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ABSTRACT	

	

Actinobacteria	 associated	 with	 two	 diverse	 soil	 environments	 and	 their	

multicopper	oxidase	diversity		

Alaric	Prins	

PhD	Thesis,	University	of	the	Western	Cape	

	

The	Cape	Floristic	Region	(CFR)	 is	a	biodiverse	region	boasting	unique	plant	diversity	

with	 a	 rich	 concentration	 of	 endemic	 plants.	 Aspalathus	 linearis	 (Rooibos)	 is	 an	

indigenous	 plant	 that	 grows	 in	 the	 Clanwilliam	 region	 of	 the	 Western	 Cape	 and	 is	

cultivated	 for	 its	 use	 as	 an	 herbal	 tea.	 Emerging	 peatlands	 in	 the	 CFR	 have	 gained	

increasing	 attention	 over	 recent	 years	 through	 research	 aiming	 to	 understand	 the	

microbial	 diversity	 associated	 with	 these	 environments.	 Little	 is	 known	 about	 the	

actinobacterial	diversity	of	these	regions,	and	as	such,	it	is	necessary	to	investigate	the	

diversity	 of	 the	 actinobacteria	 associated	 with	 these	 environments,	 whilst	

simultaneously	 gaining	 knowledge	 on	 whether	 the	 associated	 actinobacteria	 may	

produce	enzymes	of	biotechnological	interest.	

	

Two	CFR	regions	(the	Rooibos	environment	–	Clanwillian,	and	the	Springfield	emerging	

peatland	 environment	 –	 Agulhas)	 were	 explored	 through	 culture-based	 and	 genomic	

screening.	Metabarcoding	analyses	using	actinobacterial-specific	16S	rRNA	gene	primers	

showed	that	the	major	taxa	contributing	to	the	Rooibos	environment	were	members	of	

the	 families	 Mycobacteriaceae,	 Pseudonocardiaceae,	 Frankiaceae	 and	

Geodermatophilaceae.	Members	of	the	families	Mycobacteriaceaea,	Pseudonocardiaceae,	

Acidimicrobiaceae	and	Nocardioiaceae	was	identified	as	the	major	taxa	for	the	Springfield	

environment.	

	

Through	 selective	 isolation	 techniques,	 actinobacteria	 from	 rare	 (underrepresented)	

genera	 were	 isolated,	 including	 members	 of	 the	 genera	 Dactylosporangium,	

Actinokineospora,	Curtobacterium,	Modestobacter,	Leifsonia	and	Actinomadura.	The	top	

strains,	 selected	based	on	 exhibiting	 extracellular	multicopper	 oxidase	 (MCO)	 activity	

through	 culture-based	 screening,	were	 subjected	 to	whole	 genome	 sequence	 analysis.	

These	 rare	 genera	 are	 also	 vastly	 underrepresented	 among	 3	 400	 bacterial	 MCO	



 iii	

sequences	found	in	the	Laccase	and	Multicopper	Oxidase	Engineering	Database	(LccED).	

Genome	mining	revealed	the	presence	of	 three	MCOs	with	putative	catalytic	activity	–	

two	MCOs	homologous	to	bilirubin	oxidases	(designated	SF1.4_MCO1	and	SF1.4_MCO2),	

and	 a	 third	MCO-like	multicopper	 polyphenol	 oxidase	 (MPO)	 –	 designated	 2-8_MPO	 -	

showing	homology	to	YfiH/Domain	of	Unknown	Function	(DUF152)	family	of	proteins.	A	

rudimentary	analysis	of	the	characteristics	of	these	MCOs	were	explored.	The	MCOs	and	

MPO	were	 synthesised	 (in	 pET-28a(+)	 vectors)	 and	 transformed	 into	Escherichia	 coli	

BL21,	and	functional	expression	was	confirmed	through	the	oxidation	of	1	mM	ABTS	(in	

0.05	 M	 sodium	 acetate,	 pH	 3.0).	 Primary	 activity-pH	 and	 activity-temperature	

dependency	was	determined	between	pH	2.0	–	5.0	and	a	temperature	range	of	25˚C-45˚C.		

	

These	are	the	first	reports	of	MCOs	from	these	South	African	environments,	signifying	

that	 these	 environments	 may	 be	 a	 great	 source	 of	 undiscovered	 actinobacteria	 with	

biotechnological	 potential,	 especially	 as	 they	 were	 isolated	 from	 rare	 actinobacterial	

genera.	
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CHAPTER	ONE	

INTRODUCTION	

	
1.1	 Background	

	

Multicopper	 oxidases	 (MCOs)	 are	 a	 large	 family	 of	 enzymes	 that	 includes	 bilirubin	

oxidases,	 ascorbate	oxidases,	 ceruloplasmin,	 phenoxazinone	 synthases	 and	 the	 largest	

subfamily	-	laccases	(Solomon	et	al.,	1996).	Of	these	MCOs,	laccases	have	been	extensively	

exploited	 for	 their	 use	 in	 industrial	 processes.	MCOs	 are	 able	 to	 oxidise	 substrates	 to	

generate	 reactive	 radicals	 which	 may	 be	 involved	 in	 a	 variety	 of	 reactions,	 including	

polymerisation	through	the	oxidative	coupling	of	monomers,	degradation	of	polymers	or	

the	degradation	of	phenolic	compounds	(Claus,	2004).	Additionally,	in	the	case	of	steric	

hindrance,	the	oxidation	of	larger,	more	complex	molecules	is	directly	inhibited,	but	can	

be	chemically	mediated	with	smaller	redox	mediators	(Roth	&	Spiess,	2015).	Laccases	

have	 been	 extensively	 used	 in	 industrial	 oxidative	 processes	 including	 dye	

decolourisation,	 stain	 bleaching,	 bioremediation	 of	 environmental	 phenolic	

contaminants,	pulp	and	paper	processing,	ethanol	production,	delignilication,	and	plant	

libre	modilications	(Alcalde,	2007).	

	

The	 phylum	Actinomycetota	 is	 one	 of	 the	 largest	 and	most	 diverse	 groups	within	 the	

domain	 Bacteria	 (Stackebrandt	 &	 Schumann,	 2006).	 They	 are	 of	 a	 signilicant	

biotechnological	importance,	particularly	the	strains	within	the	order	Actinomycetales,	as	

well	as	members	of	the	orders	Kitasasporales,	Pseudonocardiales	and	Streptosporangiales,		

due	 to	 their	 ability	 to	 produce	 a	 large	 number	 of	 industrially	 relevant	 secondary	

metabolites,	 such	 as	 bioactive	 compounds	 and	 enzymes	 (Bérdy,	 2005;	Anandan	 et	 al.,	

2016;	Goodfellow	et	al.,	2018).	Studies	on	the	isolation	and	characterisation	of	MCOs	from	

actinobacteria	are	rare	(Alves	et	al.,	2014),	especially	from	the	“rare”,	not-readily	isolated	

non-streptomycete	genera,	and	these	taxa	will	likely	serve	as	a	potential	source	of	novel	

MCOs.	
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1.2	 Problem	IdentiRication	

	

Fungal	 MCOs	 have	 been	 signilicantly	 exploited	 for	 their	 applications	 in	 industrial	

processes.	 More	 recently,	 however,	 MCO	 and	 MCO-like	 enzymes	 from	 bacteria	 have	

become	increasingly	prominent	(Claus,	2004).	This	is	facilitated	by	characteristics	that	

not	only	mirror	those	of	fungal	MCOs,	but	also	the	possession	of	unique	and	industrially	

important	traits,	such	as	enhanced	thermostability	and	the	ability	to	oxidise	substrates	

under	more	alkaline	conditions	as	opposed	to	more	acidic	conditions	required	for	fungal	

MCOs	 (Reiss	 et	 al.,	 2011).	 Additionally,	 bacterial	 MCOs	 may	 prove	 advantageous	 for	

biotechnological	 development	 attributable	 to	 their	 atypical	 characteristics,	 shorter	

production	 times	 and	 ease	 of	 genetic	 manipulation	 allowing	 for	 better	 expression	 in	

heterologous	systems	(Burton,	2005;	Santhanam	et	al.,	2011).	The	small	laccase	(SLAC)	

from	 Streptomyces	 coelicolor,	 for	 example,	 is	 a	 bacterial	 enzyme	 that	 was	 identilied	

through	a	genome	mining	approach,	which	was	subsequently	cloned	and	characterised	in	

several	studies	(Machczynski	et	al.,	2004;	Skálová	et	al.,	2009).	Despite	this	wide	range	of	

desirable	characteristics,	bacterial	MCOs	are	shown	to	have	a	low	redox	potential	(430	

mV	for	SLAC)	compared	to	a	redox	potential	of	up	to	800	mV	which	has	been	reported	for	

basidiomycete	 laccases,	 making	 them	 less	 powerful	 catalysts	 and	 reducing	 their	

commercial	value.	It	is,	therefore,	necessary	to	search	for	laccases	of	bacterial	origin	that	

are	equivalent	to	laccases	of	fungal	origin.	

	

The	Cape	Floristic	Region	 (CFR)	 is	one	of	 the	most	biodiverse	 regions	 in	South	Africa	

boasting	 unique	 plant	 diversity	 with	 a	 rich	 concentration	 of	 endemic	 plants.	

Unfortunately,	 the	 CFR	 is	 experiencing	 drastic	 habitat	 loss	 (Stafford	 et	 al.,	 2005).		

Asphalathus	linearis	(Rooibos)	is	an	indigenous	plant	that	grows	in	the	southern	regions	

of	 the	Western	 Cape	 and	 is	 cultivated	 for	 the	 production	 of	 Rooibos	 (“red	 bush”)	 tea	

(Standley	et	al.,	2001).	The	benelicial	properties	of	this	herbal	tea	are,	in	part,	attributed	

to	a	variety	of	phenolic	compounds	produced	by	 the	plant	 (Van	Heerden	et	al.,	2003).	

Emerging	peatlands	in	the	CFR	has	garnered	attention	over	recent	years,	through	studies	

that	aim	to	understand	the	microbial	diversity	and	biogeochemical	cycling	that	drives	the	

formation	 of	 these	 unique	 environments.	 Limited	 research	 is	 available	 on	 the	

actinobacterial	 diversity	 associated	with	 Rooibos	 plants	 and	 emerging	 peatlands,	 and	

information	on	potential	 enzyme	production	by	 these	 strains	 is	virtually	non-existent.	
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This	holds	particularly	true	for	the	MCO	complement	of	the	rhizospheric	microorganisms	

from	 these	 environments.	 Considering	 the	 high	 phenolic	 constituents	 of	 the	 plant	

materials	 in	 these	 environments	 that	 may	 drive	 oxidative	 enzyme	 production,	 it	 is	

necessary	to	investigate	the	diversity	of	the	actinobacteria	associated	with	the	plant	and	

the	unique	environmental	pressures,	 to	determine	whether	 it	drives	 the	expression	of	

MCOs,	whilst	also	gaining	access	 to	potentially	novel	bacterial	MCOs	that	may	possess	

similar	or	better	activity	proliles	than	that	of	fungal	MCOs.	

	

1.3	 Aims	and	Objectives	

	

• Perform	a	rudimentary	analysis	of	the	actinobacterial	diversity	of	the	study	sites	at	

the	time	of	sampling:	

o through	 metataxonomic	 analyses	 to	 identify	 the	 major	 actinobacterial	

constituents	 to	 family	 and	 genus	 level	 using	 actinobacterial-specilic	 16S	

rRNA	sequencing	primers	

o determine	the	physicochemical	parameters	of	the	soil	environment	at	the	

time	of	sampling	and	relate	it	to	the	actinobacterial	diversity.	

• Isolate	new	actinobacterial	strains	from	the	selected	study	sites:	

o through	 selective	 isolation	 techniques,	 with	 a	 particular	 emphasis	 on	

selecting	strains	that	are	typically	underrepresented	(non-streptomycetes)	

o screening	 the	 isolates	 for	 the	 production	 of	 extracellular	MCOs	 through	

colorimetric	assays	of	liquid	culture	supernatants	

o select	 the	 most	 talented	 strain	 from	 each	 environment	 for	 genome	

sequencing	

o perform	a	basic	genome	analysis	of	the	selected	strains	to	screen	for	novel	

MCO	genes	

o perform	a	rudimentary	analyses	of	protein	features	for	a	select	number	of	

newly	identilied	MCOs	

o clone	 and	 determine	 whether	 heterologously	 expressed	 MCOs	 are	

functional	

• Develop	a	Python-based	workMlow	for	kinetic	parameter	estimation	

o by	 designing	 a	 microtiter	 plate	 (MTP)	 workllow	 that	 takes	 into	

consideration	a	range	of	technical	criteria	
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o Determine	the	kinetic	parameters	of	the	small	laccase	from	Streptomyces	

coelicolor	 using	 a	 non-conventional	 Python-based	 workllow	 and	

comparing	it	to	reported	biochemical	data	in	literature.	

	

1.4	 Variations	to	original	study	design	

	

At	the	inception	of	the	study,	only	the	Rooibos	environment	was	selected	as	a	study	site.	

However,	a	second	site	(peat	from	Springlield	Estate,	Cape	Agulhas)	was	introduced	a	year	

after	 the	 inception	 of	 the	 project,	 when	 a	 concurrent	 project	 found	 that	 a	 rare	

actinobacterium	isolated	from	this	environment	harboured	a	novel	MCO	gene.	Therefore,	

it	was	decided	that	this	novel	gene	should	be	explored	further	in	this	study,	along	with	a	

selected	isolate	from	the	Rooibos	site.		
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CHAPTER	TWO	

LITERATURE	REVIEW	

	
2.1	 Cape	Floristic	Region	

	

Inlluenced	by	its	distinct	climate,	South	Africa	is	divided	into	nine	terrestrial	biomes,	viz.		

Succulent	Karoo,	Nama	Karoo,	Fynbos,	Forest,	Albany	Thicket,	Grassland,	Savanna,	Indian	

Ocean	Coastal	Belt	and	Desert	(Figure	2.1;	Rutherford	et	al.,	2006).		Despite	only	covering	

approximately	90	000	km2	of	landmass,	the	Cape	Floristic	Region	(CFR)	is	one	of	the	most	

prolilic	South	African	biomes,	containing	over	8	500	plant	species	(Meadows	&	Sugden,	

1993).	Of	these	plant	species,	almost	75%	are	endemic	to	the	region	(Goldblatt,	1978)	

and	the	CFR	has	been	identilied	as	a	global	biodiversity	hotspot	(Myers	et	al.,	2000).		To	

further	emphasise	this	high	endemism,	a	comparative	study	by	Born	et	al.	(2007)	of	11	

530	native	seed	plant	species	across	live	biome	regions,	showed	that	8	856	are	found	in	

the	CFR	when	compared	to	the	other	four	regions.	

	

	
Figure	2.1:	Map	of	South	Africa	outlining	the	nine	biomes	described	by	(Low	&	Rebelo,	1998);	map	
generated	using	Cape	Farmer	Mapper	3	using	Low	and	Rebelo	(2006)	overlay,	with	amendments	to	

include	the	Desert	and	Indian	Coastal	Belt	
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2.1.1	 Fynbos		

	

The	Fynbos	(“Mine	bush”)	biome,	which	forms	part	of	the	Greater	CFR,	can	be	characterised	

by	the	prevalence	of	low	to	medium	height	shrubland,	including	81	distinct	true	and	lire-

prone	fynbos	vegetation	units,	as	well	38	sandveld	and	renosterveld	units.	The	Fynbos	

biome	is	located	in	the	Western	Cape,	South	Africa	and	starting	from	the	Boland	it	extends	

in	a	westerly	 and	northward	direction	 from	 the	Cape	Peninsula	 to	Vanrhynsdorp,	 and	

easterly	towards	Makhanda	(formerly	Grahamstown)	(Low	&	Rebelo,	1998).		

	

Fynbos	species	are	typically	found	in	soils	that	are	acidic	in	nature	(pH	4.0-7.0),	and	are	

relatively	 nutrient-poor	 (Manning,	 2018).	 The	 occurrence	 of	 high	 levels	 of	 edaphic	

endemism	 is	 evidence	 of	 this	 –	 studies	 performed	 by	 Stock	 and	Midgley	 (1995)	 and	

Stewart	et	al.,	(1993)	surveying	nitrogen	utilisation	in	fynbos	and	Australian	kwongan	(a	

lire-prone	woodland	similar	to	fynbos),	respectively,	highlighted	important	differences	in	

soil	 nutrient	 availability	 in	 determining	 the	 spatial	 distribution	 of	 plant	 species	 in	

nutrient-poor	environments.	

	

Furthermore,	 such	vegetation-environment	 relationships	have	been	determined	 in	 the	

Soetanysberg,	Cape	Agulhas	(Richards	et	al.,	1995).	The	Agulhas	plain,	which	also	forms	

part	of	the	CFR,	is	a	coastal	lowland	that	covers	approximately	1	600	km2	of	landmass	at	

the	southern	tip	of	Africa	(Figure	2.2).	It	is	characterised	by	transgression	events	during	

the	Miocene	and	early-to-mid	Pliocene	eras	(Hendey,	1983).	It	 is	a	geologically	diverse	

region,	with	most	of	the	associated	soil	types	(deep	acid	sands,	shallow	acid	sands	and	

shallow	alkaline	soils)	postdating	the	regression	events	(Hendey,	1983).		
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Figure	2.2:	Overview	map	of	a	section	of	the	Agulhas	Plain;	map	generated	using	Cape	Farm	Mapper	3	

	

In	 alignment	with	 typical	 fynbos	 soil	 types,	 Richards	 et	 al.	 (1997)	 demonstrated	 that	

nitrogen	 and	 phosphorus	 availability	 in	 the	 soil	 matrix	 is	 an	 important	 factor	 in	

landscape-level	species	distribution	in	nutrient-poor	Mediterranean-climate	ecosystem,	

which	is	supported	by	previous	studies	that	revealed	high	species	turnover	across	soil	

types	that	differ	in	pH	and	nutrient	content	(Cowling,	1990;	Thwaites	&	Cowling,	1988).	

	

2.1.2	 Peat	

	

One	of	the	key	points	of	interest	in	the	Agulhas	Plain	is	the	presence	of	peatlands.	Peat	is	

formed	by	the	gradual	decay	of	plant	material	(including	moss,	grass,	shrubs,	and	trees)	

under	sustained	waterlogged	conditions	which	results	in	the	formation	of	brown-black	

organic-rich	 soil	 (Ellery	 et	 al.,	 2012).	 	 Peat	 is	widespread,	 globally,	with	 an	 estimated	

coverage	 of	 4.2	 million	 km2	 of	 terrestrial	 and	 freshwater	 surface	 –	 although	 it	 is	

predominantly	found	in	temperate-cold	climates	of	the	Northern	Hemisphere	(Ivanova	et	

al.,	2020).		
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The	occurrence	of	peat	and	peatlands	in	South	Africa	are	relatively	rare.	Their	presence	

in	South	Africa	is	typically	associated	with	coastal	plains	where	the	regional	groundwater	

table	intersect	with	depressions,	or	in	catchment	areas	of	quartzite	and	dolomite	(Job	&	

Ellery,	 2013).	 Grundling	et	 al.	 (2017)	 identilied	 sixteen	peatland	 eco-regions	 in	 South	

Africa	and	calculated	their	distribution	based	on	combining	scoring	models	from	2011	

and	2016	(Table	2.1).	
	

Table	2.1:	Table	representing	known	peatland	points	scored	based	on	the	combined	peatland	ecoregions	
per	the	2016	model	sorted	in	descending	total	percentage	(adapted	from	Grundling	et	al.,	2017).	

Peatland	Ecoregion	 Count	 Percentage	

Natal	Coastal	Plain	 343	 63.1	

Central	Highlands	 82	 15.1	

Highveld	 38	 7.0	

Great	Escarpment	Mountains	 31	 5.7	

Lowveld	 20	 3.7	

Southern	Coastal	Belt	 20	 3.7	

Cape	Folded	Mountain	 8	 1.5	

Eastern	Coastal	Belt	 8	 1.5	

Bushveld	Basin	 2	 0.4	

Eastern	Uplands	 1	 0.2	

Limpopo	Plain	 1	 0.2	

Ghaap	Plateau	 0	 0	

Great	Karoo	 0	 0	

Nama	Karoo	 0	 0	

Southern	Kalahari	 0	 0	

Western	Coastal	Belt	 0	 0	

Total	Model	Points	 554	 100	

	

	

Peat-forming	systems	are	ecologically	signilicant	as	they	collectively	store	up	to	500	–	700	

billion	tonnes	of	carbon,	more	than	what	is	stored	in	the	world’s	tropical	rainforests	and	

equal	to	that	of	atmospheric	carbon	(Grace,	2004;	Pan	et	al.,	2011;	Parish	et	al.,	2008;	Yu	

et	al.,	2010).	Peatlands	can	be	considered	as	a	potential	driver	of	climate	change	due	to	it	

being	 a	prospective	 source	of	 carbon	emissions,	 particularly	 if	 severely	 impacted	 as	 a	

result	of	human	activities	and/or	natural	disasters	 (Frolking	et	al.,	 2006;	Gründling	&	

Grobler,	2005;	Job	&	Ellery,	2013).		
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Particularly,	 within	 the	 South	 African	 ecosystem	 context,	 these	 disturbances	 include	

erosion	 (which	 includes	 anthropogenic	 activities	 such	 as	 farming),	 llooding	

disproportionate	to	rainfall	and	desiccation	of	the	landscape	which	leads	to	biodiversity	

losses	 and	 release	 of	 greenhouse	 gasses	 (Job	 &	 Ellery,	 2013).	 These	 disruptions	 are	

alarming,	since	65%	of	South	African	wetlands	are	in	a	critical	condition,	and	more	than	

50%	have	been	destroyed	(Cowan,	1995;	Driver	et	al.,	2012).		

	

As	 such,	 concerted	 efforts	 are	 geared	 towards	 conservation	 and	 regeneration	 of	

peatlands.	For	example,	Rebelo	et	al.	 (2019),	as	part	of	a	comparative	study,	 identilied	

three	 pristine	 palmiet	 wetlands	 (Pronium	 serratum)	 in	 the	 CFR	 (Theewaterskloof,	

Goukou,	 and	 Kromme)	 that	 are	 currently	 assigned	 for	 private	 agricultural	 use.	 They	

identilied	 that	 these	 palmiet	 wetlands	 sequester	 21-41g.m-2	 of	 carbon	 per	 year,	 have	

nitrogen	and	phosphorus	uptakes	of	62-85%	and	reduces	llooding	16	times	more	than	

when	 compared	 to	 degraded	 wetlands.	 Their	 lindings	 emphasise	 the	 importance	 of	

policies	 between	 landowners	 and	 cities	 to	 ensure	 the	 best-use	 case	 for	 valuable	

ecosystems.	

	

2.1.3	 Rooibos	

	

Rooibos	 (Aspalathus	 linearis,	 literal:	 “red	 bush”)	 is	 an	 endemic	 South	 African	 fynbos	

species	(Figure	2.3).	It	is	a	seed	plant	that	is	world-renowned	as	an	herbal	tea.	The	genus	

Aspalathus	is	made	up	of	more	than	270	species,	which	are	predominantly	endemic	to	the	

CFR	(Dahlgren,	1968).	

	

Aspalathus	 linearis	 (legume,	 family:	Fabaceae)	 is	a	polymorphic	plant,	with	needle-like	

leaves,	with	 distribution	mainly	 along	 the	 Cederberg	Mountain	 region	 of	 the	Western	

Cape	(Figure	2.4).	Aspalathus	linearis	mainly	grows	in	acidic	soils	(pH	3-5.3)	that	are	well-

drained,	 nutrient	 poor	 and	 are	 derived	 from	 sandstone	 (Muolhe	 &	 Dakora,	 2000).	

Cultivation	of	A.	 linearis	beyond	 its	native	range	has	proven	to	be	a	challenge,	and	the	

cause	of	this	endemicity	has	yet	to	be	determined.		



 10	

	
Figure	2.3:	An	image	of	a	_lowering	Rooibos	(Aspalathus	linearis)	plant	taken	in	Clanwilliam,	Western	

Cape	(image	taken	by	Winfried	Bruenken,	CC	BY-SA2.5)	

	

Rooibos	 is	 a	 commercially	 important	 plant.	 Historically,	 the	 San	 and	 Khoi	 indigenous	

people	of	Southern	Africa	were	the	lirst	to	utilise	Rooibos	as	an	herbal	tea	(DEA,	2014).	

Per	annum,	approximately	20	000	tons	of	Rooibos	is	produced	with	annual	incomes	of	ca.	

500	million	 ZAR	 (Schroeder	 et	 al.,	 2020;	Wynberg,	 2023).	 In	 terms	 of	 market	 share,	

Rooibos	accounts	for	10%	of	the	global	herbal	tea	exports	to	more	than	30	countries,	with	

Rooibos	Limited	contributing	up	to	70%	of	the	total	Rooibos	production	(Marie-Vivien	&	

Biénabe,	2017;	Troskie	&	Biénabe,	2013).		

	

	
Figure	2.4:	Distribution	(red)	of	native	Rooibos	(Aspalathus	linearis)	cultivation	in	the	Cederberg	

Mountain	area	of	the	Western	Cape	(map	generated	with	Cape	Farm	Mapper	3,	amended	to	highlight	
distribution	area)	
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The	 chemical	 composition	of	 extracts	 from	Rooibos	has	been	extensively	 studied.	The	

major	phenolic	constituents	present	can	be	divided	into	two	classes:	glycosides,	including	

aspalathin	 (Mw:	 452	 g.mol-1)	 and	 isoorientin	 (Mw:	 448	 g.mol-1),	 and	 the	 aglycones,	

including	quercetin	(Mw:	302	g.mol-1)	and	luteolin	(Mw:	286	g.mol-1)	(Joubert	et	al.,	2009;	

Figure	2.5).		

	

	
Figure	2.5:	Major	phenolic	constituents	in	Rooibos	(adapted	from	Joubert	et	al.,	2009);	chemical	

structures	drawn	in	Marvin	Sketch	version	23.12)	
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From	 the	 scientilic	 development	 of	 indigenous	 ethnomedicine,	 various	 studies	 have	

explored	the	health	benelits	of	the	various	phytochemicals	from	Rooibos.	Among	these	

benelits	 are	 chemoprotective	 effects	 (Huang	 et	 al.,	 2019;	 Magcwebeba	 et	 al.,	 2016;	

Marnewick	 et	 al.,	 2009),	 protection	 against	 neurodegeneration	 (Inanami	 et	 al.,	 1995;	

Minné	 et	 al.,	 2023)	 and	 other	 antioxidant	 activities	which	 includes	 protection	 against	

cardiovascular	disease	(Fekry	et	al.,	2014;	Marnewick	et	al.,	2011;	Pantsi	et	al.,	2011),	

anti-inllammatory	effects	(Baba	et	al.,	2009;	Pretorius	&	Smith,	2022)	and	anti-mutagenic	

properties	(Erickson,	2003).	

	

2.1.4	 Actinobacterial	diversity	associated	with	Rooibos	and	peat	soils	

	

Microorganisms	are	key	role-players	in	biogeochemical	cycles	through	a	range	of	plant-

soil	microbe	interactions	that	are	important	in	maintaining	plant	productivity	and	soil	

ecosystems	(Le	Roux	et	al.,	2017).		Disturbances	(particularly	of	anthropogenic	origin)	to	

optimal	environmental	conditions,	especially	where	unique	conditions	are	required,	can	

therefore	 lead	 to	 a	 reduction	 in	 plant	 persistence	 (Béna	 et	 al.,	 2005).	 In	 the	 case	 of	

legumes	from	the	family	Fabaceae,	which	A.	linearis	is	classified	under,	rhizobia	form	root	

nodules	 that	 aid	 in	 nitrogen-fixation	 to	 provide	 the	 host	 plant	with	 organic	 forms	 of	

nitrogen,	which	is	exchanged	for	nutrients	from	the	plants	to	the	microbes	(Franche	et	

al.,	2009).	This	is	performed	in	tandem	with	other	free-living	soil	microorganisms	that	

are	 involved	 in	 carbon	 cycling,	 maintaining	 the	 soil	 structure	 and	 biological	 control	

(Kennedy,	1999).	

	

Several	studies	have	been	performed	to	assess	the	influence	of	the	soil	microbial	diversity	

on	 the	 growth	 of	 Rooibos.	 Hassen	 et	 al.	 (2018)	 performed	 a	 culture-based	 study	 to	

determine	the	colonisation	frequency	of	nodule	and	endophytic	bacteria	associated	with	

healthy	 and	 declined	 Rooibos	 plants.	 More	 than	 75%	 of	 isolates	 from	 healthy	 plants	

belonged	 to	 the	 Rhizobium-Bradyrhizobium	 group	 with	 the	 rest	 identified	 as	

Burkholderia,	Pseudomonas	 and	Bacillus	 species.	 Interestingly,	 a	 low	 number	 of	 root-

nodulating	 rhizobia	 were	 detected	 in	 the	 plants	 with	 declined	 health.	 The	 authors	

hypothesise	that	external	factors	such	as	soil	acidification	and	nutrient	depletion	could	

prevent	migrating	free-living	organisms	from	forming	nodules	prior	to	symbiosis,	leading	

to	unfavourable	conditions	for	plant	survival.	A	similar	effect	was	seen	in	a	previous	study	
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by	the	same	authors	(Ahmed	et	al.,	2014)	where	nodulation	of	soybean	failed	as	a	result	

of	limiting	factors.		

	

Brink	 et	 al.	 (2020)	 examined	 the	 bacterial	 communities	 associated	 with	 natural	 and	

commercial	Rooibos	plants	during	the	dry	and	wet	season	through	terminal	restriction	

fragment	 length	 polymorphism	 (t-RFLP)	 analyses	 and	 real-time	 polymerase	 chain	

reaction	 (RT-PCR).	 The	 study	 showed	 that	 Actinobacteria,	 Proteobacteria	 and	

Acidobacteria	 species	 were	 the	 most	 dominant	 bacterial	 phyla	 detected,	 with	 large	

similarities	 between	 both	 environments.	 The	 relationship	 between	 physicochemical	

parameters	and	the	microbial	compliment	was	also	assessed.	Members	belonging	to	the	

family	Pseudomonadaceae,	an	indicator	taxon,	showed	a	strong	positive	correlation	with	

Na+	and	K+	levels	during	the	dry	season,	whereas	the	Bradyrhizobiaceae	were	an	indicator	

for	the	wet	season,	correlated	negatively.	Of	note,	and	in	accordance	with	the	more	recent	

study	by	Brink	et	al.	 (2020),	Postma	 (2016)	also	 found	 that	while	microbial	diversity	

differed	 by	 season	 (which	 is	 likely	 linked	 to	 rainfall	 and	 the	 associated	 shifts	 in	

environmental	conditions	due	to	run-off),	the	overall	classification	were	dominated	by	

Acidobacteriales	and	Actinomycetales,	suggesting	these	organisms	play	an	important	role	

in	these	low	nutrient	environments	that	is	characteristic	of	fynbos.	

	

The	microbial	diversity	associated	with	peat	is	well	documented,	from	a	range	of	different	

environments	 ranging	 from	boreal	 forests	 in	 Finland,	 peat-bound	Karstic	wetlands	 in	

Australia	containing	stromalites,	arctic	soils,	as	well	developing	peatlands	on	the	Agulhas	

Plain	 (Makhalanyane	 et	 al.,	 2016;	 Proemse	 et	 al.,	 2017;	 Sun	 et	 al.,	 2014;	Weels	 et	 al.,	

2022).		

	

Whilst	fungi	are	considered	to	be	the	main	drivers	of	decomposition	in	the	carbon-rich	

environments	(with	a	wide	array	of	lignocellulosic	enzymes	to	breakdown	recalcitrant	

materials),	actinobacteria	have	been	shown	to	exhibit	similar	enzyme	activities	that	also	

play	a	large	role	in	mineralisation	processes	(Kusai	et	al.,	2018;	Lew	et	al.,	2018;	B.	Liu	et	

al.,	2020).	In	fact,	across	a	number	of	peat	diversity	studies,	actinobacteria	contribute	a	

significant	 proportion	 of	 the	 prokaryotic	 complement.	 For	 example,	 in	 boreal	 peat	

samples,	actinobacteria	had	the	highest	relative	abundance	of	24.5%	(Sun	et	al.,	2014).	

Similarly,	 in	 a	 study	 that	 sampled	 across	 three	 wetlands	 systems,	 for	 three	 different	
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sampling	depths	ranging	from	0-50cm,	actinobacteria	had	the	highest	relative	abundance	

across	 all	 samples	 (Weels	 et	 al.,	 2022).	 These	 organisms	 have	 the	 ability	 to	 utilise	 a	

variety	of	different	substrates	and	easily	adapt	to	a	range	of	temperatures,	as	evident	in	

a	study	where	actinobacterial	diversity	was	detected	up	to	depths	of	110cm	In	a	Siberian	

permafrost	peatland	(Aksenov	et	al.,	2021).	

	

2.2	 Actinobacteria	

	

Actinobacteria	 are	Gram-positive	bacteria	 (Figure	2.6)	 that	 are	mostly	 free-living	 and	

widely	distributed	in	terrestrial	and	aquatic	(including	marine)	environments	(Macagnan	

et	al.,	2006).	They	typically	have	large	genomes,	with	a	high	%mol	G+C	content	of	their	

genomic	DNA.	

Actinobacteria	 exhibit	 a	 multitude	 of	 different	 cell	 morphologies,	 ranging	 from	 rod	

(Mycobacterium),	 fragmenting-hyphae	 (Nocardia),	 spore-bearing	 branched-hyphae	

(Micromonospora)	 to	 branched	 mycelia	 (Streptomyces)	 and	 mycelia-free	

(Corynebacterium)	(Barka	et	al.,	2016).	

	

	
Figure	2.6:	A	microscope	image	of	an	actinobacterium	(Micromonospora	sp.)	showing	distinct	

_ilamentous	structure	(own	image).		
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Actinobacteria	possess	extraordinary	properties,	which	is	essentially	attributed	to	their	

large	genomes	and	complex	morphological	changes	in	their	lifecycles.	As	such,	they	are	

often	 able	 to	 withstand	 a	 number	 of	 environmental	 pressures	 such	 as	 extremes	 of	

temperature	(hot	or	cold),	varying	chemical	conditions	(acidity,	alkalinity,	high	salinity,	

nutrient-poor	environments	and	moisture)	(Goodfellow	et	al.,	2018;	Mohammadipanah	

&	Wink,	2016;	Shivlata	&	Satyanarayana,	2015).	This	adaptability	allows	them	to	thrive	

in	a	wide	range	of	extreme	and	special	environments,	including	but	not	limited	to	Arctic	

and	Antarctic	 regions,	 glaciers,	deserts,	 caves,	hot	 springs,	 and	mangroves	 (Law	et	al.,	

2020).		

	

The	 phylum	 Actinomycetota	 Goodfellow,	 2021	 (previously	 Actinobacteria)	 (Oren	 &	

Garrity,	 2021)	 is	 one	 of	 the	 largest	 phyla	 in	 the	 domain	 Bacteria	 (Stackebrandt	 &	

Schumann,	 2006).	 Currently,	 the	 phylum	 is	 divided	 into	 six	 major	 classes,	 namely	

Acidimicrobiia,	 Actinomycetes,	 Coriobacteriia,	 Nitriliruptoria,	 Rubrobacteria	 and	

Thermoleophilia	 (LPSN,	 DSMZ,	 https://www.bacterio.net/,	 date	 accessed	 28	 October	

2023).	These	can	be	further	divided	into	a	total	of	22	orders,	54	families	and	250	genera	

(Ludwig,	Euzéby,	&	Whitman	2012;	Table	2.2).	

	
Table	2.2:	A	summary	of	the	total	number	of	organisms	in	the	phylum	Actinomycetota	(table	adapted	

from	Ludwig	et	al.,	2012)	

Phylum	 Class	 No.	of	Orders	 No.	of	Genera	

Actinomycetota	 I	–	Actinomycetes	 15	 249	

	 II	–	Acidimicrobiia	 1	 5	

	 III	–	Coriobacteriia	 1	 13	

	 IV	–	Nitriliruptoria	 2	 2	

	 V	–	Rubrobacteria	 1	 1	

	 VI	–	Thermoleophilia	 2	 4	

	

	

Perhaps	the	most	renowned	of	these	are	the	Streptomyces	(phylum	Actinomyetota;	class	

Actinomycetia;	 order	 Streptomycetales;	 family	 Streptomycetaceae)	 which	 have	 been	

extensively	studied	due	to	their	prolific	production	of	antimicrobial	compounds	(Lee	et	

al.,	 2018).	 Beyond	 their	 ability	 to	 produce	 bioactive	metabolites	 (including	 ones	with	

anti-tumour	and	anti-inflammatory	properties),	they	are	also	important	in	their	role	as	

https://www.bacterio.net/
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plant-associated	symbionts	as	well	as	 the	production	of	 industrially	relevant	enzymes	

(Barka	et	al.,	2016;	Le	Roes-Hill	&	Meyers,	2009;	Qin	et	al.,	2016;	Silva	et	al.,	2020;	Su	et	

al.,	2021).		

	

2.3	 Multicopper	Oxidases	 	

	

2.3.1	 Oxidative	enzymes	from	actinobacteria	

	

There	is	an	increased	interest	in	the	production	of	oxidative	enzymes	from	actinobacteria,	

particularly	when	 it	 comes	 to	 applications	 involving	 the	 breakdown	 of	 lignocellulosic	

materials	and	detoxilication	of	 environmental	pollutants	 including	polycyclic	aromatic	

hydrocarbons	 (PAH),	micropollutants	 such	 as	microplastics	 and	 endocrine	 disruptors	

(e.g.,	bisphenol-A),	organophosphate	pesticides	and	azo	dyes	(Torres	et	al.,	2003;	Le	Roes-

Hill	&	Prins	2016).		

	

As	of	the	February	2023	update	of	BRENDA	(a	comprehensive	enzyme	database)	more	

than	3	600	records	match	oxidoreductase	production	by	actinobacteria,	therefore	within	

the	 context	 of	 this	 study,	 only	 multicopper	 oxidases	 will	 be	 discussed,	 with	 specilic	

reference	to	laccases	(EC	1.10.3.2),	bilirubin	oxidases	(EC	1.3.3.5)	and	laccase-like	copper	

oxidases.	

	

2.3.2	 The	primary,	secondary	and	tertiary	structure	of	MCOs	

	

Multicopper	oxidases	 (MCOs)	are	a	group	of	enzymes	 that	contain	between	one	 to	six	

copper	atoms	per	molecule.	Oxidation	of	a	substrate	occurs	at	a	mononuclear	T1	copper	

centre	(Figure	2.7),	after	which	electrons	are	shuflled	to	the	T2	(1x	Cu+)	and	T3	(2x	Cu+)	

trinuclear	 cluster	 (TNC)	 where	 the	 reduction	 of	 dioxygen	 occurs,	 yielding	 two	 water	

molecules	(Giardina	et	al.,	2010).		
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Figure	2.7:	3D	model	depicting	the	typical	_low	of	electrons	from	the	T1	copper	to	the	TNC	in	the	active	

site	of	a	multicopper	oxidase	during	the	oxidation	of	a	substrate	(Prins	et	al.,	2015)	

	

A	highly	conserved	amino	acid	signature	sequence	is	typically	associated	with	the	copper	

binding	site	of	all	MCOs:	M2	signature	pattern	=	G-X-[FYW]-X-[LIVMFYW]-X-[CST]-X-{PR}-

{k}-X2-{S}-X-{LFH}-X3-[LIVMFYW];	 M4	 signature	 pattern	 =	 H-C-H-X3-H-X3-[AG]-[LM]	

(PROSITE	 entry	 number	 -	 PDOC00076;	 http://prosite.expasy.org)	 (Messerschmidt	 &	

Huber,	1990;	Sigrist	et	al.,	2009).	

	

Two	 conserved	 cysteine	 residues	 and	 a	 histidine	 are	 trigonally	 coordinated	 to	 the	 T1	

copper	forming	a	metalloorganic	bond,	with	a	 fourth	variable	axial	 ligand	–	typically	a	

methionine	in	bacterial	MCOs.	The	T2	copper	is	coordinated	with	two	histidine	residues,	

while	the	two	T3	coppers	are	coordinated	to	a	total	of	six	histidine	residues	(Dwivedi	et	

al.,	2011;	Enguita	et	al.,	2003).	

	

In	 terms	 of	 overall	 structure,	 MCOs	 typically	 have	 two,	 three	 or	 six	 cupredoxin-like	

domains	(Figure	2.8),	arranged	in	Greek-key	beta-barrel	made	up	of	two	β-sheets	with	

four	 strands	 each	 (Giardina	 et	 al.,	 2010;	Nakamura	 et	 al.,	 2003).	 This	 arrangement	 is	

essential	for	MCOs	to	maintain	their	functionality	(Herrera-Zúñiga	et	al.,	2019).		

http://prosite.expasy.org/
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Figure	2.8:	3D	structure	of	a	two-domain	MCO	[Streptomyces	coelicolor	small	laccase:	PDB	ID:	3CG8,	

(Prins,	2015)]	

	

2.3.3	 Reactivity	and	uses	of	MCOs	

	 	

While	the	majority	of	commercially	exploited	fungal	laccases	operate	at	an	optimal	pH	

range	of	3.5-5.0,	bacterial	laccases	have	been	shown	to	exhibit	oxidation	of	substrates	at	

much	higher	pH	with	pH	optima	up	to	pH	9.0	(Morozova	et	al.,	2007;	Reiss	et	al.,	2011).	

Redox	potential	at	the	active	site	(which	is	a	measure	of	the	enzyme’s	ability	to	extract	

electrons	from	substrate)	typically	ranges	from	200-800mV,	with	the	redox	potential	of	

bacterial	MCOs	often	limited	to	the	lower	range	(Moreno	et	al.,	2020).		

	

However,	given	the	ease	of	manipulation	of	bacterial	genes,	mutagenesis	can	be	useful	to	

modulate	residues	surrounding	the	active	site	to	increase	redox	potential.	For	example,	

in	 a	 study	 to	 increase	 the	 redox	 potential	 of	 the	 two-domain	 small	 laccase	 from	

Streptomyces	 coelicolor	 (SLAC),	 several	 single-site	 mutations	 to	 the	 axial	 ligand	 and	

surrounding	residues	were	performed.	The	best	mutation	was	acquired	by	changing	a	

valine	at	position	290	to	an	asparagine,	with	an	observable	increase	in	specilic	activity	of	

T1 TNC 

T1 

TNC 

TNC 

T1 
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5×	the	wild-type	SLAC,	a	shift	in	pH	optima	and	an	effective	increase	in	redox	potential	

from	365mV	to	485mV	(Prins	et	al.,	2015;	Prins	et	al.	unpublished	data).	

	

MCOs	are	extremely	diverse	in	their	substrate	utilisation.	They	can	oxidise	a	wide	variety	

of	compounds,	from	aromatic	amines	and	thiols,	substituted	phenols,	lignin	rich	aromatic	

compounds	 to	 siderophores	 and	 pigments,	 and	 as	 such,	 they	 are	 often	 applied	 in	 a	

number	of	industrial	applications	(Alcalde,	2007;	Sharma	&	Kuhad,	2009;	Dwivedi	et	al.,	

2011).	Four	substrates	typically	used	in	the	characterisation	of	MCOs	are	shown	in	Figure	

2.9.	

	

	
Figure	2.9:	Commonly	used	substrates	to	measure	MCO	activity	spectrophotometrically	(chemical	

structures	drawn	in	Marvin	Sketch	23.12)	
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Laccases	 (EC	 1.10.3.2;	 LAC;	 benzenediol:oxygen	 oxidoreductase)	 are	 able	 to	 oxidise	 a	

wide	range	of	phenolic	and	non-phenolic	substrates	and	have	mainly	been	applied	in	the	

delignilication	 and	 modilication	 of	 plant	 libres,	 decolourisation	 of	 textile	 dyes,	 food	

processes	 such	 as	 the	 clarilication	 of	 wine,	 as	 well	 as	 the	 removal	 of	 environmental	

contaminants	(Alcalde,	2007;	Burton,	2005;	Cabana	et	al.,	2009;	Rodrıǵuez-Couto	&	Toca	

Herrera,	2006).		

	

Bilirubin	 oxidases	 (EC	 1.3.3.5;	 BOD;	 bilirubin:	 dioxygen	 oxidoreductase)	 oxidises	

bilirubin	to	biliverdin	but,	considering	their	structural	and	reactive	similarities	to	other	

MCOs,	 it	 also	 has	 a	 similar	 substrate	 prolile	 to	 laccases	 –	 oxidising	 common	 laccase	

substrate	such	as	2,6-dimethoxyphenol,	syringaldazine,	ABTS	and	guaiacol	(Figure	2.9).	

Bilirubin	oxidases	are	often	applied	in	clinical	applications	for	the	detection	of	bilirubin	

in	 human	 serum,	 as	 electrochemical	 catalysts	 in	 biofuel	 cells	 and	 dye	 colourisation,	

natively	or	as	immobilised	in	biocathodes	(Liu	et	al.,	2009;	Mano,	2012;	Roucher	et	al.,	

2019;	Sakurai	&	Kataoka,	2007).	

	

2.4	 Discovery	of	MCOs	

	

2.4.1	 Culture-based	screening	

	

While	 the	 actinobacteria	 can	 produce	 a	 host	 of	 novel	 biocatalysts	 for	 industrial	

applications,	 enzymes	 can	 often	 be	 diflicult	 to	 access	 from	 a	 purely	 culture-based	

perspective.	Based	on	records	available	in	BRENDA,	the	most	reported	oxidative	enzymes	

from	actinobacteria	originate	from	isolated	strains	but	a	mere	fraction	of	these	are	from	

strains	 belonging	 to	 the	 order	 Actinomycetales	 (Le	 Roes-Hill	 &	 Prins,	 2016).	 	 “Rare”	

actinobacteria	 (non-Streptomyces	 species)	 are	 strains	 of	 actinobacteria	 that	 are	

considered	 less	 culturable	 than	 Streptomyces	 (Seong	 et	 al.,	 2001)	 and,	 as	 such,	 are	

considered	a	good	source	of	novel	enzymes	because	they	are	largely	unexplored	(Suriya	

et	al.,	2016).	Several	different	isolation	strategies	can	be	employed	to	selectively	isolate	

non-streptomycetes	(Table	2.3).	
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Table	2.3:	Strategies	for	the	selective	isolation	of	rare	actinobacteria	(adapted	from	Suriya	et	al.	2016)	

Strategy	 BeneDit	

Adding	different	antibiotics	 Enhance	selection	of	Actinomycetales[1]	

Adding	chemoattractants	 Selection	of	Actinoplanes[2]	

Super-high	frequency	radiation	(SHF)	 Rhodococcus,	Streptosporangium[3]	

Extremely	high	frequency	(EHF),	Ultraviolet	(UV)	radiation	 Nocardiopsis,	Nocardia,	Streptosporangium[4]	

Chloramine	treatment	 Microtetraspora,	Herbidospora,	

Streptosporangium,	Microbispora[5]	

Buffering	agents	(e.g.	CaCO3),	seawater	 Salinispora[6]	

[1]	Hong	et	al.	2009;	[2]	Zhang	&	Zhang	2011;	[3]	Hayakawa	2008;	[4]	Bredholdt	et	al.	2007;	[5]	Hong	et	al.	2009);	[6]	Maldonado	et	

al.	2005	

	

Extracellular	MCO	activity	from	isolated	strains	can	be	screened	for	through	the	inclusion	

of	 indicator	 compounds	 (typically	 a	 common	 substrate)	 within	 agar	media	 or	 within	

culture	supernatants	though	colorimetric	detection	(Figure	2.10).	

	

	
Figure	2.10:	Simpli_ied	work_low	of	the	isolation	of	actinobacteria	for	the	detection	of	extracellular	
enzymes	through	liquid	culture-based	screening	(diagram	generated	with	icons	from	Biocons	and	

Freeicons,	CC-BY	3.0)	

	

2.4.2	 Sequence-guided	mining	of	MCOs	

	

It	is	believed	that	more	than	99%	of	bacteria	found	in	the	environment	are	unculturable,	

leading	to	a	necessity	in	exploring	sequence	space	to	access	genes	of	potential	interest	

(Locey	et	al.,	2017).	Advances	 in	next-generation	sequencing	has	resulted	 in	a	marked	

decrease	 in	 the	cost	of	genome	and	metagenome	sequencing,	and	has	given	rise	 to	an	
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exponential	 increase	 in	 the	 amount	 of	 publicly	 available	 sequence	 data	 (Zhang	 et	 al.,	

2020).	In	fact,	as	of	October	2023	more	than	560	000	prokaryotic	genome	sequences	were	

available	on	the	National	Centre	for	Biotechnology	Information	(NCBI)	public	database	

(https://www.ncbi.nlm.nih.gov/genome/browse#!/overview/;	 verilied	 28	 October	

2023).	 Similarly,	 more	 than	 4.2	 million	 publicly	 available	 BioSample	 resources	

(sequenced	from	various	human	and	environmental	sources)	are	available.		

	

As	 such,	 unexplored	 sequence	 data	 (be	 it	 deposited	 or	 newly	 sequenced	 data)	 holds	

potential	 information	 on	 novel	 genes,	 particularly	 biocatalysts.	 These	 genes	 can	 be	

explored	for	their	novelty	and	ideally	expressed	in	a	heterologous	expression	system	to	

verify	their	biochemical	capabilities	(Figure	2.11).	Various	cases	of	successfully	identilied	

and	 cloned	 oxidases	 from	 actinobacteria	 have	 been	 reported	 including	 laccases	 from	

Streptomyces	 sviceus	 and	 Streptomyces	 coelicolor,	 a	 cholesterol	 oxidase	 (CO)	 from	

Mycobacterium	neoaurumi	and	a	FAD-containing	Baeyer-Villiger	monooxygenase	(BVMO)	

from	ThermobiMida	fusca	(De	Gonzalo	et	al.,	2012;	Gunne	&	Urlacher,	2012;	Machczynski	

et	al.,	2004;	Yao	et	al.,	2013).	

	

	

	

	
Figure	2.11:	Simpli_ied	work_low	for	discovery	of	enzyme	genes	through	genomic	and	metagenomic	

mining	(diagram	generated	with	icons	from	Biocons	and	Freeicons,	CC-BY	3.0)	

	

	

https://www.ncbi.nlm.nih.gov/genome/browse#!/overview/
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An	 interesting	 case	 of	 an	 unusual	 copper	 oxidase,	 termed	 a	 multicopper	 polyphenol	

oxidase	(MPO)	was	discovered	through	a	metagenomic	mining	study	from	bovine	rumen	

microllora	(Beloqui	et	al.,	2006).	This	 four-copper	oxidase,	despite	not	harbouring	the	

signature	sequence	of	typical	MCOs,	exhibited	activity	against	a	wide	number	of	“typical”	

laccase	 substrates	 including	 syringaldazine,	 2,6-dimethoxyphenol,	 guaiacol	 and	 ABTS	

across	 a	 broad	 pH	 range.	 Interestingly,	 the	 redox	 potential	 at	 the	 T1	 copper	 site	was	

determined	to	be	>700mV,	much	more	comparable	to	that	of	typical	fungal	laccases.	Since	

then,	 many	 other	 MPOLs	 of	 bacterial	 origin	 have	 been	 identilied	 from	 metagenome	

screening	studies	performed	on	hot	springs,	compost,	polluted	soils,	and	lakes	(Chai	et	

al.,	2017;	Jeon	&	Park,	2020;	Narnoliya	et	al.,	2019;	Sharma	et	al.,	2019).	

	

Bioinformatics	tools,	with	an	emphasis	on	databases	related	to	enzyme	annotation	and	

biochemical	characterisation,	are	imperative	for	the	successful	mining	of	MCO	genes	from	

sequencing	sources	to	provide	sequence,	structural	and	biochemical	data	which	can	be	

used	 to	 determine	 protein	 novelty.	 Primary	 protein	 sequence	 annotations	 can	 be	

performed	on	genome	and	metagenome	sequences	using	databases	such	as	 the	Rapid	

Annotation	using	Subsystem	Technology	(RAST)	and	UniProt	(Aziz	et	al.,	2008;	Bateman	

et	 al.,	 2023).	 Well	 curated	 MCO-specilic	 databases	 are	 especially	 useful	 as	 a	 rapid	

information	 source	 on	 sequence,	 structural	 and	 biochemical	 parameters.	 One	 such	

database	 is	 the	Laccase	and	Multicopper	Oxidase	Engineering	Database	 (LcEED).	This	

database	enables	a	localised	BLAST	environment	and	contains	information	on	a	total	of	

51	058	sequences	and	229	elucidated	structures	assigned	to	16	superfamilies	and	105	

homologous	 families	 (Table	 2.4)	 based	 on	 sequence	 similarity	 and	 the	 occurrence	 of	

signature	sequence	motifs	(Gräff	et	al.,	2020;	Kumar	et	al.,	2003;	Sirim	et	al.,	2011).	
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Table	2.4:	An	overview	of	the	total	number	of	MCO	genes	available	in	the	Laccase	and	Multicopper	
Oxidase	Engineering	Database	(LccED)	–	as	veri_ied	on	28	October	2023	

#	 superfamily	 Group	 Homologous	

families		

Proteins		 Sequences	 Structures	

1	 A	-	Basidiomycete	Laccase	 3dMCO	 7	 2034	 2463	 62	

2	 B	-	Ascomycete	MCO	 3dMCO	 5	 1584	 1905	 20	

3	 C	-	Insect	Laccase	 3dMCO	 17	 1096	 1249	 0	

4	 D	-	Fungal	Pigment	MCO	 3dMCO	 5	 691	 816	 0	

5	 E	-	Fungal	Ferroxidase	 3dMCO	 5	 1144	 1511	 2	

6	 F	-	Fungal	and	Plant	AO	 3dMCO	 7	 2796	 3415	 4	

7	 G	-	Plant	Laccase	 3dMCO	 6	 3347	 4024	 0	

8	 H	-	Bacterial	CopA	 3dMCO	 6	 4594	 7068	 0	

9	 I	-	Bacterial	Bilirubin	Oxidase	 3dMCO	 12	 3157	 4315	 30	

10	 J	-	Bacterial	CueO	 3dMCO	 14	 4859	 9998	 71	

12	 L	-	Bacterial	MCO	 3dMCO	 7	 5028	 7951	 2	

11	 K	-	SLAC-like	(type	B	2dMCO)	 2dMCO	 2	 531	 729	 22	

13	 M	-	Archaeal	type	A	2dMCO	 2dMCO	 1	 128	 162	 0	

14	 N	-	Bacterial	type	B	2dMCO	 2dMCO	 5	 1671	 2594	 0	

15	 O	-	Archaeal	and	Bacterial	type	C	

2dMCO	

2dMCO	 5	 957	 1265	 9	

16	 P	-	Ceruloplasmin	 6dMCO	 1	 1088	 1593	 7	

	

	2.4.3	 Reproducibility	of	biochemical	data	

	

One	 of	 the	 largest	 challenges	 in	 enzyme	 characterisation	 is	 the	 lack	 of	 reliable	 and	

reproducible	 experimental	 data	 (Begley	 &	 Ioannidis,	 2015).	 Studies	 have	 shown	 that	

there	is	a	considerable	discrepancy	in	the	ability	of	researchers	to	reproduce	their	own	

results,	as	well	as	the	lindings	of	others	as	a	result	of	the	omission	of	critical	information	

regarding	 experimental	 procedures.	 With	 regards	 to	 enzyme	 characterisation,	 this	

missing	information	often	includes	simple	parameters	such	as	enzyme	and/or	substrate	

concentrations,	buffer	compositions,	pH	values	and	assay	temperatures	(Baker	&	Penny,	

2016;	Halling	 et	 al.,	 2018).	 In	 2014,	 the	 Standards	 for	 Reporting	 of	 Enzymology	Data	

(STRENDA)	 commission,	 published	 a	 set	 of	 guidelines	 to	 assist	 researchers	 in	 the	

thorough	reporting	of	enzymology	data	including	but	not	limited	to	protein	information,	

assay	conditions,	detailed	experimental	methods	and	as	well	as	the	processing	of	results	

(Tipton	et	al.,	2014).		
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In	addition	to	accurate	reporting	of	biochemical	data,	data	reusability	is	also	an	important	

factor	 for	 reproducibility.	 The	 generation	 of	 large	 datasets	 require	 depositing	 in	

accessible	data	repositories	and	there	are	additional	requirements	to	ensure	deposited	

data	adheres	to	conditions	for	reusability	and	reproducibility,	particular	with	respect	to	

machine	 learning	 and	 computational	 biology	 tools.	 The	 FAIR	 (Findable,	 Accessible,	

Interoperable	and	Reusable)	guidelines	were	published	to	ensure	(i)	data	sources	include	

metadata	 and	 conclusive	 vocabulary;	 (ii)	 that	 the	 data	 is	 accessible	 in	 an	 open	 and	

standardized	protocol	and	is	denoted	with	unique	identiliers;	(iii)	it	contains	qualitative	

references,	 and	 (iv)	 that	 accurate	 and	 relevant	 attributes	 are	 extensively	 reported	

(Wilkinson	et	al.,	2016).	

	

A	number	of	studies	have	been	performed	that	attempt	to	address	gaps	in	literature	and	

databases	where	critical	experimental	parameters	are	lacking	through	the	generation	of	

comprehensive	datasets,	building	database	tools	that	specilically	curate	biochemical	data,	

or	tools	to	assist	in	the	curation	and	generation	of	biochemical	datasets,	all	of	which	are	

in	 accordance	 with	 the	 STRENDA	 and	 FAIR	 guidelines.	 SABIO-RK,	 for	 example,	 is	 a	

biochemical	user	database	 that	extracts	data	about	biochemical	 reactions	and	enzyme	

kinetics	from	literature	and	makes	it	accessible	with	an	application	programme	interface	

(API)	for	integration	into	other	databases	and	biology	tools	and	workllows	(Wittig	et	al.,	

2018),	such	as	EnzymeML.		

	

EnzymeML	is	an	open	data-exchange	format	that	was	developed	by	Range	et	al.	(2022)	to	

facilitate	the	capturing	of	biochemical	data	according	to	FAIR	and	STRENDA	guidelines,	

and	is	incorporable	into	graphical	user	interfaces	(BioCatHub,	Malzacher	et	al.,	2020)	or	

in	 Python-based	 Jupyter	 notebooks.	 Lauterbach	 et	 al.	 (2023)	 demonstrated	 the	

capabilities	of	EnzymeML	through	a	multi-partner	study	that	captured	reaction	data	in	

the	EnzymeML	format,	and	through	an	EnzymeML	toolbox,	was	able	to	incorporate	the	

data	 into	 multiple	 modelling	 workllows.	 These	 included	 PySCes,	 COPASI	 and	

interferENZY	 –	 tools	 which	 allow	 for	 a	 variety	 of	 analyses	 including	 structural	 and	

stoichiometric	 analyses,	 parameter	 estimation	 and	 scanning,	 simulating	 biochemical	

networks,	sensitivity	analyses	and	determination	of	hidden	assay	interferences	(Hoops	et	

al.,	2006;	Olivier	et	al.,	2005;	Pinto	et	al.,	2021).	
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2.4	 Closing	statement	

	

The	 CFR	 is	 a	 unique	 biodiverse	 region	 in	 South	 Africa	 with	 a	 range	 of	 different	

environmental	conditions.	Whilst	the	actinobacterial	biodiversity	has	been	explored	to	

some	extent,	not	many	studies	have	exploited	this	biodiversity	in	search	of	novel	MCOs,	

particularly	from	rare	actinobacteria.	This	presents	a	unique	opportunity	to	mine	these	

environments	through	culture-	and	sequence-based	techniques	to	access	MCO	genes	that	

comply	with	the	requirements	of	the	study.		
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CHAPTER	THREE	

ACTINOBACTERIAL	METATAXOMONICS	OF	TWO	SOIL	ENVIRONMENTS	
	

3.1	 PREAMBLE	

	

Microorganisms	are	key	players	in	biochemical	geochemical	cycles	and	the	interactions	

between	 plants	 and	 soil	 microbes	 are	 imperative	 to	 maintain	 plant	 health	 and	 soil	

ecosystems	(Le	Roux	et	al.,	2017).	Several	key	indicator	species	have	been	reported	as	the	

dominant	phyla	in	soil	communities,	of	which	actinobacteria	are	always	present	(Brink	et	

al.,	2020;	Postma	et	al.,	2016;	Weels	et	al.,	2022,	Panktratov	et	al.,	2006).	A	limited	number	

of	studies	report	the	actinobacterial	diversity	associated	with	the	Cape	Floristic	Region	

(CFR)	soil.	Considering	the	unique	environment	conditions,	ranging	from	low-nutrient,	

phenolic-rich	 ecosystems	 to	 organic-rich	 environments	 saturated	 with	 lignocellulosic	

material,	 16S	 rRNA	 gene-based	 metabarcoding	 and	 the	 determination	 of	 soil	

physicochemical	parameters	were	performed	for	two	CFR	regions	(soils	associated	with	

Rooibos	 plants	 in	 Clanwilliam,	 and	 soils	 associated	 with	 a	 peatland	 in	 Springlield,	

Agulhas)	 to	 provide	 a	 snapshot	 overview	 of	 these	 environments	 and	 identify	 the	

actinobacterial	taxa	present.	

	

3.1.1	 Variations	and	study	limitations	

	

At	the	time	of	inception	of	the	study,	only	a	single	environment	was	targeted	(Rooibos,	

Clanwilliam).	During	the	tenure	of	the	project,	a	rare	actinobacterium	was	isolated	as	part	

of	 a	 concurrent	 study	 (Springlield,	 Agulhas).	 It	 must	 be	 noted	 that	 as	 the	 sampling	

methods	varied	between	the	two	studies,	no	direct	comparison	can	be	assumed	between	

the	two	environments.	As	such,	any	assumptions	made	will	be	conlined	to	a	rudimentary	

overview	of	the	“actinobiome”	and	core	microbiome	for	each	environment	and	discussed	

separately.	
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3.2	 EXPERIMENTAL	PROCEDURE	

	 	

3.2.1	 Sampling	and	determination	of	physicochemical	parameters	

	

3.2.1.1	 Environment	1:	Rooibos	Farms,	Clanwilliam	

	

Soil	 samples	 were	 collected	 from	 three	 Rooibos	 farms	 (Vaalkrans	 –	 32˚01’07.09”	 S	

18˚54’39.34”;	Geelland	–	32˚02’08.74”	S	18˚53’01.48”	and	Muggiesdraai	–	32˚00’28.50”	S	

18˚52’41.50”)	under	the	ownership	of	one	farmer	in	the	Clanwillian	region,	Western	Cape,	

South	Africa	(Figure	3.1).	Sample	collection	took	place	in	August	2016	at	the	end	of	the	

winter	season	in	South	Africa.	

	

	
Figure	3.1:	Location	of	the	three	Rooibos	farms	(	(Vaalkrans	–	32˚01’07.09”	S	18˚54’39.34”;	Geelland	–	

32˚02’08.74”	S	18˚53’01.48”	and	Muggiesdraai	–	32˚00’28.50”	S	18˚52’41.50”)	where	sampling	
commenced	in	the	Clanwilliam	region,	Western	Cape	(map	created	with	Cape	Farm	Mapper	3).	

	

Samples	were	collected	from	soil	around	two	wild	Rooibos	plants	within	100m	of	each	

other	(designated	“P1”	and	“P2”)	at	each	of	the	three	sites	(designated	“S1”,	“S2”	and	“S3”)	

at	depth	of	10	cm	(Figure	3.2).	Duplicate	samples	were	collected.	The	soils	(~	50	g)	were	

placed	 into	 sterile	 bags	 and	 refrigerated	 immediately	 after	 collection	 in	 a	 portable	

refrigeration	unit	(kept	at	4	˚C)	for	transportation	and	processed	within	24	hours.	
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Figure	3.2:	Images	of	the	three	Rooibos	plant	selected	at	Vaalkrans,	Geelland	and	Muggiesdraai	for	this	

study.	Soil	was	collected	around	the	base	of	each	plant	at	a	depth	of	10cm.	

	

3.2.1.2	 Environment	2:	SpringMield	Estate,	Agulhas	

	

Soil	 samples	 were	 collected	 from	 two	 sites	 at	 a	 wetland	 on	 a	 privately-owned	 farm	

(34˚44’15.3”S	19˚54’38.6”)	in	Springlield,	Cape	Agulhas	(Figure	3.3)	in	September	2018.	

	

Triplicate	samples	were	collected	from	two	areas	within	10m	walking	distance	from	each	

other	(designated	“Area	1”	and	“Area	2”)	at	three	different	depths:	top	(0	to	5	cm),	middle	

(10-15	cm)	and	deep	(20-25	cm)	(Figure	3.4).	The	soil	samples	(~	50	g)	were	placed	into	

sterile	bags	and	immediately	transferred	to	a	portable	refrigeration	unit	(kept	at	4	˚C)	for	

transport	and	processed	within	24	hours.	
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Figure	3.3:	Location	of	sampling	sites	at	Spring_ield	Estate	(34˚44’15.3”S	19˚54’38.6”)	(map	drawn	with	

Cape	Farm	Mapper	3).	

	

	

	
Figure	3.4:	Images	of	the	two	sites	selected	at	the	Spring_ield	Estate	for	sampling.		
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3.2.1.3	 Physicochemical	determination	

	

Bulk	samples	(~1	kg)	for	each	sampling	point	were	also	collected	for	physicochemical	

analyses.	 Samples	 were	 submitted	 to	 BEMLAB	 (Strand,	 South	 Africa)	 for	 a	 full	 soil	

analysis,	 including	 soil	 pH,	 resistance,	 phosphorus,	 potassium,	 sulphur,	 carbon,	 boron,	

cations,	and	metals.	

	

3.2.2	 Extraction	of	metagenomic	DNA	

	

Metagenomic	DNA	(mDNA)	was	extracted	using	the	DNeasy	Powersoil	DNA	Isolation	Kit	

(QIAGEN),	according	to	the	manufacturer’s	instructions	with	a	single	amendment:	0.5	g	

of	soil	was	used,	instead	of	the	kit’s	prescribed	0.25	g	to	improve	DNA	recovery.	

	
3.2.3	 AmpliMication	and	sequencing	of	actinobacterial-speciMic	16S	rRNA	genes		

	

The	amplilication	of	the	16S	rRNA	gene	was	performed	using	the	method	described	by	

Schäfer	et	al.	(2010).	An	actinobacterial-specilic	16S	rRNA	gene	primer	pair	(Com2xf:	5’-

AAACTCAAAGGAATTGACGG-3’;	 Ac1186r:	 5’-CTTCCTCCGAGTTGACCC-3’)	 was	

synthesised	by	Integrated	DNA	Technologies	(Whitehead	Scientilic,	RSA).	A	typical	PCR	

reaction	consisted	of	1x	KAPA	Taq	ReadyMix	(containing	1.5	mM	MgCl2	and	0.2	mM	of	

each	dNTP),	0.2	µM	of	each	primer,	1	µL	of	template	(approximately	10	ng	of	metagenomic	

DNA)	and	water	to	a	linal	volume	of	25	µL.	

	

The	amplilication	program	of	25	cycles	was	started	by	an	initial	denaturation	step	at	95°C	

for	3	minutes,	 followed	by	denaturation	at	94°C	 for	30	seconds,	an	annealing	gradient	

with	temperatures	between	51.6°C	–	60.2°C	and	an	extension	step	at	72°C	for	30	seconds.	

A	linal	extension	step	of	72°C	for	15	minutes	was	performed.	Negative	PCR	controls	were	

included,	 containing	all	 the	 components	of	 a	 typical	 reaction	except	 for	 template	DNA	

(water	was	used	instead).	Genomic	DNA	from	Streptomyces	polyantibioticus	(SPRT)	was	

used	as	a	positive	control.	

	

Amplicons	were	analysed	by	electrophoresis	on	a	1%	(w/v)	agarose	gel	prepared	in	1×	

TAE	(containing	10	µg/mL	ethidium	bromide)	and	visualised	under	UV	light.	
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The	 unprocessed	 mDNA	 was	 submitted	 to	 the	 Molecular	 Research	 DNA	 Laboratory	

(MrDNA,	 Shallowater,	 Texas).	MrDNA	performed	 amplicon	 sequencing	 using	 a	 custom	

20	000-read	library	preparation	protocol.	PCR	for	the	library	prep	(bTEFAP®	amplicon	

sequencing	with	custom	barcodes;	adaptor	sequence:	5’-AAACTCAAAGGAATTGACGG-3’;	

barcodes:	 Appendix	 A)	 was	 performed	 using	 the	 actinobacterial-specilic	 16S	 rRNA	

primers	 (Com2xf:	 5’-AAACTCAAAGGAATTGACGG-3’;	 Ac1186r:	 5’-

CTTCCTCCGAGTTGACCC-3’).	The	library	was	sequenced	on	the	Illumina	MiSeq	platform	

(2x300bp	 chemistry	 (V3	 reagents);	 paired-end;	minimum	output	 of	 15	 000	 –	 20	 000	

reads	per	library).	

	

3.2.4	 Metataxonomics:	Data	processing	and	analyses	

	

Pre-processed	reads	were	received	from	MrDNA.	The	quality	of	the	pre-processed	reads	

(demultiplexed,	 barcodes,	 and	 indices	 removed)	 was	 determined	 using	 FastQC.	 Read	

processing	and	Operational	Taxonomic	Unit	(OTU)	picking	was	performed	using	QIIME	

v1.9.1	 (Caporaso	et	 al.,	 2010)	 installed	on	 a	miniconda3	Python	 environment.	Quality	

liltering	 (minimum	Phred	 score:	20)	and	 trimming	of	 reads	 (reads	below	50bp)	were	

executed	prior	 to	 combining	 reads	 into	 a	 single	 sequence	 library.	 Chimeric	 sequences	

were	 removed	 using	 usearch.	 Open-reference	 OTU	 picking	 was	 performed	 using	 the	

EZBioCloud	 16S	 rRNA	 v1.5	 database	 (Yoon	 et	 al.,	 2017)	 that	 was	 formatted	 for	

compatibility	 with	 QIIME.	 The	 resulting	 OTU	 lile	 (.biom)	was	 liltered	 to	 include	 only	

members	of	the	phylum	Actinobacteria	to	remove	any	low-abundance	contaminants.	

	

The	MicrobiomeAnalyst	2.0	platform	(Lu	et	al.,	2023)	was	used	to	determine	the	alpha	

diversity	and	core	microbiome	using	the	default	parameters.	The	OTU	liles	uploaded	were	

rarelied	to	the	minimum	library	size	to	reduce	the	variability	 in	sample	depth	and	the	

sparsity	of	the	data	between	libraries.	
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3.3	 RESULTS	AND	DISCUSSION	

	

Determining	 the	 physicochemical	 parameters	 of	 a	 given	 environment	 is	 useful	 to	

understand	 the	 inlluence	 different	 environmental	 conditions	 have	 on	 the	 microbial	

community	 present.	 Various	 factors	 that	 inlluence	 microbial	 diversity	 include	 soil	

composition/type	(sand,	loam	or	clay),	the	differing	levels	of	macro-	and	micronutrients	

(Na+,	K+,	P,	Mn,	C	and	Fe+,	to	name	a	few)	and	resistance.	Bulk	soil	samples	collected	at	the	

Rooibos	 and	 Springlield	 sites	 were	 submitted	 to	 BEMLAB	 (Strand,	 Western	 Cape)	 to	

determine	the	physicochemical	parameters	of	the	soil	at	the	time	of	sampling.		

	

To	 identify	 the	 actinobacterial	 taxa	 present	 at	 the	 time	 of	 sampling,	 metabarcoding	

analyses	 was	 performed.	 Metabarcoding	 is	 a	 useful	 tool	 to	 determine	 the	 microbial	

diversity	of	a	given	environment.	The	actinobacterial	constituents	of	the	sampling	sites	

were	determined	using	actinobacterial-specilic	16S	rRNA	gene	primers.	All	samples	were	

screened	 for	 the	 presence	 of	 a	 270bp	 amplicon	 prior	 to	 submission	 of	 the	mDNA	 for	

sequencing.	 OTUs	 were	 picked	 from	 the	 pre-processed	 reads	 obtained	 from	 the	

sequencing	provider	(MrDNA)	and	the	major	actinobacterial	taxa	from	each	environment	

was	determined.	

	

3.3.1	 Environment	1:	Rooibos	

	

The	physicochemical	parameters	were	determined	for	soils	around	each	Rooibos	plant	

from	the	three	sampling	sites	(Table	3.1).	The	soils	were	comprised	entirely	of	sand	for	

all	sites,	with	an	acidic	pH	ranging	from	4.0	–	5.3.	Total	organic	carbon	content	was	similar	

for	all	sites,	except	for	the	soil	around	S3P1	which	had	the	lowest	carbon	percentage	of	

0.31%.	In	fact,	S3P1	comparatively	had	lower	levels	of	macro-	and	micronutrients	to	the	

other	live	sampling	points,	with	the	lowest	values	observed	across	K,	Ca,	Mg,	Fe,	S	and	P.	

This	agrees	with	reports	of	low	availability	of	nutrients	typical	for	this	region	(Muolhe	&	

Dakora,	2000;	Richards	et	al.,	1995).	
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Table	3.1:	Physicochemical	parameters	determined	for	soil	samples	collected	from	the	Rooibos	sampling	site.	Analyses	performed	by	BEMLAB	(Strand,	Western	
Cape)	

Sample	 Soil	 pH	
(KCl)	

Resist.	
(Ohm)	

P	
(mg/kg)	

K	
(mg/kg)	

Ex.	Cations	
(cmol(+)/kg)	

Cu	
(mg/kg)	

Zn	
(mg/kg)	

Mn	
(mg/kg)	

B	
(mg/kg)	

Fe	
(mg/kg)	

C		
(%)	

Soluble	S	
(mg/kg)		 	 	 	 	 	

Na	 K	 Ca	 Mg	
	 	 	 	 	 	 	

S1P1		 Sand		 4.8	 5250	 5	 26	 0.06	 0.07	 1.10	 0.57	 0.1	 0.1	 9.1	 0.02	 32	 0.83	 8.10	

S1P2		 Sand		 4.3	 4710	 8	 23	 0.06	 0.06	 0.94	 0.53	 0.1	 0.2	 5.1	 0.11	 21	 0.77	 8.60	

S2P1		 Sand		 4.4	 1230	 6	 36	 0.14	 0.09	 0.86	 0.65	 0.1	 0.1	 6.9	 0.02	 53	 0.88	 11.71	

S2P2		 Sand		 4.6	 2780	 7	 50	 0.08	 0.13	 0.85	 0.65	 0.1	 1.4	 9.3	 0.12	 29	 0.93	 8.09	

S3P1		 Sand		 5.3	 4680	 3	 15	 0.06	 0.04	 0.32	 0.32	 0.0	 0.1	 3.1	 0.22	 15	 0.31	 6.50	

S3P2		 Sand		 4.0	 3930	 4	 23	 0.06	 0.06	 0.61	 0.39	 0.0	 0.0	 3.1	 0.05	 43	 0.86	 9.87	
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Good	sequencing	depth	was	obtained,	and	 the	samples	were	rarelied	 to	 the	minimum	

library	size	(Figure	A1:	sample	sequence	size:	62750;	Table	A2:	Good’s	coverage:	0.99).	

Since	soil	composition	is	generally	similar	across	all	the	sampling	points,	it	is	no	surprise	

that	 the	 major	 actinobacterial	 constituents	 (absolute	 abundance)	 across	 all	 the	 sites	

appear	to	be	similar	(Figure	3.5).	The	top	live	major	contributing	taxa	at	family	level	are	

Mycobacteriacea	 (14-28%),	 Pseudonocardiaceae	 (11-29%),	 Frankiaceae	 (3-10%),	

Geodermatophilaceae	 (3-21%)	 and	AF499716_f	 (3-26%).	 Less	 prominent	 taxa	 include	

members	 of	 the	 families	 Microbacteriaceae,	 Micromonosporaceae,	 Nocardiodaceae,	

Acidimicrobiaceae	and	Nakamurellaceae	(relative	abundance;	Table	A2).	

	

	

	
Figure	3.5:	Representative	taxa	(absolute	abundance)	in	soil	samples	from	the	Rooibos	environments	at	

the	family	level	(rare_ied	to	minimum	library	size;	1S	–	replicate	1;	2S	–	replicate	2).		
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Overall,	low	actinobacterial	diversity	was	observed	(Shannon	Diversity	Index	<	5)	for	all	

soils,	regardless	of	site	and	plant	association	(Figure	3.6),	and	the	dominant	proportions	

of	the	actual	abundance	are	distributed	between	live	families.		This	is	not	surprising	as	

several	studies	have	shown	that	members	of	of	the	phylum	Actinobacteria	are	among	the	

three	dominant	phyla	used	as	indicator	taxa	often	detected	in	soil	microbial	community	

studies,	 suggesting	 they	 play	 an	 important	 role	 in	 shaping	 community	 structure	 and	

variation	in	an	environment	(Leff	et	al.,	2015;	Postma,	2016;	Skene,	1998).	

	

	
Figure	3.6:	Shannon	diversity	index	for	the	actinobiome	associated	with	Rooibos	soil	between	the	three		

sampling	sites	(1S	–	replicate	1;	2S	replicate	2).	

	

The	lindings	in	this	study	are	also	consistent	with	those	reported	by	Brink	et	al.	(2020)	

where	the	three	dominant	phyla	were	Acidobacteria,	Actinobacteria	and	Proteobacteria	

when	 assessing	 the	 bacterial	 community	 structure	 associated	 with	 natural	 and	

commercially	grown	Rooibos,	and	no	signilicant	differences	in	community	structure	was	

identilied	between	the	two.	
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3.3.2	 Environment	2:	SpringMield	

	

The	 physicochemical	 parameters	 of	 the	 soils	 collected	 from	 the	 Springlield	 site	 were	

determined	 for	 two	sites	at	 three	depths	 [0-5cm	(top),	5-10cm	(middle)	and	10-15cm	

(deep)].	 In	 contrast	 to	 the	 soils	 associated	with	 the	Rooibos	 plants,	 the	wetland	 soils	

consisted	of	loam	at	Area	1	and	clay	at	Area	2	(Table	3.2).		

	

The	pH	ranged	from	slightly	acidic	to	neutral	(6.3-7.1)	and	a	higher	level	of	micro-	and	

macronutrients	were	available	compared	to	the	Rooibos	environment,	particularly	Ca,	K,	

Na,	Fe,	soluble	S	and	%C.	The	higher	levels	of	cations	(5	to	10-fold	higher	than	the	sandy	

Rooibos	soil)	is	likely	due	to	soil	composition	since	the	cation	exchange	capacity	(CEC)	is	

often	higher	in	soil	containing	clay	and	organic	matter	(Botta,	2012).	

	

Also	 of	 note	 are	 the	 lower	 resistance	 values	 (10-fold	 lower	 compared	 to	 the	 Rooibos	

environment)	 measuring	 between	 70-120	 ohm.	 Resistance	 is	 an	 indicator	 of	 salinity	

(soils	 with	 resistance	 <	 300	 ohm	 are	 considered	 saline).	 High	 levels	 of	 salinity	 are	

anticipated	 considering	 the	 region	 previously	 underwent	 marine	 transgression	 and	

regression	events	(Hendey,	1983),	as	well	as	its	proximity	to	Soutpan	(a	salt	pan,	which	

has	a	salinity	of	16-68	g/kg	of	salt;	Silberbauer	&	King,	1991).	

	

Good	 sequence	 coverage	was	 obtained,	 and	 sequences	were	 rarelied	 to	 the	minimum	

library	size	(Figure	A2:	sample	sequence	size:	23665;	Table	A3:	Good’s	coverage:	0.99).	

Given	 the	 soil	 environment,	 a	 larger	 actinobacterial	 diversity	 was	 expected	 for	 the	

Springlield	sites	compared	 to	 the	Rooibos	sites,	and	 this	 is	 rellected	 in	 the	abundance	

prolile.	 Major	 taxa	 contributing	 to	 the	 actinobiome	 are	 members	 of	 the	 families	

Mycobacteriaceae	 (5-35%),	 koll13_f	&	AKIW874_f	 (class	Acidimicrobiia;	4-21%	and	2-

31%,	 respectively),	 Pseudonocardiaceae	 (3-18%)	and	Nocardioidaceae	 (1-23%).	Minor	

taxa	 include	 Micromonosporaceae,	 Geodermatophilaceae,	 Nocardiopsaceae	 and	

Intrasporangiaceae.
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Table	3.2:	Physicochemical	parameters	determined	for	soil	samples	collected	from	the	Spring_ield	sampling	site.	Analyses	performed	by	BEMLAB	(Strand,	Western	
Cape)	

Sample	 Soil	 pH	
(KCl)	

Resist.	
(Ohm)	

P	
(mg/kg)	

K	
(mg/kg)	

Ex.	Cations	
(cmol(+)/kg)	

Cu	
(mg/kg)	

Zn	
(mg/kg)	

Mn	
(mg/kg)	

B	
(mg/kg)	

Fe	
(mg/kg)	

C		
(%)	

Soluble	S	
(mg/kg)		 	 	 	 	 	

Na	 K	 Ca	 Mg	
	 	 	 	 	 	 	

A1	Top	 Loam	 7.1	 120	 12	 262	 4.6	 0.67	 2.95	 3.04	 0.6	 1.7	 95.8	 3.45	 509	 2.28	 54.03	
A1	Mid	 Loam	 6.3	 130	 7	 250	 4.14	 0.64	 1.7	 2.57	 0.3	 0.3	 55.1	 2.46	 80	 0.63	 71.64	
A1	Deep	 Loam	 6.3	 110	 4	 248	 4.61	 0.63	 1.86	 2.63	 0.3	 0.3	 79.4	 3.44	 74	 0.69	 85.7	
A2	Top	 Clay	 7.1	 110	 7	 163	 4.58	 0.42	 3.21	 3.33	 0.4	 1.8	 25.2	 5.08	 301	 2.31	 25.31	
A2	Mid	 Clay	 6.8	 80	 5	 248	 8.45	 0.63	 3.14	 4.2	 0.1	 0.2	 6.4	 2.56	 43	 1.45	 121.08	
A2	Deep	 Clay	 6.7	 70	 5	 343	 12.17	 0.88	 3.93	 5.79	 0.3	 0.2	 7.5	 3.09	 27	 1.22	 177.36	
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Figure	3.7:	Major	taxa	observed	in	the	Spring_ield	samples	for	two	sites	at	family	level	(key:	#1letter#2	

where	A	–	top,	B	–	middle,	C	–	deep;	#1	=	site	1	or	2;	#2	=	replicate	1,	2	or	3)	

	

Based	on	the	Shannon	Diversity	 Index,	high	actinobacterial	diversity	was	observed	for	

most	samples	across	the	two	sites,	with	the	exception	of	a	few	deeper	sampling	depths.	

While	 actinobacterial	 diversity	 has	 been	 reported	 to	 decrease	 with	 sampling	 depth	

(Aksenov	et	al.,	2021),	this	decrease	may	also	be	due	to	a	number	of	factors.	PCR	bias,	for	

example,	 may	 lead	 to	 unequal	 amplilication	 of	 target	 genes	 (Acinas	 et	 al.,	 2005).	

Furthermore,	actinobacterial-specilic	primers	have	a	varying	success	range	of	2	–	87%	

when	 amplifying	 environmental	 DNA,	 along	 with	 the	 presence	 of	 environmental	

contaminants	which	may	inlluence	bias	by	affecting	DNA	extraction	or	PCR	amplilication	

(Ludermann	&	Conrad,	2000;	Peters	et	al.,	2000,	Stach	et	al.,	2001;	Stach	et	al.,	2003).		

Actinobacteria	have	been	found	to	be	present	in	a	range	of	different	oligo-mesotrophic,	
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ombrotrophic	and	tundra	peatlands	(Pankratov	et	al.,	2006).		Several	of	the	detected	taxa	

have	 been	 reported	 to	 play	 a	 role	 in	 soil.	Geodermatophilaceae,	 for	 example,	 produce	

extracellular	 enzymes	 that	 enable	 their	 survival	 in	 a	wide	 range	 of	 soil	 environments	

(Montero-Calasanz	et	al.,	2022).		

	

	
Figure	3.8:	Shannon	diversity	index	for	actinobiome	associated	with	soil	between	the	three	Spring_ield	
sampling	sites	(key:	#1letter#2	where	A	–	top,	B	–	middle,	C	–	deep;	#1	=	site	1	or	2;	#2	=	replicate	1,	2	or	

3).	

	

The	dominant	family	Mycobacteriaceae	has	also	been	extensively	reported	in	peat	soils,	

sphagnum	bogs,	as	well	as	water	run-off	from	natural	and	drain	peatland	(Iivanainen	et	

al.,	1999;	Iivanainen	et	al.,	1997;	Kazda,	2000).	They	have	also	been	implicated	to	play	a	

key	role	in	protection	against	metal	toxicity	in	the	immediate	environment	(Falkinham,	

2009).	Interestingly,	all	Springlield	samples	have	rather	high	Fe+	concentrations,	and	the	

proliferation	of	nontuberculous	Mycobacteriaceae	have	been	shown	to	be	induced	by	the	

presence	of	iron	oxide	signilicantly	in	vitro	(Glickman	et	al.,	2020)	so	there	is	a	possible	

link	between	the	Fe+	levels	in	the	soil	and	the	proportion	of	Mycobacteriaceae	detected	in	

these	samples.	
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3.4	 CLOSING	REMARKS	

	

While	the	approach	taken	in	this	study	was	simple,	and	only	a	snapshot	of	the	major	taxa	

represented	 in	 the	Rooibos	 and	 Springlield	 samples,	 it	 is	 still	 useful	 to	 determine	 the	

biotechnological	potential	of	the	actinobacterial	constituents	in	these	sampling	sites,	in	

the	context	of	this	study.		

	

The	core	predicted	microbiome	(Figure	3.9)	for	each	of	these	environments,	along	with	

the	abundance	data	(Figures	3.5	and	3.7),	highlighted	several	actinobacterial	taxa	known	

to	produce	multicopper	oxidases.	

	

	
Figure	3.9:	Predicted	core	microbiomes	of	the	Rooibos	(A)	and	Spring_ield	(B)	environments.	
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These	 lindings	 are	 not	 without	 limitations.	 While	 providing	 a	 holistic	 overview	 of	

actinobacterial	taxa	present	in	these	samples,	according	to	a	number	of	studies,	the	use	

of	 actinobacterial-specilic	 primers	 intrinsically	 introduces	 bias	 due	 to	 preferential	

amplilication	of	 specilic	 taxa	 (Stach	et	al.,	 2003;	Acinas	et	al.,	 2003).	Additionally,	16S	

rRNA	gene	sequence	databases	are	updated	often,	and	this	necessitates	the	requirement	

to	redesign	primers	on	a	regular	basis	to	ensure	better	coverage	(Stach	et	al.,	2003).	While	

not	 in	 the	 scope	 of	 this	 study,	 in	 future	 studies	 biases	 can	 be	 reduced	 by	 performing	

shotgun	 sequencing	 to	 sequence	 whole	 metagenomes	 and	 elucidate	 microbial	

communities	 at	 a	 greater	 accuracy	 than	 compared	 to	 amplicon-based	metabarcoding	

(van	der	Walt	et	al.,	2017;	Greenwald	et	al.,	2017;	Vollmers	et	al.,	2017).	

	

When	cross-referencing	only	a	select	number	of	major	genera	represented	in	the	Rooibos	

and	Springlield	environments,	 as	well	 as	well-described	MCO-producers,	Streptomyces	

and	Micromonospora,	with	the	Laccase	and	Multicopper	Oxidase	Engineering	Database	

(LccED)	data,	3464	representative	MCO	sequences	were	found,	across	7	bacterial	MCO	

superfamilies	(Table	3.3).	

		
Table	3.3:	Examples	of	MCO	sequences	in	the	LccED	predicted	to	be	produced	by	actinobacterial	genera	
also	detected	in	this	metabarcoding	study	(SFAM	=	Protein	Superfamily;	2dMCO:	two-domain	MCO;	

3dMCO:	three-domain	MCO)	

Actinobacterial	genus	 SFAM	8	
(3dMCO)	

SFAM	9	
(3dMCO)	

SFAM	10	
(3dMCO)	

SFAM	11	
(2dMCO)	

SFAM	12	
(3dMCO)	

SFAM	14	
(2dMCO)	

SFAM	15	
(2dMCO)	

Mycobacterium	 0	 73	 39	 0	 665	 1	 0	

Pseudonocardia	 0	 14	 19	 0	 6	 1	 3	

Frankia	 0	 16	 9	 0	 6	 0	 11	

Geodermatophilus	 0	 14	 7	 0	 7	 0	 0	

Nocardioides	 0	 22	 106	 0	 23	 1	 0	

Jiangella	 0	 0	 1	 0	 13	 0	 0	

Streptomyces	 2	 645	 385	 541	 656	 6	 0	

Micromonospora	 0	 42	 31	 34	 54	 1	 10	

	

Furthermore,	 no	 MCOs	 produced	 by	 actinobacteria	 isolated	 from	 Rooibos	 have	 been	

reported	 in	 literature.	 Together	 with	 selective	 isolation	 techniques,	 and	 the	 selective	

pressures	these	two	environments	present	–	low-nutrient,	high	phenolic	in	the	Rooibos	

environment,	 as	 well	 as	 organic-rich	 lignocellulosic	 in	 the	 Springlield	 environment	 –	



 43	

these	 sites	 present	 a	 unique	 opportunity	 to	 search	 for	 novel	 MCOs	 from	 rare	

actinobacteria.	
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CHAPTER	FOUR	

THE	ISOLATION	AND	IDENTIFICATION	OF	ACTINOBACTERIA,	AND	

SCREENING	FOR	MULTICOPPER	OXIDASE	ACTIVITY	
	

4.1	 PREAMBLE	

	

Actinobacteria	are	Gram-positive	bacteria	that	are	widely	distributed	in	terrestrial	and	

aquatic	environments	(Macagnan	et	al.,	2006).	Actinobacteria	are	able	to	survive	under	a	

variety	of	environmental	pressures	such	as	temperature	extremes,	and	different	chemical	

conditions	 (which	 includes	 alkalinity,	 high	 salinity	 and	 nutrient-poor	 environments)	

(Goodfellow	 et	 al.,	 2018;	 Shivlata	 &	 Satyanarana,	 2015).	 These	 microorganisms	 are	

prolilic	producers	of	secondary	metabolites,	such	as	bioactive	compounds	and	oxidative	

enzymes,	particularly	multicopper	oxidases	(MCOs),	 the	 latter	of	which	 is	of	 increased	

interest	 due	 to	 their	 application	 in	 industrial	 processes	 including	 the	 degradation	 of	

lignocellulosic	material	and	the	breakdown	of	environmental	pollutants	(Alcalde,	2007;	

Rodrıǵuez-Couto	&	Toca	Herrera,	2006).	

	

Actinobacteria	 that	 are	 considered	 “rare”	 (non-Streptomyces	 species)	 are	 not	 easily	

cultivated,	 and	 limited	 research	 on	 rare	 actinobacteria	 producing	 MCOs	 have	 been	

reported	(Seong	et	al.,	2001;	Suriya	et	al.,	2016).	Since	these	rare	actinobacteria	are	often	

underrepresented,	they	can	be	considered	a	good	source	for	the	discovery	of	potentially	

novel	MCOs.	

	

In	this	chapter,	the	isolation	of	rare	actinobacteria	from	the	Rooibos	environment	through	

selective	 isolation	 is	 described.	 The	 isolates	 were	 screened	 for	 the	 production	 of	

extracellular	MCO	activity,	‘talented’	strains	identilied	by	16S	rRNA	gene	sequencing,	and	

the	 genomes	 of	 these	 organisms	were	 sequenced.	 The	 annotated	 genomes	were	 then	

explored	for	potentially	novel	MCO	genes.		
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4.1.1	 Study	adaptation	

	

Actinobacterial	 strains	 were	 isolated	 in	 a	 concurrent	 study	 from	 the	 Springlield	

environment	(not	isolated	from	the	soil	samples	collected	in	this	study).	These	studies	

mainly	focused	on	the	ability	of	the	actinobacteria	to	produce	antimicrobial	compounds.	

Preliminary	genome	analyses	revealed	that	a	strain	belonging	to	the	genus	Actinomadura,	

designated	“SF1.4”	harboured	a	novel	MCO	homologous	to	bilirubin	oxidases.	As	there	

was	overlapping	interest	with	the	present	study,	the	raw	genome	sequence	data	and	the	

isolate	was	made	 available	 for	 inclusion	 in	 this	 study	 (Figure	 4.1).	 The	 details	 of	 the	

genome	reassembly	are	described	in	section	4.2.7.	

	

	
Figure	4.1:	Summary	outlining	project	work_low	adaptation	
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4.2	 EXPERIMENTAL	PROCEDURE	

	

All	chemicals	were	purchased	from	Merck	(South	Africa),	unless	otherwise	stated.		

	

4.2.1	 Sample	pre-treatment	

	

Sample	pre-treatment	was	performed	according	to	strategies	described	by	Hayakawa	et	

al.	(2008)	and	Fang	et	al.	(2017)	for	the	isolation	of	rare	actinobacteria	from	Rooibos	soil	

samples.	Five	grams	of	soil	was	heat-treated	by	microwaving	at	full	power	(1000	W)	for	

15-20	seconds	(adapted	from	Wang	et	al.,	2013).	The	soils	were	transferred	to	a	mortar	

and	pestle,	an	equal	amount	of	CaCO3	(5	g)	was	added	and	ground	together	(Figure	4.2).	

The	pre-treated	soil	samples	were	incubated	at	30˚C	for	10	days.	

	

	
Figure	4.2:	Example	of	sample	pre-treatment	by	incubating	soil	with	equal	amounts	of	CaCO3		

	

4.2.2	 Isolation	of	rare	actinobacteria:	Rooibos	soils	

	

Actinobacteria	 were	 isolated	 from	 the	 pre-treated	 soils	 through	 serial	 dilution	 by	

suspending	1	g	of	 soil	 in	10	mL	of	 sterile	Ringer’s	 solution	(100	dilution).	Subsequent	

dilutions	(1	mL	of	the	previous	dilution	into	9	mL	of	sterile	Ringer’s	solution)	were	made	

up	until	a	1×	10-4	dilution	was	obtained.	One	hundred	microlitres	of	each	dilution	was	

spread-plated	onto	various	isolation	agar	media:	ISP	medium	no.	2;	R2A,	JCM	media	no.	
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61,	Czapek	Solution	Agar,	 Starch-Casein-Nitrate,	Humic	 acid	Agar	 and	Rooibos	Extract	

Agar	(Appendix	B)	containing	a	linal	concentration	of	50	µg/mL	penicillin	and	50	µg/mL	

cycloheximide	 (Glentham	 Life	 Sciences,	 United	 Kingdom).	 The	 isolation	 plates	 were	

incubated	at	30˚C	for	a	total	of	21	days.	Every	seven	days,	the	plates	were	inspected	for	

colonies	 that	 displayed	 atypical	Streptomyces	morphology.	 The	 selected	 colonies	were	

streaked	 onto	 media	 corresponding	 to	 their	 respective	 isolation	 media	 (without	

antibiotics)	to	obtain	pure	colonies.	Pure	isolates	were	cultivated	in	10	mL	liquid	cultures	

(of	their	respective	isolation	media)	for	5	days	at	30˚C,	shaking	at	160	rpm.	Glycerol	stocks	

(20%	 v/v)	 of	 each	 isolate	 was	 prepared	 and	 stored	 at	 -20˚C	 until	 screening	 for	 the	

production	 of	 oxidative	 enzymes.	 At	 this	 stage,	 the	 isolates	 from	 the	 concurrent	

Springlield	study	were	introduced	for	screening.	

	

4.2.3	 Liquid-screening	for	the	production	of	extracellular	MCO	activity	

	

The	actinobacterial	isolates	were	cultivated	by	inoculating	50	µL	of	a	glycerol	stock	into	

10	mL	Starch-Casein-Nitrate	screening	media	(pH	7.0)	and	incubated	at	30˚C,	shaking	at	

160	rpm.	Duplicate	llasks	were	prepared	per	strain.	Samples	(500	µL)	were	taken	on	days	

3,	5,	7	and	10	of	cultivation.	The	supernatant	lluid	(SNF)	was	collected	by	centrifugation	

at	10	000	rpm	for	5	minutes.		

	

Extracellular	 MCO	 activity	 in	 the	 SNF	 was	 routinely	 measured	 using	 1	 mM	 ABTS	

(prepared	in	0.05	M	sodium	acetate,	pH	4.0)	and	1	mM	2,6-DMP	(prepared	in	0.05	M	Tris-

HCl,	pH	8.0).	Brielly,	50	µL	of	SNF	was	transferred	to	a	96-well	microtiter	plate.	To	each	

well,	150	µL	of	 substrate	was	added	and	 the	 increase	 in	absorbance	measured	over	5	

minutes	using	a	Molecular	Devices	SpectraMax	M2	Plate	reader	(Molecular	Devices,	San	

Jose,	USA).	Laccase	from	Trametes	versicolor	(TvL,	Sigma-Aldrich)	was	used	as	a	positive	

control.	The	negative	control	included	only	substrate	and	buffer.	
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Enzyme	activity	(volumetric)	was	determined	using	the	following	formula:		

	

U
ml=

∆Abs
min
ε ×

total	reaction	volume
enzyme	volume ×	dilution	factor	

	

where:	

ΔA/min		 	 is	the	change	in	absorbance	per	minute		

ε		 	 	 is	the	extinction	coeflicient	of	the	substrate	in	mM-1cm-1		

dilution	factor			 dilution	of	sample	(if	sample	was	diluted)	

	

Wavelengths	for	ABTS	and	2,6-DMP	product	formation	and	their	extinction	coeflicients	

are	listed	in	Table	4.1.	

	
Table	4.1:	Wavelengths	(nm)	and	extinction	coef_icients	for	substrates	used	to	detected	extracellular	MCO	

activity	in	this	study.	

Substrate	 λ	(nm)	 ε	(mM-1	cm-1)	 Reference	

ABTS	 420	 36	 Eggert	et	al.,	1996	

2,6-DMP	 477	 14.8	 Solano	et	al.,	2001	

	

Isolates	exhibiting	the	highest	extracellular	MCO	activity	(selection	criteria	was	set	to	an	

arbitrary	 value	 of	 0.05	 U/mL	 of	 acceptable	 volumetric	 activity)	 were	 selected	 for	

identilication	using	16S	rRNA	gene	sequence	analysis.	

	

4.2.4	 Isolation	of	genomic	DNA	

	

The	 top	20	 isolates	exhibiting	 the	highest	extracellular	MCO	activity	were	selected	 for	

partial	16S	rRNA	gene	sequence	analysis.	Isolates	were	grown	in	10	mL	ISP2	for	5	days,	

incubated	at	30˚C	with	shaking	at	160	rpm.	Cell	mass	was	harvested	in	1.5	mL	microfuge	

tubes	 on	 day	 5	 by	 centrifugation	 at	 10	 000	 rpm	 for	 5	minutes.	 Duplicate	 tubes	were	

prepared	for	each	strain.	The	culture	SNF	was	completely	removed	by	aspiration	with	a	

mechanical	pipette.	

	

Genomic	 DNA	 was	 isolated	 using	 a	 modilied	 phenol-chloroform	 extraction	 method	

(Mandel	&	Marmur,	1968).		The	cells	were	resuspended	in	400	µL	of	resuspension	buffer	
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(10	mM	Tris-HCl	pH	8.0;	1	mM	EDTA;	12%	w/v	sucrose).	Dry	lysozyme	powder	(Sigma-

Aldrich)	 was	 added	 to	 each	 tube	 to	 a	 linal	 concentration	 of	 8	mg/mL	 and	 incubated	

overnight	at	37˚C.	To	each	tube,	400	µL	of	lysing	solution	(100	mM	Tris-HCl	pH	8.0;	20	

mM	EDTA;	300	mM	NaCl;	2%	w/v	SDS;	0.02%	v/v	β-mercaptoethanol)	was	added	and	

incubated	at	50˚C	overnight.	Following	incubation,	300	µL	of	phenol:chloroform	(2:1	v/v)	

was	added	and	the	sample	was	mixed	on	a	rotary	carousel	for	20	minutes	at	50	rpm.	The	

tubes	were	centrifuged	at	12	000	rpm	for	10	minutes.	The	aqueous	phase	was	transferred	

to	a	 clean	1.5	mL	microfuge	 tube	and	 the	extraction	process	was	 repeated	 twice	with	

phenol:chloroform	(2:1	v/v).	After	the	third	extraction,	0.6	volumes	of	isopropanol	were	

added	and	mixed	gently	to	precipitate	the	DNA.	The	DNA	was	pelleted	by	centrifugation	

at	12	000	rpm	for	2	minutes.	The	SNF	was	removed	and	the	pellet	washed	with	500	µL	of	

75%	(v/v)	ethanol.	The	pellet	was	collected	by	centrifugation	and	the	wash	was	repeated.	

The	pellet	was	dried	at	37˚C	for	15	minutes.	The	dry	DNA	pellet	was	resuspended	by	the	

addition	of	400	µL	of	1×	TE	(10	mM	Tris-HCl	pH	8.0;	1	mM	EDTA)	and	left	to	resuspend	

overnight	at	4˚C.	The	next	day,	5	µL	of	RNAse	solution	(1	mg/mL	in	1×	TE)	was	added	to	

each	tube	and	incubated	at	37˚C	for	1	hour.	The	RNA	was	removed	by	extraction	with	100	

µL	chloroform:isoamyl	alchohol	(24:1	v/v)	and	the	aqueous	phase	transferred	to	a	clean	

1.5	mL	microfuge	tube.	To	each	tube,	0.1×	volumes	of	3	M	sodium	acetate	was	added	and	

mixed	gently.	The	mixture	was	overlayed	with	2×	volumes	of	95%	(v/v)	ethanol,	and	the	

DNA	collected	by	centrifugation.	The	DNA	pellets	were	resuspended	in	500	µL	of	1×	TE	

overnight	and	kept	at	4˚C	until	use.	

	

4.2.5	 AmpliMication	of	16S	rRNA	genes	

	

The	partial	16S	rRNA	gene	for	the	top	20	strains	was	amplilied	using	universal	16S	rRNA	

gene	 primers	 (16S-F1:	 5’- AGAGTTTGATCITGGCTCAG-3’;	 16S-R5:	 ‘5- 

ACGGITACCTTGTTACGACTT-3’;	Cook	&	Meyers,	2003).		A	typical	PCR	reaction	consisted	

of	1×	KAPA	Taq	ReadyMix	(containing	1.5	mM	MgCl2	and	0.2	mM	of	each	dNTP),	0.4	µM	

of	each	primer,	1	µL	of	template	(approximately	50	ng	of	genomic	DNA)	and	sterile	water	

to	a	linal	volume	of	50	µL.	

	

The	amplilication	program	of	30	cycles	was	started	by	an	initial	denaturation	step	at	96°C	

for	2	minutes,	followed	by	denaturation	at	96°C	for	30	seconds,	an	annealing	temperature	
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of	56°C	and	an	extension	step	at	72°C	for	30	seconds.	A	linal	extension	step	of	72°C	for	5	

minutes	 was	 performed.	 Negative	 PCR	 controls	 were	 included,	 containing	 all	 the	

components	 of	 a	 typical	 reaction	 except	 for	 template	 DNA	 (water	was	 used	 instead).	

Genomic	DNA	from	Streptomyces	polyantibioticus	(SPRT)	was	used	as	a	positive	control.	

	

The	 PCR	 amplicons	 were	 analysed	 on	 a	 1%	 (w/v)	 agarose	 gel	 (prepared	 in	 1×	 TAE)	

containing	 ethidium	 bromide	 (10	 µg/mL)	 and	 the	 target	 amplicon	 (~	 1.5	 kb)	 was	

visualised	using	a	Gel	Doc	XR+	(BIO-RAD,	California,	USA).	The	positive	amplicons	were	

purilied	using	a	MSB	Spin	PCRapace	PCR	Purilication	Kit	(Invitek,	Berlin,	Germany).	The	

concentration	 of	 the	 purilied	 amplicons	 was	 measured	 (minimum	 concentration:	 30	

ng/µL)	using	 a	Genova	Nano	Micro-Volume	Spectrophotometer	 (Jenway,	 Staffordshire,	

UK).		

	

Amplicons	 were	 submitted	 for	 Sanger	 sequencing	 to	 Inqaba	 Biotechnical	 Industries	

(Pretoria,	 South	 Africa).	 The	 raw	 .ab1	 liles	 received	 were	 analysed	 and	 edited	 using	

FinchTV	 version	 1.4.0	 (GeoSpiza,	 Seattle,	 USA)	 before	 submission	 to	 EzBioCloud	 to	

identify	the	isolates	to	genus	level	(Yoon	et	al.,	2017).	

	

4.2.6	 Genome	sequencing	and	analyses	

	

Note:	 The	 genome	 sequence	 for	 Actinomadura	 sp.	 strain	 SF1.4	 was	 sequenced	 in	 a	

previous	study	using	the	Illumina	MiSeq	platform	(2×	300bp,	V3	sequencing	cartridge).	

The	raw	paired-end	data	(.fastq.gz)	was	made	available	 for	 inclusion	 in	 this	study	and	

reassembled	to	follow	a	similar	processing	pipeline.	

	

4.2.6.1	 Genome	sequencing:	Rooibos	isolates	

	

Genomic	DNA	for	the	selected	Rooibos	isolates	were	submitted	to	the	Central	Analytical	

Facility	 (CAF,	 Stellenbosch	 University,	 South	 Africa)	 for	 whole	 genome	 sequencing.	

Library	preparation	and	QC	was	performed,	after	which	the	genomes	were	sequenced	on	

the	Ion	Torrent	S5	platform	(on	a	530v1	chip,	550bp	chemistry,	average	read	coverage	>	

100×)	(ThermoScientilic,	Massachusetts,	USA).		
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4.2.6.2	 Genome	assembly	

	

The	 raw	 .BAM	 liles	 were	 received,	 pre-trimmed	 of	 adaptors	 and	 barcodes.	 The	 raw	

sequence	 quality	 was	 determined	 using	 FASTQC	 (version	 0.11.9;	 available	 online	

http://www.bioinformatics.babraham.ac.uk/projects/fastqc).	 Genome	 assembly	 was	

performed	 using	 the	 St.	 Petersburg	 Genome	 Assembler	 (SPAdes)	 version	 3.15.4	

(Prjibelski	et	al.,	2020)	on	a	CentOS	high-performance	computing	cluster	(Centre	for	High	

Performance	Computing,	CSIR,	Rosebank,	South	Africa).	A	PBS-Pro	scheduler	was	used	to	

submit	jobs	to	the	processing	queue.	Each	genome	assembly	used	24	central	processing	

unit	 (CPU)	 cores	 and	 128GB	 of	 random-access	memory	 (RAM).	 Error	 correction	was	

applied	prior	to	assembly.	The	scripts	were	also	llagged	with	“—iontorrent”	to	ensure	the	

correct	k-mer	sizes	were	assigned.	

	

The	reassembly	of	the	Actinomadura	sp.	SF1.4	Illumina	data	was	performed	in	the	same	

manner,	omitting	the	“—iontorrent”	llag.	

	

4.2.6.3	 Genome	Quality	Check	and	Annotation	

	

The	resultant	FASTA	outputs	were	submitted	to	the	Rapid	Annotation	using	Subsystems	

Technology	online	tool	(RAST;	Aziz	et	al.,	2008).	A	comprehensive	genome	analysis	was	

also	 performed	 on	 BV-BRC	 (Gillespie	 et	 al.,	 2011).	 Post-assembly	 quality	 and	

completeness	checks	were	performed	using	the	CheckM	plugin	on	KBase	(version	1.0.18;	

Parks	et	al.,	2015;	Arkin	et	al.,	2018).		

	

4.2.6.4	 Protein	sequence	analysis	

	

Sequences	annotated	as	MCOs	or	multicopper	polyphenol	oxidase	(MPO)	were	further	

analysed	using	the	BLAST	function	of	the	LccED	(https://lcced.biocatnet.de/;	Gräff	et	al.,	

2020;	 Sirim	 et	 al.,	 2011)	 and	 UniProt	 (https://uniprot.org;	 The	 UniProt	 Consortium,	

2023).	

	

https://lcced.biocatnet.de/
https://uniprot.org/
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The	presence	of	signal	peptides	was	predicted	using	SignalP	version	6	(Teufel	et	al.,	2022).	

Protein	 domain	 architecture	 and	 putative	 catalytic	 sites	 were	 determined	 using	 the	

InterPro	web	server	(Payson-Lafosse	et	al.,	2023).	

	

Three-dimensional	(3D)	models	were	predicted	for	the	proteins	with	putative	catalytic	

sites	using	ColabFold,	a	Google	Colab	notebook	based	on	AlphaFold2	(Mirdita	et	al.,	2022;	

Jumper	et	al.,	2021).	Models	with	a	conlidence	measure	below	70%	(pLDDT	<	0.7)	were	

discarded.	The	predicted	models	were	visualised	 in	an	open-source	version	of	PyMOL	

(version	 2.5.0,	 Schrödinger,	 LLC.).	 PDBsum	 was	 used	 to	 predict	 the	 closest-related	

structure,	and	this	was	used	for	a	rudimentary	comparison	to	the	new	predicted	models	

(Laskowski	et	al.,	1997).	

	

4.2.6.5	 Cloning	of	MCOs	and	an	MPO	

	

Cloning	 primers	 were	 designed	 for	 the	 two	 MCOs	 from	 strain	 SF1.4	 (designed	

SF1.4_MCO1	and	SF1.4_MCO2)	and	the	MPO	from	strain	2-8	(designated	2-8_MPO)	using	

SnapGene	 (version	 5.1.;	 www.snapgene.com).	 NdeI	 and	 XhoI	 restriction	 sites	 were	

included	 for	SF1.4_MCO1,	NdeI	 and	HindIII	 restriction	 sites	 for	2-8_MPO,	and	SgfI	 and	

PmeI	restriction	sites	were	included	for	SF1.4_MCO2	(Appendix	A).	Cloning	primers	were	

synthesised	by	Inqaba	Biotechnical	Industries	(Pretoria,	South	Africa).	

	

The	genes	of	interest	were	amplilied	by	PCR	as	follows:	a	typical	PCR	reaction	consisted	

of	1×	KAPA	Taq	ReadyMix	(containing	1.5	mM	MgCl2	and	0.2	mM	of	each	dNTP),	0.4	µM	

of	each	primer,	1	µL	of	template	(approximately	10	ng	of	genomic	DNA)	and	water	to	a	

linal	volume	of	25	µL.	The	amplilication	program	of	30	cycles	was	started	by	an	initial	

denaturation	step	at	96°C	for	3	minutes,	followed	by	denaturation	at	96°C	for	30	seconds,	

an	annealing	gradient	with	temperatures	between	51.6°C	–	60.2°C	and	an	extension	step	

at	72°C	 for	30	 seconds.	A	 linal	 extension	 step	of	72°C	 for	15	minutes	was	performed.	

Negative	PCR	controls	were	included,	containing	all	the	components	of	a	typical	reaction	

except	for	template	DNA	(water	was	used	instead).	The	PCR	amplicons	were	analysed	on	

a	1%	(w/v)	agarose	gel	(prepared	in	1×	TAE)	containing	ethidium	bromide	(10	µg/mL)	

and	the	target	amplicons	(~	1.5	kb	for	SF1.4_MCO1;	~1.6	kb	for	SF1.4_MCO2;	and	~	0.7	

kb	for	2-8_MPO)	was	visualised	using	a	Gel	Doc	XR+	(BIO-RAD,	California,	USA).	Positive	

http://www.snapgene.com/
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amplicons	were	excised	from	the	gel	and	purilied	using	a	NucleoSpin	Gel	and	PCR	Clean-

Up	Kit	(Macherey-Nägel,	Düren,	Germany).	

	

Double-digests	 were	 performed	 on	 the	 SF1.4_MCO1	 and	 2-8_MPO	 amplicons	 and	 the	

plasmid,	pET-20b(+)	(Novagen,	Merck).	The	50	µL	reaction	consisted	of	1	µg	of	DNA,	1×	

CutSmart	buffer	(NEB),	10	units	each	of	NdeI	and	XhoI	(SF1.4_MCO1)/HindIII	(2-8_MPO),	

and	sterile	water	up	to	a	 linal	volume	of	50	µL.	The	same	procedure	was	 followed	 for	

SF1.4_MCO2	 with	 the	 following	 amendments:	 Flexi®Blend	 SgfI	 and	 PmeI	 restriction	

enzymes	 and	 the	 pFN18A	 plasmid	 (Promega,	 Wisconsin,	 USA).	 The	 digests	 were	

incubated	for	10	minutes	at	37˚C.	Digests	were	purilied	using	the	MSB	Spin	PCRapace	PCR	

Purilication	Kit	(Invitek,	Berlin,	Germany).	

	
For	the	ligation,	a	vector-to-insert	molar	ratio	of	1:1	was	used.	The	amount	of	insert	was	

calculated	using	the	following	equation:	

	

ng	vector	×	kb	size	of	insert						×				molar	ratio	of	insert	=	ng	of	insert	
kb	size	of	vector	 	 	 			 					vector	

	

The	ligation	reactions	consisted	of	100	ng	of	vector	DNA,	the	required	amount	of	insert	

DNA	(36	ng	–	SF1.4_MCO2;	27	ng	–	SF1.4_MCO1;	12	ng	–	2-8_MPO),	1×	LigaFast	buffer,	0.1	

T4	DNA	 ligase	(Promega)	and	water	up	 to	a	 linal	volume	of	10	µL.	The	 ligations	were	

incubated	at	4˚C	overnight.	

	

Ligation	reactions	were	transformed	into	Escherichia	coli	 JM109	chemically	competent	

cells	(Promega).	Brielly,	5	µL	of	 ligation	reaction	was	added	to	50	µL	of	cells.	The	cells	

were	incubated	on	ice	for	30	minutes.	The	transformation	reactions	were	heat-shocked	

at	 42˚C	 for	 20	 seconds,	 followed	 by	 incubation	 on	 ice	 for	 2	 minutes.	 To	 each	

transformation	 reaction,	 450	 µL	 of	 SOC	 medium	 was	 added	 and	 the	 reaction	 was	

incubated	at	37˚C	for	1	hour,	shaking	at	180	rpm.	After	1	hour,	the	cells	were	pelleted	by	

centrifugation	(8000	rpm	for	2	minutes),	300	µL	of	the	supernatant	was	removed	and	the	

cells	were	 resuspended	 in	 the	 remaining	 liquid.	One	hundred	microliters	were	spread	

onto	Luria	Agar	(LA)	plates	(containing	100	µg/mL	ampicillin)	and	incubated	overnight	

at	37˚C.	
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Clones	 were	 randomly	 picked,	 resuspended	 in	 50	 µL	 of	 water	 and	 colony	 PCR	 was	

performed	using	the	cloning	primers	to	conlirm	the	presence	of	the	insert.	Positive	clones	

were	inoculated	into	Luria	Broth	(LB)	(containing	100	µg/mL	ampicillin)	and	incubated	

at	37˚C	overnight,	shaking	at	160	rpm.	Plasmid	DNA	was	isolated	from	the	cells	using	a	

GeneJet	 Plasmid	 MiniPrep	 Kit	 (ThermoScientilic,	 Massaschusets,	 USA).	 The	 plasmids	

were	transformed	into	E.	coli	BL21(DE3)	cells	(NEB)	and	E.	coli	ArcticExpress	RP	cells	

(Agilent)	following	the	same	transformation	procedure	as	before.	Clones	were	picked	and	

inoculated	into	LB	(containing	100	µg/mL	ampicillin)	and	incubated	overnight	at	37˚C,	

shaking	at	160	rpm.	Glycerol	stocks	(20%	v/v)	of	the	cells	were	made	and	kept	at	-80˚C	

until	further	use.	

	

4.2.6.6	 Expression	of	the	MCOs	and	MPO	

	

Starter	cultures	were	prepared	by	inoculating	50	µL	of	glycerol	stock	into	5	mL	each	of	

2YT	or	ZY	media	(containing	100	µg/mL	ampicillin).	The	starter	cultures	were	incubated	

at	37˚C	overnight.	The	following	day,	2mL	of	the	starter	culture	was	transferred	to	a	main	

culture	of	25	mL	of	2YT	or	AI	media	(containing	100	µg/mL	ampicillin)	and	incubated	at	

37˚C,	with	shaking	at	160	rpm,	until	an	OD600nm	of	0.6	was	reached.	For	the	2YT	cultures,	

overexpression	was	induced	using	0.4	mM	isopropyl	β-d-1-thiogalactopyranoside	(IPTG).	

For	the	AI	cultures,	the	cultures	were	simply	transferred	to	their	induction	temperatures.	

For	each	enzyme	construct,	 three	cultures	were	prepared,	each	incubated	overnight	at	

15˚C	(Arctic	Express)	and	22˚C	(BL21).	

	

To	determine	if	overexpression	occurred,	20	µL	of	the	overexpressed	cultures	was	mixed	

with	5	µL	of	5×	SDS-PAGE	sample	buffer	(0.31	mM	Tris-HCl	(pH	6.8);	50	%	glycerol	(v/v);	

0.05%	bromophenol	blue	(w/v);	5	mM	DTT).	The	samples	were	boiled	for	10	minutes	

and	loaded	onto	a	12.5%	resolving	SDS-PAGE	gel.	Samples	were	electrophoresed	for	45	

minutes	at	180V	and	stained	with	Coomassie	blue	staining	solution	(0.0025%	in	45:45:10	

methanol:water:acetic	 acid,	 v/v)	 for	 1	 hour.	 The	 gels	 were	 destained	with	 destaining	

solution	(5:45:10	methanol:water:acetic	acid,	v/v)	and	visualised	using	a	Gel	Doc	XR+	

(BIO-RAD,	California,	USA).	
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A	rudimentary	test	of	enzyme	functionality	was	performed	by	scaling	up	the	main	culture	

to	200	mL.	The	cells	from	the	induced	cultures	(including	a	BL21	culture	not	harbouring	

any	 plasmid)	 were	 harvested	 by	 centrifugation	 at	 10	 000	 rpm	 for	 5	 minutes.	 The	

supernatant	 was	 removed,	 and	 the	 cells	 resuspended	 in	 0.1	 volumes	 of	 cold	 10	 mM	

potassium	phosphate	(pH	7.5).	The	resuspended	cells	were	sonicated	for	10	minutes	(30s	

bursts,	30	second	rests).	The	soluble	fraction	was	separated	from	the	insoluble	fraction	

by	centrifugation	at	13	500	×	g	for	40	minutes.	The	soluble	fraction	was	transferred	to	a	

clean	50	mL	tube,	and	the	insoluble	fraction	was	dissolved	in	8	M	Urea	(in	Tris-HCl,	pH	

8.0).	

	

MCO/MPO	activity	for	the	crude	enzyme	preparations	was	determined	at	340nm	using	1	

mM	ABTS	across	a	pH	range	of	2.0	–	4.0,	and	a	temperature	range	of	20-45˚C.	

	

4.3	 RESULTS	AND	DISCUSSION	

	

Actinobacteria	 are	 well-characterised	 for	 the	 ability	 to	 produce	 industrially	 relevant	

secondary	 metabolites,	 such	 as	 antibiotics	 and	 enzymes.	 The	 genus	 Streptomyces	 is	

perhaps	the	most	renowned	of	these	–	it	has	been	extensively	studied	because	of	their	

ability	 to	produce	a	wide	variety	of	bioactive	compounds	and	ease	of	 isolation	 from	a	

range	of	environments	when	using	standard	 isolation	techniques	(Lee	et	al.,	2018).	To	

date,	more	than	800	valid	species	has	been	published	(List	of	Prokaryotic	Names	with	

Standing	in	Nomenclature,	LPSN;	Parte	et	al.,	2020).		

	

While	 the	 possibility	 of	 discovering	 novel	 secondary	 metabolites	 produced	 by	

Streptomyces	 exists,	 considering	 the	 ability	 of	 actinobacteria	 to	 thrive	 in	 diverse	

environmental	 conditions,	 the	 often-unexplored	 rare	 actinobacterial	 genera	 provide	 a	

potentially	untapped	source	of	undiscovered	secondary	metabolites.	

	

4.3.1	 The	isolation	of	actinobacteria	from	Rooibos	

	

The	selective	 isolation	of	actinobacteria	 from	Rooibos	soil	was	performed	using	seven	

different	 isolation	media	that	were	supplemented	with	penicillin	and	cycloheximide	to	

inhibit	 the	 growth	 of	 non-actinobacteria	 and	 fungi.	 The	 choice	 of	 selective	 media,	
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including	a	medium	containing	Rooibos	extract,	along	with	pre-treatments	was	guided	by	

methods	outlined	Hayakawa	et	al.	(2008)	for	the	isolation	of	rare	actinobacteria.	

	

Selection	of	isolates	was	primarily	based	on	morphology.	Colonies	that	were	atypical	of	

Streptomyces	(tough-leathery	substrate,	with	lluffy/powdery	spores;	Bennett	et	al.,	2018;	

Lerat	et	al.,	2012)	were	selected	and	subcultured	onto	their	respective	isolation	media.	

While	 it	 is	 not	 a	 cut-and-dried	 method	 of	 identilication,	 considering	 actinobacterial	

morphology	can	differ	depending	on	growth	medium	composition	(Li	et	al.,	2016),	this	

approach	 resulted	 in	 a	 fair	 number	 of	 isolates	 that	 looked	 morphologically	 distinct	

(Figure	4.3).	

	

	
Figure	4.3:	Actinobacterial	strains	isolated	from	Rooibos	grown	on	ISP2	media	to	demonstrate	range	of	

different	morphologies.	
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A	 total	 of	 362	 actinobacterial	 isolates	 were	 obtained	 across	 the	 six	 Rooibos	 samples	

(Table	4.2).	 Interestingly,	 no	 isolates	were	obtained	using	 the	humic	 acid	 agar.	This	 is	

surprising	 considering	 humic	 acids	 have	 been	 shown	 to	 select	 for	 actinobacteria	

(Hayakawa	&	Nonomura,	1987).	Upon	 subculturing,	 only	 isolates	 that	 grew	well	were	

retained	for	screening,	decreasing	the	total	number	to	89	(isolation	details	for	the	linal	

number	of	strains	can	be	observed	in	Appendix	A).	

	
Table	4.2:	A	summary	of	total	number	of	actinobacterial	isolates	obtained	from	each	rooibos	soil	sample	

after	one	round	of	subculturing	onto	their	respective	isolation	media.	

Isolation	Media	(agar)	 S1P1	 S1P2	 S2P1	 S2P2	 S3P1	 S3P2	

ISP2	 15	 8	 19	 16	 8	 5	

R2A	 20	 3	 10	 10	 9	 0	

CZ	 14	 9	 16	 20	 6	 1	

SCN	 4	 8	 10	 14	 7	 5	

0.1%	Rooibos	Extract	 9	 1	 1	 11	 5	 2	

JCM	no.	61	 15	 12	 21	 24	 15	 9	

Total	per	site	 77	 41	 77	 95	 50	 22	

	

4.3.2	 Screening	of	actinobacterial	isolates	for	extracellular	MCO	activity	

	

The	actinobacterial	isolates	were	screened	for	extracellular	MCO	activity	using	ABTS	(1	

mM	in	0.05	M	sodium	acetate,	pH	4.0)	and	2,6-DMP	(1	mM	in	0.05	M	Tris-HCl,	pH	8.0).	

Activity	was	monitored	over	a	10-day	period	(Figure	4.4).	

	

	
Figure	4.4:	An	example	microtiter	plate	showing	MCO	activity	from	various	actinobacterial	strains	on	day	
7	of	cultivation	using	ABTS	as	substrate.	Intensity	of	the	green	ABTS	radical	=	level	of	enzyme	activity.	

Enzyme	control	(T.	versicolor)	is	indicated	with	red	block.	
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Eighty-nine	 actinobacterial	 isolates	 were	 subjected	 to	 screening.	 Varying	 levels	 of	

volumetric	MCO	activity	was	observed	(Figure	4.5).	The	highest	activity	observed	was	for	

isolate	3-33,	exhibiting	0.32±0.01	U/mL	activity	against	ABTS	on	day	3	of	cultivation	(top	

producing	isolates	presented	in	Appendix	A).	Nine	of	the	45	isolates	exhibiting	activity	

above	0.05	U/mL	were	able	to	oxidise	both	substrates	suggesting	that	the	putative	MCO	

activity	occurs	at	both	acidic	and	alkaline	pH,	as	determined	by	the	substrate	used.	This	

is	not	uncommon	–	numerous	accounts	of	bacterial	MCOs	exhibiting	broad	pH	ranges	

have	been	reported	(Reiss	et	al.,	2013;	Lu	et	al.,	2013;	Gunne	et	al.,	2012).	

	

For	example,	the	small	laccase	from	Streptomyces	coelicolor	can	oxidise	2,6-DMP	across	a	

large	 pH	 gradient,	 following	 a	 bell-curve	 distribution	with	maximal	 activity	 at	 pH	 9.4	

(Machczynski	 et	 al.,	 2004),	 whereas	 fungal	 MCOs	 are	 mostly	 limited	 to	 oxidation	 of	

phenolic	 and	 non-phenolic	 substrates	 under	 acidic	 conditions	 (Alcalde,	 2007).	 This	 is	

further	 corroborated	 through	 a	 comparative	 study	 by	 Reiss	 et	 al.	 (2013)	 where	 the	

oxidation	of	2,6-DMP	and	ABTS	by	live	bacterial	MCOs,	two	fungal	MCOs	and	one	plant	

MCO	was	assessed.	All	bacterial	laccases	exhibited	activity	against	ABTS	from	as	low	as	

pH	2.2	to	pH	8.1	with	>	5%	relative	activity,	and	more	than	50%	relative	activity	for	above	

pH	3.3.	In	contrast,	the	fungal	MCOs	(T.	versicolor	and	Myceliophthora	thermophila)	was	

largely	limited	to	a	pH	range	of	2.2-5.9,	with	pH	optima	for	both	ABTS	and	2,6-DMP	below	

a	pH	of	3.	The	plant	MCO	(R.	verniMicera	–	the	classical	laccase),	also	functioned	well	across	

a	broad	pH	range,	albeit	at	a	lower	optimum	for	ABTS	and	2,6-DMP	at	pH	3.8	and	pH	8.0,	

respectively.	A	larger	proportion	of	the	putative	MCOs	from	the	actinobacterial	isolates	

preferentially	oxidised	2,6-DMP.	Again,	this	is	suggestive	of	alkaline-active	MCOs	–	a	trait	

that	is	highly	desirable	for	application	in	industrial	processes.		

	

For	the	top	25	potential	MCO	producers,	16S	rRNA	gene	amplicons	were	submitted	for	

sequencing.	Since	there	are	several	isolates	exhibiting	above	0.1	U/mL	activity,	selection	

of	the	top	25	was	based	on	not	only	highest	level	of	activity,	but	also	whether	the	isolate	

was	able	to	oxidise	both	2,6-DMP	and	ABTS.	
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Figure	4.5:	Maximum	volumetric	activity	(U/mL)	measured	over	a	10-day	period	for	actinobacterial	isolates	using	1	mM	ABTS	and	1	mM	2,6-DMP	as	substrates.	
Some	isolates	exhibited	MCO	activity	at	both	acidic	and	alkaline	pH	(activity	against	both	substrates).	The	top	25	isolates	exhibiting	activity	above	0.1	U/mL	

(dashed	line)	were	selected	for	16S	rRNA	identi_ication.	

  
 	



4.3.3	 16S	rRNA	gene	sequencing	

	

The	16S	rRNA	gene	of	the	top	25	MCO	producers	that	exhibited	MCO-type	activity	was	

amplilied	and	sequenced	using	Sanger	sequencing.	Raw	sequences	were	analysed	with	

FinchTV	to	assess	sequence	quality	and	remove	and/or	edit	ambiguous	base	calls.	The	

edited	 sequences	 were	 assembled	 and	 submitted	 to	 EzBioCloud	 for	 identilication	 to	

genus	level	(Yoon	et	al.,	2017).	

	
The	majority	 of	 isolates	were	 identilied	 as	 actinobacteria	 (Table	 4.3).	 Eight	 of	 the	 25	

isolates	 were	 identilied	 as	 rare	 actinobacteria	 (Dactylosporangium,	 Actinokineospora,	

Curtobacterium,	Modestobacter,	Microbispora,	Leifsonia,	and	Actinomadura)	(Table	4.3).	

	
	

Table	4.3:	The	16S	rRNA	gene	identities	of	the	top	25	isolates	from	the	MCO	screening	results.	Non-
actinobacteria	are	highlighted	in	red.		

Strain	 Top-hit	taxon	 Top-hit	strain	 Completedness	(%)	

1-48	 Micrococcus	aloeverae	 AE-6T	 95.1	

1-50	 Dactylosporangium	tropicum	 KB2-4T	 86.4	

1-52	 Methylobacterium	tardum	 RB677T	 91.0	

1-59	 Streptomyces	sannanensis	 NBRC	14239T	 95.2	

1-60	 Roseomonas	rubra	 S5T	 92.3	

1-66	 LMRQ_s	(Rhodococcus)	 Leaf258	 83.2	

1-70	 Actinokineospora	spheciospongia	 EG49T	 95.5	

1-73	 Rhodococcus	corynebacterioides	 DSM	20151T	 93.3	

1-8	 Curtobacterium	Jlaccumfaciens	 LMG	3645T	 96.3	

2-23	 Streptomyces	ramulosus	 NRRL	B-2714	 95.7	

3-30	 Streptomyces	beijiangensis	 NBRC	100044T	 95.3	

3-33	 Modestobacter	marinus	 42H12-1T	 94.7	

3-34	 Streptomyces	scabrisporus	 DSM	41855T	 90.1	

3-50	 Methylobacterium	tardum	 RB677T	 93.3	

3-69	 JOFZ_s	(Streptomyces)	 NRRL	F-5126	 96.1	

3-8	 JOFZ_s	(Streptomyces)	 NRRL	F-5126	 89.9	

4-25	 Microbispora	rosea	subsp.	rosea	 ATCC	12950T	 94.8	

4-26	 Streptomyces	echinatus	 NBRC	12763T	 57.4	(R5	only)	

4-27	 Streptomyces	geysiriensis	 NBRC	15413T	 96.1	

4-50	 Pseudonocardia	xinjiangensis	 AS	4.1538T	 95.6	

5-12	 Leifsonia	soli	 TG-S248T	 96.1	

5-32	 Pseudonocardia	bannensis	 YIM	63101T	 90.5	

5-33	 Actinomadura	nitritigenes	 DSM	44137T	 94.0	

5-4	 Roseomonas	rubra	 S5T	 91.6	

6-4	 Actinomadura	nitritigenes	 DSM	44137T	 95.0	
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To	put	this	into	perspective,	currently	only	11	species	of	the	genus	Modestobacter,	13	for	

the	genus	Microbispora,	19	species	of	Actinokineospora	and	12	species	of	Leifsonia	are	

validly	published	(Parte	et	al.,	2020).		

	

Additionally,	 by	 cross-referencing	 these	 rare	 genera	 with	 the	 BRENDA	 database,	 no	

records	 of	 MCOs	 or	 MCO-like	 enzymes	 are	 found.	 Searching	 across	 7	 bacterial	

superfamilies	 in	 the	LccED,	 only	74	 records	 are	obtained	among	3	400	bacterial	MCO	

sequences	 represented	 in	5	 superfamilies,	 further	highlighting	how	underrepresented	

MCOs	are	from	these	rare	actinobacteria.		

	
Table	4.4:	Summary	of	bacterial	MCOs	from	rare	actinobacteria	across	5	superfamilies	represented	in	the	

LccED.	

Superfamily	 Group	 Curtobacterium	 Modestobacter	 Actinokineospora	 Leifsonia	 Microbispora	 Actinomadura	

9	-	Bacterial	

Bilirubin	

Oxidase	

3dMCO	 0	 0	 5	 0 3 10	

10	 -	

Bacterial	

CueO	

3dMCO	 0	 1	 0	 10	 0	 3	

11	 -	 SLAC-

like	 (type	 B	

2dMCO)	

3dMCO	 0	 0	 0	 0	 7	 0	

12	 -	

Bacterial	

MCO	

2dMCO	 1	 2	 0	 8	 13	 5	

14	 -	

Bacterial	

type	 B	

2dMCO	

2dMCO	 0	 0	 0	 2	 1	 3	

	

In	combination	with	their	putative	MCO	activity	(the	level	of	volumetric	activity,	as	well	

as	activity	at	both	acidic	and	alkaline	pH),	underrepresentation	in	enzyme	databases	and	

validly	published	species	-	isolates	3-33	(0.32	U/mL),	4-25	(0.11	U/mL)	and	5-12	(0.12	

U/mL)	were	selected	for	further	investigation.	
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4.3.4	 Genome	sequencing	and	analyses	

	

Note:	At	 this	 stage,	 viability	 of	 isolate	4-25	 (a	Microbispora	 species)	was	 lost,	 despite	

concerted	 efforts	 to	 revive	 it.	 As	 such,	 an	 additional	 strain,	 isolate	 2-8	 identilied	 as	 a	

Lentzea	species,	was	selected	for	inclusion.	While	2-8	did	not	exhibit	activity	against	2,6-

DMP	 and	 ABTS,	 it	 did	 show	 activity	 against	 2,6-dichlorophenol	 (putative	 peroxidase	

activity)	 and	 L-DOPA	 (putative	 tyrosinase	 activity)	 (Appendix	 A).	 However,	 there	 is	

known	overlapping	oxidation	activity	with	tyrosinases,	for	example,	and	it	is	notoriously	

diflicult	 to	assign	an	MCO	a	 specilic	name	based	on	activity	alone	 (Reiss	et	al.,	 2013).	

Therefore,	 the	decision	was	made	 to	 include	 the	Rooibos	 strain,	 isolate	2-8,	 from	 this	

point	forward.	

	

Five	genomes	were	generated	with	the	SPades	assembler	(version	3.15.4).	For	each	of	the	

draft	genomes,	a	comprehensive	genome	analysis	was	performed	on	BV-BRC	(Gillespie	et	

al.,	2011).	

	
Draft	genome	lengths	ranged	from	the	smallest	in	size	3	882	514	bp	for	the	Leifsonia	sp.	

isolate	5-12	to	the	largest	for	Actinomadura	sp.	isolate	SF1.4	at	10	828	139	bp	(Table	4.4).	

The	%GC	mol	content	for	all	genomes	were	typical	of	that	for	Actinobacteria	(Ventura	et	

al.,	2007)	ranging	from	69.54%	to	74.37%.	The	draft	genomes	for	isolate	SF1.4	and	isolate	

1-70	would	generally	be	considered	of	poor	quality	due	to	the	large	number	of	contigs	(>	

1000).	This	is	a	common	occurrence	when	using	short-read	sequencing	that	generates	

short	contigs	which	are	often	diflicult	to	join	(Lischer	&	Shimizu,	2017).	The	problem	can	

be	 overcome	 by	 either	 performing	 hybrid	 assemblies	 in	 tandem	 with	 long	 read	

sequencing	technologies	such	as	PacBio	(Yang	et	al.,	2016),	or	as	more	genome	sequences	

become	available	for	a	given	organism,	if	a	close-related	genome	is	available,	reference	

mapping	can	be	used	to	assist	in	lilling	the	gaps	(Pop	et	al.,	2004).	
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Table	4.5:	Key	characteristics	of	the	draft	genomes	generated	in	this	study	(summarised	from	the	BV-BRC	
comprehensive	analysis	and	CheckM	reports	[Appendix	A]).	No	plasmids	or	partial	CDS	was	detected.	

Isolate	 SF1.4	 2-8	 1-70	 5-12	 3-33	

Sequencing	

Technology	

Illumina	MiSeq	 Ion	Torrent	S5	 Ion	Torrent	S5	 Ion	Torrent	S5	 Ion	Torrent	S5	

Contigs	 1	365	 238	 1	433	 105	 974	

GC	content	%	 72.76	 69.54	 72.47	 68.92	 74.37	

Genome	Length	(bp)	 10	828	139	 9	439	572	 7	439	712	 3	882	514	 4	675	846	

Contig	N50	 33141	 98	185	 10	384	 86	660	 9	020	

CDS	 11	122	 9	482	 8	508	 3	936	 5	483	

tRNA	 80	 62	 50	 44	 47	

rRNA	 10	 5	 3	 3	 4	

Completeness	 99.47	 97.65	 97.25	 99.44	 94.35	

Contamination	 2.85	 1.04	 1.94	 0.0	 1.11	

	

To	 explore	 potential	 MCOs	 that	 may	 be	 present	 in	 the	 genomes	 of	 these	 rare	

actinobacteria,	the	protein	annotations	for	each	genome	was	manually	searched	using	the	

terms	“copper”,	“putative	oxidoreductase”	and	“laccase”.	MCOs	were	detected	in	all	draft	

genomes,	except	for	isolate	5-12	(Table	4.6).		
	

Table	4.6:	Putative	MCOs	and	MCO-like	proteins	annotated	in	the	genomes	of	rare	actinobacteria	

Annotation	 2-8	 SF1.4	 3-33	 1-70	 5-12	

Multicopper	oxidase	/	Laccase	/	Putative	oxidoreductase	 1	 2	 2	 4	 -	

Multicopper	polyphenol	oxidase	 1	 1	 -	 2	 -	

	

An	analysis	of	the	predicted	protein	annotations	revealed	13	(in	total)	potentially	novel	

MCOs	 and	MPOs	 (MCO-like	 proteins),	 an	 underrepresented	 enzyme	 class	with	 only	 a	

limited	number	reported,	primarily	from	metagenome	sequencing	projects	(Chai	et	al.,	

2017;	Jeon	&	Park,	2020;	Narnoliya	et	al.,	2019;	Sharma	et	al.,	2019).		

	
4.3.5	 Protein	Sequence	Analyses	

	

Nine	potential	MCOs	and	four	potential	MPOs	were	identilied	through	the	primary	RAST	

and	UniProt	annotations.	The	amino	acid	sequences	were	uploaded	to	InterPro	to	search	

for	known	domain	architectures,	putative	catalytic	sites,	and	predicted	activity.	Four	of	

the	total	13	potential	proteins	were	selected	for	further	analyses	based	on	these	criteria.	

The	amino	acid	sequences	for	these	four	proteins	are	listed	in	Appendix	A.	
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4.3.5.1	 MCOs	

	

For	one	MCO	from	isolate	1-70	(designated	1-70_MCO1)	and	two	MCOs	from	isolate	SF1.4	

(designated	SF1.4_MCO1	and	SF1.4_MCO2),	cupredoxin	domains	were	detected	that	were	

consistent	with	typical	3dMCOs.	These	3dMCOs	are	usually	composed	of	a	single	peptide	

chain	of	approximately	500	amino	acids,	with	three	sequential	cupredoxin-like	domains	

(Figure	4.6;	Komori	&	Higuchi,	2015).	Copper-binding	sites	and	domain	interfaces	were	

also	 detected.	 Oxidoreductase	 activity	 predicted	 for	 all	 three	 3dMCOs,	 suggesting	 an	

intact	active	site.	

	

	

	
Figure	4.6:	InterPro	summary	of	the	features	detected	for	1-70_MCO1.	The	remaining	InterPro	

summaries	are	listed	in	Appendix	A.	

	

pSORTb	 predicts	 the	 likelihood	 of	 a	 protein’s	 subcellular	 localisation.	 For	 all	 three	

3dMCOs,	a	high	likelihood	of	cytoplasmic	localisation	of	9.97	was	predicted	(Appendix	A).	

	

Twin-arginine	 translocation	 (TAT)	 signal	 peptides	 were	 detected	 for	 all	 three	 MCOs,	

between	 positions	 0-25	 with	 a	 likelihood	 of	 0.9266,	 0.8332	 and	 1	 for	 1-70_MCO1,	

SF1.4_MCO1	and	SF1.4MCO2,	 respectively.	The	TAT	pathway,	 in	bacteria,	 catalyses	 the	

export	of	folded	protein	from	the	cytoplasm	across	the	inner	membrane	(Lee	et	al.,	2009)	

and	the	presence	of	the	signal	peptide	suggests	these	MCOs	are	exported	from	the	cell	to	
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the	extracellular	medium,	which	could	be	why	activity	was	observed	for	these	isolates	in	

the	screening	experiments.	

	

	

	
Figure	4.7:	Signal	peptide	predictions	using	SignalP	version	6.0	for	1-70_MCO1,	SF1.4_MCO1	and	
SF1.4_MCO2.	Twin-arginine	translocation	signal	peptides	were	detected	for	all	3dMCOs	selected.		

	

The	crystal	structure	for	the	Bacillus	pumilis	bilirubin	oxidase	(PDB	ID:	7Z5P,	Gihaz	et	al.,	

2022)	 was	 selected	 as	 the	 reference	 protein	 for	 rudimentary	 structural	 visualisation	

based	 on	 having	 the	most	 overlapping	 homology	 for	 the	 three	 predicted	models	 (36-
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38%).	All	predicted	models	scored	above	a	90%	conlidence	level.		Structural	alignment	

shows	that	the	overall	secondary	structure	was	highly	similar	(Figure	4.8).	

	

	
Figure	4.8:	Three-dimensional	predicted	structures	(green)	of	1-70_MCO	(A).	SF1.4_MCO1	(B)	and	

SF1.4_MCO2	(C)	aligned	with	the	bilirubin	oxidase	from	Bacillus	pumilis	(orange	-	PDB	ID:	7Z5P)	showing	
a	high	degree	in	similarity	of	overall	folding.	Copper	ions	are	depicted	in	cyan.	

	

Long	loops	cover	the	active	site,	similar	to	the	B.	pumilis	bilirubin	oxidase	(Gihaz	et	al.,	

2022).	Multiple	sequence	alignment	of	the	signature	motifs	near	the	active	site	showed	

that	the	region	around	the	T1	copper	and	T2/T3	trinuclear	cluster	(TNC)	is	conserved	

(Figure	4.9).	
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Figure	4.9:	Residues	coordinated	to	the	active	site.	The	highlighted	region	in	the	multiple	sequence	
alignment	depicts	the	conserved	M4	signature	pattern	(H-C-H-X3-H-X3-[AG]-[LM])	(Messerschmidt	&	

Huber,	1990).	

	

4.3.5.2	 MPO	

	

For	 the	MPO	 identilied	 from	 the	 genome	of	 the	Lentzea	 sp.	 isolate	2-8	 (designated	2-

8_MPO),	 InterPro	 analyses	 detected	 the	 presence	 of	 a	 YliH	 /	 Cu_oxidase	 domain	

homologous	to	that	found	in	Escherichia	coli,	as	well	as	the	lirst	fully	characterised	MPO,	

the	RL5	laccase	(Beloqui	et	al.,	2006).	These	enzymes	typically	have	amino	acid	sequences	

shorter	than	300,	as	is	the	case	with	this	2-8_MPO	being	only	234	aa	in	length.	A	putative	

catalytic	site	was	also	detected.	

	

	
Figure	4.10:	InterPro	summary	of	the	features	detected	for	2-8_MPO.		
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pSORTb	analyses	predicts,	with	a	likelihood	of	7.75	(Appendix	A),	that	2-8_MPO	is	a	

cytoplasmic	protein.	No	signal	peptides	were	detected.	

	

The	 YliH	 crystal	 structure	 from	 Shigella	 Mlexneri	 (PDB	 ID:	 1XAF;	 Kim	 et	 al.,	 2006)	

representing	 the	 protein	 family	 Domain	 of	 Unknown	 Function	 152	 (DUF152)	 was	

selected	as	the	reference	structure	for	visual	comparison	to	the	predicted	protein	model	

of	2-8_MPO.	The	ColabFold	model	for	2-8_MPO	was	scored	at	a	conlidence	level	of	98%.	

Structural	alignment	of	2-8_MPO	with	the	YliH	from	S.	Mlexneri	showed	a	high	degree	of	

similarity	(Figure	4.11)	in	overall	fold.		

	

	
Figure	4.11:	Three-dimensional	predicted	structures	(cyan)	of	2-8_MPO	aligned	with	the	Y_iH	(orange	-	
PDB	ID:	IXAF)	showing	a	high	degree	in	similarity	of	overall	folding.	Zinc	ions	are	depicted	in	light	purple.	

	

Based	on	the	structural	characteristics	of	the	YliH	from	S.	Mlexneri	and	the	RL5	laccase,	it	

was	 found	that	conserved	histidine	and	cysteine	residues	are	maintained	at	 the	active	

site.	Multiple	sequence	alignment	of	 the	aforementioned	proteins	with	 the	amino	acid	

sequence	from	2-8_MPO	showed	that	these	residues	are	conserved	in	2-8_MPO	as	well.	

(Figure	4.12).	

	

Even	though	the	structure	of	1XAF	depicts	coordination	with	zinc	ions	at	the	active	site,	

MPOs	can	harbour	different	metal	ions	at	the	active	site.	In	the	case	of	RL5,	for	example,	

the	active	site	contain	copper	instead	of	zinc	(Beloqui	et	al.,	2006).		
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Figure	4.12:	Multiple	sequence	alignment	of	2-8_MPO	with	the	Y_iH	from	S.	?lexneri	and	the	RL5	laccase	
isolated	from	a	metagenomic	screen.	The	highlighted	region	in	the	multiple	sequence	alignment	depicts	
the	conserved	histidine	and	cysteine	residues	thought	to	be	involved	in	coordinating	metal	ions	in	the	

active	site.	

	

MPOs	are	interesting	enzymes	due	to	their	extraordinary	activity.	They	often	supersede	

the	activities	of	laccases	in	terms	of	the	ability	to	oxidise	the	‘typical’	laccase	substrate,	

such	as	ABTS,	2,6-DMP	and	syringaldazine.	Beloqui	et	al.	 (2006)	reported	that	 the	kcat	

values	 for	 the	 RL5	 laccase	 were	 more	 than	 40	 times	 higher	 than	 for	 any	 laccases	

previously	reported,	as	well	as	a	redox	potential	of	over	700mV	at	the	active	site,	which	

is	comparable	to	high	redox	potential	fungal	laccases.	This	highlights	their	potential	as	

biocatalysts	and	necessitates	further	investigation	into	what	makes	them	so	unique.		

	

4.3.6	 Cloning	and	expressions	of	MCOs	

	

Ligation	reactions	for	the	2-8_MPO	amplicon	was	unsuccessful.	No	clones	were	obtained	

for	this	enzyme,	despite	multiple	attempts	at	reamplifying	(which	was	successful),	but	no	

transformants	 were	 obtained.	 The	 cloning	 of	 SF1.4_MCO1	 and	 SF1.4_MCO2	 was	

successful.	 Conlirmation	 of	 the	 desired	 inserted	 sizes	 was	 conlirmed	 by	 colony	 PCR	

performed	on	the	transformed	E.	coli	BL21(DE3)	clones	(Figure	4.13).	
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Figure	4.13:	Electropherogram	of	amplicons	obtained	from	colony	PCR	of	E.	coli	BL21(DE3)	using	the	

cloning	primers	for	SF1.4_MCO1	(lanes	3	and	4)	and	SF1.4_MCO2	(lanes	6	and	7).	

	

The	 constructs	were	 cloned	 into	E.	 coli	 ArcticExpress	 RP	 and	E.	 coli	BL21(DE3).	 Two	

different	media	types,	and	two	different	methods	of	induction	(IPTG	and	auto-induction)	

were	 examined	 at	 15˚C	 and	 22˚C.	 The	 ArcticExpress	 strain	was	 selected	 to	 aid	 in	 the	

expression	of	correctly	folded	protein	–	cold-temperature	induction	has	been	shown	to	

increase	the	recovery	of	soluble	protein	(Schein	&	Noteborn,	1988).		

	

Overexpression	was	mostly	unsuccessful	for	both	strains	across	the	different	conditions	

tested	 –	 however,	 low	 levels	 of	 expression	 was	 observed	 for	 both	 SF1.4_MCO1	 and	

SF1.4_MCO2	 in	 2YT	media,	 performing	 the	 induction	 at	 22˚C	 using	 BL21	 as	 the	 host	

(Figure	 4.14).	 Expression	was	 inconsistent	 between	 replicate	 llasks,	 and	 the	 enzymes	

were	inconsistently	produced	between	different	expression	batches.	This	inconsistency	

may	likely	be	due	to	codon	bias	in	actinobacterial	genes.	Actinobacteria	tend	to	have	a	

high	mol%	G+C	 in	 their	 genomes	 and	 this	 is	 directly	 linked	 to	 the	 occurrence	 of	 rare	

codons	in	their	genes	(Gopal	&	Kumar,	2013;	Lal	et	al.,	2016).	
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Figure	4.14:	SDS-PAGE	gel	of	poorly	overexpressed	SF1.4_MCO1	(lanes	1-30)	and	SF1.4_MCO2	(lanes	4-6)	
in	E.	coli	BL21(DE3)	using	2YT	media,	induced	at	22˚C.	Expected	protein	size	was	detected	during	SDS-

PAGE	analysis	–	as	highlighted	in	the	boxed	area.	

	

As	a	result	of	the	inconsistent	overexpression	of	the	two	SF1.4	MCOs,	codon-optimised	

genes	were	synthesised	by	SynBio	Technologies	 (New	 Jersey,	United	States).	The	MPO	

from	 2-8	was	 also	 included.	 The	 codon-optimised	 constructs	were	 cloned	 into	E.	 coli	

BL21(DE3)	using	the	process	described	in	section	4.2.6.6.	

	

Clones	were	not	obtained	for	SF1.4_MCO2.	The	gene	product	may	possibly	have	been	toxic	

to	cell.	However,	this	is	unclear,	especially	given	the	similarity	between	SF1.4_MCO1	and	

SF1.4_MCO2.	 The	 2-8_MPO	 and	 SF1.4_MCO1	 constructs,	 however,	 successfully	

transformed	 and	 was	 tested	 for	 overexpression	 in	 AI	 media.	 AI	 was	 selected	 as	 the	

medium	of	choice	due	to	the	use	of	three	different	carbon	sources	(including	the	catabolic	

repressor,	glucose).	The	growth	of	E.	coli	is	diauxic	(exclusively	growing	on	glucose	in	a	

medium	 containing	 lactose).	 This	 has	 been	 exploited	 to	 increase	 the	 density	 of	 cell	

cultures	by	limiting	the	amount	of	glucose	(impeding	basal	expression)	in	the	medium,	

then	forcing	lactose	utilisation,	which	in	turns	activates	lac	operon	protein	production	(Li	

et	al.,	2011;	Studier,	2005).	
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This	was	indeed	the	case	for	the	2-8_MPO	and	SF1.4_MCO1	when	using	AI	media	at	30˚C	

–	 a	 delinitive	 increase	 in	 production	 of	 the	 two	 enzymes	was	 observed	 (Figure	 4.15),	

emphasising	the	likelihood	of	codon	bias,	as	well	as	basal	expression,	were	the	causes	of	

non-expression	 for	 the	 original	 cloned	 genes.	 The	 process	was	 scaled	 up	 and	 a	 crude	

enzyme	preparation	was	made	to	screen	for	enzyme	activity.	

	

	
Figure	4.15:	SDS-PAGE	depicting	overexpression	of	2-8_MPO	(lane	2)	and	SF1.4_MCO1	(lane	4)	produced	
in	E.	coli	BL21(DE3)	using	AI	media,	auto-induction	taking	place	at	30˚C.	Lanes	1	and	3	depicting	the	

proteins	observed	for	the	start	cultures.		

	

4.3.7	 Preliminary	MCO	activity	measurements	

	

The	crude	enzyme	preparations	 for	2-8_MPO	and	SF1.4_MCO	were	examined	 for	 their	

ability	 to	oxidise	1mM	ABTS.	First	 the	pH	range	was	determined	by	monitoring	ABTS	

oxidation	 between	 pH	 2.0	 –	 pH	 5.0	 (0.05	mM	KH2PO4-HCl	 for	 pH	 2.0	 –	 2.5;	 0.05	mM	

sodium	acetate	 for	pH	3.0	–	5.0).	While	the	measured	activity	was	relatively	 low	(0.07	

U/mL	for	2-8_MPO	and	0.08	U/mL	for	SF1.4_MCO1),	a	distinct	trend	could	be	observed	
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with	maximal	activity	exhibited	at	pH	3.0	and	sharply	decreasing	after	pH	3.5	 (Figure	

4.16).	This	type	of	trend	is	typically	observed	for	MCOs	–	in	this	case,	comparing	2-8_MPO	

to	 the	 RL5	 laccase,	 and	 SF1.4_MCO1	 to	 the	 bilirubin	 oxidase	 from	 Bacillus	 pumilis,	 a	

similar	trend	is	noted	when	ABTS	was	used	as	the	substrate	(Durand	et	al.,	2012;	Beloqui	

et	al.,	2006).	

	

	
Figure	4.16:	The	oxidation	of	ABTS	(1mM	in	0.05	M	KH2PO4-HCl	[pH	2.0	–	pH	2.5],	and	0.05	mM	sodium	
acetate	for	pH	3.0	–	5.0)	by	2-8_MPO	and	SF.14_MCO1.	Oxidation	was	monitored	at	420nm.	No	activity	
was	detected	for	the	BL21	no-plasmid	control	crude	protein	extract.	Error	bars	represent	the	standard	

deviation	observed	for	triplicate	analyses.	

	

The	temperature-activity	relationship	of	2-8_MPO	and	SF.14_MCO	was	determined	across	

a	 temperature	 range	 of	 25˚C	 –	 45˚C.	 The	 activity	 of	 2-8_MPO	 and	 SF1.4_MCO1	 both	

increased	with	an	increase	in	temperature,	measuring	a	maximum	of	0.12	U/mL	and	0.14	

U/mL,	respectively.	This	was	unsurprising	 for	2-8_MPO,	when	comparing	 it	 to	the	RL5	

laccase,	 which	 exhibited	 an	 increase	 in	 activity	 up	 to	 60˚C	 (Beloqui	 et	 al.,	 2006).	

SF1.4_MCO1	showed	a	similar	trend,	and	while	there	are	no	clear	reports	of	temperature-

activity	 dependence	 in	 literature,	 bilirubin	 oxidases	 have	 been	 shown	 to	 be	 highly	

thermostable	(Durand	et	al.,	2012;	Gounel	et	al.,	2016).		
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Figure	4.17:	Activity-temperature	relationship	of	the	ABTS	(1mM	in	0.05	M	KH2PO4-HCl	[pH	2.0	–	pH	

2.5],	and	0.05	mM	sodium	acetate	for	pH	3.0	–	5.0)	oxidation	activity	exhibited	by	2-8_MPO	and	
SF.14_MCO1	across	a	temperature	range	of	25˚C	to	45˚C.	Error	bars	represent	the	standard	deviation	

observed	for	triplicate	analyses.	

	

4.4	 CLOSING	REMARKS	

	

Actinobacteria,	though	extensively	studied,	can	still	be	considered	an	enormous	source	of	

biotechnological	 potential,	 owing	 to	 their	 ability	 to	 thrive	 under	 a	 wide	 range	 of	

environmental	conditions.	While	the	rise	in	sequencing	technologies	has	brought	about	

an	exponential	increase	in	the	amount	of	sequence	data	available,	there	is	still	great	value	

in	pursuing	culture-based	techniques	to	access	undiscovered	actinobacteria.	As	shown	in	

this	 study,	 employing	 a	 combination	 of	 selective	 isolation	 techniques	 and	 high-

throughput	 sequencing,	 while	 targeting	 unique	 environmental	 conditions,	 proves	

advantageous	 in	 order	 to	 gain	 access	 to	 rare	 actinobacteria	 and	 their	 enzyme	

complement.		
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CHAPTER	FIVE	

ENZYMEML:	KINETIC	PARAMETER	ESTIMATION	THROUGH	A	PYTHON-

BASED	WORKFLOW	

	
5.1	 PREAMBLE	

	

Reliable	and	reproducible	experimental	data	is	often	lacking	and	becomes	a	hinderance	

when	assessing	the	biochemical	data	for	a	given	enzyme	(Begley	&	Ioannidis,	2015).	A	

considerable	discrepancy	 in	 intra-	and	 interlaboratory	research	 is	often	caused	by	 the	

lack	 of	 important	 information	 regarding	 enzymatic	 experimental	 data,	 including	

important	 metadata	 such	 as	 pH	 and	 temperature	 conditions,	 as	 well	 as	 enzyme	 and	

substrate	concentrations	(Baker	&	Penny,	2016;	Halling	et	al.,	2018).	EnzymeML,	an	open	

data-exchange	 format	 was	 developed	 by	 Range	 et	 al.	 (2022)	 to	 aid	 in	 capturing	

biochemical	data	from	enzymatic	experiments	according	to	the	guidelines	set	out	by	the	

Standards	for	Reporting	of	Enzymology	Data	(STRENDA)	commission.		

	

As	 part	 of	 an	 ongoing	 collaboration	 with	 researchers	 at	 the	 University	 of	 Stuttgart	

(Germany),	 EnzymeML	 was	 adapted	 into	 a	 Python-based	 Jupyter-notebook	 in	

collaboration	 with	 Haüssler	 (2023)	 to	 estimate	 the	 kinetic	 parameters	 of	 the	 small	

laccase	 from	Streptomyces	coelicolor	(SLAC).	The	 tool	consisted	of	multiple	standalone	

Python	modules:	a	parser	to	import	spectrophotometric	measurements	taken	during	the	

oxidation	of	ABTS	from	a	pre-prepared	EnzymeML	spreadsheet,	a	separate	calibration	

parser	 to	 import	ABTS	 standards	 across	 a	 range	 of	 concentrations	 (0-200	µM),	 and	 a	

parameter	estimation	tool	to	determine	the	kinetic	parameters	of	the	enzyme.	

	

Here,	 version	 two	 of	 this	 Jupyter-notebook	 is	 presented.	 It	 encompasses	 a	 simplilied	

installation	process	of	the	required	Python	modules	in	a	conda	environment.	Thereafter,	

the	 pre-delined	 Jupyter-notebook	 is	 populated	 with	 the	 experimental	 conditions	 –	

measurement	data	is	directly	imported	from	the	spectrophotometer	output,	calibration	

is	 performed	 using	 control	 wells	 already	 included	 in	 the	 experimental	 setup	 and	

parameter	estimation	can	occur	on-the-lly,	with	the	goal	of	creating	a	fast	and	accurate	

tool	for	kinetic	parameter	estimation	that	can	be	integrated	into	laboratory	workllows.	
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5.2	 EXPERIMENTAL	PROCEDURE	

	

5.2.1	 Dataset	and	computing	environment		

	

The	 data	 was	 generated	 in	 September	 of	 2022	 (accessible	 through	 DaRUS;	

https://doi.org/10.18419/darus-3337).	The	dataset	at	the	optimal	pH	and	temperature	

for	SLAC	(pH	3.0,	45˚C)	was	used	to	compare	the	outputs	between	version	1	and	2	of	the	

Jupyter-notebook.	 The	 enzyme	 was	 diluted	 to	 a	 working	 concentration	 of	 0.1	 U/mL	

(based	 on	 the	 oxidation	 of	 1	 mM	 ABTS	 in	 0.05	 M	 sodium	 acetate,	 pH	 3.0;	 25˚C)	 of	

volumetric	activity	and	the	protein	concentration	determined	using	a	standard	Bradford	

assay	(Bradford,	1976).	ABTS	utilisation	was	measured	in	triplicate	at	340nm	across	a	

substrate	range	of	0	–	200	µM.	Triplicate	controls	for	each	concentration	were	prepared	

as	well	as	an	enzyme	control.	The	plate	layout	is	detailed	in	Figure	5.1.	

	

	
Figure	5.1:	A	96-well	microtiter	plate	layout	for	a	typical	EnzymeML	setup.	A	range	of	concentrations	of	
ABTS	is	dispensed	from	0-200	µM	(columns	1-12).	Blue	wells	denote	experimental	wells.	Green	indicates	

control	wells.	

	

Text	headers	from	the	original	outputs	(produced	on	a	SpectraMax	M2	Multimode	Reader,	

Molecular	Devices,	San	Jose,	USA)	were	modilied	to	accommodate	the	new	parser	written	

specilically	for	the	plate	reader	used	in	this	study,	a	MultiSkan	1000	(ThermoScientilic,	

Massachusetts,	USA).	The	Jupyter-notebook	was	run	on	an	Apple	MacBook	Air	with	an	

https://doi.org/10.18419/darus-3337
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Apple	 Silicon	 M2	 Chip	 containing	 8GB	 of	 RAM.	 A	 Python	 (version	 3.10)	 conda	

environment	was	created	to	install	the	4	Python	modules	from	GitHub	(listed	in	Appendix	

A).	

	

5.2.2	 	Jupyter	WorkMlow	

	

[1]		 After	 running	 an	 assay,	 the	 raw	 measurements	 are	 transferred	 to	 a	 folder	

containing	the	Jupyter-notebook.	

[2]	 The	Jupyter-notebook	is	opened	in	an	integrated	development	editor	(IDE).	In	this	

case,	Visual	Studio	Code	version	1.84.1	(Microsoft)	was	used.	

[3]	 The	modules	are	imported.	

[4]	 Reaction	conditions	are	set	(including	lile	path,	buffer	and	enzyme	concentrations,	

temperature,	and	pH)	(Figure	5.2)	
	

	
Figure	5.2:	Depiction	of	cells	in	Jupyter-notebook	used	to	de_ine	reaction	conditions	for	the	experiment.	

	

[5]	 Notebook	is	run,	and	data	output	is	visualised.	A	data	model	with	all	the	relevant	

information	pertaining	to	the	experiment	is	saved.	
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The	full	notebook	with	all	the	outputs	for	each	cell	is	available	at	the	following	link	(HTML	

lile,	viewable	in	a	web	browser):	

https://github.com/prinsalaric/SLAC_EnzymeML/blob/main/kinetics_SLAC_round1dat

arevisited.html	.	

	

5.3	 RESULTS	AND	DISCUSSION	

	

5.3.1	 BeneMits	

	

A	 Jupyter-notebook	was	 designed	 based	 on	 the	 EnzymeML	 (Range	 et	 al.,	 2022)	 data-

exchange	format	to	provide	a	fast	and	accurate	way	to	determine	the	kinetic	parameters	

for	 an	 enzyme	 assay.	 It	 is	 meant	 to	 provide	 an	 end-user	 friendly	 Python	 workllow	

(regardless	of	the	level	of	coding	expertise).	By	providing	all	the	relevant	metadata	and	

measurements	for	a	single	experiment,	and	the	ability	to	save	the	outputs	in	a	data	model	

that	 adheres	 to	 the	 Findable,	 Accessible,	 Interoperable	 and	 Reproducible	 (FAIR)	

principles,	 it	can	maximise	the	usefulness	of	an	individual	dataset	for	real-time	use,	as	

well	as	future	research	activities	(Thomas	&	Brochu,	2022).	

	

The	lirst	version	of	this	EnzymeML	Jupyter	notebook	was	designed	by	Haüssler	(2023).	

It	 involved	 several	 different	modules,	which	 required	 extensive	 coding	 knowledge.	 By	

incorporating	the	curation	of	the	raw	data	measurements	and	the	calibration	steps	into	a	

singular	 document,	 with	 minimal	 user	 input,	 a	 rapid	 workllow	 can	 be	 ascertained.	

Version	2	was	validated	using	a	dataset	used	to	build	version	1.	The	oxidation	of	ABTS	by	

SLAC	was	monitored	under	its	optimal	conditions	(pH	3.0;	45˚C)	and	it	was	found	that	the	

parameter	estimations	for	kcat	and	Km	were	0.815	kcat.s-1	and	47.96	µM,	and	0.804	kcat.s-1	

and	47.01	µM,	for	versions	1	and	2,	respectively.	

	

The	pipeline,	however,	at	this	stage	is	still	rather	limited.	Only	ABTS	can	currently	be	used	

as	 a	 substrate,	 and	 the	parser	 is	 limited	 to	 a	 single	 instrument	 for	measurements.	By	

expanding	 the	 capabilities	 of	 the	 pipeline,	 it	 would	 allow	 for	 better	 integration	 into	

existing	 workllows,	 and	 allow	 users	 with	 an	 easier	 way	 to	 incorporate	 relevant	

information	from	their	experiments.	

https://github.com/prinsalaric/SLAC_EnzymeML/blob/main/kinetics_SLAC_round1datarevisited.html
https://github.com/prinsalaric/SLAC_EnzymeML/blob/main/kinetics_SLAC_round1datarevisited.html
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5.3.2	 Concluding	remarks	

	

Critical	 information	 regarding	 enzymatic	 reactions	 is	 often	 lacking	 which	 leads	 to	

problems	with	 reproducibility	 (Halling	et	al.,	 2018).	Reviewing	36	entries	 for	 SLAC	 in	

SABIO-RK,	a	database	that	extracts	biochemical	data	from	literature	(Wittig	et	al.,	2018),	

a	large	discrepancy	in	reported	parameters	can	be	observed	(Figure	5.3).		

	

	

	
Figure	5.3:	Heatmap	showing	distribution	of	biochemical	parameters	for	laccases	reported	from	

literature	on	SABIO-RK	(accessed	28	October	2023).	Lighter	colour	=	less	frequently	reported/absence	of	
information;	dark	colour	=	more	frequently	reported	/	detail	provided.	

	

Halling	et	al.	(2018)	did	an	empirical	review	of	biochemical	data	presented	in	articles	and	

highlighted	 missing	 information.	 These	 range	 from	 poorly	 delined	 reactions	 (stating	

kinetic	parameters	but	not	providing	suflicient	 time-course	data,	or	any	at	all),	values	

lacking	 units	 to	 presenting	 certain	 lindings	 in	 text,	 but	 contradictory	 supplementary	

information	 is	 provided.	 The	 proper	 reporting	 of	 enzymology	 data	 is	 imperative	 for	

enabling	reproducibility	in	the	lield.	By	employing	tools	such	as	EnzymeML	to	ascertain	

that	“good”	data	is	generated,	reliable	and	open	science	can	take	place.	
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CHAPTER	SIX	

GENERAL	CONCLUSIONS	

	
6.1	 SUMMARY	OF	STUDY	FINDINGS	

	

The	Cape	Floristic	Region	(CFR)	is	one	of	the	most	biodiverse	biomes	in	South	Africa	with	

a	 unique	 plant	 biodiversity	 (Rutherford	 et	 al.,	 2006).	 It	 is	 a	 region	 boasting	 a	 plant	

endemicity	of	almost	75%	(Goldblatt,	1978).	The	Fynbos	biome,	which	forms	part	of	the	

Greater	CFR,	can	be	characterised	by	the	prevalence	of	low	to	medium	height	shrubland,	

including	81	distinct	true	and	lire-prone	fynbos	vegetation	units,	and	38	renosterveld	and	

sandveld	units	(Low	&	Rebelo,	1998).	Plant	species	are	typically	found	in	soils	that	are	

acid	 and	 nutrient-poor	 (Manning,	 2018).	 Understanding	 what	 drives	 these	 unique	

environmental	 conditions	 ranging	 from	 low-nutrient	 to	 organic-rich	 ecosystems,	 may	

also	provide	information	regarding	the	microbial	diversity.	A	limited	number	of	studies	

report	the	actinobacterial	diversity	associated	with	the	CFR.	In-depth	analyses	of	the	CFR	

may	 provide	 insights	 into	 these	 organisms	 and	 whether	 they	 produce	 secondary	

metabolites	of	biotechnological	interest.	

	

6.1.1	 Actinobacterial	diversity	associated	with	the	CFR	

	

Microorganisms	 are	 key	 players	 in	 biogeochemical	 cycles	 –	 plant-soil	 microbe	

interactions	are	imperative	for	maintaining	healthy	soil	and	plant	ecosystems	(Le	Roux	et	

al.,	2017).	 	Actinobacteria	contribute	a	signilicant	portion	of	key	indicator	species	that	

have	 been	 reported	 to	 be	 present	 in	 soil	 communities	 (Pankratov	 et	 al.,	 2006).	 To	

determine	 the	 actinobacterial	 complement	 associated	 with	 two	 CFR	 regions	 (soils	

associated	with	Rooibos	in	Clanwilliam,	and	soils	associated	with	an	emerging	peatland	

in	 Springlield,	 Agulhas),	 16S	 rRNA-based	metabarcoding	was	 performed.	 The	 top	 live	

major	taxa	contributing	to	the	Rooibos	environment	were	identilied	as	Mycobacteriaceae,	

Pseudonocardiaceae,	Frankiaceae	and	Geodermatophilaceae.	Less	prominent	taxa	include	

members	 of	 the	 families	 Microbacteriaceae,	 Micromonosporaceae,	 Nocardiodaceae,	

Acidimicrobiaceae	and	Nakamurellaceae.	For	the	Springlield	environment,	 it	was	found	

that	 it	 was	 predominated	 by	 members	 of	 the	 families	 Mycobacteriaceae,	 koll13_f	 &	
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AKIW874_f	(class	Acidimicrobiia),	Pseudonocardiaceae	and	Nocardioidaceae.	Minor	taxa	

include	 Micromonosporaceae,	 Geodermatophilaceae,	 Nocardiopsceae	 and	

Intrasporangiaceae.		

	

Even	though	an	overall	snapshot	of	the	actinobiome	associated	with	the	two	CFR	regions	

was	determined,	several	limitations	apply	to	this	study.	Firstly,	the	use	of	actinobacterial-

specilic	 primers	 may	 have	 introduced	 bias	 by	 preferentially	 amplifying	 specilic	 taxa	

(Acinas	et	al.,	2003).	To	overcome	this	bias	in	future	studies,	shotgun	sequencing	of	the	

entire	metagenome	is	recommended,	together	with	up-to-date	sequence	data,	in	order	to	

elucidate	the	microbial	communities	at	a	higher	level	of	accuracy	(Stach	et	al.,	2003;	van	

der	Walt	et	al.,	2017).	Furthermore,	while	not	in	the	scope	of	this	study,	a	single	sampling	

time	 point	 is	 simply	 not	 enough	 to	 infer	 soil-plant-microbe	 interactions.	 This	may	 be	

addressed	 by	 monitoring	 various	 environmental	 conditions,	 as	 well	 as	 the	 microbial	

communities,	over	 longer	periods	of	 time	 to	gain	 insights	 into	what	drives	 the	unique	

conditions	observed	for	the	CFR.	

	

6.1.2	 Rare	actinobacteria	from	the	explored	CFR	regions	

	

Actinobacteria	 are	 Gram-positive	 bacteria	 that	 are	 widely	 distributed	 in	 nature	

(Macagnan	et	al.,	2006).	These	organisms	have	the	ability	to	survive	under	a	number	of	

environmental	conditions	including	but	not	limited	to,	extremes	of	temperatures,	acidity,	

alkalinity	and	nutrient	poor	environments	(such	as	the	CFR).	Actinobacteria	are	known	

to	 produce	 a	 wide	 range	 of	 industrially	 relevant	 secondary	 metabolites,	 including	

enzymes	 such	 as	 multicopper	 oxidases	 (MCOs)	 (Goodfellow	 et	 al.,	 2018;	 Shivlata	 &	

Satyanarana,	2015).	Rare	actinobacteria	are	of	particular	interest,	as	not	much	is	known	

regarding	 the	 MCOs	 that	 are	 produced	 by	 these	 underrepresented	 organisms.	 Cross-

referencing	the	taxa	identilied	in	this	study	with	entries	in	the	Laccase	and	Multicopper	

Oxidase	 Engineering	 Database	 (LccED),	 only	 a	 select	 number	 of	 the	 major	 genera	

identilied	in	the	Rooibos	and	Springlield	environments	were	represented.	This	presented	

a	unique	opportunity	 to	explore	these	environments	 further	 for	 the	presence	of	MCOs	

from	rare	actinobacteria	through	selective	isolation	techniques.	
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The	selective	 isolation	of	actinobacteria	 from	Rooibos	soil	was	performed	using	seven	

different	 isolation	media	that	were	supplemented	with	penicillin	and	cycloheximide	to	

inhibit	 the	 growth	 of	 non-actinobacteria	 and	 fungi.	 The	 choice	 of	 selective	 media,	

including	a	medium	containing	Rooibos	extract,	along	with	pre-treatments	was	guided	by	

methods	outlined	by	Hayakawa	et	al.	(2008)	for	the	isolation	of	rare	actinobacteria.	The	

isolates	were	screened	for	the	presence	of	extracellular	MCO	activity	using	ABTS	and	2,6-

dimethoxyphenol	 (DMP)	 as	 substrates.	 The	 top	 25	 MCO-producing	 isolates	 were	

identilied	through	16S	rRNA	gene	sequence	analyses.	Eight	out	of	the	25	were	identilied	

as	 rare	 actinobacteria,	 including	 members	 of	 the	 genera	 Dactylosporangium,	

Actinokineospora,	 Curtobacterium,	 Modestobacter,	 Leifsonia	 and	 Actinomadura.	 The	

genera	are	vastly	underrepresented	in	the	LccED,	with	only	74	records	obtained	among	a	

total	of	3	400	bacterial	MCOs	represented	across	live	superfamilies.	

	

6.1.3	 MCOs	isolated	from	rare	actinobacteria		

	

MCOs	are	enzymes	of	 industrial	relevance	owing	to	their	wide	range	of	activities.	This	

means	 they	 can	 be	 applied	 in	 the	 several	 applications	 such	 as	 the	 degradation	 of	

lignocellulosic	materials	and	the	detoxilication	of	environmental	pollutants	(Le	Roes-Hill	

and	Prins,	2016).	Through	genome	mining	of	the	top	5	strains,	thirteen	potentially	new	

copper	oxidases	were	 identilied	–	9	putative	multicopper	oxidases	 and	4	multicopper	

polyphenol	oxidases	 (MPOs).	Based	on	selection	criteria	 (which	 included	homology	 to	

known	domain	architectures,	putative	catalytic	sites,	and	predicted	activity),	two	MCOs	

were	selected	designated	SF1.4_MCO1	and	SF1.4_MCO2	containing	domain	architecture	

that	were	 typical	 of	 three-domain	MCOs	 (3dMCOs).	 A	 third,	 rare	MPO	 (designated	 2-

8_MPO)	was	also	identilied	showing	homology	to	YliH	and	the	RL5	laccase.		

Functional	 expression	 was	 obtained	 through	 heterologous	 expression.	 The	 initial	

stumbling	blocks	highlighted	the	need	to	carefully	approach	the	heterologous	expression	

of	 actinobacterial	 genes	–	 this	 is	 considerably	 challenging	due	 to	a	number	of	 factors,	

including	rare	codon	bias.	 	While	generally	acceptable	for	proteins	under	100	kDa,	the	

occurrence	of	even	a	single	rare	codon	has	been	shown	to	 inlluence	overexpression	of	

genes	from	organisms	that	possess	high	mol%	G+C	content	in	their	DNA	(Lal	et	al.,	2016).	

Nonetheless,	 2-8_MPO	 and	 SF1.4_MCO1	 was	 sufliciently	 expressed	 when	 codon-

optimised	constructs	were	synthesised	and	expressed	in	E.	coli	BL21(DE3),	and	the	crude	
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preparations	were	used	 to	obtain	 some	baseline	biochemical	data.	Both	2-8_MPO	and	

SF1.4_MCO1	exhibited	activity	at	pH	3.0	using	ABTS	as	the	substrate.	Maximal	activity	for	

each	enzyme	was	observed	at	45˚C.	This	was	particularly	 interesting	 in	 the	 case	of	2-

8_MPO.	MPOs	 are	 remarkable	 enzymes	 as	 they	 often	 surpass	 the	 activities	 of	 known	

laccases	 by	 several	 orders	 of	 magnitude,	 making	 them	 interesting	 targets	 for	

biotechnological	 development.	 One	 such	 MPO	 is	 the	 RL5	 that	 was	 cloned	 from	 a	

metagenome	screening	study.	Beloqui	et	al.	(2006)	has	reported	kcat	values	greater	than	

any	other	laccase	before,	despite	not	adhering	to	the	classic	features	of	an	MCO	–	which	

highlights	 another	 issue.	 Often	 laccases	 are	 assigned	 their	 identity	 based	 solely	 on	

sequence	similarity	or	the	ability	to	oxidise	a	specilic	substrate.	While	this	is	useful,	as	

observed	 in	 this	study	using	protein	databases	such	as	 the	LccED	for	discovering	new	

MCOs,	a	more	holistic	approach	should	be	 taken	 in	order	not	 to	miss	out	on	potential	

enzymes	that	may	be	useful	in	biocatalytic	processes.	

	

6.2	 RECOMMENDATIONS	FOR	FUTURE	STUDIES	

	

This	 is	 the	 lirst	 reports	 of	MCOs	 from	 these	 two	 unique	 South	African	 environments,	

especially	from	rare	actinobacteria.	It	was	demonstrated	here	that	by	combining	selective	

isolation	 techniques,	 culture-based	 screening,	 and	 genome	 mining,	 unexplored	

actinobacteria	are	a	potential	source	of	new	enzymes	that	may	exhibit	novel	activities	or	

properties.		

	

While	 the	 initial	 experiments	 determined	 that	 the	 heterologously	 expressed	 enzymes	

were	functional,	optimisation	is	required	to	increase	yield.	This	may	be	achieved	through	

the	optimisation	of	culture	conditions	(aeration,	optical	density	selected	when	inducing	

overexpression,	varying	induction	temperatures),	the	use	of	different	E.	coli	hosts,	or	even	

expression	 in	non-E.	coli	hosts	such	as	 the	yeast	Pichia	pastoris	or	an	actinobacterium	

such	 as	 Rhodococcus	 erythropolis.	 Furthermore,	 purilication	 strategies	 need	 to	 be	

investigated	 in	order	to	determine	the	kinetic	parameters	of	 the	new	enzymes	using	a	

platform	such	as	EnzymeML.	Currently,	the	use	of	EnzymeML	is	limited	to	the	monitoring	

of	ABTS	substrate	utilisation.	The	capabilities	of	the	workllow	should	also	be	extended	to	

include	more	of	the	‘typical’	MCO	substrates	in	order	to	provide	a	detailed	workllow	for	

kinetic	 parameter	 estimation,	 within	 the	 guidelines	 described	 by	 the	 STRENDA	
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commission	 for	 the	 generation	 of	 high-quality	 biochemical	 data	 for	 2-8_MPO	 and	

SF1.4_MCO1.	

	

Currently,	 there	 is	 limited	 information	 available	 on	 MPOs,	 particularly	 for	 extensive	

biochemical	data	and	structural	 elucidation.	One	 strategy	 to	address	 this	 is	 the	use	of	

sequence	 networks	 to	 study	 the	 links	 between	 these	 atypical	 enzymes	 to	 others.	 To	

address	 this	 problem,	 the	Python	Enzyme	Engineering	Database	 (PyEED)	 is	 currently	

under	 development,	 in	 collaboration	with	 the	 University	 of	 Stuttgart.	 The	 aim	 of	 this	

project	 is	 to	 not	 only	 generate	 real-time	 enzyme	 databases	 by	 incorporating	 new	

sequences	 as	 they	 are	 released,	 but	 also	 to	 incorporate	 available	 enzymology	 data	 to	

create	 sequence	 networks	 which	 would	 allow	 to	 gain	 more	 insights	 into	 how	 these	

enzymes	evolve,	and	what	the	key	drivers	are	that	confer	certain	activity	proliles.	Using	a	

tool	such	as	PyEED	would	be	useful	in	the	further	exploration	of	these	new	MPOs,	or	any	

other	enzymes	for	that	matter.	
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APPENDIX	A	

	
Table	A1:	Sequencing	barcodes	and	linker	primer	sequences	(custom	Com2x-Ac1186r	

bTEFAP®	-	MrDNA,	Shallowater,	Texas,	USA)	

Sample	 Barcode	Sequence	 Linker	Primer	Sequence	 Source	 Site	 Sample	Date	
1S.S1P1	 CGTAAGGC	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
1S.S1P2	 CGTAATTG	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
1S.S2P1	 CGTACTAG	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
1S.S2P2	 CGTAGCTT	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
1S.S3P1	 CGTAGTGT	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
1S.S3P2	 CGTATCCA	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
2S.S1P1	 CGTATGTG	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
2S.S1P2	 CGTCAAGC	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
2S.S2P1	 CGTCATGC	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
2S.S2P2	 CGTCCCAG	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
2S.S3P1	 CGTCGAAT	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
2S.S3P2	 CGTCGGAG	 AAACTCAAAGGAATTGACGG	 Soil	 Clanwilliam	 August	2016	
W.1A1	 CGTAAGGC	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1A2	 CGTAATTG	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1A3	 CGTACTAG	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1B1	 CGTAGCTT	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1B2	 CGTAGTGT	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1B3	 CGTATCCA	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1C1	 CGTATGTG	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1C2	 CGTCAAGC	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.1C3	 CGTCATGC	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2A1	 CGTCCCAG	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2A2	 CGTCGAAT	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2A3	 CGTCGGAG	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2B1	 CGTCGTGC	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2B2	 CGTCTCAT	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2B3	 CGTCTGTC	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2C1	 CGTGAAGT	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2C2	 CGTGATTG	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
W.2C3	 CGTGCCGC	 AAACTCAAAGGAATTGACGG	 Soil	 Springfield	 September	2018	
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Table	A2:	Good’s	coverage	for	rarelied	library	(Rooibos	samples)	

sample	 no.singleton	 no.seqs	 goods	
1S.S1P2	 167	 62750	 99.7338645418327	
1S.S2P1	 137	 62750	 99.7816733067729	
1S.S2P2	 135	 62750	 99.7848605577689	
1S.S3P1	 175	 62750	 99.7211155378486	
1S.S3P2	 111	 62750	 99.8231075697211	
2S.S1P1	 173	 62750	 99.7243027888446	
2S.S1P2	 119	 62750	 99.8103585657371	
2S.S2P1	 139	 62750	 99.7784860557769	
2S.S2P2	 126	 62750	 99.799203187251	
2S.S3P1	 141	 62750	 99.7752988047809	
2S.S3P2	 184	 62750	 99.7067729083665	
	

	

	
Figure	A1:	Rarefaction	curve	representing	sequencing	coverage	for	soil	samples	collected	

from	the	Rooibos	environments.	
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Table	A3:	Good’s	coverage	for	rarelied	library	(Springlield	samples)	

sample	 no.singleton	 no.seqs	 goods	
W.1A1	 116	 23665	 99.5098246355377	
W.1A2	 119	 23665	 99.4971476864568	
W.1A3	 94	 23665	 99.6027889287978	
W.1B1	 92	 23665	 99.6112402281851	
W.1B2	 95	 23665	 99.5985632791042	
W.1B3	 85	 23665	 99.6408197760406	
W.1C1	 88	 23665	 99.6281428269596	
W.1C2	 100	 23665	 99.577435030636	
W.1C3	 86	 23665	 99.6365941263469	
W.2A1	 96	 23665	 99.5943376294105	
W.2A2	 87	 23665	 99.6323684766533	
W.2A3	 117	 23665	 99.5055989858441	
W.2B1	 121	 23665	 99.4886963870695	
W.2B2	 110	 23665	 99.5351785336996	
W.2B3	 131	 23665	 99.4464398901331	
W.2C1	 121	 23665	 99.4886963870695	
W.2C2	 154	 23665	 99.3492499471794	
W.2C3	 132	 23665	 99.4422142404395	
	

	

	
Figure	A2:	Rarefaction	curve	representing	sequencing	coverage	for	soil	samples	from	the	

Springlield	environment.	
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Table	A4:	Relative	abundances	of	actinobacteria	detected	in	Rooibos	samples	
	
	

1S.S1P1	 2S.S1P1	 1S.S2P2	 1S.S1P2	 1S.S3P2	 1S.S3P1	 2S.S1P2	 1S.S2P1	 2S.S3P1	 2S.S3P2	 2S.S2P2	 2S.S2P1	
Source	 Soil	 Soil	 Soil	 Soil	 Soil	 Soil	 Soil	 Soil	 Soil	 Soil	 Soil	 Soil	
sample	 1S.S1P1	 2S.S1P1	 1S.S2P2	 1S.S1P2	 1S.S3P2	 1S.S3P1	 2S.S1P2	 1S.S2P1	 2S.S3P1	 2S.S3P2	 2S.S2P2	 2S.S2P1	
Mycobacteriaceae	 0.14790139	 0.21190864	 0.09673251	 0.19747596	 0.10161612	 0.13796633	 0.21348616	 0.27771158	 0.15780288	 0.28580059	 0.20778022	 0.1482706	
Pseudonocardiaceae	 0.1179955	 0.2351855	 0.1973081	 0.2298488	 0.188917	 0.2921275	 0.2314599	 0.1039488	 0.1743837	 0.1938174	 0.1806266	 0.233071	
Frankiaceae	 0.10631514	 0.03267491	 0.05051437	 0.06746438	 0.06115428	 0.08124255	 0.05955997	 0.08678067	 0.05499522	 0.04469096	 0.09403058	 0.08166211	
Geodermatophilaceae	 0.10510682	 0.0571769	 0.13596926	 0.03233927	 0.16847635	 0.06437646	 0.13006193	 0.17985467	 0.21756423	 0.1031433	 0.16134392	 0.1859466	
AF498716_f	 0.10084414	 0.26020776	 0.04697333	 0.25896588	 0.05160522	 0.12705792	 0.09262087	 0.06936077	 0.03932066	 0.18740665	 0.05229329	 0.04902076	
Streptomycetaceae	 0.0905231	 0.06769933	 0.26576267	 0.07662745	 0.17626328	 0.07449611	 0.08136003	 0.11207142	 0.06994814	 0.06420864	 0.09243627	 0.06736369	
Kineosporiaceae	 0.079094433	 0.011344756	 0.058922248	 0.006310101	 0.079832849	 0.017856244	 0.042391797	 0.016849313	 0.036853676	 0.006008022	 0.035242586	 0.061724873	
Microbacteriaceae	 0.042307886	 0.012804806	 0.028462584	 0.005085002	 0.028244416	 0.020323225	 0.026213771	 0.037122191	 0.061657744	 0.035712488	 0.021699364	 0.024485207	
Micromonosporaceae	 0.040294024	 0.005001091	 0.014785104	 0.005739507	 0.017654858	 0.016866095	 0.013157232	 0.006746438	 0.04410358	 0.002366288	 0.013878866	 0.008944904	
Nocardioidaceae	 0.036484468	 0.008206488	 0.024703375	 0.009230201	 0.030694615	 0.023545404	 0.0304261	 0.029956198	 0.034739121	 0.007165993	 0.044288184	 0.031399466	
Acidimicrobiaceae	 0.027019316	 0.010807727	 0.014130599	 0.015640996	 0.017168174	 0.026213771	 0.009079162	 0.006712874	 0.009095944	 0.017889808	 0.012234212	 0.008827429	
Nakamurellaceae	 0.019215601	 0.001342575	 0.00944837	 0.001342575	 0.013425747	 0.001275446	 0.003574605	 0.006159062	 0.007233121	 0.001879605	 0.013929213	 0.033799319	
Iamiaceae	 0.013711044	 0.006091933	 0.003272526	 0.010572776	 0.003322872	 0.003876685	 0.003943813	 0.002433417	 0.002433417	 0.002752278	 0.003004011	 0.002433417	
Propionibacteriaceae	 0.013643916	 0.01444946	 0.014415896	 0.01513753	 0.019165254	 0.017805897	 0.018846393	 0.007719805	 0.034336349	 0.010287479	 0.021078423	 0.020843473	
Sporichthyaceae	 0.010388172	 0.004245893	 0.005017873	 0.018359709	 0.005806636	 0.025173276	 0.008659607	 0.008105795	 0.005269606	 0.005856982	 0.008995251	 0.007048517	
Actinospicaceae	 0.006024804	 0.039924816	 0.002131337	 0.02005471	 0.002718714	 0.026885059	 0.005252824	 0.003423566	 0.006780002	 0.007199557	 0.004363368	 0.005118566	
Micrococcaceae	 0.004984309	 0.002181684	 0.006947824	 0.002685149	 0.00652827	 0.00599124	 0.005051437	 0.003238962	 0.010723816	 0.002970447	 0.003541041	 0.002567674	
Microthrixaceae	 0.004665447	 0.000369208	 0.000671287	 0.000822327	 0.000604159	 0.000503466	 0.001208317	 0.001023713	 0.000352426	 0.000167822	 0.000570594	 0.000503466	
Thermomonosporaceae	 0.004262675	 0.003390001	 0.002517328	 0.003339655	 0.003087922	 0.007568765	 0.003255744	 0.025878128	 0.002903318	 0.002685149	 0.004547972	 0.002450199	
FJ478790_f	 0.004078071	 0.00253411	 0.002349506	 0.007602329	 0.002265595	 0.002651585	 0.00092302	 0.000855891	 0.001879605	 0.000520248	 0.001661436	 0.00107406	
HQ910322_f	 0.003708863	 0.000788763	 0.002802625	 0.000486683	 0.003859902	 0.00360817	 0.001057278	 0.003792774	 0.002802625	 0.000755198	 0.005554903	 0.006024804	
Nocardiaceae	 0.00330609	 0.002013862	 0.003591387	 0.003272526	 0.00384312	 0.002097773	 0.00345713	 0.001241882	 0.003910249	 0.002013862	 0.002785843	 0.002366288	
Cellulomonadaceae	 0.003289308	 0.000285297	 0.001275446	 0.000268515	 0.001124406	 0.000402772	 0.000553812	 0.000704852	 0.001157971	 0.000973367	 0.001426486	 0.001023713	
Ilumatobacter_f	 0.003121486	 0.000268515	 0.000721634	 0.000369208	 0.001040495	 0.000117475	 0.000553812	 0.000436337	 0.000436337	 0.000184604	 0.000302079	 0.000302079	
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GQ088405_f	 0.00199708	 0.000637723	 0.000771981	 0.000469901	 0.000906238	 0.001392921	 0.001275446	 0.000973367	 0.000704852	 0.000704852	 0.001124406	 0.001208317	
Intrasporangiaceae	 0.001527179	 0.000503466	 0.001090842	 0.000503466	 0.001376139	 0.002785843	 0.000973367	 0.000503466	 0.001896387	 0.000453119	 0.000889456	 0.000822327	
Promicromonosporaceae	 0.001409704	 0.000486683	 0.000906238	 0.000604159	 0.001090842	 0.000771981	 0.001241882	 0.000889456	 0.002634803	 0.004329804	 0.001426486	 0.001208317	
Sanguibacteraceae	 0.001191535	 0.000184604	 0.000486683	 0.000100693	 0.000553812	 0.000352426	 0.000704852	 0.000234951	 0.00438015	 0.000251733	 0.000335644	 0.000570594	
Motilibacteraceae	 0.001006931	 0.001057278	 0.002265595	 0.000587376	 0.001560743	 0.002265595	 0.00214812	 0.000839109	 0.003759209	 0.000268515	 0.001711783	 0.003054358	
AY234742_f	 0.000956585	 0.000520248	 0.001392921	 0.002399852	 0.001527179	 0.001778912	 0.00384312	 0.001006931	 0.000721634	 0.00130901	 0.001359357	 0.001745347	
Cryptosporangiaceae	 9.23E-04	 4.36E-04	 3.86E-04	 5.03E-05	 6.38E-04	 8.39E-05	 2.18E-04	 1.34E-04	 1.68E-04	 2.35E-04	 4.03E-04	 2.85E-04	
Antricoccus_f	 3.86E-04	 1.68E-05	 4.53E-04	 1.34E-04	 2.69E-04	 4.36E-04	 3.02E-04	 6.04E-04	 5.03E-05	 1.34E-04	 1.46E-03	 1.12E-03	
Bogoriellaceae	 3.86E-04	 8.39E-05	 6.55E-04	 1.68E-05	 4.7E-04	 1.01E-04	 1.34E-04	 4.03E-04	 4.03E-04	 6.04E-04	 3.02E-04	 4.03E-04	
Catenulisporaceae	 3.69E-04	 1.21E-03	 1.17E-04	 8.06E-04	 1.85E-04	 4.38E-03	 1.85E-04	 3.36E-04	 5.87E-04	 8.39E-05	 1.85E-04	 1.17E-04	
FJ478799_f	 0.000302079	 0.000352426	 0.000704852	 0.000889456	 0.000872674	 0.00161109	 0.00038599	 0.00053703	 0.001225099	 0.00038599	 0.001543961	 0.002097773	
Jiangellaceae	 3.02E-04	 5.03E-05	 3.36E-04	 0E+00	 5.87E-04	 0E+00	 3.36E-05	 0E+00	 1.01E-04	 0E+00	 0E+00	 1.68E-05	
Dermatophilaceae	 2.85E-04	 3.36E-05	 3.36E-04	 3.36E-05	 3.36E-04	 1.51E-04	 2.01E-04	 4.7E-04	 5.54E-04	 1.01E-04	 4.53E-04	 6.71E-05	
EF016806_f	 2.01E-04	 6.71E-05	 1.51E-04	 1.68E-05	 2.35E-04	 0E+00	 1.68E-05	 3.36E-05	 5.87E-04	 1.68E-05	 0E+00	 1.17E-04	
Dermabacteraceae	 1.68E-04	 1.85E-03	 5.03E-05	 8.73E-04	 1.17E-04	 6.04E-04	 2.85E-04	 1.34E-04	 2.35E-04	 3.86E-04	 2.01E-04	 2.85E-04	
Nocardiopsaceae	 0.000167822	 0.001376139	 0.000302079	 0.002265595	 0.00053703	 0.000721634	 0.001443268	 0.00068807	 0.00053703	 0.002819407	 0.000469901	 0.000218168	
Brevibacteriaceae	 8.39E-05	 3.36E-05	 5.03E-05	 1.68E-05	 2.01E-04	 1.21E-03	 1.34E-04	 1.68E-05	 1.01E-04	 1.36E-03	 1.68E-05	 1.68E-04	
Streptosporangiaceae	 3.36E-05	 1.85E-04	 3.36E-05	 1.07E-03	 5.03E-05	 1.31E-03	 2.35E-04	 5.03E-05	 6.04E-04	 8.39E-05	 4.87E-04	 1.85E-04	
Corynebacteriaceae	 1.68E-05	 1.68E-05	 8.39E-05	 1.17E-04	 6.71E-05	 1.68E-05	 8.39E-05	 1.68E-05	 6.71E-05	 1.68E-05	 1.68E-05	 3.36E-05	
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Table	A5:	Relative	abundance	of	actinobacteria	detected	in	Springfield	samples	
	
	

W.1B1	 W.1C3	 W.2C1	 W.1A2	 W.2B2	 W.1C1	 W.2B3	 W.2C2	 W.1C2	 W.2A2	 W.2A3	 W.2C3	 W.1A3	 W.2A1	 W.2B1	 W.1B3	 W.1A1	 W.1B2	

sample	 W.1B1	 W.1C3	 W.2C1	 W.1A2	 W.2B2	 W.1C1	 W.2B3	 W.2C2	 W.1C2	 W.2A2	 W.2A3	 W.2C3	 W.1A3	 W.2A1	 W.2B1	 W.1B3	 W.1A1	 W.1B2	

newnewnew	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	 one	

Not_Assigned	 0.31994
93	

0.27497
89	

0.31348
27	

0.25321
22	

0.32996
62	

0.20726
97	

0.49792
9	

0.32548
61	

0.17776
84	

0.32683
85	

0.21124
26	

0.52979
71	

0.30257
82	

0.34273
03	

0.47345
73	

0.28098
06	

0.31382
08	

0.21162
3	

f__Mycobacteriace
ae	

0.15976
331	

0.19057
481	

0.05536
771	

0.05925
613	

0.09852
071	

0.25287
405	

0.06699
07	

0.02633
136	

0.23469
992	

0.09801
352	

0.04678
783	

0.04890
11	

0.06656
805	

0.07163
99	

0.02797
971	

0.32087
912	

0.20240
913	

0.35042
265	

f__koll13	 0.11420
118	

0.08786
982	

0.03524
937	

0.09598
478	

0.04459
003	

0.04729
501	

0.03989
856	

0.01622
992	

0.04661
877	

0.08516
484	

0.01652
578	

0.05316
991	

0.21491
97	

0.07079
459	

0.03064
243	

0.07548
605	

0.04535
08	

0.06191
885	

f__Actinosynnema
taceae	

0.10760
7777	

0.00760
7777	

0.00198
6475	

0.00321
2172	

0.00397
295	

0.06500
4227	

0.00198
6475	

0.00105
6636	

0.02206
2553	

0.00359
2561	

0.00295
858	

0.00219
7802	

0.00342
35	

0.00486
0524	

0.00177
5148	

0.00828
4024	

0.00270
4987	

0.01314
4548	

f__AKIW874	 0.10350
803	

0.03677
092	

0.17349
958	

0.02633
136	

0.22527
473	

0.17540
152	

0.21513
102	

0.17671
175	

0.31952
663	

0.02641
589	

0.02295
013	

0.14733
728	

0.01986
475	

0.02730
347	

0.19699
915	

0.01952
663	

0.04674
556	

0.15760
778	

f__Pseudonocardi
aceae	

0.03888
419	

0.04010
989	

0.07840
237	

0.13060
017	

0.11267
963	

0.04551
986	

0.05646
661	

0.12658
495	

0.05731
192	

0.15701
606	

0.03021
978	

0.07920
541	

0.06052
409	

0.13338
969	

0.18013
525	

0.03123
415	

0.10409
975	

0.03972
95	

f__Micromonospor
aceae	

0.03592
5613	

0.04239
2223	

0.00748
0981	

0.09488
5883	

0.01077
7684	

0.03956
044	

0.01149
6196	

0.00553
6771	

0.05063
3981	

0.02172
4429	

0.02721
8935	

0.03009
2984	

0.04091
2933	

0.01601
8597	

0.00798
8166	

0.05160
6086	

0.10443
787	

0.03131
8681	

f__Streptomycetac
eae	

0.03355
8749	

0.13668
6391	

0.01373
6264	

0.01994
9281	

0.03617
9205	

0.05050
7185	

0.04027
8952	

0.01293
3221	

0.03000
8453	

0.02924
7675	

0.00883
3474	

0.02869
8225	

0.04150
4649	

0.04433
6433	

0.01491
9696	

0.08309
3829	

0.04374
4717	

0.02540
1522	

f__C111	 0.02286
56	

0.03820
795	

0.04573
119	

0.09395
604	

0.04915
469	

0.02480
981	

0.01893
491	

0.01935
757	

0.01048
183	

0.03799
662	

0.08981
403	

0.01830
093	

0.05845
309	

0.04801
352	

0.01069
315	

0.02278
107	

0.02379
544	

0.02721
893	

f__Nocardioidacea
e	

0.01394
7591	

0.03191
0397	

0.04606
9315	

0.05659
3407	

0.02586
6441	

0.02104
8183	

0.00853
7616	

0.00879
1209	

0.01453
9307	

0.07497
8867	

0.23795
4353	

0.01546
9146	

0.03402
3669	

0.07485
2071	

0.01141
1665	

0.02054
0997	

0.03195
2663	

0.01715
9763	

f__Geodermatophi
laceae	

0.00883
3474	

0.01103
1276	

0.05156
3821	

0.01415
8918	

0.01441
2511	

0.00934
0659	

0.00494
5055	

0.00502
9586	

0.00329
6703	

0.04691
4624	

0.19264
5816	

0.00925
6128	

0.01187
6585	

0.03617
9205	

0.00549
4505	

0.00752
3246	

0.00781
9104	

0.00874
8943	

f__Intrasporangiac
eae	

0.00803
0431	

0.03740
4903	

0.01115
8073	

0.06318
6813	

0.00857
9882	

0.01530
0085	

0.00464
9197	

0.00367
7092	

0.00528
3178	

0.02371
0904	

0.04754
8605	

0.00608
6221	

0.08770
0761	

0.01377
8529	

0.00405
7481	

0.02840
2367	

0.03546
0693	

0.01306
0017	

f__Propionibacteri
aceae	

0.00528
3178	

0.00114
1167	

0.00012
6796	

0.00059
1716	

0.00126
7963	

0.00321
2172	

0.00016
9062	

0.00067
6247	

0.00405
7481	

0.00054
9451	

0.00046
492	

0.00050
7185	

0.00067
6247	

0.00033
8123	

0.00042
2654	

0.00139
4759	

0.00088
7574	

0.00342
35	

f__Nocardiaceae	 0.00490
279	

0.00608
6221	

0.00367
7092	

0.00549
4505	

0.00502
9586	

0.00667
7937	

0.00384
6154	

0.00355
0296	

0.00342
35	

0.00574
8098	

0.00249
366	

0.00249
366	

0.00448
0135	

0.00515
6382	

0.00202
874	

0.00794
59	

0.00435
3339	

0.00857
9882	

f__Micrococcaceae	 0.00409
9746	

0.00494
5055	

0.00486
0524	

0.00553
6771	

0.00502
9586	

0.00333
8969	

0.00359
2561	

0.00211
3271	

0.00316
9907	

0.01749
7887	

0.00781
9104	

0.00904
4801	

0.00811
4962	

0.05946
7456	

0.00498
732	

0.00600
1691	

0.00511
4117	

0.00253
5926	
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f__Nocardiopsacea
e	

0.00245
1395	

0.00435
3339	

0.13106
5089	

0.01039
7295	

0.00359
2561	

0.00464
9197	

0.00316
9907	

0.24315
3001	

0.00202
874	

0.00338
1234	

0.00240
9129	

0.00257
8191	

0.00283
1784	

0.00367
7092	

0.00824
1758	

0.00439
5604	

0.00405
7481	

0.00291
6314	

f__Kineosporiacea
e	

0.00224
0068	

0.00194
421	

0.00092
9839	

0.00524
0913	

0.00088
7574	

0.00114
1167	

0.00046
492	

0.00076
0778	

0.00067
6247	

0.00135
2494	

0.00147
929	

0.00054
9451	

0.00346
5765	

0.00147
929	

0.00042
2654	

0.00207
1006	

0.00236
6864	

0.00076
0778	

f__Cellulomonadac
eae	

0.00173
2883	

0.00536
7709	

0.00126
7963	

0.00781
9104	

0.00147
929	

0.00891
8005	

0.00076
0778	

0.00063
3981	

0.00114
1167	

0.00190
1944	

0.01208
7912	

0.00118
3432	

0.00608
6222	

0.00156
3821	

0.00105
6636	

0.00532
5444	

0.00152
1555	

0.00557
9036	

f__JdFBGBact	 0.00173
2883	

0.00152
1555	

0.00312
7642	

0.00274
7253	

0.00786
1369	

0.00109
8901	

0.01213
0178	

0.00245
1395	

0.00126
7963	

0.00067
6247	

0.00207
1006	

0.00414
2012	

0.00101
437	

0.00173
2883	

0.00367
7092	

0.00114
1167	

0.00092
9839	

0.00076
0778	

f__Thermomonosp
oraceae	

0.00160
6086	

0.01306
0017	

0.00815
7227	

0.01010
1437	

0.00346
5765	

0.00249
366	

0.00173
2883	

0.01221
4708	

0.00401
5216	

0.00714
2857	

0.00418
4277	

0.00367
7092	

0.00401
5216	

0.00545
224	

0.00181
7413	

0.00549
4505	

0.00262
0456	

0.00346
5765	

f__Microbacteriac
eae	

0.00131
0228	

0.00388
8419	

0.00224
0068	

0.00515
6382	

0.00118
3432	

0.00173
2883	

0.00059
1716	

0.00076
0778	

0.00101
437	

0.00300
0845	

0.00473
3728	

0.00042
2654	

0.00540
9975	

0.00426
8808	

0.00046
492	

0.00300
0845	

0.00245
1395	

0.00152
1555	

f__ZA3409c	 0.00131
0228	

0.00160
6086	

0.00101
437	

0.00384
6154	

0.00164
8352	

0.00101
437	

0.00131
0228	

0.00042
2654	

0.00092
9839	

0.00101
437	

0.00109
8901	

0.00147
929	

0.00118
3432	

0.00443
787	

0.00126
7963	

0.00054
9451	

0.00092
9839	

0.00143
7025	

f__Promicromono
sporaceae	

0.00122
5697	

0.00798
8166	

0.00067
6247	

0.00849
5351	

0.00131
0228	

0.00156
3821	

0.00071
8512	

0.00156
3821	

0.00067
6247	

0.00080
3043	

0.00173
2883	

0.00046
492	

0.00925
6129	

0.00088
7574	

0.00092
9839	

0.00507
1851	

0.00464
9197	

0.00253
5926	

f__Actinopolyspor
aceae	

0.00105
6636	

0.00164
8352	

0.00185
9679	

0.00164
8352	

0.00219
7802	

0.00131
0228	

0.00092
9839	

0.00067
6247	

0.00080
3043	

0.01635
672	

0.00080
3043	

0.00211
3271	

0.00109
8901	

0.01952
6627	

0.00118
3432	

0.00181
7413	

0.00262
0457	

0.00118
3432	

f__Iamiaceae	 0.00092
9839	

0.00228
2333	

0.00173
2883	

0.00439
5604	

0.00147
929	

0.00169
0617	

0.00122
5697	

0.00071
8512	

0.00097
2105	

0.00312
7642	

0.00600
1691	

0.00071
8512	

0.00240
9129	

0.00160
6086	

0.00084
5309	

0.00185
9679	

0.00164
8352	

0.00185
9679	

f__Actinomycetace
ae	

0.00084
5309	

0.00443
787	

0.00042
2654	

0.00739
645	

0.00038
0389	

0.00215
5537	

0.00046
492	

0.00012
6796	

0.00084
5309	

0.00071
8512	

0.00054
9451	

0.00029
5858	

0.00300
0845	

0.00054
9451	

0.00016
9062	

0.00122
5697	

0.00135
2494	

0.00207
1006	

f__Microthrixacea
e	

0.00076
0778	

0.00312
7642	

0.00329
6703	

0.00862
2147	

0.00173
2883	

0.00270
4987	

0.00080
3043	

0.00038
0389	

0.00105
6636	

0.00224
0068	

0.00908
7067	

0.00076
0778	

0.00393
0685	

0.00443
787	

0.00084
5309	

0.00118
3432	

0.00147
929	

0.00274
7253	

f__Dietziaceae	 5.49E-
04	

4.23E-
05	

0E+00	 1.27E-
04	

0E+00	 0E+00	 4.23E-
05	

4.23E-
05	

0E+00	 1.69E-
04	

0E+00	 8.45E-
05	

8.45E-
05	

0E+00	 0E+00	 1.69E-
04	

4.23E-
05	

0E+00	

f__Frankiaceae	 5.07E-
04	

3.38E-
04	

1.23E-
03	

5.49E-
04	

3.8E-04	 4.65E-
04	

5.07E-
04	

1.73E-
03	

2.11E-
04	

1.39E-
03	

2.96E-
04	

5.07E-
04	

1.27E-
04	

1.06E-
03	

5.71E-
03	

2.96E-
04	

2.11E-
04	

4.23E-
05	

f__Williamsiaceae	 2.54E-
04	

5.07E-
04	

2.54E-
04	

1.27E-
04	

1.69E-
04	

7.19E-
04	

8.45E-
05	

4.23E-
05	

1.39E-
03	

8.45E-
05	

4.23E-
05	

0E+00	 3.38E-
04	

2.11E-
04	

4.23E-
05	

4.65E-
04	

4.23E-
05	

7.61E-
04	

f__EB1017	 8.45E-
05	

1.27E-
04	

1.27E-
04	

2.54E-
04	

1.69E-
04	

1.69E-
04	

0E+00	 8.45E-
05	

4.23E-
05	

1.69E-
04	

3.21E-
03	

8.45E-
05	

4.23E-
05	

4.23E-
05	

1.27E-
04	

4.23E-
05	

3.8E-04	 0E+00	

f__Gordoniaceae	 4.23E-
05	

0E+00	 0E+00	 8.45E-
05	

4.23E-
04	

4.23E-
05	

1.27E-
04	

0E+00	 0E+00	 8.03E-
04	

8.45E-
05	

2.96E-
04	

0E+00	 8.45E-
05	

0E+00	 0E+00	 0E+00	 0E+00	

f__Sporichthyacea
e	

0E+00	 4.23E-
05	

2.11E-
04	

4.23E-
05	

3.38E-
04	

4.23E-
05	

8.45E-
05	

1.69E-
04	

4.23E-
05	

1.69E-
04	

4.56E-
03	

4.23E-
05	

8.45E-
05	

1.27E-
04	

2.11E-
04	

0E+00	 0E+00	 0E+00	
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f__Streptosporang
iaceae	

0E+00	 0E+00	 0E+00	 0E+00	 0E+00	 9.3E-04	 0E+00	 0E+00	 0E+00	 8.45E-
05	

8.45E-
05	

4.23E-
05	

0E+00	 0E+00	 0E+00	 2.11E-
04	

0E+00	 4.65E-
04	
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Table	A6:	Actinobacteria	isolated	from	Rooibos	sediment	samples	
	
	

Strain	 Isolation	Media	 Site	 Plant	 Source	Material	

1-20	 JCM	 1	 1	 Soil	
1-38	 ISP2	 1	 1	 Soil	

1-39	 ISP2	 1	 1	 Soil	

1-40	 ISP2	 1	 1	 Soil	

1-47	 JCM	 1	 1	 Soil	

1-48	 ISP2	 1	 1	 Soil	

1-50	 ISP2	 1	 1	 Soil	

1-52	 ISP2	 1	 1	 Soil	

1-54	 Rooibos	Extract	 1	 1	 Soil	

1-55	 Rooibos	Extract	 1	 1	 Soil	

1-59	 ISP2	 1	 1	 Soil	

1-60	 ISP2	 1	 1	 Soil	

1-61	 ISP2	 1	 1	 Soil	

1-66	 R2A	 1	 1	 Soil	

1-70	 SCN	 1	 1	 Soil	

1-71	 SCN	 1	 1	 Soil	

1-72	 SCN	 1	 1	 Soil	

1-73	 R2A	 1	 1	 Soil	

1-76	 R2A	 1	 1	 Soil	

1-8	 R2A	 1	 1	 Soil	

2-23	 JCM	 1	 2	 Soil	

2-34	 JCM	 1	 2	 Soil	

2-36	 JCM	 1	 2	 Soil	

2-37	 ISP2	 1	 2	 Soil	

2-38	 ISP2	 1	 2	 Soil	

2-39	 ISP2	 1	 2	 Soil	

2-8	 ISP2	 1	 2	 Soil	

3-12	 CZ	 2	 1	 Soil	

3-30	 SCN	 2	 1	 Soil	

3-33	 R2A	 2	 1	 Soil	

3-34	 R2A	 2	 1	 Soil	

3-36	 R2A	 2	 1	 Soil	

3-48	 ISP2	 2	 1	 Soil	

3-49	 ISP2	 2	 1	 Soil	

3-50	 ISP2	 2	 1	 Soil	

3-51	 JCM	 2	 1	 Soil	

3-52	 JCM	 2	 1	 Soil	

3-53	 JCM	 2	 1	 Soil	

3-57	 CZ	 2	 1	 Soil	

3-6	 R2A	 2	 1	 Soil	
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3-60	 JCM	 2	 1	 Soil	

3-62	 JCM	 2	 1	 Soil	

3-65	 JCM	 2	 1	 Soil	

3-66	 R2A	 2	 1	 Soil	

3-68	 SCN	 2	 1	 Soil	

3-69	 SCN	 2	 1	 Soil	

3-8	 ISP2	 2	 1	 Soil	

4-11	 JCM	 2	 2	 Soil	

4-13	 JCM	 2	 2	 Soil	

4-19	 JCM	 2	 2	 Soil	

4-22	 ISP2	 2	 2	 Soil	

4-23	 ISP2	 2	 2	 Soil	

4-25	 ISP2	 2	 2	 Soil	

4-26	 ISP2	 2	 2	 Soil	

4-27	 ISP2	 2	 2	 Soil	

4-30	 JCM	 2	 2	 Soil	

4-32	 JCM	 2	 2	 Soil	

4-37	 R2A	 2	 2	 Soil	

4-48	 ISP2	 2	 2	 Soil	

4-50	 ISP2	 2	 2	 Soil	

4-53	 JCM	 2	 2	 Soil	

4-54	 JCM	 2	 2	 Soil	

4-55	 ISP2	 2	 2	 Soil	

4-56	 ISP2	 2	 2	 Soil	

4-57	 ISP2	 2	 2	 Soil	

4-58	 ISP2	 2	 2	 Soil	

4-59	 R2A	 2	 2	 Soil	
4-63	 R2A	 2	 2	 Soil	

4-65	 R2A	 2	 2	 Soil	

4-77	 Rooibos	Extract	 2	 2	 Soil	

4-8	 JCM	 2	 2	 Soil	

4-9	 JCM	 2	 2	 Soil	

5-12	 R2A	 3	 1	 Soil	

5-14	 R2A	 3	 1	 Soil	

5-15	 R2A	 3	 1	 Soil	

5-2	 JCM	 3	 1	 Soil	

5-3	 JCM	 3	 1	 Soil	
5-31	 ISP2	 3	 1	 Soil	

5-32	 ISP2	 3	 1	 Soil	

5-33	 ISP2	 3	 1	 Soil	

5-4	 JCM	 3	 1	 Soil	

5-40	 ISP2	 3	 1	 Soil	

5-42	 ISP2	 3	 1	 Soil	

5-43	 ISP2	 3	 1	 Soil	
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5-48	 JCM	 3	 1	 Soil	

5-6	 JCM	 3	 1	 Soil	

5-8	 JCM	 3	 1	 Soil	

6-3	 JCM	 3	 2	 Soil	

6-4	 JCM	 3	 2	 Soil	

	
	
Table	A7:	L-DOPA	and	2,6-DCP	oxidation	for	Rooibos	isolate	2-8	over	a	10-day	period	
	
Lentzea	sp.	
isolate	2-8	

U/mL	

	
Day	3	 Day	5	 Day	7	 Day	10	

2,6-DCP	
oxidation	

0.171294	 0.03012	 0	 0.194022	

L-DOPA	
oxidation	

1.861333	 0.034222	 0	 1.002778	

	
	
	
Figure	A3:	CheckM		output	–	isolate	SF.14	

	
	

Figure	A4:	CheckM	output	–	isolate	2-8	
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Figure	A5:	CheckM	output	–	isolate	3-33	

	

	
	

Figure	A6:	CheckM	output	–	isolate	1-70	

	

	
	

Figure	A7:	CheckM	output	–	isolate	5-12	
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Table	A8:	Summary	of	Rooibos	isolates	using	ABTS	and	2,6-DMP	exhibiting	extracellular	

MCO	activity	above	an	arbitrary	volumetric	value	of	0.05	U/mL	
Isolate	 U/mL	 SD	 Peak	Day	 Substrate	 U/mL	 SD	 Peak	Day	 Substrate	

3-33	 0.32	 0.01	 3	 ABTS	 		 		 		 		

1-60	 0.25	 0.09	 10	 ABTS	 		 		 		 		

6-4	 0.24	 0.00	 10	 ABTS	 		 		 		 		

1-8	 0.21	 0.07	 5	 ABTS	 0.12	 0.01	 10	 2,6-DMP	

1-59	 0.16	 0.01	 10	 ABTS	 		 		 		 		

1-48	 0.13	 0.00	 5	 ABTS	 0.10	 0.01	 10	 2,6-DMP	

1-50	 0.13	 0.03	 5	 ABTS	 0.11	 0.02	 10	 2,6-DMP	

4-50	 0.13	 0.01	 5	 ABTS	 0.10	 0.01	 10	 2,6-DMP	

4-77	 0.13	 0.02	 5	 ABTS	 0.10	 0.01	 10	 2,6-DMP	

5-4	 0.13	 0.09	 10	 ABTS	 		 		 		 		

1-66	 0.12	 0.04	 10	 ABTS	 		 		 		 		

5-32	 0.12	 0.01	 5	 ABTS	 0.11	 0.00	 10	 2,6-DMP	

5-33	 0.12	 0.01	 5	 ABTS	 0.09	 0.01	 10	 2,6-DMP	

4-58	 0.11	 0.00	 5	 ABTS	 0.11	 0.01	 10	 2,6-DMP	

3-34	 0.11	 0.03	 10	 ABTS	 		 		 		 		

3-8	 0.10	 0.01	 3	 ABTS	 		 		 		 		

1-61	 0.09	 0.00	 5	 ABTS	 		 		 		 		

4-30	 0.07	 0.01	 10	 ABTS	 		 		 		 		

4-54	 0.07	 0.01	 10	 ABTS	 		 		 		 		

5-12	 0.06	 0.00	 3	 ABTS	 0.12	 0.00	 7	 2,6-DMP	

1-52	
	 	 	 	

0.11	 0.00	 3	 2,6-DMP	

1-70	 		
	 	

		 0.10	 0.00	 3	 2,6-DMP	

1-71	
	 	 	 	

0.09	 0.02	 3	 2,6-DMP	

1-73	
	 	 	 	

0.10	 0.02	 3	 2,6-DMP	

2-23	
	 	 	 	

0.11	 0.00	 3	 2,6-DMP	

2-38	
	 	 	 	

0.09	 0.00	 5	 2,6-DMP	

2-39	
	 	 	 	

0.08	 0.00	 3	 2,6-DMP	

3-30	 		
	 	

		 0.11	 0.00	 3	 2,6-DMP	

3-36	
	 	 	 	

0.06	 0.02	 5	 2,6-DMP	

3-50	 		
	 	

		 0.11	 0.03	 5	 2,6-DMP	

3-6	
	 	 	 	

0.09	 0.05	 7	 2,6-DMP	

3-69	 		
	 	

		 0.11	 0.01	 3	 2,6-DMP	

4-19	 		
	 	

		 0.06	 0.01	 3	 2,6-DMP	

4-22	
	 	 	 	

0.06	 0.04	 10	 2,6-DMP	

4-25	 		
	 	

		 0.11	 0.00	 5	 2,6-DMP	

4-26	 		
	 	

		 0.10	 0.01	 3	 2,6-DMP	

4-27	
	 	 	 	

0.10	 0.02	 3	 2,6-DMP	

4-37	
	 	 	 	

0.09	 0.00	 3	 2,6-DMP	

4-53	
	 	 	 	

0.11	 0.00	 3	 2,6-DMP	

4-59	 		
	 	

		 0.05	 0.00	 5	 2,6-DMP	

5-14	 		
	 	

		 0.11	 0.00	 3	 2,6-DMP	

5-15	 		
	 	

		 0.07	 0.00	 7	 2,6-DMP	

5-3	
	 	 	 	

0.11	 0.00	 3	 2,6-DMP	

5-43	
	 	 	 	

0.09	 0.01	 5	 2,6-DMP	

6-3	 		
	 	

		 0.11	 0.00	 3	 2,6-DMP	
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Table	A9:	Amino	acid	sequences	for	the	chosen	four	MCOs	identilied	in	the	genomes	of	

four	Rooibos	isolates	

	
Protein	 Amino	Acid	Sequence	

1-70_MCO	 MSPVDRRRFLGLSGLAVVGGVASIGIGTGFSFGRVLDGSGEPGVLVRSGARLPQAFRSALPIPPV
LRPTRSDTTTDYYEITQKAADVEYLPGLRTPSWTYNGSFPGPTLITRSGRRAVVTHRNELPRPVV
VHLHGGHMPADSDGYPGDTILPRDGSSVSHDMSVPGNPVVGSRDYVYPGKQRAATLWYHDHSMGF
TGATVYRGLAGFHLVRDDEDDALPLPKGDRDIPLMITDRSFAADGQFAYPSLAPNLTVPGVTEDH
LNGVLGDVVLVNGAPWPALPVDRRRYRFRILNASNCRRYGLSLDPPPPDGGPAFTQIGSDGGLLP
RPLTHESIDVAPAERFDVVLDFARYAPGTRVRLVNTLATDRTGEVMCFDVSDRTPRDTTAIPDEL
SSVEYLDPRQAVRTREFLFQSKNGDPGWSINGEPYTPGTVLAHSRLGDLELWRFTSDVHHPVHVH
LNHFQVTRRSNGGPGPYDAGWKDTVDLHPAQAMEVAIRFTDYPGRFVFHCHNLEHEDMGMMADFT
TL 

2-8_MCO	 MRIRRVVTTRAGGVSRGSFESFNLGDHVGDDVEAVEANRVRLAEGIGLAPDRLVWMEQVHGRTVA
TVDGPRAEPLEATDAVVTKRGGLGLVVLTADCVPVLLGDQEAGVVGAVHAGRVGARVGVVVEALK
AMMALGAELERVEVLLGPAVCGECYEVPADMQRDVEKHLPGSASKSRKGTPALDLRAGLWNQLAS
AGVGKIGVDPRCTFEEKDLFSHRRQAPTGRLASVVWVEP 

SF1.4_MCO1	 MSEHGDDRPVRARDLARRHVLSAGGALGLVAFTGLTTAHALARRPPRTGAALRSEVPLPPPFQVP
LPLPSVLKPVGTAGGIDRYEITQRETTAEILPGVRTPLWTYGGTFPGPTIESRRGRPVTVRHRNE
LPVPTVVHLHGGRTPAASDGYPTDLVLPKAWPGSAHGMGGMHMGGMSGMRDPRAAETRLVRDYTF
PLDQRPTLLWYHDHRMDFTAPAIWRGLAGLHIVRDDAEDALGLPSGHRELPLMITDRAFGAGGHL
RYPALDPSLRERPGVQEPYLAGVLGDVILVNGAPWPVHEVDAARYRLRVLNASNARHYDLEAVTD
DGRRLDLVQVGADQGLLAAPVVHRSLPVAPAERYDLVVDFARVPVGGRVRIVNRLGSGRARDVMA
FRVARKVRDGSRVPRVLSSDVPVWRRSEAVRVRDFSFRAGRMDGGHGWLIGGRPFDPARTDVTVR
LGDVEVWRLVADVHHPVHLHLVGFRVLSRDGGPPPPHDAGLKDTVSLRPGEAVEIITRFDGYRGR
YLFHCHNAEHEDMGMMANLEVV 

SF1.4_MCO2	 MELLDRRAMLRLSAGGAVAPVLAGRRRAAGAVPAAFSVPMTVPAELRPVRSTRDADHYRLVAAPG
WAEILPGVRTPVLAYNGAFPGPTIRARAGRRAVVEYVNRLGEPTTVHLHGGDVWPEDDGGPMDLV
APGTARRYRYPDRQRAATLWYHDHAHHLESEHVYRGLAGTYVLHDRHEAALGLPGGRYDVPIVLK
DARFGADGGLVYIPGDFGGRTAILVNGRPQPYFRVSARKYRLRLLNAANMRFFNARLSTGDAFQQ
IATDRGLLPAPLTTTELPLSPGERADIVVDFSRYAPGTRIVLRDGFSTHPATDAILRFDVCGRVR
DGSRVPERLTALPALPPAAVTREFRLSMDERTGMGFINGRTFDAARIDFTVARGAAETWRIVNDN
QVIEHNFHVHLADFRVLDRNGGPPLPTERGLKDTVMLPPGGSVRIRVSFDPRYCGDYVYHCHVID
HSSMGMMGRFRVAGHR 

	

Figure	A8:	InterPro	summary	for	SF1.4_MCO1	
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Figure	A9:	InterPro	summary	for	SF1.4_MCO2	

	
 
Table	A10:	pSORTb	output	for	MCOs	identilied	from	the	genomes	of	Rooibos	isolates	
SeqID: Actinokineospora_Isolate_1-70_MCO_001  
  Analysis Report: 
    CMSVM+            Unknown                       [No details] 
    CWSVM+            Unknown                       [No details] 
    CytoSVM+          Cytoplasmic                   [No details] 
    ECSVM+            Unknown                       [No details] 
    ModHMM+           Unknown                       [1 internal helix found] 
    Motif+            Unknown                       [No motifs found] 
    Profile+          Unknown                       [No matches to profiles found] 
    SCL-BLAST+        Cytoplasmic                   [matched 16077697: spore coat protein (outer) [Bacillus 
subtilis subsp. subtilis str. 168]] 
    SCL-BLASTe+       Unknown                       [No matches against database] 
    Signal+           Unknown                       [No signal peptide detected] 
  Localization Scores: 
    Cytoplasmic            9.97 
    CytoplasmicMembrane    0.00 
    Cellwall               0.01 
    Extracellular          0.02 
  Final Prediction: 
    Cytoplasmic            9.97 
  Secondary localization(s): 
    Spore                  
------------------------------------------------------------------------------- 
SeqID: Lentzea_Isolate_2-8_MPO  
  Analysis Report: 
    CMSVM+            Unknown                       [No details] 
    CWSVM+            Unknown                       [No details] 
    CytoSVM+          Cytoplasmic                   [No details] 
    ECSVM+            Unknown                       [No details] 
    ModHMM+           Unknown                       [No internal helices found] 
    Motif+            Unknown                       [No motifs found] 
    Profile+          Unknown                       [No matches to profiles found] 
    SCL-BLAST+        Unknown                       [No matches against database] 
    SCL-BLASTe+       Unknown                       [No matches against database] 
    Signal+           Unknown                       [No signal peptide detected] 
  Localization Scores: 
    Cytoplasmic            7.50 
    CytoplasmicMembrane    1.15 
    Cellwall               0.62 
    Extracellular          0.73 
  Final Prediction: 
    Cytoplasmic            7.50 
------------------------------------------------------------------------------- 
SeqID: Actinomadura_SF1.4_MCO_001  
  Analysis Report: 
    CMSVM+            Unknown                       [No details] 
    CWSVM+            Unknown                       [No details] 
    CytoSVM+          Cytoplasmic                   [No details] 
    ECSVM+            Unknown                       [No details] 
    ModHMM+           Unknown                       [1 internal helix found] 
    Motif+            Unknown                       [No motifs found] 
    Profile+          Unknown                       [No matches to profiles found] 
    SCL-BLAST+        Cytoplasmic                   [matched 16077697: spore coat protein (outer) [Bacillus 
subtilis subsp. subtilis str. 168]] 
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    SCL-BLASTe+       Unknown                       [No matches against database] 
    Signal+           Unknown                       [No signal peptide detected] 
  Localization Scores: 
    Cytoplasmic            9.97 
    CytoplasmicMembrane    0.00 
    Cellwall               0.01 
    Extracellular          0.02 
  Final Prediction: 
    Cytoplasmic            9.97 
  Secondary localization(s): 
    Spore                  
------------------------------------------------------------------------------- 
SeqID: Actinomadura_SF1.4_MCO_002  
  Analysis Report: 
    CMSVM+            Unknown                       [No details] 
    CWSVM+            Unknown                       [No details] 
    CytoSVM+          Cytoplasmic                   [No details] 
    ECSVM+            Unknown                       [No details] 
    ModHMM+           Unknown                       [No internal helices found] 
    Motif+            Unknown                       [No motifs found] 
    Profile+          Unknown                       [No matches to profiles found] 
    SCL-BLAST+        Cytoplasmic                   [matched 16077697: spore coat protein (outer) [Bacillus 
subtilis subsp. subtilis str. 168]] 
    SCL-BLASTe+       Unknown                       [No matches against database] 
    Signal+           Unknown                       [No signal peptide detected] 
  Localization Scores: 
    Cytoplasmic            9.97 
    CytoplasmicMembrane    0.00 
    Cellwall               0.01 
    Extracellular          0.02 
  Final Prediction: 
    Cytoplasmic            9.97 
  Secondary localization(s): 
    Spore                  
------------------------------------------------------------------------------- 

 
	

Table	A11:	Cloning	primers	used	in	this	study	to	clone	new	MCOs	
Cloning	Primers	 Sequence	(5’	->	3’)	

SF1.4_MCO1_F	 AGACACCATATGatggagctgctcgac	

SF1.4_MCO1_R	 AGATGGCTCGAGgcggtggccggcgac	

SF1.4_MCO2_F	 GACCTAGCGATCGCatgagtgagcacggc	

SF1.4_MCO2_R	 TGCCCAGTTTAAACtcagacgacctcgag	

2-8-MPO_F	 ATTCATATGgtgcgcattcgtcg	

2-8_MPO_R	 ATTAAGCTTtcacggctcaaccc	

	

Table	A12:	GitHub	links	to	Python	packages	used	for	EnzymeML	parameter	estimation.	
Module	 	

sdRDM	 https://github.com/JR-1991/software-driven-rdm		

MTPHandler	 https://github.com/FAIRChemistry/MTPHandler		

CaliPytion	 https://github.com/FAIRChemistry/CaliPytion		

EnzymePynetics	 https://github.com/haeussma/EnzymePynetics		

https://github.com/JR-1991/software-driven-rdm
https://github.com/FAIRChemistry/MTPHandler
https://github.com/FAIRChemistry/CaliPytion
https://github.com/haeussma/EnzymePynetics
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APPENDIX	B	
	
List	of	isolation	media	used	for	the	isolation	of	strains	from	the	Rooibos	environment:	
	
	
All	media	prepared	in	1L	batches.	pH	was	adjusted	to	pH	6.0.	
Agar:	in	addition	to	the	amounts	below,	20	g	of	agar	was	added	after	pH	adjustment.	
All	media	were	autoclaved	at	121˚C,	15	psi,	for	20-25	minutes.	
	

g/L	 	 	 	 	
	
ISP	medium	no.	2		
Yeast	extract	 	 	 4.0	
Glucose	 	 	 4.0	
Malt	Extract	 	 	 10.0	
	
R2A	
Yeast	extract	 	 	 4.0	 	 	 	 	
Peptone	 	 	 1.0	 	 	 	 	
Casamino	acids	 	 1.0	 	 	 	 	
Glucose	 	 	 1.0	
Starch		 	 	 1.0	
Sodium	tartrate	 	 1.0	
K2HPO4	 	 	 0.6	
MgSO4.7H2O	 	 	 0.1	
	
JCM	medium	no.	61	
Soluble	starch	 	 15.0	
Yeast	extract	 	 	 4.0	
K2HPO4	 	 	 0.5	
MgSO4.7H2O	 	 	 0.5	
	
Czapek	Solution	
Sucrose	 	 	 30.0	
NaNO3		 	 	 2.0	
K2HPO4	 	 	 1.0	
KCl	 	 	 	 0.5	
MgSO4.7H2O	 	 	 0.5	
FeSO4.7H2O	 	 	 0.01	
	
Starch-Casein-Nitrate	
Starch		 	 	 10	
Casein		 	 	 0.3	
KNO3	 	 	 	 2.0	
CaCO3	 	 	 	 0.3	
MgSO4.7H2O	 	 	 0.05	
FeSO4.7H2O	 	 	 0.01	
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HV	
Humic	acid	 	 1.0	
CaCO3	 	 	 0.02	
NaH2PO4	 	 0.5	
KCl	 	 	 1.7	
MgSO4.7H2O	 	 0.5	
FeSO4.7H2O	 	 0.01	
	
0.1%	rooibos	Extract	
1.0	g	of	rooibos	dust	steeped	in	warm	1L	dH2O	for	20	minutes	and	filtered	with	a	size	102	
coffee	filter	(House	of	Coffees).	The	extract	was	then	made	up	to	1	L	with	dH2O	prior	to	
adjustment	of	the	pH	and	the	addition	of	agar.	
	
	
List	of	isolation	media	used	for	the	transformations	and	expressions	of	constructs	in	E.	
coli	
All	media	prepared	in	1	L	batches.	pH	was	adjusted	to	pH	7.0.	
Agar:	in	addition	to	the	amounts	below,	15	g	of	agar	was	added	after	pH	adjustment.	
All	media	were	autoclaved	at	121˚C,	15	psi,	for	20-25	minutes.	
	
	
SOC	medium	
2.0	g	 	 	 tryptone	
0.5	g	 	 	 yeast	extract	
1	mL	 	 	 1M	NaCl	
0.25	mL	 	 1M	KCl	
After	autoclaving,	cool	media	and	add:	
1	mL	 	 	 2M	Mg2+	stock	solution	
1	mL	 	 	 2M	Glucose,	filter-sterilised	
	
	
	
Autoinduction	medium	(AI)	
Component	1:	ZY		
10	g	tryptone,	5	g	yeast	extract	in	1L	distilled	water;	autoclave.	This	can	be	kept	at	4°C.	
	
Component	2:	20×	NPS	
Add	6.6	g	(NH4)2SO4,	13.6	g	KH2PO4,	and	14.2	g	Na2HPO4	to	90	mL	distilled	water.	
Dissolve	and	adjust	the	pH	to	6.75.	Once	the	pH	is	correct,	make	it	up	to	100	mL	and	
autoclave.	
	
Solution	1:	150×	5052	
Add	25	g	glycerol,	2.5	g	glucose	and	10	g	lactose	to	100	mL	distilled	water.	Mix	to	
dissolve	and	autoclave.	
	
Solution	2:	1	M	MgSO4	
Add	24.65	g	of	MgSO4.7H2O	to	100	mL	distilled	water.	Filter-sterilize.	
	
Component	1:		 232	mL	
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Solution	1:	 	 250	µL	
Component	2:		 5	mL	
Solution	2:	 	 12.5	mL	
Antibiotic(s)	 	 250	µL	
	
2xYT	Media	
16.0	g	 	 	 Tryptone	
5.0	g	 	 	 NaCl	
5.0	g	 	 	 Yeast	extract	
	
Luria	Broth	
10.0	g	 	 	 Tryptone	
5.0	g	 	 	 Yeast	Extract	
10.0	g	 	 	 NaCl	

	
	


