
Schlüsseltechnologien / Key Technologies
Band / Volume 281
ISBN 978-3-95806-749-3

Schlüsseltechnologien / Key Technologies
Band / Volume 281
ISBN 978-3-95806-749-3

Enabling mixed microbial upcycling of plastic monomers
Yannic Sebastian Ackermann

281

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
En

ab
lin

g 
m

ix
ed

 m
ic

ro
bi

al
 u

pc
yc

lin
g 

of
 p

la
st

ic
 m

on
om

er
s

Ya
nn

ic
 S

eb
as

tia
n 

A
ck

er
m

an
n



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

Enabling mixed microbial upcycling  
of plastic monomers

Yannic Sebastian Ackermann

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies	 Band / Volume 281

ISSN 1866-1807		  ISBN 978-3-95806-749-3



Contents

Publications I

List of Abbreviations III

List of Figures VII

Summary XIII

Zusammenfassung XV

1. Introduction 1
1.1. Artificial polymers enable social boom . . . . . . . . . . . . . . . . . . . 1
1.2. The human crisis of plastic overproduction . . . . . . . . . . . . . . . . . 3
1.3. Recycling of conventional plastic waste . . . . . . . . . . . . . . . . . . . 6
1.4. Bioplastic as a potential solution . . . . . . . . . . . . . . . . . . . . . . 9
1.5. Bio-based production and biodegradation of important monomers for

bioplastic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.6. Bio-upcycling of plastic waste streams . . . . . . . . . . . . . . . . . . . 18
1.7. Pseudomonas as biotechnological chassis . . . . . . . . . . . . . . . . . . 19
1.8. Scope of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2. Publications and manuscripts 25
2.1. Engineering adipic acid metabolism in Pseudomonas putida. . . . . . . . 27

2.1.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.1.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.1.3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.1.3.1. Enabling adipate metabolism by P. putida KT2440 . . . . . 33
2.1.3.2. Genome sequencing of evolved adipate-metabolizing strains . 35
2.1.3.3. Characterization of plasmid effects in evolved adipate-metabolizing

strains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.1.3.4. Characterization and reverse engineering of genomic mutations

for adipate metabolism . . . . . . . . . . . . . . . . . . . . . 39

IX



Contents

2.1.3.5. Growth of evolved and reverse engineered P. putida strains
on other mcl-dicarboxylates . . . . . . . . . . . . . . . . . . 41

2.1.3.6. Production of polyhydroxyalkanoates from adipic acid . . . . 42

2.1.4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.1.5. Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . 45

2.1.5.1. Strains and culture conditions . . . . . . . . . . . . . . . . . 45

2.1.5.2. Adaptive laboratory evolution . . . . . . . . . . . . . . . . . 45

2.1.5.3. Plasmid cloning and strain engineering . . . . . . . . . . . . 46

2.1.5.4. Analytical methods . . . . . . . . . . . . . . . . . . . . . . . 48

2.1.5.5. PHA analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.1.5.6. Extracellular metabolites . . . . . . . . . . . . . . . . . . . . 49

2.1.5.7. Genome sequencing . . . . . . . . . . . . . . . . . . . . . . . 49

2.2. Bio-upcycling of even and uneven mcl- diols and DCAs using engineered
P. putida. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.2.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.2.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.2.3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.2.3.1. Engineering metabolism of aliphatic diols . . . . . . . . . . . 55

2.2.3.2. Engineering metabolism of ucl-DCA . . . . . . . . . . . . . 59

2.2.3.3. SNV’s in gcdR may cause changes in ligand binding . . . . . 61

2.2.3.4. Enabling growth on ucl 1,7-heptanediol . . . . . . . . . . . . 63

2.2.3.5. Towards bio-upcycling of complex aliphatic mixtures . . . . 63

2.2.4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.2.5. Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . 70

2.2.5.1. Strains and culture conditions . . . . . . . . . . . . . . . . . 70

2.2.5.2. Plasmid cloning and strain engineering . . . . . . . . . . . . 71

2.2.5.3. RT-qPCR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.2.5.4. Genome sequencing . . . . . . . . . . . . . . . . . . . . . . . 74

2.2.5.5. Analytical methods . . . . . . . . . . . . . . . . . . . . . . . 74

2.2.5.6. PHA and PHB analysis via gas chromatography . . . . . . . 75

2.3. Engineering of BDO and AA metabolism in P. taiwanensis. . . . . . . . 77

2.3.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.3.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

2.3.3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 81

X



Contents

2.3.3.1. Engineering growth on adipate and 1,4-butanediol via adap-
tive laboratory evolution . . . . . . . . . . . . . . . . . . . . 81

2.3.3.2. Characterization and reverse engineering of causal mutations
for 1,4-butanediol and adipic acid metabolism . . . . . . . . 86

2.3.3.3. Tyrosine production from adipate and 1,4-butanediol by the
evolved and reverse engineered strains . . . . . . . . . . . . 94

2.3.4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
2.3.5. Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . 97

2.3.5.1. Strains and culture conditions . . . . . . . . . . . . . . . . . 97
2.3.5.2. Adaptive laboratory evolution . . . . . . . . . . . . . . . . . 101
2.3.5.3. Plasmid cloning and strain engineering . . . . . . . . . . . . 101
2.3.5.4. RT-qPCR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
2.3.5.5. Analytical methods . . . . . . . . . . . . . . . . . . . . . . . 102
2.3.5.6. HPLC analysis . . . . . . . . . . . . . . . . . . . . . . . . . 103
2.3.5.7. Genome sequencing . . . . . . . . . . . . . . . . . . . . . . . 103

2.4. Bio-upcycling of PBAT mock hydrolysates by defined mixed cultures into
PCA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

2.4.1. Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.4.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
2.4.3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 109

2.4.3.1. Engineering a tyrosine-producing P. taiwanensis strain for de
novo production of PCA . . . . . . . . . . . . . . . . . . . . 109

2.4.3.2. Engineering terephthalate metabolism in P. taiwanensis . . 114
2.4.3.3. Enabling biotransformation of TA into PCA with P. taiwanensis116
2.4.3.4. Degradation of PBAT mock hydrolysates with defined Mixed

Cultures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
2.4.3.5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

2.4.4. Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . 131
2.4.4.1. Strains and culture conditions . . . . . . . . . . . . . . . . . 131
2.4.4.2. Plasmid cloning and strain engineering . . . . . . . . . . . . 134
2.4.4.3. Analytical methods . . . . . . . . . . . . . . . . . . . . . . . 135
2.4.4.4. Extracellular metabolites . . . . . . . . . . . . . . . . . . . . 135

3. General discussion and outlook 137
3.1. Biodegradation of monomers enables plastic waste to be used as feedstock

for biotechnological approaches . . . . . . . . . . . . . . . . . . . . . . . 137

XI



Contents

3.2. Future applications of biotechnological recycling . . . . . . . . . . . . . . 139

Bibliography 143

Appendix 171

Danksagung 201

Eidesstattliche Erklärung 203

XII



Schlüsseltechnologien / Key Technologies
Band / Volume 281
ISBN 978-3-95806-749-3

Schlüsseltechnologien / Key Technologies
Band / Volume 281
ISBN 978-3-95806-749-3

Enabling mixed microbial upcycling of plastic monomers
Yannic Sebastian Ackermann

281

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
En

ab
lin

g 
m

ix
ed

 m
ic

ro
bi

al
 u

pc
yc

lin
g 

of
 p

la
st

ic
 m

on
om

er
s

Ya
nn

ic
 S

eb
as

tia
n 

A
ck

er
m

an
n


	Publications
	List of Abbreviations
	List of Figures
	Summary
	Zusammenfassung
	Introduction
	Artificial polymers enable social boom
	The human crisis of plastic overproduction
	Recycling of conventional plastic waste
	Bioplastic as a potential solution
	Bio-based production and biodegradation of important monomers for bioplastic
	Bio-upcycling of plastic waste streams
	Pseudomonas as biotechnological chassis
	Scope of this thesis

	Publications and manuscripts
	Engineering adipic acid metabolism in Pseudomonas putida.
	Abstract
	Introduction
	Results and discussion
	Enabling adipate metabolism by P. putida KT2440
	Genome sequencing of evolved adipate-metabolizing strains
	Characterization of plasmid effects in evolved adipate-metabolizing strains
	Characterization and reverse engineering of genomic mutations for adipate metabolism
	Growth of evolved and reverse engineered P. putida strains on other mcl-dicarboxylates
	Production of polyhydroxyalkanoates from adipic acid

	Conclusion
	Experimental procedures
	Strains and culture conditions
	Adaptive laboratory evolution
	Plasmid cloning and strain engineering
	Analytical methods
	PHA analysis
	Extracellular metabolites
	Genome sequencing


	Bio-upcycling of even and uneven mcl- diols and DCAs using engineered P. putida.
	Abstract
	Introduction
	Results and discussion
	Engineering metabolism of aliphatic diols
	Engineering metabolism of ucl-DCA
	SNV’s in gcdR may cause changes in ligand binding
	Enabling growth on ucl 1,7-heptanediol
	Towards bio-upcycling of complex aliphatic mixtures

	Conclusion
	Experimental procedures
	Strains and culture conditions
	Plasmid cloning and strain engineering
	RT-qPCR
	Genome sequencing
	Analytical methods
	PHA and PHB analysis via gas chromatography


	Engineering of BDO and AA metabolism in P. taiwanensis.
	Abstract
	Introduction
	Results and discussion
	Engineering growth on adipate and 1,4-butanediol via adaptive laboratory evolution
	Characterization and reverse engineering of causal mutations for 1,4-butanediol and adipic acid metabolism
	Tyrosine production from adipate and 1,4-butanediol by the evolved and reverse engineered strains

	Conclusion
	Experimental procedures
	Strains and culture conditions
	Adaptive laboratory evolution
	Plasmid cloning and strain engineering
	RT-qPCR
	Analytical methods
	HPLC analysis
	Genome sequencing


	Bio-upcycling of PBAT mock hydrolysates by defined mixed cultures into PCA.
	Abstract
	Introduction
	Results and discussion
	Engineering a tyrosine-producing P. taiwanensis strain for de novo production of PCA
	Engineering terephthalate metabolism in P. taiwanensis
	Enabling biotransformation of TA into PCA with P. taiwanensis
	Degradation of PBAT mock hydrolysates with defined Mixed Cultures
	Conclusion

	Experimental procedures
	Strains and culture conditions
	Plasmid cloning and strain engineering
	Analytical methods
	Extracellular metabolites



	General discussion and outlook
	Biodegradation of monomers enables plastic waste to be used as feedstock for biotechnological approaches
	Future applications of biotechnological recycling

	Bibliography
	Appendix
	Danksagung
	Eidesstattliche Erklärung
	Leere Seite
	Leere Seite
	Leere Seite
	Leere Seite



