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3 Abstract 

The	 ability	 to	 tolerate	 freezing	 temperatures	 is	 one	 of	 the	 traits	 that	 allows	
successful	 overwintering	 of	 red	 clover	 (Trifolium	 pratense	 L.)	 at	 Nordic	 latitudes.	
Freezing	tolerance	(FT)	is	enhanced	during	a	period	of	cold	acclimation	(CA)	at	low	
above	 freezing	 temperatures,	which	 induces	major	 changes	 at	 the	 transcriptional,	
proteomic	 and	metabolic	 level	 in	perennial	plants.	However,	 in	Nordic	 red	 clover,	
little	is	known	about	biochemical	changes	induced	by	CA	and	how	these	are	related	
to	the	level	of	FT.	Furthermore,	even	if	persistency	has	been	one	of	the	main	breeding	
goals	in	red	clover	in	the	Nordic	countries	since	systematic	breeding	started,	there	is	
a	lack	of	knowledge	on	the	morpho-physiological	traits	associated	with	improved	FT	
as	well	as	its	genetic	control	in	red	clover.	Genetic	resources	conserved	in	gene	banks	
may	be	an	important	source	for	the	improvement	of	FT	and	thereby	winter	survival	
of	red	clover.	However,	there	are	very	few	recent	studies	which	characterized	gene	
bank	material	 of	Nordic	origin	 for	 traits	 related	 to	winter	 survival	 and	no	 studies	
specifically	characterized	FT	in	this	species.	A	better	understanding	of	FT	from	the	
biochemical	 and	genetic	point	of	 view,	 as	well	 as	 the	 characterization	of	 available	
genetic	 resources	 for	 FT	 and	 other	morpho-physiological	 traits	 related	 to	 it	 is	 of	
primary	 importance	 for	 further	 improvement	 of	 this	 trait	 through	 selection	 and	
breeding.			

Overall,	the	aim	of	this	PhD	project	was	to	conduct	a	comprehensive	study	of	
freezing	tolerance	in	red	clover,	with	three	main	sub-goals.	The	first	was	to	assess	the	
phenotypic	 variation	 for	 FT	 among	 gene	 bank	 accessions	 of	 Nordic	 origin,	 also	
considering	 its	 association	 with	 other	 morpho-physiological	 traits	 (research	
component	1).	The	second	was	to	investigate	the	major	biochemical	changes	induced	
by	 CA	 and	 if	 and	 how	 these	 differ	 between	 accessions	with	 different	 levels	 of	 FT	
(research	component	2).	Lastly,	we	wanted	to	detect	genomic	regions	involved	in	the	
control	of	FT	in	red	clover,	possibly	identifying	candidate	genes	for	the	trait	(research	
component	3).		

To	 achieve	 these	 goals,	we	 characterized	 48	 red	 clover	 accessions	 of	 Nordic	
origin	for	several	phenotypic	traits	in	a	multi-location	multi-year	field	trial	and	in	a	
controlled	condition	experiment	and	compared	them	with	commercial	cultivars.	We	
found	that	traits	related	to	plant	size	were	strongly	associated	with	late	flowering	and	
upright	growth	and	differed	between	landraces/cultivars	on	the	one	hand	and	wild	
populations	on	the	other.	There	was	a	large	genotype	by	environment	interaction	on	
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winter	survival,	which	only	partially	correlated	with	FT	under	controlled	conditions.	
Several	gene	bank	accessions	had	better	winter	survival	than	commercial	cultivars	
and	large	variation	for	FT	was	also	identified	among	the	former,	suggesting	that	these	
accessions	are	a	precious	genetic	resource	for	future	improvement	of	these	traits.	The	
climate	at	the	collection	site	of	gene	bank	accessions	was	also	significantly	associated	
with	phenotypic	variation.	This	suggests	that	the	integration	of	climatic	information	
in	analyses	for	the	characterization	of	gene	bank	material	can	be	useful	to	facilitate	
the	 collection,	 conservation,	 and	 utilization	 of	 red	 clover	 genetic	 resources	 in	 the	
Nordic	region.		

We	then	selected	the	five	accessions	with	the	highest	(freezing	tolerant	group,	
FT)	and	the	five	with	the	lowest	(freezing	susceptible	group,	FS)	freezing	tolerance.	
These	 accessions	 were	 characterized	 for	 their	 contents	 of	 carbohydrates,	 amino	
acids,	 and	 phenolic	 compounds	 in	 the	 plant	 crowns	 after	 a	 short-term	 cold	
acclimation	 (CA)	 treatment.	 The	major	 effects	 of	 CA	were	 the	 depletion	 of	 starch	
reserves	and	the	accumulation	of	water-soluble	sugars	and	free	amino	acids.	Specific	
phenolic	 compounds	 were	 also	 affected	 in	 their	 content	 by	 CA.	 The	 contents	 of	
various	 carbohydrates	 (raffinose,	 pinitol),	 amino	 acids	 (arginine,	 serine,	 alanine,	
valine,	 phenylalanine)	 and	 one	 phenolic	 compound	 (a	 pinocembrin	 isomer-G	
derivative)	 were	 more	 elevated	 in	 FT	 than	 FS	 accessions,	 suggesting	 that	 these	
compounds	have	a	role	in	the	freezing	tolerance	of	red	clover.						

Finally,	 393	 red	 clover	 accessions	 of	 diverse	 origin	 were	 genotyped	 using	
genotyping	by	sequencing	(GBS)	on	pools	of	individuals,	and	phenotyped	for	FT	in	a	
controlled	conditions	experiment.	Genome	wide	association	analyses	(GWAS)	for	FT	
were	conducted	using	both	single	nucleotide	polymorphisms	(SNPs)	and	within	GBS	
loci	haplotypes	(HTPs)	allele	frequency	data.	The	analyses	detected	various	genomic	
regions	significantly	associated	with	FT.	Ten	independent	SNP	and	HTP	markers	were	
found	within	 or	 at	 a	 short	 distance	 from	 genes	 possibly	 involved	 in	mechanisms	
associated	with	FT.	The	 results	 of	 this	 study	may	be	used	 for	 the	development	 of	
molecular	markers	useful	for	the	improvement	of	FT	in	red	clover.						

Overall,	the	findings	of	this	PhD	project	significantly	enhanced	the	knowledge	of	
FT	in	red	clover.	We	described	the	phenotypic	variation	available	for	this	trait	and	
how	 it	 is	 associated	 with	 other	 phenotypic	 traits.	 We	 have	 now	 a	 better	
understanding	of	CA	at	the	biochemical	level	and	how	this	is	associated	with	the	level	
of	 FT	 in	 Nordic	 red	 clover.	 Furthermore,	 the	 identification	 of	 genomic	 regions	
significantly	associated	with	FT	is	an	important	step	forward	for	the	dissection	of	the	
genetic	 base	 of	 this	 trait	 and	 is	 a	 starting	 point	 for	 further	 studies	 aiming	 at	 the	
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development	 of	 genomic	 tools	 for	 the	 improvement	 of	 FT	 in	 red	 clover	 through	
breeding.			
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4 Norsk sammendrag 

Evnen	 til	 å	 tåle	 kuldegrader	 er	 en	 av	 egenskapene	 som	muliggjør	 vellykket	
overvintring	 av	 rødkløver	 (Trifolium	 pratense	 L.)	 ved	 nordiske	 breddegrader.	
Frosttoleranse	 (FT)	 øker	 i	 en	 periode	 med	 kulde-akklimatisering	 (CA)	 ved	 lave	
temperaturer	 over	 frysepunktet,	 noe	 som	 induserer	 store	 endringer	 på	
transkripsjonelt,	proteomisk	og	metabolsk	nivå	i	flerårige	planter.	Men	lite	er	kjent	
om	 biokjemiske	 endringer	 som	 er	 indusert	 av	 CA	 og	 hvordan	 disse	 er	 relatert	 til	
nivået	av	FT	i	nordisk	rødkløver.	Og	selv	om	varighet	har	vært	et	av	hovedmålene	i	
rødkløver-foredling	i	Norden	siden	systematisk	planteforedling	startet,	er	det	mangel	
på	kunnskap	om	de	morfologiske	og	fysiologiske	egenskapene	knyttet	til	forbedret	
FT,	samt	genetisk	kontroll	av	FT,	i	rødkløver.	Genetiske	ressurser	bevart	i	genbanker	
kan	 være	 en	 viktig	 kilde	 til	 forbedring	 av	 FT	 og	 dermed	 vinteroverlevelse	 hos	
rødkløver.	 Det	 er	 imidlertid	 svært	 få	 nyere	 studier	 som	 har	 karakterisert	
genbankmateriale	 av	 nordisk	 opprinnelse	 med	 tanke	 på	 egenskaper	 relatert	 til	
vinteroverlevelse,	og	ingen	studier	som	spesifikt	har	karakterisert	FT	i	denne	arten.	
En	 bedre	 forståelse	 av	 FT	 fra	 et	 biokjemisk	 og	 genetisk	 synspunkt,	 samt	
karakterisering	 av	 FT	 og	 tilknyttede	 morfologiske	 og	 fysiologiske	 egenskaper	 i	
tilgjengelige	 genetiske	 ressurser	 er	 av	 grunnleggende	 betydning	 for	 videre	
forbedring	av	denne	egenskapen	gjennom	planteforedling.		

Det	 overordnede	 målet	 for	 dette	 ph.d.-prosjektet	 var	 å	 gjennomføre	 en	
omfattende	 studie	 av	 frysetoleranse	 i	 rødkløver,	med	 tre	 delmål.	 Det	 første	 var	 å	
evaluere	 den	 fenotypiske	 variasjonen	 i	 FT	 blant	 genbank-aksesjoner	 av	 nordisk	
opprinnelse,	 og	 også	 ta	 i	 betraktning	 assosiasjoner	 med	 andre	 morfologiske	 og	
fysiologiske	 egenskaper	 (forskningskomponent	 1).	 Det	 andre	 var	 å	 undersøke	 de	
viktigste	biokjemiske	endringene	indusert	av	CA	og	hvordan	disse	varierer	mellom	
aksesjoner	med	ulike	nivåer	av	FT	(forskningskomponent	2).	Til	slutt	ønsket	vi	å	finne	
genomiske	 regioner	 som	 er	 involvert	 i	 kontrollen	 av	 FT	 i	 rødkløver	 og	 om	mulig	
identifisere	 kandidatgener	 for	 egenskapen	 (forskningskomponent	 3).	 For	 å	 oppnå	
disse	målene	karakteriserte	vi	48	rødkløver-aksesjoner	av	nordisk	opprinnelse	 for	
flere	fenotypiske	egenskaper	i	et	flerårig	feltforsøk	på	flere	steder	og	i	et	forsøk	under	
kontrollerte	betingelser,	og	sammenlignet	dem	med	kommersielle	sorter.	Vi	fant	at	
egenskaper	 knyttet	 til	 plantestørrelse	 var	 sterkt	 assosiert	med	 sen	 blomstring	 og	
oppreist	vekst	og	var	ulike	i	landsorter/sorter	på	den	ene	siden	og	ville	populasjoner	
på	den	andre	siden.	Det	var	en	stor	genotype-miljøinteraksjon	på	vinteroverlevelse,	
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og	 vinteroverlevelse	 var	 bare	 delvis	 korrelert	med	 FT	 under	 kontrollerte	 forhold.	
Flere	genbank-aksesjoner	hadde	bedre	vinteroverlevelse	enn	kommersielle	sorter,	og	
stor	variasjon	for	FT	ble	også	 identifisert	blant	de	 første	noe	som	antyder	at	disse	
aksesjonene	 er	 en	 verdifull	 genetisk	 ressurs	 for	 fremtidig	 forbedring	 av	 disse	
egenskapene	Klimaet	på	 innsamlingsstedet	 for	genbanktilgang	var	også	signifikant	
assosiert	 med	 fenotypisk	 variasjon.	 Dette	 tyder	 på	 at	 integrering	 av	 klimatisk	
informasjon	i	analyser	for	karakterisering	av	genbankmateriale	kan	være	nyttig	for	å	
lette	 innsamling,	 bevaring	 og	 utnyttelse	 av	 rødkløverens	 genetiske	 ressurser	 i	
Norden.	

Vi	 valgte	 deretter	 de	 fem	 aksesjonene	 med	 høyest	 og	 de	 fem	 med	 lavest	
frosttoleranse	 (hhv.	 frosttolerant	 gruppe,	 FT,	 og	 frost-sensitiv	 gruppe,	 FS).	 Disse	
aksesjonene	 ble	 karakterisert	 for	 innholdet	 av	 karbohydrater,	 aminosyrer	 og	
fenolforbindelser	 i	 stengelbasis	 etter	 en	 kortvarig	 kulde-akklimatisering	 (CA).	 De	
viktigste	 effektene	 av	 CA	 var	 reduksjon	 i	 stivelsesreserver	 og	 akkumulering	 av	
vannløselige	 sukkerarter	 og	 frie	 aminosyrer.	 Innholdet	 av	 spesifikke	 fenol-
forbindelser	 ble	 også	 påvirket	 av	 CA.	 Innholdet	 av	 forskjellige	 karbohydrater	
(raffinose,	 pinitol),	 aminosyrer	 (arginin,	 serin,	 alanin,	 valin,	 fenylalanin)	 og	 en	
fenolforbindelse	(et	pinocembrin-G-derivat)	var	mer	forhøyet	i	FT	enn	FS-aksesjoner,	
noe	som	tyder	på	at	disse	forbindelsene	har	en	rolle	i	frysetoleransen	til	rødkløver.	
Til	slutt	ble	393	rødkløver-aksesjoner	av	forskjellig	opprinnelse	genotypet	ved	hjelp	
av	 «genotyping	 by	 sequencing»	 (GBS)	 på	 aksesjons-nivå,	 ved	 å	 slå	 sammen	
bladprøver	fra	mange	individer	per	aksesjon	før	DNA-ekstraksjon.	Aksesjonenes	FT	
ble	også	målt	i	et	kontrollert	eksperiment.	Genomiske	assosiasjonsanalyser	(GWAS)	
for	 FT	 ble	 utført	 ved	 bruk	 av	 allelfrekvensdata	 for	 både	 polymorfismer	 i	
enkeltnukleotider	 (SNPs)	 og	 for	 polymorfe	 haplotyper	 innen	 GBS	 loci	 (HTPs).	
Analysene	detekterte	ulike	genomiske	regioner	som	er	signifikant	assosiert	med	FT.	
Ti	 uavhengige	 SNP-	 og	HTP-markører	 ble	 funnet	 i	 eller	 i	 nærheten	 av	 gener	 som	
muligens	er	involvert	 i	mekanismer	assosiert	med	plantens	evne	til	å	tolerere	lave	
frysetemperaturer.	Resultatene	av	denne	studien	har	implikasjoner	for	utviklingen	
av	molekylære	markører	som	er	nyttige	for	forbedring	av	FT	i	rødkløver.		

Samlet	 sett	 har	 funnene	 fra	 denne	 studien	 forbedret	 kunnskapen	 om	 FT	 i	
rødkløver	betydelig.	Vi	har	beskrevet	den	fenotypiske	variasjonen	som	er	tilgjengelig	
for	 denne	 egenskapen	 og	 hvordan	 dette	 er	 assosiert	 med	 andre	 fenotypiske	
egenskaper.	Vi	har	nå	en	bedre	forståelse	av	CA	på	biokjemisk	nivå	og	hvordan	dette	
henger	sammen	med	nivået	av	FT	i	nordisk	rødkløver.	Videre	er	identifiseringen	av	
genomiske	regioner	som	er	signifikant	assosiert	med	FT	et	viktig	skritt	fremover	for	
disseksjon	av	det	genetiske	grunnlaget	til	denne	egenskapen	og	er	et	utgangspunkt	
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for	videre	studier	som	tar	sikte	på	utvikling	av	genomiske	verktøy	for	forbedring	av	
FT	i	rødkløver	gjennom	planteforedling.	
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5 Synopsis 

5.1 Introduction 

5.1.1 Red clover 

5.1.1.1 Origin, history and diffusion 
	

Red	 clover	 (Trifolium	 pratense	 L.)	 is	 a	 natural	 diploid	 (2n=2x=14)	 although	
autotetraploid	 varieties	 have	 been	 produced	 following	 chromosome	 doubling	
(Annicchiarico	 et	 al.,	 2015).	 The	 species,	 which	 probably	 originated	 near	 the	
Mediterranean	basin	(Boller	et	al.,	2010),	remained	undomesticated	until	the	second	
millennium	(Kjærgaard,	2003).	The	 first	description	of	 cultivated	 red	 clover	dates	
back	 to	 the	 end	 of	 the	 13th	 century	 in	 Moorish	 Spain,	 from	 which	 the	 crop	
progressively	spread	to	other	parts	of	Europe	and	reached	the	Nordic	countries	in	the	
18th	century	(Kjærgaard,	2003).		

In	the	United	States	the	species	was	introduced	in	the	17th	century	by	European	
colonists	in	the	east	and	later	it	spread	to	the	west	and	further	all	over	the	US	(Taylor	
and	Quesenberry,	1996).	Red	clover	cultivation	started	in	Russia	in	the	central	and	
western	 regions	 in	 the	 18th	 century,	 likely	 by	 adapting	 cultivars	 introduced	 from	
western	Europe	(Semerikov	et	al.,	2002).	Red	clover,	thanks	to	the	symbiosis	with	the	
bacteria	Rhizobium	leguminosarum	biovar	trifolii	resulting	in	atmospheric	nitrogen	
fixation,	played	a	central	role	in	European	and	North	American	agriculture	as	the	chief	
provider	of	nitrogen	for	cereals,	needed	to	feed	an	expanding	population	(Kjærgaard,	
2003).	 The	 decline	 of	 red	 clover	 cultivation	 started	 at	 the	 beginning	 of	 the	 20th	
century	when	 the	 process	 of	 extracting	 nitrogen	 through	 ammonia	 synthesis	was	
discovered.	By	the	second	half	of	the	century	the	industrial	production	of	nitrogen	
expanded	dramatically,	leading	to	the	disappearance	of	red	clover	from	many	areas	
(Taylor,	 2008).	 Recently	 an	 increased	 interest	 has	 developed	 in	 the	 cultivation	 of	
forage	legumes	because	of	the	energy	and	environmental	costs	related	to	the	use	of	
synthetic	nitrogen.	Current	estimates	of	the	area	cultivated	with	red	clover	amounts	
to	four	million	hectares	worldwide	(Isobe	et	al.,	2013).				
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5.1.1.2 Agronomic aspects 
	

Red	 clover	 is	 the	 major	 forage	 legume	 cultivated	 in	 Northern	 Europe	
(Annicchiarico	 et	 al.,	 2015)	where	 it	 is	mainly	 grown	 in	mixtures	with	 grasses,	 of	
which	 timothy	 (Phleum	pratense	 L.),	meadow	 fescue	 (Festuca	pratensis	Huds.),	 tall	
fescue	(Festuca	arundinacea	Schreb.)	and	perennial	ryegrass	(Lolium	perenne	L.)	are	
the	most	common,	depending	on	the	climatic	conditions	(Boller,	2010).	The	forage	
produced	by	 these	mixtures	 is	mainly	used	 to	produce	hay	and	particularly	 silage	
which	is	fed	to	animals	throughout	most	of	that	part	of	the	year	when	fresh	feed	from	
pastures	is	not	available.	Inclusion	of	clover	in	forage	mixtures	reduces	the	need	for	
concentrates	 (such	 as	 soybean),	 favoring	 the	 self-sufficiency	 for	 the	production	of	
livestock	feed	(reviewed	by	Rognli	et	al.,	2021).	Red	clover	forage	is	characterized	by	
high	protein	content	(Frame	et	al.,	1997),	which	contributes	to	high	quality	in	terms	
of	crude	protein	and	unsaturated	fatty	acids	contents	of	animal	end	products	such	as	
milk	 and	meat	 (Lee	 et	 al.,	 2009;	 Taylor	 and	 Quesenberry,	 1996).	 Red	 clover	 also	
increases	 the	 palatability	 of	 the	 mixtures	 (Helgadóttir	 et	 al.,	 2018),	 while	 the	
relatively	high	 content	of	polyphenol	 oxidase	 reduces	 the	degradability	of	protein	
making	 protein	 digestion	 more	 efficient	 and	 reducing	 the	 risk	 of	 bloating	 in	
ruminants	as	well	as	decreasing	protein	degradation	during	ensiling	(Taylor,	2008).		

Red	clover	is	able	to	fix	atmospheric	nitrogen	thanks	to	the	symbiosis	with	the	
soil	 bacteria	 Rhizobium	 leguminosarum	 biovar	 trifolii.	 Estimates	 of	 the	 nitrogen	
fixation	capability	of	red	clover	are	up	to	400	kg	ha!"year!"		and	this	is	likely	to	be	
positively	 correlated	 with	 dry	 matter	 yield	 (Boller,	 2010).	 Atmospheric	 nitrogen	
fixation	reduces	the	requirement	of	nitrogen	fertilizer	in	the	cropping	system	when	
red	clover,	or	other	legumes,	are	used	in	the	crop	rotation	(Jensen	et	al.,	2012;	Lüscher	
et	al.,	2014;	Reckling	et	al.,	2016).	From	this	perspective	the	cultivation	of	red	clover	
will	help	to	increase	the	sustainability	of	the	Nordic	agriculture	and	at	the	same	time	
to	 enhance	 the	 self-sufficiency	 in	 terms	 of	 protein	 production.	 In	 fact,	 the	 Nordic	
countries,	 like	the	rest	of	Europe,	are	strongly	dependent	on	the	import	of	protein	
based	products	for	food	and	feed	(Visser	et	al.,	2014;	Voisin	et	al.,	2014).																
	

5.1.1.3 Red clover in the Norwegian climate  
	

Norway	 is	 located	 in	 western	 Scandinavia	 (57-71ᵒN),	 the	 agricultural	 area	
covers	about	3.3%	(1.0	million	hectares)	of	the	country	surface	and	2/3	of	this	is	used	
for	 temporary	 and	 permanent	 grasslands	 (Steinshamn	 et	 al.,	 2016).	 Grassland	
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cultivation	is	practiced	all	over	the	country,	therefore	the	species	are	affected	by	a	
wide	range	of	climatic	conditions	both	in	term	of	temperature	and	precipitation.	The	
growing	 season,	 defined	 as	 the	 period	 of	 the	 year	with	 daily	mean	 temperatures	
above	5	o C,	ranges	between	100	and	225	days	(Steinshamn	et	al.,	2016).	Furthermore,	
another	important	feature	of	the	growing	season	in	Norway	is	the	high	variation	in	
photoperiod	during	the	growing	season,	typical	of	regions	located	at	high	latitudes.	
In	particular,	the	combinations	of	temperature	and	photoperiod	generally	result	in	a	
relatively	high	level	of	daily	radiation	relative	to	the	mean	temperature	in	the	spring	
and	early	summer.	This	situation	is	particularly	evident	at	the	northernmost	part	of	
the	country,	which	on	the	other	hand	experience	low	global	radiation	in	the	autumn.	
These	dynamics	are	shown	in	Figure	1,	adapted	from	Steinshamn	et	al.	(2016),	where	
they	 give	 a	 comprehensive	 description	 of	 the	 climatic	 conditions	 where	 the	
Norwegian	agriculture	find	its	context.										

	
Figure	1.	Daily	mean	temperature	(ᵒC,	black	line),	daily	global	radiation	(Mj	!!"	"!#,	grey	
dotted	line)	and	day	length	(h,	black	dashed	line)	at	locations	spanning	the	latitudinal	range	
of	most	of	the	Norwegian	agriculture	(Julian	days).	The	temperature	and	radiation	data	are	
averaged	across	the	years	1999-2011.	Days	between	the	vertical	lines	indicate	the	growing	
season	(GS)	with	daily	mean	temperature	>	5ᵒC,	GDD	is	growing	degree	days	(accumulated	
degree	sum	above	5ᵒC)	and	AGR	is	accumulated	global	radiation	during	GS.	(Adapted	from	
Steinshamn	et	al.	2016).	



	

12	

Norway,	 like	 the	 rest	 of	 the	 Nordic	 region,	 is	 being	 significantly	 affected	 by	
climate	 change.	 This	 is	 at	 the	 same	 time	 raising	 important	 challenges	 and	
opportunities	 for	 grassland	 production.	 At	 northern	 latitudes	 the	 observed	 and	
projected	 climate	warming	 is	 faster	 than	 the	 global	 average,	 and	 the	 temperature	
increase	is	highest	during	late	autumn,	winter	and	spring	(Ergon	et	al.,	2018).	Annual	
precipitation	is	also	predicted	to	increase,	especially	during	the	winter	(reviewed	by	
Ergon	et	al.,	2018).	Warmer	temperatures	in	autumn	and	spring	may	lead	to	a	longer	
growing	 season	 in	 the	 north,	 resulting	 in	 higher	 dry	 matter	 yield.	 However,	 the	
combination	 of	 several	 situations	 such	 as	 lack	 of	 snow	 cover	 during	 the	 winter,	
waterlogging	and	ice	cover	may	challenge	plant	survival	during	the	winter,	resulting	
in	 an	 overall	 lower	 production	 of	 perennial	 species	 (Rapacz	 et	 al.,	 2014).	
Furthermore,	higher	

temperatures	in	autumn	will	delay	acclimation	of	perennials	to	a	time	when	less	
light	 is	 available,	which	may	 affect	 the	 capability	 of	 plants	 to	 fully	 cold	 acclimate	
(Åshild	Ergon,	2017;	Dalmannsdottir	et	al.,	2017).	On	the	other	hand,	unstable	winter	
temperatures,	lack	of	snow	cover	and	earlier	springs	can	cause	plants	to	de-acclimate	
in	periods	where	frost	events	may	still	happen	(Rapacz	et	al.,	2014).		

Considering	 the	 unique	 combination	 of	 annual	 cycles	 of	 photoperiod	 and	
temperature	and	the	new	challenges	imposed	by	the	climate	change,	the	availability	
of	 cultivars	 of	 grassland	 species	 particularly	 adapted	 to	 the	 Nordic	 climate	 is	 of	
primary	importance.	In	a	recent	review,	Rognli	et	al.,	(2021)	suggested	that	breeding	
for	 climate	 change	 in	 northern	 Europe,	 requires	 increasing	 genetic	 diversity	 by	
introgressing	 exotic	material	 in	 species	 that	 lack	 sufficient	 variation	 for	 key	 traits	
such	as	red	clover.	This	 is	particularly	 important	 for	 traits	conferring	adaptability,	
e.g.,	 winter	 hardiness,	 freezing	 and	 ice-encasement	 tolerance,	 timing	 of	 growth	
cessation	and	utilization	of	longer	growing	seasons,	and	resistance	to	fungal	diseases.		
	

5.1.2 Red clover breeding 

5.1.2.1 Breeding goals and methods  
	

Across	all	the	regions	where	red	clover	was	cultivated,	a	common	practice	was	
to	re-sow	seed	harvested	from	a	restricted	area,	often	within	a	single	farm.	This	led	
to	 the	 development	 of	 locally	 adapted	 populations,	 as	 a	 result	 of	 semi-conscious	
selection	by	the	farmers,	who	exploited	the	natural	selection	by	producing	seeds	from	
the	surviving	plants	in	the	field.	This	process	gave	birth	to	several	landraces,	which	
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were	 named	 after	 the	 farm	 or	 region	 where	 they	 were	 generated.	 Farmers	 were	
particularly	 careful	 to	 preserve	 these	 locally	 adapted	 populations	 avoiding	 the	
contamination	with	 seed	 of	 different	 origin.	 Among	 the	 forage	 species,	 red	 clover	
received	 early	 attention	 by	 plant	 breeders,	 because	 of	 its	 recognized	 potential	 to	
contribute	to	soil	fertility.	However,	it	was	only	after	the	second	world	war	that	high	
performing	red	clover	cultivars	started	to	be	released	and	adopted	in	substitution	of	
locally	adapted	landraces	(Boller	2010).	The	major	breeding	goals	of	red	clover	are	
relatively	common	across	its	main	areas	of	cultivation,	with	focus	on	improving	dry	
matter	 yield,	 persistency,	 disease	 resistance,	 seed	 yield	 and	 quality,	 for	 example	
improving	the	PPO	enzyme	(polyphenol	oxidase)	because	of	its	positive	effect	on	N	
utilization	(Abberton	and	Marshall,	2005;	Annicchiarico	et	al.,	2015;	Taylor,	2008).	
However,	 other	 goals	 have	 been	 targeted	 in	 specific	 areas	 depending	 on	 the	
agricultural	system	where	the	species	is	adopted.	For	example	specific	morphological	
characteristics	has	been	prioritized	for	the	improvement	of	tolerance	to	grazing	or	
the	competition	with	companion	grasses	(Abberton	and	Marshall,	2005).		

Red	 clover	 is	 an	 allogamous	 self-incompatible	 species	 (gametophytic	 self-
incompatibility).	Most	adopted	breeding	methods	are	based	on	recurrent	mass	and	
maternal	line	selection	(Boller	et	al.,	2010).	New	varieties	are	created	by	combining	
superior	 progenies	 of	 elite	 parent	 plants	 and	 are	 normally	 obtained	 by	 open	
pollination	or	pair	crosses.	Progenies	are	chosen	after	testing	in	rows	or	plots	and	are	
then	allowed	to	intermate	and	form	the	new	synthetic	variety	(Boller,	2010).	Details	
on	how	 this	 strategy	 is	 adopted	 in	 the	 current	Norwegian	breeding	programs	 are	
given	 in	 the	 next	 section.	 A	 synthetic	 variety	 can	 be	 defined	 as	 an	 heterogenous	
populations	composed	of	heterozygous	genotypes;	these	varieties	can	be	generated	
by	any	number	of	parents.	However,	 a	distinction	 is	made	between	narrow-based	
synthetics	with	fewer	than	ten	parents	and	broad	based	synthetics	having	more	than	
50	 (Annicchiarico	 et	 al.,	 2015).	 Because	 of	 difficulties	 related	 to	 conduct	 progeny	
testing	of	the	parent	plants,	this	method	may	result	in	a	low	efficiency	of	selecting	for	
characters	with	low	heritability.	Better	selection	for	these	characters	may	be	achieved	
through	 the	 polycross	method,	 however,	 the	 length	 of	 the	 time	 required,	 and	 the	
expenses	 related	 to	 it	 reduces	 the	 adoption	 of	 this	method	 (Taylor,	 2008).	 Other	
breeding	techniques	such	as	strain	building,	backcrossing	and	hybrid	varieties	(Riday	
and	 Krohn,	 2010)	 have	 been	 successfully	 used	 for	 the	 production	 of	 red	 clover	
varieties,	although	they	are	less	common	than	the	traditional	methods	based	on	mass	
selection	(Taylor,	2008,	Annicchiarico,	2015).	Production	of	interspecific	hybrids	for	
the	 improvement	 of	 specific	 traits	 where	 variation	 was	 not	 available	 within	 the	
species	were	also	reported	(Abberton	and	Marshall,	2005).				
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5.1.2.2 Red clover breeding in Norway 
	

Red	clover	was	introduced	in	Norway	during	the	18th	and	19th	century	from	the	
Netherlands	and	Great	Britain	(Wexelsen,	1937).	However,	it	was	soon	clear	that	the	
development	of	adapted	material	was	necessary	to	improve	the	use	of	red	clover	in	
Norway,	in	particular	because	of	the	poor	winter	hardiness	of	red	clover	grown	from	
imported	seeds.	The	earliest	research	on	red	clover	conducted	in	Norway,	in	the	first	
half	 of	 the	 20th	 century,	 showed	 that	 several	 Norwegian	 varieties	 (local	 types	 or	
landraces)	were	significantly	better	than	foreign	material	(Vestad,	1990)	in	terms	of	
yield	and	persistency.	These	local	varieties	were	developed	within	farms	by	farmers	
who	set	aside	some	of	the	seed	from	their	pastures	and	repeatedly	grew	the	same	for	
several	years.	The	first	Norwegian	red	clover	variety	was	registered	in	1953	under	
the	name	Molstad,	a	winter	hardy	landrace	which	had	been	grown	already	for	80-90	
years	 in	 the	Molstad	 farm	 near	 Brandbu	 in	 south-eastern	Norway	 (Vestad,	 1990)	
before	its	registration	in	the	catalog	of	cultivated	varieties.	The	work	for	developing	
the	first	Norwegian	tetraploid	red	clover	started	in	1947,	and	the	first	variety	(Tripo)	
was	registered	in	1964;	tetraploid	red	clover	had	higher	yield	and	better	resistance	
to	clover	rot	(Sclerotinia	Trifolium)	but	at	the	same	time	had	lower	fertility	and	seed	
yield	 than	diploid	red	clover	(Vestad,	1990).	Since	 the	start	of	 the	 first	Norwegian	
breeding	 program	 for	 red	 clover,	 resistance	 to	 diseases	 and	 nematodes,	 winter	
hardiness,	persistency,	yield	and	quality	have	been	the	main	breeding	goals	(Vestad,	
1990).	Current	red	clover	breeding	 in	Norway	 is	conducted	at	Graminor	AS	and	 is	
based	 mostly	 on	 progeny	 testing	 and	 phenotypic	 selection	 of	 full-sib	 families,	
sometimes	 combined	 with	 phenotypic	 mass	 selection,	 followed	 by	 creation	 of	
synthetic	 populations.	 Population	 improvement	 through	 recurrent	 phenotypic	
selection	is	also	used.	On	average	the	production	of	a	new	cultivar	requires	about	20	
years.	 In	 a	 first	 phase	 (year	 1-8),	 genotypes	 from	 already	 adopted	 cultivars	 are	
crossed	(about	40	initial	crosses).	In	this	phase	selection	is	done	at	family	level	after	
progeny	 testing.	After	 that	 the	best	 families	 (3-6)	are	crossed	 together	 to	create	a	
synthetic	population	which	is	further	tested	at	several	locations	and	years	before	a	
new	 variety	 is	 released	 (year	 9-20).	 The	 main	 focus	 of	 the	 breeding	 program	 at	
Graminor	AS	is	on	forage	yield,	winter	hardiness,	persistence	(as	tolerance	to	biotic	
and	abiotic	stresses)	and	seed	yield	(Amdahl,	2016).			

			
	



	

15	

5.1.2.3 Genetic diversity and genetic resources 
	

Until	the	middle	of	the	20th	century	a	great	diversity	of	landraces	was	available	
worldwide,	 however,	 a	 significant	 reduction	 in	 the	 cultivation	 of	 landraces	 began	
around	 the	 seventies	 as	 a	 consequence	 of	 the	 development	 of	 high	 performing	
cultivars	by	modern	breeding	programs	(Boller,	2010).	Fortunately,	a	large	number	
of	these	landraces	are	still	preserved	at	different	gene	bank	institutions,	which	also	
conserve	wild	populations.	Wild	populations	have	probably	either	naturalized	from	
cultivated	populations	or	are	the	result	of	hybridization	between	wild	and	cultivated	
populations.	Compared	to	landraces	wild	populations	are	less	productive	in	favorable	
cropping	 environments	 but	 tend	 to	 have	 greater	 general	 persistency	 and	may	 be	
higher-yielding	 even	 in	 the	 short	 term	 under	 severe	 stress	 conditions,	 such	 as	
drought	or	severe	winter	conditions	(Annicchiarico	and	Pagnotta,	2012;	Zanotto	et	
al.,	2021).		

Recently	the	conservation	of	landraces	and	wild	populations	has	been	carried	
out	 also	 in	 situ,	 a	 method	 that	 includes	 the	 cultivation	 of	 one	 or	 more	 of	 these	
landraces	 “on	 farm”	 for	 some	years	before	seed	harvest.	 In	 this	way	 these	genetic	
resources		can	evolve	simultaneously	as	being	actively	used	(Daugstad,	2015).	

The	genetic	resources	found	within	landraces	and	wild	populations	are	precious	
as	starting	points	for	subsequent	breeding	programs	as	well	as	for	the	introduction	
of	 specific	 traits	 of	 interest	 in	 cultivated	materials.	However,	 these	 accessions	 are	
often	underutilized	in	plant	breeding,	both	in	the	Nordic	countries	and	in	the	rest	of	
Europe	 (Brozynska	 et	 al.,	 2016;	 Rognli	 et	 al.,	 2013).	 The	 characterization	 of	 this	
germplasm	 is	 of	 primary	 importance	 for	 the	 improvement	 of	 its	 utilization	 in	
breeding	 programs	 and	 for	 efficient	 germplasm	 conservation.	 Various	 studies	
focused	 on	 the	 characterization	 of	 red	 clover	 genetic	 resources	 at	 the	 molecular	
(Greene	et	al.,	2004;	Kölliker	et	al.,	2003;	Pagnotta	et	al.,	2011;	Ulloa	et	al.,	2003)	and	
phenotypic	levels	(Annicchiarico	and	Pagnotta,	2012;	Dias	et	al.,	2008;	Greene	et	al.,	
2004;	 Kouamé	 and	 Quesenberry,	 1993;	 Pagnotta	 et	 al.,	 2011;	 Rosso	 and	 Pagano,	
2005;	 Solberg	 et	 al.,	 2017;	 Tucak	 et	 al.,	 2013;	 Zanotto	 et	 al.,	 2021).	 However,	 a	
combination	of	the	two	is	likely	the	most	effective	strategy	for	the	characterization	of	
agronomically	relevant	traits,	since	the	characterization	based	on	selectively	neutral	
marker	data	tends	not	to	coincide	with	the	phenotypic	variation	for	those	traits	(Dias	
et	al.,	2008;	Riday,	2010.;	Rognli	et	al.,	2013).	The	use	of	molecular	markers	found	
within	gene	sequences	or	promoters	(gene-targeted	markers,	GTMs)	(Poczai	et	al.,	
2013)	were	 suggested	 as	being	more	 effective	 for	describing	 genetic	 variation	 for	
specific	traits	of	interest	than	selectively	neutral	markers	(van	Tienderen	et	al.,	2002).		
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5.1.2.4 Red clover genomic resources 
	

Red	clover,	as	well	as	other	forage	legumes,	have	lagged	behind	other	crops	in	
terms	of	available	genomic	data.	The	first	linkage	map	for	red	clover	was	based	on	
158	RFLP	loci	(Isobe	et	al.,	2003).	Afterwards,	an	updated	map	with	1,399	markers	
consisting	of	mainly	SSRs	and	RFLPs	was	published	by	Sato	et	al.	in	2005,	while	an	
integrated	 consensus	 linkage	map	 including	1804	markers	 distributed	over	 seven	
linkage	groups	with	a	total	 length	of	836	cM	was	published	in	2009	by	Isobe	et	al.	
(2009).	The	 first	 draft	 genome	assembly	 for	 red	 clover	was	published	 in	2014	by	
Ištvánek	et	al.	Soon	after,	an	updated	draft	genome	for	red	clover	amounting	to	309	
Mb,	of	which	164	Mb	are	placed	on	chromosomes,	was	published	by	De	Vega	et	al.	
(2015).	Following	this	work,	a	coding	sequence	assembly	based	on	a	cultivated	red	
clover	population	was	developed	and	is	available	at	the	Legume	Information	System	
(LIS).	 These	 achievements	 were	 a	 fundamental	 step	 forward	 and	 have	 been	 an	
invaluable	resource	for	conducting	genomic	studies	in	red	clover.	These	tools	were	
recently	used	to	discover	new	genes	(Ištvánek	et	al.,	2017)	as	well	as	for	population	
structure	 and	 genetic	 diversity	 studies.	 Recently,	 a	 pipeline	 to	 identify	 single	
nucleotide	polymorphisms	(SNPs)	based	GTMs	have	been	successfully	developed	for	
red	clover	(Li	et	al.,	2019).	The	same	study	identified	three	mutations	associated	with	
several	biological	processes,	one	of	this	likely	involved	in	molecular	mechanisms	of	
self-incompatibility	in	red	clover.	In	another	work,	Osterman	et	al.	(2021)	used	SNPs	
found	within	GTMs	for	a	study	of	genetic	diversity	and	population	structure	in	a	panel	
of	Nordic	red	clover	varieties.	Similarly,	Jones	et	al.	(2020)	used	SNPs	generated	by	
genotyping	by	sequencing	(GBS)	to	determine	the	genetic	variation	and	population	
structure	 in	 natural	 populations	 of	 red	 clover	 from	 Europe	 and	 Asia,	 as	 well	 as	
varieties	or	synthetic	populations.	The	development	of	modern	genomic	tools	such	as	
GTMs	are	of	primary	importance	for	a	species	like	red	clover	characterized	by	high	
genetic	 diversity,	 heterozygosity	 and	 genome	 complexity	 (Annicchiarico,	 2015).	
Molecular	markers	may	 support	 red	 clover	breeders	 and	managers	of	 gene	banks	
institutions	in	their	decisions	on	how	to	maintain	or	increase	genetic	diversity	in	their	
germplasm	collections.						
	

5.1.2.5 Genomic tools for plant breeding 
	

Among	 the	 various	 technologies	 made	 available	 after	 the	 last	 advances	 in	
genomics,	 genotyping	 by	 sequencing	 (GBS)	 and	 genome	 wide	 association	 studies	
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(GWAS)	have	been	widely	adopted	in	plant	sciences.	GBS	has	emerged	as	a	popular	
method	 to	 identify	 genetic	 variation	 in	 species	both	with	 and	without	 a	 reference	
genome	(Elshire	et	al.,	2011).	GBS	is	used	for	the	identification	of	a	high	number	of	
markers	in	the	form	of	single	nucleotide	polymorphisms	(SNPs)	which	have	several	
applications,	 from	 the	 study	 of	 genetic	 diversity	 and	 dissection	 of	 complex	 traits	
through	association	studies	(reviewed	by	Jones	et	al.,	2020).	Recently,	the	genotyping	
of	pools	of	DNA	samples	from	several	instead	of	single	individuals,	was	applied	and	
revealed	as	a	time	and	cost	effective	method	when	dealing	with	a	 large	number	of	
samples	 (Byrne	 et	 al.,	 2013).	 This	 technique	 may	 be	 particularly	 useful	 for	
outbreeding	 species	 with	 large	 within	 population	 genetic	 variation,	 whose	
characterization	at	population	level	is	more	relevant	than	at	individual	level	(Ashraf	
et	 al.,	 2014).	 Furthermore,	 breeding	 of	 these	 species	 is	 mostly	 based	 on	 testing	
differences	between	populations	(half-sib	and	full-sib	families)	which	are	often	the	
unit	of	selection.					

Genome-wide	 association	 study	 (GWAS)	makes	 it	 possible	 to	 simultaneously	
screen	 a	 very	 large	number	of	 accessions	 for	 genetic	 variation	underlying	diverse	
complex	traits	(Keep	et	al.,	2020;	Raggi	et	al.,	2019;	Zhao	et	al.,	2011).	This	technique	
was	 successfully	 used	 in	 forage	 legumes	 to	 shed	 light	 on	 the	 genetic	 control	 of	
quantitative	 traits	 and	 to	 detect	 several	 SNPs	within	 genes	 related	 to	 these	 traits	
(Biazzi	et	al.,	2017;	Inostroza	et	al.,	2018).	However,	the	power	of	GWAS	to	detect	true	
significant	associations	may	be	limited	by	the	level	of	relatedness	of	accessions	(Zhao	
et	al.,	2011),	leading	to	the	detection	of	false	positives.	False	positive	associations	may	
arise	 because	 of	 	 two	 main	 reasons	 connected	 to	 relatedness	 of	 accessions	 as	
reviewed	 by	 Vilhjálmsson	 and	 Nordborg,	 (2013).	 The	 first	 is	 the	 presence	 of	
population	structure,	which	is:	the	study	population	is	a	mixture	of	populations	that	
differ	with	respect	to	allele	frequencies	but	also	with	respect	to	the	traits	of	interest,	
controlled	 by	 a	multitude	 of	 different	 loci.	 The	 second	 is	 the	 genetic	 background,	
which	causes	the	estimate	of	the	effect	of	a	particular	locus	to	be	confounded	by	the	
other	 causal	 loci	 in	 the	 genome.	 The	 use	 of	 GWAS	 models	 that	 incorporates	
population	 structure	 and	 kinship	 among	 individuals,	 through	 mixed	 modelling,	
allows	for	an	effective	control	of	false	positives	(Liu	et	al.,	2016).	Among	these	models,	
the	 Multiple	 Loci	 Linear	 Mixed	 Model	 (MLMM),	 incorporates	 multiple	 markers	
simultaneously	 as	 covariates	 in	 a	 stepwise	 fashion	 to	 partially	 remove	 the	
confounding	between	testing	markers	and	kinship	(Segura	et	al.,	2012).	
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5.1.3 Persistency and freezing tolerance 

5.1.3.1 Persistency in the Nordic climate 
	

Improvement	of	field	persistency	is	a	long	standing	challenge	in	red	clover,	and	
one	of	the	most	important	breeding	goals	across	the	different	environments	where	
the	species	is	cultivated	(Annicchiarico	et	al.,	2015;	Annicchiarico	and	Pagnotta,	2012;	
Ergon	et	al.,	2019;	Herrmann	et	al.,	2008;	Klimenko	et	al.,	2010;	Taylor,	2008;	Zanotto	
et	al.,	2021).	Persistency	is	a	complex	trait	which	is	affected	by	many	biotic	and	abiotic	
factors	(Ergon	et	al.,	2019;	Herrmann	et	al.,	2008),	making	its	phenotypic	evaluation	
particularly	complex.	The	improvement	of	persistency	of	red	clover	plants	will	also	
result	in	higher	dry	matter	and	protein	yield	of	red	clover/grass	swards	in	the	long	
term	 (Marshall	 et	 al.,	 2017).	 In	 the	 Nordic	 region	 the	 main	 reason	 for	 limited	
persistency	is	the	poor	winter	survival	(Abberton	and	Marshall,	2005;	Helgadóttir	et	
al.,	2014),	which	is	also	a	complicated	trait	affected	by	several	stresses	(Bélanger	et	
al.,	 2006).	Among	 these,	 low	 freezing	 temperatures	 are	 one	of	 the	main	 causes	 of	
mortality	at	locations	with	continental	climate	characterized	by	harsh	winters.		

The	 improvement	 of	 freezing	 tolerance	 (FT)	 in	 the	 north	 is	 particularly	
important	in	the	context	of	the	greater	climatic	variation	linked	to	the	current	and	
projected	 climate	 change.	 The	 increased	 climatic	 variation	 would	 indeed	 imply	
greater	 frequency	 of	 early	 or	 late	 winter	 frosts	 on	 non-hardened	 or	 dehardened	
plants,	as	well	as	lack	of	snow	cover	resulting	in	plants	being	more	vulnerable	to	low	
freezing	temperatures	(Ergon	et	al.,	2018;	Rapacz	et	al.,	2014).	With	this	background,	
the	development	of	red	clover	cultivars	with	improved	freezing	tolerance,	as	well	as	
wide	 adaptation	 to	 tackle	 various	 other	 stresses	 occurring	 during	 the	 winter	 is	
desired	 to	 enhance	 winter	 survival	 and	 thus	 persistency	 at	 Nordic	 latitudes	
(Helgadóttir	et	al.,	2000;	Zanotto	et	al.,	2021).			
	

5.1.3.2 Morpho-physiological and biochemical aspects 
	

Since	persistency	 is	 such	a	 complex	 trait	 affected	by	many	biotic	 and	abiotic	
stresses,	it	is	not	easy	to	identify	a	plant	ideotype	of	persistent	red	clover	from	the	
morpho-physiological	 point	 of	 view.	 Several	 studies	 underlined	 the	 importance	 of	
biotic	stress	resistance	as	major	targets	for	the	improvement	of	field	persistency	in	
red	clover	(Boller	et	al.,	2010;	Taylor,	2008).	However,	I	am	not	dealing	with	the	biotic	
stress	component	of	persistency	in	this	thesis.	Different	studies	found	that	smaller	
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plant	size	 is	associated	with	better	persistency	(Annicchiarico	and	Pagnotta,	2012;	
Helgadóttir	et	al.,	2000).	In	the	study	by	Annicchiarico	and	Pagnotta	(2012)		it	was	
found	that	smaller	plant	size	was	a	feature	of	wild	populations	and	this	was	associated	
to	a	higher	level	of	persistency	than	that	of	land	races	(Annicchiarico	and	Pagnotta,	
2012).	 Swiss	 Mattenklee	 ecotypes,	 characterized	 by	 early	 flowering,	 have	 been	 a	
source	of	persistence	in	breeding	programs	(Kölliker	et	al.,	2003),	suggesting	that	this	
trait	may	be	important	for	 improved	persistency.	FT	is	the	main	limitation	to	field	
persistency	in	those	regions	where	harsh	winter	temperatures	are	the	overwhelming	
cause	of	mortality	such	as	 the	Nordic	region	(Helgadóttir	et	al.,	2014)	and	Canada	
(Bertrand	et	al.,	2016).	FT	is	achieved	during	a	period	of	cold	acclimation	(CA)	at	low	
above	freezing	temperatures.	CA	in	winter	annual	and	perennial	herbaceous	plants	
adapted	to	temperate	climate	is	associated	with	huge	changes	at	the	transcriptional,	
proteomic	and	metabolomic	levels	(Fürtauer	et	al.,	2019;	John	et	al.,	2016;	Theocharis	
et	al.,	2012).	Metabolic	changes	during	CA	typically	include	an	increase	in	the	content	
(on	a	dry	matter	basis)	of	soluble	sugars,	sugar	alcohols,	organic	acids,	amino	acids	
and	amino	acid	derivatives,	and	other	substrates	for	secondary	metabolites.	Soluble	
carbohydrates	have	multiple	functions	in	FT,	such	as	stabilization	of	membranes	and	
proteins,	lowering	of	the	freezing	point	within	the	cell	and	quenching	or	scavenging	
of	 reactive	 oxygen	 species	 (Pommerrenig	 et	 al.,	 2018).	 Among	 the	 amino	 acids,	
proline,	 the	 glycine	 derivative	 glycine	 betaine	 and	 arginine	 are	 accumulated	 in	
response	 to	CA	 in	a	wide	range	of	 species.	Proline	and	glycine	betaine	 function	as	
osmolytes.	 In	 addition,	 proline	 protect	 photosystem	 II	 under	 stress	 and	 stabilize	
membranes,	 while	 glycine	 betaine	 protects	 against	 oxidative	 stress	 and	 acts	 as	 a	
signaling	 molecule	 (Szabados	 and	 Savouré,	 2010).	 Arginine	 is	 a	 precursor	 in	 the	
synthesis	of	polyamines,	which	play	roles	 in	abiotic	and	biotic	stress	resistance	by	
stabilizing	 membranes,	 acting	 as	 scavengers	 of	 reactive	 oxygen	 species,	 and	 by	
participating	in	complex	signaling	networks	that	regulate	stress	responses	(Alcázar	
et	 al.,	 2011;	Menéndez	et	 al.,	 2019;	Pál	 et	 al.,	 2015).	 In	an	analysis	of	biochemical	
changes	induced	by	CA	in	Canadian	red	clover	recurrently	selected	for	improved	FT,	
Bertrand	 et	 al.	 (2020)	 underlined	 the	 importance	 of	 the	 accumulation	 of	 soluble	
sugars	and	of	specific	amino	acids	in	plant	crowns	for	the	acquisition	of	superior	FT.	
Similar	results	were	found	also	in	alfalfa	(Castonguay	et	al.,	2011),	however,	in	both	
species	the	responses	differed	between	genetic	backgrounds.				

Secondary	metabolites	in	the	class	of	phenolic	compounds,	including	flavonoids,	
play	important	roles	in	the	defense	towards	abiotic	and	biotic	stress	and	have	been	
shown	 to	 act	 as	 antioxidants	 (Agati	 et	 al.,	 2012).	 Also,	 flavonoids	were	 shown	 to	
contribute	 to	 improved	 freezing	 tolerance	 in	 Arabidopsis	 thaliana	 (Schulz	 et	 al.,	
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2016).	Red	clover	accumulates	several	phenolic	compounds,	in	particular	isoflavones,	
which	are	involved	in	ozone	stress	responses	in	both	roots	and	leaves	(Saviranta	et	
al.,	2010;	Saviranta	et	al.,	2010).	

	CA	 also	 induces	 major	 changes	 in	 protein	 abundance;	 proteins	 involved	 in	
carbohydrate	and	amino	acid	metabolism,	energy	production	were	upregulated	 in	
response	 to	 cold	 acclimation	 and	 showed	 different	 responses	 in	 different	 genetic	
backgrounds	 (Bertrand	 et	 al.,	 2016).	 In	 addition,	 the	 identification	 of	 up-	 and	
downregulated	proteins	involved	in	the	biosynthesis	of	phenolic	compounds	after	CA	
(Bertrand	et	al.,	2016),	such	as	the	isoflavone-reductase	family	proteins,	suggests	that	
phenolic	compounds	may	play	a	role	in	the	acquisition	of	higher	freezing	tolerance	in	
red	clover.	

	

5.1.3.3 Genetic aspects 
	

Various	studies	have	investigated	plant	persistency	in	red	clover	at	the	genomic	
level,	however,	none	of	these	specifically	targeted	FT	as	its	main	component.	The	first	
of	these	studies	dates	back	to	2008	(Herrmann	et	al.,	2008).	Considering	the	difficulty	
of	phenotyping	such	a	complex	trait,	 the	authors	found	that	a	weighted	average	of	
vigor	 scores	 assessed	 for	 two	winter	 and	 three	 growing	 seasons	was	 the	 optimal	
measurement	 for	 the	 trait.	 They	 identified	 a	 QTL	 explaining	 12.2%	 of	 the	 total	
phenotypic	variation	for	this	trait	on	LG3.	The	trait	had	low	heritability,	confirming	
the	strong	effect	of	the	environment,	but	it	was	positively	correlated	with	stem	length	
and	with	 seed	yield,	 although	 less	 strongly.	Another	 study	(Klimenko	et	al.,	 2010)	
found	 several	 QTLs	 related	 to	 winter	 hardiness,	 the	 trait	 was	 measured	 both	 in	
controlled	environment	and	in	the	field,	as	well	as	to	resistance	to	diseases	affecting	
red	 clover	 during	 the	winter.	Most	 of	 these	 QTLs	were	mapped	 on	 LG3	 and	 LG6.	
Recently	 Ergon	 et	 al.	 (2019)	 found	 various	 chromosomal	 loci	 associated	 to	
persistency	which	were	under	selection	in	red	clover	populations	grown	for	two	and	
a	half	years	comparing	to	the	original	populations.	These	loci	were	identified	by	their	
significant	shifts	in	allele	frequency	between	the	originally	sown	population	and	the	
survivor	populations.	The	identified	loci	under	selection	were	spread	across	all	seven	
red	clover	chromosomes,	however,	one	of	the	loci	with	the	highest	allele	frequency	
change	was	found	on	chromosome	3.	Very	little	is	known	about	the	genetic	control	of	
freezing	 tolerance	 in	 red	 clover	 however,	 the	 trait	 was	 demonstrated	 as	 being	
improvable	 through	 selection	 and	 breeding	 (Bertrand	 et	 al.,	 2016).	 In	 a	 study	 on	
white	clover	Inostroza	et	al.,	(2018)	was	able	to	identify	a	total	of	53	loci	associated	
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with	FT	through	GWAS,	proving	the	efficacy	of	this	method	for	the	investigation	of	the	
genetics	of	complex	traits.	In	this	context,	a	comprehensive	study	of	FT	in	red	clover	
which	 deals	with	 the	morpho-physiological,	 biochemical	 and	 genetic	 aspects	 is	 of	
primary	importance	for	providing	plant	breeders	with	the	necessary	knowledge	and	
tools	for	the	improvement	of	this	trait	in	Nordic	red	clover	
	

5.2 Background and objectives 
	

Red	clover	(Trifolium	pratense	L.)	 is	 the	main	forage	 legume	cultivated	in	the	
Nordic	countries.	Thanks	to	its	high	protein	content	and	nitrogen	fixation	ability,	it	
plays	 a	 central	 role	 to	 enhance	 protein	 self-sufficiency	 and	 to	 reduce	 the	 use	 of	
nitrogen	 fertilizers,	 contributing	 to	higher	 sustainability	 of	 the	Nordic	 agriculture.	
However,	 cultivation	 of	 red	 clover	 in	 the	 Nordic	 countries	 is	 challenged	 by	 poor	
persistency	 in	 the	 field,	mainly	because	of	 low	winter	survival.	Among	the	various	
causes	of	plant	mortality	during	the	winter,	low	freezing	temperatures	are	one	of	the	
most	severe	and	freezing	tolerance	(FT)	is	one	of	the	least	investigated	traits	in	red	
clover.	Acquisition	of	FT	in	red	clover	and	other	perennial	species	is	achieved	after	a	
period	of	cold	acclimation	(CA)	at	 low	above	freezing	temperatures	which	 induces	
important	changes	at	the	biochemical	as	well	as	molecular	levels,	but	none	of	these	
mechanisms	 were	 studied	 in	 red	 clover	 of	 Nordic	 origin.	 Furthermore,	 the	
achievement	of	CA	may	be	challenged	by	 the	effects	of	 current	and	 future	 climate	
change.	 Finally,	 very	 little	 is	 known	about	 the	 genetic	 control	 of	 FT	 in	 red	 clover.	
Therefore,	a	better	understanding	of	 the	CA	mechanism,	the	genetics	of	FT	and	an	
evaluation	of	genetic	resources	for	the	latter	and	related	traits	are	all	priorities	for	
breeding	activities	aiming	at	the	improvement	of	FT	in	Nordic	red	clover.		With	this	
background	this	PhD	project	was	designed	with	 the	aim	to	 investigate	 the	various	
aspects	 of	 FT	 in	 red	 clover	 at	 the	morpho-physiological,	 biochemical,	 and	 genetic	
levels,	the	following	objectives	have	been	targeted:	

	
1. 	To	evaluate	red	clover	gene	bank	accessions	of	Nordic	origin	from	

the	 collection	 conserved	at	NordGen	and	 to	 compare	 them	with	 currently	
cultivated	representative	cultivars	in	the	Nordic	countries.	The	focus	was	to	
better	 understand	 the	 association	 among	 various	 morphological	 and	
physiological	traits,	with	particular	attention	to	those	associated	with	FT	and	
winter	 survival.	 We	 also	 wanted	 to	 investigate	 the	 relationship	 between	
phenotypic	traits	and	climatic	variables	at	the	sites	of	origin	of	the	gene	bank	
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accessions.	 We	 proposed	 that	 this	 information	 may	 be	 used	 to	 improve	
collection,	conservation,	and	utilization	of	red	clover	genetic	resources	in	the	
Nordic	region.		

				
2. To	 identify	 cold-induced	 biochemical	 changes	 associated	 with	

freezing	tolerance	in	Nordic	red	clover.	We	hypothesize	that	the	content	of	
specific	 carbohydrates,	 amino	 acids	 and	 phenolic	 compounds	 in	 plant	
crowns	are	significantly	affected	by	short-term	CA	and	that	accessions	with	
different	levels	of	freezing	tolerance	differ	in	response	of	these	traits	to	CA.	

	
3. To	investigate	the	genetic	control	of	FT	in	red	clover	through	Genome	

Wide	 Association	 Studies	 (GWAS)	 considering	 a	wide	 panel	 of	 red	 clover	
accessions	 mainly	 of	 European	 origin	 genotyped	 at	 accession	 level	 with	
genotyping	 by	 sequencing	 (GBS).	 Our	 hypothesis	 was	 that	 this	 technique	
could	successfully	identify	genomic	regions	associated	with	FT	in	red	clover	
and	 to	 detect	 candidate	 genes	 which	 may	 be	 involved	 in	 biochemical	
mechanisms	related	to	improved	FT	in	red	clover.				

5.3 Materials and Methods 
	
A	detailed	description	of	the	materials	and	methods	used	for	the	completion	of	the	
various	parts	of	this	PhD	project	is	given	in	each	of	the	manuscripts.	Here	I	provide	
an	overview	on	the	plant	material	and	analytical	approach	which	were	used.	
	

5.3.1 Plant material and experimental locations  
	

For	the	characterization	of	red	clover	accessions	of	Nordic	origin	 in	 field	and	
controlled	condition	experiments	(research	component	1)	a	set	of	48	accessions	of	
red	clover	were	selected	from	the	NordGen	collection,	representing	the	geographical	
distribution	 of	 the	 species.	 This	 included	 19	 landraces,	 2	 semi-wild	 and	 27	 wild	
populations.	In	addition,	the	commercial	cultivars	Lea,	Linus	and	Gandalf	(Graminor,	
Norway),	SW	Ares	and	SW	Yngve	(Lantmännen,	Sweden)	and	Saija	(Boreal,	Finland)	
were	included	in	the	experiment	under	controlled	conditions,	while	Lea,	SW	Yngve	
and	 Saija	were	 included	 in	 the	 field	 trials.	 Among	 the	 accessions	 used	 in	 the	 first	
research	 component,	 the	 five	 with	 the	 worst	 and	 the	 five	 with	 the	 best	 freezing	
tolerance	 (FS,	 freezing	 susceptible	 and	 FT,	 freezing	 tolerant)	 were	 used	 for	 the	
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characterization	 of	 the	 biochemical	 changes	 induced	 by	 cold	 acclimation	 in	 plant	
crowns	 (research	 component	 2).	 For	 the	 genome	 wide	 association	 analyses	 on	
freezing	tolerance	(research	component	3)	a	wide	panel	of	393	accessions	was	used.	
The	 accessions	were	wild	 populations,	 landraces,	 cultivars	 and	breeding	material,	
mostly	of	European	origin.	

The	 field	 experiments	 to	 assess	 the	 phenotypic	 variation	 among	 gene	 bank	
accessions	(research	component	1)	were	established	at	Jokioinen,	Finland	(60°48'N,	
23°29'E,	115	m	a.s.l.),	Korpa,	Iceland	(64°09’N,	21°84’W,	35	m	a.s.l.),	Løken,	Norway	
(61°12'N,	9°06'E,	545	m	a.s.l.)	and	Lännäs,	Sweden	(63°08'N,	17°43'E,	25	m	a.s.l.).		
Experiments	 under	 controlled	 conditions	 (research	 component	 1,2	 and	 3)	 were	
conducted	in	a	greenhouse	located	at	Ås,	Norway	(59°40’	N,	10°47’	E).	

5.3.2 Cold acclimation (CA) and estimates of freezing tolerance 
(FT)  

	
Greenhouse	grown	six	weeks	old	seedlings	were	cold	acclimated	at	3–4	°C,	12	

hr	 photoperiod	 and	 110	 μmol	 m2s−1	 PAR,	 for	 two	 and	 three	 weeks	 in	 research	
component	1	and	3	and	in	research	component	2,	respectively.	For	determination	of	
freezing	 tolerance	 (LT50;	 temperature	 required	 to	 kill	 50%	 of	 the	 plants),	 cold	
acclimated	plants	were	exposed	to	four	different	test	temperatures	(slightly	variable	
for	 the	 four	 research	 components).	 Plants	 of	 each	 accession	 were	 placed	 in	 a	
programmed	freezing	chamber	initially	set	at	2°C.	The	temperature	was	first	lowered	
from	2°C	to	−3°C	at	1	°C	h−1	and	kept	at	this	level	for	12	hr	to	ensure	even	freezing,	
after	 which	 the	 temperature	 was	 lowered	 again	 by	 1	 °C	 h−1	 down	 to	 the	 test	
temperature.	When	the	temperature	reached	the	test	temperature,	it	was	kept	there	
for	one	hour	before	the	temperature	was	raised,	again	by	1	°C	h−1,	up	to	2	°C.	After	
thawing,	the	pots	were	returned	to	the	greenhouse	and	kept	there	for	three	weeks,	
before	survival	of	each	plant	was	recorded.	The	experiment	was	repeated	3	or	4	times,	
and	 each	 accession	 was	 represented	 by	 12	 or	 18	 plants	 per	 population	 and	 test	
temperature,	 depending	 on	 the	 research	 component.	 The	 data	 from	 the	 repeated	
experiments	were	pooled	before	LT50	was	calculated.		
	

5.3.3 Variation and association among phenotypic traits  
	

The	 phenotypic	 traits	 measured	 in	 the	 field	 and	 controlled	 experiments	 in	
research	 component	 1	were:	 	 autumn	 status,	 growth	 type,	 leaf	 area,	 stem	 length,	



	

24	

flowering	date,	flowering	score,	yield	score,	winter	survival,	spring	status,	number	of	
leaves,	petiole	length,	days	to	elongation	and	freezing	tolerance	(FT).	Trait	variation	
was	 investigated	 with	 boxplots.	 The	 association	 among	 phenotypic	 traits	 was	
investigated	with	 phenotypic	 correlation	 on	 average	 data	 for	 field	 and	 controlled	
conditions	 experiments,	 and	 genotypic	 correlations	 using	 a	 mixed	 model	 using	
replicated	 data	 for	 each	 accession,	 for	 the	 field	 traits	 only.	 Analyses	 of	 variance	
(ANOVA)	was	performed	on	field	and	controlled	condition	experiments	to	assess	the	
difference	between	accession	types	(cultivars,	 landraces,	and	wild	types).	Variance	
component	analysis	on	the	field	traits	was	conducted	using	a	linear	mixed	model	with	
the	residual	maximum	 likelihood	(REML)	procedure.	The	statistical	 significance	of	
the	 variance	 components	 was	 further	 assessed	 using	 the	 likelihood	 ratio	 test.	
Furthermore,	 the	 variance	 components	were	 used	 to	 obtain	 an	 estimate	 of	 entry-
mean	broad	sense	heritability	(ℎ#$)	for	the	field	traits.	A	canonical	correlation	analysis	
(CCA)	 was	 performed	 to	 test	 the	 association	 of	 each	 of	 the	 phenotypic	 traits	
(population	 means)	 recorded,	 with	 ten	 variables	 describing	 the	 climate	 at	 the	
collection	sites	of	the	gene	bank	accessions.	

5.3.4 Biochemical analyses on red clover crowns before and after 
cold acclimation  

	
Cold	 acclimated	 (as	 described	 in	 section	 5.3.2)	 and	 non-acclimated	 plant	

crowns,	a	2-cm	transition	zone	between	shoots	and	roots,	of	freezing	tolerant	(FT)	
and	freezing	susceptible	(FS)	red	clover	accessions	were	used	to	prepare	freeze-dried	
and	 powdered	 samples	 for	 determination	 of	 carbohydrate,	 amino	 acids	 and	
polyphenols	content	and	composition.	Plant	crown	was	chosen	because	it	is	one	of	
the	overwintering	tissues	in	perennial	clovers	and	constitutes	the	meristematic	tissue	
from	which	new	leaves	and	branches	may	grow	in	the	spring.	Soluble	sugars	were	
separated	 and	 quantified	 on	 a	 high-performance	 liquid	 chromatography	 (HPLC)	
(Waters)	analytical	system	while	amino	acids	were	separated	and	quantified	using	an	
ultra-performance	 liquid	 chromatography	 (UPLC)	 (Waters	 ACQUITY)	 analytical	
system.	Both	systems	were	controlled	by	the	Empower	II	software	(Waters).			

Polyphenols	were	separated	and	determined	using	liquid	chromatography	(LC)	
and	high-resolution	mass	spectrometry	(HRMS).	The	LC	system	was	a	Dionex	3000	
LC	equipped	with	a	Diode	Array	Detector	(DAD)	that	was	placed	in-line	between	the	
column	outlet	and	the	inlet	to	the	ion	source	of	the	high	resolution	Thermo	Fisher	Q-
Exactive	mass	 spectrometer	 (Thermo	 Fisher).	 The	 contents	 of	 carbohydrates	 and	
amino	 acids	 were	 subjected	 to	 analyses	 of	 variance	 (ANOVA),	 performed	 with	



	

25	

treatment	(CA	vs	NA),	accession	group	(FT	vs	FS)	and	the	interaction	between	them	
as	 factors	 in	 the	 analyses.	 Also,	 a	Multi	 Factor	 Analysis	 (MFA)	was	 performed	 to	
summarize	the	grouped	contribution	of	the	amino	acid	and	carbohydrate	contents	to	
the	biochemical	changes	induced	by	the	acclimation	treatment	in	red	clover	crowns.	
For	 the	 analyses	 of	 the	 polyphenols	 data,	 a	 customized	 untargeted	workflow	was	
developed	 by	 adapting	 an	 existing	 workflow	 in	 the	 Compound	 Discoverer	 3.1	
software	 (Thermo	 Fisher)	 to	 process	 LC-MS	 raw	 data	 and	 determination	 of	 the	
compounds.	Separate	analyses	were	carried	out	for	comparing	accession	group	(FT	
vs	FS)	and	acclimation	treatment	(NA	vs	CA)	effects	on	the	content	of	the	compounds	
detected.	
	

5.3.5 Genome wide association analyses for freezing tolerance 
	

Genotyping	 of	 accessions	 was	 done	 at	 accession	 level	 using	 genotyping	 by	
sequencing	(GBS,	Elshire	et	al.,	2011)	of	DNA	extracted	from	pools	of	singles	leaves	
from	200	individuals	per	accession.	Haplotype	variants	within	GBS	loci	were	called	
and	their	relative	frequencies	estimated	with	the	SMAP	package	(Schaumont	et	al.,	
2022).	Both	data	sets	were	imputed	for	missing	values	with	the	simple	mean	method.	
The	 population	 structure	 and	 kinship	 among	 accessions	were	 investigated	with	 a	
principal	 component	 analysis	 (PCA)	 and	 a	 genomic	 relationship	 matrix	 (GRM),	
respectively.	 Linkage	 disequilibrium	 (LD)	 was	 determined	 as	 the	 squared	 partial	
correlation	 between	 the	 allele	 frequencies	 of	 pairs	 of	 SNPs	 (*$)	 (Lin	 et	 al.,	 2012;	
Mangin	 et	 al.,	 2012).	 SNP-	 and	 haplotype-based	 genome-wide	 association	 studies	
(GWAS)	for	FT	were	performed	with	the	Multi	Locus	Mixed	Model	(MLMM),	which	
incorporates	 multiple	 markers	 identified	 as	 significantly	 associated	 with	 the	
phenotypic	 trait	 as	 covariates	 simultaneously	 (Segura	 et	 al.	 2012).	 This	 method	
allows	 for	 the	 inclusion	 of	 kinship,	 accounted	 for	 by	 the	 GRM.	 Furthermore,	
regression	models	between	FT	and	the	allele	frequencies	of	the	significant	markers	
(SNPs	and	haplotypes)	were	performed	to	estimate	the	allele	effect	on	the	phenotype	
(slope)	and	the	phenotypic	variance	explained	(+$)	by	it.	The	variance	explained	(+$)	
by	 all	 the	 significant	 markers	 simultaneously	 were	 also	 calculated	 with	 linear	
regressions	of	these	markers	and	FT.	

Candidate	 genes	 were	 identified	 within	 regions	 of	 +/-	 0.5	 Kbp	 flanking	 the	
significant	 SNPs	and	haplotypes	 identified	by	 the	GWAS	 in	 the	 red	 clover	 genome	
Tp2.0	(De	Vega	et	al.,	2015)	with	the	gbrowse	function	available	within	the	Legume	
Information	System	(LIS,	legumeinfo.org).			
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5.4 Results and Discussion 
	

5.4.1 Genetic variation for FT and traits associated to winter 
survival.  

	
The	 evaluations	 of	 freezing	 tolerance	 (FT)	 that	 we	 conducted	 in	 research	

components	1	and	3	revealed	that	a	large	variation	is	available	for	this	trait	in	red	
clover.	Our	results	point	out	that	the	geographic	origin	of	accessions	is	linked	to	their	
level	of	FT.	Among	the	393	accessions	evaluated	in	research	component	3	those	from	
Scandinavian	and	eastern	European	countries	tended	to	have	better	FT	than	the	other	
groups,	 suggesting	 that	 the	 former	adapted	 to	 the	harsher	winters	 typical	of	 their	
areas	 of	 origin	 and	 cultivation.	 This	 is	 supported	 by	 the	 results	 of	 the	 field	
experiments	 conducted	 in	 research	 component	 1,	 were	 we	 found	 that	 freezing	
tolerance	was	 significantly	 correlated	 to	 winter	 survival	 at	 a	 continental	 location	
affected	by	low	winter	temperatures.	The	lack	of	significant	correlations	between	FT	
and	winter	survival	at	other	locations	confirms	that	winter	survival	is	a	complex	trait	
affected	by	high	GxE.	At	 these	 locations	other	stresses	 than	 freezing	 temperatures	
may	be	predominant,	and	resistance	mechanisms	towards	the	various	stress	factors	
are	likely	multiple	and,	to	some	extent,	genetically	independent	(Bélanger	et	al.,	2006;	
Rapacz	 et	 al.,	 2014).	 FT	 was	 negatively	 correlated	 with	 stem	 and	 petiole	 length	
measured	in	the	field	and	controlled	conditions,	respectively.	These	results	suggest	
that	 smaller	 plants	 may	 be	 able	 to	 tolerate	 lower	 freezing	 temperatures.	 The	
evaluation	 of	 Nordic	 red	 clover	 for	 various	 morpho-physiological	 traits	 done	 in	
research	component	1	revealed	that	an	erect	growth	habit	and	late	flowering	were	
associated	with	high	values	for	several	growth	and	size-related	traits.	Furthermore,	
for	 this	material	we	 found	 that	 the	phenotypic	 variation	was	 associated	with	 two	
main	axes	of	 climatic	variation	at	 the	collection	site	of	accessions.	The	correlation	
analysis	indicates	that	traits	related	to	bigger	plant	size,	particularly	petiole	length,	
increased	 with	 increasing	 summer	 temperature	 and	 decreasing	 summer	
precipitation,	 suggesting	 that	warmer	 and	 dryer	 summers	 favors	 the	 evolution	 of	
bigger	plant	types,	and	on	the	other	hand	colder	and	wetter	summers	favors	smaller	
plant	types.		

For	almost	all	traits	we	found	significant	differences	between	accession	types,	
with	wild	populations	on	the	one	hand	and	cultivars	and	landraces	on	the	other	hand.	
Wild	populations	tended	to	be	smaller	with	later	flowering	and	lower	yield	and	had	
significantly	better	winter	survival	at	a	continental	 location	affected	by	low	winter	
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temperatures	compared	to	landraces.	Even	if	we	didn’t	find	significant	differences	in	
freezing	 tolerance	 between	 accession	 type,	 several	 wild	 types	 and	 landraces	 had	
clearly	better	freezing	tolerance	than	that	of	cultivars.	All	these	aspects	hint	to	the	
fact	that	the	survival	of	small	and	compact	plants	may	be	favored	compared	to	other	
plant	types	at	locations	affected	by	severe	winter	temperatures.	The	tendency	of	wild	
accessions	 of	 being	 more	 prostrate	 and	 smaller	 in	 size,	 but	 more	 persistent,	 is	
something	 which	 was	 already	 reported	 for	 Italian	 red	 clover	 (Annicchiarico	 and	
Pagnotta,	2012)	as	well	as	for	Nordic	white	clover	populations	(Aasmo	Finne	et	al.,	
2000).	We	may	here	see	a	difference	between	‘competitors’,	allocating	resources	to	
growth	and	‘stress	tolerators’	which	allocates	resources	to	storage	and	maintenance,	
as	 described	 by	 Grime	 (1971).	 The	 relevance	 of	 this	 theory	 for	 our	 results	 is	
supported	 by	 the	 negative	 correlations	 that	 we	 found	 between	 plant	 size	 in	 the	
autumn	and	freezing	tolerance	and	winter	survival	(at	two	of	three	locations),	which	
suggest	that	earlier	growth	cessation	in	the	autumn	favors	better	freezing	tolerance	
and	winter	survival.	However,	these	results	are	apparently	not	in	agreement	with	the	
results	of	 the	biochemical	analyses	conducted	in	research	component	2,	where	we	
found	 that	 freezing	 susceptible	 accessions	 had	 higher	 starch	 content	 (a	 reserve	
carbohydrate)	 compared	 to	 freezing	 tolerant	 accessions	 (more	 details	 in	 the	 next	
section).	This	suggests	that	the	accumulation	of	reserves	in	the	form	of	starch	in	the	
crowns	is	not	a	primary	determinant	for	higher	freezing	tolerance	in	itself,	but	more	
freezing	tolerant	accessions	are	better	able	to	use	starch	as	a	building	block	for	the	
production	of	other	carbohydrates	(such	as	raffinose	and	pinitol)	which	have	better	
cryoprotective	function	than	starch.	Therefore,	the	accumulation	of	reserves	may	still	
be	a	valid	explanation	for	the	better	freezing	tolerance	showed	by	small	plants	in	the	
autumn.	 In	 this	 perspective,	 gene	 bank	 accessions	 with	 such	 characteristics	 may	
indeed	be	used	as	a	source	of	useful	phenotypic	variation	for	traits	related	to	winter	
survival	and	thus	persistency	in	the	field.	However,	our	results	showed	that	better	FT	
and	persistency	is	achieved	at	the	expense	of	other	characteristics	related	to	larger	
size	and	favorable	for	higher	yield.	We	found	a	positive	correlation	of	an	erect	growth	
type	with	bigger	plant	size	and	yield,	which	is	in	agreement	with	several	studies	in	
red	clover	of	various	origin	(Annicchiarico	and	Pagnotta,	2012;	Greene	et	al.,	2004;	
Herrmann	et	al.,	2008;	Pagnotta	et	al.,	2011;	Rosso	and	Pagano,	2005;	Solberg	et	al.,	
2017;	Tucak	et	al.,	2013).	The	negative	association	between	yield	and	persistency	was	
previously	reported	in	red	clover	(Annicchiarico	and	Pagnotta,	2012;	Helgadóttir	et	
al.,	 2000).	 However,	 we	 found	 that	 some	 landraces	 exceeded	 cultivars	 for	 yield,	
suggesting	that	this	trait	can	be	indeed	improved	in	cultivated	material	exploiting	the	
genetic	variation	conserved	in	gene	bank	accessions.	It	is	possible	that	among	these,	
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genes	 with	 positive	 effect	 on	 yield	 without	 detrimental	 effect	 on	 persistency	 are	
available.	 Selection	 for	 these	 genes	may	 allow	 the	 improvement	 of	 the	 two	 traits	
simultaneously.	

5.4.2 Biochemical changes induced by cold acclimation (CA) in 
crowns of red clover with Nordic origin with different level of 
freezing tolerance (FT) 

	
It	is	well	known	that	cold	acclimation	induces	major	changes	at	the	biochemical,	

proteomic	and	metabolomic	level	in	perennial	species,	however,	an	investigation	of	
these	mechanisms	 in	 Nordic	 red	 clover	 is	 still	 lacking.	 Considering	 the	 important	
variation	 for	 FT	 and	 several	 other	 morphological	 and	 physiological	 traits	 among	
Nordic	gene	bank	materials	found	in	research	component	1,	we	aimed	to	understand	
what	characteristics	at	the	biochemical	level	distinguish	accessions	with	contrasting	
level	of	FT	before	and	after	cold	acclimation.	

Cold	 acclimation	 provoked	 marked	 increases	 in	 the	 content	 of	 total	 soluble	
sugars	 which	 was	 counterbalanced	 by	 the	 decrease	 in	 starch	 content.	 Starch	 is	
accumulated	as	carbohydrate	reserve	in	red	clover	as	well	as	in	other	legumes,	and	
its	depletion	in	favor	of	soluble	carbohydrates	is	in	line	with	the	findings	of	Bertrand	
et	 al.	 (2020)	 in	 Canadian	 red	 clover	 acclimated	 in	 semi-natural	 conditions.	
Considering	 the	 individual	 soluble	 sugars	 that	we	 analyzed,	 only	 glucose	was	 not	
affected	 by	 the	 acclimation	 treatment.	 Pinitol,	 raffinose	 fructose	 and	 sucrose	 all	
increased	in	content	with	CA,	and	sucrose	was	the	one	that	accounted	for	the	largest	
amount.	The	accumulation	of	sucrose	may	be	due	to	the	reduced	catabolism	of	this	
sugar	 in	 the	 crowns,	 as	 suggested	by	Bertrand	et	 al	 (2016),	which	 found	a	 strong	
reduction	 of	 the	 sucrose-cleaving	 enzyme	 sucrose	 synthase	 in	 response	 to	 cold	
acclimation.	 	 Considering	 differences	 between	 FT	 and	 FS	 accessions,	 only	 sucrose	
content	did	not	differ	between	the	two	groups.	Starch,	fructose,	glucose	and	the	total	
sum	of	soluble	sugars	had	higher	content	in	the	FS	group,	while	pinitol	and	raffinose	
had	higher	content	in	the	FT	group.	The	largest	differences	were	seen	for	fructose,	
which	had	80%	higher	concentration	in	the	FS	group,	and	raffinose,	which	had	a	50%	
higher	concentration	in	the	FT	group.	Also,	these	were	among	the	carbohydrates	the	
only	two	that	showed	treatment	by	accession	group	interaction.	Fructose	had	higher	
content	 in	 the	 FS	 group	 after	 CA,	 while	 the	 opposite	 was	 found	 for	 raffinose.	 In	
addition,	 the	 content	 of	 pinitol	 after	 CA,	 was	 higher	 in	 FT	 than	 in	 the	 FS	 group	
(interaction	 effect	 was	 close	 to	 significance),	 suggesting	 that	 this	 carbohydrate,	
together	with	raffinose	has	a	role	in	the	freezing	tolerance	of	red	clover.	Pinitol	was	
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proposed	by	Bertrand	et	al.	(2020)	to	have	an	osmoprotective	function	in	red	clover	
and	thus	to	enhance	its	freezing	tolerance.	For	raffinose,	various	studies	in	alfalfa	and	
red	clover	(Bertrand	et	al.,	2020,	2017;	Castonguay	et	al.,	1995)	reported	a	direct	or	
indirect	function	of	this	sugar	in	the	freezing	tolerance	of	these	species.	Red	clover	
has	a	 limited	capacity	 in	accumulating	raffinose	compared	 to	alfalfa,	a	 reason	 that	
could	partly	explain	its	lower	capacity	to	reach	high	levels	of	freezing	tolerance	than	
the	latter	species.	

The	amino	acid	content	was	also	strongly	affected	by	the	CA	treatment.	All	the	
analyzed	amino	acids	but	GABA	and	tyrosine	increased	with	CA.	Arginine,	asparagine	
and	 proline	were	 those	with	 the	 highest	 abundance,	with	 proline	 and	 asparagine	
accounted	for	40%	of	all	the	free	amino	acids	after	CA.	These	three	amino	acids	were	
all	previously	suggested	to	be	involved	in	the	cold	stress	response	in	red	clover	and	
alfalfa	 (Bertrand	 et	 al.,	 2020;	 Castonguay	 et	 al.,	 2011).	 Arginine	 is	 an	 important	
storage	compound	in	plants,	and	its	abundance	in	the	taproots	of	alfalfa	was	proposed	
as	playing	a	role	as	N	reserves	favoring	overwintering	and	spring	regrowth	(Dhont	et	
al.,	 2003).	 Furthermore,	 arginine	 is	 a	 precursor	 of	 polyamines	 which	 can	 be	
catabolized	 into	 GABA,	which	 are	 involved	 in	 stress	 response	 in	 various	 legumes	
species	 (Li	 et	 al.,	 2018;	Mendez	 et	 al.,	 2019;	 Yong	 et	 al.,	 2017;	 Zhou	 et	 al.,	 2021).	
However,	we	found	a	decreased	content	of	GABA	after	cold	acclimation,	which	is	not	
consistent	with	a	previous	study	in	Canadian	red	clover	(Bertrand	et	al.,	2020),	that	
found	 maximum	 accumulation	 of	 GABA	 after	 cold	 acclimation.	 The	 different	
acclimation	 conditions	 and	 the	 different	 genetic	 background	 of	 the	materials	 that	
were	 used	 are	 the	 most	 probable	 causes	 of	 the	 differences	 that	 we	 found	 here	
compared	to	that	study.	Arginine	was	also	among	the	amino	acids	that	that	showed	
significantly	 different	 accumulation	 between	 FT	 and	 FS	 accessions,	 with	 higher	
content	 in	 the	 latter.	 The	 roles	 of	 arginine	 in	 freezing	 tolerance	 of	 red	 clover	 are	
already	discussed	above.	Serine,	valine,	tyrosine,	alanine	and	phenylalanine	are	other	
amino	acids	which	had	higher	content	in	the	FT	than	in	the	FS	group	and	that	could	
therefore	be	involved	in	their	difference	in	freezing	tolerance.	

Cold	 acclimation	 also	 induced	 the	 accumulation	 of	 six	 phenolic	 compounds	
whose	identity	could	be	assigned	(Daidzein,	Biochanin	A	isomer,	L-phenylalanine,	L-
tryptophan,	 Genistein,	 N-(phenylacetyl)	 aspartic	 acid)	 while	 an	 equal	 number	 of	
identified	compounds	had	higher	content	in	non-acclimated	crowns	(Formononetin	
derivative,	 Dideoxyclovamide,	 Tetrahydro-carboline-3-carboxylic	 acid,	 Irilone	
derivative,	Deoxyclovamide	(caffeoyl	tyrosine),	Irilone	isomer	derivative).	However,	
we	 found	 a	 general	 trend	 in	 the	 accumulation	 of	 a	 higher	 number	 of	 compounds	
(detected	 by	 the	 analyses	 but	 whose	 identity	 could	 not	 be	 assigned)	 after	 CA,	
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suggesting	 that	 the	 treatment	 indeed	 shifts	 the	 phenolic	 compound	 metabolism	
towards	the	accumulation	of	a	larger	number	of	compounds,	in	agreement	with	the	
findings	by	Schulz	et	al.,	 (2015)	 in	A.	 thaliana.	Also,	 four	phenolic	compounds	had	
different	 intensities	 (as	 detected	my	MS	 analyses)	 between	 FT	 and	 FS	 accessions.	
However,	 only	 one	 of	 them	 (pinocembrin-G	 derivative)	 was	 found	 with	 higher	
intensity	 in	 FT	 while	 the	 other	 three	 were	 more	 intense	 in	 FS	 accessions	
(Dihydrokaempferol,	Biochanin	A-G-M-M,	Phloretin	isomer).		

The	majority	of	the	phenolic	compounds	that	we	identified	in	this	study	belongs	
to	the	isoflavones,	a	class	of	phenolic	compounds	particularly	abundant	in	legumes	
(Mazur	 et	 al.,	 1998).	There	 is	 a	 lack	of	 knowledge	on	 the	 role	of	 specific	phenolic	
compounds	in	abiotic	stress	response.	However,	different	studies	in	red	clover	and	A.	
thaliana	 (Saviranta	 et	 al.,	 2010	 a;	 Saviranta	 et	 al.,	 2010	 b,	 Schulz	 et	 al.,	 2016),	
suggested	that	a	combined	contribution	of	a	set	of	different	phenolic	compounds	is	
more	likely	than	the	specific	action	of	a	particular	compound	in	the	response	to	ozone	
and	 freezing	stress	 respectively.	Overall,	our	 results	 support	 the	 initial	hypothesis	
that	phenolic	compounds	are	involved	in	the	response	to	cold	stress	in	red	clover,	but	
further	research	is	needed	to	elucidate	what	is	the	mode	of	action	of	these	metabolites	
and	if	this	differs	among	different	compounds.			

	

5.4.3 Genomic regions associated with FT revealed by SNPs and 
haplotypes-based genome wide association analyses 
(GWAS) 

	
To	 complement	 the	 knowledge	 at	 the	 morphological	 and	 biochemical	 levels	

acquired	in	research	component	1	and	2,	we	conducted	a	genome	wide	association	
study	(GWAS)	of	FT,	to	investigate	the	genetic	control	of	the	trait.	The	variation	in	FT	
was	high,	and	partially	associated	with	the	origin	of	the	material	(see	section	5.4.1).	
At	the	genomic	level	accessions	appeared	to	be	quite	highly	structured	(revealed	by	
principal	 component	 analysis,	 PCA),	 which	 was	 also	 related	 with	 the	 geographic	
origin	 of	 the	 plant	 material.	 Also,	 we	 found	 a	 very	 rapid	 decay	 in	 linkage	
disequilibrium	 (LD),	 which	 is	 typical	 in	 outcrossing	 species,	 and	 is	 in	 line	 with	
previous	studies	in	red	clover	(Jones	et	al.,	2020)	and	perennial	ryegrass	(Keep	et	al.,	
2020).	The	LD	was	close	to	the	background	level	already	at	1	Kbp	distance	between	
pairs	of	markers,	while	the	average	distance	between	two	independent	GBS	loci	was	
35	 kbp.	 Therefore,	 the	marker	 density	 that	we	 found	was	 likely	 not	 sufficient	 for	
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having	a	major	part	of	the	QTLs	(quantitative	trait	loci)	associated	with	FT	to	be	in	
linkage	with	at	least	one	of	these	GBS-loci.		

Our	GWAS	analyses	found	a	total	of	thirteen	loci	significantly	associated	with	
freezing	tolerance,	while	one	more	locus	was	just	below	the	threshold	of	significance.	
Out	of	these	fourteen	loci,	nine	were	mapped	on	chromosomes	while	five	more	were	
located	on	unmapped	scaffold	regions.	This	is	to	our	knowledge	the	first	study	that	
used	GBS-generated	allele	frequencies	data	from	population	pools	to	conduct	SNP-	
and	short	read	haplotype-based	GWAS	in	red	clover.	Our	results	confirms	that	GBS	on	
pools	of	 individuals	 is	an	effective	and	economical	 technique	 for	 the	generation	of	
genotypic	data	in	highly	diverse	outbreeding	species,	to	be	used	in	genomic	studies.	
The	fact	that	the	two	analyses	(SNP	and	short	read	haplotype-based	GWAS)	found	
different	 independent	 loci	and	only	 two	of	 these	were	shared	across	 the	analyses,	
confirm	 that	 haplotypes	 are	 able	 to	 reveal	 associations	 that	 are	not	 detectable	 by	
single	SNPs	and	vice	versa	(Bekele	et	al.,	2018).	Thus,	the	different	marker	types	can	
complement	each	other,	 revealing	a	 larger	 total	number	of	significant	associations	
(Hamblin	 and	 Jannink,	 2011;	 Lorenz	 et	 al.,	 2010).	 The	 multi-locus-mixed-model	
(MLMM)	approach	that	we	used	for	both	SNPs	and	haplotype-based	GWAS	analyses	
allowed	us	 to	account	 for	 the	kinship	among	 the	accessions.	This	was	particularly	
important	 to	 reduce	 the	 confounding	 effect	 due	 to	 the	 structure	 present	 in	 this	
material.	 The	 inclusion	 of	 kinship	 effect	 in	 the	 GWAS	 model	 ensures	 that	 the	
associations	that	are	identified	are	truly	significant,	even	if	 it	 is	 likely	to	 induce	an	
underestimation	of	the	number	of	significant		loci	and	the	total	phenotypic	variance	
explained	 (Keep	 et	 al.,	 2020).	 The	 magnitude	 of	 the	 kinship	 effect,	 in	 terms	 of	
reduction	of	the	phenotypic	variance	explained,	was	variable	among	the	different	loci	
that	 we	 detected.	 In	 addition	 to	 the	 inclusion	 of	 kinship	 correction	 in	 the	 GWAS	
models,	 the	 exclusion	 of	 SNPs	 and	 haplotypes	 with	 low	 frequency	 (MAF	 <0.5)	 is	
another	 probable	 cause	 for	 the	 relatively	 low	 number	 of	 significant	 loci	 that	 we	
identified,	since	rare	alleles	significantly	associated	with	FT	may	be	excluded	with	
this	 stringent	 filtering.	 On	 the	 other	 hand,	 all	 these	 precautions	 ensure	 that	 the	
associations	that	we	found	are	indeed	true	with	low	risk	of	being	false	positives.			

Interestingly,	the	loci	which	were	mostly	affected	by	the	kinship	effect	where	
also	 those	 whose	 allele	 frequency	 showed	 the	 strongest	 shift	 in	 at	 least	 one	
geographic	group	of	accessions	compared	to	the	others.	In	other	words,	some	of	the	
alleles	significantly	associated	with	FT	were	frequent	only	among	a	particular	group	
of	accessions,	something	to	keep	in	mind	in	local	breeding	programs	aiming	at	the	
improvement	 of	 FT,	 for	 which	 it	 may	 be	 useful	 to	 introduce	material	 from	 other	
countries/areas	as	source	of	useful	alleles.		
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Overall,	we	 found	 a	 total	 of	 10	 independent	GBS-loci	 significantly	 associated	
with	 variation	 if	 FT	 that	 were	 mapped	 within	 gene	 sequences	 of	 the	 red	 clover	
genome,	and	two	more	loci	were	found	very	close	to	a	gene	(<	0.5kb).	Markers	very	
close	or	within	the	sequences	of	genes	associated	to	phenotypic	traits	are	very	useful	
for	the	characterization	of	germplasm	for	these	traits	as	well	as	for	breeding	purposes	
(Li	 et	 al.,	 2019;	 Osterman	 et	 al.,	 2021).	 Such	markers	 for	 FT	 could	 potentially	 be	
developed	 from	 the	 loci	 that	we	 identified	 here,	 after	 the	 necessary	 steps	 for	 the	
verification	 of	 the	 robustness	 of	 these	 associations	 and	 their	 validation	 across	 a	
diversified	 panel	 of	 accessions.	 In	 future,	 this	 kind	 of	 markers	 could	 be	 used	 to	
complement	 the	 phenotypic	 characterization	with	 genomic	 information	 in	 studies	
such	as	those	conducted	in	research	component	1.	

Among	 the	 gene	 sequences	 tagged	 by	 significant	 SNPs	 and	 HTPs	 some	 are	
coding	 for	 proteins	 that	 may	 be	 involved	 in	 biochemical	 mechanisms	 related	 to	
freezing	tolerance.	In	particular,	one	gene	coded	for	a	membrane	transporter	D1	n	
protein	in	red	clover,	however,	its	corresponding	sequence	in	the	A.	thaliana	and	M.	
truncatula	 genomes	 codes	 for	 an	 inositol	 transporter	 1	 (INT1)	 protein.	 A	 protein	
which	facilitates	myo-inositol	import	from	the	vacuole	into	the	cytoplasm	(Strobl	et	
al.,	2011).	Myo-inositol	is	a	cyclic	sugar	alcohol	that	is	accumulated	in	different	plants	
in	 response	 to	 abiotic	 stress	 (Sengupta	 et	 al.,	 2015),	 and	 which	 has	 a	 role	 in	
transitional	metabolism	and	various	signaling	pathways	in	plants	(Zhou	et	al.,	2021).	
Among	 the	 other	 genes	 that	 we	 identified,	 two	 coded	 for	 proteins	 involved	 in	
oxidative	 stress	 response,	 one	 for	 a	 transducing/WD40	 repeat-like	 superfamily	
protein	(a	vast	class	of	proteins	involved	in	several	functions),	two	coded	for	proteins	
involved	 in	DNA	processing	and	 two	more	 for	proteins	with	a	hydrolytic	 function.	
Interestingly,	the	best	hit	of	the	two	gene	sequences	in	the	M.	truncatula	genome	is	
coding	 for	 an	 enzyme,	 caffeoyl	 shikimate	 esterase,	 involved	 in	 the	 shikimate	
biosynthetic	pathway.	In	research	component	2	we	found	that	secondary	metabolites	
of	the	flavonoids	class	were	involved	in	the	response	to	cold	stress	in	red	clover	and	
the	 identification	 of	 a	 gene	 involved	 in	 the	 biosynthetic	 pathway	 of	 secondary	
metabolites	 cautiously	 suggest	 a	 possible	 link	 between	 our	 findings	 at	 the	
biochemical	and	metabolic	levels.			
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5.5 Identified gaps for future study 
	

5.5.1 Integration of phenotypic genotypic and environmental data 
for characterization of genetic resources 

	
This	 study	 showed	 that	 the	 characterization	 of	 gene	 bank	 accessions	 is	 a	

precious	activity	to	evaluate	the	variation	for	phenotypic	traits	and	the	associations	
among	 them.	 These	 activities	 are	 particularly	 useful	 for	 the	 identification	 of	
unexploited	genetic	resources	that	can	be	used	to	improve	cultivated	materials	for	
traits	of	interest.	In	future	it	would	be	useful	to	create	a	framework	which	allows	the	
integration	of	phenotypic,	environmental	and	genomic	data	simultaneously	in	order	
to	obtain	a	better	characterization	of	accessions.	This,	as	suggested	by	Blanco-Pastor	
et	 al.,	 (2020)	may	 also	 help	 us	 to	 understand	 the	 adaptive	 genomic	 diversity	 and	
phenotypic	 responses	 to	 environmental	 selection	pressures.	Also,	 in	 the	design	 of	
similar	 studies	 in	 future,	 the	 choice	 of	 entries	 should	 be	 done	 in	 order	 to	 include	
accessions	whose	origin	covers	as	much	as	possible	the	climatic	variation	of	the	target	
area	 including	 an	 evenly	 distributed	 number	 of	 accession	 types.	 This	will	 help	 to	
reduce	biases	due	to	unbalanced	distribution	of	accession	type	in	respect	to	the	total	
climatic	variation	of	the	area	and	further	to	identify	a	larger	number	of	phenotype-
climate	gradients.	This	last	issue	was	indeed	a	limitation	in	our	study.	
	

5.5.2 Deepen the understanding of CA and FT through gene 
expression analyses and investigation the effect of climate 
change on CA  

	
This	is	to	our	knowledge	the	first	study	which	analyzed	the	effect	of	CA	in	red	

clover	of	Nordic	origin	at	the	biochemical	 level.	Through	the	investigation	of	these	
changes	in	accessions	with	a	contrasting	level	of	FT,	we	could	also	indicate	which	of	
the	analyzed	metabolites	are	associated	to	the	capacity	of	red	clover	to	tolerate	low	
freezing	temperatures,	and	if	this	is	interacting	with	the	CA	process.	

In	 future,	 a	 deeper	 study	 of	 the	 biochemical	 pathways	 of	 these	 metabolites	
(raffinose,	 pinitol,	 arginine,	 serine,	 alanine,	 valine,	 phenylalanine	 in	 particular),	 in	
association	with	gene	expression	analyses	and	additional/alternative	physiological	
measurements	for	the	assessment	of	freezing	stress	response,	should	be	carried	out	
to	further	dissect	the	mechanisms	responsible	for	CA	and	the	acquisition	of	FT	in	red	
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clover.	Also,	a	study	of	CA	under	different	conditions	in	terms	of	light	and	temperature	
would	be	useful	to	understand	how	these	processes	may	be	affected	by	the	climate	
change.	This	knowledge	has	relevance	for	breeding	of	red	clover	with	improved	FT	
adapted	to	the	future	climatic	conditions	affecting	the	Nordic	agriculture.							

5.5.3 Development of molecular markers for FT  
	

The	results	of	the	GWAS	provided	a	significant	advance	in	our	knowledge	of	the	
genetic	 base	 of	 FT	 in	 red	 clover.	 In	 future	 we	 suggest	 to	 further	 investigate	 the	
genomic	regions	identified	by	our	analysis	to	confirm/verify	the	associations	that	we	
identified.	 It	may	be	worth	considering	a	different	method	for	phenotyping	FT,	 for	
example	using	LD50	(lethal	duration	time	for	50%	kill)	instead	of	LT50	(Waalen	et	
al.,	2011).	Also,	a	different	CA	protocol	which	allows	plant	to	reach	full	CA	may	be	a	
useful	 strategy	 for	 improving	 the	 phenotyping	 of	 this	 trait.	 More	 accurate	
phenotyping	and	fine	mapping	of	genomic	regions	identified	by	our	GWAS	in	a	subset	
of	selected	accessions	with	contrasting	level	of	FT	may	lead	to	the	identification	of	
major	QTLs	for	this	trait.		

Other	strategies	such	as	the	use	of	multiparent	advanced	generation	intercross	
(MAGIC)	populations	(Cavanagh	et	al.,	2008)	are	worth	considering	for	precise	QTLs	
mapping.	Another	strategy	could	be	to	use	the	genomic	information	that	we	obtained	
from	our	GWAS	analysis	 to	develop	 a	 genomic	 selection	 (GS)	model	 for	 FT	 in	 red	
clover.	GS	uses	a	high	number	of	genetic	markers	distributed	all	over	the	genome	to	
estimate	the	breeding	value	and/or	to	predict	the	phenotype	of	genotypes	without	
the	need	for	phenotyping	thanks	to	the	prior	phenotypic	and	genotypic	evaluation	of	
a	training	population	(Meuwissen	et	al.,	2001).	In	this	perspective,	the	markers	that	
we	found	in	the	GWAS	could	be	included	in	a	GS	model	for	red	clover	targeting	the	
improvement	of	FT	and	several	other	traits	of	interest.		

Overall,	the	development	of	strong	and	reliable	molecular	tools	is	a	priority	to	
speed	 up	 the	 improvement	 of	 FT	 and	 other	 complex	 traits	 through	 selection	 and	
breeding.	 Among	 all	 these	 proposed	 approaches,	 molecular	 assisted	 selection	
strategies	 such	 as	 GS	 is	 likely	 the	 most	 promising	 for	 the	 improvement	 of	 FT	
simultaneously	to	other	traits	of	interest	through	breeding.							
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5.6 Conclusions 
	

- Considerable	 variation	was	 identified	 among	gene	bank	 accessions	 for	 FT	
and	other	morphological	and	physiological	traits	useful	for	the	improvement	
of	cultivated	material.	

- Traits,	 such	 as	 petiole	 length,	 which	 are	 fast	 and	 easy	 to	 measure	 in	
controlled	conditions	and	significantly	correlated	with	many	other	traits	can	
be	used	as	proxy	for	traits	that	are	longer	and	more	expensive	to	measure.	

- The	high	GxE	that	we	found,	especially	for	winter	survival,	suggests	that	the	
breeding	 of	 red	 clover	 cultivars	with	 improved	 persistency	 to	 the	Nordic	
region	 requires	 testing	 at	 several	 locations	 over	 several	 years	 and	 that	
breeding	strategies	targeting	broad	instead	of	specific	adaptation	are	likely	
more	successful	for	this	region.													

- Phenotypic	variation	was	associated	with	two	main	axes	of	climatic	variation	
(1,	variation	in	summer	temperature	and	precipitations	and	2,	variation	in	
annual	 and	winter	 temperatures)	 at	 the	 collection	 site	 of	 accessions.	 This	
information	can	be	useful	for	the	identification	of	plant	materials	with	certain	
characteristics	based	on	climatic	information	for	breeding	and	conservation	
purposes.	

- The	major	changes	in	accumulation	of	soluble	sugars	and	free	amino	acids	in	
response	to	CA	that	we	found	confirm	the	importance	of	these	metabolites	in	
the	CA	process	in	Nordic	red	clover.	

- The	 identification	 of	 compounds	 such	 as	 raffinose,	 pinitol,	 arginine	 and	
others	 that	 differ	 between	 FT	 and	 FS	 accessions,	 suggests	 that	 these	
compounds	may	have	a	role	in	the	acquisition	of	superior	FT	in	Nordic	red	
clover.		

- 31	 major	 phenolic	 compounds	 mostly	 in	 the	 class	 of	 isoflavones	 were	
identified	in	crowns	of	red	clover	of	Nordic	origin.	

- The	 content	 of	 specific	 phenolic	 compounds	 changes	 in	 response	 to	 CA,	
indicating	 their	 involvement	 in	 the	 metabolic	 changes	 happening	 in	 red	
clover	after	exposure	to	cold	temperatures.		

- We	found	a	very	rapid	LD	decay	red	clover	accessions	used	for	the	GWAS,	
confirming	the	high	level	of	genetic	diversity	present	within	and	between	red	
clover	accessions	of	different	origin.		

- The	novel	approach	that	we	adopted	conducting	GWAS	with	haplotype	data	
in	addition	to	SNP	data	was	successful	for	the	identification	of	loci	associated	
with	FT	in	the	red	clover	genome.	
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- We	 identified	 candidate	 genes	which	may	 help	 to	 further	 understand	 the	
biochemical	 and	 physiological	 mechanisms	 related	 to	 CA	 and	 FT	 in	 red	
clover.	
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Abstract
Red clover (Trifolium pratense��ĺő�bv�|_;�lov|�blrou|-m|�=ou-];�Ѵ;]�l;�bm�|_;��ou7b1�
u;]bomķ�0�|� b|v��|bѴb�-|bom� bv� Ѵblb|;7�0��roou�r;uvbv|;m1�ĺ�$_;� blruo�;l;m|�o=�1�Ѵ|bŊ
�-|;7�u;7�1Ѵo�;u�1-m�ro|;m|b-ѴѴ�� |-h;�-7�-m|-];�o=� |_;�m�l;uo�v��bѴ7�ror�Ѵ-|bomv�
-m7�Ѵ-m7u-1;v�1omv;u�;7�bm�];m;�0-mhvĸ�_o�;�;uķ�|_;u;�bv�o=|;m�Ѵblb|;7�bm=oul-|bom�
-�-bѴ-0Ѵ;�om�|_;�r_;mo|�rb1�-m7�];m;|b1�1_-u-1|;ubv|b1v�o=�|_bv�l-|;ub-Ѵĺ�);�1_-u-1Ŋ
|;ub�;7�ƓѶ�ror�Ѵ-|bomv�1omv;u�;7�-|��ou7�;m�=ou�-�m�l0;u�o=�|u-b|v�-m7�1olr-u;7�
|_;l�|o�1oll;u1b-Ѵ�1�Ѵ|b�-uvĺ�$_;�l-|;ub-Ѵ��-v�;�-Ѵ�-|;7�bm�=b;Ѵ7�|ub-Ѵv�-|�=o�u�Ѵo1-Ŋ
|bomv�o�;u�|�o��;-uv�-m7�bm�-m�;�r;ubl;m|��m7;u�1om|uoѴѴ;7�1om7b|bomvĺ��omvb7;u-0Ѵ;�
�-ub-|bom��-v�b7;m|b=b;7ķ��b|_�v|;l�Ѵ;m]|_ķ�]uo�|_�|�r;�-m7�=Ѵo�;ubm]�7-|;�_-�bm]�|_;�
_b]_;v|�0uo-7�v;mv;�_;ub|-0bѴb|b;vĺ�$u-b|v�u;Ѵ-|;7�|o�rѴ-m|�vb�;��;u;�v|uom]Ѵ��-vvo1b-|;7�
�b|_�Ѵ-|;�=Ѵo�;ubm]�-m7��rub]_|�]uo�|_�-m7�7b==;u;7�0;|�;;m�Ѵ-m7u-1;vņ1�Ѵ|b�-uv�om�
|_;�om;�_-m7�-m7��bѴ7�ror�Ѵ-|bomv�om�|_;�o|_;uĺ�$_;u;��-v�-�Ѵ-u];�];mo|�r;�0��;m�bŊ
uoml;m|�bm|;u-1|bom�om��bm|;u�v�u�b�-Ѵķ��_b1_�omѴ��r-u|b-ѴѴ��1ouu;Ѵ-|;7��b|_�=u;;�bm]�
|oѴ;u-m1;��m7;u�1om|uoѴѴ;7�1om7b|bomvĺ���l-foub|��o=�];m;�0-mh�-11;vvbomv�;�1;;7;7�
|_;�1oll;u1b-Ѵ�1�Ѵ|b�-uv�bm��bm|;u�v�u�b�-Ѵ�-m7�=u;;�bm]�|oѴ;u-m1;�-m7�1-m�|_;u;=ou;�
0;�-�];m;|b1�u;vo�u1;�=ou�=�|�u;�blruo�;l;m|�o=�|_;v;�|u-b|vĺ�$_;�r_;mo|�rb1��-ub-Ŋ
|bom�-lom]�-11;vvbomv��-v�-vvo1b-|;7��b|_�|�o�l-bm�-�;v�o=�1Ѵbl-|b1��-ub-|bom�-|�|_;�
1oѴѴ;1|bom�vb|;ĺ��;|boѴ;�Ѵ;m]|_�o=��o�m]�rѴ-m|v��m7;u�1om|uoѴѴ;7�1om7b|bomv�-v��;ѴѴ�-v�
rѴ-m|�vb�;�bm�|_;�=b;Ѵ7�bm1u;-v;7��b|_�bm1u;-vbm]�v�ll;u�|;lr;u-|�u;�-m7�7;1u;-vbm]�
v�ll;u�ru;1brb|-|bomķ��_bѴ;�m�l0;u�o=�Ѵ;-�;v�-m7�-m�-rr-u;m|��;um-Ѵb�-|bom�u;t�bu;Ŋ
l;m|ķ� u;1ou7;7��m7;u�1om|uoѴѴ;7�1om7b|bomvķ� bm1u;-v;7��b|_�7;1u;-vbm]�-mm�-Ѵ�-m7�
�bm|;u� |;lr;u-|�u;ĺ�);�7bv1�vv� |_;� blrѴb1-|bomv� |_;v;� u;v�Ѵ|v�_-�;� =ou� 1oѴѴ;1|bomķ�
1omv;u�-|bom�-m7��|bѴb�-|bom�o=�u;7�1Ѵo�;u�];m;|b1�u;vo�u1;v�bm�|_;��ou7b1�u;]bomĺ
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;|�-Ѵĺķ�ƑƏƐƏőĺ�$_;��v;�o=�Ѵ-m7u-1;v�bm���uor;�7;1Ѵbm;7�-uo�m7�ƐƖƕƏ�
�b|_�|_;�bm1u;-v;7��v;�o=�_b]_Ѵ��ruo7�1|b�;�1�Ѵ|b�-uv�7;�;Ѵor;7�0��
lo7;um�0u;;7bm]�Ő�oѴѴ;u�;|�-Ѵĺķ�ƑƏƐƏőĺ��m�|_;��ou7b1�u;]bomķ�u;7�1ѴoŊ
�;u�0u;;7bm]��-v� =buv|� bmb|b-|;7� bm� "�;7;m� bm� |_;�0;]bmmbm]�o=� |_;�
Ѵ-v|�1;m|�u�ķ��b|_�v;�;u-Ѵ�1�Ѵ|b�-uv�ruo7�1;7�Ő�Ѵvvomķ�ƐƖƖƕőĺ�$_;�=buv|�

bmmbv_�u;7�1Ѵo�;u�1�Ѵ|b�-u�ļ$-llbv|oĽ��-v�u;Ѵ;-v;7�bm�ƐƖƓѶķ�rubou�|o�
�_b1_�l-bmѴ��"�;7bv_�1�Ѵ|b�-uv��;u;��v;7� bm�
bmѴ-m7� Ő(-ѴѴ;ķ�ƐƖƔѶőĺ�
�Ѵ|_o�]_�|_;u;��-v�u;7�1Ѵo�;u�0u;;7bm]�bm��ou�-��=uol�|_;�lb77Ѵ;�o=�
|_;�Ѵ-v|�1;m|�u�ķ�|_;�Ѵ-m7u-1;�ļ�oѴ7v|-7Ľ�7olbm-|;7��m|bѴ�|_;�ƐƖѶƏv�
Ő(;v|-7ķ�ƐƖƖƏőĺ� �m� �1;Ѵ-m7ķ�1�Ѵ|b�-uv�0u;7� bm�o|_;u��ou7b1�1o�m|ub;v�
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|bom�o=�=�ѴѴŊ�vb0�=-lbѴb;vķ�vol;|bl;v�1ol0bm;7��b|_�r_;mo|�rb1�l-vv�
v;Ѵ;1|bomķ�=oѴѴo�;7�0��1u;-|bom�o=�v�m|_;|b1�ror�Ѵ-|bomvĺ��or�Ѵ-|bom�
blruo�;l;m|� |_uo�]_� u;1�uu;m|�r_;mo|�rb1� v;Ѵ;1|bom� bv� -Ѵvo��v;7ĺ�

�;uvbv|;m1�� bv� -m� blrou|-m|� 0u;;7bm]� ]o-Ѵķ� -Ѵom]� �b|_� 7u�� l-||;u�
�b;Ѵ7ķ�7bv;-v;�u;vbv|-m1;ķ�v;;7��b;Ѵ7�-m7�=ou-];�t�-Ѵb|�ĺ��_;mo|�rb1�
;�-Ѵ�-|bom�-m7�v;Ѵ;1|bom�=ou�r;uvbv|;m1��bv�1olrѴ;�ķ�vbm1;�l-m��0bŊ
o|b1�-m7�-0bo|b1�=-1|ouv�-==;1|�r;uvbv|;m1��Ő�mmb11_b-ub1o�;|�-Ѵĺķ�ƑƏƐƔĸ�
�u]om�;|�-Ѵĺķ�ƑƏƐƖĸ��;uul-mm�;|�-Ѵĺķ�ƑƏƏѶőĺ�$_uo�]_o�|�|_;��ou7b1�u;Ŋ
]bomķ�|_;�l-bm�u;-vom�=ou�Ѵblb|;7�r;uvbv|;m1��bv�|_;��-ubo�v�v|u;vv;v�
�_b1_�-==;1|�|_;�rѴ-m|v�7�ubm]�|_;��bm|;u�Ő�;Ѵ]-7ॕ||bu�;|�-Ѵĺ�ƑƏƐƓőĺ�
�b�;m�|_;�;m�buoml;m|-Ѵ��-ub-0bѴb|��-m7�Ѵblb|;7�v;;7�l-uh;|� bm�|_;�
�ou7b1� u;]bomķ� |_;� 7;�;Ѵorl;m|� o=� 1�Ѵ|b�-uv��b|_��b7;� -7-r|-|bom�
bv�7;vbu;7�Ő�;Ѵ]-7ॕ||bu�;|�-Ѵĺķ�ƑƏƏƏőĺ���Ѵ|b�-uv��b|_��b7;�-7-r|-|bom�
�bѴѴ�0;�;�;m�lou;� blrou|-m|�1omvb7;ubm]�|_;�_b]_��-ub-0bѴb|�� bm�|_;�
1Ѵbl-|b1�1om7b|bomv�;�r;1|;7�bm�|_;�=�|�u;�Ő�u]om�;|�-Ѵĺķ�ƑƏƐѶĸ�!-r-1��
;|�-Ѵĺ�ƑƏƐƓőĺ

$_;�];m;|b1� u;vo�u1;v�=o�m7� bm� Ѵ-m7u-1;v�-m7��bѴ7�ror�Ѵ-|bomv�
-u;� ];m;u-ѴѴ�� �m7;u�|bѴb�;7� bm� rѴ-m|� 0u;;7bm]ķ� 0o|_� bm� |_;� �ou7b1�
1o�m|ub;v�-m7� bm�|_;�u;v|�o=���uor;� Ő�uo��mvh-�;|�-Ѵĺķ�ƑƏƐѵĸ�!o]mѴb�
;|�-Ѵĺķ�ƑƏƐƒőĺ�!;7�1Ѵo�;u�bv�7bv|ub0�|;7�-ѴѴ�o�;u�|_;��ou7b1�1o�m|ub;vķ�
0�|�u-u;Ѵ��bm�|_;�-Ѵrbm;�u;]bomv�Ő�ovv0;u]�ş�"|;m0;u]ķ�ƑƏƐƑőĺ�)bѴ7�
ror�Ѵ-|bomv�_-�;�ruo0-0Ѵ��;b|_;u�m-|�u-Ѵb�;7�=uol�1�Ѵ|b�-|;7�ror�Ŋ
Ѵ-|bomv�ou�-u;�|_;�u;v�Ѵ|�o=�_�0ub7b�-|bom�0;|�;;m��bѴ7�-m7�1�Ѵ|b�-|;7�
ror�Ѵ-|bomv� Ő	-�]v|-7ķ� ƑƏƐѵőĺ� �m� -77b|bom� |o� o�;u� ƐƏƏ� u;7� 1Ѵo�;u�
1�Ѵ|b�-uvķ��ou7�;m�Ő|_;��ou7b1��;m;|b1�!;vo�u1;��;m|u;ő�1�uu;m|Ѵ��
holds over 400 other red clover accessions in its collection. These 
-11;vvbomv�l-��0;� -� vo�u1;�o=� �-ub-|bom� =ou� |u-b|v� |_-|� -u;� Ѵ-1hbm]�
ou�m;;7�blruo�;l;m|�bm�1�Ѵ|b�-|;7�l-|;ub-Ѵķ�v�1_�-v�v�r;ubou��bm|;u�
v�u�b�-Ѵ�ou�u;vbv|-m1;�|o�vr;1b=b1�-0bo|b1�ou�0bo|b1�v|u;vv;vĺ��o�;�;uķ�
bm|uo7�1bm]�v�1_�l-|;ub-Ѵ�bm�-�0u;;7bm]�ruo]u-ll;�bv�1_-ѴѴ;m]bm]ĺ��|�
bv�Ѵbh;Ѵ��|o�1-uu���m7;vbu-0Ѵ;�|u-b|vķ�lov|�mo|-0Ѵ��Ѵo��0bol-vv��b;Ѵ7ķ�
�_b1_� m;;7v� |o� 0;� ;m_-m1;7� |_uo�]_� v�0v;t�;m|� 0u;;7bm]ĺ� $_;�
�-ubo�v�-11;vvbomv�-u;�roouѴ��1_-u-1|;ub�;7ķ�vo�b7;m|b=b1-|bom�o=�|_;�
lov|�v�b|-0Ѵ;�om;v�bv�7b==b1�Ѵ|ĺ�)_bѴ;�loѴ;1�Ѵ-u�l-uh;u�7-|-�l-��0;�
�v;=�Ѵ�=ou�];ulrѴ-vl�1_-u-1|;ub�-|bom�Ő�u;;m;�;|�-Ѵĺķ�ƑƏƏƓĸ��क़ѴѴbh;u�
;|� -Ѵĺķ� ƑƏƏƒĸ� �-]mo||-� ;|� -Ѵĺķ� ƑƏƐƐőķ� 1_-u-1|;ub�bm]� |_;� r_;mo|�rb1�
�-ub-|bom�bm�-]uomolb1-ѴѴ��u;Ѵ;�-m|�|u-b|v�bv�r-u|b1�Ѵ-uѴ���-Ѵ�-0Ѵ;�=ou�
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|u-b|v� 7bvrѴ-�;7� 0�� -m� -11;vvbom� u;=Ѵ;1|� |_;� v;Ѵ;1|bom� ru;vv�u;v� o=�
|_;�;m�buoml;m|� =uol��_b1_� b|�oub]bm-|;vķ�1Ѵbl-|b1��-ub-0Ѵ;v�-|� |_;�
1oѴѴ;1|bom�vb|;v�1-m�0;��v;7�|o�ru;7b1|�|_;�r_;mo|�r;�o=�];m;�0-mh�
-11;vvbomvķ�_;Ѵrbm]�0u;;7;uv�-m7�];m;�0-mh�l-m-];uv� |o�lou;�;=Ŋ
=;1|b�;Ѵ�� v;;h� ];ulrѴ-vl��b|_� vr;1b=b1� r_;mo|�rb1� 1_-u-1|;ubv|b1v�
Ő;ĺ]ĺ��m7u;v;m�;|�-Ѵĺķ�ƑƏƐƐĸ��bfl-mv�;|�-Ѵĺķ�ƑƏƏƒĸ��_-�-;b�;|�-Ѵĺķ�ƑƏƐƒőĺ�
�77bm]�_b]_Ŋ�7;mvb|��];molb1�7-|-�|o�|_;�-m-Ѵ�v;v�1-m�_;Ѵr�b7;m|b=��
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]bm� Ő�mmb11_b-ub1o� ş� �-]mo||-ķ� ƑƏƐƑĸ� 	b-v� ;|� -Ѵĺķ� ƑƏƏѶĸ� �u;;m;�
;|�-Ѵĺķ�ƑƏƏƓĸ��o�-l࣐�ş� �;v;m0;uu�ķ�ƐƖƖƒĸ��-]mo||-�;|�-Ѵĺķ�ƑƏƐƐĸ�
!ovvo�ş��-]-moķ�ƑƏƏƔĸ�$�1-h�;|�-Ѵĺķ�ƑƏƐƒőĺ��o�;�;uķ�omѴ��-�=;��v|�7Ŋ
b;v�_-�;�;�-Ѵ�-|;7�u;7�1Ѵo�;u�l-|;ub-Ѵ�o=��ou7b1�oub]bmĺ��;Ѵ]-7ॕ||bu�
;|�-Ѵĺ� ŐƑƏƏƏő�;�-Ѵ�-|;7��b;Ѵ7�-m7�r;uvbv|;m1��o=�Ɛƒ�1�Ѵ|b�-uv�o=�u;7�
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1Ѵo�;u�bm�r�u;�v|-m7�-m7�bm�lb�|�u;��b|_�|blo|_��-1uovv�=b�;��ou7b1�
Ѵo1-|bomvķ��_bѴ;�"oѴ0;u]�;|�-Ѵĺ�ŐƑƏƐƔő�1_-u-1|;ub�;7�lour_oѴo]��-m7�
7;�;Ѵorl;m|� o=� Ɛѵ� �ou�;]b-m� -11;vvbomv� =uol� �ou7�;mķ� ]uo�m�
-v�vbm]Ѵ;�rѴ-m|v�bm�-�]u;;m_o�v;ĺ�$_;�-bl�o=�|_;�ru;v;m|�v|�7���-v�
|o� ;�-Ѵ�-|;� -11;vvbomv� o=� u;7� 1Ѵo�;u� bm� |_;� �ou7b1� 1oѴѴ;1|bom� -|�
�ou7�;m�-m7�1olr-u;�|_;l�|o�1ollomѴ���v;7�1�Ѵ|b�-uv�bm�|_;�u;Ŋ
]bomĺ�);�ru;v;m|�u;v�Ѵ|v�=uol�vr-1;7�rѴ-m|�|ub-Ѵv�1-uub;7�o�|�-|�=o�u�
Ѵo1-|bomv�-1uovv�|_;��ou7b1�1o�m|ub;vķ�-v��;ѴѴ�-v�=uol�-m�;�r;ubl;m|�
�m7;u� 1om|uoѴѴ;7� 1om7b|bomvķ� -m7� 7;v1ub0;� bő� �-ub-m1;� 1olrom;m|v�
-m7�0uo-7�v;mv;�_;ub|-0bѴb|��;v|bl-|;vķ�bbő�1ouu;Ѵ-|bomv�0;|�;;m�|u-b|v�
-m7�bbbő�u;Ѵ-|bomv_brv�0;|�;;m�r_;mo|�rb1�|u-b|v�-m7�1Ѵbl-|;��-ub-0Ѵ;v�
at the collection sites.
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�ou7�;m� 1oѴѴ;1|bomķ� u;ru;v;m|bm]� |_;� ];o]u-r_b1-Ѵ� 7bv|ub0�|bom� o=�
|_;�vr;1b;v�bm�|_;��ou7b1�u;]bom�Ő
b]�u;�Ɛķ�"�rrѴ;l;m|-u��$-0Ѵ;�Ɛőĺ�
$_bv� bm1Ѵ�7;7� ƐƖ� Ѵ-m7u-1;vķ� Ƒ� v;lbŊ��bѴ7� -m7� Ƒƕ� �bѴ7� ror�Ѵ-|bomvĺ�
$_;�l-foub|��o=�
bmmbv_�ror�Ѵ-|bomv�bm�|_;�1oѴѴ;1|bom�-u;�Ѵ-m7u-1;vķ�
�_bѴ;� |_;�l-foub|��o=��ou�;]b-m�ror�Ѵ-|bomv�-u;��bѴ7ķ� u;v�Ѵ|bm]� bm�
-m��m;�;m�];o]u-r_b1-Ѵ�7bv|ub0�|bom�o=�ror�Ѵ-|bom�|�r;vĺ��m�-77b|bomķ�
|_;�1oll;u1b-Ѵ�1�Ѵ|b�-uv��;-ķ��bm�v�-m7��-m7-Ѵ=�Ő�u-lbmouķ��ou�-�őķ�
")��u;v� -m7� ")�+m]�;� Ő�-m|l࢜mm;mķ� "�;7;mő� -m7� "-bf-� Ő�ou;-Ѵķ�
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"r-1;7�rѴ-m|�|ub-Ѵv��;u;�;v|-0Ѵbv_;7�-|��ohbobm;mķ�
bmѴ-m7�ŐѵƏŦƓѶŝ�ķ�
ƑƒŦƑƖŝ�ķ�ƐƐƔ�l�-ĺvĺѴĺőķ��our-ķ��1;Ѵ-m7�ŐѵƓŦƏƖĽ�ķ�ƑƐŦѶƓĽ)ķ�ƒƔ�l�-ĺvĺѴĺőķ�
�ph;mķ��ou�-��ŐѵƐŦƐƑŝ�ķ�ƖŦƏѵŝ�ķ�ƔƓƔ�l�-ĺvĺѴĺő�-m7��࢜mm࢜vķ�"�;7;m�
ŐѵƒŦƏѶŝ�ķ�ƐƕŦƓƒŝ�ķ�ƑƔ�l�-ĺvĺѴĺő�Ő
b]�u;�Ɛőĺ�	-|-�7;v1ub0bm]�|_;�1Ѵbl-|;�
7�ubm]� |_;�;�r;ubl;m|� Őv�ll;u�ƑƏƐƓ� Ŋ�� vrubm]�ƑƏƐѵő� -|� ;-1_� Ѵo1-Ŋ
|bom� -u;� ru;v;m|;7� bm� "�rrѴ;l;m|-u�� $-0Ѵ;� Ƒĺ� �Ѵ-m|v� �;u;� u-bv;7�
=uol�v;;7�bm�-�]u;;m_o�v;�bm�vrubm]�ƑƏƐƓ�-m7�|u-mvrѴ-m|;7�bm|o�0-u;�
]uo�m7� 7�ubm]� v�ll;u� ou� ;-uѴ�� -�|�lm� -|� -ѴѴ� Ѵo1-|bomv� ;�1;r|� -|�
�our-ķ��_;u;�rѴ-m|v��;u;�|u-mvrѴ-m|;7�bm|o�-�=b;Ѵ7��_b1_�_-7�0;;m�
vo�m��b|_�-�lb�|�u;�o=�|blo|_��ŐPhleum pratense��ĺ)ķ�1�ĺ�"mouubķ�-m7�
smooth meadow grass (Poa pratensis��ĺőķ�1�ĺ���roѴĺ�$_;�7b==;u;m|�;�Ŋ
r;ubl;m|-Ѵ�Ѵ-�o�|�-|��our-��-v�blrѴ;l;m|;7�|o�-�ob7�|_;��;u��_b]_�
�bm|;u�lou|-Ѵb|��o=�u;7�1Ѵo�;u�rѴ-m|;7�bm|o�0-u;�]uo�m7�v;;m�bm�ru;�bŊ
o�v�;�r;ubl;m|v�-|�|_bv�Ѵo1-|bomĺ�"|uom]�1olr;|b|bom�=uol�|_;�]u-vv�
vr;1b;v��-v�-�ob7;7�0��-rrѴ�bm]�omѴ��-�Ѵo��Ѵ;�;Ѵ�o=���=;u|bѴb�;u�bm�|_;�
vo�bm]��;-uĺ�$_;�;�r;ubl;m|-Ѵ�7;vb]m��-v�-�1olrѴ;|;�u-m7olb�;7�
0Ѵo1h� �b|_� =o�u� u;rѴb1-|;vĺ� �or�Ѵ-|bomv� =oul;7� rѴo|v� �b|_bm� ;-1_�
0Ѵo1hķ� ;-1_�l-7;��r�o=� -� ]uo�r�o=� =b�;�7b==;u;m|� ];mo|�r;vĺ� �-1_�
ror�Ѵ-|bom��-v�|_�v�u;ru;v;m|;7�0��ƑƏ�];mo|�r;v�bm�|o|-Ѵĺ�$_;�7bvŊ
|-m1;�0;|�;;m�bm7b�b7�-Ѵ�rѴ-m|v��b|_bm�-m7�0;|�;;m�rѴo|v��-v�Ɛ�lĺ�
$_;�rѴ-m|v��;u;�r_;mo|�r;7�=ou�|_;�=oѴѴo�bm]�|u-b|vĹ�-�|�lm�v|-|�v�
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bm�ƑƏƐƓĸ�Ѵ;-=�-u;-ķ�v|;l�Ѵ;m]|_ķ�=Ѵo�;ubm]�7-|;ķ�=Ѵo�;ubm]�v1ou;�-m7�
�b;Ѵ7� v1ou;� bm�ƑƏƐƔĸ��bm|;u� v�u�b�-Ѵ�-m7�vrubm]�v|-|�v� bm�ƑƏƐƔ�-m7�
ƑƏƐѵĺ� �� 7;|-bѴ;7� 7;v1ubr|bom� o=� -ѴѴ� |u-b|v� u;1ou7;7� bv� ruo�b7;7� bm�
"�rrѴ;l;m|-u��$-0Ѵ;�ƒĺ

ƑĺƒՊ|Պ��r;ubl;m|��m7;u�1om|uoѴѴ;7�1om7b|bomv

";;7v��;u;� v1-ub=b;7��b|_� v-m7r-r;uķ� vo�m� bm� -� r;-|� vobѴ� bm� ;-uѴ��
�-m�-u��-m7�];ulbm-|;7�bm�-�]u;;m_o�v;�ŐƔƖŦƓƏĽ��ķ�ƐƏŦƓƕĽ��ő�-|�ƐѵŦ��
�b|_� m-|�u-Ѵ� Ѵb]_|� v�rrѴb;7��b|_� -77b|bom-Ѵ�l;|-Ѵ� _-Ѵb7;� Ѵ-lrv� Ő-rŊ
ruo�bl-|;Ѵ�� ƐƏƏŋ�ƐƑƔ�µmol/m2sƴƐ� ��!ő� |o� -� r_o|or;ubo7� o=� ƐƑ� _uĺ�
�=|;u�];ulbm-|bomķ�bm7b�b7�-Ѵ��o�m]�v;;7Ѵbm]v��;u;�|u-mvrѴ-m|;7�bm|o�
ro|v�ŐƑѶ�1l3ő�=bѴѴ;7��b|_�r;-|�vobѴ�-m7�]uo�m��m7;u�|_;�v-l;�1om7bŊ
|bomvĺ�)_;m� |_;� rѴ-m|v��;u;� vb���;;hv� oѴ7ķ� |_;� m�l0;u� o=� Ѵ;-�;v�
-m7�|_;�Ѵ;m]|_�o=�|_;�Ѵom];v|�r;|boѴ;��-v�u;1ou7;7ķ�-m7�|_;�rѴ-m|v�
�;u;�lo�;7�|o�1oѴ7�-11Ѵbl-|bm]�1om7b|bomv�-|�ƒŋ�ƓŦ�ķ�ƐƑ�_u�r_o|oŊ
r;ubo7�-m7�ƐƐƏ�µmol/m2sƴƐ���!ķ�=ou�|�o��;;hvĺ�
ou�7;|;ulbm-|bom�
o=�=u;;�bm]�|oѴ;u-m1;�Ő�$ƔƏĸ�|;lr;u-|�u;�u;t�bu;7�|o�hbѴѴ�ƔƏѷ�o=�|_;�
rѴ-m|vőķ�1oѴ7�-11Ѵbl-|;7�rѴ-m|v��;u;�;�rov;7�|o�=o�u�7b==;u;m|� |;v|�
|;lr;u-|�u;vĺ�"b��rѴ-m|v�o=�;-1_�ror�Ѵ-|bom��;u;�rѴ-1;7� bm�-�ruoŊ
]u-ll;7�=u;;�bm]�1_-l0;u�bmb|b-ѴѴ��v;|�-|�ƑŦ�ĺ�$_;�|;lr;u-|�u;��-v�
=buv|�Ѵo�;u;7�=uol�ƑŦ��|o�ƴƒŦ��-|�Ɛ�Ŧ��_ƴƐ�-m7�h;r|�-|�|_bv�Ѵ;�;Ѵ�=ou�
ƐƑ�_u�|o�;mv�u;�;�;m�=u;;�bm]ķ�-=|;u��_b1_�|_;�|;lr;u-|�u;��-v�Ѵo�Ŋ
;u;7�-]-bm�0��Ɛ�Ŧ��_ƴƐ�7o�m�|o�|_;�|;v|�|;lr;u-|�u;ĸ�ƴѶŦ�ķ�ƴƐƐŦ�ķ�
ƴƐƓŦ��ou�ƴƐƕŦ�ĺ�)_;m� |_;� |;lr;u-|�u;� u;-1_;7� |_;� |;v|� |;lr;uŊ
-|�u;ķ� b|��-v�h;r|� |_;u;� =ou�om;�_o�u�0;=ou;� |_;� |;lr;u-|�u;��-v�
u-bv;7ķ�-]-bm�0��Ɛ�Ŧ��_ƴƐķ��r�|o�Ƒ�Ŧ�ĺ��=|;u�|_-�bm]ķ�|_;�ro|v��;u;�
u;|�um;7�|o�|_;�]u;;m_o�v;�-m7�h;r|�|_;u;�=ou�|_u;;��;;hvķ�0;=ou;�
v�u�b�-Ѵ�o=�;-1_�rѴ-m|��-v�u;1ou7;7ĺ�$_;�;�r;ubl;m|��-v�u;r;-|;7�
|_u;;�|bl;vķ�u;v�Ѵ|bm]�bm�-rruo�bl-|;Ѵ��ƐѶ�rѴ-m|v�r;u�ror�Ѵ-|bom�-m7�
|;v|�|;lr;u-|�u;ĺ�$_;�7-|-�=uol�|_;�|_u;;�;�r;ubl;m|v��;u;�rooѴ;7�
0;=ou;��$ƔƏ��-v�1-Ѵ1�Ѵ-|;7�0��ruo0b|�-m-Ѵ�vbv��vbm]��!����!���$�
bm�"�"�ƖĺƑ�Ő"�"��mv|b|�|;ķ��m1ĺķ��-uķ���ķ�&"�őĺ�
ou�7;|;ulbm-|bom�o=�
|blbm]�o=�u;ruo7�1|b�;�7;�;Ѵorl;m|ķ�Ɩŋ�ƐƏ�momŊ�-11Ѵbl-|;7�v;;7Ѵbm]v�
o=�lov|�ror�Ѵ-|bomv��;u;�|u-mvrѴ-m|;7�bm|o�ƐŊ���ro|v��b|_�r;-|�vobѴ�
Őom;�rѴ-m|�r;u�ro|ő�-m7�h;r|�bm�|_;�]u;;m_o�v;�Ő1om7b|bomv�-v�-0o�;ķ�
0�|�|;lr;u-|�u;�o11-vbom-ѴѴ��;�1;;7bm]�Ɛѵ�Ŧ�ő��m|bѴ�|_;���;u;�-rŊ
ruo�bl-|;Ѵ��ƒ�lom|_v�oѴ7ĺ�$_;�r_o|or;ubo7��-v�|_;m� bm1u;-v;7�|o�
Ƒƒ�_uķ�-m7�|_;�m�l0;u�o=�7-�v��m|bѴ�|_;�0;]bmmbm]�o=�v|;l�;Ѵom]-|bom�
�-v� u;1ou7;7ĺ�"|;l�;Ѵom]-|bom� bv� |_;�;-uѴb;v|� vb]m�o=� u;ruo7�1|b�;�
7;�;Ѵorl;m|� bm� u;7� 1Ѵo�;uķ� -m7��;� 7;=bm;7� 7-�v� |o� ;Ѵom]-|bom� -v�
|_;�m�l0;u�o=�7-�v�-|�Ƒƒ�_u�r_o|or;ubo7��m|bѴ�|_;�Ѵom];v|�bm|;umo7;�
l;-v�u;7�-|�Ѵ;-v|�Ƒ�1lĺ�!;1ou7bm]��-v�7om;�|_u;;�|bl;v�-��;;h��m|bѴ�
Ɣƕ�7-�v�_-7�r-vv;7ĺ

ƑĺƓՊ|Պ	-|-�-m-Ѵ�vbv

(-ub-m1;�1olrom;m|�-m-Ѵ�v;v�o=�|_;�=b;Ѵ7�7-|-��;u;�1om7�1|;7��vbm]�
|_;�u;vb7�-Ѵ�l-�bl�l�Ѵbh;Ѵb_oo7�Ő!���ő�ruo1;7�u;�bm�	;Ѵ|-�;m�-v�
7;v1ub0;7�0���-_�=;u�-m7���o�ŐƑƏƐѶőĺ�$_;�Ѵbm;-u�lb�;7�lo7;Ѵ��v;7�
=ou�-m-Ѵ�vbv��-vĹ

where Yijm�bv�|_;��-Ѵ�;�o=�-�|u-b|�l;-v�u;7�bm�ror�Ѵ-|bom�i�bm�u;rѴb1-|;�
m at location j; M is the overall mean; gi�bv�|_;�u-m7ol�;==;1|�o=�rorŊ
ulation iķ�NŐƏķ�!2

g
őĸ�lj�bv�|_;�=b�;7�;==;1|�o=�Ѵo1-|bom�j; (gl�őij is the random 

;==;1|�o=�|_;�bm|;u-1|bom�0;|�;;m�ror�Ѵ-|bom� i and location jķ�NŐƏķ�!2
gl

őĸ�bjm�bv�|_;�u-m7ol�;==;1|�o=�u;rѴb1-|;�m within location j, NŐƏķ�!2
b
őĸ�-m7�

!ijm� bv� |_;�u;vb7�-Ѵ�;==;1|� =ou�ror�Ѵ-|bom� i� bm� u;rѴb1-|;�m at location j, 
NŐƏķ�!2

ε
őĺ�$_;�v|-|bv|b1-Ѵ�vb]mb=b1-m1;�o=�|_;��-ub-m1;�1olrom;m|v��-v�

=�u|_;u�-vv;vv;7��vbm]�|_;�Ѵbh;Ѵb_oo7�u-|bo�|;v|ĺ��m�;v|bl-|;�o=�;m|u�Ŋ�
mean broad sense heritability (h2

b
ő�Ő
-Ѵ1om;uķ�ƐƖѶƖķ�_;u;-=|;u�u;=;uu;7�|o�

-v�f�v|�_;ub|-0bѴb|�őķ�o=�|_;�1omvb7;u;7�|u-b|vķ��-v�1-Ѵ1�Ѵ-|;7�0��v;Ѵ;1|Ŋ
bm]�|_;�_;ub|-0bѴb|��or|bom�ruo�b7;7�bm�	;Ѵ|-�;m�Ő�-_�=;u�ş���oķ�ƑƏƐѶőķ�
�vbm]�|_;�=oѴѴo�bm]�=oul�Ѵ-Ĺ

where !2
g
ķ�!2

gl
ķ�-m7�!2

ε
�-u;�|_;�ror�Ѵ-|bomķ�ror�Ѵ-|bom�0��Ѵo1-|bom�-m7�

rooѴ;7� ;uuou� �-ub-m1;� 1olrom;m|v� -m7� nl and nb are the number 
o=� Ѵo1-|bomv� -m7� 0Ѵo1hv� r;u� Ѵo1-|bomķ� u;vr;1|b�;Ѵ�ĺ� �;mo|�rb1� 1ouŊ
u;Ѵ-|bomv� �;u;� ;v|bl-|;7� �vbm]� |_;�����(�� or|bom� bm� 	;Ѵ|-�;m�
Ő�-_�=;u� ş� ��oķ� ƑƏƐѶő� �vbm]� -� lo7;Ѵ� �_b1_� bm1Ѵ�7;7� |_;� u-m7ol�
;==;1|v� o=� ror�Ѵ-|bomķ� Ѵo1-|bom� -m7� 0Ѵo1h� �b|_bm� Ѵo1-|bom� =ou� |_;�
1ouu;Ѵ-|bom�-lom]�7b==;u;m|� |u-b|vķ�-m7�|_;�u-m7ol�;==;1|v�o=�rorŊ
�Ѵ-|bom�-m7�0Ѵo1h��b|_bm� Ѵo1-|bom�=ou�|_;�1ouu;Ѵ-|bom�o=�vbm]Ѵ;�|u-b|v�
-lom]� Ѵo1-|bomvĺ�$_;v;�-u;�];mo|�rb1�-m7�mo|�];m;|b1�1ouu;Ѵ-|bomv�
Ő-11ou7bm]� |o�
-Ѵ1om;uķ�ƐƖѶƖő�0;1-�v;�o�u�;�r;ubl;m|-Ѵ�7;vb]m�7b7�
mo|�-ѴѴo��|_;�;v|bl-|bom�o=�|_;�-77b|b�;�];m;|b1�1olrom;m|�o=��-ubŊ
-m1;ĺ��_;mo|�rb1�1ouu;Ѵ-|bomv��;u;�1-Ѵ1�Ѵ-|;7�om�-�;u-];7�7-|-�=uol�
;-1_�ror�Ѵ-|bom�-m7�Ѵo1-|bom��vbm]�|_;�u1ouu�=�m1|bom�Ő�-uu;ѴѴķ�ƑƏƑƏő�
bm� !"|�7bo� �;uvbom� ƐĺƐĺƓѵƒ� Ő!"|�7boĹ� �m|;]u-|;7� 	;�;Ѵorl;m|� =ou�
!ĺ�!"|�7boķ��m1ĺķ��ov|omőĺ

��1-momb1-Ѵ� 1ouu;Ѵ-|bom�-m-Ѵ�vbv� Ő���ő��-v�r;u=oul;7� |o� |;v|�
|_;�-vvo1b-|bom�o=�;-1_�o=�|_;�r_;mo|�rb1�|u-b|v�Őror�Ѵ-|bom�l;-mvő�
u;1ou7;7ķ� �b|_� �-ub-0Ѵ;v� 7;v1ub0bm]� |_;� 1Ѵbl-|;� -|� |_;� 1oѴѴ;1|bom�
vb|;v�o=� |_;�ror�Ѵ-|bomvĺ��mm�-Ѵ�l;-m� |;lr;u-|�u;ķ� |;lr;u-|�u;�
v;-vom-Ѵb|�ķ�l-�bl�l� |;lr;u-|�u;� o=� |_;��-ul;v|�lom|_ķ�lbmbŊ
l�l�|;lr;u-|�u;�o=�|_;�1oѴ7;v|�lom|_ķ�l;-m�|;lr;u-|�u;�bm�|_;�
�-ul;v|�t�-u|;uķ�l;-m�|;lr;u-|�u;�bm�|_;�1oѴ7;v|�t�-u|;uķ�-mm�-Ѵ�
ru;1brb|-|bomķ�ru;1brb|-|bom�v;-vom-Ѵb|�ķ�ru;1brb|-|bom�bm�|_;��-ulŊ
;v|�t�-u|;u�-m7�ru;1brb|-|bom�bm�|_;�1oѴ7;v|�t�-u|;u�-|�|_;�rѴ-1;�o=�
oub]bm�o=�;-1_�o=�|_;�ƓѶ�ror�Ѵ-|bomv�=uol�|_;��ou7�;m�1oѴѴ;1|bom�
�;u;�u;|ub;�;7�=uol�|_;�)ouѴ71Ѵbl�7-|-0-v;�Ő)ouѴ71Ѵblĺou]ő��vbm]�
|_;�7b�-Ŋ�]bv� vo=|�-u;� Ő7b�-Ŋ�]bvĺou]őĺ� �m� -77b|bomķ��;��v;7� Ѵ-|b|�7;�
-m7�-Ѵ|b|�7;�-v�7;v1ubr|ouv�o=� 1Ѵbl-|;��-ub-|bomĺ��Ѵ|b|�7;�-m7�_bvŊ
|oub1-Ѵ�1Ѵbl-|;�7-|-�=ou�|_;�|bl;�r;ubo7�ƐƖƔƏŋ�ƑƏƏƏ��;u;�o0|-bm;7�
with 2.5 arcosin minutes resolution (the highest resolution availŊ
-0Ѵ;��b|_�|_bv�vo=|�-u;őķ�1ouu;vrom7bm]�|o�-m�-u;-�o=�ƓĺƔ���ƓĺƔ�hlĺ�
�ou;� bm=oul-|bom� om� |_;� 1Ѵbl-|b1� �-ub-0Ѵ;v� �v;7� bv� ruo�b7;7� bm�
"�rrѴ;l;m|-u��$-0Ѵ;�Ɠĺ�$_;������-v�r;u=oul;7��vbm]�|_;�=�m1Ŋ
|bom�11-�o=�|_;�!�r-1h-];��;]-m�Ő�hv-m;m�;|�-Ѵĺ�ƑƏƐƖő�bm�!"|�7bo�

Yijm = M + gi + lj + (gl)ij + bjm + !ijm

h2
b
=

!
2
g

!
2
g
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!
2
gl

nl
+

!
2
!

nlnb
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�;uvbom� ƐĺƐĺƓѵƒĺ� $_;� vt�-u;7� 1-momb1-Ѵ� 1ouu;Ѵ-|bom� 1o;==b1b;m|v�
�;u;��v;7�|o�-vv;vv�|_;�ruorou|bom�o=�|_;�|o|-Ѵ��-ub-|bom�;�rѴ-bm;7�
0��;-1_�1-momb1-Ѵ��-ub-0Ѵ;ĺ�$_;�1-momb1-Ѵ��-ub-0Ѵ;�Ѵo-7bm]v�;�ru;vv�
|_;�l-]mb|�7;�o=�;-1_�o=� |_;�oub]bm-Ѵ� |u-b|ŝv� 1ouu;Ѵ-|bom��b|_� |_;�
7;ub�;7�1-momb1-Ѵ�|u-b|��-ub-0Ѵ;vķ�-m7�|_;�oub]bm-Ѵ�1Ѵbl-|;��-ub-0Ѵ;ŝv�
1ouu;Ѵ-|bom� �b|_� |_;� 7;ub�;7� 1-momb1-Ѵ� 1Ѵbl-|;� �-ub-0Ѵ;v� Ő(b1-ubo�
;|�-Ѵĺķ�ƐƖѶƖőĺ

ƒՊ |Պ!�"&�$"

�Ѵlov|�-ѴѴ�rѴ-m|v�;v|-0Ѵbv_;7�v�11;vv=�ѴѴ��-|�-ѴѴ�Ѵo1-|bomvķ�-m7�|_;u;�
�-v�0o|_�-�vb]mb=b1-m|��-ub-|bom�-lom]�ror�Ѵ-|bomvķ�-m7�-�u;Ѵ-|b�;Ѵ��
v|uom]� ror�Ѵ-|bom� 0�� Ѵo1-|bom� bm|;u-1|bom� Ő���ő� om� -�|�lm� v|-|�v�
bm� |_;� ;v|-0Ѵbv_l;m|� �;-u� Ő"�rrѴ;l;m|-u�� $-0Ѵ;� Ɣőĺ� )bm|;u� v�uŊ
�b�-Ѵ� �-ub;7�l-uh;7Ѵ�� 0;|�;;m� Ѵo1-|bomv� -m7� �;-uv� Ő
b]�u;� Ƒ-őĺ� �m�


 ��&!� �ƑՊ�o�rѴo|v�v_o�bm]�|_;�
�-ub-|bom�bm�|u-b|v�-lom]��ou7b1�u;7�
1Ѵo�;u�ror�Ѵ-|bomv�bm1Ѵ�7;7�bm�|_bv�v|�7�ĺ�
Ő�őķ���|�lm�v|-|�vķ�vrubm]�v|-|�vķ��b;Ѵ7�
v1ou;�Ő-ѴѴ�om�-�v1-Ѵ;�=uol�Ɛ�|o�Ɩő�-m7�
�bm|;u�v�u�b�-Ѵ�Ő-v�-�ruorou|bom�=uol�Ə�|o�
Ɛő�u;1ou7;7�-|�=o�u�Ѵo1-|bomvĸ�Ő�őķ�|u-b|v�
recorded during the growing season at the 
|�o�Ѵo1-|bomv��b|_�]oo7��bm|;u�v�u�b�-Ѵķ�
-m7�|_�v�]oo7�u;ru;v;m|-|bom�o=�-ѴѴ�
ror�Ѵ-|bomv�Ő=Ѵo�;ubm]�v1ou;ķ�]uo�|_�|�r;�
-m7��b;Ѵ7�v1ou;�om�-�v1-Ѵ;�=uol�Ɛ�|o�Ɩĸ�=ou�
]uo�|_�|�r;�_b]_;u��-Ѵ�;v�l;-m�lou;�
ruov|u-|;�]uo�|_őĸ�Ő�őķ�|u-b|v�u;1ou7;7�
bm�-m�;�r;ubl;m|��m7;u�1om|uoѴѴ;7�
1om7b|bomvĺ�	-|-��;u;�-�;u-];7�=ou�;-1_�
ror�Ѵ-|bom�rubou�|o�rѴo||bm]ĺ�$_;�0Ѵ�;�7o|v�
1ouu;vrom7�|o�-�;u-];v�o=�|_;�1�Ѵ|b�-uv�
bm1Ѵ�7;7ĺ�$u-b|�7;v1ubr|bomv�-u;�]b�;m�bm�
"�rrѴ;l;m|-u��$-0Ѵ;�ƒĺ���ķ��ohbobm;mĸ�
�!ķ��our-ĸ���ķ��ph;mĸ���ķ��࢜mm࢜v�Œ�oѴo�u�
=b]�u;�1-m�0;��b;�;7�-|��bѴ;�omѴbm;Ѵb0u-u�ĺ
1olœ

(c)

(a)

(b)
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|_;�vrubm]�o=�ƑƏƐƔķ�-��;u��]oo7�v�u�b�-Ѵ��-v�o0v;u�;7�-|��ohbobm;m�
-m7� �࢜mm࢜v� Ő-m� -�;u-];� o=� -ѴѴ� ror�Ѵ-|bomv� o=� ƖѶѷŋ�ƖƖѷőķ� �_bѴ;� b|�
�-v�Ѵo�;u�-|��our-�ŐѶƏѷő�-m7��ph;m�ŐƓƖѷőĺ�	�ubm]�|_;�m;�|��bm|;uķ�
|_;�v�u�b�-Ѵ� u-|;�-lom]�|_;�u;l-bmbm]�rѴ-m|v��-v�_b]_;u�-|��ph;m�
ŐѶѵѷő�-m7��our-�ŐƖѵѷőķ��_bѴ;�b|��-v�Ѵo��-|��ohbobm;m�ŐƓƓѷő�-m7�-ѴŊ
lov|� �;uo� -|� �࢜mm࢜vĺ� $_;u;��-v� vb]mb=b1-m|� ���� =ou� vrubm]� v|-|�v�
-m7��bm|;u� v�u�b�-Ѵ� bm� ƑƏƐƔķ� -m7� mo� vb]mb=b1-m|� �-ub-m1;� 0;|�;;m�
ror�Ѵ-|bomv�=ou�|_;v;�|u-b|v�Ő"�rrѴ;l;m|-u��$-0Ѵ;�Ɣőĺ�
ou�|_;��b;Ѵ7�
v1ou;�-|�|_;�=buv|�1�|�bm�ƑƏƐƔķ�|_;u;��-v�vb]mb=b1-m|��-ub-|bom�-lom]�
ror�Ѵ-|bomv�-m7�vb]mb=b1-m|����ĺ�$_;�_;ub|-0bѴb|��=ou��b;Ѵ7�v1ou;�-m7�
-�|�lm�v|-|�v��-v�ƏĺƓƔ�-m7�ƏĺƔƑķ�u;vr;1|b�;Ѵ�ĺ��;mo|�rb1�1ouu;Ѵ-Ŋ
|bomv� 0;|�;;m� |u-b|� �-Ѵ�;v� -|� |_;� 7b==;u;m|� Ѵo1-|bomv� v_o�;7� |_-|�
|_;������-v�Ѵ-u];Ѵ��7�;�|o�7b==;u;m|�u;vromv;v�o=�|_;�ror�Ѵ-|bomv�
|o�|_;�]uo�bm]�1om7b|bomv�-|��our-�1olr-u;7�|o�|_;�o|_;u�Ѵo1-|bomvķ�
-v��;ѴѴ�-v�7b==;u;m|� u;vromv;v� |o� |_;��bm|;uv�-|��our-ķ��ph;m�-m7�
�ohbobm;mņ�࢜mm࢜v�Ő$-0Ѵ;�Ɛőĺ�$_;�7b==;u;m|�0;_-�bo�u�o=�ror�Ѵ-|bomv�
-|��our-��-v�-Ѵvo�;�b7;m|�=uol�|_;�=-1|�|_-|�|_;�ruorou|bom�o=�rѴ-m|v�
|_-|� =Ѵo�;u;7� 7�ubm]� |_;� ƑƏƐƔ� ]uo�bm]� v;-vom� �-v� 1omvb7;u-0Ѵ��
Ѵo�;u�ŐƒƔѷő�|_-m�-|�|_;�o|_;u�Ѵo1-|bomvķ��_;u;�-ѴѴ�rѴ-m|v�=Ѵo�;u;7ĺ

ƒĺƐՊ|Պ$u-b|v�;�ru;vv;7�7�ubm]�|_;�]uo�bm]�v;-vom

	�;�|o��bm|;u�lou|-Ѵb|��-m7�v�0v;t�;m|�lbvvbm]�7-|-ķ��;�0-v;7�=�uŊ
|_;u�-m-Ѵ�vbv�o=�|u-b|v�;�ru;vv;7�7�ubm]�|_;�]uo�bm]�v;-vom�om�7-|-�
1oѴѴ;1|;7�-=|;u�|_;�momŊ�v;Ѵ;1|b�;��bm|;uv�-|��ohbobm;m�-m7��࢜mm࢜v�bm�
ƑƏƐƔķ�bm�-77b|bom�|o�-�|�lm�v|-|�v�-|�|_ov;�Ѵo1-|bomv�bm�ƑƏƐƓĺ�$_;u;�
�-v�vb]mb=b1-m|�����=ou�-ѴѴ�|u-b|v�;�1;r|�]uo�|_�|�r;ķ�0�|�|_;��-ub-m1;�
0;|�;;m�ror�Ѵ-|bomv��-v�1omvb7;u-0Ѵ��Ѵ-u];u�|_-m�����=ou�-ѴѴ�|u-b|v�
;�1;r|�-�|�lm�-m7�vrubm]�v|-|�v� Ő"�rrѴ;l;m|-u��$-0Ѵ;�ѵķ�v;;�-Ѵvo�

b]�u;�Ƒ0őĺ�$_;�_b]_;v|�;m|u�Ŋ�l;-m�0uo-7�v;mv;�_;ub|-0bѴb|b;v��;u;�
;v|bl-|;7�=ou�v|;l�Ѵ;m]|_ķ�]uo�|_�|�r;�-m7�=Ѵo�;ubm]�7-|;�Ő$-0Ѵ;�Ƒőĺ�
$_;� ];mo|�rb1� 1ouu;Ѵ-|bomv� 0;|�;;m� |_;� 7b==;u;m|� |u-b|v� �;u;� -ѴѴ�
lo7;u-|;Ѵ��_b]_�|o�_b]_ķ��b|_�-0voѴ�|;�1ouu;Ѵ-|bom�1o;==b1b;m|v�u-m]Ŋ
bm]�=uol�Əĺƕѵ�|o�ƏĺƖƕ�Ő$-0Ѵ;�Ƒőĺ��u;1|�]uo�|_�_-0b|�-m7�Ѵ-|;�=Ѵo�;uŊ
bm]��;u;�-vvo1b-|;7��b|_�_b]_��-Ѵ�;v�=ou�-ѴѴ�]uo�|_�-m7�vb�;Ŋ�u;Ѵ-|;7�
|u-b|vĺ�$_;v;�|u-b|v��;u;�-Ѵvo�rovb|b�;Ѵ��1ouu;Ѵ-|;7��b|_�r;|boѴ;�Ѵ;m]|_�
(e.g. r =�ƏĺѶƏ�=ou��b;Ѵ7�v1ou;őķ�-m7�vol;�_-|�m;]-|b�;Ѵ��1ouu;Ѵ-|;7�
�b|_�m�l0;u�o=�Ѵ;-�;vķ�u;1ou7;7�bm�|_;�;�r;ubl;m|��m7;u�1om|uoѴѴ;7�
1om7b|bomv�Ő"�rrѴ;l;m|-u��$-0Ѵ;�ƕőĺ��o|-0Ѵ�ķ�|_;�m�l0;u�o=�7-�v�|o�
;Ѵom]-|bom�u;1ou7;7�bm�|_;�;�r;ubl;m|��m7;u�1om|uoѴѴ;7�1om7b|bomv�
�-v�mo|�vb]mb=b1-m|Ѵ��1ouu;Ѵ-|;7��b|_�=Ѵo�;ubm]�7-|;�bm�|_;�=b;Ѵ7ĺ

)bѴ7ņv;lbŊ��bѴ7�ror�Ѵ-|bomv�_-7�-�lou;�ruov|u-|;�]uo�|_�|�r;ķ�
;-uѴb;u� =Ѵo�;ubm]� -m7� ];m;u-ѴѴ�� vl-ѴѴ;u� rѴ-m|� vb�;� om� -�;u-];� |_-m�
Ѵ-m7u-1;v�-m7�1�Ѵ|b�-uvķ� -m7�1�Ѵ|b�-uv�7b7�mo|�o�|r;u=oul� |_;�0;v|�
Ѵ-m7u-1;v�bm��b;Ѵ7�v1ou;�Ő$-0Ѵ;�ƒķ�
b]�u;�Ƒ0őĺ

ƒĺƑՊ|Պ)bm|;u�v�u�b�-Ѵ�-m7�vrubm]�v|-|�v�-=|;u�
v;Ѵ;1|b�;��bm|;uv

$o�=o1�v�om� bm=oul-|b�;�7-|-�v;|vķ�-m7�-�ob7�l-m��lbvvbm]��-Ѵ�;vķ�
-m-Ѵ�vbv�o=��-ub-|bom�bm��bm|;u�v�u�b�-Ѵ��-v�0-v;7�om�|_;�=buv|�v;Ѵ;1Ŋ
|b�;��bm|;u� -|��our-ķ� �ph;m� -m7� �ohbobm;m� ŐƑƏƐƔķ� ƑƏƐƔ� -m7�ƑƏƐѵķ�
u;vr;1|b�;Ѵ�őĺ�)bm|;u� v�u�b�-Ѵ�-m7�vrubm]�v|-|�v��;u;�v|uom]Ѵ��1ouŊ
related within all three data sets (r =�ƏĺƖƔŋ�ƏĺƖѶőĺ��;ub|-0bѴb|��=ou��bmŊ
|;u�v�u�b�-Ѵ�-m7�vrubm]�v|-|�v��-v��;u��Ѵo��Ő"�rrѴ;l;m|-u��$-0Ѵ;�Ѷőĺ�
)_bѴ;�|_;u;��-v�-�lo7;u-|;�];mo|�rb1�1ouu;Ѵ-|bom�0;|�;;m��bm|;u�
v�u�b�-Ѵ�-|��ph;m�-m7��ohbobm;m�Őu�=�ƏĺƔƔőķ��bm|;u�v�u�b�-Ѵ�-|��our-�

$���� �ƐՊ�;mo|�rb1�1ouu;Ѵ-|bom�1o;==b1b;m|v�Őp <�ĺƏƔő�=ou�-�|�lm�
v|-|�vķ�vrubm]�v|-|�v�-m7��b;Ѵ7�v1ou;�bm�ƑƏƐƓŋ�ƑƏƐƔ�u;1ou7;7�bm�
vbm]Ѵ;�rѴ-m|�|ub-Ѵv��b|_�ƔƐ��ou7b1�u;7�1Ѵo�;u�ror�Ѵ-|bomv�-|�=o�u�|;v|�
Ѵo1-|bomvĺ�";;�"�rrѴ;l;m|-u��$-0Ѵ;�ƒ�=ou�-�7;v1ubr|bom�o=�|_;�|u-b|v

Autumn status 2014 Jokioinen vࢵmmࢵ� Løken

vࢵmmࢵ� 0.70 Ŋ�

�ph;m 0.60 0.67 Ŋ�

�our- 0.22 0.01 0.18

Spring status 2015 Jokioinen vࢵmmࢵ� Løken

vࢵmmࢵ� =0.64 Ŋ�

�ph;m ƴ�ƏĺƐƒ ƴƏĺƓƓ Ŋ�

�our- 0.20 0.39 0.14

 Yield Score 2015 Jokioinen vࢵmmࢵ� Løken

vࢵmmࢵ� 0.80 Ŋ�

�ph;m 0.11 ƴƏĺƑƔ Ŋ�

�our- ƴ�ƏĺƏƓ ƴ�ƏĺƏƐ 0.43

$���� �ƑՊ�;mo|�rb1�1ouu;Ѵ-|bom�1o;==b1b;m|v�Őp <�ĺƏƔő�-m7�;m|u�Ŋ�l;-m�0uo-7�v;mv;�_;ub|-0bѴb|��;v|bl-|;v�Őp <�ĺƏƔő�=ou�|_;�|u-b|v�;�ru;vv;7�
7�ubm]�|_;�]uo�bm]�v;-vom�bm�vbm]Ѵ;�rѴ-m|�|ub-Ѵv��b|_�ƔƐ��ou7b1�u;7�1Ѵo�;u�ror�Ѵ-|bomv�-|�|_;�|�o�|;v|�Ѵo1-|bomv�|_-|��;u;�mo|�-==;1|;7�0��
�bm|;u�lou|-Ѵb|��7�ubm]�|_;�=buv|��bm|;u�Ő�ohbobm;m�-m7��࢜mm࢜vőĺ�";;�"�rrѴ;l;m|-u��$-0Ѵ;�ƒ�=ou�-�7;v1ubr|bom�o=�|_;�|u-b|v

Autumn 
status

Spring 
status


Ѵo�;ubm]�
date


Ѵo�;ubm]�
score

�uo�|_�
|�r; Leaf area

Stem 
length Yield score

"rubm]�v|-|�v 0.92 Ŋ�


Ѵo�;ubm]�7-|; 0.84 0.76 Ŋ�


Ѵo�;ubm]�v1ou; 0.83 0.86 0.89 Ŋ�

�uo�|_�|�r; ƴƏĺƖѵ ƴƏĺѶѶ ƴƏĺѶѶ ƴƏĺѶƒ Ŋ�

�;-=�-u;- 0.96 0.89 0.88 0.79 ƴƏĺƖѵ Ŋ�

Stem length 0.91 0.87 0.96 0.93 ƴƏĺƖƔ 0.92 Ŋ�

+b;Ѵ7�v1ou; 0.90 0.90 0.90 0.95 ƴƏĺƖƑ 0.90 0.97 Ŋ�

h2
b

0.45 ± 0.10 0.47 ± 0.08 0.89 ± 0.02 0.69 ± 0.06 0.89 ± 0.02 0.65 ± 0.06 0.94 ± 0.01 0.75 ± 0.05
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_-7� -� �;-h� m;]-|b�;� ];mo|�rb1� 1ouu;Ѵ-|bom� �b|_� �bm|;u� v�u�b�-Ѵ�
at the two other locations (r =� ƴƏĺƒѶ� -m7� ƴƏĺƑƒķ� "�rrѴ;l;m|-u��
$-0Ѵ;�Ѷőĺ�"blbѴ-uѴ�ķ�=u;;�bm]�|oѴ;u-m1;�Őbĺ;ĺ� Ѵo���$ƔƏ��-Ѵ�;ő��-v�omѴ��
r-u|Ѵ��1ouu;Ѵ-|;7��b|_��bm|;u�v�u�b�-Ѵ�-|��ohbobm;m�bm�ƑƏƐѵ�Őr_;moŊ
|�rb1ķ�u�=�ƴƏĺƓƖőķ�-m7�mo|��b|_��bm|;u�v�u�b�-Ѵ�-|��ph;m�ou��our-�bm�
ƑƏƐƔ�Ő"�rrѴ;l;m|-u��$-0Ѵ;�ƕőĺ

)bѴ7ņv;lbŊ��bѴ7�ror�Ѵ-|bomv�_-7�vb]mb=b1-m|Ѵ��0;||;u��bm|;u� v�uŊ
�b�-Ѵ�-|��ohbobm;m�|_-m�Ѵ-m7u-1;vķ��_bѴ;�1�Ѵ|b�-uv��;u;�bm|;ul;7b-|;ĺ�
$_;u;��;u;�mo�vb]mb=b1-m|�7b==;u;m1;v�0;|�;;m�ror�Ѵ-|bom�|�r;v�bm�
�bm|;u�v�u�b�-Ѵ�-|��ph;m�ou��our-�ou�bm�=u;;�bm]�|oѴ;u-m1;�Ő$-0Ѵ;�ƒőĺ�
�o�;�;uķ�|_;�u-m];�bm�ror�Ѵ-|bom�-�;u-];v�o=�|_;v;�|u-b|v��-v�Ѵ-u];ķ�
-m7�1�Ѵ|b�-uv��;u;�-lom]�|_;�roou;v|�ƔƏѷ�Ő
b]�u;�Ƒ0ķ�Ƒ1őĺ

ƒĺƒՊ|Պ!;Ѵ-|bomv_brv�0;|�;;m��bm|;u�
v�u�b�-Ѵ�-m7�|u-b|v�;�ru;vv;7�7�ubm]�|_;�]uo�bm]�
v;-vom�-m7�0;|�;;m�|u-b|v�-m7�|_;�;m�buoml;m|�-|�|_;�
collection sites

$_;� ���� o=� |_;� r_;mo|�rb1� |u-b|v� -m7� |_;� 1Ѵbl-|b1� �-ub-0Ѵ;v� u;Ŋ
v�Ѵ|;7� bm�|�o�vb]mb=b1-m|�1-momb1-Ѵ�1ouu;Ѵ-|bomv��b|_�!2Ŋ��-Ѵ�;v�o=�
0.83 (p <�ĺƏƏƒő�-m7�ƏĺƕƖ�Őp <�ĺƏƔőķ�u;vr;1|b�;Ѵ�ĺ�$_;�=buv|�1-momb1-Ѵ�
�-ub-0Ѵ;�=ou�|_;�r_;mo|�rb1�7-|-�v;|�_-7�|_;�v|uom];v|�1ouu;Ѵ-|bom�
�b|_�r;|boѴ;�Ѵ;m]|_�u;1ou7;7��m7;u�1om|uoѴѴ;7�1om7b|bomv�Ő$-0Ѵ;�Ɠőĺ�


Ѵo�;ubm]� |bl;ķ� =b;Ѵ7� |u-b|v� u;Ѵ-|;7� |o� rѴ-m|� vb�;� Ő;�1;r|� -�|�lm�
v|-|�v�-|��our-ő�-m7��$ƔƏ��;u;�lo7;u-|;Ѵ��1ouu;Ѵ-|;7�|o�0o|_�1-Ŋ
momb1-Ѵ��-ub-0Ѵ;vķ�0�|�lou;�vo�|o�|_;�=buv|�|_-m�|o�|_;�v;1om7ĺ�$_;�
m�l0;u�o=�Ѵ;-�;v�-m7�7-�v�|o�;Ѵom]-|bom��m7;u�1om|uoѴѴ;7�1om7bŊ
|bomvķ� -v��;ѴѴ� -v��bm|;u� v�u�b�-Ѵ� -|� -ѴѴ� Ѵo1-|bomvķ��;u;�lou;� 1ouŊ
u;Ѵ-|;7��b|_�|_;�v;1om7�1-momb1-Ѵ��-ub-0Ѵ;�|_-m��b|_�|_;�=buv|ĺ�
ou�
|_;�1Ѵbl-|;�7-|-� v;|ķ� |_;� =buv|� 1-momb1-Ѵ��-ub-0Ѵ;�_-7� |_;�_b]_;v|�
1ouu;Ѵ-|bomv� �b|_� |;lr;u-|�u;� -m7� ru;1brb|-|bom� 7�ubm]� v�ll;uĺ�
$_bv��-ub-0Ѵ;�l-��r-u|Ѵ��0;�;�rѴ-bm;7�0��|_;�7b==;u;m1;�0;|�;;m�
�bѴ7�ror�Ѵ-|bomv�ŐѴ-u];Ѵ��=uol��ou�-�ő�-m7�Ѵ-m7u-1;v�ŐѴ-u];Ѵ��=uol�

bmѴ-m7ő�Ő
b]�u;�Ɛķ�"�rrѴ;l;m|-u��$-0Ѵ;�Ɛőĺ�$_�vķ�1omvb7;ubm]�|_;�
vb]m� o=� |_;� 1o;==b1b;m|vķ� ror�Ѵ-|bomv� =uol� Ѵo1-|bomv� �b|_� �-ul�
v�ll;uv�-m7�Ѵo��ru;1brb|-|bom�|;m7;7�|o�_-�;�Ѵom]�r;|boѴ;vķ�-m7�
|o� vol;� ;�|;m|� o|_;u� |u-b|v� u;Ѵ-|;7� |o� Ѵ-u];� rѴ-m|� vb�;� Ő-m7� �b1;�
�;uv-őĺ�$_;� v;1om7�1-momb1-Ѵ� �-ub-0Ѵ;�_-7� |_;� v|uom];v|� 1ouu;Ѵ-Ŋ
|bomv��b|_�l;-m�-mm�-Ѵ�|;lr;u-|�u;�-m7�|;lr;u-|�u;�7�ubm]��bmŊ
|;uĺ�$_�vķ�ror�Ѵ-|bomv�oub]bm-|bm]�=uol�Ѵo1-|bomv��b|_� Ѵo��-mm�-Ѵ�
|;lr;u-|�u;v� -m7� bm� r-u|b1�Ѵ-u� 1oѴ7��bm|;u� |;lr;u-|�u;v� |;m7;7�
|o�_-�;�l-m��Ѵ;-�;vķ�Ѵ-|;�v|;l�;Ѵom]-|bom�Őruo0-0Ѵ��7�;�|o�-�=-1Ŋ
�Ѵ|-|b�;� �;um-Ѵb�-|bom� u;t�bu;l;m|ĸ� v;;� 	bv1�vvbomőķ� ]oo7��bm|;u�
v�u�b�-Ѵ�-|��ph;m�-m7��ohbobm;mķ�0�|�Ѵo���bm|;u�v�u�b�-Ѵ�-|��our-ĺ�
�m|;u;v|bm]Ѵ�ķ�|_;�1ouu;Ѵ-|bomv�o=�-�|�lm�v|-|�v�-m7��bm|;u�v�u�b�-Ѵ�
-|� �our-� _-7� |_;� orrovb|;� vb]m� 1olr-u;7� |o� |_ov;� o=� |_;� v-l;�
|u-b|v�-|�|_;�o|_;u�|�o�Ѵo1-|bomvķ�=ou�0o|_�1-momb1-Ѵ��-ub-0Ѵ;vĺ��|�bv�

$���� �ƒՊ�m-Ѵ�vbv�o=��-ub-m1;�|o�-vv;vv�|_;�7b==;u;m1;�0;|�;;m�ror�Ѵ-|bom�|�r;v�o=�|_;��ou7b1�u;7�1Ѵo�;u�ror�Ѵ-|bomv��v;7�bm�|_;�=b;Ѵ7�
trials (Aő�-m7�bm�|_;�1om|uoѴѴ;7�;�r;ubl;m|�ŐBőĺ��uo�r�l;-mv�=oѴѴo�;7�0��7b==;u;m|�Ѵ;||;uv�-u;�vb]mb=b1-m|Ѵ��7b==;u;m|�=oѴѴo�bm]�|_;�$�h;�ŝv�|;v|�
=ou�l�Ѵ|brѴ;�]uo�rv�1olr-ubvomv

A

Trait Cultivars (n = 3)
Landraces
(n = 19)

Wild
(n = 29) P- value

Autumn status ƓĺƔƕ̿ ƓĺƐƏ̿ ƒĺƓƖৼ ***

"rubm]�v|-|�v�ƐƔ ƓĺƕƔ�̿ ƓĺƑƏ̿ ƒĺѶƐৼ **


Ѵo�;ubm]�7-|; ƓѵĺƖƑ̿ ƓƒĺƐƖ̿ ƒƑĺƓƕৼ ***


Ѵo�;ubm]�v1ou; ƕĺѵƖ̿ ƕĺƐƒ̿ ѵĺƒƒৼ **

�uo�|_�|�r; ƔĺƑƔ̿ ѵĺƐѵ̿ ƕĺƔѵৼ ***

�;-=�-u;- ƕĺƖѶ̿ ѵĺѵƑ̿ ƔĺƏƏৼ ***

Stem length ƖƓĺƓƏ̿ ѶƓĺƐƏ̿ ѵƑĺƐƏৼ **

+b;Ѵ7�v1ou; ѵĺƔƏ̿ ƔĺƖƏ̿ ƓĺѶƐৼ ***

)bm|;u�v�u�b�-Ѵ��our-�ƑƏƐƔ 0.77 0.84 0.78 �"

)bm|;u�v�u�b�-Ѵ��ph;m�ƑƏƐƔ 0.40 0.45 0.52 �"

)bm|;u�v�u�b�-Ѵ��ohbobm;m�ƑƏƐѵ ƏĺƒƑ̿ৼ ƏĺƑƔ̿ ƏĺƔƕৼ ***

B

Trait
Cultivars
(n = 6) Landraces (n = 19)

Wild
(n = 29) P- value

Days to elongation 30.58 26.51 27.08 �"

��l0;u�o=�Ѵ;-�;v 5.83 6.01 6.14 �"

�;|boѴ;�Ѵ;m]|_ ѵĺƐƖ̿ Ɣĺѵƕ̿ ƓĺƖƑৼ ***


u;;�bm]�|oѴ;u-m1; ƴƐƏĺƏѵ ƴƐƏĺƓѶ ƴƐƏĺƖѶ �"

Ŗķ�p <�ĺƏƔĸ�ŖŖķ�p <�ĺƏƐĸ�ŖŖŖķ�p <�ĺƏƏƐĸ��"ķ�mo|�vb]mb=b1-m|
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-Ѵvo�mo|-0Ѵ;�|_-|��_bѴ;��bm|;u�v�u�b�-Ѵ�-|��ohbobm;m��-v�|o�vol;�
;�|;m|�1ouu;Ѵ-|;7��b|_�0o|_�1-momb1-Ѵ��-ub-0Ѵ;vķ��bm|;u�v�u�b�-Ѵ�-|�
�ph;m��-v�omѴ�� 1ouu;Ѵ-|;7� |o� |_;� v;1om7��-ub-0Ѵ;ĺ�$_;v;� u;v�Ѵ|v�
-u;�bm�-]u;;l;m|��b|_�|_;�v|uom]�����o0v;u�;7�=ou��bm|;u�v�u�b�-Ѵ�
-m7�-u;�v�rrou|;7�0��|_;��-ub-|bom�bm�1ouu;Ѵ-|bomv�0;|�;;m��bm|;u�
v�u�b�-Ѵ�bm�|_;�7b==;u;m|�Ѵo1-|bomv�-m7�o|_;u�|u-b|v�Ő"�rrѴ;l;m|-u��
$-0Ѵ;�ƕ�-m7�"�rrѴ;l;m|-u��$-0Ѵ;�Ѷőĺ

ƓՊ |Պ	�"�&""���

ƓĺƐՊ|Պ$u-b|v�;�ru;vv;7�7�ubm]�|_;�]uo�bm]�v;-vom

�ovb|b�;�1ouu;Ѵ-|bomv�0;|�;;m�;u;1|�]uo�|_ķ�rѴ-m|�vb�;ķ�v|;l�Ѵ;m]|_�
-m7�Ѵ;-=�vb�;�_-�;�-Ѵvo�0;;m�=o�m7�bm��;u��7b�;uv;�l-|;ub-Ѵ�o=�u;7�1Ѵo�;u�
=uol�7b==;u;m|�r-u|v�o=�|_;��ouѴ7�Ő�mmb11_b-ub1o�ş��-]mo||-ķ�ƑƏƐƑĸ�
�u;;m;�;|�-Ѵĺķ�ƑƏƏƓĸ��;uul-mm�;|�-Ѵĺķ�ƑƏƏѶĸ��-]mo||-�;|�-Ѵĺķ�ƑƏƐƐĸ�
!ovvo�ş��-]-moķ�ƑƏƏƔĸ�"oѴ0;u]�;|�-Ѵĺķ�ƑƏƐƔĸ�$�1-h�;|�-Ѵĺķ�ƑƏƐƒőĺ� �m�
|_;v;�v|�7b;vķ�;u;1|�]uo�|_�_-0b|�-m7�Ѵ-u];�rѴ-m|v�-u;�vol;|bl;v�-vŊ
vo1b-|;7��b|_�;-uѴ��=Ѵo�;ubm]ķ�vol;|bl;v��b|_�Ѵ-|;�=Ѵo�;ubm]ķ�ruo0Ŋ
-0Ѵ��7;r;m7bm]�om�0o|_�|_;�oub]bm�o=�|_;�l-|;ub-Ѵķ�-m7�|_;�1om7b|bomv�
at the test site.

�m|;u;v|bm]Ѵ�ķ� |_;� m�l0;u� o=� 7-�v� |o� v|;l� ;Ѵom]-|bom� bm� |_;�
1om|uoѴѴ;7�;�r;ubl;m|��-v�mo|�1ouu;Ѵ-|;7��b|_� =Ѵo�;ubm]� |bl;� bm�

|_;� =b;Ѵ7ĺ� !;7� 1Ѵo�;u� =Ѵo�;uv� bm� u;vromv;� |o� Ѵom]� r_o|or;ubo7v�
-m7� bm1u;-vbm]� |;lr;u-|�u;vĸ� |_;� =buv|� �bvb0Ѵ;� vb]m� o=� u;ruo7�1Ŋ
|b�;� 7;�;Ѵorl;m|� bv� |_;� bmb|b-|bom� o=� v|;l� ;Ѵom]-|bomĺ� $_;� r_oŊ
|or;ubo7� u;t�bu;l;m|� =ou� �ou7b1� u;7� 1Ѵo�;u� bv� -uo�m7� Ɛѵŋ�ƐѶ� _u�
Ő��mm-mķ�ƐƖѶƖĸ�(-m�	o00;mķ�ƐƖѵƓőĺ�$_;u;�bv�Ѵb||Ѵ;�u;t�bu;l;m|�=ou�
�;um-Ѵb�-|bom� bm� u;7� 1Ѵo�;uķ� 0�|� bm� vol;� ror�Ѵ-|bomv� =Ѵo�;ubm]� bv�
v|bl�Ѵ-|;7�0��-�1oѴ7�|u;-|l;m|�Ő
;f;uķ�ƐƖѵƏĸ�(-m�	o00;mķ�ƐƖѵƓőĺ��m�
-�ru;�bo�v�v|�7��o=��;um-Ѵb�;7�rѴ-m|v�o=�|_u;;��ou�;]b-m�1�Ѵ|b�-uvķ�
b|��-v�=o�m7�|_-|�|_;�|;lr;u-|�u;�u;t�bu;l;m|�=ou�omv;|�o=�v|;l�
;Ѵom]-|bom��-v� v-|�u-|;7� 0;|�;;m� ƐƏ� -m7� ƐƓŦ�ķ��_bѴ;� |_;� |;lŊ
r;u-|�u;� u;t�bu;l;m|� o=� =Ѵo�;u� 0�7� bmb|b-|bom��-v� _b]_;u� Ő�u]om�
;|�-Ѵĺķ�ƑƏƐѵőĺ�	-�v�|o�;Ѵom]-|bom�bm�o�u�1om|uoѴѴ;7�;�r;ubl;m|��-v�
l;-v�u;7� -|� ƐѵŦ�� -m7� Ƒƒ� _u� r_o|or;ubo7ĺ� $_;v;� 1om7b|bomv� -u;�
Ѵbh;Ѵ��|o�_-�;�0;;m�v-|�u-|bm]�=ou�|_;�v|bl�Ѵ-|bom�o=�;Ѵom]-|bomĺ��|�
|_;u;=ou;�-rr;-uv�|_-|�|_;��-ub-|bom�bm�|blbm]�o=�v|;l�;Ѵom]-|bom�
u;=Ѵ;1|v�;b|_;u��-ub-|bom�bm�-�=-1�Ѵ|-|b�;��;um-Ѵb�-|bom�u;t�bu;l;m|�
Ő-v� |_;� rѴ-m|v� �;u;� mo|� �;um-Ѵb�;7őķ� ou� �-ub-|bom� bm� Ѵovv� o=� f��;Ŋ
mbѴb|�ĺ�(-ub-|bom�bm�=Ѵo�;ubm]�7-|;�bm�|_;�=b;Ѵ7�|ub-Ѵv� bm�ƑƏƐƔ�ŐoѴ7;u�
-m7��;um-Ѵb�;7�rѴ-m|vő�ruo0-0Ѵ�� u;=Ѵ;1|v��-ub-|bom� bm�r_o|or;ubo7�
-m7�|;lr;u-|�u;�u;vromv;vķ�1om|uoѴѴ;7�0��o|_;u�];m;vĺ��b�;m�|_;�
�;-h� u;t�bu;l;m|� =ou��;um-Ѵb�-|bom� bm� u;7�1Ѵo�;uķ� -ѴѴ�rѴ-m|v��;u;�
ruo0-0Ѵ��=�ѴѴ���;um-Ѵb�;7�-|�-ѴѴ�Ѵo1-|bomvĺ�	;vrb|;�|_bvķ�-�Ѵ-u];�ruoŊ
rou|bom� o=� rѴ-m|v� 7b7� mo|� =Ѵo�;u� -|� �our-� bm� ƑƏƐƔĺ� �our-� bv� |_;�
lov|��ou|_;um�Ѵo1-|bom��b|_�|_;�Ѵom];v|�r_o|or;ubo7�bm�v�ll;uķ�

$���� �ƓՊ�-momb1-Ѵ�1ouu;Ѵ-|bom�-m-Ѵ�vbv�o=�r_;mo|�rb1�|u-b|v�-m7�1Ѵbl-|b1�1om7b|bomv�-|�|_;�1oѴѴ;1|bom�vb|;�o=�ƓѶ��ou7b1��bѴ7ķ�v;lbŊ��bѴ7�
ou�Ѵ-m7u-1;�u;7�1Ѵo�;u�ror�Ѵ-|bomvĺ�$_;�1ouu;Ѵ-|bomv�0;|�;;m�;-1_�r_;mo|�rb1�|u-b|�-m7�1Ѵbl-|;��-ub-0Ѵ;�-m7�|_;bu�u;vr;1|b�;�=buv|�|�o�
1-momb1-Ѵ��-ub-0Ѵ;v�Ő�-m�Ɛ�-m7��-m�Ƒőĺ��_;mo|�rb1�|u-b|v�u;1ou7;7�bm�-m�;�r;ubl;m|��m7;u�1om|uoѴѴ;7�1om7b|bomv��;u;�bm1Ѵ�7;7ķ�|o];|_;u��b|_�
|u-b|v�u;1ou7;7�bm�=b;Ѵ7�|ub-Ѵv�-|�=o�u�Ѵo1-|bomvĺ�";;�"�rrѴ;l;m|-u��$-0Ѵ;�ƒ�=ou�-�7;v1ubr|bom�o=�|_;�|u-b|v�-m7�"�rrѴ;l;m|-u��$-0Ѵ;�Ɠ�=ou�-�
7;v1ubr|bom�o=�1Ѵbl-|;��-ub-0Ѵ;vĺ�)_;m�Ѵo1-|bom�bv�mo|�bm7b1-|;7ķ�=b;Ѵ7�|u-b|v�-u;�-�;u-];v�o=�7-|-�u;1ou7;7�0;=ou;�-m7�-=|;u�|_;�momŊ�v;Ѵ;1|b�;�
�bm|;u�-|��ohbobm;m�-m7ࢵ��mmࢵv�bm�ƑƏƐƓŋ�ƑƏƐƔĺ��ouu;Ѵ-|bomv�bm�0oѴ7�-u;�-|�Ѵ;-v|�|�b1;�-v�v|uom]�=ou�|_;�bm7b1-|;7�1-momb1-Ѵ��-ub-0Ѵ;�|_-m�=ou�
the other

�_;mo|�r; Climate

Original variable Can 1 Can 2 Original variable Can 1 Can 2

Autumn status ƴƏĺѵƓ 0.34 Altitude 0.40 ƴƏĺƔƏ

��|�lm�v|-|�v��our- 0.18 ƴƏĺƐѶ �-|b|�7; 0.22 ƴƏĺƒƓ

��|�lm�v|-|�v��ph;m ƴƏĺѵƐ 0.32 �;-m�-mm�-Ѵ�|;lrĺ ƴƏĺƐƖ 0.62


Ѵo�;ubm]�7-|; ƴƏĺѵѶ 0.46 $;lrĺ�v;-vom-Ѵb|� ƴƏĺƒƔ ƴƏĺƒƏ


Ѵo�;ubm]�v1ou; ƴƏĺƔƑ 0.35 �-�ĺ�|;lrĺ��-ul;v|�lom|_ ƴƏĺƕƒ 0.28

�uo�|_�|�r; 0.59 ƴƏĺƔƏ �bmĺ�|;lrĺ�1oѴ7;v|�lom|_ 0.06 0.47

�;-=�-u;- ƴƏĺѵƓ 0.34 �;-m�|;lrĺ��-ul;v|�t�-u|;u ƴƏĺѵƔ 0.49

Stem length ƴƏĺѵѵ 0.48 �;-m�|;lrĺ�1oѴ7;v|�t�-u|;u 0.06 0.51

+b;Ѵ7�v1ou; ƴƏĺƔƒ 0.42 �mm�-Ѵ�ru;1brb|-|bom 0.57 0.32

"rubm]�v|-|�v�ƑƏƐƔ ƴƏĺƔƏ 0.31 �u;1brĺ�v;-vom-Ѵb|� 0.01 ƴƏĺƐƔ

)bm|;u�v�u�b�-Ѵ��ohbobm;m�ƑƏƐѵ 0.49 ƴƏĺѵƐ �u;1brĺ��-ul;v|�t�-u|;u 0.58 0.21

)bm|;u�v�u�b�-Ѵ��our-�ƑƏƐƔ ƴƏĺƐѵ 0.42 �u;1brĺ�1oѴ7;v|�t�-u|;u 0.55 0.31

)bm|;u�v�u�b�-Ѵ��ph;m�ƑƏƐƔ 0.02 ƴƏĺƓƏ

Days to elongation 0.11 ƴƏĺƓƖ

��l0;u�o=�Ѵ;-�;v 0.13 ƴƏĺѵƐ

�;|boѴ;�Ѵ;m]|_ ƴƏĺƕƖ 0.34


u;;�bm]�|oѴ;u-m1; ƴƏĺƒƐ 0.21
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vo�r_o|or;ubo7�1-mmo|�0;�|_;�u;-vom�=ou�|_bvĺ�$_�vķ�|_;�Ѵo��v�lŊ
l;u�|;lr;u-|�u;� Ől;-m�o=�ƖŦ�ő�u;l-bmv�-v�|_;�lov|� Ѵbh;Ѵ��1-�v;�
o=� Ѵblb|;7� =Ѵo�;ubm]� -|� �our-ĺ� ��|�lm� v|-|�v� �-v� -mo|_;u� |u-b|�
|_-|� �-v� ;�ru;vv;7� 7b==;u;m|Ѵ�� -|� �our-� 1olr-u;7� |o� |_;� o|_;u�
|_u;;� Ѵo1-|bomvĺ� �our-� 0;Ѵom]v� |o� -� 7b==;u;m|� -]uo1Ѵbl-|b1� �om;�
|_-m��ohbobm;m�Ő�fक़umvvomķ�ƐƖƖƒĸ��;Ѵ]-7ॕ||bu�ş��fक़umvvomķ�ƐƖƖƓőĺ�
�m�-77b|bom�|o�0;bm]�|_;�mou|_;umlov|�Ѵo1-|bomķ��our-�bv�1_-u-1|;uŊ
b�;7�0��-m�o1;-mb1�1Ѵbl-|;��b|_�1ooѴ;u�-m7��;||;u�v�ll;uv�|_-m�
|_;�o|_;u�Ѵo1-|bomvĸ�|_bv��-v�-Ѵvo�|_;�1-v;�bm�ƑƏƐƓ�Ő"�rrѴ;l;m|-u��
$-0Ѵ;�Ƒőĺ��m-Ѵ�vbv�o=�����om��b;Ѵ7�bm�r;u;mmb-Ѵ�u�;]u-vv�-Ѵvo�v_o�;7�
|_-|�ror�Ѵ-|bomv�0;_-�;7�7b==;u;m|Ѵ��-|��our-�1olr-u;7�|o�o|_;u�
�ou7b1� Ѵo1-|bomv� �b|_� lou;� 1om|bm;m|-Ѵ� 1Ѵbl-|;v� Ő�;Ѵ]-7॔||bu�
;|�-Ѵĺķ�ƑƏƐѶőĺ��o|_�|_;�o1;-mb1�1Ѵbl-|;�-m7�|_;�u-rb7�v_ou|;mbm]�o=�
7-�Ѵ;m]|_�bm�|_;�=-ѴѴ�l-��_-�;�-==;1|;7�]uo�|_�-v��;ѴѴ�-v�]uo�|_�
1;vv-|bom�o=�|_;��-ubo�v�ror�Ѵ-|bomv�7b==;u;m|Ѵ��-|��our-�u;Ѵ-|b�;�
|o�|_;�o|_;u�Ѵo1-|bomvĺ��Ѵvoķ�-|��our-�|_;�u;7�1Ѵo�;u�vbm]Ѵ;�rѴ-m|v�
�;u;�rѴ-m|;7�bm�-�=b;Ѵ7�ru;�bo�vѴ��vo�m��b|_�-�lb�|�u;�o=�|blo|_��
and smooth meadow grass. Although grass growth was limited by 
Ѵo���� =;u|bѴb�-|bomķ��;�1-mmo|� u�Ѵ;�o�|� |_-|� 1Ѵo�;uŊ�]u-vv� bm|;u-1Ŋ
|bomv�l-��_-�;�-==;1|;7�|_;�]uo�|_�o=�u;7�1Ѵo�;u�rѴ-m|v�0;Ѵom]bm]�
|o�7b==;u;m|�ror�Ѵ-|bomv�7b==;u;m|Ѵ�ĺ

ƓĺƑՊ|Պ)bm|;u�v�u�b�-Ѵ�-m7�b|v�u;Ѵ-|bomv_br�|o�
other traits

)bm|;u�v�u�b�-Ѵ�-|��ohbobm;m�-m7�|o�vol;�;�|;m|�-|��ph;m��-v�m;]-Ŋ
|b�;Ѵ�� 1ouu;Ѵ-|;7��b|_�rѴ-m|� vb�;ĺ�$_bv� bv� bm� -]u;;l;m|��b|_�;-uѴb;u�
v|�7b;v�bm��|-Ѵb-m�u;7�1Ѵo�;u�Ő�mmb11_b-ub1o�ş��-]mo||-ķ�ƑƏƐƑő�-v��;ѴѴ�
-v�bm��ou7b1��_b|;�1Ѵo�;u�ror�Ѵ-|bomv�Ő�-vlo�
bmm;�;|�-Ѵĺķ�ƑƏƏƏőĺ��|�
bv� rovvb0Ѵ;� |_-|� |_;� ror�Ѵ-|bomv��b|_�lou;� -0o�;Ŋ�]uo�m7� ]uo�|_�
Őr-u|b1�Ѵ-uѴ��b=�|_;��]uo��Ѵ-|;�bm�|_;�-�|�lmő�|;m7�|o�-ѴѴo1-|;�Ѵ;vv�u;Ŋ
vo�u1;v�|o�v|ou-];�|bvv�;v�bm�|_;�|-r�uoo|�-m7�1uo�mĺ��-1h�o=�ou]-mb1�
reserves can reduce the ability to survive the winter and regrow 
|_;� =oѴѴo�bm]� vrubm]ĺ�$_�vķ� |_;��-ub-|bom��;�o0v;u�;7�l-�� u;ru;Ŋ
v;m|�|_;�7b==;u;m1;v�0;|�;;m�ļ1olr;|b|ouvĽķ�-ѴѴo1-|bm]�u;vo�u1;v�|o�
]uo�|_�-m7� ļv|u;vv� |oѴ;u-|ouvĽķ�-ѴѴo1-|bm]�u;vo�u1;v�|o�v|ou-];�-m7�
l-bm|;m-m1;ķ� -v�7;v1ub0;7� bm��ubl;ŝv� 1Ѵ-vvb1-Ѵ�rѴ-m|� v|u-|;]�� |_;Ŋ
ou�� Ő�ubl;ķ�ƐƖƕƕőĺ�)bm|;u�v�u�b�-Ѵ� bv�-��;u��1olrѴ;��|u-b|ĺ�)bm|;u�
v|u;vv;v� bm1Ѵ�7;� =u;;�bm]ķ� b1;� ;m1-v;l;m|ķ� vobѴ� lo�;l;m|vķ� �-Ŋ
|;uѴo]]bm]ķ� 7uo�]_|ķ� =�m]-Ѵ� r-|_o];mv� -m7� Ѵ-1h� o=� Ѵb]_|� Ő�࣐Ѵ-m];u�
;|�-Ѵĺķ�ƑƏƏѵĸ�!-r-1��;|�-Ѵĺķ�ƑƏƐƓőĺ�)bm|;u�v�u�b�-Ѵ�7;r;m7v�om��-ubŊ
o�v� v|u;vv� u;vbv|-m1;� l;1_-mbvlv� -m7� bv� v|uom]Ѵ�� bm=Ѵ�;m1;7� 0��
1oѴ7�-11Ѵbl-|bom�-m7�]uo�|_�1;vv-|bom�bm�-�|�lmķ�-v��;ѴѴ�-v�7;-1Ŋ
1Ѵbl-|bom� -m7� ]uo�|_� u;v�lr|bom� bm� vrubm]� Ő!-r-1�� ;|� -Ѵĺķ� ƑƏƐƓőĺ�

u;;�bm]� |oѴ;u-m1;ķ�l;-v�u;7��m7;u�1om|uoѴѴ;7�1om7b|bomvķ�1-m�0;�
�v;7�-v�-�ruo���=ou�1oѴ7�-11Ѵbl-|bom�v|-|�v�-m7��bm|;u�v�u�b�-Ѵ�-0bѴŊ
b|�� bm� vol;� ]u-vv� vr;1b;v� Ő��v|-� ;|� -Ѵĺķ� ƑƏƏƐĸ���Ѵh;� ;|� -Ѵĺķ� ƑƏƏѶĸ�
)-Ѵ7uom�;|�-Ѵĺķ�ƐƖƖѶő�-m7�bm��_b|;�1Ѵo�;u�Ő�mmb11_b-ub1o�;|�-Ѵĺ�ƑƏƏƐőĺ�
�o�;�;uķ� =u;;�bm]� |oѴ;u-m1;� bv� mo|� -Ѵ�-�v� 1ouu;Ѵ-|;7��b|_��bm|;u�
v�u�b�-Ѵķ�0;1-�v;�o|_;u�v|u;vv;v�|_-m�=u;;�bm]�l-��0;�ru;7olbm-m|ķ�
and because resistance mechanisms towards the various stress 
=-1|ouv� -u;�l�Ѵ|brѴ;� -m7� Ѵbh;Ѵ�� |o� 0;ķ� |o� vol;� ;�|;m|ķ� ];m;|b1-ѴѴ��

bm7;r;m7;m|ĺ�$_bv��-v�-Ѵvo� v_o�m� bm�o�u�;�r;ubl;m|vĸ� |_;u;��-v�
1omvb7;u-0Ѵ;����� =ou��bm|;u� v�u�b�-Ѵķ� -m7� =u;;�bm]� |oѴ;u-m1;��-v�
1ouu;Ѵ-|;7�|o�vol;�;�|;m|��b|_��bm|;u�v�u�b�-Ѵ�-|��ohbobm;m�bm�ƑƏƐѵķ�
0�|�mo|�-|��ph;m�ou��our-�bm�ƑƏƐƔķ�v�]];v|bm]�|_-|�=u;;�bm]��-v�-m�
blrou|-m|��bm|;u�v|u;vv�-|��ohbobm;m�0�|�|_-|�o|_;u��bm|;u�v|u;vv;v�
�;u;�ru;�-Ѵ;m|�-|�|_;�|�o�o|_;u�Ѵo1-|bomvķ�bm�|_;�u;vr;1|b�;��;-uvĺ�
$_;� Ѵ-1h�o=� 1ouu;Ѵ-|bomv�0;|�;;m��$ƔƏ�-m7��bm|;u� v�u�b�-Ѵ� bm� |_;�
=b;Ѵ7�1o�Ѵ7�-Ѵvo�0;�7�;�|o�|_;�l;|_o7�o=�|;v|bm]�=u;;�bm]�|oѴ;u-m1;ķ�
v�1_� -v� 1oѴ7� -11Ѵbl-|bom� 1om7b|bomv� -m7� 7�u-|bom� o=� |_;� =u;;�bm]�
|u;-|l;m|ĺ���ruoѴom];7�=u;;�bm]�|;v|ķ��	ƔƏ�ŐѴ;|_-Ѵ�7�u-|bom�|bl;�=ou�
ƔƏѷ�hbѴѴőķ�l-��0;�0;||;u�1ouu;Ѵ-|;7� |o��bm|;u� v�u�b�-Ѵ� bm� |_;� =b;Ѵ7ĺ�
)--Ѵ;m�;|�-Ѵĺ� ŐƑƏƐƐő�=o�m7�|_-|�|_;��	ƔƏ�|;v|��-v�lou;�;==;1|b�;�
|_-m�|_;��$ƔƏ�|;v|�bm�b7;m|b=�bm]�bm�=u;;�bm]�|oѴ;u-m1;�bm�1-moѴ-�1�ѴŊ
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PPLEM

EN
TARY M

ATERIAL 
 Supplem

entary Table 1. Inform
ation about the 54 Nordic red clover accessions used in the study. Entry 1 to 48 w

ere included in all the analyses 
in this study, entry 49-51 w

ere included in all analyses except the canonical correlation analysis, and entry 52-54 w
ere included only in the 

experim
ent under controlled conditions. Altitude data w

ere retrieved from
 the W

orldClim
 database (W

orldclim
.org) using the diva-gis softw

are 
(diva-gis.org) w

ith 2.5 arcosin m
inutes resolution, corresponding to an area of 4.5 x 4.5 km

; therefore there m
ay be som

e deviation from
 the 

actual altitude at the collection site in areas w
ith high variation in altitude w

ithin short distances.  

Entry 
Entry nam

e 
N

ordGen 
ID

Ώ 
Type 

Country 
of origin 

Collection site 
Latitude 

Longitude 
Altitude 
(m

 a.s.l.) 
1 

RAUHALA HM
0204 

NGB14425 
Landrace 

Finland 
 

N 60° 50'  
E 23° 50'  

135 
2 

PEUHKURI M
E0502 

NGB169 
Landrace 

Finland 
Peuhkuri, Lem

i 
N 61° 7'  

E 27° 43'  
99 

3 
LAHTUA HM

0402 
NGB14438 

Landrace 
Finland 

 
N 61° 36'  

E 24° 17'  
123 

4 
HAAPALEHTO

 HM
0102 

NGB14451 
Landrace 

Finland 
 

N 61° 54'  
E 26° 3' 

128 
5 

HATUNVAARA M
E0601 

NGB162 
Landrace 

Finland 
Hatunvaara, Kitee 

N 62° 3' 
E 30° 26'  

118 
6 

M
ÄNTYSUO M

E0101 
NGB1154 

Landrace 
Finland 

M
äntysuo, Leppävirta 

N 62° 22' 
E 28° 11' 

140 
7 

HIETAM
A AP0201 

NGB2844 
Landrace 

Finland 
Hietam

a, Äänekoski 
N 62° 35'  

E 25° 36'  
130 

8 
SO

NKARI M
E0501 "M

ATTILAN
 KANTA" 

NGB1144 
Landrace 

Finland 
Sonkari, Vesanto 

N 62° 50'  
E 26° 32' 

114 
9 

VARPULA AP0402 
NGB2814 

Landrace 
Finland 

Varpula, Kauhava 
N 63° 7'  

E 22° 54'  
41 

10 
PELLO

NPÄÄ M
E0501 

NGB1145 
Landrace 

Finland 
Pellonpää, Tervo 

N 63° 57'  
E 26° 49'  

160 
11 

SAUKKAVAARA M
E0201 

NGB1139 
Landrace 

Finland 
Saukkavaara, Paltam

o 
N 64° 25'  

E 28° 11' 
197 

12 
HYRKÄS M

E0101 
NGB1146 

Landrace 
Finland 

Hyrkäs, M
uhos 

N 64° 48'  
E 26° 7'  

65 
13 

HAILUO
TO

 M
E0101 "HAAPANIEM

I" 
NGB1133 

Landrace 
Finland 

Hailuoto, Hailuoto 
N 65° 1'  

E 24° 44'  
11 

14 
AUTTI EH0203 

NGB1032 
Landrace 

Finland 
Vaulum

äki, Autti 
N 66° 19' 

E 27° 5'  
157 

15 
VUO

TJÄRVI HM
0201 

NGB14442 
W

ild 
Finland 

 
N 63° 15'  

E 28° 18'  
152 

16 
KÖNGÄS PH0101 

NGB1025 
W

ild 
Finland 

Köngäs, 28 km
 N Kittilä 

N 67° 53' 
E 24° 50'  

189 
17 

KOLSTAD 
NGB2198 

Landrace 
Norw

ay 
 

N 60° 53' 
E 10° 49'  

246 
18 

HEIGRE 09-7-62-1 
NGB7116 

W
ild 

Norw
ay 

Heigre, Sandnes 
N 58° 50' 

E 5° 42' 
40 

19 
RO

LIGHETEN 09-6-54-1 
NGB6736 

W
ild 

Norw
ay 

Roligheten, Skien 
N 59° 13'  

E 9° 40'  
319 



  

20 
09-6-53-8 

NGB13451 
W

ild 
Norw

ay 
Fetveit, Vinje 

N 59° 37'  
E 7° 53'  

325 
21 

Sørum
 0403 

NGB15623 
W

ild 
Norw

ay 
 

N 60° 2'  
E 11° 14' 

131 
22 

09-6-52-4 
NGB6738 

W
ild 

Norw
ay 

Kraggeli i Lunner, Roa 
N 60° 19'  

E 10° 36'  
313 

23 
09-5-43-9 

NGB7117 
W

ild 
Norw

ay 
 

N 63° 25'  
E 11° 36' 

310 
24 

SLOEM
 09-5-42-2 

NGB6742 
W

ild 
Norw

ay 
Sloem

, Bjugn 
N 63° 45'  

E 9° 45'  
50 

25 
M

URRUM
O

EN 09-5-40-4 
NGB13990 

W
ild 

Norw
ay 

M
urrum

oen 
N 64° 28'  

E 13° 26'  
452 

26 
TRØ

A 09-6-48-6 
NGB1575 

W
ild 

Norw
ay 

Trøa, Atnbrua 
N 61° 51'  

E 10° 14' 
815 

27 
TO

RRUD 09-6-48-2 
NGB1572 

W
ild 

Norw
ay 

Torrud, Alvdal 
N 62° 6'  

E 10° 39'  
731 

28 
TØ

EN 09-6-48-1 
NGB1571 

W
ild 

Norw
ay 

Tøen, Vingelen 
N 62° 25'  

E 10° 52'  
890 

29 
09-6-48-3 

NGB13447 
W

ild 
Norw

ay 
Langøien Nedre (setra), Os 

N 62° 33'  
E 11° 15'  

792 
30 

LEKANGER 092156 
NGB14111 

W
ild 

Norw
ay 

 
N 67° 7'  

E 14° 2' 
39 

31 
KLEVIM

O
EN 0921915 

NGB14113 
W

ild 
Norw

ay 
 

N 65° 32'  
E 13° 37'  

256 
32 

O
lsrud 0103 

NGB15595 
Sem

i-w
ild 

Norw
ay 

 
N 60° 48'  

E 11° 10'  
200 

33 
SIDENSJÖ

 
NGB2487 

Landrace 
Sw

eden 
 

N 63° 18'  
E 18° 18'  

126 
34 

ULTUNA 
NGB4089 

Landrace 
Sw

eden 
 

N 59° 55' 
E 17° 29' 

43 
35 

FRUGÅRDEN
 

NGB2392 
Landrace 

Sw
eden 

 
N 58° 25'  

E 12° 36'  
57 

36 
SÖ

DRA SUNDERBYN PH0102 
NGB1022 

Landrace 
Sw

eden 
Södra Sunderbyn 

N 65° 40'  
E 21° 52'  

22 
37 

STENSJÖN IB0104 
NGB14193 

W
ild 

Sw
eden 

Karlsberg 350 m
 S, Stensjön, 

Nässjö 
N 57° 33' 

E 14° 47' 
238 

38 
HAM

NARYDSJÖN IB0101 
NGB14186 

W
ild 

Sw
eden 

Ham
narydssjön E, Norra 

Solberga kyrka, Nässjö 
N 57° 41'  

E 14° 51' 
265 

39 
NO

LGÅRDEN NÄS FO
0501 

NGB16965 
W

ild 
Sw

eden 
 

N 58° 5'  
E 13° 42'  

224 
40 

BRÄCKETORP FO0502 
NGB16982 

W
ild 

Sw
eden 

 
N 59° 3'  

E 12° 29' 
182 

41 
JUHO

LA FO0102 
NGB16990 

W
ild 

Sw
eden 

 
N 60° 25'  

E 12° 44'  
385 

42 
VÄSTANSJÖ

 GB0103 
NGB1420 

W
ild 

Sw
eden 

Bjurholm
, Västansjö 

N 63° 45'  
E 18° 59' 

159 
43 

BAKSJÖ
NÄS GB0101 

NGB1414 
W

ild 
Sw

eden 
Storsjön, Baksjönäs 

N 64° 9'  
E 17° 40'  

443 
44 

NYGÅRD GB0201 
NGB1401 

W
ild 

Sw
eden 

Vänjaurbäck, Nygård 
N 64° 23'  

E 18° 42'  
357 

45 
RAUNAVAARA AK0402 

NGB1011 
W

ild 
Sw

eden 
Raunavaara 

N 66° 30'  
E 23° 37'  

163 
46 

ERKHEIKKI M
E0102 

NGB1012 
W

ild 
Sw

eden 
Erkheikki, Pajala 

N 67° 13'  
E 23° 13'  

175 
47 

REM
BACKA GB0201 

NGB1406 
W

ild 
Sw

eden 
Vilhelm

ina, Rem
backa 

N 64° 37'  
E 16° 22'  

401 



  

48 
Klövsjö HAJ0402 

NGB18499 
Sem

i-w
ild 

Sw
eden 

Road bank, Klövsjö 
N 62° 31'  

E 14° 12'  
491 

49 
Saija 

 
Cultivar 

Finland 
 

 
 

 
50 

SW
 Yngve 

 
Cultivar 

Sw
eden 

 
 

 
 

51 
Lea 

 
Cultivar 

Norw
ay 

 
 

 
 

52 
Linus 

 
Cultivar 

Norw
ay 

 
 

 
 

53 
Gandalf 

 
Cultivar 

Norw
ay 

 
 

 
 

54 
SW

 Ares 
 

Cultivar 
Norw

ay 
 

 
 

 
ΏID code in NordGen (the Nordic Genetic Resource Centre) 

  Supplem
entary Table 2. Clim

atic conditions during the field trials. The data w
ere obtained from

 clim
atic stations present at each test location.  

 Location 
Sum

m
er � 2014 

W
inter Á 2014-2015 

Sum
m

er 2015 
W

inter 2015-2016 

 
M

ean 
tem

p. 
Total 

precip. 
M

ean 
tem

p. 
M

in. 
tem

p. 

Days w
ith 

snow
 

cover 

N
um

ber of 
frost days 

Total 
precip. 

M
ean 

tem
p. 

Total 
precip. 

M
ean 

tem
p. 

M
in. 

tem
p. 

Days w
ith 

snow
 

cover 

N
um

ber 
of frost 

days 

Total 
precip. 

Løken 
12.0°C 

287m
m

 
-1.0°C 

-23.8°C 
NR 

171 
332m

m
 

10.1°C 
394m

m
 

-2.5°C 
-25.5°C 

NR 
180 

297m
m

 
Lännäs 

13.2°C 
251m

m
 

-0.6°C 
-23.1°C 

111 
164 

341m
m

 
11.8°C 

257m
m

 
-2.0°C 

-26.9°C 
114 

185 
220m

m
 

Jokioinen 
13.9°C 

315m
m

 
1.2°C 

-23.7°C 
88 

124 
359m

m
 

12.8°C 
305m

m
 

0.2°C 
-30.0°C 

85 
131 

351m
m

 
Korpa 

10.4°C 
494m

m
 

1.6°C 
-11.9°C 

99 
137 

834m
m

 
9.0°C 

287m
m

 
1.8°C 

-13.0°C 
67 

124 
775m

m
 

 �
 M

ay ʹ Septem
ber, Á

 O
ctober  - April 

     



 

 

Supplementary Table 3. Description of the traits recorded in the field trials (A) and the experiment 
under controlled conditions (B).  
    
Trait Description 
 
A 
Autumn status  

 
 
General impression of plant status at the end of the establishment 
season (2014), scored from 1 (dead) ʹ 9 (highest biomass) 
  

Growth type  Visual estimate of the angle that the outer shoots make with the 
horizontal in early summer 2015, scored from 1 (erect) ʹ 9 (prostrate) 
  

Leaf area Calculated as the product of length and width of the medial leaflet on the 
third leaf from the top of the longest stem, at the time when most plants 
had flowered in 2015 (cm2) 
 

Stem length Length of the longest stem at the time when most plants had flowered in 
2015 (cm)  

Flowering date  Date when three heads has started getting pink in 2015 
  

Flowering score Evaluation of how many flowers were present in each plant at the time 
when most plants had flowered in 2015, scored from 1 (none) ʹ 9 (most) 
  

Yield score Visual estimate of biomass accumulation at the time of the first cut in 
2015, scored from 1 (low) ʹ 9 (high) 
  

Winter survival 2015, 2016 Ratio between the number of plants alive in the spring of 2015 or 2016 
and the number of plants alive in the previous autumn  

Spring status 2015, 2016 General impression of plant status two weeks after the growth started in 
2015 and 2016, scored from 1 (dead) ʹ 9 (highest biomass)  

 
B 

 

Number of leaves  Number of leaves  
 

Petiole length  Length of the longest petiole (cm) 
 

Days to elongation The number of days until stem elongation was observed (internode of > 2 
cm) after transfer to 23 h photoperiod in a greenhouse set at 16 °C 
 

Freezing tolerance (LT50) 
 

The estimated temperature at which 50 % of the plants died. Note that 
the value of LT50 decreases with increasing freezing tolerance 

 

 



 

 

Supplementary Table 4. Description of the climatic variables used in this study. Variable descriptions 
follow the definitions present in the WorldClim database (Worldclim.org). 

Climatic Variable Description  
BIO1  Annual Mean Temperature 
BIO4  Temperature Seasonality (weekly temperature standard deviation *100) 
BIO5   Max Temperature of Warmest Month 
BIO6   Min Temperature of Coldest Month 
BIO10 Mean Temperature of Warmest QuarterΏ 
BIO11  Mean Temperature of Coldest Quarter 
BIO12  Annual Precipitation 
BIO15 Precipitation Seasonality (Coefficient of Variation for precipitation) 
BIO18  Precipitation of Warmest Quarter 
BIO19  Precipitation of Coldest Quarter 
ΏThe definition of a quarter is any 13 consecutive weeks, (or any consecutive 3 months if running with a monthly 
time step). For example, the driest quarter will be the 13 consecutive weeks that are drier than any other set of 13 
consecutive weeks. 

 
 
Supplementary Table 5. Variance component analysis (P<0.05) for autumn status, winter survival, spring 
status and yield score in 2014-2015 recorded in single plant trials with 51 Nordic red clover populations 
at four test locations. See Supplementary Table 3 for a description of the traits; note that winter survival 
has a smaller scale than the other traits. Variance component analysis presents estimated population 
௚௟ଶߪ) population by location ,(௚ଶߪ) ), block within location (ߪ௟Ȁ௕ଶ ), and pooled error (ߪகଶ) variance 
components with associated standard errors (± SE), and estimated entry-mean broad sense heritability 
ሺ݄௕ଶ).  
 
Source of variation Autumn status Spring status   Winter survival Yield score  

ࢍ࣌
૛  0.15 ± 0.05 NS1 NS 0.18 ± 0.07 

࢒ࢍ࣌
૛  0.25 ± 0.04 0.39 ± 0.06 0.007 ± 0.001 0.45 ± 0.33 

࢈Ȁ࢒࣌
૛  0.05 ± 0.02 0.15 ± 0.05 0.003 ± 0.001 0.09 ± 0.03 
࣌ઽ
૛ 1.13 ± 0.03 2.92 ± 0.07 0.026 ± 0.002 1.18 ± 0.05 

࢈ࢎ
૛ 0.52 ± 0.08 - - 0.45 ± 0.10 

1 not significant 

 

 
 

 

 

  

 



  Supplem
entary Table 6. Variance com

ponent analysis (P<0.05) for traits expressed during the grow
ing season in single plant trials w

ith 51 
Nordic red clover populations at the tw

o test locations that w
ere not affected by w

inter m
ortality during the first w

inter (Jokioinen and Lännäs). 
See Supplem

entary Table 3 for a description of the traits; note that the traits vary in scale. Variance com
ponent analysis presents estim

ated 
population (ߪ௚ ଶ), population by location (ߪ௚௟ ଶ), block w

ithin location (ߪ
௟Ȁ௕
ଶ

), and pooled error (ߪ
க ଶ) variance com

ponents w
ith associated standard 

errors (± SE), and estim
ated entry-m

ean broad sense heritability ሺ݄
௕ ଶ).  

 Source of 
variation 

Autum
n status   

Spring status 
Flow

ering date 
Flow

ering score   
 Grow

th type 
Leaf area  

Stem
 length 

Yield score 

࣌
ࢍ ૛ 

0.18   ± 0.06 
0.17 ± 0.05 

63.90 ± 13.43 
0.74 ± 0.17 

1.50 ± 0.30 
1.65 ± 0.39 

3.44 ± 0.70 
0.78 ± 0.18 

࣌
ࢍ
࢒

૛
 

0.17 ± 0.04 
0.10 ± 0.03 

6.82 ± 1.73 
0.16 ± 0.06 

NS 
0.24 ± 0.12 

0.07 ± 0.03 
0.16 ± 0.05 

࣌
࢈Ȁ࢒
૛

 
0.04 ± 0.02 

0.06 ± 0.03 
1.05 ± 0.19 

NS
1 

NS 
0.30 ± 0.15 

NS 
0.08 ± 0.04 

࣌
ઽ ૛ 

1.10 ± 0.04 
1.13 ± 0.04 

35.50 ± 1.18 
2.06 ± 0.07 

1.37 ± 0.05 
6.16 ± 0.20 

1.62 ± 0.05 
1.50 ± 0.05 

ࢎ
࢈ ૛ 

0.45 ± 0.10 
0.47 ± 0.08 

0.89 ± 0.02 
0.69 ± 0.06 

0.89 ± 0.02 
0.65 ± 0.06 

0.94 ± 0.01 
0.75 ± 0.05 

1 not significant 
                



  Supplem
entary Table 7. Phenotypic correlation coefficients (r) betw

een various traits from
 the field and controlled experim

ent. See 
Supplem

entary Table 3 for a description of the traits. Yield score is the m
ean of Yield score at Jokioinen and Lೂnnೂs w

ere the traits w
ere highly 

correlated. Population averages w
ere used for the analysis (N=51).  

 

 
Autum

n status 
 

 
W

inter survival 
Days to 

elongation 
N

um
ber 

of leaves 

 

 
Løken 

Lೂnnೂs 
Jokioinen 

Stem
 

length 
Yield 
Score 

Løken 
2015 

Korpa 
2015 

Jokioinen 
2016 

Petiole 
length 

Autum
n status Lೂnnೂs 

0.61*** 
- 

 
 

 
 

 
 

 
 

 
Autum

n status Jokioinen 
0.51*** 

0.56*** 
- 

 
 

 
 

 
 

 
 

Stem
 length 

0.69*** 
0.71*** 

0.69*** 
- 

 
 

 
 

 
 

 
Yield score 

0.66*** 
0.80*** 

0.70*** 
0.95*** 

- 
 

 
 

 
 

 
W

inter survival Løken 2015 
-0.41*** 

-0.41** 
-0.47*** 

-0.41** 
NS 

- 
 

 
 

 
 

W
inter survival Korpa 2015 

NS 
NS 

NS 
NS 

NS 
NS 

- 
 

 
 

 
W

inter survival Jokioinen 2016 
-0.78** 

-0.78*** 
-0.52*** 

-0.85*** 
-0.81 *** 

0.48*** 
NS 

- 
 

 
 

Days to elongation 
-0.41** 

NS 
-0.55*** 

NS 
-0.30* 

0.40** 
-0.30* 

0.34* 
- 

 
 

N
um

ber of leaves 
NS 

NS 
NS 

-0.35* 
NS 

NS 
NS 

0.38** 
NS 

- 
 

Petiole length 
0.66*** 

0.80*** 
0.61*** 

0.87*** 
0.80*** 

-0.33* 
NS 

-0.70*** 
NS 

-0.37** 
- 

Freezing tolerance (LT50) 
0.42** 

0.38** 
0.36** 

0.53*** 
0.49*** 

NS 
NS 

-0.49*** 
NS 

NS 
0.47*** 

*, p < .05; **, p < .01; ***, p < .001; NS, not significant 
  



 

 

Supplementary Table 8. Variance component analysis (A) and genotypic correlations (B) for spring 
status and winter survival recorded after three selective winters (Jokioinen 2016, Løken and Korpa 
2015). Variance component analysis shows population (ߪ௚ଶ), population by location (ߪ௚௟ଶ ), blocks within 
locations (ߪ௟Ȁ௕ଶ ), and pooled error (ߪகଶ) variance components, their associated standard errors (± SE), and 
entry-mean broad sense heritability ሺ݄௕ଶ) for the 51 Nordic red clover populations (48 wild/semi-
wild/landrace population + 3 reference cultivars). Averages of each population, block and location were 
used for the analysis. Significance level for correlation coefficients and variance components was set at P 
< 0.05. 
 
 
A 
 
Source of variation Spring status Winter survival 

૛ࢍ࣌  NS1 NS 
૛࢒ࢍ࣌  0.70 ± 0.11 0.03 ± 0.01 
૛࢈Ȁ࢒࣌  0.18 ± 0.07 0.01 ± 0.01 
࣌ઽ૛ 0.98 ± 0.86 0.05 ± 0.01 

 ૛ - 0.13 ± 0.21࢈ࢎ
1 not significant 

 

 

B  

Spring status Løken 2015 Korpa 2015 
Korpa 2015 -0.24 - 
Jokioinen 2016 0.46 -0.28 
 

 
Winter survival Løken 2015 Korpa 2015 
Korpa 2015  -0.38 1 
Jokioinen 2016 0.55 -0.23 
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Abstract 

The ability to tolerate low freezing temperatures is one component of winter survival and field 

persistence of red clover grown in the Nordic countries. Cold acclimation (CA) is a key process 

allowing plants to acquire higher level of freezing tolerance. Little is known about the biochemical 

responses to cold and the importance of such changes in freezing tolerance in Nordic red clover. 

To shed light on this, five freezing tolerant (FT) and five freezing susceptible (FS) red clover 

accessions of Nordic origin were subjected to short-term cold acclimation under controlled 

experimental conditions, and the effect on the contents of carbohydrates, amino acids and phenolic 

compounds in the plant crowns were assessed. Starch depletion and the accumulation of soluble 

sugars and free amino acids were the most evident responses to cold. Sucrose, arginine, asparagine 

and proline had the highest absolute increase after cold acclimation. The content of six phenolic 

compounds increased during CA, while the content of six other phenolic compounds were higher 

in non-acclimated plants. Among these, L- typtophan, deoxyclovamide and dideoxyclovamide had 

the highest concentration; the first increased during CA while the latter two decreased. Freezing 

tolerant (FT) accessions had higher content of raffinose, pinitol, arginine, serine, alanine, valine, 

phenylalanine and one phenolic compound (a pinocembrin hexoside derivative) than freezing 

susceptible (FS) accessions, suggesting a role for these compounds in the freezing tolerance of red 

clover. FS accessions, on the other hand, had higher content of starch, glucose, fructose and three 

phenolic compounds. 
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Introduction 

Red clover (Trifolium pratense L.) is widely cultivated in temperate regions and is the main forage 

legume grown in Northern Europe, where it is mainly used in mixtures with grasses to produce 

silage (Helgadóttir et al., 2014; Annicchiarico et al. 2015). Red clover is a protein-rich feed, 

particularly suited for ensiling and use in ruminants’ rations because of its high polyphenol oxidase 

(PPO) activity, which reduces nitrogen losses (Lee, 2014; Hart et al., 2016). Legumes can, in 

symbiosis with rhizobia, fix atmospheric nitrogen, resulting in decreased application of nitrogen 

fertilizers and more sustainable agricultural systems (Jensen et al., 2012; Lüscher et al., 2014). The 

adoption of forage legumes in crop rotations is particularly important in regions characterized by 

cold climates, such as parts of Northern Europe and Canada where the cultivation of grain legumes 

may be hampered by low temperatures and short growing seasons. In such areas, the utilization of 

red clover may be limited due to its poor persistence, mainly because of the high mortality during 

winter (Abberton and Marshall, 2005). Winter survival is a complex trait affected by many biotic 

and abiotic factors (Bélanger et al. 2006). Freezing temperature is a main cause of winter mortality 

at continental locations characterized by harsh winters, and the ability of plants to acquire a high 

level of freezing tolerance is a key trait for winter survival at these locations. Freezing tolerance is 

achieved during a period of cold acclimation (CA) at low above freezing temperatures, and can be 

improved by selection (Bertrand et al., 2016). In Nordic local red clover accessions freezing 

tolerance was recently shown to be correlated with low annual temperatures at their place of origin, 

suggesting that the freezing tolerance was affected by selection pressure for this trait in that plant 

material (Zanotto et al., 2021). 

CA in winter annual and perennial herbaceous plants adapted to a temperate climate is 

associated with huge changes at the transcriptional, proteomic and metabolomic levels (Theocharis 

et al., 2012; John et al., 2016; Fürtauer et al., 2019). Metabolic changes during CA (as well as 

acclimation to other types of abiotic stress) typically include an increase in the content (on a dry 

matter basis) of soluble sugars, sugar alcohols, organic acids, amino acids and amino acid 

derivatives, and other substrates for secondary metabolites. Soluble carbohydrates are thought to 

have multiple functions in freezing tolerance, such as stabilization of membranes and proteins, 

lowering of the freezing temperature within the cell, and quenching or scavenging of reactive 

oxygen species (Pommerrenig et al., 2018). Amino acids such as proline and glycine betaine have 

been shown to accumulate under stress in a wide range of species (Giri, 2011; Szabados and 

Savouré, 2010). In addition to functioning as osmolytes, glycine betaine protects photosystem II 

under stress, while proline stabilizes membranes, protects against oxidative stress and acts as a 

signaling molecule (Szabados and Savouré, 2009). The amino acid arginine is a precursor in the 
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synthesis of polyamines, which play roles in abiotic and biotic stress resistance by stabilizing 

membranes, acting as scavengers of reactive oxygen species, and by participating in complex 

signaling networks that regulate stress responses (Alcázar et al., 2011; Pál et al., 2015 Menéndez 

et al., 2019). Phenolic compounds, including flavonoids, play important roles in the defense 

towards abiotic and biotic stress and have been shown to act as antioxidants (Agati et al. 2012). A 

study of mutant lines affected in the first steps of flavonoid biosynthesis showed that flavonoids 

are important for freezing tolerance in Arabidopsis thaliana (Schultz et al. 2016). Red clover is rich 

in phenolic compounds, in particular isoflavones, which have been shown to be involved in 

oxidative stress response in both roots and leaves (Saviranta et al., 2009; Saviranta et al., 2010).  

Proteome analyses of red clover crowns showed that CA induced marked changes in protein 

abundance. Proteins involved in carbohydrate metabolism, energy production and amino acid 

metabolism were upregulated in response to cold acclimation but varied in abundance between 

different genetic backgrounds (Bertrand et al. 2016). Biochemical analyses of populations 

recurrently selected for freezing tolerance showed that the accumulation of soluble sugars and of 

specific amino acids in plant crowns after a prolonged period of CA are associated with the 

acquisition of freezing tolerance in red clover and alfalfa (Castonguay et al., 2011; Bertrand et al., 

2020). Some responses seem to be more general as they were similar for all genetic backgrounds 

within the two species. Particularly sucrose increased markedly during cold acclimation and 

reached higher concentrations in populations with higher levels of freezing tolerance in most 

genetic backgrounds of both species. Among the amino acids, the content of proline, arginine and 

asparagine showed the largest increase in response to CA, but the effect of selection for improved 

FT on the relative amounts of these amino acids differed between the genetic backgrounds. In 

addition, the identification of up- and down-regulated proteins involved in the biosynthesis of 

phenolic compounds after CA (Bertrand et al., 2016), such as the isoflavone-reductase family 

proteins, suggests that phenolic compounds may play a role in the acquisition of higher freezing 

tolerance in red clover. 

The aims of this work were to characterize biochemical changes induced by short-term CA 

in red clover accessions of Nordic origin and investigate if the CA response at the biochemical level 

differs between accessions with contrasting levels of freezing tolerance. We studied plant crowns 

(transition between shoot and root) as this is the most critical tissue for winter survival, giving rise 

to shoot regrowth after winter. We hypothesized that: 1) significant changes in content of specific 

carbohydrates, amino acids and phenolic compounds occur in red clover crowns during short-term 

CA; and 2) red clover accessions with different levels of freezing tolerance differ in these responses 

to short-term CA.       
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Material and methods 

Plant materials, growing conditions, and experimental treatments 

Ten red clover accessions of Nordic origin were selected from the NordGen (the Nordic Genetic 

Resource Centre) collection; five freezing tolerant (FT) accessions and five freezing susceptible 

(FS) accessions.  These accessions had the most extreme freezing tolerance (high or low), assessed 

as LT50 (temperature required to kill 50% of the plants), in our previous screening of 48 red clover 

gene bank accessions of Nordic origin (Zanotto et al.2021). In the same study we found that the 

level of freezing tolerance was significantly correlated with the winter survival recorded in the field 

after a winter characterized by severe temperatures. Information regarding the origin of the 

accessions, their freezing tolerance and winter survival are provided in Table 1. FT and FS 

accessions were strongly significantly different in their level of freezing tolerance and winter 

survival according to analyses of variance (p<0.05). 

Seeds were scarified with sandpaper, sown in a peat soil ("Gartnerjord”, pH 5.5-6.5, L.O.G. 

AS, Oslo, Norway) in September 2019. After germination, seedlings (3 per pot) were transplanted 

into pots (420 cm3; 7.5 cm wide, 7.5 cm height) with the same peat soil. The plants were grown in 

a greenhouse at Ås, Norway (59°40’ N, 10°47’ E) at 16 °C, supplied with light from metal halide 

lamps (HQI lamps, OSRAM GmbH, Ausburg, Germany) providing a photosynthetic photon flux 

density (PPFD) of approximately 100-125 µmol m-2 s-1 in the top of the canopy under a photoperiod 

of 12 h. When the plants were eight weeks old, half of them were moved to cold acclimating 

conditions in a separate cold room at 3-4 °C, 12 h photoperiod and a PPFD of 110 µmol m-2 s-1 

from metal halide lamps (HQI lamps, OSRAM) without natural light, for three weeks (cold 

acclimation treatment, hereafter referred to as CA), while the others continued to grow in the same 

conditions as described above for two more weeks (no acclimation treatment, hereafter referred to 

as NA). The experiment had a complete randomized design with four replicated blocks. Within 

each block there were 10 pots per accession with three plants per pot, giving a total of 2400 plants 

(30 plants x 10 accessions x 4 blocks x 2 treatments). 

Sampling of crown tissue 

Plant crowns, a 2-cm transition zone between shoots and roots, were separated from the roots and 

shoots after washing, and flash-frozen in liquid nitrogen. Crowns of the 30 plants of each accession, 

were pooled after harvesting, resulting in a total of 80 samples (10 accessions x 4 blocks x 2 

treatments). Samples were freeze-dried with a LYOQUEST -55 freeze dryer (Telstar, Madrid, 

Spain) and milled to a fine powder with a Cyclotec 1093 sample mill (Foss A/S, Hillerød, Denmark) 

with a 1-mm sieve. The samples were stored at -20 °C until the analyses described below. 
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Determination of carbohydrate and amino acid content and composition 

Soluble sugars and amino acids were extracted from 0.2 g freeze-dried crown tissue per sample 

with 7 mL of methanol : chloroform : water (MCE, 12:5:3, v:v:v). The extracts were heated for 20 

min at 65 °C to stop enzymatic activity, cooled on ice, and left overnight at 4°C for optimal 

extraction. After a 10-min centrifugation at 4°C and 1500 x g, 1-mL of the supernatant was 

collected, and 0.25 mL of water was added to the tubes. After homogenization on a vortex mixer, 

samples were left to rest for 10 min and were subsequently centrifuged at 13 000 x g for 3 min for 

complete phase separation. A 0.7-mL subsample of the aqueous phase was collected and evaporated 

to dryness overnight using a centrifugal evaporator (Savant Speedvac plus SC210A, Thermo Fisher 

Scientific). Pellets were dissolved in water (0.7 mL), homogenized on a vortex mixer and 

centrifuged for 3 min at 13 000 x g prior to HPLC analyses. 

Soluble sugars were separated and quantified on a Waters HPLC analytical system 

controlled by the Empower II software (Waters, Milford, MA, USA) as described in Bertrand et al. 

(2020). An HPX-87P column (Bio-Rad, Hercules, CA, USA) was used for sugar separation at 80 

°C at a flow rate of 0.5 mL min−1 with water as the mobile phase and detected on a Refractive Index 

Detector (Waters, Model 2414). Peak identities and quantities of raffinose, stachyose, sucrose, 

pinitol, glucose and fructose were determined by comparison to standards. The quantity of total 

soluble sugars (Tot.SS) was calculated as the sum of raffinose, stachyose, sucrose, pinitol, glucose 

and fructose. Starch was hydrolyzed by adding 3 mL of digestion buffer (200 mM sodium acetate, 

pH 4.5) with amyloglucosidase (AGS, 15 U mL−1, Sigma-Aldrich) into the tubes containing the 

remaining supernatant and pellet after extraction of soluble carbohydrates. Potato starch (Sigma-

Aldrich S2630) quantities of 0, 2.5, 5.0, 7.5, and 10 mg were included in the hydrolysis batch to 

establish the linear regression between the quantity of glucose yielding from starch hydrolysis (R2 

=0.9997) of known concentrations were included in the hydrolysis batch to establish the linear 

regression between glucose and starch concentrations. The difference in glucose concentration 

obtained after and before AGS hydrolysis was fitted into the regression equation to calculate the 

starch content of each sample expressed on a 105°C DM basis (mg g-1 DM). 

Twenty-one amino acids (alanine, arginine, asparagine, aspartate, glutamate, glutamine, 

glycine, γ-aminobutyric acid (GABA), α- aminobutyric acid (AABA), histidine, proline, 

methionine, lysine, serine, leucine, isoleucine, ornithine, phenylalanine, threonine, tyrosine and 

valine) were separated and quantified using Waters ACQUITY UPLC analytical system controlled 

by the Empower II software (Waters). Amino acid derivatization was performed using AccQ Tag 

Ultra reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate, Cohen 2003). Derivatives were 

separated on an AccQ Tag Ultra column (2.1 × 100 mm; Waters) and detected with Waters 

ACQUITY Tunable UV detector at 260 nm. Peak identity and amino acid quantity were determined 
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by comparison to a standard mix containing the 21 amino acids with a range of detection from 2.5 

to 40 pmol/µL and a R2 of 0.999. The content of total amino acids (Tot.AA) was calculated as the 

sum of the 21 amino acids. 

Determination of polyphenol content and composition 

Red clover crown extracts were prepared using a procedure developed by Mirali et al. (2014) and 

modified by Elessawy et al. (Elessawy et al., 2020). However, since this is an untargeted study 

(these previous studies were targeted) an important modification was that internal standards were 

not used. Instead, as is common for untargeted analyses, a quality control (QC) sample, which is a 

mixture containing an equal portion (15 µL) of each sample, was used for retention time alignment 

and to enable relative quantification of the metabolites. A volume of 1 mL of the acetone : water 

(70 : 30 v/v) extraction solvent was added to 0.2 g of freeze-dried, powdered crown tissue (per 

sample) and samples were subsequently shaken for 1 h at 23°C on a Thermomixer C (Eppendorf, 

Germany) at a speed of 3.3 x g. The samples were centrifuged with a Fresco 21 centrifuge (Thermo 

Fisher, USA) at a speed of 16 200 x g for 15 min, and each supernatant was transferred into a new-

labelled tube that was centrifuged at 16 200 x g for 5 min a second time to ensure removal of all 

pellet material.  A 200 µL aliquot of each extract was dried down with a Speed Vac SPD111V 

(Thermo Fisher, USA) and the dried samples were kept at -20 °C until analysis. Blank samples 

were prepared in a similar way using empty Sarstedt 2 mL microtubes. Dried samples were 

reconstituted in 1000 µL of MilliQ-water : methanol (90 : 10 v/v) just prior to analysis. 

The untargeted workflow used liquid chromatography (LC) and high-resolution mass 

spectrometry (HRMS).  The LC system was a Dionex 3000 LC equipped with a Diode Array 

Detector (DAD) that was placed in-line between the column outlet and the inlet to the ion source 

of the high resolution Thermo Fisher Q-Exactive mass spectrometer.  For LC separation, a Waters 

Acquity HSST3 column (2.1 x 50 mm, 1.8 µm) was used; the temperature of the column chamber 

was set to 30 °C and the liquid flow rate was 0.35 mL min-1.  The run time was 35 min with an 

injection volume of 4 µL, the gradient is given in Supplementary Table 1.  Eluent exiting the column 

passed through the DAD, which acquired absorbance data from 200-600 nm at 5 Hz, before being 

introduced to the HESI (heated ESI) source of the mass spectrometer.  The Q-Exactive was used to 

acquire full scan data for the crown samples using a mass resolution (full width at half maximum, 

FWHM, @ m/z 200) of 140,000 in positive mode and a mass range of 120-1800 m/z. A QC (quality 

control) sample and four ID (identification samples) were also prepared. The QC sample contained 

equal amounts of all 78 red clover samples, whereas each ID sample contained equal amounts of 

samples within the groups NA-FT (ID1), NA-FS (ID2), CA-FT (D3), and CA-FS (ID4).  The QC 

sample was injected every 9-10 runs to account for changes in retention time and/or signal intensity, 
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thereby enabling relative quantification of the polyphenols. The ID samples were used to obtain 

fragmentation (MS/MS) spectra using the scan function “Full scan/DDMS2”. DDMS2 (data 

dependent MS/MS) acquired fragmentation data on the most abundant ions detected in full-scan 

mode. Mass resolution of the full scan analysis was 140,000 (FWHM @ m/z 200) and MS/MS was 

carried out on the top (most abundant) 7 peaks at a resolution of 17 500 (FWHM @ m/z 200) from 

each scan using a stepped collision energy fragmentation (15, 35, and 55 eV). The MS/MS 

acquisition used an exclusion list (m/z values) of the most intense ions detected from the blank 

sample. Additional MS/MS spectra were also acquired using stepped collision energies of 10/15 

eV and 70/90 eV to assist in compound identification. 

Data analyses 

Analyses of carbohydrates and amino acids 

The contents of carbohydrates and amino acids were subjected to analyses of variance (ANOVA), 

performed with treatment (CA vs NA), accession group (FT vs FS) and the interaction between 

them as factors in the analyses. The aov function of the package Stats (R Core Team, 2021) was 

used for the analyses after the homogeneity of variance was assessed with Levene's test and the 

normality of the data with the Shapiro-Wilk test, respectively. A Multi Factor Analysis (MFA) was 

performed with the package FactorMineR (Le et al. 2008) to summarize the contribution of the 

amino acid and carbohydrate contents to the biochemical changes induced by the acclimation 

treatment in red clover crowns. This multivariate analysis allows for simultaneous analysis of 

quantitative and qualitative variables accounting for a group structure in the data. In this case the 

analysis was used to summarize the contribution of the amino acid and carbohydrate contents to 

the biochemical changes induced by the acclimation treatment in red clover crowns. The contents 

of amino acids and carbohydrates were used as active quantitative variables and classified in two 

different groups, while acclimation treatment and accession group were used as categorical 

variables (active and supplementary respectively). Visualization of the results of the MFA was 

obtained with the R package factoextra (Kassambara and Mundt, 2020).    

Analyses of polyphenols 

A customized untargeted workflow was developed by adapting an existing workflow in the 

Compound Discoverer 3.1 software (Thermo Fisher) to process LC-MS raw data. The workflow is 

similar to one reported previously with some modifications (Elessawy et al., 2021). The Compound 

Discoverer 3.1 parameters used in generating the analysis are incorporated in a “Summaries” 

window by the software. Tabs within this summary include “Workflow”, “Study”, “Grouping & 

Ratio”, and “Filters”. Note that separate analyses were carried out for comparing FT vs. FS and NA 
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vs. CA, but only the “Grouping & Ratio” tab changed between these analyses. Thus, in the 

supplementary information there are two different summaries for “Grouping & Ratio”, namely one 

for NA/CA and the other for FT/FS. The Compound Discoverer workflow uses the full-scan 

accurate mass data to determine the possible molecular formula for each m/z value and MS/MS 

spectra from ID spectra to help identify compounds. In addition to using Thermo’s mzCloud library, 

which contains fragmentation data of over 19 000 compounds analyzed with Thermo Orbitrap 

instrumentation (www.mzcloud.org), the MS/MS spectra were also compared (using the m/z vault 

node) to an in-house library at the Core Mass Spectrometry Facility (UofS, Canada). Fragmentation 

spectra from several other libraries were also used offline, including libraries available in public 

databases, such as FoodB (foodB.ca) and the human metabolome database (hmdb.ca). The primary 

focus included the differences between the CA and NA treatment and between the FT and FS 

accession groups. Two samples did not yield enough tissue for all the analyses, therefore only 78 

samples were analyzed for their phenolic profile. 

Note that the identification levels of the identified polyphenols follow that used in the work 

by Elessawy et al. (2021), which was derived from Sumner et al., with the addition of level 2/3 

indicating isomeric compounds, including cis/trans (Sumner et al., 2007). For simplicity, we used 

similar nomenclature for identification as Saviranta et al. (Saviranta et al., 2010a; Saviranta et al., 

2010b), that is, A=aglycone, G=glucoside or galactoside, M=malonate.  We did not have authentic 

standards for any of the compounds and therefore, no compound identities were confirmed, 

although several assignments are putative or isomeric. Several of the peaks show characteristic 

losses of m/z 162 (-G), 248 (-G-M), and 334 (-G-M-M) in their MS/MS spectra leaving the 

aglycone. In many cases, comparison of fragmentation of the aglycone to MS/MS libraries was 

pivotal in identification. 

Results 

Carbohydrate and amino acid content 

The first two dimensions of the MFA accounted for 73 % and 15 % of the variation in the data set, 

respectively (Figure 1A, Supplementary Figure 1). The first dimension was dominated by the 

treatment effect (CA or NA), while the second captured the variation due to the accession group 

(FT or FS). Crown samples from CA plants had a high score for the first dimension of the MFA, 

while NA plants scored low (right panel of Figure 1A). The content of most of the analyzed 

carbohydrates and amino acids was positively correlated with the first MFA dimension (Figure 1B 

and Supplementary Table 2), but the content of tyrosine, GABA and starch was negatively 

correlated to it (Figure 1C and Supplementary Table 2). Accessions belonging to the FS group had 
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higher score for the second dimension of the MFA than the FT group (Figure 1A). The second MFA 

dimension was also partially associated to the accumulation of most carbohydrates (Figure 1B). 

Fructose and glucose content was highly significantly correlated to the second dimension, while 

tyrosine content was negatively correlated to it (Figure 1C and Supplementary Table 2). 

The content of all the analyzed carbohydrates and amino acids, except glucose, were clearly 

affected by the CA treatment (Figure 2,3 and Supplementary Table 2,3). Most of the metabolites 

were found in higher content in the CA samples, and only starch, GABA and tyrosine were less 

concentrated in the CA than in the NA samples. Among the soluble carbohydrates, sucrose had the 

strongest absolute increase (in mg g-1 DW) in response to cold acclimation. However, raffinose 

showed the highest fold change with 12 times increased content in the CA samples as compared to 

the NA samples, where this sugar was almost absent. Stachyose remained at a low undetectable 

level throughout the experiment. Among the amino acids, proline, arginine and asparagine had the 

strongest increase in response to CA and ended up as the most abundant amino acids in CA crowns. 

Proline and arginine accounted for around 40% of total amino acid content in CA crowns while 

they represented only 10% of the amino acids in NA crowns.  

Interestingly, accession group also had a significant effect on the content of soluble sugar 

and only sucrose did not differ significantly between the FT and FS accession groups. There was a 

significantly higher content of starch, total soluble sugars, fructose and glucose in the FS group, 

while there was a higher content of pinitol and raffinose in the FT group. The largest differences 

were seen for fructose, which had 80% higher concentration in the FS group, and raffinose, which 

had a 50% higher concentration in the FT group. The effect of accession group was weaker for the 

amino acids. However, serine, arginine, alanine, GABA, tyrosine, valine and phenylalanine differed 

between accession groups, all being significantly more concentrated in the FT than in the FS group. 

Phenylalanine and tyrosine showed the highest difference of about 40% while the other amino acids 

generally differed by about 10%. The interaction effect between treatment and accession group was 

significant only for raffinose and fructose among the carbohydrates and for valine among the amino 

acids. The increase in the content of raffinose and valine after cold acclimation were more 

pronounced in the FT group with 7% and 13% higher content in FT compared to FS, respectively, 

while that of fructose was 14% higher in the FS group than in the FT group. A summary of the 

differences in carbohydrate and amino acid contents between freezing susceptible (FS) and freezing 

tolerant (FT) accessions before (NA) and after (CA) 3 weeks cold acclimation treatment is shown 

in Figure 4.     
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Polyphenol content 

The 31 highest peak intensities (measured as area under the curve) for the phenolic compounds 

detected by LC-MS analyses across all the ten Nordic red clover accessions in this study are shown 

in Figure 4. A detailed description of the identification of compounds is presented in Supplementary 

file 1. All these compounds were clearly found in all the samples, therefore the spectra of a 

randomly chosen accession is shown. The identities and details of the respective compounds are 

provided in Table 1, while the MS/MS spectra for the compounds are presented in Supplementary 

Figure 2. The peaks with the highest intensities were identified as pseudobaptigenin glycoside 

malonate (G-M) (peak 23), formononetin-G-M (peak 24) and maackiain-G-M (peak 26).  

Twelve and four peaks had significantly different intensities between acclimation 

treatments and accession groups, respectively (Figure 5). The MS/MS spectra and the details of the 

peak identities are presented in Supplementary Figure 3 and Table 2. Only three of these, peak 1 

(L- typtophan), 4 (deoxyclovamide) and 7 (dideoxyclovamide), were among the high intensity 

peaks shown in Figure 4; the first was more intense in the CA samples and the latter two more 

intense in the NA samples.  The other 13 compounds were detected only at relatively low intensities 

and are therefore not distinguishable in the chromatograms presented in Figure 4. Among the 

compounds that distinguished FT from FS accessions, peak 37 (pinocembrin isomer-G derivative) 

was found with higher peak intensity in FT, while peaks 34, 35 and 36 (dihydrokaempferol, 

biochanin A-G-M-M and a phloretin isomer) had higher peak intensities in FS accessions.  

Discussion 

Changes in carbohydrate and amino acid content in response to cold acclimation 

The sharp increase in soluble sugars, mainly sucrose, after short-term CA is likely due to the 

breakdown of starch, which declined. Starch is the primary carbohydrate reserve in forage legumes 

and its breakdown that results in accumulation of soluble sugars in plant cells is a well-known 

mechanism involved in the acquisition of freezing tolerance during CA (Bélanger et al., 2006). In 

particular, cold stress is known to trigger starch degradation through increased expression of β-

amylase (Dong et al. 2019). The increase in total soluble sugars in mg per g DW was higher than 

the corresponding decrease in starch. It is likely that during CA, plant crowns function as sinks, 

accumulating sugars photosynthesized in other tissues, in addition to those arising from starch 

breakdown. Among the different soluble sugars that we analyzed, sucrose accounted for the highest 

amount. Sucrose accumulation in CA plants could be due to a reduced catabolism in CA plants as 

emphasized in a proteome analyses of red clover crowns (Bertrand et al. 2016), showing that the 

abundance of the sucrose-cleaving enzyme sucrose synthase decreased in response to CA. 
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Unexpectedly, the content of starch and total soluble sugars was higher in the FS than in the FT 

accession groups. This is not consistent with previous findings by Bertrand et al. (2020), who 

studied Canadian red clover cultivars after long-term cold acclimation under semi-natural 

conditions. In that study, subpopulations recurrently selected for improved freezing tolerance had 

higher starch level in the autumn before CA and accumulated higher total soluble sugar and sucrose 

levels during CA, than the non-selected cultivars. Results with alfalfa varied among studies and 

genetic backgrounds of the material. While Castonguay et al. (1995) found no association between 

sucrose accumulation and freezing tolerance of cultivars, a later study found that two non-selected 

alfalfa cultivars accumulated less sucrose during CA than populations obtained after several cycles 

of recurrent selection for improved FT also showing a marked enhancement of FT (4-5°C) 

(Castonguay et al. 2011).  The lack of a significant difference between the FT and FS accession 

groups in our study suggests that starch, total soluble sugars and sucrose contents after short-term 

CA are not related to the difference in freezing tolerance in the accessions under study. The strong 

association between freezing susceptibility and a high content of glucose and fructose, suggests that 

these monosaccharides are not linked with higher levels of freezing tolerance, and that they are 

probably used as building blocks for the production of other valuable carbohydrates by the FT 

accessions, of which some are discussed below.  

The raffinose and pinitol contents increased during CA, were higher in the FT than in the 

FS group and increased more sharply in FT than in FS (significant for raffinose only), suggesting 

that these carbohydrates have a role to play in the freezing tolerance of red clover. Bertrand et al. 

(2020) reported an increased content of pinitol with CA which was maintained during the whole 

winter and proposed that pinitol enhances freezing tolerance in red clover through its 

osmoprotective function. The trisaccharide raffinose is the smallest molecule of the raffinose family 

oligosaccharides (RFOs), which are α-1,6-galactosyl extensions of sucrose (Sengupta et al. 2015), 

produced by adding galactinol molecules to an initial molecule of sucrose. RFOs are thought to 

have several functions such as carbohydrate storage and transport, signaling and abiotic stress 

response (Van den Ende 2013; Sengupta et al. 2015; Vinson et al. 2020), including protection 

against chilling stress (Nishizawa et al. 2008). Bertrand et al. (2020) reported an increase in 

raffinose content during the CA of red clover but reported that the positive effect of selection for 

freezing tolerance on the accumulation of raffinose after CA was only significant in one of the two 

genetic backgrounds under study. On the other hand, Castonguay et al. (1995) found that 

differences in the maximum level of freezing tolerance between non-hardy and winter-hardy 

cultivars of alfalfa was more related to the capacity of the plants to accumulate the RFOs stachyose 

and raffinose, than sucrose. Bertrand et al. (2016) did not find genes specifically involved in the 

biosynthesis of raffinose to be up- or down-regulated during CA in their proteome analyses of red 
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clover crowns. However, in alfalfa crowns, a several-fold increase of the expression level of 

galactinol synthase (GaS) was reported after exposure to low temperature (Bertrand et al., 2017). 

Galactinol is involved in the synthesis of raffinose from sucrose (Sengupta et al. 2015). Taken 

together, these reports hint at a role for RFOs in the freezing tolerance of red clover. It seems, 

however, that this legume species has a limited capacity to accumulate raffinose in some genetic 

backgrounds, and an inability to accumulate stachyose. This may possibly explain its lower capacity 

to reach high levels of freezing tolerance as compared to alfalfa. 

The increased accumulation of free amino acids during CA that we observed is a well-

known stress response in plants. Arginine, asparagine and proline, which had the highest increase 

after CA, were all previously found to be involved in the cold stress response in red clover and 

alfalfa (Castonguay et al. 2011, Bertrand et al. 2020). However, among these, only arginine was 

significantly more concentrated in the FT than the FS group, suggesting that arginine may play a 

role in determining the difference in freezing tolerance between the two groups.  Arginine is a key 

storage compound in higher plants and the close relationship between its abundance in taproots of 

alfalfa during overwintering and shoot regrowth in the spring suggest that this amino acid may play 

a determinant role as a N reserve in perennial plants (Dhont et al. 2003). Arginine is also a precursor 

of polyamines, which in turn can be catabolized into GABA. Both polyamines and GABA are 

involved in stress response and tolerance in legumes (Menéndez et al., 2019), for example, 

polyamines are involved in freezing tolerance in M. falcata (Zhou et al. 2018) and drought tolerance 

in T. repens (Yong et al., 2017; Li et al., 2018). In our study we found a decreased content of GABA 

after CA. In contrast, Bertrand et al. (2020) found that during winter GABA was at its highest level 

in December and as such could be involved in the acquisition of maximum freezing tolerance in 

red clover. It may be possible that our experimental conditions with short-term acclimation 

treatment with above zero temperature caused a slight decrease of GABA concentration instead of 

an accumulation since this intermediate of polyamine synthesis had to be entirely used as building 

block for the synthesis of other more critical compounds. The different genetic backgrounds of 

Nordic European and Canadian red clover may also be a cause for the different responses in our 

study and that of Bertrand et al. (2020). Serine, valine, tyrosine, alanine and phenylalanine are other 

amino acids which had higher content in the FT than in the FS group and that could therefore be 

involved in the differences in freezing tolerance between the two groups. Of these, the tyrosine 

content decreased during CA while the others increased. The role of phenylalanine in the 

acquisition of freezing tolerance, as a precursor of the flavonoid pathway is discussed below. 
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Changes in polyphenol content in response to cold acclimation 

This is to our knowledge the first work that investigated the phenolic profile in crowns of red clover, 

while several studies focused on roots and aerial tissue (Lin et al. 2000; Tsao et al. 2006; Sivesind 

and Seguin, 2005; Saviranta et al. 2008; Saviranta et al. 2010a; Saviranta et al. 2010b; Chiriac et 

al., 2020). Crowns are the meristematic tissues providing root and shoot regrowth in the spring and, 

as such, are vital for the winter survival of red clover that likely allocates most of its energy in 

protecting crowns during cold acclimation. Most of the detected compounds belong to the 

isoflavones, a class of phenolic compounds particularly abundant in legumes (Mazur et al., 1998). 

An overview of the biosynthetic pathway leading to the synthesis of isoflavones is shown in 

Supplementary Figure 4.  We identified 31 major phenolic compounds in red clover crowns. These 

findings are consistent with previous studies that identified 28 and 31 phenolic compounds in red 

clover roots and leaves, respectively (Saviranta et al. 2010a; Saviranta et al. 2010b). We found that 

pseudobaptigenin-G-M, formononetin-G-M and maackiain-G-M were the most abundant phenolic 

compounds in red clover crowns. These three compounds were also the most abundant phenolic 

compounds found in roots of field-grown red clover by Saviranta et al. (2010a). Roots of field-

grown plants, and leaves, had a somewhat different profile, with higher levels of formononetin 

aglycone (A) and biochanin A in roots of pot-grown plants (Saviranta et al., 2010a), and higher 

levels of biochanin A-G-M) and phaselic acid in leaves (Saviranta et al., 2010b).  

We hypothesized that the accumulation of phenolic compounds in clover crowns would be 

significantly increased by the CA treatment because of a cold-induced stress response. However, 

the effect of CA was only minor as only twelve identified phenolic compounds were significantly 

different in their abundance between CA and NA plants, of which only three were among the 

compounds with the highest intensities. Of these, the amino acid L-tryptophan was significantly 

more abundant in CA crowns. Interestingly, another aromatic amino acid, L-phenylalanine, and a 

third compound with an amino acid-like structure N-(phenylacetyl) aspartic acid, were among the 

compounds significantly more concentrated in CA crowns (the latter two were identified with low 

abundance). A recent study involving application of L- phenylalanine and tyrosine to wheat plants 

revealed that these amino acids are precursors of the flavonoid pathway (Feduraev et al., 2020). 

Thus, the increased level of L- phenylalanine in the CA crowns in our study may reflect the 

increased metabolic activity towards the accumulation of phenolic compounds in red clover. 

However, we found a decreased level of tyrosine after CA, which is somehow in contrast with this 

hypothesis. The three other phenolic compounds showing significantly higher abundance in CA 

than NA crowns, daidzein, genistein and an isomer of biochanin A, were all previously identified 

in red clover roots (Saviranta et al., 2008), and were suggested to play a role in the defense in the 

rhizosphere (Dinkins et al., 2021). Among the major phenolics in our study were deoxidated forms 
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of clovamide, a phenolic compound from the class of hydroxy-cinnamic acid amides previously 

found in red clover roots after treatment with jasmonic acid and that was proposed to be involved 

in the plant defense system (Tebayashi et al., 2000). 

In general, the higher total number of peaks distinguishing the CA vs. NA and the fact that 

some of the major peaks were significantly different between NA and CA, indicated that the cold 

acclimation treatment had a stronger effect than accession group in the accumulation of phenolic 

compounds in red clover crowns. Schulz et al. (2015) found significantly higher amounts of 

phenolic compounds in the classes of flavonols and anthocyanins in A. thaliana leaves after 14 days 

of CA at 4°C. However, in that study, the response differed between accessions with different 

genetic backgrounds, which is similar to the situation in red clover grown in a multi-year multi-

location field trial (Sivesind and Seguin, 2005). These observations indicate a strong genetic control 

of the accumulation of phenolic compounds under CA. Furthermore, Schulz et al. (2015) showed 

that the levels of only a few phenolic compounds were significantly correlated to freezing tolerance. 

A subsequent study (Schulz et al., 2016) employing plants mutated in different genes in the phenolic 

compound biosynthesis pathway, suggested a redundancy effect of different flavonoids on the level 

of freezing tolerance. These authors also suggested that a combined contribution of a set of different 

phenolic compounds is more likely than the specific action of a particular compound. Furthermore, 

Saviranta et al. (2010a) found only a minor effect of ozone stress in the accumulation of single 

phenolic compounds in red clover roots. Similar results were reported in a study on red clover 

leaves (Saviranta et al. 2010b), where ozone stress significantly increased the total phenolic content, 

while single compounds were only marginally affected. Furthermore, Saviranta et al. (2008) 

showed that the concentration of four different isoflavones in red clover was tissue specific, and 

that these differences also depended on the developmental stage, something which was also 

confirmed in a later study (Saviranta et al. 2010b).   
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Table 2.  Identities of polyphenols labelled in Figure 5. 

Peak 
# 

Retention 
time (min) 

Polyphenol1 Chemical 
formula 

Measured 
molecular 
weight 
(Da)2 

Mass 
Error 
(ppm)3 

λmax (nm) 4 ID 
level5 

1 4.53 L-Tryptophan C11H12N2O2 204.08958 -1.45 280 2 

2 9.54 cis-clovamide C18H17NO7 359.09971 -2.21 290,320 2/3 

3 10.63 Calycosin-G C22H22O10 446.12068 -1.38 250,260,285 2/3 

4 10.82 Deoxyclovamide (caffeoyl 
tyrosine) 

C18H17NO6 343.10559 -1.50 295,320 2/3 

5 11.39 Genistin C21H20O10 432.10510 -1.27 260,318 2 

6 11.75 Pratensein 7-O-β-D-
glucoside 

C22H22O11 462.11555 -1.43 263,328 2 

7 12.18 Dideoxyclovamide C18H17NO5 327.11026 -1.26 299,308 2/3 

8 12.24 Daidzein G-M C24H22O12 502.11028 -1.68 262,308 2/3 

9 12.41 Calycosin-G-M C25H24O13 532.12097 -1.35 260,290w 2/3 

10 12.51 Calycosin-G-M C25H24O13 532.12106 -1.18 260,290w 2/3 

11 13.04 Calycosin-G-M C25H24O13 532.12104 -1.22 260,286 2/3 

12 13.36 Pseudobaptigenin-G C22H20O10 444.10518 -1.05 250,262,292 2/3 

13 13.42 Irilin B/methylorobol-G-
M 

C25H24O14 548.11661 -1.21 263,334w 2/3 

14 13.71 Ononin (formononetin 7-
O-β-D-glucoside) 

C22H22O9 430.12602 -0.85 260,300 2 

15 13.91 Genistin 6”-O-malonate C24H22O13 518.10562 -0.82 260,330w 2 

16 14.09 Pratensein 7-O-β-D-
glucoside-6”-O-malonate 

C25H24O14 548.11595 -1.19 264,330 2 

17 14.75 Irilin B/methylorobol-G-
M 

C25H24O14 548.11595 -1.20 260,290 2/3 

18 14.90 Calycosin-G-M-M C28H26O16 618.12108 -1.62 250,285w 2/3 

19 15.22 Pseudobaptigenin-G-M C25H22O13 530.10559 -0.85 260w,290 2/3 

20 15.41 Calycosin C16H12O5 284.06817 -1.07 a 2 

21 15.49 Irilone/afrormosin-G C22H20O11 460.10004 -1.13 268,340w 2/3 

22 15.56 Formononetin-G-M C25H24O12 516.12640 -0.73 260,305 2/3 

23 15.69 Pseudobaptigenin-G-M C25H22O13 530.10556 -0.91 260,290 2/3 

24 16.01 Formononetin-G-M C25H24O12 516.12638 -0.78 260,305 2/3 

25 16.98 Maackiain-G-M+NH3 C25H27NO13 549.14736 -1.60 284,309s 3 

26 16.98 Maackiain-G-M C25H24O13 532.12092 -1.45 284,309s 2/3 

27 17.24 Irilone/afrormosin-G-M C25H22O14 546.10044 -0.95 266,334w 2/3 

28 17.46 Irilone/afrormosin-G-M C25H22O14 546.10044 -0.94 268,338w 2/3 

29 17.95 Formononetin-G-M-M C28H26O15 602.12636 -1.35 250,300w 2/3 

30 18.35 Biochanin A 7-O-β-D-
glucoside-6”-O-malonate 

C25H24O13 532.12121 -0.91 260,322 2 

31 18.76 Prunetin-G-M C25H24O13 532.12123 -0.86 260,325w 2/3 

32 19.08 Pseudobaptigenin C16H10O5 282.05276 -0.21 250,293 2 

33 19.47 Formononetin C16H12O4 268.07317 -1.45 250,301 2 

1 A = aglycone, G = glucoside or galactoside, M = malonate; 2 Mass of the neutral compound 
for the most abundant isotope based on the measured accurate mass (Da); 3 Mass error = ((measured 
accurate mass – calculated exact mass)/(calculated exact mass)) x 106 in parts per million (ppm); 4 
a = too small to measure accurately, w = weak, s = strong;  5 Identification level as described in 
Sumner et al. 2007 with the addition of the 2/3 level in Elessawy et al. 2021 
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Figure 1. Results of multi-factor analysis (MFA) of carbohydrate (CH) and amino acid (AA) 
content in crowns of 5 freezing sensitive (FS) and 5 freezing tolerant (FT) red clover accessions 
that had been either cold acclimated (CA) or non-acclimated (NA). For each accession and 
acclimation treatment, the content of a set of CHs and AAs was measured in 4 replicate samples, 
each consisting of 30 individual crowns. The content of individual CHs and AAs were active 
quantitative variables while acclimation treatment and accession group were active and 
supplementary categorical variables in the analysis. (A), representation of the accessions in the 
space defined by the first two dimensions of the MFA. Dots representing the accessions are color 
coded to indicate accession group and treatment on the left and right side, respectively. 95% 
confidence ellipses are shown. (B), projection of the variable groups in the first two dimensions of 
the MFA. The dots representing the variable groups can assume values between 0 and 1 in the first 
two MFA dimensions, with a score close to 1 meaning that the variable group is very strongly 
linked to that dimension of the MFA. (C), correlation of quantitative variables belonging to the CH 
and AA variable groups with the first two dimensions of the MFA, only variables significantly 
correlated (P<0.05) with the first and/or second dimension are shown. 



 

 

 
 

Figure 2. Content of individual and total soluble sugars as well as starch in crowns of 5 freezing 

sensitive (FS) and 5 freezing tolerant (FT) red clover accessions that had been either cold 

acclimated (CA) or non-acclimated (NA). Interaction effects are shown by the black lines 

connecting the means (black dots) of the two treatments within accession group. Results from 

analysis of variance shown in each panel indicate which factors had a significant effect. Trm; 

treatment (CA or NA), Gr; accession group (FS or FT), TrmXGr (treatment X accession group 

interaction, ***; P <0.001, **; P <0.01, *; P <0.05. Note that the scale on the y-axes vary among 

the different metabolites.   



 

 

 
 

Figure 3. Content of individual and total amino acids in red clover crowns of 5 freezing sensitive 

(FS) and 5 freezing tolerant (FT) red clover accessions that had been either cold acclimated (CA) 

or non-acclimated (NA). Interaction effect is also shown by the black lines connecting the means 

(black dots) of the two treatments within accession group. Results from analysis of variance shown 

in each panel indicate which factors had a significant effect. Trm; treatment (CA or NA), Gr; 

accession group (FS or FT), TrmXGr (treatment X accession group interaction, ***; P <0.001, **; 

P <0.01, *; P <0.05. Note that the scale on the y-axes vary among the different metabolites.    



 

 

 

 
 

Figure 4. Metabolic pathway maps of differences in carbohydrate and amino acid content between 

freezing susceptible (FS) and freezing tolerant (FT) accessions which were either non-acclimated 

(NA) or cold acclimated (CA). Metabolites are color coded to indicate differences between FT and 

FS accessions, according to analyses of variance within acclimation treatments. Dashed arrows 

symbolize multistep reactions and solid arrows one-step reactions (figure adapted from Gagné-

Bourque et al., 2016)   



 

 

 
 

Figure 5. Representative LC-MS trace using accession 7, SÖDRA SUNDERBYN PH0102 (FT), 

where NA indicates non acclimated and CA indicates cold acclimated (CA). For clarity the odd 

numbered peaks are labelled in the upper trace and the even numbered peaks are labelled in the 

lower trace. The peak numbers correspond to the peak numbers given in Table 1.  



 

 

 
 

Figure 6.  Volcano plots of (A) CA vs. NA and (B) FT (freezing tolerant) vs. FS (freezing 

susceptible) accessions. The red and green areas show the compounds that have significantly higher 

and lower intensities, for the two comparisons (CA vs NA and FT vs FS), respectively. The numbers 

correspond to the assignments in Tables 1 and 2, however, numbers with a suffix are not in the 

tables as they are redundant.  The suffix ‘a’ indicates an adduct ion and the suffix “f” indicates a 

fragment ion. 
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Abstract 

Improvement of freezing tolerance (FT) is an important breeding goal in red clover 

(Trifolium pratense L.), whose field persistency is often affected by poor winter survival. Here 

we phenotyped 393 red clover accessions, mostly of European origin, for FT and found 

considerable variation, with LT50-values (temperature required to kill 50% of the plants) 

ranging from -5.96 to -11.47 °C. Accessions were genotyped as pools of individuals using 

pool-GBS, generating both SNP and haplotype allele frequency data at accession level. 

Linkage disequilibrium was determined as a squared partial correlation between the allele 

frequencies of pairs of SNPs and found to decay at extremely short distances (< 1 kb). SNP- 

and haplotype-based genome-wide association studies (GWAS) identified altogether 13 loci 

significantly associated with FT, explaining 30 and 26 % of the phenotypic variation for the 

SNP- and haplotype-based analyses, respectively. Ten of the loci were found within or at a 

short distance from genes possibly involved in mechanisms associated with FT. This study 

paves the way for a better understanding of the genetic control of FT and for the development 

of molecular markers for the improvement of this trait in red clover. 

 



Introduction 

Red clover (Trifolium pratense L.) is the most important perennial forage legume in northern 

Europe (Helgadóttir et al., 2014; Annicchiarico et al., 2015), where it is mainly cultivated in 

mixture with grasses under mowing regime for the production of silage and hay. Its capability 

to fix atmospheric nitrogen through symbiotic nitrogen fixation significantly reduces the 

requirement for nitrogen fertilization (Jensen et al., 2012; Lüscher et al., 2014; Reckling et al., 

2016). Thanks to this, and to the high protein content of its forage (Frame et al., 1997), red 

clover plays an important role in the shift towards a more sustainable agriculture in the Nordic 

region. Like in the rest of Europe, Nordic agriculture is currently not self-sufficient when it 

comes to plant-based protein for food and feed (Visser et al., 2014; Voisin et al., 2014). 

However, the cultivation of red clover at northern latitudes is hampered by its poor field 

persistency, mainly caused by low winter survival (Abberton and Marshall, 2005), which is a 

complex trait affected by several biotic and abiotic factors (Bélanger et al., 2006). The 

improvement of persistency is one of the main breeding goals for the species because it will 

result in both higher forage yield and protein content of mixed red clover - grass swards 

(Marshall et al., 2017). 

Among the several stresses that reduce plant survival during the winter, freezing 

temperatures are one of the main causes of mortality at locations with continental climate 

characterized by harsh winters. The ability to tolerate low freezing temperatures (freezing 

tolerance, FT) is achieved by a period of cold acclimation (CA) at low above-zero 

temperatures, which induces several changes at the transcriptomic, proteomic and metabolic 

level (Bertrand et al., 2020; 2016; Zanotto et al. in press). CA results in the accumulation of 

soluble sugars and free amino acids in the crowns, which are critical for overwintering and 

regrowth in red clover plants. Phenolic compounds are also involved in the response to CA, 

(Zanotto et al., in press). At the proteomic level, CA induces marked changes in the proteome, 

mainly related to enzymes involved in carbohydrate, amino acid and secondary metabolism as 

well as energy production (Bertrand et al., 2016). Variation in FT among red clover gene bank 

material of Nordic origin was recently reported (Zanotto et al., 2021). FT can be improved by 

selection and breeding (Bertrand et al., 2016), but little is known about the genetic control of 

FT in red clover. Previous studies identified regions in the red clover genome associated with 

persistency and survival as affected by various biotic and abiotic stresses (Ergon et al., 2019; 

Herrmann et al., 2008; Klimenko et al., 2010), but none of these studies specifically analyzed 

the level of FT of the plant material they used. 



Red clover is a natural diploid (2n=14) outbreeding species with a genome size of 

approximately 420 Mb (Sato et al., 2005). A draft genome for the species (309 Mb, of which 

164 Mb are placed on chromosomes) was published in 2015 by  De Vega et al., facilitating 

genomic studies. Red clover is highly self-incompatible, has a very polymorphic genome, and 

usually a higher genetic diversity within than between populations (Jones et al., 2020). Red 

clover cultivars are commonly bred as synthetic populations with up to twenty or more parents. 

A recent study reveals that a high amount of genetic diversity is maintained within Nordic red 

clover cultivars created by modern breeding programs (Osterman et al., 2021). Furthermore, 

there is a large amount of genetic variation for several traits available among gene bank 

material such as landraces, wild populations and old cultivars. This can be exploited to improve 

cultivars for specific target traits, including traits related to persistency such as winter survival 

and freezing tolerance (Annicchiarico and Pagnotta, 2012; Dias et al., 2008; Greene et al., 

2004; Kouamé and Quesenberry, 1993; Zanotto et al., 2021).  

Genotyping by sequencing (GBS) of DNA pools is a time- and cost-effective method 

for genotyping a large number of accessions and when genetic characterization is more relevant 

at population level than at the constituent individual level, such as in plant breeding of self-

incompatible forage species (Byrne et al., 2013). Genome wide association studies (GWAS) 

have been successfully used in forage legumes to elucidate the genetic control of complex traits 

(Biazzi et al., 2017; Inostroza et al., 2018). GWAS analysis may be confounded by population 

structure and variation in relatedness among accessions (Korte and Farlow, 2013). Therefore, 

it is important to use GWAS models that can account for this in order to reduce the risk of 

identifying false positive associations (Liu et al., 2016). In GWAS analysis, haplotype data can 

complement single nucleotide polymorphism (SNP) data, as haplotypes may reveal 

associations that are not detectable when using SNP data only (Bekele et al., 2018; Hamblin 

and Jannink, 2011; Ergon et al, submitted).  

In this study we characterized a wide and diverse panel made up of 393 red clover 

accessions of mainly European origin for their level of FT with the goal of identifying regions 

in the red clover genome associated with this trait. Accessions were genotyped at population 

level by GBS on DNA extracted from pools of 200 individual plants. GWAS analyses were 

conducted using both SNPs and short haplotypes within GBS loci. The presence of relatedness 

among the accessions and the rapid linkage disequilibrium (LD) decay affecting red clover are 

important factors to consider when conducting genomic studies to dissect complex quantitative 

traits, including FT. The implication of these and other aspects for GWAS is discussed. 

 



Material and methods 

Plant material and phenotyping 

A total of 393 red clover accessions were phenotyped for freezing tolerance (FT) under 

controlled experimental conditions. The accessions were wild populations, landraces, cultivars 

and breeding material, mostly of European origin (Supplementary Table 1). FT was 

determined in young plants after a short cold acclimation treatment (two weeks at 3–4 °C, 12 

hr photoperiod and 110 μmol m2s−1 PAR) and expressed as LT50 (temperature required to kill 

50% of the plants), similar to the protocol described by Zanotto et al., (2021). The experiment 

was organized in eight incomplete blocks, each containing half of the accessions. Accessions 

were randomized among blocks, so that each accession was represented in each of four of the 

eight blocks. Due to space limitation, only one block could be freeze tested at the same time, 

every two weeks. Sowing, pricking and cold acclimation prior to the freezing test was therefore 

staggered in a sequential order, accordingly. Each block consisted of twelve sub-blocks with 

one plant per accession. Three plants per accession and block were exposed to one of four 

different testing temperatures within the range from -5 °C, to -17 °C (temperatures were 

adjusted after the first rounds (blocks) in order to align with the variation in FT). In total, across 

all blocks, each accession was represented by 48 plants tested at various temperatures. Survival 

data from the four blocks per accession were pooled before LT50 was estimated using the 

invest function of the investr package in R (Greenwell et al., 2014). 

Genotyping 

DNA extraction, SNP calling and filtering 

The 393 accessions were genotyped at the accession level using Genotyping-by-Sequencing 

(GBS, Elshire et al., 2011) of DNA extracted using the DNEasy 96 well kit (QIAGEN) from 

pools of the single leaf first emerging from 200 seedlings per accession. The seedlings were 

sown in 96 well plant trays with two or three seedlings per well and germinated in the 

greenhouse. GBS was performed by the LGC Group (www.lgcgroup.com), using a 

combination of PstI and MseI for digestion, an adaptation that involves molecular 

normalization of read depth across loci within samples and size selection (range 100-250 bp, 

peak around 175 bp), and paired-end sequencing.  

Reads were demultiplexed with cutadapt 3.3 (Martin, 2011), and 3’ restriction site 

remnants, common adapter sequences and 5’ restriction site remnants were removed using a 



custom python script, cutadapt 3.3 (Martin, 2011) and FASTX-Toolkit 0.0.14 (Gordon & 

Hannon, 2010). All reads were merged with a minimum overlap of 10 bp (PEAR, Zhang et al. 

2013). Merged reads were quality filtered and reads shorter than 60 bp were discarded. Reads 

were aligned to the red clover reference genome sequence v2.1 (De Vega, 2015) with the 

BWA-mem algorithm implemented in BWA 0.7.17 (Li & Durbin, 2009) with default 

parameters. Alignments were sorted, indexed and filtered on mapping quality 20 (q20) with 

SAMtools 1.10 (Li et al., 2009).  

Mpileup files (converted from BAM format with SAMtools) in which all genome 

positions with minimum read depth of 30 were concatenated, thus joining the neighboring GBS 

stacks and excluding the part of the genome without coverage, were used as input to calculate 

Watterson’s � θ estimator with NPStat v0.99 (Ferretti et al., 2013). NPStat was run with the 

following settings: minor allele count equal to one read (MAC1), window-size equal to 10,000 

bp, haploid sample size equal to 120 (the maximum number technically acceptable in NPStat), 

and maximum coverage equal to 500. Per population, a single genome-wide � value was 

calculated as the mean across all windows (about 500 windows per sample). Loci with very 

high (>500) read depth may be derived from repetitive sequences that are mapped onto a single 

genomic locus and were thus excluded.  

The NPStat-derived theta values per pool-GBS sample were used as diversity prior to 

the Bayesian SNP calling algorithm implemented in SNAPE-pooled (Raineri et al., 2012) to 

identify significant SNPs in each population. SNAPE-pooled was run with the following 

settings: - priortype = informative, -fold = folded, -nchr = 120 for consistency with NPStat.  

The relative proportion of reads per SNP allele was used as an estimate of allele 

frequency. We used a custom python script to apply filters on the SNAPE-pooled reference 

allele frequency data. Filters were applied in the following order: (i) SNP positions were 

deleted if the reference allele was not A, C, G, or T, (ii) SNP frequencies were set to missing 

data when the two observed alleles were both different from the reference allele, or when the 

sum of the reference and the alternative allele read counts was lower than 27, (iii) using the 

Bayesian estimates of allele presence provided by SNAPE-pooled, we set the alternative allele 

frequency (and allele counts) to 0 if p(freqalt≠0) < 0.95 and the reference allele frequency (and 

allele counts) to 0 if p(freqref≠0) < 0.95, (iv) after all the above filtering, we discarded SNP 

positions with more than two remaining alleles across the whole set of populations (thus 

removing potential residual low frequency sequencing errors). (v) One accession 

(EUC_TP_107) had more than 80% missing values across SNPs and was discarded from 

further analyses, leaving 392 accessions. (vi) SNPs with more than 5% missing values or 



overall MAF < 0.05 were removed. This resulted in a set of 20,156 SNPs of which 12,777 were 

on chromosomes and 7,379 on unanchored scaffolds. The number of missing values per marker 

and per individual, as well as the allele frequency distribution, after filtering, is shown in 

Supplementary Figure 1 and 2. Missing data (0.72% of all sample and SNP genotype calls) in 

the 20,156 SNP data set were imputed by replacing each missing data point !!" for accession i 

and SNP j with the mean of the non-missing values for SNP j of the other accessions. 

Haplotype calling and filtering 

Haplotype variants within GBS loci were called and their relative frequencies estimated with 

the SMAP package (Schaumont et al., 2022) as explained in Ergon et al. (submitted), using the 

SNP data set achieved when removing only SNPs with more than 20% missing data in step (vi) 

above as input. Haplotype variants with an overall MAF < 0.05 were discarded.  

We define a haplotype polymorphism (HTP) as a GBS locus that contains two or more 

haplotype variants. The allele frequencies of a total of 75,247 haplotype variants within 12,036 

HTPs (with an average of 6.25 haplotype variants per HTP) were estimated. This initial data 

set was then filtered, removing HTPs with missing values in more than 5% of the samples. This 

resulted in a new data set with allele frequencies of 20,745 haplotype variants in 7,477 HTPs 

with an average of 2.8 variants per HTP. The number of missing values per HTP and per 

accession, as well as the haplotype allele frequency distribution after filtering, is shown in 

Supplementary Figure 3 and 4. The data set was then imputed for missing values (0.38% of the 

HTP) with the mean allele frequencies for each specific haplotype variant as explained above 

for the SNP data set. Overall, 13,359 haplotype variants (64%) were located on chromosomes 

and 7,389 on unanchored scaffolds (36%), within 4,833 and 2,644 HTP loci, respectively. The 

set of 4833 HTP loci located on the chromosomes was used to obtain a measure of marker 

distribution across the genome in our material. These unique loci correspond to the parts of the 

red clover genome which were sequenced by the GBS and within which at least two haplotype 

variants were called and retained after filtering. 

Population structure, kinship and LD  

The population structure among the 392 accessions were investigated with a principal 

component analysis (PCA) based on the reference allele frequencies of the SNPs after filtration 

and imputation. A genomic relationship matrix (GRM) was calculated following the method 

described by Cericola et al. (2018), without bias correction. The method is based on VanRaden  



(2008) and adapted for the use of allele frequency data. The genotype matrix (Fij, with i 

indexing the samples and j indexing the markers) was centered by the mean allele frequency 

(average Fj), and the resulting genotype matrix M (Mj = Fj –  ∑ /$#
"$% ) was used to compute 

the GRM G, as follows 

% = ''&

1
)∑ *"(1 − *"#

"$% )
 

where m represents the number of markers, pj equals the frequency of the jth marker, 

and n represents the total ploidy number, which is the sum of the ploidy number of the parents 

used to generate the populations (Ashraf et al., 2014). We used n = 16, as suggested by Cericola 

et al. (2018) for synthetic perennial ryegrass populations. GRMs were calculated with higher 

n values, and a negligible effect was found in the GWAS results using these different GRMs 

(data not shown), therefore a value of n = 16 was used throughout this study.  

LD was determined as the squared partial correlation between the reference allele 

frequencies of pairs of SNPs (.'() (Lin et al., 2012; Mangin et al., 2012). This measure removes 

the bias on the correlation between reference allele frequencies at different loci that is due to 

kinship. Calculations of .'(values, and LD plots were done in R studio (R Core Team, 2021), 

the pcor.shrink function of the corpcor package (Schafer et al., 2021) was used for calculation 

of .'(. 

GWAS and candidate gene search 

Different GWAS models were performed in a preliminary study with and without correction 

for kinship and/or population structure with the rrBLUP package (Endelman, 2011). Including 

the effect of population structure did not improve the GWAS model. Therefore, only kinship, 

accounted for by the GRMs, was included in the GWAS analyses. However, since none of the 

analyses performed with the rrBLUP package resulted in significant associations, SNP- and 

haplotype-based genome-wide association studies (GWAS) for FT were performed with the 

Multi Locus Mixed Model (MLMM), which incorporates multiple markers identified as 

significantly associated with the phenotypic trait as covariates simultaneously (Segura et al. 

2012). The analyses were performed in R with the mlmm.gwas package (Bonnafous et al., 

2019). The model with the lowest eBIC value was selected as the best model, and SNPs and 

haplotypes with a p-value lower than the Bonferroni threshold were considered as significant. 

For each of the significant markers (SNPs and haplotypes) a linear regression between 

the reference allele frequency and FT was calculated to estimate the allele effect on the 



phenotype (slope) and the phenotypic variance explained (/'). Furthermore, to estimate the 

effect of kinship on the /', two different regression models were fitted, one with and one 

without kinship (as random genetic effect) with the lmkin and the lm functions of the coxme 

(Therneau, 2020) and stats (R Core Team, 2021) packages, respectively. The variance 

explained (/') by regression models including all the significant markers detected (by SNPs 

and HTPs-based GWAS models) simultaneously was also calculated, again both with and 

without kinship to estimate the kinship effect. All the /' values were estimated from the 

analyses output with the function r.squaredLR of the package MuMin (Barton, 2020).  All the 

statistical analyses were performed in R studio (R Core Team 2021). 

Given the limited LD found, candidate genes were identified within regions of +/- 0.5 

Kbp flanking the significant SNPs and haplotypes identified by the GWAS in the red clover 

genome Tp2.0 (De Vega et al., 2015) with the gbrowse function available within the Legume 

Information System (LIS, legumeinfo.org). Gene-coding sequences (CDS) were used for 

BLASTn search (blast.ncbi.nlm.nih.gov) in the A. thaliana and M. truncatula genome to 

identify the most similar genes in these model species. 

  



Results 

Variation in freezing tolerance 

LT50 among the 393 phenotyped accessions ranged between -11.47 °C and -5.96 °C with an 

average of -9.10 ᵒC. The average standard error among the estimated LT50 values was 0.52 

°C. The variation in LT50 across different geographical origins is shown in Figure 1. The most 

freezing tolerant accessions were found among Norwegian and Czech material while the most 

susceptible accessions were found among the southern European materials (note that higher 

LT50 corresponds to lower FT). 

Marker density, LD and relatedness among accessions 

The SNP and HTP density along the chromosomes is shown in Supplementary Figure 5. The 

average distance between HTP loci that mapped to the 164.2 Mb of the genome assembly 

assigned to chromosomes was 35 kb. Since several SNP markers are often clustered within the 

same GBS locus, the number of HTP loci is more representative of the functional marker 

density than the number of SNPs or haplotype variants. The average LD between SNP markers 

was very low (0.005-0.01) at distances of 1 Mbp to 1 Kbp and increased to 0.16 at distances 

shorter than 0.5 kbp (Table 1, Supplementary Figure 6).  

The population structure based on the three first principal components of the PCA 

(Supplementary Figure 7) indicates that the genetic differentiation is associated with the origin 

of the accessions. Some groups are clearly distinguishable, in particular accessions from 

Southern Europe, Switzerland, the Nordic countries and to some extent accessions from Asia 

and Oceania. The rest of the material is admixed and form a relatively united group.  

Average kinship between populations was close to zero for both the SNPs and HTP-

based GRMs. The highest kinship values between two accessions were 6.94 and 7.38 for the 

SNPs and HTP-based GRMs, respectively. The mean diagonal value of the two GRMs was 

1.27 and 1.31. 

SNP- and haplotype-based GWAS 

A total of eight and six loci were detected as significantly associated with LT50 by the SNP- 

and haplotype-based GWAS, respectively (Fig. 2). One significant SNP was located within 

one significant haplotype, i.e. a total of thirteen significant GBS loci were identified (Table 

2B). Of these, eight were located on chromosomes while five were located on unanchored 



scaffolds. One more haplotype marker on LG1 was just below the Bonferroni threshold of 

significance, but clearly detached from the expected distribution of p values in the quantile-

quantile (QQ) plot (Fig. 2B) and was therefore also included among a set of thirteen loci 

considered in further analyses.    

When kinship was accounted for, the /' for the GWAS models with the lowest e-BIC 

values was 0.30 and 0.26 for the SNP and haplotype-based GWAS models, respectively, and 

when kinship was not accounted for, the respective /' was 0.48 and 0.45 (Table 2A). These 

differences in /' underline the relatively high effect of kinship among accessions and how this 

influences the GWAS models.  

The /' values for the individual significant SNPs, when kinship was and was not 

accounted for, ranged from 0.013 to 0.054 and from 0.19 to 0.0004, while those for the 

individual haplotypes ranged from 0.023 to 0.047 and from 0.19 to 0.03 (Table 2B). Some of 

the significant loci were characterized by a relatively strong effect of kinship (Table 2B, 

Supplementary Figure 8, 9). The loci mostly affected by the effect of kinship were also those 

whose distribution of allele frequencies was clearly associated with the origin of the plant 

material (Supplementary Figure 8), with at least one group having a marked different allele 

frequency distribution from the other groups.  

Candidate gene search 

For nine of the thirteen loci considered, the marker was located within a gene (Table 3), for 

one locus the marker was located in close proximity (<0.5 Kbp from a gene), while for the 

remaining three loci the scaffolds were too short for being in close proximity of candidate 

genes. Their functional annotation and that of the best BLAST hits of their coding sequences 

to the A. thaliana or M. truncatula genome are reported in Table 3 and Supplementary Table 

2, respectively. 

  



Discussion 

Phenotypic variation in FT 

The identification of genetic variation and development of genomic tools would promote 

achievement of improved persistency in future red clover breeding programs (Annicchiarico et 

al., 2015; Ravagnani et al., 2012). In this study we found considerable phenotypic variation in 

FT determined as LT50 values among 392 red clover accessions, which was partially 

associated with the origin of the material.  A previous study in red clover of Nordic origin 

(Zanotto et al., 2021), found that FT (calculated as LT50 with the same method used here) was 

significantly correlated with winter survival at a continental location characterized by low 

freezing temperatures in the winter, showing that the LT50 method reveals relevant variation. 

However, the same study also identified a considerable genotype by environment interaction 

on winter survival, which underlines the complex nature of this trait. There is a tradeoff in 

experiments where the need to phenotype a large number of accessions meets the technical 

limitations of a methodology (LT50 estimated by probit analysis) whose level of error is 

necessarily dependent on the number of replicates available. Also, plants were not fully cold 

acclimated, and therefore, the level of FT expressed may not correspond to those that can be 

reached under natural conditions, and we cannot exclude accessions with different genetic 

background respond differently to acclimation conditions. Bertrand et al. (2020) found on 

average lower LT50 values in Canadian red clover acclimated under semi natural conditions 

over the whole autumn and winter than those found in this and a previous study in Nordic red 

clover (Zanotto et al., 2021). Despite these limitations, FT determined under controlled 

conditions was successfully used as a determinant for freezing tolerance and field winter 

survival in winter wheat (Gusta et al., 2001), perennial ryegrass  (Hulke et al., 2008; Waldron 

et al., 1998) and white clover (Annicchiarico et al., 2001), although a more prolonged test, 

LD50 (lethal duration time for 50% kill), may be a better proxy for winter survival of winter 

canola in the field than LT50 (Waalen et al., 2011). 

Linkage disequilibrium and relatedness among accessions 

The rate of LD decay was very rapid in the studied material, with LD being close to the 

background level already at 1 kb distance between marker pairs. Rapid LD decay is typical in 

outbreeding species with a high genetic diversity among and within accessions such as red 

clover. The very low LD values that we calculated are in line with those found in red clover 



(Jones et al., 2020) and perennial ryegrass (Keep et al., 2020) studies considering wide and 

diversified plant material. Jones et al. (2020) found that the rate of LD decay is proportional to 

the population size and that was faster among ecotypes than among cultivars. This may explain 

the much faster LD decay that we found across a large and diverse panel of accessions 

compared to those reported by De Vega et al. (2015), which only considered a single variety. 

Considering the average density of one HTP locus every 35 kb and the very low LD that we 

found, we would need a much higher number of GBS-loci for having a major part of the QTLs 

associated with FT to be in linkage with at least one of these GBS-loci. 

The presence of structure in our material, as revealed by the PCA justifies the use of 

kinship correction in the GWAS model, which otherwise will likely overestimate the 

phenotypic effect of QTLs. The expected average diagonal value of a synthetic populations 

would be 1.0 (Cericola et al. 2018). The higher values that we found may be due to some level 

of inbreeding within the accessions used in this study and could also be affected by the 

imputation based on simple mean method, which tends to homogenize the genotypes of 

accessions around the mean values, therefore increasing the genetic similarity among 

accessions. On the other hand, the inclusion of kinship in the GWAS model, as explained by 

Keep at al. (2020) is likely to induce an underestimation of the number of loci and the total 

phenotypic variance explained.  

Furthermore, the filtering strategy that we chose for the SNP and HTP data excludes 

several alleles with very low MAF (<0.5) that may be private of only few accessions and that 

may be associated to phenotypic variation with the trait of interest. As pointed out by Keep et 

al. (2020), rare alleles may have been responsible for a substantial part of the phenotypic 

variation of many traits and make their genetic determinism difficult to apprehend. However, 

because of their very low allele frequency, these loci would probably not be detected by the 

GWAS anyways if not removed. Therefore, the strategy that we choose in term of filtering and 

correction for relatedness among populations through the kinship effect in the GWAS model 

is justified, because it ensures that the associations that we found are indeed true with low risk 

of being false positives. 

GWAS and phenotypic variance explained 

Population allele frequency data from pools have been successfully used in genome wide 

association studies and for genomic selection in perennial and Italian ryegrass (Ashraf et al., 

2016; Fè et al., 2016, 2015; Guo et al., 2018; Keep et al., 2020; Knorst et al., 2019) and for the 



identification of loci associated to persistency and time to stem elongation in red clover (Ergon 

et al. 2019; Ergon et al., in prep). However, this is to our knowledge the first study that used 

GBS-generated allele frequency data from population pools to conduct SNP- and haplotype-

based GWAS in red clover. Our analyses identified 13 independent GBS loci associated with 

FT. Only two of these loci were detected in both the SNP- and the haplotype-based GWAS, 

while the remaining were detected in only one of the analyses, confirming that haplotypes are 

able to reveal associations that are not detectable by single SNPs and vice versa, as also 

observed by (Bekele et al., 2018, Ergon et al. in preparetion). Thus, the different marker types 

can complement each other, revealing a larger total number of significant associations 

(Hamblin and Jannink, 2011; Lorenz et al., 2010).   

However, because of the low marker density that we obtained relative to the low LD 

observed (see above section on LD) only a limited part of the phenotypic variation available 

within our material could be explained by the significant markers. Furthermore, the real 

phenotypic variance explained by the markers detected by the GWAS was much lower after 

the kinship effect was included in the regression models. Perhaps not surprisingly the markers 

which were most strongly affected by the kinship (i.e. those with the largest difference in R2-

values estimated in regressions that did and did not account for kinship) were also those which 

showed the strongest difference in allele frequency (AF) of at least one geographic group of 

accessions compared to the others. For example, for SNP LG1_11608488 and haplotype 

LG1:11608425-11608558_03 accessions from southern Europe had a clearly different average 

AF than those from the other countries, suggesting that the former material has a very low 

frequency for an allele which likely provide some level of FT. The same was true for SNP 

LG3_13453807. On the other hand, for SNP LG1_10733810 and HTP LG1:10733751-

10733981_31 accessions from Norway, Finland, Serbia, and some from Sweden had a different 

average allele frequency than the rest of the accessions, suggesting that they indeed are a source 

for a favorable allele for FT which has low frequency in the other groups. These aspects are to 

keep in mind in local breeding programs aiming at the improvement of FT, for which it may 

be useful to introduce material from other countries/areas as source of useful alleles. 

Interestingly, both GBS loci which were shared across SNPs- and HTPs-based GWAS 

(SNP LG1_11608488 and haplotype LG1:11608425-11608558_03, and SNP LG1_10733810 

and haplotype LG1:10733751-10733981_31) were among the loci with the highest /'from a 

regression model with LT50, which may suggest that these associations are particularly strong.  

However, they had also some of the highest difference between /'	from regressions that did 



and did not account for kinship, as explained above, being therefore affected by the relatedness 

among accessions. 

Candidate genes 

Because of the very rapid LD decay we considered only genes found within 0.5 kb distance 

from significant loci as candidate genes, since the likelihood of markers located further away 

being causative is low. Overall, we found a total of 10 GBS-loci significantly associated with 

variation if FT that were mapped within gene sequences of the red clover genome, and two 

more loci were found very close to a gene (< 0.5kb). Markers found within genes or promoters 

(gene-targeted markers, GTMs) (Poczai et al., 2013) were suggested to be more accurate in 

describing the potential genetic diversity for specific traits of interest than randomly located 

markers (van Tienderen et al., 2002). GTMs have a strong potential for use in marker assisted 

selection for specific traits. Methods to develop GTMs have been successfully applied in red 

clover (Li et al., 2019), and used to conduct population structure and genetic diversity studies 

(Osterman et al., 2021). Loci within or in close proximity of gene sequences, such as those that 

we identified, may be used in the future for the development of markers linked to variation in 

FT for breeding, genetic diversity studies and conservation purposes specifically targeting this 

trait. This will need further investigation to confirm the robustness and accuracy of their 

association with FT, and later their validation across a diversified panel of accessions, before 

application.    

Among the genes tagged by significant SNPs and HTPs, four are coding for proteins 

with transporter function (TP_8902, Tp_36921, Tp_32086, Tp_2102) which may be involved 

in biochemical mechanisms requiring the transport of metabolites at the cellular levels linked 

to the stress response, such as that provoked by low freezing temperatures. However, one of 

them (Tp_8902) is coding for Membrane transporter D1 n protein in red clover while the best 

blast hit in both A. thaliana and M. truncatula encodes an inositol transporter 1 (INT1) protein. 

This protein was reported as being the only known protein that facilitates myo-inositol import 

from the vacuole into the cytoplasm in A. thaliana (Strobl et al., 2018). Myo-inositol is a cyclic 

sugar alcohol that is accumulated in different plants in response to abiotic stress (Sengupta et 

al., 2008). Inositol transporters were also reported to play important roles in transitional 

metabolism and various signaling pathways in plants (Zhou et al., 2021). Two other candidate 

genes (Tp_10429 and Tp_10399) codes for proteins of the peroxidase superfamily, which are 

involved in oxidative stress response. Plants exposed to low temperatures combined with light 



are subjected to oxidative stress because of an energy imbalance in the photosystems (Huner 

et al., 1993). Gene TP_1704 is coding for a transducing/WD40 repeat-like superfamily protein, 

a vast class of proteins involved in several functions, among these protein–protein interactions, 

modulating a variety of cellular processes such as plant stress and hormone response (Xu et al., 

2019). The best hits for gene TP_1704 in the Arabidopsis thaliana is coding for the WD40 

Repeat Protein NEDD1, known as being involved in microtubule organization during cell 

division in this species (Zeng et al., 2009). Two genes (Tp_28991 and Tp_24108) are coding 

for proteins involved in DNA processing. Finally, genes Tp_34014 and Tp_2834 are coding 

for proteins with a hydrolytic function. The first, belongs to the alpha/beta-Hydrolases 

superfamily having a vast number of functions such as hydrolases, lyases, transferases, 

hormone precursors or transporters, chaperones or routers of other proteins (Lenfant et al., 

2013). Interestingly, the best hit of the CDS of this gene in the M. truncatula genome is coding 

for an enzyme, caffeoylshikimate esterase, involved in the shikimate biosynthetic pathway and 

suggested as being essential for lignification in all plant species (Ha et al., 2016). It’s worth 

nothing that other secondary metabolites of the flavonoids class synthesized through the 

shikimate pathway were reported as being involved in cold acclimation in Arabidopsis and red 

clover (Schulz et al., 2016 Zanotto et al. in press), therefore we can speculate that this gene 

may be involved in the synthesis of these secondary metabolites in consequence of low 

temperatures. 
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Table 2. Phenotypic variance in LT50 explained by significant markers identified in GWAS. 

Regression analysis was performed, using allele frequencies of significant markers as 

predictors of LT50, both with and without kinship accounted for. (A) !! for the regression 

models including all the significant SNPs or haplotype variants simultaneously. (B) !! for 

the regression model using single significant SNPs and haplotype variants. 

A 

Model ""with kinship ""no kinship Number of loci 

SNP 0.30 0.48 8 

Haplotype 0.26 0.45 71 

 

B 

SNP/haplotype ""with kinship ""no kinship 

LG1_10733810 0.054 0.093 

LG1_11608488 0.047 0.19 

scaf_836_20601 0.046 0.10 

scaf_1414_9867 0.043 0.01 

LG1_20019082 0.020 0.08 

scaf_153_142327 0.016 0.00057 

LG6_12095124 0.014 0.000443 

LG3_13453807 0.013 0.12 

LG1:11608425-11608558_31,2 0.047 0.19 

LG1:10733751-10733981_31 0.046 0.09 

LG2:26124549-26124674_01 0.036 0.15 

LG1:4339801-4340029_24 0.036 0.03 

LG3:13143867-13144034_06 0.035 0.12 

scaf_670:26744-26998_19 0.031 0.08 

scaf_28637:389-568_03 0.023 0.03 
1One haplotype (in italics) had a p-value below the Bonferroni threshold of significance in the 

GWAS but were included in further analyses because was very close to being significant. 

2Numbers at the end of each haplotype correspond to the variant number within HTP loci.  



Table 3. G
enes found w

ithin ±0.5 kb flanking significant SN
Ps and haplotypes identified by the G

W
A

S. G
ene num

ber, position and putative 

annotation are presented. For SN
Ps and haplotypes sharing the sam

e positions, only the SN
P nam

e is indicated. Three of the scaffolds containing 

significant m
arkers w

ere very short and contained no genes. 

 SN
P/haplotype

1 
G

ene N
um

ber 2 
Position M

b (start..end) 
A

nnotation
3 

1_10733810 
34014 

10733892..10735416 
alpha/beta-H

ydrolases superfam
ily protein ; ***-; A

T2G
47630.1 

1_11608488 
8902 

11607937..11610123 
M

em
brane transporter D

1 n 

1_20019082 
36921 

20017489..20020298 
cationic am

ino acid transporter 5; IPR002293 (A
m

ino 

acid/polyam
ine transporter I); 

6_12095124 
32086 

12094236..12095454 
sucrose transporter 4 ; *-*-; A

T1G
09960.1 

3_13453807 
2834 

13447395..13454431 
3-hydroxyisobutyryl-CoA

 hydrolase-like protein; IPR001753 

(Crotonase superfam
ily); G

O
:0003824 

2_26124549-

26124674_01 

2102 
26122598..26132038 

Chloride channel C; IPR001807 (Chloride channel, voltage gated), 

IPR002902 (G
nk2-hom

ologous dom
ain); 

G
O

:0005216 (ion channel activity), G
O

:0005247 (voltage-gated 

chloride channel activity),  

G
O

:0006821 (chloride transport), G
O

:0016020 (m
em

brane), 

G
O

:0030554 (adenyl nucleotide binding),  

G
O

:0055085 (transm
em

brane transport) 

1_4339801-

4340029_24 

10429 
4337894..4340197 

Peroxidase superfam
ily protein; IPR010255 (H

aem
 peroxidase); 

G
O

:0004601 (peroxidase activity),  



G
O

:0006979 (response to oxidative stress), G
O

:0020037 (hem
e 

binding), G
O

:0055114 (oxidation-reduction process) 
 

10399 
4340314..4342504 

Peroxidase superfam
ily protein; IPR010255 (H

aem
 peroxidase); 

G
O

:0004601 (peroxidase activity),  

G
O

:0006979 (response to oxidative stress), G
O

:0020037 (hem
e 

binding), G
O

:0055114 (oxidation-reduction process); 

3_13143867-

13144034_06 

1704 
13138241..13146815 

Transducin/W
D

40 repeat-like superfam
ily protein; IPR015943 

(W
D

40/Y
V

TN
 repeat-like-containing dom

ain);  

G
O

:0005515 (protein binding) 

Scaffold_836_20601 
28991 

19246..26121 
TP/D

N
A

-binding protein; IPR003594 (H
istidine kinase-like 

A
TPase, A

TP-binding dom
ain);  

G
O

:0005524 (A
TP binding);****;  

Scaffold_153_142327 
26084 

139266..146660 
K

inase interacting (K
IP1-like) fam

ily protein; IPR011684 (K
IP1-

like) 
1In bold: m

arker found w
ithin the gene sequence, in Italics: m

arker had p value slightly below
 the Bonferroni threshold of significance. 2G

ene 

num
ber in the Legum

e inform
ation system

.  3A
nnotation from

 the Legum
e Inform

ation System
 (legum

einfo.org).   

   



 

Figure 1. Boxplots showing the variation in freezing tolerance (LT50) among 393 red clover 

accessions from different countries or regions. F2 breeding populations (BR) from Sweden 

were kept as a separate group. N; number of accessions. 

  



A

 

B

 

Figure 2. Manhattan and quantile-quantile (QQ) plots of p-values of the SNPs (A) and 

haplotypes (B) in the GWAS models with the lowest e-BIC values. Blue broken horizontal 

lines represent the Bonferroni threshold while asterisks represent the SNPs used as cofactors in 

the MLMM analyses. 



Supplementary material  

 

Supplementary Table 1: Information about the red clover accessions phenotyped for freezing tolerance in 
this study. For each accession the ID from the EUCLEG project, the name, the providing institution, the 
origin and the type of material is indicated. 



Accession ID Accession Name Institution Origin Type 
EUC_TP_001 Dimanche INRA, FR FRA Cultivar 
EUC_TP_002 Discovery INRA, FR FRA Cultivar 
EUC_TP_003 Formica Agroscope, CH CHE Cultivar 
EUC_TP_004 Milvus Agroscope, CH CHE Cultivar 
EUC_TP_005 Pavo Agroscope, CH CHE Cultivar 
EUC_TP_006 S586 AberClaret IBERS, UK GBR Cultivar 
EUC_TP_007 S592 AberChianti IBERS, UK GBR Cultivar 
EUC_TP_008 Gandalf Graminor, NO NOR Cultivar 
EUC_TP_009 Lea Graminor, NO NOR Cultivar 
EUC_TP_010 K 17 IKBKS, RS SRB Cultivar 
EUC_TP_011 K 38 IKBKS, RS SRB Cultivar 
EUC_TP_012 SW Ares Lantmännen, SE SWE Cultivar 
EUC_TP_013 Cyllene DLF Seeds, CZ CZE Cultivar 
EUC_TP_014 Himalia DLF Seeds, CZ CZE Cultivar 
EUC_TP_015 Metis DLF Seeds, CZ CZE Cultivar 
EUC_TP_016 SANGRIA RAGT2n, FR FRA Cultivar 
EUC_TP_017 Saija Boreal, FI FIN Cultivar 
EUC_TP_018 Global ILVO, BE BEL Cultivar 
EUC_TP_019 Merviot ILVO, BE BEL Cultivar 
EUC_TP_020 Bonus Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_021 NGB1132 NordGen, SE FIN Landrace 
EUC_TP_022 NGB1133 NordGen, SE FIN Landrace 
EUC_TP_023 NGB1142 NordGen, SE FIN Landrace 
EUC_TP_024 NGB14322 NordGen, SE FIN Wild 
EUC_TP_025 NGB1730 NordGen, SE DNK Cultivar 
EUC_TP_026 NGB2161 NordGen, SE NOR Landrace 
EUC_TP_027 NGB2391 NordGen, SE SWE Landrace 
EUC_TP_028 NGB2392 NordGen, SE SWE Landrace 
EUC_TP_029 NGB2458 NordGen, SE SWE Landrace 
EUC_TP_030 NGB2461 NordGen, SE SWE Landrace 
EUC_TP_031 NGB2487 NordGen, SE SWE Landrace 
EUC_TP_032 NGB2490 NordGen, SE SWE Landrace 
EUC_TP_033 NGB2492 NordGen, SE SWE Landrace 
EUC_TP_034 NGB4089 NordGen, SE SWE Landrace 
EUC_TP_035 Grasslands Colenso PGG Wrightson, NZ NZL Cultivar 
EUC_TP_036 Sensation PGG Wrightson, NZ NZL Cultivar 
EUC_TP_037 Affoltern i.E._328 Agroscope, CH CHE Landrace 
EUC_TP_038 Affoltern i.E._6 Agroscope, CH CHE Landrace 
EUC_TP_039 Belpberg_225 Agroscope, CH CHE Landrace 
EUC_TP_040 Belpberg_226 Agroscope, CH CHE Landrace 
EUC_TP_041 Belpberg_229 Agroscope, CH CHE Landrace 
EUC_TP_042 Bern_78 Agroscope, CH CHE Landrace 
EUC_TP_043 Bowil_119 Agroscope, CH CHE Landrace 
EUC_TP_044 Bruetten_3 Agroscope, CH CHE Landrace 
EUC_TP_045 Bubikon_8 Agroscope, CH CHE Landrace 
EUC_TP_046 Burgistein_300 Agroscope, CH CHE Landrace 
EUC_TP_047 Columba Agroscope, CH CHE Cultivar 
EUC_TP_048 Corvus Agroscope, CH CHE Cultivar 



EUC_TP_049 Dafila Agroscope, CH CHE Cultivar 
EUC_TP_050 Frauenkappelen_86 Agroscope, CH CHE Landrace 
EUC_TP_051 Goldbach i.E._167 Agroscope, CH CHE Landrace 
EUC_TP_052 Huttwil_50 Agroscope, CH CHE Landrace 
EUC_TP_053 Huttwil_60 Agroscope, CH CHE Landrace 
EUC_TP_054 Koeniz_231 Agroscope, CH CHE Landrace 
EUC_TP_055 Koeniz_279 Agroscope, CH CHE Landrace 
EUC_TP_056 Krauchthal_176 Agroscope, CH CHE Landrace 
EUC_TP_057 Lanzenhaeusern_291 Agroscope, CH CHE Landrace 
EUC_TP_058 Lestris Agroscope, CH CHE Cultivar 
EUC_TP_059 Merula Agroscope, CH CHE Cultivar 
EUC_TP_060 Milonia Agroscope, CH CHE Cultivar 
EUC_TP_061 Monaco Agroscope, CH CHE Cultivar 
EUC_TP_062 Niederwangen_262 Agroscope, CH CHE Landrace 
EUC_TP_063 Niederwangen_75 Agroscope, CH CHE Landrace 
EUC_TP_064 Oberthal_121 Agroscope, CH CHE Landrace 
EUC_TP_065 Oberuzwil_280 Agroscope, CH CHE Landrace 
EUC_TP_066 Pastor Agroscope, CH CHE Cultivar 
EUC_TP_067 Riedbach_88 Agroscope, CH CHE Landrace 
EUC_TP_068 Rueegsau_160 Agroscope, CH CHE Landrace 
EUC_TP_069 Rueti_314 Agroscope, CH CHE Landrace 
EUC_TP_070 Schmidigen_336 Agroscope, CH CHE Landrace 
EUC_TP_071 Semperina Agroscope, CH CHE Cultivar 
EUC_TP_072 Signau_140 Agroscope, CH CHE Landrace 
EUC_TP_073 Sumiswald_189 Agroscope, CH CHE Landrace 
EUC_TP_074 Ueberstorf_294 Agroscope, CH CHE Landrace 
EUC_TP_075 Ueberstorf_346 Agroscope, CH CHE Landrace 
EUC_TP_076 Ufhusen_52 Agroscope, CH CHE Landrace 
EUC_TP_077 Uttigen_2 Agroscope, CH CHE Landrace 
EUC_TP_078 Wynigen_335 Agroscope, CH CHE Landrace 
EUC_TP_079 Zaeziwil_125 Agroscope, CH CHE Landrace 
EUC_TP_080 Zaeziwil_127 Agroscope, CH CHE Landrace 
EUC_TP_081 Aa 3100 IBERS, UK GBR Old cultivar 
EUC_TP_082 Aa 3148 IBERS, UK GBR Old cultivar 
EUC_TP_083 Aa 3149 IBERS, UK GBR Old cultivar 
EUC_TP_084 AA 32 IBERS, UK GBR Breeder's Line 
EUC_TP_085 Aa 3459 IBERS, UK GBR Old cultivar 
EUC_TP_086 Aa 4190 IBERS, UK POL Ecotype 
EUC_TP_087 Aa 4292 IBERS, UK CZE Ecotype 
EUC_TP_088 Aa 4298 IBERS, UK SVK Ecotype 
EUC_TP_089 Aa 4351 IBERS, UK BGR Ecotype 
EUC_TP_090 Aa 4379 Britta IBERS, UK GBR Cultivar 
EUC_TP_091 Aa 4390 IBERS, UK PRT Ecotype 
EUC_TP_092 Aa 4400 IBERS, UK GBR Ecotype 
EUC_TP_093 Aa 4444 IBERS, UK ITA Ecotype 
EUC_TP_094 Aa 4516 IBERS, UK ESP Ecotype 
EUC_TP_095 Aa 4519 IBERS, UK ESP Ecotype 
EUC_TP_097 Aa 4528 IBERS, UK ESP Ecotype 
EUC_TP_098 Aa 4939 IBERS, UK NZL Cultivar 
EUC_TP_099 Aa 5674 IBERS, UK ARG Cultivar 
EUC_TP_100 Aa 5675 IBERS, UK ARG Cultivar 



EUC_TP_101 Aa 5676 IBERS, UK ARG Cultivar 
EUC_TP_102 Aa 5677 IBERS, UK ARG Cultivar 
EUC_TP_103 Aa 5678 IBERS, UK ARG Cultivar 
EUC_TP_104 Aa 5746 Harmonie IBERS, UK GBR Cultivar 
EUC_TP_105 Aa4380 Altaswede IBERS, UK CAN Cultivar 
EUC_TP_106 S543 AberRuby IBERS, UK GBR Cultivar 
EUC_TP_107 Aa 4940 Broadway IBERS, UK NZL Cultivar 
EUC_TP_108 TP9525 Agroscope, CH CHE Breeding material 
EUC_TP_109 TP9645 Agroscope, CH CHE Breeding material 
EUC_TP_110 TP9445 Agroscope, CH CHE Breeding material 
EUC_TP_111 TP9735 Agroscope, CH CHE Breeding material 
EUC_TP_112 TP9315 Agroscope, CH CHE Breeding material 
EUC_TP_113 Gumpensteiner Rotklee HBLFA, AT AUT Old cultivar 
EUC_TP_114 Cinnamon Plus USDA, USA USA Cultivar 
EUC_TP_115 DFRC11 USDA, USA USA Breeding material 
EUC_TP_116 DFRC12 USDA, USA USA Breeding material 
EUC_TP_117 DFRC13 USDA, USA USA Breeding material 
EUC_TP_118 DFRC14 USDA, USA USA Breeding material 
EUC_TP_119 DFRC15 USDA, USA USA Breeding material 
EUC_TP_120 FF 9615 USDA, USA USA Cultivar 
EUC_TP_121 Marathon USDA, USA USA Cultivar 
EUC_TP_122 Starfire I USDA, USA USA Cultivar 
EUC_TP_123 Starfire II USDA, USA USA Cultivar 
EUC_TP_124 GnRk0729 Graminor, NO NOR Breeding material 
EUC_TP_125 GnRk0747 Graminor, NO NOR Breeding material 
EUC_TP_126 KvRk0201 Graminor, NO NOR Breeding material 
EUC_TP_127 LGRk8801 Graminor, NO NOR Breeding material 
EUC_TP_128 LGRk9415 Graminor, NO NOR Breeding material 
EUC_TP_129 Linus Graminor, NO NOR Cultivar 
EUC_TP_130 LøRk0286 Graminor, NO NOR Breeding material 
EUC_TP_131 LøRk0287 Graminor, NO NOR Breeding material 
EUC_TP_132 Linn Graminor, NO NOR Cultivar 
EUC_TP_134 LøRk9207 Graminor, NO NOR Cultivar 
EUC_TP_135 LøRk9625 Graminor, NO NOR Breeding material 
EUC_TP_136 LøRk9627 Graminor, NO NOR Breeding material 
EUC_TP_137 LøRk9628 Graminor, NO NOR Breeding material 
EUC_TP_138 LøRk9753 Graminor, NO NOR Breeding material 
EUC_TP_139 VåRk0401 Graminor, NO NOR Breeding material 
EUC_TP_140 VåRk0510 Graminor, NO NOR Breeding material 
EUC_TP_141 VåRk0512 Graminor, NO NOR Breeding material 
EUC_TP_142 VåRk0513 Graminor, NO NOR Breeding material 
EUC_TP_143 VåRk0624 Graminor, NO NOR Breeding material 
EUC_TP_144 VåRk0625 Graminor, NO NOR Breeding material 
EUC_TP_145 K 39 IKBKS, RS SRB Cultivar 
EUC_TP_146 Diplomat DSV, DE DEU Cultivar 
EUC_TP_147 SW 1479004 Lantmännen, SE SWE Breeding material 
EUC_TP_148 SW 1578301 Lantmännen, SE SWE Breeding material 
EUC_TP_149 SW 1678001 Lantmännen, SE SWE Breeding material 
EUC_TP_150 SW RK1092 Lantmännen, SE SWE Breeding material 
EUC_TP_151 SW RK1117 Lantmännen, SE SWE Breeding material 
EUC_TP_152 SW RK1118 Lantmännen, SE SWE Breeding material 



EUC_TP_153 SW RK1119 Lantmännen, SE SWE Breeding material 
EUC_TP_154 SW RK1120 Lantmännen, SE SWE Breeding material 
EUC_TP_155 SW RK1121 Lantmännen, SE SWE Breeding material 
EUC_TP_156 SW RK1122 Lantmännen, SE SWE Breeding material 
EUC_TP_157 SW RK1123 Lantmännen, SE SWE Breeding material 
EUC_TP_158 SW RK1124 Lantmännen, SE SWE Breeding material 
EUC_TP_159 SW RK1125 Lantmännen, SE SWE Breeding material 
EUC_TP_160 SW RK1131 Lantmännen, SE SWE Breeding material 
EUC_TP_161 SW RK1132 Lantmännen, SE SWE Breeding material 
EUC_TP_162 SW RK1133 Lantmännen, SE SWE Breeding material 
EUC_TP_163 SW RK1134 Lantmännen, SE SWE Breeding material 
EUC_TP_164 SW Yngve Lantmännen, SE SWE Cultivar  
EUC_TP_165 SWÅ RK09093 Lantmännen, SE SWE Breeding material 
EUC_TP_166 0780MP2 DLF Seeds, CZ CZE Breeding material 
EUC_TP_167 08102MP2 DLF Seeds, CZ CZE Breeding material 
EUC_TP_168 08102MP4 DLF Seeds, CZ CZE Breeding material 
EUC_TP_169 Callisto DLF Seeds, CZ CZE Cultivar 
EUC_TP_170 Elara DLF Seeds, CZ CZE Cultivar 
EUC_TP_171 Ganymed DLF Seeds, CZ CZE Cultivar 
EUC_TP_172 Hegemon DLF Seeds, CZ CZE Cultivar 
EUC_TP_173 Helike DLF Seeds, CZ CZE Cultivar 
EUC_TP_174 HŽ 2004 80 – 01 DLF Seeds, CZ CZE Breeding material 
EUC_TP_175 JL 2n 07 80 MP 1 DLF Seeds, CZ CZE Breeding material 
EUC_TP_176 Kalyke DLF Seeds, CZ CZE Cultivar 
EUC_TP_177 TPD-05-11-18002 DLF Seeds, CZ CZE Breeding material 
EUC_TP_178 TPD-05-11-3087 DLF Seeds, CZ CZE Breeding material 
EUC_TP_179 TPD-05-11-3088 DLF Seeds, CZ CZE Breeding material 
EUC_TP_180 TPD-05-13-3080 DLF Seeds, CZ CZE Breeding material 
EUC_TP_181 TPD-05-13-3085  DLF Seeds, CZ CZE Breeding material 
EUC_TP_182 TPD-05-13-3091 DLF Seeds, CZ CZE Breeding material 
EUC_TP_183 TPD-05-14-1011 DLF Seeds, CZ CZE Breeding material 
EUC_TP_184 TPD-05-15-3127 DLF Seeds, CZ CZE Breeding material 
EUC_TP_185 TPD-05-15-3128 DLF Seeds, CZ CZE Breeding material 
EUC_TP_186 TPD-05-15-3129 DLF Seeds, CZ CZE Breeding material 
EUC_TP_187 TPD-05-16-3076 DLF Seeds, CZ CZE Breeding material 
EUC_TP_188 TPD-05-16-3146 DLF Seeds, CZ CZE Breeding material 
EUC_TP_189 TPD-05-16-3177 DLF Seeds, CZ CZE Breeding material 
EUC_TP_190 KARIM RAGT2n, FR FRA Cultivar 
EUC_TP_191 MISTRAL RAGT2n, FR FRA Cultivar 
EUC_TP_192 RAVVI RAGT2n, FR FRA Cultivar 
EUC_TP_193 TREVVIO RAGT2n, FR FRA Cultivar 
EUC_TP_194 Grasslands Hamua AgResearch, NZ  NZL Cultivar 
EUC_TP_195 Grasslands Turoa AgResearch, NZ NZL Cultivar 
EUC_TP_196 Relish AgResearch, NZ NZL Cultivar 
EUC_TP_197 Ruby/Enterprise AgResearch, NZ NZL Cultivar 
EUC_TP_198 Natsuyu Hokkaido Ag. Res., JP JPN Cultivar 
EUC_TP_199 Ryokuyu Hokkaido Ag. Res., JP JPN Cultivar 
EUC_TP_200 NS-Mlava IFVCNS, RS SRB Cultivar 
EUC_TP_201 NS-Petnica IFVCNS, RS SRB Cultivar 
EUC_TP_202 NS-Sana IFVCNS, RS SRB Cultivar 
EUC_TP_203 Una(NS) IFVCNS, RS SRB Cultivar 



EUC_TP_204 Zoja (NS) IFVCNS, RS SRB Cultivar 
EUC_TP_205 Avisto ILVO, BE BEL Cultivar 
EUC_TP_206 Crossway PGG Wrightson, NZ NZL Cultivar 
EUC_TP_207 Lemmon ILVO, BE BEL Cultivar 
EUC_TP_208 Merkemse ILVO, BE BEL Landrace 
EUC_TP_209 Tp.12.12 ILVO, BE BEL Breeding material 
EUC_TP_210 Tp.14.7 ILVO, BE BEL Breeding material 
EUC_TP_211 Tandy ILVO, BE BEL Cultivar 
EUC_TP_212 Agil Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_214 Brisk Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_215 Chlumecký Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_218 Feng Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_219 Garant Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_223 Respect Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_224 Slavín Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_225 Slavoj Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_227 Spurt Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_228 Start Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_229 Suez Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_231 Trubadur Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_232 Van Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_233 Vendelín Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_234 Vltavín Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_236 Zefyr Agricultural Res. Ltd., CZ CZE Cultivar 
EUC_TP_237 Harmonie NPZ, DE DEU Cultivar 
EUC_TP_238 Regent NPZ, DE DEU Cultivar 
EUC_TP_239 NGB1736 NordGen, SE DNK Cultivar 
EUC_TP_240 NGB2347 NordGen, SE SWE Cultivar 
EUC_TP_241 NGB2349 NordGen, SE SWE Cultivar 
EUC_TP_242 NGB2395 NordGen, SE SWE Landrace 
EUC_TP_243 NGB2452 NordGen, SE SWE Landrace 
EUC_TP_244 NGB2453 NordGen, SE SWE Landrace 
EUC_TP_245 NGB2464 NordGen, SE SWE Landrace 
EUC_TP_246 NGB2465 NordGen, SE SWE Landrace 
EUC_TP_247 NGB2466 NordGen, SE SWE Landrace 
EUC_TP_248 NGB2468 NordGen, SE SWE Landrace 
EUC_TP_249 NGB2469 NordGen, SE SWE Landrace 
EUC_TP_250 NGB2471 NordGen, SE SWE Landrace 
EUC_TP_251 NGB2472 NordGen, SE SWE Landrace 
EUC_TP_252 NGB2473 NordGen, SE SWE Landrace 
EUC_TP_253 NGB2474 NordGen, SE SWE Landrace 
EUC_TP_254 NGB2475 NordGen, SE SWE Landrace 
EUC_TP_255 NGB2476 NordGen, SE SWE Landrace 
EUC_TP_256 NGB2477 NordGen, SE SWE Landrace 
EUC_TP_257 NGB2481 NordGen, SE SWE Landrace 
EUC_TP_258 NGB2482 NordGen, SE SWE Landrace 
EUC_TP_259 NGB2494 NordGen, SE SWE Landrace 
EUC_TP_260 NGB2495 NordGen, SE SWE Landrace 
EUC_TP_261 NGB2569 NordGen, SE SWE Landrace 
EUC_TP_262 NGB2598 NordGen, SE SWE Landrace 
EUC_TP_263 NGB2599 NordGen, SE SWE Landrace 



EUC_TP_264 NGB2600 NordGen, SE SWE Landrace 
EUC_TP_265 NGB2739 NordGen, SE SWE Cultivar 
EUC_TP_266 NGB2740 NordGen, SE SWE Cultivar 
EUC_TP_267 NGB2742 NordGen, SE SWE Cultivar 
EUC_TP_268 NGB2745 NordGen, SE SWE Cultivar 
EUC_TP_269 NGB2746 NordGen, SE SWE Cultivar 
EUC_TP_270 NGB2747 NordGen, SE SWE Cultivar 
EUC_TP_271 NGB2748 NordGen, SE SWE Cultivar 
EUC_TP_272 NGB2749 NordGen, SE SWE Cultivar 
EUC_TP_273 NGB2750 NordGen, SE SWE Cultivar 
EUC_TP_274 NGB2751 NordGen, SE SWE Cultivar 
EUC_TP_275 NGB4126 NordGen, SE DNK Cultivar 
EUC_TP_277 NGB7510 NordGen, SE SWE Cultivar 
EUC_TP_278 NGB9966 NordGen, SE SWE Landrace 
EUC_TP_279 Diadem INRA, FR FRA Cultivar 
EUC_TP_280 Diper INRA, FR FRA Old cultivar 
EUC_TP_281 Diplo INRA, FR FRA Cultivar 
EUC_TP_282 Kindia INRA, FR FRA Cultivar 
EUC_TP_283 Affoltern i.E._325 Agroscope, CH CHE Landrace 
EUC_TP_284 Bern_76 Agroscope, CH CHE Landrace 
EUC_TP_285 Bigenthal_163 Agroscope, CH CHE Landrace 
EUC_TP_286 Biglen_352 Agroscope, CH CHE Landrace 
EUC_TP_287 Englisberg_249 Agroscope, CH CHE Landrace 
EUC_TP_288 Grossdietwil_21 Agroscope, CH CHE Landrace 
EUC_TP_289 Haeusernmoos_333 Agroscope, CH CHE Landrace 
EUC_TP_290 Koeniz_239 Agroscope, CH CHE Landrace 
EUC_TP_291 Koeniz_247 Agroscope, CH CHE Landrace 
EUC_TP_292 Lauperswil_138 Agroscope, CH CHE Landrace 
EUC_TP_293 MontCalme Agroscope, CH CHE Old cultivar 
EUC_TP_294 Neuenegg_340 Agroscope, CH CHE Landrace 
EUC_TP_295 Niederscherli_273 Agroscope, CH CHE Landrace 
EUC_TP_296 Oberbottigen_7 Agroscope, CH CHE Landrace 
EUC_TP_297 Oberoenz_321 Agroscope, CH CHE Landrace 
EUC_TP_298 Oeschenbach_330 Agroscope, CH CHE Landrace 
EUC_TP_299 Renova Agroscope, CH CHE Old cultivar 
EUC_TP_300 Riggisberg_318 Agroscope, CH CHE Landrace 
EUC_TP_301 Rueedisbach_332 Agroscope, CH CHE Landrace 
EUC_TP_302 Rüttinova Agroscope, CH CHE Old cultivar 
EUC_TP_303 Schmitten_5 Agroscope, CH CHE Landrace 
EUC_TP_304 Signau_154 Agroscope, CH CHE Landrace 
EUC_TP_305 Wasen i.E._199 Agroscope, CH CHE Landrace 
EUC_TP_306 Weier i.E._327 Agroscope, CH CHE Landrace 
EUC_TP_307 Aa 3090 IBERS, UK GBR Old cultivar 
EUC_TP_308 Aa 3108 IBERS, UK GBR Old cultivar 
EUC_TP_310 Aa 4189 IBERS, UK POL Ecotype 
EUC_TP_311 Aa 4297 IBERS, UK CZE Ecotype 
EUC_TP_312 Aa 4398 IBERS, UK GBR Ecotype 
EUC_TP_313 Aa 4403 IBERS, UK GBR Ecotype 
EUC_TP_315 Aa 4445 IBERS, UK ITA Ecotype 
EUC_TP_316 Aa 4448 IBERS, UK ITA Ecotype 
EUC_TP_317 Aa 4456 IBERS, UK ITA Ecotype 



EUC_TP_318 Aa 4515 IBERS, UK ESP Ecotype 
EUC_TP_319 Aa 4520 IBERS, UK ESP Ecotype 
EUC_TP_320 Aa 4525 IBERS, UK ESP Ecotype 
EUC_TP_321 Aa 4527 IBERS, UK ESP Ecotype 
EUC_TP_322 Aa 4529 IBERS, UK ESP Ecotype 
EUC_TP_324 Aa 4593 IBERS, UK GBR Cultivar (Landrace) 
EUC_TP_325 Aa 4934 IBERS, UK GBR Breeder's Line 
EUC_TP_326 Aa 4936 IBERS, UK GBR Breeder's Line 
EUC_TP_327 Aa 4937 IBERS, UK GBR Breeder's Line 
EUC_TP_328 Aa 5417 IBERS, UK GBR Breeder's Line 
EUC_TP_329 SW 1479001 Lantmännen, SE SWE Breeding material 
EUC_TP_330 SW 1479002 Lantmännen, SE SWE Breeding material 
EUC_TP_331 SW 1479003 Lantmännen, SE SWE Breeding material 
EUC_TP_332 SW 1678002 Lantmännen, SE SWE Breeding material 
EUC_TP_333 SW 1678003 Lantmännen, SE SWE Breeding material 
EUC_TP_334 SW 1678004 Lantmännen, SE SWE Breeding material 
EUC_TP_335 SW 1678401 Lantmännen, SE SWE Breeding material 
EUC_TP_336 SW 1678402 Lantmännen, SE SWE Breeding material 
EUC_TP_337 SW 1678403 Lantmännen, SE SWE Breeding material 
EUC_TP_338 SW RK1095 Lantmännen, SE SWE Breeding material 
EUC_TP_339 SW RK1096 Lantmännen, SE SWE Breeding material 
EUC_TP_340 SW RK1097 Lantmännen, SE SWE Breeding material 
EUC_TP_341 SW RK1102 Lantmännen, SE SWE Breeding material 
EUC_TP_342 SW RK1160 Lantmännen, SE SWE Breeding material 
EUC_TP_343 SW RK1161 Lantmännen, SE SWE Breeding material 
EUC_TP_344 SW RK1162 Lantmännen, SE SWE Breeding material 
EUC_TP_345 SW RK1164 Lantmännen, SE SWE Breeding material 
EUC_TP_346 SWA 1376104 Lantmännen, SE SWE Breeding material 
EUC_TP_347 SWA 1376105 Lantmännen, SE SWE Breeding material 
EUC_TP_348 SWA 1476014 Lantmännen, SE SWE Breeding material 
EUC_TP_349 SWA 1476016 Lantmännen, SE SWE Breeding material 
EUC_TP_350 SWA 1476017 Lantmännen, SE SWE Breeding material 
EUC_TP_351 SWA 1476019 Lantmännen, SE SWE Breeding material 
EUC_TP_352 SWA 1575301 Lantmännen, SE SWE Breeding material 
EUC_TP_353 SWA 1575302 Lantmännen, SE SWE Breeding material 
EUC_TP_354 SWA 1575304 Lantmännen, SE SWE Breeding material 
EUC_TP_355 SWA 1575305 Lantmännen, SE SWE Breeding material 
EUC_TP_356 SWA 1575306 Lantmännen, SE SWE Breeding material 
EUC_TP_357 SWA 1575307 Lantmännen, SE SWE Breeding material 
EUC_TP_358 SWA 1575308 Lantmännen, SE SWE Breeding material 
EUC_TP_359 SWA 1575309 Lantmännen, SE SWE Breeding material 
EUC_TP_360 SWA 1575312 Lantmännen, SE SWE Breeding material 
EUC_TP_361 SWA 1576005 Lantmännen, SE SWE Breeding material 
EUC_TP_362 SWA 1675205 Lantmännen, SE SWE Breeding material 
EUC_TP_363 SWA 1675206 Lantmännen, SE SWE Breeding material 
EUC_TP_364 SWA 1675207 Lantmännen, SE SWE Breeding material 
EUC_TP_365 SWA 1675208 Lantmännen, SE SWE Breeding material 
EUC_TP_366 SWA 1675212 Lantmännen, SE SWE Breeding material 
EUC_TP_367 TPD-05-04-3000 DLF Seeds, CZ CZE Breeding material 
EUC_TP_368 TPD-05-11-3007 DLF Seeds, CZ CZE Breeding material 
EUC_TP_369 TPD-05-12-3018 DLF Seeds, CZ CZE Breeding material 



EUC_TP_370 Avala (NS) IFVCNS, RS SRB Cultivar 
EUC_TP_371 BL-1-Banja Luka IFVCNS, RS SRB Breeding material 
EUC_TP_372 BL-3-Banja Luka IFVCNS, RS SRB Breeding material 
EUC_TP_373 BL-4-Banja Luka IFVCNS, RS SRB Breeding material 
EUC_TP_374 BL-5-Banja Luka IFVCNS, RS SRB Breeding material 
EUC_TP_375 D-1 IFVCNS, RS SRB Breeding material 
EUC_TP_376 D-10 IFVCNS, RS SRB Breeding material 
EUC_TP_377 D-2 IFVCNS, RS SRB Breeding material 
EUC_TP_378 D-3 IFVCNS, RS SRB Breeding material 
EUC_TP_379 D-4 IFVCNS, RS SRB Breeding material 
EUC_TP_380 D-5 IFVCNS, RS SRB Breeding material 
EUC_TP_381 D-6 IFVCNS, RS SRB Breeding material 
EUC_TP_382 D-7 IFVCNS, RS SRB Breeding material 
EUC_TP_383 D-8 IFVCNS, RS SRB Breeding material 
EUC_TP_384 D-9 IFVCNS, RS SRB Breeding material 
EUC_TP_385 M10-Kopaonik IFVCNS, RS SRB Wild 
EUC_TP_386 M11-Kopaonik IFVCNS, RS SRB Wild 
EUC_TP_387 M12-Kopaonik IFVCNS, RS SRB Wild 
EUC_TP_388 M13-Kopaonik IFVCNS, RS SRB Wild 
EUC_TP_389 M14-Kopaonik IFVCNS, RS SRB Wild 
EUC_TP_390 NS-Ravanica IFVCNS, RS SRB Cultivar 
EUC_TP_391 Broadway PGG Wrightson, NZ NZL Cultivar 
EUC_TP_392 Kontiki DSV, DE DEU Cultivar 
EUC_TP_393 Mercury ILVO, BE BEL Cultivar 
EUC_TP_394 Merian ILVO, BE BEL Cultivar 
EUC_TP_395 Oudenaerdse ILVO, BE BEL Landrace 
EUC_TP_396 Primus ILVO, BE BEL Landrace 
EUC_TP_397 Tp.08.4 ILVO, BE BEL Breeding material 
EUC_TP_398 Tp.08.5 ILVO, BE BEL Breeding material 
EUC_TP_399 Violetta ILVO, BE BEL Cultivar 
EUC_TP_400 Waesse ILVO, BE BEL Landrace 
EUC_TP_446 Affoltern i.E._186 Agroscope, CH CHE Landrace 
EUC_TP_447 Arni b.Biglen_351 Agroscope, CH CHE Landrace 
EUC_TP_449 Horgen_1 Agroscope, CH CHE Landrace 
EUC_TP_454 Lanzenhaeusern_292 Agroscope, CH CHE Landrace 
EUC_TP_456 Riggisberg_311 Agroscope, CH CHE Landrace 
EUC_TP_660 LøRk0498 Graminor, NO NOR Breeding material 
EUC_TP_661 SWA 1575303 Lantmännen, SE SWE Breeding material 
EUC_TP_662 SWA 1576001 Lantmännen, SE SWE Breeding material 
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Supplementary figure 1: Boxplots showing the proportion of missing values by population and SNP, 
respectively, for the 392 red clover accessions having less than 80% missing values after filtering SNPs for 
completeness at 95% (max 5% missing values) and MAF>=0.05.  

 

Supplementary figure 2: Histogram showing the reference allele frequency (RAF) distribution after filtering 
SNPs for completeness at 95% (max 5% missing values) and MAF>=0.05. 



 

 

 

Supplementary figure 3: Boxplots showing the proportion of missing values by population and haplotype, 
respectively, for the 392 red clover accessions after filtering the haplotypes for completeness at 95% (max 5% 
missing values) and MAF>=0.05.  

 

 

Supplementary figure 4: Histogram showing the haplotype variant frequency distribution after filtering for 
completeness at 95% (max 5% missing values) and MAF>=0.05. 
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Supplementary Figure 5: Heat maps of each chromosome representing number of SNPs (A) and HTPs (B) 
within windows of 500 Kbp.  

 

 

 

 

 

 



   

 

Supplem
entary Figure 6. LD

 in the seven chrom
osom

es (A
-G

) as scatter plot of squared partial correlations betw
een reference allele frequencies of 

pairs of SN
P m

arkers and genom
ic distance betw

een SN
P m

arkers in bp. 

 



  

 

Supplem
entary figure 7: PC

A
 show

ing the population structure am
ong the 392 accessions based on filtered and im

puted SN
Ps. A

ccessions are 
grouped by country/area of origin. 
      



       

 



  

 

Supplem
entary Figure 8. B

oxplots show
ing the variation/distribution of allele frequencies for the SN

Ps (A
-H

) and H
TPs (I-O

) significantly 
associated w

ith FT for red clover accessions grouped by country/area of origin. 
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Supplem
entary figure 9: D

istribution across 392 red clover accessions and linear regression w
ith LT50 of (X

) reference allele frequency of 
individual SN

Ps; and (Y
) haplotype allele frequencies; detected as significantly associated w

ith LT50 (in °C
, y-axis values) by the 

M
LM

M
 association analyses. R

egression lines are plotted both for m
odels accounting for kinship (red lines) and not accounting for kinship (blue 

lines). ܴ
ଶand slope values are also given in each plot for both m

odels w
ith and w

ithout kinship (³ܴ
ଶ�A

´ and ³ܴ
ଶB
´�DW�WKH�WRS�RI�each regression plots 

respectively).  



 





Errata	list	

Page	 Line	 Original	text	 Corrected	text	

ii	 7	 Prof.	Em.	Beat	Boller		 Dr.	Beat	Boller		

9	 6	 2n=2n=14	 2n=2x=14	

10	 8	 «most	of	the	year»	 «the	period	of	the	year»	

10	 9	 Inclusions	 Inclusion	

13	 14	 forms	 characteristics	

13	 21	 Some	details	 details	

13	 27-31	 “This	method	does	not	allow	for”..	
progeny..	

“Because	of	difficulties	related	to	
conduct”..	progeny	

16	 13	 has	 have	

17	 23	 because	 because	of	

18	 28	 is	not	 it	is	not	

21	 26	 levels.,	 levels,	

22	 9-8	 differ	in	these	responses	to	this	
treatment	

differ	in	response	of	these	traits	to	
CA	

22	 24	 Plant	materials	 Plant	material	

23	 30	 the	three	experiments	 the	repeated	experiments	

24	 29	 Waters	ACQUITY	 (Waters	ACQUITY)	

24	 32-33	 The	LC	system	was	a	Dionex	3000	
LC	equipped..	

The	LC	system	(Dionex	3000	LC)	
was	equipped..	

24	 34	 high	resolution	Thermo	Fisher	Q-
Exactive	

high	resolution	Q-Exactive	
(Thermo	Fisher)	

25	 18	 data	set	 data	sets	

26	 15-17	 FT	is	indeed	not	always	
correlated	with	winter	survival,	
because	other	stresses	than	
freezing	temperatures	may	be	
predominant,	and	because	
resistance	mechanisms	towards	
the	various	stress	factors	are	
multiple	and	likely	to	be,	to	some	
extent,	genetically	independent	

At	these	locations	other	stresses	
than	freezing	temperatures	may	be	
predominant,	and	resistance	
mechanisms	towards	the	various	
stress	factors	are	likely	multiple	
and,	to	some	extent,	genetically	
independent,	

27	 9	 “It	may	be	possible	that	we	here..”	 “We	may	here..”	

27	 10	 ‘stress	tolerators	 ‘stress	tolerators’	

27	 20	 “but	we	cannot	exclude	that	more	
freezing	tolerant	accessions	are	
able	”		

“but	more	freezing	tolerant	
accessions	are	better	able”	



31	 8	 confirms	 confirm	

31	 11	 the	two	analyses	found		 the	two	analyses	(SNP	and	short	
read	haplotype-based	GWAS)	
found	

31	 23	 in	term	 In	terms	

31	 26	 exclusions	 exclusion	

31	 30	 relative	 relatively	

32	 16	 (INT1)	protein.	A	protein	that	
facilitates	

(INT1)	protein	which	facilitates	

33	 10-11	 by		(Blanco-Pastor	et	al.	(2020)	 by	Blanco-Pastor	et	al.	(2020)	
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