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Abstract  

The development of synthetics has been an essential part of human advancement over the 

past 100 years. However, as we look further into the next 100 years, we see how the 

production and scale of consumption of synthetics is deeply unsustainable. With this 

backdrop, many are looking to biomaterials as the more sustainable, advanced and dynamic 

next step after synthetics. Biomaterials already possess many of the properties that we seek in 

synthetics and offer the potential for dynamic and responsive features not currently possible 

through conventual manufacturing. However, to control the properties of these biomaterials 

requires that we become highly adept at manipulating the biological machinery that produce 

them. Synthetic biology, a field that applies the approaches of engineering to biological 

systems, aims to give us such capabilities. To understand how synthetic biology could 

transform the material space, it must be applied to a system of biomaterial production. 

Bacterial cellulose, a pure cellulose material produced by many bacteria, but overproduced by 

the genetically tractable Komagataeibacter rhaeticus may be the best place to explore this 

potential.  

 

Here, I have set out to explore the application of synthetic biology to bacterial cellulose. First, 

I better characterise K. rhaeticus with a combination of DNA and RNA sequencing - focusing 

on the use of long-read DNA sequencing to assemble the genome of K. rhaeticus. Next, I 

construct a series of tools for K. rhaeticus, including a modular CRISPR interference system 

and an optogenetics system which can produce high-resolution spatial pattering within 

growing bacterial cellulose. Finally, I explore how one could use engineered bacterial 

cellulose through the creation of a self-dyeing, melanin producing bacterial cellulose, which, 

in collaboration with biodesigner Jen Keane, I use to biofabricate a genetically modified shoe 

upper.  
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1.1 Better things for better living …through chemistry 

In 1958, chemists at Dupont’s sprawling Experimental Station in Wilmington, Delaware 

perfected their latest synthetic polymer “Fiber K”. The result of over a decade's work and 

millions of dollars, “Fiber K” was light, strong and most importantly elastic. The production of 

this new polymer relied on the formation of urethane linkages between extended soft 

polyester regions and hard crosslinking diisocyanate1. This newest “wonder of chemistry” was 

branded Lycra and it offered consumers comfort as well as style. Initially replacing cotton 

wrapped rubber in form fitting undergarments, Lycra was blended in small proportions with 

other Dupont synthetics like Dacron Polyester. These blends were used to create high 

performance casualwear and sportswear that, due to their elastic nature, gave the image of 

tailored clothing2,3. The creation of Lycra by chemists, is representative of an era in which 

scientists learnt how to convert cheap oil-based feedstocks into new materials with properties 

that could be tuned to specific applications.  

 

The post-war period was a time of great excitement, where it seemed the possibilities of oil 

and ingenuity of chemists knew no bounds. An industry insider stated on the progress of the 

synthetics:   

 

“We have been able so to rearrange the molecules of the fiber, so to change its structure and 

appearance that, like a good actor, it can now adapt its character to the role it is assigned to 

play.” 
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Lycra was one in a family of synthetic polymers that, while not fully replacing natural 

materials like cotton, silk and wool, came to represent a major part of the global textile trade. 

Lycra was a financial success for Dupont, with earnings from the polymer reaching $30 

million by 1969 (inflation corrected ~$216 million in 2020). However, the success of Lycra 

was not just down to its unique material properties. The polymer was the latest product of 

the Dupont’s Textile Fibers Department, which by the 1960s had understood how to combine 

the scientific advances of chemists, with the classical techniques of textile manufactures and 

the aesthetic styling of fashion designers to market their synthetic polymers to an increasingly 

rich consumer class. This approach was illustrated in the 1950s, when Dupont established the 

legitimacy of synthetic materials in fashion through collaborations in haute couture with 

Christian Dior and Hubert de Givenchy. Givenchy demonstrated some of the “high-tech” 

properties of Dupont’s Orlon Acrylic in his 1954 collection, where he showed pleated 

garments that remained folded even after repeated washing (Fig. 1.1)2,4. Through the 

collaboration of scientists, manufactures, retailors and designers, synthetics had helped usher 

in an era of affordable luxury.   

 

By 1980, synthetics represented 73% of all fibres processed by American textile mills and 

synthetic materials derived from oil became fixtures of everyday life2. However, the 

economics of synthetics was based on a linear model that had little concern for the negative 

externalities associated with the production, consumption, and disposal of synthetics. The 

cheapness of these new materials made them expendable; cheap seasonal acrylic clothing and 

single use polyethylene bottles were to be cast into landfills5. In the 21st century, the costs 

associated with this approach have become clearer. The industrial scale chemical processes 

that produce synthetics are highly energy intensive thereby giving synthetics a significantly 

larger carbon footprint than natural fibres6. Secondly, their production often uses and 

produces environmentally damaging chemicals. Finally, most synthetic materials are not 

biodegradable, and while organisms slowly evolve the mechanisms to degrade them, they 

litter the environment and pose a significant danger to the health and wellbeing of 

ecosystems7,8. 
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Figure 1.1. Suzy Parker in A Dupont Orlon Acrylic Fiber advert, Vogue magazine, 1954.  
Dupont used haute couture designers and fashion models as a part of a marketing scheme that 
familiarised the public with the properties of their new synthetic fibres.  
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The myopic development of synthetic materials was repeated in many industries in the 20th 

century. While these technical developments improved the lives of many around the world, 

the negative outcomes are now beginning to mount. Faced with the climate crisis, mass 

extinction and sea level rise as a result of these unsustainable industrial processes, we must 

consider how to go forward. Do we turn back on the technical advances of the 20th century 

and significantly scale down our economies, or do we develop new sustainable technologies 

that can continue to offer us the quality of life that we in the developed countries currently 

have, and that developing countries aim to achieve? Given the inertia of our growth 

dependent economies, the former option seems highly unlikely, which leaves us only with the 

latter. We must therefore develop a new range of technological processes and products that 

are sustainable while matching and surpassing the capabilities of those that we currently use.  
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1.2 Natural Materials 

As we begin to transition to a decarbonised and sustainable economy, many are taking 

inspiration from nature for the materials of the future. Easily farmed and harvested natural 

materials, like wool and leather, have played a major role in the development of humanity. 

However, these accessible natural materials are only a small selection of biology’s large 

collection of biomaterials. Indeed, many biomaterials match or surpass the material 

properties of current synthetic materials. By delving deeper into how biological systems 

produce these materials, we reveal many examples of, and opportunities for, the sustainable 

production of future advance materials.  

 

A common property of biomaterials is their ability to be both lightweight and strong. Drag 

line spider silk has received considerable attention for its unique mix of high tensile strength 

and extendibility – a combination that synthetic polymers have struggled to recreate9,10. 

Biological systems also augment the properties of biomaterials through precise control of 

their morphology (Fig. 1.2). Bamboo, a composite of cellulose and lignocellulose, displays a 

strength gradient with the density highest at the periphery, where external forces exert most 

force11,12. The cephalopod beak, a composite of chitin, protein and melanin-like catechols, has 

been shown to be two times stiffer than high-performance synthetic materials13. Similarly, 

this stiffness is also gradated, transitioning from stiff at the tip, to soft at the rear. This 

gradient allows the soft muscle that surrounds the beak to apply force without damaging 

Figure 1.2. Biological systems produce highly evolved materials for specific uses. This 
is often done though controlling the material properties of a material and the arrangement 
of those properties across a material. A) the cephalopod beak has a seamless gradient of 
stiffness. This is done though controlling the relative concentrations of chitin, proteins and 
catechols across the beak. B) Bamboo efficiently distributes cellulose, lignin and 
hemicellulose to provide maximum strength to the required areas whilst conserving 
nutrients.  
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itself14. Beyond physical properties, natural materials also display advanced qualities normally 

attributed to high-tech synthetic materials. The bacterium Geobacter sulfurreducens produces 

electrically conductive protein pili which share electrons between bacteria15. The common 

pigmented macromolecule melanin, found in human skin, is able to absorb UV radiation and 

may even provide defence against ionising radiation16,17. Melanin is also an organic 

semiconductor with photoconductive capabilities18. Biological systems have already evolved 

many materials with properties we seek to mimic with synthetics.  

 
  

 
Figure 1.3. The processes that construct biomaterials are pre-programmed and 
encoded into DNA. A) the material properties of protein biomaterials, such as silk or 
functional amyloids, are directly encoded in DNA as genes for structural proteins. B) The 
material properties of non-protein biomaterials, like the chitin cell walls of mycelia or the 
silica cell walls of diatoms, are controlled indirectly through accessory genes that synthesise 
and distribute the material. In both cases, the morphologies of these materials are also 
controlled indirectly though, growth, cellular arrangement, or whole organs. 
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While many biomaterials are biodegradable, what makes them additionally interesting is the 

sustainable and efficient manner in which they are produced. With a limited ability to control 

the environment, biological systems have evolved to catalyse the synthesis of materials 

enzymatically in mild temperatures, pressures and pHs. This is exemplified by the ability of 

water dwelling diatoms to create highly ornate cell walls out of silica (SiO2) in temperate 

conditions, whilst the equivalent human process of forging glass requires temperatures in 

excess of 1000°C19. Biological systems have evolved metabolic processes to create broad 

chemical diversity – meaning biology can output complex materials using simple and 

abundant inputs, such as water, carbon dioxide and nitrogen. Finally, biological systems are 

autonomous, meaning they can produce materials without external aid, and can increase 

their production capacity through replication and growth.  

 

The autonomy of biological systems emerges from the preprogramed processes encoded 

within the DNA of these systems (Fig. 1.3). In the case of protein-based biomaterials, like 

amyloids and keratin, the individual protein monomers and required accessory proteins are 

themselves encoded as genes. Whilst non-protein based biomaterials, often based on 

carbohydrates or minerals, require genes that encode the enzymes, transporters and 

chaperons that synthesise and or crystallise the material20,21. Through the production of 

regulatory systems, DNA also encodes the more complex spatial features of biomaterials. The 

emergent complex patterning seen in multicellular systems is often dependant on the simple 

interactions of a few chemical and or protein species. This is evident in systems displaying 

Turing Pattern like behaviour, in which two morphogens react and diffuse to create the 

patterns observed on seashells and popper fish22,23. In a more elaborate example Hox genes, a 

class of transcriptions factors, regulate the axial morphology of all animals, laying the basis 

for the arrangement of cells and the biomaterials they produce24,25.  

 

Biomaterials are certainly appealing targets for exploration; however, the harvesting and 

farming of many biomaterials are not feasible. Biological systems did not evolve to be easily 

exploited in industrial processes, they evolved to survive, often producing just enough 

material necessary to do so. Generations of selective breading have been successful in 

increasing biomaterial yields, yet the possibilities of this approach are limited. However, by 

understanding, engineering, and adapting the tools these biological systems use to produce 

biomaterials, we may be able to construct biomaterials for our own specific aims.  
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The study of engineered living materials (ELM) encapsulates the process of designing and 

growing biomaterials for our own specific aims. The field aims to create new materials 

through engineering biological systems26. In doing so, we may be able to take advantage of 

the autonomous, dynamic and responsive features of biological systems as well as their 

exquisite nanoscopic and macroscopic morphological constructive abilities27. The field hopes 

to bring about a new generation of material manufacturing, where products are grown, not 

fabricated and unsustainable oil-based feedstocks are replaced with abundant resources like 

sunlight, water and sugar. However, to make this a reality, we must first develop the tools 

and processes to tune and engineer biological systems. Synthetic biology, a field of science 

that has emerged in the last 20 years applies such a constructive approach to biology. 

Synthetic biology may allow us to combine the creative impulses of the mid 20th century 

polymer chemist with the broad creative potential of living biological systems.  
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1.4 Synthetic biology  

Synthetic biology is the application of engineering principles to biology. As a field, it 

understands the significant ways in which biological systems, sense, shape and synthesise our 

environment, and hopes to capture the potential of these systems for human applications.  

The key initial principles of synthetic biology are standardisation and modularisation. 

Through applying these principles, synthetic biology aims to achieve a level of abstraction 

away from raw genetic code and into a space in which humans - or computers - can rationally 

design genetic systems for specific applications. The beginning of the field can be traced back 

to the concurrent publishing of two papers in 2000. Both using Escherichia coli as a host, 

these papers demonstrated the creation of a synthetic toggle switch and synthetic oscillator 

encoded in DNA28,29. Since then the field of synthetic biology has grown significantly and 

begun to influence other fields, such as metabolic engineering and microbiome research30,31.  

 

As a field that considers DNA its medium of design, synthetic biology has always been a 

benefactor of sequencing technologies. Preceding the emergence of synthetic biology, the first 

E. coli genome was sequenced and assembled in 199732. The growth of synthetic biology as a 

field in the following years is of no coincidence. Genome sequencing provides an 

understanding of the phylogeny, physiology and metabolism of an organism, thereby laying 

the foundation on which one can rationally engineer an organism for specific applications. In 

the years since the initial E. coli and human genomes were completed, the cost of DNA 

sequencing has dropped significantly. This has been thanks to next-generation sequencing 

technologies such as Illumina and more recently Oxford Nanopore sequencing – which 

produce significant amounts of genomic data at a low cost per base pair33,34. The resulting 

explosion of genetic data available to researchers has created a rich hunting ground for those 

looking to augment and invent new biological systems. Processes such as genome mining, 

involve the use of bioinformatics tools to scour genetic databases with the aim to identify 

genes and pathways of interest. This has been instrumental in synthetic biology and 

metabolic engineering, where researchers are often seeking enzymes that catalyse specific 

reactions or possess increased activity35.  

 

Synthetic biology has a strong interest in building and testing genetic circuits. This work has 

mainly been conducted in well characterised biological systems, such as E. coli and 

Saccharomyces cerevisiae, where there are fewer unknown factors likely to interfere with 

synthetic systems. By focusing on these “model” organisms, synthetic biology has been able to 
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accumulate significant progress in genetic logic systems, synthetic genome construction and 

cell to cell communication36,37. Examples of these genetic circuits include the previously 

mentioned synthetic toggle switch and oscillator created in those initial synthetic biology 

papers. Since then, synthetic biologists have created a broad array of genetic circuits with 

numerous functions. Inspired by computer science, attention has even gone into creating 

synthetic genetic logic gates, that perform boolean functions based on chemical or genetic 

information38. While it was initially hoped many genetic logic gates could be coupled together 

to conduct complex computation, without the insulative abilities available in electronics, 

early systems struggled to overcome cross talk and required large numbers of orthogonal 

genetic systems39.  

 

A significant amount of effort has also gone into creating and optimising genetic circuits that 

have a sensory function. Many such genetic circuits use a common motif, in which a protein 

transcription factor senses a chemical messenger and triggers gene expression from an 

inducible promoter40. However, sensory systems that respond to more exotic targets have also 

been developed - such as the Ccas-Ccar system, which senses red and green light and the 

SoxR system that can respond to redox/electrical conditions41,42. This research has been 

essential in the development of biosensors. Using the broad sensory potential of living 

systems, scientists have created biosensors for a variety of medical, environmental and 

industrial targets43. Such biosensors can be made “smarter” by that addition of other genetic 

circuits. This is well demonstrated by the creation of E. coli biosensors for gastrointestinal 

inflammation, which combines biosensor circuits with recombinase-based memory circuits44.  

 

The development of these genetic circuits has benefited from synthetic biology’s commitment 

to standardisation and modularisation. Genetic circuits are built from many DNA parts that all 

play specific roles. In order to build, characterise and tune these genetic circuits, the synthetic 

biologist must have exquisite control over the properties of the circuit’s constituent parts. 

Fortunately, just as our abilities to sequence DNA have increased, so too have our abilities to 

manipulate DNA. More efficient cloning methods have emerged which allow for the 

accelerated construction of multipart assemblies – the two most commonly used methods 

being Gibson Assembly and Golden Gate cloning45,46. These methods have been used in the 

creation of toolkits, collections of known DNA parts, that can be assembled following 

predefined rules and syntaxes (Fig. 1.4). These modular cloning toolkits are generally 

organism specific, such as CIDAR for E. coli or YTK in S. cerevisiae47,48. 
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Toolkits have lowered the barrier to entry of genetic circuit construction. The iGEM Registry 

is used by 1000s of undergraduate students every year to construct innovative “genetically 

engineered machines” for the yearly iGEM competition49. The standardised assembly of parts 

within a toolkit also lends itself to automation. BioFoundries have emerged, in many labs 

around world, where robotics platforms are able to generate 1000s of DNA constructs within 

in days, allowing labs to identify optimal constructs for genetic systems that have large 

numbers of permutations50,51.  

Figure 1.4. Synthetic biology modular cloning toolkits allow for easy and accelerated 
genetic circuit construction. Toolkits often include libraries of compatible characterised 
genetic parts, such as promoters, ribosome binding sites (RBSs) and terminators. Parts can also 
be synthesised directly with DNA synthesis. These parts are stitched together through 
molecular cloning techniques, commonly Golden Gate or Gibson Assembly. The order of the 
final construct can be guided through compatible DNA overhangs. 
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The tools and practices of synthetic biology are being used by those seeking to generate 

engineered living materials. These efforts typically have a top-down approach, focusing on 

engineering currently existing living materials. Considerable attention has been paid to curli 

fibres - the strong and adhesive amyloid fibres produced by E. coli and other bacteria during 

biofilm formation. Curli fibres have been engineered to possess new features, such as specific 

adhesion to metals, proteins and nanoparticles52. The selective adhesion of conductive 

particles was able to generate an electronically conductive biofilm53. There have also been 

bottom-up attempts to construct biomaterials. Exploiting the SpyTag-SpyCatcher, Bacillus 

subtilis was engineered to secrete proteins that could auto-assemble to form protein 

conjugates54. Genetically engineered elastin-like polypeptides, with their unique ability to 

respond to temperature, have also be used to form engineered materials55.  

 

To control the macroscopic biological systems that produce biomaterials, synthetic biology 

has to created genetic tools that control multicellular systems. By coupling genetic circuits 

that sense and produce chemical messengers, it has been possible to establish cell-to-cell 

communication. This communication has laid the basis for synthetic autonomous pattern 

formation56. By exploiting the diffusion gradients of these chemical messengers – or in this 

context “morphogens” – it has been possible to establish “bullseye” patterning in E. coli 

colonies57. Attempts have also been made to establish synthetic Turing patterns, however 

despite their theoretical simplicity, only one attempt to recreate them synthetically has been 

successful so far58,59. Beyond methods of autonomous pattern creation, there has been work 

on using optogenetic circuits as a method of generating pattering60. Multiple optogenetic 

systems have been made which respond to different wavelengths of light, such as the 

previously mentioned, Ccas-Ccar system which responds to green light, Cph8-OmpR system 

which responds to infrared light and the YF1 system that responds to blue light42,61,62. 

Through combining these sensors in one strain with different fluorescent outputs, it was 

possible to make a single strain of E.coli that could sense red, green and blue (RGB) light and 

produce a corresponding colour image63. As optogenetics improves, it also has great potential 

in creating an interface between biological systems and electronics. Synthetic biology has 

provided the tools with which the ambitions of ELMs could be realised. The challenge now is 

for these engineered materials to be translated out of the academic environment.  
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1.5 Biofabrication 

Beyond academia, synthetic biology has generated a business culture that seeks to use 

biology in a wide variety of applications from DNA data storage to vegan meat 

alternatives64,65. Among this mix of businesses, we find examples of companies working to 

develop new sustainable materials using biological systems (Fig. 1.5a). The processes these 

companies utilise have begun to be termed “biofabrication”. The term biofabrication, was 

defined by founder of the eponymous Biofabricate LLC, Suzanne Lee as:  

 

“The production of complex living and non-living biological products from raw materials such 

as living cells and molecules.”66 

 

Alongside the production of biofabricated materials, there are also companies researching 

sustainable bacterial dyes, such as Pili, who engineer metabolic pathways into bacteria to 

produce pigments for textile dyeing and Huue (formerly Tinctorium) who use E. coli to 

generate indigo-like compounds for sustainable denim dyeing67,68.  

 

These companies have taken two broad approaches to create materials (Fig. 1.5b). The first is 

the use of biological processes to produce raw materials that can be processed into fibres or 

materials using a mixture of biotechnology, chemistry and materials engineering. Examples of 

biofabricated materials that use these approaches are synthetic leather from Modern Meadow 

and Microsilk synthetic spider silk from Bolt. Both products utilise an initial fermentation 

phase, where an engineered organism - likely Picha pastoris – produces a volume of structural 

protein, which is then purified and processed into a final material with second chemical and 

or mechanical phase69. 

 

The benefit of processed biofabrication is that one can take advantage of decades of research 

into highly productive protein producing strains and optimisation of fermentation. This 

process also fits better into the current textile industry. The raw material can be processed 

into a format familiar enough that a traditional textile mill or factory may be able to fabricate 

the material into a final product. This approach does not however take advantage of the 

morphological control - at both the nanoscopic and macroscopic level - observed in natural 

biological biomaterials.  
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Figure 1.5. Biofabrication approaches in industry. A) Three biofabricated materials 
resulting from start-up businesses: mycelium packaging material from Ecovative, spider silk 
tie from Bolt and synthetic collagen leather from Modern Meadow. B) The two general 
approaches used in industrial biofabrication. Processed biofabrication includes spider silk 
and synthetic leather, whilst mycelium from Ecovative Design is an example of an 
unprocessed biofabrication. The processed biofabrication approach fits better into the current 
industrial framework for textile production. The design of the final product is separated from 
the engineering of the microbes that produce the material. For unprocessed biofabrication, 
the final product is produced biologically, this necessitates a close relationship between 
designers and synthetic biologists to engineer the biological system to grow the final product.  
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The second approach uses biological systems to both synthesise and form the final material. 

An example of such a biomaterial would be Mushroom Packaging from Ecovative Design which 

is produced by growing mycelium on agricultural waste until the fungal cells grow into an 

interconnected mat. In this set up the design of the final product is “casted”, as the mycelium 

will match the shape of the container it is grown in70. The chemical make-up of mycelium 

materials is mainly chitin, the principal component of the fungal cell wall. This process does 

present complications – traditionally separate phases become compressed into a single 

growth phase. This means the material properties, function and design of the final product 

become considerations in the initial growth phase. However, the potential of this process is 

great, as it leaves space open to use synthetic biology to directly control the properties of the 

final product.  

 

At present, the main application of synthetic biology in these approaches has been in the 

optimisation of processed biomaterials such as synthetic leather and spider silk. The direct 

relationship between DNA, protein primary structure and protein function means these 

protein-based materials are simpler to engineer than non-protein-based biomaterials. 

However, we are only able to turn these microbial produced proteins into products through 

extensive industrial processing. This means there is little opportunity to use some of the more 

complex patterning and communication tools of synthetic biology to create advanced 

biomaterials. An unprocessed biofabricated material, like mycelium, may provide a better 

starting point for this. Additionally, non-protein-based biomaterials such as carbohydrates are 

often more economical to produce industrially. Work has already begun to develop synthetic 

genetic tools to aid in the engineering of mycelium, with Ecovative Design receiving a $9 

million dollar DARPA grant to research GM tools in mycelium71. However, the fungi that 

produce mycelium are complex multicellular organisms that are not well studied and lack a 

predefined framework for their engineering. Also, these fungi are not closely related to many 

of the model organisms used in synthetic biology and attempts to translate current tools and 

processes will be very difficult. This leads us to the conclusion that maybe a simpler biological 

system, more closely related to a model organism like E. coli and produces a large amount of 

carbohydrate material would form the best platform for engineered biomaterials. 

  



1. INTRODUCTION 

 

28 

1.6 Bacterial cellulose 

 

 

Cellulose is the most abundant polymer on the planet and makes up the majority of common 

materials like wood, cotton and paper. Like the previously mentioned chitin, cellulose is 

formed from a linear chain of 6-carbon sugar monomers, however, unlike chitin, which is 

composed of nitrogen contain N-acetylglucosamine monomers, cellulose is formed from 

alternating monomers of β-glucose. Cellulose is used by biological systems to create a variety 

of materials. Biological systems do this through controlling the nanoscopic and macroscopic 

arrangement of cellulose and using cellulose to make composites with other materials. While 

plants are by far the most effective producers of cellulose, bacteria have also evolved the 

ability to synthesise cellulose. Indeed, cellulose synthesis may have first emerged in 

prokaryotes72. In many gram-negative bacteria, cellulose provides a structural role in biofilm 

formation, where bacteria cooperate to build three-dimensional multicellular structures. 

Bacteria, such as E. coli and some Pseudomonas species, simultaneously produce cellulose 

with structural and adhesive proteins, such as curli fibres, to create composite biomaterials73–

75. Biofilms provide bacteria with protection against a hostile environment whilst also 

adhering the bacteria close to a nutrient source76. Bacterially produced cellulose is known by 

many names: bacterial cellulose, microbial cellulose, nanofibrilliated cellulose, bacterial 

nanocellulose. Here I will refer to the material as bacterial cellulose (BC). 

 

Among bacteria that produce BC, a small group have evolved the ability to significantly 

overproduce cellulose. These cellulose overproducers are found within a group of bacteria 

known as acetic acid bacteria - obligate aerobes that consume sugars and alcohols and 

produce acetic acid as a by-product. Acetic acid bacteria are responsible for the production of 

vinegar and even aid in the production of flavour compounds in cocoa beans77,78.  

Figure 1.6. Chemical structure of 
cellulose. Cellulose consists of many 
glucose molecules covalently linked though 
β(1-4) glyosidic bonds. The exposed 
hydroxyl groups allow these glycan chains 
to cross-link with other chains though 
hydrogen bonding. 
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The cellulose overproducers are found within the genus Komagataeibacter. The most common 

application of Komagataeibacter is in the production of kombucha, a beverage based on the 

fermentation of tea by a consortia of Komagataeibacter and various yeast species79(Fig. 1.7). 

This consortium is referred to as a SCOBY - Symbiotic Culture Of Bacteria and Yeast. During 

the fermentation of kombucha a large mass of cellulose and bacteria accumulate at the air-

Figure 1.7. Bacterial cellulose is 
produced in copious amounts by 
Komagataeibacter species. A) An active 
kombucha fermentation, with a layered 
pellicle observable at the top. The layers 
morphology is observed when old pellicles 
sink, and new ones form again at the top. 
For those that brew kombucha, the 
pellicle is only used for starting 
fermentation of new cultures and is 
generally not consumed. B) A hydrated 
pellicle (also referred to as never-dried 
pellicle) grown on HS media. Without the 
tannins found in tea, the pellicle is 
normally pale or white in colour. C) A 
dried cellulose pellicle. Unless dried while 
pressed flat, the pellicle will take on a 
wrinkled look. The dried cellulose is 
relatively stiff but bends without breaking. 
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liquid interface. This mass is referred to as a pellicle and is composed of BC80,81. Pellicle 

growth follows the meniscus of the liquid and will extend as wide as the culturing container. 

A pellicle can grow to several centimetres in thickness, however since hydrated bacterial 

cellulose is 99% water, even the thickest pellicles are reduced significantly to less than a 

millimetre thick when dried (Fig. 1.7)82. The Komagataeibacter pellicle is biofilm like; it acts 

as an extracellular polysaccharide mesh that contains the bacteria that produce it. However, 

unlike other biofilms, the Komagataeibacter pellicle is almost purely cellulose83.  

 

Bacterial cellulose has a hierarchical structure. Single glycan chains crosslink through 

hydrogen bonding to form fibrils, which then further associate to make fibres. These fibres 

are typically 40-60 nm in diameter84. The thinness of BC fibres classifies the biomaterial as 

nanocellulose. BC has a high degree of crystallinity, between 50-80%, with the majority of 

the glycan chains in either a cellulose I or II crystal state85,86. The high degree of crystallinity 

and ordered structure contributes to the remarkable material properties of BC. BC is strong, 

with a single nanofiber having a high tensile strength of ~1 GPa - similar to that of Kevlar, a 

synthetic fibre used in protective body armour BC fibres - and are stiff under strain, with a 

Young’s modulus of 114 GPa, similar to that of bronze87,88. The high internal surface area and 

availability of hydroxyl groups within BC, means BC is highly hydrophilic, with a water 

retention of up 1000% its own weight89. Additionally, only 10% of that water acts a free bulk 

water, meaning BC stays hydrated, with only 10% draining through gravity and the 

remaining 90% more slowly through evaporation90. BC is stable at high temperatures, with 

thermal decomposition only occurring at temperatures above 365°C91. BC may not seem like 

an obvious target for biomaterial research, given the abundance of plant cellulose, however 

BC may have a significant potential for customisation that cast it apart from plant cellulose. 

BC is a remarkable biomaterial, however to the synthetic biologist; BC is additionally 

interesting. Since BC is produced by bacteria, and synthetic biology has spent around 20 

years creating tools that control bacteria, BC could provide the perfect base from which we 

could craft a range of engineered living materials. 

1.6.1 A vision of BC ELMs 

A BC pellicle is a natural living material. Therefore, BC could be a perfect “blank slate” on to 

which we can project the ambitions of ELMs research. There are a broad range of research 

possibilities for genetically engineered BC and many reasons why BC would be a great 

starting point for this research (Fig. 1.8). As a relatively simple bacterial system, research 
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could be conducted quicker than other natural living materials like mycelium and plants. 

Additionally, BC is naturally produced in very high yields by Komagataeibacter, making it 

easy to prototype novel engineered BC products. The manufacturing of such engineered 

cellulose materials would have several advantages over current methods of synthetic material 

manufacture and could have a disruptive impact on current production pipelines. Bacterial 

cellulose is cheap and easy to produce. If this ease is extended to genetically engineered BC, 

the materials would require minimal infrastructure to produce and could be grown on cheap 

agricultural waste feedstocks, such as rotten fruit juice. Furthermore, the production of these 

genetically modified materials could be autonomous, i.e. the advanced properties of these 

engineered cellulose materials would emerge from biological processes preprogramed within 

DNA. This opens up possibilities in distributive manufacturing and material manufacturing in 

isolated environments such as space92. 

 

When conducting synthetic biology in non-model organisms such as Komagataeibacter, 

researchers are likely to come across many issues. Without decades of genetic, physiological 

and metabolic research behind Komagataeibacter, a researcher will struggle to make rational 

design choices. Can I use this synthetic system? Does the organism have a native system that 

will interfere with my synthetic system? The presence of these complexities do posit, that 

potentially progress would be made better by engineering a model species of bacteria, such as 

E. coli, to produce BC. Indeed, as previously mentioned, cellulose is also produced by some 

strains of E. coli. Research has shown it is possible to reconstruct the cellulose synthase genes 

from Komagataeibacter in E. coli, and that these engineered cells are capable of secreting 

cellulose fibres similar to those produced by Komagataeibacter93,94. However, crucially, the 

formation of the cellulose pellicle, which makes Komagataeibacter such an attractive target 

for biomaterials engineering, is yet to be demonstrated by these engineered strains.  

 

To facilitate the engineering of BC, I will first require a characterisation of the cellulose 

synthesis process as well as the physiology of the bacteria that produce it. A significant part of 

this work would evolve “omics” studies: genomics, transcriptomics and proteomics, to build a 

good understanding of how these bacteria behave.  

 

To engineer Komagataeibacter species to construct the materials of our will, I will require a 

set of synthetic biology tools and processes with which I can introduce, control and tune 

biological processes. For these synthetic biology tools, I shall take inspiration and DNA parts 

from pre-designed systems in the closest related model organisms. However, in many cases 
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these DNA parts may, if they function at all, function differently, therefore the tools should be 

recharacterised in Komagataeibacter. With these synthetic biology tools and processes, it will 

be possible to focus on creating BC materials for specific applications.   

 

The path to creating engineered cellulose materials will be challenging, but fortunately work 

has already begun. In the next few sections, I will discuss what is known about cellulose 

synthesis in Komagataeibacter; the current and future applications of BC and what steps have 

already been taken in genetically engineering Komagataeibacter. 
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 Figure 1.8. A collection of research options from combing bacterial cellulose with synthetic biology. Reading from left to right, each section of 
research ideas up a new avenue of GM BC research. Moving towards the right, the potential application of these GM BC materials become more advanced.  
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1.6.2 The Komagataeibacter genus  

A satisfying evolutionary reason for why Komagataeibacter produce such a large amount of 

cellulose has not been agreed upon, however theories do exist. Before human cultivation of 

the bacteria, it is likely Komagataeibacter would have been found mainly on the surfaces of 

fruit95. Indeed, Komagataeibacter and other Acetobacteraceae are associated with the spoiling 

of products like wine – where it is likely initial contamination of the wine would come from 

grape skins96. In this environment, it has been shown that BC aids in the colonisation of the 

fruit by protecting the bacteria against desiccation and UV light95. Additionally, BC 

production is increased through exposing BC producers to chemicals associated with ripe 

fruit, like ethylene and ascorbic acid, suggesting Komagataeibacter are primed for growing on 

fruit97,98. Humans, through early experiments on fruit fermentation, may have provided a 

selective advantage to cellulose producers, who would have benefited from the buoyancy of 

their cellulose giving them access to an air-liquid interface.  

 

While BC is often produced industrially using food waste and undefined media, such as 

coconut water or fruit juice, in laboratory environments Komagataeibacter are normally 

grown on Hestrin-Shamm (HS) media99.  HS media typically contains 2% of a carbon source 

(most commonly glucose), 0.5% yeast extract, 0.5% peptone and a citric acid – phosphate 

buffer set at ~pH 6. Attempts to maximise cellulose yield have found a general preference 

toward glucose as carbon source across many species of Komagataeibacter, however glycerol 

and mannitol have also been found productive carbon sources100–103. The reasons 

Figure 1.9. A phylogenetic tree of the Komagataeibacter genus. Figure adapted from 
Ryngajłło et al. 2019. 
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underpinning these preferences have not been well elucidated and attempts to decipher these 

reasons have also struggled without a simple method to measure the growth rate of the 

bacteria separately from the cellulose production rate. Over time cellulose yield has been 

shown to peak around 7 days after inoculation104.  

 

At present (April 2021) there are genomes of 17 species of Komagataeibacter listed on 

Genbank. A phylogenetic analysis of the Komagataeibacter genus generates two separate 

groups, the hansenii and xylinus clades, named after Komagataeibacter hansenii and 

Komagataeibacter xylinus respectively (Fig. 1.9)105. The K. hansenii species has the greatest 

number of strains, with 10 and K. xylinus the second most amount with 9 strains. Among the 

Komagataeibacter, there is considerable diversity in plasmid number - although this may 

represent limitations in sequencing and assembly. Additionally, there are differences in 

cellulose quality and quantity across the genus, with bacteria of the xylinus clade also 

containing a full operon for the synthesis and secretion of an additional exopolysaccharide, 

acetan105. In the laboratory environment K. xylinus has emerged as the de facto model species 

for BC production.  

1.6.3 Cellulose synthesis machinery 

The core genes responsible for the synthesis and secretion of BC have been determined, 

however how these proteins interact to create the full cellulose synthesis complex is yet to be 

deciphered106. Despite the position of K. xylinus as a model cellulose producer, much of the 

structural work on the cellulose synthase complex has been conducted on genes from other 

cellulose producing bacteria, such as E. coli. Fortunately, due to the conservation of domains 

across cellulose synthase proteins and limited structural studies it is possible to extrapolate 

some structural and mechanistic findings to the Komagataeibacter system.  

 

The Komagataeibacter cellulose synthase operon is illustrated in Figure 1.10a. The Genes 

bcsA, bcsB, bcsC are found across all cellulose synthase operons, whilst bcsD is unique to 

Komagataeibacter107.The genes bcsA and bcsB can also been found fused together into a single  

gene bcsAB. Interestingly, both bcsAB and bcsA:bcsB forms can be found in the same genome 

due to duplication of the cellulose synthase operon, a phenomenon that is observed in many 
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Komagataeibacter108–111. Alongside these core genes, the Komagataeibacter cellulose synthase 

operon also contains the flanking genes cmcAx, ccpAx and bglAx. Over the next few pages, I 

will discuss the structure and function of these proteins and discuss how they may assemble 

to form the full transmembrane cellulose synthase complex.  

 

The proteins BcsA and BcsB, which associate into a heterodimer, conduct the core catalytic 

function of extending the glycan chain through a condensation reaction with UDP-glucose112. 

The BcsA:BcsB heterodimer also translocates the glycan chain across the inner membrane and 

into the periplasm. The structure of the BcsA:BcsB heterodimer from Rhodobacter sphaeroides 

was resolved, which granted a first insight into mechanics and regulation of the heterodimer 

(Fig. 1.10b)113. BcsA contains both cytoplasmic and membrane bound regions. The 

cytoplasmic region holds the catalytic core, the entrance to which is guarded by a “gating 

loop”, which can be switched from closed to open through the binding of cyclic-di-GMP to a 

proximal PilZ domain. Cyclic-di-GMP, which was first discovered in K. xylinus, has been 

found to be a global regulator of biofilm formation across many bacteria114,115. The glycan 

chain translocates via a hydrophilic channel, created by BcsA, across the inner membrane and 

out into the periplasm116.  A low resolution structure of the K. hansenii BcsA:BcsB 

heterodimer was derived with cryo-EM. A comparison with the R. sphaeroides BcsA:BcsB 

crystal structure showed the overall form of the structure is conserved in Komagataeibacter117. 

The BcsA:BcsB heterodimer appears to be the minimal system required to synthesise 

cellulose, indeed, the system has even been used to produce cellulose in vitro. However, the 

system is not sufficient for cellulose secretion in vivo118,119. 

 

Once in the periplasm the route of the glycan chain is not yet fully understood. Additionally, 

the presence or absence of physical interactions between BcsD and BcsC, and with the 

periplasmic facing region of BcsB are yet to be studied. The membrane bound portion of BcsC  

Previous page 
Figure 1.10. The bacterial cellulose operon. A) The bacterial cellulose operon from K. 
xylinus E25. The arrangement is conserved across all Komagataeibacter; however, many 
strains will include multiple copies of the cellulose synthase operon. These operons may 
include the hybridised gene, bcsAB, and may also be missing the flanking genes or bcsC and 
bcsD. B) The known cellular locations and crystal structures of well characterised cellulose 
synthase proteins. CmcAX is show both within the periplasm and outside of the cell reflecting 
the incomplete information on its degree of extracellular secretion. Proteins are illustrated in 
their oligomeric state according to their crystal structure, i.e. BcsD structure is an octamer. 
Cellulose that has co-crystallised with each structure has been coloured red.  
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Figure 1.11. The cellulose synthesis complex and linear terminal complex. A) This 
arrangement of the Komatagaeibacter cellulose synthesis complex was proposed in J. Du et al. 
2016 and is the only model proposed which takes into account the ability of the BcsD octamer 
to bind 4 separate cellulose chains. In such a system, cellulose chains (in red) emerging from 
four separate BcsA:BcsB complexes would be crystallised by BcsD and secreted out though 
BcsC. The ability of the Komatagaeibacter BcsC to secret four chains of cellulose has not been 
studied. B) The linear terminal complex of cellulose synthases has been observed in 
Komatagaeibacter but how it forms is not known. Evidence for the existence of this complex is 
show in three images taken from separate papers. From left to right, microscopy images are 
from R. M. Brown et al 1976. N. Sunagawa et al. 2013, A. Hirai et al 2002. 
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protein from E. coli has been structurally determined (Fig. 1.10b)120. The protein forms a 

large beta sheet barrel which acts as a pore in the outer membrane of the bacteria, allowing 

for the extracellular secretion of the cellulose chain. The BcsC protein also contains a large 

number of TPR repeat motifs (19 in E. coli) which extend into the periplasm121. The authors 

of the BcsC structure posit that the TPR domain may interact with BcsB, guiding the glycan 

chain and creating the full transmembrane cellulose synthase complex. This model, however, 

may not extend to Komagataeibacter, due to the presence of the unique Komagataeibacter 

protein BcsD.  

 

While the bcsD gene has not been found essential to cellulose synthesis, mutant studies have 

shown that without bcsD, cellulose production is significantly diminished, and what cellulose 

is produced is much more amorphous122. The conclusion therefore has been that the BcsD, 

which is located in the periplasm, plays a role in producing crystalline cellulose and may be 

partly responsible for the high crystallinity seen in Komagataeibacter BC. This theory was 

supported by an increase in cellulose crystallinity from E. coli Nissle when modified to express 

the BcsD protein from K. xylinus123. A crystal structure of BcsD from K. xylinus has been 

determined. Interestingly, the structure indicates that BcsD forms an octamer (Fig. 1.10)124. 

The BcsD structure displayed an ability to bind four separate glycan chains. This gives a 

tantalizing view of the oligomeric mechanisms that may drive the increased crystallinity 

observed from Komagataeibacter BC107. Studies in plants have indicated the importance of the 

oligomeric state of the synthesis machinery to controlling the crystallinity of plant cellulose 

fibres125,126. However, the previously cited cryo-EM study of the K. hansenii BcsA:BcsB did not 

suggest the heterodimer takes on an additional oligomeric state with the same four-fold 

symmetry.   

 

How BcsA, BcsB, BcsC and BcsD may all come together to form the full cellulose synthase 

complex and if, indeed, they do all interact with each other is one the largest unanswered 

questions in BC research. One current proposed complex would involve 4 individual 

BcsA:BcsB heterodimers delivering individual glycan chains to an octameric BcsD. BcsD then 

promotes crystallisation between these glycan chains which form a cellulose fibril that is 

secreted out of the periplasm through BcsC (Fig. 1.11a). However, without interaction studies 

between BcsA:BcasB, BcsC and BcsD this proposed theory remains putative. This model of the 

cellulose synthase complex also does not factor in roles for the flanking genes associated with 

cellulose synthesis.  

 



1. INTRODUCTION 

 

40 

The flanking gene CmcAX is categorised as an endo-β-1,4-glucanase (cellulase) and is 

homologous to the E. coli BcsZ, which has been structurally resolved (Fig 1.10b)127. While the 

exact role this cellulase plays in a cellulose synthase complex is not clear, deletion mutants of 

cmcAX produce significantly less cellulose, and the cellulose that is produced is highly 

twisted128. It has been shown that CmcAX is also secreted extracellularly and may have a 

preference for degrading less structured cellulose. This offers the idea that CmcAX plays a 

quality control role - siting outside of the of cellulose synthase complex on the outer surface 

of the cell where it removes twisted or poorly structured cellulose and thereby preventing 

blockages of the cellulose synthase pore129. CmcAX may have also played another role. 

Consistent with the evolutionary origins of Komagataeibacter living on the surface of fruits, 

the production of CmcAX may have allowed the bacteria to degrade the skins of fruits and 

access the sugars underneath.  

 

BglAX is a β-glucosidase, however its exact role in cellulose synthesis is not known. 

Interruption mutations of bglAX in K. hansenii lead to a reduction, but not a complete 

removal of cellulose synthesis - suggesting that the role of BglAX in cellulose synthesis is 

important but not essential130. The final flanking gene, CcpAX (cellulose complementing 

protein) also does not have a well understood role. A deletion mutant of ccpAX produced 

mainly knotted globular cellulose that was mainly cellulose II – an antiparallel crystal state 

that is normally the product of cellulose chemical processing131,132. Interestingly, the authors 

of this study noted the similarity of this cellulose structure to that seen in bcsD deletion 

mutants. In a later study, a pulldown assay as well as isothermal calorimetry proved the 

existence of significant protein-protein interaction between BcsD and CcpAX. This indicated 

CcpAx may form part of the cellulose synthase complex. This study also indicated CcpAX may 

also play a role in forming a larger linear array of cellulose synthases133.  

 

The existence of a large linear terminal complex (TC), i.e. a linear array of cellulose 

synthases, was first observed in K. xylinus nearly 45 years ago (Fig. 1.11b)134. Yet, as of now 

in 2021, the physical processes that create these linear TC in Komagataeibacter are not 

known. Specific labelling of BcsA with gold-tagged antibodies revealed the linear array of 

pores were indeed cellulose synthases135. TEM images also revealed that the cellulose 

emerging from this linear array is at first ribbon like, before potentially self-assembling 

further to form a rope-like cellulose fibre136–138. BcsD, with its association to cellulose 

crystallinity, has been implicated to play a role in the formation of linear TCs. Indeed, BcsD 

disruption mutants did display truncated linear terminal complexes that were not always 
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aligned with the longitudinal axis of the bacteria139. However, despite the truncation of TCs, 

the presence of any linear regions implied BcsD was not essential for individual cellulose 

synthase complexes to align. A CcpAx-eGFP fusion protein study, found that CcpAx also 

aligns with the linear TC. Using an BcsD-eGFP, the researchers also found that the linear TC 

was absent in a ccpAx deletion mutant, with BcsD-eGFP clustered in discontinuous spots 

across the periplasm133. These studies implicate both BcsD and CcpAx in forming the linear 

TC, however the mechanism by how these proteins may facilitate cell-scale alignments of 

large protein complexes across the bacteria is still not understood.   

1.6.4 Regulation of cellulose synthesis 

Producing cellulose is expensive in terms of energy and sugar cost. Therefore, cellulose 

producing bacteria have evolved regulation systems that limit cellulose production to specific 

situations. The global regulator of biofilm formation, cyclic-di-GMP, is implicated with the 

regulation of cellulose synthesis. As mentioned previously, cyclic-di-GMP allosterically 

regulates the catalytic function of BcsA, however, in many bacteria, such as E. coli and 

Salmonella enterica, cyclic-di-GMP levels control broad bacterial behaviour140. Increased levels 

of cyclic-di-GMP lead the transition from motile to sessile stage of growth, repressing flagella 

motility and upregulating biofilm production141,142. Despite the diversity of cyclic-di-GMP 

targets in other bacteria, in Komagataeibacter cellulose production remains the only known 

function controlled by cyclic-di-GMP. This lack of targets may reflect the relatively purity of 

the Komagataeibacter pellicle when compared to other biofilms. It may also reflect the 

difficulty of predicting cyclic-di-GMP binding potential from protein sequence alone. As a 

flexible molecular messenger, cyclic-di-GMP binds proteins and even RNA using a wide 

variety of mechanisms – potentially, cyclic-di-GMP controls other unstudied bacterial 

processes in Komagataeibacter143–145.  

 

Cellular levels of cyclic-di-GMP are controlled by two classes of enzymes: Diguanylate 

cyclases (DGC), which are responsible for the catalysis of GTP into cyclic-di-GMP and 

phosphodiesterases (PDE), which breakdown cyclic-di-GMP146,147. The balance of these 

antagonistic activities controls the intracellular concentration of cyclic-di-GMP. DGCs and 

PDEs typically contain sensory domains, which control the activity of the catalytic domain 

based on environmental and intracellular conditions115. Species of Komagataeibacter typically 

contain multiple DGCs and PDEs. Genetic studies show some strains of K. hansenii have as 

few as 8 proteins with DGC or PDE activity, whilst some K. europaeus strains have up to 17105. 
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Despite this high number of enzymes, a study in K. xylinus showed that only one DGC was 

responsible for 80% of the cyclic-di-GMP produced in the cell148. A singular study in K. xylinus 

identified one PDE, that was responsive to oxygen level, via a haem-binding PAS domain149. 

Given Komagataeibacter are obligate aerobes and produce cellulose at the air-liquid interface, 

oxygen seems a fitting regulator of cellulose production. However, there appears to be little 

additional research that deciphers what conditions other cyclic-di-GMP regulating enzymes 

may sense in Komagataeibacter. When engineering cellulose production, understanding how 

it is regulated will be important. A deeper understanding of what signals Komagataeibacter 

sense during cellulose production would be valuable in producing a synthetic genetic system 

to control cellulose production.  

1.6.5 Bacterial cellulose properties and applications 

BC currently play a number of niche roles in an eclectic range of industries. A common use of 

BC is as a food additive – when blended with liquids, BC can improve gels and 

emulsions150,151. The BC pellicle can also be washed, boiled and sweetened to create nata de 

coco – a popular desert in East and Southeast Asia. Nata de coco, meaning “cream of coconut”, 

gets its name from the fermentation process, in which Komagataeibacter species are grown on 

coconut water. The consistent warm climate of Southeast Asia make BC production easy to 

Figure 1.12. Current applications of 
bacterial cellulose. Top left: An 
unfortunate patient being treated for 
skin burns with a BC wound healing 
bandage. A) Packaging of a bacterial 
cellulose based face mask. The 
material is referred to as “Biocellulose” 
on the packaging, potentially reflecting 
a negative perception of a “bacterial” 
based product. B) BC is currently used 
in the diaphragms of high-end 
headphones; the headphones in the 
image are produced by Sony.  
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conduct with little infrastructure152,153. BC also plays a medical role. The hydrophilic nature of 

BC coupled with its biocompatibility has been exploited in the creation of wound healing 

bandages. The hydrated BC provides a moist environment to promote healing, while also 

isolating the wound from the environment and protecting against infection (Fig. 1.12)154,155. 

Hydrated BC is also used in the creation of cosmetics that promote skin hydration - BC 

facemasks often include other ingredients such as hyaluronic acid that increase the hydrating 

properties of BC (Fig. 1.12)156. The strength and lightness of BC also leads to its use in 

electronics, where BC diaphragms are used in high end headphones (Fig. 1.12)157.  

 

The current applications of BC are only a limited utilisation of its capabilities, there is much 

academic and industrial research into future applications. The current use of BC in wound 

healing has inspired research into creating smarter and more effective wound dressings. The 

research has explored the use of antimicrobial additives to BC dressings, such as silver 

nanoparticles and antibiotics158,159. There also been work that seeks to use BC in transdermal 

drug delivery – in which the slow release of drugs and growth factors could aid in rapid 

wound healing 160,161. BC could also be used for applications inside the body. Animal studies 

have shown the validity of using BC internally – BC covered stents were inserted into rabbits, 

with the BC stents causing no signs of thrombosis after 4 weeks162. This research has been 

pushed further - BC has been used to produce viable and low-cost venal prosthetics. Such 

prosthetics were used to replace successfully the common femoral artery in pigs163. The fibre 

network of BC is similar to that of collagen, therefore there has been much interest in using 

BC as a support scaffold for mammalian cells. Work has been conducted, displaying the 

possibility of growing mammalian cells directly on BC, with studies reporting no cytotoxicity 

during scaffolding endothelial, fibroblast and smooth muscle cells164. The successful 

scaffolding of chondrocytes on BC also suggest the possibility of BC use in cartilage 

regrowth165. There is however a limitation with using BC internally, whilst BC is 

biodegradable in the environment, the lack of cellulase activity in humans means BC implants 

are not degraded overtime. 

 

There is also interest in the use of BC in sustainable technical products. The high thermal 

stability, hydrophilicity and porosity of BC coupled with its simple production has also made 

BC an attractive material in electronics. Researchers, including some from the tech giant 

Samsung, have researched the possibility of using BC as a battery separator166–168. Many of 

these potential applications use BC in either a hydrated state or compressed dried state. 

There is however an increasing amount of research into how BC could be used as an aerogel. 
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In the aerogel production processes, the liquid in a hydrated BC pellicle is replaced by air. 

However, drying BC at atmospheric temperature and pressure results in a shrunken and 

deformed material and freeze-drying at around -60°C alleviates this shrinkage only partially. 

Therefore, a process of supercritical drying is used. In this process the water in a hydrated  

pellicle is replaced first by ethanol and then, in a high pressure environment, by a 

supercritical fluid such as CO2 (at 40°C ) or ethanol (at 243°C )169. The resulting BC aerogel 

has impressive insulative capabilities and is considered more sustainable than silica and 

synthetic aerogels. These BC aerogels could be applied in producing high performance 

insulation, electronic actuators and microfluidic devices170–172.   

 
Beyond the material properties of BC, the material is attractive to companies attempting to 

follow a circular economic model and a common motivation for the research that goes into 

BC is based on the sustainability of BC production and disposal. The optimum temperature 

for BC growth is 30°C, therefore, growers placed in equatorial locations can grow BC year-

round with no heating or cooling requirements, lowering the energy recruitments of growing 

BC. As a source of unspecialised cellulose, it could be argued BC is less efficient and 

sustainable than plant cellulose. BC can however be grown on food waste streams, such as 

coffee cherry husk extract, rotten fruit juice, waste citrus juices and glycerol from biodiesel 

production173–176. The use of BC in a circular economic model is further demonstrated by its 

biodegradability. BC products can be composted at the end of their lifecycle; fed to cellulose 

degrading organisms, and used to produce different products – thereby completing a full loop 

of a circular model177.  

1.6.6 GM and BC 

As discussed earlier, initial uses of genetic engineering in Komagataeibacter have been to 

create deletions and mutations for deciphering the functions of specific genes in cellulose 

synthesis. There have however been some uses of genetic engineering to increase the 

economics of BC by either increasing the yield of BC or broadening the range of carbon 

sources Komagataeibacter can be grown on. The creation of a glucose dehydrogenase negative 

strain of K. xylinus showed a 1.7-fold higher cellulose yield over wild type178. Cellulose yield 

has also been improved through increasing the ability of the K. xylinus to capture oxygen by 

the expression of a haemoglobin protein from vitreosella179. Cellulose yield was also increased 

from HS-sucrose through the expression of a mung bean sucrose synthase in K. xylinus – the 

logic being, that the enzyme will convert sucrose directly into UDP-glucose180. The 

introduction of lacZ in K. xylinus also allowed for the production of cellulose synthesis on 
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whey by feeding on lactose181. Taking advantage of the self-encapsulation of K. xylinus, it was 

also possible to create an immobilized biocatalyst by expressing a specific gene, in this 

situation D-amino acid oxidase, in K. xylinus182.  

 
Attempts have also been made to engineer K. xylinus to produce bacterial cellulose 

composites. Seeking to create a curdlan-cellulose composite material, a curdlan synthase 

gene (crdS) was engineered into K. xylinus. Given the structural and functional similarities 

between CrdS and cellulase synthase, CrdS could accept UDP-glucose and catalyse it into 

chains of curdlan. Interestingly, despite the researchers not engineering in the corresponding 

curdlan genes for the extracellular secretion of the fibre, curdlan became interwoven in the 

cellulose matrix. This suggests K. xylinus could secrete curdlan through currently existing 

pores in the outer membrane such as the cellulose synthase BcsC183. The promiscuity of the 

extracellular secretion from the periplasm in K. xylinus coupled with high UDP-glucose flux 

suggests the bacteria may be well suited for the production of other carbohydrates, such as 

hyaluronic acid or kefiran.  

 
Another attempt to create a cellulose composite used a metabolic engineering approach. 

Three genes were engineered into K. xylinus which catalyse the conversion of N-acetyl-

glucosamine (GlcNac), the monomeric unit of chitin, into UDP-N-acetyl-glucosamine (UDP-

GlcNac). Unlike with curdlan, the researchers did not provide an alternative synthase enzyme 

and hoped for UDP-GlcNac to be integrated into the cellulose chain by BcsA. The resulting 

pellicle produced by this engineered K. xylinus was much thinner and less crystalline than 

wild type and was confirmed by mass spectrometry to contain both glucose and GlcNac. The 

researchers suggested that the resulting cellulose-chitin polymer could be applied in making 

degradable in vivo supports, due to the sensitivity GlcNac to lysozyme degradation184. This 

research suggested BcsA also has a level of promiscuity when it comes to accepting sugars. A 

finding implied by feeding studies which have shown it is possible to integrate modified 

glucose molecules into BC simply by providing them in the culture medium185–187.  

 
The first clear application of synthetic biology to Komagataeibacter began in 2014, with the 

work of the Imperial College London IGEM team, Aqualose. The iGEM team, isolated a novel 

strain of Komagataeibacter from a kombucha SCOBY (Happy Kombucha (Eastbourn, UK)) and 

began a series of steps to characterise and build synthetic biology parts for the new 

bacterium. Following initial genome sequencing of the bacteria, the isolated 

Komagataeibacter  
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Figure 1.13. The K. rhaeticus toolkit 
derived by M. Florea et al. 2016. A) 
Characterised parts used in the 
toolkit. The plasmid backbones are 
based on the broad host pSeva 
plasmids. B) Demonstration of spatial 
and temporal patterning of gene 
expression using the AHL quorum 
sensing system. Top left: spatial 
patterning, fluorescence scan and 
images of pellicle show a clear 
gradient in mRFP expression across 
the pellicle. Bottom: The effect of 
timed induction of a BC pellicle to 
create layers of protein expression. 
Figures taken from M. Florea et al. 
2016 
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was found to be a Komagataeibacter rhaeticus and was given the strain name iGEM. The 

genetic tools and parts they tested in K. rhaeticus iGEM formed a small synthetic biology 

toolkit. While this toolkit contained useful DNA parts, it did not take the additional step of 

developing a fully syntax-driven cloning system to expedite multi-part construct assembly. 

That is, the tool kit did not take advantage of recent DNA assembly techniques, such as 

Golden Gate and Gibson Assembly, and combine them with a standardised set of overhangs 

to guide the assembly of the catalogued DNA parts. This toolkit contained a series of 

constitutive promoters which were tested for strength in K. rhaeticus iGEM. These constitutive 

promoters were taken from the Anderson collection, a set of variable strength constitutive 

promoters generated through mutagenesis. The toolkit also included two inducible systems: 

the C6-HSL (AHL) PLux quorum sensing system from Vibrio fischeri and tetracycline repressor, 

as well as a set of ribosome binding sites (RBS) and fluorescent proteins (Fig. 1.13a)109. 

 

With this limited version of a Komagataeibacter toolkit, the authors went on to demonstrate 

its utility in creating synthetic genetic circuits. They created an sRNA silencing system in K. 

rhaeticus iGEM that could be turned on with exogenous AHL chemical. This silencing system 

was used in two examples, to repress mRFP expression from a plasmid, and to repress 

UPGase, a chromosomal gene essential for cellulose synthesis. After showing their ability to 

silence gene expression in K. rhaeticus iGEM, they then demonstrated the innovative ways in 

which an inducible expression system can be used to pattern gene expression in a pellicle. 

Using the diffusion gradient of AHL, they created a pellicle that had a gradated level of mRFP 

expression across it. They also demonstrated temporal patterning thought timed addition of 

AHL to a growing pellicle (Fig. 1.13a).  

 

Since the publication of the Komagataeibacter toolkit V.1, other labs have built upon it.  

In 2019, Min Yah Teh et al. expanded the toolkit with additional constitutive promoters, 

terminators, RBS sequences and degradation tags188. The also characterised the arabinose 

induced PBad promoter, finding that 4% (w/w) arabinose yielded the highest expression from 

the system. It should be noted that 4% (w/w) arabinose is a significantly higher 

concentration than what would normally be used in other bacteria, however the authors do 

not offer data on PBad responses below 2% (w/w) arabinose. While the arabinose system was 

found to have lower basal expression level, i.e. less leaky, than the AHL system, the 

maximum expression of the arabinose system at 4% was still an order of magnitude lower 

than the AHL system at 1 μM AHL. Interestingly, they demonstrated the functionality of all 

their new parts not only in K. rhaeticus iGEM, but also in K. xylinus and K. hansenii.  
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Similarly, to Florea et al., Min Yah Teh et al. applied their updated toolkit to specific 

applications. In their first application they demonstrated their ability to tune the chitin 

composition of a chitin-cellulose pellicle from K. xylinus. They constructed two plasmids, both 

with the three genes required to form UDP-GlcNac but each differing in promoter strength. 

The resulting pellicles showed clear differences in chitin levels reflecting the relative 

strengths of the promoters placed in front of the UDP-GlcNac operon. Min Yah Teh et al also 

presented an alternative system of gene silencing, constructing a CRISPR interference system. 

Using guide RNAs targeted to the start of bcsAB and bcsD in K. hansenii, they attempted to 

represses cellulose production, however this led to a minimal reduction in cellulose secretion 

in both cases189.  

 

Genetically engineered cellulose materials have the potential to generate products that are 

produced and consumed very differently from what currently exists. However, synthetic 

biology is not the only field that sees the potential biofabricated materials. Alongside 

synthetic biology, the field of biodesign has emerged, which has the power to play with and 

comment on the tools and concepts of synthetic biology. In the next section I will briefly 

describe the field of biodesign and display some of the key bacterial cellulose work from the 

field.  
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1.7 Biodesign  

Biodesign is a creative field that has grown somewhat parallel to synthetic biology, with both 

fields emerging in the early 2000s. Biodesigners often see their medium of design as either 

living systems or biological materials. The outcomes of biodesign can span from the artistic - 

with no specific utilitarian gain; and the provocative, critiquing synthetic biology and how 

science approaches living things, to the industrial, where designers work specifically to create 

better and more sustainable biological products. Due to the openness of both synthetic 

biology and biodesign to interdisciplinary collaborations, both fields typically work across 

each other. This interaction is often observed in the iGEM competition, in which many teams 

conduct public outreach though collaboration with artists and designers.  

 

The roots of biodesign can be found in bioart. One of the most prominent artists in the field is 

Oron Catts. His piece with long-term collaborator Ionat Zurr, Victimless Leather, first shown in 

2004, explores the use of tissue engineering in creating leather in vitro (Fig. 1.14). Their 

work is provocative and aims to create conversation over technological progress and who or 

what is victimised in the process. Daisy Ginsberg, another prominent bioartist, has had a 

strong presence in synthetic biology since her collaboration with the 2009 Cambridge iGEM 

team. Her collaboration with large synthetic biology company Gingko Bioworks, Resurrecting 

the Sublime: Hibiscadelphus wilderianus Rock offered the smell of an extinct flower, 

reconstructed and synthesised through synthetic biology. Neri Oxman, of the MIT Media lab, 

has created many pieces which explore the interface between design, architecture and 

biology. Her recent piece, Totems 2019, explores the use of melanin produced by genetically 

engineered bacteria (Fig. 1.14). Natsai Audrey Chieza of Faber Futures demonstrates how her 

work has grown from her initial collaboration with the colourful soil bacterial Streptomyces 

coelicolor in John Ward’s lab at UCL. Inspired by nature, she works on combining the 

disciplines, of design, science and technology to craft ecologically driven models for holistic 

innovation.  

 

BC can be grown easily outside of a laboratory environment. This has made BC a common 

material for many biodesigners. The landmark project of BC work in biodesign was conducted 

by Suzanne Lee in her project Biocouture (Fig. 1.14). Stretching over many years from 2004-

2012, Suzsanne Lee worked with a kombucha recipe, grown in her flat, to explore the 

possibilities of BC in the fashion industry. Experimenting with forming and lasting BC, she 

crafted a series of clothing items. 
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Figure 1.14. A selection of biodesign and bioart pieces. 
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Figure 1.15. This is Grown. A product of ‘Microbial weaving’ using K. rhaeticus.  
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Her provocation with this work, communicated to the design sphere that an alternative future 

exists, where designers work not with the product of traditional industry but with microbes. 

In 2018, Jen Keane released her project This is grown. (Fig. 1.15). Her work mixed textile 

design, material engineering and microbiology, as she sought to create novel devices to grow 

BC, which could allow for the incorporation of alternative fibres, and lay the basis for BC to 

compete against synthetics in the textile industry. These looms shaped the growth of BC to 

produce the pattern of the final piece. She demonstrated this with the creation of a BC-tensile 

shoe upper (Fig. 1.15). In this work, she controlled the growth of bacterial cellulose in a 

“loom” in such a way as to incorporate tensile fibres. The BC-tensile pellicle was then 

harvested and placed on a last. The last is a tool of shoe making - a foot shaped piece of solid 

material that is used to set the final shape of the shoe upper material. The BC-tensile was 

then dried on the last to form the final shoe upper (Fig. 1.15). Her work suggested a future in 

which items are grown sustainably, with minimal material waste, but also stronger with the 

incorporation of other materials to give increased support to BC material.  

 
Biodesign has evolved from the work of individual actors in arts and design schools to the 

divisions of start-up companies. Ecovative Design collaborated with architectural studio The 

Living in 2014 to create HY-FI, a large structure created out of mycelium bricks and exhibited 

at the MoMa PS1 in Brooklyn, NY (Fig. 1.16). The work demonstrated the real possibilities of 

using biofabricated materials in construction. Suzanne Lee and Amy Congdon, both at 

Modern Meadow at the time, exhibited ZOA at the MoMa’s 2017 exhibition ‘Items: Is Fashion 

Modern’ in New York, NY (Fig. 1.16). The piece took the form of a T-shirt and demonstrated 

Modern Meadow’s synthetic collagen leather. ZOA demonstrated the realistic nature of the 

material as well as the new possibilities of a synthetic leather. No longer limited by animal 

skin, the material was used to construct unique seam arrangements and integrated with other 

fibres such as cotton. At the same exhibit, the synthetic biology company Bolt also exhibited 

Gold Dress, a collaboration with Stella McCartney, a dress made entirely of microbially-

produced spider silk (Fig. 1.16). This collaboration advanced further, involving Adidas, into a 

range of athletic wear containing spider silk (Fig. 1.16). The communicative successes of 

these creative collaborations demonstrate the impact that biodesign can have on advancing 

new biofabricated materials.  
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Figure 1.16. A selection 
of biodesign projects 
that demonstrate the 
potential of 
biofabrication.  
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1.8 Thesis aims and objectives  

Bacterial cellulose may be the ideal platform from which the field of ELMs can engineer 

advanced biomaterials. Therefore, I have set out in this research to explore the application of 

synthetic biology to bacterial cellulose research and biofabrication. This work continues from 

the landmark study by Florea et al. and is therefore focused on using K. rhaeticus iGEM - 

which will henceforth be referred to as K. rhaeticus for compactness.  

 
In Chapter 3 I aim to improve the characterisation of K. rhaeticus using a combination of DNA 

and RNA sequencing. My Objectives will be:  

o Take advantage of the long-read DNA sequence technology, Oxford Nanopore, to 

re-sequence K. rhaeticus.  

o Use the long-read data to reassemble the genome of K. rhaeticus using a hybrid 

assembly approach.  

o Conducted a robust phylogenetic analysis of K. rhaeticus amongst the 

Komagataeibacter genus.  

o Use RNA-sequencing (RNA-Seq) to better understand the transcriptome of K. 

rhaeticus.  

 

In Chapter 4 I aim to construct and characterise an optogenetic system in K. rhaeticus to 

conduct spatially patterned gene expression within a pellicle. My objectives will be:  

o Identify and reformat a previously engineered optogenetic construct to function 

within K. rhaeticus 

o Optimise the activation parameters of this system within K. rhaeticus. 

o Conduct high-resolution spatial gene expression in a bacterial cellulose pellicle.  

 

In Chapter 5 I aim to expand the current Komagataeibacter toolkit (KTK) with new tools and 

parts. The parts, syntax, and protocols of this toolkit, a result of a communal effort within the 

Ellis Lab, are also described briefly within this chapter. My Objectives will be:  

o Use the RNA-Seq dataset from Chapter 2 to search for native promoters with uses 

in K. rhaeticus specific synthetic genetic circuits.  

o Create a modular cloning CRISPR interference procedure based on the newest 

iteration of the KTK. 
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In Chapter 6 I aim to engineer the pigment production into K. rhaeticus. My objectives will 

be:  

o Genetically engineer K. rhaeticus to produce melanin.  

o Develop an effective method to produce melanated cellulose pellicles from K. 

rhaeticus that appear visually pigmented.  

o Explore how melanin effects the properties of bacterial cellulose.  

o Combine pigment production with the previously engineered Optogenetic system 

to create a pellicle with spatially patterned pigmentation.  

o Collaborate with a biodesigner to explore how a “self-dyeing” material could 

feature within the biofabrication field.  
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2.1 Chapter 3 methods  

2.1.1 Microfluidic microscopy 

K. rhaeticus was inoculated from a glycerol stock into 5 mL of HS-glucose. The culture was 

incubated at 30°C for 7 days. 1 μL of culture was removed from underneath the pellicle and 

diluted into 200 μL of fresh HS glucose containing 0.001% Fluorescent Brightener 28. A 

CellASIC ONIX B04A-03 Microfluid bacteria plate was unsealed under aseptic conditions and 

the storage PBS was removed from all wells. 50 μL of the diluted under-pellicle culture was 

placed into the inlet wells and 300 μL HS-glucose containing 0.001% Fluorescent Brightener 

28 placed in the media inlet well. The microfluid plate was sealed to the ONIX2 manifold and 

placed into a Nikon Ti-EX1 invert microscope heated to 30°C. Cells were loaded into the 

microfluid chamber using the default cell loading parameters. The microfluidic chamber was 

searched to ensure cells had become trapped. A pressure of 1 psi was applied to the media 

inlet well, which gave an estimated HS-glucose flow rate of ~2.5 μL/hr. After 24 hours, the 

microfluidic chamber was searched for actively growing cells. Regions of interested were 

selected for time-lapse and images were captured at 90x magnification (oil emersion) every 2 

minutes in the bright field (Ph3) and DAPI channel. Image processing and compositing were 

conducted in FIJI190.  

 

2.1.2 Hybrid genome assembly  

K. rhaeticus was inoculated into 3 mL of HS-glucose containing 2% cellulase (Sigma-Aldrich 

product no: C2730-50ML). The culture was grown at 30°C with 250 rpm shaking until a 

turbid culture formed. The cells were pelleted by centrifuge at 13000 RPM for 1 minute. The 

supernatant was removed, and the cell pellet was resuspended with inversion in 700 μL lysis 

buffer (SDS 1%, Tris-HCL 50 mM, EDTA 10 mM). To the lysis buffer, 1 μL of Proteinase K 

(NEB: P8197S) was added and the lysis buffer was incubated at 37°C for 4 hours. The lysis 

buffer solution was transferred into a MaXtract High Density 2 mL tube (Qiagen:129056). To 

the tube, 700 μL of Phenol - Chloroform – isoamyl alcohol mixture (Sigma:77617) was added 

and the tube was inverted several times until the solution became milky. The solution was 

spun at 13000 RPM for 2 minutes, and the aqueous phase was aspirated into a fresh phase 

separation tube using a wide-bore tip. The Phenol – Chloroform process was repeated two 

more times. The aqueous phase from the third round was placed into a 2 mL centrifuge tube 

and gently mixed with 50 μL 3M sodium acetate pH 5.2 and 1.2 mL of 96% Ethanol. The 

solution was left at -20 overnight. The solution was then centrifuged at max speed for 30 

minutes at 4°C, the supernatant was removed carefully and 500 μL of cold 80% ethanol 
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added. The solution was then centrifuged at max speed for 10 mins, and the process repeated 

one more time. The pellet was then dried for 20 mins and resuspended in 200 μL of water.  

 

The extracted gDNA was sheared to a length of 8 kb using a g-TUBE (Covaris) and was 

prepared for sequencing using Ligation Sequencing Kit 1D R9.4 (Oxford Nanopore). The 

prepared library was sequenced on a R9.4 MinION flow cell over 48 hours. Resulting read 

files were basecalled using Albacore and reads with a quality score above 6 were selected for 

genome assembly. Nanopore files were corrected with the Illumina short read files using 

Nanocorr. Nanopore long-read files were combined with the PacBio files from K. xylinus 

CGMCC 2955 and Illumina short reads. All underwent hybrid assembly using Unicycler on a 

high-performance cluster. The assembly was then polished using the Unicycler polish 

function.  

 

2.1.3 Genome analysis  

The genome assembly was annotated using PROKKA. Genome plots were made with circos 

and GC content was calculated with a custom script (7.7: GC_content.py). Read depth was 

determined by aligning Illumina reads to the genome assembly with BWA-mem. Read depth 

was extracted from SAM alignment files using SAMtools -depth function. Individual plasmids 

were compared to the chromosome using blastn.  

 

To visualise Plasmid 5, genomic DNA was extracted from K. rhaeticus according to phenol-

chloroform method described previously - the purified gDNA concentration was ~250 ng/μL. 

1 μL of S1 nuclease (ThermoFisher: EN0321) was added to 8 μL of gDNA and 2 μL 5x 

reaction buffer and the solution incubated at 37°C for 2 hours. Treated and untreated gDNA 

underwent gel electrophoresis in a 2% agarose gel at 110 V until loading dye had travelled 

2/3rds of gel distance.  

 

2.1.4 Phylogenetics  

Multi-locus sequence analysis was conducted on 17 Komagataeibacter species, which were 

chosen to span the breadth of genus. The unique orthologs shared across all 17 species were 

determined using Proteinortho with the synteny function191. Amino acid sequences for 

determined orthologs were concatenated together to form one mega amino acid sequence for 

each species. Mega amino acid sequences were passed through the PO_2_MLSA.py pipeline 

(https://github.com/jvollme/PO_2_MLSA.git), which aligns sequences and removes regions 
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of poor sequence alignment. Sequence alignment was passed to RAxML, which calculated the 

maximum likelihood tree and scored nodes with 500 bootstrap cycles 192. Final tree was 

drawn using FigTree.   

 

2.1.5 RNA Extraction and RNA-tagSeq library preparation 

RNA was extracted from K. rhaeticus grown in two conditions. For RNA extraction from liquid 

growth conditions, K. rhaeticus colonies were picked and inoculated into 5 mL of HS-glucose 

with 2% cellulase. Cultures were grown at 30°C with shaking at 250 RPM, until they reached 

an OD of 0.6. Cultures were then diluted 1:25 into 5 mL of fresh HS-glucose with 2% 

cellulase and the culturing process was repeated two more times, with a transfer OD οf 0.6, 

to synchronise cell growth across repeats. After the third round of growth, cells were pelleted 

and most supernatant was removed. Cell pellets were resuspended in the remaining media 

and each repeat was transferred to a 1.5 mL centrifuge tube, re-pelleted and frozen at -80°C 

overnight. To lyse the cells, ~300 μL of glass beads were added to each frozen cell pellet. 

The beads were then topped off with 450 μL of ice-cold RLT buffer and 4.5 μL β-

mercaptoethanol. Each sample was vortexed vigorously in one-minute bursts, switching 

between ice and vortex for a total vortex time of 4 minutes. RLT buffer was then removed 

from the tube and purified according the Qiagen RNeasy Protect Bacteria protocol.  

 

RNA extraction from pellicle growth conditions was as follows. K. rhaeticus colonies were 

picked and inoculated into 5 mL of HS-glucose. Cultures were incubated stationary at 30°C 

until pellicles formed. Media from underneath the pellicle was removed and diluted 1:25 into 

5 mL of HS-glucose. The cultures were incubated at 30°C for 6 days. The pellicle from each 

repeat was then harvested and placed into a mortar pre-chilled with liquid nitrogen. The 

pellicle was then pulverized under liquid nitrogen until it became a fine powder. The pellicle 

powder was then stored at -80°C overnight. To lyse the cells, ~300 μL of glass beads was 

added to the pellicle powder along with 450 μL of ice-cold RLT buffer and 4.5 μL β-

mercaptoethanol. Each sample was vortexed vigorously in one-minute bursts, switching 

between ice and vortex for a total vortex time of 4 minutes. RLT buffer was then removed 

from the tube and purified according the Qiagen RNeasy Plant protocol. 

 

RNA integrity from all 6 samples was determined on the Agilent 2100 Bioanalyzer system 

with the RNA 6000 Nano Kit. 200 ng of RNA from each sample was then fragmented, 

barcoded, pooled, ribo-depleted and converted to cDNA according to the RNA-tagSeq 
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protocol193. The cDNA library was amplified with Illumina compatible primers with 18 cycles 

of PCR. Library quantification was conducted with qPCR using the Kapa Library 

Quantification Kit Illumina. The final library was sequenced on one lane of an Illumina HiSeq 

2500 with 100 bp paired-end setting.  

 

2.1.6 Nanopore RNA-Seq 

Total RNA was extracted from K. rhaeticus liquid growth conditions as described earlier. 40 

μg RNA were used for the Nanopore library prep. Total RNA was ribo-depleted using the 

RNase H method. 38 oligos, 21 bases long, were designed against the K. rhaeticus 16s and 

23s rRNA. 40 μg of total RNA was mixed with 40 μg of ribosome binding oligos in 

hybridization buffer (100 mM NaCl, 100 mM Tris-HCL pH 7.4). 5 μL of RNA-oligo mix was 

aliquoted into PCR tubes and hybridised by heating to 94°C for 2 minutes and decreasing 

down to 45°C at 0.1°C per second. Aliquots were re-pooled to 100 μL, which was added a 

centrifuge tube containing 200 μL RNase H digestion buffer (6 mM MgCl2, 40 mM DTT), 0.5 

μL Murine and 4 μL RNase H, and left to digest for 1 hour at 37°C. Ribo-digested RNA was 

purified from the reaction with RNAClean XP magnetic beads (Beckman Coulter), with a final 

elution volume of 20 μL. DNA digestion was conducted by adding 2 μL Turbo DNase buffer 

and 1 μl Turbo DNase (ThermoFisher) and allowing to incubate at 37°C for 30 minutes. 

DNase, remaining oligos and rRNA fragments were removed from RNA by passing the sample 

through the RNA Clean & concentrate kit (Zymo Research) and using a 200-nucleotide cut off 

length.  

 

First strand cDNA synthesis was initiated with addition of poly(A)-tails to the 3’ end of RNA 

fragments. Poly(A) tail synthesis was conducted by mixing 30 μL of RNA with 5 μL Poly(A) 

polymerase buffer (ThermoFisher), 10 μL ATP (10 mM), 1 μL Murine and 4 μL Poly(A) 

polymerase and incubating for 105 minutes at 37°C. RNA was then cleaned with RNA Clean 

& concentrate (Zymo Research). Reverse transcription was conducted according to the 

Superscript IV Reverse transcriptase protocol (SSIV) (ThermoFisher), using 8 μL of RNA and 

Oligo d(T)18 primers. Second strand synthesis was conducted using DNA Polymerase 1 (New 

England Biolabs) and RNase H. 10 μL of RNA-cDNA mixture was mixed with 3 μL dNTPs, 5 

μL Second Strand Synthesis buffer (New England Biolabs), 1 μL RNase H, 3 μL DNA 

Polymerase 1 and 28 μL water. The reaction was kept at 16°C for 4 hours, after which 1 μL 

T4 DNA ligase (New England Biolabs) and 1 μL ATP was added, and the reaction was kept at 

16°C for one more hour. Finally, 2 μL T4 DNA polymerase (New England Biolabs) and 1 μL 
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dNTPs were added and reaction was left 15 minutes more to fill in overhangs. Double 

stranded cDNA was purified using an EZ-10 silica centrifuge column following the protocol 

for the Qiagen PCR purification. Double stranded cDNA was quantified with Qubit dsDNA HS 

assay kit (Thermofisher).  

 

1 μg double stranded cDNA underwent library preparation using Ligation Sequencing Kit 1D 

R9.4 (Oxford Nanopore). The prepared library was sequenced on a R9.4 MinION flow cell 

over 24 hours – sequencing time was truncated due to low viable pore count after 24 hours - 

the likely consequence of a high number of short DNA fragments. Basecalling was conducted 

within MinKNOW (Oxford Nanopore) software.  

 

2.1.7 Read analysis 

Illumina RNA-Seq reads were supplied with Illumina barcodes pre-trimmed. Individual 

sample reads were de-multiplexed, allowing for one mismatch, using the FASTX Barcode 

splitter from the FASTX-Toolkit. Nanopore reads were error corrected with the Illumina reads 

using Nanocorr. For the visualisation of read coverage, each condition and read data set was 

aligned against the K. rhaeticus genome with BWA-mem, and depth was determined using the 

SAMtools -depth function. 
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2.2 Chapter 4 methods  

2.2.1 T7-Opto construction 

Plasmids containing various version of the T7-Opto system were kindly sent to us by Armin 

Baumschlager and Mustafa Khammash from ETH Zürich. The T7-Opto version using the 563 

split site was chosen for conversion to a K. rhaeticus compatible form as this version showed 

the largest fold change between light and dark states194. The K. rhaeticus compatible T7-Opto 

system was constructed through a 4-part Gibson Assembly. Oligonucleotides for Gibson 

Assembly were designed using Benchling (Primer 3) for the amplification and ligation of the 

split T7 RNA polymerse, mCherry with PT7 promoter, araC and d1.1 KTK backbone. The 

Gibson Assembly was transformed into chemically competent E. coli K12 (NEB turbo comp), 

and resulting colonies were picked and tested for blue-light sensitivity, by growing them in 3 

mL of LB- media with 0.1% arabinose in a blue-light illuminated incubator. The clone that 

showed an increase in perceived redness between blue-light and dark growth underwent 

plasmid extraction, and the plasmid transformed into K. rhaeticus by electroporation. 

Antibiotic selection was conducted using HS-agar plates containing 340 μg/mL 

chloramphenicol. 

 

2.2.2 Characterising K. rhaeticus pT7-Opto  

Transformed K. rhaeticus pT7-Opto was tested for blue-light sensitivity. A potential K. 

rhaeticus pT7-Opto colony was picked from the transformation plate and inoculated into 3 mL 

of HS-Glucose with 2% cellulase and 170 μg/mL chloramphenicol. The culture tube was 

wrapped in foil to block light and the culture was grown at 30°C with shaking. Once the K. 

rhaeticus pT7-Opto culture was turbid, it was diluted 1: 25 into two separate tubes containing 

3 mL HS-Glucose with 2% cellulase, 170 μg/mL chloramphenicol and 0.1 % arabinose. One 

tube was covered with foil, whilst the other was left bare. Both cultures were grown in a 

shaking incubator at 30°C, fitted with a blue-light LED strip. After two days the cultures were 

pelleted, and the colour of the cell pellets checked visually under a green light for a 

difference in mCherry accumulation. Once blue-light sensitivity was confirmed, a K. rhaeticus 

pT7-Opto working glycerol stock was made.  

 

To determine the effect of carbon source on K. rhaeticus pT7-Opto, 3 mL of HS-glucose with 

2% cellulase and 170 μg/mL chloramphenicol was inoculated from a working glycerol stock 

of K. rhaeticus pT7-Opto. The culture was grown in the dark with shaking at 30°C until the 

culture became turbid. The culture was then pelleted and washed with PBS two times to 
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remove residual glucose. The pellet was resuspended in 1 ml of PBS and diluted 1:25 into 3 

separate tubes of HS media with 2% cellulase that differed in carbon source: 2% (w/v) 

glucose, 2% (w/v) fructose and 2% (w/v) mannose. One culture of each carbon source was 

grown in the dark, whilst the other grown in an incubator with blue light. After two days of 

shaking growth at 30°C, the cultures were diluted 1 in 10 into PBS with 2% cellulase. These 

diluted cultures were then analysed for mCherry accumulation using the Attune NxT Flow 

cytometer. 

 

To optimise the activation conditions for K. rhaeticus PT7-Opto I used the computer tablet 

method demonstrated. 3 mL of HS-glucose with 2% cellulase and 170 μg/mL 

chloramphenicol was inoculated with K. rhaeticus pT7-Opto from a working glycerol stock. 

The culture was grown shaking at 30°C until turbid, at which point it was diluted 1:25 into 4 

separate tubes of HS media containing 2% cellulase and 170 μg/mL chloramphenicol, with 

four concentrations of arabinose, 0% (w/v), 0.1% (w/v), 1% (w/v) and 10% (w/v). 100 μL 

from each inoculated HS media was then transferred to a 96-well clear bottom microtiter 

plate, which had had the shaded acetate transparency attached to the bottom. The acetate 

transparency was designed in Adobe Illustrator and printed from an HP LaserJet 500 MFP 

M570. Two printed transparencies were stacked a top each other to form the final shaded 

acetate transparency. Each arabinose concentration was tested in triplicate, across 7 different 

intensities of blue light. The 96 well plate was sealed with an AeraSeal film (Excel Scientific) 

and covered with a piece of black card. The plate was then taped down to the screen of an 

iPad 2 (Apple), that was adhered to the shaking base of an incubator and the screen of which 

was at full brightness displaying a pure blue image. The full assembly was then shaken at 100 

RPM and incubated at 30°C for 24 hours. After blue-light exposure, 10 μL from each well was 

removed and placed into 90 μL of PBS with 2% cellulase before being passed through the 

Attune NxT Flow cytometer. Flow cytometry analysis was conducted with FlowJo software. 

Geometric average mCherry fluorescence is determined from 10000 cells per sample.  

 

2.2.3 K. rhaeticus flow cytometry 

 

Due to optical density issues from the production of cellulose, flow cytometry is the preferred 

method for measuring fluorescence from K. rhaeticus. Samples for flow cytometry were 

grown in HS-glucose with 2% cellulase. Before measurement, samples were diluted 1:10 into 

PBS buffer with 2% cellulase and left stationary for 10 minutes are room temperature to 
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break down cellulose and remove cell clumps. Cells in PBS were then run on the Attune NxT 

Flow cytometer at 12.5 μL/min until 10000-20000 events were recorded within the K. 

rhaeticus gate on the forward (FSC-H) and side scatter (SSC-H) axes (Fig. 2.1a). Incomplete 

cellulose digestion can lead to a distorted cell distribution (Fig. 2.1b). Fluorescence 

measurements from red fluorescent proteins were measured using the YL1 laser and 

fluorescence measurements from green fluorescent were measured using the BL1 Laser. 

Fluorescence values were derived from the height of each signal peak.  

Figure 2.1 Flow cytometry settings used for a typical K. rhaeticus run. A) Attune settings 
for a flow cytometry run. B) Side scatter and forward scatter plot for a K. rhaeticus samples 
that is insufficiently digested with cellulase. Large clusters of cells bound by cellulose lead to a 
comet like distribution, whilst the data from these clusters can be removed by gating, 
undigested cellulose can lead to clogging of the flow cytometer. 

Insufficient cellulose 
digestion

A

B
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2.2.4 Spatial patterning with K. rhaeticus pT7-Opto: Enlarger v1 

The first iteration of the BC enlarger was constructed on a small scale to test the principles 

and functionality of optogenetic printing on a growing K. rhaeticus pellicle. A diagram and 

image of the enlarger can be found in Figure 3.3. Before adding growth media to the 

enlarger, the lens was focused to the correct distance using a floating piece of paper a top 

100 ml of water in the pellicle container. The pellicle container was sterilized and filled with 

100 mL of HS-glucose, containing 0.1 % (w/v) arabinose and 170 μg/mL chloramphenicol. 

The pellicle container was then inoculated with a K. rhaeticus pT7-Opto glycerol aliquot and 

covered with the upper part of the enlarger assembly. The Enlarger V1 was placed into a 

30°C light-tight incubator. To minimise cellular burden during pellicle establishment the 

culture was grown in the dark and after 3 days, once a thin pellicle had established itself the 

LED light was then turned on. After 3 days the pellicle was harvested and scanned using a 

FLA-5000 Fluorescence scanner (Fujifilm). Image analysis was conducted with Fiji software.  

 

2.2.5 Spatial patterning with K. rhaeticus PT7-Opto: Enlarger v2 

A diagram and image of the Enlarger v2 can be found in Figure 3.5. The image transparency 

was designed in Adobe Illustrator and printed from an HP LaserJet 500 MFP M570. Four 

acetate transparencies were stacked a top each other to form the final transparency. This was 

then sealed between glass slides and secured to the upper laboratory loop clamp. The pellicle 

container was sterilized and filled with 500 mL of HS-glucose, containing 0.1 % (w/v) 

arabinose and 170 μg/mL chloramphenicol. The HS-glucose was then inoculated with a K. 

rhaeticus pT7-Opto glycerol aliquot and a warm glass lid was placed on top of the container. 

The LED lamp was then turned on, the lens covered with a piece of black card and the whole 

enlarger covered in a cardboard box to maintain heat form the lamp. After 3 days at ~30°C, 

a thin pellicle had formed. The lens was uncovered and the image from the transparency 

focused on the pellicle. The enlarger was then covered again. Once the pellicle had been 

exposed to the projected image for 3 days, it was harvested and scanned using a FLA-5000 

Fluorescence scanner (Fujifilm). Image analysis was conducted using OpenCV-Python. 
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2.3 Chapter 5 methods  

2.3.1 KTK CRISPRi construction  

Benchling (Primer 3) was used to design primers for the amplification and Gibson Assembly 

of the d1.1 backbone and dCas9. The level 1 plasmid backbone was chosen to hold dCas9 due 

to the ease of going straight from gRNA PCR to functional CRISPRi plasmid in one KTK 

Golden Gate reaction. The final dCas9 plasmid was named d1.1_dCas9. 

 

The KTK CRISPRi test plasmid was constructed using the KTK system. Guide RNAs were 

designed against the PLacI:B0034:sfGFP transcriptional unit using the CRISPR guide tool in 

Benchling. The two guides chosen, G1 and G2 spanned the region between PLacI and B0034 

and had on target scores of 78.4 and 76.4 respectably. The scrambled guide was designed 

using r2oDNA designer195. The guides were ordered as oligonucleotides and amplified with 

the scaffold RNA by PCR. The gRNA PCR reactions were purified and entered into a KTK level 

1 golden gate reaction with e1.1: J23104, e1.4(I): L3S1P00 and d1.1. Simultaneously, a KTK 

level 1 golden gate reaction was conducted with e1.1: PLacI, e1.2: B0034, e1.3(a): sfGFP, e1.4: 

L3S1P00 and d1.2. The resulting plasmids were combined in a level 2 reaction using the d2.2 

backbone. Finally, the backbone of d2.2_gRNA_sfGFP plasmid was converted to the 

d1.1_dCas9 backbone through a level 3 KTK reaction.  

 

2.3.2 KTK CRIPSRi validation  

The KTK CRISPRi test plasmids were transformed into K. rhaeticus, and successful clones 

were picked and inoculated in 3 mL of HS-Glucose with 2% cellulase and 340 μg/mL 

chloramphenicol. Cultures were grown at 30°C with shaking until turbid. The turbid cultures 

were then diluted 1:25 into HS-Glucose 2% cellulase and 340 μg/mL chloramphenicol and 

grown at 30°C with shaking. After 2 days, the cultures were diluted 1:10 into PBS with 2% 

cellulase and measured for sfGFP accumulation with the Attune NxT Flow cytometer. 

Geometric mean sfGFP fluorescence was determined from 10000 cells using FlowJo software. 

 

2.3.3 Differential expression analysis 

A pseudo-transcriptome was derived from the CDS annotations determined by PROKKA. 

Demultiplexed RNA-Seq reads from each sample were mapped to the pseudo-transcriptome 

using the Salmon mapping function. Transcripts per million (TPM) values were calculated 

using Salmon. Attempts to normalise for amplification bias were made using the GC and 

random hexamer normalisation functions within Salmon. TPM values for each sample were 
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entered into the PIVOT differential expression analysis pipeline. Comparing the three 

replicates in each condition, it was clear that Pellicle sample 1 and Liquid sample 3 appeared 

as large outliers, most likely due to the small number of reads in these sample compared to 

the other samples. It was decided therefore to remove these replicates. Differential expression 

test was calculated using DESeq.  

 

2.3.4 Promoter tester plasmid construction 

Benchling (Primer 3) was used to design primers for the amplification and Gibson Assembly 

of the d1.1 backbone and a PLacI:B0034:sfGFP transcriptional unit. The two were combined, 

with the lacZ dropout cassette left untouched. This plasmid was name d1.1_pLaqI_sfGFP. The 

ten 200 bp promoter regions were amplified from K. rhaeticus gDNA, purified and made into 

e1.1 entry plasmid through a Level 0 golden gate reaction. The ten promoters were then 

combined with e1.2: B0024, e1.3: mRuby, e1.4: L3S1P00 and d1.1_pLaqI_sfGFP in separate 

Level 1 KTK reactions.  

 

2.3.5 Differential promoter evaluation 

The test promoter plasmids were transformed into K. rhaeticus. The five transformations that 

produced colonies were cultured in 3 mL HS-glucose with 2% cellulase and 340 μg/mL 

chloramphenicol at 30°C. Once the cultures reached turbidity, they were pelleted, and 

resuspended in 3 mL of HS-glucose to remove remaining cellulase. They were then diluted 

1:25 into two 96-well deep well plates, with one containing 200 μL HS-glucose and 340 

μg/mL chloramphenicol and the other containing 200 μL HS-glucose with 2% cellulase and 

340 μg/mL chloramphenicol. The deep-well plate without cellulase was covered with an 

AeraSeal film and incubated stationary at 30°C for 6 days. The plate with cellulase was 

incubated at 30°C with shaking at 250 RPM for 2 days before passaging into a new deep well 

plate, grown for 2 days and passaged a final time and grown for 2 more days. On the 6th day, 

pellicles were harvested from the stationary plate and placed into 500 μL PBS with 2% 

cellulase and left for 24 hours to digest the cellulose. The shaken plate was pelleted, and the 

HS-glucose replaced with PBS with 2% cellulase and also left for 24 hours to mirror the 

pellicle samples. The next day all were diluted 1:10 into PBS with 2% cellulase and measured 

for sfGFP and mRuby accumulation with the Attune NxT Flow cytometer. Geometric mean 

sfGFP and mRuby fluorescence for each sample was determined from 10000 cells using 

FlowJo software. The mRuby fluorescence values were divided by sfGFP fluorescence values 

to attempt to normalise non-promoter related variations in expression between the samples.   



2. METHODS 

 

68 

2.4 Chapter 6 methods 

2.4.1 Plasmid construction 

The tyr1 DNA sequence was ordered from Twist Bioscience, with compatible 3’ and 5’ 

overhangs for entry into KTK. The synthesised DNA was cloned in a Level 0 KTK reaction to 

make an e1.3(a) plasmid. This plasmid was combined with e1.1: J23104, e1.2: B3004, e1.4: 

L3S1P00 and d1.2 in a KTK Level 1 Golden Gate reaction. The tyrosinase containing plasmid 

was then transformed into K. rhaeticus.  

 

2.4.2 Producing K. rhaeticus Tyr1 melanated cells 

To grow melanin producing K. rhaeticus ptyr1 cells. K. rhaeticus ptyr1 was grown shaking at 

30°C in HS-glucose with 340 μg/mL chloramphenicol, 0.5 g/L tyrosine and 10 μM CuSO4. 

Once turbid, the culture was pelleted, and the spent media replaced with 10x PBS with 0.5 

g/L Tyrosine and 10 μM CuSO4 and incubated at 30°C with shaking for at least 24 hours to 

produce eumelanin.  

 

2.4.3 Melanated Pellicle production 

To achieve the darkest possible melanated pellicle, K. rhaeticus ptyr1, was grown in HS-

glucose with 340 μg/mL chloramphenicol, 0.5 g/L tyrosine and 10 μM CuSO4. To produce 

the square pellicle seen in the Chapter 6, K. rhaeticus ptyr1 was inoculated from a glycerol 

stock into a 24-weel deep-well plate (Axygen), with each well containing 5 mL of HS-glucose 

with 340 μg/mL chloramphenicol, 0.5 g/L tyrosine and 10 μM CuSO4. The full plate is 

covered with a loose foil lid to maintain oxygenation but prevent contamination and 

incubated at 30°C for seven days. Once the pellicles had reached the desired thickness, the 

were harvested, placed in a bath of sterile water and washed for 1 minute by gently shaking 

by hand. The washed pellicles are then passed into a bath of 10x PBS with 0.5 g/L Tyrosine 

and 10 μM CuSO4 and incubated at 30°C with shaking for at least 24 hours to produce 

eumelanin.  

 

2.4.4 Light microscopy  

1 μl of melanated and unmelanated K. rhaeticus pTyr1 cells were placed on separate agar 

pads and imaged on a Nikon Ti-EX1 invert microscope. Cells were imaged in bright field with 

no phase contrast.  
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2.4.5 Scanning electron microscopy   

Melanated and unmelanated pellicles were prepared for SEM through the following steps. 

Pellicles were placed in a 20% ethanol solution and shaken gently for 1 hour before being 

removed and placed in to a 40% ethanol solution and shaken gently. This process was 

repeated for 60%, 80% and 100% ethanol solutions to ensure the maximum replacement of 

water with ethanol from the cellulose matrix. Pellicles were then flash frozen in liquid 

nitrogen and freeze dried until completely dry. The fully dried pellicles were then gold coated 

and imaged under high tension with a JSM6400 scanning electron microscope.  

 

2.4.6 Wettability testing   

Melanated and unmelanated pellicles were sterilised by placing them in 70% ethanol 

overnight. Pellicles were then washed in distilled water to remove ethanol and salts left over 

from the melanin development processes. Pellicles were then dried flat using a heated press 

set to 120°C and 1 ton of pressure. To facilitate this drying and prevent the pellicles sticking 

to the press, pellicles were sandwiched between 3 layers of filter paper. Wettability tests were 

conducted using a KRUSS EasyDrop with 1 μL of water. Each contact angle measurement was 

derived from the average contact angle from 10 back-to-back water drop images taken within 

10 seconds of drop contact with the pellicle surface.  

 

2.4.7 Tensile strength testing  

Melanated and unmelanated pellicles were sterilised by placing them in 70% ethanol 

overnight. Pellicles were then washed in distilled water to remove ethanol and salts left over 

from the melanin development processes. Pellicles were then dried flat using a heated press 

set to 120°C and 1 ton of pressure. Dog bone test specimens 35 mm long were cut out of the 

dried cellulose using a Zwick ZCP 020 manual cutting press and specimen ends reinforced 

with card using Everbuild Stick 2 superglue. Dots were marked on the surface of each 

specimen for the optical measurement of displacement. A silver pen was used to dot 

melanated cellulose to generate the necessary contrast for optical measurement of 

displacement. Tensile tests were conducted with a Deben Microtest Tensile Stage using a load 

cell of 200 N and crosshead speed of 0.5 mm min-1.  

 

2.4.9 Melanin optogenetics 

Primers were designed for the amplification and Gibson Assembly of the pT7-Opto plasmid – 

less the mCherry CDS – and tyr1. The assembled plasmid, pT7-Opto_tyr1 was transformed 

into K. rhaeticus. The successful clone was cultured in 50 mL of HS-glucose with 2% cellulase 
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and 170 μg/mL chloramphenicol, and was stocked as a series of glycerol aliquots at -80°C. 

The method described earlier for the Enlarger v1 was followed to grow and expose the 

pellicle. The media used was 100 mL of HS-glucose with 170 μg/mL chloramphenicol, 0.5 

g/L tyrosine and 10 μM CuSO4. The harvested pellicle was placed into a stationary 

development bath and monitored. After 4 hours of the development, the pellicle had become 

over-processed, i.e. too dark, and was removed from the development bath and washed in 

water to halt further eumelanin development.  
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2.5 Strains and plasmids  

Table 2.1. K. rhaeticus strains and plasmids 

Strain Transformed 
plasmid  

Antibiotic 
resistance  

KTK 
backbone 

Construction 
Method 

K. rhaeticus 
Ptyr1 

Ptyr1 Chloramphenicol  d1.2 KTK 

K. rhaeticus 
PT7-Opto_tyr1 

PT7_Opto_tyr1 Chloramphenicol  d1.1 Gibson 
Assembly 

K. rhaeticus 
pT7-Opto  

pT7-Opto Chloramphenicol d1.1 Gibson 
Assembly 

K. rhaeticus 
pG1 

pG1 Chloramphenicol d1.1 KTK 

K. rhaeticus 
pG1 

pG2 Chloramphenicol d1.1 KTK 

K. rhaeticus 
pG1 

psG2 Chloramphenicol d1.1 KTK 

K. rhaeticus 
pJ23117 

pJ23117 Chloramphenicol d1.1 KTK 

K. rhaeticus 
pJ23104 

pJ23104 Chloramphenicol d1.1 KTK 

K. rhaeticus 
pcydD1 

pcydD1 Chloramphenicol d1.1 KTK 

K. rhaeticus 
phxuC 

phxuC Chloramphenicol d1.1 KTK 

K. rhaeticus 
palr1 

palr1 Chloramphenicol d1.1 KTK 

K. rhaeticus 
pblh 

pblh Chloramphenicol d1.1 KTK 

K. rhaeticus 
prutB2 

prutB2 Chloramphenicol d1.1 KTK 
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Table 2.2. Construction plasmids 

Construction plasmid  Antibiotic resistance  KTK backbone Construction 
Method 

d1.1_dCas9 Chloramphenicol  d1.1 Gibson Assembly 

d1.1_pLaqI_sfGFP Chloramphenicol  d1.1 Gibson Assembly 
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2.6 Common protocols 

 
2.6.1 (Hestrin and Schramm) HS media  
 

HS media is a buffered media for the growth of Komagataeibacter. The media can be 

prepared with various carbon sources; however, it is mostly commonly prepared with 2% 

glucose (HS-glucose). For efficiency the preparation of HS media can be split into two steps.  

 

First a preparation of a 50x stock of the pH components: 

 

1. Mix together: 

• 67.5g Na2HPO4 (0.27% w/v) 

• 37.5g citric acid (0.15% w/v) 

• 500 mL dH2O 

2. Autoclave 

These pH components can then be used in the preparation of the final HS media.  

For 500ml HS-glucose pH 5.5-5.8: 

1. Mix together: 

• 2.5g yeast extract (0.5% w/v) 

• 2.5g peptone (0.5% w/v) 

• 1x volume pH components (10 mL) 

2. Autoclave: 

3. Add in:  

• 10g glucose or 33.3 mL of filter sterilised 30% glucose solution (added after 

autoclaving) 

2.6.2 Coconut water media  

 

For ~1 litre of media mix together: 
• 1000 mL of coconut water  
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• 10 mL apple cider vinegar  
 

The solution can be autoclaved, although this can lead to a discoloration of the media and 

may have a damaging effect on some components of the coconut water. 

 

The solution can be filter sterilised, however the sediment in the coconut water means this 

must be done in steps: 

• Filter the media through a standard coffee filter  
• Filter through a Whatman Filter paper  
• Filter through a 0.2 μm filter. 

 
2.6.3 Melanin development buffer 

 

For 1 Litre of development buffer: 

 

1. Mix together: 

o 80 g NaCl  
o 2 g KCl 
o 14.4 g Na2HPO4 
o 2.4 g KH2PO4 
o 0.5 g L-tyrosine  
o 1 mL of 10 mM CuSO4 solution (0.08 g of CuSO4 in 50 mL dH20) 

2. Autoclave 

2.6.4 K. rhaeticus electro-competent cells 

 

1. Inoculate 5 mL of HS-glucose with 2% cellulase with K. rhaeticus. 

2. Incubate at 30°C with shaking until turbid (around 2 days).  

3. Prepare flask of 80 mL of HS-glucose with 2% cellulase. Inoculate the medium with 

the turbid K. rhaeticus culture and grow overnight at 30°C with shaking.  

Before continuing, set up the necessary materials:  

4. Pre-cool centrifuge to 4 °C. 

5. Prepare ice bucket.  

6. Chill 1mM HEPES buffer and 15% glycerol buffer on ice.  

Once the culture is turbid  

7. Place the culture on ice for 10 minutes. From here on, keep cells at 4°C.  

8. Spin the tubes in a refrigerated centrifuge for 12 min at 3200 g. 
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9. Pour off supernatant carefully, taking care not to pour off the pellet.  

10. Re-suspend bacteria in 10 mL HEPES: re-suspend first using 1 mL HEPES and a P1000 

pipette, then add 9 mL of HEPES using a stripette. 

11. Centrifuge again for 14 minutes at 3200 g. 

12. Pour off supernatant, re-suspend pellet in 10 mL ice-cold HEPES on ice as before. 

13. Centrifuge for 14 minutes at 4000 g. 

14. Pour off supernatant and re-suspend pellet in 1 mL ice cold 15% glycerol solution. 

15. Pool all samples and add glycerol to a total of 6 mL. 

16. Pipette 100 μl aliquots into tubes. Store samples on ice for immediate use or freeze 

aliquots in -80°C. The efficiency of electrocompetent cells may reduce after each 

freezing, so immediate use may result in highest efficiencies. 

 

2.6.5 K. rhaeticus electroporation  

 

Before starting, prepare:  

1. An ice bucket.  

2. A cold 2 mm electroporation cuvette and place on ice.  

3. DNA to be transformed at ~100 ng/μL, place on ice.  

4. 1 mL of HS-Glucose with 2% cellulase, place on ice.  

Once the electrocompetent cells are removed from -80°C, proceeded quickly to maintain cell 

competency. 

5. Place 100 μL K. rhaeticus electrocompetent cell aliquot on ice. 

6. Allow to thaw for 1 minute.  

7. Once the cells are “slushy”, add in 1 μL of DNA and mix around with a pipette.  

8. Once cells are completely thawed, pipette them into the electroporation cuvette. Tap 

the cuvette to ensure all cells are at the bottom and electroporate using E. coli 

settings. 

9. Immediately, pour the 1 mL of HS-glucose into the electroporation cuvette, pipette up 

and down to mix, and add the mixed culture into a culture tube.  

10. Incubate the cells at 30°C with shaking for between 4-24 hours.  

11. Spin down cells, remove the supernatant and resuspend the pellet in the remaining 

media.  

12. Plate the cells onto an HS-glucose agar plate. For selection on chloramphenicol, the 

plate should contain 340 μg/mL chloramphenicol. 

13. Check for colonies. growth should be expected between 3-7 days.  
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2.6.6 K. rhaeticus working glycerol stock 

 

1. Prepare a 3 mL HS-glucose with 2% cellulase culture of the K. rhaeticus strain of 

interest. Grow until turbid.  

2. Spin down the culture and resuspend in 1 mL HS-glucose without cellulase.  

3. Spin down again and repeat step 2 (The point here is to remove cellulase that could 

inhibit pellicle formation). 

4. Mix 500 μL of K. rhaeticus cells in HS-glucose with 500 μL of sterile 50% glycerol 

solution.  

5. Store at -80°C.  

 

2.6.7 K. rhaeticus working glycerol aliquot  

 

The purpose of the working glycerol aliquot is to quickly produce large pellicles (over 100 

mL)  

 

1. Prepare 50 mL HS-glucose with 2% cellulase culture of the K. rhaeticus strain of 

interest. Grow until turbid.  

2. Spin down the culture and resuspend in 5 mL HS-glucose without cellulase.  

3. Spin down again and repeat step 2 (The point here is to remove cellulase that could 

inhibit pellicle formation). 

4. Mix 5 mL of K. rhaeticus cells in HS-glucose with 5 mL of sterile 50% glycerol 

solution.  

5. Aliquot out into 10 1 mL stocks.  

6. Store at -80°C.  
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2.7 Sequences of interest  

Table 2.3. Ribo-depletion oligonucleotides 

Name Sequence 

23s_1 ttctgaatacatagggacatg 

23s_2 acgcggaacaggcccgtgat 

23s_3 ttgagtagggcgggacacgt 

23s_4 gaaaggtgaaaagcaccccg 

23s_5 taatgggtcagcgagtttct 

23s_6 cgaaaccgagtgatctagcc 

23s_7 aggggtgaaaggccaatcaa 

23s_8 ctaggggggcccaaagcct 

23s_9 gaaacagcccagaccaccag 

23s_10 tcctttaaagaaagcgtaat 

23s_11 gaatgcgcggtagcggagcgt 

23s_12 agtgcgagaaacactgtcgc 

23s_13 tggaaaccgggcaaatattc 

23s_14 agctctggcatatagaccgt 

23s_15 ttgcgtaacttcgggataagc 

23s_16 gaagtcgagagacgacgtatac 

23s_17 aactataacggtcctaaggt 

23s_18 aaattgaattccccgtgaaga 

23s_19 aggataggtgggaggctttgaa 

23s_20 caggtccgggaccctgcatggtg 

23s_21 tgtcgagtgcaatggcataagcc 

23s_22 atcgctcaacggataaaaggtact 

23s_23 tcctggggctggagcaggtcccaa 

23s_24 cgtgggtgttggagacttgagagga 

23s_25 agctaagtgtggacgggataaccgc 

16s_1 aactgaagctaataccgcatg 

16s_2 aggcgatgatcgatagctggt 

16s_3 tgggcgcaagcctgatccagc 

16s_4 ccccggctaacttcgtgccag 

16s_5 atgtgaaattcccgggcttaa 

16s_6 gatattgggaagaacaccggt 

16s_7 tccacgctgtaaacgatgtgt 

16s_8 tgaaactcaaaggaattgacg 
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16s_9 tgtgtccagagatgggcattt 

16s_10 agcgcaaccctcgcctttagt 

16s_11 tggcccttatgtcctgggcta 

16s_12 ttgcactctgcaactcgagtg 

16s_13 acaccatgggagttggtttga 
 
Table 2.4. CRISPRi guides  

Guide name Guide sequence On-Target Score 

G1 tatggcatgatagcgcctgg  78.4 

G2 tctagtagctaagatccgcc 
 

76.4 

sG1 tctacggttgaatacaatcg 
 

- 

 
 
Table 2.5. K. rhaeticus native promoter regions 

Downstream 
gene 200 bp region 
cydD1 tcgcgcatatccgcgcaactaactaattgtttttataaattaatttacgtcccatgctgtgta

tcaggcgctgatcggcctgtcgttcaggggtgttcgcggggtgatgtcgccgggtcgtgtccc
ctgcctgccgcagggattcctgtcctgctcaggatcttttttaaagaagaccgattttctcct
tcttgacatca 

pmbA ctgcccgccgcgctggccgacctgtatgaccggcccgagcgctacagcgtggtgcctgccgat
ctgggcgtgatcgaggaccgggtgcgcgccgccgttctggccaatacgcccaccggctgaccg
cccctttcccatttttcaagcaaacaaggggcggcagggatgcagttgcgcatcctgccgccc
gcaggaccagc 

hxuC catcacacttggtgttcctttctcctgtggcccccctgtgtctgcggtcttctagcgcccgca
ggccgtttaagctgtcattcatcgaccgtacgcgttcacttaacgcatagtgcgtcgctgacg
tcataaactaatgacgaaaaagacaatgaccgtcctgctggctgaacgatattctcagctcag
gatcagcttcc 

alr1 tccagcatgcgcacccgccgcaggcacgcggagggcgacaggcccacccgctgcgccagttcg
gcattgctcatccgcccgtcatggcggaggtttcgcagtatggcatcggtcatccggtcgaac
ggcatggtgaattttccgcttcttgtcgcatatcattgcgtaccagagaccatgaattgcatg
atattgcattg 

blh ccagcgcccgcggaaatccgacaggcgcatttcgcccttcgtggtacgggccacgaaatccgg
cgccacgtcgccaatacgcaacggacgcgccgcaaccataccggcgtccgtggatatgctgcc
ctcagtattcattctctgcccttttgcatctgccgcgccttgacgcaacccatctcataacat
acatttattat 

yncD aggttatcgcaaacccatgaatcataatccactgaaatcactcaactcattttcggtcagaca
cttaaaaggacgaggccgcgctgatacgttgcggtgatacaataaaaaacggccgttatcagt
aaagggtaaaaccattgatcagctggcgtatcacaaaaattctggcggccagtaccgccctgt
ccaccatcggc 

tpd tgatatggacaatacggatcaggtaatgcaccggctgcagccaaaaatgcagcatccggctgt
ccagcgcgacaagaacttcatacggcagccgcataaaggctaaggggtggctgatcatggcgg
gcgctctccgttacatcggacagggacataccatctgttgacagtgataacaattatcattat
caggctttgcg 

iolT gtcaaaggcgcatggaggggaaaggccggtcaggcttttcccttttttcatttaaagggaaac
cgttttcagtaagtaatatttcaactgttcccgaccttactgtcccgtgcccgggcatcatgc
ctgccggggggtggtcaccagaaggtgtgcagcccgtacttgcgctgttgcgggcagtatgca
ttcacttgcag 
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rutB2 catttcccttgcatttccccagagcatgaaacagcggcctgtgtagcggcaagcggtgtttcc
agcgcacggtggtgccgtttgggcagcgatggcggccccgacgccctgcgtatggcgccgggc
atgatgcccatatggcaccacgccgcgctggaaagagcacttgtgccggccagtaaacctgcc
gatccttctgc 

aarC ctgggtctggtttcctattattcacaacattggccgccatgcactaggggtatgggcaagaat
gtagcccggatgccacaaaacggttgcatccggggaacgacattgtacaggggcggcgcgcat
gttgccaaaaatacatacctaaaataccccgcgcacatgaccgggacacgatggagcaaacgt
gaaagcatgaa 

 

2.7.1 synthesised genes 

tyr1 
CGTCTCCTCGGTCTCCT

TTCTTGAGACCGGAGACG  
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2.8 Scripts  

GC_content.py 

 
from Bio import SeqIO 
from Bio.SeqRecord import SeqRecord 
from Bio.Seq import Seq 
from Bio.Alphabet import IUPAC  
from Bio.SeqFeature import FeatureLocation, ExactPosition, SeqFeature 
from Bio import SeqUtils 
import sys  
import os 
 
fasta_file = sys.argv[1]  
window_size = sys.argv[2] 
step_size = sys.argv[3]  
chromosome_name = sys.argv[4] 
outfile = str(os.getcwd()+"/GC_content_"+window_size) 
 
def GC_content(sequence): 
 gc_value = SeqUtils.GC(sequence) 
 return gc_value 
 
def chunks(seq, win, step): 
    seqlen = len(seq) 
    for i in range(0,seqlen,step): 
        j = seqlen if i+win>seqlen else i+win 
        yield seq[i:j] 
        if j==seqlen: break  
        
 
for seq_record in SeqIO.parse(fasta_file, "fasta"): 
    seq = seq_record.seq 
    index = 1  
    for subseq in chunks(seq, int(window_size), int(step_size)): 
        start_id = index 
        index = index + int(step_size) 
        end_id = index 
        print(chromosome_name + "\t" + str(start_id) + "\t" + str(end_id) + "\t" + 
str(GC_content(subseq))) 
        index = index + 1 
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3.1 Introduction  

3.1.1 Methodological peculiarities of working with K. rhaeticus in the laboratory.  

The overproduction of cellulose by K. rhaeticus, while desired, presents a series of unique 

challenges to working with K. rhaeticus in the laboratory. As we will see in the results section 

of this thesis, this can lead to practices in experimental protocols that appear unconventional 

to those familiar with other model organisms, such as E. coli. Therefore, to underpin our 

choices in experimental design throughout this thesis, I will briefly describe here some of the 

unique challenges K. rhaeticus presents in the laboratory.  

 

One major complexity that inhibits the simple transfer of experimental protocols from other 

model organisms, such as E. coli, to K. rhaeticus is the unreliability of optical density (OD) at 

600 nm as a measurement of cell density. When grown in shaking conditions, K. rhaeticus 

will often form small bacterial cellulose spheroids as opposed to forming a uniform turbid 

culture196. To the eye, these give the culture a ‘snow globe effect’, to the spectrophotometer 

these lead to highly variable and inaccurate measurements of cell density. To reduce the 

formation of cellulose spheroids in shaking growth, I almost always grow K. rhaeticus in 
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media containing 2% cellulase. While this reduces spheroid formation enough to make some 

protocols possible, such as competent cell production, the variability of OD600 measurements 

persists. This has a significant effect on the type, accuracy, and throughput of experiments I 

can conduct with K. rhaeticus. For example, a common experiment in synthetic biology, such 

as the measurement of promoter production rate in a 96 well plate with a plate reader, relies 

on accurate OD600 readings to normalise for increases in fluorescence due to cell growth. 

Without knowledge of cell density, the same experiment in K. rhaeticus would be much less 

accurate.  

 

This feature of K. rhaeticus grown in shaking conditions can also lead to inconsistent 

inoculation of cultures and slow growth – colonies inoculated into media can often seem to 

become encapsulated in cellulose and fail to fully colonise the media. Therefore, I often start 

cultures not from individual colonies on plates (with the exception of transformations where 

this is a requirement), but instead from working glycerol stocks. Whilst this goes against 

conventional best practice of starting a culture from a single colony, I find the variability in 

inoculation success from the colony approach introduces significant uncertainty and 

variability in to experiments.  

 

Of course, growing K. rhaeticus with cellulase and shaking is an artificial condition I apply to 

make certain techniques possible, however in most experiments I am interested in how K. 

rhaeticus behaves as it grows a pellicle. From an analytical perspective, this is additionally 

challenging. For fluorescence measurements, I typically turn to fluorescent scanners, which 

work well to inspect intra-pellicle differences in fluorescence. However, without a method to 

quantify cellulose and cell density, inter-pellicle measurements are only reliable when there is 

a large difference in fluorescent protein accumulation. Additionally, due to the sensitivity of 

the growing pellicle to movement making it sink, equipment that could monitor a growing 

pellicle over time, such as plate readers, are unsuitable. For that reason, measurements of 

fluorescence or product accumulation in this thesis are end-point measurements. While these 

peculiarities of K. rhaeticus do not prevent us from conducting synthetic biology with the 

organism, they often require us to re-think and innovate certain common experimental 

practises.  
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3.1.2 Characterisation summary 

Decades of in-depth descriptive studies into the physiology of model organisms like E. coli 

and S. cerevisiae have facilitated the advancement of synthetic biology conducted with these 

species. While Acetobacter have been studied scientifically since the 1800s our knowledge of 

their physiology, is still marginal when compared to these model organisms81. Therefore, 

before I began to apply synthetic biology to K. rhaeticus I first sought to better understand the 

bacterium through a series of characterisation studies.  

 

I began this characterisation with a microfluidic fluorescence microscopy study that captures 

the active secretion of polysaccharides from K. rhaeticus. I finalise the K. rhaeticus genome 

using a hybrid assembly method. This hybrid method uses long-read and short-read genomic 

sequencing data to construct a cyclised K. rhaeticus chromosome. With this new genome 

assembly, I identify 5 putative native plasmids in K. rhaeticus and contextualise K. rhaeticus 

among other Komagataeibacter with a highly informed phylogenetic tree. Finally, I generate 

RNA-Seq datasets on K. rhaeticus from two different laboratory growth conditions and use 

these data sets to inform our understanding of the bacterial cellulose operons found in K. 

rhaeticus.  
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3.2 Results 

3.2.1 K. rhaeticus cellulose secretion.  

The structure of bacterial cellulose pellicles produced by K. rhaeticus have already been 

imaged with SEM and TEM. However, neither of these methods are able to capture the active 

secretion of cellulose from growing cells, therefore, I used fluorescence microscopy to observe 

the active secretion of cellulose from living K. rhaeticus cells. K. rhaeticus was grown in the 

CellASIC ONIX microfluidic platform (Merck). The device contains multiple trap heights, 

which hold bacterial cells at the height that matches their diameter, maintaining them within 

a single plane. An HS media flow rate of ~2.5 μL/hr was used to provide nutrients to K. 

rhaeticus. To improve the visibility of any secreted polysaccharides, I used the dye Fluorescent 

Brightener 28 (FB 28). The dye FB 28 has an affinity for glucose-based polysaccharides such 

as cellulose and chitin and is typically used for the staining of fungal and plant cell walls. The 

ability of FB 28 to bind to other glucose-based polysaccharides, not just cellulose, may also 

make visible other secreted polysaccharides. Indeed, most Komagataeibacter also have the 

genes required to produce and secrete acetan.  

 

I successfully observed the secretion of two separate polysaccharide morphologies from K. 

rhaeticus (Fig. 2.1). A ribbon like polysaccharide morphology was observed being secreted 

from the longitudinal axis of K. rhaeticus cells (Fig. 2.1a). These ribbons bare a resemblance 

to cellulose bands observed secreted from K. xylinus with TEM136. The ribbon morphology 

was maintained across dividing cells, and overtime, the ribbons traced the lineage of cell 

division (Fig. 2.1c). In the microfluidic device, a constant flow of HS media moves from the 

bottom of the trap to the top. The ribbons do appear to be orientated with the flow of the 

media, which may explain why many of the ribbons appear to secrete from the same side 

across the cells observed.  
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The other morphology observed was a thin and rope-like polysaccharide. Interestingly this 

morphology was much harder to observe with the FB28 dye and was more easily observed 

under phase contrast bright field (Fig. 2.1d/e/f). In the previous referenced TEM study, the 

cellulose bands were observed folding up into rope like cellulose chains, similar in scale to 

those observed here. These polysaccharide ropes look similar to the cellulose fibres seen 

under the SEM of bacterial cellulose pellicles.  

3.2.2 Building an improved genome assembly for K. rhaeticus  

A first draft of the K. rhaeticus genome was previously assembled from a set of short-read 

Illumina MiSeq data109. The resulting assembly generated a set of scaffolds which, through 

alignment with the G. xylinus NBRC 3288 chromosome, were manually linked into a final 

circular chromosome. This process generated 2 cyclised plasmids and left 460 kbp of 

unplaced contigs, which could not be assembled due to repeat sequences. To improve upon 

this assembly, I gathered long-read sequencing data on the K. rhaeticus genome. Genomic 

DNA was harvested from K. rhaeticus using the phenol-chloroform method of DNA extraction. 

To minimize shearing of genomic DNA, wide-bore tips and gentle inversion instead of 

vortexing were used throughout the process. The K. rhaeticus genomic DNA, was then 

sheared to a controlled length of 8 kbp and prepared for sequencing on the MinION flow cell. 

The prepared library was sequenced over 48 hours on the MinION flow cell, and the resulting 

“squiggle” files base called locally. The final sequencing procedure generated 78,856 reads, 

with a mean length of 9001 bp. This gave an estimated genome coverage of 180x.  

 

Since the assembly of the first draft K. rhaeticus genome, the genome of another bacteria, K. 

xylinus CGMCC 2955 was sequenced and assembled, using PacBio long-read sequencing197. 

Previous page 
Figure 3.1. Active polysaccharide secretion from live K rhaeticus. A) Time-lapse imagery 
over 80 minutes showing the secretion of a ribbon like polysaccharide from K. rhaeticus cells. 
Imagery is a composite of two fields: K. rhaeticus cells are captured using phase contrast 
brightfield. FB 28 is excited with UV light at 350 nm and emission captured at 470 nm with an 
exposure time of 10 seconds. B) Diagram reflecting the ribbon form of polysaccharide 
secretion C) An enlarged view of the FB 28 field at timepoint 80 minuets. The brightness and 
contrast of the field have been increased to increase the visibility of the details in the ribbons 
D) A time-lapse over 16 mins showing the secretion of a rope-like polysaccharide morphology. 
White pointer: The cell pair producing the polysaccharide rope. Orange pointer: the 
polysaccharide rope. E) Diagram reflecting the rope form of polysaccharide secretion F) An 
enlarged view of FB 28 field at timepoint 16 minuets. The brightness and contrast have been 
increased significantly, to make the polysaccharide ropes visible. 
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Despite the designated name xylinus, a sequence alignment between K. xylinus CGMCC 2955 

and K. rhaeticus showed them to share striking homology and synteny, beyond that seen with 

any other species in the Komagataeibacter genus. The authors of the K. xylinus CGMCC 2955 

genome study were kind enough to share their PacBio RS2 data set with us to aid in the 

improved assembly of K. rhaeticus, as the very high homology suggests the strains are very 

closely related.  

 

I then combined the Illumina short-read data, Oxford Nanopore long-read data and K. xylinus 

CGMCC 2955 PacBio long-read data to assemble a full genome for K. rhaeticus. To assemble 

the chromosome, I used the Unicycler pipeline – a hybrid genome assembly method that is 

specialised for constructing circular bacterial chromosomes198. The resulting genome 

assembly contained one cyclised chromosome and 5 cyclised plasmids (Fig 2.2). The newly 

assembled chromosome was 3.57 Mbp in length, 400 kbp longer than the previous genome 

draft. The new chromosome also contained 3180 predicted coding regions, 281 more than 

were predicted in the previous draft genome. The GC content of the chromosome was 63.2%, 

unchanged from the previous draft. 

 

While the detection of such a high number of native plasmids is at first sight questionable, 

similar number of plasmids have been seen in other Komagataeibacter. Seven plasmids were 

detected in the genome assembly of the closely related K. medellinensis – including the similar 

observation of a “megaplasmid” over 200 kbp in length199. Additionally, a BLAST search 

revealed Plasmid 5 was also detected in the genomes of K. medellinensis, K. europaeus and K. 

xylinus E25, suggesting this plasmid may be prolific across Komagataeibacter (Appendix Fig. 

9.1.1). Nonetheless, I was concerned that the high number of plasmids may represent a 

misassembly of the genome. I therefore wished to determine the uniqueness of the DNA 

sequences found in the assembled plasmids. The sequences of all 5 plasmids were compared 

to the sequence of the main chromosome using BLASTn. This comparison showed that small 

regions of plasmids, 1, 2, 3 and 4 could indeed be found in the main chromosome whilst 

plasmid 5 was unique and not found in the chromosome(Fig. 2.2). Interestingly, these 

regions of similarity between the native plasmids and the chromosome also represented 

regions of lower-than-average GC content in the main chromosome (Fig. 2.2). Despite the 

identification of these shared regions, the majority of plasmids 1-4 were still composed of 

unique sequences, that were not found in the chromosome, suggesting these plasmids could 

not simply be disregarded as misassembled artefacts.  
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For K. rhaeticus to contain 5 native plasmids may have significance to conducting synthetic 

biology with the bacterium. Previous attempts to transform Komagataeibacter with common 

plasmids have shown that many plasmid replication systems that work in E. coli do not 

appear to be stable in Komagataeibacter. With 5 possible native plasmids, there is the 

potential that these native plasmids utilise replications system that fall in the same 

compatibility group of commonly used synthetic plasmids. Wondering if it would be possible 

to decipher the combability of these native plasmids, I conducted a BLAST search with the 

sequences of all 5 plasmids, against a list of common origins of replications used in synthetic 

constructs. Unfortunately, this search returned no similarity between the 5 native plasmids 

and origins of replication used for genetic engineering purposes. While this does not rule out 

replication machinery incompatibility as a reason for the pickiness of K. rhaeticus towards 
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laboratory plasmids, it does suggest that the native plasmids in K. rhaeticus may utilise 

replication systems not currently used synthetically.  

Figure 3.2. K. rhaeticus hybrid genome assembly. The chromosome is represented 
using a circular map. The outermost ring shows the read depth of the Illumina data set 
across the chromosome. The next ring shows the GC content using a step size of 5000 
bases. Regions with GC content below 61% are shown in orange, with the intensity of 
orange increasing as GC content decreases. The inner most rings display regions of 
similarity between the chromosome and the plasmids in black. The shared regions 
between Plasmid 1 and the chromosome are displayed with the outermost ring, with the 
inner rings displaying the following plasmids in turn.  
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Figure 3.3. K. rhaeticus genome 
assembly plasmids. A) Circular 
maps of all 5 plasmids. The outer 
two bands display the predicted 
coding regions, the next band in 
the GC content and innermost 
band the region of similarity with 
the chromosome. B) Gel 
electrophoresis of K. rhaeticus 
gDNA. The ladder shown is the 
NEB 1 kb Extend. The orange 
pointer points to the putative 
Plasmid 5 band. 
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Taking a closer look at the sequences of all 5 plasmids, I saw the GC content across all the 

plasmids is between 3% and 4% lower than on the chromosome (Fig. 2.3a). Considering the 

lowered plasmid GC content, and the presence of plasmid sequences in the chromosome, I 

suspected that transposable elements may be present in the plasmids. The sequences of all 

plasmids were annotated using PROKKA. Among the annotated coding regions, a large 

number of transposase genes were detected, with 20 % of the coding regions on Plasmid 1 

coding for transposase genes (Fig. 2.3). Interestingly, these transposase genes seem to cluster 

around the regions of chromosomal and plasmid similarity, this is most clearly seen in 

Plasmids 1 and 2. Overall, this implies there may be some amount of sequence transfer 

between the chromosome and plasmids.  

 

Plasmid 5 was the smallest plasmid detected and was sequenced to a depth 50x higher than 

the chromosome suggesting the plasmid copy number of ~50 per cell. This was the only 

plasmid that did not contain a transposase; the plasmid contained only 3 genes, a 

toxin/antitoxin pair – annotated “mRNA interferase toxin YafQ” and “Antitoxin DinJ”, and an 

unannotated hypothetical gene. A search of the Pfam database using HMMER, revealed the 

unannotated hypothetical gene likely coded for a RepL-like plasmid replication protein. 

Considering the small size of Plasmid 5, I also hoped it would be possible to further verify the 

presence of the plasmid in K. rhaeticus using gel electrophoresis. Genomic DNA extracted 

from K. rhaeticus was treated with S1 nuclease to linearise supercoiled DNA and provide a 

more accurate length measurement of any plasmid fragments. The S1 nuclease treated gDNA 

produced a band of just over 2 kb in length, exactly the length expected for Plasmid 5, further 

demonstrating it exists as a native plasmid in K. rhaeticus (Fig. 2.3b). Interestingly, no 

matching bands could be observed for Plasmids 3 and 4. This could be due to the lower copy 

number of Plasmids 3 and 4 making any bands too faint to be observed above the 

background. The chromosome and plasmids presented here represent the most in-depth 

genomic study of K. rhaeticus so far. Without any unplaced and uncyclized contigs, I 

considered the genome of K. rhaeticus complete. 

 

3.2.3 K. rhaeticus phylogeny  

In a recent bioinformatic study of the Komagataeibacter genus, a high-quality phylogenetic 

tree was constructed of the genus105. However, K. rhaeticus iGEM (in the context of phylogeny 

it is important to briefly reinstate the strain name) was not included in this tree. I therefore 

built another phylogenetic tree which included K. rhaeticus iGEM. The previous phylogenetic 
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tree that included K. rhaeticus iGEM was based on the 16S rRNA. However, as the 16S rRNA 

is a single gene only a limited amount of phylogenetic information could be derived, which 

generated a tree which suffered with poor bootstrap scores.  

 

 

I therefore sort to maximise the quality of the phylogenetic tree be using a large set of 

homologous genes across a selection of Komagataeibacter. I collected the genomes of 16 

Komagataeibacter, including K. rhaeticus iGEM, and one Gluconacetobacter to act as a root. All 

annotated protein sequences were extracted from the genomes, and the orthologous genes 

between all the genomes were determined. The orthologous genes from each species were 

concatenated together, and the concatenations from each species were aligned using 

MUSCLE. This multiple sequence alignment was used to build the final phylogenetic tree 

using RaXML. The resulting tree had bootstrap scores of 100% for all but one branch (Fig. 

2.4). The highly similar K. xylinus CGMCC 2955, from which the PacBio data was derived, 

Figure 3.4. Komagataeibacter phylogenetic tree. The tree was calculated from 260 unique 
homologous genes across all 17 species and was run through 500 bootstrap cycles. All nodes 
but one returned a bootstrap score of 100%. The only node that scored less than 100% was 
the K. nataicola / K. rhaeticus node (shown in orange) that scored 89%. While species names 
may have originally been published as Gluconacetobacter all are referred to as 
Komagataeibacter in the tree.  
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was included in a separate tree (Appendix Fig. 9.1.2) which illustrates how this strain is most 

likely to be a K. rhaeticus strain. As determined by Ryngałło et al., the Komagataeibacter 

genus can be devised into the two xylinus and hansenii clades. K. rhaeticus iGEM, sits 

amongst other K. rhaeticus strains within the xylinus clade. 

3.2.4 K. rhaeticus transcriptome 

With a complete K. rhaeticus genome, I then sought to gain an understanding of the K. 

rhaeticus transcriptome using RNA-Seq. In the laboratory environment K. rhaeticus is grown 

in two ways. The most common method, pellicle culture, simply involves growing a K. 

rhaeticus culture without movement. This leads to the formation of a bacterial cellulose 

pellicle at the air-water interface. The second approach, liquid culture, involves growing K. 

rhaeticus with agitation and 2% cellulase. The addition of cellulase during agitated growth 

facilitates the formation of a turbid culture and prevents the clumping of cells into bacterial 

cellulose spheroids. Considering the dynamic nature of the transcriptome, I decided to 

conduct RNA-Seq on both pellicle and liquid K. rhaeticus cultures to capture the gene 

expression patterns of K. rhaeticus in the laboratory environment (Fig. 2.5a).  

 

To being the RNA-Seq process, I grew three K. rhaeticus liquid cultures in HS media with 2% 

cellulase until they reached an OD600 of 0.6. The RNA was extracted from these samples 

using the Qiagen RNeasy bacterial RNA extraction kit. To extract RNA from a K. rhaeticus 

pellicle culture, I took inspiration from the extraction of RNA from plants, which also present 

the task of extracting RNA from a fibrous material. Three K. rhaeticus pellicle cultures were 

grown for 6 days. Each pellicle was harvested from its culture and placed into a mortar 

containing liquid nitrogen. Each pellicle was then pounded under liquid nitrogen with a 

pestle until they were reduced to a fine powder. I then extracted RNA from the frozen pellicle 

powder using the Qiagen RNeasy plant RNA extraction kit. The 6 RNA samples were then 

pooled and prepared for Illumina sequencing using the RNAtag-Seq library preparation 

method and sequenced on a single lane of an Illumina HiSeq 2500193,200. Unfortunately, due to 

inefficiencies in the RNAtag-Seq library preparation, a large number of the sequencing reads 

were PCR duplicates. This led to a significant reduction in the number of unique reads for 

each sample, with the final number of unique reads well below the recommended 10 million 

reads per data set (Table 2.1).  
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Table 3.1. The read count total from each sample that underwent RNA-Seq.   

 

Sample name Number of unique reads 

Illumina Pellicle 1 40705 

Illumina Pellicle 2 235478 

Illumina Pellicle 3 1306623 

Illumina Liquid 1 308682 

Illumina Liquid 2 1366734 

Illumina Liquid 3 98475 

Nanopore Liquid 312418 

 

 

Considering the small size of the Illumina datasets, I was concerned they did not contain 

enough information to provide useful insights into the K. rhaeticus transcriptome. I therefore 

prepared a second RNA-Seq experiment in which I planned to bolster the short-read Illumina 

data set with long-read Nanopore data. To collect this data set, I first grew a single 50 ml K. 

rhaeticus liquid culture until it reached an OD600 of 0.6. The RNA was extracted from this 

culture using the Qiagen RNeasy bacterial RNA extraction kit, which yielded 41.5 μg of K. 

rhaeticus RNA. This total RNA sample was ribo-depleted using the RNaseH method and 

prepared for cDNA synthesis with the addition of a poly(A)-tail to the 3’ end of each RNA 

fragment. This poly(A)tail then allowed for the conversion of the ribo-depleted RNA into 

cDNA using a reverse transcriptase and a poly(T)-oligo as a primer. Second strand synthesis 

was conducted using DNA polymerase I and the resulting double stranded cDNA was 

prepared for and then sequenced on the MinIon nanopore sequencer. The cDNA sample was 

sequenced over 24 hours, and the resulting data set contained 312418 reads with an average 

read length of 798 bp (Table 2.1). With the limited Illumina data set and the long-read 

Nanopore data set I then began investigating the K. rhaeticus transcriptome. 
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The K. rhaeticus genome contains four separate bacterial cellulose synthase (BCS) regions. 

These regions are distributed across the K. rhaeticus chromosome and each contain the core 

bcsA and bcsB/ bcsAB genes. A sequence comparison reveals these core genes only have 

between 50-70% nucleotide sequence identity between them (Appendix Fig. 9.1.5). With the 

RNA-Seq data, I hoped to understand to what extent these regions are expressed. I also 

hoped to gain insights into the polycistronic structure of these regions. After aligning the 

RNA-Seq reads to the genome, I observed that BCS I had significantly more read coverage 

than any of the other BCS regions, and this was true across all three collected RNA datasets 

(Fig. 2.5b). Regions BCS II, III and IV all had very few aligned reads in comparison to BCS I, 

suggesting that the BCS I region may be expressed to much higher degree than the other 

regions in the conditions tested. 

 

From the Nanopore liquid dataset, I saw continuous read coverage from cmcAX to bcsD. This 

suggested that the genes within this continuous region of coverage may be transcribed as an 

operon, with a single promoter downstream of cmcAX. While it should be noted, that due to 

the presence of overlapping transcription in prokaryotes, continuous read coverage is not 

proof alone for a polycistronic transcript, individual Nanopore RNA reads were identified 

extending 100s bp into both bcsA and ccpAX, suggesting these are very likely transcribed 

together (Appendix Fig. 9.1.3). I also noticed that the Nanopore reads extended 410 bp 

upstream of the cmcAX start codon, suggesting the putative BCS I operon may have an 

extended 5’ untranslated region. This suggests there could be regulation of the BCS I operon 

at the mRNA level. While I noticed that none of the datasets contained reads that aligned to 

the gap between bcsD and bglAx, this is not proof alone that bglAx is transcribed separately 

from the rest of the BCS I operon, especially considering the overall low read coverage 

provided by all three data sets (Appendix Fig. 9.1.4).  

 

Previous page 
Figure 3.5. RNA-Seq data aligned to bacterial cellulose synthase regions. A) A 
simplified diagram of the RNA-Seq data generation process. B) The orange coverage plot 
shows all three Illumina liquid datasets, the blue plot shows all three pellicle datasets and 
the green plot the Nanopore liquid dataset. The region beneath each coverage plot is dark 
grey when coverage is above 1 and light grey when coverage is 0. This acts as an aid in 
determining the continuousness of read coverage. The coding regions diagrams beneath the 
coverage plots are draw to scale using DNAplotlib. The coding regions shown in light grey 
are unannotated coding regions in the K. rhaeticus genome.  
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I was also interested in the transcriptome dynamics of other genes associated with 

polysaccharide secretion. In order to feed glucose into bacterial cellulose synthesis, three 

enzymes are required: Glucokinase (glk), phosphoglucomutase (pgm) and UDP-glucose 

pyrophosphorylase (UGP). Investigating the RNA-Seq read alignments with these genes, I saw 

all three have aligned reads in our data set (Fig. 2.6a). Interestingly, read coverage was much 

lower for glk than for the two pgm and ugp genes. However, without information on the 

relative catalytic activity of each enzyme, no conclusion can be passed on what this difference 

in expression level may mean at the metabolic level. Two pgm genes were identified in K. 

rhaeticus. The RNA-Seq reads revealed both of these genes are expressed in the conditions 

studied.  

 

K. rhaeticus, like many other Komagataeibacter, contains the genes for the production of 

acetan, a complex polysaccharide containing glucose, mannose, glucuronic acid and 

rhamnose201. The specific role that acetan production plays in K. rhaeticus, is uncertain, with 

a single study suggesting acetan improves the BC yield in the early stages of pellicle 

growth202. Considering the claimed ultra-purity of bacterial cellulose from K. rhaeticus, I was 

surprised to find RNA reads aligning to all the genes in the acetan region (Fig. 2.6b). This 

suggested that the acetan synthesis genes are expressed in K. rhaeticus in liquid and pellicle 

growth.  



3. CHARACTERISING K. RHAETICUS THROUGH OMICS’ STUDIES 

 

100 

Figure 3.6. RNA-Seq data aligned to UDP-glucose pathway genes and acetan synthesis. A) Glucokinase (glk), phosphoglucomutase (pgm) 
and UDP-glucose pyrophosphorylase (UGP), catalyse the conversion of glucose into UDP-glucose, the substrate required for bacterial cellulose 
synthase. The orange coverage plot shows the Liquid Illumina data set, the blue plot the pellicle data set and the green plot the Liquid Nanopore 
data set. B) The acetan synthase region in K. rhaeticus. Gene names have been annotated manually by comparing the order of the region to 
fully annotated acetan regions in other Komagataeibacter species. One small gene has been left unannotated due to it not featuring in other 
annotated acetan regions and attempts to identify it through database searches returning no results. 



3. CHARACTERISING K. RHAETICUS THROUGH OMICS’ STUDIES 

 

101 

3.3 Chapter 3 discussion  

The aim of Chapter 3 was to improve our understanding of the physiology of K. rhaeticus in 

order to inform the engineering of this bacterium, both in this project and others. The 

assembly of a cyclised K. rhaeticus chromosome, suggests that our draft of the K. rhaeticus 

genome is now complete. This will facilitate future projects that rely on the confident 

placement integrated DNA fragments into the genome. However, the identification of 5 

native plasmids in the assembly, and our inability to verify Plasmids 3 and 4 physically 

implies there are still avenues to further understand the genome. One potential concern could 

be that the inclusion of the K. xylinus CGMCC 2955 PacBio reads could have led to the 

assembly of a plasmid not found in K. rhaeticus. However, the algorithms used in hybrid 

assembly depend on short-read data to build assembly graphs which are then solved and 

scaffolded by long read data. This means it not possible for the long-reads from K. xylinus 

CGMCC 2955 to generate final contigs if there were not represented in the short-read data 

set. The observation that most of the plasmids assembled contain transposase genes is not 

surprising. The plasticity of Komagataeibacter genomes is already implicated in the generation 

of cellulose null mutants, an issue for many producers of bacterial cellulose at the industrial 

level 203. Further study on these plasmids may facilitate the engineering of more stable 

industrial cellulose production.  

 

The identification of the smallest plasmid, Plasmid 5, may also be of interest to future 

attempts to engineer K. rhaeticus. As of now, only a limited number of laboratory plasmids 

origins are known to replicate well in K. rhaeticus. The most commonly used in this study and 

the basis for the KTK system is pBBR1. A stable but low-copy number plasmid origin, that 

demonstrates an average copy number of 5 in E. coli204. For comparison, from analysing the 

genomic read depth data, the native Plasmid 5 had an estimated copy number of ~50. While 

the copy number of pBBR1 in K. rhaeticus has not yet been calculated, and the number 

presented for Plasmid 5 does not account for potential sequencing biases emerging from the 

difference in GC content between plasmid 5 and the chromosome, there does appear to be a 

compelling case for adapting Plasmid 5 for use as a synthetic plasmid. Without antibiotic 

resistance genes, Plasmid 5 appears stabilised by the YafQ/DinJ toxin-antitoxin system. 

Indeed, the presence of this plasmid across many Komagataeibacter suggests the system is 

very stable. Current antibiotic selection of K. rhaeticus with chloramphenicol relies on a 

concentration of 340 μg/mL, 10 times the amount used for E. coli. Should the growth of 
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engineered K. rhaeticus be scaled up in the future for industrial purposes, such a high 

concentration of chloramphenicol is likely to be a significant expense, and prohibitive to 

growing engineered K. rhaeticus in limiting or natural environments. Studies have shown the 

utility of the enhanced stability afforded to plasmids with toxin/antitoxin systems, such as 

their ability to continually express synthetic constructs in real-world applications205. 

Interestingly, an attempt to use Plasmid 5 as a vector was attempted in 2000206. By fusing this 

plasmid with pUC18, it was possible to transform K. europaeus and K. intermedius with 

selection on ampicillin, however this work was seemingly not continued across the 

Komagataeibacter field206. Considering our ambitions for engineered K. rhaeticus, adapting 

Plasmid 5 as a synthetic plasmid for stable high expression in K. rhaeticus seems a sensible 

next step.  

 

Unfortunately, the RNA-Seq library preparation issues meant the resulting data set was 

unsuitable for transcriptome assembly methods – a challenging task even with deep data sets. 

Additionally, the small size of the RNA-Seq data sets reduced the power of differential 

expression analysis to identify differences in expression level between the pellicle and 

shaking states. For that reason, differential expression analysis has not been included in this 

chapter. Nonetheless, the data set still provided potentially useful insights into the K. 

rhaeticus transcriptome for those genes expressed strongly enough to have good coverage. 

This can be demonstrated by the finding that the BCS I region, which contains the 

Komagataeibacter specific bcsD, appears to be the most highly expressed BCS region in the 

pellicle and liquid conditions. This could have an impact on future efforts that seek to 

regulate or engineer cellulose production at the genomic level. For example, attempts to 

inhibit cellulose production using techniques like CRISPRi or sRNA could potentially be 

scaled down from focusing on all 4 operons, to just focusing on BCS I. Progressing from this 

RNA-Seq study, it is clear that if I wish to derive DNA features, such as transcription start 

sites and terminators, of many regions of interest in K. rhaeticus, a high-quality deep RNA-Seq 

data set would need to be generated.   

 

The identification of the extended 5’ untranslated region upstream of cmcAX from the BCS I 

transcript pushes us to think more about the regulation of cellulose synthesis at the genomic 

and mRNA level. It is well known that cellulose synthesis is regulated at the protein level by 

interactions between BcsA and cyclic-di-GMP. Indeed, the secondary messenger cyclic-di-

GMP, essential to the motile-to-sessile switch in many bacteria, was first identified in K. 

xylinus. Ironically however, a clear motile-to-sessile switch, or not-cellulose-producing to 
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cellulose-producing switch, is yet to have been observed in Komagataeibacter in the 

laboratory environment. This has led some to consider cellulose secretion is constitutive in 

Komagataeibacter. However, given the resource requirements of assembling the full 

transmembrane cellulose synthase complex, constitutive expression seems a very costly 

method. Additionally, seemingly all Komagataeibacter, contain several GGDEF/EAL domain 

containing proteins, which are responsible for regulating cellular levels of cyclic-di-GMP in 

response to environmental stimuli. However, the pilZ domain of BcsA remains the only know 

interaction with cyclic-di-GMP in Komagataeibacter. Cyclic-di-GMP regulation in other 

bacteria has also been shown to occur at the mRNA level through c-di-GMP riboswitches 207. 

Were such a feature to exist in the extended cmcAX 5’ untranslated region, this could explain 

a potential method of cellulose synthesis regulation that conserves cellular resources.  

 

The lack of a clearly observed cellulose non-producing state in K. rhaeticus is also frustrating 

in general. From an engineering perspective, understanding the molecular mechanisms that 

naturally produce a switchable cellulose state in K. rhaeticus would be useful in many 

applications. Studies in Komagataeibacter have hinted to non-protein-based regulation of 

cellulose synthesis. BCS transcript levels in K. xylinus appeared elevated by ethylene and 

reduced by Indole-3-acetic acid. The authors posit this may occur through a cyclic-di-GMP 

binding CRP/FNR transcription factor, however a molecular mechanism for how this alters 

the transcription of bacterial cellulose synthase has not been determined 97. Additionally, 

these studies show only marginal changes in cellulose production in response to 

environmental stimuli, and not an on-off switch.  

 

There are, however, some hints to an on-off switch in pellicle production. Pellicle growth 

does not continue until all nutrients are consumed, instead it plateaus after 10-20 days. This 

is easily proven. Dislodging and sinking a pellicle, for which growth appears to have 

plateaued, leads to the production of a new pellicle at the air-water interface, suggesting 

nutrient consumption does not limit pellicle production. Potentially, within the pellicle 

growth plateau are the conditions that trigger a cessation in cellulose synthesis. A future 

study which hopes to gain a natural external control over cellulose production may benefit 

from the following considerations. Which conditions, if any, does K. rhaeticus display a non-

cellulose producing physiology? Can these conditions be used as a basis for differential 

expression studies? and can one exploit the finding from these studies to better regulate 

cellulose synthesis for engineering purposes?  
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3.4 Chapter 3 conclusion 

In this chapter, I have presented a series of descriptive studies into the physiology of K. 

rhaeticus. I completed our assembly of the K. rhaeticus genome using long-read and short-

read sequencing data sets. This identified the presence of 5 native plasmids inside K. 

rhaeticus. I also generated 3 RNA-Seq data sets on K. rhaeticus, which allowed us to 

determine which of the bacterial cellulose synthase regions on the genome was most strongly 

expressed. I believe these data generation studies will drive the formation of hypotheses for 

future studies on K. rhaeticus and provide a more confident foundation for conducing 

synthetic biology with the organism.  
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4.1 Introduction  

With a good understanding of the genomic landscape of K. rhaeticus, I now have a stable 

foundation on which to conduct the rational design of engineered BC. To carve into and build 

upon this landscape, I need a set of well characterised and reliable molecular tools for K. 

rhaeticus that let us control both native and recombinant gene expression. The ability to 

regulate gene expression in bacteria with external actions has been an essential tool in the 

development of biotechnology and synthetic biology. Inducible gene expression systems such 

as IPTG induction with the Plac promoter, or arabinose induction with the PBAD promoter have 

uses from simple protein production to complex multi-component oscillating genetic 

circuits208. When building a set of tools for conducting synthetic biology in K. rhaeticus , one 

of the most useful steps was the development and characterisation of the AHL inducible Plux 

system for gene expression109. Even with this simple method of chemical induction, it has 

been possible to pursue one the major ambitions of ELM research with BC - the patterning of 

living materials. The diffusion of AHL has been taken advantage of to create simple spatial 

patterning of gene expression in K. rhaeticus pellicles. Additionally, by combing AHL 

producing strains of K. rhaeticus with AHL inducible strains, it has been possible to create 

pellicle-to-pellicle communication209.  

 

As mentioned in the Introduction, biological systems are capable of intricate and elegant 

morphological control through patterned gene expression. With the correct tools of external 

gene regulation, it may, in the future, be possible to have a similar level of genetic control in 

growing bacterial cellulose. By patterning gene expression in bacterial cellulose, I can 

imagine various applications. On an aesthetic level, the patterning of gene expression for 

coloured compounds, such as pigments, could broaden the appeal of the material in the 

sustainable fashion space. The patterning of processes, that control the stiffness of bacterial 

cellulose, such as urease catalysed mineralisation, could create cellulose with gradated 

material properties, for use in areas like soft robotics210. Patterning the elasticity of bacterial 

cellulose, potentially through the use of elastin-like-polypeptides or collagen like proteins, 

could potentially be used to create programmable materials, in which 2D patterns of tension 

produce the autonomous folding of engineered cellulose materials in to 3D shapes55,211. All of 

these use cases are made more powerful by the fact that with K. rhaeticus, these advanced 

materials would be grown, not manufactured, would thereby require only minimal 

infrastructure.  
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However, to make these applications of engineered K. rhaeticus a reality, we will have to 

develop new tools of gene induction beyond simple AHL based regulation. Additionally, we 

will have to optimise and characterise those tools to the point at which one can rationally 

design the final properties of engineered cellulose. To pattern gene expression in K. rhaeticus, 

there are two broad tracks one could go down. By exploiting the physical properties of cells 

or molecules, such as diffusion or adhesion, it is possible to generate highly intricate 

morphologies26. This method mimics the ways that biological systems generate their own 

complex shapes and patterns of gene expression. To make this possible in K. rhaeticus would 

require development of additional chemically inducible promoters and methods to synthesise 

those inducible chemicals in K. rhaeticus. These developments could make it possible to begin 

to build complex multi-component genetic systems that have emergent properties, such as 

Turing Patterns or oscillation, such systems exploit diffusion dynamics or degradation rates of 

chemical morphogens. However, given the complexities of conducting this work in model 

organisms like E. coli, it is likely that such developments in K. rhaeticus would require 

decades of work. While the establishment of these autonomous systems should be a long-

term aim of BC research, to make rationally designed spatial pattering possible in the short to 

medium term, we may need to look at an alternative.  

 

Optogenetics, the ability to control gene expression through light, has become a popular 

technique in fields such as neuroscience, where precise spatial and temporal control of gene 

expression is required to uncover the behaviour of neurons. Many such optogenetic systems 

have been developed for use in bacteria. These systems all rely on photosensitive proteins, to 

sense light of certain wavelengths. In many cases these photosensitive proteins further rely on  

light sensitive cofactors called chromophores212. These photosensitive proteins can regulate 

gene expression through a diverse range of methods. The red light sensitive Cph8/OmpR pair 

form a two-component signal transduction system that regulate gene expression via 

transcription factor binding to the PompC1157 promoter213. Other methods include dimerisation 

and dissociation that either combine to form or to release an active regulatory protein, 

examples include the blue light sensitive EL222 and the red light sensitive phyB/PIF 

system214,215. Some systems are sensitive to multiple wavelengths of light. One of the earliest 

and most commonly used system is the CcaS/CcaR green light inducible and red light 

repressible system216. The system has been used to create metabolic flux switches in E. coli 

and even the facilitated the control of individual cells, forming a bacteria – computer 

interface217 218. Indeed, one such area where optogenetics holds so much potential is in its 

ability to facilitate the connection between bacteria and technology.  
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In many cases, behaviour that would be complex through genetic circuits, such as detailed 

spatial patterning, can be shifted from a difficult biological challenge to a simple engineering 

project. This is well illustrated by the poor progress in the creation of synthetic Turing 

patterns, whilst though optogenetics we have been able to pattern biofilms into the precise 

contours of electronic circuits with a 25 μm resolution using a common commercial 

projector219. Many labs have engineered lighting systems specifically for optogenetics. In 

mammalian and full animal models, where most optogenetic work takes place, advanced 

methods, such as two-photon optogenetics stimulation, have gained use for their ability to 

stimulate singe cells with high temporal accuracy220. For bacteria, other platforms have been 

engineered, such as the open-source Light Plate Apparatus for 24 well plates, or the creation 

of mini photobioreactors221,222. To utilise optogenetics to pattern gene expression in bacterial 

cellulose, we must also undertake an engineering project to pattern light onto a growing 

pellicle.  

 

Here, I present the adaptation and characterisation of an optogenetic system in K. rhaeticus. 

Using a blue light sensitive, T7 RNA polymerase-based system I first reconstruct the system 

into a format functional in K. rhaeticus. I then characterise the behaviour of this system in K. 

rhaeticus using a novel tablet computer-based method. Finally, I use the system to conduct 

spatial patterning of gene expression in a growing K. rhaeticus pellicle and conduct a 

patterning test that provides a basis for the rational design of gene expression in K. rhaeticus 

using the T7-Opto system.  
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4.2 Results 

4.2.1 Adapting an optogenetic system for K. rhaeticus  

As discussed in the introduction to this chapter, a wide variety of optogenetic systems have 

been constructed for use in bacteria. When choosing a system for producing patterned 

bacterial cellulose, I was conscious of the restrictions and unknowns that conducting 

synthetic biology in K. rhaeticus present. I therefore prioritised choosing a simple optogenetic 

system that did not require membrane bound parts, additional enzymes for chromophore 

synthesis or double plasmid transformation. One system that stood out for its simplicity and 

orthogonality was the blue light-inducible T7 RNA-Polymerase system (T7-Opto)194. The T7-

Opto system is dependent on a pair of blue light sensitive “magnet” proteins, nMag and 

pMag. In the presence of blue light, these nMag and pMag proteins dimerise. This feature of 

magnet proteins is converted into a light sensitive method of gene expression by splitting the 

T7 RNA polymerase into two separate parts, and then fusing N-terminal part with nMag 

protein and the C-terminal part with pMag protein. In the presence of blue light, these two 

fusion proteins dimerise, creating an active T7 RNA polymerase that can initiate transcription 

from the PT7 promoter.  

 

This system has many features that make it a good fit for working in non-model organisms 

such as K. rhaeticus. The nMag and pMag proteins use flavin as a chromophore, which is 

ubiquitous in bacterial cells, meaning the system does not require the additional engineering 

of chromophore synthesis to function. While the T7-Opto system originally used a two-

plasmid approach, with both the split T7 RNA polymerase on one plasmid, and target gene, 

under control of the PT7 promoter, on the other plasmid, this arrangement can easily be 

compressed on to one plasmid. The orthogonal transcription of the T7 RNA polymerase also 

removes the uncertainty of requiring non-native regulators having to interact with native 

sigma factors in K. rhaeticus to initiate transcription.  
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Figure 4.1. The T7-Opto system adapted for K. rhaeticus. A) Genetic construct for the 
T7-Opto system in K. rhaeticus. The plasmid construct uses a pBBR1 plasmid origin and has 
chloramphenicol resistance. The araC gene is under low constitutive expression. The original 
RBS and terminators in the T7-Opto system, and the split T7 RNA polymerase and mCherry 
genes were conserved in this adapted construct B) Two cultures of K. rhaeticus pT7-Opto, the 
left grown in darkness and the right grown in a blue light illuminated incubator. The cultures 
have been pelleted to increase the visibility of the mCherry accumulation. Exposure to the blue 
light has a bleaching effect on the media, hence the difference in supernatant fluorescence 
between the two samples. C) The fold changes between cultures grown in darkness and under 
blue light cultured on HS media containing 2% (w/v) of differing carbon sources. Number of 
samples tested per condition = 1.  
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To test the functionality T7-Opto system in K. rhaeticus, I first had to adapt the build of the 

system. At the time of construction, a plasmids pair for the stable double transformation of K. 

rhaeticus had not been demonstrated. I therefore placed both the split T7 RNA polymerase 

and the PT7 controlled mCherry onto the same plasmid. The plasmid backbone used had a 

pBBR1 origin and chloramphenicol resistance and is commonly used as a K. rhaeticus vector. 

The original T7-Opto system made use of the PBAD promoter to control the expression of both 

halves of the split T7 RNA polymerase. Previous studies had successfully demonstrated that 

the PBAD promoter and AraC regulator can control expression in K. rhaeticus. Indeed, the PBAD 

system showed a lower basal level of expression than the often-used PLux system, albeit with a 

much lower maximum expression when induced189. I therefore decided to continue to use the 

PBAD promoter in the K. rhaeticus adapted T7-Opto system. However, since the araC regulator 

gene is not found natively in K. rhaeticus, the araC gene, under constitutive expression, was 

also added to the final construct. The final T7-Opto system adapted for K. rhaeticus involved 

four genes. The araC gene constitutively produces AraC, which in the presence of arabinose, 

induces the expression of both halves of the split T7 RNA polymerase. In the presence of blue 

light, the nMag and pMag domains of the split T7 RNA polymerase dimerise, creating an 

active T7 RNA polymerase that then transcribes the mCherry gene, leading to an increase in 

red fluorescence (Fig. 3.1a).  

 

To test whether this optogenetic system worked in K. rhaeticus, I grew K. rhaeticus pT7-Opto 

shaking with 2% cellulase and 0.1% arabinose in darkness and under blue light. To provide 

the blue light, a strip of blue LED lights was placed alongside the K. rhaeticus pT7-Opto 

cultures in a small light tight incubator. After 2 days of growth, the cell pellets from the two 

cultures were compared, and the K. rhaeticus pT7-Opto culture grown under blue light 

appeared visibly redder than the dark culture pellet, implying the pT7-Opto system was 

functioning in K. rhaeticus (Fig 3.1b). The mCherry accumulation of cultures were then 

quantified using flow cytometry, which found that the K. rhaeticus pT7-Opto culture exposed 

to blue light had a 7.5-fold increase in mCherry expression compared to the dark culture (Fig. 

3.1c).  

 

In E. coli, the PBAD system is repressed in the presence of glucose - a process referred to a 

catabolite repression. Since K. rhaeticus is grown on HS media containing 2% glucose, I was 

curious to investigate whether the induction response of the T7-Opto system to light, which is 

regulated by the PBAD promoter, was significantly repressed in the presence of glucose 

compared to alternative 6-carbon sugars. K. rhaeticus pT7-Opto was grown shaking with 2% 
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cellulase in both dark and blue light in HS media with 2% fructose and 2% mannose. Flow 

cytometry showed all carbon sources produced a similar fold change in mCherry fluorescence 

from growth under blue light (Fig. 3.1c). This indicated that HS-glucose is a suitable media to 

use for work involving K. rhaeticus pT7-Opto.  

4.2.2 Characterising K. rhaeticus pT7-Opto 

With the T7-Opto system proven functional in K. rhaeticus, I begun to further characterise the 

behaviour of the system in order to facilitate the rational design of patterned bacterial 

cellulose. For this specific system, the rational design is dependent on understanding the 

impact on mCherry production from changing key parameters in the system, namely, the 

intensity of blue light and the concentration of the inducer arabinose. I therefore developed 

an experiment that could the show the change in mCherry accumulation over multiple 

intensities of blue light and monitor how this response to blue light changes with arabinose 

concentration.  

An experiment that monitors the impact of two chemical inducers on a synthetic construct 

would, especially when conducted in a model organism such as E. coli, typically be a simple 

affair – taking advantage of the many high-throughput tools of modern labs, such as 

microtiter plates and plate readers. However, in the case of optogenetics, where the inducer 

is light and not a chemical, such an experiment presents an additional engineering challenge. 

As discussed earlier, many labs have developed their own tools for characterising their 

optogenetic systems. Unfortunately, pre-made optogenetic arrays for plate-based experiments 

are difficult to source commercially, and the DIY versions require a reasonable background in 

electronics to construct.  
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Figure 4.2. Characterisation of the K. rhaeticus pT7-Opto. A) A simple method for plate 
based optogenetics experiments. The tablet computer was set specifically to only display 
blue light by displaying full screen image set to pure blue (RGB, standing for, red, green, 
blue, is a colour standard for representing colour displayed on screens.). The shading on the 
transparency is presented as K%, this measure is derived from the CMYK (cyan, magenta, 
yellow, black) colour standard for printing. A K of 0% corresponds to no black ink being 
printed on to the transparency, whilst 100 % K is the maximum density of black the printer 
can lay down. How much light is let though therefore varies from printer to printer, and 
100% may not be fully opaque. B) The dose response curves of K. rhaeticus pT7-Opto over 
four separate concentrations of arabinose, displayed in % (w/v). The tablet was adhered to 
the floor of a shaking incubator and the cells were incubated with 2% cellulase and shaking 
for 24 hours. The mCherry fluorescence accumulation was measured using flow cytometry. 
Number of samples tested per condition equals 3, error bars represent the standard deviation 
of each sample.  
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We, however, followed a simple approach, using an easily sourced tablet computer and laser 

printer to assemble a setup capable of exposing the individual wells of a 96 well plate to 

different intensities of light (Fig. 3.2a). To control the intensity of light reaching the wells, an 

8x12 grid is printed onto an acetate transparency, with the shaded density of each cell 

controlling the amount of light that can pass through the transparency. The 8x12 grid 

transparency is placed onto the underside of a clear-bottomed black 96 well plate, which is 

then both placed atop a tablet screen illuminated to a specific colour. The full assembly could 

be placed into an incubator to conduct experiments at a specific temperature, and, if suitably 

adhered to the incubator platform, can also be shaken. With this tablet method I was able to 

monitor how the response to blue light of K. rhaeticus pT7-Opto changed with arabinose 

concentration.  

The experiment revealed that the response of K. rhaeticus pT7-Opto to blue light intensity 

varied significantly with arabinose concentration (Fig. 3.2b). The impact of arabinose was 

tested to a high inducer concentration of 10% (w/v). This was chosen to encapsulate the 

finding of a previous study on arabinose induction in K. rhaeticus, that showed an optimum 

induction concentration of 2% (w/v) arabinose. Curiously, even without arabinose, mCherry 

accumulation followed a sigmoidal response to increasing blue light intensity. This showed 

that without induction, the leakiness of the PBAD promoter still produced enough split T7 RNA 

polymerase to dimerise and transcribe the mCherry gene. An arabinose concentration of 0.1% 

(w/v) also produced a sigmoidal response to blue light. Interestingly, the changes in blue 

light response from dark to bright, between no arabinose and 0.1% (w/v) arabinose were the 

same at 2.57 fold. At 0.1% arabinose, the induction response appears less digital than 

without arabinose. This was due to an increase in the sensitivity, as cells responded to lower 

intensities of blue light. At higher concentrations of arabinose, 1% (w/v) and 10% (w/v), the 

response to blue light appeared to diminish. The fold change between dark and light states 

was reduced, to 1.33 fold for 1% (w/v) arabinose and 1.04 fold for 10% (w/v) arabinose. 

Across all concentrations of arabinose, the mCherry accumulation in darkness is similar, 

suggesting the leakiness of the T7-Opto system is unaffected by the level of arabinose 

induction.  

In summary, the T7-Opto system is most functional under low concentrations of arabinose. 

This result does not run counter to other previous studies showing optimal arabinose 

induction concentrations of 2% (w/v). The loss in blue light response could be explained by 

the significant burden of producing large amounts of split T7 RNA polymerase, leading to 
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toxicity, plasmid loss or construct mutation. That the induction response differs between 

0.1% (w/v) arabinose and no arabinose may be of some utility, depending on the patterning 

required. A pattern with defined expressed and unexpressed regions, would benefit from the 

more digital response seen with no arabinose induction. However, a pattern that required a 

more gradual change in expression, such as a material with a gradated stiffness, would 

benefit from the less digital response seen with 0.1 % (w/v) arabinose. Of additional note, 

was that the maximum level of induction did not change between 0.1% (w/v) arabinose and 

no arabinose. It is reasonable to expect that increased amounts of split T7 RNA polymerase, 

would lead to more active T7 RNA polymerase and an increase in mCherry expression. 

Potentially this cap on maximum expression could be a reflection of crowding on the PT7 

promoter from T7 RNA polymerase, placing a cap transcription of the mCherry gene. Another 

explanation could be due to a limited amount of the flavin chromophore in K. rhaeticus 

capping the addition of blue-light sensing to the magnet proteins produced from increased 

arabinose concentration.  

The fold changes between dark and blue light states do appear much reduced in this plate 

based set up compared to the tube based set up seen in the initial experiments. Potentially 

this reflects a less favourable growth environment for K. rhaeticus growing in a 96 well plate 

and would align with previous experiences when using plate readers to produce growth 

curves of K. rhaeticus, where poor cell growth and cellulose production hampered accurate 

readings of doubling time. However, it should be noted that without a standardised 

quantification of blue light intensity, it is difficult to make comparisons across experiments.  

4.2.3 Spatial patterning with K. rhaeticus pT7-Opto: proof of concept 

With an understanding of how K. rhaeticus pT7-Opto responds to blue light, I then used K. 

rhaeticus pT7-Opto to produce a spatially patterned pellicle. The challenge of producing 

spatially patterned bacterial cellulose through optogenetics can be broken down into separate 

engineering and biological components. The engineering component is to find a suitable way 

of patterning blue light onto the surface of a growing bacterial cellulose pellicle. The 

biological component looks to understand how a K. rhaeticus pT7-Opto pellicle, responds to 

patterned blue light and how biological features of the T7-Opto system, such as leakiness and 

maximum output, shape the final expressed pattern. Fulfilling both of these components 

would establish a foundation for the rational design of patterned bacterial cellulose. 
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Starting with the challenge of patterning light onto a growing BC pellicle, I looked to 

photography for inspiration. In many optogenetic studies involving bacteria, the patterning of 

light onto a lawn of bacteria has been conducted by placing a mask close to the surface of the 

growing cells and illuminating the cells through this mask. Here, the photographic parallel is 

the “Contact print”, in which a film negative is placed directly onto a photosensitive surface 

and then exposed to light. While this approach is simple, it requires that the mask is placed as 

close as possible to the light sensitive surface, hence the “contact”, in order to get the highest 

sharpness. While such a technique is possible for the growth of bacteria on a solid surface like 

agar, for patterning bacterial cellulose, the mask would need to be precariously placed near 

the air/water interface and would probably be too tedious to work reliably for patterning 

light onto the surface of a pellicle.  

 

One of the more flexible tools for the patterning of light on to a surface, is the photographic 

enlarger. This device is used in the photo printing process, to project an image, typically from 

a film negative, onto a piece of photosensitive paper. The photographic enlarger can be 

broken down into a light source, beneath which sits the image to be projected in the form of 

a transparency. The light that passes through the transparency is then focused by a lens, 

which then projects the light on to the photosensitive surface beneath. The flexibility of the 

photographic enlarger comes from the ability to alter the distance between each of these 

components, changing the focus and scale of projection, and the aperture of the lens, which 

changes the amount of light projected onto the photosensitive surface. Given this flexibility, I 

wondered if a device, based on the photographic enlarger, could be developed with the 

specific purpose of producing spatially patterned bacterial cellulose through optogenetics. I 

therefore built a small, proof of concept, photographic enlarger (Enlarger V1) for patterning a 

growing pellicle (Fig. 3.3a).  

 

The aim of the Enlarger V1 was to establish whether a photographic enlarger was a good 

basis for producing a patterned pellicle. The device would also allow for the understanding of 

which components should be adjusted in future iterations, with the aim to better answer the 

biological component of the patterning challenge. Looking at the individual components of 

the Enlarger V1 (Fig. 3.3b), the light source, a 10W LED flood lamp, is at the top. Due to the 

long growth times of a bacterial cellulose pellicle, it was important that a low voltage LED 

light was used to reduce heat build-up. In front of the flood lamp, a translucent piece of 

paper is used to diffuse the LED light source, providing a smoother illumination of the mask 

placed underneath. For this mask, which took the form of the London  
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Figure 4.3. The Enlarger v1, a proof-
of-concept method for creating 
patterned gene expression in 
growing bacterial cellulose. A) A 
rendering of the assembled enlarger. 
The full assembly measures 27 cm in 
height, and when in use, can be fitted 
into a small desktop incubator. B) An 
exploded view of each component in 
the Enlarger V1. The LED lamp is run 
on mains electricity and remains 
plugged in during use. The projection 
lens used has a 50 mm focal length and 

during use, the 
aperture is set to 
f/2.8. The lens is 
focused before 
pellicle growth to 
the surface height of 
100 ml of liquid in 
the culture 
container. The 
culture container is 
show here as clear to 
better understand 
the location of the 
pellicle, however 
during use the 
container is covered 
to block outside light 
from effecting the 
projection.  
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Underground Roundel, the dark regions were made completely opaque, to block the 

maximum amount of blue light. This was done to offset the uncertainty around the sensitivity 

of K. rhaeticus pT7-Opto to blue light in the context of a growing pellicle. Underneath the 

image mask, sat the projection lens. To account for the minimum focal length of the lens, the 

image mask was spaced away from the lens. This lens then rested on an opaque piece of 

polystyrene, which suspended the back of the lens directly above the pellicle culture 

container. This piece of polystyrene also acted as a cover, to prevent contamination of the 

growing bacterial cellulose culture. Finally, at the bottom of the Enlarger V1 sat the pellicle 

culture container, which produces a 7 cm wide pellicle.  

 

After assembly, the Enlarger V1 was then tested to see if it could produce a patterned pellicle. 

The Enlarger V1 was placed into a 30°C light-tight incubator (Appendix Fig. 9.1.6). The 

pellicle culture container was filed with 100 mL of HS media with 0.1 % (w/v) arabinose and 

inoculated with K. rhaeticus pT7-Opto. An arabinose concentration of 0.1 % (w/v) was chosen 

due to the slight increase in sensitivity to blue observed compared to no arabinose in the 

tablet characterisation experiment. The culture was left unilluminated, until a thin pellicle 

developed, at which point the LED lamp was turned on. After 3 days of blue light illuminated 

pellicle growth, the pellicle was harvested from the Enlarger V1. When illuminated with a 

green light, the final pellicle showed a red fluorescent roundel pattern indicating that the 

camera had worked. A high-resolution image of the pellicle was taken using a fluorescence 

scanner (Fig. 3.4a). Using this fluorescent scan, I looked at the intensity of the exposed and 

unexposed areas and found the average fluorescence in the exposed area was 1.8-fold that of 

the unexposed area (Fig. 3.4b).   

The success of the Enlarger V1 proved that this method was a viable way to pattern gene 

expression in bacteria cellulose. I also gained insights on how to iterate the enlarger design. 

On the functional side, the current design made it impossible to alter the focus of the lens 

once pellicle growth had begun. The lens was therefore focused before growth to the 

expected liquid height. However, due to evaporation, this changed over time. As seen in the 

Enlarger V1 patterned pellicle, the roundel pattern was blurred around the edges. While this 

also likely due to the diffusion of light through the pellicle, the ability to fine tune the focus 

of the lens once the pellicle has formed would improve the sharpness of a patterned pellicle. 

The small size of the pellicle produced, limited the amount of detail that could be patterned 

onto the pellicle. With the next iteration of the enlarger, I planned to begin to understand the 

biological component of patterning with K. rhaeticus pT7-Opto.  
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Figure 4.4. A patterned K. rhaeticus pT7-
Opto pellicle from the Enlarger V1. A) A 
high-resolution scan of the patterned pellicle. 
The face shown is the top of the pellicle. In the 
image, white is used to represent the detection 
of no red fluorescence whilst a stronger 
intensity of red reflects increased red 
fluorescence. B) The pixel intensity 
distributions of exposed and unexposed 
regions of the pellicle. The fluorescent scan 
used a 16-bit image depth, representing 65536 
levels of intensity for each pixel. The average 
pixel intensity of the unexposed region was 
5516 (grey curve), whilst the average intensity 
of the exposed region was 10413 (red curve). 
Due to the difference in the number of pixels 
in the exposed and unexposed areas, the 
distributions were normalised to each other to 
improve the comparison. (Number of times 
this experiment was repeated = 2) 
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4.2.4 Spatial patterning with K. rhaeticus pT7-Opto: rational design of patterned cellulose.  

After the proof-of-concept test, I made a series of design changes to make a better enlarger 

(Fig. 3.5) (Appendix Fig. 9.1.7). My main goal was to produce larger pellicles, which could 

hold more detailed patterns. In this iteration of the enlarger, I used a 14 cm diameter glass 

dish as a pellicle culture container. This increase in size however, required an increase in 

height of the entire enlarger. The LED lamp was scaled up to a 50 W blue LED flood lamp, 

which accounted for the increased distance from and width of the pellicle. To increase the 

flexibility of the whole design, I used a laboratory clamp to hold each of the components in 

place. The move to the clamp system made is much easier to change the distance between 

each of the components, facilitating focusing and scaling of the projected image. It also 

improved the accessibility of the lens during growth, allowing for the changing of focus 

without risk of disrupting and sinking the pellicle. I also moved from the stencilled mask 

method used in the first enlarger to a printed acetate transparency, an approach similar to 

that used in tablet method. This move allowed us to connect digital design with patterning of 

bacterial cellulose. Therefore, the main improvement in moving from Enlarger 1 to Enlarger 2 

was increased usability, focusing ability and pellicle size – thereby making it easier to 

characterise the properties of the optogenetic system within pellicle growth.   
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Figure 4.5. Enlarger 
v2. An iteration on the 
Enlarger v1. The 
assembly is 620 mm 
high and due to this 
size does not fit into 
most incubators. 
Therefore, the Enlarger 
is enclosed in a 
cardboard box during 
use, which traps the 
heat produced by the 
lamp and maintains an 
internal temperature of 
~30°C. The printed 
transparency measures 
27x26 mm and is 
composed of 4 copies 
of printed acetate 
stacked a top each 
other. The lens is 80-
200 mm and the 
aperture used during is 
printing is f/4. The 
distance between the 
transparency and the 
top of the lens is 40 
mm and the distance 
between the bottom of 
the lens and the 
bottom of the culture 
dish is 410 mm. The 
blackout hood is 
shown as transparent 
here for clarity, but in 
reality, is composed of 
a thick opaque white 
fabric. It ensures that 
the only blue light that 
reaches the growing 
pellicle is projected 
from the lens. The 
pellicle culture dish is 
also covered during 
growth with a glass lid 
to prevent 
contamination.  
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With this improved enlarger design in place, I then turned my attention to better 

understanding what was possible to pattern with K. rhaeticus pT7-Opto. As mentioned 

previously, our main aim was to facilitate the rational design of patterned bacterial cellulose. 

In the context of the Enlarger V2, this means that a transparency designed digitally for the 

enlarger would reliably produce the same pattern in the pellicle. To make this possible, I had 

to first gather information on the relationship between the projected image and the printed 

pellicle pattern. Again, inspiration for this can be found in photography and filmography. 

Faced with having to standardise image output across monitors and video equipment or 

characterise the photographic properties of film, the industry created test films, or test cards 

(Fig. 3.6a). These cards carried multiple tests on them for properties like resolution or colour 

rendering. I therefore carried this concept across with a test card designed for the rational 

design of patterned bacterial cellulose (Fig. 3.6b).  

 

Figure 4.6. Test cards for the standardisation of visual equipment. A) A pair of test 
cards used by the BBC (top) and EBU (bottom). The cards carry multiple tests for the testing 
and calibration of visual equipment. B) A test card for patterned bacterial cellulose. The 
card carries tests for visual acuity based on background, text rendering, tests for 
determining the minimum discernible feature size and placing the dynamic range of the test 
card onto the dose response of the T7-Opto system. The test card is printed onto acetate and 
placed into the Enlarger V2 for printing onto a K. rhaeticus pT7-Opto pellicle.  
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To conduct the optogenetic patterning with the Enlarger V2, I first inoculated 500 mL of HS 

media in the culture dish with K. rhaeticus pT7-Opto and added in 0.1% (w/v) arabinose. The 

lamp was turned on; the lens shuttered with a piece of black card and the full camera 

covered in a large box to keep the heat from the lamp inside and maintain conditions at 

~30°C. After 3 days of growth, a thin pellicle had formed in the culture dish. The lens was 

unshuttered and focus adjusted slightly until the sharpest possible image could be seen 

projected on to the pellicle. The pellicle was then exposed for 3 days, before being harvested 

and scanned with a fluorescence scanner. Whilst a fluorescent pattern could not be seen by 

eye, the fluorescence scan revelled the Enlarger v2 had indeed patterned mCherry expression, 

and the test card had been successfully printed on to the pellicle (Fig. 3.7a).  

 

I then analysed the results of the test card print. Unfortunately, the test card was printed 

slightly offside, cutting of the left most gradient strip. Nonetheless, I was able to use the 

remaining gradient strip on the left side of the print, it appeared that the overall print was 

likely underexposed (Fig. 3.7b). The resolution of the print appeared to be high enough to 

render text as demonstrated by the Imperial College London logo (Fig. 3.7c). The test card 

also looked to determine whether an image is better defined on a low expression or high 

expression background. Looking at the two roundel logos tested, it appeared, by eye, that an 

image on a low expression background shows better definition (Fig. 3.7d). The card also 

previous page 
Figure 4.7. Test card printed onto a bacterial cellulose pellicle. A) A 16-bit fluorescence 
scan of the top surface of a patterned K. rhaeticus pT7-Opto pellicle. A white to red look up 
table is used to represent fluorescence intensity. The projected test card image was slightly 
too large, meaning the left most exposure test has been partially cut off. B) An exposure test 
for the patterned K. rhaeticus pT7-Opto pellicle. In the test card, a gradient from 100% to 0% 
density black ink, which spans the full range of possible printed shades, is used to determine 
the exposure of the pellicle. The test assumes that the fluorescence response from a pellicle 
exposed to light across its whole dynamic range would be sigmoidal. If the exposure of the 
pellicle is centred, the test should show a sigmoidal response, centred half-way along the 
gradient strip. If the pellicle is overexposed, this sigmoidal response would be shifted left and 
if overexposed, shifted right. The red curve in the graph represented the average pixel 
intensity for each horizontal line of pixels exposed to gradient strip, and the two grey lines 
represent the standard deviation. C) The Imperial College London logo used to determine 
how well text can be read from a printed pellicle. D) Determining whether a dark or light 
background produces better definition images E) A range of discernible shades – the point at 
which shades can no longer be separated from their background is indicated by the triangles. 
F) Determining the smallest possible printed point – a representation of the highest possible 
printable resolution. A series of smaller and smaller squares, on both dark and light 
backgrounds, is used to determine at which point a mark could no longer be deciphered, by 
eye, in the final printed pellicle. The size of each point in the final printed pellicle is 
displayed above and below each square. (Number of times this experiment was repeated = 
2)   
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tested a range of possible shades, with the idea that one could use the results of this test to 

identify shades that provide suitable definition against both low and high exposure 

backgrounds, in future patterning attempts (Fig. 3.7e). The test identified four possible 

shades, that can be differentiated from a low exposure background. Whilst all 5 shades could 

be differentiated from a high exposure background, the four lightest printed shades could not 

be easily deciphered form each other. Finally, the card determined the minimum possible dot 

size (Fig 3.7f). On both low expression and high expression backgrounds, the minimum 

possible printed mark was 0.8 mm in size. Smaller dots in the test card did not, by eye, leave 

any apparent marks in the final printed pellicle. With the successful printing of this test card, 

I had now set the foundation for the ration design of a future patterned pellicles using K. 

rhaeticus pT7-Opto.  
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4.3 Chapter 4 discussion  

The aim of Chapter 4 was to establish a functional optogenetic system in K. rhaeticus, that 

was capable of spatial patterning of gene expression in bacterial cellulose. This aim was met 

through the adaptation of a blue-light sensitive split T7 polymerase that had been initially 

developed for use in E. coli. There were, however, some limitations of the K. rhaeticus pT7-

Opto system. The primary limitation being the limited dynamic range observed in 

experiments. The fold change observed in mCherry accumulation between dark and light 

states was at maximum, ~7 fold in liquid growth and ~2 fold in pellicle growth. While 

similar levels of poor induction have been observed in K. rhaeticus for the PLux inducible 

system, the fold change observed for K. rhaeticus pT7-Opto is significantly smaller than the E. 

coli published results (332 fold) for the same variant of split T7 RNA polymerase209. The small 

dynamic range of the current K. rhaeticus pT7-Opto strain will limit its use.  

 

In the original optogenetic T7 RNA polymerase study, multiple variants were created. These 

variants used T7 RNA polymerases that were split the at different points. One possible way to 

create a better optogenetic system for K. rhaeticus, would be to test some of these other 

variants in the bacterium. While the T7 RNA polymerase-563 variant, that was used here, 

showed the largest fold change in E. coli, there is the chance that other split variants would 

perform better in K. rhaeticus. However, considering the orthogonality of the T7 RNA 

polymerase to bacterial systems, this is unlikely.  

 

Potential gains in dynamic range could also be made by optimising the arrangement of the 

system. Significant differences exist in the plasmid arrangement in the K. rhaeticus study here 

and the E. coli study. In K. rhaeticus pT7-Opto, the split T7 RNA polymerase and reporter gene 

were combined onto the same pBBR1 origin plasmid, due to a lack of known co-

transformable K. rhaeticus plasmids. In the original E. coli construction, the split T7 RNA 

polymerase was placed on the low-copy number plasmid, pSC101, whilst the reporter gene 

was placed on the high-copy number plasmid, pETM6. The placement of the reporter gene on 

a high-copy plasmid likely increased the productive potential of the reporter gene, and 

possibly explains the much larger fold changes seen for the system in E. coli. Unfortunately, 

with the current set of known stable plasmids origins for K. rhaeticus, this set up cannot be 

replicated. Although, as mentioned previously in this chapter, the adaptation of the native 

Plasmid 5 could be a basis for stable high-copy number plasmids in K. rhaeticus.  
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The pT7-Opto plasmid, as it is currently constructed, is difficult to modify. To change the 

reporter gene currently requires the unreliable amplification of the full pT7-Opto plasmid, 

sans target gene, and the ligation of this T7-Opto amplicon with the new target gene through 

Gibson Assembly. This approach is undependable and inhibits experimentation with new 

reporter genes. A structural change that would improve the usability and stability of the T7-

Opto system would be the integration of the split T7 RNA polymerase into the K. rhaeticus 

chromosome. Genomic integration has been demonstrated in other Komagataeibacter. 

However, at the time this work was completed, a suitable method for chromosomal 

integration in K. rhaeticus had not yet been settled. locating the light sensitive split T7 RNA 

polymerase on the chromosome would allow the PT7 controlled gene, or genes, to be placed 

on a smaller and more workable plasmid. This plasmid could take advantage of the parts and 

modularity of the KTK system, which would lower the barrier to entry of spatial pattering 

with the pT7-Opto system and lead to more rapid innovation. 

 

Throughout the project, there were no measurements taken of the blue-light intensity cells 

were exposed to. This limits the comparisons in blue light response that can be made across 

experiments. In future, or indeed repeat, experiments the measurements of blue-light 

intensity should be taken - preferably with a meter the measures in in µmoles/m2/s. This 

would make experiments more internally consistent and improve our knowledge of whether 

the cells are under or over exposed. It could also facilitate this work across other optogenetic 

projects.  

 

As mentioned in Chapter 4, optogenetic projects can often be split into biological and 

engineering components. On the engineering side, there are many improvements and 

additional features that could be added to the enlarger presented in the chapter. The Enlarger 

V2 in its current form is very inefficient in how it directs light to the pellicle. The current light 

source would benefit from a collimating lens followed by a focusing lens, as is found in a 

traditional enlarger, to direct light through the transparency and towards the back of the 

projection lens. Since lens is used in the Enlarger v2, most of the light emitted from the lamp 

does not pass through the transparency and projections lens. Alternative pellicle exposure 

methods could also be explored in the future, such as exposing a pellicle after harvesting, 

which may prove less tedious, as it removes the requirement to keep the culture fixed in place 

and still.  
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Potentially, however, future iterations of the enlarger should move away from an analogue 

method of projection and towards a digital approach. Consumer projectors have already been 

used successfully in bacterial optogenetics. In this project, the projector approach was 

avoided due to their limited dynamic range, i.e. while a mask or transparency can be made 

opaque to block as mush light as possible, the pixels of digital projector will still project light, 

even when set to black. The primary concern was that even the light emitted from the darkest 

projected pixels would be enough to activate the system. However, with the basis of spatial 

patterning now established with K. rhaeticus pT7-Opto, the potential upside of moving to a 

digital projector approach make it a worthwhile avenue of research. By projecting directly on 

a growing bacterial cellulose pellicle from a digital source, one creates a digital: biological 

interface that can control gene expression. This regulation of gene expression can then be 

made dynamic, i.e., change over time. This could be exploited to control gene expression in 

specific layers of the pellicle, as it grows in thickness over time - demonstrating three-

dimensional spatial patterning. Or indeed, to mimic the diffusion of molecules, potentially 

facilitating the exploration of the broad parameter space of reaction-diffusion patterns. 

 

Finally, mCherry is only useful as a reporter protein. Future projects should explore beyond 

fluorescent proteins to truly create pattered cellulose materials. However, as discussed further 

in application discussion, each target gene is likely to present its own challenges. Beyond 

colour, a good potential next gene to pattern spatially in a pellicle could be urease. Ureases 

can act as a catalyst for calcium carbonate crystal growth and have already been used in E. 

coli colonised bacterial cellulose balls to create stiff mineralised cellulose composites210. 

Spatial patterning with Ureases could lead to the production of new cellulose materials with 

gradated stiffness, inspired by the cephalopod beak presented in the Introduction. Other 

useful target could involve the production of inhibitory systems, such as CRISPRi guides, that 

spatially regulate cellulose synthesis, or the expression cellulases, as already demonstrated 

with spatial patterning of cellulase secretion from yeast223.  
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4.4 Chapter 4 conclusion 

In this chapter, I have demonstrated a successful attempt to conduct spatial patterning of 

gene expression in a BC pellicle. I first adapted an optogenetic system, initially built for E. 

coli, to one that would work in K. rhaeticus. I then characterised this system using a simple 

method requiring only a laser printer and a tablet computer. Finally, I built and tested two 

iterations of devices that could grow a K. rhaeticus pellicle and pattern blue light on the 

pellicle as it grows. The K. rhaeticus pT7-Opto strain, devices and protocols developed in this 

chapter should provide a suitable foundation for the future production of spatially pattered 

BC with unique and advanced properties.  

 

  



5. EXPANDING THE KOMAGATAEIBACTER TOOLKIT 

  

131 

 
 
 
 
 
 
5. EXPANDING THE 
KOMAGATAEIBACTER 
TOOLKIT 
 

 

 

 

 

 

  



5. EXPANDING THE KOMAGATAEIBACTER TOOLKIT 

  

132 

5.1 Introduction 

5.1.1 Komagataeibacter rhaeticus Toolkit (KTK) 

The creation of modular cloning tool kits has significantly benefited the development of 

synthetic biology. Through the standardisation of cloning frameworks, individual 

contributions can be catalogued and made easily available for the creation of future synthetic 

constructs. A well-stocked and modular library of genetic parts could facilitate the innovation 

of synthetic biology in K. rhaeticus. For this reason, the Komagataeibacter ToolKit (KTK) was 

created. The design was loosely based on the MoClo Yeast Tool Kit (YTK) commonly used in 

the Ellis lab and many other S. cerevisiae synthetic biology groups48. The KTK uses the same 

plasmid backbones as were utilised in the original Komagataeibacter synthetic biology toolkit 

made by Florea et al., however they have been updated with a hierarchical modular Golden 

Gate cloning framework109. This work was the product of many in the Ellis lab, and has been 

summarised in a recent paper Goosens V. et al224. The protocol of the KTK has been presented 

here to act as a background to the basis on which I present my expansions to the toolkit.  

 

The KTK, as a Golden Gate based toolkit, relies on the unique ability of Type II restriction 

enzymes to conduct staggered DNA cuts outside of their specific DNA binding sequence. This 

allows for single-pot multi-part digestion-ligation reactions, where the ligation of individual 

parts together is driven through the specificity of unique 4 base-pair overhangs.  

 

5.1.2 Level 0 

The KTK tool kit contains 4 hierarchal cloning levels (Fig. 4.1). Level 0 is the entry Level. At 

this level individual DNA parts are prepared for multipart assembly and catalogued. The 

possible parts that can be created at the entry level are e1.1: promoters, e1.2: ribosome 

binding sites (RBS), e1.3(a): Coding regions (CDSs) and e1.4(I): Terminators. Additionally, 

parts suitable for protein fusions can be made through the creation of an e1.3b: CDS-suffix 

part and a e1.4(II): Terminator-fusion part. In order to create these parts, specific 5’ and 3’ 

overhangs must be added to the part of interest. For example, if we were to imagine the entry 

of a promoter sequence, immediately before the start of the promoter, the four KTK part-

specifying bases GACC must be placed, and before those 4 bases the GGTCTC binding site of 

the type II restriction enzyme BsaI. Those 4 bases will, in the next level of the toolkit be used 

to derive part order in the construction. Finally, the BsaI binding site is prefixed by the 

binding site for BsmbI, another Type II restriction enzyme.  
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This pattern is reverse complemented on the 3’ overhang, with the four part-specifying bases 

replaced with TGGC. Once the promoter part with these overhangs is created - typically 

through PCR amplification, however parts may also be printed containing these overhangs - 

the part is stocked through its insertion into a high-copy number ampicillin resistance 

plasmid. This insertion is conducted in a Golden Gate reaction, using BsmbI. This process is 

standard for the creation of all entry level parts, with the specification of each KTK part 

driven by the four part-specifying bases at the 3’ and 5’ end of each part.  

 

5.1.3 Level 1 

The next level of the KTK is destination level 1. Constructs made at this level produce 

functional genetic units that can be transformed into K. rhaeticus where they express a single 

CDS. To build a destination 1 construct, a minimum of 5 parts are required, four entry level 

parts: e1.1, e1.2, e1.3a, e1.4(I) and a destination 1 backbone. This destination 1 backbone 

plasmid is based on the pSEVA 331 (3: Chloramphenicol resistance, 3: pBBR1 origin, 1: MCS) 

plasmid from the Standard European Vector Architecture platform. However, instead of a 

standard multiple coning site, the destination 1 plasmid contains a BsaI drop-out cassette225. 

This drop-out cassette uses a colour-based selectable marker. Both LacZ or sfGFP versions are 

available, for easy selection of successful colonies. Two versions of the destination 1 plasmid 

exist, d1.1 and d1.2, at level 1 these plasmids are essentially identical, however at the next 

level, d1.1 and d1.2 plasmids can be combined to form multi-gene assemblies. To build the 

Previous page 
Figure 5.1. KTK: The Komagataeibacter ToolKit. (Level 0) Shown are the 5’ and 3’ 
overhangs required to enter specific DNA parts into the KTK system. The restriction enzyme 
binding sites for BsmBI and BsaI are shown by the underlined bases and the enzyme cut sites 
are highlighted by the coloured boxes, purple: BsmBI and green: BsaI. Combing one of these 
parts with the entry backbone in a BsmBI Golden Gate reaction creates an entry plasmid. The 
BsmBI binding site is lost in the Golden Gate reaction, however the BsaI binding site and part-
specifying bases (green boxes) remain. (Level 1) At this level the four entry plasmids shown 
above are combined in a BsaI Golden Gate reaction with a destination plasmid (either d1.1 or 
d1.2). The BsaI binding sites are lost in the combination, however the entry part specifying 
bases (green boxes) remain as scars in the destination assembly. Destination vectors using 
sfGFP are preferable due to easier colony selection, however lacZ drop out cassettes are 
available if sfGFP is not a suitable marker. The level 1 plasmids also contain BpiI binding sites 
and destination part specifying bases (orange boxes) flanking the cloning site. These are used 
in the next level. (Level 2) This level combines two level 1 plasmids, d1.1 and d1.2, created in 
the previous level with a level 2 backbone in a BpiI Golden Gate reaction. The order of the 
parts is driven by the destination part specifying bases (orange boxes), which remain in the 
final plasmid as assembly scars. (Level 3) This level involves the combination of two level two 
plasmids, with a level 1 plasmid in a BsaI Golden Gate reaction.   
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final destination 1 construct, all 5 parts listed earlier are stitched together in a one-pot 

Golden Gate reaction using BsaI which creates staggered cuts at the part-specifying bases 

added in the creation of the entry level parts. These part-specifying bases then drive the 

correct ordering of the parts during their ligation together.  

 

5.1.4 Level 2 & Level 3  

This level of the KTK, level 2, is the second destination level and is able to stitch together the 

d1.1 and d1.2 plasmids from level 1 into a single plasmid that can transformed into K. 

rhaeticus. Again, the reaction is driven through four part-specifying bases. However, this time 

the bases are a permanent feature within the d1.1 and d1.2 plasmids. To create a Level 2 

plasmid requires 3 parts; a d1.1 plasmid, d1.2 plasmid and a destination level 2 backbone. 

The destination level 2 backbone is similar to the level 1 backbones, expect for the 

replacement of chloramphenicol resistance with spectinomycin resistance. To build a 

destination 2 construct, all 3 parts listed earlier are stitched together in a one-pot Golden 

Gate reaction using the Type II restriction enzyme BpiI. Using Level 2, it is possible to create 

a construct that can express up to 2 genes. Similar to destination level 1, multiple versions of 

the destination 2 backbone exist. The backbones, d2.2a and d2.2b, can be stitched together at 

the next level to create larger constructs. Additionally, Level 2 constructs made using 

backbone d2.2 can be converted from spectinomycin to chloramphenicol resistance through 

cloning into the next level. A level 3 part is created through the reverse action of cloning 

d2.2a and d2.2b back into a destination level 1 backbone, thereby creating a plasmid that can 

express up to four genes. In fact, this cycling between destination 1 and destination 2 can be 

repeated over and over to create larger and larger constructs. With this understanding of the 

KTK system, I present, next, two small projects that sought to expand upon the functionality 

of the system.  
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5.2 Results 

5.2.1 KTK CRISPR-interference 

The KTK system has simplified the task of assembling synthetic multi-gene constructs for 

expression in K. rhaeticus. However, to engineer the bacterial cellulose produced by K. 

rhaeticus I will not only need to express recombinant genes, but also gain control over the 

expression of native genes in K. rhaeticus. I therefore wanted to expand the KTK system to 

facilitate the construction of gene regulatory methods for K. rhaeticus.  

 

The ability to regulate gene expression in K. rhaeticus has already been demonstrated with 

sRNA-mediated gene silencing109. This method operates at the translation level to reduce the 

expression of targeted genes. Recently, however, another method of gene regulation has 

become widely used in synthetic biology. CRISPR interference (CRISPRi) functions similarly 

to CRISPR/Cas9 genome editing, in that they both exploit the accurate RNA sequence guided 

targeting of the Cas9. However, instead of catalysing double strand DNA cuts, CRISPRi makes 

use of the catalytically inactive dCas9 to physically block transcription by binding directly to a 

targeted DNA sequence. It has also been demonstrated possible to regulate gene expression in 

Komagataeibacter using CRISPR-interference, with the system being used to silence bcsA and 

galU expression, genes involved in cellulose synthesis188,226. However, these attempts did not 

take full advantage of a modular cloning system to build their CRISPRi constructs. An easy to 

build CRISPR interference system in K. rhaeticus, could facilitate the rapid functional analysis 

of individual genes, through silencing studies or provide flexible regulation of metabolic flux 

through the silencing of metabolic genes. Therefore, I believed it worthwhile to facilitate the 

construction of CRISPRi plasmids using the KTK system.  
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Figure 5.2. KTK CRISPRi construct 
creation. A) The parts required for a 
CRISPRi golden gate reaction. The gRNA 
part is added to the reaction as a PCR 
product and does not require placement into 
an entry plasmid. B) The mechanism with 
which dCas9 represses gene expression. The 
dCas9 is expressed from the KTK CRISPRi 
plasmid constitutively. The dCas9 binds the 
gRNA expressed from the transcriptional 
unit created in the golden gate reaction. The 
gRNA guides the dCas9 to a gene of interest 
where it physically blocks transcription. C) 
An experiment testing the functionality of 
the KTK CRISPRi system. When a targeted 
guide is used, the dCas9 protein is guided to 
the PlacI promoter and B0034 RBS, which are 
responsible for sfGFP expression. Results 
reported are the geometric mean 
fluorescence of individual cells measured 
with flow cytometry. (Number of samples 
tested = 1) 
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In creating a CRISPRi system for K. rhaeticus, it was important that the system takes 

advantage of the construction efficiencies and modularity of the KTK system (Fig. 4.2a). 

CRISPRi requires two elements to function. The dCas9 protein to physically block 

transcription, and the guide RNA (gRNA), which forms a complex with dCas9 and guides 

dCas9 to the target DNA sequence through 20 bases on the 5’ end of the gRNA (Fig. 4.2b). 

The final KTK CRISPRi method should therefore facilitate the construction of plasmids that 

express these two elements.  

 

Due to the presence of multiple illegal restriction sites within the dCas9 coding sequence, it 

was decided that instead of placing it into an e1.3 part that would be assembled into a 

transcriptional unit at destination level 1, the dCas9 gene should be placed into the backbone 

of a destination level 1 plasmid, thereby creating a permanent CRISPRi expression plasmid 

(Fig. 4.2a). The dCas9 protein is known to be toxic when strongly expressed, therefore, the 

dCas9 gene was placed downstream of a weak mutant promoter based on the Anderson 

promoter J23100227. This plasmid, d1.1_dCas9, maintained the LacZ drop-out cassette for 

easy screening of guide RNA constructs.  

 

The expression of an RNA product using KTK, as opposed to a protein product, required some 

rethinking of part-specifying bases used at the entry level, as they assume the placement of an 

RBS sequence. I therefore decided the best way to use the KTK system to express a gRNA 

would be to flank the gRNA DNA sequence as though it were a e1.2:e1.3 fusion. To create a 

gRNA part, I used PCR from a gRNA scaffold template, with the forward primer containing 

the 20 bp target sequence. These primers also included the BsaI restriction enzyme sites; at 

the start of the gRNA DNA sequence, the sequence TGGC, which normally comes before an 

RBS part; and at the end of the gRNA DNA sequence, the sequence TTCT, which normally 

comes after a CDS part. To assemble a full CRISPRi plasmid, requires one sets up a BsaI 

based Golden Gate reaction containing the d1.1_dCas9 backbone, an e1.1 promoter plasmid, 

e1.2:e1.3 gRNA PCR fragment and e1.4 terminator plasmid (Fig. 4.2a).  

 
To test whether this approach made a CRISPRi system that worked in K. rhaeticus, a test 

plasmid was created, based on d1.1_dCas9, that also contained a constitutively expressed 

sfGFP gene that could be targeted by CRIPSRi (Fig. 4.2c). Three of these test plasmids were 

constructed, containing three different gRNA sequences. Construct sG1 contained a 

randomised (scrambled) gRNA that possessed no homology with any regions within the sfGFP 

gene, whilst constructs G1 and G2 were both homologous to the promoter and RBS upstream 



5. EXPANDING THE KOMAGATAEIBACTER TOOLKIT 

  

139 

of sfGFP. All gRNAs were expressed under the high expression constitutive J23104 promoter. 

The four constructs were transformed into K. rhaeticus and the resultant strains were grown 

shaking with 2% cellulase before testing for sfGFP fluorescence with flow cytometry. The 

fluorescence measurements showed that sfGFP accumulation was 68% lower in the cells 

carrying the targeted guide 1 and 80% lower in cells carrying targeted guide 2 compared to 

the scrambled guide (Fig. 4.2c). This suggested that the CRISPRi system was indeed 

functional and was capable of repressing gene expression in K. rhaeticus. 

5.2.2 Searching for native promoters in K. rhaeticus for synthetic uses.  

With the establishment of the KTK, I now have a standardised method for the cataloguing 

and assembling of DNA parts for K. rhaeticus. The next task therefore was to source useful 

DNA parts for engineering K. rhaeticus. Many parts, such as fluorescent proteins, inducible 

promoters and synthetic terminators can, and indeed have, been sourced from synthetic 

biology projects in model organisms such as E. coli. However, I wondered if I could also 

source useful DNA parts from K. rhaeticus itself. I was especially interested in finding 

promoters that were responsive to the unique growth conditions K. rhaeticus is exposed to in 

the laboratory. Chiefly, I wanted to identify native promoters for which their expression is 

upregulated or downregulated when K. rhaeticus is grown in the pellicle or shaking with 

cellulase. The identification of pellicle-sensitive promoters could have utility in synthetic 

applications. For example, balancing cellular burden through having a protein of interest, 

such as curli fibres, be overexpressed in K. rhaeticus grown shaking, and then switching the 

culture to stationary growth, thereby downregulating the protein of interest and allowing K. 

rhaeticus to focus on pellicle production224.  

 

To identify candidate pellicle sensitive promoters, I turned to the RNA-Seq data set generated 

in the Chapter 3. Admittedly the quality of the data set may not have been high enough to 

conduct an extensive differential analysis. However by focusing on what the differential 

expression analysis presents as most significantly differential expressed, I hoped it could at 

least guide the selection of candidate pellicle sensitive promoters which could be further 

validated with in vivo studies. To conduct differential expression analysis with the Illumina 

RNA-Seq data set, the read files from both conditions were mapped to a putative 

transcriptome based on the PROKKA genome annotations. The expression levels of each 

transcript were then quantified using Salmon. Considering the PCR issues in the RNAtag-Seq 

library preparation, I also used Salmon to normalise GC and random hexamer bias in the final 
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quantification measurements228. Differential analysis was then conducted using DEseq2. In 

total, 36 genes were identified with significant differential expression (Fig. 4.3a). Of these 

genes, I selected 10 as the product of potential pellicle sensitive promoters for use in the KTK 

tool kit (Fig. 4.3b). To extract the promoters from these genes, I made some considerations. 

To select the promoters for each gene, I attempted to amplify a 200 bp region immediately 

upstream of the transcription start site (TSS). I was aware, that even for genome regions with 

good RNA-Seq data, isolating the promoter region while avoiding DNA elements such as the 

RBS would be difficult. For genes with good coverage, the TSS was assumed to be the point 

upstream of the start codon where the coverage drops to 0, as seen in genes rut2B & iolT 

(Fig. 4.3c). For genes with low coverage, such as cydD1 and yncD, the RBS calculator was 

used to determine the likely RBS region, and a 200bp region upstream of the likely RBS was 

amplified229. The ten 200 bp regions were amplified and stored as e1.1 parts.  

 

Determining the relative strength of a promoter in liquid and pellicle growth conditions 

presents some complexities. The environment presented by the two growth conditions could 

lead to differences in plasmid copy number, oxygen availability and cellular burden. These 

differences likely lead to different measurements of protein production between the two 

conditions that would not purely be the result of differential promoter activity. To attempt to 

control for these possibilities, a promoter testing plasmid was constructed (Fig. 4.3d). This 

plasmid was similar to d1.1, except for the inclusion of the sfGFP gene, under the constitutive 

expression of the pLacI promoter, in the backbone. I hoped I could use this constitutively 

expressed sfGFP to normalise the expression level between the two conditions and control for 

the non-promoter responsible differences in expression. Using the promoter testing plasmid 

as a backbone part I conducted 10 destination level 1 reactions, each using mRuby as a 

fluorescent marker and the 10 isolated 200 bp regions as e1.1 promoter parts. The 10 

plasmids were cloned into K. rhaeticus and the 5 transformations that produced 

transformants were selected for analysis.  
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Figure 5.3. Differential expression analysis 
guided search for pellicle sensitive promoters. 
A) A volcano plot showing differential expression 
analysis results. Genes with an adjusted p value 
of 0.1 or lower are shown in colour and larger. 
B) The 10 selected candidate genes for in vivo 
study. Genes were selected based on ease of 
promoter identification and differentially 
expressed genes that appeared to be in operons 
were avoided. C) Read coverage traces for all 10 
genes. Liquid data set is shown in pink, whilst 
pellicle data set is shown in blue. The bar 
underneath the plot shows the skew toward 
liquid or pellicle conditions at each base. The 
yellow block shows the 200 bp region amplified 
for the promoter study D) The promoter tester 
plasmid and differential fluorescence studies. The 
yellow promoter shows the placement of 200 bp 
promoter regions. The RBS, B0034, was used 
upstream of the mRuby CDS. The normalised 
fluorescence is calculated by diving mRuby 
fluorescence with sfGFP fluorescence. (Number 
of replicates for each sample = 3, error bars 
represent the standard deviation of each sample)  
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To measure the activity of the promoters, each K. rhaeticus transformant containing the 

promoter tester plasmids was grown in two conditions, shaking in HS-glucose with 2% 

cellulase and stationary in HS-glucose. The stationary growth was incubated at 30°C for 6 

days, after which the pellicles were harvested and placed in PBS with 2% cellulase. The 

pellicles were washed in this solution for 24 hours, at which point the cellulase had fully 

broken down the pellicle. To mirror this condition, the shaking growth was grown for 2 days, 

after which the HS media was removed, replaced with PBS and 2% cellulase and washed for 

24 hours. Cells from the two conditions were then monitored for fluorescence using flow 

cytometry (Fig. 4.3d). The results indicated that PcydD1 and PhxuC and PrutB2 showed differential 

expression in the two conditions. The measured results from PcydD1 were similar to those 

expected from the differential expression analysis. Promoters Palr1 and Pblh , which were both 

weakly over expressed in the pellicle in the differential expression analysis, did not show a 

significant difference between the two conditions when compared to the difference seen from 

the two constitutive promoters, PJ23104 and PJ23117. Additionally, PrutB2 showed a 2.4-fold 

increase in expression in the pellicle condition, the reverse of that suggested by the 

differential expression analysis. 

 

Overall, while this experiment did appear to identify pellicle sensitive promoters, I am 

sceptical of the results. There does appear to be some correlation between average promoter 

strength in the two conditions and the measured fold increase in the pellicle state. 

Additionally, that PrutB2 disagreed with the differential expression analysis, makes us suspect 

the measured difference may be driven by decisions made in the analysis and normalisation 

of the measured fluorescence values. This is exacerbated by the inability to produce 

successful K. rhaeticus transformants from any of the other pellicle-downregulated promoters. 

Finally using these promoter regions on a plasmid as opposed to the chromosome, also 

introduces a level of uncertainty. While I had attempted to normalise for this with the 

inclusion of the normalising sfGFP on the plasmid, it is possible that native regulatory 

mechanics at the chromosomal level may not have scaled well to the plasmid level, in other 

words, a change of local sequence context.  
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5.3 Chapter 5 discussion  

In the Chapter 5, I presented two small projects that sought to expand the recently developed 

KTK system. The aim of the first project presented was to develop and test a CRISPRi method 

that could be easily constructed with the KTK system. While the results of the show that a 

functional CRISPRi system was generated there is still much more work that can be done to 

further validate and improve the current process. A clear issue at the experimental level is 

that only single measurements were taken, and this experiment will need to be repeated to 

improve its reliability. Furthermore, that the repressed target gene was on a plasmid is not 

representative of how CRISPRi will be used in K. rhaeticus - to represses target genes on the 

chromosome. Therefore, to better understand how fit the CRISPRi system is for the task, a 

follow up experiment will need to be done, in which a chromosomal gene is targeted, for 

which changes in expression cause easily measured phenotypic differences. Possible genes 

include amino acid synthesis genes. The expression level of these genes could be assayed 

through auxotrophic media studies. Alternatively, RT-qPCR could be used to verify the 

repression of transcription from any target gene.  

 

The validation experiment showed that while sfGFP accumulation was reduced, the 

transcription of sfGFP was not totally silenced. The guides used were both considered strong 

according to in sillico calculations (Table 7.7.2). The dCas9 gene is under an – assumed – very 

weak promoter. Increasing the expression of dCas9 with a stronger promoter would likely 

improve the repressibility of the system. However, given the potential toxicity of dCas9 when 

overexpressed, the exact level of cellular dCas9 concentration will need to be tuned to 

maximise transcription interference and minimise toxicity. Additionally, testing this system by 

targeting a gene on a plasmid is not representative of the likely usage of the system. 

Potentially, when used to repress a chromosomal gene, the silencing will be more total.  

 

Finally, the CRISPRi plasmid construction is only capable of expressing a single gRNA. 

Multiplexed CRISPRi has proven itself a flexible and capable way to repress multiple genes 

simultaneously230. To add this function a method of assembling, expressing and multiple 

separate guide RNAs will need to be developed. This could be achieved using the KTK system. 

Assembling up to Level 2 and then looping back into d1.1_dCas9 with a level 3 reaction, 

would allow for the construction of a CRISPRi plasmid that expresses 4 gRNAs. An alternative 

method would be the creation of a multi-guide entry part, in which each guide RNA sequence 
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is separated by an auto-cleaving ribozyme motif, such as the hammerhead ribozyme. This 

method would place the expression of multiple guides under the same promoter and could 

potentially be combined with inducible expression systems for simultaneous dynamic 

regulation of multiple chromosomal genes in K. rhaeticus.  

 

The next project presented looked to identify and add pellicle sensitive promoters into the 

KTK catalogue of parts. This task was challenging at multiple levels. While the final results do 

suggest that the aim has been meet, there are questionable trends in the data. The low 

quality of the RNA-Seq data meant that any conclusions derived from differential expression 

analysis should be met with scepticism. Indeed, this is why differential expression analysis of 

the RNA-Seq data has only been presented in this particular project, which presents the 

analysis within the context of a secondary in vivo experiment. Without a deep RNA-Seq data 

set, it is not possible to identify accurately and precisely the transcription start sites of genes. 

This means that the upstream regions putative promoter regions, were to a certain extent 

‘best guesses’, which adds another layer of unreliability to the project. While the RNA-Seq 

data set quality was poor, additional information could be derived from it. Indeed, 

constitutive promoters from K. rhaeticus were also, isolated and tested using the KTK system. 

These were demonstrated in a recent preprint Goosens V. et al224. 

 

Attempting to measure relative promoter output from K. rhaeticus in pellicle and liquid 

growth conditions is additionally complex. While the constitutively expressed sfGFP was 

placed on the plasmid to normalise these conditions to a certain extent, this relies on the 

assumption that the differences between the two conditions will equally impact the final 

sfGFP and mRuby fluorescence values. The differences in growth rate layered on top of the 

requirements to digest the pellicle before passing them through the flow cytometer, may alter 

the cellular accumulations of sfGFP and mRuby. Potentially, a better method in the future 

studies of these local cellular dynamics would be through single-cell level quantification 

microscopy, which could be developed to image both pellicle and shaking cells, without the 

need for environment altering cellulose digestion. Differences in pH and oxygen availability 

between the pellicle and liquid conditions, may affect the fluorescence output of the markers 

differentially. The pKa of sfGFP is 5.9, whilst the pKa of mRuby is much lower at 4.4231,232. As 

seen in the Application chapter, the media acidification by K. rhaeticus affects the activity of 

intercellular enzymes. If the acidity of the environment differed between the pellicle and 

liquid growth states, this may have reduced sfGFP fluorescence, and through the 

normalisation, made mRuby appear brighter in a one condition over the other. This may 
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explain the observation of all promoters appearing stronger in the pellicle growth. A more 

reliable way to better understand whether the extracted promoters are differentially 

expressed would be with qRT-PCR. However, considering the ultimate aim for these 

promoters would be their use in genetic constructs similar to those created in this 

experiment, even if their differential activity can be verified though a well-constructed RT-

qPCR experiment, the difference in expression between the two states may be very weak, and 

ultimately not fit for purpose. 

 

5.4 Chapter 5 conclusion 

 
In this chapter, I have presented two small projects that sought to expand the features and 

uses of the KTK modular cloning system. I designed a method using the KTK system to 

facilitate the construction of regulatory CRISPRi plasmids for gene regulation in K. rhaeticus. I 

tested the plasmids generated with this method and found them capable of downregulating 

gene expression from a plasmid. Next, I attempted to use differential expression analysis of 

our RNA-Seq data, generated in the Chapter 3, to search for pellicle sensitive promoters for 

use in synthetic K. rhaeticus gene expression constructs. While our analysis and in vivo studies 

suggested I had found some promoters that were upregulated in the pellicle, questionable 

trends in the data that reflect the complexity of the in vivo study make us unsure of the final 

results.  
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6.1 Introduction 

In the Introduction I detailed some of the current applications for bacterial cellulose, such as 

wound healing and high-end acoustic membranes233,234. These applications exploit the 

features of wild type bacterial cellulose: hydrophilicity, high tensile strength, cheap 

production on food waste streams and other features. Understandably therefore, many of the 

genetic modifications of BC producing bacteria have aimed to improve some of these 

features, such as increasing tensile strength or reducing cellulose-null mutations to improve 

yield166. Yet, in thinking of bacterial cellulose only as a material with interesting properties to 

improve, we miss the great potential of an engineered living material’s ability to recreate 

current industrial processes with the evolved ingenuity of biology. As an unprocessed 

biofabricated product or blank slate living material on to which we can apply genetic 

engineering, we should imagine more distant applications for bacterial cellulose.  

 

As illustrated also in the Introduction, biodesigners have already begun to work with bacterial 

cellulose to explore its potential as a future material in fashion industry. Indeed, the fashion 

industry may be a fitting place to explore some of the more experimental features of 

genetically engineered bacterial cellulose. The industry has an appreciation of narrative and 

novelty, a growing pressure to become more sustainable and – in high-end fashion – an 

expectation of high cost and limited production, which may match the productive capacities 

of early-stage ELM research. One of the most visually impactful and yet simple features of 

bacterial cellulose that could be altered through genetic engineering is its colour. 

Demonstrated by designers, for example Suzanne Lee in her project, Biocouture, and by 

academics, bacterial cellulose can be dyed successfully by traditional plant and indigo dyes235. 

Bacterial cellulose has even been dyed through the fermentation of a pre-grown pellicle with 

the red pigment producing fungus Monascus purpureus236. However, as an unprocessed 

biofabricated material, it may be possible to pursue an alternative route to dyeing bacterial 

cellulose – one that mimics the approach biology uses to pigment biomaterials.  

 

The modern textile industry already makes use of many biological pigments - or natural dyes 

– in the dyeing processes. While these natural dyes are typically less harmful to the 

environment than synthetic Azo dyes, their use is still typically inefficient, use large volumes 

of water and requires the use of chemical mordants that can themselves be environmentally 

damaging (Fig. 5.1). Biotechnology companies have emerged recently with the aim to use the 
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tools of genetic engineering and biotechnology to provide “greener” methods of textile 

dyeing. Founded in 2015, Pili looks to replace petroleum derived synthetic dyes with 

bacterially derived “synthetic” dyes. They do so through the metabolic engineering of enzyme 

pathways to create dye producing bacteria that can be grown at scale and filtered out to leave 

behind a pure dye. The benefit of such an approach is that the pigments can be used in the 

textile industry in a manner similar to current industrial dyeing. Similarly, Huue (formerly 

Tinctorium), seeks to reduce the environmental impact of indigo, which in modern times is 

mainly derived from petroleum and requires the use of toxic reducing agents. Through 

synthetic biology, Huue use E. coli to produce indican, and alleviate the use of harmful 

reducing agents through expression of β-glucosidase, which converts indican to leucoindigo, 

the active pigment used in indigo dyeing237. While the approaches of both of these companies 

reduce the potential environmental damage of the textile dyeing industry, they keep the 

current industrial dyeing process intact, and do not take advantage of biology’s autonomous 

pigment production.  

Figure 6.1. A simple comparison between modern industrial and biological approaches 
to making pigmented materials. In this example, I consider two ways to produce black 
wool. In the industrial approach, wool is harvested from sheep, processed and shipped to dye 
workshops which consume large amounts of fresh water, energy (for heating dye baths and 
drying) and often toxic chemicals which can enter the environment through wastewater. All 
to produce black wool, something that a black sheep can produce with identical 
requirements for producing the original white wool. Additionally, the black wool is colour-
fast though directed placement and entrapment of melanin within the hair shaft. Sheep svg 
image adapted from design by @ilonitta   
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The Norwich based Colorifix goes further as they look to alter the dyeing process itself. Using 

engineered bacterial strains that produce pigments, Colorifix grow these bacteria alongside 

the textile, allowing the pigment producing bacteria to integrate in amongst the textile fibres. 

Such a process allows Colorifix to concentrate pigment production in the same physical area 

as the textile, thereby reducing the water volume required to dye it238. This method begins to 

approach the ways in which biology pigments its own biomaterials.  

 

Biology produces a wide range of colours through a mixture of enzymatic processes that 

produce pigmented molecules and physical architectures that generate structural colour. The 

mechanisms by which biology builds structural colour depends upon highly advanced cellular 

morphological control and autonomous patterning – much of which is beyond the current 

capabilities of ELM research. However, the production of biological pigments through genetic 

engineering is already feasible and could be conducted within an ELM. What makes 

biological methods of pigmentation unique is the directed localisation of pigment producing 

machinery within living biomaterials (Fig. 5.1). This confers several advantages to biological 

pigment production. Pigments are placed only where they are required, minimising waste 

and maximising pigment intensity. Additionally, localising pigment production within 

biomaterials typically produces colour-fast pigmentation as pigment molecules become 

trapped in cellular structures or biomaterial matrixes. Most interestingly, these systems are 

dynamic and able to respond to external stimuli. This is exemplified by tanning in human 

skin as a response to UV light. Creating an ELM with the ability to self-pigment, would allow 

us to explore the potential dynamics of such a material.  

 

Bacterial cellulose presents a great case study in which we can explore the possibilities of 

autonomous pigment production in a living material. The question, however, is which 

pigments should we seek to produce to explore this potential. Looking to biology for 

inspiration, one of the most abundant, stable and chemically interesting pigments is melanin. 

The term melanin refers to a group of pigmented organic compounds that are produced in a 

broad variety of living organisms. The complexity and diversity of melanin compounds, and 

their aversion to structural characterisation by current chemical tools means our ability to 

classify and study melanin is still poor239. Nonetheless, melanin compounds can be broken 

down into four groups: eumelanin, pheomelanin, neuromelanin and allomelanin. Eumelanin, 

pheomelanin and neuromelanin are all produced in animals, with the former two responsible 

for the diverse colouring of human hair, eyes and skin. Allomelanin refers to the melanin 

compounds typically produced from many non-animal sources, such as those produced by 
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plants, fungi and bacteria240. It should however be 

mentioned that many bacteria can and do produce 

eumelanin and pheomelanin through chemical pathways 

similar to that seen in mammalian systems241. Of these four 

varieties of melanin, eumelanin has garnered the most 

intrigue and study, and may be a fitting compound to 

produce in an ELM. 

  

The dark-brown/black pigment eumelanin is a heterogenous 

macromolecule composed of two components, 5,6-

dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic 

acid (DHICA)242. It is highly stable, with direct evidence of 

eumelanin discovered within the fossilised ink sacks of 

cephlapods243. It is capable of the broad-band absorption of 

both UV and visible light, giving eumelanin its UV-protective 

abilities and dark black colour244. These protective abilities 

even extend to protection from ionising radiation245. One of 

the more eclectic features of eumelanin is its ability to act as 

an electrical conductor when wet. While a physical model 

that explains the conductivity (and photoconductivity) of 

eumelanin has not been settled upon, eumelanin has become 

a candidate material in the construction of organic and 

biocompatible electronics18,246–248. Beyond the creation of a 

self-pigmenting material, producing eumelanin within 

bacterial cellulose may yield a composite material with 

advanced material properties.  

 

The biochemical pathway for eumelanin begins with the 

amino acid L-tyrosine which undergoes the enzyme 

dependant oxidation of tyrosine into dopaquinone. The 

enzyme involved here is known as a tyrosinase, a copper 

containing monophenol monoxidase, and is the only enzyme 

that is essential for the conversion of L-tyrosine to 

eumelanin. The dopaquinone molecule then undergoes the 

intramolecular addition of amine group to form cyclodopa, 

Figure 6.2. The tyrosinase 
dependant pathway to 
eumelanin production. A 
singular structure for 
eumelanin has not been 
shown since the 
macromolecules is typically 
a heterogenous polymer of 
DHI and DHICA with no set 
monomeric unit.  
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which then rapidly oxidises to form dopachrome. Due to the inherent reactivity of 

dopaquinone and cyclodopa, these reactions proceed without catalysis (Fig. 5.2). 

Dopachrome, further decomposes to form DHI and DHICA which then further oxidise 

together to form macromolecular eumelanin239. As this pathway shows, if I wish to produce 

eumelanin in bacterial cellulose, then I must first express the tyrosinase enzyme within K. 

rhaeticus. To facilitate this process choosing a tyrosinase of bacterial origin is most likely to 

work.  

 

The various roles eumelanin plays in animals, such as UV protection and pigmentation are 

well understood, however the uses of melanin in bacterial systems is less studied. Melanin 

production is found in both Gram positive and Gram negative bacteria249. Melanin production 

has been observed in several pathogenic bacteria, such as Burkholderia cepacia and Proteus 

mirabilis, with melanin production associated with increased virulence. In such bacteria, 

melanin may increase virulence through protection from oxidative conditions created by the 

immune system250,251. Melanin formation in nitrogen-fixing and Rhizobium bacteria have been 

theorised to aid in the detoxification of phenolic compounds in root nodules as well as the 

creation of more favourable conditions for reducing atmospheric nitrogen252,253.  

 

Recombinant production of melanin compounds has already been pursued, with the majority 

of the work conducted in E. coli. Recombinant eumelanin was first produced in E. coli, by 

taking the tyrosinase gene mel from Streptomyces antibioticus. When supplemented with 0.1% 

tyrosine (0.1 g/L) and 0.0017% copper(II) chloride, the E. coli produced dark brown/black 

colonies 254. Tyrosinases have also been sourced from other organisms, the mel gene from 

Rhizobium etli was expressed in E. coli, and the conditions for optimal eumelanin production 

determined. This study identified the optimum conditions of eumelanin production to be 

30°C and pH 7.5255. Recombinant eumelanin production has also been augmented with 

metabolic engineering. To remove the dependency on exogenous L-tyrosine, metabolic 

engineering of a MelA expressing E. coli strain was conducted to redirect carbon flux into L-

tyrosine biosynthesis. The researchers found that, with a two-stage growth process that 

optimised first for growth then for melanin production, they could produce 3.22 g/L of 

melanin without supplemented L-tyrosine and only glucose as a carbon source256. Similarly, 

metabolic engineering was also used to generate E. coli strains capable of producing melanin 

from glycerol as a carbon source 257. The R. etli MelA gene has also been used in iGEM, with 
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the 2009 Cambridge University team expressing MelA in E. coli as part of a panel of bacterial 

pigments.  

 

Other tyrosinases have also been isolated for use in recombinant contexts. A tyrosinase native 

to the soil bacterium Bacillus megaterium, known as Tyr1 was isolated and the tyr1 gene 

cloned into E. coli. The characterisation of Tyr1 showed the enzyme to smaller than other 

identified Tyrosinases258. Through a fusion with the AIDA autotransporter, Tyr1 has been 

displayed on the cell surface of E. coli. In addition to still producing eumelanin, the E. coli 

cells displaying the Tyr1 protein were also shown to be able to adsorb chloroquine, 

demonstrating the ability of these cells to conduct bioremediation of molecules that possess 

affinity for melanin259. The Tyr1 protein has also been used in non-model organisms. The 

marine bacterium, Vibrio natriegens, is the target of increasing interest in the biotechnology 

field, on account of its fast-growth and simple culturing conditions which make it an 

attractive organism for natural product biosynthesis. The tyr1 gene was over expressed in V. 

natriegens, which was able to produce melanin at a rapid rate of 0.32 mg/ml per hour. The 

researchers were also the first to utilise a tyrosinase in a synthetic circuit. The tyr1 gene was 

placed within the pDawn optogenetic circuit, which placed the control of melanin production 

under blue light exposure260.  

 

As of yet, no one has demonstrated the creation of a self-dyeing bacterial cellulose. Melanin 

bioproduction is simple and well demonstrated, and therefore would be a great candidate 

molecule to produce a self-dyeing bacterial cellulose material. Therefore, I set about 

engineering K. rhaeticus to produce the pigment eumelanin. Using the KTK system, described 

in the previous chapter, I created a simple plasmid for expressing the B. megaterium tyr1 gene 

within K. rhaeticus. I developed a two-stage approach that allowed us to produce melanated 

bacterial cellulose pellicles. I then studied the material properties of these pellicles and, in 

collaboration with biodesigner Jen Keane, I grew a full melanated bacterial cellulose shoe 

upper to demonstrate the scalability and potential of melanated bacterial cellulose. I also 

pushed further and attempted the patterning of eumelanin production, by placing tyr1 under 

the control of the T7-Opto system discussed in the Chapter 4.  
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6.2 Results 

6.2.1 Establishing eumelanin production in K. rhaeticus  

The challenge of producing eumelanin in K. rhaeticus can be broken down into three steps. 

First, to build a plasmid construct, containing a suitable tyrosinase, that can be transformed 

into K. rhaeticus. Second, to determine the culturing conditions that would allow for a liquid 

K. rhaeticus culture to produce eumelanin. Third, using knowledge gained from those liquid 

cultures, establish a process for the production of melanated bacterial cellulose pellicles.  

 

In selecting a suitable tyrosinase for expression in K. rhaeticus I looked to previous studies. As 

discussed in the introduction to this chapter, recombinant eumelanin work has mainly been 

conducted with tyrosinases from two sources, namely the MelA protein (including the mutant 

form, MutMelA) from R. etli and the Tyr1 protein from B. megaterium. With both 

Komagataeibacter and Rhizobium belonging to Alphaproteobacteria, K. rhaeticus is much closer 

to R. etli than to the Gram-positive B. megaterium. Yet despite this fact, I decided to focus my 

efforts on the expressing Tyr1 in K. rhaeticus due to its smaller size, broader range of 

recombinant test cases and its proven use in fusion proteins and synthetic biological circuits.  

 

Before starting work on expressing Tyr1 in K. rhaeticus, the genome elucidated in the Chapter 

3 was analysed for the presence of any native tyrosinase-like or melanin related genes, 

however no such genes were identified. Using the KTK, the cloning of the tyr1 plasmid was 

simple. First, the DNA sequence for the tyr1 gene (adapted for use in the KTK) was 

synthesised by Twist Biosciences. Upon arrival, the tyr1 gene fragment was cloned into the 

KTK e1.3 entry vector. Using destination vector d1.2, the tyr1 gene was placed upstream of 

the high-expression constitutive Anderson promotor J23104 and RBS B0034, which has been 

frequently used in K. rhaeticus for the expression of fluorescent proteins (Fig. 5.3). I decided 

to use constitutive over inducible expression for consistency in tyrosinase expression in 

Figure 6.3. The ptyr1 plasmid for the expression of the Tyr1 protein in K. rhaeticus. 
Additional plasmid contents not shown are a chloramphenicol resistance gene and pBBR1 
origin of replication. The backbone used in construction was d1.2.   
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pellicles. This is especially important in the production of the large pellicles, where the slow 

diffusion of chemical inducers can lead to uneven protein expression. The resulting plasmid, 

ptyr1, was then transformed into K. rhaeticus. 

 

While the creation of a Tyr1 expression plasmid for K. rhaeticus was simple, an 

incompatibility between the optimum tyrosinase conditions and the culturing conditions of K. 

rhaeticus was more of a challenge. As discussed earlier, tyrosinase dependant eumelanin 

synthesis is dependent upon certain conditions: access to tyrosine, copper (II) ions, oxygen, a 

temperature of 30C and pH 7. Of these conditions, the antimicrobial properties of copper and 

the difficulty of achieving a neutral pH with an acetic acid bacterium stand out. I therefore 

grew K. rhaeticus ptyr1 shaking with cellulase in a selection of conditions to identify those 

that allowed for growth and eumelanin synthesis.  

Figure 6.4. Identifying conditions favourable for eumelanin synthesis. A) K. rhaeticus ptyr1 
cultures grown with shaking and 2% cellulase to prevent clumping. The pH of each media was 
set and measured before growth. B) Attempts to grow a pellicle in eumelanin producing 
conditions. Cultures were grown in quadruplicate; a single illustrative example of each condition 
is show here. Pellicles were grown covered in 24 well deep well plates. The images are taken 
from above the plate.  
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Previous studies had shown that 10 μM of copper sulphate was suitable for eumelanin 

synthesis with Tyr1258. I therefore added 10 μM of copper sulphate to HS media and 

inoculated this media with K. rhaeticus ptyr1. After two days, the culture had become turbid, 

and K. rhaeticus growth was unaffected by the copper content of the media (Fig. 5.4a). HS 

media is buffered with a citric acid-phosphate buffer at a pH of 5.8, which is well below the 

optimal pH for eumelanin synthesis, I therefore grew K. rhaeticus ptyr1 in HS media, set at  

both pH 5.8 and pH 7, both media also contained 10 μM CuS04 and 0.5 g/L L-tyrosine to 

make eumelanin production possible. After 2 days of growth, the two cultures were checked. 

The HS media at pH 5.8 showed no colour change, whilst the HS media set to pH 7 had 

turned a deep black colour, clearly indicating the successful production of eumelanin (Fig. 

5.4a).  

 

Following the identification of conditions that allowed for eumelanin production in K. 

rhaeticus, I then set out to grow melanated K. rhaeticus ptyr1 pellicles. I inoculated K. 

rhaeticus ptyr1 into HS media set to pH 7 with 10 μM CuS04, 0.5 g/L L-tyrosine, and allowed 

the culture to stand for 7 days. After Day 7 the culture was checked however no pellicle had 

formed and a small volume of dark sediment had formed at the bottom of the well (Fig 5.4b). 

To ensure that K. rhaeticus ptyr1 could still form pellicles, K. rhaeticus ptyr1 was also 

inoculated into HS media at pH 5.8 both with and without copper and tyrosine. In these 

cases, both media were able to produce pellicles (Fig. 5.4b). This suggested that either a 

media pH of 7 makes it impossible for K. rhaeticus ptyr1 to form pellicles and/or that 

eumelanin production from these conditions led to a toxicity or fitness defect that prevents 

pellicle formation.  

 

Next page 
Figure 6.5. The production of melanated bacterial cellulose. A) The two-step method 
for producing melanated bacterial cellulose. The process begins on the left with the 
harvesting of a K. rhaeticus ptyr1 pellicle, which is then washed in a development bath, 
during which the pellicle darkens, and eumelanin is produced. B) A Time-lapse of two 
pellicles in a buffered development bath compared to a media bath with the same melanin 
formation chemicals. C) Control of pellicle shade through altering growth and 
development conditions. Pellicles were grown simultaneously in 24 well deep well plates 
before being harvested and developed individually. The top left pellicle acts as a negative 
control for eumelanin production as it was not exposed to any tyrosine and copper. D) 
Melanin robustness. With the exception of the UV exposed and autoclaved samples, all 
pellicles were placed in the conditions for 3 hours.    
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To avoid the pH incompatibilities, I decided to develop a two-stage approach to producing 

melanated BC pellicles (Fig. 5.5a). In this approach, I first cultured K. rhaeticus ptyr1 in 

standard HS media at pH 5.8 to allow a pellicle to develop. Once the pellicle reached the 

desired thickness, the pellicle was harvested and washed in sterile water to remove any 

remaining media from the outside of the pellicle. The washed pellicle was then placed in a 

development bath of PBS at pH 7.4, with 10 μM CuS04, 0.5 g/L L-tyrosine and incubated at 

30°C with shaking to increase aeration. With this approach, I was successful in producing 

melanated bacterial cellulose pellicles. I found that the pellicle reached a maximum 

perceivable darkness after 24 hours in the PBS development bath (Fig. 5.5b). I also 

investigated whether altering L-tyrosine concentrations would allow us to control the degree 

of darkening. I found that including 0.5 g/L L-tyrosine in both the growth media and 

development bath led to the highest level of darkening (Fig. 5.5c). I hypothesise that 

including copper and L-tyrosine in the growth media removes the need for them to diffuse 

into the pellicle during the development bath, leading to greater and more even melanin 

production throughout the pellicle. Indeed, pellicles grown with 10 μM CuS04 and 0.5 g/L L-

tyrosine then placed into pure PBS without copper and L-tyrosine still underwent darkening, 

indicating a suitable amount of tyrosine and copper had diffused into the pellicle. 

 

For applications outside of a laboratory context, it was important that I be able to sterilise the 

melanated pellicles without destroying the eumelanin within them. A series of melanated 

pellicles were produced and subjected to a range of conditions for pellicle sterilisation (Fig. 

5.5d). Predictably, the highly oxidising methods of sterilisation – household bleach and 

hydrogen peroxide - had a strong bleaching effect on the eumelanin, meaning neither method 

is suitable for melanated pellicle sterilisation. While alkali, 0.1 M NaOH and acidic, 0.1 M 

HCL, methods of sterilisation showed little loss in pellicle colour, eumelanin could be 

observed leaching out of the melanated pellicles. This led to a fading of colour around the 

rim of the pellicle, suggesting strongly acid and alkali solutions are also not suitable methods 

of melanated pellicle sterilisation. Indeed, sodium hydroxide is common agent for the 

solubilising of eumelanin261. Methods that depended upon heat, autoclaving, and desiccation, 

70% ethanol, proved to be the most suitable methods of sterilisation, with the sterilised 

melanated pellicles showing no discernible differences in colour before and after sterilisation. 

Additionally, the ability of the melanated pellicles to remain unfaded after autoclaving 

suggested the eumelanin is highly colour-fast to water-based washing conditions. 
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6.2.2 Investigating the effect of eumelanin production on K. rhaeticus  

After successfully producing eumelanin from K. rhaeticus, I then sought to understand where 

the eumelanin accumulated and how this accumulation affected the physiology of K. 

rhaeticus. The location of eumelanin synthesis, either inter or extracellularly, is important in 

understanding how or if the eumelanin macromolecules interact with the extracellular 

bacterial cellulose. While the Tyr1 protein is most likely contained within the cytoplasm (the 

amino acid sequence does not show signs of Tat or Sec secretion signals), previous studies 

with Tyr1 in V. natrigens did show extracellular accumulation of eumelanin260. Using 

centrifugation on a liquid melanated K. rhaeticus ptyr1 culture to pellet the cells produced a 

black pellet and dark brown supernatant, revealing that some portion of the eumelanin 

produced does exist outside of the cell (Fig. 5.6a). Considering that active secretion of Tyr1 

by K. rhaeticus is highly unlikely without the necessary secretion signals I hypothesised that 

some amount of eumelanin or, indeed, Tyr1 protein is released into the media through cell 

lysis.  

 

I then used microscopy to study how eumelanin production had affected the physical 

properties of the K. rhaeticus ptyr1 cell. I used K. rhaeticus ptyr1 that had not been through the 

melanin development process (unmelanated) as a control. Melanated and unmelanated K. 

rhaeticus ptyr1 cells were placed on an agarose pad and observed under a microscope (Fig 

5.6b). The melanated cells were considerably darker than the unmelanated cells, suggesting 

that eumelanin accumulates either within or on K. rhaeticus ptyr1 cells. Finally, I used TEM to 

look for changes in cellular morphology resulting from eumelanin production (Fig 5.6b). 

TEM sample preparation was conducted by Dr. Vivianne Goosens, who also contributed to 

the TEM images shown. No significant differences in cellular structure were observed. 
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Figure 6.6. The impact of eumelanin production on K. rhaeticus. A) A spun down tube of 
cells from a shaking culture of K. rhaeticus ptyr1. B) Microscopy images of melanated K. 
rhaeticus cells. The first two columns show imagery from light microscopy. Cells were imaged 
on top of an agarose pad, which kept bacteria within the same plane of focus. A zoomed 
image of a single cell is show for both melanated and unmelanated cells. The right most 
stack of images is the result of TEM. Dark cells can be observed in both images, however as 
this is TEM, this is not a reflection of the cell colour. In both images a large amount of 
cellulose, which takes the form of fluffy clumps, can be seen despite the use of cellulase in 
the culturing process. In the top unmelanated cells image, a number of light cell shaped 
objects can be seen, I believe these to be cellulose casts of cells.  
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6.2.3 Investigating the effect of eumelanin production on bacterial cellulose.  

The exact role that eumelanin and other eumelanin-like macromolecules play in giving some 

biomaterials their materials properties is not fully understood. Eumelanin-like compounds – 

the “like” here really reflecting the difficulty in classifying melanin compounds – are found 

frequently in biology with the carbohydrate biomaterial chitin, with the squid beak being a 

typical example. The gradated material properties, for which the squid beak is famous for, 

also correlate with melanin concentration, with the stiffest part of the beak contain the 

highest melanin concentration13,262. Considering the chemical similarity of cellulose and 

chitin, I was therefore curious to know how eumelanin production may have impacted the 

material properties of bacterial cellulose.  
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Figure 6.7. The effect of melanin production on bacterial cellulose material properties. A) A series 
of SEM images of unmelanated (top) and melanated (bottom) pellicles. Cross-section were prepared by 
cutting freeze dried pellicles. B) The sessile drop method was used to measure the contact angle on 7 
unmelanated and 8 melanated pellicles. The average contact angle for the unmelanated pellicles and 
melanated pellicles were 47° and 28° respectively. The top and bottom images show representative 
waterdrop shapes on unmelanated and unmelanated pellicles. C) Tensile testing was done on 7 
unmelanated and 5 melanated pellicles. An individual stress strain curve is shown for both samples. The 
left and right images show typical end breaks for unmelanated and melanated pellicles respectively. The 
error bars represent the standard deviation of each measurement. The p-values for the tensile strength 
and Young’s modulus tests were 0.10 and 0.09 respectively.  
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To investigate how eumelanin production may have altered the surface of a bacterial 

cellulose pellicle I used scanning electron microscopy (SEM). I compared the top and bottom 

surfaces, as well as the cross-sections, of melanated and unmelanated K. rhaeticus ptyr1 

pellicles (Fig. 5.7a). In preparing the two pellicles for SEM, measures were taken to ensure 

the unmelanated pellicle received as similar treatment as possible to the melanated pellicle. 

The unmelanated pellicle was prepared by placing it into a low pH buffer, which prevented 

eumelanin synthesis, and incubated in identical conditions to the melanated pellicle in the 

development bath. The SEM images do not show large structural differences in the surface 

architecture between the melanated and unmelanated pellicles, however one can notice the 

melanated pellicles do seem to have a rougher and fuzzier surface. To further study the 

surface material properties of melanated cellulose, I conducted wettability testing using the 

static sessile drop method (Fig. 5.7b). The melanated pellicle showed increased surface 

wettability, with the melanated pellicle possessing an average contact angle of 28° compared 

to 47° for the unmelanated pellicle, suggesting the melanated cellulose was significantly 

more wettable than unmelanated cellulose. This increase in wettability may be a reflection of 

the rougher surface, identified by SEM, of the melanated pellicle.  

 

One of the most attractive features of bacterial cellulose is its high tensile strength. Tensile 

testing was carried out on both melanated and unmelanated pellicles. This work was carried 

out with assistance from Dr. Wenzhe Song of the Dr. Koon-yang Lee lab at Imperial, who 

aided in the design of the experiment, measuring of the tensile strength and analysis of the 

data. The average tensile strength values were 112 MPa and 126 MPa for unmelanated and 

melanated pellicles respectively. For the Young’s modulus, the values were 14.7 GPa and 16.2 

GPa for unmelanated and melanated pellicles respectively. This experiment represented the 

first tensile strength test of bacterial cellulose produced by K. rhaeticus iGEM. Within this 

context, the material properties of both BCs tested fell within the BC expected ranges of 70-

300 MPa for the tensile strength and 5-17 GPa for Young’s modulus263. A comparison showed 

that the melanated and unmelanated pellicles did not possess significant statistical 

differences in tensile strength and Young’s modulus in this study. This Implies that while 

eumelanin production did not enhance the material properties of bacterial cellulose, the 

material properties were not hindered either.  
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6.2.4 Patterning eumelanin production within a pellicle with optogenetics 

In both textiles and biology, patterning plays an essential role in the function of a material. In 

the Chapter 3, I looked in depth at the production of an optogenetic system that was capable 

of pattering fluorescent protein expression within a bacterial cellulose pellicle. While in 

laboratory contexts, fluorescent proteins are great biological markers for the development 

and characterisation of systems, outside of the academic lab, patterning with protein-based 

fluorescence has little use. With the creation of melanated cellulose, not only have I made a 

self-dyeing material, but also an opportunity to create a stable and visually striking patterned 

biomaterial. Considering the conceptual linkage between light and melanin, attempting the 

optogenetic patterning of eumelanin production in a bacterial cellulose seemed like great way 

to further explore the potential of ELMs.  

 

Advancing on the pT7-Opto system, I replaced the mCherry gene with tyr1, thereby creating a 

plasmid capable of producing the Tyr1 protein in response to blue light (Fig. 5.8a). Using the 

Enlarger V1, I grew and then exposed a K. rhaeticus PT7-Opto_tyr1 pellicle to a pattern of 

blue light (Fig. 5.8b). Upon harvesting the pellicle, I noticed a decrease in the opacity of 

pellicle region exposed to the light, indicating the region may have had a lower density of 

cells (Fig. 5.8c). Since this was not observed in the experiment with the T7-Opto system, I 

believe the decrease in cell density is unlikely to be due to effect of the blue light and may 

instead be due to an increase in cellular burden from the expression of the Tyr1 protein.  

 

Despite the apparent burden, I still attempted the eumelanin development process. 

Unfortunately, upon development, the patterning of eumelanin was very poor (Fig. 5.8d). 

Background expression of Tyr1 led to all parts of the pellicle darkening and the region 

exposed to light, most likely a result of the low cell density, appeared lighter than the 

unexposed regions of the pellicle. The background activity, or leakiness, of the T7opto system 

was not a significant issue in the patterning of mCherry (discussed in Chapter 3). However, 

its appearance in this attempt at patterning potentially speaks to the differences in the 

smaller amount of product required to produce an enzymatic signal, rather than the 

accumulative signal of fluorescent proteins. Attempts to counter this level of leakiness 

without modifying T7-Opto system itself are limited.  
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Interestingly, the only regions that showed some signs of patterned eumelanin were the areas 

adjacent to the regions exposed to light. Since the light projected on to the pellicle likely 

diffused outwards upon hitting the pellicle surface, these adjacent regions were still exposed 

to a reduced intensity of light. Potentially, this reduced intensity of light led to increased Tyr1 

production without increasing it so much to the point of significant cellular burden. This 

suggests that through optimisation of light intensity it may be possible to pattern eumelanin 

production with the current PT7-Opto_tyr1 system.  

6.2.5 Melanated bacterial cellulose as a textile 

As I discussed in the Introduction, some in the fashion industry are looking to biofabricated 

materials as the next generation of textiles. In many cases, it is the promise of more 

sustainable textiles that are driving such interest. Although, incidentally, “biofabricated” does 

not by definition equal “sustainable” and promises of sustainability from nascent technologies 

should always be scrutinised. For some however, biofabricated materials are seen as a way to 

open up the space for new methods of design, collaboration (with both multicellular 

eukaryotes and prokaryotes) and consumption of fashion. Even though synthetic textiles have 

existed for nearly a century, their production and customisation has always remained 

industrial. This has meant that with the exception of the very well resourced, their end user, 

the designer, can only have indirect control over the sourcing and material properties of 

synthetic textiles.  

 

Previous page 
Figure 6.8. An attempt at using the T7- Opto system to pattern eumelanin production. 
A) The layout of the PT7-Opto_tyr1 for producing tyrosinase in response to blue light. With 
the exception of replacing the mCherry gene for the tyr1 gene, the system is unchanged from 
the original PT7-Opto plasmid. B) The image projected onto the growing K. rhaeticus PT7-
Opto_tyr1 pellicle. Based upon the London Underground roundel (above). The image 
(below) is created through a mask that sits above the lens in the Enlarger v1. C) The 
harvested K. rhaeticus PT7-Opto_tyr1 pellicle after light exposure, placed onto a lightbox. The 
region included in the orange block is replicated to the right, with a dashed outline of the 
region exposed to blue light. D) From left to right, a time-lapse of the K. rhaeticus PT7-
Opto_tyr1 pellicle melanin development process over 4 hours. After the final image, the 
pellicle was removed from the development bath to prevent over development. A dashed 
overlay of the region exposed to blue light is displayed on the first image. (Number of times 
this experiment was run = 1) 
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Here we see the inherent strength of using bacterial cellulose as a lens though which we can 

see how these new materials and industries may look. While biomaterial companies, such as 

Spiber, Bolt and Modern Meadow have been successful in presenting biofabricated prototypes, 

these projects have required significant investment in infrastructure and expertise. When 

compared against other biofabricated materials, bacterial cellulose is easy to produce and can 

be grown at large scale with minimal infrastructure allowing for ample experimentation and 

prototyping at the “cottage industry” level. Having created a genetically modified K. rhaeticus 

that was capable of self-dyeing, I sought to explore its potential as a textile. I collaborated 

with the biodesigner Jen Keane to grow a genetically modified, self-dyeing, bacterial cellulose 

shoe upper. This work built upon Jen Keane’s previous project, This is Grown., which is 

detailed in the Introduction.  

 

This project, which came to be known as This is GMO was the result of many months of 

collaboration, in which I explored the path of combining Jen Keane’s bacterial cellulose 

growing craft with the technicalities of growing genetically modified organisms in a 

laboratory context. To align with Jen Keane’s previous success with large scale pellicles, I 

used a coconut water media supplemented with copper and L-tyrosine for growing K. 

rhaeticus ptyr1 in the shoe upper loom. Additionally, in order to scale up to such a large 

pellicle, and have it grow evenly, I grew a sequential series of K. rhaeticus ptyr1 pellicles, 

scaling from small volumes up to large volumes, until there was enough inoculum to 

inoculate the shoe upper loom. After 14 days, the K. rhaeticus ptyr1 pellicle was harvested, 

washed and placed into a development bath to undergo eumelanin development. The final 

melanated shoe upper pellicle was soaked in a 5% glycerol solution, which increased the 

pliability of the BC once dried. Finally, the pellicle was wrapped around a last - a solid shoe 

shaped mold - and allowed to dry before being attached to a sole (Fig. 5.9)  

 

The experience of growing the melanated shoe upper presented some complications in 

pellicle growing and melanin development that were not met until growing at this scale. To 

prevent contamination the shoe loom was covered during growth, however this covering lead 

to the build-up of condensation that would drip down back onto the culture, causing the 

early pellicle to sink. This required a careful balancing of ventilation, protection from 

contamination and heat source placement to solve. Additionally, growing at this scale and for 

such an extended amount of time meant contamination was difficult to avoid. After 14 days 

of growth, colonies of mould could be observed growing on the pellicle and the growing 

process was stopped to prevent damage to the pellicle (Fig. 5.10).  
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After pellicle harvest, pellicles were normally placed into conical flask with a large excess of 

melanin development buffer and shaken at high speed. However, due to the size of this 

pellicle and its attachment to the loom it was not possible to move it to a larger container 

with an excess of development buffer. Instead, a higher concentration development buffer 

was made, with the PBS contents included at 10x the normal amount to provide additional 

buffering against the pellicle. When the pellicle was placed into the development bath the pH 

of the bath was checked over time. After the first 24 hours the development bath pH had 

dropped below 5 as a result of the acidifying action of K. rhaeticus. At this point the acidified 

development bath was drained and exchange with fresh buffer. I initially attempted a 

stationary melanin development (Fig. 5.10). After 24 hours however, the melanin production 

was patchy, and it was decided to place the pellicle into a incubator with gentle shaking to 

increase the aeration. The final melanated shoe upper was the result of an additional 24 

hours with this gentle shaking (Fig. 5.10).  

 

Collaborations between scientists and designers, like This is GMO., are a great way to show 

the creative and technical potential of ELM research. Additionally, they enforce a level of 

pragmatism on the research and can act to show the abilities of the research as it currently is. 

Bacterial cellulose has the potential to fit within the line-up of new materials that seek to 

present themselves as leather alternatives. By demonstrating the effective self-dyeing 

potential of melanated cellulose in creating This is GMO. – with its black leather like 

appearance - we hope to have exhibited the remarkable and new properties biofabricated 

carbohydrate materials can possess. This is GMO. was displayed at The Mills Fabrica, Hong 

Kong.  
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Figure 6.9. This is GMO.  
Photo credit: Ed Tritton  
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Figure 6.10. The production of a 
melanated bacterial cellulose shoe 
upper. Top image shows the pellicle fully 
grown within the shoe upper loom. The 
patches of lower density were the result of 
mould contamination. The three images in 
the row below show the pellicle as it 
undergoes the melanin development 
process. Over time the surface of the buffer 
develops a reflective sheen that makes 

viewing the pellicle development 
difficult. Image directly above shows 
the final melanated shoe upper after 
trimming away the excess cellulose. 
Here the intensity of blackness can be 
easily observed. Directly left, shows the 
process of lasting the melanated shoe 
upper around a last to form the final 
shoe shape.  
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6.3 Chapter 6 discussion  

The aim of the Chapter 6 was to use genetic engineering to create a new bacterial cellulose 

material that could have an application in a real-world context. This aim was met through the 

development of a “self-dyeing” melanated bacterial cellulose. The melanated bacterial 

cellulose was grown through the expression of recombinant tyrosinase enzyme, Tyr1 in K. 

rhaeticus.  

 

The first challenge met in the process was dealing with the incompatibility between melanin 

producing and pellicle producing conditions. Eventually, this issue was side-stepped with the 

two-stage process - pellicle production followed by melanin development. However, two 

questions remain. Is melanin production lethal for K. rhaeticus? And can melanin production 

be altered to occur at a lower pH? As observed in the microscopy images, the melanated cells 

appear fully colonised by the fairly insoluble pigment. This is likely to have a strong fitness 

cost to the cells. However, melanin production and bacterial cell growth was observed in E. 

coli and V. natriegens in previous recombinant studies. A future experiment to answer this 

would be to conduct a live-dead stain of K. rhaeticus as it produces melanin. Even if melanin 

production is not lethal for K. rhaeticus, the acidification of the environment by K. rhaeticus 

still means that melanin production is incompatible with pellicle production. This could be 

solved by the use of an acid tolerant melanin production process or tyrosinase. A more acid 

tolerant process would open avenues to prevent media switching and reduce water usage. 

Tyrosinases are produced by many organisms, and there is the possibility that some have 

evolved an enzyme that maintains activity in acidic environments. However, considering 

many of the processes in melanin production are not enzymatic, the pH sensitivity of 

eumelanin production may also not be enzymatic. Nonetheless, the search of an acid tolerant 

melanin production processes should be goal moving on from this project.  

 

That intercellular melanin production does not occur in K. rhaeticus until the cells are placed 

into a pH neutral buffer, implies that the K. rhaeticus cytoplasm is not as neutral as 

conventual wisdom suggests. Lactic acid bacteria, which also acidify their media, are highly 

acid tolerant, and are able to grow with an internal pH as low as 4.5 and in an external pH of 

3.5264. While measurements of the intercellular pH of Komagataeibacter have not been made, 

acetic acid bacteria have some features that suggest they can maintain a low internal pH265. 

These include the upregulation of stress proteins, like GroESL and DnaKJ, in acidic conditions 
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and structural changes to enzymes, such as higher arginine-containing salt bridges and inter-

subunit hydrogen bonding266,267. If the intercellular pH of K. rhaeticus does indeed acidify in 

acidic conditions, as our experience with Tyr1 suggests, then a focus on choosing acid 

tolerant recombinant proteins should be a serious consideration in future synthetic biology 

projects in K. rhaeticus. 

 

While I have characterised the properties of melanated cellulose, I am still yet to study the 

melanin compounds produced by K. rhaeticus ptyr1 at the chemical level, with methods such 

as mass spectrometry or infrared spectrometry. Additionally, I do not have an accurate and 

reliable method for measuring melanin concentration, beyond the limited observation of 

colour change by eye. Relying on the perceivable “blackness” of a pellicle, is highly limiting, 

as the relationship between “blackness” and melanin concentration likely doesn’t not 

continue once a pellicle appears black - two pellicles that are perceivably black as each other, 

may in fact have different concentrations of melanin. Within this work, I often stopped the 

pellicle development process once a pellicle appeared black, however it is likely that 

continuing development could have led to a further increase in melanin concentration. This is 

especially important in the context of material properties, as the concentration of melanin in 

the cellulose matrix is likely to impact the final material properties. In future studies, it 

should therefore be important to focus on developing an assay that can quantify melanin 

accumulation in the pellicle. Fortunately, melanin is considered an important biomarker in 

health, and for that reason there are various assays, commercial and non-commercial, that 

could be used to quantify melanin accumulation. By first digesting a small piece of melanated 

cellulose of a known weight, and then measuring melanin accumulation it should be possible 

to quantify melanin concentration in a pellicle.  

 

There are also other potential features of melanated cellulose that were not touched on in 

this study. This most exciting being the effect melanin has on the electrical conductivity of 

bacterial cellulose. Again, an accurate estimate of melanin concentration will be a 

requirement to control the conductivity of melanated cellulase. Additionally, understanding 

how melanin is distributed in the cellulose matrix may have an impact on the degree of 

conductivity afforded to the final material. The production of an organic conductive material 

would be a breakthrough in ELM research and engineering a conductive melanated cellulose 

should be a priority in future research. The features of Tyr1 may also have been 

underexplored in this study. Eumelanin is not the only form of melanin that can be produced 

with the tyrosinase. In the presence of cysteine, dopaquinone preferentially reacts to form 
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cysteinyldopa, the first step in the production of pheomelanin. This compound is responsible 

for the orange/red pigmentation seen in human hair and is more stable to oxidation than 

eumelanin. Developing a K. rhaeticus ptyr1 pellicle in a development buffer containing 

cysteine may lead to creation of an orange/red self-dyeing cellulose.  

 

The issues observed with creating a patterned melanated pellicle, illustrate the complexities 

of engineering biological systems. The two main issues observed were: first, that blue-light 

induction led to a decrease in cell and or cellulose density and second, that basal level 

expression of the tyrosinase was too high leading to a lack of image definition. These two 

issues likely worked together to cause the lack of defined melanin patterning in the resulting 

pellicle. There are environmental and genetic changes that could be made to solve these 

issues. As seen in Chapter 4, changes in arabinose concentration do lead to changes in the 

shape of the dose response curve. Potentially, there exist a set of conditions (i.e., arabinose 

concentration and light intensity), that allow for successful patterning with the K. rhaeticus 

pT7-Opto_tyr1 as it is currently constructed. In order to find if such a space it exists. A future 

study should look to use the tablet method demonstrated in Chapter 4, combined with a 

method of measuring melanin concentration, to assay for the existence of high contrast 

conditions.  

 

Future changes in the construction of pT7-Opto should focus on increasing the dynamic range 

as discussed earlier in Chapter 4. In the specific case of pT7-Opto_tyr1, high basal expression 

was an issue. As an enzymatic, rather than accumulative process, as in the case fluorescent 

proteins, melanin production was highly sensitive to the leakiness of the system. Potential 

approaches to reduce the leakiness of the system could be the inclusion of the pLacI operator 

upstream of the PT7 promoter or the targeting of dCas9 with CRISPRi to the PT7 promoter, 

which have both been used in other studies to increase the dynamic range of the T7 RNA 

polymerase system268,269. 

 

The collaboration with Jen Keane on This is GMO was successful and the work presented may 

be the basis for the commercialisation and industrialisation of melanated bacterial cellulose. 

If we are to consider producing melanated cellulose industrially, there are some changes that 

need to be made at the DNA level to reduce the cost and increase the quality of melanated 

cellulose. As described earlier in the Discussion, protein expression from the chloramphenicol 

resistant d1.1 plasmid backbone may be unsuitable for industrial use, due to the large 

amounts of antibiotic required. Therefore, to industrialise production, the tyr1 gene should be 
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either integrated into the genome, which is the most stable solution, or if over-expression is 

required, on to the aforementioned Plasmid 5. Additionally, K. rhaeticus is not the most 

effective producer of bacterial cellulose among Komagataeibacter, potentially at the industrial 

level, augmenting a more effective cellulose producing species with tyr1 expression may be a 

more cost-effective and efficient method to produce melanated cellulose.  

 

When industrialising a process, one must consider its sustainability. Biofabricated materials 

are often advertised as sustainable, however this must be seen in the context of what they 

propose to replace. Cellulose sourced from plants, such as cotton, may not be considered 

sustainable, however plants are at least autotrophs. Komagataeibacter are heterotrophs, and 

are therefore dependant of a carbon source, which in most cases comes from plants. This 

reliance already places a limit on the efficiency and sustainability of bacterial cellulose 

compared to plant cellulose. While bacterial cellulose can be grown on waste, such as 

coconut water, this method of production is only sustainable if demand for BC does not 

outstrip the supply of waste feedstocks.  

 

The case for melanated BC, however, is unique, as the potential applications for the material 

may be more advanced than for normal BC, such as the replacement of animal based 

leathers. There are however still elements of the current production process that may be 

considered inefficient or unsustainable, even in the context of an advanced material. The 

current methods of sterilising media, and then sterilising the final BC are energetically and 

resource expensive. The high-pressure steam sterilisation of BC likely consumes as much as or 

more energy than the heating processes used in current industrial dyeing. The incubation of 

growth at 30°C also consumes energy, however, this could be solved by moving the 

production of melanated cellulose to tropical climates, as is already the case in the 

production of nata de coco. Although unlike nata de coco, the consumption and production of 

which is mainly in Southeast Asia, it is likely the consumption of melanated BC would be in 

wealthier developed countries, which introduces the unsustainability of shipping into the 

equation. Despite this, the industrial production of melanated cellulose may be sustainable, if 

the properties of the material can be further engineered to make it an alluring alternative to 

less sustainable materials. Melanated cellulose as a textile, is still very early concept. There is 

much work to be done on bacterial cellulose in general to make it a useable textile. 

Hopefully, however, we can make progress on additional features, such as waterproofing, 

which currently hinder the appeal of the material.  
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6.4 Chapter 6 conclusion 

In this chapter I have built upon the work in this thesis and presented an engineered, self-

dyeing BC material with applications in textiles and fashion. I determined the conditions that 

allowed a K. rhaeticus strain producing the tyrosinase Tyr1 to form melanin. Then developed 

a two-stage approach to producing melanated BC, involving an initial pellicle production 

stage, and second melanin formation stage. I found melanin accumulated within K. rhaeticus 

ptyr1 cells and that melanin production increased the wettability of BC but did not affect the 

tensile strength of BC. I attempted to spatially pattern melanin production within a pellicle 

using the T7-Opto system, however this was not successful and will require further 

engineering to work. Finally, I demonstrated the possibilities of melanated BC, through a 

collaboration with Jen Keane, in which we grew the world’s first genetically engineered, self-

dyeing shoe upper.  
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7.1 Summary 

In this work, I have presented a research path into applying synthetic biology to bacterial 

cellulose. I began with the completion of the K. rhaeticus genome through a hybrid genome 

assembly, which revealed that K. rhaeticus may contain 5 native plasmids. This was followed 

by a transcriptome study, which, despite issues in library preparation and sequencing, still 

presented a possible polycistronic structure for the largest bacterial cellulose synthase region. 

It also revealed that the acetan synthase region of K. rhaeticus is expressed in the pellicle.  

 

I then built a functional optogenetic genetic circuit in K. rhaeticus, with which I was able to 

produce patterned gene expression in a K. rhaeticus pellicle. I also presented a possible 

method to explore the optogenetic response to specific light patterns in order to generate 

information for the rational design of patterned bacterial cellulose. Following the 

establishment of the KTK modular cloning system, I expanded this system with the ability to 

easily construct CRISPRi plasmids that could be targeted to repress specific genes. I also 

attempted the addition of native pellicle-sensitive promoters - informed from differential 

expression analysis – as KTK parts. Finally, I used genetic engineering of K. rhaeticus to 

produce an engineered melanin-cellulose composite material. After exploring the material 

properties of melanated cellulose I demonstrated the research as a future biofabricated 

material for use in fashion and textiles.  

  

Figure 7.1. The research concepts pursued in this work.  
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7.2 The future of engineered bacterial cellulose 

The work presented here is an early exploration of the path to engineered bacterial cellulose 

materials. There are many avenues of research left to investigate (Fig. 6.2). The application 

of synthetic biology to S. cerevisiae in co-culture with K. rhaeticus has already proven a 

successful way to engineer bacterial cellulose223. Through combining engineered S. cerevisiae 

and engineered K. rhaeticus we may be able to unlock an additional level of complex 

engineered materials. For example self-healing materials, which sense damage and repair 

themselves, exploiting the protein production and secretion of S. cerevisiae and the cell-to-cell 

communication of K. rhaeticus209. While use of bacterial cellulose in synthetic astrobiology is a 

distant goal, the concept is being taken seriously. Bacterial cellulose was recently exposed to 

a simulated Mars-like environment outside of the International Space Station270. The study 

returned the bacterial cellulose to earth and was able to reactivate and culture the samples 

after exposure. Melanated BC could play an interesting role in the creation of materials for 

space, due to its UV protectant capability. Additionally, how K. rhaeticus grows in low or 

zero-g environments would be of especially interesting and could even give clues into how K. 

rhaeticus is able to navigate to the air-water interface in normal gravitational environments. 

Figure 7.2. The many remaining paths for BC research.  
Ideas in blue have already begun to be worked on in synthetic biology.  
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The exploration of these advanced ideas will be the product of decades of research. However, 

before we can realise these ideas there are still limitations to be broken through.  

 

The impracticalities of working with K. rhaeticus in the laboratory, described earlier in this 

Thesis, remain. We are unable to easily measure cell density in a pellicle in a non-destructive 

way; we are unable to measure the production rate per cell of fluorescent proteins in growing 

bacterial cellulose; we are still unable to easily quantify cellulose production over time. These 

impracticalities have limited the research in this thesis and other projects not described here. 

Potentially, methods that tackle these issues can be derived through combining fluorescent 

cellulose dyes with microplate readers and fluorescent scanners. To improve the quality of 

the synthetic biology that can be done with K. rhaeticus, we should focus on techniques and 

technologies that will solve these impracticalities.  

 

At the beginning of this thesis, I discussed how synthetics emerged and grew to become a 

major component of the material world we now inhabit. The question of whether engineered 

cellulose materials, or indeed other ELMs, will do the same is currently unanswerable. 

Potentially, despite our best efforts, ELMs become just as unsustainable as the synthetics that 

came before. Potentially, movements or technologies, such as Degrowth or virtual reality will 

change our relationship with the material world and lower the demand for the consumption 

of physical materials.  
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