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Abstract 

Polyhydroxyalkanoates offer a credible solution to the environmental problems caused by non-

biodegradable plastics and also have promising medical and consumer applications due to excellent 

biodegradable and biocompatible properties. This study has explored the production of P(3-

hydroxybutyrate) (P3HB) using Cupriavidus necator grown in meat extract (ME) media supplemented 

with fructose and sodium gluconate. This study utilised flow cytometry in a novel manner which allowed 

the analysis of C. necator P3HB content, cell size and cell counts to take place simultaneously on a 

single-cell basis.  

Overall experiments have failed to produce maximum P3HB in a reasonable timeframe of 72 hours due 

to a lag in P3HB biosynthesis which extends production well beyond 72 hours. The lag phase may have 

been due to the action of catabolite repression. This study reports for the first time that gluconate 

suppresses the metabolism of fructose by catabolite repression causing diauxic growth to take place 

as C. necator slowly adapts to fructose metabolism once gluconate is utilised. In comparison to 

fructose, sodium gluconate-supplemented C. necator produce more P3HB on average per cell and per 

mL of culture. This may be due to gluconate being co-transported across the cell membrane with 

sodium ions via secondary transport proteins. Fructose-supplemented C. necator cultures appear to 

favour cell division while cultures containing sodium gluconate favour cell expansion. It’s likely the 

uptake of sodium ions also causes sodium gluconate-supplemented C. necator to expand by creating 

an osmotic gradient which causes an influx of H2O into the cell, and by interacting with peptidoglycan 

precursors vital for cell expansion. 

For the first time a P3HB++ population of C. necator cells which produces up to 1000 times as much 

P3HB as the dominant phenotype and comprises less than 5% of the total population, is reported. 

Evidence shows that the production of P3HB++ cells is sensitive to both nutrient and C concentrations. 

Due to this population’s small proportion in cultures, production during exponential growth and small 

size, it’s likely that P3HB++ cells are a form of persister cell produced as a survival strategy in case the 

main population is unable to survive.  
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Chapter 1 Introduction 
 

1.1 The life cycle of plastics  

Since the discovery of the first synthetic plastic Bakelite in 1906 by Belgian chemist Leo Baekeland 

(Baekeland, 1909), plastics have become increasingly preferred to conventional materials such as 

wood, metal and paper in the 20th and 21st centuries. Synthetic plastics are high molecular-weight 

organic polymers which consist of individual hydrocarbon monomer units originating chiefly from crude 

oil. To date, a wide variety of different hydrocarbon monomers have been discovered which when 

polymerised form plastic materials which have their own unique mechanical properties. The diversity 

of material properties that result from mixing and matching monomers means plastics are cheap, 

pliable, robust and lightweight materials with a multitude of applications (Claudio, 2012; Needhidasan 

et al., 2014).  

In everyday life, plastics have applications in the food packaging, automotive, construction and 

electronic industries to name but a few. However, while the societal and economic impact of plastic 

was predicted in the mid-20th century, the environmental impact of disposal and future sustainability 

of crude oil was not (Thompson et al., 2009). Without consideration for waste and disposal, too often 

the life of plastic products has developed into a linear economy in which disposal represents an 

endpoint. Because of this, there is a great concern for the environmental impact of inappropriate waste 

plastic disposal in the ocean (Lebreton et al., 2018), rivers (Lebreton et al., 2017) and urban areas 

(Jambeck et al., 2015), the issues of which are receiving global media attention to campaigns such as 

Sky Ocean Rescue (Sky, 2021). Of particular concern is the accumulation of particular microplastics 

resulting from the fragmentation of waste plastic and the subsequent lack of biodegradation in aquatic 

environments. Due to the persistent, non-biodegradable nature of plastic pollution, there is now a 

consensus that in addition to being more sustainably sourced plastic products should, where possible, 

move towards biodegradable alternatives. The following sections of this introductory chapter cover in 

more detail the life cycle of plastics and a group of biodegradable alternatives to synthetic plastics 

called PHAs will be introduced.   
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1.1.1 Crude oil distillation 

Crude oil is one of the most relied-upon commodities on earth providing fuels, lubricants, road 

materials and the precursors of plastic production. The life cycle of synthetic plastics begins with the 

refinement of crude oil in which the hydrocarbon molecules contained in crude oil are separated based 

on molecular weight.  This process is illustrated in Figure 1.1 and is known as crude oil distillation. The 

two most common hydrocarbon monomers used in plastic production are the alkanes ethane and 

propane, which can either be directly extracted near the top of the distillation column or produced by 

the cracking of the naphtha fraction. Some example chemical reactions which describe the cracking 

process are displayed in Figure 1.2. Cracking involves the rapid heating up of hydrocarbons which 

causes larger fractions such as naphtha to be broken down into a mixture of smaller alkanes and alkenes 

such as ethylene and propane. A zeolite catalyst is usually used which consists of solids such as 

aluminium or silicon which contain pores in which the reaction can take place (Ball, 2002). Ethylene and 

propane are used to make polypropylene (PP), polyethylene (PE) and PE terephthalate (PET) which in 

2020 represented 57.1% of plastics used in Europe (Plastics Europe, 2020).  

 

Figure 1.1 - The distillation and application of crude oil fractions illustrate the relationship between 
hydrocarbon boiling point, chain length and application. Adapted from (PSAC, 2021). 
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Figure 1.2 - Example steam cracking reactions which produce by far the most common precursors for 
plastic production, ethylene and propene.  
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1.1.2 Petrochemically derived plastics  

The big 5 plastics in Europe, PE, PP, PVC, PUR and PS are all derived from petrochemical sources which 

when combined in 2019 represented 81% of the European plastic market. The common theme that 

connects all of the plastics covered in this section is not just that they are sourced from crude oil 

derivatives but also their resistance to biodegradation. 

The most common plastic in Europe PE accounts for 29.7% of the European market share and is classed 

as either LLDPE, LDPE (both 0.91-0.94 g/cm3) or HDPE (0.93-0.97 g/cm3). Although the density of HDPE 

is only marginally higher than that of LDPE, it contains a much lower degree of branching resulting in 

a more crystalline structure that is stronger with a higher tensile strength (Plastics Europe, 2021). As a 

result, HDPE is used to make products such as pipes, shampoo bottles and toys whereas LLDPE and 

LDPE are used to make reusable bags, agricultural film and food packaging for example  (Plastics 

Europe, 2020). While PE is thought to be non-toxic to humans it has been shown to interfere with 

Zebrafish gene expression when ingested as microplastics (McLain, 2007; Mak et al., 2019). 

With a market share of 19.3% (Plastics Europe, 2020), PP has vast applications including food 

packaging, hinged containers and piping (Plastics Europe, 2020). Studies have generally shown that 

when treated with soil, fungi or bacterial-based methods, PP only displays a reduction in material 

properties rather than complete biodegradation (Arutchelvi, 2008). 

Next on the list representing 10% of the European market share is PVC which is used to make items 

such as window frames, doors, flooring and pipes. Formed from the combination of ethylene and 

chlorine gas (Petrović and Hamer, 2018), the production of PVC is the world’s greatest consumer of 

chlorine (Lakshmanan and Murugesan, 2013). The production of chlorine gas is a controversial process 

which releases chloride and chlorate into the environment and depending on the process used can 

release mercury into the soil, or utilise asbestos (Lakshmanan and Murugesan, 2013; Petrović and 

Hamer, 2018). While more modern methods of production are thought to be less environmentally 

damaging, they have not proven to be non-toxic (Petrović and Hamer, 2018).  

Fourth on the list representing 7.9% of the European market is PUR, an extremely versatile material 

made from polyols and diisocyanates, which has desirable thermal, mechanical and chemical properties 

suiting it to application in either foam form such as wall insulation and upholstered furniture; or in the 

thermoplastic form, it can be used as a sealant or elastomer (Zia et al., 2007).   

Closely behind PUR with 7.7% of the market share is PET, a polyester produced from the polymerisation 

of ethylene terephthalate and can be produced in two ways (Dutt and Soni, 2013). The first reaction 

involves the reaction of terephthalic acid with ethylene glycol. The second method of production is the 
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transesterification method in which dimethyl terephthalate is reacted with ethylene glycol. Primarily 

PET is used as a packaging material most notably for plastic bottles (Plastics Europe, 2020).  

The last major contributor to the European plastic market is PS, a plastic made from the alkylation of 

benzene with ethylene which is then dehydrogenated to form styrene (Plastics Europe, 2018). 

Generally, PS is manufactured into 4 different types all of which have different applications: general 

purpose PS, used for disposable cutlery and bowls; high impact PS, used for yoghurt containers and 

cold drink cups; PS foam, used for cold/hot drinks cups and meat/poultry trays; and expanded PS foam, 

used for cavity wall insulation and electronic goods packaging (Plastics Europe, 2020). Polystyrene is 

non-biodegradable and microplastics of PS have been shown to have toxic effects on marine 

microorganisms (Sendra et al., 2019). 

Other notable plastics with much smaller market shares include PTFE used for cable coatings, ABS 

used for car wheel trims, PMMA used for touch screens and PBT used to make optical fibres (Plastics 

Europe, 2020).  

 

1.1.3 Routes of plastic disposal 

Following use, plastic can be disposed of in various ways which are broadly covered by recycling, 

landfill, litter and reuse and biodegradation. The following section on plastic disposal will 

predominantly focus on commodity plastic which are the most likely plastics to be disposed of after a 

single use and subsequently contribute significantly more to environmental pollution in comparison to 

higher-grade plastics. However, that said, this should not downplay the impact that engineering or 

high-performance plastics can have on the environment, one example being professional fishing 

equipment littered in the ocean (Smith et al., 2018).  

 

  Recycling 

Recycling is often thought of as a way for the plastic cycle to be completed in an environmentally 

friendly and sustainable manner. In reality, plastic recycling is a complicated and challenging procedure 

which contains controversial elements. There are 4 main types of recycling: primary, re-processing 

products into a similar product; secondary, re-processing into a material with lesser properties; tertiary, 

depolymerisation into chemical constituents; and quaternary, the recovery of energy (Hopewell et al., 

2009).  

Primary recycling also referred to as re-extrusion, reprocesses plastics into a material of equal 

properties (Al-Salem et al., 2009; Hopewell et al., 2009). The advantage of primary recycling is that it 
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reintroduces scrap plastics into the plastic cycle by producing products made from the same material.  

However, this is often difficult in practice due to products being made of more than one type of plastic. 

Repeated re-extrusion has additionally been found to negatively affect material properties by 

increasing crystallisation rate, overall crystallinity, higher melting temperature, and a decrease in 

percentage elongation (Aurrekoetxea et al., 2001). Even though primary recycling is often referred to 

as a closed-loop system, the evidence suggests there are a limited number of times a material can be 

reprocessed before material properties deteriorate too far. 

Secondary recycling reprocesses plastics into materials of lesser quality and is also referred to as 

downgrading. The advantage of secondary recycling is that it’s a relatively cheap method that enables 

plastic products to be repurposed when primary recycling is not an option (Hopewell et al., 2009). A 

disadvantage of secondary recycling is that products generally have limited usage before material 

properties reduce too far for further downgrading.  

Tertiary recycling refers to the depolymerisation of polymers into their chemical constituents and can 

be split into chemical and biological categories. Considering the problems already discussed with 

primary and secondary recycling, tertiary recycling may seem like a feasible way to complete the plastic 

cycle. The biodegradation of plastics is favourable as it prevents plastics from persisting in biological 

environments. However, as already discussed, the vast majority of the world’s most popular plastics 

are not biodegradable, rendering chemical recycling the only viable method for recycling synthetic 

plastics.  

Chemical recycling methods such as pyrolysis heat plastic in a non-reactive atmosphere to release the 

chemical constituents. The recovery of plastic chemical constituents can be advantageous as the 

recovered chemicals can be used to produce new plastics or other synthetic materials (Hopewell et al., 

2009). Chemical recycling is not commonly used as the costs associated with re-processing are often 

greater than the price of new raw materials (Hopewell et al., 2009) and there is still a lack of clarity on 

the economic viability of this method in the future (Solis and Silveira, 2020).  

Quaternary recycling involves the recovery of energy from waste plastic by incineration to produce 

steam for electricity production (Al-Salem and Baeyens, 2009). The advantages of quaternary recycling 

are that it reduces the amount plastic waste in the environment while also producing energy at relatively 

low cost (Gazzoti et al., 2022). There are concerns that incineration releases dangerous levels of toxic 

compounds such as nitrogen oxides, sulphur oxides, smoke, heavy metals and carcinogenic 

compounds such as dioxins, polychlorinated dibenzofurans and polycyclic aromatic hydrocarbons (Al-

Salem et al., 2009).  Generally, recycling symbols are viewed as confusing because symbols such as the 

Mobius Loop can indicate materials that are recyclable or non-recyclable with the same symbol. This 
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can be seen to occur for PVC, PS and other plastics which are non-recyclable materials labelled with 

the same symbol as PET, HDPE, LDPE and PS which are recyclable in the UK. In addition, the Green 

Dot which is a widespread recycling symbol used by the European Union is often thought to indicate 

that a material can or has been recycled but only means that the company has donated to the European 

Union to be able to use the symbol.  

 

  Disposal to Landfill 

Another route for plastic waste to take is disposal to landfill which compartmentalises plastic waste 

reducing wider environmental impact, while also providing energy in the form of gasses such as 

methane (Ramprasad et al., 2022). This not only prevents the completion of the plastic cycle but also 

poses a risk to human health as gradually plastics break down into persistent organic pollutants 

including endocrine-disrupting chemicals such as bisphenol A which leach into soil and groundwater 

in the local environment (Xu et al., 2011). As a result, modern landfill sites are designed to contain their 

contents using an array of linings made from clay, PP and PET in addition to leachate systems and other 

geomembrane lining systems (Ikehata and Liu, 2011). 

 

  Disposal as litter 

When not disposed of correctly, non-biodegradable plastics accumulate in the environment where they 

are degraded by a combination of oxidative, hydrolytic, thermal, photo and mechanical stress 

(Arutchelvi et al., 2008). When non-biodegradable plastics enter an aquatic environment they embrittle 

exposed to chemical/physical factors and are then broken into micro-plastic particles. Based on size, 

aquatic litter can be divided into four categories: micro (< 5 mm), meso (< 2.5 cm), macro (< 1 m) and 

mega (> 1 m) (Smith et al., 2018). In aquatic environments, microplastics can be described as either 

primary or secondary microplastics (Smith et al., 2018). Primary microplastics are intentionally 

manufactured to be < 5 mm in size with examples including microbeads contained in cosmetic products 

(Guerranti et al., 2019) and pellets used to construct larger products. Secondary microplastics originate 

from larger plastic fragments which degrade into smaller pieces. The contamination of marine 

environments with microplastics is particularly concerning as marine wildlife can ingest microplastics 

either directly by feeding strategies such as filter feeding or indirectly as a result of predators 

consuming prey (Germanov et al., 2018). Another issue aside from microplastics is the release of 

chemical additives that are known to disrupt the endocrine system of aquatic organisms and affect their 

breeding capabilities (Chen et al., 2019). Microplastics are also a problem in wastewater which is 
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contaminated by items such as wet wipes and fibres from clothing materials such as nylon and 

polyester. In just one wash polyester material can produce 7360 fibres m2 L-1.  Clothing fibres are of 

particular concern in cities as they have also been detected in the air and can be easily inhaled into the 

respiratory system (Prata, 2018). Fibres have also been found as far afield as the arctic ocean (Lusher, 

et al., 2015) and in some artic regions, plastic litter has been reported as hundreds of thousands of 

pieces per square kilometre (Cózar et al., 2017). 

Unfortunately, as the vast majority of plastics released into the environment are of petrochemical origin, 

biodegradation is not possible and the polymers can take hundreds of years to fully degrade.  

 

  Reuse 

In recent years, the reuse of waste plastic in the construction industry as additives for concrete and 

asphalt has become more popular (Gu and Ozbakkaloglu, 2016). In addition, plastics have also been 

reused as equestrian surfaces, providing cheap cushioned all weather indoor, outdoor and gallop 

surfaces (Universal Recycling, 2021). Efforts in the UK are now being made to ensure engineering and 

high-performance plastics are recycled or reused at the end of their lifetimes in the UK by directives 

such as the Waste Electrical and Electronic Equipment (WEEE) Regulations (GOV.UK, 2010) to avoid 

waste going to landfill. 

 

  Biodegradation 

Biodegradable plastics are defined as materials that are capable of decomposing into H2O, methane, 

CO2, inorganic compounds or biomass within a specific period of time (Song et al., 2009). In aerobic 

conditions, biodegradable plastics degrade to CO2 and H2O, and in anaerobic conditions degrade to 

CO2 and methane (Bátori et al., 2018; Basak et al., 2022). It is considered that biodegradable plastics 

are the most promising method of avoiding the problems associated with plastic pollution such as the 

formation of microplastics. As a result, the Plastics Microbial Biodegradation Database has been started 

to gather information regarding the microbes capable of biodegrading plastics, the genes involved 

and the enzymes responsible (Gan and Zhang, 2019). The following section introduces plastics that are 

considered greener than those covered in section 1.1.2 some of which are sustainably sourced, 

biodegradable or in some cases both. 

 



 46 

1.1.4 Green alternatives to conventional plastic 

  Sustainably sourced non-biodegradable plastics 

To improve the sustainability of plastic a number of plastics derived from green sources have been 

developed.  Plastics referred to as “green” can mistakenly be thought of as biodegradable, but while 

they offer much-improved sourcing for raw materials green plastics are not always biodegradable. 

For example, Nylon 11, also known as polyamide 11, is an engineering plastic belonging to the diverse 

nylon group of polymers that is produced from the polymerisation of 11-aminoundecanoic acid which 

is made from ricinoleic acid derived from castor (Ricinus communis) oil (Brown et al., 2011). Due to its 

excellent cryogenic, saltwater resistance, oil resistance and piezoelectric properties, Nylon 11 is used 

in numerous offshore and automotive applications (Mancic et al., 2016; Di Lorenzo et al., 2019). 

However while Nylon 11 originates from a sustainable source, it is not biodegradable.  

The same applies to green PE which is a biogenic recyclable alternative to conventional PE produced 

using ethanol derived from sugar cane (Braskem, 2018). The application of green PE includes plastic 

bags, food packaging and plastic bottles.  

Another green-sourced plastic is acetyl cellulose, also known as CA, which is a plastic produced via the 

acetylation of one of the most abundant natural polymers cellulose (Puls et al., 2011). Cellulose acetates 

with a low level of acetylation are biodegradable (Tokiwa et al., 2009) but are generally considered 

non-biodegradable as they need to undergo significant de-acetylation before becoming 

biodegradable (Puls et al., 2010). The most common application of CA is in clothing fibres but it also 

has applications in other products such as photographic film. 

 

  Biodegradable plastics derived from petrochemical sources 

Another category that green plastics can fall under is those that are biodegradable but sourced from 

petrochemical sources.  

One example is polybutylene succinate, an aliphatic polyester produced from succinic acid and 1,4-

butanediol derived from petrochemical precursors (Puchalski et al., 2018). Due to the biodegradable 

properties of polybutylene succinate, it is used extensively in agriculture as a means to slowly release 

compounds such as pesticides (Han et al., 2019) and fertilisers into the soil (Hongsriphan and Pinpueng, 

2019). Polybutylene succinate is also considered a promising candidate to replace non-biodegradable 

food packaging (Siracusa et al., 2017).  

Another plastic in this category is PCL, an aliphatic polyester that is made up of repeating hexanoate 

units (Labet and Thielemans, 2009) which can be made either by the ring-opening polymerisation of e-
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caprolactone using various catalysts or by the radical ring-opening polymerisation of 2-methylene-1-3-

dioxepane (Chen et al., 2015). Polycaprolactone is extremely miscible with other polymers and can be 

mixed with polymers such as PVC as a plasticising agent (Deanin and Bai, 1984). Due to a slow 

biodegradation rate of 2 to 4 years in comparison to other drug-delivery polymers,  PCL has been 

applied in medicine as a drug-delivery device (Labet and Thielemans, 2009). As a result, PCL has been 

used under the trade name MaxonTM and used for slow-degrading sutures and drug-delivery systems 

that stay active for over a year (Woodruff and Hutmacher, 2010).  

 

  Biodegradable plastics derived from green sources 

The final category of green plastics is those that originate from green sources that have the additional 

advantage of being biodegradable.  

The first example is TPS, formed when starch granules extracted from plants are combined with H2O 

using heat and shear (Nafchi et al., 2013). Starch in its native form comprises anhydroglucose units 

which are joined by a-1,4 glycosidic bonds (Ogunsona et al., 2018). Thermoplastic starch is held back 

by poor mechanical properties most notably progressive crystallisation and brittleness (Ogunsona et 

al., 2018). As a result, TPS is often modified at its -OH group (Ogunsona et al., 2018) with plasticisers 

such as water, glycerine and sorbitol to improve material properties (Nafchi et al., 2013).  

A second example is PLA which can be produced chemically by reacting acetaldehyde derived from 

the oxidation of ethylene with hydrogen cyanide to form lactonitrile which can then be hydrolysed by 

sulfuric acid into an equal mixture of D and L-lactic acid (Singhvi et al., 2019). However, as hydrogen 

cyanide and sulfuric acid are both extremely toxic to humans the more sustainable and environmentally 

friendly microbial fermentation method is preferred. This involves  polylactic acid being formed by the 

polymerisation of lactic acid which is sourced from the fermentation of sugar derived from renewable 

sources such as sugar cane or corn starch (Singhvi et al., 2019). Polylactic acid is both biodegradable 

and non-toxic to the human body and as such has been used for many pharmaceutical and medical 

purposes such as slow-release drug coatings and biodegradable implants (Gupta et al., 2007). 

Additionally, PLA is one of the main filaments used in 3D printing which is becoming increasingly 

popular (Chen et al., 2020). A problem with PLA is that it is uses biomass that can also be used for food 

creating ethical issues regarding its sourcing (Tachibana et al., 2010). The focus of the remainder of this 

thesis however is on the production of P3HB, a member of the PHA class of biodegradable polyesters 

produced by the intracellular polymerisation of 3HB. The following sections will explore the 

biosynthesis and industrial production of PHAs in particular P3HB in more depth.  
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1.2 Polyhydroxyalkanoates 

1.2.1 Intracellular PHA granule structure and function 

During conditions of nutrient limitation when the ratio of available C to key nutrients is high, certain 

bacteria can store carbon as an energy source in the form of cytoplasmic PHA granules. This is a 

defence mechanism which primarily provides resistance to nutrient stress but additionally provides 

resistance to other physical, chemical and biological stresses (Wang et al., 2009) such as freezing 

temperatures (Obruca et al., 2016). The polymer granules consist of a PHA polymer core and a 

stabilising outer layer of PGAPs which compartmentalise the PHA to prevent an osmotic change that 

would cause detrimental nutrient leakage out of the cell (Verlinden et al., 2007). Typically, PHA granules 

are 0.2-0.5 μm in diameter (Hermawan and Jendrossek, 2007) and can contribute up to 85% of the 

DCW (Wang et al., 2009). Consisting of between 600 and 35,000 R-hydroxy fatty acid monomers 

(Anjum et al., 2016), PHAs are natural biodegradable polyesters the general structure of which is 

displayed in Figure 1.3. If the PHA monomer consists of 5 or fewer carbon atoms, then it is referred to 

as a short chain length (SCL) PHA, for example, poly-3-hydroxybutyrate (P3HB) and poly-3-

hydroxyvalerate (P3HV). If a PHA monomer contains 6 to 16 carbon atoms they are referred to as 

medium chain length (MCL) PHAs an example of which is poly-3-hydroxyhexanoate (P3HHx). If a PHA 

consists of more than 16 C atoms then it is known as a long chain length (LCL) PHA. The structure of 

some PHA monomers reported in literature are displayed in Figure 1.3. In SCL PHAs, crystals are 

densely packed creating a rigid structure with low flexibility and tensile strength (Nakajima et al., 2017). 

With increasing chain length, the crystals are unable to pack as densely thus increasing flexibility 

(Nakajima et al., 2017). In biologically active environments such as soil, PHAs completely degrade into 

H2O and CO2 in aerobic conditions and methane CO2 in anaerobic conditions (Bátori et al., 2018; Basak 

et al., 2022). This has made PHAs an attractive alternative to conventional plastics with potential 

applications as food packaging, slow-release agricultural compounds and various medical devices. The 

most commonly produced PHA is PH3B which is most widely studied in the bacterium C. necator. The 

following sections will explore the biosynthesis, production and extraction of P3HB in C. necator and 

other PHA-producing bacteria in more detail. 
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Figure 1.3 - General chemical structure of PHA monomer units where n is the number of repeating 
units.  

Table 1 - Chemical structure of select short and medium-chain length PHAs, PHB, PHV, PHHx, PHO, 
P(4HB) and PMP. 
 

Monomer 
Polymer 

Abbreviation 
Chemical Structure 

3-hydroxybutyrate P3HB 

 

3-hydroxyvalerate P3HV 

 

3-hydroxyhexanoate P3HHx 
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4-hydroxybutyrate P4HB 

 

3-mercaptopropionate PMP 

 

 

 

1.2.2 The biosynthesis of P3HB in C. necator 

The biosynthesis of P3HB in C. necator is controlled by the phaCAB operon which consists of the phaA, 

phaB and phaC genes, the relative size and direction of transcription of which are illustrated in Figure 

1.4, and the illustrated metabolic pathway is illustrated in Figure 1.5. The first gene in the operon phaA 

acts effectively as a molecular switch that communicates the metabolic state of the cell. During normal 

growth-promoting conditions acetyl-CoA is consumed by the Krebs cycle to produce energy for the 

cell and the resulting free CoA is thought to inhibit the PhaA enzyme (Mansfield et al., 1995). However, 

when key nutrients particularly nitrogen and phosphorous-containing compounds or oxygen are 

depleted, cell proliferation stops and free CoA reduces in concentration and the transcription of the 

PhaA enzyme is no longer inhibited. This allows for the PhaA enzyme to become active and convert 

acetyl-CoA to acetoacetyl-CoA in a thiolase reaction (Verlinden et al., 2007). The enzyme PhaB then 

creates the monomer 3-hydroxybutyryl-CoA via a reductase reaction which is then polymerised by the 

PhaC1. The resulting polyesters comprise between 600-35,000 R-hydroxy fatty acid monomers (Anjum 

et al., 2016) which are polymerised via an ester linkage between the hydroxyl and carboxyl groups 

(Madison and Huisman, 1999).  

 

Figure 1.4 - A diagram illustrating the gene positions and direction of transcription of the C. necator 
phaCAB operon responsible for the intracellular production of P3HB in addition to the genes 
responsible for the transcription of other key PGAPs in C. necator.  
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Figure 1.5 - The biosynthetic pathway of the phaCAB operon in C. necator responsible for the production 
of intracellular PH3B. n represents the number of repeating units. Adapted from Verlinden et al. (2007).  
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1.2.3 Polyhydroxyalkanoate-associated proteins 

  Phasins - PhaP1 and its regulation by PhaR in C. necator 

Encapsulating PHA granules is a multi-functional protein scaffold which has various architectural, 

regulatory and metabolic functions (Maestro and Sanz, 2017). The most abundant group of PGAPs 

present in this layer are called phasins (Jendrossek, 2009). Phasins are amphiphilic proteins that prevent 

the non-specific binding of cellular components to the hydrophobic PHA and are phylogenetically 

comparable between PHA-producing bacteria (Maestro and Sanz, 2017).  

In C. necator the most common Phasin protein is PhaP1 which interacts with the granule to determine 

polymer length, surface area and size (York et al., 2001). Phasin proteins PhaP2 (Schwartz et al., 2003), 

PhaP3, PhaP4 (Pötter et al., 2004), PhaP5 (Pfeiffer et al., 2011) PhaP6 and PhaP7 (Pfeiffer and 

Jendrossek, 2012) are much less abundant in comparison to PhaP1 and their exact function is largely 

unknown. Mutants deficient in PhaP1 lose the ability to form P3HB inclusions and are more rapidly 

degraded. However, the deletion of the other phasins does not appear to alter wild-type P3HB 

accumulation and usage by bacteria (Maestro and Sanz, 2017). The transcription of PhaP is regulated 

by the DNA-binding protein PhaR (Figure 1.6) which in non-P3HB promoting conditions binds to the 

PhaP promotor preventing transcription (Maehara et al., 2001; (Maehara et al., 2002). When P3HB 

begins to be formed, PhaR instead binds to the P3HB granule thus activating the transcription of PhaP. 

As this regulation system is well understood, Fukui et al. (2011) have developed a reporter plasmid 

which produces green fluorescent protein at the same time as PhaP, allowing PhaP to be quantified. 

Unlike PhaP, PhaM has been shown to interact with the nucleoid, PhaC1 and PhaP5 (Pfeiffer et al., 

2011).   

 

  PhaM in C. necator 

The PhaM protein has been shown to exhibit similar control over P3HB granule size as that displayed 

by PhaP1, but additionally has a key role in the equal segregation of P3HB granules during cell division 

(Pfeiffer et al., 2011; Bresan and Jendrossek, 2017). The PhaP5 protein appears to play a key role in 

granule segregation during cell division, interacting with the PhaM protein (Pfeiffer et al., 2011). For 

many years it was unclear if phospholipids were additionally found on the granule surface (Griebel et 

al., 1968). However, more recent studies have provided more substantial evidence ruling out the 

presence of phospholipids (Bresnan et al., 2016).
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Figure 1.6 - The transcriptional regulation of PhaP1 in C. necator by PhaR during P3HB-promoting and 
non-P3HB-promoting conditions. (a) When growth-promoting levels of key nutrients are available PhaR 
binds to the promotor region of phaP and phaR. (b) During growth-limiting nutrient conditions, PhaR 
detaches from the phaP and phaR promotors migrate to the newly forming P3HB granules allowing 
transcription to proceed. (c) Granule formation with PGAP matrix dictating granule formation. (d) When 
nutrient-promoting conditions return P3HB granules are depolymerisation by PhaZ which releases 
bound PhaR which binds to the phaP and phaR promotors once again inhibiting transcription. 
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  Poly-3-hydroxybutyrate synthase in C. necator 

In C. necator the enzyme responsible for catalysing the polymerisation of 3-hydroxybutyrate-CoA 

monomers into P3HB is PhaC1 (Zhang et al., 2015). The PhaC enzymes are divided into 4 groups based 

on their structure and substrate specificity with classes I, III and IV producing short-chain length PHAs 

and class II producing medium-chain length PHAs (Mezzolla et al., 2018). In C. necator, type I PhaC1 is 

present and able to catalyse the polymerisation of 3HB, 3HV and 3HHx (Dennis et al., 1998). Studies 

have shown that PhaC1 is activated upon the binding of PhaM, the binding of which both decreases 

the lag time for PhaC1 to start polymerising PHA and (Uchino et al., 2008) increases the specific activity 

of the enzyme (Pfeiffer and Jendrossek, 2014). Additionally, PhaC1 has been linked with the 

depolymerisation of P3HB, with Uchino and Saito (2006) showing that when P3HB granules and PhaC1 

are incubated with CoASH, 3HB-CoA produced via a thiolysis reaction. 

 

  Poly-3-hydroxybutyrate depolymerase 

The depolymerisation of PH3B is less well understood in comparison to that of PH3B biosynthesis. As 

a result, the PHA Depolymerase Engineering Database has been used to keep track of developments 

and to allow for systemic analysis (Knoll et al., 2009). Currently, C. necator has been found to have 7 

intracellular and 2 extracellular PHA depolymerase enzymes (University of Stuttgart, 2009). The two 

most studied P3HB depolymerase are PhaZ1a, which depolymerises P3HB via thiolysis; and PhaZ2 

which depolymerises PH3B via hydrolysis (Kobayashi et al., 2003). In vitro, PhaZa1 has been shown to 

depolymerise P3HB to 3HB and acetyl-CoA via a thiolysis reaction when incubated with CoA (Uchino 

et al., 2007).  On the other hand, PhaZa1 when expressed in E. coli with C. necator genes phaCAB and 

phaP phasin proteins resulted in the formation of 3HB and crotonyl-CoA during in vitro incubation 

(Eggers and Steinbüchel, 2013). Interestingly, the absence of phasin genes in the study by Eggers and 

Steinbüchel (2013) almost completely prevented the degradation of P3HB by PhaZa1. On the other 

hand, PhaZ2 appears to play a role in P3HB granule architecture and has been shown to play a role in 

the regulation of granule density (Brigham et al., 2012). The specific capacity of in vivo PH3B 

depolymerase enzymes is 200-400 fold less than measured in vitro, which raises concerns that the use 

of non-granule bound recombinant depolymerase results in inferior catalysis due to a lack of interfacial 

catalysis. Additionally, artificial granules created in hosts such as E. coli using genes from C. necator, 

do not have the complex PGAP architecture surrounding them which could be vital for the function 

and specific activity of depolymerases (Stubbe et al., 2005). The PGAP layer is vital to the production 

and breakdown of P3HB granules. However, more research is required before the exact mechanisms 
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governing when and how granules are synthesised or metabolised, and additionally how bacteria avoid 

futile cycling of P3HB are fully understood. 

 

  Medium chain length PHA biosynthesis in Pseudomonas putida 

In MCL-PHA-producing bacteria such as Pseudomonas species, the production of PHAs can originate 

from 4 different sources: the catabolism of compounds indirectly linked to PHA production that 

originates from cycles such as the pentose phosphate and the Entner Doudoroff cycles;  b-oxidation of 

fatty acids; biosynthesis of fatty acids; and direct PHA production using the phaCIZC2D and phaFI 

operons  (Prieto et al., 2016) displayed in Figure 1.7 both of which are transcriptionally activated by the 

PhaD in response to the b-oxidation cycle (de Eugenio et al., 2010). The production of MCL-PHAs in 

Pseudomonas has been extensively studied generally using the strain Pseudomonas putida K12440. 

Figure 1.8 summarises the key molecular pathways involved in the production of MCL-PHAs in P. 

putida.  

In P. putida, compounds non-structurally related to PHAs such as glucose, fructose, glycerol and 

gluconate are oxidised to acetyl-CoA. Acetyl-CoA can either be converted to acyl-ACP and enter the 

de novo fatty acid synthesis cycle or can be directed into the b-oxidation cycle to elongate the molecule 

by 2 carbon atoms.  

On the other hand, compounds related structurally to PHAs such as fatty acids are processed via the 

b-oxidation cycle in which fatty acid molecules are first converted to acyl-CoA by thiokinase CoA-

transferase. Acyl-CoA is then oxidised to enoyl-CoA by acyl-CoA dehydrogenase. From this point 

enoyl-CoA can take 4 possible routes: exit the b-oxidation cycle and be converted to (R)-3-hydroxyacyl-

CoA by PhaJ; be further oxidised to (S)-3-hydoxyacyl-CoA and then undergo a stereochemical inversion 

to (R)-3-hydroxyacyl-CoA by an epimerase enzyme; or b-oxidation can continue further and convert (S)-

3-hydroxyacyl-CoA to 3-keto-acyl CoA via the PhaB enzyme which can be converted to (R)-3-

hydroxyacyl-CoA by ketoacyl-CoA reductase; or another round of the b-oxidation cycle can be 

completed using acetyl-CoA to extend the carbon chain by 2 carbon atoms. In each circumstance, once 

(R)-3-hydroxyacyl-CoA is produced it can then be converted to PHA via the PhaC enzyme. From de 

novo fatty acid synthesis the intermediate compound that can be converted to PHA is (S)-hydroxyacyl-

ACP which can be converted to (R)-3-hydroxyacyl-CoA by the PhaG enzyme. Both acetyl-CoA and 

malonyl-CoA can be activated by transacylation to ACP. Malonyl-ACP and acetyl-ACP can then be 

condensed to 3-ketoacetyl-ACP by 3-ketoacetyl-ACP synthase. Subsequently, 3-keto-acetyl-ACP can 

then be either reduced to (S)-3-hydroxyacyl-ACP and converted by transacylase and PhaG to (R)-3-
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hydroxyacyl-CoA, or converted to 3-ketoacetyl-CoA by PhaG and then to R)-3-hydroxyacyl-CoA. Once 

(R)-3-hydroxyacyl-CoA is formed it can be converted into PHA by either PhaC1 or PhaC2.  

 

Figure 1.7 - Diagram illustrating the genomic positions and direction of translation of the genes 
involved in the phaCIZC2D (grey) and phaFI (blue) operons in P. putida. 

 

  Polyhydroxyalkanoate granule associated proteins in P. putida 

The production of MCL-PHA in Pseudomonas appears to be regulated by the transcriptional regulator 

PhaD (de Euginio et al., 2010), which is the only protein involved in MCL-PHA synthesis that does not 

bind to the PHA granule (Mozejko-Ciesielska et al., 2019). In addition, PhaD is able to activate the 

phaFI locus as well as the phaC1 gene (de Euginio et al., 2010). Pseudomonas putida produces MCL-

PHAs using class II PHA synthases which are similar to class I PHA synthases by having only one subunit, 

but differing by being able to incorporate MCL monomers into the PHA chain (Mezzolla et al., 2018). 

The phaFI locus of P. putida encodes 2 phasin proteins PhaI and PhaF. The PhaF phasin has been 

demonstrated to distribute granules into a linear axis along the cell, organise the equal distribution of 

PHA granules during cell division (Prieto et al., 2016), and also control cell shape and size (Obeso et 

al., 2015). The role of the PhaI protein is less well understood, but it is thought to have a similar role to 

PhaF and possibly interact with PhaF (Klinke et al., 2000). 
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Figure 1.8 - A summary of the molecular pathways linked to MCL-PHA production in P. putida K12440. PhaJ = (R)-specific enoyl-CoA hydratase. PhaG = 
transacylase. PhaC = PHA synthase I and II.  Adapted from Magdouli et al. (2015) and Mozejko-Ciesielska et al., (2019). n represents the number of repeating 
units. 
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1.2.4 Strategies for producing PHAs 

  Growth Media 

For the production of P3HB in C. necator the growth medium used is of utmost importance for 

maximising yield. Media must contain a nitrogen source for protein synthesis, phosphorus for nucleic 

acid production and carbon sources to act both as an energy source and also a source of P3HB 

production.  

In addition, trace elements such as magnesium are required for functions such as enzyme co-factors 

(Westerholm et al., 2015).   Often, particularly at laboratory scale, chemically defined media is used to 

precisely control N:C ratios. The most common chemically defined media are MSM (González-

Villanueva et al., 2019) and MM (Budde et al., 2010). However, the use of purified chemicals to produce 

chemically defined media is expensive and not economically viable for industrial scale-up. As an 

alternative, complex media can be used which contains ingredients such as peptone, tryptone, yeast 

extract and ME to create media-rich in amino acids, proteins, carbohydrates and vitamins. Generally, 

complex media is used for seed culture cultivation or as a biomass-producing step before media is 

changed to one of low nitrogen. The most commonly used complex media are ME (Fukui and Doi, 

1997), LB, TSB (York et al., 2001)  and NB (Sznajder and Jendrossek, 2014).  

Carbon sources aimed towards both culture growth and PHA production can be supplied in the form 

of TCA cycle intermediates such as sodium gluconate (Bresnan et al., 2016), fructose (Budde et al. 

2011), N-acetylglucosamine (González-Villanueva et al., 2019) and glycerol (Tanadchangsaeng and Yu, 

2012). In addition, a variety of waste products (Marciniak and Możejko-Ciesielska, 2021) such as 

cooking oil (Martino et al., 2014) and crude glycerol byproduct from biodiesel production (Sharma et 

al., 2016) can be used as a green option. 

 

  Fermentation Strategy 

Combined with the choice of growth media, the type of fermentation strategy used is crucial for 

maximising PHA yields. The main 5 types of fermentation strategies employed to produce PHA are 

batch, fed-batch, cell recycling, repeated cell batch and continuous fed-batch; all of which are 

reviewed in detail by (Koller, 2018).  

Batch fermentation is the simplest form of production used to make P3HB in which all ingredients are 

added to a closed system at the start (Koller, 2018). This method is usually used in smaller-scale 

laboratory experiments such as Pfeiffer et al. (2011) who grew C. necator in 0.5% (w/v) NB 0.8% (w/v) 

sodium gluconate in 10 mL Erlenmeyer flasks or Ng et al. (2011) who used 100 mL of MM 

supplemented with jatropha oil.  
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On the other hand, in fed-batch fermentations, particular substrates can be added to the growth 

medium when the concentration decreases below a set concentration (Koller, 2018). For example, 

Pradella et al. (2012) maintained a soybean oil concentration of 20 or 40 gL-1  in a 10 L bioreactor 

containing mineral medium by using a pulse of oil when the concentration dropped to 5 g L-1.  

One of the drawbacks of fed-batch fermentation is that the feeding solution increases the media 

volume, especially for dilute feeding solutions. As a result, cell-recycling fermentations utilise a 

membrane attached to the bioreactor to keep the media volume constant while retaining all biomass 

(Koller, 2018). Ienczak et al. (2016) used a fed-batch cell recycling method to retain C. necator biomass 

in a 5 L reactor while maintaining concentrations of fructose, glucose, urea and dipotassium phosphate.  

Repeated fed-batch fermentation alternatively partially replaces growth media to avoid an increase in 

toxic byproducts (Koller, 2018). For example, Ibrahim and Steinbüchel (2010) produced P3HB using 

the bacterium Chelatococcus sp. Strain MW10 in a 42 L bioreactor by withdrawing 23 L-1 of the total 

25 L-1 MSM and replacing it with an equal volume.  

Continuous-fed-batch systems instead see substrates supplied to a bioreactor permanently to account 

for substrate usage (Koller, 2018). For example, Du and Yu (2002) utilised a secondary anaerobic 

bioreactor that produced acetate, propionate and lactate from waste foods using a mixed microbial 

consortium. The products of the anaerobic bioreactor were fed into the PHA-producing bioreactor 

through a silicone dialysis membrane to prevent microbial contamination of the C. necator 

fermentation.  

Currently, the production of PHAs by fermentation is a costly process, around 4 times higher than that 

of PP and PE, that prevents PHA-containing products from being competitive on a large scale with 

conventional synthetic plastics (Kourmentza et al., 2017).  

 

  Mechanical and thermal properties of P3HB 

This section will provide an overview of the material properties that P3HB has in comparison to 

conventional petrochemically derived plastics PP, PE and PET, using the data presented in Table 2 as 

a reference.  

Depending on how crystalline their structure is, polymers can be classified as either crystalline or 

amorphous materials. In a crystalline polymer, atoms are arranged into well-ordered structures which 

have a low degree of branching from pendant groups, resulting in a compact,  rigid and brittle material.  

On the other hand, if a polymer is amorphous, atoms are disordered and the polymer contains a 

greater number of side chains, creating a material with more flexible elastic material properties. In 

reality, polymers are a mixture of crystalline and amorphous regions which are known as semi-

crystalline polymers and can be described by their degree of crystallinity (Bugnicourt et al., 2014). 
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Homopolymers of P3HB are classified as crystalline materials with a percentage crystallinity exceeding 

50%. This makes P3HB more brittle than PP which generally has a degree of crystallinity of around 50% 

or below. . In addition, P3HB is known to be limited by progressive embrittlement in which the polymer 

becomes more crystalline and thus more brittle over time (Biddlestone et al., 1996). 

Another key property of polymers is Young’s modulus, defined as a measure of how a polymer can 

withstand a change in length when under tension or compression. The elongation percentage on the 

other hand describes the change in length required for a polymer to break. Both the Youngs modulus 

and the elongation percentage of polymers are known to be dependent on molecular weight (Ogawa, 

1992).  

Another branch of plastic material properties relates to the thermal properties of plastics which are 

governed by two key parameters, the glass transition temperature (Tg) and the melting temperature 

(Tm). The Tm occurs when a polymer is heated enough for the covalent bonds between the crystal layers 

to be overcome. As such, the polymer reaches its melting point and becomes more amorphous and 

less crystalline in structure. The Tg refers to the point at which a polymer reaches its glass state, 

becoming brittle and hard rather than having a degree of flexibility (Roos, 2009; Pye and Roth, 2011). 

An understanding of the Tg and Tm is vital for choosing the correct plastic for a particular job. If this is 

ignored a plastic used for packaging may, for example, seem perfectly fine at room temperature but 

when exposed to temperatures in a freezer fail structurally.  

From this brief overview and the values displayed in Table 2, it is noted that some of P3HBs material 

properties are far from ideal particularly if progressive crystallisation has occurred (Biddlestone et al., 

1996). As a result, to improve material properties, P3HB is often produced as a co-polymer. In the 

following two sections, methods for creating P3HB co-polymers are established along with the 

resulting material properties.  
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Mechanical/thermal property P3HB P3HB P3HB P3HB PP PP PP PP PP 

Molecular weight (g/mol) 2.2x105 1.005x106 5.06x105 5x104 7.2x105 3.1x105 1.6x106 1.1x106 4.15.x105 

Tm °C 173 172 176 172 163 161 164.7 162.5 164 

Tg °C - - - - - - - - - 

Elongation % 10 - - - - - 44 11 798 

Youngs Modulus (GPa) 1.7 - - 2.45 - - 2.33 1.27 - 

% crystallinity 55 50 58 - - - 41 50 50 

Reference 
El-Haddi 

et al., 2002 

Horng et 

al., 2011 

Horng et 

al., 2011 

Pachekoski, 

2009 

Kida et al., 

2021 

Kida et al., 

2021 

Stern et 

al., 2007 

Stern et 

al., 2007 

Qi et al., 

2019 

 

Mechanical/thermal property PE PE PE PE PE PET  

Molecular weight (g/mol) 9.1855x104 9.9941x104 5.9x104 1.47 105 1.224x105 1.41x104  

Tm °C 111.8 114.04 - - 130 250.5  

Tg °C - - - - - -  

Elongation % - - - - - -  

Youngs Modulus (GPa) - - 7.01x10-7 6.59x10-7 - -  

% crystallinity 48.88 50.92 - - 66 34.9  

Reference 
Poh et al., 

2022 
Poh et al., 2022 

Perkins et al., 

1976 

Perkins et al., 

1976 

Picard et al., 

2015 

Wang et al., 

2017 

 

 

Table 2 - Comparisons of mechanical and thermal properties of P3HB in comparison to PP, PE, and PET.  
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  Co-Polymers containing P3HB 

One way of overcoming the poor thermal and mechanical properties associated with P3HB is the 

incorporation of other monomers into the polymer chain. The resulting polymers are called co-

polymers, the first of which was produced in the 1980s and was called BiopolÓ. Biopol consists of 

P(3HB-co-3HV) which like P3HB is non-toxic, highly biocompatible and fully biodegradable (Pederson 

et al., 2006). Co-polymers produced using periodic feeding with different substrates are known as 

block co-polymers (Tripathi et al., 2012) and those produced using a mixed substrate feed are referred 

to as random co-polymers (Matsumoto et al., 2001). Since the 1980s, a wide variety of P3HB co-

polymers have been produced a summary of which is provided in Table 3.  
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Table 3 - Summary of P3HB containing co-polymer production by C. necator detailing the growth conditions, mechanical properties and thermal properties. 

Polymer Media C Source 
Biomass 

(g/L) 
PHA Weight (g/L) 

PHA % 

of 

biomass 

Monomer 

content (%) 

% 

crystallinity 
Mw Tm (°C) Tg (°C) Reference 

3HB-co-

3HV 

Mineral 

salts 

Fructose, Valeric 

acid 
- 

PHB-co-

PHV=0.03g/L/hour 

PHB=0.033g/L/hour 

66 

PHB-co-PHV 

= 59 
- - - 

PHB-

co-

PHV = 

-5 

Kelley and 

Srienc, 

1999 

PHB = 41 
PHB = 

5 

3HB-co-

3MP 

Mineral 

Salts 

Sodium gluconate, 

DTDP 

5.09-

7.45 
0.2-1.24 2.9-20.2 3MP = 3.6-70 - 

2.51-6.06 

x105 

55.1-

153 

-10.7 - 

2 

Isemori et 

al., 2006 

3HB-co-

3MB 

Mineral 

Salts 

3-mecaptobutyric 

acid, gluconate 
- - 

21.9-

31.3 

3MB = 33.2-

72.2% 
 

5.6-

7.9x105 
- - 

Lütke-

Eversloh, 

2001 

3HB-co-

3HV 

Mineral 

Salts 

Levulinic acid, 

glucose 
15.53 12.61 (3HV) 81.2 3HV = 53.9 51.92 - 101.93 - 

Wang et 

al., 2013 

3HB-3HV 

Medium 

E + 

modified 

MT 

Butyric acid, 

valeric acid 
- - 40 3HV = 0-62  

0.9568-

1.2286 

x106 

76.8 -

178.2  

-4.1 - 

5.9 

Zinn et al., 

2003 

3HB-co-

3HV 

Nutrient 

Rich 

Fructose, sodium 

propionate 
- - - PHB = 78.2 - 1.36x106 164.7 -3.87 

Zhao et al., 

2015 
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3HB-co-

3HV 

Mineral 

Salts 

Fructose, 

propionic acid 
- 0.18 - 3HV = 24 35 - 154 -10 

Pereira et 

al., 2008 

3HB-co-

3HV-co-

3HHx 

TSB 
Oxidised 

polyethylene wax 
3.66 1.24 33.8 - - - - - 

Radecka et 

al., 2016 

3HB-co-

3HV 

MSM or 

DSM81 

Pure glycerol, 

glycerol + 

biodiesel, udder, 

enzyme digested 

oil. 

- - 55-90 97.52-99.01 - - - - 
Favaro et 

al., 2018 

3HB-co-

3MP 
MSM 

Dithiodipropinoic 

acid 
- - - - - - 161-170 -17-3 

Huang et 

al., 2019 

3HB-co 

3HHx-co-

3HO 

MSM 

and/or LB 
Sodium Octanoate   32-80 

3HB = 94.3-

99.92, 3HHx 

= 0.08-5.68, 

3HO = trace-

0.02x10-3 

    
Green et 

al., 2002 
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  Co-polymers of P3HB genetically engineered C. necator  and E. coli 

To increase P3HB yields and have more control over polymer composition, various genetic 

modification strategies have been used. Bacterial strains used for recombinant PHA production must 

be non-pathogens, have a well-studied genome, be easy to genetically modify and have a fast growth 

rate (Wang et al., 2014). The bacteria that fits the criteria best is E. coli which is widely employed in 

molecular biology as a model system (Blount, 2015) and is industrially used for protein production.  

Various studies in which E. coli has had P3HB-producing genes such as the C. necator phaCAB operon 

inserted to genetically modify E. coli  are summarised in Table 4. As E. coli is not a natural producer 

of P3HB it does not degrade accumulated P3HB, can have P3HB production induced at an optimised 

time point and is additionally much faster growing than natural P3HB producers such as C. necator 

(Aldor and Keasling, 2013). In addition, E. coli is not able to organise P3HB into discrete granules using 

PGAPs resulting in granules with a low surface area to volume ratio, which when coupled with the weak 

cell membrane of E. coli makes extraction easier (Aldor and Keasling, 2013).  

Genetic modification using P3HB-related genes has not just been limited to producing P3HB in E. coli 

though. Using C. necator, Wu et al. (2016) produced 80% more P3HB by promoting multiple cell 

division by removing binary cell division-related genes minL and minD. In addition, the molecular 

evolution of enzymes such as PhaC1 using random mutagenesis is also a method used to increase the 

specificity and speed of P3HB production in C. necator (Kichise et al., 2002). Gene copy number and 

gene position are also thought to be key to increasing P3HB production in C. necator (Yin et al., 2015).  

In addition to these genetic modifications to C. necator, a summary of the genetic modification of C. 

necator using genes from other PHA-producing bacteria is presented in Table 5.  

 

  Metabolic engineering approaches to C. necator 

A problem that limits the production of SCL-PHAs is that excluding 3HB, SCL-PHAs require structurally 

related substrates such as valerate, propionate, hexanoate and 1,4-butane diol which are expensive 

and can be toxic (Chen et al., 2015). Research has therefore been directed towards the metabolic 

engineering of pathways which can provide PHA synthesis with precursors from different sources such 

as low-cost sugars (Chen et al., 2015). For example, the extracellular b-fructofuranosidase enzyme 

encoded by the Mannheimia succiniciproducens gene SacC has been successfully instated into C. 

necator allowing sucrose to be broken down into glucose and fructose, both of which can be used for 

PHA production (Park et al., 2015). Metabolic engineers can also use the heterologous expression of 

enzymes to enhance the metabolism of metabolites or to produce different PHAs. Fukui et al. (2014) 

modified C. necator with the E. coli genes aquaglyceroporin and glycerol kinase to enhance the 

metabolism of glycerol.  
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Other efforts have attempted to use metabolic engineering to prioritise PHA production over fatty 

acid synthesis. There are 3 main ways in which fatty acid metabolism can be engineered: directing the 

common intermediate (R)-3-hydroxyacyl-CoA to PHA biosynthesis (Magdouli et al., 2015); controlling 

C flux from fatty acid biosynthesis and b-oxidation; and engineering the production of PHAs from fatty 

acid metabolism intermediate compounds (Riedel et al., 2014). Inhibitor compounds can also be used 

to prioritise PHA biosynthesis over pathways that prevent PHA production or limit PHA chain length 

(Aldor and Keasling, 2003). This was demonstrated by Green et al. (2002) who inhibited b-oxidation 

with sodium acrylate leading to the production of MCL-PHAs PHHx and PHO in addition to SCL-PHAs 

P3HB and poly-3-hydroxypropionate in wild-type C. necator (Riedel et al., 2014). 
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Table 4 - A summary of publications detailing the production of P3HB containing co-polymers in E. coli strains using genes originally from C. necator. 

 

 

Host E. 
coli 

Strain 
Strain Key Gene Changes Gene Source Polymer Media C Source 

Biomass 
(g/L) 

PHA % of 
biomass 

Monomer 
content 

(%) 
Reference 

XL1-
Blue 

pPs619C1-CpPCT,  
pMCS104CnAB 

pPs619C1-CpPCT= 
Pct (Propionate CoA 
transferase) 
phaC1 
 
 
pMCS104CnAB= 
phaA 
phaB 

 
Clostridium 
propionicum 
Pseudomonas 
sp. MBEL 6-19 
 
 
C. necator 
C. necator 

3HB-
co-LA 

MR Glucose - - LA = 9-64 
Yang et al., 

2010 

BL21 

ABCAhJAh 

pETDuet-ABCAh = 
phaA 
phaB 
phaC 

 
 

pCDFDuet-JAh = 
phaJ 

 
C. necator 
C. necator 
Aeromonas 
hydrophilia 
 
 
A. hydrophilia 

3HB-
co-

3HHx 

M9 Glycerol 

- 1.7 
3HB = 96, 
3HHx = 4 

Prithakrotc-
hanakoon 

et al., 2013 

ABCAhJ4Pp 

pETDuet-ABCAh = 
see above 
 
pCDFDuet-J4Pp = 
phaJ 

 
 
 
 

P. putida 

3HB-
co-

3HHx-
co-

3HO-co 
3HD 

- 0.1 

3HB = 65, 
3HHx = 6, 
3HO = 16, 
3HD =13  

BL21 ABCAhJAh See above See above 
3HB-
co-

3HHx 
M9 

Crude glycerol, pure 
glycerol, sodium 

dodecanoate 
0.9-2.8 2.9-4.3 

3HB = 97-
99, 3HHx 

= 1-3  

Prithakrotc-
hanakoon 

et al., 2015 
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Table 5 - A summary of publications detailing the production of P3HB co-polymers using genetically modified C. necator.  

Host Strain 
Key Gene 
Changes 

Gene Source Polymer Media C Source 
Biomass 

(g/L) 

PHA 
concentration 

(g/L) 

PHA % 
of 

biomass 

Monomer 
content (%) 

Reference 

H16 Re2058/ 
pCB113 

DphaC1 
DproC 

C. necator 
C. necator 

3HB-
co-

3HHx 

Minimal Palm Oil 3.6 - 73.1 HHx = 
12.7 

Budde et 
al., 2011 

pCB110= 
phaC2 
phaA 
phaJ, 
proC 

 
R. aetherivorans 
R. aetherivorans 
P. aeruginosa 
C. necator 

H16 Re2160/ 
pCB113 

DphaB 
DphaB2 
DphaB3 
DphaC1 

C. necator 
C. necator 
C. necator 
C. necator 

3HB-
co-

3HHx 

Minimal Palm Oil 2.74 - 63.99 HHx = 
24.13 

Budde et 
al., 2011 

pCB110 See above 
H16 Re2001 DphaC1 C. necator 3HB-

co-
3HHx 

Minimal Palm oil 2.19 - 50 HHx = 1.5 Budde et 
al., 2011 phaC2 R. aetherivorans 

DSM- 
541 

Cn-Kad1 DPHB isolate  
 
B. contaminans 

3HB-
co-4HB 

Nutrient 
rich 

Sodium 4-
hydroxybutyrate, 
g-butyrolactone 

1.7-2.6 0.01-0.5 0.5-20 3HB = 49-
97, 4HB = 

3-51 

Al-Kaddo 
et al., 2020 phaC 

H16 Re2058/ 
pCB113 

See above See above 3HB-
co-

3HHx 

Mineral African elemi oil, 
Amygdalus 

pedunculata oil, 
bitter apple oil, 
desert date oil. 

4.2-8.8 2.2-5.3 50-69 HB = 69-
80, HHx = 

20-30 

Zainab-L et 
al., 2018 

H16 Re2058/ 
pCB113 

See above See above 3HB-
co-

3HHx 

Mineral Crude palm 
kernel oil, oil 

palm tree sap. 

3.95-
6.58 

1.4-4.5 13-68 HB = 73-
86, HHx = 

14-27 

Murugan 
et al., 2016 

DSM-
545 

Glucose 
utilising isolate 

N/A N/A 3HB-
co-3HV 

Mineral 
salts 

Crude glycerol, 
valeric acid 

- - - - Gahlawat 
and Soni, 

2017 
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H16 H16 (pZL-
dhaT-aldD) 

pZL-dhaT-aldD 
=  
dhaT (1,3-
propanediol 
dehydrogenase) 
aldD (aldehyde 
dehydrogenase) 

 
P. putida 
 
 
P. putida 

3HB-
co-4HV 

Mineral 
salts or 

LB 

Fructose, 1,4-
butanediol, 4HB 

5.5-10.4 - 49-61 3HB = 0.3-
13.1, 4HB 
= 1.3-13.1.   

Zhang et 
al., 2009 

DSM-
541 

PHB-4 PsF2 DPHB isolate  
 
P. aeruginosa 
 

3HHx-
co-

3HOx-
co-3HD 

NB + 
acrylic 
acid 

inhibitor  

Decanoate - - 3.2-4.5 3HHx = 6-
7, 3HO = 

50-55, 
3HD = 39-

43 

Green et 
al., 2002 PsF2 = 

phaC1 

H16 Re2058/ 
pCB113 

See above See above 3HB-
co-

3HHx 

Minimal Palm oil 24.7 - 70.9-
73.5 

HHx = 
17.3-23.9 

Riedel et 
al., 2012 

DSM-
541 

PHB-
4/pJRDBB39d3 

PJRDBB39d3= 
phaC 
ORF1 

 
A. caviae 
A. caviae 

3HB-
co-

3HHx 

Mineral 
Salt 

Fructose, 
octanoate 

- - 35-46 3HB-53-
100, 3HHx 

= 0-47 

Kichise et 
al., 1999 

H16 Re2133/pCB81 DphaC 
DphaB1 

C. necator 
C. necator 
 

3HB-
co-

3HHx 

Minimal Coffee oil - - 69 3HB = 78, 
3HHx = 22 

Bhatia et 
al., 2017 

pCB81= 
phaC2 
phaA 
phaJ 

R. aetherivorans 
R. aetherivorans 
P. aeruginosa 

DSM-
545 

Glucose 
utilising isolate 

N/A N/A 3HB-
co-4HB 

Basal 
medium 

Waste glycerol, 
g-butyrolactone 

- 4-9.7 14.8-
25.9 

4HB =17-
21.5, 3HV 

= 0 

Cavalheiro 
et al., 2012 

3HB-
co-

4HB-
co-3HV 

Waste glycerol, 
g-butyrolactone, 
propionic acid 

- 10.8-11 25-29.5 4HB = 
26.2-30.3, 
3HV = 6.7-

9.8 
H16 Re2160/ 

pCB113 
See above See above 3HB-

co-
3HHx 

Mineral Crude palm 
kernel oil 

2.73-
6.73 

1.3-5.1 45-88 3HB = 32-
45, 3HHx 
= 55-68 

Wong et 
al., 2012 
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Coconut oil 2.61-
4.49 

1.3-3.4 48-79 3HB=30-
44, 3HHx 
= 56-70 

DSM-
541 

PHB-4 (pCV8) phaC 
phaA 

C. violaceum 
C. violaceum 

3HB-
co-3HC 

Mineral 
salts 

Butyric acid,  
hexanoic acid,  
octanoic acid,  
decanoic acid 

- - 68-83 3HB= 88-
98, 3HC = 

2-11 

Kolibachuk 
et al., 1999 

3HB-
co-3HV 

Valeric acid - - 31 3HB = 19, 
3HV = 81 

3HB-
co-3HV-

co-
3HHx 

Heptanoic acid, 
nonanoic acid 

- - 55-59 3HB = 68-
87, 3HV = 

10-27, 
3HHx = 3-

5 
3HB-

co-3HV-
co-

3HC-
co-3HO 

Myristic acid, 
palmitic acid, 
stearic acid. 

- - 31-41 3HB = 85-
89, 3HV = 
2-10, 3HC 

= 4-10, 
3HO = 1-2 

H16 Re2133/ 
pCB81 

DphaC 
DphaB1 

C. necator 
C. necator 

3HB-
co-3HV-

co-
3HHx 

Minimal  Butyrate - - 31-83 3HB = 
82.5, 3HV 

= 11, 
3HHx = 

6.5 

Jeon et al., 
2014 

pCB81= 
phaC2 
phaA 
phaJ 

R. aetherivorans 
R. aetherivorans 
P. aeruginosa 
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1.2.5 Applications of 3HB containing polymers 

  Medical Applications 

Biomaterials play an important role in medicine by providing structural means for promoting healing 

from injuries and biochemical methods for the treatment of disease (NIBIB, 2017). In this sub-chapter, 

examples will be given from literature of the current medical applications of P3HB and 3HB containing 

copolymers covering areas of medicine including discussions of biocompatibility, medical scaffolds, 

wound healing and controlled drug release. 

 

1.2.5.1.1  Biocompatibility 

For a biomaterial to be used for medical purposes it must meet strict criteria that ensure patient safety 

and the delivery of effective treatment. Depending on the specific application the material must have 

high strength, flexibility hydrophobicity and specific diffusion rates (Bonartsev et al., 2019). In addition, 

a biomaterial must not promote an immune response and be compatible with human soft tissue, organs 

and bone (Brigham and Sinskey, 2012). Found naturally in the human body, 3HB is a ketone body 

resulting from the metabolism of fatty acids in the liver during periods of low blood glucose 

concentration (Newman and Verdin, 2019). As a result, the breakdown of P3HB in the human body is 

a non-toxic process. A study has found that P3HB is biocompatible in mouse muscle when implanted 

as P3HB microspheres (Shishatskaya et al., 2008). Additionally, a study into the hemocompatibility of 

PHBV sheets found the material to have good blood compatibility (Mohandas, 2021). Furthermore, 

Reis et al. (2010) conducted a study into the osteoconductivity of P3HB-hydroxyapatite composites and 

found the material to be biocompatible with rabbit bone. 

 

1.2.5.1.2  Medical Scaffolds 

Medical scaffolds are materials key in the field of tissue engineering, providing structural support that 

allows for tissue regeneration via cell attachment (Chan and Leong, 2008). In sheep, P3HB combined 

with polyglycolic acid has been used to construct in vitro pulmonary artery valves which were inserted 

in vivo to replace existing valves (Sodian et al., 1999). The same polymer combination has additionally 

been used to produce autologous aortic grafts in vitro (Shum-Tim et al., 1999). When combined with 

hydroxyapatite, P3HB has been shown to facilitate healing between broken bones and orthopaedic 

implants  (Doyle et al., 1991; Knowles, et al. 1992; Luklinska and Bonfield 1997). In addition, P3HB 

exhibits piezoelectric properties that have been shown to enhance osteoblastic cell growth (Chernozem 

et al., 2020). Co-polymers of poly(3HB-co-3HHx) (Wang et al., 2008) and poly(3HB-co-3HV) (Köse et 
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al., 2005) have been used for the in vitro regeneration of cartilage tissue taken from rabbits. A study 

by Wang et al. (2005) also found that fibroblast and osteoblast cells both grown on P(3HB-co-PHV) 

polymers with fibroblast cells most compatible with P(3HB-co-20%-HHx) and osteoblasts more 

compatible with P(3HB-co-12%-3HHx). Fibres of P3HB have also been used to treat spinal cord injury 

in rats acting as a matrix that supports neuronal survival and regeneration following injury (Novikov et 

al., 2002). In addition, P3HB, P(3HB-co-4HB) and poly(3HB-co-3HHx) have been shown to support the 

growth of neural stem cells furth paving the way for use as central nervous system repairing implants 

(Xu et al., 2010). 

 

1.2.5.1.3 Wound Healing 

Polymer based sutures are used in medicine as biodegradable alternatives to conventional materials 

such as silk. Sutures are used to close open wounds that result from either injury or surgery and must 

have a high level of tensile strength in order to keep the wound closed. Biodegradable sutures are a 

vital part of surgery, preventing the need for secondary procedures thus decreasing patient recovery 

time and risk involved with surgery (Maitz, 2015). Sutures made of P3HB and PHV have been shown to 

be suitable for use in the healing of muscle-facial wounds (Shishatskaya et al. 2002; Shishatskaya et al. 

2004). Bio-polymers consisting of P4HB are thought to be the most promising PHA composition 

suitable for sutures due to a higher tensile strength, elongation at break and more rapid biodegradation 

rate in comparison to P3HB polymers (Martin and Williams, 2003). 

 

1.2.5.1.4 Controlled Drug Release 

Polymers containing P3HB have also been applied to numerous types of controlled drug release 

treatments in which a drug is inserted into the polymer matrix from which it is gradually released. 

Replacement joints and other surgical implants are subject to a high degree of infection compared to 

other operations.  One reason for this is the reduced degree of vasculature around an implant which 

can prevent both the immune system and conventional methods of administering antibiotics from 

reaching infection at the implant surface (Gurselt et al., 2002). Rossii et al. (2004) applied poly(3HB-co-

3HV) films containing gentamycin to the surface of femoral hip implants and found that increasing the 

3HV content from 8 to 12% increased the speed of gentamycin release. In a similar study, Gurselt et 

al. (2002) showed that poly(3HB-co-3HV) containing sulbactam, cefoperazone and gentamycin could 

be applied to the surface of implantable rods. This study in contrast found that changing the 3HV 

content of the polymer did not influence drug release although changes in antibiotic to polymer ratio 
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did. However, PH3B drug delivery systems are not limited to antibiotics, anti-inflammatory ketoprofen, 

hypertension-reducing clonidine and enlarged prostate treatment tamsulosin have all been introduced 

into P3HB-containing patches (Wang et al., 2003). This study found that when implanted into a P3HB-

containing film the drugs could easily disperse into the skin but when applied without the film in liquid 

form displayed very poor skin penetration. Nano-spheres of PEG-coated P3HB containing 

chemotherapy drug doxorubicin and kidney/liver cancer-treating drug sorafenib could be liberated 

quicker in acidic tumour-specific environments (Babos et al., 2020). 

 

  Food Packaging Applications 

Biopolymers consisting of P3HB are a strong candidate for replacing the current petrochemically 

derived packaging materials such as PP and PE (Boey et al., 2021). To be used as food packaging, 

plastics are required to protect against microbial or chemical contamination, mechanical damage, 

changes in humidity, UV light and desiccation (Koller, 2014). In order to satisfy such criteria, packaging 

must be stable at low temperatures, not chemically migrate to the food and in some cases be able to 

maintain a modified atmosphere (Koller, 2014). Miguel and Iruin (1999) reported that P3HB and 

poly(3HB-co-3HV) with a low 3HV content had similar CO2 and, H2O vapour permeation to PET and 

PVC, but were more permeable to organic compounds. Bucci et al. (2005) performed dimensional tests 

on dimensions, weight thickness and volumetric capacity and mechanical tests on compression and 

mechanical resistance. This study found that compared to PP, P3HB was less flexible and more rigid, 

performing worse than PP at low temperatures but better at higher temperatures. Additionally, the 

same research group compared the chemical migration and UV resistance of P3HB to PP with great 

success (Bucci et al., 2007). In addition, the study recommended that pigmented P3HB was suitable 

for use as food packaging. Dagnon et al. (2010) coated biodegradable Kraft paper with P(3HB-co-4HB) 

which fills the surface and internal pores reducing the rate of paper weight loss and improving stiffness 

to a level suitable for food packaging. The addition of P(3HB-co-4HB) also improved the rate of 

biodegradation in soil by forming surface microbial communities. Merklein and Hagenah (2012) created 

a material highly suited to the wrapping of food by blending P(3HB-co-3-HV) with PLA which was 

superior to current 3-layer PLA P(3HB-co-3-HV) films. To improve the barrier properties of P(3HB-co-

3HV) films Fabra et al. (2013) incorporated zein protein derived from corn kernels into the polymer 

which improved barrier properties to CO2, O2 and limonene. Similarly, Koller et al. (2007) incorporated 

whey retentate into P3HB films which resulted in an easily recyclable material with O2 barriers. 

Vandewijngaarden et al. (2016) mixed organomodified montmorillonite clay nanocomposites with 
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P(3HB-co-3HHx) which resulted in lower O2, CO2 and H2O vapour permeability. Sabharwal et al. (2018) 

increased the anti-microbial activities of P(3HB-co-3-HV) films by adding triclosan which was effective 

at killing E. coli and Staphylococcus aureus. Danimer Scientific (2021) have produced drinking straws 

that biodegrade in marine environments using their Nodax™ PHA technology.  

 

  Cosmetic Applications 

Micro Powders, Inc. (2015) has developed a product called BIOSCRUB® which is an exfoliant based on 

PHB particles that range from 150 to 840 µm in diameter. This product is a pioneer in the commercial 

use of biodegradable microplastics in the cosmetics industry.  

 

  Agricultural Applications 

Kampeerapappun and Phanomkate (2013) developed slow-release fertiliser consisting of a P3HB shell 

encapsulating a PLA/fertiliser core which releases fertiliser gradually over 1 month. Similarly, Grillo et 

al. (2011) used P3HB and PHBV microparticles to encapsulate ametryn herbicide. This method of slow 

release was also successful with the amount of herbicide realised upon application from 75% for PHB 

and 81% for PHBV. Savenkova et al. (2002) incorporated the antifungal compounds Ranilan and Sumilex 

into films made of P3HB which decreased the count of spoilage bacteria Botrytis cinerea and 

biodegraded by 92-96% in 4 weeks. MirelTM (2021) additionally sell biodegradable PHA-based sheets 

that can be used for agricultural mulch film. Havens et al. (2014) filed a patent for biodegradable PHA 

fishing gear which loses its ability to retain fish over time reducing the environmental impact of ocean-

dwelling creatures becoming entangled in the waste line.  

 

1.2.6 Extraction of PHAs 

The extraction of intracellular PHAs is a fundamental part of production at both laboratory and industrial 

scales, with an aim to extract as much PHA as possible from each cell while maintaining high levels of 

purity. While conventional solvent extraction of PHA results in highly pure polymers with excellent 

recovery, the downside is that halogenated solvents are highly toxic which makes scaling up difficult 

as the release of such chemicals causes significant problems for wastewater treatment (Kurian and Das, 

2021; Pagliano et al., 2021). Additionally, conventional PHA extraction is expensive, with downstream 

processing representing around 30% of total production costs (Sun et al., 2007). The extraction of PHA 

is a broad topic and is reviewed in depth by Koller et al. (2013), Madkour et al. (2013), Pagliano et al. 
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(2021) and Boey et al. (2021). In the following sections, the main types of PHA extraction will be covered 

with some examples from literature. 

 

  Pre-treatments 

The purpose of pre-treating PHA-containing biomass is to assist the progress of the extraction process 

by disrupting non-PHA cellular material (Kourmentza et al., 2017). Lyophilisation, thermal drying, 

enzymatic, chemical and biological methods have all been used to pre-treat harvested biomass. 

Lyophilisation, also known as freeze drying, is a method originally utilised for the long-term 

preservation of bacterial cells. The general process consists of freezing bacteria and then applying a 

vacuum before a drying phase removes any water present. Lyophilisation renders the bacteria 

biologically inactive preventing any mechanisms within the cell that could degrade P3HB and allowing  

the samples to be stored for long periods. Freeze-dried bacteria can be revived in a suitable medium, 

but when treated with solvents or other chemicals non-P3HB containing biomass is much more readily 

digested in comparison to non-pre-treated cells (Jacquel et al., 2008).  

Heat pre-treatment on the other hand denatures the cell membrane of bacteria and additionally 

degrades proteins and genetic material, preventing the degradation of P3HB depolymerase enzymes. 

The freezing pre-treatment of biomass aims to rupture or weaken the cell membrane by forming sharp 

ice crystals. Other pre-treatment methods that compromise the cell membrane are pH treatments using 

chemicals such as ammonium hydroxide (Fiorese et al., 2009) and acidic-alcohol treatments using 

alcohols such as methanol combined with an acid such as sulfuric acid method (Lau et al., 2011). 

Organic solvents can be used to remove residual extracellular lipids from biomass in a process called 

degreasing (Koller et al., 2013). 

 

  Solvent Extraction 

The use of halogenated solvents such as chloroform and dichloromethane represents the benchmark 

method of PHA extraction as the purity of extracted polymers typically exceeds 90% (Pagliano et al., 

2021). Typically solvent extraction consists of pre-treatment, solvent extraction and alcohol 

precipitation (Madkour et al., 2013) and unlike other extraction methods aims to cause PHA leakage 

by solubilising intracellular PHA rather than by disrupting the cell membrane (Madkour et al., 2013). 

Santhanam and Sasidharan (2010) extracted PHA from types of various bacteria including C. necator 

by rinsing cells with methanol to remove residual lipids before drying at 60°C. The cells were then 

heated to 95 °C in chloroform, cooled, and left overnight before PHA was precipitated with 70% (v/v) 
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methanol. Fiorese et al. (2009) extracted PHA from C. necator using 1,2-propylene carbonate to disrupt 

cells achiving a total PHA recovery of 95% and a purity of 84%. Unlike most solvent extractions which 

use alcohol, this study utilised acetone to precipitate PHA. Another study by Fiorese et al. (2009) found 

that pH and heat pre-treatments did not affect polymer yields but did increase polymer molecular 

weight from 7.4x105 to 1.3x106 g/mol. As chloroform is such a toxic chemical efforts have been made 

to try and find alternatives that are more environmentally friendly and safer to use. Aramvash et al. 

(2018) compared the performance of propanol, methanol, acetic acid, hexane, dimethyl formamide, 

dimethyl sulfoxide and ethylene carbonate. Their study found that pre-treating C. necator with sodium 

hypochlorite followed by extraction with ethylene carbonate and precipitation with ethanol led to a 

very high PHA recovery of 98.6% and purity of 98%.  

 

  Chemical Digestion 

The extraction of PHAs by chemical digestion works by disrupting the cell membrane, thus releasing 

the cell contents from the cell, rather than solubilising the polymer as was the case for solvent 

extraction. The two main chemical extraction methods to be covered in this introduction are extractions 

utilising sodium hypochlorite and different types of surfactants.  

Sodium hypochlorite extraction works by disrupting all non-PHA cellular material due to its strong 

oxidisation properties. At large scale, disruption by sodium hypochlorite should be treated very 

carefully as the reaction is exothermic and releases a large amount of heat (Madkour et al., 2013). In 

addition, sodium hypochlorite can lead to a reduction in polymer purity and molecular weight in 

comparison to solvent extractions (Pagliano et al., 2021). Heinrich et al. (2012) reported the extraction 

of PHA from C. necator cells using lyophilisation as a pre-treatment, disrupting cells using sodium 

hypochlorite, and achieving a recovery of 91% and a 96% purity. López-Abelairas et al. (2015) obtained 

a purity of 98% and found that sulfuric acid pre-treatment led to the highest purity for sodium 

hypochlorite extraction.  

Surfactants on the other hand extract PHA by incorporating into the bacterial cell lipid bilayer, 

producing micelles consisting of phospholipids and sufactants, thus solubilising non-PHA cellular 

material (Pagliano et al., 2021). The most common surfactant used in PHA extraction is an anionic 

surfactant SDS. Arikawa et al. (2017) combined SDS treatment with sonication to recover PHA and then 

rinsed the extracted PHA with water and ethanol achieving a purity of ≥ 96%. Yang et al. (2011) also 

investigated an ionic surfactant called alkylbenzene sulfonic acid (LAS-99) and found that less detergent 

was required for extraction than with SDS. Although, in comparison to SDS yields in terms of PHA 
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recovery and purity were lower at 87% and 86%, respectively. Irdahayu et al. (2017) found that a 

combination of sodium hydroxide and Lysol detergent was more effective than Triton X-100 and 

cetyltrimethylammonium bromide (CTAB) recovering 97% of total PHA with a purity of 98%.  

A combination of surfactants and sodium hypochlorite can also be used as was demonstrated by 

Ramsay et al. (1990) and Dong and Sun (2000), both of whom reported PHA extracted from C. necator 

with a purity of 97-98%.  

 

  Supercritical Fluids 

A supercritical fluid is a pressurised fluid with properties of both a gas and fluid, compressing in a 

container like a gas while having a liquid-like density (Hitchen and Dean, 1993). Supercritical CO2 is the 

most commonly used supercritical fluid used to extract PHA as it evaporates leaving no residue and 

requires little drying time (Koller et al., 2013). Hampson and Ashby (1999) extracted PHA from 

Pseudomonas resinovorans using supercritical CO2 as a pre-treatment and residual lipid removal. 

However, the recovery of this method was very poor with just 42.4% of the total PHA extracted. 

Khosravi-Darani et al., (2004) used supercritical CO2 combined with a NaOH pre-treatment and two 

pressure releases to extract 89% of total PHA from C. necator cells. Hejaz et al., (2003) instead of CO2 

used supercritical methanol to extract PHA from C. necator after a NaOH pre-treatment resulting in a 

recovery efficiency of 89%. Generally, the use of supercritical fluids has been criticised for low rates of 

total PHA recovery and for requiring further chemical treatments to sufficiently extract polymer from 

cells (Madkour et al., 2013).  

 

  Enzymatic Digestion 

Enzymes can be used for the recovery of PHA by degrading bacterial proteins with enzymes such as 

proteases and/or carbohydrates with glycosidase enzymes (Pagliano et al., 2021). A study by Lakshman 

and Shamala (2006) evaluated the performance of CelluMax ®, an enzyme commercially used to 

degrade polysaccharides such as cellulose in animal feed (Bio-Cat, 2021). Neves and Müller, (2012) 

trialled a wide range of proteases and glycosidase enzymes but also found that CelluMax ® was the 

best achieving a 93.2% recovery of P(3HB-3HV) with a 94% purity. The study found that when tested 

on PHA accumulating Sinorhizobium meliloti, a PHA recovery efficiency of 94% and a purity of 92% 

were achieved. Alternatively, Kapritchkoff et al. (2006) compared the effectiveness of trypsin, 

bromelain, lysozyme and pancreatin to extract PHA from C. necator DSM545. Bromelain and 

pancreatin were found to be the most effective achieving 88.8% and 90% purity, respectively. 
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Investigating the use of alcalase and lysozyme enzymes combined with SDS and EDTA to recover PHA 

from P. putida, Yasotha et al., (2006) found that this method was able to extract 90% PHA with a purity 

of 92.6% from P. putida. Using a different approach, Divyashree et al. (2009) used protease produced 

by a Microbispora sp. culture to lyse PHA-producing Bacillus flexus cells however when the extracted 

PHA was recovered by phase separation only a maximum of 52% PHA was recovered. Kachrimanidou 

et al. (2016) used enzymes produced by the fungus Aspergillus oryzae to extract PHA from C. necator 

with a recovery efficiency of 98% and a purity of 96.7%. Generally, the high PHA recovery and purity 

come at a high cost as the enzymes are extremely expensive (Madkour et al., 2013). 

 

  Mechanical Disruption 

The mechanical disruption of PHA-containing bacteria aims to release PHA granules from cells without 

the need for chemicals, using only external forces to disrupt the cells. This is a desirable method as it 

is cheap and doesn’t require toxic chemicals but the drawback is secondary purification is often 

required with additional chemicals (Madkour et al. 2013). One method of mechanical disruption is bead 

milling which for Tamer et al. (1998) involved combining Alcaligenus latus cells with 512 µm beads at 

2800 rpm for 90 mins. When combined with SDS treatment this released 90% of cellular protein. Gutt 

et al. (2016) used a bead mill along with SDS treatment to achieve a 100% polymer recovery and 94% 

purity. The disadvantage of using a bead mill is that a high level of cooling is required making it difficult 

to scale up to industrial volumes (Madkour et al., 2013). Another method is high-pressure 

homogenisation which involves forcing bacterial cells under pressure through small apertures which 

disrupt the cell membrane. Koller et al. (2013) used this method to extract PHA from Methylobacterium 

sp. V49, reporting an extraction efficiency of 98% and a purity of 95% when processed in an SDS 

solution. Generally, high-pressure homogenisation works well for high-density industrial-size 

fermentations but a reduction in extraction efficiency is observed at low cell densities (Madkour et al., 

2013). Another method is the use of ultrasonic waves which Murugesan and Iyyaswami (2017)  used 

coupled with Triton X-100 to extract PHA from C. necator, achieving a purity of 94.34%.  

 

1.2.7 Methods of PHA analysis 

  Dry weight 

The DCW of a sample refers to the weight of a biological sample after drying has removed sufficient 

moisture to a point where further drying maintains a constant weight. A DCW measurement is used 

principally due to the lack of consistency achieved by analysing wet samples. For the quantification of 
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PHA DCW is often compared to the corresponding dry weight of extracted PHA in order to calculate 

the percentage of dry cell weight. Alternatively, either DCW or the weight of extracted are reported 

on their own usually expressed per litre.   

 

  Flow Cytometry 

Flow cytometry is a high throughput technology capable of recording multiple parameters based on 

fluorescence and light scattering when a laser is incident on a cell. In this thesis, a BD Accuri™ C6 flow 

cytometer will be the primary tool used for analysis, a simplified diagram of which is displayed in Figure 

1.9.   

The process starts off with a bacterial sample which is diluted to an appropriate cell density and taken 

up into the machine in a tube known as the sip. Once in the machine, sheath fluid is used to 

hydrodynamically focus the sample of cells into a single file ensuring that only one cell passes through 

the lasers at a time. When the light from the lasers hits a cell, one way it can scatter is forward 0°, this 

is known as forward scatter (FSC). Values of FSC are proportional to cell size and can be used to track 

changes in cell size during experiments. Light can also be scattered to the side 90° which is called side 

scatter (SSC). Values of SSC are proportional to the internal complexity of cells. In addition to scattered 

light, cells can also fluoresce different colours when stained with fluorophores. For the analysis of PHA 

by flow cytometry, Nile Red or P-546 (also known as BODIPYTM 493/503) have been used in literature 

as either a single stain or as a double stain with a nucleic acid stain in order to allow for the 

differentiation of cells from noise. Nile red is generally used as a single stain (Tyo et al., 2006; Saranya 

et al., 2012; Alves et al., 2017) during flow cytometry but has also been double stained with the green 

nucleic acid stain SYTO™ 13 (Vidal-Mas et al., 2001). Alternatively, P-546 is often counter-stained 

SYTO™ 62 (Karmann et al., 2016; Vizcaino-Caston, et al., 2016; Fernández-Castané, et al., 2018). 

Staining with P-546 is versatile and can be used to stain SCL-PHAs and MCL-PHAs (Karmann et al., 

2016) in addition to lipid droplets in microalgae (Cooper et al., 2010). Thus, P-546 is not specific to 

P3HB but to 3-hydroxyacids. For this reason, studies have been conducted to ensure the specificity of 

P-546 in bacteria. Staining with P-546 compared to Nile Red has been found to be more specific to 

PHA (Brown et al., 2020) and P-546 fluorescence has been found to strongly correlate with GC analysis 

of extracted PHA (Karmann et al., 2016). 

The emitted light from stained bacteria travels through a series of dichroic mirrors which are selectively 

transparent or reflective to light of specific wavelengths. The dichroic mirrors ensure any residual light 

from the lasers is removed and guide the emitted light to the correct PMT. The PMT multiplies the 

signal of the incident light and sends the data to a computer. The subsequent plotting of thousands of 
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data points can be used to quantify levels of stain and also as a method to identify sub-populations 

based. The main drawbacks of flow cytometry are the high cost of machinery and the level of 

maintenance required to keep machines in full working order (Cassarizza et al., 2019). In addition, there 

is a requirement for cells to enter machines as individual cells and not as aggregates due to the risk of 

microfluidics blockages and the risk of data distortion caused by multiple cells being recorded as a 

single event (Ou et al., 2017). Another limitation of flow cytometry is caused by the spectral overlap of 

fluorophores which limits the number of fluorophores that can be used, and prevents fluorophores with 

similar emission spectra from being used together (Cassarizza et al., 2019). Crucial to any flow 

cytometry experiments is the use of control samples. In the context of P3HB accumulation, seed 

cultures should be grown such that cells at the start of an experiment contain negligible P3HB, thus 

providing a controlled starting point consistent between experiments. In addition, control samples 

containing cells only, stains only and buffer only should be run in order to check the machine is in full 

working order and that gating strategies are working as expected.  

 

 

 

 

Figure 1.9 - A simplified illustration of the BD Accuri™ C6 flow cytometer used in this study.  

 

di H2O

488 nm Laser
640 nm Laser

Sample

di H2O

Syto™ 62

P-546

Syto™ 62  (Nucleic acid stain)
P-546 – (PHA stain)

FL1
533/30 nm

FL
2

58
5/

40
 nm

FS
C

FL4
675/25 nm

FL
3

>67
0 nm

SSC
Dichroic 
mirrors



 81 

  Agar Plate Colony Screening 

The screening of PHA-producing colonies does not quantify the amount of intracellular PHA but can 

be used to screen bacterial populations for PHA-producing isolates. Generally, due to the large 

quantities of stain required per agar plate, less expensive dyes such as Nile Red and Sudan Black are 

used instead of P-546. Goh and Tan (2021) used sodium octanoate and glucose-containing agar to 

grow bacteria from Antarctic soil from which they isolated PHA-producing strains by staining with Nile 

Red and identifying stained colonies with UV light. Shrivastav et al. (2010) similarly used Nile red and 

UV light to screen for PHA-producing bacteria in soil and marine environments. Alias and Tan (2005) 

on the other hand used Sudan Black B to isolate PHA-producing bacteria from palm oil mill effluent. 

The advantage of using Sudan Black B is that colonies can easily be distinguished by eye without the 

requirement of UV illumination. This approach was also used by Bhuwal et al. (2013) who used Sudan 

Black B to screen wastewater from pulp, paper and cardboard industries.  

 

  Microscopy 

Different types of microscopy are able to offer scientists a range of approaches to both screen 

populations for PHA-producing bacteria and also track PHA production and cell physiology. 

Fluorescent microscopy uses cell fluorescence originating from targeted staining with fluorophores or 

intracellular fluorescent reporter proteins to produce an image. One way in which this can be used is 

to screen for PHA-producing bacteria, a technique that Castro et al. (2021) used to isolate PHA 

accumulators from Amazonia Blackwater by staining with BODIPY™ 505/515. Using optical filters to 

select only the light from certain fluorophores, fluorescent microscopy can also be used to overlay 

images of the same cell with different dyes. For example, Cánovas et al. (2021) double-stained 

Haloferax mediterranei with Nile Red and SYBR™ Green and then overlayed the images to show the 

cell as a whole and the position of PHA within the cell. Additionally, this study combined the double 

overlay with phase contrast images to create even more detailed images.  

Fluorescent microscopy can also be used to observe protein-DNA and protein-protein interactions. 

Pfeiffer et al. (2011) used a two-hybrid approach to investigate the interactions of PhaC1 and PhaP1 in 

C. necator. Additionally, this study also fused PhaM with the fluorescent protein eYgfp in order to 

assess the cellular location of PhaM. Bresnan et al., (2016) used fusion proteins such as DsRed2EC, 

LactC2, sfGFP in fluorescent microscopy experiments in order to prove that PHA granules do not have 

a phospholipid bilayer.  
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Phase contrast microscopy on the other hand is used to produce a more 3-dimensional appearance 

than conventional microscopy by creating light and dark regions based on light phase shift patterns. 

Phase contrast images can also be enhanced by staining with dyes such as Sudan Black B, Sudan Blue 

A and Nile Red as was shown by Legat et al. (2010) who used the technique to evaluate if 20 different 

Halococcus species were PHA producers. 

Electron microscopes, on the other hand, use a beam of electrons to illuminate a sample, with SEM 

building a 3-dimensional image based on reflected electrons and TEM relies on electrons passing 

through the sample to create a thin 2-dimensional image. Tian et al. (2020) used crossectional TEM 

images of PHA accumulation C. necator to study the kinetics of PHA granule formation by calculating 

the mean cell volume and also the total surface area of granules in cells. In contrast, SEM is more 

typically used to investigate the microstructure of extracted PHA by allowing the visualisation of 

features such as pore sizes resulting from blending PHA with plasticisers such as glycerol, PEG and PVA 

(Shamala et al., 2009). Nwinyi and Owolabi (2019) used SEM to analyse the microstructure of extracted 

PHA and also used the accompanying EDS spectra to analyse the chemical composition of the PHA.  

 

  Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy is an analytical technique used to collect an infrared absorption 

or emission spectrum of a solid, liquid or gas. The quantity of PHA in a sample can be determined 

based on a peak at 1728-1738 cm-1 which results from a carbonyl bond stretching (Isak et al., 2016). 

The advantage of FTIR is that it does not require any solvents, requires minimum preparation and works 

with small samples. Xu et al. (2002) used FTIR to identify peaks related to amorphous and crystalline 

polymer regions to calculate the Tm and Tg of P3HB. Ranriamahefa et al. (2003) used the absorbance 

of PHA ester bonds to calculate the content of PHO and P3HB contained within Pseudomonas cultures. 

A big advantage of FTIR is that it can be incorporated into bioprocesses to provide online monitoring 

of solids, liquids and gases and was used by Jarute et al. (2004) to detect P3HB and glucose 

simultaneously.  

 

  Gas chromatography and GCMS 

Gas chromatography is an analytical method used to determine the composition of samples by 

analysing vaporised samples by separation when combined with mass spectrometry which ionises and 

fragments the components further before analysing the chemical components in a mass analyser. 

Because GC requires volatile sample samples of lyophilised cells or extracted polymer must first be 
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derivatised by hydrolysis and methylation/propylation (Bassas, 2010), with processes such as 

methanolysis using sulfuric acid and methanol which hydrolyses and methylates the sample (Brandl et 

al., 1988) or by propanolysis with hydrochloric acid and isopropyl alcohol which hydrolyses and 

propylates the sample (Riis and Mai, 1988). Furrer et al. (2007) have developed an improved method 

of methanolysis which uses boron trifluoride in order to improve the analysis of MCL PHAs. Generally, 

GCMS is considered the gold standard of PHA quantification and is often used as a comparison in 

experiments evaluating PHA extraction efficiencies (Karmann et al., 2016). 

 

  Nuclear magnetic resonance 

Nuclear magnetic resonance is an analytical spectroscopic technique based on the atomic nuclei 

magnetic properties which are able to reveal details of a polymer’s molecular structure (Lens and 

Hemminga, 1998). One of the advantages of NMR analysis of PHA is that the is no need for hydrolysis 

to occur before analysis (Bassas Galià, 2010). In addition, NMR can determine both the content of 

individual monomers within PHA but also determine if the polymer is a random or block co-polymer. 

This was demonstrated by Hu et al. (2011) who used NMR to show PHA produced by recombinant P. 

putita consisted of P(3HB-co-4HB) in blocks of 20% P3HB (mol %) and 80% (mol %) P4HB.  

 

  Differential scanning caliometry 

In order to calculate the Tm and Tg of PHAs, DCS can be used to assess thermal properties by 

measuring the heat flow in and out of a sample  (Chiu and Prenner, 2011). In literature, DCS has been 

used to calculate the Tm and Tg of P3HB (Vizcaino-Caston et al., 2016) in addition to the individual Tm 

and Tg of polymer blocks in P(3HB-co-4HB) block co-polymers (Hu et al., 2011). 
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1.3 Aims and objectives 

The overall aim of this study was to use flow cytometry to investigate if it is possible to use cost-

effective, nutrient-rich ME media to produce maximum P3HB within a 72-hour timeframe using fructose 

and sodium gluconate as supplements. The use of ME supplemented with acetic acid as a media for 

P3HB production has been used previously by (Passanha et al. 2014) as a cost-effective alternative to 

expensive chemically defined media. The individual objectives of the study are as follows: 

1. To evaluate intracellular P3HB accumulation of individual C. necator cells using P-546 

fluorescence determined by flow cytometry, and use this to compare media strategies. Media 

strategies included batch, fed-batch and repeated-batch all of which tested a range of ME, 

fructose and sodium gluconate concentrations. Fructose (Budde et al., 2011) and sodium 

gluconate (Henrich et al., 2012) are known to be metabolised by C. necator and have been 

demonstrated to induce P3HB production in C. necator. Thus, the objective of adding fructose 

and sodium gluconate to cultures is to increase P3HB production by increasing the C to ME 

ratio.   

2. To produce maximum P3HB in a realistic timeframe of 72 hours. This timeframe has been 

decided as suitable based on the findings of previous research (Budde et al., 2011; Pradella et 

al., 2012; Ienczak et al., 2016).  

3. To study changes occurring in cell morphology using FSC determined by flow cytometry and 

fluorescent microscopy, and assess potential impacts on P3HB production. This is key as 

aggregate morphologies are known to produce extracellular components which compete with 

precursors of P3HB production (Zhu and Rock, 2008). Additionally, cell morphology can 

indicate if media conditions are growth-promoting or suitable for P3HB accumulation.  

4. To use OD600 determined by UV-visible spectroscopy and cell counts determined by flow 

cytometry to infer if media conditions promote cell proliferation or P3HB production, and in 

the case of cell counts to enable the calculation of P3HB per mL of culture.  
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1.4 Outline of thesis  

This thesis is arranged into 8 chapters the first of which is an introductory chapter covering key concepts 

of the environmental impact of a plastics life cycle, the biosynthesis of P3HB, strategies for producing 

P3HB-containing polymers, the applications of P3HB-containing polymers, the extraction of PHAs and 

methods for analysing PHAs. Chapter 2 details the materials and methods used in the experiments 

presented in this thesis. Chapter 3 presents the results and discussion related to batch culture strategies 

in which concentrations of ME, fructose and sodium gluconate are tested in efforts to increase P3HB 

production. Chapter 4 presents the results of fed-batch and repeated-batch strategies in which 

experiments aimed to reduce a lag-time in P3HB production. Chapter 5 discusses overall results and 

finishes with a conclusion bringing the results of the thesis together. Chapter 6 provides details of 

future research which could build on the results of this thesis. Chapter 7 and 8 contain the full data 

which corresponds to summarised data in Chapter 3 and Chapter 4, respectively. Finally, Chapter 9 

lists references used in this thesis.  
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Chapter 2 Materials and Methods 

2.1 Microbiological culture 

2.1.1 General laboratory practice 

All work involving the preparation and sampling of microbiological culture was conducted in sterile 

conditions either close to a Bunsen flame, or in a sterile cabinet. Routinely hands were washed, and 

laboratory surfaces were wiped with either 70% (v/v) ethanol (Thermo Fisher, UK) or 1% (w/v) Virkon 

(Lanxess, Germany) prior to usage. Pipettes were washed with copious 70% (v/v) ethanol before use 

and pipette tips were autoclaved at 121 ºC for 15 minutes and dried at 60 degrees in a static Memmert 

IPP110 (Memmert GmbH and Co., Germany) incubator. Before and after sampling, the openings of 

culture flasks were passed through a Bunsen flame to maintain sterility. Sterile gaseous exchange in 

Erlenmeyer flasks was maintained using a foam bung (Thermo Fisher, UK) which was inserted into the 

flask stem prior to autoclaving and the flask opening covered with foil to prevent evaporation and to 

maintain media sterility. All media unless otherwise stated was made using deionised water (Sartorius, 

UK) and autoclaved (Astell Scientific, UK) was sterilised at 121 ºC for 15 minutes. The pH of all media 

was checked to be 7 using an accumet XL200 pH metre (FisherScientific, UK) and did not require 

adjustment in any experiments.  

 

2.1.2 Bacterial strains 

The work presented in this thesis used C. necator H16, the model organism for P3HB production, and 

was kindly provided by Professor Izabela Radecka from the University of Wolverhampton, UK.  

 

2.1.3 General growth media and culture conditions 

Nutrient-rich ME was selected for the growth of C. necator based on the recommended media for C. 

necator by DSMZ (DSMZ, 2007). Standard 0.8% (w/v) ME media contained 5g L-1 peptone from soybean 

(Fluka Analytical, USA) and 3g L-1 ME powder (Sigma-Aldrich, Germany) dissolved in deionised water. 

All C. necator cultures were grown at 30 ºC and rotated at 150 rpm in a MaxQ 6000 (Thermo Scientific, 

UK) shaker.  
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2.1.4 Long-term glycerol storage of C. necator 

In order to preserve C. necator over a long period of time, glycerol stocks were prepared as follows. A 

solution of 50% (v/v) glycerol (Thermo Scientific, UK) was prepared. A culture of C. necator was grown 

for 24 hours in 0.8% (w/v) ME and the culture was then mixed with the cooled sterile glycerol solution 

to a final glycerol concentration of 25% (v/v) before being stored at -80 ºC. Before each experiment, 

to ensure cells were freshly grown, C. necator cells were taken from glycerol stocks and streaked onto 

0.8% (w/v) ME agar (see section 2.1.5).  

 

2.1.5 Short-term ME agar storage of C. necator 

For the short-term storage of C. necator, 0.8% (w/v) ME was prepared with the addition of 1.5% (w/v) 

bacteriological agar (Sigma-Aldrich, Germany). The ME agar solution was then poured into sterile Petri 

dishes around a Bunsen flame and left at room temperature for 15 minutes. Using a flame-sterilised 

loop, C. necator cells were scraped from the surface of glycerol stocks and streaked onto the agar. 

Agar plates were incubated at 30 ºC for around 48 hours before use.  

 

2.1.6 Growth of C. necator seed cultures 

Seed cultures were used in this study to provide sufficient biomass for experimental cultures and were 

grown in 500 mL Erlenmeyer flasks containing 50 mL of 0.8% (w/v) ME. Cultures were inoculated using 

a loopful of C. necator taken from a fresh agar plate prepared 2 days prior. Seed cultures were routinely 

grown for 24 hours before being used to inoculate experimental cultures unless otherwise stated.  

 

2.1.7 Experimental cultures 

All experimental cultures were grown in 100 mL Erlenmeyer flasks containing 10 mL of ME of varying 

concentration and were inoculated to an OD600 of 0.1 using a seed culture (Vizcaino-Caston et al., 

2016). Dilutions of ME were performed prior to autoclaving using deionised water. Diluted media was 

routinely checked to be pH 7 and did not require adjustment in any experiments. 

 

  Experimental culture supplements 

Some experimental cultures were supplemented with either fructose (Sigma-Aldrich, Germany)  or 

sodium gluconate (Sigma-Aldrich, Germany). Fructose was added from a stock solution of 50% (w/v) 

and sodium gluconate from a stock solution of 30% (w/v). Both stock solutions were filter sterilised 
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using a 0.22 µm syringe filter into sterile falcon tubes and added to growth media after autoclaving. 

Sodium chloride (Sigma-Aldrich, Germany) was prepared as a 150 g/L stock and added to media prior 

to autoclaving at concentrations of 3, 6, 9, 12 and 15 g/L. 

 

  Batch cultures 

Batch cultures contained 10mL of between 0.08% to 0.8% (w/v) ME, and either contained only ME or 

fructose ranging in concentration from 0.5% to 1.5% (w/v) and/or sodium gluconate ranging in 

concentration from 0.6% to 1.6% (w/v). In batch culture, the media was not changed or supplemented 

after 0 hours.  

 

  Fed-batch cultures 

Fed-batch cultures contained 10 mL of between 0.08% to 0.8% (w/v) ME. In fed-batch cultures, 

supplements of either fructose or sodium gluconate were added to the media after culture inoculation 

at 0 hours, and at 24 hours. The concentration of supplements was calculated to account for any volume 

change due to sample withdrawal. Supplementation of media always occurred after a sample had been 

taken when both events occurred at the same time point.  

 

  Repeated-batch cultures 

In repeated-batch cultures, initial media consisted of 10 mL of between 0.08% and 0.8% (w/v) ME 

supplemented with 0.5% (w/v) fructose and/or 0.6% (w/v) sodium gluconate. After 24 hours of growth, 

C. necator was separated from the media by centrifugation at 1811 RCF for 3 minutes using an 

Eppendorf 5810 centrifuge (Eppendorf, Germany). Cells were then resuspended in 10 mL of either 

0.04% or 0.008% (w/v) ME media which was supplemented with 0.5% (w/v) fructose and/or 0.6% (w/v) 

sodium gluconate. 

 

2.2 Analytical techniques 

2.2.1 Measurements of OD600  

The OD600 of cultures was measured using an EvolutionTM UV-Vis spectrophotometer (ThermoFisher 

Scientific) at a wavelength of 600 nm. Samples with an OD600 of more than 0.9 were diluted with PBS 

(Dulbecco A) (Oxoid, UK) to ensure a linear trend between biomass and OD600.  
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2.2.2 Flow cytometry 

Flow cytometry experiments were conducted using a BD Accuri™ C6 flow cytometer (BD, UK) 

equipped with 488 and 640 nm lasers. The fluidics flow rate was set to medium (35 µL/min) (16 µm 

core). A threshold of 8000 units was set on the FSC-A channel to remove noise smaller than that of C. 

necator cells. The green fluorescence of P-546 (Photonic Solutions, USA), used to detect intracellular 

P3HB, was detected using the FL1 filter (533/30 nm). The far-red fluorescence of SYTO62 

(ThermoFisher Scientific, UK) using the FL4 filter (675/25 nm) was used to separate cells from noise. 

Flow cytometry data was recorded using  BD Accuri™ C6 software (BD, UK). Data was collected until 

25,000 SYTO62 positive events had been recorded. Cleaning of the flow cytometer was performed 

according to the manufactures instructions. Samples were diluted using PBS such that the flow 

cytometer recorded between 1000 and 4000 events per second. Culture cell counts were calculated 

as events per mL of culture, a value calculated using the volume (µL) of sample used to record 25,000 

events, and the dilution factor. Mean P-546 fluorescence per cell was used to quantify intracellular 

P3HB on a cell-by-cell basis. Mean P-546 fluorescence per mL culture was used to assess overall culture 

P3HB and was calculated by multiplying values for mean events per mL and mean P-546 fluorescence 

per cell. The stock solution of P-546 was prepared in DMSO (FisherScientific, UK) at a concentration of 

1 mg/mL and stored at -20 °C (Vizcaino-Caston et al., 2016). Long-term stocks of SYTO62 were stored 

as supplied by the manufacturer at a concentration of 5mM in DMSO. Short-term stocks were prepared 

by diluting to a concentration of 0.2 mM in 0.22 µm deionised water. 

 

  Flow cytometry staining protocol 1 

Culture diluted with PBS was stained with 5 µM SYTO62 for 30 minutes, and after 18 minutes 1 µg/mL 

P-546 (Vizcaino-Caston et al., 2016) was added and incubated for a further 12 minutes. Staining was 

conducted at room temperature (24 ºC). Samples were mixed well following stain addition. 

 

  Staining optimisation conditions 

For the staining optimisation (section 3.7) batch C. necator experimental cultures containing 0.08% 

(w/v) ME and 0.6% (w/v) sodium gluconate were grown for 72 hours. The culture was then diluted in 

PBS and stained with 0, 1, 2, 3, 4 or 5 µM SYTO62. Separately, the culture was also stained with 0, 

0.25, 0.5, 0.75, 1 or 1.25 µg/mL. Each dye concentration was tested at room temperature (24), 30 and 

37 ºC. Samples tested at 30 and 37 ºC were incubated in a Memmert IPP110 (Memmert GmbH and 

Co., Germany) and was PBS preheated to ensure samples were at the correct temperature.  
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  Flow cytometry staining protocol 2 

Culture diluted with PBS was stained with 1 µM SYTO62 and 0.2 µg/mL P-546 was added and incubated 

at 30 ºC for 12 minutes. Samples were mixed well following stain addition. 

 

2.2.3 Fluorescent Microscopy 

  Method 1 

Long-term stocks of SYTO62 were stored as supplied by the manufacturer at a concentration of 5mM 

in DMSO. Short-term stocks were prepared by diluting to a concentration of 0.2 mM in 0.22 µm 

deionised water. Cells were stained with 1.33 µM SYTO9 for 5 minutes at room temperature and viewed 

using a Zeiss Axiolab (Carl Zeiss Ltd, UK) fitted with Zeiss filter 9 (Excitation: BP 450-490, Beamsplitter: 

FT 510, Emission: LP 515) (Carl Zeiss Ltd, UK). Images were taken using a ZeissAxioCam Icm1 camera 

(Carl Zeiss Ltd, UK) using Zeiss ZenLite 2012 software (Carl Zeiss Ltd, UK). Images were monochrome 

and artificially coloured green using ImageJ (NIH, USA).  

 

  Method 2 

Media was separated from C. necator cells by centrifugation at 2236 RCF for 5 minutes in an Eppendorf 

5418 centrifuge (Eppendorf, Germany). Cells were then resuspended in a permeabilisation solution 

consisting of 35% (v/v) ethanol (FisherScientific, UK) for 10 minutes. Centrifugation was again used to 

separate cells from the permeabilisation solution before cells were finally resuspended in PBS. A stock 

solution of PI  was stored as supplied by the manufacturer at a temperature of 4 ºC with a concentration 

of 1 mg/mL in water. For experimental work, another stock was prepared by diluting to a concentration 

of 0.2 mg/mL in deionised water and storing at 4 ºC. Cells were stained in PBS with 2 µg/mL PI and 1 

µM P-546 for 10 minutes. Stained cells were then viewed with a Zeiss AX10 microscope (Carl Zeiss Ltd, 

UK) fitted with Zeiss filter 10 (Excitation: BP 546/12, Beamsplitter: FT 510, Emission: LP 515-565  (Carl 

Zeiss Ltd, UK) and a Zeiss filter 20 (Excitation: BP 450-490, Beamsplitter: FT 510, Emission: LP 515-565  

(Carl Zeiss Ltd, UK). 

 

2.3 Statistical Analysis 
Values for mean and standard deviation (SD) were calculated using Microsoft Excel (Microsoft, USA).  

Comparisons between different experimental conditions at the same, or different time points were 

made non-paired t-tests of unequal variance using Microsoft Excel. Comparisons between the same 
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conditions over time were made using paired t-tests, also in Microsoft Excel. For t-tests a threshold of 

p ≥ 0.05 was used to determine statistical significance. In bar graphs where the results of 2 adjacent 

were statistically compared, the significance of the comparison is displayed centrally, above the pair of 

results. Linear regression was used to plot a line of best fit, and the coefficient of determination (R2) 

was used to assess the ability of linear regression to predict a linear relationship between variables and 

is expressed as a value between 0 and 1. Linear regression and the calculation of R2 values was 

performed using the ggpubr package of RStudio (R Studio Team, USA). 
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Chapter 3 Results and Discussion 

3.1 Why does inoculation using a 12-hour seed culture produce multi-

cell aggregates? 
Bacterial cultures used for scientific study are typically divided into experimental and seed cultures. 

Experimental cultures are used as a means to make observations and generate quantitative data. On 

the other hand, seed cultures are used to provide multiple experimental cultures with sufficient and 

constant starting biomass. Seed cultures are normally inoculated from long-term stock by loop and 

experimental cultures by liquid pipetting. Liquid by pipette is the preferred method of inoculation for 

experimental cultures as inoculation by loop has been shown to have up to a 12-fold variation in the 

number of cells added to growth media (Webb and Kamat, 1993). For the reasons explained, 

experimental cultures in the current study were inoculated to an OD600 of 0.1 using a pre-grown seed 

culture.  

Pilot experiments initially tested the growth of C. necator in 0.8% (w/v) ME experimental cultures which 

were inoculated from a 0.8% (w/v) ME seed culture grown for 12 hours. Culturing C. necator in this way 

led to the formation of large cell aggregates, which persisted and prevented the growth of platonic 

culture. The persistent aggregation of C. necator cells was not observed in experimental cultures when 

a 24-hour-old seed culture was used for inoculation. A study by Kragh et al. (2018) found the inoculation 

method of experimental bacterial cultures can influence the outcome of microbiological experiments. 

It was found that by varying the source of cells used to initiate seed cultures (frozen stocks, agar grown 

or liquid grown) the phenotype of cells in experimental cultures can be altered, creating cultures 

varying from platonic cells to multi-cell aggregates. Cell aggregates form due to the interactions of cell 

surface molecules which self-associate and are thought to be expressed in response to environmental 

stress as a defence mechanism (Nwoko and Okeke, 2021). The formation of large cell aggregates 

should be avoided during flow cytometry to reduce the risk of blockages and to prevent data distortion 

caused by the machine recognising multi-cell aggregates as a single cell (Ou et al., 2017).  

Based on observations of cell aggregation in the pilot experiments, and the information provided by 

Ou et al. (2017) and Kragh et al. (2018), the following section compares C. necator seed cultures at 12 

and 24-hour time points, to identify possible causes for persistent cell aggregation in experimental 

cultures.  
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3.1.1 Initial studies use OD600 rather than flow cytometry cell counting 

In the current study up to section 3.8, OD600 was used as a means to monitor the cell density of C. 

necator cultures instead of using flow cytometry events per mL. This was due to a fault with the BD 

C6™ Accuri flow cytometer used in this study, with BD advising that the flow cytometer was not in 

good enough working order for cell counting. The use of OD600 was chosen instead of agar plate colony 

counting due to the number of agar plates required to cover a wide range of dilutions with replicates 

of each. The large number of plates required stems from the need for replicates to calculate a mean 

value, and also the wide range of dilutions that need to be tested in order to get the optimal amount 

of colonies on each plate. The subsequent time required to process such a large amount of plates and 

count the colonies would result in a trade-off, either acquiring more agar plate count data or more flow 

cytometry data. The drawback of using OD600 to monitor the cell density of P3HB-producing bacteria 

such as C. necator is that P3HB also absorbs light at 600 nm making OD600 measurements unreliable 

especially when the intracellular levels of P3HB are high (Martinez and Déziel, 2020). Therefore up to 

section 3.8, OD600 results are used as a guide rather than a definitive result, and the reliability of 

particular time points can be judged according to the corresponding time points P-546 fluorescence.  

  

3.1.2 Seed culture cell density does not influence cell aggregation in 

experimental cultures. 

Figure 3.1 provides a summary of the OD600 of C. necator seed cultures at 12 and 24 hours when grown 

in 0.8% (w/v) ME. Figure 8.1 (a) in Appendix 8.1 presents the data in full.  

Measurements of OD600 quantify bacterial cell density which is known to have an important role in 

bacterial aggregation and biofilm formation, principally because bacteria communicate cell density 

within a population by quorum sensing (Waters and Bassler, 2005). Quorum sensing allows bacteria to 

monitor cell density and other external factors by altering the expression of multiple genes (Papenfort 

and Bassler, 2016). Garg et al. (2000) demonstrated C. necator has a functional homologue of Phc cell 

density sensing system found in the plant pathogen Ralstonia solanacearum, that is known to control 

cell aggregation activity (Senuma et al., 2020).  

In the current study, the OD600 of cultures at 12 and 24 hours was found not to be significantly different 

when statistically compared. This suggests that the cell density of seed cultures at the time of 

inoculation does not influence aggregate formation in experimental cultures. Futher to this, as 

experimental cultures are always inoculated to an OD600 of 0.1, this rules out the possibility that the 

starting cell density of experimental cultures causes persistent clumping.  
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3.1.3 Intracellular P3HB in seed cultures is not linked to persistent clumping in 

experimental cultures. 

Figure 3.2 presents a summary of the P3HB per cell for 0.8% (w/v) ME C. necator seed cultures at 12 

and 24-hour time points. The full data can be found in Figure 8.1 (b), Appendix 8.1. 

Statistical analysis in Figure 3.2 shows that when comparing the 12 and 24-hour seed culture time 

points, there was no significant difference in P-546 fluorescence. Thus inferring that the P3HB content 

of C. necator seed cultures did not cause persistent clumping in experimental cultures.  

Components of the bacterial extracellular matrix are known to have an important role in the process of 

cell aggregation (Voloshin and Kaprelyants, 2004). A study by Wang et al. (2021) demonstrated that in 

E. coli overexpressing the C. necator phaCAB operon, the disruption of lipopolysaccharide, colonic 

acid, flagella and fimbria gene clusters increases P3HB production by making acetyl-CoA more readily 

available for to P3HB biosynthesis. The results of Wang et al. (2021) suggested P3HB biosynthesis 

competes for acetyl-CoA with the biosynthesis of outer membrane components involved in cell 

aggregation and biofilm production. This was also found to be the case in studies by Zhu and Rock 

(2008) in Pseudomonas aeruginosa and Irorere et al. (2018) in Burkholderia thailandensis E264 during 

rhamnolipid biosynthesis. The biosynthesis of rhamnolipid utilises malonyl-CoA via the fatty acid de 

novo biosynthesis pathway which is formed from the carboxylation of acetyl-CoA (Gutierrez et al., 

2013). Abdel-Mawgoud et al. (2014) also found by inhibiting the b-oxidation pathway that rhamnolipids 

and P3HB share the same 3-hydroxyalkanoate intracellular pool. Such competition could be 

problematic in media containing fatty acids such as biodiesel waste, as C. necator cleaves fatty acid 

chains from glycerol before entering the b-oxidation pathway (Sharma et al., 2016). The avoidance of 

cell aggregation before P3HB has reached a desired level should be avoided to ensure acetyl-CoA is 

utilised for P3HB productions and not by extracellular components or the Krebs cycle. Furthermore, 

while flocculation can be advantageous towards the end of P3HB accumulation to aid cell separation 

prior to P3HB extraction, aggregation at an early stage puts cells on the inside of the aggregate at a 

disadvantage by receiving less nutrition that can be used to produce P3HB (Kragh et al., 2016).  
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3.1.5 Various C. necator morphologies are observed during seed culture growth  

Figure 3.4 displays fluorescent microscope images of C. necator morphologies observed during 0.8% 

(w/v) ME seed culture growth. Accompanying each microscope image in Figure 3.4 are FSC histograms 

which provide further context of cell size distribution for the overall cell population.  

The first morphology observed is displayed in Figure 3.4 (a), and shows a doublet cell most likely in the 

process of cell division. The model system for studying cell division in gram-negative bacteria is based 

on that of E. coli (Jacobs and Shapiro, 1999), which is controlled, in part, by three key genes minC, 

minD and minE, referred to as the mini-cell locus (de Boer et al., 1989). Homologues of mini cell locus 

genes can be found in the C. necator genome (KEGG, 2021). 

At the 4-hour time point, C. necator cells formed small aggregates an example of which is displayed in 

Figure 3.4 (b). The maximum size of an object that can pass through a flow cytometer is governed by 

the diameter of a sample core, a tube in which cells pass through laser beams. For the BD C6 Accuri™ 

flow cytometer, the core can be adjusted between diameters of 5 and 40 µm and was set to 16 µm for 

this study meaning objects as large as 16 µm could pass freely through the core. In addition, larger 

objects can also protrude into the surrounding sheath fluid or be compressed to a smaller size, although 

the extent to which this occurs is unclear. The clump pictured in Figure 3.4 (b) is below 16 µm and 

would have passed through the flow cytometer. However, if the clumps passed through the instrument 

a second larger sized population would be expected. It is therefore likely that aggregates were broken 

up by shear forces during hydrodynamic focusing, before entering the flow cytometer core. The 

appearance of C. necator aggregates comprising cells positioned adjacent to each other in Figure 3.4 

(b) resembles the appearance of Bacillus subtilis cells which were demonstrated to be undergoing 

horizontal gene transfer via conjugation by Babic et al. (2011). Unlike the persistent aggregates 

observed in experimental cultures, the aggregates in seed cultures were transient and by 8 hours had 

disappeared. 

At 8 (Figure 3.4 (c)) and 12-hour time points  (Figure 3.4 (d)) the morphology of some C. necator cells 

had changed to elongated cells connected by SYTO9 negative regions (Figure 3.4 (c)), which appear 

to be Z-rings. Occurring at the division site, Z-rings are ubiquitous to bacteria that divide by binary 

fission and consist of the tubulin homologue FtsZ and function to recruit division proteins to the 

divisome and also direct the formation of septal peptidoglycan (Du and Lutkenhaus, 2019). The over-

expression of MinCD proteins prevents the formation of a Z-ring at the mid-cell point (Jacobs and 

Shapiro, 1999). MinD also ensures that the FtsZ ring forms in the middle of the dividing cell and not 

between the centre and poles of the cell (Raskin and de Boer, 1999). In rod-shaped bacteria, the 
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elongation of cells is controlled by the highly conserved rod system, which involves the polymerisation 

of peptidoglycan with the glycan polymerase RodA and the PBP2 crosslinking enzymes (Rohs et al., 

2018). In Streptococcus species, which form similar chains to that of C. necator observed in this study, 

chain formation is thought to increase the chances of cell aggregation (Evans et al., 2014). In addition, 

chains of cells are thought to make the horizontal transfer of genes more efficient by acquiring DNA at 

the cell poles and then sharing the acquired genetic material with other cells in the chain by intra-chain 

conjugation  (Babic et al., 2011). Elongated cells can be split into chains of cells which can then separate 

into daughter cells by the action of peptidoglycan hydrolases (Arrigucci and Pozzi, 2017). Cell 

elongation has also been observed to occur when minE is deleted which causes the formation of long 

filamentous cells (de Boer et al., 1989).  

At 24 hours, C. necator cells were very small and spherical (Figure 3.4 (e)) and appear to be in a dormant 

or persister state (Miyaue et al., 2018), which C. necator appears to enter when nutrients are limited 

and C is not sufficiently available to store as P3HB.  
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3.1.7 Discussion 

Experimental cultures of C. necator formed persistent cell aggregates when inoculated with a seed 

culture grown for 12 hours, a problem which was rectified by growing seed cultures for 24 hours 

instead. When statistically compared at 12 and 24 hours, there was found to be no significant difference 

in seed culture OD600 thus indicating that cell density-dependant quorum sensing did not induce 

persistent clumping (Waters and Bassler, 2005). Likewise, there was also found to be no significant 

difference in intracellular P3HB between 12 and 24-hour-old seed cultures. Components of the 

bacterial cell membrane key to cell aggregation such as rhamnolipids may compete with intracellular 

pools of common intermediate molecules such as acetyl-CoA (Zhu and Rock, 2008). As a result, cell 

aggregation should be avoided in order for P3HB biosynthesis to be prioritised (Wang et al., 2021). 

Cell size was also found to be indifferent in 12 and 24-hour seed cultures. Therefore it is likely that in 

12-hour seed cultures cells are equipped with self-recognising extra-cellular matrix components such 

as type-IV pili which mediate cell auto aggregation (Wang et al., 2021). During growth C. necator was 

observed to change morphology, starting off as doublet cells resembling binary fission observed in E. 

coli (Jacobs and Shapiro, 1999). Aggregates formed at 4 hours resembled Bacillus subtilis cells found 

by Babic et al. (2011) to be undergoing horizontal gene transfer via conjugation. Elongated cells were 

divided by Z-rings  (Jacobs and Shapiro, 1999) which means they were likely in the process of dividing 

into multiple cells. The final morphology observed was small cells which resembled the morphology of 

cells in a persister state (Miyaue et al., 2018), presumably formed due to limited key nutrients and 

limited C. 
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3.2 Initial C. necator ME experimental cultures 

Seed cultures typically consist of non-chemically defined, nutrient-rich media, which is used to produce 

biomass in a short period of time. At laboratory scale, experimental P3HB accumulating cultures often 

consist of precisely defined media, prepared using analytical grade chemicals. However, while this 

strategy allows for control over the chemical constituents of the media, the use of media with a defined 

chemical composition is not economically viable for many scaled-up fermentations. As a result, non-

chemically defined ME media was used in this study for both seed and experimental cultures. In section 

3.2, data is presented based on standard 0.8% (w/v) ME, which was diluted to 0.6%, 0.4% and 0.2% 

(w/v) in order to reduce the nutrient content of the media and evaluate if ME alone was able to induce 

P3HB accumulation in C. necator cultures.  

 

3.2.1 Increasing ME concentration correlates with increasing OD600 

Figure 3.6 displays a summary of OD600 at 10 and 48-hour time points for C. necator cultures containing 

0.2%, 0.4%, 0.6% and 0.8% (w/v) ME. The full data is displayed in Figure 8.2 (a), Appendix 8.2. 

Statistical comparisons between 10 and 48 hours, annotated in Figure 3.6 (a), show that for each ME 

concentration tested, OD600 was greater at 10 hours and had significantly decreased by 48 hours. Also 

presented in Figure 3.6 (a) is a positive correlation between increasing ME and OD600 at 10 and 48 

hours. Figure 3.6 (b) provides further statistical comparison showing that at both time points 

summarised, all ME concentrations tested produced cultures with significantly different OD600.  

A strong correlation between ME concentration and OD600 is indicative of nutrient-rich conditions, in 

which C-containing compounds are metabolised by the citric acid and Entner-Doudoroff cycles as a 

source of energy (Ienczak et al., 2011). Also essential for bacterial growth are nitrogen-containing 

compounds for protein synthesis, phosphorous-containing compounds for nucleic acid synthesis and 

vitamins for use as enzyme co-factors (Bonnet et al., 2020). Culture growth observed and analysed in 

Figure 3.6 matches the growth expected of C. necator in ME media which contains soybean extract 

peptone which provides nitrogen-containing compounds and a high concentration of carbohydrates 

(Merck KGaA, 2022(b)), and ME which provides bacteria also with nitrogen-containing compounds, 

minerals and phosphates (Merck KGaA, 2022(a)).  
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Figure 3.6 - Comparison of mean OD600 of C. necator cultures grown in 0.2%, 0.4%, 0.6% and 0.8% 
(w/v) ME at 10 and 48-hour time points. Plot (a) compares OD600 at 10 and 48 hours and includes 
annotations representing statistical significance determined by paired t-tests. Table (b) contains 
statistical comparisons between each ME condition at 10 and 48 hours, determined by non-paired 
t-tests. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01,  *** = p ≤ 0.001, **** = p ≤ 
0.0001. Trend lines were calculated using linear regression. R2 represents the coefficient of 
determination.  Error bars represent SD. n = 3 biological replicates. The full data is displayed in 
Figure 8.2 (a), Appendix 8.2. 
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3.2.2 More P3HB is produced by C. necator in 0.2% (w/v) ME that 0.6% and 0.8% 

after 48 hours. 

A summary analysing the mean intracellular P3HB per cell of C. necator cells grown in 0.2%, 0.4%, 0.6% 

and 0.8% (w/v) ME is presented in Figure 3.7. The full data is located in Figure 8.2 (b), Appendix  8.2. 

Statistical analysis comparing 6 and 48-hour time points (annotated in Figure 3.7 (a)) found 0.2% (w/v) 

ME was the only condition tested not to significantly decrease in P3HB content, instead remaining 

indifferent between time points. Further statistical analysis presented in (Figure 3.7 (b)) determined 

there to be no significant difference between each culture condition at 6 hours. However, at 48 hours, 

0.6% and 0.8% (w/v) ME cultures were found to contain C. necator cells with less mean P3HB per cell 

than 0.2% cultures. Although, both 0.6% and 0.8% (w/v) ME cultures were not significantly different 

from that of 0.6%.  

Results, therefore, suggest that at 48 hours a lower concentration of ME results in more intracellular 

P3HB accumulation on average per cell. Although literature generally suggests the C to key nutrient 

ratio is fundamental to the induction of P3HB biosynthesis, the statistical analysis presented in Figure 

3.7 (b) suggests that the same C to ME ratio, but at lower concentrations, can also induce P3HB 

biosynthesis. However, it should not be discounted that other factors such as differing rates of nutrient 

depletion and lower cell density in 0.2% and 0.4% (w/v) cultures could also influence levels of P3HB at 

48 hours. An initial spike in mean P3HB per cell at 6 hours for C. necator cells in all conditions tested 

goes against the general theory of P3HB accumulation in which growth-limiting, nutrient deficient but 

C-rich conditions are required to initiate P3HB production. In fact, P3HB production during the 

exponential phase of growth has previously been reported by Dey and Rangarajan (2017) and Nygaard 

et al. (2019) who observed increases in biomass and P3HB simultaneously. Increased P3HB production 

during the C. necator exponential growth phase has also been achieved by genetic modification in 

Azotobacter vinelandii (Page and Knosp, 1989; Segura et al., 2003; Segura and Espín, 2004). 
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Figure 3.7 - Comparison of mean P-546 fluorescence (P3HB) per cell of C. necator cultures grown in 
0.2%, 0.4%, 0.6% and 0.8% (w/v) ME at 10 and 48-hour time points. Plot (a) compares P-546 
fluorescence (P3HB) per cell at 6 and 48 hours and includes annotations representing statistical 
significance determined by paired t-tests. Table (b) contains statistical comparisons between each ME 
condition at each time point determined by non-paired t-tests. NS = non-significant (p ≥ 0.05), * = p < 
0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data 
is located in Figure 8.2 (b), Appendix 8.2.
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3.2.3 Cultures of C. necator in 0.2% (w/v) ME do not form aggregates 

Figure 3.8 provides a summary of C. necator cell size in cultures containing 0.2%, 0.4%, 0.6% and 0.8% 

(w/v) ME after 6 and 24 hours of growth. The full data can be found in Figure 8.2 (c), Appendix 8.2. 

Paired statistical analysis, annotated in Figure 3.8 (a), found that C. necator cells were significantly larger 

at 6 hours when compared to 48 hours. Comparing ME concentration at each time point (Figure 3.8 

(b)) found that at 6 hours cell size significantly increased with increasing ME concentration except for 

when comparing 0.6% and 0.8% (w/v) ME cultures.  

It’s likely that a larger cell size at 6 hours is the result of cell elongation during proliferation. Cell 

elongation in bacteria is primarily associated with the actin-resembling protein MreB and is thought to 

function similarly to the FtsZ protein, which forms Z-rings during cell division, by directing the synthesis 

of peptidoglycan (Egan et al., 2017; Sperber and Herman, 2017). A study by Sharpe et al. (1998) found 

that growth rate in Bacillus subtilis influenced cell length but not width as in E. coli, while Pierucci (1978) 

found that envelope synthesis during E. coli cell division remains constant, irrespective of growth rate. 

On the other hand, Sperber and Herman (2017) suggest that key nutrient and C concentrations rather 

than growth rate determine cell size in bacteria. In the current study, it would appear that changes in 

cell size during proliferation are linked to nutrient concentration and thus likely growth rate. However, 

due to the presence of P3HB at differing levels, OD600 could not be reliably used to calculate specific 

growth rates.  

Figure 3.9 displays fluorescent microscope images of C. necator cells at 6 hours, demonstrating a lack 

of cell aggregation in 0.2% (w/v) ME cultures (Figure 3.9 (a)), in comparison to 0.4%, 0.6% and 0.8% 

ME containing cultures (Figure 3.9 (b-d)). As discussed in section 3.1, bacterial aggregates can form 

due to multiple reasons, including changes in cell density and extra-cellular matrix ultrastructure. It is 

possible that the lower cell density of 0.2% (w/v) ME cultures causes the Phc cell density sensing system 

not to be sufficiently stimulated via quorum sensing to activate the signal transduction pathway 

responsible for cell aggregation (Garg et al., 2000). However, other factors such as key nutrient and 

carbon concentration, cell size and changes in extra-cellular matrix ultrastructure should not be ruled 

out without sufficient evidence.  

 
 
 
 
 
 
 
 



 108 

 
 
Figure 3.8 - Comparison of mean FSC (cell size) of C. necator cultures grown in 0.2%, 0.4%, 0.6% and 
0.8% (w/v) ME at 6 and 48-hour time points. Plot (a) compares FSC at 6 and 48 hours and includes 
annotations representing statistical significance determined by paired t-tests. Table (b) contains 
statistical comparisons between each ME condition at each time point determined by non-paired t-
tests. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 3 
biological replicates. The full data can be found in Figure 8.2 (c), Appendix 8.2. 
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Figure 3.9 - Fluorescent microscope images showing variable C. necator aggregation after 6 hours of 
growth in 0.2%, 0.4%, 0.6% and 0.8% (w/v) ME accompanied by corresponding FSC histograms. Cells 
were stained with 1.33 mM SYTO9. Scale bars represent 10 µm. n=3 biological replicates for 
histograms. 
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3.2.4 Discussion 

Experiments evaluating the growth of C. necator in 0.2%, 0.4%, 0.6% and 0.8% (w/v) ME found that at 

6 and 48 hours a positive relationship exists between ME concentration and OD600. This indicates that 

media conditions were growth-promoting, and C compounds were metabolised by the Entner-

Doudoroff pathway and citric acid cycle rather than entering the P3HB biosynthetic pathway (Ienczak 

et al., 2011). There is evidence that P3HB is produced during exponential growth at around 6 hours, a 

feature also reported by Dey and Rangarajan (2017) and Nygaard et al. (2019). The production of P3HB 

during exponential growth-promoting conditions is a desirable characteristic of PHA-producing 

bacteria and has been achieved by genetic modification in Azotobacter vinelandii (Page and Knosp, 

1989; Segura et al., 2003; Segura and Espín, 2004). Overall P3HB per cell did not show significant signs 

of increasing between 6 and 48 hours. Thus, ME media likely requires the supplementation of a C 

source for C. necator to accumulate more P3HB as increasing the C to key nutrient ratio has been 

demonstrated to increase PHA production (Passanha et al., 2014). Cell size was greater at 6 hours, a 

trait attributed to either cell aggregation or cell elongation during division which has been linked to 

bacterial growth rate (Sharpe et al. 1998) or possibly key nutrient or C concentration (Sperber and 

Herman, 2017). 
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3.3 Growing C. necator in ME supplemented with fructose 

In the previous section 3.2, C. necator cultures of varying ME concentrations were tested to evaluate 

C. necator growth and P3HB accumulation without the addition of a C source. The dilution of 0.8% 

(w/v) ME to 0.6%, 0.4% and 0.2% resulted in a linear trend between OD600 and ME concentration. 

Additionally, while there was no significant difference in culture P3HB at 4 hours, by 48 hours 0.2% 

(w/v) cultures had produced significantly more P3HB than 0.6% and 0.8%, and 0.6% produced 

significantly more P3HB than 0.8%. Following on from the experimental work in section 3.2, section 3.3 

analyses the effect of 0.5% (w/v) fructose addition to the same ME concentrations. Fructose is preferred 

to glucose in the wild-type C. necator H16 strain for heterotrophic growth exclusively via the Entner-

Doudoroff pathway (Fleige et al., 2011), and research has found that fructose-supplemented cultures 

can reach a P3HB content of around 80% DCW when fructose is used as a sole carbon source (Budde 

et al., 2011).  

 

3.3.1 Fructose supplementation significantly increases OD600 by a factor of 5 to 

15 

Figure 3.10 contains a summary of OD600 data comparing the growth of C. necator in 0.2%, 0.4%, 0.6% 

and 0.8% (w/v) ME with and without 0.5% (w/v) fructose. The full data can be found in Figure 8.3, 

Appendix 8.3.  

The mean OD600 data displayed in Figure 3.10 (a) and (b) is annotated with the statistical significance 

of comparisons between cultures with and without 0.5% (w/v) fructose. Analysis at both 24 and 48 hours 

found that for all ME concentrations tested the addition of 0.5% (w/v) fructose to the media significantly 

increased OD600. A high degree of error prevented this trend from continuing at 48 hours, the source 

of which was the varying presence of a high P3HB C. necator population (P3HB++) that will be discussed 

in the next section. Statistical analysis comparing individual media conditions at each time point (Figure 

3.10 (c)) demonstrated that at 24 hours, cultures containing 0.4% (w/v) ME and 0.5% (w/v) fructose were 

more optically dense than all other fructose-supplemented media conditions. At 48 hours though, 

cultures containing fructose and 0.2% and (w/v) ME had significantly greater OD600 than the other 

conditions tested.  Statistical analysis over time (Figure 3.10 (d)) showed that between 24 and 48 hours 

all fructose-supplemented cultures decreased in OD600 except for 0.2% (w/v) ME samples which did not 

significantly change between 24 and 48 hours.  

A significant increase in OD600 is indicative of fructose being converted to pyruvate by the Entner-

Doudoroff which is then fed into the citric acid cycle (Ienczak et al., 2011). Without fructose addition, 
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it’s likely the nutrients contained in ME media are not fully utilised as the amount of fructose appears 

to represent a limiting factor. This may explain why the linear correlation between ME concentration 

and OD600 disappears once fructose is added.  

 

 

Figure 3.10 - Graphs and statistical analysis comparing the OD600 of C. necator cultures grown in 0.2%, 
0.4%, 0.6% and 0.8% (w/v) ME with and without 0.5% (w/v) fructose. Statistical analysis was performed 
using unpaired t-tests to evaluate the same ME concentration with and without fructose 
supplementation at 24 hours (annotations in plot (a)) and 48 hours (annotations in plot (b)), and also to 
compare each fructose-supplemented condition at each time point (c). Additional statistical analysis 
was performed using paired t-tests in order to compare the same condition at different time points (d).  
NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. 
n = 3 biological replicates. The full data can be found in Figure 8.3, Appendix 8.3. 
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3.3.2 Supplementing with 0.5% (w/v) fructose increases P3HB production most 

for 0.2% (w/v) ME cultures 

Figure 3.11 provides a summary of intracellular P3HB per cell for C. necator cultures grown in 0.2%, 

0.4%, 0.6% and 0.8% (w/v) ME with and without 0.5% (w/v) fructose supplementation. The full data can 

be found in Figure 8.4 (a), Appendix 8.3. 

Statistical comparisons analysing C. necator P3HB production in ME media with and without fructose 

supplementation at 4 (Figure 3.11 (a)), 24 (Figure 3.11 (b)) and 48 hours (Figure 3.11 (c)) revealed that 

generally the was no significant difference in P3HB per cell when fructose was added ME. Although, 

media containing 0.6% (w/v) ME at 4 hours, 0.2% (w/v) ME at 24 hours and 0.6% (w/v) ME at 48 hours 

all produced significantly more P3HB when fructose was included in starting media. Statistically 

comparing each fructose-supplemented condition at each time point (Figure 3.11(d)) showed that most 

notably, at 24 hours there was a significant difference between all fructose-supplemented conditions, 

with P-546 fluorescence increasing with decreasing ME concentration. Cultures containing 0.2% (w/v) 

ME supplemented and 0.5% (w/v) fructose produced C. necator cells with considerably more P3HB 

than other fructose-containing cultures. Statistical comparisons over time for fructose supplemented 

cultures (Figure 3.11(e)) found that between 4 and 24 hours only cultures containing 0.2% (w/v) ME 

supplemented with 0.5% (w/v) fructose significantly increased in P3HB. Between 24 and 48 hours, in 

contrast, there was no significant change in intracellular P3HB for all conditions except for fructose-

supplemented 0.6% (w/v) ME which significantly increased.  

Aramvash et al. (2015) observed a linear increase in P3HB as fructose concentration increased for C. 

necator cells grown in basal mineral salt medium. The data presented in the current section shows that 

at 24 hours (Figure 3.11 (b)), decreasing ME concentration, while fructose remains at a concentration 

of 0.5% (w/v), increases the average P3HB per cell. Both the observations presented in the current 

study and Aramvash et al. (2015) suggest that increasing the fructose to key nutrient ratio increases 

intracellular P3HB production. However, plotting FSC against P-546 fluorescence for the 24-hour time 

point (Figure 3.12) found there to be a strong linear correlation between cell size and intracellular P3HB. 

In literature, no direct link between intracellular P3HB levels and cell size has been established (Mravec 

et al., 2016), instead, it is thought that any link that develops is due to P3HB biosynthesis and biofilm 

production being instigated by similar stress. Fluorescent microscopy (Figure 3.13) demonstrated that 

cells grown in fructose-supplemented 0.2% (w/v) ME (Figure 3.13 (a)) formed longer chains than the 

other higher conditions containing more concentrated ME. The chains observed appeared to be C. 

necator in the process of division with the dark unstained regions being Z-rings, a key division site at 
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which cell septation occurs (Du and Lutkenhaus, 2019). The evidence suggests that the increase in 

P3HB production observed in Figure 3.11 for fructose-supplemented 0.2% (w/v) ME resulted from the 

combined P3HB of cell chains rather than a decreased ME to fructose ratio.  The findings presented in 

this section do not align with the results of Aramvash et al. (2015), instead suggesting that the media 

conditions tested do not provide C. necator with conditions suitable for P3HB production. Additionally, 

decreasing the ME to fructose ratio does not increase P3HB production in contrast to the findings of 

Passanha et al. (2014). It is possible that reducing the ME concentration to 0.2% (w/v) provides C. 

necator still with too much ME, and a surplus remains once fructose and other carbohydrates in the 

media are exhausted.   

Fluorescent microscope images for each condition, presented in Figure 3.13, do not show evidence of 

intracellular P3HB granules. This does not mean that P3HB granules were not present as small 

inclusions beyond the resolution of the imaging but does rule out the presence of multiple granules 

that make up the majority of the volume of a cell such as that reported previously in literature 

(Hermawan and Jendrossek, 2007; Beeby et al., 2011; Kawashima et al., 2015).   
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Figure 3.11- Graphs and statistical analysis comparing the P-546 fluorescence (P3HB) per cell of C. necator cultures grown in 0.2%, 0.4%, 0.6% and 
0.8% (w/v) ME and with and without 0.5% (w/v) fructose. Statistical analysis was performed using unpaired t-tests to evaluate the same ME concentration 
with and without fructose supplementation at 4, 24 and 48 hours (annotations in plots (a), (b) and (c) respectively) and also to compare each fructose-
supplemented condition (d). Additional statistical analysis was performed using a paired t-test in order to compare the same fructose-supplemented 
condition at different time points (e).  NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 
biological replicates. The full data can be found in Figure 8.4 (a) Appendix 8.3.
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Figure 3.13 – Fluorescent microscope images and corresponding FSC histograms showing C. necator 
cells after 24 hours of growth in 0.2%, 0.4%, 0.6% and 0.8% (w/v) ME and supplemented with 0.5% 
fructose. Cells in microscope images were stained with 1.33 mM SYTO9. Scale bars represent 10 µm. 
n=3 biological replicates for FSC histograms. 
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3.3.3 Cultures of C. necator contain a P3HB++ super-producing population  

In C. necator cultures supplemented with 0.5% (w/v) fructose, flow cytometry experiments revealed the 

presence of a high P3HB-producing C. necator population when plotting FSC against P-546 

fluorescence (Figure 3.14). This population was termed P3HB++, and the remaining data points P3HB+.  

Comparisons between the proportion of P3HB++ cells produced in ME media with and without 0.5% 

(w/v) fructose at 4, 24 and 48 hours are displayed in Figure 3.15 and the full data can be found in Figure 

8.4 (b), Appendix 8.3. 

At the 4-hour time point (Figure 3.15 (a)), for cultures not supplemented with fructose, the mean 

percentage of P3HB++ cells did not exceed 0.035% and at 24 and 48 hours did not exceed 0.1% of the 

total population. Despite there being such a low proportion of P3HB++ cells in non-fructose 

supplemented cultures, at 4 hours due to a high level of variation between the amount of P3HB++ cells 

only 0.2% (w/v) ME cultures contained significantly more P3HB++ cells. In contrast, at 24 (Figure 3.15 

(b)) and 48 hour time points (Figure 3.15 (c)), all cultures contained significantly more P3HB++ cells when 

fructose was added to the starting media, except for 0.4% (w/v) ME cultures at 48 hours.  

Statistical comparisons between fructose-supplemented conditions at each time point ((Figure 3.15 (d)) 

showed that at 4 hours and 48 hours, there was no significant difference between any of the conditions 

tested, partially due to a high-level variability between replicates. At 24 hours, the was no significant 

difference between cultures containing 0.2% and 0.4% (w/v) ME and also 0.6% (w/v) and 0.8% (w/v) 

but all other condition combinations were found to be significantly different.  

Comparing changes in the mean percentage of P3HB++ cells between time points (Figure 3.16 (e)) (the 

full data can be found in Figure 8.4 (c), Appendix 8.3) found that between 4 and 24 hours, only fructose-

supplemented samples containing 0.2% (w/v) ME significantly increased. Between 24 and 48 hours on 

the other hand, there was no significant change, except for samples except for cultures containing 

0.6% (w/v) ME supplemented with 0.5% (w/v) fructose which significantly increased.  

Further analysis of the mean P-546 fluorescence per cell of the P3HB+ and P3HB++ populations is 

summarised in Figure 3.16. The full data is displayed in Figure 8.4 (c), Appendix 8.3. At 4 (Figure 3.16 

(a)), 24 (Figure 3.16 (b)) and 48 hour (Figure 3.16 (c)) timepoints, non-paired t-tests determined the 

P3HB++ population to contain significantly more P3HB than cells in the P3HB+ population. Comparisons 

between conditions (Figure 3.16 (d)) revealed there was generally little difference between cultures 

except for the P3HB+ population at 4 hours, at which point intracellular P3HB decreased with increasing 

ME concentration. Analysis over time (Figure 3.16 (e)) revealed that only the P3HB++ population 

significantly increased intracellular P3HB between time points.  
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The formation of a P3HB++ C. necator population appears to be an example of phenotypic 

heterogeneity, which in bacterial populations can result from either genetic (Arber, 2000) or non-

genetic (van Boxtel et al., 2017) factors. Stochastic events are known to influence the response of 

bacteria to changes in nutrient concentrations, for example, Choi et al. (2008) found that E. coli cells 

either had low or high lactose metabolising phenotypes arising from common partial dissosociation or 

vary rare complete dissociation of the lactose repressor protein from DNA. As a result, in the case of 

the E. coli lac operon, the stochastic nature of repressor DNA binding means positive feedback 

regulation does not ensure multistability (Ozbudak et al., 2004). In fact, gene expression as a whole is 

a stochastic process, not only because gene expression is influenced by random protein associations 

and dissassociations, but also because transcription is a rare process and proteins are typically at low 

concentrations in a bacterial cell (Paulsson, 2005). Additionally, the level of transcription for a particular 

gene can vary due to regulatory interactions with gene networks. This is known as the gene regulation 

function, a factor which fluctuates over time, meaning there are times when a bacterium will be more 

prepared to undergo phenotypic adaptation due to having a higher gene regulation function and thus 

more transcription factors (Hillenbrand et al., 2016).  

A similar scenario has been observed in C. necator cultures by Franz et al., (2011) who observed a small 

population of glucose-utilising colonies, and by picking colonies and growing in glucose-rich agar 

repeatedly was able to evolve a glucose-utilising stain. Similarly, González-Villanueva et al. (2019) grew 

C. necator colonies repeatedly in multi-well plates in order to direct the evolution of a variant capable 

of rapid glycerol utilisation. In both cases, variants were subjected to several rounds of successful 

directed evolution raising the prospect that the high P3HB-producing population in the current study 

could be used to enhance P3HB production without the need for application-limiting genetic 

modification. 

Bacterial phenotypic heterogeneity can be viewed as a bet-hedging strategy in an attempt to survive 

and reproduce in diverse environmental conditions  (de Jong et al., 2011). This is observed in E. coli 

cells, which when transitioning from glucose depletion to gluconeogenic growth, the vast majority of 

cells (>99%) enter a dormant persistor state while the remaining cells proliferate (Kotte et al., 2014). 

Solopova et al. (2014) also found that proliferating and persister populations form similarly in cultures 

of Lactococcus lactis. Once L. lactis has used up glucose in the media there is a reduction in growth 

rate known as a diauxic lag phase after which L. lactis utilises cellobiose as a C source. However, only 

the population that proliferated first using glucose continues to grow using cellobiose, while the 

persister population remains in a dormant state. Persistor cells are dormant phenotypic variants that 

are stress resistant and cause particular problems when produced by bacterial species such as 
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Pseudomonas aeruginosa in cystic fibrosis patients due to high tolerance to antibiotics (Lewis, 2010). 

Formed predominantly during nutrient-rich phases of exponential growth (Norman et al., 2015), 

persistor cell production is reduced 1000-fold when respiration is inhibited (Orman and Brynildsen, 

2015). The persistor cell state however is temporary, and when re-grown cells lose their antibiotic 

resistance (Balaban et al., 2004). Stochastic phenotype changes can also occur due to the random 

distribution of RNAs and proteins within a bacterium, which lacks a sophisticated mechanism, like that 

of genomic DNA, to equally partition into daughter cells (Toro and Shapiro, 2010; Huh and Paulsson, 

2011).  

Genetic factors on the other hand typically result in more permanent changes, especially when DNA 

sequence changes occur in genomic DNA. Single nucleotide polymorphisms, in which one base pair 

in a DNA sequence is altered, can result in genetic variation. Such changes can either be classed as 

synonymous mutations in which the codon still codes for the same amino acid or non-synonymous in 

which a different amino acid is coded for which can cause an alteration in protein function (Bryant et 

al., 2012). Single nucleotide insertions or deletions cause frameshifts which change all downstream 

codons including stop codons. While insertions or deletions are more likely to result in truncated 

proteins, they can still be a source of genetic variation. The rate of single nucleotide polymorphisms is 

in part governed by DNA repair mechanisms which exist principally due to the inherent instability of 

nucleotides and aim to provide a degree of genetic stability (Arber, 2000). Another source of genetic 

variation results from the changing of gene position and genome frequency by the action of 

transposons, also known as jumping genes (Ladd and Bordoni, 2021). Transposons are known to be 

responsible for a large proportion of mutations which increase genetic diversity (Kawakami et al., 2017). 

Bacteria are known to horizontally transfer plasmid DNA between individual cells as a mechanism to 

provide bacterial populations with advantageous genes such as antibiotic resistance (Virolle et al., 

2020). While plasmid DNA can be lost as conditions change, some plasmids contain plasmid addiction 

elements which use toxin anti-toxin systems to ensure the post-segregational death of cells that have 

not received the plasmid (Tsang, 2017). Restiction-modification systems, on the other hand, act as a 

kind of primitive immune system by cutting up foreign DNA, thus reducing the uptake of DNA but at 

the same time digesting the DNA into smaller fragments making it more recombinogenic (Arber, 2000).  

In the current study, it is difficult without further investigation to state the exact reason that causes the 

P3HB++ population. However, given that intracellular P3HB confers stress resistance (Wang et al., 2009; 

Obruca et al., 2016), persistor cell populations generally make up a small proportion of the cell 

population, P3HB++ cells form mostly during growth-promoting nutrient-rich conditions and are smaller 
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than proliferating cells, it is plausible that the P3HB++ phenotype is a C. necator persister state aimed 

at increasing survival during harsh conditions.  

 

 

Figure 3.14 - Flow cytometry gating strategy used to monitor the P3HB++ population. This example 
plot represents the first replicate of the 0.2% (w/v) ME supplemented with 0.5% (w/v) fructose condition 
summarised in  Figure 3.11 (b). 
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Figure 3.15 - Graphs and statistical analysis comparing the proportion of P3HB++ cells of C. necator cells cultured in 0.2%, 0.4%, 0.6% and 0.8% (w/v) 
ME and supplemented with 0.5% (w/v) fructose with comparison to cultures without fructose supplementation. Statistical analysis was performed using 
unpaired t-tests. In plots (a), (b) and (c), annotations show the statistical comparisons between samples with and without 0.5% (w/v) fructose addition. 
Table (d) contains statistical comparisons of each fructose-supplemented condition.  Table (e) statistically compares samples at different time points for 
fructose-supplemented samples only. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 3 biological replicates. 
the full data can be found in Figure 8.4 (c), Appendix 8.3 
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Figure 3.16 - Graphs and statistical analysis comparing the mean P-546 fluorescence (P3HB) of the P3HB+ and  P3HB++ populations for C. necator cells 
cultured in 0.2%, 0.4%, 0.6% and 0.8% (w/v) ME and supplemented with 0.5% fructose. Statistical analysis was performed using unpaired t-tests to 
evaluate the same ME concentration with and without fructose supplementation (annotations in plots (a), (b) and (c)) and also to compare each fructose-
supplemented condition (d). Additional statistical analysis was performed using a paired t-test in order to compare the same condition at different time 
points (e).  NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data 
is displayed in Figure 8.4 (c), Appendix 8.3.
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3.3.4 Increasing the fructose to ME ratio leads to sustained larger cells 

Figure 3.17 contains a summary of cell size for C. necator cultures grown in 0.2%, 0.4%, 0.6% and 0.8% 

(w/v) ME with and without 0.5% (w/v) fructose. The full data can be found in Figure 8.5 (a), Appendix 

8.3. 

Statistical tests comparing cultures with and without the addition of 0.5% (w/v) fructose supplemented 

at 4 hours (Figure 3.17 (a)) determined that FSC was significantly greater in cultures to which 0.5% (w/v) 

fructose was added. At the 24-hour time point (Figure 3.17 (b)), this was only the case for 0.2%, 0.4% 

and 0.6% (w/v) ME samples. The 0.8% (w/v) ME analysis was affected by air bubbles in the flow 

cytometer, which resulted in a high degree of error in non-fructose-supplemented data. Notably, the 

addition of fructose to 0.2% (w/v) ME cultures resulted in a considerable increase in cell size, and also 

in comparison to that of the other fructose-supplemented conditions.  

Comparisons between fructose-supplemented cultures (Figure 3.17 (d)) at 4 hours showed 0.2% (w/v) 

ME fructose-supplemented cultures produced significantly larger cells than 0.6% and 0.8% cultures 

but not 0.4%. At both 24 and 48 hours 0.2% (w/v) ME cultures supplemented with 0.5% (w/v) fructose 

contained considerably larger C. necator cells than higher ME concentrations.  

Statistical comparisons between time points for fructose-supplemented cultures (Figure 3.17 (e))  

showed that between 4 and 24, and 24 and 48 hours, mean FSC significantly decreased for all 

conditions at both sets of time points, except for 0.8% (w/v) ME samples which did not significantly 

change between 24 and 48 hours. 

Cell size in E. coli has been reported to be primarily determined by nutrient concentration and growth 

rate (Hill et al. 2013)  In fact, the findings of Hill et al. (2013) have linked the enzyme glucosyltransferase 

OpgH, which is involved in fructose metabolism in C. necator, to cell size by demonstrating that it 

antagonises FtsZ to prevent Z-ring formation. However, while this would suggest that cell division is 

inhibited to some degree while fructose is metabolised, it does not explain why in the current study 

cell chains were only observed in cultures containing 0.2% (w/v) ME supplemented with 0.5% (w/v) 

fructose. Cell chains are typically formed from an elongated cell which divides into multiple cells at the 

cell division site perpendicular to the long axis of the cell (Arrigucci and Pozzi, 2017). Cell chains similar 

to that observed in Figure 3.13 (a) are also a feature of gram-positive Streptococcus cultures and in 

which longer chain length has been associated with increased cell adhesion and aggregation, thus 

increasing the likelihood of biofilm formation (Murchison et al., 1982). Bacteria are also known to form 

chains in order to facilitate the horizontal transfer of DNA, as intrachain conjugation is considerably 

more efficient than relying on random cell encounters (Babic et al., 2011).  
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Figure 3.17 - Graphs and statistical analysis comparing the mean FSC (cell size) of C. necator cells cultured in 0.2%, 0.4%, 0.6% and 0.8% (w/v) ME and 
supplemented with 0.5% fructose with comparison to cultures without fructose supplementation. Statistical analysis was performed using unpaired t-tests to 
evaluate the same ME concentration with and without fructose supplementation (annotations in plots (a), (b) and (c)) and also to compare each fructose-
supplemented condition (d). Additional statistical analysis was performed using a paired t-test in order to compare the same condition at different time points 
(e). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤  0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent SD. n = 3 
biological replicates. Large error bar in plot (b) for 0.8% (w/v) ME samples due to air in the flow cytometry system. The full data can be found in Figure 8.5 (a), 
Appendix 8.3.
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3.3.5 Cells in the P3HB++ population are smaller than P3HB+ cells 

A summary of mean P3HB+ and P3HB++  FSC for C. necator cultures grown in 0.2%, 0.4%, 0.6% and 

0.8% (w/v) ME with and without the addition of 0.5% (w/v) fructose can be found in Figure 3.18. The 

full data collected can be found in Figure 8.5 (b), Appendix 8.3. 

In Figure 3.18 (a), comparisons of mean cell size at 4 hours indicate cells in the P3HB+ population were 

significantly larger than cells in the P3HB++ population. However, by the 24-hour timepoint (Figure 

3.18 (b)), only 0.2% (w/v) fructose-supplemented cultures produced P3HB+ cells that were significantly 

larger than P3HB++. This was also true at 48 hours Figure 3.18 (c), but the difference in size between 

the P3HB+ and P3HB++ populations was much closer.  

Non-paired t-tests comparing individual conditions at each time point Figure 3.18 (d), found that at 4 

hours cultures containing 0.6% and 0.8% (w/v) ME produced significantly larger P3HB+ cells than 0.2% 

cultures. By 24 hours, mean cell size in the P3HB+ population significantly decreased with increasing 

ME concentration. This was also the case at 48 hours, except for when comparing 0.8% (w/v) ME 

cultures to that of 0.4% and 0.6%, between which there was no significant difference.  

For the P3HB++ population, comparisons between conditions at 4 hours showed that cell size was 

largely non-significantly different, with only 0.4% (w/v) ME and 0.6% cultures significantly different. At 

24 hours, 0.2% (w/v) ME cultures produced P3HB++ cells that were significantly larger than that found 

in other conditions tested, whereas there was no significant difference in P3HB++ cell size between 

0.2%, 0.4% and 0.6% cultures. The same was also true at 48 hours, the only difference being the 

P3HB++ population 0.2% (w/v) ME cultures could not be statistically separated in terms of FSC from 

that of 0.4% cultures.  

Paired t-tests comparing cultures between time points found that for all growth conditions tested, the 

P3HB+ population significantly decreased in mean cell size between 4 and 24 hours. Between 24 and 

48 hours, the mean cell size of the P3HB+ population decreased again for all conditions tested except 

for cultures containing 0.2% (w/v) ME for which there was no significant change. The cell size of the 

P3HB++ population decreased in all conditions tested between 4 and 24 hours except for 0.2% (w/v) 

ME for which no significant change was recorded. In contrast, the P3HB++ population in all conditions 

tested did not significantly change in mean cell size between 24 and 48 hours.  

Lower levels of cell expansion during cell division have been linked to a lower growth rate in bacteria 

(Sharpe et al. 1998). In E. coli, cell size during cell proliferation is linked to growth rate and nutrient 

concentration (Hill et al. (2013)). A smaller cell phenotype for C. necator P3HB++ cells at 4 hours is 

indicative of a lower growth rate in relation to P3HB+ cells. The data shown in Figure 3.18 (a) fits with 

the theory that persister cells remain in a small, dormant state, increasing in number relatively slowly 

while the other cells proliferate and are responsible for culture growth (Kotte et al., 2014).  



 127 

 
Figure 3.18 - Graphs and statistical analysis comparing the mean FSC (cell size) of the P3HB+ and  P3HB++ populations for C. necator cells cultured in 0.2%, 
0.4%, 0.6% and 0.8% (w/v) ME and supplemented with 0.5% (w/v) fructose. Statistical analysis was performed using unpaired t-tests to evaluate the same ME 
concentration with and without fructose supplementation (annotations in plots (a), (b) and (c)) and also to compare each fructose-supplemented condition (d). 
Additional statistical analysis was performed using a paired t-test in order to compare the same condition at different time points (e).  NS = non-significant (p 
≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent SD. n = 3 biological replicates.  The full data 
collected can be found in Figure 8.5 (a), Appendix 8.3. 
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3.3.6 Discussion 

The addition of 0.5% (w/v) fructose to 0.2%, 0.4%, 0.6% and 0.8% (w/v) ME cultures significantly 

increased OD600 for all conditions tested. This is indicative of fructose being metabolised by the Entner-

Doudoroff pathway (Fleige et al., 2011) and acetyl-CoA being channelled into the citric acid cycle 

rather than P3HB biosynthesis (Ienczak et al., 2011). Cultures containing 0.2% (w/v) ME and 

supplemented with 0.5% (w/v) fructose produced considerably more P3HB than cultures with more 

concentrated ME. While this finding appears to concur with the findings of Passanha et al. (2014), who 

found that increasing the C to key nutrient ratio increased PHA production, this was in fact due to the 

formation of cell chains. In fructose-supplemented cultures, C. necator forms a P3HB++ population 

which produces up to 100 times more P3HB per cell than P3HB+ C. necator. Similar findings have been 

reported describing small C. necator populations able to utilise glucose effectively (Franz et al., 2011)  

 and use glycerol more readily (González-Villanueva et al. 2019). Populations such as P3HB++ can arise 

due to a variety of genetic (Arber, 2000) or non-genetic (van Boxtel et al., 2017) factors which can result 

from stochastic events (Choi et al., 2008). It is possible the P3HB++ population consists of persistor cells 

which represent an insurance policy for C. necator in case the main population is eradicated (Kotte et 

al., 2014).  
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3.4 Growth of C. necator in 0.08% and 0.2% (w/v) ME supplemented 

with 0.5% (w/v) fructose. 

In the previous section 3.3, supplementing ME cultures with 0.5% (w/v) fructose was found to increase 

the mean OD600 by between 5 and 15 times. In addition, the supplementation of ME with fructose led 

to the formation of a P3HB++ population. An increase in intracellular P3HB for cultures containing 0.2% 

(w/v) ME and 0.5% (w/v) fructose was found to be due to the formation of cell chains, rather than due 

to an increased fructose to ME ratio. In this section, a lower ME concentration of 0.08% (w/v) is 

compared to that of 0.2% (w/v) ME to assess if a further reduction in ME concentration will induce 

higher levels of intracellular P3HB accumulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 130 

3.4.1 Supplementing 0.08% (w/v) ME with fructose increases OD600 

A summary of OD600  at 24 and 48 hours for C. necator cultures grown in 0.08% (w/v) ME with and 

without fructose supplementation is presented in Figure 3.19. The full data is located in Figure 8.6, 

Appendix 8.4.  

In Figure 3.19 (a) and (b), 0.08% and 0.2% (w/v) ME cultures are shown to significantly increase in OD600 

when supplemented with 0.5% (w/v) fructose. Statistical comparisons between each condition in Figure 

3.19 (c) show that at 24 hours, OD600 was greater in fructose-supplemented 0.2% (w/v) ME cultures. 

However, at 48 hours, there was no significant difference in OD600 between 0.08% and 0.2% (w/v) ME 

fructose-supplemented cultures.  

Paired comparisons between time points (Figure 3.19 (d)) found fructose-supplemented 0.08% (w/v) 

ME samples significantly increased between 24 and 48-hour time points whereas, 0.2% (w/v) ME 

fructose-supplemented cultures did not significantly change.  

As expected based on the findings of experiments in section 3.3.1, the addition of fructose increases 

the OD600 of 0.08% (w/v) ME cultures, in similarity to that of 0.2% (w/v) ME cultures, when 0.5% (w/v) 

fructose is supplemented. This is due to fructose being utilised by the Entner-Doudoroff pathway and 

acetyl-CoA entering into the citric acid cycle (Ienczak et al., 2011). However, while the results presented 

in Figure 3.19 (a) were consistent with previous results in section 3.2.1, in which decreasing ME 

correlated with decreasing OD600, the results displayed in Figure 3.19 (a) at 48 hours found that there 

was no significant difference between the OD600 of fructose-supplemented 0.08% and 0.2% (w/v) ME 

cultures. It should be noted that culture OD600, in addition to cell number, can be influenced by factors 

such as cell size (Stevenson et al., 2016). It may be possible that different cell size is causing fructose-

supplemented 0.08% and 0.2% (w/v) ME cultures to have similar OD600 readings at 48 hours, and this 

will be discussed further in section 3.4.5. 
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Figure 3.19 - Graphs and statistical analysis comparing the mean OD600 of C. necator cultures grown 
in 0.08% and 0.2% (w/v) ME with and without 0.5% (w/v) fructose supplementation. Statistical analysis 
was performed using unpaired t-tests to evaluate the same ME concentration with and without fructose 
supplementation (indicated by) annotations in plots (a) and (b)) and also to compare conditions at each 
time point (d). Additional statistical analysis was performed using paired t-tests in order to compare 
the same condition at different time points (d). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 
0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent SD. n = 3 biological 
replicates. The full data is located in Figure 8.6, Appendix 8.4. 
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3.4.2 Reducing the ME concentration to 0.08% (w/v) does not increase P3HB 

Figure 3.20 contains a summary of C. necator intracellular P3HB for cultures containing 0.08% and 

0.2% (w/v) ME with and without 0.5% (w/v) fructose. The full data can be found in Figure 8.7 (a) and 

(b), Appendix 8.4. 

Statistical analysis after 4 hours of growth (Figure 3.20 (a)) shows the addition of 0.5% (w/v) fructose to 

0.08% (w/v) ME resulted in significantly less intracellular P3HB, but when added to 0.2% (w/v) ME 

cultures, no significant difference was observed. In contrast, at 24 hours (Figure 3.20 (b)) fructose 

supplementation significantly increased P3HB levels for both 0.08% and 0.2% (w/v) cultures. At 48 

hours (Figure 3.20 (c)), a significant increase in P3HB occurred when 0.08% (w/v) ME cultures were 

supplemented with fructose, but 0.2% (w/v) ME cultures could not be statistically distinguished due to 

variable amounts of P3HB++ cells creating a high degree sample variation.  

Further comparisons between conditions at the same time point (Figure 3.20 (d)) showed at 4 hours,  

0.08% (w/v) ME without fructose produced more P3HB than the other conditions tested. In fact, this 

result was significantly greater than all other conditions tested at 4, 24 and 48 hours (statistics not 

summarised in Figure 3.20). Statistical analysis over time (Figure 3.20 (e)), on the other hand, showed 

that only cultures containing 0.2% (w/v) ME were observed to accumulate P3HB between the time 

points summarised.  

Overall evidence presented in Figure 3.20 suggests that increasing the key nutrient to ME ratio by 

keeping fructose concentration at 0.5% (w/v) while decreasing ME concentration from 0.2% to 0.08% 

(w/v) does not increase mean P3HB per C. necator cell. Once again, in line with the findings of Dey 

and Rangarajan (2017) and Nygaard et al. (2019) there was evidence of P3HB production during a 

phase of exponential growth at 4 hours. However, the raw data in Figure 8.6 (Appendix 8.4), shows 

that the OD600 of cultures is very low meaning the overall amount of P3HB in the culture as a whole 

would be negligible. Literature on the production of P3HB in C. necator states that increasing the C 

to key nutrient ratio is vital to stimulating P3HB accumulation (Passanha et al., 2014). However, the 

results in this section suggest that increasing the fructose to ME ratio, particularly after 24 hours of 

growth, does not increase the mean intracellular P3HB per cell. This may be due to there being 

insufficient fructose remaining in the media once fructose is utilised for cell proliferation and conversely 

there may be too much ME remaining due to insufficient fructose availability.  
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Figure 3.20 - Graphs and statistical analysis comparing the mean P-546 fluorescence (P3HB) of C. necator cultures grown in 0.08% and 0.2% (w/v) ME with 
and without 0.5% (w/v) fructose supplementation. Statistical analysis was performed using unpaired t-tests to evaluate the same ME concentration with and 
without fructose supplementation (annotations in plots (a), (b) and (c)) and also to compare conditions at each time point (d). Additional statistical analysis was 
performed using a paired t-test in order to compare the same condition at different time points (e). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 
0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 8.7 (a) and (b), Appendix 8.4. 
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3.4.3 The P3HB++ phenotype is influenced by the ME-to-fructose ratio 

Figure 3.21 contains a summary of the percentage of P3HB++ cells produced in media containing 

0.08% (w/v) ME with and without the addition of 0.5% (w/v) fructose. The full data can be found in 

Figure 8.7 (c) and (d), Appendix 8.4. 

Statistical comparisons evaluating the effect of fructose supplementation (Figure 3.21 (a)) showed that 

while there was no significant difference between fructose supplemented and non-supplemented 

0.08% (w/v) ME cultures, there was a statistical difference for 0.2% (w/v) samples with fructose addition 

increasing the mean percentage of P3HB++ cells. In fact, non-fructose supplemented 0.2% (w/v) ME 

cultures only registered 5 events in the P3HB++ flow cytometry gate out of a total 25,000 events. 

Further to this, at 24 and 48 hours, non-fructose supplemented 0.2% (w/v) ME cultures did not register 

any events in the P3HB++ gate at either 24 (Figure 3.21 (b)) or 48 hours (Figure 3.21 (c)). Analysis 

between the same time points presented in Figure 3.21 (d)) determined the only time that 0.08% (w/v) 

with or without fructose had significantly fewer P3HB++ cells was at 24 hours.  

Further statistical analysis presented in Figure 3.21 (e)) showed that non-fructose supplemented 0.08% 

and 0.2% (w/v) samples were not significantly different between either 4 and 24 or 24 and 48 hours. 

Fructose-supplemented samples, on the other hand, were significantly different between each time 

point with 0.08 (w/v) fructose-containing samples increasing between 4 and 24 hours before 

decreasing between 24 and 48 hours. Fructose-supplemented 0.2% (w/v) samples on the other hand 

increased between 4 and 24 hours before decreasing between 24 and 48 hours. As in previous sections 

in which intracellular P3HB levels for 0.08% (w/v) at 4 hours were not surpassed for the remainder of 

the experiment, 0.08% (w/v) was found to be not significantly different from 0.2% (w/v) fructose 

supplemented samples at 24 hours and 48-hours, and was significantly greater than all other results at 

24 and 48 hour time points.  

Overall, results in this section show that the development of a P3HB++ subpopulation is influenced by 

both ME concentration and fructose. In cultures containing only ME, a reduction in ME concentration 

from 0.2% to 0.08% (w/v) induces the formation of P3HB++ cells. On the other hand, the addition of 

fructose to 0.2% (w/v) ME can also induce the development of a P3HB++ population. Thus, while results 

presented in section 3.4.2 suggest the C. necator population as a whole does not respond to increased 

fructose to ME ratio by increasing P3HB production, the P3HB++ phenotype appears to be initiated by 

an increased fructose to ME ratio.  
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Figure 3.21 - Graphs and statistical analysis comparing the mean percentage of P3HB++ cells in C. necator cultures grown in 0.08% and 0.2% (w/v) ME with 

and without 0.5% (w/v) fructose supplementation. Statistical analysis was performed using unpaired t-tests to evaluate the same ME concentration with and 

without fructose supplementation (annotations in plots (a), (b) and (c)) and also to compare samples containing non-supplemented 0.08% ME cultures to other 

conditions  (d). Additional statistical analysis was performed using a paired t-test in order to compare conditions at each time point (e). NS = non-significant 

(p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤  0.001. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 8.4 (b) and 

(c), Appendix 8.4.
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3.4.4 Fructose addition increases intracellular P3HB for the P3HB++ population 

Figure 3.22 provides a summary of mean intracellular P3HB for P3HB+ and P3HB++ C. necator 

populations, in cultures containing 0.08% (w/v) ME with and without the addition of 0.5% (w/v) fructose. 

The full data can be found in Figure 8.7 (e) and (f), Appendix 8.4. 

In accordance with previous results, statistical analysis showed that the P3HB++ population contained 

significantly more P3HB than the P3HB+ population at 4 (Figure 3.22 (a)), 24 (Figure 3.22 (b)) and 48-

hour (Figure 3.22 (c))  time points for all conditions except for cultures containing 0.2% (w/v) ME without 

fructose added. For 0.2% (w/v) ME cultures not supplemented with fructose, the P3HB++ population 

was not included in Figure 3.22 as there were either too few flow cytometry events, or none at all, in 

the P3HB++ gate.  

Figure 3.22 (d) provides non-paired statistical comparisons of individual conditions, for the P3HB+ and 

P3HB++ populations, at 4, 24 and 48 hours. For the P3HB+ population, at 4 hours 0.08% (w/v) ME 

cultures without fructose contained significantly more P3HB than the remaining conditions.  In contrast, 

at 24 hours 0.08% (w/v) ME cultures supplemented with 0.5% (w/v) fructose produced P3HB+ cells with 

the most P3HB. At 48 hours, only non-fructose supplemented 0.08% and 0.2% (w/v) ME and 0.2% 

(w/v) ME samples with and without fructose were found to be significantly different. For the P3HB++ 

population at 4 hours, 0.2% (w/v) cultures with fructose contained significantly more P3HB than 0.08% 

(w/v) ME cultures, both with and without fructose. At 24 and 48 hours, fructose-supplemented 0.08% 

and 0.2% (w/v) ME cultures were not significantly different but contained significantly more P3HB than 

0.08% (w/v) samples without fructose.  

Statistical analysis comparing the same media conditions over time, presented in Figure 3.22 (e), found 

that for the P3HB+ population, between 4 and 24 hours 0.2% (w/v) ME cultures without fructose were 

the only condition to significantly increase. For the P3HB++ population, on the other hand, fructose-

supplemented 0.08% and 0.2% (w/v) ME cultures both significantly increased intracellular P3HB per 

cell between 4 and 24 hours, and then did not statistically change between 24 and 48 hours. Cultures 

containing 0.08% (w/v) ME without fructose on contrast did not significantly change between 4 and 

24, or 24 and 48 hours.  

In addition to the findings of section 3.4.3, the data summarised in Figure 3.22 demonstrates that the 

addition of fructose to ME media induces more P3HB production in P3HB++ cells in comparison to 

P3HB+. It is likely that P3HB+ cells metabolise fructose in a conventional manner via the Entner-

Doudoroff pathway, producing pyruvate in the process (Fleige et al., 2011). Pyruvate is converted into 

acetyl-CoA, which is then fed into the citric acid cycle. Free CoA released from the introduction of 

acetyl-CoA to the Krebs cycle inhibits the PhaA enzyme, preventing the initiation of the P3HB 

biosynthetic pathway (Mansfield et al., 1995). In P3HB++ cells, this regulatory process appears to be 
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limited allowing P3HB++ cells to accumulate intracellular P3HB in a period of growth-promoting 

conditions. Cells in the P3HB++ population resemble metabolically inactive persister cells reported in 

literature (Kotte et al., 2014; Solopova et al., 2014). However, the results in this section P3HB++ 

demonstrate that P3HB++ C. necator cells differ from previously reported persister cells by maintaining 

some metabolic activity between 4 and 24 hours to produce P3HB during growth promoting 

conditions.  
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Figure 3.22 - Graphs and statistical analysis comparing the mean P-
546 fluorescence (P3HB) of the P3HB+ and P3HB++ C. necator 
populations when grown in 0.08% and 0.2% (w/v) ME with and without 
0.5% (w/v) fructose supplementation. Statistical analysis was 
performed using unpaired t-tests to evaluate the same ME 
concentration with and without fructose supplementation (annotations 
in plots (a), (b) and (c)) and also to compare each condition (d). 
Additional statistical analysis was performed using a paired t-test in 
order to compare the same conditions at each time point (e). NS = 
non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 
0.001.The full data can be found in Figure 8.7 (e) and (f), Appendix 
8.4. 
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3.4.5 Fructose supplemented 0.08% (w/v) ME cultures produce smaller cells at 

4 hours, but larger cells after 24 hours 

Figure 3.23 presents a summary of mean cell size for C. necator cultures containing 0.08% or 0.2% 

(w/v) ME with and without the addition of 0.5% (w/v) fructose. The full data can be found in Figure 8.8 

(a) and (b), Appendix 8.4. 

Comparing media with and without fructose revealed that at 4 (Figure 3.23 (a)), 24 (Figure 3.23 (b)) 

and 48 hours (Figure 3.23 (c)) C. necator cultures supplemented with 0.5% (w/v) fructose contained 

significantly larger cells than media without.  

Comparisons between media conditions at each time point (Figure 3.23 (d)) showed that at 4 hours, 

0.2% (w/v) ME cultures contained larger cells than 0.08% (w/v) cultures. At 24 hours, fructose-

supplemented 0.08% (w/v) ME cultures contained significantly larger cells than 0.2% (w/v) ME cultures. 

This was also the case at 48 hours, at which point 0.08% (w/v) ME fructose-supplemented cultures were 

almost 4 times larger than fructose-supplemented 0.2% (w/v). Further statistical analysis over time 

revealed that between 4 and 24 hours, fructose-supplemented cultures significantly increased in size 

whereas non-supplemented samples decreased in cell size. Between 24 and 48 hours, 0.08% (w/v) ME 

fructose-supplemented cultures almost doubled in cell size while 0.2% (w/v) ME cultures decreased in 

size.   

Results overall in this section show that when 0.5% (w/v) fructose is added to 0.08% and 0.2% (w/v) 

ME, an increase in cell size is observed. This corroborates the results of section 3.3.4 in which similar 

cell size increases were observed when fructose was supplemented particularly at 4 and 24-hour time 

points. Bacterial cell size during cell proliferation has been linked with growth rate in literature (Sharpe 

et al., 1998; Sperber and Herman, 2017; Zhang et al., 2020). When fructose is supplemented, 0.2% 

(w/v) ME cultures may produce larger cells due to an increased growth rate in comparison to that of 

the less nutritious 0.08% (w/v) ME cultures. This would appear to align results with literature suggesting 

that the metabolism of key nutrients (Sperber and Herman, 2017) and C (Hill et al., 2013) have 

regulatory roles in bacterial cell size. However, at 24 and 48-hour time points, fructose-supplemented 

0.08% (w/v) cultures contained larger cells than that of 0.2% (w/v) ME  cultures containing fructose. It’s 

likely that by 24 hours growth rate had slowed down, meaning cell size was less dependent on growth 

rate. Thus, fructose-supplemented 0.08% (w/v) ME media may produce larger cells at 24 hours due to 

a decreased osmolarity caused by there being less surplus ME. Changes in osmolarity can influence 

cell size by altering turgor pressure which causes either an influx or efflux of water in the cell 

(Oldewurtel et al., 2021). Although studies by Rojas et al. (2014) have suggested that bacterial cell 

expansion occurs independent of turgor pressure. Larger cells in 0.08% (w/v) fructose-supplemented 
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cultures may be the reason for an increase in OD600 between 24 and 48 hours (Figure 3.19), as cell size 

is known to influence measurements of OD600 (Stevenson et al., 2016). 
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Figure 3.23 - Graphs and statistical analysis comparing the mean FSC of C. necator cultures grown in 0.08% and 0.2% (w/v) ME with and without 0.5% (w/v) 
fructose supplementation. Statistical analysis was performed using unpaired t-tests to evaluate the same ME concentration with and without fructose 
supplementation (annotations in plots (a), (b) and (c)) and also to compare each condition (d). Additional statistical analysis was performed using a paired t-
test in order to compare the same compare conditions at each time point (e). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** 
= p ≤ 0.0001. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 8.8 (a) and (b), Appendix 8.4.
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3.4.6 PH3B++ cells are also smaller than P3HB+ in fructose supplemented 0.08% 

(w/v) ME 

Figure 3.24 contains a summary of P3HB+ and P3HB++ FSC for C. necator cultured in 0.08% or 0.2% 

(w/v) ME with and without the addition of 0.5% (w/v) fructose. The full data can be found in Figure 8.8 

(c) and (d), Appendix 8.4. 

Statistical comparisons between P3HB+ and P3HB++ populations at 4 (Figure 3.24 (a)), 24 (Figure 3.24 

(b)) and 48 hours (Figure 3.24 (c)) showed that for fructose-supplemented conditions P3HB+ cells were 

significantly larger in size than cells in the P3HB++ population. For 0.08% (w/v) ME without fructose 

supplemented there was no significant difference between the two populations, whereas a comparison 

for non-supplemented 0.2% (w/v) ME cultures was not possible as the P3HB population registered 

negligible flow cytometry events.  

Comparisons between each individual condition at the same time point (Figure 3.24 (d)) showed that 

at 4 hours the P3HB+ population showed that 0.2% (w/v) ME-containing cultures produced larger 

P3HB+ cells than 0.08% (w/v) ME media, and 0.5% (w/v) fructose-supplementation produced larger 

P3HB+ cells. At 24 hours, P3HB+ cells were largest in fructose-supplemented media and 0.08% (w/v) 

ME fructose-supplemented media produced significantly larger cells than that of 0.2% (w/v) ME with 

fructose. At 48 hours, fructose-supplemented media once again produced the largest P3HB+ cells with 

those cultured in 0.08% (w/v) ME supplemented with 0.5% (w/v) fructose considerably larger than any 

other condition tested. Statistical analysis between time points in Figure 3.24 (e) showed that P3HB+ 

cells in 0.08% (w/v) ME with fructose increased in size consecutively between time points and almost 

doubled in size between 24 and 48 hours. On the other hand, P3HB+ cells in 0.2% (w/v) ME media 

supplemented with fructose consecutively decreased in size. Changes in the cell size of P3HB+ cells in 

non-fructose supplemented media were non-significant for 0.2% (w/v) ME cultures and for 0.08% (w/v) 

media P3HB+ cells slightly decreased between 4 and 24 hours and slightly increased between 24 and 

48 hours. For the P3HB++ population at 4 hours, individual comparisons at each time point revealed 

that P3HB++ cells in 0.2% (w/v) ME media supplemented with fructose were significantly larger in cell 

size than both 0.08% (w/v) ME cultures with and without fructose. At 24 hours, fructose-supplemented 

0.08% (w/v) ME media produced significantly larger cells than 0.08% (w/v) media without fructose and 

were also slightly larger than 0.2% (w/v) with fructose added. At the 48-hour time point, P3HB++ were 

significantly larger in the 0.08% (w/v) ME with fructose added. Statistical analysis over time for the 

P3HB++ population showed that only P3HB++ cells in 0.08% (w/v) media supplemented with 0.5% (w/v) 

fructose significantly increased between both 4 and 24, and 24 and 48 hours.  
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In this section both 0.08% and 0.2% (w/v) ME cultures supplemented with 0.5% (w/v) fructose were 

found to have larger P3HB+ cells compared to P3HB++ at 4, 24 and 48 hours. It was suggested in section 

3.3.5 that the small P3HB++ cell phenotype provides evidence that the population may comprise of 

persister cells similar to that observed in E. coli by Khlebodarova and Likoshvai (2018). Results in this 

section corroborate the findings of section 3.3.5. 
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Figure 3.24 - Graphs and statistical analysis comparing the mean FSC of 
the P3HB+ and P3HB++ C. necator populations when grown in 0.08% and 
0.2% (w/v) ME with and without 0.5% (w/v) fructose supplementation. 
Statistical analysis was performed using unpaired t-tests to evaluate the 
same ME concentration with and without fructose supplementation 
(annotations in plots (a), (b) and (c)) and also to compare each condition 
(d). Additional statistical analysis was performed using a paired t-test in 
order to compare the same condition at different time points (e). NS = 
non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, 
**** = p ≤ 0.0001 Error bars represent SD. n = 3 biological replicates. The 
full data can be found in Figure 7.8 (c) and (d), Appendix 8.4. 
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3.4.7 Discussion 

When supplementing cultures with 0.5% (w/v) fructose, decreasing ME concentration from 0.2% to 

0.08% (w/v) does not decrease OD600 as would be expected based on the findings of section 3.2.1. 

This may be due to the presence of larger cells in 0.08% (w/v) ME cultures, with a larger cell size known 

to influence measurements of OD600 (Stevenson et al., 2016). Fructose supplementation does not 

increase P3HB per cell, an observation which goes against literature which states increasing the key 

nutrient to C ratio increases P3HB accumulation (Passanha et al., 2014). Once again there is evidence 

to suggest P3HB production is occurring during exponential growth, observations which are in line 

with the findings of Dey and Rangarajan (2017) and Nygaard et al. (2019).  

Without fructose supplementation, decreasing the ME concentration to 0.08% (w/v) induces the 

formation of a P3HB++ population. In cultures containing 0.2% (w/v) ME only, a P3HB++ population is 

not observed. However, when 0.5% (w/v) fructose is added to 0.08% and 0.2% (w/v) a P3HB++ 

population is observed. The P3HB++ population may resemble persistor cells reported in literature 

(Kotte et al., 2014; Solopova et al., 2014) in terms of cell size and culture proportion, but the one key 

difference is that P3HB++ C. necator are not totally dormant and remain capable of producing P3HB at 

least between 4 and 24 hours. In fructose-supplemented cultures at 4 hours, cultures containing the 

more nutritious 0.2% (w/v) ME produce larger cells, a result which corroborates with previous research 

connecting cell size with growth rate. However, fructose-supplemented 0.08% (w/v) ME cultures 

produce larger cells at 24 and 48 hours when the growth rate is less likely to influence cell size. Instead, 

at 24 and 48 hours, cell size may be more influenced by osmotic pressure caused by the media 

composition which may indicate surplus ME was present in 0.2% (w/v) ME cultures (Oldewurtel et al., 

2021). 
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3.5 Increasing fructose concentration in 0.08% (w/v) ME 

Results in section 3.4.4 found that fructose-supplemented 0.08% (w/v) ME C. necator cultures do not 

produce more P3HB than that of 0.2% (w/v) ME fructose containing cultures despite the increased 

fructose to ME ratio. In section 3.5, fructose at concentrations of 0%, 0.5%, 1% and 1.5% (w/v) were 

added to 0.08% (w/v) ME, to test if further increasing the fructose to ME ratio is able to increase P3HB 

production.  

 

3.5.1 Increasing fructose concentration does not increase OD600 

Figure 3.25 contains a summary of OD600 for C. necator cultures grown in 0.08% (w/v) ME, with 

comparisons made between the supplementation of fructose at concentrations of 0%, 0.5%, 1% and 

1.5% (w/v). The full data is located in Figure 8.9, Appendix 8.5. 

At both 24 (Figure 3.25 (a)) and 48-hour  (Figure 3.2 (b)) time points, comparisons between each 

condition, presented in Figure 3.25 (c), increasing the fructose concentration above 0.5% (w/v) does 

not significantly change culture OD600.  

Paired comparisons between corresponding 24 and 48-hour samples (Figure 3.2 (d)), showed that for 

all conditions tested a significant increase in OD600 was observed.  

No increase in OD600 with increasing fructose concentration above 0.5% (w/v) demonstrates that 

increasing fructose concentration in 0.08% (w/v) ME media does not increase culture growth in the 

time scale tested. However, as cultures containing 0.5%, 1% and 1.5% (w/v) fructose all significantly 

increased in OD600 between 24 and 48 hours, it is possible that acetyl-CoA was still being directed into 

the citric acid cycle (Ienczak et al., 2011) rather than the P3HB biosynthesis pathway. A lack of 

additional growth above a fructose concentration of 0.5% (w/v) is unlikely to be due to the inhibitory 

effects of fructose on growth, as fructose has been demonstrated to support high levels of C. necator 

growth at a concentration of 4% (w/v) (Azubuike et al., 2020).  
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Figure 3.25 - Graphs and statistical analysis comparing the mean OD600 of C. necator cultures grown 
in 0.08% (w/v) ME and supplemented with 0%, 0.5%, 1% and 1.5% (w/v) fructose. Mean OD600 at 24 
(a) and 48 hours (b) is analysed statistically using unpaired t-tests to compare conditions at the same 
time point (c), and paired t-tests to compare conditions at different time points (d). NS = non-significant 
(p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. Error bars represent SD. n 
= 3 biological replicates. The full data is located in Figure 8.9, Appendix 8.5. 
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Fructose concentration (w/v) 
comparison 24 hours 48 hours 

0% 0.5% *** *** 
0% 1% *** **** 
0% 1.5% *** ** 

0.5% 1% * * 
0.5% 1.5% NS NS 
1% 1.5% NS NS 

Paired t-tests comparing OD600 between 4 and 24, 
and 24 and 48 hours.  

Fructose concentration 
(w/v) 24-48 hours 

0% ** 
0.5% ** 
1% *** 

1.5% * 

(c) 

(d) 
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3.5.2 Increasing fructose concentration does not increase intracellular P3HB 

Figure 3.26 provides a summary of intracellular P3HB per cell at 4 (Figure 3.26 (a)), 24 (Figure 3.26 (b)) 

and 48-hour (Figure 3.26 (c)) time points for 0.08% (w/v) ME C. necator cultures supplemented with 

0%, 0.5%, 1% or 1.5% (w/v) fructose. The full data can be found in Figure 8.10 (a) and (b), Appendix 

8.5. 

At 4 hours, the statistical analysis presented in Figure 3.26 (d) found that non-fructose supplemented 

cultures produced significantly more P3HB per cell than 0.5%, 1% and 1.5% (w/v) fructose 

supplementation. Further analysis comparing the result at 4 hours for 0% (w/v) fructose 

supplementation to that of 0.5%, 1% and 1.5% (w/v) fructose at 24 and 48 hours (statistics not 

summarised in Figure 3.26) showed that P-546 fluorescence at 4 hours was significantly greater than 

that of 0.5%, 1% and 1.5% (w/v) fructose supplemented cultures at 24 and 48-hour time points. 

Additionally, statistical comparisons over time (Figure 3.26 (e)) showed a decrease in intracellular P3HB 

occurs between 4 and 24 hours and there is then no significant difference between 24 and 48 hours. 

The analysis in Figure 3.26 (d) also revealed that at 24 and 48 hours, fructose supplemented C. necator 

had significantly more intracellular P3HB per cell than non-fructose-supplemented. However, 

increasing the fructose concentration above 0.5% (w/v) fructose did not increase P3HB levels at either 

24 or 48 hour time points.  

Increasing the fructose concentration above 0.5% (w/v) in 0.08% (w/v) ME cultures without an observed 

increase in intracellular P3HB suggests that acetyl-CoA is still being directed into the citric acid cycle 

due to the continued presence of growth-promoting nutrients (Ienczak et al., 2011). This result is in 

agreement with the observations of OD600 in section 3.5.1.  
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Figure 3.26 - Graphs and statistical analysis comparing the mean P-546 fluorescence (P3HB) of C. necator cultures grown in 0.08% (w/v) ME and supplemented 
with 0%, 0.5%, 1% and 1.5% (w/v) fructose. Mean P-546 fluorescence at 4 (a), 24 (b) and 48 hours (c) is analysed statistically using unpaired t-tests to compare 
conditions at the same time point (d), and paired t-tests to compare conditions at different time points (e). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = 
p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 8.10 (a) and (b), Appendix 8.5.
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Fructose concentration 
(w/v) comparison 4 hours 24 hours 48 hours 

0% 0.5% *** *** * 
0% 1% * ** *** 
0% 1.5% *** ** ** 

0.5% 1% NS NS NS 
0.5% 1.5% * NS NS 
1% 1.5% NS NS NS 

Paired t-tests comparing P-546 fluorescence (P3HB) between 4 
and 24, and 24 and 48 hours.  

Fructose 
concentration (w/v) 4-24 hours 24-48 hours 

0% ** NS 
0.5% * NS 
1% NS NS 

1.5% NS NS 

(d) (e) 
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3.5.3 Increasing fructose concentration does not increase the proportion of 

P3HB++ cells 

Figure 3.27 contains a summary of the percentage of P3HB++ cells in 0.08% (w/v) ME containing 0%, 

0.5%, 1% and 1.5% (w/v) fructose. The full data can be found in Figure 8.10 (a) and (b), Appendix 8.5. 

At 4 hours (Figure 3.27 (a)), samples were subject to a relatively high degree of error whereas at 24 

(Figure 3.27 (b)), and 48 hours (Figure 3.27 (c)) error was reduced for all samples. The large degree of 

error at 4 hours was due to a high level of variance between culture replicates. Statistical analysis 

presented in Figure 3.27 (d), found that at 24 and 48 hours there was no significant difference between 

any of the conditions tested. At 48 hours, the only significantly different comparisons were cultures 

containing 0.5% (w/v) fructose which contained significantly more P3HB++ cells than both 0% and 1.5% 

(w/v) fructose containing samples. Results were either not significantly different, or were statistically 

greater at 4 hours when compared over time at 24 and 48 hours (Figure 3.27 (e)). Between 24 and 48 

hours, only media containing 0.5% (w/v) fructose significantly increased the proportion of P3HB++ cells.  

Results up to this section have provided evidence to suggest that the P3HB++ population may be a 

type of persister cell population (Kotte et al., 2014; Solopova et al., 2014), previously unreported in C. 

necator. In the current section, increasing fructose concentration above 0.5% (w/v) in cultures has been 

found not increase the proportion of P3HB++ cells.  While this suggests there is no link between P3HB++ 

cell production and fructose concentration, this was not the case in 0.2% (w/v) ME cultures which only 

produced P3HB++ cells when 0.5% (w/v) fructose was added (Figure 3.22 section 3.4.4). 
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Figure 3.27 - Graphs and statistical analysis comparing the mean percentage of P3HB++ cells in C. necator cultures grown in 0.08% (w/v) ME and supplemented 
with 0%, 0.5%, 1% and 1.5% (w/v) fructose. The mean proportion of P3HB++ cells at 4 (a), 24 (b) and 48 hours (c) is analysed statistically using unpaired t-tests 
to compare conditions at the same time point (d), and paired t-tests to compare conditions at different time points (e). NS = non-significant (p ≥ 0.05), * = p 
< 0.05. Error bars represent SD. n = 3 biological replicates.  The full data can be found in Figure 8.10 (a) and (b), Appendix 8.5.
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3.5.4 Increasing fructose concentration has little impact on intracellular P3HB 

levels in P3HB+ and P3HB++ populations.  

Figure 3.28 presents a summary of intracellular P3HB per cell for the PH3B+ and P3HB++ C. necator 

populations when cultured in 0.08% (w/v) ME supplemented with 0%, 0.5%, 1% and 1.5% (w/v) 

fructose. The full data can be found in Figure 8.10 (e) and (f), Appendix 8.5. 

For all fructose concentrations added to 0.08% (w/v) ME, at 4 (Figure 3.28 (a)), 24 (Figure 3.28 (b))  and 

48 hours (Figure 3.28 (c)) cells in the P3HB++ population contained significantly more intracellular P3HB 

than cells in the P3HB+ population.  

Statistical comparisons between conditions at the same time point (Figure 3.28 (d)) found that at 4 

hours for the P3HB+ population, cultures without fructose supplementation contained significantly 

more P3HB than cultures supplemented with fructose. Cultures without fructose at 24 hours, on the 

other hand, produced significantly less P3HB than 0.5%, 1% and 1.5% (w/v) fructose cultures. The 

fructose-containing cultures though could not be statistically separated. At 48 hours only 0% and 1.5% 

(w/v) fructose cultures and 1 and 1.5% (w/v) cultures were found to be significantly different. For the 

P3HB++ population, statistical analysis at the same point between conditions (Figure 3.28 (d)) revealed 

that at 4 hours, there was no significant difference between any of the fructose concentrations tested. 

At 24 hours, the P3HB++ population produced more P3HB in fructose-supplemented 0.08% (w/v) 

fructose-supplemented samples. In addition, 0.5% (w/v) fructose cultures contained significantly more 

P3HB that 1% and 1.5% (w/v) samples. At 48 hours, cultures without fructose still contained significantly 

less P3HB than fructose supplemented-samples for the P3HB++ population but unlike at 24 hours, there 

was no statistical difference between 0.5%, 1% and 1.5% (w/v) fructose samples. 

Statistical analysis comparing the P3HB+ population over time (Figure 3.28 (e)) showed that for all 

conditions tested, there was either no significant difference or significant decreases between time 

points, with no conditions significantly increasing for the P3HB+ population. Statistical analysis over 

time showed that for the P3HB++ population between 4 and 24 hours, 0.5%, 1% and 1.5% (w/v) fructose 

cultures all significantly increased in P3HB whereas cultures without fructose did not significantly 

change. Between 24 and 48 hours there was no significant difference between any of the conditions 

tested for the P3HB++ population.  

Previous results presented in section 3.4.4 showed that P3HB++ cells differ from reports of persister 

cells in literature (Kotte et al., 2014; Solopova et al., 2014) by producing P3HB. Results in this section 

align with those of section 3.4.4 in demonstrating that fructose addition to cultures increases P3HB++ 

P3HB per cell between 4 and 24 hours. However, results also showed that increasing fructose 

concentration above 0.5% (w/v) does not increase P3HB per cell in the P3HB++ population.  
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3.5.5 Increasing fructose concentration has little impact on cell size 

Figure 3.29 contains a summary of mean FSC for 0.08% (w/v) ME cultures supplemented with either 

0%, 0.5%, 1% or 1.5% (w/v) fructose at 4 (Figure 3.29 (a)), 24 (Figure 3.29 (b)) and 48 hours (Figure 3.29 

(c)) timepoints. The full data can be found in Figure 8.11(a) and (b), Appendix 8.5. 

Comparisons between media conditions at each time point in Figure 3.29 (d) showed that at 4, 24 and 

48 hours, C. necator cells in cultures supplemented with 0.5%, 1% and 1.5% (w/v) fructose were 

significantly larger than cultures containing only ME. At 24 and 48 hours the difference between 

fructose-supplemented samples and non-supplemented was much greater. In addition, at each time 

point 1% and 1.5% (w/v) fructose cultures contained significantly smaller cells in comparison to cultures 

with 0.5% (w/v) fructose. Statistical comparisons between time points showed that only 0.5% (w/v) 

samples significantly increased between 4 and 24 hours whereas all conditions were non-significantly 

different between 24 and 48 hours.  

Figure 3.30 contains a fluorescent microscope image for each condition at 54 hours. In the cells of 

cultures that were fructose-supplemented, P3HB granules are visible along with Z-ring structures 

indicating the cells are in the process of division (Du and Lutkenhaus, 2019). This is in contrast to Figure 

3.13 in which no dark regions resembling P3HB granules were observed. The dark globular regions 

are a typical hallmark of bacteria accumulating intracellular P3HB and have been observed in previous 

research (Hermawan and Jendrossek, 2007; Beeby et al., 2011; Kawashima et al., 2015). Previous 

research has suggested that an increased bacterial growth rate can lead to a larger cell size during cell 

proliferation (Sharpe et al., 1998; Sperber and Herman, 2017; Zhang et al., 2020) and that the 

metabolism of key nutrients (Sperber and Herman, 2017) and C (Hill et al., 2013) have regulatory roles 

in bacterial cell size. Results in this section at 4 hours show that mean FSC changed very little when 

fructose concentration increases. This is indicative of the growth rate being similar despite the fructose 

concentration increasing. In section 3.4.5 it was suggested that at 24 and 48 hours the increased 

osmolarity of fructose supplemented 0.2% (w/v) ME media in relation to fructose supplemented 0.08% 

(w/v) ME may be due to residual nutrients left over from the more nutritious 0.2% (w/v) ME. In the 

current section, no significant difference in cell size was recorded suggesting that the osmolarity may 

have been similar in each fructose supplement culture.  
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Figure 3.29 - Graphs and statistical analysis comparing the mean FSC of C. necator cultures grown in 0.08% (w/v) ME and supplemented with 0%, 0.5%, 1% 
and 1.5% (w/v) fructose. Mean FSC at 4 (a), 24 (b) and 48 hours (c) is analysed statistically using unpaired t-tests to compare conditions at the same time point 
(d). Additional statistical analysis was performed using a paired t-test in order to compare the same condition at different time points (e). NS = non-significant 
(p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 8.11 (a) and 
(b), Appendix 8.5.

 
 
      
 
 
                   

 
  

0

10000

20000

30000

40000

50000

60000

0% 0.5% 1% 1.5%
Fructose concentration (w/v)

M
ea

n 
FS

C
 (c

el
l s

iz
e)

(a) 4 hours

0

10000

20000

30000

40000

50000

60000

0% 0.5% 1% 1.5%
Fructose concentration (w/v)

(b) 24 hours

0

10000

20000

30000

40000

50000

60000

0% 0.5% 1% 1.5%
Fructose concentration (w/v)

(c) 48 hours

Non-paired t-test comparing P-546 fluorescence (P3HB) for 
each condition at 4, 24 and 48 hours. 

Fructose concentration (w/v) 
comparison 4 hours 24 hours 48 hours 

0% 0.5% *** *** * 
0% 1% * ** *** 
0% 1.5% *** ** ** 

0.5% 1% NS NS NS 
0.5% 1.5% * NS NS 
1% 1.5% NS NS NS 

Paired t-test comparing P-546 fluorescence (P3HB) 
between 4 and 24, and 24 and 48 hours.  

Fructose concentration 
(w/v) 4-24 hours 24-48 hours 

0% ** NS 
0.5% * NS 
1% NS NS 

1.5% NS NS 

(d) (e) 
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3.5.6 Increasing fructose concentration above 0.5% (w/v) has little effect on cell 

size FSC  

Figure 3.31 presents a summary of PH3B+ and PH3B++ FSC for C. necator cultures in which media 

contained 0.08% (w/v) ME supplemented with either 0%, 0.5%, 1% or 1.5% (w/v) fructose. The full data 

can be found in Figure 8.11(c) and (d), Appendix 8.5. 

Statistical analysis comparing cell size at 4 (Figure 3.31 (a)), 24 (Figure 3.31 (b)) and 48 hours (Figure 

3.31 (c)) revealed that 0.5% (w/v) fructose addition was the only condition tested in which P3HB+ cells 

were significantly larger than that of the P3HB++ population at 4, 24 and 48 hours. For all other 

conditions tested at each time point the difference between P3HB+ and P3HB++ populations was not 

significant except for 1.5% (w/v) fructose-supplementation at 24 hours at which point P3HB+ cells were 

also larger than P3HB++ cells.  

For the P3HB+ population, statistical comparisons between conditions at the same time point (Figure 

3.31 (d)) showed that 0.5% (w/v) fructose supplemented media produced the largest or joint largest 

P3HB+ cells. Analysis over time presented in (Figure 3.31 (e)) showed that P3HB+ cells progressively 

increased in cell size between 4 and 24, and 24 and 48 hours.  

Statistical analysis comparing experimental conditions at each time point for the P3HB++ population 

(Figure 3.31 (d)) showed that at 4 hours there was no significant difference between any of the 

conditions tested. At both 24 and 48 hours, 0.5%, 1% and 1.5 (w/v) fructose supplementations could 

not be separated based on P3HB++ cells size but could be significantly separated for samples not 

containing fructose. Comparisons between time points (Figure 3.31 (e)) showed that for the 0.08% 

(w/v) ME without fructose addition, P3HB++ cell size did not significantly change between time points. 

Cultures supplemented with 1% or 1.5% (w/v) fructose significantly increased P3HB++ cell size between 

4 and 24 hours although there was no significant difference between 24 and 48 hours. Samples 

supplemented with 0.5% (w/v) fructose were the only cultures to produce P3HB++ cells that increased 

successively between 4 and 24, and 24 and 48 hours.  

Previous results in this thesis have found P3HB+ cells to commonly be larger than P3HB++ cells or at 

least not significantly different. This trait has been aligned with the results of previous research E. coli 

by (Khlebodarova and Likoshvai, 2018) who report persister sub-populations to be smaller than that of 

the dominant phenotype. Generally, apart from cultures supplemented with 0.5% (w/v) fructose, there 

was little size difference between cells in the P3HB+ and P3HB++ populations. The reason for this is 

unclear but could be due to reasons such the formation of more cell chains in 0.5% (w/v) fructose-

supplemented cultures, particularly at 48 hours. 
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3.5.7 Discussion 

Increasing fructose concentration above a concentration of 0.5% (w/v) does not increase OD600. 

However, as OD600 increased for all conditions between 24 and 48 hours, and P3HB per cell did not 

increase, it’s likely that fructose was still being directed into the Entner-Doudoroff pathway (Fleige et 

al., 2011), and acetyl-CoA was still being directed into the citric acid cycle rather than P3HB 

biosynthesis (Ienczak et al., 2011). Concentrations of fructose above 0.5% (w/v) are unlikely to result in 

inhibitory effects as fructose has been demonstrated to support high levels of C. necator growth at a 

concentration of 4% (w/v) (Azubuike et al., 2020). Increasing fructose concentration also didn’t increase 

the proportion of P3HB++ cells in cultures. Results have so far demonstrated that the P3HB++ population 

may be a persister cell population due to its low proportion in cultures and that P3HB++ are typically 

smaller than the dominant P3HB+ phenotype (Khlebodarova and Likoshvai, 2018). In this section, apart 

from cultures supplemented with 0.5% (w/v) fructose, there was little size difference between cells in 

the P3HB+ and P3HB++ populations. The reason for this is unclear but could be due to reasons such as 

the formation of more cell chains in 0.5% (w/v) fructose or differences in media osmolarity. Generally, 

there was no significant difference in cell size when increasing fructose concentration. Based on 

previous research, this may suggest that increasing fructose concentration does not increase the 

growth rate of C. necator in the current study (Sharpe et al., 1998; Sperber and Herman, 2017; Zhang 

et al., 2020).  
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3.6 Cupriavidus necator grown in 0.08% (w/v) ME with 0%, 0.6,% 

1.2% and 1.6% (w/v) sodium gluconate. 
In sections 3.4 and 3.5 fructose and ME were tested at varying concentrations in order to test the 

effects of reducing the ME to fructose ratio. The reduction in this ratio led to an increase in mean FSC 

which was sustained until the end of the experiment but was unable to induce a high level of P3HB 

production exceeding a value of 10,000 for mean P-546 fluorescence per cell. In this section, a different 

C source sodium gluconate is used as a media supplement. The supplementation of sodium gluconate 

has been shown to induce up to 70% of DCW P3HB when used at concentrations as high as 3% (w/v) 

(Henrich et al., 2012).  In the current study initial sodium gluconate concentrations of 0.6%, 1.1% and 

1.6% (w/v) were used which equates to the same number of C atoms contained in 0.5%, 1% and 1.5% 

(w/v) fructose, respectively.  
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3.6.1 At 48 hours,1.1 and 1.6% (w/v) sodium gluconate supplementation leads 

to higher OD600 values than fructose-supplemented cultures 

Figure 3.32 presents a summary of OD600 data for C. necator cultures containing 0.08% (w/v) 

supplemented with 0%, 0.6%, 1.1% or 1.6% (w/v) sodium gluconate at 48 (Figure 3.32 (a)) and 72 hours 

(Figure 3.32 (b)). The full data can be found in Figure 8.12, Appendix 8.6. 

Statistical comparisons between conditions at each time point (Figure 3.32 (c)) showed that media 

supplemented with sodium gluconate increased OD600 at both 48 and 72 hours. At 48 hours, 

measurements of OD600 for cultures containing 0.6%, 1.1% and 1.6% (w/v) sodium gluconate were 

similar with the only statistical difference occurring between cultures supplemented with 1.1% and 

0.6% (w/v) sodium gluconate.  At 72 hours, cultures containing 1.1% and 1.6% (w/v) sodium gluconate 

were significantly more optically dense than 0.6% cultures. Statistical analysis over time (Figure 3.32 

(d)) showed that between 48 and 72 hours, 0.6% cultures did not significantly increase in OD600 whereas 

1.1% and 1.6% cultures did increase.  

Figure 3.33 compares fructose supplementation (Figure 3.33 (a)) in 0.08% (w/v) ME  to that of sodium 

gluconate (Figure 3.33 (b)). The full combined data can be viewed in Figure 8.15, Appendix 8.7. 

Statistical comparisons between each fructose or sodium gluconate condition in Figure 3.33 (c) showed 

that non-supplemented media, which are the same, in the sodium gluconate experiment was slightly 

greater than that of the fructose experiment. The reason for this difference is unfortunately unclear 

and raises concerns that a batch effect could be influencing data. Analysis between conditions also 

found that 1.1% and 1.6% (w/v) sodium gluconate supplementation significantly increased OD600 in 

comparison to fructose-containing cultures while 0.6% supplementation could not be statistically 

distinguished from any of the fructose-containing cultures.  

In similarity to fructose-supplemented cultures presented in section 3.5.1, cultures containing 1.1% 

and 1.6% (w/v) sodium gluconate were observed to increase in OD600 suggesting that gluconate was 

still being processed by the Entner-Doudoroff pathway and that acetyl-CoA was still entering the citric 

acid cycle. Thus, only 0.6% (w/v) sodium gluconate showed evidence of P3HB accumulating conditions 

by not increasing in OD600 between 48 and 72 hours. Comparisons between fructose and sodium 

gluconate-supplemented cultures show that similar OD600 results were observed, although results are 

discussed further in this section due to P3HB and cell size possibly influencing the OD600 of sodium 

gluconate-supplemented cultures. 
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Figure 3.32 - Graphs and statistical analysis showing the OD600 of 0.08% (w/v) ME C. necator cultures 
supplemented with 0%, 0.6%, 1.1% or 1.6% (w/v) sodium gluconate. Statistical analysis was performed 
using unpaired t-tests to compare individual sodium gluconate concentrations at the same time point 
(c) and paired t-tests to compare the same condition at different time points (d). NS = non-significant 
(p ≥ 0.05), * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological 
replicates. The full data can be found in Figure 8.12, Appendix 8.6. 
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Non-paired t-test comparing the mean OD600 for each 
condition at 4, 48 and 72 hours. 

Sodium gluconate concentration 
(w/v) comparison 48 hours 72 hours 

0% 0.6% ** ** 
0% 1.1% *** *** 
0% 1.6% *** ** 

0.6% 1.1% * *** 
0.6% 1.6% NS ** 
1.1% 1.6% NS NS 

Paired t-test comparing the mean OD600 between 
4 and 48 hours, and 48 and 72 hours. 

Sodium gluconate 
concentration (w/v) 48-72 hours 

0% ** 
0.6% NS 
1.1% * 
1.6% * 

(c) 

(d) 
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Figure 3.33 - Graphs and statistical analysis comparing the OD600 at 48 hours of 0.08% (w/v) ME C. 
necator cultures supplemented with either 0%, 0.5%, 1% or 1.5% (w/v) fructose, or 0%, 0.6%, 1.1% or 
1.6% (w/v) sodium gluconate. Plot (a) displays the OD600 of fructose-supplemented cultures and plot 
(b) that of sodium gluconate. Non-paired t-tests were used to compare each fructose and sodium 
gluconate supplementation (c). NS = non-significant (p ≥ 0.05), * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 
0.001, **** = p ≤ 0.0001. Error bars represent SD. n = 3 biological replicates. The full combined data 
can be viewed in Figure 8.15, Appendix 8.7.  
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(c) 
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3.6.2 Sodium gluconate media supplementation leads to significantly more 

P3HB than fructose at 48 hours 

A summary of P-546 fluorescence per cell (P3HB) for 0.08% (w/v) ME C. necator cultures supplemented 

with 0%, 0.6%, 1.1% or 1.6% (w/v) sodium gluconate can be found in Figure 3.34. The full data can be 

found in Figure 8.13 (a) and (b), Appendix 8.6. Figure 3.34 (a) shows P-546 fluorescence at 4 hours, 

Figure 3.34 (b) at 48 hours and Figure 3.34 (c) at 72 hours. Figure 3.34 (d) contains statistical 

comparisons between conditions at each time point.   

At 4 hours, intracellular P3HB did not significantly increase when sodium gluconate was added to 

0.08% (w/v) ME. In contrast, at 48 hours, all sodium gluconate-supplemented cultures contained 

significantly more P3HB than non-supplemented media. However, there was no significant difference 

in P3HB between 0.6%, 1.1% and 1.6% (w/v) sodium gluconate-containing cultures. By 72 hours, 

sodium gluconate supplementation still significantly increased P3HB in relation to cultures without, 

but 0.6% (w/v) sodium gluconate produced more P3HB than both 1.1% and 1.6% cultures.  

Analysis over time (Figure 3.34 (e)) showed that cultures containing 0.08% (w/v) ME only decreased in 

P3HB between 4 and 48 and did not significantly change between 48 and 72 hours. Conversely, 0.6% 

(w/v) sodium gluconate cultures significantly increased only between 48 and 72 hours, whereas 1.1% 

cultures increased between both sets of time points. No statistical difference was found between either 

4 and 48, or 48 and 72 hours, for cultures with 1.6% (w/v) sodium gluconate added.  

Figure 3.35 compares the mean P-546 fluorescence at 48 hours of cultures supplemented with fructose 

(Figure 3.35 (a)) and that of sodium gluconate (Figure 3.35 (b)). The full data can be found in Figure 

8.16 (a) and (b), Appendix 8.7. 

Statistical comparisons in Figure 3.35 (c) show that at 48 hours, all sodium gluconate cultures produced 

more intracellular P3HB in C. necator than fructose. The reason for this may be due to the presence of 

sodium ions in sodium gluconate. In bacteria, sodium ions are known to provide an important link 

across the cell membrane (Dimroth, 1990). The transport of solutes and sugars can be facilitated using 

sodium ions to move against a concentration gradient via secondary membrane transporters 

(Henriquez et al., 2021). It’s possible that gluconate is transported more easily in comparison to 

fructose due to the presence of sodium ions in the media.  
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Figure 3.34 - Graphs and statistical analysis summarising the mean P-546 fluorescence as a measure of intracellular P3HB of 0.08% (w/v) ME C. necator cultures 
supplemented with 0%, 0.6%, 1.1% or 1.6% (w/v) sodium gluconate. Statistical analysis was performed using unpaired t-tests to compare individual sodium 
gluconate concentrations at the same time point (c) and paired t-tests to compare the same condition at different time points (d). NS = non-significant (p ≥ 
0.05), * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent SD. n = 3 biological replicates. The full data 
can be found in Figure 8.13, Appendix 8.6. 
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Figure 3.35 - Graphs and statistical analysis comparing P-546 fluorescence as a measure of intracellular 
P3HB at 48 hours for 0.08% (w/v) ME C. necator cultures supplemented with either 0%, 0.5%, 1% or 
1.5% (w/v) fructose, or 0%, 0.6%, 1.1% or 1.6% (w/v) sodium gluconate. Plot (a) displays the data of 
fructose-supplemented cultures and plot (b) that of sodium gluconate. Non-paired t-tests were used 
to compare each fructose and sodium gluconate supplementation (c). NS = non-significant (p ≥ 0.05), 
* = p ≤ 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 3 biological replicates. The full data can be 
found in Figure 8.16, Appendix 8.7. 
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0% 0.6% * 1% 0.6% * 
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0.5% 0% * 1.5% 0% ** 
0.5% 0.6% * 1.5% 0.6% * 
0.5% 1.1% ** 1.5% 1.1% ** 
0.5% 1.6% * 1.5% 1.6% * 

(c) 
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3.6.3 Cultures containing sodium gluconate produce more P3HB++ cells 

Figure 3.36 presents a summary of the percentage of P3HB++ cells at 4 (Figure 3.36 (a)), 48 (Figure 

3.36 (b)),  and 72 hours (Figure 3.36 (c)),  in 0.08% (w/v) ME supplemented with 0%, 0.6%, 1.1% or 

1.6% (w/v) sodium gluconate. The full data can be found in Figure 8.13 (c) and (d), Appendix 8.6. 

Statistical analysis comparing conditions at each time point (Figure 3.36 (d)), showed that at 4 hours 

there was no significant difference between any of the conditions tested, with inconsistent P3HB++ 

populations once again causing a high degree of error. In contrast, at both 48 and 72 hours, the was 

a significant difference between supplemented and non-supplemented cultures, but no statistical 

difference between individually tested sodium gluconate concentrations.  

Statistical analysis over time (Figure 3.36 (e)) found for all cultures there was no significant difference 

in the percentage of P3HB++ cells between 4 and 48 hours. The only cultures to significantly change 

were those containing 0.6% and 1.1% (w/v) sodium gluconate which increased the proportion of 

P3HB++ cells between 48 and 72 hours.  

Figure 3.37 compares fructose addition (Figure 3.37(a)) (first presented in Figure 3.27(c)) to that of 

sodium gluconate (Figure 3.37(a))  at 48 hours. Statistical analysis (Figure 3.37(c)) showed that at 48 

hours, cultures containing sodium gluconate produced significantly more P3HB++ cells than fructose 

supplemented 0.08% (w/v) ME cultures. 

In the previous section, it was suggested that a higher amount of P3HB per cell produced when C. 

necator cultures were supplemented with sodium gluconate may have been due to sodium ions acting 

as a secondary transporter to facilitate the uptake of gluconate. Evidence in this section shows that a 

higher proportion of P3HB++ cells are produced when sodium gluconate is supplemented rather than 

fructose. While this would corroborate the theory that sodium ions increase the uptake of gluconate, 

an increase in the proportion of  P3HB++ could be due to other factors such as lower cell division and 

more cell expansion in the P3HB+ population, for example.  
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Figure 3.36 - Graphs and statistical analysis summarising the mean percentage of P3HB++ cells in 0.08% (w/v) ME C. necator cultures supplemented with 0%, 
0.6%, 1.1% or 1.6% (w/v) sodium gluconate. Statistical analysis was performed using unpaired t-tests to compare individual sodium gluconate concentrations 
at the same time point (c) and paired t-tests to compare the same condition at different time points (d). NS = non-significant (p ≥ 0.05), * = p ≤ 0.05, ** = p ≤ 
0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent SD. n = 3 biological replicates. 
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Non-paired t-test comparing the percentage of P3HB++ cells for each 
condition at 4, 48 and 72 hours. 

Sodium gluconate concentration 
(w/v) comparison 4 hours 48 hours 72 hours 

0% 0.6% NS ** ***** 
0% 1.1% NS * ** 
0% 1.6% NS ** * 

0.6% 1.1% NS NS NS 
0.6% 1.6% NS NS NS 
1.1% 1.6% NS NS NS 

Paired t-test comparing the percentage of P3HB++ cells between 4 and 48 
hours, and 48 and 72 hours. 

Sodium gluconate 
concentration (w/v) 4-24 hours 48-72 hours 

0% NS NS 
0.6% NS * 
1.1% NS * 
1.6% NS NS 

(d) (e) 



 169 

 

Figure 3.37 - Graphs and statistical analysis comparing the percentage of P3HB++ cells at 48 hours for 
0.08% (w/v) ME C. necator cultures supplemented with either 0%, 0.5%, 1% or 1.5% (w/v) fructose, or 
0%, 0.6%, 1.1% or 1.6% (w/v) sodium gluconate. Plot (a) displays the data of fructose-supplemented 
cultures and plot (b) that of sodium gluconate. Non-paired t-tests were used to compare each fructose 
and sodium gluconate supplementation (c). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, 
*** = p ≤ 0.001, **** = p ≤ 0.0001. Error bars represent SD. n = 3 biological replicates.  
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Fructose/sodium gluconate 
comparison (w/v) 48  hours Fructose/sodium gluconate 

comparison (w/v) 48 hours 

0% 0% NS 1% 0% NS 
0% 0.6% *** 1% 0.6% *** 
0% 1.1% *** 1% 1.1% ** 
0% 1.6% ** 1% 1.6% ** 

0.5% 0% NS 1.5% 0% NS 
0.5% 0.6% ** 1.5% 0.6% ** 
0.5% 1.1% ** 1.5% 1.1% **** 
0.5% 1.6% * 1.5% 1.6% ** 

(c) 
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3.6.4 Concentration of 0.6% and 1.1% (w/v) sodium gluconate produce increase 

P3HB per cell in the P3HB++ population 

Figure 3.38 contains a summary of P-546 fluorescence (P3HB) at 4 (Figure 3.38 (a)), 48 (Figure 3.38 (b)),  

and 72 hours (Figure 3.38 (c)),  for P3HB+ and P3HB++ cell populations for 0.08% (w/v) ME C. necator 

cultures supplemented with 0%, 0.6%, 1.1% or 1.6% (w/v) sodium gluconate. The full data can be 

found in Figure 8.13 (e) and (f), Appendix 8.6.  

Statistical analysis between conditions at each time point (Figure 3.38 (d)) showed that at 4 hours there 

was no significant difference between any of the conditions tested for the P3HB+ population. At 48 

hours 1.1% and 1.6% (w/v) sodium gluconate addition significantly increased P3HB in the P3HB+ 

population in comparison to non-supplemented cultures. At 48 hours, the P3HB+ population of sodium 

gluconate-supplemented cultures was significantly greater in P3HB than non-supplemented cultures 

and 0.6% cultures contained more P3HB than both 1.1% and 1.6% cultures. Comparisons between 

time points (Figure 3.38 (e)) showed that for all sodium gluconate supplemented cultures there was no 

significant difference in P3HB+ P3HB between 4 and 48 hours, but between 48 and 72 hours the P3HB+ 

population in all supplemented cultures increased in P3HB.  

For the P3HB++ population comparisons between experimental conditions (Figure 3.38 (d)) showed 

that at 4 hours only 0% and 1%, and 0.6% and 1.6% (w/v) sodium gluconate comparisons were 

significantly different. At 48 hours, sodium gluconate supplementation significantly increased 

intracellular P3HB in the P3HB++ population in relation to media without. This was also the case at 48 

hours although 1.1% (w/v) sodium gluconate produced significantly more P3HB in the P3HB++ 

population in comparison to 0.6% cultures but not 1.6% cultures. Analysis between time points (Figure 

3.38 (e)) for the P3HB++ population showed that while 0.6% and 1.6% (w/v) sodium gluconate 

supplementation increased P3HB in the P3HB++ population between 4 and 48 hours but not between 

48 and 72 hours, 1.1% cultures increased between both sets of time points. 

Figure 3.39 compares fructose (Figure 3.39 (a)) and sodium gluconate (Figure 3.39 (b)) 

supplementation at the 48-hour time point. The full data can be found in Figure 8.17, Appendix 8.7. 

Comparisons for the P3HB+ population (Figure 3.39 (c)) show that results, in this case, were mixed in 

terms of statistically significant differences. In contrast, sodium gluconate-supplemented cultures 

contained P3HB++ cells with more intracellular P3HB than those supplemented with fructose, except 

for 1.6% (w/v) sodium gluconate addition which was not significantly different to all fructose 

concentrations tested.  
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Figure 3.39 - Graphs and statistical analysis comparing P-546 fluorescence as a measure of intracellular 
P3HB for the P3HB+ and P3HB++ populations at 48 hours for 0.08% (w/v) ME C. necator cultures 
supplemented with either 0%, 0.5%, 1% or 1.5% (w/v) fructose, or 0%, 0.6%, 1.1% or 1.6% (w/v) sodium 
gluconate. Plot (a) displays the data of fructose-supplemented cultures and plot (b) that of sodium 
gluconate. Non-paired t-tests were used to compare each fructose and sodium gluconate 
supplementation (c). NS = non-significant (p ≥ 0.05), * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error 
bars represent SD. n = 3 biological replicates. 
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3.6.5 Sodium gluconate-supplemented cultures produce larger cells than 

fructose supplemented 

Figure 3.40 contains summaries at 4 (Figure 3.40 (a)), 48 (Figure 3.40 (b)) and 72 hours (Figure 3.40 (c))  

of FSC as a gauge of cell size for 0.08% (w/v) ME C. necator cultures supplemented with 0%, 0.6%, 

1.1% or 1.6% (w/v) sodium gluconate. The full data can be found in Figure 8.14 (a) and (b), Appendix 

8.6. 

Statistical analysis between conditions at the same time point (Figure 3.40 (d)) showed that at 4 hours 

cultures were largely non-significantly different in terms of cell size, except for 0.6% and 1.6% (w/v) 

sodium gluconate comparisons. At 48 hours supplemented cultures contained considerably larger cells 

than media that contained only ME. A slight decrease in cell size was observed in cultures containing 

1.6% (w/v) sodium gluconate compared to 1.1%. At 72 hours supplemented cultures were still 

significantly larger than non-supplemented, but cultures which initially contained 0.6% (w/v) sodium 

gluconate were considerably smaller than that of 1.1% and 1.6%. Analysis over time (Figure 3.40 (e)) 

showed that cultures containing 0.6% (w/v) sodium gluconate increased in mean cell size between 4 

and 48 hours but decreased between 48 and 72 hours. Cultures containing 1.1% (w/v) sodium 

gluconate increased only between 4 and 48 hours while 1.6% (w/v) cultures increased in mean cell size 

between both sets of time points. 

In Figure 3.41, fluorescent microscope images show examples of the much-enlarged cells containing 

P3HB granules, both in terms of length and width of C. necator cells produced when cultures were 

supplemented with sodium gluconate. Additionally shown in Figure 3.41 (a), is a new C. necator 

phenotype previously not observed in this study, consisting of long thin cells aggregated together. 

Previous literature Hermawan and Jendrossek, 2007; Beeby et al., 2011; Kawashima et al., 2015) have 

demonstrated that PHA granules appear as dark globular structures which do not stain with nucleic 

acid stains. These cells could also be seen to contain non-stained P3HB inclusions which appeared to 

be larger than that previously observed in Figure 3.13, which had no visible granules, and Figure 3.30 

in which small granules were observed. While the results for P3HB per cell (Figure 3.35) demonstrate 

that sodium gluconate supplementation results in greater P3HB per cell than fructose 

supplementation, there was concern that the results for sodium gluconate supplementation in Figure 

3.35 did not represent what was observed to be a considerable increase in P3HB observed 

microscopically. Previous research indicated that temperature staining time and P-546 concentration 

can affect P-546 fluorescence during flow cytometry experiments. (Karmann et al. (2016). It is therefore 

possible that, in the current study using flow cytometry method 1,  P-546 was not penetrating 

effectively into P3HB granules. This possibility is explored in section Figure 3.7.  
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Figure 3.42 compares at 48-hour time points, the mean FSC of C. necator cultures supplemented 

either with fructose (Figure 3.42 (a)) or sodium gluconate (Figure 3.42 (b)). The full data can be found 

in Figure 4.10 (a) and (b), Appendix 8.7. Statistical analysis summarised in Figure 3.42 (c) showed that 

at 48 hours C. necator cultures supplemented with sodium gluconate were considerably larger than 

cells produced when 0.08% (w/v) ME was supplemented with fructose.  

In section 3.6.2, it was suggested that in comparison to that of fructose, sodium gluconate 

supplementation may produce more P3HB per cell due to sodium ions facilitating the movement of 

gluconate across the cell membrane via secondary transport proteins (Henriquez et al., 2021). This is 

a theory which also provides an indication of which sodium gluconate supplementation increases C. 

necator cell size. The addition of sodium chloride to bacterial cultures has been reported in literature 

to stop cell proliferation and induce an increase in cell volume (Vijaranakul et al., 1995;   Piuri et al., 

2012). Organic acid ions are known to influence bacterial cell growth (Warnecke and Gill, 2005) and 

there is an established link between bacterial cell size, membrane potential and the intracellular 

concentration of monovalent ions such as sodium ions (Kay, 2017). The regulation of bacterial cell 

volume by altering intracellular ion concentration is a known mechanism for offsetting osmotic stress 

conditions (Björklund and Marguerat, 2017). Increases in cell volume, such as that observed in the 

current study when sodium gluconate is supplemented, are generally due to the effects of turgor 

pressure and the concentration of peptidoglycan precursors (Harris and Theriot, 2018). A key protein 

involved in cell elongation is the MreB protein which organises the elongosome complex responsible 

for cell membrane expansion (Plaitakis et al., 2017) by organising enzymes responsible for 

peptidoglycan and teichoic acid synthesis (Szatmári et al., 2020). In fact, the rate at which MreB 

polymerises in the cell membrane has been found to be increased in the presence of sodium ions 

(Szatmári et al., 2020).   
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Figure 3.40 - Graphs and statistical analysis summarising the mean FSC of 0.08% (w/v) ME C. necator cultures supplemented with 0%, 0.6%, 1.1% or 1.6% 
(w/v) sodium gluconate. Statistical analysis was performed using unpaired t-tests to compare individual sodium gluconate concentrations at the same time 
point (d) and paired t-tests to compare the same condition at different time points (e). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 
0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 8.14 (a) and (b), 
Appendix 8.6.
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Sodium gluconate concentration 
(w/v) comparison 4 hours 48 hours 72 hours 

0% 0.6% NS ** ** 
0% 1.1% NS ***** ** 
0% 1.6% NS ***** *** 

0.6% 1.1% NS NS *** 
0.6% 1.6% * NS *** 
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Paired t-test comparing the mean FSC between 4 and 48 hours, and 48 
and 72 hours. 
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concentration (w/v) 4-48 hours 48-72 hours 

0% NS NS 
0.6% ** ** 
1.1% **** NS 
1.6% *** ** 

(d) (e) 
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Figure 3.41 - Fluorescent microscopy images of C. necator grown in 0.08% (w/v) ME supplemented 
with (a) 0, (b)0.6, (c) 1.1 and (d) 1.6% sodium gluconate after 72 hours of growth. Scale bars represent 
10 µm. 
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Figure 3.42 - Graphs and statistical analysis comparing the mean FSC at 48 hours for 0.08% (w/v) ME 
C. necator cultures supplemented with either 0%, 0.5%, 1% or 1.5% (w/v) fructose, or 0%, 0.6%, 1.1% 
or 1.6% (w/v) sodium gluconate. Plot (a) displays the data of fructose-supplemented cultures and plot 
(b) that of sodium gluconate. Non-paired t-tests were used to compare each fructose and sodium 
gluconate supplementation (c). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 
0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001, ****** = p ≤ 0.000001. Error bars represent SD. n = 3 
biological replicates. The full data can be found in Figure 8.18 (e) and (f), Appendix 8.7. 
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Fructose/sodium gluconate 
comparison (w/v) 48  hours Fructose/sodium gluconate 

comparison (w/v) 48 hours 

0% 0% NS 1% 0% *** 
0% 0.6% ** 1% 0.6% ** 
0% 1.1% *** 1% 1.1% ****** 
0% 1.6% *** 1% 1.6% ***** 

0.5% 0% ***** 1.5% 0% ** 
0.5% 0.6% ** 1.5% 0.6% ** 
0.5% 1.1% **** 1.5% 1.1% ***** 
0.5% 1.6% **** 1.5% 1.6% ***** 

(c) 
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3.6.6 Sodium gluconate supplementation increases P3HB+ cell size considerably 

Figure 3.43 contains summaries of mean FSC for P3HB+ and P3HB++ C. necator populations from 

0.08% (w/v) ME cultures supplemented with either 0%, 0.6%, 1.1% and 1.6% (w/v) sodium gluconate. 

The full data can be found in Figure 8.14 (c) and (d), section 8.6. 

At 4 hours (Figure 3.43 (a)) statistical comparisons between PH3B+ and P3HB++ populations showed 

that P3HB+ cells were marginally larger than P3HB++ cells for 0.6% and 1.6% (w/v) sodium gluconate 

supplemented cultures. At 48 (Figure 3.43 (b)) and 72 hours (Figure 3.43 (c)) though, P3HB+ cells were 

considerably larger than that of P3HB++.  

Statistical analysis comparing experimental conditions at the same time point (Figure 3.43 (d)) shows 

that at 4 hours for the P3HB+ population, there was no significant difference between conditions except 

for 0.6% and 1.6% (w/v) sodium gluconate. At 48 hours, P3HB+ C. necator cells in cultures 

supplemented with sodium gluconate were considerably larger than those in media containing only 

ME. This was also true at 72 hours, but cultures with 0.6% (w/v) sodium gluconate contained 

significantly smaller cells than that of 1.1% and 1.6%. Comparisons between time points (Figure 3.43 

(e)) showed that P3HB+ cells in 0.6%, 1.1% and 1.6% (w/v) sodium gluconate-supplemented cultures 

significantly increased between 4 and 48 hours. However, between 48 and 72 hours 0.6% samples 

decreased, 1.1% didn’t significantly change and 1.6% (w/v) sodium gluconate-containing cultures 

significantly increased.  

For the P3HB++ population comparisons between conditions (Figure 3.43 (d)) at 4 hours also showed 

that all conditions tested could not be significantly separated except for 0.6% and 1.6% (w/v) sodium 

gluconate. At 48 hours, sodium gluconate-supplemented cultures contained significantly larger 

P3HB++ cells than non-supplemented cultures. This was also the case at 72 hours although 0.6% (w/v) 

sodium gluconate samples could not be separated from samples without. Statistical analysis over time 

showed that P3HB++ cells in sodium gluconate-supplemented cultures all increased in mean FSC 

between 4 and 48 hours but did not significantly change between 48 and 72 hours.  

Figure 3.44 presents a comparison of FSC at 48 hours for P3HB+ and P3HB++ populations grown in 

media supplemented with either fructose (Figure 3.44 (a)) or sodium gluconate (Figure 3.44 (b)). The 

full data can be found in Figure 8.18, Appendix 8.7.  

Statistical comparisons for P3HB+ cells at (Figure 3.44 (c)) 48 hours showed that cultures supplemented 

with sodium gluconate produced significantly larger P3HB+ cells than when supplemented with 

fructose. For P3HB++ cells (Figure 3.44 (d)) 1% (w/v) sodium gluconate produced significantly larger 

P3HB++ cells than any fructose concentration tested. However, sodium gluconate did not significantly 

change P3HB++ cell size in relation to 1.5% (w/v) fructose-containing cultures.  
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In line with previous results in this thesis, a smaller cell phenotype for P3HB++ cells is indicative of a 

persister cell population. Interestingly, only P3HB+ cells are observed to undergo cell expansion as 

outlined in the previous section. Persister cells are known to depolarise their cell membrane in order 

to enter a period of dormancy (Benarroch and Asally, 2020). Cell elongation has been found to be 

stopped in cells in which the membrane is depolarised (Stratford et al., 2019). 
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3.6.7 Discussion 

Cultures containing 0.08% (w/v) ME were supplemented with 0%, 0.6%, 1.1% or 1.6% (w/v) sodium 

gluconate. Like fructose, gluconate is also metabolised by the Entner-Doudoroff pathway and has 

been observed to induce up to 70% of DCW P3HB in C. necator (Heinrich et al., 2021). After 48 hours, 

sodium gluconate-supplemented cultures had a comparable OD600 to cultures containing fructose. 

Cultures supplemented with sodium gluconate did however produce significantly more P3HB per cell, 

and a higher proportion of P3HB++ cells.  In bacteria, sodium ions are known to provide an important 

link across the cell membrane (Dimroth, 1990). The transport of various solutes and sugars can be 

facilitated using sodium ions to move against a concentration gradient via secondary membrane 

transporter proteins (Henriquez et al., 2021). It’s possible that sodium ions aid the transport of 

gluconate into the cell, particularly when the gluconate concentration is lower outside the cell. An 

influx of sodium ions into the cell may also be the reason for C. necator cells being considerably larger 

when sodium gluconate is supplemented. The regulation of bacterial cell volume by altering 

intracellular ion concentration is a known mechanism for offsetting osmotic stress (Björklund and 

Marguerat, 2017). Generally increases in bacterial cell volume are due to the combined effects of 

turgor pressure and the intracellular concentration of peptidoglycan precursors (Harris and Theriot, 

2018). A key protein involved in bacterial cell expansion is MreB (Plaitakis et al., 2017) which organises 

enzymes which synthesise peptidoglycan and teichoic acid (Szatmári et al., 2020) and the rate at which 

this occurs has been demonstrated to increase in the presence of sodium ions (Szatmári et al., 2020).  
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3.7 Optimisation of SYTO62 and P-546 staining for flow cytometry 

experiments 
A feature of the fluorescent microscopy images presented in section 3.5.5, Figure 3.30 (b-d), and 

section 3.6.5, Figure 3.41, was the presence of dark intracellular regions lacking in green SYTO9 

staining. While such dark unstained regions could be other intracellular structures such as 

polyphosphates or Z-rings, given the increases in P-546 fluorescence particularly for C. necator cells in 

sodium gluconate-supplemented cultures, a globular morphology and irregular positioning, it seems 

most the unstained regions are intracellular P3HB granules.  

When observing SYTO9 stained C. necator cells during fluorescent microscopy, it was noted that 

increases in the number of dark regions resembling P3HB granules were not perceived to match the 

corresponding results for P-546 fluorescence determined by flow cytometry. This was particularly 

evident during the imaging of the samples presented in Figure 3.30 (b-d), which only produced 

marginally more intracellular P3HB than previous experiments, and didn’t exceed a value of 10,000 

units of mean P-546 fluorescence per cell (Figure 3.26). As a result, there was concern the current flow 

cytometry staining procedure was not effectively reflecting possible increases in P3HB observed 

microscopically. It was noted that fluorescent microscopy does not offer anything close to the same 

sample size as flow cytometry, and the observations made microscopically may not be representative 

of the full C. necator population. That said, it was decided that the flow cytometry staining procedure 

is possibly the most important part of the current study, and should be optimised to ensure the 

procedure was effectively staining cells. 

For the optimisation experiments, C. necator batch cultures were produced which contained 0.08% 

(w/v) ME media supplemented with 0.6% (w/v) sodium gluconate. Cultures were grown for 72 hours. 

Staining conditions were based on the P-546 and SYTO62 concentrations and temperatures used in 

various studies (Karmann et al., 2016; Vizcaino-Caston et al., 2016; Fernández-Castané et al., 2017). 

For P-546, concentrations of 0, 0.25, 0.5, 0.75, 1 and 1.25 µg mL-1 were tested, and for SYTO62, 

concentrations of, 0, 1, 2, 3, 4 and 5 µM were used. Each of these conditions were tested at room 

temperature (maintained at 24 ºC), 30 ºC and 37 ºC at intervals of 6 minutes up to 1 hour. Staining 

with P-546 and SYTO62 was done separately and PBS was pre-heated in order to ensure staining 

occurred at the correct temperature.  
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3.7.1 Outcomes of flow cytometry staining optimisation   

Counter-staining with green P-546 and red SYTO62 has been used previously been used by Karmann 

et al. (2016), Vizcaino-Caston et al. (2016), Fernández-Castané et al. (2017) in conjunction with a BD 

AccuriTM C6 flow cytometer in order to quantify intracellular P3HB in a variety of bacterium. While other 

studies such as Kacmar et al. (2005) wash cells to remove cell debris and permeabilise with solutions 

such as 35% (v/v) ethanol in order to increase the speed of dye uptake. Counterstaining with P-546 

and SYTO62 streamlines this process by removing the need for time-intensive washing and 

permeabilisation procedures (Karmann et al. 2016). The role of P-546 in the counterstaining procedue 

is to quantify intracellular P3HB, and the role of SYTO62 is to provide sufficient staining to bacterial 

cells such that a cell and noise population can be distinguished using flow cytometry software. 

Temperature is known to affect bacterial membrane fluidity, and thus the diffusion of molecules into 

the cell (Mansilla et al., 2004). In addition, P3HB by definition as a polymer is known to be brittle at 

lower temperatures and more soft and flexible at higher temperatures (Keskin et al., 2017). Because 

of the effects of temperature discussed in this section, different temperatures of 24, 30 and 37 °C were 

tested and to ensure sufficient dye was present to stain cells P-546 was varied between 0 and 1 µg/mL 

and SYTO62 was varied between 1 and 5 µM.  

The raw data for this section can be found in Appendix 8.8, Figure 8.19. Summarised data is located 

in Figure 3.45. Overall, C. necator cells were found to stain more completely when incubated at 30 °C 

than 24 °C and with less error than 37 °C. In Figure 3.45 (a), staining C. necator with above 0.2 µg/mL 

did not significantly increase P-546 fluorescence except for 0.8 µg/mL which was marginally higher in 

P-546 fluorescence.  Figure 3.45 (b) demonstrates that there was no significant difference between the 

temperatures tested and P-546 fluorescence after 12 minutes of staining. Figure 3.45 (c) on the other 

hand demonstrates that P-456 fluorescence remains stable between 12 and 60 minutes.  

The results of this experiment were encouraging as there was no evidence that the previous staining 

protocol of 5 µM SYTO62 (30 minutes staining time) and 1 µg mL-1 P-546 (10 minutes staining time) at 

room temperature was not causing any problems was insufficient in terms of time, dye concentration 

temperature. While the method could have been left as it was, the new optimised method (flow 

cytometry staining method 2) was chosen for future experiments as it saves significant quantities of 

expensive dyes and is a more time efficient method. 
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Figure 3.45 – Graphs displaying a summary of flow cytometry experiments optimising the staining of C. necator with P-546. Plot (a) depicts P-546 fluorescence 
for C. necator cells stained with P-546 varying between a concentration of 0 and 1 µg/mL for 12 minutes. Plot (b) summarises C. necator P-546 staining at a 
concentration of 0.2 µg/mL at temperatures of 24, 30 and 37 °C when stained for 12 minutes. Plot (c) demonstrates the P-546 fluorescence of C. necator cells 
after 12 and 60 minutes of staining at 30 °C. Cultures contained 0.08% (w/v) ME with 0.6% (w/v) sodium gluconate added at 0 hours. Statistical analysis is 
located either below the corresponding plot or included as a plot annotation. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, 
**** = p ≤ 0.0001 Non-paired t-tests were used to compare different experimental conditions. Paired t-tests were used to compare the same experimental 
condition over time.  Error bars represent SD. 
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3.7.2 Discussion 

In the previous sections presented in the current study, C. necator cells were stained with 5 μM SYTO62 

(30 minutes staining time) and 1 μg/mL  P-546 (10 minutes staining time) at room temperature 

(Vizcaino-Caston et al., 2016). While this procedure was time efficient, avoiding time-consuming 

alcohol permeabilisation and washing procedures (Karmann et al., 2016), there was concern that the 

increases in intracellular P3HB observed microscopically were not being observed in P-546 

fluorescence. Based on the conditions of previous studies (Karmann et al., 2016; Vizcaino-Caston et 

al., 2016; Fernández-Castané et al., 2017) P-546 concentrations of 0, 0.25, 0.5, 0.75, 1 and 1.25 μg/mL 

were tested, and for SYTO62, concentrations of, 0, 1, 2, 3, 4 and 5 μM were used, and temperatures 

of 24 ºC, 30 ºC and 37 ºC over the course of an hour were tested. The temperature was found not to 

significantly increase P-546 staining, as was P-546 fluorescence on the whole. The evidence presented 

therefore gave confidence that P-546 was staining P3HB granules effectively without impairment due 

to P-546 concentration or temperature. A revised staining strategy which uses expensive stains more 

sparingly, consisting of 1 μM SYTO62  and 0.2 μg mL-1 P-546 incubated at 30 °C for 12 minutes, is 

used for the following results sections in this thesis. A limitation of this new method is that a linear 

trend between P-546 fluorescence and extracted P3HB was not established, as demonstrated by 

(Karmann et al., 2016). In section 6.2, future work is recommended to rectify this problem.  
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3.8 Growing C. necator cultures for a longer period of time 

From the staining optimisation in section 3.7, it was clear that the original flow cytometry staining 

protocol could not be improved by increasing incubation temperature or by increasing incubation 

time. This alleviated concerns that P-546 fluorescence may not have been reflecting the level of 

intracellular P3HB observed microscopically. Attention, therefore, reverted to increasing the amount 

of P3HB being produced in experiments albeit with a revised flow cytometry staining procedure.  

It was noted that statistical evaluations over time in Figure 3.34 (section 3.6.2) and also in the 

corresponding raw data in Figure 8.13 (b) (Appendix 8.6), in which 0.08% (w/v) ME C. necator cultures 

were supplemented with 0.6%, 1.1% and 1.6% (w/v) sodium gluconate, that mean P-546 per cell 

increased during the last two to three time points.  

While the aim of this study was to produce maximum P3HB within a realistic 72-hour timeframe in line 

with the timescales of P3HB production in previous studies (Budde et al., 2011; Pradella et al., 2012; 

Ienczak et al., 2016), it was decided that C. necator should be grown for a longer period of time in 

order to determine how much P3HB production occurs beyond 72 hours. As such, if a large increase 

in P3HB was found to occur after 72 hours in the current study, this would represent a target level of 

P-546 fluorescence to try and achieve within 24 hours.   

Unfortunately, due to time limitations, the experiments presented in this section only consist of one 

concentration of sodium gluconate (0.6% (w/v)) in comparison to the 3 concentrations tested in section 

3.6. As there was no evidence to suggest higher sodium gluconate concentrations would lead to more 

P3HB in Figure 8.13 (a), 0.6% (w/v) sodium gluconate was chosen as the condition to be tested.  

Additionally in this sub-chapter, changes were also made to the fluorescent microscopy protocol. 

Unfortunately, the microscope used up to this point (microscope method 1) was broken and a new 

microscope had to be assembled, which in part is the reason for the lack of conditions tested. As the 

new microscope had different filters that were more suited to different stains a new protocol was put 

together which involved permeabilising C. necator cells with 35% (v/v) ethanol (Kacmar et al., 2005) 

before staining with PI and P-546 (microscope method 2). It should be noted that the ethanol 

permeabilisation step allows PI to enter both live and dead cells meaning PI in this context is not being 

used to distinguish between live and dead cells.  
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3.8.2 Cultures supplemented with sodium gluconate produce more P3HB 

The growth of C. necator in 0.08% (w/v) ME supplemented with 0.6% (w/v) sodium gluconate for 6 

days revealed that mean P3HB per cell (Figure 3.47(a)) significantly increased between 72 and 168 

hours. This was also the case for P3HB per mL of culture (Figure 3.47(b))  and the percentage of P3HB++ 

cells (Figure 3.47(c)). The results of Figure 3.47 are concurrent with that of the cell count data presented 

in Figure 3.46, providing more evidence to suggest that media conditions beyond 72 hours are more 

suited to P3HB accumulation. The full data can be found in Figure 8.21, Appendix 8.9. 

The results presented in Figure 3.47 show that a lag in P3HB production is occurring which shifts major 

P3HB accumulation beyond 72 hours. This could suggest that the ME to gluconate concentration is 

not at a ratio that promotes P3HB biosynthesis. However, this seems unlikely as Passanha et al. (2014) 

found that peak P3HB accumulation in 0.8% (w/v) ME occurred after just 28 hours and C. necator after 

this point metabolised P3HB. The concentration of ME used by Passanha et al. (2014) is 10 times 

greater than the 0.08% (w/v) ME used for culture growth in this section. The main difference between 

the results presented in Figure 3.47 and the results of Passanha et al. (2014) is the carbon source added 

to ME media, with experiments in the current section using sodium gluconate and Passanha et al. 

(2014) using acetic acid. Henrich et al., (2012) also demonstrated that sodium gluconate can produce 

maximum P3HB in 68 hours. The PhaC1 enzyme, used by C. necator to polymerise 3HB, is known to 

have an initial lag phase before reaching peak P3HB polymerisation, although, this is only around 6 

hours (Juengert et al., 2018). However, Juengert et al. (2018) found that mutating key amino-acid 

residues in PhaC1 could significantly increase the lag time in 3HB polymerisation. However, the 

presence of PhaM restored PhaC1 to normal function. It should be noted that in the study by Juengert 

et al. (2018), the lag in 3HB polymerisation was only observed in vitro and not in vivo even when PhaM 

was absent. The reason for the lag phase in P3HB production in this section is unclear. 

Figure 3.48 contains summaries of mean P-546 fluorescence per cell and per mL for the P3HB+ and 

P3HB++ populations. The full data can be found in Figure 8.22, Appendix 8.9. Figure 3.48 (a) shows 

that between 72 and 168 hours, P3HB per cell for both the P3HB+ and P3HB++ populations remained 

similar. Expressing P-546-fluorescence per mL though found that at 168 hours, the P3HB++ contributed 

considerably more P3HB per mL of culture at 168 hours than at 72 hours. This is likely due to P3HB+ 

cells gradually accumulating P3HB in a more conventional manner, rather than the rapid accumulation 

of P3HB++ cells observed in this study as early as 4 hours.  

Figure 3.49 presents a fluorescent microscope image and is annotated with potential P3HB+ and 

P3HB++ labels. The figure shows the presence of mainly large elongated cells with high levels of P3HB 

and little DNA visibly stained. The large elongated cells most likely represent a different kind of P3HB++ 

cell to that reported to be small persistor cells that rapidly produce P3HB in as little as 4 hours. These 
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cells are likely cells which originally started off as P3HB+ cells and that have accumulated P3HB by more 

conventional means.  

 

 

Figure 3.47 – Summarisation of (a) mean P-546 fluorescence per cell, (b) mean percentage of P3HB++ 
cells and the mean P-546 per mL (c) for C. necator cultures grown in 0.08% (w/v) ME supplemented 
with 0.6% (w/v) sodium gluconate. Annotations represent the outcome of a paired t-test comparing 
samples over time. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars represent 
SD. n = 3 biological replicates. The full data can be found in Figure 8.21, Appendix 8.9.  
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Figure 3.48 - Summarisation of P3HB+ and P3HB++  mean P-546 fluorescence per cell (a) , and per mL 
(b) for C. necator cultures grown in 0.08% (w/v) ME supplemented with 0.6% (w/v) sodium gluconate. 
Annotations represent the outcome of a non-paired t-test comparing P3HB+ and P3HB++ populations. 
Paired t-test were used to compare the same condition over time. NS = non-significant (p ≥ 0.05), * = 
p < 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 3 biological replicates. The full data can be found 
in Figure 8.22, Appendix 8.9. 
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3.8.3 Overall cell size decreases after 72 hours 

Figure 3.50 contains a summary of the overall mean FSC (Figure 3.50 (a)) and mean P3HB+/P3HB++  

FSC (Figure 3.50 (b)). The full raw data is located in Appendix 8.9, Figure 8.23. Overall mean FSC 

significantly decreased between 72 and 168 hours. However, while the same was true for the P3HB+ 

and P3HB++ populations over time, at 72 hours P3HB+ cells were larger than P3HB++, and at 168 P3HB++ 

cells were larger than P3HB+.  

The overall decrease observed in cell size is likely due to a reduction in cell volume resulting from 

osmotic changes in the growth media. Cell chains, which can divide into multiple cells thus reducing 

mean cell size, were not observed in sodium gluconate-supplemented cultures. Additionally given the 

increase in P3HB between 72 and 168 hours it is highly unlikely that media composition was suitable 

for cell proliferation. Results up to this section have suggested that the often smaller phenotype of 

P3HB++ cells is due to P3HB++ cells being persister cells. While this is the case at 72 hours, at 168 hours 

P3HB+ cells were larger than P3HB++ cells. This is likely due to the high levels of intracellular P3HB in 

P3HB++providing resistance to osmotic stress. Osmotic stress is known to cause bacterial cell shrinkage 

(Oldewurtel et al., 2021) and P3HB granules are known to provide resistance to a variety of 

environmental stress conditions (Obruca et al., 2016). In this case, P3HB likely provides mechanical 

support to the cell membrane of P3HB++ cells preventing further shrinkage, and additionally occupies 

intracellular space that would otherwise contain H20 which could leave the cell during osmotic 

imbalance.  
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Figure 3.50 – Summarisation of (a) mean FSC and (b) mean P3HB+ and P3HB++ FSC for C. necator 
cultures grown in 0.08% (w/v) ME supplemented with 0.6% (w/v) sodium gluconate. Annotations 
represent the outcome of a paired t-test comparing samples over time. NS = non-significant (p ≥ 0.05), 
* = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. Error bars represent SD. n = 3 biological 
replicates. Note the legend only applies to plot (b). The full raw data is located in Appendix 8.9, Figure 
8.23. 
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3.8.4 Discussion 

Monitoring growth for a longer period for 0.6% (w/v) sodium gluconate supplemented 0.08% (w/v) ME 

cultures, using flow cytometry cell counting, revealed that no significant culture growth occurred 

between 72 and 168 hours. Comparing the corresponding raw data of flow cytometry cell counts 

(Figure 8.20, Appendix 8.9) to that of the OD600 (Figure 8.12, Appendix 8.6) found that cell count 

determined by flow cytometry increased by a smaller proportion that of OD600. This is possibly due to 

P3HB absorbing light at OD600 (Martinez  Déziel, 2020) and thus causing an overestimation of culture 

cell density. Additionally, an increase in cell size may lead to OD600 increasing (Stevenson et al., 2016), 

a factor which would not affect flow cytometry cell counting.  

Data presented for P3HB per cell and per mL demonstrates a significant increase in P3HB between 72 

and 168 hours, providing evidence to suggest a lag phase in P3HB is occurring, causing production to 

continue increasing after 72 hours. A lag phase is known to exist for 3HB polymerisation due to the 

enzyme PhaC1 taking around 6 hours to reach peak polymerisation (Juengert et al., 2018). Although 

this is not long enough to cause the P3HB production lag in this section. The cause of the lag phase 

is unlikely to be due to the insufficient consumption of key nutrients, as Passanha et al. (2014) found 

that peak intracellular PHA could be achieved in just 28 hours using 10 times more concentrated 0.8% 

(w/v) ME.  

Overall cell size decreased between 72 and 168 hours possibly due to osmotic stress (Oldewurtel et 

al., 2021). However, in contrast to previous results in which P3HB++ cells were smaller than P3HB+ cells, 

at 168 hours P3HB+ cells were significantly smaller than P3HB++ cells. The reason for this may be due 

to the resistance high levels of intracellular P3HB give C. necator against osmotic stress. Thus, while 

P3HB+ contain more H20 that moves out of the cell down the osmotic gradient, P3HB++ cells contain 

less water and are able to use P3HB granules to structurally reinforce the cell membrane preventing 

the need for such drastic adjustment of cell volume. 
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3.9 Growing C. necator in cultures supplemented with fructose for 

10 days 
In Figure 3.35, section 3.6.2, statistical analysis found supplementing 0.08% (w/v) ME cultures with 

sodium gluconate resulted in C. necator accumulating more P3HB per cell in comparison to cultures 

fructose supplemented when experiments were concluded in under 72 hours. Increasing the growth 

time of sodium gluconate supplemented 0.08% (w/v) ME cultures, and comparing 72 and 168-hour 

time points (Figure 3.47, section 3.8.2) found that C. necator carried on accumulating intracellular 

P3HB beyond 72 hours. Further to this, the availability of flow cytometry cell counting in section 3.8.1 

showed that sodium gluconate-supplemented cultures increased cell number by less than a factor of 

10 (Figure 3.46). This result coincided with observations made during previous flow cytometry 

experiments in which fructose-supplemented cultures generally needed greater dilution than sodium 

gluconate-supplemented cultures to achieve suitable events per second on the flow cytometer. 

Unfortunately prior to section  3.8, dilutions were not recorded and this could not be proven with data, 

only observations. If sodium gluconate-supplemented cultures produce more P3HB and fewer cells 

than fructose-supplemented cultures, this would suggest fructose would be better added at the start 

to increase biomass levels and then sodium gluconate added later to produce P3HB. Experiments in 

this section will therefore focus on the supplementation of C. necator grown in 0.08% (w/v) ME with 

fructose. The aim of this experiment will be: firstly, does fructose supplementation produce more cells 

per mL of culture than that of sodium gluconate; and secondly, does fructose supplementation 

produce significantly more P3HB after 72 hours? While more studies on the effects of sodium 

gluconate concentration would have been useful, in terms of the time scale available and the overall 

thesis objectives it was deemed more appropriate to proceed with assessing fructose 

supplementation. 
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3.9.1 Fructose-supplemented C. necator proliferates whereas sodium gluconate-

supplemented C. necator elongates 

Figure 3.51 contains a summary of C. necator cell counts at 72 and 168-hour time points for cultures 

containing either 0.08% or 0.2% (w/v) ME and supplemented with either 0.5, 1 or 1.5% (w/v) fructose. 

The full data is located in Figure 8.24, Appendix 8.10. 

Generally, there was no significant difference between culture cell counts at 72 hours and 168 hours, 

although cultures containing  0.2% (w/v) ME and 0.5% (w/v) fructose did significantly increase slightly. 

Non-paired statistical analysis (Figure 3.51 (b)) analysing the effect of increasing ME concentration 

found that, unlike previous sections, increasing ME concentration did not always increase cell density. 

While this suggests that for cultures containing more than 0.5% (w/v) fructose, an increase ME 

concentration does not increase cell density, this is likely to be due to the reduced sample size of 2 

biological replicates, as opposed to 3, weakening the outcome of the statistical comparisons.  

Figure 3.52 compares the mean cell counts of 0.08% (w/v) ME cultures supplemented with fructose 

with sodium gluconate-supplemented cultures at 24 hours after which growth appears to enter a 

stationary phase. The full data can be found in Figure 8.29, Appendix 8.11. Statistical comparisons 

presented in Figure 3.52 found fructose supplementations of 0.5% and 1% to produce significantly 

more cells in 0.08% (w/v) ME cultures than 0.6% (w/v) sodium gluconate.  

The decreased cell counts of sodium gluconate-containing cultures, in relation to that of fructose, is 

linked to the increased cell size of C. necator cells when grown in media supplemented with sodium 

gluconate. While C. necator cells in sodium gluconate cultures expand, possibly due to the effects of 

sodium ions increasing turgor pressure (Björklund and Marguerat, 2017) or increasing the rate at which 

expansion-related proteins such as MreB aid expansion (Szatmári et al., 2020), fructose supplemented 

C. necator cells favour cell division. The overall process which decides if a cell elongates or proliferates 

can be explained by the two-competing-sites model in which Z-ring septation sites competed with cell 

elongation machinery (Lleo et al., 1990). Bacterial cell division is thought to be dependent on the 

intracellular concentration of the FtsZ protein which during the division process form Z-rings which 

function to recruit division proteins to the divisome and also direct the formation of septal 

peptidoglycan (Du and Lutkenhaus, 2019). The MinCD protein complex prevents the formation of a Z-

ring at the mid-cell point (Jacobs and Shapiro, 1999). The elongation of cells is controlled by the highly 

conserved rod system, which involves the polymerisation of peptidoglycan with the glycan polymerase 

RodA and the PBP2 crosslinking enzymes (Rohs et al., 2018). 
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Figure 3.51 – Summary of mean events per mL at 72 and 168-hour time points, for C. necator cultures 
containing either 0.08% and 0.2% (w/v) ME supplemented with 0.5%, 1% and 1.5% (w/v) fructose. 
Statistical significance was determined using paired t-tests to compare the same condition at different 
time points (displayed as figure annotations), and non-paired t-tests to compare different experimental 
conditions. NS = non-significant (p ≥ 0.05), * = p < 0.05.  Error bars represent SD. n = 2 biological 
replicates. The full data is located in Figure 8.24, Appendix 8.10.  
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Figure 3.52 – Comparison of flow cytometry events per mL at 24 hours for 0.08% (w/v) C. necator 
supplemented with 0.5%, 1% and 1.5% (w/v) fructose or 0.6% (w/v) sodium gluconate. Statistical 
significance was determined using non-paired t-tests to compare different experimental conditions. 
NS = non-significant (p ≥ 0.05), * = p < 0.05.  Error bars represent SD. Error bars represent SD. n = 2 
biological replicates for fructose supplemented cultures and n = 3 for sodium gluconate supplemented 
cultures. The full data can be found in Figure 8.29, Appendix 8.11. 
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3.9.2 After 168 hours sodium gluconate-supplemented cultures produce more 

P3HB per cell and per mL  

A summary of C. necator intracellular P3HB per cell and per mL, at 72 and 168 hour time points for 

cultures containing either 0.08% or 0.2% (w/v) ME and supplemented with either 0.5, 1 or 1.5% (w/v) 

fructose can be found in Figure 3.53 and Figure 3.54, respectively. The full data is located in Figure 

8.25 (a)-(d), Appendix  8.10.  

Given that cell counts generally did not significantly increase in Figure 3.51 (a), it would be expected 

that C. necator has used the key nutrients in the media, creating a key nutrient-to-C ratio suitable for 

P3HB accumulation. However, statistical annotations in Figure 3.53 (a) show that only cultures 

containing 0.08% (w/v) ME and 0.5% (w/v) fructose significantly increased P3HB per cell between the 

72 and 168-hour time points. Statistical comparisons presented in Figure 3.53 (b) found that increasing 

ME concentration from 0.08% to 0.2% (w/v) ME only decreased P3HB per cell for cultures 

supplemented with 0.5% (w/v) fructose, while increased fructose supplementation led to increased ME 

concentration having no significant effect on P3HB per cell. Comparing different fructose 

concentrations within the same ME condition found that only cultures supplemented with 0.5% and 

1.5% (w/v) significantly changed P3HB levels per cell, decreased fructose concentration increasing 

P3HB for 0.08% (w/v) ME cultures, and decreasing P3HB for 0.2% (w/v) cultures.  

Comparing mean P3HB per mL between 72 and 168 hours (Figure 3.54 (a)) found that all conditions 

tested could not be statistically separated. This was also largely true when comparing increasing ME 

concentration (Figure 3.54 (b)) and comparing increasing fructose concentration (Figure 3.54 (c)).  

Figure 3.55 contains summaries comparing the mean P-546 fluorescence per cell (Figure 3.55 (a)) and 

per mL (Figure 3.55 (b)) of 0.08% (w/v) ME C. necator cultures supplemented with either fructose or 

sodium gluconate. The full data can be found in Figure 8.30, Appendix 8.11. Statistical analysis of each 

plot presented in Figure 3.55 (c), shows that cultures supplemented with sodium gluconate produced 

significantly more P3HB per cell and per mL than cultures containing fructose.  

Overall, results in this section show that sodium gluconate supplementation leads to more intracellular 

P3HB production on average per cell and per mL of culture in comparison to fructose after 168 hours 

of growth. This is further to results presented in section 3.6.2 which found that after 48 hours, sodium 

gluconate supplementation led to more P3HB per cell than fructose. In section 3.6.2 a possible reason 

for more P3HB production in cultures containing sodium gluconate that was due to the movement of 

gluconate against the concentration gradient using sodium ions to facilitate movement via secondary 

transport proteins (Henriquez et al., 2021). It’s possible that a lag phase in P3HB production, like that 

observed for sodium gluconate-supplemented cultures in section 3.8.2, was also observed in cultures 
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containing fructose. However, statistical comparisons appeared to be weakened by a reduced culture 

replicate number of 2.  

 

 
 
Figure 3.53 – Summary of mean P-546 fluorescence per cell at 72 and 168 hour time points, for C. 
necator cultures containing either 0.08% and 0.2% (w/v) ME supplemented with 0.5%, 1% and 1.5% 
(w/v) fructose. Statistical significance was determined using paired t-tests to compare the same 
condition at different time points (displayed as figure annotations), and non-paired t-tests to compare 
different experimental conditions. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01.  Error 
bars represent SD. n = 2 biological replicates. The full data is located in Figure 8.25 (a) and (b), 
Appendix  8.10. 
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Figure 3.54 - Summary of mean P-546 fluorescence per mL at 72 and 168 hour time points, for C. 
necator cultures containing either 0.08% and 0.2% (w/v) ME supplemented with 0.5%, 1% and 1.5% 
(w/v) fructose. Statistical significance was determined using paired t-tests to compare the same 
condition at different time points (displayed as figure annotations), and non-paired t-tests to compare 
different experimental conditions. NS = non-significant (p ≥ 0.05), * = p < 0.05. Error bars represent 
SD. n = 2 biological replicates. The full data is located in Figure 8.25 (c) and (d), Appendix  8.10. 
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Figure 3.55 - Comparison of mean P-546 fluorescence per cell (a) and per mL (b) at 168 hours for 
0.08% (w/v) C. necator supplemented with 0.5%, 1% and 1.5% (w/v) fructose or 0.6% (w/v) sodium 
gluconate. Statistical significance was determined using non-paired t-tests to compare different 
experimental conditions (c). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01,  *** = p ≤ 
0.001. Error bars represent SD. Error bars represent SD. n = 2 biological replicates for fructose-
supplemented cultures and n = 3 for sodium gluconate-supplemented cultures. The full data can be 
found in Figure 8.30, Appendix 8.11. 
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3.9.3 The P3HB++ population likely produces more P3HB per mL but sample size 

restricts statistical outcomes 

Figure 3.56 contains a summary detailing the mean percentage of P3HB++ cells at 72 and 168-hour 

time points, for C. necator cultures containing either 0.08% or 0.2% (w/v) ME and supplemented with 

either 0.5%, 1% or 1.5% (w/v) fructose. The raw data is located in Figure 8.25 (e) and (f), Appendix 

8.10. 

For all conditions tested the mean percentage of P3HB++ cells increased between 72 and 168 hours. 

However, the increases were found to be not significant when statistically comparing the same cultures 

at different time points (Figure 3.56 (a)), comparing different ME concentrations (Figure 3.56 (b)) and 

different fructose concentrations (Figure 3.56 (c)). 

Summaries of mean P-546 fluorescence for the P3HB+ and P3HB++ C. necator populations can be found 

expressed as per cell in Figure 3.57, and per mL in Figure 3.58. The full data is located in Figure 8.26, 

Appendix  8.10.  

Unlike in previous sections, statistical comparisons comparing the mean P3HB per cell (Figure 3.57 (a)), 

and per mL of culture (Figure 3.58 (a)) did not find cells in the P3HB++ population to have significantly 

more P3HB than P3HB+ cells. Although in all samples the P3HB++ population contained more P3HB 

per cell and per mL than P3HB and based on previous results, it’s likely with further replicates a 

significant difference would be determined. Statistical comparisons analysing the effect of increasing 

ME concentration on P3HB per cell (Figure 3.57 (b)) found that when supplementing cultures with 0.5% 

(w/v) fructose, increasing the ME concentration to 0.2% (w/v) decreased the mean P3HB per cell. 

However, identical analysis analysing P3HB per mL of culture (Figure 3.58 (b)) showed that the P3HB+ 

population actually decreased its overall P3HB contribution, although this result was not significantly 

different.  Further statistical analysis analysing the significance of fructose concentration on P3HB levels 

per cell (Figure 3.57 (c))  and per mL, (Figure 3.58 (c)) found all conditions tested to be not significantly 

different.  

In previous sections, C. necator cells in the P3HB++ population have been found to contain significantly 

more P3HB than P3HB+ cells. The production of P3HB++ cells by C. necator appears to be a survival 

strategy, comparably to persister cell formation in E. coli, as an insurance policy in case the main 

proliferating population is eradicated (Kotte et al., 2014; Solopova et al., 2014 ). The main difference 

between the C. necator P3HB++ population and E. coli persister cells is that P3HB++ cells rapidly 

produce P3HB. In the current section, the statistical analysis appears to have been weakened by a 

reduced sample size of 2 replicates. However, results infer, albeit not statistically, that the proportion 
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of P3HB++ cells increases slightly between 72 and 168 hours, and the P3HB++ population accounts for 

more P3HB per mL at 168 hours.  

 

 

 

 

 
Figure 3.56 - Summary of the mean percentage P3HB++ cells at 72 and 168 hour time points, for C. 
necator cultures containing either 0.08% and 0.2% (w/v) ME supplemented with 0.5%, 1% and 1.5% 
(w/v) fructose. Statistical significance was determined using paired t-tests to compare the same 
condition at different time points (displayed as figure annotations), and non-paired t-tests to compare 
different experimental conditions. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01.  Error 
bars represent SD. n = 2 biological replicates. ((c) The raw data is located in Figure 8.25 (e) and (f), 
Appendix 8.10.  
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Figure 3.57 - Summary of mean P3HB+ and P3HB++ P-546 fluorescence per cell at 72 and 168 hour 
time points, for C. necator cultures containing either 0.08% and 0.2% (w/v) ME supplemented with 
0.5%, 1% and 1.5% (w/v) fructose. Statistical significance was determined using paired t-tests to 
compare the same condition at different time points (displayed as figure annotations), and non-paired 
t-tests to compare different experimental conditions. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** 
= p ≤ 0.01, *** = p ≤ 0.001.  Error bars represent SD. n = 2 biological replicates. The full data is located 
in Figure 8.26 (a) and (b), Appendix  8.10.   
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Figure 3.58 - Summary of mean P3HB+ and P3HB++ P-546 fluorescence per mL at 72 and 168 hour 
time points, for C. necator cultures containing either 0.08% and 0.2% (w/v) ME supplemented with 
0.5, 1 and 1.5% (w/v) fructose. Statistical significance was determined using paired t-tests to compare 
the same condition at different time points (displayed as figure annotations), and non-paired t-tests to 
compare different experimental conditions. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01.  
Error bars represent SD. n = 2 biological replicates. The full data is located in Figure 8.26 (c) and (d), 
Appendix  8.10. 
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3.9.4 Cells in the P3HB++ population once again have a significantly smaller 

phenotype in most instances 

Figure 3.59 contains a summary of mean FSC at 72 and 168-hour time points, for C. necator cultures 

containing either 0.08% or 0.2% (w/v) ME and supplemented with either 0.5%, 1% or 1.5% (w/v) 

fructose. The raw data is located in Figure 8.28 (a) and (b), Appendix 8.10. 

Statistical comparisons between 72 and 168 hours (Figure 3.59 (a)) For 0.08% (w/v) ME cultures there 

was no significant difference in cell size between any of the fructose concentrations tested. For 0.2% 

(w/v) ME cultures on the other hand,  0.5% (w/v) fructose significantly decreased FSC between 72 and 

168 hours, whereas 1% and 1.6% (w/v) fructose decreased cell size. 

Non-paired statistical comparisons between the same fructose concentration at either 0.08% or 0.2% 

(w/v) ME found that only 0.5% (w/v) fructose-supplemented cultures decreased in cell size with 

increasing ME concentration. 

Further non-paired t-tests comparing different fructose concentrations at each ME concentration found 

that generally there was no significant difference between fructose concentrations, except for 0.5% 

(w/v) fructose supplemented 0.08% (w/v) ME cultures which were found to contain significantly smaller 

in size than 0.08% (w/v) ME with 1% and 1.5% (w/v) fructose supplementations.  

Figure 3.60 contains a summary of mean P3HB+ and P3HB++ at 72 and 168-hour time points, for C. 

necator cultures containing either 0.08% or 0.2% (w/v) ME and supplemented with either 0.5%, 1% or 

1.5% (w/v) fructose. The raw data is located in Figure 8.28 (c)- (f).  

Comparisons between the P3HB+ and P3HB++ populations at 72 and 168 hours (Figure 3.60 (a)) found 

that for all conditions, at each time point, P3HB++ cells were smaller than P3HB+ cells. Although, the 

differences in cell size were not always statistically significant.  

Further comparisons between different fructose concentrations at 0.08% and 0.2% (w/v) ME (Figure 

3.60 (b)) and the same fructose concentration at different ME concentrations, found that generally 

there was little statistical variability in the data.  

Once again, a significantly smaller phenotype for P3HB++ cells, in most instances, provides evidence 

consistent with the small cell phenotype observed for E. coli persister cells Kotte et al., 2014; Solopova 

et al., 2014). In addition, in the more nutritious 0.2% (w/v) ME cultures changes, in overall cell size were 

observed between 72 and 168 hours. This appears to again be indicative of cell volume changes due 

to media osmolarity which seems to be influenced by both starting ME and fructose concentration in 

this case (Oldewurtel et al., 2021). 
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Figure 3.59 - Summary of FSC at 72 and 168 hour time points, for C. necator cultures containing either 
0.08% and 0.2% (w/v) ME supplemented with 0.5%, 1% and 1.5% (w/v) fructose. Statistical significance 
was determined using paired t-tests to compare the same condition at different time points (displayed 
as figure annotations), and non-paired t-tests to compare different experimental conditions. NS = non-
significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01.  Error bars represent SD. n = 2 biological replicates.  
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Figure 3.60 - Summary of mean P3HB+ and P3HB++ FSC at 72 and 168 hour time points, for C. necator 
cultures containing either 0.08% and 0.2% (w/v) ME supplemented with 0.5%, 1% and 1.5% (w/v) 
fructose. Statistical significance was determined using paired t-tests to compare the same condition at 
different time points (displayed as figure annotations), and non-paired t-tests to compare different 
experimental conditions. NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars 
represent SD. n = 2 biological replicates.  
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3.9.5 Discussion 

Comparisons after 24 hours of growth, between cultures supplemented with fructose or sodium 

gluconate, found few cells were produced in cultures supplemented with sodium gluconate. This likely 

occurs due to sodium gluconate-supplemented C. necator cells expanding and those supplemented 

with fructose proliferating. Sodium ions may facilitate cell expansion in cultures supplemented with 

sodium gluconate, by causing turgor pressure-induced expansion (Björklund and Marguerat, 2017) or 

due to increasing the rate at which expansion-related proteins such as MreB aid expansion (Szatmári 

et al., 2020).  

Summarised data compared 72 and 168-hour time points for cultures containing either 0.08% or 0.2% 

(w/v) ME and supplemented with either 0.5, 1 or 1.5% (w/v) fructose. Cell count data found that 

fructose-supplemented cultures produce around 10 times the amount of cells than sodium gluconate-

supplemented at 24 hours. In addition, after 168 hours, fructose-supplemented cultures produced less 

P3HB per cell and per mL of culture. It was therefore concluded that a fed-batch system in which ME 

media was supplemented with fructose at 0 hours for an initial growth period of 24 hours (phase 1). 

Then at 24 hours, once a high cell count has been established, sodium gluconate should be added in 

order to induce P3HB formation up to 72 hours (phase 2). Phase 2 represents the desired period in 

which P3HB is produced. Phase 3 would then represent a period in which sampling occurs to observe 

if P3HB keeps increasing after 72 hours, or if indeed maximum P3HB production has been achieved in 

phase 2.  
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3.10 Conclusions 

In Chapter 3  the growth of C. necator in ME of varying concentrations supplemented with either 

fructose or sodium gluconate has been studied using flow cytometry, UV-visible spectroscopy and 

fluorescent microscopy. 

Increasing the ME to C ratio has generally failed to increase P3HB per C. necator cell and a lag phase 

in P3HB production is observed in which the majority of P3HB production continues beyond 72 hours. 

However, sodium gluconate supplementation increases P3HB per cell in relation to fructose. It’s 

possible this is because sodium ions facilitate the uptake of gluconate via secondary transport proteins, 

particularly when the gluconate concentration is lower in the growth media than in C. necator cells. 

The addition of fructose to ME media produces more cells per mL of culture than sodium gluconate. 

In fact, C. necator responds to fructose supplementation by proliferating and to sodium gluconate by 

expanding cell volume. The increased cell size observed for sodium gluconate supplemented C. 

necator may also be due to the presence of sodium ions, which influence changes in cell volume by 

causing cell turgor pressure to rise, and also by increasing the rate at which peptidoglycan precursors 

are able to influence cell expansion. 

A proportionally small population of P3HB++ C. necator cells are able to produce up to 1000 times 

more P3HB per cell than the dominant P3HB+ phenotype. Such cells not only accumulate superior 

intracellular P3HB but also accumulate P3HB in as little as 4 hours. It’s possible the P3HB++ population 

is a type of persister cell which act as a survival strategy in case the main population is eradicated.  

Multiple morphologies of C. necator were observed, including chains of elongated cells separated by 

Z-rings, cell aggregates and large expanded cells when sodium gluconate was supplemented. Cell 

aggregates should be avoided during cultures which aim to produce P3HB, as extracellular membrane 

components key to aggregate formation such as rhamnolipids may compete with intracellular pools of 

common intermediate molecules such as acetyl-CoA.  

Overall, the results in Chapter 3 have demonstrated that a 2 stage fed-batch strategy may be able to 

increase culture P3HB production, and reduce the lag-phase in P3HB production, by utilising the 

strengths of fructose and sodium gluconate supplementation. The strategy therefore consists of 

utilising fructose initially to increase culture cell density in which key nutrients a utilised (phase 1), and 

then adding sodium gluconate at 24 hours once culture growth is completed at 24 hours with a view 

to producing maximum P3HB by 72 hours (phase 2)  
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Chapter 4  Fed-batch C. necator cultures using fructose to 

increase cell number and sodium gluconate to produce 

P3HB 
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4.1 Introduction 

In Chapter 3, results found in comparison that that of fructose, sodium gluconate supplemented C. 

necator cultures produced more P3HB per cell and also per mL of culture. Fructose, on the other hand, 

produced more cells per mL of culture than that of sodium gluconate. The cells in fructose-

supplemented cultures were smaller and appeared to favour cell division, whereas C. necator cells in 

sodium gluconate-supplemented cultures favoured less division and more cell expansion. The main 

drawback of the results was the inability of cultures to produce P3HB in a reasonable timeframe of 72 

hours. This appeared to be due to a lag phase in P3HB production occurring prior to 72 hours.  

Therefore, in Chapter 4 experiments are split into 3 phases. Phase 1 serves as an initial period, between 

0 and 24 hours, in which biomass accumulation takes place. Phase 2 occurs between 24 and 72 hours 

and is the period in which the study aims to produce maximum P3HB. Because P3HB accumulation 

has been shown to increase more after 72 hours in Chapter 3, Phase 3 is investigated after 72 hours 

to show how much P3HB C. necator is capable of producing. As such, when P3HB production keeps 

increasing into phase 3, the aim is then to achieve the amount observed in phase 3 in phase 2 of future 

cultures.  

Experiments in sections 4.2 and 4.3 aim to utilise the strengths of fructose and sodium gluconate in 

fed-batch strategies, by using fructose to produce biomass in phase 1, and sodium gluconate to 

produce P3HB in phase 2. In sections 4.4 and 4.5, the results of repeated-batch experiments are 

presented in which media is changed to more dilute ME at the end of phase 1. In these sections, 

fructose and sodium gluconate are used as in sections 4.2 and 4.3, but additionally in section 4.4 in 

which sodium gluconate is trailed as a supplement in phase one, and in section 4.5 both fructose and 

sodium gluconate are trialled together in phase 1.  
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4.2 Does the addition of fructose at 0 hours and sodium gluconate 

to ME media at 24 hours increase P3HB production? 
In section 4.2, a fed-batch method of cultivation was used in which 0.5% (w/v) fructose was added to 

0.08%, 0.2% or 0.4% (w/v) ME at the start of phase 1 at 0 hours, before the addition of either 0.6% or 

1.2% (w/v) sodium gluconate at the start of phase 2 at 24 hours. The addition of fructose aims to 

increase biomass up to 24 hours and utilise key nutrients provided by ME to create media conditions 

suitable for the initiation of P3HB production in C. necator. At the start of phase 2, at 24 hours, sodium 

gluconate was supplemented with the aim of producing maximum P3HB up to in 72 hours.   

 

4.2.1 Cell proliferation does not occur in phase 3 

Figure 4.1 contains a summary of mean events per mL for C. necator cultures containing 0.08%, 0.2% 

or 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours, with either 0.6% or 1.1% (w//v) 

sodium gluconate added after 24 hours. The full data can be found in Figure 9.1, Appendix 9.1. 

For all culture conditions tested the mean events per mL did not significantly change between 72 and 

288 hours. The evidence presented in Figure 4.1 shows that cell proliferation was not occurring beyond 

the end of phase 2 at 72 hours up to phase 3 at 288 hours. This is indicative of P3HB-promoting 

conditions as acetyl-CoA is not being used by the citric acid cycle for cell proliferation.  
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4.2.2 Greater P-546 fluorescence is recorded in phase 3 

Figure 4.2 contains a summary of P-546 fluorescence (P3HB) per cell, and Figure 4.3 a summary of 

mean P-546 fluorescence (P3HB) per mL, for C. necator culture containing 0.08%, 0.2% or 0.4% (w/v) 

ME supplemented with 0.5% (w/v) fructose at 0 hours, and either 0.6% or 112% (w//v) sodium 

gluconate added after 24 hours. The full data can be found expressed per cell in Figure 9.2 (a) and (b), 

and per mL in Figure 9.2 (c) and (d), Appendix 9.1.  

For all conditions tested, except for 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours 

and 0.6% (w/v) sodium gluconate at 24 hours, a significant increase in P3HB per cell was observed 

between the end of phase 2 at 72 hours and phase 3 at 288 hours (Figure 4.2). Mean P3HB per mL 

(Figure 4.3) also increased between 72 and 288 hours for all conditions tested, however, the increase 

was not statistically significant for cultures containing 0.08% (w/v) ME.  

Figure 4.4 contains a summary of the mean percentage of P3HB++ cells for C. necator cultures 

containing 0.08%, 0.2% or 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours, with either 

0.6% or 1.1% (w//v) sodium gluconate added after 24 hours. The full data can be found in Figure 9.2 

(e) and (f), Appendix 9.1.  

For all conditions tested except for 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours 

and 0.6% (w/v) sodium gluconate at 24 hours, a significant increase in the amount of P3HB++ cells was 

observed at the end of phase 2 at 72 hours and during phase 3 at 288 hours was observed.  

Figure 4.5 contains a summary of P3HB+ and P3HB++ P-546 fluorescence (P3HB) per cell, and Figure 

4.6 a summary of mean P-546 fluorescence (P3HB) per mL, for C. necator culture containing 0.08%, 

0.2% or 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours, with either 0.6% or 1.1% 

(w//v) sodium gluconate added after 24 hours. The full data for P3HB per cell is located in Figure 9.3 

and per mL in Figure 9.4, Appendix 9.1. 

Overall data in this section suggests that the fed-batch strategy of feeding initially with fructose before 

adding sodium gluconate to accumulate P3HB has not stopped a lag in P3HB production, and as a 

result, P3HB per cell and per mL increase greatly in phase 3. In an ideal scenario, P3HB would increase 

during phases 1 and 2, before peaking and degrading during phase 3. Indeed, this scenario was 

reported in acetic acid supplemented 0.8% (w/v) ME by Passanha et al. (2014) in which C. necator 

reached peak PHA after 26 hours after which point a decline was observed. Once again, a significantly 

higher proportion P3HB++ cells in culture at 288 hours demonstrates the less rapid production of 

P3HB++ cells which likely results from P3HB+ cells increasing intracellular P3HB, rather than the rapid 

production of P3HB++ cells which accumulate P3HB in as little as 4 hours. It should be noted that once 

again, a reduced replicate number of 2 likely weakened statistical significance and this can be seen 
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Figure 4.5 - Graph displaying the mean P3HB+ and P3HB++ P-546 fluorescence (P3HB) per cell for C. 
necator cultures containing 0.08%, 0.2% or 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 
0 hours, with either 0.6% or 1.1% (w//v) sodium gluconate added after 24 hours. Statistical significance 
was determined using paired t-tests to compare the same condition at different time points (displayed 
as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. 
Error bars represent SD. n = 2 biological replicates. The full data is located in Figure 9.3, Appendix 
9.1. 
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Figure 4.6 - Graph displaying the mean P3HB+ and P3HB++ P-546 fluorescence (P3HB) per mL for C. 
necator cultures containing 0.08%, 0.2% or 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 
0 hours, with either 0.6% or 1.1% (w//v) sodium gluconate added after 24 hours. Statistical significance 
was determined using paired t-tests to compare the same condition at different time points (displayed 
as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars represent 
SD. n = 2 biological replicates. The full data is located in Figure 9.4, Appendix 9.1.
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4.2.3 Cells in 0.4% (w/v) ME cultures decrease in cell size in phase 3 

Figure 4.7 contains a summary of mean cell size for C. necator cultures containing 0.08%, 0.2% or 0.4% 

(w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours, and either 0.6% or 1.1% (w//v) sodium 

gluconate added after 24 hours. The full data can be found in Figure 9.5 (a) and (b), Appendix 9.1. 

For 0.08% (w/v) ME cultures supplemented with 0.5% (w/v) fructose and 0.6% (w/v) sodium gluconate, 

and 0.4% (w/v) ME cultures supplemented with 0.5% (w/v) fructose and 0.6% or 1.1 (w/v) sodium 

gluconate, a decrease in cell size was observed between the end of phase 2 at 72 hours and phase 3 

at 288 hours. For all other media conditions tested, results at each time point could not be separated 

statistically.  

Figure 4.8 contains a summary of mean cell size for P3HB+ and P3HB++ C. necator in cultures containing 

0.08%, 0.2% or 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours, and either 0.6% or 

1.1% (w//v) sodium gluconate added after 24 hours. The full data can be found in Figure 9.5 (c)-(f), 

Appendix 9.1. 

In Chapter 4, P3HB++ cells were often smaller than P3HB+ cells, an observation that linked P3HB++ cells 

to persister cell populations observed in literature (Khlebodarova and Likoshvai, 2018). However, in 

the current section, the majority of results could not be statistically separated, once again 

demonstrating the weakness of 2, rather than 3, biological replicates. The reason for overall cell size 

in 0.4% (w/v) decreasing by a large proportion is likely down to the osmolarity of the growth media 

(Oldewurtel et al., 2021) changing for unknown reasons but could also be due to the separation of cell 

chains into individual cells as previously observed in section 3.3.4.  
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Figure 4.8 - Graph displaying the mean P3HB+ and P3HB++ FSC for C. necator cultures containing 
0.08%, 0.2% or 0.4% (w/v) ME supplemented with 0.5% (w/v) fructose at 0 hours, with either 0.6% or 
1.1% (w//v) sodium gluconate added after 24 hours. Statistical significance was determined using 
paired t-tests to compare the same condition at different time points (displayed as figure annotations). 
NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 2 biological 
replicates.  
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4.2.4 Discussion 

Cultures of C. necator were grown using a fed-batch strategy in which 0.08% and 0.2% (w/v) ME was 

supplemented with 0.5% (w/v) fructose at 0 hours in order to increase cell density in phase 1 (0-24 

hours), and either 0.6% or 1.1% sodium gluconate at 24 hours to increase intracellular P3HB during 

phase 2 (24-72 hours). 

There was found to be no significant difference in culture cell number between 72 and 168 hours. This 

suggests growth-promoting nutrients were used before the end of phase 2 at 72 hours and P3HB-

promoting conditions, as described by Ienczak et al. (2011), were likely to be present. Results are 

presented as comparisons between the end of phase 2 at 72 hours and phase 3 at 168 because a 

delay in P3HB production was observed. This meant, once again, that maximum P3HB production did 

not occur as desired in phase 2 but in phase 3. It would be expected that during phase 3, P3HB would 

be depolymerised due to the exhaustion of key nutrients and C. In fact, this is what was observed for 

0.8% (w/v) ME cultures in a study by Passanha et al. (2014) who observed a peak in P3HB after just 26 

hours and a decline phase thereafter. Multiple other studies have observed peak P3HB or PHA 

production to occur within 72 hours (Budde et al., 2011; Pradella et al., 2012; Ienczak et al., 2016). As 

with previous results, the reason for the lag time in this section is unknown but is unlikely to be due to 

the natural delay observed for PhaC1 to reach maximum 3HB polymerisation as this has been reported 

to be only 6 hours (Juengert et al., 2018).  

Evidence once again suggested that cultures which had higher initial ME concentration (0.4% (w/v)) 

had a decreased mean cell size. As cells are not proliferating in between 72 and 168 hours, changes 

in cell size are more likely linked to media osmolarity (Oldewurtel et al., 2021) rather than growth rate 

(Sharpe et al., 1998; Sperber and Herman, 2017; Zhang et al., 2020). The exact reason cultures with 

higher ME concentrations tend to decrease in cell size during phase 3 is unclear but one possibility is 

that residual nutrients and/or fructose or sodium gluconate remain in the media.  
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4.3 Attempting to reduce the P3HB production lag time by adding 

sodium chloride to growth media 
A continuing problem in the current study is the time taken for C. necator cells to reach their highest 

levels of P3HB. The aim of this study is to produce P3HB in 72 hours and therefore the objective at 

this stage of this thesis is to try and reduce the lag time in which P3HB production reaches its maximum 

level, such that it occurs within 72 hours and not considerably longer as has been the case so far. Wen 

et al. (2018) after testing sodium chloride concentrations of between 0 and 15g/L found that 5g/L of 

sodium chloride increases PHA production in a mixed microbial community grown in food waste 

fermentation leachate. In addition, Passanha et al. (2014) reported that 9g/L of sodium chloride 

increased the production of PHA in C. necator by 30% and was also found to reduce the time required 

for PHA production. As a result, this section attempts to reduce the lag time in P3HB production in the 

current study by testing sodium chloride at concentrations ranging from 0 to 15g/L. 

  



 228 

4.3.1 No significant changes in cell counts are observed as sodium chloride 

concentration increases between 3 and 15g/L 

Figure 4.9 contains a summary of mean events per mL for C. necator cultures containing 0.08% or 

0.2% (w/v) ME, 0, 3, 6, 9, 12 or 15 g/L sodium chloride and supplemented with 0.5% (w/v) fructose at 

0 hours and 0.6% (w/v) sodium gluconate at 24 hours. The full data can be found in Figure 9.6, 

Appendix 9.2. 

For 0.08% (Figure 4.9 (a)) and 0.2% (w/v) ME (Figure 4.9 (b)) cultures, the addition of 3 g/L or more 

sodium chloride resulted in a non-significant increase in mean culture events. In contrast, cultures 

without sodium chloride did significantly increase in mean events between 72 and 240 hours.  

An increase in mean events is indicative of growth-promoting nutrient conditions, in which fructose 

and gluconate are directed into energy metabolism via the Entner-Doudoroff pathway rather than into 

the P3HB biosynthetic pathway. While in Figure 4.1 0.08%  and 0.2% (w/v) ME cultures were found to 

not significantly increase a later time point of 288 hours was used for comparison to the 72-hour result. 

Thus the cultures may be in a state of decline by 288 hours. Its therefore possible that the lag phase 

in P3HB production observed between the end of phase 2 at 72 hours, and post-72 hour phase 3 may 

result from the incomplete usage of growth-promoting nutrients in the growth medium, even at the 

lowest ME concentration tested of 0.08% (w/v).  

 

Figure 4.9 - Mean events per mL determined by flow cytometry for 0.08% and 0.2% (w/v) ME C. 
necator cultures containing 0, 3, 6, 9, 12 or 15 g/L and supplemented with 0.5% (w/v) fructose at 0 
hours and 0.6% (w/v) sodium gluconate at 24 hours. Statistical significance was determined using 
paired t-tests to compare the same condition at different time points (displayed as figure annotations). 
NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Missing statistic due to 
replicates having the same values. Error bars represent SD. n = 3 biological replicates. The full data 
can be found in Figure 9.6, Appendix 9.2.  
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4.3.2 The addition of sodium chloride to media does not prevent the lag time in 

P3HB production 

Figure 4.10 contains a summary of mean P-546 fluorescence per cell (plots (a) and (b)) and per mL 

(plots (c) and (d)) for C. necator cultures containing 0.08% or 0.2% (w/v) ME, 0, 3, 6, 9, 12 or 15 g/L 

sodium chloride and supplemented with 0.5% (w/v) fructose at 0 hours and 0.6% (w/v) sodium 

gluconate at 24 hours. The full data can be found in Figure 9.7 (a)-(d), Appendix 9.2. 

Quantifying P3HB in terms of P3HB per cell (Figure 4.10 (a) and (b)) and per mL (Figure 4.10 (b) and 

(c)) found that between 72 and 240 hours, in the majority of cultures P3HB significantly increased.  

Figure 4.11 contains a summary detailing the mean percentage of P3HB++ cells when varying sodium 

chloride concentration in 0.08% (Figure 4.11 (a)) and 0.2% (w/v) (Figure 4.11 (b)) cultures supplemented 

as described above. In similarity to mean P3HB per cell and per mL, the mean proportion of P3HB++ 

cells significantly increased between 72 and 240 hours for the majority of cultures tested.   

Summaries of mean P-546 fluorescence for the P3HB+ and P3HB++ populations are located in Figure 

4.12 (per cell) and in Figure 4.13 (per mL). The full data is located in Figure 9.8 (per cell) and Figure 

9.9 (per mL),  Appendix 9.2. 

In the majority of conditions tested, both P3HB per cell and per mL increased between 72 and 240 

hours for both the P3HB+ and P3HB++ populations. However, while for the P3HB++ population the 

difference between 72 and 240 hours was generally significant, this was less often the case for the 

P3HB+ population. Analysing the difference in P3HB content over time for the P3HB+ and the P3HB++ 

populations shows that the lag in P3HB production observed in the current study is represented by 

the slow development of P3HB+ cells into P3HB++. Once again this demonstrates the lag-time in P3HB 

production occurring between the end of phase 2 at 72 hours and phase 3, and that sodium chloride 

addition does not reduce the effects of the lag phase.  

The addition of NaCl to growth media has been found to increase PHA production in C. necator by 

30%, with cultures producing 5.33 g/L PHA in just 24 hours (Passanha et al., 2014). The study by 

Passanha et al. (2014) used acetic acid supplemented 0.8% (w/v) ME. However, Passanha et al. (2014) 

did not observe a lag time in P3HB as in the current study, and in fact observed that the addition of 9 

g/L NaCl decreased PHA production from 26 to 24 hours, and increased the peak weight of PHA 

produced from 4.08 to 5.33 g/L. Although Passanha et al. (2014) used the same nutrient-rich ME media 

as the current study, there were differences between the studies which may provide indications as to 

why the P3HB lag phase in the current study is observed. The current study used Erlenmyler flasks for 

growth which allowed little control over the culture other than the addition of supplements and the 

withdrawal of cells for analysis. Passanha et al. (2014) used a 5 L fermentor that allowed for the fed-
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batch maintenance of pH 7 and for the control of mixing and airflow such that the dissolved O2 was at 

40%. Increasing pH has been shown to increase PHV content in mixed microbial cultures up to a pH 

of 9.5 (Villano et al., 2010). Low-dissolved O2 does not decrease the ability of microbes to produce 

P3HB (Wang et al., 2019) but appears to be crucial during the stage of cell proliferation (Wang et al., 

2017). As factors such as dissolved O2 and pH have not been measured up to this stage of the thesis 

it is possible that O2 or pH during culture could be creating conditions unsuitable for the production 

of P3HB. 
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Figure 4.11 – Mean percentage of P3HB++ cells for 0.08% and 0.2% (w/v) ME C. necator cultures 
containing 0, 3, 6, 9, 12 or 15 g/L and supplemented with 0.5% (w/v) fructose at 0 hours and 0.6% 
(w/v) sodium gluconate at 24 hours. Statistical significance was determined using paired t-tests to 
compare the same condition at different time points (displayed as figure annotations). NS = non-
significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Missing statistic due to replicates having the same 
values. Error bars represent SD. n = 3 biological replicates.  
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Figure 4.12 - Mean P3HB+ and P3HB++ P-546 fluorescence (P3HB) per cell for 0.08% and 0.2% (w/v) ME C. necator cultures containing 0, 3, 6, 9, 12 or 15 g/L 
sodium chloride, and supplemented with 0.5% (w/v) fructose at 0 hours and 0.6% (w/v) sodium gluconate at 24 hours. Statistical significance was determined 
using paired t-tests to compare the same condition at different time points (displayed as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** 
= p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data is located in Figure 9.8, Appendix 9.2.   
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Figure 4.13 - Mean P3HB+ and P3HB++ P-546 fluorescence per mL for 0.08% and 0.2% (w/v) ME C. necator cultures containing 0, 3, 6, 9, 12 or 15 g/L  sodium 
chloride and supplemented with 0.5% (w/v) fructose at 0 hours and 0.6% (w/v) sodium gluconate at 24 hours. Statistical significance was determined using 
paired t-tests to compare the same condition at different time points (displayed as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 
0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data is located in Figure 9.9, Appendix 9.2.  
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4.3.3 Sodium chloride addition does not alter the influence of decreasing ME 

concentration on maintaining cell size 

Figure 4.14 contains a summary of mean overall FSC for C. necator cultures containing 0.08% or 0.2% 

(w/v) ME, 0, 3, 6, 9, 12 or 15 g/L sodium chloride and supplemented with 0.5% (w/v) fructose at 0 hours 

and 0.6% (w/v) sodium gluconate at 24 hours. The full data can be found in Figure 9.10 (a) and (b), 

Appendix 9.2. 

Overall mean FSC for 0.08% (w/v) ME cultures (Figure 4.14 (a)) did not significantly change but for 

0.2% (w/v) ME cultures (Figure 4.14 (b)) a significant decrease in cell size was observed. For 0.08% 

(w/v) ME cultures when sodium chloride was added to the media a reduction in cell size was observed 

between 72 and 240 hours. However, this was only found to be a statistically significant decrease for 

0.08% (w/v) ME cultures with 6, 12 and 15 g/L sodium chloride added. For 0.2% (w/v) ME cultures, 

with the exception of cultures with 3 g/L sodium chloride added, all cultures with sodium chloride 

added significantly reduced in terms of cell size. 

A summary dividing FSC into P3HB+ and P3HB++ populations can be found in Figure 4.15. The full 

data is located in Figure 9.5 (c)-(f), Appendix 9.2. 

Cells of the P3HB+ population in 0.08% (w/v) ME cultures (Figure 4.15 (a)) without sodium chloride 

added did not significantly change in cell size between 72 and 240 hours, which is in contrast to that 

of 0.2% (w/v) ME cultures which significantly decreased in cell size. Cultures to which sodium chloride 

was added decreased cell size between 72 and 240 hours. This was found to be a significant decrease 

in cell size for all sodium chloride containing 0.2% (w/v) ME cultures, but was found to be not significant 

for 0.08% (w/v) ME cultures with either 3 or 15 g/L sodium chloride.  

Cells of the P3HB++ population in sodium chloride free 0.08% (w/v) ME cultures (Figure 4.15 (a)) did 

not significantly change in cell size between 72 and 240 hours. This was in contrast to that of 0.2% 

(w/v) ME cultures in which P3HB++ cells significantly decreased in size. In 0.08% (w/v) ME cultures, 

P3HB++ cells significantly increased in size between 72 and 240 hours, except for cultures containing 

9 g/L sodium chloride was added a non-significant difference in cell size occurred. Cells in the P3HB++ 

population in 0.2% (w/v) ME cultures, on the other hand, significantly decreased in cell size between 

72 and 240 hours.  

In part the findings in this section back up the results of Dai and Zhu (2018) who found that E. coli cell 

size reduces due to sodium chloride causing hyperosmotic stress. However, this does not provide an 

explanation of why in ME media with sodium chloride added, P3HB++ cells increase for 0.08% (w//v) 

ME cultures and decrease in size for  0.2% (w//v) ME cultures. Results indicate that between the end 

of phase 2 at 72 hours and phase 3 at 240 hours, 0.2% (w/v) ME cultures decrease in overall mean cell 
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size by a greater proportion than that of 0.8% (w/v) ME cultures. This may be because in 0.2% (w/v) 

ME cultures residual ME increases media osmolarity thus increasing the osmotic stress on cells. One 

would expect cells in the P3HB++ population to be somewhat resistant to osmotic stress, as P3HB 

granules have been shown to confer resistance against osmotic stress (Sedlacek et al., 2019). It’s 

possible that in 0.08% (w/v) ME cultures there is less residual ME at 240 hours, and the cells are able 

to expand or possibly form chains or aggregates. On the other hand, residual ME in 0.2% (w/v) ME 

cultures creates greater osmotic stress to which cells respond by decreasing their volume. 

 

 

 

Figure 4.14 - Mean FSC for 0.08% and 0.2% (w/v) ME C. necator cultures containing 0, 3, 6, 9, 12 or 
15 g/L and supplemented with 0.5% (w/v) fructose at 0 hours and 0.6% (w/v) sodium gluconate at 24 
hours. Statistical significance was determined using paired t-tests to compare the same condition at 
different time points (displayed as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** 
= p ≤ 0.01. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 
9.10 (a) and (b), Appendix 9.2. 
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4.3.4 Discussion 

In section 4.3, the same fed-batch feeding strategy as section 4.2 was used along with the addition of 

0, 3, 6, 9, 12 or 15 g/L sodium chloride. In C. necator cultures the addition of sodium chloride (9 g/L) 

has been found to decrease the peak PHA time from 26 to 24 hours and increase PHA production by 

30% (Passanha et al., 2014). However, in the current study, the addition of sodium chloride to media 

did not prevent a P3HB producing lag-phase which extended into phase 3, beyond 72 hours. Research 

conducted by Passanha et al. (2014), to the best of knowledge, is the only other study which uses 

standard 0.8% ME media (DSMZ, 2007) which consists of 3 g/L ME and 5 g/L peptone. While the 

current study used a small-scale shake flask method to grow C. necator, Passanha et al. (2014) used a 

5 L fermenter that allowed for the fed-batch maintenance of pH 7 and for the control of mixing and 

airflow such that the dissolved O2 was at 40%. However, an increase in pH of 9.5 has been shown to 

increase the PHV content of mixed microbial cultures (Villano et al., 2010) and low dissolved O2 has 

been found not to alter bacterial ability to produce P3HB (Wang et al., 2019), although dissolved O2 

is crucial for cell proliferation (Wang et al., 2017). Passanha et al. (2014) also supplemented cultures 

with acetic acid rather than fructose or sodium gluconate in the current study. However, fructose 

(Budde et al., 2011) and sodium gluconate (Heinrich et al., 2021) have been also demonstrated to 

produce peak P3HB in C. necator within 72 hours. There is therefore insufficient evidence that any of 

the stated differences in culture conditions between this study and that of Passanha et al. (2014) are 

the cause of the lag phase observed in the current study.  

In part the findings in this section back up the results of Dai and Zhu (2018) who found that E. coli cell 

size reduces due to sodium chloride causing hyperosmotic stress. However, this does not provide an 

explanation of why in ME media with sodium chloride added, P3HB++ cells increase for 0.08% (w//v) 

ME cultures and decrease in size for  0.2% (w//v) ME cultures. One would expect cells in the P3HB++ 

population to be somewhat resistant to osmotic stress to be resistant to osmotic stress, as P3HB 

granules have been shown to confer resistance against osmotic stress (Sedlacek et al., 2019).  
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4.4 Does changing the growth media at 24 hours move peak P3HB 

production from phase 3 to phase 2? 
In sections 4.2 and 4.3, a fed-batch strategy aimed to use fructose in phase 1 to produce biomass and 

use sodium gluconate to produce P3HB in phase 2. In addition, in section 4.3 sodium chloride was 

added at varying concentrations. The strategies in both sections aimed to prevent a lag in P3HB 

production and move peak P3HB production into phase 2. In the current section, a repeated-batch 

method is instead tested in which growth media was replaced at the end of phase 1 at 24 hours, and 

replaced with new dilute 0.008% or 0.04% (w/v) ME. A similar strategy reported by Santolin et al. (2021) 

found following a biomass accumulation phase, a PHA content of around 80% could be achieved in 

42 hours. A detailed summary of the media used can be viewed under each graph. Note that media 

names only apply to media used in this section 4.4. 

 

4.4.1 Increased pH is indicative of amino-acid deamination 

Figure 4.16 presents pH data collected when media was removed from cultures containing either 

0.08% or 0.2% (w/v) ME and supplemented with either 0.5% (w/v) fructose or 0.6% (w/v) sodium 

gluconate at 24 hours. Note that Experimental conditions annotated on the x-axis of Figure 4.16 are 

combined, as up to 24 hours when the media was changed there were 4 experimental conditions. 

When the media was changed at 24 hours 8 different experimental conditions were created.  

Increasing the initial ME concentration from 0.08% (Figure 4.16 (a)) to 0.2% (w/v) (Figure 4.16 (b)) 

resulted in a significant increase in pH for samples supplemented with sodium gluconate but not 

fructose.  

An increase in pH during fermentation is indicative of a build-up of ammonia due to the deamination 

of amino acids (Krebs, 1935). During conditions of surplus C sources, which can be directly fed into 

the citric acid cycle, amino acids are used for protein synthesis (Neis et al., 2015). However, during C-

limiting conditions, amino acids are instead used as a C source in a process that begins with the 

transamination of amino acids which releases ammonia as a by-product. In the context of this study, 

the release of ammonia means that the citric acid cycle is not receiving a C source while amino acids 

are present in the media. Meat extract media is highly rich in nitrogen-containing compounds and it is 

likely to also be rich in amino acids. As 0.2% (w/v) ME likely contains more amino acids than 0.08% 

(w/v) ME cultures this may be why 0.2% (w/v) ME cultures have an elevated pH. Evidence in this section, 

therefore, suggests that in phase 1 (0-24 hours), in 0.2% ME 1 and 2 cultures, gluconate is exhausted 

before amino acids are exhausted.   
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Figure 4.16 - Mean pH of C. necator cultures grown initially in either 0.08% (a) or 0.2% (w/v) ME (b) up 
to 24 hours until the growth media was hanged to either 0.008% or 0.04% (w/v) ME. Media before 
and after 24 hours was supplemented with either 0.5% (w/v) fructose or 0.6% (w/v) sodium gluconate. 
Statistical significance was determined using paired t-tests to compare the same condition at different 
time points (displayed as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 
0.01. Error bars represent SD. n = 6 biological replicates.  
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4.4.2 Little cell proliferation occurs between 72 and 216 hours. 

Figure 4.17 contains a summary of mean events per mL for C. necator cultures which initially comprised 

either 0.08% or 0.2% (w/v) ME before media was replaced with either 0.008% or 0.04% (w/v) ME at 24 

hours. Both before and after 24 hours, media was supplemented with either 0.5% (w/v) fructose or 

0.6% (w/v) sodium gluconate. The full data can be found in Figure 9.11, Appendix 9.3. 

For cultures initially containing 0.08% (w/v) ME (Figure 4.17 (a)), when media was replaced and 

supplemented with 0.6% (w/v) sodium gluconate (0.08% ME 1 and 3), mean events significantly 

decreased between the end of phase 2 at 72 hours and phase 3 at 216 hours. In contrast, when media 

was replaced at 24 hours and contained 0.5% (w/v) fructose there was no significant difference 

between mean events per mL at 72 and 216 hours. 

Cultures initially containing 0.2% (w/v) ME generally could not be statistically separated between 72 

and 216 hours, except for condition 0.2% ME 1 which significantly increased.  

Results indicate that, except for condition 0.2% ME 1, cultures did not proliferate between the end of 

phase 2 at 72 hours and phase 3 at 216 hours. This is indicative of conditions in which growth-

promoting levels of nutrients were not available between the time points summarised, and gluconate 

and fructose are not being directed into the Entner-Doudoroff pathway, and acetyl-CoA is not being 

directed into the citric acid cycle (Ienczak et al., 2011). The reason for the presence of sodium 

gluconate in cultures reducing events per mL for conditions 0.08% ME 1 and 3 is unclear, as is the 

reason why this is not observed when the initial ME concentration is increased to 0.2% (w/v).  
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Figure 4.17 – Mean events per mL of C. necator cultures grown initially in either 0.08% (a) or 0.2% 
(w/v) ME (b) up to 24 hours until the growth media was hanged to either 0.008% or 0.04% (w/v) ME. 
Media before and after 24 hours was supplemented with either 0.5% (w/v) fructose or 0.6% (w/v) 
sodium gluconate. Statistical significance was determined using paired t-tests to compare the same 
condition at different time points (displayed as figure annotations). NS = non-significant (p ≥ 0.05), * 
= p < 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 3 biological replicates. The full data can be 
found in Figure 9.11, Appendix 9.3. 
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4.4.3  Changing to dilute ME media after 24 hours does not produce more P3HB 

in comparison to batch cultures.  

Figure 4.18 contains a summary of mean P-546 fluorescence per cell and per mL for C. necator cultures 

which initially comprised either 0.08% or 0.2% (w/v) ME before media was replaced with either 0.008% 

or 0.04% (w/v) ME at 24 hours. Both before and after 24 hours, media was supplemented with either 

0.5% (w/v) fructose or 0.6% (w/v) sodium gluconate. The full data can be found in Figure 9.12 (a)-(d), 

Appendix 9.3.  

Paired statistical analysis comparing mean P-546 fluorescence per cell for 0.08% (Figure 4.18 (a)) and 

0.2% (w/v) ME cultures  (Figure 4.18 (b)) found that all conditions increased between the end of phase 

2 at 72 hours and phase 3 at 216 hours. The increase was significant for all conditions except 0.08% 

ME 4. Analysis of P-546 fluorescence per mL of culture for 0.08% (Figure 4.18 (c)) and 0.2% (w/v) ME 

cultures (Figure 4.18 (d)) also revealed that all conditions tested increased P3HB per mL between 72 

and 216 hours. However, conditions 0.08% ME 3 and 4 were found not to significantly increase. 

Figure 4.19 contains a summary of the mean percentage of P3HB++ cells. The full data can be found 

in Figure 9.12 (e) and (f), Appendix 9.3  

Comparing the percentage of P3HB++ cells for 0.08% and 0.2% (w/v) cultures between 72 and 168 

hours found that P3HB++ increased in proportion for all conditions tested.  

Summaries of P-546 fluorescence for the  P3HB+ and P3HB++ populations are presented per cell in 

Figure 4.20 and per mL in Figure 4.21. The full data can be found in Figure 9.13 (per cell) and Figure 

9.14 (per mL), Appendix 9.3. 

Mean P-546 fluorescence in the P3HB+ and P3HB++ populations for 0.08% (Figure 4.20 (a)) and 0.2% 

(w/v) ME cultures (Figure 4.20 (b)) either significantly increased or did not significantly change, 

although, there was no pattern to the results. Comparing P3HB per mL in 0.08% (Figure 4.21 (a)) and 

0.2% (w/v) ME cultures (Figure 4.21 (b)) found that the contribution of the P3HB+ population to P3HB 

per mL diminished between 72 and 216 hours. However, some of the decreases observed were found 

to be non-statistically significant. On the other hand, the P3HB++ population increased in terms of P-

546 fluorescence per mL between 72 and 216 hours for all conditions tested. The increases were found 

to be significant except for media 0.08% ME 3 and 4. 

Overall, changing the growth media at 24 hours did not prevent a lag in P3HB production into phase 

3. It was expected that given the very low ME concentrations of 0.008% and 0.04% (w/v) used for 

media replacement at 24 hours, C. necator would have plenty of surplus fructose and gluconate to use 

for P3HB biosynthesis without significant delay. Given that 0.008% (w/v) ME is 100 times more dilute 



 244 

than standard ME recommended for C. necator growth by DSMZ (DSMZ, 2007) and used by Passanha 

et al. (2014) to produce PHA in just 24 hours. Results therefore suggest that the delay in peak P3HB in 

the current study may not be due to the media conditions. The PhaC1 enzyme, used by C. necator to 

polymerise 3HB, is known to have an initial lag phase before reaching peak P3HB polymerisation, 

although, this is only around 6 hours (Juengert et al., 2018). However, Juengert et al. (2018) found that 

mutating key amino-acid residues in PhaC1 could significantly increase the lag time in 3HB 

polymerisation. However, the presence of PhaM restored PhaC1 to normal function. It should be noted 

that in the study by Juengert et al. (2018), the lag in 3HB polymerisation was only observed in vitro 

and not in vivo even when PhaM was absent. The regulation of PhaC1 appears to be complex and not 

completely understood in literature. The cause of the lag phase in the current study could be due to 

a problem with PhaC1 or its associated regulation. However, this is purely hypothetical, and 

considerable further investigation would be required to establish such a link.  
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Figure 4.18 - Mean P-546 fluorescence per cell (a) and per mL (b) for C. necator cultures grown initially 
in either 0.08% or 0.2% (w/v) ME up to 24 hours until the growth media was changed to either 0.008% 
or 0.04% (w/v) ME. Media before and after 24 hours was supplemented with either 0.5% (w/v) fructose 
or 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired t-tests to 
compare the same condition at different time points (displayed as figure annotations). NS = non-
significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 
biological replicates. The full data can be found in Figure 9.12 (a)-(d), Appendix 9.3. 
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Figure 4.19 - Mean percentage of P3HB++ cells in C. necator cultures grown initially in either 0.08% (a) 
or 0.2% (w/v) ME (b) up to 24 hours until the growth media was changed to either 0.008% or 0.04% 
(w/v) ME. Media before and after 24 hours was supplemented with either 0.5% (w/v) fructose or 0.6% 
(w/v) sodium gluconate. Statistical significance was determined using paired t-tests to compare the 
same condition at different time points (displayed as figure annotations). NS = non-significant (p ≥ 
0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. Error bars represent SD. n = 3 
biological replicates. The full data can be found in Figure 9.12 (e) and (f), Appendix 9.3. 
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Figure 4.20 - Mean P3HB+ and P3HB++ P-546 fluorescence per cell for C. necator cultures grown initially in either 0.08% (a) or 0.2% (w/v) ME (b) up to 24 hours 
until the growth media was changed to either 0.008% or 0.04% (w/v) ME. Media before and after 24 hours was supplemented with either 0.5% (w/v) fructose 
or 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired t-tests to compare the same condition at different time points (displayed 
as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent 
SD. n = 3 biological replicates. The full data can be found in Figure 9.13, Appendix 9.3. 
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Figure 4.21 - Mean P3HB+ and P3HB++ P-546 fluorescence per mL for C. necator cultures grown initially in either 0.08% (a) or 0.2% (w/v) ME (b) up to 24 hours 
until the growth media was changed to either 0.008% or 0.04% (w/v) ME. Media before and after 24 hours was supplemented with either 0.5% (w/v) fructose 
or 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired t-tests to compare the same condition at different time points (displayed 
as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The 
full data can be found in Figure 9.14, Appendix 9.3. 
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4.4.4 Cultures which initially contained 0.2% (w/v) ME and sodium gluconate in 

changed media decrease mean cell size 

Figure 4.22 contains a summary of mean P-546 fluorescence per cell and per mL for C. necator cultures 

which initially comprised either 0.08% or 0.2% (w/v) ME before media was replaced with either 0.008% 

or 0.04% (w/v) ME at 24 hours. Both before and after 24 hours, media was supplemented with either 

0.5% (w/v) fructose or 0.6% (w/v) sodium gluconate. The full data can be found in Figure 9.15 (a), 

Appendix 9.3.  

Comparing the mean FSC of 0.08% (w/v) cultures (Figure 4.22 (a)) found that media 0.08% ME 1 and 

4 significantly decreased and there was no significant difference between conditions 0.08% ME 2 and 

3. In 0.2% (w/v) ME cultures, media supplemented with 0.6% (w/v) sodium gluconate (0.2% ME 1 and 

3) resulted in a decreased cell size between 72 and 216 hours. Fructose-supplemented media (0.2% 

ME 2 and 4), on the other hand, slightly increased in cell size. 

Figure 4.23 contains a summary of mean FSC for the P3HB+ and P3HB++ populations. The full data can 

be found in Figure 9.15 (b) and (c), Appendix 9.3.  

For cultures initially containing 0.08% (w/v) ME (Figure 4.23 (a)), there was generally little difference in 

cell size between 72 and 216 hours. The same applies for cultures initially containing 0.2% (w/v) ME 

(Figure 4.23 (b)) to which fructose was supplemented in the changed media at 24 hours (0.2% ME 2 

and 4). However when the media was changed and sodium gluconate supplemented at 24 hours a 

large and statistically significant decrease in cell size occurred in both the P3HB+ and P3HB++ 

populations.   

Generally, little change in cell size of cultures occurs between 72 and 216 hours except for cultures 

which contained 0.6% (w/v) in the second media added at 24 hours. This only occurs for culture which 

initially contained 0.2% (w/v) ME in the initial growth media. It’s possible that the observed decrease 

in cell size stems from cultures which initially contained 0.2% (w/v) ME producing more cells than 

cultures initially containing 0.08% (w/v), which meant that sodium ions were spread across more cells. 

Once media was changed at 24 hours, conditions 0.08% and 0.2% ME 1 and ME 3 contained the same 

sodium gluconate concentration of 0.6% (w/v). Between 72 and 216 hours, gluconate may have been 

depleted in these cultures, which due to the very dilute ME concentrations used in changed media 

may have resulted in a very low media osmolarity. As sodium ions are known to be used by bacteria 

as a method of osmotic adjustment to prevent the adverse effects of osmotic stress (Björklund and 

Marguerat, 2017), it’s possible that in 0.2% ME 1 and ME 3 cultures that too few sodium ions were 

present per cell to prevent an efflux of water out of the cell down an osmotic gradient. However, it 

should be noted that without evidence such as gluconate concentration in media, this can be 
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considered no more than a theory, as it’s unclear why a decrease in cell size is not observed in 0.08% 

and 0.2% ME 2 and 4  cultures which were supplemented with fructose after the media was changed 

at 24 hours. 

 

 

Figure 4.22 – Mean FSC for C. necator cultures grown initially in either 0.08% or 0.2% (w/v) ME up to 
24 hours until the growth media was changed to either 0.008% or 0.04% (w/v) ME. Media before and 
after 24 hours was supplemented with either 0.5% (w/v) fructose or 0.6% (w/v) sodium gluconate. 
Statistical significance was determined using paired t-tests to compare the same condition at different 
time points (displayed as figure annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 
0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent SD. n = 3 biological 
replicates. The full data can be found in Figure 9.15 (a), Appendix 9.3. 
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Figure 4.23 - Mean FSC for C. necator cultures grown initially in either 0.08% or 0.2% (w/v) ME up to 24 hours until the growth media was changed to either 
0.008% or 0.04% (w/v) ME. Media before and after 24 hours was supplemented with either 0.5% (w/v) fructose or 0.6% (w/v) sodium gluconate. Statistical 
significance was determined using paired t-tests to compare the same condition at different time points (displayed as figure annotations). NS = non-significant 
(p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data can be found in Figure 9.15 (b) and 
(c), Appendix 9.3. 
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4.4.5 Discussion 

In section 4.4 a change of strategy using repeated-batch culture initially consisting of 0.08% or 0.2% 

(w/v) ME before media was replaced with either 0.008% or 0.04% (w/v) ME at 24 hours. Both before 

and after 24 hours, media was supplemented with either 0.5% (w/v) fructose or 0.6% (w/v) sodium 

gluconate. Growth media removed at 24 hours was found to be elevated in pH for cultures containing 

0.2% (w/v) ME and 0.6% (w/v) sodium gluconate in phase 1 (0.2% ME 1 and 3). An elevated pH was 

not observed in fructose-supplemented cultures and was not observed in sodium gluconate-

supplemented cultures when the ME concentration was reduced to 0.08% (w/v) ME. An elevated pH 

is indicative of amino acid deamination (Krebs, 1935) which occurs when a C source is not sufficiently 

available and amino acids are instead fed into the citric acid cycle in a process which releases ammonia 

as a by-product (Neis et al., 2015). This would appear to suggest that gluconate is used up in more 

nutritious 0.2% (w/v) ME cultures, and then surplus amino acids are instead utilised as a C source.  

Moving forward in time from the 24-hour media change, between the end of phase 2 at 72 hours and 

phase 3 at 216 hours, cell size was relatively stable except for conditions 0.2% ME 1 and 3, which were 

supplemented with sodium gluconate after the media was changed at 24 hours and observed to 

decrease in size by more than 50%. The reason for this is unclear as fructose supplementation doesn’t 

result in the same decrease in cell size. However, it is possible that in 0.2% ME 1 and 3 cultures, the 

increased cell number compared to conditions 0.08% ME 1 and 3, in which a decrease in cell size was 

not observed, may make it more difficult for cells to adjust to osmotic changes using sodium ions as 

there are fewer ions available per cell.  
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4.5 What effect on P3HB production does the simultaneous addition 

of fructose and sodium gluconate have? 
In the current study experiments up to this point have explored the production of P3HB in C. necator 

cultures which have fructose and sodium gluconate added separately. In addition to this, experiments 

have also explored the addition of fructose at 0 hours and sodium gluconate at 24 hours as part of a 

two-stage feeding strategy. In this section, experiments additionally evaluate the P3HB production of 

C. necator cultures supplemented simultaneously with fructose and sodium gluconate. As in the 

previous section, this experiment contains a lot of conditions which change at 24 hours. A detailed 

summary of the media used can be viewed under each graph. Note that media names only apply to 

media used in this section 4.5.  
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4.5.1 Gluconate appears to prevent fructose usage through catabolite 

repression 

Figures in the current section contain summaries of mean events per mL and mean pH for C. necator 

cultures initially containing 0.08% or 0.2% (w/v) ME and supplemented with 0.5% (w/v) fructose, 0.6% 

(w/v) sodium gluconate or both. At 24 hours, growth media was either not changed or replaced with 

0.04% (w/v) ME and supplemented with both 0.5% (w/v) fructose and 0.6% (w/v) sodium gluconate. 

While section 4.5 as a whole focuses on comparing the end of phase 2 at 72 hours and phase 3 at 168 

hours, section 4.5.1 additionally focuses on key results found during phases 1 and 2.  

Figure 3.32 summarises mean events for cultures initially containing 0.08% (Figure 3.32 (a)) and 0.2% 

(w/v) ME (Figure 3.32 (b)). The full data for mean events per mL can be found in Appendix 2 (section 

9.4), Figure 9.16. Between the end of phase 1 at 24 hours and the middle of phase 2 at 48 hours 

growth appeared to be slow, with most cultures either not significantly increasing in cell number or 

significantly decreasing. The only exception to this was condition 0.2% ME 3 which was observed to 

marginally increase significantly. On the other hand, between 48 hours and the end of phase 3 at 72 

hours, the mean events per mL of all cultures significantly increased.  

At 24 hours, for cultures 0.08% ME 1 and 2, and 0.2% ME 1 and 2, the growth media was replaced. 

The pH of the removed media was recorded and the full data of which is presented in Figure 4.25. For 

cultures initially containing both 0.08% (Figure 4.25 (a)) and 0.2% (w/v) ME (Figure 4.25 (b)) the pH at 

24 hours was significantly higher in cultures supplemented with both 0.6% (w/v) sodium gluconate and 

0.5% (w/v) fructose. 

Further to the analysis of mean evens per mL and mean pH between the end of phase 1 and phase 2, 

Figure 4.26 summarises mean events between the end of phase 2 at 72 hours and during phase 3 at 

168 hours. During this period, cultures with changed media slightly increased in cell number. This 

suggests that cell proliferation occurs after media change and that the nutrient content of the media 

is not P3HB-promoting. On the other hand, cultures which did not have the media replaced did not 

significantly change in terms of cell number between 72 and 168 hours.  

These observations suggest that the presence of sodium gluconate in the growth media prevents C. 

necator from using fructose, instead using the transamination of amino acids as a C source. In E. coil 

gluconate is known to cause catabolite repression (Hogema et al., 1997). In addition, a lack of growth 

between 24 and 48 hours, and an increase in mean events between 48 and 72 hours suggests that a 

diauxic lag phase occurs during the switch over from gluconate to fructose metabolism. Diauxic growth 

is a hallmark of bacteria growth influenced by catabolite repression, and it describes the lag phase that 

occurs as bacteria switch from one preferred C source to the next in the hierarchy (Chu and Barnes, 
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2016). This represents the first time that catabolite repression by gluconate has been reported in C. 

necator.  As covered in the previous section, an increase in pH during fermentation is indicative of a 

build-up of ammonia due to the deamination of amino acids (Krebs, 1935). During conditions of surplus 

carbon sources, which can be directly fed into the citric acid cycle, amino acids are used for protein 

synthesis (Neis et al., 2015). Results in this section suggest that there are 3 possible catabolite 

regulation scenarios occurring. First, when fructose only is supplemented there is no evidence of a pH 

increase suggesting that fructose is used preferentially as a C source. The second, when only gluconate 

is supplemented, pH rises indicating that in the first 24 hours of growth, amino acids have been 

metabolised. In this case, it is unclear if amino acids are preferred to gluconate by C. necator, or if 

amino acids are used after gluconate is exhausted. It is possible that certain amino acids are preferred 

to organic acids and sugars, as some bacteria utilise amino acids as a C source before organic acids 

or sugars (Moreno et al., 2009). A third scenario in which media is supplemented with both gluconate 

and fructose also raises pH in phase 1, indicating that gluconate represses fructose. 
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Figure 4.24 - Mean events per mL for C. necator cultures initially containing 0.08% or 0.2% (w/v) ME 
and supplemented with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. At 24 hours growth 
media was either not changed or replaced with 0.04% (w/v) ME and supplemented with both 0.5% 
(w/v) fructose and 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired 
t-tests to compare the same condition between 24 and 48, and 48 and 72 hours (see corresponding 
tables). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent 
SD. n = 3 biological replicates. The full data can be found in Appendix 2 (section 9.4), Figure 9.16. 
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Figure 4.25 - Mean pH of C. necator cultures initially containing 0.08% or 0.2% (w/v) ME and 
supplemented with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. The pH of cultures was 
taken from replaced media and therefore conditions 0.08% ME 3 and 0.2% ME 3 are missing due their 
media not being replaced at 24 hours. Statistical significance was determined using paired t-tests to 
compare the same condition at 72 and 168 hours (see annotations) . NS = non-significant (p ≥ 0.05), * 
= p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ***** = p ≤ 0.00001. Error bars represent 
SD. n = 3 biological replicates. 

 

 

Figure 4.26 – Mean events per mL for C. necator cultures initially containing 0.08% or 0.2% (w/v) ME 
and supplemented with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. At 24 hours growth 
media was either not changed or replaced with 0.04% (w/v) ME and supplemented with both 0.5% 
(w/v) fructose and 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired 
t-tests to compare the same condition at 72 and 168 hours (see annotations). NS = non-significant (p 
≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 3 biological replicates. The full data 
can be found in Appendix 2 (section 9.4), Figure 9.16. 
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4.5.2  Combining fructose and sodium gluconate addition leads to high P3HB 

production in phase 2. 

Figure 4.27 contains summaries of P-546 fluorescence per cell and per mL for C. necator cultures 

initially containing 0.08% (Figure 4.27 (a) and (b)) or 0.2% (w/v) ME (Figure 4.27 (c) and (d)) and 

supplemented with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. At 24 hours growth 

media was either not changed or replaced with 0.04% (w/v) ME and supplemented with both 0.5% 

(w/v) fructose and 0.6% (w/v) sodium gluconate. The full data for P-546 fluorescence per cell and per 

mL can be found in Figure 9.17, Appendix 9.4. For all conditions tested, both P-546 fluorescence per 

cell and per mL increased between the end of phase 2 at 72 hours and during phase 3 at 168 hours. 

This increase was significant for all conditions except for 0.2% ME 1 (Figure 4.27 (d)).  

Figure 4.28 contains a summary of the mean percentage of P3HB++ cells. The full data can be found 

in Figure 9.17 (c), Appendix 9.4. In similarity to P-546 fluorescence, the mean percentage of P3HB++ 

cells in all cultures significantly increased between 72 and 168 hours.  

Figure 4.29 and Figure 4.30 contain a summaries of mean P-546 fluorescence per cell and per mL, 

respectively. The full data can be found expressed per cell in Figure 9.18 and per mL in Figure 9.19, 

Appendix 9.4. Generally, P-546 fluorescence per cell for both P3HB+ and P3HB++ changed little 

between 72 and 168 hours. On the other hand, P-546 fluorescence per mL significantly increased for 

the P3HB++ population for all conditions.  

In Pseudomonads, the model system used for the study of catabolite repression centres around the 

Crc protein (Rojo, 2010). The Crc protein controls the metabolism of C by post-transcriptionally 

regulating multiple genes simultaneously (La Rosa et al., 2014). In fact, La Rosa et al. (2014) found that 

Crc binds to PhaC mRNA preventing transcription, although this was only observed to occur when a 

high C to nitrogen was present. There is no literature reporting a Crc protein in C. necator, however, 

the findings of Ampe et al. (1998) suggest that C. necator and P. putida have common C catabolite 

repression mechanisms in which C source utilisation is governed by a substrate hierarchy. It’s possible 

that in the current study, the aim of producing maximum P3HB production in 72 hours is being 

hampered by catabolite repression inhibiting the transcription of PhaC1. Thus, P3HB production may 

only increase after catabolite repression has ceased due to gluconate depletion, and a diauxic lag 

phase has ended.  
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Figure 4.27 - Mean P-546 fluorescence per cell (plots (a) and (b)) and per mL (plots (c) and (d)) for C. 
necator cultures initially containing 0.08% or 0.2% (w/v) ME and supplemented with 0.5% (w/v) 
fructose, 0.6% (w/v) sodium gluconate or both. At 24 hours growth media was either not changed or 
replaced with 0.04% (w/v) ME and supplemented with both 0.5% (w/v) fructose and 0.6% (w/v) sodium 
gluconate. Statistical significance was determined using paired t-tests to compare the same condition 
at 72 and 168 hours (see annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** 
= p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. The full data for P-546 fluorescence 
per cell and per mL can be found in Figure 9.17 (a) and (b), Appendix 9.4.  
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Figure 4.28 - Mean percentage of P3HB++ cells for C. necator cultures initially containing 0.08% or 
0.2% (w/v) ME and supplemented with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. At 
24 hours growth media was either not changed or replaced with 0.04% (w/v) ME and supplemented 
with both 0.5% (w/v) fructose and 0.6% (w/v) sodium gluconate. Statistical significance was determined 
using paired t-tests to compare the same condition at 72 and 168 hours (see annotations). NS = non-
significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 
biological replicates. The full data can be found in Figure 9.17 (c), Appendix 9.4. 
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Figure 4.29 - Mean P-546 fluorescence per cell for P3HB+ and P3HB++ cells for C. necator cultures initially containing 0.08% or 0.2% (w/v) ME and supplemented 
with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. At 24 hours growth media was either not changed or replaced with 0.04% (w/v) ME and 
supplemented with both 0.5% (w/v) fructose and 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired t-tests to compare the 
same condition at 72 and 168 hours (see annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05. Error bars represent SD. n = 3 biological replicates. The 
full data can be found in Figure 9.18, Appendix 9.4. 
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Figure 4.30 - Mean P-546 fluorescence per mL for P3HB+ and P3HB++ cells for C. necator cultures initially containing 0.08% or 0.2% (w/v) ME and supplemented 
with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. At 24 hours growth media was either not changed or replaced with 0.04% (w/v) ME and 
supplemented with both 0.5% (w/v) fructose and 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired t-tests to compare the 
same condition at 72 and 168 hours (see annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n 
= 3 biological replicates. The full data can be found in Figure 9.19, Appendix 9.4. 
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4.5.3 Cell size generally decreases between 72 and 168 hours  

Figure 4.31 contains a summary of mean FSC for C. necator cultures initially containing 0.08% (Figure 

4.31 (a)) or 0.2% (w/v) ME Figure 4.31 (b)) and supplemented with 0.5% (w/v) fructose, 0.6% (w/v) 

sodium gluconate or both. At 24 hours growth media was either not changed or replaced with 0.04% 

(w/v) ME and supplemented with both 0.5% (w/v) fructose and 0.6% (w/v) sodium gluconate. The full 

data can be found in Figure 9.2 (a), Appendix 9.4. Once again cell size significantly decreased for all 

conditions except for 0.2% ME 1. In fact, cell size changed by a much smaller proportion in 0.08% and 

0.2% ME 1 cultures. 

Figure 4.32 contains a summary of mean FSC for the P3HB+ and P3HB++ cell populations. The full data 

can be found in Figure 9.2 (b) and (c), Appendix 9.4. The data for  P3HB+ and P3HB++ cell populations 

appears to add little to that summarised in Figure 4.31. Except when breaking down the data into 

individual populations, P3HB++ C. necator cells grown in 0.08% and 0.2% ME 2 media significantly 

increased in size a feature which did not occur in other media conditions. While the reason for this 

occurrence is unclear, this once again provides evidence that both P3HB+ and P3HB++ populations 

react to varying conditions in different ways. 

Cell size decreases in the current study are likely due to the presence of extracellular ammonia causing 

osmotic stress. In media conditions 0.08% and 0.2% ME 1 and 2, although media was changed to 

more dilute ME at 24 hours, it is likely ammonia was still produced due to further supplementation 

with fructose and sodium gluconate. It is possible that the smaller cells are able to mitigate for osmotic 

changes and resist cell size changes more than larger cells due to the structural support provided by 

intracellular P3HB. 
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Figure 4.31 - Mean FSC for C. necator cultures initially containing 0.08% or 0.2% (w/v) ME and 
supplemented with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both. At 24 hours growth 
media was either not changed or replaced with 0.04% (w/v) ME and supplemented with both 0.5% 
(w/v) fructose and 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired 
t-tests to compare the same condition at 72 and 168 hours (see annotations). NS = non-significant (p 
≥ 0.05), * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Error bars represent SD. n = 3 biological replicates. 
The full data can be found in Figure 9.2 (a), Appendix 9.4. 
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Figure 4.32 - Mean P3HB+ and P3HB++ FSC for C. necator cultures initially containing 0.08% or 0.2% (w/v) ME and supplemented with 0.5% (w/v) fructose, 
0.6% (w/v) sodium gluconate or both. At 24 hours growth media was either not changed or replaced with 0.04% (w/v) ME and supplemented with both 0.5% 
(w/v) fructose and 0.6% (w/v) sodium gluconate. Statistical significance was determined using paired t-tests to compare the same condition at 72 and 168 
hours (see annotations). NS = non-significant (p ≥ 0.05), * = p < 0.05, ** = p ≤ 0.01. Error bars represent SD. n = 3 biological replicates. 
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4.5.4 Discussion 

In the final results section of this thesis, cultures of C. necator initially containing 0.08% or 0.2% (w/v) 

ME, supplemented with 0.5% (w/v) fructose, 0.6% (w/v) sodium gluconate or both were investigated. 

An elevated pH at 24 hours for culture supplemented with both fructose and sodium gluconate, 

gluconate appears to prevent the metabolism of fructose through catabolite repression. Gluconate is 

known to cause catabolite repression in E. coli (Hogema et al., 1997). However, this represents the first 

report of gluconate-related catabolite repression in C. necator. Cell count data between 24 and 72 

hours demonstrated that diauxic growth was occurring, which is a hallmark of catabolite repression 

and occurs due to a lag time in switching metabolism from a preferred C source to the next available 

in the hierarchy (Chu and Barnes, 2016). The strategy of feeding cultures with fructose and sodium 

gluconate did not prevent a lag time in P3HB production into phase 3. This may be due to the action 

of a protein in C. necator similar to the Crc protein present in Pseudomonads (Rojo, 2010). The Crc 

protein controls catabolite repression in Pseudomonads (Rojo, 2010) controlling the metabolism of C 

by post-transcriptionally regulating multiple genes simultaneously (La Rosa et al., 2014). Ampe et al. 

(1998) suggests that C. necator and P. putida have common C catabolite repression mechanisms in 

which C metabolism is governed by a substrate hierarchy. Its therefore possible that catabolite 

regulation causes the lag phase in P3HB production observed in this study, by preventing the 

transcription of PhaC1. The P3HB producing lag-phase likely extends beyond 72 hours due to the slow 

changeover in C metabolism associated with catabolite regulation.  

It’s possible that ammonia reduces media osmolarity causing a reduction in cell volume due to an 

efflux of water out of cells. This appears to happen to a lesser degree in cells which start off smaller, 

most likely due to the structural support provided to the cell membrane by P3HB granules. 
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4.6 Conclusions 

The experiments presented in Chapter 4 have aimed to reduce a lag time in P3HB production which 

extends production beyond the target period of 72 hours. Fed-batch and repeated-batch strategies 

were divided into 3 phases: phase 1, an initial biomass accumulation phase from 0 to 24 hours; phase 

2, the period in which P3HB production is targeted to peak in; phase 3, a period after 72 hours 

evaluating if maximum P3HB production occurs after 72 hours or before. Initial experiments aiming to 

utilise the strengths of fructose supplementation for biomass accumulation in phase 1 and sodium 

gluconate for P3HB production in phase 2 failed to reduce the delay in P3HB production. The addition 

of between 3 and 15g/L of sodium chloride also did not reduce the lag time. Changing the strategy 

to a repeated-batch system in which media was changed and replaced with more dilute ME also failed 

to reduce the lag time in P3HB production. However, testing the pH of media removed at 24 hours 

from repeated batch cultures found that in cultures supplemented with sodium gluconate, or sodium 

gluconate and fructose together, pH was elevated. This was indicative of amino acid deamination, a 

process which occurs when more typical C sources are unavailable and amino acids are instead used 

as a C source. In cultures supplemented with both fructose and sodium gluconate together, an 

elevated pH and a staggered growth pattern presenting evidence of diauxic growth suggest that 

gluconate represses the metabolism of fructose in C. necator by C catabolite repression. It’s possible 

that C catabolite repression in C. necator is the cause of the lag phase of P3HB production observed 

in the current study. In this scenario, the lengthy time delay which shifts P3HB production into phase 

3 is likely the result of the slow speed of metabolic changeover from one C source to the next available 

in the hierarchy. Often between the end of phase 2 at 72 hours and phase 3, a decrease in cell size 

occurs in cultures with higher ME concentrations. This may be attributed to the release of ammonia 

due to the deamination of amino acids which are likely more residual in more nutritious ME cultures.  
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Chapter 5 Overall Discussion and conclusion 
 

5.1 Initial studies varying the C to ME ratio and optimising cell 

staining for flow cytometry 
Polyhydroxyalkanoates are a class of bio-polymer which naturally accumulate in some bacteria, and 

have the potential to provide sustainable, biodegradable plastic products suitable for medical and 

consumer markets. The overall aim of this study was to produce P3HB, the most commonly produced 

PHA (McAdam et al., 2020), in a maximum P3HB in 72 hours, a timeframe that was consistent with the 

results of previous literature (Budde et al., 2011; Pradella et al., 2012; Ienczak et al., 2016). The growth 

media used in this study was ME (DSMZ, 2007), an inexpensive, nutrient-rich media which has been 

used in literature in P3HB related studies for biomass accumulation (Fukui et al., 1998) and also for 

both biomass and P3HB production (Passanha et al., 2014). The organism chosen for P3HB 

accumulation in this study was C. necator H16, a bacterium established as the model system for 

biosynthesis of P3HB biosynthesis (Verlinden et al., 2007). Carbon sources were added to ME media 

in the form of sodium gluconate (Wahl et al., 2012) and fructose (Budde et al., 2011), with both having 

been used in literature to create a C-to-nutrient ratio suitable for inducing P3HB biosynthesis. This 

study presents a unique cell by cell analysis of C. necator growth and P3HB accumulation, using flow 

cytometry to simultaneously count cells, quantify intracellular P3HB and monitor changes in cell size.  

In sections 3.1 to 3.7 due to a problem preventing flow cytometry cell counting from being available, 

OD600 measured by UV-visible spectroscopy was used as a means to quantify culture cell density. 

Measurements of OD600 are considered to be proportional to dry weight and cell count (Myers et al., 

2013) and have previously been used to monitor culture biomass of P3HB-producing bacteria (Ahn et 

al., 2000). However, OD600 measurements can become disproportional to cell counts when cell size 

changes (Stevenson et al., 2016) and to both biomass and cell counts when intracellular components 

such as P3HB absorb at OD600 (Martinez and Déziel, 2020). Cell counting by flow cytometry, on the 

other hand, is not influenced by the accumulation of intracellular P3HB or by changes in cell size but 

can underestimate cell counts when cells aggregate, causing distortion to data due to multiple cells 

being recorded as a single cell (Ou et al., 2017). Both measurements of OD600 and cell counts were 

found to be useful for evaluating C. necator metabolism and assessing if nutrient conditions were 

suitable for cell proliferation or possible P3HB accumulation.  

In seed cultures and non-supplemented experimental cultures, in the early stages of growth, at around 

4-6 hours, C. necator multicellular aggregates were observed. While cell aggregates are not suited to 
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flow cytometry analysis due to the risk of fluidics blockages and data distortion (Ou et al., 2017), there 

are also implications for P3HB biosynthesis. Wang et al. (2021) suggested that aggregation-associated 

components of the extracellular matrix such as lipopolysaccharide, colonic acid, flagella and fimbria 

utilise cellular pools of acetyl-CoA, and in doing so compete with P3HB biosynthesis. Furthermore, this 

was also found to be the case in the biosynthesis of rhamnolipid (Zhu and Rock, 2008), which utilises 

malonyl-CoA via the fatty acid de novo biosynthesis pathway which is formed from the carboxylation 

of acetyl-CoA (Gutierrez et al., 2013). Abdel-Mawgoud et al. (2014) also found, by inhibiting the b-

oxidation pathway, rhamnolipids and P3HB share the same 3-hydroxyalkanoate intracellular pool. The 

avoidance of C. necator aggregates is therefore important to stop competition between metabolic 

pathways. Microscopic analysis in the current study showed that persistent cell aggregation could be 

prevented by inoculating with a seed culture grown for 24 hours rather than 12 hours. The 

supplementation of media with either fructose or sodium gluconate was also observed to help avoid 

aggregate formation.  

Also observed in C. necator cultures grown in either ME only or with fructose supplemented were 

chains of cells seemingly consisting of individual cells joined at the cell poles. Such cells are likely to 

be in the process of cell division, and the regions joining cell poles which do not stain with nucleic acid 

stains such as SYTO9 are Z-rings. Consisting of the tubulin homologue FtsZ, a Z-ring is a key part of 

the cell division site and functions to recruit division proteins to the divisome and direct the formation 

of septal peptidoglycan (Du and Lutkenhaus, 2019). The observation of C. necator forming cell chains 

in the process of division is that it is likely growth-promoting nutrients are still present in the growth 

media. Thus, if C. necator is proliferating and has growth promoting nutrient levels available it is less 

likely that P3HB biosynthesis will be initiated.  

Increasing the C to key nutrient ratio is established as a fundamental requirement for the initiation of 

P3HB biosynthesis. In fact, Ahn et al. (2015) found that by increasing the C to key nutrient ratio in C. 

necator cultures, both overall P3HB and the speed of production increased, with the most 

accumulation occurring in the first 12 hours. Initial experiments in the current study therefore 

investigated decreasing the ME concentration ranging from standard 0.8% (w/v) ME (DSMZ, 2007) to 

more dilute 0.08% ME. While decreasing the ME concentration did increase P3HB per cell in some 

circumstances, the increases were generally relatively small, and in some cases due to multiple cells 

joined in chains in the process of cell division due to the formation of Z-rings at cell poles (Du and 

Lutkenhaus, 2019). In a similar strategy, fructose and sodium gluconate concentrations were increased 

in order to further increase the C to ME ratio. Experiments in which ME media was supplemented 

found that by adding either fructose or sodium gluconate to cultures to ME cultures, P3HB per cell 

could be increased, but any further attempts to increase P3HB by increasing the C to ME ratio did not. 
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In section 3.7, a staining optimisation study was conducted due to concerns the amount of P3HB 

granules observed microscopically was not being reflected by the increase observed in P-546 

fluorescence. Temperature, staining time and P-546 concentration are known to affect the staining of 

P3HB granules (Karmann et al., 2016), and were therefore investigated. Optimisation found that 

current P-546 staining was adequate, with P-546 fluorescence remaining stable for up to one hour, 

and there was found to be no significant difference in P-546 fluorescence when concentrations of 0.2 

or 1 µg/mL were used. Temperature was also found not to significantly change results. However, 

results did show that there was an opportunity to use less stain and thus make the staining procedure 

more economical. The final staining procedure after optimisation, and the procedure used beyond 

section 3.7 in the current study, was 12 minutes at 30 °C with 0.2 μg/mL of P-546 to stain P3HB,  and 

1 μM SYTO62, to distinguish cells from noise. A limitation of the staining optimisation was that P-546 

fluorescence should have been correlated with extracted P3HB, as reported by Karmann et al. (2016), 

to ensure a linear trend was observed. A linear trend between extracted P3HB and P-546 fluorescence 

should have been established for both flow cytometry methods as this would have allowed for units of 

P-546 fluorescence to be related to a specific amount of P3HB. 

 

5.2 Cultures of C. necator contain a population of P3HB++ cells which 

produce up to 1000 times more P3HB than the dominant P3HB+ 

phenotype 
In this study, a P3HB++ sub-population of C. necator has been observed which typically represents less 

than 5% of the total population and produces considerably more P3HB in less time than the dominant 

P3HB+ phenotype. The production of P3HB++ cells appears to be sensitive to both key nutrients and 

the presence of fructose or sodium gluconate. For example, if C. necator cells are grown in 0.2% (w/v) 

ME without supplementation, the amount of P3HB++ cells produced is negligible. However, if 0.5% 

(w/v) fructose is supplemented to this media, a P3HB++ population is observed representing around 

2.5% of the total C. necator population. On the other hand, 0.08% (w/v) ME cultures produce a P3HB++ 

population without the need for C supplementation. The production of P3HB++ cells occurs as early as 

4 hours and appears to be due to phenotypic heterogeneity (Reyes Ruiz et al., 2020). Bacterial sub-

populations can arise from a variety of genetic (Arber, 2000) or non-genetic factors (van Boxtel et al., 

2017) which can be stochastic in nature (Choi et al., 2008). Small variant populations of C. necator cells 

have previously been reported. For example, Franz et al., (2011) observed a small population of 

glucose utilising colonies, and by picking colonies and growing in glucose-rich agar repeatedly was 

able to evolve a glucose utilising C. necator strain. Similarly, González-Villanueva et al. (2019) grew C. 
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necator colonies repeatedly in multi-well plates in order to direct the evolution of a variant capable of 

rapid glycerol utilisation. In both cases, variants were subjected to several rounds of successful directed 

evolution raising the prospect that the high P3HB-producing population in the current study could be 

used to enhance P3HB production without the need for application-limiting genetic modification. 

However, this would only likely be successful if more permanent changes, such as genomic DNA 

mutations (Arber, 2000), were the reason for P3HB++ cell production, rather than stochastic 

mechanisms such as transcription factor concentration (Hillenbrand et al., 2016). 

It’s possible that the P3HB++ cells are a type of persister cell, which are dormant phenotypic variants 

that are stress resistant, and cause particular problems when produced by bacterial species such as 

Pseudomonas aeruginosa in cystic fibrosis patients due to high tolerance to antibiotics (Lewis, 2010). 

Formed predominantly during nutrient-rich phases of exponential growth (Norman et al., 2015), 

persister cell production is reduced 1000-fold when respiration is inhibited (Orman and Brynildsen, 

2015). In the current study, the proportion of P3HB++ C. necator cells remains relatively constant 

suggesting that P3HB++ cells are produced during periods of cell proliferation. In addition to 

representing a small proportion of the bacterial population, persister cells are reported to be smaller 

in size when compared to the dominant population (Kotte et al., 2014; Solopova et al., 2014), traits 

also often observed for P3HB++ cells in the current study. The main difference between persister cells 

such as those produced by E. coli and C. necator P3HB++ cells is that P3HB++ cells display evidence of 

not being strictly dormant by producing P3HB not just rapidly in 4 hours, but also over extended 

culture periods. However, it should be noted that E. coli are not a P3HB-producing bacteria. Producing 

persister cells which accumulate P3HB, fits with the principle that persister cells are produced in case 

the main population are unable to survive, as P3HB has been reported to offer considerable survival 

advantages to abiotic stresses such as freezing temperatures (Obruca et al., 2016). 

 

5.3 Supplementing cultures with fructose or sodium gluconate has 

implications on P3HB production, cell proliferation and cell 

expansion. 

In sections 3.8 and 3.9 flow cytometry cell counting became available, and allowed for the calculation 

of cell counts expressed as events per mL, and also P3HB per mL of culture in addition to the already 

available P3HB per cell. While expressing intracellular P3HB as P3HB per cell is informative, its 

weakness compared to P3HB per mL is that it doesn’t show increases in overall culture P3HB that occur 

due to an increase in cell number. Once flow cytometry cell counting was available after section 3.8, it 

was established that there were key differences between cultures supplemented with fructose or 
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sodium gluconate. Sodium gluconate-supplemented cultures produced significantly more P3HB per 

cell and per mL compared to fructose. This may have been due to the presence of sodium ions which 

are known to provide an important link across the bacterial cell membrane (Dimroth, 1990). In fact, 

bacteria are able to transport an array of solutes and sugars across the cell membrane using secondary 

transport proteins, which use sodium ions to move molecules such as glucose across the cell 

membrane against a concentration gradient (Henriquez et al., 2021). It’s therefore possible the 

presence of sodium ions allowed gluconate to move across the cell membrane more effectively, 

particularly against the concentration gradient, in comparison to fructose. The movement of sodium 

ions into the cell also provides a possible explanation for why C. necator cells are considerably larger 

when sodium gluconate is supplemented. The addition of sodium chloride to bacterial cultures has 

been reported to stop cells proliferating and instead cause expansion (Vijaranakul et al., 1995; Piuri et 

al., 2012). Organic acid anions are also known to have an influence on bacterial cell growth (Warnecke 

and Gill, 2005) and there is an established link between the movement of monovalent ions, changes 

in membrane potential and bacterial cell size (Kay, 2017). As a mechanism against osmotic stress, 

bacteria alter intracellular ion concentrations in order to offset the effects by increasing or decreasing 

cell size (Björklund and Marguerat, 2017). Increases in cell size, such as that observed in C. necator 

cells in this study when sodium gluconate is supplemented, are due to the effects of turgor pressure, 

the concentration of peptidoglycan precursors, or both (Harris and Theriot, 2018). A key protein 

involved in cell elongation is the MreB protein which organises the elongosome complex responsible 

for cell membrane expansion (Plaitakis et al., 2017) by directing enzymes responsible for peptidoglycan 

and teichoic acid synthesis (Szatmári et al., 2020). In fact, the rate at which MreB polymerises in the 

cell membrane has been found to be increased in the presence of sodium ions (Szatmári et al., 2020). 

While C. necator cells expand in cultures supplemented with sodium gluconate when fructose is 

supplemented cells proliferate. The process governing if a bacterial cell proliferates or expands can 

be explained by the two-competing-sites model, in which Z-ring sites of septation compete with cell 

elongation machinery (Lleo et al., 1990). The division of bacterial cells is thought to be dependent on 

the concentration of the FtsZ protein which functions to recruit proteins key for the division process 

(Du and Lutkenhaus, 2019). On the other hand, the elongation of cells is controlled by the highly 

conserved rod system, which involves the polymerisation of peptidoglycan with the glycan polymerase 

RodA and the PBP2 crosslinking enzymes (Rohs et al., 2018).  
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5.4 A delay causing P3HB production to extend beyond 72 hours 

may be due to catabolite regulation 
From the results presented in Chapter 3 it was clear that fructose was more suited to producing C. 

necator cultures which proliferated, and sodium gluconate was more suited to preventing proliferation 

and producing more P3HB. These two observations set the precedent for a fed-batch strategy to start 

Chapter 4 in which fructose was added to cultures at 0 hours in order to accumulate a large amount 

of cells. Fed-batch fermentation strategies have been previously used to produce P3HB (Pradella et 

al., 2012) and generally work by adding a substrate into the reactor during growth while the product 

formed remains in the reactor for the duration of the fermentation. This period, between 0 and 24 

hours, was termed phase 1. Following phase 1 was then phase 2, which occurred between 24 and 72 

hours and was defined as the period in which maximum P3HB production should occur. Phase 3, from 

72 hours onwards then represented a period in which cultures are sampled to determine if maximum 

P3HB production did indeed occur during phase 2. Results for some batch experiments and this initial 

fed-batch strategy revealed there was a lag phase delaying P3HB production beyond phase 2. The 

PhaC enzyme is known to have a lag time of around 6 hours, a time which can be extended by mutating 

key residues, although the effects of mutations could be cancelled by the presence of PhaM (Juengert 

et al., 2018). It’s unlikely that the lag time, observed to last beyond 72 hours into phase 3, is due to a 

delay in the polymerisation of 3HB based on the findings of Juengert et al. (2018). In addition, C. 

necator H16 contains PhaM (Bresan and Jendrossek, 2017) and its expression may have mitigated any 

potential point mutations in the phaC gene (Juengert et al., 2018). 

Research by Passanha et al. (2014) found the addition of sodium chloride to ME media increased the 

rate of PHA production in the first 24 hours of growth. Based on the experiments of Passanha et al. 

(2014), results presented in section 4.4 tested the addition of between 3 and 15 g/L of sodium chloride 

to ME media. However, sodium chloride addition was found to not prevent a delay in P3HB production 

with a considerable amount of P3HB production still occurring in phase 3, rather than phase 2. 

Another strategy tested was a repeated-batch method. In repeated batch fermentations, either part 

of (Khanna and Srivastava, 2005), or the whole media (Fukui et al., 1998) are replaced with fresh media. 

This change of strategy aimed to remove media, after an initial fructose or sodium gluconate-

supplemented phase 1, at 24 hours. Dilute media of either 0.008% or 0.04% (w/v) ME was then used 

to replace the phase 1 media and supplemented with either fructose or sodium gluconate. Once again, 

this didn’t prevent a lag phase in P3HB production although it should be noted that some results were 

non-significant. However, a decrease in P3HB which would be expected to be observed once P3HB 

production had peaked did not occur. The removal of media provided the first opportunity in the study 
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to test media pH at the end of phase 1 at 24 hours. This revealed that 0.2% (w/v) ME cultures which 

were supplemented with sodium gluconate had a significantly elevated pH in relation to fructose 

supplemented 0.2% (w/v) ME. A similar increase in pH was not observed in cultures containing 0.08% 

(w/v) ME. A rise in pH during fermentation is indicative of a build-up of ammonia due to the 

deamination of amino acids (Krebs, 1935). Ammonia is released as a by-product of amino acid 

deamination, occurring when a C source is unavailable and instead amino acids are used as a source 

of energy to be fed into the citric acid cycle (Neis et al., 2015). The fact that pH is only elevated in 

0.2% (w/v) ME cultures suggests that the higher ME concentration meant that surplus amino acids were 

available.  

In the final results section 4.5, repeated-batch was again chosen as a strategy but on this occasion, 

some cultures were supplemented with both fructose and sodium gluconate at the start of phase 1 at 

0 hours. The pH of media removed at the end of phase 1 at 24 hours was significantly elevated for 

cultures containing both fructose and sodium gluconate, but not for cultures supplemented with 

fructose only. This suggests that gluconate prevents C. necator from metabolising fructose and instead 

uses amino acids as a C source for the citric acid cycle. Carbon catabolite regulation is not just limited 

to organic acids and sugars, but has also been demonstrated to also encompass some amino acids 

(Moreno et al., 2009). Generally, literature regarding catabolite repression centres around 

Pseudomonads in which the Crc protein is responsible for the regulation of C catabolite repression 

(Rojo, 2010). The Crc protein is responsible for optimising the metabolism of C by post-transcriptionally 

regulating genes (La Rosa et al., 2014). In fact, La Rosa et al. (2014) found that the Crc binds to PhaC 

mRNA preventing transcription, although this was only observed to occur when a high C to nitrogen 

was present. Even though there is no literature directly reporting a Crc protein in C. necator, the 

findings of Ampe et al. (1998) suggest that C. necator and P. putida have common C catabolite 

repression mechanisms in which carbon source utilisation is governed by a substrate hierarchy.  

In the current study, 3 key scenarios have been observed which relate to C catabolite repression. The 

first, when fructose only is supplemented there is no evidence of a pH increase suggesting that fructose 

is used preferentially as a C source. The second, when only gluconate is supplemented, pH rises 

indicating that in the first 24 hours of growth amino acids have been metabolised. In this case, it is 

unclear if gluconate or amino acids are preferred by C. necator. A third scenario in which media is 

supplemented with both gluconate and fructose also raises pH in phase 1, indicating that gluconate 

represses fructose. It’s possible that the lag time observed in P3HB production in the current study 

results from the hierarchal nature of C catabolite repression.  
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5.5 Overall conclusions 

The experiments presented in this thesis have generally demonstrated that the production of P3HB in 

C. necator when supplemented with fructose or sodium gluconate increases, but increasing the 

concentration of each supplement does not lead to further P3HB synthesis. Fructose supplementation 

was found to be more suitable for inducing cell proliferation, whereas sodium gluconate-

supplemented cultures produced more P3HB and induced cell expansion. It’s possible C. necator 

accumulates more P3HB when sodium gluconate is present due to sodium ions facilitating gluconate 

transport into cells via secondary membrane transport proteins. An uptake of sodium ions may also 

influence cell expansion by altering turgor pressure, membrane potential and by interacting with 

peptidoglycan precursors.  

A P3HB++ C. necator population containing cells which produce up to 1000 times more P3HB than the 

dominant P3HB+ is present in cultures as early as 4 hours into growth. As P3HB++ cells are of low 

proportion before 72 hours, are generally smaller than the dominant P3HB+ phenotype and appear to 

be produced during exponential growth, it’s possible that P3HB++ cells are a type of persister cell. The 

function of persister cells is to allow a bacterial community to survive if the main population is 

eradicated. This is a purpose which fits with P3HB production which is known to confer resistance to a 

variety of abiotic stress. 

In order to try and reduce the lag in P3HB production the strengths of fructose and sodium gluconate 

supplementation were utilised in fed-batch cultures. Fructose supplementation was used to induce cell 

proliferation up to 24 hours (phase 1) when sodium gluconate was then added to try and induce P3HB 

production between 24 and 72 hours (phase 2). However, this strategy did not prevent the majority of 

P3HB production occurring after phase 2, in phase 3. Using the same fed-batch strategy with the 

addition of between 3 and 15 g\L sodium chloride also failed to reduce the delay. Repeated-fed-batch 

cultures, in which media was replaced at the end of phase 1 at 24 hours, also failed to reduce the lag-

time. However, amino acid deamination occurred in some cultures, indicated by an elevated pH, 

suggesting that amino acids were being used by C. necator as a source of C. When fructose and 

sodium gluconate were supplemented together, an elevated pH was observed, but not when only 

fructose was supplemented. This suggested that gluconate represses the metabolism of fructose by 

catabolite repression a claim that was substantiated by evidence of diauxic growth occurring. Evidence 

in Pseudomonas species has found that a key protein governing C catabolite repression is able to bind 

to the mRNA of PhaC1. This raises the possibility that C catabolite repression in the current study could 

be the reason why a lag-time in P3HB production is observed.  
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Chapter 6 Future work 

6.1 Scale-up experiments and different media supplementation 
Studies presented in this thesis have only focused on laboratory-scale Erlenmeyer flask experiments. 

Future work could therefore involve scaling up experiments to fermentation vessels in which stirring 

speed, pH, dissolved oxygen and substrate addition can be more tightly monitored (Tikhomirova et 

al., 2018). In particular, based on the findings presented in this study, control over pH is vital in order 

to offset increases due to ammonia release during periods of amino acid metabolism. Different C 

substrates such as sodium valerate could also be trailed as a means to produce copolymers such as 

P(3HB-co-3HV) (Rivera-Briso et al., 2018). Different substrate addition strategies could also be 

employed in which substrates could be added gradually at a determined rate rather than added in 

single doses.  

 

6.2 Biomass harvesting, P3HB separation, and P3HB characterisation 

Biomass could be separated from growth media by centrifugation and washing and the separated 

biomass pre-treated using methods such as lyophilisation, thermal drying, freeze-thaw, or enzymatic 

treatment (Kourmentza et al., 2017). To separate P3HB from biomass, solvent extraction using 

chloroform followed by polymer precipitation with methanol is the benchmark P3HB separation 

method. Although, safer more environmentally friendly extractions using solvents such as DMSO and 

ethanol for P3HB precipitation are available (Viscaino-caston et al., 2016). To categorise the extracted 

and purified polymer a variety of methods could be used. In order to quantify extracted polymer and 

correlate with P-546 fluorescence, GCMS represents the gold standard (Karmann et al., 2016). This is 

vital to establish if a linear trend exists between extracted P3HB and P-546 fluorescence when staining 

using the revised protocol in section 3.7. A calibration curve demonstrating the linear trend between 

extracted P3HB and P-546 fluorescence is important to allow units of P-546 fluorescence to be related 

to an amount of P3HB, a comparison which is missing in this study. To identify the type of PHA present 

in the extracted polymer NMR could be used (Hu et al., 2011). To evaluate the Tm and Tg of the 

extracted polymer,  thermal characterisation by DCS could be used (Chiu and Prenner, 2011).  

 

6.3 Separation of P3HB++ cells and directed evolution 

Based on the findings of Franz et al. (2011), and González-Villanueva et al. (2019), it’s possible that the 

directed evolution of P3HB++ cells could produce C. necator cells able to produce superior amounts 

of P3HB more quickly. There are 3 main options that could be used to separate P3HB++ from P3HB+ 
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cells. The first is fluorescent-activated cell sorting (FACS) which utilises flow cytometry to isolate gated 

cell populations (Ambriz-Aviña et al., 2014). The second option is to isolate agar plate colonies using 

a stain such as Sudan black to identify colonies rich in P3HB (Higuchi-Takeuchi et al., 2016). A third 

option, based on the probability  that the P3HB++ population are persister cells, would be to eradicate 

P3HB+ cells only using antibiotics. As persister cells are known to be more resistant to antibiotics than 

the dominant phenotype this may allow for efficient selection (Lewis, 2010). Research has shown that 

chloramphenicol, tetracycline and kanamycin are suitable for screening C. necator (Pan et al., 2021). 

 

6.4 Monitoring substrate usage 

Future work should also monitor the concentration of fructose and gluconate in growth media. This 

would provide valuable information on substrate usage which would be particularly important to 

studying C catabolite repression occurring during experiments. Assay kits suitable for determining 

fructose (Megazyme Ltd, 2023a) and gluconate (Megazyme Ltd, 2023b)  concentration are 

commercially available and would be suitable for future research.  
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