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Abstract 

One of the aims of synthetic biology is the sustainable production of high-value 

compounds and bioenergy molecules. Synthetic biologists exploit fundamental 

engineering principles, such as DNA component standardization, modular genetic 

circuits, and de novo design, to create novel production pathways and products. A well-

characterized host cell serves as the chassis for the system construction; generally, the 

model bacterium Escherichia coli is applied. However, the metabolism and 

characteristics of E. coli are not ideal for all applications. Furthermore, many E. coli 

based systems are patent protected which restricts the use in forthcoming application. 

Acinetobacter baylyi ADP1 is a potential alternative host for synthetic biology. The 

metabolism and genetics of the strain are well-understood, and the engineering of its 

genome is technically straight-forward. The versatile and unusual metabolic pathways, 

including those producing long chain hydrocarbons, can be rerouted, modified, and 

integrated into novel ones. I exploited A. baylyi ADP1 as a model host for the 

production of high-value hydrocarbons, triacylglycerols and wax esters. I employed 

metabolic engineering, novel molecular monitoring tools, and synthetic pathway design 

to improve the production, and to demonstrate the utility of ADP1 as a synthetic biology 

host. In particular, the production of triacylglycerols was improved over 5-folds by 

targeted gene deletions which resulted in redirected carbon flux towards the product 

and elimination of competitive pathways. 

The long-chain hydrocarbon metabolism, including alcohol and wax ester biosynthesis, 

is not yet fully understood. These pathways are regulated through several mechanisms 

sensitive to specific environmental conditions and the cellular states. However, the lack 

of robust and straight-forward analysis tools has restricted the studies of lipid 

metabolism and production kinetics. I developed a simple in vivo tool for the 

investigation of the long chain hydrocarbon metabolism in real-time. The tool is based 

on a light-producing reporter enzyme, bacterial luciferase. The enzyme utilizes a 

specific intermediate of the hydrocarbon synthesis pathway as a substrate for 

bioluminescence production. Initially, the tool was applied for monitoring the wax ester 

metabolism of A. baylyi ADP1. Subsequently, I modified the monitoring tool for studying 

the degradation of alkanes. The studies suggest that the tool can be applied for 

production optimization in different hosts and for a variety of products. I also 

reconstructed the wax ester synthesis pathway of A. baylyi ADP1 by replacing a natural 
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key enzyme with an alternative well-characterized component, enabling a regulated 

production of unnatural wax esters.  

Bioprocess control and scale-up of production systems are challenging. Multispecies 

cultures are suggested to improve the robustness and performance of bacterial 

production processes. I exploited the metabolic versatility of A. baylyi ADP1 to 

construct a rationally engineered synthetic coculture with E. coli. The designed 

coculture exhibited improved biomass and recombinant protein production compared to 

the pure culture of E. coli. 

To conclude, I have shown that the strain ADP1 is a suitable host for synthetic biology 

applications, especially for long-chain hydrocarbon production, the development of 

novel tools for metabolic studies, and for exploiting the existing unusual metabolic 

networks of the cell. Thus, further studies of the remaining challenges related to ADP1 

bioprocess and as-of-yet uncharacterized cell mechanisms, are warranted. 
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Tiivistelmä 

Synteettinen biologia on tieteenala, joka yhdistää insinööritieteet, 

informaatioteknologian, ja molekulaarisen bioteknologian. Synteettisessä biologiassa 

hyödynnetään standardoituja biologisia elementtejä, kuten hyvin tunnettuja DNA-

komponentteja ja niistä koostuvia geneettisiä piirejä, joiden avulla voidaan 

systemaattisesta suunnitella ja rakentaa biologisia laitteita. Hyvin tunnetut työkalut 

mahdollistavat tiedon nopean lisääntymisen ja alan nopean kehityksen. Tämän 

tieteenalan teknologioiden avulla voidaan tuottaa teollisuuden kannalta arvokkaita 

molekyylejä, kuten bioenergiakomponentteja ja uusia älykkäitä lääkkeitä. Biologiset 

laitteet rakennetaan eläviin isäntäsoluihin, jotka toimivat systeemin biologisena 

kehyksenä ja ovat siten myös toimivuuden kannalta merkittävässä asemassa. 

Tunnetuin ja eniten käytetty isäntäsolu on Escherichia coli -bakteeri. Tämä bakteeri ei 

kuitenkaan ole ominaisuuksiensa puolesta optimaalisin vaihtoehto kaikkiin sovelluksiin, 

eikä sen aineenvaihdunta tarjoa mahdollisuutta tutkia kaikkia merkittäviä biokemiallisia 

reittejä. Aineenvaihduntareittien tuntemus on välttämätöntä, kun rakennetaan ja 

optimoidaan uusia tai muokattuja reittejä tärkeiden molekyylien tuottamiseksi.  

Acinetobacter baylyi ADP1 -bakteerikanta on yksi potentiaalisista, vaihtoehtoisista 

isäntäsoluista synteettisen biologian sovelluksiin. Kyseisen bakteerin genomi ja 

metabolia tunnetaan hyvin, ja sen geneettinen muokkaus on helppoa ja suoraviivaista. 

Lisäksi solun aineenvaihdunta on erittäin mielenkiintoinen; kannan luontainen kyky 

tuottaa pitkäketjuisia hiilivetyjä, kuten biopolttoainetuotantoon soveltuvia triglyseridejä 

ja vahaestereitä, tarjoaa hedelmällisen lähtökohdan aineenvaihdunnan tutkimiseen ja 

muokkaamiseen. 

Väitöskirjassani osoitan, että A. baylyi ADP1 -kantaa voidaan hyödyntää synteettisen 

biologian isäntäsoluna ja mallisysteeminä. Paransin tutkimuksessani bakteerikannan 

triglyseridituotantoa metaboliamuokkauksen keinoin: Aineenvaihdunnan mallintamisen 

perusteella identifioitiin geenejä, joiden poistaminen vaikuttaa suotuisasti triglyseridien 

tuottoon. Poistamalla tietty geeniyhdistelmä voitiin eliminoida solunsisäisiä kilpailevia 

reittejä ja ohjata hiilivuo kohti tuotetta. Muokkauksen tuloksena triglyseridituotanto 

parantui noin viisinkertaisesti. 

Pitkäketjuisten hiilivetyjen aineenvaihduntareitit eivät ole vielä hyvin tunnettuja. Tämä 

johtuu osittain siitä, että tutkimukseen tarvittavia yksinkertaisia ja dynaamisia työkaluja 
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ja menetelmiä ei ole ollut saatavilla. Tutkimuksessani kehitin uuden molekulaarisen 

työkalun, jonka avulla pitkäketjuisten hiiliyhdisteiden tuottoa voidaan monitoroida solun 

sisällä reaaliaikaisesti. Työkalu perustuu bakteerilusiferaasientsyymiin, joka tunnistaa 

spesifisesti ko. aineenvaihduntareittien välituotteen, pitkäketjuisen aldehydin, ja reagoi 

sen kanssa tuottaen näkyvää mitattavaa valoa eli bioluminesenssia. Työkalun 

toimivuus osoitettiin tutkimalla A. baylyi ADP1 -kannan vahaesterimetaboliaa, mutta 

sitä voidaan soveltaa myös muihin organismeihin ja tuotteisiin. Hyödynsin työkalua 

myös mukauttamalla sen detektoimaan alkaaneja ja diesel-peräisiä yhdisteitä sekä 

näiden yhdisteiden hajotusta.  

Rekonstruoin tutkimuksessani myös ADP1-kannan vahaesterituottoreitin: yksi reitin 

avainentsyymeistä korvattiin hyvin tunnetulla DNA-komponentilla, jota käytettiin täysin 

uudessa tarkoituksessa. Reitin uudelleensuunnittelun ja -rakentamisen tuloksena 

pystyttiin tuottamaan kontrolloidusti synteettisiä vahaestereitä, jotka eroavat 

ominaisuuksiltaan ADP1:n luonnollisista vahaestereistä. 

Yksi synteettisen biologian haasteista on rakennettujen systeemien toimivuus ja 

stabiilius suuren mittakaavan prosesseissa. Prosessit, joihin osallistuu useita 

yhteistyössä toimivia bakteerikantoja, ovat mahdollisesti vakaampia, sillä oikeanlaiset 

populaatioyhdistelmät edistävät suotuisten olosuhteiden säilyttämistä ja prosessin 

suorituskykyä. Tutkimuksessani osoitan, että ADP1-kantaa voidaan hyödyntää myös 

täysin uudella tavalla E. coli -pohjaisissa yhteiskasvatuksissa; geneettisen 

muokkauksen tuloksena luotiin synteettinen, keinotekoisesti symbioottinen 

yhteiskasvatus, jossa biomassan ja rekombinanttisen proteiinin tuotto parani verrattuna 

E. coli -puhdasviljelmään. 

Yhteenvetona totean, että A. baylyi ADP1 soveltuu synteettisen biologian 

isäntäorganismiksi erityisesti osa-alueilla, jotka liittyvät pitkäketjuisten hiiliyhdisteiden 

tuottamiseen sekä tutkimiseen ja jotka hyödyntävät solun omia aineenvaihduntareittejä. 

Kannan bioprosessin kehittäminen sekä toistaiseksi tuntemattomien mekanismien 

karakterisointi asettavat haasteita, mutta bakteerin moninaiset ominaisuudet ja 

potentiaali puoltavat sen jatkokehittämistä synteettisen biologian sovelluksiin.   

 

   

 





 

 

vi 

 

Contents 

1 INTRODUCTION ................................................................................................. 1 

2 SYNTHETIC BIOLOGY REVOLUTION ................................................................ 3 

2.1 Engineering principles ..................................................................................... 5 

2.1.1 Standard parts........................................................................................ 6 

2.1.2 Synthetic gene circuits ........................................................................... 8 

2.1.3 Overview of recent DNA assembly and genome engineering methods 12 

2.1.4 Synthetic biology and metabolic engineering ........................................ 15 

2.2 Chassis ......................................................................................................... 18 

2.2.1 Well-defined organisms as cellular frameworks .................................... 18 

2.2.2 From minimal genomes to synthetic cells ............................................. 18 

2.2.3 Alternative hosts for synthetic biology .................................................. 19 

2.2.3.1 Bacillus subtilis ................................................................................ 22 

2.2.3.2 Pseudomonas putida ....................................................................... 23 

2.2.3.3 Acinetobacter baylyi ADP1 .............................................................. 24 

3 SYNTHETIC BIOLOGY FOR SUSTAINABLE BIOENERGY .............................. 30 

3.1 Production of advanced biofuels.................................................................... 32 

3.1.1 Alcohols ............................................................................................... 32 

3.1.2 Isoprenoid fuels .................................................................................... 34 

3.1.3 Fatty acid derived compounds .............................................................. 35 

3.2 Dynamic monitoring tools for enhanced bioproduction .................................. 40 



 

 

vii 

 

3.2.1 Lux multienzyme complex .................................................................... 43 

4 SYNTHETIC COCULTURES ............................................................................. 46 

5 HYPOTHESES AND OBJECTIVES OF THE STUDY ........................................ 50 

6 SUMMARY OF MATERIALS AND METHODS .................................................. 54 

6.1 Strains ........................................................................................................... 54 

6.2 Genetic engineering ...................................................................................... 55 

6.2.1 Plasmid and gene cassette construction .............................................. 55 

6.2.2 Transformation ..................................................................................... 57 

6.3 Cultivations ................................................................................................... 57 

6.4 Output analyses ............................................................................................ 58 

7 SUMMARY OF RESULTS AND DISCUSSION .................................................. 59 

7.1 Improving the lipid quantity and quality (I, IV) ................................................ 59 

7.2 Constructing tools for monitoring the hydrocarbon metabolism of ADP1 (II, III)

...................................................................................................................... 66 

7.3 Engineering a synthetic coculture (V) ............................................................ 71 

8 CONCLUDING REMARKS ................................................................................ 75 

REFERENCES ........................................................................................................... 77 

 

  



 

 

viii 

 

List of Publications 

The thesis is mainly based on the following original publications (I-V), referred as 

Roman numerals in the text. 

I. Santala, S., Efimova, E., Kivinen, V., Larjo, A., Aho, T., Karp, M. & Santala, V. 

(2011) Improved Triacylglycerol Production in Acinetobacter baylyi ADP1 by 

Metabolic Engineering. Microbial Cell Factories 10:36. 

 

II. Santala, S., Efimova, E., Karp, M. & Santala, V. (2011) Real-Time Monitoring of 

Intracellular Wax Ester Metabolism. Microbial Cell Factories 10:75. 

 

III. Santala, S., Karp, M. & Santala, V. (2012) Monitoring Alkane Degradation by 

Single Biobrick Integration to an Optimal Cellular Framework. ACS Synthetic 

Biology 1(2):60-4 

 

IV. Santala, S., Efimova, E., Koskinen, P., Karp, M & Santala, V. (2014) Rewiring 

the wax ester production pathway of Acinetobacter baylyi ADP1. ACS Synthetic 

Biology 3 (3):145-51 

 

V. Santala, S., Karp, M. & Santala, V. (2014) Rationally Engineered Synthetic 

Coculture for Improved Biomass and Product Formation. PLoS ONE 9(12): 

e113786. 

 

 

 

 

The author (as S. Myllyntausta) has also contributed to the following patent as an 

inventor and an author: 

  

Aho, T., Karp, M. Kivinen, V., Koskinen, P. Larjo, A. Myllyntausta, S. Santala, V. (2012) 

Patent US 20120151833 A1 Improvement of lipid production.



 

 

ix 

 

Author contribution 

I. Suvi Santala wrote the paper and is the corresponding author. She planned and 

conducted the wet lab experiments and interpreted the results. V. Santala 

participated in designing the experiments and interpretation of the results. V. 

Kivinen, A. Larjo, and T. Aho performed the dry-lab experiments. E. Efimova 

contributed to lipid analytics. 

 

II. Suvi Santala wrote the paper and is the corresponding author. She planned and 

conducted the experimental work and interpreted the results. V. Santala 

participated in designing the experiments. E. Efimova contributed to lipid 

analytics.  

 

III. Suvi Santala wrote the paper and is the corresponding author. She planned and 

conducted the experimental work and interpreted the results. V. Santala 

participated in designing the experiments and interpretation of the results. 

 

IV. Suvi Santala wrote the paper and is the corresponding author. She and V. 

Santala planned and conducted the experimental work and interpreted the 

results. E. Efimova and P. Koskinen conducted the lipid analytics. 

 

V. Suvi Santala wrote the paper and is the corresponding author. She and V. 

Santala planned and conducted the experimental work and interpreted the 

results. 

 

All the work was performed under the supervision of Prof. Matti Karp and Adj. Prof. 

Ville Santala. 

 

 

 







 

 

xii 

 

 

 

 



 

 

1 

 

1 Introduction 

Synthetic biology is a new emerging discipline combining life sciences, information 

technologies, and engineering. Synthetic biology seeks rational and sustainable 

solutions for improving human health, promoting energy self-sufficiency, producing 

important commodities, generating novel molecules and products with new features, 

and addressing environmental and agricultural issues. The most acute targets include 

reducing and preventing food shortage, developing novel drugs for complex diseases, 

and compensating for the depletion of fossil energy sources with green energy 

technologies.  

The fundamental philosophy of synthetic biology lies in redesigning biology, applying 

standard engineering principles, methods, and organisms. This ideology redefines 

biological systems and particularly the organisms, emphasizing their properties in 

terms of design, programmability, and modularity, rather than according to the 

taxonomical or microbiological characteristics or status. The new engineering principles 

and methodologies of synthetic biology have led to a tremendous increase in 

complexity and novelty of biocompounds and pathways, compared to typical products 

obtained by means of conventional genetic engineering, such as single proteins or 

small metabolites. However, increased complexity requires more comprehensive 

design and computation. Instead of the extensive and consuming work of trial and 

error, synthetic biology aims at providing tailored and well-characterized working 

platforms for construction of newly designed cells performing determined tasks. In 

addition, robust amenable monitoring tools and functional cellular working platforms are 

required to fulfill the increasing demands of the designed biological systems. 
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This thesis reviews some of the most important technologies, engineering principles, 

achievements, and challenges of synthetic biology, the main focus being on prokaryotic 

systems. Chapter 2 gives a general overview of what synthetic biology is, whereas 

Chapters 3 and 4 focus on more specific research topics, bioenergy production and 

multicellular systems. As a reflection of the potential deficiencies and gaps of the field 

emerged by the current literature, Chapter 5 outlines the hypotheses and objectives of 

my study. Chapters 6 and 7 summarize the methods and results presented in the 

original papers I-V and discuss the research outcomes and future prospects in the 

context of the current state of synthetic biology research.   
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2.1 Engineering principles 

Synthetic biology is all about design, rationalizing the complexity of natural systems by 

applying the key concepts of engineering. The main principles of synthetic biology 

involve standardization, specification, compatibility, modularity, and simplicity. 

Systematic design is described as a continuous cycle including a computer aided 

modeling, the implementation of the biological system, and testing and validation, 

finally leading to detailed specifications of the system (Baldwin et al. 2012). 

Standardized biocomponents can be assembled to create synthetic devices performing 

defined functions and devices comprise larger systems conducting complex tasks 

(Figure 2.2). 

 

FIGURE 2.2. The hierarchy of creating synthetic biology circuits and systems from standard 
parts. Modified from (Marchisio and Stelling 2009) 
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FIGURE 2.3. An example of a technical datasheet for a standard biological part (Canton et 
al. 2008). Open access. 

Despite the attempts to control and instruct the part characterization, the concept of 

Canton et al. seem idealistic; the open access policy and the vast number of different 
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exploiting them (Cox et al. 2007), but also RNA molecules (Lucks et al. 2011), 

metabolites or even changes in environmental stimulus (Levskaya et al. 2005; Tabor et 

al. 2011) can serve as transcription regulators.  

 

FIGURE 2.4. An example of an orthogonal logic NAND gate constructed in E. coli. Reporter 
protein (GFP) production is ON unless both external signals (IPTG and Arab.) 
are given. The dynamic range can be fine-tuned using modified RBS (rbs34, 
rbs30). Modified from (Wang et al. 2011). 

Post-transcriptional circuits typically involve interactions between non-coding RNAs 

and DNAs, proteins, or small molecules (Isaacs et al. 2004). RNAs are naturally 

modular multifunctional molecules possessing unique sequence-specific characteristics 

at both structural and functional levels, thus serving as a useful platform for the design 

and evolution of novel type of regulatory, control, and sensor devices (Liang et al. 

2011; Isaacs 2012; Mutalik et al. 2012). 

Regulatory devices functioning through protein-protein interactions and allosteric 

regulatory systems enable direct and dynamic spatio-temporal regulation of a protein 

function in cells (Grunberg and Serrano 2010; Olson and Tabor 2012). Post-

transcriptional regulation potentially puts less stress and burden on cells, which can be 

crucial in larger circuit designs. 

Genetic circuits hold huge potential for future applications in the fields of biomedicine 

and biotechnology (Lu et al. 2009). Ideally, circuits could be used for programming cells 

displaying precisely timed regulatory systems sensitive to specific signals, molecules, 

or environmental changes. Connected circuits constitute larger genetic programs, and 

the most complex recently reported circuits have involved up to 11 regulatory proteins 

and 38 additional genetic parts (Moon et al. 2012). However, the described synthetic 

systems are still limited in complexity compared to natural systems. In order to build up 

more complex circuits with broader dynamical range several major challenges must be 

overcome. For example, more efficient and precise design tools must be developed for 

obtaining correctly balanced systems. In addition, more robust monitoring tools with  a 

wider range of suitable reporters are required to screen for circuits with optimized 
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FIGURE 2.5. Integration of synthetic pathways to cellular environment. Modified from 
(Nandagopal and Elowitz 2011).   

     

2.1.3 Overview of recent DNA assembly and genome engineering 
methods 

An increasing number of novel methods for a rapid, reliable, and simple assembly of 

DNA components, and comprehensive genome engineering were introduced during the 

past decade. A dramatic drop in de novo DNA synthesis prices has changed the focus 

of molecular cloning from DNA restriction/ligation based protocols towards a more 

comprehensive design of seamless gene cassettes, complete pathways and even 

genomes. Figure 2.6 presents the frequency of use of recent DNA assembly methods 

in the field of synthetic biology in 2013.  
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FIGURE 2.6. The frequency of use of recent DNA assembly techniques in 2013. Modified 
from (Kahl and Endy 2013). 

Even though not being the most modern and convenient method for a rapid assembly 

of standard parts, the BioBrickTM cloning is still widely in use and can be granted as a 

forerunner to the upcoming approaches. It is based on specific restriction sites (namely 

EcoRI-NotI-XbaI-(-)-SpeI-NotI-PstI) present in all standard vectors and BioBricks, 

enabling a sequential addition of several parts to the same vector. As an advantage, 

the method does not require DNA amplification or design/use of oligonucleotides when 

available parts and vectors are exploited. However, for practical reasons the size and 

complexity of the insertion is quite limited, and the step-by-step addition of parts is 

time-consuming, and thus not significantly different from conventional molecular 

cloning. 

Probably the most revolutionary and today the most widely used DNA assembly 

method, Gibson assembly, was introduced in 2009 (Gibson et al. 2009). The method is 

based on overlapping sequencing in amplified target DNA fragments which are joined 

together by T5 exonuclease, DNA polymerase, and heat-labile ligase in a one-step 

isothermal reaction (Figure 2.7). The method requires specific synthesized 

oligonucleotides (or genes) for each insert fragment. This fast and straight-forward 

method is especially convenient for cloning several components simultaneously and for 

very large DNA fragments. 
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Metabolic engineering includes a comprehensive engineering of the essential pathways 

for converting the substrates to products. Foundational elements encompass the 

determination of pathway fluxes of both synthetic and native routes, genome-scale 

modeling for identifying optimal gene expression profiles and gene modulation targets, 

as well as the kinetic and thermodynamic analysis of pathways for identification of 

bottlenecks (Stephanopoulos 2012).  

While metabolic engineering is concentrated on manipulating and combining natural 

biochemical pathways, synthetic biology aims at reprogramming cellular behavior and 

creating advanced modular systems for novel products as of yet nonexistent in nature. 

However, synthetic biology and metabolic engineering are highly synergistic 

disciplines, as presented in Figure 2.8, and on the edge of comprising a 

comprehensive toolbox with efficient methodologies, tools, and intellectual scientific 

information. 
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FIGURE 2.8. The interface of metabolic engineering and synthetic biology.  
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TABLE 2.1. Comparison between the model hosts Escherichia coli, Bacillus subtilis, Pseudomonas putida , and Acinetobacter baylyi  ADP1.
E. coli (K12) B. subtilis (168) P. putida (KT2440) A. baylyi (ADP1)

Natural environment gastrointestinal tracts, water env. soil, water env., plant rhizosphere soil, plant rhizosphere soil, water environment, human skin
gastrointestinal tracts

Genome size 4.6 Mbp, 4288 CDS 4.2 Mbp, 4100 CDS 6.2 Mbp, 5420 CDS 3.6 Mbp, 3325 CDS
Genomic complexity Lot of repeat sequences, genes are 25 % duplicate genes Lot of repeat sequences, genes scattered no repeats, genes oriented as clusters 

scattered all  over the genome and 'catabolic islands'
Metabolic model available available available available
     Genes; reactions 1445; 2286 1103; 1437 900; 1071 774; 875
Databases EcoliWiki, EcoCyc SubtiWiki, BsubCyc Pseudomonas Genome Database AcinetoScope (in MicroScope)
Generation timea 40 min. 95 min. 100 min. 35 min. 
Temperature range for 30-38 °C 25-35 °C 18-30 °C 20-38 °C

efficient growth

Substrate utilization

     Substrate range narrow; simple sugars wide; simple and complex wide; sugars, organic acids, arom. comp., wide; sugars, organic acids, arom. comp.
carbohydrates, peptides long chain hydrocarbons, alcohols etc. long chain hydrocarbons, alcohols etc.

    typical aer./anaer. byproducts CO2 / acetate CO2 / lactate, acetate CO2 / - CO2 / - 
Natural products ethanol, hydrogen antimicr. compounds, 2,3-butanediol polyhydroxyalkanoates, antimicr. comp., Triacylglycerols, wax esters, cyanophysin, 

biosurfactants biosurfactants
Pathogenicity to humans wild type strains none; potentially probiotic none none
Generally regarded as safe (GRAS)approved approved approved N/A
Antibiotic sensitivityb sensitive to common antibiotics sensitive to common antibiotics limited sensitivity sensitive to common antibiotics
Genetic tools widely available available available available
     Promoters e.g. T5, T7, Lac, tet, BAD e.g. T5, T7, Lac, tet, BAD (as in E. coli) Lac, tet, BAD T5, T7, Lac, BAD
Transformability electroporation, calcium chloride treat. natural competence, electroporation electroporation natural competence, electroporation
Tolerance to toxic compoundsc weak good very good good
Foundational research extensive extensive well established well established in defined fields

Existing applications, e.g. numerous1,3 numerous1 several2,3 few3

Commercial availability heavily patented, a true issue widely patented patents exist very few patents, not an issue
regarding patents
aMinimal medium, glucose or succinate (ADP1) as a sole carbon source
b e.g. ampicil l in, tetracycline, kanamycin, chloramphenicol
c e.g. aromatic compounds, solvents, halogens, heavy metals, hydrocarbons, alcohols
1 recombinant protein production
2 bioremediation
3 biosensors
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2.2.3.1 Bacillus subtilis  

Bacillus subtilis is the best characterized and the most widely exploited host of Gram-

positive bacteria (Dubnau 1982). The bacterium is both utilized as a model host for 

fundamental research and a work horse in biotechnological processes. Due to its 

superior bioprocess characteristics, that is, the lack of toxic byproducts, high production 

yields (up to 20-25 g/l), and the facility for efficient secretion of the products, B. subtilis 

has been broadly utilized in the production of recombinant proteins, antibiotics, and 

vitamins (Hao et al. 2013; van Dijl and Hecker 2013).  

Being a facultative aerobe and a biofilm and spore-forming bacterium, B. subtilis can 

resist harsh environmental stress and nutrient deprivation for long periods. Moreover, 

the bacteria possess a complex motility and chemotaxis system. The bacteria can also 

produce a variety of secondary metabolites including fungal and bacterial inhibitors, 

providing a competitive advantage in natural environments (Stein 2005). B. subtilis can 

utilize a variety of carbohydrates and peptides as a carbon source and is capable of 

nitrate assimilation. The widely used laboratory strain B. subtilis 168 is auxotrophic for 

tryptophan. 

B. subtilis 168 has been long exploited in molecular genetic, proteomic and biofilm 

studies (Lemon et al. 2008; Becher et al. 2011; Commichau et al. 2013). The genome 

of the strain was sequenced in 1997 (Kunst et al. 1997), followed by a construction and 

more recently enhanced metabolic model (Henry et al. 2009). In addition, a 

comprehensive database for B. subtilis genomic and metabolic information has been 

recently established (Michna et al. 2014).  

The laboratory strain can be induced for natural competence (Hamoen et al. 2003), 

which promotes genetic engineering. Genome engineering tools (Kumpfmuller et al. 

2013) and expression vectors (Nguyen et al. 2005), some being BioBrick compatible 

(Radeck et al. 2013), are widely available for the strain. Furthermore, a genome 

reduction approach has been applied to B. subtilis to increase the host robustness 

(Westers et al. 2003; Ara et al. 2007); subsequently it was also demonstrated that 

streamlining the genome resulted in improved biomass and protein productivity 

(Morimoto et al. 2008; Manabe et al. 2011). Recently, Tanaka et al. determined 

nonessential regions in the B. subtilis 168 genome by successfully deleting 146 

individual regions covering ~76 % of the genome (Tanaka et al. 2013) and information 

was exploited in further improvement of the model predictions regarding the cell 

viability. These studies demonstrate the potentiality of the strain for synthetic biology 

applications and pave the way for a minimal B. subtilis cell factory.  
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2.2.3.2 Pseudomonas putida 

The genus Pseudomonas comprises a vast number of Gram-negative, aerobic 

bacterial species involving both pathogenic and non-pathogenic strains (Palleroni 

2010). Common characteristics include the ability to adapt to different nutritional and 

physicochemical environments, the capability to survive stress, and the ability to 

synthesize bioactive compounds (Silby et al. 2011). The laboratory strain P. putida is a 

non-pathogenic soil bacterium possessing broad catabolic diversity for the utilization of 

various aliphatic, aromatic, and heterocyclic compounds, organic acids, alcohols and 

other complex hydrocarbons as carbon sources (Jimenez et al. 2002).  

P. putida has been widely exploited as a model bacterium in fundamental studies 

regarding environmental bacteria. The potential of the strain to efficiently degrade and 

convert toxic organic wastes and petroleum-based compounds to harmless or value-

added compounds has led to extensive studies and bioremediation applications in the 

field of environmental biotechnology (Poblete-Castro et al. 2012).   

Apart from being exploited in bioremediation and biocatalysis applications, P. putida 

has potential for the production of industrially relevant compounds. The strain naturally 

produces polyhydroalkanoate (PHA), biocompatible and biodegradable polymer 

exploited in biomaterial industries and tissue engineering (Tripathi et al. 2013). 

Moreover, Pseudomonas strains have been broadly exploited in de novo synthesis and 

bioconversion of chiralic compounds and other important chemicals (Poblete-Castro et 

al. 2012).  

The metabolic characteristics of P. putida promote its use in industrial scale processes; 

simple growth requirements, the versatile carbon metabolism, and efficient machinery 

for product tolerance and cofactor regeneration rate serve as a base for a promising 

cell factory for various applications. Moreover, P. putida KT2440 genome sequence 

(Nelson et al. 2002) and construction of a metabolic model (Nogales et al. 2008) have 

promoted the strain usability in biotechnology. For example, high butanol tolerance 

(Ruhl et al. 2009) and recombinant expression of alcohol producing genes from C. 

acetobutylicum have enabled the production of butanol in titres 120 mg/l (Nielsen et al. 

2009). Also, the substrate range has been further extended for the utilization of 

pentose sugars by metabolic engineering (Meijnen et al. 2008). In general, tools for 

gene and genome engineering in P. putida are sufficiently available (de Lorenzo et al. 

1990; Silva-Rocha et al. 2013). Genome streamlining, i.e. the removal of unnecessary 

parts of the chromosome, have been also applied to P. putida (Leprince et al. 2012a). 
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nitrogen limiting conditions, and they stored as intracellular lipid inclusions 

(Wältermann et al. 2005).  

Wax esters possess more dynamic nature compared to TAGs (Fixter et al. 1986) and 

they can occur as intracellular inclusions of various shapes (Ishige et al. 2002). In the 

natural WE synthesis pathway of ADP1, a NADPH dependent fatty acyl-CoA reductase 

Acr1 (Reiser and Somerville 1997) converts a fatty-acyl CoA molecule to a 

corresponding fatty aldehyde, followed by a conversion of fatty aldehyde to fatty 

alcohol by a yet uncharacterized alcohol dehydrogenase/aldehyde reductase(s). In the 

final step, the fatty alcohol molecule is esterified with a fatty acyl-CoA molecule by the 

well-characterized bifunctional enzyme WS/DGAT, resulting in the formation of a wax 

ester molecule. The natural WEs in ADP1 predominantly consist of monounsaturated 

C16 or C18 carbon chains when the cells are grown on glucose. However, the 

utilization of alkanes or alkanols as a substrate results in a significant accumulation of 

WEs (Ishige et al. 2002), and the alkyl chain lengths are determined by the used 

substrate.  

 

FIGURE 2.10. The biosynthetic pathways related to neutral lipid production of A. baylyi 
ADP1. 
































































































































































