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1.	Introduction	

	

1.1.	In-vitro	cultivation	of	plants	and	cryopreservation	

	

There	are	different	approaches	to	the	conservation	of	plant	material.	The	classical	way	is	to	

store	seeds	for	extended	periods.	Although	for	some	plant	categories	this	poses	a	problem,	as	they	

do	not	produce	seeds	at	all,	or	have	no	viable	 seeds.	Vegetatively	propagated	plants	are	 stored	 in	

living	collections	e.g	in	botanic	gardens.	Storage	methods	to	ensure	survival	of	commercial	crops	or	

endangered	plants	at	the	open	can	lead	to	the	exposure	of	the	stored	plant	material	to	e.g.	droughts,	

frost,	 pathogens	 and	 pests.	 (Tahtamouni	 et	 al.,	 2015)	 In-vitro	 cultivation	 followed	 by	

cryopreservation	offers	an	alternative	without	the	threat	of	disease	or	weather	conditions.		

To	 initiate	 in-vitro	 cultures,	 the	 plant	 material	 has	 to	 be	 surface-sterilized,	 usually	 in	 a	

hypochlorite	solution.	This	surface-sterilized	plant	material	is	then	taken	into	culture.	Many	different	

protocols	 exist	 for	 various	 plant	 species	 and	 different	 in-vitro	 techniques	 have	 been	 proven	 to	 be	

reliant.	Slow	growth	storage	is	a	technique	used	to	reduce	the	growth	of	plant	material	under	in-vitro	

conditions	 to	 allow	 midterm	 storage	 of	 valuable	 germplasm.	 	 This	 is	 achieved	 by	 modifying	 the	

ingredients	of	 the	culture	medium,	 reduction	of	 light	 intensity	and	 temperature.	This	prolongs	 the	

intervals	between	subculturing	and	these	established	cultures	could	be	stored	for	months	up	to	five	

years,	depending	on	the	species.	(Tahtamouni	et	al.,	2015;	Ozudogru	et	al.,	2010)		

Cryopreservation	enables	long-term	germplasm	storage	and	can	be	an	adequate	alternative	

for	 some	 species.	 It	 avoids	 having	 to	 subculture	 at	 regular	 intervals.	 Cryopreservation	 is	 the	

preservation	 of	 explants	 from	 in-vitro	 cultures	 in	 liquid	 nitrogen	 (-196°C).	 At	 this	 temperature	 all	

biological	 processes	within	 the	 cell	 are	 stopped,	 this	makes	 the	material	 storable	 for	 theoretically	

unlimited	 time	without	 genetic	 variation	 occurring.	 To	 attain	 efficacious	 cryopreservation,	 several	

factors	have	to	be	considered.	The	danger	of	 lethal	 intra-cellular	 ice	crystals	forming	while	freezing	

has	 to	 be	 prevented.	 To	 avoid	 the	 formation	 of	 ice-crystals	 the	 cytosol	 of	 the	 cryopreserved	 cells	

have	 to	 be	 vitrified.	 Vitrification	 is	 used	 to	 describe	 a	 metastable	 solid	 physical	 state	 of	 water	

solutions	at	ultra-low	temperature.	 Instead	of	crystallizing	 in	an	ordered	way,	 the	water	molecules	

shift	into	an	amorphous	state	where	no	crystallization	occurs,	transitioning	the	system	into	a	glassy	

state.	 The	 vitrification	 of	 cells	 can	 be	 achieved	 by	 administrating	 highly	 concentrated	 vitrification	

solutions,	such	as	PVS3	(Plant	Vitrification	Solution	3).	(Nishizawa	et	al.,	1993)	These	solutions	act	as	

an	 antifreeze	 medium	 containing	 cryoprotectants	 and	 shield	 the	 treated	 cells	 from	 intra-cellular-

crystal	forming.	Cryoprotectants	are	anti	freezing	agents	such	as	glycol	or	DMSO.	(Benson,	2008)		
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Different	 protocols	 and	 techniques	 have	 been	 developed	 to	 achieve	 successful	

cryopreservation:	 slow	 freezing	 method	 (considered	 as	 the	 classical	 approach);	 pre-culture	

dehydration;	encapsulation-dehydration	and	the	vitrification	method.		

The	 droplet	 vitrification	 technique,	 which	 was	 used	 in	 this	 research,	 is	 variation	 of	 the	

vitrification	method	based	on	highly	concentrated	vitrification	solutions	containing	cryoprotectants.	

It	 consists	of	 three	different	phases:	 loading	phase,	dehydration	and	unloading	phase.	The	 loading	

phase	 involves	 the	 treatment	 of	 the	 plant	 material	 with	 cryoprotectants	 i.e.	 diluted	 vitrification	

solutions.	 The	 dehydration	 is	 accomplished	 by	 exposure	 of	 the	 explants	 to	 Plant	 Vitrification	

Solutions	 (PVS)	 that	 contain	high	 concentrations	of	 sugars.	 The	 treated	plant	material	 can	 then	be	

placed	 into	 small	 droplets	 of	 PVS	 on	 aluminum	 strips	 thus	 facilitating	 their	 handling	 before	 being	

transferred	 into	 cryovials.	 These	 cryovials	 are	 then	plunged	 into	 liquid	nitrogen	and	 can	be	 stored	

thereafter	 at	 -80°C	 or	 in	 liquid	 nitrogen	 for	 indefinite	 time.	 The	 unloading	 phase	 is	 used	 to	 re-

establish	 the	 cryopreserved	 plant	materials	 and	 start	 regeneration	 of	 the	 plant;	 this	 phase	 can	 be	

seen	as	part	of	the	cryopreservation	technique,	because	without	it	the	stored	material	could	not	be	

regenerated.	Unloading	consists	of	a	washing	step	with	solutions	with	a	lower	sucrose	concentration	

than	the	PVS.	This	cryopreservation	technique	has	been	successfully	applied	to	many	different	plant	

species	such	as	Mentha	aquatica,	thyme,	potato	and	Artemisia	laciniata.	(Benson,	2008;	Ozudogru	et	

al.,	2010;	Tahtamouni	et	al.,	2015;	Kodym	et	al.,	2018)	

	

	

1.2.	Pathogen	eradication	via	cryopreservation	

	

	 Cryopreservation	 can	 be	 used	 for	 purposes	 other	 than	 germplasm	 conservation	 and	 long-

term	 storage.	 One	 such	 biotechnological	 use	 is	 cryotherapy,	 a	 rather	 recent	 development	 for	

eliminating	 pathogens	 in	 infected	 plants.	 It	 can	 be	 seen	 as	 complementary	 or	 as	 a	 substitute	 to	

classical	virus	eradication	techniques,	e.g.	thermotherapy	and	meristem	culture.	(Engelmann,	2004)	

Especially	viral	diseases	constitute	a	growing	threat	to	many	economically	important	crops,	because	

they	cannot	be	treated	chemically.	Commercial	production	of	crops	depends	on	certain	unique	traits	

and	therefore	cultivars	which	are	vegetatively	propagated	from	cuttings	or	by	grafting	end	up	being	

infected.	The	cultivation	of	virus-free	plants	is	of	outmost	importance	to	the	sustainable	production	

of	crops.	(Wang	et	al.,	2018)	

	 Thermotherapy	 is	 achieved	 by	 heat-treatment	 of	 the	 plants	 over	 several	 weeks	 through	

growing	them	at	high	temperatures	(40-50°C	depending	on	the	plant	species).	Thermotherapy	alone	

is	insufficient	for	elimination	of	heat-stable	viruses	and	might	not	be	suitable	for	all	plant	species.	It	is	

usually	 combined	 with	 meristem	 culture	 based	 on	 the	 concept	 of	 pathogen-free	 meristems.	 The	
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ability	of	plants	to	regenerate	from	such	small	explants	can	be	regarded	as	a	crucial	factor,	as	well	as	

employing	 skilled	 technicians	 for	 the	 time	 consuming	 step	 of	meristem	excision.	 The	 utilization	 of	

cryopreservation	 in	 the	 pathogen	 eradication	 in	 plants	 results	 in	 greater	 regeneration	 rates	 and	

higher	 percentages	 of	 obtained	 virus-free	 plants	 than	 meristem	 cultures.	 (Engelmann,	 2004)	

Cryotherapy	 targets	 infected	differentiated	 cells	 of	 apices,	which	 contain	higher	 amounts	of	water	

and	 can	 form	 intra-cellular	 ice-crystals,	 while	 the	 meristematic	 pathogen-free	 cells	 have	 a	 more	

concentrated	 cytosol,	 have	 smaller	 vacuoles	 and	 survive	 the	 freezing	 process.	 This	 selective	 cell	

destruction	is	used	in	cryotherapy	to	obtain	pathogen-free	plantlets.	Furthermore	the	plant	tissue	is	

maintained	 juvenile	 throughout	 the	 cryotherapy	 steps,	 demonstrating	 another	 advantage	over	 the	

classical	 pathogen	 eradication	 techniques.	 (Engelmann,	 2004;	Wang	 et	 al.,	 2018;	 Ozudogru	 et	 al.,	

2010)	

  
Figure	 1.1	 (Wang	 et	 al.,	 2018):	 Overview	 of	 the	 main	 steps	 in	 cryopreservation	 used	 as	 cryotherapy	 (1)	
encapsulation-dehydration,	(2)	droplet-vitrification.	LN	=	liquid	nitrogen.	
	
	
	 Cryotherapy	is	realized	in	several	steps	described	and	illustrated	in	figure	1.1	by	Wang	et	al.	

(2018):	First,	the	infected	plant	material	is	taken	into	in-vitro	culture.	After	a	propagation	cycle,	shoot	

tips	are	excised	and	prepared	with	different	techniques	such	as	droplet-vitrification	or	encapsulation-

dehydration	for	cryogenic	freezing	in	liquid	nitrogen.	The	excised	plant	material	is	treated	for	a	short	

time	in	liquid	nitrogen.	The	ultra-cooled	explants	are	rewarmed	and	placed	on	regeneration	medium.	

The	 regenerated	 plantlets	 are	 hardened,	 by	 slowly	 acclimatizing	 them	 to	 ex-vitro	 conditions,	 and	

transferred	to	greenhouse	conditions.	The	final	step	is	the	control	of	the	plants	by	virus	indexing,	to	

verify	 the	 success	 of	 the	 procedure.	 (Wang	 M.	 et	 al.,	 2018)	 Not	 only	 viruses	 can	 be	 eradicated	

through	cryotherapy,	but	it	has	also	been	used	successfully	for	the	eradication	of	bacteria,	although	

to	date	only	one	report	has	been	published,	namely	eradication	of	Candidatus	Liberobacter	asiaticus	

from	different	citrus	species.	(Ding	et	al.,	2008)	
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1.3.	Endophytes	in	In-vitro	culture		

	

	 Plant	endophytes	are	microorganisms	 living	within	 living	plant	 tissue	across	all	or	a	part	of	

their	 life	 cycles,	without	 causing	 disease	 symptoms.	 (Orlikowska	 et	 al.,	 2017)	Microorganisms	 and	

plants	 share	 a	 symbiotic	 evolution	 and	development,	 putting	 them	 in	 close	 relationship	with	 each	

other.	 It	 is	 widely	 accepted,	 that	 microorganisms	 such	 as	 non-pathogenic	 bacteria	 (Azospirillum	

brasilense	 improves	 water	 usage	 of	 wheat,	 Pseudomonas	 mendocina	 increases	 the	 drought	

resistance	of	lettuce,	Burkholderia	phytofirmans	modifies	the	carbohydrate	metabolism	of	grapevine	

increasing	its	adaptation	to	cold	weather	conditions)	live	within	an	interdependent	relationship	with	

their	host	plant	and	attribute	to	the	fitness	and	growth	of	them	through	the	production	of	secondary	

metabolites	and	the	activation	of	otherwise	silenced	genes.	(Orlikowska	et	al.,	2017;	Porras-Alfaro	et	

al.,	2011;	Lee	et	al.,	2017)	

The	in-vitro	cultivation	of	plants	is	based	on	the	premises	of	creating	pathogen-free	cultures;	

strictly	these	should	not	be	called	“axenic”	(cultures	free	of	all	biological	contaminations)	but	should	

be	 labeled	 as	 “aseptic”	 (free	 of	 detectable	 contaminations	 by	 pathogens).	 Within	 these	 aseptic	

explants	there	are	still	microorganisms	residing	within	the	tissues	and	cells	in	a	dormant	state.	Until	

recently,	 the	presence	of	bacteria	 in	 in-vitro	 cultures	was	always	 considered	as	negative	 factor	 for	

the	cultures	themselves.	Now,	we	are	aware	that	certain	bacteria	can	be	beneficial	and	have	positive	

effects	e.g.	on	the	micropropagation,	rooting	and	growth	of	plants.	(Thomas	et	al.,	2008;	Orlikowska	

et	al.,	 2017)	These	endophytic	microorganisms	may	be	 latent	and	only	become	visually	detectable	

after	many	 subculturing	 steps	 and	 appear	 only	 under	 certain	 stressful	 conditions	 such	 as	 elevated	

temperature,	 long-term	 storage,	 changing	 of	 the	 medium	 composition	 and	 cryopreservation.	

(Thomas	et	al.,	2008)		

	 Endophytic	microorganisms	can	start	to	overproliferate	under	in-vitro	conditions.	Given	their	

intra-	and	inter-cellular	nature	it	 is	not	possible	to	eradicate	them	via	surface	sterilization.	Some	of	

these	endophytes	have	beneficial	roles	in	ex-vitro	conditions,	such	as	Pseudomonas	fluorescens	and	

Azospirillum	brasilense,	but	in	in-vitro	conditions	they	may	inhibit	growth	of	shoots	or	overgrow	the	

plantlets.	(Orlikowska	et	al.,	2017)	The	in-vitro	environment	with	nutrient-rich	media	and	the	lack	of	

epiphytic	microorganisms	give	endophytes	the	chance	to	grow	beyond	their	specific	niche	and	even	

kill	their	host.	The	source	of	contamination	is	therefore	difficult	to	determine	often	it	is	considered	as	

external	 contamination,	 coming	 from	 inadequate	 surface	 sterilization	 or	 unsuccessful	 sterile	

practices	 during	 subculturing.	 An	 evidence	 of	 contamination	 can	 be	 obtained	 through	 visual	

examination,	exhibited	by	cloudy	 spots	 in	 the	media	or	 the	 formation	of	bacterial	 colonies	around	

the	 plant.	 However,	 microorganisms,	 either	 endophytic	 or	 contaminating,	 which	 do	 not	 grow	 on	

plant	 culture	media,	may	not	be	detectable	 via	 visual	 inspection	 (Reed	et	al.,	 1995).	On	 the	other	
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hand,	placing	aseptic	 tissue	explants	 from	the	plantlets	onto	media	 that	 supports	bacterial	 growth	

can	make	 dormant	 bacteria	 proliferate.	 	 Recent	 studies	 demonstrated	 the	 occurrence	 of	 bacterial	

endophytes	as	ubiquitous	in	in-vitro	cultures,	including	plant-cell	suspension	cultures.	(Thomas	et	al.,	

2008;	Orlikowska	et	al.,	2017;	Massimo	et	al.,	2015;	Porras-Alfaro	et	al.,	2011)		

	

1.4.	Microbiome	

	

	 Epiphytic	and	endophytic	microorganisms	colonizing	a	plant	are	called	the	microbiome	and	

referred	 to	 as	 the	 “second	 genome”	 (Berg	 et	 al.,	 2014)	 giving	 the	 microbiome	 the	 same	 level	 of	

importance	 as	 the	 genome.	 Therefore	 plants,	 like	 other	 eukaryotes,	 can	 be	 described	 as	

superorganisms,	 meta-organisms,	 pan-organisms	 or	 holobionts	 and	 their	 microbiome	 as	 an	

expansion	of	their	genotype	and	furthermore	their	phenotype.	(Orlikowska	et	al.,	2017;	Berg	et	al.,	

2014)	 The	 microbiome	 can	 vary	 from	 cultivable	 bacteria	 and	 fungi	 to	 obligate	 symbionts	 and	

uncultivable	 microorganisms,	 which	 do	 not	 manifest	 themselves	 phenotypically.	 This	 interwoven	

mutualistic	 partnership	 between	microbiome	 and	 the	 host	 can	 lead	 to	 positive	 synergistic	 effects	

such	as	extended	 life	and	resistance	to	pathogens.	The	composition	of	 the	microbiome	 is	different	

from	 individual	 to	 the	 next.	 Under	 in-vivo	 living	 conditions	 the	 plant	 is	 colonized	 through	 the	

rhizosphere,	 leaves,	 flowers,	 stems	and	cotyledons,	 in	 sum	every	part	 in	 contact	with	 the	exterior.	

Moreover,	 microorganisms	 can	 be	 transmitted	 over	 generations,	 vertically	 from	 parents	 to	 their	

progeny	 or	 horizontally	 through	 vegetative	 multiplication.	 (Lee	 et	 al.,	 2017;	 Ludwig-Müller,	 2015;	

Mhlongo	et	al.,	2018;	Massimo	et	al.,	2015;	Porras-Alfaro	et	al.,	2011;	Lutenberg,	2015;	Riedel	et	al.,	

2014)		

	 	

1.4.1.	Uncultivated	Microorganisms	

	

Since	the	1800s	the	classical	or	conventional	approach	to	studying	microbiomes	has	been	the	

isolation	and	cultivation	of	single	bacteria	or	fungi.	After	the	microorganisms	were	taken	into	culture	

they	 could	be	 studied	 and	 since	 the	1990s	 their	 genome	or	 parts	 of	 it	 (for	 example	 the	16S	 rRNA	

gene)	 could	 be	 sequenced	 with	 classical	 Sanger	 DNA	 sequencing.	 The	 obvious	 drawback	 of	 this	

technology	 is	 that	 it	 depends	 on	 clones	 of	 the	 microorganisms,	 and	 therefore	 only	 cultivable	

microorganisms	can	be	studied,	and	is	furthermore	prone	to	clone	bias	(Riedel	et	al.,	2014).	Cloning	

bias	is	the	predisposition	for	certain	regions	in	the	genome	to	be	cloned	less	frequently	than	others	

during	sequencing,	and	thus	those	regions	are	less	likely	to	be	entirely	sequenced.	This	bias	results	in	

a	 lower	 than	 anticipated	 read	 coverage	 (number	 of	 reads	 at	 one	 position)	 in	 this	 region,	 which	

produces	gaps	in	the	sequence.	The	clearest	cause	of	cloning	bias	is	adenine-thymine	(A-T)	richness,	
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which	 affects	 cloning	 rates	 in	 the	 Sanger	 sequencing	method.	 The	 even	 greater	 weakness	 of	 this	

approach	is	the	big	proportion	of	uncultivable	microorganisms,	which	cannot	be	identified	this	way.	

Thomas	et	al.	 (2008)	have	revealed,	 that	 the	change	of	media	composition	could	make	what	seem	

first	 uncultivable	 bacteria	 cultivable.	 (Massimo	 et	 al.,	 2015;	 Xiao	 et	 al.,	 2014;	 Porras-Alfaro	 et	 al.,	

2011;	Thomas	et	al.,	2008)	However,	neither	the	correct	composition	of	a	microbiome	nor	the	exact	

abundance	of	its	members	can	be	identified	with	this	method.	For	the	study	of	the	complex	variety	

of	microbiomes,	amplicon	sequencing	methods	and	the	Next-generation	sequencing	(NGS)	methods	

have	proven	of	utmost	 importance.	They	made	 the	characterization	of	highly	diverse	microbiomes	

possible,	such	as	various	plants,	the	human	intestinal	system	or	the	composition	of	microorganisms	

living	on	the	skin.	(Lutenberg,	2015;	Xiao	et	al.,	2014)	

	

1.4.2.	NGS-Methods	in	amplicon	based	genomics	

	

	 Next-generation	sequencing	(NGS)	technologies	have	augmented	the	research	of	all	sciences	

that	 utilize	 the	 analysis	 of	 DNA.	 NGS	 has	 opened	 the	 possibility	 to	 produce	 large	 amounts	 of	

sequencing	 data	 (up	 to	 giga-	 and	 tera	 bp)	 to	 a	 drastically	 lower	 price	 and	 higher	 precision	 than	

conventional	 technologies,	 such	 as	 Sanger	 sequencing.	 One	 of	 these	 research	 areas,	 which	 has	

profited	 from	 the	 NGS	 technologies,	 is	 the	 analysis	 of	 microbial	 communities	 by	 the	 so-called	

amplicon	sequencing.	This	targeted	metagenomic	approach	is	undertaken	with	the	polymerase	chain	

reaction	(PCR)-assisted	amplification	of	the	part	of	bacterial	16S	rRNA	gene	,	and	the	fungal	internal	

transcribed	 spacer	 (ITS,	 spacer	 DNA	 between	 the	 small-subunit	 ribosomal	 RNA	 (rRNA)	 and	 large-

subunit	 rRNA	 genes)	 using	 specific	 primers	 .	 (Knief,	 2014;	 Porras-Alfaro	 et	 al.,	 2014;	 Singer	 et	 al.,	

2016)	 Sequencing	 of	 these	 amplicons,	 representing	 mixtures	 of	 PCR	 products	 originating	 from	

microbiome,	 followed	 by	 bioinformatics	 analyses	 provide	 unprecedented	 insight	 into	 the	

compositions	of	bacterial	and	fungal	communities	associated	with	the	host.	

	 Illumina	MiSeq,	one	of	the	NGS	technologies	most	often	used	in	amplicon-based	microbiome	

studies	 ,	 involves	a	 two-step	PCR.	 ;	 The	 first	PCR	 step	 is	 the	amplification	of	 the	 region	of	 interest	

with	 specialized	 Illumina	primers,	which	needs	 to	be	between	400-900	bp	 in	 length.	After	 the	 first	

amplification	 specialized	 adaptors	 are	 ligated	 to	 both	 ends	 of	 the	 amplicon.	 The	 second	 PCR	 is	

conducted	on	a	lane	of	a	flow	cell	made	out	of	glass	via	bridge-PCR,	after	hybridization	(attachment)	

of	the	amplicons	to	surface	bound	oligonucleotides	with	their	specialized	adaptors.	It	is	called	bridge-

PCR	because	the	attached	DNA	makes	a	bridge	to	nearby	surface	bound	oligonucleotides,	hybridizes	

to	 them	with	 their	 adaptors	 and	 is	 amplified	 by	 the	 polymerase	 in	 this	 conformation.	 Each	 single	

bound	 amplicon	 is	 amplified	 into	 a	 clonal	 cluster	 through	 bridge-PCR.	 The	 result	 of	 this	 is	 a	 glass	

slide,	called	flow	cell,	dotted	with	single	stranded	DNA.	(Figure	1.2)	
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Figure	1.2	(Shendure	et	al.,	2008):	graphical	illustration	of	the	bridge-PCR	procedure.	

	

The	 sequencing	 method	 is	 similar	 to	 Sanger	 sequencing	 and	 is	 achieved	 by	 reversible	

terminator	 sequencing	 by	 synthesis	with	modified	 end-blocked	 fluorescent	 nucleotides	 (dNTP).	 To	

initiate	the	first	sequencing	cycle	primers	hybridizing	to	the	free	specialized	adaptors,	all	four	labeled	

reversible	terminator	nucleotides	(dNTP)	and	DNA	polymerase	are	added	to	the	flow	cell.		The	end-

cap	or	terminator	at	the	3`	end	blocks	the	polymerization,	therefor	only	a	single	nucleotide	can	be	

added.	 The	 four	 differently	 labeled	 nucleotides	 (dNTP)	 are	 flushed	 over	 the	 flow	 cell	 at	 the	 same	

time.	The	detection	of	the	nucleotides	is	achieved	by	differently	colored	fluorophors.	The	fluorescent	

emission	to	determine	the	first	nucleotide	of	each	cluster	is	optically	detected	after	laser	excitation.	

Before	 the	 polymerase	 can	 attach	 the	 next	 nucleotide	 the	 end-cap	 at	 the	 3`	 terminus	 and	 the	

flourophore	 is	 removed.	After	detection	and	end-cap	 removal	 the	polymerase	 can	attach	 the	next	

modified	end-blocked	fluorescent	nucleotide.	(Figure	1.3)	The	quality	of	the	base	calling	is	reduced	at	

the	end	of	the	sequenced	read,	mainly	due	to	substitutions	introduced	by	the	polymerase.		

Figure	1.3	 (Mardis,	2008):	basic	graphical	 illustration	of	the	first	cycle	of	 Illumina	sequencing.	To	the	right	six	
images	taken	after	each	individual	cycle,	with	two	examples	below	on	how	the	base	sequence	is	determined.		
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The	recorded	signal	becomes	more	ambiguous	(more	than	one	color	in	one	clonal	cluster)	and	thusly	

of	 lower	 quality.	 The	quality	 is	 registered	 for	 each	base	 together	with	 the	 sequence	of	 one	 clonal	

cluster.	 (Knief,	2014;	Zoll	et	al.,	2016;	Xiao	et	al.,	2014)	 Illumina	Miseq	allows	the	sequencing	from	

both	 ends	 of	 the	 amplicon.	 For	 each	 individual	 forward	 read	 a	 corresponding	 reverse	 read	 is	

assigned.	This	is	achieved	through	introduction	of	specific	forward	and	reverse	primer	annealing	sites	

and	matching	 indices	 to	match	 the	 reads	 after	 sequencing.	 Paired-end	 reads	 are	 used	 to	 improve	

overall	sequence	quality	of	amplicons.	The	resulting	paired-end	reads	are	reads	that	were	sequenced	

from	both	ends	of	the	same	amplicon.	This	makes	the	studies	of	microbial	communities	independent	

from	cultivation	and	eliminates	the	clone	bias.		

The	ca	1.5	kb-long	16S	rRNA	gene	encoding	rRNA	of	the	small	ribosomal	subunit	is	relatively	

conserved	 within	 bacterial	 genera,	 and	 is	 often	 used	 for	 the	 taxonomic	 identification.	 This	 gene	

contains	nine	different	hypervariable	regions	(V1-V9),	providing	species-specific	signature	sequences,	

flanked	by	highly	conserved	ones,	which	can	be	used	for	design	of	PCR	primers	with	near	universal	

bacterial	 specificity.	 Even	 if	 less	 informative	 than	 full-length	 16S	 rDNA	 sequences,	 the	 higher	

coverage	of	shorter	reads	per	sample	or	many	samples	per	run	compensate	for	this	downside.	The	

16S	rRNA	gene	is	used	as	a	marker	gene	sequence	to	determine	the	taxonomy	of	bacteria	based	on	

the	similarity	of	 the	sequence	to	a	 taxonomically	classified	16S	gene.	Taxonomic	marker	genes	can	

furthermore	be	used	to	build	phylogenetic	trees.	Phylogenetic	trees	are	branching	diagrams	showing	

the	 relationships	among	marker	genes	and	are	used	 to	 illustrate	 the	 relatedness	of	 the	 taxonomic	

marker	genes	to	each	other.	In	case	of	unrooted	trees	no	ancestral	sequence	is	needed	or	inferred.	

Reference	trees	are	phylogenetic	trees	in	which	annotated	taxonomic	marker	genes	are	introduced	

to	determine	the	relatedness	of	unknown	marker	genes	to	these.	The	great	challenge	posed	to	the	

exponentially	 growing	 nucleotide	 databases	 is	 correctly	 placing	 the	 vast	 amounts	 of	 unclassified	

novel	 taxa,	 based	 on	 short	 reads,	 accurately	 into	 a	 given	 reference	 tree,	 without	 cultivated	

annotated	representatives.	(Singer	et	al.,	2016;	Xiao	et	al.,	2014)		

	 The	internal	transcribed	spacer	(ITS)	region	is	used	as	barcode	for	the	classification	of	fungi	

to	the	genus	level,	analogous	to	the	16S	rDNA	for	bacteria.	(Porras-Alfaro	et	al.,	2014)	The	length	of	

the	entire	fungal	ITS	region	is	approximately	600-750	bp	long.	In	there,	two	hypervariable	regions	are	

located	 (ITS1,	 ITS2)	 which	 flank	 the	 highly	 preserved	 5.8S	 rDNA.	 The	 ITS	 region	 has	 been	 used	

according	to	the	Consortium	for	the	Barcode	of	Life	for	the	estimation	and	taxonomic	identification	

of	fungal	communities	and	uncultured	taxa.	(Zoll	et	al.,	2016;	Deshpande	et	al.,	2016)	

	 The	 generated	 sequences	 of	 the	 ITS	 and	 16S	 rDNA	 regions	 are	 processed	 in-silico	 with	

different	 bioinformatics	 tools.	 The	 usual	 format	 of	 these	 reads	 are	 *.fasta	 (without	 the	 quality	 of	

base	calling)	and	*.fastq	(with	the	quality	of	base	calling)	files	as	well	as	*.bam	and	*.sam	files.	
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1.4.3.	Bioinformatics	tools	used	for	sequence	analyses	

	

	 The	 improvements	 in	 DNA	 sequencing	 methodologies	 arrived	 before	 the	 ability	 to	

comprehensively	 analyze	 the	 generated	 data,	 making	 bioinformatics	 a	 bottleneck	 in	 microbiome	

studies.	 The	 general	 problem	with	 large	 datasets	 is	 the	 computational	 time	 and	power	 needed	 to	

analyze	 them.	 The	 computational	 resources	 do	 not	 increase	 in	 performance	 as	 fast	 as	 the	 data	

generation,	 computational	 power	 to	 solve	 a	 problem	 increases	 in	 a	 constant	 proportion	 and	

sequence	data	sizes	increase	exponentially.		

Studies	gathering	genomic	information	on	microbial	communities	unravel	microbiomes	with	

the	use	of	phylogenetic/taxonomic	marker	genes	(e.g.	16S	rRNA	gene).	The	produced	sequence	reads	

(raw	sequencing	result	for	one	DNA	target)	have	to	be	filtered	(discarding	sequence	reads	of	overall	

low	base	quality),	assembled	(grouping	unambiguously	overlapping	reads	into	contiguous	sequence),	

clustered	together	(to	create	operational	taxonomic	units	OTUs),	chimeras	have	to	be	eliminated	and	

the	 taxonomy	 has	 to	 be	 identified.	 Chimeras	 superficially	 increase	 the	 diversity	 of	 a	 bacterial	

community;	they	are	hybrid	products	between	multiple	parent	sequences	created	by	the	polymerase	

in	 the	 PCR-steps.	 (Haas	 et	 al.,	 2011)	OTUs	 are	 clusters	 of	 DNA	 sequences	 variants	 from	 a	 specific	

taxonomic	 marker	 gene,	 based	 on	 similarity,	 such	 as	 the	 16S	 V3-V4	 region.	 Every	 cluster	 (OTU)	

represents	a	taxonomic	unit	of	a	species	or	genus	depending	on	the	similarity	threshold.	Sequences	

are	 usually	 clustered	 to	 an	OTU	 defined	 by	 a	 similarity	 threshold	 of	 97%,	 if	 a	 sequence	 is	 97%	 or	

above	 similar	 to	 an	OTU	 then	 it	 is	 clustered	 to	 it.	 To	 increase	 the	 resolution	of	 the	OTUs	a	higher	

threshold	 can	 be	 adopted	 of	 98%	 or	 99%.	 However	 OTUs	 do	 not	 represent	 real	 sequences	 but	

pragmatic	representations	of	sequences	found	in	the	data,	in	other	words	they	approximate	reality.	

Therefor	to	make	OTUs	comparable	between	different	samples	the	sequences	from	all	samples	have	

to	be	pooled	in	one	dataset.	During	the	creation	of	OTUs	it	is	possible	to	create	sequences	that	are	

97%	similar	to	the	sequences	found	in	the	data,	but	are	not	present	as	such.	In	other	words,	spurious	

OTUs	can	be	created,	that	do	not	exist	as	exact	sequence	representation	in	the	data.	A	large	variety	

of	tools	exist	for	each	step	of	sequence	analyses,	 implemented	in	different	software	and	evaluated	

by	 numerous	 studies	 (BLAST,	 UCLUST,	 USEARCH,	 CD-HIT,	 QUIIME,	mothur,	 DADA2,	 Panda,	 FLASH,	

CAMSA	…etc.).	(Zhang	et	al.,	2013;	Magoc	et	al.,	2011;	Schloss	et	al.,	2009;	Edgar,	2017;	Edgar	et	al.,	

2015;	Callahan	et	al.	2016;	Lemos	et	al.	2017)	

	 The	bioinformatics	tools	used	to	analyze	the	amplicon	sequencing	data	in	this	study	are	the	

state-of-the-art	 and	 have	 been	 applied	 and	 assessed	 in	 different	 studies	 (Probandt	 et	 al.,	 2017;	

Mhlongo	et	al.,	2018):	

	



Introduction	

16	

1. FLASH	v.2.2.00	 to	assemble	 the	paired	end	 reads.	 FLASH	 (Fast	 Length	Adjustment	of	 Short	

reads)	is	a	computational	tool	to	correctly	overlap	and	merge	paired-end	reads.	(Zhang	et	al.,	

2013;	Magoc	et	al.,	2011)	 	

	

2. Mothur	 v.1.39.5	 (Schloss	et	 al.,	 2009)	 is	 a	 comprehensive	 software	 package	 that	 gives	 the	

possibility	to	analyze	data	from	NGS	sequencing	from	different	microbial	communities.	The	

results	of	its	pipeline	are	sequences	aligned	to	Operational	Taxonomic	Units	(OTUs).		

	

3. USEARCH	 v.10.0.240	 (Edgar,	 2017;	 Edgar,	 2017;	 Edgar	 et	 al.,	 2015)	 is	 a	 unique	 sequence	

analysis	tool,	offering	search	and	clustering	algorithms,	with	a	very	high	throughput.	This	fast	

and	 robust	 software	 package	 results	 in	 sequences	 that	 are	 aligned	 to	 OTUs,	 which	 are	

taxonomically	classified,	similar	to	the	mothur	pipeline.	

	

4. DADA2	 v.1.8,	 is	 a	 software	 package	 (R	 Core	 Team,	 2018)	 that	 creates	 amplicon	 sequence	

variants	ASVs	from	sequencing	data.	ASVs	are	exact	representations	of	the	sequences	found	

in	 the	 data.	 Therefor	 ASVs	 from	 different	 samples	 can	 be	 compared	 without	 the	 need	 of	

pooling	 the	 sequences	 from	 these	 samples.	 Furthermore	 ASVs	 can	 be	 used	 to	 resolve	 the	

taxonomy	to	species	level	because	they	represent	exact	sequences	found	in	the	data.	DADA2	

has	 the	 big	 advantage	 of	 inferring	 sequences	 exactly	 without	 introducing	 impurities	 into	

spurious	 OTUs	 and	 therefore	 resolving	 differences	 between	 sequences	 down	 to	 one	

nucleotide.	DADA2	produces	more	 real	 variants	ASVs	 than	other	methods.	 (Callahan	et	 al.	

2016)	 The	 crucial	 advantage	 is	 that	 it	 uses	 more	 of	 the	 information	 within	 the	 data,	

incorporating	 error	 models	 from	 quality	 information,	 quantitative	 abundance	 and	 making	

exact	 sequences	 comparable	 between	 samples,	whereas	OTUs	become	only	 comparable	 if	

the	 samples	 are	 pooled	 together	 during	 OTU	 construction	 (because	 of	 the	 97%	 similarity	

threshold	 during	 clustering).	 Consequently	 DADA2	 can	 individually	 analyze	 each	 sample,	

increasing	its	performance	and	accuracy	in	comparison	with	mothur	and	USEARCH.	Resolving	

partially	the	problem	with	very	large	data	sets.	

	

5. The	 RDP-classifier	 (Ribosomal	 Database	 Project)	 is	 a	 naïve	 Bayesian	 classifier	 used	 to	

accurately	 provide	 taxonomic	 assignments	 for	 sequences	 (for	 example	 16S	 amplicon	

sequences),	 with	 confidence	 estimations	 for	 each	 assignment.	 A	 naïve	 Bayesian	 classifier	

uses	 the	 probability	 theory	 to	 classify	 sequences	 to	 a	 given	 taxonomical	 sequence	 and	 its	

algorithms	make	use	of	Bayes’s	theorem	used	for	machine	learning.	Therefor	the	probability	

of	an	accurate	classification	increases	with	the	size	of	the	database	used	for	classification.	It	
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is	a	conglomerate	of	different	machine	learning	algorithms	that	use	statistical	independence.	

(Wang	et	al.	2007)	

	

These	bioinformatics	 tools	 are	used	 to	 analyze	microbiomes	 such	as	 those	 associated	with	

plants.	To	analyze	the	low	abundance	endophytes	within	plants	the	epiphytes	and	latant	pathogenic	

microorganisms	 have	 to	 be	 eradicated.	 This	 is	 possible	 via	 in-vitro	 plants,	 which	 are	 considered	

aseptic	 but	may	 carry	 latent	 infections	 and	 endophytes.	 Endophytes	 are	microorganisms	 that	 live	

within	 plants,	 without	 causing	 disease	 symptoms.	 (Orlikowska	 et	 al.,	 2017)	 These	 endophytic	

microorganisms	 can	 become	 visible	 after	 many	 subculturing	 steps	 and	 appear	 only	 after	 certain	

stress	 factors	 such	 as	 cryopreservation.	 (Thomas	 et	 al.,	 2008)	 Cryopreservation	 can	 be	 used	 for	

different	 purposes	 other	 than	 germplasm	 conservation	 and	 long-term	 storage.	 One	 such	

biotechnological	use	is	cryotherapy,	a	rather	recent	development	for	eliminating	viral	pathogens	and	

one	 bacterial	 pathogen	 (Candidatus	 Liberobacter	 asiaticus)	 in	 infected	 plants.	 (Engelmann,	 2004;	

Ding	 et	 al.,	 2008)	 Therefore	 changes	 in	 the	 microbiome	 of	 in-vitro	 plants	 undergoing	

cryopreservation	could	be	expected.	Until	now,	only	cultivable	bacteria	and	fungi	from	in-vitro	plants	

were	 identified	 and	 characterized.	 In	 this	 study	 NGS	 (next	 generation	 sequencing)	was	 applied	 to	

analyze	the	microbiome	of	in-vitro	plants	for	the	first	time.		
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2.	Aim	of	work	

	

		 The	 aim	 of	 this	 study	 was	 to	 find	 out	 which	 bacteria	 and/or	 fungi	 are	 present	 in	 in-vitro	

plants	 before	 cryopreservation	 and	 after	 cryopreservation,	 were	 some	 bacteria	 or	 fungi	 lost,	

acquired	and	were	there	changes	in	their	abundance.	

The	 studied	 plants	 were	 Artemisia	 laciniata	 Willd.	 (Compositae	 /	 Asteraceae),	 Mentha	

aquatica	 L.	 (Lamiaceae)	 and	 Solanum	 tuberosum	 L.	 subsp.	 tuberosum	 L.	 (Solanaceae).	 Artemisia	

laciniata	 was	 chosen	 because	 it	 is	 a	 highly	 endangered	 species	 in	 Europe.	Mentha	 aquatica	 was	

chosen	because	it	hybridizes	with	Mentha	spicata	to	produce	healthy	medicinally	important	Mentha	

x	piperita.	Solanum	tuberosum	was	chosen	because	it	holds	a	paramount	position	in	agriculture	and	

nutrition	of	the	human	population.	Furthermore,	the	study-organisms	belong	to	three	different	plant	

families	giving	a	wide	perspective	on	the	addressed	questions.	
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3.	Materials	and	methods	
	

3.1.	Collection	of	micropropagation	and	cryopreservation	samples	

	

Micropropagation	step:	In-vitro	plants	from	three	different	plant	species,	Artemisia	laciniata	

Willd.	 (Compositae	 /	 Asteraceae),	 Mentha	 aquatica	 L.	 (Lamiaceae)	 and	 Solanum	 tuberosum	 L.	

(Solanaceae)	 before	 and	 after	 undergoing	 cryopreservation	 (Figure	 1)	 were	 sampled.	 The	 S.	

tuberosum	 and	M.	 aquatica	 samples	were	micropropagated	 at	 Leibniz-Institut	 für	 Pflanzengenetik	

und	 Kulturpflanzenforschung	 IPK	 Gatersleben	 in	 Germany	 and	 A.	 laciniata	 at	 the	 University	 of	

Vienna.		Stock	plants	were	already	established	in-vitro	at	the	onset	of	this	study.	M.	aquatica	and	S.	

tuberosum	had	been	vegetatively	derived	from	one	individual	mother	plant,	A.	laciniata	on	the	other	

hand	originated	from	one	seed	to	ensure	working	with	individual	clones.		

	
Figure	1	Procedure	for	the	micropropagation	and	DNA	sampling	applied	to	A.	laciniata,	S.	tuberosum	and			

M.	aquatica.		
		

A.	 laciniata	 cultures	 were	 routinely	 subcultured	 every	 5	 to	 8	 weeks	 on	MS-basal	 medium	

(Murashige	T.	et	al.,	1962)	with	0.5 𝜇M	BAP	and	3%	w/v	sucrose	in	Magenta	GA-7	plant	culture	boxes	

(Sigma-Aldrich)	 with	 Magenta	 B-caps	 (Sigma-Aldrich).	 (Kodym	 A.	 et	 al.,	 2018)	 The	 plants	 were	

cultivated	under	an	alternating	temperature	regime	of	22/8°C	and	a	16	h	photoperiod	under	45	𝜇mol	

m-1	 s-1	 produced	 by	 fluorescent	 lamps	 (Sylvania	 Grolux	 T8	 58W).	 S.	 tuberosum	 cultures	 were	

subcultured	every	4-6	weeks	and	maintained	on	MS-medium	with	2%	w/v	sucrose,	without	vitamins	

Sample 1	

In-vitro mother plant	

Sample 2	
One shoot tip from 	

Sample 1 micropropagated	

cryopreserved	

Sample 5 	
One cryopreserved shoot tip from 	

Sample 2 micropropagated	

Sample 3	
One shoot tip from 	

Sample 1 micropropagated	

cryopreserved	

Sample 6 	
One cryopreserved shoot tip from 	

Sample 3 micropropagated	

Sample 4	
One shoot tip from 	

Sample 1 micropropagated	

cryopreserved	

Sample 7 	
One cryopreserved shoot tip from 	

Sample 4 micropropagated	
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at	25°C	and	a	16h	photoperiod	(60 𝜇mol	m-1	s-1).	S.	tuberosum	underwent	cold	hardening	at	5°C	for	

one	 week	 prior	 to	 cryopreservation.	M.	 aquatica	 cultures	 on	 MS-medium	 with	 3%	 w/v	 sucrose	

underwent	 subculturing	 every	 4-6	 weeks	 at	 25°C	 with	 cold	 hardening	 under	 an	 alternating	

temperature	regime	of	25/-1°C	for	2	weeks	prior	to	cryopreservation.	

Cryopreservation	 step:	 Once	 sufficient	material	 of	 sample	 1	was	 available	 and	 showed	 no	

apparent	 bacterial	 growth,	 shoot	 tips	 were	 isolated.	 After	 further	 propagation,	 shoot	 tips	 were	

isolated	 (samples	 2-4)	 and	 individually	 cryopreserved.	 The	 cultures	 were	 visually	 checked	 for	

contamination	on	a	regular	basis.	The	droplet	vitrification	method	(Senula	A.	et	al.,	2007;	Kodym	A.	

et	al.,	2018)	was	taken	as	a	standard.		

For	A.	laciniata	little	shoot	tips	(2mm	in	length	and	one	node)	were	excised	and	precultured	

overnight	on	 filter	paper	 in	 liquid	MS	medium	containing	0.3	M	 sucrose	at	 25°C.	After	which	 they	

were	transferred	onto	a	filter	paper	with	2	ml	loading	solution	(2	M	glycerol	+	0.4	M	sucrose)	for	20	

min	followed	by	incubation	in	3	ml	plant	vitrification	solution	3	(PVS3)	(50%	w/v	sucrose	+	50%	w/v	

glycerol	in	liquid	basal	culture	medium)	(Nishizawa	S.	et	al.,	1993)	for	2	h.	Shoot	tips	were	transferred	

into	4 𝜇l	droplets	of	PVS3	on	aluminum	foil	 stips.	One	strip	with	1	droplet	was	placed	 in	a	cryovial	

(order	ID	72.380	from	Sarstedt,	Nürnbrecht,	Germany)	and	plunged	into	liquid	nitrogen	(-195.79°C).	

After	a	minimum	of	one	hour	in	the	container	(model	26B,	from	Roth,	Karlsruhe,	Germany)	the	vials	

were	 rewarmed	by	 submersing	 them	 into	 a	water	 bath	 al	 40°C	 for	 40	 s.	 The	 foil	 strips	were	 then	

removed	 under	 sterile	 conditions	 in	 the	 laminar	 flow	 bench	 and	 the	 shoot	 tips	 incubated	 in	 6	ml	

washing	 solution	 (1.2	 M	 sucrose)	 for	 20	 min.	 Afterwards	 the	 tips	 were	 transferred	 to	 60	 mm	

Petridishes	(10	explants	per	Petridish)	with	basal	medium	with	0.5 𝜇M	BAP	and	cultured	in	the	dark	

at	25°C	until	regrowth	appeared	before	being	gradually	moved	to	light.	All	solutions	were	prepared	

with	 liquid	MS,	pH	adjusted	 to	5.8	and	were	autoclaved.	 Shoot	 tips	with	 regrowth	were	 singularly	

placed	 in	Magenta	GA-7	plant	culture	boxes	(Sigma-Aldrich)	on	MS-basal	medium	with	0.5 𝜇M	BAP	

with	Magenta	B-caps	(Sigma-Aldrich)	for	further	cultivation,	as	described	before.	This	was	performed	

at	the	University	of	Vienna	in	Austria.	The	S.	tuberosum	and	M.	aquatica	samples	were	prepared	at	

IPK	Gatersleben	in	Germany.		

For	 S.	 tuberosum,	 shoot	 tips	 with	 the	 approximate	 length	 of	 1	 –	 2	mm	were	 excised	 and	

precultured	for	20	to	24	h	at	25°C	in	liquid	MS	medium	containing	10%	w/v	sucrose	(0.3	M)	in	petri	

dishes,	with	2	ml	liquid	on	filter	paper.	The	shoot	tips	were	transferred	onto	a	filter	paper	with	2	ml	

loading	 solution	 (2	M	 glycerol	 +	 0.4	M	 sucrose)	 for	 20	min,	 followed	 by	 incubation	 in	 2	ml	 plant	

vitrification	solution	3,	for	2	h	at	room	temperature	(30%	w/v	glycerol,	15%	w/v	ethylene	glycol,	15%	

w/v	 dimethyl	 sulfoxide	 and	 13.7%	w/v	 sucrose	 in	MS	 liquid	medium).	 Shoot	 tips	were	 transferred	

into	2 𝜇l	droplets	of	PVS3	on	aluminum	foil	stips.	Each	strip	had	one	droplet	with	one	shoot	tip	each	

and	was	placed	in	individual	cryovials	and	placed	into	liquid	nitrogen	for	a	minimum	of	one	hour.	The	
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vials	were	rewarmed	by	submersing	them	into	a	water	bath	at	40°C	for	10	–	20	s.	The	foil	strips	were	

then	removed	under	sterile	conditions	in	the	laminar	flow	bench	and	the	shoot	tips	incubated	in	6	ml	

washing	solution	(1.2	M	sucrose)	for	20	min.	The	washing	steps	were	performed	in	multiwell	plates	

to	avoid	cross	contamination.	The	recovery	medium	used	was	basal	MS	medium	with	30	g/L	sucrose,	

2.28	𝜇M	zeatin	riboside,	2.85	𝜇M	IAA	and	0.57	𝜇M	GA3	solidified	with	10	g/l	agar.	Then	they	were	

cultured	in	the	dark	at	25°C	until	regrowth	appeared	(1	week)	before	moving	them	under	 low	light	

(30	–	35 𝜇mol	m-1	s-1).	

For	M.	aquatica	shoot	tips	of	length	~1	mm	were	excised	from	axillary	buds,	as	described	by	

Senula	et	al.	(2007)	and	precultured	for	20	to	24	h	at	25°C	in	liquid	MS	medium	containing	10%	w/v	

sucrose	(0.3	M)	in	petri	dishes,	with	2ml	liquid	on	filter	paper.	The	shoot	tips	were	transferred	onto	a	

filter	paper	with	2ml	loading	solution	(2	M	glycerol	+	0.4	M	sucrose)	for	2	h,	followed	by	incubation	in	

2	ml	plant	vitrification	solution	2,	for	20	min	at	room	temperature.	Shoot	tips	were	transferred	into	

2 𝜇l	droplets	of	PVS3	on	aluminum	foil	stips.	Each	strip	had	one	droplet	with	one	shoot	tip	each	and	

was	placed	 in	 individual	 cryovials	 and	placed	 into	 liquid	nitrogen	 for	 a	minimum	of	one	hour.	 The	

vials	were	rewarmed	by	submersing	them	into	a	water	bath	at	40°C	for	10	–	20	s.	The	foil	strips	were	

then	removed	under	sterile	conditions	in	the	laminar	flow	bench	and	the	shoot	tips	incubated	in	6ml	

washing	solution	(41%	w/v	sucrose)	for	20	min.	in	multiwell	plates.	The	recovery	medium	used	was	

basal	MS	medium	containing	3%	w/v	sucrose,	2.28	𝜇M	6-(γ,γ-Dimethylallylamino)purine	and	0.53	

𝜇M	 1-Naphthaleneacetic	 acid	 (NAA)	 (pH	 5.8).	 Then	 they	 were	 cultured	 in	 the	 dark	 at	 25°C	 until	

regrowth	appeared	(2	days)	before	moving	them	under	low	light	(30	–	35 𝜇mol	m-1	s-1).	

Sampling:	 When	 the	 various	 samples	 had	 been	 repeatedly	 subcultured	 so	 that	 sufficient	

material	for	DNA	isolation	was	available	it	was	removed	from	the	glass	jars	under	sterile	conditions,	

weighed	 and	 placed	 in	 sterile	 50	 ml	 “SterilinTM”	 Eppendorf	 tubes.	 These	 closed	 tubes	 were	 then	

plunged	 in	 liquid	 nitrogen	 and	 kept	 there	 for	 at	 least	 one	 hour.	 After	 this	 step,	 the	 tubes	 were	

opened	 again	 and	 a	 sterile	microfiber	 polyester	 net	 fabric	was	 placed	 over	 the	 opening	 and	 fixed	

with	a	rubber	band	.	The	plant	material	in	the	tubes	was	lyophilized	over	night	(for	a	minimum	of	12	

hours).	After	 this	 the	net	 fabric	was	 removed	and	 the	 tubes	 closed	with	 their	 individual	 caps.	 The	

tubes	were	then	stored	in	zip-lock	bags	filled	with	silica	gel	in	a	freezer	at	-20°C	until	further	use.	
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3.2.	Sample	preparation	

	

DNA-free	sterile	glass-beads	were	prepared	to	be	able	to	grind	the	material	 in	an	adequate	

size	for	further	DNA	extraction.	The	glass-beads	were	filled	in	an	Schott	bottle	(500	ml)	and	washed	3	

times	with	hand	warm	deionized	water	(mixed	well	each	time).	Afterwards	the	bottle	was	filled	with	

warm	10%	Sodium-hypochlorite	 solution.	The	bottle	was	closed	and	after	20	min	 the	 solution	was	

discarded	 and	 the	 content	 washed	 again	 3	 times	 with	 deionized	 water.	 Then	 the	 bottle	 with	 the	

washed	glass-beads	was	autoclaved.	These	now	DNA-free	sterile	glass-beads	were	placed	in	a	sterile	

petri	dish	in	the	laminar	airflow	workbench	for	further	drying	before	being	transferred	into	the	tubes	

with	 the	 lyophilized	plant	material.	 In	 the	 laminar	 flow,	3-5	 glass-beads	were	placed	 in	each	 tube.	

The	 glass-beads	 needed	 to	 be	 completely	 dry	 before	 adding	 them	 to	 the	 plant	material,	 to	 avoid	

reactivation	of	enzymes	during	the	grinding	process.	The	tubes	were	vortexed	for	1-5	min	depending	

on	the	individual	properties	and	the	amount	of	the	plant	material.	The	more	material	was	placed	into	

a	single	tube,	the	longer	the	vortex	process	took	(up	to	5	min	for	a	fully	packed	tube).	If	this	was	not	

enough	 for	grinding	 the	material	 to	a	 fine	powder	 the	material	was	divided	 into	new	tubes	 (under	

sterile	conditions)	and	vortexed	again.	The	tubes	were	then	stored	 in	zip-lock	bags	filled	with	silica	

gel	in	a	freezer	at	-20°C	until	further	use.		

	

3.3.	DNA	Extraction,	purification	and	quality	control		

	

	 Under	 sterile	 conditions	 3	 ZR	 BashingBeadTM	 Lysis	 Tubes	 (0.1	mm	&	 0.5	mm)	 from	 the	 Kit	

“Quick-DNATM	Fungal/Bacterial	Miniprep	Kit”	from	Zymo	Research	were	filled	with	40	mg	of	grinded	

plant	material	per	sample.	Thus	having	three	repetitions	of	each	sample	for	DNA-extraction.	Sterility	

was	 achieved	 by	 placing	 an	 appropriate	 scale	 into	 a	 sterile	workbench,	 using	 autoclaved	weighing	

paper	and	sterile	utensils	to	transfer	the	material	from	the	50	ml	tubes	to	the	Lysis	tubes	from	the	

Kit.		

	 For	 the	 following	 steps	 it	was	of	utmost	 importance	 to	 clean	 the	used	pipettes	 thoroughly	

with	70%	Ethanol.	Also	all	possible	steps	were	performed	in	the	laminar	airflow	workbench	to	avoid	

contamination	of	 the	 samples,	 such	as	 a	 fine-dust	mask	according	 to	EN	149:2001	FFP1	was	worn	

filtering	dusts	and	aerosols	up	to	4	times	the	maximum	workplace	concentration	(MAK	value).	Before	

beginning	 with	 the	 DNA	 Extraction	 all	 solutions	 and	 materials	 used	 therein	 were	 prepared,	 to	

minimize	unnecessary	waiting	time	and	to	maximize	the	efficiency	of	the	DNA-extraction.		

	 The	 “Genomic	 Lysis	 Buffer”	was	prepared	 in	 a	 ventilated	 fume	hood.	As	 a	 strong	 reducing	

agent,	 beta-mercaptoethanol	was	used	 to	 disrupt	 disulfide	bonds	 and	 inactivate	 enzymes,	 such	 as	

desoxyribonuclases	 that	 would	 digest	 the	 DNA	 further	 during	 the	 extraction	 process	 (PubChem;	
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CID=1567,	https://pubchem.ncbi.nlm.nih.gov).	In	the	sterile	workbench	200𝜇l	refrigerated	deionized	

autoclaved	water	 (4°C)	and	750𝜇l	“Lysis	Solution”	from	the	Kit	was	added	to	each	Lysis	tube.	After	

this	 step	 the	samples	were	put	 in	an	 icebox.	The	samples	were	 then	processed	 in	 the	Precellys	24	

tissue	 homogenizer	 from	 Bertin	 Tech.	 (France)	 (Figure	 3)	 with	 following	 cycle	 specifications:	 4200	

rounds	 per	 minute	 (rpm)	 for	 10	 seconds	 with	 a	 cool	 down	 period	 of	 30	 seconds.	 The	 cycle	 was	

repeated	3	times	and	during	the	cool	down	period	the	samples	were	placed	 in	an	 icebox	and	kept	

there	 for	 5	minutes	 assuring	 that	 the	 samples	 did	 not	 reach	 a	 temperature	 above	 30°C.	 This	was	

checked	 with	 an	 IR-laser-thermometer.	 The	 measured	 Temperatures	 fluctuated	 between	 4°C	 and	

27°C	(after	one	cycle).	If	the	samples	would	reach	37°C	or	above	this	would	reactivate	enzymes	and	

could	 cause	 a	 strong	 degradation	of	 the	DNA,	most	 enzymes	have	 a	 temperature	 optimum	above	

30°C	(Peterson	M.	et	al.,	2007;	Robinson	P.,	2015).	The	following	extraction	was	preformed	with	the	

“Quick-DNATM	Fungal/Bacterial	Miniprep	Kit”	 from	Zymo	Research	(see	Appendix	 ‘DNA	extraction’).	

The	extracted	DNA	was	cleaned	with	the	“DNA	Clean	&	Concentrator	TM	–	5	Kit”	from	Zymo	Research	

to	obtain	high	quality	DNA	required	for	Illumina	sequencing	(see	Appendix	‘DNA	purification’).	

	 After	 extraction	 and	 purification	 of	 the	 DNA	 its	 concentration	 was	 measured	 with	 a	

Nanodrop	lite	in	ng	μl-1	(Figure	4).	The	absorbance	at	260	nm	is	used	to	calculate	the	concentration	

of	the	DNA.	At	A260	=	50	the	concentration	of	dsDNA	is	1	μg	ml-1	with	a	path	length	of	1cm.	

	 As	 a	 second	 step,	 analytical	 gel	 electrophoresis	 was	 performed	 to	 evaluate	 the	 degree	 of	

DNA	degradation.	To	make	the	DNA	visible	during	UV-light	exposure	with	the	GelDocTM,	a	device	for	

the	analysazions	of	gels,	an	 intercalating	fluorescent	nucleic	acid	stain	“Gel	red”	(IUPAC:	5,5'-(6,22-

dioxo-11,14,17-trioxa-7,21-diazaheptacosane-1,27-diyl)bis(3,8-diamino-6-phenylphenanthridin-5-

ium)	iodide)	was	added	directly	to	the	agarose	gels	at	preparation.	(Huang	Q.	et	al.,	2010)	After	a	gel	

was	cast	and	got	solid,	the	comb	was	removed	and	the	samples	could	be	applied.	First	a	reference	1	

kb	(kilo	base)	ladder	was	loaded	in	the	first	well	of	the	0,8%	agarose	gel	then	the	sample	DNA	in	the	

neighboring.	 The	 gels	 were	 run	 for	 40	 min	 at	 100	 V	 in	 TBE	 buffer	 (1x).	 (see	 Appendix	 ‘gel-

electrophoresis’)	

The	 specific	 cycling	 conditions	 used	 for	 the	 PCR	 targeting	 the	 16S	 rRNA	 gene	were:	 initial	

denaturation	at	95°C	for	2	min,	followed	by	30	cycles	of	denaturation	at	94°C	for	1	min,	annealing	at	

53°C	for	1	min,	and	extension	at	72°C	for	1	min;	a	final	extension	was	preformed	with	72°C	lasting	10	

min.	Each	PCR	tube	contained	30	μl	deionized	autoclaved	water,	4	μl	buffer	“standard	Taq	buffer”,	2	

μl	DMSO,	1	μl	799F	forward	primer	(10	μM),	1	μl	1391R	reverse	primer	(10	μM),	0,5	μl	dNTP,	0,5	μl	

Taq	polymerase	and	1	μl	sample	DNA.	

The	 specific	 cycling	 conditions	 used	 for	 the	 PCR	 targeting	 the	 ITS	 region	 were:	 initial	

denaturation	at	95°C	for	5min,	followed	by	40	cycles	of	denaturation	at	95°C	for	30sec,	annealing	at	

50°C	 for	15sec,	and	extension	at	72°C	 for	3min;	a	 final	extension	was	preformed	with	72°C	 lasting	
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10min.	For	each	sample	mixture	containing	30	μl	deionized	autoclaved	water,	4	μl	buffer	“standard	

Taq	buffer”,	2	μl	DMSO,	1	μl	ITS	1-F	forward	primer	(10	μM),	1	μl	ITS	4	reverse	primer	(10	μM),	1	μl	

dNTP,	1	μl	Taq	polymerase	was	prepared.	39	μl	of	this	master	mix	were	placed	in	a	PCR	tube	and	1	μl	

sample	DNA	was	added.	A	gel	electrophoresis	was	performed	to	evaluate	the	results	of	both	PCRs.	

	

Table	1.6:	Specifications	of	the	used	primers	for	PCR	controls.	

	

After	 passing	 these	 quality	 controls,	 the	DNA	was	 ready	 to	 be	 sequenced.	 50	μl	 extracted	

DNA	of	each	sample	was	shipped	in	a	UV-sterilized	96	well	plate	at	ambient	temperature	to	Eurofins	

Genomics	 in	Germany.	 The	minimum	 concentration	 required	was	 50	 ng	μl-1.	 The	 plate	was	 sealed	

using	 a	 cap	 stripe.	 The	 ordered	 product	 was	 called	 “Microbiome	 Profiling	 by	 analysing	 2	 target	

regions“.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Primer		 Primer	sequence	5’-3’	 Region	/	Position	 References	

799F	 AACMGGATTAGATACCCKG	 V5-V6-V7	 Chelius	M.	et	al.	2001	

1391R	 GACGGGCGGTGWGTRCA	 V5-V6-V7	 Walker	J.	et	al.	2007	

ITS1-F	 CTTGGTCATTTAGAGGAAGTAA		 1723-1744	 Gardens	M.	et	al.	1993	

ITS4	 TCCTCCGCTTATTGATATGC		 2390-2409	 White	T.	et	al.	1990	
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3.4.	Illumina	MiSeq	–	facility		

	

The	sequencing	was	performed	at	Eurofins	genomics	using	 Illumina	MiSeq	according	to	the	

company’s	internal	protocols.	The	specific	primers	used	by	the	company	are	listed	in	Table	1.7.	The	

sequenced	amplicons	were	delivered	as	FASTQ	files	as	a	download	with	forward	and	reverse	reads	in	

separate	files.	

	

	

Table	1.7:	Specifications	of	the	used	primers	for	the	two-step	PCR	protocol	performed	by	Eurofins	genomics.	

	

	

	

3.5.	Bioinformatics	tools	

	

	 In	 a	 first	 step,	 FLASH	 v2.2.00	was	 used	 to	 assemble	 the	 paired	 end	 reads.	 (Zhang	 J.	et	 al.	

2013,	Magoc	T.	et	al.	2011)	The	tool	mothur	v.1.39.5.	(Schloss	P.	et	al.	2009)	was	used	to	create	OTUs	

for	the	16S	V3V4	amplicons,	USEARCH	v.10.0.240	(Edgar	R.	C.	2017;	Edgar	R.	C.	2017;	Edgar	R.	C.	et	

al.	2015)	to	create	OTUs	for	the	ITS2	amplicons	and	the	DADA2	v.1.8	software	package	(Callahan	B.	J.	

et	 al.	 2016)	 that	 models	 and	 corrects	 sequenced	 amplicon	 errors	 to	 create	 amplicon	 sequence	

variants	ASVs	for	both	the	16S	and	ITS	amplicons.	

	

	

Primer		 Primer	sequence	5’-3’	 Region	 /	

Position	

References	

forward	16S	primer	 CTACGGGNGGCWGCAG	 V3-V4	 Klindworth	A.	et	al.	

2013	

reverse	16S	primer	 GACTACHVGGGTATCTAATCC	 V3-V4	 Klindworth	A.	et	al.	

2013	

ITS3_KYO2	 GATGAAGAACGYAGYRAA	 2029-2046	 Toju	H.	et	al.	2012		

ITS4	 TCCTCCGCTTATTGATATGC		 2390-2409	 White	T.	et	al.	

1990	

forward	Illumina	

adapter	sequence	

TCGTCGGCAGCGTCAGATGTGTATAAGAGA

CAG-forward	primer	target	sequence		

	 	

reverse	Illumina	

adapter	sequence	

GTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAG-reverse	primer	target	sequence	
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3.6.	Analysis	pipeline	

	

The	 computational	 resource	 used	 for	 analyzing	 the	 sequence	 data	 is	 located	 at	 the	 Life	

Science	Compute	Cluster	(LiSC),	which	 is	part	of	the	Computational	Systems	Biology	Department	of	

the	University	of	Vienna.	The	LiSC	is	a	medium-sized	compute	cluster,	which	keeps	updated	copies	of	

relevant	biological	databases	available	for	its	users.	It	is	equipped	with	an	up-to-date	bioinformatics	

software	repository;	therefore	most	software	packages	did	not	have	to	be	installed	prior	to	usage.		

	

	

	

	

	

3.6.1.	FLASH	v.2.2.00	

	

To	assemble	the	forward	and	the	reverse	read	the	software	FLASH	v.2.2.00	(Zhang	J.	et	al.,	

2013;	Magoc	 T.	 et	 al.,	 2011)	 was	 used.	 The	 FLASH	 algorithm	 considers	 all	 possible	 overlaps	 at	 or	

above	 a	 minimum	 length	 between	 the	 paired	 reads	 and	 chooses	 the	 overlap	 that	 results	 in	 the	

lowest	 possible	 proportion	 of	 mismatched	 bases	 in	 the	 region,	 also	 known	 as	 mismatch	 density.	

(Zhang	J.	et	al.,	2013;	Magoc	T.	et	al.,	2011)	FLASH	furthermore	computes	a	consensus	sequence	in	

the	overlapping	region	by	selecting	the	base	with	the	higher	quality	value,	breaking	draws	randomly.	

The	minimum	overlap	size	was	set	to	10	bp	to	reduce	false-positive	merges.		

	 The	 dataset	 was	 uploaded	 via	 FileZilla	 v.3.32.0	 (https://filezilla-project.org/)	 to	 the	 Life	

Science	Compute	Cluster	(LISC)	Cube	Computational	Systems	Biology	at	the	University	of	Vienna.	The	

files	were	then	uncompressed	using	gunzip. and	sorted	according	to	the	sequenced	region	16S	V3-

V4	and	ITS2.		
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3.6.2.	mothur	v.1.39.5	

	

	 Myself	processed	 the	 raw	16S	 rDNA	amplicons	with	mothur	v.1.39.5.	 (Schloss	P.	et	al.	2009)	

according	 to	 the	 MiSeq	 SOP	 (Probandt	 et	 al.	 2017;	 Kozich	 et	 al.	 2013)	 with	 modifications	 and	

adaptations	for	our	own	dataset,	without	external	help.	The	specific	method	for	the	16S	V3V4	region	

is	 described	 in	 the	 appendix.	 The	 Sequences	 were	 classified	 using	 the	 non-redundant	 Ref	 SILVA	

database	 release	132.	With	 these	 steps	 the	output	 files	 to	analyze	 the	 composure	of	 the	bacterial	

microbiome	had	been	created:	

	

stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
fasta 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
opti_mcc.0.03.cons.taxonomy 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
opti_mcc.shared 

	

They	showed	that	certain	OTUs	were	observed	a	definite	number	of	times	as	well	as	the	percentage	

of	how	well	the	sequences	classified	to	this	OTU.	The	Taxonomy	is	ordered	as	follows:	domain-regio;	

pylum-pylum;	class-classis;	order-ordo;	family-familia	and	genus-genus.		

	

	

	

	

3.6.3.	USEARCH	v.10.0.240	

	

	 Myself	 then	 continued	 data	 analysis	 with	 a	 different	 program	 for	 the	 ITS2	 amplicons.	 The	

original	sequences,	after	sorting	and	uncompressing	with	the	software	FLASH	v.2.2.00	(Zhang	J.	et	al.,	

2013,	Magoc	T.	et	al.,	2011),	were	processed	with	USEARCH	v.10.0.240	(Edgar	R.	C.,	2017;	Edgar	R.	

C.,	 2017;	 Edgar	R.	C.	et	al.,	 2015).	 (Hamad	 I.	et	al.,	 2017)	 The	Sequences	were	 classified	using	 the	

UNITE	reference	database	release	01.12.2017.	The	specific	method	for	the	ITS2	region	is	described	in	

the	appendix.		
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3.6.4	DADA2	v1.8	

	

	 Both	amplicons,	16S	V3V4	Region	and	ITS2,	were	processed	and	analyzed	following	the	DADA2	

pipeline	with	minor	 adaptations	 for	 our	 dataset.	 (Callahan	B.	 J.	et	 al.,	 2016)	 	 The	 input	 sequences	

were	the	de-multiplexed	paired	end	reads	as	 fastq	files.	The	final	 table	did	not	contain	OTUs,	as	 in	

MOTHUR	or	USEARCH,	but	amplicon	sequence	variants	(ASVs).	The	commands	were	performed	in	R	

version	3.5.0	(R	core	Team,	2018).	The	specific	method	for	the	creating	the	ASVs	is	described	in	the	

appendix.		

	 The	databases	used	to	assign	a	taxonomy	to	the	OTUs	and	ASVs	were	for	the	16S	amplicons	

the	RDP	16S	rRNA	training	set	16	(Wang	Q.	et	al.	2007),	 the	SILVA	database	(Quast	C.	et	al.,	2012)	

and	 the	 rRNA_typestrains/prokaryotic_16S_ribosomal_RNA	database	 (NCBI	Resource	Coordinators,	

2012).	 It	reached	down	to	genus	 level	for	the	16S	V3V4	region	within	the	DADA2	pipeline.	The	16S	

ASVs	were	identified	again	with	the	RDP	Naïve	Bayesian	rRNA	Classifier	version	2.11	to	the	RDP	16S	

rRNA	training	set	16	and	a	confidence	threshold	of	85%	as	well	as	using	the	BLASTn	2.2.29+	algorithm	

with	 the	 rRNA_typestrains/prokaryotic_16S_ribosomal_RNA	 database.	 The	 ITS	 amplicons	 were	

assigned	 to	 a	 taxonomy	 by	 using	 the	 UNITE	 database	 (UNITE	 Community,	 2017)	 and	 the	Warcup	

Fungal	 ITS	 trainset	 2	 (Deshpande	 V.	 et	 al.,	 2016).	 The	 ITS2	 ASVs	 were	 classified	 with	 the	 UNITE	

database	 general	 release	 01.12.2017	within	 the	DADA2	 pipeline.	 The	 ITS2	 ASVs	were	 re-identified	

with	the	RDP	Naïve	Bayesian	rRNA	Classifier	Version	2.11	to	the	Warcup	Fungal	ITS	trainset	2	and	the	

UNITE	Fungal	ITS	trainset	with	a	confidence	threshold	of	85%	and	using	the	BLASTn	2.2.29+	algorithm	

in	 the	 ultra	 condensed	 output	mode.	 The	 ASVs	 were	 assigned	 to	 a	 specific	 taxonomy	 by	 aligning	

them	to	individual	databases	within	the	DADA2	pipeline.	The	SILVA	reference	database	v128	train	set	

was	 used	 to	 assign	 the	ASVs	 from	 the	 16S	 V3V4;	 the	UNITE	 database	 v.7.2	was	 used	 for	 the	 ITS2	

ASVs.	This	outputted	a	general	 taxonomy,	 to	confirm	 this	assignment	 the	ASVs	were	aligned	again	

with	a	different	assignment	tool	to	different	databases.		

The	16S	ASVs	were	aligned	to	the	RDP	16S	rRNA	training	set	16	using	the	RDP	Naïve	Bayesian	

rRNA	Classifier	version	2.11	and	to	the	rRNA_typestrains/prokaryotic_16S_ribosomal_RNA	database	

using	 the	BLASTn	2.2.29+	algorithm.	 (Wang	Q.	et	al.	 2007)	Where	 the	 taxonomy	varied	 from	each	

other	the	taxonomy	with	the	higher	%	identity	was	chosen.	88.63%	were	classified	as	mitochondria	

or	chloroplasts	and	were	consequently	removed	from	the	dataset.		

The	ITS2	ASVs	were	aligned	to	the	Warcup	Fungal	ITS	trainset	2	using	the	RDP	Naïve	Bayesian	

rRNA	 Classifier	 and	 the	 UNITE	 Fungal	 ITS	 trainset	 using	 the	 BLASTn	 2.2.29+	 algorithm.	 The	

classifications	 led	 to	 the	 same	 taxonomical	 assignment	of	 the	ASVs.	As	 for	 the	16S	ASVs	using	 the	

different	databases	had	the	aim	to	assign	taxonomy	with	high	accuracy	and	confidence.		

Further	analysis	and	visualizations	were	done	in	R	v.3.5.0	with	the	package	phyloseq	v.1.24.2,	ggplot2	
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v3.0.0,	readxl	and	ape	v.5.2.	See	Appendices	for	further	details.	
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4.	Results	

	

In-vitro	 plants	 from	 three	 different	 plant	 species,	Artemisia	 laciniata	Willd.	 (Compositae	 /	

Asteraceae),	Mentha	 aquatica	 L.	 (Lamiaceae)	 and	 Solanum	 tuberosum	 L.	 (Solanaceae)	 before	 and	

after	 undergoing	 cryopreservation	 (Figure	 1.1)	 were	 sampled.	 The	 S.	 tuberosum	 and	 M.	 aquatica	

samples	were	micropropagated	at	 Leibniz-Institut	 für	Pflanzengenetik	und	Kulturpflanzenforschung	

IPK	Gatersleben	in	Germany	and	A.	laciniata	at	the	University	of	Vienna.		Stock	plants	were	already	

established	 in-vitro	at	the	onset	of	this	study.	M.	aquatica	and	S.	tuberosum	had	been	vegetatively	

derived	from	one	individual	mother	plant,	A.	laciniata	on	the	other	hand	originated	from	one	seed	to	

ensure	working	with	individual	clones.		

	
Figure	1.1	Procedure	for	the	micropropagation	and	DNA	sampling	applied	to	A.	laciniata,	S.	tuberosum	and			

M.	aquatica.		
		
	

When	 the	 various	 samples	 had	been	 repeatedly	 subcultured	 so	 that	 sufficient	material	 for	

DNA	isolation	was	available	it	was	removed	from	the	glass	jars	under	sterile	conditions,	lyophilized,	

weighed	 and	 placed	 in	 sterile	 50	 ml	 tubes.	 Before	 grinding	 the	 dry	 material	 was	 weighed	 under	

sterile	conditions	(Table	1.1)	to	determine	the	amount	of	available	material.		

	

	

	

Sample 1	

In-vitro mother plant	

Sample 2	
One shoot tip from 	

Sample 1 micropropagated	

cryopreserved	

Sample 5 	
One cryopreserved shoot tip from 	

Sample 2 micropropagated	

Sample 3	
One shoot tip from 	

Sample 1 micropropagated	

cryopreserved	

Sample 6 	
One cryopreserved shoot tip from 	

Sample 3 micropropagated	

Sample 4	
One shoot tip from 	

Sample 1 micropropagated	

cryopreserved	

Sample 7 	
One cryopreserved shoot tip from 	

Sample 4 micropropagated	
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Table	1.1	Weight	of	lyophilized	plant	material	per	tube.	

Sample	 Total	lyophilized	weight	in	mg		

		 Artemisia	laciniata	 Mentha	aquatica	 Solanum	tuberosum	

Sample	1	 580	mg	 220	mg	 160	mg	
Sample	2	 460	mg	 220	mg	 120	mg	
Sample	3	 650	mg	 230	mg	 150	mg	
Sample	4	 470	mg	 228	mg	 145	mg	
Sample	5	 320	mg	 250	mg	 140	mg	
Sample	6	 910	mg	 240	mg	 160	mg	
Sample	7	 890	mg	 223	mg	 245	mg	
Average	 611.4	mg	 230.1	mg	 160	mg	

	

	

	

	

	

	

4.1.	DNA	Extraction,	purification	and	quality	control	

	

The	 DNA	 from	 the	 sampled	 in-vitro	 plant	 material	 before	 and	 after	 cryopreservation	 was	

extracted	and	purified.	(Chapter	3.3;	Appendix)	The	first	step	after	extraction	and	purification	of	the	

DNA	was	to	measure	its	concentration	with	Nanodrop	lite	in	ng	μl-1.	In	the	tables	4.1,	4.2,	4.3	and	4.4	

the	 A260/A280	 ratio	 is	 used	 to	 indicate	 protein	 contamination	 and	 purity	 of	 the	 sample.	 Pure	 DNA	

samples	have	a	ratio	of	greater	than	or	equal	to	1.8.		
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Table	 4.1:	 The	 calculated	 concentration	 of	 the	DNA	 in	 ng	μl-1	measured	 for	Artemisia	 laciniata.	 Further	 the	
A260/A280	 ratio	 and	 the	 absorbance	 at	 260	 nm.	 The	 second	 number	 1.1,	 1.2	 and	 1.3	 stands	 for	 the	 three	
individual	extractions	from	each	sample.	
Sample	 ng	μl-1	 A260/A280	 A260	
A	1.1	 133.1	 1.8	 2.662	
A	1.2	 100.8	 1.8	 2.016	
A	1.3	 167.2	 1.8	 3.344	
A	2.1	 91.9	 1.8	 1.838	
A	2.2	 106.7	 1.8	 2.134	
A	2.3	 97.1	 1.79	 1.942	
A	3.1	 97.1	 1.8	 1.943	
A	3.2	 84.2	 1.8	 1.684	
A	3.3	 107.4	 1.8	 2.148	
A	4.1	 101.5	 1.8	 2.031	
A	4.2	 267.5	 1.72	 5.35	
A	4.3	 115.4	 1.77	 2.309	
A	5.1	 119.7	 1.81	 2.393	
A	5.2	 115.9	 1.8	 2.318	
A	5.3	 94.7	 1.8	 1.894	
A	6.1	 101.8	 1.8	 2.037	
A	6.2	 93.3	 1.84	 1.865	
A	6.3	 110.2	 1.85	 2.203	
A	7.1	 115	 1.8	 2.3	
A	7.2	 109.9	 1.79	 2.198	
A	7.3	 114.1	 1.8	 2.283	
	
Table	 4.2:	 The	 calculated	 concentration	 of	 the	 DNA	 in	 ng	 μl-1	 measured	 for	Mentha	 aquatica.	 Further	 the	
A260/A280	 ratio	 and	 the	 absorbance	 at	 260	 nm.	 The	 second	 number	 1.1,	 1.2	 and	 1.3	 stands	 for	 the	 three	
individual	extractions	from	each	sample.	
Sample	 ng	μl-1	 A260/A280	 A260	
M	1.1	 109.9	 1.81	 2.199	
M	1.2	 113.2	 1.81	 2.264	
M	1.3	 104.5	 1.81	 2.089	
M	2.1	 128.8	 1.8	 2.575	
M	2.2	 124.4	 1.81	 2.487	
M	2.3	 115.6	 1.8	 2.312	
M	3.1	 118.2	 1.81	 2.364	
M	3.2	 124.4	 1.8	 2.488	
M	3.3	 103.4	 1.81	 2.069	
M	4.1	 129.4	 1.81	 2.587	
M	4.2	 112.2	 1.8	 2.244	
M	4.3	 180.4	 1.79	 3.609	
M	5.1	 113.8	 1.8	 2.276	
M	5.2	 124.9	 1.8	 2.497	
M	5.3	 119.3	 1.8	 2.386	
M	6.1	 118.8	 1.81	 2.376	
M	6.2	 132.1	 1.81	 2.641	
M	6.3	 120.5	 1.81	 2.41	
M	7.1	 113.4	 1.81	 2.269	
M	7.2	 118.9	 1.81	 2.379	
M	7.3	 122.6	 1.8	 2.452	
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Table	 4.3:	The	calculated	concentration	of	 the	DNA	 in	ng	μl-1	measured	 for	Solanum	tuberosum.	 Further	 the	
A260/A280	 ratio	 and	 the	 absorbance	 at	 260	 nm.	 The	 second	 number	 1.1,	 1.2	 and	 1.3	 stands	 for	 the	 three	
individual	extractions	from	each	sample.	
Sample	 ng	μl-1	 A260/A280	 A260	
S	1.1	 103	 1.81	 2.06	
S	1.2	 104.7	 1.81	 2.094	
S	1.3	 95.1	 1.81	 1.903	
S	2.1	 101.9	 1.81	 2.038	
S	2.2	 126.7	 1.82	 2.535	
S	2.3	 94.5	 1.81	 1.89	
S	3.1	 122.9	 1.81	 2.458	
S	3.2	 125.2	 1.81	 2.504	
S	3.3	 116.7	 1.81	 2.334	
S	4.1	 99.7	 1.81	 1.993	
S	4.2	 99.6	 1.81	 1.991	
S	4.3	 107.7	 1.81	 2.153	
S	5.1	 95.7	 1.83	 1.914	
S	5.2	 101	 1.81	 2.019	
S	5.3	 88.7	 1.81	 1.773	
S	6.1	 106.7	 1.79	 2.133	
S	6.2	 90.7	 1.8	 1.814	
S	6.3	 107.7	 1.81	 2.154	
S	7.1	 98.9	 1.82	 1.977	
S	7.2	 98	 1.8	 1.96	
S	7.3	 111.5	 1.81	 2.23	
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Table	4.4:	The	values	measured	after	pooling	(p)	the	three	extractions	from	each	sample.	The	concentrations	of	
Artemisia	laciniata	(A),	Mentha	aquatica	(M)	and	Solanum	tuberosum	(S).	
Sample	 ng	μl-1	 A260/A280	 A260	
A	1	p	 130.9	 1.78	 2.617	
A	2	p	 109.6	 1.79	 2.132	
A	3	p	 93.7	 1.82	 1.873	
A	4	p	 119.4	 1.8	 2.389	
A	5	p	 118.7	 1.79	 2.374	
A	6	p	 104.2	 1.8	 2.085	
A	7	p	 98.5	 1.82	 1.971	

	 	 	 	M	1	p	 117.1	 1.8	 2.341	
M	2	p	 134.3	 1.8	 2.686	
M	3	p	 123.5	 1.8	 2.471	
M	4	p	 139.4	 1.8	 2.789	
M	5	p	 129.1	 1.8	 2.583	
M	6	p	 135.1	 1.81	 2.702	
M	7	p	 126.6	 1.8	 2.533	

	 	 	 	S	1	p	 105.6	 1.81	 2.072	
S	2	p	 96.9	 1.81	 1.937	
S	3	p	 129	 1.81	 2.58	
S	4	p	 104.8	 1.81	 2.096	
S	5	p	 95.4	 1.81	 1.907	
S	6	p	 105.9	 1.8	 2.118	
S	7	p	 106.8	 1.81	 2.136	
	

All	extractions	yielded	a	high	amount	of	DNA	with	at	least	93.7	ng	μl-1	and	were	of	high	quality.	The	

second	step	was	to	check	the	extracted	DNA	via	gel	electrophoresis.	The	DNA	was	fragmented	during	

the	extraction	process	and	lay	mainly	 in	a	span	of	8	kbp	–	3	kbp.	A	1kb	(kilo	base)	DNA	ladder	was	

added	in	the	first	well.	(Figures	5-9)	A	DNA-ladder	is	a	set	of	DNA	standards	with	defined	lengths	to	

identify	the	size	of	the	sample	DNA	run	parallel	on	a	gel	during	electrophoresis.	It	uses	the	principal	

that	molecular	weight	is	inversely	proportional	to	the	length	of	the	path	completed	through	the	gel.	

(Figure	9.1)		
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Figure	5	DNA	of	samples	A1.1-A4.3																																					Figure	6	DNA	of	samples	A5.1-7.3	and	M1.1-1.3	

                               	
Figure	7	DNA	of	samples	M2.1-5.3																											 							Figure	8	DNA	of	samples	M6.1-7.3	and	S1.1-2.3	

																																		 	
Figure	9	DNA	of	samples	S3.1-7.3	 	 	 					Figure	9.1	DNA-ladder	used	in	all	gels.	
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Next	 I	performed	PCR	on	 these	verified	DNA	samples.	 Two	PCR	 reactions	were	 conducted:	

The	first	targeting	the	16S	rRNA	gene	of	bacteria.	This	was	done	to	see	if	actually	any	bacteria	were	

present	in	the	in-vitro	plants.	The	first	problem	arising	was,	that	chloroplasts	hold	the	same	16S	rRNA	

gene,	 this	 biases	 under	 normal	 circumstances	 the	 outcome	 of	 this	 experiment.	 For	 that	 reason	

primers	were	used,	that	 ideally	reduce	the	contamination	with	chloroplast	16S	rDNA.	Beckers	B.	et	

al.	(2016)	have	shown	in	their	research	that	the	usage	of	a	799F	forward	primer	and	1391R	reverse	

primer	significantly	reduces	the	co-amplification	of	chloroplast	DNA	(Table	1.6).	These	primers	were	

used	to	amplify	the	16S	region	of	bacteria	in	the	samples.	The	cycling	conditions	were	first	adopted	

from	Beckers	B.	et	al.	(2016)	and	then	adapted	to	yield	best	possible	results	in	trial	runs	before	being	

used	 with	 the	 actual	 samples.	 	 All	 samples	 had	 a	 positive	 amplification	 of	 the	 16S	 rDNA	with	 an	

expected	1kb	amplicon	size.	(Figure	10)	 In	the	M.	aquatica	samples	there	were	two	to	three	bands	

visible.		

	
Figure	 10	 The	PCR	products	 of	 the	16S	 rDNA	amplification	with	 the	primer	 combination799F	 and	1391R	 for	
samples	A1p-S7p	(p	standing	for	pooled,	meaning	A1.1-1.3	pooled	together	to	A1p)	
	
The	 second	 PCR	 targeted	 the	 ITS	 region	 of	 ascomycetes	 and	 basidiomycetes,	 as	 well	 as	 giving	 an	

insight	into	general	fungi.	This	was	performed	to	see	if	there	are	any	kinds	of	fungi	present	in	the	in-

vitro	 samples.	For	 the	PCR	 ITS	1-F	as	 forward	primer	and	 ITS	4	as	 reverse	primer	were	used	(Table	

1.6).	The	PCR	product	results	in	representing	an	over	span	of	the	ITS1	region,	the	5.8S	region	and	the	

ITS2	region	of	 the	 fungal	DNA.	 (Toju	H.	et	al.,	2012)	All	 samples	showed	a	positive	amplification	of	

the	ITS	region	with	an	expected	600	–	750	bp	amplicon	size.	(Figure	11)	
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Figure	11	The	PCR	products	of	the	over-span	of	the	ITS1	region,	the	5.8S	region	and	the	ITS2	region	for	each	
individual	 sample	 (A1p-S7p)	 performed	with	 the	 primer	 combination	 ITS	 1-F	 forward	 and	 ITS	 4	 reverse.	 The	
smear	 of	 high	MW	 (above	 3	 kb)	 sample	 DNA	 is	 clearly	 visible	 because	 the	 gel	 was	 loaded	 with	 the	 whole	
amount	of	PCR	product	(5	μl)	and	the	picture	taken	was	darkened	to	make	the	amplicons	visible.	
	

	

	

	

After	passing	these	quality	controls,	the	raw	DNA	was	ready	to	be	sequenced.	The	samples	

were	sent	to	a	sequencing	facility	to	obtain	the	sequences	to	analyze	the	microbiome	of	the	in-vitro	

plants.	50	μl	extracted	DNA	of	each	sample	was	shipped	in	a	UV-sterilized	96	well	plate	at	ambient	

temperature	to	Eurofins	Genomics	in	Germany.	The	minimum	concentration	required	was	50	ng	μl-1.	

The	plate	was	 sealed	using	a	 cap	 stripe.	 The	ordered	product	was	 called	 “Microbiome	Profiling	by	

analysing	2	target	regions“.	
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4.2.	Illumina	MiSeq	–	received	data	

	

	 Table	 4.5	 and	 4.6	 provides	 various	 statistics	 of	 the	 sequenced	 reads	 from	 the	 16S	 V3V4	

amplicons	and	ITS2	amplicons	from	the	extracted	DNA	originating	from	the	individual	 in-vitro	plant	

samples	 sorted	 by	 sample	 and	 amplified	 region.	 These	 reads	 passed	 the	 default	 Illumina	 filter	

procedure	(chastity	filter).	Illumina	MiSeq	performs	an	internal	quality	filtering	called	chastity	filter	it	

is	defined	as	the	ratio	of	the	clone	cluster	(Chapter	1.4.2)	with	the	highest	light	intensity	divided	by	

the	 sum	of	 the	highest	 light	 intensity	 and	 second	highest	 light	 intensity	 clusters.	 Clusters	 pass	 the	

filter	if	no	more	than	1	base	call	(recognizing	a	correct	base	in	the	sequencing	process)	has	a	chastity	

value	below	0.6	in	the	first	25	cycles	(the	first	25	bases	called).	This	process	removes	the	reads	with	

lowest	 quality	 from	 the	 analysis.	 “Yield	 (Kbp)”:	 describes	 the	 number	 of	 bases	 called	 in	 kilobase.	

“%Q30”:	represents	the	percentage	of	bases	with	quality	scores	of	at	least	30,	this	infers	a	base	call	

accuracy	of	99.9%.	The	Q-score	 is	a	prediction	of	 the	 likelihood	of	a	wrong	base	call	 (recognizing	a	

correct	base	in	the	sequencing	process).	

	
	
Table	4.5:	Fastq	processing	results.	16S	V3V4	amplicons.	(p	standing	for	pooled,	meaning	A1.1-1.3	pooled	
together	to	A1p) 
Sample	 Read	Pairs		 Yield	(Kbp)	 %Q30	 Mean	Q	
A	1	p		 105318	 59925	 86.17		 34.18		
A	2	p		 97715	 55599	 86.80		 34.37		
A	3	p		 76559	 43562	 86.71		 34.33		
A	4	p		 83081	 47273	 86.06		 34.15		
A	5	p		 91314	 51957	 88.68		 34.97		
A	6	p		 65825	 37454	 86.07		 34.15		
A	7	p		 82813	 4712	 86.34		 34.23		
S	1	p		 68185	 38797	 87.38		 34.58		
S	2	p		 63873	 36343	 87.20		 34.52		
S	3	p		 98807	 56221	 87.18		 34.50		
S	4	p		 82884	 4716	 87.33		 34.55		
S	5	p		 85115	 4843	 87.56		 34.61		
S	6	p		 126486	 7197	 86.79		 34.39		
S	7	p		 78211	 44502	 87.85		 34.69		
M	1	p		 93637	 53279	 87.20		 34.52		
M	2	p		 81847	 4657	 86.32		 34.27		
M	3	p		 83312	 47404	 87.65		 34.66		
M	4	p		 78512	 44673	 87.86	 34.71	
M	5	p	 80589	 45855	 87.12		 34.51	
M	6	p	 53067	 30195	 88.22		 34.81	
M	7	p		 64020	 36427	 87.25	 34.55	
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Table	4.6:	Fastq	processing	results.	ITS2	amplicons.	(p	standing	for	pooled,	meaning	A1.1-1.3	pooled	together	
to	A1p)	
Sample	 Read	Pairs		 Yield	(Kbp)	 %Q30	 Mean	Q	
A	1	p		 90391	 50618	 86.15		 34.24		
A	2	p		 85544	 47904	 86.04		 34.22		
A	3	p		 109058	 61072	 86.16		 34.25		
A	4	p	 163384	 91495	 85.43		 34.03		
A	5	p		 78909	 44189	 86.08		 34.22		
A	6	p		 117953	 66053	 86.38		 34.32		
A	7	p		 98769	 5531	 86.11		 34.25		
S	1	p		 76004	 42562	 81.28		 32.79		
S	2	p		 118647	 66442	 81.18		 32.75		
S	3	p		 84254	 47182	 81.33		 32.81		
S	4	p		 62360	 34921	 80.88		 32.69		
S	5	p		 63512	 35566	 81.17		 32.75		
S	6	p		 78193	 43788	 80.30		 32.49		
S	7	p		 79699	 44631	 81.22		 32.75		
M	1	p		 59769	 3347	 79.32		 32.19		
M	2	p		 83120	 46547	 79.96		 32.38		
M	3	p		 80348	 44994	 79.15		 32.14		
M	4	p		 65295	 36565	 79.63	 32.29	
M	5	p		 75565	 42316	 79.13	 32.12	
M	6	p	 95121	 53267	 79.69		 32.30		
M	7	p		 119	 66	 40.94		 18.62	
	 	 	 	 	
Total	sequencing	run	 3626065	 2045608	 84.08	 33.56	
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4.3.	Bioinformatics	

	

I	 received	 the	 sequencing	 data	 from	 Eurofins	 genomics	 as	 a	 downloadable	 directory.	

(Chapter	 4.2)	 This	 data	 needed	 to	 be	 analyzed	 to	 obtain	 insight	 into	 the	 microbiome	 of	 in-vitro	

plants.	(Chapter	1.4)	The	bioinformatics	tools	used	to	analyze	the	data	and	gain	this	insight	were:		

• FLASH	v.2.2.00		to	assemble	the	paired	end	reads		

• mothur	v.1.39.5	to	create	OTUs	for	the	16S	V3V4	amplicons	

• USEARCH	v.10.0.240	to	create	OTUs	for	the	ITS2	amplicons		

• DADA2	 v.1.8	 that	 models	 and	 corrects	 sequenced	 amplicon	 errors	 to	 create	 amplicon	

sequence	variants	ASVs	for	both	the	16S	and	ITS	amplicons	

	

	

4.3.1.	FLASH	v.2.2.00	

	

	 The	 results	 of	 the	 merging	 of	 the	 overlapping	 paired-end	 reads	 with	 FLASH	 v.2.2.00	 are	

shown	 in	 table	 4.7	 and	 4.8.	 Merging	 is	 needed	 to	 obtain	 overall	 high	 quality	 reads.	 On	 average	

96.19%	of	all	pair	reads	were	merged	together	with	a	minimum	overlap	size	of	10	bp,	to	reduce	false	

positive	 merges.	 The	 mode	 length	 for	 the	 16S	 V3V4	 region	 amplicons	 resulted	 in	 404	 bp	 for	 all	

samples.	 The	mode	 length	 is	 the	 length	of	 the	 sequence,	which	 appears	most	 often	 in	 a	 group	of	

sequences.	The	mode	length	is	a	better	way	to	observe	the	amplicon	size	because	the	mean	length	is	

distorted	 by	 wrongly	 merged	 reads	 (to	 long	 or	 to	 short).	 The	 mode	 length	 of	 the	 ITS2	 region	

amplicons	showed	a	different	 length	according	to	the	derived	DNA,	368	bp	for	A.	 laciniata	derived	

DNA,	352	bp	for	S.	tuberosum	derived	DNA	and	381	bp	for	M.	aquatica	derived	DNA.	Already	at	this	

stage	the	sample	M7	deviated	 from	the	other	samples	having	the	 lowest	number	of	 total	pairs	 for	

the	ITS2	region.	The	ITS2	region	is	only	a	part	of	the	ITS	region	and	therefor	shorter	than	the	whole	

ITS	 region	which	consists	of	 the	 ITS1	 region,	 the	5.8rRNA	gene	and	 the	 ITS2	 region	but	can	still	be	

used	to	discriminate	the	diversity	of	the	fungal	microbiome.	(Hamad	et	al.,	2017;	Chapter	1.4.2)		
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Table	 4.7:	 Read	 merging	 with	 FLASH	 v.2.2.00.	 The	 total	 pairs	 combined	 in	 percent	 are	 shown	 next	 to	 the	
inputted	pairs	per	sample.	The	mean	and	mode	lengths	is	the	length	of	the	merged	read	pairs	in	bp.	(p	standing	
for	pooled,	meaning	A1.1-1.3	pooled	together	to	A1p)	

Sample	ITS2	amplicons	 Total	pairs	 Percent	combined	 Mean	lengths		 Mode	lengths		
A	1	p		 90391	 98.3%		 367	 368	
A	2	p		 85544	 98.3%		 367	 368	
A	3	p		 109058	 98.3%		 367	 368	
A	4	p		 163384	 98.1%		 368	 368	
A	5	p		 78909	 98.3%	 367	 368	
A	6	p		 117953	 98.5%		 367	 368	
A	7	p		 98769	 98.4%		 367	 368	
S	1	p		 76004	 97.4%		 352	 352	
S	2	p		 118647	 97.3%		 352	 352	
S	3	p		 84254	 97.4%		 354	 352	
S	4	p		 62360	 97.4%		 352	 352	
S	5	p		 63512	 97.3%		 352	 352	
S	6	p		 78193	 97.1%		 352	 352	
S	7	p		 79699	 97.2%		 352	 352	
M	1	p		 59769	 95.8%		 381	 381	
M	2	p		 83120	 96.2%	 379	 381	
M	3	p		 80348	 96.0%		 381	 381	
M	4	p		 65295	 95.9%	 381	 381	
M	5	p		 75565	 95.7%	 381	 381	
M	6	p		 95121	 95.8%	 381	 381	
M	7	p		 119	 38.5%	 368	 368	
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Table	4.8:	Read	merging	with	FLASH	v.2.2.00.	The	total	pairs	combined	in	percent	are	shown	next	to	the	
inputted	pairs	per	sample.	The	mean	and	mode	lengths	is	the	length	of	the	merged	read	pairs	in	bp.	(p	standing	
for	pooled,	meaning	A1.1-1.3	pooled	together	to	A1p) 
Sample	16S	amplicons	 Total	pairs	 Percent	combined	 Mean	lengths	 Mode	lengths	
A	1	p		 105318	 96.9%		 405	 404	
A	2	p		 97715	 97.2%		 403	 404	
A	3	p		 76559	 96.9%		 403	 404	
A	4	p		 83081	 97.2%		 403	 404	
A	5	p		 91314	 97.1%		 403	 404	
A	6	p		 65825	 97.1%		 404	 404	
A	7	p		 82813	 96.7%		 404	 404	
S	1	p		 68185	 98.5%		 403	 404	
S	2	p		 63873	 98.3%		 403	 404	
S	3	p		 98807	 98.4%		 403	 404	
S	4	p		 82884	 98.3%		 403	 404	
S	5	p		 85115	 98.4%		 403	 404	
S	6	p		 126486	 98.2%		 403	 404	
S	7	p	 78211	 98.5%		 403	 404	
M	1	p		 93637	 98.3%		 403	 404	
M	2	p	 81847	 98.2%	 403	 404	
M	3	p		 83312	 98.6%		 403	 404	
M	4	p		 78512	 98.5%		 403	 404	
M	5	p		 80589	 98.3%		 403	 404	
M	6	p		 53067	 98.6%	 403	 404	
M	7	p		 64020	 98.5%		 403	 404	
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4.3.2.	mothur	v.1.39.5	

	

	 The	 bacterial	 diversity	 and	 abundance	 of	 the	 21	 samples	 was	 estimated	 with	 the	mothur	

pipeline.	The	mothur	pipeline	was	 fed	with	 the	 raw	reads	described	 in	4.2.	158	unique	OTUs	were	

found	 after	 alignment	 to	 the	 SILVA	 database	 (release	 132)	 and	 after	 excluding	 chloroplast,	

mitochondrial,	archaea	and	eukaryote	OTUs.	The	remaining	OTUs	were	realigned	with	the	RDP	Naïve	

Bayesian	rRNA	Classifier	Version	2.11	to	the	RDP	16S	rRNA	training	set	16	and	a	confidence	threshold	

of	 85%.	 The	 classifier	 spotted	 78	 chloroplast	 OTUs	 (49.37%)	 from	 those	 classified	 by	 the	 mothur	

pipeline	with	the	SILVA	database	as	unassigned	phyla	or	unknown	bacterial	phyla.	Therefore	leaving	

80	OTUs	ascribed	 to	 the	bacterial	phyla.	All	of	 these	OTUs	did	not	 surpass	 the	0.1%	threshold	and	

were	under	the	0.1%	cut	off.	They	were	therefore	discarded	as	background	noise.	

	

4.3.2.1.	Bacteria	present	in	the	in-vitro	plant	cultures	

	

	 No	 observation	was	 above	 the	 0.1%	 cut	 off.	 Sample	M7	was	 contaminated	 and	 therefore	

excluded	 from	 further	 analysis.	 The	 assumption	 being	 that	 an	 unclassified	 bacterium	

Microbacteriaceae	had	overgrown	the	sample	based	on	a	first	analysis.	(See	Appendix)	

	 		

	
4.3.3.	USEARCH	v.10.0.240	

	

	 The	 fungal	 diversity	 and	 abundance	 of	 the	 21	 samples	 was	 estimated	 with	 the	 USEARCH	

pipeline.	38	unique	OTUs	were	found	after	alignment	to	the	UNITE	database	v.7.2.	These	OTUs	were	

identified	again	with	the	RDP	Naïve	Bayesian	rRNA	Classifier	Version	2.11	to	the	Warcup	Fungal	ITS	

trainset	2	with	a	 confidence	 threshold	of	85%.	31.76%	of	 the	OTUs	 classified	as	part	of	 the	 fungal	

domain,	 the	 rest	was	 discarded	 as	 stemming	 from	amplification	of	 plant	 genomic	DNA	 fragments.	

Therefore	leaving	8	OTUs	ascribed	to	the	Ascomycota	phylum	and	4	to	uncultured	fungal	phyla.	

	

4.3.3.1.	Fungi	present	in	the	in-vitro	plant	cultures	

	

	 The	 different	 genera	 detected	 within	 the	 classified	 phyla	 were	 Fusarium	 (8.33%),	

Mycochaetophora	 (8.33%),	 Penicilium	 (8.33%)	 and	 75%	 classified	 as	 uncultured	 fungi.	 The	

composition	of	each	individual	sample	is	shown	in	figure	13.	
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Figure	13	The	composition	of	each	individual	sample	according	to	the	USEARCH	pipeline.	The	Abundance	is	the	
read	number	that	clustered	into	that	specific	OTU	and	displayed	on	the	y-axis.	The	samples	were	furthermore	
divided	 into	 the	 groups	 “Before	 cryo”	 and	 “After	 cryo”	 to	better	 visualize	 differences	 in	 the	 abundance	 and	
composition	of	the	microbiome	after	the	cryopreservation	procedure;	the	0.1%	cut	off	was	not	applied	in	the	
visualization	of	the	data.	
	

There	were	no	differences	 in	 the	 composition	of	 the	OTUs	before	 and	after	 cryopreservation.	 The	

abundance	of	the	reads	clustering	in	the	uncultured	fungi	OTUs	in	sample	S6	and	S7	was	substantially	

higher	than	in	S3	and	S4.	There	was	no	apparent	difference	between	the	samples	M1-M6,	neither	in	

their	composition	nor	in	their	abundance.	All	the	A.	laciniata	samples	show	no	signs	of	fungal	OTUs	

above	background.	

	

	

4.3.4.	DADA2	v.1.8	

	

	 The	DADA2	pipeline	was	used	as	well	because	of	 the	big	advantage	of	 inferring	 sequences	

exactly	 and	 therefore	 resolving	 differences	 between	 sequences	 down	 to	 one	 nucleotide.	 DADA2	

produces	more	real	variants	ASVs	than	other	methods.	(See	1.4.3)	The	fungal	and	bacterial	diversity	

and	 abundance	 of	 the	 21	 samples	 was	 inferred	 with	 the	 DADA2	 pipeline.	 The	 visualized	 quality	
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profiles	(visualization	of	the	base	call	accuracy	of	all	reads	in	one	.fastq	file)	of	each	two	forward	and	

two	reverse	reads	for	the	16S	V3V4	region	and	the	ITS2	region	respectively	showed	expected	results	

for	 Illumina	Miseq	 sequenced	 reads,	 it	 is	 needed	 to	decide	 to	what	 length	 the	 sequences	 shall	 be	

trimmed.	(Figure	14	and	15)	As	expected	for	Illumina	Miseq	sequenced	reads	the	quality	of	the	base	

calling	 decreased	 at	 the	 end	 of	 the	 read	 beginning	 approximately	 at	 the	 200th	bp,	 mainly	 due	 to	

substitutions.	 (Knief	 C.,	 2014;	 Zoll	 J.	 et	 al.,	 2016;	 Xiao	 L.	 et	 al.,	 2014)	 This	 happened	 because	 the	

polymerase	ligated	a	wrong	nucleotide	during	the	sequencing	steps.	This	 led	to	the	recorded	signal	

from	the	differently	colored	fluorophors	attached	to	the	nucleotides	becoming	more	ambiguous	and	

thusly	 of	 lower	 quality.	 Therefore	 the	 ends	 of	 the	 reads	 were	 cut	 off	 and	 excluded	 from	 further	

analysis,	this	process	is	called	trimming.	From	the	quality	profiles	the	trimming	length	was	chosen	to	

keep	the	median	quality	score	Q	of	the	reads	above	30,	this	infers	a	base	call	(recognizing	a	correct	

base	in	the	sequencing	process)	accuracy	of	99.9%.	The	Q-score	is	a	prediction	of	the	likelihood	of	a	

wrong	base	call.	For	the	16S	V3V4	region	the	read	length	was	trimmed	to	280	bp	and	230	bp	for	the	

forward	 and	 reverse	 reads	 respectively.	 The	 ITS2	 region	 reads	 were	 trimmed	 to	 280	 bp	 for	 the	

forward	reads	and	220	bp	for	the	reverse	reads.	

	

	
Figure	14	The	visualized	quality	profiles	of	two	16S	V3V4	forward	reads	and	the	corresponding	reverse	reads.	In	
gray	scale	is	a	heat	map	of	the	frequency	of	each	quality	score	at	each	base	position.	The	green	line	shows	the	
median	quality	score	at	each	position;	the	orange	lines	represent	the	quartiles	of	the	quality	score	distribution.	
Quartiles	are	the	quality	score	values	that	divide	all	values	at	that	position	into	four	equal	quarters.	The	dotted	
line	represents	therefore	the	lower	25%	of	the	quality	values	and	the	orange	line	the	higher	25%	quality	score	
values	at	that	certain	position.	
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Figure	15	The	quality	profiles	of	two	ITS2	forward	reads	and	the	corresponding	reverse	reads.	In	gray	scale	is	a	
heat	map	of	the	frequency	of	each	quality	score	at	each	base	position.	The	green	line	shows	the	median	quality	
score	at	each	position;	the	orange	lines	represent	the	quartiles	of	the	quality	score	distribution.	Quartiles	are	
the	 quality	 score	 values	 that	 divide	 all	 values	 at	 that	 position	 into	 four	 equal	 quarters.	 The	 dotted	 line	
represents	 therefore	 the	 lower	 25%	 of	 the	 quality	 values	 and	 the	 orange	 line	 the	 higher	 25%	 quality	 score	
values	at	that	certain	position.	
	

The	 expected	 error	 rates	 (Figure	 16	 and	 17)	 were	 used	 to	 filter	 the	 sequences	 with	 the	

“filterAndTrim()”	 command	 for	 the	 filtered	 and	 trimmed	 16S	 V3V4	 amplicons	 and	 ITS2	 amplicons	

individually.	 The	 estimated	 error	 rates	 were	 a	 good	 fit	 to	 the	 observed	 rates	 and	 the	 error	 rates	

dropped	with	increased	quality	as	anticipated	for	both	amplicon	sets.	

	

	

	

Figure	16	The	error	rates	for	each	possible	
transition	(A	->	C,	A	->	G,	A->	T,	etc.)	of	the	
filtered	 and	 trimmed	 forward	 16S	 V3V4	
reads.	Points	are	the	observed	error	rates	
for	 each	 consensus	 quality	 score.	 The	
black	 line	 represents	 the	 estimated	 error	
rates	 after	 convergence	 of	 the	 machine-
learning	algorithm.	(Chapter	1.4.3)	The	red	
line	 illustrates	 the	 error	 rates	 expected	
under	 the	 nominal	 definition	 of	 the	 Q-
score	 (also	 called	Phred	quality	 score	and	
logarithmically	 linked	 to	 the	 error	
frequency).		
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Figure	17	The	error	rates	for	each	possible	
transition	(A	->	C,	A	->	G,	A->	T,	etc.)	of	the	
filtered	 and	 trimmed	 forward	 ITS2	 reads.	
Points	 are	 the	 observed	 error	 rates	 for	
each	 consensus	 quality	 score.	 The	 black	
line	 represents	 the	 estimated	 error	 rates	
after	convergence	of	the	machine-learning	
algorithm.	 (Chapter	 1.4.3)	 	 The	 red	 line	
illustrates	 the	 error	 rates	 expected	 under	
the	nominal	definition	of	the	Q-score	(also	
called	 Phred	 quality	 score	 and	
logarithmically	 linked	 to	 the	 error	
frequency).	
	

	

	

	

	

	

	

	

The	number	of	the	reads	that	passed	each	individual	step	of	the	accurate	sample	inference	pipeline	

with	single	nucleotide	resolution	are	displayed	in	table	4.7	for	the	16S	V3V4	reads	and	table	4.8	for	

the	ITS2	reads.	From	the	tables	the	percentage	of	average	passed	reads	could	be	calculated,	79.63%	

for	the	amplified	16S	V3V4	region	and	64.45%	for	the	amplified	ITS2	region.	Furthermore,	the	track	

of	 the	 number	 of	 passed	 reads	 showed	 evidence	 that	 sample	 M7	 had	 been	 overgrown	 by	 a	

bacterium	which	 resulted	 in	no	passed	 reads	 for	 the	 ITS2	 region	and	was	 therefore	excluded	 from	

the	analysis.	With	the	exception	of	the	filtering	step,	which	was	kept	stringent,	there	was	no	step	in	

which	the	majority	of	reads	were	lost.		
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Table	4.7:	Track	of	the	number	of	16S	V3V4	reads	that	passed	each	step	in	the	DADA2	pipeline.	
16S	V3V4	reads	 	

Sample	 Input		 Filtered		 denoised	F	 denoised	R		 merged	 Non	chimeric	 %	passed	
A	1	p	 105318	 84419	 84396	 84395	 84045	 77264	 73.36	%	
A	2	p	 97715	 79340	 79318	 79328	 79178	 77888	 79.71	%	
A	3	p	 76559	 61986	 61981	 61975	 61861	 60996	 79.67	%	
A	4	p	 83081	 66551	 66536	 66544	 66067	 65050	 78.30	%	
A	5	p	 91314	 78203	 78185	 78199	 77871	 76689	 83.98	%	
A	6	p	 65825	 52774	 52744	 52749	 52643	 51307	 77.94	%	
A	7	p	 82813	 66508	 66480	 66497	 66343	 65348	 78.91	%	
S	1	p	 68185	 56447	 56433	 56434	 56251	 55019	 80.69	%	
S	2	p	 63873	 52710	 52700	 52700	 52478	 51380	 80.44	%	
S	3	p	 98807	 81634	 81616	 81628	 80912	 77281	 78.21	%	
S	4	p	 82884	 68409	 68390	 68393	 68123	 66761	 80.54	%	
S	5	p	 85115	 71055	 71050	 71040	 70818	 69495	 81.65	%	
S	6	p	 126486	 103595	 103582	 103580	 103221	 101308	 80.09	%	
S	7	p	 78211	 65981	 65967	 65969	 65765	 64427	 82.37	%	
M	1	p	 93637	 77309	 77281	 77299	 76930	 75026	 80.12	%	
M	2	p	 81847	 65864	 65800	 65849	 64826	 61835	 75.55	%	
M	3	p	 83312	 68349	 68324	 68313	 68002	 66334	 79.62	%	
M	4	p	 78512	 65596	 65574	 65580	 65217	 63404	 80.75	%	
M	5	p	 80589	 66107	 66089	 66097	 65787	 64124	 79.57	%	
M	6	p	 53067	 44984	 44965	 44963	 44773	 43627	 82.21	%	
M	7	p	 64020	 52217	 52180	 52175	 51725	 50327	 78.61	%	
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Table	4.7:	Track	of	the	number	of	ITS2	reads	that	passed	each	step	in	the	DADA2	pipeline.	

ITS2	reads	
Sample	 Input	 Filtered	 Denoised	F	 Denoised	R	 merged	 Non	chimeric	 %	passed	
A1p	 90391	 72253	 72248	 72246	 72211	 71080	 78.63	%	
A2p	 85544	 66945	 66932	 66934	 66886	 65810	 76.93	%	
A3p	 109058	 86846	 86840	 86841	 86794	 85440	 78.34	%	
A4p	 163384	 128222	 128188	 128189	 128030	 126138	 77.20	%	
A5p	 78909	 62935	 62932	 62929	 62891	 61931	 78.48	%	
A6p	 117953	 94517	 94458	 94511	 94399	 92967	 78.81	%	
A7p	 98769	 78343	 78337	 78339	 78301	 77093	 78.05	%	
K1p	 76004	 46882	 46856	 46869	 46073	 46057	 60.59	%	
K2p	 118647	 73006	 72978	 72989	 72056	 72040	 60.71	%	
K3p	 84254	 51900	 51869	 51879	 51280	 50604	 60.06	%	
K4p	 62360	 34971	 34942	 34943	 34498	 34490	 55.30	%	
K5p	 63512	 39359	 39328	 39333	 38695	 38687	 60.91	%	
K6p	 78193	 44365	 44329	 44338	 43289	 43286	 55.35	%	
K7p	 79699	 49543	 49439	 49522	 48189	 48185	 60.45	%	
M1p	 59769	 35025	 35011	 35020	 34242	 32574	 54.49	%	
M2p	 83120	 50435	 50362	 50414	 49486	 46890	 56.41	%	
M3p	 80348	 45818	 45799	 45809	 44839	 43019	 53.54	%	
M4p	 65295	 39331	 39325	 39312	 38450	 36023	 55.16	%	
M5p	 75565	 44821	 44815	 44818	 43808	 40889	 54.11	%	
M6p	 95121	 58088	 57998	 58073	 56752	 52689	 55.39	%	
M7p	 119	 6	 6	 1	 0	 0	 /	
	

These	 passed	 reads	 or	 amplicon	 sequence	 variants	 (ASVs)	 were	 assigned	 to	 a	 taxonomy	 with	

different	databases	using	different	classifiers	(Chapter	3.6.4).	This	led	to	44	ASVs	from	which	88.63%	

classified	as	chloroplasts	or	mitochondria	and	were	therefore	removed	from	the	dataset.	Chimeras	

were	thought	to	consist	of	two	different	mother	strands	and	on	this	premises	they	are	detected	by	

the	DADA2	pipeline	with	high	confidence.	But	the	possibility	of	triple	chimeras	remains.	Such	triple	

chimeras	 form	 if	 two	 strands	 overlap	 from	 both	 ends	 one	 middle	 strand	 that	 forms	 a	 loop;	 the	

polymerase	therefore	duplicates	a	part	of	the	first	strand,	the	loop	of	the	middle	strand	and	a	part	of	

the	 third	overlapping	 strand.	 (Gogvadze	E.	et	al.,	 2005)	These	 triple	 chimeras	are	usually	 very	 rare	

and	under	the	background	cut	off	of	0.1%.	In	our	case	they	had	to	be	considered	because	of	the	low	

amount	of	ASVs	and	the	low	amount	of	sequences	that	clustered	to	these.	To	detect	these	chimeras	

the	 ASVs	 were	 cut	 in	 3	 equal	 length	 sequences	 and	 classified	 to	 detect	 chimeras	 that	 were	 not	

recognized	by	 the	DADA2	algorithm.	 If	 the	3	 sequences	 from	one	ASV	were	classified	 to	 the	 same	

taxonomy	the	ASV	was	kept	in	the	dataset	if	not	it	was	discarded	as	a	triple	chimera.	Two	ASVs	were	

spotted	 as	 chimeras	 and	 therefore	 excluded	 from	 the	 16S	 dataset,	 leaving	 5	ASVs	 ascribed	 to	 the	

bacterial	phyla	and	none	as	unknown.		

The	ITS2	ASVs	were	classified	with	different	databases	using	different	classifiers	(See	3.6.4).	

This	 led	 to	 85	 ASVs	 from	 which	 87.05%	 classified	 as	 plant	 derived	 and	 were	 removed	 from	 the	
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dataset.	 As	 for	 the	 16S	ASVs	 the	 remaining	 ITS	ASVs	were	 cut	 in	 three	 equal	 length	 sequences	 to	

detect	 triple	chimeras.	 If	 the	3	sequences	 from	one	ASV	were	classified	to	the	same	taxonomy	the	

ASV	was	kept	in	the	dataset	if	not	it	was	discarded	as	a	triple	chimera.	Leaving	11	ASVs	ascribed	to	

fungal	phyla.	

	

	

	

4.3.4.1	Bacteria	present	in	the	in-vitro	plant	cultures	

	

	 The	 5	 ASVs	 ascribed	 to	 the	 bacterial	 phyla	 did	 not	 surpass	 the	 0.1%	 threshold	 and	 were	

under	 the	 0.1%	 cut	 off.	 They	 were	 therefore	 discarded	 as	 background	 noise.	 Sample	 M7	 was	

contaminated	and	therefore	eliminated	from	further	analysis.	The	contamination	could	be	classified	

as	Curtobacterium	from	the	family	Microbacteriaceae.		

	 None	of	the	observations	were	above	background,	which	is	typically	set	at	0.1%	of	the	total	

amount	 of	 processed	 reads.	 There	 were	 no	 apparent	 different	 observations,	 nor	 statistical	

differences	between	 samples	before	 and	after	 cryopreservation,	 if	 the	background	 cut	off	 of	 0.1%	

was	 used.	 (Table	 4.9)	 None	 of	 the	 observations	 could	 be	 seen	 as	 repeatable	 because	 they	 are	 all	

under	the	0.1%	cut	off.	The	analysis	of	the	bacterial	microbiome	of	in-vitro	plants	based	on	16S	V3V4	

ASVs	resulted	in	no	observable	microbiome.	(Table	4.9)		
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4.3.4.2	Fungi	present	in	the	in-vitro	plant	cultures	

	

	 The	 11	 fungal	 ASVs	 were	 classified	 into	 the	Ascomycota	 (18.18%)	 phylum	 and	 uncultured	

fungi	 (81.81%)	 phyla.	 The	 different	 genera	 detected	 within	 the	 classified	 phyla	 were	 Fusarium	

(9.09%),	Penicillium	(9.09%)	and	81.81%	classified	as	uncultured	fungus.	(Figure	19)		

	
Figure	19	The	composition	of	fungal	microbiome	in	each	individual	sample	according	to	DADA2	pipeline..	The	
Abundance	is	the	read	number	that	clustered	into	that	specific	ASV	and	displayed	on	the	y-axis.	The	samples	
were	furthermore	divided	into	the	groups	“Before	cryo”	and	“After	cryo”	to	better	visualize	differences	in	the	
abundance	and	composition	of	the	microbiome	after	the	cryopreservation	procedure;	the	0.1%	cut	off	was	not	
applied	in	the	visualization	of	the	data.	
	

Relevant	ASV	abundances	and	compositions	have	only	been	found	in	the	samples	from	S.	tuberosum.	

The	composition	of	the	fungal	microbiome	of	the	S1-4	samples	did	not	statistically	vary	from	the	S5-7	

samples.	As	displayed	in	table	4.8,	the	mean	number	of	reads	that	clustered	to	their	specific	ASV	did	

not	vary	statistically	before	or	after	cryopreservation.	Neither	the	composition,	nor	the	abundance	of	

the	fungal	microbiome	varied	significantly	before	and	after	cryopreservation.		
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Table	 4.8:	 The	mean	 number	 of	 reads	 that	 clustered	 to	 their	 specific	 ASV	 and	 the	 corresponding	 standard	
deviation	(SD)	and	coefficient	of	variation	(CV)	or	relative	standard	variation	for	the	samples	S1-7,	split	into	the	
groups	before	and	after	cryopreservation.		
	
	 Before	cryopreservation	 After	cryopreservation	
ASV	Genus	 Mean	 SD	 CV	 Mean	 SD	 CV	
uncultured	fungus	01	 100.75	 ±22.15	 ±21.99%	 98.66	 ±7.76	 ±7.87%	

uncultured	fungus	02	 66	 ±26.25	 ±39.78%	 67.33	 ±10.96	 ±16.29%	

uncultured	fungus	03	 43.25	 ±15.96	 ±36.91%	 38.33	 ±6.42	 ±16.77%	

uncultured	fungus	04	 24.5	 ±10.72	 ±43.77%	 16.33	 ±6.50	 ±39.84%	

uncultured	fungus	05	 16.25	 ±1.50	 ±9.23%	 14.33	 ±2.51	 ±17.54%	

	

	

	

To	reduce	the	differences	in	ASV	diversity	and	abundance	between	the	samples	alpha	diversity	was	

measured.	 (Figure	 20)	 Alpha	 diversity	 indices	 are	 mathematical	 measures	 that	 provide	 more	

information	about	the	composition	of	a	microbial	community	because	they	take	relative	abundance,	

richness	 and	 distribution	 of	 different	 species	 into	 account.	 It	 is	 a	way	 to	 quantify	 diversity.	 Alpha	

diversity	indices	Shannon	and	Simpson	showed	that	there	were	no	significant	differences	within	the	

S1-7	group	nor	the	A1-7	or	M1-7,	therefore	no	differences	in	diversity	can	be	observed.	The	groups	

A,	S	and	M	compared	 to	each	other	 showed	 that	only	S	had	any	alpha	diversity	values	due	 to	 the	

fact,	that	there	was	no	kind	of	fungal	microbiome	found	in	the	A.	laciniata	and	M.	aquatica	samples.	

Furthermore	the	Chao	1	as	an	alpha	diversity	estimator,	that	attempts	to	extrapolate	from	available	

observations	the	total	number	of	ASVs	in	the	community,	was	plotted.	(Figure	20)	Chao	1	 is	a	non-

parametric	estimator	(not	involving	any	assumptions)	that	estimates	the	number	of	species	present	

in	 the	 samples	 based	 on	 the	 abundance	 of	 ASVs	 to	 which	 single	 reads	 cluster.	 The	 estimator	

indicated,	that	the	total	number	of	ASVs	for	the	S.	tuberosum	samples	lie	between	5	and	8.	 	 It	was	

used	see	if	my	analysis	captured	the	main	proportion	of	the	diversity	of	the	fungal	microbiome	and	if	

there	were	any	differences	in	diversity	after	cryopreservation	compared	to	before	cryopreservation.	
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Figure	 20	 The	 Alpha	 diversity	 measurements	 for	 all	 samples.	 Chao	 1	 as	 an	 alpha	 diversity	 estimator	 that	
attempts	 to	 extrapolate	 from	 the	 available	 observations	 the	 total	 number	 of	 ASVs	within	 the	 samples.	 The	
Shannon	 and	 Simpson	 index	 are	 plotted	 to	 show	 the	 ASV	 diversity	 between	 the	 samples.	 The	 red	 dots	
represent	 the	 samples	 before	 cryopreservation	 whereas	 the	 blue	 dots	 represent	 the	 samples	 after	
cryopreservation.	
	

The	 phylogenetic	 analysis	 of	 the	 obtained	 fungal	 endophyte	 ASVs	 reveals	 two	 clades	 of	 the	

uncultured	fungi.	(Figure	21)	One	clade	contained	the	ASVs	of	uncultured	fungi	01,	02,	04,	05,	06	and	

the	second	clade	the	ASVs	of	uncultured	fungi	03,	07,	08	and	09.	It	furthermore	showed	the	rather	

high	phylogenetic	distance	from	the	two	Ascomycota	ASVs	Penicillium	and	Fusarium	and	it	illustrated	

the	abundance	of	the	ASVs	within	each	sample.	The	command	to	build	the	tree	used	the	minimum	

distance	between	two	sequences.	(Chapter	1.4.2)	Therefore,	the	shorter	the	branch	connecting	two	

ASVs	was	 the	 lower	 the	 genetic	 distance	 from	each	other.	 Furthermore	 a	 tree	was	built	 using	 the	

minimum	linkage	approach	including	Penicillium	deleae,	Fusarium	annulatum,	Puccinia	chrysanthemi	

and	Hydnum	rufescens	ITS2	sequences.	(Appendices)	The	two	Basidiomycota	(Puccinia	chrysanthemi	

and	Hydnum	 rufescens)	 clustered	 together,	 the	 Penicillium	 sequences	 clustered	 and	 the	 Fusarium	

sequences	clustered	together.	Therefore	 it	could	be	assumed	that	the	uncultured	fungus	clades	do	

not	 belong	 to	 the	 Ascomycota	 and	 Basidiomycota	 phyla,	 which	 include	 the	 most	 fungal	 species	

detected	by	conventional	culture	methods	(Riedel	C.	et	al.,	2014).	
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Figure	 21	 Phylogenetic	 analysis	 of	 the	 obtained	 fungal	 endophyte	 ASVs.	 The	 different	 colors	 of	 the	 objects	
(triangle	and	circle)	indicate	the	sample	in	which	they	were	found.	The	different	forms	of	the	objects	indicate	if	
they	were	 samples	 from	before	or	 after	 cryopreservation.	 Circles	 indicate	 before	 cryopreservation,	 triangles	
indicate	after	cryopreservation.	The	size	of	the	objects	indicates	the	abundance	of	the	fungal	endophyte	within	
its	sample.	The	length	of	the	branches	between	each	ASV	indicates	their	genetic	distance	from	each	other.	The	
tree	depicts	the	result	of	a	minimum	linkage	approach;	this	is	equivalent	with	single	linkage	and	is	used	to	find	
the	closest	connected	components	of	a	graph.	It	uses	the	minimum	distance	between	two	sequences	to	build	
the	tree.	
	

The	 analysis	 did	 not	 find	 any	 detectible	 differences	 before	 and	 after	 cryopreservation	 within	 the	

fungal	 microbiome.	 The	 uncultured	 fungi	 ASVs	 were	 spread	 over	 all	 the	 S.	 tuberosum	 samples	

equally,	keeping	their	composition	and	abundance	within	variation.	According	to	this	analysis,	the	M.	

aquatica	and	A.	laciniata	samples	could	be	considered	free	from	evident	fungi,	because	none	of	the	

observations	 were	 above	 the	 0.1%	 background	 cut	 off.	 (Table	 4.9)	 The	 appearance	 of	 Penicillium	

after	 cryopreservation	 is	 probably	 the	 result	 of	 contamination	 during	 cryopreservation	 and/or	

regeneration.	 The	 detection	 of	 Fusarium	 on	 the	 other	 hand	 could	 also	 be	 the	 result	 of	 cross	

contamination	during	the	DNA	extraction	or	could	be	a	carry-over	contamination	during	the	Illumina	

run	in	the	Eurofins	facility.	(Laurence	M.	et	al.	2014)	The	possibility	of	small	fragmented	DNA	in	the	

air,	falling	into	the	tubes	and	contaminating	the	extracted	DNA	can	also	be	considered	as	a	potential	
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contamination	path	and	would	explain	the	occurrence	of	the	below	background	cut	off	(0.1%)	fungal	

ASVs	in	sample	A1	(A.	laciniata)	and	M2	(M.	aquatica).	(Porter-Jordan	K.	et	al.,	1990)	

	

	

	

	

	

4.3.5.	 Combined	 and	 compared	 -	 The	 microbiome	 of	 in-vitro	 cultivated	 plants	 before	 and	 after	

cryopreservation		

	

	 The	mothur	and	DADA2	pipeline	did	not	differ	in	the	outcome,	there	is	no	detectable	change	

in	the	bacterial	microbiome	before	and	after	cryopreservation.	Although	the	analysis	did	confirm	the	

difference	of	the	pipelines	as	such	showing	that	mothur	created	spurious	OTUs	(Chapter	1.4.3)	that	

did	not	 really	 represent	 the	 reality.	DADA2	on	 the	other	hand	 resulted	 in	 an	ASV,	which	was	only	

found	in	the	M7	sample	and	could	be	spotted	as	contamination	and	with	97%	likelihood	identified	as	

Curtobacterium	 from	the	 family	Microbacteriaceae.	Whereas	according	 to	 the	mothur	pipeline	 this	

OTU	was	denoted	as	unclassified	Microbacteriaceae.		

	 The	USEARCH	and	DADA2	pipeline	resulted	in	slightly	different	abundances	 and	

compositions	 of	 the	 fungal	 microbiome.	 The	 DADA2	 pipeline	 could	 not	 find	 the	 OTUs	 found	 by	

USEARCH	within	the	M.	aquatica	samples.	Both	pipelines	found	Penicillium	and	Fusarium	individually	

in	 very	 low	 abundance,	 making	 it	 highly	 likely	 to	 be	 present	 within	 the	 samples.	 Both	 pipelines	

suggested,	 that	 except	 for	 the	 change	 in	 abundance	 in	 the	 USEARCH	 pipeline,	 there	 were	 no	

observable	changes	in	the	fungal	microbiome	of	in-vitro	cultivated	plants	after	cryopreservation.	
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5.	Discussion	

	

	 With	 the	 dawn	of	NGS	 (Next	 generation	 sequencing)	 the	 unraveling	 of	 the	 composition	 of	

highly	diverse	microbiomes,	from	sand	grains	to	the	human	gut,	has	taken	place.	This	study	was	to	

our	knowledge	 the	 first	 to	use	 this	 technology	 for	 the	analysis	of	 in-vitro	 cultivated	plants.	 In-vitro	

plant	cultures	were	viewed	as	“aseptic”	(free	of	optically	detectable	contaminations).	Recent	studies	

founded	 on	 a	 cultivation-based	 approach	 proved	 the	 occurrence	 of	 bacterial	 endophytes	 as	

omnipresent	in	in-vitro	cultures.	(Orlikowska	T.	et	al.,	2017;	Massimo	N.	et	al.,	2015;	Porras-Alfaro	A.	

et	 al.,	 2011)	 The	 cultivation-independent,	 NGS-based	 approach	 to	 detect	 all	 possible	 bacteria	 and	

fungi	 used	 in	 this	 study	 should	 therefore	 detect	more	 genera	 than	 culture-based	 approaches.	 The	

objective	 behind	 this	 work	 was	 to	 evaluate	 the	 diversity	 of	 the	 microbiome	 of	 in-vitro	 cultivated	

plants	before	and	after	cryopreservation	using	an	amplicon-based	metagenomic	approach.	The	use	

of	 NGS-based	 metagenomic	 sequencing	 to	 evaluate	 the	 microbiome	 from	 various	 holobionts	 is	

becoming	more	common.	(Fonseca	et	al.,	2018;	Hammad	et	al.,	2017;	Berg	et	al.,	2014;	Burns	et	al.,	

2015;	Chelius	et	al.,	2001;	Knief	et	al.,	2014;	Liaqat	et	al.,	2016;	Massimo	et	al.,	2015;	Riedel	et	al.,	

2014)	

	 The	DNA	extractions	produced	a	consistent	average	amount	of	114.12	±	14.47	ng	μl-1	DNA	

sheared	to	8	kbp	–	3	kbp	fragments	in	all	samples,	thus	proving	the	robustness	and	reproducibility	of	

the	procedure.	Furthermore,	all	samples	showed	a	positive	amplification	of	the	16S	and	ITS	region	in	

the	 PCR	 using	 specific	 primers.	 In	 the	M.	 aquatica	 samples	 there	were	 two	 to	 three	 bands	 visible	

(MW	of	approximately	2	kb).	This	might	have	happened	because	of	 tandem	duplication	of	 the	16S	

rRNA	gene	in	chloroplasts	/	mitochondria	or	a	dominating	bacterial	species.	This	fact	was	not	further	

investigated,	because	the	following	sequencing	was	performed	with	different	primers	for	the	V3-V4	

region.	 It	 was	 assumed	 that	 the	 amplification	 of	 the	 specific	 DNA	 fragment	 would	 indicate	 the	

presence	of	bacteria	and	fungi.	As	expected,	the	specific	16S	primers	also	amplified	chloroplast	and	

mitochondrial	DNA	and	the	ITS	primers	genomic	plant	DNA.		

	 Second	generation	NGS,	such	as	the	applied	Illumina	Miseq,	are	based	on	a	PCR	protocol	for	

the	signal	amplification.	(Knief	C.,	2014;	Zoll	J.	et	al.,	2016;	Xiao	L.	et	al.,	2014)	The	yielded	paired-end	

reads	had	a	mean	Q-score	of	33.56	inferring	a	base	call	accuracy	of	99.956%.		In	comparison	to	other	

studies	 that	used	an	amplicon-based	metagenomic	approach	 to	describe	 the	microbiome	of	plants	

the	sequencing	depth	was	approximately	the	same	or	higher	(average	of	62214	merged	paired-end	

reads	per	sample	per	region).	 (Fonseca	et	al.,	2018;	Manter	et	al.,	2010;	Appendix)	The	merging	of	

the	paired-end	reads	with	FLASH	(Zhang	J.	et	al.	2013,	Magoc	T.	et	al.	2011)	outputted	a	consistent	

mode	 length	 for	 the	 16S	 V3V4	 amplicons	 for	 all	 samples.	 The	 mode	 length	 is	 the	 length	 of	 the	

sequences,	 which	 appears	 most	 often	 in	 a	 group	 of	 sequences.	 This	 was	 expected,	 since	 the	
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prokaryotic	16S	V3V4	region	does	not	fluctuate	a	great	deal	 in	length.	The	mode	length	of	the	ITS2	

amplicons	on	the	other	hand	was	different	according	to	the	derived	DNA.	This	reflected	the	variable	

length	of	 the	 internal	 transcribed	spacer	and	 indicated	a	plant	 specific	 length.	This	meant	 that	 the	

primers	primarily	amplified	plant	genomic	DNA,	we	can	therefore	conclude,	that	the	mode	length	of	

the	ITS2	amplicons	was	plant–specific	in	this	study.		

	 To	analyze	the	composition	and	the	specific	abundance	of	each	genus	the	attained	amplicons	

had	to	be	clustered	together	into	operational	taxonomic	units	or	in	the	case	of	the	DADA2	(Callahan	

B.	J.	et	al.	2016)	pipeline	into	amplicon	sequence	variants	(ASV).	DADA2	inferred	sequences	exactly	

and	 resolved	 differences	 between	 sequences	 down	 to	 one	 nucleotide.	 Because	 of	 this	 and	 the	

comparison	 of	 the	 pipelines	 (Chapter	 4.3.5)	 the	 results	 from	 the	 DADA2	 pipeline	 were	 used	 to	

analyze	 the	 composition	 of	 the	 microbiome	 of	 the	 in-vitro	 plants.	 (Figure	 18)	 The	 taxonomy	 was	

determined	 by	 aligning	 the	 ITS2	 ASVs	 to	 the	 Warcup	 Fungal	 ITS	 trainset	 2	 using	 the	 RDP	 Naïve	

Bayesian	rRNA	Classifier	and	the	UNITE	Fungal	ITS	trainset	using	the	BLASTn	2.2.29+	algorithm,	using	

the	different	databases	had	 the	aim	to	assign	 taxonomy	with	high	accuracy	and	confidence.	Those	

ASVs	classified	as	plant	ITS2	regions	were	excluded	from	the	analysis	of	the	microbiome.	

	 The	 16	 S	 V3V4	 ASV	 from	 the	 presumed	 contamination	 could	 be	 successfully	 aligned	 to	

Curtobacterium	 sp.	 from	 the	 family	 Microbacteriaceae	 with	 97%	 likelihood.	 (Chapter	 4.3.4)	

Curtobacterium	 sp.	 is	 a	 gram-stain	 positive	 strictly	 aerobic	 chemoorganotrophic	 Actinobacterium	

associated	with	plant	infections.	(Saddler	G.	S.	et	al.,	2015;	Kodym	A.	et	al.,	2018)	Below	0.1%	cut	off,	

4	16S	V3V4	ASVs	were	observed.	(Appendix)	None	of	the	observations	could	be	seen	as	repeatable,	

except	for	the	contamination,	because	all	observations	were	under	the	0.1%	cut	off.	Therefore,	the	

analysis	of	the	bacterial	microbiome	of	in-vitro	plants	based	on	16S	V3V4	ASVs	in	this	study	resulted	

in	no	detectable	microbiome.	Furthermore,	there	were	no	differences	between	the	samples	before	

and	after	cryopreservation.	(Table	4.9)		

Nine	 of	 the	 eleven	 ITS2	 ASVs	 classified	 as	 uncultured	 fungi	 and	 were	 only	 significantly	

represented	in	the	S.	tuberosum	samples.	(Figure	19,	Table	4.9)	Therefore,	the	natural	communities	

of	fungi	in	the	in-vitro	S.	tuberosum	are	largely	composed	of	uncultured	fungal	taxa.	The	composition	

and	individual	abundance	of	each	ASV	from	this	uncultured	fungal	microbiome	does	not	significantly	

vary	 from	 before	 and	 after	 cryopreservation.	 (Table	 4.8)	 This	 revealed	 some	 highly	 preserved	

endophytes	within	the	species	S.	tuberosum.	The	remaining	two	ASVs	were	below	0.1%	cut	off	and	

recognized	 as	 Fusarium	 sp.	 and	 Penicillium	 sp.	 The	 appearance	 of	 Penicillium	 sp.	 after	

cryopreservation	 is	 probably	 the	 result	 of	 contamination	 during	 cryopreservation	 and/or	

regeneration.	 The	 possibility	 of	 small	 fragmented	 DNA	 in	 the	 air,	 falling	 into	 the	 tubes	 and	

contaminating	 the	 extracted	 DNA	 can	 also	 be	 considered	 as	 a	 potential	 contamination	 path	 and	
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would	explain	the	occurrence	of	the	below	background	cut	off	 (0.1%)	fungal	ASVs	 in	sample	A1	(A.	

laciniata)	and	M2	(M.	aquatica).	(Porter-Jordan	K.	et	al.,	1990)		

DNA	can	be	extracted	from	living	fungi	and	from	their	spores;	this	DNA	does	not	vary	 in	 its	

sequences.	(Mhlongo	M.	et	al.,	2018)	Because	of	this	fact	it	was	not	possible	to	determine	from	the	

given	data	alone	 if	 the	uncultured	fungi	are	only	present	as	metabolic	 inactive	spores	or	metabolic	

active	mycelium	within	the	 in-vitro	plants.	Because	of	the	aseptic	cultures,	the	sterile	work	practice	

and	 the	 reoccurrence	 of	 the	 uncultured	 fungi	 within	 the	 S.	 tuberosum	 before	 and	 after	

cryopreservation,	we	 could	 assume	 that	 these	 are	 indeed	highly	 preserved	 endophytes.	Given	 the	

unchanged	abundances	throughout	the	S.	tuberosum	samples	we	could	furthermore	assume	that	the	

fungi	are	metabolic	active	 in	the	plants.	Additionally	we	could	positively	say,	that	these	uncultured	

fungi	 are	 present	 in	 or	 surrounding	 healthy	meristematic	 pathogen-free	 cells,	 because	 only	 these	

cells	would	survive	the	cryopreservation	step.	(Wang	M.	et	al.,	2018)	

	The	phylogenetic	analysis	of	the	obtained	fungal	ASVs	used	the	minimum	linkage	approach	

to	determine	the	phylogenetic	distance	between	the	given	sequences.	(Edgar	R.	C.,	2017;	Figure	21)	

The	 culture-independent	 approach	 revealed	 evidence	 for	 the	 presence	 of	 an	 unclassified	 fungal	

phylotypes	 in	S.	 tuberosum.	 A	more	 in	 depth	 phylogenetic	 analysis	 of	 the	 given	 uncultured	 fungal	

ASVs	 showing	 the	evolutionary	 relationships	 among	a	wide	 range	of	different	 fungal	 species	 could	

conclusively	better	place	them	in	a	reference	tree.	This	was	not	performed	in	this	study	because	the	

aim	 was	 to	 assess	 the	 diversity	 of	 the	 microbiome	 of	 in-vitro	 cultivated	 plants	 before	 and	 after	

cryopreservation.	

The	comparison	of	the	diversity	and	richness	of	bacterial	OTUs	among	different	studies	varies	

among	plant	species	and	living	conditions.	(Fonseca	et	al.,	2018)	Manter	et	al.,	(2010)	analysis	of	the	

bacterial	 root	 microbiome	 of	 12	 in-vivo	 Solanum	 spp.	 revealed	 an	 average	 of	 477	 bacterial	 OTUs	

(represented	by	1000	sequences	per	sample).	They	found	260	different	genera	of	bacteria	 living	as	

endophytes.	(Manter	et	al.,	2010)	Our	study	on	the	other	hand	could	show	that	in-vitro	S.	tuberosum	

contained	no	bacterial	ASVs	above	background	cut	off.	This	gives	further	evidence	for	the	correlation	

between	 the	 living	 conditions	 and	 the	 composition	 of	 the	 bacterial	 microbiome.	 Fonseca	 et	 al.,	

(2018)	 found	 that	 the	 main	 microbial	 community’s	 residing	 in	 Eucalyptus	 roots	 under	 different	

conditions	 were	 those	 conducting	 biological	 nitrogen	 fixation,	 giving	 the	 Eucalyptus	 the	 ability	 to	

grow	 in	 soil	 without	 nitrogen.	 In	 our	 study	 we	 found	 a	 presumably	 essential	 fungal	 microbiome	

within	 in-vitro	S.	 tuberosum	even	 if	 its	purpose	remains	unknown	because	of	 the	 lack	of	a	more	 in	

depth	phylogenetic	and	biochemical	analysis,	we	can	assume	that	its	highly	conserved	nature	before	

and	 after	 cryopreservation	 is	 due	 to	 some	 sort	 of	 advantage	 they	 provide	 to	 the	 host	 in-vitro	

cultivated	plant.	
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6.	Conclusion	

	

	 Until	 now,	 only	 cultivable	 bacteria	 and	 fungi	 from	 in-vitro	 cultivated	 plants	 have	 been	

identified	 and	 characterized.	 In	 the	 present	 study,	 for	 the	 first	 time	 next	 generation	 sequencing	

(NGS)	 was	 used	 to	 capture	 the	 microorganisms	 present	 within	 in-vitro	 plants	 and	 to	 analyze	 the	

influence	 of	 cryopreservation	 on	 the	microbiome.	 The	 plants	 studied	 belonged	 to	 three	 different	

families	 (Asteraceae,	 Lamiaceae	 and	 Solanaceae),	 Artemisia	 laciniata	 was	 chosen	 because	 it	 is	 a	

highly	 endangered	 species	 in	 Europe.	 Mentha	 aquatica	 was	 chosen	 because	 it	 hybridizes	 with	

Mentha	 spicata	 to	 produce	 medicinally	 important	Mentha	 x	 piperita	 L.	 Solanum	 tuberosum	 was	

chosen	because	it	holds	a	paramount	position	in	agriculture	and	nutrition	of	the	human	population.	

	

• The	NGS	analysis	of	 the	A.	 laciniata	 and	M.	aquatica	 samples	could	not	detect	any	kind	of	

fungal	or	bacterial	microbiome	above	0.1%	cut	off.		

	

• S.	tuberosum	showed	no	observations	for	bacterial	microbiome	above	0.1%	cut	off.		

	

• The	 analysis	 of	 in-vitro	 cultivated	 plants	 revealed	 highly	 preserved	 uncultured	 fungal	

endophytes	 belonging	 to	 an	 un-described	 fungal	 phylotype	within	S.	 tuberosum	 as	well	 as	

below	0.1%	cut	off	Fusarium	sp.	and	Penicillium	sp..	

 
• Based	 on	 the	 results,	 which	 may	 be	 highly	 influenced	 by	 the	 methodologies	 used	 in	 this	

study,	we	could	suggest,	 that	A.	 laciniata	 and	M.	aquatica	do	not	 rely	on	a	microbiome	to	

survive	under	in-vitro	conditions.	

	

• There	 was	 no	 evidence	 of	 significant	 differences	 in	 abundance	 or	 composition	 within	 the	

members	of	fungal	microbiome	of	S.	tuberosum	before	and	after	cryopreservation.	It	can	be	

assumed,	that	cryopreservation	has	no	effect	on	these	highly	preserved	endophytic	fungi.	

	

• Because	 of	 the	 scarcity	 of	 endophytes,	 plants	 coming	 from	 in-vitro	 cultures	 could	 be	

excellent	starting	material	 for	 in-vivo	 studies	on	the	role	of	endophytes.	The	 in-vitro	plants	

could	receive	artificially	assembled	microbiomes	in	different	abundances	and	compositions.	

These	 plants	 could	 then	 be	 tested	 for	 survival,	 robustness,	 stability	 of	 the	 administered	

microbiome,	produced	secondary	metabolites	etc.	
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The	 technology	used	 in	 this	 study	appeared	 to	be	 suitable	 to	answer	 the	posed	questions.	

What	could	be	improved	in	the	future	studies	is	the	reduction	of	amplified	chloroplast	reads	for	the	

16S	 amplicons	 by	 using	 primers	 that	 have	 lower	 affinity	 to	 chloroplast	 and	mitochondrial	 DNA,	 or	

using	an	additional	blocking	primer.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



Abstract	

67	

7.	Abstract	

	

In-vitro	cultivated	plants,	despite	being	 considered	aseptic,	may	 carry	 latent	 infections	and	

endophytes,microorganisms	 that	 live	 within	 plants	 without	 causing	 disease	 symptoms.	 Until	 now,	

only	 cultivable	 bacteria	 and	 fungi	 from	 in-vitro	 cultivated	 plants	 have	 been	 identified	 and	

characterized.	 Next	 generation	 sequencing	 (NGS)	 has	 revolutionized	 all	 studies	 based	 on	 DNA	

sequencing.		In	this	study	NGS	was	applied	to	analyze	the	microbiome	of	 in-vitro	plants	for	the	first	

time.	

Endophytic	 microorganisms	 often	 stay	 dormant	 and	 become	 visible	 only	 after	 several	

subculturing	 steps	 and	 after	 exposure	 to	 stress,	 such	 as	 cryopreservation.	 The	 technique	 of	

cryopreservation	 is	 mainly	 used	 for	 the	 purpose	 of	 long-term	 storage	 of	 germplasm.	 Another	

biotechnological	use	is	cryotherapy,	a	rather	recent	development	for	eliminating	viral	pathogens	and	

bacterial	pathogens	in	infected	plants.	These	facts	provided	the	basis	for	the	hypothesis	of	this	study,	

namely	 that	changes	can	be	expected	 in	 the	composition	and	abundance	of	 the	microbiome	of	 in-

vitro	cultivating	plants	undergoing	cryopreservation.	

The	first	aim	of	this	study	was	to	find	out	which	bacteria	and/or	fungi	are	present	in	in-vitro	

plants	before	and	after	cryopreservation.	The	second	aim	was	to	find	out	 if	some	bacteria	or	 fungi	

were	lost,	acquired	and	if	there	were	changes	in	their	abundance.	

	 DNA	was	extracted	from	in-vitro	plants	derived	from	three	different	plant	species,	Artemisia	

laciniata	Willd.	(Compositae	/	Asteraceae),	Mentha	aquatica	L.	(Lamiaceae)	and	Solanum	tuberosum	

L.	 (Solanaceae)	 before	 and	 after	 undergoing	 cryopreservation.	 	 21	 samples	 (seven	 samples	 per	

species,	two	sets	before	cryopreservation	and	one	set	after)	were	analyzed	to	give	an	insight	into	the	

fungi	and	bacteria	residing	within	the	 in-vitro	plants.	The	internal	transcribed	spacer	2	(ITS2)	region	

was	used	as	barcode	for	the	classification	to	the	genus	level	of	fungi,	and	the	16S	V3-V4	region	for	

bacteria.	Both	were	amplified	and	then	sequenced	on	an	Illumina	Miseq.		The	generated	sequences	

of	 the	 ITS2	 and	 16S	 V3V4	 region	were	 processed	 in-silico	 using	 different	 bioinformatics	 tools	 and	

pipelines.		

The	NGS	analysis	of	the	A.	laciniata	and	M.	aquatica	samples	showed	no	kind	of	microbiome	

above	 0.1%	 cut	 off.	 S.	 tuberosum	 showed	 no	 observations	 for	 bacteria	 above	 0.1%	 cut	 off.	 The	

analysis	 of	 in-vitro	 plants	 revealed	 highly	 preserved	 uncultured	 fungal	 endophytes	 within	 S.	

tuberosum	 belonging	 to	 an	 un-described	 fungal	 phylotype.	 There	 was	 no	 evidence	 to	 significant	

changes	 in	abundance	or	composition	within	 the	microbiome	before	and	after	 cryopreservation.	 It	

can	be	assumed,	that	cryopreservation	has	no	effect	on	highly	preserved	endophytes	such	as	those	

detected	within	S.	tuberosum.		
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8.	Zusammenfassung	

	

	 In-vitro	 Pflanzen	 können,	 obwohl	 sie	 als	 aseptisch	 betrachtet	 werden,	 latente	 Infektionen	

und	 Endophyten,	 Mikroorganismen,	 die	 in	 Pflanzen	 leben,	 tragen,	 ohne	 Krankheitssymptome	 zu	

verursachen.	 Bisher	wurden	nur	 kultivierbare	 Bakterien	 und	 Pilze	 aus	 In-vitro	 Pflanzen	 identifiziert	

und	charakterisiert.	Next	Generation	Sequencing	(NGS)	hat	alle	auf	DNA-Sequenzierung	basierenden	

Studien	revolutioniert.	In	dieser	Studie	wurde	erstmals	NGS	zur	Analyse	des	Mikrobioms	von	In-vitro	

Pflanzen	eingesetzt.	

Endophytische	 Mikroorganismen	 bleiben	 oft	 inaktiv	 und	 werden	 erst	 nach	 mehreren	

Subkultivierungsschritten	und	nach	Belastung,	beispielsweise	durch	Kryokonservierung,	sichtbar.	Die	

Technik	der	Kryokonservierung	wird	hauptsächlich	zum	Zweck	der	Langzeitlagerung	verwendet.	Eine	

weitere	 biotechnologische	 Anwendung	 ist	 die	 Kryotherapie,	 eine	 relativ	 junge	 Entwicklung	 zur	

Beseitigung	 von	 viralen	 Pathogenen	 und	 bakteriellen	 Pathogenen	 in	 infizierten	 Pflanzen.	 Diese	

Tatsachen	bildeten	die	Grundlage	für	die	Hypothese	dieser	Studie,	nämlich	dass	Änderungen	in	der	

Zusammensetzung	 des	 Mikrobioms	 von	 in-vitro	 Pflanzen,	 die	 sich	 einer	 Kryokonservierung	

unterziehen,	erwartet	werden	können.	

Das	erste	Ziel	dieser	Studie	war	es	herauszufinden,	welche	Bakterien	und	/	oder	Pilze	vor	und	

nach	 der	 Kryokonservierung	 in	 In-vitro	 Pflanzen	 vorhanden	 sind.	 Das	 zweite	 Ziel	 bestand	 darin,	

herauszufinden,	ob	einige	Bakterien	oder	Pilze	verloren	gegangen	waren,	erworben	wurden	und	ob	

sich	Veränderungen	in	ihrer	Abundanz	zeigten.	

DNA	 wurde	 aus	 In-vitro	 Pflanzen	 extrahiert,	 die	 von	 drei	 verschiedenen	 Pflanzenarten,	

Artemisia	 laciniata	Willd,	 (Compositae	/	Asteraceae),	Mentha	aquatica	L.	 (Lamiaceae)	und	Solanum	

tuberosum	L.	(Solanaceae)	vor	und	nach	der	Kryokonservierung	stammen.	21	Proben	(sieben	Proben	

pro	Art,	zwei	Sätze	vor	der	Kryokonservierung	und	eine	danach)	wurden	analysiert,	um	einen	Einblick	

in	 die	 Pilze	 und	 Bakterien	 zu	 erhalten,	 die	 sich	 in	 den	 In-vitro	 Pflanzen	 befinden.	 Die	 internal	

transcribed	Spacer	2	(ITS2)	wurde	als	Barcode	für	die	Klassifizierung	der	Gattungsebene	der	Pilze	und	

die	 16S	 V3-V4-Region	 für	 Bakterien	 verwendet.	 Beide	 wurden	 amplifiziert	 und	 dann	 auf	 einem	

Illumina	Miseq	 sequenziert.	 Die	 erzeugten	 Sequenzen	 der	 ITS2-	 und	 16S-V3V4-Region	 wurden	 in-

silico	mit	verschiedenen	Bioinformatik-Tools	und	Pipelines	verarbeitet.	

Die	NGS-Analyse	der	Proben	von	A.	laciniata	und	M.	aquatica	zeigte	keine	Art	von	Mikrobiom	

über	0,1%.	S.	tuberosum	zeigte	keine	Beobachtungen	für	Bakterien	mit	einer	über	0,1%.	Die	Analyse	

von	In-vitro	Pflanzen	zeigte	in	S.	tuberosum	hoch	konservierte	nicht	kultivierte	Pilzendophyten,	die	zu	

einem	 nicht	 beschriebenen	 Pilz-Phylotyp	 gehören.	 Es	 gab	 keine	 Hinweise	 auf	 signifikante	

Änderungen	 der	 Abundanz	 oder	 Zusammensetzung	 im	 Mikrobiom	 vor	 und	 nach	 der	
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Kryokonservierung.	Es	kann	davon	ausgegangen	werden,	dass	die	Kryokonservierung	keinen	Einfluss	

auf	hoch	konservierte	Endophyten	hat,	wie	sie	in	S.	tuberosum	nachgewiesen	wurden.	
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Appendix	

	

Mothur	v.1.39.5	–	pipeline	
	
First	the	fastq	files	were	divided	into	fasta	and	quality	files	into	an	own	directory	for	further	analysis.	

Then	 a	 stability.files	 table	 was	 created	 containing	 the	 name	 of	 the	 sample	 and	 their	 matching	

forward	 and	 reverse	 reads,	 spaced	 by	 a	 tab.	 This	 file	 was	 used	 to	 assemble	 the	 reads	 using	 the	

quality	score	from	the	fastq	files;	the	reads	and	its	reverse	complement	must	have	a	quality	above	25	

to	be	considered	real:	

 

mothur > 
fastq.info(inputdir=/home/user/vignolle/NGS_in_vitro/raw_data/16S_merged, 
outputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
fastq=A1p.V3V4.merged.fastq)	
	
mothur > make.contigs(file=stability.files, processors=8)	
	

After	this	step	a	summary	file	of	each	fasta	file	was	created	to	have	an	overview	of	the	assembled	

sequences:	

	

mothur > 
summary.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
fasta= stability.trim.contigs.fasta)	
	

The	 summary	 files	 contained	 the	 information	 that	 was	 used	 to	 specify	 the	 details	 for	 the	

implementation	of	the	screening	command	that	removes	any	sequences	with	ambiguous	bases	and	

anything	 longer	 than	 404	 bp.	 Clearly	 some	 reads	 did	 not	 assemble	 (these	 were	 kept	 for	 further	

analysis),	and	some	were	longer	than	the	actual	amplified	site,	these	wrongly	assembled	reads	were	

then	removed:	

 

mothur > 
screen.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
fasta= stability.trim.contigs.fasta, maxambig=0, maxlength=404) 

	

Because	 in	 general	 it	 is	 computationally	 wasteful	 to	 align	 the	 same	 thing	 many	 times	 and	 it	 is	

expected	that	 the	files	contain	many	sequence	duplicates,	a	command	was	chosen	to	merge	these	

duplicates.	 If	 two	 sequences	 were	 identical,	 they	 were	 considered	 duplicates	 of	 each	 other	 and	

merged:	

	

mothur > 
unique.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
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fasta= stability.trim.contigs.good.fasta) 

	
After	this	a	table	was	created	in	which	the	number	of	unique	sequences	was	counted:	

	

mothur > 
count.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
name= stability.trim.contigs.good.fasta) 

	

Then	the	summary	command	was	rerun	with	the	*.unique.*	fasta	file	as	input:	

	

mothur > 
summary.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
count= stability.trim.contigs.good.count_table, fasta= 
stability.trim.contigs.good.unique.fasta) 

	

The	 sequences	were	now	 ready	 to	be	 aligned.	 They	were	 aligned	 to	 the	non-redundant	Ref	 SILVA	

database.	Using	the	whole	database	would	take	a	lot	of	computational	time	because	the	sequences	

would	be	aligned	to	the	whole	annotated	genome	of	for	example	E.	coli.	This	is	not	useful	therefore	

the	database	was	trimmed	down	to	only	the	significant	sites.	First	the	database	was	downloaded	and	

unzipped:		

 

[.]$ wget -N https://www.arb-
silva.de/fileadmin/arb_web_db/release_132/Exports/SILVA_132_SSURef_Nr99_tax
_silva_full_align_trunc.fasta.gz 

Before	the	database	was	modified	the	exact	location	of	the	V3-V4	region	was	selected.	The	used	16S	

amplicon	PCR	Forward	Primer	=		

5'	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG	

16S	amplicon	PCR	Reverse	Primer	=		

5'	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC		

to	 amplify	 the	 V3-V4	 region	 were	 needed.	 (Klindworth	 A.	 et	 al.	 2013)	 Then	 the	 E.	 coli	 16S	 rDNA	

sequence	was	downloaded.	This	 sequence	was	 trimmed	with	 the	primers.	 Important	was,	 that	 the	

reverse	complement	of	the	reverse	primer	sequence	was	needed.	This	content	was	saved	to	a	fasta	

file	and	aligned	with	the	downloaded	unzipped	SILVA	database:	

mothur > align.seqs(fasta=ecoli_V3V4.fasta, reference= 
SILVA_132_SSURef_Nr99_tax_silva_full_align_trunc.fasta) 
 
mothur > summary.seqs(fasta=ecoli_V3V4.align) 
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The	output	of	summary.seqs	 indicated	the	starting	position	6388	and	end	position	25319.	These	

coordinates	were	used	for	the	modification	of	the	database.	

	

mothur > 
pcr.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
fasta= SILVA_132_SSURef_Nr99_tax_silva_full_align_trunc.fasta, start=6388, 
end=25319, keepdots=F) 
 
mothur > 
rename.file(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
input= SILVA_132_SSURef_Nr99_tax_silva_full_align_trunc.fasta, 
new=silva.V3V4.fasta) 

	

Now	 the	database	was	 ready	 for	 further	processing.	 The	 sequences	 could	be	aligned	 to	 it	without	

wasting	computational	time.	Mothur	offers	three	choices	for	the	search	of	the	template	sequence.	

The	default	search	option	by	kmer	was	chosen.	The	kmer	size	was	set	to	8.	The	needleman	algorithm	

was	chosen	for	the	alignment	method.	This	penalizes	the	same	amount	for	opening	and	extending	a	

gap	 in	 the	 alignment.	 The	 threshold	 of	 0.50	means	 that	 if	 50%	of	 the	 bases	were	 removed	 in	 the	

alignment	 the	 alignment	 is	 categorized	 as	 insufficient	 and	with	 the	 flip	 parameter	 set	 to	 true	 the	

reverse	complement	sequence	was	tried.	The	better	alignment	was	then	reported:	

	

mothur > 
align.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
fasta= stability.trim.contigs.good.unique.fasta, 
reference=silva.V3V4.fasta, processors=2) 

	
After	this	step	summary.seqs was	re-run.	Some	sequences	had	a	different	start	and	end	position,	

these	deviants	from	the	mode	positions	happened	because	of	deletions	or	insertions	at	the	ends	of	

the	 alignments.	 This	 indicated	 a	 very	 poor	 alignment	 and	 is	 often	 due	 to	 unspecific	 amplification.	

Then	screen.seqs	command	was	used	again	to	make	sure	the	reads	overlap	the	same	region,	as	

well	 as	 setting	 the	 maximum	 homopolymer	 length	 to	 8,	 because	 the	 database	 doesn’t	 include	

anything	with	a	stretch	of	9	or	more	of	the	same	base	in	a	row,	and	again	summary.seqs	.		

	

mothur > screen.seqs(fasta=A1p.V3V4.merged.good.unique.align, count= 
stability.trim.contigs.good.count_table, summary= 
stability.trim.contigs.good.unique.summary, start=40, end=17052, 
maxhomop=8) 

	

Now	 the	 sequences	 overlapped	 the	 same	 alignment	 coordinates	 and	 they	 could	 be	 filtered	 to	

remove	the	overhang	at	both	ends.	As	well	as	removing	the	gap	characters	(“-“),	without	losing	any	

information:	
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mothur > 
filter.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
fasta= stability.trim.contigs.good.unique.good.align, vertical=T, trump=.) 

	

The	unique.seqs	 command	was	 re-run	because	 this	may	have	created	 some	 redundancy	among	

the	 sequences.	 In	 order	 to	 further	 de-noise	 the	 sequences	 they	were	 pre-clustered	 for	 up	 to	 two	

differences	between	sequences.	Generally	one	difference	 for	every	100	bp	of	sequence	 is	allowed,	

this	would	mean	four	in	this	case.	But	due	to	the	fact	that	these	guidelines	have	been	developed	for	

a	higher	error	prone	dataset,	 I	have	chosen	 to	allow	one	difference	 for	every	200	bp	of	 sequence.	

The	following	command	sorted	the	sequences	by	abundance	going	from	most	to	 least	abundant.	 If	

their	difference	is	within	2	nt	of	each	other	they	got	merged.		

	

mothur > 
pre.cluster(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline 
fasta= stability.trim.contigs.good.unique.good.filter.unique.fasta, count= 
stability.trim.contigs.good.unique.good.filter.count_table, diffs=2) 

	

As	many	errors	as	possible	were	eliminated.	 It	was	 time	 to	 tackle	 the	next	problem	and	 to	 reduce	

possible	chimeras	by	using	the	VSEARCH	algorithm,	which	was	an	evolution	from	the	Chimera	Slayer.	

Chimeras	 wrongly	 increase	 the	 diversity	 of	 a	 bacterial	 community,	 although	 they	 are	 only	 hybrid	

products	between	multiple	parent	sequences	created	by	the	polymerase	in	the	PCR-steps.	(Haas	B.	et	

al.,	2011)	These	sequences	had	to	be	filtered	and	extracted	from	the	dataset.	The	sequences	were	

referenced	to	the	most	abundant	sequences	and	 if	a	sequence	was	flagged	as	chimeric	 it	was	only	

removed	in	the	sample	in	which	it	was	found	and	not	in	all	samples	(dereplicate=t).	The	default	way	

to	do	 this	was	 to	 remove	 this	 sequence	 from	all	 samples,	 nevertheless	 a	 less	 aggressive	 approach	

was	chosen:	

	

mothur > 
chimera.vsearch(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline 
fasta= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.fasta, 
count= 
stability.trim.contigs.good.unique.good.filter.precluster.count_table, 
dereplicate=t)	
	
mothur > 
remove.seqs(inputdir=/proj/in_vitro_microbiome/16S_V3V4/mothur_Pipeline, 
fasta= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.fasta, 
accnos= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.denovo.vse
arch.accnos, count= 
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stability.trim.contigs.good.unique.good.filter.unique.precluster.count_tabl
e)	
	

The	 final	 steps	before	 the	actual	OTU	based	analysis	was	 to	extract	unwanted	sequences	 from	the	

dataset.	These	were	16S	rDNA	fragments	from	chloroplast	and	mitochondrial	sequences	and	wrongly	

amplified	 regions	 from	Archaea	 or	 18S	 rDNA.	 As	well	 as	 removing	 “unknown”	 classifications,	 that	

couldn’t	be	ordered	into	one	of	the	domains	by	the	classifier.	A	Bayesian	classifier	was	used.	(Wang	

Q.	et	al.,	2007)	

	

mothur > 
classify.seqs(inputdir=/home/user/vignolle/NGS_in_vitro/16S_V3V4/mothur_Pip
eline, fasta= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.fasta
, count= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.count
_table, reference=silva.nr_v132.align, taxonomy=silva.nr_v132.tax, 
cutoff=80) 

	

After	 these	 steps	 the	 undesirables	 could	 be	 removed	 from	 the	 datasets,	 as	 well	 as	 creating	 an	

updated	taxonomy	summary	file,	that	gave	an	overview	of	these	exclusions.		

	

mothur > remove.lineage(fasta= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.fasta
, count= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.count
_table, taxonomy= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.nr_v1
32.wang.taxonomy, taxon=Chloroplast-Mitochondria-unknown-Archaea-
Eukaryota); summary.tax(taxonomy=current, count=current) 

	

The	 following	 commands	 clustered	 the	 sequences	 into	 OTUs.	 The	 first	 command	 determined	

uncorrected	pairwise	distances	between	aligned	DNA	sequences.	This	approach	did	not	store	these	

distances	into	RAM	but	printed	them	directly	into	a	file.	Only	distances	below	0.03	were	saved.	Such	

a	 high	 value	was	 chosen	 in	 order	 to	 be	 able	 to	 create	 a	 *.dist	 file	 to	 run	 the	 clustering	 command	

afterwards.	These	high	distances	were	tolerated,	even	if	a	cutoff	of	0.005	would	have	been	the	actual	

choice	for	further	clustering.	

	

mothur > dist.seqs(fasta= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
fasta, cutoff=0.03) 

	

	

	



Appendix	

86	

	

Now	that	the	distance	matrix	was	generated,	it	could	be	used	to	assign	sequences	to	OTUs.	Mothur	

implemented	different	clustering	methods:		

	

• Nearest	neighbor:	Each	of	the	sequences	within	an	OTU	is	at	most	X%	distant	from	the	most	

similar	sequence	in	the	OTU.	

• Furthest	neighbor:	All	of	the	sequences	within	an	OTU	are	at	most	X%	distant	from	all	of	the	

other	sequences	within	the	OTU.	

• Average	 neighbor:	 This	method	 uses	 the	 average	 distance	 between	 all	 sequences	within	 an	

OTU	and	a	sequence	clustered	to	it	must	be	at	most	X%	distant	from	it.	This	is	a	compromise	

between	the	two	algorithms	above.	

• Opti:	The	OTUs	are	assembled	using	metrics	to	determine	the	quality	of	clustering.	The	metric	

options	 available	 are	 clustering	 by	Matthews	 correlation	 coefficient,	 sensitivity,	 specificity,	

true	positives	+	true	negatives,	false	positives	+	false	negatives,	…	etc.		

	

In	the	following	clustering	step	the	OTUs	were	assembled	using	the	Matthews	correlation	coefficient	

(MCC)	due	to	the	fact	that	it	could	establish	the	quality	of	binary	classification	problems,	because	it	

included	 the	 balance	 of	 the	 four	 confusion	 matrix	 categories	 (false	 positive,	 false	 negative,	 true	

positive,	 true	 negative).	 The	 value	 of	MCC	 reaches	 from	 -1	 to	 1.	 (Matthews	 B.,	 1975)	 The	 chosen	

parameter	to	select	initial	randomization	for	the	Opticluster	method	was	“singleton”.	This	way	each	

sequence	was	randomly	assigned	to	its	own	OTU	and	then	they	were	clustered	together.	

	

mothur > cluster(column= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
dist, count= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
count_table, cutoff=0.20) 

	

The	consensus	taxonomy	for	each	OTU	could	be	determined	with	the	classify.otu	command:	

	

mothur > classify.otu(list= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
opti_mcc.list, count= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.
count_table, taxonomy= 
stability.trim.contigs.good.unique.good.filter.unique.precluster.pick.nr_v1
32.wang.taxonomy, label=0.20) 
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USEARCH	v.10.0.240	–	pipeline	
	
The	 first	 step	was	 to	 filter	 out	 low	quality	 reads.	 This	was	 achieved	by	 setting	 a	maximum	on	 the	

expected	number	of	errors	(E).	The	expected	number	or	errors	is	the	average	number	of	errors	in	a	

large	collection.	E	was	set	to	1,	because	generally	the	most	probable	number	of	errors	of	a	filtered	

read	is	zero.	(Edgar	R.	C.	et	al.,	2015)	

	

[vignolle@accelerator ITS2_Fungi]$ /apps/usearch/10.0.240/usearch -
fastq_filter A1p.ITSb.merged.fastq -fastq_maxee 1.0 -fastaout 
A1p.ITSb.merged.filter.fasta 
 
usearch v10.0.240_i86linux32, 4.0Gb RAM (65.9Gb total), 8 cores 
(C) Copyright 2013-17 Robert C. Edgar, all rights reserved. 
http://drive5.com/usearch 
 
License: herbolc9@univie.ac.at 
 
00:04 70Mb    100.0% Filtering, 93.2% passed 
     89840  Reads (89.8k)                    
      6118  Discarded reads with expected errs > 1.00 
     83722  Filtered reads (83.7k, 93.2%) 
 

Then	the	filtered	samples	were	pooled	together	for	further	analysis.	

 

[vignolle@accelerator usearch_pipeline]$ cat A1p.ITSb.merged.filter.fasta 
A2p.ITSb.merged.filter.fasta A3p.ITSb.merged.filter.fasta 
A4p.ITSb.merged.filter.fasta A5p.ITSb.merged.filter.fasta 
A6p.ITSb.merged.filter.fasta A7p.ITSb.merged.filter.fasta 
K1p.ITSb.merged.filter.fasta K2p.ITSb.merged.filter.fasta 
K3p.ITSb.merged.filter.fasta K4p.ITSb.merged.filter.fasta 
K5p.ITSb.merged.filter.fasta K6p.ITSb.merged.filter.fasta 
K7p.ITSb.merged.filter.fasta M1p.ITSb.merged.filter.fasta 
M2p.ITSb.merged.filter.fasta M3p.ITSb.merged.filter.fasta 
M4p.ITSb.merged.filter.fasta M5p.ITSb.merged.filter.fasta 
M6p.ITSb.merged.filter.fasta M7p.ITSb.merged.filter.fasta 
>In_vitro.pooled.fasta 
 

The	sequences	within	the	pooled	samples	file	were	de-replicated.	In	this	step	the	sequences	were	

compared	on	each	position	with	each	other,	if	they	were	identical	over	the	full	length	they	got	de-

replicated	and	relabeled	with	“Uniq”	and	the	size	annotations	was	added	to	the	output	sequence	

label.	

 

[vignolle@accelerator usearch_pipeline]$ /apps/usearch/10.0.240/usearch -
fastx_uniques In_vitro.pooled.fasta -fastaout In_vitro.unique.fasta -
sizeout -relabel Uniq 
 
00:06 592Mb   100.0% Reading In_vitro.pooled.fasta 
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00:08 826Mb   100.0% DF                            
00:08 840Mb  1200455 seqs, 255649 uniques, 219792 singletons (86.0%) 
00:08 840Mb  Min size 1, median 1, max 153964, avg 4.70 
00:11 676Mb   100.0% Writing In_vitro.unique.fasta 
 

The	next	step	constructed	a	set	of	OTU	representative	sequences	from	the	de-replicated	reads.	It	

used	the	UPARSE-OTU	algorithm.	Its	goal	was	to	identify	a	set	of	OTU	representative	sequences	that	

had	<97%	pair-wise	sequence	identity	with	each	other;	chimeras	were	disregarded	and	all	non-

chimeric	input	sequences	should	match	at	least	one	OTU	with	>=	97%	identity.	Chimeras	were	also	

filtered	by	this	command;	it	worked	better	than	using	a	reference-based	chimera	filtering	after	

clustering.	

 
[vignolle@accelerator usearch_pipeline]$ /apps/usearch/10.0.240/usearch -
cluster_otus In_vitro.unique.fasta -otus In_vitro.otus.fasta -uparseout 
In_vitro.uparse.txt -relabel Otu 
 
00:02 47Mb    100.0% 38 OTUs, 32 chimeras 
 

 

To	be	able	to	build	an	OTU	table	the	sequences	of	the	samples	had	to	be	relabeled	with	the	sample	

name.	

 

[vignolle@accelerator usearch_pipeline]$ /apps/usearch/10.0.240/usearch -
fastx_relabel A1p.ITSb.merged.filter.fasta -prefix A1_ -fastaout 
A1p.ITSb.relabeled.fasta -keep_annots 
 

Then	the	fasta	files	were	concatenated	to	build	the	set	of	sequences	that	would	match	the	OTUs.	

 

[vignolle@accelerator usearch_pipeline]$  cat A6p.ITSb.relabeled.fasta 
M3p.ITSb.relabeled.fasta A1p.ITSb.relabeled.fasta K5p.ITSb.relabeled.fasta 
A7p.ITSb.relabeled.fasta M4p.ITSb.relabeled.fasta A2p.ITSb.relabeled.fasta 
K6p.ITSb.relabeled.fasta K1p.ITSb.relabeled.fasta M5p.ITSb.relabeled.fasta 
A3p.ITSb.relabeled.fasta K7p.ITSb.relabeled.fasta K2p.ITSb.relabeled.fasta 
M6p.ITSb.relabeled.fasta A4p.ITSb.relabeled.fasta M1p.ITSb.relabeled.fasta 
K3p.ITSb.relabeled.fasta M7p.ITSb.relabeled.fasta A5p.ITSb.relabeled.fasta 
M2p.ITSb.relabeled.fasta K4p.ITSb.relabeled.fasta > In_vitro.pooled.fasta 
 

The	OTU	table	was	created	from	the	relabeled	and	filtered	sequences	before	dumping	singletons	and	

low-abundance	sequences.	This	was	done	because	many	of	these	sequences	would	map	to	an	OTU	

and	therefore	increase	sensitivity.		

 

[vignolle@accelerator usearch_pipeline]$ /apps/usearch/10.0.240/usearch -
otutab In_vitro.pooled.fasta -otus In_vitro.otus.fasta -otutabout 
In_vitro.otutab.txt -mapout In_vitro.map.txt 
 
00:00 40Mb    100.0% Reading In_vitro.otus.fasta 
00:00 6.4Mb   100.0% Masking (fastnucleo)        
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00:00 7.2Mb   100.0% Word stats           
00:00 7.2Mb   100.0% Alloc rows 
00:00 7.2Mb   100.0% Build index 
00:12 116Mb   100.0% Searching, 100.0% matched 
83717 / 83722 mapped to OTUs (100.0%)          
00:12 116Mb  Writing A1p.otutab.txt 
00:12 116Mb  Writing A1p.otutab.txt ...done. 
 

The	next	step	aligned	the	file	containing	the	OTUs	to	the	reference	UNITE	database.	

 

[vignolle@accelerator usearch_pipeline]$ /apps/usearch/10.0.240/usearch -
usearch_global In_vitro.otus.fasta -db 
utax_reference_dataset_01.12.2017.fasta -id 0.8 -strand both -alnout 
In_vitro.otu.08.aln -uc In_vitro.otu.08.uc 
 
00:01 90Mb    100.0% Reading utax_reference_dataset_01.12.2017.fasta 
00:02 57Mb    100.0% Masking (fastnucleo)                            
00:03 58Mb    100.0% Word stats           
00:03 58Mb    100.0% Alloc rows 
00:06 211Mb   100.0% Build index 
00:06 332Mb   100.0% Searching, 94.7% matched 
 

All	trees	were	created	with	the	cluster_agg	command.	It	uses	the	minimum	linkage	approach,	

equivalent	with	single	linkage	and	finds	the	closest	connected	components	of	a	graph.	It	used	the	

minimum	distance	between	two	sequences	to	build	the	tree.	

 

[vignolle@accelerator usearch_pipeline]$ /apps/usearch/10.0.240/usearch -
cluster_agg In_vitro.otus.fasta -treeout In_vitro.otus.tree -linkage min 
 
00:00 40Mb    100.0% Reading In_vitro.otus.fasta 
00:00 7.2Mb   100.0% Word stats                  
00:00 7.2Mb   100.0% Alloc rows 
00:00 7.4Mb   100.0% Build index 
00:00 83Mb    100.0% Distance matrix/usort 
00:00 83Mb    100.0% Building tree        
 

The	OTU	table	In_vitro.otutab.txt	and	In_vitro.otu.08.aln	were	then	manually	combined	into	a	

taxonomy	table:	

 

#OTU ID Domain Phylum Class Order Family Genus Species 
Otu2  Plantae Plantae Plantae Plantae Plantae Plantae Plantae 
Otu31 Plantae Plantae Plantae Plantae Plantae Plantae Plantae 
Otu22 Plantae Plantae Plantae Plantae Plantae Plantae Plantae 
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DADA2	v1.8	–	pipeline	
	
The	first	step	was	to	load	the	DADA2	package	into	the	R	environment.		

 

library(dada2); packageVersion("dada2") 
 

Then	the	path	to	the	sequences	was	loaded	into	an	R-object.	

 

path <- "/proj/in_vitro_microbiome/dada2/16S_V3V4/fastq_files" 
 

It	was	important	to	check	the	kind	of	format	of	the	filenames	to	define	the	sample	names	correctly.	

Forward	 and	 reverse	 fastq	 filenames	 had	 the	 format:	 SAMPLENAME.V3V4.FWD.fastq	 and	

SAMPLENAME.V3V4.REV.fastq	 or	 for	 the	 ITS2	 region	 SAMPLENAME.ITSb.FWD.fastq	 and	

SAMPLENAME.ITSb.REV.fastq.	

 

fnFs <- sort(list.files(path, pattern=".V3V4.FWD.fastq", full.names = 
TRUE)) 
fnRs <- sort(list.files(path, pattern=".V3V4.REV.fastq", full.names = 
TRUE)) 
sample.names <- sapply(strsplit(basename(fnFs), "[.]"), `[`, 1) 
 

To	 inspect	 the	quality	of	 the	 forward	and	 reverse	 reads	 it	was	visualized	by	plotting.	The	 first	 two	

samples	of	the	dataset	were	enough	to	get	an	overview	of	the	dataset.	

 

plotQualityProfile(fnFs[1:2]) 
plotQualityProfile(fnRs[1:2]) 
 

This	 information	provided	 the	 length	where	 the	 reads	were	 truncated.	 A	 directory	 for	 the	 filtered	

reads	was	created	and	their	file-path	defined	for	further	placement.	

 

filtFs <- file.path(path, "filtered", paste0(sample.names, 
"_F_filt.fastq.gz")) 
filtRs <- file.path(path, "filtered", paste0(sample.names, 
"_R_filt.fastq.gz")) 
 

The	 standard	 filtering	 parameters	 were	 used:	 maxN=0	 (DADA2	 does	 not	 require	 Ns	 in	 the	

sequences),	 truncQ=2,	 rm.phix=TRUE	and	maxEE=2	 (expected	errors).	The	expected	error	 rate	as	a	

filtering	 parameter	 is	 more	 efficient	 than	 simply	 averaging	 quality	 scores.	 It	 was	 imperative	 to	

consider	the	amplicon	data,	because	it	was	important	to	keep	the	length	long	enough	so	they	could	

overlap	 and	 at	 the	 same	 time	 the	 quality	 scores	 needed	 to	 be	 high	 enough,	 especially	 for	 the	 in	
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length-varying	ITS2	region.	

 

out <- filterAndTrim(fnFs, filtFs, fnRs, filtRs, truncLen=c(280,230), 
                     maxN=0, maxEE=c(2,2), truncQ=2, rm.phix=TRUE, 
                     compress=TRUE, multithread=TRUE)  
head(out) 
 

DADA2	uses	a	parametric	error	model.	This	 following	method	 learns	 the	specific	error	model	 from	

the	data	itself	by	altering	the	inference	of	sample	composition	and	estimation	of	the	error	rates	until	

they	 meet	 on	 a	 mutually	 coherent	 solution.	 The	 initial	 random	 guess	 for	 this	 machine-learning	

problem	was	the	maximum	possible	error	rate	in	the	given	data	based	on	the	premise	that	the	most	

abundant	sequence	was	correct	and	all	the	rest	are	errors.	

 

errF <- learnErrors(filtFs, multithread=TRUE) 
errR <- learnErrors(filtRs, multithread=TRUE) 
 

The	following	command	visualized	the	estimated	error	rates:	

 
plotErrors(errF, nominalQ=TRUE) 
plotErrors(errR, nominalQ=TRUE) 
 

This	combined	all	identical	sequences	to	“unique	sequences”	with	a	matching	“abundance”	equal	to	

the	 number	 of	 reads	 of	 that	 particular	 sequence.	 Redundant	 comparison	 was	 eliminated	 and	

therefore	 computational	 time	 reduced.	 The	 de-replication	 was	 performed	 with	 the	 following	

command:	

 

derepFs <- derepFastq(filtFs, verbose=TRUE) 
derepRs <- derepFastq(filtRs, verbose=TRUE) 
 

Then	the	derep-class	objects	were	named	with	the	sample	names.	

 
names(derepFs) <- sample.names 
names(derepRs) <- sample.names 
 

The	following	command	inferred	true	sequence	variants	from	the	de-replicated	unique	sequences	for	

each	sample,	which	was	achieved	with	the	core	sample	inference	algorithm	of	the	DADA2	pipeline.	

Each	sample	was	processed	individually	by	default.	However	it	was	possible	to	increase	sensitivity	to	

low	 abundance	 sequence	 variants	 across	multiple	 samples	 by	 pooling.	 Two	 types	 of	 pooling	were	

possible	 in	 the	DADA2	package.	 dada(…,	 pool=TRUE)	was	 a	 standard	pooling,	 in	which	 all	 samples	

were	 pooled	 together.	 dada(…,	 pool=”pseudo”)	 was	 a	 pseudo-pooling,	 in	 which	 samples	 were	

processed	 individually	 after	 sharing	 information	 among	 samples,	 approximating	 pooled	 sample	

inference	in	linear	time.	Pseudo-pooling	was	chosen	because	it	gave	a	more	accurate	description	of	
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ASVs	at	very	low	frequencies	(1-5	reads	per	sample)	as	well	as	detecting	contaminants	across	many	

samples.	

 
dadaFs <- dada(derepFs, err=errF, pool="pseudo", multithread=TRUE) 
dadaRs <- dada(derepRs, err=errR, pool="pseudo", multithread=TRUE) 
dadaFs[[1]] 
dadaRs[[1]] 
 

Then	 the	 forward	 reads	 were	 merged	 with	 the	 corresponding	 reverse	 read	 to	 form	 the	 merged	

“contig”	sequences.	The	sequences	were	merged	only	if	they	overlapped	with	at	least	12	bases.	

 

mergers <- mergePairs(dadaFs, derepFs, dadaRs, derepRs, verbose=TRUE) 
head(mergers[[1]]) 
 

After	this	step	the	ASV	table	could	be	constructed.	

 

seqtab <- makeSequenceTable(mergers) 
dim(seqtab) 
 

The	distribution	of	sequence	lengths	was	examined	and	the	amplicons	cut	to	size	if	necessary.	With	

the	variable	ITS2	amplicons	this	step	was	not	performed.	

 

table(nchar(getSequences(seqtab))) 

seqtab2 <- seqtab[,nchar(colnames(seqtab)) %in% seq(401,410)] 

 

Chimeras	had	to	be	removed;	the	core	DADA2	method	corrected	substitutions	and	indel	errors	but	

not	chimeras.	The	precision	of	ASVs	made	it	easier	to	recognize	and	eliminate	them.	

 

seqtab.nochim <- removeBimeraDenovo(seqtab2, method="consensus", 
multithread=TRUE, verbose=TRUE) 
dim(seqtab.nochim) 
 
sum(seqtab.nochim)/sum(seqtab2) 
 
getN <- function(x) sum(getUniques(x)) 
track <- cbind(out, sapply(dadaFs, getN), sapply(dadaRs, getN), 
sapply(mergers, getN), rowSums(seqtab.nochim)) 
 
colnames(track) <- c("input", "filtered", "denoisedF", "denoisedR", 
"merged", "nonchim") 
rownames(track) <- sample.names 
head(track) 
 

Thereafter	 it	was	possible	 to	assign	 the	 taxonomy.	The	SILVA	Database	v128	was	used	 for	 the	16S	

V3V4	ASVs	and	the	UNITE	Database	v.7.2	was	used	for	the	ITS2	region.	
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taxa <- assignTaxonomy(seqtab.nochim, 
"/proj/in_vitro_microbiome/dada2/16S_V3V4/fastq_files/silva_nr_v128_train_s
et.fa.gz", multithread=TRUE, tryRC=TRUE) 
 
taxa.print <- taxa  
rownames(taxa.print) <- NULL 
head(taxa.print) 
 
library(xlsx) 
write.xlsx(taxa, "ITS2_taxa.xlsx") 
write.xlsx(track, "ITS2_track.xlsx") 
write.xlsx(seqtab.nochim, "ITS2_seqtab.xlsx") 

	
	
SOP:	DNA	Extraction	
With	“Quick-DNATM	Fungal/Bacterial	Miniprep	Kit”	from	Zymo	Research	
(Gabriel	A.	Vignolle,	2017,	modified	and	based	on	Martina	Oberhofer)	
	

1. Being	a	time	sensitive	experiment,	try	to	minimize	and	optimize	your	workflow	by	preparing	
your	Solutions	and	Materials	before	starting	the	SOP.	Always	label	all	your	Tubes.	
	

2. Prepare	the	“Genomic	 Lysis	Buffer”	mixed	with	beta-mercaptoethanol	to	a	final	dilution	of	
0,5%	 (V/V)	 in	a	separate	sterile	 tube.	Only	prepare	as	much	“Genomic	 Lysis	 Buffer”	mixed	
with	 beta-mercaptoethanol	 as	 needed.	 You	 will	 find	 beta-mercaptoethanol	 in	 the	 Poison	
cupboard.	For	preparation	work	in	a	ventilated	Workbench	due	to	toxic	fumes.		
	

3. Add	up	to	100mg	of	Material	to	be	analyzed	(e.g.	Mentha	sp.)	into	a	ZR	BashingBeadTM	Lysis	
Tube	(0,1mm	&	0,5mm).		
	

4. Add	200	𝜇l	of	autoclaved	refrigerated	Water	(4°C)	and	750	𝜇l	“Lysis	Solution”	vortex	before	
usage	(Room	temperature)	to	the	Tube.		

	
5. Proceed	with	an	adapted	“SOP:	grinding-bashing”	for	your	Material.	Use	the	Precellys	24	lysis	

and	homogenization	from	Bertin	Tech.	(Important:	Do	not	let	your	Material	reach	37°C!	Cool	
it	down	before	and	during	processing	 in	an	icebox.	Check	the	Temperature	with	a	 IR-Laser-
Thermometer)	

	
6. Centrifuge	 the	 ZR	 BashingBeadTM	 Lysis	 Tubes	 in	 a	 microcentrifuge	 at	 14.000	 rpm	 for	 1	

Minute.	Set	the	microcentrifuge	to	20°C	
	

After	this	step	you	will	work	mostly	with	open	Tubes.	It	is	advised	to	wear	a	Mask	to	reduce	
contamination	of	your	DNA.	

	
7. Break	 of	 the	 tip	 of	 a	 “Zymo-SpinTM	 IV	 Spin	 Filter	 (Orange	 Top)”	 and	 place	 in	 a	 “Collection	

Tube”.	
	

8. Transfer	up	to	400	𝜇l	supernatant	from	the	ZR	BashingBeadTM	Lysis	Tubes	to	a	“Zymo-SpinTM	
IV	Spin	Filter	(Orange	Top)”	

	
9. Centrifuge	at	10.000	rpm	for	1	minute	

	
10. Place	a	“Zymo-SpinTM	IIC	Column”	in	a	“Collection	Tube”,	label	the	Column.	
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11. Add	1200	𝜇l	 (2x600	𝜇l	 for	 better	 handling)	 of	 “Genomic	 Lysis	 Buffer”	 to	 the	 filtrate	 in	 the	
“Collection	 Tube”	 from	 step	 7.	 After	 this	 point	 all	 Waste	 has	 to	 be	 collected	 separately	
airtight	due	to	the	beta-mercaptoethanol	and	disposed	of	in	an	appropriate	way.	

	
12. Transfer	800	𝜇l	of	the	mixture	from	Step	11	to	the	“Zymo-SpinTM	IIC	Column”	in	a	“Collection	

Tube”.	Centrifuge	at	14.000	rpm	for	1	minute	
	

13. Discard	the	flow	through	from	the	“Collection	Tube”	and	repeat	Step	12.	
	
	

14. Place	“Zymo-SpinTM	IIC	Column”	in	new	“Collection	Tube”	
	
15. Add	 200	𝜇l	 “DNA	 Pre-Wash	 Buffer”	 to	 the	 “Zymo-SpinTM	 IIC	 Column”	 and	 centrifuge	 at	

14.000	rpm	for	1	minute	
	

16. Discard	flow	through	
	

17. Add	500	𝜇l	“g-DNA	Wash	Buffer”	to	the	“Zymo-SpinTM	IIC	Column”	and	centrifuge	at	14.000	
rpm	for	1	minute	

	
18. Discard	flow	through	

	
19. centrifuge	at	14.000	rpm	for	1	minute	“empty”	

	
20. Discard	flow	through	

	
21. Place	“Zymo-SpinTM	IIC	Column”	in	a	clean	1,5	ml	microcentrifuge	tube	and	add	50	𝜇l	“DNA	

Elution	Buffer”	directly	to	column	Matrix.	Let	it	drop	on	it.	
	

22. Wait	for	5	minutes	
	

23. Centrifuge	at	14.000	rpm	for	30	sec.	
	

24. Your	DNA	is	now	in	the	1,5	ml	microcentrifuge	tube.	
	
	
	
SOP:	DNA	Purification	
With	“DNA	Clean	&	Concentrator	TM	–	5	Kit”	from	Zymo	Research	
(Gabriel	A.	Vignolle,	2017,	modified	and	based	on	Martina	Oberhofer)	
	

1. Buffer	Preparation:	
Add	26ml	95%	ethanol	to	the	6	ml	“DNA	Wash	Buffer”	concentrate	
Add	104	ml	95%	ethanol	to	the	24	ml	“DNA	Wash	Buffer”	concentrate	
	
It	is	advised	to	wear	a	Mask	to	reduce	contamination	of	your	DNA.	
	

2. Add	350	𝜇l	“DNA	Binding	Buffer”	to	your	50	𝜇l	DNA	(7:1)	and	mix	briefly	by	vortexing	
	

3. Place	“Zymo-SpinTM	Column”	in	new	“Collection	Tube”	
	

4. Transfer	the	mixture	to	the	“Zymo-SpinTM	Column”	and	centrifuge	at	14.000	rpm	for	30	
seconds	
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5. Discard	flow	through	

	
6. Add	200	𝜇l	“DNA	Wash	Buffer”	to	the	“Zymo-SpinTM	Column”	and	centrifuge	at	14.000	rpm	

for	30	seconds	
	

7. Discard	flow	through	
	

8. Add	200	𝜇l	“DNA	Wash	Buffer”	to	the	“Zymo-SpinTM	Column”	and	centrifuge	at	14.000	rpm	
for	30	seconds	

	
9. Discard	flow	through	

	
10. centrifuge	at	14.000	rpm	for	30	seconds	“empty”	

	
11. Discard	flow	through	

	
12. Place	“Zymo-SpinTM	Column”	in	a	clean	1,5	ml	microcentrifuge	tube	and	add	50	𝜇l	“DNA	

Elution	Buffer”	from	the	“Quick-DNATM	Fungal/Bacterial	Miniprep	Kit”	from	Zymo	Research	
directly	to	column	Matrix.	Let	it	drop	on	it.	

	
DO	NOT	USE		“DNA	Elution	Buffer”	from	the	“DNA	Clean	&	Concentrator	TM	–	5	Kit”	

	
13. Wait	for	5	minutes	

	
14. Centrifuge	at	14.000	rpm	for	30	sec.	

	
15. Your	purified	DNA	is	now	in	the	1,5	ml	microcentrifuge	tube.	
	
	
	
	

SOP:	Gel-electrophoresis	
(Gabriel	A.	Vignolle,	2017,	based	on	Martina	Oberhofer)	
	

1. Making	the	Gel:	(Schott	Bottle	500ml)	
• Create	a	0,8%	Agarose	Gel	

3.2	g	 Agarose	
400	ml	 TBE-Buffer	

	
• Heat	up	the	mixture	in	the	Microwave	and	check	for	floating	Agarose	particles.	Do	

not	close	the	cap	tightly!	
• Be	careful	and	take	the	Gel	out	and	mix	it	to	be	sure	it	is	without	particles	(hold	

against	the	light)		
• When	the	Gel	is	completely	clear,	do	not	let	it	cool	down	anymore.	
• Add	20	𝜇l	of	“Gel	red”	to	your	Gel	(carcinogen!)	
• Store	the	Gel	in	a	oven	and	do	not	let	it	cool	under	60°C	

	
2. Pouring	the	Gel:	

• Prepare	a	suitable	form	adapted	to	your	needs		
• Check	that	your	form	is	in	level		
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• Measure	at	the	combs	how	thick	your	Gel	should	be	and	pour	your	hot	Gel	into	the	
form	

• Keep	in	mind	that	the	thickness	of	your	gel	should	be	in	proportion	to	the	Volume	
you	want	to	place	in	each	individual	Well	

• Let	it	cool	down	until	it	is	hard	enough	to	remove	the	comb	without	the	Wells	
collapsing	(ca.	20min	depending	on	the	thickness	of	your	Gel)	

	
3. Loading	the	Gel:	

• Place	your	hardened	Gel	in	a	suited	Gel-electrophoresis	camber	
(filled	with	TBE-Buffer	reuse	for	max.	3	times)	

• Pipette	1	𝜇l	Ladder	in	the	first	Well	(e.g.	1kb-Ladder)	
• Mix	your	DNA	with	Loading	dye	in	a	Multiwell-plate	that	is	kept	on	ice	

(2	𝜇l	DNA	with	1	𝜇l	Loading	dye)	to	reduce	evaporation	
• Pipette	your	DNA	(2,5	𝜇l)	mixed	with	Loading	dye	in	the	remaining	Wells	(one	DNA-

Sample	per	Well)	
	

4. Running	the	Gel:	
• Set	your	Gel-electrophoresis	camber	manually	to	100V	
• Your	DNA	will	run	from	–	to	+	
• On	the	–	Pol	there	are	going	to	be	bubbles	ascending	if	turned	on	
• The	Wells	of	your	Gel	should	be	closest	to	the	-	Pol	
• Depending	on	your	demands	3-4	cm	running-length	are	sufficient	

(Running	Time:	ca.	20-40min)	
	

5. Make	a	photo	of	your	Gel	with	a	suited	apparatus	(UV-light	exposure)	
	

6. Dispose	of	your	Gel	in	a	specifically	labeled	Trash	(due	to	“Gel	red”	being	a	carcinogen)	
	
	
	
	
	
	
SOP:	grinding-bashing	of	lyophilized	in-vitro	Plant	material	
With	ZR	BashingBeadTM	Lysis	Tube	(0,1mm	&	0,5mm)		
from	“Quick-DNATM	Fungal/Bacterial	Miniprep	Kit”	from	Zymo	Research	
(Gabriel	A.	Vignolle,	2017)	
	
This	SOP	includes	steps	3.	4.	and	5.	of	the	SOP:	DNA	Extraction	
	

1. The	in-vitro	Plant	Material	should	be	lyophilized	in	50	ml	sterile	“SterilinTM”	Eppendorf	tubes	
or	an	equivalent.	
	

2. Prepare	DNA-free	sterile	Glass-beads:	
• Put	your	Glass-beads	in	a	Schott	Bottle	500ml	
• Wash	them	with	deionized	hand	warm	Water	3	times,	be	sure	to	mix	it	well	
• Then	fill	your	Bottle	with	deionized	hand	warm	Water	to	cover	your	Glass-beads	

then	add	Sodium-hypochlorite	solution	
• Close	the	Bottle	and	wait	20	min.	
• Wash	the	Glass-beads	with	deionized	hand	warm	Water	3	times,	be	sure	to	mix	it	

well	
• Autoclave	the	Bottle	with	the	Glass-beads	
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3. Place	3-4	Glass-beads	under	sterile	conditions	(Sterile	workbench)	into	a	Eppendorf	tube	

together	with	your	lyophilized	in-vitro	Plant	material.	
	

Attention!	Your	Glass-beads	must	be	completely	dry	before	putting	them	into	a	
tube!	Let	them	dry	out	in	a	sterile	petri	dish	in	the	sterile	workbench!	

	
4. Vortex	your	tubes	for	5	min		

	
5. If	your	material	has	not	been	sufficiently	crushed,	prolong	the	vortexing	to	8	min	

	
6. If	your	material	has	not	been	sufficiently	crushed,	split	up	the	Sample	in	two	50	ml	sterile	

“SterilinTM”	Eppendorf	tubes	or	an	equivalent,	repeat	steps	3.	And	4.	with	both	tubes	
	

7. Under	sterile	conditions	weigh	up	to	100	mg	(60-80	mg	is	better	to	handle)	of	your	material	
and	transfer	it	into	a	ZR	BashingBeadTM	Lysis	Tube	(0,1mm	&	0,5mm)	

• This	is	achieved	by	placing	a	appropriate	scale	into	a	sterile	workbench	
• Use	autoclaved	weighing	paper	
• Use	sterile	utensils	to	transfer	your	material	
• Be	careful	your	material	is	volatile	and	electrostatic	
• To	avoid	contamination	as	good	as	possible	take	all	precautions	necessary		

	
8. After	this	point,	try	to	minimize	and	optimize	your	workflow	by	preparing	your	Solutions	and	

Materials	before	continuing.	Always	label	all	your	Tubes.	
	

9. Clean	your	pipette	thoroughly	with	ethanol	70%	before	usage	
	

10. In	the	sterile	workbench,	Add	200	𝜇l	of	autoclaved	refrigerated	Water	(4°C)	and	750	𝜇l	“Lysis	
Solution”	from	“Quick-DNATM	Fungal/Bacterial	Miniprep	Kit”	from	Zymo	Research,	vortex	
before	usage	(Room	temperature)	to	the	Tube.		

	
11. Use	the	Precellys	24	lysis	and	homogenization	from	Bertin	Tech.	(Important:	Do	not	let	your	

Material	reach	37°C!	Cool	it	down	before	and	during	processing	in	an	icebox.	Check	the	
Temperature	with	a	IR-Laser-Thermometer)	

	
12. Place	your	Tubes	facing	each	other	in	the	Precellys	24		

	
13. Use	following	specifications:	

	
4200	–	1x10	–	030	

	
14. After	the	first	cycle	place	your	Tubes	immediately	back	in	your	ice-box	

	
15. Wait	for	5	min	

	
16. Use	following	specifications:	

	
4200	–	1x10	–	030	

	
17. After	the	second	cycle	place	your	Tubes	immediately	back	in	your	ice-box	

	
18. Wait	for	5	min	
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19. Use	following	specifications:	

	
4200	–	1x10	–	030	

	
20. After	the	third	cycle	place	your	Tubes	immediately	back	in	your	ice-box	

	
21. Proceed	with	step	6.	of	the	SOP:	DNA	Extraction	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
SOP:	PCR	of	the	16s	rDNA	
	(Gabriel	A.	Vignolle,	2017,	based	on	Martina	Oberhofer	and	Bertfried	Salem)	
	

1. Prepare	the	Master	Mix	per	Sample:	Add	in	Order	(from	larger	Volume	to	smaller)	
	

1	 H2O	(autoclaved)	 30	𝜇l	
2	 Buffer		

“Standard	Taq	Buffer”	
4	𝜇l	

3	 DMSO	 2	𝜇l	
4	 Prim	F	(10𝜇M)	 1	𝜇l	
5	 Prim	R	(10𝜇M)	 1	𝜇l	
6	 dNTP	 0,5	𝜇l	
7	 Taq	 0,5	𝜇l	
	 TOTAL	 39	𝜇l	

	
Increase	by	10%	after	calculation	per	Sample	(4	Samples	+10%	…	prepare	for	5)	
Preheat	Buffer	and	vortex	
Add	all	components	by	immersing	the	Pipette	and	pipette	up	and	down	(3x)	
Take	Taq	out	quickly,	 is	liquid	because	it	 is	stored	in	Glycerol,	and	only	when	needed,	store	
back	in	freezer	ASAP	
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When	finished	Vortex	the	Master	Mix	
	

2. Keep	the	Master	Mix	on	Ice	
	

3. Place	PCR	tubes	 in	an	suited	tube	holder	stored	at	-20°C	(changes	color	from	blue	to	white	
when	it	warms	up)	label	Tubes	before	usage	

	
4. Add	39	𝜇l	Master	Mix	in	the	PCR	Tubes	

	
5. Add	1	𝜇l	of	your	DNA	Sample	and	pipette	up	and	down	(3x)	

	
6. Place	PCR	tubes	into	the	Mastercycler	(Eppendorf	Nexus	X	“)	(smaller	holes)	

	
7. User:	admin		 	 	 Pin:	1234	

	
8. Menu	–	Users	–	Martina	–	16s	Amplification	–	64	or	32	wells	–	start		

	
9. Control	cycling	conditions	for	applied	Primerset:		

(Calculate	annealing	Temperature	if	needed)	
	

27F	/	1492R:	
95°C	2:00	;	30x(	95°C	00:30	;	60°C	00:30	;	72°C	3:00)	72°C	5:00	
	
799F	/	1391R:	
95°C	2:00	;	30x(	95°C	00:30	;	55°C	00:30	;	72°C	3:00)	72°C	5:00	

	
10. Finishing	time	is	displayed	

	
11. Tubes	will	be	cooled	down	to	4°C	after	finishing	
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Rarefaction	curve:	
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