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General	introduction	
	
Plants!	Love	them,	hate	them,	kill	them,	but	your	life	without	them	will	not	only	be	
impossible	but	it	would	also	be	–	let’s	face	it	–	uglier	and	sadder.	You	cannot	have	a	
day	without	seeing,	touching	and	hopefully	eating	one.	However,	plants	are	not	only	
what	 you	 see,	 but	 they	 are	 heavily	 covered	 and	 inhabited	 by	 microorganisms	
collectively	known	as	the	“microbiome”.	Thus,	plants	(as	well	as	animals)	can	be	seen	
as	a	continuum	of	interactions	between	themselves	and	their	microbiome.	In	other	
words,	microbiomes	together	with	their	host	plant	is	what	makes	a	plant	“whole”.	
Therefore,	studying	plants	without	microbes	gives	just	one	side	of	the	story.	And	we	
know	that	we	should	always	listen	to	both	sides	if	we	really	want	to	grasp	what	is	
going	on!	Based	on	this	concept,	in	this	introduction,	I	would	like	to	convey	a	perhaps	
unusual	perspective	on	plants	and	imagine	them	as	cozy	hotels	for	microorganisms.	
I	will	attempt	to	cover	the	story	from	both	sides	and	explore	the	topics	this	thesis	
covers.	
	
To	colonize	or	not	to	colonize,	that	is	the	question	
	
Generally	 speaking,	 a	 microbe	 can	 live	 as	 a	 ‘vagabond’	 (for	 example	 in/on	 dead	
organic	matter),	or	try	to	go	inside	the	cozy	rooms	of	the	plant	hotel.	As	a	hotel	guest,	
the	microbe	will	have	free	room-service	and	be	guarded	from	adverse	environmental	
conditions	and	predators.	The	first	step	of	becoming	a	guest	consists	of	opening	the	
main	door	of	the	hotel	(e.g.	cuticle)	or	take	advantage	of	an	open	door	and	quickly	go	
in	(e.g.	wounds,	stomata).	Several	microorganisms	are	incapable	of	doing	so	(e.g.	lack	
infection	structures,	cell	wall	degrading	enzymes),	and	they	just	stay	outside.	These	
vagabonds	which	are	only	present	on	the	surface	of	the	plant	are	called	epiphytes	
and	are	outside	of	the	scope	of	this	thesis.	Here,	I	only	focus	on	the	microorganisms	
that	 can	 actually	 go	 inside,	 because	 that	 is	 where	 the	 interesting	 stories	 of	
manipulation,	deception	and	friendship	are	mostly	taking	place.		
A	successful	 invading	microorganism	can	either	stay	in	 the	hotel’s	 ‘hallways’	 (the	
apoplast),	or	can	try	to	get	all	cozy	inside	a	room	(plant	cell).	As	a	well-run	hotel,	the	
plant	has	a	check-point	to	determine	who	is	allowed	in	and,	if	so,	where	to	place	the	
guest.	Not	all	are	welcomed	and	definitely	not	everywhere.	The	hotel	management	
needs	to	determine	which	microorganisms	will	go	in	the	sweet-suite	rooms	(in	the	
leaves)	and	which	will	be	placed	in	the	basement	cells	of	the	root.		
After	 this	 initial	 check-in,	microbes	will	 basically	 be	 occupying	 the	 apoplast,	 and	
occasionally	a	few	cells.	Most	microorganisms	are	okay	with	this	deal,	but	some	cheat	
the	system	to	reach	other	plant	parts.	This	is,	of	course,	when	problems	start	arising.	
For	example,	some	fungi	can	escape	the	basement	cells	and	reach	the	piping	system	
of	 the	plant	or	xylem,	which	will	 eventually	 short-circuit	 the	whole	hotel.	Others,	
such	as	necrotrophic	fungi,	behave	like	rock-stars	and	start	to	plunder	and	destroy	
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their	sweet	suite-cells.	So	how	can	plants	cope	with	all	of	this	misuse?	To	avoid	the	
collapse	 of	 the	 hotel,	 plants	 have	 different	 strategies,	 with	 different	 degrees	 of	
success,	to	limit	the	actions	of	not-so	well-behaving	guests.	In	this	thesis	I	will	focus	
mostly	 on	 fungi	 belonging	 to	 the	 species	complex	 known	 as	Fusarium	oxysporum	
(Fo),	and	 on	determining	whether	 there	 is	a	 genetic	 component	 of	 being	 a	 “bad”	
guest,	 and	 how	 plants	 deal	 with	 hosting	 good	 and	 bad	 guests	 individually	 and	
together.		
	
On	being	a	bad	guest		
	
Fo	itself	can	be	a	host	for	bacteria	and	viruses	(Minerdi	et	al.,	2011;	Torres-Trenas	et	
al.,	2019),	but	in	relation	to	plants	we	can	consider	it	a	guest,	and	in	particular	a	bad	
guest,	when	 it	 causes	disease	on	 its	host.	 ‘Bad	Fo	guests’	have	been	 identified	by	
following	 the	 Koch’s	 postulate;	 Fo	 strains	 isolated	 from	 diseased	 plants	 were	
inoculated	on	healthy	plants,	and	considered	to	be	pathogenic	when	they	caused	the	
same	type	of	disease	symptoms	as	observed	initially.	Based	on	these	observations	
and	on	which	host	disease	symptoms	are	induced,	pathogenic	Fo	strains	have	been	
divided	 in	 formae	 speciales	 (ff.	 ssp.).	 Interestingly,	 Fo	 strains	 are	 generally	
pathogenic	on	only	one	plant	 species	 (such	as	Fo	 f.	 sp.	 lycopersici,	 a	pathogen	on	
tomato)	or	few	related	species	(such	as	Fo	f.	sp.	radicis-cucumerinum,	pathogenic	on	
several	species	belonging	to	the	Cucurbitaceae	family)	(Edel-Hermann	&	Lecomte,	
2019).	Therefore,	as	a	species	complex,	Fo,	supposes	a	serious	threat	in	agriculture	
(Dean	et	al.,	2012),	due	to	its	broad	host	 range,	with	106	ff.	spp.	described	(Edel-
Hermann	 &	 Lecomte,	 2019).	 It	 is	 important	 to	 mention,	 however,	 that	 the	 vast	
majority	 of	 Fo	 strains	 can	 colonize	 as	 good	 guests,	 without	 triggering	 disease	
symptoms	 and	 are	 therefore	 considered	 to	 be	 endophytes.	 These	 endophytic	
interactions	have	been	frequently	overlooked	in	the	plant-pathology	field	and	are	the	
focus	of	this	thesis.	
	
What	makes	Fol	a	master	of	subversion?	
	
Typical	disease	symptoms	caused	by	pathogenic	Fo	on	 their	host	are	wilting	and	
root-rot	 (Edel-Hermann	 &	 Lecomte,	 2019).	 If	 we	 take	 the	 case	 of	 the	 tomato	
pathogen	Fo	f.sp.	 lycopersici	(Fol),	its	hyphae	start	colonizing	tomato	roots	mainly	
intercellularly	 but	 occasionally	 intracellularly,	 eventually	 reaching	 the	 xylem	
(Gordon,	 2017).	 When	 this	 happens,	 the	 plant	 tries	 to	 hamper	 further	 fungal	
colonization	by	the	formation	of	tyloses,	which	can	lead	to	obstruction	of	the	xylem	
vessels.	But	how	can	Fol	achieve	this	extensive	colonization	and	cause	disease	on	
tomato?	 Proteomics	 studies	 on	 xylem	 sap	 of	 Fol-infected	 tomato	 plants	 led	 to	
identification	of	14	secreted	in	xylem	(Six)	proteins	(Houterman	et	al.,	2007).	Knock	
out	 of	 SIX1,	 SIX3,	 SIX5	 and	 SIX6	 genes	 demonstrated	 their	 contribution	 to	
development	of	disease	symptoms	(Rep	et	al.,	2004;	Houterman	et	al.,	2007;	Schmidt	
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et	al.,	2013;	Gawehns	et	al.,	2014;	Ma	et	al.,	2015).	Genomic	analysis	revealed	that	the	
SIX	genes	are	located	on	a	single,	‘pathogenicity’	chromosome	of	Fol	(Schmidt	et	al.,	
2013).	Surprisingly,	a	miniature	impala	(mimp)	transposon	is	consistently	present	
within	2	kb	upstream	of	SIX	genes.	This	proximity	between	effector	genes	and	mimps	
proved	 to	 be	 useful	 to	 identify	 new	 putative	 effector	 genes	 in	 other	 Fo	 ff.	 spp.	
(Schmidt	et	al.,	2013;	van	Dam	et	al.,	2016)	and	these	putative	effector	genes	have	
been	useful	to	differentiate	ff.	spp.	(van	Dam	et	al.,	2016;	van	Dam	et	al.,	2018)	
	
On	being	a	good	host	without	sacrificing	oneself	
	
Traditionally,	 in	plant	pathology	 the	term	host	is	used	for	a	plant	which	develops	
disease	symptoms	when	colonized	by	a	microbe	while	the	term	“non-host”	is	used	
for	a	plant	which	does	not	show	any	disease	symptoms.	However,	defining	a	host	
based	 on	 the	 outcome	 of	 disease	 symptoms	 can	 be	 problematic.	 For	 example,	
arbuscular	 mycorrhizal	 fungi	 colonize	 plant	 roots	 without	 causing	 disease	
symptoms.	 To	 circumvent	 such	 ambiguity,	 the	 terms	 “susceptible”	 and	
“symptomless”,	 “tolerant”	 or	 “resistant”	 in	 relation	 to	 a	 host	 were	 introduced	
(Malcolm	et	al.,	2013).	In	this	thesis,	I	consider	as	host	a	plant	which	allows	fungal	
colonization	(in	terms	of	proliferation,	growth)	independently	of	developing	disease	
symptoms	or	 not.	 Following	 this	 reasoning,	 a	 host	 is	 a	plant	 that	 allows	 internal	
fungal	growth.	However,	as	a	general	rule,	plants	limit	colonization	of	a	fungal	guest.	
How	exactly	plants	decide	which	microbes	to	‘check	in’	will	be	simplified	bellow	with	
the	“zigzag”	model	proposed	by	(Jones	&	Dangl,	2006).		
Plants	 can	 stop	 unwanted	 intruders	 by	 recognizing	 conserved	 domains	 in	 their	
surface	 of	 known	 as	 MAMPs	 (microbe	 –associated	 molecular	 patterns)	 using	
receptors	located	in	the	plasma	membrane	known	as	pattern	recognition	receptors	
(PRR).	Most	microbes	are	stopped	at	this	check	in	point,	by	what	is	known	as	pattern-
triggered	 immunity	 (PTI).	 In	 order	 to	 pass	 this	 checkpoint,	 microbes	 secrete	
effectors	 to	 specifically	 suppress	 PTI,	 leading	 to	 effector-triggered	 susceptibility	
(ETS).	 Plants	 in	 turn	 have	 evolved	 resistance	 (R)	 proteins,	 which	 can	 recognize	
effector(s),	and	thereby	stop	bad	guests	by	effector-triggered	immunity	(ETI).		
Both	PTI	and	ETI	are	forms	of	induced	(active)	defenses,	mediated	by	processes	that	
can	be	grossly	divided	in	to	structural,	such	as	formation	of	papillae,	thickening	and	
lignification	 of	 the	 cell	 wall	 and	 formation	 of	 tyloses,	 and	 chemical	 (such	 as	
production	of	pathogenesis-related	(PR)	proteins	and	phytoalexins)	(Jones	&	Dangl,	
2006).	ETI	normally	is	stronger	than	PTI	and	can	result	in	a	type	of	programmed	cell	
death	known	as	hypersensitive	response	(HR).	The	function	of	HR	for	the	plant	is	to	
stop	the	unwanted	invader	by	killing	the	infected	cell.	Depending	on	the	pathogen	
and	the	infection	type,	HR	comprises	either	a	single	cell	or	many,	visible	as	necrotic	
flecks.	 New	 discoveries	 in	 plant	 microbe-interactions	 increased	 the	 ambiguity	
between	the	initial	definition	of	effector	and	MAMP,	and	between	PRR	and	R.	Due	to	
this	ambiguity,	and	because	many	responses	between	PTI	and	ETI	are	shared,	new	
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classifications	 and	 terminologies	 have	 been	 proposed	 such	 as	 extracellularly	
triggered	 immunity	 (ExTI),	 intracellularly	 triggered	 immunity	 (InTi),	 and	 PAMP-
triggered	susceptibility	(PTS)	(Thomma	et	al.,	2011;	van	der	Burgh	&	Joosten,	2019).	
Despite	this	“blurred”	PTI	-ETI	dichotomy,	the	responses	triggered	by	both	consist	of	
limiting	microbial	colonization.		
	
Surveillance	systems	against	new	invaders		
	
Once	a	pathogen	has	managed	 to	 infect	plant	 tissue,	 the	plant	 is	able	 to	mount	a	
defense	 in	 non-colonized	 parts	 to	 protect	 against	 subsequent	 pathogen	 attack	
(Pieterse	et	al.,	2009).	This	term	is	known	as	induced	resistance	and	it	is	generally	
divided	 into	 systemic	 acquired	 resistance	 (SAR)	 and	 induced	 systemic	 resistance	
(ISR).		
SAR	is	characterized	by	an	induction	of	specific	pathogenesis-related	(PR)	genes,	it	
can	be	triggered	by	both	PTI	and	ETI,	and	it	is	associated	with	an	increase	of	salicylic	
acid	(SA),	not	only	at	the	infection	site	but	also	at	distal	tissues.	By	contrast,	ISR	is	
activated	by	microorganisms	colonizing	the	root	system	and	consists	of	priming	for	
accelerated	 jasmonic	 acid	 (JA)-	 and	 ethylene	 (ET)-dependent	 genes	 in	 systemic	
tissues	rather	than	activating	defense	directly	(Pieterse	et	al.,	2014).	
Due	 to	 the	 importance	 of	 hormones	 in	 mediating	 resistance,	 pathogens	 have	
developed	 different	 strategies	 to	 cope	 with	 these	 forms	 of	 induced	 resistance,	
ranging	 from	 degrading	 hormones	 to	 making	 phytohormone-like	 compounds	 to	
ensure	a	successful	colonization.	In	the	tomato-Fol	pathosystem,	it	has	been	shown	
that	 SA	 contributes	 to	 Fol	 resistance	while	 ethylene	 to	 Fol	 susceptibly	 (Di	 et	 al.,	
2017).	Additionally,	Fol	and	Fo	f.	sp.,	tulipae	can	produce	ET	(Gentile	&	Matta,	1975;	
Hottiger	&	Boller,	1991)	and	Fol	most	likely	can	interfere	with	SA	accumulation	as	
seen	for	Fusarium	graminearum	(Hao	et	al.,	2019).	JA	production	has	not	been	shown	
for	Fol	but	it	was	shown	for	Fo	f.	sp.	conglutinans	(Cole	et	al.,	2014).	
	
Room	service!	
	
An	obvious	advantage	for	fungi	to	colonize	plant	tissues	is	access	to	nutrients	such	
as	sucrose.	Without	access	to	sugars	fungal	invaders	cannot	sustain	themselves	and	
grow	–	just	making	their	cell	wall	requires	large	amounts	of	sugars.	The	capacity	to	
synthesize	 sugars	 from	 water	 and	 carbon	 dioxide	 is	 limited	 to	 cells	 containing	
chloroplasts.	 From	 these	 “source	 tissues”,	 sucrose	 is	 transported	 either	 via	 the	
apoplast	 or	 from	 cell	 to	 cell	 until	 it	 reaches	 the	 phloem	and	 eventually	 the	 “sink	
tissues”	(e.g.	roots).	Fungi	can	invade	both	source	and	sink	tissues.	Fungal	invasion	
normally	results	in	an	increase	of	cell	wall	invertase	(CWInv)	activity	at	the	infection	
site	(Tauzin	&	Giardina,	2014),	which	can	lead	to	formation	of	a	new	sink	(Schultz	et	
al.,	2013).	CWInv	are	located	in	the	apoplast,	and	break	sucrose	into	fructose	and	
glucose,	resulting	in	a	competition	between	fungi	and	host	to	take	them	up	(Lemoine	
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et	al.,	2013).	In	various	cases,	it	is	unclear	whether	the	CWInv	belongs	to	the	host	or	
the	invader	(Voegele	&	Mendgen,	2011).	Plant	CWInv	are	regulated	by	sugar	levels	
and	hormones.	For	instance,	ET	can	downregulate	the	expression	of	CWInv	(Roitsch	
et	al.,	2003).	The	sugars	generated	by	the	CWInv	are	used	by	the	host	cell	as	building	
blocks	for	defense	barriers	(lignification,	callose)	but	also	as	signaling	molecules	by	
inducing	expression	of	PR-genes	or	metabolic	genes	(Roitsch	et	al.,	2003;	Proels	&	
Huckelhoven,	2014;	Tauzin	&	Giardina,	2014).	Based	on	these	observations,	a	new	
concept	of	sugar-	enhanced	plant	defense	or	“sweet	immunity”	has	been	proposed	
(Herbers	et	al.,	2000;	Tauzin	&	Giardina,	2014).	Invaders	have	sugar	transporters	in	
their	plasma	membrane	to	pick	up	their	food,	and	some	can	even	secrete	effectors	
that	inhibit	activity	of	host	CWInv	(Sonnewald	et	al.,	2012).	In	the	case	of	Fol,	when	
colonizing	 tomato	 roots,	 plant-derived	 CWInv	 accumulates,	 and	 resistant	 plants	
accumulate	CWInv	faster	than	in	susceptible	interactions,	in	which	it	is	restricted	to	
the	colonized	cells	(Benhamou	et	al.,	1991).	
	
Fo47	protects	plants	against	misbehaving	Fo	guests	
	
As	 mentioned	 above,	 not	 all	 Fo	 are	 ‘evil’,	 and	 even	 ‘evilness’	 depends	 on	 the	
environment	and	host	–	some	hosts	just	trigger	the	worst	in	Fo.	One	well-researched	
endophytic	 Fo	 strain	 is	 Fo47,	 which	 initially	 was	 isolated	 from	 Fusarium	 wilt	
suppressive	soils	in	France	(Alabouvette,	1987).	Since	its	isolation,	many	labs	tried	
to	 determine	 how	 broad	 Fo47’s	 capacity	 in	 disease	 suppression	 is	 by	 testing	 its	
efficacy	against	Fusarium	wilt	in	various	crops,	such	as	tomato,	asparagus,	pepper,	
eggplant	 and	 against	 various	 pathogens	 other	 than	 Fusarium	 such	 as	 Pythium	
oligandrum	 and	 Verticillium	 dahliae	 (de	 Lamo	 &	 Takken,	 2020).	 Encouraged	 by	
Fo47’s	ability	to	reduce	disease	symptoms	in	green-house	experiments,	various	labs	
tried	to	translate	–	with	limited	success	–	this	disease	suppression	capacity	in	field	
conditions	(Blok	et	al.,	1997;	Fuchs	et	al.,	1999).	Understanding	the	mode	of	action	
of	Fo47	is	one	of	the	key	factors	for	successfully	establishing	biocontrol	in	the	field,	
since	it	can	give	clues	to	for	example	when	and	how	frequent	to	apply	it	(Card	et	al.,	
2016).	 Fo47	 has	 been	 proposed	 to	 confer	 resistance	 by	 direct	 antagonism,	
competition,	 induced	 resistance	 (de	 Lamo	 &	 Takken,	 2020).	 However,	 no	 final	
conclusion	on	its	mode	of	action	has	yet	been	reached.	
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Outline	
	
Chapter	2	aims	to	explore	the	contribution	of	host	and	endophyte	genotypes	in	
disease	resistance	against	Fusarium	wilt	in	tomato.	Various	Fusarium	and	tomato	
species	 are	 tested	 in	 bioassays.	 Additionally,	 the	 degree	 of	 endophytic	 and	
pathogenic	 colonization	 was	 assessed	 in	 tomato	 stems	 and	 roots.	 Next,	 the	
involvement	 of	 SA,	 JA	 and	 ET	 in	 endophyte-mediated	 resistance	 (EMR)	 was	
assessed	 in	 chapter	 3.	 Tomato	 plants	 incapable	 of	 accumulating	 SA	 (NahG),	
biosynthesis	of	 JA	or	ET	 (def1	 and	ACD)	and	ET	perception	 (Nr)	were	used	 in	
bioassays	to	determine	their	capacity	in	mediating	EMR.	Chapter	4	 focuses	on	
understanding	 how	 endophytic	 Fo	 genomes	 differ	 from	 those	 of	 pathogens.	
Fifteen	isolates	from	Australian	soils,	14	isolates	from	grass	roots	in	Spain	and	15	
strains	 from	 tomato	 plants	 from	 the	 U.SA.	 were	 used	 for	 whole	 genome	
sequencing	 (WGS)	 and	 tested	 for	 endophytic	 potential.	 The	 new	 genome	
sequences	from	Fo	endophytes	together	with	genomes	of	pathogenic	Fo	strains	
were	used	for	comparative	genomics,	 to	understand	whether	 the	size,	effector	
profile	or	number	of	transposable	elements	are	different	between	pathogenic	and	
endophytic	isolates.	In	chapter	5,	the	hypothesis	that	Fo	endophyte	colonization	
level	in	tomato	roots,	as	measured	by	qPCR,	may	influence	the	level	of	EMR	was	
tested,	by	using	the	Fo	strains	that	were	used	for	WGS	in	chapter	4.	Chapter	6	
investigates	 how	 primary	 metabolism	 is	 affected	 in	 tomato	 leaves	 upon	
colonization	 by	 endophytic	Fo	 strains,	 the	 tomato	 pathogen	Fol,	 and	upon	 co-
inoculation	 with	 both.	 The	 activity	 of	 11	 enzymes	 involved	 in	 carbohydrate	
metabolism	was	analyzed.	In	chapter	7,	the	feasibility	of	practical	application	of	
Fo	as	endophyte	was	tested	in	a	field	set-up.	Potato	tubers	were	inoculated	with	
the	endophytic	strain	Fo47,	and	its	ability	to	colonize	potato	plants	was	assessed,	
as	well	as	its	capacity	to	affect	yield,	starch	and	disease	susceptibility	in	the	field.	
Finally,	 an	 overall	 discussion	 of	 the	 remaining	 questions	 and	 new	 questions	
arising	from	this	thesis	is	presented	in	chapter	8.	
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Co-inoculation	of	endophytic	and	pathogenic	
Fusarium	strains	leads	to	diminished	pathogen	and	
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Abstract	
	
Root	colonization	by	Fusarium	oxysporum	(Fo)	endophytes	reduces	wilt	disease	
symptoms	caused	by	pathogenic	Fo	isolates.	The	endophytic	strain	Fo47,	isolated	
from	wilt	suppressive	soils,	reduces	Fusarium	wilt	in	various	crop	species	such	
as	 tomato,	 flax	 and	 asparagus.	 How	 endophyte-mediated	 resistance	 (EMR)	
against	 Fusarium	 wilt	 is	 achieved	 is	 unclear.	 Here,	 we	 investigated	 how	
colonization	by	Fo47	and	pathogenic	Fo	f.sp.	lycopersici	(Fol)	is	affected	in	tomato	
roots	and	stems	when	inoculated	separately	or	co-inoculated.	Our	results	show	
that	Fo47	reduces	Fol	colonization	in	stems	of	both	non-cultivated	and	cultivated	
tomato	species.	Conversely,	Fo47	colonization	of	co-inoculated	tomato	stems	was	
increased	 compared	 to	 single	 inoculated	 plants.	 Quantitative	 PCR	 of	 fungal	
colonization	of	roots	(co)inoculated	with	Fo47	and/or	Fol	showed	that	pathogen	
colonization	was	drastically	reduced	when	co-inoculated	with	Fo47,	compared	
with	single	inoculated	roots.	Endophytic	colonization	of	tomato	roots	remained	
unchanged	upon	co-inoculation	with	Fol.	 In	conclusion,	EMR	against	Fusarium	
wilt	is	correlated	with	a	reduction	of	root	and	stem	colonization	by	the	pathogen.	
In	 addition,	 the	 endophyte	 may	 take	 advantage	 of	 the	 pathogen-induced	
suppression	of	plant	defenses	as	it	colonizes	tomato	stems	more	extensively.	
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Introduction	
	
Among	 the	most	common	 inhabitants	of	 soils	are	fungal	 isolates	belonging	 to	 the	
Fusarium	oxysporum	(Fo)	species	complex	(Gordon	&	Okamoto,	1992;	Demers	et	al.,	
2015;	Rocha	et	al.,	2016).	Their	presence	is	not	limited	to	the	soil	–	Fusarium	hyphae	
can	also	colonize	plant	roots	superficially	and	internally.	The	typically	asymptomatic	
root	colonization	by	Fo	shows	that	Fo	is	mostly	an	endophyte	(Demers	et	al.,	2015;	
Pereira	 et	 al.,	 2019).	 Colonization	 is	 often	 restricted	 to	 the	 root	 cortex	 and	
endodermis	and	 the	 fungal	 hyphae	do	not	 commonly	 reach	 the	 xylem	vessels.	 In	
resistant	plants,	limited	spread	of	pathogenic	isolates	in	the	xylem	correlates	with	
the	production	of	gums	and	tyloses,	apparently	halting	the	fungus	at	early	stages	of	
infection	(Beckman,	1972).	In	susceptible	plants,	this	response	appears	to	be	induced	
too	late,	and	the	multiple	occlusions	that	eventually	block	the	xylem	vessels	affect	
the	water	transport	of	the	plant,	 leading	to	wilting	and	death	(Yadeta	&	Thomma,	
2013).	
Pathogenic	Fo	 isolates	have	been	grouped	 into	currently	106	 formae	 speciales	 (ff.	
ssp.)	(Edel-Hermann	&	Lecomte,	2019).	One	of	these	is	Fo	f.sp.	lycoperisici	(Fol),	that	
causes	wilt	disease	in	tomato	plants.	Disease	symptoms	caused	by	Fol	can	be	strongly	
reduced	upon	pre-or	co-inoculation	with	endophytic	Fo	strains	(Aime	et	al.,	2013;	
Constantin	 et	 al.,	 2019).	 One	 of	 the	 first	 Fusarium	 endophytes	 shown	 to	 reduce	
Fusarium	 wilt	 disease	 is	 Fo47,	 which	 was	 isolated	 from	 wilt-suppressive	 soils	
(Alabouvette,	1987).	Since	its	discovery,	Fo47	has	been	shown	to	reduce	Fusarium	
wilt	 in	 a	 variety	 of	 plant	 species	 including	 tomato,	 asparagus,	 flax,	 chickpea	 and	
cotton	(Trouvelot	et	al.,	2002;	He	&	Wolyn,	2005;	Kaur	&	Singh,	2007;	Aime	et	al.,	
2013;	Zhang	 et	al.,	2018;	Constantin	 et	al.,	2019).	Endophyte-mediated	resistance	
(EMR)	against	Fusarium	wilts	is	not	unique	to	Fo47,	as	other	Fo	isolates	also	have	
this	capacity	(Bao	et	al.,	2004).	Moreover,	even	isolates	pathogenic	on	another	host	
can	confer	resistance,	such	as	Fo	f.sp.	dianthi	against	Fol	in	tomato	plants	(Kroon	et	
al.,	1991).	Additionally,	other	Fusarium	species	seem	to	be	able	to	reduce	disease	
symptoms	induced	by	Fo	(Bao	et	al.,	2004;	Kavroulakis	et	al.,	2007).	For	example,	the	
Fusarium	solani-K	isolate,	which	colonizes	tomato	roots,	reduces	susceptibly	against	
Fo	f.sp.	radicis-lycopersici	(Kavroulakis	et	al.,	2007).	These	observations	suggest	that	
roots	colonized	by	endophytic	Fusarium	are	less	susceptible	to	Fusarium	wilt.		
Currently,	it	remains	unclear	how	Fusarium-mediated	resistance	against	Fusarium	
wilt	 is	achieved.	We	recently	 reported	 that	 tomato	 lines	deficient	 in	 salicylic	acid	
accumulation,	 jasmonic	acid	biosynthesis,	or	ethylene	production	and	sensing	can	
still	 trigger	EMR	against	Fusarium	wilt	disease	(Constantin	et	al.,	2019).	To	better	
understand	 the	 extent	 to	 which	 EMR	may	 be	 host	 genotype-specific,	 a	 range	 of	
tomato	lines	and	species	were	inoculated.	Moreover,	we	determined	the	contribution	
of	 the	endophyte	 genotype	 in	 triggering	EMR	by	 using	various	Fusarium	 species.	
Colonization	of	tomato	roots	by	endophytic	and	pathogenic	strains	was	assessed,	as	
was	the	migration	into	the	stem	upon	single	and	co-inoculation.	Our	results	show	



 
 
20 

that	various	Fusarium	species	can	behave	as	endophytes	in	tomato	roots	and	trigger	
similar	resistance	levels	across	different	tomato	species.	Roots	and	stems	of	tomato	
plants	co-inoculated	with	Fo47	and	Fol	were	found	to	be	colonized	to	a	lesser	extent	
by	Fol	than	when	inoculated	alone,	but	surprisingly	Fo47	colonisation	of	stems	was	
enhanced	in	the	presence	of	the	pathogen.	
	
Results	
	
Endophyte-mediated	 resistance	 occurs	 at	 a	 1:1	 ratio	 and	 requires	 live	
endophyte	spores	
	
Fo47	has	been	reported	to	trigger	EMR	when	inoculated	in	plants	at	a	concentration	
10-100	times	higher	than	that	of	the	pathogen	(Fravel	et	al.,	2003).	To	determine	the	
optimal	concentration	for	a	reliable	EMR	assay,	tomato	plants	were	co-inoculated	
with	Fo47	at	 the	same	ratio	as	 the	pathogen	 (1:1),	or	 in	10-	or	100-times	excess	
(Figure	S1a).	Decreasing	the	pathogen	concentration	lowered	the	severity	of	disease	
symptoms	(Figure	S1a)	but	did	not	 influence	 the	 level	of	EMR	triggered	by	Fo47,	
since	it	was	already	quite	strong	at	a	1:1	endophyte:	pathogen	ratio	(Figure	S1b).	
Therefore,	all	subsequent	bioassays	were	carried	out	using	a	1:1	ratio.	To	determine	
whether	a	living	endophyte	is	required	to	induce	resistance,	tomato	seedling	were	
co-inoculated	 heat-killed	 spores	 of	 either	 Fo47	 or	 Fol4287,	 together	 with	 living	
Fol4287	 (Figure	 S1b).	 Since	 plants	 co-inoculated	 with	 heat-killed	 spores	 and	
Fol4287	became	diseased,	it	can	be	concluded	that	a	living	endophyte	is	required	for	
triggering	EMR	 (Figure	 S1b).	 Fo	 strains	within	 the	 same	 vegetative	 compatibility	
group	(VCG)	can	form	stable	heterokaryons,	while	those	belonging	to	different	VCGs	
undergo	cell	death	upon	heterokaryon	formation	(Leslie,	1993).	To	test	whether	VCG	
incompatibility	can	result	in	a	reduced	viable	concentration	of	Fol4287,	and	thereby	
reduced	disease	symptoms,	we	co-inoculated	Fol4287	(VCG030)	with	the	pathogen	
Fol017	 (VCG031).	 This	 resulted	 in	 disease	 symptoms	 that	were	 indistinguishable	
from	those	observed	upon	single	inoculation	(Figure	S1c).	This	observation	implies	
that	 VCG	 incompatibility	 is	 unlikely	 to	 be	 an	 explanation	 for	 the	 suppression	 of	
disease	symptoms	by	Fo47.	Finally,	to	determine	whether	there	is	direct	antagonism	
between	 Fo47	 and	 Fol4287,	 two	 agar	 plugs	with	 seven	 days	 old	mycelium	were	
placed	on	a	PDA	plate	at	a	fixed	distance	from	of	each	other.	No	visible	inhibition	halo	
or	reduction	of	mycelial	growth	was	observed	(Figure	S1d).	Taken	together,	living	
Fo47	spores	can	efficiently	confer	resistance	against	Fol4287	when	applied	in	a	1:1	
ratio,	without	exhibiting	obvious	direct	antagonism.	
	
Fo47	also	confers	resistance	against	Fol	in	wild	tomato	species		
	
To	 test	 whether	 Fo47	 can	 also	 trigger	 EMR	 in	 wild	 tomato	 species,	 13-days-old	
uprooted	tomato	seedlings	were	inoculated	with	either	water	(mock),	a	spore	solu-	
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Figure	 1.	 Fo47	 can	 trigger	 resistance	 against	 Fol029	 in	 Solanum	 lycopersicum	 (C-32),	 S.	
pimpinellifolium	(LA1578)	and	S.	chmielewski	(LA2663,	LA2695).	Thirteen	days	old	tomato	seedlings	
were	inoculated	with	water	(mock),	Fo47,	Fol029	or	co-inoculated	with	Fo47	and	Fol029.	a)	Fresh	weight	
and	b)	disease	development	was	assessed	three	weeks	after	inoculation.	Data	were	analysed	by	a	non-
parametric	Mann-Whitney	U-test	(nsP>0.05;	*P<0.05;	***P<0.001).	

-ion	of	either	Fo47	or	Fol029,	or	both	Fo47	and	Fol029	in	a	1:1	ratio.	Fo47	treatment	
caused	 no	 visible	 disease	 symptoms	 in	 any	 plant	 line,	 and	 fresh	 weight	 was	
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indistinguishable	from	the	mock	(Figure	1b,	c).	Conversely,	inoculation	with	Fol029	
caused	a	visible	growth	reduction	in	all	plant	lines	(Figure	1a).	The	cultivated	tomato	
line	S.	lycopersicum	C32	showed	the	most	drastic	weight	reduction	among	the	three-
tomato	 species	 tested	 (Figure	 1a,	 b)	 and	 displayed	 the	 most	 consistent	 disease	
symptoms	(Figure	1c).	S.	pimpinellifolium	and	S.	 chmielewskii	 exhibited	weight	as	
compared	with	solely	Fol029	inoculated	tomato	lines	(Figure	1a,	b).	However,	this	
difference	was	only	statistically	significant	for	S.	lycopersicum	and	S.	chmielewskii	line	
LA2665.	In	conclusion,	Fo47	reduces	disease	symptoms	caused	by	Fol029	in	both	
cultivated	and	wild	tomato	species.		
	
Different	 Fusarium	 species	behave	 as	 endophytes	 in	 tomato	plants	 and	 can	
trigger	resistance	against	Fol	
	
To	test	if	the	ability	of	conferring	EMR	against	Fusarium	wilt	is	more	broadly	present	
in	 the	genus	Fusarium	we	performed	 tomato	bioassays	with	Fusarium	spp.	other	
than	Fo.	Roots	of	tomato	seedlings	were	inoculated	in	water	or	spore	suspension	of	
Fo47,	Fusarium	redolens	(Fr),	Fusarium	solani	(Fs),	Fusarium	hostae	(Fh)	or	Fusarium	
proliferatum	(Fp),	together	with	Fol4287	in	a	1:1	ratio.	Inoculation	of	Fo47	or	other	
Fusarium	spp.	alone	did	not	result	 in	visible	differences	as	compared	to	the	mock	
inoculation	control	(Figure	2a)	or	in	differences	in	fresh	weight	(Figure	2b).	Based	
on	this	we	can	conclude	that	the	Fr,	Fs,	Fh	and	Fp	strains	used	are	not	pathogenic	on	
tomato	 plants	 (Figure	 2c).	 Tomato	 plants	 inoculated	 with	 Fol4287	 showed	 a	
reduction	 in	 fresh	 weight	 (Figure	 2b)	 as	 compared	 to	 the	 mock	 treatment,	 and	
developed	 disease	 symptoms	 three	 weeks	 after	 inoculation	 (Figure	 2c).	 In	 this	
experiment,	 these	 disease	 symptoms	were	 not	 as	 severe	 as	 previously	 observed	
(Figure	S1).	Tomato	plants	co-inoculated	with	Fol4287	and	another	Fusarium	isolate	
(such	as	Fo47,	Fr,	Fs,	Fh,	Fp)	were	higher	than	plants	inoculated	with	Fol4287	alone	
(Figure	2a).	Differences	in	fresh	weight	were	significant	for	co-inoculation	with	Fo47,	
Fr	and	Fs	(Figure	2b).	In	line	with	this,	co-inoculation	treatment	of	Fol4287	with	a	
non-pathogenic	Fusarium	strain	resulted	in	reduced	disease	symptoms	as	compared	
with	 Fol4287	 alone	 (Figure	 2c,	 Figure	 S3	 c).	 To	 examine	 whether	 the	 different	
Fusarium	 spp.	 are	 endophytes,	 tomato	 stems	 were	 harvested	 three	 weeks	 post	
inoculation,	surface	sterilized,	and	a	piece	of	the	stem	at	crown	level	was	harvested.	
These	 were	 placed	 on	 PDA	 plates	 with	 antibiotics	 and	 incubated	 at	 25°C	 as	
schematically	depicted	 in	Figure	S4.	After	 four	days	inoculation,	mycelia	emerged	
from	stem	pieces,	which	was	used	for	gDNA	isolation	and	EF1-alfa	PCR	followed	by	
sequencing	of	the	PCR	product.	This	analysis	revealed	that	the	mycelium	originated	
from	the	Fusarium	strain	used	to	inoculate	the	plants	(Figure	2d).	Following	mock	
treatment,	either	no	fungal	mycelia	emerged	from	the	stems,	(Figure	2d)	or	mycelia		
that	 did	 not	 correspond	 to	 Fusarium	 spp.	 (Figure	 S3d).	 The	most	 frequently	 re-
isolated	fungus	from	tomato	stems	was	Fol4287,	followed	by	Fo47,	Fp	and	Fr,	and	Fs	
(Figure	2d,	Figure	S3d).	The	least	frequently	re-isolated	species	from	tomato	stems	
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Figure	2.	Fo47,	Fusarium	redolens	(Fr),	Fusarium	solani	(Fs),	Fusarium	hostae	(Fh)	and	Fusarium	
proliferatum	(Fp)	can	suppress	Fusarium	wilt	disease	 in	 tomato.	 a)	Representative	 tomato	plants	
three	weeks	after	inoculation.	b)	Fresh	weight	and	c)	disease	 index	of	tomato	plants	 three	weeks	after	
inoculation.	Data	were	analysed	by	a	non-parametric	Mann-Whitney	U-test	(nsP>0.05;	*P<0.05,	**P<0.01;	
***P<0.001).	d)	Ten	tomato	stems	pieces	from	crown	level	showing	Fusarium	outgrowth	on	PDA	plates	
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after	being	incubated	for	four	days	in	dark	at	25	oC.	Abbreviations:	Fh:	Fusarium	hostae;	Fp:	Fusarium	
proliferatum;	Fr:	Fusarium	redolens;	Fs:	Fusarium	solani.	

was	Fs	(Figure	2,	Figures	S3),	however,	we	could	confirm	its	presence	in	one	tomato	
stem.	Taken	together,	we	conclude	that	–	like	Fo	–	Fr,	Fs,	Fh	and	Fp	can	behave	as	
endophytes,	colonizing	tomato	stems	and	triggering	EMR	against	Fo	wilt	in	tomato.	
	
Co-inoculation	of	Fol	with	Fo47	limits	colonization	of	tomato	stems	by	Fol4287	
while	Fo47	colonization	is	increased	
	
To	determine	the	extent	of	tomato	stem	colonization	of	Fo47	and	Fol4287	upon	co-
inoculation,	 these	 strains	were	 re-isolated	 from	 tomato	 stems	 three	weeks	 after	
inoculation.	To	 discriminate	 between	 the	strains,	 transgenic	 fungi	 carrying	either	
hygromycin	(Fo47)	or	phleomycin	(Fol4287,	Fol029)	resistance	were	used	in	this	
experiment.	 As	 reported	 (Constantin	 et	 al.,	 2019),	 Fo47	 colonization	was	 usually	
restricted	to	the	crown	level,	and	the	fungus	was	rarely	observed	at	cotyledon	level	
(Figure	3a,	b).	 In	contrast	 to	Fo47,	Fol4287	was	re-isolated	from	both	crown	and	
cotyledon	level	in	every	case	upon	single	inoculation	(Figure	3a,	b).	Co-inoculation	
of	 Fo47	 and	 Fol4287	 strongly	 reduced	 the	 extent	 of	 colonization	 by	 Fol4287	 in	
tomato	 stems	 and	 in	 few	 instances	 Fol4287	 could	 not	 be	 re-isolated	 from	either	
crown	or	 cotyledon	 level	 (Figure	 3a,	 b).	 Surprisingly,	 co-inoculation	 of	 Fo47	 and	
Fol4287	led	to	a	more	frequent	re-isolation	of	Fo47	from	tomato	stems	at	crown	level	
and	even	cotyledon	level	(Figure	3a,	b).	This	reduced	extent	of	stem	colonization	by	
the	pathogen	and	 increased	migration	 into	 the	stem	by	Fo47	upon	co-inoculation	
was	also	observed	in	wild	tomato	species	(Figure	S5).	It	appears	therefore	that	Fo47	
can	limit	the	spread	of	the	pathogen	in	stems	of	various	tomato	species,	while	Fo47	
colonization	 is	 enhanced	 in	 tomato	 stems	when	 co-inoculated	with	 a	 pathogenic	
strain.		

	
Figure	 3.	 Fo47	 colonizes	 tomato	 cotyledons	 upon	 co-inoculation	with	 Fol4287,	 while	 Fol4287	
colonization	 is	 reduced.	 a)	 Representative	 PDA	 plates	 with	 tomato	 pieces	 taken	 from	 crown	 and	
cotyledon	level	four	days	after	incubation	in	the	dark	at	25	oC.	b)	Plates	were	scored	as	following:	No	Fo	
outgrowth	is	represented	as	white	(col=0),	Fo	outgrowth	at	either	crown	or	cotyledon	level	is	represented	
in	light	green	(col=1)	an	outgrowth	at	both	crown	and	cotyledon	level	(col=2)	is	represented	in	dark	green.	
This	experiment	was	performed	three	times	with	similar	results.	
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Fo47	limits	Fol	colonization	in	tomato	roots	
	
Next,	we	determined	whether	the	level	of	root	colonization	by	Fo47	or	Fol4287	also	
changes	 upon	 co-inoculation,	 by	 measuring	 fungal	 biomass	 in	 tomato	 roots	 by	
quantitative	PCR	(qPCR).	Tomato	roots	were	harvested	three	weeks	after	inoculation	
and	qPCR	was	performed	using	either	Fo	primers	designed	 for	 InterGenic	Spacer	
region	 (IGS)	 or	 primers	 for	 Fo47	 (SCAR	 primers	 described	 (Edel-Hermann	 et	 al.,	
2011))	and	for	Fol4287	(SIX8	primers).	In	line	with	the	stem	re-isolation	experiment,	
Fol4287	was	found	to	colonize	tomato	roots	approximately	20-fold	more	than	Fo47	
(Figure	4a).	Upon	co-inoculation,	total	fungal	biomass	in	tomato	roots	was	similar	to	
tomato	roots	only	inoculated	with	Fo47	but	reduced	compared	with	roots	inoculated	
only	with	Fol4287	(p=0.0349,	Figure	4a).	To	distinguish	between	Fo47	and	Fol4287	
colonization	 in	 co-inoculated	 roots,	we	 used	 Fo47-	 and	 Fol4287-specific	 primers	
(Fig.	4b	and	4c).	Quantification	by	qPCR	revealed	that	Fo47	colonization	of	tomato	
roots	is	similar	in	single	inoculated	or	co-inoculated	roots	(Figure	4b).	In	contrast,	
Fol4287	 colonization	 is	 about	 3-fold	 reduced	 in	 tomato	 roots	 co-inoculated	with	
Fo47	compared	to	when	inoculated	alone	(Figure	4c).	Overall,	our	data	show	that	
Fo47	is	a	poor	root	colonizer	compared	with	Fol4287	but	can	drastically	reduce	the	
amount	of	Fol4287	in	tomato	roots	upon	co-inoculation.	
	

Discussion	
	
We	found	that	Fo47	can	trigger	resistance	against	Fol029	in	two	wild	tomato	species	
to	a	similar	extent	as	in	cultivated	tomato.	Various	studies	have	reported	that	Fo47	
can	trigger	resistance	in	a	variety	of	plants:	asparagus,	flax,	cucumber,	eucalyptus,	
pepper,	banana,	chickpeas	 (reviewed	by	de	Lamo	&	Takken,	2020).	This	 suggests	
that	 EMR	 is	 a	 conserved	 host	 trait.	 We	 found	 that	 co-inoculation	 of	 Fo47	 with	
Fol4287	 reduced	 proliferation	 of	 the	 pathogen	 in	 both	 stems	 and	 roots	 while	
colonization	by	the	endophyte	was	enhanced	only	in	stems.	Therefore,	EMR	is	likely	
achieved	by	limiting	pathogen	colonization	of	tomato	roots	and	stems.	
We	show	that,	like	Fo,	F.	redolens,	F.	solani,	F.	hostae	and	F.	proliferatum	behave	as	
endophytes	and	confer	protection	against	Fusarium	wilt	disease	in	tomato	plants.	
Previous	studies	in	tomato	plants	found	that	the	endophytic	strain	Fusarium	solani-
K	could	confer	resistance	against	Fo	f.sp.	radicis-lycopersici	(Forl)(Kavroulakis	et	al.,	
2007).	Moreover,	205	Fo	strains,	81	F.	proliferatum	strains	and	other	16	Fusarium	
spp.	 have	 been	 shown	 to	 confer	 resistance	 against	 Forl	 (Bao	 et	 al.,	 2004).	 This	
suggests	 that	many	 Fusarium	 spp.	 share	 the	 capability	 of	 being	 endophytes	 and	
triggering	EMR	against	Fusarium	wilt.	
Fungal	quantification	of	infected	tomato	roots	revealed	that	Fo47	drastically	reduces	
root	colonization	by	Fol4287.	This	finding	is	in	line	with	an	earlier	study	in	which	the	
biomass	 of	 pathogenic	 strain	 Fol8	 was	 significantly	 reduced	 in	 tomato	 roots	 in	
presence	of	Fo47	(Aime	et	al.,	2013).	We	also	observed	a	reduction	of	Fol4287	and	
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Fol029	 colonization	 of	 tomato	 stems	 when	 co-inoculated	 with	 Fo47.	 The	 lower	
amount	 of	 pathogen	 in	 roots	 and	 stems	 upon	 co-inoculation	 correlates	with	 the	
reduced	disease	symptoms	observed.	Similarly,	 the	endophytic	Verticillium	strain	
Vt305	was	 observed	 to	 reduce	 the	 amount	 of	 the	 pathogenic	 species	Verticillium	
longisporum	in	cauliflower	roots,	hypocotyl	and	stem.	This	suggests	that	endophytes	
can	 trigger	 resistance	 by	 reducing	 the	 proliferation	 of	 a	 pathogen	 in	 the	 plant	
(Tyvaert	et	al.,	2014).	

	
Figure	4.	Co-inoculated	tomato	roots	are	less	extensively	colonized	by	pathogenic	strain	Fol4287.	
Colonization	was	assessed	by	the	qPCR	using	a)	Fo	IGS	primers,	b)	Fo47	marker	SCAR	or	c)	Fol	marker	
SIX8.	Data	obtained	by	quantifying	IGS	was	analysed	by	an	ANOVA	with	a	Tukey	multiple	comparison	test,	
and	in	the	case	of	data	for	SCAR	and	SIX8	with	a	Student’s	t-test.	(nsP>0.05;	*P<0.05;	**P<0.01).	

Fo47	colonized	tomato	stems	to	a	higher	extent	when	co-inoculated	with	Fol4287	
compared	 to	 single	 inoculation,	 despite	 not	 colonizing	 the	 tomato	 roots	 more	
extensively.	 One	 possible	 explanation	 for	 this	 phenomenon	 is	 that	 Fo47	 takes	
advantage	 of	 effector-triggered	 susceptibility	 facilitated	 by	 Fol.	 Fol	 is	 known	 to	
secrete	effector	proteins,	such	as	Avr2,	which	facilitate	Fol	colonization	of	tomato	
stems	 (Di	 et	 al.,	 2017).	 Transgenic	 tomato	 stems	 over-expressing	 AVR2	 without	
signal	 peptide	 are	 hyper-colonized	 by	 Fo47	 as	 compared	 to	wild-type	 plants	 (de	
Lamo	 et	 al.,	 submited).	 Therefore,	 it	 seems	plausible	 that	 Fo47	benefits	 from	Fol	
effector-triggered	immune	suppression	to	more	extensively	colonize	tomato	stems.	
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There	 are	 other	 examples	 of	 such	 a	 “boost”	 in	 endophytic	 stem	 colonization	
facilitated	by	pathogens.	The	Verticillium	endophyte	Vt305	was	found	to	accumulate	
to	higher	levels	at	70	dpi	in	tomato	stems	but	not	the	roots	when	co-inoculated	in	a	
1:1	 ratio	 with	 the	 pathogen	 Verticillium	 longisporum	 	 (Tyvaert	 et	 al.,	 2014).	 In	
another	case,	 infection	of	Arabidopsis	plants	with	the	white	rust	pathogen	Albugo	
facilitated	 infection	 by	 Phytophtora	 infestans,	 which	 otherwise	 does	 not	 infect	
Arabidopsis	(Prince	et	al.,	2017).		
Several	questions	about	EMR	remain	unanswered.	One	is	how	Fo47	reduces	 root	
colonization	by	Fol.	One	possibility	 is	that	Fo47	limits	the	spread	of	Fol	via	direct	
antagonism,	 such	 as	 antibiosis	 or	 competition.	 Another	 possibility	 is	 indirect	
antagonism	by	 inducing	 host	 resistance.	These	 two	possibilities	are	 not	mutually	
exclusive.	We	did	not,	however,	observe	antibiosis	in	vitro,	and	in	our	bioassay	set-
up	it	is	unlikely	that	there	is	competition	for	growth	on	roots	or	for	infection	sites,	
since	 we	 inoculated	 Fusarium	 by	 exposing	 damaged	 roots	 to	 spores	 before	
transplanting	them	to	the	soil.	Still,	in	planta	competition	between	strains	cannot	be	
excluded	and	for	instance	Fo47	might	consume	nutrients	limiting	Fol	development.	
This	hypothesis	is	difficult	to	test,	and	it	does	not	easily	fit	with	the	observation	that	
endophytic	Fo	can	 trigger	 resistance	 in	a	 split	 root	 system	against	pathogenic	Fo	
(Kroon	et	al.,	1991;	Kaur	&	Singh,	2007).	Additionally,	the	low	colonization	level	of	
Fo47	 in	 tomato	 roots	 seems	 improbable	 to	 have	 a	 drastic	 impact	 in	 the	 level	 of	
nutrients.	More	 likely,	 therefore,	 is	 that	Fo47	 induces	 resistance	responses	 in	 the	
host	that	result	in	reduced	Fol	colonization	of	roots	and	subsequent	spread	in	the	
stems.	The	underlying	mechanism	of	this	is	elusive,	but	appears	to	be	independent	
of	 the	major	defense	related	hormones	ethylene,	 salicylic	acid	and	 jasmonic	acid.	
Whether	physical	barriers	such	as	papillae	or	 lignified	cell	walls,	 induced	by	Fo47	
colonization,	 are	 involved	 remains	 a	 question	 for	 future	 study	 (Constantin	 et	 al.,	
2019).	
In	conclusion,	we	show	that	Fusarium-mediated	resistance	against	Fusarium	wilt	
disease	 of	 tomato	 is	 common	within	 the	 genus	 Fusarium	and	consists	 of	 limiting	
pathogen	 colonization	 inside	 roots	 and	 stem,	 while	 the	 extent	 of	 endophytic	
colonization	in	tomato	stems	is	increased.	Understanding	how	endophytic	Fusarium	
species	 can	 suppress	 Fusarium	 wilt	 disease	 may	 help	 to	 improve	 the	 design	 of	
strategies	to	better	control	this	soil-borne	disease.	
	

Material	and	methods	
	
Plant	lines	and	fungal	strains	
	
Bioassays	were	performed	either	on	the	susceptible	tomato	(Solanum	lycopersicum)	
line	C32	or	on	the	wild	tomato	relatives	S.	pimpinellifolium	(accession	LA1578)	and	
S.	 chmielewskii	 (accessions	 LA1840,	 LA2663	 and	 LA2695)	 in	 a	 climate-controlled	
greenhouse	with	a	day-night	temperature	of	25oC,	16	h	light/	8	h	dark	and	a	relative	
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humidity	of	65%.	Fol029	(race	3,	sFP2381,	carrying	phleomycin	resistance(van	der	
Does	et	al.,	2018))	and	Fo47	(sFP1544,	carrying	hygromycin	resistance,	(Ma	et	al.,	
2010))	were	inoculated	on	the	aforementioned	tomato	lines.	Bioassays	using	various	
Fusarium	 species	 were	 performed	 on	 the	 tomato	 line	 C32	 using	 the	 wild-type	
pathogen	Fol4287	(sFP801)	(Di	Pietro	et	al.,	2003),	and	endophyte	Fo47	(sFP730)	
(Alabouvette,	 1987),	 F.	 hostae	 (sFP2236),	 F.	 proliferatum	 (sFP2240),	 F.	 redolens	
(sFP4856)	 (Baayen	 et	 al.,	 1997)	 and	 F.	 solani	 (sFP895).	 To	 facilitate	 fungal	 re-
isolation	 from	 tomato	 stems	 transgenic	 fungi	 caring	 different	 resistance	markers	
were	used.	Therefore,	the	endophytic	strain	Fo47	containing	hygromycin	resistance	
(sFP1544)	and	the	pathogenic	strain	Fol4287	(race2,	SFP3858)	(Vlaardingerbroek	
et	al.,	2016)	or	Fol029	(race	3,	sFP2381)	were	used	for	the	re-isolation	experiments.		
	
Fusarium	inoculation	and	disease	scoring	
	
Fusarium	strains	were	grown	on	Potato	Dextrose	Agar	(PDA)	plates	for	seven	to	ten	
days	at	25°C	in	the	dark.	An	agar	plug	from	these	plates	was	transferred	to	100	mL	
of	NO3	minimal	media	(1%	KNO3,	0.17%	Yeast	Nitrogen	Base	without	amino	acids	
and	ammonia	and	3%	sucrose)	and	incubated	at	150	rpm	for	3-5	days	at	25°C.	Spore	
were	filtered	over	one	layer	of	miracloth	filter	(Millipore),	centrifuged	at	2000	rpm,	
washed	with	sterile	water,	and	finally	resuspended	in	sterile	MiliQ-water.	Ten-day-
old	or	13-days-old	tomato	seedlings	were	uprooted,	and	their	roots	were	trimmed	
to	 facilitate	 Fusarium	 infection.	 Subsequently,	 tomato	 roots	were	 dipped	 for	 five	
minutes	in	a	suspension	of	107	spores/ml	or	107	spores/ml:	107	spores/ml	(ratio	
1:1)	 in	 the	 case	 of	 the	 co-inoculation	 treatments.	 After	 inoculation,	 the	 seedlings	
were	 potted	 and	 three	 weeks	 afterwards	 fresh	 weight	 and	 disease	 index	 were	
assessed	as	described	(Constantin	et	al.,	2019).		
	
Fungal	recovery	assay	
	
Tomato	stems	were	collected	 three	weeks	after	 inoculation	and	surface	sterilized	
with	70%	ethanol.	The	ethanol	was	removed	by	pouring	into	a	collection	tube,	and	
stems	were	rinsed	twice	with	sterile	water	to	remove	the	ethanol.	Subsequently,	the	
extremities	of	 the	stem	were	 trimmed	and	one	piece	at	 the	cotyledon	and	one	at	
crown	level	were	cut	and	placed	on	PDA	plates	containing	200	mg/l	streptomycin	
and	100	mg/l	penicillin	to	prevent	bacterial	growth.	When	transgenic	fungal	strains	
were	used,	the	PDA	plates	also	contained	100	mg/l	zeocin	or	100	mg/l	hygromycin	
for	ensuring	selection	of	the	right	fungal	strain.	Plates	were	incubated	for	four	days	
at	25oC	in	the	dark	after	which	Fo	outgrowth	was	assessed	as	following:	0=	no	fungal	
outgrowth,	 1=	 fungal	 outgrowth	 of	 stem	 pieces	 isolated	 from	 either	 crown	 or	
cotyledon	 level,	 2=	 fungal	 outgrowth	 from	 stems	 isolated	 at	 both	 crown	 and	
cotyledon	level.	
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Fungal	DNA	isolation	and	sequencing	
	
To	 confirm	 that	 the	mycelium	emerging	 from	 tomato	 stems	 corresponded	 to	 the	
originally	inoculated	strain,	the	mycelium	was	scraped	from	the	PDA	plate	and	used	
for	gDNA	isolation	and	PCR.	Mycelium	scrapes	were	placed	in	a	2	ml	tube	containing	
400	µl	TE	buffer	(1	mM	EDTA	pH8,	10	mM	Tris	pH=	8),	200-300	µl	glass	beads	and	
300	µl	phenol:chloroform	(1:1),	followed	by	disruption	using	a	TissueLyser	(Qiagen)	
for	2	min	at	30	Hz.	Afterwards,	the	samples	were	centrifuged	for	10	min.	The	upper	
phase	was	transferred	to	a	new	2	ml	tube	and	was	subjected	to	another	round	of	
phenol:choloroform	extraction.	PCR	amplification	of	EF1-alfa	gene	(see	Table	S1	for	
primers)	was	performed	in	20	µl	reaction	consisting	of	0.4	µl	dNTPs	(10	mM),	4	µl	
SuperTaq	 buffer	 (10x),	 0.1	 µl	 SuperTaq	 (5	 U/µl),	 1	 µl	 of	 DNA	 template	 and	 1	 µl	
primers	(5	pmol/µl).	The	cycling	program	for	PCR	amplification	was	95°C	for	5	min,	
35	cycles	of	30s	at	95°C,	30s	at	55°C,	1	min	at	72°C,	with	a	final	elongation	step	of	3	
min	 at	 72°C.	 The	 PCR	 amplicon	was	 sequenced	 and	 compared	with	 the	 EF1-alfa	
sequence	of	the	strain	inoculated	originally.	
	
Analysis	of	fungal	colonization	by	quantitative	PCR		
	
Tomato	roots	were	harvested	three	weeks	after	inoculation,	washed,	snap-frozen	in	
liquid	nitrogen,	and	freeze-dried	overnight.	Samples	were	ground	in	a	mortar	cooled	
with	 liquid	 nitrogen	 using	 a	 pestle	 and	 approximately	 100	 mg	 of	 the	 resulting	
powder	 was	 using	 for	 gDNA	 isolation.	 gDNA	 isolation	 and	 purification	 was	
performed	using	GeneJET	plant	Genomic	purification	Kit	(Thermo	Scientific).	DNA	
concentration	was	estimated	by	spectroscopy	using	Nanodrop	(Thermo	Scientific),	
and	the	quality	of	the	gDNA	was	assessed	by	agarose	gel	electrophoresis.	The	10	µl	
qPCR	mixture	 contained	 10	 ng	 of	 gDNA,	 10	 pM	 of	 each	 primer	 and	 2	 µl	 of	HOT	
FirePolEvaGreen	q	PCR	Mix	Plus	(Solis	BioDyne).	The	cycling	program	was	set	to	15	
min	at	95ºC,	40	cycles	of	15s	at	95ºC,	1	min	at	60ºC,	30s	at	72ºC.The	melting	curve	
analysis	was	performed	afterwards	as	follow:	15s	at	95ºC,	1	min	at	60ºC,	15s	at	95ºC.	
The	sequences	of	the	primers	used	are	summarized	in	Table	S1.	For	IGS	primers	two	
standard	 curves	 (four-	 or	 ten-times	 dilution)	 were	 performed	 with	 a	 starting	
concentration	 of	 10ng	 resulting	 with	 a	 primer	 efficiently	 of	 110	 and	 95%	
respectively.	Three	technical	replicates	were	used	per	biological	sample,	and	data	
was	normalized	to	plant	tubulin	gene	level,	using	qbase+3.1	(Biogazelle).	
	
Statistical	analyses	
	
Data	 collected	 from	 bioassays	 (fresh	 weight,	 disease	 index)	 was	 analyzed	 using	
PRISM	7.0	 (GraphPad)	by	performing	a	Mann-Whitney	U-	 test.	The	data	obtained	
from	 qPCR	 was	 analyzed	 with	 ordinary	 one-way	 ANOVA	 with	 Tukey’s	 multiple	
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comparisons	test	in	the	case	of	IGS	and	with	an	unpaired	Student’s	t-test	for	SIX8	and	
SCAR.	
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Table	S1.	Primer	sequences	used	for	(q)PCR	analysis.		
	

Gene	
Primer	
names	

Forward	primer	(5’-3’)	 Reverse	primer	(5’-3’)	 Reference	

EF1alfa	 FP889,	
FP1416	 TCGTCGTCATCGGCCACGTC	 GGAAGTACCAGTGATCATGTT	 	-	

Tubulin	 FP2147,	
FP2148	 CAGTGAAACTGGAGCTGGAA	 TATAGTGGCCACGAGCAAAG	 	-	

IGS	 FP8498,	
FP8499	 TTTGCCATACTATTGAATTTTGC	 ACTTTTACCTACCCGGCAGCTC	 	-	

SCAR	 FP7069,	
FP7070	 CCTCAACTTCTGATTTAAATATGA	 GAGCGAACAACTACAATAAAAG	

Edel-
Hermann	
al.,	2011	

SIX8	 FP6994,	
FP7569	 GTATGTCTGATTCTCATGAATAC	 GTTATGCAGGCGAGTAAAATG	 	-	
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Figure	S1.	Endophyte-mediated	resistance	set-up.	a)	Ten-days	old	tomato	seedlings	were	inoculated	
with	water	(mock),	Fo47	(107	spores/ml),	Fol4287	(107,	106,	105	spores/ml)	or	co-inoculated	with	Fo47	
and	 Fol4287	 (ratio	 1:1,	 ratio	 10:1	 or	 ratio	 100:1)	 This	 experiment	was	 performed	 twice	with	 similar	
results.	 b)	 Ten-days	 old	 tomato	 seedlings	were	 inoculated	with	water	 (mock),	 Fo47	 (107	 spores/ml),	
Fol4287	(107	spores/ml),	or	 co-inoculated	with	 spores	 (Fo47	or	Fol4287)	 heat-treated	 at	 60°C	 for	15	
minutes	 together	 with	 Fol4287	 (107	 spores/ml).	 Disease	 development	 was	 assessed	 by	 measuring	
vascular	browning	three	weeks	after	inoculation.	Data	was	analysed	by	a	non-parametric	Mann-Whitney	
U-test	 (nsP>0.05;	 ****P<0.0001)	c)	Ten-days	old	 tomato	seedlings	were	 inoculated	with	water	 (mock),	
Fo47	(107	spores/ml),	Fol4287	(107	spores/ml),	Fol017	(107	spores/ml),	co-inoculated	with	Fo47	and	
Fol4287	or	Fol4287	and	Fol017.	Disease	symptoms	were	assessed	three	weeks	after	 inoculation.	Data	
were	analysed	by	a	non-parametric	Mann-Whitney	U-test	(nsP>0.05;	***P<0.001).	d)	Plugs	of	seven	days	
old	(Fo47,	Fol4287)	mycelia	were	placed	three	cm	apart	on	PDA	plates.	Pictures	were	taken	after	six	days.		
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Figure	 S2.	 Fo47	 can	 trigger	 resistance	 against	 Fol029	 in	 Solanum	 lycopersicum	 (C-32),	 a)	 S.	
pimpinellifolium	(LA1578)	and	S.	chmielewski	(LA2663,	LA2695)	and	in	b)	S.	chmielewski	(LA1840).	
Thirteen	days	old	tomato	seedlings	were	inoculated	with	water	(mock),	Fo47,	Fol029	or	co-inoculated	
with	 Fo47	 and	 Fol029.	 Fresh	 weight	 and	 disease	 development	 were	 assessed	 three	 weeks	 after	
inoculation.	Data	were	analysed	by	a	non-parametric	Mann-Whitney	U-test	(nsP>0.05;	*P<0.05,	**P<0.01;	
***P<0.001).	
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Figure	S3.	Fo47,	Fusarium	redolens	(Fr),	Fusarium	solani	(Fs),	Fusarium	hostae	(Fh)	and	Fusarium	
proliferatum	(Fp)	can	suppress	Fusarium	wilt	disease	in	tomato.	a)	Tomato	plants	three	weeks	after	
inoculation.	b)	Fresh	weight	and	c)	disease	index	of	tomato	plants	 three-weeks	after	inoculation.	Data	
were	analysed	by	a	non-parametric	Mann-Whitney	U-test	(nsP>0.05;	*P<0.05;	**P<0.01;	***P<0.001).	d)	
Ten	 tomato	 stems	 pieces	 from	 crown	 level	 showing	 Fusarium	 outgrowth	 on	 PDA	 plates	 after	 being	
incubated	in	the	dark	for	four	days	in	dark	at	25	oC.	



 
 
36 

	
Figure	 S4.	 Schematic	 representation	 of	 a	 tomato	 cotyledon	 harvested	 three-weeks	 after	
inoculation,	surfaced	sterilized	with	70%	ethanol,	washed	with	sterile	water	twice.	A	piece	at	the	
cotyledon	level	and	crown	level	was	placed	on	PDA	plates	(together	with	four	other	tomato	stem	pieces)	
and	incubated	for	four	days	at	25°C	in	the	dark.	
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Figure	 S5.	 Fo47	 reaches	 cotyledon	 levels	 upon	 co-inoculation	 with	 Fol029,	 while	 pathogen	
colonization	 is	 reduced	 in	 Solanum	 lycopersicum	 (C-32)	 a)	 S.	 pimpinellifolium	 (LA1578)	 and	S.	
chmielewski	(LA2663,	LA2695)	b)	S.	chmielewski	(LA1840).	Col=0:	no	Fo	outgrowth	observed;	col=1:	
Fo	outgrowth	at	either	crown	or	cotyledon	level;	col=2:	Fo	outgrowth	at	both	crown	and	cotyledon	level.	
Data	represented	here	combine	two	independent	experiments.	Abbreviation:	Coninoc:	Co-inoculation.	

	



 

	
	 	



 
 

 

	

Chapter	3	

	

Endophyte-mediated	resistance	in	tomato	to	
Fusarium	oxysporum	is	independent	of	ET,	JA	and	SA	

	
	
	
	
	
	
	
	
	
	

	
	

	
	
	
	
	
This	chapter	was	published	as:	
Constantin	ME,	de	Lamo	FJ,	Vlieger	BV,	Rep	M,	Takken	FLW.	2019.	Endophyte-

Mediated	Resistance	in	Tomato	to	Fusarium	oxysporum	Is	Independent	of	
ET,	JA,	and	SA.	Frontiers	in	Plant	Science	10.	
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Abstract	
	
Root	 endophytes	 can	 confer	 resistance	 against	 plant	 pathogens	 by	 direct	
antagonism	or	via	the	host	by	triggering	induced	resistance.	The	latter	response	
typically	 relies	 on	 jasmonic	 acid	 (JA)	 /ethylene	 (ET)-depended	 signaling	
pathways,	but	can	also	be	triggered	via	salicylic	acid	(SA)-dependent	signaling	
pathways.	 Here,	 we	 set	 out	 to	 determine	 if	 endophyte-mediated	 resistance	
(EMR),	conferred	by	the	Fusarium	endophyte	Fo47,	against	Fusarium	wilt	disease	
in	tomato	is	mediated	via	SA,	ET,	JA.		To	test	the	contribution	of	SA,	ET	and	JA	in	
EMR	we	performed	bioassays	with	Fo47	and	Fusarium	oxysporum	f.sp.	lycopersici	
in	tomato	plants	impaired	in	SA	accumulation	(NahG),	JA	biosynthesis	(def1)	or	
ET-production	 (ACD)	 and	 -sensing	 (Nr).	 We	 observed	 that	 the	 colonization	
pattern	of	Fo47	in	stems	of	wildtype	plants	was	indistinguishable	from	that	of	the	
hormone	mutants.	Surprisingly,	EMR	was	not	compromised	in	the	lines	affected	
in	JA,	ET	or	SA	signaling.	The	independence	of	EMR	on	SA,	JA	and	ET	implies	that	
this	induced	resistance-response	against	Fusarium	wilt	disease	is	distinct	from	
the	 classical	 ISR	 response,	 providing	 exciting	 possibilities	 for	 control	 of	 wilt	
diseases	independent	of	conventional	defense	pathways.	
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Introduction	
	
Endophytes	 are	 microorganisms	 that	 can	 inhabit	 plant	 tissues	 without	 causing	
disease.	 Notably,	 there	 are	 many	 examples	 of	 endophytes	 that	 decrease	 disease	
susceptibility	 of	 their	 host	 upon	 pathogen	 infection.	 This	 property	 makes	
endophytes	 attractive	 agents	 for	 organic	 farming.	 How	 endophytes	 succeed	 in	
suppressing	disease	symptom	severity	depends	on	 the	 fungal	 strain	and	 the	host	
plant	 being	 studied	 (Busby	 et	 al.,	 2016).	 Two	 general	modes	 of	 action	 have	 been	
proposed:	 direct	 and	 indirect	 antagonism.	 The	 first	 term	 is	 used	 for	 endophytic	
strains	that	have	a	direct	effect	against	the	pathogen	by	processes	such	as	parasitism,	
antibiosis	or	competition	for	resources	or	infection	sites	(Fravel	et	al.,	2003).	Indirect	
antagonism	describes	an	effect	of	the	endophyte	on	the	pathogen	that	is	mediated	
via	the	host	plant,	for	instance	by	triggering	an	Induced	Systemic	Resistance	(ISR)	
response	in	the	latter.	ISR	is	normally	triggered	upon	endophytic	colonization	of	the	
roots,	and	primes	the	plant	immune	system	for	resistance	against	future	pathogen	
attacks.	 Endophytes	 trigger	 ISR	 via	 the	 phytohormones	 jasmonic	 acid	 (JA)	 and	
ethylene	 (ET),	 resulting	 in	 a	 faster	 and	 stronger	 immune	 response	 following	
pathogen	attack.	Some	endophytes	are	able	to	trigger	a	Systemic	Acquired	Resistance	
response	(SAR)	that	is	salicylic-acid	(SA)	dependent,	and	also	results	in	primed	host	
defenses	(Sequeira,	1983;	Fu	&	Dong,	2013;	Pieterse	et	al.,	2014).		
Disease-suppressive	 soils	 often	 contain	 beneficial	 microorganisms	 that	 upon	
colonization	 of	 a	 plant	 confer	 protection	 against	 pathogen	 attack	 (Pieterse	 et	 al.,	
2014).	 One	 example	 of	 such	 a	 microorganism	 is	 the	 fungal	 endophyte	 Fusarium	
oxysporum	strain	Fo47.	This	strain	was	originally	isolated	from	melon	wilt-disease	
suppressive	 soils	 (Alabouvette,	 1986),	 and	 Fo47	 has	 later	 been	 found	 to	 confer	
Endophyte-Mediated	 Resistance	 (EMR)	 in	 various	 crop	 species.	 Fo47	 is	 able	 of	
conferring	resistance	against	pathogenic	Fusarium	wilt	of	carnation	(Lemanceau	et	
al.,	1993),	flax	(Duijff	et	al.,	1998;	Trouvelot	et	al.,	2002),	asparagus	(Elmer,	2004),	
watermelon	(Larkin	&	Fravel,	1999)	and	tomato	(Lemanceau	&	Alabouvette,	1991;	
Fuchs	 et	 al.,	 1997;	 Fuchs	 et	 al.,	 1999;	 Larkin	&	 Fravel,	1999;	 de	 Lamo,	 2018).	 In	
addition,	Fo47	has	been	shown	to	reduce	susceptibly	in	pepper	against	Verticillium	
wilt	(Veloso	&	Diaz,	2012;	Veloso	et	al.,	2016).	Furthermore,	in	cucumber,	Fo47	was	
found	to	confer	EMR	against	the	root-rot	pathogen	Phythium	ultimum	-	an	oomycete	
-	which	causes	damping-off	disease	 (Benhamou	 et	al.,	2002).	 In	pepper,	Fo47	can	
confer	 protection	 against	 the	 root-rot	 and	 blight	 causing	 pathogen	Phytophthora	
capsici,	but	only	when	the	pathogen	was	present	in	the	soil	(Veloso	&	Diaz,	2012).	
When	Phytophthora	was	applied	on	the	leaves,	Fo47-mediated	protection	was	very	
weak	and	disappeared	three	days	after	inoculation.	Notably,	Fo47	does	not	confer	
protection	against	leaf-infecting	pathogens,	such	as	Botrytis	cinerea	(Veloso	&	Diaz,	
2012).	 It	 has	 been	 proposed	 that	 Fo47	 confers	 EMR	 in	 tomato	 via	 various	
mechanisms,	such	as	direct	antagonism	(by	competition)	and	ISR	(Fravel	et	al.,	2003;	
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Aimé	 et	 al.,	 2013).	 The	 broad-spectrum	 resistance	 conferred	 by	 this	 endophytic	
strain	makes	it	an	attractive	model	for	research	and	for	potential	application.		
Fusarium	oxysporum	and	Verticillium	dahliae	are	known	for	their	ability	to	cause	wilt	
disease	 in	 a	wide	 variety	 of	 plant	 species	 (Talboys,	 1972).	 The	 hyphae	 of	 these	
vascular	fungi	can	enter	the	root	by	penetrating	directly	through	the	cortical	root	
cells	or	via	wounds	(Talboys,	1972).	After	invasion,	the	fungal	mycelium	advances	
intercellularly	and	intracellularly	through	the	root	cortex	until	it	reaches	the	xylem	
vessels	and	subsequently	colonizes	these	through	the	pits	(Bishop	&	Cooper,	1983;	
Beckman	 &	 Roberts,	 1995;	 Michielse	 &	 Rep,	 2009).	 Once	 in	 the	 vasculature	 the	
fungus	proliferates	and	spreads.	In	an	attempt	to	limit	vessel	colonization	the	host	
induces	different	defense	responses,	which	include	the	production	of	gels,	gums,	and	
tyloses	 (Di	 Pietro	 et	 al.,	 2003).	 These	 compounds	 block	 the	 vessels,	 thereby	
compromising	the	plant’s	ability	to	transport	water,	giving	rise	to	the	typical	wilting	
symptoms.	Another	mechanism	by	which	plants	attempt	to	limit	root	colonization	is	
by	producing	papillae	at	penetration	sites	(Yadeta	&	Thomma,	2013).	Whereas	in	pea	
roots	 this	 response	 is	 strongly	 induced	 by	 the	 endophyte	 Fo47	 it	 is	 suppressed	
following	Fo	f.sp.	pisi	inoculation	(Benhamou	&	Garand,	2001).	
Fusarium	wilt	disease	in	tomato	is	caused	by	Fusarium	oxysporum	 f.sp.	 lycopersici	
(Fol).	 It	has	been	established	that	plant	phytohormones	play	an	important	role	in	
disease	development	in	the	Fol-tomato	interaction	(Di	et	al.,	2017).	Tomato	plants	
unable	of	producing	ET	(ACD	overexpressing)	or	sensing	this	hormone	(Nr	mutant),	
developed	fewer	disease	symptoms	upon	inoculation	with	Fol	than	wild-type	plants.	
In	contrast,	tomato	lines	compromised	in	their	ability	to	accumulate	SA	(NahG)	are	
hyper-susceptible	 to	 Fol	 (Di	 et	 al.,	 2017).	 JA	 did	 not	 seem	 to	 be	 involved	 in	 this	
interaction,	 as	 def1	 mutants	 that	 are	 impaired	 in	 biosynthesis	 of	 JA	 showed	 no	
difference	in	disease	development	following	Fol	inoculation	as	compared	to	the	mock	
treatment	 (Di	 et	al.,	2017).	 In	addition,	Fol	was	observed	 to	colonize	ACD	and	Nr	
tomato	 stems	 to	 a	 lesser	 extent,	while	 it	was	 able	 to	 colonize	NahG	 plants	more	
extensively	than	wild-type	plants	(Di	et	al.,	2017).	Currently,	it	is	unknown	whether	
phytohormones	influence	colonization	of	tomato	stems	by	Fo47.	Furthermore,	it	is	
an	open	question	whether	phytohormones	are	necessary	to	mount	EMR	in	tomato,	
and	whether	 the	 induced	 resistance	 response	 can	 be	classified	as	 ISR	 or	 SAR.	By	
using	tomato	lines	impaired	in	production	or	perception	of	ET,	JA	or	SA,	we	assess	
the	dependence	of	these	phytohormones	for	EMR	and	colonization	of	the	stem	by	
Fo47.		
	

Results	
	
SA,	 JA	 and	 ET	 marker	 genes	 are	 not	 differentially	 expressed	 following	
endophytic	colonization	or	upon	co-inoculation	treatment	
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To	determine	the	potential	involvement	of	SA,	JA	and	ET	in	EMR,	the	expression	of	
the	respective	marker	genes	was	analyzed	in	tomato	plants	inoculated	with	water	
(mock),	Fo47,	Fol4287	or	with	both	 fungal	 strains.	Three	weeks	after	 inoculation	
disease	symptoms	of	the	inoculated	plants	were	assessed.	After	disease	scoring	the	
stem	 section	 underneath	 the	 cotyledons	 was	 harvested	 and	 RNA	 was	 extracted.	
Subsequent	 cDNA	 synthesis	 enabled	 measuring	 expression	 levels	 of	 hormone	
marker	 genes	 via	 RT-qPCR.	 Fol4287-inoculated	 tomato	 plants	 did	 not	 show	 a	
difference	in	terms	of	fresh	weight	as	compared	with	the	co-inoculation	treatment	
(Figure	 1b;	 Figure	 S1b)	 despite	 having	 severe	 disease	 symptoms	 (Figure	 1	 a,b	 ;	
Figure	S1a).		
To	 assess	whether	 expression	 of	 SA	 biosynthesis	 genes	was	 affected	 upon	 plant	
inoculation	the	expression	of	two	SA	biosynthetic	genes	isochorismate	synthase	(ICS)	
and	phenylalanine	ammonia-lyase	(PAL)	was	monitored.	In	addition,	the	expression	
of	the	Pathogenesis-related	1a	(PR1a),	a	gene	previously	described	to	be	a	reporter	
for	SA-dependent	immune	signaling,	was	measured	(Kunkel	&	Brooks,	2002).	Fo47	
inoculation	did	not	affect	expression	of	ICS,	PAL,	or	PR1a	(Figure	1c).	Plants	infected	
with	Fol4287	did	also	not	show	a	significant	induction	of	ICS,	but	PAL	and	PR1a	were	
induced	three	weeks	after	inoculation	(Figure	5c).	Notably,	in	a	second	bioassay	the	
induction	 of	 PAL	 was	 not	 significant	 upon	 Fol4287	 inoculation,	 whereas	 PR1a	
expression	was	(Figure	S1c).	Upon	co-inoculation,	ICS,	PAL	and	PR1a	levels	remain	
largely	unaffected	(Figure	5c),	which	coincides	with	the	lack	of	disease	symptoms	in	
these	plants	(Figure	1a,	b;	Figure	S1a)	(in	the	second	experiment,	PAL	was	found	to	
be	modestly	induced	upon	co-inoculation	(Figure	S1c).	Taken	together,	these	data	
indicate	that	SA	responses	are	not	strongly	induced	upon	endophytic	colonization	
and	are	not	consistently	upregulated	upon	co-inoculation;	only	 infection	with	 the	
pathogen	alone	consistently	induces	expression	of	SA	marker	genes.	
To	examine	whether	JA	signaling	could	be	involved	in	EMR,	expression	of	proteinase	
inhibitor	 1	 (PI-I)	 was	 determined.	 PI-I	 is	 a	 reporter	 for	 JA-dependent	 signaling	
(Mcgurl	et	al.,	1994),	and	has	been	used	before	to	monitor	JA	signaling	in	tomato	
stems	upon	Fol007	inoculation	(Di	et	al.,	2017).	In	Figure	1d,	it	can	be	seen	that	PI-I	
expression	was	not	affected	by	single	 inoculations	of	Fo47	or	Fol4287	nor	by	co-
inoculation	with	both	Fusarium	strains.	These	data	imply	that	in	co-inoculated	plants	
JA	responses	are	not	changed,	suggesting	that	EMR	does	not	involve	JA.	
To	assess	the	potential	role	of	ET	in	EMR	the	expression	of	two	ET	response	markers,	
ethylene	response	factor	Pti4	and	the	ethylene	receptor	gene	(ETR4),	was	analyzed.	
Upon	Fo47	treatment	Pti4	and	ETR4	were	not	up-regulated	(Figure	1e).	In	Fol4287-
inoculated	tomato	plants,	Pti4	was	found	to	be	induced	two-fold	(Figure	1e)	while	
ETR4	 expression	 levels	 remained	 unchanged	 (Figure	 1e).	 However,	 induced	
expression	of	Pti4	upon	Fol4287	inoculation	could	not	be	reproduced	in	a	second	
experiment	(Figure	S1e).	Upon	co-inoculation	Pti4	was	not	differently	expressed	in	
the	first	bioassay	(Figure	1e)	but	appeared	repressed	in	the	second	bioassay	(Figure	
S1e).	ETR4	expression	was	not	affected	(Figure	1e),	however,	in	the	second	bioassay	
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it	appeared	to	be	slightly	induced	(Figure	S1e).	No	detectable	changes	in	ET-response	
genes	were	observed	upon	Fo47	inoculation.	Taken	together,	no	consistent	pattern	
for	induction	of	ET-related	gene	expression	in	EMR	was	observed,	which	implies	that	
this	hormone	does	not	play	a	key	role	in	this	process.		
	
EMR	is	independent	of	SA	accumulation	
	
Fo47-mediated	resistance	has	been	proposed	to	be	dependent	on	SA	(Aimé	et	al.,	
2013),	although	we	did	not	observe	induced	expression	of	the	SA	marker	gene	PR1a	
upon	co-	 inoculation	of	Fo47	and	Fol4287	(Figure	2a).	If	SA	is	necessary	for	EMR,	
then	this	resistance	should	not	occur	in	tomato	plants	unable	to	accumulate	SA.	

	
Figure	1.	Expression	of	SA,	JA	or	ET	marker	genes	is	unaffected	by	EMR.	a)	Ten-days-old	wild-type	
tomato	seedlings	 (C32)	 inoculated	with	water	 (mock),	Fo47,	Fol4287	or	co-inoculated	with	Fo47	and	
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Fol4287.	b)	Disease	development	as	assessed	by	measuring	fresh	weight	and	disease	index	three	weeks	
after	inoculation.	Raw	data	was	analyzed	by	a	non-parametric	Mann-Whitney	U-test	(ns	P>0.05,	*P<0.05,	
**P<0.01,	***P<0.001).	c)	Expression	levels	of	the	SA	biosynthesis	genes	isochorismate	synthase	(ICS)	and	
phenylalanine	ammonia-lyase	(PAL)	or	the	pathogenesis-related	1a	(PR1a)	SA	maker	gene	in	Fo47,	Fol4287	
or	in	co-inoculated	plants.	d)	Expression	levels	of	the	JA	reporter	gene	proteinase	inhibitor	(PI-I)	in	Fo47,	
Fol4287	 or	 in	 co-inoculated	 plants.	 e)	 Expression	 levels	 of	 the	 ET-regulated	 marker	 genes	 ethylene	
responsive	factor	(Pti4)	and	ethylene	 receptor	(ETR4)	in	Fo47,	Fol4287	or	in	co-inoculated	plants.	Gene	
expression	levels	were	measured	using	RT-qPCR	and	depicted	relative	to	that	of	tubulin.	Five	biological	
replicates	per	each	 treatment	were	analyzed.	The	different	letters	represent	a	 significant	difference	at	
P<0.05	as	determined	by	ordinary	one-way	ANOVA	with	Tukey’s	multiple	comparisons	test.	A	repetition	
of	this	experiment	is	shown	in	supplementary	material	(S1).	

To	 test	 this	hypothesis,	we	used	a	 tomato	 transgenic	 line	containing	NahG,	which	
encodes	a	salicylate	hydroxylase	that	converts	SA	into	catechol	(Brading	et	al.,	2000).	
Fusarium	bioassays	were	performed	on	Moneymaker	and	NahG	tomato	seedlings	by	
inoculating	 them	 with	 water	 (mock),	 endophytic	 strain	 Fo47,	 pathogenic	 strain	
Fol4287	or	with	Fo47	and	Fol4287	(in	a	1:1	ratio).		

	
Figure	2.	 Impaired	 SA	 signaling	 does	not	 affect	 EMR	 triggered	by	 Fo47.	a)	 Ten-days-old	 tomato	
seedlings	(Moneymaker)	and	transgenic	NahG	plants	impaired	in	SA	accumulation	were	inoculated	with	
water	(mock),	Fo47,	Fol4287	or	co-inoculated	with	Fo47	and	Fol4287.	Disease	development	was	assessed	
by	measuring	fresh	weight	b)	and	disease	index	c)	three	weeks	after	inoculation.	Raw	data	was	analyzed	
by	a	non-parametric	Mann-Whitney	U-test	(ns	P>0.05,	*P<0.05,	**P<0.01,	***P<0.001).	The	bioassay	was	
performed	 three	 times	 with	 similar	 results,	 where	 the	 number	 of	 plants	 (n)	 was	 n=10	 for	 the	 first	
repetition	and	n=20	for	the	second	and	third	repetition.	d)	Representative	stem	pieces	harvested	from	
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crown	(left)	and	cotyledon	(right)	level	of	five	individual	plants	incubated	for	four	days	on	PDA	plates.	
Percentage	of	Fo47	colonization	on	mock-inoculated	plants	(n=10)	and	Fo47-treated	plants	(n=20).	The	
experiment	was	performed	three	times	with	similar	results.	Raw	data	was	analyzed	by	a	non-parametric	
Mann-Whitney	U-test	(ns	P>0.05,	*P<0.05,	**P<0.01,	***P<0.001).	

Three	weeks	after	inoculation,	disease	symptoms	and	fresh	weight	were	assessed	for	
both	 plant	 genotypes.	 Moneymaker	 and	 NahG	 plants	 inoculated	 with	 Fol4287	
developed	 severe	 disease	 symptoms	 associated	with	 Fusarium	wilt,	 such	 as	 leaf	
epinasty,	stunting	and	leaf	yellowing	(Figure	2a).	 Inoculation	with	the	endophytic	
strain,	or	co-inoculation	with	both	the	endophytic	and	pathogenic	strain,	result	in	no	
or	 few	 external	 disease	 symptoms	 on	 both	 tomato	 genotypes	 as	 compared	 to	
Fol4287	 inoculated	 plants	 (Figure	 2a).	 In	 agreement,	 co-inoculated	plants	 have	a	
significantly	 higher	 fresh	 weight	 (Figure	 2b)	 and	 show	 significantly	 less	 disease	
symptoms	(Figure	2c)	than	plants	inoculated	with	Fol4287.	Therefore,	we	conclude	
that	 SA	 is	 not	 involved	 in	 triggering	 EMR.	 We	 then	 considered	 that	 endophytic	
colonization	 could	 be	 influenced	 by	 SA.	 To	 test	 this,	 Fo47	 was	 re-isolated	 from	
tomato	stems	from	Fo47-inoculated	plants.	Fo47	was	identified	in	Moneymaker	and	
NahG	tomato	stems	at	the	crown	level	but	very	rarely	at	the	cotyledon	level	(Figure	
2d).	No	statistically	significant	difference	in	endophytic	colonization	of	NahG	stems	
as	compared	with	Moneymaker	was	observed.	Taken	together,	these	data	suggest	
that	SA	accumulation	does	not	play	a	major	role	in	triggering	EMR	nor	in	colonization	
by	endophytic	Fusarium.	
	
JA	is	not	involved	in	EMR	
	
Beneficial	soil-borne	microbes	have	been	shown	to	induce	ISR	via	JA	and	ET,	which	
raises	the	possibility	that	EMR	could	be	mediated	via	one	or	both	of	these	two	plant	
hormones	(Hossain	et	al.,	2008;	Korolev	et	al.,	2008;	Stein	et	al.,	2008).	To	assess	the	
involvement	of	JA	in	EMR	we	used	the	tomato	line	def1,	which	fails	to	accumulate	JA	
due	to	a	defect	in	the	jasmonate	biosynthesis	pathway,	for	bioassays	with	endophytic	
and	 pathogenic	 Fusarium	 strains.	 Tomato	 plants	 inoculated	with	 the	 pathogenic	
Fol4287	strain	showed	external	Fusarium	wilt	disease	symptoms	in	the	Castlemart	
cultivar	as	well	as	in	the	def1	line	(Figure	3a).	However,	EMR	was	induced	in	both	the	
wild-type	 cultivar	 and	 the	 JA	 deficient	 line	 (Figure	 3a).	 Plants	 deficient	 in	 JA	
biosynthesis	were	significantly	smaller	when	inoculated	with	Fol4287	than	when	co-
inoculated	with	 Fo47	 and	 Fol4287	 (Figure	 3b).	 Co-inoculation	 of	 the	 Castlemart	
cultivar,	 however,	 did	 not	 result	 in	 a	 significantly	 higher	 fresh	 weight	 than	
Castlemart	plants	solely	inoculated	with	the	pathogenic	Fol4287	isolate	in	two	out	of	
three	 experiments	 (Figure	 3b).	 Fol4287-inoculated	 plants	 consistently	 showed	
vascular	browning	symptoms	at	the	cotyledon	level	three	weeks	after	inoculation	of	
Castlemart	 or	 def1	 lines	 (Figure	 3c).	 These	 disease	 symptoms	 were	 significantly	
reduced	upon	co-inoculation	of	the	def1	line	(Figure	3c).		
To	determine	whether	plant-derived	JA	could	influence	colonization	of	tomato	stems	
by	Fo47,	this	strain	was	re-isolated	from	inoculated	tomato	plants.	The	endophyte	
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was	re-isolated	from	the	crown	level	in	60%	of	the	Castlemart	plants,	while	in	def1	
plants	 the	 endophytic	 strain	 was	 isolated	 in	 85%	 of	 the	 cases.	 However,	 this	
difference	in	colonization	was	found	not	to	be	significant	(Figure	3d).	Overall,	these	
data	 indicate	 that	 plant-derived	 JA	 does	 not	 contribute	 to	 EMR	 nor	 affects	
colonization	by	endophytic	Fusarium.		
	
ET	biosynthesis	and	perception	does	not	affect	EMR	
EMR	against	pathogens	and	host	colonization	by	endophytes	has	been	reported	to	be	
affected	by	ET	(Kavroulakis	et	al.,	2007).	To	determine	whether	ET	plays	a	role	in	
EMR,	ACD	and	Nr	tomato	lines	were	used.	The	ACD	line	constitutively	produces	an	
ACC	 deaminase	 that	 cleaves	 the	 ET	 precursor	 1-aminocyclopropane-1-carboxylix	
acid	(ACC)	into	α-ketobutyrate	and	ammonium,	resulting	in	reduced	ET	levels	(Klee	
et	al.,	1991).	The	Nr	tomato	line	carries	a	single	amino	acid	substitution	in	a	protein	
homologous	 to	 the	 Arabidopsis	 ET	 receptor	 ETR1,	 which	 results	 in	 dominant	
insensitivity	to	ET	(Wilkinson	et	al.,	1995).	Fusarium	bioassays	on	ACD	and	Nr	toma-	

	
Figure	3.	Impaired	jasmonic	acid	biosynthesis	does	not	affect	EMR	triggered	by	Fo47.	a)	Ten-days-
old	tomato	seedlings	(Castlemart)	and	def1	plants	impaired	in	JA	production	were	inoculated	with	water	
(mock),	Fo47,	Fol4287	or	co-inoculated	with	Fo47	and	Fol4287.	Disease	development	was	assessed	by	
measuring	fresh	weight	b)	and	disease	index	c)	three	weeks	after	inoculation.	Raw	data	was	analyzed	by	
a	 non-parametric	Mann-Whitney	U-test	 (ns	P>0.05,	 *P<0.05,	 **P<0.01,	 ***P<0.001).	The	 bioassay	was	
performed	 three	 times	 with	 similar	 results	 (where	 the	 number	 of	 plants	 (n)	 was	 n=10	 for	 the	 first	
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repetition	and	n=20	for	the	second	and	third	repetition).	d)	Representative	stem	pieces	taken	from	crown	
(left)	and	cotyledon	(right)	level	of	five	individual	plants	incubated	for	four	days	on	PDA	plates.	Percentage	
of	Fo47	colonization	on	mock-inoculated	plants	(n=10)	and	Fo47	treated	plants	(n=20).	The	experiment	
was	performed	twice	with	similar	results.	Raw	data	was	analyzed	by	a	non-parametric	Mann-Whitney	U-
test	(ns	P>0.05,	*P<0.05,	**P<0.01,	***P<0.001).	

-to	 lines,	 in	 which	 respectively	 ET-biosynthesis	 or	 perception	 is	 impaired,	 were	
performed	 and	 Fo47	 was	 re-isolated	 from	 the	 stems	 to	 monitor	 its	 colonization	
potential.	
As	 reported	 by	 Di	 and	 colleagues	 (Di	 et	 al.,	 2017),	 UC8B2	 and	 ACD	 lines	 were	
susceptible	to	Fol4287	(Figure	4a).	When	co-inoculated	with	Fo47	and	Fol4287	the	
tomato	 plants	 displayed	 only	 occasionally	 mild	 disease	 symptoms	 (Figure	 4a).	
Fol4287-inoculated	UC82B	and	ACD	plants	showed	a	reduction	in	fresh	weight	as	
compared	to	mock	treatment	(Figure	4b).	Co-inoculated	plants	showed	higher	fresh	
weight	(Figure	4b),	and	have	fewer	disease	symptoms	(Figure	4c)	as	compared	to	
Fol4287-inoculated	plants.		

	
Figure	4.	EMR	is	not	affected	in	tomato	plants	impaired	in	to	ethylene	production.	a)	Ten-days-old	
tomato	seedlings	(UC82B)	and	ACD	plants	impaired	in	ET	production	were	inoculated	with	water	(mock),	
Fo47,	Fol4287	or	co-inoculated	with	Fo47	and	Fol4287.	Disease	development	was	assessed	by	measuring	
b)	 fresh	weight	and	c)	disease	 index	 three	weeks	 after	 inoculation.	Raw	data	was	 analyzed	by	a	non-
parametric	 Mann-Whitney	 U-test	 (ns	 P>0.05,	 *P<0.05,	 **P<0.01,	 ***P<0.001).	 The	 bioassay	 was	
performed	 two	 times	with	 similar	 results	 (n=10	 for	 the	 first	 repetition	 and	 n=20	 for	 the	 second).	 d)	
Representative	stem	pieces	taken	from	crown	(left)	and	cotyledon	(right)	level	of	five	individual	plants	
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incubated	 for	 four	days	on	PDA	plates.	e)	Percentage	of	Fo47	colonization	on	mock-inoculated	plants	
(n=10)	and	Fo47	treated	plants	(n=20).	The	experiment	was	performed	two	times	with	similar	results.	
Raw	 data	 was	 analyzed	 by	 a	 non-parametric	 Mann-Whitney	 U-test	 (ns	 P>0.05,	 *P<0.05,	 **P<0.01,	
***P<0.001).	

To	investigate	whether	ET	affects	host	colonization	by	the	endophyte,	stem	pieces	
from	 Fo47-treated	 plants	 were	 collected	 to	 re-isolate	 the	 fungus.	 No	 statistical	
difference	could	be	observed	in	Fo47	colonization	between	the	wild-type	line	and	
the	 line	ACD	 (Figure	 4d).	Despite	 the	 inability	 of	ACD	 plants	 to	 produce	ET,	 it	 is	
possible	that	these	plants	could	still	be	exposed	to	ET	since	Fol	has	been	shown	to	
produce	 ET	 (Gentile,	 1975).	 Therefore,	 we	 performed	 the	 same	 bioassays	 as	
described	above	with	 a	Nr	 tomato	 line,	which	 is	 insensitive	 to	 ET,	as	well	 as	 the	
parental	Pearson	line.	The	Pearson	cultivar	showed	fewer	disease	symptoms	upon	
Fol	inoculation	than	the	other	lines	tested	in	this	study	(Figure	5a)	and	has	a	fresh	
weight	 similar	as	 the	mock	 treatment	 (Figure	5b).	The	Nr	 line	was	susceptible	 to	
Fol4287	 showing	 a	 clear	 reduction	 in	 fresh	 weight	 as	 compared	 to	 the	 mock	
treatment	(Figure	5b).	Plants	co-inoculated	with	the	pathogenic	and	the	endophytic	
strain	did	not	display	strong	disease	symptoms	(Figure	5a).	Co-inoculated	Nr	plants	
showed	a	significant	increase	in	fresh	weight	when	compared	with	Fol4287,	but	this	
was	not	the	case	in	the	Pearson	wild-type	line	(Figure	5b).	Despite	the	fact	that	Nr	
and	Pearson	Fol4287-inoculated	plants	did	not	show	a	clear	size	reduction	in	both	
tomato	lines,	these	lines	were	susceptible	to	Fol4287	infection	and	developed	brown	
vessels	indicative	of	disease	(Figure	5c).	Moreover,	disease	symptoms	were	reduced	
in	 co-inoculation	 treatments	 as	 compared	 with	 Fol4287-inoculated	 plants	 in	 Nr	
plants,	suggesting	that	ET	perception	is	not	involved	in	EMR.	To	assess	whether	ET	
sensing	may	be	necessary	for	endophytic	 colonization,	Fo47	was	re-isolated	from	
stems.	The	endophytic	strain	Fo47	was	found	to	colonize	stems	of	wild-type	and	Nr	
tomato	to	a	similar	extent,	 indicating	that	plant	ET	sensing	is	also	not	 involved	in	
mediating	endophytic	 colonization	of	 tomato	 (Figure	5d).	 In	 summary,	 these	data	
suggest	that	ET	is	not	involved	in	EMR	nor	plays	a	role	in	colonization	by	a	Fusarium	
endophyte.	
	
Callose	deposition	in	tomato	roots	appears	unaffected	by	fungal	colonization	
	
To	 assess	 if	 callose	 depositions	 could	 be	 involved	 in	 EMR,	 ten-days-old	 tomato	
seedlings	were	inoculated	with	water	(mock),	and	Fo47	and/or	Fol	race	2	(Fol4287	
or	Fol007).	To	aid	detection	of	 the	fungus	in	 the	roots	stably	 transformed	strains	
were	used	that	constitutively	express	either	red	or	green	fluorescent	protein;	Fo47	
and	Fol.	Three	days	after	inoculation	roots	were	treated	with	aniline	blue	to	stain	for	
callose	accumulation.	Subsequently,	the	stained	callose	and	fungal	colonization	were	
visualized	by	fluorescence	microcopy.	Distinct	blue	fluorescent	dots	(callose)	were	
observed	across	all	treatments	and	specifically	at	root	tips	and	at	damage	sites	(data	
not	 shown).	 As	 callose	 deposition	 at	 root	 tips	 appeared	 to	 be	 a	 normal	 plant	
response,	pictures	from	root	tips	were	excluded	from	further	analysis.	However,	the	
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damaged	sites	could	not	be	excluded	from	our	analysis	since	Fusarium	uses	these	
wounds	 as	 entry	 points	 of	 the	 root.	 Therefore,	 it	was	not	 possible	 to	 distinguish	
whether	 the	 callose	 deposited	 at	 damaged	 sites	 is	 due	 to	 fungal	 colonization,	 or	
results	from	the	plant	damage	response.	Callose	depositions	were	detected	in	all	four	
treatments	both	near	fungal	mycelium	and	at	distant	sites	(Figure	6).	Quantification	
of	the	number	of	callose	depositions	per	area	did	not	reveal	significant	differences	
between	mock,	Fo47,	Fol	or	the	co-inoculation	treatment.	It	is	noteworthy	to	point	
out	that	one	plant	can	have	roots	that	show	few	to	no	callose	depositions	(Figure	
S2Mock*)	while	other	roots	show	a	high	number	of	callose	depositions	(Figure	S2	
Mock).	 This	 high	 variability	 is	also	 reflected	 by	 the	wide	 distribution	 of	 the	 data	
points,	and	the	concomitant	high	standard	deviation	in	the	graph	(Figure	6)	when	
plotting	the	results.		

	
Figure	5.	Impaired	ethylene	perception	in	tomato	does	not	affect	EMR	triggered	by	Fo47.	a)	Ten-
days-old	wild-type	tomato	seedlings	(Pearson)	and	Nr	plants	impaired	in	ET	perception	were	inoculated	
with	water	(mock),	Fo47,	Fol4287	or	co-inoculated	with	Fo47	and	Fol4287.	Disease	development	was	
assessed	by	measuring	fresh	weight	b)	and	disease	index	c)	three	weeks	after	inoculation.	Raw	data	was	
analyzed	 by	 a	 non-parametric	 Mann-Whitney	U-test	 (ns	 P>0.05,	 *P<0.05,	 **P<0.01,	 ***P<0.001).	 The	
bioassay	was	performed	twice	with	similar	results	(where	the	number	of	plants	(n)	was	n=10	for	the	first	
repetition	and	n=20	for	the	second	repetition).	d)	Representative	stem	pieces	taken	from	crown	(left)	and	
cotyledon	(right)	level	of	five	individual	plants	incubated	for	four	days	on	PDA	plates.	Percentage	of	Fo47	
colonization	 on	mock-inoculated	 plants	 (n=10)	 and	 Fo47	 treated	 plants	 (n=20).	 The	 experiment	was	
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performed	twice	with	similar	results.	Raw	data	was	analyzed	by	a	non-parametric	Mann-Whitney	U-test	
(ns	P>0.05,	*P<0.05,	**P<0.01,	***P<0.001).	

In	 conclusion,	 no	 significant	 differences	 in	 callose	 depositions	 were	 observed	 in	
response	to	inoculation	with	pathogen,	endophyte	or	both	as	compared	to	the	mock.		

	
Figure	6.	Callose	deposition	in	response	to	fungal	colonization.	a)	Ten-days-old	C-32	tomato	seedlings	
were	 inoculated	 with	 water	 (mock),	 Fo47-GFP,	 Fol4287-RFP	 or	 co-inoculated	 with	 Fo47-GFP	 and	
Fol4287-RFP.	 Three	 days	 after	 inoculation	 tomato	 roots	 were	 stained	 with	 aniline	 blue,	 and	 callose	
depositions	were	analyzed	using	a	Digital	Inverted	Fluorescence	EVOS	Microscope	(magnification	10x).	
Scale	bar=	100um.	Arrow	heads	point	to	callose	depositions.	b)	Ten-days-old	C-32	tomato	seedlings	were	
inoculated	with	water	(mock),	Fo47-RFP,	Fol007-GFP	or	co-inoculated.	Quantification	of	the	number	of	
callose	 dots	 per	 root	 area	 as	 determined	 using	 the	 Image	 J	 Fiji	 plugin.	 A	 minimum	 four	 plants	 per	
treatment	 were	 analyzed	 using	 at	 least	 three	 pictures	 per	 plant.	 Data	 was	 normalized	 by	 log	
transformation	and	for	statistical	analysis	an	ANOVA	test	was	performed	(ns	P>0.05,	*P<0.05,	**P<0.01,	
***P<0.001).	The	experiment	was	performed	thrice	with	similar	results.		

	

Discussion	
	
In	this	study	we	demonstrate	that	Fo47	can	confer	EMR	independently	of	SA,	ET	or	
JA	–	some	of	the	major	hormones	that	have	commonly	been	associated	with	ISR	or	
SAR	(Pieterse	et	al.,	2014).	EMR	was	successfully	established	in	(transgenic)	tomato	
lines	 defective	 in	 SA	 accumulation,	 ET-production	 or	 -perception	 and	 JA	
biosynthesis.	Our	findings	imply	that	EMR	is	mechanistically	distinct	from	ISR	and	
SAR.	 In	 our	 experiments,	 equal	 concentrations	 of	 Fo47	 and	 Fol4287	 were	 co-
inoculated.	 A	 typical	 SAR/ISR	 response	 is	 based	 on	 initial	 exposure	 to	 either	 an	
avirulent	pathogen	or	to	an	endophyte	that	primes	plant	defense	and	a	subsequent	
infection	with	the	pathogen.	The	prompt	resistance	observed	in	our	studies	implies	
that	other	mechanisms	are	 involved,	such	as	antibiosis,	 competition	 for	niches	or	
nutrients,	or	a	plant	response	independent	from	SA,	ET	and	JA.	Since	Fo47,	and	other	
non-pathogenic	Fusarium	strains,	also	reduce	Fol	disease	symptoms	in	a	split-root	
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system	 (Kroon	 et	 al.,	 1991;	 Fuchs	 et	 al.,	 1997),	 we	 speculate	 that	 Fo47	 at	 least	
partially	confers	resistance	via	the	plant.		
Transgenic	 NahG	 plants	 were	 still	 able	 to	 mount	 an	 EMR	 response,	 conferring	
resistance	to	Fusarium	wilt	when	exposed	to	Fo47.	This	finding	was	unexpected,	as	
EMR	 studies	 in	 the	 Solanaceae	 species	 pepper	 (Capsicum	 annuum)	 implied	
involvement	of	this	phytohormone	in	induced	immunity	(Veloso	et	al.,	2016).	Pepper	
roots	inoculated	with	Fo47	accumulated	higher	SA	levels	than	non-inoculated	plants	
(Veloso	 et	 al.,	 2016).	 Furthermore,	 also	 in	 tomato	 roots	 and	 cotyledons	 Fo47	
infection	increased	expression	of	the	SA-marker	gene	PR1a	(Aimé	et	al.,	2013).	Based	
on	 the	 ability	 of	 Fo47	 to	 potentiate	 expression	 of	 SA-defense	 marker	 genes	 the	
endophyte	was	proposed	to	confer	protection	against	Fol	by	priming	SA-mediated	
defenses	(Aimé	et	al.,	2013).	Our	data,	and	that	by	Di	and	co-workers,	confirm	that	
SA	 is	 important	 for	 susceptibility	 to	 Fusarium	 infection	 (Di	 et	 al.,	 2017)	 as	 both	
studies	showed	induction	of	PR1a	upon	Fol4287	inoculation	(Figure	1a).	However,	
although	 SA	 marker	 genes	 are	 induced	 in	 the	 interaction	 between	 plant	 and	
pathogen,	our	data	show	that	these	genes	are	not	induced	following	colonization	by	
the	Fo47	endophyte,	nor	upon	co-inoculation	of	Fo47	with	 the	pathogen.	RT-PCR	
data	 shows	 that	 ICS	 and	 PAL,	 two	 genes	 involved	 in	 SA	 biosynthesis,	 were	 not	
consistently	upregulated	upon	co-inoculation	(Figure	1c),	although	PAL	expression	
was	 slightly	 induced	 in	 the	 second	 experiment	 (Figure	 S1c).	 Furthermore,	 three	
weeks	after	Fo47	colonization	no	induction	of	PR1a	was	observed,	implying	that	SA	
signaling	is	either	not	or	only	transiently	induced	during	inoculation.	In	line	with	this,	
we	did	not	observe	induction	of	the	PR1a	gene	upon	co-inoculation.	Our	results	are	
in	 accordance	with	 xylem	 sap	proteomic	 studies	 in	which	PR1a	was	 found	 to	 be	
significantly	 induced	 only	 upon	 colonization	 by	 a	 pathogenic	 strain,	 not	 by	 an	
endophyte	or	during	EMR	(de	Lamo,	2018).	Of	note,	it	has	been	reported	that	EMR	
triggered	 by	 the	 bacterium	Paenibacillus	 alvei	 K165	 in	Arabidopsis	 to	Verticillium	
dahliae	 was	 unaffected	 in	 NahG	 plants	 but	 was	 compromised	 in	 npr1,	 sid2	 or	
eds5/sid1	plants	(Tjamos	et	al.,	2005).	These	observations	imply	that	SA	(signaling)	
itself	 is	not	 required	for	EMR,	but	an	intact	SA	biosynthesis	pathway	is.	A	similar	
situation	could	apply	for	Fo47-triggered	resistance.	In	future	experiments	tomato	SA	
biosynthesis	mutants	could	be	generated	and	their	ability	to	mount	EMR	assessed	to	
put	 this	 hypothesis	 to	 the	 test.	 In	 conclusion,	 our	 findings	 indicate	 that	 SA	
accumulation	and	signaling	are	not	involved,	or	only	have	a	marginal	role,	in	EMR.		
Fusarium	bioassays	on	plants	impaired	in	ET	biosynthesis	(ACD)	or	ET	sensing	(Nr)	
implies	that	EMR	is	not	mediated	via	ET.	In	our	set-up,	Fo47-mediated	resistance	
against	Fol	was	apparent	by	a	reduction	in	leaf	epinasty	and/or	yellowing	symptoms	
in	 comparison	 to	 the	 diseased	 controls.	 ET	 aggravates	 disease	 symptoms	 in	
susceptible	tomato	plants	inoculated	with	Fol	strains	(Gentile,	1975;	Di	et	al.,	2017),	
and	ET	can	be	produced	by	Fol	(Gentile,	1975).	Tomato	mutants	that	are	unable	to	
produce	or	perceive	ET	indeed	appeared	to	develop	less	severe	disease	symptoms	as	
the	 wild-type	 Pearson	 controls,	 although	 the	 differences	 were	 not	 statistically	
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significant	 in	 our	 experiments	 (Figure	 5).	 Three	 weeks	 after	 Fol4287	 infection,	
expression	of	the	ethylene	receptor	(ETR4)	was	not	induced,	but	expression	of	Pti4,	
an	ethylene	responsive	factor,	was.	The	degree	of	induction	(two-fold)	was	rather	
modest	as	compared	to	that	reported	in	previous	reports	(ten-fold)	(Di	et	al.,	2017),	
and	 a	 difference	 in	 expression	was	 also	 not	 consistently	 observed	 in	 our	 assays	
(Figure	S1e).	One	explanation	for	the	differences	between	both	studies	could	be	the	
genetic	background	of	the	plants	used	(UC8B2	versus	C32)	and	different	time	points	
of	 sampling	 (two	 versus	 three	weeks	 post	 inoculation).	Notably,	 neither	 of	 these	
markers	was	induced	upon	inoculation	of	Fo47,	either	alone	or	in	combination	with	
Fo4287.	These	findings	show	that	ET	signaling	is	not	induced	by	the	endophyte	or	
during	 EMR	 and	 that	 the	 hormone	 is	 merely	 involved	 in	 disease	 symptom	
development	upon	Fol	infection.	
Use	 of	 the	 Nr	mutant	 line	 excluded	 the	 possibility	 that	 ET-dependent	 signaling	
pathways	are	activated	by	fungus-produced	ET.	Since	Fo47	mounts	EMR	in	both	Nr	
and	ACD	plants	it	can	be	concluded	that	neither	ET	production	nor	sensing/signaling	
is	required	for	this	induced	resistance.	Our	findings	that	EMR	was	not	altered	in	Nr	
mutant	plants	contrasts	a	study	with	an	endophytic	Fusarium	solani	isolate,	Fs-K.	Fs-
K	was	 reported	 to	confer	 protection	against	F.	 oxysporum	 f.	 sp.	 radicis-lycopersici	
(Forl)	in	tomato	plants	(Kavroulakis	et	al.,	2007).	When	inoculating	Nr	mutants,	or	
epi	mutants	that	exert	increased	ET	synthesis	and	ET	responses	(Barry	et	al.,	2001),	
no	Fs-K-mediated	EMR	was	observed	(Kavroulakis	et	al.,	2007).	In	addition,	when	
co-inoculating	Fs-K	and	Forl	 in	1:1	ratio,	the	resistance	conferred	by	FS-K	did	not	
occur	and	the	plants	became	diseased	(Kavroulakis	et	al.,	2007).	This	is	a	relevant	
observation,	as	it	suggests	that	Fo47	triggers	EMR	via	a	mechanism	different	than	
FS-K,	as	we	did	still	observe	EMR	when	using	a	1:1	ratio	of	endophyte	and	pathogen.	
So,	 either	 there	 are	 distinct	 types	 of	 EMR	 that	 are	 induced	 by	 endophytic	 F.	
oxysporum	and	F.	solani	strains,	or	the	EMR	against	Fusarium	wilt	disease	is	different	
from	the	one	controlling	Fusarium	root-rot	disease.		
Fusarium	bioassays	on	the	def1	mutant,	which	is	incapable	of	producing	JA,	revealed	
that	JA	does	not	play	a	major	role	in	EMR,	which	agrees	with	the	observed	unaltered	
expression	of	the	JA	marker	gene	PI-I.	It	has	been	reported	that	JA	is	not	involved	in	
Fol-mediated	disease	development	in	six-week-old	tomato	(Di	et	al.,	2017).	In	our	
set-up,	 we	 observe	 that	 compromised	 JA	 signaling	 marginally	 increased	
pathogenicity	of	Fol	in	seedlings,	which	could	suggest	a	minor	role	of	JA	in	younger	
plantlets	 (Figure	 2).	 This	 increase	 in	 pathogenicity	 would	 also	 explain	 the	 less	
efficient	 containment	 of	 the	 pathogen	 by	 EMR	 upon	 co-inoculation	 of	 the	 def1	
mutant.	 Fo47-infected	 pepper	 roots	 transiently	 accumulate	 JA-Ile	 at	 48h	 post-
inoculation,	and	this	increase	disappears	after	72h,	implying	a	transient	role	of	the	
hormone	early	 in	host	colonization	 (Veloso	 et	al.,	2016).	An	Arabidopsis-infecting	
Fusarium	strain	(Fusarium	oxysporum	f.sp.	conglutinans)	has	been	show	to	produce	
jasmonates	 and	 these	 promote	 infection	 (Cole	 et	 al.,	 2014).	 However,	 in	 axenic	
Fol4287	cultures	no	jasmonates	were	detected,	suggesting	that	Fol	does	not	produce	
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this	phytohormone	(Cole	et	al.,	2014).	It	is	currently	unknown	how	fungi	produce	
jasmonates	(Oliw	&	Hamberg,	2017),	or	whether	Fo47	can	produce	them.	Hence,	at	
this	stage	we	cannot	exclude	the	possibility	that	Fo47	secretes	JA	-	or	JA	derivatives	
-	that	are	involved	in	EMR.	Unfortunately,	no	JA	insensitive	mutants	in	tomato	are	
available	to	explore	this	possibility	 in	bioassays.	Nevertheless,	our	data	show	that	
plant-derived	JA	is	not	required	for	EMR	in	tomato	and	together	with	the	observation	
that	PI-I	expression	is	not	induced	supports	the	hypothesis	that	JA	signaling	is	not	
activated	in	tomato	during	Fol	infection	or	during	EMR.	SA	and	JA	act	antagonistically	
in	 tomato	 in	susceptibly	 to	Fol	 (Robert-Seilaniantz	 et	al.,	2011),	however	since	 in	
EMR	neither	SA	nor	JA	signaling	appear	to	be	induced,	crosstalk	is	not	anticipated	to	
be	involved	in	this	response.		
Our	re-isolation	experiments	revealed	that	Fo47	is	often	able	to	colonize	the	crown	
of	inoculated	tomato	plants.	Host	colonization	appears	to	be	restricted	to	the	crown	
level	 as	 we	 very	 rarely	 observed	 colonization	 at	 the	 cotyledon	 level.	 The	 Fo47	
colonization	 pattern	 in	 stems	 of	 tomato	 lines	 impaired	 in	 SA	 accumulation,	 ET-
production	or	-sensing	or	in	JA	biosynthesis	was	similar	to	that	of	wild-type	plants.	
It	 was	 unexpected	 that	 SA,	 ET	 and	 JA	 do	 not	 affect	 colonization	 of	 the	 stem	 by	
endophytic	 Fusarium,	 as	 these	 hormones	 strongly	 affect	 stem	 colonization	 by	
pathogenic	Fol	 strains	 (Di	et	al.,	2017).	Our	observation	 that	Fo47	did	not	 induce	
expression	 of	 any	 of	 the	 analyzed	 SA-,	 JA-	 or	 ET-	markers	 is	 consistent	with	 the	
insignificance	 of	 these	 hormones	 for	 Fo47	 colonization.	 Apparently,	 host	
colonization	by	the	endophyte	or	pathogen	is	controlled	by	distinct	mechanisms	in	
the	plant.	This	idea	is	consistent	with	the	different	colonization	patterns	observed	
for	 each	 strain.	Whereas	 the	 endophyte	 typically	 colonizes	 cortex	 and	 epidermal	
tissues	of	the	root,	the	pathogen	favors	endodermis	and	vasculature	(Alabouvette	et	
al.,	2009).		
Fo47	 inoculation	 has	 been	 shown	 to	 induce	 cell	wall	 appositions	 and/or	 papillae	
formation	 in	 the	 invaded	 epidermis	 and	 outer	 cortex,	 and	 in	 non-invaded	 xylem	
vessels	of	pea	roots,	which	correlates	with	the	restricted	Fo47	colonization	of	the	
outermost	 root	 tissues	 (Benhamou	&	Garand,	2001).	Fo47-triggered	 formation	of	
papilla,	 containing	 callose	 and	 lignin	 deposits,	 could	 represent	 a	 mechanism	 to	
impede	Fol	colonization.	A	less	efficient	root	colonization	is	predicted	to	result	in	a	
reduced	 ability	 to	 reach	 the	 xylem	 vessels	 and	 hence	 a	 reduction	 in	 disease	
symptoms.	 To	 assess	 whether	 Fo47	 triggers	 a	 similar	 fortification	 response	 in	
tomato	roots	as	in	pea	we	stained	the	roots	with	aniline	blue	and	monitored	callose	
depositions.	 Callose	 deposits	 were	 visible	 as	 distinct	 blue	 dots	 along	 the	 root	
vasculature,	showing	a	higher	abundance	near	the	root	tip	and	at	damaged	root	parts	
(irrespective	 of	 the	 treatment).	 No	 obvious	 differences	 could	 be	 observed	 in	
abundance,	intensity	or	distribution	of	callose	dots	between	the	different	treatments.	
As	we	did	not	perform	time	lapse	experiments	we	cannot	exclude	occurrence	of	early	
differences	 as	 reported	 before	 (Beckman	 et	 al.,	 1982).	 Despite	 not	 observing	
differences	in	callose	depositions	during	EMR,	cell	wall	 fortification	is	 likely	to	be	
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involved	in	EMR.	A	recent	proteomic	study	of	tomato	plants	co-inoculated	with	Fo47	
and	 Fol	 showed	 accumulation	 of	 proteins	 associated	 with	 lignification,	 which	
support	this	idea	(de	Lamo,	2018).	Furthermore,	in	line	with	the	notion	that	an	intact	
SA	 biosynthesis	 pathway	 is	 required	 for	 bacterial	 induced	 EMR	 in	 Arabidopsis	
(Tjamos	et	al.,	2005),	it	is	tempting	to	speculate	that	it	is	not	the	signaling	function	of	
SA	 that	 is	 required	 for	 the	 induced	 resistance	 phenotype,	 but	 the	 benzoate	
intermediates	 that	 it	 provides	 (Dempsey	 et	 al.,	 2011).	 These	 compounds	 are	 the	
major	 precursors	 for	 lignification	 and	 production	 of	 antimicrobial	 compounds	 in	
plants	 (Dempsey	 et	 al.,	 2011).	 Analyzing	 the	 lignin	 content	 and	 content	 of	
(poly)phenolic	compounds	in	inoculated	roots	following	EMR	induction	could	reveal	
whether	there	is	a	correlation	between	these	two	events,	providing	a	mechanistic	
basis	for	the	observed	resistance.	
Induction	of	lignification	and/or	cell	wall	fortifications	restricting	access	to	the	root	
vasculature	 could	 provide	 an	 explanation	 why	 protection	 by	 Fo47	 is	 especially	
effective	against	wilt	causing	fungi	such	as	Fol	and	Verticillium	dahliae.	A	mechanical	
barrier	that	specifically	prevents	access	to	the	vasculature	would	also	explain	why	
EMR	is	ineffective	in	conferring	resistance	against	foliar	pathogens	such	as	Botrytis	
cinerea	or	Phytophthora	capsici	 (Veloso	 et	al.,	2016).	A	similar	 induced	resistance	
mechanism	 might	 also	 operate	 in	 other	 plant	 species	 and	 even	 in	 stems,	 as	
exemplified	by	the	observation	that	injection	of	non-pathogenic	Verticillium	strains	
in	the	vasculature	of	Elm	trees	confers	protection	against	the	causal	agent	of	Dutch	
Elm	disease,	Ophiostoma	ulmi	(Scheffer	et	al.,	1990).	Together,	our	findings	suggest	
that,	besides	ISR	and	SAR,	an	additional	inducible	defense	mechanism	exists	in	plants	
that	confers	protection	against	vascular	pathogens.	In	will	be	interesting	to	examine	
whether	EMR	also	controls	bacterial	wilt	diseases,	like	those	caused	by	the	bacteria	
Xylella	fastidiosa	or	Xanthomonas	campestris.	Unraveling	the	molecular	mechanism	
of	 this	 type	 of	 resistance	 holds	 potential	 for	 improved	 control	 of	 wilt	 diseases	
without	 compromising,	 or	 affecting,	 the	 conventional	 defense	 pathways	 that	 are	
mediated	by	SA,	ET	or	JA.	
	

Material	and	methods	
	
Plant	growth	and	Fusarium	culture	conditions	
	
Eight	different	tomato	(Solanum	lycopersicum)	genotypes	were	used	in	this	study.	
Four	of	these	are	wild-type	cultivars:	Moneymaker,	Castlemart,	UC82B	and	Pearson.	
The	NahG	 line	 is	a	Moneymaker	background	and	constitutively	expresses	a	NahG	
salicylate	hydroxylase	transgene	impairing	SA	accumulation	(Brading	et	al.,	2000).	
The	JA	biosynthesis	def1	is	in	a	Castlemart	background	(Howe	et	al.,	1996).	The	ACD	
line,	 in	 a	 UC82B	 background,	 overexpresses	 a	 gene	 encoding	 a	 ACC	 deaminase	
resulting	in	compromised	ET	accumulation	(Klee	et	al.,	1991),	while	the	dominant	Nr	
(Lanahan	et	al.,	1994)	mutation	in	the	Pearson	background	impairs	ET	perception.	
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The	tomato	variety	C32,	which	is	Moneymaker	like,	was	used	for	qPCR	experiments	
and	microscopy.	Plants	were	grown	in	a	climate-controlled	greenhouse	with	day-
night	temperature	of	25	°C,	16	h	light	/	8	h	dark	regime	and	a	relative	humidity	of	
65%.	
	
Fusarium	inoculation	assay	
	
Wild-type	 or	 transgenic	 endophytic	 (Fo47)	 and	 pathogenic	 (Fol4287,	 race	 2)	
Fusarium	 strains	 were	 used	 for	 bioassays	 (Lemanceau	 &	 Alabouvette,	 1991;	 Di	
Pietro	 et	 al.,	 2003;	 Ma	 et	 al.,	 2010;	 Vlaardingerbroek	 et	 al.,	 2015).	 To	 facilitate	
isolation	 of	 fusarium	 from	 infected	 stems,	 a	 transgenic	 Fo47	 (sFP1544)	 strain	
carrying	a	hygromycin	resistance	marker	(Ma	et	al.,	2010)	and	a	transgenic	Fol4287	
strain	 (sFP3059)	carrying	hygromycin	and	zeocine	resistance	markers	were	used	
(Vlaardingerbroek	 et	 al.,	 2015).	 GFP	 labeled	 Fo47	 (sFP1544)	 and	 RFP	 labeled	
Fol4287	 (sFP1173)	 (van	 der	 Does	 et	 al.,	 2008)	 or	 RFP	 labeled	 Fo47	 (sFP3092)	
(Vlaardingerbroek	et	al.,	2015)	and	GFP	labeled	Fol007	(sFP1079)	(van	der	Does	et	
al.,	2008)	strains	were	used	for	callose	quantification	experiments.	Fungal	strains	
were	grown	on	Potato	Dextrose	Agar	(PDA)	plates	at	25°C	for	7-10	days	in	the	dark.	
In	order	to	obtain	spores	a	piece	of	agar	from	these	PDA	plates	was	transferred	to	
100	 mL	 minimal	 media	 (1%	 KNO3,	 3%	 sucrose	 and	 0.17%	 Yeast	 Nitrogen	 Base	
without	amino	acids	and	ammonia),	and	incubated	for	3-5	days	at	25°C,	150	rpm.	
Spores	were	filtered	through	a	Miracloth	filter	(Millipore),	washed	once	with	sterile	
water	and	diluted	to	a	concentration	of	107	spores/mL.	Co-inoculation	treatment	of	
endophytic	and	pathogenic	Fusarium	strains	consisted	of	premixing	each	strain	in	a	
ratio	 of	 1:1	 (107:	 107	 spores/mL)	 to	 produce	 the	 inoculum.	 Ten-days-old	 tomato	
seedlings	were	uprooted,	roots	were	trimmed	to	facilitate	Fusarium	infection	and	
dipped	in	spore	suspension	for	five	minutes	and	subsequently	the	seedlings	were	re-
potted	in	soil.	Plant	weight	and	disease	symptoms	were	assessed	three	weeks	after	
inoculation.	Disease	index	(DI)	scoring	was	based	on	the	extent	of	vessel	browning	
and	external	symptoms	such	as	yellowing	as	described	(Gawehns	et	al.,	2014),	with	
the	 addition	 of	 a	 disease	 index	 5	 for	 dead	 plants.	 In	 short,	 disease	 index	 0=	 no	
symptoms;	 1=	 brown	 vessel	 above	 the	 soil;	 2=	 one	 or	 two	 brown	 vessels	 at	 the	
cotyledon	level;	3=	at	least	three	brown	vessels	and	shows	growth	distortion,	4=	all	
vessels	brown	or	the	plant	is	small	and	wilted,	5=	plant	is	dead.	Each	bioassay	was	
repeated	at	least	twice	with	a	minimum	of	eight	plants	analyzed	each	time.	
	
Fungal	recovery	assay	
	
After	 disease	 scoring,	 tomato	 stems	 were	 collected	 and	 surface-sterilized	 as	
described	(de	Lamo,	2018).	In	brief,	stem	pieces	were	treated	with	70%	ethanol	and	
rinsed	twice	with	sterile	water	under	sterile	conditions.	After	surface	sterilization,	
the	uttermost	parts	of	the	stems	were	trimmed	and	two	sections	of	the	stem	at	the	
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cotyledon	and	the	basal	part	were	dissected	and	placed	on	PDA	plates	containing	200	
mg/L	streptomycin	and	100	mg/L	penicillin	to	prevent	bacterial	growth.	In	order	to	
specifically	allow	growth	of	Fo47,	a	hygromycin	resistant	Fo47	strain	was	used	and	
the	PDA	plates	were	supplement	with	100	mg/L	hygromycin.	Plates	were	scanned	
four	days	after	incubation	in	the	dark	at	25°C.		
	
Analysis	of	gene	expression	by	using	RT-qPCR	
	
Stem	pieces	of	three-week	old	tomato	plants	were	ground	in	liquid	nitrogen.	RNA	
was	extracted	from	approximately	200	mg	of	plant	material	using	Trizol-Reagent	
(Invitrogen,	 Life	 Technologies,	 Grand	 Island,	 NY,	 USA)	 according	 to	 the	
manufacturer’s	instruction.	The	RNA	was	purified	afterwards	with	a	RNeasy	Mini	kit	
(Qiagen,	Düsseldorf,	Germany)	and	DNA	was	removed	by	on-column	treatment	with	
RNase-free	DNase	(Qiagen).	RNA	quality	was	checked	by	agarose	gel	electrophoresis	
and	 spectrophotometrically.	 Only	 RNA	 samples	 with	 an	 absorbance	 ratio	
(260nm/280nm)	 greater	 than	 1.8	 were	 used	 for	 cDNA	 synthesis.	 First	 stranded	
cDNA	was	synthesized	from	1ug	of	total	RNA	using	the	M-MulV	reverse-transcriptase	
RNase	H	minus	kit	(Fermentas,	Thermo	Scientific,	Pittsburgh,	Pa,	USA)	according	to	
the	manufacturer’s	instruction.	qPCRs	were	performed	in	QuantStudioTM3	(Thermo	
Fisher),	using	the	5x	HOT	FirePol®EvaGreen®	qPCR	Mix	Plus	(Solis	BioDyne).	The	10-
uL	PCR	contained	10	pM	of	each	primer	and	1uL	of	cDNA	diluted	5	times.	The	cycling	
program	was	set	to	15	min	at	95°C,	40	cycles	of	15s	at	95°C,	20s	at	60°C,	30s	at	72°C,	
followed	a	melting	curve	analysis	of	15s	at	95°C,	1	min	at	60°C,	15s	at	95°C.	The	gene	
expression	 levels	were	 normalized	 to	 tomato	a-tubulin	 expression.	 The	 primers	
sequences	for	gene	expression	analysis	have	been	described	previously	by	Di	et	al.,	
2017,	and	are	listed	in	Table	S1.	Five	biological	replicates	per	treatment	with	three	
technical	 replicates	 were	 performed	 for	 each	 gene.	 The	 expression	 levels	 were	
calculated	using	the	2-DCT	method,	using	the	qbase+	v3.1	program.	
	
Callose	staining	
	
Ten-days	old	tomato	seedlings	were	incubated	either	for	5	minutes	or	for	three	to	
four	days	in	either	a	fusarium	spore	suspension	(107	spores/mL)	or	in	tap	water.	
Afterwards,	the	basal	half	of	the	tomato	seedlings	consisting	of	the	roots	and	part	of	
the	 hypocotyl	 was	 incubated	 for	 1	 hour	 in	 0.01%	 aniline	 blue	 solution	 in	 PBS.	
Fusarium	colonization	and	callose	were	visualized	using	an	Evos	Fl	digital	inverted	
microscope	equipped	with	 transmitted	 light,	Texas	Red	 (585/29	 to	628/32),	GFP	
(470/22	 to	510/42	nm)	and	DAPI	 (357/44	 to	447/60	nm)	 light	cubes.	The	same	
settings	 were	 used	 for	 all	 image	 recordings.	 At	 least	 three	 pictures	 per	 plant	
(minimum	of	four	plants)	were	analyzed.	The	FIJI	software	package	from	ImageJ	v2	
was	used	for	image	analysis.	The	captured	color	images	were	transformed	into	8-bit	
grayscale	pictures.	The	threshold	for	each	picture	was	adjusted	manually	and	dark	
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outliers	with	a	radius	smaller	than	1.0	pixel	were	removed.	The	number	of	callose	
dots	 was	 quantified	 using	 the	 Fiji	 package.	 Root	 surface	 area	 was	 measured	 by	
manually	 selecting	 the	 root	 boundaries	 using	 the	 polygon	 selection	 tool	 and	
subsequent	quantification	using	the	Fiji	software	(pixels/cm2).		
	
Statistical	analyses	
	
The	data	on	plant	fresh	weight,	disease	index	and	fungal	colonization	was	analyzed	
using	PRISM	7.0.	(GraphPad,	https://www.graphpad.com)	by	performing	a	Mann-
Whitney	U	 test.	For	quantifying	colonization,	we	used	 the	 following	score:	0	=	no	
fungal	outgrowth	from	the	stem	piece	was	observed,	1	=	fungal	outgrowth	at	crown	
or	cotyledon	 level,	2	=	 fungal	outgrowth	at	both	crown	and	cotyledon	 level.	Gene	
expression	was	analyzed	using	a	one-way	ANOVA	test,	and	by	adjusting	the	p-value	
with	 a	 Tukey’s	 multiple	 comparisons	 test.	 Significant	 differences	 of	 callose	
deposition	among	treatments	were	analyzed	by	performing	a	one-way	ANOVA	using	
PRISM	7.0.	
	

Acknowledgements	
	
We	thank	Jonathan	D.G.	Jones	(Sainsbury	Laboratory)	for	providing	the	NahG	line,	M.	
Mudgett,	(Standford	University)	for	ACD	and	Never	ripe,	and	def1	lines,	which	were	
originally	generated	by	H.	Klee	(University	of	Florida),	and	G.	Howe	(Michigan	State	
University).	We	are	very	grateful	to	Ludek	Tikovsky	and	Harold	Lemereis	for	plant	
care,	to	Kees	Ketting	and	David	H.	Fresno	for	help	with	the	bioassays	and	to	Thomas	
Aalders	for	help	with	the	confocal	microscope.	
 

References	

Aimé	S,	Alabouvette	C,	Steinberg	C,	Olivain	C.	2013.	The	endophytic	strain	Fusarium	oxysporum	Fo47:	
a	good	candidate	for	priming	the	defense	responses	in	tomato	roots.	Mol	Plant	Microbe	
Interact	26(8):	918-926.	

Alabouvette	C.	1986.	Fusarium-wilt	suppressive	soils	from	the	Chateaurenard	Region	-	Review	of	a	10-
year	study.	Agronomie	6(3):	273-284.	

Alabouvette	 C,	 Olivain	 C,	 Migheli	 Q,	 Steinberg	 C.	 2009.	 Microbiological	 control	 of	 soil-borne	
phytopathogenic	 fungi	 with	 special	 emphasis	 on	 wilt-inducing	 Fusarium	 oxysporum.	 New	
Phytologist	184(3):	529-544.	

Barry	CS,	Fox	EA,	Yen	HC,	Lee	S,	Ying	TJ,	Grierson	D,	Giovannoni	JJ.	2001.	Analysis	of	the	ethylene	
response	in	the	epinastic	mutant	of	tomato.	Plant	Physiology	127(1):	58-66.	

Beckman	 CH,	Mueller	WC,	 Tessier	 BJ,	 Harrison	 NA.	 1982.	 Recognition	 and	 Callose	 Deposition	 in	
Response	 to	 Vascular	 Infection	 in	 Fusarium	 Wilt-Resistant	 or	 Susceptible	 Tomato	 Plants.	
Physiological	Plant	Pathology	20(1):	1-&.	

Beckman	CH,	Roberts	EM.	1995.	On	the	nature	and	genetic	basis	for	resistance	and	tolerance	to	fungal	
wilt	diseases	of	plants.	Advances	in	Botanical	Research,	Vol	21	21:	35-77.	

Benhamou	N,	Garand	C.	2001.	Cytological	analysis	of	defense-related	mechanisms	induced	in	pea	root	
tissues	 in	 response	 to	 colonization	 by	 nonpathogenic	 Fusarium	 oxysporum	 Fo47.	
Phytopathology	91(8):	730-740.	



 
 

59 

Benhamou	N,	Garand	C,	Goulet	A.	2002.	Ability	of	nonpathogenic	Fusarium	oxysporum	strain	Fo47	to	
induce	resistance	against	Pythium	ultimum	infection	in	cucumber.	Applied	and	Environmental	
Microbiology	68(8):	4044-4060.	

Bishop	 CD,	 Cooper	 RM.	 1983.	 An	 ultrastructural-study	 of	 root	 invasion	 in	 3	 vascular	 wilt	 diseases.	
Physiological	Plant	Pathology	22(1):	15-&.	

Brading	PA,	Hammond-Kosack	KE,	Parr	A,	Jones	JDG.	2000.	Salicylic	acid	is	not	required	for	Cf-2-	and	
Cf-9-dependent	resistance	of	tomato	to	Cladosporium	fulvum.	Plant	Journal	23(3):	305-318.	

Busby	PE,	Ridout	M,	Newcombe	G.	2016.	Fungal	endophytes:	modifiers	of	plant	disease.	Plant	Molecular	
Biology	90(6):	645-655.	

Cole	 SJ,	 Yoon	 AJ,	 Faull	 KF,	 Diener	 AC.	 2014.	 Host	 perception	 of	 jasmonates	 promotes	 infection	 by	
Fusarium	 oxysporum	 formae	 speciales	 that	 produce	 isoleucine-	 and	 leucine-conjugated	
jasmonates.	Molecular	Plant	Pathology	15(6):	589-600.	

de	 Lamo	 FJ,	 Constantin,	 M.E.,	 Fresno,	 D.H.,	 Boeren,	 S.,	 Rep,	 M.,	 Takken,	 F.L.W.	 2018.	 Xylem	 sap	
proteomics	reveals	distinct	differences	between	R	gene-	and	endophyte-mediated	resistance	
against	Fusarium	wilt	disease	in	tomato.	Front.	Microbiol.	9:	1-13.	

Dempsey	DA,	Vlot	AC,	Wildermuth	MC,	Klessig	DF.	2011.	Salicylic	Acid	biosynthesis	and	metabolism.	
Arabidopsis	Book	9:	e0156.	

Di	Pietro	A,	Madrid	MP,	 Caracuel	 Z,	Delgado-Jarana	 J,	 Roncero	MIG.	 2003.	Fusarium	 oxysporum:	
exploring	the	molecular	arsenal	of	a	vascular	wilt	fungus.	Molecular	Plant	Pathology	4(5):	315-
325.	

Di	X,	Gomila	J,	Takken	FLW.	2017.	Involvement	of	salicylic	acid,	ethylene	and	jasmonic	acid	signalling	
pathways	 in	 the	 susceptibility	 of	 tomato	 to	Fusarium	 oxysporum.	Molecular	 Plant	 Pathology	
18(7):	1024-1035.	

Duijff	BJ,	Pouhair	D,	Olivain	C,	Alabouvette	C,	Lemanceau	P.	1998.	 Implication	of	systemic	induced	
resistance	in	the	suppression	of	fusarium	wilt	of	tomato	by	Pseudomonas	fluorescens	WCS417r	
and	by	nonpathogenic	Fusarium	oxysporum	Fo47.	European	Journal	of	Plant	Pathology	104(9):	
903-910.	

Elmer	WH.	 2004.	 Combining	 nonpathogenic	 strains	 of	 Fusarium	 oxysporum	with	 sodium	 chloride	 to	
suppress	fusarium	crown	rot	of	asparagus	in	replanted	fields.	Plant	Pathology	53(6):	751-758.	

Fravel	 D,	 Olivain	 C,	 Alabouvette	 C.	 2003.	 Fusarium	 oxysporum	 and	 its	 biocontrol.	New	 Phytologist	
157(3):	493-502.	

Fu	ZQ,	Dong	XN.	2013.	Systemic	acquired	resistance:	turning	local	infection	into	global	defense.	Annual	
Review	of	Plant	Biology,	Vol	64	64:	839-863.	

Fuchs	JG,	Moenne-Loccoz	Y,	Defago	G.	1999.	Ability	of	nonpathogenic	Fusarium	oxysporum	Fo47	to	
protect	tomato	against	Fusarium	wilt.	Biological	Control	14(2):	105-110.	

Fuchs	JG,	MoenneLoccoz	Y,	Defago	G.	1997.	Nonpathogenic	Fusarium	oxysporum	strain	Fo47	induces	
resistance	to	Fusarium	wilt	in	tomato.	Plant	Disease	81(5):	492-496.	

Gawehns	F,	Houterman	PM,	Ichou	FA,	Michielse	CB,	Hijdra	M,	Cornelissen	BJC,	Rep	M,	Takken	FLW.	
2014.	The	Fusarium	oxysporum	Effector	 Six6	Contributes	 to	Virulence	and	Suppresses	 I-2-
Mediated	Cell	Death.	Molecular	Plant-Microbe	Interactions	27(4):	336-348.	

Gentile	IA,	Matta,	A.	1975.	Production	of	and	some	effects	of	ethylene	in	relation	to	Fusarium	wilt	of	
tomato.	Physiol.	Plant	Pathol	5:	27-35.	

Hossain	MM,	Sultana	F,	Kubota	M,	Hyakumachi	M.	2008.	Differential	inducible	defense	mechanisms	
against	bacterial	 speck	 pathogen	 in	Arabidopsis	 thaliana	by	 plant-growth-promoting-fungus	
Penicillium	sp	GP16-2	and	its	cell	free	filtrate.	Plant	and	Soil	304(1-2):	227-239.	

Howe	GA,	Lightner	J,	Browse	J,	Ryan	CA.	1996.	An	octadecanoid	pathway	mutant	(JL5)	of	 tomato	is	
compromised	in	signaling	for	defense	against	insect	attack.	Plant	Cell	8(11):	2067-2077.	

Kavroulakis	N,	Ntougias	S,	Zervakis	GI,	Ehaliotis	C,	Haralampidis	K,	Papadopoulou	KK.	2007.	Role	
of	ethylene	in	the	protection	of	tomato	plants	against	soil-borne	fungal	pathogens	conferred	by	
an	endophytic	Fusarium	solani	strain.	Journal	of	Experimental	Botany	58(14):	3853-3864.	

Klee	HJ,	Hayford	MB,	Kretzmer	KA,	Barry	GF,	Kishore	GM.	1991.	Control	of	ethylene	 synthesis	by	
expression	of	a	bacterial	enzyme	in	transgenic	tomato	plants.	Plant	Cell	3(11):	1187-1193.	

Korolev	N,	David	DR,	Elad	Y.	2008.	The	role	of	phytohormones	in	basal	resistance	and	Trichoderma-
induced	systemic	resistance	to	Botrytis	cinerea	in	Arabidopsis	thaliana.	Biocontrol	53(4):	667-
683.	

Kroon	BAM,	Scheffer	RJ,	Elgersma	DM.	1991.	 Induced	resistance	in	 tomato	plants	against	Fusarium-
wilt	invoked	by	Fusarium	oxysporum	f.	sp.	dianthi.	Netherlands	Journal	of	Plant	Pathology	97(6):	
401-408.	

Kunkel	BN,	Brooks	DM.	 2002.	 Cross	 talk	 between	 signaling	 pathways	 in	 pathogen	 defense.	Current	
Opinion	in	Plant	Biology	5(4):	325-331.	



 
 
60 

Lanahan	 MB,	 Yen	 HC,	 Giovannoni	 JJ,	 Klee	 HJ.	 1994.	 The	 Never	 Ripe	 mutation	 blocks	 ethylene	
perception	in	tomato.	Plant	Cell	6(4):	521-530.	

Larkin	RP,	Fravel	DR.	1999.	Mechanisms	of	action	and	dose-response	relationships	governing	biological	
control	of	 fusarium	wilt	of	 tomato	by	nonpathogenic	Fusarium	 spp.	Phytopathology	89(12):	
1152-1161.	

Lemanceau	 P,	 Alabouvette	 C.	 1991.	 Biological-control	 of	 Fusarium	 diseases	 by	 fluorescent	
Pseudomonas	and	nonpathogenic	Fusarium.	Crop	Protection	10(4):	279-286.	

Lemanceau	P,	Bakker	PAHM,	Jandekogel	W,	Alabouvette	C,	Schippers	B.	1993.	Antagonistic	effect	of	
nonpathogenic	 Fusarium	oxysporum	Fo47	and	Pseudobactin	358	upon	 pathogenic	Fusarium	
oxysporum	f.sp.	dianthi.	Applied	and	Environmental	Microbiology	59(1):	74-82.	

Ma	LJ,	van	der	Does	HC,	Borkovich	KA,	Coleman	JJ,	Daboussi	MJ,	Di	Pietro	A,	Dufresne	M,	Freitag	M,	
Grabherr	M,	Henrissat	B,	et	al.	2010.	Comparative	genomics	reveals	mobile	pathogenicity	
chromosomes	in	Fusarium.	Nature	464(7287):	367-373.	

Mcgurl	B,	Orozcocardenas	M,	Pearce	G,	Ryan	CA.	1994.	Overexpression	of	the	Prosystemin	Gene	 in	
Transgenic	Tomato	Plants	Generates	a	Systemic	Signal	That	Constitutively	Induces	Proteinase-
Inhibitor	 Synthesis.	 Proceedings	 of	 the	National	 Academy	 of	 Sciences	 of	 the	 United	 States	 of	
America	91(21):	9799-9802.	

Michielse	CB,	Rep	M.	2009.	Pathogen	profile	update:	Fusarium	oxysporum.	Molecular	Plant	Pathology	
10(3):	311-324.	

Oliw	EH,	Hamberg	M.	 2017.	 An	 allene	 oxide	 and	 12-oxophytodienoic	 acid	 are	 key	 intermediates	 in	
jasmonic	acid	biosynthesis	by	Fusarium	oxysporum.	Journal	of	Lipid	Research	58(8):	1670-1680.	

Pieterse	CMJ,	Zamioudis	C,	Berendsen	RL,	Weller	DM,	Van	Wees	SCM,	Bakker	PAHM.	2014.	Induced	
Systemic	Resistance	by	Beneficial	Microbes.	Annual	Review	of	Phytopathology,	Vol	52	52:	347-
375.	

Robert-Seilaniantz	A,	Grant	M,	Jones	JDG.	2011.	Hormone	Crosstalk	in	Plant	Disease	and	Defense:	More	
Than	Just	JASMONATE-SALICYLATE	Antagonism.	Annual	Review	of	Phytopathology,	Vol	49	49:	
317-343.	

Sequeira	L.	1983.	Mechanisms	of	induced	resistance	in	plants.	Annual	Review	of	Microbiology	37:	51-79.	
Stein	 E,	Molitor	A,	Kogel	KH,	Waller	 F.	 2008.	 Systemic	 resistance	 in	 Arabidopsis	 conferred	 by	 the	

mycorrhizal	fungus	Piriformospora	indica	requires	jasmonic	acid	signaling	and	the	cytoplasmic	
function	of	NPR1.	Plant	and	Cell	Physiology	49(11):	1747-1751.	

Talboys	PW.	1972.	Resistance	to	vascular	wilt	fungi	Proceedings	of	the	Royal	Society	of	London	Series	B	,	
Biological	Sciences81(181):	319-332.	

Tjamos	 SE,	Flemetakis	 E,	Paplomatas	EJ,	Katinakis	P.	2005.	 Induction	of	 resistance	 to	Verticillium	
dahliae	 in	 Arabidopsis	 thaliana	 by	 the	 biocontrol	 agent	 K-165	 and	 pathogenesis-related	
proteins	gene	expression.	Molecular	Plant-Microbe	Interactions	18(6):	555-561.	

Trouvelot	S,	Olivain	C,	Recorbet	G,	Migheli	Q,	Alabouvette	C.	2002.	Recovery	of	Fusarium	oxysporum	
Fo47	 mutants	 affected	 in	 their	 biocontrol	 activity	 after	 transposition	 of	 the	 Fot1	 element.	
Phytopathology	92(9):	936-945.	

van	der	Does	HC,	Duyvesteijn	RGE,	Goltstein	PM,	van	Schie	CCN,	Manders	EMM,	Cornelissen	BJC,	
Rep	M.	2008.	Expression	of	effector	gene	SIX1	of	Fusarium	oxysporum	requires	living	plant	
cells.	Fungal	Genetics	and	Biology	45(9):	1257-1264.	

Veloso	J,	Alabouvette	C,	Olivain	C,	Flors	V,	Pastor	V,	Garcia	T,	Diaz	J.	2016.	Modes	of	action	of	 the	
protective	strain	Fo47	 in	controlling	verticillium	wilt	of	pepper.	Plant	Pathology	65(6):	997-
1007.	

Veloso	J,	Diaz	J.	2012.	Fusarium	oxysporum	Fo47	confers	protection	to	pepper	plants	against	Verticillium	
dahliae	and	Phytophthora	capsici,	and	induces	the	expression	of	defence	genes.	Plant	Pathology	
61(2):	281-288.	

Vlaardingerbroek	 I,	 Beerens	 B,	 Shahi	 S,	 Rep	 M.	 2015.	 Fluorescence	 Assisted	 Selection	 of	
Transformants	(FAST):	Using	flow	cytometry	to	select	fungal	transformants.	Fungal	Genetics	
and	Biology	76:	104-109.	

Wilkinson	JQ,	Lanahan	MB,	Yen	HC,	Giovannoni	JJ,	Klee	HJ.	1995.	An	ethylene-inducible	component	of	
signal-transduction	encoded	by	Never-Ripe.	Science	270(5243):	1807-1809.	

Yadeta	K,	Thomma	BPHJ.	2013.	The	xylem	as	battleground	for	plant	hosts	and	vascular	wilt	pathogens.	
Frontiers	in	Plant	Science	4.	

	
	 	



 
 

61 

Table	S1	|	Primer	sequences	used	for	RT-qPCR	analysis.		

	

	

Gene	 Primer	names	 Forward	primer	(5’-3’)	 Reverse	primer	(5’-3’)	

α-tubulin	 FP:2149;	FP:2150	 TCGTGGCCACTATACCATTG	 AGTGACCCAAGACCTGAACC	

PR1a	 FP:6732;	FP:6733	 TGGTGGTTCATTTCTTGCAACTAC	 ATCAATCCGATCCACTTATCATTTTA	

Pti4	 FP:6795;	FP6281	 TCGTCGGGAAACGGTTCCAT	 GACATCCAACTTGCATGACACTTG	

ETR4	 FP:6795;	FP:6796	 GGTAATCCCAAATCCAGAAGGTTT	 CAATTGATGGCCGCAGTTG	

PAL	 FP:5056;	FP:5057	 CGTTATGCTCTCCGAACATC	 GAAGTTGCCACCATGTAAGG	

PI-I	 FP:5864;	FP:5865	 GTGTACCAACAAAGCTTGCTAAAGA	 GTACAACAACACCCAAAATGTTGTC	

ICS	 FP:7620;	FP:7621	 TCCAGGCTGAAGATGATGAG	 TTATTCCAACCGCAAATTCA	
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Figure	S1.	Expression	of	SA,	JA	or	ET	marker	genes	is	unaffected	by	EMR.	a)	Ten-days-old	wild-type	
tomato	seedlings	 (C32)	 inoculated	with	water	 (mock),	Fo47,	Fol4287	or	co-inoculated	with	Fo47	and	
Fol4287.	b)	Disease	development	as	assessed	by	measuring	fresh	weight	and	disease	index	three	weeks	
after	inoculation.	Raw	data	was	analyzed	by	a	non-parametric	Mann-Whitney	U-test	(ns	P>0.05,	*P<0.05,	
**P<0.01,	***P<0.001).	c)	Expression	levels	of	the	SA	biosynthesis	genes	isochorismate	synthase	(ICS)	and	
phenylalanine	ammonia-lyase	(PAL)	or	the	pathogenesis-related	1a	(PR1a)	SA	maker	gene	in	Fo47,	Fol4287	
or	in	co-inoculated	plants.	d)	Expression	levels	of	the	JA	reporter	gene	proteinase	inhibitor	(PI-I)	in	Fo47,	
Fol4287	 or	 in	 co-inoculated	 plants.	 e)	 Expression	 levels	 of	 the	 ET-regulated	 marker	 genes	 ethylene	
responsive	factor	(Pti4)	and	ethylene	 receptor	(ETR4)	in	Fo47,	Fol4287	or	in	co-inoculated	plants.	Gene	
expression	levels	were	measured	using	RT-qPCR	and	depicted	relative	to	that	of	tubulin.	Five	biological	
replicates	per	each	 treatment	were	analyzed.	The	different	letters	represent	a	 significant	difference	at	
P<0.05	as	determined	by	ordinary	one-way	ANOVA	with	Tukey’s	multiple	comparisons	test.		
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Figure	S2.	Representative	pictures	showing	callose	deposition	in	mock,	Fo47-GFP,	Fol4287-RFP	or	
co-inoculated	 tomato	 roots.	 Pictures	 were	 taken	 using	 the	 Digital	 Inverted	 Fluorescence	 EVOS	
Microscope	(magnification	10x)	using	the	bright	field,	DAPI	filter	for	visualizing	callose	depositions,	GFP	
filter	for	visualizing	GFP-labeled	Fo47,	and	Texas	Red	filter	for	visualizing	RFP-labeled	Fol4287.	Merged	
pictures	were	obtained	by	composing	the	image	in	Fiji	(Image	J),	of	the	blue	(DAPI),	red	(Texas	Red)	and	
green	(GFP)	channels.	Scale	bar=	100um.	Mock*	depicts	an	example	of	a	root	that	has	only	few	callose	
depositions,	while	the	Mock	panel	below	shows	another	root	from	the	same	plant	with	a	high	number	of	
depositions.	
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Abstract	
	
The	fungus	Fusarium	oxysporum	(Fo)	is	widely	known	for	causing	wilt	disease	in	
over	 100	different	 plant	 species.	However,	endophytic	 interactions	 of	Fo	with	
plants	appear	to	be	much	more	common	and	have	been	much	less	investigated.	
Fo	 strains	 from	 non-cultivated	 Australian	 soils,	 grass	 roots	 from	 Spain,	 and	
tomato	 stems	 from	 USA	 were	 characterized	 genotypically	 by	 whole	 genome	
sequencing,	 and	 phenotypically	 by	 examining	 their	 ability	 to	 colonise	 tomato	
plants	as	endophytes.	Comparison	of	the	genomes	of	endophytic	Fo	strains	with	
pathogenic	 Fo	 genomes	 revealed	 that	 endophytes	 have	 similar	 size	 genomes,	
with	similar	amount	of	accessory	DNA,	but	fewer	effector	gene	candidates	and	
associated	 non-autonomous	 transposons	 (mimps)	 than	 pathogenic	 strains.	
Effector	profiling	together	with	mimp	number	can	be	used	to	predict	whether	a	
Fo	strain	is	pathogenic	on	a	given	plant	species.	
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Introduction	
	
Until	the	19th	century	the	interior	of	plants	was	generally	considered	to	be	practically	
sterile.	 Plant-microbe	 interactions	 were	 thought	 to	 be	 limited	 to	 pathogenic	
microorganisms	causing	 visible	 disease	 symptoms	 on	 the	 plant	 (Fernbach,	 1888;	
Hardoim	 et	 al.,	 2015).	Nowadays,	 a	 large	 body	 of	 research	 in	 plant	microbiomes	
provides	a	glimpse	of	the	scale	and	complexity	of	interactions	between	plants	and	
microorganisms.	Microorganisms	 inhabiting	 plant	 tissues	 can	 be	 broadly	 divided	
into	pathogens	and	endophytes,	based	on	their	propensity	to	cause	disease,	or	not,	
in	their	host.	Predicting	the	potential	influence	of	plant-associated	microorganisms	
on	plant	performance	is	an	important	next	step,	especially	since	some	endophytes	
can	provide	benefits	to	the	colonized	host	plant	in	terms	of	growth	and/or	disease	
protection	 (Rodriguez	 et	 al.,	 2009;	Busby	 et	 al.,	 2016),	 which	makes	 their	 use	 in	
agriculture	highly	attractive.	
Notably,	 some	 fungi	 initially	 characterized	 as	 pathogens,	 such	 as	 Botrytis,	
Colletotrichum,	Verticillium	 and	Fusarium	oxysporum	(Fo)	can	also	colonize	plants	
asymptomatically	as	endophytes	(Redman	et	al.,	2001;	Malcolm	et	al.,	2013;	van	Kan	
et	al.,	2014).	Whether	the	host-microbe	interaction	results	in	disease	or	not	depends	
–	among	other	factors	–	on	the	host	and	the	biotic	environment.	Pathogenic	strains	
can	behave	as	endophytes	in	a	non-susceptible	host	(Gordon	et	al.,	1989;	Redman	et	
al.,	 2001;	 van	 der	 Does	 et	 al.,	 2018),	 or	 in	 relation	 with	 a	 (consortium	 of)	
microorganism(s)	(Duran	et	al.,	2018).	
One	common	inhabitant	of	plant	roots	is	Fo	(Gordon	et	al.,	1989;	Inami	et	al.,	2014;	
Pereira	et	al.,	2019).	In	addition	to	its	general	root	colonization	ability,	members	of	
this	species	complex	are	well-known	as	devastating	pathogens	causing	wilt	disease	
in	more	than	100	plant	species	(Edel-Hermann	&	Lecomte,	2019).	Individual	strains	
are	generally	host-specific	and	are	grouped	into	formae	speciales	(ff.	spp.)	based	on	
their	 host	 range	 (Edel-Hermann	 &	 Lecomte,	 2019).	 However,	 Fo	 pathogens	 can	
colonize	non-susceptible	hosts	asymptomatically	as	endophytes	 (Smith	&	Snyder,	
1975;	Pereira	et	al.,	2019).	The	widespread	habitat	of	Fo,	its	dual	lifestyle,	and	the	
fact	that	many	whole	genome	sequences	are	available	for	this	species,	makes	Fo	a	
suitable	model	to	study	the	genetic	basis	of	pathogenic	and	endophytic	potential.	
Pathogenic	Fo	genomes	are	compartmentalized	into	core	chromosomes,	which	are	
highly	similar	among	Fo	strains,	and	dispensable	or	accessory	chromosomes	that	are	
not.	 Accessory	 chromosomes	 are	 dispensable	 for	 viability	 of	 the	 fungus,	 but	 can	
contribute	 to	pathogenicity	 towards	a	 specific	plant	 species	or	a	group	of	 related	
species	 (Vlaardingerbroek	 et	 al.,	 2016b;	 van	 Dam	 et	 al.,	 2017).	 Transfer	 of	 a	
pathogenicity	 chromosome(s)	 from	 a	 pathogenic	 strain	 to	 the	 endophytic	 strain	
Fo47	 confers	 pathogenicity	 to	 the	 latter	 (Ma	 et	 al.,	 2010;	 van	 Dam	 et	 al.,	 2017;	
Fokkens	 et	al.,	 2018).	 In	 the	 case	 of	 tomato-infecting	Fo	 f.sp	 lycopersici	 (Fol),	 the	
pathogenicity	chromosome	is	particularly	enriched	for	class	II	(DNA)	transposable	
elements,	some	of	which	are	associated	with	genes	involved	in	pathogenicity,	such	
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as	effector	genes.	Effector	genes	encode	small	 in	planta	secreted	proteins	that	are	
proposed	 to	manipulate	 the	 host	 to	 promote	 colonization	 (Schmidt	 et	 al.,	 2013).	
Specifically,	 the	 non-autonomous	 DNA	 transposon	 miniature	 impala	 (mimp)	 is	
associated	with	promoters	of	effector	genes	in	Fol.	Fourteen	effector	proteins	have	
been	identified	in	the	xylem	sap	of	tomato	plants	infected	with	Fol	and	some	of	these	
have	been	shown	to	contribute	to	pathogenicity	towards	tomato	(Rep	et	al.,	2004;	
Houterman	et	al.,	2007;	Houterman	et	al.,	2009;	Gawehns	et	al.,	2014;	Ma	et	al.,	2015).	
The	consistent	presence	of	mimps	in	the	promoter	region	of	these	SIX	(Secreted	In	
Xylem)	 genes	 and	 some	 other	 virulence-associated	 genes	 provides	 the	means	 to	
predict	 candidate	 effector	 genes	 in	 different	 Fo	 genomes	 (Schmidt	 et	 al.,	 2013;	
Schmidt	et	al.,	2016;	van	Dam	et	al.,	2016).	Fo	strains	pathogenic	towards	the	same	
host	share	specific	effectors,	presumably	enabling	them	to	cause	disease	symptoms	
on	that	host	(van	Dam	et	al.,	2016).	In	the	case	of	endophytic	Fo	strains,	it	is	unclear	
whether	 a	 similar	 specialization	 in	 terms	 of	 effectors	 and	 genomic	 organization	
towards	a	host	occurs.	Previous	research	on	two	endophytic	Fo	strains	(Fo47	and	
FoMN14)	suggests	that	these	strains	have	fewer	mimps	and	candidate	effector	genes	
(van	Dam	et	al.,	2016;	van	Dam	&	Rep,	2017).	Due	to	the	limited	number	of	endophyte	
genomes	 analysed,	 however,	 this	 conclusion	 remains	 tentative,	 precluding	 a	
conclusion	on	whether	endophytes	specialize	towards	a	host	by	having	host-specific	
effectors.	Moreover,	it	may	be	that	there	is	no	consistent	qualitative	or	quantitative	
genetic	 difference	 between	 ‘endophytes’	 and	 ‘pathogens’	 and	 that	 what	 we	 call	
endophytes	are	simply	pathogens	on	untested	plant	species.	
To	 determine	 genomic	 signatures	 of	 Fo	 endophytes,	 we	 selected	 44	 Fo	 strains	
isolated	from	asymptomatic	plants	 from	diverse	habitats	on	 three	continents	and	
tested	 their	 pathogenicity	 on	 tomato.	 In	 addition,	 we	 performed	 whole	 genome	
sequencing	and	one	of	the	strains,	Fo47,	was	sequenced	using	long-read	technology	
to	achieve	a	near	chromosome-level	assembly.	We	combined	this	dataset	with	103	
publicly	available	Fo	genomes,	and	by	the	use	of	comparative	genomics	we	observe	
that	the	genomes	of	Fo	endophytes	are	similar	to	genomes	of	Fo	pathogens	in	terms	
of	size	of	core	and	accessory	material.	However,	Fo	endophytes	contain	fewer	mimps	
and	 fewer	 candidate	 effector	 genes	 located	 on	 their	 accessory	 genome	 than	
pathogenic	Fo	strains.	This	suggests	that	the	number	of	mimps	and	candidate	effector	
genes	can	be	used	to	predict	whether	a	Fo	strain	has	the	potential	to	cause	disease.	
	
Results	
	
Phenotypic	characterization	of	endophytic	strains	of	Fo		
	
We	selected	44	Fo	strains	obtained	mainly	from	soils	throughout	Australia	(Rocha	et	
al.,	2016),	red	fescue	roots	from	Spain	(Pereira	et	al.,	2019)	and	tomato	plants	from	
the	USA	 (Demers	 et	al.,	 2015)	 together	with	 Fo47	 (Alabouvette,	 1987)	 (Table	 1).	
These	strains	were	tested	in	bioassays	with	tomato	seedlings	to	assess	their	ability	
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to	cause	vascular	wilt	disease	in	this	host.	Most	of	the	Fo	strains	tested	did	not	cause	
symptoms,	 but	 could	 be	 re-isolated	 from	 asymptomatic	 tomato	 stems	 (Table	 1).	
Tomato	plants	inoculated	with	either	Fo54	or	Fo59	occasionally	showed	mild	disease	
symptoms	 (data	 not	 shown).	 Since	 the	majority	 of	 the	Fo	 strains	were	 originally	
isolated	 from	 asymptomatic	 plants,	 and	 we	 confirmed	 endophytic	 behaviour	 for	
most	strains,	we	chose	to	designate	this	set	as	“endophytes”.	
	
Endophytic	 Fo	 strains	have	 similar	 amount	of	accessory	DNA	as	pathogenic	
strains	
	
To	assess	the	accessory	genome	and	effector	profiles	of	our	set	of	endophytes,	we	
sequenced	the	genomes	of	all	44	strains	(omitting	Fo47)	using	paired-end	Illumina	
libraries.	 The	 Illumina-sequenced	 genomes	were	 sequenced	 to	 60-140X	 coverage	
(Table	S1),	resulting	in	assemblies	of	501	(Fo9)	to	2857	(Fo3)	scaffolds.	Genome	size	
is	similar	among	endophytic	strains	with	Fo2	having	the	smallest	(48	Mbp)	and	Fo3	
the	biggest	(60	Mbp)	genome.	BUSCO	completeness	is	similar	among	isolates	(Table	
S1),	and	comparable	with	other	Fo	genomes	deposited	in	GenBank	(Table	S2,	van	
Dam	et	al.,	2016).		

	
Figure	 1.	 Endophytic	 Fo	 (green)	 have	 similar	 genome	 sizes	 with	 similar	 accessory	 genomic	
material	as	pathogenic	isolates	(grey).	Genomes	obtained	by	PacBio	sequencing	were	excluded	from	
the	analysis.	
As	 reference	 genome,	we	 selected	 the	 biocontrol	 strain	 Fo47	 and	 sequenced	 its	
genome	by	PacBio	SMRT	sequencing	to	achieve	a	near	chromosome	level	assembly.	
The	Fo47	genome	was	aligned	with	the	core	genome	of	Fol4287	to	identify	core	and	
accessory	chromosomes	as	described	in	material	and	methods.	The	size	of	the	core	
and	accessory	regions	is	similar	among	endophytic	isolates,	with	most	having	a	core	
genome	size	of	around	37.7	Mbp	(Figure	1,	Table	S1),	with	Fo2	having	the	smallest	
(10	Mbp)	and	Fo3	having	the	largest	amount	(19	Mbp)	of	accessory	DNA	(Table	S1).	
In	addition,	103	publicly	available	genomes	of	mostly	pathogenic	Fo	(Table	S2),	were	
used	 to	determine	 the	size	of	 their	 core	and	accessory	regions.	These	pathogenic	
strains	 have	 accessory	 DNA	 sizes	 ranging	 from	 9	 Mbp	 (FocubII5)	 to	 24Mbp	
(FoaFGL03-6)	 (Table	 S2).	 For	comparability,	 strains	 sequenced	with	 Pacbio	were	
omitted	from	this	analysis.	Overall,	Fo	endophytic	 strains	have	a	 similar	core	and	
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accessory	genome	size	as	pathogenic	strains	(Figure	1,	Table	S1,	Table	S2).	Among	
pathogenic	strains,	however,	a	few	exceptions	can	be	observed	(Table	S2).	Foc037	
and	Foa1	have	a	smaller	amount	of	core	DNA	and	FoaFGL03-6	is	an	outlier	having	
more	accessory	material	 than	other	strains.	In	 summary,	endophytic	 strains	have	
similar	core	and	accessory	genome	sizes	as	pathogenic	strains.	
	
Endophytism	is	not	associated	with	specific	accessory	genomic	sequences	
	
Strains	 of	 Fo	 that	 are	 pathogenic	 on	 the	 same	 host	 often	 share	 a	 “pathogenicity	
chromosome”	that	confers	pathogenicity	towards	that	host	(Ma	et	al.,	2010;	van	Dam	
et	al.,	2017).	We	wondered	how	much	of	the	accessory	genomic	regions	are	shared	
among	endophytes,	possibly	pointing	to	a	role	of	such	regions	in	endophytism.		
To	 understand	 how	 accessory-	 and	 core-genomic	 regions	 are	 distributed	 among	
different	endophytic	Fo,	the	whole	genome	sequences	of	147	Fo	strains	(Table	S2),	
were	 compared	 with	 the	 genome	 of	 Fo47	 (Figure	 2),	 bottom	 line,	 shown	 as	 an	
uninterrupted	red	 line).	Figure	2	shows	 that,	 as	expected,	 the	majority	of	 contigs	
represent	core	 regions	as	 these	are	shared	among	all	 strains	with	high	similarity	
(higher	 than	 96%).	 The	 Fo47	 SMRT	 assembly	 has	 two	 major	 accessory	 contigs	
(delimited	by	bars),	which	correspond	 to	contigs	6	and	21.	Remarkably,	only	one	
endophytic	isolate,	Fo54,	shares	a	small	part	of	the	accessory	genome	of	Fo47:	contig	
78	and	part	of	contig	6	with	almost	100%	identity.	Overall,	Fo	endophytes	do	not	
share	specific	accessory	genomic	sequences.	
	
Fo	endophytes	are	polyphyletic		
	
To	determine	 to	what	extent	endophytism	is	polyphyletic	across	Fo,	103	publicly	
available	 genomes	 of	 mainly	 pathogenic	 Fo	 (Table	 S2)	 were	 compared	 to	 the	
genomes	 of	 the	 45	 endophytic	 strains.	 We	 inferred	 a	 phylogeny	 based	 on	 the	
concatenated	alignment	of	7405	genes	from	Fo47	that	are	present	as	a	single	copy	
gene	in	all	genomes	in	our	dataset	(Figure	3).	As	observed	before	(O'Donnell	et	al.,	
1998;	Baayen	et	al.,	2000;	Lievens	et	al.,	2007;	van	Dam	et	al.,	2016),	the	phylogenetic	
tree	has	three	major	clades,	of	which	at	least	one	clade	(	clade	1	in	blue,	Figure	3)	
corresponds	 to	 a	 separate	 phylogenetic	 (cryptic)	 species	 (Laurence	 et	 al.,	 2014).	
Endophytic	Fo	strains	are	colored	based	on	location	(yellow;	Australia,	purple:	Spain,	
red:	USA,	 green:	 Fo47)	 and	 are	 dispersed	 among	 all	 three	 clades	 (Figure	 3).	 The	
distribution	 of	 endophytic	 strains	 among	 the	 clades	 appears,	 however,	 unequal.	
Clade	1	contains	only	strains	isolated	from	Australia,	clade	2	(grey,	Figure	3)	contains	
mainly	strains	from	the	USA	and	clade	3	contains	the	majority	of	strains	isolated	from	
Spain	(red,	Figure	3).	Still,	all	three	habitats	contain	strains	from	at	least	two	of	the	
three	main	clades.	Interestingly,	two	endophytic	strains,	Fo65	and	Fo11,	fall	outside	
these	 three	 clades,	 raising	 the	 possibility	 of	 hybridization	 or	 a	 new	 phylogenetic	
species.	 Endophytic	 strains	 that	 cluster	 together	 originate	 either	 from	 the	 same	
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location	 (such	 as	 Fo10,	 Fo15,	 Fo8,	 Fo12,	 Fo6,	 Fo2	 and	 Fo11),	 or	 from	 different	
locations	such	as	Fo16,	Fo46	and	Fo18	(Figure	3).		
	
Prediction	 of	 effectors	 in	 45	 endophytic	 Fo	 genomes	 yields	 66	 effector	
candidates	
	
Next,	we	considered	the	possibility	that	endophytism	could	require	a	specific	set	of	
effectors.	In	order	to	test	this	hypothesis,	the	45	endophytic	Fo	genomes	were	used	
to	predict	de	novo	putative	effectors	based	on	the	mimp	TIR	identification	motif	as	
previously	described	(van	Dam	et	al.,	2016).	Endophytic	genomes	have	fewer	mimps	
than	pathogenic	strains	(Table	S4,	Figure	S1a)	with	Fo3	having	the	highest	number	
of	TIR	motifs	(Figure	S1b,	Table	S4).	Due	to	the	low	presence	of	mimps	only	157	ORFs	
close	 to	 a	mimp	 and	 potentially	 encoding	 secreted	 proteins	 were	 identified.	 To	
remove	redundancy,	effector	candidates	identified	previously	(van	Dam	et	al.,	2016)	
were	 filtered	 out	 using	 a	 self-BLAST.	 The	 sequences	 of	 the	 remaining	 putative	
effectors	were	further	tested	for	the	presence	of	a	bona	fide	signal	peptide	using	a	
refined	prediction	tool	described	in	materials	and	methods.	
	
Endophytic	 strains	 cluster	 together	 based	 on	 scarcity	 of	 effector	 candidate	
genes	
	
To	determine	the	effector	repertoires	of	endophytic	Fo	strains,	and	compare	these	to	
those	of	pathogenic	Fo	strains,	presence/absence	of	candidate	effector	candidates	
was	determined	for	103	genomes	of	pathogenic	and	endophytic	Fo	strains.	Newly	
identified	candidate	effectors	from	the	endophytic	genomes	were	combined	with	the	
104	candidate	effectors	previously	identified	from	pathogenic	strains	(van	Dam	et	
al.,	 2016).	 The	 presence	 of	 genes	 for	 these	 170	 candidate	 effectors	 in	 the	 103	
genomes	 was	 determined	 by	 blastn	 using	 a	 threshold	 percentage	 (number	 of	
identical	 nucleotides/	 query	 length)	 of	 >30%.	 Notably,	 hierarchical	 clustering	 of	
presence/absence	 patterns	 of	 effectors	 divided	 pathogenic	 from	 endophytic	 Fo	
strains	(Figure	4).	Endophytic	strains	did	not	cluster	together	based	on	the	source	
they	were	isolated	from	(grass	roots,	tomato	plants	or	the	Australian	continent).	This	
contrasts	with	pathogenic	strains	that	cluster	together	based	on	their	host	specificity	
(Figure	 4)	 as	 previously	 observed	 (van	 Dam	 et	 al.,	 2016).	 Interestingly,	 the	
endophytic	 isolates	 Fo3	and	 Fo14	 fall	 outside	 the	 ‘endophytic’	 cluster	 (Figure	 4),	
which	correlates	with	them	having	the	highest	numbers	of	mimps	(Figure	S1.)	and	
candidate	effector	genes	among	all	endophytic	strains	(Table	S4).	The	clustering	of	
endophytes	appears	to	be	based	on	the	scarcity	of	effector	candidates	in	endophyte	
genomes	 rather	 than	 the	 presence	 of	 specific	 “endophyte	 effectors”.	 Statistical	
analysis	 on	 predicted	 number	 of	 candidate	 effector	 genes	 in	 pathogens	 and	
endophytes	supports	 this	hypothesis	(Figure	S2a,	b).	To	define	 the	 localization	of	
candidate	effector	genes	in	either	core	or	accessory	genome,	the	genome	of	Fo47	was	



 
 
72 

used	 as	 a	 reference	 after	 defining	 its	 core	 and	 accessory	 regions	 as	 described	 in	
Materials	and	Methods.	
	

	
Figure	2.	Core	chromosome	contigs	are	highly	conserved	among	different	Fo	strains	contrasting	
the	accessory	contigs.	Few	regions	of	Fo47	accessory	material	are	shared	among	isolates	such	as	Fo54.	

	



 
 

73 

	
Figure	3.	Endophytic	Fo	have	polyphyletic	origin	with	an	unequal	distribution	among	the	3	clades.	
The	isolate	GCA_001888865.1,	which	proved	not	to	be	Fo	was	used	as	an	out-clade	(not	shown).	Clade	are	
coloured	as	following:	clade	1:	blue,	clade2:	grey,	clade	3:	red.	Endophytic	strains	are	represented	with	
circles,	where	colour	represents	habitat:	yellow:	Australia;	grey:	Spain;	dark	red:	U.S.A	and	in	dark	grey	
the	reference	endophytic	strain	Fo47.	SIX	genes	are	represented	as	diamonds	and	coloured	as	following	
white	 (SIX1),	 grey	 (SIX2),	blue	 (SIX6),	black	(SIX9),	orange	 (SIX14)	and	green	diamond	corresponds	 to	
AVRFOM2.		

A	blastn	search	of	all	71	candidate	effector	genes	of	Fo47	was	performed	against	
either	its	core	or	accessory	regions.	Candidate	effectors	that	gave	a	blast	hit	on	core	
contigs	were	designated	core	effectors	(represented	in	dark	blue	in	Figure	4),	while	
the	ones	mapping	on	the	accessory	genome	were	defined	as	“accessory	effectors”	
(colored	 in	 light	 blue)	 (Figure	 4).	 Out	 of	 78	 effectors,	 55	 effectors	 were	 located	
exclusively	on	the	core	genome	(70.5%),	16	effectors	locate	on	the	accessory	genome	
(20,5%)	and	7	effectors	had	homologs	on	both	accessory	and	core	genomes	(9%).	As	
expected,	candidate	effector	genes	shared	among	(almost)	all	Fo	strains	are	localized		
	



 
 
74 

	
Figure	4.	Endophytic	Fo	cluster	based	on	presence/absence	of	170	candidate	effectors	genes	from	
103	genomes.	Grey	represents	absence,	while	color	represents	presence	of	the	candidate	effector	
genes.	On	top,	light	blue:	candidate	effector	genes	which	are	located	on	the	accessory	genome	of	Fo47;	
dark	blue:	candidate	effector	genes	which	are	located	on	the	core	genome	of	Fo47;	dark	purple:	putative	
secreted	enzymes;	red:	SIX	genes,	green:	AVRFOM2.	

on	the	core	genome	and	this	category	appears	to	be	enriched	for	secreted	enzymes	
(purple)	 (Figure	4).	Therefore,	 the	difference	 in	 the	number	of	candidate	effector	
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genes	among	pathogenic	and	endophytic	strains	is	not	due	to	the	number	of	effectors	
located	on	the	core	genome	but	rather	due	to	candidate	effector	genes	located	on	the	
accessory	genome	(Figure	S2	a,	b).	
	
Sequence	comparison	of	SIX	gene	homologs	reveals	possible	horizontal	gene	
transfer	
	
In	line	with	having	a	smaller	number	of	candidate	effectors,	endophytic	Fo	strains	
have	few	SIX	homologues	(Table	S3).	Out	of	14	SIX	genes	identified	in	Fol,	only	SIX1,	
SIX2,	SIX6,	SIX9	and	SIX14	homologs	are	sporadically	present	in	endophytic	strains	
(Table	S3).	The	Australian	collection	of	strains	seems	to	be	the	most	diverse	since	it	
has	homologs	of	all	five	genes,	while	the	Spanish	collection	of	grass	root	endophytes	
contains	homologs	of	three	genes	(SIX6,	SIX9,	SIX14),	and	the	endophyte	collection	
from	tomato	plants	in	the	USA	only	has	SIX9	homologs.	
To	determine	 the	 relationship	 between	SIX	homologs	 from	endophytic	 strains	 to	
those	 of	 pathogenic	 strains,	 their	 sequences	were	 aligned	 and	phylogenetic	 trees	
were	 inferred.	 Moreover,	 using	 the	 output	 of	 the	 candidate	 effector	 prediction	
pipeline	 we	 determined	 whether	 a	 mimp	 was	 detected	 upstream	 of	 each	 SIX	
homologs.	SIX1	and	SIX2	homologs	were	found	exclusively	among	Australian	strains	
(Table	 S3).	 Fo15	 and	 Fo8	 have	 an	 identical	 SIX2	 gene	 sequence,	which	 is	 highly	
similar	to	the	SIX2	homolog	in	Fo10	and	two	cubense	strains	(data	not	shown).	Two	
endophytic	strains	have	a	SIX6	homolog	(Fo14	and	Fo39).	The	Fo39	strain	has	a	SIX6	
homolog	identical	to	that	of	Fo	f.sp.	niveum	strains	Fon15	and	Fon19	(Figure	5a).	In	
the	core	genome	phylogenetic	 these	Fon	strains	cluster	together	on	clade	2	while	
Fo39	belongs	to	clade	3	(Figure	3),	suggesting	the	possibility	of	horizontal	transfer	
of	 SIX6.	 The	 most	 abundant	 SIX	 gene	 among	 endophytic	 strains	 is	 SIX9	 (12/45	
strains).	The	SIX9	sequence	type	(Figure	5b)	has	a	phylogeny	mostly	congruent	with	
the	core	genome	phylogenetic	tree,	suggesting	vertical	 inheritance	combined	with	
gene	loss.	However,	Fo24	has	an	identical	SIX9	sequence	type	as	the	phylogenetically	
distant	 Fo17,	 suggestive	 of	another	 horizontal	 gene	 transfer	event.	 In	 the	 case	 of	
SIX14	(Figure	5c),	two	Spanish	strains	(Fo28	and	Fo41)	have	identical	sequences,	
while	the	SIX14	homolog	in	Fo3	(Australia)	is	more	closely	related	to	Fol	SIX14.		
Overall,	the	SIX	gene	sequences	present	in	endophytic	strains	mostly	follow	the	same	
phylogeny	as	the	conserved	core	genes	described	in	Figure	3.	However,	there	are	
indications	 for	 horizontal	 gene	 transfer	 of	 SIX6	 and	 SIX9	 homologs	 to,	 from	 or	
between	Fo	endophytes.	
	

Discussion	
	
Fusarium	oxysporum	is	among	the	most	commonly	isolated	fungal	species	from	roots	
of	healthy	plants	(Inami	et	al.,	2014;	Pereira	et	al.,	2019).	Clearly,	endophytism	is	the	
predominant	 lifestyle	 for	 Fo,	 but	 it	 was	 unclear	 if	 lifestyle	 (endophytism	 versus	
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pathogenicity)	 is	 genetically	 determined	 or	 simply	 depends	 on	 the	 presence	 of	a	
susceptible	 host.	 By	 using	 comparative	 genomics,	 we	 conclude	 that	 genomes	 of	
pathogenic	Fo	strains	differ	in	quantitative	aspects	from	genomes	of	endophytic	Fo	
strains.	

	
Figure	5.	SIX	genes	are	generally	vertically	inherited	in	endophytic	isolates.	A	muscle	alignment	was	
made	with	the	nucleotide	sequence	of	SIX1	(855	bp),	SIX6	(727	bp),	SIX9	(345	bp),	SIX14	(317	bp),	and	the	
phylogenetic	tree	was	inferred	using	PhyML	(100	bootstrap	iterations,	mid-point	rooting).	The	Fo	isolates	
are	 shown	 as	 dots	 where	 black	 corresponds	 to	 pathogenic	 isolates;	 and	 other	 colors	 are	 used	 for	
endophytic	strains.	Yellow:	Australian	strains,	grey	Spanish	strains;	dark	red	U.S.A.	strains.		

	
The	45	Fo	endophytes	analyzed	are	polyphyletic	within	the	Fo	species	complex,	with	
an	apparent	unequal	distribution	(based	on	location)	of	endophytic	strains	among	
the	 three	clades	previously	described	 (O'Donnell	 et	al.,	1998;	Baayen	 et	al.,	2000;	
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Lievens	et	al.,	2007;	van	Dam	et	al.,	2016).	A	polyphyletic	origin	of	pathogenic	and	
endophytic	isolates	corresponds	with	previous	observations	(Inami	et	al.,	2014;	van	
Dam	et	al.,	2016),	and	confirms	the	notion	that	pathogenicity	evolved	multiple	times	
during	Fo	evolution	from	a	largely	endophytic	population.		
De	novo	prediction	of	candidate	effectors	from	endophyte	genomes	yielded	 fewer	
candidates	than	predictions	from	pathogenic	strains	(van	Dam	et	al.,	2016).	Since	our	
effector	gene	prediction	method	was	based	on	the	proximity	of	mimps	to	an	ORF	this	
lower	 number	 can	 be	 attributed	 to	 the	 fact	 that	 endophytes	 have	 less	 of	 these	
miniature	 transposons	 (Figure	 S1).	 Comparative	 genomics	 between	 the	 root	
endophyte	 Colletotrichum	 tofieldiae	 and	 the	 closely	 related	 pathogenic	
Colletotrichum	 inanum	showed	 that	 the	endophytic	 strain	encodes	 fewer	putative	
effector	proteins	(Hacquard	et	al.,	2016).	Taken	together,	it	seems	that	a	pathogenic	
‘lifestyle’	favours	(or	requires)	an	extended	effector	gene	catalogue.	
Candidate	effectors	unique	 to,	or	enriched	 in,	endophytic	 strains	 (as	compared	 to	
pathogenic	strains)	were	not	identified.	This	finding	supports	the	hypothesis	that	all	
Fo	strains	are	potentially	endophytic	and	that	pathogenic	strains	are	endophytes	on	
non-susceptible	host	plants.	Since	we	did	not	observe	candidate	effector	genes	on	
the	 accessory	 genome	unique	 to	endophytic	 strains	 isolated	 from	 the	 same	plant	
species	it	 is	 likely	that	there	is	 little	or	no	host	adaptation	of	endophytic	stains	as	
previously	 postulated	 (Demers	 et	 al.,	 2015).	 Considering	 that	 a	 large	 number	 of	
candidate	 effector	 genes	 are	 conserved	 within	 Fo	 and	 are	 located	 on	 the	 core	
genome,	it	could	be	that	(some	of)	these	‘core’	effectors	facilitate	root	endophytism.	
This	 would	 explain	 why	 Fo	 is	 such	 a	 “promiscuous”	 root	 endophyte,	 and	 why	
pathogenic	strains	behave	as	endophytes	in	a	non-host	plant	(Gordon	et	al.,	1989),	
while	pathogenic	behavior	is	exceptional	and	conferred	by	an	additional	set	of	“host-
specific”	effectors.	
Among	Fo	effectors,	SIX	proteins,	identified	as	proteins	secreted	in	the	xylem	of	Fol-
infected	tomato	plants	(Houterman	et	al.,	2007),	have	been	shown	to	contribute	to	
aggressiveness	in	various	ff.spp.	such	as	lycopersici,	cubense	and	melonis	(van	Dam	et	
al.,	 2017;	Widinugraheni	 et	 al.,	 2018).	 Interestingly,	 SIX9	homologs	 are	 the	most	
abundant	SIX	gene	homologs	among	the	endophytic	strains	analysed	in	this	study.	A	
survey	of	Fo	strains	from	Australian	soils	also	identified	SIX9	as	the	most	abundant	
gene	(Rocha	et	al.,	2016).	Currently,	the	function	of	the	encoded	protein	is	unknown	
but	it	does	not	seem	to	contribute	significantly	to	pathogenicity	in	Fom,	nor	in	Fol	
(Vlaardingerbroek	 et	 al.,	 2016a;	 van	 Dam	 et	 al.,	 2017).	 Host	 colonization	 by	
endophytic	 Fo	 strains,	 such	 as	 Fo47,	 is	 typically	 restricted	 to	 the	 root	 cortex	
(Benhamou	 &	 Garand,	 2001).	 It	 is	 unclear	 if	 SIX	 homologs	 are	 expressed	 in	
endophytic	strains.	In	any	case,	it	seems	unlikely	that	these	SIX	homologs	have	a	role	
in	endophytic	root	colonization,	since	endophytic	strains	without	SIX	gene	homologs	
(such	as	Fo47)	can	reach	tomato	stems	equally	well	as	strains	with	one,	two	or	three	
SIX	gene	homologs.		
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Our	 clustering	 method,	 based	 on	 candidate	 effector	 genes,	 separates	 almost	 all	
pathogenic	Fo	 strains	 from	 the	 other,	 presumably	 exclusively	 endophytic	 strains.	
Since	Fo	endophytes	are	characterized	by	scarcity	of	mimps	and	accessory	candidate	
effectors	we	expect	that	 it	is	possible	to	predict	 ‘lifestyle’	based	on	whole	genome	
sequences.	Of	course,	bioinformatics	pipelines	cannot	fully	substitute	experimental	
validation	of	strains’	lifestyle	but	likely	non-pathogenic	strains	can	be	predicted	with	
a	high	confidence	based	on	scarcity	of	effector	candidates.	 It	is	 important	to	note,	
however,	that	predicting	endophytic	strains	based	on	candidate	effector	genes	can	
lead	to	false	negatives:	strains	predicted	to	be	pathogenic	could	still	be	avirulent	e.g.	
because	 they	 fail	 to	 express	 effector	 genes	 or	 have	 other	 ‘defects’	 (Jelinski	 et	 al.,	
2017).	
The	accessory	genome	of	Fo	has	been	shown	to	be	dispensable	(i.e.	unrequired	for	
Fo	 viability	 or	 metabolic	 versatility)	 but	 contributes	 to	 pathogenicity	 towards	 a	
specific	host	(Ma	et	al.,	2010;	Vlaardingerbroek	et	al.,	2016b;	van	Dam	et	al.,	2017).	
By	comparing	the	genomes	of	Fo	endophytes	with	pathogens,	we	could	see	that	they	
have	similar	genome	sizes,	but	endophytes	have	fewer	mimps	and	accessory	effector	
candidates.	 It	 is	 unclear	which	 functions,	 if	 any,	 the	 still	 sizable	 (10	 to	 20	Mbp)	
accessory	genomic	regions	have	in	Fo	endophytes.	They	may	harbor	genes	necessary	
for	 interaction	 with	 other	 (micro)organisms	 and/or	 could	 serve	 as	 genomic	
‘playground’	for	evolution	of	new	traits.		
When	 comparing	 the	 three	 endophytic	 ‘populations’	 investigated	 here,	 the	
Australian	strains	seem	to	be	the	most	diverse	in	terms	of	effector	number	with	Fo3	
and	 Fo14	 being	 outliers	 suggesting	 perhaps	 a	 “pathogenic	 potential”.	 The	 higher	
diversity	 among	 the	 Australian	 population	 could	 be	 related	 to	 a	 difference	 in	
sampling,	 since	 it	 was	 collected	 from	 soils	 across	 a	 continent	 rather	 than	 being	
isolated	locally	from	within	a	plant	(tomato	or	red	fescue).	
Concluding,	 we	 propose	 that	 Fo	 predominantly	 displays	 an	 endophytic	 lifestyle,	
possibly	requiring	a	set	of	core	effectors,	while	pathogenicity	is	the	exception	and	is	
determined	 by	 a	 specific	 set	 of	 effectors	 expressed	 upon	 interaction	 with	 a	
susceptible	host.	In	general,	endophytic	lifestyles	seem	to	be	common	among	soil-
borne	 microorganisms,	 such	 as	 Verticillium	 and	 Pseudomonas,	 which	 are	
traditionally	studied	as	plant	pathogens	(Malcolm	et	al.,	2013;	Melnyk	et	al.,	2019).	
Importantly,	 these	 endophytes	 can	 reduce	 host	 susceptibility	 against	 pathogenic	
strains	of	Fusarium,	Verticillium	and	Pseudomonas	(Fravel	et	al.,	2003;	Grosskinsky	
et	al.,	2016;	Deketelaere	et	al.,	2017).	Pathogenicity	and	biocontrol	appear	to	co-exist	
within	many	species.	To	apply	endophytes	 for	disease	control,	 it	 is	of	 the	utmost	
importance	to	be	able	to	deduce	from	the	genome	sequence	whether	a	strain	used	
for	 biocontrol	 could	 potentially	 be	 pathogenic	 in	 interaction	 with	 certain	 plant	
species.	We	show	that	this	is	possible	for	Fusarium	oxysporum.		
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Material	and	methods	
	
Plant	lines	and	fungal	strains	
	
The	 tomato	 (Solanum	 lycopersicum)	 variety	 C32	was	 used	 for	 bioassays	with	 Fo	
strains.	Tomato	plants	were	grown	in	a	climate-controlled	greenhouse	with	a	day-
night	temperature	of	25oC,	16	h	light/	8	h	dark	and	a	relative	humidity	of	65%.	Fo	
strains	were	selected	based	on	their	geographical	location	(Table	1),	and	grown	on	
Potato	Dextrose	Agar	(PDA)	plates	at	25oC	for	7-10	days	in	the	dark.	To	obtain	spores,	
one	piece	of	agar	from	PDA	plates	was	transferred	to	100	ml	of	minimal	media	(1%	
KNO3,	3%	sucrose,	0.17%	Yeast	Nitrogen	Base	without	amino	acids	and	ammonia)	
and	incubated	for	3-5	days	at	25oC,	150	rpm.	To	obtain	spores	of	Fo5,	Fo16	and	Fo29	
strains	1%	mung	bean	media	(Garcia-Bastidas	et	al.,	2019)	was	used	instead	of	the	
minimal	media,	 incubated	3-5	days	at	25oC,	150	rpm.	Fo18,	Fo25,	Fo28	and	Fo39	
from	 the	 Spanish	 isolate	 collection	 did	 not	 produce	 sufficient	 spores	 in	minimal	
media	and/or	mung	bean	media	and	therefore	their	ability	for	tomato	colonization	
and	pathogenicity	could	not	be	tested.		
	
Pathogenicity	testing	of	Fo	strains	
	
Fo	strains	were	tested	for	pathogenicity	by	inoculating	ten-day-old	tomato	seedlings,	
with	trimmed	roots,	for	five	minutes	in	a	suspension	of	107	spores/ml.	Subsequently,	
tomato	seedlings	were	potted	and	disease	index	and	fresh	weight	was	assessed	three	
weeks	after	inoculation.	Disease	was	scored	as	described	(Constantin	et	al.,	2019),	in	
short	the	number	of	vascular	browning	at	the	cotyledon	level	was	assessed,	where	
0=	no	symptoms;	1=	brown	vessel(s)	at	the	crown,	but	not	at	the	cotyledon	level;	2=	
one	or	 two	brown	vessels	at	 the	cotyledon	 level;	3=	at	 least	3	brown	vessels	and	
growth	distortion	of	the	plant,	4=	all	vessels	brown	or	the	plant	is	small	and	wilted,	
5=	dead	plant.		
	
Fungal	recovery	assay	
	
To	 assess	 the	 colonization	 potential	 of	 Fo	 in	 tomato,	 three	 weeks	 after	 root	
inoculation	five	tomato	stems	per	treatment	were	collected	and	surfaced	sterilized	
by	adding	70%	ethanol.	The	ethanol	was	removed	and	stems	were	rinsed	twice	with	
sterile	water.	The	extremities	of	each	stem	were	removed,	and	the	central	piece	of	a	
cotyledon	and	crown	part	of	the	stem	was	placed	on	PDA	plates	containing	200mg/l	
streptomycin	 and	 100mg/l	 penicillin	 to	 prevent	 bacterial	 growth.	 Plates	 were	
incubated	for	four	days	at	25oC	in	the	dark	after	which	Fo	outgrowth	was	assessed.	
	
Whole	genome	sequencing	and	de	novo	assembly	
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Fusarium	freeze-dried	mycelium	was	harvested	from	fungus	that	was	grown	for	five	
days	in	minimal	medium	(see	above)	and	used	for	genomic	DNA	isolation	by	multiple	
phenol:chloroform:isoamylalcohol	 extractions	 (25:24:1)	 followed	 by	 DNA	
precipitation	and	resuspension	in	Mili-Q	water	as	previously	described	(van	Dam	et	
al.,	2016).	The	Fo47	genome	was	sequenced	by	PacBio	SMRT	sequencing	at	Keygene	
N.V.	(Wageningen,	the	Netherlands).	PacBio	libraries	were	prepared	as	described	by	
van	Dam	et	al,	2017.	The	genomes	of	the	other	44	Fusarium	strains	were	sequenced	
by	Illumina	(150	bp	paired-end,	insert	size	~450	bp)	on	a	HiSeq	2500	machine	by	
the	Hartwig	Medical	Foundation	(Science	Park,	Amsterdam,	the	Netherlands).	Low	
quality	base	pairs	were	filtered	and	adapter	sequences	were	trimmed	with	fastq-mcf	
v1.04.676	 (-q	 20,	 https://expressionanalysis.github.io/ea-utils/).	 We	 used	 CLC-
workbench	8.0	with	default	settings	and	minimum	contig	length=500	to	generate	de	
novo	assemblies	(Table	S1).	
We	used	nucmer	with	–maxmatch	and	otherwise	default	settings	from	the	MUMmer	
package	(version	3.23)	to	generate	all	alignments	of	assemblies,	the	SMRT	assembly	
of	Fo47	and	103	publicly	available	Fo	genomes	from	Genbank	(accessed	January	25th	
2019,	Table	S2).	The	nucmer	 output	was	converted	 to	 tabular	format	using	show-
coords	 from	 the	 MUMmer	 package	 without	 any	 filtering.	 For	 each	 assembly	 we	
identified	core	or	accessory	regions	as	follows:	for	each	whole	genome	alignment	of	
assembly	X	with	assembly	Y1,	we	selected	aligned	regions	in	assembly	X	based	on	
percent	identity	(min.	90	%)	and	length	(min.	1	kb),	saved	them	in	bed	format	and	
merged	overlapping	regions	with	bedtools	merge	(default	settings)	to	obtain	a	set	of	
non-redundant	regions	in	assembly	X	that	were	aligned	to	assembly	Y1.	We	then	used	
bedtools	 genomecov	 (with	 -bga	 -split)	 to	 obtain	 per	 region	 in	 X	 the	 number	 of	
assemblies	Y	that	aligned	to	that	region.	Regions	that	aligned	to	at	least	90%	of	the	
other	 genome	 assemblies	 in	 the	 dataset	 were	 considered	 core,	 the	 rest	 was	
considered	accessory.	
	
Data	access	
	
The	Whole-Genome	Shotgun	projects	for	the	newly	sequenced	strains	of	Fo47	and	
the	44	other	Fo	strains	have	been	deposited	at	Genbank	under	the	Bioproject	PRNJA	
587975.	Raw	 sequence	 data	 has	 been	deposited	 into	 the	 Sequence	Read	Archive	
under	 accession	 numbers	 SUB65528513	 and	 SUB6625602.	 The	 other	 genome	
sequences	used	for	analyses	presented	in	this	paper	were	retrieved	from	Genbank	
and	are	listed	in	Table	S2.		
	
Phylogenetic	analysis		
	
We	inferred	phylogenetic	 relations	between	 the	45	endophytes	sequenced	 in	 this	
study	 and	 the	 103	 other	 Fo	 isolates	 for	 which	 whole	 genome	 sequences	 were	
available	 on	 Genbank,	 based	 on	 concatenated	 multiple	 sequence	 alignments	 of	
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homologs	 of	 Fo47	 genes	 that	 were	 predicted	 in	 a	 previous	 assembly	
(GCA_000271705.2).	More	specifically,	we	downloaded	the	gff	file	with	genes	and	the	
corresponding	genome	sequence	from	Genbank	and	used	awk	scripts	combined	with	
bedtools	getfasta	to	obtain	a	fasta	with	gene	sequences	(including	introns).	We	then	
did	 a	 BLAST	 search	 (megablast,	 default	 options)	 against	 a	 database	 of	 148	 (45	
endophytes	sequenced	here	and	 the	103	other)	Fo	isolates	and	 the	genome	of	an	
isolate	that	was	filed	as	Fusarium	oxysporum	f.	sp.	melongenae	in	Genbank		(GCA_001-	
	
Table	1.	Endophytic	strains	used	and	sequenced	in	this	study.		

sFP	 Strain	
Original	
designation	

Isolated	from	
Stem	
outgrowth		

Origin	of	
strain	

Reference	

3804	 Fo1	 RBG1687	 W.nobilis	leaves	 (3/5)	 Australia	 Rocha	et	al.,	2016	
3805	 Fo2	 RBG1693	 A.helianthi	roots	 (5/5)	 Australia	 Rocha	et	al.,	2016	
3806	 Fo3	 RBG5713	 Soil	 (1/5)	 Australia	 Rocha	et	al.,	2016	
3807	 Fo4	 RBG5786	 Soil	 (1/5)	 Australia	 Rocha	et	al.,	2016	
3808	 Fo5	 RBG5789	 Soil	 (1/5)	 Australia	 Rocha	et	al.,	2016	
3809	 Fo6	 RBG5791	 Soil	 (0/5)	 Australia	 Rocha	et	al.,	2016	
3810	 Fo7	 RBG5798	 Soil	 (0/5)	 Australia	 Rocha	et	al.,	2016	
3811	 Fo8	 RBG5820	 Soil	 (3/5)	 Australia	 Rocha	et	al.,	2016	
3812	 Fo9	 RBG5824	 Soil	 (5/5)	 Australia	 Rocha	et	al.,	2016	
3813	 Fo10	 RBG5827	 Soil	 (3/5)	 Australia	 Rocha	et	al.,	2016	
3814	 Fo11	 RBG5831	 Soil	 (4/5)	 Australia	 Rocha	et	al.,	2016	
3815	 Fo12	 RBG5835	 Soil	 (5/5)	 Australia	 Rocha	et	al.,	2016	
3816	 Fo13	 RBG5843	 Soil	 (1/5)	 Australia	 Rocha	et	al.,	2016	
3817	 Fo14	 RBG5856	 Soil	 (3/5)	 Australia	 Rocha	et	al.,	2016	
3818	 Fo15	 RBG5870	 Soil	 (3/5)	 Australia	 Rocha	et	al.,	2016	
3895	 Fo16	 Th7a	 F.	rubra	roots		 (0/5)	 Spain	 Pereira	et	al.,	2019	
3896	 Fo17	 Th13a	 F.	rubra	roots	 (4/5)	 Spain	 Pereira	et	al.,	2019	
3897	 Fo18	 Th21a	 F.	rubra	roots	 n.d.	 Spain	 Pereira	et	al.,	2019	
3899	 Fo20	 Th20a	 F.	rubra	roots	 (3/5)	 Spain	 Pereira	et	al.,	2019	
3910	 Fo24	 Th1b	 F.	rubra	roots	 (1/5)	 Spain	 Pereira	et	al.,	2019	
3919	 Fo25	 Th18a	 F.	rubra	roots	 n.d.	 Spain	 Pereira	et	al.,	2019	
3920	 Fo26	 Cd5a	 F.	rubra	roots	 (1/5)	 Spain	 Pereira	et	al.,	2019	
3902	 Fo28	 Cd1b	 F.	rubra	roots	 n.d.	 Spain	 Pereira	et	al.,	2019	
3911	 Fo29	 Cd10b	 F.	rubra	roots	 (0/5)	 Spain	 Pereira	et	al.,	2019	
3906	 Fo35	 Cd13b	 F.	rubra	roots	 (3/5)	 Spain	 Pereira	et	al.,	2019	
3909	 Fo39	 Eb7b	 F.	rubra	roots	 n.d.	 Spain	 Pereira	et	al.,	2019	
3917	 Fo41	 Eb1b	 F.	rubra	roots	 (4/5)	 Spain	 Pereira	et	al.,	2019	
3916	 Fo44	 Eb18a	 F.	rubra	roots	 (3/5)	 Spain	 Pereira	et	al.,	2019	
3915	 Fo45	 Eb11b	 F.	rubra	roots	 (5/5)	 Spain	 Pereira	et	al.,	2019	
3923	 Fo46	 FL1st4h22	 S.	lycopersicum	stem	 (0/5)	 USA	 Demers	et	al.,	2014	
3922	 Fo48	 2-2st2h8	 S.	lycopersicum	stem	 (4/5)	 USA	 Demers	et	al.,	2014	
3924	 Fo49	 Hz4c1h8	 S.	lycopersicum	crown	 (2/3)	 USA	 Demers	et	al.,	2014	
3925	 Fo52	 MF4st2h5	 S.	lycopersicum	stem	 (3/5)	 USA	 Demers	et	al.,	2014	
3926	 Fo53	 FL1c1h5	 S.	lycopersicum	crown	 (1/5)	 USA	 Demers	et	al.,	2014	
3927	 Fo54*	 3-4st4h14	 S.	lycopersicum	stem	 (5/5)	 USA	 Demers	et	al.,	2014	
3914	 Fo57	 2-4st1h13	 S.	lycopersicum	stem	 (2/5)	 USA	 Demers	et	al.,	2014	
3929	 Fo58	 2-1c1h13	 S.	lycopersicum	crown	 (1/5)	 USA	 Demers	et	al.,	2014	
3930	 Fo59*	 1-2c1h12	 S.	lycopersicum	crown	 (3/5)	 USA	 Demers	et	al.,	2014	
3931	 Fo63	 FL3st2h4	 S.	lycopersicum	stem	 (0/5)	 USA	 Demers	et	al.,	2014	
3921	 Fo65	 3-4st1h2	 S.	lycopersicum	stem	 (2/5)	 USA	 Demers	et	al.,	2014	
3932	 Fo68	 2-3c3h21	 S.	lycopersicum	crown	 (0/5)	 USA	 Demers	et	al.,	2014	
3933	 Fo69	 3-2c2h20	 S.	lycopersicum	crown	 (0/5)	 USA	 Demers	et	al.,	2014	
3934	 Fo74	 GM4St4h5	 S.	lycopersicum	stem	 (0/5)	 USA	 Demers	et	al.,	2014	
3935	 Fo75	 1-4st2h13	 S.	lycopersicum	stem	 (0/5)	 USA	 Demers	et	al.,	2014	
730	 Fo47	 Fo47	 Soil	 (4/5)	 France	 Alabouvette	et	al.,	1987	
*	Strains	that	can	occasionally	show	disease	symptoms	 	 	 	
-888865.1)	 but	 is	 not	 Fusarium	 oxysporum	 and	 was	 used	 from	 there	 on	 as	 an	
outgroup.	For	each	query	gene,	we	selected	all	BLAST	hits	for	which	an	HSP	(High-
scoring	Sequence	Pair)	included	more	than	70%	of	the	query	sequence	and	had	an	
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associated	E-value	<	0.001,	and	wrote	their	HSP	sequences	to	a	fastafile.	We	selected	
7405	queries	that	had	one	hit	in	each	assembly	and	used	Clustal	Omega	to	align	the	
regions	 covered	 by	 an	 HSP	 for	 these	 queries.	We	 trimmed	 the	 alignments	 using	
trimal	(-seqoverlap	90	-resoverlap	0.7	-gt	0.6)	and	used	a	custom	Python	script	to	
concatenate	the	multiple	sequence	alignments.	We	used	RaXML	(with	substitution	
model	GTRCAT	and	100	bootstraps)	to	infer	a	phylogeny	based	on	this	concatenated	
alignment.		
For	phylogenetic	analysis	of	SIX	homologs,	nucleotide	sequences	were	extracted	(if	
present)	 from	 102	 genomes	 (Table	 S1)	 by	 BLASTN	 (with	 -evalue	 0.001,	 percent	
identity	>	30).	The	sequences	were	used	for	a	multiple	sequence	alignment	for	each	
query	using	Clustal	Omega,	and	for	each	alignment	a	phylogenetic	tree	was	inferred	
with	100	bootstrap	replicates	with	PhyML	3.0.	
	
Putative	effector	gene	identification	and	hierarchical	clustering	
	
De	novo	prediction	of	candidate	effector	genes	from	the	45	Fo	endophytic	genomes	
was	performed	as	described	(van	Dam	et	al.,	2016)	using	the	custom	Python	scripts	
from	 https://github.com/pvdam3/FoEC.	 After	 de	 novo	 prediction,	 all	 157	 ORFs	
identified	by	the	pipeline	were	compared	with	the	104	putative	effectors	previously	
described	 (van	Dam	 et	al.,	2016)	 to	 remove	redundant	ORFs.	Among	 these	ORFs,	
homologues	of	the	previously	described	putative	effector	genes	(defined	as	e-value	
of	1e-03;	percent	identity	of	>60%;	alignment	length	of	>60%)	were	removed	from	
the	list.	After	this	selection,	135	unique	ORF	were	identified	and	their	signal	peptide	
(SP)	 was	 analyzed	 by	 a	 custom	 Python	 script,	 because	 we	 noticed	 after	 visual	
inspection	that	SignalP	(employed	in	the	method	of	van	Dam,	2016)	returns	some	
unlikely	SPs.	In	short,	a	true	SP	was	defined	as	an	N-terminal	region	of	15-30	amino	
acids	containing	a	stretch	of	nine	to	20	consecutive	mostly	hydrophobic	residues	that	
starts	at	least	after	the	first	and	at	most	after	the	eighth	residue,	and	ends	at	most	
two	residues	before	the	last	three	amino	acids.	Specifically,	this	stretch	contains	no	
glutamine,	asparagine	or	charged	(acidic	or	basic)	residues	and	a	maximum	of	three	
hydroxylated	residues.	The	last	three	residues	of	the	signal	peptide	consist	of	a	small	
amino	acid	(G,	A,	V,	S,	T	or	C),	any	amino	acid	followed	by	another	small	amino	acid.	
A	total	of	88	ORFs	met	these	SP	selection	criteria.	From	these,	we	selected	those	that	
encode	mature	proteins	longer	than	34	amino	acids,	resulting	in	66	new	candidate	
effectors	which	together	with	the	104	previously	published	candidate	effectors	were	
used	for	further	analysis.	For	hierarchical	clustering,	the	script	of	van	Dam	2016,	was	
slightly	modified	to	highlight	secreted	enzymes	(defined	by	the	presence	of	“ase”	in	
the	 name)	 and	 location	 of	 effectors	 candidates	 located	 on	 the	 core	 or	 accessory	
genome	in	Fo47.		
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Table	S1.	Statistics	of	de	novo	genome	assemblies	generated	in	this	study.		
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Fo1 749 47,63 136 1242995 4416621 51,79 35304 51,79 0,64 98,90 37,62 11,46 
Fo2 586 47,54 135 820090 2542645 48,97 28830 48,97 0,65 98,90 37,04 10,47 
Fo3 2857 47,38 112 350060 1696702 60,11 108817 60,11 0,64 99,20 37,53 19,18 
Fo4 1865 47,50 121 605549 2310526 55,89 92265 55,89 0,63 99,10 37,48 16,23 
Fo5 2464 47,73 131 345588 2244584 57,32 102851 57,32 0,62 98,90 37,42 16,30 
Fo6 2105 47,62 138 393792 2864218 56,13 99954 56,13 0,65 98,70 37,08 15,51 
Fo7 1870 47,30 121 485210 2596824 56,72 85223 56,72 0,66 98,90 37,48 15,89 
Fo8 1428 47,69 111 742182 2008509 53,39 58979 53,39 0,63 98,90 37,04 13,52 
Fo9 501 47,64 138 1235318 2968622 50,71 20876 50,71 0,63 99,00 37,14 10,66 
Fo10 1667 47,59 125 483103 2035218 54,74 71616 54,74 0,66 98,70 37,04 15,66 
Fo11 1115 47,52 145 931248 2566501 51,91 59829 51,91 0,66 98,90 37,04 12,87 
Fo12 1230 47,58 119 639237 2208091 52,14 54177 52,14 0,64 99,00 37,02 13,21 
Fo13 1219 47,21 124 475735 2020619 52,99 62915 52,99 0,68 98,90 37,40 13,50 
Fo14 2724 47,90 136 336325 2549440 56,56 108637 56,56 0,61 99,10 37,67 16,00 
Fo15 1032 47,53 131 860941 3089373 50,14 37298 50,14 0,65 99,10 37,06 11,63 
Fo16 1510 47,48 130 622591 1941976 54,02 86987 54,02 0,64 99,00 37,69 14,06 
Fo17 1230 47,52 129 657576 3248118 53,51 71876 53,51 0,65 99,00 37,68 14,06 
Fo18 2073 47,36 133 564972 2468715 57,43 111540 57,43 0,65 99,00 37,71 17,31 
Fo20 1334 47,61 147 865225 4132987 55,01 76768 55,01 0,63 99,00 37,64 14,54 
Fo24 1977 47,15 125 525374 2580951 55,86 101758 55,86 0,68 99,10 37,35 15,37 
Fo25 1556 47,84 96 306828 1348278 50,98 76423 50,98 0,62 99,10 37,56 12,98 
Fo26 1648 47,33 105 637267 4392171 55,35 152116 55,35 0,65 98,90 37,60 14,81 
Fo28 1787 47,46 95 930621 4257345 54,95 156979 54,95 0,65 99,00 37,61 14,57 
Fo29 1139 47,57 111 767749 2244508 51,58 84914 51,58 0,64 99,00 37,64 13,04 
Fo35 615 47,61 111 976778 2240347 50,29 34156 50,29 0,63 98,90 37,63 10,51 
Fo39 1161 47,36 106 456729 1368089 51,64 81061 51,64 0,66 99,00 37,46 12,70 
Fo41 1551 47,50 110 606549 2968824 53,82 118337 53,82 0,64 98,80 37,53 13,83 
Fo44 789 47,44 111 977962 2771840 51,25 67030 51,25 0,65 98,90 37,49 11,87 
Fo45 1413 47,39 100 564833 2528020 52,55 103151 52,55 0,65 98,80 37,46 13,11 

Fo46 908 47,44 118 956722 2725436 52,71 70640 52,71 0,63 98,90 37,65 13,11 
Fo48 1263 47,36 108 702240 2598513 54,12 77132 54,12 0,66 99,00 37,68 13,87 
Fo49 1201 47,34 108 850120 2458863 54,21 72305 54,21 0,66 98,80 37,64 13,92 
Fo52 1539 47,65 99 455764 2034980 54,25 101742 54,25 0,62 99,00 37,63 13,65 
Fo53 1279 47,69 110 474953 2607865 53,84 91450 53,84 0,62 99,10 37,65 12,80 
Fo54 1049 47,61 104 1201513 3704016 52,85 78010 52,85 0,63 98,80 37,66 13,28 
Fo57 718 47,63 105 991162 3643306 52,65 51466 52,65 0,63 98,90 37,71 12,21 
Fo58 632 47,64 101 1208484 4595870 52,73 44280 52,73 0,64 98,90 37,72 12,11 
Fo59 700 47,66 145 2037234 4658539 51,24 48211 51,24 0,64 99,10 37,63 11,24 
Fo63 1520 47,78 107 520547 2033424 53,78 99565 53,78 0,61 98,90 37,62 14,68 
Fo65 2132 47,41 99 384531 2289799 56,86 149825 56,86 0,66 98,80 37,14 16,62 
Fo68 1362 47,36 85 609068 2219921 54,55 81898 54,55 0,66 99,00 37,68 13,89 
Fo69 1453 47,44 68 367051 1812070 55,68 75253 55,68 0,63 99,00 37,65 15,56 
Fo74 1916 47,64 99 408102 1365676 56,39 139419 56,39 0,62 99,00 37,65 14,97 
Fo75 647 47,63 107 1208423 3794694 52,53 47212 52,53 0,64 98,90 37,73 12,16 
Fo47* 60 47,95 n.d. 2117445 4719388 50,24 0 n.d. 0,62 98,90 - -              

* Genome sequenced by PacBio instead of Illumina 
Abbreviations: avg: average; compl: completeness; complex: complexity 
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Table	S2.	Overview	of	the	genome	assemblies	collected	from	GenBank	and	used	in	this	study.	All	
genomes	were	used	 for	 phylogenetic	 analysis	 and	determining	 core/accessory	material	 unless	
otherwise	stated.	
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Forc016	 -	 radicis-
cucumerinum	

Cucumis	sativa	 GCA_001702695.2	 yes	 n.d.	 n.d.	

Fol4287	 2	 lycopersici	 Solanum	lycopersicum	 GCA_003315725.1	 yes	 37,48	 16,44	
FolMN25	 3	 lycopersici	 Solanum	lycopersicum	 GCA_000259975.2	 yes	 37,28	 11,36	
FoHDV247	 -	 pisi	 Pisium	sp.	 GCA_000260075.2	 yes	 37,71	 17,48	
ForlCL57	 -	 radicis-

lycopersici	
Solanum	lycopersicum	 GCA_000260155.3	 yes	 37,60	 11,76	

FocubII5	 TR4	 cubense	 Musa	sp.	 GCA_000260195.2	 yes	 36,94	 9,61	
FoaPHW808	 2	 conglutinans	 Brassica	sp.	 GCA_000260215.2	 yes	 37,30	 16,27	
FoaPHW815	 -	 raphani	 Raphanus	sp.	 GCA_000260235.2	 yes	 37,06	 16,44	
FoSC3a	 -	 -	 Homo	sapiens	 GCA_000271745.2	 yes	 37,17	 10,74	
Fo5176	 -	 conglutinans	 Brassica	sp.	 GCA_000222805.1	 yes	 36,49	 18,28	
Fom001*	 -	 melonis	 -	 GCA_000260495.2		 yes	 n.d.	 n.d.	
Foc013	 -	 cucumerinum	 Cucumis	sativa	 GCA_001702495.1	 yes	 37,00	 11,89	
Fon005	 -	 niveum	 Citrullus	lanatus	 GCA_001702505.1	 yes	 37,41	 17,31	
Foc001	 -	 cucumerinum	 Cucumis	sativa	 GCA_001702515.1	 yes	 37,61	 13,78	
Foc018	 -	 cucumerinum	 Cucumis	sativa	 GCA_001702545.1	 yes	 37,58	 19,86	
Foc021	 -	 cucumerinum	 Cucumis	sativa	 GCA_001702555.1	 yes	 37,58	 19,27	
Foc015	 -	 	cucumerinum	 Cucumis	sativa	 GCA_001702575.1	 yes	 37,59	 14,39	
Foc030	 -	 cucumerinum	 Cucumis	sativa	 GCA_001702615.1	 yes	 37,60	 19,21	
Foc037	 -	 cucumerinum	 Cucumis	sativa	 GCA_001702635.1	 yes	 35,77	 12,62	
Forc031	 -	 radicis-

cucumerinum	
Cucumis	sativa	 GCA_001702645.1	 yes	 37,61	 11,73	

Foc035	 -	 cucumerinum	 Cucumis	sativa	 GCA_001702655.1	 yes	 37,57	 14,04	
Fon019	 -	 niveum	 Citrullus	lanatus	 GCA_001702715.1	 yes	 36,78	 12,95	
Forc024	 -	 radicis-

cucumerinum	
Cucumis	sativa	 GCA_001702725.1	 yes	 37,61	 11,74	

Fon002	 -	 niveum	 Citrullus	lanatus	 GCA_001702745.1	 yes	 37,59	 14,39	
Fon013	 -	 niveum	 Citrullus	lanatus	 GCA_001702775.1	 yes	 37,63	 16,59	
Fon010	 -	 niveum	 Citrullus	lanatus	 GCA_001702785.1	 yes	 37,64	 17,83	
Fon015	 -	 niveum	 Citrullus	lanatus	 GCA_001702795.1	 yes	 37,27	 14,79	
Fon020	 -	 niveum	 Citrullus	lanatus	 GCA_001702805.1	 yes	 37,63	 17,50	
Fon037	 -	 niveum	 Citrullus	lanatus	 GCA_001702845.1	 yes	 37,54	 13,75	
Fon021	 -	 niveum	 Citrullus	lanatus	 GCA_001702865.1	 yes	 37,65	 17,15	
Fol004	 1	 lycopersici	 Solanum	lycopersicum	 GCA_001702875.1	 yes	 37,56	 14,17	
Fol007	 2	 lycopersici	 Solanum	lycopersicum	 GCA_001702905.1	 yes	 37,63	 14,25	
Fol026	 3	 lycopersici	 Solanum	lycopersicum	 GCA_001702935.1	 yes	 37,58	 13,74	
Fol014	 1	 lycopersici	 Solanum	lycopersicum	 GCA_001702945.1	 yes	 37,62	 12,45	
Fol018	 2	 lycopersici	 Solanum	lycopersicum	 GCA_001702955.1	 yes	 37,63	 11,95	
Fol016	 1	 lycopersici	 Solanum	lycopersicum	 GCA_001702995.1	 yes	 37,62	 11,33	
Fol038	 3	 lycopersici	 Solanum	lycopersicum	 GCA_001703015.1	 yes	 37,54	 14,26	
Fol029	 3	 lycopersici	 Solanum	lycopersicum	 GCA_001703025.1	 yes	 37,61	 12,40	
Fol069	 2	 lycopersici	 Solanum	lycopersicum	 GCA_001703035.1	 yes	 37,45	 13,84	
Fol072	 2	 lycopersici	 Solanum	lycopersicum	 GCA_001703065.1	 yes	 37,40	 11,72	
Fol073	 2	 lycopersici	 Solanum	lycopersicum	 GCA_001703085.1	 yes	 37,65	 12,41	
Fol074	 3	 lycopersici	 Solanum	lycopersicum	 GCA_001703105.1	 yes	 37,65	 14,13	
FoMN14	 -	 not	pathogenic	 Solanum	lycopersicum	 GCA_001703125.1	 yes	 37,58	 13,95	
Fol075	 -	 lycopersici	 Solanum	lycopersicum	 GCA_001703135.1	 yes	 37,69	 12,96	
Fom005	 -	 melonis	 Cucumis	melo	 GCA_001703205.1	 yes	 37,73	 16,77	
Fom004	 -	 melonis	 Cucumis	melo	 GCA_001703215.1	 yes	 37,81	 19,92	
Fom006	 -	 melonis	 Cucumis	melo	 GCA_001703255.1	 yes	 37,50	 15,26	
Fom009	 -	 melonis	 Cucumis	melo	 GCA_001703265.1	 yes	 37,30	 20,44	
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Fom011	 -	 melonis	 Cucumis	melo	 GCA_001703295.1	 yes	 37,39	 15,54	
Fom010	 -	 melonis	 Cucumis	melo	 GCA_001703305.1	 yes	 36,73	 16,94	
Fom013	 -	 melonis	 Cucumis	melo	 GCA_001703335.1	 yes	 37,12	 14,78	
Fom012	 -	 melonis	 Cucumis	melo	 GCA_001703345.1	 yes	 37,60	 15,00	
Fol002	 2	 lycopersici	 Solanum	lycopersicum	 GCA_001703355.1	 yes	 37,56	 14,17	
Fom016	 -	 melonis	 Cucumis	melo	 GCA_001703365.1	 yes	 37,61	 15,33	
Foc011	 -	 cucumerinum	 Cucumis	sativa	 GCA_001703455.1	 yes	 36,89	 11,77	
FoCotton	
(NRRL25433)	

-	 vasinfectum	 Gossypium	sp.	 GCA_000260175.2	 yes	 37,24	 15,68	

Focub1	(FocubN2)	 1	 cubense	 Musa	sp.	 GCA_000350345.1	 yes	 37,51	 10,15	
FocubC1HIR9889	 4	 cubense	 Musa	sp.	 GCA_001696625.1	 no	 37,08	 9,65	
Focub4	(FocubB2)*	 4	 cubense	 Musa	sp.	 GCA_000350365.1	 yes	 n.d.	 n.d.	
Fom001	 -	 melonis	 -	 GCA_002318975.1	 no	 n.d.	 n.d.	
FocepFus1	 -	 cepae	 Allium	cepa	 GCA_003615085.1	 no	 n.d.	 n.d.	
FolD11	(FolCA3)	 3	 lycopersici	 Solanum	lycopersicum	 GCA_003977725.1	 no	 n.d.	 n.d.	
Fomed5190a	

	
medicaginis	 Medicago	sativa	 GCA_001652425.1	 no	 37,55	 13,59	

FoaFGL03-6	
	

conglutinans	 Brassica	sp.	 GCA_002711405.2	 no	 36,77	 24,89	
FoxyAC1-1.0	 -	 -	 Seeds	 GCA_000733055.2	 no	 n.d.	 n.d.	
FoUSFDA9	 -	 -	 Arachis	sp.	 GCA_003704975.1	 no	 n.d.	 n.d.	
FoUSFDA16	 -	 -	 Arachis	sp.	 GCA_003705035.1	 no	 n.d.	 n.d.	
FoUSFDA11	 -	 -	 Arachis	sp.	 GCA_003705045.1	 no	 n.d.	 n.d.	
FoUSFDA10	 -	 -	 Arachis	sp.	 GCA_003709395.1	 no	 n.d.	 n.d.	
Foa1	 -	 conglutinans	 Brassica	sp.	 GCA_001519035.1	 no	 35,19	 17,35	
Focic38-1	 -	 ciceris	 Cicer	sp.	 GCA_001757345.1	 no	 35,63	 19,18	
FoNa5	 -	 narcissi	 Narcissus	sp.	 GCA_002233775.1	 no	 37,71	 17,82	
Fonic010	 -	 nicotianae	 Nicotiana	sp.	 GCA_002233785.1	 no	 37,71	 12,06	
Fomom004	 -	 momordicae	 Momordica	sp.	 GCA_002233795.1	 no	 37,67	 13,36	
FoTu67	 -	 tulipae	 Tulipa	sp.	 GCA_002233805.1	 no	 37,56	 16,79	
Foluf002	 -	 luffae	 Luffa	sp.	 GCA_002233855.1	 no	 37,56	 10,71	
Fomom001	 -	 momordicae	 Momordica	sp.	 GCA_002233865.1	 no	 37,68	 13,84	
Folag005	 -	 lagenariae	 Lagenaria	sp.	 GCA_002233875.1	 no	 37,68	 16,96	
FoglaG2	 -	 gladioli	 Gladiolus	sp.	 GCA_002233895.1	 no	 37,60	 15,63	
FoglaG14	 -	 gladioli	 Gladiolus	sp.	 GCA_002233915.1	 no	 37,18	 19,15	
FoTu58	 -	 -	 Tulipa	sp.	 GCA_002233935.1	 no	 n.d.	 n.d.	
FophyKOD888	 -	 -	 Physalis	sp.	 GCA_002233955.1	 no	 n.d.	 n.d.	
FophyKOD887	 -	 -	 Physalis	sp.	 GCA_002233985.1	 no	 n.d.	 n.d.	
FophyKOD886	 -	 -	 Physalis	sp.	 GCA_002233995.1	 no	 n.d.	 n.d.	
Fonic012	 -	 nicotianae	 Nicotiana	sp.	 GCA_002234015.1	 no	 37,62	 13,42	
Fonic003	 -	 nicotianae	 Nicotiana	sp.	 GCA_002234045.1	 no	 37,70	 12,30	
Fonic001	 -	 nicotianae	 Nicotiana	sp.	 GCA_002234055.1	 no	 37,72	 12,44	
Fomel001	 -	 melongenae	 Solanum	melongena	 GCA_002234085.1	 no	 37,60	 14,70	
Foluf001	 -	 luffae	 Luffa	spp.	 GCA_002234105.1	 no	 37,56	 10,65	
FolilFol39	 -	 lilii	 Lilium	sp.	 GCA_002234115.1	 no	 37,68	 15,70	
Folag004	 -	 lagenariae	 Lagenaria	siceraria	 GCA_002234135.1	 no	 37,56	 10,38	
Folag002	 -	 lagenariae	 Lagenaria	siceraria	 GCA_002234165.1	 no	 37,68	 18,41	
Folag001	 -	 lagenariae	 Lagenaria	siceraria	 GCA_002234185.1	 no	 37,68	 16,19	
FoglaG76	 -	 gladioli	 Gladiolus	sp.	 GCA_002234195.1	 no	 37,35	 18,79	
Foa58385	 -	 conglutinans	 Brassica	sp.	 GCA_002711385.1	 no	 37,33	 18,53	
FoCS5870	 -	 -	 Triticum	aestivum	 GCA_002894245.1	 no	 n.d.	 n.d.	
FoVEG01C1-ISS	 -	 not	pathogenic	 Zinnia	hybrida	 GCA_003025205.1	 no	 n.d.	 n.d.	
FoVEG01C2-ISS	 -	 not	pathogenic	 Zinnia	hybrida	 GCA_003025235.1	 no	 n.d.	 n.d.	
FocepA23	 -	 cepae	 Allium	cepa	 GCA_003615075.1	 no	 n.d.	 n.d.	
Focep125	 -	 cepae	 Allium	cepa	 GCA_003615095.1	 no	 n.d.	 n.d.	
FoA13	 -	 -	 Allium	cepa	 GCA_003615115.1	 no	 n.d.	 n.d.	
FoA28	 -	 -	 Allium	cepa	 GCA_003615155.1	 no	 n.d.	 n.d.	
FoCB3	 -	 -	 Allium	cepa	 GCA_003615165.1	 no	 n.d.	 n.d.	
FoPG	 -	 -	 Allium	cepa	 GCA_003615185.1	 no	 n.d.	 n.d.	
FoV64-1	 -	 -	 -	 GCA_900096695.1	 no	 n.d.	 n.d.	
Fomel1	 -	 melongenae	 Not	Fo	 GCA_001888865.1	 no	 n.d.	 n.d.	
*	Isolates	not	used	for	phylogeny	
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Table	S3.	Overview	of	mimp	(single	and	complete	TIR	motifs)	and	number	of	candidate	effector	
genes	(located	on	the	core	and	accessory	regions)	among	endophytic	and	pathogenic	isolates	used	
for	the	hierarchical	clustering.	
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Fo1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo2	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo3	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 MAT2	
Fo4	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo5	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo6	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo7	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo8	 0	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo9	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo10	 0	 1	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT1	
Fo11	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo12	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo13	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	

Fo14	 0	 0	 0	 0	 0	 1	 0	 0	 1	 0	 0	 0	 0	 0	 1	 MAT2	

Fo15	 0	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	

Fo16	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT2	
Fo17	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT1	
Fo18	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT2	
Fo20	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo24	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT1	
Fo25	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	

Fo26	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT1	
Fo28	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 MAT1	
Fo29	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo35	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo39	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	

Fo41	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 1	 0	 MAT1	

Fo44	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo45	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	

Fo46	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT2	
Fo48	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT1	
Fo49	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT1	
Fo52	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo53	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo54	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo57	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo58	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo59	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo63	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo65	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo68	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 MAT1	
Fo69	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	
Fo74	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	
Fo75	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT1	

Fo47	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 MAT2	

*	MAT1-1	and	MAT1-2	are	abreviated	to	MAT1	and	MAT2	respectively	in	this	table		
	 	 	

Effectors	stand	for	candidate	effectors	
	 	 	 	 	 	 	 	 	 	

Yellow	corresponds	to	presence	of	a	homologue	gene	
	 	 	 	 	 	 	 	

Red	border	corresponds	to	a	mimp	near	the	gene	
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Table	S4.	Distribution	of	SIX	genes	and	MAT	type	among	endophytic	strains.	Effector	candidate	genes	
present	in	the	endophytic	genomes	are	highlighted	in	yellow.	Presence	of	a	mimp	 in	proximity	to	their	
open	reading	frame	is	outlined	by	red	boarders.	
Strain	 Complete	

mimps	
(no.)	

Single	TIR	
motifs	
(no.)	

Total	
effectors	
(no.)	

Core	
effectors	
(no.)	

Accessory	
effectors	
(no.)	

Fo1	 5	 18	 80	 55	 25	
Fo2	 5	 5	 73	 52	 21	
Fo3	 33	 73	 91	 54	 37	
Fo4	 13	 31	 80	 54	 26	
Fo5	 17	 14	 79	 54	 25	
Fo6	 8	 8	 78	 53	 25	
Fo7	 9	 14	 82	 53	 29	
Fo8	 13	 19	 81	 53	 28	
Fo9	 4	 7	 69	 53	 16	
Fo10	 16	 17	 90	 53	 37	
Fo11	 7	 7	 76	 53	 23	
Fo12	 8	 7	 75	 53	 22	
Fo13	 5	 9	 79	 53	 26	
Fo14	 21	 45	 94	 54	 40	
Fo15	 9	 7	 80	 53	 27	

Fo16	 9	 12	 75	 54	 21	
Fo17	 8	 30	 79	 54	 25	
Fo18	 10	 15	 79	 54	 25	
Fo20	 11	 11	 79	 54	 25	
Fo24	 11	 36	 77	 54	 23	
Fo25	 9	 14	 76	 54	 22	
Fo26	 9	 18	 78	 53	 25	
Fo28	 16	 22	 80	 54	 26	
Fo29	 8	 10	 74	 54	 20	
Fo35	 4	 10	 73	 54	 19	
Fo39	 6	 10	 78	 54	 24	
Fo41	 11	 11	 76	 54	 22	
Fo44	 5	 10	 74	 54	 20	
Fo45	 5	 13	 78	 54	 24	

Fo46	 6	 11	 75	 54	 21	
Fo48	 5	 21	 79	 54	 25	
Fo49	 5	 21	 78	 53	 25	
Fo52	 10	 14	 79	 54	 25	
Fo53	 8	 17	 79	 54	 25	
Fo54	 6	 25	 75	 54	 21	
Fo57	 4	 19	 74	 54	 20	
Fo58	 4	 17	 72	 54	 18	
Fo59	 7	 10	 78	 55	 23	
Fo63	 8	 16	 78	 55	 23	
Fo65	 10	 14	 75	 53	 22	
Fo68	 7	 18	 79	 54	 25	
Fo69	 20	 23	 83	 54	 29	
Fo74	 14	 10	 84	 54	 30	
Fo75	 4	 18	 73	 54	 19	

Fo47*	 7	 17	 78	 55	 23	

Fo5176	 44	 59	 92	 49	 43	
FoaPHW808	 39	 53	 89	 51	 38	
Foc001	 42	 50	 100	 54	 46	
Foc011	 41	 36	 97	 53	 44	
Foc013	 38	 44	 98	 53	 45	
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Foc015	 39	 52	 99	 53	 46	
Foc018	 38	 62	 104	 53	 51	
Foc021	 36	 67	 104	 53	 51	
Foc030	 34	 66	 104	 53	 51	
Foc035	 50	 44	 102	 54	 48	
Foc037	 46	 49	 94	 49	 45	
FoCotton	(NRRL25433)	 48	 49	 97	 53	 44	
Focub1	(FocubN2)	 17	 22	 80	 54	 26	
Focub4	(FocubB2)	 20	 14	 85	 53	 32	
FocubII5	 11	 19	 83	 53	 30	
FoHDV247	 24	 36	 96	 54	 42	
Fol002	 27	 60	 99	 55	 44	
Fol004	 27	 65	 100	 55	 45	
Fol007	 33	 48	 96	 53	 43	
Fol014	 26	 61	 99	 55	 44	
Fol016	 24	 56	 98	 55	 43	
Fol018	 20	 47	 94	 55	 39	
Fol026	 25	 64	 99	 55	 44	
Fol029	 25	 56	 96	 54	 42	
Fol038	 28	 59	 95	 52	 43	
Fol069	 25	 52	 97	 55	 42	
Fol072	 23	 59	 97	 55	 42	
Fol073	 25	 54	 98	 54	 44	
Fol074	 27	 61	 96	 54	 42	
Fol075	 26	 47	 96	 54	 42	
Fol4287*	 35	 57	 99	 55	 44	
FolMN25	 29	 41	 94	 54	 40	
Fom001	 42	 51	 109	 55	 54	
Fom004	 34	 62	 105	 54	 51	
Fom005	 35	 58	 105	 54	 51	
Fom006	 32	 53	 102	 54	 48	
Fom009	 43	 58	 99	 53	 46	
Fom010	 33	 66	 103	 53	 50	
Fom011	 31	 50	 102	 54	 48	
Fom012	 30	 57	 102	 53	 49	
Fom013	 36	 50	 102	 53	 49	
Fom016	 32	 59	 103	 53	 50	
Fon002	 33	 33	 101	 54	 47	
Fon005	 30	 90	 111	 53	 58	
Fon010	 37	 79	 110	 54	 56	
Fon013	 33	 92	 111	 54	 57	
Fon015	 24	 44	 104	 54	 50	
Fon019	 24	 44	 106	 54	 52	
Fon020	 48	 82	 112	 54	 58	
Fon021	 28	 91	 110	 54	 56	
Fon037	 31	 40	 99	 53	 46	
Forc016*	 35	 27	 94	 55	 39	
Forc024	 26	 29	 93	 55	 38	
Forc031	 25	 31	 92	 54	 38	
ForapPHW815	 53	 70	 97	 52	 45	

ForlCL57*	 10	 10	 77	 54	 23	
FoSC3a*	 4	 8	 71	 53	 18	
FoMN14*	 4	 8	 70	 54	 16	
In	red:	Isolates	that	have	a	different	mimp	and	TIR	motif	number	than	previously	identified	by		van	Dam	et	al.,	
2016	
*Isolates	excluded	from	Figure	S1,	S2,	because	we	did	not	perform	bioassays	with	them	or	because	they	were	
sequenced	with	PacBio.	
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Figure	 S1.	 Endophytic	 Fo	have	 fewer	mimps	 than	pathogenic	 Fo.	 a)	 Complete	 and	 b)	 incomplete	
terminal	inverted	repeats	(TIR)	were	predicted	from	45	endophytic	genomes	and	53	pathogenic	isolates	
(ForLCL57,	FOSC3A	and	FoMN14	were	omitted	from	the	analysis	for	not	being	pathogenic	nor	tested	for	
endophytism	 and	Fol4287,	Forc016	and	Fo47	were	omitted	because	 they	were	sequenced	by	Pacbio).	
Data	were	analyzed	by	a	non-parametric	Mann-Whitney	U-test	(****	P<	0.0001).	Data	was	analyzed	by	
ANOVA,	with	Tukey’s	multiple	comparison	test.	The	colour	corresponds	to	Fo14	(red),	Fo10	(orange)	and	
Fo3	(yellow).		
	
	
	
	
	
	

	
Figure	S2.	Endophytic	Fo	have	fewer	putative	effectors	than	pathogenic	Fo.	Endophytic	isolates	(45	
strains)	 and	 55	 pathogenic	 strains	 were	 used	 for	 predicting	 a)	 candidate	 effectors	 and	 b)	 candidate	
effectors	located	on	accessory	genome.	Accessory	effectors	were	defined	as	candidate	effectors	which	do	
not	have	a	hit	on	the	core	genome	of	Fo47.	The	colour	corresponds	to	Fo14	(red),	Fo10	(orange)	and	Fo3	
(yellow).	Data	were	analyzed	by	a	non-parametric	Mann-Whitney	U-test	(****	P<	0.0001).	
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Abstract	
	
Application	of	Fusarium	oxysporum	(Fo)	endophytes	is	an	attractive	strategy	to	
control	Fusarium	wilt	disease.	Most	studies	to	date	focus	on	the	ability	of	a	few	
well-characterized	 Fo	 endophytic	 strains	 to	 trigger	 endophyte-mediated	
resistance	(EMR)	in	various	crops	against	wilt	diseases.	However,	it	is	still	unclear	
if	the	degree	of	endophytic	colonization	is	related	to	the	level	of	triggering	EMR.	
To	investigate	whether	there	is	a	difference	in	colonization	level	among	diverse	
endophytic	 Fo	 strains	 and	 in	 their	 capacity	 to	 trigger	 EMR,	 we	 performed	
bioassays	 with	 the	 well-characterized	 strain	 Fo47	 and	 40	 other	 Fo	 strains	
isolated	from	three	continents	(Australia,	Spain,	U.S.A.).	Quantification	of	fungal	
colonization	 of	 infected	 tomato	 roots	 was	 analysed	 by	 qPCR,	 and	 EMR	 was	
assessed	by	scoring	wilt	symptoms	upon	co-inoculation	of	endophytic	Fo	with	the	
tomato	 pathogenic	 strain	 Fo	 f.sp.	 lycopersici	 4287.	 Out	 of	 the	 40	 endophytic	
strains,	38	could	colonize	 tomato	roots	and	confer	EMR	to	a	 similar	extent	as	
Fo47.	This	 suggests	 that	 root	colonization	and	EMR	against	Fusarium	wilt	 is	a	
common	characteristic	across	the	Fo	species	complex	and	depends	on	the	ability	
of	the	strain	to	colonise	tomato	roots.	
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Introduction	
	
Plant	roots	are	colonized	by	bacterial,	fungal	and	oomycete	communities	(Duran	et	
al.,	2018).	Endophytic	microorganisms	can	colonize	internal	plant	 tissues	without	
causing	disease.	It	is	now	becoming	clear	that	at	least	some	endophytes	have	a	role	
in	modifying	susceptibility	of	the	host	by	enhancing	or	decreasing	disease	symptoms	
caused	 by	 pathogens	 (Busby	 et	 al.,	 2016).	 Integration	 of	 disease-suppressive	
endophytes	 in	 disease	 management	 could	 potentially	 help	 to	 reduce,	 or	 even	
substitute,	pesticide	use	(Glare	et	al.,	2012).	Specifically,	endophyte	application	could	
be	a	strategy	to	control	diseases	caused	by	soil-borne	pathogens	that	are	difficult	to	
control	by	conventional	methods	(Spadaro	&	Gullino,	2005).	
Wilt	disease	caused	by	pathogenic	Verticillium	or	Fusarium	oxysporum	(Fo)	strains	
develops	 through	 extensive	 fungal	 colonization	 of	 the	 xylem	 vessels	 (Yadeta	 &	
Thomma,	2013).	In	response	to	massive	fungal	colonization,	tylose	occlusions	are	
produced	by	the	host	to	obstruct	the	xylem	vessels,	causing	its	wilting.	In	contrast,	
endophytic	Fo	and	Verticillium	strains	appear	 to	colonize	 roots	 to	a	 lesser	extent	
than	 pathogenic	 strains	 and	 disease	 symptoms	 do	 not	 ensue	 (Aime	 et	 al.,	 2013;	
Tyvaert	et	al.,	2014;	chapter	2).	Colonization	by	endophytes,	such	as	Fo,	also	seems	
to	 be	 mostly	 restricted	 to	 the	 root	 cortex	 (Fravel	 et	 al.,	 2003).	 Despite	 the	 low	
colonization	 levels	 of	 endophytic	 Fo	 and	 Verticillium,	 they	 can	 reduce	 disease	
symptoms	 caused	 by	 pathogenic	 Fusarium	 and	 Verticillium,	 concomitant	 with	 a	
reduction	in		the	amount	of	biomass	of	the	pathogen	in	the	infected	roots,	when	co-
inoculated	 (chapter	 2;	 Tyvaert	 et	 al.,	 2014).	 We	 reported	 previously	 that	 co-
inoculation	with	living	spores	of	a	Fo	endophyte	suppresses	Fusarium	wilt	disease	
in	 tomato	 caused	by	 Fo	 f.sp.	 lycopersici	 (chapter	 2).	This	 implies	 that	endophytic	
colonization	 is	 a	 key	 factor	 for	 triggering	 endophyte-mediated	 resistance	 (EMR)	
against	 Fusarium	 wilt	 disease.	 However,	 it	 is	 unclear	 whether	 the	 degree	 of	
endophytic	colonization	is	correlated	to	the	level	of	disease	suppression.	Therefore,	
we	set	out	to	determine	whether	there	is	variation	among	Fo	strains	with	regard	to	
their	root	colonization	capability	and	their	ability	to	protect	tomato	against	Fusarium	
wilt	disease.		
	

Results	
	
Most	Fo	strains	colonize	tomato	roots	to	a	degree	similar	as	Fo47	
	
To	determine	the	capacity	of	diverse	Fo	strains	to	colonize	tomato	roots,	41	non-
pathogenic	 Fo	 strains	 were	 screened	 in	 tomato	 bioassays	 and	 their	 relative	
abundance	in	the	inoculated	roots	was	assessed	by	qPCR.	Forty	of	these	Fo	strains	
originate	from	three	different	habitats:	Australian	soils,	grass	roots	from	Spain,	and	
tomato	plants	from	the	U.S.A.,	while	Fo47	originates	from	suppressive	soils	in	France,	
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and	are	all	non-pathogenic	to	tomato	(Alabouvette,	1987;	Demers	et	al.,	2015;	Rocha	
et	 al.,	 2016;	 Pereira	 et	 al.,	 2019;	 chapter4).	 Tomato	 roots	 inoculated	with	 these	
strains,	or	water	as	negative	control,	were	harvested	three	weeks	after	inoculation.	
Subsequently,	DNA	was	isolated	from	roots	to	estimate	fungal	colonization	by	qPCR.	
To	 enhance	 the	 sensitivity	 and	 robustness	 of	 the	 assay,	 primers	 for	 the	
intergenicspacer	 region	 (IGS),	 which	 is	 multi-copy	 and	 is	 conserved	 across	 Fo	
strains,	were	used.	

	
Figure	1.	Most	Fo	strains	colonize	tomato	roots	to	a	similar	extent	as	Fo47.	Relative	quantification	of	
Fo	strains	isolated	from	a)	Australian	soils	b)	grass	roots	from	Spain	or	c)	tomato	plants	from	the	U.S.A.	
Data	were	 analyzed	by	ordinary	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	 test	where	all	
comparisons	were	performed	against	Fo47	(control	group).	One	data	point	from	Fo35	and	one	from	Fo75	
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were	omitted	 from	the	plotting	 but	 included	 in	 the	statistical	analysis.	Error	bars	 represent	 standard	
deviation.	(*P<0.05,	**P<0.01,	***P<0.001,	****P<0.0001).	

The	colonization	level	in	tomato	roots	of	Fo47	was	found	to	be	highly	variable	among	
different	 experiments	 (Figure	 1	 a,	 b,	 c).	 For	 this	 reason,	 the	 comparison	 to	 the	
reference	 strain	 Fo47	was	 only	 done	within	assays.	 A	 few	 isolates	 from	all	 three	
locations	were	identified	whose	colonization	level	appeared	different	as	compared	
to	Fo47.	Among	the	Australian	isolates,	Fo3,	Fo4	and	Fo8	colonized	tomato	roots	to	
a	 lesser	 extent,	while	 Fo11	 and	 Fo13	 colonized	more.	Additionally,	 isolates	 Fo17	
(Spanish	collection)	and	Fo57	(U.S.A.	collection)	colonized	roots	to	a	higher	extent	
than	Fo47.	
	
Most	Fo	strains	confer	resistance	against	Fusarium	wilt	to	a	similar	extent	as	
Fo47	
	
Next,	the	capability	of	the	41	Fo	strains	to	confer	resistance	against	Fusarium	wilt	
disease	 in	 tomato	was	 determined	 by	 scoring	 disease	 symptoms	 and	 plant	 fresh	
weight.	Consistently	among	all	bioassays,	Fo47	reduced	disease	symptom	severity,	
as	based	on	the	amount	of	vascular	browning,	caused	by	Fol4287	(Figure	2a,	b,	c).	
Variability	 in	 the	 levels	 of	 disease	 suppression	 conferred	 by	 Fo47	was	 observed	
between	experiments.	Notably,	in	experiments	where	Fo47	colonized	tomato	roots	
to	a	lesser	extent,	it	also	appeared	to	suppress	disease	development	less	well	(Figure	
1a,	Figure	2a).	
By	performing	a	stringent	statistical	Kruskall-Wallis	test,	out	of	the	40	Fo	strains	only	
two	 strains,	 Fo2	 and	 Fo3,	 conferred	 less	 Fusarium	 wilt	 suppression	 than	 Fo47	
(*P<0.05,	***P<0.0001).	All	endophytic	Fo	strains	isolated	from	grass	roots	(Figure	
2b)	and	 from	tomato	plants	 (Figure	2c)	conferred	resistance	 to	a	 level	 similar	as	
Fo47.	
	
Fo3	 is	 a	poor	 tomato	 root	 colonizer	 and	does	not	 confer	protection	 against	
Fusarium	wilt	disease	
	
To	confirm	 the	 initial	observations	 that	Fo1,	Fo3,	Fo4,	Fo8,	Fo10,	Fo11,	Fo17	and	
Fo57	colonize	to	a	different	degree	than	Fo47	and/or	protect	 less	well	than	Fo47	
against	Fusarium	wilt	disease,	these	strains	were	retested	in	a	second	bioassay.		
As	 before,	 co-inoculation	 of	 Fo47	 with	 Fol4287	 reduced	 disease	 severity	 as	
compared	 to	single	 inoculation	with	Fol4287	(Figure	3a,	b).	Moreover,	plants	co-
inoculated	 with	 Fo47	 and	 Fol4287	 had	 higher	 fresh	 weight	 than	 tomato	 plants	
inoculated	only	with	Fol4287	(Figure	3	b).	A	Kruskal-Wallis	test	with	Dunn’s	test	for	
multiple	comparisons	using	Fo47:Fol4287	as	control	group,	revealed	that	only	sole	
Fol4287	inoculation	resulted	in	a	statistically	different	fresh	weight	of	tomato	plants	
(P<0.0001).	However,	when	Fol4287	was	used	as	reference	instead	of	Fo47:Fol4287,	
then	plants	inoculated	with	Fo3:Fol4287	and	Fo1:Fol4287	had	similar	fresh	weight	
as	plants	solely	inoculated	with	Fol4287	(Figure	3b).		
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In	 line	with	 these	 observations,	 Fo1:Fol4287	 and	 Fo3:Fol4287	 inoculations	were	
found	to	result	in	disease	symptoms	similar	as	Fol4287	inoculation	(Kruskal-Wallis	
test,	Dunn’s	test	for	multiple	comparisons,	P=0.2131and	P=0.2303).	The	combined	
data	on	disease	symptoms	from	the	different	experiments	confirms	that	Fo3	does	not	
confer	EMR	(Figure	S1a,	b).		
Biomass	 quantification	 of	 inoculated	 tomato	 roots	 by	 qPCR	 confirmed	 the	
observations	that	Fo3	and	Fo4	are	poor	tomato	root	colonizers,	but	surprisingly	Fo8	
was	not.	Additionally,	Fo10,	Fo11,	Fo17	and	Fo57,	which	were	found	previously	to	
colonize	to	a	higher	degree	than	Fo47,	colonized	to	a	similar	 level	as	Fo47	in	this	
experiment.	 This	 difference	 in	 relative	 endophytic	 colonization	 of	 tomato	 roots	
between	experiments	could	be	due	to	the	fact	that	in	the	bioassays	where	Fo10,	Fo11,	
Fo17	and	Fo57	were	tested	for	the	first	time,	Fo47	colonization	level	was	quite	low	
(and	not	 statistically	 significant	compared	with	mock	 treatment).	Taken	 together,	
our	 results	 imply	 that	Australian	strains	Fo3	and	Fo4	are	consistently	poor	 root-
colonizers	as	compared	to	the	other	38	Fo	strains	analyzed	and	the	Fo47	reference.	
Moreover,	Fo3	does	not	confer	protection	against	Fusarium	wilt	of	tomato.		
	
Discussion	
	
Many	Fo	strains	have	been	reported	to	colonize	roots	and	to	confer	resistance	against	
Fusarium	wilt	(Bao	et	al.,	2004;	Demers	et	al.,	2015).	However,	a	clear	correlation	
between	Fo	endophytic	colonization	and	their	capability	to	suppress	disease	has	not	
been	established.	Here,	we	show	that	most	of	the	Fo	isolates	(38/40)	from	a	diverse	
collection	colonize	roots	and	suppress	Fusarium	wilt	to	an	extent	similar	as	the	well-
characterized	biocontrol	strain	Fo47.	
No	endophytic	Fo	strain	was	observed	to	consistently	colonize	tomato	roots	more	
extensively	than	Fo47.	It	is	likely	that	the	plant	actively	limits	the	colonization	level	
by	Fo.	Microbiome	studies	of	Arabidopsis	and	rice	roots	indicate	that	not	all	microbes	
can	enter	the	root	interior	and	that	the	root	surface	has	a	“gating	role”	(Edwards	et	
al.,	 2015;	 Duran	 et	 al.,	 2018).	 We	 found	 two	 strains,	 Fo3	 and	 Fo4,	 which	 were	
consistently	poor	 tomato	root	colonizers.	Sporulation,	germination	and	growth	of	
Fo4	on	PDA	plates	was	indistinguishable	from	that	of	the	other	strains,	while	Fo3	
was	found	to	be	sporulate	poorly	two	out	of	three	times	(data	not	shown).	However,	
other	 fungal	 isolates	 that	 sporulated	 poorly	 (Fo74,	 Fo69,	 Fo16)	 did	 not	 colonize	
worse	than	Fo47,	indicating	that	there	is	no	strong	correlation	between	the	ability	to	
sporulate	on	plate	and	 the	ability	 to	colonize	 tomato	roots	effectively.	 It	 is	 likely,	
therefore,	that	the	low	colonization	capability	of	Fo3	an	Fo4	is	due	to	their	specific	
interactions	 with	 the	 host.	 This	 is	 the	 case	 of	 roots	 colonized	 by	 arbuscular	
mycorrhiza	(AM)	fungi,	where	three	plant	transcription	factors	have	been	described	
to	be	involved	in	the	degree	of	AM	colonization	(Pimprikar	&	Gutjahr,	2018).	The	two	
poor	colonizing	Fo	strains	could	lack,	or	fail	to	express,	key	factors	required	for	colo-	
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Figure	2.	Most	Fo	strains	trigger	resistance	against	Fusarium	wilt	in	tomato	to	a	similar	level	as	
Fo47.	Disease	symptoms	of	tomato	plants	which	were	inoculated	when	ten	days	old	with	Fol4287	or	co-
inoculated	with	Fo	strains	from	a)	Australian	soils,	b)	grass	roots	from	Spain	or	c)	tomato	plants	from	the	
U.S.A.	 Data	were	 analyzed	 by	Kruskal-Wallis	 test	 using	 Fo47:Fol4287	 treatment	 as	 control	 group	 and	
corrected	for	multiple	comparisons	using	Dunn’s	test.	
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Figure	3.	Fo3	colonizes	tomato	roots	poorly	and	does	not	protect	against	Fusarium	wilt	disease.	a)	
Pictures	of	representative	tomato	plants	three	weeks	after	inoculation	with	Fol4287	only	or	together	with	
the	endophytic	strain	Fo3,	Fo1,	Fo4,	Fo10,	Fo8,	Fo11,	Fo17	or	Fo57.	Fresh	weigh	above	cotyledon	level	(b)	
and	disease	symptoms	(c)	were	scored	three	weeks	after	inoculation.	Fresh	weight	data	were	analyzed	
using	Kruskal-Wallis	test	with	a	Dunn’s	multiple	comparisons	test	where	Fol4287	was	defined	as	control	
group.	 d)	 Relative	 quantification	 of	 Fo	 in	 tomato	 roots	 three	 weeks	 after	 inoculation.	 Relative	
quantification	data	were	analyzed	by	performing	one-way	ANOVA	with	uncorrected	Fisher’s	LSD,	where	
Fo47	was	defined	as	control	group.	One	data	point	from	Fo1	was	removed	from	the	graph	but	not	from	
the	analysis.	Error	bars	represent	standard	deviation	(*P<0.05,	**P<0.01).	
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-nization.	 Another	 possibility	 is	 that	 these	 isolates	 share	 (a)	 factor(s)	 that	 could	
trigger	 immune	 responses	 impairing	 root	 colonization.	 These	 hypotheses	 can	 be	
tested	by	determining	the	colonization	ability	of	Fo3	and	Fo4	on	other	plant	species	
in	 comparison	 to	 other	 Fo	 strains.	Moreover,	monitoring	 the	 infection	 process	 of	
these	 strains	 on	 various	 hosts	 may	 elucidate	 at	 which	 step	 the	 colonization	 is	
arrested	(entry	point,	or	colonization	of	the	cortex	etc.).	Finally,	identification	of	their	
“effectoromes”	and	comparison	with	the	effectorome	of	the	other	Fo	strains	(chapter	
4)	can	identify	candidate	genes	whose	presence	or	absence	affects	host	colonization.	
These	 candidate	 genes	 could	 be	 either	 knocked	 out	 or	 complemented	 to	 assess	
whether	 they	 affect	 the	 colonization	 potential	 and	 biocontrol	 properties	 of	 the	
modified	strains.	If	validated,	investigation	of	the	effector-targets	in	the	host	would	
help	 to	understand	 the	 interaction	between	endophyte	and	host	at	 the	molecular	
level.	
We	found	that	most	Fo	strains	triggered	EMR	to	a	similar	level	as	Fo47.	This	broad	
capability	of	endophytic	Fo	to	confer	resistance	against	Fusarium	wilt	disease	agrees	
with	a	previous	study,	in	which	305	Fo	strains	were	found	to	fit	a	normal	distribution	
for	 their	 ability	 to	 suppress	 Fusarium	wilt	 in	 tomato.	 Only	 less	 than	 ten	 strains	
provided	 a	 good	 or	 very	 poor	 disease	 suppression	 (Bao	 et	 al.,	 2004).	We	did	 not	
identify	Fo	 isolates	 that	 conferred	a	 stronger	protection	against	wilt	disease	 than	
Fo47,	and	only	Fo3	that	did	less.	Fo3	was	not	only	incapable	of	suppressing	Fusarium	
wilt	disease	but	was	also	poor	root	colonizer.	However,	Fo4,	another	poor	colonizer,	
still	 suppressed	disease,	albeit	 less	 strongly	 than	 Fo47.	Additionally,	Fo1,	 despite	
having	a	similar	high	colonization	level	as	Fo47,	triggered	less	resistance	than	Fo47.	
This	suggests	that	while	endophytic	colonization	may	be	important	for	the	capability	
of	triggering	disease	suppression	in	tomato,	this	is	unlikely	to	be	the	major	factor.	
Further	analysis	of	 these	 three	strains	 (Fo1,	Fo3	and	Fo4)	could	provide	clues	 to	
understanding	what	determines	root	colonization	capacity	and	disease	suppression	
by	Fo	at	the	molecular	level.	Initial	effectorome	analysis	of	these	strains	suggests	that	
it	is	not	the	number	of	candidate	effectors	genes,	and	therefore	it	could	the	presence	
or	absence	of	specific	effectors	or	other	proteins,	or	even	small	RNAs	(chapter	4).		
Altogether,	 our	 results	 suggest	 that	 root	 colonization	 and	 disease	 suppression	
against	Fusarium	wilt	by	Fo	is	a	common	trait	among	Fo	isolates.	This	common	trait	
may	 be	 of	 relevance	 in	 disease	 management	 practices,	 as	 Fo	 endogenous	 to	 a	
particular	 soil	 could	 be	 a	 employed	as	a	 biocontrol	 agent,	 and	 introduction	 of	Fo	
isolates	from	other	regions	or	continents	would	not	be	necessary.	
	
Material	and	methods	
	
Plant	lines	and	fungal	strains	
	
Bioassays	were	performed	using	susceptible	tomato	(Solanum	lycopersicum	cultivar	
C32)	in	a	climate-controlled	greenhouse	with	a	day-night	temperature	of	25oC,	16	h	
light/	 8	 h	 dark	and	 a	 relative	 humidity	 of	 65%.	The	wild-type	 pathogen	 Fol4287	
(sFP801)	 (Di	 Pietro	 et	 al.,	 2003)	 and	 the	 Fo47	 (sFP730)	 (Alabouvette,	 1987)	
endophyte	were	used	in	all	experiments.	Additionally,	40	Fo	strains	for	which	whole	
genome	sequences	were	available	were	used	(chapter	4).	Out	of	these	40	strains,	15	
strains	were	isolated	from	Australian	soils	Fo1-Fo15	(Rocha	et	al.,	2016),	11	strains	
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(Fo16,	Fo17,	Fo20,	Fo24,	Fo26,	Fo29,	Fo35,	Fo39,	Fo41,	Fo44,	Fo45)	were	isolated	
from	Festuca	rubra	roots	from	Spain	(Pereira	et	al.,	2019)	and	15	strains	(Fo46,	Fo48,	
Fo49,	Fo52,	Fo53,	Fo54,	Fo57,	Fo58,	Fo59,	Fo63,	Fo65,	Fo68,	Fo69,	Fo74,	Fo75)	were	
isolated	from	non-diseased	tomato	plants	growing	in	the	U.S.A.	(Demers	et	al.,	2015).	
	
Fusarium	inoculation	and	disease	scoring	
	
Fungal	strains	were	inoculated	directly	from	glycerol	stocks	on	Potato	Dextrose	Agar	
(PDA)	plates	and	incubated	for	seven	to	ten	days	at	25°C	in	the	dark.	From	these	
plates,	an	agar	plug	was	transferred	to	100mL	of	minimal	media	(1%	KNO3,	0.17%	
Yeast	 Nitrogen	 Base	 without	 amino	 acids	 and	 ammonia	 and	 3%	 sucrose)	 and	
incubated	at	150	rpm	for	3-5	days	at	25°C.	Subsequently,	the	NO3	medium	containing	
the	spores,	was	filtered,	centrifuged,	washed	with	sterile	MiliQ-water,	and	finally	the	
spores	were	resuspended	in	sterile	MiliQ-water.	The	spore	suspension	was	adjusted	
to	 reach	a	 final	 concentration	 of	 107	 spores/ml	 or	 107	 spores/ml:	 107	 spores/ml	
(ratio	 1:1)	 for	 co-inoculation	 treatments.	 Ten-day-old	 tomato	 seedlings	 were	
uprooted,	washed	and	their	roots	were	trimmed	and	dipped	in	spore	suspension	for	
five	minutes.	Next,	inoculated	seedlings	were	replanted	and	three	weeks	afterwards	
fresh	 weight	 and	 disease	 index	 of	 the	 plantlets	 was	 assessed	 as	 described	
(Constantin	et	al.,	2019).		
	
Analysis	of	fungal	colonization	by	quantitative	PCR		
	
Tomato	roots	were	harvested	three	weeks	after	inoculation	as	described	(chapter	2).	
In	short,	soil	was	removed	from	the	roots	using	water,	and	roots	were	immediately	
snapped-frozen	in	liquid	nitrogen,	followed	by	overnight	freeze-drying.	The	frozen	
roots	were	ground	in	liquid	nitrogen	using	a	mortar.	Approximately	100	mg	of	the	
resulting	powder	was	used	for	gDNA	isolation	and	purification	using	the	GeneJET	
plant	Genomic	purification	Kit	(Thermo	Scientific).	DNA	concentration	and	quality	
were	 estimated	 by	 spectroscopy	 using	 a	 Nanodrop	 (Thermo	 Scientific),	 and	 by	
agarose	 gel	 electrophoresis.	 Each	 10	 µl	 qPCR	 reaction	 contained	 10ng	 of	 gDNA	
template,	10	pM	of	each	primer	and	2	µl	of	HOT	FirePolEvaGreen	q	PCR	Mix	Plus	
(Solis	BioDyne).	The	primer	sequences	for	plant	tubulin	FP2147,	FP2148	and	for	IGS	
FP8498,	FP8499	and	the	cycling	program	and	melting	curve	analysis	was	performed	
as	 stated	 previously	 (chapter	 2).	 For	 each	 biological	 sample,	 three	 technical	
replicates	were	 performed	 and	 data	was	 normalized	 to	 plant-tubulin	 expression	
levels	using	qbase	+3.3.	
	
Statistical	analyses	
	
Bioassay	data	(fresh	weight,	disease	index)	was	analyzed	using	a	Kruskal-Wallis	and	
Fo47:Fol4287	 was	 defined	 as	 control	 group	 if	 not	 stated	 otherwise.	 The	 mean	
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colonization	data	of	each	treatment	was	compared	with	the	mean	of	Fo47	(control	
group)	 by	 performing	 a	 one-way	 ANOVA.	 All	 data	 was	 analyzed	 in	 PRISM	 7.0	
(GraphPad).	
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Abstract	
	
One	key	aspect	of	how	plants	respond	to	fungal	colonization	is	by	altering	their	
carbohydrate	 metabolism.	 Fungal	 endophytes	 and	 pathogens	 can	 induce	 the	
formation	of	an	additional	sucrose	sink	–	or	increase	the	sink	strength	–	at	their	
infection	site.	Here,	we	set	to	determine	if	and	how	carbohydrate	metabolism	in	
tomato	 leaves	 responds	 to	 inoculation	 of	 roots	 with	 endophytic	 Fusarium	
oxysporum	(Fo)	isolates,	tomato	pathogen	Fo.	 fsp.	 lycopersici	(Fol),	or	upon	co-
inoculation	of	the	endophyte	endophytic	Fo	and	Fol.	Our	results	show	that	cell	
wall	 and	 vacuolar	 invertase	 activity	 as	 well	 as	 glucose-6-phosphate-
dehydrogenase	 (G6PDH)	 activity	 increased	 in	 leaves	 of	 Fol-infected	 tomato	
plants,	 possibly	 by	 the	 formation	 of	 an	 additional	 sink.	 However,	 endophytic	
inoculation	 or	 co-inoculation	 of	 Fo47	 and	 Fol	 did	 not	 alter	 carbohydrate	
metabolism	in	tomato	leaves.	
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Introduction	
	
Plants	convert	atmospheric	CO2,	water	and	solar	energy	into	sugars	such	as	sucrose.	
Only	green	tissues,	known	as	source	tissues,	are	able	to	produce	sucrose	and	this	is	
transported	via	the	phloem	to	sink	tissues.	Sucrose	moves	mostly	from	cell	to	cell	
though	 the	 plasmodesmata,	 however	 it	 can	 also	 be	 exported	 to	 the	 apoplast	 and	
follow	 the	 apoplastic	 route.	 Cells	 can	 import	 sucrose	 directly	 via	 SUTs	 (sucrose	
transporters)	or	SWEETs	(sugars	will	eventually	be	exported	transporters)	(Doidy	
et	al.,	2012).	If	sucrose	is	hydrolyzed,	the	resulting	monosaccharides	are	taken	up	by	
monosaccharide	transporters	(MSTs)	(Doidy	et	al.,	2012).	Sucrose	hydrolysis	can	be	
catalyzed	 by	 two	 different	 enzymes:	 sucrose	 synthase	 and	 invertase.	 Sucrose	
synthase	catalyzes	both	sucrose	synthesis	and	degradation	into	fructose	and	UDP-
glucose.	 Invertases	catalyze	 the	irreversible	cleavage	of	 sucrose	 into	 fructose	and	
glucose.	Based	on	their	subcellular	localization	and	their	optimal	pH,	invertases	have	
been	divided	into	neutral	or	cytosolic	 invertases	(CytInvs,	neutral	 invertases)	and	
two	types	of	acidic	invertases:	vacuolar	invertases	(VacInvs)	and	cell	wall	invertases	
(CWInvs)	(Tauzin	&	Giardina,	2014).	
VacInvs	seem	to	be	important	for	controlling	hexose	composition	in	fruits	(Klann	et	
al.,	1996),	while	the	role	of	CytInv	is	not	well	understood.	For	CWInvs,	multiple	roles	
have	 been	 described	 (Roitsch	 &	 Gonzalez,	 2004).	 By	 hydrolyzing	 sucrose	 in	 the	
apoplast	 of	 sink	 tissues,	 CWInvs	 cause	 a	 sucrose	 gradient	 which	 results	 in	 the	
mobilization	of	sucrose	from	source	to	sink	tissue.	Upon	microbial	invasion	of	a	plant,	
the	sucrose	flux	between	source	and	sink	tissue	is	altered.	Various	studies	describe	
that	 pathogen	 infection	 induces	 expression	 of	 CWInvs	 and/or	 increased	 CWInv	
activity	in	infected	tissues	(Tauzin	&	Giardina,	2014).	The	increased	CWInv	activity	
in	the	apoplast	can	affect	long-distance	sucrose	transport	to	this	potential	new	sink	
formed	by	the	presence	of	the	pathogen	(Schultz	et	al.,	2013).	The	hexoses	formed	
by	CWInv	activity	are	beneficial	 for	 the	plant	 since	 these	hexoses	can	be	used	as	
precursors	 for	 molecules	 that	 can	 limit	 further	 pathogen	 colonization	 (e.g.	 by	
formation	of	lignin	and	callose	formation)	or	act	as	signaling	molecules	activating	the	
expression	 of	 pathogenesis-related	 genes	 (Tauzin	 &	 Giardina,	 2014).	 For	 the	
pathogen,	this	new	hexose	pool	can	be	seen	both	as	a	potential	food	source	and	as	a	
threat	due	to	its	potential	of	activating	plant	defense.	Some	pathogens	seem	to	have	
developed	mechanisms	 to	 target	 host	 CWInv	 or	 SWEETs	 to	 prevent	 activation	 of	
sugar-induced	defenses	(Chen	et	al.,	2010;	Sonnewald	et	al.,	2012).		
The	 Fusarium	 oxysporum	 (Fo)	 species	 complex	 encompasses	 endophytes	 and	
pathogens.	 Pathogenic	 Fo	 strains	 have	 a	 narrow	 host	 range	with	more	 than	 100	
formae	speciales	(ff.	spp.)	described	causing	wilt-	or	root-rot	diseases	(Edel-Hermann	
&	 Lecomte,	 2019).	 Endophytic	 Fo	 strains	 do	 not	 cause	 disease	 symptoms	when	
apoplastically	colonizing	the	root	cortex,	but	many	strains	can	trigger	endophyte-
mediated	resistance	(EMR)	against	Fusarium	(Fravel	et	al.,	2003;	Constantin	et	al.,	
2019;	de	Lamo	&	Takken,	2020)	
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Tomato	wilt-causing	Fo	f.sp.	 lycoperici	(Fol)	strains	colonizes	tomato	roots	mainly	
intercellularly,	eventually	reaching	the	xylem	vessels	(Di	Pietro	et	al.,	2003).	Root	
colonization	by	Fol	 induces	CWInv	accumulation	in	both	susceptible	and	resistant	
tomato	plants,	but	much	more	abundantly	in	susceptible	plants	(Benhamou	et	al.,	
1991).	 How	 root	 colonization	 by	 Fo	 endophytic	 affects	 sucrose	 flux	 is	 currently	
unknown.	Here,	we	performed	activity	measurements	of	 11	 enzymes	 involved	 in	
carbohydrate	metabolism	in	tomato	leaves	from	plants	infected	with	endophytic	Fo,	
pathogenic	Fol	strain	and	plants	co-inoculated	with	both	endophyte	and	pathogen.	
Our	 results	 show	 that	 tomato	 leaves	 respond	 to	 Fol	 infection	 by	 increasing	 the	
activity	of	CWInv,	VacInv	and	G6PDH,	but	do	not	respond	to	endophytic	colonization	
or	to	co-inoculation	of	endophytic	and	pathogenic	Fo.	
	

Results	
	
Enzymatic	activity	reflecting	primary	metabolism	in	tomato	leaves	was	measured	to	
determine	 if,	 and	 if	 so	 how,	 plants	 responded	 to	 endophytic	 and	 pathogenic	
colonization	by	Fo.	Ten-days	old	tomato	roots	were	incubated	with	water	(mock),	Fo	
endophytes	(Fo47,	Fom,	Fo),	a	pathogenic	Fol	or	co-inoculated	with	Fo47	and	Fol.	
Three	weeks	post	inoculation	the	first	true	leaf	of	each	plant	was	harvested	and	used	
for	protein	extraction.	Leaves	harvested	from	Fol-	and	co-inoculated	tomato	plants	
were	 harvested	 from	plants	 that	 displayed	 representative	 disease	symptoms,	but	
sampling	 from	 very	 small	 plants	 was	 avoided	 to	 ensure	 harvesting	 of	 enough	
material	(Figure	S1).	By	using	the	semi-high	throughput	96-well	format	previously	
established	(Jammer	et	al.,	2015)	it	was	possible	to	monitor	enzymatic	activity	of	11	
different	enzymes	(FK,	Aldo,	PGM,	AGPase,	HK,	UGPase,	PGI,	G6PDH,	CWInv,	VacInv,	
CytInv)	in	the	same	homogenate.	Plants	infected	with	Fol	showed	consistently	a	two-
fold	increased	activity	of	G6PDH	and	VacInv,	and	an	almost	three-fold	increase	of	
CWInv	as	compared	with	water-treated	plants	(Figure	1a-f).	Co-inoculation	of	Fo47	
with	Fol	resulted	in	an	increased	VacInv	activity	as	compared	with	mock	treatment	
(Figure	1c),	however	this	effect	was	not	observed	in	a	second	repetition	(Figure	1d).	
Fol	treatment	did	not	affect	the	enzymatic	activities	of	Aldo,	PGM,	UGPase	and	CytInv	
(Figure	S2	b,	c,	f,	h,	Figure	S3	b,	c,	f,	h),	or	the	increase	of	enzymatic	activity	was	not	
consistent	across	experiments	in	the	case	of	FK,	AGPase,	HK	and	PGI	(Figure	S2	a,	d,	
e,	g	Figure	S3	a,	d,	e,	g).	Similarly,	endophytic	Fo	and	co-inoculation	of	Fo47	and	Fol	
did	not	affect	the	enzymatic	activities	of	FK,	Aldo,	PGM,	AGPase,	HK,	UGPase,	PGI	and	
CytInv	 (Figure	 S2a-h,	 Figure	 S3a-h).	 Taken	 together,	 these	 results	 show	 that	
endophytes	or	co-inoculation	of	Fo47	and	Fol	did	not	alter	the	activity	of	primary	
metabolism	 enzymes	 in	 tomato	 leaves,	 while	 infection	 with	 Fol	 consistently	
increased	G6PDH,	VacInv	and	CWInv	activities	as	compared	to	mock-treated	plants	
(Figure	2).		
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Discussion	
	
Enzymatic	 activity	 measurements	 in	 tomato	 leaf	 extracts	 revealed	 that	 G6PDH,	
CWInv	and	VacInv	activity	increased	in	Fol-treated	plants	as	compared	to	the	mock.	
Endophytes	 or	 co-inoculation	 of	 Fo47	with	 Fol	 did	 not	 (consistently)	 alter	 these	
activities.	

	
Figure	1.	Tomato	plants	 inoculated	with	 Fol	respond	by	upregulation	 the	enzymatic	activity	of	
G6PDH	and	Vac-	CWInv	 in	tomato	leaves.	Enzyme	activities	of	a,	b)	G6PDH,	c,d)	VacInv,	e,f)	CWInv.	
Lines	in	boxes	represent	the	mean	(five	biological	replicates	with	three	technical	replicates)	and	whiskers	
minimum	and	maximum	value.	Significant	differences	between	mock	are	represented	(**P<	0.01,	***P<	
0.001,	****,	***P<	0.0001),	and	were	obtained	by	performing	one-way	ANOVA	with	Dunnett’s	multiple	
comparison	test.	Abbreviations	G6PDH:	glucose-6-phospate-dehydrogenase;	VacInv:	vacuolar	invertase;	
CWInv:	cell	wall	invertase.	Data	presented	in	a,c,e	belong	to	the	first	experiment	while	data	represented	
in	b,d,f	corresponds	to	the	repetition.		
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Both	 endophytic	 and	 pathogenic	 Fo	 strains	 rely	 on	 organic	 compounds	 in	 the	
apoplast	for	their	growth	and	proliferation.	Notably,	endophytic	Fo	strains	colonize	
tomato	roots	and	stems	to	a	much	lesser	extent	than	Fol	(chapter	2).	Colonization	of	
susceptible	tomato	roots	by	Fol	has	been	reported	to	co-localize	with	an	increased	
CWInv	activity	(Benhamou	et	al.,	1991).		
It	 is	 likely	 that	 at	 later	 stages	 of	 infection,	 Fol	 induces	 additional	 sinks	when	 its	
spreads	 into	 the	 upper	 plant	 parts.	When	 harvesting	 leaves	 from	 Fol-inoculated	
tomato	 plants	 most	 showed	 vascular	 browning	 at	 the	 petiole	 (data	 not	 shown),	
suggesting	the	presence	of	Fol	in	these	tissues.	Fo	endophytes	are	unlikely	to	induce	
additional	sinks	as	they	colonize	tomato	plants	to	a	lesser	extent	and	rarely	reach	the	
crown	or	 stem	base	 (chapter	 2).	Most	 likely,	 endophytes	 can	 only	 influence	 sink	
strength	locally	in	tomato	roots,	which	in	in	line	with	the	unaltered	CWInv	activity	
observed	upon	their	inoculation.	Interestingly,	co-inoculation	of	Fo47	with	Fol	also	
did	not	affect	the	level	of	CWInv	activity	in	leaves.	This	could	be	due	to	the	ability	of	
Fo47	 to	 limit	Fol	 colonization	 in	 tomato	roots	and	stems,	preventing	 the	 latter	 to	
induce	additional	sink	tissues	(Schultz	et	al.,	2013).	

	
Figure	2.	Model	of	primary	carbohydrate	metabolism.	 In	bold	are	 represented	 the	enzymes	whose	
enzymatic	activity	has	been	analyzed	in	this	study.	In	red	are	the	enzymes	whose	enzymatic	activity	was	
found	to	be	upregulated	in	leaves	of	Fol-treated	plants	compared	to	the	mock	treatment.	In	blue	are	the	
enzymes	 whose	 enzymatic	 activity	 was	 not	 analysed	 in	 this	 study.	 Abbreviations:	 ADP:	 adenosine	
triphosphate;	 AGPase:	 ADP-glucose	 pyrophosphorylase;	 Aldo:	 aldolase;	 CWInv:	 cell	 wall	 invertase;	
CytInV:	 cytosolic	 invertase;	 DHAP:	 dihydroxyacetone	 phosphate;	 FK:	 fructokinase;	 Fru:	 fructose;	 G3P:	
glyceraldehyde-3-phosphate;	 G6PDH:	 glucose-6-phosphate-dehydrogenase;	 Glu:	 glucose;	 HK:	
hexokinase;	P:	phosphate;	PFK:	 fructokinase;	PFK:	phosphofructokinase;	PGI:	phosphoglucoisomerase;	
PGM:	phosphoglucomutase;	Suc:	Sucrose;	SuSy:	Sucrose	synthase;	UDP:	uracyl	diphosphate;	UGPase:	UDP-
glucose	pyrophosphorylase;	VacInv:	vacuolar	invertase.	
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Increased	CWInv	activity	in	tomato	leaves	is	expected	to	increase	levels	of	fructose	
and	glucose	in	the	apoplast.	Possibly	these	monosaccharides	can	be	taken	up	by	Fol	
and	used	for	its	growth	and	development	in	the	nutrient-poor	xylem.		
Fol	colonization	also	increased	VacInv	activity	in	tomato	leaves	(Figure	1).	It	possible	
that	 the	resulting	monosaccharides	 in	 the	vacuole	are	 transported	 to	 the	cytosol,	
thereby	increasing	the	cytoplasmic	hexose	pool.	G6PDH	activity	has	been	shown	to	
be	influenced	by	the	hexose	concentration	(Hauschild	&	von	Schaewen,	2003),	which	
could	 explain	 the	 increased	 G6PDH	 activity	 observed	 in	 the	 cytosol	 upon	 Fol	
infection.	 Interestingly,	 G6PDH	 is	 the	 rate	 limiting	 step	 to	 the	 pentose	 phosphate	
pathway,	and	an	increase	of	G6PDH	activity	would	generate	an	increase	of	erythrose-
4-phosphate,	 which	 is	 one	 of	 the	 substrates	 for	 generating	 chorismate	 by	 the	
Shikimate	pathway.	Chorismate	can	be	used	as	a	precursor	to	generate	SA,	aromatic	
amino	acids	and	lignin	precursors,	where	phenylalanine-ammonia	lyase	(PAL)	is	one	
of	the	key	enzymes	to	catalyze	intermediate	compounds.	PAL	expression	has	been	
shown	to	increase	in	tomato	stems	of	plants	infected	with	Fol	and	also	in	tomato	cell	
suspensions	treated	with	an	elicitor	from	Fol	(Roitsch	et	al.,	2003;	Constantin	et	al.,	
2019).	
Understanding	 how	 endophytic	 and	 pathogenic	 colonization	 affects	 the	 primary	
metabolism	of	their	hosts,	does	not	only	reveal	the	‘metabolic	cost’	of	infection	but	
also	 its	 significance	 in	 affecting	 crop	 yield.	 Here,	 we	 show	 that	 endophytic	 Fo	
colonization,	 and	 co-inoculation	 of	 both	 endophyte	 and	 pathogen	 does	 not	 alter	
carbohydrate	 metabolism	 in	 leaves,	 whereas	 Fol	 does	 affect	 this	 metabolism,	
possibly	by	generating	additional	sucrose	sinks.		
	

Material	and	methods	
	
Plant	and	fungal	strains		
	
Tomato	plants	(Solanum	lycopersicum)	of	cultivar	C32	were	grown	in	the	greenhouse	
at	25°C,	16	h	light/dark	conditions	and	relative	humidity	of	65%.	The	endophytic	
strain	 Fo47	 (sFP730,	 (Alabouvette,	 1987),	 the	 tomato	 pathogenic	 strain	 Fo	 f.sp.	
lycoperisici	4287	(Fol,	sFP801,	(Di	Pietro	et	al.,	2003),	the	melon	pathogenic	strain	
Fo	f.sp.	melonis	001	(Fom001,	sFP3748,	(Ma	et	al.,	2014)	and	a	strain	lacking	lineage	
specific	chromosomes	(Fo,	sFP4132)	(van	Dam	et	al.,	2017)	were	grown	on	potato	
dextrose	agar	(PDA)	plates	for	seven	days	in	the	dark	at	25°C.		
	
Bioassays	
	
Roots	of	ten-days	old	uprooted	tomato	seedling	were	dipped	for	five	minutes	in	a	
recipient	containing	water	(mock	treatment)	or	fungal	inoculum.	Fungal	inoculum	
was	obtained	by	filtering	spores	from	a	culture	that	had	been	grown	for	three	to	five	
days	on	minimal	media	(1%KNO3,	3%	sucrose,	0.17%	yeast	nitrogen	base	without	
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amino	 acids	 and	 ammonia,	 incubated	 at	 25°C,	 150	 rpm).	 The	 filtrates	 were	
centrifuged,	washed	 once	with	 sterile	Milli-Q	water,	 and	diluted	 in	 sterile	Milli-Q	
water	to	reach	the	concentration	of	107	spores/ml	for	single	inoculation	treatment	
or	 107	 spores/ml:	 107	 spores/ml	 (ratio	 1:1)	 for	 the	 co-inoculation	 treatment	
(Constantin	et	al.,	2019).	After	inoculation,	tomato	seedlings	were	potted	and	three-
weeks	 post	 inoculation	 the	 first	 true	 leaf,	 was	 harvested	 and	 immediately	 snap-
frozen	in	liquid	nitrogen.		
	
Total	protein	extraction	
	
Tomato	leaves	were	ground	in	a	mortar	cooled	with	liquid	nitrogen	and	0.25-0.3	g	of	
ground	material	was	placed	in	a	2	ml	Eppendorf	tube	with	0.1%	PVPP.	The	rest	of	
the	 protein	 extraction	 took	 place	 at	 4°C	 using	 precooled	 buffers	 as	 described	
(Jammer	et	al.,	2015).	In	brief,	1	ml	of	extraction	buffer	(40	mM	Tris	HCl	pH	7.6,	1	
mM	 EDTA,	 0.1	 mM	 PMSF,	 1	 mM	 benzamidine,	 24	 µM	 NADP,	 14	 mM	 b-
mercaptoethanol)	 was	 added	 and	 samples	 were	 mixed	 for	 approximately	 30	
minutes.	 The	 homogenate	 was	 centrifuged	 at	 20,000	 g	 for	 40	 minutes,	 and	 the	
supernatant	was	collected	to	a	fresh	pre-cooled	tube	as	“crude	extract”.	The	pellet	
was	washed	three	times	with	1	ml	of	cold	double	distilled	(dd)	H2O	and	resuspended	
in	1	ml	of	salt	buffer	(40	mM	Tris	HCl	pH	7.6,	1	mM	EDTA)	by	mixing	overnight	using	
a	tube	rotator.	The	resuspended	pellet	was	centrifuged	at	10,000	g	for	10	minutes	
(or	until	clear)	and	the	supernatant	was	taken	to	fresh	tube	as	“cell-wall	extract”.	
Both	crude	and	cell-wall	extracts	were	dialyzed	overnight	 in	buffer	containing	20	
mM	KPO4	pH	7.4.	The	dialysis	buffer	was	changed	after	2	hours,	and	one	more	after	
3	hours.	The	dialyzed	crude	and	cell-wall	extracts	were	divided	in	0.2	µl	aliquots	and	
immediately	snap-frozen	in	liquid	nitrogen	and	stored	at	-20°C,	until	further	use.	
	
Enzymatic	activity	measurements	
	
For	 determining	 enzymatic	 activity	 (fructokinase,	 aldolase,	 phosphofrutokinase,	
phosphogluoisomerase,	 phoshoglucomutase,	 AGPase,	 UGPase	 and	 Glucose-6-
phosphate-dehydrogenase),	5	µl	of	dialyzed	crude	extract	was	added	to	a	96-well	
plate	 (Greiner)	 and	 incubated	 at	 30°C	 for	 20	 min	 in	 a	 plate	 reader	 (Multiskan,	
Thermo	 Fisher).	 Enzymatic	 assays	 were	 performed	 as	 described	 (Jammer	 et	 al.,	
2015).	Three	technical	replicates	were	performed	for	each	biological	sample,	and	for	
control	reactions	the	substrate	was	omitted.		
	
Invertase	activity	assay	
	
For	 vacuolar	 invertase	 activity	 determination,	 5	 µl	 of	 dialyzed	 crude	 extract	was	
added	 to	 a	 96	 -well	microtiter	 plate	 (Starstedt,	Nümbrecht,	 Germany).	 Each	well	
contained	5	µL	citric	acid-phosphate	buffer	at	pH	4.5	(454	mM	Na2HPO4,	273	mM	



 
 

113 

citric	acid),	5	µl	of	0.1	M	sucrose	and	35	µl	of	ddH2O.	For	measuring	cell	wall	invertase	
activity,	5	µl	of	dialysed	cell	wall	extract	was	used	instead	of	the	crude	extract.	For	
determining	 the	 cytosolic	 invertase	 activity,	 5	 µL	 of	 dialyzed	 raw	 extract	 was	
incubated	in	5	µL	of	citric	acid-phosphate	buffer	pH	6.8	(772	mM	Na2HPO4,	114	mM	
citric	acid),	5	µl	of	0.1	M	sucrose	and	35	µl	of	ddH2O.	For	each	well-plate	a	standard	
curve	 of	 0-50	 nmol	 glucose	 was	 prepared.	 After	 addition	 of	 the	 extract	 to	 the	
prepared	plate,	it	was	incubated	at	37°C	for	30	minutes.	The	reaction	was	stopped	
by	cooling	 the	plate	 in	 ice	 for	5	minutes.	To	each	well	200	µl	of	glucose	oxidase-
peroxidase	(10	U	ml1	GOD,	0.8	U	ml-1	POD)	solution	was	added	and	the	plate	was	
incubated	for	20	minutes	at	room	temperature	followed	by	measuring	the	amount	of	
liberated	glucose	at	405	nm	with	a	plate	reader	(Multiskan,	Thermo	Fisher).	Three	
technical	replicates	were	performed	for	each	biological	sample.	The	control	reaction	
without	the	substrate	(sucrose)	was	performed	only	once	for	each	biological	sample.	
	
Statistics	
	
Enzymatic	 activity	 data	was	 analyzed	 using	 PRISM	 v	 7.0	 by	 performing	 one-way	
ANOVA	with	Dunnett’s	multiple	comparison	test,	where	mock	was	defined	as	control	
group.	
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Figure	S1.	Variation	of	tomato	plants	three	weeks	after	inoculation	with	Fol	or	co-inoculated	with	
Fo47	and	Fol	in	a)	first	experiment	b)	second	experiment.	*	Represents	the	plants	which	were	used	for	
enzymatic	activity	measurements.	Two	samples	from	the	first	experiment	were	obtained	by	mixing	leaf	
material	from	several	plants	due	to	low	amounts	of	material.	
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Figure	S2.	Enzymatic	activity	measurements	in	tomato	leaves	three	weeks	after	inoculation	with	
either	water	(mock),	Fo47,	Fom,	Fo,	Fol	or	co-inoculated	with	Fo47	and	Fol	in	the	first	experiment.	
Abbreviations:	 FK:	 fructokinase;	 Aldo:	 aldolase;	 PGM:	 phosphoglucomutase;	 AGPase:	 ADP-glucose	
pyrophosphorylase;	 HK:	 hexokinase,	 UGPase,	 UDP-glucose	 pyrophosphorylase,	 CytInv:	 cytosolic	
invertase,	PGI:	phosphoglucoisomerase.	Significant	differences	between	mock	are	represented	(**P<	0.01,	
***P<	 0.001,	 ****,	 ***P<	 0.0001),	 and	 were	 obtained	 by	 performing	 one-way	 ANOVA	with	 Dunnett’s	
multiple	comparison	test.	
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Figure	S3.	Enzymatic	activity	measurements	in	tomato	leaves	three	weeks	after	inoculation	with	
either	 water	 (mock),	 Fo47,	 Fom,	 Fo,	 Fol	 or	 co-inoculated	 with	 Fo47	 and	 Fol	 in	 the	 second	
experiment.	Abbreviations:	FK:	fructokinase;	Aldo:	aldolase;	PGM:	phosphoglucomutase;	AGPase:	ADP-
glucose	pyrophosphorylase;	HK:	hexokinase,	UGPase,	UDP-glucose	pyrophosphorylase,	CytInv:	cytosolic	
invertase,	 PGI:	 phosphoglucoisomerase.	 Data	 was	 analyzed	 by	 performing	 one-way	 ANOVA	 with	
Dunnett’s	multiple	comparison	test
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Abstract	
	
Endophytic	 microbes	 conferring	 biocontrol	 are	 an	 eco-friendly	 alternative	 to	
control	 diseases	 in	 crops.	 Unfortunately,	 the	 use	 of	 endophytes	 to	 control	
diseases	 is	 not	 yet	 widespread	 as	 their	 application	 in	 agricultural	 settings	 is	
challenging	 and	 the	 outcome	 variable.	 Translating	 strains	 that	 perform	 good	
under	lab	conditions	to	the	field	poses	several	challenges.	One	is	the	scaling	up	
inoculum	production	in	a	cost-effective	manner.	Here,	we	developed	a	framework	
to	 scale	 up	 inoculum	 production	 of	 Fo47	 and	 assessed	 inoculum	 viability,	
performance	 in	 the	 field	 and	 beneficial	 effects	 for	 potato.	 The	 Fusarium	
oxysporum	 endophyte	Fo47	is	a	well-described	biocontrol	agent,	 isolated	from	
disease	suppressive	soils	in	the	80’s.	Using	mung	bean	medium,	we	could	routine	
produce	 ≈7x108	 spores/mL.	 Using	 60	ml	 of	 inoculum	we	 could	 re-isolate	 the	
fungus	79	days	after	application	from	60-70%	of	the	potato	plants	in	a	potato	
field	 trial	performed	in	Clenze	 (Germany).	The	presence	of	 the	 fungus	did	not	
negatively	affect	plant	yield	or	starch	production,	and	did	not	result	in	increased	
sensitivity	to	endogenous	pathogens.	This	protocol	can	be	used	to	assess	Fo47	
biocontrol	potential	under	field	conditions.	
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Introduction	
	
Many	 phylogenetically	 diverse	 soil-inhabiting	 fungi	 are	 harmless	 endophytic	
colonizers	of	plant	 roots.	Over	 the	 last	 four	decades,	endophytes	have	drawn	 the	
attention	 of	 the	 scientific	 community	as	 some	 enhance	plant	 fitness	 and	 increase	
resilience	to	pathogens	and	abiotic	stresses,	thereby	potentially	reducing	pesticide	
dependency	(Alabouvette,	1986;	Busby	et	al.,	2016;	Ghorbanpour	et	al.,	2018;	Latz	et	
al.,	2018).	
Among	the	diverse	microbiota,	Fusarium	oxysporum	(Fo)	is	ubiquitously	present	in	
soils.	Fo	is	infamous	for	causing	vascular	wilt	diseases	in	over	100	different	crops	
(Edel-Hermann	&	Lecomte,	2019).	In	fact,	Fusarium	wilt	diseases	rank	among	the	
most	devastating	diseases,	constituting	a	significant	agricultural	threat	(Dean	et	al.,	
2012;	Fisher	et	al.,	2012).	However,	most	Fo	strains	are	saprotrophs	and	not	able	to	
cause	disease.	Notably,	wilt-disease	suppressive	soils	carry	Fo	endophytes	able	to	
colonise	 plant	 roots	 that	 confer	 biocontrol	 against	 pathogenic	 Fo	 strains	
(Alabouvette,	1986).	Upon	sterilization	of	these	soils	their	biocontrol	capacity	is	lost,	
but	 this	 can	be	reconstituted	by	supplementing	Fo	strains	 (Tamietti	 et	al.,	1993).	
Biocontrol	 to	 Fo	 pathogens	 has	 been	 reported	 to	 be	 a	 universal	 feature	 of	 non-
pathogenic	Fo	strains	(Bao	et	al.,	2004)	and	even	avirulent	Fo	pathogens	can	reduce	
susceptibility	of	the	host	to	virulent	Fo	pathogens	(Biles	&	Martyn,	1989;	Huertas-
Gonzalez	et	al.,	1998).	Fo47	is	the	best	studied	biocontrol-conferring	Fo	strain	and	
has	 originally	 been	 isolated	 from	wilt-disease	 suppressive	 soils	 in	 Châteaurenard	
(Alabouvette,	 1986).	 Fo47	 does	 not	 promote	 plant	 growth,	 but	 can	 reduce	
susceptibility	to	vascular	fungal	pathogens	like	Fo	(Alabouvette	et	al.,	2009;	Aimé	et	
al.,	2013;	de	Lamo	&	Takken,	2020)	and	Verticillium	dahliae	(Veloso	&	Díaz,	2012;	
Veloso	et	al.,	2016)	and	to	non-vascular	pathogens	such	as	root-infecting	oomycetes	
Pythium	ultimum	in	cucumber	(Benhamou	et	al.,	2002)	and	Phytophthora	capsici	in	
pepper	(Veloso	&	Díaz,	2012).	The	mechanisms	employed	by	Fo47	and	other	Fo’s	to	
confer	 biocontrol	 are	 proposed	 to	 consist	 of	 two	 components;	 a	 direct	 activity	
against	the	root	pathogen	through	mycoparasitism,	antibiosis	and	competition	for	
nutrients	and	root	niches	(Benhamou	et	al.,	2002;	Alabouvette	et	al.,	2009;	Le	Floch	
et	 al.,	 2009),	 and	 an	 indirect	 activity	 by	 inducing	 a	 root-specific	 plant-mediated	
resistance	 response	 termed	 endophyte-mediated	 resistance	 (EMR)	 (de	 Lamo	 &	
Takken,	2020).	
Fo47	has	been	found	to	reduce	susceptibility	to	root	pathogens	in	various	Solanaceae	
such	as	 tomato	 (Aimé	 et	 al.,	 2013;	 de	Lamo	 et	al.,	 2018;	 Constantin	 et	 al.,	 2019),	
pepper	 (Veloso	&	Díaz,	 2012;	Veloso	 et	 al.,	 2016)	and	eggplant	 (Pantelides	 et	 al.,	
2009;	Zhang	et	al.,	2018).	The	Solanaceae	family	embraces	plant	species	of	striking	
relevance	 to	 humans	 as	 food	 source	 (pepper,	 tomato,	 eggplant	 or	 potato),	
ornamentals	 (petunia)	 or	 drugs	 (tobacco)	 (Kimura	 &	 Sinha,	 2008).	 Within	
Solanaceae,	potato	 is	one	of	 the	 few	crops	 that	 can	be	cultivated	in	open	fields	 in	
northern	Europe.	Therefore,	a	potato	field	trial	was	performed	in	Clenze	(Germany)	
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with	 the	 ultimate	 goal	 of	 developing	 a	 reproducible	 methodology	 to	 test	 the	
marketable	potential	of	Fo47	as	a	biocontrol	agent.	Traits	like	cost-effective	spore	
production,	 durability	 and	 stability	 upon	 storage	 or	 tolerance	 to	 the	 changing	
environment	of	fields	are	important	for	biocontrol	agents	(Spadaro	&	Gullino,	2005).	
Here,	we	set	out	to	develop	cost-effective	large	scale	Fo47	spore	formulations	and	to	
assess	resilience	of	the	fungus	during	storage	and	in	the	field.	We	assessed	its	ability	
to	 colonize	 potato	 plants	 under	agricultural	 conditions	 in	 absence	 or	 presence	 of	
fertilizer	 and	 we	 monitored	 the	 impact	 of	 endophytic	 colonisation	 on	 crop	
performance.		
As	a	result,	we	developed	a	robust	method	to	(1)	cost-effectively	mass-produce	Fo	
spores	 for	 potato	 field	 experiments,	 (2)	 to	 assess	 the	 viability	 of	 the	 generated	
spores,	(3)	to	inoculate	potato	mother	tubers	in	the	field,	(4)	to	monitor	successful	
Fo	endophytism	under	field	conditions	and	(5)	to	measure	tuber	yield,	starch	content	
and	diseases.	We	propose	this	method	to	validate	the	suitability	of	Fo	endophytes	in	
crops	such	as	potato	as	 in	our	hands,	Fo47	successfully	colonized	potato	without	
negatively	affecting	crop	performance.		
	

Results	
	
Mung	bean	medium	yields	high	concentration	of	viable	Fo	microconidia		
	
To	 identify	 an	 easy-to-produce	 and	 cost-effective	medium	 that	 allows	 high	 Fo47	
microconidia	yields	three	different	media	were	tested	(Figure	1a).	As	reference	NO3	
medium	(0.17%	YNB	without	amino	acids	or	(NH4)2SO4,	3%	sucrose	and	100	mM	
KNO3)	 was	 used,	 as	 this	 is	 the	 standard	 medium	 for	 Fo	 propagation	 in	 our	 lab	
(Gawehns	et	al.,	2014).	However,	its	relatively	high	cost	is	prohibitive	for	mass-scale	
spore	 production	 and	 field	 application.	 As	 alternative	media	 to	 grow	 the	 fungus,	
brown	rice,	mung	beans	and	polenta	were	 tested	as	 these	products	are	 relatively	
cheap	and	readily	available	in	supermarkets.	Brown	rice	retains	the	bran	layer	that	
contains	micronutrients	like	manganese	and	iron,	which	favour	sporulation	of	some	
fungi	(Michal	Johnson	et	al.,	2011;	Li	et	al.,	2012).	Mung	beans	are	well-known	as	a	
suitable	media	for	growing	Fo	such	as	banana-infecting	Fo	f.sp.	cubense	strains	(Bai	
&	Shaner,	1996;	Garcia-Bastidas	et	al.,	2019).	Polenta	was	taken	along	as	it	has	been	
used	to	propagate	microbes	(Kocic-Tanackov	et	al.,	2019).		
Six	 days	 after	 inoculation,	all	 1%	w/v	media	were	 observed	 to	 produce	 a	 higher	
number	of	Fo	spores	than	those	containing	0.4%	w/v	(Figure	1a).	Mung	bean	broth	
was	found	to	be	the	most	efficient	medium	yielding	≈7x108	spores/mL,	followed	by	
NO3	(≈4.8x108	spores/mL),	1%	brown	rice	(≈1.6x108	spores/mL)	and	1%	polenta	
(≈5.3x107	spores/mL).	This	result	led	to	selection	of	mung	bean	medium	for	large-
scale	spore	production.	Next,	viability	and	infectivity	of	spores	produced	in	mung	
bean	medium	was	assessed.	Since	plant	colonisation	by	an	endophyte	is	laborious	to	
asses	and	quantify,	the	tomato	pathogen	Fol007	was	used	instead	and	wilt	disease	
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symptoms	were	assessed	(Gawehns	et	al.,	2014).	Thereto,	soil	containing	10-days-
old	 tomato	 seedlings	 was	 inoculated	 with	 spores	 from	 mung	 bean	 medium	 by	
pouring	10,	25	or	50mL	of	107	spores/mL	on	12	cm	diameter	pots.	Fusarium	wilt	
disease	symptoms	were	assessed	three	weeks	post	inoculation	(Figure	1b).	Except	
for	 the	 mock,	 wilt	 disease	 was	 observed	 for	 all	 inoculations	 showing	 that	 Fo	
inoculum	is	viable	and	able	to	infect	tomato	(Figure	1b).	 In	summary,	mung	bean	
medium	 is	 a	 cost-effective	 and	 high	 spore	 yielding	 medium	 allowing	 large	 scale	
production	of	viable	Fo	inoculum.			

	
Figure	1.	Mung	bean	medium	yields	high	concentration	of	Fo	spores.	a)	Microconidia	concentration	
of	Fo47	inoculated	in	different	media	was	measured	with	a	counting	chamber.	Six-days-post-inoculation	
1%	mung	bean	medium	was	found	to	contain	the	highest	microconidial	concentration	followed	by	the	
commonly	used	NO3	medium,	brown	rice	and	polenta.	b)	Viability	and	infectivity	of	Fol	spores	produced	
using	mung	bean	medium	was	assessed	using	a	tomato	bioassay.	Different	volumes	(0,	10,	25	and	50	mL	
of	107	spores/ml	from	left	to	right)	were	added	to	the	soil	containing	10-day-old	tomato	plants.		

	
Fo47	colonizes	potato	plants	under	green	house	and	field	conditions	
	
To	determine	whether	Fo47	spores	produced	in	mung	bean	medium	can	colonize	
potato	plants	and	tubers,	a	small-scale	experiment	was	performed	in	the	greenhouse.	
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Tubers	were	 planted	 and	 inoculated	 by	 pouring	 60	ml	 of	 water	 (mock)	 or	 Fo47	
spores	 (107	spores/ml)	 in	 the	planting	hole.	The	 tuber	was	subsequently	covered	
with	 soil.	 After	 42	 days,	 samples	 from	 the	 thickest	 stem	 (up	 to	 the	 second	 leaf),	
mother	 tuber	 and	 root	were	 harvested	 from	each	 plant.	 Samples	were	 surfaced-
sterilized	 and	 placed	 on	 PDA	 plates	 containing	 antibiotics.	 Four	 days	 after	
incubation,	the	mycelia	emerging	from	the	plant	material	that	resembled	Fusarium	
was	harvested	and	gDNA	was	isolated	followed	by	PCR	with	Fo-specific	FEM	primers,	
and	Fo47-specific	SCAR	primers.	Four	out	of	seven	plants	treated	with	Fo47	spores	
showed	fungal	outgrows	that	were	both	FEM-	and	SCAR-positive,	showing	that	they	
are	effectively	colonized	by	Fo47	(Figure	2a).	These	data	show	that	pouring	Fo47	
microconidia	 (harvested	 from	 mung	 bean	 medium)	 is	 an	 effective	 method	 to	
inoculated	potato	tubers.	

	
Figure	2.	Fo47	is	able	to	colonize	green-house-	and	field-grown	potato	plants.	Each	potato	tuber	was	
treated	with	60	mL	inoculum	that	contained	either	water	(Mock)	or	Fo47	(107	spores/mL).	a)	Stem,	roots	
and	tuber	were	collected	42	days	after	inoculation	of	green-house-grown	potato	plants	or	b)	roots	and	
tubers	of	field-grown	potato	were	harvested	79	days	after	inoculation.	Samples	were	surfaced-sterilized	
for	3	minutes	in	70%	ethanol,	washed	and	arranged	on	PDA	plates	with	antibiotics.	Four	days	after	plating,	
gDNA	was	isolated	from	the	emerging	mycelia	and	used	for	PCR	reactions	with	SCAR	and	FEM	primers.	
Nine	plants	per	treatment	were	analysed	except	for	the	mock-fertilized	treatment	where	only	eight	plants	
were	analysed.	Fo47	was	considered	as	an	endophytic	colonizer	when	mycelia	emerging	from	surface-
sterilized	root,	stem	or	tuber	from	one	biological	sample	could	be	confirmed	by	PCR	with	FEM	and	SCAR	
primers.		

Based	on	this	observation,	the	viability	of	applying	an	endophyte	in	large	scale	was	
tested	in	 field	experiment.	Common	agriculture	practices	 in	 the	region	where	 the	
field	was	located	include	applying	fertilization	to	increase	tuber	yield.	Therefore,	to	
test	 the	 influence	 of	 fertilization	 on	 endophytic	 performance,	 part	 of	 the	 field	
remained	unfertilized	while	the	other	was	treated	by	applying	N	and	K	fertilization	
(Figure	S1a,	b).	Two	treatments,	which	consisted	of	pouring	60	mL	of	water	(Mock)	
or	 Fo47	 spores	 (107	 spores/ml)	 were	 applied	 in	 both	 parts	 of	 the	 field.	 Each	
treatment	was	performed	in	nine	randomly	selected	plots,	where	one	plot	consisted	
of	40	potato	tubers	(Figure	S1a,	b).	From	each	plot,	one	potato	plant	was	harvested	
79	days	after	inoculation	from	the	same	location	in	the	plot	(Figure.	S1	c).	The	main	
root	below	the	thickest	stem	and	one	potato	tuber	per	plant	were	surface-sterilised	
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to	determine	 the	presence	of	 the	Fo47	 inside	 the	plant	 (Figure	2b).	Unlike	 in	 the	
green-house	experiment,	mycelium	resembling	Fo	grew	out	of	five	the	mock-treated	
tubers.	 PCR	 analysis	 showed	 that	 it	 was	 indeed	 Fo	 (FEM-positive)	 but	 not	 Fo47	
(SCAR-negative).	 Fo47	 could	 be	 re-isolated	 from	 seven	 and	 six	 plants	 from	 non-
fertilized	 and	 fertilized	 plots,	 respectively	 (Figure	 2b).	 These	 data	 show	 that	
fertilization	does	not	affect	endophytic	colonization	of	potato	plants	by	Fo47	and	that	
our	lab	protocol	can	be	efficiently	scaled	up	to	field	conditions.		
	
Tuber	weight	and	starch	content	are	not	affected	by	Fo47	colonization	unlike	
fertilization	treatment	
	
To	assess	whether	Fo47	has	an	impact	on	potato	production,	the	yield	and	starch	
content	of	the	tubers	from	the	two	central	rows	of	every	plot	were	harvested	five	
months	after	inoculation	(Figure	S1c).	The	middle	rows	were	selected	to	avoid	edge	
effects.	In	total,	19	plants/plot	were	harvested	as	one	was	collected	during	the	mid-
term	sampling	to	assess	Fo47	colonization.	Non-fertilized	water	(mock)-	and	Fo47-
inoculated	plots	yielded	28.7	kg	and	30.3	kg	on	average,	while	applying	 fertilizer	
increased	the	yield	significantly	to	35.1	kg	in	the	mock	plots	and	35.0	kg	in	the	Fo47-
inoculated	plots	(Figure	3a).	In	contrast,	the	starch	content	was	significantly	reduced	
in	 fertilized	plots	as	mock	and	Fo47-inoculated	plots	without	 fertilization	yielded	
21.2%	and	20.8%	starch	while	fertilized	plots	yielded	20.0%	and	19.6%,	respectively	
(Figure	3b).	
Altogether,	Fo47	did	 not	 negatively	 affect	 tuber	 yield	 nor	 starch	 content,	 despite	
being	a	potato	endophyte	(Figure	3a,	b),	and	regardless	of	the	application	of	fertilizer.	
As	expected,	fertilization	significantly	increased	the	tuber	yield	regardless	of	a	Fo47	
treatment	(Figure	3a).	Moreover,	fertilized	plots	exhibited	a	reduced	starch	content	
of	the	tubers.		

	
Figure	3.	Potato	yield	and	starch	content	is	affected	by	fertilization	but	not	by	Fo47	application.	a)	
Average	tuber	yield	per	plot	in	each	treatment.	Every	dot	represents	the	yield	of	a	single	plot	(19	plants	
each)	b)	Average	percentages	of	starch	accumulated	in	5	kg	of	tubers	(Ø	>	6.5	cm)	per	treatment.	Each	dot	
represents	a	plot.	Data	was	analysed	using	a	Mann-Whitney	test	where	*P	<	0.05	and	**P	<	0.01.		
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Black	scurf	disease	symptoms	on	potato	tubers	are	reduced	by	fertilization	but	
not	by	Fo47	treatment	
	
To	 assess	whether	 Fo47	 colonisation	 of	 roots	 affects	 the	 susceptibility	 of	 potato	
plants	to	endogenous	pathogens,	20	tubers	were	selected	randomly	per	plot.	Visual	
inspection	of	the	tubers	revealed	symptoms	of	scab	disease	caused	by	Streptomyces	
spp.	and	black	scurf	caused	by	Rhizoctonia	solani.	Disease	symptoms	associated	with	
Fusarium	spp.	where	not	observed	on	the	tubers.	Scab	symptoms	were	omitted	for	
scoring	due	to	the	difficulty	of	consistently	assessing	the	disease	level	–	only	black	
scurf	 symptoms	were	assessed.	For	scoring	black	scurf	disease	symptoms,	 tubers	
were	washed	to	remove	dirt	and	enable	detection	of	sclerotia.	A	disease	index	from	
0-4	was	established	based	on	the	area	covered	by	sclerotia	relative	to	the	total	tuber	
area	(Figure	4a).	Fo47	treatment	did	not	cause	a	significant	reduction	in	black	scurf	
disease	symptoms	compared	to	mock	treatment	in	either	fertilized	or	non-fertilized	
plants	(Figure	4b).	However,	the	application	of	fertilizer	reduced	black	scurf	disease	
symptoms	in	both	mock	and	Fo47-treated	plants	(Figure	4b).	
	

	
Figure	4.	Fertilization,	but	not	Fo47	treatment,	reduces	black	scurf	disease	symptoms	on	potato	
tubers.	a)	Representative	pictures	of	potato	tubers	showing	black	scurf	disease	symptoms	from	scale	0-
4.	Based	on	the	percentage	of	the	tuber	covered	by	sclerotia,	the	following	scale	was	used:	DI=0,	less	that	
1%;	DI=1,	1%	of	the	tuber	covered	by	sclerotia,	DI=2,	up	to	5%	of	the	tuber	covered,	DI=3,	up	to	10%;	
DI=4,	sclerotia	covers	more	than	15%	of	the	tuber	area.	b)	Black	scurf	disease	symptoms	on	newly	formed	
potato	 tubers.	 From	 each	 plot	 20	 tubers	 were	 selected	 randomly.	 Data	 was	 analysed	 using	 a	 Mann-
Whitney	test	where	****P	<	0.001.	DI=	disease	index.	
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Discussion	
	
Presently,	public	perspective	and	legislation	are	encouraging	the	use	of	alternatives	
for	chemical	pesticides	and	fertilizers	in	agriculture.	Fungal	endophytes	have	been	
successfully	implemented	as	biocontrol	or	biostimulant	agents	in	small	scale	set-ups	
such	 as	 greenhouses	 (Gill	 et	 al.,	 2016;	 de	 Lamo	&	 Takken,	 2020).	 However,	 one	
stumbling	block	in	field	implementation	of	endophytes	as	biocontrol	agents	is	a	cost-
effective	protocol	for	inoculum	production.	Here,	we	established	a	cheap,	large-scale	
production	 method	 to	 obtain	 viable	 Fo47	 microconidia	 and	 we	 confirmed	 plant	
colonisation	of	the	endophyte	under	field	conditions.	
All	 media	 tested	 (NO3,	 mung	 beans,	 brown	 rice	 and	 polenta)	 were	 suitable	 for	
producing	 Fo47	microconidia,	with	mung	bean	 being	 the	most	 effective,	 yielding	
≈7x108	spores/mL.	This	yield	is	comparable	to	the	≈9x107	Fo	spores/mL	previously	
described	 using	 this	 medium,	 (Garcia-Bastidas	 et	 al.,	 2019),	 showing	 that	 this	
method	is	reproducible	across	different	labs.	Moreover,	this	medium	is	not	limited	
to	Fo	but	can	also	be	used	to	obtain	large	amounts	of	spores	from	other	fungi	such	as	
Rhizopus	(Nout	et	al.,	1987).	Additionally,	we	could	show	that	mung	bean	medium-
produced	 microconidia	 proved	 to	 “infective”	 in	 bioassays	 by	 scoring	 disease	
symptoms	(Figure	1b),	and	by	being	able	to	re-isolate	the	endophytic	strain	from	
inoculated	potato	plants	(Figure	2a,	b).	When	comparing	NO3	medium	with	mung	
bean	medium,	 the	 latter	 is	not	only	 faster	 to	make	but	also	 is	approximately	180	
times	cheaper	(1	L	of	NO3	costs	8.5	euros	while	1	L	of	mung	bean	costs	0.0478	euros).	
Therefore,	 mung	 bean	 medium	 is	 good	 candidate	 for	 scaling-up	 effective	 spore	
production	of	fungal	endophytes	with	a	low	production	cost.	
Another	important	aspect	in	our	protocol	consisted	of	determining	the	effectiveness	
of	 Fo47	 as	 an	 endophyte.	 This	 is	 an	 important	 step	 to	 predict	 efficiency	 of	 a	
biocontrol	agent	and	pin-point	possible	negative	outcomes	(e.g.	no	protection	due	to	
low	endophytic	colonization	levels).	In	our	field	experiment,	single	Fo47	application	
at	 planting	 time	 resulted	 in	 60-70%	 of	 the	 plants	 scoring	 Fo47	 positive	 at	 mid-
harvest.	 Fertilization	 treatment	which	 consisted	 of	N	 and	K,	 	 did	 not	 affect	 Fo47	
colonization	 of	 potato	 plants,	 showing	 that,	 unlike	 arbuscular	 mycorrhizal	 fungi	
(Ortas,	 2012),	 common	 management	 practices	 are	 compatible	 with	 Fo47	 field	
application.	Notably,	Fo47	could	not	be	re-isolated	from	newly	formed	tubers	at	the	
final	harvest,	despite	being	detectable	in	20%	of	the	tubers	during	mid-harvest	(data	
not	shown).	This	shows	that	the	fungus	is	not	transmitted	to	the	final	product	and	
probably	has	to	be	re-applied	every	season.		
Three	 other	 important	 parameters	 for	 potato	 tuber	marketability	were	 assessed:	
yield,	starch	and	disease	susceptibility	in	this	study.	Fo47	treatment	did	not	affect	
potato	 tuber	 yield	 and	 starch	 content	 showing	 that	 there	 was	 no	 penalty	 of	
endophytic	colonization.	When	assessing	disease	symptoms,	however,	only	scab	and	
black	scurf	disease	symptoms	could	be	observed.	This	low	disease	incidence	is	most	
likely	due	to	the	unusually	hot	and	dry	conditions	during	the	growing	season	of	the	
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field	 trial	 (2018).	Therefore,	we	could	only	show	that	Fo47	did	not	affect	disease	
susceptibility	to	black	scurf	disease.		
Fertilization	treatment	which	consisted	of	addition	of	N	and	K,	increased	potato	yield	
but	negatively	affected	the	starch	content.	Sole	nitrogen	fertilization	has	been	shown	
to	 influence	 potato	 yield,	 while	 the	 effect	 of	 K	 is	 dependent	 on	 pre-existing	
concentration	in	the	soil	(Westermann	et	al.,	1994b).	Moreover,	K	and	N	treatment	
has	 been	 reported	 to	 decrease	 the	 starch	 content	 at	 both	 ends	 of	 the	 tuber	
(Westermann	 et	al.,	1994a).	Our	data	 indicate	 that	 the	yield	 increase	by	K	and	N	
fertilization	is	not	related	to	an	increase	of	total	starch	content,	but	likely	due	to	an	
increase	of	 the	water	content	 in	 the	 tuber	as	also	proposed	by	others	 (Schippers,	
1968).	 Additionally,	 fertilization	 reduced	 black	 scurf	 disease	 symptoms	 on	 the	
assessed	 tubers.	 This	 is	 line	with	 previous	 observations	 that	 reported	an	 inverse	
correlation	between	black	scurf	disease	symptoms	and	N	concentration	(Rêbarz	&	
Borowczak,	2007;	Klikocka,	2009).	Three	mechanisms	are	proposed	to	explain	this	
finding:	1)	Black	scurf	symptoms	are	scored	as	a	percentage	of	the	potato	surface	
area.	 As	 fertilization	 could	 increase	 the	 size	 of	 the	 tubers,	 a	 similar	 amount	 of	
sclerotia	would	 be	 scored	as	a	 lower	 disease	 severity.	2)	 Fertilization	can	 have	a	
direct	 impact	 on	 plant	 defence	 responses	 and	 thereby	 suppress	 pathogen	
colonization	(Mur	et	al.,	2017).	3)	Fertilization	could	impact	the	pathogen	directly	by	
for	example	altering	the	pH	or	by	chelating	minerals.		
In	summary,	we	developed	and	validated	an	easily	scalable	method	to	produce	and	
apply	 fungal	endophyte	spores	 to	crops.	As	a	proof	of	concept,	Fo47	spores	were	
applied	 to	 potato	 plants,	 without	 affecting	 yield	 or	 starch	 content	 of	 the	 treated	
plants.	Colonisation	of	the	plants	by	Fo47	was	unaffected	by	common	fertilization	
practices	in	the	region	and	did	not	result	in	increased	susceptibility	to	endogenous	
pathogens,	such	as	black	scurf	disease.	This	method	is	of	great	relevance	in	order	to	
explore	the	capacity	of	fungal	biocontrol	agents	in	the	field.	For	example,	it	could	be	
used	to	test	the	ability	of	Fo47	(or	other	Fo	endophytes)	to	suppress	Fusarium	wilt	
disease	in	crops	such	as	tomato	or	asparagus	where	Fo	endophytes	were	shown	to	
be	 efficient	 under	 lab	 conditions	 (de	 Lamo	 &	 Takken,	 2020).	 For	 further	
commercialization	 of	 fungal	 endophytes,	 parameters	 such	 as	 shelf-life	 stability	
should	be	tested	in	future	research.	
	
Materials	and	methods	
	
Inoculum	preparation	
	
Fo47	 (Alabouvette,	1986)	was	grown	on	potato	dextrose	agar	 (PDA)	plates	 for	at	
least	five	days.	From	these	plates,	agar	plugs	from	the	edge	of	the	colony	containing	
the	youngest	mycelium	were	used	to	inoculate	ten	250mL-flasks	containing	100	ml	
of	mung	bean	medium,	two	1	L-flasks	containing	0.5	L,	two	2	L-flasks	containing	1	L	
and	three	5	L-flasks	containing	2.5	L	for	a	total	of	11,5	L	of	1%	mung	bean	medium	
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(www.mahuna.eu,	autoclaved	10	g	of	intact	mung	beans/L	at	1200C	for	at	least	20	
minutes	and	over	220kPa).	After	6	days	of	shake-incubation	at	150	rpm	at	25	0C	the	
cultures	were	poured	through	sterile	filter	made	with	a	layer	of	Miracloth	(Millipore)	
without	applying	removing	the	mycelia	and	keeping	the	microconidia	generated.	The	
microconidia	solution	was	spun	down	at	700	g	for	10	min	in	a	Beckman	centrifuge	
with	a	JA-10	fixed-angle	rotor.	The	pellet	containing	Fo47	spores	was	washed	with	
sterile	MilliQ	water,	and	after	a	second	centrifugation	step	was	re-suspended	in	1	L.	
	
Biological	materials	and	inoculation	procedure	
	
The	 above-mentioned	 concentrated	 Fo47	 spore	 solution	 was	 quantified	 by	 a	
counting	chamber,	subsequently	gently	diluted	to	109	spores/ml	by	adding	MilliQ	
water,	and	stored	at	40C	until	field	application.	Pathogen-free	seed	potatoes	of	the	
starch	potato	cv.	Jasia	(www.saatzucht-niehoff.de/)	were	planted	in	agricultural	soil	
in	 Clenze	 (Germany).	 Inoculum	was	 prepared	 in	 the	 field	 by	 adding	 50ml	 of	 109	
spores/ml	to	5	L	of	tap	water	which	was	gently	shaked	resulting	in	107	spores/mL	
inoculum.	Each	seed	potato	was	 inoculated	with	60	mL	of	 the	 latter	 inoculum	by	
using	a	ladle.	
	
Field	fertilization	and	pesticide	application	
	
Some	plots	were	fertilized	by	adding	120	N	kg/ha	(7%	nitrate,	7%	ammonium,	14%	
urea)	and	160	K	kg/ha	Korn-Kali	40,	40%	K2O,	6%	MgO	once	at	planting	time.	The	
following	 pesticides	 were	 applied:	 Monceren	 against	 Rhizoctonia,	 Boxer	 against	
insects	 such	 as	 Colorado	 Beetles	 and	 Infinito,	 Banjo	 forte	 and	 Shirlan	 against	
Phytophthora.	
	
Fungal	re-isolation	
	
To	 determine	Fo47	presence	 on	 the	 surface	 of	a	 tuber,	 a	 peel	 fragment	 from	 the	
mother	tuber	was	placed	on	PDA	plates	supplemented	with	200	mg/l	streptomycin	
and	100	mg/l	penicillin.	These	antibiotics	were	added	to	prevent	bacterial	growth	
without	 affecting	 fungal	 outgrowth.	 To	 check	 whether	 Fo47	 was	 an	 endophyte,	
therefore	colonizing	inner	tissues	of	potato,	mother	tubers	and	roots	were	surface-
sterilized	as	described	(Constantin	et	al.,	2019).	In	short,	tubers	were	submerged	in	
70%	ethanol	for	3	min	and	washed	with	sterile	water.	Mother	tuber	sections	and	root	
slices	were	placed	on	the	above-mentioned	PDA	plates.	All	plates	were	scanned	after	
four	days	of	incubation	at	250C.	To	confirm	that	mycelium	outgrowth	corresponded	
to	Fo47,	gDNA	was	isolated	from	the	mycelium	using	phenol:chloroform	extraction	
method	as	described	(van	Dam	et	al.,	2018)	and	PCR	was	performed	using	Fo-specific	
FEM	 and	 Fo47-specific	 SCAR	 primers	 (Edel-Hermann	 et	 al.,	 2011).	 When	 PCR	
reaction	was	positive	for	FEM	and	SCAR	it	was	considered	as	Fo47.	At	harvest	time,	
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when	endophytic	and	epiphytic	colonization	of	Fo47	on	potato	tubers	was	assessed	
the	same	procedure	was	followed.	
	
Mid-term	sampling	
	
Seventy-nine	days	after	tuber	inoculation	with	Fo47,	one	plant	per	plot	was	collected	
to	assess	Fo47	colonization.	From	each	plot,	the	plant	from	the	second	column	and	
second	row	was	sampled	and	stored	in	cool	conditions	until	further	analysis	(Figure	
S1c).	Fo47	colonization	in	the	mother	tuber,	the	lateral	root	and	a	stem	emerging	
from	 the	mother	 tuber	was	monitored.	 The	 thickest	 stem	 emerging	 from	mother	
tuber	 was	 surface	 sterilized	 as	 described	 above	 and	 two	 cross-sections	 of	 stem	
sections	 from	 the	 basal	 (region	 of	 contact	with	 the	 tuber)	 and	 crown	 level	were	
placed	on	PDA	plates	to	assess	Fo47	outgrowth.	Additionally,	one	piece	of	a	lateral	
root	 was	 sterilised	 and	 incubated	 on	 PDA	 plates	 to	 assess	 fungal	 outgrowth.	
Confirmation	of	Fo47	identity	was	done	by	PCR	as	described	above.	
	
Harvest	
	
The	field	was	divided	into	646	plots	(Figure	S1a,	b).	One	part	of	the	field	was	non-
fertilized	(plots	1-405)	while	the	other	was	fertilized	by	applying	N	and	K	(plots	406-
646)	(Figure	S1a,	b).	Each	plot	contained	4	rows	of	10	potato	plants	each	(40	plants	
in	total)	(Figure	S1c).	A	treatment	consisted	of	inoculating	nine	randomly	distributed	
plots	(Figure	S1b)	with	60	ml	of	water	(mock)	or	Fo47	spores	(107	spores/ml)	to	
each	 potato	 tuber.	 Only	 the	 two	 central	 rows	 of	 each	 plot	 were	 harvested.	 The	
peripheric	two	rows	were	not	harvested	to	avoid	the	edge	effects	(Figure	S1c).	The	
tubers	from	the	two	middle	rows	were	used	to	measure	yield,	and	a	subset	of	those	
were	used	to	analysed	starch	content	and	Rhizoctonia	disease	incidence	(Figure	4a).	
Starch	 content	 was	 measured	 according	 to	 the	 commission	 regulation	 (EC)	 No	
2235/2003.	All	the	data	was	analysed	by	performing	a	Mann-Whitney	test	through	
the	software	PRISM	7.0	(GraphPad).	
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Figure	S1.	Layout	of	the	field	trial	depicting	mock	and	Fo47	treatments.	a)	Picture	of	the	potato	field	
taken	from	a	drone	two	months	after	planting.	b)	Schematic	representation	of	the	field	depicting	the	plots	
utilized	in	this	study.	Water-inoculated	(mock)	plots	are	depicted	in	white	while	Fo47-inoculated	plots	
are	shown	 in	orange.	The	 green	 plots	were	 fertilized	while	 the	brown	colored	were	not.	 c)	Each	 plot	
consisted	of	40	potato	plants.	Biological	replicates	shown	in	red	were	not	harvested	to	avoid	edge	effects	
in	 scoring.	 The	 yellow-colored	 plants	 were	 harvested	 and	 yield,	 starch	 content	 and	 disease	 were	
determined.	The	green-colored	plants	were	used	to	monitor	Fo47	colonization.	
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General	discussion	
	
This	thesis	 is	an	attempt	to	better	understand	the	intriguing	capacity	of	Fusarium	
oxysporum	(Fo)	to	behave	as	either	an	endophyte	or	pathogen.	If	Fo’s	behavior	could	
be	 portrayed	 as	 a	 story,	 I	would	 describe	 it	 by	 using	 that	 of	 the	 “Strange	case	 of	
Doctor	Jekyll	and	Mister	Hyde”	by	Robert	L.	Stevenson.	How	can	the	worst	in	‘human	
nature’	arise	from	drinking	that	mysterious	potion?	What	does	the	potion	contain?	
Did	 endophytic	 Fo	 take	 this	 potion	 and	 become	 pathogenic?	 Can	 we	 ultimately	
control	Fo’s	undesired	behavior	after	ingesting	this	potion?	Inspection	of	genomes	
from	non-pathogenic	and	pathogenic	Fo	isolates	suggests	that	there	is	a	 ‘genomic	
imprint	of	evilness’	in	the	form	of	effector	genes	–	however,	this	is	not	the	only	factor	
that	determines	pathogenicity.	When	Fo	is	‘unleashed’,	the	host	and	the	environment	
(including	 endophytic	 Fo)	 also	 play	 a	 decisive	 role	 in	 the	 outcome	 of	 Fo’s	
(mis)behavior.		
	
(Re)defining	Fo	as	an	endophyte?	
	
Fo	has	been	largely	considered	as	a	pathogenic	fungus	(Dean	et	al.,	2012).	However,	
this	description	only	applies	to	a	rare	behavior	of	Fo	under	specific	circumstances,	
between	a	particular	 (race	of	a)	 forma	specialis	 (f.	 sp.)	and	a	susceptible	host.	Fo	
strains	 are	 frequently	 found	 in	 asymptomatic	 plants	 (Gordon	 &	 Okamoto,	 1992;	
Demers	 et	al.,	2015;	Pereira	 et	al.,	2019),	and	 f.	 sp.	can	colonize	 ‘non-host’	plants	
without	 developing	 disease	 symptoms,	 as	 an	 endophyte	 (e.g.	 Fo	 f.sp	melonis	 and	
cucumerinum	 can	colonize	 tomato,	 (van	Dam	 et	al.,	2016)).	 In	 this	 scenario,	 if	we	
would	define	as	host	a	plant	that	can	be	colonized	by	Fo,	then	Fo	should	be	regarded	
largely	 as	 an	 endophyte,	 and	 as	 an	 “endophyte	 with	 a	 broad	 host	 range”.	 Fo47	
colonizes	 asymptomatically	 various	 plants	 (tomato,	 pepper,	 potato)	 (de	 Lamo	 &	
Takken,	2020)	chapter	2,	chapter	7)	and	this	capacity	is	unlikely	to	be	unique	to	Fo47.	
For	example,	in	this	thesis	I	show	that	25	Fo	strains	originally	isolated	from	soils	and	
grass	roots	can	be	endophytes	in	tomato.	These	observations	support	the	idea	that	
Fo	 is	 mainly	 a	 promiscuous	 endophyte.	 But	 what	 makes	 Fo	 such	 a	 great	 root	
colonizer?	Chapter	4	illustrates	that	there	is	no	distinct	pattern	of	putative	effector	
genes	among	endophytic	isolates,	suggesting	that	there	are	no	‘endophytic	effectors’	
which	determine	host	 specificity.	All	Fo	 isolates	analyzed	share	common	putative	
effector	genes	located	mostly	on	their	core	genomes	(in	short,	“core	effectors”).	It	
seems	 likely	 that	 a	 set	 of	 these	 (possibly	 together	 with	 other	 factors	 such	 as	
transcription	factors)	is	what	confers	to	Fo	the	capacity	for	colonizing	roots.	Based	
on	the	idea	that	core	effectors	could	be	involved	in	colonization,	I	examined	whether	
other	root	colonizing	fungi	share	some	of	these	Fusarium	core	effectors.	I	ran	the	
same	clustering	pipeline	as	described	in	chapter	4	with	additional	genomes	outside	
Fo.	 Figure	 1	 shows	 that	 indeed	 some	 other	 fungi	 do	 share	 homologs	 of	 Fo	 core	
effectors,	which	encode	mostly	 secreted	enzymes.	Remarkably,	 two	core	effectors	
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(033_catalase-peroxidase	and	036_pectinosterase)	stand	out	since	these	are	shared	
among	all	Fusarium	species	included,	Verticillium	spp.	and	Colletotrichum	spp.,	but	
not	with	the	leaf-infecting	Botrytis	spp.	The	036_pectinesterase	has	been	shown	to	be		

	
Figure	1.	Clustering	of	fungal	genomes	based	on	the	presence/absence	of	160	predicted	putative	
effector	genes.	A	block	of	effector	genes	that	encode	putative	enzymes	is	conserved	in	root	colonizing	
fungi.	
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strongly	expressed	in	planta,	nine	days	after	inoculation	of	Foc,	Fom,	Fon,	Forc	or	Fol,	
suggesting	that	indeed	it	has	a	function	in	root	colonization	(van	Dam	et	al.,	2016).	
Fungal	 pectinesterases	are	 known	 for	 breaking	 down	pectin	 present	 in	 plant	 cell	
walls	into	pectate	(also	known	as	polygalacturonic	acid	(PG))	and	methanol,	in	order	
to	facilitate	fungal	invasion	(Koller	et	al.,	1982;	Frittrang	et	al.,	1992)	and	have	been	
already	proposed	to	be	a	main	contributor	to	root	colonization	by	Fo47	(Benhamou	
&	Garand,	2001).	It	is	likely	that,	as	a	consequence	of	this	enzymatic	activity,	pectin-
derived	 oligosaccharides,	 as	 damage-associated	molecular	 patterns	 (DAMPS),	 can	
induce	expression	 of	 pathogenesis-related	 proteins	 via	 the	 salicylic	 acid	 pathway	
(Gallego-Giraldo	et	al.,	2011;	Hou	et	al.,	2019;	Gallego-Giraldo	et	al.,	2020).	Therefore,	
it	would	be	interesting	to	determine	the	involvement	of	this	fungal	pectinesterase	in	
immunity	and	colonization.	The	other	effector	candidate,	a	catalase-peroxidase,	was	
found	 to	 be	 expressed	 in	 planta	 upon	 colonization	 by	 four	 out	 of	 five	 Fo	 f.	 sp.	
(cucumerinum,	 melonis,	 niveum,	 radicis-cucumerinum)	 tested	 nine	 days	 after	
inoculation	(van	Dam	et	al.,	2016).	Catalase-peroxidase	can	reduce	the	potentially	
harmful	reactive	oxygen	species	and	plant	signaling	molecule	H2O2	into	water	and	
oxygen.	It	is	plausible	that,	upon	colonization,	Fo	would	secrete	a	catalase-peroxidase	
to	ensure	its	survival	against	plant	H202	attack	and/or	to	dampen	immune	responses.	
Other	candidate	effectors	for	involvement	in	endophytic	colonization	come	from	my	
quantification	of	 fungal	biomass	 in	 tomato	roots	 (chapter	5).	Fo3	and	Fo4,	which	
colonize	 tomato	 roots	 poorly,	 lack	 the	 putative	 core	 effector	 039_metallo-beta-
lactamase.	 In	 addition,	 Fo1	 and	 Fo3,	 which	 trigger	 EMR	 very	 poorly,	 have	 the	
putative	 core	 effector	 “104_hypothetical_protein"	 in	 common,	 which,	 based	 on	
domain	 prediction	 (Marchler-Bauer	 et	 al.,	 2017),	 could	 be	 an	 iron	 transporter	
protein.	This	could	point	towards	the	involvement	of	iron	in	EMR	(see	below).	
The	above-mentioned	candidate	genes	are	interesting	to	follow	up,	to	identify	factors	
that	are	 important	 for	 root	colonization	by	Fo	and	possibly	other	 root-colonizing	
fungi.	A	complementary	approach	to	better	understand	pathogenic	and	endophytic	
colonization	 by	 Fo	 would	 consist	 of	 performing	 RNAseq	 at	 early	 stages	 of	
colonization.	 By	 determining	which	 fungal	 genes	 are	 upregulated	 among	 various	
endophytic	isolates	during	colonization	of	a	host	such	as	tomato,	we	could	find	other	
candidate	genes	important	for	fungal	colonization.		
	
What	is	the	mechanism	behind	EMR?	
	
In	this	thesis,	I	show	that	co-inoculation	of	tomato	with	the	endophytic	strain	Fo47	
and	a	pathogenic	strain	results	in	a	reduced	pathogen	biomass	in	tomato	roots,	as	
well	as	a	reduced	colonization	of	the	stem	(chapter	2).	How	can	this	be	achieved,	
taking	into	consideration	the	limited	endophytic	colonization	of	tomato	roots?	Split-
root	experiments,	which	spatially	divide	endophytic	and	pathogenic	strains,	suggest	
that	it	is	likely	an	induced	resistance	type	of	response	(Kroon	et	al.,	1991;	Duijff	et	
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al.,	1998;	He	et	al.,	2002;	Kaur	&	Singh,	2007;	Pantelides	et	al.,	2009;	Aicha	et	al.,	
2014).	
	

Callose	deposition	
	
Fo47	has	been	observed	to	induce	callose	deposition	upon	colonization	of	tomato	
roots,	 not	 only	 at	 infection	 sites	 but	 also	 distantly	 (Benhamou	&	 Garand,	 2001).	
However,	when	quantifying	callose	deposition	in	roots,	we	observed	no	difference	in	
the	number	of	callose	depositions	by	Fo47	compared	to	mock	(chapter	3).	Various	
effectors	 secreted	 by	 pathogenic	Fo	 strains	 have	 been	shown	 to	 suppress	 callose	
depositions	 (Di	 et	 al.,	 2017;	 Linguxue	 Cao	 and	 Nico	 Tintor	 personal	
communications).	Therefore,	it	was	unexpected	to	not	observe	a	strong	suppression	
of	callose	deposition	upon	Fol	colonization	of	tomato	roots	(Constantin	et	al.,	2019).	
When	the	role	of	fungal	effectors	in	suppression	callose	deposition	is	assessed,	these	
are	usually	being	overexpressed	i.e.	tomato	line	overexpressing	the	fungal	effector	
gene	SIX3	(Di	et	al.,	2017).	This	indicates	that	the	resolution	of	our	set-up	may	be	too	
low	to	observe	a	local	effect	of	callose	suppression	upon	Fol	colonization	of	tomato	
roots.	 In	 barley,	 the	 loss	 of	 function	mutation	 in	Mildew	 resistance	 locus	 o	 (Mlo),	
causes	an	increased	number	and	diameter	of	callose-rich	cell	wall	appositions	upon	
penetration	by	the	powdery	mildew	fungus	(Kusch	&	Panstruga,	2017).	In	tomato	
mlo	mutants,	the	callose	deposition	number	and	size	has	not	yet	been	measured	(Bai	
et	al.,	2008).	If	tomato	mlo	mutants	would	turn	out	to	have	an	increased	number	and	
size	of	cell	wall	position,	as	observed	in	barley,	it	would	be	a	great	tool	to	determine	
the	ability	of	Fol	to	suppress	callose	deposition,	and	determine	the	contribution	of	
callose	to	EMR.	Alternatively,	inhibiting	callose	synthase	and	determining	the	level	
of	EMR	could	also	be	a	strategy	to	understand	how	crucial	the	role	of	callose	is	in	
EMR.	
	

Competition	for	infection	sites	
	

One	 proposed	 mechanism	 underlying	 EMR	 is	 competition	 for	 infection	 sites	
(Mandeel	 &	 Baker,	 1991).	 Taking	 this	 possibility	 into	 consideration,	 Olivain	 and	
colleagues	 did	 not	 observe	 an	 exclusion	 of	 Fol	 upon	 co-inoculation	 with	 Fo47	
(Olivain	et	al.,	2006;	Nahalkova	et	al.,	2008).	These	observations	fit	ours,	that	Fo47	
and	Fol	can	coexist	in	the	same	root	(Figure	2).	However,	if	both	Fo47	and	Fol	have	
the	same	access	to	the	root	and	do	not	inhibit	each	other,	why	does	Fol	accumulate	
in	much	lower	amount	in	tomato	roots?	Could	it	be	that	Fol	is	limited	to	the	apoplast,	
or	is	it	because	it	reaches	the	xylem	vessels	more	slowly?	Pea	roots	exposed	to	Fo47	
accumulated	coating	material	 in	 the	secondary	cell	wall	and	 in	 the	 lumen	of	non-
invaded	xylem	vessels	(Benhamou	&	Garand,	2001),	suggesting	that	Fol	could	access	
the	xylem	 less	 frequently	upon	co-inoculation	with	Fo47.	One	way	of	 testing	 this	
hypothesis	 would	 be	 by	 scoring	 Fol	 access	 to	 the	 xylem	 upon	 single	 and	 co-
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inoculation	at	various	time	points	after	infection,	although	this	is	not	straightforward	
and	probably	requires	a	very	large	number	of	infections.	
	

Sugar-induced	immunity		
	

Fo47	has	been	proposed	to	compete	with	pathogenic	fungi	for	carbon	sources	such	
as	sucrose		
(Lemanceau	 et	 al.,	 1992).	 Increased	 invertase	 activity	 is	 a	 common	 signature	 of	
pathogenic	 invasion,	but	 can	also	be	altered	upon	endophytic	 invasion	(Tauzin	&	
Giardina,	 2014).	 No	 changes	 in	 invertase	 activity	 in	 leaves	 of	 tomato	 plants	
inoculated	with	Fo47	or	co-inoculated	with	Fo47	and	Fol	were	consistently	observed	
(chapter	6).	If	it	does,	Fo47	probably	only	alters	invertase	activity	in	roots	since	its	
colonization	 is	mostly	 restricted	 there	 (chapter	 2).	However,	 co-inoculated	 roots	
have	 a	 strongly	 reduced	 fungal	 load	 compared	 to	 Fol-infected	 roots	 (chapter	 2),	
suggesting	that	sugar	availability	should	not	be	a	limiting	factor	for	fungal	growth	
(unless	sugar	is	withheld	from	the	apoplast).	A	more	likely	possibility,	I	propose,	is	
that	 Fo47	 activates	 sugar-induced	 immunity.	 Sugar-induced	 immunity,	 which	
consists	 of	 unusual	 accumulation	 of	 sucrose,	 or	 hexoses	 in	 the	 apoplast	 (Bolouri	
Moghaddam	&	Van	den	Ende,	2013),	has	been	shown	to	result	in	cell	wall	fortification	
such	as	callose	(Tauzin	&	Giardina,	2014)	and	increased	PR	gene	expression,	such	as		

	
Figure	2.	Tomato	 root	colonized	by	 the	endophytic	strain	Fo47	(red)	and	 the	pathogenic	strain	
Fol007	(green).	Scale	bar	400nm.	

increased	accumulation	of	PR-5x	in	the	xylem	of	tomato	plants	co-inoculated	of	Fo47	
and	Fol	(de	Lamo	et	al.,	2018).	Determination	of	invertase	activity	and	sugar/hexose	
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ratio	in	tomato	roots	when	single	inoculated	with	Fo47	or	Fol	or	upon	co-inoculation	
with	both	could	be	a	first	step	in	determining	whether	sugar-induced	defenses	are	
activated.	
	

Iron	starvation	
		

Another	resource	for	which	root	endophytes	and	pathogens	could	compete	is	iron	
(Fuchs	et	al.,	1997).	Flax	plants	grown	on	soils	that	contain	more	bio-available	iron	
are	more	susceptible	to	Fusarium	wilt	and,	when	grown	in	soils	with	reduced	iron	
availability,	 plants	 are	 less	 susceptible	 to	 Fusarium	 wilt	 (Lemanceau,	 1989).	
Interestingly,	flax	plants	treated	with	Fo	f.sp.	lini	and	with	both	Fo47	and	a	mutant	
strain	 of	Pseudomonas	 putida	 incapable	 of	 producing	 siderophores	which	chelate	
iron,	showed	increased	susceptibly	to	Fusarium	wilt	compared	with	when	the	wild	
type	strain	of	Pseudomonas	was	used	(Duijff	et	al.,	1999).	These	studies	point	to	the	
possibility	 that	 iron	availability	 is	 important	 for	 resistance	 to	Fusarium	wilt.	 It	 is	
unclear	whether	iron	directly	affects	the	fitness	of	the	pathogen	or	influences	the	
plant	immune	system.	Recently,	it	has	been	shown	that	plants	under	iron	starvation	
produce	phenolic	compounds	in	the	rhizosphere	that	can	chelate	and	mobilize	iron	
(Stringlis	et	al.,	2018;	Stringlis	et	al.,	2019).	It	is	tempting	to	speculate,	therefore,	that	
iron	starvation	could	affect	fungal	colonization.	These	phenolic	compounds,	known	
as	coumarins,	are	produced	by	the	phenylpropanoid-pathway	which	has	been	shown	
to	 be	 upregulated	 in	 early	 stages	 of	endophytic	 Fusarium	 colonization	 (He	 et	 al.,	
2002;	Shimizu	et	al.,	2005).	One	interesting	coumarin	is	scopoletin,	which	is	induced	
in	morning	glory	plants	rapidly	after	colonization	by	endophytic	Fo	but	much	less	
upon	colonization	by	the	pathogenic	strain	Fo	f.	sp.	batatas	(Shimizu	et	al.,	2005).	
The	authors	did	not	observe	an	antimicrobial	effect	of	scopoletin	on	spores	of	Fo	f.	
sp.	batatas,	perhaps	due	to	the	low	concentration	of	scopoletin	applied	(Shimizu	et	
al.,	2005).	However,	recently,	scopoletin	has	been	shown	to	reduce	germination	of	
Fo	 f.	 sp.	 raphani	 and	 Verticillium	 dahliae,	 and	 also	 inhibit	 pigmentation	 in	 the	
mycelium	 mat	 of	 Fo,	 which	 was	 postulated	 to	 offer	 protection	 against	 stresses,	
thereby	possibly	affecting	Fo’s	fitness	(Stringlis	et	al.,	2018).	Taken	together	these	
observations,	I	propose	that	endophytic	Fo	could	induce	an	iron	starvation	response	
in	the	colonized	roots,	which	results	in	reduced	fitness	of	Fol	hyphae	either	directly	
and/or	through	the	production	of	coumarins	such	as	scopoletin.	It	would	therefore	
be	 interesting	 to	perform	metabolome	analysis	of	 tomato	roots	at	early	 stages	of	
colonization	with	Fo47,	Fol	or	both	to	identify	metabolites	that	could	be	involved	in	
EMR.	
	

Cell	death	
	
Based	 on	 observations	 that	 endophytic	 Fo	 can	 trigger	 cell	 death	 upon	 root	
colonization,	it	has	been	postulated	that	cell	death	is	necessary	for	EMR	(de	Lamo	&	
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Takken,	2020).	Cell	death	could	lead	to	release	of	various	DAMPs	which	activate	a	
strong	PTI	(Zhou	et	al.,	2020)	that	could	in	turn	limit	colonization	by	Fol.	Since	cell	
death	is	 relatively	infrequent	and	 local	 (He	 et	al.,	2002),	 this	 is	 likely	a	 ‘collateral	
damage’	of	colonization.	However,	if	cell	death	releases	DAMPs	which	can	activate	
defense,	it	is	likely	that	only	cells	in	the	proximity	would	be	‘activated’	(Marhavy	et	
al.,	2019;	Zhou	 et	al.,	2020).	Therefore,	 cell	death	alone	seems	not	be	a	 sufficient	
mechanism	to	explain	the	split-root	system	observations.		
	

Hormone	involvement	
I	would	first	like	to	point	out	that	when	determining	the	involvement	of	hormones	in	
EMR	by	using	plants	deficient	in	hormone	biosynthesis,	accumulation	or	perception,	
one	has	to	be	careful	because	1)	hormones	may	have	an	effect	on	the	aggressiveness	
of	 the	pathogen	which	 in	 turn	can	affect	 the	 level	of	EMR	and	2)	 some	hormones	
could	 be	 supplied	 by	 the	 pathogen/endophyte	 and	 therefore	 these	 tomato	 lines	
could	still	be	exposed	to	these	supposedly	missing	hormones.		
Our	 observations	 that	 EMR	 is	 independent	 of	 salicylic	 acid	 (SA)	 accumulation,	
ethylene	(ET)	perception	and	production	and	jasmonic	acid	(JA)	biosynthesis	were	
unexpected	(chapter	3).	
One	interesting	hormone	which	could	be	involved	in	EMR	that	was	not	tested	in	this	
thesis	is	abscisic	acid	(ABA).	The	compound	β-aminobutyric	acid	(BABA)	primes	via	
ABA	the	speed	of	callose	deposition	at	sites	of	infection	(Flors	et	al.,	2005).	Therefore,	
ABA	mutants	could	be	useful	for	gaining	a	better	understanding	the	role	of	callose	in	
EMR.		
Taken	 together	 the	 above	 sections,	 I	 consider	 it	 likely	 that	 endophytic	 Fo	
colonization	triggers	various	and	not	mutually	exclusive	responses	in	tomato	roots	
such	as	sugar	immunity,	 iron-induced	defense	and	cell	death	that	result	 in	DAMP-
triggered	 immunity,	 activation	 of	 the	 phenylpropanoid	 pathway	 (coumarins,	
lignification),	 accumulation	 of	 PR-proteins	 such	 as	 PR-5x,	 and	 callose	 deposition.	
These	induced	responses	may	only	be	partially	suppressed	by	pathogenic	Fo	by	its	
use	of	effectors.	
	
Can	EMR	be	implemented	successfully	in	the	field?	
	
If	Fo	is	indeed	such	a	ubiquitous	root	colonizing	fungus	(chapter	5)	it	is	surprising	
that	plants	in	agricultural	settings	are	still	susceptible	to	Fusarium	wilt	disease.	This	
indicates	that	there	are	differences	between	disease	dynamics	in	the	field	and	in	our	
bioassays.	For	example,	by	trimming	roots,	we	provide	simultaneous	access	to	the	
vasculature	 for	 both	 endophytic	and	pathogenic	 Fo	 strains.	 In	 soils,	 roots	 can	 be	
colonized	by	endophytic	and	pathogenic	Fo	at	different	plant	developmental	stages	
and	in	more	variable	amounts.	Additionally,	competition	between	these	strains	may	
play	a	bigger	role	in	soils	than	in	our	bioassays.	These	differences	could	explain	why	
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endophytic	Fo,	such	as	Fo47,	have	had	limited	success	as	biocontrol	agents	in	the	
field	(Blok	et	al.,	1997;	Fuchs	et	al.,	1999).		
Interestingly,	 other	 fungal	 species	 also	 seem	 to	 trigger	 EMR.	 For	 example,	
Verticillium	endophyte	Vt306	can	confer	resistance	against	the	pathogen	Verticillium	
longisporum	and	the	endophytic	strain	of	Colletotrichum	magna	protects	against	a	
pathogenic	strain	of	Colletotrichum	magna	(Freeman	&	Rodriguez,	1993;	Tyvaert	et	
al.,	 2014).	 These	 observations	 suggest	 that	 EMR	 is	 not	 limited	 to	 Fusarium	
endophytes	 against	 Fusarium	 pathogens.	 Additionally,	 endophytic	 Colletotrichum	
could	also	confer	resistance	against	Fo	f.	sp.	niveum	in	watermelon	plants	(Freeman	
&	 Rodriguez,	 1993),	 and	 the	 Fo	 endophyte	 Fo47	 can	 confer	 protection	 against	
Verticillium	wilt	of	pepper	plants	(Veloso	et	al.,	2016).	These	data	suggest	that	EMR	
is	an	effective	mechanism	against	root	pathogens.		
A	better	understanding	of	 the	mechanism(s)	behind	EMR	could	help	 increase	 the	
success	of	implementing	endophytes	as	part	of	disease	management	strategy	and/or	
provide	clues	to	which	traits	should	be	bred	in	plants	in	order	to	achieve	higher	and	
more	 reproducible	 levels	 of	 microbiome-induced	 resistance.	 Until	 then,	 Fo	
endophytes	 could	 still	 be	 of	 value	 as	 biocontrol	 agents	 in,	 for	 instance,	 the	
Netherlands,	where	tomato	plants	are	largely	grown	in	greenhouses.	However,	level	
of	resistance	triggered	by	Fo	endophytes	against	Fol	in	hydroponically	grown	tomato	
plants	still	needs	to	be	tested.		
	
Outlook	
	
Our	 current	 agricultural	 practices,	 favoring	 monoculture,	 inadvertently	 led	 to	
“breeding	 for	 pathogenicity”.	 It	 is	 now	 time	 to	 breed	 for	 endophytism.	 Plant	
pathology	 is	 moving	 from	 individual	 plant-pathogen	 interactions	 towards	 plant-
microbe(ome)	 interactions,	which	may	well	 bring	 new	solutions	 to	 plant	 disease	
management,	 such	 as	 ‘microbiome	 transplants’	 and	 breeding	 for	 beneficial	
interactions	with	microorganisms.	
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Summary	
Plant	pathogenic	fungi	are	fascinating	creatures	that	have	the	unfortunate	ability	of	
considerably	 reducing	 yield	 of	 agronomically	 important	 plants.	 Among	 these	
unwelcomed	plant	colonizers	are	fungi	belonging	to	the	Fusarium	oxysporum	(Fo)	
species	 complex.	 This	 species	 complex	 encompasses	 pathogenic	 as	 well	 as	 non-
pathogenic	strains.	Non-pathogenic	Fo	strains	colonize	plant	roots	without	causing	
any	disease	symptoms	–	as	endophytes.	Pathogenic	Fo	strains	cause	wilt	or	root-rot	
disease	on	one	or	few	related	plant	species.	For	example,	Fo	f.sp.	 lycopersici	(Fol)	
causes	wilt	disease	on	tomato	plants.	Fol	secretes	proteins	known	as	SIX	(secreted	in	
xylem)	 proteins,	 which	 facilitate	 colonization	 and	 contribute	 to	 fungal	 virulence.	
However,	 when	 Fol	 colonizes	 others	 plants	 such	 as	 melon,	 it	 behaves	 as	 and	
endophyte.	 Interestingly,	 co-inoculation	 of	 plants	 with	 an	 endophytic	 and	 a	
pathogenic	 strain	 results	 in	 little	 or	 no	wilt	 disease,	 a	phenomenon	 that	 is	 called	
endophyte-mediated	 resistance	 (EMR).	 The	 scope	 of	 this	 thesis	 is	 to	 enhance	
understanding	 of	 the	mechanism	behind	EMR,	 and	 of	 how	 endophytic	Fo	 strains	
differ	from	pathogenic	ones.	
To	address	 this	 first	question,	EMR	was	 tested	 in	 the	Fol-tomato	pathosystem.	 In	
chapter	2,	we	show	that	various	Fusarium	species	can	trigger	EMR	against	Fusarium	
wilt	disease,	therefore	this	ability	 is	not	 limited	to	Fo.	Additionally,	the	endophyte	
Fo47	 reduced	 the	 extent	 of	 colonization	 by	 Fol	 of	 stems	 and	 roots	 of	 tomato.	
Endophytic	 colonization	 of	 tomato	 roots	was	 not	 affected,	 but	 its	 colonization	 of	
tomato	stems	was	enhanced	upon	co-inoculation	with	Fol.	These	results	suggest	that	
endophytic	colonization	can	be	stimulated	by	pathogenic	Fo.	Chapter	3	shows	that	
EMR	 is	 not	 impaired	 in	 tomato	 plants	 deficient	 in	 accumulating	 salicylic	 acid,	 or	
impaired	 in	 biosynthesis	 of	 jasmonic	acid	 or	 ethylene,	or	 in	 ethylene	perception.	
These	 data	 imply	 that	 these	 phytohormones,	 commonly	 associated	with	 induced	
resistance,	are	not	required	from	EMR.		
Fo	strains	from	three	different	locations	(Australia,	Spain,	U.S.A.),	were	shown	to	be	
capable	of	growing	in	tomato	plants	as	endophyte	and	were	used	for	whole	genome	
sequencing	in	chapter	4.	By	comparing	their	genomes	with	genomes	of	pathogenic	
Fo	 strains	 we	 show	 that	 pathogenic	 Fo	 genomes	 have	 more	 miniature	 impala	
transposons	(mimps)	and	associated	putative	effector	genes.	Therefore,	it	is	possible	
to	predict	 if	a	Fo	strain	could	be	a	plant	pathogen	by	determining	 the	number	of	
mimps	and	the	number	of	putative	effector	genes.	In	chapter	5,	we	illustrate	that	
EMR	is	a	common	characteristic	of	Fo	endophytes.	By	testing	40	Fo	strains	from	the	
44	strains	sequenced	in	chapter	4,	we	could	show	that	most	of	these	endophytic	Fo	
strains	can	colonize	tomato	roots	and	trigger	EMR	to	a	similar	extent	as	Fo47.		
Chapter	6	shows	that	co-inoculation	of	endophytic	Fo	with	Fol,	as	well	as	endophytic	
colonization,	 does	 not	 affect	 primary	metabolism	 in	 tomato	 leaves.	However,	 Fol	
inoculation	increases	the	activity	of	cell	wall	and	vacuolar	invertase,	together	with	
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glucose-6-phosphate-dehydrogenase	(G6PDH)	activity	in	tomato	leaves,	possibly	by	
the	formation	of	a	new	sucrose	sink.	
Finally,	 a	 protocol	 useful	 for	 validating	 Fo	 endophytes	 in	 field	 conditions	 was	
established	in	chapter	7.	By	developing	a	cheap	and	scalable	method	for	Fo	spore	
production,	 we	 could	 inoculate	 potato	 tubers	 with	 Fo47	 in	 field	 conditions	 in	
Germany.	Fo47	was	found	to	colonize	potato	plants	without	affecting	starch	content,	
yield	or	susceptibly	to	Rhizoctonia.		
Altogether,	the	results	presented	in	this	thesis	contribute	to	understanding	the	dual	
nature	of	Fo,	as	a	pathogen	and	as	an	endophyte,	and	the	potential	of	Fo	endophyte	
application	in	management	of	Fusarium	wilt	disease.	
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Samenvatting	
Plant-pathogene	schimmels	zijn	fascinerende	wezens	die	de	ongelukkige	eigenschap	
hebben	 om	 oogsten	 van	 belangrijke	 gewassen	 te	 reduceren.	 Eén	 van	 deze	
ongewenste	 plant	 kolonisten	 zijn	 schimmels	 die	 behoren	 tot	 de	 soort	 Fusarium	
oxysporum	 (Fo).	 Deze	 soort	 omvat	 zowel	 ziekmakende	 (pathogene)	 als	 niet-
pathogene	stammen.	Niet-pathogene	Fo	stammen	koloniseren	het	wortelstelsel	van	
de	plant	zonder	dat	deze	daar	ziektesymptomen	van	krijgt	–	deze	groep	noemen	we	
endofieten.	Pathogene	Fo	stammen	veroorzaken	wel	ziektesymptomen	 in	planten	
zoals	verwelking	en	wortelrot.	Vaak	infecteren	pathogene	Fo	stammen	maar	één	of	
een	paar	 aanverwante	 plantensoorten.	 Een	 voorbeeld	 is	 Fo	 f.sp.	 lycopersici	 (Fol),	
deze	pathogeen	veroorzaakt	verwelkingsziekte	in	alleen	tomaat.	Tijdens	een	infectie	
scheidt	Fol	eiwitten	uit	die	bijdragen	aan	de	virulentie	en	gastheer-kolonisatie	van	
de	 schimmel.	 Deze	 eiwitten	 heten	 de	 ‘secreted	 in	 xylem’	 (SIX)	 eiwitten.	 Echter,	
wanneer	Fol	een	andere	plant	infecteert,	zoals	meloen,	dan	gedraagt	deze	schimmel	
zich	als	endofiet.	Het	 is	daarom	ook	interessant	dat	wanneer	je	een	pathogeen	en	
endofiet	tegelijk	inoculeert	dit	resulteert	in	nagenoeg	geen	ziekteverschijnselen.	Dit	
fenomeen	 noemen	 we	 ‘endophyte	 mediated	 resistance’	 (EMR).	 Het	 doel	 van	 dit	
proefschrift	is	om	een	beter	begrip	te	krijgen	omtrent	het	mechanisme	van	EMR	en	
hoe	Fo	endofieten	verschillen	van	pathogene	Fo	stammen.	
Om	de	eerste	vraag	te	beantwoorden	maakten	we	gebruik	van	het	pathosysteem	Fol-
tomaat.	 In	hoofdstuk	2	 beschrijven	we	 verschillende	Fusarium	 soorten	die	 EMR	
bewerkstelligen	 tegen	 Fusarium-verwelkingziekte,	 wat	 impliceert	 dat	 EMR	 niet	
alleen	door	F.	oxysporum	teweeg	wordt	gebracht.	Bovendien	reduceert	een	endofiet,	
de	stam	Fo47,	de	mate	van	kolonisatie	door	Fol	van	de	wortels	en	de	stengel	van	
tomatenplanten.	In	dit	geval	was	de	kolonisatie	van	de	endofiet	in	tomatenwortels	
onveranderd	maar	de	kolonisatie	in	de	stam	was	toegenomen	tijdens	een	co-infectie	
met	Fol.	Deze	resultaten	suggereren	dat	de	kolonisatie	door	endofieten	 in	 tomaat	
gestimuleerd	wordt	door	de	pathogeen,	Fol.	In	hoofdstuk	3	laten	we	zien	dat	EMR	
niet	verminderd	is	in	tomatenplanten	die	geen	salicylzuur	meer	kunnen	aanmaken.	
Ook	planten	die	 geen	 jasmijnzuur	 of	ethyleen	 kunnen	maken	 of	ethyleen	 kunnen	
herkennen	 hebben	 geen	 verminderde	 EMR.	 Deze	 data	 impliceren	 dat	
planthormonen,	vaak	geassocieerd	met	geïnduceerde	resistentie,	niet	noodzakelijk	
zijn	voor	EMR.	
Fo	stammen	van	drie	verschillende	locaties	(Australië,	Spanje	en	de	Verenigde	Staten	
van	 Amerika)	 kunnen	 allen	 groeien	 in	 tomatenplanten	 als	 endofiet.	 Van	 deze	
stammen	 zijn	 vervolgens	 de	 genomen	 gesequenced	 in	 hoofstuk	 4.	 Met	 het	
vergelijken	van	de	endofiet	Fo	genomen	met	genomen	van	pathogene	Fo	stammen	
hebben	 we	 aangetoond	 dat	 pathogene	 Fo	 genomen	 meer	 ‘miniature	 impala	
transposons’	 (mimps)	 hebben	 die	 geassocieerd	 zijn	 met	 mogelijke	 effectorgenen.	
Daarmee	is	het	nu	mogelijk	om	te	voorspellen	of	een	Fo	stam	een	plant-pathogeen	is,	
door	de	hoeveelheid	mimps	en	mogelijke	effectorgenen	te	bepalen.	In	hoofdstuk	5	
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illustreren	we	dat	EMR	een	gemeenschappelijke	eigenschap	 is	van	Fo	endofieten.	
Hiervoor	testten	we	40	van	de	44	gesequenste	Fo	stammen	in	hoofdstuk	4	en	laten	
we	 zien	 dat	 de	 meeste	 van	 deze	 endofiete	 Fo	 stammen	 in	 eenzelfde	 mate	
tomatenwortels	kunnen	koloniseren	en	EMR	kunnen	bewerkstelligen	als	Fo47.	In	
hoofdstuk	6	staat	beschreven	dat	co-inoculatie	van	een	endofiete	Fo	stam	met	een	
pathogene	 Fol	 stam,	 evenals	 inoculatie	 van	 de	 endofiet	 alleen,	 het	 primaire	
metabolisme	in	 tomatenbladeren	niet	veranderen.	Echter	 inoculatie	van	alleen	de	
pathogeen	zorgt	voor	een	verhoogde	activiteit	van	celwand-	en	vacuole-invertases,	
samen	 met	 de	 activiteit	 van	 glucose-6-fosfaat-dehydrogenase	 (G6PDH)	 in	
tomatenbladeren.	Dit	wordt	mogelijk	veroorzaakt	door	het	ontstaan	van	een	nieuwe	
sucrose	‘sink’.	
Tenslotte	 is	 een	 protocol	 dat	 de	 validatie	 van	 Fo	 endofieten	 in	 het	 veld	
vergemakkelijkt	tot	stand	gekomen	in	hoofdstuk	7.	Door	het	ontwikkelen	van	een	
goedkope	methode	voor	het	produceren	van	Fo	sporen	en	de	mogelijkheid	om	dit	op	
te	 schalen	 konden	we	 pootaardappelen	 inoculeren	 met	 de	 endofiet	 Fo47	 in	 een	
veldproef	 in	Duitsland.	We	 vonden	dat	 Fo47	de	 aardappel	 plant	 kon	 koloniseren	
zonder	een	effect	te	hebben	op	de	zetmeelwaardes,	opbrengst	en	vatbaarheid	voor	
Rhizoctonia.	
Bij	elkaar	genomen	dragen	de	gepresenteerde	resultaten	in	dit	proefschrift	bij	aan	
onze	 kennis	 over	 de	 twee	 kanten	 van	 Fo,	 als	 pathogeen	 en	 als	 endofiet,	 en	 de	
mogelijkheid	 om	 Fo	 endofieten	 te	 gebruiken	 voor	 het	 beheersen	 van	 Fusarium-
verwelkingziekte.	
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