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of	the	terpene	synthase	vir4	from	Trichoderma	virens	in	plant-microbe	

interactions		

	

by	Fabiola	Padilla	Arizmendi	

	
	

Trichoderma	virens	actively	interacts	with	plants	roots	in	natural	and	agricultural	ecosystems.	Its	

ability	to	persist	in	the	rhizosphere	and	to	internally	colonise	plants	roots	is	driven	among	others	

by	the	production	of	a	wide	diversity	of	specialised	metabolites	that	encompass	a	complex	bouquet	

of	 volatile	 organic	 compounds	 (VOCs),	 mostly	 comprising	 volatile	 terpenes.	 Terpenes	 are	

abundantly	produced	natural	products	with	several	biological	properties.	However,	little	is	known	

about	 the	 role	 of	 T.	 virens	 volatile	 terpenes	 as	 signalling	 mediators	 of	 the	 inter-colony	

communication	and	modulators	of	the	plant-symbiont	crosstalk.	In	this	study,	the	process	by	which	

T.	 virens	 volatile	 terpenes	modulate	 fungal	 development	was	 examined	 by	 the	 generation	 of	 a	

terpene	synthase	(vir4)	deletion	mutant	and	its	functional	characterisation.	In	T.	virens,	the	deletion	

of	 vir4	 altered	 a)	 the	 emission	 of	 volatile	 terpenes	 and	 C8	 compounds,	 b)	 fungal	 development	

(fungal	 growth,	 conidiation,	 germination	 and	 colony	 morphology,	 pigmentation	 and	

hydrophobicity)	 and,	 c)	modulated	 the	 non-volatile	 fungal	metabolome.	 Using	 Zea	mays	 as	 an	

agriculturally	 relevant	plant	model,	 the	 role	of	T.	virens	volatile	 terpenes	as	 facilitators	of	 roots	

colonisation,	growth	promotion,	and	phytometabolome	modulators	was	assessed	by	comparing	

the	T.	virens	Dvir4	null	mutant	with	its	parental	strain.	To	achieve	this,	a	combination	of	confocal	

microscopy,	endophytism,	growth	promotion	bioassays	and	untargeted	metabolomics	of	the	plant-

microbe	 interaction	were	performed.	Confocal	microscopy	and	endophytism	bioassays	 revealed	

that	the	ability	of	T.	virens	to	penetrate,	colonise,	and	persist	in	the	host	plant	does	not	depend	on	

vir4-associated	VOCs.	Attempts	to	assess	the	relationship	between	T.	virens	volatile	terpenes	and	

maize	 growth	 promotion	 were	 carried	 out	 in	 sterile	 soil	 conditions,	 but	 no	 growth	 promotion	

occurred.	 Untargeted	metabolomics	 of	 roots	 and	 leaves	 during	 the	 T.	 virens-maize	 interaction	
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allowed	the	detection	of	metabolic	features	characteristic	of	the	symbiotic	interaction.	Intensities	

in	 flavonoids,	 nitrogen-containing	 specialised	 metabolites,	 lipids,	 and	 organic	 acids	 were	

modulated	 by	 fungal	 colonisation.	 Several,	 yet	 unidentified,	 maize	 metabolic	 features	 were	

specifically	 modulated	 by	 T.	 virens	 Dvir4	 colonisation,	 demonstrating	 that	 untargeted	

metabolomics	is	a	suitable	tool	to	describe	dynamic	metabolic	patterns	in	plant-beneficial	microbe	

interactions.	In	summary,	these	results	indicate	that	T.	virens	vir4-associated	VOCs	regulate	fungal	

development	and	modulate	the	phytometabolome	of	the	host.		

	
	
Keywords:	Trichoderma	virens,	VOCs,	terpenes,	terpene	synthases,	vir4,	plant-beneficial	microbe	

interactions,	root	colonisation,	phytometabolome,	specialised	metabolism.	
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1 Introduction	

1.1 Plant-microbe	interactions	
	
Plants	are	a	complex	micro-ecosystem	where	a	wide	variety	of	microorganisms	coexist,	both	in	the	

soil	and	inside	plant	tissues	(endophytic	microorganisms).	Numerous	beneficial	bacteria	and	fungi	

are	able	 to	 interact	with	plant	 tissues	 forming	associations	and	 interacting	with	other	microbes	

inside	the	plants,	influencing	disease	protection	(Busby	et	al.	2016),	plant	fitness	(Rodriguez	et	al.	

2009)	and	crop	yield	(Yang	et	al.	2012a).	

	

Plants	and	beneficial	microorganisms	 form	complex	symbiotic	associations	 in	which	mycorrhizal	

fungi,	rhizosphere	microbes	and	endophytes	are	 involved.	Mycorrhizal	fungi	are	associated	with	

plants	 roots	 growing	 at	 the	 same	 time	 in	 the	 surrounded	 soil.	 Thus,	mycorrhizal	 fungi	 provide	

nutrients	to	the	host	plant,	enhancing	plant	growth	and	fitness	(van	der	Heijden	et	al.	2015).	Free-

living	rhizosphere	microorganisms	comprise	bacteria,	archaea,	viruses	and	fungi,	which	participate	

in	organic	matter	transformation,	influencing	biological	nitrogen	fixation,	phosphate	solubilisation	

and	iron	acquisition,	biocontrol	of	pathogens	and	production	of	phytohormones	and	enzymes,	thus	

improving	plant	health	(Lagos	et	al.	2015).	Beneficial	endophytic	microorganisms	actively	colonise	

tissues	of	the	host	plant,	establishing	long-term	associations	(Bacon	et	al.	2001)	without	causing	

signs	of	disease	(Bailey	and	Melnick	2013).	Beneficial	endophytes	are	 linked	to	many	aspects	of	

plant	fitness	and	health	including	antagonism	of	plant	pathogens	(Busby	et	al.	2016),	enhancement	

of	nutrients	uptake	(Bitas	et	al.	2013)	and	direct	induction	of	plant	growth	promotion	(Sofo	et	al.	

2011;	Garnica-Vergara	et	al.	2016).	Overall,	beneficial	plant-associated	microorganisms	 improve	

plant	 fitness	 and	 health	 through	 direct	 and	 indirect	 mechanisms	 (Gupta	 et	 al.	 2015).	 Direct	

mechanisms	include	an	increase	in	iron,	nitrogen	or	phosphorus	availability	(Bitas	et	al.	2013)	and	

production	of	siderophores	and	phytohormones	(Fu	et	al.	2015;	Gupta	et	al.	2015),	and	the	indirect	

mechanisms	 comprise	 the	 production	 of	 antibiotics	 and	 lytic	 enzymes	 (Gupta	 et	 al.	 2015),	 and	

induction	of	host	resistance	either	by	systemic	or	acquired	immunity	(Busby	et	al.	2016).	

	

From	the	diverse	mechanisms	used	by	beneficial	microbes	to	enhance	plant	fitness,	the	study	of	

specialised	 metabolites,	 specifically	 volatile	 organic	 compounds	 (VOCs)	 has	 revealed	 the	

importance	of	these	molecules	on	different	aspects	of	plant	health,	including	pathogen	inhibition	

(Bruce	 et	 al.	 1984;	 Nemcovic	 et	 al.	 2008;	 Gveroska	 and	 Ziberoski	 2012;	 Kottb	 et	 al.	 2015),	
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stimulation	 of	 plant-growth	 promotion	 (Ryu	 et	 al.	 2003;	Minerdi	 et	 al.	 2011)	 and	 induction	 of	

defence	responses	(Ryu	et	al.	2003;	Morath	et	al.	2012).	

1.2 Microbial	Volatile	Organic	Compounds	

 
Plant-associated	microorganisms	produce	a	considerable	diversity	of	volatile	organic	compounds	

(VOCs),	which	can	act	as	chemical	signals,	mediating	the	communication	within	a	species,	between	

species	and	even	across	kingdoms	(Morath	et	al.	2012;	Kai	et	al.	2016).	VOCs	are	a	complex	mixture	

of	 low-molecular-weight	 lipophilic	 compounds	 derived	 from	 different	 biosynthetic	 pathways	

(Kanchiswamy	 et	 al.	 2015),	 which	 belong	 to	 diverse	 chemical	 classes	 such	 as	 alcohols,	 thiols,	

aldehydes,	esters,	terpenes	and	fatty	acid	derivatives	(Bitas	et	al.	2013).	VOCs	have	a	high	vapour	

pressure	and	can	mobilise	far	from	the	point	of	production	through	the	atmosphere,	porous	soils	

and	liquids.	Due	to	these	latter	properties,	VOCs	are	considered	signalling	molecules,	involved	in	

microbial	interactions	acting	in	antagonism,	mutualism	and	intra-and	interspecies	crosstalk,	being	

species	 or	 strain-specific	 and	 fundamental	 in	 the	 regulation	 of	 cellular	 and	 developmental	

processes	(Fiedler	et	al.	2001;	Bitas	et	al.	2013).	Moreover,	VOC	formation	depends	on	different	

factors	like	nutrient	availability,	pH,	temperature	and	light	exposure	(Zeilinger	et	al.	2016).		

	

During	 plant-microbe	 interactions,	 microbial	 VOCs	 have	 significant	 roles	 acting	 as	 signalling	

molecules	stimulating	plant	cells	and	triggering	changes	at	genetic,	phenotypic	and	morphological	

levels.	 For	 example,	microbial	VOCs	 induce	plant	 growth	by	 increasing	photosynthesis	 rate	 and	

chlorophyll	 content,	 modulating	 sugar	 and	 phytohormones	 content	 and	 inhibiting	 spore	

germination	and	mycelial	growth	of	phytopathogenic	fungi	(Bitas	et	al.	2013).	Microbial	VOCs	have	

also	been	associated	with	an	increase	in	plant	salt	tolerance	(Jalali	et	al.	2017;	Li	and	Kang	2018)	

and	modulation	 of	 plant-carbohydrate	metabolism	 (Kanchiswamy	 et	 al.	 2015).	 Furthermore,	 in	

independent	researches,	Ditengou	et	al.	(2015)	and	Cordovez	et	al.	(2018)	have	demonstrated	the	

effect	of	microbial	VOCs	on	the	modification	of	plant-root	architecture.	

	

Plant-associated	 filamentous	 fungi	 are	a	 rich	 source	of	bioactive	metabolites,	 including	a	broad	

diversity	of	VOCs;	which	mainly	comprise	terpenes,	alcohols,	alkanes,	alkenes	and	pyrones	(Korpi	

et	al.	2009).	Within	the	variety	of	VOCs,	1-octen-3-ol	is	one	of	the	most	common	volatiles	produced	

by	plant-associated	fungi.	It	is	known	to	be	an	inhibitor	of	plant	pathogens	(Nemcovic	et	al.	2008;	

Bitas	 et	 al.	 2013),	 and	 also	 acts	 as	 an	 autoinhibitor	 of	 conidia	 germination	 at	 high	 densities	

(Miyamoto	et	al.	2014).	In	addition	to	1-octen-3-ol,	other	VOCs	such	as	2-Phenyl-ethanol,	2-Methyl-

butane,	 ß-butyrolactone,	 2-butene	 dinitrile,	 Sabinene,	 ß-elemene,	 α-selinene,	 Naphthalene,	 2-
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Penthyl-furan,	 Azulene,	 Ethyl	 acetate	 and	 Heptane,	 are	 produced	 by	 fungal	 endophytes	

(Kanchiswamy	et	al.	2015).			

	

From	all	beneficial	fungi	associated	with	plants,	the	Trichoderma	genus	is	one	of	the	most	studied	

because	 of	 its	 ability	 to	 control	 plant	 pathogens	 through	 the	 production	 of	 toxic	 metabolites,	

hydrolytic	enzymes	and	VOCs	(Zeilinger	et	al.	2016).	The	role	of	the	VOCs	released	by	Trichoderma	

spp.	belowground	has	only	started	to	emerge	during	the	last	decades.	However,	there	are	several	

reports	 which	 illustrate	 its	 seemingly	 wide-spread	 capability	 to	 regulate	 plant	 fitness	 and	

development	through	the	release	of	VOCs.	The	following	section	exemplifies	the	role	of	a	broad	

spectrum	of	VOCs	released	by	Trichoderma	and	their	possible	biological	functions	while	interacting	

with	plants.	

	

1.3 Volatile	signalling	by	the	biocontrol	agent	Trichoderma	
	

1.3.1 Endophytic	Trichoderma	
 
The	filamentous-ascomycete	fungi	of	the	Trichoderma	genus	are	known	for	their	ability	to	display	

an	 outstanding	 range	 of	 lifestyles	 and	 interactions	 across	 kingdoms	 (Druzhinina	 et	 al.	 2011).	

Trichoderma	 spp.	are	distributed	worldwide,	and	 frequently	 found	 in	 the	 rhizosphere,	acting	as	

free-living	organisms	capable	of	behaving	as	 facultative	plant	symbionts.	They	can	also	colonise	

plant	roots	(Brotman	et	al.	2013),	thus,	creating	an	endophyte-plant	beneficial	interaction.		

	

In	general,	 the	colonisation	of	plant	roots	by	Trichoderma	spp.	 is	beneficial	to	the	host	plant	by	

enhancing	plant	growth	and	conferring	 resistance	 to	biotic	and	abiotic	 stresses	 (Hermosa	et	al.	

2012).	 The	 ability	 of	 Trichoderma	 to	 promote	 plant	 growth	 has	 been	 attributed	 to	 different	

mechanisms,	such	as	the	production	and	induction	of	phytohormones,	stimulation	of	cell	division,	

elongation	 and	 differentiation	 (Kunkel	 and	 Brooks	 2002;	 Sofo	 et	 al.	 2011;	 Spaepen	 and	

Vanderleyden	2011;	Martinez-Medina	et	al.	2014;	Garnica-Vergara	et	al.	2016),	solubilization	of	

phosphate	and	micronutrients	 (Li	et	al.	2015),	 siderophores	production	 (Vinale	et	al.	2013)	and	

increasing	 plant	 resistance	 to	 osmotic,	 salinity	 and	 heat	 stress,	 protecting	 the	 plants	 against	

oxidative	stress	(Mastouri	et	al.	2010).	

	

Besides	the	plant	growth	promotion	abilities	of	Trichoderma,	it	acts	as	a	biocontrol	agent	of	several	

plant	pathogens	(Anees	et	al.	2010;	Segarra	et	al.	2010;	Asad	et	al.	2014;	Poosapati	et	al.	2014;	
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Rubio	et	al.	2014;	Guigon-Lopez	et	al.	2015;	Ganassi	et	al.	2016;	Malmierca	et	al.	2016),	diminishing	

signs	and	symptoms	of	disease.	Numerous	species	of	Trichoderma	are	able	to	parasitize	or	inhibit	

soil-borne	fungal	pathogens	(Vinale	et	al.	2012)	by	using	mechanisms	such	as	secretion	of	diverse	

antifungal	compounds,	release	of	VOCs	(Bruce	et	al.	1984;	Gveroska	and	Ziberoski	2012;	Hung	et	

al.	2013),	production	of	hydrolytic	enzymes,	mycoparasitism	or	nutrient	competition	(Benitez	et	al.	

2004;	Mukherjee	et	al.	2013a).		

From	the	diverse	mechanisms	by	which	Trichoderma	benefits	its	host	plant,	the	release	of	bioactive	

VOCs	has	been	associated	with	both	plant	growth	promotion	(Nieto-Jacobo	et	al.	2017)	and	plant	

protection	(Contreras-Cornejo	et	al.	2014).	The	relevance	of	Trichoderma	VOCs	as	chemical	signals	

and	regulators	of	plant	fitness	will	be	discussed	in	detail	in	the	following	section.	

1.3.2 Trichoderma	specialised	metabolism	
 
Since	the	initial	discovery	of	gliotoxin	in	1936,	it	is	now	estimated	that	Trichoderma	produces	more	

than	1000	different	metabolites,	including	both	volatile	and	non-volatile	bioactive	compounds.	In	

the	last	decade,	the	publication	of	whole	genomes	of	some	Trichoderma	species	has	facilitated	an	

understanding	of	the	complexity	of	its	behaviour	as	a	biocontrol	agent.	Comparative	analysis	of	the	

genomes	 available	 showed	 enrichment	 of	 genes	 related	 to	 specialised	 metabolism	 (previously	

referred	 to	 as	 secondary	 metabolism),	 many	 of	 which	 are	 part	 of	 complex	 biosynthetic	 gene	

clusters.	 Specialised	 metabolism	 clusters	 usually	 include	 different	 elements	 like	 core	 enzymes	

(polyketide	 synthases,	 non-ribosomal	 peptide	 synthases,	 terpene	 cyclases),	 accessory	 enzymes	

(oxidoreductases,	 transferases,	 cytochromes,)	 and,	 sometimes	 transcription	 factors	 and/or	

transporters	 (Mukherjee	 et	 al.	 2012;	Mukherjee	 et	 al.	 2013a;	 Zeilinger	 et	 al.	 2016).	 Specialised	

metabolites	produced	by	Trichoderma	spp.	are	diverse	and	some	of	them	tend	to	be	species	and	

strain-dependent,	 and	 usually	 require	 specific	 triggering	 stimuli	 to	 be	 produced	 (Zeilinger	 and	

Omann	2007;	Vinale	et	al.	2012;	Guigon-Lopez	et	al.	2015;	Zeilinger	et	al.	2016).		

	

Trichoderma	 specialised	 metabolism	 is	 characterised	 by	 the	 production	 of	 a	 vast	 array	 of	

metabolites	 including	non-ribosomal	peptides,	polyketides,	pyrones	and	terpenes.	This	diversity	

has	been	summarised	by	Zeilinger	et	al.	(2016)	as	follows.	Non-ribosomal	peptides	(NRPs)	comprise	

a	large	group	of	economically	and	ecologically	relevant	specialised	metabolites,	which	results	from	

a	fusion	of	two	or	more	amino	acids.	Trichoderma	spp.	produce	different	groups	of	NRPs,	including	

siderophores,	peptaibiotics	and	epidithiodioxopiperazines	(ETPs).	Siderophores	are	defined	as	iron-

chelating	specialised	metabolites	that	are	fundamental	 in	plant-microbe	interactions,	facilitating	

nutrient	 acquisition	 of	 the	 host	 plant;	 harzianic	 acid	 is	 one	 of	 the	most	 important	 for	 its	 plant	
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growth	promotion	properties.	Peptaibiotics	are	a	diverse	group	of	linear	and	cyclic	peptides	with	a	

length	 of	 4-21	 residues,	 which	 stand	 out	 for	 their	 antimicrobial	 and	 cytotoxic	 activities.	

Interestingly,	Trichoderma	spp.	are	considered	the	most	abundant	source	of	peptaibols,	one	of	the	

more	 diverse	 groups	 of	 peptaibiotics.	 On	 the	 other	 hand,	 ETPs	 are	 highly	 reactive	 fungal	

compounds,	 capable	 of	 inactivating	 proteins,	 and	 gliotoxin,	 which	 is	 the	 most	 studied	 ETP	 of	

Trichoderma	plays	a	role	in	the	biocontrol	of	plant	pathogens.	The	group	of	polyketides	comprise	a	

variety	 of	 natural	 products	 with	 clinical	 and	 economic	 relevance;	 polyketides	 are	 involved	 in	

competition	and	cross-talk	among	organisms.	This	structurally	varied	group	of	specialised	microbial	

metabolites	 includes	 mycotoxins,	 conidial	 pigments	 and	 antibiotics.	 Of	 the	 Trichoderma	 spp.	

pyrones,	6-pentyl-α-pyrone	(6PP)	has	been	the	most	studied.	6PP	is	a	volatile	unsaturated	lactone	

that	 confers	 the	 typical	 coconut	 aroma	 of	 some	 Trichoderma	 species;	 besides	 the	 aromatic	

characteristic	that	6PP	displays,	its	role	as	plant	growth	promoter/modulator,	and	its	antimicrobial	

activities	are	its	more	interesting	features.	Finally,	terpenes	are	the	most	abundant	metabolites	in	

nature	and	are	extensively	produced	by	Trichoderma	species.	Trichoderma	spp.	are	well	known	for	

producing	 both	 volatile	 and	 non-volatile	 terpenes	 involved	 in	 a	 broad	 spectrum	 of	 biological	

processes.	Overall	terpenes	regulate	communication	across	kingdoms	and	are	engaged	in	pathogen	

inhibition,	plant	development	modulation	and	root	morphogenesis.	

	

Trichoderma	spp.	specialised	metabolite	release	is	typically	combined	with	other	mechanisms	like	

the	production	of	hydrolytic	enzymes	and	competition	for	space	and	nutrients,	which	altogether	

have	 a	 strong	 impact	on	 the	 ability	 of	Trichoderma	 to	 control	 plant	 pathogens,	 stimulate	plant	

defence	and	enhance	plant	growth	(Zeilinger	and	Schuhmacher	2013).	Similar	to	other	microbial	

specialised	metabolites,	VOCs	biosynthesis	is	regulated	by	different	factors	during	growth	such	as	

media	 composition	 (nutrient	availability),	 temperature,	pH,	 light-dark	 status	and	culture	age.	 In	

addition,	 the	 presence	 of	 other	 organisms	 also	 strongly	 modulates	 specialised	 metabolites	

production	(Wheatley	2002;	Zeilinger	and	Schuhmacher	2013).	

 

1.3.2.1 Trichoderma	spp.	VOCs:	Analysis,	biosynthesis	and	plant	fitness	
 
Analytical	methods	available	for	VOCs	analysis	are	design	for	the	elucidation	of	complex	volatile	

profiles	 and	 the	 further	 identification	 of	 detected	 VOCs.	 Consequently,	 capillary	 gas	

chromatography	 coupled	with	mass	 spectrometry	 is	 the	preferred	 technique	 for	VOCs	analysis.	

Sample	preparation	and	extraction	for	VOCs	analysis	are	mainly	done	using	solvent	or	headspace	

based	 techniques;	 nonetheless,	 the	 choice	 of	 the	 extraction	 technique	 regularly	 influences	 the	

outcome	 of	 the	 analysis.	 The	 first	 approaches	 for	 Trichoderma	 spp.	 VOCs	 identification	 were	
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solvent-based	 (Claydon	 et	 al.	 1987;	 Zeppa	 et	 al.	 1990);	 solvent-based	 VOCs	 extraction	 is	 time-

consuming	 and	 labour-intensive	 and	 usually	 involves	 sample	 dilution.	 Additionally,	 sample	

contamination	 due	 to	 solvent	 impurities	 makes	 the	 process	 even	 more	 complex.	 Therefore,	

solvent-free	extraction	methods	such	as	VOCs	extraction	directly	from	the	headspace	of	the	sample	

using	a	solid-phase	microextraction	(SPME)	have	become	more	popular.	Thus,	Trichoderma	spp.	

headspace	 VOCs	 profile	 has	 been	 determined	 using	 SPME	 repeatedly	 (Stoppacher	 et	 al.	 2010;	

Crutcher	et	al.	2013;	Contreras-Cornejo	et	al.	2014;	Nieto-Jacobo	et	al.	2017;	Pachauri	et	al.	2018).	

	

In	general,	fungal	VOCs	production	is	species-specific	and	culture-age-dependent	and	is	influenced	

by	different	factors	such	as	growth	conditions	and	nutrients	availability	(Bruce	et	al.	2000;	Polizzi	

et	 al.	 2012;	 Crutcher	 et	 al.	 2013;	 Nieto-Jacobo	 et	 al.	 2017).	 The	 Trichoderma	 VOCs	 species-

specificity	was	well	documented	by	(Crutcher	et	al.	2013)	who,	after	analysing	the	VOCs	headspace	

via	 SPME-GCMS	 of	 three	 different	 Trichoderma	 species,	 demonstrated	 that	 T.	 virens	 Gv29.8	

produces	 three	 main	 categories	 of	 VOCs	 when	 it	 grows	 on	 PDA	 culture	 medium,	 including	

sesquiterpenes	 (STs),	monoterpenes	 (MTs)	and	alkane	compounds.	The	T.	atroviride	 IMI206040	

and	T.	reesei	QM6a	headspace	VOCs	analysis	showed	an	interesting	difference	between	volatiles	

produced	 by	 the	 three	 species,	 where	 1,3-octadiene	was	 the	 only	 volatile	 produced	 by	 all	 the	

strains	under	the	same	conditions.	In	the	same	study,	it	was	concluded	that	the	difference	of	VOCs	

produced	by	T.	virens	in	comparison	with	T.	atroviride	and	T.	reesei	is	because	most	VOCs	produced	

by	T.	virens	are	associated	with	the	vir	cluster,	which	is	absent	in	T.	atroviride	and	T.	reesei	genomes.	

	

Culture	media	strongly	 influence	VOCs	production	of	Trichoderma	 spp.	while	some	volatiles	are	

constitutively	 produced,	 others	 are	 culture-media	 dependent.	 Comparing	 two	 independent	

analyses	where	T.	atroviride,	T.	reesei	and	T.	virens	headspace	VOCs	were	examined,	it	was	noted	

that	only	a	 few	compounds	were	 found	 to	be	produced	on	both	PDA	or	MS	culture	media;	 for	

instance,	 T.	 virens	 produces	 Germacrene-D,	 Limonene	 and	 Mycrene,	 T.	 reesei	 	 produces	 3-

Octanone	and	β-Bisabolene,	and	T.	atroviride	produces	1-Octen-3-ol,	2-Pentyl	furan,	Limonene,	α-

Bergamotene	and	6PP	on	both	culture	media	(Crutcher	et	al.	2013;	Nieto-Jacobo	et	al.	2017).	

	

The	emission	of	biologically	active	volatile	metabolites	by	Trichoderma	was	first	reported	in	1956,	

and	 for	 several	 years,	 the	plant	 growth	promotion	effects	 and	 fungal	 plant-pathogen	 inhibition	

were	 specifically	 attributed	 to	 carbon	dioxide,	 ethanol,	 acetaldehyde	 and	 acetone	 (Tamimi	 and	

Hutchinson	1975).	However,	the	improvement	of	analytical	techniques	throughout	the	years	has	

allowed	the	analysis	of	the	diversity	of	VOCs	produced	by	different	Trichoderma	spp.	and	has	been	
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fundamental	to	hypothesising	their	role	in	plant	fitness.	The	nematicidal	and	antifungal	properties	

of	some	Trichoderma	VOCs	have	been	explored;	for	instance,	the	VOCs	analysis	of	Trichoderma	sp.	

YMF	1.00416	revealed	that	it	emits	the	following	VOCs:	1β-vinylcyclopentane-1α,	3α-diol,	6PP	and	

4-(2-hydroxyethyl)	 phenol.	 Among	 these	 compounds,	 6PP	 showed	 nematicidal	 activity	 against	

Panagrellus	redividus,	Caenorhabditis	elegans	and	Bursaphelenchus	xylophilus	(Yang	et	al.	2012b).	

In	addition,	T.	asperellum	 IsmT5	also	produces	6PP	and	the	subsequent	exposure	of	Arabidopsis	

thaliana	 to	this	volatile	reduced	the	symptoms	of	the	diseases	caused	by	Alternaria	brassicicola	

and	Botrytis	cinerea	(Kottb	et	al.	2015).			

	

The	 plant-growth	 modulating	 effect	 of	 Trichoderma	 spp.	 VOCs	 has	 been	 explored	 repeatedly,	

mainly	 on	 Arabidopsis	 thaliana	 seedlings.	 According	 to	 Hung	 et	 al.	 (2013)	 VOCs	 emitted	 by	

Trichoderma	viride	growing	 in	a	shared	atmosphere	with	A.	thaliana	but	without	direct	contact,	

resulted	in	taller,	bigger	and	earlier	flowered	plants	with	enhanced	lateral	root	development.	Also,	

(Nieto-Jacobo	et	al.	2017)	reported	that	different	Trichoderma	species	modulate	A.	thaliana	growth	

through	the	release	of	VOCs,	enhancing	both	root	and	shoot	biomass	and	chlorophyll	content.	In	

their	 research	 using	 the	 split-plate	 system,	 T.	 virens	 Gv29.8,	 T.	 atroviride	 IMI206040,	 T.	 sp.	

“atroviride	B”	LU132,	and	T.	asperellum	LU137	promoted	plant	growth	through	VOCs	production,	

but	 T.	 ressei	 Qa6	 neither	modulated	 plant	 growth	 or	 increased	 chlorophyll	 content.	 The	 VOCs	

emitted	 by	 T.	 asperellum	 IsmT5	 in	 co-cultivation	with	A.	 thaliana	 seedlings	 resulted	 in	 smaller	

plants,	whereas	the	VOCs	produced	by	the	strain	of	T.	harzianum	tested	did	not	modulate	plant	

growth.	In	seedlings	treated	with	T.	asperellum	IsmT5	VOCs	which	were	observed	smaller	but	did	

not	 show	 detrimental	 symptoms,	 spectrophotometric	 analyses	 revealed	 a	 three-fold	 higher	

accumulation	of	anthocyanin	pigments	and	a	higher	concentration	of	defence-related	compounds		

(Kottb	 et	 al.	 2015).	 Similarly,	 evaluation	of	 the	 growth	promotion	of	A.	 thaliana	 induced	by	 13	

different	Trichoderma	 species,	 revealed	that	9	of	 the	 isolates	tested	were	capable	of	enhancing	

plant	growth	through	the	release	of	VOCs	(Jalali	et	al.	2017).	Altogether,	independent	researchers	

have	found	that	in	vitro,	A.	thaliana	responds	differently	according	to	the	Trichoderma	species	used	

and	the	VOCs	emitted	by	it,	showing	different	outcomes	that	go	from	plant	inhibition	to	growth	

promotion.	

	

Within	the	range	of	metabolites	produced	by	Trichoderma	spp.,	6PP	is	often	reported	as	the	main	

volatile	produced	by	these	fungi,	and	it	has	been	associated	with	plant	growth	and	root	architecture	

modification.	The	role	of	6PP	on	primary	roots	morphogenesis	is	explained	by	the	modulation	of	

the	expression	of	PIN	auxin-transport	proteins	which	are	efflux	carriers	of	the	phytohormone	auxin,	
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in	 a	 specific	 and	 dose-dependent	 manner	 (Garnica-Vergara	 et	 al.	 2016).	 Nevertheless,	 not	 all	

Trichoderma	 species	 produce	 6PP,	 suggesting	 that	 additional	 VOCs	 might	 also	 regulate	 plant	

growth.	For	example,	T.	virens	and	T.	reesei	do	not	synthesize	6PP.	However,	the	VOCs	released	by	

these	two	species	also	promote	plant	growth	in	A.	thaliana	seedlings	under	laboratory	conditions,	

although	the	specific	VOCs	responsible	for	this	effect	remain	unknown	(Nieto-Jacobo	et	al.	2017).	

Trichoderma	 viride	 also	 modulates	 A.	 thaliana	 growth	 through	 the	 emission	 of	 VOCs	 such	 as	

isobutyl	 alcohol,	 isopentyl	 alcohol,	 farnesene,	 3-methyl	 butanal	 and	 geranylacetone,	which	 are	

putatively	responsible	for	the	increasing	root	fresh	weight	and	lateral	root	formation,	as	well	as	an	

enhancement	of	the	total	plant	fresh	weight	and	chlorophyll	content	(Hung	et	al.	2013).	

	

In	 addition	 to	 6PP,	 terpenes	 are	 widely	 produced	 by	 Trichoderma	 spp.	 (Crutcher	 et	 al.	 2013;	

Contreras-Cornejo	et	al.	2014).	Terpenes	are	the	most	abundant	natural	products	and	comprise	

volatile	and	non-volatile	metabolites.	 The	assembly	of	multiple	activated	 forms	of	 the	 isoprene	

(C5H8)	 unit	 results	 in	 either	 hemiterpenes,	 MTs,	 STs,	 diterpenes	 (DTs),	 triterpenes	 (TTs),	

tetraterpenes	or	polyterpenes	(Stoppacher	et	al.	2010;	Cardoza	et	al.	2011;	Zeilinger	et	al.	2016).	

The	key	enzymes	in	terpene	biosynthesis	are	terpene	synthases	also	known	as	terpene	cyclases,	

which	are	responsible	for	the	synthesis	of	a	broad	spectrum	of	different	compounds	(Degenhardt	

et	al.	2009).	Trichoderma	spp.	are	rich	sources	of	terpenes,	and	this	diversity	is	accompanied	by	

genomic	variability	within	genes	related	to	specialised	metabolism	between	species	(Zeilinger	et	

al.	 2016).	 To	 date,	 the	 analysis	 of	 the	 genomes	 of	 three	 different	Trichoderma	 species	 reveals	

differences	 in	 the	number	and	organization	of	 terpene	synthases	within	 their	genomes,	with	T.	

virens	as	the	species	with	the	higher	number	of	terpene	synthases	(11),	followed	by	T.	atroviride	

and	T.	reesei	with	seven	and	six	respectively	(Bansal	and	Mukherjee	2016a).		

	

The	role	of	non-6PP	producing	Trichoderma	species	on	disease	protection	through	the	emission	of	

VOCs	has	been	already	explored	using	A.	thaliana	as	a	model	plant	(Angel	Contreras-Cornejo	et	al.	

2014).	To	determine	whether	volatile	terpenes	released	by	T.	virens	activate	plant	immunity	against	

B.	cinerea,	A.	thaliana	seedlings	were	exposed	to	T.	virens	VOCs	 in	a	closed	system.	The	results	

showed	that	during	co-cultivation	of	both	organisms	without	direct	contact,	fungal	VOCs	enhanced	

plant	growth	and	modulated	plant	protection	against	B.	cinerea;	this	last	finding	was	confirmed	by	

using	 a	 deletion	mutant	 incapable	 of	 emitting	 volatile	 terpenes,	 which	 limited	 its	 capability	 to	

confer	protection	against	B.	cinerea.	
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The	exploratory	role	of	Trichoderma	spp.	VOCs	during	plant-microbe	interactions	has	been	mostly	

investigated	under	laboratory	conditions,	using	artificial	culture	media	and	closed	systems,	mainly	

restricted	 to	 the	 model	 plant	 A.	 thaliana.	 Systematic	 exploration	 of	 Trichoderma	 VOCs	 and	

characterization	 of	 their	 biological	 properties	 in	 soil	 conditions	 is	 fundamental	 for	 a	 better	

understanding	of	the	plant-microbe	crosstalk	mediated	by	microbial	VOCs.	In	the	rhizosphere	and	

in	bulk	soil,	the	bioactivity	of	microbial	VOCs	most	likely	will	depend	on	its	half-life	and	on	the	ability	

of	 the	microbes	 to	emit	 stable	concentrations	over	 time.	Therefore,	a	better	exploration	of	 the	

biological	 properties	 of	microbial	 VOCs	 in	 soil	 experiments	will	 allow	 to	 deeply	 understand	 the	

opportunistic	 nature	 and	 environmental	 success	 of	 plant-associated	 microorganisms	 like	

Trichoderma.	

1.4 The	use	of	omics	for	a	better	understanding	of	the	Trichoderma-plant	interaction	
 
Beneficial	 and	 pathogenic	 microorganisms´	 interaction	 with	 their	 host	 plant	 depends	 on	 the	

secretion	 of	 thousands	 of	 metabolites	 by	 both	 organisms.	 Microbial	 metabolites	 facilitate	 the	

establishment	and	maintenance	of	both	symbiotic	(Kottb	et	al.	2015)	and	pathogenic	(Balmer	et	al.	

2013)	relationships.	Unravelling	the	metabolites	involved	in	this	process	is	fundamental	for	a	better	

comprehension	of	the	cross-talk	between	kingdoms.	Thus,	the	use	of	omics	technologies	 is	now	

common	(Morrison	et	al.	2007),	with	transcriptomics	the	most	popular,	 followed	by	proteomics	

and	metabolomics	respectively.	

	

Trichoderma	spp.	are	capable	of	altering	gene	expression	(Moran-Diez	et	al.	2012;	Brotman	et	al.	

2013;	Morán-Diez	et	al.	2015;	De	Palma	et	al.	2019),	protein	secretion	(Shoresh	and	Harman	2008;	

Nogueira-Lopez	et	al.	2018)	and	inducing	metabolic	modulation	(Yedidia	et	al.	2003;	Brotman	et	al.	

2012;	 Brotman	 et	 al.	 2013;	 Vinci	 et	 al.	 2018)	 in	 their	 host	 plant.	 Transcriptomics	 is	 a	 very	

straightforward	technique,	which	allows	hypothesising	how	the	host	metabolism	is	being	regulated	

to	facilitate	colonisation,	but,	any	hypothesis	generated	throughout	transcriptome	analysis	should	

be	confirmed	by	coupling	it	with	proteomics	and	metabolomics,	thus,	offering	new	possibilities	for	

the	better	understanding	of	Trichoderma-plant	interactions	(Mukherjee	et	al.	2013b).	The	use	of	

omics	 technologies	 for	 the	 study	 of	 Trichoderma-plant	 interactions	 has	 now	 become	 popular,	

increasing	the	understanding	of	Trichoderma’s	as	a	plant	symbiont	through	the	trigger	of	metabolic	

changes	in	the	host	plant.	Transcriptome	analyses	of	Trichoderma-plant	interactions	done	in	the	

last	decade	have	 contributed	 to	a	better	understanding	of	 the	Trichoderma-host	 interaction	by	

using	different	model	plants.	After	being	 incubated	 in	 the	presence	of	T.	harzianum	T34,	 it	was	

found	that	after	24	h,	changes	in	expression	levels	of	A.	thaliana	genes	related	to	both	biotic	and	
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abiotic	stress	were	triggered	in	the	aerial	plant	tissue,	involving	plant	signal	pathways	controlled	by	

phytohormones.	 For	 metabolic	 pathways,	 it	 was	 found	 that	 A.	 thaliana	 genes	 associated	 with	

carbohydrate,	protein	and	lipid	metabolism	were	differentially	regulated	upon	treatment	(Moran-

Diez	 et	 al.	 2012).	 Similarly,	 Brotman	 et	 al.	 (2013)	 found	 that	 Trichoderma	 root	 colonisation	

increased	the	expression	of	A.	thaliana	genes	related	with	tolerance	to	biotic	and	abiotic	stress,	

and	modified	indole	glucosinolates	levels.	

	

Transcriptional	 changes	 triggered	 by	 Trichoderma-roots	 colonisation	 using	 tomato	 and	 maize	

plants	have	revealed	that	210	T.	virens	genes	were	modulated	by	the	interaction	with	plant	roots,	

most	of	them	being	up-regulated.	Interestingly,	specific	responses	to	each	host	plant	were	found,	

demonstrating	that	T.	virens	crosstalk	with	plants	is	host-specific	(Morán-Diez	et	al.	2015).	Most	

recently,	 the	 transcriptome	 analysis	 of	 tomato	 roots	 interacting	 with	 T.	 harzianum	 at	 three	

different	 time	points	 (24,	48	and	72	h	post-inoculation)	 revealed	 that	more	 than	one	 thousand	

tomato	genes	were	regulated	when	comparing	inoculated	with	un-inoculated	roots.	Furthermore,	

differences	in	the	number	of	fungal	genes	regulated	during	each	time	point	tested	were	found.	In	

correlation	with	was	has	been	published	in	the	past,	it	was	also	found	that	T.	harzianum	induces	

stress	 tolerance	 and	 modulates	 phytohormone	 metabolism.	 Additionally,	 eight	 epigenetic	

modifiers	differentially	expressed	in	treated	tomato	roots	were	identified	and	differences	in	DNA	

methylation	modulated	within	 the	development	of	 the	 interaction	were	 found	 (De	Palma	et	al.	

2019).	

	

Besides	 the	 use	 of	 transcriptomics,	 some	proteomic	 analyses	 of	Trichoderma-plant	 interactions	

have	been	published,	which	altogether	make	evident	the	modulation	of	proteins	 from	both	the	

host	plant	and	 the	 fungal	 symbiont.	During	 the	 interaction	of	T.	asperellum	T34	with	cucumber	

plant	roots,	there	is	an	increase	of	peroxidase	activity	in	the	cotyledons;	interestingly,	peroxidase	

activity	is	modulated	by	the	inoculum	concentration.		Besides	the	up	and	down-regulation	of	17	

and	11	cucumber	proteins,	respectively,	it	was	found	that	the	majority	are	defence-related	(Segarra	

et	al.	2007).	Using	maize	as	a	model	plant,	it	was	shown	that	root	colonization	with	T.	harzianum	

T22	triggers	protein	modulation	in	aerial	plant	tissue;	of	the	differentially	regulated	proteins,	some	

of	them	are	involved	in	defence	and	stress	responses	(Shoresh	and	Harman	2008).	Such	findings	

correlate	with	the	report	from	Segarra	et	al.	(2010)	demonstrating	that	overall,	Trichoderma	spp.	

induce	the	modulation	of	defence-related	proteins,	locally	and	systemically.	
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The	study	of	the	modulation	of	plant	proteins	triggered	by	Trichoderma	colonization	has	not	been	

limited	 to	 root	or	 leaf	 tissues,	 as	 remarkably	 the	analysis	of	 the	apoplastic	 secretome	of	 the	T.	

virens-maize	 interaction	 was	 recently	 explored.	 Upon	 host	 penetration,	 fungal	 proteins	 are	

secreted	 in	the	apoplast,	which	permits	both	 inter	and	 intracellular	colonization	of	maize	roots.	

During	the	symbiotic	interaction,	it	was	found	that	the	T.	virens	secretome	mainly	comprises	cell	

wall-hydrolases,	 facilitating	 colonization.	 Also,	 a	 reduction	 of	 maize	 secreted	 peroxidases,	 and	

glycosyl	 hydrolases	 was	 triggered	 by	 fungal	 colonization.	 Finally,	 the	 peroxidase	 activity	 was	

reduced	upon	inoculation;	this	has	been	hypothesized	to	be	a	strategy	used	by	T.	virens	to	control	

plant	immune	responses	to	ensure	successful	colonization	(Nogueira-Lopez	et	al.	2018).	

	

Due	 to	 the	 complexity	 of	 symbiotic	 interactions,	 the	 use	 of	 omics	 like	 transcriptomics	 and	

proteomics	has	been	fundamental	to	generate	new	knowledge	related	to	the	establishment	and	

maintenance	 of	 the	 beneficial	 interactions	 between	 plants	 and	 symbionts.	 These	 techniques	

partially	 uncover	 the	 crosstalk	 that	 takes	 place	 during	 beneficial	 interaction.	Hence,	 the	 use	 of	

target	and	untargeted	metabolomics	contributes	to	providing	deep	insight	into	how	plant-microbe	

interactions	are	established	and	maintained	(Bailey	and	Melnick	2013).		

 

1.4.1 The	use	of	metabolomics	to	uncover	Trichoderma-plant	interactions	

 
The	 metabolome	 can	 be	 understood	 as	 the	 biochemical	 phenotype	 of	 an	 organism	 or	 tissue,	

defined	by	a	set	of	metabolites	synthesized	under	specific	conditions	(Balmer	et	al.	2013);	therefore	

metabolomics	is	the	study	of	such	responses	and	comprises	targeted	and	untargeted	approaches.	

Targeted	 metabolomics	 aims	 for	 both	 quantification	 and	 identification	 of	 already	 known	

metabolites,	 whereas	 untargeted	 metabolomics	 is	 a	 holistic	 approach	 with	 the	 objective	 of	

generating	 fingerprints	 of	 biological	 samples,	 looking	 for	 known	 and	 unknown	 detectable	

compounds.	 Metabolomics	 facilitates	 the	 detection	 and	 quantification	 of	 different	 classes	 of	

metabolites	which	display	different	biological	 functions	and	can	be	broadly	classified	 into	 three	

groups,	primary	metabolites,	specialised	metabolites	and	lipids.	Primary	metabolites	are	all	those	

compounds	which	regulate	core	functions	within	cells;	some	examples	are	sugars,	sugar	alcohol	

derivatives,	amino	acids,	polyamines	and	the	citric	cycle	intermediates.	Specialised	metabolites	are	

defined	as	chemical	compounds	produced	by	living	organisms	that	can	be	synthesised	as	a	response	

to	 abiotic	 or	 biotic	 stress	 and	 that	 are	 not	 necessary	 for	 survival.	 Finally,	 the	 group	 of	 lipids	

comprises	 a	 plethora	 of	 chemically	 diverse	 compounds,	 whose	 formation	 depends	 on	 the	

combination	of	 fatty	acids	with	different	 structures;	and	constitute	a	 significant	 form	of	energy	

storage	in	animals	and	plants	(Bailey	and	Melnick	2013).	
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Environmental	metabolomics	is	the	use	of	h	metabolomics	that	targets	the	characterisation	of	the	

molecular	interaction	of	different	organisms	with	its	surroundings,	permitting	the	analysis	of	the	

responses	 to	 biotic	 and	 abiotic	 factors	 (Bundy	 et	 al.	 2008).	 Thus,	 environmental	metabolomics	

facilitates	 the	 study	of	 free-living	organisms	 isolated	 from	natural	 sources,	 and	 from	organisms	

under	laboratory	conditions	(Morrison	et	al.	2007).	Therefore,	metabolomics	approaches	facilitate	

the	understanding	of	the	responses	of	specific	organisms	to	certain	conditions	(Bundy	et	al.	2008).		

	

For	a	long	time,	the	phytometabolome	(chemical	composition	of	plants)	modulation	during	plant-

microbe	 interactions,	 specifically	 symbiont	 interactions,	has	mainly	 focused	on	particular	 target	

metabolites,	mostly	on	modifications	of	the	plant-primary	metabolism	(Subramanian	and	Charest	

1995;	Scherling	et	al.	2009;	Brotman	et	al.	2012;	Wu	et	al.	2013).	Targeted	approaches	have	also	

been	implemented	when	looking	for	differences	in	specific	specialised	metabolites	such	as	alkaloids		

(Andrade	et	al.	2013),		phenolic	compounds		(Charitha	Devi	and	Reddy	2002;	Ceccarelli	et	al.	2010),	

indole	glucosinolates	(Brotman	et	al.	2013)	or	phytohormones	(Segarra	et	al.	2007;	Nieto-Jacobo	

et	 al.	 2017).	 The	 use	 of	 target	 metabolomics	 approaches	 has	 increased	 for	 the	 study	 of	

Trichoderma-plant	interactions;	these	studies	have	mainly	focused	on	understanding	the	primary	

metabolism	 modulation	 of	 plants,	 triggered	 by	 Trichoderma	 colonisation.	 By	 using	 a	 targeted	

metabolic	analysis,	Brotman	et	al.	(2012)	found	that	A.	thaliana	root	colonisation	by	T.	asperelloides	

substantially	alters	the	plant	metabolic	profile,	including	modifications	of	sugars,	amino	acids,	citric	

cycle	intermediates	and	polyamines.		

	

More	 recently	 targeted	 metabolomics	 have	 been	 used	 to	 assess	 the	 effect	 of	 T.	 harzianum	

colonisation	 on	 the	maize	 phytometabolome	when	 different	 phosphate	 fertilisers	 (organic	 and	

inorganic)	were	used	(Vinci	et	al.	2018).	Interestingly,	differences	in	the	total	phosphorus	(P)	and	

nitrogen	(N)	content	of	maize	leaves	was	not	only	influenced	by	the	colonisation	of	Trichoderma,	

but	the	type	of	phosphate	fertilisers	used	strongly	influenced	the	leaf	metabolome	(total	P	and	N	

content	 and	 plant	 primary	 metabolism).	 Specifically,	 the	 combination	 of	 organic	 phosphate-

fertilisers	with	T.	harzianum	significantly	increased	P,	N	and	chlorophyll	content	compared	with	un-

inoculated	 plants,	 demonstrating	 that	 different	 metabolic	 responses	 of	 maize	 to	 T.	 harzianum	

depended	on	the	nature	of	the	fertiliser	used.	Consequently,	understanding	the	plant-metabolome	

modulation	upon	Trichoderma	 colonisation	 in	 combination	with	different	 fertilisers	will	 allow	a	

better	 application	 of	 plant	 symbionts	 in	 the	 field,	 where	 agricultural	 practices	 need	 to	 be	

considered	to	achieve	the	best	outcome	of	the	application	of	Trichoderma	spp.	 to	solve	specific	

problems	in	sustainable	agriculture.	
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Although	 the	use	of	 targeted	metabolomics	has	been	 implemented	 for	 a	 long	 time	 in	different	

scientific	 fields,	 including	 plant-symbionts	 interactions,	 the	 generation	 of	 untargeted	metabolic	

fingerprinting	 across	 disciplines	 is	 relatively	 new	 	 (Fernie	 et	 al.	 2004).	 The	 first	 report	 of	 the	

characterization	of	a	plant-symbiont	interaction,	which	couples	both	targeted	and	untargeted	high-

throughput	metabolomics	was	published	in	2014.	It	demonstrates	the	potential	of	proper	analytic	

setup	and	data	analysis	of	a	complex	data	set	for	a	better	understanding	of	beneficial	interactions	

and	host	metabolic	modulation	triggered	upon	colonisation	(Schweiger	et	al.	2014).	Despite	the	big	

data	sets	obtained	from	untargeted	metabolomics,	the	technique	still	has	some	limitations,	such	

as	 the	 need	 for	 an	 improvement	 of	 the	 analytical	 methods	 to	 allow	 broader	 coverage,	 higher	

throughput	and	higher	resolution,	metabolites	identification	and	data	interpretation	(Sevin	et	al.	

2015).		

	

To	 date,	 a	 complete	 metabolic	 profiling	 coupling	 targeted	 and	 untargeted	 metabolomics	 of	

Trichoderma-plant	 interactions	 has	 not	 been	 published.	 The	 use	 of	 these	 techniques	 will	

undoubtedly	 provide	 a	 better	 understanding	 of	 how	 the	 phytometabolome	 host	 is	 modulated	

locally	and	systemically	during	the	Trichoderma-plant	interaction.	

 

1.5 Aim	of	this	study	and	hypotheses	

 
Plant-associated	beneficial	fungi	inhabit	a	variety	of	ecosystems	and	actively	interact	with	plants	

generally	improving	plant	fitness.	During	these	symbiotic	associations,	microorganisms	produce	a	

plethora	 of	 specialised	metabolites,	 including	 VOCs.	 The	 ability	 of	Trichoderma	 to	 behave	 as	 a	

beneficial	 plant	 endophyte	 is	 strongly	 related	 to	 its	 specialised	 metabolites	 production;	 thus,	

directly	impacting	plant	fitness.	

	

Within	 the	genus	Trichoderma,	T.	virens	stands	out	 for	 its	ability	 to	emit	a	complex	bouquet	of	

volatile	terpenes	known	to	be	involved	in	plant	growth	promotion	and	antifungal	activities	in	vitro.	

However,	the	role	of	T.	virens	VOCs	as	internal	signalling	molecules	that	regulate	fungal	growth	and	

development,	 and	 as	 modulators	 of	 the	 interaction	 with	 the	 plant	 host,	 is	 far	 from	 being	

understood.	

	

The	main	objective	of	this	research	project	is	to	determine	the	influence	of	T.	virens	VOCs	in	fungal	

development,	maize	colonisation	and	plant	growth,	as	well	as	to	evaluate	the	metabolic	response	

of	maize	roots	and	leaves	to	Trichoderma	virens	Gv29.8	colonisation.	The	findings	derived	from	this	
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research	will	provide	an	overview	of	the	importance	of	T.	virens	VOCs	as	signalling	regulators	during	

the	interaction	with	its	host	plant,	Zea	mays.		

	

The	following	chapters	describe	the	aims	and	hypotheses	

	

Chapter	2		

	

Aim:	to	generate	and	characterise	the	role	of	four	T.	virens	terpene	biosynthetic	genes	up-regulated	

during	the	T.	virens-maize	interaction	through	the	generation	of	deletion	mutants	

	

Hypothesis:	knocking	out	T.	virens	terpene	biosynthetic	genes	will	alter	fungal	terpene	emission	

and	likely	modify	fungal	development.	

		

Chapter	3		

	

Aim:	To	assess	the	influence	of	T.	virens	volatile	terpenes	in	maize	root	colonisation,	and	on	plant	

growth	promotion,	under	sterile	soil	conditions.		

	

Hypothesis:	The	T.	virens	terpene	synthase	null	mutant	may	result	 in	a	less	effective	maize	root	

colonisation,	and	will	be	more	likely	to	have	a	null	growth	promotion	effect	in	maize	plants.		

	

Chapter	4		

	

Aim:	 to	 assess	 differences	 in	 maize	 root	 and	 shoot	 metabolic	 responses,	 triggered	 by	 fungal	

colonisation,	by	comparing	T.	virens	Wt	with	a	terpene	synthase	deletion	mutant.	

	

Hypothesis:	 The	 T.	 virens-maize	 roots	 interaction	 will	 modify	 the	 maize	 root	 and	 shoot	

metabolome.	General	 and	 specific	metabolic	 responses	 could	be	expected	during	 the	T.	 virens-

maize	interaction	by	comparing	the	terpene	synthase	deletion	mutant	with	its	parental	strain.	
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Chapter	5		

	

A	compilation	and	discussion	of	 the	main	outcomes	of	the	research,	with	an	evaluation	of	both	

successes	and	setbacks.	Also	proposals	for	further	experiments	that	will	provide	a	deeper	insight	

into	the	role	of	T.	virens	VOCs	as	signalling	molecules	during	the	interaction	with	plants.	
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2 Phenotypic	characterisation	of	Trichoderma	virens	terpene	synthases	

2.1 Introduction	

Terpenes	 are	 a	major	 class	 of	 natural	 products	 produced	 by	 plants,	 bacteria	 and	 fungi,	 and	 they	

encompass	 thousands	of	 chemical	 structures	with	approximately	60,000	different	known	products	

(Köksal	 et	 al.	 2011).	 The	diversity	 and	 abundance	of	 terpenes	 enables	 a	 broad	 range	of	 biological	

activities	 and	 includes	 antimicrobial,	 anticancer,	 anti-inflammatory,	 analgesic	 and	 antiviral	

compounds	(Ludwiczuk	et	al.	2017),	comprising	both	volatile	and	non-volatile	metabolites	(Zeilinger	

et	al.	2016).	

	

Terpenes	 are	 biosynthesised	 through	 two	 independent	 nonhomologous	 metabolic	 pathways,	 the	

mevalonate	(MVA)	and	the	methylerythritol	phosphate	(MEP)	pathways,	resulting	in	the	formation	of	

both	cyclic	and	linear	structures.	The	MVA	pathway	is	typically	present	in	eukaryotes,	archaea	and	a	

few	bacteria,	whereas	the	MEP	pathway	is	common	in	most	bacteria	and	photosynthetic	eukaryotes	

(Lombard	 and	 Moreira	 2011;	 Hemmerlin	 et	 al.	 2012).	 Cyclic	 structures	 are	 predominant	 within	

terpenes	and	are	derived	from	linear	precursors	(geranyl	diphosphate	(C10	GPP),	farnesyl	diphosphate	

(C15	FPP)	and	geranylgeranyl	diphosphate	(C20	GGPP).	The	formation	of	terpenes	precursors	requires	

the	 sequential	 addition	 of	 the	 five-carbon	 units	 of	 isopentenyl	 diphosphate	 (IPP)	 or	 its	 isomer	

dimethylallyl	diphosphate	(DMAPP)	(5C	isoprene	units)	(Davis	and	Croteau	2000;	Christianson	2006;	

Citron	et	al.	 2011;	Wawrzyn	et	al.	 2012;	Bansal	 and	Mukherjee	2016b).	 The	 terpenes	biosynthetic	

pathway	 is	characterised	by	two	main	steps,	condensation	and	cyclisation.	The	condensation	steps	

comprise	 the	 polymerisation	 reactions	 of	 5C	 isoprene	 units	 to	 generate	 the	 linear	 precursors	 of	

terpenes;	these	condensation	reactions	are	catalysed	by	GPP,	FPP	and	GGPP	synthases.	In	contrast,	

the	cyclisation	reactions	of	the	terpenes	precursors	result	in	the	formation	of	MTs,	STs,	DTs	and	TTs.	

The	enzymes	responsible	 for	the	catalysis	of	 these	cyclisation	reactions	are	the	terpene	synthases,	

also	known	as	terpene	cyclases	(Christianson	2006;	Citron	et	al.	2011;	Wawrzyn	et	al.	2012;	Bansal	

and	Mukherjee	2016b)	Figure	2.1.	
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Figure	 2.1.	 Scheme	 representing	 fungal	 terpenes	 biosynthesis	 derived	 from	 the	 mevalonate	
pathway.	Classes	of	terpenes	derived	from	the	different	precursors	in	green	capital	letters.	Enzymes	
that	participate	 in	 condensation	and	cyclisation	 steps	 in	purple	and	 light	blue,	 respectively.	 Image	
adapted	from	Bansal	and	Mukherjee	(2016b),	and	Hermosa	et	al.	(2014).	
	
Fungal	 terpenes	 biosynthesis	 is	 carried	 out	 by	 co-regulated	 genes	 which	 usually	 form	 part	 of	

biosynthetic	 clusters,	 whose	 encoded	 protein	 products	 catalyse	 all	 or	 most	 of	 the	 steps	 in	 the	

biosynthesis	of	the	final	products	(Pinedo	et	al.	2008;	Wawrzyn	et	al.	2012).	The	number	of	genes	that	

form	biosynthetic	gene	clusters	depends	on	the	complexity	of	the	products	and	may	encompass	a	few	

or	even	a	dozen	genes	(Osbourn	2010).	While	terpene	biosynthetic	gene	clusters	in	fungi	vary	in	the	

number	and	orientation	of	the	genes,	several	elements	such	as	monooxygenases	(CYP450),	transport	

or	regulatory	genes	and	other	biosynthetic	genes,	are	shared	among	along	with	terpene	synthases	

(Wawrzyn	et	al.	2012;	Zeilinger	et	al.	2016)	(Figure	2.2).	The	majority	of	the	terpene	synthases	are	

responsible	for	the	generation	of	a	single	compound,	but	there	is	evidence	of	the	existence	of	terpene	

synthases	which	 via	 cyclisation	 chemistry	 lead	 to	 the	 formation	of	multiple	products	 (Steele	et	 al.	

1998;	Christianson	2006).	For	example,	the	putative	terpene	synthase	(vir4)	from	Trichoderma	virens	
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has	been	associated	with	the	production	of	more	than	20	different	volatile	terpenes	(Crutcher	et	al.	

2013).	

	
Figure	2.2.	Representation	of	terpene	biosynthetic	gene	clusters	in	fungi.	Predicted	gene	functions	
as	 follows	 ACT:	 Acetyltransferase,	 BS:	 Biosynthetic	 gene,	 CYP450:	 Cytochrome	 P450,	 GAPDH:	
Glyceraldehyde	 3-phosphate	 dehydrogenase,	 GGPPS:	 Geranyl	 geranyl	 diphosphate	 synthase,	 STS:	
Sesquiterpene	synthase,	TR:	transport	or	regulatory	gene,	TS:	Terpene	synthase	and	UKF:	Unknown	
function.	 Arrow	 direction	 indicates	 5’	 –	 3’	 coding	 orientation.	 Trichothecene	 and	 Gibberellin	
biosynthetic	clusters	images	adapted	from	Wawrzyn	et	al.	(2012),	Botrydial	biosynthetic	gene	cluster	
image	adapted	from	Pinedo	et	al.	(2008)	and	vir	biosynthetic	cluster	from	A.	oryzae	image	adapted	
from	Crutcher	et	al.	(2013).	
	
Fungal	terpenes	have	been	described	from	both	Ascomycetes	and	Basidiomycetes,	pathogenic	and	

beneficial,	and	are	known	for	their	capability	of	displaying	a	broad	spectrum	of	biological	activities	

(Wawrzyn	et	al.	2012).	Fungal	terpenes	produced	by	plant	pathogens	may	act	as	virulence-like	factors	

(Pinedo	 et	 al.	 2008),	 and	 mycotoxins	 (Kimura	 et	 al.	 2007);	 in	 contrast,	 terpenes	 synthesized	 by	

beneficial	 fungi	 such	 as	 Trichoderma	 generally	 contribute	 to	 its	 antimicrobial	 and	 plant	 growth	

promotion	properties	(Vinale	et	al.	2009;	Zeilinger	and	Schuhmacher	2013;	Contreras-Cornejo	et	al.	

2014;	Hermosa	et	al.	2014).	The	biocontrol	agent	Trichoderma	is	recognized	for	producing	different	

classes	of	terpenes	including	harzianum	A,	trichodermin,	viridin,	harziandione,	 lignoren	and	others,	
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that	 are	 bioactive	 metabolites	 capable	 of	 displaying	 a	 vast	 array	 of	 biological	 activities,	 being	

antibacterial,	anti-yeast	and	antifungal	compounds;	or	acting	as	toxins	(Bennett	and	Klich	2003;	Berg	

et	 al.	 2004;	Citron	et	 al.	 2011;	 Tijerino	et	 al.	 2011;	Hermosa	et	 al.	 2014).	Also,	 some	Trichoderma	

species	are	known	for	emitting	complex	bouquets	of	volatile	terpenes,	and	T.	virens	is	the	species	that	

secretes	the	widest	variety	of	volatile	terpenes	in	vitro	(Crutcher	et	al.	2013;	Nieto-Jacobo	et	al.	2017).	

	

Despite	 all	 the	 information	available	 about	 the	 capability	 of	Trichoderma	 to	produce	 an	extensive	

variety	of	terpenes,	only	a	few	genes	involved	in	the	biosynthesis	of	these	bioactive	compounds	have	

been	studied,	and	minimal	 information	 is	currently	available	about	specific	biosynthetic	pathways.	

However,	it	is	generally	accepted	that	Trichoderma	terpenes	derive	from	the	MVA	pathway	(Hermosa	

et	al.	2014;	Bansal	and	Mukherjee	2016b).	Several	terpene	synthases	encoding	genes	have	now	been	

identified	in	different	Trichoderma	species	through	bioinformatics	tools.	Trichoderma	virens	possesses	

the	highest	number	of	putative	 terpene	synthases,	with	a	 total	of	11,	 from	which	six	 form	part	of	

biosynthetic	 gene	 clusters.	 Putative	 genes	 that	 participate	 in	 the	 condensation	 steps	 of	 terpenes	

biosynthesis	in	T.	virens	have	also	been	reported	(Table	2.1)	(Bansal	and	Mukherjee	2016b;	Zeilinger	

et	al.	2016).	Interestingly,	(Crutcher	et	al.	2013)	reported	that	the	majority	of	T.	virens	volatile	terpenes	

are	produced	by	a	single	terpene	synthase	(vir4)	located	in	the	vir	cluster.	Thus,	the	final	products	of	

the	other	ten	terpene	synthases	from	T.	virens	remain	to	be	discovered.	
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Table	2.1.	Putative	annotation	of	Trichoderma	virens	genes	associated	with	the	two	main	steps	of	
terpene	biosynthesis.	Table	generated	from	putative	genes	annotation	created	based	on	homology	
to	genes	with	known	functions	from	different	fungal	models	by	Bansal	and	Mukherjee	(2016b).	

Terpenes	biosynthesis	steps	 Putative	annotation	 Gene	id	

Condensation	

Polyprenyl	P-P-synthase	 TV_45693	
Geranyl	geranyl	P-P-synthase	 TV_229633	
Farnesyl	P-P-synthase	 TV_166777	
Cis-prenyl	transferase	 TV_65319	
Isopentenyl	P-P-isomerase	 TV_169895	
Squalene	synthase		 TV_81989	

Cyclisation	

Pentalene	synthase		 TV_141474	
Terpene	synthase	 TV_225657	
Terpene	synthase		 TV_56195	
Terpene	synthase	 TV_53145	
Terpene	synthase	 TV_41289	
Lanosterol	synthase	 TV_89890	
Presilphiperfolan-8-beta-ol	synthase		 TV_222187	
Botrydial	synthase		 TV_59217	
Fusicoccadiene	synthase		 TV_224958	
Terpene	synthase		 TV_52915	
Longiborneol	synthase		 TV_39107	

	

A	variety	of	biological	properties	have	been	attributed	to	Trichoderma	terpenes	that	mostly	involve	

detrimental	 effects	 on	other	microorganisms	 and	 improvement	of	 plant	 growth	 (under	 laboratory	

conditions).	However,	the	possible	role	of	volatile	fungal	terpenes	as	endogenous	signalling	molecules	

has	not	been	explored.	Filamentous	 fungi	are	 rich	 sources	of	volatile	 compounds,	and	 it	has	been	

hypothesised	that	some	of	these	bioactive	metabolites	play	fundamental	roles	in	fungal	growth	and	

development.	 The	 role	 of	 fungal	 volatiles	 as	 self-inhibitors	 of	 conidial	 germination	 has	 been	

systematically	 studied	 in	Colletotrichum,	Uromyces,	 Fusarium	 and	Aspergillus	 (Leite	 and	Nicholson	

1993;	Chitarra	et	al.	2004).	The	eight-carbon	(C8)	volatile	1-octen-3-ol	that	is	ubiquitous	among	fungi,	

has	 been	 considered	 a	 major	 conidial	 self-inhibitor;	 usually,	 its	 concentration	 increases	 at	 higher	

conidial	 densities,	 and	 it	 is	 believed	 that	 its	 accumulation	 prevents	 the	 premature	 germination	 of	

conidia,	guaranteeing	that	spores	only	germinate	in	favourable	environmental	conditions	(Chitarra	et	

al.	2004;	Wyatt	et	al.	2013;	Miyamoto	et	al.	2014).	Interestingly,	Nemcovic	et	al.	(2008)	demonstrated	

that	 conidiation	 in	Trichoderma	 spp.	 is	 accompanied	by	an	 increased	emission	of	 1-octen-3-ol,	 	 3-

octanol	and	3-octanone	and	 that	 these	volatiles	are	capable	of	 inducing	conidia	 formation	 in	non-

conidiating	colonies	growing	in	darkness.	Miyamoto	et	al.	(2014)	suggested	that	1-octen-3-ol	is	not	

the	main	endogenous	self-inhibitor	of	conidia	germination	at	high	conidia	densities	in	two	species	of	

Aspergillus.	Thus,	the	effect	of	volatiles	in	fungal	growth	and	development	stand	as	an	open	question	
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and	 the	 effects	 of	 other	 volatile	 and	 non-volatile	 fungal	metabolites	 such	 as	 terpenes	 as	 putative	

endogenous	singling	molecules	remain	to	be	investigated.	

 

2.2 Materials	and	Methods	

2.2.1 Strains,	isolates	used	in	this	study	
 
The	 Trichoderma	 virens	 strain	 Gv29.8	 used	 during	 this	 research	was	 kindly	 provided	 by	 Professor	

Charles	Kenerley	(Texas	A&M	University,	USA).	

	

2.2.2 Selection	and	bioinformatics	analyses	of	the	candidate	genes	
	
For	the	characterisation	of	four	Trichoderma	virens	Gv29.8	terpene	biosynthetic	genes,	the	following	

putative	terpene	synthase	encoding	genes	TV_224958,	TV_56195	(from	here	called	vir4),	TV_45693	

and	TV_53145,	 that	were	differentially	 regulated	during	a	T.	 virens-maize	 roots	 interaction	 (Lawry	

2016)	 (Supplementary	Figure	1),	were	chosen	 for	 functional	analysis	by	 the	generation	of	deletion	

mutants.		

	

Bioinformatic	 analysis	 of	 the	 selected	 genes	 was	 done	 using	 the	 following	 software	 and	 online	

resources.	The	DNA	sequences	of	the	targeted	genes	were	obtained	from	the	available	online	genome	

of	T.	virens	 (http://genome.jgi.doe.gov/TriviGv29_8_2.html).	Sequence	alignment	and	phylogenetic	

trees	ware	created	using	MEGA6:	Molecular	Evolutionary	Genetics	Analysis	Version	6.0	(Tamura	et	al.	

2013).		

	

2.2.3 Transformation	of	Trichoderma	virens		
 

2.2.3.1 Hygromycin	B	sensitivity	analysis	
 
The	sensitivity	of	T.	virens	Gv29.8	wild-type	(Wt)	to	hygromycin	B	was	tested	for	its	use	as	a	positive	

selection	 marker	 for	 the	 deletion	 of	 the	 selected	 genes.	 To	 determine	 the	 minimal	 inhibitory	

concentration	 of	 hygromycin	 B	 in	 T.	 virens,	 potato-dextrose	 agar	 plates	 (PDA)	 (Difco,	 USA)	

supplemented	with	0,	10,	25,	50,	75,	100,	125,	150,	175	and	200	µg/mL	of	hygromycin	B	(AG	Scientific,	

USA)	were	 used.	 The	 PDA	 plates	were	 centrally	 inoculated	with	 1x106	T.	 virens	 conidia	 previously	

collected	from	7	d	old	PDA	cultures	(maintained	at	25°C	under	a	12	h	light/dark	cycle)	by	adding	10	

mL	of	sterile	water	and	agitating	with	a	triangular	spreader.	The	conidial	suspension	was	recovered	



	

22	

from	the	plate,	filtered	through	two	layers	of	sterile	Miracloth	(Merk	Millipore)	to	remove	mycelium	

fragments	and	counted	using	a	haemocytometer.	The	conidial	concentration	was	adjusted	to	1x106	

conidia/5	 µL.	 Plates	 were	 incubated	 for	 7	 d	 at	 25°C	 under	 a	 12	 h	 light/dark	 cycle	 (Versatile	

Environmental	 Test	 Chamber,	 SANYO).	 To	 confirm	 fungal	 growth	 inhibition,	 plates	were	 observed	

using	 a	 stereomicroscope	 (SZX12	 Olympus,	 Japan).	 Three	 biological	 replicates	 for	 each	 antibiotic	

concentration	were	carried	out.	

	

2.2.3.2 Generation	of	knock-out	(KO)	constructs		

The	deletion	of	vir4,	TV_224958,	TV_53145	and	TV_45693	was	done	using	the	Golden	Gate	strategy	

that	is	characterised	by	the	use	of	type	II	restriction	enzymes	which	cleave	outside	of	their	recognition	

sequence,	thus	resulting	in	5’	or	3’	DNA	overhangs	(Engler	et	al.	2008;	Engler	et	al.	2009;	Weber	et	al.	

2011).	For	the	generation	of	knock-out	constructs,	the	available	genome	sequence	of	T.	virens	Gv29.8	

(http://genome.jgi.doe.gov/TriviGv29_8_2.html)	 was	 used.	 Primers	 (Supplementary	 Table	 2)	 were	

designed	to	amplify	1-1.3	kb	of	DNA	up-	and	down-stream	from	each	gene	region	to	be	deleted,	by	

using	 T.	 virens	 genomic	 DNA	 (gDNA)	 as	 a	 template,	 with	 the	 addition	 (on	 primers)	 of	 two	 BsaI	

restriction	sites,	located	on	the	3’end	of	the	left	flank	(LF)	and	5’end	of	the	right	flank	(RF)	to	create	

overhangs	complementary	to	the	entry	and	receptor	vectors.	

The	amplification	of	the	flanking	regions	of	targeted	genes	was	done	as	follows:	PCR	reactions	were	

carried	out	in	a	final	volume	of	50	μL	containing	1X	(25	μL)	CloneAmp	HiFi	PCR	PreMix	(Clontech,	USA),	

200	ng	of	T.	virens	gDNA,	3%	DMSO	and	1	µL	(0.2	μM)	of	each	primer,	using	the	SuperCycler	SC300	

(Kyratec,	Australia).	Cycling	conditions	were	denaturation	at	98°C	1	min;	35	cycles	at	98°C	10	s,	60°C	

20	 s	 and	 72°C	 2	 min;	 and	 a	 final	 extension	 at	 72°C	 10	 min.	 PCR	 products	 were	 visualised	 by	

electrophoresis	 by	 using	 a	 0.8%	 Agarose-TAE	 (HyAgarose,	 HydraGene,	 USA)	 gel.	 Expected	 PCR	

fragments	were	purified	using	Wizard	SV	Gel	and	PCR	Clean-Up	System	(Promega,	USA),	following	the	

manufacturer´s	 methodology,	 and	 purified	 flanking	 regions	 were	 quantified	 using	 a	 NanoDrop	

(NanoDrop	Technologies	Inc,	USA).	

	

The	 flanking	 regions	 of	 each	 targeted	 gene	 were	 fused	 to	 the	 pUC-hph-BsaI	 (entry	 vector)	 that	

contains	the	hygromycin	B	phosphotransferase	gene	(hph)	(conferring	resistance	to	hygromycin	B),	

under	control	of	the	tryptophan	gene	promoter	(pTrpC)	bordered	by	BsaI	restriction	sites,	and	then	

fused	 to	 the	 pCAMBIA1380-derivative	 receptor	 vector	 (pYT6-lacz-BsaI)	 that	 contains	 the	 lacZ	 ß	

galactosidase	gene	bordered	by	BsaI	restriction	sites,	and	the	kanamycin	resistance	gene	for	selection	

in	Escherichia	coli.	Entry	and	receptor	vectors	containing	overhangs	complementary	to	targeted	gene	
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flanks	 for	 the	 creation	 of	 the	 desired	 constructs	 (Figure	 2.3)	 were	 designed	 by	 Nogueira-Lopez	

(submitted).	The	restriction-ligation	reaction	of	the	purified	flanking	regions	(of	each	targeted	gene)	

with	the	entry	and	receptor	vectors	was	carried	out	in	a	final	volume	of	10	μL	containing:	200	ng	of	

purified	flanks,	100	ng	of	each	vector,	10	U	of	BsaI,	 (New	England	BioLabs,	USA),	20	U	of	T4	 ligase	

(Thermo	Fisher	Scientific,	USA)	and	2	μL	of	10X	T4	DNA	ligase	buffer.	The	digestion-ligation	reaction	

was	performed	as	follows:	samples	were	incubated	for	2	min	at	37°C	and	5	min	at	16°C,	for	40	cycles,	

followed	by	final	digestion	for	5	min	at	50°C	and	heat	inactivation	at	80°C	for	5	min.	The	reaction	was	

done	using	the	SuperCycler	SC300.	The	final	deletion	constructs	(Figure	2.3)	were	further	used	for	the	

transformation	of	T.	virens	protoplasts.	

	
Figure	2.3.	Summary	of	 the	Golden	Gate	strategy	used	 for	 the	generation	of	T.	virens	knock	out	
constructs´.	Target	genes	 flanking	regions	were	amplified	and	BsaI	restriction	sites	were	added	on	
primers	to	allow	ligation	with	complementary	BsaI	restrictions	sites	from	the	pTrpC/hph	fragment	and	
the	pYT6-LacZ-BsaI	vector.	The	flanking	regions	and	the	pTrpC/hph	fragment	were	ligated	to	the	pYT6-
LacZ-BsaI	vector	by	a	single	digestion-ligation	reaction.	The	resulting	deletion	constructs	were	further	
used	for	T.	virens	protoplasts	transformation.	
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2.2.3.3 Subclonation	of	KOs	vectors	into	Escherichia	coli	
 
The	resulting	deletion	constructs	were	used	to	transform	E.	coli	TOPO	F’	chemically	competent	cells	

(E.	coli	competent	cells	preparation	is	presented	in	the	Appendix)	by	heat	shock	as	follows:	a	total	of	

40	μL	of	E.	coli	competent	cells	were	gently	mixed	with	5	μL	of	each	deletion	construct	and	incubated	

on	ice	for	10	min.	The	competent	cells-deletion	construct	mixture	was	heat-shocked	at	42°C	for	90	s	

using	a	Thermocycler	(Eppendorf,	USA)	and	placed	on	ice	for	10	min;	then,	500	μL	of	Super	Optimal	

Culture	media	(SOC)	(CloneTech,	USA)	were	added.	Cells	were	incubated	at	37°C	for	1	h	under	constant	

shaking	 (650	 rpm)	 using	 a	 Thermomixer	 (Thermomixer	 Comfort	 Eppendorf,	 Germany).	 After	

incubation,	aliquots	of	50	μL	of	E.	coli	transformed	cells	were	plated	on	Luria-Bertani	(LB	BD	Difco,	

USA)	 agar	 plates	 supplemented	 with	 kanamycin	 (50	 μg/mL)	 (Sigma-Aldrich,	 USA),	 40	 μL	 of	 XGal	

(AppliChem,	Germany)	and	10	μL	of	IPTG	(Zymon	Reseach,	USA).	Cells	were	plated	on	the	agar	surface	

and	spread	using	5-8	sterile	glass	bits,	and	plates	were	incubated	for	16	h	at	37°C	(Incubator	MIR-162,	

SANYO,	Japan).	Positive	single	colonies	were	picked	from	overnight	cultures	with	sterile	10	μL	tips	and	

transferred	to	sterile	vials	containing	3	mL	of	LB	broth	(BD	Difco)	supplemented	with	kanamycin	(50	

μg/mL).	Vials	were	incubated	under	constant	shaking	(260	rpm)	at	37°C	for	20	h.	A	total	of	1.5	mL	of	

overnight	cultures	were	used	for	deletion	construct	extraction	using	the	NucleoSpin	Plasmid/Plasmid	

extraction	kit	(Macherey-Nagel,	Germany),	following	the	protocol	for	isolation	of	low-copy	plasmids,	

P1	constructs,	or	cosmids	described	by	the	manufacturer.	Deletion	constructs	isolated	from	positive	

E.	coli	cells	were	quantified	by	Nanodrop	and	digested	to	confirm	the	construct	insertion.	To	verify	

insertion,	isolated	KO	constructs´	were	digested	for	1	h	at	37°C	using	a	Thermomixer;	the	digestion	

reaction	was	done	in	a	final	volume	of	20	μL,	containing	2	μL	(4U)	of	EcoRV	(New	England	BioLabs,	

USA),		20	μL	of	10X	CutSmart	buffer	(New	England	BioLabs,	USA)	and	500	ng	of	purified	KO	construct.	

Digestion	products	were	size-fractionated	by	electrophoresis	using	a	0.8%	agarose-TAE	gel,	plasmids	

were	sequenced	at	the	Bio-Protection	Sequencing	Facility,	Lincoln	University,	using	the	checkA	and	

checkB	primers	(kindly	provided	by	Dr	Johanna	Steyaert)	(Supplementary	Figure	2).	Clone	Manager	

Professional	v.8	software	(Sci-Ed	Software,	USA),	was	used	for	the	analysis	of	the	sequence	integrity.	

 

2.2.3.4 Transformation	of	Agrobacterium	tumefaciens	with	the	KOs	constructs	

 
Confirmed	 and	 purified	 deletion	 constructs	 were	 used	 to	 transform	 Agrobacterium	 tumefaciens	

EHA105	 electrocompetent	 cells	 (A.	 tumefaciens	 competent	 cells	 preparation	 is	 presented	 in	 the	

Appendix).	For	A.	tumefaciens	transformation,	a	mixture	of	20	μL	of	pre-cooled	competent	cells	and	

10	 ng	 of	 pre-cooled	 purified	 deletion	 constructs,	 was	 transferred	 to	 a	 pre-cooled	 0.2	 cm	

electroporation	cuvette.	Electroporation	was	done	using	the	“Agr”	setting	(cuvette	0.1	mm,	2.2	kV	
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and	 single	 pulse)	 as	 indicated	 by	 the	 manufacturer,	 using	 a	 Micropulser	 Electroporator	 (Bio-Rad	

Laboratories	Inc.,	USA).	 Immediately	after	electroporation,	the	bacterial	cells	were	transferred	to	a	

1.7	mL	centrifuge	tube	pre-filled	with	1	mL	of	Yeast	Mannitol	broth	(YMB)	(0.4	g/L	Yeast	extract,	10	

g/L	Mannitol,	0.1	g/L	NaCl,	0.1	g/L	MgSO4,	0.5	g/L	K2HPO4.3H2O);	and	 incubated	 for	3	h	at	30°C	at	

constant	shaking	(300rpm)	in	a	Thermomixer.	Aliquots	of	50	μL	of	electroporated	cells	were	plated	on	

YM	agar	plates	supplemented	with	kanamycin	(25	μg/mL)	and	rifampicin	(25	µg/mL)	(Sigma-Aldrich,	

USA),	and	incubated	at	30°C	for	48	h	(Incubator	MaxQ	4000,	BarnStead	Lab-line,	USA).	Single	colonies	

were	picked	from	the	plates	using	10	μL	sterile	tips	and	transferred	to	sterile	vials	containing	5	mL	of	

LB	broth	amended	with	kanamycin	(25	μg/mL)	and	rifampicin	(25	μg/mL).	Samples	were	incubated	

overnight	at	28°C	under	constant	shaking	(250rpm)	(Orbital	Mixer	Incubator,	Ratek,	USA).	An	aliquot	

of	 1mL	 of	 the	 overnight	 cultures	 was	 used	 for	 deletion	 construct	 isolation	 for	 insert	 verification.	

Constructs	isolation	was	performed	following	the	Supplementary	protocol	of	the	NucleoSpin	Plasmid-

purification	of	plasmid	DNA	from	Agrobacterium	tumefaciens	(Macherey-Nagel,	Germany),	followed	

by	the	protocol	for	isolation	of	low-copy	plasmids,	P1	constructs,	or	cosmids	from	the	same	isolation	

kit.	For	 insert	verification,	100	ng/μL	of	 isolated	plasmids	were	digested	with	EcoRV,	 following	 the	

methodology	previously	described	(section	2.2.3.3).	

 

2.2.3.5 Agrobacterium-mediated	transformation	of	Trichoderma	virens	

 
Trichoderma	virens	transformation	mediated	by	A.	tumefaciens	was	done	following	the	methodology	

described	by	de	Groot	et	al.	(1998),	with	the	modifications	described	by	Zeilinger	(2004).	Aliquots	of	

100	μL	of	A.	tumefaciens	containing	the	expected	deletion	constructs,	were	plated	on	LB	agar	plates	

supplemented	with	kanamycin	(25	μg/mL)	and	rifampicin	(25	μg/mL)	and	incubated	at	28	°C	for	48	h.	

Single	colonies	were	transferred	to	sterile	vials	containing	10	mL	of	LB	broth	(LB-BD	Difco)	amended	

with	kanamycin	(25	μg/mL)	and	rifampicin	(25	μg/mL)	and	incubated	overnight	at	28°C	under	constant	

shaking	(250	rpm).	Aliquots	(100	μL)	from	overnight	cultures	were	inoculated	into	sterile	100	mL	flasks	

containing	10	mL	of	minimal	medium	(MM)	(Appendix)	supplemented	with	25	μg/mL	of	kanamycin	

and	25	μg/mL	rifampicin	and	incubated	overnight	at	28°C	under	constant	shaking	(250	rpm).	Overnight	

cultures	were	spun	down	at	3000	g	for	10	min	at	room	temperature	(Centrifuge	5810R,	Eppendorf,	

USA)	and	gently	resuspended	in	50	mL	of	IMAS	broth	(Supplementary	Table	1)	until	an	optical	density	

of	OD660	=	0.15	was	reached.	Cultures	were	incubated	under	the	same	conditions	until	an	OD660	=	0.3	

was	reached.	

	

For	the	transformation	of	T.	virens,	protoplasts	were	generated	following	the	protocol	described	by	

Baek	and	Kenerley	(1998)	modified	by	(Lawry	2016).	Trichoderma	virens	spores	were	collected	from	7	
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d	old	PDA	cultures	as	described	 in	 section	2.2.3.1.	One	hundred	microliters	of	 conidial	 suspension	

(1x108	conidia/mL)	was	spread	across	the	surface	of	a	PDA	Petri	plate	(cell	culture	petri	dish	150	mm	

x	25	mm,	Nest,	US)	covered	with	sterile	cellophane	and	 incubated	overnight	at	25°C	under	a	12	h	

light/dark	 cycle.	 The	 cellophane	 from	 the	 overnight	 culture	 containing	 germinated	 conidia	 was	

removed	 from	 the	plate	 and	placed	on	an	empty	plate	of	 the	 same	dimensions.	 Protoplasts	were	

generated	by	the	addition	of	15	mL	of	filtered	sterilised	digestion	solution	(50	mL	digestion	solution	

stock	 contained	 0.5	 g	 Glucanex	 (Novozyme,	 Denmark)	 and	 0.24	 g	 cellulase	 (Sigma-Aldrich,	 USA)	

dissolved	 in	 0.7	 M	 sterile	 mannitol	 osmoticum	 solution,	 pH	 5.5,	 containing	 50	 mM	 CaCl2,	 0.7	 M	

mannitol	and	50	mM	MES	hydrate,	and	incubated	for	3	h	at	28°C	under	constant	shaking	at	150	rpm.	

Protoplast	formation	and	quality	were	determined	using	a	bright-field	microscope	(Leica,	Germany),	

then,	protoplasts	were	recovered	by	filtration	through	a	Swinnex	filter	holder	(Millipore,	USA)	using	

two	layers	of	40	μm	nylon	mesh.	The	filtered	protoplasts	suspension	was	centrifuged	at	5400	x	g	for	

10	min	(Centrifuge	5810R,	Eppendorf,	USA)	and	the	protoplast-pellet	was	carefully	resuspended	 in	

1000	 μL	 of	 mannitol	 osmoticum	 (0.7	 M).	 Protoplasts	 were	 counted	 on	 a	 haemocytometer	 and	

maintained	 on	 ice.	 Equal	 volumes	 (100	 μL)	 of	 A.	 tumefaciens	 cultures	 (containing	 the	 deletion	

constructs)	and	T.	virens	protoplast	suspension	(1x106)	were	inoculated	on	IMAS	agar	plates	(6	plates	

for	each	construct)	previously	covered	with	sterile	cellophane	and	incubated	in	darkness	for	48	h	at	

23°C.	After	incubation,	the	cellophane	was	removed	from	the	plates,	cut	into	equal	triangular	pieces,	

and	each	piece	was	transferred	to	a	PDA	plate	supplemented	with	100	μg/mL	hygromycin	B	and	300	

μg/mL	timentin	(GlaxoSmithKline,	UK)	and	incubated	for	2	d	at	25°C	in	darkness.	Trichoderma	virens	

single	 colonies	 grown	 from	 the	 PDA	 plates	 were	 cut	 and	 transferred	 to	 individual	 PDA	 plates	

supplemented	with	hygromycin	B	 (100	μg/mL)	and	timentin	 (300	μg/mL)	and	 incubated	under	 the	

same	conditions	as	for	the	selection	of	stable	transformants.	For	the	induction	of	conidiation,	positive	

transformants	were	 inoculated	 on	 PDA	 plates	 supplemented	with	 hygromycin	 B	 (100	 μg/mL)	 and	

incubated	at	25°C	under	a	12	h	light/dark	cycle	for	5	to	7	d.		

	

2.2.3.6 Single	colony	purification	of	deletion	transformants	
 
To	obtain	monokaryotic	transformants	from	all	T.	virens	mutants,	single	spore	purification	was	done	

as	 follows:	 conidia	 from	 stable	 transformants	 were	 collected	 as	 described	 in	 section	 2.2.3.1	 and	

aliquots	 of	 conidial	 suspensions	 (1x103/100	 μL)	 were	 plated	 and	 distributed	 on	 PDA	 plates	

supplemented	with	hygromycin	B	(100	μg/mL)	using	a	triangular	spreader	and	incubated	at	25°C	for	

16-18	h	 in	darkness.	Plates	were	visualised	using	a	stereo-microscope	(SZX12	Olympus,	 Japan)	and	

mycelia	plugs	derived	from	a	single	spore	were	transferred	to	PDA	plates	and	incubated	at	25°C	in	a	
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12	h	light/dark	cycle	and	maintained	under	those	conditions	until	sporulation	occurred	(5-7	d).	Single	

spore	purification	was	repeated	7-15	times	to	enhance	the	possibility	of	the	isolation	of	monokaryotic	

mutants.	 Positive	T.	 virens	 deletion	 transformants	 derived	 from	 single	 spore	 purification	were	 re-

suspended	in	25%	glycerol	and	stored	at	-80°C	before	testing	their	stability.	

2.2.3.7 Stability	testing	of	the	deletion	mutants	

 
To	confirm	the	stability	of	the	T.	virens	deletion	mutants,	transformants	of	each	deletion	were	sub-

cultured	10	times	on	PDA	plated	without	antibiotics	and	then	transferred	to	PDA	plates	supplemented	

with	100	μg/mL	hygromycin	B	and	300	μg/mL	 timentin	and	compared	 to	 the	original	mutant.	The	

mutants	 able	 to	 grow	 continuously	 on	 PDA	 supplemented	 with	 hygromycin	 and	 timentin	 were	

considered	 stable	 transformants.	 Stable	 transformants	 of	 each	 deletion	mutant	were	 selected	 for	

further	confirmation	by	PCR	and	Southern	blot.	

 

2.2.4 Confirmation	of	homologous	recombination	of	deletion	mutants	

 

2.2.4.1 Fungal	DNA	isolation	for	PCR	

	

Genomic	DNA	from	T.	virens	Wt	and	independent	transformants	of	deletion	mutants	was	isolated	as	

follows:	conidial	suspensions	(1x105)	were	inoculated	on	sterile	10	mL	vials	containing	3	mL	of	PDB	

and	 incubated	at	25°C	for	24	h	under	constant	shaking	(150	rpm).	Mycelial	pellets	were	separated	

from	the	culture	media	and	transferred	to	2.0	mL	screw	cap	microcentrifuge	tubes	(Quality	Scientific	

Plastics,	US)	previously	filled	with	0.25	mg	of	glass	beads	(BioSpec	Products,	USA)	and	centrifuged	at	

13,500	x	g	for	1	min.	A	total	of	400	µL	of	both	gDNA	extraction	buffer	(50mM	Tris,	50mM	EDTA,	2%	

SDS,	pH	8)	and	phenol:chloroform:	isoamyl	alcohol	(25:24:1)	were	added	to	the	samples	and	snap-

frozen	in	liquid	nitrogen.	Then,	to	homogenise	the	samples,	tubes	were	placed	in	the	Fastprep24	(MP	

Biomedicals,	USA)	and	agitated	at	5.5	cycles	for	30	s.	The	samples	were	cooled	on	ice	for	2	min	and	

then	agitated	using	the	same	conditions,	and	the	lysate	was	centrifuged	at	13,500	x	g	for	10	min	at	

4°C.	One	millilitre	of	absolute	ethanol	(Lab	Supply,	NZ)	was	added	to	the	supernatant	recovered	from	

centrifugation	 and	 carefully	 mixed	 by	 inversion.	 The	 genomic	 DNA	 pellet	 was	 obtained	 after	

centrifuging	 the	 samples	 (13,500	 x	g	 for	 10	min	 at	 4°C)	 (Model	 5810R,	 Eppendorf,	 Germany)	 and	

washed	 with	 70%	 ethanol;	 then,	 the	 samples	 were	 centrifuged	 for	 5	 min	 at	 13,500	 x	 g	 at	 room	

temperature.	The	remaining	ethanol	was	removed	and	air-dried.	The	DNA	pellet	was	resuspended	in	

40	µL	of	ultrapure	DNase/RNase	distilled	water	(Invitrogen,	USA)	and	treated	with	10	µL	of	RNAase	A	

(Macherey-Nagel,	Germany)	for	15	min	at	65°C.	The	isolated	DNA	was	quantified	using	a	NanoDrop	
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(NanoDrop	 Technologies	 Inc,	 USA),	 and	 its	 integrity	 was	 visualised	 by	 0.8	 %	 agarose-TAE	 gel-

electrophoresis.	

	

2.2.4.2 Confirmation	of	deletion	mutants	by	PCR	
	

For	 the	 confirmation	 of	 the	 insertion	 and	 homologous	 integration	 of	 each	 KO	 construct	 into	 the	

genome	of	T.	virens,	the	following	PCR	reactions	were	carried	out	for	the	amplification	of	a)	a	fragment	

of	the	hph	ORF	to	confirm	the	insertion	of	the	constructs	into	the	T.	virens	genome	and	b)	a	flanking	

region	from	outside	the	left	or	right	flank	of	the	deletion	construct	to	the	HygR	cassette	to	confirm	

homologous	recombination	(Figure	2.4).	

	

	
Figure	2.4.	 Confirmation	of	deletion	 construct	 insertion	and	homologous	 recombination	by	PCR.	
Top:	 amplification	 of	 the	 hph	 fragment.	 Centre	 and	 bottom:	 confirmation	 of	 homologous	
recombination	by	using	primers	that	bind	outside	the	flanking	regions.	LF	check	and	RF	check	primers	
were	specifically	designed	for	each	deletion	mutant.	
	

PCR	reactions	were	done	in	a	final	volume	of	50	μL	containing	100	ng	of	gDNA,	0.5	μL	(1	U)	of	Phusion	

High-Fidelity	DNA	polymerase	(Thermo	Fisher	Scientific,USA),	10	μL	of	5X	Phusion	High-Fidelity	DNA	

polymerase	buffer	or	10	μL	of	5X	GC	Phusion	High-Fidelity	DNA	polymerase	buffer,	1	μL	(200	μM)	of	

dNTPs	(PCR	Grade	Nucleotide	Mix,	Roche,	Switzerland),	3%	DMSO	(Thermo	Fisher	Scientific,	USA)	and	

1	μL	(0.2	μM)	of	each	primer.	PCR	products	were	amplified	using	the	following	cycling	conditions	in	an	

iCycler	PCR	machine	(Biorad,	USA):	98°C	for	1	min:	followed	by	35	cycles	of	98°C	for	15	s;	60°C	for	15	

s;	72°C	for	2	min	(for	the	full	construct	amplification)	or	1	min	(for	the	rest	of	the	fragments),	and	a	

final	 extension	 at	 72°C	 for	 10	min.	 Five	 microlitres	 of	 each	 PCR	 amplification	 product	 were	 size-

fractionated	and	visualised	by	electrophoresis	using	a	0.8%	agarose-TAE	gel.	

	



	

29	

2.2.4.3 Fungal	DNA	isolation	for	Southern	blot	
 
Genomic	DNA	from	T.	virens	mycelia	(Wt	and	deletion	mutants)	was	isolated	as	follows:	100	mL	sterile	

flasks	containing	50	mL	of	sterile	PDB	were	inoculated	with	1x106	T.	virens	conidia	collected	from	7	d	

old	PDA	plates	as	described	in	section	2.2.3.1	and	incubated	at	25°C	under	constant	shaking	(150	rpm)	

for	36	h.	Mycelia	pellets	were	collected	and	rinsed	with	sterile	nanopure	water,	then	ground	into	a	

fine	powder	with	liquid	nitrogen	to	disrupt	the	cells.	One	hundred	milligrams	of	mycelia	powder	was	

poured	into	a	2	mL	screw-capped	microcentrifuge	tube,	500	µL	of	lysis	buffer	(2%	Triton	X;	1%	SDS;	

100	mM	NaCl;	 10	mM	Tris-HCl	 pH	 8;	 1	mM	EDTA)	 and	 500	µL	 phenol:chloroform:isoamyl	 alcohol	

(25:24:1)	were	added,	and	samples	were	homogenized	(vortexed	for	10	s)	and	centrifuged	for	10	min	

at	14,500	x	g	at	4°C.	The	supernatant	was	transferred	into	a	new	2	mL	centrifuge	tube,	and	2.5	volumes	

of	100%	cold	ethanol	were	added;	samples	were	carefully	mixed	by	 inversion	(5-6	times)	and	then	

centrifuged	 for	 5	min	 under	 the	 same	 conditions.	 The	 supernatant	was	 removed	 carefully	with	 a	

micropipette	to	avoid	disturbing	the	DNA	pellet	and	then	centrifuged	for	2	min	at	14,500	x	g	at	4°C.	

The	remaining	ethanol	was	carefully	removed,	and	the	pellet	was	re-suspended	 in	30	µL	ultrapure	

DNase/RNase	distilled	water	and	treated	with	10	µL	of	RNAase	A	for	15	min	at	65°C.	Isolated	gDNA	

was	quantified	using	 the	Qubit®	dsDNA	HS	Assay	Kit	 (Thermo	Fisher	Scientific,	USA),	 following	 the	

manufacturer’s	instructions.	

 

2.2.4.4 Confirmation	of	deletion	mutants	by	Southern	blot	

 
To	 confirm	 the	 deletion	 of	 vir4,	 TV_224958,	 TV_45693	 and	 TV_53195	ORF´s	 and	 the	 homologous	

integration	 of	 a	 single	 copy	 of	 the	 HygR	 cassette	 into	 the	 T.	 virens	 deletion	 mutants	 genome,	 a	

Southern	blot	strategy	specific	for	each	deletion	mutant	was	designed.	The	analysis	of	the	homologous	

recombination	of	the	pTrpC/hph	fragment	was	done	by	analysing	the	map	of	DNA	sequences	of	the	

deletion	mutants	to	select	restriction	sites	that	were	located	outside	of	both	flanking	regions	of	each	

construct	(Figure	2.1).	
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Figure	2.5.	Schematic	representation	of	the	restriction	maps	of	the	Southern	blot	strategy	designed	
to	verify	the	deletion	of	the	targeted	genes	and	the	homologous	recombination	of	the	HygR	cassette	
in	the	T.	virens	genome.	For	homologous	integration	of	the	HygR	cassette,	a	fragment	of	hph	ORF	was	
used	as	a	probe	(blue-thick	line);	5.1,	5.5,	7.3	and	4.5	kb	fragment	sizes	were	expected	for	∆224958,	
∆vir4,	∆45693	and	∆53145	respectively	for	homologous	recombination	when	gDNA	was	digested	with	
HindIII	 and	 XhoI	 (for	 ∆224958	 transformants),	 BsaI	 (for	 ∆vir4	 transformants),	 BamHI	 (for	 ∆45693	
transformants)	or	BsaI	and	HindIII	(for	∆53145	transformants).	No	fragments	were	expected	for	their	
parental	strain.	
		
For	the	creation	of	the	probe	that	allowed	the	detection	of	the	HygR	cassette	in	the	mutants,	DNA	of	

the	pCR	2.1	TOPO	vector	containing	the	hygromycin	B	resistance	marker	was	used	as	a	template.	A	

466	bp	region	of	the	hygromycin	phosphotransferase	encoding	gene	(hph)	was	amplified	using	the	

following	cycling	conditions	95°C	for	6	min,	followed	by	35	cycles	of	95°C	for	30	s;	60°C	for	30	s;	72°C	

for	1	min,	and	a	final	extension	at	72°C	for	10	min	 in	a	 iCycler	PCR	machine.	The	PCR	reaction	was	

done	 in	a	final	volume	of	50	μL	containing:	100	ng	of	DNA	template,	1	μL	(5	U)	FastStart	Taq	DNA	

Polymerase	 (Roche,	Switzerland),	10	μL	10X	FastStar	Taq	DNA	Polymerase	Buffer,	5	μL	1X	DIG	mix	

(Roche,	Switzerland)	or	1	μL	unlabelled	dNTPs	for	amplification	of	positive	controls,	and	1	μL	(0.2	µM)	

of	each	primer	(hph	ORF-f	and	hph	ORF-r).	The	PCR	products	were	size-fractionated	and	visualised	

using	a	0.8%	agarose-TAE	gel.	The	DIG-labelled	probe	was	cleaned	using	the	Wizard	SV	Gel	and	PCR	

Clean-Up	Systema	Kit,	following	the	manufacturer´s	protocol.	The	HygR	cassette	labelled	probed	was	

quantified	using	the	Nanodrop,	and	the	concentration	was	adjusted	to	25	ng/mL.	
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Genomic	DNA	of	T.	virens	(Wt	and	positive	transformants	of	all	deletion	mutants)	was	isolated	and	

quantified	 following	 the	 methodology	 described	 in	 section	 2.2.4.3	 and	 then	 digested	 using	 the	

restriction	endonucleases	specific	for	each	deletion	mutant	(Figure	2.5).	The	digestion	reactions	were	

done	in	a	final	volume	of	30	μL	as	follows:	7.5	μg	of	gDNA	were	digested	with	30	U	of	each	restriction	

endonuclease	and	3	μL	of	10X	CutSmart	Buffer.	The	digestion	reactions	were	incubated	at	37°C	for	3	

h	 (Dvir4,	D224958	and	D53195)	or	5	h	 (D45693)	using	a	Thermomixer	R.	Digested	gDNA	was	 then	

separated	by	0.8	%	agarose	TAE	gel-electrophoresis	(2:30	h	at	80	V).		

	

Separated	DNA	was	transferred	to	an	Amersham	Hybond-N+	membrane	(GE	Healthcare,	UK)	overnight	

after	denaturation	treatment	for	30	min	in	a	0.5	M	NaOH:1.5	M	NaCl	solution	and	neutralised	with	

0.5	M	Tris-HCl	pH	7.5:1.5	M	NaCl	solution	as	described	by	Sambrook	et	al.	(1989).	After	transfer,	DNA	

was	 fixed	 to	 the	 membrane	 by	 baking	 it	 at	 80°C	 for	 2	 h.	 Prehybridization	 (30	 min	 at	 65°C)	 and	

hybridization	(overnight	at	62°C)	steps	were	done	using	a	hybridization	oven	(Shaker	S130H,	Stuart,	

UK),	following	the	steps	described	on	the	Molecular	Biochemicals	DIG	Application	Manual	for	Filter	

Hybridization	(Roche,	Switzerland).	The	membrane	was	placed	between	transparent	plastic	sheets	for	

imaging	 the	 chemiluminescent	 substrate	 signal,	 then	 collocated	 between	 two	 plastic	 sheets	 and	

placed	in	an	X-ray	film	cassette	and	a	sheet	of	CL-XPosure	Film	(Thermo	Fisher	Scientific,	USA)	was	

placed	 on	 top.	 The	 cassette	was	 closed,	 and	 the	 film	 exposed	 for	 5	min.	 The	 film	was	 developed	

manually	using	the	Kodak	GBX	system	(Kodak,	USA).	

 

2.2.4.5 Absence	of	a	heterokaryon	state	in	the	deletion	mutants:	Confirmation	by	PCR	

 
The	absence	of	a	heterokaryon	state	in	the	stable	T.	virens	deletion	mutants,	was	repeatedly	assessed	

by	PCR	at	different	stages	of	the	single	spore	purification	steps,	(ranging	from	7	to	15	single	spore	

purification	 rounds).	 PCR	 amplification	 reactions	 were	 carried	 out	 using	 an	 iCycler	 PCR	 machine	

following	the	reaction	composition	described	in	section	2.2.4.2.	Primers	used	for	each	independent	

set	of	reactions	for	each	deletion	mutant	are	listed	in	Supplementary	Table	2.	PCR	cycling	conditions	

were	as	follows:	denaturation	at	98	°C	for	1	min;	35	cycles	at	98	°C	15	s,	60	°C	15	s	and	72	°C	1	min;	

and	 a	 final	 extension	 at	 72	 °C	 10	min.	 The	PCR	products	were	 size-fractionated	 and	 visualised,	 as	

previously	described	in	section	2.2.4.2	(Figure	2.6).	
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Figure	2.6.	Overview	of	the	confirmation	of	the	absence	of	a	heterokaryon	state	in	deletion	mutants	
by	PCR.	Expected	fragments	size	in	T.	virens	Wt	after	the	amplification	of	the	ORFs	of	each	targeted	
gene	as	blue	lines.	Only	independent	transformants	of	each	gene	deletion	with	loss	of	the	native	gene	
were	further	evaluated	by	Southern	blot.	
	

2.2.4.6 Absence	of	heterokaryon	state	in	the	deletion	mutants:	Confirmation	by	
Southern	blot		

 
The	heterokaryon	state	of	Δ224958,	Δ45693	and	Δ53145	transformants	persisted	after	several	rounds	

of	purification	by	single-sporing;	thus,	transformants	with	loss	of	the	vir4	coding	region	were	further	

evaluated.	A	Southern	blot	strategy	was	designed	to	corroborate	the	deletion	of	the	vir4	coding	region	

deletion	into	the	T.	virens	Δvir4	genome	by	analysing	the	restriction	map	of	DNA	sequences	(Wt	and	

Δvir4).	Restriction	endonuclease	 sites	outside	vir4	ORF	 flanking	 regions	were	chosen,	and	a	1.2	kb	

region	of	the	vir4	encoding	gene	was	used	as	a	probe	(Figure	2.7).		
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Figure	2.7.	Scheme	representing	the	restriction	map	of	the	Southern	blot	strategy	used	to	confirm	
the	loss	of	vir4	encoding	region	in	the	T.	virens	vir4	deletion	mutants.	A	fragment	of	the	vir4	ORF	was	
used	as	a	probe	 (blue-thick	 line);	a	2.1	kb	 fragment	size	was	expected	 in	T.	virens	Wt	but	was	not	
present	in	the	Δvir4	mutants	when	gDNA	was	digested	with	EcoRV	and	BamHI.	
	

Fungal	DNA	was	isolated	and	quantified	as	described	in	section	2.2.4.3	and	digested	as	follows:	7.5	μg	

of	gDNA	from	T.	virens	(Wt	and	Δvir4	mutants)	was	digested	for	3	h	at	37°C	with	EcoRV	and	BamHI	

(New	England,	BioLab,	USA)	using	a	Thermomixer.	A	1.2	kb	region	of	the	vir4	open	reading	frame	was	

labelled	and	used	as	 a	probe.	 The	 labelled	probe	was	generated	as	 follows:	 the	PCR	 reaction	was	

carried	out	in	a	final	volume	of	50	μL,	containing	100	ng	of	T.	virens	Wt	gDNA,	1	μL	(5U)	FastStart	Taq	

DNA	 Polymerase,	 10	 μL	 of	 10X	 FastStar	 Taq	 DNA	 Polymerase	 Buffer,	 10	 μL	 1X	 DIG	 mix	 or	 1	 μL	

unlabelled	dNTPs	for	amplification	of	positive	controls,	and	1	μL	(0.2	µM)	of	each	primer	(56195	ORF-

f	and	56195	ORF-r).	PCR	cycling	conditions	were	as	indicated	in	section	2.2.4.4.	The	PCR	product	was	

then	purified	using	 the	Wizard	SV	Gel	 and	PCR	Clean-Up	System	Kit,	 following	 the	manufacturer’s	

protocol	and	quantified	with	Nanodrop	 (concentration	was	adjusted	to	25	ng/mL	before	use).	The	

Southern	blot	was	performed	following	the	methodology	detailed	in	section	2.2.4.4.		

2.2.5 Phenotypic	characterisation	of	T.	virens	Δvir4	transformants		
 
Three	different	parameters	were	used	to	evaluate	the	phenotypic	changes	caused	by	the	deletion	of	

vir4	in	the	T.	virens	genome:	1)	conidiation	rate	2)	conidia	germination	and	3)	mycelial	growth	rate.	

For	this	set	of	experiments,	three	independent	Δvir4	transformants	were	randomly	selected	(56-7b,	

56-M	and	56-J).	A	 total	 of	 10	biological	 replicates	were	used	 for	 these	 set	of	 experiments	using	a	

randomized	complete	block	design.	All	experiments	were	repeated	twice	under	the	same	conditions.		

For	all	experiments,	an	inoculum	of	1x106	conidia	from	T.	virens	(Wt	and	Δvir4	deletion	mutants)	was	

used.	Conidia	were	collected	and	quantified	prior	to	inoculation	as	described	in	section	2.2.3.1.	
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2.2.5.1 Conidiation	rate	
 
To	compare	the	conidiation	rate	between	T.	virens	Wt	and	∆vir4,	PDA	plates	previously	filled	with	20	

mL	 of	 agar,	 were	 centrally	 inoculated	 with	 5	 µL	 of	 conidial	 suspension	 containing	 1x106	 conidia.	

Inoculated	plates	were	 incubated	 at	 25°C	 for	 7	 d	 under	 a	 12h	 light/dark	 cycle;	 then	 conidia	were	

harvested	and	filtered	as	 indicated	 in	section	2.2.3.1.	The	conidiation	rate	was	determined	using	a	

haemocytometer,	and	the	results	were	expressed	as	conidia/plate.	

2.2.5.2 Conidia	germination	percentage	
 
The	conidia	germination	percentage	of	T.	virens	Wt	and	∆vir4	was	determined	as	follows:	PDA	plates	

containing	20	mL	of	agar	were	centrally	inoculated	with	5	µL	of	conidial	suspension	containing	1x106	

conidia	and	incubated	at	25°C	for	7	d	under	a	12h	light/dark	cycle.	After	7	d,	T.	virens	conidia	were	

harvested,	 filtered	 and	 quantified	 as	 previously	 described	 in	 section	 2.2.3.1.	 The	 germination	

percentage	was	assessed	as	follows:	aliquots	of	500	μL	of	conidia	suspensions	(5x105	conidia)	were	

transferred	to	sterile	1.7	mL	centrifuge	tubes	containing	500	μL	of	sterile	PDB.	Samples	were	attached	

to	a	rotating	wheel	(7	rpm)	incubated	in	a	Stuart	Hybridisation	Oven	S130H	(Stuart,	UK)	for	up	to	18	h	

at	25°C	with	rotation	at	7	rpm.	The	percentage	of	conidia	germination	was	determined	after	18	h	of	

incubation	and	microscopic	observation	of	the	samples,	counting	100	conidia	per	sample.	

	

2.2.5.3 Radial	mycelial	growth	rate	
 
The	 radial	 mycelial	 growth	 rates	 of	 T.	 virens	Wt	 and	 ∆vir4	 strains	 were	 assessed	 on	 petri	 plates	

containing	 20	 mL	 of	 PDA.	 The	 plates	 were	 centrally	 inoculated	 with	 a	 5	 µL	 conidia	 suspension	

containing	 1x106	conidia	 and	 incubated	 at	 25°C	 for	 4	 d	 in	 darkness.	 The	 fungal	 radial	 growth	was	

measured	daily	while	the	experiment	lasted,	and	the	positions	of	the	colony	edges	were	recorded	on	

the	reverse	of	the	plates.	The	plates	were	exposed	to	a	single	light	pulse	every	day	while	the	growth	

was	measured	(approximately	1	h	 light	exposure	daily).	Once	the	experiment	finished,	the	margins	

from	every	day	were	measured,	and	the	radial	growth	rate	(mm/d)	was	calculated	using	the	formula	

[day	3	growth	–	day	2	growth	=	linear	growth	per	day].	During	this	analysis,	the	growth	rate	data	from	

the	day	2	and	day	3	was	used	because	during	that	time	frame;	mycelial	growth	was	not	limited	by	the	

germination	time	(day	1)	or	physical	space	within	the	plate	(day	four)	when	the	different	strains	were	

compared.	
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2.2.5.4 Statistical	analyses	
	

Statistical	analyses	were	performed	using	 the	general	analysis	of	variance	 (ANOVA)	 in	 the	GenStat	

18th	package	(VSN	International,	United	Kingdom).	Each	value	is	the	mean	±	STD	for	10	replicates	in	

each	group,	and	p	≤	0.05	was	considered	as	significant.	

	

After	the	evaluation	of	the	parameters	mentioned	before,	one	transformant	of	Δvir4	was	randomly	

selected	for	further	characterisation.	

	

2.2.6 Effect	of	T.	virens	Wt	VOCs	emission	on	Δvir4	radial	growth,	conidial	yield	and	aerial	
hyphae	hydrophobicity	

	

To	evaluate	the	effect	of	T.	virens	Wt	VOCs	on	Δvir4	growth,	conidial	yield	and	mycelia	hydrophobicity,	

the	following	experiment	was	performed.	PDA	Petri	plates	containing	20	mL	of	agar	were	centrally	

inoculated	with	5	μL	of	T.	virens	conidia	suspension	containing	1x106	T.	virens.	The	Petri	plate	lid	was	

then	replaced	with	another	PDA	Petri	plate	inoculated	with	each	T.	virens	strain	or	with	un-inoculated	

plates	 (Figure	 2.8).	 Plates	 were	 sealed	 with	 sealing	 film	 (Parafilm	 M,	 Sigma-Aldrich,	 USA)	 and	

incubated	at	25°C	under	a	12h	light/darkness	cycle;	the	growth	rate	was	measured	daily	for	4	d	as	

described	 in	section	2.2.5.3,	and	 the	conidial	yield	was	calculated	after	4	and	7	d	of	 incubation	as	

indicated	in	section	2.2.5.1.	The	hydrophobicity	of	aerial	hyphae	(ability	to	retain	the	water	droplet)	

was	observed	by	placing	a	10	μL	water	droplet	on	the	colony	surface	and	photographing	it.	

	

A	 randomised	 complete	 block	 design	 with	 six	 treatments	 and	 ten	 blocks	 was	 used.	 Treatments	

followed	a	2x3	factorial	structure,	with	the	factors	receptor	(Δvir4	and	Wt)	and	emitter	(PDA,	Δvir4	

and	Wt).	Statistical	analysis	was	carried	out	using	analysis	of	variance	(ANOVA)	in	the	GenStat	18th	

package	with	a	2x3	factorial	structure	for	treatments	and	10	blocks.	The	three	main	effect	means	for	

emitter	 factor	 were	 compared	 using	 an	 unprotected	 least	 significant	 difference	 (LSD)	 procedure	

(Saville	2015).	Spore	counts	were	logarithm	transformed	prior	to	analysis.	
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Figure	2.8.	Overview	of	the	experimental	design	to	evaluate	the	effect	of	T.	virens	fungal	VOC’s	on	
the	 growth	 rate,	 conidiation	 and	 hydrophobicity	 of	 T.	 virens	 Δvir4.	 PDA	 plates	 were	 centrally	
inoculated	with	conidia	suspension;	plate	lids	were	then	replaced	with	the	specific	treatments.	Plates	
at	the	top	were	the	VOCs	emitters	and	plates	at	the	bottom	were	the	receptors.	The	three	parameters	
chosen	were	evaluated	only	in	the	receptor	strain.	These	were	growth	rate	(GR),	conidiation	(C)	and	
hydrophobicity	(H).	

2.2.7 Headspace	analysis	of	T.	virens	VOCs	
 
The	comparison	of	the	volatile	profile	between	T.	virens	Wt	and	Δvir4	(56-7b)	was	done	as	follows:	

Aliquots	 of	 5	μL	of	 conidia	 suspension	 containing	 1x106	conidia	were	 centrally	 inoculated	on	Petri	

plates	previously	filled	with	20	mL	of	PDA	and	incubated	at	25°C	under	a	12h	light/darkness	cycle	for	

4	d;	plates	were	placed	into	the	incubator	using	a	randomized	complete	block	design.	After	incubation,	

four	mycelia	plugs	(5	mm	diameter)	were	punched	out	from	the	outer	growth	zone	of	each	fungal	

culture	using	a	sterile	cork	borer.	Mycelia	plugs	were	collocated	horizontally	 inside	a	20	mL	amber	

glass	headspace	vial	sealed	with	a	screw	cap	containing	a	blue	PTFE/silicone	septum	(Sigma-Aldrich,	

Australia).	The	vials	were	incubated	under	the	same	conditions	for	72	h,	and	then	the	VOC	profile	was	

analyzed	using	a	Shimadzu	GCMS-QP2010	(Shimadzu	Corporation,	 Japan)	gas	chromatograph-mass	
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spectrometer	fitted	with	a	Restek	Rxi-5	ms	fused	silica	capillary	column	(30.0	m	×	0.25	mm	i.d.	×	0.25	

μm,	Bellefonte,	PA,	USA)	and	an	auto-sampler	for	solid-phase	micro-extraction	(SPME)	according	to	

Stoppacher	et	al.	(2010).	An	SPME	fibre	coated	with	65	μm	polydimethylsiloxane/divinylbenzene	was	

used	to	extract	T.	virens	VOCs	from	the	headspace	vial	for	30	min	without	agitation.	After	injection,	

the	compounds	were	desorbed	for	2	min	in	a	split/splitless	injector	at	250°C.	The	oven	temperature	

was	held	at	40°C	for	2	min,	then	raised	to	200°C	at	10°C	min−1	and	260°C	at	25	min−1	and	then	held	at	

this	 temperature	 for	 5	 min.	 Helium	 was	 used	 as	 a	 carrier	 gas	 at	 a	 constant	 flux	 of	 1	 mL	 min−1.	

Compounds	were	identified	by	matching	their	mass	spectra	and	linear	retention	indices	using	GCMS	

solution	v.	2.72	(Shimadzu	Corporation,	Japan)	software	with	NIST	11	and	Wiley	10	mass	spectrum	

libraries	 and	 by	 using	 the	 software	MassFinder4	 with	 a	 specialised	 terpenoids	 library	 (Hochmuth	

Scientific	 Software,	 Hamburg,	 Germany).	 The	 background	 of	 PDA	 plates	 without	 the	 fungus	 was	

extracted	analysing	the	volatiles	of	four	agar	medium	plugs.	Five	biological	replicates	of	each	T.	virens	

strain	(Wt	and	Δvir4)	were	analysed.	

2.2.8 Trichoderma	virens	vir4	complementation		
 

2.2.8.1 Benomyl	sensitivity	analysis	
	

The	 mutated	 version	 of	 the	 tub2	 gene	 from	 Trichoderma	 viride	 that	 provides	 resistance	 to	 the	

fungicide	benomyl	(Goldman	et	al.	1993)	was	used	as	a	selection	marker	for	the	creation	of	the	vir4	

complement	mutant	construct.	The	resistance	of	T.	virens	Δvir4	to	benomyl	was	tested	on	PDA	plates	

containing	 20	 mL	 of	 agar	 supplemented	 with	 the	 following	 benomyl	 (Sigma-Aldrich,	 USA)	

concentrations,	0,	0.5,	1.0,	1.5,	2.0,	2.5,	3.0,	4.0,	5.0	and	7.0	µg/mL.	Plates	were	centrally	inoculated	

with	conidial	suspension	(1x106	conidia)	and	incubated	at	25°C	under	a	12	h	light/darkness	cycle.	The	

minimal	inhibitory	concentration	of	benomyl	was	determined	after	14	d	of	incubation.	

2.2.8.2 Design	and	creation	of	vir4	complementation	construct		
	

For	the	complementation	of	the	vir4	encoding	gene	in	the	T.	virens	deletion	mutant	genome,	a	vir4	

complement	construct	was	created	by	the	initial	amplification	of	the	vir4	encoding	region	along	with	

1.35	kb	of	the	upstream	and	downstream	regions.	The	PCR	reaction	was	carried	out	in	a	final	volume	

of	50	µL	containing:		100	ng	of	T.	virens	Wt	gDNA	as	a	template,	0.5	μL	(1	U)	of	Phusion	High-Fidelity	

DNA	polymerase,	10	μL	of	5X	Phusion	High-Fidelity	DNA	polymerase	buffer,	1	μL	(200	μM)	of	dNTPs,	

3%	DMSO	and	1	μL	(0.2	μM)	of	each	primer	(LU658	and	LU655).	The	PCR	product	was	amplified	using	

the	following	cycling	conditions	in	an	iCycler	PCR	machine:	initial	denaturalization	at	98°C	for	1	min,	
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followed	by	35	cycles,	with	each	cycle	framed	as	15	s	at	98	°C,	15	s	at	60	°C,	and	2	min	at	72	°C,	and	a	

final	extension	at	72	°C	for	10	min.	The	amplification	product	was	purified	using	the	Wizard	SV	Gel	and	

PCR	Clean-Up	System	following	the	manufacturer’s	instructions	and	then	quantified	using	a	Nanodrop.	

Subsequently,	the	purified	PCR	product	was	A-tailed	before	being	cloned	into	the	pCR-XL-TOPO	vector	

(Invitrogen,	Thermo	Fisher	Scientific,	USA).	Adenine	overhangs	were	added	by	the	following	reaction,	

using	a	final	volume	of	10	µL	that	included	500	ng	of	purified	PCR	product,	1	µL	of	dATP	(10mM),	1	µL	

(5U)	of	FastStart	Taq	DNA	Polymerase	and	2	µL	(10X)	of	FastStart	Taq	DNA	Polymerase	buffer;	the	

reaction	was	incubated	for	5	min	at	95°C	and	15	min	at	72°C.	The	cloning	reaction	was	set	up	in	a	final	

volume	of	5	µL	 in	a	sterile	microcentrifuge	tube	which	contained	4	µL	of	 the	purified	A-tailed	PCR	

product,	1	µL	of	the	pCR-XL-TOPO	vector	and	1	µL	of	salt	solution.	The	mixture	was	incubated	for	30	

min	at	room	temperature;	after	incubation	1	µL	of	6X	TOPO	Cloning	Stop	Solution	was	added	and	the	

mix	was	immediately	placed	on	ice.		

	

The	 resulting	pCR-XL-TOPO-vir4C	 construct	was	 then	used	 to	 transform	E.	 coli	TOPO	F’	 chemically	

competent	 cells;	 the	 transformation	 was	 performed	 by	 following	 the	 methodology	 described	 in	

section	2.2.3.3.	After	transformation,	aliquots	of	50,	100	and	150	μL	of	E.	coli	cells	mixed	with	40	μL	

of	 XGal	 and	10	μL	of	 IPTG	were	plated	on	 LB	 agar	 supplemented	with	kanamycin	 (50	μg/mL)	 and	

incubated	for	16	h	at	37°C.	Single	colonies	were	picked	up	with	sterile	10	μL	tips	and	transferred	to	

sterile	 vials	 containing	 3	 mL	 of	 LB	 broth	 supplemented	 with	 kanamycin	 (50	 μg/mL).	 Vials	 were	

incubated	for	20	h	at	37°C,	and	then	plasmids	were	isolated	using	1.5	mL	of	the	total	volume	of	the	

cultures,	using	the	NucleoSpin	Plasmid/Plasmid	extraction	kit,	following	the	protocol	for	isolation	of	

high-copy	plasmid	DNA	from	E.	coli	described	by	the	manufacturer.	Purified	isolated	plasmids	were	

digested	with	BamHI	 for	 insert	confirmation	as	follows:	the	restriction	reaction	was	done	in	a	final	

volume	of	20	μL	containing		2.5	U	of	BamHI,	2	μL	of	10X	CutSmart	buffer,	and	6	μL	of	purified	plasmid,	

and	the	digestion	reaction	was	incubated	at	37°C	for	1	h.	The	products	from	the	digestion	reactions	

were	size	fractioned	in	a	0.8%	agarose-TAE	gel-electrophoresis.	The	pCR-XL-TOPO-vir4C	construct	was	

linearized	and	dephosphorylated	as	follows:	the	reaction	was	carried	out	in	a	final	volume	of	20	μL	

containing	1	μg	of	the	pCR-XL-TOPO-vir4C	plasmid,	20	U	(1	μL)	of	NotI	(NewEngland	Biolabs,	USA)	and	

20	U	(1	μL)	of	XmnI	(NewEngland	Biolabs,	USA)	and	2	μL	of	10X	Cutsmart	Buffer.	The	digestion	reaction	

was	incubated	at	37	°C	for	2	h	and	then	inactivated	at	65	°C	for	10	min	using	a	Thermomixer.	For	the	

dephosphorylation	reaction,	5	U	of	Antartic	Phosphatase	(NewEngland	Biolabs,	USA)	and	3	μL	of	10X	

Antartic	Phosphatase	Reaction	Buffer	were	added	to	the	digestion	reaction	at	a	final	volume	of	30	μL.	

The	reaction	was	incubated	at	37°C	for	30	min	and	stopped	by	heat	inactivation	at	80	°C	for	2	min.	
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Linearized	plasmid	was	visualised	by	using	a	0.8%	agarose	TAE	gel-electrophoresis	and	purified	using	

the	Wizard	SV	Gel	and	PCR	Clean-Up	System	following	the	manufacturer’s	instructions.	

	

The	mutated	version	of	tub2	was	integrated	into	the	single	NotI	restriction	site	in	the	pCR-XL-TOPO-

vir4C	 construct.	 The	 tub2	 fragment	 was	 excised	 from	 the	 PCR	 2.1	 vector	 by	 doing	 the	 following	

restriction	reaction	containing:	5	μg	of	PCR	2.1	vector,	10	U	(0.5	μL)	of	NotI	and	10	U	(0.5	μL)	of	XmnI	

and	2	μL	of	10X	CutSmart	buffer;	 the	reaction	was	made	 in	a	 final	volume	of	20	μL	with	ultrapure	

nuclease-free	water.	The	restriction	reaction	was	incubated	at	37	°C	for	1	h	in	a	Thermomixer.	The	

total	volume	of	the	digestion	reaction	was	separated	by	using	a	0.7%	agarose-TAE	gel	electrophoresis.	

The	tub2	fragment	(3.1	kb)	was	excised	from	the	gel	and	purified	using	the	Wizard	SV	Gel	and	PCR	

Clean-Up	System	following	the	manufacturer’s	instructions,	and	visualised	by	using	a	0.8%	agarose-

TAE	gel	electrophoresis.	

	

The	ligation	of	the	tub2	into	the	PCR-XL-TOPO-vir4C	vector	was	performed	by	using	a	molar	ratio	of	

1:3	vector	to	insert.	The	ligation	reaction	was	carried	out	in	a	final	volume	of	20	μL	using	1	μL	of	T4	

DNA	ligase	and	2	μL	of	T4	DNA	ligase	buffer	(10X)	and	incubated	for	1	h	at	room	temperature.	The	

resulting	complementation	construct	(PCR-XL-TOPO-vir4C-tub2)	was	used	for	the	transformation	of	E.	

coli	 TOPO	 F’	 chemically	 competent	 cells	 by	 following	 the	 protocol	 described	 in	 section	 2.2.3.3.	

Selection	of	positive	colonies	for	plasmid	isolation	was	also	performed	according	to	section	2.2.3.3.	

The	verification	of	the	insertion	was	carried	out	by	the	following	restriction	reaction	in	a	final	volume	

of	 20	 μL,	 containing	 2U	 (1	 μL)	 of	 BamHI,	 2	 μL	 of	 10X	 CutSmart	 buffer	 and	 5	 μL	 of	 the	 purified	

complementation	 construct.	 Restriction	 reactions	 were	 incubated	 for	 1	 h	 at	 37°C	 and	 restriction	

products	 were	 visualised	 by	 using	 a	 0.8%	 agarose-TAE	 gel	 electrophoresis	 and	 quantified	 using	 a	

NanoDrop.	After	validating	fragments	size,	plasmids	were	sequenced	with	the	M13	fw,	M13	rv,	LU657	

and	 LU656	 primers	 (Supplementary	 Table	 2)	 at	 the	 Bio-Protection	 Sequencing	 Facility,	 Lincoln	

University.	 Clone	 Manager	 Professional	 v.8	 software	 was	 used	 for	 the	 analysis	 of	 the	 sequence	

integrity.	After	 sequencing,	a	100	μL	aliquot	of	E.	coli	cells	 containing	 the	PCR-XL-TOPO-vir4C-tub2	

construct	was	subcultured	in	50	mL	of	sterile	LB	broth	supplemented	with	kanamycin	(50	μg/mL)	and	

incubated	overnight	at	37°C	under	constant	shaking	(200	rpm).	The	plasmid	was	isolated	using	the	

NucleoBond	Xtra	plasmid	purification	kit	(Macherey-Nagel,	Germany)	following	the	High-copy	plasmid	

purification	(Midi,	Maxi)	protocol,	following	the	manufacturer’s	instructions	and	then	quantified	using	

a	NanoDrop	machine.	The	plasmid	was	linearised	by	the	following	restriction	reaction	in	a	final	volume	

of	20	μL,	containing	20	ng	of	plasmid,	20	U	(2	μL)	of	XmaI	(NewEngland	Biolabs,	USA)	and	2	μL	of	10X	

CutSmart	buffer.	Samples	were	incubated	for	2	h	at	37°C	and	then	visualised	by	using	a	0.8%	agarose-



	

40	

TAE	gel	electrophoresis.	The	digestion	product	was	purified	using	the	Wizard	SV	Gel	and	PCR	Clean-

Up	System,	and	their	concentration	was	calculated	using	the	NanoDrop.	

2.2.8.3 Trichoderma	virens	Δvir4	protoplast	transformation	
 
Trichoderma	 virens	 (Δvir4)	 protoplasts	 were	 generated	 as	 described	 in	 section	 2.2.3.5,	 and	 the	

transformation	 was	 done	 as	 follows:	 10	 μg	 of	 linearized	 PCR-XL-TOPO-vir4C-tub2	 construct	 were	

added	 to	 a	 240	 µL	 mannitol	 osmoticum	 solution	 containing	 108	 protoplasts	 and	 gently	 mixed	 by	

inversion.	 The	 mixture	 was	 then	 incubated	 on	 ice	 for	 20	 min.	 After	 incubation,	 130	 µL	 of	 40%	

polyethylene	glycol	(PEG)	solution	(40	g	PEG	4000,	dissolved	in	100	mL	of	0.7	mannitol	osmoticum)	

were	added	and	carefully	mixed.	This	step	was	repeated	twice,	and	then	the	samples	were	incubated	

at	 RT	 for	 20	 min.	 For	 transformant	 regeneration,	 the	 protoplast	 solution	 was	 mixed	 with	 10	 mL	

recovery	media	(RM)	(PDB;	1%	bacteriological	agar;	0.5	M	sucrose)	supplemented	with	1.0	µg/mL	of	

benomyl.	Then,	the	mixture	was	poured	on	top	of	premade	Petri	plates	containing	10	mL	of	RB	+	1.0	

µg/mL	benomyl.	A	negative	 control	 containing	RM	+	benomyl	 (1.0	µg/mL)	and	protoplast	 solution	

without	DNA	construct	was	used,	 together	with	a	positive	control	consisting	of	RM	and	protoplast	

solution.	Plates	were	incubated	for	7	d	at	25°C	under	a	12h	light/dark	cycle.	Single	transformants	(PCR-

XL-TOPO-vir4C-tub2)	 grown	 after	 incubation	 were	 selected	 and	 subsequently	 transferred	 to	 PDA	

plates	 supplemented	 with	 benomyl	 (1.0	 µg/mL)	 and	 incubated	 under	 the	 same	 conditions	 until	

conidiation.	Transformants’	stability	was	assessed,	as	indicated	in	section	2.2.3.6.	

	

2.2.8.4 Confirmation	of	mutant	complementation	by	PCR	
	

For	the	confirmation	of	the	vir4	complementation	in	the	T.	virens	Δvir4	genome,	the	gDNA	of	stable	

transformants	was	 isolated	following	the	protocol	described	 in	section	2.2.4.1.	To	amplify	a	1.2	kb	

region	of	 the	vir4	encoding	gene,	 the	PCR	reactions	were	carried	out	 in	a	 final	volume	of	50	µL	as	

indicated	 in	 section	2.2.4.5;	 the	hph	 fragment	was	amplified	as	 a	positive	 control,	 using	 the	 same	

cycling	conditions.	The	PCR	products	were	size-fractionated	and	visualised	using	a	0.8%	agarose-TAE	

gel	electrophoresis.	Once	integration	was	confirmed,	conidia	were	stored	in	25%	glycerol	solution	at	

-80°C.	
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2.2.9 Headspace	analysis	of	T.	virens	vir4C	VOCs	
	

The	analysis	of	the	volatile	profile	of	T.	virens	Wt	and	vir4C	was	done	following	the	protocol	described	

in	section	2.2.7.	For	the	analysis,	a	single	positive	transformant	was	randomly	selected.	Five	biological	

replicates	of	each	T.	virens	strains	were	used.	

2.3 Results	

2.3.1 Bioinformatic	analysis	of	vir4,	TV_224958,	TV_45693	and	TV_53195	
	

The	Trichoderma	virens	genome	harbours	17	coding	genes	involved	in	terpenes	biosynthesis;	of	which	

some	have	been	identified	as	part	of	biosynthetic	gene	clusters	(Bansal	and	Mukherjee	2016b).	The	

localization	in	the	T.	virens	genome	of	the	four	targeted	genes	chosen	for	this	research	is	represented	

in	 Figure	 2.9.	 The	organization	of	 the	 target	 genes	 and	 their	 neighbour	 genes	was	 determined	by	

scaffold	 walking	 on	 the	 T.	 virens	 genome	 (http://genome.jgi.doe.gov/TriviGv29_8_2.html).	 Many	

specialised-metabolism	related	genes	are	usually	part	of	large	biosynthetic	clusters	that	include	core	

and	accessory	enzymes	(Zeilinger	et	al.	2016).	After	reviewing	the	neighbour	genes	of	vir4,	TV_224958,	

TV_45693	 and	 TV_53195,	 typical	 biosynthetic	 gene	 clusters	 coding	 accessory	 enzymes	 such	 as	

cytochrome	P450s,	transporters	and	oxidoreductases	were	found	in	three	of	the	four	genes	analysed.	

This	 confirmed	 that	 three	 of	 the	 targeted	 genes	 are	 part	 of	 putative	 specialised-metabolism	

biosynthetic	clusters.	Conversely,	the	typical	elements	of	biosynthetic	clusters	were	not	found	within	

TV_45693	neighbour	genes	(Figure	2.9).	
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Figure	2.9.	Representation	of	terpene	biosynthetic	genes	organisation	in	T.	virens.	Scheme	of	the	
organisation	 of	 the	 vir4,	 TV_224958,	 TV_53145	 and	 TV_45693	 genes.	 	 Predicted	 gene	 functions	
abbreviations	 ABC-T:	 ABC	 transporter,	 CE:	 Carboxylesterase,	 CYP450:	 Cytochrome	 P450,	 DH:	
Dihydroorotase,	 GAPDH:	 Glyceraldehyde	 3-phosphate	 dehydrogenase,	 GDSL-LP:	 GDSL-like	 lipase,	
GPPS:	 Geranyl	 diphosphate	 synthase,	 GH:	 Glycosyl	 hydrolase,	 GT:	 Glycosyl	 transferase,	 OXR:	
Oxidoreductase,	ST:	Sugar	transporter,	TBP:	Thioredoxin	binding	protein,	TS:	Terpene	synthase	and	
UKF:	Unknown	function.	Targeted	genes	selected	for	deletion	mutants	in	bold	letters.		Arrow	direction	
indicates	5’	–	3’	coding	orientation.	
 
Based	on	the	enrichment	of	terpene	biosynthetic	genes	in	the	T.	virens	genome,	a	phylogenetic	tree	

was	generated	to	compare	the	homology	of	 the	enzymes	that	participate	 in	 terpenes	biosynthesis	

within	Trichoderma	spp.,	as	well	as	with	other	fungi,	bacteria	and	plants.	The	phylogenetic	tree	shows	

an	evident	diversification	between	the	T.	virens	terpene	biosynthetic	enzymes	involved	in	both	the	

condensation	and	cyclisation	steps	of	terpenes	biosynthesis.	The	terpenes	condensation	pathway	is	

highly	 conserved	 (Bansal	 and	Mukherjee	2016b);	 thus,	 it	was	expected	 to	 find	homology	between	

TV_45693	and	four	other	Trichoderma	spp.	(T.	reseei,	T.	harzianum,	T.	atroviride	and	T.	gamsii).	On	

the	contrary,	it	is	known	that	the	terpene	synthases	generate	the	variability	in	terpenes	production	

between	fungi.	 In	this	regard,	 it	 is	known	that	T.	virens	 is	a	source	of	a	unique	bouquet	of	volatile	

terpenes	(Nieto-Jacobo	et	al.	2017),	mainly	attributed	to	the	putative	terpene	synthase	vir4	(Crutcher	

et	al.	2013).	This	explains	why	there	is	no	homology	between	T.	virens	VIR4	with	terpene	synthases	

from	other	Trichoderma	spp.	Similarly,	no	homology	between	TV_53145	with	other	terpene	synthases	

from	other	Trichoderma	 spp.	was	 found.	 Interestingly,	homologous	 terpene	synthases	 to	VIR4	and	

TV_53145	 were	 found	 in	 other	 fungi	 of	 the	 genus	 Aspergillus.	 The	 phylogenetic	 tree	 revealed	
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homology	of	TV_224958	to	other	putative	terpene	synthases	from	T.	harzianum	and	T.	reesei	(Figure	

2.10).	

	

	
Figure	2.10.	Phylogenetic	tree	of	T.	virens	terpene	synthases	and	homologs.	Protein	sequences	from	
the	putatively	annotated	 terpene	biosynthetic	enzymes	 from	Trichoderma	virens	were	 retrieved	
from	the	JGI	database	and	were	analysed	using	MEGA6.	Multiple	sequence	alignment	was	performed	
by	 ClustalW,	 and	 a	 maximum-likehood	 phylogenetic	 tree	 was	 created	 with	 a	 bootstrap	 of	 1000.	
Additional	 plant,	 fungi	 and	 bacteria	 protein	 sequences	 retrieved	 from	 the	 NCBI	 database	 were	
considered	for	the	analysis.	Proteins	involved	in	the	condensation	steps	of	terpene	biosynthesis	in	T.	
virens	 indicated	 in	 bold	 yellow	 letters,	 proteins	 involved	 in	 the	 cyclisation	 steps	 of	 terpene	
biosynthesis	in	T.	virens	indicated	in	bold	blue	letters.	Green	stars	indicate	the	terpene	biosynthetic	
enzymes	selected	for	this	project.	
	 	



	

44	

2.3.2 Hygromycin	B	sensitivity	analysis	
 
The	sensitivity	of	T.	 virens	 to	hygromycin	B	was	 tested	using	PDA	plates	 supplemented	with	 serial	

concentrations	of	the	antibiotic	ranging	from	10	to	100	µg/mL.	The	results	demonstrate	that	fungal	

growth	was	inhibited	with	the	lowest	concentration	tested	(100	µg/mL),	but	no	germinated	conidia	or	

hyphae	were	detected	in	concentrations	equal	or	higher	to	50	µg/mL	of	hygromycin	B	after	stereo-

microscope	 observation	 (Figure	 2.11).	 For	 the	 selection	 of	 stable	 transformants,	 PDA	 plates	

supplemented	with	100	µg/mL	of	hygromycin	B	were	used.	

	

	

Figure	 2.11.	 Trichoderma	 virens	 resistance	 to	 hygromycin	 B.	Observation	 of	 inhibition	 of	 hyphal	
growth	and	conidiation	at	10	and	25	µg/mL	of	hygromycin	B	after	7	days	of	incubation.	Inhibition	of	
conidia	germination	and	fungal	development	observed	in	a	concentration	equal	or	higher	to	50	µg/mL	
of	hygromycin	B	after	7	days	of	incubation.	
	

2.3.3 	Generation	of	deletion	mutants	for	T.	virens	terpene	synthases		

 
The	 deletion	 of	 the	 putative	 terpene	 synthase	 encoding	 genes	 from	 T.	 virens	 was	 carried	 out	 by	

homologous	 recombination,	 replacing	 the	 open	 reading	 frame	 of	 each	 targeted	 gene	 with	 the	

pTrpC/hph	fragment.	The	deletion	constructs	were	created	using	a	Golden	Gate-based	cloning	system	

developed	for	T.	virens	genetic	 transformation	(TrichoGate)	 (Nogueira-Lopez	et	al.	submitted).	The	

deletion	 constructs	 isolated	 from	 transformed	 E.	 coli,	 and	 A.	 tumefaciens	 were	 verified	 by	

endonuclease	restriction	reactions	(Supplementary	Figure	2	E,	F,	G	and	H).	A.	tumefaciens	containing	
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the	 verified	 deletion	 constructs	 were	 selected	 for	 the	 transformation	 of	 T.	 virens	 protoplasts.	

Transformants	 derived	 from	 the	 Agrobacterium-mediated	 transformation	 (AMT)	 (of	 each	 deleted	

gene)	were	screened	for	their	capability	of	continuously	grown	on	PDA	plates	supplemented	with	100	

μg/mL	hygromycin	B.		

	

Stable	transformants	were	randomly	selected	to	confirm	both,	i)	the	insertion	of	the	HygR	cassette	by	

PCR	(data	not	shown)	and	ii)	the	homologous	recombination	of	the	pTrpC/hph	fragment	by	PCR	and	

Southern	blot.	The	DIG-labelled	and	un-labelled	probe	(hph)	were	visualised	on	a	gel-electrophoresis	

image	 to	 confirm	 their	 integrity	 (Supplementary	 Figure	 3).	 The	 analysis	 by	 Southern	 blot	 was	

conducted	 using	 the	 stable	 transformants	 of	 the	 deletion	 mutants	 and	 the	 Wt	 to	 verify	 the	

homologous	 recombination	event	of	 the	HygR	 cassette	 in	 the	T.	 virens	 genome	 (Figure	2.12).	 The	

hybridisation	 results	 of	 the	 labelled	 hph	 probe	 showed	 a	 single	 band	 equal	 to	 5.1kb,	 which	

corresponds	to	the	hph	ORF	in	eight	Δ224958	transformants	when	gDNA	was	digested	with	HindIII	

and	XhoI	(Figure	2.12	A	and	B).	After	the	analysis	of	Δvir4	transformants,	a	single	band	(5.5	kb)	that	

corresponds	to	the	homologous	 integration	of	the	hph	ORF	was	visible	 in	four	Δvir4	 transformants	

when	gDNA	was	digested	with	BsaI	(Figure	2.12	C	and	D).	Homologous	and	ectopic	integrations	of	the	

HygR	 cassette	 were	 found	 only	 in	 one	 transformant.	 The	 Southern	 blot	 analysis	 of	 the	 Δ45693	

transformants	showed	a	single	band	that	corresponded	to	a	7.3	kb	fragment	size	in	five	transformants	

when	gDNA	was	digested	with	BamHI	(Figure	2.12	E	and	F).	Ectopic	integrations	were	found	in	four	

transformants.	 In	Δ53145	transformants,	homologous	recombination	events	 (4.5	kb	 fragment	size)	

without	ectopic	 integrations	were	observed	 in	seven	of	 the	ten	mutants	when	gDNA	was	digested	

with	BsaI	and	HindIII	(Figure	2.12	H	and	I),	the	presence	of	ectopic	integrations	was	evident	in	three	

transformants.	 Hybridisation	 did	 not	 occur	 in	 the	 Wt	 strain	 under	 any	 condition.	 Homologous	

recombination	was	corroborated	by	PCR,	using	primers	that	bind	outside	the	flanking	regions	and	in	

the	hygromycin	resistance	cassette.	
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Figure	2.12.	Confirmation	of	the	homologous	recombination	event	of	the	HygR	cassette	in	deletion	
mutants	by	Southern	blot.	(A),	(C),	(E)	and	(G)	Schematic	representation	of	gene	deletion	strategy.	
The	 OFR	 of	 each	 targeted	 gene	 was	 replaced	 by	 the	 homologous	 integration	 of	 the	 pTrpC/hph	
fragment	(1.4	kb)	that	confers	resistance	to	hygromycin	B.	(A)	A	5.1	kb	fragment	would	result	for	the	
224958	deletion	mutants	when	digested	with	HindIII	and	XhoI.	(C)	A	5.5	kb	fragment	would	result	for	
the	vir4	deletion	mutants	when	digested	with	BsaI.	(E)	A	7.3	kb	fragment	would	result	for	the	45693	
deletion	 mutants	 when	 digested	 with	 BamHI.	 (G)	 A	 4.5	 kb	 fragment	 would	 result	 for	 the	 53195	
deletion	mutants	when	digested	with	BsaI	and	HindIII.	Southern	blot	analysis	of	T.	virens	wild-type	
(Wt)	strain	and	(B)	224958	deletion	mutants	(4A,	5A,	1B,	2B,	C,	E,	I,	O	and	T),	(D)	vir4	deletion	mutants	
(5-A,	7B,	C,	E,	J,	M	and	T),	(F)	45693	deletion	mutants	(6,	11,	12,	20,	27,	30,	31,	32	and	54)	and	(H)	
53145	deletion	mutants	(1,	2,	3,	4,	5,	7,	9,	22,	26	and	35).	Expected	fragments	sizes	for	each	deletion	
event	along	the	left	side	of	the	films.	
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2.3.4 Heterokaryon	state	persistence	in	the	deletion	mutants	
	

The	heterokaryon	state	persistence	 in	the	deletion	mutants	was	evaluated	several	 times	along	the	

single	spore	purification	steps,	by	amplifying	the	ORF	of	each	native	gene	from	every	deletion	mutant.	

The	first	ORF	screening	was	performed	after	three	rounds	of	single	spore	purification,	and	the	results	

showed	that	all	positive	deletion	mutants	of	every	gene	deletion	contained	the	TV_224958,	the	vir4,	

the	TV_45693	or	the	TV_53145	genes	in	a	heterokaryon	state	(data	not	shown).	After	seven	rounds	

of	single	spore	purification	steps,	only	the	Δvir4	transformants	(56-7b,	56-C,	56-M	and	56-J)	lost	the	

vir4	 coding	 region	 (Δvir4	 deletion	mutants	 were	 purified	 by	 single	 sporing	 three	 additional	 times	

before	additional	experiments).	The	five	additional	rounds	of	single	spore	purification	performed	in	

all	 positive	 transformants	 from	 Δ224958,	 Δ45693	 and	 Δ53145	 were	 insufficient	 to	 obtain	

monokaryotic	 cultures.	 Three	 independent	 transformants	of	 the	 remaining	deletion	mutants	were	

purified	up	to	15	times	and	screened	for	the	ORF	absence;	the	results	showed	that	15	single-sporing	

purification	steps	were	not	sufficient	to	obtain	monokaryotic	cultures	from	the	Δ224958,	Δ45693	and	

Δ53145	transformants	(Supplementary	Figure	3).	The	loss	of	the	vir4	encoding	gene	on	the	purified	

Δvir4	transformants	was	confirmed	by	Southern	blot	using	a	1.2	kb	region	of	the	vir4	encoding	gene	

as	a	probe.	The	DIG-labelled	and	un-labelled	probe	(vir4)	was	visualised	on	a	gel-electrophoresis	image	

to	confirm	its	integrity	before	hybridisation	(Figure	2.13	B).	The	hybridisation	results	with	the	labelled	

vir4	probe	showed	a	single	band	of	2.1	kb	fragment	size	when	the	gDNA	from	T.	virens	Wt	was	digested	

with	EcoRV	and	BamHI.	No	band	was	detected	when	gDNA	from	the	Δvir4	transformants	was	digested	

with	the	same	endonucleases	(Figure	2.13	D),	thus,	confirming	the	absence	of	the	vir4	encoding	gene	

in	all	the	four	Δvir4	transformants	evaluated.	Three	independent	Δvir4	transformants	were	randomly	

selected	for	further	phenotypic	characterisation.	
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Figure	2.13.	Confirmation	of	vir4	ORF	absence	on	Δvir4	mutants	by	Southern	blot	after	single	spore	
purification.	(A)	Schematic	representation	of	the	binding	sites	of	primers	used	for	the	amplification	of	
the	 T.	 virens	 vir4	 encoding	 region.	 (B)	 A	 1.4	 kb	 PCR	 fragment	 of	 the	 vir4	 ORF	 was	 used	 as	 the	
hybridisation	probe	(25	ng/mL).	(C)	Schematic	representation	of	the	Southern	blot	strategy	used.	(D)	
Southern	blot	was	performed	on	isolated	total	gDNA	(digested	with	EcoRV	and	BamHI)	from	all	Δvir4	
mutants	after	ten	single	spore	purification	rounds.	A	predicted	fragment	of	2.2	kb	was	obtained	after	
hybridisation	only	in	the	positive	control	strain	(T.	virens	Wt).		
	

2.3.5 Trichoderma	virens	Δvir4	phenotypic	characterisation:	Conidiation,	conidia	
germination	and	growth	rate	

	

The	 parameters	 evaluated	 for	 the	 comparison	 of	 T.	 virens	 Δvir4	 with	 its	 parental	 strain	 were	

conidiation	rate,	conidial	germination	and	growth	rate.	The	results	demonstrated	that	the	deletion	

transformants	 (56-7b,	 56-M	 and	 56-J)	 were	 significantly	 affected	 in	 all	 parameters	 tested	 when	

compared	to	the	Wt	(p-value	<0.001).	The	conidial	formation	of	all	Δvir4	transformants	did	not	differ	

among	 them,	 but	 it	was	 significantly	 lower	 than	 the	Wt	 (Figure	 2.14	A).	 The	 conidial	 germination	

percentage	was	also	significantly	higher	when	the	Δvir4	transformants	were	compared	to	the	Wt;	in	

this	case,	the	conidial	germination	of	the	transformant	56-J	was	significantly	higher	than	the	56-7b	

and	 56-M	 transformants	 (Figure	 2.14	 B);	 despite	 this	 difference,	 Δvir4	mutants	 shared	 the	 same	

germination	trend	(significantly	higher	compared	to	the	Wt).	Finally,	the	growth	rate	of	all	the	Δvir4	

mutants	was	significantly	higher	than	the	Wt,	but	no	significant	difference	between	the	independent	

Δvir4	transformants	was	detected	(Figure	2.14	C).	Also,	it	was	noticeable	that	the	morphology	of	the	



	

49	

three	independent	deletion	mutants	was	similar	among	them	but	different	from	the	parental	strain	

(Figure	2.14	D).	After	the	analyses,	the	transformant	56-7b	was	randomly	selected	to	continue	with	

vir4	characterisation.	

	
Figure	 2.14.	 Phenotypic	 characterisation	 of	 T.virens	 Δvir4	 deletion	 mutants	 compared	 with	 the	
parental	 strain.	 Average	 of	 (A)	 conidiation	 rate	 presented	 as	 spores/mL,	 (B)	 percentage	 conidia	
germination	and	(C)	radial	mycelial	growth	rate	presented	as	colony	diameter.	(D)	Colony	appearance	
after	7	d	growth	on	PDA.	
 

2.3.6 Effect	of	T.	virens	Wt	VOCs	emission	on	Δvir4	radial	growth,	conidial	yield	and	aerial	
hyphae	hydrophobicity		

	

Exposing	the	T.	virens	Δvir4	deletion	mutant	to	the	volatiles	emitted	by	its	parental	strain	did	not	have	

a	 significant	 effect	 on	 its	 radial	 growth;	 similarly,	 the	 cultures	 exposed	 to	 Δvir4	 plates	 were	 not	

significantly	affected	in	radial	growth	in	comparison	with	control	plates.	On	the	contrary,	the	radial	

growth	of	T.	virens	Wt	was	significantly	lower	(p-value	<0.001)	when	the	plate	lids	were	replaced	with	

another	 culture	 of	 the	Wt,	 but	 it	was	 not	 significantly	 affected	when	 it	was	 exposed	 to	 the	Δvir4	

mutant.	Also,	 the	 radial	 growth	of	 the	Δvir4	mutant	was	 significantly	 lower	 (p-value	<0.001)	 in	 all	

treatments	in	comparison	to	all	Wt	treatments	(Figure	2.15	A).	
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After	4	dpi	 (days	post-inoculation),	 the	sporulation	rate	of	T.	virens	Δvir4	and	the	Wt	was	strongly	

influenced	(p-value	<0.001)	by	the	exposition	to	each	treatment	compared	to	the	controls.	The	lowest	

and	highest	sporulation	rates	were	found	in	the	Δvir4	mutant	and	T.	virens	Wt	exposed	to	the	control	

plates,	respectively.	Interestingly,	when	the	Δvir4	mutant	was	exposed	to	both	T.	virens	treatments,	

its	 sporulation	 rate	 significantly	 (p-value	 <0.001)	 increased	 compared	 to	 the	 control.	 The	 lowest	

sporulation	rate	of	T.	virens	Wt	was	found	when	it	was	co-cultured	with	the	PDA	plates	inoculated	

with	the	Wt	(Figure	2.15	B).	The	increased	sporulation	rate	observed	after	the	exposition	of	the	Δvir4	

deletion	mutant	 to	 its	 parental	 strain	 after	 4	 dpi	 did	 not	 persist	 after	 7	 dpi;	 on	 the	 contrary,	 this	

treatment	had	 the	 lowest	 sporulation	 rate.	 Likewise	at	4	dpi,	 the	highest	 sporulation	 rate	at	7	dpi	

corresponded	to	the	T.	virens	Wt	without	being	exposed	to	fungal	cultures,	also,	the	sporulation	rate	

in	the	Wt	was	significantly	lower	at	the	continuous	exposure	to	both	T.	virens	genotypes	tested	(Figure	

2.15	C).	The	 sporulation	 rates	of	T.	virens	Δvir4	 and	 its	parental	 strain	when	 the	Petri	plates	were	

replaced	with	un-inoculated	plates	containing	PDA	was	similar	to	those	plates	for	which	the	original	

lids	 were	 maintained	 (data	 not	 shown).	 The	 receptor:	 emitter	 interaction	 means	 are	 listed	 in	

Supplementary	Figure	3.	

	
Figure	2.15.	Effect	of	T.	virens	VOCs	on	fungal	growth	and	conidiation	of	Δvir4	deletion	mutant.	(A)	
Average	growth	rates.	(B)	and	(C)	Conidiation	rate	presented	as	spores/mL	at	4	and	7	dpi,	respectively	
after	7	d	growth	on	axenic	media	(PDA)	under	a	12	h	light/dark	cycle.	Receptor	strains	indicated	as	
bold	letters	as	follows	receptor:	emitter.		
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In	addition	to	sporulation	and	radial	growth	rate,	the	effect	of	the	co-cultivation	of	the	emitters	(PDA,	

Wt	 and	 vir4)	 on	 the	 colony	 appearance	 of	 the	 receptors	 (vir4	 and	 Wt)	 was	 recorded.	 Fungal	

morphology	 was	 observed	 and	 photographed	 in	 4	 and	 7	 d	 old	 cultures	 and	 compared	 among	

treatments.	 The	 results	 showed	 that	 the	 appearance	 of	 colonies	 from	 the	 receptor	 strains	 was	

influenced	 by	 the	 treatments,	 demonstrating	 differences	 in	 colony	 colour,	mycelium	 form,	 colony	

edges,	conidiation	patterns	and	pigmentation	between	strains	and	treatments	(Figure	2.16	A	and	B).	

	
Trichoderma	virens	Wt	and	Δvir4	 growth	 in	 all	 treatments	was	accompanied	by	 the	presence	of	 a	

diffusible	 yellow	 pigment	 that	 was	 visible	 after	 24	 h	 of	 cultivation	 at	 the	 surface	 of	 the	 plates.	

However,	it	did	not	equally	persist	during	the	experiment	in	all	treatments.	After	4	d	of	incubation,	

the	presence	of	the	yellow	pigmentation	was	strongly	visible	in	T.	virens	Δvir4	when	plates	were	co-

cultured	with	control	plates	or	with	T.	virens	Δvir4	plates.	However,	when	the	T.	virens	Δvir4	deletion	

mutant	was	co-cultured	with	its	parental	strain,	the	appearance	of	the	yellow	pigmentation	was	barely	

noticeable	in	the	plate	surface	(Figure	2.16	A),	but	it	was	still	observed	in	the	reverse	of	the	plate.	The	

yellow	pigmentation	in	all	treatments	of	T.	virens	Wt	was	not	observed	in	the	plate	surface	(Figure	

2.16	A)	but	was	present	in	the	reverse	of	the	plates	from	all	treatments	(data	not	shown).	The	presence	

of	the	yellow	pigmentation	diminished	within	time;	at	7	dpi	a	subtle	yellow	pigmentation	in	the	plate	

surface	was	observed	when	T.	virens	Δvir4	was	co-cultured	with	un-inoculated	PDA	plates,	but	the	

pigmentation	was	more	evident	in	the	reverse	of	the	plates.	Similarly,	the	presence	of	the	diffusible	

yellow	pigment	was	observed	in	the	reverse	of	the	T.	virens	Δvir4	plates	co-cultured	with	the	same	

strain,	but	it	was	barely	noticeable	in	the	surface	of	the	plates.	No	yellow	pigmentation	at	the	surface	

of	the	plate	was	detected	in	all	T.	virens	Wt	treatments,	nor	in	the	T.	virens	Δvir4	co-cultured	with	its	

parental	strain	(Figure	2.16	B).	

	

Differences	 in	 the	colony	edges	and	mycelial	 form	were	also	observed;	all	T.	virens	Wt	treatments	

were	characterised	by	the	presence	of	abundant	cottony	aerial	mycelium	with	irregular/wavy	borders	

at	4	dpi	(Figure	2.16	A),	the	same	phenotype	persisted	at	7	dpi	when	T.	virens	Wt	was	co-cultured	with	

both	 fungal	 treatments	 but	with	more	 defined	mycelial	 edges.	 Cottony	 aerial	mycelium	was	 only	

visible	in	the	T.	virens	Δvir4	deletion	mutant	when	it	was	co-cultured	with	its	parental	strain	(Figure	

2.16	B).	Conidia	development	started	at	the	inoculation	point,	progressing	in	distinct	concentric	rings	

that	were	visible	at	4	dpi	in	all	T.	virens	Wt	and	Δvir4	treatments,	with	a	gradient	colour	starting	at	the	

inoculation	site	that	goes	from	dark	green	to	creamy	white.	Conidia	formation	was	more	evident	in	

the	T.	virens	Wt	treatments	(Figure	2.16	A).	After	7	dpi,	the	formation	of	defined	conidia	concentric	

ring-like	zones	that	went	 from	the	 inoculation	point	 to	 the	edges	of	 the	plate	were	observed	 in	T.	

virens	Wt	and	Δvir4	that	were	exposed	to	un-inoculated	PDA	plates.	Defined	conidia	concentric	rings	
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were	also	visible	in	both	T.	virens	Wt	treatments,	but	contrary	to	the	control,	conidia	formation	did	

not	reach	the	edges	of	the	plates.	The	development	of	broader	conidiation	zones	that	went	from	dark	

to	light	green	colour	was	observed	in	the	Δvir4	deletion	mutant	plates	that	were	co-cultured	with	T.	

virens	Δvir4.	One	wide	zonation	was	characteristic	of	the	T.	virens	Δvir4	plates	that	were	co-cultured	

with	its	parental	strain	(Figure	2.16	B).	Colony	appearance	of	both	T.	virens	genotypes	exposed	to	un-

inoculated	plates	was	similar	to	plates	for	which	lids	were	not	replaced	(data	not	shown).	

	

	
Figure	 2.16.	 Effect	 on	 receptors	 colony	 appearance	 induced	 by	 co-cultivation	 with	 emitters.	
Photographic	 representation	of	 a	 single	 biological	 replicate	 of	 each	 treatment.	 (A)	 and	 (B)	Colony	
appearance	of	receptor	strains	(Δvir4	and	Wt)	after	4	and	7	dpi	grown	on	axenic	media	(PDA)	under	a	
12	 h	 light/dark	 cycle	 respectively.	 Receptor	 strains	 indicated	 as	 bold	 letters	 as	 follows	 receptor:	
emitter.	
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An	additional	parameter	that	was	observed	between	treatments	was	the	hydrophobicity	of	the	outer	

grown	zones	of	the	plates.	The	qualitative	observation	was	done	after	the	application	of	a	stained-

water	 droplet	 on	 the	 surface	 of	 the	 colony	 and	 photographing;	 water	 contact	 angles	 were	 not	

measured.	The	results	showed	differences	in	the	colony	hydrophobicity	between	T.	virens	Δvir4	and	

its	parental	strain.	The	Δvir4	deletion	mutant	culture	only	retained	the	water	droplet	when	it	grown	

in	a	closed	system	exposed	to	the	Wt	(Figure	2.17).	This	characteristic	of	the	Δvir4	deletion	mutant	

was	consistent	at	4	and	7	dpi.	

	

	
Figure	 2.17.	 Effect	 on	 receptors	 colony	 hydrophobicity	 induced	 by	 co-cultivation	 with	 emitters.	
Photographs	were	taken	from	the	receptors	exposed	to	the	different	treatments	after	4	dpi	grown	on	
axenic	media	(PDA)	under	a	12	h	light/dark	cycle.	Receptor	strains	indicated	as	bold	letters	as	follows	
receptor:emitter.	
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2.3.7 Trichoderma	virens	vir4	complementation	

2.3.7.1 Benomyl	sensitivity	analysis	
	

Benomyl	 sensitivity	 of	 T.	 virens	 Δvir4	was	 assessed	 using	 PDA	 plates	 supplemented	with	 serial	

concentrations	of	benomyl,	ranging	from	0.5	to	7.0	µg/mL.	After	14	dpi,	the	mycelial	growth	was	

inhibited	with	 the	 lowest	 concentration	of	 benomyl	 tested	 (0.5	µg/mL)	 in	 comparison	with	 the	

control	plates.	When	T.	virens	Δvir4	was	inoculated	in	benomyl	concentrations	equal	or	higher	to	

1.0	µg/mL	conidia	germination	or	mycelia	development	were	not	detected	after	stereo-microscope	

observation	(Figure	2.18).	Similar	results	were	found	when	T.	virens	Wt	benomyl	resistance	was	

assessed	under	the	same	conditions	(data	not	shown).	For	the	selection	of	stable	transformants,	

PDA	plates	supplemented	with	1.0	µg/mL	of	benomyl	were	used.	

	

	
Figure	 2.18.	Trichoderma	 virens	 Δvir4	deletion	mutant	 resistance	 to	 benomyl.	Observation	 of	
growth	inhibition	at	the	lowest	benomyl	concentration	tested	(0.5	µg/mL).	No	fungal	growth	was	
detected	in	concentrations	equal	or	higher	to	1.0	µg/mL	of	benomyl	after	14	days	of	 incubation	
under	a	12	h	light/dark	cycle.	
	

2.3.7.2 Complementation	of	vir4	coding	region	in	T.	virens	Δvir4	deletion	mutant	
	

The	complementation	of	the	vir4	coding	gene	(TV_56195)	in	T.	virens	Δvir4	deletion	mutant	was	

done	 by	 the	 integration	 of	 the	 vir4	 encoding	 region	 along	 with	 1.35	 kb	 of	 the	 upstream	 and	

downstream	regions	to	the	pCR-XL-TOPO	vector,	then,	the	mutated	version	of	tub2	was	integrated	

into	the	single	NotI	restriction	site	in	the	pCR-XL-TOPO-vir4C	construct.	The	construction	of	the	vir4	

complementation	vector	is	summarised	in	Supplementary	Figure	5.	From	all	stable	transformants	
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able	to	continue	grown	on	PDA	plates	amended	with	1.0	µg/mL	of	benomyl,	15	were	randomly	

selected	for	the	verification	of	the	integration	of	the	vir4	ORF	by	PCR.	The	PCR	analysis	showed	that	

the	vir4	coding	region,	along	with	the	flanking	regions	(1.2	kb)	was	present	in	all	selected	isolates.	

As	a	positive	control,	the	hph	was	amplified	to	verify	DNA	integrity	for	the	PCR	reactions	(Figure	

2.19).	

	
	
Figure	2.19.	Confirmation	of	complement	mutants	of	the	gene	vir4	by	PCR.	Amplification	of	vir4	
coding	gene	using	primers	(vir4	ORF	f	and	r)	to	verify	the	insertion	of	vir4	ORF	(1.2	kb	size	product)	
in	complemented	mutants.	The	HygRC	was	amplified	as	a	positive	control	of	DNA	integrity.		
	

2.3.8 Headspace	analysis	of	T.	virens	(Wt,	Δvir4	and	Δvir4C)	VOCs		
	

The	volatile	profiles	of	T.	virens	Wt,	Δvir4	and	vir4C	were	analysed	by	GCMS	in	two	independent	

experiments.	First,	five	biological	replicates	of	the	T.	virens	Δvir4	null	mutant	and	its	parental	strain	

were	assessed.	After	the	generation	and	confirmation	of	the	vir4	complementation	mutant,	the	

volatile	profiles	of	the	Wt	and	one	vir4C	transformant	were	analysed.	Data	analysis	and	compound	

identification	were	equally	performed	for	both	analyses.		

	

The	headspace	analysis	of	T.	virens	Wt	and	Δvir4	VOCs	showed	a	large	difference	between	both	

genotypes	(Table	2.1).	The	volatile	profile	of	T.	virens	Wt	mainly	encompassed	volatile	terpenes,	

with	 33	 different	 STs	 and	 five	 MTs.	 Of	 these,	 ß-Elemene	 and	 γ-Muurolene were	 significantly	
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overrepresented	 in	 the	 mixture.	Within	 T.	 virens	 Wt	 volatiles,	 C8	 compounds,	 esters	 or	 other	

compounds	 from	 different	 chemical	 classes	 were	 also	 detected.	 The	 deletion	 of	 the	 terpene	

synthase	vir4	negatively	impacted	the	volatile	profile	of	T.	virens,	characterised	by	the	reduction	of	

STs	and	MTs	emission.	From	the	33	STs	detected	in	the	T.	virens	Wt	strain,	the	Δvir4	null	mutant	

emitted	only	seven.	Additionally,	three	unknown	STs	(compounds	no.	15,	17	and	18)	specific	to	the	

deletion	mutant	were	found.	From	the	five	MTs	detected	in	the	Wt	volatile	mixture,	only	limonene	

was	detected	 in	 the	Δvir4	null	mutant,	while	 the	C8	compounds	1,3-Octadiene	and	3-Octanone	

were	also	absent	in	the	Δvir4	null	mutant.	The	deletion	of	vir4	did	not	eliminate	esters	emission.	

The	 identified	 volatiles	 in	 the	 T.	 virens	 Δvir4	 deletion	 mutant,	 2-pentenoic	 acid,	 4,4-dimethyl-

methyl	ester	and	the	unknown	ST	(No.	17)	were	significantly	overrepresented	in	the	mixture.	ß-

Elemene,	the	most	abundant	ST	emitted	by	the	Wt,	was	not	detected	in	any	replicates	of	the	Δvir4	

null	mutant,	and	γ-Muurolene	was	found	only	in	one	of	the	five	biological	replicates	analysed.	

	

The	 headspace	 analysis	 of	 T.	 virens	 Wt	 and	 vir4C	 VOCs	 (Table	 2.2)	 showed	 that	 the	

complementation	 did	 not	 completely	 restore	 T.	 virens	 VOCs	 emission.	 The	 following	 STs	 were	

restored:	 e-Amorphene,	 Carota-5,8-diene,	 Guaia-1(10),11-diene	 and	 two	 unknown	 STs	

(compounds	no.	30	and	37).	Interestingly,	the	emission	of	Cis-3-Hepten-1-ol	and	the	C8	compound	

3-Octanone	was	restored	in	the	vir4C.	
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Table	2.1.	Volatiles	emitted	by	T.	virens	Wt	and	Dvir4	on	PDA	culture	medium.	

No.	 Classa	 Compound	 RI	expb	 RI	refc	
Wt	 Δvir4	

Rel.	peak	area	 Rel.	peak	area	

Average	 SE	 Average	 SE	

1	 Others	 4,4-Dimethyl-2-cyclopenten-1-one	 781	 NA	 1.58E+05	 1.92E+04	 1.54E+06	 8.02E+04	

2	 Others	 2-Hepten-3-ol,	4,5-dimethyl-	 806	 NA	 -	 -	 2.06E+04	 2.06E+04	

3	 C8	 1,3-Octadiene	 826	 825	 1.16E+06	 8.52E+04	 -	 -	

4	 Others	 2-Pentenal,	4,4-dimethyl-		 834	 NA	 3.08E+05	 4.54E+04	 4.36E+04	 4.36E+04	

5	 Others	 Cis-3-Hepten-1-ol	 909	 NA	 1.78E+05	 1.09E+05	 -	 -	

6	 C8	 Methyl	heptanoate	 972	 NA	 -	 -	 2.50E+05	 8.96E+03	

7	 C8	 3-Octanone	 990	 988	 8.68E+04	 5.34E+04	 -	 -	

8	 MT	 Myrcene	 992	 987	 1.19E+06	 4.88E+05	 -	 -	

9	 Ester	 2-Pentenoic	acid,	4,4-dimethyl-,	methyl	ester	 1018	 NA	 5.05E+05	 6.54E+04	 3.38E+06	 1.95E+05	

10	 MT	 Limonene	 1031	 1025	 5.52E+05	 1.82E+05	 7.36E+05	 9.15E+04	

11	 MT	 e-β-Ocimene	 1039	 1041	 1.18E+05	 5.56E+04	 -	 -	

12	 Ester	 Hexanoic	acid,	2-ethyl-,	methyl	ester	 1044	 1043	 5.13E+04	 3.14E+04	 4.97E+04	 3.10E+04	

13	 MT	 β-Ocimene	 1050	 1050	 8.13E+04	 5.09E+04	 -	 -	

14	 MT	 Linalool	 1103	 1102	 3.40E+04	 3.40E+04	 -	 -	

15	 ST	 unknown	sesquiterpene	 1310	 NA	 -	 -	 1.23E+05	 3.34E+04	

16	 ST	 Bicycloelemene	 1345	 1338	 5.27E+05	 3.93E+05	 -	 -	

17	 ST	 unknown	sesquiterpene	 1364	 NA	 -	 -	 2.12E+06	 3.33E+05	

18	 ST	 unknown	sesquiterpene	 1382	 NA	 -	 -	 6.97E+05	 1.04E+05	

19	 ST	 unknown	sesquiterpene	 1389	 NA	 9.35E+05	 1.90E+05	 8.75E+05	 2.33E+05	

20	 ST	 Cis-β-Elemene	 1394	 1381	 2.38E+06	 1.80E+06	 -	 -	

21	 ST	 β-Elemene	 1401	 1389	 2.98E+07	 2.10E+07	 -	 -	

22	 ST	 α-Gurjunene	 1422	 1419	 1.52E+06	 1.12E+06	 -	 -	
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23	 ST	 Tritomarene	 1427	 1416	 5.93E+05	 4.90E+05	 -	 -	

24	 ST	 e-β-Caryophyllene	 1433	 1421	 8.45E+06	 6.59E+06	 3.62E+05	 6.39E+04	

25	 ST	 Isogermacrene	D	 1442	 1445	 5.44E+04	 5.44E+04	 -	 -	

26	 ST	 β-Gurjunene	 1447	 1432	 4.98E+05	 4.56E+05	 -	 -	

27	 ST	 Bicyclo[5.3.0]decane,	2-methylene-5-(1-methylvinyl)-8-methyl-	 1453	 NA	 1.24E+06	 1.00E+06	 -	 -	

28	 ST	 β-Patchoulene	 1460	 1380	 4.14E+05	 2.11E+05	 4.49E+05	 2.82E+04	

29	 ST	 α-Humulene	 1467	 1455	 5.71E+05	 4.66E+05	 6.18E+04	 2.53E+04	

30	 ST	 unknown	sesquiterpene	 1469	 NA	 1.65E+06	 1.65E+06	 -	 -	

31	 ST	 e-Amorphene		 1479	 1498	 1.11E+05	 1.11E+05	 -	 -	

32	 ST	 β-Vetivenene	 1478	 1527	 1.17E+05	 1.17E+05	 4.75E+04	 4.75E+04	

33	 ST	 γ-Gurjunene	 1486	 NA	 1.25E+07	 1.01E+07	 -	 -	

34	 ST	 Carota-5,8-diene	 1488	 1465	 3.63E+04	 3.63E+04	 -	 -	

35	 ST	 Isogermacrene	A	 1501	 1502	 3.76E+06	 2.79E+06	 -	 -	

36	 ST	 Guaia-1(10),11-diene	 1510	 1516	 1.35E+06	 1.35E+06	 -	 -	

37	 ST	 unknown	sesquiterpene	 1514	 NA	 2.49E+06	 1.80E+06	 -	 -	

38	 ST	 Guaia-9,11-diene	 1520	 1522	 2.36E+05	 2.08E+05	 -	 -	

39	 ST	 γ-Muurolene	 1528	 NA	 2.46E+07	 1.57E+07	 5.06E+04	 5.06E+04	

40	 ST	 unknown	sesquiterpene	 1527	 NA	 1.65E+06	 1.65E+06	 -	 -	

41	 ST	 ω-Amorphene		 1535	 1526	 4.48E+06	 2.64E+06	 -	 -	

42	 ST	 unknown	sesquiterpene	 1543	 NA	 1.95E+06	 3.63E+05	 1.72E+06	 2.80E+05	

43	 ST	 unknown	sesquiterpene	 1551	 NA	 4.67E+05	 2.13E+05	 -	 -	

44	 ST	 Palustrol	 1586	 1569	 7.20E+05	 4.91E+05	 -	 -	

45	 ST	 unknown	sesquiterpene	 1592	 NA	 2.34E+04	 2.34E+04	 -	 -	

46	 ST	 Epiglobulol		 1611	 NA	 9.45E+06	 7.28E+06	 -	 -	

47	 ST	 Ledol	 1610	 1600	 4.23E+06	 4.23E+06	 -	 -	

48	 ST	 unknown	sesquiterpene	 1638	 NA	 1.37E+05	 5.13E+04	 -	 -	

49	 ST	 unknown	sesquiterpene	 1672	 1653	 1.19E+05	 7.52E+04	 -	 -	
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50	 ST	 γ-1-Cadinene	aldehyde	 1796	 NA	 1.19E+05	 1.19E+05	 -	 -	

51	 Ester	 L-Alanine	ethyl	ester	 1956	 NA	 4.01E+04	 2.56E+04	 5.91E+04	 2.44E+04	
aMT	(monoterpene),	ST	(sesquiterpene),	C8	(C8	compound),	Others	(Other	class	of	compound).	
bRI	exp:	experimentally	determined	retention	index.	NA:	not	available.	
cRI	ref:	retention	index	reported	in	literature.	
	
	
Table	2.2.	Volatiles	emitted	by	T.	virens	Wt	and	Dvir4C	on	PDA	culture	medium.	

No.	 Classa	 Compound		 RI	expb	 RI	refc	
Wt	 vir4C	

Rel.	peak	area	 Rel.	peak	area	

Average	 SE	 Average	 SE	

1	 Others	 4,4-Dimethyl-2-cyclopenten-1-one	**	 781	 NA	 1.75E+05	 1.27E+04	 5.59E+05	 7.58E+04	

2	 Others	 2-Hepten-3-ol,	4,5-dimethyl-	***	 806	 NA	 -	 -	 1.15E+05	 2.99E+04	

3	 C8	 1,3-Octadiene	º	 826	 825	 1.27E+06	 8.15E+04	 -	 -	

4	 Others	 2-Pentenal,	4,4-dimethyl-	**	 834	 NA	 4.23E+05	 3.66E+04	 9.73E+04	 9.73E+04	

5	 Others	 Cis-3-Hepten-1-ol	*	 909	 NA	 2.30E+05	 1.07E+05	 9.88E+06	 6.05E+06	

52	 Others	 3,4-Dimethylpent-2-en-1-ol	****	 950	 NA	 -	 -	 1.01E+06	 3.57E+05	

6	 C8	 Methyl	heptanoate	***	 972	 NA	 -	 -	 1.98E+05	 2.64E+04	

7	 C8	 3-Octanone	*	 990	 988	 3.90E+05	 1.51E+05	 3.59E+05	 2.72E+05	

8	 MT	 Myrcene	º	 992	 987	 1.56E+06	 4.29E+05	 -	 -	

9	 Ester	 2-Pentenoic	acid,	4,4-dimethyl-,	methyl	ester	**	 1018	 NA	 1.36E+06	 4.80E+05	 9.67E+06	 5.15E+05	

10	 MT	 Limonene	**	 1031	 1025	 6.20E+05	 9.06E+04	 8.02E+05	 5.63E+04	

11	 MT	 e-β-Ocimene	º	 1039	 1041	 1.15E+05	 5.02E+04	 -	 -	

12	 Ester	 Hexanoic	acid,	2-ethyl-,	methyl	ester	**	 1044	 1043	 4.59E+04	 2.85E+04	 3.93E+05	 1.18E+05	

13	 MT	 β-Ocimene	º	 1050	 1050	 1.09E+05	 4.49E+04	 -	 -	

14	 MT	 Linalool	º	 1103	 1102	 2.93E+04	 2.93E+04	 -	 -	

15	 ST	 unknown	sesquiterpene	***	 1310	 NA	 -	 -	 1.17E+05	 5.46E+04	

16	 ST	 Bicycloelemene	º	 1345	 1338	 5.00E+05	 1.24E+05	 -	 -	
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17	 ST	 unknown	sesquiterpene	***	 1364	 NA	 -	 -	 1.33E+06	 8.64E+05	

18	 ST	 unknown	sesquiterpene	***	 1382	 NA	 -	 -	 6.35E+05	 3.89E+05	

19	 ST	 unknown	sesquiterpene	**	 1389	 NA	 1.12E+06	 1.77E+05	 1.34E+08	 1.66E+07	

20	 ST	 Cis-β-Elemene	º	 1394	 1381	 2.05E+06	 5.13E+05	 -	 -	

21	 ST	 β-Elemene	º	 1401	 1389	 2.89E+07	 6.88E+06	 -	 -	

22	 ST	 α-Gurjunene	º	 1422	 1419	 1.24E+06	 6.22E+05	 -	 -	

23	 ST	 Tritomarene	º	 1427	 1416	 4.86E+05	 1.06E+05	 -	 -	

24	 ST	 e-β-Caryophyllene	**	 1433	 1421	 6.51E+06	 1.62E+06	 1.06E+06	 7.02E+05	

25	 ST	 Isogermacrene	D	º	 1442	 1445	 1.93E+05	 1.35E+05	 -	 -	

26	 ST	 β-Gurjunene	º	 1447	 1432	 2.97E+05	 1.10E+05	 -	 -	

27	 ST	 Bicyclo[5.3.0]decane,	2-methylene-5-(1-methylvinyl)-8-methyl-	º	 1453	 NA	 4.00E+05	 1.35E+05	 -	 -	

28	 ST	 β-Patchoulene	 1460	 1380	 2.30E+05	 2.30E+05	 -	 -	

29	 ST	 α-Humulene	**	 1467	 1455	 4.68E+05	 1.16E+05	 6.77E+05	 1.78E+05	

30	 ST	 unknown	sesquiterpene	*	 1469	 NA	 1.03E+06	 6.39E+05	 1.01E+07	 4.60E+06	

31	 ST	 e-Amorphene	*	 1479	 1498	 3.75E+05	 2.59E+05	 2.34E+06	 2.77E+05	

32	 ST	 β-Vetivenene	**	 1478	 1527	 5.12E+05	 3.86E+05	 3.69E+07	 9.06E+06	

33	 ST	 γ-Gurjunene	º	 1486	 NA	 2.90E+06	 1.07E+06	 -	 -	

34	 ST	 Carota-5,8-diene	*	 1488	 1465	 6.85E+05	 5.54E+05	 1.01E+07	 4.60E+06	

35	 ST	 Isogermacrene	A	º	 1501	 1502	 2.23E+06	 4.77E+05	 -	 -	

36	 ST	 Guaia-1(10),11-diene	*	 1510	 1516	 3.85E+06	 2.53E+06	 1.79E+06	 1.10E+06	

37	 ST	 unknown	sesquiterpene	*	 1514	 NA	 4.67E+06	 2.60E+06	 9.49E+06	 2.43E+06	

38	 ST	 Guaia-9,11-diene	º	 1520	 1522	 1.24E+06	 4.74E+05	 -	 -	

39	 ST	 γ-Muurolene	 1528	 NA	 2.61E+07	 8.00E+06	 -	 -	

40	 ST	 unknown	sesquiterpene	º	 1527	 NA	 5.50E+06	 5.50E+06	 -	 -	

41	 ST	 ω-Amorphene	º	 1535	 1526	 2.77E+06	 1.21E+06	 -	 -	

42	 ST	 unknown	sesquiterpene	**	 1543	 NA	 2.27E+06	 2.01E+05	 1.25E+08	 1.04E+07	

43	 ST	 unknown	sesquiterpene	º	 1551	 NA	 8.09E+05	 4.40E+05	 -	 -	
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44	 ST	 Palustrol	º	 1586	 1569	 5.91E+05	 1.40E+05	 -	 -	

53	 ST	 unknown	sesquiterpene	****	 1587	 NA	 -	 -	 8.73E+06	 4.34E+06	

45	 ST	 unknown	sesquiterpene	º	 1592	 NA	 5.13E+05	 1.80E+05	 -	 -	

46	 ST	 Epiglobulol	º	 1611	 NA	 1.03E+07	 2.81E+06	 -	 -	

47	 ST	 Ledol	º	 1610	 1600	 8.64E+06	 3.51E+06	 -	 -	

48	 ST	 unknown	sesquiterpene	º	 1638	 NA	 2.83E+05	 1.02E+05	 -	 -	

49	 ST	 unknown	sesquiterpene	º	 1672	 1653	 1.31E+05	 1.31E+05	 -	 -	

54	 ST	 unknown	sesquiterpene	****	 1680	 NA	 -	 -	 4.19E+06	 6.46E+05	

55	 ST	 β-Eudesmol	****	 1692	 1650	 -	 -	 1.75E+06	 3.52E+05	

50	 ST	 γ-1-Cadinene	aldehyde	º	 1796	 NA	 1.59E+05	 5.22E+04	 -	 -	

51	 Ester	 L-Alanine,	ethyl	ester	**	 1956	 NA	 7.88E+04	 3.30E+04	 1.37E+06	 1.04E+05	
aMT	(monoterpene),	ST	(sesquiterpene),	C8	(C8	compound),	Others	(Other	class	of	compound).	
bRI	exp:	experimentally	determined	retention	index.		
cRI	ref:	retention	index	reported	in	literature.	NA:	not	available.	
ºCompound	detected	in	T.	virens	Wt.		
*Compound	complemented.	
**Compound	detected	in	T.	virens	Wt,	Δvir4	and	vir4C.	
***	Compound	detected	in	T.	virens	Δvir4	and	vir4C.	
****Compound	detected	in	T.	virens	vir4C.	
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2.4 Discussion	

 
Transcriptome	 analysis	 of	 the	 interaction	 between	 plants	 and	microorganisms	 has	 allowed	 the	

identification	 of	 target	 genes	 that	 are	 differentially	 regulated,	 and	 that	may	 participate	 in	 the	

crosstalk	between	both	organisms	(Louise	Mark	et	al.	2005;	Farrar	et	al.	2014;	Pombo	et	al.	2019).	

The	up-regulation	of	specialised	metabolism-related	genes	of	Trichoderma	spp.	has	been	reported	

in	 the	past	during	 its	 interaction	with	different	plant	 species,	 including	A.	 thaliana,	 tomato	and	

maize	 (Moran-Diez	 et	 al.	 2012;	 Brotman	 et	 al.	 2013;	Morán-Diez	 et	 al.	 2015).	 Specifically,	 the	

transcriptome	analysis	of	T.	virens-maize	root	interaction	from	Lawry	et	al.	(2016)	that	revealed	the	

up-regulation	of	fungal	terpene	synthases,	and	the	intra-kingdoms	signalling	properties	attributed	

to	terpenes	(Ditengou	et	al.	2015),	was	the	foundation	of	the	current	research,	therefore	four	T.	

virens	genes	 that	participate	 in	cyclization	or	condensation	steps	of	 terpenes	biosynthesis	were	

selected	 for	 further	 characterisation.	 For	 the	 functional	 analysis	 of	 genes	 that	 are	differentially	

regulated	 during	 plant-microbe	 interactions,	 a	 strategy	 that	 has	 been	 used	 in	 the	 study	 of	

Trichoderma-plant	interactions	is	the	generation	of	deletion	knock-outs	(Djonovic	et	al.	2006).	For	

the	 functional	analysis	of	 specialised	metabolism-related	genes	of	T.	 virens,	 the	use	of	deletion	

knock-outs	has	provided	a	deeper	insight	into	the	beneficial	interaction.	For	example,	the	deletion	

of	 the	 tvox1	 gene	 (TV_93146)	 of	T.	 virens	encoding	 a	 2OG-Fe	 (II)	 dioxygenase	 has	 revealed	 its	

influence	in	fungal	iron	metabolism	and	maize	roots	colonisation	in	soil	conditions	(Nogueira-Lopez	

unpublished).	 In	 this	 respect,	 the	 first	 step	 of	 the	 current	 research	 was	 the	 selection	 of	 the	

candidate	genes	and	the	generation	of	the	deletion	mutants	for	further	characterisation.	

	

2.4.1 Trichoderma	virens	terpene	synthases	deletion	mutants	
	

During	the	study	of	Trichoderma	biology,	one	of	the	challenges	that	the	scientific	community	has	

faced	 is	 the	 generation	of	 deletion	mutants.	 Throughout	 the	use	of	 conventional	methods,	 the	

generation	 of	 deletion	 mutants	 is	 time-consuming	 and	 has	 a	 low	 percentage	 of	 homologous	

recombination	events.	The	percentage	of	homologous	recombination	events	in	Trichoderma	spp.	

has	 been	 estimated	 to	 be	 2%	 (Mach	 and	 Zeilinger	 1998).	 Therefore,	 the	 development	 of	more	

efficient	techniques	that	increase	homologous	recombination	events,	diminish	ectopic	integration	

and	reduce	experimental	 steps	and	costs,	has	been	a	goal	 for	Trichoderma	biology	studies.	The	

increase	of	functional	genomics	studies	has	led	to	the	development	of	more	efficient	and	accurate	

cloning	techniques	for	the	creation	of	vectors	that	overcomes	recurrent	limitations	of	conventional	

cloning	procedures,	 including	 the	Gateway	and	 the	Golden	Gate	 cloning	 systems	 (Hartley	et	 al.	
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2000;	Walhout	et	al.	2000;	Engler	et	al.	2008).	Both	cloning	systems	have	been	used	in	the	past	for	

the	analysis	of	 functional	genes	 from	plants	and	microorganisms	 (Curtis	and	Grossniklaus	2003;	

Emami	et	al.	2013;	Lampropoulos	et	al.	2013;	Terfruchte	et	al.	2014;	Gong	et	al.	2015;	Sarkari	et	al.	

2017;	 Hernanz-Koers	 et	 al.	 2018;	 Wang	 et	 al.	 2018;	 Egermeier	 et	 al.	 2019).	 The	 deletion	 of	

TV_224958,	 vir4,	 TV_45693	 and	 TV_53145	was	 performed	 using	 a	Golden	Gate	 cloning	 system	

specifically	 developed	 for	 functional	 genomics	 studies	 in	 Trichoderma	 spp.	 called	 TrichoGate	

(Nogueira-Lopez	et	al.	submitted).	The	Golden	Gate	cloning	system	is	a	one-pot,	one-step	method	

that	 facilitates	 the	 creation	 of	 recombinant	 vectors	 in	 shorter	 time-frames	 than	 conventional	

cloning	methods	(Engler	et	al.	2008)	and	allows	the	assembly	of	multiple	DNA	fragments	with	high	

efficiency	(Engler	et	al.	2009;	Weber	et	al.	2011).	Coupling	the	Golden	Gate	cloning	system	with	

Agrobacterium-mediated	 transformation	 (ATM)	 resulted	 in	 an	 increase	 of	 homologous	

recombination	events	(from	55%	to	80%),	in	comparison	to	conventional	techniques.	These	results	

were	 consistent	 with	 previous	 reports	 in	 T.	 atroviride	 using	 Agrobacterium-mediated	

transformation	that	increased	the	rate	of	homologous	recombination	(>	60%)	(Zeilinger	2004).	In	

addition,	this	methodology	for	deletion	mutant	generation	has	the	advantage	of	reducing	ectopic	

integrations	that	are	very	common	after	conventional	protoplast	transformation	methods	(Harman	

and	Kubicek	2002).		

	

The	present	work	demonstrated	that	the	Golden	Gate-based	cloning	system	coupled	with	ATM	is	

a	 reliable,	 fast	 and	 effective	 method	 for	 the	 construction	 of	 deletion	 vectors	 and	 T.	 virens	

transformation.	However,	the	persistence	of	a	heterokaryon	state	in	the	stable	T.	virens	deletion	

mutants	remains	to	be	solved.	The	presence	of	both	the	insert	and	native	gene	in	a	heterokaryon	

state	in	T.	virens	deletion	mutants	is	a	recurrent	event;	thus,	several	single	spore	purification	steps	

may	be	required,	making	the	process	of	obtaining	monokaryotic	cultures	time	consuming	(from	

weeks	to	months).	The	exact	number	of	single	spore	purification	steps	required	has	not	yet	been	

determined	but	based	on	previous	results	from	colleagues,	a	minimum	of	ten	should	be	considered.	

For	the	deletion	of	tvox1,	 ten	single-sporing	purifications	steps	were	required	to	overcome	ORF	

persistence	 (Nogueira	 Lopez,	unpublished),	whereas	 (Crutcher	et	al.	 2013)	 indicate	 the	need	 to	

carry	out	up	 to	12	 single	 sporing	 steps	 to	eliminate	 the	heterokaryon	 state	 in	one	of	 the	 three	

independent	transformants	evaluated.	In	addition,	Crutcher	et	al.	(2015)	reported	the	persistence	

of	heterokaryon	state	in	Δsm2	deletion	mutants.	However,	it	was	not	specified	how	many	single-

sporing	steps	were	required	for	mutants	purification.	Similarly	to	those	findings,	a	range	of	10-15	

single	spore	purification	rounds	were	carried	out	 .	However,	despite	 the	numerous	attempts	 to	

eliminate	the	heterokaryon	state	of	Δ224958,	Δ45693	and	Δ53145	deletion	mutants,	it	persisted	
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and	 timewise	 it	 was	 not	 possible	 to	 do	 additional	 single	 sporing	 steps.	 Thus,	 only	 the	 Δvir4	

transformants	were	used.	

	

Challenges	 in	 the	generation	of	deletion	mutants	of	 terpene	biosynthetic	 genes	 in	other	 fungal	

models	such	as	Botrytis	cinerea	have	been	addressed	 in	 the	past.	The	mechanisms	proposed	to	

overcome	 this	 problem	 is	 the	 use	 of	 recipient	 strains	 [affected	 in	 non-homologous	 end	 joining	

(NHEJ)	DNA	repair	mechanisms]	as	a	solution	to	facilitate	the	generation	of	knock	outs	that	have	

been	hard	to	obtain	in	the	past	(Choquer	et	al.	2008).	Therefore,	the	exploration	of	the	described	

technique	could	be	a	potential	solution	for	the	generation	of	hard	to	delete	knock	out	mutants	in	

T.	virens.	The	difficulties	in	obtaining	monokaryotic	cultures	from	the	other	terpene	biosynthetic	

genes	 besides	 vir4,	 may	 be	 associated	 with	 their	 involvement	 in	 the	 biosynthesis	 of	 essential	

terpenes	such	as	components	of	cell	membranes,	and	hence	fundamental	for	cell	survival	(Cardoza	

et	al.	2007).	Thus,	its	deletion	can	be	detrimental,	which	may	explain	the	heterokaryon	persistence	

in	TV_224958,	TV_45693	and	TV_53145	transformants.	

	

2.4.2 Trichoderma	virens	∆vir4	mutant	differs	from	its	parental	strain	in	fungal	growth	
rate,	conidiation	and	conidia	germination		

	

For	the	phenotypic	characterisation	of	T.	virens	∆vir4	mutants,	parameters	such	as	growth	rate,	

conidiation	and	spore	germination	were	evaluated.	The	results	showed	significant	differences	in	all	

parameters	tested	when	compared	with	its	parental	strain.	Specialised	metabolism	is	associated	

with	growth	and	developmental	processes	in	filamentous	fungi	(Calvo	et	al.	2002),	and	differences	

in	specialised	metabolism	deletion	mutants	in	the	T.	virens	phenotype	have	been	addressed	in	the	

past.	For	instance,	the	deletion	of	the	vGPD	from	T.	virens	that	encodes	a	GAPDH	located	in	the	vir	

cluster	differs	in	conidiation	from	the	wild	type	strain	(Pachauri	et	al.	2018).	Moreover,	the	deletion	

of	the	vel1	encoding	gene	associated	with	biocontrol	and	secondary	metabolites	biosynthesis,	has	

an	impact	on	fungal	growth	and	conidiation	(Mukherjee	and	Kenerley	2010),	while	the	deletion	of	

the	T.	virens	genes	tvtex10	and	tvox1	 involved	in	iron	metabolism	affects	fungal	conidiation	and	

growth	 rate	 (Mukherjee	 et	 al.	 2018)(Nogueira-Lopez	 unpublished).	 In	 addition	 to	 changes	 in	

sporulation	 and	 fungal	 growth,	modifications	 in	 fungal	 pigmentation	 have	 been	 detected	 in	 T.	

virens	 deletion	mutants	 (Velazquez-Robledo	 et	 al.	 2011).	 Changes	 in	 fungal	 pigmentation	were	

evident	 in	 the	 ∆vir4	mutants,	 but,	 after	 continuous	 exposition	 to	 the	 volatiles	 emitted	 by	 its	

parental	 strain,	 the	 pigmentation	 production	 diminished	 and	 was	 more	 similar	 to	 the	 pattern	
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showed	 by	 the	 Wt,	 suggesting	 the	 possible	 role	 of	 fungal	 VOCs	 as	 modulators	 of	 pigment	

production.	

	

These	findings	demonstrate	the	effect	of	the	deletion	of	specialised	metabolism-related	genes	on	

the	 alteration	 of	 fungal	 growth	 and	 development.	 However,	 the	 use	 of	 omics	 technologies	

(transcriptomics	 and	 metabolomics)	 may	 lead	 to	 a	 better	 understanding	 of	 the	 effect	 of	 the	

deletion	 of	 specialised	metabolism-related	 genes	 in	 the	 overall	 fungal	metabolic	 flux	 that	may	

provide	a	deeper	insight	on	fungal	developmental	processes.	

2.4.3 Effect	of	T.	virens	Wt	VOCs	emission	on	the	phenotype	of	Δvir4	deletion	mutants	
	

In	 nature,	 inter	 and	 intra-kingdom	 signalling	 mainly	 relies	 on	 VOCs-based	 chemical	

communications,	 volatiles	 can	 diffuse	 through	 porous	 soils,	 water	 and	 air,	 therefore	 most	

organisms	 depend	 on	 them	as	 long-	 and	 short-range	 signals.	 Fungal	 VOCs	 are	 relevant	 in	 their	

ecological	 niche;	 participating	 in	 the	 inhibition	 of	 competing	 organisms,	 regulating	 growth	 and	

development	within	species	and	allowing	crosstalk	with	 its	surroundings.	However,	the	study	of	

fungal	VOCs	has	been	limited	to	only	a	few	fungal	models,	and	key	questions	as	to	their	role	as	

internal	signalling	molecules	have	not	been	studied	in	detail	(Bitas	et	al.	2013;	Li	et	al.	2016).		

	

Fungi	 use	 chemical	 signals,	 such	 as	 VOCs,	 to	 regulate	 sporulation,	 spore	 germination,	 nutrient	

acquisition	 or	 sexual	 development.	 These	 processes	 have	 been	 mainly	 attributed	 to	 the	 C8	

compound	1-octen-3-ol	(Chitarra	et	al.	2004;	Nemcovic	et	al.	2008;	Leeder	et	al.	2011;	Bennett	et	

al.	2012).	However,	T.	virens	produces	a	complex	blend	of	VOCs	(Crutcher	et	al.	2013;	Nieto-Jacobo	

et	al.	2017)	and	their	effect	as	internal	signalling	molecules	remains	unknown.	Therefore,	one	of	

the	aims	of	this	research	was	to	evaluate	the	effect	of	T.	virens	Wt	VOC’s	as	regulators	of	fungal	

growth,	development	and	colony	appearance	by	observing	and	measuring	the	direct	effect	of	the	

continuous	exposition	of	the	Δvir4	deletion	mutant	(affected	in	terpenes	emission)	to	the	volatiles	

produced	by	 its	parental	 strain	 in	a	closed	system.	The	 results	demonstrated	changes	 in	colony	

appearance	 of	 Δvir4,	 including	 differences	 in	 colony	 pigmentation	 and	 aerial	 hyphae	

hydrophobicity	that	resembles	its	parental	strain,	only	when	the	deletion	mutant	was	co-cultured	

with	the	Wt	strain.	An	evident	decrease	or	increase	in	the	production	of	yellow	pigments	in	other	

Trichoderma	 species,	 triggered	by	 the	 continuous	 exposition	 to	Fusarium	oxysporum	 VOCs,	 has	

been	 recently	 reported	 (Li	 et	 al.	 2018),	 suggesting	 that	 besides	 gene	 expression,	 fungal	 VOCs	

regulate	metabolite	secretions	of	other	fungi.	In	filamentous	fungi,	hydrophobic	hyphae	formation	

is	associated	with	different	physiological	aspects	such	as	desiccation	and	wetting	protection,	spore	



	

66	

dispersion,	tolerance	to	low	pH	and	the	capacity	of	eliminate	certain	VOCs	from	the	environment	

by	increasing	the	surface	of	transport,	the	partition,	solubility	and	transfer	of	these	compounds,	

also,	 differences	 in	 fungal	 mycelia	 hydrophobicity	 have	 been	 associated	 with	 VOCs	 (Vergara-

Fernandez	et	al.	2006,	2008	and	Vigueras	et	al.	2009).	In	this	regard,	it	is	possible	that	certain	VOCs	

produced	by	T.	virens	regulate	mycelia	hydrophobicity,	thus	contributing	to	its	ability	to	grow	and	

persist	in	different	ecosystems	and	to	perceive	VOCs	in	their	environment	and	respond	accordingly.		

Nonetheless,	the	exact	mechanisms	of	how	VOCs	signals	alter	fungal	growth	and	development,	are	

yet	 to	 be	 discovered,	 but	 likely	 are	 involved	 in	 fungal	 conidiation,	 pigment	 production	 and	

hydrophobic	hyphae	formation.	

	

2.4.4 The	deletion	of	the	terpene	synthase	vir4	from	T.	virens	modifies	VOCs	emission	
	

The	headspace	analysis	of	T.	virens	VOCs	revealed	that	a	complex	bouquet	of	volatiles	belonging	to	

different	chemical	classes	such	as	STs,	MTs,	C8	compounds,	esters	and	others	are	emitted	by	T.	

virens	grown	on	axenic	nutrient-rich	culture	media	(PDA).	In	accordance	with	Crutcher	et	al.	(2013),	

this	work	demonstrated	that	the	T.	virens	vir4	plays	a	crucial	role	in	the	emission	of	volatile	terpenes	

and	that	its	deletion	negatively	impacted	STs	and	MTs	emission.	However,	in	contrast	to	Crutcher	

et	al.	(2013),	these	results	revealed	that	although	the	deletion	of	vir4	affected	the	emission	of	most	

volatile	STs,	the	null	mutant	was	able	to	produce	some	STs	(Table	2.1),	suggesting	that	vir4	is	not	

the	only	terpene	synthase	from	T.	virens	responsible	for	the	biosynthesis	of	volatile	STs.	Crutcher	

et	 al.	 (2013)	 also	 reported	 that	 the	 deletion	 of	 vir4	 impact	 MTs	 emission	 by	 inhibiting	 the	

production	of	all	MTs	found	in	the	Wt	and	that	the	complement	mutant	restored	the	emission	of	

the	MT	limonene.	In	contrast,	the	VOCs	analyses	carried	out	in	this	research	revealed	that	although	

most	 MTs	 were	 not	 detected	 in	 the	 vir4	 deletion	 mutant,	 it	 was	 still	 able	 to	 emit	 limonene.		

Consequently,	 it	 was	 also	 detected	 in	 the	 complemented	mutant.	 These	 discrepancies	may	 be	

associated	with	 the	 experimental	 setup,	 e.g.,	 differences	 in	mycelia	 plugs	 numbers,	 incubation	

times	and	incubation	conditions	(temperature	and	headspace	vials	sealing),	but	overall	both	sets	

of	independent	research	highlight	that	the	regulation	of	most	T.	virens	volatile	terpenes	depends	

on	the	activity	of	vir4.	

	

MTs	and	STs	are	products	of	the	cyclisation	of	two	different	precursors,	GPP	and	FPP,	respectively,	

and	the	terpene	synthases	responsible	for	these	reactions	are	known	for	being	highly	specific	(Davis	

and	Croteau	2000).	Due	to	their	specificity,	and	the	additional	terpene	synthases	present	in	the	T.	

virens	genome	besides	vir4,	 it	 is	unlikely	that	MTs	and	STs	biosynthesis	is	catalysed	by	the	same	
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enzyme.	 It	 is	 possible	 that	 the	 expression	 of	 two	 or	more	 terpene	 synthases	 is	 linked.	 Hence,	

analysing	the	expression	 levels	of	 the	other	T.	virens	terpene	synthases	 in	both	the	Wt	and	the	

Δvir4	 deletion	mutant	may	provide	evidence	of	 the	 regulation	or	 interlinked	activities	of	 the	T.	

virens	 terpene	 synthases.	 Besides	 the	 differences	 in	 volatile	 terpenes	 emission	 between	 the	T.	

virens	Wt	and	the	Δvir4	null	mutant,	differences	in	C8	compounds	emission	were	also	detected.	C8	

volatiles	have	been	linked	with	conidiation	induction	in	Trichoderma	(Chitarra	et	al.	2004;	Nemcovic	

et	al.	2008),	and	it	is	possible	that	the	lack	of	1,3-Octadiene	and	3-Octanone	emission	in	the	Δvir4	

null	mutant	is	associated	with	the	lower	conidiation	rate	in	comparison	to	its	parental	strain,	but	

at	this	stage	the	possibility	that	other	VOCs	besides	C8	compounds	also	regulate	conidiation	cannot	

be	 discarded.	 Thus,	 assessing	 the	 effect	 of	 purified	 compounds	 on	 T.	 virens	 growth	 and	

development	 is	 required	 to	 discover	 which	 specific	 VOCs	 are	 responsible	 for	 the	 phenotype	

observed.	

	

The	headspace	analysis	of	the	vir4C	mutant	showed	partial	complementation,	given	by	the	restore	

emission	of	five	ST	absent	in	the	Δvir4	null	mutant.	Similarly,	Crutcher	et	al.	(2013)	reported	the	

restore	 of	 3	 ST	 and	 10	 ST	 after	 analysing	 two	 independent	 vir4	 complement	 transformants.	 In	

addition	 to	 the	 STs,	 the	 headspace	 analysis	 of	 the	 vir4C	 showed	 a	 restore	 emission	 the	 C8	

compound	 3-Octanone,	 which	 strongly	 suggests	 that	 volatiles	 production	 in	 T.	 virens	 is	 highly	

regulated	and	interlinked.	

	

2.5 Conclusions		
 

The	transformation	of	T.	virens	deletion	mutants	is	a	challenging	process.	Despite	the	application	

of	more	efficient	cloning	techniques	that	overall	allowed	the	creation	of	recombinant	vectors	 in	

short	 time-frames,	and	 resulted	 in	homologous	 recombination	events,	 it	was	possible	 to	obtain	

only	 monokaryotic	 transformants	 of	 the	 T.	 virens	 terpene	 synthase	 vir4.	 The	 functional	

characterisation	of	the	T.	virens	Dvir4	demonstrated	that	besides	its	inability	to	emit	most	volatiles	

characteristic	 of	 its	 parental	 strain,	 its	 deletion	 is	 related	 to	 differences	 in	 fungal	 colony	

morphology,	pigmentation,	hyphal	aerial	hydrophobicity,	growth	and	conidiation	rate,	and	conidial	

germination.	In	addition,	the	constant	exposure	of	the	Dvir4	null	mutant	to	the	volatiles	emitted	

by	the	T.	virens	Wt	strain	partially	reduced	colony	pigmentation,	suggesting	that	T.	virens	VOCs	are	

involved	in	pigment	production.	Further	exploration	of	purified	compounds	is	required	to	discover	

which	volatiles	are	 responsible	 for	 the	phenotype	observed.	Moreover,	 this	work	 revealed	 that	
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besides	 STs	 and	MTs,	 the	 deletion	 of	 vir4	 negatively	 impacted	 the	 emission	 of	 C8	 compounds,	

suggesting	that	VOCs	emission	in	T.	virens	is	interlinked	independently	of	its	chemical	nature.	 	
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3 Role	of	the	Trichoderma	virens	vir4	terpene	synthase	in	the	colonisation	

of	maize	root	and	plant	growth	promotion	

3.1 Introduction	

	

Beneficial	 interactions	 between	 microorganisms	 and	 plants	 play	 a	 crucial	 role	 in	 nature,	

maintaining	equilibrium	in	the	ecosystems.	Within	the	beneficial	plant-associated	microorganisms,	

mycorrhizal	 fungi,	 plant	 growth-promoting	 rhizobacteria	 and	 fungal	 species	 from	 the	 genus	

Trichoderma	 stand	 out	 for	 their	 capability	 to	 improve	 plant	 fitness	 (Harman	 et	 al.	 2004a;	

Lugtenberg	and	Kamilova	2009;	van	der	Heijden	et	al.	2015).	Trichoderma	spp.		are	cosmopolitan	

filamentous	 fungi	 capable	 of	 inhabiting	 a	 broad	 range	 of	 ecosystems	 (Atanasova	 et	 al.	 2013;	

Mukherjee	 et	 al.	 2013a)	 	 and	 colonising	 numerous	 plant	 species	 (Harman	 et	 al.	 2004a).	 The	

capability	of	Trichoderma	to	thrive	in	a	variety	of	ecosystems	is	linked	to	the	vast	array	of	bioactive	

metabolites	 synthesised	 such	as	 lytic	enzymes,	 antibiotics	 and	multiple	 specialised	metabolites,	

including	VOCs	(Hasan	2014;	Hermosa	et	al.	2014;	Zeilinger	et	al.	2016).	During	Trichoderma-plant	

interactions,	 fungal	 colonisation	 triggers	 beneficial	 effects	 for	 the	 host	 such	 as	 enhanced	 plant	

growth	and	crop	yield	(Harman	2000;	Harman	et	al.	2004a;	Hermosa	et	al.	2012),	increased	nutrient	

uptake	 (Yedidia	 et	 al.	 2001),	 induced	 systemic	 resistance	 to	diseases	 (Lamdan	et	 al.	 2015),	 and	

conferring	tolerance	to	abiotic	stress	(Donoso	et	al.	2008;	Bae	et	al.	2009;	López-Bucio	et	al.	2015).	

The	molecular	 mechanisms	 involved	 in	 Trichoderma	 host	 recognition	 and	 colonisation	 are	 still	

largely	unknown	(Vargas	et	al.	2009).	Therefore,	the	current	chapter	aimed	to	elucidate	if	T.	virens	

volatile	terpenes	synthesised	by	the	terpene	synthase	VIR4	regulate	the	colonisation	of	maize	roots	

and/	promote	plant	growth.	

	

3.1.1 Endophytic	 Trichoderma:	 plant	 immune	 system,	 host	 recognition,	 and	

colonisation	

	

In	nature,	chemical	signals	secreted	by	plants	and	microorganisms	mediate	beneficial	or	pathogenic	

interactions	(Basis	et	al.,	2006).	For	the	establishment	of	beneficial	interactions,	microorganisms	

have	developed	the	ability	to	modulate	the	plant	defence	system	(Jayaraman	et	al.	2014;	Hassani	

et	al.	2018).	As	a	response,	plants	employ	a	conserved	two-tier	innate	immune	system	described	

by	the	following	steps.	Upon	microbial	colonisation,	the	first	plant	immunity	line	(basal	defence)	is	

activated,	and	it	is	characterised	by	the	recognition	of	self	from	non-self-structures.	Thus,	the	plant	
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responds	to	a)	specific	microbial	molecules	known	as	microbe-	or	pathogen-associated	molecular	

patterns	(MAMPs	or	PAMPs),	such	as	fungal	chitin	or	flagellin	(Jones	and	Dangl	2006)	and/or	to	b)	

endogenous	elicitors	such	as	cell	wall	fragments,	known	as	damage-associated	molecular	patterns	

(DAMPs)	(Ibrahim	et	al.	2013).	MAMPs	and	DAMPs	are	sensed	by	the	host	via	specialised	pattern	

recognition	 receptors	 (PRRs)	 that	 activate	 the	 MAMP/DAMP-triggered	 immunity	 (MTI).	 As	 a	

response,	beneficial	or	pathogenic	microorganisms	produce	effector-like	proteins	to	overcome	MIT	

and	establish	a	successful	infection	resulting	in	effector-triggered	susceptibility	(ETS).	The	second	

plant-defence	 line	 leads	 to	 a	 robust	 and	 accelerated	 response	 known	 as	 effector-triggered	

immunity	(ETI),	as	a	result	of	the	recognition	of	microbial	effectors	(De	Wit	et	al.	2009;	Cook	et	al.	

2015).	 ETI	 is	more	 specific	 than	 PTI	 and	 usually	 leads	 to	 a	 hypersensitive	 response	 (HR)	 at	 the	

infection	site	causing	disease	resistance	(Boller	and	Felix	2009;	Cui	et	al.	2015).		

	

During	the	establishment	of	beneficial	plant-microbial	interactions,	plant	colonisation	is	facilitated	

by	 the	 secretion	 of	microbial	 effectors.	 By	 definition,	 any	molecule	 that	 alters	 the	 physiology,	

structure	 or	 function	 of	 another	 organism,	 facilitating	 the	 infection	 and	 triggering	 defence	

responses	can	be	considered	as	an	effector	(Kamoun	2006).	Effector	molecules	are	characterised	

by	 their	 ability	 to	 suppress	 plant	 defence,	 thus	 inducing	 pathogens’	 virulence	 or	 symbionts’	

compatibility	 (Ramírez-Valdespino	 et	 al.	 2019).	 Proteins	 were	 the	 first	 molecules	 proposed	 as	

effectors	 in	 pathogens,	 thus	 cerato-platinins	 (Brotman	 et	 al.	 2008),	 hydrophobins	 (Guzman-

Guzman	 et	 al.	 2017),	 glycoside-hydrolases	 (Moran-Diez	 et	 al.	 2009)	 and	 SSCPs	 (Small	 Secreted	

Cysteine-Rich	 Proteins)	 (Lamdan	 et	 al.	 2015)	 have	 been	 identified	 as	 fungal	 effectors	 during	

Trichoderma-plant	 interactions.	 Besides	 proteins,	 specialised	 metabolites	 such	 as	 lactones,	

peptaibols,	 polyketides,	 phytohormones,	 trichothecenes,	 VOCs	 and	 non-volatile	 terpenes	 have	

been	suggested	as	putative	effectors	of	the	Trichoderma-plant	interactions,	as	well	as	small	RNAs	

(Ramírez-Valdespino	 et	 al.	 2019).	 Thus,	 the	 identification	 and	 functional	 characterisation	 of	

additional	Trichoderma	spp.	effectors	will	improve	the	understanding	of	Trichoderma	as	a	fungal	

symbiont.	

	

Besides	 their	 ability	 to	 produce	 effectors,	 plant-associated	 beneficial	 microorganisms	 such	 as	

mycorrhizal	fungi	and	Trichoderma	spp.	are	capable	of	metabolising	plant-derived	carbohydrates	

(Vargas	et	al.	2009).	These	polysaccharides	secreted	by	plant	 roots	are	 ideal	 substrates	 for	 lytic	

enzymes	produced	by	beneficial	 fungi	 to	 initiate	host	 colonisation	 (Druzhinina	et	al.	 2011).	 The	

enrichment	 of	 lytic	 enzymes	 biosynthesis	 in	 Trichoderma	 spp.	 seems	 to	 regulate	 plant	 roots	

colonisation;	 for	 example,	 the	 silencing	 of	 the	 T.	 harzianum	 Thpg-1,	 encoding	 an	
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endopolygalacturonase	(pectin	hydrolase)	has	a	negative	effect	on	the	ability	to	colonise	tomato	

roots	 (Moran-Diez	 et	 al.	 2009),	 suggesting	 that	 pectin	 degradation	 is	 a	 critical	 step	 for	 the	

establishment	 of	 the	 Trichoderma-host	 interaction.	 Because	 only	 oxygenic	 photosynthetic	

organisms	 such	 as	 plants	 are	 capable	 of	 synthesising	 sucrose,	making	 them	 the	 only	 source	 of	

sucrose	in	the	rhizosphere		(Salerno	and	Curatti	2003),	Trichoderma	spp.	have	the	capacity	to	use	

sucrose	as	the	main	carbon	source	in	the	rhizosphere.	In	this	regard,	Vargas	et	al.	(2009)	reported	

that	T.	virens	possess	an	intracellular	invertase	for	sucrose	hydrolysis	(TvInv)	that	is	expressed	in	

the	presence	of	plant	roots.	Furthermore,	unpublished	data	from	the	same	authors	suggest	that	T.	

virens	harbours	 in	 its	genome	two	putative	membrane-associated	sucrose	 transporters.	Besides	

these	 findings,	 further	 analyses	 are	 required	 to	 fully	 understand	 carbohydrates	 metabolism	 in	

Trichoderma-plant	interactions.	

	

Trichoderma	root	colonisation	seems	to	be	a	multifactorial	and	tightly	controlled	process,	where	

fungal	growth	is	restricted	to	certain	root	tissues.	Transmission	electron	and	confocal	microscopy	

have	revealed	that	Trichoderma	spp.	penetrate	the	first	and	second	layers	of	the	epidermis	of	roots,	

and	that	colonise	inter-	and	intracellular	spaces	(Yedidia	et	al.	1999;	Nogueira-Lopez	et	al.	2018).	

The	exact	mechanisms	that	regulate	and	limit	fungal	growth	in	non-vascular	tissues	are	not	fully	

understood.	 Since	 VOCs	 are	 considered	 as	 important	 signalling	 molecules	 during	 inter-	 and	

intrakingdom	communication,	one	of	the	aims	of	this	chapter	is	to	evaluate	if	the	T.	virens	VOCs	

synthesized	by	the	terpene	synthase	VIR4	regulate	the	colonisation	of	maize	roots.		

	

3.1.1.1 Plant	growth	promotion	induced	by	Trichoderma	spp.	

	

The	capability	of	Trichoderma	spp.	to	enhance	plant	growth	has	been	assessed	repeatedly,	and	it	

can	 occur	 in	 either	 soil	 or	 axenic	 systems	 (Hexon	 Angel	 Contreras-Cornejo	 2013).	 Growth	

promotion	 effects	 have	 been	 noticed	 in	 different	 plants	 including	 radish,	 pepper,	 cucumber,	

tomato	and	A.	thaliana	(Baker	1984;	Chang	1986;	Gravel	et	al.	2007;	Contreras-Cornejo	et	al.	2009;	

Azarmi	et	al.	2011).	Plant	development	and	biomass	production	depend	on	diverse	environmental	

factors,	 including	 nutrient	 availability.	 Plant-associated	 microorganisms,	 including	 Trichoderma	

spp.,	facilitate	plant-nutrient	uptake	by	enhancing	the	availability	of	micronutrients	such	as	P	and	

Fe	(Yedidia	et	al.	2001),	thus	inducing	plant	growth.	Also,	Trichoderma	spp.	improve	plant-nutrient	

uptake	by	modifying	the	architecture	of	the	root	system	(Samolski	et	al.	2012),	facilitating	water	

and	nutrient	uptake.	Additional	mechanisms	used	by	Trichoderma	spp.	to	 improve	plant	growth	

include	 the	 production	 of	 phytohormones	 such	 as	 auxins	 (Contreras-Cornejo	 et	 al.	 2009),	 an	
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increase	in	the	tolerance	to	abiotic	stress	(Donoso	et	al.	2008;	Brotman	et	al.	2013),	the	inhibition	

of	plant	pathogens	and	the	activation	of	the	plant	immune	system	(Pieterse	et	al.	2009;	Keswani	et	

al.	2014).	The	chemical	diversity	of	specialised	metabolites	produced	by	Trichoderma	spp.	confer	

on	 them	 the	 ability	 to	 survive	 even	 in	 hostile	 environments,	 and	 to	 interact	with	 the	 host	 and	

enhance	plant	health.	Within	the	diversity	of	bioactive	molecules	produced	by	Trichoderma	spp.	

VOCs	 have	 been	 associated	 with	 its	 ability	 to	 enhance	 plant	 fitness.	 Hence,	 an	 overview	 of	

Trichoderma	VOCs	is	presented	in	the	following	section.	

	

3.1.2 Trichoderma	spp.	VOCs	and	plant	fitness		
	

VOCs	produced	by	plant-associated	microorganisms	are	considered	chemical	signals	that	mediate	

the	 intra-	 and	 inter-	 kingdoms	 interactions	 acting	 in	 antagonism,	 mutualism	 and	 intra-and	

interspecies	crosstalk,	being	species	or	strain-specific	and	fundamental	in	the	regulation	of	cellular	

and	developmental	processes	(Fiedler	et	al.	2001;	Morath	et	al.	2012;	Bitas	et	al.	2013;	Kai	et	al.	

2016).	 Trichoderma	 spp.	 are	 rich	 sources	 of	 VOCs	 that	 comprise	 diverse	 classes	 of	 bioactive	

compounds	including,	pyrones,	C-8	compounds,	STs,	MTs,	DTs,	alkane	compounds	and	many	more	

(Zeilinger	and	Schuhmacher	2013).	

	

Independent	analyses	of	the	influence	of	Trichoderma	spp.	VOCs	on	the	growth	of	A.	thaliana	have	

revealed	that	not	all	 the	species	tested	have	the	same	outcome.	While	some	increase	the	plant	

growth	and	biomass,	others	do	not	have	any	effect,	and	a	few	have	detrimental	effects	on	plant	

growth	(Lee	et	al.	2016;	Nieto-Jacobo	et	al.	2017).	Trichoderma	VOCs	have	also	been	associated	

with	plant	protection,	being	capable	of	displaying	antifungal	and	nematicidal	activities	(Yang	et	al.	

2012b;	Kottb	et	al.	2015;	Martinez-Medina	et	al.	2017).	Also,	Trichoderma	spp.	VOCs	have	been	

shown	 to	 induce	 salt	 tolerance	 in	A.	 thaliana	 (Jalali	 et	 al.	 2017)	 and	 stimulate	 iron	uptake	 and	

induce	systemic	resistance	(Martinez-Medina	et	al.	2017).		
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Figure	 3.1.1.	 Scheme	 representing	 the	possible	 roles	 of	Trichoderma	 VOCs	 in	 the	 rhizosphere	
during	their	interaction	with	plants	and	other	microorganisms.	Under	non-sterile	soil	conditions,	
different	organisms	coexist	and	use	VOCs	as	 signalling	molecules.	Trichoderma	 spp.	emits	VOCs	

that	are	perceived	by	the	surrounding	organisms,	triggering	different	outcomes.	Root	exudates	act	

as	chemoattractants	causing	Trichoderma	to	grow	towards	plant	roots.	Trichoderma	emitted	VOCs	
increase	tolerance	to	abiotic	stress,	stimulate	iron	uptake,	stimulate	root	branching	and	nutrient	

and	water	uptake,	induce	systemic	resistance,	and	promote	plant	growth.	Also,	Trichoderma	VOCs	
not	 only	 act	 as	 inducers	 of	 conidiation	 in	 Trichoderma	 itself	 but	 also	 affect	 other	 soil	
microorganisms,	 displaying	 antimicrobial	 activities	 against	 fungi	 and	 bacteria,	 facilitating	 its	

persistence	 in	 soil	 and	 plant	 protection	 against	 pathogens.	 VOCs	 secreted	 by	 Trichoderma	 are	
represented	as	circles,	plant	roots	VOCs	as	triangles,	bacterial	VOCs	as	diamonds	and	other	fungal	

VOCs	as	rectangles.	Image	adapted	from	Zeilinger	and	Schuhmacher	(2013).	

	

Due	to	the	diverse	effects	of	Trichoderma	spp.	VOCs	on	plant	fitness,	this	chapter	has	focused	on	

the	analysis	of	T.	virens	VOCs	produced	by	the	terpene	synthase	VIR4	as	inducers	of	a)	maize	root	

colonisation	and	b)	plant	growth	promotion.	
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3.2 Materials	and	Methods	

3.2.1 The	colonisation	of	maize	roots	by	T.	virens		

	

The	endophytic	colonisation	of	maize	roots	by	T.	virens	Wt	and	Δvir4	(56-7b)	was	assessed	under	

two	 conditions	 a)	 using	 gamma-radiated	 ´John	 Innes´	 soil	 mix	 as	 a	 substrate	 and	 b)	 under	 a	

hydroponic	growth	system.	The	endophytic	association	of	T.	virens	Wt	and	Δvir4	with	maize	plants	

was	assessed	using	the	methodology	described	by	Mendoza-Mendoza	et	al.	(2016).		A	total	of	nine	

biological	replicates	per	treatment	were	used	for	these	experiments,	and	the	experiments	were	

performed	twice.		

	

Maize	 seeds	 from	 inbred	 line	 34H31	 (Pioneer®	 Brand	 Products,	 Gisborne,	 New	 Zealand)	 were	

surface	 sterilised	 as	 follows	 before	 use:	 seeds	 were	 soaked	 in	 2%	 (w/v)	 sodium	 hypochlorite	

(NaOCl)	(active	ingredient)	for	7	min,	followed	by	70%	ethanol	for	7	min,	then	washed	three	times	

with	sterile	nanopure	water.	

	

3.2.1.1 Trichoderma	virens	inoculum	preparation	

	

Trichoderma	virens	Gv29.8	Wt	and	Δvir4	were	grown	on	Petri	plates	containing	20	mL	of	PDA	and	

incubated	at	25°C	under	a	12	h	light/dark	cycle	to	induce	conidiation.	Conidial	suspensions	were	

obtained	and	quantified,	as	indicated	in	section	2.2.3.1.	

	

3.2.1.2 ´John	Innes´	soil	mix	growth	system	

	

John	Innes´	soil	mix	was	prepared	as	follows:	fresh	soil	was	removed	from	the	Waleanui	silt	loam	

field	 at	 Lincoln	 University,	 then	 sieved	 and	 homogenised	 using	 a	 mechanical	 soil	 shredder.	

Shredded	soil	was	then	mixed	with	Kiwi	Peat	and	Pumice	at	a	ratio	of	7:3:2-	v/v/v	and	amended	

with	1.2	g/L	blood	and	bone,	1.2	g/L	 superphosphate	 (linger	 life	phosphate),	0.3	g/L	potassium	

sulphate,	2.0	g/L	Ag	lime	(calcium	carbonate)	and	3.5	g/L	Dolomite	lime	(calcium	carbonate).	The	

mixture	 was	 thoroughly	 blended,	 and	 then	 gamma-radiated.	 The	 soil	 nutrient	 analysis	 was	

conducted	by	Hill	Laboratories	Limited	(New	Zealand)	(Supplementary	Figure	6).	
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Surface-sterilised	maize	seeds	were	inoculated	with	5	µL	conidial	suspension	containing	1x10
6

	T.	

virens	Wt	or	Δvir4	conidia;	un-inoculated	seeds	were	used	as	the	control.	Each	seed	was	sown	into	

50	mL	falcon	tubes	pre-filled	with	45	g	of	sterile	and	hydrated	soil	(5	mL	H2O/45	g	soil).	The	falcon	

tubes	were	then	placed	inside	sterile	cereal	boxes	which	were	placed	inside	a	humidity-controlled	

incubator	at	25°C	under	a	16	h	 light	and	8	h	dark	cycle	and	relative	humidity	of	80%	(Humidity	

Control	Versatile	Environmental	Test	Chamber,	SANYO)	for	7	d,	using	a	randomised	complete	block	

design.		

	

3.2.1.3 Hydroponic	growth	system	

	

The	hydroponic	growth	system	used	for	assessing	T.	virens	(Wt	or	Δvir4)	endophytism	was	carried	

out	as	reported	by	Nogueira-Lopez	et	al.	(2018)	with	modifications.	Surface	sterilised	maize	seeds	

were	inoculated	with	T.	virens	(Wt	or	Δvir4)	conidia	as	indicated	in	section	3.2.1.2	then,	seeds	were	

germinated	on	sterile	seed	germination	papers	(30	cm	x	45	cm;	Anchor	Paper	Company,	MN,	USA)	

previously	soaked	in	sterile	Hoagland’s	No.2	basal	salt	solution	(Sigma-Aldrich,	MO,	USA)	(Hoagland	

and	Arnon	1950)	supplemented	with	0.5%	sucrose.	The	germination	papers	containing	the	seeds	

were	 placed	 inside	 plastic	 bags	 and	 incubated	 for	 60	 h	 in	 a	 humidity-controlled	 plant	 growth	

chamber	 (Sanyo,	 Japan)	at	25°C	under	a	16	h	 light/8	h	dark	cycle	and	 relative	humidity	of	80%.	

Seedlings	were	transferred	to	a	hydroponic	growth	system	without	aeration,	that	consisted	of	50	

mL	centrifuge	tubes	filled	up	with	45	mL	of	sterile	Hoagland’s	solution	supplemented	with	0.5%	

sucrose	(Sigma-Aldrich,	USA)	with	a	piece	of	sterile	cotton	to	support	the	seedling.	Seedlings	were	

returned	to	the	incubator	for	60	h.		

	

3.2.1.4 Root	sampling	and	endophytism	percentage	determination		

	

After	 incubation,	maize	 roots	 from	both	 assays	were	 carefully	 excised	 and	 gently	washed	with	

sterile	nanopure	water	to	remove	soil	residues	or	Hoagland’s	solution	traces	and	dried	briefly	with	

sterile	paper	 towels.	 The	primary	 root	was	excised	and	 surface	 sterilised	by	 soaking	 it	 in	a	5	%	

sodium	hypochlorite	solution	for	5	min,	and	then	rinsed	three	times	in	sterile	nanopure	water	for	

2	min	and	dried	using	sterile	paper	towels.	Once	dried,	the	root	was	cut	in	five	equal	pieces	and	

placed	on	the	surface	of	the	culture	plates	(100	mm	square	petri	dish,	25	compartments,	Thermo	

Scientific,	USA)	previously	filled	with	Trichoderma	selective	media	(TSM)	(McLean	et	al.	2005)	(TSM	

composition	 in	 Supplementary	 Figure	 1)	 and	 then	 incubated	 at	 20°C	 in	 the	 dark.	 After	 7	 d	 of	
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incubation,	 the	 presence	 of	 T.	 virens	 mycelium	 grown	 on	 the	 plates	 was	 recorded,	 and	 the	

endophytic	colonisation	percentage	was	determined	based	on	the	number	of	colonised	root	pieces	

where	 one	 piece	 represents	 20%	 of	 colonisation.	 The	 quality	 of	 the	 roots	 surface	 sterilisation	

procedure	was	tested	by	plating	three	aliquots	of	1	mL	of	the	nanopure	water	used	in	the	final	rinse	

step	on	Petri	plates	previously	filled	with	20	mL	of	TSM	and	incubated	under	the	same	conditions	

as	the	roots.		

	

3.2.2 Trichoderma	virens	(Wt	and	Δvir4)	maize	roots	colonisation	visualised	by	confocal	

microscopy	

	

The	T.	virens-maize	root	colonisation	was	observed	by	confocal	microscopy	(LSM	510	META,	Zeiss,	

Germany).	 For	 this	 analysis,	 the	 maize-roots	 samples	 were	 excised	 from	 plants	 grown	 under	

hydroponic	conditions.	The	maize	seeds	were	surface	sterilised	and	inoculated	with	T.	virens	(Wt	

or	 Δvir4)	 as	 indicated	 in	 sections	 3.2.1	 and	 3.2.1.2,	 respectively.	 Seeds	 were	 germinated	 and	

transferred	to	the	hydroponic	growth	system,	as	indicated	in	section	3.2.1.3.	For	sampling,	roots	

were	carefully	cut	and	gently	washed	with	sterile	nanopure	water,	and	the	first	2	cm	(nearest	to	

the	 seed)	 of	 the	 primary	 root	 was	 excised,	 as	 it	 is,	 the	 primary	 colonisation	 area	 for	 T.	 virens	

according	to	Lawry	(2016).	Roots	sections	were	fixed	in	fresh	ethanol:	acetic	acid	(3:1,	v/v)	solution	

until	used.	

	

For	the	analysis,	transverse	free-hand	sections	of	maize	roots	were	prepared	as	follows:	fixed	roots	

were	treated	with	10%	KOH	for	4	h	at	95°C	and	then	transferred	to	PBS	pH	7.4	for	1	h	and	then,	

infiltrated	with	the	staining	solution	for	15	min	twice.	The	staining	solution	included	10	µg/mL	of	

WGA-Alexa	Fluor™	488	(Thermo	Fisher	Scientific,	MA,	USA)/20	µg/mL	Propidium	iodide	(PI)	(Sigma-

Aldrich,	USA)	and	0.02%	Tween	20	made	up	in	1X	PBS	pH	7.4,	thus	staining	fungal	material	with		

WGA-Alexa	 Fluor™	 488	 (Mochizuki	 et	 al.	 2011)	 and	 plant	 cell	 walls	with	 PI	 (Bolte	 et	 al.	 2004).	

Samples	were	stored	in	PBS-tween	(0.02%)	in	the	dark	at	4°C	until	examined.		

	

3.2.3 Assessing	T.	virens	(Wt	and	Δvir4)	growth	promotion	of	maize	plants	

	

To	evaluate	T.	virens	 growth	promotion	abilities	 in	maize	plants	 in	 sterile	 soil	 conditions,	maize	

seeds	were	inoculated	with	T.	virens	Wt	and	compared	with	T.	virens	Δvir4	and	with	un-inoculated	

plants	 as	 follows:	 maize	 seeds	 were	 surface	 sterilised	 and	 inoculated	 with	 fungal	 conidial	
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suspension	 as	 indicated	 in	 sections	 3.2.1	 and	 3.2.1.2.	 Maize	 seeds	 were	 sown	 in	 sterile	 pots	

previously	 filled	 with	 200	 g	 of	 hydrated	 John	 Innes´	 soil	 mix,	 collocated	 inside	 sterile	 plastic	

containers,	and	then	incubated	inside	of	a	controlled	incubator	at	25°C	under	a	16	h	light	and	8	h	

dark	 cycle	 under	 a	 relative	 humidity	 of	 80%	 (Humidity	 Control	 Versatile	 Environmental	 Test	

Chamber,	 SANYO)	 using	 a	 randomized	 complete	 block	 design.	 After	 12	 d,	 plants	 were	 gently	

harvested	 and	 washed	 with	 water;	 soil	 particles	 were	 carefully	 removed	 using	 a	 brush.	 The	

parameters	considered	for	assessing	growth	promotion	were	the	following:		a)	pseudostem	length	

(from	base	of	the	seed	to	the	node),	b)	leaf	length	(from	the	node	to	the	top	of	the	longest	leaf),	c)	

total	aerial	growth	(given	by	the	sum	of	pseudostem	and	leaf	length),	d)	primary	root	length	and	d)	

total	plant	growth	(given	by	the	sum	of	the	total	aerial	growth	and	the	root	length).	After	being	

measured,	plants	were	placed	inside	paper	envelopes	and	collocated	inside	an	oven	at	65°C	(until	

the	dry	weigh	 remained	constant)	 to	 calculate	 root,	 shoot	and	 total	dry	plant	biomass.	 For	 the	

experiment,	15	biological	replicates	were	used,	and	the	experiment	was	performed	three	times.		

	

To	verify	that	T.	virens	(Wt	and	Δvir4)	colonisation	persisted	over	time,	12	d	old	inoculated	maize	

roots	were	excised	and	surface	sterilised	as	 indicated	 in	section	3.2.1.4,	cut	 in	equal	pieces	and	

placed	on	Petri	plates	pre-filled	with	20	mL	of	TSM	and	incubated	at	20°C	in	the	dark.	After	7	d,	

plates	were	removed	from	the	incubator,	and	mycelial	growth	was	observed.	Also,	the	lateral	root	

formation	of	inoculated	plants	was	visualised	under	a	stereo-microscope	(SZX12	Olympus,	Japan)	

and	visually	compared	with	the	control	roots.		

	

3.2.4 Statistical	Analyses	

	

Statistical	analyses	were	performed	using	the	general	analysis	of	variance	(ANOVA)	in	the	GenStat	

18th	package	(VSN	International,	United	Kingdom).	Each	value	is	the	mean	±	STD	for	nine	replicates	

(endophytism)	 or	 15	 replicates	 (growth	 promotion	 analysis)	 in	 each	 group,	 and	 p≤	 0.05	 was	

considered	as	significant.	For	the	endophytism	analyses,	both	experiments	were	combined,	and	for	

the	growth	promotion	analysis,	the	three	experiments	were	combined.	
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3.3 Results	

3.3.1 Trichoderma	 virens	 vir4-derived	 VOCs	 are	 not	 essential	 for	 maize	 roots	

colonisation	

 
The	capability	of	T.	virens	Δvir4	to	endophytically	colonise	maize	roots	was	evaluated	using	two	

different	 growth	 systems,	 sterile	 soil	 mixture	 and	 hydroponic	 conditions,	 at	 7	 and	 5	 dpi,	

respectively.	At	7	dpi,	there	was	no	significant	difference	in	the	endophytism	percentage	of	maize	

roots	grown	under	sterile	soil	conditions	when	T.	virens	Δvir4	was	compared	to	its	parental	strain,	

and	both	T.	virens	genotypes	were	distributed	along	different	sections	of	the	primary	root	(Figure	

3.1	A	and	B).	Similarly,	the	results	derived	from	the	hydroponic	system	revealed	that	at	5	dpi,	the	

percentage	 of	T.	 virens	Δvir4	 endophytism	was	 not	 statistically	 different	 from	 the	Wt;	 equally,	

fungal	growth	was	mainly	in	the	first	three	roots	sections	closest	to	the	seed	(Figure	3.1	C	and	D).	

The	 results	 from	 both	 analyses	 revealed	 that	 the	 T.	 virens	 volatile	 terpenes	 produced	 by	 the	

catalytic	activity	of	the	terpene	synthase	vir4	are	not	essential	for	host	endophytism	in	any	of	the	

conditions	tested.		

	

	
Figure	3.1.	Endophytic	colonisation	of	maize	seedling	by	Trichoderma	virens	(Wt	and	Δvir4)	grown	
in	John-Innes	soil	mix	and	hydroponic	conditions.	Maize	primary	roots	un-inoculated	or	colonised	

by	T.	 virens	were	 surface	 sterilised	 and	 fragmented	 in	 five	 equal	 pieces	 and	 placed	 on	 TSM	 to	

observe	endophytic	colonisation.	(A)	Roots	excised	at	7	dpi	grown	in	John-Innes	soil	mix	and	(C)	
roots	excised	at	5	dpi	under	hydroponic	growth	conditions.	Average	of	colonisation	percentage	of	

Wt	and	Δvir4	grown	in	(B)	soil	mixture	and	(D)	under	hydroponic	conditions.	Numbers	from	1	to	4	

represent	independent	biological	replicates.		
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3.3.2 The	deletion	of	T.	virens	vir4	do	not	influence	fungal	colonisation	pattern	of	the	

maize	root	system	

	

Under	 hydroponic	 conditions,	 T.	 virens	 Wt	 superficial	 root	 colonisation	 was	 predominantly	

observed	in	the	first	two	centimetres	of	the	primary	root	(closer	to	the	seed)	compared	with	other	

sections	of	the	primary	root.	In	addition,	fungi	attachment	was	also	observed	in	secondary	root	tips	

(Figure	 3.2	 A	 and	 B).	 A	 transverse	 cut	 of	 the	 primary	 root	 allowed	 the	 observation	 of	 fungal	

colonisation	restricted	to	the	epidermal	and	cortical	cells	(Figure	3.2	E	and	F)	(fungal	hyphae	were	

not	 detected	 in	 the	 vascular	 system)	 and	 fungal	 colonisation	 was	 observed	 in	 the	 inter-	 and	

intracellular	spaces	(Figure	3.2	I	and	J).	Similarly	to	its	parental	strain,	T.	virens	Δvir4	colonisation	

was	predominant	closer	to	the	seed	and	colonisation	was	also	observed	in	secondary	roots	(Figure	

3.2	C	and	D).	A	transverse	cut	of	the	primary	root	also	revealed	that	fungal	colonisation	is	restricted	

to	the	epidermis	and	cortex	and	that	hyphae	do	not	penetrate	the	vascular	system	(Figure	3.2	G	

and	H).	Furthermore,	 the	T.	virens	Δvir4	deletion	mutant	did	not	 lose	 the	capability	 to	colonise	

inter-	and	intracellular	spaces	(Figure	3.2	K	and	L).		

	

Altogether	these	findings	demonstrate	that	Δvir4	showed	a	similar	colonisation	pattern	to	the	Wt,	

demonstrating	that	this	gene	does	not	play	a	crucial	role	in	the	colonisation	of	maize	roots.	
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Figure	3.2.	Comparison	of	the	colonisation	pattern	of	Trichoderma	virens	Wt	and	Δvir4	in	maize	
roots	under	hydroponic	growth	conditions	using	confocal	microscopy.	At	5	d.p.i,	T.	virens	Wt	(A)	
and	Δvir4	 (C)	colonise	 root	 tip	of	 the	 secondary	 root.	Trichoderma	virens	Wt	 (B),	 and	Δvir4	 (D)	
inhabit	root	surface.	Cross-section	of	primary	root	showing	internal	colonisation	of	epidermal	and	

cortical	layers	of	T.	virens	Wt	(E	and	F)	and	Δvir4	(G	and	H).	Intercellular	colonisation	of	T.	virens	Wt	

(I)	and	Δvir4	(K)	hyphae	indicated	with	white	arrows.	Intracellular	colonisation	of	T.	virens	Wt	(J)	
and	Δvir4	 (L)	 hyphae.	 Fungal	 and	 plant	 cells	were	 detected	 using	WGA-Alexa	 Fluor	 488	 (green	

channel),	propidium	iodide	(PI)	(red	channel).		
	 	

3.3.3 At	12	dpi,	T.	virens	(Wt	and	Δvir4)	did	not	influence	maize	growth	

	

The	growth	promotion	effect	of	T.	virens	(Wt	and	Δvir4)	on	maize	plants	was	evaluated	12	dpi.	The	

results	derived	from	the	three	independent	analyses	combined	revealed	that	under	the	conditions	

tested,	no	significant	differences	were	found	for	any	of	the	parameters	tested	when	the	treated	

plants	were	 compared	with	 the	 control	 group	 (Figure	 3.3	A)	 (group	means	 for	 each	parameter	

tested	 in	 Supplementary	Table	4).	Moreover,	 root,	 shoot	 and	 total	 plant	biomass	 (given	by	dry	

weight)	of	treated	plants	was	not	statistically	different	in	comparison	to	untreated	plants	(Figure	

3.3	 B)	 (group	 means	 for	 each	 parameter	 tested	 in	 Supplementary	 Table	 5).	 Even	 though	 no	

statistically	significant	differences	were	found	from	the	analyses,	a	consistent	trend	was	observed	

for	maize	plants	treated	with	T.	virens	Wt,	which	were	longer	than	the	other	treatments	and	for	

which	biomass	exceeded	untreated	plants.	Because	the	results	derived	from	the	analyses	did	not	

show	statistically	significant	differences	between	treatments,	it	was	not	possible	to	evaluate	if	T.	



	

81	

virens	promotes	maize	growth	and	if	such	effect	could	be	associated	to	the	VOCs	produced	by	the	

terpene	synthase	vir4.	

	

Figure	3.3.	Effect	of	Trichoderma	virens	(Wt	and	Δvir4)	colonisation	on	maize	plant	growth.	(A)	
Growth	parameters	tested	in	maize	plants	treated	with	T.	virens	at	12	dpi,	treatment	means	of	the	

repeats	combined.	(B)	Maize	biomass	means	of	each	treatment	given	by	plant	tissue	dry	weight;	

plots	 represent	 the	means	 of	 the	 three	 repeats	 combined.	 (C)	 one	 biological	 replicate	 of	 each	
treatment	of	12	d	old	maize	seedlings.	



	

82	

To	verify	that	T.	virens	(Wt	and	Δvir4)	were	present	in	maize	roots	at	12	dpi;	the	primary	root	of	

inoculated	and	un-inoculated	maize	roots	was	excised,	surface	sterilised	and	inoculated	on	TSM.	

The	results	demonstrate	that	both	T.	virens	Wt	and	Δvir4	were	present	inside	maize	roots	at	12	dpi	

(Figure	3.4).	The	results	from	this	analysis	revealed	that	the	non-growth	promotion	effect	was	not	

caused	by	fungal	death	or	incapability	to	persist	inside	maize	roots	at	12	dpi	under	the	conditions	

tested.	

	

	

	
Figure	3.4.	Endophytic	colonisation	of	maize	root	by	Trichoderma	virens	(Wt	and	Δvir4).	Maize	

seeds	inoculated	with	T.	virens	(Wt	and	Δvir4)	were	sown	in	gamma-radiated	John-Innes	soil	mix.	

Primary	roots	were	excised	at	12	dpi	and	surface	sterilised.	Roots	were	fragmented	and	inoculated	

on	TSM.	Fungal	growth	on	the	plates	was	indicative	of	fungal	persistence	in	maize	roots	at	12	dpi.	

Colonisation	 percentage	 of	 T.	 virens	 (Wt	 and	 Δvir4)	was	 not	 determined.	 Visible	 soil	 particles	

attached	to	some	root	fragments.			

	

	

The	roots	of	12	d	old	maize	plants	previously	inoculated	with	either	T.	virens	Wt	or	Δvir4	were	

carefully	 excised	 and	 observed	 using	 a	 stereo-microscope	 (Figure	 3.5).	Observation	 of	 the	 root	

section	closer	to	the	seed	showed	a	more	noticeable	development	of	 lateral	roots	 in	the	plants	

inoculated	with	T.	virens	Wt	(Figure	3.5	C)	in	comparison	with	un-inoculated	plants	(Figure	3.5	B).	

Interestingly	a	reduction	in	lateral	root	formation	was	observed	in	maize	roots	inoculated	with	T.	

virens	Δvir4	(Figure	3.5	C)	in	comparison	with	plants	inoculated	with	its	parental	strain	and	with	

control	plants.	The	roots	observations	suggest	that	T.	virens	VOCs	may	be	implicated	in	lateral	root	

formation	of	maize	when	seeds	were	sown	in	the	sterile	soil	mix.	However,	further	analysis	of	root	

architecture	is	required	to	validate	this	observation.	
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Figure	3.5.	Lateral	root	formation	in	maize	plants	inoculated	with	Trichoderma	virens	 (Wt	and	
Δvir4).	(A)	Morphology	of	maize	seedlings	grown	 in	John	 Innes	soil	mix	at	12	dpi	with	T.	virens.	
Stereoscopic	observation	of	 the	primary	 root	 (close	 to	 the	seed)	of	un-inoculated	 (B)	 and	 roots	
inoculated	with	T.	virens	Wt	(C)	or	Dvir4	(D).		
	

3.4 Discussion	
	

This	work	 aimed	 to	 elucidate	 if	 the	deletion	of	T.	 virens	 vir4	 regulates	maize	 colonisation	or	

growth	 promotion.	 To	 achieve	 this,	 the	 vir4	 null	 mutant	 was	 used,	 and	 the	 results	 were	

compared	to	its	parental	strain.	A	significant	reduction	in	the	colonisation	percentage	of	the	T.	

virens	null	mutants	affecting	specialised	metabolism	when	seedlings	were	grown	in	John	Innes	

soil	mix,	in	comparison	to	seedlings	grown	under	hydroponic	conditions	has	been	reported	by	

Nogueria-Lopez	(unpublished).	Therefore,	the	ability	of	the	T.	virens	Δvir4	deletion	mutant	to	

colonise	maize	roots	was	assessed	under	both	conditions.	The	analyses	of	endophytism	for	both	

growth	systems	demonstrated	that	the	T.	virens	terpene	synthase	vir4	does	not	play	a	crucial	

role	 for	 maize	 roots	 colonisation	 under	 axenic	 conditions.	 These	 findings	 complement	 the	

results	reported	by	(Crutcher	et	al.	2013)	who	demonstrated	that	the	total	root	colonisation	of	

maize	plants	(in	sand:	soil	mix)	under	axenic	conditions	after	3	dpi	was	neither	diminished	or	

enhanced	by	the	deletion	of	vir4.	Confocal	microscopy	is	a	reliable	technique	that	has	been	used	
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to	study	colonisation	patterns	of	beneficial	(Chacon	et	al.	2007)	and	pathogenic	(Skibbe	et	al.	

2010;	Sanz-Martin	et	al.	2016)	plant-associated	fungi.	In	this	respect,	the	colonisation	of	tomato	

and	maize	roots	by	T.	harzianum	and	T.	virens	respectively	under	hydroponic	conditions	showed	

similarities	in	their	colonisation	patterns.	Trichoderma	spp.	typically	colonise	the	epidermis	and	

cortex	but	not	the	vascular	system.	Hyphae	persist	 in	both	inter-	and	intracellular	spaces	and	

extensively	 colonise	 the	 root	 surface	 (Chacon	 et	 al.	 2007;	 Nogueira-Lopez	 et	 al.	 2018).	 The	

confocal	 microscopy	 revealed	 that	 the	 vir4	 null	 mutant	 colonisation	 pattern	 resembled	 its	

parental	strain,	being	capable	of	predominantly	colonising	the	root	surface,	the	epidermis,	and	

cortical	cells	and	also	persisting	in	the	inter-	and	intracellular	spaces	of	the	maize	root	system.	

Both	 the	endophytism	and	microscopic	 analyses	demonstrated	 that	under	 sterile	 conditions,	

the	T.	virens	vir4	null	mutant	is	capable	of	colonising	the	maize	root	surface	as	well	as	internal	

tissues.		

	

VOCs	 emitted	 by	 Trichoderma	 spp.	 have	 been	 associated	 with	 its	 capability	 to	 survive	 in	

different	 ecosystems	 by	 competing	with	 other	microorganisms	 that	 inhabit	 the	 rhizosphere,	

displaying	 antifungal	 and	antibacterial	 properties	 and	 regulating	 fungal	 conidiation	 (Zeilinger	

and	Schuhmacher	2013).	Hence	a	further	question	 is	whether	VOCs	produced	by	the	terpene	

synthase	VIR4	confer	an	advantage	to	T.	virens	for	persisting	in	the	rhizosphere	and	successfully	

colonising	 plant	 roots.	 Volatile	 sesquiterpenes	 are	 thought	 to	 be	 the	 relevant	 belowground	

signalling	molecules	because	of	their	ability	to	diffuse	in	soil	(Hiltpold	and	Turlings	2008).	Thus,	

re-evaluating	 the	 colonisation	 of	 T.	 virens	 Dvir4	 under	 non-sterile	 soil	 conditions	 and	 a	

comparison	with	 its	parental	strain	will	allow	to	determine	whether	vir4-associated	VOCs	are	

relevant	during	the	establishment	of	symbiotic	interaction	in	nature.		

	

The	ability	of	Trichoderma	virens	to	colonise	maize	roots	can	be	significantly	influenced	by	the	

maize	inbred	lines	used	as	they	may	differ	in	the	levels	of	sucrose	exudation	(Vargas	et	al.	2009).	

Therefore,	 the	capability	of	T.	virens	Dvir4	 to	colonise	different	maize	 inbred	 lines	 should	be	

assessed	to	confirm	the	results	obtained	from	the	analyses	performed	in	this	chapter.		

	

Plant	 development	 is	 influenced	 by	 abiotic	 and	 biotic	 factors.	 Within	 biotic	 factors,	 the	

beneficial	microorganisms	 inhabiting	 the	 rhizosphere	 are	 capable	 of	 improving	 plant	 growth	

(Contreras-Cornejo	 et	 al.	 2009).	 Specifically,	 maize	 growth	 promotion	 by	 Trichoderma	 spp.	

occurs	by	enhancing	plant	biomass	and	root	hair	development,	higher	photosynthetic	rates	and	

improved	CO2	uptake	in	leaves	(Björkman	et	al.	1998;	Harman	et	al.	2004b;	Vargas	et	al.	2009).	
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In	many	cases	the	growth	promotion	properties	of	Trichoderma	spp.	have	been	associated	with	

the	emission	of	VOCs	(Garnica-Vergara	et	al.	2016;	Jalali	et	al.	2017;	Nieto-Jacobo	et	al.	2017)	

when	 the	 fungi	 and	 the	 plant	 are	 co-cultured	 in	 a	 closed	 system,	 using	 nutrient-rich	 culture	

media	and	without	direct	contact.	Therefore,	the	second	aim	of	this	chapter	was	to	evaluate	if	

T.	 virens	promote	 the	growth	of	maize	plants	and	assess	 if	 the	growth	promotion	properties	

could	be	attributed	to	the	VOCs	synthesized	by	the	terpene	synthase	vir4,	by	comparing	plant	

length	and	biomass	of	maize	seedlings	inoculated	with	the	vir4	null	mutant.		

	

The	 results	 from	 the	 growth	 promotion	 analyses	 were	 not	 conclusive	 since	 no	 significant	

differences	in	plant	growth	and	biomass	were	found	when	treated	plants	were	compared	with	

the	control	group	at	12	dpi.	Therefore,	it	was	not	possible	to	determine	if	T.	virens	VOCs	induced	

maize	growth	promotion	in	soil	conditions.	Similarly,	McKinnon	(2017)	showed	that	T.	atroviride	

did	not	induced	maize	growth	(of	the	same	inbred	line	use	in	this	research)	at	30	dpi,	using	as	a	

substrate	a	non-sterile	pasture	soil	with	river	sand	mix.	Contrary	to	this	findings,	Sanchez-Lopez	

et	al.	(2016)	showed	that	microbial	VOCs	significantly	increased	the	height	of	maize	plants	after	

40	d	 of	 continuous	VOCs	 exposure	 and	 that	 the	 growth	promotion	 effects	were	 significantly	

higher	 in	 comparison	with	 control	 plants	 after	 22	days	of	VOCs	exposure.	 These	 results	may	

suggest	 that	 longer	 periods	 of	 incubation	 of	maize	 plants	 inoculated	with	T.	 virens	 could	 be	

required	to	detect	growth	promotion	effects.	However,	the	experimental	setup	carried	out	by	

Sanchez-Lopez	et	al.	 (2016)	did	not	 involve	a	direct	 inoculation	of	 the	microorganisms	 in	 the	

maize	seed	or	rhizosphere.	Instead,	the	maize	plants	were	maintained	in	a	closed	system	and	

exposed	to	the	microbial	VOCs	when	the	microorganisms	grown	in	nutrient-rich	culture	media.	

Recently,	Schenkel	et	al.	(2018)	proved	that	the	VOCs	profiles	emitted	by	Fusarium	spp.	grown	

on	 nutrient-rich	 culture	 media	 differed	 drastically	 from	 those	 emitted	 in	 soil.	 Therefore,	

additional	research	on	Trichoderma	spp.	VOCs	profiles	in	the	soil	are	required	to	explore	further	

growth	 promotion	 effects	 induced	 by	microbial	 VOCs	 in	 conditions	 that	 better	 resemble	 the	

natural	environment	of	the	symbiotic	interactions.		

	

The	growth	promotion	effect	of	T.	virens	has	been	tested	in	other	plants	besides	maize.	Ramirez-

Valdespino	et	al.	(2018a)	reported	that	the	inoculation	of	tomato	plants	with	T.	virens	Gv29.8	

did	 not	 promote	or	 reduce	 tomato	 growth	 after	 3	 or	 6	weeks	 post-inoculation	 in	 sterile	 soil	

conditions.	However,	the	overexpression	of	the	p450	monooxygenase	TvCyt2	associated	with	

the	secretion	of	T.	virens	specialised	metabolites	enhanced	primary	root	length,	total	plant	fresh	

weight	 and	 the	 number,	 length,	 and	 area	 of	 tomato	 leaves.	 Interestingly,	 the	 TvCyt2	



	

86	

overexpressing	 strain	 produced	 five	 terpene-like	 molecules	 that	 were	 present	 in	 barely	

detectable	amounts	or	even	absent	in	the	Wt.	Hence	the	creation	and	functional	characterisation	

of	a	T.	virens	vir4	overexpressing	mutant	will	 facilitate	an	evaluation	of	whether	vir4-associated	

VOCs	are	involved	in	plant	growth	promotion.	Because	growth	promotion	capability	of	Trichoderma	

spp.	seems	to	be	different	between	plant	species,	the	evaluation	of	the	T.	virens	VOCs	as	inducers	

of	plant	growth	in	different	plants	by	using	a	T.	virens	vir4	overexpressing	mutant	will	provide	a	

deeper	insight	in	the	putative	role	of	T.	virens	VOCs	in	plant	fitness.	

	

Plant	root	system	architecture	is	fundamental	for	nutrient	acquisition	and	water	uptake	(Husakova	

et	al.	2013),	and	it	can	be	modified	by	volatile	terpenes	produced	by	plant-associated	beneficial	

microorganisms	such	as	mycorrhiza	(Ditengou	et	al.	2015).	The	observation	of	the	first	2	cm	of	the	

primary	maize	root	nearest	to	the	seed	[known	to	be	the	primary	colonisation	area	for	T.	virens	

(Lawry	2016)],	suggested	that	the	deletion	of	vir4	negatively	impacted	lateral	root	development	in	

maize.	However,	 these	 findings	 should	be	 further	evaluated.	 The	 commercial	 software	package	

WinRHIZO	 4.1,	was	 used	 by	McKinnon	 (2017)	 to	 analyse	 the	 effect	 of	 different	 fungal	 isolates,	

including	T.	atroviride	on	maize	root	architecture.	The	 implementation	of	the	same	analysis	will	

provide	additional	 information	to	the	putative	role	of	T.	virens	vir4	as	an	 inducer	of	 lateral	root	

formation	and	provide	quantitative	data	that	will	allow	statistical	analysis.		

	

3.5 Conclusions	
	

During	the	T.	virens-maize	interaction,	a	vast	array	of	specialised-metabolism	related	genes	are	up-

regulated,	including	the	terpene	synthase	vir4		(Lawry	2016).	The	combination	of	the	colonisation	

bioassays	 coupled	 with	 confocal	 microscopy	 was	 suitable	 to	 demonstrate	 the	 maize	 root	

colonisation	by	T.	virens	and	show	that	the	T.	virens	vir4	did	not	play	a	crucial	role	in	maize	roots	

colonisation	 under	 axenic	 conditions.	 In	 addition,	 under	 the	 conditions	 tested,	 no	 growth	

promotion	effect	was	observed	 in	any	T.	virens	 (Wt	and	Δvir4)	 treatment.	However,	 the	 role	of	

Δvir4	 in	plant	 colonisation	and	growth	promotion	 in	non-sterile	 soil	 remains	 to	be	determined.	

Further	 studies	 are	 required	 using	 a	 T.	 virens	 vir4	 overexpressing	 mutant	 to	 evaluate	 if	 vir4-

associated	VOCs	may	influence	plant	growth	and	lateral	root	development.	
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4 Untargeted	metabolic	fingerprinting	of	the	T.	virens-maize	interaction:	
analysis	of	local	and	systemic	tissue		

 

4.1 Introduction	
 
Within	 the	 complex	 interactions	 that	 occur	 in	 the	 rhizosphere,	 interkingdom	 communication	

between	plants	and	microorganisms	 is	regulated	among	others	by	the	production	of	specialised	

metabolites	 that	 permit	 the	 establishment	 of	 beneficial	 or	 pathogenic	 interactions.	 The	 use	 of	

omics	technologies	(transcriptomics,	proteomics	and	metabolomics)	has	partially	characterised	the	

interactions	 between	 beneficial	microorganisms	 and	 plants,	 including	 the	 interactions	 between	

Trichoderma	with	their	hosts.	Overall	the	Trichoderma-plant	interaction	involves	the	modulation	

of	a)	gene	expression	from	both	organisms	(Moran-Diez	et	al.	2012;	Brotman	et	al.	2013;	Morán-

Diez	et	al.	2015;	De	Palma	et	al.	2019),	b)	protein	secretion	(Shoresh	and	Harman	2008;	Nogueira-

Lopez	et	al.	2018)	and	c)	the	plant	metabolome	(Yedidia	et	al.	2003;	Brotman	et	al.	2012;	Brotman	

et	al.	2013;	Vinci	et	al.	2018;	Coppola	et	al.	2019).	Within	omics,	the	most	widely	used	technique	

for	the	study	of	Trichoderma-plant	interactions	has	been	transcriptomics,	but	the	use	of	proteomics	

and/or	metabolomics	is	increasing.	Metabolomics	provide	the	most	functional	information	(Fiehn	

et	al.	2000),	as	it	gives	an	overview	of	the	biochemical	activity	of	the	biological	system	under	study	

as	a	response	to	biotic	or	abiotic	stimuli	(Wolfender	et	al.	2013).		

	

4.1.1 Metabolomics	and	plant-microbe	interactions	
 

The	 aim	 of	 metabolomics	 is	 the	 analysis	 of	 the	 complete	 set	 of	 metabolites	 (biochemical	

phenotype)	synthesised	by	a	cell,	tissue	or	organism	under	specific	conditions	(Griffiths	et	al.	2007;	

Bundy	et	al.	2008;	Balmer	et	al.	2013;	Wolfender	et	al.	2013).	Plants	produce	a	broad	spectrum	of	

metabolites	of	different	chemical	classes	 that	comprise	around	200,000	metabolites	 (Dixon	and	

Strack	2003),	including	both	primary	(crucial	to	sustaining	life)	and	specialised	(non-essential	but	

required	 for	 survival	 in	a	given	environment)	metabolites.	Although	 specialised	metabolites	are	

non-essential	for	normal	growth	or	development	(Grotewold	2005),	these	compounds	are	involved	

in	signalling	processes	and	plant	defence	(Wink	2003).		

 
The	chemical	composition	of	plants,	also	known	as	the	phytometabolome,	fluctuates	as	a	response	

to	 biotic	 and	 abiotic	 factors	 (Schweiger	 et	 al.	 2014),	 and	 its	 study	 involves	 the	 application	 of	

targeted	 and	 untargeted	 approaches.	 In	 metabolomics,	 the	 selection	 of	 the	 analytical	 method	
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depends	on	the	research	question;	while	targeted	metabolomics	identifies	and	quantifies	already	

known	metabolites,	untargeted	metabolic	fingerprinting	allows	the	generation	and	comparison	of	

metabolic	 phenotypes	 that	 fluctuate	 in	 a	 given	 biological	 system,	 rather	 than	 metabolite	

identification	(Wolfender	et	al.	2013).		

	

The	 application	 of	 metabolomics	 to	 study	 the	 beneficial	 interaction	 between	 plants	 and	

microorganisms	and	the	use	of	agriculturally	relevant	plant	models	has	recently	increased.	Studies	

of	 the	beneficial	 interaction	between	arbuscular	mycorrhizal	 fungi	 (AMF)	and	plants,	have	been	

mainly	performed	by	the	application	of	targeted	metabolomics	approaches,	and	have	unravelled	

systemic	plant	 responses	mediated	by	AMF	colonisation	(Schweiger	and	Müller	2015).	Targeted	

metabolomics	 of	 AMF-plants	 has	 shown	 that	 the	 interaction	 modulates	 the	 host´s	 primary	

metabolism	 but	 also	 modifies	 the	 composition	 and	 concentration	 of	 specialised	 metabolites	

(Subramanian	and	Charest	1995;	Ceccarelli	et	al.	2010;	Andrade	et	al.	2013;	Wu	et	al.	2013).	The	

first	 report	 that	 provided	 an	 overview	 of	 the	 modulation	 of	 plants-systemic	 tissue	 after	 AMF	

colonisation,	 by	 using	 targeted	 metabolomics	 to	 measure	 carbohydrate,	 organic	 acids,	 sugar	

alcohols	and	amino	acids	content,	and	coupling	it	with	an	untargeted	metabolic	fingerprinting	was	

by	 Schweiger	 et	 al.	 (2014),which	 demonstrated	 that	 the	 integration	of	metabolic	 profiling	with	

targeted	approaches	increased	the	metabolic	coverage	and	provided	a	comprehensive	overview	of	

the	metabolic	modulation	of	plant	metabolism	triggered	by	symbiotic	interactions.	

	

4.1.1.1 Trichoderma-plant	interactions:	targeted	and	untargeted	metabolomics	
 

The	 use	 of	 metabolomics	 to	 study	 Trichoderma-plant	 interactions	 has	 been	 carried	 out	 using	

targeted	 and	 untargeted	 approaches.	 Overall,	 Trichoderma	 spp.	 root	 colonisation	 has	 a	 direct	

impact	on	the	content	of	phytohormones,	soluble	sugars,	amino	acids,	phenolic	compounds,	citric	

cycle	intermediates	and	polyamines	in	the	host	(Yedidia	et	al.	2003;	Brotman	et	al.	2012;	Vinci	et	

al.	2018).	The	direct	effect	of	Trichoderma	spp.	specialised	metabolites	on	the	host	metabolome	

has	 also	 been	 tested.	 Mazzei	 et	 al.	 (2016)	 analysed	 the	 metabolome	 modulation	 of	 tomato-

systemic	 tissue	after	being	exposed	 to	 the	 specialised	metabolites	6-pentyl-α-pyrone	 (6PP)	 and	

harzianic	 acid	 isolated	 from	 T.	 atroviride	 P1	 and	 T.	 harzianum	 M10,	 respectively.	 The	 results	

revealed	 significant	 differences	 in	 the	 content	 of	 amino	 acids,	 sugars,	 GABA,	 acetylcholine	 and	

other	metabolites,	and	they	concluded	that	metabolome	modulation	was	dose-dependent	for	both	

compounds.	
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Modulation	of	the	maize	aerial	tissue	metabolome	following	Trichoderma	root	colonisation,	and	

the	 influence	 of	 fertilisers	 applied	 in	 the	 soil,	 has	 been	 evaluated	 by	 (Vinci	 et	 al.	 2018),	 who	

demonstrated	that	the	maize	leaf	primary	metabolism	and	the	total	phosphorus	(P)	and	nitrogen	

(N)	content,	were	modulated	by	two	factors	a)	the	presence	of	T.	harzianum	in	the	rhizosphere	and	

b)	the	application	of	phosphate-fertilisers.	The	study	concluded	that	combining	the	application	of	

organic	 phosphate-fertilisers	 to	 the	 soil	 and	 the	 inoculation	 of	 maize	 roots	 with	 T.	 harzianum	

significantly	increased	leaf	P,	N	and	chlorophyll	content.		

	

The	application	of	untargeted	and	targeted	metabolomics	approaches	coupled	with	transcriptome	

analyses	of	the	tripartite	interaction	between	tomato	plants,	T.	harzianum	and	aphids	was	recently	

assessed	 by	 Coppola	 et	 al.	 (2019)	 who	 demonstrated	 that	 T.	 harzianum	 modulated	 the	 gene	

expression	and	the	phytometabolome	of	tomato,	by	promoting	endogenous	plant	defences	after	

aphid	 infestation.	Overall	 the	presence	of	T.	harzianum	 in	 the	tomato	rhizosphere	modified	the	

phloem	 sap	 metabolome,	 the	 regulation	 of	 phytohormones	 balance	 and	 likely	 improved	 the	

crosstalk	 with	 natural	 aphid	 enemies	 via	 salicylate	 derivates	 and	 terpenes.	 Despite	 the	

Trichoderma-plant	 metabolomics	 analyses	 that	 have	 been	 carried	 out,	 the	 metabolic	 events	

activated	in	plants	as	a	response	to	Trichoderma	colonisation	are	not	fully	understood.	

	

4.2 Untargeted	phytometabolomics:	methods,	challenges	and	limitations	
 
The	 analytical	 platforms	 currently	 available	 are	 not	 robust	 enough	 to	 uncover	 the	 chemical	

complexity	of	plant	metabolomes,	as	they	are	incapable	of	monitoring,	identifying	and	quantifying	

all	metabolites	present	 in	a	given	 sample.	Consequently,	 the	combination	of	multiple	analytical	

approaches	 is	 ideal	 to	 obtain	 complete	 metabolic	 profiles	 (Dunn	 2008).	 In	 this	 regard,	

complementing	 the	available	 information	generated	 from	targeted	approaches	with	untargeted	

metabolic	fingerprinting	provides	more	information	about	how	the	plant	metabolomes	responds	

to	different	biotic	and	abiotic	conditions.	

	

The	 generation	 of	metabolic	 fingerprinting	 can	 be	 carried	 out	 by	 Nuclear	Magnetic	 Resonance	

(NMR)	and	Mass	Spectra	(MS)	-based	metabolomics.	NMR-based	metabolomics	is	characterised	by	

the	analysis	of	crude	plant	extracts,	which	do	not	require	a	chromatographic	separation	or	specific	

sample	preparation,	and	this	is	a	very	useful	analytical	tool	to	decipher	the	chemical	structure	of	

metabolites.	 Nevertheless,	 its	main	 limitations	 include	 its	 low	 sensitivity	 and	 the	 difficulties	 in	

detecting	the	least	abundant	compounds	in	a	given	sample	(Wolfender	et	al.	2013).	Contrary	to	
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NMR,	MS-based	metabolomics	facilitates	the	detection	of	most	metabolites	with	high	sensitivity		

(Hall	2006).	It	can	be	performed	either	by	directly	injecting	samples	into	the	mass	spectrometer,	or	

samples	 can	 be	 separated	 before	 injection	 by	 capillary	 electrophoresis	 or	 liquid	 or	 gas	

chromatography	 (CE-MS,	 LC-MS,	 and	 GC-MS).	 To	 achieve	 a	 more	 prominent	 coverage	 of	 the	

metabolic	features	detected	by	MS-based	metabolomics	and	to	obtain	high	mass	accuracies,	the	

use	 of	 high-resolution	mass	 analysers	 [time-of-flight	 (TOF)],	Orbitraps	 or	 Fourier	 Transform	 Ion	

Cyclotron	Resonance	(FTICR)	is	recommended	(Wolfender	et	al.	2013).		

	

Metabolomics	provide	large	and	complex	datasets;	therefore,	accurate	data	processing,	statistical	

analysis,	and	suitable	data	storage	formats	are	required	(Allwood	et	al.	2008;	Issaq	et	al.	2009).	The	

usual	workflow	includes	the	pre-processing	and	pre-treatment	of	the	raw	data,	variable	selection,	

modelling	of	the	data	and	statistical	validation;	data	analysis	depends	on	the	instrument	used	and	

on	the	scientific	questions	asked	(Wolfender	et	al.	2013).	Apart	from	the	complexity	of	data	analysis	

and	interpretation,	one	of	the	main	limitations	of	plant	metabolomics	is	metabolite	identification.	

This	 limitation	 is	 associated	 with	 the	 species-specificity	 of	 plant	 metabolites	 and	 with	 the	

unavailability	of	complete	plant-metabolite	databases.	Despite	its	limitations,	metabolic	profiling	

has	yielded	significant	new	biological	knowledge	(Wolfender	et	al.	2013).		

	

Despite	the	available	information	on	Trichoderma-plant	interactions	generated	through	targeted	

and	untargeted	metabolomics,	 the	 role	of	Trichoderma	 spp.	 specialised	metabolites	as	putative	

modulators	of	 the	plant	root	and	shoot	metabolome,	by	using	null	mutants	affected	on	volatile	

terpenes	biosynthesis,	has	not	been	explored	yet.		To	fill	this	research	gap,	this	chapter	aimed	to	

elucidate	 if	 T.	 virens	 vir4-associated	 VOCs	 differentially	 regulate	 the	 maize	 metabolome.	

Furthermore,	this	chapter	also	aimed	to	evaluate	if	the	deletion	of	the	T.	virens	terpene	synthase	

vir4	 indirectly	 impacts	 the	 chemical	 composition	 of	 T.	 virens,	 by	 analysing	 fungal	 mycelia	 and	

supernatant	extracts.	
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4.3 Materials	and	Methods	
	

To	uncover	the	phytometabolome	modulation	of	maize	plants	during	their	interaction	with	T.	virens	

(Wt	and	Dvir4),	two	main	experiments	were	carried	out.	Firstly,	the	local	response	of	maize	roots	

triggered	 by	 fungal	 colonisation	 was	 evaluated	 when	 maize	 seedlings	 growth	 under	 axenic	

hydroponic	conditions.	The	metabolic	profile	of	T.	virens	(Wt	and	Dvir4)	mycelia	and	the	secreted	

fraction	were	also	analysed.	The	second	experiment	was	the	analysis	of	the	systemic	response	of	

maize	tissue	to	fungal-root	colonisation;	 in	this	case,	seeds	were	sown	in	gamma-radiated	John-

Innes	soil	mix.	Both	experiments	were	carried	out	using	a	randomised	complete	block	design.	

	

Before	inoculation,	maize	seeds	were	surface	sterilised	as	indicated	in	section	3.2.1.	The	T.	virens	

inoculum	was	prepared	 according	 to	 section	3.2.1.1,	 and	 then	 seeds	were	 inoculated	with	 a	T.	

virens	(Wt	orDvir4)	conidial	suspension	containing	1x106	conidia	as	described	in	section	3.2.1.2.	

 

4.3.1 Sample	preparation	for	the	metabolic	fingerprinting	of	the	T.	virens-	maize	roots	
interaction	

 

4.3.1.1 Sample	preparation	for	maize	roots	metabolic	fingerprinting		

Inoculated	 maize	 seeds	 were	 maintained	 under	 hydroponic	 growth	 conditions	 as	 described	 in	

section	3.2.1.3.	Un-inoculated	 seedlings	were	used	 as	 control.	 Five	days	post-inoculation,	 roots	

were	carefully	excised,	cotton	fragments	were	removed,	and	plant	tissue	was	immediately	frozen	

in	 liquid	nitrogen.	Roots	were	stored	at	 -80°C	until	all	plants	were	sampled.	Root	samples	were	

freeze-dried	(Thermo	Savant	Micro	Modulyo-115,	Thermo	Fisher	Scientific,	USA),	and	then	ground	

at	1,000	rpm	until	a	fine	powder	was	obtained	(1600	Mini6,	SPEX	SamplePrep,	USA).	Ten	biological	

replicates	for	each	treatment	were	used.		

4.3.1.2 Sample	preparation	for	T.	virens	(Wt	and	Dvir4)	mycelia	and	secreted	fraction	
metabolic	fingerprinting	

 

Conidial	 suspensions	 of	 T.	 virens	 (Wt	 and	Δvir4)	 were	 obtained	 and	 quantified	 as	 indicated	 in	

section	2.2.3.1	and	5	µL	conidial	suspensions	containing	1x10
6	

conidia	were	inoculated	into	100	mL	

sterile	flasks,	previously	washed	with	HCl	0.6	M	and	sterile	nanopure	water.	Sterile	flasks	were	filled	

with	50	mL	of	Hoagland´s	solution	basal	salt	no.	2	(Sigma-Aldrich)	supplemented	with	0.5%	sucrose.	

Flasks	were	incubated	at	25°C	under	constant	shaking	(150	rpm)	(Orbital	Mixer	Incubator,	Australia)	
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using	a	randomised	complete	block	design.	After	72	h	of	incubation,	samples	were	filtered	using	

two	layers	of	sterile	Miracloth	to	separate	the	mycelia	from	the	secreted	fraction,	and	then	the	

secreted	fraction	was	filtered	through	a	0.2	µL	membrane	(GVS	Filter	Technology,	UK)	and	both	

samples	were	stored	at	-80°C.	Mycelia	and	supernatant	were	freeze-dried	(Thermo	Savant	Micro	

Modulyo-115,	Thermo	Fisher	Scientific,	USA),	and	then	fungal	tissue	was	ground	at	1,000	rpm	until	

a	 fine	powder	was	obtained	 (1600	Mini6,	 SPEX	SamplePrep,	USA).	Un-inoculated	 sterile	 culture	

media	was	used	as	a	control.		

4.3.2 Sample	preparation	for	the	metabolic	fingerprinting	of	maize	leaves	during	the	T.	
virens-	maize	roots	interaction	

Maize	seeds	were	surface	sterilised	and	inoculated	with	T.	virens	(Wt	and	Δvir4)	conidial	suspension	

and	then	sown	into	50	mL	falcon	tubes	pre-filled	with	45	g	of	sterile	and	hydrated	John-Innes	soil	

mix	as	described	in	section	3.2.1.2.	Tubes	were	collocated	inside	sterile	cereal	boxes	and	incubated	

at	25°C	under	a	16	h	light	and	8	h	dark	cycle	and	relative	humidity	of	80°C	in	the	Biotron.	The	aerial	

tissue	above	the	node	was	excised	from	5,	6	and	7	d	old	maize	seedlings	and	immediately	frozen	in	

liquid	nitrogen,	and	then	stored	at	-80°C	until	all	plants	were	sampled.	Frozen	leaves	were	freeze	

dried	and	ground	at	1,000	rpm	until	a	fine	powder	was	obtained	(1600	Mini6,	SPEX	SamplePrep,	

USA).	Ten	biological	replicates	for	each	time	point	tested	were	used.	Un-inoculated	plants	were	

used	as	the	controls.		

4.3.3 Metabolic	fingerprinting	analyses	

4.3.3.1 Sample	preparation	

For	metabolic	fingerprinting	4,	6	and	10	mg	(±0.1	mg)	of	dried	and	ground	roots,	mycelia	and	leaf	

material	 were	 used	 respectively.	 For	 the	 fungal	 secreted	 fraction	 analysis,	 all	 dried	 material	

generated	from	the	50	mL	cultures	was	used.	Root,	mycelia,	supernatant,	and	leaf	material	were	

extracted	threefold	in	150	µL,	50	µL,	200	µL	and	300	µL	of	90%	iced-cold	methanol	(LC-MS	grade)	

(Sigma-Aldrich,	USA),	 containing	 0.5	mg/100	mL	 of	 hydrocortisone	 (>98%,	 Sigma-Aldrich)	 as	 an	

internal	standard	(pH	7),	respectively.		

Samples	were	homogenised	by	vortexing	for	5	s,	followed	by	an	additional	vortex	round	of	5	min,	

then	centrifuged	for	10	min	at	13,	200	rpm	at	4°C.	The	total	volume	of	supernatant	recovered	was	

then	filtered	into	an	autosampler	vial	with	glass	insert	using	a	0.2	µm	filter	(Phenomenex,	USA).	Per	

type	of	sample	(roots,	mycelia,	fungal	culture	supernatants),	3-4	blanks	were	prepared	as	well.	
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4.3.3.2 UHPLC-DAD-ESI--QTOF-MS/MS	sample	measurement		

Samples	and	blanks	were	analysed	via	ultra-high	performance	liquid	chromatography	coupled	to	

diode	array	detection	and	quadrupole	time	of	flight	mass	spectrometry	(;	UHPLC:Dionex	UltiMate	

3000,	Thermo	Fisher	Scientific,	USA;	QTOF:	compact,	Bruker	Daltonics,	Germany).	The	sample	tray	

was	maintained	at	5	°C,	and	injection	volumes	were	3	µl	for	leaf,	root	and	supernatant	samples	and	

4	µl	for	mycelia	samples.	Compounds	were	separated	at	45	°C	on	a	Kinetex	XB-C18	column	(1.7µm,	

150	x	2.1	mm,	with	a	pre-column,	Phenomenex,	USA).	Separation	was	operated	using	a	multi-step	

gradient	 from	 eluent	 A	 [0.1%	 formic	 acid	 (eluent	 additive	 for	 LC-MS,	 »98%,	 Sigma-Aldrich)	 in	

Millipore-H2O]	 to	 eluent	 B	 [0.1%	 formic	 acid	 in	 acetonitrile	 (LC-MS	 grade,	 Fisher	 Scientific,	

Loughborough,	UK)]	using	a	 flow	rate	of	0.5	mL	min-1	 :	2%	B	to	30%	B	within	20	min.	This	was	

followed	by	30%	B	to	75%	B	within	9	min,	continuing	with	column	washing	and	equilibration.	DAD	

spectra	 (210-400	nm)	as	well	 as	mass	 line	 spectra	 (negative	electrospray	 ionization	mode,	8	Hz	

spectra	rate,	50-1500	m/z	both	in	MS	and	MS/MS	mode)	were	recorded.	The	parameters	were:	

end	plate	offset:	500	V,	capillary	voltage:	3000v,	nebulizer	(N2)	pressure:	3	bar,	dry	gas	(N2)	flow	

and	temperature:	12	L	min-1	at	275	ºC,	quadrupole	ion	energy:	4	eV,	low	mass:	90	m/z,	collision	

energy:	7	eV,	transfer	time:	100	µs,	pre-pulse	storage:	5	µs.	Auto	MS/MS	was	carried	out	using	N2	

as	 the	 collision	 gas,	 and	 the	 following	 settings	 were	 applied:	 50-1500	 m/z,	 precursor	 ions:	 3,	

absolute	 threshold:	1980	counts,	no	charge	state	 restrictions,	active	precursor	exclusion	after	2	

spectra,	precursor	reconsideration	after	0.2	min,	in	case	the	current	intensity	was	at	least	3x	higher	

than	 the	 one	 which	 precedes	 it,	 and	 smart	 exclusion	 with	 a	 threshold	 of	 3	 (current/previous	

intensity).	 Isolation	width	 and	 collision	 energies	were	 from	8	Da	 and	 25	 eV,	 respectively.	 A	Na	

(HCOO)-based	calibration	solution	was	injected	into	the	ESI	sprayer	before	each	sample	to	perform	

mass	axis	recalibration.	

4.3.3.3 Data	analysis	

Mass	axis	recalibration	was	done	individually	for	each	sample.	Picking	of	molecular	features	and	

spectral	 background	 subtraction	 were	 performed	 using	 the	 Find	 Molecular	 Features	 (FMF)	

algorithm	 in	Compass	DataAnalysis	4.4	 (Bruker	Daltonics,	Germany)	with	 the	 following	settings:	

signal-to-noise	ratio	of	3,	correlation	coefficient	threshold	of	0.75,	minimum	compound	length	of	

25	 (root),	 30	 (mycelia,	 supernatant,	 and	 leaf),	 smoothing	 width	 of	 7	 for	 roots,	 mycelia	 and	

supernatant	 and	 9	 for	 leaf	 samples,	 allowing	 common	 adducts	 and	 neutral	 losses	 for	 bucket	

generation	 ([M-H]-,	 [M-	 H2O-H]-,	 [M+HCOOH-H]-,	 [M+CH3COOH-H]-,	 [M+Cl]-,	 [2M-H]-,	

[2M+HCOOH-H]-,	 [2M+CH3COOH-H]-	 and	 [3M-H]-).	 Features	 were	 aligned	 across	 samples	 with	

Compass	ProfileAnalysis	2.3	(Bruker,	Daltonics,	Germany),	allowing	deviations	of	0.1	min	(retention	
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time)	and	5	mDa	(m/z),	and	using	the	m/z	with	the	highest	intensity	as	the	bucketing	basis.	The	

peak	 heights	 of	 the	 features	 (each	 characterized	 by	 a	 retention	 time	 and	 a	 m/z	 ratio)	 were	

normalised	 to	 the	peak	heights	of	 the	 formic	acid	adduct	of	hydrocortisone.	Two	 filtering	steps	

were	applied	separately	for	each	data	set	(roots,	mycelia,	fungal	culture	supernatants	and	leaves).	

A	feature	was	maintained	in	the	data	set	if	the	compound	mean	intensity	in	at	least	one	treatment	

group	was	more	than	50X	higher	than	the	mean	in	the	blanks,	and	if	the	compound	occurred	in	at	

least	half	of	the	replicates	of	at	least	one	group.	For	supernatant	samples,	those	features	present	

in	un-inoculated	culture	media	were	left	out.	Data	were	normalised	to	dry	weights	of	the	samples	

(except	 for	 the	 supernatant	 samples).	 For	 each	 data	 set,	 a	 principal	 component	 analysis	 was	

performed	using	R	3.4.1	(R	Core	Team	2017,	https://www.r-project.org/).	For	the	PCA,	zeros	were	

replaced	by	small	random	numbers	(10
-13

	to	10
-12

)	and	data	autoscaled	(i.	e.,	mean	centering	and	

scaling	 to	 unit	 variance).	 For	 further	 selected	 pairwise	 group	 comparisons,	 only	 those	 features	

which	 occurred	 in	 at	 least	 half	 of	 the	 samples	 of	 at	 least	 one	 treatment	 group	were	 retained.	

Volcano	plots	were	plotted	in	Matlab	(7.10.0.499;	The	Mathworks	Inc.,	USA)	based	on	fold	changes	

of	features	(i.e.,	mean	intensities	in	the	treatment	group	divided	by	mean	intensities	in	the	control	

group),	and	P	values	resultant	from	Mann-Whitney	U-tests. For	features	that	only	occurred	in	one	
of	 the	 treatment	 groups,	 fold	 changes	were	 set	 to	 the	maximum	 fold	 change	 (for	 decrease	 or	

increase)	observed	 in	the	corresponding	data	set.	Χ²-tests	were	performed	 in	R	to	compare	the	

numbers	of	features	decreased	versus	increased	in	pool	size.	Venn	diagrams	were	generated	in	R	

software	using	the	gplots	package.		

4.3.3.4 Compound	Identification	

For	putative	compound	identification,	the	metabolic	features	for	which	intensities	were	modulated	

(P	<	0.05	in	Mann	Whitney	U-test:	fold	change	<	0.5	or	>	2)	by	T.	virens	colonisation	in	roots	and	

leaf	samples	were	chosen.	The	selection	of	modulated	metabolic	features	was	based	on	the	Venn	

diagram	data	generated,	by	choosing	those	which	represented	general	and	specific	responses	to	

each	genotype.	For	identification	of	metabolites	in	the	colonized	roots,	the	annotation	tools	of	Data	

Analysis	4.4	and	MetaboScape	2.0	(Bruker	Daltonics)	were	used.	Molecular	formulas	of	parent	ions	

and	 fragments	were	generated	using	Smart	Formula	3D	and	 ranked	according	 to	 their	m/z	and	

isotope	pattern	fit.	For	the	most	likely	formulas,	suggestions	for	structural	formulas	were	derived	

from	Compound	Crawler	and	in-silico	fragmentation	and	matching	against	the	MassBank	of	North	

America	 (http://mona.fiehnlab.ucdavis.edu/)	 in	 MetFrag	 (Ruttkies	 et	 al.	 2016).	 The	 putative	

classification	of	the	metabolic	features	of	interest	into	chemical	classes	was	done	by	combining	the	

sum	formulas	previously	determined,	and	the	chemical	structures	obtained	from	the	databases,	
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according	to	Irchhaiya	(2014)	and	Kabera	et	al.	(2014).	Moreover,	dominant	ion	types,	m/z,	isotopic	

patterns,	retention	times,	UV/VIS	spectra	and	MS/MS	spectra	were	matched	against	an	in-house	

benzoxazinoid	database	that	were	measured	under	the	same	conditions.		

To	 screen	 for	 metabolic	 features	 having	 significantly	 different	 intensities	 between	 treatment	

groups,	some	putatively	identified	metabolites	were	selected	for	the	analyses,	a	Kruskal-Wallis	test	

was	performed	using	R	software;	when	the	overall	Kruskal-Wallis	test	was	significant,	a	post	hoc	

Kruskalmc	test	was	computed	on	R	software	to	determine	which	groups	differed.	

4.4 Results	
 
To	 study	 the	 T.	 virens-maize	 interaction,	 an	 untargeted	 metabolic	 fingerprinting	 approach	 via	

UHPLC-DAD-QTOF-MS/MS	 of	 local	 and	 systemic	 maize	 tissue	 was	 performed.	 Additionally,	 to	

assesses	 differences	 in	 the	 fungal	 metabolome,	 an	 untargeted	 metabolic	 fingerprinting	 of	 the	

mycelia	and	supernatant	extracts	of	both	T.	virens	genotypes	used	(Wt	and	∆vir4)	was	carried	out.	

The	results	derived	from	all	the	analyses	are	described	in	the	following	sections.	

	

4.4.1 Maize	root	metabolome	is	differently	modulated	by	T.	virens	Wt	and	∆vir4	

The	analysis	of	root	samples	permitted	the	detection	of	a	total	of	512	different	metabolic	features	

during	the	interaction	of	maize	roots	with	T.	virens,	including,	256	features	present	in	the	control	

plants.	In	T.	virens	treated	plants	(Wt	and	∆vir4)	377	and	345	features	were	detected,	respectively.	

Based	on	retention	times	and	peak	areas,	a	data	matrix	was	created	to	compare	the	treatments	by	

principal	 component	 analysis	 (PCA).	 The	 total	 variance	 explained	 by	 both	 axes	 (PC1	 and	 PC2)	

showed	37%	variability	among	treatments.	A	prominent	distribution	of	metabolic	phenotypes	was	

observed	 between	 treated	 and	 untreated	maize	 roots.	 The	metabolic	 profile	 of	 each	 T.	 virens	

treatment	 (Wt	and	∆vir4)	was	also	separately	clustered	from	each	other,	shown	by	axis	2	 (PC2)	

(Figure	4.1).	
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Figure	4.1.	Trichoderma	virens	modulates	maize	roots	metabolome.	Metabolic	profile	of	maize	

roots	inoculated	with	T.	virens	(Wt	and	∆vir4)	and	un-inoculated	roots	(C)	by	principal	component	

analysis	(PCA).	Total	variance	explained	by	the	first	two	PCs	in	brackets.	Median	scores	are	shown	

as	larger	symbols	for	each	treatment.	Groups	surrounded	by	convex	hulls.		
	

For	 the	 detection	 of	 differences	 in	 the	 metabolic	 profile	 of	 roots	 from	 T.	 virens	 treated	 and	

untreated	plants,	and	to	highlight	the	modulated	metabolic	features	induced	by	T.	virens	(Wt	and	

∆vir4)	 in	 comparison	 to	 the	 controls,	 two	 thresholds	 (Mann-Whitney	 U-test,	 P	 <	 0.05	 and	 fold	

change	of	 <	0.5	or	 >	2	 for	decreased	or	 increased	metabolites,	 respectively)	were	used	 for	 the	

generation	of	 the	volcano	plots.	The	 responsiveness	 (percentage	of	modulated	compared	 to	all	

features)	of	decreased	maize-roots	metabolic	features	was	similar	between	T.	virens	Wt	and	the	

∆vir4	deletion	mutant	 (12%).	Responsiveness	of	46%	and	40%	of	 increased	modulated	 features	

(given	by	both	plant	and	fungal	features)	was	found	for	T.	virens	Wt	and	∆vir4,	respectively	(Figure	

4.2	A).	The	results	derived	from	the	volcano	plots	revealed	that	a	strong	modulation	of	the	maize	

root	metabolome	occurs	as	a	result	of	the	T.	virens	(Wt	and	∆vir4)	colonisation.	The	modulated	

(decreased	and	increased)	metabolic	features	induced	by	both	T.	virens	genotypes	were	compared	

with	Venn-diagrams	and	revealed	that	 there	was	a	general	 response	of	maize	roots	 to	T.	virens	

colonisation,	 independently	 of	 the	 genotype.	 Interestingly,	 specific	 responses	 corresponding	 to	

both	increased	and	decreased	modulated	features	were	detected	for	each	T.	virens	genotype.	From	

all	modulated	features,	7	(decreased)	and	39	(increased)	were	specific	for	T.	virens	∆vir4	(Figure	4.2	

B).	
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Figure	4.2.	Maize	root	metabolome	is	modulated	by	T.	virens	in	a	genotype-dependent	manner.	
(A)	Metabolic	features	modulated	by	T.	virens	(Wt	or	∆vir4,	respectively)	shown	as	coloured	circles	
outside	the	cutoff-lines	in	volcano	plots.	Features	in	the	left	part	of	the	plot	had	lower	intensities	

in	T.	virens-inoculated	compared	to	un-inoculated	plants,	whereas	those	in	the	right	part	had	higher	

intensities.	 Purple	 numbers	 represent	 the	metabolic	 responsiveness	 (percentage	 of	modulated	

compared	to	all	features)	to	each	T.	virens	genotype.	Bold	numbers	(top	centre)	represent	the	total	

number	 of	 metabolic	 features	 found	 for	 each	 treatment	 comparison.	 The	 feature	 numbers	 of	

decreased	 versus	 increased	 features	 were	 compared	 (χ2-tests;	 ***P	 <	 0.001).	 (B)	 Features	
modulated	 (left:	 decreased;	 right:	 increased)	 by	 both	 genotypes	 or	 specifically	 by	 one	T.	 virens	
genotype,	presented	as	Venn-diagrams.	

Overall	the	results	derived	from	the	metabolic	fingerprinting	of	T.	virens	(Wt	and	∆vir4)-maize	roots	

interaction	 under	 an	 axenic	 hydroponic	 system,	 showed	 differences	 in	 the	metabolic	 profile	 of	

inoculated	and	un-inoculated	plants,	but	also,	the	maize	root	metabolome	modulation	is	T.	virens	

genotype-dependent,	strongly	suggesting	that	vir4-associated	VOCs	act	as	signalling	molecules	that	

modulate	the	T.	virens-maize	roots	interaction.	
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4.4.1.1 Identification	 of	 modulated	 metabolic	 features	 during	 the	 T.	 virens-maize	
interaction	

All	 the	modulated	metabolic	 features	 (decreased	and	 increased)	 from	 the	T.	 virens-maize	 roots	

interaction,	 were	 selected	 for	 identification.	 A	 total	 of	 36	 increased	 metabolites	 and/or	 their	

formulas	 were	 putatively	 identified;	 including	 11	 nitrogen-containing	 specialised	 metabolites	

(NSM),	 11	 phenolic	 compounds,	 two	 organic	 acids,	 three	 sugars	 and	 five	 unknown	 (Table	 4.1).	

Furthermore,	 14	 decreased	 metabolites	 and/or	 their	 formulas	 were	 also	 putatively	 identified,	

including	six	NSM,	five	phenolic	compounds,	and	three	unknown	(Table	4.2).	The	majority	of	the	

putatively	 identified	 metabolites	 belonged	 to	 the	 general	 response	 to	 T.	 virens	 colonisation.	

However,	the	defence-related	benzoxazinoid	DIBOA-Glu	was	modulated	(decreased)	in	maize	roots	

inoculated	with	T.	virens	∆vir4	in	comparison	to	un-inoculated	plants.	

The	putatively	identified	modulated	metabolic	features	DIBOA-Glu,	2-oxoglutarate	and	naringenin,	

were	 selected	 to	 screen	 for	 significant	 differences	 in	 their	 intensities	 between	 treatments.	 The	

results	 from	 the	analysis	of	DIBOA-Glu	 confirm	 that	 there	was	a	 significant	difference	between	

control	 plants	 in	 comparison	 to	 the	 ∆vir4	 treatment,	 but	 no	 significant	 differences	were	 found	

between	both	T.	virens	 treatments.	 In	 relation	 to	 the	2-oxoglutarate	and	naringenin	 intensities,	

there	were	significant	differences	between	inoculated	and	un-inoculated	plants,	but	no	significant	

differences	between	T.	virens	treatments	were	found	(Figure	4.3).		In	addition	to	the	modulated	

features,	the	intensities	of	the	defence-related	Bx	DIMBOA-Glu	was	also	compared	between	the	

two	 T.	 virens	 treatments	 and	 the	 control	 plants;	 the	 results	 showed	 that	 the	 total	 content	 of	

DIMBOA-Glu	was	not	influenced	by	any	T.	virens	genotype	tested	(Figure	4.3).		



	

99	

	
 
Table	4.1.	Putative	identification	of	increased	metabolic	features	modulated	during	the	Trichoderma	virens-maize	interaction.	
Putative	compound	Id	 Molecular	formula		 RT	(min)	 Precursor	ion	m/z	 Psedomolecular	ion	 Chemical	group	 Treatment	
•(E)-3-[3,5-dimethyl-4-(pyridin-4-yl	
methoxy)	phenyl]	prop-2-enoic	acid	 C17H17NO3	 14.94	 282.1137	 [M-H]-	 NSM		 Wt,	∆vir4	

•N-(4-ethoxyphenyl)-2-methyl-2,3-
dihydro-1,4-benzodioxine-3-
carboxamide	

C18H19NO4	 15.93	 312.1242	 [M-H]-	 NSM	 Wt,	∆vir4	

•Unknown	 C22H31NO15	 10.26	 594.1678	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	

•Unknown	 C23H27N5O11	 10.74	 594.1675	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	

•Unknown	 C27H28N4O7	 13.24	 565.1925	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	
•Unknown	 C22H26N4O4	 14.98	 455.1925	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	
•Unknown	 C19H18N8O2	 2.90	 435.1507	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	
•Unknown	 C36H36N2O8	 23.06	 623.2397	 [M-H]-	 NSM	 Wt,	∆vir4	
•2-alpha-L-rhamnopyranosyloxy-4-
methyl-5-hydroxybenzeneacetic	acid	
ethyl	ester	

C39H30N4O6	 26.76	 649.2077	 [M-H]-	 NSM	 Wt,	∆vir4	

•4-[2-(2-Oxo-3,4-dihydro-1(2H)-
quinolinyl)	ethyl]	morpholin-4-ium	
2,4,6-trinitrophenolate	

C21H23N5O9	 5.08	 534.1464	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	

•Unknown	 C17H18N6O8	 10.57	 479.1156	 [M+HCOOH-H]-	 NSM	 Wt	

•2-oxoglutarate	 C5H6O5	 1.03	 191.0198	 [M+HCOOH-H]-	 Organic	acid	 Wt,	∆vir4	

•Unknown	 C6H6O6	 1.54	 173.0092	 [M-H]-	 Organic	acid	 Wt	

•5,5'-Methylenedisalicylic	acid	 C15H12O6	 12.56	 287.0561	 [M-H]-	 Phenolic		 Wt,	∆vir4	
•Dimethyl	(2R)-2-[(2-acetyloxy-5-
methoxycarbonylphenyl)	
methoxy]	butanedioate	

C16H18O7	 6.51	 367.1034	 [M+HCOOH-H]-	 Phenolic	 Wt,	∆vir4	

•Unknown	 C15H12O6	 19.19	 269.0457	 [M+H2O-H]-	 Phenolic	 Wt,	∆vir4	
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•Naringenine	 C15H12O5	 18.21	 271.0614	 [M-H]-	 Phenolic	 Wt,	∆vir4	
•Phenacyl	2-hydroxy-5-
methoxybenzoate	 C16H14O5	 13.59	 285.0768	 [M-H]-	 Phenolic	 Wt,	∆vir4	

•Unknown	 C15H14O9	 9.18	 337.0566	 [M-H]-	 Phenolic	 Wt,	∆vir4	

•Unknown	 C31H36O8S	 11.63	 613.2141	 [M+HCOOH-H]-	 Phenolic	 Wt,	∆vir4	

•Unknown	 C32H38O17	 13.69	 693.2035	 [M-H]-	 Phenolic	 Wt,	∆vir4	
•5-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-
6-(hydroxymethyl)	
oxan-2-yl]	oxy-3H-1,3-benzoxazol-2-
one	

C32H48O15	 19.73	 671.2923	 [M-H]-	 Phenolic	 Wt,	∆vir4	

•Unknown	 C38H44O20	 21.98	 819.2354	 [M-H]-	 Phenolic	 Wt,	∆vir4	

•Unknown	 C23H24O9	 22.21	 443.1346	 [M-H]-	 Phenolic	 Wt,	∆vir4	

•Unknown	 C15H22O4	 12.40	 265.1444	 [M-H]-	 Phenolic	 ∆vir4	

•Lactulose	 C12H22O11	 0.72	 683.2253	 [2M-H]-	 Sugar	 Wt,	∆vir4	

•Unknown	 C5H10O5	 0.70	 195.051	 [M+HCOOH-H]-	 Sugar	 Wt,	∆vir4	

•Unknown		 C6H14O6	 0.68	 181.0715	 [M-H]-	 Sugar	 Wt,	∆vir4	

•Unknown	 C4H8O4	 0.70	 165.0405	 [M+HCOOH-H]-	 Unknown	 Wt,	∆vir4	

•Unknown	 C18H39NO3	 24.90	 362.2911	 [M+HCOOH-H]-	 Unknown	 Wt,	∆vir4	

•Unknown	 C19H32O3S	 25.79	 385.2053	 [M+HCOOH-H]-	 Unknown	 Wt,	∆vir4	

•Unknown	 C18H30O3	 26.94	 293.212	 [M-H]-	 Unknown	 Wt,	∆vir4	

•Unknown	 C5H4O3	 2.69	 111.0086	 [M-H]-	 Unknown	 Wt	
Identification	was	based	on	MS/MS	spectra	using	SmartFormula	algorithm	and	PubChem	database:	https://pubchem.ncbi.nlm.nih.gov/.	Chemical	group	classification	
as	described	by	Kabera	(2014);	Irchhaiya	(2014).	Abbreviation:	NSM,	nitrogen-containing	specialised	metabolite.	
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Table	4.2.	Putative	identification	of	decreased	metabolic	features	modulated	during	the	Trichoderma	virens-maize	interaction.	
Putative	compound	Id	 Molecular	formula		 RT	(min)	 Precursor	ion	m/z	 Psedomolecular	ion	 Chemical	group	 Treatment	

•4-vinylaniline	 C8H9N	 2.00	 164.072	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	

•Unknown	 C9H11NO3	 1.06	 180.067	 [M-H]-	 NSM	 Wt,	∆vir4	

•Unknown	 C20H21NO12	 15.56	 466.1	 [M-H]-	 NSM		 Wt,	∆vir4	

•Unknown	 C24H29N4O5	 21.13	 453.213	 [M-H]-	 NSM	 Wt,	∆vir4	

•Unknown	 C22H26N4O5	 7.76	 471.187	 [M+HCOOH-H]-	 NSM	 Wt	

•DIBOA	beta-D-glucoside	 C14H17N1O9	 6.10	 342.083	 [M-H]-	 NSM	 ∆vir4	
•2-(alpha-L-rhamnopyranosyloxy)-4-
methyl-5-hydroxybenzeneacetic	acid	
ethyl	ester	

C17H24O8	 9.84	 401.146	 [M+HCOOH-H]-	 Phenolic	 Wt,	∆vir4	

•Erigeroside	 C11H14O8	 2.50	 319.067	 [M+HCOOH-H]-	 Phenolic		 Wt,	∆vir4	

•Unknown	 C14H17O9	 4.27	 329.088	 [M-H]-	 Phenolic		 Wt,	∆vir4	

•Unknown	 C13H16O7	 6.28	 329.088	 [M+HCOOH-H]-	 Phenolic		 Wt,	∆vir4	

•Unknown	 C25H30O16	 9.03	 631.152	 [M+HCOOH-H]-	 Phenolic		 Wt,	∆vir4	

•Unknown	 C5H4O3	 2.49	 111.009	 [M-H]-	 Unknown	 Wt,	∆vir4	

•Unknown	 C4H8O4	 0.68	 119.035	 [M-H]-	 Unknown	 Wt,	∆vir4	

•Unknown	 C16H22O9	 12.62	 357.119	 [M-H]-	 Unknown	 Wt,	∆vir4	
Identification	was	based	on	MS/MS	spectra	using	SmartFormula	algorithm	and	PubChem	database:	https://pubchem.ncbi.nlm.nih.gov/.	Chemical	group	classification	
as	described	by	Kabera	(2014);	Irchhaiya	(2014).	Abbreviation:	NSM,	nitrogen-containing	specialised	metabolite.	
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Figure	4.3.	Bucket	intensity	of	putatively	identified	metabolites	modulated	during	the	T.	virens-
maize	interaction	and	DIMBOA-Glu.	Intensities	of	metabolites	identified	in	un-inoculated	(control)	
and	 inoculated	 maize	 roots	 as	 Box-Whisker	 plots	 showing	 the	 median	 (horizontal	 line),	 the	
interquartile	range	(box)	and	the	whiskers.	(extending	to	the	5	and	95%	percentile,	respectively).	
Different	letters	indicate	significant	differences	(Kruskal-Wallis	tests	followed	by	Kruskalmc	tests)	
at	P	<	0.05.	
 

4.4.2 The	 deletion	 of	 the	 T.	 virens	 terpene	 synthase	 vir4	 modifies	 the	 fungal	
metabolome	

The	 metabolic	 fingerprinting	 of	 T.	 virens	 (Wt	 and	 the	 ∆vir4	 deletion	 mutant)	 mycelia	 and	

supernatant	extracts	allowed	the	detection	of	398	and	1925	metabolic	features,	respectively.	The	

comparison	of	all	metabolic	features	detected	in	the	mycelia	samples	showed	that	T.	virens	Wt	and	

the	∆vir4	null	mutant	shared	240	metabolic	features.	Furthermore,	specific	metabolic	features	in	

mycelial	samples	were	detected	for	each	genotype	(Figure	4.4	A).	From	all	the	metabolic	features	

detected	 in	 the	 supernatant	 extracts,	 both	T.	 virens	 genotypes	 shared	 617	metabolic	 features.	

Likewise,	 during	 the	mycelia	 fingerprinting,	 features	 specific	 to	 both	 genotypes	 were	 detected	

(Figure	4.4	B).		
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Based	on	the	retention	times	and	peak	areas	of	all	metabolic	features	detected	in	the	mycelia	and	

supernatant	extracts,	a	data	matrix	was	created	to	compare	the	treatments	by	principal	component	

analysis	(PCA).	From	the	mycelia	samples,	the	total	variance	explained	by	both	axes	(PC1	and	PC2)	

showed	 a	 32%	 variability	 among	T.	 virens	 genotypes	 (Figure	 4.4	 C).	 The	 PCA	 analysis	 from	 the	

supernatant	explained	a	total	variance	of	49%	explained	by	PC1	and	PC2.	The	separation	of	the	

samples	on	the	PCAs	from	both	analyses	was	not	influenced	by	the	fungal	biomass	produced	during	

the	experimental	conditions	(t-test,	t=-0343,	df=16,	P=0.7357),	thus	revealing	that	the	deletion	of	

the	 terpene	synthase	vir4,	besides	altering	 the	emission	of	VOCs	 (Chapter	2),	also	modified	 the	

metabolome	of	T.	virens	mycelia	and	supernatant	extract	(Figure	4.4	D).			

	

Figure	4.4.	Metabolic	fingerprinting	of	T.	virens	(Wt	and	∆vir4)	mycelia	and	supernatant.	Number	
of	metabolic	features	from	T.	virens	(A)	mycelia	and	(B)	supernatant	overlapping	represented	in	
Venn	 diagrams.	 Metabolic	 profile	 of	 T.	 virens	 (C)	 mycelia	 and	 (D)	 supernatant	 as	 principal	
component	analysis	(PCA)	with	scores	(black	axis).		Total	variance	explained	by	the	first	two	PCs	in	
brackets.	Median	scores	are	shown	as	 larger	symbols	for	each	genotype.	Groups	surrounded	by	
convex	hulls.	
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To	 highlight	 those	 metabolic	 features	 modulated	 (increased	 or	 decreased)	 in	 the	 mycelia	 and	

supernatant	extracts	of	T.	virens	Dvir4	null	mutant	in	comparison	to	its	parental	strain,	the	same	

thresholds	described	for	the	root	samples	analysis	were	used	for	the	generation	of	volcano	plots.	

The	volcano	plots	from	the	mycelia	samples	revealed	that	from	all	metabolic	features	(398),	8%	

(32)	corresponded	to	modulated-decreased	 features	and	10%	(39)	corresponded	to	modulated-

increased	 features,	 and	 the	numbers	of	 decreased	 versus	 increased	metabolic	 features	 did	not	

differ	significantly	(Figure	4.5	A).	The	results	from	the	the	supernatant	extracts	showed	that	from	

all	metabolic	features	(1925),	27%	(525)	corresponded	to	modulated-decreased	features	whereas	

20%	 (386)	 corresponded	 to	 modulated-increased	 features;	 the	 numbers	 of	 decreased	 versus	

increased	metabolic	features	were	significantly	different	(P	<	0.001)	(Figure	4.5	B).		

	
	
Figure	4.5.	Modulated	metabolic	features	of	the	mycelia	and	secreted	fraction	of	T.	virens	∆vir4	
null	mutant	in	comparison	to	its	parental	strain.	Modulated	metabolic	features	from	T.	virens	∆vir4	
(A)	mycelia	and	 (B)	 supernatant	 in	comparison	with	 its	parental	 strain	 (Wt),	 shown	as	coloured	
circles	 outside	 the	 cutoff-lines	 in	 volcano	 plots.	 Features	 in	 the	 left	 part	 of	 the	 plot	 had	 lower	
intensities	 in	 T.	 virens	 ∆vir4	 compared	 to	 the	Wt,	 whereas	 those	 in	 the	 right	 part	 had	 higher	
intensities.	 Purple	 numbers	 represent	 the	metabolic	 responsiveness	 (percentage	 of	modulated	
compared	to	all	features)	to	each	T.	virens	genotype.	Bold	numbers	(top	centre)	represent	the	total	
number	of	metabolic	features	found	for	each	treatment	comparison.	The	numbers	of	decreased	
versus	increased	features	were	compared	(χ2-tests;	***P	<	0.001).	
	
Overall,	 the	 metabolic	 fingerprinting	 of	 the	 T.	 virens	 Dvir4	 and	 its	 parental	 strain	 highlighted	

differences	in	the	metabolic	composition	of	the	mycelia	and	the	supernatant	extracts	of	both	T.	

virens	genotypes	analysed.	Furthermore,	the	volcano	plots	revealed	differences	in	the	intensities	

of	some	metabolic	features	shared	in	both	genotypes.	These	results	highlight	that	the	deletion	of	

the	terpene	synthase	vir4	modified	the	overall	T.	virens	metabolic	network,	by	directly	impacting	

VOCs	emission	(Chapter	2)	and	indirectly	modifying	the	non-volatile	fungal	metabolome.	
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4.4.3 Maize	leaf	metabolome	is	 influenced	by	T.	virens,	and	it	 is	genotype	and	time-
dependent		

 
The	metabolic	fingerprinting	of	maize	leaves	collected	at	5,	6	and	7	dpi	with	T.	virens	(Wt	and	∆vir4),	

allowed	the	detection	of	a	 total	of	578	metabolic	 features,	 from	which,	468,	474	and	486	were	

detected	at	5,	6	and	7	dpi,	respectively.	From	all	 features	detected	 in	 leaves	at	5	dpi,	392	were	

present	in	un-inoculated	plants,	and	396	and	388	metabolic	features	were	detected	in	the	plants	

inoculated	with	T.	virens	Wt	and	∆vir4,	respectively.	From	all	features	detected	at	6	dpi,	402	were	

found	in	the	control	group,	395	in	the	leaves	inoculated	with	T.	virens	Wt	and	387	in	the	leaves	

inoculated	with	the	T.	virens	∆vir4	deletion	mutant.	At	7	dpi,	405,	395	and	434	metabolic	features	

were	found	in	leaves	collected	from	un-inoculated	plants,	plants	inoculated	with	T.	virens	Wt	and	

∆vir4,	respectively.		

	

Similarly	to	the	roots	and	fungal	samples,	a	data	matrix	generated	based	on	the	retention	times	

and	 peak	 areas	 of	 all	metabolic	 features	 detected	 in	 the	maize	 leaves	 samples	was	 created	 to	

compare	 all	 treatments	 at	 the	 different	 time	 points	 by	 principal	 component	 analysis.	 The	 total	

variance	explained	by	both	axes	(PC1	and	PC2)	showed	a	21%	variability	(Figure	4.6).	This	variability	

is	given	by	differences	 in	the	physiological	stages	of	the	plants	as	a	part	of	their	developmental	

process,	but	slightly	triggered	by	the	presence	of	T.	virens	in	the	rhizosphere.	
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Figure	 4.6.	Maize	 leaf	metabolome	modulation	 is	 time-dependent.	Metabolic	 profile	 of	maize	
leaves	inoculated	with	T.	virens	(Wt	and	∆vir4)	and	un-inoculated	plants	(C)	by	principal	component	
analysis	(PCA).	Total	variance	explained	by	the	first	two	PCs	in	brackets.	Median	scores	are	shown	
as	larger	symbols	for	each	treatment.	Groups	surrounded	by	convex	hulls.		
	
The	modulation	of	the	maize	leaf	metabolome	by	the	presence	of	T.	virens	(Wt	and	∆vir4)	in	the	

rhizosphere	was	also	compared	by	independent	PCA	plots	of	the	treatments	at	every	time	point.	

The	total	variance	explained	by	both	axes	(PC1	and	PC2)	showed	a	21%,	25%	and	24%	variability	at	

5,	6,	and	7	dpi,	respectively	(Figure	4.7).	The	median	scores	for	each	group	revealed	that	a	slightly	

modulation	of	the	maize	leaves	metabolic	profile	triggered	by	T.	virens	colonisation	occurred	at	6	

dpi	(Figure	4.7	B).		

	

Overall,	the	PCA	carried	out	of	maize-systemic	tissue,	revealed	that	two	factors	modulate	the	maize	

leaves	metabolome,	a)	time	(plant	developmental	stages)	and	b)	the	interaction	of	maize	roots	with	

T.	virens	at	6	dpi.	
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Figure	4.7.	Maize	 leaf	metabolome	 is	modulated	by	T.	virens-root	colonisation	 in	a	genotype-
dependent	manner.	Metabolic	profile	of	maize	leaves	inoculated	with	T.	virens	(Wt	and	∆vir4)	and	
un-inoculated	plants	(C)	by	principal	component	analysis	(PCA)	at	(A)	5,	(B)	6	and	(C)	7	dpi.	Total	
variance	explained	by	the	first	two	PCs	in	brackets.	Median	scores	are	shown	as	larger	symbols	for	
each	treatment.	Groups	surrounded	by	convex	hulls.		
	

To	detect	differences	in	the	maize	leaf	metabolic	profile	given	by	T.	virens	root	colonisation,	and	to	

highlight	the	modulated	features	induced	by	T.	virens	Wt	and	∆vir4	in	comparison	to	the	controls,	

the	same	thresholds	indicated	in	section	4.4.1	were	used	for	the	generation	of	the	volcano	plots.	

At	the	three	different	time	points	tested,	the	responsiveness	(percentage	of	modulated	compared	

to	all	features)	of	decreased-modulated	metabolic	features	fluctuated	between	4	to	9%	in	the	T.	

virens	 treatments	 in	 comparison	 to	 un-inoculated	 plants.	 The	 responsiveness	 of	 increased	

metabolic	 features	 was	 around	 2	 to	 5%	 when	 both	 T.	 virens	 treatments	 were	 independently	

compared	with	un-inoculated	plants	.	
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showing	 a	 responsiveness	 equivalent	 to	 2,	 5	 and	 2%	 at	 5,	 6,	 and	 7	 dpi	 respectively,	 in	 the	Wt	

treatments	in	comparison	to	the	controls.	(Figure	4.8	).	Overall	the	volcano	plots	demonstrate	that	

the	maize	aerial	tissue	responds	to	T.	virens	colonisation	by	increasing	or	decreasing	the	content	of	

certain	 metabolic	 features	 and	 that	 this	 metabolic	 modulation	 is	 more	 evident	 at	 6	 dpi,	 in	

comparison	to	the	other	time	points	tested.		

	

To	 identify	 specific	 and	 general	 responses	 of	 maize	 leaves	 to	 T.	 virens	 (Wt	 and	 ∆vir4)	 root	

colonisation,	all	modulated	features	were	overlapped	in	Venn-diagrams,	and	plots	from	each	time	

point	tested	were	generated.	The	Venn-diagrams	showed	that	a	general	response	of	maize	leaves	

occurs	upon	T.	virens	colonisation	independently	of	the	genotype.	Interestingly,	specific	responses	

to	the	T.	virens	Wt	or	∆vir4	null	mutant	colonisation	were	found..	The	number	of	 increased	and	

decreased	 modulated	 features	 specific	 to	 T.	 virens	Wt	 was	 lower	 at	 all	 time	 points	 tested	 in	

comparison	with	the	∆vir4	treatment	(Figure	4.8).	

	

Overall,	 the	 results	 obtained	 through	 the	 untargeted	 metabolic	 fingerprinting	 of	 maize	 leaves	

during	 the	 T.	 virens-maize	 interaction,	 underline	 differences	 in	 the	 proportions	 of	 modulated	

metabolic	features	after	sampling	leaves	at	different	time	points,	thus,	showing	that	a	modulation	

of	the	maize	leaf	metabolome	occurs	in	the	presence	of	T.	virens,	which	shifts	within	time,	being	

strongest	 at	 6	 dpi.	 Furthermore,	 the	 results	 highlight	 differences	 in	 maize	 phytometabolome	

responsiveness	 between	 both	 T.	 virens	 genotypes,	 and	 more	 importantly,	 by	 overlapping	 the	

modulated	features	from	both	T.	virens	treatments,	it	was	found	that	maize	response	is	genotype-

dependent,	thus,	suggesting	that	the	incapability	of	the	T.	virens	∆vir4	deletion	mutant	to	emit	the	

same	VOCs	as	its	parental	strain	may	alter	the	crosstalk	between	T.	virens	and	maize.	
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Figure	4.8.	Maize	leaf	metabolome	is	modulated	by	T.	virens	in	a	time	and	genotype-dependent	
manner.	(A)	Metabolic	features	modulated	by	T.	virens	(Wt	or	∆vir4,	respectively)	at	5,	6	and	7	dpi,	
shown	as	coloured	circles	outside	the	cutoff-lines	in	volcano	plots.	Features	in	the	left	part	of	the	
plot	had	lower	intensities	in	T.	virens-inoculated	compared	to	un-inoculated	plants,	whereas	those	
in	the	right	part	had	higher	 intensities.	Purple	numbers	represent	the	metabolic	responsiveness	
(percentage	of	modulated	compared	to	all	features)	to	each	T.	virens	genotype.	Bold	numbers	(top	
centre)	represent	the	total	number	of	metabolic	features	found	for	each	treatment	comparison.	
The	feature	numbers	of	decreased	versus	increased	features	were	compared	(χ2-tests;	*P	<	0.05,	
**P	<	0.01).	(B)	Features	modulated	(left:	decreased;	right:	 increased)	at	5,	6	and	7	dpi	by	both	
genotypes	or	specifically	by	one	T.	virens	genotype,	presented	as	Venn-diagrams.	
 

All	 the	modulated	metabolic	 features	 from	both	T.	 virens	 treatments	were	 selected	 for	 further	

identification.	From	them,	a	total	of	5	increased	metabolites	and/or	their	formulas	were	putatively	

identified;	including	4	NSM,	and	one	sesquiterpene	glycoside	(Table	4.3).	In	addition,	20	decreased	

metabolites	and/or	their	formulas	were	also	putatively	identified,	including	11	NSM,	two	long-chain	

fatty	acids	(LCFA),	one	short-chain	fatty	acid	(SCFA)	and	six	unknown	(Table	4.4).	
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Table	4.3. Putative	identification	of	maize	leaf	increased	metabolic	features	modulated	during	the	Trichoderma	virens-maize	interaction.	
Putative	compound	Id	 Molecular	formula		 RT	(min)	 Precursor	ion	m/z	 Psedomolecular	ion	 Chemical	group	 Treatment	 dpi	

Unknown	 C4H7NO4	 0.68	 132.0305	 [M-H]-	 NSM	 Wt,	∆vir4	 5	

Unknown	 C26H28N4OS	 11.45	 489.1976	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	 5	

Sarcaglaboside	H	 C21H32O9	 9.65	 473.2029	 [M+HCOOH-H]-	 Sesquiterpene-Gly	 Wt,	∆vir4	 5	

Unknown	 C14H14NO6	 5.11	 294.0984	 [M-H]-	 NSM	 ∆vir4	 5	

Unknown	 C17H15N5O3	 8.92	 339.1088	 [M-H]-	 NSM	 ∆vir4	 5	
	

Identification	was	based	on	MS/MS	spectra	using	SmartFormula	algorithm	and	PubChem	database:	https://pubchem.ncbi.nlm.nih.gov/.	Chemical	group	classification	as	
described	by	Kabera	(2014);	Irchhaiya	(2014).	Abbreviation:	NSM,	nitrogen-containing	specialised	metabolite.	
	
	
Table	4.4.	Putative	identification	of	maize	leaf	decreased	metabolic	features	modulated	during	the	Trichoderma	virens-maize	interaction.	
Putative	compound	Id	 Molecular	formula		 RT	(min)	 Precursor	ion	m/z	 Psedomolecular	ion	 Chemical	group	 Treatment	 dpi	
3-alpha-linolenoylglycerol	1-O-
beta-d-galactopyranoside		 C27H46O9	 27.18	 559.3124	 [M+HCOOH-H]-	 LCFA	 Wt,	∆vir4	 5	

Unknown	 C5H6O5	 1.03	 145.0142	 [M-H]-	 Unknown	 Wt,	∆vir4	 5	

3,3-dimethyl-2-oxobutanoic	acid		 C7H12O5	 4.71	 175.0613	 [M+HCOOH-H]-	 SCFA	 Wt,	∆vir4	 5	

Unknown	 C15H14O11	 6.11	 369.0458	 [M-H]-	 Unknown	 Wt,	∆vir4	 5	

beta-kamlolenic	acid	 C18H30O3	 26.95	 293.2121	 [M-H]-	 LCFA	 Wt,	∆vir4	 5	

Unknown	 C25H39N3O6	 26.96	 476.2782	 [M-H]-	 NSM	 Wt,	∆vir4	 5	

Unknown	 C26H44N4O7	 27.18	 562.3206	 [M-H]-	 NSM	 Wt,	∆vir4	 5	

Unknown	 C29H47N3O8	 27.25	 564.3306	 [M-H]-	 NSM	 Wt,	∆vir4	 5	

Unknown	 C5H6O4	 0.82	 129.0193	 [M-H]-	 Unknown	 Wt	 5	
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Unknown	 C3H7NO3	 0.67	 104.0351	 [M-H]-	 NSM	 ∆vir4	 5	

Unknown	 C9H11NO3	 1.06	 180.0663	 [M-H]-	 NSM	 ∆vir4	 5	

Unknown	 C34H52N4O10	 26.02	 721.3654	 [M+HCOOH-H]-	 NSM	 ∆vir4	 5	

Unknown	 C13H18N4O2	 7.26	 307.1397	 [M+HCOOH-H]-	 NSM	 ∆vir4	 5	

Unknown	 C27H21N5O2S	 13.81	 524.1408	 [M+HCOOH-H]-	 NSM	 Wt	 6	

Unknown	 C10H20O7	 1.74	 539.1386	 [M+HCOOH-H]-	 Unknown	 Wt,	∆vir4	 6	

Unknown	 C33H36N2O3S	 18.54	 585.2402	 [M+HCOOH-H]-	 NSM	 Wt,	∆vir4	 6	

Unknown	 C4H6O3	 1.03	 101.0241	 [M-H]-	 Unknown	 ∆vir4	 6	

Unknown	 C15H14N6O6	 7.42	 419.0943	 [M+HCOOH-H]-	 NSM	 ∆vir4	 6	

Unknown	 C4H7O5	 0.73	 135.0297	 [M-H]-	 Unknown	 ∆vir4	 7	

Unknown	 C17H26N4O4	 11.72	 349.1867	 [M-H]-	 NSM	 ∆vir4	 7	
Identification	was	based	on	MS/MS	spectra	using	SmartFormula	algorithm	and	PubChem	database:	https://pubchem.ncbi.nlm.nih.gov/.	Chemical	group	classification	as	
described	by	Kabera	(2014);	Irchhaiya	(2014).	Abbreviation:	NSM,	nitrogen-containing	specialised	metabolite.	
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The	 putatively	 identified	metabolite	 kamnolenic	 acid	 (linolenic	 acid	 derivative)	was	 selected	 to	

screen	for	significant	differences	 in	 intensities	between	treatments	at	different	time	points.	The	

results	from	the	analysis	revealed	that	at	5	and	6	dpi,	there	was	a	significant	difference	in	the	bucket	

intensities	 of	 inoculate	 and	 un-inoculated	 plants,	 whereas	 at	 7	 dpi	 there	 was	 no	 significant	

difference	when	inoculated	plants	were	compared	with	the	controls.	The	intensities	of	the	defence-

related	Bx	DIMBOA-Glu	were	also	compared	between	the	two	T.	virens	treatments	and	the	control	

plants;	the	results	showed	that	the	total	content	of	DIMBOA-Glu	in	maize	leaves	was	not	influenced	

by	T.	virens	Wt	or	∆vir4	at	any	time	point	tested	(Figure	4.9).			

	

	
Figure	 4.9.	 Bucket	 intensity	 of	 the	 putatively	 identified	 leaf	metabolite	 beta-Kamnolenic	 acid	
modulated	 during	 T.	 virens-maize	 interaction	 and	 DIMBOA-Glu.	 Intensities	 of	 metabolites	
identified	in	un-inoculated	(control)	and	inoculated	maize	roots	as	Box-Whisker	plots	showing	the	
median	(horizontal	 line),	the	interquartile	range	(box)	and	the	whiskers.	(extending	to	the	5	and	
95%	percentile,	respectively).	Different	letters	indicate	significant	differences	(Kruskal-Wallis	tests	
followed	by	Kruskalmc	tests)	at	P	<	0.05.	
	

Overall,	the	metabolic	fingerprinting	of	the	T.	virens-maize	interaction	though	the	analyses	of	local	

and	 systemic	 tissue	 highlighted	 the	modulation	 of	 the	maize	 phytometabolome	 upon	 T.	 virens	

colonisation	and	showed	that	this	modulation	is	linked	to	the	T.	virens	terpene	synthase	vir4.	
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4.5 Discussion	
 
During	beneficial	plant-microbe	interactions,	plants	experience	a	plethora	of	metabolic	changes,	

including	modifications	 in	membrane	 lipids	constitution	 (Cowan	2006)	and	 in	plant	primary	and	

specialised	 metabolism	 (Schweiger	 et	 al.	 2014).	 Thus,	 the	 phytometabolome	 modulation	

constitutes	complex	crosstalk	between	plants	and	symbionts,	that	not	only	impact	the	tissue	were	

the	interaction	takes	place,	but	also	trigger	a	systemic	response	(Planchamp	et	al.	2014).	Beneficial	

Trichoderma	 spp.	 interact	 with	 the	 root	 system	 of	 different	 plant	 species,	 including	 maize.	

Therefore,	 the	 aims	 of	 this	 chapter	 were	 a)	 to	 determine	 if	 the	 maize	 root	 metabolome	 is	

differentially	influenced	by	T.	virens,	by	comparing	the	vir4	deletion	mutant	and	its	parental	strain;	

b)	 to	 discover	 if	 the	maize	 leaf	metabolome	 is	 influenced	by	 the	T.	 virens-root	 interaction	 in	 a	

genotype	 and	 time-dependent	 manner	 and,	 c)	 to	 evaluate	 if	 the	 deletion	 of	 the	 vir4	 terpene	

synthase	modifies	the	non-volatile	fungal	metabolome.	

	

To	answer	these	research	questions,	a	MS-based	metabolic	 fingerprinting	of	the	T.	virens-maize	

interaction	was	carried	out	via	ultra-high	performance	liquid	chromatography	connected	to	diode	

array	 detection	 and	 quadruple	 time	 of	 flight	 mass	 spectrometry	 using	 a	 negative	 electrospray	

ionization	 mode	 (UHPLC-DAD-ESI--QTOF-MS/MS).	 MS-based	 metabolomics	 was	 the	 preferred	

analytical	method	because	 it	 facilitates	the	detection	of	metabolic	 features	with	high	sensitivity	

(Hall	2006).	Fast	chromatography	methods	such	as	UHPLC	provide	high	separation,	resolution,	and	

high	repeatability,	allowing	the	generation	of	high-quality	datasets,	and	allowing	a	considerable	

decrease	 in	 analysis	 time.	 Moreover,	 to	 obtain	 a	 more	 prominent	 coverage	 of	 the	 metabolic	

features	and	high	mass	accuracies,	a	high-resolution	mass	analyser	(QTOF)	was	used	(Wolfender	et	

al.	2013).	The	selection	of	the	analytical	method	to	carry	out	these	set	of	experiments,	allowed	the	

detection	 of	 hundreds	 and	 thousands	 of	 metabolic	 features	 from	 plant	 and	 fungal	 samples,	

respectively.	This	permitted	the	detection	of	maize	specific	responses	to	the	colonisation	of	either	

T.	virens	Dvir4	or	 its	parental	strain,	 indicating	that	maize	plants	respond	differently	to	T.	virens	

when	the	vir4	terpene	synthase	has	been	deleted.	Also,	it	was	possible	to	decipher	that	the	deletion	

of	 the	 terpene	 synthase	 vir4	 from	 T.	 virens	 has	 an	 impact	 in	 the	 overall	 fungal	 metabolome,	

additional	to	VOCs	emission.	The	main	findings	derived	from	this	research	will	be	discussed	in	detail	

in	the	following	sections.	
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4.5.1 Maize	root	and	leaf	metabolome	is	modulated	upon	T.	virens	colonisation,	and	it	
is	genotype-dependent	

 
Given	the	huge	data	sets	obtained	from	the	metabolic	fingerprinting,	the	first	step	used	for	data	

analysis	 was	 the	 generation	 of	 PCA	 as	 a	 tool	 to	 test	 possible	 separations	 between	 T.	 virens	

treatments	 in	root	samples,	and	also	treatment	separation	within	time	in	 leaf	samples.	PCA	has	

been	used	repeatedly	to	obtain	a	general	overview	on	how	the	plant	metabolome	is	modulated	

during	beneficial	interactions	in	different	plant	species	(Balmer	et	al.	2013;	Schweiger	et	al.	2014;	

Mazzei	and	Piccolo	2017),	and	it	is	very	useful	to	demonstrate	the	levels	of	reproducibility	between	

replicates	(Brotman	et	al.	2012).		

	

The	 phytometabolome	 modulation	 of	 maize	 roots	 and	 shoots	 during	 the	 interaction	 with	 the	

rhizobacterium	Pseudomonas	putida	(KT2440)	has	been	analysed	by	PCA	(Planchamp	et	al.	2014).In	

contrast	to	our	findings,	at	5	dpi,	maize	roots	inoculated	with	P.	putida	overlapped	in	the	PCA	when	

compared	 to	 control	 plants;	 these	 results	 suggest	 that	 the	 overall	 response	 to	 maize	 root	

colonisation	depends	on	the	symbiont.	At	5	dpi,	maize	metabolome	modulation	may	be	stronger	

in	plants	treated	with	T.	virens	(Figure	4.1)	than	in	those	treated	with	P.	putida.	However,	to	confirm	

this	 hypothesis,	 the	 modulation	 of	 the	 maize	 root	 metabolome	 upon	 colonisation	 by	 both	

symbionts	 should	 be	 assessed	 under	 the	 same	 growth	 conditions,	 using	 the	 same	metabolites	

extraction	protocol	and	the	same	analytical	method.	Interestingly,	the	results	from	this	chapter	not	

only	showed	that	T.	virens	modulated	the	maize	root	metabolome,	but	also	that	the	metabolome	

of	maize	roots	inoculated	with	T.	virens	Wt	or	the	Dvir4	null	mutant	are	clustered	separately,	thus,	

suggesting	 that	vir4-associated	VOCs	may	play	a	 role	 in	 the	maintenance	of	 the	usual	T.	virens-

maize	interaction.	In	the	case	of	leaf	response	to	root	colonisation	of	beneficial	microorganisms,	

the	results	correlated	more	with	the	same	study	by	Planchamp	et	al.	(2014),	who	also	showed	that	

maize	metabolome	modulation	is	strongest	in	the	local	than	in	the	systemic	tissue.		

	

In	addition,	Planchamp	et	al.	(2014)	also	demonstrated	that	besides	the	modulation	of	the	maize	

shoot	metabolome	triggered	by	the	root	colonisation	of	P.	putida,	the	symbiotic	interaction	also	

induced	systemic	resistance	(ISR)	against	Colletotrichum	graminicola,	by	diminishing	leaf	necrosis	

and	fungal	growth.	In	this	regard,	the	capability	of	T.	virens	to	induce	systemic	resistance	in	maize	

has	been	assessed.	(Djonović	et	al.	2007)	and	Contreras-Cornejo	et	al.	(2014)	have	shown	that	T.	

virens	 volatile	 terpenes	are	necessary	 to	provide	A.	 thaliana	with	protection	against	B.	 cinerea.	

Based	on	the	results	obtained	in	this	chapter,	it	cannot	be	discarded	that	the	modulation	of	specific	

metabolic	 features	 from	maize	 leaves	 triggered	by	T.	virens	 colonisation	plays	a	 role	during	 the	
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induction	of	systemic	resistance	into	the	host.	Hence,	analysis	of	the	induction	of	ISR	in	maize	plants	

treated	with	T.	virens	and	the	Δvir4	deletion	mutant	is	required	to	unravel	if	the	specific	metabolic	

responses	of	maize	 leaf	 to	 the	Δvir4	null	mutant	negatively	modify	 ISR	 in	maize	 triggered	by	T.	

virens.		

	

In	order	to	understand	if	there	are	volatile	signals	that	activate	specific	responses	between	T.	virens	

Wt	 and	 the	Δvir4	 deletion	mutant,	 an	 analysis	 of	 VOCs	 emission	 in	 the	 soil	 will	 provide	more	

information	 about	 Trichoderma	 VOCs	 as	 signalling	 modulators	 of	 plant-microbe	 interactions.	

Furthermore,	the	identification	of	the	metabolic	features	specific	from	each	genotype	tested	may	

provide	an	improved	understanding	of	plant	responses	to	fungal	VOCs.	

	

In	summary,	the	results	derived	from	the	metabolic	fingerprinting	analyses	revealed	that	upon	T.	

virens	colonisation,	maize	roots	and	shoots	experienced	a	metabolic	shift	given	by	the	modulation	

of	several	metabolic	features,	and	that	the	plant	metabolome	is	differentially	reprogrammed	by	T.	

virens	Wt	 or	 the	Δvir4	null	mutant	 (affected	 in	 volatile	 terpenes	 emission).	 Furthermore,	 some	

modulated	 metabolic	 features	 found	 during	 the	 T.	 virens-maize	 interaction	 were	 putatively	

identified	and	are	discussed	in	the	following	sections.	

4.5.2 Identified	metabolites	during	T.	virens-maize	interaction	
 

4.5.2.1 Benzoxazinoids	
	

As	 a	 response	 to	 microbial	 colonisation,	 plants	 respond	 by	 producing	 specialised	 metabolites,	

including	 benzoxazinoids	 (BXs).	 In	maize,	 BXs	 constitute	 the	most	 important	 group	 of	 defence-

related	metabolites	(Ahmad	et	al.	2011;	Neal	et	al.	2012;	Robert	et	al.	2012;	Betsiashvili	et	al.	2015).	

They	display	dual	functions,	acting	as	defence	compounds,	but	also	as	chemoattractants	of	plant-

associated	rhizobacteria,	facilitating	root	colonisation	(Neal	et	al.	2012).	Inside	plant	tissues,	BXs	

accumulate	 as	 glucosides,	 as	 a	 defence-reservoir.	 In	 maize,	 the	 major	 BX	 is	 DIMBOA,	 and	 it	

accumulates	inside	plant	tissues	as	a	response	against	pathogens	and	herbivores	(Niemeyer	2009).	

However,	 the	modulation	 of	 BXs	 content	 triggered	by	 beneficial	microorganisms	has	 also	 been	

reported	in	maize	plants,		for	example,	the	AMF	Glomus	mosseae	increased	DIMBOA	content	in	the	

maize	root	system	(Song	et	al.	2011).	Therefore,	we	hypothesised	that	T.	virens	might	modulate	

BXs	content	in	maize	roots,	specifically	DIMBOA-Glu.	The	results	revealed	that	neither	T.	virens	Wt	

nor	Dvir4	modulated	the	total	content	of	DIMBOA-Glu	in	maize	roots	and	leaves,	but	a	significant	

difference	in	the	content	of	the	BX	DIBOA-Glu	was	detected	in	maize	roots	treated	with	the	T.	virens	
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Dvir4	 null	 mutant.	 However,	 when	 the	 DIBOA-Glu	 intensities	 were	 compared	 between	 the	

treatments,	no	significant	differences	were	found	between	both	T.	virens	genotypes.	Similar	to	our	

findings	 Planchamp	 et	 al.	 (2014)	 have	 found	 that	 the	 beneficial	 rhizobacteria	P.	 putida	 did	 not	

modulate	the	total	content	of	DIMBOA-Glu	in	maize	roots,	but	a	significant	decrease	in	the	content	

of	 other	 BX	 (HDMBOA-Glu)	 was	 found	 in	 treated	 plants.	 In	 addition,	 it	 is	 known	 that	 the	

concentration	of	BXs	in	roots	do	not	necessarily	correlate	with	the	concentration	found	in	roots	

exudates	 (Niemeyer	2009).	The	application	of	 targeted	approaches	 to	measuring	BXs	content	 is	

necessary	to	clarify	if	T.	virens	Wt	and	the	Dvir4	null	mutant	modify	the	content	of	additional	maize	

BXs,	including	the	analysis	of	roots,	roots	exudates,	and	leaves.	Alternatively,	the	evaluation	of	BXs	

content	of	maize	plants	inoculated	with	T.	virens	in	a	tripartite	interaction	with	foliar	herbivores,	

or	 under	 abiotic	 stress	 conditions	will	 clarify	 if	T.	 virens	 root	 colonisation	modulates	maize	BXs	

content.		

	

4.5.2.2 2-oxoglutarate	

In	the	rhizosphere,	organic	acids	regulate	the	nutrient	acquisition	and	also	act	as	chemoattractants	

(Jones	 1998).	 In	 this	 regard,	 plant-associated	 microorganisms	 such	 as	 AMF	 are	 capable	 of	

systemically	modulating	 the	 content	of	 organic	 acids	 in	plants,	 including	oxalic,	 fumaric,	 acetic,	

malic,	citric,	formic,	lactic	and	succinic	acids,	and	this	modulation	is	associated	with	the	mitigation	

of	deleterious	effects	of	salt	stress	in	maize	plants	(Sheng	et	al.	2011).	Beneficial	Trichoderma	spp.	

also	possess	the	capability	to	modulate	organic	acids	content	in	comparison	to	untreated	plants	

(Brotman	et	al.	2012).	In	this	respect,	T.	virens	roots	colonisation	modulates	the	intensities	of	the	

tricarboxylic	 acid	 cycle	 (TCA)	 intermediate	 2-oxoglutarate,	 showing	 increased	 levels	 in	T.	 virens	

treated	roots	in	comparison	to	the	controls,	without	significant	differences	between	T.	virens	Dvir4	

null	mutant	in	comparison	to	its	parental	strain.	In	plants,	2-oxoglutarate	is	an	essential	substrate	

for	different	enzymes;	including	2OG-Fe	(II)-dependent	oxygenases,	that	participate	in	a	variety	of	

cellular	 processes	 (Salminen	et	 al.	 2015),	 regulate	 the	 intracellular	 levels	 of	 2-oxoglutarate	 and	

participate	 in	 the	 biosynthesis	 of	 defence	 compounds	 such	 as	 glucosinolates,	 BXs,	 alkaloids,	

flavonoids	 and	 more	 (Farrow	 and	 Facchini	 2014;	 Islam	 et	 al.	 2018).	 Therefore,	 it	 cannot	 be	

discarded	that	the	 increased	 levels	of	2-oxoglutarate	 found	 in	treated	plants	may	be	associated	

with	 the	modulation	of	plant-defence	metabolites	 in	maize	 tissue.	The	results	derived	 from	the	

fingerprinting	only	allowed	the	identification	of	one	TCA.	Thus,	it	is	recommended	to	carry	out	a	

targeted	metabolic	approach	to	measure	the	levels	of	other	TCAs	in	treated	maize	plants.		
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4.5.2.3 Flavonoids		
 
Flavonoids	are	 important	plant	specialised	metabolites	 that	participate	 in	a	variety	of	biological	

processes,	such	as	plant	defence	against	pathogens	and	herbivores,	regulators	of	environmental	

stress	(Treutter	2005),	regulators	of	auxin	transport	and	as	inter-kingdom	signalling	molecules	that	

regulate	plant-microbe	interactions	(Harborne	and	Williams	2000;	Cheynier	et	al.	2013;	Mierziak	et	

al.	2014).	Flavonoids	are	produced	from	a)	shikimic	acid	in	plant	phenylpropanoid	pathways;	b)	as	

by-products	 of	 lignin	 pathways;	 and	 c)	 from	 decomposition	 products	 of	 lignin	 and	 cell	 wall	

polymers.	 Their	 synthesis	 and	 accumulation	 tend	 to	 be	 cell-specific;	 for	 example,	 in	 roots,	

flavonoids	are	often	accumulated	at	the	root	tip	and	in	root	cap	cells	and	constitute	a	large	part	of	

root	exudates	(Hassan	and	Mathesius	2012).	

	

During	 the	 interaction	 between	 T.	 virens	 and	 maize	 roots,	 fungal	 colonisation	 modulates	 the	

accumulation	 of	 the	 flavonoid	 naringenin	 (Figure	 4.4.3).	 Naringenin	 acts	 as	 an	 inhibitor	 of	 4-

coumarate	CoA	 ligase,	which	 is	a	key	enzyme	of	 the	phenylpropanoid	pathway,	 resulting	 in	 the	

suppression	of	root	growth	and	reduced	lignin	content	in	gramineous,	including	maize	(Deng	et	al.	

2004).	 The	present	 results	 suggested	 that	 the	 reduction	of	 lignin	 content	 induced	by	 the	 over-

accumulation	of	naringenin	may	be	one	of	the	diverse	strategies	used	by	T.	virens	to	colonise	the	

maize	root	system.	

	

4.5.2.4 Lipids	
 

Lipids	play	diverse	functions	during	the	interactions	between	plants	and	microorganisms,	including	

pathogens	and	symbionts.	Overall,	lipids	such	as	ergosterol	are	involved	in	pathogen	recognition	

by	the	host.	Moreover,	lipids	or	lipid	breakdown	products	like	free	fatty	acids	and	oxylipins	act	as	

signalling	molecules	upon	infection.	Other	lipids	like	azelaic	acid	mediate	the	transfer	of	the	signal	

of	 infection	 to	 distal	 plant	 organs	 during	 systemic	 acquired	 resistance.	 Finally,	 lipids	 such	 as	

hydroxy-fatty	acids	more	likely	play	a	role	during	signalling	between	plants	and	AMF	(Siebers	et	al.	

2016).	The	results	obtained	from	the	analysis	of	maize	systemic	tissue	revealed	the	modulation	of	

lipids	content	when	treated	plants	were	compared	 to	 the	controls.	However,	 further	 lipidomics	

analyses	 are	 still	 required	 to	understand	 lipid	metabolism	modulation	of	 plants	 systemic	 tissue	

upon	T.	virens	colonisation.		

	

	



	

118	

4.6 Conclusion	
 

In	closing,	untargeted	metabolomics	of	maize	root	and	leaf	during	the	 interaction	with	T.	virens	

allowed	the	detection	of	metabolic	features	characteristic	of	the	symbiosis,	revealing	that	local	and	

systemic	responses	were	triggered	by	fungal	colonisation,	and	demonstrating	that	this	technique	

is	a	suitable	tool	to	describe	dynamic	metabolic	patterns	in	plant-beneficial	microbe	interactions. 

Modifications	on	flavonoids,	nitrogen-containing	specialised	metabolites,	lipids,	and	organic	acids	

intensities	 were	 found	 as	 part	 of	 the	 metabolic	 responses	 of	 the	 T.	 virens-maize	 interactions.	

Specific,	yet	unidentified	metabolic	features	were	modulated	by	the	colonisation	of	the	T.	virens	

Dvir4	deletion	mutant,	suggesting	that	vir4-associated	VOCs	play	an	important	role	in	the	crosstalk	

between	maize	and	T.	virens.	Furthermore,	modifications	in	the	T.	virens	mycelia	and	supernatant	

metabolome	were	evident	when	the	T.	virens	∆vir4	deletion	mutant	was	compared	to	its	parental	

strain,	revealing	that	the	deletion	of	the	terpene	synthase	vir4	also	altered	the	non-volatile	fungal	

metabolic	network.	
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5 General	Discussion	
	

Volatile	organic	compounds	are	signalling	molecules	produced	by	a	variety	of	organisms	including	

the	endophytic	fungus	Trichoderma	virens	Gv29.8.	Consequently,	this	research	aimed	a)	to	partially	

characterise	the	functional	role	of	T.	virens	VOCs	by	exploring	the	effect	of	the	deletion	of	terpene	

biosynthetic	 genes	 on	 fungal	 growth	 and	 development,	 and	 b)	 to	 evaluate	 fungal	 VOCs	 as	

mediators	 of	 the	 Trichoderma	 virens-Zea	 mays	 interaction,	 by	 assessing	 their	 influence	 as	

colonisation	facilitators,	promoters	of	plant	growth	and	modulators	of	the	maize	metabolome.	The	

goal	was	to	provide	a	deeper	insight	of	T.	virens	as	regulators	of	fungal	development	and	unravel	

their	role	as	signalling	modulators	of	the	phytometabolome	of	local	and	systemic	tissue	during	their	

interaction	with	Z.	mays	

5.1 Endophytic	Trichoderma	virens		
 
The	filamentous	fungi	Trichoderma	is	distributed	worldwide	and	can	be	found	in	both	natural	and	

agricultural	ecosystems,	typically	in	association	with	plant	roots	(Harman	et	al.	2004a;	Druzhinina	

et	al.	2011).	During	the	Trichoderma-plant	 interactions,	 the	host	provides	sugars	as	the	primary	

carbon	 source	 to	 the	 symbiont	 (Vargas	et	al.	 2009;	Vargas	et	al.	 2011),	while	Trichoderma	 spp.	

confer	benefits	to	the	host,	including	nutrients	uptake,	control	of	plant	pathogens,	degradation	of	

phytotoxic	compounds,	induction	of	plant	growth	and	priming	plant	systemic	defences	(Harman	et	

al.	2004a;	Harman	2011;	Martinez-Medina	et	al.	2014).	These	benefits	have	been	associated	with	

the	production	of	diverse	fungal	specialised	metabolites	(Guzmán-Guzmán	et	al.	2018).	Within	this	

diversity,	Trichoderma	spp.	emit	a	plethora	of	volatile	organic	compounds	that	comprise	at	least	

40	different	VOCs	(Jeleń	et	al.	2014).	Trichoderma	virens	is	the	species	with	the	highest	variety	of	

volatile	terpenes	emission	(Nieto-Jacobo	et	al.	2017).	The	widely	known	biological	roles	of	fungal	

VOCs	include	mediators	of	inter-colony	communication,	antimicrobial	activity,	warning	signals,	and	

facilitators	of	nutrient	acquisition	throughout	root	architecture	modification	(Salwan	et	al.	2019).	

	

5.2 Trichoderma	virens	terpenes	biosynthetic	genes	
 
Terpenes	are	a	major	class	of	natural	products	produced	by	plants,	bacteria,	and	fungi	(Köksal	et	

al.	2011)	that	comprise	volatile	and	non-volatile	metabolites	(Zeilinger	et	al.	2016)	and	display	a	

broad	 range	of	 biological	 activities	 (Ludwiczuk	et	 al.	 2017).	Trichoderma	 spp.	 produce	different	

classes	of	bioactive	terpenes	including	harzianum	A,	trichodermin,	viridin,	harziandione,	lignoren	

and,	also	complex	bouquets	of	volatile	terpenes	(Bennett	and	Klich	2003;	Berg	et	al.	2004;	Citron	
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et	al.	2011;	Crutcher	et	al.	2013;	Hermosa	et	al.	2014;	Ramírez-Valdespino	et	al.	2019).	Trichoderma	

virens	possesses	17	terpene	biosynthetic	genes,	 including	11	putative	terpene	synthases	(Bansal	

and	Mukherjee	 2016b).	 During	 the	 T.	 virens-maize	 interaction,	 Lawry	 (2016)	 reported	 the	 up-

regulation	of	several	terpenes	biosynthetic	genes.	Therefore,	the	first	aim	of	this	project	was	to	

delete	 four	 differentially	 regulated	 terpene	 biosynthetic	 genes	 from	 T.	 virens	 (TV_224958,	

TV_45693,	 TV_53195	 and	 vir4)	 during	 its	 interaction	 with	 maize	 roots	 and	 then,	 evaluate	 its	

biological	 role	 as	 a	 self-modulator	 of	 inter-colony	 communication	 and	 to	 evaluate	 its	 effect	 on	

fungal-plant	crosstalk.	

 

5.2.1 Functional	analysis	of	T.	virens	terpene	biosynthetic	genes	
 
For	 the	 functional	 analyses	 of	 the	 differentially	 regulated	 genes	 during	 Trichoderma-plant	

interactions,	a	regular	strategy	used	is	the	generation	of	deletion	knock-outs	(Djonovic	et	al.	2006;	

Ramirez-Valdespino	 et	 al.	 2018b).	 For	 Trichoderma	 transformation,	 conventional	 methods	 to	

generate	deletion	mutants	are	 time-consuming	and	 result	 in	 lower	percentages	of	homologous	

recombination	 events	 (2%)	 (Mach	 and	 Zeilinger	 1998),	 thus,	 making	 the	 process	 long	 and	

challenging.	 Hence,	 the	 creation	 of	 the	 T.	 virens	 deletion	 mutants	 during	 this	 research	 was	

supported	 by	 a	 more	 efficient	 cloning	 technique	 that	 overcame	 recurrent	 limitations	 of	

conventional	 procedures,	 which	 was	 specifically	 developed	 for	 functional	 genomics	 studies	 in	

Trichoderma	 spp.	 called	 TrichoGate	 (Nogueira-Lopez	 et	 al.	 submitted).	 TrichoGate	 uses	 the	

foundations	of	the	Golden	Gate	cloning	system,	allowing	the	creation	of	recombinant	vectors	 in	

shorter	time-frames	than	conventional	cloning	methods	(Engler	et	al.	2008)	and	the	assembly	of	

multiple	DNA	fragments	with	high	efficiency	(Engler	et	al.	2009;	Weber	et	al.	2011).	Therefore,	the	

first	goal	accomplished	during	this	project	was	the	reduction	of	time	for	the	generation	of	T.	virens	

deletion	constructs,	that	coupled	with	Agrobacterium-mediated	transformation	(ATM),	resulted	in	

increased	homologous	recombination	events	ranging	from	55%	to	80%,	as	well	as	the	reduction	of	

ectopic	 integrations	 in	 comparison	 to	 conventional	 techniques.	 While	 the	 Golden	 Gate-based	

cloning	system	coupled	with	ATM	was	demonstrated	to	be	a	reliable,	fast	and	effective	method	for	

the	construction	of	deletion	vectors	and	T.	virens	transformation,	the	presence	of	both	the	insert	

and	the	native	gene	in	a	heterokaryon	state	in	T.	virens	deletion	mutants	is	a	recurrent	event	that	

was	also	experienced	 in	 this	 research.	Usually,	 to	overcome	 this	 issue,	 single	 spore	purification	

steps,	ranging	from	10	(Nogueira-Lopez,	unpublished)	to	12	(Crutcher	et	al.	2013)	are	sufficient	to	

obtain	monokaryotic	cultures.	However,	the	multiple	single	spore	purification	steps	carried	out	for	

the	 deletion	 transformants	 TV_224958,	 TV_45693	 and	 TV_53145	 were	 insufficient	 to	 obtain	

monokaryotic	 transformants.	 To	 overcome	 this	 issue,	 the	 exploration	 of	 other	 molecular	



	

121	

approaches	such	as	partial	signalling	of	terpene	biosynthetic	genes	as	reported	by	Cardoza	et	al.	

(2007)	may	be	considered	in	the	future.	Furthermore,	Choquer	et	al.	(2008)	have	proposed	the	use	

of	 recipient	strains,	affected	 in	non-homologous	end	 joining	 (NHEJ)	 to	create	knockout	mutants	

that	have	been	hard	to	obtain	in	the	past,	such	as	terpene	synthases,	from	B.	cinerea.	Hence,	this	

technique	may	also	be	successfully	applied	in	other	filamentous	fungi	such	as	T.	virens	to	facilitate	

the	deletion	of	terpene	biosynthetic	genes.	

	

However,	it	is	important	to	note	that	the	products	derived	from	the	catalytic	activity	of	TV_224958,	

TV_45693,	and	TV_53145	remain	unknown.	Consequently,	at	this	stage	it	cannot	be	discarded	that	

the	difficulties	in	obtaining	monokaryotic	cultures	from	these	terpene	biosynthetic	genes,	may	be	

associated	with	its	(direct	or	 indirect)	 involvement	in	the	biosynthesis	of	essential	terpenes	that	

are	 indispensable	 components	 of	 the	 cell	 membrane,	 and	 hence	 fundamental	 for	 cell	 survival	

(Cardoza	 et	 al.	 2007).	 Therefore,	 its	 deletion	 can	 be	 detrimental	 for	 the	 organism,	 which	may	

explain	the	heterokaryons	persistence.			

	

5.2.2 Role	of	T.	virens	terpene	synthase	vir4	in	fungal	development	and	VOCs	
emission	

 
In	nature,	inter-	and	intrakingdom	signalling	mainly	rely	on	VOCs-based	chemical	communications,	

participating	in	the	inhibition	of	competitors,	regulating	growth	and	development	within	species	

and	acting	as	mediators	of	inter-colony	communication	(Bitas	et	al.	2013;	Li	et	al.	2016;	Salwan	et	

al.	 2019).	 In	 this	 respect,	 the	 role	 of	 the	 vir4-associated	 VOCs	 as	 inter-colony	 signalling	 in	 the	

regulation	of	growth	rate,	conidiation,	and	conidial	germination	was	assessed.	Overall	the	results	

derived	showed	differences	 in	the	phenotype	 in	all	parameters	tested	between	the	null	mutant	

and	the	Wt,	suggesting	that	besides	C8	volatile	compounds,	such	as	1-octen-3-ol,	additional	VOCs,	

such	as	the	vir4-associated	volatile	terpenes,	may	be	involved,	not	only	in	fungal	conidiation	but	

also	 in	 influencing	 fungal	 growth	 and	 conidial	 germination.	 Velazquez-Robledo	 et	 al.	 (2011)	

reported	 that	 in	 T.	 virens,	 the	 deletion	 of	 a	 4-phosphopantetheinyl	 transferase	 altered	 VOCs	

emission	 and	 negatively	 impacted	 the	 sporulation	 rate.	 Thus,	 it	 can	 be	 concluded	 that	 vir4-

associated	VOCs	are	not	essential	 for	conidiation,	but	 the	deletion	of	 the	terpene	synthase	vir4	

negatively	impacted	T.	virens	conidiation.	Nonetheless,	the	mechanisms	of	how	VOCs	signals	alter	

fungal	growth	and	development	are	yet	to	be	discovered.		
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To	further	evaluate	if	the	continuous	exposure	of	the	T.	virens	∆vir4	deletion	mutant	to	the	VOCs	

emitted	by	 its	parental	 strain	 restored	 its	phenotype,	both	strains	were	co-cultured	 in	a	shared	

atmosphere	without	direct	contact.	 In	general,	the	results	demonstrated	that	changes	 in	colony	

appearance	 of	 Δvir4,	 including	 differences	 in	 colony	 pigmentation	 and	 aerial	 hyphae	

hydrophobicity	that	resembles	its	parental	strain	that	only	occurred	when	the	deletion	mutant	was	

co-cultured	with	the	Wt	strain.	The	modification	of	Trichoderma	spp.	colony	pigmentation	has	been	

associated	 in	the	past	to	the	continuous	exposure	to	Fusarium	oxysporum	VOCs	(Li	et	al.	2018),	

showing	that	 fungal	VOCs	regulate	 the	secretion	of	specialised	metabolites,	 including	pigments.	

Hence,	the	present	findings	strongly	suggest	that	T.	virens	VOCs	regulate	the	secretion	of	fungal	

pigments.	However,	the	complexity	of	the	T.	virens	VOCs	bouquet	makes	it	very	difficult	to	unravel	

which	specific	volatile	compound	is	responsible	for	the	phenotype	observed,	thus	evaluating	the	

effect	of	purified	compounds	on	T.	virens	development	is	required	to	determine	which	volatiles	are	

responsible	for	the	phenotypes	observed.	

	

The	headspace	analysis	of	the	volatile	profile	of	both	T.	virens	Wt	and	the	Δvir4	null	mutant	grown	

under	axenic	nutrient-rich	culture	media	has	been	previously	reported	(Crutcher	et	al.	2013).	Thus,	

a	 considerable	 reduction	 in	 sesquiterpene	emission	was	expected	 in	 the	Δvir4	deletion	mutant.	

Similarly	to	the	previous	report,	the	results	confirmed	that	the	vir4	terpene	synthase	regulates	the	

emission	 of	 volatile	 terpenes	 in	 T.	 virens	 and	 that	 partial	 complementation	 in	 VOCs	 emission	

occurred	when	 the	Δvir4	null	mutant	was	 transformed	with	 the	vir4	ORF.	Nonetheless,	 the	 link	

between	 the	vir4	 in	T.	 virens	 volatile	 terpenes	emission	has	now	been	proven	 twice.	The	VOCs	

profiles	emitted	by	 filamentous	 fungi	on	nutrient-rich	culture	media	drastically	differed	 from	

those	emitted	 in	soil	 (Schenkel	et	al.	2018);	 therefore	the	analysis	of	T.	virens	 (Wt	and	Δvir4)	

VOCs	 emitted	 when	 the	 fungi	 grow	 in	 soil,	 will	 provide	 evidence	 of	 which	 VOCs	 are	

systematically	emitted	in	the	rhizosphere	that	potentially	may	influence	plant	fitness.	

 

5.3 Effect	of	T.	virens	vir4-associated	VOCs	in	plant	colonisation	and	growth	promotion		
	

Maize	 is	 one	 of	 the	most	 important	 crops	 worldwide,	 and	 T.	 virens	 is	 known	 for	 its	 ability	 to	

internally	colonise	the	maize	root	system.	Therefore,	 this	 research	aimed	to	assess	 the	possible	

biological	 role	of	 the	vir4-associated	VOCs	as	mediators	of	plant	roots	colonisation	and	as	plant	

growth	modulators.		Volatile	terpenes	emitted	by	beneficial	fungi	have	been	associated	with	root	

elongation,	thus	facilitating	colonisation	(Ditengou	et	al.	2015).	This	research	demonstrated	that	

the	vir4-associated	VOCs	are	not	essential	 for	maize	 root	 colonisation	when	plants	 grow	under	
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axenic	 (hydroponic	and	soil)	 conditions.	This	conclusion	was	based	on	 the	determination	of	 the	

endophytism	 percentage	 of	T.	 virens	Wt	 and	 the	Dvir4	null	mutant	 and	 supported	 by	 confocal	

microscopic	 observations.	 Confocal	 microscopy	 revealed	 that	 the	 T.	 virens	 Dvir4	 null	 mutant	

colonisation	pattern	resembled	its	parental	strain	because	it	conserved	the	capability	to	colonise	

the	root	surface,	the	epidermis,	and	cortical	cells,	as	well	as	inter-	and	intra-cellular	spaces	of	the	

maize	root	system.	Trichoderma	virens	is	capable	of	emitting	a	complex	bouquet	of	VOCs,	some	of	

which	are	not	regulated	by	the	vir	cluster;	therefore,	 it	cannot	be	discarded	that	other	T.	virens	

volatile	terpenes,	or	VOCs	that	belong	to	different	chemical	classes,	may	be	involved	in	the	host	

recognition	or	in	the	establishment	of	colonisation.		

	

VOCs	 emitted	 by	 Trichoderma	 spp.	 are	 known	 to	 affect	 soil	 microorganisms,	 by	 displaying	

antimicrobial	activities	against	fungi	and	bacteria,	thus,	facilitating	Trichoderma	persistence	in	the	

soil	(Zeilinger	and	Schuhmacher	2013).	This	work	did	not	evaluate	the	ability	of	the	T.	virens	Dvir4	

deletion	mutant	to	colonise	maize	roots	in	non-sterile	soil,	and	it	is	possible	that	the	vir4-associated	

VOCs	may	provide	 an	 advantage	 to	T.	 virens	 for	 persisting	 in	 non-sterile	 environments	 such	 as	

agricultural	 soils.	 To	 prove	 this	 hypothesis,	 the	 transformation	 of	 the	 T.	 virens	 Dvir4	 deletion	

mutant	 with	 a	 fluorescent	 marker	 such	 as	 the	 green	 fluorescent	 protein	 (GFP)	 is	 required,	 to	

visualise	by	confocal	microscopy	plant	roots	colonisation	and	evaluate	if	the	deletion	of	the	vir4	

terpene	 synthase	 impacts	 on	 the	 ability	 of	T.	 virens	 to	 interact	with	maize	 roots	 in	 non-sterile	

environments.	

 
Microbial	VOCs	can	reprogramme	the	root	architecture	of	symbiotic	partner	plants	and	increase	

plant	growth	leading	to	enlarged	colonisation	surfaces	(Werner	et	al.	2016).	While	the	effects	of	

bacterial	VOCs	on	plant	growth	are	relatively	well	documented,	studies	on	the	impact	of	VOCs	from	

root-associated	fungi	are	much	scarcer	(Martinez-Medina	et	al.	2017).	The	ability	of	Trichoderma	

spp.	to	promote	plant	growth	through	VOCs	emission	has	been	tested	under	split-plate	conditions,	

where	both	organisms	grow	in	a	shared	atmosphere	without	direct	contact	(Velazquez-Robledo	et	

al.	2011;	Nieto-Jacobo	et	al.	2017;	Cruz-Magalhães	et	al.	2019).	Hence,	one	aim	of	this	project	was	

to	evaluate	the	potential	of	T.	virens	vir4-associated	VOCs	as	plant	growth	promoters	by	inoculating	

maize	 seedlings	with	 the	T.	 virens	Dvir4	deletion	mutant	and	 comparing	 the	 results	with	maize	

plants	inoculated	with	its	parental	strain	growing	in	a	sterile	soil	mix.		

	

In	soil,	different	outcomes	have	been	reported	after	Trichoderma	spp.	maize	inoculation,	including	

growth	promotion,	reduction,	or	null	effects	(McKinnon	2017;	Vinci	et	al.	2018).	This	study	revealed	

that	 after	 both	 T.	 virens	 treatments,	 no	 statistically	 significant	 differences	 were	 found	 in	
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comparison	to	untreated	plants.	Thus,	 it	was	not	possible	to	evaluate	the	effect	of	the	T.	virens	

VOCs	produced	by	the	vir4	terpene	synthase	on	the	induction	of	maize	plant	growth.	(Vinci	et	al.	

2018)	 showed	 that	 the	 growth	 promotion	 effect	 provided	 by	 T.	 harzianum	 to	 maize	 plants	 is	

strongly	 influenced	by	phosphate	 fertilisers,	while	 a	 combination	of	 inorganic	 fertilisers	with	T.	

harzianum	had	a	detrimental	effect	on	plant	growth	by	reducing	shoot	biomass.	However,	treated	

maize	plants	combined	with	compost	had	enhanced	growth.	Thus,	it	is	possible	that	null	growth	

promotion	effect	after	T.	virens	Wt	treatment	may	be	associated	with	soil	nutrients-composition;	

therefore,	 alternative	 analysis	 that	 involves	 T.	 virens	 (Wt)	 seed	 treatment	 coupled	 with	 soil	

supplementation	with	compost	may	result	in	maize	growth	promotion	in	comparison	to	untreated	

plants	or	with	the	T.	virens	Dvir4	treatment.	

	

5.4 Trichoderma	 virens	 vir4-associated	 VOCs:	 modulators	 of	 maize	 root	 and	 leaf	
metabolome	

 
Endophytes	 are	 in	 constant	 interaction	with	 their	 hosts,	 and	 it	 is	 believed	 that	 both	organisms	

influence	each	other´s	metabolic	processes	(Tian	et	al.	2014).	Furthermore,	during	these	beneficial	

associations,	microorganisms	emit	VOCs	 that	 facilitate	 inter-	 and	 intra-kingdom	communication	

(Baldwin	2010;	Effmert	et	al.	2012;	Schmidt	et	al.	2015).	Therefore,	it	is	conceivable	that	T.	virens	

specialised	metabolites	such	as	VOCs	play	a	role	as	signalling	molecules	during	the	interaction	with	

maize	and	that	VOCs	signals	may	influence	the	host	metabolome.	Consequently,	the	last	aim	of	this	

research	was	to	evaluate	if	T.	virens	vir4-associated	VOCs	differentially	modulate	the	maize	root	

and	leaf	metabolome.	

	

Due	 to	 a	 large	 number	 of	 metabolic	 features	 detected	 by	 untargeted	 approaches,	 metabolic	

fingerprinting	can	facilitate	the	detection	of	even	small	differences	between	very	similar	biological	

systems	 and	 is	 a	 useful	 tool	 for	 the	 characterisation	 of	 the	 Trichoderma-plant	 interactions	

(Brotman,	2013).	To	allow	the	detection	of	specific	responses	of	the	maize	metabolome	upon	T.	

virens	 Wt	 or	 Dvir4	 colonisation,	 an	 untargeted	 metabolic	 approach	 of	 the	 T.	 virens-maize	

interaction	was	preferred.	Overall,	the	untargeted	metabolic	fingerprinting	of	the	T.	virens-maize	

interaction	 revealed	 a	 modulation	 in	 the	 maize	 metabolome	 upon	 fungal	 colonisation	 that	

comprised	a	local	and	systemic	response.	Interestingly	the	data	obtained	from	the	fingerprinting	

allowed	the	detection	of	specific	metabolic	features	modulated	only	in	the	T.	virens	Dvir4	deletion	

mutant,	 suggesting	 that	 fungal	 VOCs	may	 play	 a	 role	 in	 plant	 metabolome	modulation	 during	

symbiotic	interactions.	The	analyses	also	allowed	the	identification	of	some	modulated	metabolic	
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features,	 which	 proved	 that	 the	 T.	 virens	 colonisation	 influenced	 the	 intensities	 of	 several	

metabolites,	 including	intermediates	of	the	tricarboxylic	acid	cycle,	phenolic	compounds,	NCSM,	

flavonoids,	and	lipids.		

	

Diverse	biological	processes	 in	plants	are	 regulated	by	 flavonoids,	 including	signal	 transduction,	

transcriptional	 regulation,	 cell-to-cell	 communication,	 and	mutualistic	 plant-microbe	 interaction	

facilitators	(Ringli	et	al.	2008;	Tian	et	al.	2014).	The	results	derived	from	the	metabolic	fingerprinting	

of	maize	roots	demonstrated	that	T.	virens	 induced	an	accumulation	of	the	flavonoid	naringenin	

which	by	the	inhibition	of	the	4-coumarate:	CoA	ligase,	diminished	lignin	biosynthesis	(Bido	et	al.	

2010),	and	this	more	likely	facilitates	roots	colonisation.	Furthermore,	naringenin	occupies	a	central	

position	as	the	primary	C15	intermediate	in	the	flavonoid	biosynthetic	pathway	(Bido	et	al.	2010).	

Thus,	its	accumulation	in	the	roots	may	be	associated	with	the	biosynthesis	of	other	flavonoids	that	

display	antimicrobial	activities	against	root	pathogens.	

	

Lipids	are	major	constituents	of	all	organisms,	being	 fundamental	 structural	components	of	cell	

membranes,	and	are	associated	with	energy	and	carbon	storage,	 signal	 transduction	and	stress	

responses	 (Welti	 et	 al.	 2007).	 Plants	 synthesise	 a	 diverse	 set	 of	 lipids,	 including	 fatty	 acids,	

phospholipids,	 glycolipids,	 sterol	 lipids,	 sphingolipids,	 and	 waxes	 (Siebers	 et	 al.	 2016).	 The	

interactions	between	plant	and	microorganisms	induce	alterations	in	the	synthesis,	modification,	

or	redistribution	of	lipid	metabolism	in	the	host	(Hu	et	al.	2018).	In	this	regard,	it	was	found	that	

upon	T.	virens	(Wt	and	Dvir4)	root	colonisation,	the	intensities	of	maize	leaf	lipids	were	modified.	

In	A.	thaliana,	higher	expression	of	long-chain	fatty	acids	is	associated	with	the	antibacterial	ability	

(Raffaele	et	al.	2008);	also,	modification	of	fatty	acids	(18:1)	levels	in	the	same	model	plant,	result	

in	 alterations	 of	 SA-	 and	 JA-mediated	 defence	 responses	 (Kachroo	 et	 al.	 2005).	 Therefore,	 the	

association	 of	 the	 modulation	 of	 maize	 lipid-metabolism	 with	 the	 induction	 of	 plant-defences	

aboveground,	which	may	lead	to	resistance	to	foliar	pathogens	should	be	tested.		

	

Lastly,	the	metabolic	fingerprinting	of	T.	virens	mycelia	and	supernatant	extracts	and	the	headspace	

VOCs	analysis	revealed	that	the	deletion	of	the	terpene	synthase	vir4	had	an	impact	not	only	on	

VOCs	emission	but	it	also	indirectly	altered	non-volatile	metabolites.	
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5.5 Future	perspectives	
	

- Exploration	of	alternative	molecular	strategies	for	the	study	of	Trichoderma	spp.	terpene	

biosynthetic	genes.	

- Analyses	of	the	volatile	profiles	of	T.	virens	Wt	and	the	Δvir4	null	mutant	in	soil.		

- Assess	 the	 capability	 of	 the	 T.	 virens	 Wt	 to	 promote	 plant	 growth	 and	 modify	 root	

architecture	of	maize	or	other	plant	species	exposed	to	organic	P-fertilizers	and	compare	

the	results	with	the	Δvir4	deletion	mutant	to	assess	if	vir4-associated	VOCs	modulate	plant	

growth.	

- Evaluate	the	possible	role	of	T.	virens	volatile	terpenes	as	inducers	of	systemic	resistance	

in	maize.		

- Evaluate	other	aspects	of	plant	fitness	that	may	be	related	to	T.	virens	volatile	terpenes,	

such	as	tolerance	to	abiotic	stressors		

- Support	the	metabolomics	findings	derived	from	untargeted	fingerprinting	with	targeted	

approaches	to	assess	shifts	in	primary	metabolism	triggered	by	T.	virens	(Wt	and	Δvir4)	root	

colonisation	 and	measurements	 of	 commercial	 standards	 of	 flavonoids,	 BXs,	 lipids,	 and	

defence-related	specialised	metabolites.		

- Perform	a)	a	targeted	PLS	analysis	to	test	whether	the	maize	leaves	metabolome	separate	

between	T.	 virens	 treatments	 and	 b)	 a	 Venn	Diagram	of	 all	 features	 detected	 in	maize	

leaves	 treatments	 to	 detect	 which	 where	 the	 specific	 features	 found	 in	 both	 T.	 virens	

treatments.	

- Generate	a	lipid	profile	of	the	maize	leaf	after	T.	virens	(Wt	and	Δvir4)	root	colonisation.	
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5.6 Conclusion	
 
The	deletion	of	the	vir4	terpene	synthase	from	T.	virens	altered	fungal	growth,	conidiation,	conidial	

germination,	and	colony	pigmentation.	Experimental	evidence	demonstrated	that	the	deletion	of	

vir4	not	only	modified	T.	virens	volatile	terpenes	emission	but	also	had	an	 impact	on	the	fungal	

(mycelia	 and	 supernatant	 extracts)	metabolome.	 Despite	 the	 up-regulation	 of	 the	 vir4	 terpene	

synthase	during	the	T.	virens-maize	interaction,	vir4-associated	VOCs	do	not	seem	to	be	essential	

for	the	endophytic	colonisation	of	the	host,	in	either	axenic	hydroponic	conditions	or	sterile	soil.	

The	metabolic	 fingerprinting	of	 the	T.	virens-maize	 interaction	 revealed	 the	modulation	of	both	

local	and	systemic	plant	tissue	metabolome	upon	colonisation,	with	specific	responses	found	in	the	

T.	 virens	 Δvir4–maize	 interaction,	 suggesting	 the	 role	 of	 vir4-associated	 VOCs	 as	 signalling	

molecules	of	the	interaction.	
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6 Appendix	
	
	
Preparation	of	media	and	solutions		
	
	
All	media	were	 sterilised	 by	 autoclaving	 (121	 °C,	 15	min)	 and	made	 up	 to	 1L	 unless	 otherwise	

specified.	 If	 the	 culture	 media	 contained	 thermally	 unstable	 components,	 it	 was	 sterilised	 by	

filtration	(0.22	μm)	and	poured	 into	previously	autoclaved	glass	containers.	Aliquots	(500	μL)	of	

filtered	sterilised	antibiotics	solutions	were	stored	at	-20°C.	

	

Supplementary	Table	1.	Culture	media	and	Antibiotics		
Culture	media	and	antibiotic	solutions	 Components		

Luria	Bertani	Agar	(LBA)	

Tryptone	10	g/L		
Yeast	extract	5	g/L		
NaCl	10	g/L	
Bacteriological	Agar	15	g/L		

Luria	Bertani	Broth	(LBB)	
Tryptone	10	g/L		
Yeast	extract	5	g/L	
NaCl	10	g/L	

Potato	Dextrose	Agar	(PDA)		
Potato	starch	infusion	4	g/L	
Dextrose	20	g/L	
Bacteriological	Agar	15	g/L	

Potato	Dextrose	Broth	(PDB)	(Difco)	
Potato	starch	infusion	4	g/L	
Dextrose	20	g/L	
Bacteriological	Agar	15	g/L	

Trichoderma	selective	media	(TSM)	

Agar	20	g/L		
Glucose	3	g/L	
Ammonium	Nitrate	1	g/L	

K2HPO4.3H2O	0.9	g/L		

MgSO4.7H2O	0.2	g/L		

KCl	0.15	g/L		
Terrachlor	75	WP	0.2	g/L		
Rose	Bengal	0.15	g/L		
Chloramphenicol	(2.5	mg/mL	stock)	1	mL	
Metal	Salt	Solution	1	mL	

Minimal	Media	(MM)	Broth	(10	mL)	

Solution	1:	10	mM	K2HPO4	+	10	mM	KH2PO4	100	µL	

Solution	2:	2	mM	MgSO4	+	2.5	mM	NaCl	200	µL	

Solution	3:	0.7	mM	CaCl2	10	µL	

Solution	4:	10	mM	D-glucose	100	µL	

Solution	5:	9	µM	FeSO4	100	µL	

Solution	6:	4	mM	(NH4)2SO4	25	µL	
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IMAS	Broth	(50	mL)	

Solution	1	500	µL	
Solution	2	1mL	
Solution	3	50	µL	
Solution	4	500	µL	
Solution	5	500	µL	
Solution	6	125	µL	
1	M	MES	buffer	2mL	
50%	glycerol	500	µL	
Acetosyringone	100	µL	

IMAS	Agar		

Solution	1	10	mL/L	
Solution	2	20	mL/L	
Solution	3	1	mL/L	
Solution	4	10	mL/L	
Solution	5	10	mL/L	
Solution	6	2.5	mL/L	
1	M	MES	buffer	40	mL/L	
50%	glycerol	10	mL/L	
Acetosyringone	2	mL/L	

MES	buffer	
1	M	MES.	H2O	

pH	5.3	(Adjusted	with	NaOH)	

Acetosyringone	
0.2	Mm	
Diluted	with	ethanol.	Freshly	made		

Kanamycin	Stock	(25	mg/mL)	
125	mg	kanamycin	sulphate	(Sigma-Aldrich)		

5	mL	H2O		

Rifampicin	Stock	(25	mg/mL)	
125	mg	Rifampicin	(Sigma-Aldrich)		
5	mL	Dimethylsulfoxide	(DMSO)	(Sigma-Aldrich)		

Timentin	Stock	(100	mg/mL)	
500	mg	Timentin	(GlaxoSmithKline	Plc.)		

5	mL	H2O	

Hygromycin	Stock	(100	mg/mL)	
500	mg		

5	mL	H2O	

Benomyl	Stock	(10	mg/mL)	
50	mg	

5	mL	H2O	
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Supplementary	Table	2.	Name	and	sequence	of	primers		
Primer	name	 Sequence			

hph	ORF	f	 5'-CGT	TGC	AAG	ACC	TGC	CTG	AA-3'	
hph	ORF	r	 5'-GGA	TGC	CTC	CGC	TCG	AAG	TA-3'	
HygR	check	f	 5’	CAGAAACTTCTCGACAGACG	3’	
HygR	check	r	 5’	CTATCAGAGCTTGGTTGACG	3’	
pYT6	check-f	 5'-AAC	GCT	TCT	GTC	ATC	GTT	ACA-3'	
pYT6	check-r	 5'-TTA	GGA	CTT	GTG	CGA	CAT	GT-3'	
M13-f	 5'-GGAAACAGCTATGACCATG-3'	
M13-r	 5'-GTA	AAA	ACG	CGG	CCA	GTG-3'	
vir4	ORF	f	 5’	GAGATGAACCCACACTATGC	3’	
vir4	ORF	r	 5’	CGTCATGCCACCATGAATATC		3’	
vir4	Ext	LF		 5’	CAAAGAAGGCTGTCAAGGGC	3’	
vir4	Ext	RF	 5’	CAATATACTCAGCGCCGCTATC	3’	
vir4	RF	r	(oAM-LU658)	 5’	TTAGGTCTCAACATGGCCGTGAGTGGAATCATAC	3’	
vir4	RF	f	(oAM-LU657)	 5’	TTAGGTCTCTGCTTGTGAATCACGCTGCTTGAGG	3’	
vir4	LF	r	(oAM-LU656)	 5’	TTAGGTCTCACATTGAGATGAATTGCGGGCTTTG	3’	
vir4	LF	f	(oAM-LU655)	 5’	TTAGGTCTCTACAACAAGCACGGCAGTCATATTG	3’	
224958	ORF	f	 5’GCTCAAGTCGATTGGTCTAC	3’	
224958	ORF	r	 5’	GAGATGCCAACTGCACAAAC	3’	
224958	Ext	LF	 5’	GGCAGAAGCTTACCAGTCAG	3’	
224958	Ext	RF	 5’	CTTGAGGTAAAGCGCATGTCG	3’	
224958	RF	r	(oAM-LU662)	 5’	TTAGGTCTCAACATTTGGTATAGCTGCGGTTTCG	3’	
224958	RF	f	(oAM-LU661)	 5’	TTAGGTCTCTGCTTTTATGGCGGGTAAGATGAGG	3’	
224958	LF	r	(oAM-LU660)	 5’	TTAGGTCTCACATTAGTAGCCTTGGACCCTGTTG	3’	
224958	LF	f	(oAM-LU659)	 5’	TTAGGTCTCTACAATGGTCTGCTGTGAGCAGATG	3’	
45693	ORF	f	 5’	TTTGAGCATCCAGCAGGCCG	3’	
45693	ORF	r	 5’	TTGTGAGCCATTTCGATGAGG	3’	
45693	Ext	LF	 5’	GCTTGAGTAGACAGCTAC	3’	
45693	Ext	RF	 5’	GTATGTCACACCTCACATGCAG	3’	
45693	RF	r	(oAM-LU686)	 5’	TTAGGTCTCAACATCCATGATCTCGCTTCTTACG	3’	
45693	RF	f	(oAM-LU685)	 5’	TTAGGTCTCTGCTTGGAGAAGGCCAACTGTTCTG	3’	
45693	LF	r	(oAM-LU684)	 5’	TTAGGTCTCACATTGCACTATTCGCAGCGTCTGG	3’	
45693	LF	f	(oAM-LU683)	 5’	TTAGGTCTCTACAACAATGCTGACGAGGAAGTTG	3’	
53145	ORF	f	 5’	GGGTTCTTTAACCGATCCTC	3’	
53145	ORF	r	 5’	CCTGTCAATAGCCAAGACTG	3’	
53145	Ext	LF		 5’	GGCGGTGTAACTATTTCTCTGC	3’	
53145	Ext	RF	 5’	CCAATCCATCTCATGGATCAGC	3’	
53145	RF	r	(oAM-LU666)	 5’	TTAGGTCTCAACATTGCCTATCTCGTAGGCCCATTG	3’	
53145	RF	f	(oAM-LU665)	 5’	TTAGGTCTCTGCTTGGGACTTCATAATACATCCGATA	3’	
53145	LF	r	(oAM-LU664)	 5’	TTAGGTCTCACATTTAGAGGTGCACTTGCATCAG	3’	
53145	LF	f	(oAM-LU663)	 5’	TTAGGTCTCTACAAAAACTAGGGTCGGGATGTTC	3’	
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Preparation	of	Escherichia	coli	competent	cells	
	
A	single	colony	of	E.	coli	TOPO	F’	cells	was	inoculated	to	50	mL	of	super	optimal	broth	(SOB)	and	

grown	overnight	at	37°C	under	constant	shaking	(225	rpm).	Four	millilitres	aliquots	were	inoculated	

into	400	mL	SOB	medium	and	incubated	at	37°C	under	constant	shaking	at	225	rpm	until	an	optical	

density	OD560	of	0.5	was	reached.	Aliquots	of	45	mL	were	placed	in	falcon	tubes	and	chilled	on	ice	

for	10	min.	The	cells	were	centrifuged	at	3,000	x	g	for	7	min	at	4°C,	the	supernatant	was	carefully	

removed,	and	the	cells	were	gently	resuspended	in	10	mL	of	ice-cold	CaCl2	solution	(60	mM	CaCl2,	

15%	glycerol	and	10	mM	HEPES,	pH	7).	The	E.	coli	cells	were	centrifuged	at	2,500	x	g	for	5	min	at	

4°C,	the	supernatant	was	carefully	removed	and	then,	the	cells	were	gently	resuspended	in	2	mL	

of	ice-cold	CaCl2	solution.	Aliquots	of	50	μL	were	stored	at	-80°C	until	required.	

	

Preparation	of	Agrobacterium	tumefaciens	competent	cells	

	

A	single	colony	of	A.	 tumefaciens	 EHA105	was	 inoculated	 to	30	mL	of	 Luria	Bertani	broth	 (LBB)	

supplemented	with	25	µg/mL	rifampicin	and	incubated	overnight	at	30°C	under	constant	shaking	

(250	 rpm).	 Aliquots	 of	 5	 mL	 were	 inoculated	 into	 2	 x	 500	mL	 Yeast	Mannitol	 (YM)	 broth	 and	

incubated	overnight	at	30°C	under	constant	shaking	at	300	rpm.	Aliquots	of	45	mL	were	placed	in	

falcon	tubes	and	chilled	on	ice	for	10	min.	The	A.	tumefaciens	were	centrifuged	at	3,000	x	g	for	10	

min	at	4°C,	and	the	cell	pellet	was	re-suspended	by	vortexing	in	40	mL	ice-cold	10%	glycerol.	Then,	

the	cells	were	centrifuged	(3,000	x	g	for	10	min	at	4°C)	and	gently	resuspended	in	500	µL	of	ice-

cold	 10%	 glycerol	 and	 combined	 in	 one	 tube.	 Cells	 were	 pelleted	 once	 more	 as	 previously	

described,	and	the	pellet	was	re-suspended	in	500	µL	ice-cold	1	M	sorbitol.	Aliquots	of	40	µL	were	

stored	at	-80°C	until	required.	
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Supplementary	Figure	1.	Expression	levels	of	four	terpene	synthase	encoding	genes	from	T.	virens	
during	its	interaction	with	maize	roots.	Data	was	obtained	from	the	transcriptome	analysis	of	the	
T.	virens-maize	interaction	performed	by	Lawry	(2016).	Maize	seeds	were	surface	sterilised	and	
then	 inoculated	with	 a	 conidia	 suspension	 containing	 1x106	spores.	 RNA	 samples	were	 isolated	
from	the	first	2	cm	of	maize	roots	after	3,	5	and	7	days	post-inoculation.	Maize	plants	were	sown	
in	 “John-Innes”	 soil	mixture	and	maintained	at	25°C	with	16	h	 light	and	8	h	dark	 cycle	 inside	a	
humidity	control	chamber	under	a	sterile	environment.	
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Supplementary	Figure	2.	Overview	of	deletion	constructs	creation	and	confirmation	for	T.	virens	
protoplast	transformation.	(A)	PCR-Amplified	and	(B)	purified	mixed	flanking	regions	of	TV_45693	
and	TV_53145.	(C)	and	(D)	Schematic	representation	of	the	resulting	Δ53145	and	Δ45693	deletion	
constructs,	 respectively.	 Verification	 of	 (E)	Δ53145	 and	 (F)	Δ45693	 deletion	 constructs	 isolated	
from	of	E.	coli	colonies	after	restriction	reactions	with	EcoRV	(expected	fragments	0.1,	3.9	and	5.9	
kb	 for	Δ53145	and	10.2	 kb	 for	Δ45693);	 colonies	 from	Ec-1	 to	 Ec-8	of	 each	 case	 contained	 the	
expected	size	construct.	(G)	and	(H)	restriction	verification	with	EcoRV	of	the	deletion	constructs	
isolated	from	three	independent	A.	tumefaciens	colonies.	At-1a	and	At-7a	were	used	for	T.	virens	
protoplasts	transformation.		
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Supplementary	Figure	3.	PCR	amplification	of	the	hph	ORF	probe	for	the	confirmation	of	the	T.	
virens	 deletion	 mutants.	 (A)	 Schematic	 representation	 of	 primers	 binding	 sites	 for	 hph	 ORF	
amplification.	(B)	hph	DIG-labelled	probe	(0.4	kb).	
 
 
 

 
	
Supplementary	Figure	4.	Verification	of	heterokaryon	state	absence	in	T.	virens	Δ224958,	Δ53145	
and	Δ45693	deletion	mutants	by	PCR.	(A)	The	0.5	kb	fragment	size	resulted	from	the	amplification	
of	the	TV_224958	encoding	region	that	was	expected	in	T.	virens	Wt	was	also	visualised	in	three	
Δ224958	mutants.	(B)	The	0.8	kb	fragment	size	expected	from	the	amplification	of	the	TV_53195	
ORF	was	found	in	both,	T.	virens	Wt	and	in	the	Δ53145	deletion	mutants	and	(C)	The	1.2	kb	size	
fragment	derived	from	the	amplification	of	the	TV_45693	ORF	was	visible	in	the	T.	virens	Wt	strain	
and	in	all	Δ45693	deletion	mutants.	A	fragment	of	1.4	kb	of	the	HygR	cassette	was	amplified	as	
positive	control	to	ensure	DNA	quality	for	PCR,	the	expected	fragment	was	present	in	all	deletion	
mutants	transformants	but	absent	in	T.	virens	Wt	and	in	the	negative	controls	used	(-C*=	ultrapure	
nuclease-free	water	used	for	primers	dilutions	and	samples	preparation	and	C**=	lysis	buffer	for	
fungal	DNA	isolation).	
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Supplementary	 Figure	 5.	 Creation	 of	 gene	 complementation	 construct.	 (A)	 PCR	 product	 of	
complementing	construct	containing	the	vir4	encoding	region	along	with	1.35	kb	of	the	upstream	
and	downstream	regions	(4.0	kb	size	product).	(B)	Restriction	verification	with	BamHI	of	the	vir4	
complementation	 vector	 (pCR-XL-Topo	 vir4C	 vector)	 isolated	 from	 E.	 coli	 (4.2	 and	 3.3	 kb	 size	
products).	 (C)	PCR-XL-Topo	vir4C	vector	 linearised	with	NotI	 (7.5	kb	size	product).	 (D)	Digestion	
reaction	of	the	PCR	2.1	vector	with	XmnI	and	NotI	for	tub2	band	excision.	(E)	Purified	tub2	(3.1	kb	
fragment).	 (F)	 Scheme	 of	 the	 complementation	 vector.	 (G)	 Restriction	 verification	 of	
complementation	vector	isolated	from	E.	coli	colonies,	the	vector	was	digested	with	SalI	(7.3	and	
3.3	kb	size	products).	
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Supplementary	Table	3.	Emitter:	Receptor	interaction	means		
Emitter:Receptor	interaction	means	

		

Growth	rate	 Sporulation	(4	dpi)	 Sporulation	(7	dpi)	

Receptor	
Emitter	 Δvir4	 Wt	 Δvir4	 Wt	 Δvir4	 Wt	
PDA	 16.1	 22.12	 7.21	 7.9	 8.135	 8.658	
Δvir4	 15.4	 20.9	 7.607	 7.656	 8.158	 8.127	
Wt	 14.7	 20.05	 7.567	 7.526	 7.996	 8.248	

LSD	(5%)	 2.003	 0.1299	 0.1715	
	

Emitter	main	effect	means	

		 Growth	rate	 Sporulation	(4	dpi)	 Sporulation	(7	dpi)	

PDA	 19.11	 7.555	 8.397	
Δvir4	 18.15	 7.632	 8.143	
Wt	 17.38	 7.546	 8.122	

LSD	(5%)	 1.42	 0.0919	 0.1212	
	

Receptor	main	effect	means	

		 Growth	rate	 Sporulation	(4	dpi)	 Sporulation	(7	dpi)	

Δvir4	 15.4	 7.461	 8.096	
Wt	 21.02	 7.694	 8.344	

LSD	(5%)	 1.16	 0.075	 0.099	
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Supplementary	Figure	6.	Soil	Nutrient	Analysis	Table,	provided	by	Hill	Laboratories	Limited	(NZ).	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

138	

Supplementary	 Table	 4.	 Maize	 seedling	 growth	 parameter	 means.	 Table	 shows	 the	 means	
obtained	from	the	analysis	of	variance	(ANOVA)	in	all	treatments	for	each	repeat.	LSD	values	are	
from	the	three	repeats	combined.	

Maize	growth	rate	means	
	Root	length	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 29.50	 28.46	 28.37	 28.8	
Wt	 31.39	 32.74	 24.71	 29.6	
Δvir4	 28.77	 30.94	 25.97	 28.6	
LSD	(5%)	 		 		 		 4.80	

	Stem	length	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 7.75	 7.53	 7.32	 7.5	
Wt	 7.95	 7.85	 7.16	 7.7	
Δvir4	 8.56	 7.52	 7.39	 7.8	
LSD	(5%)	 		 		 		 0.65	

Shoot	length	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 35.89	 31.41	 32.51	 33.3	
Wt	 34.74	 36.05	 33.52	 34.8	
Δvir4	 35.94	 33.99	 34.69	 34.9	
LSD	(5%)	 		 		 		 3.45	

Total	aerial	length	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 43.64	 38.94	 40.83	 41.1	

Wt	 42.69	 43.89	 42.07	 42.9	
Δvir4	 44.50	 41.51	 42.44	 42.8	
LSD	(5%)	 		 		 		 3.49	

Total	plant	length	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 73.14	 67.39	 69.55	 70.0	
Wt	 74.07	 76.63	 68.78	 73.2	
Δvir4	 73.27	 72.45	 68.77	 71.5	
LSD	(5%)	 		 		 		 6.09	
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Supplementary	Table	5.	Maize	seedling	dry	weight	(biomass)	parameter	means.	Table	shows	the	
means	obtained	from	the	analysis	of	variance	(ANOVA)	in	all	treatments	on	each	repeat.	LSD	values	
are	from	the	three	repeats	combined.	

Maize	dry	weight	means	

	Root	dry	weight	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 0.039	 0.040	 0.046	 0.042	
Wt	 0.041	 0.045	 0.031	 0.039	
Δvir4	 0.039	 0.038	 0.036	 0.038	
LSD	(5%)	 		 		 		 0.012	

	Shoot	dry	weight	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 0.136	 0.106	 0.127	 0.123	
Wt	 0.143	 0.138	 0.106	 0.129	
Δvir4	 0.141	 0.126	 0.121	 0.129	
LSD	(5%)	 		 		 		 0.030	

Total	plant	dry	weight	means	

	Treatment	 Expt	1	 Expt	2	 Exp	3	 Combined	

Control	 0.176	 0.141	 0.170	 0.163	
Wt	 0.184	 0.184	 0.152	 0.173	
Δvir4	 0.179	 0.165	 0.159	 0.168	
LSD	(5%)	 		 		 		 0.034	
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