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Abstract		1	

The	 single	use	plastic	polyethylene	 terephthalate	 (PET)	has	greatly	 contributed	 to	 the	2	

convenience	of	our	modern	 lifestyle.	However,	 its	widespread	use	 in	single	use	plastic	3	

packaging	 and	 synthetic	 fibres,	 and	 recalcitrant	 properties	 are	 a	major	 contributor	 to	4	

plastic	pollution.	Meanwhile,	the	microbially	produced	polyesters,	polyhydroxyalkanoate	5	

(PHA)	have	 received	 increased	attention	as	 a	possible	 solution	 to	 the	accumulation	of	6	

plastic	waste	due	to	their	biodegradable	properties.	The	upcycling	of	PET	waste	 into	a	7	

material	 such	 as	PHA	 creates	 an	 opportunity	 to	 improve	both	 resource	 efficiency	 and	8	

contribute	 to	 a	 circular	 economy.	 	 This	 is	 possible	 as	 intermediates	 in	 the	 chemical	9	

recycling	 of	 PET,	 disodium	 terephthalate	 (Na2TA)	 and	 ethylene	 glycol	 (EG)	 can	 be	10	

harnessed	as	cheap	microbial	substrates	for	the	cultivation	of	Pseudomonas	umsongensis	11	

GO16	and	polyhydroxyalkanoate	(PHA)	production.		12	

Previous	studies	have	successfully	employed	Na2TA	as	a	microbial	substrate	for	13	

growth	and	PHA	accumulation.	However,	issues	surrounding	its	feasibility	as	a	microbial	14	

feedstock,	such	as	solubility	have	not	been	tackled.		15	

This	thesis	presents	the	model-based	optimisation	of	a	liquid	feeding	regime	with	16	

the	purpose	of	improving	the	automation	and	operational	ease	of	Na2TA	conversion	into	17	

P.	umsongensis	GO16	biomass.	The	model	was	parameterised	and	validated	using	data	18	

from	dynamic	 liquid-phase	 and	 solid-phase	 feeding	 experiments.	 The	 validated	model	19	

identified	sodium	ion	accumulation	as	a	key	determinant	of	bioprocess	performance	and	20	

was	used	to	design	a	liquid-phase	feeding	strategy	that	maximises	P.	umsongensis	GO16	21	

biomass	 synthesis.	 The	 obtained	 biomass	 concentrations	 of	 10.5	g/L	 (liquid-phase	22	

feeding)	and	15.3	g/L	(solid-phase	feeding)	are	the	highest	ever	reported	using	Na2TA	as	23	

a	sole	carbon	source	for	microbial	growth.		However,	even	though	a	solid	pulse	feeding	24	

regime	 of	 Na2TA	 was	 successful	 in	 maximising	 biomass,	 it	 was	 found	 to	 limit	 PHA	25	

accumulation,	 achieving	 a	 5-fold	 lower	 PHA	 content	 compared	 to	 previously	 achieved	26	

yields	using	Na2TA	as	the	sole	source	of	carbon	and	energy.	27	

Secondly,	 this	 thesis	 demonstrates	 a	 completely	 biotechnological	 process	 for	28	

upcycling	of	PET	into	PHA.		PET	was	enzymatically	hydrolysed	to	provide	Na2TA	and	EG.		29	

Enzymatically	hydrolysed	PET	was	then	supplied	as	a	sole	source	of	carbon	and	energy	to	30	

P.	umsongensis	GO16.	Using	nitrogen	limiting	conditions	to	stimulate	PHA	accumulation	a	31	

biomass	of	1.6	g/L	was	achieved	in	24	h	with	7%	of	that	biomass	representing	medium	32	

chain	 length	PHA,	which	was	equal	 to	 that	achieved	when	a	 synthetic	mixture	of	both	33	



	 2	

monomers	 mimicking	 enzymatically	 hydrolysed	 PET	 was	 employed.	 	 Furthermore,	1	

adaptive	 laboratory	 evolution	 carried	 out	 on	 P.	 umsongensis	 GO16	 was	 successful	 in	2	

improving	the	biomass	accumulation	and	total	PHA	content	of	the	strain	when	cultivated	3	

on	enzymatically	hydrolysed	PET.	4	

Recently	the	genome	sequence	of	P.	umsongensis	GO16	revealed	that	it	is	equipped	5	

with	the	genes	required	for	both	medium	chain	length	(mcl)	and	short	chain	length	(scl)	6	

PHA	production.	The	deletion	of	PHA	depolymerases	have	been	known	to	improve	PHA	7	

productivity,	although	its	impact	is	not	consistent	across	different	bacterial	strains	and	8	

substrates	employed.		9	

To	 date	 no	 study	 has	 investigated	 the	 impact	 of	 a	 PHA	 depolymerase	 gene	10	

knockout	on	a	scl	and	mclPHA	producer.	Accordingly,	the	final	major	finding	of	this	study	11	

was	 that	 the	 deletion	 of	 both	 scl	 and	mclPHA	 depolymerases	 have	 varying	 effects	 on	12	

growth	 and	 PHA	 accumulation	 depending	 on	 the	 depolymerase	 knocked	 out	 and	 the	13	

substrate	 used.	 Deleting	 both	 scl	 and/or	mclPHA	 depolymerases	 significantly	 impairs	14	

growth	on	sodium	octanoate,	while	the	deletion	of	the	sclPHA	depolymerase	negatively	15	

impacted	PHA	accumulation	 in	P.	umsongensis	GO16	while	also	affecting	the	monomer	16	

composition	of	the	polymer	with	an	over	4-fold	increase	in	C4	monomer	fraction	and	over	17	

1.7-fold	 decrease	 in	 PHA	 content.	 Furthermore,	 when	 the	 PHA	 depolymerase	 gene	18	

knockout	 mutants	 were	 cultivated	 on	 Na2TA	 and	 sodium	 butyrate,	 the	 effect	 on	 the	19	

growth	and	PHA	accumulation	varied	depending	on	substrate	employed,	demonstrating	20	

the	 significance	 of	 substrate	 choice	 in	 assessing	 the	 impact	 of	 deleting	 a	 PHA	21	

depolymerase	in	P.	umsongensis	GO16.	22	
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	 4	

Plastics	 are	 a	 large	 family	 of	 polymers,	 traditionally	 derived	 from	 fossil	 fuels,	 are	1	

thermoplastic,	 thermosetting	and	have	a	broad	range	of	properties	and	characteristics	2	

(Narancic	et	al.,	2018).	Approximately	90%	of	plastics	produced	are	derived	from	fossil	3	

feedstocks	(Ellen_Macarthur_Foundation,	2016).	Currently,	plastic	production	accounts	4	

for	approximately	4-8%	of	oil	consumption	globally.	This	 is	expected	to	reach	20%	by	5	

2050	(Federation,	2019,	World_Economic_Forum,	2016).		6	

Ever	since	their	wide	scale	production	in	1950s,	plastics	have	permeated	society	7	

as	a	result	of	their	durability	and	lightweight	nature,	and	have	demonstrated	their	use	in	8	

a	wide	range	of	applications	(Geyer	et	al.,	2017).	It	has	been	estimated	that	approximately	9	

8.3	billion	tonnes	of	virgin	plastics	have	been	produced	since	widescale	mass	production.	10	

Their	 low	 cost,	 coupled	 with	 a	 broad	 range	 of	 desirable	 physical	 properties	 such	 as	11	

durability,	strength	to	weight	ratio,	and	mouldability	means	plastics	are	used	in	a	wide	12	

range	of	applications	for	the	benefit	of	a	convenience	driven	society	(Plasticseurope.org,	13	

2017,	Andrady	and	Neal,	2009).		14	

The	 plastics	 industry	 is	 important	 for	 employment	with	 a	 reported	 1.6	million	15	

people	employed	in	the	industry	across	the	EU,	and	it	reportedly	generated	a	turnover	of	16	

€360	billion	in	2018	(PlasticsEurope,	2019).		17	

Global	economic	growth	and	the	improvement	in	living	standards	has	resulted	in	18	

an	increase	in	purchasing	power	by	individuals,	and	so	has	contributed	to	the	increase	in	19	

plastic	production,	with	the	EU	contributing	approximately	17%	to	the	global	production	20	

of	 plastic	 (PlasticsEurope,	 2019).	 Consequently,	 global	 plastic	 production	 has	 steadily	21	

increased	from	15	million	metric	tonnes	in	1964	to	359	million	metric	tonnes	in	2018,	a	22	

figure	which	is	expected	to	 increase	4-fold	by	2050	(Statistica,	2018a,	Ellen	Macarthur	23	

Foundation,	2017,	PlasticsEurope,	2019).	24	

Plastics	have	contributed	greatly	to	the	ease	of	everyday	life.	They	cater	for	the	25	

convenient	collection,	storage	and	consumption	of	drinking	water	and	food	products,	they	26	

are	ubiquitous	in	the	medical	device	industry	and	in	household	electronics	(Meeker	et	al.,	27	

2009).	 Furthermore,	 the	 high	 strength	 to	 weight	 ratio	 of	 plastics	 has	 expedited	 the	28	

reduction	in	energy	consumption	of	the	transport	and	aviation	industries.	For	instance,	29	

the	 use	 of	 PET	 bottles	 over	 a	 glass	 counterpart	 has	 been	 noted	 to	 reduce	 energy	30	

consumption	 associated	 with	 transport	 by	 52%	 in	 Europe	 (Andrady	 and	 Neal,	 2009,	31	

Ellen_Macarthur_Foundation,	2016)	while	next	generation	planes	increasingly	consist	of	32	

larger	contents	of	plastic	composite	materials.	For	instance,	the	Boeing	787	Dreamliner	33	
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consists	 of	 approximately	 50%	 plastic	 composite	 materials,	 contributing	 to	 a	 20%	1	

reduction	in	fuel	costs	and	thusly	improved	fuel	efficiency	(Ellen_Macarthur_Foundation,	2	

2016).	3	

	4	

1.1. Plastic	Polymers	5	

Plastics	 can	 be	 divided	 into	 four	 categories	 as	 outlined	 in	 Table	 1.1.	 Currently,	6	

thermoplastic	 polymers	 such	 as	 polyethylene	 terephthalate	 (PET),	 polyethylene	 (PE),	7	

polypropylene	(PP)	and	polystyrene	(PS)	make	up	a	total	of	60%	of	the	overall	plastic	8	

demand	 in	 Europe	 (PlasticsEurope,	 2018).	 While	 these	 plastics	 are	 traditionally	9	

petrochemically	 derived,	 there	 is	 a	 growing	 demand	 for	 the	 production	 of	10	

environmentally	 friendly	 plastics,	 “bioplastics”,	 using	 renewable	 resources	 as	 an	11	

alternative	to	their	petrochemically	derived	counterparts	(Ohura	et	al.,	1999).	While	the	12	

term	bioplastics	 is	widely	used,	 it	does	not	accurately	represent	what	the	origin	of	the	13	

material	 is,	 or	what	 is	 the	material’s	 post-consumer	 fate.	 All	 bioplastics	 are	 produced	14	

using	natural	resources,	and	therefore	are	bio-based.	However,	not	all	are	biodegradable	15	

(Jabeen	et	al.,	2015,	Narancic	and	O'Connor,	2017).		Bio-based	and	biodegradable	plastics	16	

include	polylactic	acid	(PLA),	polyhydroxyalkanoates	(PHA),	cellulose	and	thermoplastic	17	

starch.	 The	 main	 advantage	 of	 these	 types	 of	 material	 is	 that	 in	 addition	 to	 being	18	

recyclable	and	suitable	for	incineration,	they	may	also	be	microbially	degraded	allowing	19	

for	 alternative	 end	 of	 life	 management	 and	 facilitating	 the	 development	 of	 a	 circular	20	

economy	(Emadian	et	al.,	2017,	Narancic	et	al.,	2018).	21	

Meanwhile,	 non-biodegradable	 bio-based	 plastics	 include	 bio-polyethylene	22	

terephthalate	 (bio-PET),	 polyol-polyurethane	 and	bio-polyethylene	 (bio-PE).	Oil	 based	23	

plastics	can	also	be	categorised	similarly	based	on	their	biodegradability.	For	instance,	24	

while	PE	and	PS	are	not	biodegradable,	polycaprolactone	(PCL),	polybutylene	succinate	25	

(PBS)	and	polybutylene	adipate	are	(Jabeen	et	al.,	2015).		26	

The	 production	 of	 bio-based	 PET	 and	 PE	 has	 garnered	 interest	 from	 plastic	27	

manufacturers	 as	 the	 same	 processing	 equipment	 can	 be	 used,	 thus	 lowering	 total	28	

investment	in	infrastructure	for	their	manufacturing	(Robertson,	2017).	The	production	29	

of	bio-based	PE	from	sugar	cane	in	Brazil	has	been	successful	(FKuR),	while	PET	entirely	30	

derived	from	plant	material	for	the	production	of	soft	drink	bottles	has	also	been	achieved	31	

(bio-PET)	(Coca-Cola,	2015).	Even	though	these	plastics	are	bio-based	and	can	contribute	32	

to	reducing	greenhouse	emissions	in	plastic	production	through	for	example,	the	growth	33	
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of	 plant	 biomass	which	uses	 carbon	dioxide,	 and	 aids	 in	 reducing	 our	 dependence	 on	1	

petrochemically	derived	counterparts,	 their	bonding	is	 identical	to	their	petrochemical	2	

versions	and	so	they	are	not	biodegradable	(Robertson,	2017).	Meanwhile	the	industrial	3	

production	 of	 the	 biodegradable	 plastic,	 PBS	 (traditionally	 petrochemically	 derived),	4	

from	 sugarcane,	 cassava	 and	 corn	 (bio-PBS)	 has	 been	 underway	 since	 2017	5	

(Mitsubishi_Chemical),	 highlighting	 the	 move	 towards	 sustainable	 bio-based,	6	

biodegradable	plastic	alternatives.	7	

	8	
Table	 1.1.	 Categorization	 of	 Plastic	 types	 based	 in	 biodegradability	 and	 source	 of	9	
feedstock.	Adapted	from	Iwata	(Iwata,	2015).	10	
	 Bio-based	plastics	 Oil	based	plastics		
Biodegradable	plastics		 Polylactic	acid	(PLA)	 Polycaprolactone	(PCL)	
	 Polyhydroxyalkanoates	(PHA)	 Polybutylene	succinate	(PBS)	
	 Cellulose	 Polybutylene	adipate	(PBA)	
	 Starch	 	
	 Bio-polybutylene	succinate	(bio-

PBS)	
	

Non-biodegradable	
plastics		

Bio-polyethylene	terephthalate	
(bio-PET)		

Polyethylene	terephthalate	
(PET)	

	 Bio-polyethylene	(bio-PE)	 Polyethylene	(PE)	
	 Polyol-polyurethane		 Polystyrene	(PS)	

Polypropylene	(PP)	

	11	

1.1.1. Polyethylene	Terephthalate		12	

Polyethylene	 terephthalate	 (PET)	 is	 one	 of	 several	 thermoplastic	 polymers	 and	 is	13	

comprised	 of	 terephthalic	 acid	 (TA)	 and	 ethylene	 glycol	 (EG)	 (Figure	 1.1).	 PET	 is	14	

naturally	transparent,	semi-crystalline,	water	resistant	and	has	a	high	strength	to	weight	15	

ratio	making	it	a	very	attractive	material	for	single	use	packaging	(Creative	Mechanisms,	16	

2016).	Its	use	is	most	notably	widespread	in	the	production	of	single-use	plastic	bottles,	17	

with	485	billion	produced	 in	 2016	 and	583	billion	projected	 to	 be	produced	by	2021	18	

(Statistica,	2018b).	PET	 fibres	 (also	known	as	 “polyester”)	 account	 for	60%	of	 all	PET	19	

production	globally	(Ji,	2013)	and	is	widely	used	as	a	synthetic	fibre	for	clothing	and	tyre	20	

cords,	 and	 has	 a	 growing	 application	 in	 3D	 printing	 (Dimitrov	 et	 al.,	 2013,	 Creative	21	

Mechanisms,	2016,	Brems	et	al.,	2011,	Ji,	2013).	In	2016,	the	global	use	of	PET	packaging	22	

amounted	to	21.7	million	metric	tonnes	(Frank,	2018).			23	
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	1	
Figure	 1.1.	 Chemical	 structures	 of	 a)	 polyethylene	 terephthalate	 (PET)	 polymer;		2	
b)	terephthalic	acid	(TA);	c)	ethylene	glycol	(EG).	3	
	 	4	
	 PET	 was	 initially	 discovered	 by	 Whinfield	 and	 Dickenson	 of	 Calico	 Printers’	5	

Association,	 Ltd	 in	 1941,	 and	 commercialised	 by	 Du	 Pont	 and	 Imperial	 Chemical	6	

Industries	(Amborski	and	Flierl,	1953,	Andrady	and	Neal,	2009).	The	synthesis	of	PET	is	7	

achieved	via	an	esterification	reaction	between	TA	and	EG,	and	is	repeated	to	form	long	8	

polymer	chains	(Cammidge,	1999).	PET	has	numerous	advantages	as	a	plastic	material;	it	9	

is	 inexpensive	 to	produce,	 shatterproof,	 highly	 transparent	 and	has	 a	high	 strength	 to	10	

weight	ratio	(Frank,	2018).	However,	while	these	characteristics	are	what	make	PET	so	11	

desirable	and	functional,	it	also	results	in	its	persistence	in	the		environment.		12	

	13	

1.2. Plastic	waste		14	

While	traditional	petrochemical	plastic	products	have	improved	the	quality	of	everyday	15	

life,	 their	mainly	 single	use,	 durability	 and	 recalcitrant	nature	has	 led	 to	 a	 substantial	16	

increase	as	a	fraction	of	municipal	solid	waste.			17	

Approximately	25.8	million	tonnes	of	post-consumer	plastic	waste	is	generated	in	18	

Europe	annually.	Of	which	30%	is	recycled,	with	a	further	40%	destined	for	incineration	19	

(Ec.europa.eu),	 posing	 a	 great	 environmental	 problem	 (Ellen_Macarthur_Foundation,	20	

2016).		21	

Currently,	plastic	packaging	makes	up	approximately	40%	of	the	plastic	market,	of	22	

which,	most	is	destined	for	single	use	(Narancic	and	O'Connor,	2017).	In	2013,	72%	of	23	

plastic	packaging	was	not	recovered	for	recycling,	of	which	40%	ended	up	in	landfill	and	24	

a	further	32%	leaked	into	the	environment	(Figure	1.2).	Current	statistics	released	by	25	

the	European	Commission	state	that	1.5	–	4%	of	the	global	plastic	produced	leaks	into	the	26	

ocean	annually	(Ec.europa.eu,	Jambeck	et	al.,	2015),	and	approximately	79%	of	all	plastic	27	

ever	produced	has	not	been	recycled	(Geyer	et	al.,	2017).		28	

It	has	been	noted	that	up	to	12.7	million	tonnes	of	plastic	waste	produced	by	192	29	

coastal	countries	was	found	in	the	ocean	in	2010	(Jambeck	et	al.,	2015),	with	single	use	30	

plastics	 making	 up	 half	 of	 marine	 pollutants	 across	 the	 beaches	 of	 Europe	31	
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(European_Commission,	2019),	resulting	in	the	entrapment	of	marine	life	(Ohura	et	al.,	1	

1999).	Secondly,	the	leakage	of	endocrine	disrupting	compounds	such	as	bisphenol	A	and	2	

phthalates	 used	 as	 plasticisers	 during	 the	 plastic	 manufacturing	 process	 into	 the	3	

environment	has	raised	concerns	over	human	and	animal	toxicity,	potentially	increasing	4	

the	risk	of	cancer	 in	humans	(Meeker	et	al.,	2009,	Vom	Saal	et	al.,	2012),	while	plastic	5	

debris	and	microplastics	have	a	devastating	impact	on	coral	reefs,	marine	mammals	and	6	

terrestrial	life	(Lebreton	et	al.,	2017,	Lamb	et	al.,	2018,	Andrady,	2011,	Hanik	et	al.,	2019).		7	

According	to	Browne	and	co-workers	the	most	significant	sources	of	microplastics	8	

in	the	marine	environment	are	sewage	and	waste	water	polluted	by	fibres	from	washing	9	

clothes	(Browne	et	al.,	2011),	and	while	discoveries	of	the	microbial	biodegradation	of	10	

plastic	waste	has	been	reported	in	the	literature	(Khan	et	al.,	2017,	Yamada-Onodera	et	11	

al.,	2001,	Yang,	2016),	these	cases	have	not	been	identified	to	be	a	common	phenomenon.	12	

	The	most	widely	used	commodity	plastics	available	today	are	PET,	high	density	13	

polyethylene	 (HDPE),	 low	 density	 polyethylene	 (LDPE),	 polyvinyl	 chloride	 (PVC),	14	

polypropylene	(PP),	and	polystyrene	(PS).	Among	these	heavily	used	plastic	materials,	15	

PET	 represents	 approximately	 7.1%	 of	 all	 plastic	 produced	 in	 Europe	 by	 weight	16	

(Plasticseurope.org,	2017).	Predominantly	used	for	packaging	purposes,	particularly	in	17	

the	bottling	of	beverages,	PET	is	often	treated	as	a	single	use	product	(Statistica,	2018b).		18	

In	2017,	58%	of	PET	bottles	produced	were	mechanically	recycled	 in	Europe,	a	19	

2.9%	increase	in	recycling	compared	to	2016	(Petcore,	2018).	Meanwhile,	a	PET	bottle	20	

recycling	rate	lower	than	30%	was	recorded	in	the	United	States	of	America	(Recyclers,	21	

2018),	suggesting	that	new	technologies	are	needed	to	significantly	increase	the	recycling	22	

rates.	 Furthermore,	 recycled	 PET	properties	 compare	 poorly	with	 the	 virgin	material,	23	

which	eventually	leads	to	high	rates	of	incineration	or	landfilling	of	waste	PET	(Dimitrov	24	

et	al.,	2013).	With	the	current	recycling	technologies	in	place,	the	resulting	lower	quality	25	

recycled	material	may	be	maintained	in	the	product	stream	for	manufacturing	of	lower	26	

quality	products	(Europe,	2016).		27	

	28	
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	1	
Figure	 1.2.	 Global	 flow	 of	 plastic	 packaging	 materials	 in	 2013	2	
(Ellen_Macarthur_Foundation,	2016).	3	
	4	

1.3. Plastic	waste	management	5	

Of	 all	 countries	 in	 the	European	Union,	 the	Republic	of	 Ireland,	 in	2015	produced	 the	6	

largest	 volume	 of	 plastic	 waste	 (61	 kg)	 per	 inhabitant	 (Walter,	 2019).	 In	 2016	 the	7	

Republic	of	Ireland	exported	95%	of	its	plastic	waste	to	China.	However,	since	January	1st	8	

2017,	China	has	banned	the	import	of	plastic	waste	(Tamma,	2018),	resulting	in	a	need	9	

for	alternative	plastic	waste	solutions.	10	

Our	current	waste	management	system	can	be	characterized	as	linear,	employing	11	

the	 principles	 of	 ‘take,	 make	 and	 waste’,	 which	 is	 not	 sustainable,	 as	 it	 assumes	 an	12	

unlimited	 source	 of	 easily	 available	 cheap	 raw	materials,	 as	 illustrated	 in	 Figure	 1.2	13	

(Ellen_Macarthur_Foundation,	2016).	However,	this	is	not	the	case,	as	can	be	seen	with	14	

the	 increasing	 price	 of	 crude	 oil	 since	 1974	 (Trading_Economics,	 2019).	 Under	 our	15	

current	 linear	 approach,	 raw	materials	 begin	 at	 the	 start	 of	 life	phase	where	 they	 are	16	

converted	into	useful	products	via	appropriate	moulding	techniques,	for	example	plastic	17	

extrusion	 and	 thermoplastic	 injection	 moulding.	 Once	 the	 product’s	 use	 has	 been	18	

exhausted	 it	enters	 the	end	of	 life	phase	where	 it	 contributes	 to	post-consumer	waste	19	
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where	it	can	either	be	recycled,	disposed	of	in	landfill	or	incinerated	for	energy	extraction	1	

(Figure	1.2).	Recycling	of	post-consumer	waste	 is	 currently	 the	preferred	option	as	 it	2	

allows	 plastics	 to	 re-enter	 the	 production	 process	 as	 raw	 materials.	 However,	 while	3	

recycling	 is	 the	 desired	 route,	 the	 properties	 of	 plastics	 deteriorate	 during	 sequential	4	

rounds	of	recycling,	resulting	in	eventual	landfilling	or	incineration	(Ragaert	et	al.,	2017,	5	

Tominaga	et	al.,	2018).		6	

The	landfilling	and	incineration	of	plastic	goes	against	the	principles	of	the	circular	7	

economy	which	 seeks	 to	 extend	 the	 life	 of	 the	material	 and	minimise	 virgin	 resource	8	

utilization	 and	 residual	 waste	 production	 by	 reusing,	 repairing,	 recycling	 and	9	

refurbishing	existing	materials	and	products,	with	the	aim	to	reduce	waste	by	keeping	it	10	

as	 a	 valuable	 material	 within	 the	 economy	 (Ec.europa.eu,	 EC.europa.eu,	 2018).	 The	11	

introduction	of	plastic	waste	products	into	the	circular	economy	affords	it	the	opportunity	12	

to	re-enter	the	economy	as	valuable	raw	materials	for	the	production	of	items	of	the	same	13	

or	higher	value	(World_Economic_Forum,	2016).	14	

	15	

1.3.1. Landfilling	16	

Landfilling	has	been	widely	employed	for	the	end	of	life	management	for	plastic	waste.	17	

Not	only	does	it	require	vast	amounts	of	space;	contamination	of	surrounding	soils	and	18	

ground	water	can	occur	due	to	by-products	associated	with	plastic	degradation,	such	as	19	

phalates	and	bisphenols	leaking	into	the	surrounding	groundwater	and	soil	(Meeker	et	20	

al.,	2009,	Andrady	and	Neal,	2009).	Secondly,	since	none	of	the	material	is	recovered,	this	21	

waste	 management	 system	 is	 entirely	 linear	 and	 does	 not	 reduce	 virgin	 resource	22	

utilisation,	stifling	the	vision	of	a	circular	economy	(Hopewell	et	al.,	2009).	23	

European	countries	that	employ	a	landfill	ban	have	been	noted	to	achieve	higher	24	

recycling	 and	 incineration	 rates	 than	 their	 surrounding	 European	 neighbours.	 For	25	

instance,	Switzerland,	Austria,	The	Netherlands	and	Germany	have	extremely	low	landfill	26	

rates	 of	 between	 1-4%	 (PlasticsEurope,	 2018,	 Plasticseurope.org,	 2017).	 In	 contrast,	27	

Malta	has	 the	worst	 landfill	 rate,	where	 it	contributes	approximately	86%	to	 its	waste	28	

management	 protocol.	 Meanwhile,	 the	 Republic	 of	 Ireland’s	 landfill	 rate	 is	 lowest	 of	29	

countries	 who	 have	 not	 employed	 said	 ban	 with	 a	 notable	 18%	 (Figure	 1.3)	30	

(Plasticseurope.org,	 2017).	 However,	 globally,	 almost	 half	 of	 all	 plastics	 produced	31	

annually	ends	up	in	landfill,	equating	to	150	million	tonnes	(Ragaert	et	al.,	2017).		32	

	33	
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	1	
Figure	1.3.	Post-consumer	plastic	waste	management	rates	of	recycling,	incineration	for	2	
energy	recovery	and	recycling	for	European	countries	in	2016.	Showing	recycling	(green	3	
bars),	energy	recovery	(red	bars)	and	landfill	(black	bars).	Image	adapted	from	Plastics	4	
Europe	(Plasticseurope.org,	2017).	5	
	6	

1.3.2. Mechanical	recycling		7	

Mechanical	recycling	is	the	most	common	recycling	practice	employed	today	for	plastics,	8	

and	 involves	 collection,	 washing,	 sorting	 based	 on	 plastic	 type	 and	 grinding	 of	 the	9	

material	 into	 smaller	 fragments	 for	 re-moulding.	 Currently,	 a	 poor	 recycling	 rate	 of	10	

approximately	14%	for	single	use	plastics	can	be	observed	globally	(Ragaert	et	al.,	2017).	11	

Their	abundance	as	an	environmental	pollutant	and	accumulation	in	landfill	has	resulted	12	

in	great	environmental	concern	(Rochman	et	al.,	2013,	Lamb	et	al.,	2018,	Andrady,	2011).		13	

The	 collection	 and	 recycling	 of	 post-consumer	 PET	 falls	 under	 European	14	

legislation	on	Packaging	and	Packaging	Waste	(2004/12/EC)	enforcing	a	plastic	waste	15	

collection	scheme	for	PET	(Ragaert	et	al.,	2017).		16	

From	the	point	of	view	of	the	circular	economy,	recycling	can	be	divided	into	two	17	

categories:	 closed	 loop	 recycling	 and	 open	 loop	 recycling	 (Figure	 1.2).	 Closed	 loop	18	

recycling	describes	the	continuous	recycling	and	reproduction	of	the	same	product	using	19	

the	recycled	material	and/or	a	mixture	of	the	recycled	material	and	its	virgin	equivalent.	20	

Open	loop	recycling	refers	to	the	use	of	recycled	material	for	a	different	end	product	than	21	

its	 original	 one,	 including	 lower	 quality	 applications	 (Ellen_Macarthur_Foundation,	22	

2016).	 For	 example,	 the	 use	 of	 recycled	 PET	 derived	 from	 plastic	 bottles	 for	 the	23	
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manufacturing	of	polyester	textile	fibres	is	the	major	outlet	for	recovered	PET	(Ragaert	et	1	

al.,	2017,	Frank,	2018).	However,	in	most	cases,	recycling	of	plastic	waste	cannot	progress	2	

indefinitely	as	material	degradation	is	a	part	of	the	recycling	process	(Austin	et	al.,	2018,	3	

Tominaga	et	al.,	2018).	The	harsh	conditions	associated	with	mechanical	recycling	impose	4	

heat	 stress	 and	 shearing	 on	 the	material.	 This	 is	 compounded	with	 exposure	 to	 heat,	5	

oxidation,	ultraviolet	radiation	and	further	mechanical	stress	of	the	material	during	its	6	

lifetime	(Ragaert	et	al.,	2017,	Tominaga	et	al.,	2018).		7	

The	use	of	polymer	blends	is	common	in	mixed	plastic	products	as	it	can	combine	8	

the	 functional	properties	of	different	materials	 into	one	 item.	However,	because	of	 the	9	

inseparability	and	difference	in	melting	temperatures,	this	has	led	to	increased	difficulty	10	

in	separation	for	recycling	(Ellen_Macarthur_Foundation,	2016).	Secondly,	contamination	11	

of	post-consumer	recycling	is	an	issue	known	to	hinder	the	recyclability	of	plastic	waste.	12	

Paint	and	coatings	associated	with	plastic	products	for	recycling	pose	a	complication	for	13	

the	mechanical	recycling	process	and	have	been	reported	to	negatively	impact	the	final	14	

product’s	 mechanical	 properties	 (Ragaert	 et	 al.,	 2017),	 and	 the	 contamination	 of	15	

recyclable	waste	with	non-recyclable	materials	is	a	known	issue.	For	instance,	in	2017,	16	

160	containers	of	Irish	recycling	waste	were	upheld	in	Rotterdam	on	way	to	China	due	to	17	

the	 presence	 of	 non-recyclable	 materials,	 costing	 the	 waste	 industry	 of	 Ireland	18	

approximately	€500,000	(RTE,	2017).		 		19	

	20	

1.3.3. Thermal	recycling	 	 	 	 	 	 	 	21	

While	incineration	reduces	the	requirement	for	landfilling	and	facilitates	energy	recovery,	22	

incineration	of	plastics	must	comply	with	environmental	control	measures	imposed	via	23	

the	EU	Hazardous	Waste	 Incineration	Directive	 (2000/76/EC;	 (European_Commission,	24	

2016)).	 There	 are	 concerns	 that	 hazardous	 substances	 such	 as	 dioxins,	 furans	 and	25	

polychlorinated	biphenyls	released	into	the	atmosphere	during	the	burning	process	pose	26	

a	danger	to	the	environment	and	human	health	(Hopewell	et	al.,	2009,	Verma	et	al.,	2016).	27	

With	 this	 in	mind,	 landfilling	 and	mechanical	 recycling	 are	 still	 the	preferred	 avenues	28	

when	 dealing	 with	 plastic	 waste.	 The	 European	 Union,	 under	 the	 7th	 Environmental	29	

Action	 Programme	 has	 outlined	 that	 all	 member	 states	 must	 end	 incineration	 of	30	

recyclable	 materials	 and	 reach	 a	 recycling	 rate	 of	 50%	 by	 the	 year	 2020	 (Directive	31	

2008/98/EC;	(European	Parliament,	2008)).	32	

	33	
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1.3.4. Chemical	recycling	1	

Due	to	increasingly	restrictive	legislation	aimed	at	disincentivising	the	use	of	landfilling	2	

(World_Economic_Forum,	2016),	chemical	recycling	has	gained	traction	as	an	alternative	3	

option	to	deal	with	the	global	plastic	waste	crisis	(Brems	et	al.,	2011,	Ragaert	et	al.,	2017).	4	

	 Chemical	 recycling	 is	 concerned	 with	 the	 conversion	 of	 polymer	 chains	 into	5	

smaller	molecules	that	can	be	used	as	fuel	and/or	further	synthesis	of	valuable	products,	6	

facilitating	the	decline	in	the	need	for	virgin	petrochemical	sources	for	fuel	and	plastic	7	

production	(Ragaert	et	al.,	2017).	Chemical	recycling	can	be	divided	into	two	categories;	8	

thermochemical,	and	catalytic,	which	can	be	applied	to	plastics	such	as	PET,	polyurethane	9	

and	nylon	(Ragaert	et	al.,	2017).	10	

The	 chemical	 recycling	 of	 PET	 facilitates	 the	 breakdown	 of	 the	 polymer	 to	 its	11	

constitutive	 monomers:	 TA	 and	 EG	 (Figures	 1.1b	 &	 1.1c).	 A	 number	 of	 monomer	12	

complexes	 such	 as	 dimethyl	 terephthalate	 (DMT)	 and	 bis(hydroxylethylene)	13	

terephthalate	(BHET)	may	also	be	achieved	(Ragaert	et	al.,	2017,	Kurokawa	et	al.,	2003,	14	

Brems	 et	 al.,	 2011).	 A	 number	 of	methods	 of	 chemical	 recycling	 exist,	 with	 the	most	15	

prominent	PET	recycling	methods	being	pyrolysis,	methanolysis,	glycolysis	and	chemical	16	

hydrolysis	(Ragaert	et	al.,	2017,	Kurokawa	et	al.,	2003,	Brems	et	al.,	2011).	 	17	

	18	

1.3.5. Methanolysis	19	

Methanolysis	 of	 PET	 involves	 treatment	 of	 the	 polymer	 with	 methanol	 at	 high	20	

temperatures	 of	 80-280oC	 in	 conjunction	 with	 atmospheric	 pressures	 of	 20-40	 atm	21	

(Ragaert	 et	 al.,	 2017).	 This	 results	 in	 the	 formation	 of	 DMT	 and	 EG	 as	 the	 two	main	22	

products	(Ragaert	et	al.,	2017,	Kurokawa	et	al.,	2003).	23	

	24	

1.3.6. Glycolysis	25	

Glycolysis	 of	 PET	 involves	 the	 catalysed	 transesterification	 of	 PET	 in	 the	 presence	 of	26	

excess	glycol,	such	as	ethylene	glycol,	under	high	pressure	and	temperatures	ranging	from	27	

80-250oC,	facilitating	the	formation	of	BHET	(Kurokawa	et	al.,	2003,	Ragaert	et	al.,	2017).		28	

	29	

1.3.7. Chemical	Hydrolysis		30	

Chemical	hydrolysis	of	PET	commonly	 involves	the	breakdown	of	the	polymer	into	TA	31	

and	 EG	 in	water.	 This	 chemical	 recycling	method	 is	 comparatively	 slow	 option	when	32	

compared	to	previously	mentioned	chemical	recycling	routes	(Mancini,	2004,	Ragaert	et	33	



	 14	

al.,	2017).	Hydrolysis	conditions	may	vary	widely	depending	on	the	protocol	and	may	be	1	

undertaken	 in	acidic,	neutral	or	basic	 conditions.	High	 temperatures	and	pressure	are	2	

required	(Ragaert	et	al.,	2017,	Mancini,	2004,	Muller	et	al.,	2001).		3	

	4	

1.4. PET	upcycling	5	

In	addition	to	recycling,	a	means	to	facilitate	our	transition	from	linear	to	circular	plastics	6	

economy	would	be	a	biotechnological	process	that	would	allow	conversion	of	PET	waste	7	

into	value	added	products.		Kenny	and	co-workers	have	demonstrated	the	potential	of	the	8	

utilisation	of	PET	derived	TA	as	a	feedstock	for	microbial	production	of	a	biodegradable	9	

polymer	 polyhydroxyalkanaote	 (PHA)	 (Kenny	 et	 al.,	 2008).	 	 In	 this	 study,	 PET	 was	10	

subjected	to	pyrolysis	i.e.	thermal	breakdown	of	waste	products	in	the	absence	of	oxygen	11	

under	 elevated	 temperatures	 and	 pressure	 (Kenny	 et	 al.,	 2008,	 Brems	 et	 al.,	 2011).		12	

Pyrolysis	of	PET	takes	place	at	temperatures	of	450-500oC	yielding	products	in	the	solid,	13	

liquid	 and	 gaseous	 fractions.	 Pyrolysis	 overcomes	 the	 drawbacks	 of	 incineration	 and	14	

mechanical	 recycling	 by	 providing	 valuable	 products	 such	 as	 fuel,	 monomers	 for	15	

repolymerisation	 and	 a	 carbonaceous	 residue	 that	 can	 be	 used	 in	 the	 production	 of	16	

activated	 charcoal	 (Brems	 et	 al.,	 2011).	 	 In	 this	 case	 pyrolysis	 derived	 solid	 fraction	17	

contained	51%	TA	which	was	used	in	batch	and	fed-batch	bio-processes	as	a	carbon	and	18	

energy	 source,	 demonstrating	 the	 potential	 for	 the	 microbial	 conversion	 of	 this	 PET	19	

monomer	into	a	biodegradable	polymer	(Kenny	et	al.,	2012).			20	

	21	

1.4.1. Enzymatic	degradation	22	

The	investigation	of	the	enzymatic	degradation	of	PET	started	in	2005	with	Müller	and	23	

co-workers	 reporting	 that	 PET	 of	 low	 crystallinity	 could	 be	 degraded	 by	 a	 polyester	24	

hydrolase	 from	Thermobifida	 fusca	 (Müller	 et	 al.,	 2005,	Wei	 and	Zimmermann,	 2017).	25	

Since	then,	enzymatic	hydrolysis	of	PET	has	been	widely	reported	in	the	literature	with	26	

research	 demonstrating	 the	 capability	 of	 several	 polyester	 hydrolysing	 enzymes	 at	27	

hydrolysing	PET	(Shirke	et	al.,	2018,	Austin	et	al.,	2018,	Müller	et	al.,	2005,	Wei	et	al.,	2014,	28	

Wei	and	Zimmermann,	2017).		29	

The	use	of	such	enzymatic	catalysis	facilitates	the	use	of	mild	reaction	conditions	30	

when	compared	to	alternative	chemical	recycling	methods	which	require	severe	pH,	high	31	

pressures	and	toxic	chemicals	(Wei	et	al.,	2016).	While	reports	of	polyester	hydrolases	32	

exhibiting	 PET	 hydrolysing	 activity	 at	 30°C	 are	 available	 (Yang,	 2016),	 the	 high	 glass	33	
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transition	(Tg)	and	melting	temperatures	(Tm)	of	70°C	and	230	°C	respectively	exhibited	1	

by	PET	limits	the	application	of	enzymes	to	elevated	temperatures	close	to	70°C	(Wei	and	2	

Zimmermann,	 2017).	 Product	 inhibition,	 thermal	 stability	 and	 catalytic	 turnover	 have	3	

also	been	identified	as	hurdles	that	must	be	overcome	in	order	to	achieve	a	viable	large	4	

scale	enzymatic	hydrolysis	process	(Shirke	et	al.,	2018,	Wei	et	al.,	2016,	Barth	et	al.,	2015).	5	

However,	research	into	the	advancement	of	enzymatic	hydrolysis	of	PET	is	ongoing.	For	6	

instance,	Shirke	and	co-workers	demonstrated	 the	glycosylation	of	a	PET	hydrolase	 in	7	

improving	temperature	stability	and	PET	hydrolysis	(Shirke	et	al.,	2018).	Furthermore,	8	

mathematical	modelling	has	been	successfully	employed	for	bioprocess	optimisation	in	9	

order	to	tackle	the	inhibitory	effect	of	the	intermediate	product,	mono-(2-hydroxyethyl)	10	

terephthalate	 (MHET)	 on	 enzyme	 activity	 (Barth	 et	 al.,	 2015),	 while	 site	 directed	11	

mutagenesis	 has	 also	 been	 successful	 in	 reducing	 product	 inhibition	 associated	 with	12	

MHET	(Wei	et	al.,	2016).	Finally,	a	1.7-fold	improvement	in	total	PET	depolymerisation	13	

was	 achieved	 by	 Tournier	 and	 co-workers,	 where	 site	 directed	 mutagenesis	 was	14	

employed,	 improving	 the	PET	depolymerisation	rate	and	 temperature	 tolerance	of	 the	15	

PET	hydrolysing	enzyme	LC-cutinase,	previously	 isolated	by	Sulaiman	and	co-workers	16	

(Sulaiman	et	al.,	2012),	resulting	in	85%	PET	depolymerisation	within	10h	(Tournier	et	17	

al.,	2020).	18	

Coupling	 the	 enzymatic	 degradation	 of	 PET	 to	 the	 microbial	 upcycling	 of	 the	19	

resultant	PET	monomers	to	value	added	products,	such	as	PHA,	affords	the	possibility	for	20	

the	 development	 of	 a	 complete	 biotechnological	 bioprocess	 for	 the	 upcycling	 of	 PET	21	

plastic	waste.	22	

	23	

1.4.2. Biochemistry	of	terephthalic	acid	degradation	24	

TA	degradation	has	been	reported	in	a	number	of	bacterial	species	such	as	Comamonas	25	

(Sasoh	et	al.,	2006,	Wang	et	al.,	1995),	Delftia	(Shigematsu	et	al.,	2003),	Dieztia	(Sugimori	26	

et	al.,	2000),	Bacillus	(Karegoudar,	1985),	and	Pseudomonas	umsongensis	GO16	(Kenny	et	27	

al.,	 2008).	 The	 TA	 degradation	 pathway	 has	 been	 previous	 elucidated	 and	 is	 widely	28	

described	in	the	literature	(Bains	et	al.,	2012,	Harwood	and	Parales,	1996).	Briefly,	TA	is	29	

broken	down	into	protocatechuate	and	subsequently	succinyl-CoA	and	acetyl-CoA	via	the	30	

β-ketoadipate	 pathway.	 TA	 is	 oxygenated	 into	 a	 cis-dihydrodiol	 intermediate	 (cis-4,5-31	

dihydroxycyclohexa-1(6),2-diene-1,4-dicarboxylate)	 by	 the	 combined	 activity	 of	32	

terephthalate	 dioxygenase	 (TphA1A2)	 and	 a	 terephthalate	 reductase	 (TphA3).	 The	33	
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resulting	cis-dihydrodiol	is	reduced	by	a	cis-dihydrodiol	dehydrogenase	(TphB),	forming	1	

protocatechuate	(Figure	1.4).	Next,	protocatechuate	 is	broken	down	into	succinyl-CoA	2	

and	acetyl-CoA	via	the	β-Ketoadipate	pathway,	and	subsequently	fed	into	the	Krebs	cycle.		3	

	4	

	5	
Figure	 1.4.	 Microbial	 biodegradation	 of	 terephthalic	 acid	 (TA)	 into	 protocatechuate.	6	
tphA1	encodes	for	the	small	subunit	of	the	terephthalate	dioxygenase;	tphA2	encodes	for	7	
the	large	subunit	of	the	terephthalate	dioxygenase;	tphA3	encodes	for	the	terephthalate	8	
reductase;	 tphB	 encodes	 for	 the	 cis-dihydrodiol	 dehydrogenase.	 Image	 adapted	 from	9	
Bains	and	co-workers	(Bains	et	al.,	2012).	10	
	11	

1.4.3. Biochemistry	of	ethylene	glycol	degradation	12	

EG	metabolism	has	been	previously	reported	in	bacterial	species	such	as	Flavobacterium	13	

(Willetts,	1981),	Acetobacterium	(Trifunovic	et	al.,	2016)	and	Pseudomonas	(Muckschel	et	14	

al.,	2012).	The	pathway	for	EG	degradation	by	Pseudomonas	putida	KT2440	and	JM37	has	15	

been	 described	 by	 both	 Muckschel	 and	 co-workers	 and	 Franden	 and	 co-workers	16	

(Muckschel	 et	 al.,	 2012,	 Franden	 et	 al.,	 2018).	 Briefly,	 EG	 is	 initially	 oxidised	 into	17	

glycoaldehyde	 by	 the	 functionally	 redundant	 quinoproteins,	 PedE	 and	 PedH.	 Next,	18	

glycoaldehyde	 is	 further	 oxidised	 to	 glycolate	 by	 two	 cytoplasmic	 aldehyde	19	

dehydrogenases,	 PedI	 and	PP_0545,	 and	 subsequently	 to	 glyoxylate	by	 the	membrane	20	

anchored	glycolate	oxidase	(GlcDEF)	(Figure	1.5).	21	

The	 route	 for	 the	 continued	 metabolism	 of	 glyoxylate	 is	 dependent	 on	 the	22	

functionality	of	the	glyoxylate	carboligase	(Gcl)	operon.	The	metabolism	of	EG	by	P.	putida	23	

JM37	facilitates	the	production	of	energy	and	biomass	via	the	metabolism	of	glyoxylate	24	

via	the	Gcl	pathway	(Figure	1.5).	Meanwhile,	despite	containing	the	genetic	blueprint	for	25	

EG	metabolism,	wild	 type	P.	putida	KT2440	 is	only	capable	of	utilising	 it	as	an	energy	26	

source	by	its	metabolism	via	the	activity	of	isocitrate	lyase	(AceA)	(Li	et	al.,	2019)	(Figure	27	

1.5).	It	was	demonstrated	that	the	repression	of	the	Gcl	operon	is	the	reason	for	this,	and	28	
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once	this	repression	was	removed,	P.	putida	KT2440	was	capable	of	efficiently	growing	1	

with	EG	as	a	sole	source	of	carbon	and	energy	(Li	et	al.,	2019).	2	

	3	

	4	
Figure	 1.5.	 Microbial	 biodegradation	 of	 ethylene	 glycol	 (EG)	 by	 Pseudomonas	 putida	5	
KT2440	and	JM37.	PedE	and	PedH	are	functionally	redundant	quinoproteins,	PedI	and	6	
PP_0545	are	two	cytoplasmic	aldehyde	dehydrogenases,	GlcDEF	is	a	membrane	anchored	7	
glycolate	oxidase	and	AceA	is	isocitrate	lyase.	Image	adapted	from	Li	and	co-workers		(Li	8	
et	al.,	2019).	9	
	10	

1.5. Polyhydroxyalkanoates	11	

Polyhydroxyalkanoates	 (PHA)	 are	 biodegradable	 polyesters	 synthesised	 by	 many	12	

bacteria	as	a	stress	response	(Mozejko-Ciesielska	and	Kiewisz,	2016).	PHA	is	a	broad	term	13	

used	to	describe	a	family	of	polyesters	consisting	of	(R)-3-hydroxyalkanoic	acids	(Visakh	14	

P.	M,	2014)	(Figure	1.6b).	These	are	usually	accumulated	as	a	response	to	an	inorganic	15	

nutrient	limitation,	such	as	nitrogen,	phosphate,	oxygen	and	sulphate,	while	carbon	is	in	16	

excess	(Aditi,	2015).	PHAs	are	water	insoluble,	and	subsequently	appear	phenotypically	17	

as	water	insoluble	inclusion	bodies	inside	the	cell	(Figure	1.6a).	These	inclusions	are	in	18	

neither	a	solid	or	 liquid	state	and	do	not	behave	 like	a	crystalline	polymer	(Ong	et	al.,	19	

2017),	but	are	mobile	and	elastomeric	and	have	been	noted	to	contribute	up	to	90%	of	20	

cell	dried	weight	(Jendrossek	and	Pfeiffer,	2014).		21	

Intracellular	 PHA	 granules	 are	 surrounded	 in	 a	 protein	 layer	 consisting	 of	 a	22	

number	 of	 granule	 associated	 proteins	 (PGAPs)	 for	 the	 purpose	 of	 granule	 stability,	23	

biosynthesis	 and	 catabolism.	 Such	 PGAPs	 include	 PHA	 synthases	 (PhaC),	 PHA	24	

depolymerases	 (PhaZ)	 and	 a	 number	 of	 low	molecular	weight	 proteins	 called	phasins	25	
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(PhaPs)	(Jendrossek	and	Pfeiffer,	2014,	Mezzina	and	Pettinari,	2016).	PHA	granules	are	1	

complexly	 organised	 intracellular	 structures	 called	 carbonosomes,	 and	 the	 deletion	 of	2	

PGAPs	 has	 been	 demonstrated	 to	 influence	 PHA	 granule	 shape	 and	 size	 (Jendrossek,	3	

2009).	For	 instance	the	deletion	of	phaZ	 in	P.	resinovorans	NRRL	B-2649	and	P.	putida	4	

KT2442	impacted	PHA	granule	formation,	leading	to	fewer,	but	larger	granules	inside	the	5	

cell	(Solaiman	et	al.,	2003,	Cai	et	al.,	2009),	while	the	deletion	of	phaP1	has	been	reported	6	

to	have	increased	PHA	granule	size	while	reducing	PHA	levels	overall	(Jendrossek,	2009).	7	

While	PHA	synthesis	 is	commonly	associated	with	microbial	carbon	and	energy	8	

storage,	it	has	also	been	identified	to	play	a	role	in	a	plethora	of	other	microbial	processes	9	

such	 as	 calcium	 ion	 transmembrane	 transport	 (Anderson	 and	 Dawes,	 1990),	 as	 a	10	

protective	agent	against	ultraviolet	radiation	(Slaninova	et	al.,	2018),	alleviating	oxidative	11	

stress	and	enhancing	biofilm	formation	at	 low	(Tribelli	and	Lopez,	2011)	and	elevated	12	

temperatures	(Pham	et	al.,	2004),	under	hypertonic	environments	(Obruca	et	al.,	2017),	13	

and	 as	 a	 source	 of	 reducing	 equivalents	 for	 the	 cell	 (Anderson	 and	 Dawes,	 1990).	14	

Furthermore,	 low	 molecular	 weight	 PHA	 consisting	 of	 approximately	 100	 -	 200		15	

3-hydroxybutyrate	(3HB)	units	have	been	identified	in	eukaryotes	and	are	believed	to	be	16	

ubiquitous	in	all	living	cells,	however,	their	function	has	not	been	elucidated	(Jendrossek	17	

and	 Pfeiffer,	 2014).	 PHB-calcium-polyphosphate	 complexes	 have	 been	 identified	 in	18	

eukaryotic	membranes,	 functioning	as	non-proteinaceous	 ion	 channels,	 facilitating	 the	19	

transport	of	DNA	molecules	and	inorganic	cations	(Jendrossek	and	Pfeiffer,	2014).	20	

	21	

	22	
Figure	1.6.	a)	Transmission	electron	micrograph	of	intracellular	polyhydroxyalkanoate		23	
(Ward	and	O'Connor,	2005);	b)	Molecular	 structure	of	PHA.	The	R	 group	may	vary	 in	24	
length	 depending	 on	 the	monomer;	 sclPHA	 consisting	 of	 C4-5	 or	mclPHA	 consisting	 of			25	
C6-14.	26	
	27	
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PHA	 was	 initially	 observed	 by	 Beijerincka	 in	 1888	 (Mozejko-Ciesielska	 and	1	

Kiewisz,	 2016)	 where	 he	 identified	 hydrophobic	 inclusion	 bodies	 in	 Azrobacter	2	

chroococcum	that	were	soluble	in	chloroform,	although	he	could	not	ascribe	a	function	to	3	

the	granules,	nor	elucidate	their	composition	(Mozejko-Ciesielska	and	Kiewisz,	2016).	It	4	

wasn’t	until	1926,	when	a	French	scientist,	Lemoigne,	successfully	extracted	PHB	from	5	

Bacillus	megaterium.	In	1958,	Macrae	and	Wilkinson	showed	that	PHA	is	accumulated	as	6	

an	 intracellular	 storage	 of	 carbon	 under	 nitrogen	 limited	 conditions	 (Macrae,	 1958).	7	

Today,	more	than	150	different	PHA	monomers	have	been	identified,	meaning	they	are	8	

the	largest	group	of	natural	polyesters	(Li	et	al.,	2016,	Ishii-Hyakutake	et	al.,	2018).		9	

	 PHAs	are	classified	based	on	the	length	of	the	carbon	chain	of	the	PHA	monomer;	10	

short	chain	length	(scl)	PHAs	consisting	of	4-5	carbons	in	length,	and	medium	chain	length	11	

(mcl)	PHAs	consisting	of	6-14	carbons	in	length	(Zinn	et	al.,	2001).	The	final	properties	of	12	

PHA	such	as	 the	degree	of	 crystallinity,	melting	 temperature	 (Tm)	and	glass	 transition	13	

temperature	 (Tg)	 are	heavily	 dependent	 on	 the	monomer	 composition	of	 the	polymer	14	

which	 is	 influenced	 by	 the	 organism,	 conditions	 of	 growth,	 and	 method	 of	 polymer	15	

extraction	(Lu	et	al.,	2009,	Ray	and	Kalia,	2017).	The	molecular	weight	of	PHA	typically	16	

ranges	from	2	x	105	–	3	x	106	Da	(Zinn	et	al.,	2001),	with	a	Tm	and	Tg	ranging	from	45°C	to	17	

180°C	and	 -48°C	 to	4°C	respectively	 (Sudesh	et	al.,	2000).	Crystallinity	 is	also	a	major	18	

factor	 influencing	 the	application	of	PHA,	with	 it	 ranging	 from	25%	to	80%	(Mozejko-19	

Ciesielska	and	Kiewisz,	2016).		20	

SclPHA	homopolymers	have	a	higher	percentage	crystallinity	and	are	more	brittle	21	

when	compared	to	their	mclPHA	counterparts,	and	typically	have	properties	closest	to	22	

conventional	plastics	like	polypropylene.	However,	blending	of	PHA	monomers,	creating	23	

copolymers	is	often	undertaken	in	order	to	tailor	the	thermal	and	mechanical	properties	24	

of	 the	polymer	to	the	desired	characteristics	by	varying	the	composition.	For	 instance,	25	

poly(3-hydroxybutyrate-co-3-hydroxyvalerate)	 (PHBV)	 is	 known	 to	 be	more	desirable	26	

than	 PHB	 homopolymer	 due	 to	 its	 lower	 melting	 temperature	 and	 lower	 percentage	27	

crystallinity,	 thus	making	 it	 easier	 to	mould	 and	 less	 brittle	 (Braunegg,	 1998,	 Luzier,	28	

1992).	Meanwhile	mclPHA	display	more	elastomeric	properties	(Kootstra,	2017,	Gopi	et	29	

al.,	2018).		30	

Most	bacterial	strains	are	incapable	of	assimilating	both	mcl	and	sclPHA	(Li	et	al.,	31	

2007).	However,	Rhodospirillum	rubrum	and	Rhodocyclus	gelatinosus	have	been	reported	32	

to	produce	PHA	consisting	of	C4,	C5	and	C6		(R)-3-hydroxyalkanoic	acids	(Helmut.	et	al.,	33	
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1988,	 Haywood	 Geoffrey,	 1990),	 while	 Pseudomonas	 strains	 GP4BH1	 and	 61-3	 are	1	

capable	 of	 producing	 PHAs	 containing	 scl	 and	 mcl	 (R)-3-hydroxyalkanoatic	 acids	2	

consisting	of	C4	(87.5	%mol),	C8	(12.5	%mol)	and	C4	(32	%mol),	C6	(27	%mol)	and	C8	(41	3	

%mol)	respectively	when	grown	on	octanoate	(Matsusaki	Hiromi	et	al.,	1998,	Steinbuchel	4	

A,	1992).	5	

	6	

1.5.1. Biochemistry	of	PHA	production		7	

Depending	 on	 the	 organism	 and	 supplied	 substrate,	 PHA	 accumulation	 is	 either	8	

stimulated	by	an	inorganic	nutrient	limitation,	or	is	growth	uncoupled	(Lu	et	al.,	2009).	9	

As	already	stated,	the	PHAs	can	be	classified	as	short	or	medium	chain	length,	and	the	10	

respective	metabolic	pathways	are	well	known.		To	date,	a	total	of	14	pathways	including	11	

natural	and	engineered	pathways	have	been	elucidated	for	PHA	synthesis	(Meng	et	al.,	12	

2014).	However,	the	three	most	studied	are	the	metabolic	pathway	for	sclPHA	synthesis,	13	

and	 the	metabolic	pathways	 for	mclPHA	synthesis;	de	novo	 fatty	acid	synthesis	and	β-14	

oxidation.		15	

	16	

1.5.2. Biochemistry	of	short	chain	length	PHA		17	

Ralstonia	eutropha	H16	is	the	most	widely	studied	sclPHA	producer	(Hiroe	et	al.,	2012)	18	

and	is	capable	of	accumulating	this	polymer	up	to	90%	(w/w)	of	its	cell	dry	weight	(CDW)	19	

(Steinbüchel	 and	 Lütke-Eversloh,	 2003).	 Synthesis	 of	 polyhydroxybutyrate	 (PHB)	 in	20	

R.	eutropha	from	structurally	unrelated	carbon	substrates	is	dependent	on	the	availability	21	

of	acetyl	co-enzyme	A	(CoA)	under	inorganic	nutrient	limitation	(Marangoni	et	al.,	2002),	22	

and	 the	 presence	 of	 the	 phaCAB	 operon	 (Eggers	 and	 Steinbuchel,	 2014)	 (Figure	 1.7)	23	

which	 encodes	 for	 three	 enzymes:	 3-ketothiolase	 (PhaA),	 acetoacetyl-CoA	 reductase	24	

(PhaB)	and	PHA	synthase	(PhaC)	(Figure	1.8).	Efficient	PHB	synthesis	occurs	when	under	25	

conditions	 where	 the	 carbon/nitrogen	 uptake	 ratio	 is	 7.5	 or	 higher.	 PHB	 synthesis	26	

decreases	when	this	ratio	increases	and	the	growth	rate	is	maximised	(Park	et	al.,	2011).	27	

	28	

	29	

	30	

	31	
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	1	
Figure	1.7.	Organisation	of	the	phaCAB	gene	cluster	relevant	for	the	synthesis	of	sclPHA	2	
found	in	Ralstonia	eutropha	 (Hiroe	et	al.,	2012).	PhaC	encodes	for	PHA	synthase;	phaA	3	
encodes	 for	 3-ketothiolase;	 phaB	 encodes	 for	 acetoacetyl-CoA	 reductase.	 The	 arrows	4	
indicate	the	direction	of	gene	transcription.	Image	adapted	from	Hiroe	and	co-workers	5	
(Hiroe	et	al.,	2012).	6	
	7	

PhaA	catalyses	the	condensation	of	two	acetyl-CoA	molecules	to	form	acetoacetyl-8	

CoA.	 Acetoacetyl-CoA	 is	 reduced	 by	 PhaB	 to	 form	 (R)-3-hydroxyacyl-CoA	 followed	 by	9	

polymerization	of	the	PHB	monomers	by	PhaC,	releasing	CoA	and	forming	a	PHB	polymer	10	

(Figure	1.8)	(Eggers	and	Steinbuchel,	2014,	Verlinden	et	al.,	2007).		11	

R.	eutropha	is	also	capable	of	producing	the	copolymer	poly(3-hydroxybutyrate-12	

co-3-hydroxyvalerate)	(PHBV),	when	the	fatty	acids	propionate	and	valerate	are	used	as	13	

carbon	substrates	(Zhang	et	al.,	2015),	although	both	substrates	must	be	supplied	via	β-14	

oxidation	and	do	not	transition	through	the	aforementioned	sclPHA	synthesis	pathway.	15	

PHBV	 production	 has	 also	 been	 reported	 from	 unrelated	 substrates	 such	 as	 glucose,	16	

fructose,	acetate	and	succinate	by	 the	mutant	R.	eutropha	R3	under	 inorganic	nutrient	17	

limitation,	although	the	3HV	fraction	only	amounted	to	8	mol%	(Steinbuchel	and	Pieper,	18	

1992).	 In	 this	 case	 the	 3HV	monomers	 are	 derived	 from	 branched	 chain	 amino	 acid	19	

precursors;	valine	and	 isoleucine,	which	are	subsequently	converted	 to	propionyl-CoA	20	

where	3-ketothiolase	combines	acetyl-CoA	and	propionyl-CoA	to	form	3-ketovaleryl-CoA	21	

which	then	transitions	through	PHB	synthesis	pathway	(Steinbuchel	and	Pieper,	1992).		22	

	23	



	 22	

	1	
Figure	 1.8	PHB	metabolism	 pathway	 in	Ralstonia	 eutropha.	1)	 3-Ketothiolase	 (PhaA)	2	
2)	Acetoacetyl-CoA	reductase	(PhaB)	3)	PHB	synthase	(PhaC).	Image	adapted	from	Loo	3	
and	co-workers	(Loo	and	Sudesh,	2007).	4	
	5	

1.5.3. Biochemistry	of	medium	chain	length	PHA	6	

Pseudomonas	species	are	the	most	well	studied	of	the	mclPHA	accumulating	organisms	7	

(Kniewel	et	al.,	2017).	It	was	initially	observed	that	Pseudomonas	putida	GPo1	(formerly	8	

known	as	P.	oleverans	GPo1)	accumulated	poly(3-hydroxyoctanoate)	(PHO)	when	grown	9	

on	n-octane	(Anderson	and	Dawes,	1990).	It	was	subsequently	discovered	that	various	10	

other	Pseudomonas	 strains	 are	 capable	of	 accumulating	 large	 amounts	of	mclPHA,	not	11	

only	 in	 the	presence	of	 fatty	acids	and	alkanes	but	also	 in	 the	presence	of	structurally	12	

unrelated	 carbon	 substrates	 such	 as	 glucose,	 fructose,	 gluconate,	 ethanol	 and	 acetate	13	

(Steinbüchel	 and	 Lütke-Eversloh,	 2003,	 Tortajada	 et	 al.,	 2013).	MclPHA	 synthesis	 is	14	

mediated	via	the	mclPHA	gene	cluster	(Figure	1.9),	which	is	organised	into	two	operons;	15	

PhaC1ZC2D	and	PhaFI	(Mozejko-Ciesielska	et	al.,	2017),	and	are	under	the	control	of	PhaD,	16	

a	 transcriptional	 regulator	which	 also	 aids	 in	 the	 stabilisation	 of	 the	mclPHA	 granule,	17	

although	 it	 is	 not	 a	 granule	 associated	 protein	 (Klinke	 et	 al.,	 2000,	 de	 Eugenio	 et	 al.,	18	
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2010b).	Precursors	to	mclPHA	are	synthesized	via	one	of	the	two	pathways:	fatty	acid	de-1	

novo	biosynthesis	and	β-oxidation.	2	

	3	

	4	
Figure	 1.9.	 Organisation	 of	 the	 phaC1ZC2D	 and	 phaIF	 gene	 clusters	 relevant	 for	 the	5	
synthesis	of	mclPHA	found	in	Pseudomonas	putida	KT2440	(Kniewel	et	al.,	2017).	PhaC1	6	
and	 phaC2	 genes	 encode	 for	 PHA	 synthases;	 phaZ	 encodes	 for	 intracellular	 PHA	7	
depolymerase;	phaD	 encodes	 for	a	 transcriptional	activator;	phaI	and	phaF	encode	 for	8	
proteins	 involved	 in	 granule	 formation.	 The	 arrows	 indicate	 the	 direction	 of	 gene	9	
transcription.	Image	adapted	from	Kniewel	and	co-workers	(Kniewel	et	al.,	2017).	10	
	11	

1.5.4. De	novo	fatty	acid	synthesis	12	

De-novo	fatty	acid	biosynthesis	(Figure	1.10)	is	reported	to	be	the	predominant	pathway	13	

for	mclPHA	synthesis	in	Pseudomonas	species	when	grown	on	carbon	substrates	that	are	14	

structurally	unrelated	to	PHA	(Rehm	et	al.,	2001).	The	unrelated	carbon	source	is	initially	15	

metabolised	 into	 acetyl-CoA,	which	 is	 further	 carboxylated	 by	 acetyl-CoA	 carboxylase	16	

(AccA)	to	form	malonyl-CoA.	Malonyl-CoA	is	subsequently	converted	into	malonyl-ACP	17	

by	malonyl	CoA:ACP	transferase	(FabD)	prior	to	entering	the	de	novo	fatty	acid	synthesis	18	

pathway.	 3-Ketoacyl-ACP	 synthase	 (FabB)	 catalyses	 a	 condensation	 reaction	 between	19	

malonyl-ACP	 and	 acyl-ACP	 forming	 3-ketoacyl-ACP.	 3-ketoacyl-ACP	 reductase	 (FabG)	20	

then	converts	3-ketoacyl-ACP	into	(R)-3-hydroxyacyl-ACP.	The	fate	of	(R)-3-hydroxyacyl-21	

ACP	is	to	be	converted	into	mclPHA	precursor	(R)-3-hydroxyacyl-CoA	by	the	activity	of	3-22	

hydroxyacyl-ACP:CoA	 transferase	 (PhaG),	 or	 to	 be	 converted	 into	 enoyl-ACP	 by	 3-23	

hydroxyacyl-ACP	dehydratase	(FabA).	The	enoyl-ACP	reductase	(FabI)	further	converts	24	

enoyl-ACP	 into	 acyl-ACP.	 The	 fate	 of	 (R)-3-hydroxyacyl-CoA	 is	 polymerisation	by	PHA	25	

polymerase	(PhaC)	into	mclPHA	(Rehm	et	al.,	2001,	Lu	et	al.,	2009,	Aditi,	2015).	26	

	27	

PhaC1 PhaZ PhaC2 PhaD PhaF PhaI
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	1	
Figure	1.10.	Pathway	for	mclPHA	synthesis	from	unrelated	carbon	substrates	-	de	novo	2	
fatty	acid	synthesis.	1)	Acetyl	CoA	carboxylase	(AccA)	2)	Malonyl	CoA:ACP	transferase	3	
(FabD)	3)	 3-Ketoacyl-ACP	 synthase	 (FabB)	4)	 3-Ketoacyl-ACP	 reductase	 (FabG)	5)	 3-4	
Hydroxyacyl-ACP	dehydratase	(FabA)	6)	Enoyl-ACP	reductase	(FabI)	7)	3-hydroxyacyl-5	
ACP:CoA	 transferase	 (PhaG)	8)	PHA	polymerase	 (PhaC)	9)	PHA	depolymerase	 (PhaZ).	6	
Image	adapted	from	Rhem	and	co-workers	(Rehm	et	al.,	2001).	7	
	8	

1.5.5. β-oxidation	9	

β-oxidation	 is	 the	 biochemical	 pathway	 responsible	 for	 the	 catabolism	 of	 fatty	 acids	10	

derived	from	lipids	and	triacylglycerols	for	energy	production	(Figure	1.11)	(Houten	and	11	

Wanders,	2010).	β-oxidation	is	a	cyclic	pathway	that	allows	the	generation	of	acetyl-CoA,	12	

NADH	and	FADH2	in	each	round	of	fatty	acid	oxidation	(Lubert,	1981).	PHA	synthesis	may	13	

occur	via	β-oxidation	of	fatty	acids,	as	several	intermediates	of	the	β-oxidation	pathway	14	

could	be	shunted	towards	3-hydroxyacyl-CoA,	which	can	be	used	as	a	substrate	for	the	15	

synthesis	of	PHA	via	polymerization	by	PHA	polymerase	(PhaC)	(Ren	et	al.,	2009a).		16	

Fatty	acids	are	initially	activated	with	CoA	by	acyl-CoA	synthase	(FadD)	(Ren	et	al.,	17	

2009a,	 Lu	 et	 al.,	 2009),	 and	 subsequently	 oxidized	 into	 enoyl-CoA	 by	 an	 acyl-CoA	18	

dehydrogenase	(FadE)	with	the	reduction	of	FAD	to	FADH2.	The	next	step	involves	the	19	

hydration	of	enoyl-CoA	by	an	enoyl-CoA	hydratase	(FadB)	resulting	in	the	formation	of	20	
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(S)-3-hydroxyacyl-CoA	monomers,	which	are	further	oxidized	into	3-ketoacyl-CoA	by	a	3-1	

hydroxyacyl-CoA	 dehydrogenase	 (FadBa),	 generating	 NADH.	 A	 β-ketothiolase	 (FadA)	2	

cleaves	the	3-keotacyl-CoA,	yielding	an	acyl-CoA	that	is	2	carbons	shorter	and	acetyl-CoA	3	

(Lu	et	al.,	2009,	Ren	et	al.,	2009a,	Lubert,	1981).		4	

Three	 intermediates	 in	 the	 β-oxidation	 pathway,	 enoyl-CoA,	 (S)-3-hydroxyacyl-5	

CoA	 and	 3-ketoacyl-CoA	 are	 outlined	 as	 putative	 precursors	 for	 PHA	 synthesis	 in	 the										6	

β-oxidation	 pathway	 (Fiedler	 et	 al.,	 2002).	 Further	 enzymes	 are	 required	 for	 the	7	

biosynthesis	of	PHA	from	these	precursors.	These	include	an	(R)-specific-enoyl	hydratase	8	

(PhaJ)	(Fiedler	et	al.,	2002),	3-keotacyl	reductase	(FabG)	(Nomura	et	al.,	2008,	Fiedler	et	9	

al.,	2002)	and	3-hydroxyacyl-CoA	epimerase	(Lu	et	al.,	2009,	Fiedler	et	al.,	2002)	which	10	

catalyse	the	conversion	of	enoyl-CoA,	3-ketoacyl-CoA	and	(S)-3-hydroxyacyl-CoA	into	(R)-11	

3-hydroxyacyl-CoA,	respectively.		12	

	13	
Figure	1.11.	Pathway	for	mclPHA	synthesis	from	related	carbon	substrates	-	β-oxidation	14	
pathway	emphasising	polyhydroxyalkanoate	production.	1)	Acyl-CoA	synthase	(FadD)	2)	15	
Acyl-CoA	dehydrogenase	(FadE)	3)	Enoyl-CoA	hydratase	(FadB)	4)	3-Hydroxyacyl-CoA	16	
dehydrogenase	 (FadBa)	 5)	 Beta-ketothiolase	 (FadA)	 6)	 (R)-specific-enoyl	 hydratase	17	
(PhaJ)	7)	3-Keotacyl	reductase	(FabG)	8)	3-hydroxyacyl	CoA	epimerase	9)	PHA	synthase	18	
(PhaC)	10)	PHA	depolymerase	(PhaZ).	Image	adapted	from	Lu	and	co-workers	(Lu	et	al.,	19	
2009).	20	
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1.5.6. Regulation	of	the	PHA	metabolism	and	PHA	granules	1	

PHA	 synthesis	 and	 catabolism	 are	 interconnected	 via	 a	 continuous	 cycle	 of	2	

polymerisation	and	depolymerisation	of	the	intracellular	polymer	(Ren	et	al.,	2009a,	Arias	3	

et	al.,	2013).	Therefore,	PHA	depolymerases	are	continuously	depolymerizing	 the	PHA	4	

granule,	 releasing	 3-hydroxy-fatty	 acids	 into	 the	 cytoplasm	 of	 the	 cell.	 Released	 3-5	

hydroxy-fatty	acids	are	subsequently	converted	into	3-hydroxyacyl-CoAs	and	are	either	6	

reincorporated	into	the	PHA	polymer,	or	further	catabolised	via	the	β-oxidation	pathway	7	

(Kniewel	et	al.,	2017).		8	

Efforts	to	improve	PHA	accumulation	via	manipulation	of	PHA	polymerase	(phaC)	9	

and	 depolymerase	 (phaZ)	 genes	 have	 been	 previously	 carried	 out	 with	 inconsistent	10	

results.	Attempts	to	increase	PHA	yield	via	overexpression	of	phaC1	and	phaC2	have	had	11	

limited	success	due	to	poor	inducibility	of	the	cloned	gene	or	instability	of	the	plasmid	12	

construct	 (Ren	 et	 al.,	 2009b,	 Kraak	 et	 al.,	 1997,	 Kim	 et	 al.,	 2006,	 Arias	 et	 al.,	 2013).	13	

However,	 overexpression	 of	 phaC2	was	 successful	 in	 increasing	 PHA	 yield	 1.5-fold	 in	14	

P.	putida	 U	 after	 chromosomal	 integration	 of	 the	 gene	 under	 the	 control	 of	 the	 T7	15	

promoter	(Arias	et	al.,	2013).		16	

Meanwhile,	 the	 deletion	 of	phaZ	 has	 also	 led	 to	 counterintuitive	 results	 largely	17	

dependent	 on	 the	 bacterial	 strain	 and	 substrate	 used.	 For	 instance,	 Solaiman	 and	 co-18	

workers	and	Salvachua	and	co-workers	reported	that	the	deletion	of	phaZ	resulted	in	no	19	

improvement	in	PHA	yield	when	cultivating	Pseudomonas	resinovorans	on	oleic	acid	or	20	

Pseudomonas	 putida	 KT2400	 on	 p-coumaric	 acid	 respectively	 (Solaiman	 et	 al.,	 2003,	21	

Salvachua	 et	 al.,	 2020).	 Meanwhile,	 contradictory	 to	 the	 aforementioned	 studies,	 the	22	

deletion	of	phaZ	in	P.	putida	KT2442	(Cai	et	al.,	2009)	and	P.	putida	U	(Arias	et	al.,	2013)	23	

resulted	in	a	1.3-fold	and	2-fold	increase	in	PHA	content	when	cultivated	on	octanoate.		24	

	25	

1.5.7. PHA	depolymerases		26	

PHA	 degrading	 microorganisms	 are	 capable	 of	 degrading	 PHA	 intracellularly	 or	27	

extracellularly	 by	 PHA	 depolymerizing	 enzymes	 (Tokiwa	 and	 Calabia,	 2004	 ).	28	

Intracellular	degradation	of	PHA	involves	the	enzymatic	hydrolysis	of	endogenous	PHA	29	

granules	 by	 PHA	 depolymerases	 produced	 by	 the	 microorganism.	 Extracellular	30	

degradation	of	PHA	granules	can	be	undertaken	by	both	PHA	and	non	PHA	producing	31	

microorganisms	 using	 extracellular	 PHA	 depolymerizing	 enzymes	 (Knoll	 et	 al.,	 2009).	32	

Several	extracellular	PHA	degrading	microorganisms	have	been	isolated	from	a	number	33	
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of	different	environments	such	as	soil,	sea	water,	anaerobic	sludge	and	lake	water	(Lee,	1	

1996).		2	

PHA	depolymerases	are	carboxylesterases	and	belong	to	the	α/β-hydrolase	fold	3	

family	which	 can	be	divided	 into	 eight	different	 sub-families	 (Table	1.2)	 (Knoll	 et	 al.,	4	

2009),	 and	 are	 specific	 for	 either	 scl	 or	 mclPHA	 (Jendrossek,	 2007).	 All	 PHA	5	

depolymerases	 with	 the	 exception	 of	 a	 number	 of	 sclPHA	 depolymerases	 contain	 a	6	

catalytic	triad	of	serine,	histidine	and	aspartic	acid	as	its	active	site	(Knoll	et	al.,	2009).	7	

Extracellular	and	intracellular	PHA	depolymerases	differ	functionally,	and	also	in	8	

their	primary	amino	acid	sequence.	Although	one	exception	has	been	identified	by	Abe	9	

and	co-workers,	demonstrating	that	the	amino	acid	sequence	of	the	intracellular	sclPHA	10	

depolymerase,	 isolated	 from	 Ralstonia	 eutropha	 H16	 showed	 similarity	 to	 the	11	

extracellular	sclPHA	depolymerase	of	Ralstonia	pickettii	T1	(Abe	et	al.,	2005).		12	

Intracellular	PHAs	are	non-crystalline	carbonosomes	consisting	of	proteins	on	its	13	

outer	 surface	 (Bresan	 et	 al.,	 2016)	 and	 are	 capable	 of	 being	 degraded	 by	 native	14	

intracellular	depolymerases	(Lee,	1996).	Meanwhile,	extracellular	PHAs	lose	the	protein	15	

layer	characteristic	of	intercellular	PHA	and	are	more	crystalline	as	the	polymer	adopts	a	16	

more	ordered	helical	configuration	(Jendrossek,	2005)	and	biodegradation	is	achieved	by	17	

extracellular	 PHA	 depolymerases	 which	 hydrolyse	 the	 water	 insoluble	 polymer	 into	18	

water	soluble	monomers	(Lee,	1996,	Tokiwa	and	Calabia,	2004	,	Jendrossek,	2007).	19	

	20	

	21	

	22	

	23	

	24	

	25	

	26	

	27	

	28	

	29	

	30	

	31	

	32	
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Table	1.2.	Families	of	PHA	depolymerases	and	organisms	they	have	been	identified	in.	1	
Adapted	from	Knoll	and	co-workers	(Knoll	et	al.,	2009).	2	
Organism	 Family	

Ralstonia	eutropha	H16	
	

Intracellular	native	PHA	depolymerases	(no	lipase	box)	
	

Bacillus	thuringiensis	
	

Intracellular	native	PHA	depolymerases	(lipase	box)	
	

Rhodospirillum	rubrum	 Periplasmic	PHA	depolymerases	
	

Pseudomonas	putida	
Pseudomonas	olevorans	

Intracellular	native	PHA	depolymerases	
	
	

Bacillus	megaterium	
Ralsontia	pickettii	
Alcaligenes	faecalis	

Extracellular	denatured	PHA	depolymerases	(catalytic	domain	
type	1)	
	
	

Comamonas	sp.	
Delftia	acidovorans	
Streptomyces	exfoliatus	

Extracellular	denatured	PHA	depolymerases	(catalytic	domain	
type	2)	
	
	

Paucimonas	lemoignei	 Extracellular	native	PHA	depolymerases		
	

Pseudomonas	fluorescens	
Pseudomonas	alcaligenes	

Extracellular	denatured	PHA	depolymerases		

	3	

1.5.8. Production	and	applications	of	PHA	4	

Polyhydroxyalkanoates	 are	 biocompatible,	 biodegradable,	 non-toxic	 polymers	 and	5	

exhibit	 similar	 thermoplastic	 properties	 to	 petrochemical	 plastics	 (Mozejko-Ciesielska	6	

and	Kiewisz,	2016,	Verlinden	et	al.,	2007).	The	variation	in	their	physical	properties	 is	7	

owed	 to	 the	 diversity	 of	 their	 monomer	 composition,	 facilitating	 a	 wide	 array	 of	8	

applications.	While	the	high	cost	of	PHA	compared	to	conventional	petrochemical	plastics	9	

has	hampered	its	wide	scale	adoption	as	an	alternative	to	non-biodegradable	plastics,	the	10	

biodegradability	 of	 PHA	 has	 resulted	 in	 an	 increased	 attention	 by	 environmentally	11	

conscious	consumers,	especially	in	personal	hygiene	products,	such	as	shampoo	bottles	12	

(Smith,	 2005),	 sun	 creams	 (Barrett,	 2019),	 biodegradable	 sanitary	 products	 (Smith,	13	

2005)	and	luxury	products	in	the	designer	eyewear	market	(Bioplastics_Magazine,	2017).	14	

Furthermore,	 the	 products	 resulting	 from	 the	 breakdown	 of	 PHA	 occur	 naturally	 in	15	

humans	 and	 animals	 and	 so	 its	 degradation	 does	 not	 result	 in	 toxic	 by-products	16	

(Anderson	and	Dawes,	1990).	As	a	result	of	this,	PHA’s	utility	in	the	medical	industry	is	17	

gaining	increasing	attention	as	a	medical	scaffolding	material	and	drug	delivery	device.	18	
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Most	notably	the	utility	of	poly-4-hydroxhytyrate	(P4HB)	as	a	resorbable	suture	material	1	

has	been	granted	approval	by	 the	Food	and	Drug	Administration	 (FDA)	 (Brigham	and	2	

Sinskey,	2012,	Grigore	et	al.,	2019).	PHA	has	promising	utility	as	drug	delivery	system	for	3	

antibiotics	and	anticancer	therapy	(Radu	et	al.,	2019),	while	other	applications	include	4	

the	usage	of	the	polymer	as	scaffolds	for	nerve	and	bone	injury	repair	(Bugnicourt	et	al.,	5	

2014,	 Lim	 et	 al.,	 2017,	 Luef	 et	 al.,	 2015,	 Rehm,	 2007).	 PHA	has	 also	 demonstrated	 its	6	

capability	 in	 replacing	 conventional	 commodity	 plastics	 used	 in	 disposable	 food	7	

packaging	and	utensils	(Koller,	2014),	sanitary	products	(Ikada	and	Tsuji,	2000),	fishing	8	

lines	(Ohura	et	al.,	1999)	and	slow	release	fertilisers	(Volova,	2016),	as	well	as	protein	9	

purification	and	biofuels	(Singh,	2016).		10	

PHB	 is	 the	 most	 widely	 studied	 PHA	 polymer	 and	 exhibits	 brittle	 and	 highly	11	

crystalline	characteristics	similar	to	those	of	polypropylene	(Savenkova,	2000),	limiting	12	

its	 applicability	 as	 polymer.	 However,	 blending	 of	 different	 PHA	 polymers,	 creating	13	

copolymers	is	often	undertaken	in	order	to	tailor	the	thermal	and	mechanical	properties	14	

of	the	polymer	to	the	desired	characteristics	by	varying	the	composition	(Brigham	and	15	

Sinskey,	2012,	Ohura	et	al.,	1999,	Braunegg,	1998).	sclPHA	copolymers	are	reported	to	be	16	

more	desirable	than	their	scl-homopolymer	counterparts.	For	instance,	the	thermal	and	17	

mechanical	 properties	 of	 PHBV	 can	 be	 tailored	 by	 varying	 the	 concentration	 of	 3HV	18	

present	 in	 the	 copolymer.	 A	 higher	 3HV	 content	will	 facilitate	 lower	 crystallinity	 and	19	

subsequently	improved	flexibility	and	elongation	at	break	(Grigore	et	al.,	2019)	 	20	

Currently,	bioplastics	contribute	1%	of	total	plastic	production	(Bioplastics,	2019),	21	

of	 which,	 biodegradable,	 bioplastics	 represent	 56%.	 However,	 there	 is	 an	22	

environmentally	conscious	movement	pushing	for	the	wide	scale	utilization	of	bioplastics.		23	

The	global	biodegradable	plastic	market	is	projected	to	reach	$6.73	billion	by	2025	24	

from	 $3.02	 billion	 in	 2018	 (Grandviewresearch.com,	 2019).	 The	 main	 driver	 for	 this	25	

dramatic	 increase	 is	 due	 to	 the	 increasing	 demand	 for	 biodegradable	 polymers	 in	26	

emerging	economies	such	as	India,	Brazil	and	China	(Grandviewresearch.com,	2019).	27	

PHA’s	current	market	share	is	very	small.	Only	29,500	tonnes	were	produced	in	28	

2019,	accounting	for	1.4%	of	the	overall	bioplastic	market	(Bioplastics,	2019),	a	1.2-fold	29	

decrease	compared	to	the	previous	year	(Bioplastics,	2018).	However,	this	is	expected	to	30	

rise	 to	 6.6%	 by	 2024	 (Mozejko-Ciesielska	 and	 Kiewisz,	 2016,	 Tsang	 et	 al.,	 2019,	31	

Bioplastics,	2019).	One	major	cause	for	this	is	that	the	cost	of	PHA	production	is	high	when	32	

compared	to	petrochemically	derived	alternatives,	mainly	due	to	the	cost	of	the	bacterial	33	
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substrate,	 as	 it	 has	 been	 reported	 to	 contribute	 up	 to	 50%	 of	 the	 total	 cost	 of	 PHA	1	

production	(Le	Meur	et	al.,	2012).	For	 instance,	 the	 theoretical	price	of	PHA	produced	2	

using	 waste	 materials	 rests	 at	 approximately	 3.5	euro/kg	 of	 PHA	 while	 synthetic	3	

alternatives,	for	instance,	PP	and	PE	cost	approximately	1.5	and	1.15	euro/kg	respectively	4	

(Mozejko-Ciesielska	and	Kiewisz,	2016).		5	

Among	the	various	PHA	polymers,	PHB	is	the	most	widely	produced	at	large	scale.	6	

This	 includes	 copolymers	 of	 PHB	 including	 poly-4-hydroxybutyrate	 (P4HB;	 C4),	7	

polyhydroxyvalerate	(PHV;	C5),	polyhydroxyhexanoate	(PHH;	C6),	polyhydroxyoctanoate	8	

(PHO;	C8).	The	first	company	to	attempt	large	scale	production	of	PHA	was	undertaken	by	9	

W.R	Grace	Co	in	the	1950s,	for	the	production	of	medical	devices.	However,	due	to	poor	10	

yields	 and	 issues	 with	 PHA	 purification,	 the	 company	 was	 forced	 to	 close	 (Mozejko-11	

Ciesielska	and	Kiewisz,	2016).		12	

Currently,	 large	 scale	 production	 of	 PHA	 is	 carried	 out	 by	 a	 small	 number	 of	13	

companies	such	as	Yeild10	biosciences	(USA),	Kaneka	corporation	(Japan),	Bio-On	(Italy)	14	

and	TianAn	Biologic	Materials	(China)	(Kourmentza	et	al.,	2017).	Even	though	the	current	15	

market	for	PHA	is	small,	producers	are	optimistic	on	the	future	of	PHA	as	this	is	a	new	16	

generation	of	biopolymer,	and	so	the	market	needs	time	to	develop	(Mozejko-Ciesielska	17	

and	 Kiewisz,	 2016).	 The	 new	 collaboration	 between	 Innova	 Imagen	 and	 Bio-On	 for	18	

development	 of	 Mexico’s	 first	 PHA	 production	 facility	 reflects	 this	 growing	 demand	19	

(Bioplastics_Magazine,	2019).		20	

	21	

1.5.9. Biotechnology	of	PET	monomers	to	PHA	22	

A	means	to	reduce	the	production	cost	for	PHA	is	to	use	cheap	alternative	carbon	sources,	23	

such	 as	 PET	 derived	 monomers.	 Pseudomonas	 strains	 are	 known	 as	 metabolically	24	

versatile	organisms	which	can	assimilate	a	range	of	carbon	and	energy	substrates	and	25	

accumulate	 PHA	 (Wackett,	 2003,	 Tobin	 and	O'Connor,	 2005,	 Karimi	 et	 al.,	 2015).	 The	26	

capability	of	microorganisms	to	degrade	terephthalic	acid	(TA)	derived	from	pyrolysed	27	

PET	is	already	known	(Kenny	et	al.,	2008,	Kenny	et	al.,	2012).	Pseudomonas	umsongensis	28	

GO16	can	use	TA	as	a	sole	source	of	carbon	and	energy,	and	its	capacity	to	convert	TA	into	29	

mclPHA	was	demonstrated.	However,	 the	ability	of	P.	umsongensis	GO16	to	metabolise	30	

ethylene	glycol	(EG)	has	not	been	previously	reported.		31	

	 Previous	studies	by	Kenny	and	co-workers	have	already	demonstrated	the	proof	32	

of	concept	in	the	ability	of	P.	umsongensis	GO16	to	utilise	pyrolysed	PET	derived	TA	for	33	
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growth	and	PHA	accumulation	at	a	lab	scale	under	nitrogen	limited	conditions	(Kenny	et	1	

al.,	 2012).	 However,	 the	 bioprocess	 operating	 procedure	was	 not	 optimised,	 thus	 the	2	

maximum	achievable	biomass	prior	to	PHA	accumulation	was	not	defined.		3	

	 Despite	presenting	a	promising	avenue	for	sustainable	up-cycling	of	PET	derived	4	

TA,	the	biodegradation	of	TA	with	P.	umsongensis	GO16	comes	with	one	key	challenge:	5	

poor	 solubility	 of	 TA	 in	water	 under	 physiologically	 compatible	 conditions.	 Improved	6	

solubility	 of	 TA	 may	 be	 facilitated	 by	 converting	 TA	 into	 a	 disodium	 salt,	 disodium	7	

terephthalate	(Na2TA),	which	has	a	maximum	solubility	of	400	mM	(84	g/L)	at	21°C	and	8	

a	pH	7,	while	the	free	acid	has	an	even	poorer	solubility	in	water	at	0.1	mM	(0.017	g/L)	9	

(Kenny	et	al.,	2012).	Furthermore,	Kenny	and	co-workers	 identified	that	characteristic	10	

dilution	of	microbial	culture	occurs	when	cultivating	P.	umsongensis	GO16	on	Na2TA	as	11	

the	bioprocess	progresses	when	a	liquid	feeding	regime	is	employed,	therefore	presenting	12	

an	 issue	 in	achieving	 the	desired	high	cell	densities	 required	 for	an	 industrially	viable	13	

bioprocess.	14	

	15	

1.6. Mathematical	modelling	of	fermentation	processes		16	

Identifying	optimal	operating	modes	and	conditions	is	crucial	to	assess	the	technical	and	17	

economic	 feasibility	 of	 real-world	 deployment	 of	 environmental	 bioprocesses	18	

(Zadghaffari	et	al.,	2010).	Mathematical	modelling	is	a	systematic	attempt	to	translate	the	19	

conceptual	 understanding	 of	 real-world	 systems	 into	 mathematical	 terms	 (M.Doran,	20	

1995).	 In	 turn,	mathematical	modelling	has	 been	widely	 proven	 as	 a	 powerful	 tool	 to	21	

guide	 bioprocess	 design	 and	 optimisation	 (Koutinas	 et	 al.,	 2012),	 including	 biomass	22	

cultivation	(Davis	et	al.,	2015,	Patwardhan	and	Srivastava,	2004)	and	microbial	product	23	

formation	(Todri	et	al.,	2014,	Maclean	et	al.,	2008).		24	

	 An	accurate	mathematical	model	of	cellular	growth	relies	on	physical	mechanisms	25	

associated	 with	 the	 bioprocess	 e.g.	 mass	 transfer	 and	 the	 biological	 response	 to	26	

conditions	found	inside	the	bioreactor	and	allows	for	in	silico	simulations	of	experiments,	27	

facilitating	the	identification	of	optimal	experimental	conditions	in	an	efficient	and	timely	28	

manner	saving	both	time	and	costs	associated	with	extensive	experimental	runs.		29	

	30	

	31	

	32	

	33	
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1.7. Aim	of	this	project	1	

Pseudomonas	species	are	metabolically	versatile	organisms	and	are	known	to	metabolise	2	

a	wide	range	of	recalcitrant	aromatic	compounds	deemed	to	be	environmental	pollutants.	3	

Within	the	context	of	sustainable	methods	for	recycling	single-use	plastics,	Pseudomonas	4	

umsongensis	 GO16,	 has	 been	 reported	 to	 use	 disodium	 terephthalate	 (Na2TA),	 a	 key	5	

intermediate	of	PET	chemical	recycling,	as	a	sole	carbon	and	energy	substrate	for	growth.	6	

Furthermore,	when	fed	Na2TA	under	nitrogen	limitation,	P.	umsongensis	GO16	is	capable	7	

of	synthesising	the	biodegradable	polymer	polyhydroxyalkanoate	(PHA).		8	

	 With	this	in	mind,	the	purpose	of	this	study	was	to	further	expand	our	knowledge	9	

of	PET	monomer	metabolism	by	P.	umsongensis	GO16	to	further	elucidate	the	potential	of	10	

Na2TA	 to	 be	 used	 as	 a	 microbial	 feedstock	 for	 growth	 and	 PHA	 production.	 A	11	

mathematical	model	will	be	designed	in	order	to	identify	optimal	operating	procedures	12	

maximising	biomass	production	of	P.	umsongensis	GO16	under	non-limiting	conditions,	13	

and	 aid	 in	 gaining	 a	deeper	understanding	on	 the	microbial	 conversion	of	Na2TA	 into	14	

biomass.	15	

An	analysis	in	the	ability	of	P.	umsongensis	GO16	to	metabolise	a	mixed	monomer	16	

substrate	 of	 both	 PET	 derived	 monomers;	 Na2TA	 and	 EG	 for	 both	 growth	 and	 PHA	17	

production,	sourced	from	enzymatically	hydrolysed	PET	(HPET)	will	be	carried	out.	Batch	18	

bioreactor	operation	conditions	will	be	employed	as	a	first	step	in	assessing	the	feasibility	19	

of	upcycling	HPET	to	the	value	added	polymer,	PHA.	20	

Finally,	 the	 chromosomal	 deletion	 of	 both	 scl	 and	mclPHA	depolymerase	 genes	21	

present	 in	 P.	 umsgonensis	 GO16	 will	 be	 investigated	 using	 a	 CRISPR	 Cas9/λred	22	

recombineering	system,	with	the	aim	of	assessing	the	impact	of	the	deletions	on	growth	23	

and	PHA	accumulation	by	P.	umsongensis	GO16	on	Na2TA,	sodium	butyrate	and	sodium	24	

octanoate.	25	

	26	

	27	
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2.1. Reagents		1	

Pre-prepared	solid	and	liquid	components	of	media	used	in	this	study	including	Lysogeny	2	

Broth	(LB)	and	agar	were	supplied	by	Sigma-Aldrich	(Ireland).	Antibiotic	supplements	for	3	

bacterial	 selection:	 carbenicillin,	 kanamycin,	 gentamycin,	 chloramphenicol	 and	4	

tetracycline	were	also	sourced	from	Sigma-Aldrich	(Ireland).	5	

	 Bacterial	growth	substrates:	terephthalic	acid	(TA),	ethylene	glycol	(EG),	sodium	6	

octanoate	(NaOct),	sodium	acetate	and	sodium	butyrate	(NaBut)	were	purchased	from	7	

Sigma-Aldrich	(Ireland),	while	disodium	terephthalate	(Na2TA)	was	purchased	from	Alfa-8	

Aesar	 (Ireland)	 or	 produced	 in	 lab	 (section	 2.1.1).	 Enzymatically	 hydrolysed	 PET	9	

(section	2.1.2)	was	supplied	by	partners	in	the	University	of	Leipzig.		10	

	 Media	and	buffer	 components	 for	minimal	 salts	media	 (MSM;	sections	2.2.2	&	11	

2.2.3)	 and	 potassium	 phosphate	 buffer:	 Na3PO4∙12H2O,	 KH2PO4,	 K2HPO4,	 NH4Cl,	12	

(NH4)2SO4,	MgSO4	and	Na2SO4	were	sourced	from	Sigma-Aldrich	(Ireland).	13	

	 Components	 for	 trace	 elements	 solutions:	 including	 ZnSO4∙7H2O,	 MnCl∙4H2O,	14	

Na2B4O7∙10H2O,	 NiCl2∙6H2O,	 Na2MoO4∙2H2O,	 CuCl∙2H2O,	 FeSO4∙7H2O,	 CaCI2∙2H2O,	15	

MnSO4∙4H2O,	 H3BO3,	 CoCl2∙6H2O;	 CuSO4∙5H2O	 were	 sourced	 from	 Sigma-Aldrich	16	

(Ireland).	17	

	 DNA	 gel	 electrophoresis	 reagents,	 including	molecular	 grade	 agarose,	 ethidium	18	

bromide,	 Trizma	 base,	 ethylenediaminetetraacetic	 acid	 (EDTA)	 and	 glacial	 acetic	 acid	19	

were	purchased	 from	Sigma-Aldrich	 (Ireland).	The	DNA	assembly	kit,	NEBuilder®	HiFi	20	

DNA	Assembly	Cloning	Kit	was	purchased	 from	New	England	Biolabs	 (Ireland),	while	21	

DNA	oligonucleotides	were	synthesized	by	Sigma-Aldrich	(Ireland).	The	PCR	master	mix	22	

reagents,	AccuStart	II	PCR	ToughMix	and	Q5	High	Fidelity	2X	Master	Mix	were	purchased	23	

from	 VWR	 (Ireland)	 and	 New	 England	 Biolabs	 (Ireland)	 respectively.	 The	 molecular	24	

weight	 marker	 Generuler	 1	 kb	 Plus	 DNA	 ladder	 and	 DNA	 gel	 loading	 dye	 (6X)	 were	25	

acquired	from	ThermoFisher	Scientific	(Ireland).		26	

Solvents	used	such	as	methanol,	chloroform	and	acetonitrile	were	purchased	from	27	

Sigma-Aldrich	(Ireland).	Sulfuric	acid,	formic	acid,	acetic	acid	and	sodium	hydroxide	were	28	

purchased	from	Fisher	Scientific	(Ireland),	and	ammonia	water	from	VWR	(Ireland).	29	

	30	

2.1.1. Disodium	terephthalate	preparation	31	

Na2TA	was	prepared	using	synthetic	TA	supplied	by	Sigma-Aldrich	(Ireland)	according	to	32	

the	protocol	previously	described	by	Kenny	and	co-workers	(Kenny	et	al.,	2008).	In	brief,	33	
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this	involved	solubilising	TA	in	an	aqueous	solution	using	sodium	hydroxide	(molar	ratio	1	

1:2)	 in	 order	 to	 create	 Na2TA.	 This	 aqueous	 solution	 was	 then	 frozen	 at	 -80°C	 and	2	

subsequently	 freeze	 dried	 (Labconco	 FreeZone	 12;	 USA)	 until	 only	 white	 powdered	3	

Na2TA	remained.		4	

	5	

2.1.2. Enzymatic	hydrolysis	of	PET		6	

The	enzymatic	degradation	of	amorphous	PET	films	was	carried	out	by	partners	in	the	7	

University	of	Leipzig,	Leipzig,	Germany,	as	described	 in	 the	study	by	Sulaiman	and	co-8	

workers	(Sulaiman	et	al.,	2012).	Briefly,	 the	enzymatic	degradation	of	amorphous	PET	9	

films	(product	no.	ES301445;	Goodfellow	GmbH,	Bad	Nauheim,	Germany)	with	a	surface	10	

area	 of	 4000	 cm2	 (approximately	 62.8	 g)	 was	 undertaken	 in	 1.6	 L	 of	 1	 M	 potassium	11	

phosphate	buffer	 (pH	8.0)	 in	 a	 stirred	 tank	 reactor	 at	 70°C	using	3	U/ml	LC-cutinase,	12	

sourced	from	the	metagenome	of	leaf-plant	compost	(Sulaiman	et	al.,	2012).	The	enzyme	13	

was	recombinantly	expressed	in	E.	coli	and	purified	by	metal	ion	affinity	chromatography	14	

as	previously	described	(Schmidt	et	al.,	2016).	Aliquots	of	1	ml	were	removed	from	the	15	

hydrolysis	 reaction	 supernatant	 at	 a	 regular	 interval	 of	 24	 h	 and	 subjected	 to	 the	16	

determination	 of	 soluble	 degradation	 products	 by	 HPLC	 (Barth	 et	 al.,	 2015).	 After	 a	17	

reaction	time	of	192	h,	the	PET	films	were	completely	dissolved.	18	

	19	

2.2. Bacterial	strains,	media	and	maintenance		20	

2.2.1. Bacterial	strains	21	

All	 bacterial	 stains	 employed	 in	 this	 study	 are	 outlined	 in	 Table	 2.1.	 Pseudomonas	22	

umsongensis	GO16	WT	(wild	type),	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	deletion	mutants	were	23	

maintained	on	MSMfull	agar	plates	(1.5%	w/v)	(section	2.2.2)	supplemented	with	20	mM	24	

(4.2	g/L)	Na2TA	(section	2.1.1).	The	strain	obtained	by	adaptive	 laboratory	evolution	25	

(ALE)	of	GO16,	P.	umsongensis	KS3,	was	maintained	on	MSMfull	agar	plates	(1.5%	w/v)	26	

containing	20	mM	Na2TA	and	20	mM	(1.24	g/L)	EG.	P.	umsongensis	GO16	ALE,	the	strain	27	

evolved	 for	 the	 tolerance	 of	 high	 concentration	 of	 sodium	 (Na+),	 was	 maintained	 on	28	

MSMfull	 agar	 plates	 containing	 20	 mM	 Na2TA	 supplemented	 with	 250	 mM	 Na2SO4.	29	

Recombinant	 P.	 umsongensis	 GO16	 strains	 created	 during	 the	 process	 of	30	

polyhydroxyalkanoate	 (PHA)	 depolymerase	 gene	 deletions	 (section	 2.6)	 were	31	

maintained	 on	 20	mM	Na2TA	MSMfull	 agar	 plates	 (1.5%	w/v)	 supplemented	with	 the	32	

appropriate	antibiotic.	E.	coli	DH5α,	E.	coli	DH5α-λpir,	E.	coli	HB101	and	P.	putida	KT2440	33	



	 36	

were	maintained	on	LB	agar	plates	(1.5%	w/v)	(section	2.2.4)	supplemented	with	the	1	

appropriate	antibiotic.	For	long	term	storage,	P.	 	umsongensis	GO16	WT	and	derivative	2	

strains	 were	 grown	 overnight	 in	 MSMfull	 medium	 (section	 2.2.2)	 supplemented	 with	3	

Na2TA	 and	 mixed	 with	 glycerol	 (30%	 v/v)	 and	 stored	 at	 -80°C.	 E.	 coli	 and	 P.	 putida	4	

KT2440	 strains	 were	 grown	 in	 LB	 broth	 (section	 2.2.4)	 supplemented	 with	 the	5	

appropriate	antibiotic	and	mixed	with	glycerol	(30%	v/v)	and	stored	at	-80°C.		6	

	7	

Table	2.1.	List	of	bacterial	strains	used	during	this	study.	8	
Strain	 Details	 Source	

Pseudomonas	umsongensis	
GO16	WT	(wild	type)	

Wild	 type	 strain;	 accession	 number	 NCIMB	
41538,	NCIMB	Aberdeen,	Scotland,	UK	
	

(Kenny	et	
al.,	2008)	

P.	umsongensis	GO16	ΔphaZ	 Strain	 derived	 from	 P.	 umsongensis	 GO16;	
mclPHA	depolymerase	(phaZ)	deleted		
	

This	study	

P.	umsongensis	GO16	ΔphbZ	 Strain	 derived	 from	 P.	 umsongensis	 GO16;	
sclPHA	depolymerase	(phbZ)	deleted	
	

This	study	

P.	umsongensis	GO16	
ΔΔphaZphbZ	

Strain	 derived	 from	 P.	 umsongensis	 GO16;	
mclPHA	 depolymerase	 (phaZ)	 and	 sclPHA	
depolymerase	(phbZ)	deleted	
	

This	study	

P.	umsongensis	KS3	 Strain	 derived	 from	 P.	 umsongensis	 GO16;	
adapted	 for	 improved	 consumption	 and	
growth	 on	 ethylene	 glycol	 (EG)	 via	 adaptive	
laboratory	evolution	

RWTH	
Aachen	
University		

P.	umsongensis	GO16	ALE	 Strain	 derived	 from	 P.	 umsongensis	 GO16;	
adapted	 for	 improved	 tolerance	 to	 elevated	
sodium	(Na+)	concentrations		
	

This	study	

E.	coli	DH5α-λpir		 General	cloning	host;		
λpir	phage	lysogen	of	DH5α,	TetR	
	

Novagen	

E.	coli	DH5α	 General	cloning	host;	
endA1,	recA1,	φ80dlacZΔM15	
	

Novagen	
	

E.	coli	HB101		 E.coli	Helper	strain;	
F–,	thi-1,	hsdS20	(rB–,	
mB),	supE44,	recA13,	ara-
14,	leuB6,	proA2,	lacY1,	galK2,	rpsL20	
(strr),	xyl-5,	mtl-1	
	

RWTH	
Aachen	
University		
(Zobel	et	al.,	
2015)	

P.	putida	KT2440	 Wild	type	strain	derived	from	P.	putida	mt-2,	
cured	of	pWW0	plasmid;	used	as	storage	host	
for	pRK2-Cas9/λred	plasmid	

ATCC	47054	

	9	

	10	
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2.2.2. MSM	media		1	

Minimal	salts	media	(MSM)	(Kenny	et	al.,	2012)	used	during	flask	and	batch	fermentation	2	

bacterial	growth	experiments	consisted	of	(per	litre)	9	g	Na3PO4∙12H2O,	1.5	g	KH2PO4	and	3	

1	g	NH4Cl	(MSMfull)	or	0.25	g	NH4Cl	(MSMlim),	1	ml	MgSO4∙7H2O	(1	M	stock	solution;	added	4	

after	 autoclaving	 using	 sterile	 filtration)	 and	 1	 ml	 trace	 elements	 (per	 litre:	 4	 g	5	

ZnSO4∙7H2O;	1	g	MnCl∙4H2O;	0.2	g	Na2B4O7∙10H2O;	0.3	g	NiCl2∙6H2O;	1	g	Na2MoO4∙2H2O;	1	6	

g	CuCl∙2H2O;	7.6	g	FeSO4∙7H2O;	added	after	autoclaving).	After	autoclaving,	the	media	was	7	

supplemented	with	a	carbon	source	to	a	final	carbon	concentration	of	1.95	gC/L	unless	8	

otherwise	stated.	When	MSMfull	agar	plates	were	required,	an	addition	of	1.5%	(w/v)	agar	9	

was	made	to	MSMfull	prior	to	autoclaving.	10	

	11	

2.2.3. Modified	MSM	media		12	

For	 the	 cultivation	 of	P.	 umsongensis	 GO16	WT	 and	 ALE	 in	 solid	 and	 liquid	 fed-batch	13	

fermentation	conditions	(sections	2.8.3	&	2.8.4)	a	modified	MSM	(MSMFedBatch)	was	used	14	

to	cater	for	higher	cell	density	cultivation	of	bacteria.	The	concentration	of	Na3PO4∙12H2O	15	

and	 KH2PO4	 was	 increased	 2.25-fold	 to	 ensure	 the	 presence	 of	 excess	 phosphate.	16	

MSMFedBatch	was	supplemented	with	(per	litre)	3	g	MgSO4	and	5	ml	trace	elements	(per	17	

litre:	4.4	g	ZnSO4∙7H2O;	0.04	g	NiCl2∙6H2O;	0.3	g	Na2MoO4∙2H2O;	20	g	FeSO4∙7H2O;	6	g	18	

CaCI2∙2H2O;	1g	MnSO4∙4H2O;	0.6	g	H3BO3;	0.4	g	CoCl2∙6H2O;	2	g	CuSO4∙5H2O),	and	added	19	

after	autoclaving.	As	a	nitrogen	source,	 (NH4)2SO4	was	used	with	a	 final	concentration	20	

dependent	 on	 the	 specific	 experimental	 conditions	 and	 added	 after	 autoclaving	 using	21	

sterile	filtration.	22	

	23	

2.2.4. Lysogeny	Broth	Medium		24	

Lysogeny	broth	(LB)	medium	was	used	when	required	for	liquid	culture	growth	or	as	agar	25	

plates	(1.5%	w/v	agar)	and	prepared	as	per	manufacturer’s	instructions.	When	a	selective	26	

pressure	was	required,	LB	media	was	supplemented	with	the	appropriate	antibiotic	after	27	

autoclaving.		28	

	29	

2.2.5. Bacterial	growth	conditions	30	

Prior	to	growth	experiments	using	P.	umsongensis	GO16	WT,	the	deletion	mutants	ΔphaZ,	31	

ΔphbZ,	 ΔΔphaZphbZ	 &	 KS3,	 the	 strains	were	 streaked	 on	MSMfull	agar	 (section	 2.2.2)	32	

supplemented	with	 the	 carbon	 and	 energy	 source	 to	 be	 used	 during	 their	 cultivation.	33	
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Meanwhile,	 P.	 umsongensis	 GO16	 ALE	 was	 streaked	 on	 MSMfull	 agar	 (section	 2.2.2)	1	

containing	 the	 desired	 carbon	 and	 energy	 source	 and	 supplemented	 with	 250	 mM	2	

(36	g/L)	Na2SO4	to	prime	the	bacterial	strain	for	growth	in	the	presence	of	high	sodium	3	

(Na+)	concentrations.		4	

A	single	colony	was	inoculated	into	13	ml	tubes	(Starstedt;	Germany)	containing	5	

3	ml	 MSMfull	 supplemented	 with	 the	 substrate	 to	 be	 used	 in	 flask	 and/or	 bioreactor	6	

experiments,	 and	 incubated	 overnight	 (16	 h)	 in	 a	 shake	 incubator	 (New	 Brunswick	7	

Scientific,	 Innova	44;	USA)	at	200	rpm	and	30°C.	250	ml	Erlenmeyer	 flasks	containing	8	

50	ml	MSMfull	supplemented	with	the	same	growth	substrate	for	the	respective	strain	as	9	

outlined	above	were	then	inoculated	with	the	aforementioned	seed	culture.	Seed	culture	10	

additions	were	normalised	across	flasks	based	on	optical	densities	(OD540)	dependant	on	11	

the	 experimental	 run	 to	 ensure	 an	 identical	 concentration	 of	 cells	 when	 growth	12	

comparisons	 among	 strains	 were	 necessary.	 For	 growth	 experiments	 where	 PHA	13	

accumulating	conditions	were	required,	MSMlim	(section	2.2.2)	was	employed	and	flasks	14	

were	inoculated	under	the	same	aforementioned	and	cultivated	in	a	shake	incubator	for	15	

48	h	unless	otherwise	stated	at	200	rpm	and	30°C.		16	

Cell	dry	weight	 (section	2.3.1),	 substrate	 (section	2.3.3	&	2.3.4)	and	nitrogen	17	

(section	2.3.5)	were	analysed	when	required.	The	PHA	content	of	lyophilized	cells	was	18	

also	analysed	(section	2.3.2)	when	nitrogen	limited	experiments	were	employed.	19	

	20	

2.3. Analytical	techniques		21	

2.3.1. Cell	dry	weight	analysis		22	

The	 dry	 cell	 weight	 of	 all	 bacterial	 strains	 was	 determined	 by	 harvesting	 cells	 via	23	

centrifugation	 at	 3220	 x	 g	 for	 15	minutes	 at	 4°C	 (Centrifuge	 5810R;	 Eppendorf).	 Cell	24	

pellets	were	resuspended	with	potassium	phosphate	buffer	(100	mM)	and	transferred	25	

into	2	ml	SafeSeal	micro	centrifuge	tubes	(Sarsedt;	Germany)	and	centrifuged	at	16,900	x	26	

g	 for	3	minutes	 at	 4°C	 (Centrifuge	5418R;	Eppendorf).	 The	 cell	 pellets	were	 frozen	 at		27	

-80°C.	The	frozen	cell	pellets	were	then	lyophilised	(Labconco	FreeZone	12;	USA)	for	24	h	28	

and	weighed	(Explorer®	Analytical,	Ohaus;	USA).	29	

	30	

2.3.2. PHA	extraction	and	composition	analysis		31	

The	 polymer	 content	 was	 assayed	 by	 subjecting	 the	 lyophilised	 cells	 to	 acidic	32	

methanolysis	 as	 previously	 described	 (Lageveen	 et	 al.,	 1988).	 In	 brief,	 this	 was	33	
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undertaken	by	resuspending	5	–	15	mg	of	lyophilised	cells	in	2	ml	of	acidified	methanol	1	

(15%	v/v	of	H2SO4)	and	2	ml	of	chloroform	containing	6	mg/L	benzoate	methyl	ester	as	2	

an	 internal	standard	for	gas	chromatography	(GC)	analysis.	The	mixture	was	placed	in	3	

15	ml	Pyrex®	screw	cap	tubes	containing	an	inversion	and	incubated	for	2	h	at	100°C.	The	4	

vials	were	then	placed	on	ice	for	2	minutes.	1	ml	of	deionized	water	was	added,	and	the	5	

vials	were	vortexed	vigorously	for	30	seconds	in	order	to	extract	the	methyl	esters	of	(R)-6	

3-hydroxyalkanoic	acids	(R-3HA).	The	phases	were	allowed	to	separate,	and	the	organic	7	

phase	containing	R-3HA	methyl	esters	was	isolated	using	a	Pasteur	pipette.	The	organic	8	

phase	was	passed	through	a	pipette	tip	containing	cotton	wool	to	remove	any	cell	debris	9	

and	residual	deionized	water,	and	stored	in	a	GC	vial	for	analysis.	The	PHA	monomers’	10	

methyl	esters	were	assayed	by	GC	using	a	Hewlett-Packard	6890	N	gas	chromatogram	11	

equipped	with	a	HP-Innowax	capillary	column	(30	m	×	0.25	mm,	0.25	μm	film	thickness;	12	

Agilent	Technologies)	using	a	split	mode	(split	ratio	10:1)	and	a	flame	ionisation	detector	13	

(FID).	The	following	oven	method	was	employed:	60°C	for	2	minutes,	increasing	by	5°C	14	

min-1	 to	200°C	for	1	min.	For	peak	identification	commercially	available	R-3HA	methyl	15	

esters	(Sigma;	Ireland)	were	used.	PHA	monomer	determination	was	confirmed	using	an	16	

Agilent	6890N	GC	fitted	with	a	5973	series	inert	mass	spectrophotometer	(MS)	(Agilent	17	

Technologies;	 USA).	 A	 HP-1	 (12	 m	 x	 0.2	 mm	 x	 0.33	 μm	 –	 film	 thickness;	 Agilent	18	

Technologies;	USA)	was	used	with	an	oven	method	of	50°C	for	3	minutes	increasing	by	19	

10°C	min-1	to	250°C	and	holding	for	1	minute.	20	

	21	

2.3.3. The	 analysis	 of	 substrate	 consumption	 by	 high	 performance	 liquid	22	

chromatography		23	

Na2TA,	EG	and	sodium	acetate	concentrations	were	analysed	offline,	via	high	performance	24	

liquid	chromatography	(HPLC).	Supernatant	samples	from	each	timepoint	were	prepared	25	

for	HPLC	analysis	by	diluting	each	sample	20-fold	so	that	concentration	of	Na2TA,	EG	and	26	

sodium	acetate	in	each	sample	did	not	exceed	0.77	g/L,	10	g/L	and	7.5	g/L	respectively	in	27	

order	 to	maintain	 a	 linear	 relationship	 between	peak	 area	 and	 standard	 curve	 on	 the	28	

HPLC	chromatograph.	500	μl	of	each	sample	was	filtering	using	Mini-UniPrep	syringeless	29	

filter	devices	(GE	Healthcare	Life	Science,	Ireland).	Na2TA	and	sodium	acetate	depletion	30	

were	 monitored	 on	 an	 Agilent	 1100	 series	 HPLC	 using	 a	 C18	 ODS-Hypersil	 column	31	

(125	mm	 x	 3	 mm,	 particle	 size	 5	 µm;	 Thermo	 Electron	 Corporation)	 using	 the	 same	32	

method.	The	column	was	maintained	at	35°C	and	samples	were	eluted	using	0.4%	(v/v)	33	
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formic	 acid	 and	 acetonitrile	 at	 a	 flow	 rate	 of	 1	ml/min	 and	 read	 using	 a	 diode-array	1	

detector	(DAD).	The	gradient	outlined	(Table	2.2)	was	used.	The	retention	time	of	Na2TA	2	

and	sodium	acetate	under	the	above	conditions	was	4.3	and	1.1	minutes	respectively.		3	

EG	depletion	was	monitored	on	a	Shimadzu	HPLC	using	an	Aminex	HPX-87H	ion	4	

exclusion	 column	 (300	 mm	 x	 7.8	 mm,	 particle	 size	 9	 μm;	 Bio-rad).	 The	 column	 was	5	

maintained	at	40°C	and	samples	were	isocratically	eluted	using	0.014	N	H2SO4	at	a	flow	6	

rate	of	0.55	ml/min	and	read	on	a	refractive	index	detector	(RID).		The	EG	retention	time	7	

under	the	above	conditions	was	23	min.		8	

	9	

Table	2.2	Gradient	employed	for	HPLC	analysis	of	Na2TA	and	sodium	acetate.		10	
Time	period	(minutes)	 Ratio	

0.4%	formic	acid:	acetonitrile		
0	–	2.5	 99.5:0.5	
2.5	-	6	 80:20	
6	–	8.5	 99.5:0.5	

	11	

2.3.4. Fatty	acid	extraction	and	analysis	by	gas	chromatography		12	

The	consumption	of	fatty	acids	such	as	sodium	butyrate	(NaBut)	and	sodium	octanoate	13	

(NaOct)	were	analysed	using	 the	 fatty	acid	extraction	method	previously	described	by	14	

Lalman	 and	 co-workers	 (Lalman	 and	 Bagley,	 2004)	 and	 gas	 chromatography	 (GC)	15	

analysis.	In	brief,	this	first	consisted	of	aliquoting	1	ml	of	supernatant	sample	into	a	15	ml	16	

test	tube.	An	addition	of	200	μl	saturated	(6	M)	NaCl	solution	and	80	μl	of	50%	(9.2	M)	17	

H2SO4	 was	 made.	 Following	 this,	 2	 ml	 of	 a	 mixture	 of	 a	 1:1	 methanol	 &	 chloroform	18	

containing	 6	mg/L	 benzoate	methyl	 ester	 as	 an	 internal	 standard	 for	 GC	 analysis	was	19	

added,	and	the	mixture	was	vortexed	vigorously	for	30	seconds	in	order	to	extract	the	20	

fatty	acid	into	the	methanol	&	chloroform	mixture.	The	phases	were	allowed	to	separate,	21	

and	the	organic	phase	containing	the	fatty	acid	was	isolated	using	a	Pasteur	pipette	and	22	

transferred	into	15	ml	Pyrex®	screw	cap	tubes	containing	inversion	and	incubated	for	1	23	

h	at	100°C.	The	vials	were	then	placed	on	ice	for	2	minutes.	1	ml	of	deionized	water	was	24	

added,	 and	 the	 vials	 were	 vortexed	 vigorously	 for	 30	 seconds	 in	 order	 to	 remove	25	

remaining	methanol	from	the	chloroform-methanol	mixture.	The	phases	were	allowed	to	26	

separate,	and	the	organic	phase	containing	the	fatty	acids	was	isolated	using	a	Pasteur	27	

pipette.	The	organic	phase	was	passed	through	a	pipette	 tip	containing	cotton	wool	 to	28	

remove	any	residual	deionized	water	and	stored	in	a	GC	vial	for	analysis.	The	fatty	acids	29	

were	assayed	by	GC	using	a	Hewlett-Packard	6890N	gas	chromatogram	equipped	with	a	30	
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HP-Innowax	 capillary	 column	 (30	 m	 ×	 0.25	 mm,	 0.25	 μm	 film	 thickness;	 Agilent	1	

Technologies)	using	a	split	mode	(split	ratio	10:1)	and	a	flame	ionisation	detector	(FID).	2	

The	oven	method	employed	was	60°C	for	2	minutes,	increasing	by	5°C	min-1	to	200°C	for	3	

1	 min.	 For	 peak	 identification	 standards	 were	 used.	 Fatty	 acid	 determination	 was	4	

confirmed	 using	 an	 Agilent	 6890N	 GC	 fitted	 with	 a	 5973	 series	 inert	 mass	5	

spectrophotometer	(MS)	(Agilent	Technologies;	USA).	A	HP-1	(12	m	x	0.2	mm	x	0.33	μm	6	

–	film	thickness;	Agilent	Technologies;	USA)	was	used	with	an	oven	method	of	50°C	for	3	7	

minutes	increasing	by	10°C	min-1	to	250°C	and	holding	for	1	minute.	8	

	9	

2.3.5. Nitrogen	determination	assay	10	

Nitrogen	 concentration	 was	 analysed	 offline	 via	 the	 indophenol	 method	 previously	11	

outlined	by	Scheiner	(Scheiner,	1976).	Samples	of	the	bacterial	culture	were	taken	and	12	

each	sample	was	collected	in	2	ml	SafeSeal	micro	centrifuge	tubes	(Sarsedt;	Germany)	and	13	

centrifuged	at	16,900	x	g	for	3	minutes	at	4°C	(Centrifuge	5418R;	Eppendorf).	The	cell	14	

pellet	and	supernatant	were	separated,	and	the	supernatant	was	diluted	1000-fold	with	15	

deionised	 water	 in	 preparation	 for	 analysis.	 The	 nitrogen	 determination	 assay	 was	16	

undertaken	 by	 transferring	 1	ml	 of	 the	 diluted	 sample	 into	 a	 2	ml	 cuvette	 (Sarstedt;	17	

Germany).	 An	 addition	 of	 400	 µl	 phenol	 solution	 (per	 100	 ml	 deionised	 water:	 3	 g	18	

Na3PO4×12H2O,	3.4	g	Na3C3H5O7×2H2O	and	0.3	g	C10H16N2Na2O8)	was	made,	immediately	19	

followed	by	the	addition	of	600	µl	alkaline	hypochlorite	solution	(per	100	ml	final	volume:	20	

40	ml	1	M	NaOH	solution,	2.5	ml	hypochlorite	solution,	57.5	ml	of	deionized	water).	The	21	

final	solution	was	thoroughly	mixed	and	incubated	at	room	temperature	for	a	total	of	45	22	

minutes	 in	 the	 dark.	 The	 development	 of	 a	 blue	 colour	 indicated	 the	 formation	 of	23	

indophenol	 and	 its	 absorbance	 was	 by	 measured	 using	 a	 spectrophotometer	24	

(Spectrophotometer	 6300,	 Jenway;	 UK)	 at	 635	 nm.	 Each	 absorbance	 reading	 was	25	

converted	to	a	final	nitrogen	concentration	using	a	standard	curve.		26	

	27	

2.4. DNA	techniques		28	

2.4.1. Plasmid	DNA	extraction		29	

Plasmid	 DNA	 was	 extracted	 using	 a	 GeneJet	 Plasmid	 Miniprep	 Kit	 (ThemoScientific;	30	

Ireland)	according	to	the	manufacturer’s	protocol.	31	

	32	

	33	
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	1	

2.4.2. Sanger	sequencing	2	

Sanger	sequencing	of	bacterial	DNA	was	carried	out	by	Eurofins	genomics	(Ebersberg;	3	

Germany)	using	their	SUPREMERUN	Tube	Sanger	sequencing	service.	4	

	5	

2.4.3. DNA	gel	electrophoresis		6	

DNA	samples	of	approximately	20	ng/µl	were	resuspended	 in	6X	DNA	gel	 loading	dye	7	

(ThermoFisher;	Ireland).	DNA	was	separated	on	a	1%	(w/v)	molecular	grade	agarose	gel.	8	

Agarose	gels	were	made	by	preparing	a	1X	TAE	solution	from	a	50X	TAE	stock	containing	9	

(per	litre):	18.6	g	EDTA	disodium	salt,	242.3	g	Trizma	base	and	57.1	ml	of	100%	glacial	10	

acetic	acid).	Agarose	was	dissolved	in	1X	TAE	buffer	supplemented	with	10	µl	ethidium	11	

bromide	per	100	ml	agarose	gel	solution	and	set	to	cool.	12	

	13	

2.4.4. DNA	gel	extraction	14	

DNA	of	interest	was	extracted	from	1%	(w/v)	agarose	gel	(section	2.4.3)	using	a	GeneJet	15	

Gel	Extraction	Kit	(ThermoFisher;	Ireland)	as	per	manufacturer’s	protocol.			16	

	17	

2.4.5. Gibson	assembly	18	

NEBuilder®	HiFi	 DNA	 Assembly	 Cloning	 Kit	 was	 used	 for	 the	 ligation	 of	 DNA	 oligos	19	

designed	to	contain	complementary	overlapping	regions	at	the	3’	and/or	5’	ends	without	20	

the	 need	 for	 restriction	 sites	 within	 the	 DNA	 sequences.	 DNA	 fragment	 ligation	 was	21	

carried	out	according	to	the	manufacturer’s	instructions	(New	England	Biolabs;	USA).	22	

	23	

2.4.6. PCR	protocols		24	

The	amplification	of	DNA	fragments	via	PCR	was	carried	out	by	employing	one	of	two	DNA	25	

polymerase	 master	 mixes;	 Q5®	 High-Fidelity	 2X	 DNA	 polymerase	 master	 mix	 or	26	

AccuStartTM	 II	 2X	 PCR	 SuperMix.	 Primers	 used	 in	 this	 study	 and	 the	 corresponding	27	

annealing	temperatures	are	outlined	in	Table	2.3.	28	

For	 PCR	 reactions	 that	 necessitated	 ultra-low	 error	 rates,	 for	 instance,	 the	29	

amplification	of	DNA	fragments	destined	plasmid	construction	and	expression,	Q5®	High-30	

Fidelity	(HiFi)	DNA	polymerase	master	mix	was	employed.	All	components	were	mixed	31	

to	 a	 final	 concentration	 of:	 1X	 Q5®	 High-Fidelity	master	mix,	 0.5	 μM	 forward	 primer,	32	
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0.5	μM	 reverse	 primer	 and	 <	 1,000	 ng	 template	 DNA	 prior	 to	 incubation.	 The	1	

thermocycling	protocol	outlined	in	Table	2.4	was	used.		2	

For	PCR	reactions	where	ultra-low	error	rates	were	not	necessary,	for	instance,	for	3	

colony	PCR,	AccuStartTM	II	2X	PCR	SuperMix	was	employed.	All	components	were	mixed	4	

to	a	final	concentration	of:	1X	AccuStartTM	II	PCR	SuperMix,	0.5	μM	forward	primer,	0.5	μM	5	

reverse	 primer	 and	 <	 1,000	 ng	 template	 DNA	 prior	 to	 reaction	 incubation.	 The	6	

thermocycling	protocol	outlined	in	Table	2.4	was	used.	7	

	8	

	9	

	10	

	11	

	12	

	13	

	14	

	15	

	16	

	17	

	18	

	19	

	20	

	21	

	22	

	23	

	24	

	25	

	26	

	27	

	28	

	29	

	30	

	31	

	32	

	33	
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	1	

Table	 2.3	 List	 of	 oligonucleotides	 primers	 used	 in	 this	 study	 and	 their	 annealing	2	
temperature.	3	

Primer		 Oligonucleotide	sequence	(5’	–	3’)	 Temperature	
(°C)	

Pha_C1_FWD_N_mclPhaZ	 CAACGATCTGATCTGGAACTACTGG	 64	
Pha_C2_REV_N_mclPhaZ	 GTCTTGCCAACCTCGAATGCATG	 64	
RtU_FWD_mclPhaZ	 GCTCTAGAACTAGTGGATCCTTGAAGCCGCCA

AGCGCC	
65	

RtU_REV_mclPhaZ	 GAGCCGCTCACATGCTTCTAGCCCTGTTTATGA
ATTCATCC	

65	

RtD_FWD_mclPhaZ	 TAGAAGCATGTGAGCGGCTCATTTCTTG	 65	
RtD_REV_mclPhaZ	 GTATCGATAAGCTTGATATCGTTGATCTGTGG

CGGCAC	
65	

pKNOCK_G_FWD	 GATATCAAGCTTATCGATACCG	 59	
pKNOCK_G_REV	 GGATCCACTAGTTCTAGAG	 59	

pKNOCK_Rud_FWD	 TGGACAACAAGCCAGGGATGT	 64	
pKNOCK_Rud_REV	 GGAATTAATTCGACGCGTCCT	 64	
Sg_500_FWD	 AAGTGGCACCGAGTCGGTGCTTTTTTT	 65	
Sg_500_REV	 CCGTATTACCGCCTTTGAGTGAGC	 65	

Sg1_mclPhaZ_FWD	 GTCCTAGGTATAATACTAGTGTGCGGA	
ATATGAACGGTTG	

72	

pgRNA_tet_G_FWD	 GCTCACTCAAAGGCGGTAATACGGC	 65	
pgRNA_tet_G_REV	 ACTAGTATTATACCTAGGACTGAGCTAGCTG	 65	
SG1_oligo_mclPhaZ	 GTCCTAGGTATAATACTAGTGTGCGGAATATG

AACGGTTGGTTTTAGAGCTAGAAATAGCAAGT
TAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGCTT	

---	

RtU_FWD_sclPhaZ	 GCTCTAGAACTAGTGGATCCTTGAAGCCGCC	
AAGCGCC	

65	

RtU_REV_sclPhaZ	 GAGCCGCTCACATGCTTCTAGCCCTGTTTATGA
ATTCATCC	

65	

RtD_FWD_sclPhaZ	 TAGAAGCATGTGAGCGGCTCATTTCTTG	 65	
RtD_REV_sclPhaZ	 GTATCGATAAGCTTGATATCGTTGATCTGTGG

CGGCAC	
65	

SG2_oligo_sclPhaZ	 GTCCTAGGTATAATACTAGTGGATGGAAACGT
TCAACTGCGTTTTAGAGCTAGAAATAGCAAGT
TAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGCTT	

---	

SG2_sclPhaZ_FWD	 GTCCTAGGTATAATACTAGTGGATGGAAACGT
TCAACTGC	

72	

sclPhaZ_F_Flank	 GTACTCGGCGCGCGTCG	 64	
sclPhaZ_R_Flank	 CCTGACAGTGGTTACCTCTGG	 64	

	4	

	5	
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	1	

Table	2.4	PCR	reaction	protocols	for	DNA	polymerases	used	in	this	study.	2	

	 	 Q5®	High-Fidelity	
master	mix	

	
	

AccuStartTM	II	PCR	
SuperMix	

	

	 Step	 Temperature		 Time	 Temperature		 Time	
	 Initial	

denaturation	
98	°C	 30	seconds	 94	°C	 2	minutes	

	 Denaturation	 98	°C	 10	seconds	 94	°C	 30	
seconds	

	
PCR	cycling		
(25	–	35	
cycles)	

Primer	
annealing	

*	50-72	°C	 30	seconds	 *	55-65	°C	 30	
seconds	

	
	 Extension		 72	°C	 20	seconds	

kb-1	
68		°C	 1	minute	

kb-1	
	 Final	extension	 72	°C	 2	minutes	 68	°C	 5	minutes	

	
	 Hold	 4	°C	 ∞	

	
4	°C	 ∞	

	3	

2.5. Preparation	of	recombinant	bacterial	strains		4	

2.5.1. Preparation	of	chemically	competent	E.	coli	5	

The	preparation	of	 chemically	 competent	E.	 coli	DH5α	and	E.	 coli	DH5α-λpir	 cells	was	6	

undertaken	using	the	protocol	outlined	by	Hanahan	(Hanahan,	1983).	Briefly,	E.	coli	cells	7	

were	grown	overnight	in	13	ml	tubes	(Sarstedt;	Germany)	containing	3	ml	LB	medium	8	

(section	2.2.4).	250	ml	Erlenmeyer	flasks	containing	50	ml	LB	medium	were	inoculated	9	

with	200	μl	of	the	overnight	culture	and	incubated	at	30°C	at	180	rpm	until	the	culture	10	

reached	an	optical	density	of	0.3	–	0.5.	The	culture	was	transferred	into	sterile	50	ml	tubes	11	

(Sarstedt;	Germany),	 incubated	on	 ice	 for	10	minutes	and	subsequently	 centrifuged	at	12	

3220	 x	 g	 for	 15	 minutes	 at	 4°C	 (Centrifuge	 5810R;	 Eppendorf).	 The	 remaining	13	

supernatant	 was	 discarded,	 and	 cells	 were	 resuspended	 in	 10	ml	 sterile	 0.1	 M	 CaCl2	14	

solution,	 incubated	on	 ice	 for	30	minutes	 and	 centrifuged	again.	The	 supernatant	was	15	

discarded,	and	cells	were	resuspended	in	3	ml	CaCl2	solution	and	1	ml	sterile	50%	(v/v)	16	

glycerol	 solution.	 200	 μl	 aliquots	 were	 then	 placed	 in	 autoclaved	 1.5	 ml	 SafeSeal	17	

microcentrifuge	tubes	(Sarstedt;	Germany)	and	stored	at	-80°C.	18	

	19	

2.5.2. Transformation	of	E.coli	20	

In	this	study	the	transformation	of	E.	coli	DH5α	and	E.	coli	DH5α-λpir	cells	was	carried	out	21	

using	the	heat	shock	protocol	outlined	by	Froger	and	Hall	(Froger	and	Hall,	2007).	Using	22	
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this	method,	chemically	competent	E.	coli	cells	previously	described	(section	2.5.1)	were	1	

thawed	on	ice	for	20	minutes	and	100	ng	of	plasmid	DNA	was	added	unless	otherwise	2	

stated.	The	cell-plasmid	mixture	was	incubated	on	ice	for	a	further	30	minutes	followed	3	

by	a	brief	incubation	at	42°C	for	90	seconds	using	a	heated	water	bath	(SUB	Aqua	Pro,	4	

Grant;	UK).	Tubes	were	subsequently	placed	on	ice	for	2	minutes	and	LB	medium	(section	5	

2.2.4)	containing	no	antibiotic	was	added	to	a	final	volume	of	1	ml.	The	cell	culture	was	6	

incubated	 for	 1	 h	 at	 37°C	 and	 800	 rpm	 in	 a	 shake	 incubator	 (Thermomixer	 comfort,	7	

Eppendorf;	 Germany).	 100	 μl	 if	 the	 incubated	 mixture	 was	 then	 plated	 on	 LB	 agar	8	

supplemented	 with	 the	 desired	 antibiotic	 and	 incubated	 37°C	 overnight	 for	 positive	9	

transformant	selection.		10	

	11	

2.5.3. Transformation	of	Pseudomonas	species	12	

In	 this	 study	 the	 transformation	 of	 Pseudomonas	 species	 using	 electroporation	 was	13	

carried	out	using	the	protocol	outlined	by	Choi	and	co-workers	(Choi	et	al.,	2006).	The	14	

creation	of	competent	Pseudomonas	cells	was	achieved	by	firstly	cultivating	bacterial	cells	15	

in	LB	medium	(section	2.2.4)	for	16	h.	Cells	were	harvested	via	centrifugation	at	room	16	

temperature	for	3	minutes	at	16,000	x	g	(Centrifuge	5810R;	Eppendorf).	The	cell	pellet	17	

was	 separated	 from	 the	 remaining	 supernatant	 and	 washed	 twice	 with	 autoclaved	18	

300	mM	 sucrose	 solution	 (Sigma;	 Ireland).	 The	 remaining	 cells	 were	 resuspended	 in	19	

100	μl	300	mM	sucrose	solution.	A	total	of	100	ng	of	DNA	of	interest,	unless	otherwise	20	

stated,	was	mixed	with	100	μl	electrocompetent	Pseudomonas	cells	and	transferred	to	a	21	

2	mm	gap	width	electroporation	cuvette	(Molecular	BioProducts;	USA).	After	a	pulse	was	22	

applied	(2.5	kV,	Electroporator	2510,	Eppendorf;	Germany)	the	cells	were	mixed	with	LB	23	

medium	containing	no	antibiotic,	to	a	final	volume	of	1	ml	in	1.5	SafeSeal	microcentrifuge	24	

tubes	(Sarstedt;	Germany)	and	 incubated	 for	1	h,	unless	otherwise	stated,	at	30°C	and	25	

800	rpm	in	a	shake	incubator	(Thermomixer	comfort,	Eppendorf;	Germany).	100	μl	of	the	26	

incubated	 mixture	 was	 then	 plated	 on	 an	 agar	 plate	 supplemented	 with	 the	 desired	27	

antibiotic	for	positive	transformant	selection	until	colonies	appeared.		28	

	29	
	30	
	31	
	32	
	33	
	34	
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	1	
Table	2.5.	List	of	plasmids	and	constructs	used	in	this	study.	2	
	 Name	 Details	 Source	
Plasmid	 	 	 	
	 pGEM®-T	Easy	 AmpR,	ori	F1,	lac	operon	 Promega	
	 pKnock-Km	 KanR,	ori	T,	ori	R6K	 Addgene	
	 pgRNA	tet-IvaA	 TetR,	Gibson	cloning	method	 Addgene	
	 pRK2-Cas9/λred	 GentR,	ori	V,	Gibson	cloning	method	 Addgene	
	 pRK600	 CmR,	ori	ColE1,	tra+mob+	of	RK2	 (Keen	et	

al.,	1988)	
	 pTnS-1	 AmpR,	ori	R6K,	TnSABCD	operon	 (Choi	et	al.,	

2005)	
Construct		 	 	 	
	 pKNOCK_PhaZ	 pKNOCK-Km	plasmid	containing	

repair	template	for	mclPHA	
depolymerase	gene	(phaZ)		

This	study	

	 pKNOCK_PhbZ	 pKNOCK-Km	plasmid	containing	
repair	template	for	sclPHA	
depolymerase	gene	(phbZ)	

This	study	

	 pgRNA_PhaZ	 pgRNA	tet-IvaA	plasmid	with	IvaA	
sequence	replaced	with	single	guide	
RNA	(sgRNA)	sequence	specific	for	
phaZ	

This	study	

	 pgRNA_PhbZ	 pgRNA	tet-IvaA	plasmid	with	IvaA	
sequences	replaced	with	sgRNA	
sequence	specific	for	phbZ	

This	study	

	3	

2.5.4. DNA	Conjugation/pKnock	integration	4	

In	this	study,	the	conjugation	of	bacterial	species	was	carried	out	in	order	to	transfer	the	5	

plasmids	 pKNOCK_PhaZ	 and/or	 pKNOCK_PhbZ	 (section	 2.6.1,	 Table	 2.5)	 into	6	

P.	umsongensis	GO16	WT	using	triparental	mating	adapted	from	the	protocol	outlined	by	7	

Zobel	 and	 co-workers	 (Zobel	 et	 al.,	 2015).	 All	 bacterial	 strains	 used	 are	 detailed	 in	8	

(Table	2.1).		9	

Briefly,	 DNA	 was	 integrated	 into	 the	 recipient	 bacterial	 strain	 (P.	 umsongensis	10	

GO16	WT)	 by	 employing	 a	 donor	 bacterial	 strain,	E.	 coli	 DH5α-λpir	 containing	 either	11	

pKNOCK_PhaZ	or	pKNOCK_PhbZ	plasmid	(section	2.6.1),	the	helper	strain,	E.	coli	HB101,	12	

containing	a	plasmid	pKR600	(Table	2.5)	encoding	genes	required	for	DNA	transfer,	and	13	

a	 transposase	 containing	 strain,	E.coli	DH5α-λpir,	 containing	 a	 plasmid	 encoding	 for	 a	14	

transposable	element,	pTnS-1	(Table	2.5).		15	
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A	single	colony	of	P.	umsongensis	GO16	WT	and	aforementioned	E.	coli	strains	were	1	

used	to	inoculate	individual	13	ml	tubes	(Sarstedt;	Germany)	containing	3	ml	LB	medium	2	

(section	 2.2.4)	 supplemented	 with	 the	 appropriate	 antibiotics	 for	 each	 plasmid	3	

employed	(Table	2.5),	at	30°C	and	37°C	respectively	and	200	rpm	for	20	h	(P.	umsongensis	4	

GO16)	or	6h	(E.	coli	strains).	A	sterile	1.5	ml	microcentrifuge	tube	(Sarstedt;	Germany)	5	

was	used	to	mix	50	μl	of	each	previously	mentioned	E.	coli	strain	and	200	μl	P.	umsongensis	6	

GO16.	The	bacterial	mixture	was	plated	on	LB	agar	containing	no	antibiotic	and	incubated	7	

at	30°C	for	20	h.	The	plate	surface	was	subsequently	washed	with	1	ml	of	sterile	MSMfull,	8	

and	 this	 was	 re-plated	 onto	 a	 fresh	 MSMfull	 agar	 plate	 containing	 20	mM	 Na2TA	 and	9	

supplemented	 with	 50	 μg/ml	 Kanamycin	 at	 30°C	 overnight	 to	 select	 for	 Kanamycin	10	

resistant	 P.	 umsongensis	 GO16	 containing	 pKNOCK_PhaZ	 or	 pKNOCK_PhbZ	 plasmid.	11	

Colonies	 were	 numbered	 and	 subsequently	 re-streaked	 twice	 more	 on	 MSMfull	 agar	12	

containing	 20	 mM	 Na2TA	 supplemented	 with	 50	 μg/ml	 kanamycin	 and	 incubated	13	

overnight	 at	 30°C	 in	 order	 to	 isolate	 the	 recombinant	 P.	 umsongensis	 GO16	 from	 the	14	

kanamycin	 resistant	 E.	 coli	 donor	 strain	 and	 stored	 in	 30%	 (v/v)	 glycerol	 at		15	

-80oC.	16	

	17	

2.6. Design	and	transformation	of	CRISPR/Cas9	vectors		18	

2.6.1. Design	of	pKNOCK_PhaZ	and	pKNOCK_PhbZ	vectors	19	

To	build	the	repair	template,	regions	upstream	(RtU)	and	downstream	(RtD)	flanking	the	20	

mclPHA	depolymerase	 (phaZ)	and	 sclPHA	depolymerase	 (phbZ)	genes	of	Pseudomonas	21	

umsongensis	 GO16	WT	were	 identified	 and	 amplified	 using	 Q5	 HiFi	 DNA	 polymerase	22	

(section	2.4.6).	All	primers	employed	are	detailed	in	Table	2.3.		23	

For	 the	 design	 of	 the	 RtU	 section	 of	 the	 repair	 template	 of	phaZ	 the	 following	24	

primers	were	used:	RtU_FWD_mclPhaZ	and	RtU_REV_mclPhaZ.		25	

For	 the	 design	 of	 the	 RtD	 section	 of	 the	 repair	 template	 of	phaZ	 the	 following	26	

primers	were	used:		RtD_FWD_mclPhaZ	and	RtD_REV_mclPhaZ.		27	

For	 the	 design	 of	 the	 RtU	 section	 of	 the	 repair	 template	 of	phbZ	 the	 following	28	

primers	were	used:	RtU_FWD_sclPhaZ	and	RtU_REV_sclPhaZ		29	

For	 the	 design	 of	 the	 RtD	 section	 of	 the	 repair	 template	 of	phbZ	 the	 following	30	

primers	were	used:	RtD_FWD_sclPhaZ	and	RtD_REV_sclPhaZ.		31	

This	yielded	two	PCR	products	for	each	repair	template;	the	upstream	region	of	32	

the	 repair	 template	 (800	bps)	 and	 the	 downstream	 region	 of	 the	 repair	 template	33	
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(800	bps).	Both	regions	contained	a	complementary	overlapping	region	at	either	3’	or	5’	1	

ends.	The	two	PCR	products	were	ligated	together	using	Gibson	assembly	(section	2.4.5),	2	

yielding	a	single	repair	template	of	approximately	1600	bps	in	length	for	both	phaZ	and	3	

phbZ.		4	

	 The	 pKNOCK-Km	 vector	 backbone	 (Table	 2.5)	 was	 amplified	 using	 primers	5	

pKNOCK_G_FWD	 and	 pKNOCK_G_REV,	 yielding	 a	 PCR	 product	 of	 2080	 bps	 with	6	

overlapping	 regions	 complementary	 to	 the	 upstream	 and	 downstream	 regions	 of	 the	7	

repair	 template	 for	 both	 phaZ	 and	 phbZ	 previously	 described.	 Gibson	 assembly	 was	8	

subsequently	 carried	 out	 as	 previously	 described	 in	 section	2.4.5	 to	 ligate	 the	 repair	9	

template	 and	 amplified	 pKNOCK-Km	 vector	 containing	 complementary	 overlapping	10	

regions.	The	repair	template	for	both	phaZ	and	phbZ	was	inserted	between	BamHI	and	11	

SalI	restriction	sites	resulting	in	two	plasmid	constructs:	pKNOCK_PhaZ	(containing	the	12	

repair	template	for	phaZ)	and	pKNOCK_PhbZ	(containing	the	repair	template	for	phbZ)	13	

vectors	(Table	2.5).	14	

	 The	 Gibson	 reaction	 was	 transferred	 via	 heat	 shock	 as	 previously	 described	15	

(section	2.5.2)	 into	E.coli	DH5α	λ-pir	competent	cells	 (Table	2.1)	and	positive	clones	16	

were	selected	for	on	LB	agar	(section	2.2.4)	supplemented	with	50	μg/ml	kanamycin.	17	

Positive	 clones	 were	 confirmed	 by	 colony	 PCR	 using	 primers	 upstream	18	

(pKNOCK_Rud_FWD)	 and	 downstream	 (pKNOCK_Rud_REV)	 of	 the	 repair	 template.	 A	19	

positive	colony	was	randomly	selected	for	plasmid	purification	as	previously	described	20	

(section	2.4.1).	Extracted	plasmid	was	sent	for	sequencing	(section	2.4.2)	to	verify	the	21	

sequence	was	correct.	22	

	23	

2.6.2. Design	of	pgRNA	vector		24	

To	build	the	pgRNA	vector,	firstly	a	single	guided	RNA	(sgRNA)	was	designed.	An	online	25	

tool	was	used	 to	 identify	potential	sgRNA	options	and	possible	CRISPR	Cas9	off	 target	26	

locations	 using	 the	 selected	 sgRNA	 proposed	 (www.grna.ctegd.uga.edu).	 Briefly,	 the	27	

online	 tool	 facilitates	 the	 input	of	 the	bacterial	 target	gene	sequence	and	 the	bacterial	28	

genome	 subsequently	 identifying	 CRISPR	 Cas9	 double	 stranded	 DNA	 (dsDNA)	 cut	29	

locations	and	any	potential	off	target	cuts	on	the	bacterial	genome.	The	identification	of	30	

possible	sgRNA	sequences	for	phaZ	and	phbZ	was	performed	and	a	single	sgRNA	sequence	31	

was	chosen	that	contained	no	predicted	off	target	cuts	in	the	genome	of	P.	umsongensis	32	

GO16	WT	for	both	target	sites.	The	sgRNA	sequence	was	chosen	as	close	to	the	start	codon	33	
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of	the	gene	as	possible:	3	bps	after	the	ATG	codon	of	phaZ	and	32	bps	after	the	ATG	codon	1	

of	phbZ,	ensuring	that	the	protospacer	adjacent	motif	(PAM),	CCN	was	located	upstream	2	

at	the	5’	end	of	the	sgRNA	sequence	in	the	gene	sequence.	All	oligos	used	are	detailed	in	3	

Table	2.3.	4	

	 Synthetic	 oligos	 of	 118	 bps	 for	 the	 CRISPR	 Cas9	 dsDNA	 cut	 of	 phaZ	5	

(SG1_oligo_mclPhaZ;	Table	2.3)	and	phbZ	(SG2_oligo_sclPhaZ;	Table	2.3)	were	designed	6	

and	 purchased	 from	 Sigma	 Aldrich	 (Ireland).	 Both	 sgRNA	 sequences	 contained	7	

homologous	 regions	 flanking	 the	 5’	 and	 3’	 regions	 of	 the	 pgRNA	 tet-IvaA	 vector	8	

(Table	2.5).	 The	 IvaA	 sequence	 of	 the	 pgRNA	 tet-IvaA	 vector	 was	 replaced	 with	 the	9	

sgRNA	sequence	as	follows	for	both	pgRNA_PhaZ	and	pgRNA_PhbZ:		10	

Using	the	primers	Sg_500_FWD	and	Sg_500_REV	a	500	bp	region	of	pgRNA	tet-IvaA	11	

vector	was	amplified	via	PCR	using	Q5	HiFi	polymerase	(section	2.4.6).	Using	overlap	12	

PCR,	 the	 downstream	 region	 of	 the	 118	 bp	 oligos,	 SG1_oligo_mclPhaZ	 and	13	

SG2_oligo_sclPhaZ,	containing	the	sgRNA	sequence	was	ligated	to	the	upstream	region	of	14	

the	 500	 bp	 segment	 using	 the	 following	 primers	 for	 phaZ:	 sg1_PhaZ_FWD	 and	15	

Sg_500_REV,	 and	 the	 following	 primers	 for	 phbZ:	 sg2_PhbZ_FWD	 and	 Sg_500_REV,	16	

creating	two	DNA	fragments	of	approximately	600	bp	(sg600).		17	

Using	 the	 primers	 pgRNA_tet_G_FWD	 and	 pgRNA_tet_G_REV	 the	 pgRNA	 vector	18	

backbone	 was	 amplified	 via	 PCR	 using	 Q5	 HiFi	 polymerase	 (section	 2.4.6).	 Gibson	19	

assembly	was	performed	(section	2.4.5)	ligating	both	sg600	specific	to	phaZ	and	phbZ	to	20	

the	pgRNA	vector	backbone	at	the	5’	and	3’	homologous	regions	of	the	DNA	sequence.	The	21	

resultant	 plasmid	 constructs	 were	 called	 pgRNA_PhaZ	 (specific	 for	 phaZ)	 and	22	

pgRNA_PhbZ	(specific	for	phbZ)	(Table	2.5).		23	

The	 Gibson	 reaction	 was	 transferred	 via	 heat	 shock	 as	 previously	 described	24	

(section	2.5.2)	into	E.coli	DH5α	chemically	competent	cells	(section	2.5.1)	and	positive	25	

clones	 were	 selected	 for	 on	 LB	 agar	 (section	 2.2.4)	 supplemented	 with	 10	 ug/ml	26	

tetracycline	as	previously	described.	A	positive	colony	was	randomly	selected	for	plasmid	27	

purification	 as	 previously	 described	 (section	 2.4.1).	 Extracted	 plasmid	 was	 sent	 for	28	

sequencing	(section	2.4.2)	to	verify	the	sequences	were	correct.	 	29	

	30	

2.6.3. pCAS	9	transformation	31	
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Plasmid	pRK2-Cas9/λred	(Table	2.5)	was	transferred	 into	recombinant	P.	umsongensis	1	

GO16	 WT	 (section	 2.5.3)	 containing	 the	 integrated	 pKNOCK_PhaZ	 or	 pKNOCK_PhbZ	2	

plasmid	as	previously	described	(section	2.6.1).		3	

After	 electroporation	 the	 bacterial	 culture	was	 plated	 on	MSMfull	 agar	 (section	4	

2.2.2)	containing	20	mM	Na2TA	(section	2.1.1)	supplemented	with	35	μg/ml	gentamycin	5	

and	50	μg/ml	kanamycin.	Successful	uptake	of	the	pRK2-Cas9/λred	plasmid	was	indicated	6	

by	the	presence	of	gentamycin	resistance.	A	single	colony	was	picked	and	grown	overnight	7	

in	a	13	ml	tube	containing	3	ml	LB	medium	(section	2.2.4)	supplemented	with	35	μg/ml	8	

gentamycin	and	50	μg/ml	kanamycin.	An	aliquot	of	the	bacterial	cell	culture	was	stored	9	

in	30%	(v/v)	glycerol	at	-80°C.		10	

	11	

2.6.4. pgRNA	transformation		12	

A	 single	 colony	 of	 recombinant	 P.	 umsongensis	 GO16	 containing	 the	 genomically	13	

integrated	 pKNOCK_PhaZ	 or	 pKNOCK_PhbZ	 plasmids	 (section	 2.6.1)	 and	 the	 pRK2-14	

Cas9/λred	 plasmid	 (Table	 2.5)	 was	 inoculated	 in	 3	 ml	 LB	 medium	 (section	 2.2.4)	15	

supplemented	with	35	μg/ml	gentamycin	and	50	μg/ml	kanamycin	and	grown	for	16	h	in	16	

a	shake	incubator	(New	Brunswick	Scientific,	Innova	44;	USA)	at	200	rpm	and	30°C.	λRed	17	

genes	were	subsequently	induced	with	2%	(w/v)	L-arabinose	for	2	h	(using	a	20%	stock	18	

solution	 in	 filter	 sterilised	 water,	 prepared	 fresh).	 This	 culture	 was	 used	 to	 prepare	19	

electrocompetent	 cells	 and	 transformed	with	 150	 ng	 of	 pgRNA_PhaZ	 or	 pgRNA_PhbZ	20	

plasmid	(section	2.6.2)	as	previously	described	(section	2.5.3)	and	bacterial	cells	were	21	

allowed	to	recover	for	2	h.	22	

Positive	transformants	were	selected	for	on	LB	agar	(section	2.2.4)		supplemented	23	

with	35	μg/ml	gentamycin	and	15	μg/ml	tetracycline	and	incubated	at	30°C.	After	96	h	24	

single	colonies	were	picked	and	streaked	on	both	LB	agar	containing	no	antibiotic	and	LB	25	

agar	 supplemented	 50	 μg/ml	 kanamycin	 and	 incubated	 at	 30°C	 for	 24	 h.	 The	 loss	 of	26	

kanamycin	resistance	 is	an	 indicator	of	homologous	recombination	within	 the	phaZ	or	27	

phbZ	flanking	regions	and	repair	template	as	the	full	pKNOCK-Km	sequence	gets	removed	28	

from	 the	 chromosome.	 P.	 umsongensis	 GO16	 was	 subsequently	 cured	 of	 the	 pRK2-29	

Cas9/λred	and	pgRNA-tet	plasmids	by	successive	re-streaking	on	LB	agar	containing	no	30	

antibiotic.	A	colony	unable	to	grow	in	the	presence	of	gentamycin	and	tetracycline	was	31	

grown	overnight	in	LB	medium	containing	no	antibiotic,	and	an	aliquot	of	the	bacterial	32	

cell	culture	was	stored	in	30%	(v/v)	glycerol	at	-80°C.	33	
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	1	

	2	

	3	

2.7. Adaptive	Laboratory	Evolution			4	

2.7.1. Adaptive	laboratory	evolution	for	improved	sodium	tolerance	5	

Adaptive	laboratory	evolution	(ALE)	was	carried	out	on	P.	umsongensis	GO16	WT	(Table	6	

2.1)	for	improved	sodium	(Na+)	tolerance	when	utilizing	Na2TA	as	a	sole	source	of	carbon	7	

and	 energy	 in	MSMfull.	P.	 umsongensis	 GO16	WT	was	 grown	 overnight	 in	 13	ml	 tubes	8	

containing	 3	 ml	 MSMfull	 	 (section	 2.2.2)	 supplemented	 with	 20	 mM	 (4.2	 g/L)	 Na2TA	9	

(section	2.1.1).	1	ml	of	culture	was	inoculated	into	a	250	ml	Erlenmeyer	flask	containing	10	

50	ml	MSMfull	supplemented	with	20	mM	Na2TA	only,	and	cultivated	in	a	shake	incubator	11	

(New	Brunswick	Scientific,	Innova	44;	USA)	at	200	rpm	and	30°C	overnight.	1	ml	of	the	12	

aforementioned	culture	was	inoculated	into	two	250	ml	Erlenmeyer	flasks	containing	50	13	

ml	MSMfull	supplemented	with	20	mM	Na2TA	and	450	mM	sodium	sulfate	(Na2SO4)	with	a	14	

starting	OD540	 of	 0.06,	 and	 cultivated	 in	 a	 shake	 incubator	 (New	Brunswick	 Scientific,	15	

Innova	44;	USA)	at	200	rpm	and	30°C.		16	

Both	flasks	were	monitored	visually	for	an	increase	in	turbidity.	When	an	increase	17	

in	 turbidity	 was	 observed,	 an	 optical	 density	 (OD540)	 reading	 was	 taken	18	

(Spectrophotometer	 6300,	 Jenway;	 UK).	 The	 bacterial	 cells	 were	 subsequently	19	

reinoculated	 into	 fresh	 250	 ml	 Erlenmeyer	 flasks	 containing	 the	 same	 media	 with	 a	20	

starting	OD540	of	0.02	and	incubated	under	the	same	growth	conditions	until	improved	21	

overnight	 growth	was	achieved.	An	aliquot	of	bacterial	 cell	 culture	 that	demonstrated	22	

improved	overnight	growth	was	stored	in	30%	glycerol	at	-80°C.		23	

	24	

2.7.2. ALE	for	improved	ethylene	glycol	metabolism	25	

The	growth	of	P.	umsongensis	GO16	on	ethylene	glycol	(EG)	was	improved	by	employing	26	

ALE	as	shown	previously	for	P.	putida	KT2440	(Li	et	al.,	2019),	by	partners	in	the	Institute	27	

of	 Applied	 Microbiology,	 RWTH,	 Aachen	 University,	 Aachen,	 Germany.	 Briefly,	28	

P.	umsongensis	GO16	was	cultivated	overnight	in	MSMfull	(section	2.2.2)	supplemented	29	

with	20	mM	glucose	and	was	used	to	 inoculate	250	ml	clear	glass	Boston	bottles	with	30	

Mininert	 valves	 (Thermo	 Fisher	 Scientific,	Walham,	MA,	 USA)	which	 contained	 10	ml	31	

MSMfull	supplemented	with	15	mM	EG.	Serial	transfers	were	reinoculated	over	the	period	32	
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of	almost	50	days	(data	not	shown).	The	newly	adapted	strain	named	P.	umsongensis	KS3	1	

was	able	to	grow	on	EG	at	a	rate	of	0.4	h-1	(Tiso	et	al.,	2020).	2	

	3	

	4	

2.8. Growth	in	a	bioreactor		5	

2.8.1. Inoculum	preparation	6	

For	 all	 bioreactor	 experiments,	 the	pre-inoculum	was	prepared	by	 inoculating	250	ml	7	

Erlenmeyer	 flasks	 containing	50	ml	MSMfull	 (section	2.2.2)	with	1	 	ml	 of	 seed	 culture	8	

supplemented	with	the	carbon	substrate	employed	during	bioreactor	experiments;	either	9	

20	mM	Na2TA	(section	2.1.1),	20	mM	Na2TA	and	20	mM	EG	or	enzymatically	hydrolysed	10	

PET	(section	2.1.2)	amounting	to	a	final	concentration	of	20	mM	Na2TA	and	20	mM	EG.	11	

Flasks	were	incubated	in	a	shake	incubator	(New	Brunswick	Scientific,	Innova	44;	USA)	12	

for	18	h	at	200	rpm	and	30°C.	Optical	density	readings	(OD540)	of	the	seed	culture	were	13	

taken	 prior	 to	 bioreactor	 inoculation	 using	 a	 spectrophotometer	 (Spectrophotometer	14	

6300,	Jenway;	UK)	at	540	nm.	15	

	16	

2.8.2. Batch	fermentation	conditions		17	

Batch	 fermentation	 experiments	 were	 carried	 out	 in	 a	 5	 L	 Biostat	 B	 bioreactor	18	

(Sartorious,	 Germany),	 containing	 3	 L	 of	 MSMfull	 or	 MSMlim	 (section	 2.2.2)	 broth	19	

supplemented	 with	 a	 starting	 concentration	 of	 20	mM	 Na2TA	 (section	 2.1.1)	 unless	20	

otherwise	stated,	with	all	other	nutrients	supplied	in	excess.	The	bioreactor	was	set	up	21	

with	5%	(v/v)	inoculum	of	cells	unless	otherwise	stated,	with	an	OD540	of	3.5	±	0.49,	which	22	

were	incubated	for	18	h	as	previously	described	(section	2.8.1).	Air	was	supplied	at	a	23	

constant	rate	of	3	L/min	(1	VVM)	throughout	the	fermentation	and	dissolved	oxygen	(DO)	24	

was	maintained	at	a	minimum	of	20%,	via	a	control	 loop.	 Impeller	speed	was	set	 to	a	25	

minimum	of	500	rpm	and	maximum	of	1500	rpm	and	increased	via	a	cascade	control.	A	26	

Rushton	 6	 blade	 impeller	 was	 employed	 for	 agitation.	 Temperature	 was	 maintained	27	

constant	at	30°C.	The	pH	of	the	culture	was	maintained	at	a	value	of	pH	7	+/-	0.1	by	the	28	

automatic	 addition	of	20%	(v/v)	NH4OH	or	15%	(v/v)	H2SO4,	 unless	otherwise	 stated.	29	

Polypropylene	glycol	2000	(VWR,	Ireland)	was	manually	pumped	into	the	bioreactor	as	30	

an	 antifoam	 agent	 when	 required.	 DO	 and	 rpm	 were	 monitored	 online	 by	 BioPAT	31	

MFCS/win	fermentation	data	acquisition	software	(Sartorious;	Germany).	2ml	samples	32	

were	taken	in	duplicate	at	hourly	intervals	for	cell	dry	weight	(section	2.3.1),	substrate	33	
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(section	2.3.3)	and	nitrogen	(section	2.3.5)	analysis.	The	PHA	content	of	lyophilized	cells	1	

was	also	analysed	(section	2.3.2)	when	nitrogen	limited	experiments	were	employed.	2	

	3	

	4	

2.8.3. Pulse	feed	fed-batch	fermentation	conditions		5	

Fed-batch	bioreactor	experiments	were	carried	out	in	a	5	L	Biostat	B	bioreactor	with	a	6	

working	 volume	 of	 3	L	 MSMFedBatch	 (section	 2.2.3)	 supplemented	 with	 a	 starting	7	

concentration	of	20	mM	Na2TA	(section	2.1.1)	with	all	other	nutrients	supplied	in	excess	8	

unless	otherwise	stated.	The	bioreactor	was	set	up	with	5%	(v/v)	inoculum	of	cells	unless	9	

otherwise	stated,	with	an	OD540	of	4	±	0.3,	which	were	incubated	in	Erlenmeyer	flasks	for	10	

18	 h	 as	 previously	 described	 (section	 2.8.1).	 Solid	 Na2TA	was	manually	 fed	 into	 the	11	

bioreactor	 at	 7.2	h	 and	 further	 additions	 were	 made	 via	 a	 dissolved	 oxygen	(DO)	12	

monitored	pulse	feeding	regime	where	20	mM	Na2TA	additions,	unless	otherwise	stated,	13	

were	made	when	DO	in	the	bioreactor	was	observed	to	increase.	The	feed	supplied	at	7.2	14	

h	was	defined	based	on	previous	characterisation	of	the	system	under	batch	operation,	15	

where	 it	was	 identified	as	 a	 suitable	 time	point	 to	 avoid	 complete	depletion	of	Na2TA	16	

during	 exponential	 growth.	 Air	 was	 supplied	 at	 a	 constant	 rate	 of	 3	L/min	(1	VVM)	17	

throughout	the	fermentation	and	DO	was	maintained	at	a	minimum	of	20%,	via	a	control	18	

loop.	Impeller	speed	was	set	to	a	minimum	of	500	rpm	and	maximum	of	1500	rpm	and	19	

increased	via	a	cascade	control.	A	Rushton	6	blade	impeller	was	employed	for	agitation.	20	

Temperature	was	maintained	constant	at	30°C.	The	pH	of	the	culture	was	maintained	at	21	

a	value	of	pH	7	+/-	0.1	by	the	automatic	addition	of	20%	(v/v)	NH4OH	or	15%	(v/v)	H2SO4	22	

unless	 otherwise	 stated.	 Polypropylene	 glycol	 2000	 (VWR,	 Ireland)	 was	 manually	23	

pumped	 into	 the	 bioreactor	 as	 an	 antifoam	 agent	 when	 required.	 DO	 and	 rpm	 were	24	

monitored	 online	 by	 BioPAT	 MFCS/win	 fermentation	 data	 acquisition	 software	25	

(Sartorious;	Germany).	2ml	samples	were	taken	in	duplicate	at	hourly	intervals	for	cell	26	

dry	 weight	 (section	 2.3.1),	 substrate	 (section	 2.3.3)	 and	 nitrogen	 (section	 2.3.5)	27	

analysis.	The	PHA	content	of	 lyophilized	cells	was	also	analysed	 (section	2.3.2)	when	28	

nitrogen	limited	experiments	were	employed.	29	

	30	

2.8.4. Liquid	feed	fed-batch	fermentation	conditions	31	

Liquid	fed-batch	bioreactor	experiments	were	carried	out	in	a	in	a	5	L	Biostat	B	bioreactor	32	

with	an	 initial	working	volume	of	2	L	MSMFedbatch	(section	2.2.3)	supplemented	with	a	33	
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starting	concentration	of	20	mM	Na2TA	(section	2.1.1)	with	all	other	nutrients	supplied	1	

in	excess	for	each	liquid	fed-batch	experiment.	The	bioreactor	was	set	up	with	5%	(v/v)	2	

inoculum	of	cells	with	an	OD540	of	3.88	±	0.08,	which	were	incubated	in	Erlenmeyer	flasks	3	

for	 18	 h	 as	 previously	 described	 (section	 2.8.1).	 A	 liquid	 feed	 containing	 Na2TA	 and	4	

(NH4)2SO4	was	automatically	 fed	 into	 the	bioreactor	using	a	peristaltic	pump	(Watson	5	

Marlow	120U;	Ireland)	via	a	model-defined	stepwise	feeding	strategy.	Air	was	supplied	6	

at	a	 constant	 rate	of	2	L/minute	 throughout	 the	 fermentation,	 as	 this	was	 the	 starting	7	

volume	of	media	in	the	bioreactor	and	DO	was	maintained	at	a	minimum	of	20%.	Impeller	8	

speed	was	set	to	a	minimum	of	500	rpm	and	maximum	of	1500	rpm	and	increased	via	a	9	

cascade	control.	A	Rushton	6	blade	impeller	was	employed.	DO	and	rpm	were	monitored	10	

online	 by	 BioPAT	 MFCS/win	 fermentation	 data	 acquisition	 software	 (Sartorious;	11	

Germany).	A	constant	temperature	of	30°C	was	maintained	throughout.	The	culture	was	12	

maintained	at	pH	7	+/-	0.1	by	the	automatic	addition	of	20%	(v/v)	NH4OH	or	15%	(v/v)	13	

H2SO4.	 Polypropylene	 glycol	 2000	 (VWR,	 Ireland)	 was	 manually	 pumped	 into	 the	14	

bioreactor	as	an	antifoam	agent	when	required.	2ml	samples	were	taken	in	duplicate	at	15	

hourly	 intervals	 for	 cell	 dry	 weight	 (section	 2.3.1),	 substrate	 (section	 2.3.3)	 and	16	

nitrogen	(section	2.3.5)	analysis.	17	

	18	

2.9. Mathematical	model	development	19	

2.9.1. Model	assumptions	and	equations	20	

The	following	material	balance	equations	are	used	to	describe	the	dynamics	in	the	liquid	21	

phase	of	the	bioreactor	with	respect	to	time:	22	

Eq.	1	is	the	balance	of	liquid	volume	within	the	bioreactor	(!!;	L),		as	a	function	of	23	

the	volumetric	flow	rate	of	the	feed	(""##$;	L/h),	and	the	volumetric	flowrate	of	the	outlet	24	

("%&'!#';	L/h).	25	

#!!
#$

= ""##$ − "%&'!#'	 Eq.	1	

	26	

The	 material	 balance	 describing	 the	 concentration	 of	 biomass	 inside	 the	27	

bioreactor	is	given	by	Eq.	2,	where	[(]	is	the	concentration	of	biomass	in	the	bioreactor	28	

(gCDW/L),	[(]"##$ 	is	the	concentration	of	biomass	in	the	feed	(gCDW/L)	and	*	represents	29	

the	specific	growth	rate	of	the	biomass	within	the	bioreactor	(h-1).	30	
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#(!![(])
#$

= ""##$[(]"##$ − "%&'!#'[(] + *[(]!! 	 Eq.	2	

	1	

Eq.	3	describes	 the	concentration	of	 substrate	 (disodium	 terephthalate;	Na2TA)	2	

dissolved	in	the	liquid	phase	of	the	bioreactor.	[/0]	is	the	concentration	of	Na2TA	in	the	3	

liquid	phase	of	the	bioreactor	(mmol/L);	[/0]"##$ 	 is	 the	concentration	of	Na2TA	in	the	4	

feed	 (mmol/L)	 and	 1()	 represents	 the	 specific	 consumption	 rate	 of	 Na2TA	5	

(mmol/gCDW/h).	6	

#(!![/0])
#$	

= ""##$[/0]"##$ − "%&'!#'[/0] − 1()[(]!! 	 Eq.	3	

	7	

The	concentration	of	oxygen	dissolved	in	the	liquid	phase	of	the	bioreactor,	[2*]	8	

(mmol/L),	is	represented	by	the	material	balance	Eq.	4.	The	rate	of	oxygen	transport	into	9	

the	liquid	phase	of	the	bioreactor	is	represented	by	3+!,-.	(mmol/L/h).	The	specific	oxygen	10	

uptake	rate	of	the	cells	it	defined	by	1+! 	(mmol/gCDW/h).	11	

#(!![2*])
#$	

= 3+!,-.!! − "%&'!#'[2*] − 1+![(]!! 	 Eq.	4	

	12	

The	material	balance	of	biologically	available	nitrogen	([45$3];	mmol/L)	dissolved	13	

in	the	liquid	phase	of	the	bioreactor	is	represented	by	Eq.	5.	The	concentration	of	nitrogen	14	

in	the	feed	is	represented	by	[45$3]"##$ 	(mmol/L).	The	specific	nitrogen	utilisation	rate	of	15	

the	cells	it	notated	as	1/-'0 	(mmol/gCDW/h).	16	

#(!![45$3])
#$

= ""##$[45$3]"##$ − "%&'!#'[45$3] − 1/-'0[(]!! 	 Eq.	5	

	17	

The	accumulation	of	sodium	ions	(Na+)	within	the	liquid	phase	of	the	bioreactor,	18	
[46]	(mmol/L),	is	represented	by	Eq.	6.	It	has	been	defined	in	this	way	because	for	every	19	

mole	of	Na2TA	dissolved	into	the	liquid	phase,	two	moles	of	sodium	are	also	solubilised.	20	

#(!![46])
#$	

= 	28""##$[/0]"##$9		 Eq.	6	

	21	

The	 specific	 growth	 rate	 is	 described	 by	 conventional,	 three	 substrate	 Monod	22	

kinetics,	represented	by	Eq.	7.	The	use	of	Monod	kinetics	to	describe	bacterial	growth	is	23	
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the	most	 frequently	 used	 throughout	 the	 literature	 (Davis	 et	 al.,	 2015,	N.G,	 1991,	 Lin,	1	

2000,	Devi	and	Kumar,	2017,	Doran,	1995).	In	most	cases,	inhibition	effects	are	observed	2	

in	 microbial	 growth	 due	 to	 substrate	 or	 product	 inhibition	 (Sivakumar	 et	 al.,	 1994).	3	

Therefore,	a	saturation	inhibition	term		was	included	to	account	for	reduction	in	growth	4	

rate	associated	with	sodium	accumulation	within	 the	bioreactor	 liquid	phase,	which	 is	5	

represented	as	the	inverse	of	the	typical	Monod	term	previously	reported	by	Gonzo	and	6	

co-workers	 (Gonzo	 et	 al.,	 2018).	 *123	 represents	 the	 maximum	 specific	 growth	 rate	7	

	(h-1),	:(),	 	:+! 	 and	:/-'0 	 are	 the	 Monod	 constants	 for	 Na2TA,	 dissolved	 oxygen	 and	8	

nitrogen	source,	respectively	(mmol/L),	and	:-,/2	 is	the	growth	inhibition	constant	for	9	

sodium	(mmol/L).		10	

* = *123 ;
[/0]

:() + [/0]
< ;

[2*]
:+! + [2*]

< ;
[45$3]

:/-'0 + [45$3]
< ;

:-,/2
:-,/2 + [46]

<	 Eq.	7	

	11	

Specific	 utilisation	 rates	 of	 Na2TA	 (1();	 mmol/gCDW/h),	 nitrogen	 source	 (1/-'0;	12	

mmol/gCDW/h)	and	oxygen	(1+!;	mmol/gCDW/h)	are	linked	to	the	specific	growth	rate	as	13	

outlined	in	equations	Eq.	8	to	Eq.	10.	It	is	worth	noting	that	in	Eq.	8,	an	additional	term	14	

representing	uptake	of	Na2TA	towards	maintenance	energy,	=(),	has	been	included.	This	15	

additional	 term	 has	 been	 defined	 as	 proportional	 to	 the	 concentration	 of	 Na2TA	 and	16	

dissolved	oxygen	in	the	culture	medium	to	link	it	with	oxidative	energy	metabolism.	The	17	

maintenance	 energy	 term	 is	 also	 proportional	 to	 Na+	 concentration	 to	 depict	 stress	18	

incurred	by	the	cells	when	exposed	to	excessive	sodium	ion	concentration	during	culture.	19	

The	maintenance	term	is	defined	by	Eq.	11.	20	

The	 kinetic	 parameters	 included	 in	 Eq.	 8	 to	 Eq.	 10	 are	 the	 yield	 coefficients	 of	21	

biomass	on	Na2TA	(>4 ()⁄ ;	gCDW/mmolNa2TA)	and	nitrogen	source	(>4 /-'0⁄ ;	gCDW/mmolNitr),	22	

as	well	 as	 the	 yield	 coefficient	 of	 oxygen	 on	Na2TA	 (mmolO2/mmolNa2TA)	 (Davis	 et	 al.,	23	

2015).	The	saturation	constants	shown	 in	Eq.	11	are	 the	same	as	 those	present	 in	 the	24	

definition	of	specific	growth	rate	(Eq.	7)	and	:1,/2	(mmolNa/L)	is	a	saturation	constant	25	

for	sodium	ion	concentration	within	the	bioreactor.	26	

1() =	
*

>4 ()⁄
+	=()	 Eq.	8	

1/-'0 =	
*

>4 /-'0⁄
	 Eq.	9	
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1+! = 8>+! ()⁄ 91()	 Eq.	10	

=() = =(),123 ;
[/0]

:() + [/0]
< ;

[2*]
:+! + [2*]

< ;
[46]

:1,/2 + [46]
<	 Eq.	11	

	1	

Aerated	 bioprocess	 systems	 are	 a	 common	 occurrence	 in	 industry	 and	 so	 the	2	

interaction	 between	 the	 liquid	 and	 gas	 phase	 in	 a	 bioreactor	 must	 be	 described	3	

mathematically	for	an	accurate	model	representation	of	the	mass	transfer	phenomenon	4	

occurring	in	the	system	(Devi	and	Kumar,	2017).	The	volumetric	rate	at	which	oxygen	is	5	

transported	from	air	sparged	into	the	bioreactor	to	the	liquid	media	(3+!,-.;	mmolO2/L/h)	6	

has	been	represented	by	a	typical	diffusion	model,	as	shown	in	Eq.	12,	where	?66	is	the	7	

volumetric	 mass	 transfer	 coefficient	 for	 oxygen	 (h-1),	 [2*]∗	 is	 the	 equilibrium	8	

concentration	of	oxygen	on	the	liquid	side	of	the	gas/liquid	interface	(mmol/L)	and	[2*]	9	

is	the	oxygen	concentration	in	the	bulk	liquid	phase.	10	

3+!,-. = ?66([2*]∗ − [2*])	 Eq.	12	

	11	

In	order	to	account	for	the	proportional-integral	(PI)	controller	used	to	maintain	12	

the	dissolved	oxygen	tension	through	varying	impeller	stirring	within	the	bioreactor,	?66	13	

was	defined	as	a	function	of	power	input	per	unit	mass	(@(;	W/kg)	and	the	superficial	gas	14	

velocity	 (!8;	 m/s),	 as	 defined	 by	 Eq.	 13	 (Vantriet,	 1979).	 Therein,	 0,	 A	 and	 B	 are	15	

parameters	 that	 must	 be	 estimated	 based	 on	 experimental	 data	 for	 the	 particular	16	

fermentation	system.	17	

?66 = 0(@()9(!8): 		 Eq.	13	

	18	

The	variables	present	in	Eq.	13	have	been	defined	by	equations	Eq.	14	to	Eq.	18,	as	19	

defined	by	Gill	and	co-workers	(Gill	et	al.,	2008),	where	C;	is	aerated	power	drawn	by	the	20	

agitator	 (W),	D	 is	 liquid	mass	 inside	 the	 bioreactor	 (kg),	";	 is	 volumetric	 rate	 of	 gas	21	

sparging	into	the	bioreactor	(L/h),	0<=	is	cross-sectional	area	of	the	bioreactor	(m2),	C&;	22	

is	 unaerated	 power	 drawn	 by	 the	 agitator	 (W),	 4>	 is	 impeller	 power	 number	23	

(dimensionless),	E	is	liquid	media	density	(kg/m3),	4	is	impeller	rotational	speed	(rps),	24	

#- 	is	impeller	diameter	(mm),	and	F- 	is	impeller	blade	thickness	(mm).	25	
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@( = G
C;
D
H		 Eq.	14	

!= =	
";
0<=

	 Eq.	15	

C&; = 4>E4?#-
@	 Eq.	16	

4> = 6.57 − 54.771 G
F-
#-
H		 Eq.	17	

C;
C&;

= 	1 − 9.9 ;
";4A.*@

#-
* <	 Eq.	18	

	1	

The	 definition	 of	 C&;	 (Eq.	 16)	 corresponds	 to	 a	 system	 with	 a	 single	 Rushton	2	

impeller	 (Devi	 and	 Kumar,	 2017),	 as	 is	 the	 case	 of	 our	 bioreactor.	 Similarly,	 Eq.	 17	3	

corresponds	to	4>	for	a	system	with	a	single	six-bladed	Rushton	impeller	(Gill	et	al.,	2008),	4	

as	present	 in	our	bioreactor.	The	empirical	correlation	relating	aerated	and	unaerated	5	

power	dissipation	by	the	impeller	(Eq.	18)	was	obtained	from	Cui	and	co-workers	(Cui	et	6	

al.,	 1996).	 The	 values	 for	 all	 the	 physical	 parameters	 for	 the	 bioreactor	 and	 aerating	7	

system	are	presented	in	Tables	2.6	&	2.7.	8	

Within	the	bioreactor	system	used	in	this	study,	the	impeller	rotational	speed	(4)	9	

is	modulated,	via	a	proportional-integral	(PI)	controller,	to	maintain	dissolved	oxygen	at	10	

a	 desired	 setpoint	 (P28C).	 The	 equations	 defining	 the	 PI	 controller	 are	 presented	 as	11	

equations	Eq.	19	through	Eq.	21,	where	41-.	and	4123	are	the	minimum	and	maximum	12	

impeller	rotational	speeds,	respectively	(rps),	QR	 is	the	control	signal	(rps),	S($)	 is	the	13	

error	(difference)	between	the	actual	dissolved	oxygen	percentage	relative	to	saturation	14	

and	the	setpoint	(P28C),	:C	is	the	proportional	controller	parameter	and	TD 	is	the	integral	15	

time	parameter	of	the	controller.	16	

4 = max	[41-., min(QR, 4123)]		 Eq.	19	

CS = 41-. + :C ;S($) −
1
TD
] S($′)#$′
'

A
<	 Eq.	20	

S($) = P28C − ;
[2*]($)
[2*]∗

<	 Eq.	21	

	17	

2.9.2. Parameter	estimation	strategy	18	
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The	 values	 for	 unknown/uncertain	 kinetic	 parameters	 were	 estimated,	 based	 on	1	

experimental	 data,	 using	 the	 model	 validation	 procedure	 available	 in	 gPROMS	2	

ModelBuilder	 version	 5.1.1,	 which	 is	 based	 on	 the	 maximum	 likelihood	 formulation	3	

(Process	 Systems	 Enterprise,	 1997-2018).	 Briefly,	 the	 maximum	 likelihood	 routine	4	

available	obtains	values	for	the	unknown	physical	and	variance	model	parameters	that	5	

maximise	 the	probability	 of	 the	model	predicting	 experimental	 data	 (Process	 Systems	6	

Enterprise,	1997-2018).	7	

The	kinetic	parameter	estimation	was	separated	into	three	discrete	and	sequential	8	

steps:	(i)	while	setting	the	values	for	nitrogen	source	and	DO	to	high	and	constant	values,	9	

the	 parameters	 associated	 with	 biomass	 growth	 and	 Na2TA	 consumption	 (:-,/2 ,	:(),	10	

=(),123 ,	*123 ,	>4 ()⁄ )	were	estimated	using	experimental	data	for	biomass	and	Na2TA;	(ii)	11	

while	setting	DO	to	a	high	and	constant	value	and	the	parameter	values	 for	:-,/2 ,	:(),	12	

=(),123 ,	 *123	 and	 >4 ()⁄ 	 to	 those	 obtained	 in	 step	 i,	 the	 parameters	 associated	 with	13	

nitrogen	uptake	(>4 /-'0⁄ ,	[45$3]"##$)	were	obtained	using	experimental	data	for	residual	14	

nitrogen	concentration	profiles;	and	(iii)	while	using	the	parameter	values	obtained	 in	15	

steps	i	and	ii,	the	parameters	for	dissolved	oxygen	transport,	control	and	consumption	(0,	16	

:C ,	TD ,	>E! ()⁄ )	were	estimated	based	on	experimental	data	for	DO	and	impeller	stirring	17	

(4).	All	other	kinetic	parameters	that	were	not	included	in	the	estimation	procedure	were	18	

kept	 at	 their	 nominal	 values,	 as	 outlined	 in	 Table	 2.8.	 The	 sequential	 parameter	19	

estimation	strategy	was	only	possible	due	to	prior	knowledge	of	the	fermentation	system,	20	

where	 growth	 was	 observed	 to	 be	 unaffected	 by	 [45$3]	 values	 between	 40	mM	 and	21	

170	mM	and	DO	values	above	20%	(Kenny	et	al.,	2012).		22	

	23	

2.9.3. Model-based	optimisation	24	

The	 liquid	 and	 solid	 feed	 strategy	 optimisations	 were	 performed	 using	 the	 Single-25	

Shooting	 Control	 Vector	 Parameterisation	 (CVP-SS)	 algorithm	 built	 into	 gPROMS	26	

ModelBuilder	 v5.1.1	 (Process	 Systems	 Enterprise,	 1997-2018).	 Briefly,	 the	 CVP-SS	27	

algorithm	(i)	selects	the	duration	of	each	control	 interval	and	the	values	of	the	control	28	

variables	 over	 it;	 (ii)	 solves	 the	 dynamic	 model	 across	 the	 entire	 time	 horizon	 to	29	

determine	 the	 time-variation	of	all	variables	 in	 the	system,	 including	 the	values	of	 the	30	

objective	 function	 being	 optimised	 and	 constraints	 that	 must	 be	 satisfied	 during	31	

optimisation;	and	(iii)	based	on	the	outputs	from	step	ii,	the	algorithm	revises	the	choices	32	

made	in	step	i	to	converge	to	an	optimum	(Process	Systems	Enterprise,	1997-2018).	All	33	
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optimisations	performed	in	the	present	study	aim	to	maximise	the	amount	of	biomass	1	

produced	 and	Na2TA	 consumed	 by	 the	 cells	 in	 26	 hours	 of	 culture,	 as	 defined	 by	 the	2	

objective	function	(2_)	presented	as	Eq.	22.	3	

2_ = ] 1()[(]!!#$
*F

A
	 Eq.	22	

	4	

A	 series	 of	 path	 and	 end-point	 constraints	 were	 added	 to	 the	 optimisation	5	

problem,	as	defined	by	equations	Eq.	23	to	Eq.	27,	below.		6	

0 ≤ $ ≤ 26ℎ		 Eq.	23	

0 ≤ !! ≤ 5c	 Eq.	24	

−1 × 10GF ≤ ] max(0, [/0] − [/0]123)#$
*F

A
≤ 1 × 10GF	 Eq.	25	

−1 × 10GF ≤ ] max(0, [45$3]1-. − [45$3])#$
*F

A
≤ 1 × 10GF	 Eq.	26	

−1 × 10GF ≤ ] max(0, [45$3] − [45$3]123)#$
*F

A
≤ 1 × 10GF	 Eq.	27	

Eq.	23	constrains	the	time	horizon	to	26	hours,	Eq.	24	constrains	the	maximum	7	

liquid	volume	inside	the	fermenter	to	5	L,	Eq.	25	constrains	the	Na2TA	concentration	to	8	

never	exceed	 	[/0]123	during	culture,	Eq.	26	and	Eq.	27	ensure	that	[45$3]	 is	within	a	9	

range	of	[45$3]1-.	to	[45$3]123	throughout	culture.	The	path	constraints	(Eq.	25	to	Eq.	10	

27)	were	defined	based	on	prior	knowledge	of	 the	 fermentation	 system	where	values	11	

outside	 these	 ranges	 have	 been	 reported	 to	 negatively	 impact	 culture	 performance	12	

(Kenny	et	al.,	2012).	13	

	14	

Table	2.6	Bioreactor	and	bioprocess	physical	parameters.	15	
Parameter	 Description	 Units	 Value	

!!	 Impeller	diameter	 mm	 64	

"!	 Impeller	blade	thickness	 mm	 1.5	

#!	 Impeller	blade	height	 mm	 14.5	

$!	 Impeller	blade	length	 mm	 15	

%"	 Diameter	of	vessel	 mm	 160	

&#$	 Bioreactor	cross	sectional	area	 m2	 0.02	
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%%,'()	 Maximum	allowable	liquid	volume	in	
bioreactor	

L	 5	

''!*	 Minimum	impeller	rotational	speed	 rpm	 500	

''()	 Maximum	impeller	rotational	speed	 rpm	 1500	

Table	2.7	Bioreactor	and	bioprocess	operating	parameters.	1	
Parameter	 Description	 Unit	 Value	

%%,+	 Initial	liquid	volume	 L	 2	(liquid	feed)	
3	(solid	feed)	

[)]+ 	 Initial	biomass	concentration	 gCDW/L	 0.077	–	0.097	

[+&]+ 	 Initial	Na2TA	concentration	 mM	 18.0	–	20.0	

[+&],--" 	 Na2TA	concentration	in	liquid	feed	 mM	 Varies	based	on	
optimisation	

[,.]+ 	 Initial	dissolved	oxygen	concentration	 mM	 0.171	–	0.224	

['-./]+ 	 Initial	nitrogen	concentration	 mM	 150.0	–	180.0	

['-./],--" 	 Nitrogen	concentration	in	liquid	feed	 mM	 Varies	based	on	
optimisation	

0,--"	 Volumetric	feeding	rate	 L/h	 0.0	–	0.50	

0/01	 Volumetric	outlet	rate	 L/h	 0.0	

[,.]∗	 Equilibrium	dissolved	oxygen	concentration	
on	the	liquid	side	of	the	gas-liquid	interface	

mM	 0.19	

1%	 Liquid	media	density	 kg/m3	 1,040	

03	 Volumetric	rate	of	air	sparged	into	the	
bioreactor	

L/h	 2.0	–	5.0	

2,45	 Dissolved	oxygen	setpoint	 %	saturation	 20	

[+&]'()	 Maximum	allowable	Na2TA	concentration	 mM	 60	

['-./]'!*	 Minimum	allowable	nitrogen	concentration	 mM	 42.8	

['-./]'()	 Maximum	allowable	nitrogen	concentration	 mM	 170	

	2	
	3	
Table	2.8	Bioprocess	kinetic	parameters.	4	
Parameter	 Description	 Units	 Value	

3/	 Monod	constant	for	oxygen	 mM	 0.0001	
36!17	 Monod	constant	for	nitrogen	 mM	 0.0001	
3456(	 Monod	 constant	 for	 increase	 in	 substrate	

uptake	 for	 maintenance	 upon	 Na+	
accumulation	

mM	 0.0001	

6	 Pressure	within	the	bioreactor		 atmospheres	 1	
%$	 Superficial	gas	velocity		 m/s	 Dynamic	

	5	

	6	

	7	
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3. Growth	of	Pseudomonas	umsongensis	GO16	in	a	bioreactor	18	

	19	

Results	presented	in	this	chapter	were	published	in	Biochemical	Engineering	Journal	20	

(Beagan	et	al.,	2020).	21	

BEAGAN,	N.,	O’CONNOR,	K.	E.	&	DEL	VAL,	I.	J.	2020.	Model-based	operational	optimisation	of	22	
a	microbial	bioprocess	converting	terephthalic	acid	to	biomass.	Biochemical	Engineering	23	
Journal.	IF	3.371.	Vol	158,	Pg	107576		24	

	25	

	26	

	27	

	28	

	29	

	30	

	31	

	32	

	33	
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	1	

	2	

	3	

Shaken	flask	cultivation	of	bacteria	is	an	important	tool	for	bioprocessing.	It	is	reported	4	

that	 approximately	 90%	 of	 all	 culture	 experiments	 in	 the	 field	 of	 biotechnology	 are	5	

preformed	using	shaken	flasks	(Buchs,	2001).	The	simplicity	afforded	by	shaken	flasks	is	6	

extremely	useful	for	purposes	such	as	organism	screening,	media	optimisation	and	in	the	7	

early	 stages	 of	 bioprocess	 development.	 However,	 their	 simplicity	 limits	 their	8	

applications	as	they	are	only	suitable	at	small	scale	due	to	decreasing	surface	to	volume	9	

ratio	with	increasing	liquid	volume,	and	do	not	facilitate	close	monitoring	or	control	of	10	

the	culture	in	areas	such	as	pH	and	dissolved	oxygen	(Doran,	2013	,	Buchs,	2001).		11	

	 Stirred	 tank	 bioreactors	 provide	 significantly	 enhanced	 monitoring	 of	 culture	12	

conditions,	 control	 and	maintenance	 of	 the	 bioprocess	 via	 a	 Proportional	 –	 Integral	 –	13	

Derivative	(PID)	controller.	However,	the	optimised	growth	characteristics	of	a	bacterial	14	

strain	 observed	 in	 a	 shaken	 flask	 do	 not	 always	 translate	 to	 enhanced	 bioreactor	15	

cultivation	due	to	the	inherent	differences	in	both	cultivation	methods	(Buchs,	2001).		16	

	 In	light	of	this,	mathematical	modelling	has	been	widely	proven	as	a	powerful	tool	17	

to	guide	bioprocess	design	and	optimisation	(Davis	et	al.,	2015,	Todri	et	al.,	2014,	N.G,	18	

1991,	Maclean	et	al.,	2008,	Koutinas	et	al.,	2012).	Identifying	optimal	bioprocess	operating	19	

modes	and	conditions	is	crucial	to	assess	the	technical	and	economic	feasibility	of	real-20	

world	deployment	of	environmental	bioprocesses	(Zadghaffari	et	al.,	2010).		21	

Previously	 isolated	Pseudomonas	 species	 from	 our	 lab	 capable	 of	 accumulating	22	

PHA	 from	 disodium	 terephthalate	 (Na2TA)	 were	 screened.	 The	 most	 efficient	 strain,	23	

Pseudomonas	umsongensis	GO16,	was	subsequently	exposed	to	further	study,	employing	24	

batch	and	 fed-batch	bioprocess	operating	 conditions	under	both	non-limited	and	PHA	25	

accumulating	growth	conditions.		26	

When	cultivating	P.	umsongensis	GO16	under	a	solid	Na2TA	pulse	fed-batch	feeding	27	

regime	a	continuous	decrease	in	specific	growth	rate	over	time	was	observed,	believed	to	28	

be	a	 result	of	 sodium	(Na+)	 accumulation	 inside	 the	bioreactor	associated	with	Na2TA	29	

dissociation.	In	an	effort	to	address	the	challenges	associated	with	Na2TA	consumption	30	

with	P.	umsongensis	GO16	and	identify	strategies	whereby	the	process	can	be	expanded	31	

for	the	up-cycling	of	PET	at	large	scale,	a	computational	modelling	framework	with	the	32	

purpose	 of	 improving	 the	 automation	 and	 operational	 ease	 of	 Na2TA	 conversion	33	
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into	Pseudomonas	umsongensis	 GO16	 biomass	 through	 the	 generation	 of	 an	 optimal	1	

volumetric	feeding	plan	was	developed.	2	

	 As	a	means	to	 identify	potential	avenues	 for	 improving	the	biomass	production	3	

and	 consumption	 of	Na2TA	by	P.	umsongensis	GO16,	 alternative	 pH	 controlled	 organic	4	

acid	 co-feeding	 options	 were	 also	 explored.	 Finally,	 adaptive	 laboratory	 evolution	 of	5	

P.	umsongensis	 GO16	WT	 was	 performed	 in	 shaken	 flasks	 in	 an	 effort	 to	 improve	 its	6	

tolerance	to	elevated	Na+	concentrations.		7	

	8	

3.1. Analysis	 of	 PHA	 producing	 Pseudomonas	 strains	 cultivated	 on	 disodium	9	

terephthalate		10	

Three	bacterial	strains	of	the	species	Pseudomonas:	GO16,	GO19	and	GO23,	 isolated	by	11	

Kenny	and	co-workers,	were	previously	identified	to	utilise	Na2TA	for	growth	and	PHA	12	

accumulation	(Kenny	et	al.,	2008).	In	order	to	identify	the	most	promising	PHA	producing	13	

strain,	 the	Pseudomonas	 strains	were	 assessed	 on	 the	 basis	 of	 final	 biomass	 (cell	 dry	14	

weight;	CDW)	(section	2.3.1)	and	PHA	content	(section	2.3.2)	under	nitrogen	limiting	15	

growth	conditions	as	previously	described	(section	2.2.5).	16	

	17	

	18	
Figure	3.1.	Growth	and	PHA	accumulation	of	Pseudomonas	strains	GO16,	GO19	&	GO23	19	
in	 250	 ml	 Erlenmeyer	 flasks	 containing	 50	 ml	 minimal	 salts	 medium	 (MSMlim)	20	
supplemented	with	20	mM	(4.2	g/L)	disodium	terephthalate	 (Na2TA)	at	30°C	and	200	21	
rpm	for	48	h.	The	figure	shows	biomass	accumulation	(CDW;	g/L,	black	bars)	and	PHA	22	
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accumulation	(g/L,	grey	bars)	for	each	strain.	Error	bars	represent	the	standard	deviation	1	
of	three	biological	replicates.	2	
	3	

	 After	 a	 cultivation	 time	 of	 48	 h	 P.	 umsongensis	 GO16	 displayed	 superior	 CDW	4	

accumulation	and	a	PHA	content	of	0.89	g/L	and	0.21	g/L	respectively	under	the	tested	5	

conditions,	 equating	 to	 a	 PHA	 content	 of	 23.8%	 (%CDW)	 (Figure	3.1).	 Meanwhile	6	

Pseudomonas	 sp.	 GO19	 and	 GO23	 accumulated	 a	 CDW	 of	 0.62	 g/L	 and	 0.67	 g/L	7	

respectively,	and	a	PHA	content	of	0.14	g/L	(21.9%)	and	0.12	g/L	(18%)	was	recorded	by	8	

both	strains	respectively.		9	

As	a	result	of	the	superior	CDW	and	PHA	accumulating	ability	of	P.	umsongensis	10	

GO16,	it	was	chosen	for	further	study	under	batch	and	fed-batch	bioreactor	cultivation.	11	

	12	

3.2. Growth	of	Pseudomonas	umsongensis	GO16	in	a	batch	bioreactor	under	non-13	

nitrogen	limiting	growth	conditions	14	

The	 growth	 of	 P.	 umsongensis	 GO16	 was	 subsequently	 assessed	 under	 non-nitrogen	15	

limiting	 batch	 bioreactor	 conditions	 supplemented	 with	 20	mM	 (4.2	 g/L)	 Na2TA	 as	16	

previously	described	(section	2.8.2).	17	

	18	
Figure	 3.2.	 Growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 minimal	 salts	 medium	19	
(MSMfull)	supplemented	with	20	mM	(4.2	g/L)	disodium	terephthalate	(Na2TA)	in	a	5	L	20	
bioreactor	with	a	3	L	working	volume	at	30°C	until	Na2TA	was	depleted.	The	figure	shows	21	
biomass	accumulation	(CDW;	g/L;	▲)	and	Na2TA	utilisation	(g/L;	■).	Error	bars	represent	22	
the	standard	deviation	of	three	biological	replicates.		23	
	24	

	 After	8	h	of	cultivation,	Na2TA	was	exhausted	and	a	final	biomass	concentration	of	25	

1.85	g/L	was	achieved	 (Figure	3.2),	 resulting	 in	a	yield	of	0.44	gCDW/gNa2TA	under	non	26	
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limiting	conditions.	A	specific	growth	rate	of	0.38	h-1	and	a	specific	Na2TA	utilisation	rate	1	

of	0.84	gNa2TA/gCDW/h	was	recorded.	2	

	3	

3.3. Growth	 of	Pseudomonas	 umsongensis	 GO16	 in	 a	 fed-batch	 bioreactor	 under	4	

non-nitrogen	limiting	growth	conditions	5	

In	order	to	maximise	biomass	accumulation	of	P.	umsongensis	GO16,	fed-batch	bioreactor	6	

cultivation	 was	 explored.	 It	 was	 previously	 identified	 that	 the	 cultivation	 of	7	

P.	umsongensis	GO16	on	Na2TA	under	 liquid	fed-batch	operation	 is	 limited	by	the	poor	8	

solubility	 of	 Na2TA	 with	 a	 maximum	 of	 400	 mM	 under	 physiologically	 compatible	9	

conditions	 (Kenny	 et	 al.,	 2012).	 Therefore,	 the	 growth	 of	 P.	 umsongensis	 GO16	 when	10	

cultivated	on	Na2TA	as	 the	 sole	 source	of	 carbon	and	energy	via	 a	 solid	pulse	 feeding	11	

regime	 under	 non-nitrogen	 limiting	 conditions	 was	 analysed	 as	 previously	 described	12	

(section	2.8.3).		13	

	14	

	15	
Figure	 3.3.	 Growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 minimal	 salts	 medium	16	
(MSMFedbatch)	 initially	 supplemented	 with	 20	 mM	 (4.2	 g/L)	 disodium	 terephthalate	17	
(Na2TA)	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	Further	solid	20	mM	Na2TA	18	
additions	via	a	DO	stat	pulse	 feeding	regime	were	supplied.	The	 figure	shows	biomass	19	
accumulation	(CDW;	g/L;	▲),	nitrogen	utilisation	(g/L;	●)	and	pulse	feed	times	of	Na2TA	20	
(h;	○).	Error	bars	represent	the	standard	deviation	of	three	biological	replicates.		21	
	22	

	 After	28	h	of	cultivation	under	non	limiting	conditions	a	final	biomass	of	15.3	g/L	23	

was	achieved	(Figure	3.3).	During	the	first	8	h	of	cultivation	a	growth	rate	(μ)	of	0.33	h-1	24	

and	a	yield	of	0.39	gCDW/gNa2TA	of	was	achieved,	similar	 to	what	was	seen	under	batch	25	
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operation	 (Figure	 3.2).	 However,	 from	 8	 h	 to	 20	h	 a	 2.5-fold	 lower	 growth	 rate	 of		1	

0.13	h-1	was	observed,	while	 from	20	h	onwards,	 the	 specific	 growth	 rate	decreased	a	2	

further	4.3-fold	after	the	addition	of	the	8th	pulse	feed	of	Na2TA	at	20	h,	believed	to	be	a	3	

result	of	the	increasing	sodium	(Na+)	concentration	inside	the	bioreactor	associated	with	4	

Na2TA	dissociation.	A	total	of	280	mM	(58.8	g/L)	Na2TA	was	consumed,	resulting	in	a	final	5	

yield	 of	 0.26	 gCDW/gNa2TA,	 a	 1.7-fold	 decrease	 compared	 to	 that	 achieved	 under	 batch	6	

operation	(Figure	3.2).	The	final	concentration	of	sodium	(Na+)	in	the	bioreactor	reached	7	

560	mM	(12.9	g/L).	8	

	9	

3.4. Mathematical	modelling	of	Na2TA	consumption	by	Pseudomonas	umsongensis	10	

GO16			11	

Having	identified	the	limitation	in	the	solid	pulse	feeding	regime	for	maximising	biomass	12	

of	P.	umsongensis	GO16,	and	in	an	effort	to	further	maximise	biomass	accumulation	of	the	13	

fed-batch	 bioprocess	 under	 non-nitrogen	 limiting	 conditions,	 an	 unstructured,	14	

unsegregated	 Monod-based	 mathematical	 model	 representing	 biomass	 growth	 as	 a	15	

function	 of	 substrate,	 nitrogen	 and	 oxygen	 utilisation	 was	 developed	 as	 previously	16	

described	section	2.9	with	 the	purpose	of	 improving	 the	 automation	 and	operational	17	

ease	of	Na2TA	conversion	into	Pseudomonas	umsongensis	GO16	biomass.	18	

Due	 to	 challenges	 associated	 with	 the	 experimental	 system,	 three	 rounds	 of	19	

parameter	 estimation	 were	 performed	 (section	 2.9.2),	 based	 on	 the	 following	20	

fermentations	employing	different	feeding	plans	(Figure	3.4):		21	

	22	

Feed	profile	A	&	[/0]"##$ 	of	277.57	mM,	[45$3]"##$ 	1.85	g/L	(Figure	3.6.1)	23	

Feed	profile	A	&	[/0]"##$ 	of	200	mM,	[45$3]"##$ 	1.85	g/L	(Figure	3.6.2)	24	

Feed	profile	B	&	[/0]"##$ 	of	325.65	mM,	[45$3]"##$ 	1.85	g/L	(Figure	3.6.3).	25	

	26	
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	1	
Figure	 3.4.	 Feed	 profiles	 employed	 for	 liquid	 fed	 batch	 experiments	 utilised	 for	2	
mathematical	 modelling	 parameterisation	 illustrating	 volumetric	 flowrate	 of	 the	 feed	3	
(L/h).	4	
	5	
3.5. Parameter	estimation		6	

Nominal	 parameter	 values	 used	 for	model	 creation	 were	 sourced	 from	 the	 literature	7	

wherever	 possible.	 However,	 there	 were	 ten	 uncertain	 kinetic	 parameters	 associated	8	

with	the	model	that	were	estimated	(Table	3.1).	These	included	parameters	associated	9	

with	 cell	 growth,	 Na2TA	 consumption	 for	 growth	 and	 maintenance	 energy,	 nitrogen	10	

utilisation	as	well	as	parameters	for	oxygen	delivery	and	uptake.	11	

	12	

3.5.1. Estimation	Round	1	13	

Our	original	strategy	was	to	perform	kinetic	parameter	estimation	using	solid	fed-batch	14	

experimental	data	(section	2.8.3).	However,	due	to	lack	of	reproducibility	among	these	15	

fermentations,	 their	 use	 led	 to	 uncertain	 parameter	 estimates	 (Table	 3.1;	round	 1).	16	

Issues	surrounding	reproducibility	were	associated	with	the	feeding	criteria:	solid	Na2TA	17	

was	manually	added	to	culture	once	the	dissolved	oxygen	(DO)	was	observed	to	increase,	18	

indicating	that	the	substrate	was	depleted.	With	this	strategy,	the	timing	of	feeds	was	not	19	

identical	across	the	fermentations	and,	hence,	negatively	impacted	parameter	estimation.	20	

	21	

3.5.2. Estimation	Round	2	22	

In	order	to	ensure	reproducibility	across	the	 fermentations	and	to	 improve	parameter	23	

estimation	 robustness,	 a	 series	 of	 liquid	 Na2TA	 feeding	 fermentations	 were	 devised	24	

(section	2.8.4).	Based	on	the	incorrect	and	uncertain	parameter	estimates	obtained	from	25	
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solid	 fed-batch	 fermentations	 (Table	 3.1;	 round	1),	 a	 liquid	 feeding	 strategy	 (Figure	1	

3.4;	feeding	plan	A)	 that	maximised	Na2TA	consumption	and	biomass	production	was	2	

obtained	with	 a	 liquid	 feed	with	 a	 [/0]"##$ 	 of	 277.6	mM	 fed	 (Figure	3.6.1).	A	 second	3	

liquid	feeding	strategy	(Figure	3.4;	feeding	plan	A),	but	with	a	[/0]"##$ 	of	200	mM	was	4	

also	 performed	 for	 parameter	 estimation	 (Figure	 3.6.2).	 Data	 from	 triplicate	5	

fermentation	runs	for	feeding	plan	A	(Figure	3.6.1)	and	a	single	run	for	feeding	plan	A	6	

(Figure	3.6.2)	were	used	for	parameter	estimation.	It	is	worth	noting	that	the	estimated	7	

value	 for	:()	 in	 the	 second	 round	 of	 parameter	 estimation	 was	 1.0×10-4	mM,	 which	8	

corresponds	to	the	lower	bound	defined	in	the	parameter	estimation	procedure	(Table	9	

3.1).	10	

	11	

3.5.3. Estimation	Round	3	12	

With	 the	 parameters	 estimated	 in	 Round	 2,	 an	 optimal	 liquid	 feeding	 strategy	 that	13	

maximised	 biomass	 production	 and	 Na2TA	 consumption	 was	 obtained	 (Figure	14	

3.4;	feeding	plan	B)	with	a	[/0]"##$ 	of	325.65	mM.	The	fermentation	was	run	for	feeding	15	

plan	B	and	discrepancies	were	observed	between	the	experimental	and	predicted	data	16	

(Figure	3.5).	The	observed	difference	between	experimental	data	and	model	predictions	17	

–	particularly	those	between	10	h	and	20	h	of	fermentation	–	indicated	that	the	estimated	18	

value	for	the	Monod	constant	for	Na2TA	(:())	had	been	underestimated:	with	a	:()	value	19	

of	 1.0×10-4	mM,	 cell	 growth	 is	 predicted	 to	 be	 unaffected	 at	 very	 low	 Na2TA	20	

concentrations,	 whereas	 experimentally,	 decreased	 cell	 growth	 and,	 in	 consequence,	21	

reduced	Na2TA	uptake,	was	observed.	To	overcome	this	issue,	the	fermentation	data	for	22	

feeding	plan	B	was	included	in	parameter	estimation	round	3	(Table	3.1;	figure	3.6.3)	to	23	

obtain	 a	 final	 parameter	 set.	 Notably,	 the	 parameter	 for	 :()	 was	 observed	 to	 be	24	

substantially	higher	than	in	previous	rounds.	25	

	26	
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	1	
Figure	3.5.	Comparison	between	model	prediction	(solid	line)	and	experimental	data	(●)	2	
after	 parameter	 estimation	 round	 2,	 employing	 feeding	 plan	 B.	 Showing	 growth	 of	3	
Pseudomonas	umsongensis	GO16	on	disodium	terephthalate	(Na2TA)	a)	cell	dry	weight	4	
(CDW;	g/L),	b)	Na2TA	concentration	(g/L).	5	
	6	

Table	3.1.	Estimated	kinetic	model	parameters.	7	
Model	

parameter	
Units	 Round	1	

Estimate	
Round	1	
95%	CI	

Round	2	
Estimate	

Round	2		
95%	CI	

Round	3	
Estimate	

Round	3	
95%	CI	

!"#$	 h-1	 0.559	 5.0×10-3	 0.386	 0.033	 0.389	 0.032	

"%&	 mmol/L	 5.793	 1.3	 1.0×10-5	 LB	 0.133	 0.12	

"'! 	 mmol/L	 1.0x10-4*	 NV	 1.0×10-4*	 NV	 1.0×10-4*	 NV	

"()*+	 mmol/L	 0.551	 0.66	 1.0×10-4*	 NV	 1.0×10-4*	 NV	

"),(#	 mmol/L	 1.563×103	 41	 1.244×102	 26	 1.319×102	 24	

#- %&⁄ 	 gCDW/	
mmolNa2TA 

9.638×10-2	 3.2×10-3	 0.692	 0.89	 0.396	 0.24	

$%&,"#$	 mmol/gCDW/h 0.425	 0.005	 2.229	 0.37	 2.141	 0.3	

"",(#	 mmolNa/L	 1x10-3*	 NV	 1.0×10-4*	 NV	 1.0×10-4*	 NV	

#- ()*+⁄ 	 gCDW/mmolNitr 0.100	 1.4×10-3	 8.4×10-3	 5.04×10-
3	

0.112	 3.5×10-3	

#'! %&⁄ 	 mmolO2/	
mmolNa2TA 

6.514×10-2	 N/A	 0.576	 8.7×10-3	 0.576	 8.7×10-3	

%	 Dimensionless	 1.003×103	 4x107	 0.709*	 NV	 0.709*	 NV	

&	 Dimensionless	 1.404	 9.9×10-3	 1*	 NV	 1*	 NV	

'	 Dimensionless	 0.358	 6.3×103	 1*	 NV	 1*	 NV	

"/	 Dimensionless	 -8.81x108	 3.3x1014	 -1.652×104	 5.7×105	 -1.652×104	 5.7×105	

(0	 Dimensionless	 -8.83x107	 3.3x1021	 1.310×104	 6×105	 1.310×104	 6×105	

*Asterisks	indicate	values	that	were	not	included	in	the	estimation	and	were	set	to	their	nominal	values	8	
(NV).	LB/UB	indicate	parameter	values	that	were	estimated	to	be	at	 the	Lower	or	Upper	Bounds	of	 the	9	
parameter	value	range,	as	defined	in	the	parameter	estimation	routine.	N/A	indicates	parameter	confidence	10	
interval	values	for	parameter	estimations	that	could	not	be	calculated	due	too	high	a	degree	of	uncertainty.	11	
	12	

	13	
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3.6. Final	estimation	results	1	

The	half	saturation	inhibitory	constant	of	sodium	(:-,/2),	was	estimated	to	have	a	95%	2	

confidence	interval	value	of	24,	which	is	approximately	18%	of	the	estimated	parameter.	3	

Furthermore,	model	parameter	values	for	:(),	=(),123	and	>H ()⁄ 	also	show	high	degree	4	

of	potential	variability	with	95%	confidence	intervals	of	90%,	14%	and	60%	respectively.	5	

The	 uncertainty	 among	 these	 parameter	 values	 highlights	 the	 need	 for	 further	6	

experimental	data	sets	in	order	to	gain	a	more	accurate	estimation	of	their	true	value.	The	7	

experimental	 data	 for	 DO	 and	 4	 were	 insufficient	 to	 estimate	 the	 DO	 controller	8	

parameters	:C	and	TD 	accurately	(CI	values	>50,000).	However,	it	is	clear	that	dissolved	9	

oxygen	is	not	a	limiting	factor	in	the	bioprocess	and	therefore	the	lack	of	confidence	in	10	

these	 values	 is	 not	 impactful	 in	 describing	 cell	 growth	 and	 Na2TA	 consumption.	 The	11	

estimated	parameter	 associated	with	?66,	0	was	 estimated	 to	 have	 a	 95%	confidence	12	

interval	of	15%.	The	remaining	parameters	appear	to	have	been	estimated	with	a	high	13	

degree	of	confidence,	with	confidence	intervals	below	10%	of	the	estimated	value.	14	

Figure	3.6 presents	 an	 overview	 of	 the	model	 fitting	 experiments	 for	 biomass	15	

(CDW;	g/L),	Na2TA	(g/L)	and	nitrogen	(g/L)	utilisation.	As	DO	is	not	a	limiting	factor	in	16	

the	 bioprocess,	 results	 for	 model	 fitting	 to	 experimental	 data	 can	 be	 found	 in	 the	17	

supplementary	information	(S.I	figure	1).	Figure	3.6	shows	that	the	model,	along	with	18	

the	parameters	estimated	 in	Round	3	(Table	3.1;	round	3)	describe	 the	experimental	19	

data	accurately.	The	trajectory	of	biomass	accumulation	and	final	biomass	concentration	20	

endpoints	were	accurately	captured	(Figures	3.6a).	Minor	discrepancies	were	observed	21	

in	 biomass	 accumulation	 (Figure	 3.6.3a)	 between	 the	 model	 and	 experimental	 data	22	

between	10	-	20	h	as	growth	rate	was	marginally	reduced	between	10	–	12	h	believed	to	23	

be	 associated	 with	 :()	and	 the	 low	 Na2TA	 concentration	 observed	 during	 this	 time	24	

period.	 Similarly,	 the	 final	 CDW	 concentration	 at	 26	h	 (Figure	 3.6.3a)	 was	25	

underestimated	 by	 0.475	g/L.	 However,	 this	 was	 only	 a	 4%	 deviation	 from	 the	26	

experimental	data.	Substrate	utilisation	is	tracked	well	across	all	model	parameterisation	27	

experiments	albeit	with	a	minor	discrepancy	at	between	and	22	–	23	h	(Figure	3.6.2b)	28	

where	a	spike	in	Na2TA	concentration	was	observed	as	a	result	of	the	sharp	increase	in	29	

volumetric	 flowrate	 of	 the	 feed	 and	 slower	 growth	 rate	 associated	with	 the	prior	 low	30	

Na2TA	 concentration.	 The	 end-point	 nitrogen	 concentration	 was	 accurately	 captured	31	

across	all	model	fitting	experiments.	However,	in	Figure	3.6.3c	the	model	deviates	from	32	

the	experimental	data	during	14	–	20	h	likely	as	a	result	of	reduced	nitrogen	consumption	33	



	 73	

associated	 with	 the	 reduced	 growth	 rate	 experimentally	 in	 Figure	 3.6.3a	 previously	1	

noted.	2	

	3	

	4	
Figure	3.6.	 Fitting	 of	mathematical	model	 (solid	 line)	 to	 experimental	 data	 (●)	 of	 the	5	
growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 disodium	 terephthalate	 (Na2TA)	 fed	6	
according	to	1)	feed	profile	A	&	[/0]"##$ 	of	277.57	mM,	[45$3]"##$ 	1.85	g/L,	2)	feed	profile	7	
A	&	[/0]"##$ 	of	200	mM,	[45$3]"##$ 	1.85	g/L	3)	feed	profile	B	&	[/0]"##$ 	of	325.65	mM,	8	
[45$3]"##$ 	 1.85	g/L.	 Showing	 a)	 cell	 dry	 weight	 (CDW;	g/L),	 b)	 Na2TA	 concentration	9	
(g/L),	c)	nitrogen	utilisation	(g/L).	Error	bars	in	figure	3.6.1	represent	standard	deviation	10	
of	three	biological	replicates.	11	
	12	

3.7. Model	and	parameter	validation		13	

As	the	solid	fed	batch	experiments	were	entirely	independent	from	those	used	for	model	14	

parameterisation,	 they	were	utilised	to	explore	the	validity	of	 the	mathematical	model	15	

(Figure	3.7).	 Fermentations	were	 started	with	 a	Na2TA	 concentration	 of	 20	mM	with	16	

further	solid	pulses	of	20	mM	(Figures	3.7.1	&	3.7.2)	and	10	mM	(Figure	3.7.3)	at	7.2	h	17	
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and	every	time	dissolved	oxygen	spiked	from	thereon	in,	indicating	substrate	depletion.	1	

These	 fermentations	were	carried	out	as	described	 in	section	2.8.3.	 It	 is	 important	 to	2	

note	that	Figure	3.7.2	differs	from	Figure	3.7.1	in	that	the	starting	inoculum	was	reduced	3	

by	33%.	The	experimental	results	matched	the	model	prediction	across	all	experiments,	4	

simulating	 the	 CDW	 accumulation	 (Figure	 3.7a),	 Na2TA	 (Figure	 3.7b)	 and	 nitrogen	5	

(Figure	3.7c)	utilization	profiles	very	well.		6	

The	CDW	concentration	in	experimental	data	sets	(Figures	3.7.1a)	show	a	high	7	

degree	of	variability	during	the	first	10	hours	when	compared	to	the	model	predictions	8	

due	to	the	difficulty	in	accurately	measuring	lyophilized	cells	at	such	low	concentrations.	9	

However,	as	the	bioprocess	continues	from	10	h	the	model	predictions	compare	very	well	10	

to	 the	 experimental	 data.	 Discrepancies	 in	 the	 DO	 utilisation	 profiles	 can	 be	 seen	11	

compared	to	the	experimental	data	sets	(S.I	figure	2).	This	is	likely	a	result	of	variability	12	

in	the	calibration	of	the	DO	probe	starting	saturation	point	as	the	trends	are	identical.	The	13	

accuracy	 of	 the	 model	 in	 predicting	 the	 growth,	 Na2TA	 and	 nitrogen	 utilisation	14	

demonstrated	 the	 ability	 of	 the	 kinetic	 model	 parameters	 (Table	 3.1,	 round	 3)	 to	15	

robustly	 reproduce	 the	 cultivation	 of	 Pseudomonas	umsongensis	GO16	 on	 minimal	16	

medium	(MSMFedBatch;	section	2.2.3)	in	a	bioreactor,	utilizing	Na2TA	as	a	sole	source	of	17	

carbon	and	energy.	18	

A	reduction	in	cell	growth	was	observed	across	all	solid	fed-batch	experiments	as	19	

the	fermentations	progressed.	Experimentally,	a	specific	growth	rate	(*)	of	0.39	h-1	was	20	

observed	 within	 the	 first	 7	h	 of	 all	 solid	 fed-batch	 experiments.	 This	 decreased	 to							21	

0.05	h-1	in	the	final	5	h	(figure	3.7a)	believed	to	be	a	result	of	osmotic	stress	associated	22	

with	 sodium	 (Na+)	 accumulation	 in	 the	 bioreactor	 as	 the	 final	 concentration	 of	 Na+	23	

reaches	 480	mM.	 Further	 model	 validation	 experiments	 are	 presented	 in	 the	24	

supplementary	information	(S.I	figures	3	&	4).	25	
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	1	
Figure	3.7. Comparison	between	mathematical	model	(solid	line)	and	experimental	data	2	
(●)	of	the	growth	of	Pseudomonas	umsongensis	GO16	on	disodium	terephthalate	(Na2TA)	3	
fed	according	to	solid	pulse	feeding	regimes	associated	with	dissolved	oxygen	monitoring	4	
employing	1)	20	mM	(4.2	g/L)	Na2TA	solid	pulse	feeds,	2)	20	mM	Na2TA	solid	pulse	feeds	5	
with	a	33%	reduction	in	initial	inoculum	concentration	and	3)	10	mM	Na2TA	solid	pulse	6	
feeds.	Showing	a)	cell	dry	weight	(CDW;	g/L),	b)	Na2TA	concentration	(g/L),	c)	nitrogen	7	
utilisation	(g/L).	8	
	9	

3.8. Mathematical	modelling	case	study	10	

Harnessing	 the	 final	 estimation	 results	 (Table	 3.1,	 round	 3)	 a	 final	 optimal	 feeding	11	

regime	 maximising	 biomass	 production	 was	 simulated	 and	 validated	 experimentally	12	

(Figure	3.8).	This	entailed	the	employment	of	feeding	profile	C	(Figure	3.4;	Table	3.2),	13	

a	 [/0]"##$ 	 of	 325.65	mM,	 [45$3]"##$ 	 of	 1.87	g/L	 and	 a	 [45$3]A	 of	 2.14	g/L.	 Optimal	14	

bioprocess	operating	parameters	are	described	 in	Table	3.3.	All	 remaining	conditions	15	

were	consistent	with	the	final	model	parameterisation	experiment	described	in	Figure	16	
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3.6.3.	When	we	compare	 the	 final	model	 fitting	experiment	(Figure	3.6.3)	 to	 the	 final	1	

simulated	 optimal	 the	 similarities	 are	 apparent	 across	 all	 aspects	 of	 the	 proposed	2	

fermentation	process	 (Figure	3.8)	with	no	 improvement	 in	biomass	accumulation.	An	3	

identical	trajectory	and	final	biomass	concentration	of	10.1	g/L	is	predicted	in	the	final	4	

proposed	optimal	liquid	feed	experiment	to	that	of	the	final	parameterising	experiment	5	

(Figure	3.8a).	 Similarly,	 no	 improvement	 in	Na2TA	 consumption	 can	be	 seen	 (Figure	6	

3.8b),	 indicating	 the	 limitation	 in	 employing	 Na2TA	 as	 a	 microbial	 feedstock	 for	7	

maximising	biomass	production	under	the	optimised	liquid	feeding	regime.	An	identical	8	

dissolved	oxygen	utilization	profile	 can	be	 also	 observed	 (S.I	 figure	5).	 	 The	nitrogen	9	

utilization	profile	shows	a	high	degree	of	similarity	(Figure	3.8c),	with	a	slight	deviation	10	

in	 the	 first	10	h	due	 to	 a	marginally	 lower	 starting	nitrogen	 concentration	 in	 the	 final	11	

model	prediction.		12	

	13	

	14	
Figure	 3.8.	 Comparison	 between	 experimental	 data	 (black	 circles),	 model	 fitting	15	
experiment	 employing	 feeding	 plan	 B	 (solid	 line)	 and	 an	 optimised	model	 case	 study	16	
(dashed	 line)	 fed	 according	 the	 final	 optimized	 feeding	 plan	 C.	 Showing	 growth	 of	17	
Pseudomonas	umsongensis	GO16	on	disodium	terephthalate	(Na2TA)	a)	cell	dry	weight	18	
(CDW;	g/L),	b)	 Na2TA	 concentration	 (Na2TA;	g/L)	 c)	 nitrogen	 utilization	 (g/L)	 and	d)	19	
volumetric	flow	rate	for	feed	profiles	(L/h).	20	
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Table	3.2.	Volumetric	feeding	rate	of	final	optimal	feeding	regime	(Feeding	plan	C).	1	
	2	

	3	

Table	3.3.	Bioprocess	operating	parameters	of	final	optimal	feeding	regime.	4	
Parameter	 Description	 Units	 Value	

%%,+	 Initial	liquid	volume	 L	 2	

[)]+ 	 Initial	biomass	concentration	 gCDW/L	 0.097	

OD540	 Optical	density	of	seed	culture	 OD540	 3.85	

[+&]+ 	 Initial	Na2TA	concentration	 mM	 20.0	

[+&],--" 	 Na2TA	concentration	in	liquid	feed	 mM	 325.65	

['-./]+ 	 Initial	nitrogen	concentration	 mM	 153	

['-./],--" 	 Nitrogen	concentration	in	liquid	feed	 mM	 134	

03	 Volumetric	rate	of	air	sparged	into	the	
bioreactor	

L/h	 2.0	

2,45	 Dissolved	oxygen	setpoint	 %	saturation	 20	

[,.]+	 Initial	dissolved	oxygen	percentage	 %	saturation	 100	

	5	

Start	(h)	 End	(h)	 Volumetric	
feeding	rate	(L/h)	

0	 9	 0	

9	 10	 0.027	

10	 11	 0.045	

11	 12	 0.055	

12	 13	 0.069	

13	 14	 0.086	

14	 15	 0.104	

15	 16	 0.124	

16	 17	 0.145	

17	 18	 0.172	

18	 19	 0.192	

19	 20	 0.252	

20	 21	 0.410	

21	 22	 0.422	

22	 23	 0.438	

23	 24	 0.458	

24	 26	 0.000	
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3.9. Growth	of	Pseudomonas	umsongensis	GO16	on	disodium	terephthalate	in	a	fed-1	

batch	bioreactor	under	nitrogen	starved	PHA	accumulating	growth	conditions		2	

To	assess	PHA	accumulating	ability	of	P.	umsongensis	GO16	when	cultivated	on	Na2TA	as	3	

a	 sole	 source	 of	 carbon	 and	 energy	 under	 a	 solid	 pulse	 fed-batch	 feeding	 regime,	 the	4	

experiment	was	carried	out	under	nitrogen	limited	conditions	as	previously	described	in	5	

section	2.8.3.	3.13	g/L	(NH4)2SO4	was	added	prior	to	inoculation	as	the	nitrogen	source	6	

as	 this	 was	 calculated	 to	 facilitate	 approximately	 6	g/L	 biomass	 prior	 to	 nitrogen	7	

depletion,	 with	 conditions	 of	 nitrogen	 starvation	 applied	 after	 the	 depletion	 of	 initial	8	

nitrogen	source.	NaOH	was	chosen	as	the	base	for	pH	control	in	order	to	prevent	further	9	

nitrogen	additions	to	the	bioreactor.	10	

	11	

	12	
Figure	3.9.	Growth	and	PHA	accumulation	of	Pseudomonas	umsongensis	GO16	on	minimal	13	
salts	medium	(MSMFedbatch)	in	a	5	L	bioreactor	employing	a	3	L	working	volume	at	30°C	14	
initially	 supplemented	with	20	mM	 (4.2	 g/L)	disodium	 terephthalate	 (Na2TA),	 further	15	
solid	20	mM	Na2TA	additions	via	a	DO	stat	pulse	 feeding	regime	were	supplied	under	16	
nitrogen	starvation	conditions	after	the	depletion	of	the	initial	nitrogen	source.	The	figure	17	
shows	 biomass	 accumulation	 (CDW;	 g/L;	 ▲),	 nitrogen	 utilisation	 (g/L;	 ●)	 and	 PHA	18	
accumulation	(g/L;	■).	19	
	20	

Due	 to	poor	PHA	accumulation	a	 single	experimental	 run	was	performed.	After	21	

56	h	of	cultivation	a	final	biomass	of	12.6	g/L	was	achieved	(Figure	3.9).	Total	nitrogen	22	

consumption	was	achieved	within	15	h,	leading	to	the	onset	of	PHA	accumulation.	A	final	23	

PHA	 concentration	 of	 0.3	 g/L	 was	 recorded	 at	 56	 h,	 equating	 to	 2.4%	 (%CDW).	 The	24	

highest	PHA	content	was	recorded	at	47.5	h	with	a	concentration	of	0.63	g/L,	equating	to	25	
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5.8%	of	CDW.	A	drop	in	PHA	content	was	observed	after	this	timepoint.	A	further	increase	1	

in	CDW	of	4.4	g/L	was	observed	after	the	depletion	of	nitrogen,	however	this	was	not	a	2	

results	of	PHA	accumulation.	A	total	of	63	g/L	Na2TA	(300	mM)	was	consumed	resulting	3	

in	a	yield	of	0.2	gCDW/gNa2TA.	The	accumulation	of	Na+	inside	the	bioreactor	reached	a	final	4	

concentration	of	600	mM	(13.8	g/L).		5	

	6	

3.9.1. Growth	of	Pseudomonas	umsongensis	GO16	on	disodium	terephthalate	in	a	7	

fed-batch	bioreactor	under	nitrogen	limiting	PHA	accumulating	conditions	8	

employing	nitrogen	trickle	feed	of	1.5	mg/L/h			9	

The	 employment	 of	 a	 nitrogen	 trickle	 feeding	 regime,	while	 still	maintaining	nitrogen	10	

below	detectable	limits	has	been	previously	demonstrated	to	improve	PHA	accumulation	11	

from	 styrene	 pyrolysis	 oil	 (Goff	 et	 al.,	 2007).	 To	 assess	 PHA	 accumulating	 ability	 of	12	

P.	umsongensis	GO16	when	cultivated	on	Na2TA	as	a	sole	source	of	 carbon	and	energy	13	

under	 a	 solid	 pulse	 fed-batch	 feeding	 regime,	 the	 experiment	 was	 carried	 out	 under	14	

nitrogen	limited	conditions	as	previously	described	in	section	2.8.3.	As	in	the	previous	15	

experiment,	3.13	g/L	(NH4)2SO4	was	added	prior	to	inoculation	as	the	nitrogen	source	as	16	

this	was	calculated	to	facilitate	approximately	6	g/L	biomass	prior	to	nitrogen	depletion.	17	

A	 nitrogen	 trickle	 feed	 of	 1.5	mg/L/h	was	 employed	 after	 the	 depletion	 of	 the	 initial	18	

nitrogen	source.	NaOH	was	chosen	as	the	base	for	pH	control	in	order	to	prevent	further	19	

nitrogen	additions	to	the	bioreactor.	20	

	21	

	22	

	23	

	24	

	25	
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	1	
Figure	 3.10.	 Growth	 and	 PHA	 accumulation	 of	 Pseudomonas	 umsongensis	 GO16	 on	2	
minimal	salts	medium	(MSMFedbatch)	in	a	5	L	bioreactor	employing	a	3	L	working	volume	3	
initially	supplemented	with	20	mM	(4.2	g/L)	disodium	terephthalate	 (Na2TA).	Further	4	
solid	20	mM	Na2TA	additions	via	a	DO	stat	pulse	 feeding	regime	were	supplied	under	5	
nitrogen	limiting	conditions,	where	a	nitrogen	trickle	feed	of	1.5	mg/L/h	was	employed	6	
after	 the	 depletion	 of	 the	 initial	 nitrogen	 substrate.	 The	 figure	 shows	 biomass	7	
accumulation	(CDW;	g/L;	▲),	nitrogen	utilisation	(g/L;	●)	and	PHA	accumulation	(g/L;	8	
■).	9	
	10	

Due	 to	poor	PHA	accumulation	a	 single	experimental	 run	was	performed.	After	11	

53	h	 of	 cultivation	 a	 final	 biomass	 of	 10	 g/L	 was	 achieved	 (Figure	 3.10),	 a	 1.2-fold	12	

decreased	 compared	 to	 nitrogen	 starved	 conditions	 (Figure	 3.9).	 Total	 nitrogen	13	

consumption	occurred	within	12	h	after	the	depletion	of	the	initial	nitrogen	substrate	and	14	

the	nitrogen	trickle	feed	commenced	from	13	h	onwards	(Figure	3.10).	No	improvement	15	

in	 PHA	 content	 was	 observed	with	 a	 final	measurement	 of	 0.3	g/L,	 equating	 to	 3.6%	16	

(%CDW).	The	highest	PHA	content	was	recorded	at	46	h	with	a	concentration	of	0.46	g/L,	17	

equating	to	4.6%	(1.4-fold	lower	compared	to	nitrogen	starved	conditions,	Figure	3.9).	18	

Similar	 to	what	was	observed	under	nitrogen	starved	conditions,	a	 further	 increase	 in	19	

CDW	of	3.3	g/L	was	observed	after	the	onset	of	nitrogen	limitation,	however	this	was	not	20	

as	a	result	of	PHA	accumulation.	A	notable	drop	in	PHA	content	was	observed	from	23	h	21	

to	 35	 h,	 possibly	 due	 to	 nitrogen	 concentration	 in	 the	 bioreactor	 reaching	 detectable	22	

limits,	resulting	in	the	consumption	of	PHA.		23	

A	 total	 of	 67.2	 g/L	 Na2TA	 (320	 mM)	 was	 consumed	 resulting	 in	 a	 yield	 of	24	

0.15	gCDW/gNa2TA,	 1.3-fold	 lower	 than	 preliminary	 data	 under	 nitrogen	 starvation	25	
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conditions	(Figure	3.9).	The	accumulation	of	Na+	 inside	 the	bioreactor	reached	a	 final	1	

concentration	of	640	mM	(14.7	g/L).		2	

	3	

3.9.2. Growth	of	Pseudomonas	umsongensis	GO16	on	disodium	terephthalate	in	a	4	

fed-batch	bioreactor	under	nitrogen	limiting	PHA	accumulating	conditions	5	

employing	nitrogen	trickle	feed	of	1	mg/L/h			6	

Since	the	nitrogen	content	inside	the	bioreactor	reached	detectable	concentrations	from	7	

25	–	40	h,	a	nitrogen	trickle	feed	of	1	mg/L/h	was	employed	after	the	depletion	of	the	8	

initial	nitrogen	source.	Solid	pulse	fed-batch	experiments	were	carried	out	under	nitrogen	9	

limited	 conditions	 as	 previously	 described	 in	 section	 2.8.3.	 As	 in	 the	 previous	10	

experiment,	3.13	g/L	(NH4)2SO4	was	added	prior	to	inoculation	as	the	nitrogen	source	in	11	

order	 to	 facilitate	approximately	6	g/L	biomass	prior	 to	nitrogen	depletion.	NaOH	was	12	

chosen	as	the	base	for	pH	control	in	order	to	prevent	further	nitrogen	additions	to	the	13	

bioreactor.	14	

	15	

	16	

	17	

	18	

	19	

	20	

	21	

	22	

	23	
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	1	
Figure	 3.11.	 Growth	 and	 PHA	 accumulation	 of	 Pseudomonas	 umsongensis	 GO16	 on	2	
minimal	salts	medium	(MSMFedbatch)	in	a	5	L	bioreactor	employing	a	3	L	working	volume	3	
initially	supplemented	with	20	mM	(4.2	g/L)	disodium	terephthalate	 (Na2TA).	Further	4	
solid	20	mM	Na2TA	additions	via	a	DO	stat	pulse	 feeding	regime	were	supplied	under	5	
nitrogen	 limiting	conditions,	where	a	nitrogen	 trickle	 feed	of	1	mg/L/h	was	employed	6	
after	 the	 depletion	 of	 the	 initial	 nitrogen	 substrate.	 The	 figure	 shows	 biomass	7	
accumulation	(CDW;	g/L;	▲),	nitrogen	utilisation	(g/L;	◆)	and	PHA	accumulation	(g/L;	8	
■).	Error	bars	represent	the	standard	deviation	of	two	biological	replicates.		9	
	10	

After	51	h	of	cultivation	a	final	CDW	of	8.16	g/L	was	achieved,	and	a	maximum	PHA	11	

concentration	 of	 0.26	 g/L	was	 recorded,	 equating	 to	 3.1%	 (%CDW),	 the	 lowest	 of	 all	12	

nitrogen	 limiting	experiments.	The	 initial	nitrogen	source	was	depleted	by	14	h	which	13	

corresponds	to	6.2	g/L	CDW	prior	to	PHA	accumulation,	after	which	a	nitrogen	trickle	14	

feed	of	1	mg/L/h	commenced	and	the	nitrogen	concentration	remained	under	detectable	15	

limits.	No	 improvement	 in	PHA	 content	was	 observed	when	 compared	 to	preliminary	16	

growth	 experiments	 of	 P.	 umsongensis	 GO16	 under	 nitrogen	 starvation	 conditions	17	

(Figure	3.9)	or	when	employing	a	nitrogen	trickle	feed	of	1.5	mg/L/h	(Figure	3.10).	All	18	

solid	 fed-batch	 growth	 experiments	 under	 PHA	 accumulating	 conditions	 yielded	 an	19	

approximately	 5-fold	 lower	 PHA	 content	 compared	 to	 24%	 achieved	 in	 250	 ml	20	

Erlenmeyer	shake	flasks	(Figure	3.1).	This	is	possibly	a	result	of	stress	associated	with	21	

the	elevated	Na+	concentration	across	all	nitrogen	limiting	bioreactor	experiments	as	the	22	

accumulation	 of	 Na+	 inside	 the	 bioreactor	 reached	 a	 final	 concentration	 of	 600	mM	23	

(13.8	g/L).		24	
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	 A	total	of	300	mM	(63	g/L)	Na2TA	was	fed	into	the	bioreactor	resulting	in	a	yield	1	

of	0.13	gCDW/gNa2TA,	a	1.5-fold	and	1.2-fold	decrease	compared	to	nitrogen	starved	(Figure	2	

3.9)	 and	 1.5	 mg/L/h	 nitrogen	 trickle	 feed	 (Figure	 3.10).	 A	 further	 accumulation	 of	3	

1.96	g/L	CDW	was	observed	under	nitrogen	limited	conditions,	however	once	again	this	4	

was	 not	 as	 a	 result	 of	 increased	 intercellular	 PHA	 content.	 Further	 research	 into	 the	5	

precise	 cause	 behind	 the	 increased	 CDW	 observed	 post	 nitrogen	 depletion	 across	 all	6	

nitrogen	 limiting	 bioreactor	 experiments	 will	 need	 to	 be	 undertaken	 to	 explain	 this	7	

phenomenon.		8	

	 The	medium	 chain	 length	 PHA	 produced	 by	 P.	 umsongensis	 GO16	 from	 Na2TA	9	

consisted	 of	 C12	 (48	mol%),	 C10	 (40	mol%)	 and	C8	 (12	mol%)	 and	 remained	 constant	10	

throughout	the	bioprocess.	The	PHA	monomer	distribution	showed	no	variation	across	11	

nitrogen	feeding	regimes	tested.	12	

	13	

3.10. Analysis	 of	 growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 disodium	14	

terephthalate	and	sodium	octanoate	mixed	monomer	substrate		15	

The	employment	of	substrate	co-feeding	regimes	of	Na2TA	and	alternative	carbon	sources	16	

has	been	previously	identified	as	a	viable	option	for	improving	biomass	accumulation	and	17	

increasing	Na2TA	consumption	by	P.	umsongensis	GO16	(Kenny	et	al.,	2012).	Therefore,	18	

the	 utility	 of	 the	 organic	 acids;	 octanoic	 acid	 and	 acetic	 acid	 were	 studied	 for	 their	19	

potential	 for	 improving	 biomass	 production	 under	 non-limiting	 conditions	 in	 lieu	 of	20	

H2SO4,	via	a	feeding	regime	dependent	on	pH	control	parameters.		21	

The	growth	of	P.	umsongensis	GO16	(cell	dry	weight;	CDW)	(section	2.3.1)	in	the	22	

presence	 of	 NaOct	 and	 Na2TA	 was	 first	 assessed	 under	 non-limiting	 shaken	 flask	23	

cultivation	 conditions	 as	 previously	described	 (section	2.2.5)	 in	 order	 to	 assess	 their	24	

ability	to	grow	on	a	mixture	of	both	substrates.	Flasks	were	supplemented	with	a	constant	25	

10	mM	NaOct	and	increasing	Na2TA	additions	of	5	mM	increments	in	order	to	identify	a	26	

correlation	between	increasing	carbon	content	and	increased	CDW.		27	

The	 following	substrate	supplementations	were	supplied:	10	mM	NaOct	only,	5	28	

mM	Na2TA	&	10	mM	NaOct,	10	mM	Na2TA	&	10	mM	NaOct,	15	mM	Na2TA	&	10	mM	NaOct,	29	

20	mM	Na2TA	&	10	mM,	and	finally	20	mM	Na2TA	only.	30	

	31	
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	1	
Figure	 3.12.	 Growth	 of	Pseudomonas	 umsongensis	 GO16	 in	 250	ml	 Erlenmeyer	 flasks	2	
containing	50	ml	minimal	salts	medium	(MSMfull)	supplemented	with	a	mixture	of	sodium	3	
octanoate	(NaOct)	and	disodium	terephthalate	(Na2TA)	containing:	20	mM	Na2TA	&	10	4	
mM	NaOct;	△,	15	mM	Na2TA	&	10	mM	NaOct;	●,	10	mM	Na2TA	&	10	mM	NaOct;	◆,	5	mM	5	
Na2TA	&	10	mM	NaOct;	▲,	0	mM	Na2TA	&	10	mM	NaOct;	■		and	20	mM	Na2TA	&	0	mM	6	
NaOct;	○	at	30°C	and	200	rpm	for	24	h.	Error	bars	represent	the	standard	deviation	of	7	
three	biological	replicates.		8	
	9	

After	24	h	of	cultivation	the	utilisation	of	both	monomers,	Na2TA	and	NaOct	was	10	

evident	 (Figure	3.12)	across	all	 flasks	as	 indicated	by	 increased	CDW	with	 increasing	11	

carbon	concentration	supplied.	The	highest	CDW	of	2.5	g/L	was	achieved	when	20	mM	12	

Na2TA	&	10	mM	NaOct	were	supplied.	A	reduction	in	final	CDW	by	P.	umsongensis	GO16	13	

was	recorded	with	every	5	mM	decrease	in	starting	Na2TA	concentration.		14	

	15	

3.10.1. Growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 disodium	16	

terephthalate	in	a	fed-batch	bioreactor	under	non-nitrogen	limiting	growth	17	

conditions	utilising	octanoic	acid	for	pH	control	18	

Having	demonstrated	the	capability	of	Pseudomonas	umsongensis	GO16	to	consume	both	19	

Na2TA	and	NaOct	as	a	mixed	monomer	culture	under	shaken	flask	cultivation,	the	growth	20	

of	P.	umsongensis	GO16	under	non-nitrogen	limiting	conditions	utilising	Na2TA	under	a	21	

solid	 Na2TA	 pulse	 feeding	 regime	 whilst	 employing	 99%	 (v/v)	 octanoic	 acid	 for	 pH	22	

control	was	studied	as	previously	described	(section	2.8.3).		23	

	24	
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	1	
Figure	 3.13	 Growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 minimal	 salts	 medium	2	
(MSMFedbatch)	 initially	 supplemented	 with	 20	 mM	 (4.2	 g/L)	 disodium	 terephthalate	3	
(Na2TA)	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	Further	solid	20	mM	Na2TA	4	
additions	via	a	DO	stat	pulse	feeding	regime	were	supplied.	pH	was	controlled	via	99%	5	
(v/v)	octanoic	acid	additions	dependent	on	pH	control	parameters.	The	figure	shows	a)	6	
biomass	 accumulation	 (CDW;	g/L;	▲)	 and	b)	 octanoic	 acid	 supplied	 (g/L).	Error	bars	7	
represent	the	standard	deviation	of	two	biological	replicates.		8	

	9	

During	 the	 first	 11	 h	 of	 cultivation	 a	 specific	 growth	 rate	 (μ)	 of	 0.30	 h-1	 was	10	

recorded	(Figure	3.13a),	a	1.3-fold	decreased	compared	to	batch	and	fed-batch	operation	11	

when	using	Na2TA	as	 the	 sole	 source	of	 carbon	and	energy	 (Figure	3.3).	A	maximum	12	

biomass	 of	 3.4	g/L	was	 achieved	 after	 14	 h.	 A	 total	 of	 60	mM	 (12.6	 g/L)	 Na2TA	was	13	

supplied	 to	 the	bioreactor,	 and	 further	additions	of	octanoic	acid	were	made	 reaching	14	

53	mM	(7.6	g/L)	(Figure	3.13b).		15	

A	clear	growth	inhibition	of	P.	umsongensis	GO16	was	observed	from	14	h	onwards	16	

likely	 due	 to	 octanoic	 acid	 reaching	 inhibitory	 concentrations	 (Figure	 3.13b),	 as	17	

concentrations	above	30	mM	have	been	reported	to	be	inhibitory	to	Pseudomonas	strains	18	

(Elbahloul	and	Steinbuchel,	2009).		This	corresponded	to	a	1.4-fold	drop	in	biomass	by	19	

21	h.	Suggesting	that	while	P.	umsongensis	can	utilise	both	Na2TA	and	NaOct	as	a	mixed	20	

monomer	substrate	under	shaken	flask	cultivation,	 the	pH	co-feeding	regime	of	Na2TA	21	

and	octanoic	 acid	 is	not	 a	 viable	option	 for	 improving	biomass	production	and	Na2TA	22	

consumption	by	P.	umsongensis	GO16.	23	

	24	

3.11. Analysis	 of	 growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 disodium	25	

terephthalate	and	sodium	acetate	mixed	monomer	substrate		26	

The	growth	of	P.	umsongensis	GO16	(cell	dry	weight;	CDW)	(section	2.3.1)	in	the	presence	27	

of	sodium	acetate	and	Na2TA	was	first	assessed	under	non-nitrogen	limiting	shaken	flask	28	
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cultivation	conditions	as	previously	described	(section	2.2.5)	in	order	to	assess	its	ability	1	

to	grow	on	a	mixture	of	both	substrates.		2	

Flasks	were	supplemented	with	20	mM	Na2TA	(1.95	gC/L)	only,	81	mM	sodium	3	

acetate	(1.95	gC/L)	only,	a	mixture	of	40	mM	sodium	acetate	(0.975	gC/L)	&	10	mM	Na2TA	4	

(0.975	 gC/L),	 10	mM	 Na2TA	 (0.975	 gC/L)	 only,	 and	 finally	 40	 mM	 sodium	 acetate	5	

(0.975	gC/L)	 only.	 This	 was	 performed	 in	 order	 to	 identify	 a	 correlation	 between	6	

increasing	carbon	content	supplied	and	increased	CDW.		7	

	8	

	9	
Figure	 3.14	Growth	 (CDW;	 g/L)	 of	Pseudomonas	 umsongensis	 GO16	 on	minimal	 salts	10	
medium	 (MSMfull)	 supplemented	 with	 supplemented	 with	 20	mM	 (4.2	 g/L)	 disodium	11	
terephthalate	 (Na2TA)	only	 (■),	10	mM	(2.1	g/L)	Na2TA	&	40	mM	(3.28	g/L)	 sodium	12	
acetate	(●),	40	mM	(3.28	g/L)	sodium	acetate	only	(◆),	10	mM	(2.1	g/L)	Na2TA	only	(▲),	13	
and	finally	81	mM	(6.56	g/L)	sodium	acetate	only	(×).	Error	bars	represent	the	standard	14	
deviation	of	three	biological	replicates. 15	
	16	

	 After	 24	 h	 of	 cultivation	 the	 utilisation	 of	 both	monomers;	 Na2TA	 and	 sodium	17	

acetate	 was	 evident	 as	 indicated	 by	 increased	 CDW	with	 increasing	 carbon	 supplied	18	

(Figure	3.14).	The	highest	recorded	CDWs	of	0.96	g/L	and	0.90	g/L	were	achieved	when	19	

1.95	gC/L	was	supplied	sourced	 from	20	mM	Na2TA	and	a	mixture	of	10	mM	Na2TA	&	20	

40	mM	sodium	acetate	respectively.	CDWs	of	0.45	g/L	and	0.4	g/L	were	recorded	where	21	

10	mM	Na2TA	and	40	mM	sodium	acetate	were	supplied	respectively,	half	of	what	was	22	

achieved	when	1.95	gC/L	was	supplied.	No	growth	was	recorded	when	81	mM	sodium	23	

acetate	was	 supplied	 as	 the	 sole	 source	 of	 carbon	 and	 energy,	 indicating	 that	 sodium	24	

acetate	at	this	concentration	is	inhibitory	to	P.	umsongensis	GO16.	25	
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3.11.1. Growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 disodium	1	

terephthalate	in	a	fed-batch	bioreactor	under	non-nitrogen	limiting	growth	2	

conditions	utilising	acetic	acid	for	pH	control	3	

Pseudomonas	umsongensis	GO16	is	capable	of	consuming	both	Na2TA	and	sodium	acetate	4	

as	 a	 mixed	 monomer	 substrate	 under	 shaken	 flask	 cultivation.	 Acetic	 acid	 is	 waste	5	

resource	from	the	petrochemical	and	chemical	industries	(Patil	and	Kulkarni,	2014)	and	6	

was	investigated	for	its	utility	as	a	co-substrate	under	non-nitrogen	limiting	solid	Na2TA	7	

fed-batch	 bioreactor	 cultivation	 conditions	 whilst	 employing	 6	 M	 acetic	 acid	 for	 pH	8	

control	as	previously	described	(section	2.8.3).		9	

	10	

	11	
Figure	 3.15.	 Growth	 of	 Pseudomonas	 umsongensis	 GO16	 on	 minimal	 salts	 medium	12	
(MSMFedbatch)	 initially	 supplemented	 with	 20	 mM	 (4.2	 g/L)	 disodium	 terephthalate	13	
(Na2TA)	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	Further	solid	20	mM	Na2TA	14	
additions	via	a	DO	stat	pulse	feeding	regime	were	supplied.	pH	was	controlled	via	6	M	15	
acetic	acid	additions	dependent	on	pH	control	parameters.	The	figure	shows	a)	biomass	16	
accumulation	(CDW;	g/L;	■)	and	b)	acetic	acid	supplied	(g/L;	●).	Error	bars	represent	the	17	
standard	deviation	of	two	biological	replicates.		18	
	19	

After	26	h	of	cultivation	under	non	limiting	conditions	a	final	maximum	biomass	20	

of	28.9	g/L	was	achieved	(Figure	3.15a).	A	1.9-fold	increase	in	final	CDW	compared	to	21	

Na2TA	as	the	sole	source	of	carbon	and	energy	(Figure	3.3).	However,	a	specific	a	growth	22	

rate	(μ)	of	0.23	h-1	recorded,	an	approximate	1.5-fold	decrease	comparable	to	what	was	23	

seen	under	batch	and	fed-batch	operation	(Figures	3.2	&	3.3).	Furthermore,	similar	to	24	

Figure	 3.3,	 a	 5-fold	 reduction	 in	 growth	 rate	 is	 still	 observed	 during	 the	 final	 6	h	 of	25	

cultivation,	 likely	 a	 result	 of	 Na+	 accumulation	 inside	 the	 bioreactor,	 reaching	 a	 final	26	

concentration	of	440	mM.	A	total	of	220	mM	Na2TA	and	1.38	M	(82.8	g/L)	acetic	acid	was	27	
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supplied	to	the	bioreactor	with	no	acetic	acid	accumulation	detected	during	the	course	of	1	

the	bioprocess,	indicating	the	co-utilisation	of	both	monomers.		2	

While	the	use	of	acetic	acid	was	demonstrate	to	improve	biomass	production	as	3	

evidenced	in	Figure	3.15a,	the	use	of	acetic	acid	as	a	co-feeding	regime	did	not	improve	4	

Na2TA	consumption,	and	a	decrease	 in	growth	rate	was	still	evident	as	 the	bioprocess	5	

progressed,	likely	as	a	result	of	Na+	accumulation	inside	the	bioreactor.	6	

	7	

3.12. Adaptive	 laboratory	 evolution	 of	 Pseudomonas	 umsongensis	 GO16	 for	8	

improved	sodium	tolerance	when	grown	on	Na2TA	9	

Adaptive	laboratory	evolution	(ALE)	was	carried	out	on	Pseudomonas	umsongensis	GO16	10	

in	an	effort	to	improve	its	tolerance	to	elevated	concentrations	of	Na+	(section	2.7.1).			11	

Firstly,	the	tolerance	of	P.	umsongensis	GO16	to	increasing	concentrations	of	Na+	12	

was	 assessed	 using	 sodium	 sulfate	 (Na2SO4)	 as	 the	Na+	 source	 in	 order	 to	 identify	 an	13	

appropriate	starting	Na2SO4	concentration	with	which	to	begin	ALE	(Figure	3.13a).	The	14	

growth	of	P.	umsongensis	GO16	was	carried	out	as	previously	described	(section	2.2.5).	15	

Flasks	were	supplemented	with	20	mM	(4.2	g/L)	Na2TA	as	the	sole	source	of	carbon	and	16	

energy,	and	a	 further	addition	of	 increasing	concentrations	of	Na2SO4	were	made:	160	17	

mM,	180	mM,	200	mM,	240	mM,	280	mM,	300	mM,	350	mM,	400	mM	&	450	mM.	18	

	19	

	20	

	21	

	22	

	23	

	24	

	25	

	26	
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	1	
Figure	3.16.	a)	Optical	density	measurements	(OD540)	of	Pseudomonas	umsongensis	GO16	2	
(wild	 type)	 on	 minimal	 salts	 medium	 (MSMfull)	 supplemented	 with	 20	 mM	 (4.2	 g/L)	3	
disodium	terephthalate	(Na2TA)	and	the	following	increasing	concentrations	of	sodium	4	
sulfate	 (Na2SO4):	 0	mM	 (×),	 200	 mM	 (△)	 ,	 240	 mM	 (●),	 280	mM	 (■),	 300	 mM	 (▲),	5	
350	mM	(□),	 400	mM	 (○)	 &	 450	 	mM		 (◆)	 at	 30°C	 and	 200	 rpm	 for	 24	 h.	 Error	 bars	6	
represent	 the	 standard	deviation	of	 three	biological	 replicates.	b)	Adaptive	 laboratory	7	
evolution	was	carried	out	in	duplicate	incubations	in	parallel.		OD540	measurements	and	8	
re-inoculation	timepoints	of	P.	umsongensis		GO16	in	250	ml	Erlenmeyer	flasks	containing	9	
minimal	salts	medium	(MSMfull)	supplemented	with	20	mM	(4.2	g/L)	Na2TA	and	450	mM	10	
sodium	sulfate	(Na2SO4)	at	30°C	and	200	rpm.		11	
	12	

P.	 umsongensis	 GO16	 when	 cultivated	 in	 the	 presence	 of	 450	 mM	 Na2SO4	13	

demonstrated	 a	 clear	 inhibition	 of	 growth,	 demonstrating	 lowest	 OD540	 under	 shaken	14	

flask	 cultivation	 with	 an	 optical	 density	 reading	 of	 OD540	 0.9	 after	 24	 h	 incubation	15	

(Figure	3.16a).	 450	mM	Na2SO4	was	 subsequently	 selected	 as	 the	 concentration	with	16	

which	 to	 carry	 out	 	 ALE	 of	P.	 umsongensis	 GO16	 for	 improved	 Na+	 tolerance	 (Figure	17	

3.16b).	18	

ALE	 was	 carried	 out	 as	 previously	 described	 in	 section	 2.7.1.	 Growth	 of	19	

P.	umsongensis	GO16	was	observed	24	h	after	the	initial	inoculation	reaching	an	OD540	of	20	

0.6	±	0.02	(Figure	3.16b).	This	is	likely	due	to	the	3-fold	higher	starting	OD540	on	day	0	21	

compared	to	OD540	0.02	on	day	1.	After	re-inoculation	 into	 fresh	media,	no	 increase	 in	22	

visual	turbidity	was	observed	after	6	days	of	incubation.	After	7	days	a	visible	increase	in	23	

turbidity	 was	 observed	 overnight	 in	 flask	 1	 where	 an	 OD540	 of	 1.2	 was	 recorded.	 No	24	

growth	was	observed	in	flask	2.	Therefore,	two	fresh	250	ml	Erlenmeyer	flasks	containing	25	

the	 same	media	 were	 inoculated	 from	 flask	 1	 and	 incubated	 under	 the	 same	 growth	26	

conditions.	 Overnight	 growth	 was	 subsequently	 observed	 in	 both	 flasks,	 reaching	 an	27	



	 90	

OD540	of	3.26	±	0.03	(Figure	3.16b,	day	9).	A	further	re-inoculation	incubation	yielded	1	

the	same	final	OD540	in	both	flasks	24	h	(Figure	3.13b,	day	10).	2	

	 In	order	to	confirm	the	evolution	of	P.	umsongensis	GO16	ALE	for	improved	Na+	3	

tolerance,	 growth	 experiments	 were	 carried	 out	 as	 previously	 described	 under	 non-4	

nitrogen	 limiting	growth	conditions	 (section	2.2.5)	 supplemented	with	20	mM	Na2TA	5	

and	450	mM	Na2SO4	(900	mM	Na+)	(Table	3.2).	The	pre-inoculum	of	both	strains	were	6	

incubated	in	MSMfull	supplemented	with	20	mM	Na2TA	only,	to	ensure	sufficient	overnight	7	

growth	of	the	pre-inoculum	culture	for	both	the	wild	type	GO16	and	the	adapted	strain.	8	

	9	

Table	3.2.	Optical	density	(OD540)	readings	of	Pseudomonas	umsongensis	GO16	WT	(wild	10	
type)	and	GO16	ALE	grown	in	250	ml	Erlenmeyer	flasks	containing	50	ml	minimal	salts	11	
medium	(MSMfull)	supplemented	with	20	mM	(4.2	g/L)	disodium	terephthalate	(Na2TA)	12	
and	 450	 mM	 sodium	 sulfate	 (Na2SO4)	 (900	 mM	 Na+)	 at	 30°C	 and	 200	 rpm.	 Error	13	
represents	the	standard	deviation	of	two	biological	replicates.		14	
Pseudomonas	strain	 Optical	density	readings	(OD540)	

Time	(h)	
	 0	 24	 30	
GO16	WT	(wild	type)	 0.01	±	0	 0.03	±	0.01	 0.04	±	0.01	
GO16	ALE	 0.01	±	0	 0.29	±	0.02	 1.14	±	0.01	
	15	

Growth	 of	 P.	 umsongensis	 GO16	 ALE	 was	 observed	 after	 24	 h	 of	 incubation	16	

reaching	an	OD540	of	0.29,	a	10-fold	improvement	in	growth	compared	to	the	wild	type,	17	

with	further	growth	to	a	final	OD540	of	1.14	after	30	h	of	incubation.	No	growth	under	the	18	

same	 culture	 conditions	 was	 recorded	 by	 the	 wild	 type,	 subsequently	 confirming	19	

P.	umsongensis	GO16	ALE’s	improved	tolerance	to	elevated	Na+	concentrations.	20	

	21	

3.13. Growth	 of	Pseudomonas	 umsongensis	 GO16	ALE	 in	 a	 fed-batch	 bioreactor	22	

under	non-nitrogen	limiting	growth	conditions	23	

The	growth	of	P.	umsongensis	GO16	ALE	when	cultivated	on	Na2TA	as	the	sole	source	of	24	

carbon	 and	 energy	 via	 a	 solid	 pulse	 feeding	 regime	 under	 non-nitrogen	 limiting	25	

conditions	was	analysed	as	previously	described	(section	2.8.3).		26	

	27	
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	1	
Figure	3.17.	Growth	and	nitrogen	consumption	of	Pseudomonas	umsongensis	GO16	ALE	2	
on	 minimal	 salts	 medium	 (MSMFedbatch)	 initially	 supplemented	 with	 20	 mM	 (4.2	 g/L)	3	
disodium	terephthalate	(Na2TA)	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	4	
Further	solid	20	mM	Na2TA	additions	via	a	DO	stat	pulse	feeding	regime	were	supplied.	5	
The	figure	shows	biomass	accumulation	(CDW;	g/L;	▲),	nitrogen	utilisation	(g/L;	◆)	and	6	
pulse	 feed	 times	of	Na2TA	(h;	○).	Error	bars	represent	 the	standard	deviation	of	 three	7	
biological	replicates.	8	
	9	

After	cultivating	P.	umsongensis	GO16	ALE	for	28	h,	a	final	biomass	of	11.75	g/L	10	

was	 achieved,	 1.3-fold	 lower	 compared	 to	 the	 wild	 type	 under	 the	 same	 operating	11	

conditions	and	time	period	(Figure	3.3).	An	initial	growth	rate	of	0.24	h-1	was	recorded,	12	

1.6-fold	 lower	 compared	 to	 the	 wild	 type	 under	 the	 same	 conditions	 (Figure	 3.3).	13	

Furthermore,	a	reduction	in	specific	growth	rate	as	the	fermentation	progressed	was	still	14	

observed	when	cultivating	P.	umsongensis	GO16	ALE.	From	8	h	to	20	h	a	2-fold	reduction	15	

in	growth	rate	to	0.12	h-1	was	evident,	as	was	seen	during	the	cultivation	of	the	wild	type	16	

under	the	same	conditions	(Figure	3.3	&	S.I	figure	6).		17	

A	total	of	180	mM	(37.8	g/L)	Na2TA	was	consumed,	a	1.5-fold	decreased	compared	18	

the	 wild	 type	 during	 the	 same	 time	 period.	 A	 yield	 of	 0.31	gCDW/gNa2TA	 was	 achieved	19	

compared	to	0.26	gCDW/gNa2TA	achieved	in	solid	fed-batch	fermentation	experiments	by	20	

the	wild	type	(Figure	3.3).	However,	the	total	consumption	of	Na2TA	by	P.	umsongensis	21	

GO16	ALE	was	1.5-fold	lower	over	the	same	time	period,	and	therefore	the	higher	yield	is	22	

likely	due	to	reduced	stress	associated	with	lower	Na+	concentrations	due	to	fewer	Na2TA	23	

feeds.		24	
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Even	 though	 the	 adaptive	 laboratory	 evolution	 of	 P.	 umsongensis	 GO16	1	

demonstrated	 its	 improved	 tolerance	of	elevated	Na+	 concentrations	of	up	 to	900	mM	2	

under	 shaken	 flask	cultivation	 (Table	3.2),	 a	 reduction	 in	growth	rate	by	 the	adapted	3	

strain	 was	 still	 evident.	 Further	 investigation	 into	 the	 reason	 behind	 this	 observed	4	

discrepancy	 is	 required,	 such	 as	 a	 comparative	 analysis	 into	 the	 proteome	 of	5	

P.	umsongensis	GO16	under	both	shaken	flask	and	bioreactor	cultivation	conditions	may	6	

help	explain	the	varying	impact	of	the	ALE	experiment	observed.	7	

	8	

	9	

	10	

	11	

	12	

	13	

	14	

	15	

	16	

	17	

	18	

	19	

	20	

	21	

	22	

	23	

	24	

	25	

	26	

	27	

	28	

	29	

	30	

	31	

	32	

	33	
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	4	

	5	

	6	

	7	

	8	

	9	

	10	

	11	

	12	

	13	

	14	

4. Growth	of	Pseudomonas	umsongensis	GO16	on	15	

enzymatically	hydrolysed	PET	16	

	17	

Results	presented	in	this	chapter	were	part	of	a	larger	study	that	is	available	as	a	preprint	18	

in	BioRxiv	(Tiso	et	al.,	2020).	19	
TISO,	T.,	NARANCIC,	T.,	WEI,	R.,	POLLET,	E.,	BEAGAN,	N.,	SCHRÖDER,	K.,	HONAK,	A.,	 JIANG,	M.,	20	
KENNY,	S.	T.,	WIERCKX,	N.,	PERRIN,	R.,	AVÉROUS,	L.,	ZIMMERMANN,	W.,	O’CONNOR,	K.	&	BLANK,	21	
L.	M.	2020.	Bio-upcycling	of	polyethylene	terephthalate.	bioRxiv,	2020.03.16.993592.	22	

	23	

	24	

	25	

	26	

	27	

	28	

	29	

	30	

	31	

	32	
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The	utilisation	of	 cheap	waste	 resources	as	a	 substrate	 for	microbial	 growth	and	PHA	1	

accumulation	has	become	of	increased	focus	in	the	literature	in	recent	years	with	the	view	2	

to	 reduce	 costs	 associated	 with	 PHA	 production,	 since	 up	 to	 50%	 of	 the	 PHA	3	

manufacturing	costs	can	be	attributed	to	the	chosen	substrate	(Mozejko-Ciesielska	and	4	

Kiewisz,	2016).	Secondly,	if	waste	can	be	converted	into	value	added	products,	it	may	be	5	

viewed	as	a	valuable	resource	rather	than	a	waste	product	and	losses	associated	with	end	6	

of	life	treatment	may	be	offset	(Tsang	et	al.,	2019).	In	addition,	the	enzymatic	hydrolysis	7	

of	polyethylene	terephthalate	(PET)	that	degrades	this	polymer	into	monohydroxyethyl	8	

terephthalate	(MHET),	terephthalic	acid	(TA)	and	ethylene	glycol	(EG)	came	into	research	9	

focus	 as	 a	 potential	 opportunity	 for	 opening	 up	 alternative	 sustainable	 routes	 for	10	

recovering	value	from	PET	plastic	waste	(Wei	et	al.,	2014,	Barth	et	al.,	2015,	Wei	et	al.,	11	

2016,	Austin	et	al.,	2018,	Wei	and	Zimmermann,	2017).			12	

The	capacity	of	Pseudomonas	umsongensis	GO16	to	grow	with	TA	as	a	disodium	13	

salt	(Na2TA),	sourced	either	as	a	pure	chemical	or	via	pyrolysis	(Kenny	et	al.,	2008),	as	a	14	

sole	source	of	carbon	and	energy	and	convert	it	to	PHA	has	been	demonstrated	previously	15	

and	as	part	of	this	work.		The	conversion	of	EG	as	a	sole	carbon	and	energy	substrate	to	16	

32%	PHA	was	 shown	 in	 a	metabolically	 engineered	P.	 putida	 KT2440	 (Franden	 et	 al.,	17	

2018).	 	 While	 the	 conversion	 of	 single	 PET	 monomers	 into	 PHA	 is	 a	 significant	18	

achievement,	a	bioprocess	that	would	allow	the	conversion	of	mixed	monomers	into	PHA	19	

would	represent	an	interesting	alternative	to	PET	recycling,	in	which	PET	would	be	up-20	

cycled	to	biodegradable	plastic.	21	

	 The	ability	of	P.	umsongensis	GO16	to	utilise	either	synthetic	mixture	of	Na2TA	and	22	

EG,	or	PET	hydrolysate	obtained	by	enzymatic	degradation,	under	nitrogen	non-limiting	23	

and	nitrogen	limiting	i.e.	PHA	accumulating	conditions	was	studied,	under	shaken	flask	24	

and	batch	bioreactor	cultivation	conditions.	Additionally,	Pseudomonas	umsongensis	KS3	25	

a	strain	derived	from	P.	umsongensis	GO16	via	adaptive	laboratory	evolution	for	improved	26	

EG	consumption	was	analysed.		27	

	28	

4.1. Batch	bioreactor	cultivation	of	Pseudomonas	umsongensis	GO16	on	a	synthetic	29	

mixture	 of	 disodium	 terephthalate	 and	 ethylene	 glycol	 without	 nitrogen	30	

limitation	31	

While	the	ability	of	P.	umsongensis	GO16	to	consume	Na2TA	and	convert	it	to	PHA	was	32	

demonstrated	previously,	the	growth	with	EG	was	not	analysed.		In	order	to	assess	the	33	
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growth	 of	 P.	 umsongensis	 GO16	 and	 its	 substrate	 utilisation	 characteristics	 when	 a	1	

synthetic	mixture	of	Na2TA	and	EG	was	used,	an	equimolar	mixture	of	Na2TA	and	EG	was	2	

supplied	 mimicking	 enzymatically	 hydrolysed	 PET	 under	 non-nitrogen	 limiting	 batch	3	

bioreactor	 conditions	 as	 previously	 described	 (section	 2.8.2),	 however	 the	 starting	4	

nitrogen	 concentration	 was	 doubled	 to	 account	 for	 the	 increase	 in	 total	 carbon	5	

concentration	of	microbial	substrate.	6	

	7	

	8	
Figure	4.1.	Growth	and	 substrate	 consumption	of	Pseudomonas	umsongensis	GO16	on	9	
minimal	salts	medium	(MSMfull)	supplemented	with	an	equimolar	synthetic	mixture	of	10	
Na2TA	and	EG	to	a	final	concentration	of	40	mM	(8.4	g/L	Na2TA,	2.48	g/L	EG),	mimicking	11	
enzymatically	hydrolysed	PET,	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	The	12	
figure	 shows	biomass	accumulation	 (CDW;	g/L;	▲),	Na2TA	utilisation	 (g/L;	●)	and	EG	13	
utilisation	 (g/L;	 ■).	 Error	 bars	 represent	 the	 standard	 deviation	 of	 two	 biological	14	
replicates.	15	
	16	

After	 24	 h	 of	 cultivation	 without	 any	 limitation,	 both	 Na2TA	 and	 EG	 were	17	

completely	depleted	and	a	final	CDW	of	3.6	g/L	was	achieved,	resulting	in	a	total	yield	of	18	

0.33	gCDW/g	substrate.	P.	umsongensis	GO16	showed	preferential	utilisation	of	Na2TA	over	19	

EG	with	utilisation	of	EG	beginning	after	complete	degradation	of	Na2TA	(Figure	4.1).	20	

After	 Na2TA	 was	 completely	 depleted	 (10	 h)	 a	 lag	 period	 of	 approximately	 5	 h	 was	21	

observed	prior	to	commencement	of	EG	depletion.		After	10	h	of	cultivation	the	biomass	22	

was	3.2	g/L	CDW,	resulting	in	a	yield	of	0.38	gCDW/gNa2TA	which	is	comparable	to	what	was	23	

achieved	in	previous	batch	fermentation	experiments	when	Na2TA	was	used	as	the	sole	24	
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source	of	carbon	and	energy	(section	3.2;	Figure	3.2).	The	utilisation	of	EG	started	at	1	

around	 15	 h	 of	 cultivation,	 finally	 resulting	 in	 additional	 0.4	 g/L	 CDW,	 and	 a	 yield	 of	2	

0.2	gCDW/gEG.	 A	 maximum	 specific	 growth	 rate	 (μ)	 of	 0.37	 h-1	 and	 a	 specific	 Na2TA	3	

utilisation	 rate	 of	 0.97	 gNa2TA/gCDW/h	 was	 observed	 during	 growth	 with	 Na2TA,	4	

comparable	to	previous	batch	fermentation	with	Na2TA	as	the	sole	source	of	carbon	and	5	

energy	 (section	 3.2;	 Figure	 3.2).	 A	 15-fold	 lower	 maximum	 specific	 growth	 rate	 of	6	

0.024	h-1	and	a	specific	EG	utilisation	rate	of	0.12	gEG/gCDW/h	was	recorded	during	growth	7	

with	EG	compared	to	Na2TA.	8	

	9	

4.1.1. Batch	 bioreactor	 cultivation	 of	 Pseudomonas	 umsongensis	 GO16	 on	 a	10	

synthetic	mixture	of	disodium	terephthalate	and	ethylene	glycol	under	PHA	11	

accumulating	conditions	12	

To	assess	PHA	accumulating	ability	of	P.	umsongensis	GO16	with	a	synthetic	mixture	of	13	

Na2TA	and	EG,	 the	experiments	were	carried	out	under	nitrogen	 limited	conditions	as	14	

previously	described	(section	2.8.2),	however	the	starting	nitrogen	concentration	was	15	

doubled	to	account	for	the	increase	in	total	carbon	concentration	of	microbial	substrate.	16	

As	in	the	previous	experiment,	an	equimolar	mixture	of	Na2TA	and	EG	was	supplied	to	a	17	

final	concentration	of	40	mM	each	(8.4	g/L	Na2TA,	2.48	g/L	EG).	NaOH	was	chosen	as	the	18	

base	for	pH	control	in	order	to	prevent	further	nitrogen	additions	to	the	bioreactor.	19	

	20	

	21	

	22	

	23	
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	1	
Figure	4.2.	Growth	and	PHA	accumulation	of	Pseudomonas	umsongensis	GO16	on	minimal	2	
salts	media	(MSMlim)	supplemented	with	an	equimolar	synthetic	mixture	of	Na2TA	and	EG	3	
to	a	final	concentration	of	40	mM	(8.4	g/L	Na2TA,	2.48	g/L	EG),	mimicking	enzymatically	4	
hydrolysed	PET,	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	The	figure	shows	5	
a)	 biomass	 accumulation	 (CDW;	 g/L;	 ▲),	 nitrogen	 utilisation	 (g/L;	 ◆)	 and	 PHA	6	
accumulation	(g/L;	■)	b)	disodium	terephthalate	(Na2TA;	●)	and	ethylene	glycol	(EG;	×)	7	
utilisation.	Error	bars	represent	the	standard	deviation	of	two	biological	replicates.	8	
	9	

With	 nitrogen	 limitation,	 after	 22	 h	 of	 cultivation	 a	 final	 CDW	 of	 1.5	 g/L	 was	10	

achieved	 (Figure	 4.2a).	 This	 is	 a	 2-fold	 decrease	 compared	 to	 cultivation	 of	11	

P.	umsongensis	 GO16	 under	 non-limiting	 conditions	 (Figure	 4.1).	 Nitrogen	 was	12	

completely	 exhausted	 by	 8	 h,	 leading	 to	 the	 onset	 of	 PHA	 accumulation.	 A	 total	 PHA	13	

content	 of	 0.13	 g/L	 (9%	 CDW)	 was	 achieved.	 A	 specific	 consumption	 rate	 of	14	

0.86	gNa2TA/gCDW/h	was	observed	after	nitrogen	depletion	(Figure	4.2b),	with	complete	15	

Na2TA	utilisation	 occurring	within	 12	 h.	 	However,	 no	EG	 consumption	was	 observed	16	

when	 nitrogen	 limitation	 was	 applied	 (Figure	 4.2a),	 suggesting	 that	 while	 EG	 can	17	
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contribute	to	the	growth,	it	doesn’t	contribute	to	PHA	accumulation.		The	physiological	1	

reason	for	this	will	have	to	be	determined.		The	medium	chain	length	PHA	produced	by	2	

P.	umsongensis	GO16	from	the	equimolar	synthetic	mixture	of	Na2TA	and	EG	consisted	of	3	

C10	(53	mol%),	C8	(25	mol%)	and	C12	(24	mol%)	(Table	4.1).	4	

	5	

4.1.2. Batch	 bioreactor	 cultivation	 of	 Pseudomonas	 umsongensis	 GO16	 on	6	

enzymatically	hydrolysed	PET	under	PHA	accumulating	growth	conditions	7	

The	utility	of	enzymatically	hydrolysed	PET	as	a	viable	microbial	 feedstock	for	growth	8	

and	PHA	production	by	P.	umsongensis	GO16	was	explored	under	nitrogen	limited,	batch	9	

bioreactor	cultivation	conditions.	Hydrolysed	PET	was	prepared	as	previously	described	10	

in	section	2.1.2.	Hydrolysed	PET	was	supplied	to	the	bioreactor	to	final	concentration	of	11	

40	mM	Na2TA	and	EG	(8.4	g/L	Na2TA,	2.48	g/L	EG).	The	experiments	were	carried	out	12	

under	nitrogen	limited	conditions	as	previously	described	(section	2.8.2),	however	the	13	

starting	nitrogen	concentration	was	doubled	to	account	for	the	increase	in	total	carbon	14	

concentration	of	microbial	substrate.	NaOH	was	chosen	as	the	base	for	pH	control	in	order	15	

to	prevent	further	nitrogen	additions	to	the	bioreactor.	16	

	17	

	18	

	19	
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	1	
Figure	4.3.	Growth	and	PHA	accumulation	of	Pseudomonas	umsongensis	GO16	on	minimal	2	
salts	 medium	 (MSMlim)	 supplemented	 with	 enzymatically	 hydrolysed	 PET	 to	 a	 final	3	
equimolar	concentration	of	40	mM	Na2TA	and	EG	(8.4	g/L	Na2TA,	2.48	g/L	EG)	under	4	
nitrogen	limiting	conditions,	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	The	5	
figure	shows	a)	biomass	accumulation	(CDW;	g/L;	▲),	nitrogen	utilisation	(g/L;	◆)	and	6	
PHA	accumulation	(g/L;	■)	b)	disodium	terephthalate	(Na2TA;	●)	and	ethylene	glycol	(EG;	7	
×)	utilisation.	Error	bars	represent	the	standard	deviation	of	two	biological	replicates.		8	
	9	

	 When	hydrolysed	PET	was	used	as	a	feedstock,	a	final	CDW	of	1.6	g/L	was	achieved	10	

after	23	h	of	cultivation	(Figure	4.3a).	This	was	similar	to	the	biomass	achieved	when	the	11	

corresponding	synthetic	mixture	of	Na2TA	and	EG	was	used	(Figure	4.2a).	Nitrogen	was	12	

completely	exhausted	by	9	h,	 resulting	 in	 the	onset	of	PHA	accumulation.	A	 total	PHA	13	

content	 of	 approximately	 0.1	 g/L	 (7%	 CDW)	was	 achieved	 (Figure	 4.3a),	 which	was	14	

comparable	to	the	PHA	level	accumulated	from	the	synthetic	monomer	mixture	(Figure	15	

4.2a).	 A	 specific	 consumption	 rate	 of	 0.66	 gNa2TA/gCDW/h	 Na2TA	 was	 observed	 after	16	

nitrogen	exhaustion	(Figure	4.3b),	1.3-fold	lower	compared	to	the	synthetic	monomer	17	

mixture	(Figure	4.2b)	with	complete	Na2TA	exhaustion	occurring	within	15	h.		The	only	18	
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striking	 difference	 was	 the	 utilisation	 of	 EG	 after	 nitrogen	 depletion.	 A	 specific	 EG	1	

consumption	 rate	 of	 0.06	 gEG/gCDW/h	 was	 observed,	 2-fold	 lower	 compared	 to	 non-2	

limiting	 conditions	 (Figure	 4.1),	 and	 total	 consumption	 of	 0.91	g/L	 EG	was	 achieved	3	

within	23	h	of	 cultivation.	The	medium	chain	 length	PHA	produced	by	P.	umsongensis	4	

GO16	from	enzymatically	hydrolysed	PET	consisted	of	C10	(61	mol%),	C12	(24	mol%)	and	5	

C8	(15	mol%)	(Table	4.1).	6	

	7	

4.2. Growth	of	Pseudomonas	umsongensis	KS3	on	a	synthetic	mixture	of	disodium	8	

terephthalate	and	ethylene	glycol	under	PHA	accumulating	growth	conditions	9	

To	improve	the	EG	consumption	by	P.	umsongensis	GO16	adaptive	laboratory	evolution	10	

was	performed	by	our	partners	in	RWTH	Aachen	University,	as	previously	described	in	11	

section	2.7.2.		The	strain	with	improved	growth	on	EG	was	named	P.	umsongensis	KS3.		12	

Firstly,	 shaken	 flask	 experiments	 were	 conducted	 as	 previously	 described	13	

(section	2.2.5)	under	non	nitrogen	limiting	growth	conditions	to	assess	the	growth	of	14	

P.	umsongensis	 KS3	when	 cultivated	 on	 an	 equimolar	 synthetic	mixture	 of	monomers	15	

Na2TA	and	EG,	and	the	growth	was	compared	to	the	wild-type	GO16.		16	

	17	

	18	
Figure	4.4.	Growth	of	Pseudomonas	umsongensis	GO16	&	KS3	in	250	ml	Erlenmeyer	flasks	19	
under	 non-limited	 conditions	 containing	 50	 ml	 minimal	 salts	 medium	 (MSMfull),	20	
supplemented	 with	 a	 equimolar	 synthetic	 mixture	 of	 20	mM	 Na2TA	 and	 EG	 (4.2	 g/L	21	
Na2TA,	1.24	g/L	EG)	mimicking	enzymatically	hydrolysed	PET.	Flasks	were	incubated	at	22	
30°C	and	200	rpm	for	24	h.	The	 figure	shows	a)	biomass	accumulation	(CDW;	g/L)	of	23	
P.	umsongensis	 GO16	 (▲)	 and	 P.	 umsongensis	 KS3	 (×),	 b)	 Na2TA	 (g/L)	 utilisation	 by	24	
P.	umsongensis	 GO16	 (△)	 and	 P.	 umsongensis	 KS3	 (□),	 EG	 (g/L)	 utilisation	 by	25	
P.	umsongensis	GO16	(○)	and	P.	umsongensis	KS3	(◇).	Error	bars	represent	the	standard	26	
deviation	of	three	biological	replicates.	27	
	28	
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After	 a	 cultivation	 time	 of	 24	 h	 under	 non-limiting	 conditions,	 a	 final	 CDW	 of	1	

0.9	g/L	was	 achieved	 by	P.	 umsongensis	 GO16	 (Figure	 4.4a).	 Complete	 exhaustion	 of	2	

Na2TA	occurred	within	24	h	(Figure	4.4b),	displaying	a	growth	rate	of	0.32	h-1.	No	EG	3	

utilisation	 was	 observed,	 unlike	 what	 was	 seen	 under	 batch	 bioreactor	 cultivation	4	

(Figure	4.1).	Meanwhile,	P.	umsongensis	KS3	achieved	a	1.6-fold	lower	CDW	of	0.55	g/L	5	

(Figure	4.4a).	Furthermore,	incomplete	Na2TA	utilisation	was	recorded	after	24	h,	with	6	

1.5	g/L	Na2TA	remaining,	accounting	for	the	reduced	CDW	compared	to	P.	umsongensis	7	

GO16.	A	1.7-fold	lower	specific	growth	rate	of	0.19	h-1	was	recorded	by	P.	umsongensis	8	

KS3	under	the	tested	conditions.	No	EG	consumption	was	observed	either.	9	

Both	 	P.	umsongensis	 GO16	and	KS3	were	 subsequently	 assessed	under	 shaken	10	

flask	cultivation	conditions	for	the	biomass	(CDW)	and	PHA	accumulation	under	nitrogen	11	

limiting	conditions.	Synthetic	Na2TA	and	EG	monomers	were	supplied	as	a	single	carbon	12	

and	energy	source	to	a	final	concentration	of	20	mM	Na2TA,	or	83	mM	EG,	or	an	equimolar	13	

mixture	of	16	mM	Na2TA	and	EG,	mimicking	the	ratio	found	in	enzymatically	hydrolysed	14	

PET.	The	carbon	concentration	was	normalised	to	1.95	g/L	across	all	flasks	in	order	to	15	

maintain	a	carbon-to-nitrogen	ratio	of	30:1	and	ensure	comparability	across	substrates	16	

tested	(Figure	3.1)	as	previously	described	in	section	2.2.4.	Biomass	(cell	dry	weight;	17	

CDW)	accumulation	and	PHA	content	were	assessed	as	previously	described	(sections	18	

2.3.1	&	2.3.2).		19	

	20	

	21	

	22	

	23	

	24	
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	1	
Figure	4.5.	Growth	and	PHA	accumulation	of	Pseudomonas	umsongensis	GO16	&	KS3	in	2	
250	ml	 Erlenmeyer	 flasks	 containing	 50	 ml	 minimal	 salts	 medium	 (MSMlim)	3	
supplemented	with	20	mM	(4.2	g/L)	disodium	terephthalate	(Na2TA),	a	mixture	of	16	mM	4	
(3.4	g/L)	Na2TA	and	16	mM	(1	g/L)	ethylene	glycol	(EG)	mimicking	the	ratio	 found	 in	5	
enzymatically	hydrolysed	PET,	and	5.1	g/L	(82	mM)	EG	ensuring	a	carbon	concentration	6	
of	1.95	gc/L	across	all	flasks.	Flasks	were	incubated	at	30°C	and	200	rpm	for	48	h.	The	7	
figure	shows	biomass	accumulation	(CDW;	g/L,	black	bars)	and	PHA	accumulation	(g/L,	8	
dark	grey	bars)	 for	P.	umsongensis	GO16,	and	biomass	accumulation	(CDW;	g/L,	white	9	
bars)	and	PHA	accumulation	 (g/L,	 light	grey	bars)	 for	 	P.	umsongensis	KS3.	Error	bars	10	
represent	the	standard	deviation	of	three	biological	replicates.	11	
	12	

After	48	h	of	cultivation,	the	CDW	and	PHA	content	of	P.	umsongensis	GO16	and	13	

KS3	were	comparable	when	Na2TA	was	the	sole	source	of	carbon	and	energy	(Figure	4.5),	14	

with	both	strains	achieving	0.68	g/L	CDW	and	approximately	0.16	g/L	PHA	(24%	CDW).	15	

However,	when	cultivated	on	an	equimolar	mixture	of	Na2TA	and	EG,	a	1.2-fold	increase	16	

in	CDW	of	0.67	 g/L	was	observed	by	P.	 umsongensis	 KS3	 compared	 to	P.	 umsongensis	17	

GO16.	A	PHA	content	of	0.1	g/L	(16%	CDW)	was	recorded	by	P.	umsongensis	KS3	under	18	

the	 tested	 conditions	 compared	 to	 0.06	 g/L	 (11%	 CDW)	 by	 P.	 umsongensis	 GO16.	19	

P.	umsongensis	KS3	achieved	an	identical	CDW	when	cultivated	on	an	equimolar	mixture	20	

of	Na2TA	and	EG	to	when	Na2TA	was	the	sole	source	of	carbon	and	energy.	However,	a	21	

1.5-fold	 decrease	 in	 PHA	 (%	 CDW)	was	 recorded.	 No	 growth	was	 observed	 by	 either	22	

strain	 when	 EG	 was	 used	 as	 the	 sole	 source	 of	 carbon	 and	 energy	 under	 the	 tested	23	

conditions.	24	
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4.2.1. Batch	bioreactor	cultivation	of	Pseudomonas	umsongensis	KS3	on	a	synthetic	1	

mixture	 of	 disodium	 terephthalate	 and	 ethylene	 glycol	 without	 nitrogen	2	

limitation	3	

Since	P.	umsongensis	GO16	showed	utilisation	of	both	Na2TA	and	EG	when	grown	 in	a	4	

batch	bioreactor	conditions,	we	have	assessed	the	growth	of	P.	umsongensis	KS3	and	its	5	

monomer	utilisation	characteristics	when	grown	on	a	synthetic	mixture	of	Na2TA	and	EG,	6	

under	 non	 limiting	 batch	 bioreactor	 conditions	 (Figure	 4.6)	 as	 previously	 described	7	

(section	2.8.2).	As	in	the	previous	experiments,	an	equimolar	mixture	of	Na2TA	and	EG	8	

was	supplied	to	a	final	concentration	of	40	mM	each	(8.4	g/L	Na2TA,	2.48	g/L	EG).		9	

	10	

	11	

	12	
Figure	 4.6.	 Growth	 and	 substrate	 consumption	 of	 Pseudomonas	 umsongensis	 KS3	 on	13	
minimal	salts	medium	(MSMfull)	supplemented	with	an	equimolar	synthetic	mixture	of	14	
Na2TA	and	EG	to	a	final	concentration	of	40	mM	(8.4	g/L	Na2TA,	2.48	g/L	EG),	mimicking	15	
enzymatically	hydrolysed	PET,	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	The	16	
figure	 shows	biomass	accumulation	 (CDW;	g/L;	▲),	Na2TA	utilisation	 (g/L;	●)	and	EG	17	
utilisation	 (g/L;	×).	 Error	 bars	 represent	 the	 standard	 deviation	 of	 three	 biological	18	
replicates.		19	
	20	

After	25	h	of	cultivation	in	the	presence	of	excess	nitrogen,	Na2TA	and	EG	were	21	

depleted	and	a	final	CDW	of	3.8	g/L	was	achieved	(Figure	4.6),	resulting	in	a	total	yield	22	

of	 0.35	 gCDW/g	 substrate,	 similar	 to	 P.	 umsongensis	 GO16	 under	 the	 same	 cultivation	23	

conditions	 (Figure	 4.1).	 Batch	 bioreactor	 cultivation	 saw	 complete	 utilisation	 of	 PET	24	

monomers	 which	 was	 not	 achieved	 under	 non-limited	 shaken	 flask	 cultivation	25	
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(Figure	4.4).	Incomplete	Na2TA	utilisation	was	observed	under	shaken	flask	cultivation,	1	

possibly	 due	 to	 the	 slower	 Na2TA	 utilisation	 rate	 observed,	 coupled	 with	 inefficient	2	

oxygen	transfer	under	shaken	flask	cultivation,	which	was	not	the	case	in	the	stirred	tank	3	

bioreactor.	 P.	umsongensis	 KS3	 also	 showed	 preferential	 utilisation	 of	 Na2TA	 over	 EG	4	

(Figure	 4.6),	 with	 utilisation	 of	 EG	 beginning	 after	 complete	 utilisation	 of	 Na2TA.	5	

However,	unlike	P.	umsongensis	GO16	(Figure	4.1),	no	lag	period	was	observed	prior	to	6	

the	commencement	of	EG	metabolism	(Figure	4.6).	A	specific	growth	rate	of	0.21	h-1	was	7	

achieved	 when	 utilising	 Na2TA	 under	 the	 tested	 conditions,	 as	 was	 observed	 under	8	

shaken	 flask	 cultivation	 (Figure	 4.4a),	 equating	 to	 a	 1.7-fold	 decrease	 compared	 to	9	

P.	umsongensis	 GO16	 under	 the	 same	 conditions	 (Figure	 4.1).	 Metabolism	 of	 Na2TA	10	

contributed	to	approximately	2.9	g/L	CDW,	resulting	in	a	yield	of	0.35	gCDW/gNa2TA,	1.2-11	

fold	less	compared	to	P.	umsongensis	GO16	(Figure	4.1),	and	a	specific	utilisation	rate	of	12	

0.6	 gNa2TA/gCDW/h	 Na2TA,	 1.6-fold	 lower	 than	 P.	 umsongensis	 GO16	 under	 the	 same	13	

conditions	(Figure	4.1).	A	specific	growth	rate	of	0.07	h-1	was	achieved	when	utilising	EG	14	

(Figure	 4.6),	 a	 3-fold	 increase	 compared	 to	 P.	 umsongensis	 GO16	 (Figure	 4.1).	 The	15	

consumption	of	EG	contributed	0.93	g/L	CDW,	resulting	 in	a	yield	of	0.38	gCDW/gEG,	an	16	

approximately	 2-fold	 improvement	 in	 CDW	accumulation	 compared	 to	P.	umsongensis	17	

GO16	(Figure	4.1)	and	a	specific	utilisation	rate	of	0.18	gEG/gCDW/h,	1.5-fold	higher	than	18	

P.	umsongensis	GO16	under	the	same	conditions	(Figure	4.1).	19	

	20	

4.2.2. Batch	bioreactor	cultivation	of	Pseudomonas	umsongensis	KS3	on	a	synthetic	21	

mixture	 of	 disodium	 terephthalate	 and	 ethylene	 glycol	 under	 PHA	22	

accumulating	conditions	23	

To	assess	PHA	accumulating	ability	of	P.	umsongensis	KS3	with	 a	 synthetic	mixture	of	24	

Na2TA	and	EG,	 the	experiments	were	carried	out	under	nitrogen	 limited	conditions	as	25	

previously	described	(section	2.8.2),	however	the	starting	nitrogen	concentration	was	26	

doubled	to	account	for	the	increase	in	total	carbon	concentration	of	microbial	substrate.	27	

As	in	the	previous	experiments,	an	equimolar	mixture	of	Na2TA	and	EG	was	supplied	to	a	28	

final	concentration	of	40	mM	each	(8.4	g/L	Na2TA,	2.48	g/L	EG).	NaOH	was	chosen	as	the	29	

base	for	pH	control	in	order	to	prevent	further	nitrogen	additions	to	the	bioreactor.	30	

	31	

	32	
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	1	
Figure	4.7.	Growth	and	PHA	accumulation	of	Pseudomonas	umsongensis	KS3	on	minimal	2	
salts	media	(MSMlim)	supplemented	with	an	equimolar	synthetic	mixture	of	Na2TA	and	EG	3	
to	a	final	concentration	of	40	mM	(8.4	g/L	Na2TA,	2.48	g/L	EG),	mimicking	enzymatically	4	
hydrolysed	PET,	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	The	figure	shows	5	
a)	 biomass	 accumulation	 (CDW;	 g/L;	 ▲),	 nitrogen	 utilisation	 (g/L;	 ◆)	 and	 PHA	6	
accumulation	(g/L;	■)	b)	disodium	terephthalate	(Na2TA;	●)	and	ethylene	glycol	(EG;	×)	7	
utilisation.	Error	bars	represent	the	standard	deviation	of	three	biological	replicates.	8	
	9	

Under	PHA	accumulating	conditions	KS3	achieved	a	final	CDW	of	2.3	g/L	(Figure	10	

4.7a),	a	1.5-fold	increase	when	compared	to	the	cultivation	of	P.	umsongensis	GO16	under	11	

the	same	growth	conditions	 (Figure	4.3a).	Nitrogen	was	completely	exhausted	within	12	

9	h,	leading	to	the	onset	of	PHA	accumulation.	A	1.9-fold	increase	in	PHA	reaching	17%	13	

CDW	was	recorded	compared	to	P.	umsongensis	GO16	(Figure	4.2a).	This	corresponds	to	14	

a	 total	 PHA	 content	 of	 approximately	 0.37	 g/L	 PHA,	 a	 2.8-fold	 increase	 compared	 to	15	

P.	umsongensis	 GO16	 (Figure	 4.2a).	 The	 specific	 consumption	 rate	 of	 Na2TA	 after	16	

nitrogen	 depletion	 was	 0.47	 gNa2TA/gCDW/h,	 1.7-fold	 lower	 compared	 to	 the	 Na2TA	17	
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consumption	 by	 P.	 umsongensis	 GO16	 under	 the	 same	 cultivation	 conditions	 (Figure	1	

4.2b).	 In	 this	 experiment	 the	 EG	 depletion	 started	 before	 Na2TA	 was	 completely	2	

exhausted,	and	it	appears	that	the	monomers	were	co-utilised.	The	physiological	reason	3	

for	 this	will	have	to	be	determined.	A	 total	of	2.14	g/L	EG	was	consumed	within	26	h.	4	

Unlike	the	case	with	wild-type	GO16,	where	EG	appeared	to	be	used	only	for	growth,	KS3	5	

seems	 to	 use	 EG	 in	 PHA	 accumulating	 phase,	 as	 evidenced	 from	 EG	 depletion	 after	6	

nitrogen	was	completely	exhausted.	A	specific	consumption	rate	of	0.1	gEG/gCDW/h	EG	was	7	

recorded,	 compared	 to	 no	 EG	 consumption	 by	 P.	 umsongensis	 GO16	 under	 the	 same	8	

cultivation	conditions	(Figure	4.2b).	In	addition	to	the	growth	and	substrate	utilisation	9	

differences	between	the	GO16	and	KS3	strains,	the	mclPHA	produced	by	P.	umsongensis	10	

KS3	had	slightly	higher	C12	content	at	the	expense	of	C8	monomer	compared	to	mclPHA	11	

accumulated	by	GO16	under	the	same	conditions.		The	PHA	monomer	composition	was	12	

C10	(55	mol%),	C12	(28	mol%)	and	C8	(18	mol%)	(Table	4.1).	13	

	14	

4.2.3. Batch	 bioreactor	 cultivation	 of	 Pseudomonas	 umsongensis	 KS3	 with	15	

enzymatically	hydrolysed	PET	under	PHA	accumulating	conditions	16	

With	the	aim	to	establish	a	bioprocess	for	PET	up-cycling	into	PHA	we	have	assessed	the	17	

possibility	 to	 use	 hydrolysed	 PET	 as	 a	 feedstock	 for	 growth	 and	 PHA	 production	 by	18	

P.	umsongensis	 KS3	 under	 nitrogen	 limited	 batch	 bioreactor	 cultivation	 conditions	19	

(section	2.8.2),	however	the	starting	nitrogen	concentration	was	doubled	to	account	for	20	

the	 increase	 in	 total	carbon	concentration	of	microbial	substrate.	Hydrolysed	PET	was	21	

prepared	as	previously	described	in	section	2.1.2.	Hydrolysed	PET	was	supplied	to	the	22	

bioreactor	to	final	concentration	of	40	mM	Na2TA	and	EG	(8.4	g/L	Na2TA,	2.48	g/L	EG).	23	

NaOH	was	chosen	as	the	base	for	pH	control	in	order	to	prevent	further	nitrogen	additions	24	

to	the	bioreactor.	25	

	26	

	27	
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	1	
Figure	4.8.	Growth	and	PHA	accumulation	of	Pseudomonas	umsongensis	KS3	on	minimal	2	
salts	 medium	 (MSMlim)	 supplemented	 with	 enzymatically	 hydrolysed	 PET	 to	 a	 final	3	
equimolar	 concentration	of	40	mM	Na2TA	and	EG	 (8.4	g/L	Na2TA,	2.48	g/L	EG)	under	4	
nitrogen	limiting	conditions	in	a	5	L	bioreactor	with	a	3	L	working	volume	at	30°C.	The	5	
figure	shows	a)	biomass	accumulation	(CDW;	g/L;	▲),	nitrogen	utilisation	(g/L;	◆)	and	6	
PHA	accumulation	(g/L;	■)	b)	disodium	terephthalate	(Na2TA;	●)	and	ethylene	glycol	(EG;	7	
×)	utilisation.	Error	bars	represent	the	standard	deviation	of	three	biological	replicates.		8	
	9	

The	cultivation	of	P.	umsongensis	KS3	ran	for	28	h	compared	to	approximately	25	h	10	

in	previous	experiments	due	to	the	perceived	slower	growth	as	indicated	by	the	slower	11	

dissolved	oxygen	consumption.	After	28	h	of	cultivation	under	nitrogen	limited	conditions	12	

a	final	CDW	of	2.2	g/L	was	achieved	(Figure	4.8a),	similar	to	what	was	achieved	when	a	13	

synthetic	 monomer	 mixture	 was	 employed	 (Figure	 4.7a).	 When	 compared	 to	14	

P.	umsongensis	GO16,	a	1.4-fold	increase	in	final	CDW	is	evident	(Figure	4.3).	However,	a	15	

different	 trend	 in	 nitrogen	 consumption	 was	 observed	 in	 comparison	 with	 the	16	

experiment	where	synthetic	mixture	was	used.		It	took	17	h	for	nitrogen	to	deplete,	and	17	

therefore	PHA	accumulation	was	delayed	compared	to	the	experiment	with	the	synthetic	18	
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mixture	(Figure	4.8).		A	2.5-fold	lower	PHA	content	of	0.15	g/L	(7%	CDW)	was	recorded	1	

(Figure	 4.8a)	 compared	 to	 the	 synthetic	 monomer	mixture	 (Figure	 4.7a).	 A	 specific	2	

Na2TA	consumption	rate	of	0.3	gNa2TA/gCDW/h	was	observed	(Figure	4.8b)	after	nitrogen	3	

exhaustion,	 a	 1.6-fold	 decrease	 compared	 to	 the	 synthetic	 monomer	 mixture	4	

(Figure	4.7b)	with	complete	Na2TA	exhaustion	occurring	within	23	h.	Co-utilisation	of	5	

EG	 and	 Na2TA	was	 also	 observed	when	 nitrogen	 fell	 below	 detectable	 limits	 (Figure	6	

4.8b),	 as	 was	 seen	 with	 the	 synthetic	 monomer	 mixture	 (Figure	 4.7b).	 However,	 a	7	

specific	 EG	 consumption	 rate	 of	 0.08	 gEG/gCDW/h	 was	 observed,	 a	 1.3-fold	 decrease	8	

compared	to	the	synthetic	monomer	mixture	(Figure	4.7b),	with	a	total	consumption	of	9	

1.12	g/L	EG.	The	mclPHA	produced	by	P.	umsongensis	KS3	from	enzymatically	hydrolysed	10	

PET	had	a	slightly	higher	C8	 and	C12	 content	compared	 to	P.	umsongensis	GO16,	at	 the	11	

expense	of	C10	under	the	same	conditions.	The	PHA	monomer	composition	consisted	of	12	

C10	(46	mol%),	C12	(32	mol%)	and	C8	(21	mol%)	(Table	4.1).	13	

	 	14	

Table	 4.1.	 	 Monomer	 composition	 of	 medium	 chain	 length	 polyhydroxyalkanoate	15	
(mclPHA)	 accumulated	 by	 Pseudomonas	 umsongensis	 GO16	 and	 Pseudomonas	16	
umsongensis	 KS3	 from	hydrolysed	PET,	 a	 synthetic	mixture	 of	 disodium	 terephthalate	17	
(Na2TA)	 and	 ethylene	 glycol	 (EG)	mimicking	 hydrolysed	 PET,	 and	Na2TA	 alone	 under	18	
batch	bioreactor	operating	conditions.	19	

Substrate	 PHA	monomer	composition	mol%	
(C8:C10:C12)	

	 P.	umsongensis	GO16	 P.	umsongensis	KS3	
Hydrolysed	PET	 15:61:24	 21:46:32	
Synthetic	mixture	 25:53:24	 18:55:28	

Na2TA	 12:40:48	 15:54:31	
	20	

	21	

	22	

	23	

	24	

	25	

	26	

	27	

	28	

	29	

	30	
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	1	
	2	

	3	

	4	

	5	

	6	

	7	

	8	

	9	

	10	

	11	

	12	

	13	

5. Chapter	5	–	Impact	of	medium	chain	length	and	short	chain	14	

length	PHA	depolymerase	gene	deletions	on	Pseudomonas	15	

umsongensis	GO16	growth	and	PHA	accumulation	16	

	17	

	18	

	19	

	20	

	21	

	22	

	23	

	24	

	25	

	26	

	27	

	28	
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Polyhydroxyalkanoates	(PHA)	are	biodegradable	polyesters	synthesised	by	a	plethora	of	1	

microorganisms,	including	Pseudomonads,	as	a	means	of	storing	carbon	and	energy	(Li	et	2	

al.,	2016)	and	as	a	source	of	reducing	equivalents	(de	Eugenio	et	al.,	2010a).	Furthermore,	3	

PHA	has	been	 identified	 to	 function	 as	 a	protective	 agent	 against	ultraviolet	 radiation	4	

(Slaninova	et	al.,	2018),	as	well	as	an	osmoprotectant	(Obruca	et	al.,	2017)	and	is	known	5	

to	 enhance	 biofilm	 production	 at	 low	 (Tribelli	 and	 Lopez,	 2011)	 and	 elevated	6	

temperatures	 (Pham	 et	 al.,	 2004).	 PHA	 is	 stored	 intracellularly	 in	 the	 form	 of	 non-7	

crystalline	 granules	 called	 carbonosomes,	 consisting	 of	 proteins	 on	 its	 outer	 surface	8	

(Bresan	 et	 al.,	 2016).	 Of	 the	 granule	 associated	 proteins,	 the	 intracellular	 PHA	9	

depolymerase	 (PhaZ)	 is	 a	 key	 enzyme	 to	 ensure	 accessibility	 of	 the	 polymer	 for	10	

microorganisms	(Ren	et	al.,	2009a,	Tokiwa	and	Calabia,	2004	)).	The	deletion	of	the	phaZ	11	

gene	has	been	identified	as	a	potential	route	for	the	improvement	of	PHA	yields	in	bacteria	12	

such	as	Pseudomonas	putida	U	(Arias	et	al.,	2013)	and	KT2442	(Cai	et	al.,	2009).	However,	13	

other	 studies	 have	demonstrated	no	 improvement	 in	 PHA	yield	when	phaZ	 is	 deleted	14	

(Salvachua	et	al.,	2020,	Solaiman	et	al.,	2003),	with	results	varying	based	on	the	strain	and	15	

carbon	source	employed.	16	

In	 the	 genome	 of	Pseudomonas	 umsongensis	 GO16	 the	 genes	 required	 for	 both	17	

medium	 chain	 length	 (mcl)	 and	 short	 chain	 length	 (scl)	 PHA	 synthesis	 have	 been	18	

annotated	(https://www.ncbi.nlm.nih.gov/assembly/GCF_008824165.1/).	The	impact	of	19	

the	deletion	of	mclPHA	depolymerase	(phaZ)	and/or	sclPHA	depolymerase	(phbZ)	has	not	20	

been	previously	reported	for	a	strain	capable	of	synthesizing	both	scl	and	mcl	polymers.	21	

Therefore,	the	aim	of	this	work	was	to	understand	the	impact	the	deletion	of	phaZ	and/or	22	

phbZ	has	on	the	growth	and	PHA	accumulating	ability	of	P.	umsongensis	GO16.		23	

Three	 mutant	 strains	 of	 P.	 umsongensis	 GO16,	 ΔphaZ	 (phaZ	 deletion	 mutant),	24	

ΔphbZ	(phbZ	deletion	mutant)	and	ΔΔphaZphbZ	(phaZ	and	phbZ	deletion	mutant)	were	25	

created.	 Since	 previous	 studies	 on	 the	 effect	 of	 phaZ	 deletion	 on	 PHA	 levels	 showed	26	

contradictory	results,	we	looked	for	a	correlation	between	the	substrate	used	and	PHA	27	

accumulation	 in	 deletion	mutants.	We	 have	 therefore	 compared	 the	 growth	 and	 PHA	28	

accumulation	when	 a	 carbon	 and	 energy	 source	 that	 is	 structurally	 unrelated	 to	PHA,	29	

disodium	 terephthalate	 (Na2TA),	 a	 structurally	 related	 substrate	 for	 sclPHA	 synthesis,	30	

sodium	 butyrate	 (NaBut),	 and	 a	 structurally	 related	 substrate	 for	mclPHA	 synthesis,	31	

sodium	octanoate	(NaOct)	were	used.		32	



	 111	

5.1. Medium	 chain	 length	 and	 short	 chain	 length	 polyhydroxyalkanoate	1	

depolymerase	gene	deletion	2	

The	 deletion	 mutants	 P.	 umsongensis	 GO16	 ΔphaZ,	 P.	 umsongensis	 GO16	 ΔphbZ	 and	3	

P.	umsongensis	GO16	ΔΔphaZphbZ	were	generated	using	CRISPR	Cas9	and	homologous	4	

recombination	 as	 previously	 described	 section	 2.6,	 and	 verified	 using	 colony	 PCR	5	

(section	2.4.6).	The	positive	gene	knockouts	 (Table	5.1)	were	confirmed	 for	deletion	6	

mutants	 using	 DNA	 gel	 electrophoresis	 (section	 2.4.3)	 (Figure	 5.1).	 Sequences	were	7	

verified	as	described	in	section	2.4.2.		8	

	9	

Table	 5.1	Predicted	 outcomes	 of	 PCR	 amplification	 of	 genomic	 DNA	 (gDNA)	 flanking	10	
regions	of	a)	mclPHA	depolymerase	(phaZ),	using	primers	Pha_C1_FWD_N_mclPhaZ	and	11	
Pha_C2_REV_N_mclPhaZ	 and	 b)	 sclPHA	 depolymerase	 (phbZ)	 using	 primers		12	
sclPhaZ_F_Flank/sclPhaZ_R_Flank	in	Pseudomonas	umsongensis	GO16	WT,	ΔphaZ,	ΔphbZ	13	
and	ΔΔphaZphbZ	 for	both	successful	gDNA	knockouts	and	 failed	gDNA	knockouts.	PCR	14	
amplification	was	carried	out	using	AccuStartTM	II	2X	PCR	SuperMix.	15	
Flanking	gDNA	

region	
Strain	 Positive	

knockout	(bp)	
Failed	

knockout	(bp)	
Wild	type	
control	(bp)	

a) PhaZ	 	 	 	 	
	 GO16	WT	 	 	 2265	
	 ΔphaZ	 1413	 5758	 	
	 ΔphbZ	 2265	 	 	
	 ΔΔphaZphbZ	 1413	 5758	 	

b) PhbZ	 	 	 	 	
	 GO16	WT	 	 	 2472	
	 ΔphaZ	 2472	 	 	
	 ΔphbZ	 1636	 6301	 	
	 ΔΔphaZphbZ	 1636	 6301	 	

	16	
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	1	
Figure	5.1.	Agarose	gel	electrophoresis	of	colony	PCR	of	the	genomic	DNA	(gDNA)	from	2	
a)	mclPHA	 depolymerase	 (phaZ)	 region	 of	Pseudomonas	 umsongensis	 GO16	wild	 type	3	
(WT)	 (2265	 bp);	 ΔphaZ	 (1413	 bp);	 ΔphbZ	 (2265	 bp);	 ΔΔphaZphbZ	 (1413	 bp)	 using	4	
primers	Pha_C1_FWD_N_mclPhaZ/Pha_C2_REV_N_mclPhaZ	and	b)	sclPHA	depolymerase	5	
(phbZ)	region	of	Pseudomonas	umsongensis	GO16	WT	(2472	bp);	ΔphaZ	(2472	bp);	ΔphbZ	6	
(1636	bp);	ΔΔphaZphbZ	(1636	bp)	using	primers	sclPhaZ_F_Flank/sclPhaZ_R_Flank.	The	7	
1%	agarose	gel	was	stained	with	ethidium	bromide	and	GeneRuler™	1kb	Plus	DNA	ladder	8	
was	used	(Thermo	Fisher	Scientific).	DNA	molecular	weight	standards	of	1500,	2000	and	9	
3000	base	pairs	are	indicated.		PCR	amplification	was	carried	out	using	AccuStartTM	II	2X	10	
PCR	SuperMix.	11	
	12	
5.2. Growth	 and	 PHA	 accumulation	 by	 depolymerase	 deletion	 strains	 using	13	

disodium	terephthalate	as	the	sole	source	of	carbon	and	energy	14	

P.	umsongensis	GO16	WT,	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	were	assessed	based	on	biomass	15	

(cell	 dry	 weight;	 CDW)	 (section	 2.3.1)	 and	 PHA	 accumulation	 (section	 2.3.2)	 under	16	

nitrogen	limiting	(Figure	5.2)	and	non-limiting	(Figure	5.3)	conditions	over	a	48	h	and	17	

24	 h	 cultivation	 periods	 as	 previously	 described	 (section	 2.2.5).	 Firstly,	 a	 carbon	18	

unrelated	source	(Na2TA)	was	used.	The	starting	OD540	of	each	flask	was	0.016.			19	
	20	
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	1	
Figure	 5.2	 Growth,	 PHA	 accumulation	 and	 substrate	 utilisation	 of	 Pseudomonas	2	
umsongensis	GO16	wild	type	(WT),	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	in	250	ml	Erlenmeyer	3	
flasks	 containing	 50	ml	 minimal	 salts	 medium	 (MSMlim)	 supplemented	 with	 20	 mM	4	
(4.2	g/L)	disodium	terephthalate	(Na2TA)	at	30°C	and	200	rpm	for	48	h.	The	figure	shows	5	
a)	biomass	(CDW;	g/L),	PHA	(%	CDW)	accumulation	and	b)	Na2TA	utilisation	(g/L)	by	6	
GO16	WT	(▲;	△;	black	bars),	ΔphaZ	(◆;	◇;	dark	grey	bars),	ΔphbZ	(●;	○;	light	grey	bars)	7	
and	ΔΔphaZphbZ	(■;	□;	white	bars).	Error	bars	represent	the	standard	deviation	of	three	8	
biological	replicates.	9	
	10	

Under	the	PHA	accumulating	conditions,	all	mutant	strains	demonstrated	slower	11	

growth	compared	to	GO16	WT	which	showed	a	specific	growth	rate	of	0.32	h-1	(Figure	12	

5.2a).	The	single	mutant	ΔphbZ	and	the	double	mutant	ΔΔphaZphbZ	 showed	a	1.1-fold	13	

lower	growth	rate	of	0.29	h-1	within	the	first	10	h	(Figure	5.2a),	while	ΔphaZ	mutant	had	14	

a	1.4-fold	lower	growth	rate	of	0.23	h-1.	However,	ΔphaZ	and	ΔΔphaZphbZ	reached	CDW	15	

similar	to	the	CDW	accumulated	by	GO16	WT,	corresponding	to	approximately	0.8	g/L	by	16	
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24	h.	The	deletion	mutant	for	phbZ	achieved	1.4-fold	higher	final	CDW	compared	to	the	1	

other	three	strains	(Figure	5.2a).	This	strain	also	demonstrated	a	1.3-fold	higher	PHA	2	

content	(%	CDW)	compared	to	GO16	WT	once	Na2TA	was	exhausted.	It	was	also	observed	3	

that	the	ΔphbZ	had	a	residual	biomass	of	0.79	g/L,	1.3-fold	higher	than	GO16	WT	(Table	4	

5.3).	 	 Therefore,	 deleting	 a	 short	 chain	 length	depolymerase	 (phbZ)	 in	P.	 umsongensis	5	

GO16	resulted	in	a	modest	increase	in	residual	biomass	and	PHA	level	when	Na2TA	was	6	

used	as	a	carbon	and	energy	source.	Interestingly,	we	haven’t	observed	a	change	in	the	7	

PHA	monomer	composition	in	the	case	of	this	or	other	deletion	mutants	in	comparison	8	

with	 the	 WT	 strain.	 	 Under	 the	 tested	 conditions,	 the	 PHA	 produced	 by	 all	 strains	9	

consisted	of	approximately	C10	(45	mol%),	C12	(40	mol%),	C8	(9	mol%)	and	C4	(5	mol%)	10	

and	remained	consistent	throughout	cultivation	(Table	5.3).	As	already	stated,	Na2TA	is	11	

a	 representative	 of	 carbon	 unrelated	 substrate,	 and	 the	 de	 novo	 mclPHA	 synthesis	12	

pathway	should	be	active	under	the	conditions	described	here.		However,	a	small	fraction	13	

of	 C4	 monomer	 present	 in	 the	 accumulated	 PHA	 suggests	 that	 both	 scl	 and	mclPHA	14	

synthesis	pathways	are	active.	15	

Na2TA	was	depleted	for	all	strains	under	the	tested	conditions	within	30	h	(Figure	16	

5.2b).	All	strains	demonstrated	a	drop	in	CDW	by	the	end	of	the	cultivation	likely	as	a	17	

result	of	Na2TA	exhaustion.	All	three	deletion	strains	and	GO16	WT	maintained	their	PHA	18	

level	until	the	end	of	the	cultivation	period.		19	

Further	 investigation,	 such	 as	 the	 analysis	 of	 the	 proteomes	 of	 the	 deletion	20	

mutants	 and	 the	wild	 type	 strain	 are	 required	 to	 explain	 the	 effect	 of	 the	 deletion	 of	21	

depolymerases,	or	lack	of	it,	on	the	growth	and	PHA	accumulation	in	GO16.	22	
	23	
	24	
	25	
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	1	
Figure	5.3	Growth,	and	substrate	utilization	of	Pseudomonas	umsongensis	GO16	wild	type	2	
(WT),	 ΔphaZ,	 ΔphbZ	 and	 ΔΔphaZphbZ	 in	 250	 ml	 Erlenmeyer	 flasks	 containing	 50	 ml	3	
minimal	 salts	 medium	 (MSMfull)	 supplemented	 with	 20	 mM	 (4.2	 g/L)	 disodium	4	
terephthalate	(Na2TA)	at	30°C	and	200	rpm	for	24	h.	The	figure	shows	biomass	(CDW;	5	
g/L)	 and	 Na2TA	 utilisation	 (g/L)	 by	 GO16	WT	 (▲;	△);	 ΔphaZ	 (◆;	◇);	 ΔphbZ	 (●;	 ○);	6	
ΔΔphaZphbZ	 (■;	 □).	 Error	 bars	 represent	 the	 standard	 deviation	 of	 three	 biological	7	
replicates.	8	
	9	

When	 growth	 was	 assessed	 under	 non-PHA	 accumulating	 conditions,	 ΔphaZ	10	

exhibited	a	slower	maximum	specific	growth	rate	of	0.23	h-1	(Figure	5.3)	as	was	observed	11	

under	 nitrogen	 limiting	 conditions	 (Figure	 5.2a).	 Unlike	 what	 was	 observed	 under	12	

nitrogen	limiting	conditions,	the	other	two	mutants,	ΔphbZ	and	ΔΔphaZphbZ	had	similar	13	

growth	profiles	to	GO16	WT	within	the	first	10	h	(Figure	5.2a),	with	a	maximum	specific	14	

growth	rate	of	0.3	h-1.	Similar	Na2TA	utilisation	profiles	were	observed	under	non	limiting	15	

conditions	 (Figure	5.3)	 to	 those	 identified	under	nitrogen	 limiting	 conditions	 (Figure	16	

5.2b)	and	Na2TA	was	depleted	 for	all	 strains	under	 the	 tested	conditions	within	24	h.	17	

GO16	WT	achieved	a	final	CDW	of	0.92	g/L.	No	significant	difference	was	observed	in	CDW	18	

by	mutant	strains	when	compared	to	GO16	WT.		No	PHA	was	detected	in	any	of	the	strains.	19	
	20	
	21	
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5.3. Growth	and	PHA	accumulation	of	depolymerase	deletion	strains	using	sodium	1	

butyrate	as	the	sole	source	of	carbon	and	energy	2	

P.	umsongensis	GO16	WT,	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	were	assessed	for	biomass	(cell	3	

dry	weight;	CDW)	(section	2.3.1)	and	PHA	accumulation	(section	2.3.2)	under	nitrogen	4	

limiting	(Figure	5.4)	and	non-limiting	(Figure	5.5)	conditions	over	a	48	h	period	when	5	

sodium	 butyrate	 was	 used	 as	 a	 carbon	 and	 energy	 source,	 as	 previously	 described	6	

(section	2.2.5).	To	allow	the	comparison	of	growth	of	the	four	strains,	the	WT	and	the	7	

three	 deletion	mutants,	with	 various	 carbon	 sources,	we	 have	 initially	 set	 the	 carbon	8	

amount	to	1.95	gC/L.		However,	the	growth	of	GO16	WT	and	all	deletion	mutant	strains	9	

was	inhibited	when	the	carbon	concentration	of	NaBut	equalled	1.95	gC/L	(40	mM	NaBut).	10	

When	we	used	20	mM	NaBut	(equal	to	0.96	gC/L)	the	nitrogen	content	was	reduced	2-fold	11	

to	maintain	 a	 ratio	 of	 30:1	 carbon	 to	 nitrogen	 for	 PHA	 accumulating	 conditions.	 The	12	

starting	OD540	of	each	flask	was	0.017.	13	
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	1	
Figure	 5.4	 Growth,	 PHA	 accumulation	 and	 substrate	 utilization	 of	 Pseudomonas	2	
umsongensis	GO16	wild	type	(WT),	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	in	250	ml	Erlenmeyer	3	
flasks	 containing	 50	ml	 minimal	 salts	 medium	 (MSMlim)	 supplemented	 with	 20	 mM	4	
(2.2	g/L)	sodium	butyrate	(NaBut)	at	30°C	and	200	rpm	for	48	h.	The	figure	shows	a)	5	
biomass	(CDW;	g/L),	PHA	(%	CDW)	accumulation	and	b)	NaBut	utilisation	(g/L)	by	GO16	6	
WT	(▲;	△;	black	bars),	ΔphaZ	(◆;	◇;	dark	grey	bars),	ΔphbZ	(●;	○;	light	grey	bars)	and	7	
ΔΔphaZphbZ	 (■;	□;	 white	 bars).	 Error	 bars	 represent	 the	 standard	 deviation	 of	 three	8	
biological	replicates.	9	
	10	

The	highest	growth	rate	of	0.25	h-1	 and	 the	highest	biomass	were	observed	 for	11	

ΔphaZ	 mutant	 (Figure	 5.4a).	 This	 mutant	 also	 showed	 faster	 NaBut	 utilisation	 with	12	

complete	NaBut	depletion	occurring	by	24	h	(Figure	5.4b).	It	accumulated	1.2	g/L	CDW	13	

by	24	h,	1.2-fold	higher	in	comparison	with	the	other	three	strains	at	the	point	of	NaBut	14	

depletion.	 A	 1.2-fold	 increase	 in	 residual	 biomass	 was	 also	 recorded.	 The	 PHA	 was	15	



	 118	

accumulated	to	30.5%	CDW	at	the	end	of	cultivation,	representing	a	1.2-fold	increase	in	1	

PHA	on	 the	%	CDW	 level.	Therefore,	 the	deletion	of	mcl	 depolymerase	phaZ	 increases	2	

both	the	PHA	level	and	the	residual	biomass	(i.e.	the	biomass	without	PHA)	accumulation	3	

in	P.	umsongensis	GO16.	4	

The	growth	rate	of	the	double	deletion	mutant	ΔΔphaZphbZ	was	0.16	h-1,	which	5	

was	1.3-fold	lower	than	the	GO16	WT	growth	rate.	However,	the	final	CDW	and	PHA	were	6	

comparable	to	the	WT	and	ΔphbZ,	the	two	strains	that	showed	very	similar	growth	and	7	

PHA	accumulation	profiles	with	NaBut	as	the	substrate.		NaBut	was	depleted	for	all	strains	8	

under	 the	 tested	 conditions	within	34	h,	 and	a	 similar	CDW	content	of	 approximately	9	

0.9	g/L	was	recorded	by	all	strains	at	this	time	point.	ΔphaZ	showed	a	CDW	of	1.6	g/L	at	10	

30	 h.	However,	 this	 recording	was	 interpreted	 as	 an	 error	 in	measurement,	 as	NaBut	11	

exhaustion	was	recorded	at	24	h.	No	significant	difference	was	observed	in	CDW	by	ΔphbZ	12	

and	ΔΔphaZphbZ	mutant	strains	when	compared	to	GO16	WT	at	34	h.	13	

No	statistically	significant	difference	was	observed	in	PHA	content	by	the	mutant	14	

strains	compared	to	GO16	WT	at	the	point	of	NaBut	exhaustion	for	each	strain	(Figure	15	

5.4a).		However,	all	strains	except	for	ΔΔphaZphbZ	demonstrated	a	continuous	increase	16	

in	PHA	over	the	cultivation	period,	even	after	the	substrate	NaBut	was	depleted,	which	17	

may	be	a	result	of	the	consumption	of	the	products	of	cell	lysis.		18	

A	variation	in	the	PHA	monomer	distribution	was	observed	across	all	strains	as	19	

illustrated	in	Table	5.2.	In	general,	an	increase	in	C4	fraction,	followed	by	a	decrease	in	20	

C10	and	C12	fractions	was	observed	in	depolymerase	mutants	compared	to	the	WT.		A	1.2-21	

fold	 and	 1.3-fold	 increase	 in	 the	 proportion	 of	 C4	was	 observed	 by	 ΔphaZ	 and	 the	22	

remaining	mutant	strains	respectively	compared	to	GO16	WT.	Consequently,	a	2-fold	and	23	

5-fold	decrease	by	ΔphaZ	and	remaining	mutant	strains	respectively	was	observed	in	the	24	

C10	fraction	of	PHA,	while	a	4-fold	decrease	in	the	C12	fraction	was	recorded	by	ΔphbZ	and	25	

ΔΔphaZphbZ	compared	to	GO16	WT,	while	no	variation	in	C12	was	clear	between	GO16	26	

WT	 and	ΔphaZ.	 Almost	 no	 C8	was	 recorded	 by	 all	mutant	 strains.	 The	 PHA	monomer	27	

distribution	for	each	strain	remained	consistent	throughout	cultivation.	28	
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	1	
Figure	 5.5	 Growth,	 PHA	 accumulation	 and	 substrate	 utilization	 of	 Pseudomonas	2	
umsongensis	GO16	wild	type	(WT),	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	in	250	ml	Erlenmeyer	3	
flasks	 containing	 50	 ml	 minimal	 salts	 medium	 (MSMfull)	 supplemented	 with	 20	 mM	4	
(2.2	g/L)	sodium	butyrate	(NaBut)	at	30°C	and	200	rpm	for	48	h.	The	figure	shows	a)	5	
biomass	(CDW;	g/L),	PHA	(%	CDW)	accumulation	and	b)	NaBut	utilisation	(g/L)	by	GO16	6	
WT	(▲;	△;	black	bars),	ΔphaZ	(◆;	◇;	dark	grey	bars),	ΔphbZ	(●;	○;	light	grey	bars)	and	7	
ΔΔphaZphbZ	 (■;	□;	 white	 bars).	 Error	 bars	 represent	 the	 standard	 deviation	 of	 three	8	
biological	replicates.	9	
	10	

Under	 the	conditions	of	 full	nitrogen	supply,	again	ΔphaZ	displayed	 the	highest	11	

growth	 rate	 (0.25	 h-1;	 1.3-fold	 higher	 than	 the	WT’s	 growth	 rate),	 and	 quicker	NaBut	12	

utilisation	 with	 total	 NaBut	 degradation	 occurring	 by	 30	 h	 compared	 to	 34	 h	 by	 all	13	

remaining	 strains	 (Figure	5.5b).	 A	 CDW	of	 1.2	 g/L	was	 recorded,	which	was	 1.2-fold	14	

higher	than	GO16	WT	at	the	equivalent	time	point	of	34	h	(Figure	5.5a).	Even	though	15	
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there	 was	 no	 nitrogen	 limitation,	 PHA	 was	 accumulated.	 A	 1.2-fold	 increase	 in	 PHA	1	

content	was	recorded	after	NaBut	depletion	compared	to	the	wild	type,	which	dropped	to	2	

wild	type	levels	at	34	h.		3	

PHA	produced	under	non-limiting	conditions	by	all	strains	consisted	of	100%	C4	4	

fraction	 (Table	 5.2)	 which	 remained	 consistent	 throughout	 their	 cultivation.	 This	5	

suggests	that	only	sclPHA	synthesis	pathway	was	active	without	nitrogen	limitation,	while	6	

the	limitation	allowed	both	PHA	synthesis	pathways	to	be	turned	on.	In	comparison	to	7	

PHA	accumulation	dynamics	under	nitrogen	limiting	conditions	(Figure	5.4a),	without	8	

the	limitation	the	onset	of	PHA	accumulation	in	ΔphbZ	and	ΔΔphaZphbZ	was	shifted	by	6	h	9	

(Figure	5.5a).	In	addition,	the	PHA	level	was	1.5-fold	higher	in	these	two	deletion	mutants	10	

at	 time	 34	 h	 and	 48	 h	 compared	 to	 the	WT	 and	ΔphaZ	 at	 the	 same	 time	 points.	 This	11	

increase	 in	PHA	content	was	not	observed	under	nitrogen	 limiting	 conditions	 (Figure	12	

5.4a),	suggesting	that	the	deletion	of	phbZ	has	a	positive	effect	on	PHA	accumulation	when	13	

the	mclPHA	synthesis	pathway	is	not	active.	14	

Once	again,	the	ΔphbZ	mutant	demonstrated	similar	growth	profiles	to	GO16	WT	15	

(Figure	5.5a)	with	both	strains	recording	a	CDW	of	1	g/L	and	0.9	g/L	respectively	while	16	

the	double	knockout	ΔΔphaZphbZ	recorded	a	maximum	CDW	of	0.8	g/L	at	48	h.		ΔphbZ	17	

mutant	and	wild	type	GO16	exhibited	maximum	specific	growth	rate	of	approximately	18	

0.2	h-1,	 while	 a	 slower	 growth	 rate	 of	 0.16	 h-1	 was	 recorded	 by	 ΔΔphaZphbZ,	 as	 was	19	

observed	under	nitrogen	limiting	conditions	(Figure	5.4a).	This	reduction	in	growth	rate	20	

by	the	ΔΔphaZphbZ	mutant	in	particular	was	not	observed	when	Na2TA	was	employed.		21	

Further	 investigation,	 such	 as	 the	 analysis	 of	 the	 proteomes	 of	 the	 deletion	22	

mutants	and	the	wild	type	strain	are	required	to	explain	the	varying	effects	of	the	deletion	23	

of	depolymerases,	on	the	growth	and	PHA	accumulation	by	GO16	on	NaBut	under	non	24	

limiting	and	PHA	accumulating	conditions.	25	
	26	
5.4. Growth	and	PHA	accumulation	of	depolymerase	deletion	strains	using	sodium	27	

octanoate	as	the	sole	source	of	carbon	and	energy	28	

Finally,	 P.	 umsongensis	 GO16	 WT,	 ΔphaZ,	 ΔphbZ	 and	 ΔΔphaZphbZ	 were	 assessed	 for	29	

biomass	(cell	dry	weight;	CDW)	(section	2.3.1)	and	PHA	accumulation	(section	2.3.2)	30	

under	nitrogen	limiting	(Figure	5.6)	and	non-limiting	(Figure	5.7)	conditions	over	a	72	h	31	

and	58	h	time	periods	to	assess	the	growth	under	nitrogen	 limiting	PHA	accumulating	32	

conditions	 and	 non-nitrogen	 limiting	 conditions	 respectively	 as	 previously	 described	33	
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(section	 2.2.5).	 The	 cultivation	 of	 GO16	 WT,	 ΔphbZ	 and	 ΔΔphaZphbZ	 strains	 were	1	

elongated	during	nitrogen	 limited	cultivation	as	 the	 initial	experiments	suggested	 that	2	

ΔphbZ	and	ΔΔphaZphbZ	demonstrated	slower	growth	on	octanoate.	The	starting	OD540	of	3	

each	flask	was	0.009.	4	

	5	

	6	
Figure	 5.6	 Growth,	 PHA	 accumulation	 and	 substrate	 utilization	 of	 Pseudomonas	7	
umsongensis	GO16	wild	type	(WT),	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	in	250	ml	Erlenmeyer	8	
flasks	 containing	 50	 ml	 minimal	 salts	 medium	 (MSMlim)	 supplemented	 with	 20	 mM	9	
(3.32	g/L)	sodium	octanoate	(NaOct)	at	30°C	and	200	rpm	for	48	h.	The	figure	shows	a)	10	
biomass	(CDW;	g/L),	PHA	(%	CDW)	accumulation	and	b)	NaOct	utilisation	(g/L)	by	GO16	11	
WT	(▲;	△;	black	bars),	ΔphaZ	(◆;	◇;	dark	grey	bars),	ΔphbZ	(●;	○;	light	grey	bars)	and	12	
ΔΔphaZphbZ	 (■;	□;	 white	 bars).	 Error	 bars	 represent	 the	 standard	 deviation	 of	 three	13	
biological	replicates.	14	
	15	
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All	three	deletion	mutants	showed	retarded	growth	when	compared	to	the	GO16	1	

WT	 strain	 cultivated	 with	 NaOct	 (Figure	 5.6a).	 Accordingly,	 the	 onset	 of	 PHA	2	

accumulation	 by	 the	WT	was	 observed	 at	 24	 h,	 while	 the	 other	 strains	 showed	 PHA	3	

accumulation	 24	 h	 later.	 The	 deletion	mutants,	ΔphbZ	 and	ΔΔphaZphbZ	 showed	more	4	

pronounced	lag	in	growth	with	the	specific	growth	rate	of	0.11	h-1,	while	ΔphaZ	grew	at	5	

0.16	h-1.		This	was	3.1	and	2.1-fold	lower	when	compared	to	the	GO16	WT	growth	rate	of	6	

0.34	h-1.	The	WT’s	PHA	level	(46%	CDW)	was	maintained	between	24	h	and	72	h.		A	final	7	

CDW	of	1.5	g/L	was	recorded	for	ΔphaZ,	while	ΔphbZ	and	ΔΔphaZphbZ	reached	1.9	g/L	8	

and	2.1	g/L	respectively	(Figure	5.6b).	9	

A	PHA	content	of	55%	was	recorded	by	ΔphaZ	at	48	h,	similar	to	the	PHA	content	10	

of	GO16	WT,	while	the	residual	biomass	of	ΔphaZ	mutant	was	1.3-fold	lower	compared	to	11	

the	WT.	A	1.7-fold	decrease	in	PHA	content	was	observed	by	ΔphbZ	and	ΔΔphaZphbZ	when	12	

compared	to	GO16	WT.	 	 In	contrast	to	ΔphaZ	mutant,	ΔphbZ	and	ΔΔphaZphbZ	mutants	13	

showed	 1.5-fold	 and	 1.7-fold	 increase	 in	 residual	 biomass	 respectively	 (Table	 5.2),	14	

suggesting	higher	carbon	flux	in	the	central	metabolic	pathways	when	either	scl	or	both	15	

scl	and	mclPHA	depolymerases	are	deleted	and	NaOct	used	with	nitrogen	limitation.	16	

In	addition,	ΔphbZ	and	ΔΔphaZphbZ	showed	higher	C4	fraction	in	the	resulting	PHA,	17	

which	represented	a	7-fold	and	10-fold	increase	compared	to	the	WT	(Table	5.2).	This	18	

was	followed	by	a	2-fold	and	4-fold	decrease	in	C8	fractions.	No	significant	difference	was	19	

observed	in	PHA	accumulated	by	ΔphaZ	when	compared	to	GO16	WT	(Table	5.2).	No	C10	20	

or	C12	was	detected	by	any	strain.	The	PHA	monomer	distribution	remained	consistent	21	

throughout	cultivation.	22	
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	1	
Figure	 5.7	 Growth,	 PHA	 accumulation	 and	 substrate	 utilization	 of	 Pseudomonas	2	
umsongensis	GO16	wild	type	(WT),	ΔphaZ,	ΔphbZ	and	ΔΔphaZphbZ	in	250	ml	Erlenmeyer	3	
flasks	 containing	 50	ml	 minimal	 salts	 medium	 (MSMfull)	 supplemented	 with	 20	 mM	4	
(3.32	g/L)	sodium	octanoate	(NaOct)	at	30°C	and	200	rpm	for	48	h.	The	figure	shows	a)	5	
biomass	(CDW;	g/L),	PHA	(%	CDW)	accumulation	and	b)	NaOct	utilisation	(g/L)	by	GO16	6	
WT	(▲;	△;	black	bars),	ΔphaZ	(◆;	◇;	dark	grey	bars),	ΔphbZ	(●;	○;	light	grey	bars)	and	7	
ΔΔphaZphbZ	 (■;	□;	 white	 bars).	 Error	 bars	 represent	 the	 standard	 deviation	 of	 three	8	
biological	replicates.	9	
	10	

As	observed	under	nitrogen	limiting	conditions	(Figure	5.6a),	 the	growth	of	all	11	

mutant	 strains	 demonstrated	 a	 slower	 growth	 rate	within	 the	 58	h	 cultivation	period	12	

(Figure	5.7a).	A	specific	growth	rate	of	0.19	h-1	was	recorded	for	ΔphaZ,	2.1-fold	lower	13	

than	GO16	WT	with	a	growth	rate	of	0.4	h-1.	The	deletion	mutants	ΔphbZ	and	ΔΔphaZphbZ	14	
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showed	more	pronounced	decrease	in	growth	with	a	specific	growth	rate	of	0.12	h-1,	3.3-1	

fold	lower	than	the	GO16	WT.	Under	nitrogen	full	conditions	(Figure	5.7a),	as	expected	a	2	

lower	 PHA	 content	 was	 recorded	 by	 all	 strains	 compared	 to	 growth	 under	 nitrogen	3	

limitation	(Figure	5.6a).	The	highest	PHA	level	was	observed	in	ΔphaZ	and	it	was	45%	4	

CDW	at	54	h.	While	this	doesn’t	represent	an	improvement	over	the	highest	PHA	level	5	

achieved	by	the	wild	type	(40%	CDW	at	24	h),	the	PHA	level	in	the	wild	type	strain	started	6	

decreasing	from	24	h	onwards	and	it	was	maintained	in	ΔphaZ	mutant	between	34	h	and	7	

58	h	of	cultivation.		Similar	to	what	was	observed	under	nitrogen	limitation,	ΔphbZ	and	8	

ΔΔphaZphbZ	showed	decreased	PHA	accumulation,	with	17%	and	18%	CDW	at	both		54	h,	9	

and	58	h	respectively.	 	The	residual	biomass	 for	 these	 two	strains	was	1.4-fold	higher	10	

compared	to	the	WT	residual	biomass.			11	

Variation	 in	 the	 PHA	monomer	 distribution	was	 observed	 across	 all	 strains	 as	12	

shown	 in	 Table	 5.2.	 Deleting	 the	 sclPHA	 depolymerase	 phbZ	 either	 alone	 or	 in	13	

combination	with	mclPHA	depolymerase	phaZ	resulted	in	a	7-fold	and	6-fold	increase	in	14	

the	proportion	of	C4	followed	by	4-fold	and	3-fold	decrease	 in	C8	fractions	respectively	15	

when	compared	to	the	WT.	No	significant	difference	was	observed	in	PHA	accumulated	16	

by	ΔphaZ	when	compared	to	GO16	WT	(Table	5.2).	No	C10	or	C12	was	detected	by	any	17	

strain.	The	PHA	monomer	distribution	remained	consistent	throughout	cultivation.	18	

Deletion	of	a	PHA	depolymerase	doesn’t	seem	to	be	a	route	to	increase	PHA	level	19	

in	P.	umsongensis	GO16	when	cultivated	on	octanoate.		This	could	be	further	complicated	20	

by	the	fact	that	GO16	contains	both	scl	and	mclPHA	synthesis	pathways.	The	effect	of	the	21	

deletion	depends	on	the	 type	of	depolymerase	deleted	and	the	growth	substrate	used.		22	

Finally,	there	seems	to	be	an	interplay	or	co-regulation	of	the	scl	and	mclPHA	synthesis	23	

pathways.		Further	experiments	are	necessary	to	unravel	the	observed	effects,	including	24	

analysis	of	 the	accumulated	polymer	to	determine	 if	 it	 is	a	copolymer	or	 two	separate	25	

polymers,	and	analysis	of	 the	expression	of	enzymes	 involved	 in	 the	central	metabolic	26	

pathways	as	well	as	PHA	metabolism	related	enzymes.	27	
	28	



	 125	

Table	5.2.	Summary	of	total	biomass	(CDW;	g/L),	residual	biomass	(CDW;	g/L),	PHA	accumulation	(%	CDW),	PHA	monomer	distribution	(%mol)	and	29	
incubation	period	 (h)	 of	Pseudomonas	umsongensis	 GO16	wild	 type	 (WT),	ΔphaZ,	ΔphbZ	 and	ΔΔphaZphbZ	 cultivated	 in	250	ml	Erlenmeyer	 flasks	30	
containing	50	ml	minimal	salts	medium	under	non-limiting	(MSMfull)		and	nitrogen	limiting	conditions	(MSMlim)	supplemented	with	20	mM	(4.2	g/L)	31	
disodium	terephthalate	(Na2TA),	20	mM	(2.2	g/L)	sodium	butyrate	(NaBut)	and	20	mM	(3.32	g/L)	sodium	octanoate	(NaOct)	at	30°C	and	200	rpm.	32	
Error	symbol	represents	the	standard	deviation	of	three	biological	replicates.	*	indicates	a	statistically	significant	difference	compared	to	GO16	WT	33	
under	the	respective	growth	conditions	using	an	ANOVA	(p	<	0.05).	34	

	35	
	36	

Carbon	source	
(mM)	

Media	 Strain	 Harvest	
time	(h)	

Total	 PHA	
(%	CDW)	

C4	(mol%)	 C6	(mol%)	 C8	(mol%)	 C10	(mol%)	 C12	(mol%)	 Biomass	
(g/L)	

Residual	
biomass	
(g/L)	

Na2TA	(20	mM)	 MSMlim	 GO16	WT	 30	 20.4	±	1.5	 5.0	±	0.8	 0	 9.8	±	1.3	 45.4	±	1.4	 39.8	±	2.7	 0.78	±	0.05	 0.62	
	 	 ΔphaZ	 30	 21.7	±	2.1	 5.4	±	0.9	 0	 7.1	±	0.1	 46.2	±	1.2	 41.3	±	1.9	 0.76	±	0.01	 0.60	
	 	 ΔphbZ	 30	 25.0	±	2.0	*	 5.2	±	0.4	 0	 10.1	±	0.5	 45.2	±	0.6	 39.5	±	0.9	 1.05	±	0.03	*	 0.79	
	 	 ΔΔphaZphbZ	 30	 22.2	±	1.6	 5.1	±	1.2	 0	 7.1	±	0.7	 46.9	±	0.7	 40.9	±	1.9	 0.85	±	0.03	 0.66	
	 MSMfull	 GO16	WT	 24	 0	 0	 0	 0	 0	 0	 0.92	±	0.06	 0	
	 	 ΔphaZ	 24	 0	 0	 0	 0	 0	 0	 0.83	±	0.01	 0	
	 	 ΔphbZ	 24	 0	 0	 0	 0	 0	 0	 0.99	±	0.02	 0	
	 	 ΔΔphaZphbZ	 24	 0	 0	 0	 0	 0	 0	 0.91	±	0.01	 0	
NaBut	(20	mM)	 MSMlim	 GO16	WT	 34	 22.3	±	1.9	 75.3	±	5.4	 0	 2.0	±	0.4	 10.7	±	2.9	 11.9	±	2.3	 0.97	±	0.06	 0.75	
	 	 ΔphaZ	 24	 20.2	±	2.2	 87.7	±	2.8	 0	 0.5	±	0.2	 5.1	±	1.1	 7.4	±	3.1	 1.21	±	0.06	*	 0.97	
	 	 ΔphbZ	 34	 26.0	±	1.7	 95.3	±	2.6	 0	 0	 1.6	±	1.7	 3.1	±	1.0	 0.93	±	0.07	 0.69	
	 	 ΔΔphaZphbZ	 34	 20.5	±	3.8	 93.3	±	2.9	 0	 0	 2.6	±	1.8	 4.0	±	1.4	 0.98	±	0.03	 0.78	
	 MSMfull	 GO16	WT	 34	 14.7	±	2.6	 100	 0	 0	 0	 0	 0.88	±	0.11	 0.75	
	 	 ΔphaZ	 30	 18.5	±	0.2	*	 100	 0	 0	 0	 0	 1.18	±	0.04	*	 0.97	
	 	 ΔphbZ	 34	 22.3	±	2.8	*	 100	 0	 0	 0	 0	 1.00	±	0.09	 0.78	
	 	 ΔΔphaZphbZ	 48	 22.0	±	2.2	*	 100	 0	 0	 0	 0	 0.84	±	0.00	 0.66	
NaOct	(20	mM)	 MSMlim	 GO16	WT	 48	 46.6	±	11.4	 7.6	±	0.6	 7.4	±	0.4	 85.0	±	0.5		 0	 0	 1.70	±	0.08	 0.91	
	 	 ΔphaZ	 48	 55.3	±	3.7	 12.1	±	7.3	 7.7	±	0.7		 80.2	±	6.6	 0	 0	 1.54	±	0.05		 0.69	
	 	 ΔphbZ	 72	 27.0	±	8.0	*	 55.8	±	8.8	 2.3	±	1.5	 41.9	±	7.3	 0	 0	 1.87	±	0.05		 1.37	
	 	 ΔΔphaZphbZ	 72	 26.9	±	1.2	*	 80.1	±	4.2		 0	 19.9	±	4.2	 0	 0	 2.10	±	0.04	*	 1.54	
	 MSMfull	 GO16	WT	 24	 40.4	±	1.2	 12.1	±	0.6	 8.0	±	0.2	 79.8	±	0.8	 0	 0	 2.81	±	0.26	 1.67	
	 	 ΔphaZ	 58	 45.3	±	7.5	 19.1	±	9.7	 6.9	±	1.0		 73.9	±	8.7	 0	 0	 2.90	±	0.14	 1.59	
	 	 ΔphbZ	 58	 17.2	±	0.6	*	 80.5	±	5.4	 0	 19.5	±	5.4	 0	 0	 2.82	±	0.08	 2.33	
	 	 ΔΔphaZphbZ	 58	 18.2	±	1.1	*	 70.5	±	4.3	 0	 29.5	±	4.3	 0	 0	 2.90	±	0.00	 2.37	
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Our	current	plastic	production	and	waste	management	system	can	be	characterized	as	69	

linear,	employing	the	principles	of	‘take,	make	and	waste’,	which	is	not	sustainable,	as	it	70	

relies	on	a	 finite	 source	of	 raw	materials.	 Landfilling	 as	 a	widely	employed	end-of-life	71	

option	for	the	plastic	waste	has	caused	a	massive	increase	in	accumulated	plastics	waste	72	

and	 the	 release	 of	 phthalates	 and	 bisphenols	 associated	 with	 plastic	 physical	73	

deterioration	 in	 the	 soil	 and	 surrounding	 groundwater	 (Andrady	 and	 Neal,	 2009).	74	

Another	 consequence	 of	 landfilling	 is	 loss	 of	 a	 valuable	 material.	 	 While	 mechanical	75	

recycling	is	viewed	as	a	potential	solution	to	this	problem,	low	recycling	rates	due	to	the	76	

high	price	and	low	quality	of	recyclates	are	representing	barriers	to	reaching	recycling	77	

targets.	In	addition,	the	mechanical	recycling	of	plastic	waste	cannot	progress	indefinitely	78	

as	material	degradation	is	a	part	of	the	recycling	process	(Austin	et	al.,	2018,	Tominaga	et	79	

al.,	2018).	80	

The	overarching	aim	of	this	work	was	to	investigate	the	use	of	plastic	material,	in	81	

particular	 polyethylene	 terephthalate	 (PET)	 as	 a	 microbial	 feedstock	 and	 exploit	82	

biocatalysis	 as	 a	 means	 to	 reduce	 the	 environmental	 impact	 of	 plastic	 while	83	

simultaneously	upcycling	it	to	materials	of	higher	value.	84	

	 Pseudomonas	species	have	demonstrated	their	robustness	as	versatile	biocatalysts	85	

in	the	metabolism	of	recalcitrant	waste	materials	(Wackett,	2003,	Nikel	and	de	Lorenzo,	86	

2018).	The	potential	to	not	only	remove	but	convert	these	waste	materials	and	pollutants	87	

into	polyhydroxyalkanoate	(PHA)	is	an	attractive	feature	of	Pseudomonads	(Ward	et	al.,	88	

2005,	Guzik	et	al.,	2014,	Kenny	et	al.,	2008,	Franden	et	al.,	2018).	89	

	 Pseudomonas	 umsongensis	 GO16	 was	 shown	 to	 convert	 Na2TA	 derived	 from	90	

pyrolyzed	PET	into	PHA	(Kenny	et	al.,	2008,	Kenny	et	al.,	2012).	One	of	the	specific	aims	91	

of	this	study	was	to	address	the	challenges	associated	with	Na2TA	consumption	and	to	92	

identify	 the	maximum	achievable	biomass	of	P.	umsongensis	GO16	when	cultivated	on	93	

Na2TA.	The	exploitation	of	P.	umsongensis	GO16	in	a	bioprocess	aimed	at	upcycling	of	PET	94	

to	 PHA	 requires	 knowledge	 of	 the	 limitations	 associated	 with	 utilising	 Na2TA	 as	 a	95	

microbial	 feedstock	 under	 bioreactor	 growth	 conditions	 and	 is	 essential	 to	 identify	96	

strategies	whereby	the	process	can	be	expanded	for	the	up-cycling	of	PET	at	large	scale.	97	

Furthermore,	 even	 though	 a	 recent	 study	 has	 demonstrated	 the	 possibility	 in	 re-98	

synthesising	virgin	PET	from	the	resultant	purified	terephthalic	acid	(TA)	monomers	of	99	

enzymatically	 hydrolysed	 PET	 (HPET)	 (Tournier	 et	 al.,	 2020),	 this	 study	 neglected	 to	100	

utilise	 the	ethylene	glycol	 (EG)	sourced	 from	the	hydrolysate.	 In	contrast,	upcycling	of	101	
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HPET	to	PHA	offers	the	advantage	to	directly	use	both	PET	derived	monomers	sourced	102	

from	hydrolysed	PET	without	the	need	to	purify	the	monomers,	and	therefore	adds	no	103	

associated	cost.	In	addition,	this	is	the	first	study	investigating	the	potential	of	hydrolysed	104	

PET	as	a	substrate	 for	growth	and	PHA	production,	which	 is	a	useful	steppingstone	 in	105	

assessing	the	industrial	viability	of	the	bioprocess.	106	

Finally,	an	investigation	into	improving	PHA	accumulation	via	the	deletion	of	PHA	107	

depolymerase	genes	in	P.	umsongensis	GO16	was	carried	out.	The	impact	of	the	deletions	108	

on	 growth	 and	 PHA	 accumulation	 in	 P.	 umsongensis	 GO16	 was	 studied	 with	 various	109	

substrates.	110	

	111	

6.1. Growth	of	Pseudomonas	umsongensis	GO16	in	a	bioreactor		112	

The	shaken	flask	cultivation	of	microbial	species	is	an	important	tool	in	the	early	stages	113	

of	bioprocess	development,	facilitating	microorganism	screening	and	media	optimisation	114	

for	minimal	time	and	financial	cost	(Buchs,	2001).	However,	while	its	simplicity	is	a	factor	115	

in	its	appeal,	what	is	successful	under	shaken	flask	cultivation	may	not	translate	into	a	116	

stirred	tank	bioreactor,	which	is	necessary	when	large	scale	bioprocessing	 is	required.	117	

Stirred	 tank	 bioreactors	 provide	 significantly	 enhanced	monitoring	 and	 controlling	 of	118	

culture	 conditions,	 and	 when	 coupled	 with	 mathematical	 modelling,	 optimal	119	

bioprocessing	operating	modes	can	be	elucidated,	aiding	in	assessing	the	technical	and	120	

economic	feasibility	of	a	bioprocess	(Zadghaffari	et	al.,	2010),	and	in	attaining	a	deeper	121	

understanding	of	said	bioprocess.	122	

	 In	 an	 effort	 to	 maximise	 the	 growth	 of	 P.	 umsongensis	 GO16	 on	 Na2TA,	 the	123	

cultivation	of	P.	umsongensis	GO16	under	bioreactor	growth	conditions	was	carried	out	124	

and	a	mathematical	model	developed.	Furthermore,	 this	 study	 is	 an	 investigation	 into	125	

solid	 and	 liquid	 fed-batch	 strategies	 that	 maximise	 Na2TA	 consumption	 and	 biomass	126	

production,	 which	 in	 future	 can	 be	 leveraged	 in	 aiding	 experimental	 design	 and	127	

optimisation	for	the	synthesis	of	PHA	from	Na2TA.		128	

When	P.	umsongensis	GO16	was	grown	under	shaken	flask	cultivation	conditions	129	

it	 demonstrated	 a	 1.4-fold	 and	 1.3-fold	 increase	 in	 biomass	 yield	 respectively	 over	130	

Pseudomonas	sp.	GO19	&	GO23,	and	subsequently	over	a	1.5-fold	increase	in	PHA	content	131	

was	achieved	by	P.	umsongensis	GO16	(Figure	3.1),	and	was	the	justification	for	choosing	132	

this	strain	for	further	study.	133	
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The	main	obstacle	in	a	bioprocess	that	relies	on	Na2TA	as	a	feedstock	is	its	poor	134	

solubility.		Using	a	solid	fed-batch	feeding	regime	instead	of	previously	investigated	liquid	135	

fed-batch	approach	Kenny	et	al.,	2012	demonstrated	a	2-fold	higher	biomass	achieved	by	136	

24	h	(Figure	3.3).		In	the	current	study	non-limiting	conditions	were	used,	while	Kenny	137	

and	co-workers	investigated	only	nitrogen	limiting	conditions.		However,	we	were	able	to	138	

compare	 the	biomass	accumulation	between	 the	solid	and	 liquid	 feed	 for	 the	phase	of	139	

growth	 before	 the	 limitation	 occurred.	 Experimentally,	 solid	 fed-batch	 bioreactor	140	

experiments	utilising	Na2TA	as	the	sole	source	of	carbon	and	energy	under	non-limiting	141	

growth	 conditions	 recorded	 a	 growth	 rate	 of	 approximately	 0.38	 h-1	 and	 yield	 of	142	

0.4	gCDW/gNa2TA	prior	to	any	additional	Na2TA	pulse	feeds	(Figures	3.2).	However,	when	143	

the	 cultivation	 of	 P.	umsongensis	 GO16	was	 prolonged	 through	 additional	 pulse	 feeds	144	

(Figure	 3.3)	 a	 continuous	 decrease	 in	 specific	 growth	 rate	 over	 the	 experiment	 was	145	

observed.	Specifically,	a	12-fold	decrease	in	specific	growth	rate	was	observed	after	the	146	

8th	pulse	feed	of	20	mM	Na2TA,	corresponding	to	a	total	sodium	(Na+)	concentration	of	147	

320	mM,	which	reached	a	final	Na+	concentration	of	560	mM	by	28	h.	A	1.7-fold	decrease	148	

in	 final	 biomass	 yield	 by	 28	 h	 compared	 to	 that	 achieved	 under	 batch	 operation	was	149	

observed.			150	

Inhibition	of	growth	was	achieved	after	20	h	of	cultivation.		Dissolved	oxygen	(DO)	151	

was	not	a	limiting	factor	as	the	minimum	DO	value	of	20%	was	maintained	and	was	not	152	

observed	 to	 affect	 the	 bioprocess	 when	 P.	 umsongensis	 GO16	 is	 cultivated	 on	 Na2TA	153	

(Kenny	et	al.,	2012)	and	all	other	media	components	were	in	excess.	It	is	likely	that	the	154	

Na+	accumulation	was	the	reason	for	growth	arrest.		Inhibition	of	bacterial	growth	as	a	155	

result	 of	 osmotic	 stress	 is	widely	 reported	 in	 the	 literature	 (Kessler	 and	 Safrin,	 1983,	156	

Meng	et	al.,	2014,	Aspedon	et	al.,	2006).		157	

The	growth	rate	(μ)	of	P.	umsongensis	GO16	was	described	in	mathematical	terms	158	

in	 the	 model	 using	 three	 substrate	 Monod	 kinetics	 and	 an	 inhibition	 term	 for	 Na+	159	

accumulation	(section	2.9.1,	Eq	7),	while	the	specific	utilisation	rate	of	Na2TA	(!!")	was	160	

described	 using	 the	 equation	 previously	 reported	 (section	 2.9.1,	 Eq	 8)	 by	 Pirt	 (Pirt,	161	

1965).		The	model	suggests	that	there	is	a	close	relationship	between	Na+	accumulation	162	

associated	with	Na2TA	dissociation	and	P.	umsongensis	GO16	growth,	as	 the	 increasing	163	

Na+	concentration	reduces	the	specific	growth	rate	(μ),	and	therefore	Na2TA	consumption	164	

for	 biomass	 formation	decreases	with	 the	 decreasing	 growth	 rate.	 Furthermore,	 since	165	

specific	uptake	rate	of	Na2TA	towards	maintenance	energy	of	P.	umsongensis	GO16	("!")	166	
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remains	constant	throughout	the	bioprocesses	(Pirt,	1965),	and	the	specific	growth	rate	167	

slows	 with	 increasing	 Na+	 accumulation,	 a	 greater	 proportion	 is	 consumed	 towards	168	

maintenance	and	less	towards	growth	as	the	bioprocess	progresses	and	as	the	specific	169	

growth	rate	is	reduced	(Lipson,	2015).			170	

However,	while	this	mathematical	model	was	successful	in	describing	the	growth	171	

of	P.	umsongensis	GO16	as	observed	in	the	validation	experiments	(Figure	3.7),	it	is	not	172	

descriptive	for	the	true	metabolic	state	of	the	cells.	Therefore,	further	experimentation	is	173	

required	 to	 confirm	 the	 observed	 correlation	 between	 Na+	 accumulation	 and	 slower	174	

growth	 in	 vivo,	 such	 as	 a	 comparative	 transcriptomic	 and	 proteomic	 analysis	 of	175	

P.	umsongensis	GO16	under	conditions	of	low	and	elevated	Na+	concentrations.		176	

Due	to	the	observed	growth	arrest	under	a	solid	Na2TA	fed-batch	feeding	regime,	177	

a	liquid	fed-batch	process	was	further	assessed	with	a	view	of	process	optimisation.	The	178	

model-based	optimisation	of	liquid	fed-batch	feeding	regime	(Figure	3.8)	demonstrated	179	

an	 improvement	 over	 previously	 achieved	 biomass	 using	 Na2TA	 as	 the	 microbial	180	

feedstock,	with	a	1.3-fold	increase	in	biomass	by	24	h	compared	to	that	reported	by	Kenny	181	

and	colleagues	(Kenny	et	al.,	2012).	Furthermore,	while	improving	biomass	productivity,	182	

the	 model	 based	 optimised	 liquid	 feeding	 regime	 also	 facilitated	 the	 automation	 and	183	

operational	 ease	 of	 Na2TA	 conversion	 into	P.	 umsongensis	 GO16	 biomass	 through	 the	184	

generated	optimal	volumetric	feeding	plan	(Figure	3.8,	Tables	3.2	&	3.3),	which	yielded	185	

a	10%	increase	in	total	biomass	content	(total	grams)	to	that	achieved	under	solid	pulse	186	

fed-batch	experiments.		187	

Based	 on	 the	 experimental	 and	modelling	 data	 (Figures	 3.3	 &	 3.7),	 including	188	

estimations	(Table	3.1)	and	case	studies	(Figure	3.8),	we	have	gained	insight	into	the	189	

growth	of	P.	umsongensis	GO16	on	Na2TA.	Specifically,	our	experimental	results	coupled	190	

with	the	mathematical	model	predictions	suggest	that	Na+	accumulation	associated	with	191	

Na2TA	dissolution	has	negative	implications	on	the	optimisation	of	Na2TA	consumption	192	

by	 P.	 umsongensis	 GO16,	 and	 constrains	 optimal	 feeding	 strategies	 under	 fed-batch	193	

operating	conditions,	and	is	the	key	limitation	of	Na2TA	as	a	microbial	feedstock	under	194	

fed-batch	bioreactor	operation.		195	

Alternative	operating	modes,	e.g.	where	biomass	may	be	centrifuged	and	culture	196	

medium	 replenished	 with	 a	 fresh	 stock,	 could	 be	 employed	 to	 avoid	 the	 predicted	197	

inhibition	associated	with	Na+	accumulation.	However,	such	an	operation	strategy	would	198	

be	cumbersome	to	deploy	at	large	scale.		Alternatively,	chemostat	or	perfusion	bioreactor	199	
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operation	 could	 be	 employed	 as	 a	 more	 practical	 solution	 to	 circumvent	 Na+	200	

accumulation.	The	negative	impact	of	Na+	accumulation	on	Na2TA	consumption	may	also	201	

be	curbed	through	media	supplementation	with	osmoprotectants	such	as	glycine	betaine	202	

(D'Souza-Ault	 et	 al.,	 1993),	 proline	 (Wargo,	 2013)	 and	 N-acetylglutaminylglutamine	203	

amide	(NAGGN)	(D'Souza-Ault	et	al.,	1993,	Aspedon	et	al.,	2006).	These	osmoprotectants	204	

have	 been	 shown	 to	 achieve	 improved	 growth	 of	 bacterial	 species,	 including	205	

Pseudomonads,	under	osmotic	stress	(D'Souza-Ault	et	al.,	1993,	Aspedon	et	al.,	2006),	and	206	

their	 use	 may	 be	 of	 particular	 interest	 to	 further	 optimise	 Na2TA	 biodegradation	 by	207	

P.	umsongensis	GO16.	208	

Even	though	applying	a	solid	pulse	 fed-batch	feeding	regime	of	Na2TA	(Figures	209	

3.9	&	3.10)	maximised	biomass,	a	5-fold	worse	PHA	content	was	recorded	under	nitrogen	210	

starvation	conditions	compared	to	when	a	liquid	feeding	regime	was	employed	by	Kenny	211	

and	co-workers	(Kenny	et	al.,	2012).	Furthermore,	the	employment	of	a	nitrogen	trickle	212	

feed,	while	previously	shown	to	 improve	PHA	accumulation	 from	styrene	pyrolysis	oil	213	

(Goff	et	al.,	2007),	did	not	yield	any	improvement	when	a	solid	pulse	feeding	regime	of	214	

Na2TA	was	employed	under	nitrogen	limiting	conditions.		215	

Although	it	is	possible	that	the	decreased	PHA	content	observed	in	P.	umsongensis	216	

GO16	compared	to	Kenny	and	co-workers	may	be	a	result	of	mutation	in	the	phaC1ZC2D	217	

operon	acquired	during	 the	 course	of	 this	 study	which	 code	 for	 enzymes	 required	 for	218	

mclPHA	synthesis,	it	was	hypothesised	that	the	observed	5-fold	decrease	in	PHA	content	219	

under	the	solid	Na2TA	pulse	feeding	regime	was	a	consequence	of	the	increased	stress	220	

associated	with	the	elevated	Na+	concentration	in	our	experiments,	as	a	4.2-fold	increase	221	

in	final	Na+	concentration	was	recorded	compared	to	the	aforementioned	study	Kenny	et	222	

al.,	2012.		223	

PHA	depolymerisation	has	been	noted	to	concomitantly	increase	intracellular	ATP	224	

and	 guanosine	 pentaphosphate	 (ppGpp)	 levels,	 and	 it	 is	 believed	 that	 ppGpp	 is	 an	225	

activator	of	the	expression	of	the	general	stress	response,	RpoS	(σs)	(Ruiz	et	al.,	2001,	226	

Brigham	 et	 al.,	 2012b).	 The	 expression	 of	 σs	 is	 known	 to	 activate	 genes	 that	 protect	227	

against	high	osmolarity,	 and	higher	 levels	of	rpoS	 gene	expression	has	been	 identified	228	

during	PHA	depolymerisation	(Ruiz	et	al.,	2004).	Furthermore	Ruiz	and	co-workers	also	229	

showed	 that	ΔphaZ	mutants	 of	P.	 putida	GPo1	 showed	 reduced	 survivability	 to	 stress	230	

agents	compared	to	the	wild	type,	suggesting	that	the	depolymerisation	of	PHA	plays	a	231	

key	role	in	the	stress	response	of	the	cell.	Therefore	the	observed	5-fold	reduction	in	PHA	232	
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content	 may	 be	 a	 result	 of	 elevated	 expression	 of	 phaZ	 as	 a	 response	 to	 high	233	

concentrations	of	Na+,	and	therefore	elevated	Na+	concentrations	may	impose	too	high	of	234	

a	 metabolic	 burden	 on	 the	 cells,	 resulting	 in	 the	 reduced	 PHA	 production	 observed.	235	

Further	 work	 investigating	 the	 transcriptome	 of	 the	 cells	 during	 the	 course	 of	 the	236	

bioprocess	may	provide	insight	in	investigating	this	hypothesis.		237	

	 The	use	of	co-feeding	strategies	to	improve	growth	and	PHA	accumulation	under	238	

fed-batch	operation	have	been	demonstrated	previously.	For	instance,	the	use	of	waste	239	

glycerol	by	Kenny	et	al.,	2012	as	a	co-feeding	substrate	resulted	in	a	1.6-fold	increase	in	240	

total	 Na2TA	 consumed.	 Furthermore,	 the	 use	 of	 a	 co-substrates	 controlled	 via	 a	 pH-241	

controller	has	been	successfully	employed	as	an	additional	source	of	carbon	and	energy	242	

for	growth	and	PHA	accumulation	by	Pseudomonas	putida	GPo1	when	octanoate	was	the	243	

microbial	feedstock	(Elbahloul	and	Steinbuchel,	2009).	Therefore,	in	order	to	improve	the	244	

growth	 of	P.	 umsongensis	 GO16	 in	 a	 bioreactor	 under	 a	 solid	 pulse	 feeding	 regime	 of	245	

Na2TA,	a	number	of	pH-controlled	co-feeding	strategies	were	investigated	(Figures	3.11	246	

&	3.12).	While	P.	umsongensis	GO16	grew	with	a	mixture	of	sodium	octanoate	(NaOct)	247	

and	Na2TA	(Figure	3.11a)	in	shaken	flasks,	in	bioreactor	experiments	the	pH	controlled	248	

feed	of	octanoic	acid	was	not	successful.	The	observed	 inhibition	was	 likely	a	result	of	249	

octanoic	acid	reaching	concentrations	above	30	mM,	as	has	been	previously	noted	to	be	250	

inhibitory	above	this	concentration	(Elbahloul	and	Steinbuchel,	2009).	The	total	amount	251	

of	 octanoic	 acid	 fed	 into	 the	 bioreactor	 amounted	 to	 a	 final	 concentration	 of	 55	mM	252	

(Figure	3.13b).		253	

P.	umsongensis	GO16	grew	with	a	mixture	of	sodium	acetate	and	Na2TA	(Figure	254	

3.12a),	and	its	employment	as	a	pH-controlled	co-substrate	was	successful	in	increasing	255	

biomass	accumulation	1.9-fold	when	a	solid	pulse	feeding	regime	of	Na2TA	was	employed	256	

(Figure	 3.12b).	 However,	 an	 initial	 lag	 period	 was	 observed	 compared	 to	 previous	257	

experiments	where	acetic	acid	was	not	used.	Furthermore,	this	feeding	strategy	resulted	258	

in	a	1.5-fold	decrease	in	specific	growth	rate	and	30%	less	Na2TA	consumed.		259	

	 The	 use	 of	 adaptive	 laboratory	 evolution	 (ALE)	 is	 a	 common	 practice	 for	 the	260	

adaptation	of	microbial	 species	 to	 a	 specific	 environment	 (Dragosits	 and	Mattanovich,	261	

2013)	 and	 has	 proven	 effective	 in	 adapting	 microbial	 species	 to	 elevated	 Na+	262	

concentrations	of	up	to	910	mM	(Wu	et	al.,	2014).	While	ALE	proved	effective	in	adapting	263	

P.	 umsongensis	 GO16	 to	 up	 to	 900	mM	Na+	 under	 shaken	 flask	 cultivation	 conditions	264	

(Table	3.2),	this	did	not	translate	into	improved	bioreactor	productivity.	 	The	adapted	265	
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strain	 showed	continued	decrease	 in	 specific	 growth	 rate	over	 time	during	bioreactor	266	

experimentation,	 analogous	 to	 the	wild	 type	 (Figure	 3.17	&	 S.I	 figure	 6).	 A	 possible	267	

reason	for	this	is	the	adaptations	to	P.	umsongensis	GO16	ALE	were	carried	out	under	the	268	

inherently	different	culture	conditions	of	shaken	flasks	when	compared	to	a	stirred	tank	269	

bioreactor.	Conditions	of	oxygen	limitation	are	known	to	occur	regularly	under	unbaffled	270	

shaken	flask	cultivation	conditions	(Buchs,	2001),	which	may	have,	in	this	case,	affected	271	

the	metabolism	 of	 the	 cells	 during	 the	 ALE	 process,	 subsequently	 resulting	 in	 slower	272	

growing	cells	which	became	evident	under	bioreactor	cultivation.	In	future,	performing	273	

ALE	for	improved	Na+	 tolerance	under	chemostat	operation	may	yield	more	success	in	274	

adapting	P.	umsongensis	GO16,	 as	 conditions	 can	be	more	 closely	monitored,	 ensuring	275	

growth	under	conditions	of	excess	nutrients,	such	as	DO.	276	

	277	

6.2. Growth	of	P.	umsongensis	GO16	on	enzymatically	hydrolysed	PET	278	

While	the	capacity	of	P.	umsongensis	GO16	for	uptake	of	the	disodium	salt	of	TA	(Na2TA)	279	

and	convert	it	to	PHA	was	demonstrated	(Kenny	et	al.,	2008),	the	utilisation	of	ethylene	280	

glycol	(EG)	was	not	investigated.	The	metabolic	pathway	for	EG	assimilation	into	biomass	281	

was	described	for	P.	putida	JM37	(Muckschel	et	al.,	2012).	Even	though	P.	putida	KT2440	282	

contains	the	genetic	blueprint	for	EG	metabolism,	in	vivo	experiments	demonstrated	that	283	

KT2440	only	uses	EG	as	an	energy	source	(Muckschel	et	al.,	2012,	Li	et	al.,	2019).	The	284	

presence	of	both	TA	and	EG	degradation	pathways	in	a	single	microbial	cell	factory	has	285	

the	potential	to	yield	a	strain	capable	of	efficient	PET	monomer	utilization	for	growth	and	286	

PHA	 accumulation,	 which	 the	 European	 Union	 funded	 research	 project	 “From	 Plastic	287	

waste	 to	 Plastic	 value	 using	 Pseudomonas	 putida	 Synthetic	 Biology”	 (P4SB)	 was	288	

concerned	with	(P4SB,	2015).		289	

In	 previous	 experiments	 P.	 umsongensis	 GO16	 was	 shown	 to	 utilise	 EG	 and	290	

accumulates	low	biomass	(data	not	shown,	manuscript	under	review).		However,	with	the	291	

adaptive	 laboratory	 evolution	 (ALE)	 process	 a	 strain	 KS3	 was	 generated	 with	 an	292	

improved	EG	consumption	(section	2.7.2;	(Tiso	et	al.,	2020)).		The	potential	of	the	wild	293	

type	 and	 KS3	 strains	 was	 further	 investigated	 for	 the	 biotechnological	 upcycling	 of	294	

enzymatically	 hydrolysed	 PET	 (HPET)	 as	 a	 source	 of	 TA	 and	 EG	 to	 PHA.	 	 While	 the	295	

mechanism	behind	the	improved	metabolism	of	EG	by	P.	umsongensis	KS3	has	not	been	296	

elucidated,	an	accompanying	study	in	which	ALE	performed	on	P.	putida	KT2440	yielded	297	

two	secondary	mutations;	a	missense	mutation	in	a	transcriptional	regulator	of	ethylene	298	
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glycol	metabolism	(PP_2046),	resulting	in	constitutive	expression	of	the	genes	required	299	

for	EG	metabolism,	and	a	 transposon	 insertion	 in	a	gene	which	encodes	 for	a	putative	300	

porin	 for	 EG	 transport	 (PP_2662).	 Subsequently,	 after	 the	 aforementioned	mutations,	301	

P.	putida	KT2440	saw	improved	growth	on	EG	(Li	et	al.,	2019).	Further	study	i.e.	genome	302	

sequencing	of	the	KS3	strain	needs	to	be	carried	out	to	identify	the	precise	cause	of	the	303	

improved	EG	metabolism.	304	

The	 two	 strains	 were	 firstly	 compared	 under	 non-limiting	 conditions.	 Both	305	

P.	umsongensis	 GO16	 and	 KS3	 strains	 exhibited	 a	 bi-modal	 substrate	 utilisation	 and	306	

diauxic	growth	profile	when	the	synthetic	mixture	of	Na2TA	and	EG	was	the	microbial	307	

feedstock	 (Figures	 4.1	&	 4.6).	 Na2TA	was	 preferentially	 utilised	 by	 both	 strains.	 The	308	

preferential	 consumption	 of	 aromatic	 substrates	 over	 aliphatic	 molecules	 has	 been	309	

reported	in	Pseudomonas	putida	(Basu	et	al.,	2006,	Sudarsan	et	al.,	2014),	although	this	310	

does	 not	 appear	 to	 be	 universal	 trait	 amongst	Pseudomonas	 species	 (Karishma	 et	 al.,	311	

2015).	P.	umsongensis	KS3	displayed	3-fold	higher	maximum	specific	growth	rate	during	312	

EG	 utilisation	 compared	 to	 the	 wild	 type,	 and	 achieved	 the	 same	 biomass	 yield	313	

(0.38	gCDW/gEG)	when	grown	on	EG	as	seen	by	P.	umsongensis	GO16	when	cultivated	on	314	

Na2TA.	315	

P.	 umsongensis	 KS3	 further	 demonstrated	 its	 superior	 EG	 utilisation	316	

characteristics	with	an	eliminated	lag	period	when	transitioning	to	EG	metabolism	from	317	

Na2TA	 compared	 to	 the	wild	 type.	However,	 although	 improved	 EG	 consumption	was	318	

observed	by	P.	umsongensis	KS3,	a	1.8-fold	lower	maximum	specific	growth	rate	on	Na2TA	319	

compared	 to	 the	 wild	 type	 was	 observed	 under	 non-nitrogen	 limiting	 conditions.	320	

Furthermore,	under	conditions	of	nitrogen	limitation,		it	was	observed	that	specific	rate	321	

of	Na2TA	depletion	was	1.6-fold	 lower	 in	KS3	 compared	 to	GO16	with	 total	 depletion	322	

occurring	over	a	1.4-fold	 longer	time	period.	 	This	could	be	due	to	some	unintentional	323	

mutations	 occurring	 in	 tph	 operon,	 coding	 for	 the	 enzymes	 for	 terephthalic	 acid	 (TA)	324	

conversion	to	protocatechuate,	or	in	the	genes	encoding	the	lower	part	of	the	pathway.	325	

Reverse	engineering	the	resultant	mutations	for	improved	EG	metabolism	in	the	wild	type	326	

acquired	via	ALE	in	P.	umsongensis	KS3	may	lead	to	improved	growth	of	the	strain	on	EG	327	

whilst	maintaining	its	superior	Na2TA	consumption.	328	

During	 nitrogen	 limited	 growth	 conditions,	 discrepancies	 between	 both	 strains	329	

were	observed	when	cultivated	on	HPET	and	the	control	of	synthetic	mixture	of	Na2TA	330	

and	EG	mimicking	HPET.	No	EG	utilisation	was	observed	by	P.	umsongensis	GO16	post	331	
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Na2TA	depletion	when	a	synthetic	monomer	mixture	was	used	under	nitrogen	 limited	332	

conditions	 (Figure	 4.2b).	 However,	 when	 HPET	 was	 used	 	 slow	 EG	 depletion	 (0.06	333	

gEG/gCDW/h)	was	observed	with	concomitant	PHA	accumulation	with	a	rate	of	7	mg/L/h	334	

during	Na2TA	depletion,	1.5-fold	quicker	compared	to	the	PHA	accumulation	rate	during	335	

EG	 consumption,	 suggesting	 that	 EG	 derived	 from	 HPET	 was	 converted	 into	 PHA.	336	

Nevertheless,	similar	levels	of	PHA	were	recorded	to	the	synthetic	mixture	when	HPET	337	

mixture	was	used.	338	

Surprisingly,	 while	 the	 ALE	 demonstrated	 its	 success	 in	 improving	 EG	339	

consumption	 and	 growth	 in	 P.	 umsongensis	 KS3,	 mutations	 associated	 with	 the	 ALE	340	

process	 also	 facilitated	 the	 co-utilisation	 of	 Na2TA	 and	 EG	 under	 batch	 bioreactor	341	

cultivation	conditions	post	nitrogen	depletion	(Figures	4.7b	&	4.8b).	Further	research	342	

such	 as	 whole	 genome	 sequencing	 and	 omics	 studies	 such	 as	 transcriptomics	 and	343	

proteomics	will	need	to	be	undertaken	to	identify	why	nitrogen	limitation	stimulates	EG	344	

co-utilisation.	 Nevertheless,	 a	 2-fold	 improvement	 in	 PHA	 content	 and	 increased	 final	345	

biomass	by	P.	umsongensis	KS3	on	the	synthetic	mixture	was	evident,	 likely	due	to	the	346	

improved	metabolism	of	EG.		347	

However,	 this	 improvement	was	not	observed	with	HPET.	Slower	growth	and	a	348	

2.5-fold	 decrease	 in	 PHA	 (%CDW)	was	 recorded	 compared	 to	 the	 synthetic	monomer	349	

mixture,	showing	similarity	to	the	PHA	level	achieved	by	the	wild	type	GO16	under	the	350	

same	conditions.	In	fact,	while	the	final	biomass	content	when	grown	on	HPET	equalled	351	

that	of	the	synthetic	mixture,	HPET	appeared	to	inhibit	the	growth	of	P.	umsongensis	KS3	352	

as	illustrated	by	the	1.8-fold	slower	specific	growth	rate	prior	to	nitrogen	depletion	and	353	

2.1-fold	 slower	 PHA	 accumulation	 rate.	 Furthermore,	 a	 2.5-fold	 decrease	 in	 PHA	was	354	

recorded	compared	to	the	synthetic	monomer	mixture.	However,	an	improvement	in	the	355	

PHA	titre	(g/L)	was	still	evident	by	P.	umsongensis	KS3,	demonstrating	a	1.4-fold	increase	356	

over	 the	 wild	 type.	 This	 discrepancy	 in	 PHA	 accumulation	 between	 the	 synthetic	357	

monomer	mixture	and	HPET	was	not	observed	by	P.	umsongensis	GO16,	however	a	1.3-358	

fold	 slower	 specific	 Na2TA	 utilisation	 rate	 during	 the	 PHA	 accumulating	 phase	 was	359	

recorded	 when	 HPET	 was	 the	 microbial	 feedstock	 when	 compared	 to	 the	 synthetic	360	

monomer	mixture.	This	may	due	to	the	fact	that	the	resultant	hydrolysate	was	not	purified	361	

and	 residual	 oligomers	 may	 be	 present,	 such	 as	 mono-(2-hydroxyethyl)TA	 and	 bis-362	

2(hydroxyethyl)TA	as	a	result	of	incomplete	PET	hydrolysis	and	batch	to	batch	variation	363	

of	the	PET	hydrolysate	(Barth	et	al.,	2015).	The	effect	of	these	oligomers	on	the	growth	of	364	



	 136	

P.	umsongensis	GO16	and	KS3	was	not	studied	here,	however	it	could	be	postulated	that	365	

they	may	inhibit	growth.	This	requires	further	study	in	order	to	understand	the	impact	or	366	

lack	thereof	of	the	residual	oligomers	on	P.	umsongensis	GO16	growth.		367	

The	 PHA	 monomer	 distribution	 appeared	 to	 be	 influenced	 by	 the	 ALE	 of	368	

P.	umsongensis	GO16	with	the	PHA	monomer	distribution	demonstrating	a	1.4-	and	1.3-369	

fold	increase	in	C8	and	C12,	and	1.3-fold	decrease	in	C10	monomer	fractions	of	PHA	sourced	370	

via	HPET	(Table	4.1).	The	reason	behind	the	alteration	in	monomer	composition	of	the	371	

PHA	could	potentially	be	elucidated	by	metabolomics	to	investigate	a	potential	increase	372	

in	or	decrease	in	specific	(R)-3-hydroxyacyl-CoA	monomers	inside	the	cell.	Concurrently,	373	

whole	genome	sequencing	could	be	explored	 to	 identify	any	potential	 changes	 in	PHA	374	

polymerase	gene	sequence	which	may	explain	the	change	in	PHA	monomer	distribution.	375	

	376	

6.3. Impact	of	medium	chain	length	and	short	chain	length	PHA	depolymerase	gene	377	

deletions	on	Pseudomonas	umsongensis	GO16	378	

One	 of	 the	 aims	 of	 this	 project	 was	 to	 investigate	 whether	 the	 deletion	 of	 a	 PHA	379	

depolymerase	would	increase	the	PHA	level	in	P.	umsongensis	GO16.		PHA	depolymerase	380	

is	a	PHA	granule	associated	protein	required	for	access	and	intracellular	mobilisation	of	381	

the	polymer	for	the	organism	(Jendrossek	and	Pfeiffer,	2014,	de	Eugenio	et	al.,	2010a).	382	

While	intuitively	it	seems	that	the	deletion	of	PHA	depolymerase	would	lead	to	increased	383	

PHA	 accumulation,	 several	 studies	 have	 shown	 the	 expression	 of	 PHA	 depolymerase	384	

during	exponential	 growth	and	PHA	accumulation	 (Ren	et	 al.,	 2009a,	Ren	et	 al.,	 2010,	385	

Mozejko-Ciesielska	 et	 al.,	 2018)	 suggesting	 that	 it	 is	 required	 for	 efficient	 PHA	386	

accumulation.	 	 There	 are	 several	 reports	 on	 PHA	 depolymerase	 deletions	 in	 different	387	

Pseudomonas	 strains,	 however	 the	 impact	 of	 its	 deletion	 varies.	 PHA	 depolymerase	388	

deletion	has	been	reported	to	have	a	positive	impact	on	PHA	yield	in	P.	putida	U	(Arias	et	389	

al.,	2013)	and	P.	putida	KT2442	(Cai	et	al.,	2009).	However,	some	authors	reported	that	390	

the	deletion	of	PHA	depolymerase	resulted	in	no	improvement	in	PHA	yield	in	the	case	of	391	

P.	 resinovorans	 grown	 on	 oleic	 acid	 (Solaiman	 et	 al.,	 2003),	 P.	 putida	 KT2440	 on	 p-392	

coumaric	acid	(Salvachua	et	al.,	2020)	and	P.	putida	KT2442	on	octanoate	(de	Eugenio	et	393	

al.,	2010a).	394	

The	genome	of	P.	umsongensis	GO16	encodes	the	genes	required	for	both	scl	and	395	

mclPHA	synthesis.	While	the	ability	to	synthesise	both	classes	of	PHA	does	not	have	a	clear	396	

evolutionary	benefit,	the	presence	of	genes	required	for	the	synthesis	of	both	monomer	397	
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classifications	has	been	reported	in	a	number	of	bacterial	species	such	as	Rhodococcus	sp.	398	

NCIMB	 40126	 (Haywood	 Geoffrey,	 1990)	 and	 Rhodospirillum	 rubrum	 (Helmut.	 et	 al.,	399	

1988)	which	are	reported	to	be	capable	of	synthesising	a	PHA	copolymer	consisting	of	C4,	400	

C5	 and	 C6	 fractions	 from	 hexanoate.	While	 Pseudomonas	 strain	 GP4BH1	 is	 capable	 of	401	

producing	 scl	and	mclPHA	granules	 containing	 (R)-3-hydroxyalkanoatic	 acids	of	 C4,	 C8	402	

when	grown	on	octanoate,	and	Pseudomonas	strain	61-3	 is	capable	of	producing	a	scl-403	

mclPHA	copolymer	containing	(R)-3-hydroxyalkanoatic	acids	of	C4,	C6	&	C8	when	grown	404	

on	octanoate	(Matsusaki	Hiromi	et	al.,	1998,	Steinbuchel	A,	1992).		405	

In	light	of	this	discovery,	three	model	substrates	were	used	to	study	the	impact	406	

mclPHA	(phaZ)	and	sclPHA	(phbZ)	depolymerase	gene	knockouts	have	on	P.	umsongensis	407	

GO16	when	employing	de	novo	fatty	acid	synthesis,	PHB	synthesis	and	β-oxidation;	Na2TA	408	

(de	novo	fatty	acid	synthesis),	butyrate	(PHB	synthesis)	and	octanoate	(β-oxidation).	409	

Deleting	 PHA	 depolymerases	 in	 P.	 umsongensis	 GO16	 demonstrated	 differing	410	

effects	on	growth	and	PHA	accumulation	dependant	on	the	microbial	feedstock	employed	411	

as	evidenced	by	the	differing	impacts	on	growth	and	PHA	accumulation	by	mutant	strains	412	

across	substrates;	Na2TA,	sodium	butyrate	(NaBut)	and	sodium	octanoate	(NaOct).			413	

The	 deletion	 of	 phbZ	 demonstrated	 a	 1.2-fold	 increase	 in	 PHA	 (%CDW)	 when	414	

cultivated	on	Na2TA.	Similarly,	a	10%	increase	in	PHA	was	recorded	by	(Abe	et	al.,	2005)	415	

in	a	sclPHA	depolymerase	knockout	of	Ralstonia	eutropha	H16	(ΔphaZd)		grown	on	the	416	

PHA	 unrelated	 substrate,	 fructose.	 However,	 according	 to	 (Brigham	 et	 al.,	 2012a),	 5	417	

intracellular	sclPHA	depolymerases	have	been	annotated	in	Ralstonia	eutropha	H16,	and	418	

success	 in	 increasing	PHA	content	by	genomic	DNA	knockouts	bar	the	aforementioned	419	

study,	have	been	largely	unsuccessful	(Brigham	et	al.,	2012a,	York	et	al.,	2003,	Sznajder	420	

and	Jendrossek,	2014).		421	

In	contrast,	ΔphaZ	demonstrated	a	1.4-fold	slower	growth	rate	and	no	observable	422	

increase	in	PHA	when	using	Na2TA	as	the	microbial	feedstock.	Similarly,	in	a	previously	423	

study,	 no	 improvement	 in	 PHA	 accumulation	 was	 detected	 in	 P.	 putida	 KT2440,	424	

metabolising	 the	 aromatic	 compound,	 p-coumaric	 acid	 (Salvachua	 et	 al.,	 2020)	which	425	

bears	a	structural	resemblance	to	TA	and	is	also	degraded	via	the	β-ketoadipate	pathway	426	

(Hughes	et	al.,	2017).	While	no	improvement	in	PHA	yield	was	recorded	after	the	single	427	

deletion	of	phaZ	in	P.	putida	KT2440,	in	combination	with	genomic	DNA	deletions	of	3-428	

ketoacyl-CoA	thiolase	(fadA)	and	enoyl-CoA	hydratase	(fadB),	and	codon	optimisation	of	429	

3-hydroxyacyl-ACP	 thiolase	 (phaG),	 hydroxyacyl-CoA	 synthase	 (alkK)	 and	 the	 PHA	430	
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synthases	 (phaC1	&	phaC2)	 the	authors	 recorded	a	1.5-fold	 increase	 in	PHA	 titre	 (g/L)	431	

from	p-coumaric	acid,	indicating	that	while	phaZ	did	not	improve	PHA	yield	in	our	case,	432	

the	further	deletions	and	codon	optimisations	outlined	by	Salvachua	and	co-workers	in	433	

P.	putida	 KT2440	 may	 offer	 a	 blueprint	 in	 improving	 PHA	 content	 further	 in	434	

P.	umsongensis	GO16	when	grown	on	Na2TA.		435	

de	 Eugenio	 and	 co-workers	 demonstrated	 that	 the	 transcription	 levels	 of	 the	436	

phaC1ZC2	operon	 is	carbon	source	dependant,	as	 the	PHA	unrelated	substrate,	glucose,	437	

resulted	in	lower	levels	of	gene	transcription	when	compared	to	octanoate	in	P.	putida	438	

KT2442,	 more	 specifically	 a	 32-fold	 increase	 in	 phaZ	 expression	 was	 observed	 when	439	

grown	on	octanoate	compared	to	glucose	(de	Eugenio	et	al.,	2010b),	suggesting	that	the	440	

level	 of	phaZ	 gene	 expression	 in	P.	 umsongensis	GO16	 is	 low	 in	 the	 first	 place	 during	441	

growth	 and	 PHA	 accumulation	 on	Na2TA,	 suggesting	 a	 possible	 reason	 for	 the	 lack	 of	442	

impact	phaZ	deletion	has	on	the	strain	when	utilising	Na2TA.	443	

During	experiments	employing	butyrate	as	the	microbial	feedstock,	the	deletion	of	444	

phaZ	resulted	in	an	increased	rate	of	butyrate	depletion	compared	to	the	wild	type	and	445	

other	mutant	strains	under	both	limiting	and	non-limiting	conditions	(Figures	5.4	&	5.5).	446	

The	 deletion	 of	 phbZ	 increased	 PHA	 accumulation	 (%CDW)	 1.5-fold	 in	 ΔphbZ	 and	447	

ΔphaZphbZ	from	butyrate	under	nonlimiting	conditions	after	substrate	depletion	(Table	448	

5.3).	The	 fact	 that	 this	was	not	observed	under	nitrogen	 limiting	conditions	when	 the	449	

mclPHA	synthesis	pathway	was	active,	suggests	that	the	deletion	of	phbZ	has	a	positive	450	

impact	on	PHA	accumulation	when	the	mclPHA	synthesis	pathway	is	dormant.	In	contrast,	451	

the	 impact	 of	 deleting	 sclPHA	 depolymerases	 in	 Ralstonia	 eutropha	 H16,	 a	 model	452	

organism	 for	 sclPHA	production,	 largely	unaffected	PHA	accumulation	 (Brigham	et	 al.,	453	

2012a,	York	et	al.,	2003,	Sznajder	and	Jendrossek,	2014)	except	for	one	study	carried	out	454	

by	Abe	and	co-workers	(Abe	et	al.,	2005)	who	saw	a	10%	(%CDW)	increase	 in	sclPHA	455	

content.	 This	may	 possibly	 be	 due	 to	 the	 fact	 that	Ralstonia	 eutropha	 H16	 contains	 5	456	

annotated	sclPHA	depolymerases	suggesting	it	plays	an	essential	role	in	the	metabolism	457	

of	the	cell.	Furthermore,	the	carbon	substrate	chosen	for	the	aforementioned	studies	was	458	

fructose,	 and	 choosing	 a	 sclPHA	 related	 substrate,	 such	 as	 butyrate	may	 have	 yielded	459	

different	results.	A	proteomic	analysis	into	the	varying	effects	observed	under	butyrate	460	

utilisation	will	be	required	to	explain	the	observed	phenomena.		461	

Interestingly,	the	monomer	distribution	under	nitrogen	limitation	demonstrated	462	

an	 increase	of	over	1.2-fold	of	C4	and	a	decrease	 in	C8,	C10	and	C12,	monomer	fractions	463	
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while	under	non	limiting	conditions	the	PHA	consisted	across	all	strains	with	100%	C4	464	

when	 butyrate	was	 used	 as	 the	 sole	 source	 of	 carbon	 and	 energy	 suggesting	 that	 the	465	

mclPHA	synthesis	pathway	is	not	active	under	nitrogen	limiting	conditions	using	butyrate	466	

as	the	feedstock.	467	

The	deletion	of	both	phaZ	and	phbZ	had	a	clear	significant	negative	impact	on	the	468	

growth	 of	 P.	 umsongensis	 GO16	 on	 octanoate	 indicating	 the	 significance	 of	 substrate	469	

choices	in	assessing	the	impact	of	phaZ	and	phbZ	gene	deletions.		ΔphaZ,		while	displaying	470	

slower	biomass	accumulation,	did	not	display	any	variation	in	PHA	content	(%CDW)	or	471	

in	 its	 PHA	 or	monomer	 distribution	 (Table	 5.3)	 compared	 to	 the	wild	 type	 after	 the	472	

complete	utilisation	of	octanoate.	Similarly,	both	Cai	and	co-workers	and		de	Eugenio	and	473	

co-workers	noticed	no	alteration	in	PHA	monomer	distribution	in	the	ΔphaZ	mutant	of	474	

P.	putida	KT2442	compared	to	the	wild	type	after	substrate	depletion	(Cai	et	al.,	2009,	de	475	

Eugenio	et	al.,	2010a).	No	growth	profiles	of	 the	strains	were	provided	by	Cai	and	co-476	

workers,	 as	 only	 an	 endpoint	 measurement	 of	 biomass	 and	 PHA	 was	 carried	 out.	477	

However,	 the	 deletion	 of	 phaZ	 in	 P.	 putida	 KT2442	 by	 de	 Eugenio	 and	 co-workers	478	

reported	no	impact	on	its	growth	characteristics.		479	

Although	it	is	possible	that	the	physical	properties	of	the	polymer	produced	by	the	480	

knockout	mutants	have	been	altered,	such	as	number-average	molecular	mass	(Mn)	or	481	

the	weight	average	molecular	mass	(Mw),	it	was	not	investigated	in	this	study.	To	the	best	482	

of	 our	knowledge,	no	 studies	have	yet	 investigated	 the	 impact	of	phaZ	and	phbZ	 gene	483	

deletions	 in	 a	 strain	 capable	 of	 synthesising	 both	 scl	 and	mclPHA,	 therefore	 further	484	

investigation	into	the	physical	properties	of	polymer	is	required.	Despite	this,	Cai	and	co-485	

workers	record	no	variation	in	Mn	or	Mw	of	PHA	produced	by	P.	putida	KT2442	after	the	486	

deletion	of	phaZ	(Cai	et	al.,	2009).	This	was	also	the	case	in	observations	carried	out	by	487	

Solaiman	and	co-workers	in	P.	resinovorans	(Solaiman	et	al.,	2003).	488	

Interestingly,	 ΔphbZ	 and	 ΔΔphaZphbZ	 demonstrated	 a	 3.1-fold	 slower	 biomass	489	

accumulation	rate,	and	unlike	ΔphaZ	consisted	of	over	1.7-fold	lower	PHA	yield	(%CDW)	490	

under	 non	 limiting	 and	 nitrogen	 limiting	 conditions.	 A	 similar	 result	 was	 previously	491	

observed	where	the	deletion	of	phaZ	in	P.	putida	U	saw	a	2-fold	reduction	in	PHA	when	492	

cultivated	on	octanoate,	 although	 the	monomer	 composition	of	 the	polymer	 remained	493	

unchanged	(Garcia	et	al.,	1999),	and	authors	state	that	no	growth	differences	between	the	494	

phaZ	mutant	and	wild	type	were	observed.	To	the	best	of	our	knowledge,	the	variation	in	495	



	 140	

PHA	monomer	composition	as	a	result	of	a	PHA	depolymerase	gene	deletion	has	not	been	496	

reported	in	the	literature	prior	to	this	study.	497	

The	 analysis	 of	 PHA	 monomers	 produced	 by	 both	 ΔphbZ	 and	 ΔΔphaZphbZ	498	

highlighted	an	over	4-fold	increase	in	the	C4	fraction	of	the	polymer	(Table	5.3)	under	499	

non	 limiting	and	nitrogen	 limiting	conditions,	suggesting	that	phbZ	plays	an	 important	500	

role	in	regulating	the	PHA	monomer	distribution	in	the	wild	type	when	octanoate	is	the	501	

carbon	 and	 energy	 substrate.	 It	 is	 known	 that	 PHA	 production	 can	 be	 tailored	 by	502	

modifying	 the	 microbial	 feedstock	 (Mozejko-Ciesielska	 and	 Kiewisz,	 2016),	 and	 has	503	

demonstrated	to	be	the	case	for	P.	umsongensis	GO16.	On	top	of	this,	the	deletion	of	phbZ	504	

has	 afforded	 the	 possibility	 in	 tailoring	 the	 PHA	 produced	 from	 octanoate	 by	505	

P.	umsongensis	GO16	which	could	be	useful	for	specific	applications,	i.e.	the	increased	C4	506	

fraction	would	contribute	to	increased	crystallinity	of	the	polymer,	ascribing	it	properties	507	

more	 similar	 to	 the	 polypropylene,	 favouring	 applications	 as	 a	 packaging	 material	508	

(Narancic	et	al.,	2020),	while	the	high	C8	 fraction	of	both	P.	umsongensis	GO16	WT	and	509	

ΔphaZ	 contribute	 more	 elastomeric	 properties	 and	 applications	 in	 the	 biomedical	510	

industry	(Hazer	and	Steinbuchel,	2007).		511	

The	deletion	of	phaZ	has	been	shown	to	decrease	the	transcriptional	levels	of	PHA	512	

synthases,	phaC1	and	phaC2,	in	Pseudomonas	mendocina	NK-01	when	compared	to	its	wild	513	

type	counterpart	grown	on	glucose	(Zhao	et	al.,	2019).	While	the	transcription	levels	of	514	

phaC,	phaZ	were	not	studied	here,	it	is	hypothesised	that	phaZ	plays	an	important	role	in	515	

PHA	synthesis	in	P.	mendocina	NK-01,	which	may	be	the	case	for	all	mutant	strains	when	516	

growing	on	octanoate,	a	hypothesis	also	reported	by	(Ren	et	al.,	2009a).	517	

It	has	been	identified	that	phaZ	is	expressed	during	exponential	growth	in	P.	putida	518	

strains,	with	activity	of	phaC	 and	phaZ	being	 concomitantly	active	 (Arias	et	 al.,	 2013).	519	

Further	 studies	 have	 also	 highlighted	 the	 continuous	 polymerisation	 and	520	

depolymerisation	of	PHA	inside	the	cell	(Ren	et	al.,	2009a,	de	Eugenio	et	al.,	2010a,	Ren	et	521	

al.,	2010,	Arias	et	al.,	2013).	The	benefit	of	such	a	cycle	has	not	been	clearly	elucidated.		522	

However,	it	has	been	suggested	by	Ren	and	co-workers	that	it	may	provide	the	cell	with	a	523	

pathway	with	which	it	can	regulate	fatty	acid	flux	through	the	β-oxidation	pathway	(Ren	524	

et	al.,	2009a).		A	study	carried	out	by	Escapa	and	co-workers	illustrated	that	the	synthesis	525	

of	PHA	plays	a	role	 in	efficient	energy	metabolism	using	octanoate,	as	a	PHA	deficient	526	

mutant	saw	an	increased	intracellular	flux	toward	acetyl-CoA,	resulting	in	an	increased	527	

activity	of	the	TCA	cycle	and	glyoxylate	shunt,	resulting	in	increased	carbon	and	energy	528	
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spillage	 in	 the	 form	 of	 CO2	 rather	 than	 biomass	 when	 compared	 to	 its	 wild	 type	529	

counterpart	(Escapa	et	al.,	2012),	indicating	that	efficient	PHA	cycling	is	a	requirement	530	

for	efficient	octanoate	utilisation	in	P.	umsongensis	GO16,	which	is	also	evidenced	by	the	531	

impact	on	octanoate	metabolism	 in	all	PHA	depolymerase	mutants	when	compared	 to	532	

Na2TA	 and	 NaBut.	 However,	 in	 order	 to	 verify	 this	 hypothesis,	 metabolomic	 and	533	

proteomic	 analysis	 of	P.	 umsongensis	GO16	when	 grown	on	 octanoate	will	 need	 to	 be	534	

carried	out.	535	

The	role	of	PHA	depolymerases	for	purposes	other	than	PHA	depolymerisation	is	536	

still	unclear,	with	the	impact	of	its	deletion	dependant	on	the	strain	and	substrate	used.	537	

In	our	case,	a	proteomic	and	metabolomic	analysis	of	P.	umsongensis	GO16	and	the	mutant	538	

strains	could	be	carried	out	in	order	to	investigate	the	role	both	phaZ	and	phbZ	play	in	the	539	

central	metabolism	of	P.	umsongensis	GO16.		540	

Furthermore,	 conflicting	 results	 in	 the	 literature	 has	 led	 to	 confusion	 as	 to	 the	541	

impact	PHA	depolymerase	has	on	PHA	accumulation.	For	instance,	the	deletion	of	phaZ	in	542	

P.	putida	KT2442	(de	Eugenio	et	al.,	2010a)	resulted	in	no	improvement	in	PHA	while	Cai	543	

and	 co-workers	 report	 the	 opposite	 (Cai	 et	 al.,	 2009)	 even	 though	 both	 studies	 used	544	

octanoate	as	the	sole	source	of	carbon	and	energy.	However,	these	discrepancies	may	be	545	

a	result	of	variations	in	culture	conditions	between	experiments.	For	instance,	in	the	case	546	

of	 de	 Eugenio	 and	 co-workers,	 P.	 putida	 KT2442	 was	 cultivated	 in	 M63	 medium	547	

supplemented	with	15	mM	octanoate	and	cultivated	for	25	h	under	nitrogen	limitation,	548	

whereas	 Cai	 and	 co-workers	 report	 using	 MS	 medium	 supplemented	 with	 60	 mM	549	

octanoate	and	incubated	of	48	h	under	nitrogen	limiting	conditions.	Even	though	nitrogen	550	

limitation	was	employed	in	both	studies,	the	2-fold	increased	incubation	time	and	4-fold	551	

increase	 in	 octanoate	 concentration	 used	 by	 Cai	 and	 co-workers	 may	 provide	 excess	552	

substrate	with	which	to	display	its	superior	PHA	accumulation	characteristics.	553	

	554	

	555	

	556	

	557	

	558	

	559	

	560	

	561	
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6.4. Conclusions		562	

Through	 the	 development	 of	 an	 unstructured,	 unsegregated	 mathematical	 model	563	

describing	the	cultivation	of	Pseudomonas	umsongensis	GO16	on	Na2TA	as	the	sole	source	564	

of	carbon	and	energy	in	a	minimal	medium	we	have	achieved	a	1.3-fold	improvement	in	565	

biomass	accumulation	from	what	was	previously	reported	in	the	literature	using	a	liquid	566	

fed-batch	approach,	while	 a	 solid	pulse	 fed-batch	approach	achieved	a	2-fold	 increase	567	

over	 reports	 in	 the	 literature.	 We	 report,	 for	 the	 first	 time,	 that	 solid	 Na2TA	 feeding	568	

overcomes	 the	 issue	of	 increased	 fermentation	medium	volume	which	arises	 from	the	569	

supply	of	a	dilute	Na2TA	solution	to	the	bioreactor	due	to	the	poor	solubility	of	Na2TA	in	570	

aqueous	 solutions.	 However,	 we	 have	 also	 found	 that	 liquid	 fed-batch	 fermentation	571	

generates	 data	 that	 is	 superior	 for	 model	 parameterisation,	 due	 the	 improved	572	

reproducibility	 associated	with	 this	 feeding	 regime	when	 compared	 to	 the	 solid	pulse	573	

feeds,	as	 the	 timing	of	 feeds	across	solid	pulse	 feeding	experiments	were	not	 identical	574	

across	experiments.	575	

The	 mathematical	 model	 accurately	 describes	 biomass	 (CDW)	 accumulation,	576	

substrate	(Na2TA),	nitrogen	and	dissolved	oxygen	(DO)	utilization	associated	with	this	577	

bacterial	strain	under	the	tested	conditions	and	has	demonstrated	its	utility	in	improving	578	

the	bioprocess’	operational	ease	via	the	development	and	validation	of	an	optimal	liquid	579	

feeding	regime,	and	may	be	harnessed	for	the	bioprocess	optimisation	of	other	bacterial	580	

strains	capable	of	consuming	Na2TA.		581	

Model-based	 analysis	 has	 provided	 a	 quantitative	 insight	 into	 non-obvious	582	

mechanisms	that	may	govern	how	P.	umsongensis	GO16	consumes	Na2TA,	such	as	uptake	583	

inhibition	 via	 Na+	 accumulation	 as	 a	 key	 aspect	 of	 Na2TA	 biodegradation	 with	584	

P.	umsongensis	 GO16.	 The	 limitation	 of	 Na2TA	 as	 a	 microbial	 feedstock	 for	 biomass	585	

cultivation	has	been	identified.	The	mathematical	model	suggests	that	Na+	accumulation	586	

is	a	limiting	factor	for	biomass	cultivation	and	must	be	overcome	for	PET-derived	Na2TA	587	

monomers	to	be	a	viable	carbon	substrate.	However,	this	needs	to	be	confirmed	via	the	588	

appropriate	in	vivo	analysis.	589	

We	 have	 demonstrated	 here	 the	 biotechnological	 capacity	 of	 the	 strain	590	

P.	umsongensis	 GO16	 to	 convert	 enzymatically	 hydrolysed	 PET	 into	 biodegradable	591	

polymer,	PHA.		Furthermore,	the	utility	in	adaptive	laboratory	evolution	of	P.	umsongensis	592	

GO16	for	improved	EG	utilisation	for	further	optimisation	of	PET	upcycling	into	PHA	was	593	

described	 and	 thusly	 demonstrates	 the	 proof	 of	 concept	 in	 the	 possibility	 for	 the	594	
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development	of	a	complete	biotechnological	bioprocess	for	the	upcycling	of	PET	plastic	595	

waste	and	opens	the	door	for	further	optimisation.	596	

Currently,	the	mechanical	recycling	of	post-consumer	PET	is	favourable	due	to	its	597	

simplicity	and	low	cost;	however,	PET	properties	deteriorate	with	each	sequential	round	598	

of	recycling	and,	thus,	result	in	eventual	landfilling	or	incineration	(Ragaert	et	al.,	2017,	599	

Tominaga	 et	 al.,	 2018).	 A	 move	 away	 from	 traditional	 mechanical	 recycling	 towards	600	

chemolysis,	pyrolysis	and	enzymatic	hydrolysis	must	be	considered	 to	 transition	 from	601	

and	provide	adequate	quantities	of	post-consumer	PET	for	upcycling	(Ragaert	et	al.,	2017,	602	

Karayannidis	et	al.,	2002).	Although	the	present	study	does	not	 focus	on	the	economic	603	

optimisation	of	PET	recycling,	it	identifies	key	technical	challenges	associated	with	Na2TA	604	

as	a	microbial	 feedstock	and	provides	suggestions	 for	 further	bioprocess	optimisation,	605	

while	simultaneously	demonstrating	the	ability	to	upcycle	enzymatically	hydrolysed	PET	606	

as	a	proof	of	concept.	With	further	work,	our	integrated	modelling/experimental	platform	607	

will	serve	as	a	steppingstone	to	define	operationally	optimal	and	economically	feasible	608	

bioprocesses	for	the	biodegradation	and	upcycling	of	PET	feedstocks	to	PHA.	In	doing	so,	609	

our	proposed	framework	will	contribute	towards	our	transition	from	a	linear	to	a	circular	610	

plastics	economy.	611	

P.	umsongensis	GO16	contains	genes	required	for	both	medium	chain	length	(mcl)	612	

and	short	chain	length	(scl)	PHA	accumulation.	We	have	demonstrated	that	the	effect	of	613	

PHA	depolymerase	gene	deletions	on	P.	umsongensis	GO16	is	heavily	influenced	by	the	614	

chosen	substrate,	and	whether	the	phaZ	and/or	phbZ	genes	are	deleted.	The	impact	that	615	

both	depolymerases	have	on	 the	growth	of	P.	umsongensis	GO16,	PHA	production	and	616	

monomer	distribution	when	cultivated	on	Na2TA,	octanoate	and	butyrate	has	been	clearly	617	

demonstrated.	618	

The	deletion	of	phaZ	and/or	phbZ	inhibited	growth	on	octanoate	and	in	the	case	of	619	

ΔphbZ	and	ΔphaZphbZ	decreased	PHA	production	and	resulted	in	an	over	4-fold	increase	620	

in	the	C4	 fraction	of	the	polymer.	The	deletion	of	phaZ	 increased	PHA	production	from	621	

Na2TA	 and	 butyrate,	 while	 ΔphbZ	 and	 ΔphaZphbZ	 demonstrated	 increased	 PHA	622	

accumulation	from	butyrate.		623	

Furthermore,	 uncovering	 the	 impact	 that	 PHA	 depolymerase	 genes	 have	 in	624	

regulating	the	monomer	distribution	of	PHA	in	P.	umsongensis	GO16	opens	opportunities	625	

in	potentially	exploiting	this	discovery	in	tailoring	PHA	monomer	composition	for	specific	626	

applications,	and	 this	 research	may	be	 leveraged	as	a	platform	with	which	 to	guide	 in	627	
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potentially	tailoring	PHA	monomer	composition	for	other	strains	capable	of	assimilating	628	

both	mclPHA	and	sclPHA.	629	

While	this	research	in	its	current	form	has	shone	a	light	on	the	importance	of	PHA	630	

depolymerase	genes	for	growth,	PHA	production	and	regulating	monomer	distribution	in	631	

P.	umsongensis	GO16,	further	investigation	is	needed	to	gain	an	understanding	behind	the	632	

impact	the	deletion	of	phaZ	and/or	phbZ	has	on	PHA	granule	formation	and	the	physical	633	

characteristics	 of	 the	 polymer;	 including	 analysis	 of	 the	 accumulated	 polymer	 to	634	

determine	if	it	is	a	copolymer	or	two	separate	polymers.	At	the	same	time,	an	analysis	at	635	

the	molecular	level	is	required,	such	as	metabolomics,	proteomics	and	transcriptomics,	636	

which	 would	 provide	 a	 deeper	 understanding	 of	 the	 role	 PHA	 depolymerase	 has	 on	637	

cellular	metabolism	and	PHA	synthesis,	which	still	remains	unclear	today.	638	
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	693	
Supplementary	figure	1.	Fitting	of	mathematical	model	(solid	line)	to	experimental	data	694	

(black	circles)	of	dissolved	oxygen	utilisation	profile	(DO)	profiles	of	experimental	data	of	695	

Pseudomonas	umsongensis	GO16	utilising	disodium	terephthalate	(Na2TA)	fed	according	696	

to	 liquid	 feeds	 employing	 in	 figure	 3.6:	a)	 Feeding	 plan	 A	&	 [$%]#$$% 	 	 of	 277.57	mM,	697	

['()*]#$$% 	1.85	g/L,	b)	Feed	profile	A	&	[$%]#$$% 	of	200	mM,	['()*]#$$% 	1.85	g/L	c)	Feed	698	

profile	B	&	[$%]#$$% 	of	325.65	mM,	['()*]#$$% 	1.85	g/L.	Error	bars	in	figure	1	represent	699	

standard	deviation	of	three	biological	replicates.	700	

	701	
	702	

	703	
Supplementary	figure	2.	Comparison	between	mathematical	model	(solid	line)	and	the	704	

dissolved	 oxygen	 utilisation	 profiles	 (DO)	 of	 experimental	 data	 (black	 circles)	 of	 the	705	

growth	 of	Pseudomonas	umsongensis	 GO16	 from	 figure	 3.7	 on	 disodium	 terephthalate	706	

(Na2TA)	with	further	additions	fed	according	to	dissolved	oxygen	monitored	solid	pulse	707	

feeding	regime	employing	1)	20	mM	(4.2	g/L)	solid	Na2TA	pulse	feeds,	2)	20	mM	solid	708	

Na2TA	 pulse	 feeds	 with	 a	 33%	 reduction	 in	 starting	 inoculum	 concentration,	 and	 3)	709	

10	mM	(2.1	g/L)	solid	Na2TA	pulse	feeds.	710	

	711	
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712	
Supplementary	 figure	 3.	 Comparison	 between	 mathematical	 model	 (solid	 line)	 and	713	

experimental	data	 (black	 circles)	of	 the	growth	of	Pseudomonas	umsongensis	 GO16	on	714	

disodium	terephthalate	(Na2TA)	supplemented	with	20	mM	(4.2	g/L)	Na2TA	with	further	715	

additions	 fed	 according	 to	 dissolved	 oxygen	 monitored	 solid	 pulse	 feeding	 regime	716	

employing	20	mM	Na2TA	pulse	feeds.	Showing	a)	cell	dry	weight	(CDW;	g/L),	b)	disodium	717	

terephthalate	concentration	(Na2TA;	g/L),	c)	nitrogen	utilization	(g/L)	and	d)	dissolved	718	

oxygen	utilisation	(DO;	%)	719	

	720	
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	721	
Supplementary	 figure	 4.	 Comparison	 between	 mathematical	 model	 (solid	 line)	 and	722	

experimental	data	 (black	 circles)	of	 the	growth	of	Pseudomonas	umsongensis	 GO16	on	723	

disodium	terephthalate	(Na2TA)	supplemented	with	20	mM	(4.2	g/L)	Na2TA	with	further	724	

additions	fed	according	to	dissolved	oxygen	(DO)	monitored	solid	pulse	feeding	regime	725	

employing	20	mM	Na2TA	pulse	feeds.	Showing	a)	cell	dry	weight	(CDW;	g/L),	b)	disodium	726	

terephthalate	concentration	(Na2TA;	g/L),	c)	nitrogen	utilization	(g/L)	and	d)	dissolved	727	

oxygen	utilisation	(DO;	%).	728	

	729	

	730	

	731	
Supplementary	figure	5.	Comparison	between	experimental	data	(black	circles),	model	732	

fitting	 experiment	 employing	 feeding	plan	B	 (solid	 line)	 and	 an	optimised	model	 case	733	

study	 (dashed	 line)	 fed	 according	 the	 final	 optimized	 feeding	 plan	 C	 from	 figure	 3.8.	734	

Showing	dissolved	oxygen	(DO)	utilisation	of	Pseudomonas	umsongensis	GO16	grown	on	735	

Na2TA.	736	

	737	
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	738	
	739	

	740	
Supplementary	 figure	 6.	 Logarithmic	 growth	 representation	 of	 Pseudomonas	741	

umsongensis	GO16	WT	 (▲)	 and	GO16	ALE	 (×)	on	minimal	 salts	medium	 (MSMFedbatch)	742	

initially	 supplemented	with	20	mM	(4.2	g/L)	disodium	terephthalate	 (Na2TA)	 in	a	5	L	743	

bioreactor	with	a	3	L	working	volume	at	30°C.	Further	solid	20	mM	Na2TA	additions	via	a	744	

DO	 stat	 pulse	 feeding	 regime	were	 supplied.	 The	 figure	 shows	 biomass	 accumulation	745	

(CDW;	g/L).	Error	bars	represent	the	standard	deviation	of	three	biological	replicates.	746	
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hands-on	approach	in	training	me	in	on	the	equipment	of	the	lab	has	provided	me	with	826	

the	experience	I	needed	to	complete	my	work.	Thank	you	for	going	above	and	beyond	in	827	

every	regard.	828	



	 152	

Thank	you	Dr.	Ioscani	Jimenez	del	Val	for	your	consistent	positive	attitude	and	endless	829	

patience	 with	 me	 while	 learning	 how	 to	 develop	 the	 mathematical	 modelling.	 Your	830	

positivity	was	infectious.		831	

Thank	you	to	all	the	PhD	students	past	and	present	that	I	have	been	lucky	enough	832	

to	call	my	colleagues	and	friends:	Elisa	Scollica,	Carolina	Ruiz,	Sarah	Al	Mahboub,	Amal	833	

Alghamdi,	Aoife	Holohan,	James	Britton,	Si	Liu	and	Conor	O’Loughlin.	Thank	you	for	your	834	

advice,	for	the	laughs,	and	lending	an	ear	when	I	needed	it	over	the	past	four	years.		835	

To	 Karthika	 Balusamy	 and	 Kate	 Um;	 while	 COVID19	 cut	 things	 short,	 I	 really	836	

enjoyed	getting	to	know	both	of	you.	You	have	been	great	additions	to	the	lab.	837	

To	all	the	Post	Docs	in	the	lab:	Dr.	Federico	Cerrone,	Dr.	William	Casey,	Dr.	Meg	838	

Walsh,	Dr.	Marta	Saccomanno,	Dr.	Reeta	Davis,	Dr.	Michelle	Rich,	Dr.	Chris	Davis.	I	want	839	

to	extend	a	heartfelt	thank	you	to	each	and	every	one	of	you.	All	of	you	made	the	lab	a	840	

warm	and	welcoming	environment	throughout	my	time	here.	Your	help	and	support	have	841	

been	invaluable.		842	

To	my	parents,	Eugene	and	Margaret;	and	siblings,	Colin	and	Nicola.	Thank	you	for	843	

your	 consistent	 and	unwavering	 support	 throughout	my	decision	 to	 stay	 at	UCD	 for	 a	844	

further	 four	 years.	 You	 all	 have	 been	 incredibly	 understanding	 and	 supportive	 of	my	845	

decision	 to	 undertake	 this	 project.	 I	 couldn’t	 have	 completed	 my	 work	 without	 the	846	

support	each	of	you	have	provided	throughout	my	project.	847	

To	my	wonderful	girlfriend,	Holly;	we	first	started	dating	when	I	was	two	and	a	848	

half	years	into	my	project	and	you	have	been	there	throughout	the	good	and	bad	times	849	

over	the	last	year	and	a	half.	Thank	you	so	much	for	listening	to	my	concerns	regarding	850	

my	 project,	 even	 if	 my	 worries	 seemed	 trivial.	 The	 consistent	 support	 and	 genuine	851	

interest	in	my	work	from	you	and	your	family	been	invaluable	during	this	process.		852	

Last	but	most	certainly	not	least,	thank	you	Guinness.	You	were	always	there	when	853	

I	 needed	 you.	 Your	 consistent	 willingness	 to	 make	 time	 for	 me	 is	 something	 I	 have	854	

appreciated	throughout	my	PhD.	You	never	asked	any	questions.	855	

	856	

	857	

	858	

	859	

	860	

	861	



	 153	

	862	

	863	

	864	

	865	

	866	

	867	

	868	

	869	

	870	

	871	

	872	

	873	

	874	

	875	

9. Bibliography	876	

	877	

	878	

	879	

	880	

	881	

	882	

	883	

	884	

	885	

	886	

	887	

	888	

	889	

	890	

	891	

	892	



	 154	

ABE,	 T.,	 KOBAYASHI,	 T.	 &	 SAITO,	 T.	 2005.	 Properties	 of	 a	 novel	 intracellular	 poly(3-893	
hydroxybutyrate)	depolymerase	with	high	specific	activity	(PhaZd)	in	Wautersia	eutropha	H16.	J	894	
Bacteriol,	187,	6982-90.	895	

ADITI,	 S.	 S.,	D’SOUZA;	MANISH	NARVEKAR;	PRANESH,	ROA;	KATYAYINI	TAMBADMANI	2015.	896	
Microbial	 production	 of	 polyhydroxyalkanoates	 (PHA)	 from	 novel	 sources-	 A	 Review.	897	
International	Journal	of	Research	in	Biosciences,	4,	16-28.	898	

AMBORSKI,	L.	E.	&	FLIERL,	D.	W.	1953.	Physical	Properties	of	Polyethylene	Terephthalate	Films.	899	
Industrial	and	Engineering	Chemistry,	45,	2290-2295.	900	

ANDERSON,	A.	J.	&	DAWES,	E.	A.	1990.	Occurrence,	metabolism,	metabolic	role,	and	industrial	uses	901	
of	bacterial	polyhydroxyalkanoates.	Microbiol	Rev,	54,	450-72.	902	

ANDRADY,	A.	L.	2011.	Microplastics	in	the	marine	environment.	Mar	Pollut	Bull,	62,	1596-605.	903	

ANDRADY,	A.	L.	&	NEAL,	M.	A.	2009.	Applications	and	societal	benefits	of	plastics.	Philos	Trans	R	904	
Soc	Lond	B	Biol	Sci,	364,	1977-84.	905	

ARIAS,	 S.,	 BASSAS-GALIA,	 M.,	 MOLINARI,	 G.	 &	 TIMMIS,	 K.	 N.	 2013.	 Tight	 coupling	 of	906	
polymerization	and	depolymerization	of	polyhydroxyalkanoates	ensures	efficient	management	of	907	
carbon	resources	in	Pseudomonas	putida.	Microb	Biotechnol,	6,	551-63.	908	

ASPEDON,	 A.,	 PALMER,	 K.	 &	 WHITELEY,	 M.	 2006.	 Microarray	 analysis	 of	 the	 osmotic	 stress	909	
response	in	Pseudomonas	aeruginosa.	J	Bacteriol,	188,	2721-5.	910	

AUSTIN,	 H.	 P.,	 ALLEN,	M.	 D.,	 DONOHOE,	 B.	 S.,	 RORRER,	 N.	 A.,	 KEARNS,	 F.	 L.,	 SILVEIRA,	 R.	 L.,	911	
POLLARD,	 B.	 C.,	 DOMINICK,	 G.,	 DUMAN,	 R.,	 EL	 OMARI,	 K.,	 MYKHAYLYK,	 V.,	 WAGNER,	 A.,	912	
MICHENER,	W.	 E.,	 AMORE,	 A.,	 SKAF,	M.	 S.,	 CROWLEY,	M.	 F.,	 THORNE,	 A.	W.,	 JOHNSON,	 C.	W.,	913	
WOODCOCK,	H.	L.,	MCGEEHAN,	J.	E.	&	BECKHAM,	G.	T.	2018.	Characterization	and	engineering	of	914	
a	plastic-degrading	aromatic	polyesterase.	Proc	Natl	Acad	Sci	U	S	A,	115,	E4350-E4357.	915	

BAINS,	 J.,	WULFF,	 J.	 E.	&	BOULANGER,	M.	 J.	 2012.	 Investigating	 terephthalate	 biodegradation:	916	
structural	 characterization	of	 a	putative	decarboxylating	 cis-dihydrodiol	dehydrogenase.	 J	Mol	917	
Biol,	423,	284-93.	918	

BARRETT,	A.	2019.	Bio-On	and	Unilever	Revolutionise	Sun	Cream	Industry	with	MyKai	 [Online].	919	
Bioplastics	 News	 Available:	 https://bioplasticsnews.com/2019/04/09/bio-on-and-unilever-920	
revolutionise-sun-cream-industry-with-mykai/	[Accessed	30/04	2019].	921	

BARTH,	M.,	WEI,	R.,	OESER,	T.,	THEN,	 J.,	 SCHMIDT,	 J.,	WOHLGEMUTH,	F.	&	ZIMMERMANN,	W.	922	
2015.	Enzymatic	hydrolysis	of	polyethylene	terephthalate	films	in	an	ultrafiltration	membrane	923	
reactor.	Journal	of	Membrane	Science,	494,	182-187.	924	

BASU,	A.,	APTE,	S.	K.	&	PHALE,	P.	S.	2006.	Preferential	utilization	of	aromatic	compounds	over	925	
glucose	by	Pseudomonas	putida	CSV86.	Appl	Environ	Microbiol,	72,	2226-30.	926	



	 155	

BEAGAN,	N.,	O’CONNOR,	K.	E.	&	DEL	VAL,	I.	 J.	2020.	Model-based	operational	optimisation	of	a	927	
microbial	bioprocess	converting	terephthalic	acid	to	biomass.	Biochemical	Engineering	Journal,	928	
158.	929	

BIOPLASTICS,	E.	2018.	Bioplastics	market	data	2018	[Online].	Available:	https://www.european-930	
bioplastics.org/wp-content/uploads/2016/02/Report_Bioplastics-Market-Data_2018.pdf	931	
[Accessed].	932	

BIOPLASTICS,	E.	2019.	BIOPLASTICS	MARKET	DEVELOPMENT	UPDATE	2019.	933	

BIOPLASTICS_MAGAZINE	 2017.	 Eyewear	 company	 eyes	 eco-sustainable	 PHA	 for	 designer	934	
spectacles	Bioplastics	magazine		935	

BIOPLASTICS_MAGAZINE	2019.	Innova	Imagen	licenses	bio-on	technology	for	PHA	production	in	936	
Mexico.	Bioplastics		937	

BRAUNEGG,	 G.,	 LEFEBVRE,	 G.,	 GENSER,	 K.	 1998.	 Polyhydroxyalkanoates,	 biopolyesters	 from	938	
renewable	resources:	Physiological	and	engineering	aspects.	 Journal	of	Biotechnology,	65,	127-939	
161.	940	

BREMS,	A.,	 BAEYENS,	 J.,	 VANDECASTEELE,	 C.	&	DEWIL,	 R.	 2011.	 Polymeric	 cracking	 of	waste	941	
polyethylene	terephthalate	to	chemicals	and	energy.	J	Air	Waste	Manag	Assoc,	61,	721-31.	942	

BRESAN,	S.,	SZNAJDER,	A.,	HAUF,	W.,	FORCHHAMMER,	K.,	PFEIFFER,	D.	&	JENDROSSEK,	D.	2016.	943	
Polyhydroxyalkanoate	(PHA)	Granules	Have	no	Phospholipids.	Sci	Rep,	6,	26612.	944	

BRIGHAM	 &	 SINSKEY	 2012.	 Applications	 of	 Polyhydroxyalkanoates	 in	 the	 Medical	 Industry.	945	
International	Journal	of	Biotechnology	for	Wellness	Industries.	946	

BRIGHAM,	C.	J.,	REIMER,	E.	N.,	RHA,	C.	&	SINSKEY,	A.	J.	2012a.	Examination	of	PHB	Depolymerases	947	
in	Ralstonia	eutropha:	Further	Elucidation	of	 the	Roles	of	Enzymes	 in	PHB	Homeostasis.	AMB	948	
Express,	2,	26.	949	

BRIGHAM,	C.	J.,	SPETH,	D.	R.,	RHA,	C.	&	SINSKEY,	A.	J.	2012b.	Whole-genome	microarray	and	gene	950	
deletion	studies	reveal	regulation	of	the	polyhydroxyalkanoate	production	cycle	by	the	stringent	951	
response	in	Ralstonia	eutropha	H16.	Appl	Environ	Microbiol,	78,	8033-44.	952	

BROWNE,	M.	A.,	CRUMP,	P.,	NIVEN,	S.	J.,	TEUTEN,	E.,	TONKIN,	A.,	GALLOWAY,	T.	&	THOMPSON,	R.	953	
2011.	 Accumulation	 of	 microplastic	 on	 shorelines	 woldwide:	 sources	 and	 sinks.	 Environ	 Sci	954	
Technol,	45,	9175-9.	955	

BUCHS,	J.	2001.	Introduction	to	advantages	and	problems	of	shaken	cultures.	Biochem	Eng	J,	7,	91-956	
98.	957	

BUGNICOURT,	E.,	 CINELLI,	P.,	 LAZZERI,	A.	&	ALVAREZ,	V.	 2014.	Polyhydroxyalkanoate	 (PHA):	958	
Review	of	synthesis,	characteristics,	processing	and	potential	applications	in	packaging.	Express	959	
Polymer	Letters,	8,	791-808.	960	



	 156	

CAI,	L.,	YUAN,	M.	Q.,	LIU,	F.,	JIAN,	J.	&	CHEN,	G.	Q.	2009.	Enhanced	production	of	medium-chain-961	
length	polyhydroxyalkanoates	 (PHA)	by	PHA	depolymerase	knockout	mutant	of	Pseudomonas	962	
putida	KT2442.	Bioresour	Technol,	100,	2265-70.	963	

CAMMIDGE,	A.	N.	1999.	An	undergraduate	experiment	 in	polyester	 (PET)	synthesis.	 Journal	of	964	
Chemical	Education,	76,	236-237.	965	

CHOI,	K.-H.,	GAYNOR,	J.	B.,	WHITE,	K.	G.,	LOPEZ,	C.,	BOSIO,	C.	M.,	KARKHOFF-SCHWEIZER,	R.	R.	&	966	
SCHWEIZER,	 H.	 P.	 2005.	 A	 Tn7-based	 broad-range	 bacterial	 cloning	 and	 expression	 system.	967	
Nature	Methods,	2,	443-448.	968	

CHOI,	K.	H.,	KUMAR,	A.	&	SCHWEIZER,	H.	P.	2006.	A	10-min	method	 for	preparation	of	highly	969	
electrocompetent	Pseudomonas	aeruginosa	cells:	application	for	DNA	fragment	transfer	between	970	
chromosomes	and	plasmid	transformation.	J	Microbiol	Methods,	64,	391-7.	971	

COCA-COLA.	 2015.	 Coca-Cola	 Produces	 World's	 First	 PET	 Bottle	 Made	 Entirely	 From	 Plants	972	
[Online].	 Coca-Cola.	 Available:	 https://www.coca-colacompany.com/press-center/press-973	
releases/coca-cola-produces-worlds-first-pet-bottle-made-entirely-from-plants	[Accessed].	974	

CREATIVE	 MECHANISMS.	 2016.	 Available:	975	
https://www.creativemechanisms.com/blog/everything-about-polyethylene-terephthalate-pet-976	
polyester	[Accessed].	977	

CUI,	Y.	Q.,	VANDERLANS,	R.	G.	J.	M.	&	LUYBEN,	K.	C.	A.	M.	1996.	Local	power	uptake	in	gas-liquid	978	
systems	with	single	and	multiple	Rushton	turbines.	Chemical	Engineering	Science,	51,	2631-2636.	979	

D'SOUZA-AULT,	M.	R.,	SMITH,	L.	T.	&	SMITH,	G.	M.	1993.	Roles	of	N-acetylglutaminylglutamine	980	
amide	 and	 glycine	 betaine	 in	 adaptation	 of	 Pseudomonas	 aeruginosa	 to	 osmotic	 stress.	 Appl	981	
Environ	Microbiol,	59,	473-8.	982	

DAVIS,	R.,	DUANE,	G.,	KENNY,	S.	T.,	CERRONE,	F.,	GUZIK,	M.	W.,	BABU,	R.	P.,	CASEY,	E.	&	O'CONNOR,	983	
K.	E.	2015.	High	cell	density	cultivation	of	Pseudomonas	putida	KT2440	using	glucose	without	the	984	
need	for	oxygen	enriched	air	supply.	Biotechnol	Bioeng,	112,	725-33.	985	

DE	EUGENIO,	L.	I.,	ESCAPA,	I.	F.,	MORALES,	V.,	DINJASKI,	N.,	GALAN,	B.,	GARCIA,	J.	L.	&	PRIETO,	M.	986	
A.	2010a.	The	turnover	of	medium-chain-length	polyhydroxyalkanoates	in	Pseudomonas	putida	987	
KT2442	 and	 the	 fundamental	 role	 of	 PhaZ	 depolymerase	 for	 the	 metabolic	 balance.	 Environ	988	
Microbiol,	12,	207-21.	989	

DE	EUGENIO,	L.	I.,	GALAN,	B.,	ESCAPA,	I.	F.,	MAESTRO,	B.,	SANZ,	J.	M.,	GARCIA,	J.	L.	&	PRIETO,	M.	990	
A.	2010b.	The	PhaD	regulator	controls	the	simultaneous	expression	of	the	pha	genes	involved	in	991	
polyhydroxyalkanoate	 metabolism	 and	 turnover	 in	 Pseudomonas	 putida	 KT2442.	 Environ	992	
Microbiol,	12,	1591-603.	993	

DEVI,	 T.	 T.	 &	 KUMAR,	 B.	 2017.	 Mass	 transfer	 and	 power	 characteristics	 of	 stirred	 tank	 with	994	
Rushton	and	curved	blade	impeller.	Engineering	Science	and	Technology-an	International	Journal-995	
Jestech,	20,	730-737.	996	



	 157	

DIMITROV,	N.,	KREHULA,	L.	K.,	SIROCIC,	A.	P.	&	HRNJAK-MURGIC,	Z.	2013.	Analysis	of	recycled	997	
PET	bottles	products	by	pyrolysis-gas	chromatography.	Polymer	Degradation	and	Stability,	98,	998	
972-979.	999	

DORAN,	P.	M.	1995.	Bioprocess	Engineering	Principles	Elsevier	Science	&	Technology	Books		1000	

DORAN,	P.	M.	2013	Bioprocess	Engineering	Principles		1001	

DRAGOSITS,	 M.	 &	 MATTANOVICH,	 D.	 2013.	 Adaptive	 laboratory	 evolution	 --	 principles	 and	1002	
applications	for	biotechnology.	Microb	Cell	Fact,	12,	64.	1003	

EC.EUROPA.EU	A	european	strategy	for	plastics	in	a	circular	economy		1004	

EC.EUROPA.EU.	2018.	Directive	of	the	European	Parliament	and	of	the	Council	on	the	reduction	of	1005	
the	 impact	 of	 certain	 plastic	 products	 on	 the	 environment	 [Online].	 Available:	1006	
http://ec.europa.eu/environment/circular-economy/pdf/single-use_plastics_proposal.pdf	1007	
[Accessed].	1008	

EGGERS,	 J.	&	STEINBUCHEL,	A.	2014.	 Impact	of	Ralstonia	eutropha's	poly(3-Hydroxybutyrate)	1009	
(PHB)	Depolymerases	and	Phasins	on	PHB	storage	in	recombinant	Escherichia	coli.	Appl	Environ	1010	
Microbiol,	80,	7702-9.	1011	

ELBAHLOUL,	 Y.	 &	 STEINBUCHEL,	 A.	 2009.	 Large-scale	 production	 of	 poly(3-hydroxyoctanoic	1012	
acid)	by	Pseudomonas	putida	GPo1	and	a	simplified	downstream	process.	Appl	Environ	Microbiol,	1013	
75,	643-51.	1014	

ELLEN	MACARTHUR	FOUNDATION	2017.	The	New	Plastics	Economy:	Rethinking	The	Future	of	1015	
Plastics		&	Catalysing	Action.	In:	ELLEN	MACARTHUR	FOUNDATION	(ed.).	United	Kingdom.	1016	

ELLEN_MACARTHUR_FOUNDATION	2016.	The	New	Plastics	Economy	Rethinking	The	Future	of	1017	
Plastics		1018	

EMADIAN,	 S.	 M.,	 ONAY,	 T.	 T.	 &	 DEMIREL,	 B.	 2017.	 Biodegradation	 of	 bioplastics	 in	 natural	1019	
environments.	Waste	Management,	59,	526-536.	1020	

ESCAPA,	 I.	 F.,	 GARCIA,	 J.	 L.,	 BUHLER,	 B.,	 BLANK,	 L.	 M.	 &	 PRIETO,	 M.	 A.	 2012.	 The	1021	
polyhydroxyalkanoate	metabolism	controls	carbon	and	energy	spillage	in	Pseudomonas	putida.	1022	
Environ	Microbiol,	14,	1049-63.	1023	

EUROPE,	 P.	 2016.	Growth	 of	 PET	 collection	 and	 recycling	 in	 Europe	 continues:	 over	 1.8	million	1024	
tonnes	 of	 PET	 bottles	 collected	 and	 recycled	 in	 2015	 [Online].	 Available:	 https://petcore-1025	
europe.prezly.com/growth-of-pet-collection-and-recycling-in-europe-continues-over-18-1026	
million-tonnes-of-pet-bottles-collected-and-recycled-in-2015	[Accessed].	1027	

EUROPEAN	 PARLIAMENT,	 C.	 O.	 T.	 E.	 U.	 2008.	 DIRECTIVE	 2008/98/EC	 OF	 THE	 EUROPEAN	1028	
PARLIAMENT	 AND	 OF	 THE	 COUNCIL	 of	 19	 November	 2008	 on	 waste	 and	 repealing	 certain	1029	
Directives.	In:	UNION,	T.	E.	P.	A.	T.	C.	O.	T.	E.	(ed.).	Official	Journal	of	the	European	Union.	1030	



	 158	

EUROPEAN_COMMISSION.	 2016.	 The	 Waste	 Incineration	 Directive	 [Online].	 European	1031	
Commission	 Available:	1032	
http://ec.europa.eu/environment/archives/air/stationary/wid/legislation.htm	[Accessed].	1033	

EUROPEAN_COMMISSION	 2019.	 European	 Parliament	 votes	 for	 single-use	 plastics	 ban.	1034	
Environment	for	Europeans	European	Commision:	European	Commision		1035	

FEDERATION,	 B.	 P.	 2019.	 Oil	 Consumption	 [Online].	 Available:	1036	
https://www.bpf.co.uk/press/oil_consumption.aspx	[Accessed].	1037	

FIEDLER,	 S.,	 STEINBUCHEL,	 A.	 &	 REHM,	 B.	 H.	 2002.	 The	 role	 of	 the	 fatty	 acid	 beta-oxidation	1038	
multienzyme	 complex	 from	 Pseudomonas	 oleovorans	 in	 polyhydroxyalkanoate	 biosynthesis:	1039	
molecular	 characterization	 of	 the	 fadBA	 operon	 from	 P.	 oleovorans	 and	 of	 the	 enoyl-CoA	1040	
hydratase	genes	phaJ	from	P.	oleovorans	and	Pseudomonas	putida.	Arch	Microbiol,	178,	149-60.	1041	

FKUR.	 I’m	 green™	 PE	 [Online].	 Available:	 https://fkur.com/en/brands/im-green/	 [Accessed	1042	
2019].	1043	

FRANDEN,	M.	A.,	JAYAKODY,	L.	N.,	LI,	W.	J.,	WAGNER,	N.	J.,	CLEVELAND,	N.	S.,	MICHENER,	W.	E.,	1044	
HAUER,	B.,	BLANK,	L.	M.,	WIERCKX,	N.,	KLEBENSBERGER,	J.	&	BECKHAM,	G.	T.	2018.	Engineering	1045	
Pseudomonas	putida	KT2440	for	efficient	ethylene	glycol	utilization.	Metab	Eng,	48,	197-207.	1046	

FRANK,	W.	2018.	The	Facts	about	PET.	In:	PACKAGING,	F.	I.	F.	P.	A.	E.	A.	(ed.).	1047	

FROGER,	A.	&	HALL,	J.	E.	2007.	Transformation	of	plasmid	DNA	into	E.	coli	using	the	heat	shock	1048	
method.	J	Vis	Exp,	253.	1049	

GARCIA,	B.,	OLIVERA,	E.	R.,	MINAMBRES,	B.,	FERNANDEZ-VALVERDE,	M.,	CANEDO,	L.	M.,	PRIETO,	1050	
M.	A.,	GARCIA,	J.	L.,	MARTINEZ,	M.	&	LUENGO,	J.	M.	1999.	Novel	biodegradable	aromatic	plastics	1051	
from	 a	 bacterial	 source.	 Genetic	 and	 biochemical	 studies	 on	 a	 route	 of	 the	 phenylacetyl-coa	1052	
catabolon.	J	Biol	Chem,	274,	29228-41.	1053	

GEYER,	R.,	JAMBECK,	J.	R.	&	LAW,	K.	L.	2017.	Production,	use,	and	fate	of	all	plastics	ever	made.	1054	
Science	Advances,	3.	1055	

GILL,	N.	K.,	APPLETON,	M.,	BAGANZ,	F.	&	LYE,	G.	J.	2008.	Quantification	of	power	consumption	and	1056	
oxygen	transfer	characteristics	of	a	stirred	miniature	bioreactor	for	predictive	fermentation	scale-1057	
up.	Biotechnol	Bioeng,	100,	1144-55.	1058	

GOFF,	M.,	WARD,	P.	G.	&	O'CONNOR,	K.	E.	2007.	Improvement	of	the	conversion	of	polystyrene	to	1059	
polyhydroxyalkanoate	through	the	manipulation	of	the	microbial	aspect	of	the	process:	a	nitrogen	1060	
feeding	strategy	for	bacterial	cells	in	a	stirred	tank	reactor.	J	Biotechnol,	132,	283-6.	1061	

GONZO,	 E.	 E.,	WUERTZ,	 S.	 &	RAJAL,	 V.	 B.	 2018.	Net	 growth	 rate	 of	 continuum	heterogeneous	1062	
biofilms	with	inhibition	kinetics.	NPJ	Biofilms	Microbiomes,	4,	5.	1063	



	 159	

GOPI,	S.,	KONTOPOULOU,	M.,	RAMSAY,	B.	A.	&	RAMSAY,	J.	A.	2018.	Manipulating	the	structure	of	1064	
medium-chain-length	 polyhydroxyalkanoate	 (MCL-PHA)	 to	 enhance	 thermal	 properties	 and	1065	
crystallization	kinetics.	Int	J	Biol	Macromol,	119,	1248-1255.	1066	

GRANDVIEWRESEARCH.COM	2019.	Biodegradable	Plastics	Market	Size,	Share	|	Industry	Report,	1067	
2018-2025.	1068	

GRIGORE,	M.	E.,	GRIGORESCU,	R.	M.,	 IANCU,	L.,	 ION,	R.	M.,	ZAHARIA,	C.	&	ANDREI,	E.	R.	2019.	1069	
Methods	of	synthesis,	properties	and	biomedical	applications	of	polyhydroxyalkanoates:	a	review.	1070	
J	Biomater	Sci	Polym	Ed,	30,	695-712.	1071	

GUZIK,	M.	W.,	KENNY,	S.	T.,	DUANE,	G.	F.,	CASEY,	E.,	WOODS,	T.,	BABU,	R.	P.,	NIKODINOVIC-RUNIC,	1072	
J.,	 MURRAY,	 M.	 &	 O'CONNOR,	 K.	 E.	 2014.	 Conversion	 of	 post	 consumer	 polyethylene	 to	 the	1073	
biodegradable	polymer	polyhydroxyalkanoate.	Appl	Microbiol	Biotechnol,	98,	4223-32.	1074	

HANAHAN,	 D.	 1983.	 Studies	 on	 transformation	 of	 Escherichia	 coli	 with	 plasmids.	 Journal	 of	1075	
Molecular	Biology,	166,	557-580.	1076	

HANIK,	N.,	AMSTUTZ,	V.	&	ZINN,	M.	2019.	Microplastics	-	from	Anthropogenic	to	Natural.	Chimia	1077	
(Aarau),	73,	841-843.	1078	

HARWOOD,	C.	S.	&	PARALES,	R.	E.	1996.	The	beta-ketoadipate	pathway	and	the	biology	of	self-1079	
identity.	Annu	Rev	Microbiol,	50,	553-90.	1080	

HAYWOOD	 GEOFFREY,	 A.	 A.,	 WILLIAMS	 RODGER,	 DAWES	 EDWIN,	 EWING	 DAVID	 1990.	1081	
Accumulation	 of	 a	 poly(hydroxyalkanoate)	 copolymer	 containing	 primarily	 3-hydroxyvalerate	1082	
from	simple	carbohydrate	substrates	by	Rhodococcus	sp.	NCIMB	40126.	International	Journal	of	1083	
Biological	Macromolecules,	13,	83-88.	1084	

HAZER,	 B.	 &	 STEINBUCHEL,	 A.	 2007.	 Increased	 diversification	 of	 polyhydroxyalkanoates	 by	1085	
modification	reactions	for	industrial	and	medical	applications.	Appl	Microbiol	Biotechnol,	74,	1-1086	
12.	1087	

HELMUT.,	 B.,	 JR.,	 K.	 E.,	 R.,	 G.,	 R.,	 L.	 &	 C.,	 F.	 1988.	 Ability	 of	 the	 phototrophic	 bacterium	1088	
Rhodospirillum	 rubrum	 to	 produce	 various	 poly	 (β-hydroxyalkanoates):	 potential	 sources	 for	1089	
biodegradable	polyesters.	International	Journal	of	Biological	Macrolecules,	11,	49-55.	1090	

HIROE,	A.,	TSUGE,	K.,	NOMURA,	C.	T.,	ITAYA,	M.	&	TSUGE,	T.	2012.	Rearrangement	of	gene	order	1091	
in	 the	 phaCAB	operon	 leads	 to	 effective	 production	 of	 ultrahigh-molecular-weight	 poly[(R)-3-1092	
hydroxybutyrate]	in	genetically	engineered	Escherichia	coli.	Appl	Environ	Microbiol,	78,	3177-84.	1093	

HOPEWELL,	J.,	DVORAK,	R.	&	KOSIOR,	E.	2009.	Plastics	recycling:	challenges	and	opportunities.	1094	
Philos	Trans	R	Soc	Lond	B	Biol	Sci,	364,	2115-26.	1095	

HOUTEN,	 S.	 M.	 &	 WANDERS,	 R.	 J.	 2010.	 A	 general	 introduction	 to	 the	 biochemistry	 of	1096	
mitochondrial	fatty	acid	beta-oxidation.	J	Inherit	Metab	Dis,	33,	469-77.	1097	



	 160	

HUGHES,	J.	G.,	ZHANG,	X.,	PARALES,	J.	V.,	DITTY,	J.	L.	&	PARALES,	R.	E.	2017.	Pseudomonas	putida	1098	
F1	uses	energy	taxis	to	sense	hydroxycinnamic	acids.	Microbiology,	163,	1490-1501.	1099	

IKADA,	 Y.	&	TSUJI,	H.	 2000.	Biodegradable	 polyesters	 for	medical	 and	 ecological	 applications.	1100	
Macromolecular	Rapid	Communications,	21,	117-132.	1101	

ISHII-HYAKUTAKE,	 M.,	 MIZUNO,	 S.	 &	 TSUGE,	 T.	 2018.	 Biosynthesis	 and	 Characteristics	 of	1102	
Aromatic	Polyhydroxyalkanoates.	Polymers	(Basel),	10.	1103	

IWATA,	T.	2015.	Biodegradable	and	bio-based	polymers:	future	prospects	of	eco-friendly	plastics.	1104	
Angew	Chem	Int	Ed	Engl,	54,	3210-5.	1105	

JABEEN,	N.,	MAJID,	I.,	NAYIK,	G.	A.	&	YILDIZ,	F.	2015.	Bioplastics	and	food	packaging:	A	review.	1106	
Cogent	Food	&	Agriculture,	1.	1107	

JAMBECK,	J.	R.,	GEYER,	R.,	WILCOX,	C.,	SIEGLER,	T.	R.,	PERRYMAN,	M.,	ANDRADY,	A.,	NARAYAN,	R.	1108	
&	LAW,	K.	L.	2015.	Plastic	waste	inputs	from	land	into	the	ocean.	Science,	347,	768-771.	1109	

JENDROSSEK,	D.	 2005.	Extracellular	Polyhydroxyalkanoate	Depolymerases-	The	Key	Enzymes	of	1110	
PHA	Degradation.	1111	

JENDROSSEK,	D.	2007.	Peculiarities	of	PHA	granules	preparation	and	PHA	depolymerase	activity	1112	
determination.	Appl	Microbiol	Biotechnol,	74,	1186-96.	1113	

JENDROSSEK,	 D.	 2009.	 Polyhydroxyalkanoate	 granules	 are	 complex	 subcellular	 organelles	1114	
(carbonosomes).	J	Bacteriol,	191,	3195-202.	1115	

JENDROSSEK,	D.	&	PFEIFFER,	D.	2014.	New	insights	 in	the	formation	of	polyhydroxyalkanoate	1116	
granules	(carbonosomes)	and	novel	functions	of	poly(3-hydroxybutyrate).	Environ	Microbiol,	16,	1117	
2357-73.	1118	

JI,	L.	N.	2013.	Study	on	Preparation	Process	and	Properties	of	Polyethylene	Terephthalate	(PET).	1119	
Applied	Mechanics	and	Materials,	312,	406-410.	1120	

KARAYANNIDIS,	 G.	 P.,	 CHATZIAVGOUSTIS,	 A.	 P.	 &	 ACHILIAS,	 D.	 S.	 2002.	 Poly(ethylene	1121	
terephthalate)	recycling	and	recovery	of	pure	terephthalic	acid	by	alkaline	hydrolysis.	Advances	1122	
in	Polymer	Technology,	21,	250-259.	1123	

KAREGOUDAR,	T.	1985.	Degradation	of	terephthalic	acid	by	a	Bacillus	species	FEMS	MIicrobiology	1124	
Letters	30,	217-220.	1125	

KARIMI,	B.,	HABIBI,	M.	&	ESVAND,	M.	2015.	Biodegradation	of	naphthalene	using	Pseudomonas	1126	
aeruginosa	by	up	flow	anoxic-aerobic	continuous	flow	combined	bioreactor.	J	Environ	Health	Sci	1127	
Eng,	13,	26.	1128	

KARISHMA,	M.,	TRIVEDI,	V.	D.,	CHOUDHARY,	A.,	MHATRE,	A.,	KAMBLI,	P.,	DESAI,	J.	&	PHALE,	P.	S.	1129	
2015.	 Analysis	 of	 preference	 for	 carbon	 source	 utilization	 among	 three	 strains	 of	 aromatic	1130	
compounds	degrading	Pseudomonas.	FEMS	Microbiol	Lett,	362.	1131	



	 161	

KEEN,	N.	T.,	TAMAKI,	S.,	KOBAYASHI,	D.	&	TROLLINGER,	D.	1988.	 Improved	broad-host-range	1132	
plasmids	for	DNA	cloning	in	gram-negative	bacteria.	Gene,	70,	191-7.	1133	

KENNY,	 S.	 T.,	 RUNIC,	 J.	 N.,	 KAMINSKY,	W.,	WOODS,	 T.,	 BABU,	 R.	 P.,	 KEELY,	 C.	M.,	 BLAU,	W.	&	1134	
O'CONNOR,	 K.	 E.	 2008.	 Up-cycling	 of	 PET	 (polyethylene	 terephthalate)	 to	 the	 biodegradable	1135	
plastic	PHA	(polyhydroxyalkanoate).	Environ	Sci	Technol,	42,	7696-701.	1136	

KENNY,	 S.	 T.,	 RUNIC,	 J.	 N.,	 KAMINSKY,	W.,	WOODS,	 T.,	 BABU,	 R.	 P.	 &	 O'CONNOR,	 K.	 E.	 2012.	1137	
Development	 of	 a	 bioprocess	 to	 convert	 PET	 derived	 terephthalic	 acid	 and	 biodiesel	 derived	1138	
glycerol	to	medium	chain	length	polyhydroxyalkanoate.	Appl	Microbiol	Biotechnol,	95,	623-33.	1139	

KESSLER,	E.	&	SAFRIN,	M.	1983.	Comparative	Effect	of	Ammonium	and	Sodium-Salts	on	Growth	1140	
of	Pseudomonas-Aeruginosa	and	on	Protease	(Elastase)	Production.	Fems	Microbiology	Letters,	1141	
20,	87-90.	1142	

KHAN,	S.,	NADIR,	S.,	SHAH,	Z.	U.,	SHAH,	A.	A.,	KARUNARATHNA,	S.	C.,	XU,	J.,	KHAN,	A.,	MUNIR,	S.	&	1143	
HASAN,	F.	2017.	Biodegradation	of	polyester	polyurethane	by	Aspergillus	 tubingensis.	Environ	1144	
Pollut,	225,	469-480.	1145	

KIM,	 T.	 K.,	 JUNG,	 Y.	 M.,	 VO,	 M.	 T.,	 SHIOYA,	 S.	 &	 LEE,	 Y.	 H.	 2006.	 Metabolic	 engineering	 and	1146	
characterization	 of	 phaC1	 and	 phaC2	 genes	 from	 Pseudomonas	 putida	 KCTC1639	 for	1147	
overproduction	of	medium-chain-length	polyhydroxyalkanoate.	Biotechnol	Prog,	22,	1541-6.	1148	

KLINKE,	 S.,	 DE	 ROO,	 G.,	 WITHOLT,	 B.	 &	 KESSLER,	 B.	 2000.	 Role	 of	 phaD	 in	 accumulation	 of	1149	
medium-chain-length	 Poly(3-hydroxyalkanoates)	 in	 Pseudomonas	 oleovorans.	 Appl	 Environ	1150	
Microbiol,	66,	3705-10.	1151	

KNIEWEL,	R.,	REVELLES	LOPEZ,	O.	&	PRIETO,	M.	A.	2017.	Biogenesis	of	Medium-Chain-Length	1152	
Polyhydroxyalkanoates.	 In:	 GEIGER,	 O.	 (ed.)	 Biogenesis	 of	 Fatty	 Acids,	 Lipids	 and	 Membranes.	1153	
Cham:	Springer	International	Publishing.	1154	

KNOLL,	M.,	HAMM,	T.	M.,	WAGNER,	F.,	MARTINEZ,	V.	&	PLEISS,	J.	2009.	The	PHA	Depolymerase	1155	
Engineering	Database:	A	systematic	analysis	tool	for	the	diverse	family	of	polyhydroxyalkanoate	1156	
(PHA)	depolymerases.	BMC	Bioinformatics,	10,	89.	1157	

KOLLER,	 M.	 2014.	 Poly(hydroxyalkanoates)	 for	 Food	 Packaging-	 Application	 and	 Attempts	1158	
towards	Implementation.	Applied	Food	Biotechnology	1,	1-13.	1159	

KOOTSTRA,	M.	E.,	HELLEN;	HUURMAN,	SANDER	2017.	PHA’s	(Polyhydroxyalkanoates)	-	General	1160	
information	on	structure	and	raw	materials	for	their	production.	Application	Centre	for	Renewable	1161	
Resources		1162	

KOURMENTZA,	C.,	PLACIDO,	J.,	VENETSANEAS,	N.,	BURNIOL-FIGOLS,	A.,	VARRONE,	C.,	GAVALA,	1163	
H.	 N.	 &	 REIS,	 M.	 A.	 M.	 2017.	 Recent	 Advances	 and	 Challenges	 towards	 Sustainable	1164	
Polyhydroxyalkanoate	(PHA)	Production.	Bioengineering	(Basel),	4.	1165	

KOUTINAS,	M.,	 KIPARISSIDES,	 A.,	 PISTIKOPOULOS,	 E.	N.	&	MANTALARIS,	 A.	 2012.	 Bioprocess	1166	
systems	 engineering:	 transferring	 traditional	 process	 engineering	 principles	 to	 industrial	1167	
biotechnology.	Comput	Struct	Biotechnol	J,	3,	e201210022.	1168	



	 162	

KRAAK,	M.	N.,	KESSLER,	B.	&	WITHOLT,	B.	1997.	In	vitro	activities	of	granule-bound	poly[(R)-3-1169	
hydroxyalkanoate]polymerase	C1	of	Pseudomonas	oleovorans--development	of	an	activity	test	1170	
for	medium-chain-length-poly(3-hydroxyalkanoate)	polymerases.	Eur	J	Biochem,	250,	432-9.	1171	

KUROKAWA,	H.,	OHSHIMA,	M.,	SUGIYAMA,	K.	&	MIURA,	H.	2003.	Methanolysis	of	polyethylene	1172	
terephthalate	 (PET)	 in	 the	 presence	 of	 aluminium	 tiisopropoxide	 catalyst	 to	 form	 dimethyl	1173	
terephthalate	and	ethylene	glycol.	Polymer	Degradation	and	Stability,	79,	529-533.	1174	

LAGEVEEN,	R.	G.,	HUISMAN,	G.	W.,	PREUSTING,	H.,	KETELAAR,	P.,	EGGINK,	G.	&	WITHOLT,	B.	1988.	1175	
Formation	 of	 Polyesters	 by	 Pseudomonas	 oleovorans:	 Effect	 of	 Substrates	 on	 Formation	 and	1176	
Composition	of	Poly-(R)-3-Hydroxyalkanoates	and	Poly-(R)-3-Hydroxyalkenoates.	Appl	Environ	1177	
Microbiol,	54,	2924-32.	1178	

LALMAN,	 J.	 A.	 &	 BAGLEY,	 D.	 M.	 2004.	 Extracting	 long-chain	 fatty	 acids	 from	 a	 fermentation	1179	
medium.	Journal	of	the	American	Oil	Chemists'	Society,	81,	105-110.	1180	

LAMB,	J.	B.,	WILLIS,	B.	L.,	FIORENZA,	E.	A.,	COUCH,	C.	S.,	HOWARD,	R.,	RADER,	D.	N.,	TRUE,	J.	D.,	1181	
KELLY,	L.	A.,	AHMAD,	A.,	JOMPA,	J.	&	HARVELL,	C.	D.	2018.	Plastic	waste	associated	with	disease	1182	
on	coral	reefs.	Science,	359,	460-462.	1183	

LE	MEUR,	S.,	ZINN,	M.,	EGLI,	T.,	THONY-MEYER,	L.	&	REN,	Q.	2012.	Production	of	medium-chain-1184	
length	polyhydroxyalkanoates	by	sequential	 feeding	of	xylose	and	octanoic	acid	 in	engineered	1185	
Pseudomonas	putida	KT2440.	BMC	Biotechnol,	12,	53.	1186	

LEBRETON,	L.	C.	M.,	VAN	DER	ZWET,	J.,	DAMSTEEG,	J.	W.,	SLAT,	B.,	ANDRADY,	A.	&	REISSER,	J.	1187	
2017.	River	plastic	emissions	to	the	world's	oceans.	Nat	Commun,	8,	15611.	1188	

LEE,	S.	Y.	1996.	Bacterial	polyhydroxyalkanoates.	Biotechnol	Bioeng,	49,	1-14.	1189	

LI,	 R.,	 ZHANG,	 H.	 &	 QI,	 Q.	 2007.	 The	 production	 of	 polyhydroxyalkanoates	 in	 recombinant	1190	
Escherichia	coli.	Bioresour	Technol,	98,	2313-20.	1191	

LI,	W.	J.,	JAYAKODY,	L.	N.,	FRANDEN,	M.	A.,	WEHRMANN,	M.,	DAUN,	T.,	HAUER,	B.,	BLANK,	L.	M.,	1192	
BECKHAM,	 G.	 T.,	 KLEBENSBERGER,	 J.	 &	WIERCKX,	 N.	 2019.	 Laboratory	 evolution	 reveals	 the	1193	
metabolic	and	regulatory	basis	of	ethylene	glycol	metabolism	by	Pseudomonas	putida	KT2440.	1194	
Environ	Microbiol,	21,	3669-3682.	1195	

LI,	Z.	B.,	YANG,	J.	&	LOH,	X.	J.	2016.	Polyhydroxyalkanoates:	opening	doors	for	a	sustainable	future.	1196	
Npg	Asia	Materials,	8,	e265-e265.	1197	

LIM,	J.,	YOU,	M.,	LI,	J.	&	LI,	Z.	2017.	Emerging	bone	tissue	engineering	via	Polyhydroxyalkanoate	1198	
(PHA)-based	scaffolds.	Mater	Sci	Eng	C	Mater	Biol	Appl,	79,	917-929.	1199	

LIN,	 J.	 2000.	 Modeling	 of	 Typical	 Microbial	 Cell	 Growth	 in	 Batch	 Culture.	 Biotechnology	 and	1200	
Bioprocess	Engineering,	5,	382-285.	1201	

LIPSON,	D.	A.	2015.	The	complex	relationship	between	microbial	growth	rate	and	yield	and	its	1202	
implications	for	ecosystem	processes.	Front	Microbiol,	6,	615.	1203	



	 163	

LOO,	 C.	 Y.	 &	 SUDESH,	 K.	 2007.	 Polyhydroxyalkanoates:	 Bio-based	microbial	 plastics	 and	 their	1204	
properties.	Malaysian	Polymer	Journal	(MPJ),	2,	31-57.	1205	

LU,	 J.	 N.,	 TAPPEL,	 R.	 C.	 &	 NOMURA,	 C.	 T.	 2009.	 Mini-Review:	 Biosynthesis	 of	1206	
Poly(hydroxyalkanoates).	Polymer	Reviews,	49,	226-248.	1207	

LUBERT,	S.	1981.	Biochemistry	Freeman	and	Company		1208	

LUEF,	 K.	 P.,	 STELZER,	 F.	 &	 WIESBROCK,	 F.	 2015.	 Poly(hydroxy	 alkanoate)s	 in	 Medical	1209	
Applications.	Chem	Biochem	Eng	Q,	29,	287-297.	1210	

LUZIER,	W.	D.	1992.	Materials	derived	from	biomass/biodegradable	materials.	Proc	Natl	Acad	Sci	1211	
U	S	A,	89,	839-42.	1212	

M.DORAN,	P.	1995.	Bioprocess	Engineering	Principles	Elsevier	Science	&	Technology	Books		1213	

MACLEAN,	H.,	SUN,	Z.,	RAMSAY,	J.	&	RAMSAY,	B.	2008.	Decaying	exponential	feeding	of	nonanoic	1214	
acid	 for	 the	 production	 of	 medium-chain-length	 poly(3-hydroxyalkanoates)	 by	 Pseudomonas	1215	
putida	KT2440.	Canadian	Journal	of	Chemistry,	86,	564-569.	1216	

MACRAE,	 R.,	WILKINSON,	 J.	 1958.	 Polyhyroxybutyrate	Metabolism	 in	Washed	 Suspensions	 of	1217	
Bacillus	cereus	and	Bacillus	megaterium.	Journal	of	General	Microbiology,	19,	210-222.	1218	

MANCINI,	 S.	 D.	 2004.	 Optimization	 of	 Neutral	 Hydrolysis	 Reaction	 of	 Post-consumer	 PET	 for	1219	
Chemical	Recycling.	Progress	in	Rubber,	Plastics	and	Recycling	Technology,	20,	117-132.	1220	

MARANGONI,	C.,	FURIGO,	A.	&	DE	ARAGDO,	G.	M.	F.	2002.	Production	of	poly(3-hydroxybutyrate-1221	
co-3-hydroxyvalerate)	 by	 Ralstonia	 eutropha	 in	whey	 and	 inverted	 sugar	with	 propionic	 acid	1222	
feeding.	Process	Biochemistry,	38,	137-141.	1223	

MATSUSAKI	HIROMI,	MANJI	SUMIHIDE,	TAGUCHI	KAZUNORI,	KATO	MIKIYA,	FUKUI	TOSHIAKI	&	1224	
YOSHIHARU,	D.	1998.	Cloning	and	Molecular	Analysis	of	the	Poly(3-hydroxybutyrate)	and	Poly(3-1225	
hydroxybutyrate-co-3-hydroxyalkanoate)	 Biosynthesis	 Genes	 in	 Pseudomonas	 sp.	 Strain	 61-3.	1226	
Journal	of	Bacteriology,	180,	6459	-	6467.	1227	

MEEKER,	 J.	 D.,	 SATHYANARAYANA,	 S.	 &	 SWAN,	 S.	 H.	 2009.	 Phthalates	 and	 other	 additives	 in	1228	
plastics:	human	exposure	and	associated	health	outcomes.	Philos	Trans	R	Soc	Lond	B	Biol	Sci,	364,	1229	
2097-113.	1230	

MENG,	D.	C.,	SHEN,	R.,	YAO,	H.,	CHEN,	J.	C.,	WU,	Q.	&	CHEN,	G.	Q.	2014.	Engineering	the	diversity	of	1231	
polyesters.	Curr	Opin	Biotechnol,	29,	24-33.	1232	

MEZZINA,	M.	P.	&	PETTINARI,	M.	J.	2016.	Phasins,	Multifaceted	Polyhydroxyalkanoate	Granule-1233	
Associated	Proteins.	Appl	Environ	Microbiol,	82,	5060-7.	1234	

MITSUBISHI_CHEMICAL.	Biodegradable	 Polymer	 BioPBS™	 [Online].	 Available:	 https://www.m-1235	
chemical.co.jp/en/products/departments/mcc/sustainable/product/1201025_7964.html	1236	
[Accessed].	1237	



	 164	

MOZEJKO-CIESIELSKA,	 J.,	 DABROWSKA,	 D.,	 SZALEWSKA-PALASZ,	 A.	 &	 CIESIELSKI,	 S.	 2017.	1238	
Medium-chain-length	 polyhydroxyalkanoates	 synthesis	 by	 Pseudomonas	 putida	 KT2440	1239	
relA/spoT	mutant:	bioprocess	characterization	and	transcriptome	analysis.	AMB	Express,	7,	92.	1240	

MOZEJKO-CIESIELSKA,	 J.	&	KIEWISZ,	R.	2016.	Bacterial	polyhydroxyalkanoates:	 Still	 fabulous?	1241	
Microbiol	Res,	192,	271-282.	1242	

MOZEJKO-CIESIELSKA,	 J.,	 POKOJ,	 T.	 &	 CIESIELSKI,	 S.	 2018.	 Transcriptome	 remodeling	 of	1243	
Pseudomonas	putida	KT2440	during	mcl-PHAs	synthesis:	effect	of	different	carbon	sources	and	1244	
response	to	nitrogen	stress.	J	Ind	Microbiol	Biotechnol,	45,	433-446.	1245	

MUCKSCHEL,	 B.,	 SIMON,	 O.,	 KLEBENSBERGER,	 J.,	 GRAF,	 N.,	 ROSCHE,	 B.,	 ALTENBUCHNER,	 J.,	1246	
PFANNSTIEL,	 J.,	 HUBER,	 A.	 &	 HAUER,	 B.	 2012.	 Ethylene	 glycol	 metabolism	 by	 Pseudomonas	1247	
putida.	Appl	Environ	Microbiol,	78,	8531-9.	1248	

MÜLLER,	 R.-J.,	 SCHRADER,	 H.,	 PROFE,	 J.,	 DRESLER,	 K.	 &	 DECKWER,	 W.-D.	 2005.	 Enzymatic	1249	
Degradation	of	Poly(ethylene	 terephthalate):	Rapid	Hydrolyse	using	a	Hydrolase	 fromT.	 fusca.	1250	
Macromolecular	Rapid	Communications,	26,	1400-1405.	1251	

MULLER,	R.	J.,	KLEEBERG,	I.	&	DECKWER,	W.	D.	2001.	Biodegradation	of	polyesters	containing	1252	
aromatic	constituents.	J	Biotechnol,	86,	87-95.	1253	

N.G,	 S.	 A.	 P.	 K.	 1991.	 Mathematical	 modeling	 of	 production	 of	 microbial	 lipids.	 Bioprocess	1254	
Engineering,	227	-	234.	1255	

NARANCIC,	T.,	CERRONE,	F.,	BEAGAN,	N.	&	O’CONNOR,	K.	E.	2020.	Recent	Advances	in	Bioplastics:	1256	
Application	and	Biodegradation.	Polymers,	12.	1257	

NARANCIC,	 T.	&	O'CONNOR,	K.	 E.	 2017.	Microbial	 biotechnology	 addressing	 the	 plastic	waste	1258	
disaster.	Microb	Biotechnol,	10,	1232-1235.	1259	

NARANCIC,	 T.,	 VERSTICHEL,	 S.,	 REDDY	 CHAGANTI,	 S.,	MORALES-GAMEZ,	 L.,	 KENNY,	 S.	 T.,	 DE	1260	
WILDE,	B.,	BABU	PADAMATI,	R.	&	O'CONNOR,	K.	E.	2018.	Biodegradable	Plastic	Blends	Create	1261	
New	Possibilities	for	End-of-Life	Management	of	Plastics	but	They	Are	Not	a	Panacea	for	Plastic	1262	
Pollution.	Environ	Sci	Technol,	52,	10441-10452.	1263	

NIKEL,	P.	I.	&	DE	LORENZO,	V.	2018.	Pseudomonas	putida	as	a	functional	chassis	for	industrial	1264	
biocatalysis:	From	native	biochemistry	to	trans-metabolism.	Metab	Eng,	50,	142-155.	1265	

NOMURA,	C.	T.,	TANAKA,	T.,	EGUEN,	T.	E.,	APPAH,	A.	S.,	MATSUMOTO,	K.,	TAGUCHI,	S.,	ORTIZ,	C.	1266	
L.	 &	 DOI,	 Y.	 2008.	 FabG	 mediates	 polyhydroxyalkanoate	 production	 from	 both	 related	 and	1267	
nonrelated	carbon	sources	in	recombinant	Escherichia	coli	LS5218.	Biotechnology	Progress,	24,	1268	
342-351.	1269	

OBRUCA,	S.,	SEDLACEK,	P.,	MRAVEC,	F.,	KRZYZANEK,	V.,	NEBESAROVA,	J.,	SAMEK,	O.,	KUCERA,	D.,	1270	
BENESOVA,	P.,	HRUBANOVA,	K.,	MILEROVA,	M.	&	MAROVA,	I.	2017.	The	presence	of	PHB	granules	1271	
in	 cytoplasm	 protects	 non-halophilic	 bacterial	 cells	 against	 the	 harmful	 impact	 of	 hypertonic	1272	
environments.	N	Biotechnol,	39,	68-80.	1273	



	 165	

OHURA,	T.,	AOYAGI,	Y.,	TAKAGI,	K.,	YOSHIDA,	Y.,	KASUYA,	K.	&	DOI,	Y.	1999.	Biodegradation	of	1274	
poly(3-hydroxyalkanoic	 acids)	 fibers	 and	 isolation	 of	 poly(3-hydroxybutyric	 acid)-degrading	1275	
microorganisms	under	aquatic	environments.	Polymer	Degradation	and	Stability,	63,	23-29.	1276	

ONG,	S.	Y.,	CHEE,	J.	Y.	&	SUDESH,	K.	2017.	Degradation	of	Polyhydroxyalkanoate	(PHA):	a	Review.	1277	
Journal	of	Siberian	Federal	University.	Biology,	10,	21-225.	1278	

P4SB.	2015.	Available:	https://p4sb.eu/	[Accessed].	1279	

PARK,	J.	M.,	KIM,	T.	Y.	&	LEE,	S.	Y.	2011.	Genome-scale	reconstruction	and	in	silico	analysis	of	the	1280	
Ralstonia	 eutropha	 H16	 for	 polyhydroxyalkanoate	 synthesis,	 lithoautotrophic	 growth,	 and	 2-1281	
methyl	citric	acid	production.	BMC	Syst	Biol,	5,	101.	1282	

PATIL,	K.	D.	&	KULKARNI,	B.	D.	2014.	Review	of	Recovery	Methods	for	Acetic	Acid	from	Industrial	1283	
Waste	Streams	by	Reactive	Distillation.	Journal	of	Water	Pollution	&	Purification	Research,	1.	1284	

PATWARDHAN,	P.	R.	&	SRIVASTAVA,	A.	K.	2004.	Model-based	fed-batch	cultivation	of	R-eutropha	1285	
for	enhanced	biopolymer	production.	Biochemical	Engineering	Journal,	20,	21-28.	1286	

PETCORE.	2018.	2017	SURVEY	ON	EUROPEAN	PET	RECYCLE	INDUSTRY	-	58.2	%	OF	PET	BOTTLES	1287	
COLLECTED	 [Online].	 Available:	 https://www.petcore-europe.org/news-events/202-2017-1288	
survey-on-european-pet-recycle-industry-58-2-of-pet-bottles-collected.html	[Accessed].	1289	

PHAM,	T.	H.,	WEBB,	J.	S.	&	REHM,	B.	H.	2004.	The	role	of	polyhydroxyalkanoate	biosynthesis	by	1290	
Pseudomonas	aeruginosa	in	rhamnolipid	and	alginate	production	as	well	as	stress	tolerance	and	1291	
biofilm	formation.	Microbiology,	150,	3405-13.	1292	

PIRT,	S.	J.	1965.	The	maintenance	energy	of	bacteria	in	growing	cultures.	Proc	R	Soc	Lond	B	Biol	1293	
Sci,	163,	224-31.	1294	

PLASTICSEUROPE.	 2018.	 Plastics	 -	 The	 facts	 [Online].	 Available:	1295	
https://www.plasticseurope.org/en	[Accessed].	1296	

PLASTICSEUROPE.	 2019.	 Plastics	 –	 the	 Facts	 2019	 [Online].	 Available:	1297	
https://www.plasticseurope.org/application/files/9715/7129/9584/FINAL_web_version_Plast1298	
ics_the_facts2019_14102019.pdf	[Accessed].	1299	

PLASTICSEUROPE.ORG.	 2017.	 Plastics	 –	 the	 Facts	 2017	 [Online].	 Available:	1300	
https://www.plasticseurope.org/application/files/5715/1717/4180/Plastics_the_facts_2017_F1301	
INAL_for_website_one_page.pdf	[Accessed].	1302	

PROCESS	 SYSTEMS	 ENTERPRISE	 1997-2018.	 gPROMS	 ModelBuilder	 5.1.1	 (x64),	1303	
www.psenterprise.com/gproms.	1997-2018.	1304	

RADU,	I.	C.,	HUDITA,	A.,	ZAHARIA,	C.,	GALATEANU,	B.,	IOVU,	H.,	TANASA,	E.	V.,	GEORGIANA	NITU,	1305	
S.,	GINGHINA,	O.,	NEGREI,	C.,	TSATSAKIS,	A.,	VELONIA,	K.,	SHTILMAN,	M.	&	COSTACHE,	M.	2019.	1306	
Poly(3-hydroxybutyrate-CO-3-hydroxyvalerate)	 PHBHV	 biocompatible	 nanocarriers	 for	 5-FU	1307	
delivery	targeting	colorectal	cancer.	Drug	Deliv,	26,	318-327.	1308	



	 166	

RAGAERT,	K.,	DELVA,	L.	&	VAN	GEEM,	K.	2017.	Mechanical	and	chemical	recycling	of	solid	plastic	1309	
waste.	Waste	Manag,	69,	24-58.	1310	

RAY,	 S.	 &	 KALIA,	 V.	 C.	 2017.	 Polyhydroxyalkanoate	 Production	 and	 Degradation	 Patterns	 in	1311	
Bacillus	Species.	Indian	J	Microbiol,	57,	387-392.	1312	

RECYCLERS,	T.	A.	O.	P.	2018.	Report	on	Postconsumer	PET	Container	Recycling	Activity	in	2017.	1313	

REHM,	B.	H.	2007.	Biogenesis	of	microbial	polyhydroxyalkanoate	granules:	a	platform	technology	1314	
for	the	production	of	tailor-made	bioparticles.	Curr	Issues	Mol	Biol,	9,	41-62.	1315	

REHM,	B.	H.,	MITSKY,	T.	A.	&	STEINBUCHEL,	A.	2001.	Role	of	fatty	acid	de	novo	biosynthesis	in	1316	
polyhydroxyalkanoic	acid	(PHA)	and	rhamnolipid	synthesis	by	pseudomonads:	establishment	of	1317	
the	transacylase	(PhaG)-mediated	pathway	for	PHA	biosynthesis	in	Escherichia	coli.	Appl	Environ	1318	
Microbiol,	67,	3102-9.	1319	

REN,	Q.,	DE	ROO,	G.,	RUTH,	K.,	WITHOLT,	B.,	ZINN,	M.	&	THONY-MEYER,	L.	2009a.	Simultaneous	1320	
accumulation	 and	 degradation	 of	 polyhydroxyalkanoates:	 futile	 cycle	 or	 clever	 regulation?	1321	
Biomacromolecules,	10,	916-22.	1322	

REN,	Q.,	 DE	ROO,	 G.,	WITHOLT,	 B.,	 ZINN,	M.	&	 THONY-MEYER,	 L.	 2009b.	 Overexpression	 and	1323	
characterization	 of	 medium-chain-length	 polyhydroxyalkanoate	 granule	 bound	 polymerases	1324	
from	Pseudomonas	putida	GPo1.	Microb	Cell	Fact,	8,	60.	1325	

REN,	Q.,	DE	ROO,	G.,	WITHOLT,	B.,	ZINN,	M.	&	THONY-MEYER,	L.	2010.	Influence	of	growth	stage	1326	
on	activities	of	polyhydroxyalkanoate	(PHA)	polymerase	and	PHA	depolymerase	in	Pseudomonas	1327	
putida	U.	BMC	Microbiol,	10,	254.	1328	

ROBERTSON,	G.	L.	2017.	Food	Science	and	Technology,	John	Wiley	&	Sons.	1329	

ROCHMAN,	C.	M.,	HOH,	E.,	KUROBE,	T.	&	TEH,	 S.	 J.	 2013.	 Ingested	plastic	 transfers	hazardous	1330	
chemicals	to	fish	and	induces	hepatic	stress.	Sci	Rep,	3,	3263.	1331	

RTE	2017.	Recyclable	waste	returned	to	Ireland	over	contamination.	RTE.	1332	

RUIZ,	 J.	 A.,	 LOPEZ,	 N.	 I.,	 FERNANDEZ,	 R.	 O.	 &	 MENDEZ,	 B.	 S.	 2001.	 Polyhydroxyalkanoate	1333	
degradation	 is	 associated	 with	 nucleotide	 accumulation	 and	 enhances	 stress	 resistance	 and	1334	
survival	of	Pseudomonas	oleovorans	 in	natural	water	microcosms.	Appl	Environ	Microbiol,	67,	1335	
225-30.	1336	

RUIZ,	J.	A.,	LOPEZ,	N.	I.	&	MENDEZ,	B.	S.	2004.	rpoS	gene	expression	in	carbon-starved	cultures	of	1337	
the	 Polyhydroxyalkanoate-accumulating	 species	 Pseudomonas	 oleovorans.	 Curr	 Microbiol,	 48,	1338	
396-400.	1339	

SALVACHUA,	D.,	RYDZAK,	T.,	AUWAE,	R.,	DE	CAPITE,	A.,	BLACK,	B.	A.,	BOUVIER,	J.	T.,	CLEVELAND,	1340	
N.	 S.,	 ELMORE,	 J.	 R.,	 HUENEMANN,	 J.	 D.,	 KATAHIRA,	 R.,	 MICHENER,	 W.	 E.,	 PETERSON,	 D.	 J.,	1341	
ROHRER,	 H.,	 VARDON,	 D.	 R.,	 BECKHAM,	 G.	 T.	 &	 GUSS,	 A.	 M.	 2020.	 Metabolic	 engineering	 of	1342	



	 167	

Pseudomonas	 putida	 for	 increased	 polyhydroxyalkanoate	 production	 from	 lignin.	 Microb	1343	
Biotechnol,	13,	290-298.	1344	

SASOH,	M.,	MASAI,	E.,	ISHIBASHI,	S.,	HARA,	H.,	KAMIMURA,	N.,	MIYAUCHI,	K.	&	FUKUDA,	M.	2006.	1345	
Characterization	of	the	terephthalate	degradation	genes	of	Comamonas	sp.	strain	E6.	Appl	Environ	1346	
Microbiol,	72,	1825-32.	1347	

SAVENKOVA,	 L.,	 GERCBERGA,	 Z.,	 NIKOLAEVA,	 V.,	 DZENE,	 A.,	 BIBERS,	 I.,	 KALNIN,	 M.	 2000.	1348	
Mechanical	 properties	 and	 biodegradation	 characteristics	 of	 PHB-based	 films.	 Process	1349	
Biochemistry,	35,	573-579.	1350	

SCHEINER,	D.	 1976.	Determination	of	 ammonia	 and	Kjeldahl	 nitrogen	by	 indophenol	method.	1351	
Water	Research,	10,	31-36.	1352	

SCHMIDT,	J.,	WEI,	R.,	OESER,	T.,	BELISARIO-FERRARI,	M.	R.,	BARTH,	M.,	THEN,	J.	&	ZIMMERMANN,	1353	
W.	 2016.	 Effect	 of	 Tris,	 MOPS,	 and	 phosphate	 buffers	 on	 the	 hydrolysis	 of	 polyethylene	1354	
terephthalate	films	by	polyester	hydrolases.	FEBS	Open	Bio,	6,	919-27.	1355	

SHIGEMATSU,	T.,	YUMIHARA,	K.,	UEDA,	Y.,	MORIMURA,	S.	&	KIDA,	K.	2003.	Purification	and	gene	1356	
cloning	 of	 the	 oxygenase	 component	 of	 the	 terephthalate	 1,2-dioxygenase	 system	 fromDelftia	1357	
tsuruhatensisstrain	T7.	FEMS	Microbiology	Letters,	220,	255-260.	1358	

SHIRKE,	A.	N.,	WHITE,	C.,	ENGLAENDER,	J.	A.,	ZWARYCZ,	A.,	BUTTERFOSS,	G.	L.,	LINHARDT,	R.	J.	&	1359	
GROSS,	 R.	 A.	 2018.	 Stabilizing	 Leaf	 and	 Branch	 Compost	 Cutinase	 (LCC)	 with	 Glycosylation:	1360	
Mechanism	and	Effect	on	PET	Hydrolysis.	Biochemistry,	57,	1190-1200.	1361	

SINGH,	 P.	 K.	 S.,	 A.K;	 VIDYARTHI,	 A.S	 2016.	 Diversified	 Applications	 of	 Polyhydroxyalkanoates	1362	
Biopharm	Journal	2,	14-26.	1363	

SIVAKUMAR,	 A.,	 SRINIVASARAGHAVAN,	 T.,	 SWAMINATHAN,	 T.	 &	 BARADARAJAN,	 A.	 1994.	1364	
Extended	Monod	Kinetics	for	Substrate	Inhibited	Systems.	Bioprocess	Engineering,	11,	185-188.	1365	

SLANINOVA,	E.,	SEDLACEK,	P.,	MRAVEC,	F.,	MULLEROVA,	L.,	SAMEK,	O.,	KOLLER,	M.,	HESKO,	O.,	1366	
KUCERA,	D.,	MAROVA,	I.	&	OBRUCA,	S.	2018.	Light	scattering	on	PHA	granules	protects	bacterial	1367	
cells	against	the	harmful	effects	of	UV	radiation.	Appl	Microbiol	Biotechnol,	102,	1923-1931.	1368	

SMITH,	 R.	 2005.	 Biodegradable	 polymers	 for	 industrial	 applications,	 England,	 Woodhead	1369	
Publishing	Limited.	1370	

SOLAIMAN,	 D.	 K.,	 ASHBY,	 R.	 D.	 &	 FOGLIA,	 T.	 A.	 2003.	 Effect	 of	 inactivation	 of	1371	
poly(hydroxyalkanoates)	 depolymerase	 gene	 on	 the	 properties	 of	 poly(hydroxyalkanoates)	 in	1372	
Pseudomonas	resinovorans.	Appl	Microbiol	Biotechnol,	62,	536-43.	1373	

STATISTICA.	2018a.	Global	plastic	production	 from	1950	 to	2017	 [Online].	 Statistica.	Available:	1374	
https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/	1375	
[Accessed].	1376	



	 168	

STATISTICA.	 2018b.	 PET	 global	 bottle	 production	 2021	 [Online].	 Available:	1377	
https://www.statista.com/statistics/723191/production-of-polyethylene-terephthalate-1378	
bottles-worldwide/	[Accessed].	1379	

STEINBÜCHEL,	A.	&	LÜTKE-EVERSLOH,	T.	2003.	Metabolic	engineering	and	pathway	construction	1380	
for	 biotechnological	 production	 of	 relevant	 polyhydroxyalkanoates	 in	 microorganisms.	1381	
Biochemical	Engineering	Journal,	16,	81-96.	1382	

STEINBUCHEL,	A.	&	PIEPER,	U.	1992.	Production	of	a	copolyester	of	3-hydroxybutyric	acid	and	3-1383	
hydroxyvaleric	acid	from	single	unrelated	carbon	sources	by	a	mutant	of	Alcaligenes	eutrophus.	1384	
Applied	Microbiology	and	Biotechnology,	37.	1385	

STEINBUCHEL	A,	W.	S.	1992.	A	Pseudomonas	strain	accumulating	polyesters	of	3-hydroxybutyric	1386	
acid	and	medium-chain-length	3-hydroxyalkanoic	acids.	Applied	Microbiology	and	Biotechnology,	1387	
37,	691	-	697.	1388	

SUDARSAN,	S.,	DETHLEFSEN,	S.,	BLANK,	L.	M.,	SIEMANN-HERZBERG,	M.	&	SCHMID,	A.	2014.	The	1389	
functional	structure	of	central	carbon	metabolism	in	Pseudomonas	putida	KT2440.	Appl	Environ	1390	
Microbiol,	80,	5292-303.	1391	

SUDESH,	K.,	ABE,	H.	&	DOI,	Y.	2000.	Synthesis,	structure	and	properties	of	polyhydroxyalkanoates:	1392	
biological	polyesters.	Progress	in	Polymer	Science,	25,	1503-1555.	1393	

SUGIMORI,	D.,	DAKE,	T.	&	NAKAMURA,	S.	2000.	Microbial	degradation	of	disodium	terephthalate	1394	
by	alkaliphilic	Dietzia	sp.	strain	GS-1.	Biosci	Biotechnol	Biochem,	64,	2709-11.	1395	

SULAIMAN,	 S.,	 YAMATO,	 S.,	 KANAYA,	 E.,	 KIM,	 J.	 J.,	 KOGA,	 Y.,	 TAKANO,	 K.	 &	 KANAYA,	 S.	 2012.	1396	
Isolation	of	a	novel	cutinase	homolog	with	polyethylene	 terephthalate-degrading	activity	 from	1397	
leaf-branch	compost	by	using	a	metagenomic	approach.	Applied	and	Environmental	Microbiology,	1398	
78,	1556-1562.	1399	

SZNAJDER,	 A.	 &	 JENDROSSEK,	 D.	 2014.	 To	 be	 or	 not	 to	 be	 a	 poly(3-hydroxybutyrate)	 (PHB)	1400	
depolymerase:	PhaZd1	 (PhaZ6)	 and	PhaZd2	 (PhaZ7)	of	Ralstonia	 eutropha,	 highly	 active	PHB	1401	
depolymerases	 with	 no	 detectable	 role	 in	 mobilization	 of	 accumulated	 PHB.	 Appl	 Environ	1402	
Microbiol,	80,	4936-46.	1403	

TAMMA,	 P.	 2018.	 China’s	 trash	 ban	 forces	 Europe	 to	 contront	 its	 waste	 problem	 [Online].	1404	
Politico.eu:	Politico.eu.	Available:	https://www.politico.eu/article/europe-recycling-china-trash-1405	
ban-forces-europe-to-confront-its-waste-problem/	[Accessed	02/05	2019].	1406	

TISO,	T.,	NARANCIC,	T.,	WEI,	R.,	POLLET,	E.,	BEAGAN,	N.,	SCHRÖDER,	K.,	HONAK,	A.,	 JIANG,	M.,	1407	
KENNY,	S.	T.,	WIERCKX,	N.,	PERRIN,	R.,	AVÉROUS,	L.,	ZIMMERMANN,	W.,	O’CONNOR,	K.	&	BLANK,	1408	
L.	M.	2020.	Bio-upcycling	of	polyethylene	terephthalate.	bioRxiv,	2020.03.16.993592.	1409	

TOBIN,	 K.	 M.	 &	 O'CONNOR,	 K.	 E.	 2005.	 Polyhydroxyalkanoate	 accumulating	 diversity	 of	1410	
Pseudomonas	species	utilising	aromatic	hydrocarbons.	FEMS	Microbiol	Lett,	253,	111-8.	1411	



	 169	

TODRI,	E.,	AMENAGHAWON,	A.	N.,	DEL	VAL,	I.	J.,	LEAK,	D.	J.,	KONTORAVDI,	C.,	KUCHERENKO,	S.	&	1412	
SHAH,	N.	2014.	Global	sensitivity	analysis	and	meta-modeling	of	an	ethanol	production	process.	1413	
Chemical	Engineering	Science,	114,	114-127.	1414	

TOKIWA,	Y.	&	CALABIA,	B.	P.	2004	Degradation	of	microbial	polyesters.	Biotechnology	Letters,	26,	1415	
1181-1189.	1416	

TOMINAGA,	A.,	SEKIGUCHI,	H.,	NAKANO,	R.,	YAO,	S.	&	TAKATORI,	E.	2018.	Advanced	recycling	1417	
process	 for	 waste	 plastics	 based	 on	 physical	 degradation	 theory	 and	 its	 stability.	 Journal	 of	1418	
Material	Cycles	and	Waste	Management,	21,	116-124.	1419	

TORTAJADA,	M.,	DA	SILVA,	L.	F.	&	PRIETO,	M.	A.	2013.	Second-generation	functionalized	medium-1420	
chain-length	 polyhydroxyalkanoates:	 the	 gateway	 to	 high-value	 bioplastic	 applications.	 Int	1421	
Microbiol,	16,	1-15.	1422	

TOURNIER,	V.,	TOPHAM,	C.	M.,	GILLES,	A.,	DAVID,	B.,	FOLGOAS,	C.,	MOYA-LECLAIR,	E.,	KAMIONKA,	1423	
E.,	DESROUSSEAUX,	M.	L.,	TEXIER,	H.,	GAVALDA,	S.,	COT,	M.,	GUEMARD,	E.,	DALIBEY,	M.,	NOMME,	1424	
J.,	CIOCI,	G.,	BARBE,	S.,	CHATEAU,	M.,	ANDRE,	I.,	DUQUESNE,	S.	&	MARTY,	A.	2020.	An	engineered	1425	
PET	depolymerase	to	break	down	and	recycle	plastic	bottles.	Nature,	580,	216-219.	1426	

TRADING_ECONOMICS.	 2019.	 Crude	 oil	 [Online].	 Trading	 Economics	 Trading	 Economics	1427	
Available:	https://tradingeconomics.com/commodity/crude-oil	[Accessed].	1428	

TRIBELLI,	P.	M.	&	LOPEZ,	N.	I.	2011.	Poly(3-hydroxybutyrate)	influences	biofilm	formation	and	1429	
motility	 in	 the	 novel	 Antarctic	 species	 Pseudomonas	 extremaustralis	 under	 cold	 conditions.	1430	
Extremophiles,	15,	541-7.	1431	

TRIFUNOVIC,	 D.,	 SCHUCHMANN,	 K.	 &	 MULLER,	 V.	 2016.	 Ethylene	 Glycol	 Metabolism	 in	 the	1432	
Acetogen	Acetobacterium	woodii.	J	Bacteriol,	198,	1058-65.	1433	

TSANG,	Y.	F.,	KUMAR,	V.,	SAMADAR,	P.,	YANG,	Y.,	LEE,	J.,	OK,	Y.	S.,	SONG,	H.,	KIM,	K.	H.,	KWON,	E.	E.	1434	
&	JEON,	Y.	J.	2019.	Production	of	bioplastic	through	food	waste	valorization.	Environ	Int,	127,	625-1435	
644.	1436	

VANTRIET,	K.	1979.	Review	of	Measuring	Methods	and	Results	in	Nonviscous	Gas-Liquid	Mass-1437	
Transfer	in	Stirred	Vessels.	Industrial	&	Engineering	Chemistry	Process	Design	and	Development,	1438	
18,	357-364.	1439	

VERLINDEN,	R.	A.,	HILL,	D.	J.,	KENWARD,	M.	A.,	WILLIAMS,	C.	D.	&	RADECKA,	I.	2007.	Bacterial	1440	
synthesis	of	biodegradable	polyhydroxyalkanoates.	J	Appl	Microbiol,	102,	1437-49.	1441	

VERMA,	R.,	VINODA,	K.	S.,	PAPIREDDY,	M.	&	GOWDA,	A.	N.	S.	2016.	Toxic	Pollutants	from	Plastic	1442	
Waste-	A	Review.	Waste	Management	for	Resource	Utilisation,	35,	701-708.	1443	

VISAKH	P.	M,	V.	P.	M.	2014.	CHAPTER	1.	Polyhydroxyalkanoates	(PHAs),	their	Blends,	Composites	1444	
and	Nanocomposites:	State	of	the	Art,	New	Challenges	and	Opportunities.	Polyhydroxyalkanoate	1445	
(PHA)	based	Blends,	Composites	and	Nanocomposites.	1446	



	 170	

VOLOVA,	T.	G.,	 PRUDNIKOVA,	 SVETLANA.,	BOYANDIN,	ANATOLY	2016.	Biodegradable	poly-3-1447	
hydroxybutyrate	as	a	fertiliser	carrier.	Journal	of	the	Science	of	Food	and	Agriculture,	96,	4183-1448	
4193.	1449	

VOM	SAAL,	 F.	 S.,	 NAGEL,	 S.	 C.,	 COE,	 B.	 L.,	 ANGLE,	 B.	M.	&	 TAYLOR,	 J.	 A.	 2012.	 The	 estrogenic	1450	
endocrine	disrupting	chemical	bisphenol	A	(BPA)	and	obesity.	Mol	Cell	Endocrinol,	354,	74-84.	1451	

WACKETT,	L.	P.	2003.	Pseudomonas	putida--a	versatile	biocatalyst.	Nat	Biotechnol,	21,	136-8.	1452	

WALTER,	S.	2019.	A	fix	 for	plastic	waste:	 turning	bottles	 into	car	parts	[Online].	RTE.ie:	RTE.ie.	1453	
Available:	 https://www.rte.ie/brainstorm/2019/0107/1021758-a-fix-for-plastic-waste-1454	
turning-bottles-into-car-parts/	[Accessed].	1455	

WANG,	Y.	Z.,	ZHOU,	Y.	&	ZYLSTRA,	G.	J.	1995.	Molecular	analysis	of	isophthalate	and	terephthalate	1456	
degradation	by	Comamonas	testosteroni	YZW-D.	Environ	Health	Perspect,	103	Suppl	5,	9-12.	1457	

WARD,	P.	G.,	DE	ROO,	G.	&	O'CONNOR,	K.	E.	2005.	Accumulation	of	polyhydroxyalkanoate	from	1458	
styrene	and	phenylacetic	acid	by	Pseudomonas	putida	CA-3.	Appl	Environ	Microbiol,	71,	2046-52.	1459	

WARD,	P.	G.	&	O'CONNOR,	K.	E.	2005.	Bacterial	synthesis	of	polyhydroxyalkanoates	containing	1460	
aromatic	and	aliphatic	monomers	by	Pseudomonas	putida	CA-3.	Int	J	Biol	Macromol,	35,	127-33.	1461	

WARGO,	M.	 J.	 2013.	Homeostasis	 and	 catabolism	of	 choline	 and	 glycine	 betaine:	 lessons	 from	1462	
Pseudomonas	aeruginosa.	Appl	Environ	Microbiol,	79,	2112-20.	1463	

WEI,	 R.,	 OESER,	 T.,	 SCHMIDT,	 J.,	 MEIER,	 R.,	 BARTH,	 M.,	 THEN,	 J.	 &	 ZIMMERMANN,	W.	 2016.	1464	
Engineered	bacterial	polyester	hydrolases	efficiently	degrade	polyethylene	terephthalate	due	to	1465	
relieved	product	inhibition.	Biotechnol	Bioeng,	113,	1658-65.	1466	

WEI,	 R.,	 OESER,	 T.,	 THEN,	 J.,	 KUHN,	 N.,	 BARTH,	 M.,	 SCHMIDT,	 J.	 &	 ZIMMERMANN,	 W.	 2014.	1467	
Functional	characterization	and	structural	modeling	of	synthetic	polyester-degrading	hydrolases	1468	
from	Thermomonospora	curvata.	AMB	Express,	4,	44.	1469	

WEI,	R.	&	ZIMMERMANN,	W.	2017.	Biocatalysis	as	a	green	route	 for	 recycling	 the	 recalcitrant	1470	
plastic	polyethylene	terephthalate.	Microb	Biotechnol,	10,	1302-1307.	1471	

WILLETTS,	A.	1981.	Bacterial	metabolism	of	ethylene	glycol.	Biochimica	et	Biophysica	Acta	(BBA)	1472	
-	General	Subjects,	677,	194-199.	1473	

WORLD_ECONOMIC_FORUM.	2016.	The	New	Plastics	Economy:	Rethinking	 the	 future	of	plastics	1474	
[Online].	 Available:	 https://www.weforum.org/reports/the-new-plastics-economy-rethinking-1475	
the-future-of-plastics	[Accessed].	1476	

WU,	 X.,	 ALTMAN,	 R.,	 EITEMAN,	 M.	 A.	 &	 ALTMAN,	 E.	 2014.	 Adaptation	 of	 Escherichia	 coli	 to	1477	
elevated	 sodium	 concentrations	 increases	 cation	 tolerance	 and	 enables	 greater	 lactic	 acid	1478	
production.	Appl	Environ	Microbiol,	80,	2880-8.	1479	



	 171	

YAMADA-ONODERA,	 K.,	 MUKUMOTO,	 H.,	 KATSUYAYA,	 Y.,	 SAIGANJI,	 A.	 &	 TANI,	 Y.	 2001.	1480	
Degradation	of	polyethylene	by	a	 fungus,	Penicillium	simplicissimum	YK.	Polymer	Degradation	1481	
and	Stability,	72,	323-327.	1482	

YANG,	 Y.	 Y.,	 J;	 JIANG,	 L	 2016.	 A	 bacterium	 that	 degrades	 and	 assimilates	 poly(ethylene	1483	
terephthalate).	Science,	353,	759-759.	1484	

YORK,	G.	M.,	LUPBERGER,	J.,	TIAN,	J.,	LAWRENCE,	A.	G.,	STUBBE,	J.	&	SINSKEY,	A.	J.	2003.	Ralstonia	1485	
eutropha	 H16	 encodes	 two	 and	 possibly	 three	 intracellular	 Poly[D-(-)-3-hydroxybutyrate]	1486	
depolymerase	genes.	J	Bacteriol,	185,	3788-94.	1487	

ZADGHAFFARI,	R.,	MOGHADDAS,	J.	S.	&	REVSTEDT,	J.	2010.	Large-eddy	simulation	of	turbulent	1488	
flow	in	a	stirred	tank	driven	by	a	Rushton	turbine.	Computers	&	Fluids,	39,	1183-1190.	1489	

ZHANG,	Y.	Z.,	LIU,	G.	M.,	WENG,	W.	Q.,	DING,	J.	Y.	&	LIU,	S.	J.	2015.	Engineering	of	Ralstonia	eutropha	1490	
for	the	production	of	poly(3-hydroxybutyrate-co-3-hydroxyvalerate)	from	glucose.	J	Biotechnol,	1491	
195,	82-8.	1492	

ZHAO,	F.,	LIU,	X.,	KONG,	A.,	ZHAO,	Y.,	FAN,	X.,	MA,	T.,	GAO,	W.,	WANG,	S.	&	YANG,	C.	2019.	Screening	1493	
of	 endogenous	 strong	 promoters	 for	 enhanced	 production	 of	 medium-chain-length	1494	
polyhydroxyalkanoates	in	Pseudomonas	mendocina	NK-01.	Sci	Rep,	9,	1798.	1495	

ZINN,	M.,	WITHOLT,	B.	&	EGLI,	T.	2001.	Occurrence,	synthesis	and	medical	application	of	bacterial	1496	
polyhydroxyalkanoate.	Adv	Drug	Deliv	Rev,	53,	5-21.	1497	

ZOBEL,	S.,	BENEDETTI,	I.,	EISENBACH,	L.,	DE	LORENZO,	V.,	WIERCKX,	N.	&	BLANK,	L.	M.	2015.	1498	
Tn7-Based	 Device	 for	 Calibrated	 Heterologous	 Gene	 Expression	 in	 Pseudomonas	 putida.	 ACS	1499	
Synth	Biol,	4,	1341-51.	1500	
	1501	

	1502	


