. 

bacteriovorus-only predation, the B. bacteriovorus population is evenly split between 

free B. bacteriovorus and bdelloplasts from 2 to 20 hours. Afterwards, the bdelloplasts 

decline exponentially while free B. bacteriovorus increase a little (due to progeny 

release from bdelloplasts) and then decline again due to their mortality (Fig. 6J). Both 

the fully-susceptible and phage-resistant prey populations plummet at 20 hours, when 

the plastic resistant prey has reached a plateau (Fig. 6J). In the simulated phage-only 

predation, sensitive prey rapidly dropped in the first 6 hours, afterwards the phage 

resistant prey increased exponentially until reaching a plateau (Fig. 6K). In the 

simulated dual predation, the phage is mostly responsible for the rapid drop of the 

susceptible prey and the removal of the intermittently arising plastic B. bacteriovorus 

resistant prey, whilst B. bacteriovorus is responsible for the removal of the phage 

resistant prey. All three prey populations are eradicated by the two predators 

together (Fig. 6K).   
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DISCUSSION	

When attempting to isolate Bdellovibrio strains from environmental sources, a 

sample of chicken farm wastewater gave halo-ed plaques on lawns of E. coli, due to 

the combined predation by the new strain of B. bacteriovorus, which we named 

angelus, and an RTP-like bacteriophage, which we named halo. The combined 

predation was also produced by the addition of bacteriophage halo to lab strain B. 

bacteriovorus HD100. We combined both experimental and mathematical modelling 

approaches to unravel the dynamics of this combinatorial predation, showing that a 

combination of two microbial predators eradicated a single pathogenic bacterial 

species in conditions when each alone did not. The modelling suggested that B. 

bacteriovorus killed all the phage resistant prey types and the phage halo killed all the 

plastically B. bacteriovorus-resistant prey. This suggests that combinatorial predator 

therapy may be one approach to tackle the problem of phage resistance in phage 

therapy treatments. 

Although found co-associated in nature, the RTP-family phage halo did not 

attach to, lyse or lysogenise the B. bacteriovorus, but was found to prey alongside it 

on E. coli in experimental lawns, producing the halo-ed plaques.   

There were several possibilities for how the combined predators were 

behaving in the mixed cultures – were they acting independently on the prey, in 

competition with each other at overlapping receptor sites, were the phage aiding in 

some way predation by the Bdellovibrio, or vice versa, was the phage acting as an 

opportunistic passenger, or were there subsets of the prey population that were 

susceptible to predation by each? The mathematical modelling allowed investigation 

of this beyond experimental limits. The model selection results revealed the presence 
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of three subsets of the prey population, those susceptible to both predators, and 

those resistant to predation by either the phage or the Bdellovibrio. 

The final model gave a good fit to the co-predation experimental data. 

Moreover, when fitted to just the data sets containing the prey only and the single 

predators, the resulting parameter values gave a very similar fit to the experimental 

data for the combined predation conditions. As the final model does not contain any 

terms for direct interactions between the two predators, combined with the fact that 

fitting to single predator data predicts the combined predation results, we conclude 

that the two predators act independently.  

One question did remain to why did we isolate halo-ed plaques from the 

environment which contained both predators, if they can operate independently? 

Clearly during our dual predation experiments a final yield of c1 × 1010  phage were 

present from a prey population which yielded c1 × 106 
 B. bacteriovorus, so phage were 

in 10,000 fold excess. High phage abundance was probably the reason for their 

presence in each plaque. The rapid accumulation of phage resistant populations of E. 

coli, preyed upon by phage, provides no barrier to B. bacteriovorus predation so does 

not prevent co-occurrence. 

Purification of each predator made it possible to study their individual and 

combined effects in ways not possible in other studies (43). Employing a low-nutrient 

environment allowed predation by each predator, and allowed sustained viability of 

the E. coli population over the 48 hours of investigation. Experimental predation by 

the Bdellovibrio alone resulted in a gradual decrease in prey numbers from 1.2 × 109 

cfu/ml to a minimum of 2.0 × 104 cfu/ml (Fig. 2). This is consistent with other reports 

of Bdellovibrio predation on a variety of different prey species where complete killing 
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of the prey population was not observed (26, 31, 33). The modelling revealed that a 

subpopulation of prey arose that would exhibit a “plastic” resistance to Bdellovibrio 

predation, a form of resistance that is not genetically encoded, and is also not passed 

to daughter cells, consistent with the “plastic” resistance phenotype previously 

reported (24). It had previously been hypothesised (24) that this resistance would 

arise due to the release of a molecular signal from the lysis of the bdelloplast, and the 

modelling supports such a mechanism. This “plastic” resistance may pose a problem 

if considering the therapeutic application of Bdellovibrio (3), as it may limit the 

reduction of pathogen numbers, although the immune system has been shown to act 

synergistically in vivo (12). In addition, physiological state of prey (leading to plastic 

resistance or not) may be different in the in vivo growth conditions. Our modelling 

predicts that, in a dual predation setting, the balance between applied predator 

numbers is important and that adding sufficient but not excess phage with B. 

bacteriovorus gives the best outcome.  

Predation by the phage alone resulted in a 10-fold larger (but transient) 

decrease of the prey population to 2.1 × 103 cfu/ml (seen at 6 hours, Fig. 2B), before 

phage-resistant prey growth resulted in a final prey population at 48 hours similar to 

the starting population. The model assumed the presence of a small fraction of phage 

resistant prey at the beginning of the experiment; the median value of this fraction 

was 2.6 × 10-6 after fitting (Table S1). This is similar in order of magnitude to previously 

reported values for E. coli (5, 40). The model evaluations indicated that the rise in 

bacteriophage-resistant prey resulted both from growth of this initial, resistant 

population and spontaneous mutations arising in members of the initially phage-

sensitive prey population. Both were selected for during the time course of the 
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experiment. Replication of the phage-resistant prey resulted in the production of 

phage-resistant progeny, consistent with resistance being the result of genetic 

mutation. Sequencing of the phage resistant genomes points to the absence of the 

ferric hydroxamate uptake, FhuA, protein as the reason for E. coli resistance to phage 

halo. This mutation would have little fitness effect in the iron-containing environment 

of our experimentation and given additional routes of iron uptake by E. coli. 

The most noteworthy result of our study was the eradication of E. coli prey 

(reduction below detectable levels of less than 10 cells/ml) when preyed upon by both 

the B. bacteriovorus and the phage together (Fig. 2). The modelling revealed that the 

two predators were not interacting directly with each other as the experimental 

results could be recapitulated by the model using the data from the individual 

predators, without the need for the inclusion of any terms for direct interactions 

between predators. This suggests the potential for this phenomenon to be replicated 

for other combinations of Gram-negative prey, B. bacteriovorus and prey-specific 

bacteriophage, something that should be further investigated (beyond the scope of 

this paper). Such combinatorial predator therapy could be considered as a future 

alternative antibacterial treatment reducing bacterial numbers to lower levels than 

achievable with single predators alone, and reducing the selection for single predator-

specific resistance.  
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MATERIALS	AND	METHODS	

Bacterial strains, maintenance and isolation. E. coli S17-1 (44) prey were 

grown for 16 hours in YT broth (45) at 37oC with shaking at 200 rpm to late-log phase 

for use in predatory Bdellovibrio cultures (see below for predation kinetics 

description). B. bacteriovorus predatory cultures were set up as previously described 

and consisted of a mixture of Calcium HEPES buffer, E. coli culture and a previous B. 

bacteriovorus culture in a 50:3:1 v:v:v ratio (45) at 29oC with shaking at 200 rpm. 

Where stated, the B. bacteriovorus type strain HD100 (37, 46) was used for 

comparison. Host-independent (HI) B. bacteriovorus were grown as described in (45, 

47), the HD100 derivative HID13 was described in (21) and the angelus HI strain was 

obtained as part of this study. 

Bdellovibrio  bacteriovorus strain angelus and bacteriophage halo were co-

isolated using E. coli S17-1 as prey on YPSC double-layer agar plates as described 

previously (45). The bacteriophage halo was purified from the mixed phage-B. 

bacteriovorus cultures by growing the phage on E. coli S17-1 containing the plasmid 

pZMR100 (48) to confer resistance to kanamycin, which was added at 50 μg/ml, killing 

the KnS B. bacteriovorus angelus, using repeated rounds of plaque purification on YPSC 

overlay plates (45, 49). Phage resistant E. coli S17-1 were obtained by plating E. coli 

cells remaining in pure bacteriophage halo infection cultures and screening resultant 

isolates by addition of bacteriophage halo. These phage resistant E. coli (two strains F 

& G) were used to purify the B. bacteriovorus angelus from the originally mixed phage 

and B. bacteriovorus co-cultures, again using rounds of plaque purification. The 

resulting purified B. bacteriovorus angelus produced small plaques (smaller than those 
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produced by the type strain HD100 under matched conditions) on both the phage 

resistant and original phage-sensitive E. coli. 

 

Bdellovibrio DNA purification and 16S rRNA sequencing. To phylogenetically 

characterise the pure Bdellovibrio strain isolated in the co-culture, Bdellovibrio 

genomic DNA was purified from 0.45μm filtered host-dependently grown (before and 

after separation from the associated phage) and unfiltered host-independently grown 

B. bacteriovorus angelus using the Genelute Bacterial Genomic DNA Kit (Sigma) 

following the manufacturer’s instructions. The full-length 16S rRNA gene was 

amplified from a total of 11 individual genomic DNA samples using Phusion high-

fidelity polymerase (Finnzymes) following the manufacturer’s guidelines using general 

bacterial primers 8F (50) and 1492r (51). Purified PCR products were sent for 

sequencing at MWG Biotech Ltd, and the full length double-stranded sequence was 

aligned to that of the Bdellovibrio bacteriovorus type strain HD100 (37). 

 

Phage preparation and protein identification. Phage preparations were made 

by addition of bacteriophage halo (purified as described above and in the results) to a 

mid-log phase culture of E. coli S17-1 (pZMR100) and incubated at 29oC. When the 

optical density (OD) of the culture at 600 nm dropped to half that of the starting OD, 

chloroform was added and the phage particles were collected using PEG precipitation 

as described for lambda phage (52). 

Phage preparations were run on standard 12.5% acrylamide SDS 

polyacrylamide gels (53) to examine their protein content; a single band was excised 
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and analysed by MALDI QToF MS, and the resulting peptide reads compared to 

existing sequences in NCBI databases for the most significant hits. 

 

Phage and prey genomic DNA purification and sequencing. Bacteriophage 

halo genomic DNA was extracted from the above phage preparations using the Qiagen 

Lambda Maxi Kit (Qiagen) following the manufacturer’s instructions from step 6 to 

step 15. Harvested DNA was resuspended in a final volume of 1 ml 10 mM Tris, 1 mM 

EDTA pH 7.5. Restriction-digested fragments of phage genomic DNA were cloned into 

pUC19 (54) and sent for sequencing at MWG Biotech Ltd using standard pUC19 

primers M13uni(-21) and M13rev(-29). To complete the phage sequence contig, 

unsequenced regions of cloned fragments were PCR amplified using KOD	 high-

fidelity	polymerase,	and	purified	PCR	products	sent	for	sequencing.	A	7	kb	contig	

of	phage	genomic	DNA	was	fully	sequenced,	compared	to	other	phage	genomes	by	

DNA	 and	 protein	 BLASTs	 at	 NCBI,	 and	 deposited	 in	 GenBank	 under	 accession	

number	GQ495225.		

E.	coli	S17-1	genomic	DNA	was	prepared	using	a	Sigma	GenElute	Bacterial	

Genomic	DNA	kit	(Sigma-	Aldrich	Co,	St	Louis),			from	16	hour	overnight	cultures	

of	 wild	 type	 and	 phage	 resistant	 strains	 F	 and	 G.	 MinION	 and	 Illumina	 HiSeq	

platforms	 were	 used	 to	 sequence	 the	 genome	 of	 E.	 coli	 S17-1	 (4,772,290	

nucleotides).	Long-read	sequences	from	the	MinION	were	used	as	a	scaffold	for	

Illumina	data	consisting	of	4.6	million	paired-end	sequence	reads	with	lengths	of	

250	 bp.	 Sequence	 assembly	 was	 performed	 using	 CLC	 Genomics	 Workbench	

version	 11.0.1	 (Qiagen,	 Aarhus,	 Denmark).	 The	 genome	 sequence	 is	 available	

under	GenBank	accession	number	CP040667.	Phage	resistant	genome	sequences	
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were	assembled	using	the	E.	coli	S17-1	chromosome	as	 template	 from	Illumina	

HiSeq	data	composed	of	0.8	and	3.5	million	paired-end	sequence	reads	of	250	bp	

for	mutants	F	and	G	respectively.	These	data	also	included	the	DNA	sequence	of	

plasmid	pZMR100	(5,580	nucleotides).	

	

Electron	microscopy.	B.	bacteriovorus	cells	and	phage	preparations	were	

visualised	using	transmission	electron	microscopy.	15	μl	of	sample	was	placed	on	

a	carbon	formvar	grid	(Agar	Scientific)	for	five	minutes	before	being	removed	and	

15	μl	of	0.5% Uranyl Acetate added for 1 minute before the grid was dried. Samples 

were imaged using a JEOL JEM1010 electron microscope. 

 

Predation kinetics experiments. Predation kinetics were assayed as described 

and reasoned in the results: experimental measurements were taken in triplicate and 

viable counting was used to enumerate phage, B. bacteriovorus and E. coli.  Two 

separate biological repeats of the experiment were run over 48 hours, with 

enumerations of all three populations every two hours by a team of four people. 

The starting prey cultures had to be established by experimentation to 

produce prey cells that were suitable for both B. bacteriovorus and phage predation. 

In the lab, B. bacteriovorus predation is usually studied using stationary-phase prey, 

whilst phage predation typically requires exponentially-growing prey; here our setup 

resulted in late-log phase prey cells that were preyed upon by both predators. E. coli 

S17-1 prey cells were pre-grown for 16 hours shaken at 37oC in YT broth. They were 

added, still in the YT broth, to 100 ml of calcium HEPES buffer (2 mM CaCl2 25 mM 

HEPES pH 7.8) to give a final OD600nm of 0.75 units (typically 20ml of overnight culture 
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added to 100 ml buffer), resulting in an average starting E. coli prey population in the 

experimental cultures of 2.9 × 108 cfu/ml.   

Into 100 ml of this prey suspension, 2 ml of an attack-phase culture of B. 

bacteriovorus HD100 was added (or 2 ml calcium HEPES buffer to B. bacteriovorus free 

controls) giving an average starting B. bacteriovorus count in the experimental 

cultures of 2.8 × 106 pfu/ml. To this, 20 µl of a pure preparation of the halo-phage was 

added, giving an average starting count in the experimental cultures of 3.7 × 106 

pfu/ml. Cultures were incubated at 29oC with shaking at 200 rpm, and samples taken 

every 2 hours. 

At each timepoint, OD600nm was measured and samples plated onto the 

appropriate agar plates for enumeration of E. coli (YT), bacteriophage halo (YPSC with 

kanamycin at 50 μg/ml, with S17-1 pZMR100 prey) and B. bacteriovorus HD100 (YPSC 

with phage-resistant S17-1 as prey).  

 

Mathematical modelling. A family of ordinary differential equation (ODE) 

models were developed to describe the population dynamics. ODEs were ideal as the 

experimental data are at the population rather than the individual level and the ODE 

model can be solved rapidly (this is important as we had to simulate the model millions 

of times for the model selection and parameter inference). Fig. 3 visualizes the 

variables, their interactions and the equations of the base model with one prey type. 

Fig. 4 does the same for the final model as well as explaining the different model 

variants. Parameters are defined in Table S1. The full sets of equations and details on 

the ODE solver are given in Supplemental Text. Each model variant was fitted to the 

experimental data shown in Fig. 2. A Bayesian framework for model selection and 



 

 301 

parameter inference was used to obtain estimates of the uncertainty of the model 

and parameters. As explicit likelihood functions cannot be derived, an Approximate 

Bayesian Computation (ABC) with Sequential Monte Carlo (ABC-SMC) algorithm was 

used as described by Stumpf and co-workers (55), for details of the procedure see 

Supplemental Text. Figs. S3 and S4 show how the fit improves with decreasing 

tolerance and Fig. S5 shows how the accepted parameter ranges narrow down 

increasingly from the broad priors. The objective choice of typical parameter sets via 

PCA is shown in Fig. S7. The open source code for running the simulations and the 

model selection and fitting are available as Supplemental Code.  

Accession	numbers.	The	nucleotide	sequences	derived	in	this	work	have	

been	deposited	with	GenBank.	The	bacteriophage	halo	partial	genome	sequence	

has	 accession	 number	 GQ495225.1	

https://www.ncbi.nlm.nih.gov/nuccore/GQ495225	 and	 the	 B.	 bacteriovorus	

angelus	 full-length	 16S	 rRNA	 sequence	 has	 accession	 number	 GQ427200.1	

https://www.ncbi.nlm.nih.gov/nuccore/GQ427200.1/.		

The	E.	coli	wild	type	strain	S17-1	genome	sequence	was	deposited	with	the	

accession	 number	 CP040667.1	

https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP040667.1	

SUPPLEMENTAL	CODE	for	Modelling:	

https://github.com/kreft/predatorprey	

FIG	S1	–S8	

TABLE	S1,	PDF	file	
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Figure	Legends	

Fig.	1.	Unique	halo-ed	plaque	morphology	from	which	the	co-isolated	
novel	B.	bacteriovorus	 angelus	and	bacteriophage	halo	were	 identified	by	
electron	 microscopy.	 (A)	 Halo-ed	 plaques	 containing	 both	 B.	 bacteriovorus	
angelus	 and	 bacteriophage	 halo	 on	 lawns	 of	 E.	 coli	 in	 YPSC	 double-layer	 agar	
plates.	 Scale	 bar	 =	 1	 cm.	 (B)	 Electron	microscopy	 of	B.	 bacteriovorus	 angelus,	
stained	with	0.5%	URA	pH	4.0.	Scale	bar	=	500	nm.	(C)	Electron	microscopy	of	a	
0.22	µm	filtrate	of	a	predatory	culture,	showing	the	presence	of	phage	particles	
with	curved	tails	resembling	bacteriophage	RTP.	Phage	were	stained	with	0.5%	
URA	pH	4.0.	Scale	bar	=	50	nm	

Fig.	2.	Kinetics	of	predation.	Measured	over	48	hours	on	late	log-phase	E.	
coli	 S17-1	 by	 bacteriophage	 halo	 alone	 (green),	 B.	 bacteriovorus	HD100	 alone	
(red);	 both	 bacteriophage	 halo	 and	B.	 bacteriovorus	 HD100	 combined	 (purple)	
versus	E.	coli	plus	buffer	control	(blue).	(A)	E.	coli	measured	by	optical	density	
(OD600nm)	(B.	bacteriovorus	are	too	small	to	register	at	OD600nm).	(B)	E.	coli	viable	
counts.	 (C)	 B.	 bacteriovorus	 HD100	 enumeration	 by	 plaque	 counts.	 (D)	
bacteriophage	halo	enumeration	by	plaque	counts.	

Fig.	 3.	 Base	 model	 with	 one	 prey	 type.	 (A)	 Diagram	 of	 the	 model	
variables	 (populations	 and	 chemicals)	 in	 circles	 and	 their	 positive	 or	 negative	
interactions.	The	arrow	colours	match	the	colours	of	the	terms	in	the	equations	in	
panel	(B)	and	the	roman	numerals	refer	to	the	list	of	processes	in	the	main	text.	
(B)	The	set	of	differential	equations	defining	the	base	model.	

Fig.	4.	Final	model	and	model	variants.	(A)	Diagram	of	the	final	model	
variables	(populations	and	chemicals)	and	their	positive	or	negative	interactions.	
The	arrow	colours	match	the	colours	of	the	terms	in	the	equations	in	panel	(B).	
(B)	The	set	of	differential	equations	defining	the	final	model.	(C)	Top	level	model	
variants	with	different	prey	phenotypes	(models	N1,	N2,	N3,	N4).	(D)	Mid	level	
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model	 variants	 –	 (Di)	 methods	 of	 development	 of	 plastic	 resistance	 to	 B.	
bacteriovorus,	(Dii)	methods	of	development	of	phage	resistance.	(E)	Low	level	
model	variants		–	predation	rate	either	saturates	at	high	prey	densities	or	not	(can	
differ	between	B.	bacteriovorus	and	phage).	

Fig.	5.	Hierarchical	model	selection	process.	This	 infers	which	model	
variants	from	Fig.	4	are	best	supported	by	the	data	(frequency	of	a	variant	winning	
out	 of	 1000).	 (A)	 Competition	 of	 models	 with	 different	 number	 of	 prey	
phenotypes.	 N1:	 one	 prey	 type	 sensitive	 to	 both	 predators	 (NS),	 N2:	 two	 prey	
types,	NS	and	phage	resistant	prey	(NR),	N3:	three	prey	types,	NS	and	NR	and	prey	
with	plastic	phenotypic	resistance	to	B.	bacteriovorus	(NP).	N4:	four	prey	types,	NS,	
NR,	 NP	 and	 prey	 with	 dual	 resistance	 (ND).	 (B)	 Competition	 of	 models	 with	
different	ways	of	converting	between	sensitive	prey	(NS)	and	plastic	resistant	prey	
(NP)	but	the	same	saturating	B.	bacteriovorus	attack	rate	(Pii)	and	non-saturating	
phage	attack	rate	(Vi).	N3-IG-Pii-Vi:	NS	 intrinsically	(spontaneously)	converts	to	
NP	and	back	conversion	is	coupled	to	growth.	N3-S-Pii-Vi:	NS	conversion	to	NP	is	
triggered	 by	 a	 signal	 and	 back	 conversion	 is	 spontaneous.	 N3-I-Pii-Vi:	
spontaneous	conversion	both	ways.	(C)	The	combined	variant	from	panel	(B)	is	in	
the	middle	and	its	‘parent’	variants	on	either	side.	N3-SG-Pii-Vi:	NS	conversion	to	
NP	is	triggered	by	a	signal	and	back	conversion	is	coupled	to	growth.	(D)	Model	
variants,	derived	from	the	combined	model	in	panel	(C),	but	differing	in	the	way	
the	signal	is	produced.	N3-SBG-Pii-Vi:	Signal	derives	from	interaction	of	prey	and	
B.	bacteriovorus	only.	N3-SG-Pii-Vi:	Signal	derives	from	interaction	of	prey	with	
both	 predators.	 N3-SVG-Pii-Vi:	 Signal	 derives	 from	 prey	 interaction	with	 virus	
(phage)	only.	(E)	Different	ways	of	generating	phage	resistance.	Phage	resistant	
prey	were	already	present	initially	or	prey	developed	resistance	de	novo	or	both.	
(F)	Model	variants,	based	on	N3-SBG	from	panel	(D),	but	differing	in	attack	rate	
saturation.	Pii:	B.	bacteriovorus	attack	rate	saturates	at	high	prey	density	while	Pi	
does	not	saturate.	Likewise	with	Vii	and	Vi	for	the	virus	(phage).	(G)	Mortality	of	
B.	 bacteriovorus	 (phage	 assumed	 to	 be	 stable)	 was	 either	 set	 to	 Hespell	 et	 al.	
(1974)	or	fitted	by	the	ABC-SMC	method.	Less	decisive	competitions	(B-D)	were	
repeated	10	times,	see	Fig.	S6.	

Fig.	6.	Comparison	of	experimental	data	(mean	values)	with	fits	of	the	
best	model	variant	(from	Fig.	5).	The	model	was	either	 fitted	using	(A-D)	all	
experimental	 data	 or	 (E-H)	 all	 data	 without	 dual	 predation	 and	 then	 used	 to	
predict	 the	outcome	of	dual	predation	 (shown	 in	H).	The	parameter	values	 for	
each	 case	 are	 given	 in	Table	 S1.	 Experimental	 data	 is	 shown	by	 symbols,	 lines	
represent	model	simulations.	(A-H)	Blue:	E.	coli	prey,	Red:	B.	bacteriovorus,	Green:	
bacteriophage	halo,	Pink:	medium	(not	experimentally	measured).	(I-L)	Dynamics	
of	 the	 sub-populations	of	 prey	 and	predators	predicted	by	 the	model	 that	was	
fitted	to	all	data,	corresponding	to	panels	(A-D).	(I-L)	Blue:	E.	coli	prey:	solid	line	
–	 susceptible	 prey	 NS,	 dotted	 line	 –	 plastic	 resistant	 prey	 NP,	 dashed	 line	 –	
bacteriophage	 resistant	 prey	 NR.	 Red:	 B.	 bacteriovorus:	 solid	 line	 –	 free	 B.	
bacteriovorus	P,	dashed	line	–	bdelloplasts	B.	Green:	bacteriophage	halo:	solid	line	
–	free	bacteriophage	V,	dashed	line	–	bacteriophage-infected	cells	I.	Pink:	medium.	
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Table	Legends	

Table	 1.	 Mutational	 changes	 present	 in	 the	 genome	
sequences	of	the	bacteriophage	resistant	mutants	

Supplemental	Legends	

Table	S1.	Description	of	model	parameters	with	their	symbols	and	units.	The	
ranges	used	for	parameter	fitting	(priors)	and	results	of	ABC-SMC	fitting	are	also	
given.	Typical	fitted	parameters	were	identified	using	PCA,	see	Supplemental	text	
and	Fig.	S7	for	an	explanation.	

Fig.	S1.	Isolation	and	peptide	analysis	of	a	bacteriophage	halo	protein	
from	the	0.22µm	filtrate.	 	(A)	SDS-page	analysis	of	the	purified	bacteriophage	
halo	 showing	 multiple	 protein	 bands.	 The	 highlighted	 ~30	 kDa	 band	 was	
extracted	and	analysed	by	MALDI	QToF	MS,	showing	homology	to	protein	RTP27	
of	the	rosette-tailed	bacteriophage	RTP.	(B)	Five	peptides	(bold)	found	by	MALDI	
QToF	MS	analysis	of	the	30	kDa	protein	from	panel	(A)	with	homology	to	the	34	
kDa	protein	RTP27	(GenBank	accession	no:	CAJ42231.1,	EMBL	Accession	Number	
AM156909.1)	of	a	rosette-tailed	phage	(RTP)	of	E.	coli	(32).	

Fig.	S2.	Plaque	morphology	from	E.	coli	lawns	on	agar	overlay	plates	
of	 (A)	 purified	B.	 bacteriovorus	 angelus	 alone	 after	 6	 days	 incubation	 and	 (B)	
when	 co-cultured	 with	 bacteriophage	 halo	 after	 1	 day	 of	 incubation,	 showing	
differences	 in	plaque	dimensions	 (bracketed	on	plate	 images	 taken	at	 identical	
magnification),	morphology	and	speed	of	plaque	formation.	

Fig.	 S3.	 The	 fit	 of	 the	 final	 model	 improves	 from	 generation	 to	
generation	in	the	ABC-SMC	method	Each	generation	lowered	the	threshold	for	
accepting	 a	 fit.	 In	 the	 final	 generation,	 all	 accepted	 fits	 have	 a	 similar	 distance	
between	simulated	and	experimental	data,	showing	that	fits	with	further	reduced	
distance	did	not	occur.	None	of	the	accepted	fits	in	the	first	generation	would	have	
been	accepted	in	the	last	generation.	The	x	axis	has	no	meaning	and	is	simply	used	
to	spread	out	the	data.	See	Supplemental	Text	for	the	distance	measure.	

Fig.	S4.	Improved	model	fit.	The	fit	of	the	final	model	to	all	data	improves	
over	the	generations,	showing	a	subset	of	the	generations	in	Fig.	S3.	

Fig.	 S5.	 Convergence	 of	 fitted	 parameters	 from	 generation	 to	
generation,	 We	 started	 from	 the	 uniform	 priors	 to	 the	 values	 after	 the	 final	
generation	 12.	 Parameters	 that	 are	 better	 informed	 by	 the	 experimental	 data	
reach	a	more	narrow	spread	of	fitted	values.	Medians	and	quartiles	from	the	final	
generation	 are	 shown	 in	 Supplemental	 Table	 S1.	 Note	 the	 log	 scale	 for	 the	
parameters.	

Fig.	 S6.	 Box	 plots	 showing	 the	 variation	 amongst	 the	 10	 repeats	 of	
model	selection.	We	repeated	the	model	selection	procedure	shown	in	Fig.	4B-D	
ten	 times	because	 finding	1,000	acceptable	parameter	 sets	with	 a	Monte	Carlo	
method	could	lead	to	some	variation	between	runs	of	the	ABC-SMC	algorithm	and	
it	is	good	to	check	whether	these	difference	are	large.	Box	plots	show	the	variation	
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amongst	the	10	repeats.	We	only	show	repeats	for	sub-model	selections	where	the	
outcome	was	not	100%	in	 favour	of	one	model	variant.	The	Bayes	 factor	 is	 the	
ratio	of	the	times	model	X	was	accepted	versus	model	Y.	

Fig.	 S7.	Objective	 selection	of	 a	 typical	parameter	 set.	Selection	was	
from	the	hundreds	of	parameter	sets	 that	gave	acceptable	 fits	and	were	nearly	
equally	good	(see	Fig.	S3).	Principal	Component	Analysis	(PCA)	was	used	to	find	
the	centre	of	the	cloud	of	parameter	sets	in	15	dimensional	parameter	space.	Four	
parameter	 sets	 that	 were	 closest	 to	 the	 centre	 were	 picked	 and	 used	 to	 run	
simulations.	Results	of	these	4	simulations	were	indistinguishable	by	eye	and	one	
of	 these	 4	 parameter	 sets	was	 then	 chosen	 as	 ‘typical’	 and	 used	 in	 Fig.	 5	 and	
reported	in	Table	S1.	

Fig.	S8.	Effect	of	varying	initial	densities.	The	model	was	simulated	using	

the	typical	parameter	values	fitted	to	all	data	in	Table	S1	,	with	either	initial	values	

from	the	experimental	data	(solid	lines),	one	order	of	magnitude	higher	than	these	

values	(dashed	lines)	or	one	order	of	magnitude	lower	(dotted	lines).	Blue:	E.	coli	

prey,	Red:	B.	bacteriovorus,	Green:	bacteriophage	halo,	Pink:	medium.	(A)	Effects	

of	initial	prey	density	on	prey	only	scenario.	(B-C)	Effects	of	varying	either	initial	

prey	(B)	or	initial	Bdellovibrio	(C)	densities	on	Bdellovibrio	only	predation.	(D-E)	

Effects	 of	 varying	 either	 initial	 prey	 (D)	 or	 initial	 halophage	 (E)	 densities	 on	

halophage	only	predation.	(F-H)	Effects	of	varying	either	 initial	prey	(F),	 initial	

Bdellovibrio	(G)	or	initial	halophage	(H)	densities	on	dual	predation.	

	
	


