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Abstract
Soil	microbes	are	known	to	be	key	drivers	of	several	essential	ecosystem	processes	
such	as	nutrient	cycling,	plant	productivity	and	the	maintenance	of	plant	species	di-
versity.	However,	how	plant	species	diversity	and	identity	affect	soil	microbial	diver-
sity	and	community	composition	in	the	rhizosphere	is	 largely	unknown.	We	tested	
whether,	over	the	course	of	11	years,	distinct	soil	bacterial	communities	developed	
under	plant	monocultures	 and	mixtures,	 and	 if	 over	 this	 time	 frame	plants	with	 a	
monoculture	or	mixture	history	changed	 in	the	bacterial	communities	they	associ-
ated	with.	For	eight	species,	we	grew	offspring	of	plants	that	had	been	grown	for	
11	years	in	the	same	field	monocultures	or	mixtures	(plant	history	in	monoculture	vs.	
mixture)	in	pots	inoculated	with	microbes	extracted	from	the	field	monoculture	and	
mixture	soils	attached	to	the	roots	of	the	host	plants	(soil	legacy).	After	5	months	of	
growth	in	the	glasshouse,	we	collected	rhizosphere	soil	from	each	plant	and	used	16S	
rRNA	gene	sequencing	to	determine	the	community	composition	and	diversity	of	the	
bacterial	communities.	Bacterial	community	structure	in	the	plant	rhizosphere	was	
primarily	determined	by	soil	legacy	and	by	plant	species	identity,	but	not	by	plant	his-
tory.	In	seven	of	the	eight	plant	species	the	number	of	individual	operational	taxo-
nomic	 units	with	 increased	 abundance	was	 larger	when	 inoculated	with	microbes	
from	mixture	soil.	We	conclude	that	plant	species	richness	can	affect	below-ground	
community	composition	and	diversity,	feeding	back	to	the	assemblage	of	rhizosphere	
bacterial	communities	in	newly	establishing	plants	via	the	legacy	in	soil.
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1  | INTRODUC TION

Soil	microbes	play	an	essential	role	in	several	ecosystem	processes	
including	 decomposition,	 nutrient	 cycling,	 plant	 productivity	
and	 the	maintenance	 of	 plant	 species	 diversity	 (Bever,	Mangan,	
&	 Alexander,	 2015;	Wagg,	 Bender,	Widmer,	 &	 van	 der	 Heijden,	
2014).	Loss	of	soil	biodiversity	reduces	ecosystem	functioning	as	
trophic	networks	collapse	(Gosling,	Hodge,	Goodlass,	&	Bending,	
2006;	 Wagg	 et	 al.,	 2014)	 and	 plants	 are	 increasingly	 exposed	
to	 specialized	 soil-borne	 pathogens	 from	 which	 they	 are	 nor-
mally	protected	by	 the	 large	biodiversity	of	other	soil	organisms	
(Eisenhauer,	 Reich,	&	 Scheu,	 2012;	 van	 der	 Putten	 et	 al.,	 2013).	
However,	the	role	of	potential	feedbacks	of	plant	diversity	on	soil	
diversity	and	rhizosphere	community	assemblage	is	largely	unex-
plored	(Dassen	et	al.,	2017).

Soil	 microbes	 form	 tight	 associations	 with	 plants	 (Bulgarelli,	
Schlaeppi,	 Spaepen,	 van	 Themaat,	 &	 Schulze-Lefert,	 2013)	 and	
key	mutualistic	 to	 antagonistic	 interactions	 between	 plants	 and	
soil	biota	take	place	in	the	rhizosphere,	defined	by	a	narrow	zone	
of	 soil	 surrounding	plant	 roots	 (Whipps,	2001).	The	composition	
of	microbial	communities	in	the	rhizosphere	is	mostly	determined	
by	local	biotic	and	abiotic	conditions	(van	der	Putten	et	al.,	2013),	
which	 at	 least	 in	 part	 are	 shaped	 by	 the	 local	 plant	 community	
(Bardgett	&	Wardle,	2003).	Plants	can	initiate	large	compositional	
changes	 in	 rhizosphere	 microbiomes	 (Dakora	 &	 Phillips,	 2002;	
Grüter,	 Schmid,	 &	 Brandl,	 2006;	 Latz,	 Eisenhauer,	 Rall,	 Scheu,	
&	Jousset,	2016)	and	 the	conditions	 in	 the	 rhizosphere	can	vary	
strongly	between	plant	species	(Berg	&	Smalla,	2009;	Eisenhauer	
et	al.,	2017;	Latz	et	al.,	2016).	Given	that	plant	species	specifically	
influence	the	soil	microbiome,	 the	 loss	of	plant	species	probably	
results	in	reduced	soil	microbial	biodiversity	(Broughton	&	Gross,	
2000;	Garbeva,	Postma,	van	Veen,	&	van	Elsas,	2006;	Hooper	et	
al.,	 2000;	 Schlatter,	 Bakker,	 Bradeen,	 &	 Kinkel,	 2015;	 Stephan,	
Meyer,	 &	 Schmid,	 2000).	 In	 turn,	 this	may	 also	 negatively	 influ-
ence	 further	 plant	 growth	 (Bartelt-Ryser,	 Joshi,	 Schmid,	 Brandl,	
&	Balser,	2005).	However,	 it	 is	unclear	to	what	extent	plant	spe-
cies	diversity	or	 the	presence	of	specific	plant	species	 (i.e.,	 their	
identity)	affect	soil	microbial	diversity	and	composition.	A	recent	
study	suggests	that	differences	between	plant	functional	groups	
may	be	more	important	for	the	composition	of	the	soil	microbiome	
than	plant	species	richness	per	se	(Dassen	et	al.,	2017).	In	addition,	
higher	 plant	 diversity	 in	 grassland	 ecosystems	 often	 increases	
plant	below-ground	(Balvanera	et	al.,	2006)	or	total	 (Reich	et	al.,	
2012)	biomass	that	can	sustain	a	larger	amount	of	soil	bacteria	(De	
Deyn,	Quirk,	&	Bardgett,	2011).

The	 consequences	 of	 reduced	 plant	 diversity	 for	 soil	 bio-
diversity	 can	 be	 studied	 in	 long-term	 biodiversity	 experiments	
(Eisenhauer	 et	 al.,	 2011;	 Roscher	 et	 al.,	 2013;	 Tilman,	 Reich,	 &	
Knops,	 2006;	 Zuppinger-Dingley,	 Flynn,	 De	 Deyn,	 Petermann,	 &	
Schmid,	 2016).	 These	 experiments	 can	 also	 be	 used	 as	 (natural)	
selection	experiments;	 that	 is,	 plants	 are	being	naturally	 selected	
in	response	to	plant	community	diversity	over	a	prolonged	period	

of	time	(Cardinale	et	al.,	2012;	Eisenhauer	et	al.,	2016).	Over	time,	
different	selection	pressures	in	experimental	monocultures	versus	
mixtures	can	result	in	genetic	differentiation	between	populations	
grown	in	monocultures	versus	mixtures	(van	Moorsel,	Schmid,	Hahl,	
Zuppinger-Dingley,	 &	 Schmid,	 2018;	 Zuppinger-Dingley,	 Flynn,	
Brandl,	&	Schmid,	2015;	Zuppinger-Dingley	et	al.,	2016,	2014).	This	
may	occur	due	to	sorting	from	standing	genetic	variation	(Fakheran	
et	al.,	2010).	Plants	with	a	history	in	monoculture	versus	mixtures	
have	been	shown	to	be	distinguishable	from	each	other	after	8	or	
11	years	 of	 selection	 based	 on	 plant	 performance	 and	 functional	
trait	 variation	 (van	 Moorsel,	 Schmid	 et	 al.,	 2018	 and	 Zuppinger-
Dingley	 et	 al.,	 2014,	 respectively).	 In	 addition,	 Zuppinger-Dingley	
et	al.	(2016)	found	that	after	8	years	of	codevelopment	of	plant	and	
soil	communities,	 feedback	of	microbes	from	monoculture	soil	on	
plant	performance	was	positive	for	plants	with	a	history	in	mono-
cultures,	but	negative	 for	plants	with	a	history	 in	mixtures	of	 the	
same	species.	The	authors	suggested	that	an	accumulation	of	spe-
cialized	pathogens	in	monocultures,	and	their	dilution	in	mixtures,	
could	create	differential	selection	pressures	on	plants	(Zuppinger-
Dingley	et	al.,	2016).	These	studies,	however,	were	unable	to	inves-
tigate	 the	community	composition	of	 soil	microbes	and	how	they	
may	respond	to	plant	diversity	or	even	if	they	might	have	been	in-
volved	in	causing	the	above-cited	phenotypic	differences	between	
plants	selected	in	monoculture	versus	mixture.

Here	 we	 investigated	 whether	 (a)	 the	 imprint	 in	 soil	 of	 past	
plant	species	diversity,	and	(b)	the	plant	characteristics	associated	
with	plant	 cultivation	history	 in	either	monocultures	or	mixtures	
have	an	impact	on	the	diversity	and	composition	of	newly	estab-
lished	bacterial	 rhizosphere	microbiomes.	To	differentiate	clearly	
between	plants	and	soils	we	use	plant	history	to	indicate	whether	
a	 plant	 has	 a	 history	 of	 growing	 in	monoculture	 or	mixture.	We	
use	soil	 legacy	to	indicate	whether	the	soil	originates	from	under	
a	plant	monoculture	or	a	plant	mixture.	Using	bacterial	soil	inocula	
and	plant	offspring	obtained	from	a	large	field	biodiversity	experi-
ment	(the	Jena	Experiment,	Roscher	et	al.,	2004),	we	set	up	recip-
rocal	transplant	experiments	(see,	e.g.,	Joshi	et	al.,	2001)	in	which	
plants	with	a	monoculture	or	mixture	history	were	grown	as	single	
individuals	 in	 pots	 inoculated	 with	 bacteria	 isolated	 from	 plant-
monoculture	 or	 plant-mixture	 soils	 and	 assessed	 the	 community	
structure	 of	 the	 bacterial	 rhizosphere	microbiomes.	We	 did	 this	
with	eight	different	plant	species,	each	with	its	own	monoculture	
and	 mixture	 inocula.	We	 hypothesized	 (a)	 that	 microbiomes	 ob-
tained	from	mixture	soil	are	more	diverse	and	differ	in	composition	
from	microbiomes	obtained	 from	monoculture	 soil;	 (b)	 that	 each	
plant	species	would	have	a	distinct	microbiome;	and	(c)	that	plants	
with	a	history	in	monoculture	compared	with	plants	with	a	history	
in	mixture	 have	 different	microbiomes,	 and	 that	 this	 effect	may	
depend	on	the	source	of	the	rhizosphere	soils.	This	final	hypoth-
esis	was	based	on	the	expectation	that	plants	might	have	evolved	
preferences	 for	 different	 rhizosphere	 microbiomes	 during	 the	
course	of	selection	in	monocultures	versus	mixtures.	We	used	16S	
rRNA	gene	sequencing	to	determine	the	community	structure	and	
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diversity	of	the	bacterial	communities.	To	characterize	the	overall	
impact	of	soil	legacy,	plant	species	identity	and	plant	history	on	the	
community	structure	of	rhizosphere	microbiomes,	we	analysed	the	
variation	 in	operational	 taxonomic	unit	 (OTU)	 richness,	 effective	
richness	and	evenness,	variation	in	dissimilarities	between	micro-
biomes,	and	the	differences	in	individual	OTU	abundances	across	
treatments.

2  | METHODS

2.1 | Plant species

We	used	eight	 common	European	grassland	plant	 species	previ-
ously	 classified	 into	 different	 functional	 groups	 (Roscher	 et	 al.,	
2004):	 one	 grass	 (Festuca rubra L.),	 three	 small	 herbs	 (Plantago 
lanceolata L.,	Prunella vulgaris L.	and	Veronica chamaedrys L.),	two	
tall	 herbs	 (Galium mollugo	 L.	 and	Geranium pratense	 L.)	 and	 two	
legumes	(Lathyrus pratensis	L.	and	Onobrychis viciifolia	Skop.).	The	
studied	 species	 had	 undergone	 11	years	 of	 selection	 in	 either	
plant	monocultures	or	species	mixtures	from	2002	to	2014,	inter-
rupted	by	 a	plant	propagation	 and	 soil	mixing	 step	 after	8	years	
(see	below	and	Figure	1).

2.2 | Producing plants with monoculture versus 
mixture history

Plant	communities	of	48	plots	 (12	monocultures,	12	two-species	
mixtures,	12	four-species	mixtures	and	12	eight-species	mixtures)	
of	 a	 field	 biodiversity	 experiment	 in	 Jena,	 Germany	 (the	 Jena	
Experiment,	see	Roscher	et	al.,	2004),	were	collected	as	cuttings	
in	 spring	 2010,	 after	 8	years	 of	 growth	 in	 their	 respective	 plant	
communities.	These	cuttings	were	transplanted	in	 identical	plant	
composition	to	an	experimental	garden	in	Zurich,	Switzerland,	for	
the	first	controlled	sexual	reproduction	among	“coselected”	plants	
(for	details	see	Zuppinger-Dingley	et	al.,	2014).	 In	the	context	of	
the	set-up	of	a	different	experiment	(see	van	Moorsel,	Hahl	et	al.,	
2018),	 the	 top	 30	cm	 of	 soil	 of	 the	 48	 plots	was	 pooled,	mixed	
and	returned	to	the	excavated	 locations	 in	the	Jena	Experiment.	
Hence,	after	the	first	8	years	in	which	plants	could	build	up	their	
own	microbiomes,	all	microbial	populations	were	mixed	to	create	
a	microbial	pool	of	maximal	diversity.	In	spring	2011,	the	seedlings	
produced	from	the	seeds	of	the	first	controlled	sexual	reproduc-
tion	were	transplanted	back	to	this	mixed	soil	in	the	same	plots	of	
the	Jena	Experiment	from	where	the	parents	had	originally	been	
collected	 and	 in	 the	 same	 community	 composition	 as	 the	 par-
ents	had	been	established.	 In	 the	following	3	years,	plants	could	
again	 select	 and	 assemble	 their	 own	microbiomes	 from	 a	mixed	
pool	 of	 maximal	 diversity.	 Thus,	 a	 potential	 main	 effect	 of	 soil	
legacy	would	have	arisen	within	 the	3	years	 from	2011	 to	2014.	
In	contrast,	potential	plant-history	effects	or	soil	legacy	and	plant	
species	 interaction	 effects	 could	 develop	 over	 11	years	 in	 total	
(Figure	1,	upper	part).

In	March	 2014,	 plant	 communities	 including	 rhizosphere	 soil	 of	
the	re-established	plots	in	the	Jena	Experiment	were	transplanted	to	
plots	in	the	experimental	garden	in	Zurich	for	a	second	controlled	sex-
ual	reproduction.	The	1	×	1	m	plots	were	filled	with	30	cm	of	soil	(1:1	
mixture	of	garden	compost	and	agricultural	soil,	pH	7.4,	Gartenhumus,	
RICOTER	Erdaufbereitung	AG,	Aarberg,	Switzerland)	and	fenced	with	
netting	 to	minimize	 cross-pollination	with	 plants	 outside	 the	 plots.	
Seeds	 of	 plants	 with	 a	 monoculture	 history	 were	 collected	 from	
monoculture	plots	and	seeds	of	plants	with	a	mixture	history	were	
collected	from	four-	or	eight-species	mixture	plots	in	the	experimen-
tal	garden.	After	collection,	the	seeds	of	the	eight	plant	species	were	
stored	at	4°C	for	at	least	2	months.	This	plant	material	was	then	used	
in	the	pot	experiment	in	the	glasshouse	described	below.

2.3 | Soil inoculum preparation

In	March	2014,	samples	of	 rhizosphere	soil	attached	to	the	roots	of	
the	plants	from	the	Jena	Experiment	that	were	transported	to	Zurich	
for	the	second	sexual	reproduction	were	collected	and	stored	at	4°C.	
To	 isolate	 rhizosphere	 soil,	 plant	 roots	were	 excavated,	 excess	 bulk	
soil	was	removed	and	only	soil	directly	attached	to	the	roots	was	kept.	
The	 remaining	 soil	 and	 the	 attached	 roots	were	mixed.	 Subsamples	
of	approximately	5	g	were	then	randomly	taken	from	this	mixed	total	
amount	of	 rhizosphere	soil	obtained	from	an	 individual	 root	system.	
The	monoculture	soils	came	from	each	of	the	eight	plant	monoculture	
plots	 (resulting	 in	eight	different	monoculture	soils)	and	 the	mixture	
soils	 came	 from	 six	 different	 eight-species	 plots	 and	 one	 four-spe-
cies	 plant	 mixture	 plot	 (one	 for	 each	 species	 except	 for	G. mollugo 
and O. viciifolia	whose	rhizosphere	soil	samples	came	from	the	same	
mixture	plot)	in	the	Jena	Experiment.	Eight-	and	four-species	mixtures	
were	then	combined	into	a	single	treatment,	“mixture	history/legacy”.	
Microbial	communities	of	the	sampled	rhizosphere	soil	were	isolated	
and	propagated	and	subsequently	used	in	the	pot	experiment	in	the	
glasshouse.	To	isolate	microbial	communities,	we	produced	a	microbial	
wash	by	passing	500	ml	of	deionized	water	and	25	g	of	rhizosphere	soil	
through	a	series	of	sieves	with	the	smallest	mesh	size	of	25	µm	(Koide	&	
Li,	1989;	Wagg	et	al.,	2014).	We	chose	this	mesh	size	to	exclude	spores	
from	arbuscular	mycorrhizal	fungi	(AMF)	in	order	to	study	the	direct	in-
teraction	between	plants	and	the	microbial	community	excluding	AMF	
(Wagg	et	al.,	2014).	To	propagate	the	isolated	microbes,	we	established	
trap	cultures	in	two	replicates	for	each	of	the	eight	plant	species	but	
using	seeds	without	the	above-mentioned	plant	histories	(seeds	from	
Rieger-Hofmann	 GmbH,	 Blaufelden-Raboldshausen,	 Germany).	 The	
trap	cultures	consisted	of	2-L	pots	filled	with	an	autoclaved	(120°C	for	
99	min)	sand–soil	mixture	(4:1)	and	planted	with	several	trap	plant	indi-
viduals	(surface-sterilized	seeds	pregerminated	on	1%	water-agar)	per	
species	and	pot	(Figure	1).	At	the	same	time	each	trap	culture	received	
250	ml	of	microbial	wash.	After	5	months	of	growth	in	the	glasshouse	
we	pooled	the	soils	of	the	replicated	trap	cultures	per	plant	species	and	
soil	legacy	(monoculture	or	mixture	soil).	Trap	plant	roots	were	cut	into	
3-	to	5-cm	fragments	and	used	together	with	the	soil	as	inoculum	in	the	
pot	experiment	described	below.
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2.4 | Setup of the pot experiment in the glasshouse

The	 experiment	 included	 three	 soil-legacy	 treatments:	 (a)	 con-
trol	 (no	 live	 inoculum);	 (b)	microbes	 isolated	 from	 soil	 under	 plant	

monocultures	(monoculture	soil);	and	(c)	microbes	isolated	from	soil	
under	plant	mixtures	(mixture	soil).	We	filled	1-L	pots	with	5.6	dl	of	
gamma-radiated	(27–53	kGy)	1:1	(w/w)	sand/soil	mixture	(RICOTER	
Erdaufbereitung	AG)	and	added	layers	of	live	or	autoclaved	(99	min	

F I G U R E  1  Experimental	design.	Plant	monocultures	and	mixtures	were	sown	in	the	Jena	Experiment	in	2002	and	maintained	until	2010.	In	
2010,	the	soil	of	the	plots	was	pooled	and	placed	back	at	the	same	locations.	In	spring	2011,	plant	seedlings	were	planted	in	the	mixed	soil	in	
identical	species	composition	as	their	parents.	The	soil	communities	were	allowed	to	reassemble	with	their	original	plant	communities	for	three	
more	years	from	2011	to	2014.	In	spring	2014,	rhizosphere	soils	from	eight	plant	species	were	collected	and	the	plants	were	used	for	a	second	
controlled	seed	production.	Soil	microorganisms	smaller	than	25	µm	in	diameter	(i.e.,	excluding	mycorrhizal	spores)	were	then	isolated.	The	
isolated	microorganisms	were	allowed	to	accumulate	in	trap-cultures	for	5	months	with	neutral	trap	plants	for	each	of	the	eight	plant	species.	
To	create	soil	treatments	for	the	subsequent	pot	experiment	in	the	glasshouse,	we	filled	pots	with	sterile	soil	(in	grey)	and	added	live	inoculum	
of	either	microbes	isolated	from	plants	grown	in	monoculture	(monoculture	soil,	indicated	in	yellow)	or	microbes	isolated	from	plants	grown	in	
mixture	(mixture	soil,	indicated	in	purple).	To	standardize	the	nutrient	composition	between	pots,	we	added	an	0.8-dl	autoclaved	counterpart	
of	the	remaining	inocula	to	each	pot	(indicated	in	white,	for	details	see	Section	2,	and	Hahl,	2017).	The	control	soil	treatment	received	the	
same	amount	of	each	inoculum,	but	all	inocula	were	autoclaved.	Finally,	we	added	1	dl	of	the	gamma-radiated	sand–soil	mixture	to	avoid	
cross-contamination	of	the	live	soil	inocula	between	pots	(not	shown).	A	single	plant	with	a	history	of	growing	either	in	monoculture	or	mixture	
(drawn	in	yellow	or	purple,	respectively),	germinated	from	the	seeds	of	second	controlled	seed	production,	was	then	planted	in	each	pot.	Yellow	
and	purple	refer	to	monoculture	and	mixed	culture	soil	legacies/plant	histories	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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at	120°C)	inoculum	from	three	sources:	from	trap	cultures	of	mono-
culture	soil	treatments,	from	trap	cultures	of	mixture	soil	treatments	
and	from	field	soil	(see	Figure	1).	Monoculture	soil	treatment	com-
prised	0.8	dl	of	live	inoculum	from	trap	culture	of	monoculture	soil,	
0.8	dl	of	autoclaved	inoculum	from	field	soil	and	0.8	dl	of	autoclaved	
inoculum	from	trap	culture	of	mixture	 soil.	Mixture	 soil	 treatment	
comprised	0.8	dl	of	live	inoculum	from	trap	culture	of	mixture	soil,	
0.8	dl	of	autoclaved	inoculum	from	field	soil	and	0.8	dl	of	autoclaved	
inoculum	from	trap	culture	of	monoculture	soil.	Control	soil	 treat-
ment	 comprised	 0.8	dl	 of	 autoclaved	 inoculum	 from	 each	 of	 the	
three	sources.	Finally,	1	dl	of	the	gamma-radiated	sand–soil	mixture	
was	added	as	the	uppermost	 layer	to	each	pot	to	avoid	cross-con-
tamination	of	the	live	soil	inocula	between	pots.	Autoclaved	field	soil	
was	used	for	comparison	with	a	fourth	soil	treatment,	which	is	not	
included	in	the	analyses	presented	here	(see	Hahl,	2017).

Seeds	were	surface-sterilized	and	germinated	for	2–4	weeks	(de-
pending	on	pretested	germination	times	of	each	species)	before	the	
pot	experiment	on	1%	water-agar.	One	pregerminated	plant	 seed-
ling	with	a	monoculture	or	mixture	history	of	one	of	the	eight	test	
species	was	planted	 in	each	pot.	The	experiment	 included	 in	 total	
three	soil-legacy	treatments	(monoculture	and	mixture	soil	and	con-
trol),	eight	plant	species	and	two	plant-history	treatments	(monocul-
ture	vs.	mixture).	The	design	of	the	experiment	was	a	full	3	×	8	×	2	
factorial.	 Each	 treatment	 combination	was	 replicated	 seven	 times,	
resulting	 in	 336	 pots	 which	 we	 randomly	 arranged	 within	 seven	
experimental	blocks	 in	the	glasshouse.	After	19–23	weeks	of	plant	
growth,	we	collected	 rhizosphere	soil	 samples	 from	each	pot	con-
taining	a	live	plant	and	stored	the	samples	at	−80°C.

2.5 | Library preparation and sequencing

DNA	 was	 isolated	 from	 500	mg	 of	 rhizosphere	 soil	 using	 the	
FastDNA	SPIN	Kit	for	Soil	(MP	Biomedicals,	Illkirch-Graffenstaden,	
France)	 following	 the	 manufacturer's	 instructions.	 Samples	 from	
a	 subset	 of	 150	 plants	 were	 chosen	 for	 the	 molecular	 analy-
ses	 (Supporting	 Information	 Table	 S1).	 We	 carried	 out	 targeted	
polymerase	 chain	 reaction	 (PCR)	 in	 duplicate	 to	 amplify	 the	 vari-
able	 region	 V4	 of	 the	 prokaryotic	 rRNA	 gene	 using	 primers	 515f	
(GTGCCAGCMGCCGCGGTAA)	 combined	with	5′	 Illumina	 adapter,	
forward	primer	pad	and	 forward	primer	 linker	 and	barcoded	806r	
(GGACTACHVGGGTWTCTAAT)	combined	with	Illumina	3′	adapter,	
Golay	 barcode,	 reverse	 primer	 pad	 and	 reverse	 primer	 linker	
(Supporting	Information	Table	S2,	Bates	et	al.,	2011).	PCR	conditions	
for	amplification	of	the	V4	region	consisted	of	an	initial	denaturation	
at	94°C	for	3	min,	30	cycles	of	denaturation	at	94°C	for	30	s,	anneal-
ing	at	50°C	for	30	s	and	elongation	at	72°C	for	1	min	followed	by	a	
final	 elongation	 at	72°C	 for	10	min.	The	PCR	products	were	puri-
fied	using	Agencourt	AMPure	XP	magnetic	beads	(Beckman	Coulter,	
Brea,	CA,	USA).	The	amplicon	concentrations	were	measured	with	
Fragment	 Analyzer	 and	 the	 Standard	 Sensitivity	 NGS	 Fragment	
Analysis	 kit	 (Advanced	 Analytical	 Technologies,	 Inc.,	 Heidelberg,	
Germany).	Then,	60	ng	of	each	sample	was	pooled	and	paired-end	
sequenced	(2	×	300	bp)	on	the	Illumina	MiSeq	300	system	(Beijing	

Genomics	 Institute,	 Bejing,	 China).	 Short	 reads	were	 deposited	 at	
the	Sequence	Read	Archive	(SRA;	accession	number	SRP105254).

2.6 | Identification and annotation of OTUs

Operational	 taxonomic	 units	 were	 generated	 with	 uparse	 (version	
8.1.1861,	Edgar,	2013)	following	the	example	and	the	tutorial	given	
for	paired-end	Illumina	data	(drive5.com/uparse/).	Reads	were	first	
quality-checked	 with	 FastQC	 (bioinformatics.babraham.ac.uk/pro-
jects/fastqc).	 Following	 removal	 of	 primer	 sequences	 (Supporting	
Information	Table	S2)	and	low-quality	bases	with	Trimmomatic	(ver-
sion	 0.33	 with	 parameters	 ILLUMINACLIP:primerSeqs:2:30:10:8:1	
SLIDINGWINDOW:5:15	 MINLEN:100	 [Bolger,	 Lohse,	 &	 Usadel,	
2014]),	 paired-end	 reads	 were	 merged	 and	 filtered	 using	 usearch	
(with	parameters	-fastq_maxdiffs	25	-fastq_maxdiffpct	10	for	merg-
ing	and	-fastq_trunclen	250	-fastq_maxee	0.25	for	filtering,	Edgar,	
2013).	Duplicated	sequences	were	then	removed	with	 fqtrim	 (ver-
sion	0.9.4,	Pertea,	2009).	The	remaining	sequences	were	clustered	
with	 usearch	 (with	 parameter	 -minsize	 2,	 Edgar,	 2013)	 to	 obtain	
10,205	OTU	sequences	 (Supporting	 Information	File	S1).	OTU	se-
quences	were	annotated	with	the	taxonomy	data	from	silva	(Quast	
et	al.,	2013)	using	sina	with	a	minimal	similarity	of	90%	and	the	10	
nearest	 neighbours	 (www.arb-silva.de/aligner,	 Yilmaz	 et	 al.,	 2014,	
Supporting	 Information	 Table	 S3).	 We	 chose	 this	 slightly	 lower	
threshold	than	the	previously	suggested	minimal	within-genus	simi-
larity	of	95%	(Stackebrandt	&	Goebel,	1994)	because	it	has	recently	
been	shown	that	most	of	158	genera	assessed	exhibit	within-gen-
era	similarities	well	below	95%	(Rossi-Tamisier,	Benamar,	Raoult,	&	
Fournier,	2015).	OTU	abundances	were	finally	obtained	by	counting	
the	number	of	sequences	 (merged	and	filtered)	matching	the	OTU	
sequences	 (usearch	 with	 parameters	 -usearch_global	 -strand	 plus	
-id	0.97,	Edgar,	2013,	Supporting	Information	Table	S4).	Three	sam-
ples	(Sample	77,	Sample	265	and	Sample	364)	were	removed	from	
all	 further	analysis	because	 they	had	very	 low	counts	 (six,	12	and	
one	in	total).	OTUs	annotated	as	chloroplast	and	mitochondria	were	
removed	to	avoid	any	potential	bias	caused	by	plant	DNA.	To	avoid	
sequencing	artefacts,	OTU	sequences	with	fewer	than	50	counts	in	
total	or	with	counts	in	fewer	than	five	samples	were	removed	from	
all	further	analyses	(4,321	OTUs	remained	after	this	filter).

2.7 | Data normalization and identification of 
differentially abundant OTUs

Variation	in	OTU	relative	abundance	was	analysed	with	a	general-
ized	 linear	model	 in	 R	with	 the	 package	DESeq2	 (version	 1.14.1,	
Love,	Huber,	&	Anders,	2014)	according	to	a	factorial	design	with	
three	 explanatory	 factors,	 namely	 soil	 legacy	 (control,	 monocul-
ture	 soil	 and	mixture	 soil),	 plant	 species	 identity	 (F. rubra,	G. mol‐
lugo,	 G. pratense,	 L. pratensis,	 O. viciifolia,	 P. lanceolata,	 P. vulgaris 
and V. chamaedrys)	and	plant	history	(monoculture	and	mixture).	All	
individual	 factor	 combinations	were	 coded	as	 a	unique	 level	of	 a	
combined	single	factor	(Supporting	Information	Table	S1).	Specific	
combinations	of	 levels	were	 then	compared	with	 linear	contrasts	

http://www.arb-silva.de/aligner
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(Neter	&	Wassermann,	1974).	 The	 four	main	 contrasts	 compared	
(a)	the	two	different	plant	histories,	(b)	the	control	soil	and	the	mi-
crobial	soils,	(c)	the	two	different	soil	legacies	of	the	microbial	soils,	
and	(d)	each	plant	species	to	all	other	plant	species.	To	test	for	in-
teractions,	each	contrast	was	tested	across	the	entire	data	set	and	
within	the	individual	soil-legacy	treatments	or	different	plant	spe-
cies.	Contrasts	(b),	(c)	and	(d)	were	not	tested	separately	within	the	
two	plant-history	treatments	because	these	only	had	weak	effects	
on	the	composition	of	the	microbiomes.	Within	each	comparison,	
p-values	were	adjusted	for	multiple	testing	(Benjamini–Hochberg),	
and	 OTUs	 with	 an	 adjusted	 p-value	 (false	 discovery	 rate,	 FDR)	
below	0.01	and	a	minimal	log2	fold-change	(i.e.,	the	difference	be-
tween	 the	 log2-transformed,	 normalized	 OTU	 counts)	 of	 1	 were	
considered	 to	be	differentially	 abundant	 (Supporting	 Information	
Table	 S5).	 Normalized	 OTU	 counts	 were	 calculated	 accordingly	
with	DESeq2	and	log2(x	+	1)-transformed	to	obtain	the	normalized	
OTU	abundances.	Sequencing	data	were	not	rarefied	(McMurdie	&	
Holmes,	2014).

2.8 | Visualization of between‐sample distances

Distances	between	all	 samples	using	all	4,321	OTUs	passing	 the	
filter	were	visualized	(Figure	2)	with	a	redundancy	analysis	(RDA).	
The	 RDA	 was	 conducted	 in	 R	 with	 the	 package	 vegan	 (version	
2.4-4,	 function	 rda();	Oksanen	et	al.,	2017).	 Input	data	were	 the	
normalized	 and	 log2-transformed	 OTU	 counts	 as	 response	 vari-
ables	and	 the	 treatment	 factors	with	all	 interactions	as	explana-
tory	terms.

Sample	clustering	using	the	2,089	differentially	abundant	OTUs	
were	 visualized	 (Figure	 5)	with	 t-SNE	 (van	 der	Maaten,	 2014;	 van	
der	Maaten	&	Hinton,	2008).	We	calculated	100	maps	starting	from	
different	random	seeds	and	selected	the	map	with	the	lowest	final	
error.	Individual	maps	were	calculated	in	R	with	the	package	Rtsne	
(version	 0.13;	 van	 der	 Maaten	 &	 Hinton,	 2008,	 van	 der	 Maaten,	
2014).	 Parameters	 for	 the	 function	 Rtsne()	 were	 pca	=	FALSE,	
theta	=	0.	Input	data	were	the	normalized	and	log2-transformed	read	
counts.	Note	that	t-SNE	differs	from	other	ordination	methods	com-
monly	used	 in	ecology	 such	as	principal	 component	or	 coordinate	
analysis	 (PCA)	by	 focusing	on	high	 resolution	of	 local	distances	 in	
an	ordination	whereas	PCA	can	better	capture	overall	variation	in	a	
data	set	(van	der	Maaten	&	Hinton,	2008).

2.9 | Overall bacterial community structure

To	 assess	 the	 overall	 impact	 of	 the	 treatment	 factors	 on	 the	 dis-
similarity	between	the	microbiome	bacterial	community	structure,	
we	 analysed	 the	 variation	 in	 dissimilarities	 between	microbiomes	
with	a	multivariate	ANOVA	(Table	2)	 in	R	with	 the	package	vegan	
(version	 2.4-4,	 function	 adonis();	 Oksanen	 et	 al.,	 2017).	We	 used	
the	Manhattan	 distance	 as	 a	 dissimilarity	measure	 because	 it	 has	
been	shown	to	be	consistently	more	preferable	than	the	Euclidean	
distance	for	high-dimensional	data	 (Aggarwal,	Hinneburg,	&	Keim,	
2001).

To	assess	the	impact	of	the	treatment	factors	on	the	genetic	com-
position	of	the	microbiomes,	we	performed	a	multivariate	ANOVA	
with	UniFrac	distances	 (Lozupone,	Lladser,	Knights,	Stombaugh,	&	
Knight,	2011).	To	calculate	UniFrac	distances	we	used	the	R-package	
GUniFrac	OTU	(version	1.1,	function	GUniFrac())	with	the	parameter	
alpha	controlling	the	weight	on	abundant	lineages	set	to	0,	0.5	and	1.	
As	input	we	used	the	normalized	OTU	counts	and	a	midpoint	rooted	
tree	of	OTU	 sequences.	 The	 genetic	 tree	was	obtained	with	Qiime 
with	the	scripts	“align_seqs.py	-m	pynast”	and	“make_phylogeny.py	
-t	fasttree”	(version	1.9.1,	Caporaso	et	al.,	2010).	The	results	for	the	
three	different	alphas	were	similar	and	only	 results	 for	α	=	0.5	are	
shown.

2.10 | Enrichment and depletion of bacterial phyla

To	test	 for	enrichment/depletion	of	bacterial	phyla	occurrences	 in	
a	given	set	of	OTUs	(e.g.,	OTUs	with	significant	difference	in	abun-
dance	 between	 monoculture	 and	 mixture	 soils),	 we	 constructed	
for	each	phylum	a	contingency	table	with	the	within/outside	phyla	
counts	for	the	given	set	of	OTUs	and	all	OTUs	passing	the	filter.	We	
then	 tested	 for	 significance	with	 Fisher's	 exact	 test.	 The	p-values	
were	adjusted	for	multiple	testing	(Benjamini–Hochberg),	and	phyla	
with	an	adjusted	p-value	 (FDR)	below	0.05	were	considered	 to	be	
significantly	enriched/depleted	(Supporting	Information	Table	S7).

3  | RESULTS

3.1 | Characterization of OTUs

Amplification	of	16S	rRNA	gene	fragments	yielded	an	initial	set	of	
10,205	OTUs	 (Supporting	 Information	 File	 S1,	 Tables	 S3	 and	 S4).	
After	 removing	OTUs	with	 similarity	 to	 chloroplast	 sequences	 (86	
OTUs)	and	mitochondrial	sequences	(57	OTUs)	and	low-abundance	

F I G U R E  2  Redundancy	analysis	(RDA)	using	the	normalized	
operational	taxonomic	unit	(OTU)	abundances	of	all	samples	
sequenced.	The	two	first	RDA	axes	explained	17.4%	of	the	overall	
variance	and	separated	the	control	soil	from	the	microbial	soils.	
The	constrained	components	accounted	for	60%	of	the	total	
variance.	The	star	marks	“Sample492”	(Lathyrus pratensis,	mixture	
history,	monoculture	soil),	which	clustered	among	the	samples	
from	the	control	soil.	This	sample	was	excluded	as	an	outlier	from	
the	analysis	of	differential	OTU	abundance	[Colour	figure	can	be	
viewed	at	wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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OTUs	with	<50	counts	in	total	or	with	counts	in	fewer	than	five	sam-
ples	 (5,741	OTUs),	 4,321	OTUs	 remained.	Of	 these,	 3,955	 and	 41	
were	classified	as	bacteria	and	archaea,	respectively	(325	remained	
unclassified	 or	 unknown).	 Within	 the	 bacterial	 domain,	 the	 ten	
most	abundant	phyla	accounted	for	82.6%	of	all	OTUs	(Supporting	
Information	 Table	 S6);	 they	 were	 Proteobacteria	 (10.6%	 Alpha-,	
2.5%	Beta-,	9.0%	Gamma-,	12.3%	Delta-	 and	0.3%	other/unknown	
Proteobacteria,	 respectively),	 Planctomycetes	 (9.0%),	 Bacteroidetes 
(7.42%),	Chloroflexi	 (6.5%),	 Firmicutes	 (6.3%),	Actinobacteria	 (4.7%),	
Parcubacteria	 (4.4%),	 Acidobacteria	 (3.6%),	 Verrucomicrobia	 (3.2%)	
and Gemmatimonadetes	(3.0%).

To	evaluate	the	overall	differences	between	the	microbiomes	
of	 the	 different	 soil	 legacies,	 plant	 species	 and	 plant	 histories,	
we	conducted	an	RDA	 (Oksanen	et	al.,	2017)	using	 the	normal-
ized	OTU	 abundances	 as	 response	 variables	 and	 the	 treatment	
factors	with	all	interactions	as	explanatory	terms	(Figure	2).	The	
two	 first	RDA	axes	explained	17.4%	of	 the	overall	 variance	and	
separated	 the	 control	 soil	 from	 the	 monoculture	 and	 mixture	
soils.	An	exception	was	“Sample492”,	which	grouped	among	the	
samples	from	the	control	soil,	even	though	it	came	from	a	micro-
bial	soil	(see	Figure	2).	This	sample	was	therefore	removed	as	an	
outlier	 from	all	subsequent	analyses.	Overall,	 the	results	clearly	
indicated	that	soils	with	live	inocula	had	rhizosphere	communities	
that	were	distinct	from	the	rhizosphere	communities	that	devel-
oped	in	control	soil.

3.2 | OTU richness, effective richness and evenness

To	 characterize	 the	 overall	 impact	 of	 the	 treatment	 factors	 on	
the	bacterial	 community	 structure,	we	 analysed	 the	 variation	 in	
OTU	richness,	effective	richness	(exponent	of	the	Shannon	index,	
Magurran,	2004)	and	evenness	(Pielou,	1975)	among	the	different	
treatments	 (Figure	 3,	 Table	 1).	 The	 results	 for	 the	 three	 indices	
were	similar,	with	plant	species,	soil	 legacy	and	their	 interaction	
being	significant.	Within	the	soil	legacy	factor,	the	contrast	com-
paring	 the	control	 soil	 to	 the	microbial	 soils	was	 significant,	but	
differences	 between	 the	 two	 microbial	 soil	 legacies	 were	 not.	
However,	the	interactions	of	these	two	contrasts	with	plant	spe-
cies	were	both	significant,	except	for	that	of	the	control	soil	ver-
sus	microbial	 soil	 contrast	with	 plant	 species	 in	 the	 analysis	 for	
effective	species	richness.	All	three	indices	were	higher	in	the	mi-
crobial	soils	than	in	the	control	soil.	In	contrast,	the	difference	be-
tween	the	two	different	microbial	soil	legacies	was	specific	to	the	
plant	species.	For	example,	OTU	richness	was	significantly	higher	
in	 mixture	 soil	 compared	 to	 monoculture	 soil	 in	 Festuca rubra 
(+382	species	on	average),	tended	to	be	higher	in	Onobrychis vicii‐
folia and Plantago lanceolata	 (+239	and	+166	species	on	average,	
respectively),	but	tended	to	be	lower	in	Geranium pratense	 (−232	
species	on	average,	Figure	3).	Similar	results	were	obtained	with	
the	multivariate	ANOVA	testing	for	the	 impact	of	the	treatment	
factors	on	the	bacterial	community	composition	(Table	2)	and	the	
genetic	community	composition	 (Table	3).	Here,	 the	main-effect	
contrast	comparing	the	two	microbial	soil	legacies	with	each	other	

was	also	significant.	For	genetic	community	composition,	the	in-
teractions	 of	 the	 contrast	 comparing	 the	 control	 soil	 to	 the	mi-
crobial	soil	and	plant	history	and	their	three-way	interaction	with	
plant	species	were	also	significant,	providing	evidence	that	plants	
with	monoculture	versus	mixture	history	did	pick	up	genetically	
different	 microbiomes	 from	monoculture	 versus	 mixture	 soil	 at	
least	in	some	species.

Nevertheless,	 the	 overall	 bacterial	 community	 structure	 was	
primarily	determined	by	 soil	 legacy,	plant	 species	 identity	 and	 the	
interaction	between	 the	 two.	 In	contrast,	 the	main	effect	of	plant	
history	and	its	interactions	were	rarely	significant	(Tables	1	and	2),	
indicating	that	plants	with	a	history	in	monoculture	versus	mixture	
had	not	evolved	strong	preferences	for	different	rhizosphere	micro-
biomes	and	that	home	versus	away	effects	(for	associations	between	
monoculture	or	mixture	plants	reciprocally	combined	with	monocul-
ture	or	mixture	soil)	were	not	important.

3.3 | Differential OTU abundance

To	 identify	 the	OTUs	 that	 contributed	 to	 the	 differences	 in	 the	
bacterial	communities,	we	tested	each	OTU	for	differential	abun-
dance	between	the	different	soil	legacies,	plant	species	identities	
and	plant	histories.	We	therefore	combined	these	three	treatment	
factors	 and	 their	 interactions	 into	 a	 single	 factor	 with	 3	×	2	×	8	
levels	 and	 compared	 specific	 combinations	 of	 levels	 with	 linear	
contrasts	 (see	 Section	 2	 for	 details).	 Of	 the	 4,321	OTUs	 tested,	
2,089	 showed	 one	 or	 several	 significant	 comparisons	 (Table	 4).	
Comparisons	 between	 the	 different	 soil-legacy	 treatments	were	
often	 significant	 (e.g.,	 975	 OTUs	 were	 different	 between	 the	
control	 soil	 and	 the	microbial	 soils).	 Likewise,	 contrasts	 compar-
ing	each	plant	 species	 to	 all	 other	plant	 species	were	 frequently	
significant	(e.g.,	493	OTUs	were	different	between	F. rubra and all 
other	plant	species).	In	agreement	with	the	significant	interaction	
between	soil-legacy	treatments	and	plant	species	identities	in	the	
analysis	of	bacterial	richness,	the	number	and	identity	of	the	OTUs	
identified	as	significantly	differentially	abundant	between	soil-leg-
acy	treatments	or	among	plant	species	varied	if	they	were	tested	
within	a	given	plant	species	or	soil-legacy	treatment,	respectively	
(Figure	4,	Supporting	Information	Figures	S1	and	S2).	The	contrasts	
comparing	the	two	plant	histories	across	the	entire	data	set,	within	
microbial	 soil	 legacies	 (monoculture	 or	 mixture	 soil)	 and	 within	
plant	species	were	almost	never	significant	 (fewer	than	13	OTUs	
in	every	case).	Together,	these	results	confirmed	that	the	composi-
tion	of	the	rhizosphere	microbiomes	was	mainly	determined	by	the	
microbial	community	developed	over	time	in	the	field	biodiversity	
experiment	 and	 its	 interaction	 with	 the	 particular	 plant	 species	
that	provided	the	“root	interface”	in	the	field	and	later	on	in	the	pot	
experiment	in	the	glasshouse.	Overall,	when	looking	at	the	bacte-
rial	community	composition	in	terms	of	the	normalized	abundances	
of	 the	2,089	bacterial	OTUs	which	were	significant	 in	any	of	 the	
comparisons,	 the	 rhizosphere	 microbiomes	 cluster	 according	 to	
plant	species	and	often	also	according	to	soil	legacy,	whereas	plant	
histories	did	not	form	any	apparent	clusters	(Figure	5).
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F I G U R E  3  Microbial	richness	(number	of	operational	taxonomic	units)	in	the	rhizosphere	of	plants	with	a	history	in	monoculture	(white	
bars)	and	plants	with	a	history	in	mixture	(grey	bars)	across	all	plant	species	(a)	and	for	each	plant	species	separately	(b).	Effective	species	
richness	(exp(Shannon	Index))	in	the	rhizosphere	of	plants	with	a	history	in	monoculture	(white	bars)	and	plants	with	a	history	in	mixture	
(grey	bars)	across	all	plant	species	(c)	and	for	each	plant	species	separately	(d).	Pielou's	evenness	in	the	rhizosphere	of	plants	with	a	history	in	
monoculture	(white	bars)	and	plants	with	a	history	in	mixture	(grey	bars)	across	all	plant	species	(e)	and	for	each	plant	species	separately	(f).	
Significant	(p	<	0.05)	soil	contrasts	are	indicated	in	the	panels	with	the	individual	species	(b,	d	and	f).	The	ANOVA	results	for	the	full	model	
using	all	data	(a,	c	and	e)	are	given	in	Table	1.	Boxplots:	the	bottom	and	top	of	the	boxes	correspond	to	the	lower	and	upper	quartiles	and	
the	centre	line	marks	the	median.	Whiskers	extend	to	the	lowest/highest	values	unless	these	values	are	lower/higher	than	the	first/third	
quartile	minus/plus	1.5	times	the	interquartile	range,	which	equals	the	third	minus	the	first	quartile
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3.4 | Soil legacy and plant species shape bacterial 
rhizosphere communities

Differences	between	the	microbiomes	from	monoculture	versus	mix-
ture	 soils	 were	 highly	 specific	 to	 each	 particular	 plant	 species	 (see	
Figure	4).	In	total,	864	OTUs	were	significantly	differentially	abundant	
between	the	two	microbial	soils	if	tested	separately	for	each	plant	spe-
cies.	The	majority	of	 them	 (563	OTUs)	were	unique	 to	a	given	plant	
species.	Only	138	significantly	differentially	abundant	OTUs	were	iden-
tified	 if	 tested	across	all	plant	species	 (of	which	23	were	not	among	
the	864	with	significant	differences	in	the	plant	species-specific	com-
parisons).	 In	 contrast,	 74.0%	 of	 all	 OTUs	 identified	 as	 differentially	
abundant	between	the	control	soil	and	the	two	microbial	soil-legacy	
treatments	were	 also	 significantly	 different	 if	 tested	 across	 all	 plant	
species	(975	of	1,317	OTUs).	On	average	per	plant	species,	91	OTUs	
were	more	abundant	in	microbiomes	from	mixture	than	from	monocul-
ture	soil	and	63	OTUs	were	more	abundant	in	microbiomes	from	mon-
oculture	 than	 from	mixture	 soil.	 Except	 for	G. pratense,	microbiomes	
from	mixture	soil	always	had	a	higher	number	of	OTUs	with	increased	
abundance	than	microbiomes	from	monoculture	soil.	This	was	also	true	
if	 tested	across	all	 plant	 species,	where	106	and	32	OTUs	exhibited	
increased	abundance	 in	microbiomes	 from	mixture	and	monoculture	
soil,	respectively	(see	Table	4).	Together,	the	microbiomes	from	soil	with	
a	legacy	of	plant	species	mixtures	generally	contained	more	individual	
OTUs	with	higher	abundance	than	the	microbiomes	from	soil	with	a	
legacy	of	monocultures.

3.5 | Taxonomy of OTUs differentially abundant  
in monoculture versus mixture soils

We	assessed	the	taxonomy	of	the	OTUs	that	were	significantly	dif-
ferentially	 abundant	between	microbiomes	 from	monoculture	 and	
mixture	 soils	 (Figure	 4b,	 Supporting	 Information	 Table	 S7).	 OTUs	
with	 increased	 abundance	 in	microbiomes	 from	monoculture	 soils	
were	 enriched	 for	 Bacteroidetes	 (75	 observed,	 46	 expected)	 and	
depleted	for	Firmicutes	 (one	observed,	13	expected)	and	unknown	
phyla	(14	observed,	36	expected).	OTUs	with	increased	abundance	in	
microbiomes	from	mixture	soils	were	enriched	for	Bacteroidetes	(87	
observed,	61	expected)	and	depleted	for	Firmicutes	 (five	observed,	
17	expected)	and	unknown	phyla	(12	observed,	47	expected);	in	ad-
dition,	they	were	also	depleted	for	Actinobacteria	 (11	observed,	26	
expected).	Hence,	Bacteroidetes	was	the	phylum	most	responsive	to	
the	plant	diversity	level	in	the	field.	In	contrast,	Firmicutes	was	the	
least	responsive	phylum.

4  | DISCUSSION

Here	we	tested	three	hypotheses:	 (a)	that	microbiomes	obtained	
from	soil	from	plant	mixtures	are	more	diverse	and	differ	in	com-
position	 from	microbiomes	obtained	 from	soil	 from	plant	mono-
cultures;	(b)	that	plant	species	differ	in	their	microbiomes;	and	(c)	
that	plants	with	a	history	of	growing	in	monoculture	or	in	species	

TA B L E  1  Analysis	of	variance	of	microbial	richness	(number	of	operational	taxonomic	units),	effective	species	richness	(exp(Shannon	
Index))	and	Pielou's	evenness

Source of variation df

Species richness Eff. species richness Pielou's evenness

F p %‐SS F p %‐SS F p %‐SS

Plant	history	(Ph) 1 0.01 0.925 0 2.21 0.141 0.55 1.46 0.230 0.48

Soil	legacy	(Sl) 2 100.75 <0.001 31.07 33.99 <0.001 16.87 6.88 0.002 4.58

Control versus 
microbial soil (C)

1 199.55 <0.001 30.77 67.97 <0.001 16.87 12.98 <0.001 4.31

Monoculture versus 
Mixture soil (M)

1 1.95 0.166 0.30 0.00 0.975 0.00 0.79 0.378 0.26

Plant	species	(Sp) 7 5.19 <0.001 5.61 8.11 <0.001 14.09 8.90 <0.001 20.72

Ph	×	Sl 2 1.4 0.251 0.43 2.15 0.123 1.07 1.43 0.244 0.95

Ph × C 1 2.25 0.137 0.35 1.99 0.162 0.49 0.91 0.343 0.30

Ph × M 1 0.55 0.459 0.09 2.32 0.131 0.58 1.95 0.166 0.65

Ph	×	Sp 7 1.25 0.283 1.35 0.73 0.649 1.26 0.48 0.846 1.12

Sl	×	Sp 14 2.37 0.007 5.12 2.69 0.002 9.36 2.59 0.003 12.05

C × Sp 7 2.48 0.022 2.68 1.74 0.109 3.02 2.52 0.020 5.86

M × Sp 7 2.26 0.035 2.44 3.65 0.002 6.34 2.66 0.015 6.19

Ph	×	Sl	×	Sp 14 1.08 0.381 2.34 0.74 0.726 2.58 1.07 0.396 4.97

Ph × C × Sp 7 1.09 0.373 1.18 0.52 0.817 0.90 0.97 0.455 2.27

Ph × M × Sp 7 1.07 0.386 1.16 0.97 0.460 1.68 1.16 0.331 2.71

Residuals 98 15.11 24.32 32.59

Notes.	Contrasts	among	soil-legacy	treatments	and	their	interactions	are	indented	and	printed	in	italics.	Significant	p-values	are	highlighted	in	bold.
%-SS:	proportion	of	total	sum	of	squares;	df:	degrees	of	freedom;	p:	error	probability.
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mixtures	 associate	 with	 different	 rhizosphere	 microbiomes	 if	
planted	 in	 pots	 inoculated	 with	 soil	 taken	 from	monoculture	 or	
mixtures	of	the	same	species.

Overall,	 we	 found	 clear	 differences	 between	 control	 and	 mi-
crobial	soil	treatments	in	bacterial	richness,	diversity,	evenness	and	
composition,	 thus	confirming	 the	anticipated	establishment	of	our	
microbial	 treatments.	 Differences	 between	 the	 two	microbial	 soil	
types	were	 less	pronounced.	For	bacterial	 richness,	effective	rich-
ness	and	evenness,	the	difference	depended	on	the	species	(Table	1).	
In	contrast,	the	overall	community	structure	assessed	with	a	multi-
variate	ANOVA	was	clearly	different	between	the	two	microbial	soil	
types	 (Table	2).	Similarly,	we	 identified	864	OTUs	which	were	sig-
nificantly	differentially	abundant	between	monoculture	and	mixture	
soil	 legacies	 (i.e.,	 20%	of	 all	 tested	OTUs,	 Table	 4).	 In	 all	 analyses	
we	observed	 a	 strong	 interaction	 between	 the	 soil	 legacy	 effects	
and	the	plant	species.	However,	we	found	almost	no	significant	dif-
ferences	between	microbiomes	of	plants	with	a	monoculture	versus	
mixture	history,	even	when	testing	for	interactions	of	plant	history	
with	 the	other	 factors	 (see	Tables	1‒3).	 In	 summary,	 this	 supports	
our	first	 (a)	and	second	(b)	hypotheses	but	provides	 little	evidence	
for	our	 third	 (c)	 hypothesis.	Hence,	 our	 findings	demonstrate	 that	
the	 composition	of	 rhizosphere	microbiomes	 is	 shaped	by	 the	 soil	
environment	 from	which	 they	 originate	 and	where	 legacy	 effects	
of	plant	diversity	play	an	important	role,	and	by	the	identity	of	the	
host	 plant	 species	with	which	 they	 associate	 during	 plant	 growth	
(both	during	 the	11	years	 in	 the	 field	 biodiversity	 experiment	 and	
the	5	months	in	the	glasshouse	experiment).	However,	plant	history,	

i.e.	whether	plants	have	been	selected	 in	monoculture	or	mixture,	
is	 not	 reflected	 in	 differences	 between	 rhizosphere	microbiomes.	
As	a	corollary,	this	suggests	that	the	differences	observed	between	
monoculture-	and	mixed	culture-history	plants	in	Zuppinger-Dingley	
et	al.	(2014)	were	unlikely	to	be	due	to	the	plants	being	associated	
with	different	microbiomes.

It	is	important	to	note	that	the	mixture	and	monoculture	soil	in-
ocula	 included	microbial	 filtrates	 from	eight	different	plant	mono-
culture	 plots,	 six	 different	 eight-species	 plant-mixture	 plots	 (one	
for	each	species	except	for	Galium mollugo and Onobrychis viciifolia 
whose	rhizosphere	soil	samples	came	from	the	same	mixture	plot)	
and	 one	 four-species	 plant-mixture	 plot	 in	 the	 Jena	 Experiment.	
Hence,	both	plant	history	and	soil	legacy	were	of	relatively	high	di-
versity	 in	 the	mixture.	 It	 is	 possible	 that	 results	would	 have	 been	
different	 if	we	had	 included	plants	and	microbial	 inocula	 from,	 for	
example,	 two-species	 mixtures	 instead	 of	 mostly	 eight-species	
mixtures.	In	this	respect,	note	that	to	a	certain	extent,	the	average	
monoculture	 soil	 represents	 a	 mixture	 influenced	 by	 eight	 plant	
species.	Likewise,	the	average	mixture	soil	represents	a	mixture	in-
fluenced	by	seven	different	plant	communities	(36	plant	species	in	
total).	 The	 overall	 comparison	 between	monoculture	 and	mixture	
soil	across	all	plant	species	thus	resembles	a	comparison	of	soil	influ-
enced	by	eight	plant	species	compared	to	36	plant	species	(without	
considering	the	potential	effects	of	plant	diversity	on	each	individual	
soil	sample	from	the	Jena	Experiment).	The	effect	of	soil	legacy	on	
the	bacterial	diversity	of	plant	rhizospheres	may	therefore	be	better	
understood	when	comparisons	are	made	within	each	plant	species.

Source of variation df SS MS F p

Plant	history	(Ph) 1 5,179,156.5 5,179,156.5 0.80 0.769

Soil	legacy	(Sl) 2 217,988,671.7 108,994,335.9 16.78 0.001

Control versus 
microbial soil (C)

1 187,773,678.1 187,773,678.1 28.90 0.001

Monoculture versus 
Mixture soil (M)

1 30,214,993.6 30,214,993.6 4.65 0.001

Plant	species	(Sp) 7 396,818,364.0 56,688,337.7 8.73 0.001

Ph	×	Sl 2 12,960,987.9 6,480,493.9 1.00 0.373

Ph × C 1 7,885,628.8 7,885,628.8 1.21 0.168

Ph × M 1 5,075,369.1 5,075,369.1 0.78 0.810

Ph	×	Sp 7 46,319,383.0 6,617,054.7 1.02 0.411

Sl	×	Sp 14 282,148,085.7 20,153,434.7 3.10 0.001

C × Sp 7 91,109,620.4 13,015,660.1 2.00 0.001

M × Sp 7 191,038,465.3 27,291,209.3 4.20 0.001

Ph	×	Sl	×	Sp 14 86,097,936.9 6,149,852.6 0.95 0.513

Ph × C × Sp 7 44,940,444.8 6,420,063.5 0.99 0.522

Ph × M × Sp 7 41,157,492.0 5,879,641.7 0.90 0.778

Residuals 98 636,709,175.9 6,497,032.4

Note.	Contrasts	among	soil-legacy	treatments	and	their	interactions	are	indented	and	in	italic	type.	
Significant	p-values	are	highlighted	in	bold.	The	lowest	p-value	was	set	to	0.001	because	the	results	
were	obtained	with	999	permutations.	SS/MS	refer	to	sum	of	squares/mean	squares	of	the	dissimi-
larity	measure	(Manhattan	distance	between	samples	calculated	with	the	log2-transformed	normal-
ized	operational	taxonomic	unit	sequence	counts).

TA B L E  2  Multivariate	analysis	of	
variance	of	dissimilarities	between	
microbial	communities
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4.1 | Factors affecting the diversity of rhizosphere 
microbiomes

Indeed,	 differences	 in	 diversity	 indices,	 composition	 and	 indi-
vidual	 OTU	 abundances	 between	 microbiomes	 from	 monocul-
ture	and	mixture	soil	depended	on	the	plant	species	(interactions	
M	×	Sp	and	PH	×	M	×	Sp	in	Tables	1	and	2,	contrast	3	in	Table	4).	
Given	 that	 plant	 species	 identity	 was	 confounded	 with	 species	
composition	of	 plant	mixtures	 in	 the	 Jena	Experiment,	 it	 is	 pos-
sible	 that	 in	 part	 these	 differences	 were	 due	 to	 key	 plant	 spe-
cies	being	present	or	 absent	 in	 these	plant	mixtures	 in	 the	 Jena	
Experiment.	 However,	 a	 more	 diverse	 plant	 community	 always	
has	a	greater	probablility	of	containing	some	particular	species.	In	
this	sense,	the	presence	of	a	key	species	may	also	be	considered	
as	 a	 biodiversity	 effect,	 sometimes	 referred	 to	 as	 the	 “selection	
probability	 effect”	 (Niklaus,	 Baruffol,	 He,	Ma,	 &	 Schmid,	 2017).	
The	observed	species-specific	effects	are	in	line	with	a	variety	of	
responses	previously	reported	in	the	literature.	Studies	examining	
the	 correlation	 of	 plant	 species	 diversity	 and	 soil	 bacterial	 rich-
ness	found	positive	correlations	(Garbeva	et	al.,	2006;	Stephan	et	
al.,	2000),	negative	correlations	(Schlatter	et	al.,	2015)	or	no	cor-
relation	 (Dassen	 et	 al.,	 2017;	Grüter	 et	 al.,	 2006).	Nevertheless,	
positive	correlations	seem	to	predominate	both	in	our	study	and	in	
the	sum	of	previous	studies.	Because	the	habitats	and	resources	
in	 the	 rhizosphere	 tend	 to	 vary	 between	 different	 plant	 species	
(Berg	&	Smalla,	2009;	Eisenhauer	et	al.,	2017;	Hooper	et	al.,	2000),	

increasing	plant	species	diversity	could	provide	a	greater	variety	
of	resources	and	habitats	for	microbes	and	thereby	result	in	higher	
richness	of	rhizosphere	microbiomes	from	mixture	than	from	mon-
oculture	soil.

4.2 | Factors affecting the differences in 
abundance of individual OTUs

When	we	compared	differential	relative	abundances	of	individual	
OTUs	 between	 the	 rhizosphere	 microbiomes	 from	 mixture	 and	
from	monoculture	soils,	the	number	of	OTUs	with	increased	rela-
tive	 abundance	 in	 treatments	with	mixture	 soil	was	 higher	 in	 all	
plant	species	except	Geranium pratense	 (Figure	4	and	Table	4).	 In	
G. pratense,	overall	bacterial	richness	tended	to	be	higher	in	micro-
biomes	from	monoculture	than	from	mixture	soil	(Figure	3b).	One	
explanation	could	be	the	selection	history	of	G. pratense.	Whereas	
all	the	other	species	grew	in	mixed-species	field	plots	with	herbs	
and	grasses,	legumes	or	both,	G. pratense	was	growing	in	a	mono-
functional	 group	mixture	 (eight	 species	of	 tall	 herbs)	 in	 the	 Jena	
Experiment.	 This	 may	 have	 resulted	 in	 a	 more	 monoculture-like	
selective	 environment	 for	 the	 associated	 microbes.	 Plant	 func-
tional	groups	have	been	shown	 to	 influence	bacterial	 abundance	
(Stephan	et	al.,	2000;	Bartelt-Ryser	et	al.,	2005;	Latz	et	al.,	2012;	
Latz	 et	 al.,	 2016;	 Lange	et	 al.,	 2014)	 and	 richness	 (Dassen	et	 al.,	
2017;	Stephan	et	al.,	2000)	in	soil.	Dassen	et	al.	(2017)	suggested	
that	plant	 functional	groups	are	more	 important	determinants	of	
bacterial	richness	than	plant	species.	Together,	our	results	suggest	
that	 individual	OTU	abundances	and	overall	bacterial	 richness	 in	
the	 rhizosphere	 generally	 increase	 with	 increasing	 plant	 species	
diversity	to	the	extent	that	this	 feeds	back	to	newly	establishing	
plants,	but	that	they	are	also	positively	 influenced	by	plant	func-
tional	diversity.

5  | CONCLUSIONS

Our	 results	 suggest	 that	 plant	 species	diversity	 generally	 leaves	 a	
legacy	which	 increases	 the	diversity	of	soil	bacteria	 that	assemble	
in	the	rhizospheres	of	subsequently	grown	plant	species.	The	extent	
of	this	effect	is	further	modulated	by	the	identity	of	the	host	plant	
species.	These	findings	support	our	hypothesis	that	when	plants	and	
soil	microbial	communities	develop	together	for	prolonged	periods	
in	 the	 field	 in	 plant	monocultures	 and	mixtures,	 the	 diversity	 and	
composition	of	 rhizosphere	bacterial	 communities	 associated	with	
subsequently	grown	plants	can	diverge.
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TA B L E  3  Multivariate	analysis	of	variance	of	UniFrac	distances

Source of variation df SS MS F p

Plant	history	(Ph) 1 0.05 0.05 0.87 0.636

Soil	legacy	(Sl) 2 1.51 0.75 12.13 0.001

Control versus 
microbial soil (C)

1 1.31 1.31 21.09 0.001

Monoculture versus 
Mixture soil (M)

1 0.20 0.20 3.17 0.001

Plant	species	(Sp) 7 3.59 0.51 8.23 0.001

Ph	×	Sl 2 0.16 0.08 1.27 0.286

Ph × C 1 0.11 0.11 1.69 0.028

Ph × M 1 0.05 0.05 0.84 0.708

Ph	×	Sp 7 0.43 0.06 0.99 0.498

Sl	×	Sp 14 2.20 0.16 2.52 0.004

C × Sp 7 0.95 0.14 2.19 0.001

M × Sp 7 1.25 0.18 2.85 0.001

Ph	×	Sl	×	Sp 14 0.99 0.07 1.14 0.335

Ph × C × Sp 7 0.61 0.09 1.39 0.001

Ph × M × Sp 7 0.39 0.06 0.89 0.888

Residuals 98 6.10 0.06

Note.	Contrasts	among	soil-legacy	treatments	and	their	interactions	are	
indented	and	in	italics.	Significant	p-values	are	highlighted	in	bold.	The	
lowest	p-value	was	set	to	0.001	because	the	results	were	obtained	with	
999	permutations.	SS/MS	refer	to	sum	of	squares/mean	squares	of	the	
dissimilarity	measure.
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