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Abstract
Plant–	microbe	interactions	play	an	important	role	in	structuring	plant	communities.	
Arbuscular	mycorrhizal	fungi	(AMF)	are	particularly	important.	Nonetheless,	increas-
ing	 anthropogenic	 disturbance	 will	 lead	 to	 novel	 plant–	AMF	 interactions,	 altering	
longstanding	co-	evolutionary	trajectories	between	plants	and	their	associated	AMF.	
Although	emerging	work	shows	that	plant–	AMF	response	can	evolve	over	relatively	
short time scales due to anthropogenic change, little work has evaluated how plant 
AMF	 response	 specificity	 may	 evolve	 due	 to	 novel	 plant–	mycorrhizal	 interactions.	
Here,	we	examine	changes	in	plant–	AMF	interactions	in	novel	grassland	systems	by	
comparing	the	mycorrhizal	response	of	plant	populations	from	unplowed	native	prai-
ries	with	populations	from	post-	agricultural	grasslands	to	inoculation	with	both	native	
prairie	AMF	and	non-	native	novel	AMF.	Across	four	plant	species,	we	find	support	for	
evolution	of	differential	responses	to	mycorrhizal	inocula	types,	that	is,	mycorrhizal	
response	specificity,	consistent	with	expectations	of	local	adaptation,	with	plants	from	
native	populations	responding	most	to	native	AMF	and	plants	from	post-	agricultural	
populations	responding	most	to	non-	native	AMF.	We	also	find	evidence	of	evolution	
of	mycorrhizal	 response	 in	 two	of	 the	four	plant	species,	as	overall	 responsiveness	
to	AMF	changed	from	native	to	post-	agricultural	populations.	Finally,	across	all	four	
plant	species,	 roots	 from	native	prairie	populations	had	 lower	 levels	of	mycorrhizal	
colonization	than	those	of	post-	agricultural	populations.	Our	results	report	on	one	of	
the	first	multispecies	assessment	of	local	adaptation	to	AMF.	The	consistency	of	the	
responses	 in	our	experiment	among	four	species	provides	evidence	that	anthropo-
genic	disturbance	may	have	unintended	impacts	on	native	plant	species'	association	
with	AMF,	causing	evolutionary	change	in	the	benefit	native	plant	species	gain	from	
native	symbioses.
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1  |  INTRODUC TION

There	has	been	a	growing	understanding	of	the	vital	 links	between	
plant	communities	and	their	soil	microbiome	(Barberán	et	al.,	2015; 
Bever et al., 2010;	Delgado-	Baquerizo	 et	 al.,	2016),	with	 both	mu-
tualistic	 and	pathogenic	microbes	 implicated	 in	 the	maintenance	of	
plant diversity. Evidence to date shows that plant pathogens structure 
plant	 communities	 and	 maintain	 plant	 community	 diversity	 (Bever	
et al., 2015; Crawford et al., 2019; Eppinga et al., 2018;	Mordecai,	2011; 
van	der	Heijden	et	 al.,	2008; Van der Putten et al., 2013).	A	major	
group	of	mutualists,	mycorrhizal	fungi,	are	also	important	in	determin-
ing	plant	community	structure	(Bever,	2002;	Mangan	et	al.,	2010; van 
der	Heijden	et	al.,	1998; Vogelsang et al., 2006).	These	symbionts	play	
an	important	role	in	mediating	plant	succession	(Janos,	1980;	Koziol	&	
Bever, 2015, 2019)	and	in	the	establishment	and	distribution	of	plant	
species	worldwide	(Delavaux	et	al.,	2019, 2021).

Plant	interactions	with	arbuscular	mycorrhizal	fungi	(AMF)	are	par-
ticularly	 important	 in	native	systems,	with	both	partners	coevolving	
over time. There is strong evidence of coevolution of the relationship 
between	plants	and	their	mycorrhizal	fungi	(Brundrett,	2002).	Indeed,	
AMF	are	hypothesized	to	have	played	a	major	role	in	land	colonization	
by	plants,	serving	as	root-	like	structures	to	aquatic	plants	(Redecker	
et al., 2000).	Evidence	shows	that	the	arbuscular	mycorrhizal	state	is	
the	ancestral	state,	with	later	plant	groups	evolving	ectomycorrhizal	or	
non-	mycorrhizal	relationships	(Brundrett,	2002;	Maherali	et	al.,	2016).	
Further,	this	evolutionary	history	has	been	shown	to	be	a	dominant	
driver	 of	 mycorrhizal	 response.	 A	 recent	 meta-	analysis	 (Hoeksema	
et al., 2018)	 showed	 that	 evolutionary	 history	 is	 a	 strong	 driver	 of	
plant	response	to	mycorrhizal	fungi,	and	is	more	important	in	deter-
mining the interaction outcome than other traditionally studied envi-
ronmental	moderators.	Selection	and	breeding	in	agriculture	also	offer	
evidence	 for	more	 recent	 evolutionary	 influence	on	 the	plant–	AMF	
interaction,	 often	 leading	 to	 lower	 responsiveness	 to	 AMF	 (Koziol	
et al., 2012;	Martín-	Robles	et	al.,	2018; Turrini et al., 2016).

Increasingly,	 anthropogenic	 disturbance,	 including	 species	 intro-
ductions	 and	 range	 shifts,	will	 lead	 to	 novel	 plant–	microbe	 interac-
tions,	 interfering	 with	 this	 longstanding	 co-	evolutionary	 trajectory	
(Dickie	et	al.,	2017; Pringle et al., 2009).	Evidence	suggests	that	these	
changes	may	 result	 in	 relatively	 rapid	 evolution,	with	AMF	 respon-
siveness evolving over a few decades. Invasion offers an important 
perspective	 into	 formation	of	novel	 plant–	mycorrhizal	 relationships,	
with	invasive	plants	often	showing	reduced	response	to	AMF	(Cheeke	
et al., 2019; Pringle et al., 2009;	Seifert	et	al.,	2009),	or	directly	reducing	
AMF	abundance	(Callaway	et	al.,	2008; Crawford et al., 2019;	Stinson	
et al., 2006;	Vogelsang	&	Bever,	2009),	 but	 see	 (Bunn	et	 al.,	2015).	
Seifert	et	 al.	 (2009)	 found	 that	St.	 John's	wort	 showed	 reduced	 re-
sponsiveness	to	AMF	during	invasion	of	North	America	compared	to	
native	source	populations.	As	St.	John's	wort	is	abundant	in	anthropo-
genically	disturbed	areas	of	North	America,	this	study	suggests	that	
evolution	of	mycorrhizal	 response	may	occur	due	 to	 anthropogenic	
disturbance.	 Nonetheless,	 it	 is	 unknown	whether	 the	 specificity	 of	
plant	response	to	AM	fungal	composition	may	also	evolve	rapidly	in	
general	and	specifically	in	response	to	anthropogenic	disturbance.

The	 tallgrass	 prairie	 system	 in	 the	 Midwestern	 US	 is	 an	 ideal	
system	 in	which	 to	ask	questions	 related	 to	evolution	of	mycorrhi-
zal	response	and	specificity,	with	a	long	history	of	research	into	the	
ecology	of	plant–	mycorrhizal	relationships.	Work	in	tallgrass	prairies	
has	 shown	 that	 plant–	mycorrhizal	 interactions	 sustain	 native	 plant	
diversity, with late successional prairie dominants showing high re-
sponsiveness	 to	AMF	and	fungal	composition	 (Cheeke	et	al.,	2019; 
Koziol	&	Bever,	2015, 2016, 2019; Vogelsang et al., 2006;	Wilson	&	
Hartnett,	1998).	Further,	as	most	prairie	systems	have	been	altered	
by	human	activity	(Samson	et	al.,	2004),	novel	plant–	microbial	inter-
actions	are	dominant	in	these	heavily	degraded	systems.	Specifically,	
anthropogenic	 disturbance	 of	 prairies	 has	 been	 shown	 to	 degrade	
AMF	communities	(House	&	Bever,	2018),	and	reintroduction	of	na-
tive	AMF	into	these	settings	increases	the	establishment	success	and	
growth	of	late	successional	prairie	plant	species	(Koziol	&	Bever,	2017, 
2019;	Lubin	et	al.,	2019;	Middleton	et	al.,	2015).	However,	a	subset	
of	native	prairie	plant	species	has	been	more	successful	 in	coloniz-
ing	 in	 post-	agricultural	 sites,	 often	 becoming	 more	 abundant	 than	
they were in native prairies. These early successional native prairie 
plant	species	have	been	shown	to	be	 less	dependent	on	AMF	than	
late	 successional	 prairie	 plant	 species	 (Bauer	 et	 al.,	2018;	Koziol	&	
Bever, 2015)	and	their	response	is	less	sensitive	to	AMF	species	iden-
tity	 (Cheeke	et	al.,	2019;	Koziol	&	Bever,	2016).	However,	whether	
these	early	successional	species	differentially	respond	to	native	AMF	
and	whether	they	have	evolved	in	their	relationship	with	AMF	during	
colonization	of	post-	agricultural	sites	has	not	been	explored.

Here,	 we	 investigate	 the	 evolution	 of	 plant	 mycorrhizal	 re-
sponse and the specificity of this response across tallgrass prairies 
in	Eastern	Kansas,	USA.	We	first	test	for	differences	 in	mycorrhizal	
responsiveness	 between	 two	 plant	 population	 types,	 native	 and	
post-	agricultural,	 across	 four	native	plant	 species.	We	 then	 test	 for	
differences	 in	specificity	of	mycorrhizal	 response	by	comparing	 the	
response	 of	 these	 population	 types	 to	 native	 prairie	 AMF	 inocula	
with	the	response	to	novel	non-	native	AMF	inocula.	Local	adaptation	
predicts	that	populations	from	undisturbed	prairies	will	benefit	most	
from	native	prairie	AMF,	while	populations	from	disturbed	prairies	will	
benefit	most	from	novel	AMF	(Kawecki	&	Ebert,	2004;	Núñez-	Farfán	
&	Schlichting,	2001;	Williams,	2018).	This	work	clarifies	how	popula-
tions	of	the	same	native	plant	species	in	native	and	post-	agricultural	
prairies	differ	in	their	growth	response	to	mycorrhizal	fungi	generally	
(mycorrhizal	response)	and	to	inocula	origin	specifically	(mycorrhizal	
response	specificity),	informing	potential	evolutionary	consequences	
of novel interactions resulting from anthropogenic change.

2  |  MATERIAL S AND METHODS

2.1  |  Site description

To	 test	 differences	 in	mycorrhizal	 response	 between	 native	 and	
post-	agricultural	plant	populations,	we	selected	eight	prairie	sites	
across	 Kansas,	 USA.	 Four	 sites	 were	 classified	 as	 native,	 repre-
senting	native	prairies	sites	without	human	disturbance.	The	four	
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remaining	 sites	 were	 post-	agricultural	 sites	 which	 were	 aban-
doned	agricultural	fields	(between	20	and	50 years)	and	represent	
novel,	 disturbed	 sites.	 The	native	 sites	 included	 two	 sites	 at	 the	
University	 of	 Kansas	 Field	 Station	 (Rockefeller	 Prairie,	 39.0°N,	
95.2°W,	and	Dogleg	Prairie,	30.1°N,	95.2°W),	Prairie	Nature	Park	
Prairie	(38.9°N,	95.2°W),	and	Kill	Creek	Prairie	(38.9°N,	95.	0°W).	
The	 post-	agricultural	 sites	 included	 a	 site	 at	 The	 Land	 Institute	
in	Lawrence,	KS	 (39.0°N,	95.2°W),	 two	sites	of	 the	University	of	
Kansas	 Field	 station	 (Welda	 Prairie,	 38.2°N,	 95.3°W,	 and	 Plot	
4010,	 39.1	 °N,	 95.2	 °W)	 and	 the	 Rock	Chalk	 Park	walking	 trails	
(39.93°N,	95.33°W).

2.2  |  Seed collections

Seeds	were	 hand	 collected	 during	 September	 and	October	 2018.	
Plant species were chosen to represent those species that are native 
tallgrass	 prairie,	 but	 easily	 colonize	 post-	agricultural	 sites	 as	 well,	
representing early successional species. The following species were 
collected	from	each	site	when	possible	for	this	study:	Apocynum can-
nabinum	(Dogbane), Vernonia fasciculate	(Ironweed), Asclepias syriaca 
(Milkweed), and Solidago canadensis	(Solidago).	Seeds	were	air	dried,	
hand	separated	and	stored	at	4°C	in	a	walk-	in	fridge.

2.3  |  Mycorrhizal inocula

Two	types	of	mycorrhizal	inocula	mixtures	were	used	in	this	study	
to test the differential response of each plant population type 
to	each	type	of	mycorrhizal	fungi.	To	represent	mycorrhizal	fun-
gal	species	found	in	native	prairie	sites,	we	used	a	mixture	of	11	
AMF	species	cultured	from	nearby	prairie	remnants.	To	represent	
novel	mycorrhizal	fungal	species	as	might	be	found	in	disturbed	
post-	agricultural	 sites	 (House	&	Bever,	2018),	we	used	10	AMF	
species from the International Culture Collection of Vesicular 
Arbuscular	Mycorrhizal	Fungi	(INVAM,	West	Virginia	University;	
Table	 S1).	 Note	 that	 these	 AMF	 are	 not	 from	 post-	agricultural	
sites,	 but	 represent	 novel	 non-	native	 AMF.	 Nonetheless,	 our	
goal	was	to	compare	native	to	novel	plant–	mycorrhizal	 relation-
ships;	 therefore,	use	of	novel,	 foreign	AMF	was	appropriate	 for	
our	 study.	 Furthermore,	 we	 chose	 species	 that	 we	 knew	 to	 be	
present	in	post-	agricultural	grasslands	of	the	prairie	region	of	the	
United	States	based	on	identification	of	spores	and	environmen-
tal	 sequencing	 (House	 &	 Bever,	 2018; Table	 S2).	 Species	 were	
chosen	for	each	inocula	mixture	to	represent	a	broad	and	compa-
rable	phylogenetic	spread	across	the	AMF	clade.	Each	AMF	spe-
cies	used	 in	the	mixtures	was	grown	as	single	species	culture	 in	
the same greenhouse, soil, and with the same plant hosts during 
the	previous	summer.	Native	AMF	inoculum	was	generated	on	a	
mixture	of	prairie	plant	species,	while	novel	AMF	 inoculum	was	
generated	on	Sorghum.	Equal	proportions	of	AMF	species	were	
mixed	 to	create	 the	 two	 inocula	communities	of	distinct	origins	
used	in	the	experiment.

2.4  |  Greenhouse assay

In	Spring	2019,	seeds	were	cleaned	and	planted	in	sterile	potting	soil	
and	cold	stratified	for	6 weeks.	The	planted	seeds	were	then	placed	
in	a	greenhouse	 to	germinate	 for	2 weeks.	Three	seedlings	 from	a	
given individual were taken and planted in each of three soil treat-
ments:	sterile,	native	prairie	fungi,	or	non-	native	fungi,	with	five	rep-
licates	(individuals)	for	each	treatment	per	plant	species	per	site,	for	
a	total	of	28	test	populations	(Table	S3).	AMF	inoculum	was	added	to	
the	plant	root	zone	as	a	mixture	of	rhizosphere	soil,	including	soil	and	
roots.	Plants	were	then	grown	for	13 weeks	 in	the	greenhouse.	At	
harvest,	we	measured	plant	height	and	weighed	dried	aboveground	
and	belowground	biomass.	Biomass	was	dried	at	70°C	until	biomass	
reached	 a	 constant	weight.	All	 roots	 (belowground	biomass)	were	
hand	cleaned	to	remove	soil	and	small	pebbles.

2.5  |  Root architecture and colonization

We	 conducted	 root	 architecture	 (root	 length)	 analysis	 on	 entire	
root systems of plants in the sterile treatment. Root architecture in 
the	sterile	treatment	has	been	found	to	correlate	with	mycorrhizal	
response	 (Koziol	&	Bever,	2015;	 Seifert	 et	 al.,	2009);	 smaller	 root	
systems	tend	to	be	more	responsive	to	mycorrhizal	fungi,	whereas	
larger	ones	tend	to	be	less	responsive.	Root	systems	were	quantified	
using	WinRhizo	(Regent	Instruments	Inc.).

We	also	inspected	root	colonization	in	a	subset	of	study	plants	
to	confirm	that	our	sterile	controls	did	not	have	AMF	colonization	
and	that	the	AMF	treatments	showed	AMF	colonization.	Root	colo-
nization	was	assayed	using	Trypan	Blue	staining	and	subsequent	mi-
croscope	inspection	(Giovanetti	&	Mosse,	1980).	Stained	roots	were	
mounted	on	slides	and	were	analyzed	using	25	vertical	transects	for	
colonization	as	well	as	for	presence	of	arbuscules,	vesicles,	coils,	and	
hyphae	(Table	S4).

2.6  |  Statistical analyses

We	tested	for	differences	in	mycorrhizal	colonization	between	AMF	
inoculation	 treatments	 and	 differences	 in	 colonization	 across	 the	
population	 types	 and	 plant	 species	 by	 using	 a	 generalized	 linear	
mixed	model	(GLMM)	predicting	colonized	to	non-	colonized	counts	
of	mycorrhizal	occurrence	as	a	combined	response	variable,	specify-
ing	 the	 binomial	 family	with	 a	 logit	 link.	We	 tested	 for	 consistent	
differences	between	sterile	and	inoculated	treatments	treating	AMF	
inocula	as	a	fixed	effect	and	the	interaction	between	plant	species	
and	population	type	as	a	random	effect.	Because	the	AMF	coloniza-
tion	level	in	the	sterile	treatment	was	near	zero,	in	a	second	analy-
sis,	we	 omitted	 the	 sterile	 treatment	 and	 analyzed	 the	 inoculated	
plants to test whether the population types differed in overall in-
fection.	We	 tested	 for	 consistent	 differences	 between	population	
types	 across	 the	 four	 plant	 species	 by	 treating	 population	 type,	
plant	species,	AMF	inocula,	and	the	interaction	of	plant	population	
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type	by	AMF	inocula	as	fixed	effects	and	the	interaction	of	popula-
tion	type	within	plant	species	and	of	this	term	with	AMF	inocula	as	
random	effects.	To	analyze	the	difference	in	measured	root	length	
between	plant	 species,	we	used	a	 linear	model	predicting	 specific	
root	 length	(total	root	 length	÷	root	biomass)	predicted	from	plant	
species, and included the random effect of plant species interacting 
with	plant	population	type.	We	reran	this	model	to	test	for	the	in-
teraction	between	plant	species	and	population	type.	These	statisti-
cal	analyses	were	carried	out	using	R	v.	3.6.0	(RC	Team,	2019)	using	
the	lme4	(Bates	et	al.,	2015),	lmerTest	(Kunzetsova	et	al.,	2017),	and	
tidyverse	 (Wickham	 et	 al.,	2019),	 with	 plotting	 using	 the	 lsmeans	
(Lenth,	2016),	gridExtra	(Auguie	et	al.,	2017),	and	ggplot2	packages	
(Wickham,	2009).

To	 test	 mycorrhizal	 growth	 response	 (biomass),	 we	 used	 gen-
eralized	 linear	mixed	effect	 (GLMM)	models	 to	predict	either	abo-
veground	or	belowground	biomass.	These	models	test	whether	the	
two population types differed consistently in growth response to 
inoculation across the eight replicate populations of each of the four 
plant	species.	We	first	conducted	these	analyses	on	all	data	across	
the four plant species, and when the interactions with plant species 
were significant, we tested each plant species individually. For these 
analyses,	 no	 single	 transformation	 adequately	 homogenized	 the	
variation	between	treatments.	We	therefore	took	rank	transformed	
the	above-		or	below-	ground	biomass	within	plant	species	as	the	best	
available	option	for	our	response	variable.	Our	analyses	thus	corre-
sponded	to	tests	of	medians	of	the	distributions	of	biomass	rather	
than	means	(Conover	&	Iman,	1981).

To	 predict	 this	 rank	 transformed	biomass,	we	used	 treatment,	
species, population type, and initial height at planting as our inde-
pendent	 predictor	 variables.	 Plant	 height	 of	 seedlings	 after	 trans-
planting was included as it can partly account for potential maternal 
effects	such	as	seed	size	differences.	We	also	included	the	random	
effects of treatment nested within species nested within popula-
tion replicate nested within population type, plant species nested 
within plant population replicate nested within plant population 
type,	and	plant	species	replicate	(in	greenhouse	experiment)	nested	
within plant species nested within plant population replicate nested 
within	plant	population	type	(native	or	post-	agricultural)	to	account	
for	non-	independence	of	samples.	AMF	inocula	effects	and	all	inter-
actions	with	AMF	inocula	were	decomposed	into	two	orthogonal	a	
priori contrasts that separately tested the average growth response 
to	AMF	(AMF	vs.	sterile)	and	the	differences	in	response	to	the	two	
sources	of	AMF	(native	vs.	non-	native).	Consistent	differences	be-
tween	populations	from	native	versus	disturbed	locations	across	all	
populations of all plant species were detected as significant pop-
ulation	 type	effects	 in	 the	mixed	model.	Consistent	differences	 in	
population	type	interactions	with	mycorrhizal	fungi	were	detected	
within	the	population	type	by	AMF	inocula	 interaction,	which	was	
broken	 into	 the	 overall	 mycorrhizal	 growth	 response	 (population	
type	by	 sterile	 vs.	AMF)	 and	 specificity	of	mycorrhizal	 growth	 re-
sponse	(population	type	by	AMF	type,	native	vs.	non-	native	origin).	
These	GLMMs	were	run	in	SAS	(SAS	Institute,	2012).

As	the	rank	transformation	did	not	perfectly	satisfy	parametric	
assumptions, we used permutation approaches to assess the ro-
bustness	 of	 inference	 from	 the	 analyses	 of	 ranks.	We	 conducted	
1000 permutations to construct a p-	value	based	on	the	distribution	
of	 the	 resulting	 estimates;	when	 estimates	were	 not	 available	we	
used p-	values	instead.	To	do	this,	we	resampled	the	data,	grouping	
the	data	by	plant	 species,	 reassigning	 the	 joint	 value	of	mycorrhi-
zal	treatment,	population	type	and	population	replicate	in	R	v.	3.6.0	
(RC	Team,	2019)	using	the	tidyverse	package	(Wickham	et	al.,	2019).	
We	 then	 reran	 the	previously	described	GLMMs	with	 these	1000	
datasets	in	SAS.	We	then	calculated	the	new	p-	value	based	on	the	
actual	distribution	of	permutations	 in	R.	The	plots	presented	here	
used	the	output	from	these	biomass	models	to	calculate	mycorrhizal	
(growth)	response	(MGR),	using	the	following	formula:	(BiomassAMF-	
BiomassSterile)	 ÷ BiomassSterile.	 Mycorrhizal	 growth	 response	 rep-
resents	 the	 relative	 change	 in	 biomass	 due	 to	 the	 additional	 of	
mycorrhizal	inocula.

Finally,	we	investigated	correlations	between	MGR	and	specific	
root	length	(SRL)	as	well	as	between	MGR	and	colonization	using	lin-
ear	models.	To	investigate	correlations	between	MGR	and	SRL,	we	
used	the	interaction	of	SRL	and	plant	species	to	predict	MGR,	with	
the random effect of plant species interacting with plant population 
type.	To	investigate	correlations	between	MGR	and	colonization,	we	
used	MGR	 as	 the	 response	 variable	 predicted	 by	 the	 interactions	
of	 logit	colonization	proportion	(colonization)	and	plant	population	
type	and	of	colonization	and	plant	species,	with	the	random	effect	
of	plant	species	interacting	with	plant	population	type.	All	model	re-
sults	are	summarized	in	Table	S5.

3  |  RESULTS

3.1  |  Mycorrhizal colonization

We	found	that	the	mycorrhizal	treatments	were	successful,	with	my-
corrhizal	treatments	showing	significantly	higher	colonization	than	
sterile	treatments	(F1,34 = 34.07, p < .001),	with	very	few	instances	
of	mycorrhizas	were	encountered	in	the	sterile	treatment	(Figure	S1; 
mean	 of	 0.25	 occurrences	 per	 25	 root	 intersections).	 Across	 all	
plant	 species,	we	 found	 that	post-	agricultural	populations	 showed	
greater	colonization	than	native	populations	(Figure 1, F1,2 = 16.24, 
p =	.002),	but	find	no	plant	population	type	by	mycorrhizal	inocula	
type	interaction	(F1,8 = 1.9603, p =	.16).

3.2  |  Specific root length

We	did	not	find	that	SRL	varied	consistently	with	plant	population	
type	across	the	four	plant	species	(F3,84 = 0.077, p =	.97).	Comparing	
plant species, we found a marginally significant plant species effect 
with	Dogbane	showing	longer	SRL	compared	Ironweed	(Figure	S2; 
F3,4.56 = 3.935, p =	.1).
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3.3  |  Mycorrhizal growth response

Overall,	 plants	 grew	 significantly	 larger	 with	 AMF	 than	 in	 the	
sterile	treatment,	both	 in	terms	of	aboveground	(rank:	p < .0001,	
F1,175 = 312.98; permutation: p < .0001)	 and	 belowground	 (rank:	
p < .0001,	F1,178 = 201.16; permutation: p < .0001)	biomass.	When	
analyzing	 individual	 plant	 species,	 each	 plant	 species	 was	 myc-
orrhizally	 responsive	and	 showed	greater	growth	 in	AMF	versus	
sterile	 treatments,	 for	 aboveground	 biomass	 (rank:	 Dogbane:	
F1, 31.6 = 6.30, p = .018; Ironweed: F1,9.28 = 129.5, p < .0001;	
Milkweed:	 F1,34.9 = 133.53, p < .0001;	 Solidago:	 F1,9.8 = 192.59, 
p < .0001;	permutation:	Dogbane:	p = .019; Ironweed: p < .0001;	
Milkweed:	 p < .0001;	 Solidago:	 p < .0001),	 while	 almost	 all,	 with	
the	one	exception	of	Dogbane,	was	mycorrhizally	 responsive	for	
belowground	 biomass	 (rank:	 Ironweed:	 F1,83 = 61.58, p < .0001;	
Milkweed:	 F1,5.23 = 129.88, p < .0001;	 Solidago:	 F1,9.8 = 126.36, 
p < .0001;	permutation:	Dogbane:	p = .085; Ironweed: p < .0001;	
Milkweed:	p < .0001;	Solidago:	p < .0001).	We	found	a	significant	
difference	between	the	two	types	of	AMF	inocula	in	belowground	
biomass,	with	non-	native	novel	AMF	resulting	in	a	higher	growth	
increase	than	native	AMF	(rank:	F1,180 = 5.15, p = .024; permuta-
tion: p =	.056).

3.4  |  Population differences in mycorrhizal 
growth response

We	 found	 consistent	 differences	 between	 the	 two	 plant	 popula-
tion	 types	 in	 specificity	 of	 response	 to	 the	 two	 types	of	AMF	 in-
ocula.	Across	all	four	plant	species,	we	found	post-	agricultural	plant	

populations	 generally	 grew	 best	 with	 to	 non-	native	 AMF,	 while	
native	plant	populations	 grew	best	with	native	AMF	 inocula,	with	
a	 significant	 interaction	 between	origin	 of	AMF	 inocula	 and	 plant	
population	for	aboveground	biomass	(Figure 2a; rank: F1,175 = 4.87, 
p = .03; permutation: p =	.08).

We	also	found	differences	between	population	types	in	overall	
mycorrhizal	 responsiveness	 (regardless	 of	 AMF	 type),	 but	 this	 ef-
fect	varied	significantly	with	plant	species,	with	a	significant	three-	
way	 interaction	 between	 AMF	 versus	 sterile	 by	 plant	 population	
type	 by	 plant	 species	 for	 belowground	 biomass	 (Figure 2b, rank: 
F3,177 = 4.46, p = .0048; permutation: p < .0001).	 Specifically,	 for	
Dogbane,	native	plant	populations	were	more	mycorrhizally	respon-
sive	 than	 post-	agricultural	 plant	 populations	 (rank:	 F1,31.6 = 3.53, 
p = .07, permutation p =	.058),	while	for	Ironweed,	post-	agricultural	
populations were more responsive than native plant populations 
(rank:	F1,83 = 6.56, p = .01; permutation: p =	.036).	This	pattern	was	
found	 aboveground	 as	 well,	 but	 was	 weaker	 (rank:	 F3,174 = 2.56, 
p = .06; permutation: p < .0001).

3.5  |  Mycorrhizal growth response, specific root 
length and mycorrhizal colonization

We	did	not	find	an	overall	correlation	between	SRL	and	mycorrhi-
zal	growth	response	 (MGR;	F1,17 = 0.535, p =	 .47).	We	found	that	
this relationship varied depending on plant species, and found an 
interaction	between	plant	species	and	SRL	 in	predicting	mycorrhi-
zal	 growth	 response	 (F3,17 = 5.123, p =	 .01).	 Specifically,	 Solidago	
and	Ironweed	showed	a	positive	correlation	between	MGR	and	SRL,	
while	Milkweed	showed	a	negative	correlation.	Further,	we	 found	
a	significant	interaction	between	colonization	and	plant	population	
type	 in	predicting	MGR	 (Figure 3, F1, 5.94 = 14.395, p < .01),	with	a	
more	 negative	 correlation	 in	 native	 than	 post-	agricultural	 plant	
populations.	We	also	found	a	significant	interaction	between	colo-
nization	and	plant	 species	 (Figure	S3, F3,4.68 = 8.98, p =	 .02),	with	
Ironweed showing a positive correlation, while other plant species 
showed a negative correlation.

4  |  DISCUSSION

Here,	we	found	evidence	of	evolution	of	plant–	mycorrhizal	interac-
tions	 in	 anthropogenically	 disturbed,	 post-	agricultural	 grasslands.	
Across	 four	 native	 plant	 species,	 we	 found	 that	 post-	agricultural	
plant	populations	had	higher	mycorrhizal	colonization	than	popula-
tions	from	undisturbed	grasslands.	We	also	found	that	populations	
from	undisturbed	grasslands	generally	showed	greater	mycorrhizal	
response	 to	 native	 AMF,	 while	 populations	 from	 post-	agricultural	
grasslands	 showed	 greater	 response	 to	 novel,	 non-	native	 AMF.	
These two results were consistent across the four plant species 
tested	 in	 our	 study,	 suggesting	 that	 the	 plant–	AMF	 interaction	
evolved	in	response	to	anthropogenic	disturbance	in	predictable	di-
rections.	We	also	found	evidence	that	overall	AMF	responsiveness	

F I G U R E  1 Mycorrhizal	colonization	differences	across	study	
species.	GLM	shows	that	there	is	significantly	greater	arbuscular	
mycorrhizal	colonization	in	post-	agricultural	compared	to	native	
populations	(F1,3 = 16.24, p =	.002)
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evolved	in	post-	agricultural	populations	in	two	of	the	plant	species.	
These	findings	suggest	that	overall	mycorrhizal	response	and	mycor-
rhizal	response	to	specific	AMF	can	evolve	within	a	relatively	rapid	
timeframe,	highlighting	potential	evolutionary	consequences	of	an-
thropogenic	disturbance	on	plant–	mycorrhizal	interactions.

We	 found	 novel	 evidence	 for	 the	 evolution	 of	mycorrhizal	 re-
sponse specificity. Plants from native populations responded more 
positively	 to	native	AMF,	while	plants	 from	populations	colonizing	
disturbed,	post-	agricultural,	areas	responded	more	positively	to	non-	
native	AMF.	Although	this	result	was	only	marginally	statistically	sig-
nificant,	it	was	in	the	direction	predicted	from	a	priori	expectations	
of	plant–	AMF	co-	adaptation.	Moreover,	this	shift	in	responsiveness	
was	accompanied	by	a	 statistically	 robust	 shift	 in	 levels	of	mycor-
rhizal	colonization.	Specifically,	we	find	populations	colonizing	dis-
turbed	 land	 (post-	agricultural	 populations)	 consistently	 exhibited	

greater	 mycorrhizal	 colonization	 rates	 regardless	 of	 the	 inocula	
source compared to populations from unplowed, native prairies. In 
addition, we found that native plant populations showed a negative 
relationship	 between	 AMF	 colonization	 and	 growth	 response	 to	
AMF,	while	post-	agricultural	populations	did	not.	That	native	plants	
were	 less	 colonized	 overall	 and	 showed	 greatest	 mycorrhizal	 re-
sponse	with	lower	colonization	suggests	that	native	populations	are	
more	 selective	 in	 their	mycorrhizal	 associations,	 perhaps	 because	
they	 benefit	 most	 from	 native	 AMF.	 In	 contrast,	 post-	agricultural	
plant	populations	had	higher	colonization	rates	and	showed	no	rela-
tionship	between	mycorrhizal	colonization	and	response,	suggesting	
that	these	plants	are	more	permissive	of	AMF	infection.

Our	 results	provide	evidence	 for	 the	evolution	of	overall	AMF	
response	 during	 colonization	 of	 disturbed	 land	 in	 eastern	Kansas,	
though	the	direction	of	this	effect	varied	between	two	species.	We	

F I G U R E  2 Evidence	for	evolution	of	mycorrhizal	response.	Across	the	four	species	included	in	the	study,	native	plant	populations	
showed	the	greatest	mycorrhizal	response	to	native	AMF	inocula,	while	post-	agricultural	plant	populations	showed	the	greatest	mycorrhizal	
response	to	non-	native	AMF	inocula	(A,	rank:	F1,175 = 4.87, p = .03; permutation: P =	0.08).	Belowground,	within	species,	for	dogbane,	native	
plant	populations	are	more	mycorrhizally	responsive	than	post-	agricultural	plant	populations	(B,	rank:	F1,31.6 = 3.53, p = .07, permutation 
p =	.058),	while	for	ironweed,	post-	agricultural	populations	are	more	responsive	than	native	plant	populations	(rank:	F1,83 = 6.56, p = .01; 
permutation: P =	0.036)
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found	 that	Dogbane	mycorrhizal	 responsiveness	 decreased,	while	
Ironweed	mycorrhizal	responsiveness	increased	in	post-	agricultural	
plant	populations.	Anthropogenic	disturbance	results	in	strong	deg-
radation	of	 the	AMF	community	 (House	et	al.,	2016)	and	 in	bene-
fit	 to	native	prairie	plant	species	 (Koziol	&	Bever,	2019).	Evolution	
of	 decreased	mycorrhizal	 response	 in	 anthropogenically	 disturbed	
land	is	consistent	with	expectations	based	on	this	loss	of	AMF	func-
tion. This is also consistent with previous work showing evolution 
of	reduced	response	to	AMF	of	 invasive	plants	which	dominate	 in	
disturbed	lands	of	North	America	(Seifert	et	al.,	2009),	and	loss	of	
response	during	selection	for	yield	in	disturbed	agricultural	systems	
(Koziol	et	al.,	2012;	Martín-	Robles	et	al.,	2018; Turrini et al., 2016).

The	 increased	 mycorrhizal	 growth	 response	 in	 Ironweed	 post-	
agricultural	 populations	 is	 counter	 to	 our	 a	 priori	 expectation.	 The	
variation	in	response	between	these	plant	species	suggests	that	fac-
tors	other	than	the	degradation	of	AMF	may	be	important	in	determin-
ing	the	direction	of	evolution	of	mycorrhizal	response.	For	example,	
the	absence	of	competition	 from	 later	successional	plant	species	 in	
post-	agricultural	 lands	may	generate	selection	for	more	late	succes-
sional	traits,	such	as	high	responsiveness	to	AMF	(Bauer	et	al.,	2018),	
in	mid-	successional	Ironweed.	Alternatively,	tradeoffs	with	pathogen	
defense,	 a	 non-	nutritional	 benefit	 of	 AMF	 (Delavaux	 et	 al.,	 2017)	
could	alter	simple	expectations.	There	is	evidence	for	the	importance	
of	mycorrhizal	induced	resistance	by	native	AMF	in	grassland	systems	
through	reduced	effects	of	herbivory	(Middleton	et	al.,	2015)	and	fun-
gal	pathogens	(Sikes	et	al.,	2009).	Further	research	will	be	needed	to	
experimentally	test	relative	pathogen	 impacts	on	these	plant	popu-
lations	and	respective	AMF	communities	within	these	plant	species.

Although	mycorrhizal	 fungi	 are	 known	 to	 be	 important	 in	 tall-
grass prairie systems, the early successional plant species such as 

those	used	 in	 this	study	have	generally	been	shown	to	be	 less	 re-
sponsive	(Bauer	et	al.,	2018;	Koziol	&	Bever,	2015)	and	less	sensitive	
to	AMF	identity	(Cheeke	et	al.,	2019;	Koziol	&	Bever,	2016)	than	late	
successional	plant	species.	However,	we	found	that	these	early	suc-
cessional	species	were	responsive	to	AMF,	consistent	with	Reynolds	
et	al.	 (2020)	and	that	responsiveness	can	vary	with	the	population	
sources	and	with	AMF	identity.

While	 our	 study	 provides	 the	 first	 evidence	 of	 relatively	 rapid	
evolution	of	mycorrhizal	response	specificity	in	response	to	anthro-
pogenic	disturbance,	we	must	qualify	our	confidence	 in	attribution	
of	the	observed	shifts	in	the	mycorrhizal	interactions	from	native	to	
post-	agricultural	populations	as	an	evolutionary	shift.	As	we	used	field	
collected	seeds,	it	is	possible	that	environmental	differences	in	seed	
origin	contributed	to	maternal	differences,	such	as	seed	provisioning,	
and	 that	 this	 influenced	our	observed	responses.	We	note	 that	we	
attempted	to	minimize	this	possibility,	by	including	collections	from	
independent mother plants as our replicates within each of multiple 
independent	populations	within	each	plant	 species,	by	germinating	
all	seed	in	a	common	environment,	and	by	including	initial	height	of	
seedlings at planting as a partial control of potential differences in 
maternal provisioning. Nevertheless, further work reducing the po-
tential for confounding maternal effects and identifying the genetic 
basis	of	the	shifts	in	plant	responses	to	mycorrhizal	fungi	is	needed	to	
confirm	the	evolutionary	nature	of	the	observed	phenotypic	shifts.	
While	we	 observed	 these	 phenotypic	 shifts	within	 sites	 that	 have	
been	abandoned	for	between	one	to	a	few	decades,	we	note	that	we	
cannot	be	definitive	on	 the	 timescale	of	 the	potential	evolutionary	
response. Because we do not know the precise origin and evolution-
ary	trajectory	of	these	plant	populations,	we	acknowledge	that	they	
may	have	been	evolving	in	disturbed	locations	before	colonizing	the	
post-	agricultural	sites	sampled	in	this	study.

We	show	for	the	first	time	that	evolution	of	mycorrhizal	response	
specificity	is	possible	over	relatively	short	timescales	following	dis-
turbance.	 The	 native	 plant	 species	 targeted	 in	 this	 study	 showed	
a	 shift	 in	overall	 growth	 response	based	on	both	plant	population	
type	and	AMF	inocula	type,	with	native	plant	populations	more	re-
sponsive	 to	 native	 AMF	 inocula	 and	 post-	agricultural	 populations	
more	 responsive	 to	non-	native	AMF	 inocula.	Our	 results	highlight	
the	 sensitivity	 of	 native	 plant–	mycorrhizal	 associations	 to	 human	
disturbance.	On	a	practical	level,	our	work	supports	the	importance	
of	plant	source	(population	type)	and	mycorrhizal	inocula	origin	for	
reestablishing	grasslands.	More	generally,	continuing	anthropogenic	
disturbance	has	the	potential	to	alter	the	longstanding	co-	evolution	
trajectory	of	plants	and	their	associated	mycorrhizal	fungi.	Here,	we	
find that this anthropogenic change leads to shifts in the functional-
ity	of	this	plant–	mycorrhizal	relationship,	with	consequences	for	our	
understanding	of	plant–	AMF	co-	evolution	and	strategies	to	recreate	
native ecosystems.

AUTHOR CONTRIBUTIONS
Camille Suzanne Delavaux:	Conceptualization	(lead);	data	curation	
(lead);	 formal	 analysis	 (lead);	 investigation	 (lead);	 project	 admin-
istration	 (lead);	 resources	 (supporting);	 software	 (equal);	 writing	

F I G U R E  3 Population	type	differences	in	relationship	between	
mycorrhizal	colonization	and	response.	The	relationship	between	
logit	colonization	proportion	and	mycorrhizal	growth	response	
depends on population type, with native populations showing a 
more	negative	relationship	(p =	.01)



8 of 9  |     DELAVAUX AnD BEVER

–		 original	 draft	 (lead);	 writing	 –		 review	 and	 editing	 (lead).	 James 
D. Bever:	 Conceptualization	 (supporting);	 formal	 analysis	 (equal);	
funding	 acquisition	 (lead);	 project	 administration	 (supporting);	 su-
pervision	(supporting);	writing	–		original	draft	(supporting);	writing	
–		review	and	editing	(supporting).

ACKNOWLEDG MENTS
We	 acknowledge	 support	 from	 the	 National	 Science	 Foundation	
grants	 DEB	 1556664,	 DEB	 1738041,	 OIA	 1656006,	 and	 DBI	
2027458.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data	 and	 code	 are	 available	 from	 github	 at	 https://github.com/
c383d	893/Evolu	tion-	of-	Mycor	rhiza	l-	Response with DOI: 10.5281/
zenodo.4521299.

ORCID
Camille S. Delavaux  https://orcid.org/0000-0002-8340-2173 

R E FE R E N C E S
Auguie,	 B.,	 A.	 Antonov,	 and	 M.	 B.	 Auguie.	 2017.	 Package	 ‘gridExtra’.	

Miscellaneous	Functions	for	“Grid”	Graphics.
Barberán,	A.,	McGuire,	K.	L.,	Wolf,	J.	A.,	Jones,	F.	A.,	Wright,	S.	J.,	Turner,	

B.	L.,	Essene,	A.,	Hubbell,	S.	P.,	Faircloth,	B.	C.,	&	Fierer,	N.	(2015).	
Relating	 belowground	 microbial	 composition	 to	 the	 taxonomic,	
phylogenetic,	and	functional	trait	distributions	of	trees	in	a	tropical	
forest. Ecology Letters, 18, 1397– 1405.

Bates,	 D.,	Maechler,	M.,	 Bolker,	 B.,	 &	Walker,	 S.	 (2015).	 Fitting	 linear	
mixed-	effects	models	using	lme4.	Journal of Statistical Software, 67, 
1– 48.

Bauer,	 J.	 T.,	 Koziol,	 L.,	 &	Bever,	 J.	D.	 (2018).	 Ecology	 of	 floristic	 qual-
ity	 assessment:	 Testing	 for	 correlations	 between	 coefficients	 of	
conservatism,	 species	 traits	and	mycorrhizal	 responsiveness.	AoB 
plants, 10,	plx073.

Bever,	 J.	 D.	 (2002).	 Soil	 community	 feedback	 and	 the	 coexistence	 of	
competitors: Conceptual frameworks and empirical tests. New 
Phytologist, 157, 465– 473.

Bever,	J.	D.,	Dickie,	I.	A.,	Facelli,	E.,	Facelli,	J.	M.,	Klironomos,	J.,	Moora,	
M.,	 Rillig,	 M.	 C.,	 Stock,	 W.	 D.,	 Tibbett,	 M.,	 &	 Zobel,	 M.	 (2010).	
Rooting	theories	of	plant	community	ecology	in	microbial	interac-
tions. Trends in Ecology & Evolution, 25, 468– 478.

Bever,	J.	D.,	Mangan,	S.	A.,	&	Alexander,	H.	M.	(2015).	Maintenance	of	
plant	 species	 diversity	 by	 pathogens.	 Annual Review of Ecology, 
Evolution, and Systematics, 46, 305– 325.

Brundrett,	M.	C.	 (2002).	Coevolution	of	 roots	and	mycorrhizas	of	 land	
plants. New Phytologist, 154, 275– 304.

Bunn,	R.	A.,	Ramsey,	P.	W.,	&	Lekberg,	Y.	(2015).	Do	native	and	invasive	
plants	differ	in	their	interactions	with	arbuscular	mycorrhizal	fungi?	
A	meta-	analysis.	Journal of Ecology, 103, 1547– 1556.

Callaway,	R.	M.,	Cipollini,	D.,	Barto,	E.	K.,	Thelen,	G.	C.,	Hallett,	 S.	G.,	
Prati,	 D.,	 Stinson,	 K.,	 &	 Klironomos,	 J.	 (2008).	 Novel	 weapons:	
Invasive	plant	suppresses	fungal	mutualists	 in	America	but	not	 in	
its native Europe. Ecology, 89, 1043– 1055.

Cheeke,	T.	E.,	Zheng,	C.,	Koziol,	L.,	Gurholt,	C.	R.,	&	Bever,	J.	D.	(2019).	
Sensitivity	 to	 AMF	 species	 is	 greater	 in	 late-	successional	 than	
early-	successional	 native	 or	 nonnative	 grassland	 plants.	 Ecology, 
100, e02855.

Conover,	W.	 J.,	&	 Iman,	R.	L.	 (1981).	Rank	 transformations	as	a	bridge	
between	 parametric	 and	 nonparametric	 statistics.	 The American 
Statistician, 35, 124– 129.

Crawford,	K.	M.,	Bauer,	J.	T.,	Comita,	L.	S.,	Eppinga,	M.	B.,	Johnson,	D.	
J.,	Mangan,	 S.	 A.,	Queenborough,	 S.	 A.,	 Strand,	 A.	 E.,	 Suding,	 K.	
N.,	&	Umbanhowar,	J.	(2019).	When	and	where	plant-	soil	feedback	
may	 promote	 plant	 coexistence:	A	meta-	analysis.	Ecology Letters, 
22, 1274– 1284.

Delavaux,	C.	S.,	Smith-	Ramesh,	L.	M.,	&	Kuebbing,	S.	E.	(2017).	Beyond	
nutrients:	A	meta-	analysis	of	the	diverse	effects	of	arbuscular	my-
corrhizal	fungi	on	plants	and	soils.	Ecology, 98, 2111– 2119.

Delavaux,	 C.	 S.,	 Weigelt,	 P.,	 Dawson,	 W.,	 Duchicela,	 J.,	 Essl,	 F.,	 van	
Kleunen,	 M.,	 König,	 C.,	 Pergl,	 J.,	 Pyšek,	 P.,	 &	 Stein,	 A.	 (2019).	
Mycorrhizal	 fungi	 influence	 global	 plant	 biogeography.	 Nature 
Ecology & Evolution, 3, 424– 429.

Delavaux,	C.	S.,	Weigelt,	P.,	Dawson,	W.,	Essl,	F.,	van	Kleunen,	M.,	König,	
C.,	Pergl,	J.,	Pyšek,	P.,	Stein,	A.,	&	Winter,	M.	 (2021).	Mycorrhizal	
types	 influence	 Island	 biogeography	 of	 plants.	 Communications 
Biology, 4, 1– 8.

Delgado-	Baquerizo,	M.,	Maestre,	F.	T.,	Reich,	P.	B.,	Jeffries,	T.	C.,	Gaitan,	
J.	J.,	Encinar,	D.,	Berdugo,	M.,	Campbell,	C.	D.,	&	Singh,	B.	K.	(2016).	
Microbial	 diversity	 drives	multifunctionality	 in	 terrestrial	 ecosys-
tems. Nature Communications, 7, 10541.

Dickie,	I.	A.,	Bufford,	J.	L.,	Cobb,	R.	C.,	Desprez-	Loustau,	M.	L.,	Grelet,	G.,	
Hulme,	P.	E.,	Klironomos,	J.,	Makiola,	A.,	Nuñez,	M.	A.,	&	Pringle,	A.	
(2017).	The	emerging	science	of	linked	plant–	fungal	invasions.	New 
Phytologist, 215, 1314– 1332.

Eppinga,	M.	B.,	Baudena,	M.,	Johnson,	D.	J.,	Jiang,	J.,	Mack,	K.	M.,	Strand,	
A.	E.,	&	Bever,	 J.	D.	 (2018).	Frequency-	dependent	 feedback	con-
strains	plant	community	coexistence.	Nature Ecology & Evolution, 2, 
1403– 1407.

Giovanetti,	M.,	&	Mosse,	B.	(1980).	An	evaluation	of	techniques	for	mea-
suring	vesicular	arbuscular	mycorrhizal	infection	in	roots.	The New 
Phytologist, 84, 489– 500.

van	der	Heijden,	M.	G.,	Bardgett,	R.	D.,	&	van	Straalen,	N.	M.	(2008).	
The	unseen	majority:	Soil	microbes	as	drivers	of	plant	diversity	
and productivity in terrestrial ecosystems. Ecology Letters, 11, 
296– 310.

van	 der	Heijden,	M.	G.	 A.,	 Klironomos,	 J.	 N.,	 Ursic,	M.,	Moutoglis,	 P.,	
Streitwolf-	Engel,	R.,	Boller,	T.,	Wiemken,	A.,	&	Sanders,	I.	R.	(1998).	
Mycorrhizal	fungal	diversity	determines	plant	biodiversity,	ecosys-
tem	variability	and	productivity.	Nature, 396, 69– 72.

Hoeksema,	J.	D.,	Bever,	J.	D.,	Chakraborty,	S.,	Chaudhary,	V.	B.,	Gardes,	
M.,	Gehring,	C.	A.,	Hart,	M.	M.,	Housworth,	E.	A.,	Kaonongbua,	W.,	
&	Klironomos,	J.	N.	(2018).	Evolutionary	history	of	plant	hosts	and	
fungal	symbionts	predicts	the	strength	of	mycorrhizal	mutualism.	
Communications Biology, 1, 116.

House,	G.	L.,	&	Bever,	J.	D.	(2018).	Disturbance	reduces	the	differenti-
ation	of	mycorrhizal	fungal	communities	in	grasslands	along	a	pre-
cipitation gradient. Ecological Applications, 28, 736– 748.

House,	G.	L.,	Ekanayake,	S.,	Ruan,	Y.,	Schütte,	U.	M.,	Kaonongbua,	W.,	
Fox,	G.,	Ye,	Y.,	&	Bever,	 J.	D.	 (2016).	Phylogenetically	structured	
differences	 in	 rRNA	 gene	 sequence	 variation	 among	 species	 of	
arbuscular	mycorrhizal	 fungi	and	 their	 implications	 for	 sequence	
clustering. Applied and Environmental Microbiology, 82, 4921– 4930.

Janos,	D.	P.	(1980).	Mycorrhizal	influence	tropical	succession.	Biotropica, 
12, 56– 64.

Kawecki,	T.	J.,	&	Ebert,	D.	(2004).	Conceptual	issues	in	local	adaptation.	
Ecology Letters, 7, 1225– 1241.

Koziol,	 L.,	&	Bever,	 J.	D.	 (2015).	Mycorrhizal	 response	 trades	 off	with	
plant growth rate and increases with plant successional status. 
Ecology, 96, 1768– 1774.

Koziol,	 L.,	 &	 Bever,	 J.	 D.	 (2016).	 AMF,	 phylogeny,	 and	 succession:	
Specificity	 of	 response	 to	 mycorrhizal	 fungi	 increases	 for	 late-	
successional plants. Ecosphere, 7, e01555.

https://github.com/c383d893/Evolution-of-Mycorrhizal-Response
https://github.com/c383d893/Evolution-of-Mycorrhizal-Response
https://orcid.org/0000-0002-8340-2173
https://orcid.org/0000-0002-8340-2173


    |  9 of 9DELAVAUX AnD BEVER

Koziol,	 L.,	 &	 Bever,	 J.	 D.	 (2017).	 The	 missing	 link	 in	 grassland	 resto-
ration:	 Arbuscular	 mycorrhizal	 fungi	 inoculation	 increases	 plant	
diversity and accelerates succession. Journal of Applied Ecology, 54, 
1301– 1309.

Koziol,	L.,	&	Bever,	J.	D.	(2019).	Mycorrhizal	feedbacks	generate	positive	
frequency	dependence	accelerating	grassland	succession.	 Journal 
of Ecology, 107, 622– 632.

Koziol,	 L.,	 Rieseberg,	 L.	 H.,	 Kane,	 N.,	 &	 Bever,	 J.	 D.	 (2012).	 Reduced	
drought tolerance during domestication and the evolution of 
weediness	results	from	tolerance-	growth	trade-	offs.	Evolution, 66, 
3803– 3814.

Kunzetsova,	A.,	Brockhoff,	P.,	&	Christensen,	R.	 (2017).	 lmerTest	pack-
age:	 Tests	 in	 linear	 mixed	 effect	 models.	 Journal of Statistical 
Software, 82, 1– 26.

Lenth,	R.	V.	(2016).	Least-	squares	means:	The	R	package	lsmeans.	Journal 
of Statistical Software, 69, 1– 33.

Lubin,	T.	K.,	Schultz,	P.,	Bever,	J.	D.,	&	Alexander,	H.	M.	(2019).	Are	two	
strategies	better	than	one?	Manipulation	of	seed	density	and	soil	
community	 in	 an	 experimental	 prairie	 restoration.	 Restoration 
Ecology, 27, 1021– 1031.

Maherali,	H.,	Oberle,	B.,	Stevens,	P.	F.,	Cornwell,	W.	K.,	McGlinn,	D.	J.,	
Frederickson,	M.	E.,	&	Winn,	A.	A.	 (2016).	Mutualism	persistence	
and	abandonment	during	the	evolution	of	the	mycorrhizal	symbio-
sis. The American Naturalist, 188, E113– E125.

Mangan,	S.	A.,	Schnitzer,	S.	A.,	Herre,	E.	A.,	Mack,	K.	M.,	Valencia,	M.	
C.,	 Sanchez,	 E.	 I.,	&	Bever,	 J.	D.	 (2010).	Negative	plant-	soil	 feed-
back	predicts	tree-	species	relative	abundance	in	a	tropical	forest.	
Nature, 466, 752– 755.

Martín-	Robles,	N.,	Lehmann,	A.,	Seco,	E.,	Aroca,	R.,	Rillig,	M.	C.,	&	Milla,	
R.	(2018).	Impacts	of	domestication	on	the	arbuscular	mycorrhizal	
symbiosis	of	27	crop	species.	New Phytologist, 218, 322– 334.

Middleton,	E.	L.,	Richardson,	S.,	Koziol,	 L.,	Palmer,	C.	E.,	Yermakov,	Z.,	
Henning,	J.	A.,	Schultz,	P.	A.,	&	Bever,	J.	D.	(2015).	Locally	adapted	
arbuscular	mycorrhizal	 fungi	 improve	vigor	and	resistance	to	her-
bivory	of	native	prairie	plant	species.	Ecosphere, 6, 1– 16.

Mordecai,	E.	A.	(2011).	Pathogen	impacts	on	plant	communities:	Unifying	
theory, concepts, and empirical work. Ecological Monographs, 81, 
429– 441.

Núñez-	Farfán,	 J.,	 &	 Schlichting,	 C.	 (2001).	 Evolution	 in	 changing	 envi-
ronments:	The"	synthetic"	work	of	Clausen,	keck,	and	Hiesey.	The 
Quarterly Review of Biology, 76, 433– 457.

Pringle,	 A.,	 Bever,	 J.	 D.,	 Gardes,	 M.,	 Parrent,	 J.	 L.,	 Rillig,	 M.	 C.,	 &	
Klironomos,	 J.	 N.	 (2009).	 Mycorrhizal	 symbioses	 and	 plant	 in-
vasions. Annual Review of Ecology, Evolution, and Systematics, 40, 
699– 715.

RC	Team.	(2019).	R: A language and environment for statistical computing. 
R	Foundation	for	Statistical	Computing.

Redecker,	D.,	Kodner,	R.,	&	Graham,	L.	E.	(2000).	Glomalean	fungi	from	
the Ordovician. Science, 289, 1920– 1921.

Reynolds,	 H.	 S.,	 Wagner,	 R.,	 Wang,	 G.,	 Burrill,	 H.	 M.,	 Bever,	 J.	 D.,	 &	
Alexander,	H.	M.	(2020).	Effects	of	the	soil	microbiome	on	the	de-
mography of two annual prairie plants. Ecology and Evolution, 10, 
6208– 6222.

Samson,	F.	B.,	Knopf,	F.	L.,	&	Ostlie,	W.	R.	(2004).	Great	Plains	ecosys-
tems: Past, present, and future. Wildlife Society Bulletin, 32, 6– 15.

SAS	 Institute.	 (2012).	 SAS/STAT 12.1 User's guide: Survey data analysis 
(book excerpt).	SAS	Institute	Incorporated.

Seifert,	E.	K.,	Bever,	J.	D.,	&	Maron,	J.	L.	 (2009).	Evidence	for	the	evo-
lution	 of	 reduced	mycorrhizal	 dependence	 during	 plant	 invasion.	
Ecology, 90, 1055– 1062.

Sikes,	B.	A.,	Cottenie,	K.,	&	Klironomos,	 J.	N.	 (2009).	Plant	 and	 fungal	
identity	determines	pathogen	protection	of	plant	roots	by	arbuscu-
lar	mycorrhizas.	Journal of Ecology, 97, 1274– 1280.

Stinson,	K.	A.,	Campbell,	S.	A.,	Powell,	J.	R.,	Wolfe,	B.	E.,	Callaway,	R.	M.,	
Thelen,	G.	C.,	Hallett,	S.	G.,	Prati,	D.,	&	Klironomos,	 J.	N.	 (2006).	
Invasive	plant	 suppresses	 the	 growth	of	 native	 tree	 seedlings	 by	
disrupting	belowground	mutualisms.	PLoS Biology, 4, e140.

Turrini,	A.,	Giordani,	T.,	Avio,	L.,	Natali,	L.,	Giovannetti,	M.,	&	Cavallini,	
A.	 (2016).	Large	variation	 in	mycorrhizal	 colonization	among	wild	
accessions,	cultivars,	and	 inbreds	of	sunflower	 (Helianthus annuus 
L.).	Euphytica, 207, 331– 342.

Van	 der	 Putten,	W.	 H.,	 Bardgett,	 R.	 D.,	 Bever,	 J.	 D.,	 Bezemer,	 T.	 M.,	
Casper, B. B., Fukami, T., Kardol, P., Klironomos, J. N., Kulmatiski, 
A.,	&	Schweitzer,	J.	A.	 (2013).	Plant–	soil	 feedbacks:	The	past,	 the	
present and future challenges. Journal of Ecology, 101, 265– 276.

Vogelsang,	K.	M.,	&	Bever,	J.	D.	(2009).	Mycorrhizal	densities	decline	in	
association	with	nonnative	plants	and	contribute	to	plant	invasion.	
Ecology, 90, 399– 407.

Vogelsang,	K.	M.,	Reynolds,	H.	L.,	&	Bever,	J.	D.	(2006).	Mycorrhizal	fun-
gal identity and richness determine the diversity and productivity 
of a tallgrass prairie system. New Phytologist, 172, 554– 562.

Wickham,	H.	 (2009).	 Elegant	 graphics	 for	data	 analysis.	Media, 35(10),	
1007.

Wickham,	H.,	Averick,	M.,	Bryan,	J.,	Chang,	W.,	McGowan,	L.,	François,	
R.,	Grolemund,	G.,	Hayes,	A.,	Henry,	L.,	&	Hester,	J.	(2019).	Welcome	
to the Tidyverse. Journal of Open Source Software, 4, 1686.

Williams,	 G.	 C.	 (2018).	 Adaptation and natural selection. Princeton 
University Press.

Wilson,	G.	W.,	&	Hartnett,	D.	C.	 (1998).	 Interspecific	variation	 in	plant	
responses	to	mycorrhizal	colonization	in	tallgrass	prairie.	American 
Journal of Botany, 85, 1732– 1738.

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Delavaux,	C.	S.,	&	Bever,	J.	D.	(2022).	
Evidence for the evolution of native plant response to 
mycorrhizal	fungi	in	post-	agricultural	grasslands.	Ecology and 
Evolution, 12, e9097. https://doi.org/10.1002/ece3.9097

https://doi.org/10.1002/ece3.9097

	Evidence for the evolution of native plant response to mycorrhizal fungi in post-agricultural grasslands
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Site description
	2.2|Seed collections
	2.3|Mycorrhizal inocula
	2.4|Greenhouse assay
	2.5|Root architecture and colonization
	2.6|Statistical analyses

	3|RESULTS
	3.1|Mycorrhizal colonization
	3.2|Specific root length
	3.3|Mycorrhizal growth response
	3.4|Population differences in mycorrhizal growth response
	3.5|Mycorrhizal growth response, specific root length and mycorrhizal colonization

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


