
Ecology and Evolution. 2018;8:3505–3517.	 		 	 | 	3505www.ecolevol.org

 

Received:	13	July	2016  |  Revised:	27	October	2017  |  Accepted:	6	December	2017
DOI:	10.1002/ece3.3931

O R I G I N A L  R E S E A R C H

Epigenetic population differentiation in field-  and common 
garden- grown Scabiosa columbaria plants

Maartje P. Groot1  | Niels Wagemaker1 | N. Joop Ouborg1 | Koen J. F. Verhoeven2 |  
Philippine Vergeer1,3

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided	the	original	work	is	properly	cited.
©	2018	The	Authors.	Ecology and Evolution	published	by	John	Wiley	&	Sons	Ltd.

1Experimental	Plant	Ecology,	Institute	for	
Water	and	Wetland	Research,	Radboud	
University	Nijmegen,	Nijmegen,	 
The	Netherlands
2Department	of	Terrestrial	Ecology,	 
Netherlands	Institute	of	Ecology	 
(NIOO-KNAW),	Wageningen,	 
The	Netherlands
3Plant	Ecology	and	Nature	Conservation	
Group,	Wageningen,	The	Netherlands

Correspondence
Maartje	P.	Groot,	Experimental	Plant	
Ecology,	Institute	for	Water	and	Wetland	
Research,	Radboud	University	Nijmegen,	
Nijmegen,	The	Netherlands.
E-mail:	grootmp@gmail.com

Funding information
ESF-Eurocores	Program	EuroEEFG

Abstract
Populations	often	differ	in	phenotype	and	these	differences	can	be	caused	by	adap-
tation	by	natural	selection,	random	neutral	processes,	and	environmental	responses.	
The	most	straightforward	way	to	divide	mechanisms	that	influence	phenotypic	vari-
ation	 is	 heritable	 variation	 and	 environmental-	induced	 variation	 (e.g.,	 plasticity).	
While	genetic	variation	is	responsible	for	most	heritable	phenotypic	variation,	part	of	
this	is	also	caused	by	nongenetic	inheritance.	Epigenetic	processes	may	be	one	of	the	
underlying	mechanisms	of	plasticity	and	nongenetic	 inheritance	and	can	therefore	
possibly	contribute	to	heritable	differences	through	drift	and	selection.	Epigenetic	
variation	may	be	influenced	directly	by	the	environment,	and	part	of	this	variation	
can	 be	 transmitted	 to	 next	 generations.	 Field	 screenings	 combined	with	 common	
garden	experiments	will	add	valuable	insights	into	epigenetic	differentiation,	epige-
netic	memory	and	can	help	to	reveal	part	of	the	relative	importance	of	epigenetics	in	
explaining	trait	variation.	We	explored	both	genetic	and	epigenetic	diversity,	struc-
ture	and	differentiation	 in	the	field	and	a	common	garden	for	five	British	and	five	
French	Scabiosa columbaria	populations.	Genetic	and	epigenetic	variation	was	subse-
quently	correlated	with	trait	variation.	Populations	showed	significant	epigenetic	dif-
ferentiation	between	populations	and	countries	in	the	field,	but	also	when	grown	in	
a	common	garden.	By	comparing	the	epigenetic	variation	between	field	and	common	
garden-	grown	plants,	we	showed	that	a	considerable	part	of	the	epigenetic	memory	
differed	from	the	field-	grown	plants	and	was	presumably	environmentally	induced.	
The	memory	component	can	consist	of	heritable	variation	in	methylation	that	is	not	
sensitive	to	environments	and	possibly	genetically	based,	or	environmentally	induced	
variation	that	is	heritable,	or	a	combination	of	both.	Additionally,	random	epimuta-
tions	might	be	 responsible	 for	 some	differences	 as	well.	By	 comparing	epigenetic	
variation	in	both	the	field	and	common	environment,	our	study	provides	useful	in-
sight	into	the	environmental	and	genetic	components	of	epigenetic	variation.
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1  | INTRODUC TION

Plants	often	show	differences	in	morphology	and	life	history	within	
and	 between	 populations.	 These	 differences	 arise	 because	 differ-
ent	 environments	 lead	 to	 different	 selection	 pressures.	 Selection	
pressures	shape	adaptive	genetic	variation	and,	in	combination	with	
random	processes	such	as	drift,	lead	to	heritable	differences	in	plant	
phenotype.	 The	 phenotype	 of	 an	 individual	 is	 determined	 by	 the	
interactions	between	the	environment	and	its	genotype,	which	 in-
cludes	both	evolutionary	adaptation	and	plasticity	(Pigliucci,	2005;	
Sultan,	2000).	An	underlying	mechanism	of	plasticity	and	possibly	
adaptation	 that	 may	 additionally	 explain	 variation	 in	 morphology	
and	 life	 history	 are	 epigenetic	 processes	 (Bossdorf,	 Richards,	 &	
Pigliucci,	2008).

Epigenetic	 variation	 can	 influence	 gene	 expression	 without	
changes	 in	 the	 underlying	 DNA	 sequence	 and	 can	 therefore	 ulti-
mately	influence	phenotype	(Bossdorf,	Arcuri,	Richards,	&	Pigliucci,	
2010;	Bossdorf	et	al.,	2008;	Cortijo	et	al.,	2014;	Cubas,	Vincent,	&	
Coen,	 1999;	 Johannes	 et	al.,	 2009).	 Additionally,	 the	 environment	
can	 directly	 influence	 epigenetic	 variation	 (Bossdorf	 et	al.,	 2008;	
Verhoeven,	 Jansen,	 van	Dijk,	 &	 Biere,	 2010).	 Recent	 studies	 have	
shown	that	epigenetic	variation	 is	relatively	common	in	plants	and	
that	environmental-	induced	epigenetic	changes	can	 in	some	cases	
be	 stably	 inherited	 to	 the	 following	 generations	 (Jablonka	 &	 Raz,	
2009;	Verhoeven	et	al.,	2010).	Epigenetic	mechanisms	include	DNA	
methylation,	histone	modification,	and	small	RNAs	(Rapp	&	Wendel,	
2005).	DNA	methylation	 is	the	most	commonly	studied	epigenetic	
mechanism	(Bossdorf	et	al.,	2008;	Schulz,	Eckstein,	&	Durka,	2013).

Epigenetic	mechanisms	can	be	an	important	component	of	phe-
notypic	variation	when	epigenetic	variation	operates,	at	least	partly,	
autonomous	 from	 genetic	 variation	 because	 it	 can	 then	 explain	
variation	that	was	not	explained	by	the	underlying	genetic	variation	
(Bossdorf	et	al.,	2008).	An	additional	 interesting	part	of	epigenetic	
mechanisms	 is	 that	 they	may	mediate	 responses	 to	environmental	
changes	 that	 persist	 into	 offspring	 (transgenerational	 effects),	 ex-
tending	the	scope	of	phenotypic	plasticity	across	generations.

There	 is	 an	 increasing	 number	 of	 studies	 exploring	 epigenetic	
variation	in	natural	populations	(Abratowska,	Wąsowicz,	Bednarek,	
Telka,	 &	 Wierzbicka,	 2012;	 Avramidou,	 Ganopoulos,	 Doulis,	
Tsaftaris,	 &	 Aravanopoulos,	 2015;	 Foust	 et	al.,	 2016;	 Herrera	 &	
Bazaga,	 2010;	 Lira-	Medeiros	 et	al.,	 2010;	Ma,	 Song,	 Yang,	 Zhang,	
&	 Zhang,	 2013;	 Nicotra	 et	al.,	 2015;	 Preite	 et	al.,	 2015;	 Richards,	
Schrey,	&	Pigliucci,	2012;	Rico,	Ogaya,	Barbeta,	&	Peñuelas,	2014;	
Sáez-	Laguna	et	al.,	2014;	Schulz,	Eckstein,	&	Durka,	2014;	Wu	et	al.,	
2013;	Yu	et	al.,	2013).	A	number	of	these	studies	correlate	epigene-
tic	variation	with	phenotypic	traits	such	as	seed	size	variability	and	
several	whole	plant,	leaf	and	regenerative	traits	(Herrera,	Medrano,	
&	Bazaga,	2014;	Medrano,	Herrera,	&	Bazaga,	2014).	Several	stud-
ies	report	natural	populations	that	are	epigenetically	differentiated	
(Avramidou	 et	al.,	 2015;	 Herrera	 &	 Bazaga,	 2010;	 Lira-	Medeiros	
et	al.,	2010;	Ma	et	al.,	2013;	Preite	et	al.,	2015;	Richards	et	al.,	2012;	
Sáez-	Laguna	 et	al.,	 2014).	 Often	 such	 epigenetic	 differentiation	 is	
correlated	 with	 different	 habitats	 or	 environmental	 stresses	 and,	

at	 least	 to	 some	extent,	 independent	 from	 the	underlying	 genetic	
variation	(Abratowska	et	al.,	2012;	Foust	et	al.,	2016;	Lira-	Medeiros	
et	al.,	2010;	Ma	et	al.,	2013;	Preite	et	al.,	2015;	Sáez-	Laguna	et	al.,	
2014).	Interestingly,	in	studies	on	offspring	from	natural	populations,	
indications	for	the	heritability	of	epigenetic	differences	were	found	
(Preite	et	al.,	2015;	Richards	et	al.,	2012;	Schulz	et	al.,	2014).	To	date,	
nearly	all	studies	on	these	mechanisms	are	performed	either	in	the	
field	or	in	a	common	environment	(and	not	in	both,	but	see	Nicotra	
et	al.,	2015).While	the	combination	of	screening	population,	epigen-
etic	variation	both	in	the	field	and	in	a	common	garden	environment	
allows	the	differentiation	between	environment-	induced	epigenetic	
variation	and	epigenetic	memory.

Here,	we	used	AFLP	and	MS-	AFLP	techniques	to	study	genetic	
and	epigenetic	variation	within	and	between	populations.	MS-	AFLP	
is	 a	 suitable	 method	 to	 assess	 epigenetic	 differentiation	 in	 non-
model	plant	populations	and	to	uncover	global	correlations	between	
genetic	 variation,	 epigenetic	 variation,	 habitats,	 and	 phenotype	
(Alonso,	 Pérez,	 Bazaga,	 Medrano,	 &	 Herrera,	 2016;	 Schrey	 et	al.,	
2013;	Schulz	et	al.,	2013).	We	sampled	10	different	populations	of	
Scabiosa columbaria,	an	outcrossing	species	with	high	genetic	varia-
tion	within	populations	and	phenotypic	differentiation	among	pop-
ulations	 (Pluess	&	Stöcklin,	2004;	Waldmann	&	Andersson,	1998).	
Plants	from	these	populations	were	individually	sampled	and	mea-
sured.	In	addition,	seedlings	from	these	populations	were	grown	in	
a	common	garden	and	sampled	and	measured	to	study	the	extent	
of	 transmittance	 of	 epigenetic	 population	 differentiation	 in	 this	
generation.	We	compared	QST	to	ɸST	to	help	to	distinguish	if	differ-
entiation	between	populations	 is	 the	 result	of	natural	 selection	or	
neutral	 random	processes	 such	as	drift	 (Merilä	&	Crnokrak,	2001;	
Scheepens,	Stöcklin,	&	Pluess,	2010;	Whitlock,	2008).

The	different	populations	 and	 countries	were	 chosen	 to	 study	
the	genetic	differentiation	in	combination	with	geographic	distance,	
and	the	epigenetic	variation	in	relation	with	geographic	and	climatic	
differences.	We	asked	 the	 following	questions:	 (i)	Are	populations	
epigenetically	 differentiated?	 (ii)	 Is	 epigenetic	 variation	 correlated	
with	phenotypic	 variation	 and	 is	 epigenetic	 variation	 independent	
of	 genetic	 variation?	 (iii)	 Can	 we	 detect	 evidence	 for	 epigenetic	
memory?

2  | MATERIAL AND METHODS

2.1 | Study species

Scabiosa columbaria	L.	is	a	short-	lived	perennial	herb	that	occurs	on	
dry,	calcareous	grasslands	in	Europe.	It	is	a	protandrous,	insect	pol-
linated,	 mainly	 outcrossing	 species,	 although	 it	 is	 self-	compatible.	
Scabiosa columbaria	 grows	 a	 basal	 rosette	 and	 flowers	 from	 June	
till	 September	 with	 branded	 stalks	 with	 several	 flowering	 heads.	
Each	flower	head	has	around	50–70	florets	that,	when	successfully	
fertilized,	 produce	 a	 single-	seeded	 fruit	 (Ouborg,	 Van	 Treuren,	 &	
Van	Damme,	 1991;	 Picó,	Ouborg,	&	Van	Groenendael,	 2004;	Van	
Treuren,	Bijlsma,	Ouborg,	&	Van	Delden,	1993).	In	2009,	seeds	and	
leaf	material	were	collected	from	20	individuals	per	population	from	
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five	 British	 (UK)	 and	 five	 French	 (FR)	 populations	 (Table	1).	 Only	
large	populations	(>500	individuals)	were	selected.	The	main	differ-
ences	between	the	sites	are	given	 in	Table	1.	The	 locations	of	 the	
populations	were	chosen	along	its	western	European	North–South	
distribution	 range.	Hence,	 the	 range	 covers	 a	 large	 environmental	
gradient	with	large	climatological	differences	between	populations.	
Seeds	were	stored	in	paper	bags	at	room	temperature	until	used	for	
germination.	Leaf	material,	collected	only	from	fresh	and	undamaged	
leaves,	was	immediately	dried	in	silica	gel	and	upon	arrival	in	the	lab	
all	 leaf	material	was	stored	at	−80°C	to	minimize	risk	of	epigenetic	
changes	during	storage.

2.2 | Common garden experiment

For	the	common	garden	experiment,	we	used	the	seeds	collected	in	
each	of	the	five	UK	and	five	FR	populations.	All	seeds	were	stored	
similarly	and	most	mother	plants	produced	seedlings.	The	average	
germination	 percentage	 per	 mother	 plant	 was	 64%	 (ranging	 from	
50%	 to	85%).	 From	our	 experience,	 these	 are	 normal	 germination	
rates	for	natural	populations	of	S. columbaria	using	fresh	seed	mate-
rial.	Of	each	mother	plant,	all	available	seeds	were	used	for	germi-
nation.	Seeds	were	placed	in	a	petri	dishes	with	filter	paper,	which	
was	 moistened	 with	 deionized	 water.	 Germinating	 seeds	 were	
kept	 in	 a	 climate	 chamber	with	 a	 20°C/16°C	 (day/night)	 tempera-
ture	regime,	long	day	(16	hr/8	hr,	day/night),	and	light	conditions	of	
236 μmol	m−2	s−1.	After	germination,	five	seedlings	per	mother	plant	
were	 individually	 planted	 in	 peat	 Jiffypots®	 (6	cm	 diameter,	 Jiffy	
Products	International	BV,	Moerdijk,	the	Netherlands)	filled	with	soil	
from	the	common	garden	field	site.	The	individual	pots	were	subse-
quently	placed	 in	an	unheated	greenhouse,	where	 they	stayed	 for	
12	weeks.	At	the	end	of	May	2013,	when	ground	temperatures	were	
no	 longer	 expected	 to	 drop	below	0°C,	 all	 plants	were	planted	 in	
a	 randomized	block	design	 (with	 five	blocks	 and	a	 single	 replicate	
for	 each	 mother	 per	 block)	 in	 an	 open	 common	 garden	 field	 site	
at	 the	 experimental	 garden	 of	 Radboud	University,	Nijmegen,	 the	
Netherlands.	 Individual	plants	were	placed	at	25	cm	 intervals	with	
four	plants	per	row.

2.3 | Phenotypic measurements

In	both	 field	and	common	garden	environment,	 the	biomass	 index	
[BMI;	 the	 product	 of	 the	 number	 of	 leaves	 and	 the	 length	 and	
width	of	the	largest	leaf;	a	nondestructive	way	to	measure	biomass	
(Vergeer,	Wagemaker,	&	Ouborg,	2012)],	number	of	flowering	stems,	
number	 of	 flowers	 on	 each	 flowering	 stem,	 and	 the	 total	 number	
of	flowers	per	plant	was	measured.	The	biomass	index	for	the	field	
plants	 was	 measured	 at	 time	 of	 seed	 set.	 For	 the	 garden-	grown	
plants,	biomass	index	was	measured	when	they	were	placed	in	the	
common	garden	 (week	1)	 and	 approximately	2	weeks	before	bolt-
ing	(after	11	weeks,	beginning	of	August	2013).	The	data	of	the	first	
measurement	were	used	in	the	analysis	of	the	second	measurement	
data	to	correct	for	differences	in	initial	biomass	at	time	of	planting.	
Additionally,	in	the	common	garden,	we	also	determined	bolting	date	 TA
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and	day	of	opening	of	the	first	flower	(flowering	time).	After	seed	set	
(at	the	end	of	November	2013,	before	temperature	dropped	below	
zero	and	before	plants	had	started	to	senescence),	all	plants	were	
harvested.	After	1-	week	oven	drying	at	70°C,	we	measured	repro-
ductive	 biomass	 (inflorescence	 and	 flower	 mass),	 biomass	 of	 the	
plant	excluding	 the	 reproductive	biomass	and	by	 combining	 those	
total	biomass.	A	Pearson’s	correlation	test	showed	a	strong	corre-
lation	between	 total	 biomass	 and	biomass	 index	measured	before	
bolting	in	the	common	garden	(r	=	.69,	p-	Value	<.0001).

2.4 | DNA isolation, AFLP, and MS- AFLP

DNA	was	isolated	from	10	individuals	per	population	from	the	com-
mon	 garden-	grown	 plants	 for	 both	 AFLP	 and	 MS-	AFLP	 analysis.	
All	selected	plants	came	from	different	mother	plants.	 In	addition,	
DNA	was	isolated	from	10	individuals	per	population	from	the	field-	
collected	leaf	material	for	MS-	AFLP	analyses	of	field-	collected	plants,	
which	were	not	necessarily	the	same	plants	as	the	mother	plants	of	
which	seeds	were	collected.	DNA	was	isolated	from	approximately	
1.5	cm2	 leaf	material	using	the	Nucleo	spin	8	plant	II	kit	(Machery-	
nagel,	the	Netherlands).	DNA	amount	was	quantified	using	Qubit® 
1.0	Fluorometer	(ThermoFisher	Scientific,	the	Netherlands).	To	test	
if	the	sample	size	of	10	individuals	resulted	in	reliable	estimations	of	
the	effects,	coefficients	of	variance	for	BMI	were	calculated	for	each	
population	with	random	selections	of	samples	ranging	from	n	=	3	to	
n	=	20.	These	random	selections	show	that	generally	a	sample	size	
of	n	=	10	has	a	minimal	effect	on	the	variance	as	compared	to	larger	
sample	sets	of	n	=	20	(Data	S1).

For	genotyping	the	five	UK	and	five	FR	populations,	the	ampli-
fied	fragment	length	polymorphism	(AFLP)	method	was	used,	with	
EcoRI	as	a	rare-	cutting	enzyme	and	MseI	as	the	frequent	cutter	(Vos	
et	al.,	 1995).	 In	 order	 to	 analyze	 the	 epigenetic	 variation	 between	
populations	 and	 countries,	we	 used	 an	 adaptation	 from	 the	AFLP	
method,	the	methylation-	sensitive	amplified	fragment	 length	poly-
morphism	 (MS-	AFLP)	 where	 the	 frequent	 cutter	MseI	 is	 replaced	
in	two	parallel	batches	by	two	methylation-	sensitive	cutters,	MspI	
and	HpaII,	which	 cut	 the	 same	5′-	CCGG	 restriction	 site	but	differ	
in	methylation	 sensitivity	 (Keyte,	 Percifield,	 Liu,	 &	Wendel,	 2006;	
Reyna-	Lopez,	Simpson,	&	Ruiz-	Herrera,	1997).

See	Table	S1	for	a	complete	overview	of	all	adapters	and	primers	
used	for	both	AFLP	and	MS-	AFLP	protocols.	The	AFLP	and	MS-	AFLP	
protocols	were	adapted	from	Vergeer	et	al.	(2012).

Field	and	common	garden	samples	were	analyzed	separately	and	
were	randomized	between	plates,	to	prevent	plate	bias.	In	addition,	
all	MS-	AFLP	samples	were	run	in	duplo,	for	both	MspI	and	HpaII.

We	 analyzed	 fragments	 of	 both	 AFLP	 and	 MS-	AFLP	 with	
GENEMARKER	 version	 2.6.3	 (Softgenetics)	 and	 scored	 fragments	
between	98	and	600	base	pairs.	Marker	loci	were	scored	when	the	
peaks	were	 at	 least	 three	 times	 higher	 than	 the	 noise,	 and	when	
in	 the	 individual	 sample	 the	 peak	 height	 signal	 was	 above	 100.	
Additionally,	mismatching	Duplo’s	were	checked	manually	and	were	
only	included	if	both	peaks	showed	a	clear	signal	above	50,	other-
wise,	they	were	excluded.	Mismatched	Duplos	were	generally	<10%	

per	plate.	Samples	 that	 failed	 in	one	or	more	primer	combinations	
were	excluded	from	further	analysis,	 just	as	 loci	with	 less	than	5%	
variability	for	both	AFLP	and	MS-	AFLP.	This	resulted	in	a	total	of	88	
AFLP	samples	with	144	polymorphic	loci,	88	MS-	AFLP	samples	from	
the	 common	 garden	 with	 140	 polymorphic	 loci	 and	 81	MS-	AFLP	
samples	from	the	field	with	109	polymorphic	loci.	Fragments	were	
scored	 as	 methylated	 (fragment	 present	 in	 EcoRI/MspI	 or	 EcoRI/
HpaII,	but	not	in	both,	fragment	type	II	or	III)	or	nonmethylated	(frag-
ment	present	 in	both	EcoRI/MspI	and	EcoRI/HpaII,	 fragment	 type	
I).	The	absence	of	fragments	was	scored	as	missing	data	(fragment	
type	IV)	because	in	this	case,	it	is	not	possible	to	distinguish	between	
complete	methylation	and	genetic	restriction	site	polymorphism	as	
the	 cause	of	 fragment	 absence	 (Schulz	 et	al.,	 2013;	Vergeer	 et	al.,	
2012).

2.5 | Statistical analysis

In	the	phenotypic	data	of	both	the	field	and	the	common	garden,	we	
tested	for	differences	between	countries	and	between	the	popula-
tions	within	each	country.	We	expect	British	populations	to	differ-
entiate	 from	French	populations	due	 to	 their	geographic	 isolation.	
Differences	 between	 countries	 were	 analyzed	 using	 linear	 mixed	
effect	models	with	country	as	a	fixed	effect	and	population	nested	
within	country	as	random	effect	(Bates,	Maechler,	Bolker,	&	Walker,	
2014).	For	 the	common	garden,	data	block	was	 included	as	a	 ran-
dom	factor.	The	denominator	degrees	of	freedom	and	p-	Values	for	
the	linear	mixed	effects	models	were	calculated	using	the	lmerTest	
R	 package	 (Kuznetsova,	 Brockhoff,	 &	Christensen,	 2015).	 In	 addi-
tion,	we	tested	for	population	effects	within	country	as	the	popula-
tions	were	 selected	along	an	environmental	 and	 climatic	 gradient,	
also	within	 countries.	 For	 this	 analysis,	 these	 data	were	 split	 in	 a	
French	and	British	dataset	to	test	for	a	population	effect.	Then,	we	
performed	a	second	model,	separately	for	FR	and	UK,	with	popula-
tions	as	the	fixed	effect.	Tukey’s	post	hocs	were	performed	to	test	
whether	 there	were	phenotypic	differences	between	populations.	
For	the	field	data,	we	performed	linear	mixed	effect	models,	using	
generalized	least	squares	(Pinheiro,	Bates,	DebRoy,	&	Sarkar,	2015).	
For	the	common	garden,	linear	mixed	effect	models	were	fitted	to	
be	able	to	include	block	as	a	random	factor	(Pinheiro	et	al.,	2015).	All	
models	were	adjusted	for	variance	heterogeneity	 leading	to	a	bet-
ter	model	fit	(using	the	varIden	function	in	the	R	package	nlme).	The	
percentage	of	variance	explained	by	country	and	population	(popu-
lation	variance	was	calculated	separately	for	FR	and	UK	populations)	
was	estimated	using	the	lmer	function	from	the	lme4	package,	for	all	
phenotypic	traits	(Bates	et	al.,	2014).

QST,	 the	 genetic	 divergence	 in	 functional	 quantitative	 traits	
(Spitze,	1993),	was	calculated	for	all	traits	shared	between	Field	and	
Common	garden	(biomass	index,	inflorescence	height,	number	of	in-
florescences	and	number	of	flowers),	using	the	variances	calculated	
with	the	linear	mixed	models	described	above	(Steinger,	Haldimann,	
Leiss,	&	Müller-	Schärer,	2002;	Whitlock,	2008).

The	binary	AFLP	and	MS-	AFLP	data	were	analyzed	using	a	band-	
based	 strategy,	where	 the	 presence	or	 absence	band	pattern	was	



     |  3509GROOT eT al.

compared	between	samples	(Bonin,	Ehrich,	&	Manel,	2007).	The	per-
centage	of	polymorphic	 loci	and	genetic	and	epigenetic	Shannon’s	
information	 index	 was	 calculated	 separately	 per	 population	 using	
the	MSAP_calc.r	R	script	(Schulz	et	al.,	2013).	The	methylation	per-
centages	 were	 calculated	 using	 (Type	 II	+	Type	 III)/(Type	 I	+	Type	
II	+	Type	 III)*100%.	And,	 the	 relative	percentage	of	each	 type	was	
calculated	with	(Type	X)/(Type	I	+	Type	II	+	Type	III	+	Type	IV)*100%	
(Vergeer	et	al.,	2012).	The	methylation	percentages	were	calculated	
separately	per	environment	(Field	vs.	Common	garden),	per	country	
and	for	each	population.	They	were	subjected	to	analysis	of	variance	
(ANOVA)	to	test	for	significant	differences.	We	calculated	distance	
matrices	 both	 on	 individual	 and	 population	 level	 using	 GENALEX	
6.5	(Peakall	&	Smouse,	2012).	These	matrices	were	imported	in	the	
R	 environment	 and	 used	 for	 further	 analysis.	 Principal	 coordinate	
analysis	(PCoA)	was	performed	and	the	principal	coordinate	values	
were	plotted	for	AFLP,	MS-	AFLP	field	and	MS-	AFLP	common	garden	
using	the	individual-	level	pairwise	distance	matrices	using	the	pcoa()	
function	from	the	package	Ape	(Paradis,	Claude,	&	Strimmer,	2004).
To	analyze	the	genetic	and	epigenetic	variation	between	countries,	
among	populations	within	countries	and	within	populations,	we	used	
the	analysis	of	molecular	variance	(AMOVA)	framework	(Meirmans,	
2006),	 using	 the	 amova()	 function	 from	 the	 package	 Pegas	 with	
9,999	permutations	 (Paradis,	2010).	ɸST	values	for	AFLP,	MS-	AFLP	
Field	and	MS-	AFLP	Common	garden	were	calculated	separated	by	
country	using	the	AMOVA	framework	(Meirmans,	2006).	In	addition,	
we	 tested	 for	 the	homogeneity	 of	 variances	between	populations	
in	 the	 distance	 matrices	 for	 AFLP,	 MS-	AFLP	 field,	 and	 MS-	AFLP	
common	garden	using	 the	betadisper()	 function	 from	the	Vegan	R	
package,	which	 is	 a	multivariate	 analogue	of	 the	 Levene’s	 test	 for	
homogeneity	of	variance	(Oksanen	et	al.,	2015;	Preite	et	al.,	2015).

Using	the	distance	matrixes,	we	tested	for	correlations	between	
AFLP,	MS-	AFLP	 field,	MS-	AFLP	 common	garden,	 phenotype	data,	
and	geographical	distance	on	population	level	with	Mantel	and	par-
tial	Mantel	tests,	using	the	function	mantel()	from	the	Vegan	pack-
age	with	1,500	permutations	(Oksanen	et	al.,	2015).

For	the	phenotypic	data	from	the	common	garden	Euclidian	dis-
tance	matrices	were	calculated	both	on	population	and	on	individual	
level,	for	all	traits,	with	76	individuals	that	were	present	in	both	AFLP	
and	MS-	AFLP	common	garden	data	sets.	Correlations	between	indi-
vidual	based	distance	matrices	of	AFLP,	MS-	AFLP	common	garden	
and	common	garden	traits	were	tested	with	Mantel	tests,	using	man-
tel()	from	the	Vegan	package,	with	1,500	permutations.	Correlations	
were	calculated	at	population	level,	as	genetic	variation	was	only	de-
termined	in	common	garden-	grown	plants.

3  | RESULTS

3.1 | Phenotypic differences in the field and the 
common garden

The	selected	populations	showed	large	phenotypic	differences,	be-
tween	 and	within	 countries.	 In	 general,	 plants	 from	French	popu-
lations	 grew	 larger	 and	 showed	 stronger	 flowering	 propensities	

compared	to	plants	from	British	populations	(Figure	1	and	Appendix	
7).	When	 seedlings	 were	 grown	 in	 a	 common	 environment,	 most	
phenotypic	differences	remained,	although	less	pronounced.

42.7%	of	the	variance	in	biomass	index	in	the	French	populations	
was	explained	by	differences	between	populations,	whereas	in	the	
UK,	only	15.4%	of	the	variation	in	biomass	index	was	explained	by	
differences	among	populations	(Table	2	and	Table	S2	for	statistics	of	
field-	grown	plants	and	common	garden-	grown	plants	respectively).	
When	plants	were	grown	in	a	common	environment,	the	variance	in	
biomass	index	of	French	plants	that	was	explained	by	the	effect	of	
population	reduced	significantly	to	14.3%.	In	contrast,	variances	in	
biomass	 index	 that	was	explained	by	 the	different	 countries	were	
similar	in	field	and	common	garden	situations	(17.5%	in	the	field	ver-
sus	18.2%	in	the	common	garden;	Table	2).

French	plants	produced	significantly	more	 flowers	 than	British	
plants.	 These	 differences,	 however,	 were	 no	 longer	 significant	
when	seedlings	were	grown	in	the	common	garden	(Figure	1c,d	and	
Table	2).

In	the	common	garden,	significant	differences	were	observed	in	
flowering	 time,	with	 plants	 from	UK	 populations	 flowering	 earlier	
than	 plants	 from	 FR	 populations.	 No	 significant	 differences	 were	
observed	in	bolting	time	and	reproductive	biomass	between	plants	
from	FR	and	UK	populations	(Table	2).	For	inflorescence	height,	there	
were	no	significant	differences	between	countries	in	the	field-	grown	
plants,	but	in	the	common	garden-	grown	plants,	FR	populations	had	
significantly	taller	inflorescences	than	UK	populations	(Figure	S1).

In	general,	field-	grown	plants	showed	stronger	differentiation	in	
traits	than	plants	that	were	grown	in	a	common	environment.	Plants	
from	all	populations,	apart	from	population	FR	3,	became	more	sim-
ilar	when	grown	 in	 the	 common	garden.	Population	FR	3	 strongly	
differentiated,	both	in	the	field	and	in	the	common	garden,	and	was	
responsible	for	a	considerable	part	of	the	variation	between	coun-
tries	and	populations.	 In	both	field	and	common	garden	plants,	FR	
population	3	had	 the	highest	 biomass	 (Figure	1),	 although	 this	 did	
not	translate	into	increased	flower	production.	For	the	UK	popula-
tions,	population	10	had	the	highest	biomass	and	population	9	the	
lowest,	in	both	field-		and	common	garden-	grown	plants.

The	within-	population	variances	for	the	measured	traits	of	all	10	
populations	were	of	the	same	order,	and	did	not	show	significant	dif-
ferences	between	populations.	Therefore	we	conclude	that	mother	
effects	are	likely	to	be	minimal.

3.2 | Genetic and epigenetic variation

Relatively	high	 levels	of	genetic	and	epigenetic	diversity	were	ob-
served	 (Table	1).	 The	 mean	 percentage	 of	 polymorphic	 genetic	
bands	 was	 74.8%,	 and	 the	 mean	 percentage	 of	 polymorphic	 epi-
genetic	bands	was	64.2%	for	the	field-	grown	plants	and	69.4%	for	
the	common	garden-	grown	plants	(Table	1).	No	private	bands	were	
observed.	 The	 average	 Shannon’s	 index	 for	 the	 genetic	 diversity	
was	0.570,	which	is	similar	to	the	epigenetic	diversity	Shannon’s	in-
dexes	for	both	field-	grown	and	common	garden-	grown	plants	(mean	
Hepi	=	0.514	and	0.546,	respectively).
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Average	 methylation	 percentage	 differed	 between	 popu-
lations.	 For	 the	 French	 populations,	 average	 methylation	 was	
influenced	by	the	environment,	indicated	by	a	significant	environ-
ment	×	country	interaction	effect	(Figure	2,	Table	S3).	When	the	
influence	of	the	environment	was	tested	separately	for	FR	and	UK	
populations,	both	FR	and	UK	showed	significant	effects	of	pop-
ulations	 on	methylation	 percentage	 but	 no	 interaction	 between	
environment	 and	 population.	 However,	 FR	 populations	 showed	
a	 significant	 effect	 of	 environment	 on	 methylation	 percentage	
(Table	S3).

AMOVA	 tests	 showed	 that	most	 genetic	 and	 epigenetic	varia-
tion	is	explained	between	populations	within	countries	rather	than	
between	countries	 (Table	3).	This	 is	reflected	 in	the	principal	coor-
dinate	analysis	(PCoA)	based	on	the	pairwise	AFLP,	MS-	AFLP	field,	
and	MS-	AFLP	Common	garden	distance	profiles	(Figure	3).	The	most	
pronounced	clustering	 in	PCoA	could	be	attributed	 to	genetic	dif-
ferences	(Table	3).	The	AFLP	PCoA	plot	shows	that	the	FR	popula-
tions	closest	to	the	UK	(populations	FR	4	and	FR	5)	are	genetically	
more	 similar	 to	 the	 UK	 populations	 (Figure	3a)	 than	 to	 the	 more	
Southern	 French	 populations.	 A	 comparable	 but	 less	 pronounced	

clustering	 was	 found	 in	 the	 epigenetic	 variation	 (MS-	AFLP	 Field	
PCoA;	 Figure	3b).	 In	 the	MS-	AFLP	 Common	 garden	 plot,	 there	 is	
more	within	population	variation	than	the	AFLP	and	MS-	AFLP	Field	
plots,	but	the	molecular	variance	among	populations	was	still	signif-
icant	(Figure	3c	and	Table	3).	The	variation	partitioning	among	coun-
tries	was	in	all	three	profiles	relatively	small,	but	was	significant	for	
all	profiles	 (Table	3).	The	ɸST	of	the	AFLP	and	MS-	AFLP	Field	were	
comparable	for	both	FR	and	UK	populations,	while	it	was	smaller	in	
the	MS-	AFLP	Common	garden	for	both	countries	(Table	3).	Only	FR	
biomass	 index	 in	 the	 field	showed	a	higher	QST	 than	ɸST,	all	other	
traits	 in	 both	 environments	 had	QST	values	 similar	 or	 smaller	 than	
ɸST	 values	 (Table	 S4).	Additionally,	 several	 traits	 showed	 very	 low	
among-	population	variation	and	this	differed	between	country	and	
environment	(Table	S4).

3.3 | Genetic and epigenetic correlations

Population-	level	genetic	variation	was	positively	correlated	with	the	
population-	level	epigenetic	variation	in	the	field,	and	with	the	geo-
graphical	distance	between	populations	(Table	4).	In	contrast,	when	

F IGURE  1 Biomass	index	(±SE)	of	plants	grown	in	the	field	(a)	and	plants	grown	in	the	common	garden	(b)	and	total	number	of	
flowers	(±SE)	for	plants	grown	in	the	field	(c)	and	plants	grown	in	the	common	garden	(d).	First,	the	differences	between	FR	and	the	UK	
are	shown,	followed	by	the	differences	between	FR	and	UK	populations.	Significant	differences	between	countries	are	indicated	with	
*	(p <	.05),	significant	differences	between	the	populations	per	country	were	identified	by	post	hoc	comparisons	and	are	indicated	by	
lowercase	letters
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plants	 were	 grown	 in	 a	 common	 environment,	 no	 correlation	 be-
tween	genetic	and	epigenetic	variation	was	observed.	Interestingly,	
epigenetic	variation	in	the	field	and	epigenetic	variation	in	the	com-
mon	garden	were	not	correlated.

At	 the	 population	 level,	 both	 genetic	 variation	 and	 geographi-
cal	 distance	 showed	 significant	 correlations	 with	 biomass-	related	
traits,	 in	 both	 field-		 and	 common	 garden-	grown	 plants	 (Table	5).	
Geographic	distance	and	biomass	index	in	the	field	were,	however,	

TABLE  2 The	percentage	of	variance	explained	by	country	and	population	(separated	by	country)	for	both	field	and	common	garden	
phenotypic	traits

Field

Per country Biomass index Inflorescence height No. of inflorescences No. of flowers

Total	variance 10,451 41.0 909 16.2

%	country 17.5 0.00 5.41 19.0

FR

	Total	variance 10,995 35.6 1.55 19.7

	%	population 42.7 0.00 0.00 0.00

UK

	Total	variance 6,285 47.6 0.18 6.61

	%	population 15.4 14.1 1.75 11.2

Common Garden

Per country
Biomass index 
(week 11)

Inflorescence  
height

No. of 
inflorescences No. of flowers Flowering time Total biomass

Total	variance 3.1534E+13 1,175 29.5 598 14.3 1,423

%	country 18.2 5.74 0.09 0.47 14.8 33.5

FR

Total	variance 4.1473E+13 1,536 37.8 764 4.69 1,565

%	population 14.3 20.6 12.7 2.43 0.00 40.5

UK

Total	variance 2.3479E+12 508 17.2 350 20.9 145

%	population 13.4 0.00 4.05 0.08 0.00 5.42

Bold	values	indicate	if	the	percentage	of	variance	is	significant	(p <	.05),	based	on	ANOVAs	of	the	linear	mixed	effect	models	(for	country)	and	ANOVAs	
of	the	linear	effect	models	(for	FR	and	UK),	for	ANOVA	tables	see	Table	S2.

F IGURE  2 Methylation	percentage	(±SE)	of	plants	grown	in	the	field	(a)	and	plants	grown	in	the	common	garden	(b).	First,	the	differences	
between	FR	and	the	UK	are	shown,	followed	by	the	differences	between	FR	and	UK	populations.	There	were	no	significant	differences	
between	countries,	significant	differences	between	the	populations	per	country	were	identified	by	post	hoc	comparisons	and	are	indicated	
by	lowercase	letters
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only	marginally	correlated.	No	significant	correlations	between	epi-
genetic	variation	and	phenotypic	traits	were	observed,	neither	in	the	
field	nor	in	the	common	garden.

4  | DISCUSSION

Here,	we	screened	genetic	and	epigenetic	variation	in	situ	in	natu-
ral	S. columbaria	populations.	To	test	to	what	extent	epigenetic	dif-
ferentiation	was	transmitted	to	a	next	generation,	we	did	not	only	
study	field-	grown	plants	but	also	plants	from	the	same	population	
grown	together	in	a	common	environment.	Our	study	showed	epi-
genetic	population	differentiation	in	both	field	and	common	garden	
environments,	with	 a	 stronger	differentiation	 in	 the	 field	 environ-
ment.	 This	may	 indicate	 that	 part	 of	 the	 epigenetic	 variation	was	
transmitted	to	a	next	generation	(i.e.,	epigenetic	memory),	but	also	
that	a	considerable	part	is	induced	by	environment	factors	and	may	
not	be	heritable.	A	clear	correlation	between	genetic	variation	and	
epigenetic	variation	was	observed	 in	 the	natural	 field	populations,	
whereas	no	correlation	was	found	when	seedlings	were	grown	in	a	
common	environment.	This	 suggests	 that	 the	correlation	between	
genetic	and	epigenetic	variation	 in	 the	 field	 is	based	mainly	on	an	
environment-	induced	component	of	epigenetic	variation,	where	dif-
ferent	field	environments	may	induce	population-	specific	epigenetic	
patterns,	or	on	random	epimutations.

4.1 | Genetic variation within and between 
populations

Our	results	show	high	genetic	diversity	within	populations,	which	is	
in	accordance	with	other	studies	on	genetic	diversity	and	variation	
of	S. columbaria	(Pluess	&	Stöcklin,	2004;	Reisch	&	Poschlod,	2009;	
Waldmann	&	Andersson,	1998).

In	our	study,	comparisons	between	QST	and	ɸST	(for	QST	and	ɸST 
see	Table	S4)	 revealed	a	higher	QST	 for	biomass	 index	 in	 the	field,	
suggesting	 that	 directional	 selection	 is	 likely	 involved	 (De	 Kort,	
Vandepitte,	&	Honnay,	2013;	Merilä	&	Crnokrak,	2001).	A	consider-
able	part	of	this	higher	QST	for	biomass	index	was	environmentally	
induced	as	was	shown	by	the	decreased	QST	in	the	common	garden-	
grown	plants.	Additionally,	all	other	traits	in	the	field	and	common	
garden	 show	 either	QST	 comparable	 to	ɸST	 or	 a	 lower	QST,	which	
indicates	that	the	differentiation	can	be	explained	by	drift	alone	or	
that	similar	phenotypes	are	favored	between	populations	(De	Kort	
et	al.,	2013;	Merilä	&	Crnokrak,	2001).

4.2 | Epigenetic variation within and between 
populations

To	date,	several	studies	on	epigenetic	variation	and	differentiation	
have	been	performed	that	tested	population	differentiation	in	a	com-
mon	environment.	These	 studies,	 however,	 showed	mixed	 results,	
ranging	 from	 no	 epigenetic	 differentiation	 between	 populations	
(Avramidou	et	al.,	2015;	Nicotra	et	al.,	2015)	to	differentiation	only	TA
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among	geographically	large	regions	(Preite	et	al.,	2015),	differentia-
tion	between	habitats	 (Richards	et	al.,	 2012),	 or	differentiation	on	
both	population	and	habitat	level	(Abratowska	et	al.,	2012).	Results	
of	 field	 studies	 of	 epigenetic	 population	 variation	 in	 natural	 field-	
sampled	plants	varied	between	epigenetic	differentiation	between	
different	habitats	(Lira-	Medeiros	et	al.,	2010;	Rico	et	al.,	2014)	and	
epigenetic	 differentiation	 among	 populations	 habitat	 (Foust	 et	al.,	
2016;	Schulz	et	al.,	2014).	These	field	studies	show	that,	when	there	
are	 environmental	 differences,	 populations	 often	 show	 epigenetic	
differentiation.	However,	with	field	studies	alone,	it	 is	not	possible	
to	 show	 if	 the	observed	variation	 can	mainly	be	 attributed	 to	 en-
vironmentally	 induced	methylation	 changes	 and	 if	 this	 variation	 is	

transferred	to	future	generations.	Using	common	garden	studies,	on	
the	other	hand,	 it	 is	 unclear	 if	 observed	epigenetic	differentiation	
between	populations	is	caused	by	genetic	variation	or	by	the	herit-
able	 component	of	 environmentally	 induced	methylation	variation	
in	field-	grown	parental	individuals.	Taken	together,	the	results	from	
these	 studies	emphasize	 the	need	 to	 study	epigenetic	 variation	 in	
both	the	natural	field	environment	and	in	a	common	environment.	
Studies	that	screen	for	epigenetic	variation	 in	both	field	and	com-
mon	garden	are	still	rare,	while	the	combination	of	environments	is	
necessary	 to	draw	stronger	conclusions	about	adaptive	epigenetic	
variation	 (Robertson	&	Richards,	 2015a).	Our	 experimental	 design	
compared	epigenetic	variation	in	the	natural	field	environment	and	

F IGURE  3 Principal	coordinate	analysis	(PCoA)	based	on	genetic	(a,	AFLP)	and	epigenetic	distances	from	the	field	(b,	MS-	AFLP	Field)	and	
the	common	garden	(c,	MS-	AFLP	Common	garden)
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AFLP

MS-	AFLP	Field .43 .006
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Common	garden

.06 .39 .22 .19
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distance

.65 .004 .37 .01 −.002 .47

Correlations	and	p-	Values	were	derived	from	1,500	permutations.	Bold	values	 indicate	a	p-	Value	
<.05.

TABLE  4 Outcome	of	population-	level	
Mantel	tests	correlations	between	AFLP,	
MS-	AFLP	Field,	MS-	AFLP	common	
garden,	and	geographical	distance	of	
populations
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in	a	common	garden.	This	design	allowed	us	to	expose	the	influence	
of	natural	field	environments	on	epigenetic	variation,	as	the	key	dif-
ference	between	the	natural	field	data	and	the	common	garden	data	
is	the	presence	or	absence	of	these	population-	specific	environmen-
tal	differences.

While	a	 large	part	of	genetic	and	epigenetic	variation	was	par-
titioned	within	populations,	 a	 significant	part	of	 the	variation	was	
partitioned	 between	 countries	 and	 between	 populations.	 In	 the	
common	 garden,	 the	 between-	population	 variance	 component	
was	reduced	compared	to	the	field,	which	led	to	an	increase	in	the	
within-	population	 variance	 component.	However,	 there	was	 still	 a	
significant	 differentiation	 between	 countries	 and	 populations	 and	
this	 fraction	was	 comparable	 to	 the	 field.	Our	 comparison	of	 epi-
genetic	 differentiation	 between	 field	 and	 common	 garden-	grown	
plants	 showed	 two	 important	 results.	 First,	 part	of	 the	epigenetic	
differentiation	 remains	 intact	 in	 the	 common	garden,	 and	 second,	
population	differentiation	in	a	common	environment	is	smaller	than	
in	different	natural	(field)	environments.	This	indicates	that	at	least	
part	of	the	epigenetic	differentiation	is	transmitted	to	a	next	gener-
ation	but	also	that	a	considerable	part	of	the	epigenetic	differentia-
tion	is	environmentally	induced	or	a	result	of	random	epimutations	
and	disappears	when	all	plants	are	grown	in	a	common	environment.

4.3 | Correlation between genetic and 
epigenetic variation

We	 determined	 genetic	 variation	 using	 common	 garden-	grown	
plants.	Because	these	plants	are	the	direct	offspring	of	field-	grown	
plants,	 we	 assume	 genetic	 population	 patterns	 to	 be	 similar	 be-
tween	field-		and	common	garden-	grown	plants.	Epigenetic	patterns	
may,	 however,	 differ	 between	 field-		 and	 common	 garden-	grown	

plants	if	epigenetic	differences	are	environment-	induced	or	caused	
by	 random	epimutations.	Our	 results	 showed	a	 significant	 corre-
lation	between	genetic	variation	and	epigenetic	variation	in	field-	
grown	 plants,	 but	 not	 between	 genetic	 variation	 and	 epigenetic	
variation	 in	 common	 garden-	grown	 plants.	 Moreover,	 epigenetic	
variation	in	the	field-	grown	plants	was	not	correlated	with	epige-
netic	variation	in	the	common	garden-	grown	plants.	Also,	when	the	
genetic	and	epigenetic	patterns	of	individual	plants	from	the	com-
mon	 garden	 were	 compared,	 no	 significant	 correlation	 between	
genetic	 and	epigenetic	 variation	was	observed.	A	possible	expla-
nation	 is	 that	epigenetic	variation	 is	 largely	environment	 induced	
which	is	not	inherited	to	next	generations.	If	natural	environments	
induce	different	epigenetic	profiles	 in	different	populations,	such	
population-	specific	induced	epigenetic	profiles	may	show	a	statis-
tical	association	with	genetic	divergence	between	the	populations.	
If	this	variation	is	not	inherited,	then	this	association	will	disappear.	
There	still	was	significant	epigenetic	population	differentiation	 in	
the	common	garden,	which	could	in	principle	be	caused	by	either	
heritable	 methylation	 variation	 (possibly	 genetically	 controlled)	
that	 is	 unsusceptible	 to	 the	 environment	 and/or	 environmentally	
induced	methylation	variation	in	the	field	that	is	heritable.	Random	
epimutations	could	also	contribute	to	these	findings.	Unfortunately,	
this	study	does	not	allows	to	distinguish	underlying	mechanism	of	
these	results.

4.4 | Correlation between phenotype, genetic, and 
epigenetic variation

Phenotypic	 population	 differentiation	 was	 observed	 in	 the	
field	 and,	 although	 less	 pronounced,	 in	 the	 common	 garden.	
Population-	level	phenotypic	variation	was	correlated	with	genetic	

TABLE  5 Outcome	of	population-	level	Mantel	tests	correlations	between	phenotypes	and	AFLP,	MS-	AFLP	Field,	and	MS-	AFLP	common	
garden	profiles	and	the	geographical	distance

Phenotype field

AFLP MS- AFLP Field Geographical distance

r p- Value r p- Value r p- Value

	Biomass	Index .46 .04 .13 .26 .22 .08

	Inflorescence	height −.23 .88 .17 .27 −.12 .74

	No.	of	inflorescences −.11 .68 −.19 .79 −.04 .53

	No.	of	flowers .02 .35 −.06 .64 .05 .27

Phenotype common garden

AFLP MS- AFLP Common garden Geographical distance

r p- Value r p- Value r p- Value

	Biomass	Index .48 .003 −.24 .79 .37 .01

	Inflorescence	height .33 .04 −.28 .81 .25 .06

	No.	of	inflorescences .42 .02 −.13 .72 .04 .35

	No.	of	flowers .33 .04 .04 .36 .003 .41

	Flowering	time .03 .33 −.01 .62 .03 .41

	Total	biomass .57 .003 −.27 .85 .48 .002

Field	traits	were	only	tested	with	MS-	AFLP	data	from	field-	grown	plants	and	common	garden	traits	were	only	tested	with	MS-	AFLP	data	from	common	
garden-	grown	plants.	Correlations	and	p-	Values	were	derived	from	1,500	permutations.	Bold	values	indicate	a	p-	Value	<.05.
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variation	in	both	the	field	and	in	the	common	garden,	and	for	the	
common	garden	when	individual	plants	were	compared.	However,	
we	found	no	correlations	between	traits	and	epigenetic	variation,	
neither	 in	 the	 field	nor	 in	 the	common	garden.	This	 could	 imply	
that	methylation	 variation	 does	 not	 affect	 phenotypic	 variation	
in	Scabiosa	columbaria.	This	would,	however,	contrast	results	of	
an	 earlier	 study	 on	 the	 same	 species	 in	which	 a	 strong	 relation	
between	DNA	methylation	and	phenotypic	variation	was	revealed	
(Vergeer	 et	al.,	 2012).	Moreover,	 it	 is	 widely	 accepted	 that	 epi-
genetic	 variation	 may	 significantly	 affect	 phenotypic	 variation	
(Bossdorf	 et	al.,	 2010;	 Cortijo	 et	al.,	 2014;	 Cubas	 et	al.,	 1999;	
Johannes	 et	al.,	 2009;	Zhang,	 Fischer,	Colot,	&	Bossdorf,	 2013),	
although	how	exactly	gene	expression	and	phenotype	are	 influ-
enced	by	DNA	methylation,	it	is	not	entirely	understood	and	often	
no	obvious	connection	between	phenotype,	gene	expression	and	
DNA	 methylation	 is	 observed	 (Robertson	 &	 Richards,	 2015b;	
Schrey	 et	al.,	 2013).	 In	 this	 study,	 AFLP	 and	MS-	AFLP	methods	
were	used	to	analyze	genetic	and	epigenetic	variation.	Although	
these	 methods	 have	 proven	 to	 be	 useful	 methods	 to	 analyze	
overall	correlations	between	genetic,	epigenetic	and	phenotypic	
relatedness,	they	are	not	suitable	to	uncover	functionality	or	di-
rect	links	between	phenotypic	and	genetic	or	epigenetic	variation	
(Robertson	 &	 Richards,	 2015b;	 Schrey	 et	al.,	 2013).	 In	 order	 to	
pinpoint	the	mechanic	link	between	methylation	and	phenotype,	
other	 in-	depth	methods	such	as	next-	generation	sequencing	are	
necessary	 (van	Gurp	et	al.,	 2016;	Robertson	&	Richards,	 2015b;	
Schrey	et	al.,	2013).

5  | CONCLUSIONS

Natural	 populations	 of	 S. columbaria	 showed	 substantial	 amounts	
of	genetic	and	epigenetic	variation	with	strong	differentiation	be-
tween	countries	and	populations.	By	comparing	field-	grown	plants	
with	seedlings	that	were	grown	in	a	common	test	environment,	we	
showed	that	a	considerable	part	of	epigenetic	differentiation	is	not	
heritable,	 and	 presumably	 environmentally	 induced.	Only	 a	 small	
part	is	transmitted	to	the	next	generation,	leading	to	epigenetic	dif-
ferentiation	that	is	detectable	also	in	the	next-	generationcommon	
garden	 plants.	 This	 epigenetic	 memory	 can	 consist	 of	 heritable	
variation	 in	methylation	that	 is	not	sensitive	to	environments	and	
possibly	genetically	based,	environmentally	 induced	variation	that	
is	heritable,	or	a	combination	of	both.	By	comparing	epigenetic	vari-
ation	 in	maternal	plants	 in	 the	 field	and	a	next	generation	 that	 is	
grown	in	a	common	environment,	our	study	provides	useful	insights	
into	 the	 environmental	 and	 genetic	 components	 of	 epigenetic	
variation.
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