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 Abstract 

Rising healthcare costs and increased population longevity have urged research and the 

development of methods for the production of biopharmaceuticals. A third of the total sale of 

biopharma are microbial recombinant products. Recently, a central feature of the microbial 

populations in fermenters is that of heterogeneity at single cell level.  

Considering the cellular heterogeneity, population level analysis used for bioprocess 

optimisation and control is misleading. Individual biological entities, their properties and their 

interaction with one another and the environment determine the overall behaviour monitored 

at population level. As far as protein production, the cellular variability is important for 

industry, because the yield affects the bioprocess’ profitability and viability.  

To predict cellular behaviour, cells in balanced growth are required. The fermentation 

methods that give balanced growth are batch and continuous. The present thesis investigates 

heterologous protein production in E. coli at single cell level. Most measurements at single 

cell level to unravel heterogeneity use fluorescence, hence the expression system includes 

green fluorescent protein (GFP).  

The main areas of this thesis are fermentations characteristics at single cell level in host and 

recombinant E. coli at different growth rates on glucose or glycerol substrate. The techniques 

used to quantify heterogeneity are flow and image cytometry. This work gives new insights 

into the cellular heterogeneity that exists in bioreactors and the extent of which it affects the 

bioprocess. Focusing on cellular physiology and metabolism of cells used for recombinant 

protein production, this work may further facilitate the use of bacteria as cell factories.  
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Chapter 1 Introduction 

 

1.1 Overview 

Recombinant proteins (RP) are a class of biological drugs that have revolutionised the 

treatment of various conditions such as diabetes, cancer, multiple sclerosis, arthritis and many 

more (Sarpatwari et al., 2015, Kelly and Mir, 2009). By definition, biological drugs 

(biopharmaceuticals) are pharmaceutical products produced through biotechnology methods, 

using recombinant DNA techniques in living host cells. The hosts can be mammalian, 

bacteria, yeast, insect or plant cells. While insects, plants and yeasts remain of limited 

industrial uptake for the large-scale production of RP, there is a clear dominance of 

mammalian and bacterial systems. Facilities using mammalian cell culture reduced from 

81.1% in 2017 to 79.3% in 2018, which was also recorded in 2016. Conversely, there was an 

increase in facilities using bacteria for protein production from 37.5% in 2016 to 47.8% in 

2018 (Figure 1.1).  

 

Figure 1.1. Biopharmaceuticals manufacturing system trends 2007-2018 (Langer, 2019). 

Recombinant proteins, such as insulin have existed for decades, but newer biologics are 

becoming available for treating a range of conditions. The cost of newer biologics is 

enormous, and the demand is high, driven by both doctors and patients seeking to improve 
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prognosis in incurable diseases. Biologics are the most expensive drugs available on the 

market, forecast to reach 394 billion sale by 2024 (Langer, 2019). Seeking strategies to reduce 

the cost has become a key priority. The cost savings for biologics is limited, because they are 

complex molecules, harder to produce than a chemically synthesised drug. The challenge to 

cut costs may be large, but not impossible. 

This work refers to the production of recombinant proteins, which represent a major class of 

biopharmaceuticals. Simply structured recombinant proteins that do not require post-

translational modifications are produced preferentially in microbial cells (Jagschies, 2018). 

The most commonly used microbial host in industry is Escherichia coli. Manufacturing 

recombinant proteins is a complex process that starts with the cultivation of the cells, 

followed by downstream processes (Chirino and Mire-Sluis, 2004). Despite many advances in 

recombinant microbial cell lines, a central issue in recent years is the heterogeneity in 

protein production (Figure 1.2).  

 

Measurements of heterogeneity in bioreactors are essential for informed decisions regarding 

bioprocess optimisation and control. Process performance depends largely on the number of 

metabolically active cells, which becomes visible only through single cell measurements. At 

Figure 1.2. Schematic representation of heterogeneity in protein production. A 

subpopulation of cells with reduced protein synthesis lowers the average yield of 

bioprocess (Delvigne and Goffin, 2014). 
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this level, cell physiological state, proliferation and viability help with understanding the 

cellular variability and the ways by which microbial fermentations may be optimised and 

controlled. 

It has been pointed out that heterogeneity in microbial production cell lines causes lower 

yields in bioprocess (Baert et al., 2015). More recently, reducing heterogeneity and promoting 

homogeneity seems a strategy for forcing cells into high productivity (Binder et al., 2017). 

However, there is no recorded consensus. There are now indications that the more 

heterogeneous a system is, the higher the productivity (Fragoso-Jimenez et al., 2019).  

Whilst heterogeneity affects the bioprocess, current monitoring of process parameters 

addresses the whole population and does not routinely include measurements of 

heterogeneity. To address this issue, single cell measurements were made using Flow 

Cytometry (FC) with Fluorescence Microscopy (FM) to characterise an E. coli population 

grown in a fermenter used for recombinant protein production. A number of fluorescent 

approaches were used to measure heterogeneity. The expression system allows the production 

of a high level of intracellular protein, which is a soluble variant of GFP. The system is 

chemically inducible, mediated by isopropyl β-D-1-thiogalactopyranoside (IPTG), added to 

induce protein expression. 

There have been several reports of applying fluorescent approaches in studies of microbial 

heterogeneity for bioprocess (Delvigne and Goffin, 2014, Binder et al., 2017, Baert et al., 

2015, Fragoso-Jimenez et al., 2019, Delvigne et al., 2009). These reports, however, originate 

from a nearly identical group, hence the suggestions may be biased, although currently are of 

opposite stance. Whilst these studies use fed-batch, which remains the gold standard in 

industry for RP production, it is not the right choice for investigating microbial heterogeneity. 

Fed-batch fermentations are highly variable environments, with permanently changing system 

dynamics. The existence of gradients of different nature creates different cell phenotypes. The 

most important gradient remains the nutrient concentration. Near the feeding point, at the top 

of the fermenter, the cells grow at maximum growth rate. In the lower part of the fermenter, 

accentuated by poor mixing, cells have a lower growth rate, with substrate limitation. This 

deems fed-batch as a limited technique for investigating heterogeneity, with the observed 

phenomena dependent on the growth rate and sampling time. 
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What is needed is a methodology where a culture can grow at a constant growth rate, 

unaffected by time and gradients. This condition is known as “balanced growth”, defined by 

Campbell as follows: “Growth is balanced over a time interval if, during the interval, every 

‘extensive’ property of the growing system increases by the same factor” (Campbell, 1957). 

In balanced growth, the cell increases exponentially in size, while maintaining the 

concentrations of cellular components constant, acquiring a ‘steady state’ (Hagen, 2017). Two 

cultivation methods achieve cells in balanced growth: batch at mid-exponential point of 

growth and continuous. Neither are standards for bioprocess nor cited in research for 

illustrating heterogeneity, but both provide cells in “balanced growth” which is a basic 

requirement for investigating heterogeneity in microbial bioreactors. Here the fed-batch 

limitation as a methodology is addressed by investigating E. coli cell dynamics in conditions 

of excess and limited-nutrient at bioreactor scale using batch and continuous cultivations. 

Continuous cultivations in particular add extra motivation to present work. There is a call for 

continuous bioprocessing for pharmaceuticals, driven by a rising global requirement for 

biological drugs. Continuous cultivation declined in popularity after the 1970s due to the 

widespread belief that they are difficult and impracticable. Recently, there has been an 

increased demand for flexibility with disposable bioprocessing adopted at many scales of 

manufacturing. The need for cheaper bioprocesses with improved productivity remained a 

major challenge. Continuous bioprocessing as production strategy has attracted attention in 

recent years as cost-optimised, but is lagging behind (Konstantinov and Cooney, 2015).  

Furthermore, this work used a growth media with a single factor limitation. The media 

commonly used in research as “minimal media” does not allow balanced growth and is not 

suitable for physiological studies of bacteria. This is due to multiple nutrient limitations 

(Appendix A). 

 

1.2 Research Objectives  

The aim of this work was to understand how microbial heterogeneity influences the 

bioprocess for the production of recombinant proteins. As representative for zones of 

substrate gradients in industrial fed-batch fermentations, this work addresses the heterogeneity 

in conditions of excess and limited substrate. For excess substrate, the method is batch with 

focus on the mid-exponential point, whilst for limited substrate the method is chemostat 
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growth. Both methods produce cells in balanced growth, an important prerequisite for 

investigating microbial heterogeneity.  

To apply continuous cultivations in a meaningful way, two kinetic issues are considered. The 

first is the nutrient that stoichiometrically limits growth. This is the sole carbon source, all the 

other components being present in excess. The second is choosing the growth rate for 

chemostat operation. These two considerations demand preliminary batch cultures, with the 

same growth medium and conditions. Fermentations in relation with critical process 

parameters were examined. Operating variables such as pH, dissolved oxygen and 

temperature, all impact on the physiology and metabolism of bacterial single cells. For this 

purpose, the population is monitored before addressing the single cell heterogeneity.  

Following on, the main experimental part addresses the microbial heterogeneity in conditions 

of excess nutrient and limited nutrient growth. To study heterogeneity, experiments consist of 

fermentations in a stirred tank reactor (STR). At single cell level, the process is characterised 

in terms of membrane integrity, membrane potential and cellular morphology, and the 

heterologous protein itself in recombinant strain. The production of RP introduces a level of 

stress to the host cell, as it diverts from the cell’s native sources to produce a non-native 

product: the recombinant protein itself. 

The main objectives of this study were: 

(a) To study the cellular dynamics in fermentations with host E. coli on glucose as the 

sole carbon source.  

(b) To characterise the cellular dynamics in fermentations with recombinant E. coli on 

glucose as sole carbon source.  

(c) To investigate the cellular dynamics in fermentations with host E. coli on glycerol as 

the sole carbon source.  

(d) To analyse the cellular dynamics in fermentations with recombinant E. coli on 

glycerol as the sole carbon source.  

 

1.3 Outline of thesis  

The findings of this study are organised as follows: 

Chapter 2 reviews the literature relating to microbial heterogeneity in bioprocess, which 

highlights the need for single cell analysis and its underpinnings: fluorescence. It outlines the 
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single cell methods used in this work: Flow Cytometry and Fluorescence Microscopy. 

Fermentation methods for producing biopharmaceuticals are summarised, focusing on E. coli 

as the current object of study.  

Chapter 3 details the experimental set up and methodologies used during this work and, with 

justification for fluorophores selection. 

Chapter 4 describes the detailed experimental work and results on host E. coli W3110 grown 

on glucose minimal media. 

Chapter 5 presents the results of experimental work performed on recombinant E. coli 

CLD1301 on glucose minimal media. 

Chapter 6 discusses the results from the experimental work on host E. coli W3110 on 

glycerol minimal media. 

Chapter 7 presents the results of experimental work on recombinant E. coli CLD1301 on 

glycerol minimal media. 

Chapter 8 provides the general conclusions of this thesis and suggests further work.  

Each chapter documenting experimental work (chapter IV-VII) contains abstract, 

introduction, description, discussion and conclusions. 
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Chapter 2 Literature review 

 

2.1 Heterogeneity – a possible bottleneck in protein production 

This section covers the microbial heterogeneity used to produce recombinant proteins in 

fermenters. Many papers address microbial heterogeneity, but only a handful of contributions 

show its importance in the field of biotechnology. This may be due in part to the scope of 

biotechnology, focusing on product rather than the cell producing it.  

Protein production in bacteria was investigated in the past using population averages. The 

expression levels of an inducible gene were blindly accepted as identical to the average and a 

function of the concentration of the inducer. Contrastingly, single-cell techniques identified 

the heterogeneous nature of gene expression in bacterial populations. There can be criticism 

on many fronts, on media, on technique, on limitation, on not investigating cell morphology, 

but overall it is an opportunity to re-open the discussion for single-cell analysis in the 

bioprocess.  

Msadek’s hypothesis is that bacterial heterogeneity is a survival strategy by which cells adapt 

to changing environments (Msadek, 1999). This is explained for both natural environments 

and industrial bioreactors. In natural environments, cells experience continuous nutrient 

fluctuations, adapting from “feast” to “famine” and “hunger”. In large industrial bioreactors, 

the cells circulate through alternating zones of nutrient upshift and downshift. The zones are 

caused primarily by substrate gradients and are accentuated by poor mixing (Baert et al., 

2016, Baert et al., 2015, Delvigne et al., 2009).  

Simulating large scale heterogeneity from an industrial fermenter into a small and well mixed 

bench reactor has been problematic. All of the current observations on heterogeneity in a 

bioprocess focussed on batch and fed-batch fermentations and some on agar plates. No 

approach has so far followed heterogeneity by returning to the old idea of cells in “balanced 

growth”. Furthermore, the lack of consensus concerning the effect of cellular heterogeneity on 

the bioprocess makes a causal effect hard to establish. 

Few other authors brought different reports; nevertheless, Delvigne presented the main 

contributions. Earlier works suggested that microbial heterogeneity leads to decreased product 

yields, which affects both the profitability of the bioprocess and the cost of drugs (Delvigne 

and Goffin, 2014). In a later paper, Delvigne further encouraged strategies for attaining 
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homogeneity for higher process performance (Binder et al., 2017). It might be expected that 

heterogeneity is detrimental to the bioprocess and thus seek strategies to reduce it.  

New research from Delvigne’s group has revealed that this is exactly the opposite of what 

happens, with an emphasis that the more heterogeneous a system is, the higher its 

performance (Fragoso-Jimenez et al., 2019). The author further proposes a re-examination of 

the widely accepted idea that heterogeneity is unwanted in a bioprocess (Fragoso-Jimenez et 

al., 2019). The persistent activities of Delvigne’s group show that the bioprocess industry is 

breaking away from the traditional averaged values and is re-investigating single cell analysis. 

This is a necessary movement for understanding the process on a large scale, which would in 

turn allow process control and optimisation.  

By definition, heterogeneity means multiple cell types with an individual specificity. In an 

isogenic cell line, if cells maintain their genetic makeup, they are a homogenous population 

from a genetic viewpoint. However, cells from a homogeneous genetic population are 

different from one another in many, if not all, “non-genetic” ways - this is termed phenotypic 

heterogeneity. It has been described as different cellular states, caused by the cell cycle or the 

effect of stress on a single cell. Phenotypic heterogeneity has also been related to fluctuations 

in cellular components, such as RNA and protein levels (Li and You, 2013). The cell history 

and local environments experienced by the cell, related to cell density and cell-to-cell contact 

further increase microbial heterogeneity (Snijder et al., 2012).  

As research continues to monitor phenotypic heterogeneity, it becomes more obvious that 

there is much more to it than was originally thought. While the factors promoting cellular 

heterogeneity are multiple, the understanding and utilisation of bacteria as cell factories 

necessitates the analysis of heterogeneity. There are many ways to decipher microbial 

heterogeneity, but this work focuses on two single cell techniques: Flow Cytometry (FC) and 

Fluorescence Microscopy (FM) - detailed in Section 2.3 Cytometry – single cell analysis. At 

individual cell level, fluorescence and shape descriptors are analysed.  

 

2.2 Fluorescence in biotechnology 

For unravelling cell heterogeneity, almost all measurements use fluorescence. By applying 

fluorescent approaches, one can measure and monitor an increasing number of processes in 

single cells. Chalfie illustrated gene expression, protein localisation and dynamics, and cell 

division to name just a few (Chalfie et al., 1994).  



11 

 

The signal measured is fluorescence intensity (Scholz et al., 2000); the signal provides a 

measure of a certain parameter or property of the cell, for which there is often a linear 

relationship. This is not normally applicable to viability dyes, where the measured principle is 

membrane exclusion. The measured parameter is, with some uncertainty intrinsic or extrinsic. 

Intrinsic fluorescence originates from fluorescent proteins (FP) or cellular components 

(NADH, tryptophan). The nature of FP as intrinsic parameters is, however, arguable, since 

they are non-native to the cell. Extrinsic fluorescence refers often to dyes (probes, stains or 

chemical fluorophores). 

 

2.2.1 Green Fluorescent Protein (GFP) – The Green of Biology 

The use of green fluorescent protein (GFP) revolutionised research in biological systems. 

First isolated from the jellyfish Aequorea victoria in 1962, GFP was a companion protein to 

aequorin (Tsien, 1998, Shimomura, 2005). Morin and Hastings named aequorea GFP as 

native GFP or wild-type GFP (wt-GFP) (Morin and Hastings, 1971). Green fluorescent 

proteins exist in many coelenterates, but only GFP from jellyfish has been well characterised 

(Tsien, 1998). Under UV excitation, the protein fluoresced green, a revelation that facilitated 

conducting further research with the aim to expand excitation spectrum. 

Fluorescence arises from the interaction of light with a molecule that is able to fluoresce, 

called a fluorophore. The molecule that fluoresces may be a chemical fluorophore (probe), a 

FP (GFP), or an intrinsic biochemical molecule (NADH, FAD, and tryptophan). The 

fluorophore absorbs light at one wavelength and re-emits at another. The absorption and 

emission spectra are usually mirror images of each other, which is a general rule for simple 

fluorophores, known as Kasha’s rule. Wild type-GFP is not a good choice for living cells 

because UV light can damage living cells. Its excitation spectrum has been optimised with a 

single point mutation S65T (Ser-Thr).  

The strength of wt-GFP lies in its small size, formidable stability, with no photo-bleaching 

(i.e. loss of the ability to emit light) and low toxicity (March et al., 2003, Prasher, 1995). The 

protein, encoded by a single gene is synthesised from moieties from its own polypeptide 

chain, requiring only oxygen for maturation. Its remarkable properties come from its compact 

barrel-shaped structure with 238 amino acids (26.9 kDa), comprising of 11 β-strands on the 

outside, threaded by an α-helix (Figure 2.1).  
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Figure 2.1. Tertiary structure of GFP, displaying can (barrel) shape with 11 β-strands and a 

threaded α-helix. The chromophore is in the middle of the β-barrel, in yellow (created using 

Litemol). 

 

The fluorophore is in the α-helix and forms spontaneously from the oxidation of a tri-peptide 

motif Ser65-Tyr66-Gly67 (Cubitt et al., 1995). As the fluorophore is contained in a 

constrained β-can environment, the fluorescence of wt-GFP is resistant to environmental 

changes. Moreover, GFP is non-toxic, hence it can be highly expressed in many hosts, with 

minor effects on cellular physiology (Chalfie et al., 1994).  

In spite of its early 1960’s discovery, cloning the gene for GFP occurred later. Two articles in 

1994 simultaneously cited wt-GFP as a marker for gene expression. Studies by the two groups 

were conceptually the same; one study produced fluorescence in the worm Caenorhabditis 

elegans, and the other in E. coli (Tsuji, 2010). The cloning of GFP in heterologous hosts 

opened up a new era in biotechnology. In any biological system grown under aerobic 

conditions, the expression of the GFP gene leads to the appearance of a colour signal, which 

serves for labelling and detection.  

The properties of wt-GFP, although massively useful, were far from ideal. The peak 

excitation of wt-GFP is 395 nm, while the emission maximum is 509 nm (Ward et al., 1980). 

An extensive amount of work has been done since to create GFP variants, by changes in the 
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primary aa sequence. Nowadays, a whole family of related FP with a diversity of features 

exist (Figure 2.2). There is still a long way to go, as most FP are clustered within two regions 

of the visible spectrum (cyan-green and orange-red). 

 

As a host cell, E. coli grows at a range of temperatures, as low as 8⁰C. Nevertheless, the 

design of the experiment depends largely on the desired product or the FP used as a marker 

for monitoring gene expression. It has been established that the oceanic habitat of the jellyfish 

Aequorea victoria dictates the folding temperature of wt-GFP. Below or at room temperature, 

wt-GFP folding and expression declines at higher temperature. It is beyond dispute that 

experiments at 37⁰C are not suitable for expression studies, where the protein or its chimeric 

partner is wt-GFP. A temperature higher than the optimum leads to reduced maturation with 

decreased fluorescence and poor protein quantification.  

The applications of GFP for expression studies in mammalian systems require optimal folding 

at 37°C. Mutations in the fluorophore region and in the surrounding β-barrel have created FP 

with altered photo-physical properties, better suited for mammalian applications with 

optimised folding at 37°C. From the array of possible FP, the characteristic of each one of 

them is crucial for experimental design.  

The following should be stressed: 

 “The desired product is the determinant for experimental design.” 

Figure 2.2. Summary of emission maxima in GFP-like proteins family for biotechnology 

applications. GFP from A. victoria and its mutants are shown above the rainbow bar (Matz et 

al., 2002). 
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2.2.2 Properties of FP for gene expression studies 

The use of FP is common to biological systems and there are several biotechnological 

applications. The most important is for bioprocess monitoring (March et al., 2003). Several 

characteristics of FP have been optimised, that account for the popularity of FP to visualise 

physiological processes, to report on gene expression or protein localisation at single cell 

level. However, there is no single best FP for single cell studies of gene expression. To guide 

decisions about the right FP, brightness, photo-stability and spectrum are primarily 

considered. 

Brightness is an important requirement, in that the signal is “bright” enough for detection 

above the auto-fluorescence threshold. For measuring protein expression using FP, the FP 

signal needs to be separated from other fluorescent signals that co-exist in a cell and that of 

the media components. For this reason, in single colour applications, FP is either highly 

expressed using a strong promoter or red-shifted on the spectrum.  

Photo-stability is important in measuring FP signal, in that the fluorescent signal is imaged 

for the duration of the experiment. All FP will eventually photo-bleach so choosing the most 

photo-stable protein is crucial for experiments spread over many hours. Photo-stability of FP 

may be affected by various external factors (pH, temperature, excitation light intensity), but 

most GFP variants are resistant to environmental changes because they retain the β-barrel 

structure. GFP variants are the “molecular laboratory rats” that serve well for gene expression 

studies, as they are readily expressed in heterologous hosts. 

Spectrum is an important consideration for choosing a FP. Each FP has its own excitation 

and emission (ex/em) peaks, which have been optimised for single cell expression studies. An 

excitation maximum of 488 nm is desirable as it is detected with a blue 488 nm laser, the gold 

standard in cytometry. Moreover, the development of GFP variants allowed enough spectral 

separation for dual-colour labelling. The most important consideration that remains is 

choosing a GFP protein that the system can detect.  

 

2.3 Cytometry – single cell analysis  

Sufficient evidence exists to indicate that microbial populations in fermenters are 

heterogeneous. The work of Delvigne should be noted here. In his latest work, Delvigne 

concludes that heterogeneity is beneficial for recombinant protein production (Fragoso-
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Jimenez et al., 2019). His finding is based on reducing the growth rate of E. coli cells grown 

on glucose minimal medium by gene knock-outs in batch cultivations. He emphasises that 

reducing the growth rate increases the heterogeneity, which increases the production of GFP 

as heterologous protein.  

While in most papers on heterogeneity, no details of the purpose and significance in a 

bioprocess are given, there is a common idea that runs through their work: heterogeneity is a 

complex phenomenon, much more extensive than once thought. To detect and quantify 

heterogeneity in a bioprocess, the analysis requires single cell techniques. Measurements of 

single cell properties are readily summarised as cytometry.  

Cytometry analyses single cells as they are – individual entities in a heterogeneous culture. 

For cells found in a flow of fluid, the technique is “cytometry in flow” or flow cytometry 

(FC). For cells found on slides, single cell cytometry involves a microscope. Both are 

powerful techniques for examining heterogeneity, but limitations of each method require a 

combined approach to ensure accuracy. For example, FC has been applied for the assessment 

of bacterial morphology, but cell morphology is better suited for microscopic analysis. Hence, 

for quantifying heterogeneity, combining single cell methods is preferred.  

Overall, FC and FM quantify the following: 

(a) Patterns of gene expression (Miyashiro and Goulian, 2007, Galbusera et al., 2019); 

(b) The number of cells in a population as an indication of growth (Frossard et al., 2016, 

Muthukrishnan et al., 2017); 

(c) The analysis of a population into live/dead/injured subpopulations (Stiefel et al., 2015, 

Robertson et al., 2019);  

(d) The detection of active/inactive cells (Jernaes and Steen, 1994, Goormaghtigh and Van 

Melderen, 2019); 

(e) Cell morphology (Jones et al., 2001, Katz, 2003).  

 

2.3.1 Flow cytometry 

Of the techniques available to analyse single cells, few are as widely employed as flow 

cytometry (FC). For characterising a population in its diversity, FC is rapid, sensitive and 

high throughput, assaying thousands of cells. In microbial applications, FC provides 
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information about different sub-populations of cells related by chemical and physical 

parameters (Vasdekis and Stephanopoulos, 2015). The variability that exists in a microbial 

population has important consequences for the productivity and stability of industrial 

fermentations.  

Studies made with FC provide single-cell information that is unavailable with traditional bulk 

methods. In some cases, however, this information may be limiting. For example, FM may be 

better suited for analysing cell morphology as it allows visualising the cells, however, the 

amount of data from FM is meagre compared to that from FC. At the same time, FC is better 

suited for bioprocess optimisation and control, allowing near real-time measurements. No 

single method, however, can answer an argument, so combined single cell techniques are 

often used.  

In characterising heterogeneous populations, FC is a powerful method. It has advanced 

understanding of recombinant E. coli in fed-batch fermentations (Hewitt and Nebe-Von-

Caron, 2001, Lewis et al., 2004). Fed-batch is the gold standard of industrial fermentations, as 

it allows a high cell density culture with an increased product yield. This cultivation mode, 

however, is inherently dynamic in nature, with no “steady state”. It is important to reiterate 

that physiological studies require cells in “balanced growth” (see Section 2.6.3 Balanced 

growth), found either in mid-exponential batch or in “steady state” continuous cultures. 

Nearly all papers published at present addressing physiological questions completely miss 

two issues: the choice of method and the growth media. This is especially true for work in the 

field of biotechnology, which also emphasises the general lack of observations for the third 

issue: cell morphology. Egli systematically considered the first two issues (Egli, 2015). Their 

disregard was previously observed by Dawson who wrote “regrettably, the fact that growth is 

indeed basic to the discipline goes largely ignored in the general practice of microbiology and 

related endeavours. The omission often leads to superficial experimentation and much wasted 

effort, thus cluttering the literature with a lot of meaningless data” (Dawson, 1985). 

(a) Principles of flow cytometry 

In FC, cells in suspension “flow” continuously through a detector system one-by-one. To 

support a single orderly manner and avoid clumping, a prerequisite is sample dilution. A 

concentration of 104 cells/mL is too low, whereas 5 x 105 - 107 cells/mL is more appropriate 

(Shapiro, 2002). In all fairness, if cells flow as “single” entities through the interrogation 
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point is impossible to tell, particularly in the view that a later “gating” stage eliminates the 

doublets.  

A buffer solution (the sheath fluid) introduces the cell suspension into the flow cytometer for 

analysis. To accurately measure parameters of single cells, cells are “forced” in the centre of a 

sheath stream of fluid. For precise positioning of cells in a liquid jet, most cytometers use 

hydrodynamic focusing (Kachel et al., 1990). This way the cells pass from a zone of wide 

tubing towards a zone of narrow tubing (Figure 2.3). An acoustic focusing technology was 

developed by Drs Kaduchak and Ward (Ward et al., 2009). Acoustic focusing allows samples 

to be run 10 times faster, while maintaining the operational sensitivity. This principle lies at 

the basis of the Attune Nxt Acoustic Focusing Cytometer (Life Technologies, Carlsbad, CA, 

USA).  

The cell suspension flows towards a laser aimed at the suspension’s path.  The laser is either 

blue (488 nm), or in more sophisticated instruments, a combination of lasers, such as red (633 

nm) and violet (405 nm). As the cells align one-by-one in front of the laser, an optics system 

measures parameters of single cells. These are light scattering and fluorescence, detailed 

below: 

  

Figure 2.3. Hydrodynamic focusing of a sample in flow cytometry. 
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(b) Measurements of light scattering  

Two detectors measure the light scattered by a cell at different angles. A detector sits opposite 

the 488 nm laser and collects light scattered at 0.5⁰ to 5⁰ from the incident light beam as FSC 

(forward scatter). Another detector, known as SSC (side scatter) collects light scattered at 

right angle to the laser beam (Figure 2.4). 

 

 

Figure 2.4. Flow Cytometer model (created in Autodesk Inventor). There are four basic 

components: fluidic system, laser, optics and electronics/external computer system. A laser 

excites the fluorophores on the cells as cells pass through the flow chamber. Light scatter 

signals are collected at two angles: FSC (488/10 nm) and SSC (488/10 nm). Light emitted 

by the cells is directed through three dichroic mirrors (DM) and filtered spectrally on 

different channels: BL1 (530/30 nm), BL2 (574/26 nm), BL3 (694/40 nm). The 3 DM are 

DM 495LP, DM 555LP, DM 650LP (see Appendix B). 

 

The most basic way of visualising FC data is a scatter plot. Light scatter signals are collected 

with the FSC signal on the X-axis and the SSC signal on the Y-axis (Figure 2.5). A “gate” 

placed on a population of interest isolates the respective population. The “gate” separates the 

population for further analysis (Figure 2.5). The gating of a population is ultimately user 

dependent.  
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It has been widely acknowledged in FC that FCS gives information about the cell size since 

Melamed has shown that the intensity of scattered light was proportional to its volume 

(Melamed et al., 1979). A great amount of work investigated bacterial cell size through FCS. 

Koch established formulae for calculating E. coli biomass using FCS signals (Koch et al., 

1996). Contrastingly, Shapiro stated that although FSC may give details about the cell size, it 

will more likely not (Shapiro, 2002). His argument was based on FSC not being a 

monotonous function of cell size.  

The problem with FSC is the minute bacterial size. This could limit the ability to distinguish 

small cells from a large amount of debris (Figure 2.5). A 10 µm cell might give a higher FSC 

signal than a 2 µm cell. However, when the particles are small rods, such as E. coli cells, it 

may be impossible to tell on which side of the cylinder the laser goes through. Shapiro further 

suggested that FSC signals may prove more accurate for detecting changes in size in spherical 

bacteria more than rods (Shapiro, 2005). Given the minute cell size, FSC in small diving 

bacteria could only show a small signal difference. In all events, FSC represents a signal for 

Figure 2.5. Scatter plot of recombinant E. coli CLD1301, uninduced and unstained used as 

control. A: A gate (R2) is applied to the bacterial population. Grey area is debris. B: 

Fluorescence data from the gated population R2 separates it into three further 

subpopulations: R1 (un-induced cells), R3 (dead cells) and R4 (induced cells). 

B A 
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whether or not the particle being analysed fluoresces, triggering the instrument to recognise 

an “event”.  

A vast amount of evidence confirms that many factors influence FSC signals, such as a cell’s 

refractive index or its internal structure (Shapiro, 1977, Kerker et al., 1979, Loken et al., 

1976, Hu et al., 2018, Holme et al., 1988, Sharpless et al., 1977). The cell membrane is 

partially responsible for maintaining a difference in refractive index between the cell and the 

media. In the absence of a membrane, no difference in refraction would exist and the cells 

would not scatter any light. Therefore, cells with damaged membranes (permeable to viability 

dyes) generally have lower refractive indices, with smaller FSC signals. This may suggest that 

smaller FSC signals represent cellular death, but discriminating between live and dead 

subpopulations by FSC signals is not clear-cut since the signal is also dependent on other 

factors (Novo et al., 2000, Shapiro, 2005). Lower FCS signals may also occur with increased 

cell volume in osmotic swelling while preserving membrane integrity.  

Another widely acknowledged concept in FC is that SSC gives information about granularity. 

Granularity is a feature of mammalian cells. In bacteria, SSC may be an indicator for dry cell 

weight and total protein content. Ward pointed out that the information from SSC and FCS 

signals becomes similar when the analysed particles are small (Ward et al., 2009). This 

originates from a background interference much higher in FSC than SSC, as cells scatter 

more light at small angles than at larger ones (Ward et al., 2009). Nevertheless, light scatter 

measurements are useful, when taken in context.  

(c) Measurements of fluorescence 

To characterise a population of interest at single cell level, FC uses fluorescence by labelling 

cells with fluorophores. Fluorescence-based FC has been applied in a variety of studies. It has 

identified microorganisms that are viable but not culturable (Kramer and Thielmann, 2016). It 

has been applied for assessments of membrane permeability (O'Brien-Simpson et al., 2016, 

Marba-Ardebor et al., 2016), membrane potential (Rezaeinejad and Ivanov, 2011, Novo et al., 

1999) and heterologous protein expression (Richard et al., 2007, Brognaux et al., 2013). In 

any bioprocess, the unique advantage of FC remains the rapid near real-time measurements 

for monitoring and control.  

When using multiple fluorophores to stain a cell of interest, ideally the fluorophores have 

different emission spectra, so that filters and mirrors in the optical bench separate the signal 
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from one another. Two possible limitations may occur when measuring fluorescence: “spill-

over” and “auto-fluorescence”, detailed below.  

“Spillover” occurs when simultaneously using two or more fluorophores, and the emission 

spectra overlap to varying degrees. The detector will see the combined signal of both. To 

distinguish the signal of a fluorophore from another, the “spill-over” is removed through a 

further mathematical correction called “compensation”. Compensation depends on the user’s 

knowledge, and this may represent a limitation.  

The auto-fluorescence originating from media and cells may be a problem in itself when 

fluorescence is an indicator for protein expression. The inherent auto-fluorescence of bacterial 

cells is the result of fluorescent cell metabolites, such as flavins, NADH/NADPH and 

lipofuscins (Billinton and Knight, 2001). A high auto-fluorescent signal becomes misleading 

in cases of low-level protein expression and harder to separate from the real FP signal. For 

precise measurements of the FP signal, the auto-fluorescence needs to be deducted from the 

total signal. A strategy to bypass the cellular auto-fluorescence is using a fluorescent protein 

with a strong signal, detected easily above auto-fluorescence.  

(d) Assessing membrane integrity 

The most basic question in a bioprocess is whether the bacterial cell is dead or alive. The 

notion of viability, however, has wide meanings and largely depends on the technique 

employed. In a bioprocess, the accurate quantification of the viable biomass is essential to 

enable informed decisions on process control and optimisation. It is clear that a bioprocess is 

successful if it maintains a high cell viability that supports a high productivity. Otherwise, a 

high number of dead cells would be counterproductive.  

The question of what is “viable” remains unanswered. Traditionally a cell was viable if it was 

“capable of diving to form one or more live daughter cells” following plating (Postgate, 1969, 

Davey, 2011). Assessing viability by plating has nil applications in a bioprocess, where there 

is a need for real-time techniques. Fluorescence-based assays investigating the status of the 

cell membrane were increasingly applied to assess viability in bioprocess. When labelling 

cells with fluorophores for evaluating microbial viability, however, a knowledge of the dye 

itself as well as the physiology of the target cell are required. The assessment of the 

membrane integrity in bacteria is complicated because of a complex interaction between the 

fluorophore and the cell, depending on the pores and pumps in the cell membrane and the 

existence of a cell wall.  
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A review of fluorophores is required for a critical analysis. Membrane permeability assays are 

based on the exclusion of a large dye, such as propidium iodide (PI) that does not normally 

cross the cell membrane. PI has been widely used in research since 1973, to label dead cells 

based on its fluorescence enhancement after binding to nucleic acids, which are plentiful in 

bacteria (Hudson et al., 1969). Typically, membrane integrity assays combine the dead cell 

indicator (PI) with a membrane permeable DNA-counterstain, such as fluorescein (FITC). 

FITC stains all cells green, but in “dead” cells, the red fluorescence of PI replaces FITC. 

Based on different emission spectra, the fluorescent signals of PI and FITC are separated with 

ease, dividing the population into the desired “live” (FITC+) and undesired “dead” (PI+) 

subpopulations.  

PI staining of bacteria may distinguish apoptotic from necrotic cells (Kramer et al., 2016). 

Other studies point towards limitations of PI in that it stains viable cells in adherent biofilms 

(Rosenberg et al., 2019). Membrane integrity assays normally show a significant damage to 

the cell membrane. The loss of the membrane signifies the loss of all associated functions: 

transport, respiratory activity and permeability barrier. Whilst PI remains a popular dye for 

assessing membrane integrity, there is no all-encompassing test for assessing viability, so 

combining a range of viability indicators to characterise the physiological state of the cells in 

a population is essential. Considerations for each fluorophore used in this work are discussed 

in Chapter 3. 

(e) Assessing membrane potential  

No single method identifies all physiological traits (Barer and Harwood, 1999). Membrane 

potential (MP) assays generate a wider perspective on the cell physiological state 

(Rezaeinejad and Ivanov, 2011). By assessing the physiological state of individual cells, MP 

assays are of immense use for industrial process monitoring.  

MP is the difference in electrical potential that exists across the membrane. It is a result of the 

selective permeability of biological membranes to various ions and the activity of various 

pumps. Key enzymes responsible for metabolism are located on the inner surface of the 

cytoplasmic membrane, and the difference in MP, typically 100-200 mV often correlates with 

cell metabolic or functional activity. The inside of the cell is negatively charged, relative to 

the outside.  
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MP reflects both an intact cytoplasmic membrane as a viability indicator, and the 

maintenance of cell metabolism as a physiological indicator (Shapiro, 2000). Primarily all 

metabolically active cells with intact cytoplasmic membranes maintain MP, hence studies of 

MP are used to assess viability (Diaz et al., 2010). When MP tends towards zero, there is 

membrane damage, with ions travelling freely through it. This may not necessarily mean 

death, but a compromised cell with decreased cellular functions, including biosynthesis of 

proteins and DNA, efflux pumping and respiration activity (Nebe-von-Caron et al., 2000, 

Bridier et al., 2015).  

To analyse heterogeneity in bacterial populations by means of the MP, voltage-sensitive dyes 

are used. Staining of bacteria is, however far from simple because of the complex structure of 

the membrane and efficient efflux pumps (Midgley, 1986). E. coli are less permeable than 

Gram-positive cells, with the outer membrane as the least permeable, excluding most 

lipophilic and hydrophobic substances, such as cyanine dyes. EDTA is used to improve the 

permeability of the outer membrane, but some argue that EDTA-permeabilised bacteria are 

not the same with cells in a native state (Shapiro, 2005). However, cyanine dyes, such as 

DIBAC4(3) are anionic. While they do not stain active cells that maintain an MP, they stain 

depolarised cells.  

The implications of this in a bioprocess are simple. For processes used for producing 

recombinant proteins, the success depends on the number of cells that maintain MP or are 

“metabolically active”. Hence, the applications of MP assays analysed by FC are most useful 

for monitoring biotechnological processes.  

 

2.3.2 Microscopy 

The first method used for analysing single cells was light microscopy (Nebe-von-Caron et al., 

2000). From its beginnings, in the 1600s and for the next 100 years, the information provided 

was only an observation of the physical characteristics of the cell (Bridson and Gould, 2000). 

While bacterial cells display colours at population level when grown in colonies, a single cell 

on a microscopic slide is essentially transparent and difficult to see with regular bright-field 

optics. Closing the condenser diaphragm would make the cell appear darker, but this 

introduces fringe artefacts that obscure the cell boundaries and impact on the morphology 

assessment.  
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To bypass the cell transparency, advances in microscopy focussed on obtaining contrast. 

Several methods improve contrast, two of them described below: phase–contrast and 

fluorescence microscopy.  

(a) Phase microscopy 

Dutch physicist Fritz Zernicke found that introducing a phase shift by manipulating the light 

path increases contrast. Since its introduction in the early 20th century, phase contrast 

microscopy has long been a favourite for visualising bacteria. For this work, Zernicke was 

awarded the Nobel Prize in 1953. In phase contrast microscopy, individual bacterial cells 

appear dark against a characteristic grey background. The main advantage of phase 

microscopy is providing details about cells in their natural state, without the need for labelling 

or fixation. To aid analysis and avoid the constant swimming and tumbling, cells are 

immobilised in agarose mounts.  

(b) Fluorescence microscopy 

By far the most used contrasting technique for visualising single cells is fluorescence 

microscopy. The technique combines the magnifying properties of optical microscopy with 

the visualisation of fluorescence. A “dark field” technique, fundamentally different to phase-

contrast, FM is a powerful tool for single cell analysis, with fluorescent cells brightly lit 

surrounded by a dark background.  

While in phase microscopy, the light phase shift comes from a light source within the 

microscope, in fluorescence microscopy the light comes from the cells themselves. Certain 

molecules within the cell fluoresce in the presence of excitatory light. An intrinsic 

fluorescence or auto-fluorescence arises from various cell metabolites, but often the cells are 

labelled with fluorophores to make them visible. An example is PI, an extrinsic label (dye) 

that passes through compromised membranes, binds to both nucleic acids, fluoresces red and 

indicates cell “death”. Other tagging methods are constructing fusions or chimeric proteins of 

an FP, such as GFP with structures within the cell.  

FM offers a quantitative characterisation of heterogeneity in a population and visualises 

patterns of protein production at single cell level. A common assay for assessing membrane 

integrity is SYTO9/PI. SYTO9 is the “live” cell indicator, whilst PI is representative of “dead” 

cells. If the dead cell maintains efflux pump activity, PI is removed from cytoplasm, giving a 

false negative result (Stocks, 2004). Displaced PI from the dead cells that maintain efflux 
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pump leads to an overestimated number of viable cells and can skew the results. This proves 

there is no universal test for viability. Testing a parameter with at least two different 

methodologies supplies other information and therefore complements the results for a reliable 

conclusion. The main limitations for microscopy in a bioprocess are its lower throughput 

compared to FC and being time consuming.  

 

2.4 Fermentation modes  

Microbial fermentations are preferred when the desired protein is smaller than 30 kDa 

(Demain and Vaishnav, 2009). Discussed here are three basic modes of operation for 

microbial fermentations: batch, fed batch and continuous (Figure 2.6). A fourth mode of 

operation, perfusion combines continuous cultivation with a cell retention device that 

recirculates the cells in the bioreactor. As bacteria have a fast doubling time, there is no need 

for cell recirculation, so perfusion is limited to cell culture. Lastly, recent perspectives from 

an industrial viewpoint are summarised.   

 

 

 

 

 

 

 

Figure 2.6. A simplified view of the three modes of operation for microbial fermentations: A: 

Batch. B: Fed-Batch. C: Continuous. 

 

2.4.1 Batch cultivation 

Batch is the simplest mode of operation. For years, it dominated the process development and 

manufacturing of biopharmaceuticals. A batch culture is a closed system, in which nothing is 
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added or taken away, and consists of an initial limited amount of nutrient medium (Figure 2.6 

A). From the inoculation point, a batch fermentation follows different growth phases, each 

characterised by a different growth rate µ.  

There are typically four phases described in literature, as follows: 

(a) lag phase - characterised by no growth (µ = 0). Cells are non-replicating as they adapt 

to the new media; 

(b) log phase - once they acclimatised to the environment, the cells grow at a maximal 

rate that is specific for the bacterium and the media. The cell population increases 

exponentially with time at a constant and maximal growth rate µmax; 

(c) stationary - growth becomes supressed by either the lack of nutrients or accumulated 

waste products. The number of cells produced equals the number of cells that die, 

hence there is no net increase and µ = 0; 

(d) death - exponential decrease in the number of living cells.   

Overall, the system of a batch cultivation is in a transient state. Only during the exponential 

phase, the cells grow with constant properties and at a constant growth rate. It must be 

stressed that the mid-exponential point is representative for balanced growth at maximum 

growth rate µmax, with no nutrient limitation, which is necessary for physiological studies.  

 

2.4.2 Fed-batch cultivation 

Fed-batch fermentations are preferred for both microbial and mammalian culture for the 

production of biopharmaceuticals. High cell density cultivations achieved under a fed-batch 

mode are most cost effective for achieving an overexpression of product (e.g. recombinant 

protein) (Hewitt and Nebe-Von-Caron, 2001, Hewitt et al., 2007). The operation of a 

microbial fed-batch is also simple, with an E. coli fermentation taking 12 - 48 h (Jagschies et 

al., 2018), hence most marketed biopharmaceuticals are manufactured in a fed-batch reactor. 

The distinctive feature of a fed-batch (extensive batch) fermentation is the addition of a feed 

solution to a batch culture (Figure 2.6 B). In particular, top feeding leads to cells growing 

with excess substrate in the upper part and to cells growing in limited substrate towards the 

bottom (Figure 2.7). The feed solution is a concentrated nutrient (often the carbon source) or 

multiple nutrients fed continuously or in bolus to the bioreactor. The purpose of adding 

nutrients is to increase the biomass, with tailoring feeding strategies to bioprocess. Adding 
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concentrated glucose leads to an ever-increasing glucose limitation and an ever-decreasing 

specific growth rate. With an ever-increasing glucose limitation, the cells experience different 

levels of substrate at different time-points. Sampling at 0.15 s interval in large scale reactors 

identified a relative difference in glucose concentration of 40 mg/L (Larsson et al., 1996). 

With the increasing level of carbon limitation, the synthesis of by-products are barely, if at all 

supported (Minihane and Brown, 1986). There is however enough carbon to keep the system 

functional. 

 

 

Avoiding overflow metabolism and oxygen limitation is easy on a laboratory scale, but 

industrial cultivations differ because of the formation of gradients, accentuated by impaired 

mixing. To this, oxygen limitation occurs mainly in the upper part of the reactor, due to a 

lower level aeration and the low solubility of oxygen in bioprocess conditions (Käß et al., 

Feed 

Air 

Figure 2.7. Schematic representation of nutrient gradients that occur on a large-

scale fermentation, creating zones of nutrient excess and nutrient limitation 

(created in Autodesk Inventor). 
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2014). This increases the cellular heterogeneities affecting process performance in ways that 

remain unanswered after extensive research and much controversy.  

 

2.4.3 Continuous cultivation  

In continuous cultivation, a flow of media is introduced in the reactor at a constant rate with 

concomitant removal of the culture broth (Figure 2.6 C). While the advantages of continuous 

fermentation have been widely advocated in the bioprocess industry, the method has not yet 

taken over the traditional batch and fed-batch bioprocess. Commencing in the early 1920s, but 

later abandoned primarily due to their complexity, continuous cultivations are an excellent 

tool for physiological studies of bacteria. The concept is closely linked to the chemostat, 

where a single nutrient is limiting and used to determine the growth rate (Kindskog, 2018).  

The major advantage of a chemostat lies in its ability to provide cells in “balanced growth” 

that grow with a constant rate µ in a constant environment. The bacterial culture is kept below 

a certain concentration by diluting it at suitable intervals with fresh medium, so the culture 

grows exponentially and continuously. The average properties of a continuous culture are 

constant with the time. A plot of the number of cells or any other cell property per volume 

against time results in a straight line. The average cell size, RNA per cell, DNA per cell, 

proteins and nucleoids remains constant and invariant with time (Figure 2.8). 

  

Figure 2.8. Balanced growth of a bacterial culture. The time is 
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The dilution rate (D) in chemostats dictates the specific growth rate. Based on D, a continuous 

cultivation may develop in three possible ways: 

(a) D > µ!"# - cells are washed out faster than they can divide, resulting in an 

incremental decrease in biomass with an increase in residual substrate #$;  

(b) D = µ!"# - cells grow at maximal growth rate, but any perturbation impacts on the 

system, making a steady state unattainable; 

(c) D < µ!"# - the rate of the washout is lower than	µ!"#	thus there is an increase in 

biomass initially, which causes a decrease in substrate, which in turn limits the 

specific growth rate. After some 4 – 5 residence times, the specific growth rate 
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equalises with the washout rate (D). The biomass and substrate concentration are 

relatively stable, and the culture is at “steady state”. 

Chemostats are of great importance for the study of heterogeneity, owing to a constant growth 

rate and a single limitation. Few earlier studies reported the physiological changes of bacteria 

in chemostats (Harder et al., 1977, Harder and Dijkhuizen, 1983), but chemostats have not 

been used in recent years for physiological studies of bacteria.  

In industry, many companies are exploring continuous bioprocessing to reduce cost and 

increase efficiency (Farid et al., 2014). Many drivers for implementing continuous 

biomanufacturing exist. The advantages include the following: (a) production using smaller 

facilities and equipment; (b) potential to achieve a high volumetric productivity, with 

increased cell viability; (c) better suited for the production of proteins unstable in the culture 

broth.  

At present, continuous biomanufacturing has only limited industrial applications. There are 

few biopharmaceuticals produced through perfusion in mammalian cells, but at the time of 

writing, there is only one successful example of continuous microbial fermentation. Novo 

Nordisk adapted a three weeks long continuous fermentations of the yeast S. cerevisiae to 

produce human insulin (Aakesson, 2017). The yeast however exhibits improved secretion 

capacity, with the product secreted in the media. Thus, the metabolic burden on the yeast cells 

is minimised.  

The current limited applications of continuous bioprocessing are due to increased 

contamination risks, increased operational complexity and genetic drifts. Mutations are 

important for industry for two reasons. On the one hand, selection of mutants with desirable 

characteristics can improve the strain performance, on the other, the processes must be 

controlled in such a way as to diminish the unwanted formation of mutants (Aiba et al., 

1973). Nevertheless, a shift in biopharmaceutical processes is unlikely to happen easily 

because the industry is highly regulated. Yet the biopharma industry is a complex and 

constantly evolving environment and it may be that in the future, with further developments, 

continuous processing may become feasible. Ultimately, it remains a great research tool 

because of its suitability for physiological studies.  
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2.4.4 Current approach  

Large-scale stainless steel reactors, operated in fed-batch served the industry well for many 

years. They may continue to be the best option for producing drugs that achieved blockbuster 

status (Alldread and Robinson, 2015). More recently, disposable or single-use systems are 

gaining popularity in biomanufacturing. Single use bioreactors (Figure 2.9) present several 

advantages over large stainless steel fermenters. In general, they are cheaper to produce and 

simpler to operate, with lower energy and water usage, and enable continuous manufacturing. 

They are suitable for most bioprocesses, although further development is still necessary for 

pressurised or higher temperature operation (Ding, 2015). 

 

  

Figure 2.9. HyPerforma single use bioreactors (S.U.B) of 

300 L and 30 L, suitable for microbial cultures. 



32 

 

2.5 Heterologous protein production 

Many diseases relate to protein absence or malfunction. Most have no cure, but the treatment 

of symptoms involves the exogenous administration of functional proteins. Obtaining large 

amounts of human proteins, such as insulin, from native sources faces inherent constraints. 

The solution to this problem has been to produce human proteins in a range of hosts, which is 

a staple of the biopharmaceutical industry. Heterologous protein production requires the 

cloning of human genes into artificial vectors that can replicate easily within cultured cells. 

Having chosen the host organism, there is a need to engineer synthetic pathways in the chosen 

cell to introduce the recombinant gene. One way is to rewire the native genomic machinery of 

the cell, by genomic integration of the heterologous gene. Another way is to introduce the 

new gene into the cell through a plasmid-based expression system.  

Recombinant protein production (RPP) started in 1976 with the founding of Genentech  

(Russo, 2003). The company successfully produced three recombinant proteins in E. coli 

hosts: somatostatin, insulin and human growth hormone until 1979. The first product licensed 

(Jagschies et al., 2018) was recombinant human insulin, which began manufacture in 1982 

(Frank and Chance, 1983). Since then US FDA and the European Medicines Agency (EMA) 

approved 186 recombinant proteins in different hosts (Jagschies et al., 2018).  

 

2.5.1 Expression systems 

The spectrum of organisms exploited for RPP has expanded from the dominance of E. coli to 

alternative bacteria, animals, plants and insect cells. To yield sufficient quantity of product, 

the host cell containing the desired protein is cultivated on a large scale. Key determinants for 

profit margins are the yield of product per host organism and the cost of downstream 

purification. If the product yield per host and the purification costs are similar, then the choice 

of host is simple. A prokaryotic system is preferred based on higher growth rates compared to 

mammalian cells. For less sophisticated drugs that do not require post-translational 

modifications for drug functionality, bacteria are ideal. These are the initial points considered 

when choosing the ideal host for RPP (Table 2.1). 
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Host cell DNA size 

(Mbp) 

Glycosylation Cost Reference 

E. coli 4.6 

 

No Low (Krogh et al., 2018)  

Yeast (Saccharomyces) 12.1 Capable Medium (Welch et al., 2012) 

Mammalian (CHO) 2800 

 

Capable, similar 

to humans 

High (Omasa et al., 2009)  

 

Table 2.1. Comparison of key points in the choice of host cell for RPP in large-scale 

fermentations. 

 

(a) Prokaryotic expression systems 

Bacterial expression systems are well suited for enzyme production and pharmaceuticals 

without post-translation modification. Bacteria have the advantage of fast growth on simple 

and inexpensive growth media and the potential for high yields (Chen, 2012). When proteins 

require a complex mammalian glycosylation or disulphide bonds, however, bacteria are 

inefficient. In this case, there is usually a preference for eukaryotic cells, although ongoing 

research and bacterial expression system development are promising.  

E. coli dominates amongst microbial systems. It was the first employed by recombinant 

protein production and it quickly became the gold standard for protein manufacturing. Protein 

production in E. coli seems to be overall cost effective and convenient, driven by the short 

doubling time of bacteria compared to other hosts. There is a wide knowledge base available, 

with many strains, expression protocols and vectors suitable for E. coli expression. Its 

extensive use has shown limitations in terms of yield of secreted protein, glycosylation and 

the formation of inclusion bodies. Despite these limitations, E. coli has been used for the 

secretion of a range of pharmaceuticals that have entered the market in recent years (Kleiner-

Grote et al., 2018). Although E. coli is one of the most common hosts, it is not always the 

best choice, and other hosts may be used. 

Bacteria from Pseudomonas and Bacillus species have a high potential to be attractive hosts 

for biopharmaceuticals. Pseudomonas species are of particular interest because of their rapid 
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growth, and improved secretion and solubility capabilities compared to those of E. coli hosts 

(Krzeslak et al., 2009). In the past, Vibrio cholera gained popularity and was engineered to 

produce the Dukoral vaccine, commercially known as Crucell (Hamorsky et al., 2013). 

Triacelluvax vaccine, commercially known as Chiron was also produced using three 

recombinant Bordetella pertussis toxins (Monem, 2016).  

(b) Eukaryotic expression systems  

Yeast and mammalian cells are common industrial hosts for producing a range of RP. The use 

of yeasts (Saccharomyces cerevisiae, Pichia pastoris, Yarrowia lipolytica) combines the 

advantages of unicellular microbes (rapid doubling time and ease of genetic manipulation) 

with the ability to perform eukaryotic post-translational modifications (Çelik and Çalık, 2012, 

Vandermies and Fickers, 2019). Hence, yeasts are used for producing proteins that cannot be 

produced in E. coli. 

No yeast, however, can provide all the attributes required for recombinant protein expression. 

The common S. cerevisiae, for example, is a GRAS strain (Generally Regarded as Safe) with 

an increased stress tolerance. Amongst all yeasts, it has the highest glycosylation capacity, 

which can be both a positive and a negative attribute. In some cases, it may structurally 

change the desired product through hyperglycosilation, leading to inefficiency. It has 

however, a limited capacity for secretion compared to that of other yeasts, such as Pichia 

pastoris and Yarrowia lipolytica.   

Mammalian cells have been used as hosts for RPP for many years. Their main advantage is 

that they follow a mammalian pattern of expression, supporting proper protein folding and 

post-translational modifications. The most commonly used mammalian cell line is the 

Chinese Hamster Ovary (CHO). There are, however, several limitations. The fermentations 

are expensive, and the yields are lower compared to microbial systems. Nevertheless, 

mammalian cells are successfully used in large-scale production of most blockbuster drugs, 

such as monoclonal antibodies and coagulation factors.  

 

2.5.2 Plasmids 

E. coli is the preferred bacterial host for the industrial production of simple structured 

heterologous proteins. To produce such proteins, the DNA sequence encoding the protein is 

inserted into the host cell by means of a plasmid. A plasmid is an extrachromosomal circular 
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DNA capable of reproducing independently in a host cell. Plasmids are widely used in genetic 

engineering, partly due to a few characteristics, such as plasmid stability, ease of 

manipulation, small size and simple protocols for transferring into hosts (Kumar et al., 1991). 

Once in the cell, the plasmid carrying the gene of interest is transcribed and translated into the 

recombinant protein.  

Plasmids have the greatest influence on productivity, related to two main factors as follows: 

(a) Plasmid copy number 

The replication and maintenance of a plasmid in a host cell exerts a burden on its host. A 

common belief is that the burden is related to the energy and metabolite costs (Karim et al., 

2013). For biotechnological applications, it is desirable to know the plasmid copy number, as 

the gene dosage is crucial for efficient protein production (Jahn et al., 2016). The higher the 

copy number, the higher the metabolic burden is on the cell. The key to a successful 

bioprocess is finding an optimum level of gene expression that generates the maximum yield 

of active protein. 

The number in which a gene is present in a cell correlates to the expression level of such gene 

(Lee et al., 2015). A high copy number plasmid carrying the particular gene results in a large 

product quantity. If this, however, exerts more stress on the host, the bioprocess efficiency 

becomes limited, in which case choosing a lower copy number plasmid may be beneficial. 

While this results in less stress for the host, it takes longer to achieve a high volume of 

product.  

(b) Plasmid stability  

Plasmid stability is an essential prerequisite for heterologous protein expression on an 

industrial scale. Two types of plasmid instability have been described: segregational and 

structural. Segregational instability relates to the loss of the entire plasmid population from 

recombinant cells caused by an irregular distribution during cell division. Structural 

instability relates to the loss or acquisition of DNA sequences on the plasmid. Both types of 

instability cause plasmid loss, which can dramatically reduce the yield of a recombinant 

product. Although plasmid loss may occur in any type of fermentation, its detriment would be 

more problematic in continuous cultivations. Plasmid-free cells would have a growth 

advantage over the plasmid-bearing cells and would overtake the whole population causing 

process failure. It has been suggested that continuous bioprocessing leads to plasmid 
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instability, explaining the priority given to batch and fed-batch at industrial scale (Kumar et 

al., 1991, Silva et al., 2012). 

 

2.5.3 Regulation of heterologous gene expression 

Heterologous genes are either (a) constitutively expressed or (b) induced.  

(a) Constitutive expression means that gene expression is “always on”. Constitutive 

expression of heterologous genes in E. coli hosts rarely exist. In a constitutive expression 

system, there is no regulation on the production of heterologous protein, which interferes with 

normal cell functions. This leads to all sorts of problems from a reduction of cell growth to 

segregational and structural instability. There is therefore a preference for inducible systems.  

	(b) Inducible expression means that the gene expression is “switched on” at a specific time, 

by “induction”. The advantage of using inducible over constitutive expression is that it 

separates the growth and production phase of a bioprocess. The gene expression is normally 

“switched on” when cells reach a high cell density (HCD), thus beginning the production 

phase. When inducing gene expression, a factor is varied or a substance, such as isopropyl-β-

D-1 thiolgalactopyranoside (IPTG) added. The factor can be a sudden change in the growth 

temperature for pR promoters (Valdez-Cruz et al., 2010), a depletion of phosphates in the 

media for phoA promoters (Mikhaleva et al., 2001), or a change in DO and any other nutrient 

limitation.  

Most expression systems in bacteria are derived from the lac promoter of E. coli, as it is well 

characterised at molecular level and well understood. In the majority of cases, IPTG is used, 

because it is a synthetic analogue of lactose. The inducer binds to the repressor and 

consequently releases the operator, allowing DNA transcription (Donovan et al., 1996). To 

take advantage of inducible expression, key parameters need to be determined, such as the 

induction point and temperature, and the optimal level of inducer.  

 

2.6 Escherichia coli expression system 

With first production of Hummulin in 1982, E. coli evolved into an industrial microorganism 

(Quianzon and Cheikh, 2012) and subsequently became a robust Good Manufacturing 

Practices (cGMP) host for heterologous proteins. It is the most frequently used prokaryotic 
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system for the production of biopharmaceuticals (Altenbuchner and Mattes, 2005, Ferrer-

Miralles et al., 2009), and its overall dominance as a cell factory may well continue. It is a 

proven expression platform for a large range of biopharmaceuticals, with high cell density 

fermentations (HCD) and well-developed fermentation protocols, few of which are listed 

below (Table 2.2). 

 

Product Protein 

size 

Indication Year of 

approval  

Company  Reference 

Insulin 

(Humulin) 

5.8 kDa 

51 aa 

Diabetes 1978 Eli Lilly (Chance and 

Frank, 1993) 

Infergen 

(Interferon 

α2b) 

19.4 kDa 

166 aa 

Cancer, 

Multiple 

Mieloma, 

Hepatitis C 

1986 Schering Plough (Cooper et al., 

1987) 

Neupogen 

(Filgrastim) 

18.8 kDa 

175 aa 

Neutropenia 

associated 

chemotherapy  

1991 Amgen Inc. (R. O'Keefe, 

2005) 

Kineret 

(Anakinra) 

17.3 kDa 

153 aa 

Rheumatoid  

arthritis 

2001 Amgen (Kaiser et al., 

2012) 

Preos 

(Proteotact) 

9.4 kDa 

84 aa 

Osteoporosis  2013 NPS 

Pharmaceuticals 

(Jódar-

Gimeno, 

2007) 

Table 2.2. Examples of biopharmaceuticals produced in E. coli hosts. 

E. coli success as a host for RP is owing to its rapid growth rate, easier genetic manipulations, 

and high level of recombinant proteins (Sahdev et al., 2008, Rodriguez et al., 2014). 

Fermentations with E. coli are relatively quick, with the expression of a single protein taking 

12-24 h (Jagschies et al., 2018). Complex proteins, such as antibody fragments can take 2-5 

days. A few drawbacks exist in E. coli expression systems. The existence of LPS (or 

endotoxins) in the outer cell membrane is a common concern (Koziel et al., 2018). 
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Endotoxins, which are released at the stage of cell lysis during protein extraction, can cause 

an acute systemic inflammatory response, with fever, organ failure and even death (Martich et 

al., 1993). Techniques such as anion-exchange chromatography for endotoxin removal tend to 

affect the protein quality and quantity (Chen et al., 2009), and increase costs downstream. To 

improve upon this and bypass the lysis stage, many attempts were made that encouraged 

protein secretion instead. Furthermore, the protein may be inappropriately folded, and 

therefore non-functional.  

2.6.1 E. coli as a model organism  

“Bacterium coli commune” or Escherichia coli is named after Theodor Escherich, the 

paediatrician who first isolated it from the stool of infants in 1885 (Hacker and Blum-Oehler, 

2007). It is a common inhabitant of the lower gastrointestinal tract, and therefore it has an 

optimum growth temperature of 37⁰C and is facultative anaerobic. As a facultative anaerobic, 

it does not require oxygen for growth but grows better in its presence. Additionally, it can 

switch from aerobic to anaerobic metabolism in certain conditions, such as a concentrated 

glucose environment, even when the oxygen is plentiful (Hollywood and Doelle, 1976).  

Due to its long history and being well known, E. coli is a model organism for Gram-negative 

bacteria. In the lab, by far the most used is E. coli K12. A series of mutations have cleared E. 

coli K12 of all virulence determinants, following its isolation from the faeces of a 

convalescing diphtheria patient in 1922. Thus, K12 and the derivative W3110 strain lack in K 

and O antigens (Peleg et al., 2005). This means that the strains are non-pathogenic and do not 

produce LPS.  

(a) Growth temperature 

E. coli can achieve balanced growth over a range of temperatures, but the temperature 

influences the cell morphology and function. Reducing the growth temperature from 37⁰C 

down to anything above 8⁰C leads to a change of morphology from rods to coccobacilli 

(Pierce et al., 2011). This is in line with lowering temperature reducing the growth rate. These 

phenomena have previously been observed when Henrici noticed that cell size decreased at 

lower growth rates compared to mid-exponential phase (Henrici, 1928). When the 

temperature drops as low as 7⁰C, division stops and the cells become long filaments. It is 

important to stress that for protein production, the product dictates the temperature for the 

design of experiments, not the host cell. 
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(b) Cell shape 

To achieve robust multiplication, bacteria must perform a variety of tasks. One of these is 

maintaining their size and shape, whilst reacting to the environment. The shape is important 

for growth, nutrient uptake and proliferation (Young, 2006). Typically, an E. coli cell is 

described as rod or spherocylinder - a cylinder central area capped at the end by two 

hemispheres (Figure 2.10). The hemisphere measures 0.8 – 1 µm in diameter, with an overall 

length of 2 – 4 μm (Neidhardt, 1987). These measurements may be more accurate under 

optimum conditions of growth, such as mid-exponential. This is because cell size is 

dependent on the rate of growth. 

 

In reality, a cell has neither a unique size nor a singular shape. The existence of different cell 

morphologies has been ignored for decades, since the acceptance of the Cohn-Koch dogma 

over the consistency of cell forms. There is now sufficient evidence to show that a population 

of cells are morphologically heterogeneous, with the overall morphology dependant on the 

Figure 2.10. Cell shape of E. coli. Rods are central cylinders capped at the end by 

two hemispheres. Examples of actual cell shapes are super-imposed on an ideal cell 

shape. Total length is the length of the cylinder plus two radii. Irrespective of the 

actual shape (invaginating, bulging, amorphous), morphology is assessed by the 

shape factor or aspect ratio (AR) (Cooper, 2006). 
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growth conditions. Irrespective of the actual cell shape, changes in cell morphology can be 

assessed by consistently applying a length/width approach (Cooper, 2006), otherwise known 

as the aspect ratio (AR).  

The interpretation of AR as an indicator of elongation is only true, however, when the cells 

have the shape of an ellipse. Cells in general have a wide range of morphologies, thus the 

second most commonly used indicator of shape is the Circularity or form factor. The 

circularity, defined as 4 p • Area / Perimeter2
  quantifies membrane irregularities, where a 

perfect circle has a value of 1, and a line has a value of zero (Russ and Russ, 2017). Russ 

however identified many ways of being “not like a circle” (Figure 2.11). 

 

(c) Asymmetric cell division 

In balanced growth, E. coli shows exponential growth in volume (an increase in volume over 

time). The cells increase their length in time, by incorporating new strands of peptidoglycan, 

with minimal change in cell width (Marr et al., 1966). Once the cell has doubled its length, 

the formation of septum commences. The septum does not form with any precision at the 

mid-cell and the daughter cells are not equal. There is now sufficient evidence to show that 

division is asymmetrical and asynchronous. The division plane is usually located at 0.5 ± 

0.013 along the cell length, which implies an uncertainty of 2 - 3% in the location of the 

Figure 2.11. Changes in cell shape, each labelled with the measured circularity 

value (Russ and Russ, 2017). 
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septum (Kerr et al., 2006). In some cases, the division occurs near the pole of the cell, 

resulting in a highly asymmetric division where one cell does not have a chromosome.  

Asymmetric cell division previously explained the variations in cell morphology (Topley et 

al., 1924). Bacterial pleomorphism has also been included in the writings of Mellon “Bacteria 

do change their morphologic type and within wide limits; and with this change may go at 

times important physiological modifications” (Henrici, 1928). The fact that bacteria exhibit 

morphological changes remained neglected in all investigations for bioprocess industry, 

where the focus was always on the desired product, not the productive cells. No progress 

would be made if focus was maintained solely on the product.  

 

2.6.2 Bacterial growth  

To achieve a representative biomass, bacterial cells grow and divide, therefore, before delving 

into fermentations it is desirable to review bacterial growth.  

(a) Growth phases  

Cells inoculated in a media do not grow all at once, but in a succession of phases, not always 

identified in the same way. A graph of the number of cells over time shows the classical 

sigmoid growth curve shape (Figure 2.12).  

 

The four universal growth phases were recognised by Lane-Claypon (Lane-Claypon, 1909). 

Initially, there is a “latent period” or “lag” in which cells do not increase in number or 

increase very little. Cells then begin to divide slowly at first, then more rapidly, until reaching 

Figure 2.9. Typical four phase pattern of bacterial growth. A: lag phase; B: 

exponential phase; C: stationary phase; D: death phase. 
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a maximum growth rate (µmax) during mid-exponential of the “exponential” or “logarithmic” 

phase. Following this, cell division slows down until it stops altogether as cells enter the 

“stationary” or “resting” phase. The final phase consists of the initiation of cell “death” until a 

maximum death rate is attained.  

Contrastingly, Buchanan described the presence of seven phases (Figure 2.13) as follows: 

1. lag phase: with no bacterial growth; 

2. acceleration phase: growth rate increases;  

3. exponential growth: maximum and constant growth rate; 

4. decreasing growth: growth rate decreases due to the gradual decrease in substrate 

concentration and an increased accumulation of toxic metabolites. The substrate is exhausted 

at the end of this phase; 

5. stationary phase: null growth rate because the nutrient is exhausted and there is a high 

concentration of toxic metabolites; 

6. acceleration of the bacterial decay: death rate increases; 

7. exponential decay phase: death rate is exponential, caused by endogenous metabolism and 

cell lysis.   

Growth means different things at different levels. At population level, an increase in bacterial 

density OD600 is a common indicator of growth. At single cell level, growth is an increase in 

the total cell count (TCC) per unit volume. When the average size of the cell becomes 

constant over time, the increase in OD600 correlates with the total cell number. However, from 

one growth phase to another, the cells change size considerably (Henrici, 1928) 

Figure 2.13. Seven phases of bacterial growth defined by Buchanan (1918). 
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Thus, as Henrici’s work pointed out, the cell concentration and bacterial density are not 

equivalent. When expressing the growth rate as the change of cell density over time, there is 

an assumption that cells have the same size.  

 

(b) Exponential growth  

Considering a unit volume of growing culture containing a number of cells %% at time zero, 

after the first division cycle (where one becomes two), the number of cells is  

%&	 =	%% 	× 2 (2.1) 

 

After ) division cycles, the number of cells % is  

%	 =	%% 	× 2( (2.2) 

 

For a specific *, replication rate per unit time, at time +, the total number of cells is given by  

%) =	,$) ×	%% =	2
) *+, ×	%% (2.3) 

 

Where -.	is the doubling time,  

-. =
/)2
*

 
(2.4) 

 

The cell number doubles every Td minutes. All properties of the cell increase with the 

doubling time Td, such as the cell number, RNA, DNA, protein, nucleoides (Figure 2.8). The 

exponential growth has no limiting factors and is in “balanced growth” (Campbell, 1957).  

 

2.6.3 Balanced growth  

Physiological studies of bacteria require controlled conditions with cells in balanced growth, 

where the growth rate is constant. The cell composition is the primary influence in creating a 

certain phenotype. It has been known since 1961 that the cell composition is strongly 

dependent on the growth rate µ (h-1) and media composition (Herbert, 1961).  
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Balanced growth happens in two conditions, differentiated by the growth rate µ (h-1):  

(a) At µmax, in the exponential phase of a batch culture 

A batch culture may seem like a poor choice for analysing heterogeneity, because the cells 

pass through one phase to another (Figure 2.12). Dynamic physico-chemical conditions exist 

within each phase as the biomass, product and substrate concentrations change over time. At 

mid-exponential time, the cells are in balanced growth. Cells grow with constant properties at 

a constant rate and achieve a “steady state”. There is substrate excess and no inhibition caused 

by by-products, thus showing the maximum growth rate µmax (h-1). This is representative for 

“feast”, which is the physiological state of cells in an industrial fed-batch reactor near the 

feeding zone.  

(b) At reduced µ, in continuous culture 

In a chemostat, cells grow continuously and exponentially, as the biomass is maintained 

constant with a suitable dilution D. Growth is submaximal with a constant specific growth 

rate µs (h-1) and the biomass is known for a set dilution rate (Lendenmann and Egli, 1995, 

Egli, 2015, Senn et al., 1994). To obtain a stable system with balanced growth, µs is 

maintained lower than µmax, thus limiting (described in Section 2.4.3 Continuous cultivation). 

The limitation depends on the composition of the media. If the limitation is on the C source, 

this is a state of “hunger”, which is representative for cells in the lower levels of an industrial 

reactor. Hungry bacteria may develop scavenging strategies and become more heterogeneous, 

although the effect of heterogeneity on bioprocess remains unknown.  

 

2.6.4 The occurrence of volatile fatty acids (VFAs) 

The accumulation of VFAs is unwanted in a bioprocess due to several negative consequences. 

At first, the formation of VFAs directs the carbon that is destined for the synthesis of biomass 

and protein product. Secondly, VFAs inhibit cell growth and affect recombinant product yield 

(Shimizu et al., 1988).  

VFAs occur in two conditions. The first is when cells are at a high growth rate in aerobic 

metabolism. There is no oxygen limitation and the rate of substrate consumption (qS) is at its 

maximum. This is termed “overflow metabolism”. Each cell has an upper limit of substrate 

utilisation, above which a higher substrate concentration would lead to the occurrence of 

VFAs. This happens during exponential phase, where the attainment of µmax is independent of 



45 

 

the concentration of nutrient and is limited by the cell itself, not the media components. The 

second situation is when a local lack of oxygen activates anaerobic metabolism with the 

subsequent formation of VFAs. This is termed mixed acid fermentation.  

The most common VFAs in E. coli fermentations at neutral pH are acetate and formate. Many 

values of IC50 concentrations inhibit growth by 50% ranging from 0.5 – 1 g/L (Contiero et al., 

2000, Roe et al., 2002). As acetate is thought to limit RPP in E. coli cells, strategies are 

sought to reduce acetate formation. These are available at two levels: genetic and bioprocess. 

At genetic level, genes from the acetate forming pathway are deleted or silenced. However, 

previous works show that reducing the acetate levels through gene deletion is associated with 

elevated levels of other VFAs (De Mey et al., 2007).  

During growth on glucose, the accumulation of acetate may harbour growth, as cells are able 

to utilise acetate as a carbon source. Nevertheless, acetate cannot be used as a sole carbon and 

energy source, as the enzyme of glyoxylate bypass is repressed during growth on glucose 

(Holms and Bennett, 1971). In a mixture of acetate and glucose in batch, glucose is preferred 

over acetate, whilst in a chemostat where the growth rate is less than ½ µmax, both substrates 

are used simultaneously (O'Beirne and Hamer, 2000). At a dilution higher than ½ µmax, E. 

coli produce more acetate from acetyl-CoA generating a huge amount of ATP and NADH2 to 

meet a higher energy demand in order to maintain functionality. This suggests that the 

inhibitory effect of acetate on growth can be minimised by its consumption, besides 

preventing overflow metabolism on a lower than maximal µ.  

Overall, acetate affects cell physiology, functionality and eventually cell viability, but this is 

strain dependent, with some more resistant. While acetate is assimilated by the cells, formic 

acid accumulates in the growth media. Formic acid, usually more toxic than acetic acid is 

present at smaller quantities, leading to high membrane permeability and the inhibition of 

DNA synthesis and cell division (Mills et al., 2009).  

At a bioprocess level, the methods to reduce VFAs consist of the media design, cultivation 

conditions and feeding control. As far as media composition, a strategy is changing to other 

carbon sources, such as glycerol or fructose (Holms and Bennett, 1971). 

2.6.5 Cytoplasmic expression 

High-level cytoplasmic expression may cause the protein to aggregate as inclusion bodies 

(IBs). The use of a high inducer concentration and expression under strong promoters often 
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result in high rates of protein translation with misfolded proteins aggregating in inactive IBs. 

Although IBs mainly occur in the cytoplasm, they may also form in periplasm, if a secretion 

vector is used. IBs represent a challenge for the recovery of active protein.  

Many strategies for preventing the formation of IBs exist. One is decreasing the growth 

temperature during the production phase to 20⁰C. The lowering of temperature decreases the 

rate of protein synthesis, giving extra time for proper folding. At the same time, a decrease in 

temperature induces cold shock protein synthesis, allowing chaperones to assist with folding. 

The cooling process is, however, expensive, while the avoidance of IBs can be accomplished 

by cheaper means.  

Another strategy involves the use of a lower copy number or lower strength promoter 

(araBAD, rhaBAD). It could also be that the coproduction of chaperones with the RP may 

facilitate proper folding and a soluble RP. There is no guarantee, however, for proper folding, 

even when solubility is achieved (Nishihara et al., 2000). The coproduction of chaperones 

also reduces a cell’s resources and therefore decreases yields as host cells are under higher 

metabolic stress. The fusion of the target gene to the 3 prime-end of a gene highly expressed 

in E. coli, encoding for a soluble product (trxA thioredoxine gene) may reduce the occurrence 

of IBs and many other strategies exist.  

 

2.6.6 Periplasmic targeting (secretion) 

A drawback for recombinant protein expression in E. coli is the lack of effective secretion. 

Secretion of recombinant proteins in the periplasm or culture media is preferred because it 

leads to increased protein solubility and stability (Kleiner-Grote et al., 2018). Periplasmic 

targeting is preferred for producing proteins with disulphide bonds in E. coli hosts. The 

downstream processing of RPs secreted in the periplasm is cheaper and more convenient than 

whole cell lysates. Protein structures containing disulphide bridges, such as antibody 

fragments are secreted within the periplasm, allowing proper folding to be achieved 

(Kipriyanov et al., 1997). 

 

2.7 Stress in recombinant protein production (RPP) 

The production of a foreign protein in host cells triggers a range of stress responses, that 

manifest as metabolic load, drain or burden (Glick, 1995, Neubauer et al., 2003). Resources 
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that could be used for own-cell metabolism and growth are used instead for plasmid 

maintenance (Wegrzyn and Wegrzyn, 2002), protein folding and degradation of misfolded 

proteins (van Rensburg et al., 2012). RPP coincides with the upregulation of many stress 

genes and their products (Kyslik et al., 1993, Gombert and Kilikian, 1998, Vostiar et al., 

2004, Schaepe et al., 2014, Andersson et al., 1996, Heyland et al., 2011).  

Cellular stresses manifest themselves at population level as a lower growth rate in 

recombinant strains compared to that of the host strain. A recent study shows a preference for 

fermentation with acetate formation in recombinant strains. This wasteful metabolism occurs 

when the cell is faced with changing proteomic demands (Basan et al., 2015). At individual 

cell level, cells react to stress differently, some being more resistant than others. At worst, the 

overproduction of the protein leads to energetic exhaustion of the host with cell death and 

subsequent reduction of the RP yield to undetectable levels (Miroux and Walker 1996, 

Dumon Seignovert et al., 2004).  

 

2.7.1 A definition of “viable” and “dead” 

Maintaining high levels viability throughout the bioprocess is critical for achieving a high 

level of product in high cell density cultivations. Thus, the accurate determination of viability 

is critical for bioprocess monitoring. Defining “viable” and “dead” is difficult, however, 

given the lack of consensus.  

The traditional approach for defining viability has been the cell’s ability to reproduce. 

Reproductive cells proliferate; dead cells do not. Assessed on agar plates, the counting of 

colony-forming units (CFU) has become a gold standard in microbial viability assessment 

(Davey and Hexley, 2011, Oliver, 2010). For a bioprocess, the main disadvantages are the low 

time efficiency and experimental error. As CFU counting is a retrospective assay, it has no 

value in bioprocess control and provides little information about population heterogeneity. 

Between life and death, bacteria have other intermediate statuses, not detected by plate 

counts. A common status is the viable but not culturable (VBNC) state, in which cells are not 

culturable until they are exposed to a more friendly environment to resuscitate. This state may 

not actually exist, based on the inability to distinguish between resuscitation or regrowth 

(Barer and Harwood, 1999).  
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In a bioprocess, viability is quantified by single cell methods that define the status of the cells 

based on the assessment of the cell membranes. 

 

2.7.2 Changes in membrane integrity 

Assessment of cell membrane integrity is one of the most widely used methods to measure 

viability. The bacterial membrane has received the most scientific research, as it protects the 

cell from the environment, allowing nutrient and gas exchange. The membrane must be 

strong to withstand elongation during division, but fragile enough to break in two when 

dividing. Membrane integrity is one criterion distinguishing “live” and “dead” cells, 

identified by how the cell stains with different fluorophores. 

PI is the most frequently used marker of cell death. Its popularity in viability assessments 

stems from its propensity to be excluded from live cells (Zhao et al., 2010) because of its 

large size. With the advent of fluorescent techniques, the membrane assessment with PI has 

replaced the traditional trypan blue exclusion test. It is normally assumed that PI+ cells are 

“dead” and permanently unculturable, having irreversible damage; “live” cells that do not 

stain with PI have intact membranes (Sträuber and Müller, 2010, Davey and Hexley, 2011, 

Davey, 2011). 

However, this staining principle has shortcomings. A PI- cell does not necessarily mean that 

the cell is viable, nor does the opposite. Short term small breaches of the membrane stained 

PI+ may not lead to cell death (Shapiro, 2005). Similarly, not all death is caused by membrane 

damage, given that Erental identified apoptosis like death (ALD) in bacteria (Erental et al., 

2014). Induced by DNA damage, the recA-mediated pathway is associated with membrane 

integrity, thus is PI- (Erental et al., 2014). There is, however, membrane depolarisation which 

can be detected by MP sensitive dyes, and a positive TUNNEL assay for DNA fragmentation.  

Membrane integrity assays do not detect different stages between “live” and “dead”, where 

cells maintain membrane integrity. Most of the viability tests are end-point assays that show 

the percentage of “live” versus “dead” (Wlodkowic et al., 2009). In this respect, identifying 

and monitoring individual cells before they become PI+ offers greater sensitivity and accuracy 

(Zhao et al., 2010). This refers to membrane potential assays, described below.  
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2.7.3 Changes in membrane potential 

The cell membrane is important in maintaining cellular homeostasis, by allowing the passage 

of a variety of anions and cations (H, Na, K and Cl). Different ions move at different rates 

through the membranes down the concentration gradients (Mason et al., 1993). These 

characteristics, selective permeability and ionic gradients lead to a small, but measurable 

difference in the electric potential between the cell interior and exterior. This is called 

membrane potential (MP) (Mason et al., 1993) and has an important role in cell functioning. 

The cell interior is more negative than the exterior with approximately 70 mV.  

MP has an important role in cell functioning, by controlling ion fluxes across the cell 

membrane. 

Direct measurements of MP are problematic due to the minute size of bacteria. This has been 

achieved on genetically and pharmacologically enlarged E. coli cells (Felle et al., 1980). 

Usually, MP is measured indirectly using fluorescent dyes that redistribute across the cell 

membrane (Zaritsky et al., 1981). Given the many functions of the cell membrane, MP assays 

indicate the status of the cell. In this respect, only living cells maintain MP, thus they are 

metabolically active cells, capable of generating energy for metabolism and protein synthesis. 

In contrast, when MP = 0 and ions cross freely through the membrane, the cells are 

structurally damaged or “dead”. Of note is that MP assays are relevant when referring to cell 

states between “live” and “dead” and can be used to overcome the shortcomings of the 

membrane integrity assays.   
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Chapter 3 Materials and methods 

 

3.1 Escherichia coli strains 

E. coli strains were provided by FujiFilm Diosynth Biotechnologies (Billingham, UK). 

The host strain is the non-recombinant E. coli W3110 (F- lambda- IN (rrnD-rrnE)1 rph-1), 

referred to as the “host” throughout this work.  

The recombinant strain is abbreviated E. coli CLD1301. This was constructed by including 

the heterologous gene GFP-A onto the plasmid vector pD441- SR: 240460, a 4679 bp pUC – 

based plasmid, introduced in the host strain E. coli W3110. The plasmid map can be seen in 

Appendix D. The strain offers several advantages to this study. The high copy number 

plasmid, with 500-700 plasmid copies per cell, allows high expression of recombinant protein 

(GFP-A) within the cytoplasm. The plasmid carries a T5-isopropyl β-D-1-

thiogalactopyranoside (IPTG) inducible promoter, the activity of which is modulated by 

varying the concentration of IPTG. The plasmid is kanamycin resistant, thus to select for 

plasmid containing cells, the growth medium was supplemented with 50 µg ml-1 kanamycin. 

Easy quantification of recombinant product is possible because of high-level expression and 

lower leakiness under LacI repressor. 

The product dictates the experimental conditions, not the host cell. To select the most 

appropriate conditions for the experiments, the important point was identifying the exact 

nature of the GFP-A from the array of hundreds of GFP emitting in the green spectrum. A 

pairwise protein sequence alignment of GFP-A was performed using Jalview, and compared 

against Aequorea victoria-GFP (GFP_AEQVI, UniProtKB – P4221) (Figure 3.1). 

Pairwise sequence alignment between GFP-A and Aequorea victoria-GFP identified three 

substitutions: Ser-2 to Arg, Ser-65-Gly and Ser-72-Ala. This confirmed the GFP-A was GFP 

mut3*, as created by Dr Andersen, which has three mutations compared to wt-GFP, as its 

name suggests (Andersen et al., 1998). The position 2 mutation S2R is accidental and does 

not affect functionality (Andersen et al., 1998). The mutations S65G and S72A, located in the 

chromophore region increase the fluorescent signal with photo-stability caused by increased 

protein folding at 37°C (Cubitt et al., 1995, Delagrave et al., 1995). The maturation time of 

GFP mut3* sits constantly at 45 minutes (Cormack et al., 1996). 
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The S65G and S72A mutations shift the excitation maxima to 488 nm, compared to wt-GFP 

that has ultraviolet (UV) excitation (Cubitt et al., 1995, Delagrave et al., 1995, Cormack et 

al., 1996). The GFP mut3* gene yields green fluorescence that allows single cell detection 

using a blue 488 nm laser. The mutations in GFP mut3* cause proper folding, without 

aggregating in IB. Hence GFP mut3* is soluble in cytoplasm, as opposed to wt-GFP which 

would be mostly present in inclusion bodies when overexpressed at 37°C. This is critical for 

experimental work, justifying the temperature of 37°C for both growth and induction.   

 

 

 

Figure 3.1. Pairwise sequence alignment of GFP-A used against wild type GFP. Jalview 

created visualisation of the full 238 amino acid sequence (26.9 kDa). Conserved areas are 

shown in yellow, with three amino acid substitutions shown in ochre.  

 

The temperature of 37⁰C is the temperature required for correct folding and maturation of the 

RP (GFP mut3*). It is also the optimum growth temperature of E. coli, but the desired 

product is the main determinant for experimental design.  

The 21-fold increase in fluorescence, compared to wt-GFP could be due to any of the factors: 

more efficient protein folding at 37°C, increased absorbance at 488 nm, increased protein 

expression or faster chromophore formation (Andersen et al., 1998, Cormack et al., 1996). 

Overall, GFP mut3* allows for efficient monitoring in gene expression studies using single 
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cell techniques. Following induction, GFP mut3* fluorescence can be detected at early time-

points in the cultures of recombinant E. coli.  

3.2 Cell expansion and seed preparation 

Cell expansion and seed preparation were carried out at 37°C, 250 RPM in a MaxQ TM 5000 

shaker (Thermo Fischer Scientific, Asheville, NC, US).  

A Master Cell Bank (MCB) and a Working Cell Bank (WCB) were prepared for each strain. 

A single colony was isolated from the agar plate received from FujiFilm Diosynth 

Biotechnologies (Billingham, UK). A single colony was suspended in lysogeny broth (LB), 

with added kanamycin 50 µg/ml for the growth of the recombinant strain. After 14 h growth, 

the culture was mixed with 20% glycerol (w/v) and dispensed in 1 ml aliquots, stored 

cryogenically at -80°C. WCB was prepared from MCB in a final concentration of 20 % 

glycerol (w/v), stored at -80°C.  

Culture expansion started from WCB in two consecutive steps using batch minimal media 

with a single carbon source. The carbon source was the same as the one intended for the 

follow up experiments.  

Step A. First seed culture was prepared in a 50 ml conical centrifuge tube (Corning, NY, US) 

filled with 10 ml batch mineral media. A volume of 10 µl cryopreserved WCB was thawed, 

vortexed, and further suspended in 10 ml pre-warmed batch media for overnight growth. 

When further cultivations used glucose as the sole C source, the cells were washed twice with 

the corresponding media to remove residual glycerol from WCB. Cultures were centrifuged at 

4000 RPM for 5 minutes, using an Eppendorf 5810 Benchtop, and the cell pellet was further 

re-suspended in 10 ml of corresponding media. No wash steps were necessary when the 

media used glycerol as the sole carbon source.  

Step B. Second seed culture was prepared in a 250 ml Erlenmeyer baffled flask filled with 50 

ml batch mineral media. The exponentially growing first seed culture, with a 10 ml volume 

was used to expand to second seed culture from a starting OD600 ~ 0.05. The culture was 

grown and maintained at mid-exponential phase with OD600 ~ 2, by dilution in pre-warmed 

media, followed by incubation.  
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3.3 Growth media and cultivation conditions 

A batch and chemostat defined mineral media were used to support clearly C-limited growth 

up to 4 g l-1 for glucose and glycerol respectively. Individual media components were 

calculated based upon the growth yields, initially described by Raulin, Pasteur’s student, and 

starting from the elemental composition of biomass (Senn et al., 1994, Ihssen and Egli, 2004, 

Pirt, 1975). Details can be seen in the Appendix A. 

 

3.3.1 Batch mineral media  

A 10x stock of batch basal salts was prepared in 800 ml RO water with 128 g 

Na2HPO4.2H2O, 30 g KH2PO4 and 17.7 g (NH4)2SO4. RO water was added to a final volume 

of 1 litre, and the 10x basal stock media was autoclaved at 121°C for 15 minutes.  

A trace and other minerals stock 100-fold concentrated was prepared with 13 g l-1 

MgCl2.6H2O, 8 g l-1 CaCO3, 7.7 g l-1 FeCl3.6H2O, 1.1 g l-1 MnCl2.4H2O, 150 mg l-1 

CuSO4.5H2O, 130 mg CoCl2.6H2O, 400 mg l-1 ZnO, 120 mg l-1 H3BO3, 1 g l-1 

NaMoO4.2H2O. To these quantities, 79 g l-1 EDTA.Na4.2H2O was added as chelating agent in 

equimolar quantities for divalent and trivalent cation. The 100x stock had a pH ~ 3, and was 

sterilised by autoclaving at 121⁰C for 20 minutes.  

Concentrated stock solutions of carbon sources (w/v) 20% for glucose and glycerol 

respectively were prepared, autoclaved separately at 121⁰C for 20 minutes, and added to STR 

after cooling. The pH of the glucose solution was adjusted to 3 with 1M HCl prior to 

autoclaving to prevent its degradation and formation of derivatives at high temperatures.  

One litre C limited batch medium was made from 100 ml batch basal salts (10x stock), 10 ml 

trace elements (100x stock), 20 ml biotin (1mg/ml stock), 50 ml thiamine (1mg/ml stock), 20 

ml 20% (w/v) carbon source, and 800 ml deionised water. The batch media composition is 

shown in Table 3.1.  
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Compound Mass Concentration 

Na2HPO4.2H2O a 12.8 g l-1 

KH2PO4 a 3 g l-1 

(NH4)2SO4 a 1.77 g l-1 

MgCl2.6H2O b 130 mg l-1 

CaCO3 b 80 mg l-1 

FeCl3.6H2O b 77 mg l-1 

MnCl2.4H2O b 11 mg l-1 

CuSO4.5H2O b 1.5 mg l-1 

CoCl2.6H2O b 1.3 mg l-1 

ZnO b 4 mg l-1 

H3BO3 b 1.2 mg l-1 

NaMoO4.2H2O b 10 mg l-1 

EDTA.Na4.2H2O b 790 mg l-1 

Glucose or Glycerol 4 g l-1 

Biotin 20 µg l-1 

Thiamine 50 µg l-1 

Antifoam Y-30 100 µl l-1 

 

Table 3.1. Composition of the batch mineral media (Ihssen and Egli, 2004). 

Kanamycin added 50 mg l-1 

a Added from 10 x stock solution 

b Added from 100 x stock solution 

 

 

Requirements for vitamins and antibiotic  

Kanamycin (Sigma-Aldrich) stock was prepared as 10 mg/ml in deionised water and filter 

sterilised. Kanamycin was added for the growth of E. coli CLD1301 in final concentration of 

50 µg/ml, to select for plasmids.  
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Biotin (Sigma-Aldrich) and thiamine (Sigma-Aldrich) were prepared as 1mg/ml stock in 

deionised water. Biotin does not dissolve in water without raising the pH at 8, so small 

aliquots of 1M NaOH were added to aid dispersion, prior to sterilisation with a 0.2 μm 

syringe filter (Millipore, England). The stock solutions were stored at 4⁰C for no more than 

two weeks. While there is no intrinsic requirement for vitamins in E. coli strains, for a fast 

growth, they were added to media to the final concentrations of 20 µg l-1 and 50 µg l-1 for 

biotin and thiamine respectively.  

100 µl Antifoam Y-30 (Sigma Life Sciences, St. Louis, MO), diluted 1/10 in deionised water 

to aid dispersion was added to the media to prevent foaming in bioreactor fermentations. The 

final working concentration was 0.01%.  

Chemicals were of analytical grade and purchased from Sigma-Aldrich and Alfa-Aesar unless 

otherwise stated. 

 

3.3.2 Chemostat mineral media 

Chemostat media was prepared as 20 L quantity in a 20 L high-density polyethylene (HDPE) 

carboy. Per litre, the chemostat media contained the following: 2.72 g KH2PO4, 2.3 g NH4Cl, 

1.4 g (NH4)2SO4, 0.1 ml concentrated H2SO4, 10 ml trace elements (100x stock), 20 ml 20% 

(w/v) C source, 100 µl Antifoam Y-30 dissolved in 965 ml RO water. All components were 

added before autoclaving at 121⁰C for 30 minutes; the formation of derivatives from glucose 

and precipitations from phosphate salts were prevented by lowering the pH to 3.5 through the 

addition of concentrated H2SO4. 

Antifoam Y-30 (Sigma Life Sciences, St. Louis, MO) was diluted 1/10 in RO water to aid 

dispersion. For uniform distribution of media components, a magnetic stir bar was used and 

autoclaved with the media. During continuous cultivations, the carboy rested on a magnetic 

stir plate. The carboy was left to cool overnight; the vitamins and antibiotic were added after 

cooling (as described in Section 3.3.1 Batch mineral media).  

 

3.3.3 Induction parameters 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to continuous cultivations of E. 

coli CLD1301 containing the plasmid vector pD441- SR to induce the expression of GFP 
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mut3*. IPTG was added in both the feed carboy and fermenter (in bolus, at switching point) 

to maintain a constant optimum IPTG concentration during fermentation.  

Additionally, IPTG was used in control experiments with E. coli W3110 to show the 

influence of the inducer on the host cell heterogeneity in the absence of a plasmid burden.  

IPTG (Sigma-Aldrich) was prepared as 1 and 0.1 M stock solutions in RO water, filter 

sterilised and stored at 4⁰C for up to two weeks or at -20⁰C for up to one year. 

The optimum induction temperature required for correct folding and maturation of GFP 

mut3* was 37⁰C (see Section Materials and methods 3.1 E. coli strains).  

The optimum induction time for protein expression was mid-exponential. Once the cells 

reached mid-exponential phase (OD600 ~ 2), IPTG was added, concomitantly with switching 

from batch to continuous cultivation.  

The optimum inducer concentration was determined in batch fermentations using 

BioLector (see Section 3.4.1 Batch cultivations in Microtiter Plates). 

 

3.4 Cultivation modes 

The gold standard for microbial fermentations in industry is fed-batch, but it is not well suited 

for the type of work presented here because it does not provide cells in “balanced growth”. 

Batch and continuous operation stirred tank reactors (STR) were used for microbial 

fermentations for the main scope of this study: the analysis of heterogeneity at different 

growth rates. The growth rate is constant during both exponential phase of batch and 

chemostat operation, thus cells are in “balanced growth”, an essential requirement for 

physiological studies of bacteria.  

Chemostat operation has two important prerequisites. One is that biomass is limited by a 

single nutrient, while the others are in excess; the second is obtaining a stable system operated 

at optimum dilution rate. The answer to these requirements was determined by carrying out 

multiple microscale fermentations in batch, using microtiter plates (MTP).  

Inoculum for fermentations was prepared as described in Section 3.2 Cell expansion and seed 

preparation. The seed for MTP fermentations was the first seed culture (Step A); the seed for 

STR fermentations was the second seed culture (Step B). The initial OD600 for all cultivations 

was ~ 0.05, measured offline with a Jenway 6705 Spectrophotometer. 
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 The inoculum volume was calculated with the following formula: 

0)123/34	-./0!1 =	
.,#5*,.	672%%
82+38/	672%%

∗ :,*4,)+8+51)	-./0!1 	 

where the desired OD600 was 0.05; the actual OD600 was the measured value of the first and 

second seed culture, and the fermentation volume was 800 µl and 1500 ml for MTP and STR 

fermentations, respectively. 

 

3.4.1 Batch cultivations in Microtiter Plates 

The media used for MTP fermentations (described in 3.3.1 Batch mineral media) was batch 

mineral media. Its composition is well buffered (128g Na2HPO4*2H2O and 30g KH2PO4), 

thus maintaining a pH of about 6.8 (starting value pH0 = 7) during fermentation.  

E. coli growth was performed in 48-well FlowerPlates (MTP-48-BOH, m2p-labs GmbH, 

Baesweiler, Germany), in an automated system (BioLector, m2p-labs GmbH, Baesweiler, 

Germany). The FlowerPlate is a microtiter plate with an optimised baffled well geometry, the 

“flower”, which is proprietary to BioLector. The novel shape increases the mixing and the 

gas/liquid mass transfer, and has been validated for performing oxygen unlimited microbial 

fermentations (Kensy et al., 2009). The Flowerplate (Figure 3.2 C) was covered with a gas 

permeable sealing foil with reduced evaporation (F-GPR48-10, m2p-labs GmbH, Baesweiler 

Germany), and placed in the incubation chamber with 95% controlled humidity. An orbital 

shaker (LS-X, Kühner AG, Basel, Switzerland) and an X-Y mover (BMG Lab Technologies, 

Germany) ensured sufficient mixing and dispersion of aeration in each well of the MTP 

(Figure 3.2 A).  

Biomass, pH, dissolved oxygen tension (DOT) and fluorescence are measured with non-

invasive optical sensors, located on the bottom or underneath of the “flower” plate (Figure 

3.2). The sensor spots (optodes) for measuring DOT and pH contain fluorescent dyes that are 

sensitive to protons and molecular oxygen (Figure 3.2 B). 

The optodes are continuously washed with cultivation media, and the detectors collect the signal 

(Figure 3.2 A). To allow measurements, the MTP plate has a clear flat polystyrene base. An 

optical measuring unit (Fluostar, BMG Lab Technologies, Offenburg, Germany) with 620 nm 

excitation and no emission filter measures biomass as scattered light. An optical Y-fiber bundle 
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(Prinz Fiber Optics GmbH, Germany) with a 488 nm excitation filter and 520 nm emission 

measures fluorescence from FP. 
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The optodes are continuously washed with cultivation media, and the detectors collect the signal 

(Figure 3.2 A). To allow measurements, the MTP plate has a clear flat polystyrene base. An 

optical measuring unit (Fluostar, BMG Lab Technologies, Offenburg, Germany) with 620 nm 

excitation and no emission filter measures biomass as scattered light. An optical Y-fiber bundle 

(Prinz Fiber Optics GmbH, Germany) with a 488 nm excitation filter and 520 nm emission 

measures fluorescence from FP.  

The wavelengths and gain factors for all optical signals are listed in Table 3.2. The gain, 

representing the sensitivity of the photomultiplier was adapted to the measurements. Gains were 

maintained constant across experiments and for the analysis of different datasets 

.

Figure 3.2. Measurement principle of MTP fermentation in the BioLector via 

back scattering of light from cells and fluorescence emission of molecules. A: 

Schematic side view of the measurements at different positions under an MTP 

well with continuous shaking. B: Top view of the MTP well. C: Multiparameter 

measurement in a FlowerPlate. 
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Optical signal ;1#	(nm) ;1!	(nm) Gain 

Biomass (scattered light) 620 -  20 

DOT 505 590 60 

pH 485 530 45 

GFP fluorescence 488 520 50 

 

Table 3.2. Optical signals and applied setup for BioLector online monitoring. 

 

Method:  

Triplicate fermentations were performed in 48-well MTP in BioLector (m2p-labs GmbH, 

Baesweiler, Germany), with three experimental controls and one well with media for sterility 

control as internal plate standard. The following were maintained constant in all MTP 

fermentations: initial OD600 ~ 0.05, 800 µl filling volume, 1500 1/min shaking frequency, 3 

mm shaking diameter and 37°C temperature.  

Details of inoculum were given in Section 3.2 Cell expansion and seed preparation.  

On plates without optodes, the cycle time for measurements was 15 minutes. On plates with 

optodes for additional pH and DOT measurements, the cycle time was 20 minutes. Data from 

BioLector was expressed in arbitrary units (A.U.) which are sufficient from comparisons 

across experiments and calculating µmax. For scattered light and fluorescence, the average 

values of ten initial consecutive data-points were deducted from the total measured value. 

Recombinant protein expression was induced at mid-exponential point with an optimum 

amount of IPTG. Control experiments were performed for host and recombinant strain in the 

absence and presence of IPTG.  

Purpose 

Microtiter plates (MTP) fermentations in batch were set up on host and recombinant strain for 

three reasons: 

 

(a) To verify that C is the nutrient that stoichiometrically limits  

To verify the limiting range of the C source, host and recombinant E. coli fermentations were 

conducted on batch minimal media with six different C source concentrations (g/L) (1, 2, 3, 4, 
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7 and 10). The media contained either glucose or glycerol as sole C source (please see Appendix 

A) and was designed to support C limited growth up to 4 g/L. 

Biomass (scattered light) was monitored until stationary phase was attained. When C is the sole 

growth limiting nutrient, the maximum obtainable biomass (A.U.) in the system is a function 

of the C source. The final biomass in the system was experimentally determined from the 

average of five consecutive measurements at stationary phase, and expressed as a function of 

the concentration of C source. To verify that the glucose or glycerol is the sole C source and 

that the cells do not metabolise C from other sources (thiamine and biotin), control experiments 

were performed with all media components, omitting the carbon source. 

 

(b) To determine the growth kinetics of strains, in particular µmax  

Following screening in Section 3.4.1 Batch cultivations in Microtiter Plates (a), a glucose and 

glycerol concentration was chosen at which the nutrient is in the limiting range. The choice 

was arbitrary, considering the amount the final biomass desired in the system. BioLector data 

for both glucose and glycerol were used to determine the kinetics of growth for both host and 

recombinant strain. The most important parameter µmax was determined during the 

exponential phase of growth, knowing its dependence on the natural logarithm of the biomass 

(A.U.). 

 

(c) To screen for the inducer quantity needed for the expression of GFP mut3* protein 

in E. coli CLD1301  

Heterologous protein expression in E. coli CLD1301 operates on a strong T5 tunable 

promoter that is isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible. This offers the 

possibility to vary protein expression to desired levels by varying the amount of IPTG.  

Induction profiling with six different concentrations of IPTG (0, 0.05, 0.1, 0.25, 0.5 and 1 

mM) was conducted on the recombinant E. coli CLD1301. IPTG was added at mid-

exponential phase, at OD600 of 2. At induction point, measured in cycles by BioLector, the 

instrument was “stopped”, the gas permeable sealing foil (F-GPR48-10, m2p-labs GmbH, 

Baesweiler Germany) covering the plate was peeled off backwards. Thereafter, IPTG was 

added to each tested well, and the plate was re-covered with the sealing foil and returned to 
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the incubation chamber. Biomass and protein concentration (A.U.) were measured online via 

scattered light and fluorescence.  

The average of ten initial measurements for each biomass and fluorescence were subtracted 

from the totals. Data was imported into Microsoft Excel for analysis. At low biomass 

concentrations, in the initial stages of fermentations, few wells presented values smaller than 

the background; these were not removed from the data set. Specific yield of product to 

biomass was calculated from measured product concentration (A.U.) to that of the biomass 

(A.U.).  

Furthermore, induction experiments were conducted on the host E. coli W3110, to show the 

effect, if any, of the inducer on the cells that lack the transfected plasmid.  

 

3.4.2 Batch cultivations in STR  

Purpose: to achieve mid-exponential steady state for single cell analysis at µmax. 

Fermenter Vessel: 

The STR is a 3 L glass autoclavable laboratory fermenter (Applikon Biotechnology B.V., 

Schiedam, The Netherlands) (Figure 3.3 B), controlled through an ez-Control tower (Figure 

3.3 A). A double glass wall allows water recirculation for the maintenance of temperature at 

the set point. A motorised shaft fitted with two 6-bladed Rushton impellers (Figure 3.3 B) 

produces a unidirectional radial flow for continuous mixing. Three baffles, mounted on the 

inside of the STR oppose the vortexing effects of unidirectional flow, thus promoting mixing 

(Figure 3.3 B). A condenser, sensors for pH, temperature and dissolved oxygen, various ports 

(for inoculation, media supplementation, sampling, feed and broth removal) were mounted on 

the reactor’s headplate. A mass flow controller mounted on the ez-Control tower maintains a 

constant 1 v.v.m air supply.  

The BioXpert software monitors online the bioprocess at the population level, by maintaining 

all critical process parameters (CPPs): pH, temperature, DO. The set points for CPPs were 

maintained constantly as MTP fermentations (Figure 3.4). 

The working volume of each culture was 1.5 L. Volumes of 1.2 L RO-water, 150 ml 10x 

batch basal salts and 150 µl Antifoam Y-30 were filled in the reactor and autoclaved at 121⁰C 

for 30 minutes (Section 3.3.1 Batch mineral media). After cooling to room temperature, the 

following were added via the supplementation port: 15 ml 100x trace elements, 30 ml 
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(1mg/ml) biotin, 75ml (1mg/ml) thiamine and 30 ml carbon source 20%. The same port was 

used for adding 50 µg/ml kanamycin for the growth of the recombinant strain.  

Inoculum: 

The inoculum used for STR fermentations was the second seed culture (Section 3.2 Cell 

expansion and seed preparation). This was maintained at mid-exponential phase with OD600 ~ 

2 by dilution, and injected through the inoculation port into the STR. The starting OD600 was 

0.05. A volume of media equal to that of the inoculum was withdrawn from STR via the 

sample port, and used for measuring the initial substrate and pH. The measured pH value was 

used for calibrating the probe “internally” as sample correction. 

Process Parameters: 

The following process parameters were applicable to all STR fermentations (Table 3.3). 

 

Parameter  Set-point/value 

Initial OD600  0.05 

Working volume (L) 1.5 

Temperature (⁰C) 37 

pH 7 

Dissolved oxygen (% 

air saturation) 

50 

Airflow 1 v.v.m 

Stirrer speed (RPM) 250 – 900 

 

Table 3.3. STR Process parameters 

 

1. Temperature 

The temperature was set to 37.0 ± 0.1°C, as measured by a thermometer sensor that fits in a 

thermo-pocket on the head-plate. The pocket was filled with silicone oil, which conducts heat 

to enhance measurements. The temperature was maintained at set point by a thermo-circulator 

that circulates cold and warm water through the double wall (jacket) of the reactor. Growing 
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bacteria generate a large amount of heat, so a suitable method of cooling is necessary to keep 

the temperature at optimal level. 

2. pH 

The pH control was set to 7.0 ± 0.1 using a probe-linked pump on the ez-Control tower. The 

pH sensor (AppliSens Z001023551, Applikon Biotechnology B.V., Delft, The Netherlands) 

was first calibrated with pH 4.0 and pH 7.0 buffer standards before the bioreactor was 

autoclaved. Further, a media sample was withdrawn from the bioreactor, prior to inoculation 

and the pH was measured offline with a pH bench probe (Mettler-Toledo™, FE20 Five 

Easy™). The offline pH result was entered into the ez-Control tower for a second calibration 

using the “sample correction” function. The consumption of carbohydrates lowers the pH, 

hence a base was used for pH control in most fermentations. When the pH deviates from the 

set point, two peristaltic pumps are activated to provide alkali (a mix of 1M NaOH/1M KOH) 

or acid (1M HCl) to the fermentation broth (Figure 3.3 G). The pumps operate at a fixed rate 

of 20 RPM and the tubing used for these additions was the same size for comparable 

alkali/acid addition. 

The base mix (NaOH/KOH) provides equimolar quantities of both Na and K that do not 

influence the measurements of membrane potential, given that the ions are found on different 

sides of the cell membrane. HCl was used as an acid pump control, given that the bacteria 

have no specific requirement for Cl-.  

3. Dissolved oxygen (DO) 

Oxygen limitation during cultivations was prevented by setting the dissolved oxygen (DO) 

level to 50% as measured by a low drift sensor (Applisens Z010023520, Applikon 

Biotechnology B.V., Delft, The Netherlands). The sensor was inserted in the fermentation 

broth and autoclaved with the vessel. As the DO measurements are based on the 

polarographic principle, the probe was polarised at the desired parameters (pH 7 and 

temperature 37⁰C) for at least 6 hours before a single point 100% calibration was performed 

at the maximum stirrer speed, 900 RPM. Following calibration, the stirrer control loop was 

activated. 

4. Stirring & Aeration 

Stirring was performed by two 6-bladed Rushton impellers and set to keep the DO at 50% set-

point, by increasing the agitation speed from 250 to 900 RPM. The aeration flow rate was 1 
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v.v.m (vol. vol. min-1) compressed air. The addition of air, the stirring and CO2 from cell 

metabolism cause foaming. This was minimised by the addition of Antifoam Y-30. 

 

Remarks on sampling in batch 

For monitoring cultivations, E. coli cultures were sampled at approximately doubling time 

intervals from the time of inoculation (time 0) during batch growth.  

For the analysis of cellular heterogeneity in conditions of excess nutrients, cells in “balanced 

growth” at µmax were required. The cells needed to pass through at least four doubling times, 

thus the “steady state” of the exponential phase was the mid-exponential point. Expressed 

clearly in time units from inoculation (time 0), mid-exponential sampling was conducted as 

being representative for balanced unrestricted growth at µmax.  

Although the media is C limited, there is no limitation on growth at mid-exponential point. 

When a limitation occurs, this is visible on the growth curve as an abrupt change in biomass. 

For example, a limitation occurs in the change from exponential to stationary phase (Figure 

2.13). At the mid-point of phase 4 (Figure 2.13), the substrate level is roughly 10x the 

substrate saturation constant Ks, assuming Monod kinetics.  

 

3.4.3 Continuous fermentation in STR 

Purpose: to achieve chemostat “steady state” for single cell analysis at reduced specific µ. 

The influence of a reduced growth rate on bioprocess was analysed in terms of reproductive 

and metabolic ability, membrane integrity and membrane potential.  

Media 

A carbon limited chemostat media (described in Section 3.3.2 Chemostat mineral media) was 

used for continuous fermentations of E. coli strains.  

Cultivation regime   

The cultivation regime comprised of an initial batch phase, followed by a second C-limited 

chemostat phase. At mid-exponential phase when OD600 ~ 2, the switching to chemostat was 

performed by switching ON the inlet and outlet peristaltic pumps.  

The feed rate was constant and set to ½ µmax. Maximum growth rate µmax was previously 

determined in batch. The choice of ½ µmax was supported by a maximum biomass and a 



67 

 

concentration of C source in the “steady state” reactor equivalent to Ks. Fresh media was 

pumped from a 20L FEED carboy (Figure 3.3 E) into the STR with an inlet peristaltic pump 

(Watson Marlow Pumps Group, Rommerskirchen, Germany) (Figure 3.3 C). The inlet 

peristaltic pump was adjusted to support growth at ½ µmax. An outlet pump operating at 

maximum flow rate (Figure 3.3 C) removes concomitantly the culture broth from STR to a 

WASTE carboy (Figure 3.3 F). The exit line for continuous removal of the fermentation 

broth was located at just above 1.5 l working volume of the STR. This is because the effluent 

media contains a higher volume of gas from metabolism, therefore the exit has to be level-

controlled to maintain a constant volume in the system. 
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Figure 3.3. Experimental set-up 3D model of continuous fermentations (Autodesk Inventor 

– see Appendix C). Aerobic cultivations were performed in a 3 L Applikon reactor (B). The 

inflow gas was compressed air (blue line). BugLab for biomass monitoring was affixed on 

the outside of fermenter vessel (D). Culture volume was maintained constant by adding 

media from a 20L FEED carboy (E) whilst pumping out the fermentation broth into a 20L 

WASTE carboy (F). FEED and WASTE carboys were connected to the reactor via 

peristaltic pumps (C) with the inlet pump setting the growth rate. Fermentation was 

controlled through the ez-control tower (A). Temperature, dissolved oxygen and pH were 

monitored using in-liquid probes. Temperature was maintained by a tempered water loop 

with instant cooling and heating through the water jacket of fermenter. pH was maintained 

at setpoint by the addition of acid and base (G) with peristaltic pumps on the ez-control 

tower. Dissolved oxygen was maintained at set point by a stirrer control loop.

A 

B 

C 

D 

E F 

G 
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A period of 4 - 5 residence time (R) was allowed for the system to “settle” into steady state. 

This was confirmed by a constant biomass, a constant DO around set point and a constant 

metabolic activity, evidenced by a constant alkali addition. When steady state was achieved, 

samples were collected at approximately doubling time interval for single cell analysis.  

Operating parameters such as pH, temperature, DO (Figure 3.4) were maintained at the same 

level as batch fermentations (Table 3.3).  

 

 

 

3.5 Process monitoring 

Online and offline measurements were carried out for bioprocess monitoring and control.  

3.5.1 Critical Process Parameters  

Critical Process Parameters (CPPs) such as temperature, stirring speed, pH, dissolved oxygen, 

alongside media composition were optimised in MTP (data not presented). Two common 

problems encountered were foaming and media precipitation when changing to continuous 

Figure 3.4. Operating parameters (pH, temperature, DO) for E. coli fermentations (Autodesk 

Inventor). 
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Figure 3.5. BugLab, non-invasive biomass monitor. Measurements through the fermenter 

wall. A: BE2100 base unit; B: BE2100 optical sensor; C: BE2100 sensor strapped on the 

glass wall of reactor; D: Virtual Instrument and Data Viewing Software main window.  

cultivations. These operational challenges were overcome with antifoam and media 

optimisation. 

CPPs were continuously monitored using the Applikon ez-Control (described in Section 3.4.2 

Batch cultivations in STR). Data was logged online with the BioXpert Software.  

3.5.2 Online biomass measurements (BugLab) 

Growth was measured with BugLab (BugLab LLC, Concord, CA), a non-invasive biomass 

sensor, affixed to the outside glass wall of the STR (Figure 3.5 C). The near infrared (NIR) 

BE2100 sensor monitors growth continuously using a combination of lasers (850 nm) and 

detectors. The laser is directed into the media through the transparent wall of STR. Bacterial 

cells in suspension within the STR scatter and reflect the light back at the sensor. 

Photodetectors within the sensor collect the 160-180⁰ backscattered light. The measurement 

principle of BugLab is the same with that of BioLector using MTP, described in Section 3.4.1 

Batch cultivations in Microtiter Plates. 
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Biomass is measured inside the reactor non-invasively, with maximum sensitivity at 2 cm 

from the front of the sensor. In principle, as the concentration of cells increases, the 

instruments detects a higher signal. The reported measurements are raw “Bug Units”, which 

are generated at the time of manufacture by linearly scaling the measurements against offline 

OD600 at suitable dilutions for a culture of Saccharomyces cerevisiae. However, backscattered 

light is influenced by cell size, hence any measurement made on E. coli necessitates a separate 

calibration.  

BugLab measurements were compared across experiments. A baseline calibration was 

performed just before inoculation to remove the signals originating from the media 

reflectance. This is similar to “blanking” with sterile media in a spectrophotometer. An 

individual calibration was obtained for host E. coli strain with BugLab measurements as a 

function of offline OD600 and cell dry weight (CDW). The instrument is, however, sensitive to 

changes in air bubble size, agitation rate and changes in cell morphology. Any slight change 

in BugLab measurements was compared against offline OD600. The instrument was operated 

via the Virtual Instrument software.  

 

3.5.3 Optical density  

Biomass development in STR was monitored offline as optical density (OD).  

OD represents the attenuation of light by the bacterial cells and depends on wavelength (λ).  

 
67(;) = /1>&% ?

0%(;)
0(;)

@ 

 

(3.1) 

where 0%(;) is the intensity of the incident light to the sample and 0(;) is the intensity 

transmitted through the sample.  

OD of a sample of thickness n is given by the following: 

 67(;) = (A3		 +	C3	)	)	 

 

(3.2) 

where A3		is the absorbance density at wavelength λ and C3	is the turbidity at wavelength λ.  

Two misconceptions are common in measurements of OD. Neither OD is the turbidity nor the 

absorbance of a sample, since both components contribute to light attenuation, which is the 
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actual OD measurement. The absorbance represents the fraction of incident light absorbed by 

the sample, while the turbidity is a measure of the light attenuation due to light scattering.  

OD600 was measured using 1.5 ml Kartell semi-micro disposable transparent cuvettes (Fisher) 

with a Jenway 6705 UV/Visible Scanning Spectrophotometer at a fixed wavelength of 600 

nm. A Xenon lamp illuminates the sample, and a detector records the light that passes 

through. The spectrophotometer measures from - 0.3 to 3 OD600 units, with the linear range 

between 0 - 0.5. For higher measurements, samples were diluted in sterile media and the final 

OD600 was recalculated using the dilution factor.  

Sterile media was used for both serial dilutions and for zeroing the spectrophotometer. Cell 

dilution using sterile media until measurements were within the linear range of the instrument 

was justified. Firstly, for the measurement to reflect growth, the media for dilution should 

contain every component of the culture broth except the cells. Secondly, the background 

colour was maintained. Lastly, by suspending the cells in a media with the same osmolality, 

osmotic shock and refractive index effects were avoided.  

OD600 is widely used to quantify growth in biotechnology labs because of its speed, 

simplicity, low cost, and a long history. While the measurement is instantaneous, there are 

few considerations. Detection is possible above 106/ml cells and prone to errors in early stage 

of fermentations due to insufficient number of cells. The method is insensitive to changes in 

cell size or cells agglutinating together, and it remains a bulk measurement at population 

level. While it does not account for heterogeneity, it nevertheless measures growth.  

 

3.5.4 Total cell counts  

Cell growth was measured as total cell counts (TCCs) at single cell level using FC, 

simultaneously with the assessment of membrane integrity using the cell permeant Thiazole 

Orange (TO) and the cell impermeant Propidium Iodide, (PI).  

Samples were diluted in sterile media up to an OD600 ~ 0.025, using 4 ml 12 x 55mm round 

bottom polyethylene FC tubes (Greiner Bio-One, Kremsmunster, Austria). Dilution was 

necessary to avoid erroneous observations caused by staining artefacts that occur when using 

the same dye amount for a different cell number. The FC tubes were vortexed for 8 seconds 

with Vortex Genie2 (Scientific Industries Inc., Bohemia, NY, US) and three subsamples were 

prepared for each sample.  
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TO, 42 µM in dimethyl sulfoxide (DMSO) and PI 4.3 mM in water were used for cell staining 

up to final concentrations of 420 nmol/l and 43 µmol/l for TO and PI, respectively. The dye-

cell suspension was vortexed thoroughly and incubated at RT for 5 minutes in the dark. TCC 

was performed with an Attune Attune Nxt Acoustic Focusing Cytometer (Life Technologies, 

Carlsbad, CA, USA), equipped with a 488 nm laser. The green and red fluorescence were 

detected in the BL1 (BP 530/30) and BL2 channel (BP 574/26), respectively. The SSC and 

FSC detectors were used to gate the population of interest.  

The Attune instrument operates a volumetric analysis through a positive displacement syringe 

and was set to deliver 5 µl from the sample syringe at a flow rate of 25 µl/min. The Attune 

cytometric software v2.1 (Life Technologies Inc., CA) is able to do TCC of the gated 

population of interest, excluding the debris. TCC per ml culture was calculated correcting for 

the dilution factor and the 5 µl sample volume, but all data analysis of flow cytometry files 

was conducted with Matlab®.   

 

3.5.5 Cell dry weight  

The monitoring of cell dry weight (CDW) requires large samples to minimise errors. For a 

laboratory-scale bioreactor, operating on minimal media with cultures at small densities, 

CDW was performed as a calibration against other biomass measurements such as OD600 and 

BugLab.  

CDW was measured by separating the biomass from the media by membrane filtration with 

subsequent drying. A 400 ml bacterial culture was grown in a baffled 2 L Erlenmeyer flask in 

exponential phase at 37⁰C, 200 RPM. The final OD600 was calculated from the measured 

OD600 in the linear range of the instrument (0 – 0.5), multiplied by the dilution factor. Fully-

grown E. coli cultures bring about colour changes in the media that affect the OD600 

measurements. For OD600 - CDW calibration, the OD600 of the supernatant was deducted from 

the final OD600 value. To measure the OD600 of the supernatant, two 2 ml samples from the 

original exponential culture at OD600 of 3.5 were centrifuged to pellet the cells, and the 

supernatant separated.  

The original culture in the exponential phase of growth was diluted in pre-warmed sterile 

media to six different OD600 calibration points of 0.25, 0.5, 1, 1.5, 2 and 2.5. Values above 0.5 

were diluted in sterile media until the linear range 0 - 0.5. The cultures were centrifuged, re-

suspended in a small amount of PBS and filtered with a pre-weighed Whatman cellulose filter 
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paper (0.45 µm pore size). The cells and the filter paper were oven dried until a constant 

weight was achieved. The weight was measured and the CDW calculated, considering the 

volume used.  

A known quantity of sterile media was filtered to measure the precipitate of any salts, and the 

paper was oven dried until constant weight was achieved and deducted from the total 

recorded weight. A calibration curve was obtained for each strain tested.  

 

3.5.6 Monitoring volatile fatty acids 

Samples were collected to determine the levels of organic acids (acetic, propionic and formic) 

in the culture media. To stop the bacterial activity, samples were centrifuged within the first 

two minutes of collection. Further, the supernatant was sterilised with a 25-mm-diameter, 

0.22 µm pore size Millex-GS syringe filter (Millex-GS, Millipore Co, Billerica, MA, USA) 

and frozen immediately to -20°C. The analysis was performed in triplicate on a DIONEX 

ICS-2100 (DIONEX ICS-2100, Dionex, USA) operated with a Dionex IonPac™ AG11-HC 

anion protection column (Dionex, USA). Data was analysed by a Chameleon chromatography 

workstation (Dionex, USA). 

 

3.6 Substrate measurements in the media 

Concentrations of substrate in fermentation samples were measured using enzyme-based test 

kits (Megazyme International, Bray, Ireland), according to manufacturer protocols. A volume 

of 0.1 ml culture supernatant was mixed with RO-H2O and a range of buffers to a final 

volume of 2.1 ml. The concentrations of glucose and glycerol were calculated based on the 

increase in absorbance measured at 340 nm.  

The initial phase of batch starts from 4 g l-1 substrate (glucose or glycerol), hence for 

measurements in the exponential phase of batch, supernatant samples were diluted 1/10 in 

PBS prior to spectrophotometer measurements. Steady state samples from chemostats were 

not diluted. Consideration was given to pH adjustment as the buffer pH is 7.6. As the sample 

size was 0.1 ml, the change in pH was negligible and pH adjustment was deemed 

unnecessary.  
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The D-Glucose HK Assay Kit (Megazyme International, Bray, Ireland) is linear within the 

range of 0.04 - 0.8 g l-1 glucose, which corresponds to 4 - 80 μg D-glucose per cuvette when 

using a 0.1 ml sample mixed in a 2.1 ml total assay volume.   

The Glycerol Assay Kit (Megazyme International Ireland, Bray, Ireland) is linear up to 0.35 g 

l-1 glycerol in media, corresponding to 35 µg of glycerol per cuvette when using 0.1 ml 

supernatant. The minimum quantity detected is 0.008 g l-1, corresponding to 0.8 μg glycerol 

per cuvette when using 0.1 ml sample in a 2.1 ml total assay volume.  

 

3.7 Monitoring membrane integrity with FC 

Membrane integrity was assessed with dual fluorescence flow cytometry with Attune Attune 

Nxt Acoustic Focusing Cytometer (Life Technologies, Carlsbad, CA, USA. The viability was 

assessed simultaneously with TCCs, using the dye combination, TO and PI (Figure 3.6). 

Cells were prepared and stained as described in Section 3.5.4 Total cell counts.  

 

  

Thiazole Orange 

 

  

Propidium Iodide 

 

  

Excitation-emission 

spectrum 

Figure 3.6. Thiazole orange and Propidium Iodide. A: TO chemical structure. B: PI 

chemical structure. C: TO and PI excitation-emission spectrum. Blue horizontal line 

represents the 488 nm excitation laser. The absorption is shown in dotted line, while the 

emission is shown in a solid line for both TO (green) and PI (orange). 

A 
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TO, 1,3’-dimethyl-4,2’- quinothiacyanine is well known for staining reticulocytes (Lee et al., 

1986), and stains both RNA and DNA in bacteria. Its absorption maxima sits at 509 nm with 

maximum emission at 533 nm (Vanhove et al., 1990, Jouault et al., 1994). TO has a single 

delocalised positive charge from two N-methyl groups (Figure 3.6 A). Its lipophilic nature 

allows the dye to pass freely through the phospholipid bilayer. Although used with FC, TO 

was not suitable for FM because of rapid photo-bleaching (Shapiro, 2002). The green 

fluorescence of TO was detected in the BL1 channel (BP 530/30) with a 488 nm excitation 

laser.  

Propidium iodide (PI) is the iodide salt of 3, 8-Diamino-5-diethyl-methyl-aminopropyl-6-

phenylphenanthridine. Its side chain is a propyl group with quaternary ammonium at the end 

opposite of the phenanthridinium ring (Figure 3.6 B). Because of a double positive charge, PI 

is impermeant to the phosholipid bilayer, thus only passing through cells with compromised 

membranes that are considered “dead”. Within “dead” cells, PI binds non-specifically to both 

DNA and RNA. PI fluorescent signals were detected in the red channel BL2 (BP 574/26). 

In combined assay for viability, PI stains the “dead” cells red while TO stains “live” cells 

green. Both dyes are excited by a 488 nm laser, with the emitted signal separated by 

compensation (Figure 3.6 C).  

A positive control for PI+ or “dead” cells was prepared. E. coli cells were grown to 5 x 105 

cells/ml and the population was separated into two subpopulations. One subpopulation was 

lysed with nisin treatment. E. coli cells with an OD600 of 0.25 were incubated with nisin (final 

concentration, 25 µg/ml) for 1 h, at 37⁰C under 250 RPM. This was because the addition of 

nisin did not lead to immediate cell death, and bacterial membranes were still impermeable to 

PI after 30 minutes incubation. The lysed cells were harvested and re-suspended in fresh 

media for antibiotic removal. Lysed and viable cell subpopulations were mixed to obtain 

different percentages of dead cells: 0, 25, 50, 75 and 100%.  

Nisin stock was prepared by dissolving nisin at acidic pH. Nisin (Sigma Aldrich), 1g with 

2.5% purity was dissolved in 25 ml 0.02 N HCl and 0.75% NaCl, and then filter sterilised. 

Killed control bacterial cells were stored in the fridge until used as controls at the beginning, 

middle and end of the experiment.
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Remarks on control  

Nisin treated cells were used as control of “death” for experiments that assessed both 

membrane integrity and membrane potential. The antibiotic has a known efficacy particularly 

against Gram-positive bacteria (Campion et al., 2017, Garcera et al., 1993), but EDTA used 

in media as a chelating agent renders E. coli cells susceptible to nisin. Nisin causes a rapid 

dissipation of membrane potential (Helander and Mattila-Sandholm, 2000, Kordel et al., 

1989) in addition to creating PI+ holes in the membrane, detectable with common viability 

dyes. The E. coli cells treated with nisin as described above were PI+ on FM and FC, and 

revealed no growth on agar plating.  

 

3.8 Monitoring membrane potential with DIBAC/EB/PI 

Changes in MP indicative of bacterial stress were studied by FC using a triple dye 

combination DIBAC4(3)/EB/PI (Figure 3.7).  

 

  

DIBAC4(3) 

  

Excitation (dotted line) and 

emission (solid line) spectrum of 

DIBAC4(3).  

 Excitation (dotted line) and 

emission (solid line) spectra of 

Ethidium Bromide (light orange) 

and Propidium Iodide (orange red).  

 

Figure 3.7. DIBAC4(3)/EB/PI for membrane potential assessment. A: DIBAC4(3) chemical 

structure. B: Excitation-emission spectrum of DIBAC4(3). C: Ethidium Bromide and 

Propidium Iodide Spectra. Blue vertical line is blue 488 nm excitation laser. 
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DIBAC4(3) (bis-(1, 3-dibarbituric acid)-trimethine oxonol) is an oxonol dye that is negatively 

charged (anionic), thus excluded from polarised cells that maintain MP. This means well-

energised cells have low fluorescence DIBAC4(3) staining. The dye enters the cells with 

altered MP, thus an increase in DIBAC4(3) fluorescence suggests that the MP gradient no 

longer exists. Cells that exhibit an increase in DIBAC4(3) fluorescence intensity are considered 

to have undergone membrane depolarisation, although the dye also stains “permeabilised” 

cells with MP = 0.  

It has been suggested that heat and alcohol killed bacteria exhibit an increase in DIBAC4(3) 

fluorescence, whilst less drastic treatments, such as nutrient limitation showed no change in 

DIBAC4(3) fluorescence (Novo et al., 1999). As an increase in DIBAC4(3) fluorescence is more 

related to membrane integrity than changes in MP, DIBAC4(3) is a useful indicator of 

membrane permeability that occurs with antibiotic treatment (Diaz et al., 2010).  

EB is the bromide salt of 3, 8-diamino-5-ethyl-6-phenylphenanthridine. The N-alkyl group 

(ethyl group) gives EB a positive charge thus EB is membrane permeant, entering all cell 

membranes, and binding to both DNA and RNA once inside. EB assesses the efflux pump 

activity. The dye is retained by cells with inactive efflux pump, thus giving an increase in 

fluorescence, regardless of membrane status (Kim et al., 2009); the dye is pumped out of cells 

with functional efflux pumps, thereby decreasing the overall measurable fluorescence (Hewitt 

and Nebe-Von-Caron, 2001). As EB crosses intact membranes very slowly and is pumped out 

of the cell, it has widely, but erroneously, been regarded as impermeant and used in dye 

exclusion tests.   

When used simultaneously with PI, the double charge of PI confers a higher binding affinity 

for double-stranded nucleic acids than EB. Thereby, when cells are permeable to both dyes, 

PI displaces EB (Nebe-von-Caron et al., 2000). The spectra of EB and PI (described in 

Section 3.7 Monitoring membrane integrity with FC) overlaps, meaning they are harder to 

separate and they require compensation (Figure 3.7 C).  

DIBAC4(3) (FW 516.64) was prepared as 10 mg/ml stock solution in 100% dimethyl 

sulphoxide (DMSO), stored at -20⁰C, and 100 µl/ml working solution in RO-water, stored at 

4⁰C. Tween 20 was added to the working solution to a final concentration of 0.5%. 

EB (FW 394.3) stock solution 10 mg/ml was prepared in RO-water, stored at -20⁰C. A 

working solution at 500 µg/ml was prepared in RO-H2O, stored at 4⁰C.  
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PI (FW 668.4) was prepared in RO-water as 500 µg/ml solution, and stored at 4⁰C. 

Bacteria growing at exponential phase of growth in STR (in batch and chemostats) were 

diluted in sterile media to an OD600 of ~ 0.025. DIBAC4(3) was added to a final concentration 

of 10 μg/ml, EB of 10 μg/ml and PI of 5 μg/ml respectively. Stained cells were incubated for 

30 minutes at 37⁰C, in the dark, before FC analysis.  

Under 488 nm laser beam excitation, PI fluorescence was measured above 630 nm, EB 

fluorescence at 575 nm, and DIBAC4(3) fluorescence at 525 nm. Compensation was used to 

minimise fluorescence spill-over. The population was gated as active pumping cells that stains 

with neither of the dyes (DIBAC4(3) -, EtBr-, PI-), de-energised cells (DIBAC4(3) -, EtBr+, PI-), 

depolarised (DIBAC4(3) + , EtBr+, PI-) and permeabilised cells (DIBAC4(3) + , EtBr-, PI+).  

However, DIBAC4(3) uptake depends on cell size. Active cells that maintain MP will take up 

less dye than depolarised cells. However, depolarised cells of different volumes contain 

different amounts of dye, irrespective of their membrane potential, because the concentration 

of the dye reflects the membrane potential. The flow cytometry measures the amount, not 

concentration (Shapiro, 2005). 

 

3.9 Monitoring heterologous protein production through flow cytometry 

The heterologous protein is GFP mut3*, as described in Section Materials and Methods 3.1 

E. coli strains. The strength of GFP lies in that the fluorophore forms from moieties from its 

own polypeptide chain, requiring no co-factors for maturation, other than oxygen and 37⁰C 

temperature (see Section 2.2.1 Green Fluorescent Protein (GFP) – The Green of Biology). 

Thereby, the emitted fluorescence intensity is a direct readout of heterologous protein 

production. The GFP mut3* expression was monitored in combination with PI staining for the 

assessment of viability, using Attune NxT Acoustic Focusing Flow Cytometer (Life 

Technologies, CA). PI staining was described previously (Section 3.7 Monitoring membrane 

integrity with FC). 

Using gating on FSC and SSC, dead cells and debris were eliminated from analysis (Figure 

2.5 A). GFP was excited by the 488 nm laser and its signal was detected using a 530/30 

bandpass filter in the BL1 channel. The red fluorescence of PI was detected using a 574/26 

bandpass filter in the BL2 channel.  
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GFP fluorescence intensity (BL1, x-axis) was plotted on a log scale against the fluorescence 

intensity of PI (BL2, y-axis). Signals were amplified with the logarithmic mode so that the 

background fluorescence of non-induced cells was below 104 (Figure 3.8). Thereby, a 100-

fold increase in fluorescence over background is observed for E. coli CLD1301 in the 

presence of 1 mM IPTG (Figure 3.8). The fluorescence of GFP mut3* is known to be very 

stable, hence it was safely estimated that its half-life was 33 hours (Sanders and Jackson, 

2009). Within the following experiments, mature GFP mut3* remained fluorescent in liquid 

cultures up to three weeks post-harvest (data not shown), thus it was completely stable within 

the following experiments.  

Cells from STR were diluted in PBS to an OD of ~ 0.025 (as described in Section 3.5.4 Total 

cell counts). PI 4.3 mM in water was added to each 300 µl of sample for 43 µmol/l final 

concentration to quantify for dead cells. Samples were briefly vortexed and incubated in the 

dark at room temperature for 5 minutes prior to analysis.  

Figure 3.8. Fluorescence data of recombinant E. coli CLD1301. A: no 

inducer (0 mM IPTG); B: 1mM IPTG. BL1 (x-axis) is fluorescence 

intensity of GFP. BL-2 (y-axis) is the fluorescence intensity of PI. There 

are three subpopulations: R1 (non-induced cells), R3 (dead cells) and R4 

(induced cells). Below 104 on BL1 channel are non-induced cells. 

 

A B 
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Figure 3.9. Excitation (dotted line) and emission (solid line) spectra of 

SYTO9 (green) and PI (red). Horizontal blue line represents 488 nm laser. 

Figure was produced using Life Technologies Fluorescence Spectra Viewer. 

3.10 Phase and fluorescence microscopy of E. coli W3310 

Phase and fluorescence microscopy were applied for the study of cell viability (SYTO9/PI), 

cell morphology and stress (DISC3(5)) in E. coli W3110. 

Viability as a function of membrane integrity of the cell was monitored with BacLight™ 

(Live/Dead Bacterial Viability Kit, L-7007, Molecular Probes), a dual staining kit containing 

the green fluorescent SYTO9 and red-fluorescent PI (Kimura et al., 2017, Yoon et al., 2019). 

PI (described in Section 3.5.4 Total cell counts) is suitable for both FC and FM. The dyes 

show different spectral characteristics (Figure 3.9) and abilities to penetrate bacterial cells. 

SYTO9 stains “live” cells green, and PI stains “dead” cells red.  

Samples of 1 ml were collected from STR and centrifuged at 10000×g for 1 minute, to 

remove the supernatant. The cell pellet was suspended in PBS (1x), and further diluted to 

OD600 of ~ 0.5 in PBS (1x). A “killed” control was obtained by suspending the cell pellet in 

70% isopropyl alcohol, incubating in a shaker for 1 hour, followed by centrifugation to 

remove the alcohol.  

 

 

 

 

The kit contains 3.34 mM SYTO9 and 20 mM PI, both in DMSO. A 1.5 μl volume of an 

equal proportions of SYTO9 and PI, as provided in the kit, was used to stain 500 µl sample 

with OD600 of ~ 0.5, briefly vortexed and incubated in the dark under shaking for 15 minutes.  



82 

 

A solution of 1.2% electrophoresis grade agarose in RO-water was prepared and maintained 

at 60°C for up to a week. For slide preparation, 500 µl of molten agarose solution was 

pipetted onto a Teflon coated Hendley-Essex multispot slide and quickly covered with a 

regular microscopic slide. The agarose layer was allowed to solidify at RT for 10 minutes. 

Slides prepared in this manner were used within one hour. The top regular slide was carefully 

removed and 0.5 µl stained cell suspension was pipetted onto the agarose-coated slide, 

allowed to air dry and covered with a 18 x 24 mm coverslip. The coverslip addition leads to 

anoxia, so for microscopy using the MP dye, DISC3(5), the coverslip was added  just before 

imaging.  

For MP measurements using DISC3(5), cells suspended in pre-warmed media with OD600 of ~ 

0.5, were stained with 2 µM DISC3(5) directly in the growth media. Cells were incubated at 

37⁰C for 5 minutes under 200 RPM shaking, in 2 ml Eppendorf with perforated lids, followed 

by fluorescence microscopy. A calibration was made to convert the fluorescence of DISC3(5) 

into absolute MP values, using the Nernst equation to calculate the Kout values (mM) 

corresponding to desired K+ equilibrium potentials. The intracellular potassium in E. coli is 

about 300 mM (Kuhn and Kellenberger, 1985). The Kout values calculated using the Nernst 

equation were used to prepare reference buffers with different K concentrations. To maintain 

a 300 mM ionic strength in each buffer, NaCl was added accordingly. K existing in the media 

(22 mM) was included in calculations, and the cells were imagined in the presence of 

valinomycin at OD600 ~ 0.2 (see Appendix E).   

The microscopy was carried out using a Nikon TI-SH-W inverted fluorescence microscope 

(Nikon GmbH, Dusseldorf, Germany) with motorised stage (Nikon GmbH, Dusseldorf, 

Germany), with the Nikon Perfect Focus System and a Nikon Plan Apo 100x/1.40 Oil Ph3 

objective. For phase contrast imaging, a pE-100 Cool LED illumination unit was used. For 

fluorescence imaging, a mercury light source was used (Intensilight, Nikon GmbH, 

Dusseldorf, Germany). The images were acquired with an Andor Zyla 5.5 Mpixel camera 

(Andor Technology Ltd., Belfast, UK) and saved as standard Nikon nd.2 files, using the NIS 

Elements imagining software (Nikon, version 4.51).  

SYTO9 signal imaging was analysed with a green FITC filter (EX 465-495 nm, DM 505 nm, 

BA 515-555 nm, Nikon GmbH, Dusseldorf, Germany). A TRITC filter (EX 540/25 nm, DM 

565 nm, BA 605/55 nm, Nikon GmbH, Dusseldorf, Germany) was for PI signal imaging. A 

common CY5 filter (EX 620/60 nm, DM 660 nm, BA 700/75 nm, Nikon GmbH, Dusseldorf, 

Germany) was used to image the DISC3(5)-stained cells. 
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3.11 Phase and fluorescence microscopy of E. coli CLD1301  

Phase and fluorescence microscopy were applied for the study of protein production, viability 

(GFP/PI), cell morphology and stress (GFP/DISC3(5)) in induced E. coli CLD1301. Non-

induced recombinant E. coli were analysed for viability (SYTO9/PI), cell morphology and 

stress (DISC3(5)).  

Cells were immobilised as described for E. coli W3110 (see Section 3.10 Phase and 

fluorescence microscopy of E. coli W3110). Non-induced E. coli CLD1301 cells were stained 

with both SYTO9 and PI for viability assessment (see Section 3.10 Phase and fluorescence 

microscopy of E. coli W3110). Induced E. coli CLD1301 cells were stained only with PI to 

monitor viability as the expressed GFP mut3* has the same emission spectrum as SYTO9, so 

they cannot be used simultaneously.  

0.5 µl stained cell suspension was pipetted straight onto a slide and covered by an 18x24mm 

coverslip. Cells were visualised under immersion oil. GFP and SYTO9 use the same green 

FITC filter (EX 465-495 nm, DM 505 nm, BA 515-555 nm, Nikon GmbH, Dusseldorf, 

Germany). PI and DISC3(5)-stained cells were visualised using TRITC and CY5 filters 

respectively (see Section 3.10 Phase and fluorescence microscopy of E. coli W3110). 

DISC3(5) was used with induced E. coli CLD1311 cells to quantify the stress induced by the 

expression of heterologous protein GFP mut3*, in the virtue of different emission spectra 

(Figure 3.10). Induced E. coli CLD1301 cells were analysed for GFP mut3* expression using 

the FITC filter (EX 465-495 nm, DM 505 nm,  BA 515-555 nm, Nikon GmbH, Dusseldorf, 

Germany), whilst DISC3(5)–stained cells were visualised with a CY5 filter (EX 620/60 nm, 

DM 660 nm, BA 700/75 nm, Nikon GmbH, Dusseldorf, Germany). 

Figure 3.10. Excitation (dotted line) and emission (solid line) spectra of GFP 

mut3*(green) and DISC3(5) (red). Horizontal blue line represents a 488 nm 

laser; horizontal red line represents a 633 nm laser.  
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3.12 Review of fluorophores used in this work 

 

Compound λexmax (nm) λemmax (nm) 

GFP mut3* 501 511 

DISC3(5) 633 669 

SYTO9 507 525 

Propidium Iodide 534 617 

Thiazole Orange 513 532 

DIBAC4(3) 492 516 

Ethidium Bromide 300 603 

Table 3.4. Fluorophores used in this study. 

 

3.13 Data acquisition and analysis  

FC was performed using an Attune Acoustic Nxt Cytometer® (Applied Biosystems) with 

Attune Cytometric Software v 3.1 for data acquisition. The instrument is equipped with a 488 

nm laser with detectors for: FSC, SSC, and four fluorescence modules BP 530/30 (BL1), BP 

574/26 (BL2), BP 695/40 (BL3) and BP 780/60 (BL4). A threshold on SSC was used to 

eliminate instrument noise. Cell populations were displayed according to their FSC/SSC 

properties. 5 µl sample volume was selected as a stop for the assessment of viability (TO/PI) 

and protein production (GFP/PI). 30 µl sample volume was selected as a stop for the 

assessment of MP, because cells that maintain MP exclude al three dyes in DIBAC3(4)/EB/PI. 

Thus, when counting cells, a “gate” would display the TCCs in 5 or 30 µl respectively at 

OD600 ~ 0.025. 

Sheath flow rate was 25 µl/min. The data was saved as Flow Cytometry Standard (.fcs) files, 

which were exported, gated and read at single cell level with Matlab®, and returned as Excel 

files, with measurements expressed in arbitrary units (A.U.) or percentages (%). 
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Microscopy data was acquired as Nikon.nd2 files. The files were read using ImageJ v.1.48 

(National Institute of Health) in an automatic manner, with a specific workflow run 

constructed as an ImageJ/Fiji macro. The results were saved as an Excel file, which was 

analysed for protein production and three shape descriptors: Circularity, Area and AR. 

Imaging data from mid-exponential phase of growth contains mostly individual bacterial 

cells, but during continuous cultivations, the cells were agglutinated together. To allow single 

cell image analysis, the clumps of cells were removed from the data sets by filtering the 

population on both aspect ratio AR (1 - 6) and cell area (0.5 - 4.5 µm2). An AR > 6 removes 

two daughter cells not separated at birth, but it may remove a single filamentous cell where 

division stopped. The 4.5 µ2 upper limit for cell area was chosen as a cut-off point for a single 

cell, considering anything above 4.5 µ2 as a clump of cells. Data with the outliers removed 

was saved as an Excel file. 

Excel files from both FC and FM were transferred into Minitab® Statistical Software for 

statistical analysis and data visualisation as boxplots. A significant normal distribution was 

absent in all analysed data sets, motivating a log10 transformation to be conducted. Following 

log10 transformation, normality was tested once again. The absence of a significantly normal 

data distribution led to the use of Mann–Whitney U/Kruskal–Wallis non-parametric tests for 

testing the significance of the observed differences between groups.  
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Chapter 4 Cell dynamics in non-recombinant E. coli W3110 on glucose. 

 

4.1 Abstract  

Predicting individual cell states in an industrial reactor is impossible due to a continuously 

changing environment, adding to the inherent stochasticity of molecular events. Substrate 

gradients accentuated by poor mixing are most important for emulating heterogeneity at large 

scale. Cells grow at a maximal rate µmax in the feeding zone where there is excess nutrient, 

whilst those at the bottom of the fermenter grow at a slow rate µ, as there is very little 

nutrient. To understand large-scale heterogeneity in a laboratory-scale STR, cells in balanced 

growth are required. Cells growing at a constant µ are in balanced growth, a “steady state” in 

which every cell property increases by the same factor.  

This work illustrates the heterogeneity of host E. coli W3110 in lab-scale fermentations in 

STR. To model the heterogeneity of a large-scale fermentation, single cells were observed at 

two growth rates: 

1. The mid-exponential point of a batch culture, where cells grow at µmax; 

2. A “steady state” of continuous cultivation, where cells grow at ½ µmax. 

The analysis focused on membrane integrity, membrane potential and cell morphology.  

 

4.2 Introduction  

E. coli is the main workhorse for expressing non-glycosylated proteins. Its preferred C source 

is glucose, because it is easily accessible and promotes fast growth (Brückner and Titgemeyer, 

2002). It is assumed that cells consume glucose instantaneously, initiating a glycolytic 

pathway. However, fast growth rates consuming glucose lead to formation of by-products, 

mainly acetate (Luli and Strohl, 1990). The acetate secretion is a major constraint of high 

productivity in industrial fermentations as it inhibits growth and decreases biomass, affecting 

the productivity of recombinant proteins.  

The understanding of cellular heterogeneity at large scale is imperative for the development of 

efficient and cost-effective bioprocesses. Flow cytometry and microscopy were used to 

determine cell physiology and productivity at single-cell level in host E. coli W3110, enabling 

the determination of a baseline heterogeneity. Two methods of cultivation were utilised to 

keep cells in “balanced growth” at different growth rates to emulate industrial fermentations. 
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Firstly, batch fermentations were characterised as they achieve maximal growth rate µmax 

during the exponential phase. Secondly, a reduced growth rate of ½ µmax was set by the 

dilution rate D in continuous cultivations. Chemostat fermentations demanded initial 

experiments in batch to confirm two prerequisites: 

a) Identifying the nutrient that stoichiometrically limits growth (discussed in Section 4.3 

Determination of the single media limitation on glucose); 

b) Establishing the dilution rate D, which fixes the growth rate (discussed in Section 4.4 

Determination of growth rate µ).  

   

4.3 Determination of the single media limitation on glucose 

A single limiting substrate is necessary for chemostat growth. To confirm the growth limiting 

nutrient is the C source (glucose), triplicate batch cultivations were conducted with host E. 

coli W3110 using BioLector (m2p-labs GmbH, Baesweiler, Germany), as described in 

Section 3.4.1 Batch cultivations in Microtiter Plates. The minimal media used to support 

growth was prepared as described in Section 3.3.1 Batch mineral media. The expectation is 

that the growth limiting concentration of glucose, ascertained from biomass yields is 4 g/L. 

To verify that glucose was the limiting nutrient, six media of different composition were 

screened. The glucose concentrations (g/L) were 1, 2, 3, 4, 7 and 10, whilst all other 

components remained unchanged and in excess (Figure 4.1). A well with sterile media was 

used as plate standard for control of contamination. Biomass (A.U.) was recorded online as 

620 nm scattered light, in 15 min cycles. The initial scattered light (A.U.) of six consecutive 

points was deducted from the measured data to subtract the light scattered by media 

components, similar to blanking in a spectrophotometer. The inoculum was 20 µl freshly 

grown E. coli W3110 culture in exponential phase of growth with OD600 ~ 2, which gives an 

initial OD600 ~ 0.05 at inoculation (time 0).  

The final biomass in stationary phase was averaged between 10-20 h and compared as a 

function of the glucose concentration (g/L). The final biomass (A.U.) correlated with the 

concentration of glucose up to 4 g/L (Figure 4.2) confirming glucose was the growth-limiting 

factor. The correlation was not linear at glucose concentrations of 7 and 10 g/L, so a further 

limitation must be effective in this range (Figure 4.2). 
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Figure 4.1. Influence of different glucose concentrations on growth of E. coli W3110 

without IPTG. Online monitoring of biomass (scattered light). Conditions: minimal media 

with up to 10 g/L of glucose, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. Standard error 

bars represent ± S.D. 

Figure 4.2. Biomass (A.U.) variation (between 10 - 20 h) over glucose concentration (g/L). 

Each biomass value is the average of triplicate results. A linear relationship indicated that 

the nutrient was in the limiting range. Conditions: minimal media with glucose 

concentrations (w/v) including 1, 2, 3, 4, 7 and 10 g/L, while other media components 

remained unchanged and in excess, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. 
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4.4 Determination of growth rate µ 

Determining the growth kinetics of E. coli W3110 is required for its application as a cell 

factory for RPP. The most important parameter for creating cell phenotypes is the specific 

growth rate µ (h-1). The growth rate of cells near the feeding point of an industrial reactor is 

µmax (h-1). Contrastingly, near the bottom of the fermenter, the growth is nutrient limited, 

chosen as ½ µmax (h-1). 

The µmax for 4 g/L glucose concentration was calculated using the increment of the natural 

logarithm of biomass (recorded by BioLector) plotted against time (Figures 4.3 and 4.4). At 

least five points during exponential growth were used. At µmax, there was sufficient nutrient 

and growth was not inhibited by any by-products.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Growth of E. coli W3110 without IPTG. Biomass (A.U.) as scattered 

light. Conditions: minimal media 4 g/L glucose, T = 37⁰C, pH = 7, VL = 800 µL, n 

= 1500, d0 = 3 mm. Standard error bars represent ± S.D. 
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Figure 4.4. Maximum growth rate µmax of E. coli W3110. Biomass (A.U.) was recorded 

as scattered light. Conditions: minimal media 4 g/L glucose, T = 37⁰C, VL = 800 µl.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As the plot (Figure 4.4) indicates, µmax for E. coli W3110 in glucose minimal media is 0.6 h-1 

with Td of 1.15 h. The specific µ in chemostat is 1/2 µmax, a rule of thumb to obtain a stable 

system and avoid washout, thus the corresponding µ for chemostat growth is 0.3 h-1 with Td of 

2.3 h. A period of five residence times (R=1/D; Figure 4.4), calculated at ~ 15 h was allowed 

for the system to reach a steady state.   

 

4.5 Cell dry weight determination (CDW) 

The biomass, as cell dry weight (CDW) is important in biotechnological processes. The initial 

concentration of the glucose (C6H12O6, MW=180 g/mol) in the media was 4 g/L. Glucose was 

the limiting factor, while other components were in excess (Appendix A). The amount of 

elemental C in 1 mole of substrate is 72 g, thus the amount of C in a media with 4 g/L glucose 

is 1.6 g/L. Approximately 50% of carbon (0.8 g) is converted to biomass during metabolism. 

The elemental C in biomass represents 50% of the CDW, thus the maximum CDW expected 

at “steady state” in chemostats in fully aerobic cultures is 1.6 g/L, assuming no formation of 

by-products.  

Growth was monitored during the exponential phase as offline OD600 (measured by 

spectrophotometer) and as online Bug Units (with the BugLab sensor). The measurements 

µmax (h-1) 0.6 

1/ µmax (h) 1.66 

T (h) 1.15 

Glucose g L-1 4 

½ µmax or D (h-1) 0.30 

R (h) 3.33 
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were correlated to the weight of the cell pellet, following oven drying at 100⁰C. A linear 

correlation exists between OD600, Bug Units and CDW in the exponential phase of growth 

(Figure 4.5). Due to this, OD600, Bug Units and CDW were used interchangeably, although all 

are population level measurements that do not account for cellular heterogeneity. OD600 ~ 1 

resulted in 0.354 g/L CDW and 1.762 Bug Units (Figure 4.5). A major assumption of this 

calibration is that the cell morphology and average cell size do not change.  

The following equations were used to convert the OD600 and Bug Units values into CDW for 

E. coli W3110, with or without the recombinant plasmid:  

 

 

 

 

 

 

 

1	>	E7F
GH = 0.354	672%% (4.1) 

1	Bug	Unit = 1.762	672%% (4.2) 

Figure 4.5. Calibration of OD600 and Bug Units to CDW. The exponential phase 

converted into CDW shows a linear regression equation with a high correlation 

coefficient (R2).  
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4.6 Process monitoring at population level 

Batch and continuous fermentations were carried out in a 3 L Applikon bench-top reactor 

(Applikon Biotechnology B.V., Schiedam, Netherlands). The process parameters were 

summarised in Table 3.3. The cultivation comprised of an initial batch phase, followed by a 

second continuous cultivation phase commencing just past mid-exponential point, when 

OD600 ~ 2.  

Media for the initial batch phase was prepared as described in Section 3.3.1 Batch mineral 

media. Media for the second continuous cultivation phase was described in Section 3.3.2 

Chemostat mineral media. Continuous feeding started just past the mid-exponential point of 

growth at a constant flow rate (450 ml h-1), and chemostat controls were initiated. The media 

was aseptically metered using a peristaltic pump (RPM = 30) on the inlet, with concomitant 

removal of the culture broth using a pump set at maximum on the outlet.   

Dilution rate D (h-1) was calculated by monitoring the amount of feed introduced in 24 hours. 

The nominal flow rate ensured a dilution rate D at 0.3 h-1, with Td of 2.3 h. Five residence 

times (~15 h) were allowed to reach “steady state”, defined as constant biomass and DO at 

population level.  

As Figure 4.4 shows, μmax is 0.6 h-1 during the exponential phase of batch.  

In line with a Td of 1.15 h, exponential growth sampling occurred every 1 hour. 

In line with a Td of 2.3 h, chemostat growth sampling occurred every 2 hours.  

The inoculation in initial batch phase was time = 0. For monitoring of the bioprocess, 

sampling was as detailed in Table 4.1.  

Single cell analysis, FC and FM were applied to E. coli W3110 cells growing in “balanced 

growth” at 0.6 h-1 (S4/S5) and 0.3 h-1 (SS1àSS8). Where IPTG was used, a constant 1 mM 

was maintained in the reactor, by injecting “in bolus” 15 ml 0.1 M IPTG in STR and adding 

20 ml 1M IPTG to the 20 L feeding carboy.  
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Remarks on sampling: 

Table 4.1. Sampling during batch and continuous cultivation of E. coli W3110 on minimal 

media with glucose as sole C source (in units of time post inoculation). 

 

Population level monitoring  

CPPs (pH, temperature, DO) were controlled at desired set points. To avoid oxygen 

limitation, a DO of 50% was assured by the automatic increase of the stirrer speed between 

250 and 900 RPM. Supporting aerobic metabolism is important as E. coli is facultative 

anaerobic, meaning it switches easily between aerobic and anaerobic pathways. Oxygen levels 

are even more important for the recombinant strain, as oxygen is the only component needed 

for the maturation of the heterologous protein, GFP mut3*. The temperature was set to 37⁰C, 

as optimum temperature for the folding and maturation of GFP mut3*.   

Bacterial growth was monitored online with the BE2100 Biomass Monitor (BugLab, LLC, 

Concord, CA), offline as OD600 and at-line as TCCs. The supernatant of each sample was 

analysed for residual glucose and VFAs, with high performance ion chromatography (HPIC). 

The inoculum for STR was the second seed culture (see Section 3.2 Cell expansion and seed 

preparation), maintained in the exponential phase at OD600 ~ 2. As this culture was expanded 

with the same growth media, there was no observable lag phase in the STR (Figure 4.6). The 

culture followed an exponential phase from the start, with biomass (Bug Units) increasing 

rapidly, with a reduction of DO as oxygen was increasingly depleted during the exponential 

Batch sampling  

Switch from Batch to 

Continuous at 5.5 h 

 

Allow 5 residence 

times R ~15 h to 

reach steady state 

(SS) 

Chemostat sampling 

SS1 (20.5 h) 

SS2 (22.5 h) 

S0 (5 min) SS3 (24.5 h) 

S1 (1 h) SS4 (26.5 h) 

S2 (2 h) SS5 (28.5 h 

S3 (3 h) SS6 (30.5 h) 

S4 (4 h) SS7 (32.5 h) 

S5 (5 h) SS8 (34.5 h) 
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phase (Figure 4.6). Soon after the mid-exponential point (5 h), the cultivation was switched to 

a continuous mode of operation. The biomass (Bug Units) continued to increase post-

switching, as the amount of glucose in the STR was not yet limiting.   

 

Figure 4.6. Fermentation profile of E. coli W3110 on glucose minimal media, no 

IPTG. This includes changes in dissolved oxygen (A) and biomass (C), whilst pH (B) 

and temperature (D) are maintained constant at set-points. The cultivation starts at 

inoculation time = 0, following a batch mode until mid-exponential point is reached 

at 5.5 h. Thereafter, the culture is switched to continuous mode and 15 h are allowed 

to reach a “steady state” (arrow indicates the switch). 
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Monitoring growth 

Growth was measured throughout the fermentation as population level OD600 and single-cell 

level TCCs (Figure 4.7). The relationship between these two measurements was assessed at 

growth rates of 0.6 and 0.3 h-1. OD600 was a linear function of TCCs during the exponential 

phase of batch (5 h), up to OD600 ~ 2 (Figure 4.8). An OD600 of 1 corresponds to 1.74 x108 

cells/ml. The cell concentration (cells / [ml*OD600]) after 4 doubling times Td was 1.58 x 108.  

At µ = 0.3 h-1, the cell concentration (cells / [ml*OD600]) at “steady state” varied from 1.01 x 

108 at 22.5 h to 1.38 x 108 at 24.5 h (Figure 4.7 B). Cells growing at 0.3 h-1 (Figure 4.7 B) 

were compared against those at 0.6 h-1 (Figure 4.7 A) based on the assumption they were all 

the same size. The cell concentration at 22.5 h (for µ = 0.3 h-1) and 5h (for µ = 0.6 h-1) varied 

by a factor of 1.57. This suggests that at different growth rates, cells must be either counted 

directly or the cell number per OD600 must be known. This justifies single cell analysis for 

bioprocess monitoring and control. 
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Figure 4.7. Plot of OD600 with total cell count (TCCs) for E. coli W3110 on glucose 

minimal media, no IPTG. A) Exponential growth in batch at µ = 0.6 h-1. B) Growth in 

continuous culture at µ = 0.3 h-1. The gap between the two datasets (15 h) is to allow the 

culture to reach a “steady state”. 
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Monitoring substrate  

Glucose concentration was monitored in the absence (Figure 4.9) and presence (Figure 4.10) 

of 1 mM IPTG. As the population increased, the glucose depleted from 4 g/L to 2.04 g/L at 

the mid-exponential point of growth. In glucose-limited chemostats, the residual glucose at 

“steady state” fluctuated between 0.0013g/L (7.3711µM) and 0.0132 g/L (73.7111 µM), but 

never fell to zero (Figure 4.9).  

As the “steady state” glucose level varied by a factor of 10, it can only be a "steady state" 

when considered over time, where the variability is averaged out. A slight rise in substrate is a 

consequence of fewer cells, which would in turn increase the growth rate. Similarly, a slight 

decrease in substrate is associated with a slight increase in biomass, which would lower the 

growth rate. 

IPTG had no influence on substrate depletion. 

Figure 4.8. Dependence of total cell count (TCCs) over OD600 in E. coli W3110 on 

glucose minimal media. Linear relationship observed up to mid-exponential point of 

growth, when OD600 = 2. 
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Biomass measured as OD600 increased during batch culture up to 1.82 - 1.89 at mid-

exponential point (5 h) (Figure 4.9 and 4.10). At steady state, OD600 varies between 3.85 - 

4.08 for experiments without IPTG (Figure 4.9), and 4.10 - 4.17 in the presence of 1mM 

IPTG (Figure 4.10). 

However, optical density does not measure the number of cells directly, but correlates the 

attenuation of light to the cell concentration. 

 
Figure 4.10. Depletion of glucose in relation to OD600 development by E. coli W3110 in 

the presence of 1 mM IPTG. A: Exponential phase (time 0 - 5 h). B: Continuous 

cultivation (time 20.5 - 34.5 h).  
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Figure 4.9. Glucose concentration in relation to OD600 by E. coli W3110 in the absence of 

IPTG. A: Exponential phase (time 0 - 5 h). B: Continuous cultivation (time 20.5 - 34.5 h). 
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Monitoring VFA  

 Supernatant analysis of E. coli W3110 fermentation broth on glucose mineral media showed 

the presence of both acetate and formate (Figure 4.11). The production of VFAs is a major 

obstacle in the development of a bioprocess because it is a wasteful conversion of valuable 

carbon that could otherwise be used towards biomass and desired end-products (De Mey et 

al., 2007). The so-called overflow metabolism is growth dependent, producing primarily 

acetate, although organic acids such as lactate and formate have also been identified (Koh et 

al., 1992, Basan et al., 2015).  

Results show that during maximal growth on glucose, cells dissimilated both acetate and 

formate. The acetate formation commenced immediately post-inoculation (time 0), whilst that 

of formate occurred after 3 Td (Figure 4.11). Both acetate and formate levels increased during 

growth, reaching 202.36 ppm (2.02 x 10-1 g/L) and 24.73 ppm (2.47 x 10-2 g/L) respectively 

at mid-exponential point. This is lower than the reported acetate IC50 (inhibitory concentration 

that inhibits growth by 50%) of 0.5 – 1 g/L (Contiero et al., 2000, Roe et al., 2002). 

Additionally, growth at µmax (time 0 – 5 h) exhibits the exponentially growth regime (Figure 

4.11), and therefore the levels of VFAs reported here are not growth inhibitory.  

It is evident, however, that three C sources (glucose, acetate and formate) exist in the media at 

the mid-exponential point of growth (5 h) (Figure 4.11). As glucose was plentiful, shown by 

growth following an exponential pattern, cells selectively consume glucose as their preferred 

carbon source. This is known as carbon catabolite repression (Basan et al., 2015). Neither 

acetate nor formate were consumed until the mid-exponential point (5 h), instead they were 

assimilated in the media, up to the concentrations listed above, that do not inhibit growth. One 

can see, however, how this might pose a concern in a biotechnological context, if a significant 

carbon is converted to by-products instead of biomass and target products. Overall, the results 

indicate that a fast growth is not beneficial for the bioprocess. 

At a reduced growth rate in chemostat, acetate and formate levels were diminished, with 

recorded maxima of 1.89 ppm (1.80 x 10-3 g/L) and 14.38 ppm (1.43 x 10-2 g/L), respectively 

(Figure 4.11). The negligible concentrations of VFAs recorded in chemostat show that cells 

obtain their energy primarily from aerobic metabolism. This suggests that a reduced growth 

with a lower glucose level is a viable strategy for minimising the VFAs produced in 

fermentations. As the available C is directed towards biomass instead of wasteful products, 
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this shows that a reduced growth is beneficial for the bioprocess and it may further support 

the use of continuous cultivations for biotechnological applications.  

Indeed, chemostat glucose growth also exhibits three carbon sources (carbon, acetate, 

formate), even if VFAs are negligible. However, as glucose is limiting, any carbon catabolite 

repression is obsolete (Basan et al., 2015). Thus, alternate carbon sources may be co-

assimilated when the glucose level is low. Ferenci reported that the cells simultaneously 

assimilate glucose and acetate, when the residual glucose in chemostats is lower than 5.4 x 10-

3 g/L (Ferenci, 2008). With residual glucose fluctuating between 1.30 x 10-3 g/L to 1.32 x 10-2 

g/L at “steady state” (Figure 4.9), it may be that the substrates are co-assimilated. In this 

respect, the data does not allow to draw a clear conclusion. Notably, published experimental 

data often refers to different growth conditions and different strains.  

The addition of 1 mM IPTG in control experiments had no influence on the levels of VFAs 

monitored in continuous E. coli W3110 cultivations with glucose as sole carbon source.  

 

Population level analysis of E. coli W3110 with IPTG 

To characterise the effect of the inducer (IPTG) on the host E. coli W3110, 1 mM was added 

in continuous cultivations on the glucose mineral media. Cultures were grown aerobically at 

37⁰C, pH of 7, with DO at 50% (Figure 4.12). 

The starting OD600 was 0.05 and a constant 1 mM IPTG was maintained in the STR during 

the continuous cultivation phase.  
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Figure 4.11. Acetate and formate production of E. coli W3110 on 

glucose mineral media without IPTG. 
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Figure 4.12. Fermentation profile of E. coli W3110 on glucose minimal media with 1mM 

IPTG. This includes changes in dissolved oxygen (A) and BugLab biomass measurement 

(C). pH (B) and temperature (D) are constantly maintained. Inoculation at 0 h, switched to 

continuous at 5.5 h, and 15 h allowed for reaching “steady state”. 

 

Induced cultures  

An additional 1mM IPTG served as an inducer for control experiments. Cells were grown in 

0.4% glucose in both the presence and absence of IPTG. The online measurements for 

biomass with the BugLab sensor are given for host E. coli W3110 (Figure 4.13). The 

difference between the final biomass (arbitrarily chosen past 20 h) in induced and non-

induced cultivations was found to be significant (Mann-Whitney, U = 585903, n = 1082, 

1082, p < 0.005).  
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Figure 4.13. Comparison of E. coli W3110 biomass (BugLab) as scattered light 

intensity (B.U.) in non-induced and induced cells. Arrow: time of induction with 1 

mM IPTG (mid-exponential at 5.5 h). Conditions: minimal media with 0.4% glucose, 

T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3mm. 
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and induced cells. Induction performed with 1 mM IPTG and 15 h are 

allowed to reach a “steady state”. 
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The median final biomass 10.320 B.U. in media with 0 mM IPTG (X0) dropped to 7.951 B.U 

at 1 mM induction (X1). Thus, the addition of IPTG led to a 22.95% decrease in growth, 

calculated as “cost” from formula  

E1#+ =
W%4W&
W%

	X	100 (4.3) 

 

where W% and X1 represent the final biomass on glucose-limited media with 0 and 1 mM 

IPTG, respectively.  

Figure 4.14 shows growth monitored offline as optical density OD600. A lower OD600 occurs 

in non-induced cultures. The difference between the two (Figure 4.14) was found to be 

significant (Kruskal-Wallis, H = 11.43, p < 0.01). 

In the exponential phase of growth, the Buglab sensor data (Figure 4.13) was proportional to 

the optical density (Figure 4.14). Contrastingly, at reduced growth rate in “steady state” 

between 20.5 - 34 h, it was not. Figure 4.13 shows a higher biomass as scattered light in non–

induced cultures, whilst Figure 4.14 shows a lower biomass as OD600 in non-induced cultures. 

While growth and division are present in continuous culture, shown by an approximately 

constant biomass (Figures 4.13 and 4.14), there is a difference in biomass according to the 

two measurements. Single-cell analysis was conducted to further determine the contribution 

of cell numbers and morphological changes to these measurements.  

A comparison of the TCC at “steady state” involving both induced and non-induced E. coli 

W3110 (Figure 4.15) showed a significant increase of TCC in induced cultures (Kruskal-

Wallis, H = 11.29, p < 0.01). This concurs with the increase in OD600 in induced cultures 

(Figure 4.14) and suggests an increased frequency of division in host cells with 1 mM IPTG. 

It is possible that the addition of IPTG in a glucose-limited environment provides a growth 

benefit with premature division of cells  compared to non-induced cultures. This hypothesis 

was tested by measuring the aspect ratio (AR) of host cells at “steady state”. 
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4.7 Single cell studies of membrane integrity using FC 

Cell viability, assessed by membrane integrity was monitored in E. coli W3110 growing with 

glucose as the sole carbon source at two growth rates: µmax and ½ µmax. Samples withdrawn 

from the bioreactor as described in Table 4.1 were prepared as detailed in Section 3.5.4 Total 

cell counts. A living bacterial gate (Live) and a dead cell gate (Dead) were set. The detection 

of TO (green fluorescence) represents viable cells, whilst that of PI (red fluorescence) 

indicates the dead subpopulation.  

For growth at µmax (0.6 h-1), cells in “balanced growth” were obtained around the mid-

exponential point of growth, after more than 4 Td (1.15 h) from initial OD600 of 0.05 (see 

Remarks on sampling, in Section 4.6 Process monitoring at population level). Maximal 

growth has no limitation, thus a maximum viability with healthy cells is expected. The results 

during the exponential growth phase (0 – 5 h) showed that live (TO+) cells were over 97% 

(Figure 4.16 A). During chemostat cultivation, while the growth rate is µmax/2, there is a 

retention of viability (Figure 4.16 A). At “steady state”, there is an increase in the percentage 

of dead cells (staining with PI), ranging from 12 - 16% of cell population (Figure 4.16 C). 
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4.8 Single cell studies of membrane potential using flow cytometry 

MP was analysed using FC and a triple dye combination DIBAC4(3)/EB/PI. Cells from the 

bioreactor were prepared and stained as described in Section 3.8 Monitoring membrane 

potential with DIBAC/EB/PI.  

Four subpopulations were gated: 

a) active (DIBAC4(3)-, EtBr-, PI-); 

b) depolarised (DIBAC4(3)+ , EtBr+, PI-); 

c) de-energised (DIBAC4(3)-, EtBr+, PI-); 

d) dead (DIBAC4(3)+, EtBr-, PI+). 
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Figure 4.16. Percentage of live (TO+) cells and dead (PI+) cells in three E. coli W3110 

fermentations on glucose. Filled circles represent TO+ cells, triangles are PI+ cells. A & C: 0 
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The percentage of each sub-population was evaluated at different growth rates in the presence 

and absence of 1 mM IPTG.  

DIBAC4(3) does not enter active cells that maintain MP. A DIBAC4(3) fluorescence intensity 

(FI) of 600 A.U. was set as a threshold. Cells exhibiting a higher DIBAC4(3) fluorescence were 

considered to have undergone membrane depolarisation, where the inside is more positively 

charged. Most depolarised cells remained impermeable to PI proving PI to be a late indicator 

of cell death. Upon hyperpolarisation, DIBAC4(3) is excluded from those cells with a decrease 

in its signal.  

At µmax (S5) on glucose media, 83.74% of E. coli cells were active, 13.08% were depolarised, 

2.30% were dead and 0.87% were de-energised (Figure 4.17). Active cells maintained MP 

and functionality whilst a change in MP towards depolarisation or de-energisation signified a 

disruption in cell metabolism, with reduced functionality. When MP reduced to 0, the 

membrane was structurally damaged and positive to PI.  

At reduced µ (SS1 - SS8), the percentage of depolarised cells increased in both the absence 

and presence of IPTG (Figure 4.17). In the absence of IPTG, depolarised cells ranged from 

17.16 to 35.14% in SS4 and SS2 (Figure 4.17 A). Contrastingly, the mean of depolarised cells 

was 13.08% at µmax (S5), much lower than at steady state (SS). Large SE values show that 

although a difference may be present, its significance may be lacking. There was an overlap 

of SE bars in the S5 and SS4 in the absence of IPTG (Figure 4.17 A). No overlap was 

identified in control experiments using IPTG (Figure 4.17 B). In the presence of IPTG, 

depolarised cells ranged from 33.95 to 47.57 % in SS5 and SS3 (Figure 4.17 B). 

For both data sets, sub-populations were compared using the chi square test. No significant 

deviation from the expected levels of depolarised cells existed in either case (with IPTG: Chi 

Square, X2 = 0.970, D.F. = 7, P = 0.995; without IPTG: Chi Square, X2 = 0.998, D.F. = 7, P = 

0.995). Although no deviation from the expected levels was present, the difference in 

depolarised cells in both conditions was significant, showing IPTG increases cellular 

depolarisation (Kruskal-Wallis, H = 11.29, p < 0.01), IPTG is therefore detrimental to cell 

functioning.  

At reduced µ (SS1 - SS8), the active cells decreased in both the absence and presence of IPTG 

compared to 83.74% at µmax (S5) (Figure 4.17). The active cells were 60.37% to 79.45% in 

the absence of IPTG and 46.24% to 56.53% in the presence of IPTG. There was no overlap in 

the SE bars, suggesting that the difference may be significant.  
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Chi square analysis of the percentages of active cells without IPTG (X2 = 1.3070, D.F. = 7, P 

= 0.988) and with IPTG (X2 = 0.8097, D.F. = 7, P = 0.997) showed no significant deviation 

from expected values in either case. Further statistical analysis indicated a significant 

difference (Kruskal-Wallis, H = 11.29, p < 0.01), suggesting that IPTG diminished the cell 

functioning. 
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Figure 4.17. Flow cytometry analysis of E. coli W3110 cells at different growth rates 

on glucose minimal media, depicting four subpopulations of cells. A: No induction 

(0 mM IPTG). B: With 1 mM IPTG. For each graph, S5 is the mid-exponential 

sample with growth at µmax, while SS1-SS8 are steady state (SS) samples at 2h 

intervals, with reduced growth at µmax/2. Data presented as mean ± S.E. 
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4.9 Studies of cell morphology using fluorescence microscopy 

Fluorescence microscopy was used to quantify cell morphology, as well as to determine cell 

viability. Two fluorescent dyes were used SYTO9 and PI, mixed in a fixed ratio within the 

cell suspension (described in Section 3.10 Phase and fluorescence microscopy of E. coli 

W3310). SYTO9 stained “live” cells green, whilst PI stained “dead” cells red. The viability 

assessment using fluorescence microscopy provided results that correlated with FC showing 

maximum viability at µmax, with viability retention in chemostats (Figure 4.16), thus FM 

viability measurements are not included.  

Fluorescence images present an intense cell-background contrast, ideal for analysing cell 

shape. Only cells fluorescing green (“live”) were further studied with regard to morphology. 

Three shape descriptors were measured - area, circularity and aspect ratio (AR). The area is 

the surface area in µm2. AR is the ratio between the major and minor cell axes and is a 

general shape indicator. Circularity is the normalised ratio of area to perimeter, with a circle 

being 1 and a line 0. Circularity highlights the presence of protrusions or blebs in the 

membrane. With the aim of measuring what effect the growth rate has on cell morphology, 

the cell area, circularity and AR were monitored at two different growth rates: during 

exponential and chemostat growth.  

The analysis was performed using ImageJ in an automated manner. To discard incorrectly 

detected clumps of cells, unseparated mother-daughter cell, overlapping or too small particles 

detected as cells, the cells were discarded if their contour had:  

- An AR < 1 or > 6; 

- An area < 0.5 or > 4.5 µm2.  

 

4.9.1 Cell morphology at maximal growth rate 

Following filtering of the above physical parameters, the “live” subpopulation imaged 

consisted of 99 cells. Actively growing cells at µmax retain the characteristic rod-shape 

(Figure 4.18), and display the following shape parameters (Table 4.2):  

 

 



109 

 

 

 

 

 

 

 

Figure 4.18. Microscopy of SYTO9 (green) and propidium iodide (red) - stained E. coli 

W3110 cells at maximum growth rate with no limitation (mid-exponential point of growth). 

A: Phase-contrast; B: Viable cells (SYTO9+); C: Dead cells (PI+). 

 

 

 

 

 

 

 

 Mean Minimum Maximum Figure 

Area (µm2) 2.06 ± 0.09 0.58 4.47 4.19 A 

Circularity 0.61 ± 0.01 0.26 0.86 4.19 B 

Aspect Ratio 2.99 ± 0.11 1.15 5.59 4.19 C 

A B C 

Table 4.2. Shape descriptors of E. coli W3110 during exponential growth. 

Figure 4.19. Box plots of cell area (A), circularity (B) and aspect ratio (C) at 

maximum growth rate in 99 “live” E. coli W3110 cells. Median indicates values 

above which 50% of the data are located. Grey box indicates interval into which 

50% of the data falls, with top and bottom of the box representing the area Q1 and 

Q3. Values outside of the 1.5-fold IQR were removed 
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4.9.2 Cell morphology at submaximal growth rate in the absence of IPTG 

a) Cell area  

E. coli W3110 cell area distributions were affected by the rate of growth. At µmax during 

exponential growth, mean cell area was 2.06 µm2 (Figure 4.20 A), whilst during reduced 

growth in chemostat, cells had a smaller mean area (Figure 4.20 B). Hill reported that the cell 

size increases with growth rate, and a lower growth rate leads to smaller cells (Hill et al., 

2013). When the growth rate is ½ µmax during “steady state” chemostat growth, mean cell area 

ranged from 1.69 to 2.01 µm2 in SS4 and SS6, respectively, smaller than in the exponential 

phase. The median cell area during growth at µmax 1.91 µm2 was also higher than during 

steady state where it ranged from 1.36 to 1.8 µm2 in SS4 and SS6, respectively (Figure 4.20 

B). The results are consistent with a decreased cell size occurring when lowering the growth 

rate (Hill et al., 2013).  

 

The variability of cell area is smaller at µmax than in chemostats. The smallest coefficient of 

variance (CV), 43.65 was recorded in the exponential sample, illustrating a more 

homogeneous data set (Figure 4.20 A). In comparison, the chemostat data, where CV ranged 

from 53.73 – 61.69, showed a more heterogeneous cell area dispersion at lower growth rates. 

Subsequent testing showed that the differences in the mean cellular area of chemostat samples 
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Figure 4.20. Cellular area (µm2) variability of E. coli W3310 during: A: maximal growth rate; 

B: submaximal growth in continuous culture, with no IPTG. Number of cells per sample was: 

A. Exponential – 99 cells; B. SS1 – 92; SS2 – 153; SS3 – 166; SS4 – 135; SS5 – 274; SS6 – 
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were insignificant (Kruskal-Wallis, H = 12.55, p = 0.051). This illustrates that although a high 

CV is present, a more heterogeneous population is constant at submaximal growth in a 

glucose-limited chemostat.  

A chemostat is based on the assumption that many parameters are at a “steady state” and that 

it can be maintained indefinitely. Previous experiments, however, questioned the existence of 

a true “steady state” (Ferenci, 2006). A chemostat maintained indefinitely implies that 

sampling at different time-points gives constant results. Given the importance of population 

changes in a chemostat for continuous bioprocessing, a linear regression model was applied to 

investigate the effect of time on cellular area at “steady state”. Although only 30% of the 

variation in cell area was explained by time at “steady state” (R2 = 0.3), there was a significant 

linear impact between cellular area and fermentation time (p < 0.05).  

The regression equation for this model was:  

 

E,//	8*,8 = 1.75 + 0.017	+54, (4.4) 

 

The mean cellular area increased by 0.017 for every hour of fermentation. However, linear 

methods assume that all other system properties are constant and that the data is normally 

distributed. The boxplots of cell areas indicated right-skewed distributions (Figure 4.20 A and 

B). Thus, although the model shows a small variation of cell area over time, any linear 

approach is inadequate to assess cell area if other cell properties are not constant.  

b) Circularity  

In terms of circularity, there were differences between cells sampled during chemostat and 

exponential growth (Figure 4.21). During growth at µmax, the mean cell circularity was 0.62 

(Figure 4.21 B), whilst during sub-maximal growth in chemostats, the mean cell circularity 

ranged from 0.49 to 0.62 at SS4 and SS1, respectively (Figure 4.21 A). The trend continued 

for the median circularity, with exponential cells growing at µmax presenting the highest value 

of 0.63. During sub-maximal growth at “steady state”, the median circularity ranged from 

0.49 to 0.60 at SS5 and SS1, respectively (Figure 4.21 A).The exponential CV of 21.10 was 

the lowest of all the samples showing a more homogeneous population. Within “steady state”, 

CV ranged from 22.95 to 33.16, showing varied dispersion from the mean (Figure 4.21 A). 

This illustrates an increase in dispersion or higher heterogeneity in regard to circularity in 
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Figure 4.21. Circularity of cells during sub-maximal growth in chemostats (A) and during 

mid-exponential phase of growth (B). Number of cells per sample was: A. SS1 – 92; SS2 – 

153; SS3 – 166; SS4 – 135; SS5 – 274; SS6 – 292; SS7 – 231 cells. B. Exponential – 99 

cells. In all data sets, values outside of the 1.5-fold IQR were removed.  

 

glucose-limited chemostats. The boxplots show a left-skewed distribution of circularity 

during the exponential phase, with a mixture of distributions during “steady state”.  

 

 

 

 

 

 

 

 

 

 

 

 

To investigate circularity changes during continuous cultivation, a quadratic model was 

applied. Although only 19% of the variation in circularity was explained by the fermentation 

time (R2 = 0.19), circularity did vary significantly overall (p < 0.001). The regression equation 

for circularity was: 

 

E5*23/8*5+Y = 0.64 − 0.029	+54, + (0.0016	+54,)5 

 

(4.5) 

 

At the beginning of the “steady state”, cell circularity was 0.64, decreasing slowly with every 

hour. Although differences in circularity at “steady state” were small, subsequent testing 

illustrated their statistical significance (Kruskal-Wallis, H = 74.42, p < 0.001). The 19% 

variation that the quadratic model accommodates implies other factors affect cell circularity, 

some of which may be the focus of future studies.

A B 
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c) Aspect Ratio  

Subtle differences in the aspect ratio (AR) were identified at single-cell level, at different 

growth rates (Figure 4.22). Mean AR ranged from 2.76 (SS4) to 3.68 (SS2) at sub-maximal 

growth in chemostat (Figure 4.22 A), whilst at maximum growth rate during the exponential 

phase, the mean AR was 2.99 (Figure 4.22 B). This value was well within the ranges present 

during chemostat operation. Median values exhibit a similar trend, as the exponential AR 

median (2.78) was present within the chemostat range of 2.48 - 3.78 (Figure 4.22). There was 

a large variation of AR values SS1 and SS4, causing large CV values of 42.51 and 42.31 

respectively (Figure 4.22 A). The differences between the ARs at steady state were significant 

(Kruskal-Wallis, H = 66.59, p < 0.001). 

 

 

 

To investigate the AR changes throughout chemostat growth, a cubic model was applied. 

Only 30% of the variation in AR was explained by the fermentation time (R2 = 0.3), 

illustrating that other factors influence the AR, which may be of interest to future studies. 

Fermentation time and circularity were associated as shown by sequential analysis of the 

variance (F = 4.32, p < 0.05). The absence of any significance concerning cubic terms and 

regression suggests that although an association is present, another model requires applying 

A B 

Figure 4.22. Aspect ratio (AR) of E. coli W3110 cells at two different growth rates: A) 

submaximal growth in chemostat no IPTG; B) maximal growth during exponential phase. 

Number of cells per sample was: A. SS1 – 92; SS2 – 153; SS3 – 166; SS4 – 135; SS5 – 

274; SS6 – 292; SS7 – 231 cells. B. Exponential – 99 cells. Values outside of the 1.5-fold 

IQR were removed. 

 



114 

 

(p= 0.22). The regression of both the linear and quadratic models were insignificant (linear: p 

= 0.766; quadratic: p = 0.927). Maybe the two factors only correlate when interacting, but not 

individually.  

 

4.9.3 Cell morphology in the presence of IPTG 

During initial studies with the recombinant strain E. coli CLD1301, it was determined that the 

optimum concentration of IPTG for induction of GFP mut3* expression was 1 mM (see 

Section 5.5 Determining the optimum amount of IPTG). The inducer was added shortly after 

the mid-exponential point, so for the experiments detailed below, the mid-exponential sample 

does not contain IPTG. The influence of IPTG on host morphology was quantified at single-

cell level under nutrient-limited growth in chemostats, by comparing with cell morphology 

without IPTG (4.9.1 Cell morphology at maximal growth rate).  

a) Cell area  

In the presence of IPTG at sub-maximal growth, cell area fluctuates between sampling 

(Figure 4.23). The exponential mean cell area was between the minimum and maximum 

means during chemostat cultivations (Figure 4.23, Table 4.3). The same trend applied to 

median values: 

 Minimum in 
chemostat 

Exponential Maximum in 
chemostat 

Mean (µm2) 1.69 1.98 2.45 

Median (µm2) 1.19 1.90 2.48 

 

 

     

 

 

Table 4.3. Cell area of E. coli W3110 during maximal growth (exponential) and 

steady state growth in chemostat in the presence of IPTG. 
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Figure 4.23. Cell area (µm2) variability of E. coli W3310 cells at two growth rates: A: 

Submaximal growth throughout continuous fermentation with 1mM IPTG; B: Maximal 

growth at mid-exponential point of growth. Number of cells per sample was: A. SS1 – 102; 

SS2 – 71; SS3 – 180; SS4 – 293; SS5 – 220; SS6 – 277; SS7 – 288 cells. B. Exponential – 

99 cells. Values outside of the 1.5-fold IQR were removed. 

 

The boxplots of cell area indicated right-skewed distributions. The smallest coefficient of 

variance (CV) was 40.57, recorded in the exponential sample, thus illustrating higher 

homogeneity (Figure 4.23 B). During sub-maximal growth in the chemostat, CV ranged from 

48.59 to 62.36, showing a more heterogeneous cell area dispersion when IPTG is present. 

However, in the absence of IPTG, the CV of cell area ranged from 53.73 to 61.69 (Figure 

4.20 B). This suggests the heterogeneity is more the result of changing the growth rate rather 

than IPTG addition. Nevertheless, the differences in the mean cellular area at submaximal 

growth were significant when IPTG was present (Kruskal-Wallis, H = 40.05, p < 0.001). The 

high CV during chemostat cultivations illustrates a more heterogeneous population, but as the 

cellular area changes significantly throughout “steady state”, the attainment of a chemostat 

becomes unpredictable. 

A linear regression model was applied to investigate the cellular area changes over time 

during chemostat. Although 40% of the variation in cell area was explained by time at “steady 

state” (R2 = 0.4), there was a significant relationship between the fermentation time and 

cellular area (p < 0.01). The regression equation for cell area at steady state was: 

 

\*,8 = 2.045 − 0.0206	+54, (4.6) 

B A 
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The model shows the mean cell area decreased by 0.0206 µm2 with every hour of 

fermentation when IPTG was present. This small variation suggests that other unexplored 

influences also affect cell area.  

b) Circularity 

Major differences in circularity were present when changing the growth rate (Figure 4.24 B). 

Both mean and median circularity were larger during maximal growth, as illustrated in Table 

4.4. 

 

Circularity Exponential Chemostat 

minimum 

Chemostat 

maximum 

Figure 

Mean 0.63 0.48 0.60  

 

4.24  

Median 0.64 0.47 0.59 

CV 19.91 23.51 34.31 

 

 

 

The exponential CV of 19.91 shows a more homogeneous population at µmax. The variance 

was higher in chemostat, a trend that also exists in the absence of IPTG (Figure 4.21). This 

Figure 4.24. Circularity dispersion of E. coli W3310 cells at two growth rates: A: 

submaximal growth; B: maximal growth. Number of cells per sample was: A. SS1 – 

102; SS2 – 71; SS3 – 180; SS4 – 293; SS5 – 220; SS6 – 277; SS7 – 288 cells. B. 

Exponential – 99 cells. Values outside of the 1.5-fold IQR were removed. 

A B 

Table 4.4. Cell circularity of E. coli W3110 during maximal growth (exponential) and 

steady state growth in chemostat in the presence of IPTG. 
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suggests that nutrient limitation and IPTG increase heterogeneity in regard to cell 

morphology.  

A quadratic model was applied to analyse the circularity of E. coli W3110 cells over time in 

the presence of IPTG at sub-maximal growth. Although only 19% of the variation in 

circularity was explained by the fermentation time (R2 = 0.19), circularity did vary 

significantly overall (p < 0.001). The regression equation for circularity was:  

 

At time 0 during chemostat, cell circularity was 0.647, and gradually decreased over time. 

The small variation that the model accommodates implies other factors may affect circularity, 

some of which may be the focus of future studies. Differences in circularity at “steady state” 

(Figure 4.24 A) were significant (Kruskal-Wallis, H = 63.00, p < 0.001). This shows that cell 

morphology changes within chemostat, originally assumed to be a constant 

microenvironment. 

 

 c) Aspect Ratio 

The aspect ratios (AR) of E. coli W3110 cells with 1 mM IPTG are shown in Table 4.5. 

AR Exponential Chemostat 

minimum 

Chemostat 

maximum 

Figure 

Mean 3.03 2.97 3.6  

 

4.25 

Median 2.79 2.92 3.51 

CV 24.12 37.92 42.28 

 

 

The mean AR at maximal growth was within the chemostat range (Figure 4.25). The median 

AR did not follow the trend. The smallest coefficient of variance (CV) was recorded in the 

exponential sample, illustrating a more homogeneous data set (Figure 4.25 B). The large CV 

values during chemostat growth show a more heterogeneous AR dispersion at lower growth 

rates in the presence of IPTG (Figure 4.25 A).  

E5*23/8*5+Y = 0.647 − 0.026	+54, + (0.0012	+54,)5 

 

(4.7) 

Table 4.5. Aspect ratio (AR) of E. coli W3110 during maximal growth (exponential) 

and steady state growth in chemostat in the presence of IPTG. 
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The differences between AR in chemostat at doubling time intervals were significant 

(Kruskal-Wallis, H = 44.28, p < 0.001). The AR variation means that the “steady state” can 

only exist as such for an instant and therefore not remain in that steady state indefinitely.  

Chemostat data was converted into linear, quadratic and cubic models to determine how the 

AR changes over fermentation time. All regressions were, however deemed insignificant 

(linear: p = 0.268; quadratic: p = 0.705; cubic: p = 0.199). This illustrates that the time and 

AR only correlate when interacting with other factors but not independently, therefore other 

factors affect the AR. 

The effect of IPTG on E. coli W3110 morphology at sub-maximal growth is shown in Figure 

4.26. The mean AR in the presence of IPTG is much larger than without IPTG (Figure 4.26 

A); the difference between the two conditions was deemed statistically significant (Mann-

Whitney U, W = 7863.5, p < 0.005). This trend is consistent when comparing cell area 

(Figure 4.26 C). Cell area in the presence of IPTG is higher than in its absence and the 

difference was deemed significant (Mann-Whitney U, W = 7710, p < 0.005). These results 

show that whilst not influencing the spread of the data, IPTG addition leads to an overall 

higher AR and cell area, meaning more elongated cells. This presents a problem in a 

bioprocess as elongated cells may halt division, whilst continuing growth. This implies 

multiple copies of DNA, but with decreased cell functionality while maintaining a “viable” 

status and an increase in cellular states. Conversely, the influence of IPTG on circularity of 

Figure 4.25. Aspect ratio (AR) dispersion of E. coli W3310 cells at two growth rates: A: 

submaximal growth with 1 mM IPTG; B: maximal growth. Number of cells per sample 

was: A. SS1 – 102; SS2 – 71; SS3 – 180; SS4 – 293; SS5 – 220; SS6 – 277; SS7 – 288 

cells. B. Exponential – 99 cells. Values outside of the 1.5-fold IQR were removed. 

A B 
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cells at sub-maximal growth rate (Figure 4.26 B) was insignificant (Mann-Whitney U, W = 

9187.5, p = 0.578).  

 

 

 

 

 

  

Figure 4.26. Box plot analysis showing the three shape descriptors of E. coli 

W3110 in the absence and presence of 1 mM IPTG at submaximal growth. A: 

Aspect Ratio; B: Circularity; C: Area. For each individual graph, the boxplot on left 

indicates measurements made in the absence of IPTG; the boxplot on right indicates 

measurements made in the presence of IPTG. Number of cells per experiment: SS1 

– 92 and SS1+IPTG – 102 cells. Values outside of the 1.5-fold were removed. 
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4.10 Single cell studies of light scattering (FSC & SSC) 

E. coli W3110 scattering signals were extracted from FC data to illustrate population changes 

at maximal and sub-maximal glucose-limited growth. The light scattered as the cell passes 

through the laser beam gives rise to two signals: Forward Scatter and Side Scatter. Forward 

Scatter (FSC) is suggested to be an indicator of cell size, whilst side scatter (SSC) signals 

granularity (although not applicable to bacterial cells). It has been pointed out that SSC in 

bacteria is an indicator for cell dry weight (CDW) and total protein content, and that the 

signals of FSC and SSC become somewhat similar when analysing small bacteria, because of 

different background interference (Ward et al., 2009).  

4.10.1 FSC signal  

FSC signals (A.U.) extracted from “live” E. coli W3110 cells show the highest mean of 26152 

during maximal growth on glucose, while those at submaximal growth range from 14139 to 

19252 at SS7 and SS1, respectively (Figure 4.27). The median FSC signal (A.U.) at maximal 

growth rate (19796) was also higher than at sub-maximal growth, ranging from 9712 to 13499 

at SS7 and SS1, respectively (Figure 4.27). These trends show an overall bigger cell size at 

maximum growth (Figure 4.27), given that FSC is an indicator of cell size.  
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Figure 4.27. Boxplots of forward scatter signal (FSC) of E. coli W3110 at the different 

growth rates in the absence of IPTG. A: submaximal growth; B: maximal growth. Number of 

cells per sample was: A. SS1 – 22066; SS2 – 20964; SS3 – 26794; SS4 – 16874; SS5 – 

20389; SS6 – 21373; SS7 – 24645; SS8 - 20768 cells. B. Exponential – 18025 cells. Values 

outside of the 1.5-fold IQR were removed. 

 

A 
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At sub-maximal growth, the cell size becomes smaller (Figure 4.27). These results are in 

agreement with the studies of cell size by FM (Figure 4.20) and support the theory that a 

lower growth rate leads to smaller cells. However, FSC does not linearly correlate with cell 

size, as it is also dependant on other factors. The largest standard deviation (SD) of 41329 was 

recorded at µmax (Figure 4.27), illustrating a large spread of data. In comparison, SD at sub-

maximal growth ranged between 17360 – 25580, at SS8 and SS4 respectively, suggesting a 

more homogenous population in regard to cell size (Figure 4.27). Contrastingly, FM results of 

cell area and AR indicate a more homogeneous population at maximal growth, with more cell 

size heterogeneity at sub-maximal growth (Figures 4.20 and 4.22). This shows that the FSC is 

not an accurate indicator for cell size. 

The mean FSC differences at sub-maximal growth are significant (Kruskal-Wallis, H = 

11568.88, p < 0.001). Differences in AR in chemostats measured by microscopy (Figure 4.22 

A) were also deemed significant (Kruskal-Wallis, H = 66.59, p < 0.001). Combining these 

with insignificant changes of cell area (Figure 4.20 B) at sub-maximal growth (Kruskal-

Wallis, H = 12.55, p = 0.05), the results suggest that continuous cultivations lead to more 

stretched cells (elongated with a reduced cell width), and that although the chemostat appears 

stable at population level, continuous culture leads to a dynamic and ever-changing cell 

population.  

 

4.10.2 SSC signal  

The SSC distributions of E. coli W3110 cells are shown as boxplots (Figure 4.28).  

Figure 4.28. Boxplots of side scatter signal (SSC) of E. coli W3110 at two different growth 

rates in the absence of IPTG. A) sub-maximal growth; B) maximal growth. Number of cells 

per sample was: A. SS1 – 22066; SS2 – 20964; SS3 – 26794; SS4 – 16874; SS5 – 20389; 

SS6 – 21373; SS7 – 24645; SS8 - 20768 cells. B. Exponential – 18025 cells.  
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The mean SSC intensity (A.U.) during maximal growth was 34269; a slower growth due to 

glucose limitation shows values ranging from 25838 to 36660 A.U. at SS7 and SS5, 

respectively (Figure 4.28). These results illustrate a more heterogeneous population in the 

exponential phase as represented by the high S.D. value of 50683, whilst sub-maximal growth 

leads to more homogeneous cell populations as S.D .values range from 25002 to 40639 in 

SS7 and SS3, respectively. Differences between the data sets (SS1-SS8) in chemostat (Figure 

4.28) were deemed significant (Kruskal-Wallis, H = 7014.8, p < 0.001).  

Scatter measurements with FC were used to investigate the cell phenotype in a population and 

identify trends. The advantage of light scatter analysis is that FC measures a much larger 

number of cells than microscopy. Variations of FSC and SSC signals were used to investigate 

cell population heterogeneity in fermentations of E. coli W3110. A shift in SSC signal is 

expected when changing from maximal (exponential) to sub-maximal growth rate (SS1-SS8). 

These changes do not correlate with changes in cell size detected through FM (Figures 4.20 

and 4.22), which have a more homogeneous population at maximal growth rate with increased 

cell heterogeneity in chemostat.  

 

4.11 Discussions and conclusions  

This study used simultaneous staining protocols with different probes for monitoring 

heterogeneity in cultivations of E. coli W3110 at two different growth rates. FC was used to 

analyse microbial fermentations by assessing the following: membrane integrity, membrane 

depolarisation and reproduction capacity.  

The results on E. coli W3110 host in glucose minimal media have shown a high viability at 

maximal growth, with retention of viability in glucose-limited chemostats (Figure 4.16). This 

was perhaps expected, given that E. coli is a highly versatile, diverse and hardy organism that 

survives without food for weeks even in colder environments. Growth conditions dictated by 

GFP mut3* expression in E. coli CLD1301 strain (Chapter 5 and Chapter 7) were pH of 7, 

temperature of 37⁰C and DO of 50%, and these are also optimal growth conditions for E. coli 

W3110. Thus, the cell physiology and morphology were assessed along with viability.  

Cell physiology was assessed and monitored by FC, using a triple dye combination 

DIBAC4(3)/EB/PI to test for functional states in relation to MP. The fermenter was populated 

by a range of sub-populations of intact (active), depolarised, de-energised and non-viable 

(dead) cells, illustrating population heterogeneity. At a maximal growth rate in glucose media 
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83.74% of E. coli cells were active, 13.08% were depolarised, 2.30% and 0.87% were dead 

and de-energised, respectively (Figure 4.17). At sub-maximal growth, an increase in the 

percentage of depolarised cells was observed in both the absence and presence of IPTG 

(Figure 4.17), indicated by a shift in green fluorescence. A statistically significant difference 

(Kruskal-Wallis, H = 11.29, p < 0.01) suggested that the addition of IPTG increased the cell 

depolarisation. Cell depolarisation does not mean cell death, but a limited function, 

overcoming the limitation of dual TO/PI viability staining.  

An important advantage of chemostat cultivation is that cell density has – in theory – no 

effect on the physiological state as long as the limitation regime remains the same (Herbert et 

al., 1956). However, the cell physiology changes significantly within glucose limited 

chemostats, shown by a number of parameters. To maintain size, cells need to coordinate cell 

division with growth rate and mass-doubling time. The changes in size were expected in 

conditions of environmental pressure (glucose limitation) because they are single cells of 

minute size. Whilst the maintenance of cell size indicates an adaptation mechanism for 

adjusting to unfavourable events, the cell size changes across chemostats in the absence of 

IPTG (Figure 4.20 B) were insignificant (Kruskal-Wallis, H = 12.55, p = 0.051). The changes 

in cell size when IPTG is present (Figure 4.23) were, however, deemed significant (Kruskal-

Wallis, H = 40.05, p < 0.001).  

At maximal growth rate, the median AR was 2.78, with mean AR of 2.99 (Figure 4.22 B). 

The low CV of 25.10 during maximal growth in the exponential phase (Figure 4.22 B) 

suggests little variation between the cells in the absence of nutrient limitation or 

environmental pressure. At lower growth rates in the absence of IPTG, the median AR was 

2.48 - 3.77 and the mean AR was 2.76 - 3.68 (Figure 4.22 A). The large CV range from 42.51 

to 42.31 for AR (Figure 4.22 A) show a more heterogeneous population in glucose-limited 

chemostats. Thus, the bigger variation between the cells observed during chemostats 

illustrates the effect of environmental pressure (glucose limitation) on E. coli cells. Growing 

as single minute entities, cells adapt quickly to the environment and not the other way around.   

Furthermore, AR changes significantly with each doubling time at “steady state” without 

IPTG (Kruskal-Wallis, H = 66.59, p < 0.001). In the presence of IPTG, mean AR ranges from 

2.97 to 3.6, whilst AR median ranges between 2.92 to 3.51 at submaximal growth (Figure 

4.25). The large CV values of 42.28 (SS1) and 37.92 (SS4) during glucose limitation (Figure 

4.25 A) show an increase in data distribution away from the mean with population changing 

AR significantly with doubling time (Kruskal-Wallis, H = 44.28, p < 0.001). AR for rod-
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shaped E. coli cells represents the mean cell length divided by the diameter (Zaritsky, 1975), 

thus, short cells have small ARs, whilst long cells have larger ARs. During transition from 

maximal growth rate (Figure 4.22 B) to limited growth rate (Figure 4.22 A), the change in 

growth rate requires changes in cell size. Dividing before doubling mass reduces the cell size, 

while dividing after increases cell size.  

Although typical rods of various lengths occur during maximal growth in conditions that are 

favourable for both growth and reproduction (Figure 4.22 B), the population is more 

homogeneous, whilst glucose limitation leads to increased heterogeneity (Figure 4.22 A). The 

problem may be summarised by stating that E. coli host cells show wide variations in size 

(cell area), shape (AR) and functionality (MP) whilst in “balanced growth” in chemostats, 

which are significant for bioprocess and even more so for continuous bioprocessing. 

Nevertheless, single cell analysis indicates differences in cell morphology and physiology that 

are important for recombinant protein production and are not apparent from population level 

analyses.   
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Chapter 5 Cell dynamics in recombinant E. coli CLD 1301 fermentations 

on glucose 

 

5.1 Abstract 

Recombinant proteins using E. coli expression systems are produced at large scale by 

cultivations in fed-batch reactors. In fed-batch reactors, the cells experience differences in the 

available substrate, which are more poignant when nutrient is top – fed. Substrate gradients 

vary widely in large-scale reactors from the concentration of the feed to complete exhaustion. 

At the top of the fermenter, the cells experience high substrate concentrations (that of the 

concentrated feed) and exhibit maximum growth rate µmax. Opposite the feeding port, due to 

relative mixing and biological activity, cells experience nutrient limitation and a reduced 

growth rate.  

To mimic large-scale gradients, fermentations with recombinant E. coli CLD1301 were 

conducted at two growth rates: maximum µmax and reduced growth rate ½ µmax. The sole 

limitation for the experiments described below is on the substrate: glucose.  

 

5.2 Introduction  

Single cell analysis in a bioprocess provides information that is not accessible with bulk 

measurements on the population level. The heterogeneity of cells in bioreactors used for 

recombinant protein production has a significant impact on product quality and quantity. 

Thus, the understanding of heterogeneity is key to bioprocess optimisation. Single cell 

analysis was applied to cells growing “in balanced growth” at maximal and submaximal 

growth rates. Single cells were analysed using fluorescence, originating from external probes 

and an internal recombinant protein (GFP mut3*). The fluorescent probes were used to 

monitor changes in cells physiological states. The different cell parameters investigated at 

single cell level were membrane integrity (TO/PI staining), membrane potential 

(DIBAC4(3)/EB/PI staining) and cell morphology. The enhanced GFP mut3* was used as a 

marker for protein production at single cell level.  
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5.3 Determination of single media limitation on glucose 

Chemostats are important tools for studying cell physiology because they enable control of 

cell growth rate, in a macroscopically constant environment, where cells are assumed to grow 

continuously and exponentially at a “steady state”. The chemostat is based on a growth-

limiting nutrient in the vessel, while all of the others are maintained at a constant excess. The 

media is therefore suitable for continuous cultivations if the sole limiting nutrient is the C 

source (glucose).  

To evaluate the media suitability, triplicate experiments were performed using BioLector 

(m2p-labs GmbH, Baesweiler, Germany), as described in Section 3.4.1 Batch cultivations in 

Microtiter Plates. The glucose concentrations (w/v) were the same as for the host W3110 

strain, including 1, 2, 3, 4, 7 and 10 g/L, whilst the other media components were at a constant 

excess. The batch minimal media, calculated to produce 1.6 g/L CDW in batch phase has the 

required buffered capacity to keep the pH value within 7 ± 0.2 (described in Section 3.3.1 

Batch mineral media) and was supplemented with 50 µg/ml kanamycin. One well with sterile 

media was used as internal standard for control of contamination. Cultivations were 

performed at 37⁰C, and growth was monitored as scattered light at 620 nm, recorded online in 

15 min cycles. Precultures were prepared as described in Section 3.2 Cell expansion and seed 

preparation A, and used to inoculate the BioLector at time 0, with the initial starting OD600 

was 0.05.  

The increase in biomass was monitored for 26.77 h, when the recombinant E. coli CLD1301 

was in stationary phase (Figure 5.1). All cultures exhibited exponential growth, which ended 

at different time points, depending on when the limitation occurred. The maximum amount of 

biomass in arbitrary units (A.U.) was obtained in stationary phase, arbitrarily chosen between 

22 - 25 h ranged from 20.28 to 81.82 as scattered light. To determine that the limitation was 

the carbon source, the biomass accumulation was analysed as a function of the glucose 

concentration. A significant linear relationship was observed between biomass and glucose 

concentration up to 4 g/L, with R-square (coefficient of determination) value of 0.92 (Figure 

5.2). 

The changes in biomass for glucose concentrations of 7 and 10 g/L were not linear, 

suggesting another limitation in addition to that of glucose was present within this range 

(Figure 5.2).  
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Figure 5.1. Influence of different glucose concentrations on growth of E. coli CLD1301 

without IPTG. Online monitoring of biomass (scattered light). Conditions: minimal media 

with up to 10 g/L of glucose, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. Standard error 

bars represent ± S.D. 

 

Figure 5.2. Linear relationship between biomass (A.U.) and glucose concentration (g/L) up 

to 4 g/L, indicating that the nutrient is in the limiting range. Maximum biomass was 

recorded between 22 - 25 h. Conditions: minimal media including (w/v) 1, 2, 3, 4, 7 and 10 

g/L glucose, while other media components remained unchanged and in excess, T = 37⁰C, 

VL = 800 µL, n = 1500, d0 = 3 mm. 
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The concentration of 4 g/L glucose was chosen for subsequent chemostat experiments to 

ensure that the growth was glucose-limited and to allow comparison with the host strain E. 

coli W3110. 

 

5.4 Growth rate and the influence of pDNA on the growth rate  

The recombinant strain E. coli CLD1301 that produces GFP mut3* was constructed by 

including the GFP-A gene onto a multicopy plasmid pD441- SR: 240460 in the host E. coli 

W3110. The GFP-A gene is under the control of an IPTG-inducible promoter. The growth 

characteristics of E. coli CLD1301 were determined using BioLector data for the chosen 

concentration of glucose (4 g/L), with the wild-type host E. coli W3110 as control.  

It is known that multicopy plasmids in bacteria decrease growth (Flores et al., 2004). The 

expression of recombinant proteins diverts cell resources from synthesising proteins that are 

necessary to the cells and causes a reduction in the growth rate (Shachrai et al., 2011). To 

determine the metabolic burden imposed by the pDNA on the cell, in the absence of protein 

expression, the final biomass (Figure 5.3) and the growth rate (Figure 5.4) for recombinant 

CLD1301 were compared against the host W3110.  

The observed inhibitory effects of growth were a delay in the lag phase (Figure 5.3) and a 

decrease in growth rate (Figure 5.4) in the recombinant strain compared to the host. The end 

of lag phase was determined as the time at which the exponential trendline for the logarithmic 

phase of growth intersected the x-axis (Figure 5.4). The lag phase was nearly 9.5 h for the 

recombinant E. coli CLD1301, compared to 0.6 h for the host W3110.  

Growth rate was determined using data from the exponential phase. The biomass (A.U.) was 

plotted in a log-linear graph against corresponding time to determine the growth rate. 

Maximum growth rate was the slope of the straight line obtained. The growth rates for strains 

CLD1301 and W3110 growing in minimal media with glucose as the sole carbon source were 

0.37 and 0.6 h-1, respectively (Figure 5.4). This showed a reduction in the growth rate of 

CLD1301 when compared to host W3110. The relative decrease in the growth rate or the cost 

was 61.39 %, calculated from the following formula:   

E1#+ =
µ%4µ&
µ%

	X	100 (5.1) 
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where µ% and µ& were the growth rates of host W3110 and recombinant CLD1301, 

respectively, in the absence of induction.  

 

Figure 5.3. Growth (biomass) of non-induced E. coli W3110 and E. coli CLD1301 cells. 

Biomass (A.U.) was recorded as scattered light. Conditions: minimal media with 4 g/L 

glucose as sole carbon source, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. Standard error 

bars represent ± S.D. 
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Figure 5.4. Maximum growth rate (µmax) of non-induced cells on glucose as sole C source. 

A: E. coli W3110; B: E. coli CLD1301. Biomass (A.U.) was recorded as scattered light. 

Conditions: minimal media 4 g/L glucose, T = 37⁰C, VL = 800 µL.  
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This metabolic burden stems from the maintenance requirements for the plasmid replication, 

directing from the cell’s energy and resources.  

Despite the plasmid burden causing a significant decrease in growth rate (E. coli CLD1301: 

µ0 = 0.367 h-1, R2= 0.996; E. coli W3110: µ0 = 0.6 h-1, R2= 0.996) and despite the long lag 

phase, the final biomass was higher for the recombinant strain compared to the host. The final 

biomass during stationary phase (22 - 26.77 h) was 48.89 and 56.25 A.U. for E. coli W3110 

and CLD1301, respectively. The difference in the measured biomass between the host and 

recombinant strain was significant (Mann-Whitney U, W = 190, n = 19, 19, p < 0.001). 

Nevertheless, the recombinant strain was capable of growth and division under conventional 

batch fermentation in BioLector, allowing further investigation under continuous mode in 

STR. 

 

5.5 Determining the optimum amount of IPTG 

The recombinant strain E. coli CLD1301 contains the heterologous gene GFP-A integrated in 

the plasmid pD441- SR: 240460. The plasmid has a T5 promoter that allows isopropyl β-D-1-

thiogalactopyranoside (IPTG) - inducible high-level expression of the heterologous protein 

(GFP mut3*). The T5-promoter’s activity is modulated by varying the concentration of IPTG. 

For optimisation of the IPTG concentration, cultures of E. coli CLD1301 were induced at 

mid-exponential point of growth with varying concentrations (0, 0.05, 0.1, 0.25, 0.5 and 1 

mM) of IPTG. The mid-exponential point of growth was the optimum time for induction. If 

induction was performed earlier, there would not be sufficient biomass in the system to yield 

recombinant product. If induction was performed later, there would not be enough substrate 

left for protein production.  

Precultures, prepared as described in Section 3.2 Cell expansion and seed preparation A, were 

used to inoculate the BioLector with the initial starting OD600 was 0.05. Kanamycin 50 µg/ml 

was added to the growth media (described in Section 3.3.1 Batch mineral media) as the 

pD441- SR plasmid contained a kanamycin-resistant gene. The glucose concentration (w/v) 

was 4 g/L.  

As the recombinant product, GFP mut3* (238 aa) is soluble in cytoplasm at 37⁰C, this was the 

temperature for both growth and induction. Product formation (GFP mut3* fluorescence) and 
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biomass concentration (scattered light) were monitored online for varying amounts of IPTG, 

and the corresponding signals were given in arbitrary units (A.U.). The time of induction was 

the mid-exponential point of growth, or time 0 (Figure 5.5).As previously reported, the GFP 

signal is very stable (Andersen et al., 1998). The GFP signal remained relatively constant, in a 

plateau for at least 18 hours (Figure 5.5). This suggests that the protein is resistant to 

proteolysis and degradation and is suitable for continuous cultivations.  

The maximum GFP fluorescence (A.U.) was obtained approximately ten hours post-

induction. The mean signal was 398.77, ranging from 387.89 to 411.83 A.U. with 1 mM 

IPTG as inducer. The signal (A.U.) under 0.5 mM IPTG ranged from 355.79 to 373.51, with a 

mean of 364.13 (Figure 5.5). The difference in GFP fluorescence after 10 h post-induction for 

1 and 0.5 mM IPTG was significant (Mann-Whitney U, W = 4732, n = 56, 56, p < 0.001). 

The optimum IPTG concentration that led to the highest amount of product was 1 mM 

(Figure 5.5). This is in accordance with the published recommendation for the plasmid 

(https://www.atum.bio/catalog/expression-vectors/bacterial). 

Shifting the cell’s metabolic resources towards producing recombinant product impedes the 

cell growth. To see the extent by which a high amount of recombinant product compromises 

the biomass development, the specific yield (or specific productivity) was determined. 

Specific yield, representing the amount of product produced per cell per unit time was 

calculated by dividing the concentration of product to that of biomass. The GFP mut3* 

fluorescence (A.U.) was a suitable signal for product concentration, and light scatter signals 

(A.U.) were used for biomass concentration. The signal gain factors (GFP – Gain: 50; 

biomass – Gain: 20) were maintained across experiments as previously illustrated (Table 3.2). 

The highest specific yield (A.U.) for E. coli CLD1301 grown on glucose as sole carbon 

source was obtained with 1 mM IPTG, proving the optimum concentration of inducer was 1 

mM (Figure 5.6). This concentration was further transferred to STR experiments.  
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Figure 5.5. Comparison of GFP mut3* fluorescence (A.U.) after induction with varying 

concentrations of IPTG added at mid-exponential phase of growth. Time 0 represents 

the time of induction, T = 37⁰C. Standard error bars represent ± S.D.  

Figure 5.6. Specific product yield (]67) for E. coli CLD1301 on glucose as sole 

carbon source. Specific product yield calculated as the ratio of protein concentration 

(GFP fluorescence) to biomass concentration (scattered light intensity). Time 0 

represents time of induction. T = 37⁰C. 
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5.6 Process monitoring at population level  

The recombinant E. coli CLD1301 was cultivated with and without induction of GFP to 

evaluate the influence of recombinant protein synthesis on the growth. Fermentations were 

carried out in 3 L bench-top fermenters with 1.5 L working volume (Applikon Biotechnology 

B.V., Schiedam, The Netherlands) from starting OD600 ~ 0.05. Oxygen limitation was avoided 

by maintaining the DO level above 50% saturation by the automated increase of stirrer speed. 

At mid-exponential point of growth, after sampling for growth at µmax, the chemostat 

cultivation was started by activating the inlet and outlet peristaltic pumps. The specific growth 

rate in chemostat was controlled at ½ µmax, and the constant volume was maintained by 

running the outlet peristaltic pump at maximum speed, while the outlet line was level 

controlled.  

 

5.6.1 Biomass measurements 

The fermentation profiles of E. coli CLD1301 on glucose as sole carbon source are depicted 

in both the absence (Figure 5.7) and presence (Figure 5.8) of 1 mM IPTG. Batch 

fermentations in BioLector (Figure 5.4) have shown a µmax of 0.37 h-1 for the recombinant 

strain grown on glucose as sole carbon source, thus the chemostat was expected to run at 0.19 

h-1 (1/2 µmax). A growth rate recovery was observed in STR experiments, with a µmax of 0.67 

h-1 (Figure 5.9). This could be the result of the cells adapting to the environment by selection 

of desirable traits and gaining a fitness advantage. Although mutations are known to occur at 

a reduced growth rate, they were, however, not investigated during this work. As a result of 

the increased growth rate, chemostat experiments were carried out at a dilution rate (D) of 

0.33 h-1. The initial batch phase started from inoculation (time 0) and the cells exhibited 

exponential growth at µmax of 0.67 h-1. At mid-exponential point (time 5.5 – 5.75 h), when OD 

~ 2, the culture was switched to a continuous mode of operation. At transition point, cells 

switch from unlimited to C-limited growth, controlled by a constant glucose concentration of 

4 g/L as the growth-limiting factor. Because of similar growth rates in STR, sampling was 

maintained as for host E. coli W3110 grown on glucose.  
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Figure 5.7. Fermentation profile of E. coli CLD1301 on glucose as sole carbon source. No 
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Figure 5.8. Fermentation profile of E. coli CLD1301 on glucose as sole carbon source 

with 1 mM IPTG (the arrow indicates the switch). This includes changes in dissolved 

oxygen (A) and biomass (C), whilst pH (B) and temperature (D) are maintained constant 

at set-points. 
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5.6.2 The influence of protein production on growth  

The optimised induction parameters (described in Section 5.5 Determining the optimum 

amount of IPTG) were transferred to STR. E. coli CLD1301 cells were grown with 4 g/L 

glucose in both the presence and absence of 1 mM IPTG (Figure 5.10). The final biomass, 

measured as scattered light, obtained in stationary phase (chosen arbitrarily past 25 h) was 

compared and the difference was deemed significant (Mann-Whitney U, W = 125250, p < 

0.005). The median biomass (B.U.) of 11.56 in non-induced cells with 0 mM IPTG (X0) 

dropped to 6.76 in E. coli CLD1301 induced with 1 mM IPTG (X1). Thus, the cost of protein 

production on the growth at submaximal growth in glucose was 41.60%, calculated from 

formula  

E1#+ =
W%4W&
W%

	X	100 

 

(5.2) 

 

where W% is the final biomass with 0 mM IPTG and W1 is the final biomass on glucose with 1 

mM IPTG. 

y = 0.0739e0.67x

R² = 0.999
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Figure 5.9. Growth rate recovery of E. coli CLD1301 on glucose as sole 

carbon source. Data from Figure 5.7 obtained with BugLab sensor.  
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While GFP mut3* is a small protein (238 aa), its production limits the resources that the cell 

could utilise for native protein synthesis. Faced with the large copy number plasmid (500-700 

copies per cell), the visible result of producing the recombinant protein is a lower biomass 

(Figure 5.10). A lower biomass is expected given that the protein synthesis uses the same cell 

machinery and resources for both recombinant and native products. The lower biomass may 

signal a reduced cell number or increase in cell death, perhaps with added changes in 

morphology. The system, however, achieves a constant biomass, even if lower, which shows 

there is still proliferation, suggesting that GFP mut3* is not toxic to the cell.  

 

5.6.3 Monitoring growth at single cell level  

The total cell counts (TCCs) were calculated by multiplying the number of events occurring 

in the region dot plot by 200 (correction for 5 µl analysed volume) and the dilution factor 

used to lower the sample OD600 to 0.025. The average counts across continuous cultivation as 

measured by FC were 9.19 x 108 for non-induced and 4.16 x 108 for induced E. coli 

CLD1301, respectively (Figure 5.11). The only difference between the two experiments was 

the addition of 1 mM IPTG, which induces the recombinant protein expression. This shows 

that the expression of the heterologous protein (GFP mut3*) causes a drastic decrease in cell 

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30 35 40 45

Bu
gL

ab
 (B

ug
 U

ni
ts)

Time (h)

1 mM IPTG

0 mM IPTG

Figure 5.10. Online measurements for E. coli CLD1301 biomass (BugLab) as 

scattered light intensity (B.U.) in non-induced and induced cells. Arrow: time of 

induction with 1 mM IPTG (mid-exponential at 5.75 h). Conditions: minimal media 

with 4 g/L glucose.  
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numbers. As the dilution rate is constant across experiments, the decrease in cell number must 

occur because of a reduced growth rate. The cell number, however, remained at a relatively 

constant level, showing that cells are still dividing.  

 

 

5.6.4 Monitoring substrate  

Residual glucose was measured in the supernatant both in the absence and presence of 1 mM 

IPTG (Figure 5.12). As the population increased, glucose depleted from 4 to 2.02 g/L at the 

mid-exponential point of growth. The residual glucose at “steady state” in chemostat 

fluctuated from 0.008 g/L to 0.019 g/L and from 0.02 g/L to 0.03 g/L in the absence and 

presence of IPTG, respectively. All culture supernatant contained residual glucose within the 

measurement range of the kit. 

0.00E+00

2.00E+08

4.00E+08

6.00E+08

8.00E+08

1.00E+09

1.20E+09

0 5 10 15 20 25 30 35 40

TC
C 

[m
l-1

]

Time (h)

0 mM IPTG

1 mM IPTG

Figure 5.11. Total cell count (TCC) for E. coli CLD1301 in three independent 

experiments on glucose minimal media. The gap between the two datasets (15 h) is to 

allow the culture to reach a “steady state”.  
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Biomass measured offline as OD600 increased during the batch phase of fermentation up to 5 h 

post inoculation (OD600 = 1.788) (Figure 5.12). At steady state, OD600 varied from 3.955 – 

4.116 and 3.885 - 4.025 for the non-induced and induced recombinant strain, respectively. 

This slight variation in OD600 does not correlate with the drastic changes in biomass recorded 

by the BugLab sensor (Figure 5.10) or with the decrease in cell number recorded by FC 

(Figure 5.11). As OD600 represents a population level measurement correlating the attenuation 

of light to the cell concentration and there is a decrease in cell number, the slight variation in 

OD600 could be explained only by morphological changes adding to a reduced cell number.  
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Figure 5.12. Depletion of glucose in relation to OD600 development by E. coli 

CLD1301 in the absence (top graph) or presence (bottom graph) of IPTG. A: 

Exponential phase of growth (time 0 - 5 h) with sampling every hour. B: 

Continuous cultivation (time 20.5 - 34.5 h) with sampling every two hours.  
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5.6.5 Monitoring VFAs 

High performance ion chromatography (HPIC) analysis of E. coli CLD1301 supernatant 

detected the existence of three volatile fatty acids (VFAs) on glucose as sole carbon source: 

acetate, formate and propionate (Figure 5.13). VFAs are fermentation by-products with 

negative consequences on recombinant protein production.  

At maximum growth rate µmax on glucose as sole carbon source, acetate and formate 

commenced forming immediately post-inoculation (Figure 5.13). Propionate was not 

detected. Despite the fully aerobic conditions (Figure 5.8), the production of VFAs occurred 

because the cells surpassed the threshold growth rate of glucose consumption. Both acetate 

and formate levels increased with growth, reaching 129.51 ppm (1.30 x 10-1 g/L) and 19.72 

ppm (1.97 x 10-2 g/L) at 5 h post-inoculation. The rate at which the acetate formed was 

exponential, shown by acetate levels following the growth curve (Figure 5.13). Three carbon 

sources were present in the media (glucose, acetate and formate) at maximum growth rate. As 

glucose was plentiful, shown by the exponential growth curve, E. coli cells consumed their 

preferred carbon source, glucose. At 5.5 h post-inoculation, the system was switched to 

continuous cultivation, therefore the levels of VFAs never accumulated in quantities that 

would inhibit growth. At a high growth rate on glucose as sole carbon source, there is, 

however, acetate, at a level corresponding to the rate of growth. As carbon is converted to 

VFAs instead of biomass and recombinant protein, a fast growth rate on glucose is not 

beneficial for improving recombinant protein production.  

At ½ µmax, during chemostat growth, traces of formate and propionate were identified. The 

acetate was either not detected or was negligible with a maximum of 0.85 ppm (8 x 10-4 g/L). 

The formate varied from 16.34 ppm (1.63 x 10-2 g/L) to 21.09 ppm (2.11 x 10-2 g/L), whilst 

propionate varied from 3.85 ppm (3.85 x 10-3 g/L) to 9.78 ppm (9.78 x 10-3 g/L). This shows 

that a lower growth rate reduces the amount of VFAs and allows an efficient conversion of 

carbon towards biomass and recombinant protein. The growth rate limitation, however, has to 

be on carbon specifically. The most popular minimal media (Sambrook, 2001) has the main 

limitation on nitrogen (see Appendix A). Regardless of the growth rate, a chemostat using the 

common defined media would invariably lead to the formation of acetate because it is the 

nitrogen that limits growth, which in turns places carbon in excess.  

IPTG had no effect on the levels of VFAs detected in supernatant.  
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Figure 5.13. VFAs production of E. coli CLD1301 on glucose mineral media without 

IPTG. The gap between the two datasets (15 h) is to allow the culture to reach a “steady 

state”. 

 

5.7 Single cell studies of membrane integrity using FC 

The amount of recombinant product correlates closely with the metabolism of the viable 

biomass. To determine the cell viability, membrane integrity was analysed using TO and PI 

with flow cytometry (FC). Viable cells show green fluorescence, whilst dead cells show red, 

comparable to cells treated with 70% ethanol used as a “dead” control.  

The membrane integrity was determined for cells harvested from both unlimited (mid-

exponential) and glucose-limited (chemostat) cultivations. The results were expressed in 

percentages of cells that stain with either dye plotted as green over red fluorescence. The 

viability of E. coli CLD1301 was about 97% immediately following inoculation, at time point 

0 (Figure 5.14). During the maximal growth rate, the frequency of TO-stained cells increased 

to around 99%. Only 1% of cells were PI positive at 5 h post-inoculation, before switching to 

a continuous mode of operation. 
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At submaximal growth rate on glucose, in the absence of IPTG, the share of PI positive cells 

fluctuated around a mean of 2.70%. Conversely, the share of TO positive cells fluctuated 

around a mean of 97.30% in non-induced recombinant E. coli CLD1301 (Figure 5.14). 

In the presence of IPTG, the recombinant strain produced the protein GFP mut3*. The 

frequency of viable cells once recombinant protein production began, decreased to an average 

of 81% across steady states. Conversely, only 19% of cells could be assigned to the “dead” 

gate based on alcohol-killed cells. Overall, there was a significant increase in the fraction of 

the “dead” subpopulation in the induced compared to non-induced E. coli CLD1301 cells.  

 

5.8 Single cell studies of membrane potential using FC 

The physiological heterogeneity of E. coli CLD1301 cells was analysed quantitatively by 

flow cytometry using the dye combination DIBAC4(3)/EB/PI. Samples from STR were diluted 
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in DBS to achieve an OD600 of 0.025 prior to staining (described in Section 3.8 Monitoring 

membrane potential with DIBAC/EB/PI). The percentage of each sub-population was 

evaluated at different growth rates in the absence of 1 mM IPTG. The experiments were not 

performed in the presence of IPTG because when inducing the culture, the fluorescence of the 

recombinant protein GFP mut3* overlaps that of DIBAC4(3).  

Four subpopulations were identified based on the differential uptake of the fluorophores: 

a) active cells (DIBAC4(3)-, EtBr-, PI-) did not take up any of the dyes; 

b) depolarised cells (DIBAC4(3)+ , EtBr+, PI-) are DIBAC4(3) and EtBr double-stained cells; 

c) deenergised cells (DIBAC4(3)-, EtBr+, PI-) are EtBr-stained cells;  

d) dead cells (DIBAC4(3)+, EtBr-, PI+) are DIBAC4(3) and PI double-stained cells.  

The percentage of active cells (DIBAC4(3)-, EtBr-, PI-) in E. coli CLD1301 population dropped 

from 87.17% at maximal growth rate to an average of 57.02% at submaximal growth rate in 

chemostats (Figure 5.15). The difference in the shares of active cells across glucose-limited 

growth in chemostat (SS1-SS8) was not significant (Kruskal-Wallis, H = 8, p = 0.433). This 

correlated with no significant deviation from the expected ratio of active cells (Chi Square, X2 

= 0.477, P = 1.0).  

The share of depolarised cells (DIBAC4(3)+, EtBr+, PI-) increased from 8.05% to an average of 

33.15% in samples taken from maximal and submaximal growth on glucose, respectively 

(Figure 5.15). No statistical difference was present between the proportion of depolarised 

cells in all steady states (Kruskal-Wallis, H = 8, p = 0.433). This is backed up by no 

significant deviation away from expected values of depolarised cells (Chi Square, X2 = 

1.02713, P = 0.994).  

At submaximal growth in glucose-limited chemostats, the mean of active and depolarised 

cells across all steady states (SS1-SS8) was 57.02% and 33.15% respectively - a significant 

difference (Mann-Whitney U, W = 100, p < 0.005).  
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5.9 Studies of cell morphology using fluorescence microscopy  

Induced recombinant cells were stained with PI. For comparison, non-induced cells were 

stained with SYTO9/PI. The staining was described in Section 3.10 Phase and fluorescence 

microscopy of E. coli W3310. Only the “live” cell population fluorescing green was analysed. 

The analysis was performed in an automated manner, by running a macro written for ImageJ, 

which is available in Additional File (Appendix F). Cell size was determined from fluorescent 

images as “cell area”, and cell shape was analysed as “aspect ratio” (AR) and circularity (or 

form factor).  
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Figure 5.15. Flow cytometry analysis of E. coli CLD1301 cells at different growth 

rates on glucose as sole carbon source. No induction (0 mM IPTG). S5 represents the 

mid-exponential sample, while SS1-SS8 are steady state (SS) samples at 2 h 

intervals, with reduced growth at µmax/2. Data presented as mean ± S.E. depicts four 
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5.9.1 Cell morphology at maximum growth rate 

At maximum growth rate, E. coli CLD1301 cells presented the following as illustrated in Table 

5.1. 

 Mean Median ±S.D. CV Figure 

Cell area (μm2) 2.03 1.78 1.08 53.29  5.16 A 

AR 3.23 3.06 1.27 39.45 5.16 B 

Circularity 0.56 0.55  0.15 26.66 5.16 C 

 

 

5.9.2 Cell morphology in the absence of IPTG 

a) Cell area  

The distributions of cell size cell were influenced by the growth rate. Maximum growth rate 

showed a mean cell area of 2.03, with a median of 1.78 μm2 (Figure 5.16 A). At reduced growth 

in glucose-limited chemostats, cell area heterogeneity was observed with cells of different sizes 

populating the fermenter. The mean cell area ranged from 1.58 to 2.61 µm2 in SS4 and SS1, 

respectively. Contrary to previous reports that lowering the growth rate decreased cell size 

(Hill et al., 2013), a highly heterogeneous environment was observed for E. coli CLD1301 

when reducing the growth rate by a factor of 2. The differences in the mean cellular area at 

submaximal growth were significant (Kruskal-Wallis, H = 105.57, p < 0.001). This shows 

that the chemostat does not exists in a “steady state”, if cells cannot maintain size.  

b) Aspect ratio  

The mean aspect ratio (AR) at maximal growth rate was 3.23, with median 3.06 (S.D. 1.27, 

CV 39.45) (Figure 5.16 B). In chemostat, the mean AR ranged from 1.95 and 3.81 at SS1 and 

SS8, respectively - a range which includes the exponential mean (Figure 5.16 E). 

The trend was consistent when comparing the median AR. The exponential value of 3.0610 is 

present within the chemostat range from 1.702 and 3.871 at SS1 and SS8, respectively. The 

CV as a measure of heterogeneity varied at submaximal growth on glucose as sole carbon 

source from 29.80 (SS8) to 44.31 (SS1), a range which includes the exponential CV.  

 

Table 5.1. Shape descriptors of E. coli CLD1301 during exponential growth. 
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c) Circularity  

During maximal growth on glucose, the mean cell circularity was 0.56, with a median of 0.55 

(S.D. 0.15, CV 26.66) (Figure 5.16 C). At submaximal glucose-limited growth, the mean cell 

SS8SS7SS6SS5SS4SS3SS2SS1

6

5

4

3

2

1

0

C
el

lu
la

r 
A

re
a

SS8SS7SS6SS5SS4SS3SS2SS1

6

5

4

3

2

1

A
R

SS8SS7SS6SS5SS4SS3SS2SS1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

C
ir
cu
la
ri
ty

B 

D 

E 

F 1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1
Exponential

C
ir
cu
la
ri
ty

5

4

3

2

1

0
Exponential

A
re
a

A 

C 

Figure 5.16. Box plots of morphological descriptors of E coli CLD1301 at maximum 

growth rate (A, B, C) and submaximal growth rates (D, E, F). Horizontal line marks 

the median, box marks the 25th and 75th percentile, whiskers mark the 5th and 95th 

percentile. Number of cells per sample was: A: SS1 – 95; SS2 – 232; SS3 – 191; SS4 

– 113; SS5 – 168; SS6 – 87; SS7 – 667; SS8 – 409 cells. B: Exponential – 716 cells. 

Values outside of the 1.5-fold IQR were removed. 
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circularity ranged from 0.53 and 0.70 at SS8 and SS1, respectively, a range that includes the 

exponential (Figure 5.16 F). Statistical testing, however, showed that the circularity varied 

significantly between groups at “steady state” on glucose-limited growth (Kruskal-Wallis, H 

= 124.11, p < 0.001). 

This indicates that the cells do not maintain their shape, also observed on microscopy images. 

A proportion of cells do not grow in straight lines, while some lost the ability to maintain cell 

width. Filaments were observed in both “live” and “dead” cell subpopulations. The cell 

inability to maintain a robust shape could be related to a deficiency in synthesising 

peptidoglycan in the cell wall, which may be of a genetic nature. What it is clear is when 

placed under significant internal stress of replicating a 500-700 copies non-native plasmid, 

while suffering the external stress induced by carbon limitation, the cells do not maintain 

shape. This happens in the absence of protein expression, as the cells are not yet induced.  

 

5.9.3 Cell morphology in the presence of IPTG  

 

a) Cell area 

Cell area fluctuates in the presence of IPTG at sub-maximal growth (Figure 5.17 A). The 

mean cell area during chemostat cultivations ranged from 1.79 to 2.07 µm2 at SS1 and SS8, 

respectively. The exponential mean of 2.03 μm2, representing cells in the absence of inducer 

(Figure 5.16 A) is included within the chemostat range (Figure 5.17 A). A similar trend was 

observed for the median, ranging from 1.09 (SS2) to 2.21 μm2 (SS5) at submaximal growth 

rate (Figure 5.17 A), and including the exponential 1.78 μm2.  

The exponential CV of 53.29 (Figure 5.16 A) is also included in the range observed during 

submaximal growth from 44.85 at SS5 to 75.84 at SS2 (Figure 5.17 A). Differences in cell 

area at submaximal growth on glucose for cells expressing the recombinant product were 

deemed significant (Kruskal-Wallis, H = 25.26, p < 0.01). This means that the cells are unable 

to maintain size in chemostats when faced with an added carbon-limitation on the top of 

metabolic burden caused by recombinant product.  
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Figure 5.17. Shape descriptors in E. coli CLD1301 on 

submaximal growth rate on glucose with IPTG. Number of 

cells per sample was: SS1 – 143; SS2 – 58; SS3 – 129; SS4 – 

156; SS5 – 87; SS6 – 111; SS7 – 55; SS8 – 83 cells. 
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b) Aspect ratio  

The mean AR of E. coli CLD1301 ranged at submaximal glucose-limited growth from 2.96 to 

4.12 in SS5 and SS6 respectively (Figure 5.17 B). This refers to the AR of cells producing the 

recombinant product. At maximal growth, the mean AR was 3.23 (Figure 5.16 B), a value 

within the chemostat range. A similar trend was observed for the median exponential AR of 

3.06, a value that is contained within the chemostat range from 2.72 (SS5) to 4.18 (SS6). The 

differences between AR of cells in chemostat were significant (Kruskal-Wallis, H = 62.74, p 

< 0.001). This shows that the system is not in “balanced growth” when producing high 

quantities of recombinant product. If balanced growth existed, and the cells elongate before 

division to the maximum AR as chosen as threshold filter (6), then after division, all cells 

would range in AR between 3-6. Therefore, the distributions of AR in chemostats are largely 

heterogeneous and AR varies with the fermentation time.  

c) Circularity  

Differences in the circularity of E. coli CLD1301 producing the recombinant protein are 

shown in Figure 5.17. Circularity is an indicator of the cell’s ability to maintain shape. During 

sub-maximal growth in a glucose-limited chemostat, mean cell circularity ranged from 0.461 

to 0.5938 at SS6 and SS5, respectively. A maximum circularity of 1 observed in SS8 suggests 

the shape of a line, such as a filamentous cell. Values tending towards zero suggest round 

cells and were observed in all samples at submaximal growth on glucose. The differences in 

cell circularity at submaximal growth on glucose were deemed significant (Kruskal-Wallis, H 

= 62.74, p < 0.001). This shows that cells are unable to maintain their shape at submaximal 

growth rate, when faced with the additional burden of producing recombinant proteins.

5.9.4 The influence of IPTG on cell morphology at submaximal growth rate  

IPTG induced the expression of the target protein GFP mut3* in recombinant strain E. coli 

CLD1301. Cells were imaged in the absence and presence of 1 mM IPTG. SS4 was arbitrarily 

chosen across two different experiments to determine the effect of IPTG addition. 

Morphology descriptors (area, AR and circularity) were compared between non-induced and 

induced cells, following extraction with ImageJ (Table 5.2 and Figure 5.18).  
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Table 5.2. Shape descriptors for E. coli CLD1301 at submaximal growth rate in the absence 

and presence (+) of IPTG. Number of cells per sample was: SS4 – 113; +SS4 – 156 cells. 

 

The boxplot of the cell area distribution (Figure 5.18 A) clearly illustrates the significant 

increase in mean values (from 1.58 to 1.98 μm2), and in median values (from 1.38 to 1.72 

μm2) in induced compared to non-induced cells. There is also a significant increase in cell AR 

from 2.66 to 3.31 for the mean values and 2.46 to 3.19 for the median values in induced 

recombinant cells compared to cells in the absence of inducer (Figure 5.18). These 

observations are consistent with previous reports that the overproduction of recombinant 

protein results in an increased stress response with cell filamentation that leads to cessation of 

growth. A greater spreading with larger CV values was observed at submaximal growth in the 

absence of IPTG compared to cells in its presence for all morphological descriptors (Table 

5.2). 

 

 

Variable Mean SE Mean SD CV Median 

SS4 Area (μm2) 1.58 0.11 1.18 75.19 1.38 

+SS4 Area (μm2) 1.98 0.086 1.08 54.33 1.72 

SS4 Circularity 0.57 0.016 0.17 30.01 0.58 

+SS4 Circularity 0.54 0.012 0.15 27.99 0.53 

SS4 AR 2.66 0.11 1.11 41.83 2.46 

+SS4 AR 3.31 0.11 1.31 39.65 3.19 
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Figure 5.18. Box plots of morphological descriptors of E coli CLD1301 showing the 

influence of IPTG on cell morphology at submaximal growth rate on glucose. 

Horizontal line represents the median, the box marks the 25th and 75th percentile, 

whiskers mark the 5th and 95th percentile. Number of cells per sample was: SS4 – 113; 

+SS4 – 156 cells. Values outside of the 1.5-fold IQR were removed. 
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The effect of IPTG on the E. coli CLD1301 was deemed significant for both cell area (Mann-

Whitney U, W = 13298.5, p < 0.01) and aspect ratio (Mann-Whitney U, W = 12781, p < 

0.001. The addition of IPTG however, had no significant effect on circularity (Mann-Whitney 

U, W = 16120, p = 0.170).  

 

5.10 Single cell studies of protein production  

The recombinant E. coli CLD1301 carries the plasmid vector pD441- SR: 240460 containing 

the GFP-A gene. To measure GFP mut3* protein expression at single cell level, the GFP 

signal was measured by fluorescence microscopy (FM) and flow cytometry (FC). The 

measurements of fluorescence from induced protein expression were compared against 

background fluorescence. The latter occurs in the absence of induction, resulting from cell 

auto-fluorescence and leakiness (recombinant protein expression in the absence of inducer).  

 

5.10.1 Protein production evaluated with flow cytometry  

The heterogeneity in protein production was measured as GFP fluorescence using the BL1 

channel. Samples from STR, containing 12.5 µg/ml kanamycin were diluted in DBS buffer to 

a final OD600 ~ 0.25, before FC analysis. The threshold of signal intensity was set to 10000 

A.U., with values above the threshold considered positive for protein expression, resulting 

from both leakiness and IPTG-induced. A “GFP gate” was set that separated cells with green 

fluorescence above the threshold.  

The fluorescent signal of E. coli CLD 1301 cells was heterogeneous for both basal and IPTG-

induced fluorescence (Figure 5.19). To illustrate the difference in heterogeneity, the basal 

fluorescence of un-induced unstained cells was compared with the IPTG-induced 

fluorescence (Figure 5.19). A total cell number of 46302 were analysed for the IPTG-induced 

cell fluorescence (in SS8) and 1775 for the basal fluorescence (S5). Both samples had been 

diluted to a final OD600 ~ 0.25, but a different cell number occurred as most of the non-

induced cells fell in a different gate, the “un-induced” one. The cells assigned to the 

“induced” gate (46302 and 1775, respectively) exhibited the green fluorescence of GFP 

mut3*, whether they are IPTG-induced or not. 

The IPTG-induced culture (SS8 - 46302 cells) displayed a mean green fluorescence of 544920 

A.U., with S.D. of 276019 and CV of 50.65. The non-induced unstained exponentially 
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growing culture (S5 - 1775 cells) displayed a mean of 66199 A.U., with S.D. 143738 and CV 

of 217.13 (Figure 5.19). As the mean fluorescence varied greatly between the samples SS8 

and S5, SD was used as a measure of data spread. The lower S.D. spread shows that the basal 

level fluorescence was more homogeneous. Although the GFP expression (A.U.) in non-

induced cells varies widely from 10022 to 997841, the cell number remained low, and the 

higher levels of expression represent leakiness from population outliers (Figure 5.19). As the 

cell number expressing leaky proteins are low, and the level of induced GFP signal was much 

higher than the background, the background fluorescence was considered negligible (Figure 

5.19). The lower signal for background fluorescence compared to the GFP signal, may be 

explained by the tight LacI control that reduces basal expression to allow easier quantification 

of recombinant product.  

 

 

Figure 5.19. Flow cytometry analysis of GFP signal in the presence (1 mM) and absence (0 

mM) of IPTG. Histogram shows the frequency (number of cells) and the fluorescence 

intensity of E. coli CLD1301, containing the GFP mut3* gene on an IPTG-inducible 

plasmid. Data with 1 mM IPTG, shown in green represents SS8 (46302 cells), data with 0 

mM IPTG, shown in blue represents the non-induced unstained S5 (1775 cells).  
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The IPTG-induced fluorescent signal remained relatively constant, displaying neither a rise 

nor decline during continuous cultivation over 14 h. The E. coli CLD1301 grown on glucose 

as the sole carbon source yielded the fluorescence values (A.U.) shown in Table 5.3 with 95% 

confidence intervals (Table 5.4). This shows that the recombinant protein GFP mut3* was 

produced in continuous cultivations of E. coli cells.  

 

Variable N Mean S.D. Min Q1 Median Q3 Max 

SS1 40319   545192      268335 10014 353065 561446 763414 999868   

SS2 34317 538236 279642 10014 337007 563276 766933   999977 

SS3 39104 558829   266852 10014 369873 580595 775597   999972 

SS4 35200 562139   273656 10010       369240 593432 788908 999985 

SS5 47285 553466 278271 10002 355152 585002 782352 999980 

SS6 27077 547616 273678 10057 353804 568124 772952    999996 

SS7 52968                    549774 277183 10001 353925 577295 776837 999979 

SS8 46302 544920 276019 10020 347217 568821 772554 999976 

Table 5.3. Fluorescent protein signal of GFP mut3* in E. coli CLD1301 cells at steady state 

(SS1-SS8) while growing on glucose as sole carbon source. 

 

Table 5.4. Confidence intervals (CI) for GFP mut3* fluorescence in E. coli CLD1301 cells 

at steady state (SS1 - SS8) while growing on glucose as sole carbon source. 

Variable CV 95% Confidence 

Interval for mean 

 

95% Confidence 

Interval for median 

 

95%  Confidence 

Interval for S.D. 

SS1 49.22 542573 547811 557721 564982 266496 270200 

SS2 51.96 535277 541195 558491 567300 277565 281750 

SS3 47.75 556184 561474 576820 584532 264995 268736 

SS4 48.68 559280 564998 589149 597855 271649 275692 

SS5 50.28 550958 555974 580820 588231 276508 280056 

SS6 49.98 544356 550876 563076 572587 271392 276003 

SS7 50.42 547413 552134 574089 580907 275524 278863 

SS8 50.65 542406 547434 564760 572881 274253 277809 
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Boxplots show that the GFP signal was maintained in continuous cultivation over 14 h. There 

is cell-to-cell heterogeneity in the fluorescence signal, illustrated by data spread, but the total 

protein content across the steady state remained relatively stable, with neither increase nor 

decrease of protein production (Figure 5.20). 

The percentage of producing cells from the assessment of viability also remained relatively 

constant (Figure 5.14).This suggests that despite the cell-to-cell heterogeneity in protein 

production, the total yield remained constant (Figure 5.20). Higher levels of protein 

production are desirable in a bioprocess, particularly a fed-batch one, yet not so much in 

continuous cultivations, where a high producing phenotype would perish.  

 

 

  Figure 5.20. GFP mut3* fluorescence (A.U.) at steady state (SS1-SS8) after induction 

with IPTG added at mid-exponential point of growth. Number of cells per sample was: SS1 

– 40319; SS2 – 34317; SS3 – 39104; SS4 – 35200; SS5 – 47285; SS6 – 27077; SS7 – 

52968; SS8 – 46302 cells. 
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5.10.2 Protein production evaluation with fluorescence microscopy 

Fluorescence microscopy was conducted as described in Section 3.11 Phase and fluorescence 

microscopy of E. coli CLD1301. The automated analysis script was written in ImageJ 1 macro 

language (available in Appendix F). The ImageJ macro displayed the output as mean 

fluorescence intensity. Camera exposure time was selected to minimise cell autofluorescence. 

Particles smaller than 0.5 µm2 were excluded from the analysis to eliminate artefacts. No 

upper threshold was imposed so as not to eliminate the cells with clear changes in 

morphology that actively produce the recombinant product.  

The protein production detected by FM varied amongst steady states (Figure 5.21). There was 

a significant difference between fluorescence across steady states (Mann-Whitney U, W = 

482.60, p < 0.001). Given the constraints of low cell numbers in analysis (66 cells in SS2, and 

318 in SS4), studies of gene expression with microscopy proved unsatisfactory, particularly 

when FC was readily available and able to provide a robust response from a much larger cell 

population.  

 

 

Figure 5.21. GFP mut3* fluorescence (A.U.) at steady state (SS1-SS8) after induction with 

1 mM IPTG maintained constant in the reactor. Number of cells per sample was: SS1 – 

158; SS2 – 62; SS3 – 81; SS4 – 318; SS5 – 98; SS6 – 259; SS7 – 132; SS8 – 97 cells. 
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Figure 5.22. Phase contrast and fluorescent images of E. coli CLD1301 

induced with 1 mM IPTG and stained with propidium iodide (PI). A, C, E 

represents the SS1 sample, and B, D, F represents the SS2 sample. White 

arrows indicate filamentous cells, red arrows indicate deviation from central 

axis (twisted cell morphologies). 

A B 
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Figure 5.22 shows the phase and fluorescence microscopy of SS1 (images A, C, E) and SS2 

(images B, D, F) for the induced E. coli CLD1301 on glucose as sole carbon source. All cells 

exhibit either IPTG-induced green fluorescence or red fluorescence. The green fluorescence 

represents the titre of recombinant product, while the red fluorescence shows the “dead” cells. 

The white arrows show filamentous cells – cells that continue with DNA replication, but stop 

dividing. The filamentous cell that exhibit green fluorescence (Figure 5.22 C and D) are 

metabolically active, producing recombinant protein. The filamentous cell in Figure 5.22 E 

displays red fluorescence of PI, therefore is considered “dead”.  

 

5.11 Discussion and conclusions  

This chapter presented fermentations E. coli CLD1301 grown on glucose as the sole carbon 

source. To mimic the glucose gradients existing in large-scale fed-batch reactors, recombinant 

E. coli cells subject to a glucose upshift and downshift were studied with single cell 

resolution. The mid-exponential point of growth was used for unlimited glucose growth, and 

chemostat cultivations were used for glucose-limited growth. 

The main findings for the recombinant strain on glucose as sole carbon source were:  

Growth: The recombinant strain E. coli CLD1301 showed altered growth in BioLector, with 

an increase in lag phase from 0.6 h recorded in the host W3110 to 9.5 h in the recombinant 

strain (Figure 5.3). The recombinant cells also grew slower than the host cells. The observed 

growth rate was 0.367 and 0.602 h-1 for recombinant and host strain respectively (Figure 5.4). 

This clearly showed a relative decrease in the growth rate of 61.39% caused by the 

maintenance and replication of the plasmid, in the absence of IPTG-induced expression.  

The further addition of an optimum 1 mM IPTG to induce recombinant protein expression led 

to an additional biomass reduction of 41.60%. This was the cost of recombinant protein 

expression on the biomass development. Because of this, the biomass development and 

protein expression are separated in industrial bioprocesses, with high cell density cultivations 

proceeding product expression. The reduction in biomass was most likely the result of a 

competition for resources for both native and recombinant protein synthesis using the same 

pathways. The results obtained here suggest that the reduction in biomass was triggered by a 

decrease in total cell count (TCC) in induced cultures compared to non-induced ones (Figure 

5.11). A reduction in the total cell count by a factor of 2 was observed whilst maintaining the 
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same external dilution rate. This showed that the addition of IPTG with subsequent protein 

expression lowered the rate of cell growth.  

Studies of viability with TO/PI showed a 99% viability during maximal growth on glucose 

with only 0.1% of cells gated as “dead”. The share of “live” cells decreased during 

submaximal growth on glucose to an average of 97.30% across the steady state, in the absence 

of IPTG. The fraction of “live” cells decreased further with the IPTG addition to 81%. This 

showed that the burden induced by protein expression led to an increase in the share of “dead” 

cells (Figure 5.14), alongside a TCC reduced by half (Figure 5.11).   

The energetic state of E. coli CLD1301 was studied with DIBAC4(3)/EB/PI in the absence of 

inducer (Figure 5.15). The recombinant cells showed an average of 87.17% active cells 

during maximal growth on glucose. The share of active cells decreased with the lowering of 

the growth rate, to an average of 57.02%. Conversely, the lowering of the growth rate 

increased the number of depolarised cells. These resulted in a decrease in cell functionality in 

conditions of nutrient downshift, which resembles an industrial fed-batch fermenter where 

cells experience nutrient limitation.  

Protein expression was monitored at individual cell level by monitoring the production of 

GFP mut3*. E. coli CLD1301, containing the GFP-A gene expressed the recombinant protein, 

GFP mut3* at a stable and near-constant level, which was determined by flow cytometry 

(Figure 5.20). Contrary to reports showing GFP was not detrimental to its host, it was found 

that the protein production reduced both the TCC (Figure 5.11) and online biomass as 

scattered light (Figure 5.10). It does not however provide a growth arrest, since there is still 

proliferation in the system, as evidenced by a low, but relatively constant biomass (Figure 

5.10). This shows that it is not toxic to the cell.  

Protein expression monitored by fluorescence microscopy had an important drawback. The 

insufficient cell numbers detected with microscopy were further reduced by the automated 

analysis. While it provided an objective and quantitative measurement of gene expression, the  

data was insufficient to draw any robust conclusions. The existence of GFP, however, helped 

the cell detection and imaging, allowing the observation of details that would be invisible 

with FC.  

The fluorescent signal remaining relatively constant over the course of the continuous 

cultivation, suggested the potential for continuous bioprocessing. Furthermore, the biomass 

keeping at a relatively low 6.75 Bug Units (Figure 5.8) suggests there is still division, a 
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prerequisite for continuous cultivation of bacteria. Fluorescence microscopy, despite its 

inability to provide a reliable signal for protein production, detected few warning 

morphological changes for continuous bioprocessing. The continuous induction with IPTG, 

led to a decrease in the CV of the cell area, circularity and AR (Table 5.2). Many cell 

morphologies were observed, and most disconcerting of all was the filamentous growth 

(Figure 5.22). It is most likely that the filamentous cells were eliminated from the quantitative 

analysis of morphology, during the application of single cell filters. It is, however, highly 

probable that filamentous growth resulted from an imbalance in synthesising the proteins 

necessary for division when faced with a huge burden of producing proteins non-native to the 

cell. There is still growth in filamentous cells, but no cell division. The filaments are 

metabolically active before becoming PI-positive, and this suggests there is still protein 

production (Figure 5.22 C and D). While this does not represent any caveat in an industrial 

fed-batch bioprocess, it would be ineffectual in continuous bioprocessing where cells must 

divide continuously and exponentially. For this reason, periplasmic targeting or genetic 

approaches should be investigated if continuous bioprocessing is the end-goal. 

These results have provided evidence of the changes that occur in an industrial scale reactor 

used to produce recombinant proteins. FC is extremely valuable for bioprocess monitoring in 

quantifying protein expression and heterogeneity within a bacterial culture, but is not sensitive 

enough to morphological changes of small bacterial cells.  

 

 

  



161 

 

  

CHAPTER 6 

 

RESULTS 



162 

 

Chapter 6 Cell dynamics in non-recombinant E. coli W3110 fermentation 

on glycerol 

 

6.1 Abstract  

There is sufficient evidence in literature to show two zones of heterogeneity are created in a 

microbial fed-batch reactor, primarily due to gradients of substrate. Next to the feeding port, 

there is a zone of maximal growth with an excess of nutrients. At the bottom of the fermenter, 

there is a nutrient limiting zone with limited growth. To probe and monitor the heterogeneity 

in cultivations of E. coli W3110, single cell measurements were made by implementing 

simultaneous staining with different fluorescent probes.  

This chapter refers to experiments and analysis made on the host E. coli W3110 strain grown 

on glycerol minimal media. Population heterogeneity is determined in conditions of maximal 

growth at µmax and submaximal growth, which is glycerol-limited by a factor of 2. The 

analysis focused on viability in regard to membrane integrity, cell functionality in relation to 

membrane potential (MP) and cell morphology. The measurements were used to compare the 

effect of utilising glycerol instead of glucose as a carbon source for microbial fermentations.  

 

6.2 Introduction 

Protein expression in E. coli is the most common way of producing recombinant proteins in 

industrial and laboratory fermentations. Glycerol has become an abundant carbon source due 

to its generation as a by-product in biodiesel production. As more emphasis and demand is put 

onto renewable fuels, more glycerol is created. With every 10 lbs of biodiesel produced, a lb 

of crude glycerol is generated (Yang et al., 2012). Biodiesel production is expensive and a 

major goal is reducing costs. With the possibility of using glycerol as a substrate for high 

value products, microbial biotechnology adds value to the productive chain in the biodiesel 

industry.  

Glycerol has been tested as a carbon source for E. coli fermentations and is the second choice 

for bacterial fermentations. Luo reported that growth on glycerol leads to less inhibitory 

products, such as acetate and an increase in the yield of recombinant protein (Luo et al., 

2006). The accumulation of acetate is unwanted in the bioprocess because it inhibits growth at 

concentrations as low as 0.5 g/L (Nakano et al., 1997, Koh et al., 1992). Reduced acetate 
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occurs because of a reduced growth rate on glycerol compared to glucose, where levels of 

acetate are far below those shown to inhibit growth and product formation (Guebel et al., 

2009). 

To probe large-scale cell heterogeneity and determine its significance in bioprocess, batch and 

continuous cultivations were carried out in STR. Mid-log point of batch growth provided cells 

in “balanced growth” at maximal growth rate µmax, whilst chemostats provided cells in 

“balanced growth” at submaximal growth rate that is glycerol limited. Meaningful chemostat 

cultivations required experiments in batch to confirm two prerequisites. The first was 

identifying the nutrient that limits growth (discussed in Section 6.3 Determination of the 

single media limitation on glycerol) and the second is establishing the dilution rate D, which 

sets the growth rate in chemostat cultivations (detailed in Section  

6.4 Determination of growth rate).  

 

6.3 Determination of the single media limitation on glycerol  

To determine that the nutrient that limits growth solely is the C source (glycerol), triplicate 

experiments in batch were conducted on the host E. coli W3110 strain by applying BioLector 

(m2p-labs GmbH, Baesweiler, Germany), as described in Section 3.4.1 Batch cultivations in 

Microtiter Plates. To support growth, batch mineral media was used (see Section 3.3.1 Batch 

mineral media) with different concentrations of glycerol, while the other components were 

maintained at a constant excess. Based on media composition in terms of biomass yields, the 

expectation is that the growth limiting concentration of glycerol is 4 g/L, the same as for 

glucose (Chapter 4).  

The concentrations (w/v) of glycerol used were 1, 2, 3, 4, 7 and 10 g/L (Figure 6.1). A well 

containing sterile media was included as standard for contamination control. Growth was 

monitored as biomass (A.U.), recorded as 620 nm scattered light at 15 minute interval. The 

initial average of six consecutive points was subtracted from the total light scatter 

measurements to account for light scattered by media components. BioLector cultivations 

were inoculated with 20 µl culture in mid-log phase of growth with an OD600 ~ 2, giving an 

initial OD600 ~ 0.05 at time-point 0 (Figure 6.1). 

.
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Figure 6.1. Influence of different glycerol concentrations on growth of E. coli W3110 

without IPTG. Online monitoring of biomass (scattered light). Conditions: minimal media 

with up to 10g/L of glycerol, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. Standard error 

bars represent ± S.D. 

 

The growth curves of E. coli W3110 in minimal media with glycerol as sole C source, as 

monitored by BioLector are shown (Figure 6.1). After an initial lag phase, cells begin 

exponential growth until glycerol is exhausted and the stationary phase begins at different 

time points depending on when the glycerol limitation occurs. Cultivations were stopped at 

48.03 h, when the cultures were in the stationary phase, with no further growth expected.  

To establish the range for which glycerol is the sole limiting nutrient, the maximum biomass, 

measured between 20 - 30 h, was plotted as a function of the glycerol concentration (g/L). 

Maximum biomass ranged from 12.61 – 134.34 A.U. within the specified time and is linearly 

dependent on the concentration of glycerol up to 7 g/L (Figure 6.2). This confirmed that 

glycerol concentration of 4 g/L used for subsequent chemostats experiments is the sole 

limiting nutrient.  
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6.4 Determination of growth rate 

To establish the growth rate for chemostat operation, the maximum growth rate µmax was first 

determined in batch for the chosen concentration of 4 g/L glycerol (Figures 6.3 and 6.4). 

Growth during exponential batch is inherent to cell metabolism, with no external limitation.  

Using at least 5 time-points from the exponential portion of the growth curve, chosen between 

8 - 11 h (Figure 6.1), the corresponding biomass at each time was plotted as log against time. 

The slope of the straight line is the maximum specific growth rate µmax. The net growth rate for 

glycerol was 0.50 h-1, with a doubling time Td of 1.37 h (Figure 6.4). The Td is longer than 1.15 

h on glucose (Figure 4.4), thus E. coli growth with glycerol is slower than with glucose. The 

chemostat was operated at a fixed dilution rate, D, which was ½ µmax to promote reaching a 

“steady state” and to allow comparison with glucose growth. Thus, D was set to 0.25 h-1, 

ensuring a Td of 2.74 h during sub-maximal growth in chemostat. Five residence times R, 

calculated at 20 hours were allowed for the culture to reach “steady state” at D of 0.25 h-1  
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Figure 6.2. Maximum E. coli W3110 biomass (A.U.) during 20 – 30 h of batch 

growth. The abscissa is the glycerol concentration (g/L). A linear relationship 

indicates that the nutrient is in the limiting range. Cells were grown in minimal media 

containing different concentrations (w/v) of glycerol: 1, 2, 3, 4, 7 and 10 g/L glycerol. 

The rest of the media components were in excess and maintained constant. 

Conditions: T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. 
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Figure 6.4. Maximum growth rate µmax of E. coli W3110 without IPTG. 

Biomass (A.U.) as scattered light. Conditions: minimal media 4 g/L glycerol, T 

= 37⁰C, VL = 800 µL. Data points chosen from eleven time-points from 

exponential phase. 

 

(R=1/D, Figure 6.4).  
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Figure 6.3. Growth of E. coli W3110 without IPTG. Biomass (A.U.) as scattered 

light. Conditions: minimal media 4 g/L glycerol, T = 37⁰C, VL = 800 µL, n = 1500, 
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6.5 Cell dry weight determination  

Optical density to cell dry weight (CDW) correlation for E. coli W3110 of 0.354 g/L cell dry 

weight per unit OD600 was measured previously (Figure 4.5). 

The correlation was described by the equation y = 0.354 x with the R2 value of 0.997 (where y 

= CDW (g/L), and x = OD600). 

 

6.6 Process monitoring at population level 

Controlled fermentations of E. coli W3110 with glycerol minimal media were carried out in 

triplicate under aerobic conditions, with 1 v.v.m. airflow at 50% DO on loop, pH controlled at 

7 and temperature at 37⁰C. Dissolved oxygen was controlled at a 50% set point by the 

automatic modulation of the stirrer speed between 250 and 900 RPM. The pH was 

automatically maintained by the addition of 1M NaOH/KOH and 1M KCl via peristaltic 

pumps. Process parameters were previously listed (Table 3.3).  

The STR was a 3 L bioreactor with 1.5 L working volume (Applikon Biotechnology B.V., 

Schiedam, The Netherlands). The bioreactor was inoculated with the second seed culture 

(described in Step B, Section 3.2 Cell expansion and seed preparation), maintained at mid-

exponential growth. The initial OD600 in the bioreactor was ~ 0.05 at inoculation (time 0). 

Growth proceeded unrestricted in batch with µmax of 0.50 h−1 during the exponential phase. 

The switching to glycerol-limited chemostat was performed past the mid-exponential point of 

growth, when OD600 ~ 2. A continuous feed supply with glycerol-limited media was started at 

a constant flow (378 ml h-1). This ensured a specific growth of 0.25 h-1 during continuous 

cultivation. The 1.5 L working volume was maintained by a peristaltic pump set at 21 RPM 

on the inlet and a peristaltic pump set at maximum RPM on the outlet.  

A defined mineral media was used with 4 g/L glycerol (w/v) as sole carbon source.  

 

Remarks on sampling  

The doubling time was 1.37 h during exponential batch and 2.73 h during chemostat growth 

(Figure 6.4). Sampling was therefore conducted every 2 h for the batch phase, and every 3 h 

for the chemostat phase of growth. During batch growth, samples were obtained through the 

sampling port of the STR; during chemostat cultivation, samples were taken from the exit 

line. Sampling was conducted as detailed in Table 6.1. Single cell analysis was applied to 
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cells growing in “balanced growth” at µmax of 0.50 h-1 (S4) and at 0.25 h-1 for glycerol-limited 

growth (SS1 - SS8). When IPTG was used, 1 mM optimal concentration was maintained in 

the STR.  

 

Batch sampling  

Switch from Batch to 

Continuous at 8 h 

 

Allow 5 residence 

times R ~ 20 h to 

reach steady state 

(SS) 

Chemostat sampling 

SS1 (28 h) 

SS2 (31 h) 

S0 (5 min) SS3 (34 h) 

S1 (2 h) SS4 (37 h) 

S2 (4 h) SS5 (41 h) 

S3 (6 h) SS6 (44 h) 

S4 (8 h) SS7 (47 h) 

SS8 (50 h)  

Table 6.1. Sampling during batch and continuous cultivation of E. coli W3110 on glycerol 

minimal media (in units of time post-inoculation) 

6.6.1 Measurements of biomass 

The target starting OD600 was ~ 0.05. The fermentation profiles of E. coli W3110 on glycerol 

minimal media are shown in both the absence (Figure 6.5) and presence (Figure 6.6) of 1 mM 

IPTG. The batch phase started from inoculation (time 0) and the cells exhibited exponential 

growth at a maximum growth rate of 0.50 h-1. At mid-exponential point (time 7.5 h), when 

OD ~ 2, the culture was switched to continuous growth with a dilution rate (D) of 0.25 h-1 

(1/2 µmax). Steady state was monitored between 28-50 h.  

Single cell analysis was carried out at different points during fermentations, depending on the 

growth rate. Sampling for maximal growth rate was carried out at mid-exponential point of 

growth (7.5 h), and for sub-maximal growth during chemostats at 7-8 subsequent times at 

least one division apart.  

Biomass was measured online as light reflected with the BugLab sensor. OD600, TCCs and 

single cell analysis were analysed immediately following sampling. Dry biomass was 

calculated by a calibration curve. Samples for HPIC were sterile filtered and stored at -20⁰C 

until analysis. Samples for residual glucose were maintained at 4⁰C until analysis.  
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Figure 6.6. Dissolved oxygen (A) and biomass (C) changes during E. coli W3110 growth on 

glycerol minimal media with 1mM IPTG (the arrow indicates the addition of IPTG). pH (B) 

and temperature (D) are maintained constant at set-points.  

Figure 6.5. Continuously monitored dissolved oxygen (A) and biomass (C) in an E. coli 

W31110 fermentation on glycerol minimal media in the absence of IPTG (the arrow 

indicates the switch). pH (B) and temperature (D) are maintained constant at set-points. 
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The BugLab sensor signals during E. coli W3110 fermentations with glycerol as sole carbon 

source are shown in the absence (Figure 6.5) and presence (Figure 6.6) of 1 mM IPTG. 

Contrary to a long lag phase observed in BioLector batch cultivations (Figure 6.3), no lag 

phase was observed in fermentations in STR (Figures 6.5 and 6.6). The cultures entered 

exponential phase directly, showing that the cells were actively growing from inoculation 

(time 0). The switch to continuous was performed at mid-exponential point of growth 

(indicated by arrows in Figures 6.5 and 6.6). The BugLab sensor was used to determine 

whether the biomass signal remained stable over continuous culture, thus signalling the 

attainment of “steady state”. Following switching to continuous at 7.5 h, the biomass 

continued to increase, as glycerol was not yet limiting the system. At mid-exponential growth, 

there was 2.09 g/L glycerol in the fermentation broth (Figures 6.9).  

The biomass control during steady state was also monitored offline as OD600, determined by 

spectrophotometry (Figure 6.7).The OD600 values remained relatively stable throughout 

steady state, between 4.23 and 4.83 (Figure 6.7). Given that OD600 is a population level 

measurement, this was correlated with single-cell level total cell counts (TCCs) analysed by 

flow cytometry. The relationship between OD600 and TCCs was assessed at two different 

growth rates: 0.50 h-1 and 0.25 h-1 respectively. OD600 was a linear function of TCCs during 

maximal growth up to OD600 ~ 1.08 (Figure 6.7). An OD600 of 1 at maximal growth rate 

corresponds to 2 x108 cells/ml (Figure 6.7). The cell concentration (cells / [ml*OD600]) after 4 

doubling times Td is 2.1 x 108, an increase from the 1.58 x 108 observed on glucose growth 

(Figure 4.8). This suggests that an increase in growth rate decreases the specific cell 

concentration per OD600. The need for single cell analysis in a bioprocess becomes apparent, 

given that cells grow at different growth rates in a bioprocess.  

At submaximal growth, however, the cell concentration (cells / [ml*OD600]) at “steady state” 

varied between 1.31 x 108 at SS4 (37 h) and 1.62 x 108 at SS8 (50 h). This calculation was 

based on the assumption that all cells had the same size, and did not consider changes in 

morphology. At different growth rates, cells must be counted directly or the TCC per OD600 

must be known. However, the OD600 values and the BugLab sensor signal remained relatively 

stable at submaximal growth on glycerol, indicating that there was growth and division in 

chemostat, which is a paramount consideration for continuous bioprocessing. Furthermore, it 

indicated that biomass was controlled at a constant level during chemostat and signalled the 

“steady state”.
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Figure 6.5. Plot of OD600 with total cell count (TCCs) for E. coli W3110 on glycerol 

minimal media, no IPTG. The gap between the two datasets (20 h) is to allow the culture to 

reach a “steady state”. 

 

 

 

 

 

 

 

 

Figure 6.6. Dependence of total cell count (TCCs) over OD600 in E. coli W3110 on glycerol 

minimal media. Linear relationship observed up to OD600 = 2.4. 
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6.6.2 Monitoring substrate  

The concentrations of glycerol during E. coli fermentations were determined as described 

previously (Section 3.6 Substrate measurements in the media). The results are illustrated in 

Figures 6.9 and 6.10. 
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Figure 6.10. Glycerol consumption pattern and biomass development in E. coli 

W3110 with 1 mM IPTG. The gap between the two datasets (20 h) is to allow the 

culture to reach a “steady state”.  

Figure 6.9. Glycerol consumption pattern and biomass production in strain E. 

coli W3110 with no IPTG. The gap between the two datasets (20 h) is to allow 

the culture to reach a “steady state”. 
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The initial concentration of 4 g/L glycerol was consumed by E. coli slower than glucose, with 

a concomitant increase in biomass. Minor quantities of residual glycerol were detected in 

samples taken from the chemostat (28 - 50h). The glycerol-limited conditions in chemostats 

were sufficient to promote growth, monitored both offline (Figures 6.9 and 6.10) and online 

(Figures 6.5 and 6.6). A higher biomass was observed on glycerol than glucose, both as 

OD600 (Figures 6.10 and 4.10) and the BugLab sensor signal (Figures 6.5 and 4.6). This is 

most likely due to E. coli cells more efficiently converting the carbon from glycerol into 

biomass than from glucose. 

 

6.6.3 Monitoring VFAs  

Concentrations of VFAs were analysed by HPIC from the supernatant fraction. Aerobic 

fermentation of E. coli W3110 on glycerol minimal media identified traces of fermentation 

by-products, including acetate, formate and propionate (Figure 6.11).  

 

 

At maximum growth rate on glycerol as sole carbon source, trace amounts of acetate were 

identified, with a maximum of 2.68 ppm (2.68 x 10-3 g/L) at mid-exponential point of growth 

(7.5-8 h). The maximum growth rate µmax on glycerol was 0.50 h-1 (Figure 6.4). 

Contrastingly, with glucose as sole carbon source with µmax of 0.6 h-1, the level of acetate was 
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Figure 6.11. Fermentation by-products produced in E. coli W3110 on 

glycerol minimal media without IPTG. The gap between the two datasets 

(20 h) is to allow the culture to reach a “steady state”. 
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202.36 ppm (0.292 g/L) at mid-exponential point of growth (Figure 4.11). The low levels of 

acetate could be explained in two ways. Either acetate was produced in trace amounts or was 

produced in higher amounts and consumed immediately. 

Thus, four C sources were present within the media at mid-exponential point of growth with 

glycerol as sole carbon source: glycerol, acetate, formate, propionate. There is no catabolite 

repression, given that glycerol is not the preferred carbon source of E. coli. As the cells 

exhibit exponential growth, neither does the glycerol limitation exist or the VFAs levels 

inhibit growth. The levels of formate increased slowly during growth at µmax, up to 12.86 ppm 

at mid-exponential point of growth (7.5 - 8h). This was still lower than 24.73 ppm obtained at 

mid-exponential on glucose as sole carbon source (Figure 4.11). 

At reduced growth rate on glycerol, traces of acetate and formate were detected. Acetate 

varied between 2.11 and 2.60 ppm, and formate between 11.06 and 22.36 ppm, respectively. 

However, during chemostat growth, acetate may be used as a carbon source, as conditions are 

nutrient-limited. The low levels of VFAs detected suggest that the overflow metabolism is not 

prominent on glycerol as a sole carbon source. A significant amount of carbon is directed 

towards biomass, instead of wasteful products. Thus, growth on glycerol is beneficial for 

microbial fermentations used for heterologous protein production.  

It is worth noting that the addition of 1 mM IPTG showed no influence on the measured 

levels of VFAs. 

 

6.6.4 Influence of induction on growth of E. coli W3110  

The optimised induction parameters (described in Section 7.5 Determining the optimum 

amount of IPTG) were transferred to STR. Cells were grown with 4 g/L glycerol in both the 

presence and absence of 1 mM IPTG. The online signals for biomass as scattered light are 

given in Figure 6.12. The final biomass obtained in stationary phase, chosen arbitrarily past 

25 h was compared and the difference was deemed significant (Mann-Whitney U, W = 998, p 

< 0.005). The median final biomass 12.89 B.U. in media with 0 mM IPTG (X0) dropped to 

8.08 B.U at 1 mM induction (X1). Thus, the cost of induction on the growth of the host strain 

at submaximal growth in glycerol was 37.31%, calculated from the formula  

E1#+ =
W%4W&
W%

	X	100 (6.1) 
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where W% is the final biomass on glycerol with 0 mM IPTG and W is the final biomass on 

glycerol with 1 mM IPTG.  

 

 

 

6.7 Single cell studies of membrane integrity using flow cytometry 

Despite the evidence of growth with BugLab signal and OD600, neither the measurements of 

scattered light or light attenuation can distinguish between the living and dead cells. However, 

in a bioprocess, and even more so in a continuous bioprocess, the amount of obtained product 

is associated with metabolism and reproduction. Hence, E. coli W3110 cell viability was 

analysed by using the combination dye TO/PI with flow cytometry. PI stains dead cells with 

red fluorescence and TO stains live cells with green fluorescence. Region analysis of dot plots 

(BL1-A vs BL2-A) was carried out on the “live” and “dead” gates at unrestricted maximum 

growth rate and submaximal growth rate. The results are shown as percentages of live/dead 

sub-populations (Figure 6.13). During the exponential growth phase at µmax, the percentage of 

cells with green and red fluorescence was 94.90% and 5.10%, respectively.  
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Figure 6.12. Online measurements for E. coli W3110 biomass (BugLab) as 
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of induction with 1 mM IPTG (mid-exponential at 7.5 h). Conditions: minimal 

media with 4 g/L glycerol.  
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In the absence of IPTG, the amount of cells in the “live” gate that are TO+ decreased from the 

exponential phase to averages of 90.40% at SS1, 91.20% at SS2, 92.94% at SS3, 93.24% at 

SS4, 93.14% at SS5, 93.48% at SS6, 92.25% at SS7, and 92.87% at SS8. Conversely, the 

amount of cells in the “dead” gate increased from 5.10% at mid-exponential to 9.60% at SS1, 

8.80% at SS2, 7.06 % at SS3, 6.76% at SS4, 6.86% at SS5, 6.52% at SS6, 7.75% at SS7, and 

7.13% at SS8. 

In the presence of IPTG, the fraction of cells that stain with TO were 90.06% at SS1, 89.87% 

at SS2, 91.60% at SS3, 89.58% at SS4, 88.29% at SS5, 89.74% at SS6, 89.36% at SS7, and 

91.20% at SS8. The fraction of TO+ cells E. coli was significantly different from the fraction 

of TO+ cells treated with IPTG (one-way ANOVA, f = 21.48, p < 0.001). As the other 

parameters were identical in both experiments, the decrease in TO+ cells must therefore be the 

result of the IPTG addition.
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Figure 6.13. Percentage of live (TO+) cells and dead (PI+) cells in three E. coli W3110 

fermentations on glycerol. Filled circles represent TO+ cells, triangles are PI+ cells. A, B) 

0 mM IPTG. C, D) 1 mM IPTG. 
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6.8 Single cell studies of membrane potential using FC 

Cell viability and energetic status was further assessed with DIBAC4(3)/EB/PI staining using 

FC. The samples were analysed immediately following staining and the percentages of each 

sub-population were evaluated at different growth rates in the presence or absence of 1 mM 

IPTG (Figure 6.14). Four subpopulations were gated:  

a) active (DIBAC4(3)-, EtBr-, PI-); 

b) depolarised (DIBAC4(3)+, EtBr+, PI-); 

c) deenergised (DIBAC4(3)-, EtBr+, PI-); 

d) dead (DIBAC4(3)+, EtBr-, PI+). 

DIBAC4(3) is excluded from cells that maintain MP, which are “active” or with intact 

membranes. It enters depolarised cells, binding to intracellular proteins and displaying 

increased fluorescence. Thus, a higher DIBAC4(3) signal reflects membrane depolarisation, 

while a lower DIBAC4(3) fluorescence indicates de-energised cells. Both depolarisation and 

de-energisation are cell states with reduced functionality. Dead cells are cells that are PI+, 

with permeabilised cell membranes, whereas the other sub-populations are PI-.  

At maximal growth on glycerol as sole C source (S4), 70.8% of E. coli cells were active, 

22.85% depolarised, 6.03% dead and 1.02% were de-energised (Figure 6.14). At maximal 

growth rate on glucose 83.74% of cells were active, 13.08% depolarised, 2.30% dead and 

0.87% de-energised (Figure 4.17). As all parameters were identical between both 

experiments, and there was no carbon limitation, this suggests that glycerol as a carbon source 

increases the membrane depolarisation and membrane permeability. 

.
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Figure 6.14. Flow cytometry analysis of E. coli W3110 cells at different growth rates on 

glycerol minimal media. For each graph, S4 is the mid-exponential sample, while SS1-

SS8 are steady state (SS) samples at 3h intervals, with reduced growth at µmax/2. Data 

presented as mean ± S.E. depicts four subpopulations of cells: active, depolarised, dead 

and deenergised. A: 0 mM IPTG. B: 1mM IPTG. 
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At submaximal growth in chemostat (SS1 - SS8), the percentage of depolarised cells 

increased in both the absence and presence of IPTG (Figure 6.14). In the absence of IPTG, 

depolarised cells ranged from 28.80 to 35.83% in SS4 and SS7 respectively (Figure 6.14). 

Conversely, the mean of depolarised cells was 22.85% at maximal growth (S4). In the 

presence of IPTG, depolarised cells ranged from 36.10 to 42.24% in SS8 and SS4, 

respectively.  

To test for the influence of IPTG on depolarised cell subpopulation grown on glycerol-limited 

media, the means of depolarised cells at “steady state” were compared in the absence and 

presence of IPTG. In the absence of IPTG, the mean percentage of depolarised cells at 

submaximal growth (SS1 - SS8) was 32.19%; in the presence of IPTG, the mean percentage 

was 39.81% (Figure 6.14). The difference between the mean percentages of depolarised cells 

was deemed significant (one-way ANOVA, f = 28.15, p < 0.001). This suggests the addition 

of IPTG increases membrane depolarisation, although explaining only 32.97% of variation 

within the data set, thus suggesting that the effect may be indirect.  

At reduced µ (SS1 - SS8), the percentage of active cells fluctuated from 53.60 to 60.90% in 

the absence of IPTG, and 45.37 to 50.04% in the presence of IPTG, respectively. Conversely, 

the percentage of active cells at maximal growth (S4) was 70.8% (Figure 6.14). To test for the 

influence of IPTG on cell functionality during submaximal growth on glycerol, the “active 

cell subpopulations” were compared across “steady states”. In the absence of IPTG at steady 

state, the mean of “active” cells was 57.38%, while in its presence was 47.43%. The fraction 

of “active” cells was significantly different in the presence of IPTG (one-way ANOVA, f = 

37.61, p < 0.001). This predicts that 40.66% of variation can be explained by the addition of 

IPTG. Although IPTG decreases cell functionality, its effect on “active” cells may be indirect, 

thus other parameters may require further investigation.  

Comparisons were made between the “active” E. coli W3110 cell populations at steady state 

on glucose and glycerol-limited media to see the influence of a changing C source. At 

submaximal growth in the absence of IPTG, a higher proportion of active cells were present 

when glucose (64.79%) was used as a carbon source, rather than glycerol (57.38%). The 

difference was deemed significant following statistical analysis (one-way ANOVA, f = 28.93, 

p < 0.001), suggesting that growth on glycerol lowers the proportion of active cells. 
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6.9 Studies of cell morphology using fluorescence microscopy  

Fluorescence microscopy was used to characterise the heterogeneity of E. coli cells 

undergoing aerobic fermentation grown on glycerol as the sole carbon source. Morphology 

metrics were calculated from fluorescent images following staining with SYTO9/PI in the 

absence and presence of IPTG. 

6.9.1 Cell morphology in the absence of IPTG 

a) Cell area  

The results of cell area changes are shown in Figure 6.15. The highest cellular area was 

observed at maximal growth rate, during the exponential phase of growth, with a mean of 

1.66 µm2 (Figure 6.15 B). At submaximal growth, differences in means of cell area were 

prominent within samples, ranging from 0.85 to 1.53 µm2 in SS3 and SS4, respectively. Cell 

area indicates the cell size, thus overall larger cells were present at maximal growth on 

glycerol as a sole carbon source. Although glycerol is not the preferred C source of E. coli, 

this may be expected due to the presence of readily available food sources with no growth 

limitation.  

Figure 6.15. Cell area distributions of “live” E. coli W3110 grown on glycerol as the sole 

carbon source at: A) submaximal growth rate in chemostats (SS1: 173; SS2: 205; SS3: 248; 

SS4: 135; SS5: 272; SS6: 198; SS7: 211; SS8: 187 cells. B) maximal growth rate (148 

cells). Each boxplot shows the median (black horizontal line), indicating values above 

which 50% of the cells are located. Grey boxes indicate the interval into which 50% of the 

data falls, with top and bottom of the box representing the area where 25% of values are 

located above and below.  

Cell size heterogeneity, illustrated by CV and SD values, shows the largest SD of 0.97 during 

maximal growth (Figure 6.15 B). Submaximal growth in chemostat presents a range of SD 
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values, ranging from 0.45 to 0.96 in SS3 and SS4, respectively (Figure 6.15 A). However, the 

CV of 58.38 during exponential phase is not the largest out of the samples. The highest CV is 

64.63 in SS8, whilst the lowest CV is 52.84 in SS7, a range that accommodates the 

exponential CV.  

Although a high CV shows an increased heterogeneity, no conclusive trends could be 

established, as not all CV values at submaximal growth are larger than CV obtained during 

exponential growth. The difference between cell area at submaximal growth was, however 

deemed significant (Kruskal-Wallis, H = 40.62, p < 0.001). This showed that cell size during 

chemostats varies with sampling, thus the fermentation time influences the cell area 

distribution of E. coli W3110 cells grown on glycerol in the absence of IPTG.  

 

b) Circularity 

The circularity is a dimensionless indicator of cell shape that quantifies the irregularities of 

the cell membranes. The changes in cell circularity at maximal and submaximal growth rate 

(where no IPTG was present) shows many similarities (Figure 6.16). The lowest mean 

circularity was 0.52, present at maximal growth, during the exponential phase (Figure 6.16 

B). During submaximal growth in chemostat, the cell circularity means varied from 0.52 to 

0.59 in SS4 and SS5, respectively (Figure 6.16 A). Only a 0.009 difference was present 

between the exponential and the chemostat (SS4) circularity, which may be entirely due to 

chance. A similar trend is present when comparing median circularity. The exponential (0.53) 

is only 0.002 outside the lowest of the values obtained during submaximal growth. The 

median circularity in chemostat growth ranges from 0.53 to 0.61 in SS4 and SS5 respectively.  

The CV during submaximal growth on chemostat was 28.82, a value that sits within the 

chemostat CV range of 20.37 to 32.13. Subsequent statistical testing on the changes in 

circularity during submaximal growth on glycerol showed no significant difference (Kruskal-

Wallis, H = 11.99, p = 0.101). Conversely, a significant difference was present during 

submaximal growth on glucose as sole carbon source, with circularity decreasing every hour 

(Kruskal-Wallis, H = 74.42, p < 0.001) (Figure 4.21).  
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Figure 6.16. Circularity distributions of “live” E. coli W3110 cells with glycerol as the sole 

carbon source at: A) submaximal growth rate: SS1: 173; SS2: 205; SS3: 248; SS4: 135; 

SS5: 272; SS6: 198; SS7: 211; SS8: 187 cells. B) maximal growth rate (148 cells). The 

median of each boxplot (black horizontal line) indicates values above which 50% of the 

cells are located. A grey box indicates the interval into which 50% of the data falls, with 

top and bottom of the box representing the area where 25% of values are located above and 

25% below.  

 

c) Aspect Ratio 

Aspect ratio indicates the elongation of an ellipse fitted to the cell shape, reported by length 

divided by breadth. Figure 6.17 shows the distributions of the measured aspect ratio (AR) of 

E. coli W3110 cells grown with glycerol as sole carbon source.  

During maximal growth, E. coli W3110 presents a mean AR of 3.16, a median AR of 2.99, 

ranging from 1.16 to 6, with Q1 at 2.14 and Q3 at 3.93 (Figure 6.17 B). During submaximal 

growth in glycerol-limited chemostats, the mean ARs range from 2.33 to 3.24 in SS5 and 

SS3, respectively, a range which accommodates the exponential mean of 3.16.  

A similar trend is prominent when comparing the SD of unrestricted maximal growth to that 

of glycerol-limited growth. The exponential SD of 1.17 is present with the range of SD during 

chemostat growth, ranging from 0.86 to 1.35 in SS7 and SS3, respectively. The SD represents 

the data spread away from the mean, thus showing that the AR heterogeneity of the 

exponential phase overlaps with the values obtained during chemostat growth. The same trend 

was maintained across CV values. The CV during chemostat ranged from 34.17 to 42.80 in 

SS7 and SS4, respectively. The exponential CV was 36.90, a value which is present within 

the range observed in chemostats. Subsequent statistical analysis showed that the difference 
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between AR during submaximal growth on glycerol was deemed significant (Kruskal-Wallis, 

H = 29.51, p < 0.001). 

 

 

Figure 6.17. Distributions of aspect ratio (AR) during growth of E. coli W3110 on glycerol 

as the sole carbon source. Only the “live” subpopulation was analysed at: A) submaximal 

growth rate; SS1: 173; SS2: 205; SS3: 248; SS4: 135; SS5: 272; SS6: 198; SS7: 211; SS8: 

187 cells. B) maximal growth rate (148 cells). The median (black horizontal line) indicates 

values above which 50% of the data is located. The grey box represents the interval into 

which 50% of the data falls, with top and bottom of the box representing that 25% of values 

are located above and 25% below.  

 

6.9.2 Cell morphology in the presence of IPTG 

To determine the effect of IPTG on host cell morphology, control experiments were 

conducted in the presence of 1mM IPTG. This was determined as the optimum inducer 

quantity for the induction of recombinant protein in the plasmid containing cells (Figure 7.5).  

a) Cell area in the presence of IPTG 

The highest cell area was observed during maximal growth, with a mean of 2.14 (Figure 6.18 

A). This shows larger cells are present, which may be expected as conditions are not nutrient-

deficient. The mid-exponential sample (Figure 6.18 A), however does not contain IPTG, as 

induction was carried out post-sampling for maximal growth rate. Conversely, the mean of 

cell area during submaximal growth with IPTG ranged from 1.58 to 2 in SS6 and SS8, 

respectively (Figure 6.18 B). In the absence of IPTG, the mean cell area during submaximal 

growth was ranging from 0.85 to 1.53 at SS3 and SS4, respectively (Figure 6.15).  
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Figure 6.18. Boxplots of cell area of “live” E. coli W3110 grown on glycerol as the sole 

carbon source at: A) maximal growth rate (148 cells); B) submaximal growth rate with 1 

mM IPTG: SS1: 182; SS2: 193; SS3: 210; SS4: 176; SS5: 151 SS6: 204; SS7: 276 cells. 

Each boxplot shows the median (black horizontal line), indicating values above which 50% 

of the cells are located. Grey boxes indicate the interval into which 50% of the data falls, 

with top and bottom of the box representing the area where 25% of values are located 

above and 25% below. 

 

Although the SD during exponential phase was the largest of all samples (1.09), the 

exponential CV (50.98) is not the highest, as the mean is higher. At submaximal growth in 

glycerol-limited chemostats, the SD values range from 0.82 to 1.06 in SS2 and SS1, 

respectively. The highest CV is 58.56 in SS7, and the lowest is 46.96 in SS2, a range 

accommodating the exponential CV. A higher CV would signal an increased heterogeneity in 

cell size, but as the exponential CV (50.98) sits in the range obtained during chemostat 

growth, no conclusive trend can be established. The difference in heterogeneity of cell area 

during submaximal growth on glycerol-limited chemostats in the presence of 1mM IPTG 

were deemed significant (Kruskal-Wallis, H = 40.62, p < 0.005). This shows a difference in 

heterogeneity between samples, which may be influenced by the fermentation time, but 

nevertheless signals a deviation from “balanced growth”. 
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b) Circularity in the presence of IPTG  

Figure 6.19 shows the circularity distributions of the “live” sub-population of E. coli W3110 

cells on glycerol as sole C source. Maximal growth rate achieved the highest mean circularity 

of 0.55. Submaximal growth in glycerol-limited chemostats with IPTG exhibits a range of 

means of circularity, from 0.50 to 0.53 in SS5 and SS3, respectively. The results (Figures 

6.19 A and B) are not directly comparable, as two factors differ: the addition of IPTG and the 

growth rate.  

The median exponential circularity was 0.54, whilst the median circularity at submaximal 

growth on glycerol with 1 mM IPTG ranged from 0.49 – 0.53 in SS5 and SS3, respectively. 

The exponential SD was 0.14, whilst the chemostat SD values ranged from 0.10 to 0.12 in 

SS5 and SS4, respectively. Statistical testing showed that the differences in circularity at 

submaximal growth rate in glycerol-limited chemostats with an added inducer are significant 

(Kruskal-Wallis, H = 13.81, p < 0.05). This suggests a change in circularity at “steady state” 

in the presence of IPTG, a contrast from the previous finding concerning circularity in the 

absence of IPTG (Kruskal-Wallis, H = 11.99, p = 0.101). Circularity signals irregularities in 

the cell membrane, thus the addition of IPTG causes significant deviations of cell form 

between sampling in an assumed “balanced growth”.  

 

Figure 6.19. Distributions of circularity during growth of E. coli W3110 on glycerol as sole 

carbon source at: A) maximal growth no IPTG (148 cells); B) submaximal growth rate with 

1 mM IPTG: SS1: 182; SS2: 193; SS3: 210; SS4: 176; SS5: 151 SS6: 204; SS7: 276 cells.  

The median of each boxplot (black horizontal line) indicates values above which 50% of 

the cells are located. A grey box indicates the interval into which 50% of the data falls, with 

top and bottom of the box representing the area where 25% of values are located above and 

25% below. 
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c) Aspect Ratio in the presence of IPTG 

Aspect ratio (AR) indicates the elongation or stretching of a shape, calculated as “length 

divided by breadth”. The AR distributions of E. coli W3110 with glycerol as sole carbon 

source, in the presence of IPTG are shown in Figure 6.20. Maximal growth showed a mean 

AR of 3.25, with SD of 1.13, and CV of 36.90.  

Submaximal growth in the presence of IPTG exhibited several AR distributions: the mean 

ranged from 3.56 to 3.98 in SS1 and SS6, respectively; the SD ranged from 1.04 in SS5 to 

1.22 in SS8, whilst CV ranged from 26.67 to 33.11 in SS5 and SS1, respectively. The 

differences between mean AR at submaximal growth on glycerol were deemed significant 

(Kruskal-Wallis, H = 19.76, p < 0.005). This indicates the AR distributions are not 

independent of time, suggesting that the cells deviate from “balanced growth” when IPTG is 

present. 

 

 

Figure 6.20. Aspect ratio (AR) distributions of E. coli W3110 on glycerol as the sole 

carbon source. A: ) maximal growth rate, no IPTG (148 cells); B) submaximal growth rate 

with 1 mM IPTG (SS1: 182; SS2: 193; SS3: 210; SS4: 176; SS5: 151 SS6: 204; SS7: 276 

cells). Horizontal line within the box marks the median, boundaries of the box plot indicate 

the 25th and 75th percentile of the distribution, whiskers mark the 5th and 95th percentile of 

the distribution. Values outside of the 1.5-fold IQR were removed. 

 

6

5

4

3

2

1
Exponential

A
R

SS7SS6SS5SS4SS3SS2SS1

6

5

4

3

2

1

A
R

A B 



187 

 

In the absence of IPTG, the CV during glycerol-limited growth ranged from 34.17 to 42.80 in 

SS7 and SS4, respectively (Figure 6.17 A). In the presence of IPTG, the CV ranged from 

26.67 to 33.11 in SS5 and SS1, respectively (Figure 6.20 B). 

The influence of the inducer on cell size and shape at submaximal growth on glycerol (SS1) is 

shown in the absence or presence of 1 mM IPTG (Figure 6.21). A higher median AR of 3.48 

and cell area of 1.69 were present in the presence of IPTG rather than in its absence, where 

values were 2.66 and 0.80, respectively. The differences between AR (as shape indicator) and 

area (as size indicator) were deemed significant following subsequent statistical testing (AR: 

Mann-Whitney U, W = 5275.0, p < 0.001; Area: Mann-Whitney U, W = 4228.0, p < 0.0001). 

Given that all other parameters were maintained constant, larger elongated cells with an 

overall bigger size exist in the presence of IPTG.  

 

Figure 6.21. Shape descriptors of “live” E. coli W3110 at submaximal growth rate on 

glycerol as sole carbon source in the presence (176 cells) or absence with 1mM IPTG (135 

cells). A): cell area; B: aspect ratio (AR). The median (black horizontal line) indicates 

values above which 50% of the data is located. The grey box represents the interval into 

which 50% of the data falls, with top and bottom of the box representing the area where 

25% of values are located above and 25% below. Values outside of the 1.5-fold IQR were 

removed. 
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6.10 Single cell studies of light scattering (FSC & SSC) 

FSC signals were extracted from “live” E. coli W3110 cell sub-population. The mean FSC 

(A.U.) during maximal growth on glycerol as sole carbon source was 16335 (Figure 6.22). At 

steady state, the means fluctuated from 18886 to 23005 A.U. at SS2 and SS7, respectively 

(Figure 6.22). The lowest SD as an indication of data spread was 17641 recorded during 

exponential phase, whilst during chemostats, SD ranges from 19094 to 36688 in SS2 and SS6 

respectively. If FSC indicates cell size, the higher values during chemostats are not in 

agreement with microscopy results, where larger cells were observed at maximal growth on 

glycerol. This may be due to the higher background of FSC signals when analysing small 

bacterial cells.  

 

 

 

The lowest mean SSC signal of 25251 A.U. was observed during maximal growth with 

glycerol as sole carbon source (Figure 6.23). The means of SSC increased during submaximal 

Figure 6.22. Boxplots of forward scatter signal (FSC) of E. coli W3110 at two different 

growth rates in the absence of IPTG, with glycerol as sole carbon source. A: FSC values of 

cells during the exponential phase. B: FSC values of cells from steady state samples.  The 

median (black horizontal line) indicates values above which 50% of the data is located. The 

grey box represents the interval into which 50% of the data falls, with top and bottom of the 

box representing the area where 25% of values are located above and 25% below. Values 

outside of the 1.5-fold IQR were removed. 
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growth on glycerol from 34160 to 37901 at SS6 and SS7, respectively (Figure 6.23). A trend 

of increasing side scatter signals was identified during submaximal growth on glycerol, with 

increased heterogeneity in SSC signals. The SD during maximal growth was 23784, whilst 

the SD during chemostat cultivations ranged from 30484 to 47677 A.U. at SS2 and SS6, 

respectively. This suggests an increase in cell size during submaximal growth on glycerol in 

the absence of IPTG.  

  

 

6.11 Discussion and conclusions  

This chapter presented the cellular dynamics in E. coli W3110 population grown on glycerol 

as sole carbon source. To mimic the substrate gradients experienced by cells in microbial 

fermentations used to produce recombinant proteins, two growth rates were investigated: µmax 

and ½ µmax as glycerol-limited growth.  

The main findings for glycerol growth were:  

Growth: E. coli W3110 showed altered growth, as monitored by BioLector with an extended 

lag phase compared to glucose. The cells grew slower on glycerol than glucose. The net 

growth rate for glycerol was 0.50 h-1, with a doubling time of 1.37 h (Figure 6.4). The 

doubling time was longer than 1.16 h on glucose (Figure 4.4). A higher biomass was 

measured as both OD600 and BugLab signal for glycerol growth compared to glucose, in the 
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absence of IPTG. The addition of IPTG carries a cost on the growth of host strain at 

submaximal growth in glycerol calculated at 37.31%.  

Total cell counts (cells/ml) were described by the equation TCC [ml-1] = 2 x 108 OD600. This 

holds true for maximal growth rate of E. coli W3100 for both substrates: glycerol and 

glucose. Neither TCCs nor population level measurements can quantify the “viable” from the 

“dead” cells, which justified single cell fluorescent-based viability assessments.  

Studies of viability showed that during unrestricted growth at µmax on glycerol, cells with 

green and red fluorescence were 94.90% and 5.10%, respectively (Figure 6.13). Conversely, 

the percentage of cells with green fluorescence (TO+) was higher than 97% (Figure 4.16 A) 

during growth on glucose, the preferred carbon source of E. coli. The fraction of “live” cells 

decreased during submaximal growth to values ranging from 90.40% to 93.48% at SS1 and 

SS6, respectively in the absence of IPTG. The fraction of “live” cells decreased further with 

the addition of IPTG (one-way ANOVA, f = 21.48, p < 0.001), showing that IPTG addition 

increases cell death.  

Cell energetic state was studied with DIBAC4(3)/EB/PI. At maximal growth on glycerol as sole 

C source (S4), 70.8% of E. coli cells were active, 22.85% depolarised, 6.03% dead and 1.02% 

de-energised (Figure 6.14). Conversely, unrestricted growth with glucose as sole carbon 

source showed a higher share of active cells, with less depolarised cells and dead cells. On 

their preferential carbon source, 83.74% of cells were active, 13.08% depolarised, 2.30% dead 

and 0.87% de-energised (Figure 4.17). As the only difference was the carbon source, this 

showed glycerol increases the membrane depolarisation and permeability, leading to an 

increase in cell death and a decrease in cell function.  

Morphology assessment showed overall larger cells were present at maximal growth on 

glycerol as sole carbon source compared to submaximal growth without IPTG. The addition 

of IPTG led to larger elongated cells than those in its absence (Figure 6.20). The differences 

between AR (as shape indicator) and area (as size indicator) in the presence and absence of 

IPTG were significant (AR: Mann-Whitney U, W = 5275.0, p < 0.001; Area: Mann-Whitney 

U, W = 4228.0, p < 0.0001).  

Furthermore, E. coli W3110 cells consumed glycerol slower than glucose, resulting in 

negligible amounts of VFAs. This shows a better conversion of glycerol into biomass 

compared to glucose, demonstrating the potential benefit of utilising glycerol as carbon source 

in microbial fermentations for high value products. As data indicated that growth and division 
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were present in chemostat cultivations on glycerol, this justified carrying out the experiments 

with the recombinant plasmid transfected into the host E. coli W3110 cells.  
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Chapter 7 Cell dynamics in recombinant E. coli CLD 1301 fermentations 

on glycerol 

 

7.1 Abstract  

Recombinant protein production in industry frequently uses glycerol in fed-batch cultivations. 

Substrate gradients vary widely in large-scale fed-batch cultivations. Cells frequently 

experience the concentrated feed at the top of the fed-batch fermenter and nutrient limitation 

bordering on complete exhaustion at the bottom. While cells at the bottom of the fermenter 

grow at a reduced rate µ, those at the top are at a maximum µmax.  

To simulate substrate gradients that exist on an industrial scale, the growth of recombinant 

strain E. coli CLD1301 was evaluated at two different growth rates. An enhanced GFP mut3* 

was used as a model recombinant protein, as it was optimised for easy detection with both 

fluorescence microscopy and flow cytometry. The GFP-A gene coding for the protein was 

enclosed in plasmid pD441- SR: 240460, which is IPTG-inducible.  

Single cells were measured during batch phase with excess glycerol and during glycerol-

limited continuous cultivations. Populations were characterised with respect to their 

morphologic parameters, membrane integrity, membrane potential and total cell counts, all 

with single cell resolution. The measurements were compared with the host E. coli W3110 to 

show the influence of the plasmid maintenance (for non-induced cultures) and protein 

production (for induced cultures). Protein production was compared with fermentations 

carried out on glucose (discussed in Chapter 5), considering the population heterogeneity.  

 

7.2 Introduction  

Reports suggest that poor performance of bioprocesses arises from cell-to-cell heterogeneity, 

which is thought to arise from suboptimal reactor conditions such as limited nutrients and 

aeration. It has been suggested that heterogeneity in large-scale microbial fermentations 

improves the productivity of recombinant proteins (Fragoso-Jimenez et al., 2019). The actual 

mechanism by which cellular heterogeneity influences the bioprocess remains unknown. The 

understanding of heterogeneity is however, key to process optimisation and requires single 

cell analysis.  
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To experimentally simulate a large-scale industrial bioprocess at laboratory scale, 

fermentations of a recombinant E. coli harbouring an enhanced GFP mut3* were carried out 

in both excess and limited nutrient. Cells were measured at single cell level with respect to 

morphological and physiological characteristics. The enhanced GFP mut3* was used as a 

reporter for protein production at single cell level. 

 

7.3 Determination of single media limitation on glycerol 

Chemostats allow the investigation of cell responses to a change in a single factor, typically 

the growth rate. The chemostat is based on a single growth-limiting factor, while the other 

components were maintained in a constant state of excess. For the growth to be representative 

for large-scale fermentations using glycerol, the growth-limiting factor in the media should be 

carbon. To assess the suitability of the media for chemostat cultivations, the glycerol 

concentration (w/v) was varied between 1 and 10 g/L, whilst the other components were 

maintained at a constant excess. The media (described in Section 3.3.1 Batch mineral media) 

was buffered to maintain the pH at approximately 6.8 (starting pH0 = 7).  

Cultures grown as described in Step A, Section 3.2 Cell expansion and seed preparation were 

used to inoculate 800 µl media plus kanamycin in 48 MTP FlowerPlates (MTP-48-BOH, 

m2p-labs GmbH, Baesweiler, Germany). The experiments were performed in triplicate with 

one well with sterile media used as an internal standard for sterility control. The plates were 

sealed with a gas permeable foil (F-GPR48-10, m2p-labs GmbH, Baesweiler Germany), and 

placed in the incubation chamber (BioLector, m2p-labs GmbH, Baesweiler, Germany) under 

shaking at 37⁰C. The initial OD600 was 0.05 at time 0. Growth and fluorescence, expressed in 

arbitrary units (A.U.), were measured online every 15 minutes. Background values for both 

biomass and fluorescence (A.U.) were subtracted from the first five measurements following 

inoculation.  

Figure 7.1 shows the growth curves of E. coli CLD1301 on minimal media with glycerol as 

the sole carbon source. After a long lag phase of approximately 23 h, the culture began the 

exponential phase characterised by maximum growth rate µmax. Growth then stopped abruptly 

and the culture entered the stationary phase (µ = 0), illustrated by a plateau in the growth 

curve (Figure 7.1). Stationary phase occurred at different time points dependant on when the 

glycerol limitation occurred. The arrows in Figure 7.1 show the entrance to stationary phase 

for two glycerol concentrations (4 and 7 g/L). The lower the carbon concentration, the sooner 
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growth stopped and the lower the final biomass (A.U.). During the stationary phase, growth 

ceases because the limiting substrate (assumed carbon/glycerol) is depleted (residual substrate 

= 0).  

 

Figure 7.1. Biomass (A.U.) as scattered light for E. coli CLD1301 on glycerol as sole 

carbon source, in the absence of inducer. Conditions: minimal media with up to 10 g/L 

glycerol, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. The arrows show the entrance to 

stationary phase. Standard error bars represent ± S.D.  

 

Cultivations were stopped at 48.03 h, when the culture was in stationary phase. To determine 

that the limiting substrate is glycerol and thus the other nutrients are both non-limiting and in 

excess, the maximum biomass during 37 - 47 h was plotted against the glycerol concentration 

(Figure 7.1). The limiting nutrient carbon’s mass is subject to conservation of mass, so during 

the stationary phase (residual carbon = 0), all the initial carbon from media will only be found 

in biomass carbon, assuming no by-products. Thus, the biomass rises linearly with the carbon 

source if the carbon source is limiting. A significant linear relationship was noted when 

plotting the final amount of biomass as a function of glycerol concentration up to 4 g/L, with 

R square value of 0.9625 (Figure 7.2). 

The changes in biomass for 7 and 10 g/L do not follow the linear regime, showing that 

glycerol becomes a non-limiting substrate. Given the initial calculations used for media 

-20

0

20

40

60

80

100

120

140

160

0 10 20 30 40 50

Bi
om

as
s (

A
.U

.)

Time (h)

1 g/L

2 g/L

3 g/L

4 g/L

7 g/L

10 g/L



196 

 

composition, the limiting factor for media with glycerol concentrations (w/v) of 7 and 10 g/L 

may well be nitrogen, as sole or secondary limitation (Appendix A). However, the above 

experiments confirmed that at 4 g/L glycerol the media is glycerol limited, and the other 

nutrients are in excess and not limiting. 

 

 

Figure 7.2. Maximum biomass (A.U.) of E. coli CLD1301 during 37 - 47 h of batch 

growth. The linear relationship between biomass (A.U.) and glycerol concentration (g/L) 

up to 4 g/L indicates that the nutrient is in the limiting range. Conditions: minimal media 

including (w/v) 1, 2, 3, 4, 7 and 10 g/L glycerol, while other media components remained 

constant and in excess, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm.   

 

7.4 Growth rate and the influence of pDNA on the growth rate  

The growth characteristics of the recombinant strain E. coli CLD1301 were determined using 

BioLector. To determine the metabolic burden imposed by the pDNA, in the absence of 

protein expression, the host E. coli W3110 was used as the control. The final biomass (Figure 

7.3) and the growth rates (Figure 7.4) were compared between the two strains, in the absence 

of induction.  

Cells were grown under fully aerobic conditions in batch media (described in Section 3.3.1 
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for the growth of the recombinant strain. The starting OD600 was 0.05 for both conditions, 

from a culture grown in a corresponding media ± kanamycin (described at Step A, Section 3.2 

Cell expansion and seed preparation).  

A significant difference was observed in the growth pattern and biomass (scattered light) 

(Figure 7.3), and the growth rate (Figure 7.4). The biggest noticeable difference was in the 

growth pattern, with different lag phases. The end of the lag phase was determined as the time 

at which the exponential trendline for the exponential phase intersected the time (x-axis). The 

lag phase was 3.6 h for the host strain, but nearly 23 h for the un-induced recombinant E. coli 

CLD1301, on glycerol growth as sole carbon source.  

To determine the growth rate, a trendline was applied to at least five points during the 

exponential phase. The slope of the linear regression of the semi-log time plot of biomass 

(A.U.) represents the maximum growth rate. The growth rates were determined to be 0.50 h-1 

for E. coli W3110 and 0.39 h-1 for E. coli CLD1301. Thus the cost, or the relative decrease in 

growth rate was determined to be 21.90%, calculated from formula  

E1#+ =
µ%4µ&
µ%

	X	100 (7.1) 

 

where µ% and µ&are the growth rates of the host and the recombinant strain respectively, both 

in the absence of inducer (0 mM IPTG).  

Despite a drop in the growth rate caused by the pDNA, the final biomass was higher for the 

recombinant strain CLD1301 than the host strain W3110. The final biomass was 96.92 A.U. 

for the un-induced recombinant strain and 78.81 for the host W3110, respectively. The 

difference in the final biomass (from the stationary phase) was deemed significant (Mann-

Whitney, U = 3197, n = 46, 46, p < 0.001). This showed that despite a long lag phase and a 

lower growth rate, the recombinant strain was capable of good growth under batch 

fermentations in BioLector.  
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Figure 7.3. Comparison of E. coli W3110 and E. coli CLD1301 biomass (A.U.) as scattered 

light with no induction. Conditions: minimal media with 4 g/L glycerol as sole carbon 

source, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. Standard error bars represent ± S.D. 
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Figure 7.4. Maximum growth rate µmax on glycerol as sole C source, no IPTG. A: E. coli 

W3110; B: E. coli CLD 1301. Biomass (A.U.) was recorded as scattered light. Conditions: 

minimal media 4 g/L glycerol, T = 37⁰C, VL = 800. A minimum 5 points of exponential 

phase of growth were chosen. 
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7.5 Determining the optimum amount of IPTG  

An optimal inducer concentration is essential for the expression of recombinant protein. The 

inducer for the recombinant protein was IPTG. To determine the optimum amount of inducer, 

cultures of E. coli CLD1301 were induced at mid-exponential point of growth with varying 

concentrations of IPTG. Many protocols use a range of IPTG concentrations between 0.1 – 1 

mM in E coli fermentations. Two concentrated stock solutions were prepared to allow the 

final IPTG concentrations (0.05 – 1 mM) in the MTP well. As dictated by the recombinant 

product, the temperature for both growth and induction was 37⁰C.  

Experiments were performed in triplicate using BioLector (m2p-labs GmbH, Baesweiler, 

Germany), as described in Section 3.4.1 Batch cultivations in Microtiter Plates. The growth 

media used for cultivations was described previously (in Section 3.3.1 Batch mineral media). 

The carbon source consisted of 4 g/L glycerol (w/v). The media was supplemented with 

kanamycin prior to cultivation, to achieve a final concentration of 50 µg/ml. This was 

necessary because the pD441- SR plasmid enclosed in the recombinant strain contained a 

kanamycin-resistant gene. 

A 20 µl of a mid-exponentially growing E. coli CLD1301 culture (prepared as described in 

Step A, Section 3.2 Cell expansion and seed preparation) was used to inoculate the BioLector 

with the initial OD600 of 0.05. The culture was allowed to follow a batch growth until the mid-

exponential point of growth before induction. A mid-exponential induction is optimal because 

there is sufficient biomass in the system and sufficient residual carbon for the heterologous 

product. Neither an early nor late induction would be effective since there would not 

sufficient biomass in the system (in early inductions) and not enough resources for the 

heterologous product (in late inductions).  

Biomass (scattered light) and product formation (GFP mut3* fluorescence) were measured in 

15 min cycles and expressed as arbitrary units (A.U.).  

The induction profile of E. coli CLD1301 in a 48 well FlowerPlate is shown in Figure 7.5. 

Time 0 represents the time of induction.  

 



200 

 

 

Figure 7.5. Comparison of GFP mut3* fluorescence (A.U.) after induction with varying 

concentrations of IPTG added at mid-exponential point of growth. Time 0 represents the 

time of induction, T = 37⁰C. Standard error bars represent ± S.D. Conditions: minimal 

media 4 g/L glycerol, T = 37⁰C, VL = 800 µl. 

 

The maximal achieved level of GFP mut3* is shown as a function of the inducer 

concentration. The maximum GFP mut3* fluorescence (A.U.) was obtained approximately 

six hours post-induction. When protein expression was induced with 1 mM IPTG, the mean 

GFP mut3* signal was 336.37, ranging from 310.75 to 350.54 A.U. When protein expression 

was induced with 0.5 mM IPTG, the fluorescent signal (A.U.) ranged from 293.54 to 321.17, 

with a mean of 306.64 (Figure 7.5). The difference in GFP fluorescence between 6 - 12.27 h 

for 1 and 0.5 mM IPTG was significant (Mann-Whitney U, W = 1019, n = 56, 56, P < 0.001). 

Therefore, the optimum IPTG concentration that led to the highest amount of product was 1 

mM (Figure 7.5). Moreover, in the absence of IPTG (green line in Figure 7.5), the non-IPTG 

induced expression (A.U.) had a mean of 4.88 ± 0.04. This originated from both cell 

autofluorescence and leakiness, but following further investigations (with FM and FC) was 

considered negligible for single cell analysis. 
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The fluorescent signal of 1 mM IPTG-induced cultures was compared against the non-IPTG 

induced cultures (Figure 7.6). This was important because the background fluorescence (in 

the absence of inducer) could interfere with the spectrum of GFP mut3* and therefore with 

single cell analysis. The measured fluorescence (A.U.) showed that the GFP mut3* signal was 

high enough against the low background, so the background signal was ignored. At the same 

time, the mean value of 4.88 A.U. (Figures 7.5 and 7.6) was caused by the cell 

autofluorescence instead of leakiness, because the fluorescence followed the growth curve 

(data not shown). 

The decrease in the signal measured by BioLector across 6.02 - 12.27 h (Figures 7.5 and 7.6 – 

black dots) is not caused by the instability of the protein, but by the culture reaching the 

stationary phase of growth. The exponential phase lasted around 8.5 h, with ~ 4.25 h both to 

reach mid-exponential and from mid-exponential to stationary phase. The increase in 

background fluorescence (red dots - Figure 7.6) is most probably the result of increased cell 

stress as there is no nutrient in the stationary phase.  

Recombinant protein expression uses the host cell resources and has been shown to reduce the 

biomass (Wu et al., 2016). To see how severe a high amount of recombinant product 

Figure 7.6. Maximum fluorescence signal (in black) and 

maximum background fluorescence (in red). The signal was 

recorded over 6.02 - 12.27 h in batch growth of E. coli 

CLD1301 – data from Figure 7.5.  
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compromises the biomass development, the specific productivity was calculated by dividing 

the concentration of protein product (GFP mut3* fluorescence) by the biomass (scattered 

light). The signal gains (GFP – Gain: 50; biomass – Gain: 20) were maintained as previously 

illustrated (Table 3.2).  

Figure 7.7 shows the specific productivity of E. coli CLD1301 cells for 0.05 – 1 mM IPTG, 

monitored for 12.27 h post-induction, with an un-induced control. The fluorescence intensity 

per cell started to increase at 2.77 h and continued during the exponential phase, becoming 

constant during the stationary phase (Figure 7.7). Induction with 1 mM IPTG showed the 

highest specific productivity (with a mean of 4.27 A.U.) which sustained over the course of 

the batch fermentation (Figure 7.7). A significant difference exists between 1 and 0.5 mM 

IPTG (Mann-Whitney U, W = 1027, P < 0.0001), proving that 1 mM was the optimum 

concentration of inducer. This is consistent with the plasmid recommendation 

(https://www.atum.bio/catalog/expression-vectors/bacterial) and was subsequently used in the 

STR experiments.  

 

 

Figure 7.7. Specific product yield (]67) for E. coli CLD1301 on glycerol as sole carbon 

source. Specific product yield calculated as the ratio of protein (GFP fluorescence) to 

biomass concentration (scattered light intensity). Time 0 represents time of induction. T = 

37⁰C.  
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7.6 Process monitoring at population level 

Since E. coli CLD1301 was capable of growth rates and biomass development comparable to 

the host strain in batch fermentations with BioLector, the next step was to assess the growth 

characteristics and protein production under industrial conditions. To mimic the industrial 

gradients existing at large scale, continuous cultivations were carried out at a ½ µmax dilution 

rate. Fermentations were performed with and without induction of GFP mut3*expression to 

evaluate the influence of recombinant protein synthesis on the growth.  

 

7.6.1 Measurements of biomass 

The fermentation profiles of E. coli CLD1301 on glycerol as sole carbon source are depicted 

in both the absence (Figure 7.8) and presence of 1 mM IPTG (Figure 7.9). BugLab was used 

for the online measurements of the biomass.  

The chemostat was first grown in “batch” from the inoculation (time 0), when OD600 was ~ 

0.05 (Figures 7.8 and 7.9). The cells grew rapidly at a maximum growth rate of 0.39 h-1 with 

Td of 1.77 h during the initial batch phase. At mid-exponential point (time 8 - 9 h), when OD 

~ 2, the culture was switched to continuous growth with a dilution rate (D) of 0.20 h-1 (1/2 

µmax). At this point, the BugLab signal displayed on overshoot –the biomass rose above the 

steady state levels as too much of the limiting substrate was present. The doubling time in 

chemostat was 3.54 h. Residence time was 5.11 h and 25 h were allowed for the culture to 

reach steady state, which was monitored between 33.5 - 54.5 h. Steady state was defined by a 

relatively constant OD600. 

The BugLab sensor displayed a linear response during the exponential phase of growth. The 

sensor signal varied, however during glycerol-limited growth in chemostat, when the 

spectrophotometer showed the biomass remained relatively constant, but the BugLab did not 

(Figures 7.8 and 7.9). This could be due to oversensitivity to changes in cell morphology, a 

low biomass, or a high agitation rate. Contrasting with growth on glucose, no growth rate 

recovery was observed in STR compared to BioLector growth (Figures 7.8 and 5.9). In line 

with a Td of 1.77 h and 3.54 h during exponential and chemostat growth respectively, 

sampling was conducted every 2 h during batch and every 3 h during chemostat growth, as 

previously detailed in Table 4.1, with the only difference that 25 h were allowed for the 

system to reach steady state growth.  
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fermentation on glycerol minimal media in the absence of IPTG (the arrow indicates 
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Figure 7.9. Changes in dissolved oxygen (A) and biomass (B) in an E. coli CLD1301 
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Single E. coli CLD1301 cells were analysed growing in “balanced growth” at 0.39 h-1 (S4) and 

0.20 h-1 (SS1 - SS8). Where IPTG was used, the 1 mM optimal concentration was maintained 

in the reactor. 

At single cell level, biomass was determined as the absolute cell concentration using Attune 

Nxt Acoustic Focusing Cytometer (Life Technologies, Carlsbad, CA, USA) – see Appendix B 

for instrument specifications. The Attune measures the cell numbers directly by controlling 

the flow of the sample through its interrogation point. The sample volume was 5 µl, thus the 

total cell count (TCC) was calculated by multiplying the number of events by 200 (correction 

for volume) and by the dilution factor (used to lower the OD600 of the sample to 0.025). The 

TCC for E. coli CLD1301 in the presence and absence of 1 mM IPTG are given in Figure 

7.10. 

 

Figure 7.10. Total cell counts (TCCs) for E. coli CLD1301 on glycerol minimal media in 

the absence or presence of inducer (1mM IPTG). A minimum of 25 h was allowed to reach 

the steady state, as illustrated by the gap.  

 

The mean TCC values across the steady state were 1.03 x 109 with no IPTG and 4.08 x 108 

for induced E. coli CLD1301. The difference in cell numbers was significant (one-way 

ANOVA, f = 1970.27, p < 0.0001). This shows a drastic decrease in cell numbers by the 

addition of IPTG which induces protein expression.  
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The average TCC on glucose growth was 4.16 x 108 (Figure 5.11), which is similar to the 

4.08 x 108 on glycerol (Figure 7.10). The decrease in cell number on both glucose and 

glycerol caused by induction occurs as a consequence of the imposed metabolic load. Instead 

of carrying out its own metabolic and division tasks, the cell is forced to utilise a huge part of 

its resources (in the form of ATP or aa) to express the foreign DNA as protein in the cell. The 

bigger the plasmid size and copy number, the bigger the metabolic load. Whilst the plasmid 

encoding the GFP –A gene is small, it is the high copy number of 500 - 700 that reduces the 

cell resources for both plasmid maintenance and expression into foreign RNA and protein. 

The efficient high yield production in HCD cultivations at large scale creates a high metabolic 

load, but this is not a problem since growth (and division) is separated by the production stage 

in fed-batch cultivations. A drop in the cell number could occur as a result of plasmid 

instability, where the plasmid is lost from the recombinant cell, although this is not common 

in high copy number plasmids. By losing the plasmid and the in-built resistance provided by 

kanamycin, the cell can no longer thrive in a media containing kanamycin and will die.  

Whilst this shows some of the consequences of high expression at large industrial fed-batch 

scale, a transition to continuous bioprocessing could only occur if the metabolic burden is 

reduced to a level that no longer constrains cell’s division. Despite the advantages of a high 

volumetric productivity, a successful continuous bioprocess can only happen if cells are able 

to divide continuously and exponentially in high numbers. The reduction in cell numbers in 

continuous cultivations may mean a 1 - 2 days fed-batch is preferable. 

 

7.6.2 Measuring substrate  

Residual glycerol was measured in the supernatant both in the absence (Figure 7.11 A) and 

presence (Figure 7.11 B) of 1 mM IPTG. The concentration of glycerol decreased in time 

during maximal growth at 0.39 h-1 from 4 to 2.08 g/L at the mid-exponential point of growth. 

The residual glycerol was at a relatively “steady state” in chemostat, ranging between 3.3 x 

10-3 g/L (36.03 µM) to 5. 96 x 10-3 g/L (64. 78 µM) and from 9.95 x 10-3 g/L (108.10 µM) to 

1.26 x 10-2 g/L (136.92 µM) in the absence and presence of IPTG, respectively. Residual 

glycerol was, however present in all sample supernatant within the measurement range of the 

glycerol assay kit (Megazyme International Ireland, Bray, Ireland).  
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Figure 7.11. Glycerol consumption pattern and biomass production in strain E. coli 

CLD1301 in the absence (A) and presence (B) of 1mM IPTG.  

 

7.6.3 Monitoring VFAs  

Strain E. coli CLD1301 was found to produce no acetate when glycerol was used as a carbon 

source (Figure 7.12). Formic acid was the primary VFA, with the level of formate increasing 

during the batch phase up to 6.78 ppm (6.78 x 10-3 g/L) at 8 h post inoculation. Thus, at 

maximal growth rate on glycerol, two carbon sources were found in the media (glycerol and 

formate). At the maximum growth rate of 0.39 h-1, there was no glycerol limitation and the 

concentration of formate did not inhibit growth.  
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Formic acid was also present within the chemostat, fluctuating from 7.65 to 10.49 ppm across 

the “steady state” at submaximal growth. These levels are lower than those detected during 

the growth of the host strain W3110 (Figure 6.11) and as no propionic or acetic acid were 

formed, this shows a better conversion of carbon. As more carbon is directed towards biomass 

instead of by-products, this shows glycerol is a beneficial substrate in E. coli fermentations.  

 

 

Figure 7.12. VFA concentration over the time course of E. coli CLD1301 fermentation 

using glycerol 4 g/L. A: Batch fermentation; B: Continuous fermentation. A minimum of 

25 h were allowed to reach steady state. 

 

7.7 Single cell studies of membrane integrity using FC 

The metabolic burden caused by the plasmid disrupts the cell metabolism and may cause cell 

death. Cell death in a bioprocess is linked to a decrease in product yield. To assess whether 

the GFP mut3*expression affects the host viability, membrane integrity was evaluated in the 

absence and presence inducer, using FC. Non-induced cells were stained with TO and the 

membrane impermeable PI. Induced cells were stained with PI only, as described in Section 

3.5.4 Total cell counts. Cells carrying the GFP-A-pD441- SR: 240460 were induced at mid-

exponential point by the addition of 1 mM IPTG.  
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proportion of cells with green fluorescence and red fluorescence at 8 h post inoculation was 

85.77% and 14.54%, respectively (Figure 7.13 A and B). There is no nutrient limitation 

during exponential growth, but there is the internal stress of plasmid maintenance. TO+ cells 

did not reduce significantly when lowering the growth rate, presenting a mean of 84.77% on 

glycerol-limited growth. Conversely, PI+ cells were 15.23% on glycerol-limited growth.  

 

 

In the presence of IPTG, GFP producing cells during submaximal growth on glycerol were 

79.35% (Figure 7.13 C and D). This confirmed that the recombinant protein was being 

produced in glycerol-limited cultures. However, the reduction in viability from 84.77% to 

79.35% caused by induction was significant (one-way ANOVA, f = 6306.29, p < 0.001). This 

could be the combined result of heterologous protein expression, carbon starved cells and the 
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Figure 7.13. Percentages of live (TO+ and GFP producing) cells and dead (PI+) cells in three 
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increase in membrane permeability caused by the accumulation of formate in the media. 

Conversely, there was a significant increase in the PI+ cells following induction, to a mean of 

20.62% (one-way ANOVA, f = 6306.29, p < 0.001).  

 

7.8 Single cell studies of membrane potential using FC 

In industrial bioprocessing, bacteria require energy not only for recombinant protein 

synthesis, but also for own maintenance and metabolism. The energetic capacity of the cells 

was estimated from the changes in membrane potential, using the triple dye combination 

DIBAC4(3)/EB/PI with FC. Four distinct subpopulations were visible:  

a) active (DIBAC4(3)-, EtBr-, PI-); 

b) depolarised (DIBAC4(3)+, EtBr+, PI-); 

c) de-energised (DIBAC4(3)-, EtBr+, PI-); 

d) dead (DIBAC4(3)+, EtBr-, PI+). 

The percentage of each was measured in both nutrient excess and limitation to mimic the 

industrial conditions. All measurements were, however, made in the absence of inducer as its 

addition would induce the expression of GFP mut3*, whose green fluorescence overlaps that 

of DIBAC4(3). Freshly harvested cells from STR were prepared and stained as described in 

Section 3.8 Monitoring membrane potential with DIBAC/EB/PI.  

PI labels cells that have lost their membrane integrity and is a common indicator of cell death 

by virtue of being a large molecule excluded by intact cell membranes. At maximum growth 

rate on glycerol as sole carbon source and no IPTG, 20.49% ± 0.13 of cells were PI+ (S4). 

During glycerol limited continuous cultivation, the PI+ cells ranged from 14.20 ± 0.36 and 

22.73% ± 1.91 of the total population at SS5 and SS1 respectively (Figure 7.14).  

Only a small number of cells were de-energised, which was not influenced by carbon 

limitation. The active subpopulation, (DIBAC4(3)-, EtBr-, PI-)-stained decreased in line with 

the growth rate. The active subpopulation accounted for 31.32% ± 2.55 at maximal growth 

rate (S4). Lowering the growth rate reduced the active subpopulation to 9.01% ± 0.43 and 

30.99% ± 7.2 at SS1 and SS2, respectively. 
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The share of depolarised cells increased from 47.16% ± 0.73 at maximal growth rate (S4) to 

49.93% ± 9.40 and 73.13% ± 6.94 at SS2 and SS5, respectively. This shows that reducing the 

growth rate and thereby applying a carbon limitation increases cell depolarisation, while 

reducing the number of active cells. As membrane potential is an indicator of cell energy, it 

shows a decline in cell functionality in an increasing number of cells.  

To test for the plasmid burden on cells grown on glycerol as sole C source, the number of 

depolarised cells and active subpopulations were compared with both recombinant and host 

strains during unrestricted growth on glycerol (S4). As there is no carbon limitation or 

induction during the exponential phase, the difference represents the effect of plasmid 

maintenance on the cell. The overall mean of depolarised E. coli CLD1301 cells was 3109.7, 

almost three times that of 1102, exhibited by the host W3110 strain. The difference between 

the number of depolarised cells (in a 30 µl sample diluted to OD600 = 0.025) was deemed 

significant (one-way ANOVA, f = 159.34, p < 0.001). This shows that 94.49% of the 

difference in the depolarised cells is explained by the plasmid burden, which increases cell 

depolarisation three-fold during maximal growth rate on glycerol, simply due to the energy 

requirements for plasmid maintenance. 
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Figure 7.14. Flow cytometry analysis of E. coli CLD1301 cells at different growth rates 

on glycerol as sole carbon source, with no added inducer (0 mM IPTG). S4 is the mid-
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The means of active cell subpopulations during maximal growth on glycerol were 3397 for 

host W3110 and 2066 for recombinant CLD1301. The difference, in the absence of both 

induction or nutrient limitation is due to the energy requirements for plasmid maintenance 

when the substrate is glycerol. A significant difference was present between the active cell 

subpopulations in host and recombinant strains (one-way ANOVA, f = 22.11, p < 0.01). Only 

65.53% of the difference in the number of active cells is can be explained by the different 

conditions, which is the maintenance of a recombinant plasmid. While the metabolic load 

caused by plasmid maintenance reduces cell functionality, only a small percentage can be 

explained, so other parameters must interact to reduce the “active” cells.  

 

7.9 Studies of cell morphology using fluorescence microscopy  

Cell morphology (shape) is biologically important and there are many advantages of staying 

small. A higher surface to volume ratio provides a higher rate of nutrient diffusion, so shape is 

important for growth and nutrient uptake. Shape is also important for proliferation, with cells 

accelerating or postponing division in response to their environment, resulting in small or 

larger cells respectively.  

To quantify shape maintenance, three parameters were investigated under glycerol excess and 

limitation, challenged with plasmid maintenance (for non-induced cells) and protein 

expression (for induced cells): 

a) area (µm2); 

b) circularity; 

c) aspect ratio (AR).  

The analysis was automated by running the ImageJ Macro in Appendix F. Recombinant E. 

coli CLD1301 cells were prepared for microscopy as previously described (3.10 Phase and 

fluorescence microscopy of E. coli W3310) on a 1.2% agarose pad. Florescence microscopy 

was performed with the SYTO9/PI staining for the non-induced and PI for the induced cells.  

7.9.1 Cell morphology at maximum growth rate  

A large proportion of cells were removed from the image of E. coli CLD1301 through 

automatic filtering by area and aspect ratio. The area (as a measure of cell spreading), cell 

circularity (as a measure of irregularities or blebbings in the membrane) and AR (as a measure 
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of elongation) were quantified for 137 E. coli CLD1301 cells growing at maximum growth 

rate with non-limiting glycerol (Figure 7.15, Table 7.1).  

 

Figure 7.15. Fluorescence image of non-induced E. coli CLD1301 on glycerol as 

the sole carbon source. Mid-exponential growth sample stained with SYTO9 

shows “live” cells. 
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The cells exhibited the following:  

 Mean Median S.D. CV Figure 

Cell area (μm2) 1.60 ± 0.06 1.39 0.82 51.07 7.16 A 

AR 3.35 ± 0.08 3.32 0.95 28.35 7.16 B 

Circularity 0.55 0.56 0.10 18.37 7.16 C 

 

  

Conversely, at maximal growth rate with un-limited glucose, the cells presented a mean area 

of 2.03, with a median of 1.78 μm2, a S.D. of 1.08 and a CV of 53.29 (Figure 5.16 A). Whilst 

the change in substrate hardly seems to influence the cell size variance, larger cells were 

evident on glucose. This is most probably the result of a higher growth rate on its preferred C 

source.  

 

7.9.2 Cell morphology in the absence of IPTG 

Figure 7.16 shows the E. coli CLD1301 cell image challenged with both plasmid 

maintenance and C source limitation. It should be noted that cells begin to show 

morphological changes when lowering the growth rate (Figure 7.16, compared to Figure 

7.15). The red arrow (Figure 7.16) points to a filamentous cell. Under the double effect of 

carbon limitation and plasmid maintenance, the cells begin to initiate filamentous growth and 

thus no division occurs.  

a) Cell area 

Whilst cells growing at maximum growth rate showed a mean cell area of 1.60 ± 0.06 μm2 

(Figure 7.17 A), in glycerol-limited chemostats, this fluctuated from 1.45 to 1.70 at SS3 and 

SS2, respectively (Figure 7.17 D). The median exponential 1.39 μm2 is included in the 

chemostat range of 1.2 and 1.54 at SS4 and SS8, respectively. A significant difference was 

present between area distributions in glycerol-limited growth (Kruskal Wallis, H = 16.42, p < 

0.05), which shows that the cells do not maintain size in chemostat. 

b) Aspect ratio   

The mean AR at µmax when glycerol is non-limiting was 3.35 (Figure 7.17 B), and this increased 

during glycerol limited growth to values ranging from 3.72 at SS7 and 4.19 at SS1 (Figure 7.17 

E). The median AR followed the same trend with the exponential value of 3.32 (Figure 7.17 B) 

Table 7.1. Shape descriptors of E. coli CLD1301 at maximum growth rate on glycerol. 



215 

 

smaller than the chemostat range from 3.73 at SS7 and 4.40 at SS1 (Figure 7.17 E). This 

shows that there is an increase in AR during nutrient downshift in the non-induced E. coli 

CLD1301 cells with more elongated cell phenotypes.  

There is no conclusive change in the distribution of the data, as the exponential CV of 28.35 is 

in the chemostat range of 22.58 to 31.83 at SS2 and SS7, respectively. There was, however, a 

significant difference between AR distributions at steady state (Kruskal-Wallis, H = 118.64, p 

< 0.001), showing that the aspect ratios are not maintained. This may be a natural response to 

nutrient limitation in cells relying on diffusion, in which the cells increase their surface area 

(and nutrient contact area) without an increase in the surface to volume ratio.  

 

Figure 7.16. Fluorescence image of non-induced E. coli CLD1301 on 

glycerol-limited growth. Steady state sample 2 (SS2) stained with SYTO9. 

Arrow indicates “live” cell beginning filamentous growth.  
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The cells in nutrient limitation (Figures 7.16 and 7.17 E) are generally longer than the shorter 

rods observed at maximal growth rate (Figure 7.15 and 7.17 B). Consistent with this, 

filamentous growth occurred in the recombinant CLD1301 under nutrient-limited growth 

(Figure 7.16). This morphology was absent when glycerol was non-limiting (Figure 7.15) and 

was also absent from the host strain W3110 whether glycerol was limiting or not. This 

suggests filamentous growth is a characteristic of plasmid-based systems under nutrient 

downshift.  

The coupling of cell elongation with the accumulation of division proteins is critical for the 

maintenance of AR. As cells do not maintain the AR across nutrient downshift, but overall 

elongate under nutrient limitation, this suggests that the nutrient downshift hampers cells 

division. This is also indicated by the continuous cytoplasm contour of the filamentous cell, 

suggesting the inhibition of septation prevents block cell division (red arrow – Figure 7.16).  

c) Circularity  

The maximum cell circularity was identified during maximum growth rate with a mean and a 

median of 0.56 (Figure 7.17 C). Both were lower during nutrient downshift in chemostat. The 

mean circularity was 0.47 to 0.53, the median being 0.45 to 0.53 at SS8 and SS5, respectively 

(Figure 7.17 F). A reduction in circularity (or form factor) suggests either the cells are 

elongating and/or they suffer morphological deformities with membrane irregularities, such as 

twisting, invaginating, a.s.o (see Figure 2.11). Changing the growth rate had no effect on data 

distribution as the exponential CV of 18.37 was within the “steady state” CV of 17.16 to 

29.35, at SS2 and SS8 respectively. Moreover, the changes in cell circularity at limited 

glycerol (SS1 - SS8) were not significant (Kruskal-Wallis, H = 11.56, p > 0.05). 

 

7.9.3 Cell morphology in the presence of IPTG 

Significant area, circularity and aspect ratio changes were observed in the producing E. coli 

CLD1301 cells in Figure 7.18. Fluorescence microscopy of induced E. coli CLD 1301 

detected elongated cells with stable filaments as the dominant cell phenotype at steady state 

(Figure 7.18). These drastic morphological changes, where most of the cells are more than 10 

µm occur as a result of significant stress introduced by recombinant protein production. 

Division in filamentous cells is halted when the cells adopt a productive phenotype and there 

are not sufficient resources for division.  
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Figure 7.18. Fluorescence microscopy image of GFP mut3*-expressing E. coli CLD1301 

cells. Steady state sample 7 (SS7) on glycerol-limited growth shows mostly filamentous 

cells. Indicated by red arrows, cell 1 is 23.38 µm, cell 2 is 10.48 µm and cell 3 is 21.40 µm.  

 

a) Cell area in the presence of IPTG 

The plasmid-based system without induction or glycerol limitation exhibits a mean and a 

median cell area of 1.60 ± 0.06 and 1.39 μm2 (Figure 7.17 A). In the absence of induction, but 

under glycerol limitation, the mean fluctuated from 1.45 to 1.70 μm2 and the median from 1.2 

to 1.54 μm2 (Figure 7.17 D).  

While there was no conclusive correlation, when IPTG was added and the GFP mut3* was 

produced, an increase in cell area (measuring cell spreading) was observed (Figure 7.19 A).  
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The mean area of GFP-producing cells during glycerol downshift ranged from 1.64 to 2.37 

µm2 at SS2 and SS5, respectively (Figure 7.19 A). The median ranged from 1.20 to 2.40 μm2 

at SS1 and SS5 (Figure 7.19 A), a range which includes the exponential median of 1.39 μm2 

(Figure 7.17 A). A large S.D. ranging from 0.97 to 1.24 at SS3 and SS1/SS8 was observed in 

cells facing nutrient downshift. These show that cells facing glycerol limitation at high rates 

of recombinant protein expression led to an increase in cell area and data spreading. The 

differences in cell area at submaximal growth on glycerol for expressing cells were deemed 

significant (Kruskal-Wallis, H = 433.03, p < 0.001). This means that the cells were unable to 

maintain their size in chemostats when faced with an added carbon-limitation on the top of 

metabolic burden caused by recombinant expression.  

b) Aspect ratio in the presence of IPTG  

The mean AR in the presence of plentiful glycerol and without induction was 3.35 ± 0.08, 

median of 3.32 (S.D. 0.95, CV 28.35) (Figure 7.17 B). When the growth rate was lowered by 

glycerol-limitation without induction, the mean AR increased to a range from 3.72 to SS7 and 

4.19 at SS1 (Figure 7.17 E). When the growth rate was lowered and the cells were induced to 

produce the recombinant protein, the mean AR ranged from 3.24 at SS1 to 4.47 at SS7 

(Figure 7.19 B).  

Under glycerol limitation, the median AR fluctuated from 3.73 to 4.40 in the absence of 

inducer (Figure 7.17 E), and from 3.06 to 4.80 in its presence (Figure 7.19 B). The lowest 

S.D. of 0.95 occurred during unlimited glycerol growth in non-producing cells (Figure 7.17 

B). Changing to glycerol limitation in non-producing cells increased the AR substantially, but 

not the spread of the data. The further addition of IPTG, with subsequent protein formation in 

glycerol-limited cultures showed a large variance, with S.D. ranging from 1.06 to 1.33 at SS1 

and SS6, respectively (Figure 7.19 B). 
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Figure 7.19. Box plots of morphological descriptors of productive E coli 

CLD1301 cells at submaximal growth rates on glycerol. Horizontal line within 

the box marks the median, boundaries of the box plot indicate the 25th and 75th 

percentile of the distribution, whiskers mark the 5th and 95th percentile of the 

distribution. 
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The aspect ratio of GFP-producing cells changed significantly across the steady state 

(Kruskal-Wallis, H = 122.00, p < 0.001). 

c) Circularity in the presence of IPTG  

With unlimited glycerol in the absence of induction, the mean circularity was 0.56, with a 

median of 0.56 (Figure 7.17 C). Changing to glycerol-limited cultures in the absence of 

induction led to a decrease in circularity, both as mean (ranging from 0.47 to 0.53) and 

median (ranging from 0.45 to 0.53) (Figure 7.17 F). The addition of 1 mM IPTG in glycerol 

limited cultures led to significant circularity changes, mostly in terms of data spread.  

With glycerol-limited GFP-producing cells, the mean circularity ranged from 0.40 to 0.61 at 

SS7 and SS1, respectively (Figure 7.19 C). The median ranged from 0.39 to 0.60 at SS7 and 

SS1 respectively (Figure 7.19 C). Whilst the exponential sample is more homogenous for cell 

circularity, illustrated by a lower S.D. (0.10) and CV (18.37), no conclusive change for data 

spread could be identified under glycerol-limitation, in the absence of induction (Figure 7.17 

C). Adding the inducer, a more heterogeneous population was observed, in terms of both S.D. 

and CV (Figure 7.19 C). Moreover, the circularity changed significantly during the steady 

state (Kruskal-Wallis, H = 172.08, p < 0.001). 

Taken together, continuous glycerol-limited cultivations with E. coli CLD1301 showed 

significant cell shape and size changes in all three parameters, in addition to filamentous 

growth, as the dominant productive phenotype in cells expressing GFP mut3*.  

The influence of recombinant protein production on the cell shape was studied by comparing 

the three morphological descriptors in the absence (SS2) and presence of IPTG (SS2 + IPTG), 

both under glycerol-limitation (Figure 7.20). The mean cell area in the non-induced cells 

(SS2) was 1.70 and in the induced cells (SS2 + IPTG), 1.64 (Figure 7.20 A). The differences 

in cell areas caused by recombinant protein production were not significant (Mann - Whitney 

U, W = 44784.0, p >0.05). The mean circularity was lower in the non-induced cells (0.48) 

than in the induced cells (0.61), suggesting increased membrane irregularities induced by 

recombinant protein expression (Figure 7.20 C). The increase in circularity caused by the 

overproduction of the recombinant product was significant (Mann - Whitney U, W = 7059.5, 

p < 0.0001). 
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Mean cell AR was 3.06 in the producing line and 4.13 in the non-induced cells (Figure 7.20 

B). The changes in AR caused by the recombinant product expression were deemed 

significant (Mann-Whitney U, W = 15033.0, p < 0.0001). These changes represent a 

population whose AR varies from 1 - 6, in line with the applied single cell filters. Thus, 

although it would seem that the GFP-producing cells are shorter (mean AR 3.06) than their 

Figure 7.20. Shape descriptors for non-induced (SS2) and 

induced (SS2 + IPTG) E. coli CLD1301 growing under glycerol-

limitation. 66 cells were imaged for SS2 and 272 cells for SS2 + 

IPTG. 
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non-producing counterparts (mean AR 4.13), filamentous growth is probably the dominant 

cell phenotype (Figure 7.18). Given that most filaments have an AR bigger than 10, the only 

conclusion that can be drawn is that the protein production increases the heterogeneity in cell 

AR, from smaller cells (with a mean AR of 3.06) that are still able to ensure progeny, to larger 

filaments (with a minimum AR of 10) that do not, but only consume nutrients.  

 

7.10 Single cell studies of protein production  

The heterogeneity in protein production was monitored at single cell level, using fluorescence 

microscopy (FM) and flow cytometry (FC) and the enhanced GFP mut3* as a reporter for 

protein expression. E. coli CLD1301, described in section 3.1. E. coli strains contains a 

pD441- SR: 24046 plasmid expressing the enhanced S2R/S65G/S72A variant of GFP, under 

the control of a T5 promoter with a kanamycin selection marker. 

STR fermentations were carried out using the media described in Section 3.3.2 in a 

continuous cultivation using glycerol as the sole carbon source. The measurements of 

fluorescence from IPTG-induced cultures were compared with background fluorescence, 

resulting from cell auto-fluorescence and leakiness (recombinant protein expression in the 

absence of inducer).  

7.10.1 Protein production evaluated through flow cytometry  

The heterogeneity in protein production was measured as the CV of the GFP fluorescence as 

Mean Fluorescence Intensity (MFI) detected in the BL1 channel. The threshold to 

discriminate between fluorescent and non-fluorescent events was set at an intensity of 10000 

A.U. Values above this threshold were considered positive for protein expression, whether it 

was leakiness or IPTG-induced.  

Samples from STR were diluted in DBS buffer to a final OD600 ~ 0.25 and analysed 

immediately using the Attune Nxt Acoustic Focusing Cytometer (Life Technologies, 

Carlsbad, CA, USA). A “GFP gate” (R4) was set that separated cells with green fluorescence 

above the threshold. All samples were analysed for fluorescence intensity, total cell counts 

and % CV in the GFP gate (R4 cell population) (Figures 7.21 and 7.22). 

Figure 7.21 is the sample at mid-exponential point of growth (S4), which was left unstained 

and un-induced to test for leakiness.  
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Figure 7.21. Flow cytometry of unstained un-induced exponential sample S4. R4 is the 

population assigned to the GFP+gate. A) density dotplot of R4 population (n=329 cells) of 

forward scatter (FSC) versus green fluorescent BL1 channel (530/30 nm) B) florescence 

intensity (BL1 channel) histogram of mid-exponential phase E. coli CLD1301 cells within 

the GFP+ gate. 

 

% CV 203.89 

Mean 39100 

N 329 

 

 

 

 

 

 

A lower MFI (mean 39100) and higher heterogeneity (203.89) compared to induced cells 

(Figure 7.22) shows the exponential sample, left uninduced and unstained exhibits a range of 

fluorescence intensities from low autofluorescence in a high number of cells to high levels of 

leakiness in a few cells. 

Protein production was induced past the exponential phase of growth and 25 hours were 

allowed to reach steady state. Protein production was measured as GFP mut3* fluorescence in 

the GFP+ gate. (Figure 7.22).  
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% CV 69.48 

Mean 403919 

N 19337 

 

 

% CV 68.53 

Mean 395596 

N 11738 

 

 

The mean intensity, the total number of cells and the CV for glycerol limited chemostats are 

shown in Figure 7.22, for each steady state sample (SS1 - SS8). Considerable variation 

expressed as CV, ranged from 60.06 to 70.74 and was observed in the GFP intensities of E. 

coli cells grown on glycerol as sole carbon source. The overall mean expression was found to 

be stable and no non-fluorescent populations were observed, showing that the recombinant 

protein GFP mut3* was being produced in continuous cultivations (Figure 7.23).  

Figure 7.22. Flow cytometry results of steady state glycerol-limited chemostats (SS1-

SS8). R4 is the population assigned to the GFP+ gate. A) density dotplot of R4 population 

of forward scatter (FSC) versus green fluorescent BL1 channel (530/30 nm) B) 

florescence intensity (BL1 channel) histogram of E. coli CLD1301 cells within the GFP+ 

gate.  
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Figure 7.23. GFP protein production at steady state with FC. The green box (IQR) 

represents 50% of the data, extending from the 1st to 3rd quartile (Q1 to Q3). Number of 

cells per sample was: SS1 – 11598; SS2 – 13094; SS3 – 12268; SS4 – 8245; SS5 – 16720; 

SS6 – 11420; SS7 – 19337; SS8 – 11738 cells. 

Table 7.2 summarises the fluorescence intensity values (A.U.), representing the recombinant 

protein being produced. The levels and stability of GFP mut3* in E coli CLD1301 cells 

yielded the CV and 95% confidence intervals for fluorescence intensity (A.U.) shown in 

Table 7.3.  

Variable N Mean S.D. Min Q1 Median Q3 Max 

SS1 11598 445272 275175 10028 219613 423833 660414 999944 

SS2 13094 457679 274880 10003 233611 443312 673435 999933 

SS3 12268 481868 290965 10034 224797 483635 726029 999900 

SS4 8245 463136 300001 10002 180579 449495 724046 999779 

SS5 16720 429801 294809 10018 161240 390236 677995 999954 

SS6 11420 405848 287106 10017 150638 355778 636551 999833 

SS7 19337 403919 280633 10003 160446 353866 625322 999953 

SS8 11738 395596 271094 10025 166637 342208 602162 999814 

Table 7.2. Fluorescent protein signal of GFP mut3* in E. coli CLD1301 cells at steady state 

(SS1 - SS8) while growing on glycerol as sole carbon source. 
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Table 7.3. CV and confidence intervals for GFP mut3*fluorescence detected by flow 

cytometry. 

The mean expression of GFP mut3* was higher on glucose (Table 5.3) than glycerol (Table 

7.2). The CV (the ratio between standard deviation and the mean) was lower on glucose 

(Table 5.4) than glycerol (Table 7.3). This suggests that a higher degree of heterogeneity (a 

higher CV) is detrimental to bioprocess. However, the production of the recombinant protein 

comes at a cost of reduced division, therefore other factors must be explored for process 

optimisation.   

 

7.10.2 Protein production evaluated with fluorescent microscopy 

Fluorescence microscopy was performed as previously described (see 3.11 Phase and 

fluorescence microscopy of E. coli CLD1301). The acquisition of single cell fluorescence was 

automated using the ImageJ macro available in Appendix F. Cells up to 0.5 µm2 were filtered 

out as debris. No upper limit was set because “live” filamentous cells produced recombinant 

product. GFP mut3* fluorescence showed that the GFP mut3* signal varied across the steady 

states (Figure 7.24). Given the relatively low cell numbers (see below) compared with FC, 

microscopy proved unsatisfactory in acquiring sufficient data for quantifying the GFP signal 

distributions.  

Variable CV 95% Confidence 

Interval for mean 

95%  Confidence 

Interval  for 

median 

95%  Confidence 

Interval  for S.D. 

SS1 61.80               440264 450281 416584 430475 271679 278762 

SS2 60.06             452971 462388 435750 449987 271591 278251 

SS3 60.38                 476719 487018 475251 491956 287369 294652 

SS4 64.78             456660 469613 436490 461822 295492 304652 

SS5 68.59          425332 434269 381622 397780 291683 298003 

SS6 70.74     400582 411115 346391 364493 283430 290879 

SS7 69.48     399964 407875 347229 360559 277864 283458 

SS8 68.53       390692 400501 334554 350909 267670 274607 
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Figure 7.24. GFP mut3* fluorescence (A.U.) at steady state (SS1 - SS8) after induction 

with 1 mM IPTG maintained constant in the reactor. Number of cells per sample was: SS1– 

432; SS2 – 418; SS3 – 749; SS4 – 578; SS5 – 781; SS6 – 685; SS7 – 685; SS8 – 723 cells. 

 

7.11 Discussion and conclusions  

This chapter discussed fermentations of E. coli CLD1301 with glycerol as the sole carbon 

source. Cells were subjected to both glycerol excess and limitation to mimic the substrate 

gradients that exist in large-scale fed-batch reactors. Fermentations were characterised at 

population level (overall bioprocess monitoring), and at single cell level (cell morphology, 

total cell counts, membrane integrity and potential). 

The results were compared with the host E. coli W3110 to show the cost of plasmid 

maintenance (for non-induced cultures) and protein production (for induced cultures). Protein 

production in terms of mean GFP-mut3*intensity and CV was compared with fermentations 

carried out on glucose (discussed in Chapter 5). 
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The main findings were:  

Growth 

Recombinant E. coli showed an altered growth compared to the host W3110. Firstly, a 19.4 h 

increase in the lag phase was observed in non-induced cultivations. Secondly, there was a 

relative decrease of 21.90% in the growth rate caused by plasmid maintenance (Figure 7.3). 

A reduction of “costs” can bring enormous benefits to a bioprocess, in that costs affect the 

yields. The relative decrease in growth rate for glucose was 61.39% (Figure 5.3). This would 

suggest that plasmid-based systems are best grown on glycerol because the plasmid 

maintenance cost on the cell is lower.  

Biomass  

The final biomass determined by BioLector was 96.92 A.U. for un-induced recombinant 

strain and 78.81 A.U. for the host strain E. coli W3110 (Figure 7.3). Growth on glucose also 

recorded a higher biomass of 56.26 for the recombinant strain compared to 48.89 A.U. for the 

host (Figure 5.3). Reducing load from 61.39% on glucose to 21.90% on glycerol led to a 

72.26% increase in the final biomass.  

Viability  

During maximal growth on glycerol there were 85.77% TO+ cells, but only 14.54% PI+ cells 

(Figure 7.13 A and B). A 99% viability of E. coli CLD1301 was detected at maximal growth 

on glucose (Figure 5.14). This shows an increase in cell death when using glycerol as a 

carbon source, in the absence of carbon limitation (cultures are in exponential phase). This 

was also noted for the host strain W3110, where the viability of over 97% (Figure 4.16 A) 

was reduced to 94.90% (Figure 6.13 A) during exponential growth when replacing glucose 

with glycerol.  

The reduction in growth rate did not lead to a significant decrease in E. coli CLD1301 

viability, with a mean of 84.77% on glycerol-limited chemostats (Figure 7.13 C and D). 

Nevertheless, the production of a high copy number plasmid further reduced the viability, 

with the GFP-producing cells at 79.35% viable during submaximal growth on glycerol 

(Figure 7.13 C and D).  

Florescence microscopy detected significant changes in cell area and aspect ratio in E. coli 

CLD1301 in the absence of inducer (Figure 7.17 D, E, F). The circularity changes, associated 

with membrane protrusions in the absence of IPTG were not significant (Figure 7.17 F). All 
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E. coli CLD1301 morphological parameters in the presence of inducer showed significant 

changes at “steady state” (Figure 7.19 A, B, C). The changes in cell area, circularity and 

aspect ratio during protein production suggested that for this system, the chemostat cannot be 

run continuously and indefinitely for protein production.   

Fluorescence microscopy also demonstrated the most common phenotype during protein 

production was the filamentous cell. Filaments started to occur when the cell, challenged with 

plasmid maintenance, was grown in carbon-limitation, in the absence of induction (Figure 

7.16).  

Protein production  

Regardless of these caveats, recombinant protein GFP mut3* was produced in continuous 

cultivations. The fluorescence acquired with fluorescent microscopy was not robust due to the 

insufficient number of cells. Flow cytometry gave a more robust signal on a much larger 

population of cells, showing a decrease in the GFP signal on glycerol (Table 7.2) compared to 

glucose (Table 5.3). The CV was higher on glycerol (Table 7.3) than on glucose (Table 5.4). 

This infers that heterogeneity (a higher CV) is detrimental to bioprocess. This is in agreement 

with initial research by Delvigne’s group (Delvigne and Goffin, 2014). No non-productive 

phenotypes were apparent, however, as previously reported (Delvigne and Goffin, 2014). 

Cells were found contrastingly that adopted a persistent productive phenotype and that the 

recombinant protein was produced at many “costs”.  

At population level, producing a high copy plasmid number reduced the growth rate. At 

single cell level, it reduced the TCCs, the viability, causing both huge morphological changes 

and the formation of filaments. These changes were caused by the metabolic load of 

recombinant protein production on top of plasmid maintenance, on a background of carbon 

limitation. Further exploration is required for process optimisation. Although bioprocess 

investigations do not commonly involve changes in morphology, when assessing 

heterogeneity in protein production through the means of flow cytometry, morphological 

changes must be considered. This is because flow cytometry measures the amount of a 

fluorescent molecule in a cell, which depends on the cell size. A bigger cell, such a 

filamentous cell would display the highest fluorescence of all. 
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Chapter 8 General Conclusions and Further Work 

8.1 General conclusions  

Cellular heterogeneity is an inherent phenomenon in an industrial fed-batch fermenter. For 

example, cells passing through the top feeding point of a bioreactor, experience a higher level 

of substrate, while cells opposite the feeding port are exposed to lower levels of substrates. At 

individual cell level, this results in a different utilisation of substrate, with different growth 

rates. Heterogeneity at large scale has important implications on process performance, thus 

needs to be investigated for optimisation and reducing cost. Delvigne has explored the impact 

of heterogeneity in fermenters used for recombinant protein production (Delvigne and Goffin, 

2014), but many questions remain so far, unanswered. 

To analyse microbial heterogeneity existing at large scale, lab scale fermentations required 

single cell analysis of cells exposed to different growth rates. This study explored the 

dynamics of a host and recombinant E. coli strain in a bioreactor in both excess and limitation 

of carbon, using batch (during exponential phase) and continuous cultivation as 

methodologies. While neither are standard in bioprocess for RPP, these conditions emulate 

those encountered at large scale (Section 1.1 and Section 2.6.3), and thus the information 

gained is transferable to larger scale. The two techniques used in this work – flow cytometry 

and fluorescence microscopy complemented each other and helped identify a number of 

differences with regard to cellular heterogeneity resulting from the growth on either glucose 

or glycerol as the sole carbon source. 

An enhanced model protein GFP mut3* was used as it is easy to detect using flow cytometry 

and fluorescence microscopy. Single cell parameters were analysed in both batch and 

continuous cultivations as both methods provide cells in “balanced growth”, a prerequisite for 

cell physiological studies (Section 2.6.3). Continuous bioprocessing is particularly important 

given an ever-increasing need for developing greener bioprocesses. It may be unlikely that the 

minimal media used during this work would have a large industrial uptake, preference still 

given to the complex media enabling high cell density cultivations. However, a minimal 

media is a necessity for physiological studies, assessing the influence of a single chosen 

component on the individual cells, whilst providing good reproducibility.  
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The main findings of this work are:  

8.1.1 Measurements of viable biomass using flow cytometry with TO/PI 

The TO/PI dual combination was used to monitor cell viability in bioreactors for host W3110 

and un-induced recombinant CLD1301. The induced recombinant strain used only staining 

with PI. Flow cytometry methods have been used previously to monitor the membrane 

integrity of E. coli (Richard et al., 2007, Braschi et al., 2018). The following were observed 

using minimal media with either glucose/glycerol. 

Glucose 

Both host and recombinant strain showed high levels of viability when grown on glucose at 

maximum growth rate. E. coli W3110 had more than 97% viable biomass, as indicated by the 

TO/PI staining. Glucose limitation increased the number of dead cells (PI+) to 12 - 16%  

during chemostat cultivations. Recombinant E. coli CLD1301 maintained a high viability at 

maximal growth rate on glucose, which did not change significantly when lowering the 

growth rate in chemostat. However, the viable biomass decreased to 81% in the GFP - 

producing cells during glucose limitation, showing this is a result of nutrient limitation in 

cells attempting recombinant protein production.  

Glycerol  

Viability was maintained for both host and recombinant strain when grown on glycerol. A 

slight decrease in the amount of TO+ cells was noted in chemostat compared to maximal 

growth rate in batch. The recombinant strain exhibited 85.77% viable biomass in the presence 

of plentiful substrate, and this did not decrease significantly when reducing growth rate in 

chemostat, but the induction of protein expression lowered the TO+ cells to 79.35%.  

Changing the carbon source from glucose to glycerol decreases slightly the viable biomass, 

which is of importance for bioprocess industry. The accurate quantification of viable biomass 

using flow cytometry and PI exclusion is invaluable for process control due to its high 

throughput and precision (Davey and Kell, 1996, Richard et al., 2007). Yet, a weak point of 

the PI staining is that it detects cells whose membrane integrity is severely compromised 

(Stiefel et al., 2015). As such, a promising solution is the use of membrane potential assays, 

which detect changes in the membrane ion permeability that are sufficient to inhibit or kill 

bacterial cells by changes in membrane potential. 
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8.1.2 Measurements of membrane potential using flow cytometry with DIBAC4(3)/EB/PI  

To overcome the limitation the end-point assay using PI staining in bioprocess optimisation, 

the triple dye combination DIBAC4(3)/EB/PI was used in combination with flow cytometry to 

distinguish between cell physiological states. Several studies have used DIBAC4(3) to monitor 

cell physiological states, although the published data for E. coli bioprocesses is rare and even 

then, associated with other stains (Want et al., 2009, Wurm et al., 2017). Four different 

phenotypes were identified based on membrane potential, as “active”, “depolarised”, 

“deenergised” and “dead” cells.  

Glucose 

In the presence of plentiful substrate (at µmax), both host W3110 and recombinant CLD1301 

show the population is primarily dominated by active cells, with intact cytoplasmic 

membranes (Section 4.8 and Section 5.8). Only a small fraction of the population is “dead”, 

and this does not change significantly across experiments (Section 4.8 and Section 5.8). This 

was in agreement with TO/PI staining for estimating viability. However, reducing the growth 

rate in chemostat led to an increase of cell heterogeneity in both strains, with an increase in 

“depolarised” cells and a simultaneous decrease in “active” cells. An increase in population 

heterogeneity is a well-known strategy for ensuring population survival and functionality 

when stressful conditions occur (Van Boxtel et al., 2017). The observed change in the cell 

energetic status towards depolarisation signifies disrupted cell metabolism with reduced cell 

functionality. No noticeable change was observed in the “dead” or “deenergised” 

subpopulations. This shows that depolarisation and increased cell heterogeneity during 

nutrient limitation is beneficial for the bioprocess, as it protects the cells from death.  

 

Glycerol 

During unlimited growth on glycerol, the host W3110 population showed a majority of 70.8% 

active cells (Section 6.8). As this was lower than the observed 83.74% on glucose (Section 

4.8) whilst all the other parameters were maintained constant, this showed that the carbon 

source itself increases the membrane depolarisation. Additionally, an increase in the “dead” 

subpopulation was observed for glycerol (Section 6.8) compared to glucose (Section 4.8), 

showing that glycerol increases the membrane permeability. The “deenergised” subpopulation 
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has not changed significantly when reducing the growth rate. The only noticeable change was 

the increase in the percentage of depolarised host W3110 cells at a reduced growth rate 

(Section 6.8).  

The trend is maintained for cultivations of recombinant CLD1301 on glycerol, although there 

are significantly less “active” cells in recombinant strain compared to the host strain (Section 

7.8 and Section 6.8). At maximal growth on glycerol, 31.32% accounted for the “active” 

subpopulation, and this reduces further with lowering the growth rate (Section 7.8).This 

shows a decline in cell functionality for an increasing number of cells. This is not worrying 

for a standard fed-batch bioprocess where the main concern is the product, but would be 

detrimental to a long-running continuous fermentation.  

 

8.1.3 Evaluation of protein production   

The most important factor defining the success of a bioprocess is the amount of product.  

GFP was used as a successful marker for protein production, detected by both flow cytometry 

and fluorescence microscopy.  

Flow cytometry revealed that the heterologous protein was produced during continuous 

cultivation at a stable near-constant mean level. This is attractive for continuous 

bioprocessing, although up to date long term stability remained challenging in continuous E. 

coli fermentations (Peebo and Neubaer, 2018). A higher expression of GFP mut3* was 

observed on glucose over glycerol growth, with 95% confidence intervals of 535277 – 

564998 (Table 5.4) and 390692 - 487018 (Table 7.3), respectively. The population showed a 

higher heterogeneity when growing on glycerol than glucose, as indicated by a CV of 60.06 – 

70.74 (Table 7.3) and 47.75 – 51.95 (Table 5.4), respectively. This suggests that 

heterogeneity in protein production is detrimental to bioprocess.  

In addition, a decrease in CV for cell area, circularity and aspect ratio, noted on glucose 

growth for recombinant E. coli CLD1301 suggested a more homogeneous population. Given 

that the expression levels were higher on glucose, this supports the finding that heterogeneity 

is detrimental to bioprocess. However, in recent years, heterogeneity has been the subject of 

increasing attention for enhancing the fitness of a population in front of various stressors 

(Lidstrom and Konopka, 2010, Ryall et al., 2012, Delvigne and Goffin, 2014). Indeed, our 

results indicate that heterogeneity protects the cells from death, as indicated by the flow 
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cytometry analysis of membrane potential, but this comes at a cost of a reduced expression, 

despite a higher biomass (Section 7.3 and Section 7.10.1). Additionally, a lower biomass was 

recorded for both strains on glucose than glycerol (Section 4 - 7.3). This could be addressed at 

industrial scale by multiple feeding points with a lower concentration of feed, if biomass level 

is of concern for glucose substrate.  

The monitoring of protein production with fluorescence microscopy did not prove reliable 

because of the low number of cells. In addition, it is time consuming (Frossard et al., 2016), 

which is a limitation in a bioprocess. It did, however, provide information about the state of 

the cells and identified a multitude of morphological changes in both strains, that would have 

otherwise been missed out. The contrasting results obtained with microscopy and forward 

scatter (FSC) in regard to cell size, highlighted the necessity of using complementary 

techniques for bioprocess understanding. The most striking microscopical feature was cell 

filamentation, which signifies a highly productive phenotype, previously detected in fed-batch 

cultivations (Fragoso-Jiménez et al., 2019). While is of no concern in fed-batch reactors, 

other than an overestimation of the biomass, it has a negative effect on both protein 

production and viability in long term.  

Using this system, successful continuous cultivations in long term would not be feasible. 

Regulating this system to produce a low but steady recombinant product could lead to feasible 

approaches for implementing continuous systems. Stress minimising techniques, such as 

extracellular expression may sound promising, although this approach so far achieved non-

feasible titres (Kleiner-Grote, 2018). While the use of GFP is limited at industrial scale, it is 

as useful as any other protein in wider applications. The burden introduced by the high copy 

number plasmid (500-700) used during this study, would occur in other proteins produced at 

industrial scale.  

 

8.2 Future works  

Opportunities for future works were identified during this study in regard to the following: 

 

8.2.1 Evaluation of growth  

Both strains exhibited a higher biomass when grown on glycerol than cells growing on 

glucose (Figure 8.1) during batch cultivations in BioLector. Given the higher biomass 



239 

 

observed for glycerol than glucose (Figure 8.1), one can see the industrial attractiveness of 

using glycerol for microbial fermentations. A higher affinity for glucose than glycerol, 

resulting in a higher growth rate, is reported in literature (Betterbrock et al., 2006, Deutscher 

et al., 2006). This is in accordance with data for host W3110 (µmax = 0.6 h-1 on glucose, 0.50 

h-1 on glycerol), as illustrated in Figure 8.1 A. 

 

 

 

 

Batch experiments in STR have shown that the consumption of glucose occurred 

simultaneously with the dissemination of VFAs through overflow metabolism, indicating a 

conversion of C in wasteful products instead of biomass at high growth rates on glucose 

(Section 4.6, Section 5.6). This is experienced by cells passing through the top of the 

industrial fermenter, where a high level of feed adds to the simultaneous relatively low 

oxygen level and drives cells into overflow metabolism with subsequent by-product 

formation. This could also be reduced by multiple feeding points with a lower glucose 

concentration.  

The overflow metabolism was not observed on glycerol growth during the batch cultivations. 

The levels of VFAs at maximum growth rate were 75 times less on glycerol than on glucose 

for strain W3110 (Section 6.6.3). Recombinant strain displayed lower levels of VFAs than the 

host (Section 5.6.5), as a result of a decreased the growth rate (µmax = 0.37 h-1 on glucose). At 

submaximal growth rate in both glucose and glycerol-limited chemostats, the overflow 

metabolism was negligible due to the limited C source. This indicated a better conversion of 

C to biomass synthesis instead of VFAs, showing the potential of continuous cultivations.  
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Figure 8.1. E. coli W3110 (A) and recombinant E. coli CLD1301 (B) growth 

in glycerol/glucose minimal media (4 g/L). 
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A striking fact is that the recombinant strain (Figure 8.1 B) displayed a lower growth rate on 

glucose than glycerol (µmax = 0.37 h-1 on glucose, 0.39 h-1 on glycerol). In addition to a lower 

biomass on glucose, this shows that glucose is not the preferential substrate for the 

recombinant strain. This is relevant in industrial fermentations, and it would be interesting to 

see whether this suboptimal growth on glucose can be improved by genetic manipulation. 

Thus, a more in-depth comprehension of the exponentially growing cells is of importance for 

a better understanding of the bacterial physiology and for bioprocess optimisation.  

It is worth mentioning that many E. coli studies drew comparisons for glucose/glycerol 

growth, but experiments were conducted on a different media, and using different 

methodologies. Korz, for example, conducted experiments in fed-batch (Korz et al., 1995), 

but on a different E. coli strain, and did not look at single cell level. Except for the studies of 

Egli, exclusively using a minimal media with a sole limitation, none of the studies so far 

provided an in-depth information about the influence of carbon on cell growth. In this context, 

it should be noted that the experiments were carried out in chemostat in a defined minimal 

media with glucose (Ihhsen and Egli, 2004). They did not explore the influence of glycerol as 

sole carbon source, nor used the BioLector for online monitoring of fermentations.  

8.2.2. Studies of nitrogen limitation  

The media used in this study is single substrate limiting, up to a concentration of 4 g/L carbon 

source. As illustrated here, the online monitoring of scattered light shows a linear dependency 

of the biomass on the substrate level up to a concentration of 4 g/L glucose or glycerol 

(Figure 8.2). Studies of nutrient limitation are important to microbial growth and evolution, 

and may be used in biotechnological contexts. On both substrates (glucose and glycerol), 

recombinant E. coli CLD1301 exhibited a prolonged lag phase compared to host (Figure 8.2). 

The increase in the lag phase arise from the need for plasmid maintenance in the absence of 

induction.  
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It is known that the microbial response to nutrient limitation changes in response to the type 

and degree of scarcity (Maharjan and Ferenci, 2018). Liebig’s law of minimum suggests that 

only a single dominant limitation dictates biological behaviour (Gorban et al., 2011). It has 

been discussed that the secondary limitation of the media used in this study is nitrogen, 

detailed further in Appendix A. Our results are not consistent with Liebig’s law of minimum 

as striking growth patterns were identified on both strains during double carbon and nitrogen 

limitation (Figure 8.2). Such patterns differ depending on the carbon source used (glucose-

glycerol). The changes in the scatter light signal may identify cell morphological changes and 

the development of subpopulations (Kottmeier et al., 2009, Kunze et al., 2014). However, 

occurring in the stationary phase of growth, these patterns have not been explored during this 

study.  
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W3110 (C) and recombinant E. coli CLD1301 (D). Arrows show striking growth 

patterns on dual carbon-nitrogen limitation. 
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To the best of my knowledge, this is the first work showing biomass development as 

monitored by BioLector using a single limitation media at different concentrations of 

substrate (carbon). Further studies exploring these issues may be relevant in biotechnological 

contexts in which cells are grown under nitrogen limitation. Additionally, mutations could 

arise in cells challenged with multiple limitations, therefore it is important to include 

sequencing into future studies regarding microbial heterogeneity.  

 

8.3 Implications for continuous bioprocessing 

For continuous bioprocessing to be economically viable, high yields are required. High yields 

are obtained only if the recombinant plasmid copy number is high and the cells maintain both 

growth and division, whilst producing the recombinant product.  

 

Although few examples of successful continuous recombinant protein bioprocesses exist in 

literature (Paulova et al., 2012, Schmideder and Weuster-Botz, 2017), it has not taken over 

the fed-batch in industry. This study highlighted the complexities of optimising a bioprocess, 

and will perhaps, in time allow a successful transition to continuous biomanufacturing. The 

impediments so far have been identified as a lower biomass, reduced total cell numbers, 

drastic morphological cell changes with cell filamentation as the dominant productive 

phenotype. For these reasons, fed-batch is preferred over continuous bioprocessing. Finally, a 

better understanding of the system may allow manipulating the host cell and reducing the 

metabolic load, so continuous bioprocessing could become a viable alternative to fed-batch.  
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Appendix A – Assessment of widely used “Green and Sambrook” minimal media in 

terms of growth yields  

 

The most common defined media originates from Sambrook (Sambrook et al, 1989). This is 

not suitable for physiological studies because it does not have a single limitation. The growth 

yield, as expressed by Monod equals the weight of the cells produced in grams dry 

weight/grams of substrate in media. The growth yields factors for each constituent YX/E were 

derived from the composition of the biomass (Table A.1). Theoretical excess factors in respect 

to carbon were calculated for different individual elements, using the following equation:  

 

where: 

FC = theoretical excess factor in respect to carbon; 

YX/E = average growth yield for element E, expressed as g cell dry weight x (g element)-1; 

YX/C = average growth yield for Carbon, expressed as g cell dry weight x (g element)-1; 

cE = concentration of element E, expressed as g element liter-1; 

cC = concentration of carbon, expressed as g carbon liter-1. 

For example, when the media is C limited, bacteria produce 8 g dry biomass from 1 g 

Nitrogen and 33 g of dry biomass from 1g Phosphorus (Table A.1).   

 

 

 

 

  

:8 =
]6
9	#	
29

E8	×	]86
 

 

(A.1) 
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The most common media in research is limited in nitrogen, calcium, iron, manganese and not 

in carbon (Table A.2). A deficiency of iron, for example inhibits bacterial growth as the iron 

links to many cell functions, in particular aerobic metabolism. The growth curves of E. coli 

W3110 in Sambrook media with different concentrations of glucose are shown in Figure A.1. 

The concentrations (w/v) of glucose used were 0.1, 0.4, 0.7, 1, 1.5 and 2% (Figure A.1).  

The defined media used during this work has a single limitation, specifically the carbon source, 

up to 0.4% or 4g/L (Figure A.2).   

 

Element Average  (% 

of CDW) 

Average Yx/E for 

C-limited growth 

Excess factors FC recommended 

for C-limited growth 

C 50 1 Limiting 

O 21 - Not limiting 

N 12 8 3-5 

P 3 33 5-10 

S 1 100 5-10 

K 1 100 5-10 

Mg 0.5 200 5-10 

Fe 0.5 200 10-20 

Table A. 1. Average elemental composition of dry biomass in Gram-negative bacteria 

growing at µmax in batch culture, adapted from Egli (Egli, 2015a). CDW (cell dry weight); 

growth yield factor (Yx/E) in g CDW/g element. 
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Element Media component !!  in g/L 

 

 

!" in g/L 

 
Y#
" Fc Predicted CDW 

(g/L) 

Excess Factor over C 

CDW predicted/CDW from C 

C Glucose (C6H12O6) 

Mr = 180 

ArC = 12 

4 g/L 

or 22.22 mM 

1.6 

 

1 1 1.6 1 (as limiting factor) 

O       not limiting (aerobic) 

N NH4Cl 

Mr = 53.5 

ArN = 14 

0.5 g/L 

or 9.35 mM 

 

1.31 x 10-1 

 

8 3 1.05 0.65  

(limiting) 

P Na2HPO4-2H2O 

Mr = 178 

ArP =31 

 

KH2PO4 

Mr = 136 

ArP = 31 

7.52 g/L or 6 g/L 

anhydrous 

or 33.70 mM anhydrous 

 

3 g/L 

or 22.05 mM 

1.31 

 

 

 

 

0.68 

 

33 5 65.78 41.11 
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S MgSO4-7H2O 

Mr = 246.47 

ArS = 32 

0.25 g/L 

1 mM 

3.2 x 10-2 

 

 

 

100 5 3.19 1.99 

K KH2PO4 

Mr = 136 

ArK =39 

3 g/L 

or 22.05 mM 

8.60 x 10-1 

 

 

100 5 86.02 53.76 

Mg MgSO4-7H2O 

Mr = 246.47 

ArMg = 24 

0.2464 g/L 

 

1 mM 

2.39 x 10-2 

 

 

200 5 4.78 2.98 

Ca CaCl2-2H20 

Mr = 147 

ArCa = 40 

4.41 x 10-2 g/L 

0.3 mM 

1.2 x 10-2 

 
100 10 1.2 0.75  

(limiting) 

Fe FeCl3-6H20 

Mr = 270.30 

ArFe = 56 

8.3 mg/L 

or 8.3 x 10-3 g/L 

or 3.07 x 10-2 mM 

1.7 x 10-3 

 
200 10 0.34 0.21 

(limiting) 

Mn MnCl2-4H2O 

Mr = 197.91 

ArMn = 55 

1.6 x 10-2 mg/L 

or 1.6 x 10-5 g/L 

or 8.08 x 10-2 µM 

4.45 x 10-6 

 

 

104 20 0.04 0.028  

(limiting) 
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Zn ZnCl2 

Mr = 136.30 

ArZn =65 

0.84 mg/L 

or 8.4 x 10-4 g/L 

or 6.16 x 10-3 mM 

4.01 x 10-4 

 
104 20 4 2.5 

Cu CuCl2- 2H2O 

Mr = 170.48 

 

ArCu = 63.55 

0.13 mg/L 

or 1.3 x 10-4 g/L 

or 7.6 x 10-4 mM 

4.85 x 10-5 

 

 

105 20 4.85 3.03 

Co CoCl2 -6H2O 

Mr = 238 

ArCo=59 

 

0.1 mg/L 

or 1 x 10-4 g/L 

 

2.48 x 10-4 105 20 24.79 15.49 

 

Table A.2. Assessment of Sambrook minimal media in terms of growth yields. 
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Figure A.1. Growth of E. coli W3110 in Sambrook media with different concentrations of 

glucose. Online monitoring of biomass (scattered light). Conditions: minimal media with 

up to 20 g/L of glucose, T = 37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm.  

 

 

Figure A. 2. Growth of E. coli W3110 in media used in this work. Online monitoring of 

biomass (scattered light). Conditions: minimal media with up to 10 g/L of glucose, T = 

37⁰C, VL = 800 µL, n = 1500, d0 = 3 mm. Media is limited in carbon up to 4 g/ glucose. 
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Appendix B – Model of Flow Cytometer  
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Appendix C – Model of experimental set-up 
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Appendix D – Plasmid description  
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Appendix E – MP calibration 

The values for potassium equilibrium potential were calculated using the measured values of 

extracellular potassium as follows: 

V!" = #$
%&

 ln '!"#
'$%

 

 

where 

R = Gas constant, 8.134 J K-1 mol-1 

T = temperature in K (273.17 + temp in oC) 

z = valency of ion (K+ is +1) 

F = Faraday’s constant, 9.6485 x 104 C mol-1 

Kout = the concentration of K in the extracellular media 

Kin = the concentration of K in the cell 

1 J = 1 V x 1 C = 1000 mV x 1 C 

  

Shown above, Nernst equation defines the relationship between the concentration of an ion 

(K) on either side of a membrane that is perfectly selective for that ion. %() is the difference 

in voltage measured across that membrane under equilibrium conditions. It dictates the 

membrane potential that must exist across that membrane in order to balance a chemical 

gradient for the respective ion.  

 

At growth temperature of 37°C,  

V!" = *+.-./	1	'
&'	234&'5(-.7..8	')

(.)(:;,/+=	>	234&')
 ln '!"#

'$%
,  

 

V!" = *+.-./	?	.777	2@	>	'
&'	234&'5(-.7..8	')

(.)(:;,/+=	>	234&')
 ln '!"#

'$%
,  

 

V!" = 26.7269  ln '!"#
'$%

 

Where %() 	is in mV 

Therefore @()
A;.8A;:	

	= ln K3BC - ln KDE 

 

The Kin = 300 mM in bacterial cells, so @()
A;.8A;:	

	= ln K3BC – 5.7 
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If %() = 26.7269  () F*+,
F-.

, this is %() = 26.7269 x 2.303  (*+ F*+,
F-.

, so %() = 61.5522  (*+ F*+,
F-.

 

 

2.303 is a conversion factor from ln to log10. 

 

When membrane potential %()is plotted on y-axis against a log of K concentration on the x 

axis, at 37°C, the slope of the line (linear function) is 61.5522 mV. This means that the 

difference between two timepoints at ten-fold K concentration is 61.5522. 

 

() ,GHI= J/0
A;.8A;:	

	+5.7 

 

The M9 media formulation contains 22 mM of K outside the cell and 300 mM inside the cell. 

Therefore, VEq for Potassium in the growth media is -69.8306 mV, or -70 mV as a close 

approximation. This is the potential necessary to keep the K from diffusing out of the cells, 

down its concentration gradient.  

  

 

-KL (mV) .MNO (mM) 

0 300 

-20 141.9500 

-40 67.1661 

-60 31.7807 

-69.8306 22 (media) 

-80 15.0375 
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Figure E.1. Plot of transmembrane potential difference for 

Potassium used for calibration in the presence of valinomycin. 
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Appendix F – ImageJ macro 

title = getTitle(); 

run("Duplicate...", " "); 

setAutoThreshold("Otsu dark"); 

//run("Threshold..."); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

run("Set Measurements...", "area mean min shape feret's integrated redirect=None 

decimal=3"); 

run("Analyze Particles...", "exclude add"); 

selectWindow(title); 

roiManager("Show All without labels"); 

roiManager("Show None"); 

roiManager("Show All"); 

roiManager("Measure"); 


