
Schlüsseltechnologien / Key Technologies
Band / Volume 289
ISBN 978-3-95806-804-9

Schlüsseltechnologien / Key Technologies
Band / Volume 289
ISBN 978-3-95806-804-9

Biodegradation and microbial upcycling of plastics
Jan de Witt

289

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
B

io
de

gr
ad

at
io

n 
an

d 
m

ic
ro

bi
al

 u
pc

yc
lin

g 
of

 p
la

st
ic

s
Ja

n 
de

 W
itt



Forschungszentrum Jülich GmbH
Institut für Bio- und Geowissenschaften (IBG)
Biotechnologie (IBG-1)

Biodegradation and microbial upcycling  
of plastics

Jan de Witt

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies Band / Volume 289

ISSN 1866-1807  ISBN 978-3-95806-804-9



 

XII 

Contents 

Publications.......................................................................................................................I 

List of abbreviations ...................................................................................................... IV 

List of figures .............................................................................................................. VIII 

List of tables ................................................................................................................... XI 

Contents ........................................................................................................................XII 

Summary ...................................................................................................................... XV 

Zusammenfassung ...................................................................................................... XVI 

1. Introduction ............................................................................................................. 1 

1.1 From natural polymers to synthetic plastics ......................................................... 1 

1.2 The global plastic crisis ....................................................................................... 5 

1.3 Conventional end-of-life solutions for plastic waste ............................................. 7 

1.4 Towards a sustainable plastics economy ............................................................ 11 

1.4.1 Enzymatic depolymerization of plastics and coatings ................................. 14 

1.4.2 Microbial metabolism of plastic monomers and oligomers ......................... 18 

1.4.3 Microbial upcycling of plastics ................................................................... 20 

1.5 Pseudomonas putida KT2440 – a biotechnological chassis for  
           plastic upcycling ............................................................................................... 23 

1.6 Aim and scope of the thesis ............................................................................... 30 

2. Publications and manuscripts ............................................................................... 31 

2.1 Microbial upcycling of polyamides using  engineered Pseudomonas putida ...... 33 

2.1.1 Graphical abstract ....................................................................................... 34 

2.1.2 Abstract ...................................................................................................... 34 

2.1.3 Introduction ................................................................................................ 35 

2.1.4 Results ....................................................................................................... 37 

2.1.5 Discussion .................................................................................................. 50 

2.1.6 Materials and methods ................................................................................ 52 

2.1.7 Declaration of competing interest ............................................................... 56 

2.1.8 Acknowledgements .................................................................................... 57 
 



  Contents 
 

XIII 

2.2 Increasing the diversity of nylonases for  polyamide degradation ....................... 59 

2.2.1 Abstract ...................................................................................................... 60 

2.2.2 Introduction ................................................................................................ 61 

2.2.3 Results and discussion ................................................................................ 63 

2.2.4 Conclusions and outlook ............................................................................. 75 

2.2.5 Materials and methods ................................................................................ 75 

2.2.6 Declaration of competing interest................................................................ 80 

2.2.7 Acknowledgements..................................................................................... 80 

2.3 Bio-upcycling of even and uneven medium-chain-length diols and dicarboxylates 
using engineered Pseudomonas putida ......................................................................... 81 

2.3.1 Graphical abstract ....................................................................................... 82 

2.3.2 Abstract ...................................................................................................... 82 

2.3.3 Introduction ................................................................................................ 83 

2.3.4 Results and discussion ................................................................................ 85 

2.3.5 Conclusions .............................................................................................. 101 

2.3.6 Materials and methods .............................................................................. 101 

2.3.7 Availability of data and materials .............................................................. 105 

2.3.8 Competing interests .................................................................................. 105 

2.3.9 Acknowledgements................................................................................... 106 

2.4 Characterization and engineering of branched short-chain dicarboxylate 
metabolism in Pseudomonas reveals resistance to fungal 2-hydroxyparaconate .......... 107 

2.4.1 Highlights ................................................................................................. 108 

2.4.2 Graphical abstract ..................................................................................... 108 

2.4.3 Abstract .................................................................................................... 109 

2.4.4 Introduction .............................................................................................. 110 

2.4.5 Results and discussion .............................................................................. 113 

2.4.6 Conclusion and outlook ............................................................................ 128 

2.4.7 Materials and methods .............................................................................. 129 

2.4.8 Declaration of competing interests ............................................................ 132 

2.4.9 Acknowledgements................................................................................... 132 

2.4.10 Addendum ................................................................................................ 133 



Contents  
 

XIV 

2.5 Biodegradation of poly(ester-urethane) coatings  by Halopseudomonas 
formosensis ................................................................................................................ 137 

2.5.1 Graphical abstract ..................................................................................... 138 

2.5.2 Abstract .................................................................................................... 138 

2.5.3 Introduction .............................................................................................. 139 

2.5.4 Results and discussion .............................................................................. 141 

2.5.5 Conclusion and outlook ............................................................................ 154 

2.5.6 Materials and methods .............................................................................. 154 

2.5.7 Conflict of interest statement .................................................................... 159 

2.5.8 Data availability statement ....................................................................... 159 

2.5.9 Acknowledgements .................................................................................. 160 

3. General discussion and outlook ........................................................................... 161 

3.1 Plastic-degrading enzymes – big steps ahead ................................................... 161 

3.2 Metabolic engineering enables biological funneling of plastic hydrolysates by 
P. putida KT2440 ...................................................................................................... 164 

3.3 The future of microbial upcycling: A sustainable approach to plastic waste 
management .............................................................................................................. 166 

4. References ............................................................................................................ 171 

5. Appendix .............................................................................................................. 199 

5.1 Supplementary data to Chapter 2.1: ................................................................. 199 

5.2 Supplementary data to Chapter 2.2: ................................................................. 215 

5.3 Supplementary data to Chapter 2.3: ................................................................. 219 

5.4 Supplementary data to Chapter 2.4: ................................................................. 225 

5.5 Supplementary data to Chapter 2.5: ................................................................. 237 

Table S1. Strains used in this thesis. .......................................................................... 244 

Table S2. Plasmids used in this thesis ........................................................................ 249 

Table S3. Oligonucleotides used in this thesis. ........................................................... 252 

Danksagung ................................................................................................................. 257 

Eidesstattliche Erklärung ............................................................................................ 259 

 



Schlüsseltechnologien / Key Technologies
Band / Volume 289
ISBN 978-3-95806-804-9

Schlüsseltechnologien / Key Technologies
Band / Volume 289
ISBN 978-3-95806-804-9

Biodegradation and microbial upcycling of plastics
Jan de Witt

289

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
B

io
de

gr
ad

at
io

n 
an

d 
m

ic
ro

bi
al

 u
pc

yc
lin

g 
of

 p
la

st
ic

s
Ja

n 
de

 W
itt


	Publications
	List of abbreviations
	List of figures
	List of tables
	Contents
	Summary
	Zusammenfassung
	1 Introduction
	1.1 From natural polymers to synthetic plastics
	1.2 The global plastic crisis
	1.3 Conventional end-of-life solutions for plastic waste
	1.4 Towards a sustainable plastics economy
	1.4.1 Enzymatic depolymerization of plastics and coatings
	1.4.2 Microbial metabolism of plastic monomers and oligomers
	1.4.3 Microbial upcycling of plastics

	1.5 Pseudomonas putida KT2440 – a biotechnological chassis for plastic upcycling
	1.6 Aim and scope of the thesis

	2 Publications and manuscripts
	2.1 Microbial upcycling of polyamides using  engineered Pseudomonas putida
	2.1.1 Graphical abstract
	2.1.2 Abstract
	2.1.3 Introduction
	2.1.4 Results
	2.1.4.1 Enabling metabolism of PA monomers
	2.1.4.2 Unraveling metabolism of C6-PA monomers
	2.1.4.3 Heterologous expression of nylonases pioneer the metabolism of PA6 oligomers
	2.1.4.4 Microbial upcycling of PA6 hydrolysates to PHB

	2.1.5 Discussion
	2.1.6 Materials and methods
	2.1.6.1 Strains and culture conditions
	2.1.6.2 Plasmid cloning and strain engineering
	2.1.6.3 Whole-genome sequencing
	2.1.6.4 RNA sequencing
	2.1.6.5 High-Performance Liquid Chromatography analysis
	2.1.6.6 PHB quantification via gas chromatography
	2.1.6.7 Production of soluble PA fractions
	2.1.6.8 In vitro assays
	2.1.6.9 Preparation of the PA6 hydrolysate
	2.1.6.10 In silico tools

	2.1.7 Declaration of competing interest
	2.1.8 Acknowledgements

	2.2 Increasing the diversity of nylonases for  polyamide degradation
	2.2.1 Abstract
	2.2.2 Introduction
	2.2.3 Results and discussion
	2.2.3.1 Screening and expression of novel NylC candidates
	2.2.3.2 Activity towards PA6 oligomers
	2.2.3.3 Synthesis and enzymatic degradation of poly(ester-amides)

	2.2.4 Conclusions and outlook
	2.2.5 Materials and methods
	2.2.5.1 In silico tools
	2.2.5.2 Enrichment cultures
	2.2.5.3 16S rDNA sequencing
	2.2.5.4 Whole-genome sequencing
	2.2.5.5 Molecular cloning
	2.2.5.6 Enzyme purification
	2.2.5.7 Nano differential scanning fluorimetry
	2.2.5.8 Activity assays
	2.2.5.9 High-Performance Liquid Chromatography analysis
	2.2.5.10 Polymer synthesis
	2.2.5.11 Polymer characterization

	2.2.6 Declaration of competing interest
	2.2.7 Acknowledgements

	2.3 Bio-upcycling of even and uneven medium-chain-length diols and dicarboxylates using engineered  Pseudomonas putida
	2.3.1 Graphical abstract
	2.3.2 Abstract
	2.3.3 Introduction
	2.3.4 Results and discussion
	2.3.4.1 Engineering metabolism of aliphatic diols
	2.3.4.2 Engineering metabolism of ucl-DCA
	2.3.4.3 SNVs in gcdR may cause changes in ligand binding
	2.3.4.4 Enabling growth on ucl 1,7-heptanediol
	2.3.4.5 Towards bio-upcycling of complex aliphatic mixtures

	2.3.5 Conclusions
	2.3.6 Materials and methods
	2.3.6.1 Strains and culture conditions
	2.3.6.2 Plasmid cloning and strain engineering
	2.3.6.3 RT-qPCR
	2.3.6.4 Genome sequencing
	2.3.6.5 Analytical methods
	2.3.6.6 PHA and PHB analysis via gas chromatography

	2.3.7 Availability of data and materials
	2.3.8 Competing interests
	2.3.9 Acknowledgements

	2.4 Characterization and engineering of branched short-chain dicarboxylate metabolism in Pseudomonas reveals resistance to fungal 2-hydroxyparaconate
	2.4.1 Highlights
	2.4.2 Graphical abstract
	2.4.3 Abstract
	2.4.4 Introduction
	2.4.5 Results and discussion
	2.4.5.1 Degradation and transport of BSCD by engineered P. putida KT2440
	2.4.5.2 Characterization of peripheral BSCD pathways
	2.4.5.3 Degradation of itaconate in the presence of its derivatives (S)-2-hydroxyparaconate and itatartarate
	2.4.5.4 Effects of (S)-2-hydroxyparaconate and itatartarate on microbial metabolism

	2.4.6 Conclusion and outlook
	2.4.7 Materials and methods
	2.4.7.1 Strains and culture conditions
	2.4.7.2 Plasmid cloning and strain engineering
	2.4.7.3 HPLC analysis
	2.4.7.4 GC-ToF-MS analysis
	2.4.7.5 In silico tools

	2.4.8 Declaration of competing interests
	2.4.9 Acknowledgements
	2.4.10 Addendum
	2.4.10.1 Microbial upcycling of BSCD
	2.4.10.2 Materials and methods


	2.5 Biodegradation of poly(ester-urethane) coatings  by Halopseudomonas formosensis
	2.5.1 Graphical abstract
	2.5.2 Abstract
	2.5.3 Introduction
	2.5.4 Results and discussion
	2.5.4.1 Isolation of poly(ester-urethane)-degrading Halopseudomonas formosensis FZJ
	2.5.4.2 Biochemical characterization of Hfor_PE-H
	2.5.4.3 Microbial metabolism of poly(ester-urethanes)

	2.5.5 Conclusion and outlook
	2.5.6 Materials and methods
	2.5.6.1 Strain isolation and cultivation
	2.5.6.2 16S rDNA sequencing
	2.5.6.3 Whole genome sequencing
	2.5.6.4 Quantification of NH4+ consumption
	2.5.6.5 Genetic engineering
	2.5.6.6 Microscopic analysis
	2.5.6.7 GC-ToF-MS analysis
	2.5.6.8 Enzyme production and purification
	2.5.6.9 Biochemical characterization
	2.5.6.10 Determination of protein thermal melting point
	2.5.6.11 Enzymatic hydrolysis of PET and quantification of reaction products
	2.5.6.12 Enzymatic hydrolysis of Impranil DLN-SD

	2.5.7 Conflict of interest statement
	2.5.8 Data availability statement
	2.5.9 Acknowledgements


	3 General discussion and outlook
	3.1 Plastic-degrading enzymes – big steps ahead
	3.2 Metabolic engineering enables biological funneling of plastic hydrolysates by P. putida KT2440
	3.3 The future of microbial upcycling: A sustainable approach to plastic waste management

	4 References
	5 Appendix
	5.1 Supplementary data to Chapter 2.1:
	5.2 Supplementary data to Chapter 2.2:
	5.3 Supplementary data to Chapter 2.3:
	5.4 Supplementary data to Chapter 2.4:
	5.5 Supplementary data to Chapter 2.5:
	Table S1. Strains used in this thesis.
	Table S2. Plasmids used in this thesis
	Table S3. Oligonucleotides used in this thesis.

	Danksagung
	Eidesstattliche Erklärung
	Leere Seite
	Leere Seite
	Leere Seite
	Leere Seite



