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ABSTRACT	
 

Diversity,	ecology,	and	biotechnological	potential	of	microorganisms	
naturally	associated	with	plants	in	arid	lands	

María	José	Mosqueira	Santillán		

	

Plants	 naturally	 host	 complex	 microbial	 communities	 in	 which	 the	 plant	 and	 the	

symbiotic	 partners	 act	 as	 an	 integrated	 metaorganism.	 These	 communities	 include	

beneficial	 (i.e.	 plant	 growth	 promoting,	 PGP)	 microorganisms	 which	 provide	

fundamental	ecological	services	able	to	enhance	host	plant	fitness	and	stress	tolerance.	

PGP	 microorganisms	 represent	 a	 potential	 bioresource	 for	 agricultural	 applications,	

especially	 for	 desert	 farming	 under	 the	 harsh	 environmental	 conditions	 occurring	 in	

hot/arid	regions	(i.e.	drought	and	salinity).	In	this	context,	understanding	the	ecological	

aspects	of	the	associated	microorganisms	is	crucial	to	take	advantage	of	their	ecological	

services.	

Here,	hot/desert	ecosystems	were	selected	and	two	contrasting	plant	categories	were	

used	as	models:	(i)	wild	plants	(i.e.	speargrasses)	growing	in	hot-desert	sand	dunes	and	

(ii)	 the	 main	 crop	 cultivated	 in	 desert	 ecosystems,	 the	 date	 palm.	 By	 using	 high-

throughput	 DNA	 sequencing	 and	 microscopy,	 the	 ecology	 and	 functionality	 of	 the	

microbial	 communities	 associated	 with	 these	 plants	 were	 characterized.	 Additionally,	

the	PGP	services	of	bacteria	isolated	from	date	palm	were	explored.	
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I	 found	 that	 the	 harsh	 conditions	 of	 the	 desert	 strongly	 affect	 the	 selection	 and	

assembly	of	microbial	communities	associated	with	 three	different	speargrass	species,	

determining	 a	 plant	 species-independent	 core	microbiome	 always	 present	 among	 the	

three	 plant	 species	 and	 carrying	 important	 PGP	 traits.	 On	 the	 contrary,	 in	 agro-

ecosystems	where	desert	 farming	practices	are	used,	 the	plant	 species,	 i.e.	date	palm	

exerts	 a	 stronger	 selective	 pressure	 than	 the	 environmental	 and	 edaphic	 factors	

favoring	 the	 recruitment	 of	 conserved	 microbial	 assemblages,	 independent	 of	 the	

differences	 in	 the	 soil	 and	 environmental	 conditions	 among	 the	 studied	 oases.	 Such	

selective	 pressure	 also	 favors	 the	 recruitment	 of	 conserved	 PGP	microorganisms	 (i.e.	

Pseudomonas	sp.	bacterial	strains)	able	to	protect	their	host	from	salinity	stress	through	

the	 induction	 of	 root	 architectural	 changes	 regulated	 by	 the	modification	 of	 the	 root	

system	auxin	homeostasis.	

Overall,	we	 found	 that	deserts	are	unique	ecosystems	 that	 challenge	 the	paradigm	of	

microbial	community	assembly,	as	 it	was	defined	from	studies	 in	non-arid	ecosystems.	

The	understanding	of	the	ecological	features	regulating	the	ecological	properties	of	such	

unique	 microbial	 community	 assembly	 will	 be	 a	 key-step	 to	 improve	 the	 chances	 of	

successful	application	of	‘PGP	microorganisms’	in	arid	agroecosystems.	
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AIM	OF	THE	WORK	
	

Drylands	cover	around	41%	of	the	global	surface,	with	up	to	20%	of	these	lands	being	in	

risk	of	desertification	(Reynolds	2007).	This	would	eventually	translate	into	a	reduction	

of	croplands	and	agricultural	production.	Besides	water	limitation,	other	factors	such	as	

high	temperatures	and	sun	irradiation,	soil	salinity	and	low	resources	are	distinctive	of	

desert	environment	and	their	combination	is	responsible	of	 limiting	plant	productivity.	

Certain	 plants,	 known	 as	 xerophytes,	 have	 developed	 special	 morphological	 and	

physiological	 adaptive	 traits	 to	 survive	 in	 the	 harsh	 conditions	 of	 the	 desert.	 Such	

xerophytic	 traits	 help	 plants	 (i)	 to	 avoid	 water	 loss	 (e.g.	 the	 stomata	 closure	 in	

Crassulaceae	 family),	 (ii)	 to	 increase	 the	 storage	 of	 water	 in	 aerial	 tissues	 (e.g.	 in	

succulent	 plants)	 and	 (iii)	 to	 favor	 water	 retention	 in	 the	 root	 system	 (e.g.	 the	

rhizosheath	in	desert	speargrasses,	Sandquist	2014).	

Besides	these	adaptations,	plants	host	complex	microbial	communities	associated	with	

the	different	compartments,	for	instance	in	the	root	and	the	rhizosphere	and	both	the	

plant	 and	 the	microbial	 partners	 act	 as	 an	 integrated	 and	 coordinated	metaorganism	

(Lundberg	et	al.,	2012).	The	microbial	selection	and	recruitment	by	the	plant	take	place	

in	the	rhizosphere,	at	the	interface	between	the	plant	root	system	and	the	soil,	where	

the	 root	 tissues	 release	 organic	 matter	 and	 carbon	 sources	 in	 a	 process	 known	 as	

rhizodeposition.	Root	exudates	enrich	a	specific	subset	of	the	microorganisms	from	the	

surrounding	soil	into	the	rhizosphere,	the	first	millimeters	of	soil	attached	to	the	roots,	

while	 the	 rhizoplane,	 the	 root	 surface,	 selects	 a	 further	 subset	 of	 the	 rhizospheric	
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microorganisms,	 allowing	 them	 to	penetrate	 the	 root	 tissues	and	 further	 colonize	 the	

plant	 organs	 after	 moving	 through	 the	 xylem	 vessels	 (Marasco	 et	 al.,	 2018;	

Zarraonaindia	 et	 al.,	 2015).	 Some	 of	 these	 microorganisms,	 known	 as	 plant	 growth	

promoters	 (PGP),	 can	 provide	 beneficial	 services	 to	 the	 plant	 metaorganism	 by	

determining	morphological,	 physiological	 and	 biochemical	 changes	 in	 the	 root	 tissues	

that	 positively	 affect	 the	 health	 and	 fitness	 of	 the	 plant	 under	 normal	 and	 stressful	

conditions,	such	as	the	ones	present	in	desert	ecosystems	(Soussi	et	al.,	2016).	

Such	beneficial	 roles	of	 soil	microorganisms	are	 recognized	 since	a	 long	 time,	but	 still	

are	 considered	 as	 fortuitous	minor	 effects	 that	 do	 not	 have	 significant	weight	 on	 the	

overall	plant	growth	and	development.	This	is	mainly	due	to	the	mild	and	slow	nature	of	

the	biological	processes	 that	 are	 revealed	only	 after	 long	 term	 interactions.	However,	

recent	studies	have	demonstrated	that	the	role	of	microorganisms	in	the	functioning	of	

the	 plant	metaorganism	 is	 very	 important	 and	microorganisms	 can	 even	 improve	 the	

plant	 ecosystem	 assembly	 and	 productivity	 (Wubs	 et	 al.,	 2016).	 Such	 aspect	 in	 the	

biology	of	crop	ecosystems	is	increasingly	recognized	and	considered	in	the	response	of	

the	plant	to	external	constraining	factors	such	as	biotic	and	abiotic	stresses,	even	at	the	

field	level	(Rolli	et	al.,	2017).	

While	 the	 role	 of	 microorganisms	 in	 plant	 health	 and	 productivity	 is	 increasingly	

recognized,	the	forces	and	factors	that	regulate	the	assembly	of	microbial	communities	

in	the	rhizosphere,	the	root	system	and	the	plant	organs	are	still	a	black	box.	Besides	a	

lack	of	understanding	at	 the	mechanistic	 level	of	 the	 interactions,	we	do	not	yet	 fully	
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understand	the	ecological	factors	and	forces	that	determine	the	assembly	of	microbial	

communities	 in	 the	 plant	 metaorganism.	 Multiple	 factors,	 abiotic	 and	 biotic,	 affect	

microbial	community	assembly	 in	planta,	 including	plant	species,	plant	diversity	 in	 the	

ecosystem,	agricultural	practices,	soil	type,	and	the	biogeographical	distribution.	These	

factors	 differently	 affect	 plant-microbe	 interactions	 depending	 on	 the	 kind	 of	 system	

taken	in	consideration.	For	instance,	natural	or	wild	ecosystems	are	characterized	by	a	

low	 anthropogenic	 impact	 and	 a	 high	 plant	 biodiversity,	 where	 plants	 grow	 on	 their	

native	 soil	 favoring	 the	 co-evolution	 of	 plant-microbe	 interactions	 that	 can	 positively	

influence	 the	 fitness	 and	 adaptation	 of	 the	 plant	 metaorganism.	 On	 the	 other	 hand,	

agricultural	 ecosystems	 are	 characterized	 by	 low	 plant	 diversity,	 as	 they	 generally	

consist	of	limited	areas	where	only	one	crop	type	selected	and	artificially	introduced	by	

humans	 is	 grown	at	a	 time.	Moreover,	 a	distinctive	 trait	of	agricultural	 systems	 is	 the	

high	human	impact	due	to	routine	agricultural	practices,	such	as	soil	tillage	or	the	use	of	

fertilizers	and	pesticides.	In	agro-ecosystems	agricultural	practices	and	soil	type	are	the	

major	 factors	 affecting	 microbial	 community	 assembly,	 while	 in	 wild	 unmanaged	

ecosystems	the	plant	species	and	their	diversity	in	the	ecosystem	have	a	major	effect.	

The	 majority	 of	 these	 studies	 have	 been	 conducted	 in	 temperate	 climate	 using	

mesophilic	 plant	 species	 as	model,	 leaving	desert	 ecosystems	aside.	A	 climate	 change	

scenario	and	 the	consequential	expansion	of	desert	 lands	motivate	 the	 interest	 in	 the	

microbial	communities	associated	with	vegetation	inhabiting	hot/desert	environments.	
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In	this	context,	the	aim	of	this	PhD	thesis	is	to	study	the	ecological	factors	affecting	the	

microbial	community	recruitment,	assembly	and	functionality	in	hot/desert	ecosystems,	

by	 comparing	 two	 contrasting	 plant	 categories	 in	 relation	 to	 the	 impact	 on	 human	

activities:	(i)	a	group	of	wild	plants,	the	desert	speargrasses,	that	grow	in	the	hot-desert	

sand	 dunes	 and	 (ii)	 the	 main	 crop	 cultivated	 in	 desert	 ecosystems,	 the	 date	 palm.	

Additionally,	since	microorganisms	play	important	roles	in	many	aspects	of	plant	fitness	

and	the	beneficial	ecological	services	provided	to	their	host	are	of	particular	relevance	

in	 harsh	 conditions	 (i.e.	 under	 drought,	 salt	 stress,	 etc),	 I	 aim	 to	 explore	 the	 PGP	

potential	of	bacterial	strains	 isolated	from	date	palm	in	order	to	assess	their	potential	

and	mechanisms	used	for	promoting	plant	growth	under	stress.	

The	Namib	 Desert	 and	 the	 oases	 across	 the	 arid/salty	 regions	 of	 the	 Tunisian	 Sahara	

were	selected	to	study	the	microbial	communities	associated	with	the	root	systems	of	

plants	inhabiting	wild-unmanaged	and	managed	desert	ecosystems,	respectively.	In	the	

Namib	Desert,	we	focused	our	attention	on	three	species	of	speargrasses	(Stipagrostis	

sabulicola,	Stipagrostis	seelyae,	and	Cladoraphis	spinosa).	These	species	are	xerophytic	

perennial	grass	plants	that	presents	rhizosheath-root-system	as	an	adaptive	trait	to	the	

harsh	conditions	of	the	desert	sand.	On	the	other	hand,	we	selected	date	palm	(Phoenix	

dactylifera)	 as	 a	model	 crop	 adapted	 to	 the	 arid	 conditions	 of	 the	 desert	 oasis	 agro-

ecosystem.	By	using	high-throughput	DNA	sequencing	of	microbial	species	DNA	markers	

and	 other	 techniques	 suitable	 to	 reveal	 the	 nature	 of	 the	 microbiota	 such	 as	

microscopy,	 I	 characterized	 the	 microbial	 communities	 associated	 with	 the	 different	

root	 systems	 of	 the	 selected	 model	 plants,	 in	 order	 to:	 i)	 reveal	 the	 factors	 and	
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processes	affecting	microbial	community	assembly,	and	the	PGP	functional	potential	of	

the	 associated	microbiota,	 and	 ii)	 test	 the	 hypothesis	 that	 in	 the	 low-resource	 desert	

sands	 the	 environmental	 factor	 (the	 soil	 type	 and	 nature)	 prevails	 on	 the	 biological	

factor	(the	plant	host)	as	the	major	determinant	of	the	microbial	community	assembly	

in	the	plant	root	system.	Furthermore,	 isolated	strains	associated	with	the	desert	crop	

date	 palm	 were	 characterized	 for	 their	 PGP	 potential	 and	 ability	 to	 confer	 tolerance	

under	abiotic	stress	 (i.e.	 salinity)	 to	other	plants	 in	order	 to	understand	the	ecological	

importance	 of	 the	 plant-associated	 microbial	 communities	 and	 further	 exploit	 their	

metabolic	traits	as	a	bioresource.	
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Chapter	1:	Diversity,	ecology	and	biotechnological	potential	of	
microorganisms	naturally	associated	with	plants	in	arid	lands	
	

Abstract	

	

Plants	 inhabiting	desert	 ecosystems	not	only	develop	morphological	 and	physiological	

adaptations	 allowing	 them	 to	 resist	 the	 abiotic	 stress	 imposed	 by	 arid	 environments,	

such	 as	 drought	 and	 salinity,	 but	 also	 exploit	 the	 ecological	 services	 carried	 by	 the	

microbial	 communities	 naturally	 associated	 with	 them.	 In	 this	 review,	 we	 provide	 a	

critical	 overview	 of	 the	 bacterial	 and	 fungal	 communities	 associated	 with	 xerophytic	

plants	in	hot	desert	ecosystems.	The	composition,	structure,	functionality	and	potential	

application	 of	 such	 plant-associated	 microorganisms	 are	 discussed.	 A	 deeper	

understanding	of	the	factors	affecting	microbial	communities,	population	dynamics	and	

interaction	in	the	complex	associations	of	desert	plants	and	microorganisms	would	help	

to	 optimize	 ways	 to	 steer	 and	 exploit	 the	 plant-microbial	 partnership.	 The	

implementation	 of	 sustainable	 biotechnological	 approaches	 for	 agriculture	 production	

in	arid	lands,	also	based	on	the	microbial	resource	is	envisaged	considering	the	constant	

reduction	of	crop	land	due	to	the	ongoing	climate	change	and	land	desertification.	

	

Keywords.	 Arid	 ecosystem,	 microbial	 diversity,	 desert	 plants,	 plant-microbiota,	 plant	

selection	
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1.1	Introduction	
	

Around	one	 fifth	 of	 the	world	 surface	 is	 classified	 as	 desert	 (Laity,	 2009).	Deserts	 are	

biomes	 characterized	 by	 low	mean	 annual	 precipitation	 and	 high	 annual	 evaporation	

(Sandquist	2014).	Besides	 their	distinctive	aridity,	deserts	usually	portray	 low	nutrient	

availability,	 elevated	 temperatures	 and	 sun	 irradiation,	 high	 salinity,	 and	 strong	wind	

erosion;	(Chamizo	et	al.,	2012;	Lester	et	al.,	2007;	Sandquist,	2014;	Stomeo	et	al.,	2013).	

According	to	the	UNEP	(1992),	deserts	are	defined	as	those	regions	with	an	aridity	index	

(defined	as	ratio	among	annual	precipitation	and	potential	evapotranspiration,	P/PET	of	

less	 than	 1,	 ranging	 from	 sub-humid	 (0.5<P/PET<0.65)	 to	 hyper-arid	 (P/PET<0.05)	

deserts	(Whitford,	2002;	Tsakiris	&	Vangelis,	2005).	

Low	 resource	 availability,	 extreme	 temperatures	 and	 water	 scarcity	 represent	 the	

environmental	 forces	 driving	 the	 diversity	 and	 the	 ecological	 adaptation	 strategies	 of	

the	organisms	living	in	the	desert	(Noy-meir,	1974;	Gutterman,	2002;	Makhalanyane	et	

al.,	2015).	Within	these	organisms,	vegetation	is	an	important	component	defining	the	

desert	 biome.	 The	 first	 and	most	 important	 challenge	 for	 desert	 plants	 is	 aridity	 and	

water	scarcity,	along	with	extreme	environmental	pH	and	high	salinity	of	water	that	also	

negatively	 affect	 plants'	 water	 uptake	 (Thorup,	 1969;	 Aroca	 et	 al.,	 2012).	 In	 deserts,	

mesophytic	plants	-	adapted	to	temperate	climates	(Maximov,	1931)	-	would	evaporate	

water	faster	than	the	rate	of	water	uptake	from	the	soil,	 leading	to	wilting	and	death.	

On	 the	 contrary,	 specialized	 xerophytic	plants	 exhibit	 specific	 adaptation	 strategies	 to	

survive	in	such	water-limiting	conditions	(Fahn	&	Cutler,	1992),	including	morphological	
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and	physiological	changes	of	both	above-	and	below-ground	compartments	(Sandquist	

2014;	Wickens,	 2013;	 Danin,	 1996).	Morphological	 xerophytic	 adaptations	 are	mainly	

directed	 towards	 the	 optimization	 of	 water	management	 by	 reducing	 the	 amount	 of	

water	lost	by	evaporation,	favouring	water	uptake,	improving	water	holding	capacity	of	

the	 surrounding	 soil,	 or	 by	 storing	 water	 in	 the	 plant	 tissues	 (Wickens,	 2013).	 For	

instance,	 succulent	plants	 store	water	 in	 their	 stem	and	 leaves	 (e.g.	Cactaceae	 family;	

Barthlott	&	Hunt,	1993),	while	shrubs	and	bushes,	growing	at	the	edges	of	sandy	dunes,	

develop	special	and	deep	root	systems	(e.g.	speargrasses	rhizosheath	of	Poaceae	family;	

Danin,	1996)	allowing	a	quick-absorption	and	long-storage	of	large	quantities	of	water.	

Additional	 physiological	 adaptations	 allow	 xerophytic	 plants	 to	 cope	 with	 further	

stresses	characteristic	of	desert/arid	environments,	such	as	high	salinity	(i.e.	halophytes,	

(Flowers	 &	 Colmer,	 2015),	 for	 example	 using	 specific	 strategies	 of	 salt	 secretion	 and	

osmoregulation	(Flowers	&	Colmer,	2008).	

Along	 with	 the	 multiple	 physiological	 and	 morphological	 adaptation	 strategies,	

xerophytic	 plants	 exploit	 the	 positive	 interactions	 set	 with	 their	 associated	

microorganisms	(Rolli	et	al.,	2014;	Marasco	et	al.,	2012;	Fonseca-García	et	al.,	2016).	In	

fact,	plants	have	been	recently	re-defined	as	‘metaorganisms’	or		‘holobionts’	composed	

by	the	host	plant	itself	and	its	associated	microorganisms,	both	acting	synergically	as	a	

single	 entity	 of	 evolutionary	 selection	 (Zilber-Rosenberg	 &	 Rosenberg,	 2008).	 Despite	

the	 presence	 of	 plant	 pathogenic	 microorganisms,	 a	 higher	 number	 of	 beneficial	

microorganisms	successfully	interact	with	plant	providing	valuable	ecological	services	to	

the	plant	metaorganism,	promoting	its	growth,	protection,	and	productivity	(Rodriguez	
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et	al.	2008),	especially	in	desert	ecosystems	(Bashan	&	Holguin,	2002;	Daffonchio	et	al.,	

2015;	Marasco	et	al.,	 2012).	 These	beneficial	microorganisms,	 known	as	plant	 growth	

promoting	(PGP)	microorganisms,	exert	their	beneficial	services	in	several	ways,	namely	

through	both,	direct	and	indirect	mechanisms	(Spaepen	et	al.,	2009).	Although	far	away	

from	being	fully	elucidated,	these	mechanisms	include	the	ability	to	(i)	solubilize	mineral	

phosphates	and	increase	the	bioavailability	of	other	micro	and	macronutrients	such	as	

nitrogen	and	iron	(Lemanceau	et	al.,	2009;	Santi	et	al.,	2013;	Yang	&	Paszkowski,	2011)	

(ii)	 synthesize	 antibiotics,	 enzymes	 and/or	 antimicrobial	 compounds	 (Emmert	 &	

Handelsman,	 1999),	 and	 (iii)	 produce	 hormone-like	 substances	 interfering	 with	 the	

physiological	hormone	balance	of	plants	(Glick	et	al.,	2007;	Spaepen	et	al.,	2009).	

In	this	context,	understanding	the	association	of	desert	plants	and	microorganisms	may	

improve	the	efforts	to	comprehend	the	overall	ecological	processes	taking	place	at	the	

interface	 betwee	 hot	 desert	 substrates	 and	 the	 plant	 root.	 Thus,	 here	we	 assess	 the	

available	knowledge	on	 the	composition,	 structure,	 functionality,	and	biotechnological	

potential	 of	 the	 microbial	 communities	 associated	 with	 plants	 found	 in	 hot	 deserts	

towards	a	wise	management	of	this	kind	of	biome.	We	focus	our	review	on	bacterial	and	

fungal	 communities	 associated	 with	 plants	 of	 hot	 desert	 ecosystem.	 We	 decided	 to	

categorize	plants	considering	three	main	adaptations	that	are	common	in	the	desert:	(i)	

changes	in	leaf/stem	morphology,	using	as	example	succulent	plants;	(ii)	changes	in	the	

root	system,	focusing	on	the	rhizosheath	of	desert	shrubs	and	grasses,	and	(iii)	salinity	

tolerance	of	halophytic	desert	plants.	We	also	decided	to	give	venue	to	 (iv)	an	“iconic	

desert-crop”,	the	date	palm,	cultivated	under	desert	farming	in	oasis	agro-ecosystems.	
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1.2	Microbial	pool	in	desert	bulk	soils	
	

Microbial	 communities	 associated	with	 plant	 compartments	 are	 generally	 a	 subset	 of	

the	microbial	pool	available	in	the	surrounding	soil/sand	(van	der	Heijden	&	Schlaeppi,	

2015).	 Thus,	 such	 soil/sand	 is	 an	 important	 factor	 originating	 and	 strongly	 influencing	

the	 diversity	 of	 the	 plant	 microbiome	 (Lundberg	 et	 al.,	 2012).	 Desert	 soil	 microbial	

communities	 have	 been	 proven	 to	 be	 different	 from	 those	 present	 in	 other	 biomes,	

showing	 lower	 levels	of	both	 functional	and	phylogenetic	microbial	diversity	 (Fierer	et	

al.	 2012).	 One	 of	 the	 most	 common	 phyla	 globally	 found	 in	 desert	 ecosystems	 is	

Actinobacteria,	 especially	 Rubrobacter,	 Arthrobacter,	 Thermopolyspora	 and	

Streptomyces;	 (Drees	 et	 al.,	 2006;	Makhalanyane	 et	 al.	 2013;	 Santhanam	 et	 al.	 2013;	

Makhalanyane	et	al.,	2015).	The	prevalence	and	ubiquitous	occurrence	and	survival	 in	

arid	 soils	 of	 this	 phylum	members	 is	 explained	 by	 their	 versatile	 metabolic	 capacity,	

tolerance	to	desiccation	and	solute	stress,	and	multiple	UV	repair	mechanisms	(Chater	&	

Chandra,	2006;	Gao	&	Garcia-Pichel,	2011;	Neilson	et	al.,	2012;	Stevenson	&	Hallsworth,	

2014;	Mohammadipanah	&	Wink,	2016).	Similarly,	Proteobacteria,	Gemmatimonadetes,	

Firmicutes,	and	Cyanobacteria	phyla	(Bahl	et	al.,	2011;	Fierer	et	al.,	2012;	Lacap	et	al.,	

2011;	Makhalanyane	et	al.,	2013;	Richer	et	al.,	2015),	that	are	ubiquitously	distributed	

in	worldwide	soils	 (Delgado-Baquerizo	et	al.,	2013),	have	been	found	 in	desert	soils	 in	

higher	abundances	with	respect	to	other	soil	systems	(Köberl	et	al.,	2011;	Fierer	et	al.,	

2012).	 More	 specifically,	 Proteobacteria	 are	 known	 to	 encompass	 a	 versatile	 set	 of	

physiological	 characteristics,	with	members	able	of	 symbiotic	 and	 free-living	 lifestyles,	
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nitrogen	 fixation,	 photosysnthesis	 (Boldareva-Nuianzina	et	 al.,	 2013;	 Raymond,	 2008),	

spore	 formation,	 desiccation	and	UV	 resistance	 (Harel	et	al.,	 2004;	 Singh	et	al.,	 2010;	

Singh	et	al.,	2013).	Among	others,	also	several	 taxa	belonging	to	Bacteroidetes	 (family	

Flavobacteriales	and	to	 the	genera	Adheribacter	and	Pontibacter;	 (Prestel	et	al.,	2013;	

Subhash	et	al.,	2014)	have	been	found	in	high	abundance,	probably	due	to	the	ability	of	

some	 members	 to	 grow	 in	 alkaline	 environments,	 a	 common	 feature	 of	 desert	 soils	

(Lauber	et	al.,	2009).	

While	 bacterial	 diversity	 in	 arid	 soils	 was	 studied	 through	 both	 culture-based	 and	

culture-independent	 methods,	 fungal	 communities	 in	 desert	 soils	 have	 been	

characterized	 using	 mainly	 culture-based	 approaches	 (Murgia	 et	 al.,	 2018)	 Despite	

limitation	 of	 cultivation	 approaches	 (Degnan	 &	 Ochman,	 2012),	 fungi	 revealed	 high	

diversity	in	desert	ecosystems	(Taylor-George	et	al.,	1983;	Murgia	et	al.,	2018;	Ranzoni,	

1968).	 Cultivation	 studies	 have	 isolated	 members	 belonging	 to	 Ascomycota	

(Cladosporium,	Cladophialophora,	Aspergillus,	 Penicillum,	Alternaria,	 Leptosphaerulina,	

Phoma,	 Aureobasidium,	 among	 others)	 and	 Basidiomycota	 (Grishkan	 &	 Nevo,	 2010),	

which	 include	 thermophilic	 and	 thermotolerant	 members	 (Zeikus,	 1979;	 Mouchacca,	

2007;	Moustafa	et	al.,	1976).	
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1.3	Plant-associated	microorganisms	in	hot	desert	biomes	
	

Plants	are	able	to	attract	and	sustain	their	associated	microbial	communities	 from	the	

surrounding	 soil	 (Hirsch	 &	 Mauchline,	 2012)	 through	 a	 process	 known	 as	

rhizodeposition,	in	which	carbon	sources	are	released	by	the	roots	into	the	rhizospheric-

soil	 (Jones	 et	 al.,	 2009).	 The	 root	 itself	 plays	 a	 major	 role	 defining	 the	 microbial	

recruitment	process:	 a	 subset	of	 the	microbial	 communities	of	 the	 soil	microbial	 pool	

are	enriched	in	the	rhizosphere	and	further	selected	by	interaction	with	the	rhizoplane,	

which	 acts	 as	 a	 physical	 barrier	 allowing	 only	 certain	 number	 of	 microorganisms	 to	

colonize	the	internal	tissues	of	the	plant	(Heijden	et	al.,	2015).	Each	plant	compartment	

acts	 as	 an	 “ecological	 niche”	 in	 which	 specific	 microbial	 communities	 are	 hosted	

(Coleman-Derr	 et	 al.,	 2016;	 Beckers	 et	 al.,	 2017).	 Here	 we	 summarize	 some	 of	 the	

important	 knowledge	 about	 plant-associated	microorganisms	 in	 desert	 environments.	

Moreover,	 we	 will	 as	 well	 consider	 their	microbial	 functional	 potential	 in	 association	

with	the	host.	

	

1.3.1	Microorganisms	of	succulent	plants	

	

Succulence	 refers	 to	 the	 fleshy	 and	 relatively	 thickened	 character	 of	 the	 tissues	 of	

certain	xerophytic	plants,	trait	that	allows	the	efficient	storage	of	water	during	periods	

of	water	scarcity	(Willert	et	al.,	2014;	Eggli	&	Nyffeler,	2009).	Succulence	is	present	in	30	
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plant	 orders,	 encompassing	 a	 large	 diversity	 in	 terms	 of	 morphology	 and	 physiology	

(APG,	 2003).	 Agaves	 (Agavaceae	 family,	 about	 8	 genera;	 Verhoek,	 1998)	 and	 cacti	

(Cactaceae	 family,	 about	 124	 genera;	 Bárcenas	 et	 al.,	 2011)	 are	 arguably	 among	 the	

most	recognizable	succulent	plants,	mainly	distributed	 in	arid	and	semiarid	systems	of	

the	 American	 continent	 (Hernández-Hernández	 et	 al.,	 2014;	 Figure	 1).	 Such	 plants	

generally	 present	 shallow	 roots	 and	 fleshy	 stems	 (cactus;	 Barthlott	 &	 Hunt,	 1993)	 or	

succulent	leaves	(agave;	Verhoek,	1998)	acting	as	a	water-storage	system	(Nobel,	1988),	

along	with	crassulean	acid	metabolism	(CAM)	photosynthesis	system	fixing	CO2	during	

the	night	in	order	to	avoid	water-loss	during	daylight	(Sandquist,	2014).	

Several	 culture-independent	 and	 culture-based	 studies	 have	 described	 the	 microbial	

communities,	 bacteria	 and	 fungi,	 associated	 with	 cacti	 and	 agave	 in	 arid/hot	 deserts	

(among	others,	Aguirre-Garrido	et	al.,	2012;	Coleman-Derr	et	al.,	2016;	Fonseca-García	

et	al.,	2016;	Puente	et	al.,	2004;	Table	1).	A	recent	report	has	highlighted	the	prevalent	

bacterial	and	fungal	taxa	colonizing	the	different	plant	compartments	(i.e.	phyllosphere,	

leave	endosphere,	 root	endosphere,	 rhizosheath,	and	bulk	soil)	of	succulents,	using	as	

model	plants	Agave	species	(i.e.	A.	tequiliana,	A.	salmiana,	and	A.	deserti;	Coleman-Derr	

et	 al.,	 2016).	 The	 most	 abundant	 bacterial	 taxa	 were	 Proteobacteria	 (orders	

Pseudomonadales,	 Enterobacteriales),	 Actinobacteria	 (Actinomycetales),	 Firmicutes	

(Bacillales)	 and	 Bacteroidetes	 (Flavobacteriales),	 with	 an	 observed	 depletion	 in	

Acidobacteria	compared	to	the	soil	samples.	
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Figure	1.	Succulent	plants	distribution	around	the	world.	(a)	Image	of	an	A.	Americana	grown	in	Mexican	
arid	region.	(b)	Worldwide	crop	harvest	area	(ha/Km2)	of	agave	cultivation.	(c)	Photo	of	cactus	grown	in	
Atacama	Desert.	(d)	World	map	depicting	the	distribution	of	cactus	species.	In	blue	Rhipsalis	baccifera	and	
in	green	all	the	other	cacti.	
	

For	 fungal	 taxa	 mainly	 Ascomycota	 members	 were	 enriched	 in	 the	 plant-associated	

samples,	 as	 also	 observed	 in	 the	 case	 of	 cacti	 internal	 tissues	 (Suryanarayanan	et	 al.,	

2005;	Bezerra	et	al.,	2013).	Bacterial	community	composition	showed	to	be	substantially	

different	 among	 the	 different	 compartments,	 revealing	 a	 compartment-driven	 niche-

partitioning	 (accounting	 for	 63%	 of	 variance);	 fungal	 communities	 depicted	 a	 more	

gradual	transition	driven	by	biogeography/plant	species	(52.7%,	in	this	case	both	factors	

were	co-dependent;	Coleman-Derr	et	al.,	2016).	A	similar	pattern	of	selection	driven	by	

the	 plant’s	 compartment	 was	 reported	 in	 a	 different	 study	 on	 Agave	 bacterial	

communities,	in	which	also	plant	species	contributed	to	the	observed	variability	among	
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associated	 microbial	 communities	 (Desgarennes	 et	 al.,	 2014).	 Complex	 communities	

have	 been	 found	 in	 association	 with	 other	 succulent	 plants,	 such	 as	 Mammillaria	

carnea,	Opuntia	pilifera,	and	Stenocereus	stellatus	grown	in	central	Mexico.	In	this	case,	

culture-independent	 techniques	 revealed	 that	Actinobacteria	 dominated	 the	 bacterial	

communities,	along	with	Acidobacteria,	Gemmatimonadetes,	and	Cyanobacteria;	while	

members	 belonging	 to	 Proteobacteria	 (genus	 Ochrobactrum)	 and	 Firmicutes	 (genus	

Bacillus)	were	mainly	detected	using	a	cultured-based	approach	(Aguirre-Garrido	et	al.,	

2012).	

Functional	in	vitro	analysis	of	succulent	plant-associated	bacteria	revealed	the	presence	

of	 several	 beneficial	members	 (i.e.	Azotobacter,	 Pseudomonas,	 Enterobacter,	 Bacillus,	

Citrobacter),	 mainly	 involved	 in	 biofertilization	 activity	 (Aguirre-Garrido	 et	 al.,	 2012;	

Desgarennes	et	al.,	2014;	Lopez	et	al.,	2011;	Puente	et	al.,	2004;	Puente	et	al.,	2009),	

being	nitrogen	fixation	and	bio-weathering	of	rock	nutrients	the	main	activities.	These	

PGP	are	 important	 in	desert	ecosystems	after	water	 scarcity	as	nitrogen	 is	one	of	 the	

most	limiting	nutrients	for	biological	activity	(McCalley	and	Sparks,	2009),	and	bacterial	

rock	 weathering	 is	 considered	 essential	 to	 increase	 soil	 fertility	 (Kronberg	 &	 Nesbitt,	

1981).	Fungal	endophytes	obtained	from	succulent	tissues	 (i.e.	Agave	victoria-reginae)	

also	 exert	 beneficial	 services	 to	 their	 host	 (Obledo	et	 al.,	 2003).	 In	 vivo	 tests	 showed	

how	 Fusarium	 oxysporum	 improved	 the	 root	 length,	 and	 increased	 the	 number	 of	

stomata	 present	 in	 leaves,	 increasing	 the	 photosynthetic	 efficiency	 and	 thus	 plant	

development	(Obledo	et	al.,	2003).	Capacity	of	fungi,	along	with	the	one	of	associated	
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bacteria,	to	 improve	water	and	nutrient	uptake	 in	succulent	plants	represents	a	major	

advantage	in	desert	ecosystems	(Aroca	et	al.,	2012).	

Overall,	 these	 studies	 reveal	 the	 huge	 variety	 of	 microorganisms	 able	 to	 form	 stable	

associations	 with	 succulent	 plants,	 which	 might	 be	 important	 for	 their	 success	 and	

survival	 in	 desert	 biomes	 (Daffonchio	 et	 al.,	 2015).	 Since	 the	 succulent	 plant	 world	

comprises	 a	 large	diversity	 of	 species,	 and	 the	 available	 literature	on	 succulent	plant-

associated	 microbial	 communities	 comprehends	 only	 a	 limited	 number	 of	 these,	 still	

many	 efforts	 are	 required	 to	 obtain	 a	 fair	 picture	 of	 this	 type	 of	 associations,	 also	

looking	to	other	components	such	as	archaea.	
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Table	1.	Diversity	of	succulent	plants-(agave	and	cactus)	associated	microorganisms	in	desert	biomes.	

Succulent	species	 Compartment	 Dominant	taxa	 Dominant	taxa	 Reference	

A.	tequilana,	A.	
deserti,	A.	
salmiana,	
Myrtillocactus	
geometrizans,	
Opuntia	robusta		

Rhizosphere,	root,	
leaf,	stem,		

Proteobacteria,	Firmicutes,	
Actinobacteria,	
Acidobacteria,	and	
Bacteroidetes	

n.d.	 Fonseca-García	
et	al.,	2018	

A.	tequiliana,	A.	
salmiana,	A.	
deserti	

Root	,	rhizosphere,	
leaf	

Proteobacteria,	
Actinobacteria,	Firmicutes,	
and	Bacteroidetes		
	

Ascomycota	and	
Basidiomycota	

Coleman-Derr	et	
al.,	2016	

A.	salmiana,	A.	
tequiliana	

Root	,	rhizosphere,	
leaf	

Proteobacteria,	
Actinobacteria,	and	
Acidobacteria	

n.d.	 Desgarennes	et	
al.,	2014	

Myrtillocactus	
geometrizans	and	
Opuntia	robusta		

	

Rhizosphere,	leaf	,	
root		

Proteobacteria,	Firmicutes,	
Actinobacteria,	
Acidobacteria,	and	
Bacteroidetes		

Ascomycota	
(Pleosporales,	
Chaetothyriales,	
Capnodiales,	
Dothideales,	
Hypocreales)	and	
Basidiomycota	
(Agaricales,	
Hymenochaetales)	

Fonseca-García	
et	al.,	2016	

Several	cacti	
species		 Stem		 -	

Alternaria	sp.,	
Aureobasidium	pullulans,	
and	Phoma	spp.		

Suryanarayanan	
et	al.,	2005	

Platyopuntia	spp.,	
Cylindropuntia	
spp.,	and	
Carnegiea	
gigantean	

Leaf	,	root		 -	

Ascomycota	
(Dothideomycetes,	
Eurotiomycetes,	
Pezizomycetes,	and	
Sordariomycetes)		

Massimo	et	al.,	
2015	

Mammillaria	
carnea,	Opuntia	
pilifera,	
Stenocereus	
stellatus	

Rhizosphere	

Actinobacteria,	
Proteobacteria	
(Alphaproteobacteria),Acid
obacteria,	and	Firmicutes	

n.d.	 Aguirre-Garrido	
et	al.,	2012	

Mammillaria	
fraileana		

	

Root		

Azotobacter	vinelandii,	
Pseudomonas	putida,	
Enterobacter	sakazakii,	and	
Bacillus	megaterium	

n.d.	 Lopez	et	al.,	
2011	

Pachycereus	
pringlei		

	

Root		
Bacillus	spp.,	Klebsiella	
spp.,	Staphylococcus	spp.,	
and	Pseudomonas	spp.		

n.d.	 Puente	et	al.,	
2009	

Pachycereus	
pringlei,	
Stenocereus	
thurberi,	Opuntia	
cholla,	and	wild	
fig	tree	Ficus	
palmeri		

Rhizoplane	
Bacillus	spp.,	
Actinomadura,	Citrobacter	
sp.		

n.d.	 Puente	et	al.,	
2004	
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1.3.2	 Microorganisms	 associated	 with	 desert	 grasses	 and	 shrubs	 rhizosheath	 root	

systems,	a	model	of	wild	plants	adapted	to	the	desert	sandy	soils	

	

Changes	 in	 the	 root	 system	 morphology	 and	 the	 development	 of	 specialized	 root	

functional	traits	is	one	of	the	first	strategies	that	plants	use	to	adapt	to	the	conditions	of	

the	 desert	 (Danin	 1996).	 Usually,	 these	 root	 adaptations	 occur	 in	 view	 of	 increasing	

water	 uptake	 and	 preventing	 water	 loss	 (Sandquist,	 2014).	 One	 example	 of	 root	

adaptations	 is	 the	 formation	 of	 sandy-rhizosheaths.	 A	 rhizosheath	 is	 defined	 as	 the	

encasing	cylinder,	made	of	root	hairs,	fungal	hyphae,	and	sand	particles,	that	surrounds	

the	root	system	of	certain	plants	(Brown	et	al.,	2017;	Mathesius,	2015;	Pang	et	al.,	2017;	

Volkens,	1887;	Figure	2).	Global	screenings	of	the	roots	of	several	desert	plants	conclude	

that	rhizosheaths	occur	across	different	genera	throughout	the	angiosperms	(Brown	et	

al.,	2017;	Danin,	1996;	Smith	et	al.,	2011).	However,	 initial	 research	 focused	on	 those	

found	 in	 desert	 grasses	 (Brown	 et	 al.,	 2017),	 particularly,	 several	 members	 of	 the	

Poaceae	 and	 Cyperaceae	 families	 grown	 in	 desert	 sands	 (Hegazi	 et	 al.,	 2009;	 Roth-

Nebelsick	et	al.,	2012;	York	et	al.,	2016).	

As	for	its	function,	several	roles	have	been	attributed	to	the	rhizosheath,	including	some	

involved	 in	 stress	 alleviation	 in	 arid	 and	 semiarid	 environments	 (Benard	 et	 al.,	 2016;	

Shane	et	al.,	 2011;	Watt	et	al.,	 1994;	Wenzel	et	al.,	 1989).	 This	particular	 structure	 is	

able	to	provide	mechanical	protection	to	the	root	in	dry	and	hardened	soils	(Albalasmeh	

&	 Ghezzehei,	 2014),	 promote	 water	 conservation	 and	 nutrient	 and	 water	 uptake	
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(Young,	 1995;	 North	&	Nobel,	 1997;	 Benard	 et	 al.,	 2016),	 increase	 adaptation	 to	 salt	

stress	(Ashraf	&	Harris,	2004;	Ashraf,	2006)	and	enhances	water	movement	at	the	root-

soil	 interface	 (Young,	 1995;	 North	 &	 Nobel,	 1997;	 Othman	 et	 al.,	 2004;	 Bhatnagar	 &	

Bhatnagar,	 2005;	 Bergmann	 et	 al.,	 2009).	 Due	 to	 the	micro-climate	 that	 is	 generated	

inside	the	rhizosheath,	it	represents	an	ecological	niche	where	soil	microorganisms	can	

find	the	required	resources	and	optimal	environment	needed	for	their	flourishment	and	

survival	(Danin,	1996;	Othman	et	al.,	2003;	Wullstein	et	al.,	1979).	
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Figure	2.	Rhizosheath	structure	of	desert	speargrasses.	(a)	Schematic	representation	of	the	rhizosheath-
root	 system	 (b)	 SEM	visualization	of	 rhizosheath	 structure.	 S,	 stele:	 the	 central	 core	of	 root	of	 vascular	
plants;	E,	epidermis:	the	outermost	cells	of	the	root;	C,	cortical	tissue:	the	tissue	between	the	epidermis	
and	 the	 stele;	 RH,	 root	 hairs:	 projection	 from	 the	 epidermal	 cells;	 *:	 sand	 grain.	 (c)	 Scanning	 Electron	
Microscopy	 magnification	 of	 the	 rhizosheath	 compartments	 (external	 part)	 showing	 the	 associated	
microbial	 cells.	 Red	 arrows:	 rod-shaped	 bacteria;	 yellow	 arrows:	 cocci-shaped	 bacteria;	 white	 arrows:	
filamentous	bacteria.	
	

No	 studies	 have	 been	 performed	 on	 the	 ecological	 aspects	 of	microbial	 communities	

associated	with	rhizosheath	of	desert	plants.	Additionally,	 the	available	studies	on	the	

cultivable	microbial	components	have	 focused	mostly	on	diazotrophic	bacteria	 (Akbari	

et	al.,	2015;	Bergmann	et	al.,	2009;	Hanna	et	al.,	2013;	Moreno-Espíndola	et	al.,	2013;	

Hegazi	et	al.,	2009;	Othman	et	al.,	2004	and	2003;	Table	2).	The	cultivable	portion	of	the	

bacterial	 communities	 associated	 with	 rhizosheath-root	 system	 depicts	 significantly	
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different	 enrichment	 of	 bacteria	 among	 compartments	 (rhizoplane,	 rhizosheath,	

rhizosphere),	with	 a	 progressive	 enrichment	 taking	 place	 from	 the	 rhizosphere	 to	 the	

rhizoplane,	where	cultivable	diazotrophs	fixing	atmospheric	dinitrogen	gas	represented	

70%	 of	 the	 total	 population	 (Hegazi	 et	 al.,	 2009).	 In	 fact,	 the	 rhizosheaths	 of	 several	

speargrasses	 (i.e.	 Arislida	 purpurea,	 Elymus	 lanceolatus,	 Oryzopsis	 hymenoides,	 Stipa	

comara,	 Panicum	 turgidum,	 Stipagrostis	 scoparia,	 among	 others)	 have	 been	 found	 to	

have	a	higher	relative	abundance	of	diazotrophic	bacteria	when	compared	to	the	bulk	

sand	 (Bergmann	 et	 al.,	 2009;	 Hegazi	 et	 al.,	 2009;	 Othman	 et	 al.,	 2004	 and	 2003).	

Notably,	 the	majority	 of	 cultivable	 bacteria	 colonizing	 the	 rhizosheath	 of	 annual	 (i.e.	

Bromus	madritensis,	 Hordeum	murinum,	 Lolium	 perenne,	 Trachynia	 distachya,	 among	

others)	 and	 perennial	 (i.e.	 Cyperus	 laevigatus,	 Panicum	 turgidum,	 and	 Stipagostris	

scoparia)	plants	were	spore-forming	bacteria	 (i.e.	Bacillus	 circulans,	B.	megaterium,	B.	

polymyxa)	showing	nitrogen	fixing	activity	(Hegazi	et	al.,	2009).	

Along	with	diazotrophic	bacteria,	rhizosheath	systems	favor	beneficial	interactions	with	

microorganisms	 that	 might	 contribute	 to	 plant	 nutrition,	 siderophore,	 EPS	 and	 auxin	

production,	1-aminocyclopropane-1-carboxylate	(ACC)	deaminase	activity	(Akbari	et	al.,	

2015),	as	well	as	to	water	holding	capacity	(Moreno-Espíndola	et	al.,	2007;	Watt	et	al.,	

1993).	 Exopolysaccharides	 released	 by	 both	 root	 and	 microorganisms	 composing	 the	

rhizosheath	system	contribute	to	the	agglutination	of	sand	particles	 in	the	rhizosheath	

cylinder,	enhancing	the	retention	of	the	scarce	water	available	in	the	deserts	(Haling	et	

al.,	2010;	Moreno-Espíndola	et	al.,	2007;	Pang	et	al.,	2017;	Wullstein	&	Pratt,	1981).	
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Table	2.	Diversity	of	microorganisms	associated	with	grass	 showing	 rhizosheath	as	 xerophytic	 trait	 in	
desert	biomes.	
Plant	 Compartment	 Dominant	taxa	 Reference	
Achnatherum	hymenoides,	
Calamovilfa	longifolia,	
Hesperostipa	comata,	and	
Pascopyrum	smithii	

Rhizosheath	 Alcaligenes	latus,	and	Mesorhizobium	
loti	

Bergmann	et	
al.,	2009	

Several	perennial	and	
annual	plants	

Rhizoplane,	
phyllosphere,	
root,	shoot,	
rhizosphere,	
rhizosheath	

Bacillus	spp.	(B.	megaterium,	B.	
pumilus,	B.	polymexa,	B.	macerans,	B.	
circulans,	and	B.	licheniformis),	
Enterobacteriaceae	(Enterobacter	
agglomerans,	E.	sackazakii,	E.	
cloacae,	Serratia	adorifera,	S.	
liquefaciens,	and	Klebsiella	oxytoca),	
non-Enterobacteriaceae	(Pantoae	
spp.,	Agrobacterium	rdiobacter,	
Pseudomonas	vesicularis,	P.	putida,	
Stenotrophomonas	maltophilia,	
Ochrobactrum	anthropi,	
Sphingomonas	paucimobilis,	and	
Chrysemonas	luteola,	
Gluconacetobacter	diazotrophicus)	

Hanna	et	al.,	
2013	

Panicum	turgidum	and	
Stipagrostis	scoparia		 Rhizosheath	

B.	circulans,	Paenibacillus	macerans,	
E.r	agglomerans,	Agrobacterium	
radiobacter,	Chryseomonas	luteola,	
and	P.	luteola	

Othman	et	al.,	
2004	and	2003	

Cyperus	laevigatus,	P.	
turgidum,	and	Stipagostris	
scoparia;	Annual	grasses	
Bromus	madritensis,	
Hordeum	murinum,	Lolium	
perenne,	Trachynia	
distachya,	

Rhizosheath	
B.	circulans,	B.	megaterium,	B.	
polymyxa	

Hegazi	et	al.,	
2009	

	

A	holistic	understanding	of	the	rhizosheath	structure	as	a	plant	adaptation	to	the	desert	

conditions	 requires	 a	 comprehensive	 study	 of	 the	 microbial	 communities	 associated	

with	 this	 structure	 and	 a	 comparative	 evaluation	 with	 respect	 to	 other	 plant	

compartments.	 As	 most	 of	 the	 available	 information	 focusing	 on	 this	 structure,	 and	

specifically	 on	 that	 found	 in	 desert	 grasses	 and	 shrubs	 comes	 from	 cultivation-based	

techniques	 and	 in	 vitro	 functionality	 tests,	 more	 efforts	 should	 be	 done	 in	 order	 to	
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characterize	the	structure	and	functionality	of	the	associated	microbial	communities,	as	

well	as	to	understand	the	ecological	drivers	affecting	community	assembly.	

	

1.3.3	Microorganisms	associated	with	halophytes	inhabiting	desert	ecosystems	

	

Soil	 salinity	 is	 a	 common	 characteristic	 of	 arid	 and	 semi-arid	 soils	 due	 to	 high	

evaporation	 surpassing	 precipitation	 water	 input,	 which	 results	 in	 the	 build-up	 and	

concentration	 of	 solutes	 in	 the	 soil	 as	 water	 evaporates.	 Furthermore,	 groundwater	

basins,	which	 in	 theory	would	 increase	water	 availability	 in	 desert	 soils,	 tend	 to	 have	

high	 concentration	 of	 solutes	 (Sandquist,	 2014).	 Salinity	 produces	 different	 effects	 on	

plant	 growth	 and	 development	 through	 different	 mechanisms,	 including	 (i)	 osmotic	

imbalances	 that	 eventually	 induce	 a	 drought-like	 water	 deficit,	 (ii)	 changes	 in	 the	

physical	 structure	 and	 mechanical	 properties	 of	 the	 soil,	 which	 reduce	 water	

permeability,	 and	 (iii)	 ion	 and	 ROS	 toxicity,	 which	 leads	 to	 oxidative	 damage	 and	

metabolic	and	physiological	dysfunction	 (Daffonchio	et	al.,	2015;	Sharma	et	al.,	2012).	

Plants	have	physiological	mechanisms	aimed	to	counteract	 the	negative	effects	of	salt	

on	 growth	 and	 development	 (Zhu,	 2001)	 and	 their	 microbial	 communities	 change	

according	 to	 the	 environmental	 conditions	 (i.e.	 salt	 concentration;	 Table	 3).	 Salt-

adapted	plants	or	halophytes	are	able	 to	 thrive	 in	 saline	 soils	due	 to	 their	 capacity	 to	

control	 the	 cell	 balance	 of	 ionic	 concentrations	 through	 (i)	 the	 accumulation	 of	

compatible	 solutes	 in	 vacuoles,	 (ii)	 the	 compartmentalization	 of	 ions,	 or	 (iii)	 the	
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excretion	 of	 cellular	 salt	 through	 stem	 or	 leaves	 (Daffonchio	 et	 al.,	 2015;	 Sandquist,	

2014).	Examples	of	desert	“salt	accumulators”	are	the	perennial	shrub	Allenrolfea,	and	

some	members	of	Atriplex	(saltbushes),	while	desert	“salt	excretors”	include	salt	cedar	

tree	Tamarix	(Sandquist,	2014)	and	salt	grass	Distichlis	(Pessarakli	et	al.,	2011).	

The	isolation	of	associated	bacteria	from	the	salt-accumulating	plant	Atriplex	halimus	L.	

confirmed	the	prevalence	of	desert-adapted	halotolerant	and	halophilic	bacterial	taxa	in	

the	 rhizospheric	 soils	 (Kaplan	 et	 al.,	 2013),	 including	 Actinobacteria	 (genera	

Arthrobacter,	 Streptomyces,	Microbacterium	and	 Kocuria),	 followed	 by	Proteobacteria	

(Pseudomonas,	 Halomonas	 and	 Stenotrophomonas)	 and	 Firmicutes	 (Bacillus	 and	

Oceanobacillus).	 On	 the	 other	 hand,	 genera	 Fusarium	 and	 Penicillum	 were	 the	 main	

component	of	the	fungal	communities	(Kaplan	et	al.,	2013).	Notably,	passing	from	the	

belowground	 compartments	 of	 salt-excreting	 desert	 tree	 Tamarix	 (i.e.	 root	 and	

rhizosphere)	 to	 the	 above	 ground	 ones	 (i.e.	 leaves),	 the	 most	 abundant	 taxa	 were	

Oceanospirillales	 (genus	 Halomonas)	 and	 Ascomycota	 (Lecanoromycetes	 and	

Onygenales).	 The	abundance	of	Halomonas	 in	 the	phyllosphere	of	 salt-excreting	 trees	

can	 be	 explained	 as	 most	 known	 members	 of	 this	 genus	 are	 able	 to	 grow	 in	 high	

concentrations	of	salt	 (20%	NaCl)	 (Belkin	and	Qvit-Raz,	2010;	Mata	et	al.,	2002).	Their	

recruitment,	 association	 and	 assembly	 were	 mainly	 driven	 by	 the	 geographic	 factor	

(Finkel	et	al.,	2011),	often	correlated	with	the	salt	concentration	present	in	the	different	

environments.	
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In	 addition	 to	 the	 salt	 tolerance	 capacity	 of	 desert-halophytic	 associated	

microorganisms	(up	to	12%	NaCl;	Abu-Ghosh,	et	al.,	2014),	they	are	mainly	involved	in	

biofertilization	 process,	 including	 nitrogen	 fixation	 (i.e.	 Rhizobium,	 Bradyrhizobium,	

Mesorhizobium,	 and	Ensifer	 associated	with	 salt	 tolerant	 trees	Prosopis;	 Fterich	et	al.,	

2011;	 Jenkins,	 2003),	 ammonia	 production	 (Goswami	 et	 al.,	 2014)	 and	 increase	 of	

nutrient	 uptake	 (e.g.	 iron	 and	 phosphate;	 Goswami	 et	 al.,	 2014;	 Kaplan	 et	 al.,	 2013,	

always	present	in	low	concentrations	in	arid	soils;	Whitford,	2002).	

Table	3.	Diversity	of	halophytic	plants-associated	microorganisms	in	desert	biomes.	

Plant	 Compartment	 Dominant	taxa	 Dominant	taxa	 Reference	

Atriplex	halimus		 Phyllosphere	 -	
Isolation	of	
Cryptococcus	spp.	

Abu-Ghosh	
et	al.,	2014	

Suaeda	fructicosa	 Rhizosphere	
Kocuria	turfanensis	
strain	and	Bacillus	
licheniformis	

n.d.	
Goswami	et	
al.,	2014a	
and	b	

A.	halimus	 Rhizosphere,	
Root	

Actinobacteria,	
Firmicutes,	
Proteobacteria;	
Mezorhizobium	loti	and	
Sinorhizobium	medicae	

n.d.	 Kaplan	et	al.,	
2013	

Tamarix	aphylla,	T.	
nilotica	and	T.	tetragina		

Phyllosphere	

Halomonas	and	
Halobacteria;	
Actinomycetales	and	
Bacillales		

Ascomycota	
(Lecanoromycetes,	
Trichomaceae,	and	
Onygenales)	

Finkel	et	al.,	
2011	

Prosopis	farcta	 Root	 Ensifer	and	
Mezorhizobium,		

n.d.	
Fterich	et	al.,	
2011	
	

P.	strombulifera		 Root	

Lysinibacillus	
fusiformis,	B.	subtilis,	
Brevibacterium	
halotolerans,	B.	
licheniformis,	B.	
pumilus,	
Achromobacter	
xylosoxidans,	P.	putida	

n.d.	 Sgroy	et	al.,	
2009	

P.	cineraria	 Root	(bark)	 n.d.	

Hyphomycetes,	
Ascomycetes,	
Zygomycetes,	
Coelomycetes	

Gehlot	et	al.,	
2008	
	

P.	glandulosa		 Rhizoplane	 Rhizobium	and	
Bradyrrhizobium	

n.d.	 Jenkins,	
2003	
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In	addition,	most	of	 the	 research	on	desert	halophyte	microbial	 communities	 is	based	

on	 cultivation-based	 methods	 with	 the	 aim	 of	 exploring	 the	 PGP	 traits	 carried	 by	

microorganisms	 able	 to	 cope	 with	 both	 drought	 and	 salt	 stresses	 in	 salty-desert	

ecosystems	 (Marasco	 et	 al.,	 2016;	 Jenkins,	 2003;	 Kaplan	 et	 al.,	 2013;	 Fterich	 et	 al.,	

2011).	 The	 incorporation	 of	 novel	 technologies,	 such	 as	 high-throughput	 sequencing,	

along	with	the	traditional	ones	will	help	to	better	understand	the	diversity,	 interaction	

and	 functionality	 of	microbial	 communities	 associated	with	 salt-tolerant	plants	 in	 arid	

environments,	and	 further	disentangle	 the	molecular	mechanisms	exerted	by	 the	PGP	

halophilic	microorganisms.	 The	possibility	 to	define	 the	mechanisms	of	 action	of	 such	

PGP	microorganisms	can	be	a	fundamental	step	to	exploit	these	as	a	biological	resource	

in	field	experiments	and	upon	different	crops	(Daffonchio	et	al.,	2015).	

	

1.3.4	Microorganisms	associated	with	desert	agro-ecosystems:	date	palm	cultivated	in	

the	oasis	as	model	crop	

	

The	 conversion	 of	 arid	 and	 semiarid	 landscapes	 into	 arable	 land	 is	 an	 alternative	 to	

combat	the	effect	of	climate	change	on	land	desertification	(Clery,	2011).	Desert	agro-

ecosystems	 usually	 rely	 on	 irrigation	 and	 are	 characterized	 by	 the	 effect	 of	 human	

intervention	 and	 land	management	 (i.e.	 agricultural	 practices),	which	 can	 significantly	

influence	both	soil	and	plant	associated	microbial	communities	present	in	these	systems	

(Philippot	et	al.,	2013).	Several	works	studied	the	microbial	community	associated	with	
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crops	 cultivated	 under	 desert	 farming	 (Cherif	 et	 al.,	 2015;	 Forchetti	 et	 al.,	 2007;	

Kazerooni	et	al.,	2017;	Köberl	et	al.,	2011;	Marasco	et	al.,	2012;	Sandhya	et	al.,	2010).	

One	of	the	most	important	examples	of	desert	farming	is	represented	by	the	oasis	agro-

ecosystem.	Oases	 are	 unique	 and	highly	 productive	 rural	 desert	 systems	 that	 provide	

agricultural	 and	 social	 services	 to	 the	 human	 population	 (Koohafkan,	 2003).	 These	

ecosystems	also	play	a	relevant	role	in	the	preservation	of	crop	diversity	in	arid	regions	

(Achtak	et	al.,	2010).	In	the	oases	date	palm	trees	(Phoenix	dactylifera	L.)	assume	a	key-

role	 where	 the	 highest	 and	 wider	 canopy	 of	 date	 palm	 contributes	 to	 recondition	 a	

favorable	microclimate	for	agriculture	when	comparing	to	the	ones	in	the	open	desert,	

providing	shade,	decreasing	air	temperature	and	maintaining	relatively	high	air	humidity	

below	 the	 canopy	 (De	 Grenade,	 2013;	 Figure	 3).	 This	 microclimate	 facilitates	 desert	

farming	allowing	 the	cultivation	of	 trees	 (e.g.	olive,	almond	and	pomegranate)	cereals	

(e.g.	barley	and	rice),	leguminous	plants	and	forage	grasses	under	the	date	palm	canopy	

(De	Grenade,	2013;	De	Grenade	et	al.,	2016).	In	this	context,	date	palms	of	desert	oases	

represent	a	good	model	 to	understand	the	diversity	and	 functionality	of	 the	microbial	

communities	associated	with	plants	under	desert	farming.	Available	knowledge	is	based	

on	 culture-based	 techniques	 (Al-Yahya’ei	et	 al.,	 2011;	 Yaish	et	 al.,	 2015;	 Cherif	et	 al.,	

2015),	while	only	few	works	explored	the	whole	microbial	communities	associated	with	

date	palm	and	the	drivers	determining	their	assembly	(Cherif	et	al.,	2015;	Ferjani	et	al.,	

2014;	Table	4).	
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Figure	 3.	Oasis	 agro-ecosystem	 and	P.	 dactylifera	worldwide	 distribution.	 (a)	 Desert	 oases	 are	 fragile		
and	 fertile	 ecosystems	 where	 desert	 farming	 is	 possible	 due	 to	 the	 presence	 of	 mild	 conditions	 with	
respect	to	the	surrounding	desert	(Mekki	et	al.,	2013).	The	traditional	desert	oases	are	characterized	by	a	
three-layered	 cropping	 system.	 The	 first	 layer	 is	 constituted	 by	 date	 palms	 reaching	 heights	 of	 15-	 30	
meters.	The	second	 layer	underneath	the	date	palm	canopy	 is	cultivated	with	shrub	and	fruit	trees	(1-3	
meters	 high),	 such	 as	 olive	 tree,	 pomegranate,	 and	 others,	 that	 take	 advantage	 of	 the	 microclimate	
determined	by	the	date	palm.	A	third	lower	crop	layer	is	composed	by	herbaceous	plants	such	as	cereal,	
leguminous,	horticulture,	forage	and	medicinal	plants,	used	by	the	oasis	inhabitants.	The	stratification	of	
the	 vegetation	 is	made	 possible	 by	 the	 date	 palm-regulated	microclimate	 (high	 humidity,	 reduction	 of	
irradiation/temperature)	favorable	for	the	growth	of	the	other	crops	(De	Grenade,	2013).	(b)	Image	of	P.	
dactylifera	 in	 an	 oasis	 agro-ecosystem	 in	 Southern	 Tunisia.	 (c)	P.	 dactylifera	 current	 global	 distribution	
(taken	from	Shabani,	Kumar,	&	Taylor,	2012.	PloS	one	7,10:	e48021).	
	

The	 isolation	 of	 several	 bacteria	 from	 date	 palm	 root	 system	 (i.e.	 root	 tissues	 and	

rhizosphere)	 in	 oasis	 ecosystems	 across	 Tunisia	 and	 Oman	 depicts	 a	 prevalence	 of	

Gammaproteobacteria	 (Pseudomonas,	Enterobacter	and	Rahnella	genera),	 followed	by	

Actinobacteria	 (Streptomyces,	 Arthrobacter	 and	 Microbacterium	 genera),	 Firmicutes	

(Bacillus	and	Staphylococcus	genera),	and	a	lower	abundance	of	Betaproteobacteria	and	

Bacteroidetes	(Cherif	et	al.,	2015;	Yaish	et	al.,	2015;	Ferjani	et	al.,	2014).	Prevalence	of	
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Gammaproteobacteria	in	desert-farming	oasis	ecosystems	may	be	explained	by	the	use	

of	 low	quality	waters	 to	satisfy	 the	demand	of	 irrigation	 in	the	system	(Marasco	et	al.	

2012).	Recruitment	and	assembly	of	the	entire	bacterial	communities	is	mainly	driven	by	

macro-ecological	factors	such	as	 latitude,	 longitude,	altitude,	temperature	and	rainfall,	

while	 beneficial	 PGP	 ecological	 services	 are	 conserved	 among	 different	 geoclimatic	

zones	 (Ferjani	et	 al.,	 2014).	 Among	 these	 bacteria,	 some	 isolates	 from	 the	 date	 palm	

root	system	provide	in	vitro	and	in	planta	PGP	activities	involved	in	plant	promotion	and	

protection	under	abiotic	stresses	(i.e.	drought	and	salinity;	Cherif	et	al.,	2015;	Yaish	et	

al.,	2015).	EPS	production	and	auxin	biosynthesis	have	been	 found	among	the	 in	vitro	

PGP	 activities	 of	 date	 palm-associated	 bacteria,	 along	 with	 traits	 involved	 in	 plant	

nutrition	such	as	phosphate	solubilization	and	siderophore	release	(Cherif	et	al.,	2015).	

Table	4.	Diversity	of	date	palm-associated	microbial	assemblages	in	oasis	agroecosystems.	

Location	 Compartment	 Dominant	taxa	 Dominant	taxa	 Reference	

Sahara	
desert,	
Tunisia	

Root	

Proteobacteria	
(P.	frederksbergensis	and	P.	
brassicacearum),	Firmicutes,	
Actinobacteria,	Bacteroidetes,	

n.d.	 Cherif	et	al.,	
2015	

Muscat,	
Oman		 Root	 Bacillus	sp.,	Paenibacillus	sp.	 n.d.	 Yaish	et	al.,	

2015	

Sahara	
desert,	
Tunisia	

Rhizosphere	

Proteobacteria	
(Gammaproteobacteria,	
Alphaproteobacteria,	
Betaproteobacteria),	Firmicutes,	
Actinobacteria,	and	Bacteroidetes	

n.d.	 Ferjani	et	al.,	
2014	

KSA	 Rhizosphere	 -	 AMF		
(Glomus	sp.)	

Al-Yahya’ei	et	
al.,	2011	

	

Some	 studies	 on	 date	 palm-associated	 microorganisms	 focused	 on	 arbuscular	

mycorrhizal	 fungi	 (AMF),	 an	 important	 component	 of	 plant	 associated	 microbial	

communities	able	to	establish	symbiosis	with	the	plant	by	penetrating	the	cortical	cells	
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of	the	roots	and	further	colonizing	the	tissues	(Jeffries	et	al.,	2003).	A	culture-dependent	

approach	was	used	for	studies	in	Oman	traditional	oases	in	order	to	describe	the	AMF	

communities	present	in	the	root	systems	of	date	palm	plantations.	Results	revealed	the	

abundance	of	the	fungal	genus	Glomus,	with	less	representatives	of	Scutellospora,	and	

Racocetra	genera	(Al-Yahya’ei	et	al.,	2011).	

Date	 palm	 encloses	 rich	 and	 complex	 microbial	 communities,	 which	 have	 been	

demonstrated	 to	 exert	 beneficial	 services	 to	 their	 hosts,	 favouring	 the	 adaptation	 of	

date	palm	 to	arid	environments	and	 the	 stability	of	 the	entire	oasis	ecosystems.	Such	

system	 represents	 also	 an	 interesting	 model	 to	 understand	 crop	 production	 under	

desert	 farming,	 along	 with	 the	 functional	 role	 of	 the	 holobiont’s	 components	 to	

overcome	the	limitation	induced	by	abiotic	stresses.	

	

1.4	PGP	microorganisms	associated	with	desert-adapted	plants	as	a	
biotechnological	resource	
	

Agricultural	 crops	 make	 up	 a	 large	 proportion	 of	 the	 world’s	 economy	 and	 in	 many	

countries	 still	 constitute	 the	 main	 economic	 sector	 (Swanson	 &	 Rajalahti,	 2010).	

Currently,	crop	productivity	is	threatened	by	abiotic	(e.g.	salinity	and	drought)	and	biotic	

(phytopathogen)	stresses	that	challenge	plant	growth,	resulting	in	reduced	yields	(Kang	

et	al.,	2009;	Shabani	et	al.,	2015).	Under	the	ongoing	climate	change,	abiotic	stress	(i.e.	

drought	and	salinity)	has	become	one	of	the	major	concerns	for	agriculture,	particularly	
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in	arid	and	semi-arid	regions,	where	temperatures	are	elevated,	rainfalls	scarce	and	the	

evaporation	rate	is	considerably	high	(Chakraborty	et	al.,	2001;	Daffonchio	et	al.,	2015;	

Shabani	 et	 al.,	 2015).	 Abiotic	 stress	 not	 only	 induces	 strong	 reduction	 in	 plant	

productivity	but	 also	 cause	damages	at	 the	 cellular	 level	 resulting	 in	 tissue	and	organ	

necrosis	(Parida	&	Das,	2005).	

In	the	last	years,	the	strategies	to	improve	stress	tolerance	in	plants	have	been	focused	

largely	on	breeding	and	the	generation	of	engineered	cultivars	with	increased	tolerance	

to	 abiotic	 stresses	 (Brini	et	 al.,	 2007	 a	 and	 b;	 Chaves	&	Oliveira,	 2004;	Gaxiola	et	 al.,	

2001;	 Josine	et	al.,	2011;	Parvanova	et	al.,	2004;	Roy	et	al.,	2014;	Zhang	&	Blumwald,	

2001).	 Nevertheless,	 most	 of	 these	 technologies	 are	 laborious,	 cost-intensive	 and	

subjected	 to	 restrictions	 for	 field	 application	 in	many	 countries.	 Therefore,	 a	 need	 is	

emerging	of	easy-to-manage	and	 low	 impact	non-transgenic	strategies	and	techniques	

to	increase	crop	yield	and	counteract	crop	production	losses	under	stress.	

Several	 recent	 studies	 consolidated	 the	 evidence	 that	 beneficial	 PGP	microorganisms	

represent	a	potentially	powerful	 tool	to	 increase	abiotic	stress	tolerance	 in	agriculture	

crops	in	a	sustainable	manner	(Aroca	et	al.,	2012;	Grover	et	al.,	2011).	However,	in	order	

to	 exploit	 PGP	microorganisms	 as	 biofertilizers	 it	 is	 crucial	 to	 follow	 a	 rationale	 that	

secures	the	proper	selection	of	the	bacterial	inoculant	for	the	final	host	by	considering	

its	 PGP	 recruitment	 strategies,	 the	 environmental	 settings	 and	 compatibility	with	 the	

autochthonous	microbial	communities.	
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1.4.1	Selection	of	valuable	sources	for	powerful	biofertilizers	in	desert	environment	

	

Environmental	 samples	or	plant	material	 that	 contain	 viable	and	 rhizocompetent	 cells	

with	 PGP	 traits	 are	 valuable	 sources	 for	 the	 isolation	 of	 powerful	 biofertilizers.	 For	

microorganisms	to	be	able	to	exert	their	beneficial	services	to	the	plants	under	abiotic	

stress,	some	 important	requirements	are	necessary.	The	selected	microorganism	must	

be	able	 to	 i)	efficiently	 colonize	 the	 rhizosphere	and	 tissues	of	 the	 targeted	plant,	 i.e.	

rhizoplane	or	the	root	endosphere	compartments;	ii)	respond	rapidly	to	environmental	

fluctuations	 and	 thrive	 under	 the	 conditions	 of	 the	 targeted	 environment;	 and	 iii)	

compete	with	the	autochthonous	microbial	communities.	

Important	 stress-adaptive	 traits	 have	 been	 found	 in	 bacterial	 populations	 inhabiting	

those	 environments	 where	 stress	 conditions	 are	 present	 (Harel	 et	 al.,	 2004;	

Makhalanyane	et	al.,	2015).	For	this	reason,	the	root	and	rhizosphere	of	plants	naturally	

adapted	to	grow	in	dry	and	saline	soils	represent	a	source	for	PGP	biofertilizers	able	to	

help	plants	cultivated	in	arid	environments.	This	rationale	should	secure	the	selection	of	

microorganisms	able	 to	colonize	 the	plant	 tissues	and	 rhizosphere	 in	an	efficient	way,	

resist	 harsh	 environmental	 conditions,	 and	 establish	 healthy	 interactions	 with	 the	

autochthonous	microbial	populations.	
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1.4.2	Selection	of	PGP	microorganisms	able	to	alleviate	abiotic	stresses	

	

Once	 the	 plant	 model	 and	 the	 sampling	 environment	 have	 been	 selected,	 a	

methodological	 pipeline	 needs	 to	 be	 defined	 to	 isolate	 and	 screen	 microorganisms	

carrying	beneficial	PGP	activities.	An	efficient	strategy	should	allow	studying	a	relatively	

small	 fraction	of	 strains	 in	 the	 system	with	 large	 chances	 of	 presenting	 the	beneficial	

activities.	 This	 strategy	 should	 include	 procedures	 for:	 (i)	 sampling	 and	 collection	 of	

plant	tissues	and	rhizosphere;	(ii)	 isolation	of	cultivable	microorganisms,	using	suitable	

media	(including	selective	media	and	enrichment	procedures);	(iii)	reduction	of	genomic	

redundancy	and	identification	of	microbial	isolates,	(iv)	screening	for	in	vitro	PGP	traits	

and	stress	tolerance,	and	selection	of	potential	PGP	microorganisms	(those	positive	for	

several	traits),	(v)	assessment	of	root	colonization	capacity	of	the	isolates	using	labeled	

mutant	derivatives	and	selection	of	efficient	colonizers,	(vi)	screening	for	in	vivo	activity	

under	stress	to	evaluate	the	effectiveness	of	the	beneficial	traits	(including	both,	plant	

growth	 chamber	and	greenhouse-scale	experiments),	 and	 finally	 (vii)	 establishment	of	

the	final	PGP	collection	of	microorganisms	(Figure	4).	

As	 previously	 stated,	 among	 the	different	 services	 that	 beneficial	microorganisms	 can	

deploy	 is	 the	 increasing	 plant	 tolerance	 to	 abiotic	 stress	 (Grover	et	 al.,	 2011).	 Efforts	

should	 be	 increased	 to	 know	 “what	 microorganisms	 are	 there”	 and	 providing	

information	 on	 “what	 they	 are	 doing”,	 understanding	 the	 relevance	 of	 diversity	 and	

whether	 there	 is	 a	 minimal	 core	 microbiome	 providing	 all	 the	 essential	 services	 for	
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specific	crops,	and	optimizing	breeding	approaches	to	enhance	the	interactions	with	the	

associated	 microorganisms.	 Such	 a	 comprehensive	 analysis	 would	 provide	 useful	

knowledge	about	the	mechanisms	 involved	 in	plant	protection	and	growth	promotion,	

as	well	as	the	conditions	needed	by	bacteria	to	exert	their	beneficial	services.	

	

	
Figure	4.	Flow	chart	of	the	proposed	methodological	pipeline	for	the	selection	of	PGP	microorganisms	
involved	 in	 the	 enhancement	 of	 plant	 resistance	 to	 drought	 stress.	 Proposed	 rational	 includes:	 (i)	
selection	 of	 valuable	 source,	 (ii)	 sampling	 and	 isolation	 of	 microorganisms	 from	 plant	 tissues	 and	
rhizosphere,	 (iv)	 reduction	of	genomic	 redundancy	and	 identification	of	microbial	 isolates,	 (v)	 screening	
for	 in	vitro	PGP	traits	and	stress	tolerance,	and	eventual	selection	of	potential	PGP	microorganisms,	(vi)	
assessment	of	root	colonization	capacity	of	the	isolates	using	labeled	mutant	derivatives	and	selection	of	
efficient	 colonizers,	 (vii)	 screening	 for	 in	 vivo	 activity	 under	 stress	 to	 evaluate	 the	 effectiveness	 of	 the	
beneficial	 traits	 (including	 both,	 plant	 growth	 chamber	 and	 greenhouse-scale	 experiments).	 Although	
specific	to	drought	stress,	same	steps	are	transferable	to	other	types	of	abiotic	stress.	
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1.4.3	 Functional	 services	 of	 desert	 plant-associated	 microorganisms	 under	 abiotic	

stress		

	

Rhizosphere	 and	 endophytic	 bacteria	 are	 able	 to	 promote	 the	 growth	 and	 to	 induce	

tolerance	 to	 abiotic	 stress	 of	 plants	 challenged	 by	 drought	 and	 salinity	 (Rolli	 et	 al.,	

2014).	Different	mechanisms	are	involved	in	providing	these	benefits	to	the	host	plant,	

including	protection	 from	mechanical,	 osmotic	 and	oxidative	 stress,	 as	well	 as	 several	

effects	 on	hormone	homeostasis	 (Daffonchio	et	 al.,	 2015).	 For	 instance,	 the	 ability	 of	

microorganisms	 to	 produce	 EPS	 has	 a	 direct	 effect	 on	 the	 soil	 particles	 and	 overall	

physical	 conditions	 of	 the	 rhizospheric	 soil,	 thus	 protecting	 the	 root	 against	 physical	

damage	 (Amellal	 et	 al.,	 1998).	 Microorganisms	 can	 as	 well	 protect	 the	 plant	 against	

stress	 by	 producing	 osmoprotectants	 (compatible	 solutes	 such	 as	 glycine	 betaine,	

proline,	trehalose,	spermidine,	among	others)	that	are	 involved	 in	osmotic	adjustment	

(Bowman	 et	 al.,	 1973;	 Boch	 et	 al.	 1994;	 Csonka,	 1991;	 Boch	 et	 al.,	 1996);	 as	 well	 as	

stress-related	enzymes	involved	in	ROS	detoxification	(Farr	&	Kogoma	1991).	Other	very	

well	studied	aspect	of	PGP	microorganisms	is	their	ability	to	produce	phytohormone-like	

molecules	(e.g.	auxin).	According	to,	Patten	&	Glick,	(1996),	this	trait	is	very	common	in	

bacteria	isolated	from	the	rhizosphere.	PGP	microorganisms	can	also	affect	plant	growth	

through	 regulation	 of	 its	 phytohormones	 levels	 (Glick	 et	 al.	 1998),	 for	 instance,	 by	

lowering	the	levels	of	ethylene	in	plants	under	abiotic	stress	through	the	production	of	
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the	 enzyme	 1-aminocyclopropane-1-carboxylic	 acid	 (ACC)	 deaminase	 (ACCd),	 which	

hydrolyzes	ACC,	the	biosynthetic	precursor	of	ethylene	(Glick	et	al.,	2007).	

There	 are	 several	 examples	 of	 successful	 use	 of	microorganisms	 isolated	 from	 desert	

plants	for	promoting	plant	growth	under	stressful	conditions.	Bacterial	isolates	from	the	

root	 system	of	 the	 date	 palm	 cultivated	 in	 Tunisian	 oasis	were	 able	 to	 promote	 date	

palm	 growth	 and	 protect	 the	 plant	 from	 drought	 stress	 (Cherif	 et	 al.,	 2015).	 Two	

endophytic	 isolates,	Pseudomonas	 sp.	 E102	 and	 E141,	 have	 displayed	 in	 vitro	 a	 good	

battery	of	PGP	traits,	including	EPS	production,	inorganic	phosphate	solubilization,	auxin	

and	ammonia	production,	nitrogen	fixation,	ACC	deaminase	activity,	among	others;	and	

were	able	 to	promote	the	growth	of	date	palm	under	drought,	 significantly	 increasing	

root	 and	 shoot	 biomass	 (Cherif	 et	 al.,	 2015).	 Similarly,	 other	 reports	 performed	 on	

canola,	 suggested	 that	 endophytes	 isolated	 from	 date	 palm	 cultivated	 in	 Oman,	

increased	 plant	 abiotic	 stress	 tolerance	 altering	 ethylene	 and	 auxin	 levels	 in	 the	 host	

plant	(Yaish	et	al.,	2015).	Another	example	is	given	by	B.	licheniformis	strain	A2,	isolated	

from	the	rhizosphere	of	the	salt	shrub	Suaeda	fructicosa,	which	presented	 in	vitro	PGP	

activities	 (i.e.	 auxin,	 siderophore	 and	 ammonia	 production,	 phosphate	 solubilisation)	

and	 in	 vivo	 growth	 promotion	 under	 saline	 conditions	 of	 the	 groundnut	 Arachis	

hypogaea	(Goswami	et	al.,	2014).	

These	 examples	 demonstrate	 that	 PGP	 microorganisms	 of	 desert-associated	 plants	

exhibit	 an	 important	 bioremediation	 potential	 under	 diverse	 ecosystems	 and	 climatic	

conditions.	Environmental	and	geo-climatic	 factors	are	 crucial	 in	defining	 the	diversity	
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and	 functionality	 of	 plant-associated	 microbial	 communities.	 In	 arid	 and	 semi-arid	

climates,	 these	 factors	 are	 of	 particular	 importance	 in	 determining	 the	 microbial	

community	 assembly	 and,	 ultimately,	 the	 stability	 and	 functioning	 of	 the	 ecosystem	

(Marasco	 et	 al.	 2012).	 Plants	 that	 thrive	 in	 arid	 and	 semi-arid	 environments	 act	 as	

reservoirs	of	stress	tolerant	microorganisms	able	to	confer	to	the	host	plant	beneficial	

services,	contributing	to	 its	tolerance	to	drought	and	salt	stresses	(Ferjani	et	al.,	2015;	

Marasco	et	al.,	2012).	Thus,	plants	 that	are	adapted	 to	 the	arid	climates	 represent	an	

important	niche	that	can	serve	as	a	novel	model	to	understand	and	elucidate	the	factors	

determining	plant	growth	promotion	and	plant	survival	under	abiotic	stresses	(Köberl	et	

al.,	2011).	

	

1.5	Conclusion	
	

The	vegetation	inhabiting	desert	biomes	harbors	different	and	heterogeneous	microbial	

communities.	Whereas	advances	in	genomic	technologies	have	laid	the	path	towards	a	

better	understanding	of	microbial	communities	of	environmental	samples,	major	efforts	

are	 necessary	 to	 expand	 our	 knowledge	 regarding	 microbial	 communities	 associated	

with	desert	plants	and	their	functional	role	in	desert	ecosystems.	The	ecology	of	plant-

microorganisms	associations	 in	desert	ecosystems	can	be	considered	an	 incipient	 field	

of	study,	as	we	are	still	beginning	to	understand	the	microbial	diversity	of	desert	plants.	

The	available	literature	confirms	that	we	still	lack	a	comprehensive	understanding	of	the	
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total	communities’	components	(i.e.	bacteria,	fungi	and	archaea).	Strengthened	interest	

in	 the	 plant-microorganisms	 associations	 occurring	 in	 desert	 biomes	 requires	 the	

systematic	 incorporation	of	 high-throughput	 sequencing	 technologies	 for	 the	 study	of	

microbial	communities	and	disentangle	the	process	of	selection	and	recruitment	driven	

by	desert	plants	during	 their	 life	 (Copeland	et	al.,	2015).	Characterization	of	microbial	

diversity	is	the	first	step	to	depict	the	ecological	service	carried	by	the	plant-associated	

microorganisms.	 Nevertheless,	 linking	 microbial	 diversity	 to	 function	 still	 remains	 a	

major	 challenge,	 where	 both	 plant-microorganisms	 and	 microorganisms-

microorganisms	 interactions	play	 a	 fundamental	 role	 to	understand	 the	 complexity	of	

the	ecological	services	exerted	by	such	microorganisms	(Braga	et	al.,	2016).	In	fact,	the	

exploitation	 of	 network	 analyses	 for	 the	 study	 of	 microbial	 communities	 are	 an	

additional	way	to	deepen	our	understanding	of	the	interactions	occurring	in	spatial	and	

temporal	 gradients,	 in	 view	 of	 optimizing	 microbiome	 functioning	 in	 desert	 systems	

(Barberán	et	al.,	2012;	Toju	et	al.,	2018).	

Overall,	knowledge	in	microbial	ecology	of	plant-associated	communities	will	guide	our	

efforts	 to	understand	 the	complex	association	of	plants	and	microorganisms	 in	desert	

biomes	in	order	to	improve	agricultural	management	and	conservation	practices	under	

the	ongoing	climate	change	scenarios.	
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Chapter	2:	Desert	plant	rhizosheath-root	system	bacterial	and	fungal	
communities’	recruitment	strategies	
	

Abstract	

	

The	 rhizosheath-root	 system	 is	 an	 adaptive	 trait	 of	 sandy-desert	 speargrasses	 in	

response	 to	 unfavourable	 nutritional	 and	 moisture	 conditions.	 Under	 the	 deserts’	

polyextreme	 conditions	 plants	 interact	 with	 edaphic	 microorganisms	 which	 positively	

affect	 their	 fitness	 and	 resistance.	However,	 the	 trophic	 simplicity	 and	 environmental	

harshness	of	desert	ecosystems	have	previously	been	shown	to	strongly	 influence	soil	

microbial	 community	 assembly.	We	hypothesize	 that	 a	 sand-driven	ecological	 filtering	

constrains	the	microbial	selection	processes	in	the	speargrasses’	rhizosheath-root	niche,	

prevailing	over	 the	plant-induced	 selection.	Bacteria	and	 fungi	 in	 the	 rhizosheath-root	

compartments	 (i.e.	 root	 tissues,	 rhizosheath,	 rhizosphere	 and	 bulk	 sand)	 of	 three	

speargrass	 species	 (Stipagrostis	 sabulicola,	 S.	 seelyae	 and	Cladoraphis	 spinosa)	 of	 the	

Namib	 Desert	 have	 been	 studied	 to	 test	 our	 hypothesis.	 To	 nullify	 the	 variability	

determined	by	edaphic	and	climatic	factors,	plants	living	in	a	restricted	area	of	a	single	

dune	 have	 been	 studied.	We	 aimed	 at	 assessing	 the	 role	 of	 plant	 species	 versus	 the	

sandy	substrate	on	the	recruitment	and	selection,	phylogenetic	diversity	and	predicted	

functional	profile	and	keystone	microbial	species	and	co-occurrence	microbial	networks	

of	 the	 rhizosheath-root	 system	 microbial	 communities.	 Microbes	 associated	 with	

speargrasses’	 rhizosheath-root	 system	 were	 recruited	 from	 the	 limited	 biodiversity	

available	 in	 the	 bulk	 sand	 and	 were	 significantly	 enriched	 in	 the	 rhizosheath	
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compartments,	carrying	biofertilization	and	biopromotion	services.	Both,	root-hairs	and	

sand	 grains	 surfaces	 were	 densely	 colonized	 by	 bacterial	 (Actinobacteria,	

Alphaproteobacteria)	 and	 fungal	 (Ascomycota)	 morphotypes	 and	 phylotypes.	 A	

generalistic	 distribution	 of	 the	 most	 abundant	 microbial	 members	 characterized	 the	

three	 speargrasses,	 with	 a	 complementary	 niche-partitioning	 effect	 driven	 by	 each	

rhizosheath-root	 system	 compartment.	 Bacterial	 and	 fungal	 community	 members	

established	higher	number	of	 interactions	 in	 the	 rhizosheath-root	 systems	 than	 in	 the	

bulk	 sand,	 favoring	 stability	 and	 functionality	 of	 the	 overall	 community.	 Our	 study	

demonstrates	 that	 in	 speargrass	 species	 adapted	 to	 sandy	desert	dunes	 the	microbial	

communities	 intimately	associated	with	 the	 rhizosheath-root	 system	are	 stochastically	

assembled	for	their	composition	and	co-occurring	taxa.	However,	such	assembly	process	

is	phylogenetically	host-independent	yet	favoring	the	host	fitness.	This	finding	supports	

the	concept	that	the	selection	determined	by	the	low-resource	condition	of	the	desert	

sand	prevails	on	that	imposed	by	the	genotype	of	the	different	plant	species.	

	

Keywords.	Rhizosheath-root	system,	Plant-microbe	interaction,	Speargrasses,	Stochastic	

assembly,	Holobiont,	Desert	environment,	Microbiome	
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2.1	Introduction	
	

Deserts	are	dynamic	and	heterogeneous	habitats	that	cover	approximately	a	third	of	the	

global	land	surface	(Laity,	2009).	Besides	aridity,	hot	deserts	impose	additional	stresses	

to	their	 indigenous	flora	and	fauna,	 including	oligotrophy,	elevated	daily	temperatures	

and	 sun	 irradiation,	 high	 salinity,	 strong	 wind	 erosion	 and	 environmental	 physical	

instability	(Danin,	1996;	Laity,	2009;	Makhalanyane	et	al.,	2015).	Consequently,	deserts	

are	characterized	by	a	lower	biodiversity	than	other	productive	ecosystems	(De	Bello	et	

al.,	 2006;	 Thompson	et	 al.,	 2017)	with	 specific	 ecological	 niches	 occupied	by	 adapted	

macro-	 and	 micro-organisms	 (Ronca	 et	 al.,	 2015;	 Pointing	 and	 Belnap,	 2012).	

Specialized-desert-plants	 (xerophyte	 species)	 have	 notably	 evolved	 both	 their	 aerial	

(stem	and	 leaf)	and	subterranean	(root	system)	organs	to	prevent	water	 loss,	 improve	

water	storage	and	optimize	water	and	nutrient	uptake	(Danin,	1996;	Roth-Nebelsick	et	

al.,	2012;	Ebner	et	al.,	2011).	

One	successful	example	 is	given	by	 the	desert	 speargrass	species	 (of	 the	Poaceae	and	

Haemodoraceae	 families,	Danin,	1996;	Smith	et	al.,	2011),	which	grow	in	sandy	desert	

soils	 and	 that	have	developed	a	 ‘rhizosheath-root	 system’	as	 xerophytic	adaptive-trait	

(Wullstein	and	Pratt,	1981;	Brown	et	al.,	2017).	The	rhizosheath	is	defined	as	the	portion	

of	soil	that	physically	adheres	to	the	root	system	and	which	can	encase	the	entire	root	

system	of	certain	plants	(Pang	et	al.,	2017).	As	the	rhizosphere,	it	is	strongly	influenced	

by	root	rhizodeposition.	However,	the	rhizosphere	can	extend	beyond	the	boundaries	of	

the	rhizosheath	as	it	is	not	necessarily	physically	attached	to	the	root	system	(York	et	al.,	
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2016).	 Root	 hairs,	 fungal	 hyphae	 and	 adhesive	 agents,	 such	 as	 microbial-	 and	 plant-

derived	 mucilage,	 are	 responsible	 for	 the	 aggregation	 of	 the	 sand	 particles	 in	 the	

rhizosheath	system	(Moreno-Espíndola	et	al.,	2007;	Wullstein	and	Pratt,	1981;	Pang	et	

al.,	2017;	Rillig	et	al.,	2015;	Young,	1995).	

The	 overall	 beneficial	 effect	 of	 developing	 a	 rhizosheath-root	 system	 has	 been	

demonstrated	by	the	positive	correlation	between	rhizosheath	mass	and	plant	growth	

under	salt	stressful	conditions	(Ashraf	et	al.,	2006).	In	deserts,	rhizosheath	has	been	also	

shown	 to	 provide	 mechanical	 protection	 to	 the	 root	 tissues,	 promote	 water	

conservation	and	uptake	under	drought	(Young,	1995;	North	and	Nobel,	1997;	Harnett	

et	al.,	 2013a)	and	 influence	positively	nutrient	uptake	 (Wullstein,	1980;	George	et	al.,	

2014).	Moreover,	 it	 represents	 a	 refuge	 and	 a	 resource	 for	macro-organisms,	 as	 they	

can	feed	on	the	plant	and	live	in	relative	stable	environmental	conditions	comparing	to	

the	 fluctuating	bulk	desert	 sand	 soil	 habitats	 (Danin,	 1996).	 The	 rhizosheath	 structure	

further	provides	 an	ecological-niche	with	particular	micro-climatic	 conditions	 in	which	

the	 high	 water	 availability	 (Wullstein	 et	 al.,	 1979;	 Wullstein	 and	 Pratt,	 1981;	 Young,	

1995)	favors	microbial	growth	and	development,	particularly	of	nitrogen-fixing	bacteria	

(Wullstein	et	al.,	1979;	Hegazi	et	al.,	2009;	Othman	et	al.,	2003;	Bergmann	et	al.,	2009).	

Despite	 the	ecological	 services	 and	protective	 advantages	 exerted	by	plant-associated	

microbes	in	deserts	(Marulanda	et	al.,	2009;	Marasco	et	al.,	2012;	El-Sayed	et	al.,	2014),	

only	few	cultivation-based	studies	have	been	conducted	on	the	rhizosheath-root	system	

microbial	communities	(bacteria	and	fungi)	recruited	by	desert	speargrasses	(Othman	et	

al.,	 2004;	 Moreno-Espíndola	 et	 al.,	 2013;	 Hanna	 et	 al.,	 2013;	 Tahir	 et	 al.,	 2015;	
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Bergmann	et	al.,	2009;	Hegazi	et	al.,	2009;	Gochnauer	et	al.,	1989).	Consequently,	not	

only	 were	 these	 studies	 limited	 to	 a	 minor	 portion	 (~1%	 culturable	 component)	 of	

microbial	biodiversity	 (Amann	et	al.,	 1995)	but	also	by	 their	 geographic	 range	 (mainly	

the	Sinai	Desert)	and	plant	diversity	 (Panicum	turgidum,	Stipagrostis	 scoparia,	Bromus	

spp.,	Trisetaria	 koelerioides	 and	Cyperus	 spp.,	Hegazi	et	 al.,	 2009;	Hanna	et	 al.,	 2013;	

Othman	et	al.,	2004).	

The	assembly	of	the	microbial	communities	in	the	plant	root	system	is	considered	to	be	

driven	 by	 the	 plant	 type	 in	 natural	 soils,	 because	 of	 the	 absence	 of	 human-imposed	

impact	 (such	 as	 the	 agricultural	 practices)	 that	 uniforms	 the	 general	 environmental	

conditions.	However,	since	the	microbial	diversity	in	the	sandy	desert	soils	is	limited,	we	

consider	that	 the	weight	of	 the	plant	type	on	the	process	of	 the	microbial	community	

assembly	in	the	root	system	can	be	lower	than	in	normal	soils	with	the	sandy	soil	playing	

a	major	role.	

Here,	 to	 evaluate	 the	 root	 microbiome	 recruitment	 strategies	 employed	 by	 desert	

speargrasses,	 we	 studied	 the	 root,	 rhizosheath	 and	 rhizosphere	 bacterial	 and	 fungal	

communities	of	three	endemic-perennials	Namib	Desert	speargrass	species	(Stipagrostis	

sabulicola,	 Stipagrostis	 seelyae	 and	 Cladoraphis	 spinosa)	 with	 a	 combination	 of	

microscopy	 and	 molecular	 microbial	 ecology	 tools	 (quantitative	 polymerase	 chain	

reaction	(qPCR	and	meta-barcoding).	These	rhizosheath-developing	plant	species	were	

colonizing	the	slope	of	a	single	dune	set	 in	 the	central	Namib	Desert	 (Jacobson,	1997)	

allowing	 us	 to	minimize	 the	 interference	 of	 factors	 such	 as	 biogeography,	 climatic	 or	

edaphic	 characteristics	 that	 could	 affect	 environmental	 microbial	 communities	 (i.e.	
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(Philippot	et	al.,	2013).	By	exploiting	this	unique	environmental	setting	we	could	address	

fundamental	questions	on	the	recruitment	strategies	of	plant	rhizosheaths,	which,	even	

though	represent	oases	of	life	in	the	desert	sand,	are	still	an	ecological	‘black-box’.	

We	hypothesized	that	due	to	the	uniqueness	of	the	rhizosheath-root	system	structure	

associated	with	speargrasses	species,	microbial	community	assembly	will	be	driven	by	a	

complex	and	mainly	stochastic	process	of	microbial	community	assembly	based	on	what	

is	selected	by	the	surrounding	desert	sand.	Furthermore,	we	also	expected	to	observe	

niche-partitioning	 to	 play	 a	 role	 in	 their	 assembly	 by	 identifying	 a	 subset	 of	

phylogenetically	 consistent	 microbial	 groups	 (i.e.	 plant	 growth	 promoting	 [PGP]	

microorganisms)	 that	 were	 ‘plant-species’-	 and/or	 ‘rhizosheath-root	 system	

compartment’-specific,	that	were	deterministically	selected	(Ronca	et	al.,	2015;	Edwards	

and	Cook,	2015;	Johnson	et	al.,	2017).	

	

2.2	Results	
	

Namib	Desert	speargrasses’	rhizosheath-root	system	structure	

	

The	speargrasses	studied	were	located	on	different	slope	sections	of	a	single	~8m	high	

dune	 (Figure	 1a;	 Supplementary	 Table	 S1;	 Jacobson,	 1997):	 Stipagrostis	 sabulicola	

(Figure	1b)	occupied	 the	 top	of	 the	dune	 slope	near	 the	crest	 (4.5	±	0.15	m	 from	 the	

bottom),	while	both	Stipagrostis	seelyae	(Figure	1c)	and	Cladoraphis	spinosa	(Figure	1d)	

grew	 on	 the	middle/lowest	 section	 of	 the	 dune	 slope	 (1.71	 ±	 0.17	 and	 1.4	 ±	 0.18	m,	
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respectively).	These	three	speargrasses	showed	peculiar	root	systems	characterized	by	

rhizosheath	 structure	 (Figure	 1e-g;	 schematic	 representation	 in	 Figure	 1h).	 The	

rhizosheaths	appeared	as	a	thick	and	compact	sandy-cylinder	covering	the	entire	length	

of	every	root	with	external	layer	composed	of	sand	grains	and	root	hair	(Figure	1i).		

	

Figure	 1.	 Habitat-niches	 and	 rhizosheath-root	 systems	 of	 Namib	 Desert	 dune	 speargrasses.	 (a)	
Photograph	of	the	sand	dune	selected	for	the	sampling.	Speargrasses’	habitat-niches	along	dune	slope	are	
indicated	 (top	 vs	middle/low	 dune).	 (b-g)	 Photographs	 of	 the	 three	 speargrasses	 (b,	 S.	 sabulicola;	c,	 S.	
seelyae	and	d,	C.	 spinose;	bars	correspond	 to	50	cm)	and	 their	 respective	 rhizosheath-root	 system	(e-g;	
bars	correspond	to	1	cm).	(h)	Schematic	representation	of	rhizosheath-root	system	structure.	Root	tissues	
composed	by	inner	stele,	followed	by	cortex	and	epidermal	layers;	rhizosheath	composed	by	sand	grains	
physically	attached	to	the	epidermal	layer	by	the	trapping	effect	of	root	hairs;	rhizosphere	referred	to	the	
sand	grain	influenced	by	root	but	not	physically	associated	to	the	root	system	(sensu	Pang	et	al.,	2017).	(i)	
SEM	images	of	rhizosheath-root	external	layer	showing	rhizosheath	matrix	of	root	hairs	entrapping	sand	
grains.	(j-l)	Cross	section	SEM	images	revealing	the	structure	of	the	speargrasses	rhizosheath-root	system	
(j,	 S.	 sabulicola;	k,	 S.	 seelyae	and	 l,	 C.	 spinosa).	 S,	 stele:	 the	 central	 core	 of	 root	 of	 vascular	 plants;	 E,	
epidermis:	 the	outermost	cells	of	 the	 root;	C,	 cortical	 tissue:	 the	 tissue	between	 the	epidermis	and	 the	
stele	 in	 root;	 Rh,	 root	 hairs:	 projection	 from	 the	 epidermis	 cells;	 *:	 sand	 grain	 surface;	 white	 arrow:	
mucilaginous,	 extra	 polysaccharide,	 fungal	 hyphae.	 #,	 endodermis:	 layer	 of	 cells	 between	 stele	 and	
cortical	tissues.	Note	the	different	scales	on	the	SEM	photographs.	
	

No	 significant	 differences	 among	 the	 three	 speargrasses	 rhizosheaths’	 diameters,	

defined	as	the	sand	physically	attached	to	the	root	system	(Figure	1h;	Pang	et	al.,	2017,	

were	 observed	 (F2,27=0.83,	 p=0.44).	 In	 contrast	 their	 respective	 root	 diameters	 were	
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significantly	different	according	to	the	plant	species	(F2,27=23.80,	p<0.0001):	the	largest	

belonging	to	S.	sabulicola	and	the	smallest	to	C.	spinosa	(Supplementary	Table	S2).	

	

Figure	2.	Visualization	of	microbes	associated	with	 the	 rhizosheath-root	 system	of	 speargrasses.	SEM	
micrograph	showing	bacterial	cells	present	at	the	surface	of	both	root	hairs	(a-c)	and	sand	grains	(d-f).	Rh,	
root	hairs:	projection	from	the	epidermis	cells;	*:	flaky	or	coating	materials;	yellow-arrow:	coccus-shaped	
bacteria;	red-arrow:	rod-shape	bacteria;	white-arrow:	filamentous	cells.	Note	the	different	scales	on	the	
SEM	photographs.	
	

High-magnification	of	 intact	rhizosheath	cross	sections	revealed	the	complex	structure	

of	 this	 system	 (Figure	 1j-l)	 which	 for	 the	 three	 plants	 consists	 of	 long	 root	 hairs	 in	

important	 concentrations	 tightly	 binding	 fine	 and	 very	 fine	 sand	 particles,	 ultimately	

forming	stable	packaged	arrangements	(Figure	1h	and	j-l).	The	surfaces	of	root	hairs	and	

sand	grains	presented	flaky	or	coating	materials	(stars	in	Figure	2),	possibly	composed	of	

mucilage	and	exopolymers	 released	 from	roots	and/or	microorganisms	 (Wullstein	and	

Pratt,	 1981;	 York	 et	 al.,	 2016).	 Magnified	 micrographs	 indicated	 the	 presence	 of	
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microbial	cells	of	different	morphologies	(including	rod-,	coccus-shaped	and	filamentous	

bacteria)	colonizing	both	the	root	hair	and	the	surface	of	sand	particles	(Figure	2).	

	

Niche-partitioning	in	speargrass	rhizosheath-root	systems	

	

Bacteria	were	ubiquitously	detected	 in	 the	entire	 rhizosheath-root	 system	while	 fungi	

were	not	 found	 in	any	root	tissue	of	 the	examined	speargrasses.	Quantification	of	the	

bacterial	 16S	 rRNA	 gene	 and	 of	 the	 fungal	 18S-28S	 ribosomal	 internal	 transcribed	

spacers	 (ITS)	 copies	 revealed	 an	 enrichment	 process	 acted	 by	 the	 rhizosheath-root	

systems	 accounting	 on	 average	 about	 150	 and	 1000	 times	 more	 gene	 copies,	

respectively,	 than	 in	 the	bulk	 sand;	Figure	3a	and	b).	A	progressive	enrichment	of	 the	

bacterial	and	fungal	genes	was	observed	passing	from	the	bulk	sand	(8.3±3.3	x	105	and	

2.2±0.8	x	104,	respectively),	to	the	rhizosphere	(5.7±0.7	x	107	and	4.8±0.8	x	106)	to	reach	

the	 highest	 values	 in	 the	 rhizosheath	 (2.66±0.3	 x	 108	 and	 4.6±1.2	 x	 107,	 respectively;	

multiple	 comparison	 in	 Figure	 3a	 and	 b),	 with	 a	 general	 dominance	 of	 bacteria	

(Bacteria/Fungi	 ratio:	 rhizosheath=9±1,	 rhizosphere=15±2	 and	 bulk=175±117).	 The	

selection	mediated	by	 the	root	of	each	plant	 further	 led	 to	decreased	numbers	 in	 the	

inner	root	tissues	that	were	3.7±1.7	x	107	bacterial	16S	ribosomal	RNA	(rRNA)	gene	copy	

numbers,	 while	 the	 fungal	 ITS	 were	 non-detectable	 (Figure	 3a	 and	 b).	 Only	 the	

abundance	 of	 rhizosheathic	 and	 rhizospheric	 16S	 rRNA	 bacterial	 gene	 copies	 were	

differently	 affected	 by	 the	 plant	 host,	 with	 notably	 significantly	 higher	 values	 in	 S.	

sabulicola	rhizosheath	when	compared	to	the	other	two	species	(Figure	3a).	
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Figure	3.	Speargrasses’	rhizosheath-root	system	microbial	community	distribution	and	composition.	(a)	
and	 (b)	 Abundance	 of	 bacterial	 and	 fungal	 components	 in	 rhizosheath-root	 system	 of	 speargrasses	
measured	by	qPCR	of	16S	rRNA	and	ITS	gene	copies,	respectively.	Lower	case	letters	indicated	significative	
difference	(post-hoc	Dunn	multiple	comparison	test)	among	speargrasses	species	for	each	compartment,	
while	 the	 significant	 difference	 among	 compartments	 was	 indicated	 by	 capital	 letters	 (post-hoc	 Dunn	
multiple	comparison	 test	 for	Bacteria	and	Mann	Whitney	 t-test	 for	Fungi).	n.d.:	not	detected.	 (c	and	d)	
Rank-abundance	distribution	of	bacterial	(c)	and	fungal	(d)	SVs	associated	with	speargrasses’	rhizosheath-
root	system	(root,	rhizosheath	and	rhizosphere)	and	bulk	sand.	(e	and	f)	Power-law	relationship	between	
prevalence	in	speargrass	rhizosheath-root	system	(measured	by	degree)	and	abundance	(measured	by	the	
number	of	reads)	 for	host-associated	bacterial	 (e)	and	fungal	 (f)	SVs.	*	not	detected	 in	bulk	sand;	#	not	
detected	in	the	internal	root	tissues.		
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A	 total	of	3,224	bacterial	16S	rRNA	gene	and	405	fungal	 ITS	unique	sequence	variants	

(SVs)	 were	 identified	 globally,	 i.e.,	 in	 the	 rhizosheath-root	 system	 compartments	 and	

bulk	sands	studied	(Table	1).	Their	distribution	displayed	a	classic	 ‘dropping	tail’	shape	

with	few	of	the	SVs	being	very	abundant	and	a	large	number	being	‘rare’	(bacterial	and	

fungal	reads	abundances	ranged	from	2	to	99,585	and	from	6	to	282,970,	respectively;	

Figure	 3c	 and	 d;).	 A	 significant	 relationship	 between	microbial-occurrence	 in	 samples	

(degree)	 and	 microbial-abundance	 was	 detected,	 indicating	 a	 non-random	 SV	

distribution	 across	 plant	 hosts	 (bacteria:	 adjusted	 r2=0.64,	 slope=1.5,	 p<0.0001;	 fungi:	

adjusted	r2=0.69,	slope=2,	p<0.0001;	Figure	3e	and	f).	

During	 the	 selective	 process	mediated	 by	 the	 rhizosheath-root	 system	we	 found	 that	

the	majority	of	the	plant-associated	bacterial	and	fungal	SVs	were	originated	from	the	

surrounding	bulk	sand	(64	and	84%,	respectively	(Figure	4a).	The	bipartite	network	plot	

further	 confirms	 the	 selective	 process	 exerted	 by	 the	 rhizosheath-root	 systems	

observed	by	gene	copy	quantification	(Figure	4a):	SVs	naturally	present	in	the	bulk	sand	

were	 found	 to	 be	 recruited	 by	 the	 rhizosheath	 and	 rhizosphere	 compartments	which	

were	then	further	filtered	by	the	root	rhizoplane	barrier	and	finally	become	endophytic.	

Furthermore,	 each	 rhizosheath-root	 system	 compartment	 was	 found	 to	 have	 specific	

associated	microbiomes	 (Figure	 4a-c).	 This	 is	 further	 highlighted	 by	 the	 fact	 that	 only	

~2%	of	the	SVs	were	ubiquitously	detected,	i.e.,	associated	with	all	the	compartments	of	

the	 rhizosheath-root	 system	 (Supplementary	 Figure	 S1	 and	 S2).	 However,	 when	

excluding	 root	 tissues	 from	 the	analysis,	35%-39%	of	bacterial	 SVs	were	 found	 shared	
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between	 the	 rhizosheath	 and	 the	 rhizosphere.	 Similarly,	 54-59%	 of	 fungal	 SVs	 are	

shared	 between	 these	 two	 compartments.	 Altogether,	 and	 as	 no	 fungal	 SVs	 were	

detected	 in	 the	 plant	 roots,	 this	 confirmed	 that	 roots	 represent	 a	 strong	 filter	 in	 the	

process	 of	microorganisms’	 recruitment	 by	 the	 plant	 (van	 der	 Heijden	 and	 Schlaeppi,	

2015).	

Interestingly,	when	comparing	 the	 rhizosheath-root	 system’	microbiomes	of	 the	 three	

speargrass	 species,	 ternary	 plots	 showed	 that	 most	 of	 the	 SVs	 had	 a	 generalist-

distribution	(represented	by	the	spheres	in	the	middle	of	the	triangles)	instead	of	a	host-

distribution	(spheres	in	the	summit	or	along	the	edges	of	the	triangles;	Figure	4d	and	e)	

with	35%	of	bacterial	SVs	and	37%	of	 fungal	SVs	 shared	among	all	 three	plants	which	

represented	88%	and	97%	of	their	respective	total	community	(Figure	4b	and	c).	These	

values	 were	 conserved	 along	 the	 rhizosheath-root	 system	 compartments	 analysed	

(Supplementary	Figure	S3).	

	

	

	

	

	

	



	 77	

Table	1.	Diversity	estimates	of	microbes	within	each	rhizosheath-root	system	compartment	of	the	three	
speargrasses	species.	Mean	(±SD)	of	sequences,	richness	(number	of	SVs)	and	evenness	were	calculated	
for	bacteria	and	fungi.	Lowercase	and	uppercase	 letters	 in	parenthesis	 indicated	the	results	of	post-hoc	
multiple	 comparison	 (Tukey	 test)	 among	 plant	 species	 and	 rhizosheath-root	 system	 compartments,	
respectively.	SV:	sequence	variant;	H/SV:	Shannon	value	divided	by	total	number	of	sequence	variant.	
Microbe	 Compartment	 Plant	species	 N.	sequence	 Richness	(N.	SV)	 Evenness	(eH/SV)	

Bacteria	 Root	 S.	sabulicola	 3,336	±	304	 43	±	6	(a)	 0.416	±	0.056	(a)	

	
	

S.	seelyae	 3,760	±	481	 47	±	5	(a)	 0.472	±	0.056	(a)	

	
	

C.	spinosa	 4,526	±	1,031	 29	±	4	(a)	 0.457	±	0.059	(a)	

	 	 Total	 3,874	±	603	 40	±	9	(A)	 0.448	±	0.029	(A)	

	 Rhizosheath	 S.	sabulicola	 30,245	±	1,849	 447	±	12	(ab)	 0.352	±	0.032	(a)	

	
	

S.	seelyae	 33,743	±	2,521	 491	±	23	(a)	 0.261	±	0.022	(a)	

	
	

C.	spinosa	 27,905	±	3,998	 391	±	35	(b)	 0.271	±	0.026	(a)	

	 	 Total	 30,631	±	2,938	 443	±	50	(B)	 0.295	±	0.05	(B)	

	 Rhizosphere	 S.	sabulicola	 24,771	±	1,709	 421	±	18	(a)	 0.375	±	0.025	(a)	

	
	

S.	seelyae	 45,134	±	3,815	 637	±	26	(b)	 0.279	±	0.022	(b)	

	
	

C.	spinosa	 28,668	±	3,576	 495	±	49	(a)	 0.373	±	0.016	(a)	

	 	 Total	 32,858	±	10,809	 518	±	110	(C)	 0.342	±	0.055	(B)	

	 Bulk	 Bulk	 60,006	±	4,861	 514	±	42	(BC)	 0.287	±	0.013	(B)	

Fungi	 Rhizosheath	 S.	sabulicola	 59,859	±	7,978	 59	±	6	(a)	 0.156	±	0.022	(a)	

	
	

S.	seelyae	 64,262	±	5,400	 80	±	4	(bc)	 0.168	±	0.018	(a)	

	
	

C.	spinosa	 67,420	±	2,531	 71	±	4	(ac)	 0.196	±	0.014	(a)	

	 	 Total	 63,847	±	3,798	 70	±	11	(A)	 0.173	±	0.021	(A)	

	 Rhizosphere	 S.	sabulicola	 64,100	±	7,471	 88	±	8	(a)	 0.375	±	0.025	(a)	

	
	

S.	seelyae	 83,517	±	6,803	 68	±	7	(a)	 0.118	±	0.018	(b)	

	
	

C.	spinosa	 74,045	±	2,396	 86	±	6	(a)	 0.183	±	0.031	(b)	

	 	 Total	 73,887	±	9,709	 81	±	11	(A)	 0.225	±	0.134	(A)	

	 Bulk	 Bulk	 110,997	±	26,291	 20	±	2	(B)	 0.377	±	0.06	(B)	
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Figure	 4.	 Namib	 Desert	 speargrasses	 rhizosheath-root	 systems	 recruitment	 process.	 (a)	 Bipartite	
network	analysis	of	microbial	 communities	 (bacteria	and	 fungi)	 associated	with	 speargrass	 rhizosheath-
root	system	and	bulk	sand.	Edges	connecting	sample	nodes	to	SV’s	nodes	are	colored	according	to	their	
environmental	 source	 (black	 shade,	 root	 tissues;	 red	 shades,	 rhizosheath;	 blue	 shades,	 rhizosphere;	
yellow,	 sand	 soil).	 (b	 and	 c)	Venn	diagram	detecting	bacterial	 and	 fungal	 specialist	 (speargrass-specific)	
and	generalist	SVs	(shared	among	speargrasses).	(d	and	e)	Ternary	plot	revealing	relative	abundance	(dot	
size)	and	generalist	or	plant	species-specific	behaviors	of	bacterial	and	fungal	SVs	among	speargrasses.	
	

	

Drivers	of	microbial	diversity	in	speargrasses’	rhizosheath-root	systems	

	

A	 global	 segregation	 between	 microbial	 community	 associated	 with	 the	 rhizosheath-

root	system	(host)	and	bulk	sand	was	observed	 (ANOVA,	bacteria:	F1,67=6.11,	p=0.001;	

fungi:	 F1,47=8.06,	 p=0.001),	 explaining	 up	 to	 42%	 and	 34%	 of	 the	 total	 compositional	

(Bray-Curtis)	variation	of	bacteria	and	fungi,	respectively	(Figure	5a	and	b).	Furthermore,	

for	 each	 plant	 species	 a	 relatively	 high	 variability	 in	 rhizosheath-root	 system	

composition	was	observed	 (distance	 from	centroid:	bacteria	0.2-0.8	and	 fungi	0.4-0.8)	

compared	 to	 the	 surrounding	 bulk	 sand	 (bacteria	 0.2-0.4	 and	 fungi	 0.3-0.5;	
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Supplementary	 Table	 S3),	 but	 no	 differences	 among	 the	 variability	 of	 plant	 species-

associated	 microbial	 communities’	 was	 observed	 (bacteria	 and	 fungi:	 p>0.05;	

Supplementary	Table	S3).	

More	specifically,	bacterial	assemblages	were	significantly	driven	by	 the	 interaction	of	

plant	species	and	rhizosheath-root	system	compartments	(bacteria:	F4,57=2.078,	p=0.001;	

fungi:	 F2,39=0.740,	p=0.84),	with	 the	 compartments	 being	 the	major	 contributor	 (43%;	

Supplementary	Table	S4a;	multiple	comparisons	in	Supplementary	Table	S4b),	while	for	

the	fungal	ones	the	assembly	was	mainly	driven	by	plant	species	(F2,39=6.211,	p=0.001;	

estimates	 of	 components	 of	 variation,	 26%;	 Supplementary	 Table	 S4a;	 multiple	

comparisons	 in	 Supplementary	 Table	 S4c).	 Mantel	 test	 results	 revealed	 a	 significant	

correlation	(p<0.05;	Supplementary	Table	S4d)	between	the	compositional	variation	of	

bacterial	and	fungal	rhizosheath	and	rhizosphere	beta-diversities	and	distance	from	the	

dune’s	base	 (habitat-niche).	This	was	not	observed	 for	 the	 root	bacterial	 communities	

(Supplementary	 Table	 S4d).	 Furthermore,	 a	 significant	 decline	 in	 compositional	

similarities	 with	 linear	 distance	 was	 also	 found	 for	 the	 rhizosheath	 and	 rhizosphere	

sandy	compartments	(Fig.	5c	and	d;	Supplementary	Table	S5).	Altogether,	these	results	

show	 that	 the	 closer	 the	 plants	 were,	 the	 more	 similar	 their	 rhizosheathic	 and	

rhizospheric	 communities	 were	 and	 vice	 versa,	 i.e.	 that	 these	 communities	 from	 S.	

seelyae	 and	 C.	 spinosa,	which	 are	 localized	 on	 the	 middle/low	 section	 of	 the	 dune,	

hosted	 similar	 communities	 when	 compared	 to	 the	 ones	 of	 S.	 sabulicola	 which	 grow	

near	to	the	dune	top.	In	contrast	the	root	endophytic	bacterial	communities	were	rather	

not	influenced	by	plant	distance	(Fig.	5c;	Supplementary	Table	S5),	further	suggesting	a	
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very	close	selection	of	endophytic	root	microbiome	by	the	speargrasses	independently	

from	their	location	and	taxonomy.	

	

Figure	 5.	 Diversity	 and	 taxonomical	 composition	 of	 microbial	 communities	 associated	 to	 the	
speargrasses	rhizosheath-root	system.	(a	and	b)	Principal	coordinate	analysis	(PCoA)	of	(a)	bacterial	and	
(b)	fungal	communities	associated	with	the	rhizosheath-root	system	(root,	rhizosheath	and	rhizosphere)	
and	bulk	sand.	 (c	and	d)	Distance	decay	relationships	of	the	communities’	dissimilarities	 (Bray-Curtis)	of	
the	 bacterial	 (c)	 and	 fungal	 (d)	 components	 in	 the	 rhizosheath-root	 system	 compartments.	 (e	 and	 f)	
Relative	 abundance	 of	 bacterial	 (e)	 and	 fungal	 (f)	 phyla/classes	 associated	 with	 host	 and	 bulk	 sand.	
Relative	 abundance	 was	 expressed	 as	 percentage.	 One	 star	 (*)	 indicates	 classes	 belonging	 to	
Proteobacteria	phylum;	two	stars	(**)	indicate	classes	belonging	to	Ascomycota	phylum.	
	

Assembly	 dynamics	 of	 bacterial	 and	 fungal	 communities’	 associated	 with	 the	

speargrasses’	rhizosheath-root	system	and	bulk	sand	in	sandy	dunes	

	

Bacterial	 and	 fungal	 communities	 were	 characterized	 by	 different	 alpha-diversity	

(richness	and	evenness)	trends	(Table	1).	While	bacterial	communities	hosted	by	sandy-

compartments	 of	 rhizosheath	 system	 (rhizosheath	 and	 rhizosphere)	 showed	 similar	

alpha-diversity	values	 compare	 to	bulk	 sand,	 the	 fungal	ones	were	 significantly	higher	
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(multiple	 comparisons	 in	 Table	 1).	 The	 endophytic	 root	 bacterial	 communities	 were	

always	significantly	less	diverse	(low	richness)	and	more	equal	(high	evenness)	than	all	

the	 sandy	 samples	 (rhizosheath,	 rhizosphere	 and	 bulk	 sand).	 Furthermore,	 speargrass	

species	did	not	influence	root	tissue	bacterial	alpha-diversity,	but	affected	the	richness	

and	evenness	of	rhizosphere	microbial	communities	(Table	1):	S.	seelyae	presented	the	

lowest	bacterial	evenness	along	with	the	highest	bacterial	richness	and	S.	sabulicola	had	

the	highest	fungal	evenness.	In	the	rhizosheath,	plant	species	differently	influenced	only	

the	richness	values,	with	variable	effect	for	bacterial	and	fungal	communities	(Table1).	

Phylogenetic	 diversity	was	measured	 by	 using	 different	metrics,	 such	 as	 phylogenetic	

distance	 between	 SVs	 (PD/SV),	 nearest	 taxon	 index	 (NTI)	 and	 net-relatedness	 index	

(NRI).	The	PD/SVs	of	 the	 rhizosheath-root	 system	bacterial	 communities	did	not	differ	

among	plant	species	or	bulk	sand	(F3,64=0.24,	p=0.9;	Newman-Keuls	multiple	comparison	

p>0.05;	 Table	 2).	 This	 was	 also	 observed	 when	 considering	 each	 compartment	

individually	 (root:	 F2,16=0.489,	 p=0.6;	 rhizosheath:	 F2,18=0.034,	 p=0.1;	 rhizosphere:	

F2,18=1.9,	 p=0.2).	 Conversely,	 fungal	 communities	 revealed	 a	 significantly	 lower	

phylogenetic	 diversity	 in	 plant-influenced	 compartments	 when	 compared	 to	 the	 bulk	

sand	(F3,45=341.8;	p<0.0001).	
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Table	 2.	 	 By-host	 comparison	of	 phylogenetic	 diversity	 in	 speargrasses	 species	 and	bulk	 sand.	Faiths’	
phylogenetic	 distance	 per	 SV	 (PD/SV),	 net	 relatedness	 index	 (NRI)	 and	 nearest	 taxon	 index	 (NTI)	 have	
been	 used	 as	 metrics	 to	 evaluate	 bacterial	 and	 fungal	 alpha	 phylogenetic	 diversities.	 Lowercase	 in	
parenthesis	 indicated	 the	 results	 of	 post-hoc	 multiple	 comparison	 (Newman-Keuls	 test)	 among	 plant	
species.	
Microbe	 Index	 ANOVA	 S.	sabulicola	 S.	seelyae	 C.	spinose	 Bulk	sand	

Bacteria	 PD	 F3,64=0.24,	p=0.9	 0.058±0.013	(a)	 0.055±0.017	(a)	 0.058±0.019	(a)	 0.054±0.008	(a)	

	 NRI	 F3,64=16.7,	p<0.0001	 5.57±2.63	(a)*	 4.40±1.71	(a)*	 5.29±2.33	(a)*	 -0.99±1.77	(b)	

	
NTI	 F3,64=3.98,	p=0.015	 4.69±1.94	(a)*	 4.32±1.38	(a)*	 4.84±1.53	(a)*	 2.42±1.88	(b)	

Fungi	 PD	 F3,45=342,	p<0.0001	 0.29±0.03	(a)	 0.27±0.03	(a)	 0.27±0.02	(a)	 0.95±0.12	(b)	

	 NRI	 F3,45=3.7,	p=0.018	 0.70±0.76(a)	 0.25	±1.28	(ab)	 0.35±0.80	(ab)	 -0.79±0.96	(b)	

	 NTI	 F3,45=4.7,	p=0.0062	 0.98±0.55(ab)	 1.35	±0.92	(a)	 1.61±0.91	(a)	 0.26±0.90	(b)	

*	Communities	that	are	significantly	structured	at	the	p<0.05	level	

	

Bulk	 sand	 bacterial	 communities	 and	 all	 the	 studied	 fungal	 communities	 were	

ubiquitously	 found	 to	be	 randomly	structured	phylogenetically	 (p>0.05;	Table	2)	while	

the	rhizosheath-root	system	bacterial	communities	were	significantly	clustered	for	both	

NRI	 (1.6<NRI<11.2;	 p<0.05)	 and	 NTI	 (0.9<NTI<8.9;	 p<0.05)	 metrics	 without	 significant	

changes	among	the	different	plant	species	(Table	2).	Moreover,	the	 lack	of	correlation	

between	sequencing	depth	and	NRI	 (linear	 regression:	bacteria,	p=0.08;	 fungi,	p=0.33)	

or	NTI	(linear	regression:	bacteria,	p=0.22;	fungi,	p=0.69)	suggested	that	the	addition	of	

infrequent	taxa	to	the	communities	would	not	alter	the	phylogenetic	structure.	Similar	

phylogenetic	 alpha-diversity	 profile	 of	 speargrasses	 associated	microbial	 communities	

and	the	absence	of	correlation	between	communities	and	position	along	the	dune	slope	

(Mantel	 test,	 Supplementary	 Table	 S6)	 suggested	 a	 conserved-way	 of	 assembly	 of	

microbial	 communities	 associated	 with	 the	 rhizosheath-root	 system	 in	 desert	

speargrasses.	
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Furthermore,	phylogenetic	relatedness	among	communities	was	analysed	by	calculating	

both	 ‘basal’	 and	 ‘terminal’	 metrics	 of	 phylogenetic	 beta	 diversity	 (ßNRI	 and	 ßNTI,	

respectively)	 in	 order	 to	 evaluate	 the	 phylogenetic	 turnover	 (Stegen	 et	 al.,	 2012)	 of	

bacterial	 and	 fungal	 communities	 associated	 with	 the	 rhizosheath-root	 system.	 Both	

ßNRI-	 and	 ßNTI-bacterial	 scores	 were	 between	 -2	 and	 +2	 (0.32<ßNRI<0.66;	

0.02<ßNTI<0.44),	 which	 is	 consistent	 with	 random	 phylogenetic	 turnover,	 i.e.,	 where	

stochastic	 and/or	 ecologically-neutral	 factors	 play	 important	 roles	 (i.e.,	 a	 neutral	

community	 assembly,	 (Stegen	 et	 al.,	 2012).	 Similarly,	 fungal	 communities	 showed	 a	

neutral	 rhizosheath-system	 community	 assembly,	 with	 both	 ßNRI	 and	 ßNTI	 values	

between	 -2	 and	 +2	 (1.11<ßNRI<1.59;	 0.09<ßNTI<0.82).	 No	 correlation	 among	 the	

phylogenetic	 beta-diversity	 metrics	 and	 spatial	 distance	 among	 speargrasses	

rhizosheath’	habitat-niches	was	detected	(Mantel	test,	p>0.05).	

	

Bacterial	 and	 fungal	 communities’	 taxonomic	 composition	 and	 predictive	 functions	 in	

speargrasses	rhizosheath-root	systems	

	

The	 complete	 dataset	 comprised	 a	 total	 of	 21	 bacterial	 phyla	 (100%	 sequences	

classified),	 53	 classes	 (99%	 classified),	 79	 orders	 (95%	 classified),	 98	 families	 (82%	

classified)	 and	 139	 genera	 (49%	 classified).	 The	 interaction	 of	 plant	 species	 and	

rhizosheath-root	 system	 compartments	 significantly	 influenced	 the	 bacterial	 taxa	

distribution	 at	 the	 phylum/class	 and	 family	 levels	 (phylum/class:	 F4,53=2.24,	 p=0.014;	

family:	 F4,53=	 =2.50,	 p=0.001;	 Supplementary	 Table	 S7a	 and	 b).	 Notably,	 the	 few	
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abundant	 bacterial	 members	 (SVs)	 accounting	 for	 15%	 of	 relative	 abundance	 were	

affiliated	 to	Actinobacteria	 (5	 and	 6%	 to	 Lentzea	and	 Streptomyces,	 respectively)	 and	

Alphaproteobacteria	 (1.5	 and	 1.7%,	Microvirga	 [reclassification	 of	 Balneimonas]	 and	

Methylobacteriaceae,	 respectively;	 Figure	 3c).	 In	 particular,	 plant-associated	

rhizosheath	and	rhizosphere	communities	presented	high	abundances	of	Actinobacteria	

(50-62%)	and	Alphaproteobacteria	 (26-38%)	while	root	tissues	were	mainly	dominated	

by	Firmicutes	(50-67%),	with	Gammaproteobacteria	(1-25%)	and	Actinobacteria	(7-10%)	

in	 lower	 abundance.	 Bulk	 sand	 bacterial	 communities	 were	 mainly	 composed	 of	

Alphaproteobacteria	 (37%),	 Actinobacteria	 (29%)	 and	 Chloroflexi	 (28%;	 Figure	 5e).	 At	

the	 family	 level,	 Actinosynnemataceae,	 Streptomycetaceae,	 Bradyrhizobiaceae	

Nocardioidaceae	 and	 Pseudonocardiaceae	 presented	 specific	 distributions	 in	 the	

rhizosheath	 and	 rhizosphere	 compartments,	 while	 Bacillaceae,	 Rhizobiaceae	 and	

Pseudomonadaceae	were	 the	 dominant	 taxa	 in	 the	 root	 tissues	 with	 a	 host	 specific	

distribution.	

The	 16S	 rRNA	 gene	 data	 analysis	 using	 the	 Tax4fun	 package	 (Aßhauer	 et	 al.,	 2015),	

showed	 that	 38%	 (±4)	 of	 the	 SVs	 in	 the	 69	 samples	 could	 be	 mapped	 to	 KEGG	

organisms:	90%	(±2)	in	the	roots	(n=20),	20%	(±3)	in	the	rhizosheaths	(n=21),	11%	(±1)	in	

the	 rhizospheres	 (n=21)	 and	 27%	 (±4)	 in	 the	 bulk	 sand	 (n=7)	 samples.	 From	 these,	

enzyme-encoding	 genes	 for	 biostimulation	 (auxin	 production,	ACC	deaminase	 activity;	

(Glick,	 2014;	 Ludwig-Müller,	 2015),	 biofertilization	 (nitrogen	 metabolism,	 phosphate	

solubilization	 and	 siderophore	 synthesis;	 (Mapelli	et	 al.,	 2012)	 and	 general	 PGP	 traits	

(i.e.	VOCs	production;	Ryu	et	al.,	2003)	were	selected	as	predictors	of	PGP	metabolisms.	
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Compartments	 (root,	 rhizosheath	 rhizosphere	 and	 bulks	 sand)	 rather	 than	 species	 or	

their	 interaction,	 significantly	 affected	 the	 predicted	 PGP	 metabolism	 of	 the	

speargrasses	rhizosheath-root	system	associated	bacterial	communities	(compartment:	

F2,53=68.206,	p=0.001;	 species:	 F2,53=1.68,	p=0.18;	 interaction	 compartment	×	 species:	

F4,53=2.0717,	 p=0.07).	 As	 reported	 in	 Table	 3a,	 rhizosheath	 and	 rhizosphere	 showed	

similar	 PGP	metabolism	 potentials,	 with	 a	 significant	 enrichment	 in	 enzyme-encoding	

genes	 for	 indole	 acetic	 acid	 (IAA)	 production,	 nitrogen	 metabolism	 and	 siderophore	

synthesis.	On	the	contrary,	ACC	deaminase	activity	was	equally	distributed	among	the	

different	 compartments,	 and	VOCs	 production	 and	 phosphate	 solubilization	 pathways	

were	characteristic	PGP	feature	of	the	endophytic	bacterial	communities	(Table	3).	

In	 fungal	 communities	 a	 total	 of	 six	 phyla	 have	 been	 detected	 (92%	 sequences	

classified),	 distributed	 in	 22	 classes	 (85%	 classified),	 37	 orders	 (84%	 classified),	 57	

families	 (73%	 classified)	 and	 72	 genera	 (70%	 classified).	 The	 classes	 Sordariomycetes,	

Eurotiomycetes	 and	Dothideomycete	 (all	Ascomycota)	 equally	 dominated	 the	 datasets	

(Figure	 5g)	 and	 the	 global	 fungal	 class	 distribution	was	 significantly	 affected	 by	 plant	

species	(F2,39=2.51,	p=0.027;	Supplementary	Table	S7b).	At	a	lower	taxonomic	rank	(i.e.	

genus),	 fungal	 composition	 was	 significantly	 influenced	 by	 both	 plant	 species	 and	

rhizosheath-root	 system	 compartments	 (F2,39=5.73,	 p=0.001	 and	 F1,40=2.10,	 p=0.008,	

respectively	 Supplementary	 Table	 S7d),	 with	 26%	 of	 the	 total	 genera	 showing	 an	

alternative	abundance	in	function	of	the	plant	species	(i.e.	Fusarium	and	Volvopluteus)	

and	 only	 one	 (Cladosporium)	 within	 compartments.	 Among	 fungal	 genera,	 members	

belonging	 to	 the	 Curvularia,	 Aspergillus,	 Thielavia,	 Aureobasidium	 and	 Sordaria	 (all	
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Ascomycota)	presented	an	overall	high	relative	abundance	(28%	of	the	reads;	Figure	3d)	

with	a	generalist-distribution	(FDR-p>0.05)	independent	of	plant	species/compartments.	

For	fungal	communities,	trophic	categories	were	predicted	(Nguyen	et	al.,	2016).	From	

the	 entire	 dataset,	 65%	 of	 the	 fungal	 SVs	 (82%	 of	 reads)	 were	 assigned	 to	 specific	

trophic	 categories	 (Table	 3b):	 47±7%	 to	 saprotrophs,	 19±4%	 to	pathotroph,	 13±4%	 to	

pathotroph-saprotroph,	 13±2%	 to	 pathotroph-saprotroph-symbiotroph,	 8±4%	

pathotroph-symbiotroph	 and	 <3%	 to	 saprotroph-symbiotroph,	 pathogen-saprotroph-

symbiotroph	and	symbiotroph.		

	

Table	 3.	 Functional	 prediction	 of	 bacterial	 PGP	 traits	 and	 fungal	 trophic	 categories.	 (a)	 Predictions	 of	
plant	 growth-promoting	 (PGP)	 functional	 traits	 associated	 to	 speargrasses	 rhizosheath-root	 system	and	
bulk	sand	bacterial	communities.	Relative	abundances	of	six	PGP	functional	traits	were	reported	for	each	
compartment	 as	 counts	 per	million	 (CPM)	 ±	 standard	 error.	 (b)	 Trophic	 categories	 of	 rhizosheath-root	
system	and	bulk	sand	fungal	communities	reported	for	each	plant	species.	Numbers	indicated	percentage	
of	 relative	 abundance	 ±	 standard	 error.	 Significant	 difference	 among	 compartments	 or	 species	 (Dunn's	
Multiple	Comparison	Test,	p<0.05)	are	indicated	with	letters.	
	

	

(a)	Functional	prediction	of	

bacterial	PGP	traits	
Root	 Rhizosheath	 Rhizosphere	 Bulk	sand	

ACC	deaminase	 0.82	±	0.07	(a)	 0.76	±	0.02	(a)	 0.75	±	0	(a)	 0.63	±	0.02	(a)	

Auxin	production*	 20.48	±	0.36	(a)	 26.63	±	0.3	(b)	 26.01	±	0.22	(b)	 23.48	±	0.46	(c)	

Nitrogen	metabolism*	 28.37	±	0.39	(a)	 32.31	±	0.3	(b)	 31.68	±	0.2	(b)	 28.55	±	2.03	(a)	

Phosphate	solubilization*	 4.34	±	0.05	(a)	 2.4	±	0.09	(b)	 2.7	±	0.04	(b)	 3.65	±	0.2	(a)	

Siderophore	synthesis*	 22.07	±	1.18	(a)	 43.96	±	1.39	(b)	 40.42	±	0.91	(b)	 32.31	±	0.11	(c)	

Other	PGP	(VOCs)*	 4.82	±	0.12	(a)	 3.75	±	0.08	(b)	 3.7	±	0.06	(b)	 3.19	±	3.73	(c)	

*PGP	trait	affected	by	compartment	
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(b)	Prediction	of	fungal	

trophic	category	
S.	sabulicola	 S.	seelyae	 C.	spinosa	 Bulk	sand	

Pathogen-Saprotroph-Sym.*	 0.24	±	0.28	(a)	 0	±	0	(b)	 0	±	0	(b)	 0	±	0	(b)	

Pathotroph	 19.7	±	4.95	(a)	
15.86	±	13.28	

(a)	
22.88	±	21.47	(a)	 12.89	±	3.35	(a)	

Pathotroph-Saprotroph*	 29.02	±	3.31	(a)	 3.45	±	0.15	(bc)	 12.19	±	1.18	(ac)	 4.73	±	1.79	(b)	

Pathotroph-Saprotroph-Sym.	 6.1	±	1.25	(a)	 20.12	±	4.41	(a)	 13.94	±	2.98	(a)	 7.49	±	0.99	(a)	

Pathotroph-Sym.	 20.83	±	5.93	(a)	 1.64	±	0.49	(a)	 0.83	±	0.36	(a)	 7.96	±	2.04	(a)	

Saprotroph*	 24.1	±	3.29	(a)	 58.81	±	8.29	(bc)	 49.18	±	16.63	(ac)	 66.93	±	8.72	(ac)	

Saprotroph-Sym.	 0	±	0	(a)	 0.05	±	0.02	(a)	 0.01	±	0.01	(a)	 0	±	0	(a)	

Symbiotroph*	 0.01	±	0	(a)	 0.07	±	0.04	(ac)	 0.98	±	0.31	(bc)	 0	±	0	(a)	

Sym:	Symbiotroph,	*Trophic	category	affected	by	species	

	

As	expected,	bulk	 sand	and	 rhizosheath-root	 systems	hosted	 fungal	 communities	with	

different	 distribution	 of	 trophic	 categories	 (F1,47=19.325,	 p=0.001).	 In	 the	 rhizosheath	

root-system	the	distribution	of	the	categories	was	driven	by	plant-species	(F2,39=6.124,	

p=0.001;	 Dunn's	multiple	 comparison	 test,	p<0.05;	 Table	 3b),	 no	 effect	 of	 interaction	

among	 plant-species	 and	 compartment	 neither	 compartment	 itself	 was	 observed	

(interaction:	F2,39=0.63,	p=0.74,	compartment:	F2,39=0.93,	p=0.44).	

	

Meta-network	 topology	 and	 microbial	 community	 interactions	 in	 speargrass	

rhizosheath-root	system	

	

Significantly	more	microbial	(bacterial	and	fungal)	community	members	were	found	to	

establish	 non-random	 significant	 correlations	 after	 bootstrap	 step	 and	 co-occurrence	
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analyses	 in	 the	 three	 plant	 rhizosheath-root	 systems	 (147	 in	 S.	 sabulicola,	 162	 in	 S.	

seelyae,	 168	 in	C.	 spinosa)	 than	 in	 the	 bulk	 sand	 (66),	 further	 leading	 to	 significantly	

more	co-occurrences	(1117,	562,	1189	and	303	respectively)	(Figure	6;	Table	4).	Bulk	soil	

depicted	 only	 co-presence	 relationships,	while	 speargrasses’	 rhizosheath-root	 systems	

showed	both	co-presence	and	mutual	exclusion	(Figure	6).	Furthermore,	 the	microbial	

components	 (nodes)	of	the	three	speargrasses	networks	showed	significantly	different	

degrees	 of	 connection	 (F2,452=58.01,	 p<0.001;	 highest	 for	 S.	 sabulicola),	 closeness	

centrality	 (F2,452=107.52,	 p<0.001;	 highest	 for	 S.	 sabulicola),	 betweenness	 centrality	

(F2,452=4.11,	 p<0.05;	 highest	 for	 S.	 seelyae)	 and	 average	 shortest	 path	 length	

(F2,452=107.52,	p<0.001;	highest	for	S.	seelyae).	

Each	 plant	 species	 had	 also	 a	 characteristic	 taxa	 profile	 in	 terms	 of	 more	 central	

interactions	(edge	betweenness	centrality:	F56,3259=5.50,	p<0.001;	Supplementary	Figure	

S4).	 For	 C.	 spinosa,	 central	 interactions	 originated	 mainly	 from	 Actinobacteria	 co-

occurring	 with	 fungi,	 TM7	 interacting	 with	 Actinobacteria	 and	 Firmicutes	 and	

Basidiomycota	co-occurring	essentially	with	Ascomycota	and	Actinobacteria,	while	for	S.	

seelyae	 they	 were	 between	 Acidobacteria	 and	 TM7	 and	 for	 S.	 sabulica	 between	

Alphaproteobacteria	and	 Betaproteobacteria,	albeit	with	 lower	 values	 (Supplementary	

Figure	S4).	SVs	belonging	to	Deltaproteobacteria,	Gammaproteobacteria,	Bacteroidetes,	

Cyanobacteria	 and	 Arthoniomycetes	 (1.6	 and	 0.8%	 of	 the	 total	 bacterial	 and	 fungal	

reads,	respectively)	did	not	present	significant	co-occurrences	with	any	other	microbial	

community	members.	
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Table	 4.	 Properties	 of	 microbial	 interaction	 (bacteria	 and	 fungi)	 in	 speargrasses’	 rhizosheath-root	
systems	and	bulk	sand	co-occurrence	networks.	

Community	

a	SV	 b	Connections	 	 Hub/Keystone	 	 c	Connectivity	

Bacteria	 Fungi	 Bac-Bac	 Fun-Fun	 Bac-Fun	 Bacteria	 Fungi	 	 Network	wide	

S.	sabulicola	 126	 21	 1222	 21	 217	 8/1	 0	 	 19.86	

S.	seelyae	 147	 15	 571	 2	 18	 8/1	 0	 	 7.30	

C.	spinose	 132	 36	 1220	 16	 74	 9/2	 0	 	 15.60	

Bulk	sand	 65	 1	 292	 0	 11	 6/1	 0	 	 9.18	

a	Number	of	network	nodes	

b	Number	of	network	edges	

c	Mean	number	of	connections	per	node	(degree)	

	

Members	with	high	degrees	of	co-occurrence	(top	5%)	were	identified	as	hubs.	All	the	

detected	hubs	had	medium/low	relative	abundance	(as	counts	per	million,	CPM;	Figure	

6)	 and	 were	 taxonomically	 affiliated	 to	Actinobacteria	 and	Alphaproteobacteria,	 with	

also	 Planctomycetes	 in	 S.	 seelyae.	 A	 higher	 number	 of	 hubs	 was	 detected	 in	

speargrasses’	 rhizosheath-root	 systems	 networks	 (8,	 8	 and	 9	 hubs	 in	 S.	 sabulicola,	 S.	

seelyae	and	C.	spinosa,	respectively)	when	compared	to	the	bulk	sand	(3	hubs).	All	these	

hubs	 established	 heterogeneous	 interactions	 with	 the	 bacterial	 and/or	 fungal	 nodes	

depending	 on	 the	 plant	 species.	 Interestingly,	 only	 three	 hubs,	 belonging	 to	 the	

Microvirga	 genus	 (one	 of	 the	most	 abundant	 taxa	 detected	 overall,	 Figure	 3a),	 were	

identified	 in	all	 the	plant-related	networks,	while	 the	other	hubs	were	plant-	and	bulk	

sand-specific.	
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Figure	 6.	 Co-occurrence	 of	 microbial	 SVs	 in	 speargrasses	 rhizosheath-root	 system	 and	 bulk	 sand.	
Significant	 interaction	 (co-occurrence	 and	 mutual	 exclusion)	 between	 bacteria	 and	 fungi	 SVs	 in	 S.	
sabulicola,	S.	seelyae,	C.	spinosa,	and	bulk	sand	were	visualized	by	co-occurrence	network	(upper	panels).	
Circles	(nodes)	represent	SVs	(bacteria	and	fungi)	significantly	interacting	in	the	microbial	networks.	Size	
of	circles	indicate	degree	of	connection.	Nodes	(SVs)	are	colored	according	to	their	taxonomic	affiliation.	
Edge	 are	 colored	 by	 the	 taxonomic	 affiliation	 of	 their	 origin-node.	 Relative	 abundance	 (as	 counts	 per	
million,	CPM)	of	all	SVs	significantly	interacting	in	speargrass	and	bulk	sand	co-occurrence	networks	was	
visualized	as	a	function	of	their	degree	of	co-occurrence	(lower	panels).	 In	the	lower	panel,	hub	SVs	are	
colored	in	blue	and	keystone	SVs	are	displayed	in	pink.	Arrows	indicated	hubs	(blue	dot)	and	keystone	SVs	
(pink	 dot)	 belonging	 to	 the	 Microvirga	 genus	 and	 that	 were	 detected	 in	 the	 three	 plant-
networks.	Keystone	 SV’	 nodes	 were	 also	 indicated	 with	 a	 pink-border	 in	 the	 co-occurrence	 network	
images	(upper	panels).	
	

Keystone	taxa	were	defined	as	taxa	interacting	with	many	other	members	(i.e.,	top	1%	

degree)	and	thus	possibly	have	crucial	 roles	 in	 the	overall	community	 (Hartman	et	al.,	

2017).	 The	 four	 meta-networks	 hosted	 a	 keystone	 species	 belonging	 to	 the	

Alphaproteobacteria	class	(genus	Agrobacterium	in	S.	sabulicola,	genus	Microvirga	in	S.	

seelyae,	 S.	 spinose	 and	 bulk	 sand).	 Only	 C.	 spinosa’	 network	 presented	 a	 second	
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keystone	species	which	was	affiliated	to	the	Actinobacteria	phyla	(genus	Nonomuraea;	

Figure	6).	

	

2.3	Discussion	
	

The	complex	moisture/sand	mobility	gradient	detected	along	the	slope	of	Namib	Desert	

dunes	determines	specific	micro-niches	that	strongly	influence	the	species,	number	and	

distribution	of	perennial	speargrasses	able	to	survive	 in	 this	extreme	environment	 (De	

Winter,	1990;	Yeaton,	1988;	Juergens	et	al.,	2013;	Jacobson,	1997).	According	to	Yeaton,	

(Yeaton,	1988)	and	Jacobson,	(Jacobson,	1997)	,	S.	sabulicola	is	well	adapted	to	grow	in	

the	upper	part	of	dune	slopes	which	are	characterized	by	very	mobile	sand	and	higher	

moisture	 availability.	 With	 increasing	 sand	 stability	 and	 lower	 moisture,	 i.e.,	 going	

towards	the	dune	base,	others	speargrasses,	such	as	S.	seelyae	and	C.	spinosa	are	found	

(Danin,	1996;	De	Winter,	1990;	Jacobson,	1997).	Exclusive	occurrence	of	S.	sabulicola	at	

the	 dune	 crest	 may	 be	 explained	 by	 its	 unique	 ability	 to	 harvest	 fog	 with	 its	 leaves	

(Ebner	et	 al.,	 2011),	which	 ultimately	 leads	 to	 self-watering	with	 the	 gliding	 of	water	

droplets	downwards	towards	its	roots	(Roth-Nebelsick	et	al.,	2012).	This	mechanism	was	

not	 apparently	 observed	 for	 the	 other	 S.	 seelyae	 or	 C.	 spinosa	 speargrasses	 (Roth-

Nebelsick	et	al.,	2012)	which	have	 to	 rely	only	on	 the	water	percolating	at	a	depth	of	

several	 decimeters	 after	 the	 rare	 summer	 rains	 (Juergens	 et	 al.,	 2013).	 In	 the	 higher	

parts	of	the	dunes,	plants	with	strong	root	systems	are	more	successful	at	establishing	

in	moving	sands	 (De	Winter,	1990),	as	 indicated	by	the	significantly	wider	diameter	of	
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the	 rhizosheath-root	 system	 (entire	 and	 single	 root	 internal	 tissues)	 of	 S.	 sabulicola	

plants.	 Beside	 the	 genetic	 predisposition	 for	 rhizosheath	development,	 soil	 properties	

(Watt	et	al.,	 1994;	 Tahir	et	al.,	 2015;	Albalasmeh	and	Ghezzehei,	 2014;	George	et	al.,	

2014)	 and	 soil	 texture/granulometry	 (Bailey	 and	 Scholes,	 1997;	 Haling	 et	 al.,	 2014)	

delineate	 the	 final	 shape	 and	 size	 of	 the	 rhizosheath.	 This	 justifies	 the	 fact	 that	

rhizosheath	width	(sandy	coating)	of	the	three	speargrasses	growing	in	the	same	sandy	

substrate	is	similar.	

The	rhizosheath	was	always	significantly	enriched	in	microbial	cells,	even	compared	to	

the	rhizosphere.	Its	structure	and	composition,	which	include	the	presence	of	exudates,	

mucigels,	 and	 exopolysaccharides,	 is	 designed	 to	 increase	 wettability	 and	 water	

absorption	 capacity	 of	 root	 system	 generating	 a	wetter-favourable	microenvironment	

rich	 in	 carbon	 source	 (Czarnes	 et	 al.,	 2000;	 Young,	 1995)	 and	 able	 to	 support	 the	

establishment	 of	 highly	 diverse	 bacterial	 (Wullstein	 et	 al.,	 1979;	Wullstein	 and	 Pratt,	

1981)	 and	 fungal	 (Novero	 et	 al.,	 2009)	 populations,	 possibly	 carrying	 beneficial	 PGP	

traits	(i.e.	Othman	et	al.,	2004;	Hanna	et	al.,	2013;	Tahir	et	al.,	2015;	Moreno-Espíndola	

et	al.,	2007).	The	higher	number	of	cell	associated	with	rhizosheath	has	been	confirmed	

by	 the	 microscopic	 observations	 that	 showed	 bacteria	 strongly	 associated	 with	 root	

hairs	and	sand	grains,	together	with	fungal	hyphae	that	develop	inside	the	rhizosheath	

structure	contributing	to	the	formation	and	stability	of	the	external	part	of	the	system	

(Moreno-Espíndola	et	al.,	 2007;	Rillig	et	al.,	 2015).	On	 the	other	hand,	 recruitment	of	

microaggregates	(<250	µm,	i.e.	fine	and	very	fine	sand)	by	the	rhizosheath	compartment	

also	explain	its	greater	microbial	diversity	(Bach	et	al.,	2018).	
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As	 far	 as	 the	 recruitment,	 diversity	 and	 interaction	 of	 the	 microbiome	 (bacteria	 and	

fungi)	 associated	with	 the	 rhizosheath-root	 system	of	 desert	 speargrasses,	 the	 abiotic	

filtering	 (deterministic	 factors)	 imposed	 by	 the	 harsh	 conditions	 of	 the	 desert	 (i.e.	

(Caruso	et	al.,	2011)	reduces	the	microbial-pool	available	 in	the	surrounding	bulk	sand	

to	 a	 limited	 number	 of	 members	 (Bryant	 et	 al.,	 2008)	 sharing	 similar	 adaptive-traits	

(Nemergut	et	al.,	2013),	which	may	contribute	to	their	survival	and	adaptation	(Marasco	

et	al.,	2012;	Coleman-Derr	et	al.,	2016).	Through	a	process	most	probably	mediated	by	

the	 plant’s	 rhizodeposition,	 the	 rhizosheath-root	 system	 of	 speargrasses	 selects	 from	

such	 microbial-pool	 present	 in	 the	 surrounding	 sand	 (Lynch	 and	 Neufeld,	 2015).	 An	

additional	selection	step	at	the	rhizoplane	level	allows	only	certain	bacteria	to	colonize	

the	root	tissues	(van	der	Heijden	and	Schlaeppi,	2015).	This	selective	process	ultimately	

leads	 to	 a	 gradual	 differentiation	 within	 each	 compartment	 of	 the	 rhizosheath-root	

system	of	the	three	speargrasses,	supporting	the	notion	that	root	compartmentalization	

is	 the	 major	 driver	 of	 plant-microbes	 interaction	 in	 arid	 and	 semi-arid	 environments	

(Coleman-Derr	et	al.,	2016;	Fonseca-García	et	al.,	2016).	However,	when	considering	the	

global	 rhizosheath-root	 system,	 a	 generalistic-distribution	 of	 microorganism	 was	

observed,	 defining	 a	 ‘taxonomic	 core	 microbiome’,	 in	 which	 the	 pool	 of	 microbes	

available	in	the	ecosystem	interacts	at	the	same	time	with	different	host-species	(Yeoh	

et	 al.,	 2017;	 Toju	 et	 al.,	 2018).	 In	 addition,	 the	 selection	 of	 generalist	 species	 over	

specialized	ones	suggests	a	great	inter-species	variation	of	the	rhizosheath-root	system	

microbiota	 composition	 possible	 due	 to	 the	 alleviation	 of	 plant-species	 selection	 by	

stochastic	factors	(Fonseca-García	et	al.,	2016),	including	probabilistic	dispersal	such	as	
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sand	 mobility	 that	 homogenize	 sand	 microbial	 communities	 (Mouquet	 and	 Loreau,	

2003)	 and	 random	 changes	 in	microbial	 species	 relative	 abundances	 (ecological	 drift;	

(Dini-Andreote	et	al.,	2015).	As	frequently	observed	in	soils	(i.e.	Dumbrell	et	al.,	2010),	a	

balance	among	deterministic	and	stochastic	forces	act	on	desert	microbial	populations	

(Caruso	et	 al.,	 2011;	 Johnson	et	 al.,	 2017;	Makhalanyane	et	 al.,	 2015;	 Ramond	et	 al.,	

2014;	Gombeer	et	al.,	2015;	Ronca	et	al.,	2015;	Powell	and	Bennett,	2016).	This	complex	

balance	is	mainly	influenced	by	stochasticity	as	communities’	reaction	to	environmental	

changes	(Caruso	et	al.,	2011;	Chase,	2007;	Chase	and	Myers,	2011).	Abiotic	filtering	(i.e.	

desert),	but	also	biotic	interactions	(i.e.	rhizosheath;	sensu	Goberna	et	al.,	2014),	favor	

the	 over-representation	 of	 tolerant-clades	 and	 exclusion	 of	 other	 non-tolerant	 phyla	

(Goberna	et	al.,	2014;	Mayfield	and	Levine,	2010;	Goldfarb	et	al.,	2011).	Consequently,	

in	 extreme	 ecosystems,	 the	 phylogenetic	 clusterization	 of	 microbial	 communities	 is	

expected	to	converge	in	low-diverse	communities	(Caruso	et	al.,	2011;	Chase,	2007).	In	

the	 rhizosheath-root	 system	 of	 the	 three	 speargrasses	 species	 the	 phylogenetic	

microbial	assembly	was	 found	neutral	and	mainly	driven	by	abiotic	and	biotic	 filtering	

(namely,	desert	dune	condition	and	rhizosheath-root	system),	while	plant-species	factor	

was	too	weak	to	impose	selection	(Dini-Andreote	et	al.,	2015).	

It	 was	 not	 unexpected	 to	 observe	 that	 Actinobacteria,	 Alphaproteobacteria	 and	

Chloroflexi	dominated	the	Namib	Desert	bulk	dune	sand	communities.	These	ubiquitous	

phyla	have	notably	been	detected	in	desert	sand	at	worldwide	scale	(Delgado-Baquerizo	

et	al.,	 2018;	Makhalanyane	et	al.,	 2013;	Ronca	et	al.,	 2015;	Rao	et	al.,	 2016;	 Schulze-

Makuch	et	al.,	2018).	Furthermore,	members	from	these	three	phyla	are	well-known	for	
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their	 various	 genetic	 (e.g.	 multi-stress	 related	 genes;	 Undabarrena	 et	 al.,	 2017)	 and	

physiological	 (e.g.,	Chloroflexi’s	 protective	 layered	 cell	 envelope	 structure,	Overmann,	

2008;	 Lacap	 et	 al.,	 2011);	 or	 sporulation	 of	 Actinobacteria	 and	 some	

Alphaproteobacteria,	 (Kroos	 and	 Maddock,	 2003;	 Gao	 and	 Garcia-Pichel,	 2011)	

resistance	mechanisms	 to	 the	 arid	 and	 oligotrophic	 desert	 conditions.	Actinobacteria	

and	Alphaproteobacteria	were	also	found	colonizing	the	rhizosheath-root	systems	of	the	

three	 speargrass	 species	 studied	 while	 the	 relative	 abundance	 of	 plant-associated	

Chloroflexi	was	low,	along	with	an	enrichment	of	Firmicutes	in	the	internal	root	tissues.	

Notably,	 the	 most	 abundant	 rhizosheath-root	 system	 taxa	 of	 the	 three	 speargrasses	

belonged	 to	 the	 Actinobacteria	 phylum,	 and	 more	 precisely	 to	 the	 Lentzea	 and	

Streptomyces	 genera,	 as	 well	 as	 Alphaproteobacteria	 from	 the	Methylobacteriaceae	

family	(e.g.,	Microvirga	spp.)	which	are	known	to	harbor	plant-associated	bacteria	with	

PGP	potential	(El-Tarabily,	2008;	Arunachalam	Palaniyandi	et	al.,	2013;	Safronova	et	al.,	

2017;	 Radl	 et	 al.,	 2014).	 Predictive	 functionalities	 confirmed	 many	 cultivation-based	

studies	 that	 revealed	 that	 bacteria	 isolated	 from	 rhizosheath-root	 systems	 possess	

several	 plant	 growth	 promoting	 activities,	 such	 as	 nitrogen	 fixation,	 phosphate	

solubilisation	and	auxin	production	(Othman	et	al.,	2004;	Bergmann	et	al.,	2009;	Tahir	et	

al.,	2015).		

Fungi	 are	 also	 stress-resistant	 organisms	 adapted	 to	 desert	 environments	 and	 to	

tolerate	 desiccation	 particularly	 via	 their	 ability	 to	 sporulate	 (Sterflinger	 et	 al.,	 2012),	

however	their	role	in	the	rhizosheath-root	system	remained	unclear	(Pang	et	al.,	2017;	

Harnett	 et	 al.,	 2013b;	 Ryan	 et	 al.,	 2016)	 and	 as	 we	 could	 only	 predict	 their	 feeding	
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strategies.	The	rhizosheath	and	rhizosphere	compartment	of	speargrasses	species	were	

all	 enriched	 in	 fungi	 belonging	 to	Arthoniomycetes,	Dothideomycetes,	 Eurotiomycetes	

and	 Sordariomycetes	 classes	 (all	 in	 the	 Ascomycota	 phylum;	 Massimo	 et	 al.,	 2015;	

Fonseca-García	 et	 al.,	 2016).	 Among	 these,	 the	 most	 abundant	 genera	 included	

Curvularia	 (known	to	 include	facultative	plant	pathogens;	Liu	et	al.,	2014),	Aspergillus,	

Sordaria,	Thielavia	and	Aureobasidium.	Isolated	members	from	these	fungi	groups	have	

showed	 heterogeneous	 behaviors,	 ranging	 from	 saprophytes	 to	 plant	 pathogens	

(Perrone	 et	 al.,	 2007;	 Gilbert	 et	 al.,	 1993)	 and	 also	 to	 possess	 PGP	 potentials	 (e.g.,	

biological	control	of	plant	diseases	Wachowska	and	Głowacka,	2014).	

Intra-	 and	 inter-kingdoms	 interactions	 have	 previously	 been	 found	 to	 play	 a	 role	 in	

determining	 desert	 soil	 microbial	 communities	 (Caruso	 et	 al.,	 2011;	 Gunnigle	 et	 al.,	

2017).	 Bacterial	 and	 fungal	 components	 interact	 with	 each	 other	 forming	 a	 complex	

microbial	networking	in	the	rhizosheath-root	system	of	the	three	speargrasses	species,	

where	 an	 increased	 microbial	 community	 organization	 dominated	 by	 co-occurrence	

interaction	 is	 present	 (Shi	et	 al.,	 2016).	 In	 contrast,	 sand	 disconnected	micro-habitats	

and	presence	of	a	higher	amount	of	dormant	cells	may	explain	the	lower	complexity	and	

the	only	co-presence	interaction	observed	in	bulk	sand	network	(Shi	et	al.,	2016;	Mapelli	

et	al.,	2018).	Microbial	hubs	with	high	degree	of	connection	(up	to	5%)	are	considered	

to	 play	 crucial	 roles	 within	 a	 given	microbiome	 by	maintaining	 network	 stability	 and	

structure;	 and	within	 these,	 the	 top	1%	 (i.e.	 the	keystone	 taxa)	maintain	 the	network	

stability	and	structure	(Olesen	et	al.,	2007;	Berry	and	Widder,	2014).	Hubs	were	mainly	

affiliated	 to	 Alphaproteobacteria,	 with	 few	 Actinobacteria	 and	 Planctomycetes.	 Plant	
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species-specific	 hubs	 and	 keystone	 species	were	 identified	 in	 this	 study;	 it	 is	 possibly	

due	to	the	ecological	similarity	of	redundant	taxa	(Pausas	and	Verdú,	2010)	that	relies	

on	phylogenetic	conservatism	of	functional	traits	(Shi	et	al.,	2016;	Martiny	et	al.,	2013)	

and	to	the	selection	exerted	by	plant	species	only	on	a	 limited	part	of	 the	community	

(<3%).	However,	 three	 SVs	belonging	 to	 the	Microvirga	 genus	were	hubs	 in	 the	 three	

plant	networks.	Members	 from	this	genera	are	 recognized	 for	 their	PGP	activities	 (i.e.	

biofertilization	 and	 biostimulation;	 (Radl	 et	 al.,	 2014;	 Safronova	 et	 al.,	 2017)	 and	

association	with	arid	soil	(Veyisoglu	et	al.,	2016).	

Since	microorganisms	have	the	ability	to	influence	plant	health	(e.g.	by	contributing	to	

nitrogen	fixation,	Berg,	2009),	the	observed	enrichment	in	PGP	traits	in	the	rhizosheath	

and	 rhizosphere	 compartments	 of	 the	 three	 speargrasses	 species	 revealed	 that	 their	

adaptation	 strategy	 to	 extreme	 desert	 conditions	 is	 strongly	 related	 with	 their	

associated	 microbiota.	 Notably,	 as	 in	 plant/microbe	 symbiotic	 relationships,	

microorganisms	 have	 evolved	 a	 structured	 and	 intimate	 relationship	 with	 their	 plant	

host	 (Compant	 et	 al.,	 2010)	 in	 which	 functional	 redundancy	 achieved	 through	 high	

diversity	and	vicariance	is	critical	for	preserving	a	functioning	ecosystem	(Marske	et	al.,	

2013),	 especially	 when	 stresses	 are	 present	 (Kang	 et	 al.,	 2015).	 In	 the	 case	 of	

speargrasses,	 the	 favourable	 ecological-niche	 created	 by	 rhizosheath-root	 system	

constitutes	 a	 refuge	 for	 microbes	 carrying	 biofertilization	 and	 biopromotion	 PGP	

activities	(e.g.,	nitrogen	metabolism	and	auxin	production)	which	are	essential	to	survive	

in	nutrient-poor	soils.	
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2.4	Conclusion	
	

The	 relative	 simplicity	of	desert	 ecosystems,	 characterized	by	 low	microbial	 and	plant	

diversities,	 allowed	 the	 evaluation	 of	 rhizosheath-root	 system	 recruitment	 processes	

and	the	elaboration	of	new	general	concepts	in	plant-microbe	interactions.	The	present	

contribution	provides	a	comprehensive	study	on	how	speargrasses	species	adapted	to	

sandy	 desert	 recruit	 the	 microbial	 communities	 of	 their	 created	 niches	 (rhizosheath,	

rhizosphere	and	root)	from	the	surrounding	soils.	In	fact,	the	uniqueness	of	rhizosheath-

root	 system	 and	 the	 strong	 selection	 driven	 by	 the	 harsh	 condition	 of	 the	 desert	

ecosystems	determine	a	 stochastic	 (random)	 recruitment	process	 conserved	 in	 all	 the	

three	Namib	Desert	endemic	plant	species	analysed.	Interestingly,	the	rhizosheath-root	

system	has	been	confirmed	not	only	as	a	‘hot	spot’	for	microbial	growth,	but	also	for	the	

recruitment	 and	 enrichment	 of	 such	 microbes	 carrying	 important	 PGP	 functions	 and	

services	 involved	 in	 plant	 growth	 promotion	 and	 protection	 under	 stress	 conditions.	

These	results	therefore	lead	to	the	better	understanding	and	future	modelling	of	plant-

microbe	 interactions	 in	 hot	 and	 arid	 environments,	 which	 could	 be	 fundamental	 in	

predicting	plants’	(including	food-crops)	adaptation	to	Earth’s	climate	change.	

	

2.5	Material	and	Methods	
	

Site	 description,	 sampling	 and	 processing.	 In	 April	 2017,	 three	 different	 species	 of	

speargrasses	 growing	 on	 the	 Eastern	 part	 of	 a	 single	 dune	 of	 the	 Namib	 Desert	

(longitude,	 S	 23°43’56.38’’;	 latitude	 E	 15°46’26.39’’)	were	 selected	 for	 this	 study.	 The	
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plants	 have	 been	 identified	 by	 morphological	 recognition	 as	 Stipagrostis	 sabulicola,	

Stipagrostis	seelyae	(in	literature	previously	defined	as	S.	namaquensis)	and	Cladoraphis	

spinosa.	 The	 selected	 plants	 were	 distributed	 along	 the	 dune	 following	 a	 conserved	

pattern	 (Figure	1a;	 (Jacobson,	1997).	For	each	species,	 the	 rhizosheath-root	 system	of	

seven	 randomly	 selected	 healthy	 speargrasses	 of	 similar	 size	 was	 collected.	 After	

removing	the	sand	covering	the	plants’	root	systems,	the	rhizosheath-root	system	was	

sampled	using	sterile	scissor	and	tweezers	at	10-30	cm	from	the	collar.	In	addition,	bulk	

sand	samples	(5-10	cm	depth;	n=7)	were	collected.	All	the	samples	were	collected	under	

the	research/collecting	permit	number	2248/2017	which	was	delivered	by	the	Namibian	

Ministry	of	Environment	and	Tourism.	

Samples	 were	 stored	 at	 4°C	 for	 soil	 chemistry	 analysis	 and	 at	 -20°C	 for	 molecular	

analysis.	In	laboratory,	using	a	sterile	scalpel	each	rhizosheath-root	system	was	divided	

into	 3	 distinct	 fractions	 following	 the	 classification	 revised	 by	 Pang	 et	 al.	 (2017):	

rhizosphere	 (sand	 influenced	 by	 the	 root	 but	 easily	 detached	 from	 the	 rhizosheath),	

rhizosheath	(sandy	coating	containing	sand	physically	adhering	to	the	root	system)	and	

root	tissues	(internal	tissues).	

	

Scanning	 Electron	 Microscopy	 (SEM)	 of	 rhizosheath-root	 system	 sections.	 Intact	

portion	 of	 rhizosheath-root	 system	 collected	 from	 the	 three	 speargrass	 species	 were	

preserved	 and	 fixed	 in	 a	 solution	 of	 3%	 glutaraldehyde	 in	 cacodylate	 buffer	 (Electron	

Microscopy	Sciences,	PA,	USA)	at	4ºC.	Samples	were	rinsed	three	times	for	15	min	with	

a	 solution	 of	 0.1M	Na-cacodylate	 buffer,	 and	 further	 post-fixated	 in	 the	 dark	 for	 1	 h	
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using	a	1%	osmium	tetraoxide	solution	prepared	with	0.1M	Na-cacodylate	buffer.	After	

post-fixation,	 samples	 were	 rinsed	 with	 distilled	 water	 three	 times	 for	 15	 minutes.	

Dehydration	 steps	 of	 15	 min	 were	 performed	 using	 a	 series	 of	 ethanol	 solutions	 of	

increasing	 concentration	 up	 to	 100%	 (ethanol	 gradient:	 30%,	 50%,	 70%,	 90%,	 100%).	

After	 reaching	 the	100%	ethanol	 step,	 samples	were	 rinsed	again	 twice	with	absolute	

ethanol	 for	 15	 min	 and	 kept	 overnight	 in	 the	 same	 solution.	 Drying	 of	 samples	 was	

performed	 through	evaporation	of	hexamethyldisilazane	 (HMDS)	with	 steps	of	15	min	

using	gradually	increasing	concentrations	of	HMDS	in	absolute	ethanol	(33%,	66%,	and	

100%	HDMS),	and	the	last	step	was	repeated	for	1	h.	When	the	sample	was	submerged	

in	the	final	100%	HMDS	solution,	it	was	left	loosely	capped	in	a	fume	hood	until	all	the	

HMDS	 solution	 had	 evaporated.	 Dried	 roots	 were	 attached	 to	 aluminium	 stubs	 with	

carbon	 tape	 and	 coated	 with	 a	 5nm	 layer	 of	 Au/Pb	 using	 a	 K575X	 sputter	 coater	

(Quorum)	and	visualized	with	a	Scanning	Electron	Microscopy	(SEM)	Quanta	600	FEI	of	

the	KAUST	Imaging	and	Characterization	Core	Lab	at	a	working	distance	of	9.3	mm	and	a	

high	voltage	of	5.00	kV.	

	

Total	 DNA	 extraction.	 The	 total	 DNA	 extraction	 of	 sandy	 compartments	 (bulk	 sand,	

rhizosphere	 and	 rhizosheath)	 was	 performed	 using	 0.5	 gram	 of	 sample	 and	 the	

PowerSoil®	DNA	 Isolation	 Kit	 (MoBio	 Inc.,	 USA).	 For	 the	 root	 tissues,	 the	 surface	was	

previously	 sterilized	 as	 described	 by	 Cherif	et	 al.	 (2015),	 and	 subsequently	 grinded	 in	

liquid	 nitrogen	 with	 sterile	 mortar	 and	 pestle.	 The	 total	 DNA	 extraction	 of	 the	 root	
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tissues	was	performed	using	one	gram	of	the	grinded	tissue	and	the	DNeasy	Plant	Maxi	

Kit	(Qiagen,	Germany).	

	

Illumina	sequencing	and	metaphylogenomic	analysis	of	16S	 rRNA	and	 ITS	genes.	 For	

the	 analysis	 of	 bacterial	 community	 composition,	 a	 PCR	 amplification	 of	 the	 V3-V4	

hypervariable	regions	of	the	16S	rRNA	gene	was	performed	to	the	extracted	DNA	using	

specific	 primers	 (341f,	 785r)	 as	 described	 by	 Mapelli	 et	 al.	 (2018).	 For	 fungal	

communities,	 amplification	 of	 the	 ITS2	 region	was	 performed	 using	 the	 primers	 ITS3f	

and	 ITS4r	as	described	by	Tedersoo	et	al.,	 (Tedersoo	et	al.,	2015).	Both	 libraries	were	

constructed	using	the	96	Nextera	XT	Index	Kit	(Illumina)	following	the	protocol	provided	

by	 the	manufacturer.	 Library	 sequencing	was	done	using	 the	 Illumina	MiSeq	platform	

with	pair-end	sequencing	at	the	Bioscience	Core	Lab,	King	Abdullah	University	of	Science	

and	Technology.	Raw	forward	and	reverse	reads	for	each	sample	were	assembled	into	

paired-end	reads	(minimum	overlap	of	50	nucleotides	and	maximum	of	one	mismatch	

within	 the	 region)	 using	 the	 fastq-join	 algorithm	 (https://code.google.com/p/ea-

utils/wiki/FastqJoin)	and	analysed	using	DADA2	pipeline	as	described	in	Callahan	et	al.,	

(Callahan	 et	 al.,	 2016).	 After	 quality	 filtering,	 trimming,	 dereplication,	 and	 paired-end	

merging	 of	 the	 sequences,	 a	 total	 of	 1,830,127	 (average	 length	 of	 405	 bases)	 and	

3,669,396	 (average	 length	 of	 310	 bases)	 sequences	 were	 obtained	 for	 bacterial	 and	

fungal	 components,	 respectively.	 Sequence	 variants	 (SVs)	were	 clustered	 (Callahan	 et	

al.,	2016)	and	then	taxonomically	assigned	using	the	Greengenes	database	for	Bacteria	

and	 the	 UNITE	 database	 for	 Fungi	 (DeSantis	 et	 al.,	 2006;	 Koljalg	 et	 al.,	 2014).	 SVs	
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presented	in	single	copy	were	removed	from	the	dataset,	along	with	chloroplast	SVs.	All	

samples	analysed	presented	a	suitable	sequencing	depth	and	diversity	(Good’s	coverage	

values	>98%,	data	not	shown).	

	

Quantification	of	the	bacterial	and	fungal	communities	by	quantitative	PCR	(qPCR)	in	

rhizosheath-root	system	compartments	of	speargrasses	species.	Absolute	abundances	

of	the	number	of	copies	of	the	bacterial	16S	small-subunit	rRNA	gene	and	the	fungal	ITS	

region	were	determined	 following	the	method	described	elsewhere,	using	 the	primer-

sets	Eub338/Eub518	and	ITS1F/5.8s	respectively	(Fierer	and	Jackson,	2005;	Martin	and	

Rygiewicz,	 2005).	Quantitative	 PCR	 reactions	were	 set-up	with	 the	Qiagility	 and	were	

carried	 out	 on	 a	 Rotor-Gene	 Q	 thermocycler	 (Qiagen).	 All	 the	 samples	 were	 first	

quantified	 with	 Qubit	 dsDNA	 BR	 Assay	 Kit.	 Dilutions	 to	 1	 ng/μl	 of	 each	 sample	 were	

prepared,	to	be	used	as	template	DNA	for	the	qPCR	runs.	When	the	concentration	of	a	

sample	was	too	low,	such	sample	was	used	undiluted.	One	bulk	sample	was	chosen	as	

Inter-Run	 calibrator:	 it	 has	 been	 quantified	 in	 all	 qPCR	 experiments	 and	 then	 all	 the	

results	have	been	normalized	against	it.	Reaction	mixes	were	prepared	with	the	GoTaq®	

qPCR	Sybr	Green	Master	Mix	(Promega).	Volume	of	reaction	mix	was	15	μl,	containing	

1X	GoTaq®	Master	Mix,	100	nM	of	each	primer	for	Bacteria,	while	400	nM	for	Fungi,	and	

1.5	μl	of	template	DNA.	PCR	conditions	were	the	following:	95°C	for	2	minutes,	45	cycles	

at	95°C	for	15/40	seconds	(respectively,	Bacteria/Fungi),	53/55°C	for	20/40	seconds	and	

60°C	 for	 20/60	 seconds;	 finally	melting	 curves	were	 obtained	 through	 91	 cycles	 from	

50°C	 to	 95°C	 with	 increase	 of	 0.5°C/cycle	 every	 5	 seconds.	 Standard	 curves	 were	
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constructed	with	a	series	of	dilutions	ranging	from	50	to	5x107	copies	of	PCR	product	μl-

1.	 All	 the	 standards	 and	 the	 samples	were	 run	 in	 triplicate.	 R2	 between	 0.99309	 and	

0.99908	and	amplification	efficiencies	between	89%	and	99%	were	obtained	across	the	

three	different	qPCR	assays	performed	with	both	primer-sets.	To	compare	numbers	of	

bacteria	and	fungi	hosted	by	plant	species	and	rhizosheath-root	system	compartments	

the	non-parametric	Kruskal	Wallis	and	post-hoc	Dunn's	multiple	comparison	tests	were	

used.	

	

Microbial	 diversity,	 taxonomic	 distribution	 and	 statistical	 analyses.	 Only	 the	 SVs	

present	more	than	once	in	the	complete	dataset	were	kept	for	further	analysis.	Bipartite	

network	analysis	was	performed	to	the	bacterial	and	fungal	communities	(Dormann	et	

al.,	2008)	associated	with	the	bulk	soil,	rhizosphere,	rhizosheath,	and	root	tissues	of	the	

three	 species	 of	 speargrass	 using	 the	 QIIME	 script	 make_bipartite_network.py	 and	

visualized	 using	 the	 Gephi	 software	 (Bastian	 et	 al.,	 2009).	 Shared	 and	 exclusive	 SVs	

among	the	different	compartments	and	speargrass	species	were	calculated	as	described	

in	 Marasco	 et	 al.,	 (Marasco	 et	 al.,	 2018),	 using	 Venn-diagram	 software	 available	 at	

http://bioinformatics.psb.ugent.be.	 Ternary	 plots	 were	 obtained	 using	 R	 package	

(ggtern)	to	depict	the	distribution	of	bacterial	and	fungal	SVs	among	the	three	different	

plant	species	(Brown	et	al.,	2014).	

Compositional	 (Bray-Curtis	 of	 the	 log-transformed	 SV	 table)	 similarity	 matrices	 were	

calculated	 with	 Primer.	 Principal	 Coordinates	 Analysis	 (PCoA)	 and	 permutational	

multivariate	 analyses	 of	 variance	 (PERMANOVA,	main	 and	multiple	 comparison	 tests)	
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have	been	performed	on	the	compositional	matrices	in	PRIMER	v.	6.1,	PERMANOVA+for	

PRIMER	routines	(Ramette,	2007;	Clarke	and	Gorley,	2015;	Anderson	et	al.,	2008).	The	

considered	explanatory	variables	were	‘Plant	species’	(3	levels:	S.	sabulicola,	S.	seelyae,	

C.	spinosa),	 ‘Compartment’	 (4	 levels:	 root	tissues,	 rhizosheath,	 rhizosphere,	bulk	sand)	

and	 their	 interaction	 (‘Compartment’	 ×	 ‘Plant	 species’).	 The	 occurrence	 of	 distance-

decay	 patterns	 in	 rhizosheath-root	 system	 compartments	 has	 been	 tested	 using	 the	

linear	 regression	 (GraphPad	 Prism	 7	 software,	 La	 Jolla	 California	 USA,	

www.graphpad.com)	 between	 the	 dissimilarity	 of	 bacterial	 communities	 (Bray-Curtis)	

and	the	distance	among	plant	species.	Covariance	of	regressions	were	tested	using	PAST	

software	 (one-way	 ANCOVA,	 (Horstemeyer	 and	Wang,	 2003)).	 Alpha	 diversity	 indices	

(richness	and	evenness)	were	calculated	using	the	PAST	software.	

To	 evaluate	 the	 phylogenetic	 community	 assembly,	 measures	 of	 phylogenetic	 alpha	

diversities	 (Faith’s	 PD,	 NRI	 and	 NTI)	 were	 calculated	 within	 each	 host	 (speargrasses	

species	 and	 bulk	 sand).	 They	were	 calculated	 for	 bacterial	 and	 fungal	 host-associated	

communities	using	the	distance	tree	output	from	QIIME	built	including	all	bacterial	and	

fungal	SV,	respectively	(Mondav	et	al.,	2017).	All	the	metrics	(Faith’s	PD,	NRI=-sesMPD	

and	NTI=-sesMNTD)	were	calculated	by	using	abundance	data	 in	picante	package	of	R	

software	 (Kembel	 et	 al.,	 2010).	 Cause	 the	 autocorrelation	 between	 Faith’s	 PD	metric	

and	richness	(bacteria:	r2adj=0.94,	r	confidential	 interval	0.96	to	0.98,	p<0.0001;	fungi:	

r2adj=0.91,	 r	 confidential	 interval:	 0.92	 to	 0.97,	 p<0.0001),	 the	 ratio	 PD/SV	 has	 been	

used	 to	 investigate	 the	 difference	 explained	 by	 phylogenetic	 diversity	 excluding	 the	

possible	artifact	due	to	abundance	counts.	NRI	and	NTI	examined	whether	co-occurring	
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taxa	 are	 closely	 related	 than	expected	by	 chance,	 providing	 information	at	 deep-level	

relatedness	 and	 finer-scale	 of	 phylogeny,	 respectively	 (Webb	 et	 al.,	 2002).	 Positive	

values	 of	 NTI	 and	 NRI	 (>0)	 indicate	 phylogenetic	 clustering	 (i.e.,	 SVs	 within	 host	 are	

more	 closely	 related	 than	expected	by	 chance),	whereas	negative	 values	 (<0)	 indicate	

phylogenetic	over	dispersion	(i.e.,	SVs	within	host	are	less	closely	related	than	expected	

by	chance;	(Webb	et	al.,	2002).	Estimation	of	phylogenetic	turnover	(ßNRI	and	ßNTI)	has	

been	conducted	using	the	function	‘comdistnt’	in	R	with	‘picante’	package	(Stegen	et	al.,	

2013).	βNRI	values	<−2	 indicate	 significantly	 less	 than	expected	phylogenetic	 turnover	

(homogeneous	 selection),	 whereas	 βNRI	 values	 >+2	 indicate	 significantly	 more	 than	

expected	phylogenetic	turnover	(variable	selection;	Stegen	et	al.,	2012).	Differences	 in	

mean	 phylogenetic	 alpha	 and	 beta	 diversities	 between	 the	 hosts	 were	 assessed	with	

ANOVA	and	post	hoc	pairwise	comparisons	(Newman-Keuls	Multiple	Comparison	Test)	

were	 performed	 in	GraphPad	Prism	7	 software.	 Kruskal-Wallis	 test	 (FDR	p	 correction)	

was	 used	 to	 detect	 difference	 among	 taxonomic	 groups	 in	 rhizosheath-root	 system	

compartments	and	species.	

	

Prediction	of	microbial	 functional	 profiles.	The	 bacterial	 SVs	 table	was	 taxonomically	

reassigned	using	the	command	assign_taxonomy.py	in	the	QIIME	pipeline	and	the	SILVA	

119	 database	 (Quast	 et	 al.,	 2012)	 in	 order	 to	 predict	 the	 functional	 potential	 of	

communities	 using	 Tax4Fun	 (Aßhauer	 et	 al.,	 2015).	 A	 relative	 abundance	 of	 KEGG	

orthology	 (KO)	 groups	 associated	with	 each	 sample	was	 generated	using	 the	 Tax4Fun	

software.	 KO	 involved	 in	 the	 PGP	 mechanisms	 (auxin	 production,	 ACC	 deaminase	
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activity,	nitrogen	metabolism	and	general	PGP	activity)	were	extracted	using	the	KEGG	

database	 and	 some	 published	 reviews	 (Kanehisa	 et	 al.,	 2017;	 Kaiser	 et	 al.,	 2016;	

Marasco	et	al.,	2018).	The	fungal	SVs	table	was	used	to	assign	functional	guild	in	terms	

of	 trophic	 mode	 using	 the	 annotation	 tool	 FUNGuild	 v1.0	 (Nguyen	 et	 al.,	 2016).	 The	

fraction	of	bacterial	and	fungal	SVs	that	could	not	be	producing	a	functional	prediction	

was	also	calculated.	The	effect	of	compartment,	plant	species	and	their	interaction	was	

assessed	for	predicted	functional	profile	using	ANOVA	test.	Comparison	test	of	each	PGP	

trait/trophic	 category	 among	 the	 group	 (i.e.	 compartment	or	 plant	 species)	was	done	

using	Dunn	test	with	GraphPad	software.	

	

Co-occurrence	 network	 analysis.	 Co-occurrence	 relationships	 were	 analysed	 for	 each	

plant	species	and	bulk	soil	using	the	CoNet	plugin	of	Cytoscape	3.4	(Weiss	et	al.,	2016;	

Faust	et	al.,	2012)	and	visualized	using	Gephi	0.9.1	(Bastian	et	al.,	2009).	A	combination	

of	 the	 Bray-Curtis	 (BC)	 and	 Kullback-Leiber	 (KLD)	 dissimilarity	 indices,	 along	 with	 the	

Pearson	and	Spearman	correlation	coefficients	were	used	 to	build	 the	network.	Edge-

specific	 permutation	 and	 bootstrap	 score	 distributions	 with	 1000	 iterations	 were	

performed.	 The	 obtained	 data	 was	 normalized	 to	 detect	 statistically	 significant	 non-

random	events	of	 co-occurrence	 (co-presence	and	mutual	exclusion).	The	p-value	was	

computed	 by	 z-scoring	 the	 permuted	 null	 and	 bootstrap	 confidence	 interval	 using	

pooled	 variance	 (Barberán	 et	 al.,	 2012).	 The	 most	 important	 statistical	 network	

descriptors	were	calculated	(Blondel	et	al.,	2008).	Node	centralization	descriptors	such	

as	 degree,	 betweenness	 centrality,	 closeness	 centrality	 and	 average	 shortest	 path	
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length	were	normalized	using	a	standardization	method	(n1)	for	visualization	purposes.	

The	 effect	 of	 compartment	 and	 plant	 species	 was	 assessed	 for	 the	 three	main	 node	

centrality	parameters:	 i)	Generalized	linear	model	with	a	quasi-binomial	distribution	of	

error	was	performed	 for	betweenness	 centrality;	 ii)	ANOVA	of	 log	 transformed	values	

was	used	for	closeness	centrality;	iii).	ANOVA	on	normal	distributed	values	was	applied	

for	 the	average	path	 length.	Hubs	and	keystone	species	were	 identified	separately	 for	

each	speargrass	and	bulk	sand	networks.	Hubs	were	defined	as	those	nodes	within	the	

top	5%	of	degree	values	in	a	network,	while	keystones	were	defined	considering	the	top	

1%	(modified	from	Hartman	et	al.,	2018).	
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2.6	Supplementary	material	
	
Supplementary	Table	S1.	Soil	physico-chemistry	of	the	dune’s	bulk	sand.	All	values	are	given	as	mean	of	
three	replicates	±	standard	error.	
	
Variable	measured	 Average	(n=3)	 St.Er.	
Soil		
chemistry	

pH	 7.43	 0.15	
Exchange	capacity	(mS/m)	 12.34	 1.00	
Organic	carbon	(%)	 0.01	 0.02	

Nutrients		
(mg/L)	
	

Phosphorous		 0.24	 0.02	
Sodium		 4.30	 0.24	
Potassium		 6.40	 0.59	
Calcium		 17.73	 1.22	
Magnesium		 3.79	 0.16	
Chlorine		 16.85	 0.76	
Sulfate		 4.90	 1.47	
Ammonium		 0.56	 0.31	
Nitrate	 1.93	 0.64	

Granulometry	(%)	 Gravel	(>	5mm)	 0.00	 0.00	
Small	gravel	(>	2mm)	 0.00	 0.00	
Coarse	sand	(>1000	µm)	 0.32	 0.43	
Coarse	sand	(>500	µm)	 0.25	 0.12	
Medium	sand	(>	250	µm)	 64.55	 9.28	
Fine	sand	(>	100	µm)	 34.00		 8.86	
Very	fine	sand	(>	53	µm)	 0.47	 0.36	
Clay	(<	53	µm)	 0.00	 0.00	
Silt	(<	53	µm)	 0.41	 0.40	

	
	
Supplementary	Table	S2.	Measurements	of	root	and	rhizosheath	diameters	 (n=10).	Analysis	of	variance	
(ANOVA)	 is	 reported.	 For	 values	 p<0.005	 post-hoc	 comparison	 (Tukey’	 test)	 was	 done,	 letters	 in	
parenthesis	indicate	the	results	of	multiple	comparisons.	
	
Species	 Root	tissue	(mm)	 Rhizosheath	(mm)	
S.	sabulicola	 3.29	±	0.41	(a)	 1.25	±	0.28	(a)	
S.	selyae	 2.79	±	0.35	(b)	 1.01	±	0.19	(a)	
C.	spinosa	 2.55	±	0.5	(c)	 0.63	±	0.09	(a)	
	

Supplementary	 Table	 S3.	 Results	 of	 ANOVA	 multiple	 comparison	 tests	 analyzing	 the	 intraspecific	
dissimilarity	 associated	 to	 the	 hosts	 and	 bulk	 sand	 were	 reported	 for	 (a)	 bacterial	 and	 (b)	 fungal	
communities.	Average	distance	from	centroid	was	used	as	measure	of	dispersion.	Significant	differences	
(p<0.05)	among	pair	host	(speargrasses	and	bulk	sand)	were	indicated	with	star	(*).	

(a)	Bacterial	component	
Pair-comparison	of	host	 p	adjusted	
C.	spinose,	Bulk	sand	 0.0031299*	
S.	sabulicola,	Bulk	sand	 0.0019199*	
S.	seelyae,	Bulk	sand	 0.00004*	
S.	sabulicola,	C.	spinose	 0.9963341	
S.	seelyae,	C.	spinose	 0.2868722	
S.	seelyae,	S.	sabulicola	 0.4006874	
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(b)	Fungal	component	
Pair-comparison	of	host	 p	adjusted	
C.	spinose,	Bulk	sand	 0.0056713*	
S.	sabulicola,	Bulk	sand	 0.1266092	
S.	seelyae,	Bulk	sand	 0.0189061*	
S.	sabulicola,	C.	spinosa	 0.4257006	
S.	seelyae,	C.	spinose	 0.948851	
S.	seelyae,	S.	sabulicola	 0.7528356	
	

	

Supplementary	Table	S4.	(a)	Estimation	of	components	of	variation	in	bacterial	and	fungal	communities.	
(b	 and	 c)	 Multi	 comparison	 tests	 (PERMANOVA,	 number	 of	 permutation=999)	 for	 bacterial	 and	 fungi,	
respectively,	considering	plant	species	or	rhizosheath-root	compartments.	(d)	Mantel	test	results	showing	
correlations	 between	 compositional	 beta	 diversity	 associated	 to	 compartments	 and	 distance	 from	 the	
dune	bottom	for	both	bacteria	and	fungi.	Significance	p<0.05	

(a)	Estimates	of	components	of	variation.	Values	are	expresses	as	percentage.	
Kingdom	 Factor	 Estimate	 Sq.root	 Components	of	variation	(%)	
Bacteria	 Plant	 254.89	 15.965	 6.	

	
Compartment	 1726.1	 41.546	 43	

	
Plant	×	Compartment	 275.99	 16.613	 7	

		 Residual	 1761.2	 41.967	 44	
Fungi	 Plant	 513.61	 22.663	 26	

	
Compartment	 45.989	 6.7815	 2	

	
Plant	×	Compartment	 22.667	 4.7609	 1	

		 Residual	 1360	 36.878	 70	
	
(b)	Bacterial	component	
Compartment	factor		 S.	sabulicola	 S.	seelyae	 C.	spinose	
Root,	Rhizosheath	 t=2.950,	P=0.001	 t=3.415,	P=0.001	 t=3.542,	P=0.001	
Root,	Rhizosphere	 t=2.935,	P=0.001	 t=3.619,	P=0.001	 t=3.700,	P=0.001	
Rhizosheath,	Rhizosphere	 t=0.955,	P=0.473	 t=1.706,	P=0.007	 t=1.524,	P=0.03	
	 	 	 	Species	factor	 Root	 Rhizosheath	 Rhizosphere	
S.	sabulicola,	S.	seelyae	 t=1.152,	P=0.259	 t=1.575,	P=0.028	 t=1.800,	P=0.012	
S.	sabulicola,	C.	spinose	 t=1.909,	P=0.009	 t=1.544,	P=0.035	 t=1.539,	P=0.038	
S.	seelyae,	C.	spinose	 t=1.821,	P=0.002	 t=1.751,	P=0.004	 t=1.647,	P=0.004	

	
(c)	Fungal	component	
Compartment	factor	 S.	sabulicola	 S.	seelyae	 C.	spinose	
Rhizosheath,	Rhizosphere	 t=0.99,	P=0.389	 t=1.09,	P=0.268	 t=1.18,	P=	0.198	

	 	 	 	Species	factor	 Rhizosheath	 Rhizosphere	
	

S.	sabulicola,	S.	seelyae	 t=1.99,	P=0.01	 t=1.95,	P=0.04	 	S.	sabulicola,	C.	Spinosa	 t=1.86,	P=0.01	 t=1.77,	P=0.012	 	S.	seelyae,	C.	Spinosa	 t=1.87,	P=0.005	 t=1.89,	P=0.005	 		
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(d)	Mantel	test	correlation	of	bacterial	and	fungi	components	with	distance	from	dune	bottom	
Microbe	 Compartment	 Compositional	(Bray-Curtis)	

Bacteria	 Root	 z=8007.86;	p=0.103	

	 Rhizosheath	 z=13550.59;	p=0.001	

	 Rhizosphere	 z=13749.33;	p=0.001	

Fungi	 Rhizosheath	 z=13511.58;	p=0.001	

	 Rhizosphere	 z=13235.62;	p=0.003	

	
	
	
	
Supplementary	 Table	 S5.	 (a)	 Covariance	 (ANCOVA)	 and	 (b)	 linear	 regression	 analysis	 of	 distance	 decay	
rates	for	compositional	(Bray-Curtis)	similarity	in	the	rhizosheath-root	system	compartment.	Results	were	
reported	for	bacterial	and	fungal	components.	
	
(a)	Covariance	analysis	
Microbe	 Covariance	analysis		 Bray-Curtis	

Bacteria	 Root,	Rhizosheath	 F1,397=231,	p<0.0001	

	 Root,	Rhizosphere	 F1,397=241,	p<0.0001	

	 Rhizosheath,	Rhizosphere	 F1,417=2.49,	p=0.12	

Fungi	 Rhizosheath,	Rhizosphere	 F1,417=0.001,	p=0.97	

	
(b)	Linear	regression	analysis	
Microbe	 Compartment	 N.	 Slope	 95%	confidence	intervals	 F	 p	 R2	

Bacteria	 Root	 190	 -1.44	 -2.802	to	-0.07518	 4.277	 0.04	 0.022	

	 Rhizosheath	 210	 -1.72	 -2.443	to	-1.000	 21.89	 <0.0001	 0.095	

	 Rhizosphere	 210	 -2.95	 -3.809	to	-2.099	 45.82	 <0.0001	 0.180	

Fungi	 Rhizosheath	 210	 -3.836	 -4.954	to	-2.717	 45.18	 <0.0001	 0.178	

	 Rhizosphere	 210	 -3.663	 -4.592	to	-2.734	 59.70	 <0.0001	 0.223	
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Supplementary	Table	S6.	Mantel	test	results	showing	correlations	between	phylogenetic	alpha-diversity	
metrics	associated	to	compartments	and	distance	from	the	dune	bottom	for	both	bacteria	and	fungi.	
	
Kingdom	 Metric	 Z	 P	
Bacteria		 PD/SV	 103.0245	 0.001	

	
NRI	 11456.88	 0.613	

	
NTI	 7183.787	 0.967	

Fungi	 PD/SV	 150.1399	 0.315	

	
NRI	 2142.388	 0.377	

	
NTI	 1976.205	 0.833	

	
	

	

	

Supplementary	Table	S7.	Evaluation	of	the	effect	of	single	factors	‘Plant	species’	and	‘Compartment’	and	
their	 interaction	 (Plant	 species	×	 Compartment)	 on	 bacterial	 and	 fungal	 taxonomical	 distribution	 using	
PERMANOVA	(main	test).	Taxonomical	distribution	have	been	analyzed	at	phylum/class	and	family	 level	
for	bacteria	(99	and	82%	sequences	classified;	a	and	b,	respectively)	and	at	class	and	genus	level	for	fungi	
(85	and	70%	sequences	 classified;	c	 and	d,	 respectively).	 Significant	PERMANOVA	 results	 (p<0.05)	were	
indicated	with	star	(*).	

	
(a)	Class	level	–	Bacteria	 Df	 Pseudo-F	 P(MC)	
Plant	species	 2	 73.608	 0.001	
Compartment	 2	 1.847	 0.092	
Plant	species	X	Compartment	 4	 2.2392	 0.014*	
Res	 53	 		 		

	
			 									 						

(b)	Family	level	–	Bacteria	 Df	 Pseudo-F	 P(MC)	
Plant	species	 2	 45.803	 0.001	
Compartment	 2	 2.855	 0.001	
Plant	species	X	Compartment	 4	 2.4975	 0.001*	
Res	 53	 		 		
	 	 	 	(c)	Class	level	–	Fungi	 Df	 Pseudo-F	 P(MC)	
Plant	species	 2	 2.5505	 0.02*	
Compartment	 1	 1.5498	 0.209	
Plant	species	X	Compartment	 2	 1.042	 0.396	
Res	 36	

	 		 	 	 	(d)	Genus	level	–	Fungi	 Df	 Pseudo-F	 P(MC)	
Plant	species	 2	 6.0054	 0.001*	
Compartment	 1	 2.6376	 0.008*	
Plant	species	X	Compartment	 2	 1.1073	 0.327	
Res	 36	
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Supplementary	Figure	S1.	Venn	diagram	detecting	percentage	of	bacterial	and	fungal	SVs	shared	among	
the	rhizosheath-root	system	compartments	 (root,	 rhizosheath	and	rhizosphere)	and	bulk	sand	of	all	 the	
three	species	studied.	Biggest	numbers	indicate	the	percentage	of	SVs	and	the	numbers	in	parenthesis	the	
relative	abundance	of	those	SVs.	

	

	
	
	
	
Supplementary	 Figure	 S2.	 Venn	 diagram	 detecting	 percentage	 of	 bacterial	 (upper	 panels)	 and	 fungal	
(lover	 panels)	 SVs	 shared	 among	 the	 rhizosheath-root	 system	 compartments	 (root,	 rhizosheath	 and	
rhizosphere)	and	bulk	sand	for	each	of	the	three	species	studied.	Biggest	numbers	indicate	the	percentage	
of	SVs	and	the	numbers	in	parenthesis	the	relative	abundance	of	those	SVs.	
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Supplementary	Figure	S3.	Venn	diagram	detecting	bacterial	(upper	panels)	and	fungal	(lover	panels)	SVs	
shared	 among	 the	 three	 speargrasses	 species	 (S.	 sabulicola,	 S.	 seelyae	 and	 C.	 spinosa)	 for	 each	
rhizosheath-root	system	compartments	(root,	rhizosheath	and	rhizosphere).	Biggest	numbers	indicate	the	
percentage	of	SV	and	the	numbers	in	parenthesis	the	relative	abundance	of	those	SVs.	
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Supplementary	 Figure	 S4.	 Analysis	 of	 edge	 betweenness	 centrality	 in	 speargrasses	 rhizosheath-root	
system	networks.	Color	code	indicated	the	interaction	among	different	pair	of	phylogenetic	group.	Name	
of	the	phylogenetic	group	are	reported	in	the	vertical	axis.	
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Chapter	 3:	 Consistent	 date	 palm’s	 root	 bacterial	 selection	 across	
heterogeneous	desert	oasis	agroecosystems	

	

Abstract	

	

In	 agroecosystem,	 soil	 is	 the	 most	 important	 factor	 that	 shapes	 root-associated	

microbial	communities.	Conversely,	in	natural	environments	plant	species	plays	a	major	

role.	 However,	 such	 a	 dichotomy	 in	 agroecosystems	 challenged	 by	 the	 surrounding	

environmental	 conditions,	 is	 still	 unresolved	 and	 we	 hypothesize	 that	 it	 is	 reversed,	

because	of	 the	harsh	conditions	of	 the	ecosystem.	 In	desert	oases,	where	 this	unique	

situation	 is	 present,	 date	 palm	 (Phoenix	 dactylifera)	 acts	 as	 keystone	 species	 that	

determines	 a	 favourable	 environment	 for	 agriculture	 through	 a	 traditional	 desert-

farming	management.	In	this	study,	date	palm	was	selected	as	model	species	to	assess	

the	 mode	 of	 root	 system	 bacterial	 community	 recruitment	 in	 oases	 across	 a	 large	

geographical	area.	The	analysis	of	bacterial	communities	of	bulk	soil	sands,	rhizospheres	

and	root	tissues	of	date	palms	(cultivar	Deglet	Nour)	from	seven	different	oases	across	

the	 whole	 date-production	 region	 in	 Tunisia,	 revealed	 that	 oases	 drive	 the	 richness,	

diversity	and	structure	of	 the	root	system	bacterial	communities.	However,	date	palm	

significantly	 selects	 a	 consistent	 core	microbiota	 independently	 of	 the	 oasis	 location,	

where	 Gammaproteobacteria	 and	 Alphaproteobacteria	 are	 the	 main	 bacterial	

components.	 Analysis	 of	 the	 phylogenetic	 diversity,	 bacterial	 community	 networking	

properties	 and	 predicted	 functionalities	 supported	 that	 these	 two	 bacterial	 phyla	 are	
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associated	to	fundamental	ecological	services	such	as	biopromotion	and	biofertilization	

that	 sustain	 the	 date	 palm	 growth	 and	 adaptation.	 We	 show	 that	 in	 arid	 hybrid	

agroecosystem,	regardless	the	variability	of	the	‘microbial	diversity	baseline’	of	soil,	the	

plant	 rather	 than	 the	 soil	 type	 is	 the	 main	 factor	 determining	 bacterial	 community	

assembly	in	the	root	system.	

Our	study	contributes	to	the	discussion	of	deciphering	the	factors	that	shape	microbial	

communities	 associated	 with	 the	 plant	 root	 system.	 While	 plant-driven	 selection	 is	

stronger	 in	 natural	 environments,	 soil	 and	 agricultural	 practices	 are	 major	 factors	

determining	 plant-associated	 microbial	 communities	 in	 agro-ecosystems.	 But	 what	

happens	 in	ecosystems	where	 features	of	both,	natural	and	agricultural	environments	

converge?	One	example	of	this	hybrid	ecosystem	is	the	desert	oasis.	Oases	rely	on	the	

presence	of	date	palm	trees	that	act	as	keystone	species	providing	shelter	to	a	variety	of	

cultivated	plants	under	the	date	palm	canopy.	A	 long	 life-cycle	and	the	environmental	

peculiarity	of	the	oasis	favour	the	co-evolution	of	date	root	system	with	the	surrounding	

soil.	 Our	 work	 shows	 that,	 despite	 a	 soil/location-driven	 selection	 typical	 of	

agroecosystems,	 date	 palm	 has	 a	 strong	 effect	 on	 recruiting	 a	 conserved	 group	 of	

microorganisms	associated	with	root	system	that	could	cooperate	to	boost	palm	growth	

and	productivity.	

	

Keywords.	 Arid	 ecosystem,	 Date	 palm,	 Bacterial	 diversity,	 Microbial	 networks,	 Plant-

microbiota,	Holobiont	interactions,	Plant	selection,	Oasis	
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3.1	Introduction	
	

The	plant	and	its	associated	microbiota	are	not	standalone	entities,	but	a	collective	and	

unique	ecological	unit,	also	known	as	a	holobiont	(Vandenkoornhuyse	et	al.	2015).	The	

microbiota	 genome,	 carrying	plant	 growth	promoting	 (PGP)	 services	 to	 the	plant,	 and	

the	host	genome	act	synergistically	to	favor	the	fitness	and	phenotypic	plasticity	of	the	

holobiont	 (Vandenkoornhuyse	 et	 al.	 2015;	 Rosenberg	 and	 Zilber-Rosenberg	 2016).	

Plants	 attract	 and	 sustain	microbes	 from	 the	 surrounding	 soil	 (Hirsch	 and	Mauchline	

2012)	through	a	process	known	as	rhizodeposition,	in	which	carbon	sources	are	released	

by	 the	 roots	 (Jones	 et	 al.	 2009).	 The	 root	 system	 firstly	 recruit	 microorganisms	 by	

enrichments	 in	 the	 rhizosphere	 and	 further	 select	 the	 microbial	 types	 on	 the	 root	

surface,	which	acts	as	a	barrier	and	allows	only	a	species	subset	to	enter	and	reach	the	

aerial	parts	of	the	plant	(van	der	Heijden	and	Schlaeppi	2015).	Thus,	the	plant	recruits	

microbial	communities	specific	 for	each	plant	compartment	(i.e.	 root	and	rhizosphere)	

that	are	different	ecological	niches	(Coleman-Derr	et	al.	2016;	Beckers	et	al.	2017).	

A	variety	of	biotic	and	abiotic	factors	shape	the	microbial	communities	associated	with	

the	root	system.	These	 include	plant	species,	soil	 type,	biogeographical	 location,	plant	

community	 diversity	 and	 agricultural	 practices	 (Philippot	 et	 al.	 2013).	 In	 agricultural	

ecosystems,	where	human-selected	plants	are	 introduced	 into	new	habitats,	only	one	

species	(monoculture)	is	cultivated	in	a	given	season	or	time	frame,	usually	conditioned	

by	several	agricultural	practices	including	soil	tillage	fertilizer	applications	and	pesticide	

treatments,	 among	 other.	 On	 the	 other	 hand,	 in	 natural	 ecosystems	 several	 plant	
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species	 grow	 together	 in	 their	 native	 soils,	 favoring	 a	 longer	 co-evolution	 of	 plant-

microbe	 interactions	 (Neher,	1999).	As	agricultural	and	natural	 systems	show	relevant	

ecological	differences,	 the	ways	 in	which	plant	microbial	communities	are	shaped	also	

diverge:	soil	type	and	agricultural	practices	play	a	major	role	in	agroecosystems,	while	in	

natural	 environments	 plant	 species	 and	 plant	 community	 diversity	 have	 a	 stronger	

influence	on	the	microbiota	assembly	(Schnitzer	and	Klironomos	2011;	García-Orenes	et	

al.	2013;	Philippot	et	al.	2013).	

However,	there	is	a	third	type	of	agroecosystem	that	has	characteristics	in	between	the	

conventinal	 agroecosystems	 and	 the	 natural	 environments,	 and	 for	 which	 it	 is	 not	

known	what	 the	 prevailing	 force	 is	 that	 determines	 the	microbial	 recruitment	 in	 the	

plant	root	system.	These	are	desert	oases	that	are	embedded	and	surrounded	by	a	large	

low-resource	 natural	 desert	 environment.	 However,	 by	 the	 exploitation	 of	 punctual	

water	 sources	 and	 the	application	of	desert	 farming	 techniques,	oases	 are	productive	

agroecosystem	 in	 which	 a	 high	 level	 of	 biodiversity	 is	 conserved	 (Liu	 et	 al.,	 2010,	

Jaradat,	 2015).	 With	 rigorous	 management	 of	 land	 and	 water	 resources,	 the	 oasis	

ecosystem	 provides	 multiple	 ecological	 and	 socioeconomic	 services	 to	 the	 inhabitant	

populations,	 leading	 to	 the	 establishment	 of	 traditional	 desert-farming	 practices	

preserving	crop	diversity	in	arid	regions	(Hadrami	and	Hadrami	2009;	Jaradat,	2015).	In	

this	ecosystem,	plants	have	been	carefully	selected	and	introduced	into	the	oasis	over	

centuries	 of	 traditional	 management	 (Nabhan	 2007).	 Date	 palm	 (Phoenix	 dactylifera)	

plays	 a	 capital	 role	 in	 shaping	 the	 oases	 microclimate	 and	 reconditions	 a	 milder	

microclimate	 than	 that	 in	 the	 open	 desert,	 allowing	 farming	 under	 the	 date	 palm	
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canopy.	 Studies	 conducted	 on	 date	 palm,	 using	 low-resolution	 fingerprinting	

techniques,	 showed	 that	 climatic	 factors	 can	 modulate	 root	 bacterial	 communities	

(Cherif	 et	 al.	 2015;	 Ferjani	 et	 al.	 2015),	 without	 disentangling	 the	 other	 possible	

variables	involved	in	the	bacterial	recruitment.	

We	hypothesize	that	due	to	the	long-term	history	of	date	palm	cultivation	in	the	oasis	

ecosystem	(Popenoe,	1913;	Zohary	and	Hopf,	2000)	and	the	low-resource	properties	of	

the	 sandy	 soil,	 date	 palm	 selects	 a	 specific,	 conserved	 and	 co-evolved	 core	 PGP	

microbiota	 in	 its	 root	 and	 rhizosphere	prevailing	on	 the	 selection	 imposed	by	 the	 soil	

and	 the	 agricultural	 practices.	 To	 test	 our	 hypothesis,	 we	 examined	 the	 bacterial	

community	diversity	and	networking	properties	 in	the	bulk	soil	and	in	the	root	system	

(rhizosphere	 and	 root	 tissues),	 by	 studying	 date	 palm	 (P.	 dactylifera	 cultivar	 Deglet	

Nour)	across	a	latitudinal-longitudinal	transect	in	Tunisia	encompassing	seven	different	

and	unique	environmental	settings	including	the	sea	coast,	mountains,	and	sandy	desert	

regions,	and	saline	soil	regions	characterized	by	the	arid	climate	of	the	Sahara	desert.	
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3.2	Results	
	

Ranking	 the	 drivers	 of	 date	 root	 bacterial	 community	 composition,	 structure	 and	

diversity	in	oasis	ecosystems	

	

Traditional	Tunisian	oases	are	spread	in	the	central	and	southern	regions	of	the	country.	

They	are	managed	by	subsistence	farming	and	traditional	agricultural	practices	for	the	

production	of	dates	from	the	Deglet	Nour	L.	date	palm	variety.	They	are	characterized	

by	diverse	geoclimatic	settings,	ranging	from	the	Mediterranean	semi-arid	climate	of	the	

east	 coast	 to	 the	 sub-arid	and	arid	 climates	of	 the	West	Aures	Mountains	and	Sahara	

regions,	 respectively	 (Supplementary	 Figure	 S1).	 A	 total	 of	 2,721,958	 quality-filtered	

pair-end	reads	were	retrieved	from	the	105	samples,	representing	the	root	system	(root	

and	 rhizosphere)	 of	 P.	 dactylifera	 and	 the	 corresponding	 bulk	 soils	 from	 the	 seven	

oases.	 The	 sequences	 were	 separated	 into	 1251	 unique	 operational	 taxonomic	 units	

(OTUs,	 defined	 at	 the	 97%	 cut-off	 level)	 and	 subjected	 to	 downstream	 analyses.	 The	

highest	number	of	overall	unique	OTUs	has	been	found	in	the	bulk	soils	(1233;	836±321	

per	 sample),	 followed	 by	 the	 rhizosphere	 (1140;	 753±140	 per	 sample)	 and	 the	 root	

tissues	 (624;	 264±65	 per	 sample).	 Bacterial	 communities	 of	 date	 palm	 root	 systems	

(root	and	rhizosphere)	were	acquired	from	the	bulk	soils	of	the	oases,	with	a	group	of	

587	shared	OTUs	(47%	of	total	OTUs)	among	all	the	three	fractions	(Figure	1A	and	B).	In	

addition,	 specific	 bacterial	 components	 were	 acquired	 from	 surrounding	 bulk	 soil	 by	
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rhizosphere	portion	(535	OTUs,	42%)	and	root	tissues	(19	OTUs).	Notably,	the	observed	

trend	was	conserved	in	all	the	oases	(Supplementary	Table	S1).	
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Figure	 1.	 Structure	 and	 comparison	 of	microbial	 community	 associated	 to	 date	 palm	 root	 system	 in	
Tunisian	 oases.	 (A)	 Bipartite	 network	 analysis	 of	 bacterial	 communities	 associated	 to	 date	 palm	 root	
system	and	bulk	oasis	soils.	Bipartite	networks	representing	sample/OTUs	interaction.	Sample	nodes	are	
shown	according	to	environmental	source	and	plant	niches,	OTU	nodes	are	grey,	with	edges	connecting	
sample	nodes	to	OTU	nodes	coloured	by	sample	type	 (fractions).	Dark	brown	=	bulk	soil,	Light	brown	=	
rhizosphere,	Green	=	root.	Each	node	dimension	is	proportional	to	its	degree	of	connection	as	showed	by	
the	circle	size	proportions	reported.	(B)	Ternary	plot	of	OTUs	distribution	across	the	three	fractions	(root,	
rhizosphere	 and	 bulk	 soil).	 Each	 circle	 represents	 a	 single	 OTU,	 and	 the	 size	 and	 position	 of	 the	 circle	
represent	 its	 relative	 abundance	 and	 affiliation	 within	 the	 three	 fractions,	 respectively.	 (C)	 Principal	
Coordinate	 Analysis	 (PCoA)	 plot	 of	 bacterial	 communities	 from	 date	 palm	 root	 system	 (root	 and	
rhizosphere)	and	oasis	bulk	soils	showing	variation	between	samples	in	Bray-Curtis	distance.	The	symbols	
correspond	 to	 ‘Fraction’	 and	 the	 colours	 to	 the	oases	 ‘Location’.	 (D-F)	Diversity	explained	by	 the	 factor	
‘Location’	 had	 been	 showed	 by	 Constrained	 Principal	 Coordinate	 Analysis	 (CAP)	 in	 the	 date	 palm	
associated	fractions	(D,	root	and	E,	rhizosphere)	and	in	the	oasis	bulk	soil	(F).	(G-I)	Distance	decay	patterns	
of	the	three	fractions	(G,	root;	H,	rhizosphere;	I,	bulk	soil)	were	determined	by	linear	regression	between	
bacterial	community	similarity	(Bray-Curtis	similarity)	and	geographical	distances	(km)	among	oases.	The	
relationship	was	 tested	by	 linear	 correlation	coefficient	 (R)	with	 its	probability	estimate	 for	 significance	
(p).	
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This	 selection	process	delineated	a	 specific	 bacterial	microbiome	associated	with	 root	

and	rhizosphere	 fractions,	 respectively	 (Figure	1A	and	B).	Principal	coordinate	analysis	

(PCoA)	 of	 OTU	 composition	 revealed	 a	 ‘horseshoe	 shape’	 ordination	 of	 the	 samples	

strating	 from	 the	 root	 to	 the	 rhizosphere	and	bulk	 soil,	 explaining	up	 to	49.6%	of	 the	

community	 composition	 dissimilarity	 (Figure	 1C).	 A	 significant	 effect	 of	 the	 ‘Fraction’	

and	 ‘Location’	 interaction	was	 observed	 on	 betadiversity	 (GLM,	 df=12,84	 Dev=25114,	

p=0.001)	(Supplementary	Table	S2A).	We	observed	a	consistent	overlap	of	the	bacterial	

communities	associated	with	root	and	rhizosphere,	but	 inside	each	oasis	the	fractions’	

bacterial	 communities	 clustered	 separately	 (Pair-wise	 analysis,	 among	 all	 pair-fraction	

p=0.001).	

The	 ‘ecological	 niches’	 represented	 by	 the	 factor	 ‘Fraction’	 influenced	 the	 bacterial	

community	assemblage	more	than	the	oasis	soils,	explaining	the	21%	of	total	deviance	

(Supplementary	 Table	 S2B).	 Thus,	 we	 further	 analysed	 the	 oasis	 ‘Location’	 effect	 on	

each	 of	 the	 three	 different	 fractions	 (root,	 rhizosphere	 and	 bulk	 soil)	 that	 resulted	

significant	 in	 all	 cases	 (CAP,	p<0.05,	 Figure	1D-F	and	Supplementary	Table	 S2C-E),	 but	

with	 a	 higher	 relevance	 in	 the	 bulk	 soil	 (32%	 of	 the	 total	 variance)	 compared	 to	

rhizosphere	(16%)	and	root	(14%).	

The	 analysis	 of	 covariance	 of	 the	 bacterial	 community	 similarities	 (Bray	 Curtis	 index)	

along	 the	 oases	 geographic	 distances	 revealed	 significant	 different	 distance-decay	

patterns	 for	 the	 three	 fractions	 (ANCOVA,	 p<0.0001,	 Figure	 1G-I).	 For	 instance,	 a	

significant	 higher	 decrease	 in	 community	 similarity	was	 observed	mainly	 for	 bulk	 soil	
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bacterial	communities	 (R2=0.174;	95%	confidential	 interval=-0.1768	to	 -0.1240;	n=595)	

than	 root	 (R2=0.030;	 95%	 confidential	 interval=-0.04137	 to	 -0.01541;	 n=595)	 or	

rhizosphere	(R2=0.031;	95%	confidential	interval=-0.04538	to	-0.01746;	n=595).	

	

Quantitative	differences	in	bacterial	community	are	explained	by	differential	acquisition	

processes	exerted	by	date	palm	root	system	fractions	

	

Due	 to	 the	 different	 selective	 pressures,	 the	 bacterial	 communities	 associated	 to	 the	

three	 different	 fractions	 hosted	 also	 different	 numbers	 of	 bacteria.	 Quantitative	 PCR	

showed	that	rhizosphere	host	the	highest	number	of	cells	per	gram	of	sample	(1.9×109	±	

1.5×108),	compared	to	root	(1.9×108	±	3.9×107)	and	bulk	soil	(2.9×108	±	1.6×108	in	bulk	

soil).	 The	 enrichment	 of	 bacterial	 cells	 in	 the	 rhizosphere,	 mediated	 by	 date	 palm	

rhizodeposition,	was	 conserved	 across	 all	 the	 oases,	 (F6,28=1.45,	p=0.23),	 while	 in	 the	

root	 and	bulk	 soil	 a	 significant	 effect	 of	 the	 oasis	 ‘Location’	was	 observed	 (F6,28=4.94,	

p=0.0015	and	F6,28=8.86,	p<0.0001,	respectively;	Figure	2A).	The	alphadiversity	(richness	

and	evenness)	of	the	root	and	rhizosphere	bacterial	communities	clearly	differed	from	

those	of	the	bulk	soil	across	all	the	seven	oases	(Supplementary	Table	S3).	Both	diversity	

indices	showed	a	progressive	decrease	moving	from	the	bulk	soil	to	the	root	index.	On	

the	 contrary,	ANOVA	multiple	 comparison	 test	 showed	how	oasis	 ‘Location’	 impacted	

only	 bacterial	 diversity	 of	 the	 bulk	 soil,	 where	 Gabes	 (A)	 and	 Douz	 (C)	 soils	 had	

significantly	 lower	 richness	 values	 than	 the	 other	 oases,	 and	 Gabes	 had	 even	 a	
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significant	lower	evenness.	No	significant	effect	of	‘Location’	was	detected	for	the	root	

system	(root	and	rhizosphere)	bacterial	communities	(Supplementary	Table	S3).	

0%

20%

40%

60%

80%

100%

A B C D E F G A B C D E F G A B C D E F G

Acidobacteria
Actinobacteria
Alphaproteobacteria
Bacteroidetes
Chloroflexi
Deltaproteobacteria
Firmicutes
Gammaproteobacteria
Other (>=1%)

Re
la

tiv
e 

ab
un

da
nc

e 
(p

er
ce

nt
ag

e)
 

Root Rhizosphere Bulk soil 

Phylum/Class B 

0

20

40

60

80

100

A B C D E F G A B C D E F G A B C D E F G

Aeromonadales
Alteromonadales
Chromatiales
Enterobacteriales
HOC36
Legionellales
Oceanospirillales
Pseudomonadales
Thiotrichales
Vibrionales
Xanthomonadales
Other Gamma

Gammaproteobacteria  

Re
la

tiv
e 

ab
un

da
nc

e 
(p

er
ce

nt
ag

e)
 

0%

20%

40%

60%

80%

100%

Root Rhizosphere Bulk

0%

20%

40%

60%

80%

100%

Root Rhizosphere Bulk

Bulk Rhizo Root 

Root Rhizosphere Bulk soil Bulk Rhizo Root 

C 

N
um

be
r  

of
 c

el
ls 

A 6*109 

4*109 

2*109 

0 

100 

60 

20 

0 

40 

80 

100 

60 

20 

0 

40 

80 

100 

60 

20 

0 

40 

80 

100 

60 

20 

0 

40 

80 

6*109 

4*109 

2*109 

0 

Fraction 

Root 
Rhizosphere 
Bulk soil 

a 

a 

b 

Root Rhizosphere Bulk soil Bulk Rhizo Root 
A    B    C    D    E    F    G    H    A    B    C    D    E    F    G    H   A    B    C    D    E    F    G  

ab 

a 

ac ab 
b ab a 

bc 

a 

a 

a a 
a 

a 

a a a a a 
ab 

b 

p<0.0001 p=0.0015 p<0.0001 p=0.23 

0

20

40

60

80

A B C D E F G A B C D E F G A B C D E F G

Unc. Pseudomonadaceae
Other Pseudomonas
PGP Pseudomonas

Re
la

tiv
e 

ab
un

da
nc

e 
(p

er
ce

nt
ag

e)
 

D 

Root Rhizosphere Bulk soil Bulk Rhizo Root 

Pseudomonadaceae  

0

10

20

30

40

50

E R B

50 

30 

10 

0 

20 

40 
60 

20 

0 

40 

80 

	

Figure	2.	Average	relative	abundance	of	endophytic	bacterial	 communities	associated	with	date	palm	
root	 system	 and	 oasis	 bulk	 soil	 at	 different	 taxonomic	 level.	 (A)	 Quantification	 of	 bacterial	 cells	
colonizing	the	date	palm	root	system	(root	and	rhizosphere)	and	bulk	soil	across	oases.	Letters	has	been	
used	to	 indicate	statistical	analysis	 (ANOVA)	results	among	fraction	(left	panel)	and	 location	 inside	each	
fraction	 (right	 panel)	 (B)	 Date	 palm	 associated	 bacterial	 community	 composition	 at	 phylum/class	 level	
represented	 by	 OTUs	 showing	 more	 than	 1%	 relative	 abundance	 of	 all	 reads.	 Taxonomic	 groups	
representing	 less	 than	 1%	 out	 of	 total	 reads	 were	 grouped	 as	 “Other”.	 Relative	 abundance	 of	 OTUs	
belonging	 to	 (C)	Gammaproteobacteria	orders	and	 (D)	Pseudomonas	PGP	strains	 (Cherif	et	al.,	 2015)	 in	
date	palm	root	systems	among	different	oases.	
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Contribution	 of	 bacterial	 components	 on	 community	 diversity	 in	 the	 date	 palm	 root	

fractions	

	

According	 to	 the	 taxonomic	 affiliations	 of	 the	 OTUs	 (Figure	 2B),	 the	 date	 palm	 root	

system	(root	and	rhizosphere)	and	bulk	soil	hosted	22	bacterial	phyla,	62	classes	(99.7%	

sequences	 classified),	 102	 orders	 (96%	 classified),	 126	 families	 (86%	 sequences	

classified)	 and	 122	 genera	 (40%	 sequences	 classified).	 Among	 the	 observed	

phyla/classes,	 eight	 of	 these,	 i.e.,	 Proteobacteria	 (Alpha,	 Gamma	 and	

Deltaproteobacteria),	 Actinobacteria,	 Acidobacteria,	 Bacteroidetes,	 Firmicutes	 and	

Chloroflexi	 were	 prominent,	 collectively	 making	 up	 to	 97%	 of	 the	 total	 bacterial	

communities.	The	remaining	14	phyla/classes	showed	less	than	1%	relative	abundance	

each	and	were	grouped	as	‘Other’.	

Bacterial	 communities	 were	 composed	 of	 the	 same	 dominant	 phyla/classes,	 with	

significant	differences	in	their	contributions	among	the	different	fractions	and	locations	

(PERMANOVA:	F2,102=61.91,	p=0.001).	Gammaproteobacteria	was	the	dominant	class	in	

root	(90%)	and	rhizosphere	(67%)	fractions	across	all	the	oases,	while	it	accounted	only	

for	 a	 small	 portion	 in	 the	 bulk	 soils	 (11%).	 Alphaproteobacteria	 is	 the	 second	 main	

bacterial	 class	 in	 the	 rhizosphere	 and	 root	 compartments	 (20%	and	9%,	 respectively),	

with	a	larger	contribution	in	the	bulk	soil	(19%).	A	decreasing	contribution	of	the	pool	of	

Actinobacteria,	 Acidobacteria,	 Bacteroidetes	 and	 Chloroflexi	 to	 the	 total	 bacteria	

community	was	observed	in	all	the	oases	moving	from	the	bulk	soils	to	the	root	tissues	
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(bulk	 54%,	 rhizosphere	 9%	 and	 root	 1%).	 A	 notable	 presence	 of	 Firmicutes,	

Deltaproteobacteria	 and	 others	 (contribution	 of	 less	 than	 1%	 to	 the	 total	 community	

composition)	was	observed	only	 in	 the	bulk	soils	where	they	reached	up	to	16%,	with	

variable	proportions	among	the	oases	(Figure	2B).	

Considering	 Gammaproteobacteria,	 the	 most	 abundant	 class,	 a	 peculiar	 taxa	

distribution	 has	 been	 observed	 among	 the	 fractions	 (Figure	 2C).	 Bulk	 soils	 hosted	

several	 orders	 common	 to	 all	 the	 different	 oases,	 encompassing	 Alteromonadales,	

Legionellales,	 Chromatiales	 and	 Xanthomonadales,	 while	 rhizosphere	 and	 root	 were	

always	 dominated	 by	 the	 orders	 Pseudomonadales	 and	 Enterobacteriales,	 with	 the	

contribution	 of	 Vibrionales	 in	 Douz	 (C)	 and	 Xanthomonadales	 and	 Aeromonadales	 in	

Gabes	(A),	Tozeur	(F)	and	Tamerza	(G)	oases.	

Pseudomonas	 Plant	 Growth	 Promoting	 (PGP)	 bacteria	 E102	 and	 E141,	 previously	

isolated	 from	Tunisian	date	palm	roots	 (Cherif	et	al.,	2015),	were	also	detected	 in	our	

dataset	(Figure	2D).	The	16S	rRNA	sequences	of	the	two	strains	matched	with	the	mate	

OTU	 related	 to	 Pseudomonas	 (OTU_2,	 Supplementary	 Figure	 S2).	 All	 the	 root	 tissues	

analysed	contained	the	OTU_2,	with	an	average	relative	abundance	of	25±8%.	Moving	

away	 from	the	 root,	 the	 relative	abundance	of	 the	OTU_2	decreased	 to	15±5%	 in	 the	

rhizosphere	and	reached	the	lowest	value	in	the	bulk	soils	(less	than	1%).	Interestingly,	

comparing	the	relative	abundance	of	OTU_2	with	the	entire	Pseudomanas	community,	

it	was	clearly	evident	 that	 this	OTU	represented	 the	main	component	of	 this	genus	 in	

the	 date	 palm	 root	 system	 (root=63%,	 rhizosphere=56%	 and	 bulk	 soil=20%).	 The	
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metagenomics	data	 indicated	and	confirmed	that	 the	two	PGP	strains	were	 intimately	

associated	with	 the	 root	 system	of	 date	palm,	 independently	 from	 the	oasis	 of	 origin	

(Figure	2D).	

Contributions	 of	 variables	 to	 similarity	 (SIMPER,	 at	 phylum/class	 level	 Supplementary	

Table	 S4)	 showed	 the	 highest	 divergence	 (average	 dissimilarity)	 among	 root	 and	 bulk	

soil	 bacterial	 communities	 (42.9%),	 followed	 by	 rhizosphere	 and	 root	 (27%)	 and	

rhizosphere	and	bulk	soil	(24.6%).	These	differences	were	mainly	driven	by	the	relative	

different	 distribution	 of	 Chloroflexi,	 Actinobacteria,	 Acidobacteria,	 Bacteroidetes	 and	

‘Other’	 among	 the	 three	 fractions.	 The	 relative	 abundances	 of	 the	 phylum	Chloroflexi	

and	the	class	Deltaproteobacteria	increased	progressively	from	the	root	to	the	bulk	soil,	

contributing	with	the	27%	of	dissimilarity	of	bulk	soil	with	both	rhizosphere	and	root.	A	

concomitant	decrease	in	Gammaproteobacteria	(bulk	soil	7%,	rhizosphere	9%	and	root	

10%)	 has	 been	 also	measured,	 accounting	 up	 to	 8%	 of	 the	 dissimilarity	 observed.	No	

significantly	 contribution	 has	 been	 retrieved	 for	 Alphaproteobacteria,	 which	 were	

equally	distributed	among	 fractions	and	 locations	 (Supplementary	Table	5).	This	 trend	

was	similar	 in	all	 the	seven	oases	studied,	but	a	 location-effect	significantly	 influenced	

only	 root	bacterial	 composition	 (ANOVA:	F6,28=2.1003,	p=0.033)	and	bulk	 soil	 (ANOVA:	

F6,28=	5.4142,	p=0.001).	
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Bacterial	 components	 and	 networking	 are	 highly	 conserved	 in	 date	 palm	 root	 system	

communities	across	Tunisian	oases	

	

Despite	 location-specific	 and	 -discriminant	 microbial	 OTUs,	 each	 fraction	 had	 a	

considerable	 number	 of	 shared	 OTUs,	 constituting	 the	 core	 bacterial	 microbiome	 of	

date	palm	root	system	across	different	geo-climatic	settings.	A	total	of	73	(12%	of	root	

OTUs)	and	309	OTUs	(27%	of	rhizosphere	OTUs)	were	always	present	in	date	palm	roots	

and	rhizosphere,	respectively.	Although	the	shared	OTUs	were	limited	in	number,	these	

represented	 97%	 and	 89%	 of	 the	 root	 and	 rhizosphere	 OTU	 relative	 abundance,	

respectively,	 accounting	 for	 an	 important	 component	 of	 the	 bacterial	 community.	On	

the	 contrary,	 the	 bulk	 soil	 core	 bacterial	microbiome	 included	 only	 37%	 of	 the	 OTUs	

(145	OTUs).	

The	 bacterial	 core	 microbiome	 reflected	 the	 total	 communities	 associated	 with	 the	

three	 fractions.	 The	 root	 bacterial	 core	 microbiome	 was	 composed	 mainly	 by	

Gammaproteobacteria	 (94%),	 in	which	Pseudomonadaceae	 accounted	 for	 48%.	 In	 the	

rhizosphere,	Gammaproteobacteria	 (71%,	 in	which	Pseudomonadaceae	 accounted	 for	

43%)	represented	the	dominant	group,	followed	by	Alphaproteobacteria	 (21%).	Higher	

diversity	 was	 found	 in	 the	 bulk	 soil	 core	 bacterial	 microbiome,	 where	 Acidimicrobia,	

Actinobacteria,	 Alphaproteobacteria,	 Chloroflexi,	 Cytophagia,	 Acidobacteriare,	 and	

Bacilli	accounted	all	together	for	76%	of	the	overall	composition.	
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Network	 co-occurrence	 analysis	 of	 the	 core	 bacterial	 microbiomes	 of	 each	 fraction	

revealed	that	100%	of	core	bacterial	OTUs	in	the	root,	74%	in	the	rhizosphere	and	93%	

in	 the	 bulk	 soil	 established	 significant	 ecological	 relationships.	 All	 fractions	 were	

characterized	 by	 unique	 network	 topologies	 (Table	 1)	 and	 increasing	 numbers	 of	

interactions	 from	 the	 bulk	 to	 the	 root.	 Significant	 higher	 numbers	 of	 co-occurrence	

interactions	 were	 recorded	 in	 the	 root	 (94%)	 and	 the	 higher	 numbers	 of	 mutual	

exclusions	occurred	in	the	bulk	soils	(14%).	Among	all	fractions,	the	root	presented	the	

highest	 clustering	 (0.58),	 density	 (0.28)	 and	 centralization	 (0.34)	 coefficient,	which	 on	

the	contrary	were	the	lowest	in	the	rhizosphere	(Table	1).		

Fraction-specific	 variations	 in	 the	 relative	 taxonomic	 affiliation	 of	 the	 network	 nodes	

were	 detected	 (Supplementary	 Figure	 S3).	 While	 in	 the	 root	 network,	 nodes	 were	

represented	mostly	by	Gammaproteobacteria,	Alphaproteobacteria	and	Actinobacteria,	

in	 the	 rhizosphere	 and	 bulk	 soil	 most	 of	 the	 abundant	 nodes	 were	 affiliated	 with	

Acidobacteria,	Deltaproteobacteria	and	low	represented	taxa	(less	than	1%).	In	terms	of	

degree	of	connection,	significant	differences	among	fractions	were	seemingly	observed	

(GLM,	Chi-square2,434=4184.9,	p<0.001;	Supplementary	Figure	S4).	Nodes	in	the	root	and	

bulk	 soil	 had	 higher	 degrees	 than	 those	 in	 the	 rhizosphere.	 The	 taxa	 with	 more	

interactions	 in	 the	 root	 network	 were	 Firmicutes,	 Alphaproteobacteria	 and	

Betaproteobacteria,	 while	 in	 the	 bulk	 soil	 Gemmatimonadetes,	 Chloroflexi	 and	

Deltaproteobacteria	 showed	 the	 highest	 degrees.	 As	 for	 the	 rhizosphere,	 most	

represented	taxa	where	characterized	by	few	connections,	with	some	specific	outsiders	

having	high	degrees	of	connections	 (Supplementary	Figure	S4).	Closeness	and	average	
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shortest	path	 length	were	significantly	different	for	each	fraction	(closeness	centrality:	

GLM,	Chi-square2,434=25.096,	p<0.001);	with	the	root	having	higher	closeness	centrality	

and	 lower	 average	path	 length	 values	 (Supplementary	 Figure	 S4).	On	 the	other	 hand,	

betweenness	centrality	was	not	different	within	the	fractions,	but	significantly	differed	

by	phyla	(betweenness	centrality:	GLM,	Chi-square16,406=7.2023,	p<0.01;	Figure	3D-F).	

Table	 1.	 Topology	 indices	 of	 network	 interactions	 among	 significant	 bacterial	 components	 inside	
fraction	core	communities.	

Topology	indices	 Root	 Rhizosphere	 Bulk	soil	

Number	of	nodes	 73	 230	 134	

Interaction	 739	 1110	 1174	

Co-occurrence	 694	 990	 1005	

Mutual	exclusion	 45	 120	 169	

Degree	 3032	 4704	 3746	

Cluster	coefficient	 0.584	 0.398	 0.521	

Centralization	 0.339	 0.165	 0.294	

Average	path	length	 2.003	 3.081	 2.383	

Average	neighbors	 20.247	 9.652	 17.522	

Density	 0.281	 0.042	 0.132	

Heterogeneity	 0.576	 1.057	 0.819	

	

Edge	 betweeness	 was	 significantly	 affected	 by	 the	 interaction	 among	 fractions	 and	

phylum	(ANOVA,	F65,2.16=3.1986,	p<0.001).	The	root	was	characterized	by	a	limited	type	

of	 interactions	with	 low	edge	betweenness	variability,	as	opposed	to	the	bulk	soil	and	

rhizosphere,	which	presented	more	 types	of	 interactions	with	more	 variability	 (Figure	

4).	 In	 the	 root	 network	 the	 central	 interactions	 mainly	 occurred	 between	

Gammaproteobacteria,	Betaproteobacteria	and	Firmicutes.	On	the	contrary,	in	the	bulk	
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soil	 and	 rhizosphere	 networks,	 where	 the	 taxonomic	 diversity	 of	 nodes	 increased,	 a	

complex	 configuration	 of	 intra	 and	 extra-phyla	 interactions	was	 revealed.	 In	 the	 bulk	

soil,	 a	 high	 number	 of	 interactions	 were	 led	 by	 Verrucomicrobia,	 Bacteroidetes	 and	

Actinobacteria,	while	in	the	rhizosphere	the	most	central	interactions	were	established	

by	Gammaproteobacteria,	Bacteroidetes,	Firmicutes	and	Planctomycetes	(Figure	4).	

The	‘hub’	nodes	have	been	reported	for	each	fraction’	network	(Figure	3G-I).	In	the	bulk	

soil	(Figure	3I)	and	the	rhizosphere	(Figure	3H)	13	and	8	hub	nodes,	respectively,	were	

equally	represented	by	members	of	Actinobacteria,	Choroflexi,	Alphaproteobacteria	and	

Betaproteobacteria.	 On	 the	 contrary,	 in	 the	 root	 fraction	 (Figure	 3G)	 7	 hub	 nodes	

belonged	 mainly	 to	 Alphaproteobacteria.	 Among	 these	 hub	 nodes,	 keystone	 species	

were	determined:	In	bulk	soil	we	detected	three	Actinobacteria	(Acidimicrobiales,	Figure	

3G)	among	the	most	important	keystone	species	for	the	network	structure,	in	the	root	

three	 Alphaproteobacteria	 (Rhizobium	 and	 Sphingopyxis,	 Figure	 3H)	 and	 in	 the	

rhizosphere	 two	 Alphaproteobacteria	 (Kaistobacter	 and	 Rhodoplanes)	 and	 one	

Chloroflexi	(Figure	3I).	Pseudomonas	spp.	OTU_2	(Cherif	et	al.,	2015)	was	not	detected	

as	 a	 hub	 species,	 but	 it	 developed	 interactions	 with	 Enterobacteriaceae	 and	

Sphingomonadaceae	bacterial	components	in	root	network.	No	interaction	of	this	OTU	

has	been	retrieved	nether	in	rhizosphere	or	bulk	soil.	
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Figure	3.	Significant	co-occurrence	and	mutual-exclusion	network	analysis	among	bacterial	components	
associated	to	date	palm	root	system	and	oasis	soil.	(A-C)	Interaction	among	OTUs	in	the	(A)	root	(n=35),	
(B)	rhizosphere	(n=35)	and	(C)	bulk	soil	(n=35).	For	each	fraction,	the	nodes	correspond	to	the	significant	
OTUs	 coloured	 according	 to	 phylum/class	 affiliation	 (97%)	 and	 sized	 according	 to	 their	 degree	 of	
connection	 (the	number	of	edges	associated	 to	 the	node).	Edges	 (lines)	 connecting	nodes	 indicated	co-
occurrence	interactions	(orange)	and	mutualistic	exclusions	(black).	(D-F)	The	panel	showed	plots	of	two	
node	centrality	measures	as	well	as	the	degree	distribution	for	each	fraction	(D,	root;	E,	rhizosphere	and	F	
bulk	soil).	 (G-I)	The	nodes	showing	higher	number	of	degree	has	been	reported	as	hub	nodes	typical	of	
each	fraction	(G,	root;	H,	rhizosphere	and	I	bulk	soil).	Star	(*)	indicated	keystone	species	(hub	nodes	with	
higher	betweenness	centrality).	
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Figure	 4.	 Intra-	 and	 inter-taxa	 bacterial	 interactions	 in	 the	 bacterial	 networks	 of	 fraction-core	
microbiota.	Edge	 betweenness	 centrality	 values	 revealed	 the	 different	 distribution	 among	 fractions	 (A,	
bulk	soil;	B,	rhizosphere;	C,	bulk	soil)	of	nodes	interactions	at	phylum/class	level.	
	

Predicting	bacterial	functional	profiles	in	date	palm	root	system	

	

CAP	analysis	 showed	how	 in	 the	 root	 (delta_1^2=0.3206,	p=0.176,	 Figure	5A)	and	 the	

rhizosphere	(delta_1^2=0.4083,	p=0.181,	Figure	5B)	fractions,	the	PGP	traits	carried	by	

the	core-microbiomes	created	single	clusters	where	all	the	samples	were	intermixed.	On	

the	contrary,	in	the	bulk	soil	the	PGP	functions	were	differently	distributed	according	to	

the	different	oasis	 soils	 (delta_1^2=0.86515,	p=0.001	Figure	5C).	 The	 linear	 regression	
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between	the	functional	core	microbiota	similarities	(Bray	Curtis	 index)	of	each	fraction	

and	 the	geographic	distances	among	oases	 revealed	different	distance-decay	patterns	

(ANCOVA:	p<0.0001;	Figure	5D-F).	While	in	the	bulk	soil	the	functional	core	microbiota	

similarity	 decreased	 with	 the	 distance	 between	 oasis	 (R2=0.2004;	 95%	 confidential	

interval	 -0.05353	 to	 -0.03870;	 n=595),	 no	 changes	 in	 functional	 similarity	 along	 the	

distance	was	observed	nor	in	the	root	(R2=0.0053;	95%	confidential	interval=-0.005834	

to	0.0002933;	n=595)	neither	in	the	rhizosphere	(R2=0.174;	95%	confidential	interval=	-

0.004097	to	-0.001003;	n=595)	compartments.	

Interestingly,	 PGP	 traits	 were	 spread	 among	 all	 the	 fractions	 with	 different	 relative	

abundance,	 compared	 to	 the	 total	 metabolism	 genes.	 The	 date	 palm	 root	 system	

microbiota	carried	and	enriched	important	PGP	functional	traits,	such	as	ACC	deaminase	

activity,	auxin	production	and	release	of	volatile	organic	compounds	(VOCs),	while	bulk	

soil	 hosted	mainly	 higher	 percentage	 of	 genes	 carrying	 ecological	 services	 associated	

with	 soil	 fertilization,	 such	 as	 phosphate	 solubilization	 and	 siderophore	 production	

(Figure	5G-I).	
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Figure	 5.	 Functional	 predictions	 of	 fraction’s	 core	 microbiota	 plant	 growth	 promoting	 (PGP)	 traits.	
Diversity	of	functional	core	microbiota	in	the	three	fraction	(A,	root;	B,	rhizosphere	and	C,	bulk	soil)	was	
showed	by	Constrained	Principal	Coordinate	Analysis	(CAP).	Distance	decay	patterns	of	the	three	fractions	
(D,	 root;	 E,	 rhizosphere;	 F,	 bulk	 soil)	 were	 determined	 by	 linear	 regression	 between	 functional	 core	
microbiota	 similarity	 (Bray-Curtis	 similarity)	 and	 geographical	 distances	 (km)	 among	 oases.	 The	
relationship	was	 tested	by	 linear	 correlation	coefficient	 (R)	with	 its	probability	estimate	 for	 significance	
(p).	Box-plots	showed	the	biopromoters	(G,	ACCd;	H,	auxin;	I,	VOC	release)	and	biofertilizer	(L,	phosphate	
solubilization;	M,	siderophore	production;	N,	nitrogen	fixation)	traits	presented	in	each	fraction.	
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3.3	Discussion	
	

Oases	 are	highly	productive	 rural	 systems	 typical	 of	 the	North	Africa	 and	Middle	 East	

arid	regions	that	provide	not	only	agricultural,	but	also	important	social	services	to	their	

inhabitants	(Hadrami	and	Hadrami	2009).	Usually,	agro-ecosystems	are	characterized	by	

frequent	crop	turnover,	where	new	plants	are	periodically	introduced.	On	the	contrary,	

oases	host	 a	higher	plant	 community	diversity	 characterized	by	 a	 simultaneous	multi-

cropping	 system	 (Jaradat,	 2015).	 Owing	 to	 the	 presence	 of	 date	 palm,	 the	

environmental	 conditions	 inside	 the	 oasis	 are	 milder	 than	 those	 of	 the	 surrounding	

desert.	Date	palm	provides	 shade,	decreases	air	 temperature	and	maintains	 relatively	

high	air	humidity	inside	the	oasis,	enabling	agricultural	production	(Achtak	et	al.,	2010;	

De	Granade,	 2013).	Due	 to	 its	 long	 life	 cycle	 (40-50	 years	 of	 economic	 life,	 Chao	 and	

Krueger	 2007)	 and	 long	 history	 of	 cultivation,	 domesticated	 date	 palm	 trees	 are	

considered	to	have	co-evolved	with	the	oasis	and	its	agricultural	practices,	just	as	plants	

grown	in	natural	systems	(Philippot	et	al.,	2013).	

Date	palm,	analogously	to	what	has	been	already	demonstrated	for	many	other	plants	

(among	others	Bulgarelli	et	al.,	 2012;	 Lundberg	et	al.,	 2012;	Yeoh	et	al.,	 2017)	 selects	

and	 enriches	 in	 the	 root	 system	 the	 bacterial	 diversity	 already	 present	 in	 the	

surrounding	soil	of	the	oasis.	Through	rhizodeposition,	date	palm	attracts	the	microbial	

population	in	the	rhizosphere,	which	afterwards	is	recruited	by	the	root	tissues	through	

a	 selective	process	mediated	by	 the	 rhizoplane	 (van	der	Heijden	and	Schlaeppi	2015).	

This	 recruitment	 process,	 in	 which	 a	 gradual	 differentiation	 in	 bacterial	 community	
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richness	 and	 composition	 occurs	 along	 the	 root	 fractions	 (Edwards	 &	 Cook	 2015;	

Coleman-Derr	 et	 al.,	 2016),	 is	 conserved	 among	 the	 different	 geographical	 settings	

studied	 in	 this	work.	As	evidenced	by	 the	higher	 rates	of	distance-decay,	geographical	

location	plays	an	important	role	only	in	the	selection	of	bulk	soil	bacterial	communities.	

This	 result	 can	be	 ascribed	mainly	 to	 the	different	 geo-chemical	 settings	 of	 the	oases	

that	 are	 located	 in	 an	 area	 encompassing	 22,200	 km2.	 Although	 agricultural	 practices	

homogenize	 the	 soil	 and	 therefore	 the	 bacterial	 community	 differences	 across	 large	

geographical	ranges	(Rodrigues	et	al.,	2013;	Burns	et	al.,	2015),	in	oasis	ecosystem	soil	is	

still	a	strong	driver	of	bacterial	assembly,	as	already	described	in	natural	arid	soils	(Wang	

et	 al.,	 2017).	 On	 the	 opposite,	 the	 stability	 of	 bacterial	 communities	 in	 the	 root	 and	

rhizosphere	 is	caused	by	the	constant	and	strong	selective	pressure	of	date	palm	root	

system	 that	 directly	 provides	 a	 strong	 “protective	 and	 nutritional”	 effect	 on	 bacteria	

(Coleman-Derr	et	al.,	2016).	

Despite	the	bulk	soil	hosts	a	higher	bacterial	biodiversity,	the	rhizosphere	is	colonized	by	

a	 higher	 number	 of	 cells,	 owing	 to	 the	 carbon-rich	 environment	 created	 by	 the	 date	

palm	 rhizodeposition	 (Hutch	 et	 al.,	 2000;	 Nguyen,	 2003),	 that	 is	 constant	 and	 stable	

throughout	 the	 long	 life	 cycle	 of	 this	 perennial	 tree	 (Chao	 and	 Krueger	 2007).	 The	

enrichment	 and	 selective	 processes	 triggered	by	 the	 root	 system	defines	 a	 consistent	

and	relevant	core	of	shared-bacteria	typical	of	each	fraction.	In	the	oasis	soils,	a	variety	

of	 bacteria	 common	 to	 arid	 environments	 (i.e.	 Actinobacteria,	 Acidobacteria	 and	

Chloroflexi)	has	been	detected	(Lacap	et	al.,	2011;	Nessner	Kavamura	et	al.,	2013;	Rao	et	

al.,	 2016).	 Soil	 type-specific	microbial	 taxa	 could	 have	 resulted	 from	 limited	 dispersal	
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between	 the	 different	 oases	 and/or	 local	 sorting	 mechanisms	 (i.e.	 agricultural	

management	and	climate)	that	can	challenge	microbial	taxa	composition	(Hanson	et	al.,	

2012;	 Schreiter	 et	 al.,	 2014).	 On	 the	 contrary,	 in	 the	 date	 palm	 root	 system,	

Gammaproteobacteria	 is	 the	 dominant	 phylum	 enriched	 and	 selected	 from	 the	 small	

proportion	 present	 in	 the	 oasis	 bulk	 soil	 (Manter	et	 al.,	 2010;	 Robinson	et	 al.,	 2015).	

Dominance	 of	 Gammaproteobacteria	 in	 the	 root	 system	 bacterial	 community	 was	

already	demonstrated	 for	plants	 cultivated	 in	other	 traditional	 desert	 agroecosystems	

(Marasco	et	al.,	2012),	often	associated	with	PGP	activities	 (Finkel	et	al.,	2017).	 In	 the	

date	 palm	 root	 system,	 Gammaproteobacteria	 is	 mainly	 represented	 by	 the	 order	

Enterobacteriales,	which	comprises	many	species,	whose	origin	could	be	attributable	to	

the	 traditional	practices	used	 to	 fertilize	 the	 soil,	 such	as	 the	use	of	natural	 fertilizers	

and	the	cattle-assisted	soil	preparation	that	can	carry	this	kind	of	bacteria	directly	into	

the	 soil	 (Holden	 et	 al.,	 2009;	 Lupatini	 et	 al.,	 2017).	 Beside	 the	 Enterobacteriales,	 the	

Pseudomonadales	group	has	an	important	role.	Among	the	latest,	the	presence	of	two	

Pseudomonas	PGP	strains	(E102	and	E141)	previously	described	as	bioprotectors	of	date	

palm	 under	 drought	 stress	 (Cherif	 et	 al.	 2015)	 was	 revealed.	 Interestingly,	 the	

Pseudomonas	PGP	strains	are	associated	with	all	date	palm	roots	analysed,	representing	

the	 25±8%	 of	 the	 total	 community	 in	 the	 root	 system.	 This	 data	 suggested	 a	 strong	

correlation	 of	 these	 PGP	 Pseudomonas	 strains	 and	 the	 date	 palm	 root	 system	

supporting	the	hypothesis	of	a	co-evolution	with	the	plant	host.	

The	ecological	importance	of	the	fraction-core	microbiota	and	its	potential	interactions	

has	 been	 revealed	 also	 by	 network	 analysis.	 The	 bacterial	 components	 of	 the	 root	
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system	 core	 bacterial	 microbiome	 significantly	 interact	 with	 each	 other	 forming	 a	

complex	ecological	interaction	web.	Rhizosphere	network	is	more	complex	than	that	of	

bulk	soils	 (Shi	et	al.,	2016;	Mapelli	et	al.,	2017)	and	root	endosphere,	as	suggested	by	

topological	 indices,	 such	 as	 the	 average	 path	 length.	 Bacterial	 taxa	 that	 developed	

higher	numbers	of	interactions	(hubs)	play	relevant	roles	within	the	microbiome,	having	

regulatory	effects	on	other	members	of	the	community	and	maintaining	both	network	

structures	 and	 ecosystem	 stability	 (Olesen	 et	 al.,	 2007;	 Deng	 et	 al.,	 2012;	 Berry	 &	

Widder	 2014).	 Despite	 most	 of	 the	 root	 network	 hubs	 were	 associated	 with	

Alphaproteobacteria,	Gammaproteobacteria	also	played	 an	 important	 role	 in	 the	 root	

and	 rhizosphere	 of	 date	 palm	 establishing	 central	 interactions	 with	 other	 taxa.	 A	

structural	 role	 of	 specific	 taxa	 (i.e.	Rhizobium	 and	 Sphingopyxis	 in	 root;	Kaistobacter,	

Rhodoplanes	and	Chloroflexi)	was	also	identified	for	each	fraction,	confirming	how	in	the	

date	palm	root	system	the	stability	of	fraction-specific	microbiota	is	maintained	by	the	

components	 selected	 by	 the	 relative	 fractions.	 Information	 regarding	 the	 specific	

ecological	role	of	these	bacteria	in	plant-microbe	interaction	is	limited,	although	several	

members	 of	 these	 genera	 are	 known	 to	 have	 important	 role	 in	 biopromotion	 (i.e.	

Sphingopyxis,	Dias	et	al.,	2009)	and	biofertilization	(i.e.	Rhizobium,	Humphry	et	al.,	2007,	

and	Chloroflexi)	of	plant,	as	well	as	in	protection	against	biotic	and	abiotic	stresses	(i.e.	

Rhizobium,	Gopalakrishnan	et	al.,	2015).	

Even	 though	 a	 proportion	 of	 the	 root	 system	 bacterial	 diversity	 is	 driven	 by	 the	

environmental	 settings	 (up	 to	 15%),	 date	 palm	 recruits	 a	 ‘functional	 core	microbiota’	

carrying	 essential	 functions	 for	 the	 holobiont	 fitness	 (Lemanceau	 et	 al.,	 2017).	 In	 the	
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date	palm	root	system,	the	functional	core	microbiota	is	conserved	among	the	different	

oases,	 while	 the	 one	 associated	 with	 bulk	 soil	 is	 strongly	 influenced	 by	 the	 oasis	

location.	 This	 implies	 that	 the	 potential	 microbiome	 functionalities	 and	 services	

recruited	by	the	date	palm	root	system	are	conserved	and	evenly	selected	by	the	host	in	

different	environments.	We	previously	found	that	date	palm	hosts	relevant	PGP	bacteria	

able	 to	enhance	holobiont	 fitness	under	drought	 stress	 (Cherif	et	al.,	 2015).	Here,	we	

further	 demonstrate	 that	 PGP	 bacteria	 are	 present	 in	 a	 core	 microbiota	 that	 can	

guarantee	a	 functional	 vicariance	 crucial	 for	 the	date	palm	 tree	 resilience	 (Mendes	et	

al.,	2014).	Despite	the	rhizosphere	hosts	a	higher	bacterial	density	and	diversity	than	the	

root	tissues,	a	similar	frequency	of	predicted	PGP	traits	is	recorded	in	the	two	fractions.	

The	 functional	 core	 microbiotas	 of	 root	 and	 rhizosphere	 mainly	 provide	 PGP	 traits	

potentially	 involved	 in	 biostimulation	 (ACCd	 activity	 and	 VOCs	 production),	 while	 the	

one	 of	 bulk	 soil	 is	mainly	 related	 to	 soil	 biofertilization	 (phosphate	 solubilization	 and	

siderophore	production).	Remarkably,	 the	functional	core	microbiota	of	 the	date	palm	

root	 system	 consisted	 mainly	 of	 Gammaproteobacteria	 (Enterobacteriaceae	 and	

Pseudomonadaceae	families)	and	Alphaproteobacteria,	which	were	widely	represented	

in	 the	whole	 date	 palm	 bacterial	 community.	 These	 results	 are	 consistent	with	 other	

studies	performed	on	date	palm	systems	(Cherif	et	al.,	2015;	Ferjani	et	al.,	2015;	Yaish	et	

al.,	2016)	that	defined	these	bacterial	taxa	as	important	members	of	the	below-ground	

date	 palm	microbiome.	 Endophytic	 Enterobacteriales	 members	 such	 as	 Enterobacter,	

Escherichia	and	Klebsiella	strains	isolated	from	date	palm	root	tissues	have	been	shown	

to	 promote	 growth	 and	 protect	 plants	 under	 abiotic	 stresses	 (Yaish	 et	 al.	 2016).	 The	
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analysis	of	 the	genome	of	Enterobacter	asburiae	PDA134	confirmed	the	potential	PGP	

traits	 utilized	 by	 the	 strain	 to	 help	 the	 plant	 under	 salinity	 stress	 and	 in	 vitro	

experiments	 underlined	 the	 induction	of	ACCd	 and/or	 auxin	 (IAA)	 production	 as	main	

factors	(Yaish,	2016).	At	the	same	time,	the	order	Pseudomonadales	has	for	a	long	time	

being	known	 for	 its	beneficial	 role	 in	plant-microbe	 interactions	 (Patten	&	Glick	2002;	

Sethi	 &	 Adhikary,	 2012),	 hosts	 several	 species	 that	 have	 been	 used	 as	 biofertilizers,	

biostimulators,	 and	 biocontrol	 agents	 in	 several	 plant	 systems	 (Mercado-Blanco	 &	

Bakker,	2007),	such	as	those	isolated	from	date	palm	(Cherif	et	al.,	2015;	Zerrouk	et	al.,	

2016).	

	

3.4	Conclusion	
	

The	 long	history	of	cultivation	of	date	palm	trees	 in	 the	oases	have	permitted	 the	co-

evolution	 of	 plant-microbe	 interactions	 (Lambers	 et	 al.,	 2009;	 Tengberg,	 2012).	 This	

implies	an	evolutionary	advantage	for	date	palm,	which	can	select	for	certain	microbial	

components	able	to	confer	beneficial	ecological	services	to	the	plant.	We	proved	that,	

irrespective	of	the	oasis	surrounding	environmental	setting,	the	date	palm	always	select	

a	conserved	core	microbiome	able	to	guarantee	essential	PGP	traits.	Characterisation	of	

the	 date	 palm	 core	 microbiota	 and	 its	 functionality	 in	 the	 oasis	 ecosystem	 are	

imperative	 in	 the	efforts	 to	generate	novel	 agricultural	 technologies	 that	 can	 improve	
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crop	 production	 and	 sustainability	 in	 arid	 environment,	 and	 possibly	 restore	 lands	

undergoing	desertification	process.	

3.5	Material	and	Methods	
	

Site	 description,	 sampling	 and	 processing.	 The	 studied	 areas	 encompass	 an	 area	 of	

approximately	 22,200	 km2	 in	 Tunisia.	 Sampling	 was	 performed	 across	 a	 latitudinal-

longitudinal	range	in	seven	oasis	ecosystems,	moving	from	the	Mediterranean	coast	of	

Gabes,	to	the	Saharian	areas	of	Ksar	Ghilane,	Rjim	Maatoug	and	Hazoua	and	from	the	

Chott	 salty-arid	 regions	 of	 Douz	 and	 Tozeur	 to	 the	 Atlas	 mountain	 of	 Tamerza,	 as	

showed	 in	 the	 Supplementary	 Figure	 S1.	 The	 seven	 oases,	 representing	 independent	

date	 producers,	 were	 identified	 by	 the	 letters	 A,	 B,	 C,	 D,	 E,	 F,	 G,	 as	 listed	 in	 the	

Supplementary	Table	S1.	The	selected	oases	have	contrasting	characteristics	in	terms	of	

temperature,	 precipitation,	 geomorphological	 setting	 and	 traditional	 agricultural	

management	 (Supplementary	 Figure	 S1	 and	 Supplementary	 Table	 S1).	 Sampling	 was	

carried	out	following	the	same	design	(described	below)	at	each	site	in	November	2016.	

Five	healthy	date	palm	trees	(Phoenix	dactylifera)	of	similar	age	were	randomly	selected	

in	the	oasis	fields	for	the	collection	of	the	root	system	(rhizospheric	soil	and	root	tissue).	

The	 sampling	 was	 authorized	 by	 the	 private	 owners	 of	 each	 location	 and	 no	 specific	

permissions	were	required	for	this	activity.	The	sample	collection	of	the	root	system	was	

performed	at	30–50	cm	depth	around	the	trunk	base,	where	the	roots	are	denser	and	

active	(Zaid	and	the	Wet,	2002).	Soil	and	root	samples	were	collected	using	sterile	tools	

and	were	 immediately	processed	 to	 separate	 the	 rhizospheric	 soil	 (tightly	attached	 to	
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the	root)	from	the	root	tissues.	Samples	of	bulk	soil	(fractions	of	soil	not	influenced	by	

the	 root	 system)	 from	each	 location	were	also	 collected.	All	 samples	were	 stored	at	 -

20°C.	

	

Total	DNA	extraction.	The	total	DNA	of	rhizosphere	and	bulk	soil	was	performed	with	

the	PowerSoil®	DNA	Isolation	Kit	(MoBio	Inc.,	USA)	using	0.5	g	from	each	sample.	After	

sterilization	(Cherif	et	al.,	2016),	the	root	samples	were	hardened	using	liquid	nitrogen	

and	subsequently	grinded	using	sterile	mortars	and	pestles.	The	total	DNA	extraction	of	

the	 root	 tissues	 has	 been	 performed	 from	 one	 gram	 of	 the	 grinded	 roots	 using	 the	

DNeasy	Plant	Maxi	Kit	(Qiagen,	Germany).	

	

Quantification	 of	 the	 bacterial	 community	 by	 quantitative	 PCR	 (qPCR)	 associated	 to	

date	palm	root	systems	and	oasis	bulk	soil.	Absolute	abundances	of	bacterial	16S	small-

subunit	rRNA	gene	copies	were	determined	using	the	primer-set	Eub338/Eub518	(Fierer	

et	 al.,	 2005).	 Quantitative	 PCR	 reactions	 were	 carried	 out	 on	 a	 Rotor-Gene	 Q	

thermocycler	 (Qiagen)	 in	 a	 final	 volume	 of	 15	 μl,	 containing	 1X	 GoTaq®	 Sybr	 Green	

Master	Mix	(Promega),	100	nM	of	each	primer	and	1.5	μl	of	template	DNA.	Quantitative	

PCR	conditions	were	the	following:	95°C	for	2	minutes,	40	cycles	at	95°C	for	15	seconds,	

53°C	for	20	seconds	and	60°C	for	20	seconds;	at	the	end	of	the	run,	melting	curves	of	

the	PCR	products	were	obtained	through	91	cycles	from	50°C	to	95°C	with	 increase	of	

0.5°C/cycle	every	5	seconds.	Standard	curves	were	constructed	with	a	series	of	dilutions	
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ranging	 from	 50	 to	 5x107	 copies/μl.	 All	 the	 standards	 and	 samples	 were	 run	 in	

triplicates.	 R2	 between	 0.99509	 and	 0.99933	 and	 amplification	 efficiencies,	 between	

93%	 and	 96%	 were	 obtained	 across	 5	 qPCR	 assays	 performed.	 Conversion	 from	 16S	

rRNA	 gene	 copy	 numbers	 to	 bacterial	 cell	 number	was	 done	 considering	 the	 average	

16S	rRNA	gene	copy	number	(GCN)	of	each	sample	obtained	using	Copyrighter	(Angly	et	

al.,	2014),	on	the	basis	of	the	bacterial	profiles	of	the	16S	rRNA	Illumina	MiSeq	libraries	

	

Illumina	 sequencing	 and	metaphylogenomic	 analysis	 of	 16S	 rRNA	 gene.	 Illumina	 tag	

screening	of	 the	V3-V4	hypervariable	 regions	of	 the	16S	 rRNA	gene	was	performed	at	

KAUST	 (Bioscience	Core	 Lab)	 using	 the	primers	 341f	 and	785r	 (Kuczynski	et	 al.	 2012),	

following	 the	protocol	described	 in	Mapelli	et	al.	 (2017).	 The	 raw	data	obtained	 from	

Illumina	 sequencing	were	analysed	using	a	 combination	of	 the	QIIME	pipeline	 version	

1.8	(Caporaso	et	al.,	2010)	and	UPARSE	version	8	(Edgar,	2013)	as	described	in	Mapelli	

et	 al.,	 2017.	 A	 total	 of	 2,721,958	 high-quality	 16r	 RNA	 gene	 sequence	 reads	 with	 an	

average	 length	 of	 314	 bases	 were	 obtained	 after	 quality	 filtering	 and	 paired-end	

merging	 of	 the	 105	 samples.	 These	 reads	were	 clustered	 as	 OTUs	 considering	 a	 97%	

sequence	distance	similarity	and	taxonomy	was	assigned	using	QIIME’s	UClust	database.	

All	 the	 samples	 analysed	 presented	 sufficient	 diversity	 with	 an	 adequate	 sequencing	

depth	 (Good’s	 coverage	 values	 higher	 than	 0.96,	 Supplementary	 Table	 S5).	 Sequence	

reads	 have	 been	 deposited	 in	 the	 NCBI	 SRA	 database	 under	 the	 BioProject	 ID:	

PRJNA417545	(accession	number	from	SAMN07998667	to	SAMN07998771).	
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Bacterial	diversity,	taxonomic	distribution	and	statistical	analyses.	OTUs	were	filtered	

in	 order	 to	 keep	 only	 those	 presenting	 a	 relative	 abundance	 (%)	 higher	 than	 0.005.	

Bipartite	 network	 analysis	 (Dormann	 et	 al.,	 2008)	 of	 the	 bacterial	 communities	

associated	 to	 the	date	palm	root	system	(root	 tissues	and	rhizosphere)	and	oasis	bulk	

soils	has	been	executed	with	the	QIIME	script	make_bipartite_network.py	and	visualized	

using	Gephi	 (Bastian	et	al.,	 2009).	 Bray-Curtis	 distance	matrices	were	used	 to	make	a	

Principal	Coordinates	Analysis	(PCoA),	Canonical	Analysis	of	Principal	coordinates	(CAP),	

and	 to	 conduct	 the	 multivariate	 analysis	 of	 deviance	 (multivariate	 generalized	 linear	

model,	GLM).	Two	fixed	and	orthogonal	explanatory	variables	were	considered,	Fraction	

(3	 levels:	 root/rhizosphere/bulk)	 and	 Location	 (7	 levels)	 as	 well	 as	 their	 interaction	

(Fraction	×	Location).	An	analysis	of	covariance	(ANCOVA)	was	applied	to	test	whether	

the	 rate	of	decay	of	 community	 similarity	 (Bray-Curtis	 index)	along	 the	oasis	 locations	

was	different	between	 the	 three	 fractions	 (root,	 rhizosphere	and	 the	bulk	 soil).	Alpha	

diversity	indices	and	ternary	plot	were	calculated	using	the	PAST	software	(Horstemeyer	

and	Wang,	2003).	Similarity	Percentage	Analysis	(SIMPER)	has	been	performed	on	taxa	

distribution	 (phylum/class	 level)	 in	order	 to	estimate	the	more	 important	components	

contributing	 to	 define	 the	microbiota	 associated	 to	 the	 root	 system.	 The	 shared	 and	

specific	 OTUs	 among	 different	 fractions	 and	 locations	 have	 been	 defined	 with	 Venn-

diagram	 analysis	 using	 the	 software	 available	 at	 http://bioinformatics.psb.ugent.be.	

Statistical	 analyses	 (ANOVA)	 were	 conducted	 to	 test	 the	 differences	 in	 bacterial	
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abundance	 and	 community	 composition	 among	 the	 three	 fractions	 and	 among	

locations.	

	

Co-occurrence	 network	 analysis.	 Venn-diagram	 software	

(http://bioinformatics.psb.ugent.be)	has	been	used	to	compute	the	core	microbiota	of	

each	 fraction.	 The	 bacterial	 components	 (OTUs)	 composing	 the	 fraction-core	

microbiome	 (bulk	 soil,	 rhizosphere	 and	 root)	 have	 been	 used	 to	 further	 perform	 co-

occurrence	 network	 analysis.	 Co-occurrence	 and	 mutual	 exclusion	 relationships	 were	

analysed	for	each	fraction-core	microbiome	to	explore	putative	interactions	among	the	

bacterial	 components	 (significant	 nodes),	 using	 the	 CoNet	 plugin	 in	 Cytoscape	 3.4	

(Weiss	et	al.,	2016;	Faust	et	al.,	2012).	To	build	the	network	we	combined	an	ensemble	

of	 the	 Pearson	 and	 Spearman	 correlation	 coefficients,	 and	 the	 Bray-Curtis	 (BC)	 and	

Kullback-Leibler	(KLD)	dissimilarity	indices.	To	compute	the	statistical	significance	of	the	

co-occurrence/mutual	 exclusion	 events	 we	 normalized	 the	 data	 obtained	 from	 edge-

specific	permutation	and	bootstrap	score	distributions	with	1,000	 iterations;	capturing	

the	similarity	introduced	by	compositionality	alone.	p-value	was	calculated	by	z-scoring	

the	permuted	null	and	bootstrap	confidence	interval	using	pooled	variance	(Barberán	et	

al.,	 2012).	 The	 clustering	 coefficient,	 the	 neighbourhood	 connectivity	 distribution,	

betweeness	centrality	and	the	topological	coefficient	were	calculated	among	the	most	

important	statistical	descriptors	of	the	networks	(Blondel	et	al.,	2008).	For	visualization	

and	 characterization	 of	 the	 node	 centralisation	 traits	 we	 normalized	 the	 values	 of	
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betweenness	centrality,	closeness	centrality	and	degree	using	a	standardization	method	

(n1).	We	 tested	 the	 effect	 of	 fraction	 and	 phylum/class	 affiliation	 on	 the	 three	main	

centrality	 parameters	 (degree	 of	 connection,	 closeness	 centrality,	 betweenness	

centrality	and	average	path	length).	An	analysis	of	deviance	GLM	was	performed	using	a	

quasi-Poisson	distribution	of	error	 for	 the	degree	of	 connection,	 and	a	quasi-binomial	

distribution	for	the	closeness	and	betweenness	centrality.	For	the	average	path	 length	

an	 ANOVA	 was	 performed	 using	 a	 normal	 distribution.	 The	 obtained	 networks	 were	

visualized	using	Gephi	0.9.1	(Bastian	et	al.,	2009).	

	

Functional	prediction.	Tax4Fun	was	used	to	predict	functional	potential	of	the	bacterial	

core	 microbiota	 starting	 from	 the	 OTUs	 tables	 (Aßhauer	 et	 al.,	 2015).	 The	 software	

package	generates	a	relative	abundance	of	Kyoto	Encyclopedia	of	Genes	and	Genomes	

(KEGG)	 orthology	 (KO)	 groups	 associated	 with	 each	 sample	 on	 matches	 of	 the	

representative	 sequence	 from	each	OTU	 to	 KEGG	organisms.	QIIME	was	 used	 to	 pre-

process	 raw	 sequence	 data	 for	 Tax4Fun	 as	 described	 on	 the	 Tax4Fun	 website	

(http://tax4fun.gobics.de/).	 Formatted	 sequences	 were	 de	 novo	 clustered	 at	 0.97	

sequence	 similarity	 and	 representative	 sequences	 were	 selected.	 Then,	 taxonomic	

information	 was	 assigned	 using	 Silva	 119	 downloaded	 from	 the	 Tax4Fun	 website.	

Tax4Fun	is	a	package	that	transforms	the	SILVA-based	OTUs	into	a	taxonomic	profile	of	

KEGG	 organisms,	 which	 is	 normalized	 by	 the	 16S	 rRNA	 copy	 number	 (obtained	 from	

NCBI	 genome	 annotations).	 KEGG	 orthologs	 (KO)	 involved	 in	 PGP	mechanisms	 (auxin	
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production,	ACC	deaminase	activity,	nitrogen	metabolism,	among	others)	were	obtained	

using	the	KEGG	database	and	several	reviews	(Sashidhar	and	Podile,	2010;	Kaiser	et	al.,	

2016;	Kanehisa	et	al.,	2017).	

	

Presence	 of	 Pseudomonas	 PGP	 strains	 E102	 and	 E141	 in	 date	 palm	 root	 system	 in	

Tunisian	oases.	Presence	evaluation	and	quantification	of	two	described	PGP	bacteria,	

Pseudomonas	 spp.	 E102	 and	 E141,	 previously	 isolated	 from	 date	 palm	 root	 tissues	

(Cherif	et	al.,	2016)	have	been	performed.	The	16S	rRNA	gene	sequences	of	the	isolates	

E102	and	E141	were	blasted	against	the	Pseudomonas	OTU	sequences	identified	by	the	

high	 throughput	 sequencing.	 The	 OTUs	 sequences	 were	 aligned	 using	 the	 SILVA	

Incremental	 Aligner	 SINA,	 (Pruesse	 et	 al.,	 2012).	 The	 conserved	 blocks	 were	 selected	

with	 the	Gbloks	 software	 (Talavera	et	 al.,	 2007).	 A	 phylogenetic	 analysis	 of	 identified	

OTUs	 (99%)	 was	 performed	 using	 Molecular	 Evolutionary	 Genetic	 Analysis	 MEGA7	

(Kumar	et	al.,	2016)	applying	the	neighbour-joining	method	(Saitou	and	Nei,	1987),	with	

1,000	replicates	as	a	bootstrap	test.	
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3.6	Supplementary	material	
	
Supplementary	Figure	S1.	Picture,	location	and	description	of	selected	oasis.		

	

	
	
Location	 Code	 Classification	 Coordinates	 Influence	 Climate	

Gabes	 A	 Coastal		 N36°19'27.00"	
E01°00'50.00"	 Sea	coast	 Semi-arid	

Ksar	Ghilane	 B	 Saharan	 N32°58'48.02"	
E09°38'19.85"	 Desert	 Saharan	

Douz	 C	 Saharan	 N33°26'753"	
E09°00'814"	 Desert/	Chott	System	 Saharan	

Rjim	Maatoug	 D	 Saharan	 N33°31'80.49''	
E07°98'8262''	 Desert	 Saharan	

Hazoua	 E	 Saharan	 N33°73'81.56''	
E07°59'97.57''	 Desert/Chott	System	 Saharan	

Tozeur	 F	 Saharan	 N33°91'22.65''	
E08°15'58.89''	 Chott	System	 Saharan	

Tamerza	 G	 Mountain	 N34°23'00"	
E07°56'08"	 Seashore	Water	 Arid	
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Supplementary	 Figure	 S2.	 Phylogenetic	 tree	 of	 PGP	 Pseudomonas	 spp.	 isolated	 from	 date	 palm	 root	
tissues	(Cherif	et	al.,	2016)	and	Pseudomonas	OTUs	retrieved	from	the	metagenomics	analysis	performed	
in	this	work.	

	
	
	
Supplementary	Figure	S3.	Taxa	affiliation	of	nodes	in	root,	rhizosphere	and	bulk	soil	networks.	
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Supplementary	Figure	S4.	Centrality	measure	of	network	analysis.	(A)	Degree	of	connection,	(B)	average	
path	lenght,	(C)	closeness	centrality	and	(D)	betweenness	centrality	have	been	reported	considering	the	
taxonomic	affiliation	of	the	nodes	in	the	three	fractions	(bulk	soil,	rhizosphere	and	root).	

	

	
Supplementary	Table	S1.	Number	of	shared	OTUs	among	the	three	fractions	in	each	oasis	studied.	

	
A)	 Fraction	 N.	of	OTUs	 	 B)	 Fraction	 N.	of	OTUs	

	 Bulk	 337	 	 	 Bulk	 1035	

	 Rhizosphere	 778	 	 	 Rhizosphere	 717	

	 Root	 267	 	 	 Root	 271	

	 Overall	unique	OTUs	 867	 	 	 Overall	unique	OTUs	 1090	

	 Core-Shared	OTUs	 101	(12%)	 	 	 Core-Shared	OTUs	 213	(20%)	
	 	 	 	 	 	 	C)	 Fraction	 N.	of	OTUs	 	 D)	 Fraction	 N.	of	OTUs	

	 Bulk	 412	 	 	 Bulk	 904	

	 Rhizosphere	 539	 	 	 Rhizosphere	 702	

	 Root	 279	 	 	 Root	 309	

	 Overall	unique	OTUs	 731	 	 	 Overall	unique	OTUs	 1010	

	 Core-Shared	OTUs	 104	(14%)	 	 	 Core-Shared	OTUs	 235	(23%)	
	 	 	 	 	 	 	E)	 Fraction	 N.	of	OTUs	 	 F)	 Fraction	 N.	of	OTUs	

	 Bulk	 1030	 	 	 Bulk	 1086	

	 Rhizosphere	 675	 	 	 Rhizosphere	 931	

	 Root	 160	 	 	 Root	 358	

	 Overall	unique	OTUs	 1085	 	 	 Overall	unique	OTUs	 1122	

	 Core-Shared	OTUs	 112	(10%)	 	 	 Core-Shared	OTUs	 318	(28%)	
	 	 	 	 	 	 	G)	 Fraction	 N.	of	OTUs	 	 	 	 	
	 Bulk	 1051	 	 	 	 	
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	 Rhizosphere	 927	 	 	 	 	
	 Root	 206	 	 	 	 	
	 Overall	unique	OTUs	 1114	 	 	 	 	
	 Core-Shared	OTUs	 160	(14%)	 	 	 	 	
	
	
Supplementary	 Table	 S2.	Multi	 variate	 analysis	 of	 deviance	 to	 evaluate	 the	 percentage	 of	 bacterial	
community	variance	explained	by	(A)	the	interaction	among	location	and	fraction	factors	and	(B)	the	one	
explained	 by	 the	 singles	 factors.	 Effect	 of	 location	 has	 been	 also	 quantify	 calculating	 the	 variance	
explained	by	different	oasis	for	each	fractions	(C,	bulk	soil;	D,	rhizosphere;	E,	root).	
	
A)	Model	Tested	 Df	 AIC	 Difference	AIC	 %	
	 	 202325	 	 	
Removing	Fraction	×	Location	 15012	 227440	 25115	 12	
	 	 	 	 	
B)	Model	Tested	 Df	 AIC	 Difference	AIC	 %	

	 	
227440	

	 	Removing	Fraction	 2502	 275494	 48054	 21	
Removing	Location	 7506	 264059	 36619	 16	

	
C)	Model	Tested	for	Bulk		 Df	 AIC	 Difference	AIC	 %	

	 	
88626	

	 	Removing	Location	 7506	 130198	 41572	 31	
	
D)	Model	Tested	for	Rhizosphere	 Df	 AIC	 Difference	AIC	 %	

	 	
76569	

	 	Removing	Location	 7506	 89694	 13125	 17	
	
E)	Model	Tested	Root	 Df	 AIC	 Difference	AIC	 %	

	 	
29280	

	 	Removing	Location	 7506	 34210	 4930	 14	
	

	

	

	

	

	

	

	

	

	

Supplementary	Table	S3.	Number	of	sequence	and	diversity	 indices	calculated	on	the	OTUs	(97%)	table	
considering	(A)	the	factor	‘Fraction’	(root,	rhizosphere	and	bulk	soil)	and	(B)	the	interaction	among	factors	
‘Fraction’	 and	 ‘Location’.	 Data	 have	 been	 reported	 as	 average	 ±	 standard	 error	 calculated	 on	 the	 35	
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replicates	 and	 5	 replicates	 in	 (A)	 and	 (B),	 respectively.	 Results	 of	 one-way	 ANOVA	 (Tukey's	 Multiple	
Comparison	Test)	have	been	reported	for	Richness	and	Evenness	diversity	indices,	considering	the	factor	
‘Fraction’	or	‘Location’	(A	and	B,	respectively).	
	
Fraction	 N.	sequence	 Richness	(N.	OTUs)	 Evenness	(J)	
Root	 37182	±	3772	 112	±	10	(a)	 0.379	±	0.0277	(a)	
Rhizosphere	 19280	±	1109	 391	±	36	(ab)	 0.4936	±	0.0283	(a)	
Bulk	soil	 22056	±	2865	 615	±	132	(b)	 0.7657	±	0.0433	(b)	
ANOVA	 	 p	=	0.0011	 p	<	0.0001	

	
Fraction	 Location	 N.	sequence	 Richness	(N.	OTUs)	 Evenness	(J)	
Root	 A	 29855	±	7616	 136	±	19	 0.4327	±	0.0228	

	 B	 44308	±	10252	 105	±	21	 0.3364	±	0.0229	

	 C	 20194	±	4700	 123	±	21	 0.3825	±	0.0394	

	 D	 41354	±	9072	 112	±	34	 0.2376	±	0.1062	

	 E	 45083	±	4998	 69	±	6	 0.4075	±	0.0253	

	 F	 47209	±	4747	 147	±	37	 0.3984	±	0.0361	
		 G	 32269	±	3962	 89	±	10	 0.458	±	0.0159	
ANOVA	 	 	 p	=0.29	 p	=0.06	
Rhizosphere	 A	 20600	±	9309	 369	±	105	 0.5212	±	0.0446	

	 B	 13297	±	2765	 361	±	70	 0.5007	±	0.0385	

	 C	 22846	±	3335	 270	±	36	 0.3869	±	0.0244	

	 D	 18667	±	2670	 355	±	59	 0.3937	±	0.0788	

	 E	 19903	±	4047	 521	±	58	 0.5678	±	0.0407	

	 F	 19903	±	5146	 521	±	115	 0.5678	±	0.0696	
		 G	 19742	±	6198	 340	±	138	 0.5171	±	0.066	
ANOVA	 	 	 p	=0.64	 p	=0.20	
Bulk	soil	 A	 10366	±	3891	 95	±	43	(a)	 0.5867	±	0.0611	(a)	

	 B	 25017	±	5633	 737	±	107	(bc)	 0.7721	±	0.0753	(bc)	

	 C	 12075	±	3668	 158	±	71	(a)	 0.6227	±	0.0622	(ac)	

	 D	 24700	±	6332	 622	±	55	(c)	 0.8133	±	0.0187	(b)	

	 E	 26362	±	3276	 906	±	31	(b)	 0.8581	±	0.0124	(b)	

	 F	 26362	±	3021	 906	±	18	(b)	 0.8581	±	0.0122	(b)	
		 G	 29510	±	5537	 881	±	30	(b)	 0.8493	±	0.0088	(b)	
ANOVA	 	 	 p	<	0.0001	 p	<	0.0001	
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Supplementary	Table	S4.	Contributions	of	variables	to	similarity	(SIMPER)	analysis	based	on	Bray-Curtis	
dissimilarity	indexes	at	phylum/class	level	identifying	the	major	phyla/class	contributing	to	the	
dissimilarities	between	different	fractions.	

	

Rhizosphere	vs	Bulk	soil:	average	dissimilarity	24.59	

Phylum/Class	
Rhizosphere	 Bulk	soil	 Contribution	to	

dissimilarity	(%)	Av.	Abund	 Av.	Abund	
Chloroflexi	 3.86	 6.63	 14.33	
Deltaproteobacteria	 2.69	 5.27	 13.15	
Actinobacteria	 5.35	 8.3	 12.78	
Acidobacteria	 3.59	 6	 12.68	
Other	 4.32	 6.18	 12.21	
Bacteroidetes	 5.74	 6.07	 10.47	
Firmicutes	 4.18	 5.32	 10.44	
Gammaproteobacteria	 9.19	 7.35	 7.92	
	 	 	 	Rhizosphere	vs	Root:	average	dissimilarity	27.00	

Phylum/Class	 Rhizosphere	 Root	 Contribution	to	
dissimilarity	(%)	Av.Abund	 Av.Abund	

Other	 4.32	 1.24	 15.84	
Chloroflexi	 3.86	 0.9	 14.2	
Bacteroidetes	 5.74	 3.32	 12.97	
Acidobacteria	 3.59	 1.05	 12.77	
Actinobacteria	 5.35	 3.18	 11.88	
Firmicutes	 4.18	 2.13	 10.4	
Deltaproteobacteria	 2.69	 0.63	 10.32	
Gammaproteobacteria	 9.19	 10.32	 6.27	
	 	 	 	Bulk	soil	vs	Root:	average	dissimilarity	42.84	

Phylum/Class	 Bulk	soil	 Root	 Contribution	to	
dissimilarity	(%)	Av.Abund	 Av.Abund	

Chloroflexi	 6.63	 0.9	 14.97	
Actinobacteria	 8.3	 3.18	 13.84	
Other	 6.18	 1.24	 13.26	
Acidobacteria	 6	 1.05	 12.88	
Deltaproteobacteria	 5.27	 0.63	 11.78	
Bacteroidetes	 6.07	 3.32	 10.82	
Firmicutes	 5.32	 2.13	 10.27	
Gammaproteobacteria	 7.35	 10.32	 8.09	
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Supplementary	Table	S5.	Good’s	coverage	values.	
	

Good’s	coverage	value	
A	 B	 C	 D	 E	 F	 G	

A1	 0.99	 B1	 0.97	 C1	 0.99	 D1	 0.98	 E1	 0.99	 F1	 0.98	 G1	 0.99	
A2	 0.97	 B2	 0.98	 C2	 0.99	 D2	 0.99	 E2	 0.97	 F2	 0.99	 G2	 0.99	
A3	 0.99	 B3	 0.97	 C3	 0.99	 D3	 0.98	 E3	 0.98	 F3	 0.98	 G3	 0.99	
A4	 1.00	 B4	 0.98	 C4	 0.99	 D4	 0.99	 E4	 0.98	 F4	 0.98	 G4	 0.99	
A5	 0.98	 B5	 0.99	 C5	 0.99	 D5	 0.98	 E5	 0.98	 F5	 0.97	 G5	 0.99	
A6	 1.00	 B6	 0.99	 C6	 1.00	 D6	 0.96	 E6	 0.96	 F6	 0.96	 G6	 0.98	
A7	 1.00	 B7	 0.98	 C7	 0.99	 D7	 0.99	 E7	 0.98	 F7	 0.98	 G7	 0.97	
A8	 1.00	 B8	 0.97	 C8	 1.00	 D8	 0.99	 E8	 0.98	 F8	 0.98	 G8	 0.98	
A9	 0.99	 B9	 0.97	 C9	 0.99	 D9	 0.98	 E9	 0.98	 F9	 0.98	 G9	 0.96	
A10	 1.00	 B10	 0.98	 C10	 0.98	 D10	 0.99	 E10	 0.98	 F10	 0.96	 G10	 0.98	
A11	 1.00	 B11	 1.00	 C11	 1.00	 D11	 1.00	 E11	 1.00	 F11	 1.00	 G11	 1.00	
A12	 1.00	 B12	 1.00	 C12	 0.99	 D12	 1.00	 E12	 1.00	 F12	 1.00	 G12	 1.00	
A13	 1.00	 B13	 1.00	 C13	 1.00	 D13	 1.00	 E13	 1.00	 F13	 1.00	 G13	 1.00	
A14	 1.00	 B14	 1.00	 C14	 1.00	 D14	 1.00	 E14	 1.00	 F14	 1.00	 G14	 1.00	
A15	 1.00	 B15	 1.00	 C15	 0.99	 D15	 1.00	 E15	 1.00	 F15	 1.00	 G15	 1.00	
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Chapter	4:	Date	palm	root-associated	Pseudomonas	as	Plant	Growth	
Promoting	bioresource	
	

Abstract	

	

Plant	 roots	 are	 densely	 colonized	 by	 microorganisms,	 some	 of	 them	 able	 to	 confer	

beneficial	 ecological	 services	 and	 enhance	 growth	 promotion	 and	 protection	 against	

abiotic	 stress.	 The	 bacterial	 genus	 Pseudomonas	 is	 one	 of	 the	most	 abundant	 in	 the	

plant	 rhizosphere	 and	 the	 root	 tissues,	 and	 includes	 several	 members	 carrying	 plant	

growth	 promoting	 (PGP)	 traits.	 Here,	 I	 studied	 two	 date	 palm	 endophytic	 bacteria	

previously	 selected	 to	 protect	 their	 natural	 host	 plant	 from	 drought	 stress.	 In	 planta	

tests	 on	 Arabidopsis	 thaliana	 showed	 that	 the	 PGP	 traits	 of	 the	 two	 Pseudomonas	

endophytes	 were	 stress-dependent	 and	 protected	 the	 plant	 host	 also	 from	 salinity	

stress.	The	promotion	and	protection	effects	mediated	by	 the	two	strains	were	auxin-

dependent	 and	 affected	 root	 development	 and	 architecture	 both	 in	 presence	 and	

absence	of	salt	stress.	 In	vivo	tests	with	Arabidopsis	mutant	and	reporter	lines	of	gene	

involved	 in	 the	auxin	pathway,	confirmed	the	role	of	auxin	 in	 the	bacterial-dependent	

plant	resistance	to	salinity.	The	analysis	of	the	bacterial	genomes	revealed	the	presence	

of	 traits,	 such	as	auxin	production,	ACC	deaminase	activity,	and	synthetic	pathways	of	

compatible	 solutes,	potentially	 involved	 in	 the	enhancement	of	 the	host	 resistance	 to	

salinity.	Such	multiple	PGP	traits	suggests	that	the	salinity	stress-resistance	mediated	by	
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the	 two	 Pseudomonas	 strains	 is	 the	 result	 of	 different	 but	 interconnected	 PGP	

strategies.	

	

Keywords:	Beneficial	microorganisms,	Abiotic	stress,	Endophytes,	Plant	growth	

promoting	bacteria,	Plant-microbe	interaction,	Date	palm	

	

4.1	Introduction	
	

Under	stressful	conditions,	plants	rely	on	the	ability	to	rapidly	adjust	their	physiology	to	

secure	 survival	 and	 mitigate	 the	 effects	 of	 environmental	 changes	 (Osakabe	 et	 al.,	

2014).	At	the	same	time,	the	beneficial	microbial	community	(Plant	Growth	Promoting,	

PGP	 microorganisms)	 naturally	 associated	 with	 plants	 extends	 the	 host’s	 metabolic	

repertoire,	improving	plant’s	fitness	in	terms	of	environmental	adaptation	(Rodriguez	et	

al.,	2008;	Hacquard	et	al.,	2015).	PGP	microorganisms	are	able	to	influence	several	plant	

responses,	 especially	 to	 abiotic	 stresses	 such	 as	 salinity	 and	 drought,	 inducing	

morphological,	 physiological	 and	 biochemical	 changes	 (Glick	 &	 Glick	 2012;	 Ngumbi	 &	

Kloepper	2016).	They	can	act	as	biofertilizers,	biostimulators	and	bioprotectors	through	

several	 direct	 and	 indirect	 mechanisms	 that	 can	 act	 synergically	 to	 mediate	 plant	

tolerance	to	stress	(Bashan	&	Holguin,	1998;	Glick	&	Glick,	2012).	In	this	sense,	we	can	

say	 that	microorganisms	are	able	 to	provide	a	beneficial	ecological	 service,	playing	an	

important	role	 in	the	protection	of	the	plant	(Daffonchio	et	al.,	2015).	Under	changing	
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global	 environmental	 conditions,	 a	 systematic	 screening	 and	 testing	 of	 PGP	

microorganisms	 for	 bestowing	 upon	 plant	 tolerance	 to	 abiotic	 stress	would	 be	 highly	

valuable	 for	 agriculture	 production	 (Bashan	 &	 Holguin	 2002;	 Compant	 et	 al.,	 2010;	

Marasco	et	al.,	2012;	Mapelli	et	al.,	2013).		

Adaptive	 plant	 response	 to	 abiotic	 stress	 is	 strongly	 linked	 to	 the	 rapid	 response	 of	

belowground	microbial	 communities	 interacting	with	 the	 plant	 (Lau	&	 Lennon,	 2012).	

Plant	tolerance	to	abiotic	stress	such	as	drought	and	salinity	 is	achieved	by	changes	 in	

the	 bacterial	 communities	 towards	 assemblages	 that	 are	 metabolically	 and	

physiologically	 fitted	 for	 abiotic	 stress	 adaptation	 (Lau	 &	 Lennon,	 2011).	 Microbial	

communities	 associated	 with	 plants	 growing	 in	 arid/saline	 environments	 provide	

important	ecological	 services	 involved	 in	plant	protection	and	promotion,	 including	 (i)	

production	of	exopolysaccharides	 to	 increase	water	uptake	 (Sandhya,	et	al.,	2009);	 (ii)	

accumulation	of	osmolytes	 to	 reduce	cell	dehydration	 (Csonka	1991);	 (iii)	mechanisms	

to	 alleviate	 oxidative	 stress	 (Flowers	 et	 al.,	 2015);	 and	 (iv)	 synthesis	 of	 hormone-like	

substances	to	modify	the	root	system	traits	(Glick	et	al.,	2007;	Spaepen	et	al.,	2009).	

Since	date	palm	(P.	dactiliphera	L.,	family	Aracaceae)	 is	known	to	be	highly	adapted	to	

the	 harsh	 desert	 conditions,	 water	 limitation,	 heat	 and	 relatively	 high	 levels	 of	 soil	

salinity	 (Zaid	 &	 de	Wet	 2002),	 its	 associated	microbiome	 is	 supposed	 to	 significantly	

contribute	 to	 the	 host’s	 resistance	 to	 abiotic	 stress	 (Cherif	 et	 al.,	 2015;	 Yaish	 et	 al.,	

2015).	 A	 recent	work	 demonstrated	 that	 two	Pseudomonas	 strains,	Pseudomonas	 sp.	

E102	and	141,	isolated	from	the	root	tissues	of	date	palm	cultivated	in	a	desert	oasis	in	
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the	Grand	Erg	Oriental	of	 the	Tunisian	Sahara,	are	able	 to	promote	date	palm	growth	

under	 stress	 significantly	 increasing	 date	 palm	 root	 and	 shoot	 biomass	 (Cherif	 et	 al.,	

2015).	

Pseudomonas	spp.	 is	a	genus	of	aerobic	Gram-negative	bacteria	that	are	ubiquitous	 in	

nature.	They	have	been	known	for	 long	as	typical	soil	 inhabitants,	representing	one	of	

the	 most	 abundant	 genera	 in	 the	 microbial	 community	 of	 the	 plant	 root	 system	

(Mercado-Blanco	&	 Bakker	 2007).	 Several	Pseudomonas	 species,	 such	 as	P.	 putida,	P.	

fluorescens,	and	P.	brassicacearum	among	others,	are	known	as	beneficial	plant	growth	

promoting	(PGP)	bacteria	(Sandhya	et	al.,	2010;	Ortet	et	al.,	2011;	Sarma	&	Saikia	2014;	

Martínez-García	 et	 al.,	 2015).	 Beneficial	 Pseudomonas	 spp.	 strains	 are	 known	 to	

promote	 the	 growth	 of	 its	 host	 acting	 as	 (i)	 biostimulator,	 influencing	 the	 hormone	

balance	and	plant	development;	(ii)	biofertilizer,	favoring	nutrients	and	minerals	uptake;	

and	(iii)	biocontroller,	controlling	phytopathogen	attacks	(Gardner	et	al.	1984;	Weller	&	

Cook	 1986).	 To	 exert	 their	 beneficial	 services,	 PGP	 pseudomonads	 must	 successfully	

colonize	the	host	compartments,	establishing	and	persisting	in	the	rhizosphere	and/or	in	

the	 plant	 tissues	 (Kloepper	 1994).	 Several	 examples	 of	 endophytic	 non-pathogenic	

interactions	 between	 pseudomonads	 and	 plants	 have	 been	 reported	 in	 many	 plants,	

including	 grapevines,	 soybean,	 cotton,	 rice,	 potato	 and	 ornamental	 plants	 (Mercado-

Blanco	&	Bakker	2007;	Surette	et	al.	2003;	Kuklinsky-Sobral	et	al.	2004;	Vega	et	al.	2005;	

Ruzzi	&	Aroca	2015).	The	most	described	PGP	mechanism	carried	out	by	Pseudomonas	

strains	is	the	production	of	phytohormone-like	molecules,	involved	in	the	biostimulation	

of	root	system	growth	and	development	(Kuklinsky-Sobral	et	al.	2004;	Wang	et	al.	2005;	



	 177	

Kong	 et	 al.	 2017).	 Plant	 hormones	 coordinate	 adaptive	 changes	 in	 root	 cell	

differentiation	 and	 division	 bringing	 up	 architectural	 changes	 in	 the	 root-system	

(Persello-Cartieaux	 et	 al.	 2001).	 It	 has	 been	 observed	 that	 the	 synthesis	 by	 PGP	

Pseudomonas	strains	of	phytohormone-like	molecules,	such	as	auxin,	causes	changes	in	

the	root	system	architecture	of	the	plant	by	promoting	the	formation	of	secondary	roots	

and	root	hairs	that	can	improve	the	root’s	exploratory	capacity	for	nutrients	and	water	

(Persello-Cartieaux	et	al.	2001;	Zamioudis	et	al.	2013;	Zerrouk	et	al.	2016).	Although	the	

mechanisms	underpinning	root	architectural	changes	and	growth	promotion	induced	by	

Pseudomonas	sp.	are	starting	to	be	elucidated,	still	little	is	known.	

The	aim	of	this	study	is	to	characterize	the	genetic	and	functional	potential	of	the	date-

palm	Pseudomonas	endophytes	E102	and	E141	(Cherif	et	al.	2015)	in	order	to	determine	

which	 bacterial	 traits	 play	 a	 role	 in	 assisting	 plant	 growth	 and	 stress	 tolerance.	 The	

prediction	 of	 genes	 and	 the	 potential	 pathways	 involved	 in	 plant	 growth	 promotion,	

combined	with	the	examination	of	PGP	activity	 in	planta	provide	the	understanding	of	

how	the	selected	endophytes	are	able	to	assume	a	role	for	plant	growth	under	stress.	
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4.2	Results	
	

Plant	 growth	 promotion	 and	 root	 system	 structural	 changes	 exerted	 by	

strains	E102	and	E141	under	normal	and	salt	stress	conditions	

	

The	phylogenetic	position	of	endophytes	E102	and	E141	(Cherif	et	al.,	2015)	within	the	

Pseudomonas	genus	was	characterized	by	multi-locus	sequence	analysis	 (MLSA)	based	

on	107	single-copy	essential	genes	(Figure	1).	The	two	bacterial	strains	appeared	as	two	

separate	 species	 slightly	 different	 from	 the	 other	Pseudomonas	 species	 considered	 in	

the	phylogenetic	analysis.	Closest	relatives	to	the	strains	were	P.	frederiksbergensis	for	

strain	E102	and	P.	fluorescens	for	strain	E141.	

Here,	In	order	to	determine	that	the	two	strains	can	provide	beneficial	services	to	plants	

other	 than	 date	 palm	 (Cherif	 et	 al.,	 2015),	 we	 tested	 them	 on	 Arabidopsis	 thaliana	

(family	 Brassicaceae).	 Salt	 stress	 has	 been	 selected	 as	 abiotic	 stress	 as	 it	 is	 another	

environmental	 feature	 of	 desert	 ecosystems	 to	 which	 date	 palm	 is	 partially	 tolerant	

(Yaish	&	Kumar	2015).	
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Figure	1.	Phylogenetic	affiliation	of	E102	and	E141	bacterial	strains.	Neighbour-joining	phylogenetic	tree	
of	the	multilocus	sequence	analysis	(MLSA)	based	on	107	essential	genes	of	E102,	E141	and	their	closest	
phylogenetic	neighbours.	Bootstrap	values	are	indicated	at	nodes.	Scale	bar	represents	observed	number	
of	changes	per	nucleotide	position.	
	

Both	 the	 strains	 showed	 stress-dependent	 PGP	 effects	 when	 A.	 thaliana	 Col-0	 was	

grown	 in	 the	 absence/presence	 of	 salt	 in	 the	 medium.	 Under	 normal	 conditions	 (no	

stress)	 none	 of	 the	 strains	 was	 capable	 of	 promoting	 significant	 increases	 in	 plant	

biomass	(Figure	2a).	On	the	contrary,	when	the	plants	were	subjected	to	both	moderate	

(50	mM	NaCl)	 and	 strong	 (100	mM	NaCl)	 stresses,	 the	 plant	 biomass	 (i.e.	 shoot	 and	

root)	was	 significantly	 (p<0.05)	higher	 in	 the	bacteria	 treated	 than	non	 treated	plants	

(Figure	2b	and	c).	
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Figure	2.	Effect	of	Pseudomonas	sp.	E102	and	E141	on	growth	promotion	of	A.	thaliana	Col-0	seedlings.	
Fresh	 biomass	 of	 shoot	 and	 root	 of	 A.	 thaliana	 seedlings	 exposed	 to	 different	 concentrations	 of	 the	
selected	endophytes	E102	(upper	panels)	and	E141	(lower	panels)	under	(a)	normal	conditions	(no	stress),	
(b)	moderate	 stress	 (NaCl	 50	mM),	 and	 (c)	 strong	 stress	 (NaCl	 100	mM).	 Statistical	 difference	 (p<0.05)	
respect	to	the	mock	(no	bacteria)	is	indicated	by	(*).	The	red	line	in	each	graph	indicates	the	level	of	the	
measured	parameter	in	the	mock	(plants	not	exposed	to	the	bacteria).	
	

The	bacterial	treatments	determined	changes	in	the	A.	thaliana	root	architecture	both	

in	the	absence	and	presence	of	the	salinity	stress	(Figure	3	and	4,	respectively).	Without	

stress,	the	bacterial	treatments	induced	reductions	of	the	overall	length	of	the	root,	up	

to	 57%	 and	 41%	 with	 strains	 E102	 and	 E141,	 respectively,	 when	 the	 plants	 were	

exposed	 to	 bacterial	 concentrations	 of	 107	 cells/plate	 (Figure	 3a	 and	 b,	 respectively).	

Such	 a	 reduction	 was	 bacterial	 dose-dependent	 and	 increased	 with	 the	 increased	

concentration	of	the	bacterial	cells	(Figure	3a	and	b,	respectively).	On	the	other	hand,	in	

presence	of	a	severe	salinity	stress	(100	mM	NaCl),	the	bacteria	were	able	to	induce	the	

root	 growth	 by	 increasing	 the	 overall	 length	 of	 the	 plant	 root	 respect	 to	 the	 plants	

exposed	to	salinity	but	not	 to	the	bacteria,	with	 increments	of	37%	and	23%	 in	plants	

treated	with	107	cells/plate	of	strains	E102	and	E141,	respectively	(Figure	5a	and	b).	
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Figure	3.	Effect	of	Pseudomonas	sp.	E102	and	141	on	the	root	architecture	of	A.	thaliana	Col-0	seedlings	
under	normal	condition.	Representative	images	of	seedlings	grown	in	MS	agar	under	normal	conditions	
(no	 bacterial	 cells),	 and	 seedlings	 treated	 with	 different	 cell	 concentrations	 of	 (a)	 E102	 and	 (b)	 E141	
bacterial	strains.	Photographs	were	taken	after	14	days	of	treatment.	Square	plates	with	eight	plants	(n=3	
plates	for	each	treatment).	Results	were	confirmed	by	three	independent	experiments.	
	

	
Figure	 4.	 Effect	 of	 Pseudomonas	 sp.	 E102	 and	 E141	 on	 the	 root	 architecture	 of	 A.	 thaliana	 Col-0	
seedlings	 under	 salt	 stress.	 Representative	 images	 of	 seedlings	 grown	 under	 normal	 conditions	 (no	
salt/no	bacterial	cells),	under	severe	salt	stress	(NaCl	100	mM)	without	bacterial	cells	and	under	salt	stress	
with	inoculation	(107	cells/plate)	of	E102	and	E141	bacterial	strains.	Images	of	the	shoot	are	presented	for	
each	 treatment	 in	 the	 bottom	part	 of	 the	 panels.	 Square	 plates	with	 eight	 plants	 (n=3	 plates	 for	 each	
treatment).	Results	were	confirmed	by	three	independent	experiments.	
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Characterization	of	root-morphological	changes	mediated	by	Pseudomonas	

PGP	strains	E102	and	E141	

	

Analysis	 of	 the	 root	 system	 revealed	 a	 stress-independent	 increment	 in	 the	 root-

branching	mediated	by	bacterial	treatment	that	was	observed	in	both	normal	and	stress	

conditions	 (Figure	 3	 and	 4).	 By	 using	 a	A.	 thaliana	 Col-0	 pPLT3::GUS	 reported	 line,	 a	

significantly	 higher	 (p<0.05)	 number	 of	 lateral	 root	 primordia	 were	 present	 in	 those	

seedlings	exposed	to	bacteria,	with	5.9±1	and	4.5±0.9	secondary	root	primordia	per	root	

centimetre	lenght	in	roots	treated	with	strains	E102	and	E141,	respectively.	Considering	

that	the	secondary	root	primordia	per	root	centimetre	length	in	the	non-treated	roots	

were	3.1±0.6,	bacterial	treatments	induced	increases	of	lateral	root	numbers	of	90±15%	

and	45±9%,	respectively	(Figure	5).	

	

	

Figure	 5.	 Effect	 of	 Pseudomonas	 sp.	 E102	 and	 E141	 on	 the	 root	 architecture	 of	 A.	 thaliana	 Col-0	
seedlings.	 Representative	 images	 of	pPLT3::GUS	 expression	 patterns	 and	 numbers	 (right-side	 panel)	 of	
lateral	root	primordia	of	A.	thaliana	Col-0	grown	without	bacteria	(NC)	and	after	96	h	of	treatment	with	
107	 cells/mL	 of	 bacteria.	 pPLT3::GUS	 expression	 is	 indicated	 by	 the	 blue	 color.	 The	 experiment	 was	
repeated	three	times	with	similar	results.	
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A.	thaliana	main	root	analysis	at	the	stereomicroscope	revealed	a	higher	number	of	root	

hairs	 in	 the	plants	exposed	 to	both	bacterial	 strains	 (Figure	6).	 Interestingly,	 root	hair	

proliferation	 has	 been	 observed	 starting	 already	 in	 presence	 of	 low	 concentration	 of	

bacterial	cells	(101	cell/plate	for	E102	and	102	cell/plate	for	E141).	Increases	of	bacterial	

cell	 concentrations	 in	 the	 medium	 incremented	 the	 root	 hairs	 produced	 by	 the	 root	

epidermal	 cells	 (Figure	 6a).	 Strains	 E102	 and	 E141	 were	 able	 to	 increase	 root	 hair	

formation	 from	 zero	 root	hairs	 in	 the	 control	 not	 treated	with	 the	bacteria,	 to	 72±30	

and	68±17	root	hairs,	respectively,	in	only	72	hours	from	the	inoculation.	

The	 root	 hairs	 development	 induced	 by	 bacterial	 treatments	 exhibited	 normal	 non-

hair/hair	 cells	 (N-cells/H-cells)	patterns,	as	 showed	by	 the	WER	gene	expression	along	

the	main	Arabidopsis	roots	(Figure	6b).	This	indicates	that	the	bacteria	improve	the	root	

developmental	plasticity	increasing	the	number	of	root	hairs	without	affecting	the	root	

hair	 patterning	 of	 the	 plant.	 Additional	 results	 obtained	 using	 try-cpc	mutant	 lines,	

where	the	cpc	 transcriptional	 regulator	 is	not	able	to	activate	the	root	hair	 formation,	

confirmed	that	bacteria	were	able	to	by-pass	the	physiological	mechanisms	of	the	plant	

but	exploited	its	transcriptional	regulators	to	induce	root	hair	formation/proliferation:	in	

absence	 of	 the	 cpc	 regulator	 factor,	 bacterial	 treatments	 did	 not	 promote	 root	 hair	

formation	 and	 appeared	 identical	 to	 the	 non-treated	 control,	 both	 in	 absence	 and	

presence	of	salt	stress	(Figure	6b).	
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Figure	 6.	 Effect	 of	 Pseudomonas	 sp.	 E102	 and	 E141	 on	 root	 hair	 formation.	 (a)	 Representative	
stereomicroscope	images	of	5-day	old	A.	thaliana	Col-0	root	tips	(n=20)	without	treatment	(No	cells)	and	
after	 72	 h	 of	 treatment	with	 different	 concentrations	 of	 strains	 E102	 and	 E141	 cells.	 The	 experiments	
performed	with	and	without	stress	showed	similar	results,	which	were	confirmed	by	three	 independent	
experiments.	(b)	Left	panel	shows	representative	confocal	images	of	WER::CFP	reporter	line	of	A.	thaliana	
Col-0	(n=10)	grown	without	bacteria	(NC)	and	after	72	h	of	treatment	with	107	cells/mL	of	E102	and	E141	
bacterial	 strains.	 Expression	 of	 cyan	 fluorescent	 protein	 is	 found	 in	 N-cells.	 Right	 panel	 shows	
representative	 images	 of	 A.	 thaliana	 try-cpc	 mutant	 in	 the	 untreated	 seedlings	 (NC)	 and	 after	 72	 h	
treatment	with	both	strains	E102	and	E141.	
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Effect	of	PGP	strains	E102	and	E141	on	auxin	pathway	and	distribution	 in	

Arabidopsis	root	system		

	

To	assess	the	role	of	auxin	in	the	observed	changes	in	the	root	properties	after	exposure	

to	 the	 two	 bacterial	 strains	 auxin	 content	 and	 localization	 was	 assessed	 by	 using	

DR5::GFP	A.	thaliana	Col-0	reporter	line	(Ottenschlager	et	al.,	2003).	Already	after	72	h	

of	treatment	with	bacteria,	 in	addition	to	the	auxin	maximum	located	 in	the	root	tips,	

auxin	 was	 present	 along	 the	 meristem	 of	 the	 main	 root	 (green	 signal	 in	 Figure	 7a).	

Quantification	 of	 the	 green	 fluorescence	 emitted	 by	 DR5::GFP	 showed	 that	 roots	

exposed	to	strains	E102	and	E141	displayed	7.1±3.2	and	2.2±0.8	times	higher	expression	

than	the	control,	respectively.	To	test	if	a	functional	plant	auxin	machinery	is	important	

for	 the	 growth	 promotion	 and	 salinity	 stress	 protection	 mediated	 by	 Pseudomonas	

strains	 the	 auxin-perception	 mutant	 axr3-3-DR5::GFP	 was	 used	 (Figure	 7b).	 In	 this	

mutant,	even	if	auxin	is	present,	the	active	repressor	AUX/IAA	cannot	be	ubiquitinated	

and	degraded	so	that	the	Auxin	Response	Factors	(ARF)	cannot	bind	the	promoter	and	

activate	the	auxin	response	genes	DR5	(Rouse	et	al.,	1998).	Neither	strain	E102	nor	E141	

were	able	to	induce	any	modification	in	the	root	structure	of	axr3-3-DR5::GFP	mutants,	

confirming	 that	 the	selected	bacterial	endophytes	 require	a	 functional	auxin	signalling	

pathway	to	exert	their	PGP	activities	in	planta.	
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Figure	7.	 Effect	of	Pseudomonas	 sp.	 E102	and	E141	on	auxin	distribution	 in	A.	 thaliana	 seedlings.	 (a)	
Representative	 confocal	 images	 showing	 the	 expression	 patterns	 of	 the	 auxin	 response	 genes	 DR5	
(reporter	DR5::GFP)	 in	the	untreated	control	 (NC)	and	after	72	h	of	treatment	with	E102	and	E141.	The	
expression	 of	 the	 green	 fluorescent	 protein	 reveals	 the	 presence	 of	 auxin.	 Stars	 (*)	 indicate	 the	 auxin	
maximum;	arrows	indicate	auxin	presence	along	the	main	root	central	axis.	(b)	Representative	images	of	
A.	 thaliana	 mutant	 axr-3-3	 (reporter	 system	 DR5::GFP)	 in	 the	 untreated	 seedlings	 (NC)	 and	 after	 72	 h	
treatment	with	both	bacteria.	Stars	(*)	indicate	the	auxin	maximum.	
	

Genome	 general	 features,	 functional	 annotation	 and	 PGP	 traits	 of	

Pseudomonas	spp.	E102	and	E141	bacterial	strains	

	

The	 genomes	of	 strains	 E102	 and	 E141	were	 sequenced	 and	 analyzed	 (Table	 1).	 Both	

genomes	 consisted	 of	 a	 circular	 chromosomes	 of	 6.1	 and	 5.7	Mb	 for	 E102	 and	 E141	

respectively,	without	plasmids.	Of	the	total	protein	coding	sequences	(CDSs)	85.91%	of	

strain	E102	and	86.72%	of	strain	E141	were	assigned	to	a	Cluster	Ortholog	Groups	(COG)	

category,	and	49.98%	and	49.81%	of	predicted	CDSs	were	assigned	to	a	KEGG	pathway	

class	for	strains	E102	and	E141,	respectively.	

	

	



	 187	

Table	1.	Genome	structure	and	general	functions	of	strains	E102	and	E141.	
Feature	 E102	 E141	

Genome	size	[Mb]	 5.7	 6.1	

GC-content	[%]	 60.63	 60.28	

CDSs	 5080	 5392	

rRNAs	 16	 16	

tRNAs	 68	 68	

Genes	assigned	to	COG	 4364	(85.91%)	 4676	(86.72%)	

Genes	assigned	to	KEGG	 2539	(49.98%)	 2686	(49.81%)	

	

The	functional	survey	of	PGP	traits	 in	both	genomes	revealed	that	E102	and	E141	had	

several	metabolic	pathways	 that	 could	 contribute	 to	 the	alleviation	of	abiotic-induced	

stress	(Table	2).	Both	the	E102	and	E141	genomes	had	the	genes	known	to	be	involved	

in	the	the	indole-3-acetamide	(IAM)	synthetic	pathway	of	auxin	(Spaepen	et	al.,	2007),	

the	iaaM	and	iaaH	genes.	The	genomes	analysis	also	showed	the	presence	of	the	gene	

acdS	 encoding	 for	 the	 aminocyclopropane-1-carboxilate	 (ACC)	 deaminase	 enzyme,	

which	catalyze	the	cleavage	of	the	ethylene	precursor	ACC	(Sha	et	al.,	1998),	only	in	the	

strain	 E141	 (Table	 2).	 The	 production	 of	 compatible	 solutes	 such	 as	 glycine-betain,	

proline,	 and	 trehalose	 is	 also	a	possible	 strategy	exerted	by	both	bacteria	 to	enhance	

the	 salt/drought	 tolerance	 and	 plant	 growth	 promotion	 (Jha	 et	 al.,	 2011;	 Ashraf	 &	

Fooland,	 2007).	 In	 our	 analysis,	 the	 presence	 of	 genes	 for	 the	 production	 of	 these	

osmoprotectants	 was	 proved:	 both	 bacteria	 had	 proA	 and	 proB	 genes	 encoding	 for	

gamma-glutamyl	 phosphate	 reductase	 and	 glutamate	 5-kinase	 enzymes,	 respectively,	

involved	in	the	proline	synthetic	pathway	(Sokhansanj	et	al.	2006).	Both	bacteria	hosted	
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also	the	gene	betA	encoding	for	the	oxygen-dependent	choline	dehydrogenase	enzyme	

involved	in	the	production	of	betaine	aldehyde	and	glycine-betaine,	along	with	the	betB	

gene	 involved	 in	 the	 NAD-NADP-dependent	 betaine	 aldehyde	 dehydrogenase	

conversion	 of	 betaine	 aldehyde	 into	 glycine	 betaine	 (Boch	 et	 al.	 1994	 and	 1996).	 In	

addition,	 both	 genomes	 included	 genes	 for	 proline	 and	 glycine-betaine	 transporters	

such	as	proV,	proP,	and	betT.	The	gene	treS	the	only	gene	involved	in	the	TreS	pathway	

for	trehalose	biosynthesis	(De	Smet	et	al.,	2000)	was	also	present	in	both	strains	(Table	

2).	

The	 endophytic	 behavior	 of	 strain	 E141	 was	 supported	 by	 the	 genome	 analysis.	 It	

contained	 the	 gene	 xyl3A,	 which	 encodes	 for	 1,4-beta-xylosidase	 enzyme	 involved	 in	

xylan	degradation	 (a	polysaccharide	present	 in	 the	plant	cell	walls,	 (Dodd	et	al.,	2009;	

Liu	&	Kokare,	2016),	a	common	strategy	to	colonize	plant	tissues	(Hallmann	et	al.	1997;	

Kubicek	 et	 al.	 2014).	 Additionally,	 both	 strains	 presented	 genes	 involved	 in	

exopolysaccharide	 (EPS)	 production,	 such	 as	 exoY.	 Biofertilization	 activity	 were	 also	

detected,	genes	encoding	 for	 siderophore	 transport	and	production	were	 identified	 in	

both	genomes,	however,	none	of	the	enzymatic	complexes	for	their	biosynthesis	were	

complete	 in	 either	 strain	 (de	 Souza	et	 al.	 2015).	 Several	 genes	 involved	 in	 phosphate	

solubilization	 and	 transport	 were	 found	 in	 both	 genomes,	 including	 organic	 acid	

production	 (e.g.	 gluconic	 acid,	 2-ketogluconic	 acid),	 and	 phosphonate	 degradation	

(Parker	et	al.,	1999).	Some	genes	 involved	in	nitrogen	fixation	were	as	well	 found,	but	

not	the	complete	set	of	genes	to	produce	the	nitrogenase	complex.	
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Table	 2.	 Genomic	 screening	 of	 E102	 and	 E141	 for	 PGP	 metabolic	 properties	 and	 functions	 possibly	
involved	in	plant	salt/drought-resistance.	
Gene	 Strain	 Gene	name,	function	 Reference	

E102	 E141	

iaaM	 Yes	 Yes	 Tryptophan	2-monooxygenase,	protein	involved	in	the	
pathway	of	auxin	biosynthesis	

Patten	&	Glick,	1996	

iaaH	 Yes	 Yes	 Indoleacetamide	hydrolase,	protein	involved	in	the	
pathway	of	auxin	biosynthesis	

Patten	&	Glick	,1996	

acdS	 No	 Yes	 1-aminocyclopropane-1-carboxylate	deaminase,	
involved	in	the	cleavage	of	the	ethylene	precursor		

Sha	et	al.,	1998	

proA	 Yes	 Yes	 Gamma-glutamyl	phosphate	reductase,	protein	involved	
in	the	pathway	of	proline	biosynthesis	

Hayzer	&	Leisinger,	
1982	

proB	 Yes	 Yes	 Glutamate	5-kinase,	protein	involved	in	the	pathway	of	
proline	biosynthesis	

Smith	et	al.,	1984	

proV	 Yes	 Yes	 Glycine	betaine/proline	transport	system	ATP-binding	
protein,	involved	in	glycine	betaine/proline	transport	

Barron	et	al.,	1987;	
Haardt	et	al.,	1995		

proP	 Yes	 Yes	 Proline/betaine	transoporter,	involved	in	glycine	
betaine/proline	transport		

Culham	et	al.,	1993	

betA	 Yes	 Yes	 Oxygen-dependent	choline	dehydrogenase,	protein	
involved	in	the	biosynthesis	of	the	osmoprotectant	
glycine	betaine	

Landfald	&	Strom,	
1986;	Styrvold	et	al.,	
1986	

betB	 Yes	 Yes	 NAD/NADP-dependent	betaine	aldehyde	
dehydrogenase,	protein	involved	in	the	biosynthesis	of	
the	osmoprotectant	glycine	betaine	

Landfald	&	Strom,	
1986;	Falkenberg	&	
Strom,	1990	

treS	 Yes	 Yes	 Trehalose	synthase,	involved	in	the	conversion	of	
glycogen	to	trehalose	

Pan	et	al.,	2008	

exoY	 Yes	 Yes	 Exopolisaccharide	(EPS)	production	protein	 Zhan	&	Leigh,	1990	

zwf,	gdh	
genes	

Yes	
(gdh)	

Yes	
(zwf)	

Glucose-1dehydrogenase,	involved	in	gluconic	acid	
production	

De	Werra	et	al.,	2009	

yvcT,	ghrB		 Yes	
(yvcT)	

Yes	
(ghrB)	

Gluconate-2-dehydrogenase	activity,	involved	in	the	
production	of	2-ketogluconic	acid	

De	Werra	et	al.,	2009	

phnC	 Yes	 Yes	 ATPase-coupled	organic	phosphonate	transmembrane	
transporter	activity	

Parker	et	al.,	1999	

phnX	 Yes	 No	 Phosphonoacetaldehyde	hydrolase,	involved	in	the	
cleavage	of	C-P	bond	in	phosphonoacetaldehyde	to	yield	
inorganic	phosphate	

Parker	et	al.,	1999	

xyl3A	 No	 Yes	 Xylan	1,4-beta-xylosidase,	involved	in	degradation	of	
plant	cell	wall	polysaccharides.	

Schomburg	&	
Salzmann,	1991	
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4.3	Discussion	
	

PGP	microbial	communities	present	at	the	root-soil	interface	and	within	the	plant’s	root	

compartments	have	 the	potential	 to	provide	 important	ecological	 services	 to	 the	host	

plant	by	promoting	growth	or	by	enhancing	resistance	against	biotic	and	abiotic	stress	

(Berendsen	 et	 al.,	 2012).	 Several	 factors	 affect	 the	 way	 in	 which	 these	 microbial	

communities	 are	 selected	 in	 plants,	 including	 environmental	 conditions,	 plant	

physiological	features	and	agricultural	practices	(Ferjani	et	al.,	2015;	Cherif	et	al.,	2015).	

In	this	study	we	analyzed	the	in	vivo	PGP	potential	of	two	endophytic	bacteria	isolated	

from	 the	 roots	 of	 date	 palm	 in	 a	 desert	 oasis	 in	 Tunisia	 (Cherif	 et	 al.,	 2015),	 where	

drought	and	salinity	were	the	main	stressful	factor	for	the	‘plant-metaorganism’	(Marlet	

et	al.,	2009).	In	addition,	we	performed	a	structural	and	functional	genomic	analysis	of	

both	strains	in	order	to	disentangle	the	mechanisms	involved	in	their	PGP	activity.	

The	observed	PGP	effects	exerted	by	both	strains	are	not	species-specific	as	they	have	

been	witnessed	in	a	different	host	plant.	This	implies	that	the	bacterial	strains	are	using	

general	 mechanisms	 of	 plant	 colonization	 and	 PGP	 activity	 in	 order	 to	 exert	 their	

benefits	 to	 the	 given	 host.	 The	 results	 obtained	 using	 A.	 thaliana	 depicted	 a	 stress-

dependent	 effect	 of	 both	 bacteria:	 the	 bacterial	 strains	 were	 able	 to	 promote	 the	

growth	of	both	root	and	shoot	only	under	salt	stress.	This	is	a	similar	finding	to	that	of	

Rolli	et	 al.	 (2015)	which	 reported	 that	 PGP	activities	 of	 two	 strains	 isolated	 from	arid	

environment,	including	one	Pseudomonas	sp.,	was	a	drought	stress-dependent	feature.	



	 191	

The	 overall	 changes	 induced	 by	 bacteria	 in	 the	 root	 architecture	 (higher	 number	 of	

secondary	roots	and	root	hairs)	suggested	that	the	mechanism	used	by	these	bacteria	to	

induce	 plant	 resistance	 under	 stress	 is	 aimed	 to	 increase	 the	 effective	 root	 surface	

involved	 in	 water	 and	 nutrient	 uptake	 (Tachibana	 &	 Ohta,	 1983).	 It	 is	 reasonable	 to	

consider	 that	 the	 architectural	 changes	 induced	 by	 the	 associated	 bacteria	 would	

enhance	 plant’s	 growth,	 as	 it	 is	 a	 way	 to	 increase	 the	 effective	 surface	 available	 for	

water	and	nutrient	uptake	during	stresses	(Smith	&	De	Smet,	2012).	At	the	same	time,	

an	 increase	 in	 root	branching	pays	off	as	an	 increase	 in	 the	available	 root	exudates	 in	

the	 rhizosphere,	 which	 turns	 out	 to	 be	 important	 for	 the	 thriving	 of	 microbial	

communities	at	the	rhizosphere	(Bais	et	al.,	2006).	Interestingly,	an	increase	in	root	hair	

and	 lateral	 root	 formation	 upon	 the	 presence	 of	 both	 bacteria	were	 observed	 during	

normal	conditions	of	growth	(no	stress).	This	means	that	these	architectural	changes	are	

not	alone	accountable	for	the	stress-dependent	PGP	effects	observed	in	vivo.	

On	 the	 base	 of	 the	 published	 data	 auxin	 hormones	 are	 main	 players	 implicated	 in	

affecting	the	developmental	plasticity	of	the	root	(Overvoorde	et	al.,	2010),	also	during	

PGP	 treatment	 (Zamioudis	et	 al.,	 2013).	 The	 obtained	 results	 revealed	 that	without	 a	

functional	 auxin	 machinery,	 neither	 strain	 E102	 nor	 E141	 were	 able	 to	 induce	 any	

modification	 in	 the	 root	 architecture	 of	 the	 plant,	 confirming	 that	 a	 functional	 auxin	

signalling	 pathway	 is	 required	 for	 the	 response	 of	 A.	 thaliana	 to	 the	 selected	 PGP	

endophytes.	
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Both	 selected	 bacteria	 exert	 their	 PGP	 activity	 through	 auxin-related	 mechanisms,	 a	

conserved	and	frequent	PGP	trait	in	plant-associated	microorganisms	isolated	from	arid	

agro-ecosystem.	 Analysis	 of	 their	 genomes	 revealed	 the	 presence	 of	 a	 complete	

pathway	for	auxin	biosynthesis,	supporting	the	possible	IAA	production	 in	vivo	by	both	

the	 strains	 (Cherif	et	 al.,	 2015).	 The	 comparison	 of	 the	 genomes’	 general	 parameters	

and	 functional	 assessment	 of	 the	 two	 strains	 revealed	 a	 lot	 of	 similarities	 between	

them,	 along	 with	 their	 close	 phylogenetic	 relationship.	 The	 selected	 strains	 host	 a	

relatively	 high	 number	 of	 rRNAs,	 along	 with	 several	 genes	 involved	 in	 carbohydrate	

metabolism,	depicting	a	typical	trait	of	soil	and	plant-associated	microorganisms	which	

are	 able	 to	 respond	 fast	 to	 the	 changes	 in	 nutrient	 availability	 favoring	 their	 positive	

selection	 (Klappenbach	et	al.,	2000;	Shrestha	et	al.,	2007;	Trujillo	et	al.,	2014;	Niazi	et	

al.,	2014),	especially	in	arid	environments	such	as	the	desert	oases.	Other	possible	PGP	

traits	 and	mechanisms	 can	 be	 suggested	 by	 the	 genomic	 survey,	which	 displayed	 the	

presence	 of	 several	 genes	 that	 were	 consistent	 with	 the	 in	 vitro	 traits	 previously	

observed	 by	 Cherif	 et	 al.	 (2015).	 For	 instance,	 the	 presence	 in	 strain	 E141	 of	 the	

pathway	 for	 the	 production	 of	 ACC	 deaminase,	 an	 enzyme	 able	 to	 affect	 the	

biosynthesis	of	ethylene,	a	senescence	and	stress	plant	phytohormone	(Glick	2005).	 In	

addition,	the	synthesis	of	the	osmolyte	glycine	betaine,	can	potentially	contribute	to	the	

protection	 of	 the	 plant	 under	 saline	 stress	 by	maintaining	 the	 cell	 turgor	 and	 normal	

physiological	 activities	of	 the	plant	 cells	 (Daffonchio	et	al.,	 2015).	 From	 the	 functional	

analysis,	and	the	genomic	characterization	of	both	endophytes,	we	were	able	to	identify	

PGP	 potential,	 as	well	 as	 actual	 traits	 that	might	 be	 involved	 in	 stress	 tolerance.	Our	
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data	 showed	 how	 both	 bacteria	 are	 able	 to	 interfere	 with	 the	 post-embryonic	 root	

developmental	 program	 and	 to	 promote	 the	 growth	 of	 the	 host	 plant	 under	 salinity	

stress.	

	

4.4	Conclusion	

	

In	planta	tests	and	genomic	analysis	of	date	palm	endophytic	strains	Pseudomonas	sp.	

E102	and	Pseudomonas	sp.	E141	confirmed	not	only	their	abilities	as	PGP	bacteria,	but	

also	their	capacity	to	induce	plant’s	tolerance	to	salt	stress.	Increment	in	plant	biomass	

and	architectural	modifications	 in	the	root	system	were	the	changes	 induced	by	these	

bacteria.	 Auxin	 production	 was	 proposed	 as	 the	 principal	 strategy	 to	 promote	 plant	

growth	as	 the	observed	 root	modifications	match	 those	 induced	by	high	 levels	of	 this	

phytohormone.	 Through	 genomic	 screening,	 the	 genes	 involved	 in	 the	 auxin	

biosynthetic	 pathway	were	 found	 in	 both	 bacterial	 genomes,	 along	with	 other	 genes	

that	 could	 contribute	 to	 the	 bacterial	 biomoprotion	 and	 bioprotection	 under	 stress,	

such	as	ACC	deaminase	activity	and	osmolyte	biosynthesis.	

This	 work	 confirmed	 the	 functional	 potential	 of	 PGP	 Pseudomonas	 spp.	 strains	

associated	 with	 a	 desert-adapted	 crop	 (i.e.	 date	 palm)	 offering	 an	 insight	 into	 the	

possible	mechanisms	of	plant	growth	promotion.	Further	research	needs	to	be	done	in	

order	to	elucidate	the	details	of	the	molecular	mechanisms	involved,	considering	as	well	

the	complex	nature	of	the	microbiome	associated	with	date	palm.	
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4.5	Material	and	Methods	
	

Selection,	growth	conditions	and	phylogenetic	analysis	of	PGP	bacterial	 strains	E102	

and	E141.	The	bacterial	strains	(named	E102	and	E141)	were	inoculated	in	30	ml	Tryptic	

Soy	Broth	(TSB,	SIGMA)	and	incubated	overnight	at	30˚C.	The	bacterial	cultures	obtained	

were	used	for	the	further	experiments.	A	stock	culture	of	each	pure	bacterial	strain	was	

stored	 in	25%	glycerol	 at	 -80°C.	Genomic	DNA	was	extracted	 from	 fresh	 culture	using	

the	Qiagen	Genomic-tip	100/G	kit	 (Qiagen,	2001)	according	to	the	sample	preparation	

and	lysis	protocol	for	bacteria	found	at	the	Qiagen	Genomic	DNA	Handbook	(2001).	DNA	

quantity	was	checked	by	agarose	gel	electrophoresis	using	a	Qubit	3.0	fluorometer.	One	

DNA	aliquot	 (~20	μg	of	DNA)	 for	each	strain	was	sent	to	the	KAUST	Core	Lab	facilities	

sequencing	service.	Genome	sequencing	was	performed	using	a	PacBio	Single	Molecule,	

Real-Time	(SMRT)	Sequencing	System.	To	evaluate	the	taxonomical	affiliation	of	strains	

E102	 and	 E141,	 a	 phylogenetic	 analysis	 was	 performed	 using	 multi-locus	 sequence	

analysis	 (MLSA).	 Sequences	 were	 extracted	 from	 the	 annotation	 results	 and	 were	

aligned	using	the	SILVA	Incremental	Aligner	(SINA)	software	(Pruesse	et	al.	2012)	along	

the	 other	 type	 strain	 of	 Pseudomonas.	 RAxML	 software	 was	 used	 to	 perform	 the	

phylogenetic	 analysis	 using	 the	 GTRCAT	 substitution	 model	 with	 the	 autoMRE	

bootstrapping	criteria	(Pattengale	et	al.,	2009).	The	analysis	was	based	on	107	essential	

single-copy	genes	using	the	bcgTree	software	(Ankenbrand	&	Keller,	2016).	
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Evaluation	 of	 PGP	 activity	 of	 date	 palm-endophytic	 bacteria	 E102	 and	 E141	 in	 A.	

thaliana.	The	 effect	 of	 both	 endophytic	 strains	 E102	 and	 E141	 on	A.	 thaliana	 (family	

Brassicaceae)	was	evaluated	in	absence/presence	of	salt	(50	mM	and	100	mM).	As	tests	

performed	 on	 this	 plant	 were	 done	 in	 vitro,	 surface	 sterilization	 of	 the	 seeds	 was	

needed.	A.	thaliana	 seeds	 (Col-0	and	mutants)	were	soaked	 in	70%	ethanol	 for	2	min,	

1%	hypochlorite	 solution	 for	 20	min,	 and	 rinsed	5-6	 times	with	 sterile	 distilled	water.	

The	procedure	was	done	entirely	under	sterile	conditions.	To	break	seed	dormancy,	the	

sterilized	seeds	were	resuspended	in	a	1%	agarose	solution	and	then	placed	at	4ºC	for	

three	days	to	break	seed	dormancy.	 Individual	seeds	were	plated	on	½	Murashige	and	

Skoog	 Agar	 plates	 (MS	 basal	 medium	 2.15	 g/L,	 MES	 0.5	 g/L,	 ph	 5.7,	 0.8%	 agar)	

supplemented	 with	 1%	 sucrose	 for	 germination.	 Plates	 were	 placed	 vertically	 in	 a	

growth	 chamber	 at	 26ºC,	 55%	 RH,	 and	 16/8	 h	 light/dark	 period.	 Four	 days	 after	

germination	vigorous	seedlings	were	selected	and	transferred	to	new	plates	with	½	MS	

Agar	 (without	 sucrose)	 in	 order	 to	 evaluate	 the	 effect	 of	 bacteria	 treatment	 in	

presence/absence	 of	 stress.	 A	 total	 of	 six	 treatments	 in	 a	 2x3	 factorial	 design	 were	

adopted:	 two	 salt	 stress	 factors	 (presence/absence	 of	 stress)	 and	 three	 bacterization	

factors	 (strain	E102/strain	E141/no	bacterization).	Two	different	concentrations	of	salt	

were	 tested	 within	 the	 salt	 stress	 factor:	 50	mM	 and	 100	mM	 of	 NaCl,	 described	 as	

moderate	 and	 strong	 stress	 for	A.	 thaliana	 plants	 (Claeys	et	 al.,	 2014)	while	 different	

concentrations	of	bacteria	were	tested	for	each	bacterial	strain	ranging	from	101	to	108	

cell/plate.	Three	plates	were	prepared	for	each	treatment,	with	eight	plants	per	plate.	

Three	 independent	 experiments	 were	 performed	 to	 confirm	 repeatability.	 Each	
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bacterial	 strain	 was	 grown	 overnight	 in	 TSB	 medium	 as	 described	 below.	 Cell	

concentration	 was	 determined	 using	 a	 Thoma	 Chamber	 and	 the	 correct	 amount	 of	

bacterial	cells	was	inoculated	in	the	selected	media	just	before	solidification.	The	media	

was	 poured	 in	 square	 plates	 and	 the	 upper	 section	 of	 the	 agar	 was	 removed	with	 a	

sterile	 scalpel	 to	 provide	 space	 for	 the	 plant	 shoot	 to	 grow.	 The	 square	 plates	 were	

incubated	in	the	growth	chamber	under	the	same	conditions	of	temperature,	humidity	

and	photoperiod	regime	described	above	for	two	weeks.	Each	square	plate	was	scanned	

at	 different	 times:	 first	 day	 of	 treatment	 (T0),	 after	 one	week	 of	 treatment	 (T1),	 and	

after	 two	weeks	of	 treatment	 (T2)	 in	order	 to	evaluate	changes	 in	 the	size	and	 in	 the	

architecture	of	the	root	system.	72	hours	after	the	treatment,	the	meristematic	region	

of	 the	main	 root	of	each	plant	was	visualized	at	 the	Nikon	 stereomicroscope	SMZ	25.	

Fresh	 and	dry	biomass	of	 shoot	 and	 root	was	measured	with	 the	use	of	 an	 analytical	

balance	after	two	weeks	of	treatment	(T2).	Pictures	acquired	using	the	microscope,	as	

well	as	 the	 scanned	digital	 images	of	 the	 root	 system	and	 leaves	were	analyzed	using	

the	 image	 processing	 software	 ImageJ®.	 Sudent’s	 t	 test	 statistical	 analyses	 have	 been	

performed	to	compare	the	bacterial	treatments	to	the	untreated	control.	

	

Evaluation	 and	 characterization	 of	 changes	 induced	 by	 bacterial	 treatments	 in	 root	

architecture.	 To	 understand	 the	 changes	 induced	 by	 the	 selected	 bacterial	 strains	

Pseudomonas	 spp.	E102	and	E141	 in	 the	root	architecture,	several	 lines	of	A.	 thaliana	

Col-0	were	used.	Changes	in	the	root	hairs	growth	and	development	were	observed	at	
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the	 stereomicroscope	 (Nikon	 SMZ)	 using	 the	 wild-type	 Col-0	 line.	 The	 lateral	 root	

development	 was	 evaluated	 using	 the	 pPLT3	 reporter	 line	 of	 A.	 thaliana	 Col-0	 using	

GUS.	GUS	 histochemical	 staining	was	 performed	 as	 described	 in	 previously	 published	

studies	(Zamioudis	et	al.,	2013)	and	the	root	primordia	were	observed	with	an	Olympus	

BX41	brightfield	microscope	 after	 72	h	 from	 the	 treatments.	 The	 root	 hair	 patterning	

was	analyzed	using	the	WER	reporter	line	to	determine	the	expression	of	the	WERWOLF	

gene,	expressed	only	in	non-hair	cells	(N-cells).	All	roots	were	observed	at	the	confocal	

microscope	(Zeiss	LSM	710)	after	72	hours	of	treatment.	Additionally,	two	mutant	lines	

(wer	and	try-cpc)	of	A.	thaliana	were	used	to	understand	if	bacteria	were	able	to	modify	

or	 influence	the	root	hairs	gene	pathways.	All	Arabidopsis	mutant	lines	were	observed	

at	the	stereomicroscope	(Nikon	SMZ)	after	72	h	of	treatment.	Auxin	involvement	in	the	

changes	in	root	architecture	was	evaluated	using	A.	thaliana	Col-0	reporter	DR5::GFP	in	

order	 to	 localize	 auxin	 distribution	 across	 the	 root	 tissues.	 Auxin-perception	 mutant	

axr3-3-DR5::GFP	was	 also	 used	 to	 evaluate	 if	 the	 auxin	machinery	 is	 fundamental	 for	

bacteria	to	exert	their	effects.	All	A.	thaliana	mutant	lines	were	observed	at	the	confocal	

microscope	(Zeiss	LSM	710)	after	72	hours	of	treatment.		

	

Whole	 genome	 annotation.	 The	 HGAP	 software	 package	 developed	 by	

PacificBiosciences	 was	 used	 for	 the	 assembly	 of	 the	 strains	 genome	 sequences	 and	

quality	 assessment.	Automatic	 genome	annotation	was	performed	using	 the	 software	

Prokka	 (Seemann,	 2014).	 Functional	 annotation	 was	 further	 predicted	 using	 EggNog	



	 198	

database	(Huerta-Cepas	et	al.,	2016).	The	nucleotide	sequence	of	the	whole	genome	of	

both	 strains	 was	 submitted	 to	 GenBank.	 Further	 functional	 analysis	 of	 specific	 genes	

involved	 in	 PGP	 activities	 (i.e.	 osmolyte	 production,	 ACC	 deaminase	 activity,	 auxin	

production,	 EPS	 synthesis,	 among	 others)	 using	 several	 published	 data	 (Boch	 et	 al.,	

1996;	 Andrés-Barrao	et	 al.,	 2017;	 Bruto	et	 al.,	 2014;	 Saha	et	 al.,	 2016;	 Shariati	et	 al.,	

2017)	were	performed	with	P-BLAST	(e-value	<	10-6)	against	the	UniProt	database.	
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THESIS	CONCLUSIONS	AND	PERSPECTIVES	
	

Plants	have	been	recently	re-defined	as	complex	metaorganisms	composed	by	the	plant	

itself	 and	 their	 associated	 microbes,	 both	 acting	 synergically	 as	 single	 entities	 of	

selection	 in	 evolution	 (Zilber-Rosenberg	 &	 Rosenberg,	 2008).	 Despite	 the	 potential	

presence	of	plant	and	human	pathogenic	microorganisms,	a	higher	number	of	beneficial	

microorganisms	successfully	interact	with	plants	(Rodriguez	et	al.	2008).	Such	beneficial	

microorganisms,	 known	 as	 Plant	 Growth	 Promoting	 (PGP;	 Spaepen	 et	 al.,	 2009),	

accomplish	 essential	 functions	 and	 ecological	 services	 complementary	 to	 the	

physiological	features	encoded	by	the	host	plant,	conferring	adaptive	advantages	to	the	

plant,	 particularly	 during	 stressful	 conditions	 (Yang	 et	 al.,	 2009).	 The	 ability	 to	 induce	

tolerance	to	abiotic	stresses	(e.g.	drought	and	salinity)	 is	a	habitat-adaptive	trait	often	

related	with	PGP	microorganisms	 colonizing	plants	 that	 inhabit	 places	where	 stressful	

conditions	are	present	(Marasco	et	al.,	2012).	

Many	 recent	 studies	 have	 consolidated	 the	 evidence	 that	 beneficial	 PGP	

microorganisms	 represent	 a	 potentially	 powerful	 tool	 to	 increase	 abiotic	 stress	

tolerance	in	agricultural	crops	in	a	sustainable	manner	(Compant	et	al.,	2010).	A	climate	

change	 scenario	 and	 the	 consequential	 expansion	 of	 desert	 lands	 (Le	Houérou,	 1996)	

motivated	 my	 interest	 in	 the	 microbial	 communities	 associated	 with	 the	 vegetation	

inhabiting	these	environments.	In	fact,	to	define	plant-microbial	communities’	diversity	

and	ecology,	as	well	as	their	ecological	role	in	plant	adaptation	to	adverse	conditions	in	

the	ecosystem,	 is	 the	 first	 step	 for	 their	 exploitation	 as	 bioresource	 in	 desert-farming	

agroecosystem.		

Most	 of	 the	 ecological	 aspects	 of	 plant-microbes	 associations	 have	 been	 studied	 in	

temperate	systems	(Philippot	et	al.	2013),	while	there	 is	 limited	 information	regarding	

the	 selection	 and	 recruitment	 that	 occur	 in	 arid/desert	 ecosystems.	 In	 this	 context,	

understanding	 the	 diversity	 of	 microorganisms,	 along	 with	 the	 factors	 driving	 the	

natural	 assembly	 of	 PGP	 microbial	 communities	 associated	 with	 desert	 plants	
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represents	an	unexplored	field	of	study.	Hence,	the	first	part	of	this	PhD	thesis	had	the	

main	 purpose	 to	 study	 the	 microbial	 communities	 associated	 with	 desert	 plants,	

including	 the	 factors	 affecting	 their	 assembly	 and	 functionality.	 For	 this	 purpose,	 two	

plants	 categories	 typical	 of	 hot-deserts	 were	 selected:	 (i)	 wild	 plants	 grown	 in	 sandy	

desert	(i.e.	speargrasses	in	unmanaged	system)	and	(ii)	desert-adapted	crops	cultivated	

in	 oasis	 agroecosystem	 (i.e.	 date	 palm	 in	managed	 system).	 Through	 high-throughput	

DNA	 sequencing	 techniques,	 organism	 physiological	 response	 experiments	 and	

microscopy,	 I	 characterized	 the	 diversity,	 structure	 and	 functions	 of	 microbial	

communities	associated	with	the	root	systems	of	the	selected	model	plants.	A	variety	of	

biotic	 and	 abiotic	 factors	 shape	 the	 microbial	 communities	 associated	 with	 the	 root	

system	 of	 plants	 in	 any	 ecosystem	 (Berg	 &	 Smalla,	 2009;	 Nemergut	 et	 al.,	 2011;	

Philippot	 et	 al.,	 2013).	 These	 factors	 include	plant	 species,	 plant	 community	diversity,	

agricultural	 practices,	 soil	 type,	 along	 with	 biogeographical	 and	 climatic	 and	 general	

environmental	 conditions	 (Philippot	 et	 al.,	 2013).	 Since	 agricultural	 and	 wild	 systems	

possess	important	differences	between	them,	the	ways	in	which	microbial	communities	

are	 shaped	 in	 these	 two	 also	 diverge.	 A	 common	 trait	 of	wild-unmanaged	 systems	 in	

temperate	climates,	is	the	presence	of	a	high	diversity	of	plant	species.	These	plants	are	

growing	 on	 their	 native	 soil	 and	 they	 are	 expected	 to	 co-evolve	 with	 the	 microbial	

consortia	available	 in	the	surrounding	soil	 (Lambers	et	al.	2009),	favoring	in	this	way	a	

strong	selection	of	the	associated	microbiome	(Schnitzer	et	al.,	2011;	Kulmatiski	et	al.,	

2012).	In	the	sandy	soil	of	the	Namib	Desert,	I	focused	the	attention	on	three	species	of	

speargrasses,	 perennial	 grasses	 that	 present	 rhizosheath-root	 system	 as	 a	 xerophytic	

trait	that	favors	the	water/nutrient	uptake	and	plant	protection	against	mechanical	and	

osmotic	stress	during	water	 limitations	 (Young	1995;	North	&	Nobel	1997;	Hartnett	et	

al.	2013).	My	research	results	revealed	that,	differently	from	the	temperate	climates,	in	

such	 extreme	 condition	 plant	 species	 is	 not	 anymore	 the	 major	 factor	 driving	

community	 assembly.	 The	 harsh	 conditions	 of	 the	 desert	 strongly	 affect	 the	 way	 in	

which	 microbial	 communities	 are	 assembled	 at	 the	 root	 system,	 determining	 both	
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taxonomical	 and	 functional	 core	 microbiomes	 shared	 between	 the	 species	 of	

speargrass.		

On	 the	other	 hand,	 in	 the	 agricultural	 systems	 -	 characterized	by	human	 intervention	

and	low	plant	community	diversity	-	the	edaphic	components	(i.e.	soil	type	and	relative	

agricultural	 practices)	 have	 been	 reported	 as	 the	 most	 important	 factor	 driving	

microbial	community	assembly	(Philippot	et	al.,	2013;	García-Orenes	et	al.,	2013).	In	the	

desert	oasis	agro-ecosystem,	date	palm	is	a	model	crop	adapted	to	the	desert:	it	is	the	

keystone	species	of	oasis	able	 to	define	 the	oasis	microclimate	and	sustain	 the	desert	

farming	in	this	unique	ago-ecosystem.	Also	in	this	case,	desert	ecosystem	changed	the	

paradigm	 of	 microbial	 association	 defined	 in	 the	 temperate	 climate.	 In	 the	 oasis	

ecosystems,	date	palm	(i.e.	plant	species)	is	a	stronger	selective	factor	than	edaphic	and	

environmental	components	that	define	the	microbial	communities	in	the	below	ground	

root	system.	A	shared-core	microbiome	common	to	all	oases	was	identified	accounting	

more	than	97%	and	89%	of	the	relative	abundance	of	bacterial	components	in	the	root	

and	 rhizosphere	 respectively,	 carrying	 conserved	 PGP	 functional	 traits,	 such	 as	 ACC	

deaminase	activity	and	nitrogen	fixation.	

Beside	 ecological	 characterization	 of	 the	 microorganisms	 associated	 with	 desert	

adapted-plants,	a	deep	understanding	of	plant	adaptation	strategies	 to	environmental	

and	stressful	conditions	in	these	systems	is	fundamental.	The	research	of	new	bacteria	

with	promising	PGP	abilities	for	field	application	remains	crucial	towards	improving	crop	

productivity	in	the	context	of	desert	farming.	In	the	second	part	of	my	PhD	thesis	work,	

two	 pseudomonads	 isolates	 from	 date	 palm	 root,	 strains	 E102	 and	 E141,	 previously	

known	 to	 promote	 date	 palm	 growth	 under	 drought	 stress	 (Cherif	 et	 al.	 2015)	 were	

selected	for	further	studies.	Using	the	model	plant	Arabidopsis	thaliana,	I	confirmed	the	

ability	of	such	PGP	strains	to	protect	plant	against	stresses	such	as	salinity.	The	bacterial	

strains	 induced	 architectural	 changes	 in	 the	 root	 system,	 including	 significant	

increments	 in	 the	 number	 of	 lateral	 root	 and	 root	 hairs	 both	 in	 the	 absence	 and	

presence	of	stress.	All	these	modifications	and	the	derived	root	developmental	plasticity	
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were	 auxin-dependent,	 as	 revealed	 by	 the	 use	 of	 mutants	 (wer,	 try-cpc,	 axr3-3-

DR5::GFP)	 and	 reporter	 (Col-0	 reporter	 DR5::GFP,	 WER::CFP,	 pPLT3::GUS)	 lines	 of	 A.	

thaliana.		

Overall,	 my	 research	 findings	 demonstrate	 that,	 even	 though	 a	 difference	 in	 the	

recruitment	of	microbial	communities	in	the	root	system	between	wild-unmanaged	and	

managed	 ecosystems	 is	 still	 present,	 deserts	 impose	 a	 unique	 selection	 on	microbial	

community	assembly.	Such	a	selection,	which	 is	governed	by	the	harsh	conditions	and	

low	resources	of	the	deserts	respect	to	the	non-arid	lands,	defines	a	reverse	paradigm	

on	 the	 forces	 driving	 root	 system	 community	 assembly	 in	 the	 desert	 respect	 to	 the	

temperate	regions.	Furthermore,	I	have	demonstrated	that	also	in	desert	environments	

plants	recruit	a	microbiota	able	to	confer	beneficial	services	to	the	host	plant,	which	is	

relevant	 in	 mediating	 plant	 adaptation	 to	 changing	 environmental	 conditions	 and	

abiotic	stresses,	including	drought	and	salinity.	

This	 thesis	 project	 is	 of	 relevance	 under	 a	 climate	 change	 scenario,	 were	 optimizing	

agroecosystem	functionality	is	a	requirement	for	future	agriculture.	However,	giving	the	

complexity	 of	 plant-microbe	 interactions	 and	microbe-microbe	 interactions	within	 the	

plant-associated	microbial	 communities,	 further	 research	 is	 indispensable	 in	 order	 to	

achieve	 the	 integration	 of	 “smart	 farming”	 techniques	 into	 worldwide	 agricultural	

practices.	The	study	of	microbial	communities	and	the	implementation	and	optimization	

of	“core	microbiomes”	is	the	new	goal	to	improve	plant	and	ecosystem	functionalities.	

For	this,	it	is	important	to	take	advantage	of	the	available	tools	for	dissecting	microbial	

community	 ecology,	 such	 microbial	 network	 analysis,	 to	 reveal	 patterns	 of	 shared	

environmental	preferences	among	microbial	species	and	to	classify	microbial	functional	

groups	 with	 potential	 positive	 impact	 in	 the	 agroecosystem.	 Besides	 unravelling	

microbiomes	and	developing	annotated	network	data,	developing	better	 standardized	

methods	for	microbial	isolation	of	PGP	core	microorganisms	to	be	used	in	the	field	is	still	

a	challenge	and	a	requirement	for	the	implementation	of	this	kind	of	strategies.		
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