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Abstract
Some	plants	with	 low	fertility	are	morphologically	 intermediate	between	Roegneria 
stricta and Roegneria turczaninovii,	and	were	suspected	to	be	natural	hybrids	between	
these	species.	In	this	study,	karyotype	analysis	showed	that	natural	hybrids	and	their	
putative parents were tetraploids (2n = 4x =	28).	Meiotic	pairing	in	natural	hybrids	is	
more	irregular	than	its	putative	parents.	Results	of	genomic	in	situ	hybridization	and	
fluorescence	in	situ	hybridization	indicate	that	natural	hybrids	contain	the	same	ge-
nome	as	their	putative	parents.	The	nuclear	gene	DNA	meiotic	recombinase	1	(DMC1) 
and the chloroplast gene rps16	of	 natural	 hybrids	 and	 their	 putative	 parents	were	
analyzed	for	evidence	of	hybridization.	The	results	from	molecular	data	supported	by	
morphology	and	cytology	demonstrated	that	the	plants	represent	natural	hybrids	be-
tween R. stricta and R. turczaninovii.	The	study	is	important	for	understanding	species	
evolution	in	the	genus	since	it	demonstrates	for	the	first	time	the	existence	of	popula-
tions	of	natural	homoploid	hybrids	in	Roegneria.	The	study	also	reports	for	the	first	
time	that	the	composition	of	the	genomic	formula	of	R. turczaninovii is StY,	confirming	
that	the	current	taxonomic	status	is	correct.
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1  |  INTRODUC TION

Hybridization	 is	 the	main	driving	 force	of	plant	evolution	 (Soltis	&	
Soltis,	 2009).	 It	 is	 estimated	 that	 about	 25%	 of	 plant	 species	 are	
known	 to	 be	 involved	 in	 hybridization	with	 other	 species	 (Mallet,	
2005).	These	 can	provide	 source	of	 genetic	 variation	 than	on	 fur-
ther	evolution,	through	adaptation	and	selection	leading	to	specia-
tion	 (Arnold	 et	 al.,	 2012;	Whitney	 et	 al.,	 2010).	Hybridization	 can	
occur	between	species	of	the	same	ploidy	level	(homoploid	hybrid-
ization)	and	between	species	of	different	ploidy	levels	(heteroploid	
hybridization).	 In	 plants,	 hybridization	 with	 an	 increase	 in	 ploidy	
(allopolyploidy)	is	associated	with	speciation	much	more	commonly	
than	homoploid	hybridization,	partly	because	of	reproductive	isola-
tion	between	hybrids	and	parents	with	different	ploidy	(Soltis	et	al.,	
2014;	Soltis	&	Soltis,	2009).	So	far,	only	about	20	cases	of	homoploid	
hybrids	have	been	well	documented	 in	plants	 (Gross	&	Rieseberg,	
2005;	White	et	al.,	2018).

The	 Triticeae	 (Poaceae)	 is	 an	 important	 economic	 gene	 pool	
for	 genetic	 improvement	 of	 cereal	 and	 forage	 crops,	 including	
about	 450	 diploid	 and	 polyploid	 species	 distributed	 in	 a	 wide	
range	of	ecological	habitats	over	the	temperate,	subtropical,	and	
tropical	pine	 regions	 (Dewey,	1984).	The	majority	of	 species	are	
allopolyploids,	and	the	ploidy	 levels	range	from	diploid	(2n	= 2x) 
to dodecaploid (2n =	12x).	With	combining	a	wide	variety	of	bio-
logical	mechanisms	and	genetic	systems,	the	tribe	Triticeae	 is	an	
excellent	 group	 for	 research	 in	 evolution,	 genetic	 diversity,	 and	
speciation	 in	 plant	 polyploids	 (von	 Bothmer	 &	 Salomon,	 1994;	
Paštová	et	al.,	2019).

Roegneria	C.	Koch	is	a	relatively	large	perennial	genus	in	Triticeae,	
and	includes	approximately	130	species,	most	of	which	are	tetraploid	
with the StY	genome,	nearly	70	of	which	are	found	in	China	(Yang	
et	al.,	2008).	Roegneria	species	not	only	provided	genetic	material	for	
the	improvement	of	forage	crops	but	could	also	be	used	as	potential	
contributors	of	genes	for	cereal	crops	(Keng,	1959),	such	as	Roegneria 
stricta	Keng	and	Roegneria turczaninovii	(Drob.)	Nevski.	Predecessors	
have	reported	some	studies	on	the	hybrids	of	Roegneria,	such	as	a	
hybrid	of	Roegneria and Hordeum	(Zhou	et	al.,	1995),	a	hybrid	of	R. cil-
iaris and Leymus multicaulis	(Zhang	et	al.,	2008).	These	hybrids	were	
created	by	the	artificial	hybridization	and	could	not	replace	the	value	
of	natural	hybrids.

Early	 identification	 of	 hybridization	 is	 mainly	 based	 on	 mor-
phological	characteristics.	However,	 the	reliability	of	morpholog-
ical	markers	is	low,	and	morphological	intermediacy	is	not	always	
related	 to	 hybridization.	 It	 may	 also	 be	 caused	 by	 convergent	
evolution	 or	 environment	 (Rieseberg,	 1995).	Cytological	markers	
have	been	used	as	important	evidence	for	hybridization,	including	
karyotype	 analysis,	meiotic	 pairing	 analysis,	 Genomic	 in	 situ	 hy-
bridization	 (GISH),	 and	 Fluorescence	 in	 situ	 hybridization	 (FISH)	
(Han	et	al.,	2004;	Mao	et	al.,	2017).	However,	due	to	the	high	pa-
rental	chromosome	homology	of	interspecific	hybrids,	it	is	difficult	
to	explore	origin	of	hybrids	by	FISH	and	GISH	(Soltis	et	al.,	1992).	
Single-		 or	 low-	copy	 nuclear	 genes,	which	 are	 less	 susceptible	 to	
concerted	 evolution,	 can	 serve	 as	 useful	 markers	 for	 studies	 of	

phylogenetic	relationships	(Lei	et	al.,	2018;	Sha	et	al.,	2010).	DNA	
meiotic	 recombinase	 1	 (DMC1)	 gene	 has	 been	 used	 to	 examine	
hybridization	events	 (Tang	et	al.,	2017).	The	chloroplast	DNA	(cp	
DNA)	is	maternally	inherited	in	grasses	(Smith	et	al.,	2006),	and	ri-
bosomal	protein	S16	(rps16)	is	used	to	identify	the	maternal	donor	
of	genera	in	Triticeae	(Yan	et	al.,	2014).

To	cultivate	new	forage	varieties,	R. stricta and R. turczaninovii 
cv.	Linxi	were	planted	very	close	in	Hong	yuan	Research	Base	of	the	
Sichuan	 Academy	 of	 Grassland	 Science	 (SAGS),	 Sichuan	 Province,	
China	(31.47°N,	102.33°E).	We	harvested	the	seeds	of	the	two	spe-
cies	 and	planted	 them	 individually.	 In	 these	plants,	we	 found	 that	
some	plants	grew	stronger	and	had	lower	seed	setting	rate	than	the	
surrounding	plants	(Figure	1a-	c),	and	they	had	intermediate	morpho-
logical	 characters	 of	R. stricta and R. turczaninovii,	 such	 as	 pubes-
cence	 of	 leaf,	 basal	 leaf	 sheath,	 and	 stem	node	 (Figure	 1d-	o).	We	
suspected	 that	 these	plants	are	natural	hybrids	between	R. stricta 
and R. turczaninovii.	To	determine	if	this	is	indeed	the	case,	we	con-
ducted	different	methods	including	morphological	analysis,	cytolog-
ical	analysis,	and	phylogenetic	analysis	in	these	putative	hybrids	and	
their	accompanying	plants.

2  |  METHODS AND MATERIAL S

2.1  |  Plant materials

Seventeen	hybrids	of	RH1	(plants	found	in	R. stricta	field)	and	40	hy-
brids	of	RH2	(plants	found	in	R. turczaninovii	field)	were	randomly	dis-
tributed	in	fields.	The	possible	parents	R. stricta and R. turczaninovii,	
and	the	other	Triticeae	species	growing	nearby	were	also	obtained,	
including R. grandis (StY),	E. sibiricus (StH),	and	Campeiostachys nu-
tans (StYH).	All	of	 them	were	collected	 from	Hong	Yuan	Research	
Base	 of	 SAGS.	 Twenty	 diploid	 species	 (representing	 the	 genomes	
St,	H,	Ee,	Eb,	W,	P,	Ta,	V,	Ns,	A,	B,	and	D),	Roegneria species (StY),	
Elymus species (StH),	 and	Campeiostachys species (StYH)	 from	 the	
tribe	Triticeae	were	used	for	cytological	analysis	and	phylogenetic	
analysis.	The	names	of	 the	 sampled	 taxa,	 abbreviations,	 accession	
numbers,	ploidy	level,	genomic	constitution,	and	GenBank	accession	
numbers	were	listed	in	Table	1.	Materials	with	PI	and	W6 were kindly 
provided	by	American	National	Plant	Germplasm	System	(Pullman,	
WA,	USA).	The	authors	of	this	study	collected	all	other	accessions,	
for	 which	 voucher	 specimens	 were	 deposited	 with	 the	 perennial	
nursery	and	herbarium	of	the	Triticeae	Research	Institute,	Sichuan	
Agricultural	University,	China	(SAUTI).

2.2  |  Morphological analysis

Morphology	among	plants	of	putative	hybrids,	R. stricta,	R. turczani-
novii,	R. grandis,	E. sibiricus,	and	C. nutans,	was	measured	for	21	char-
acters.	The	Euclidean	distance	was	calculated	by	the	dist	function	in	
R.	The	hclust	function	in	R	was	used	to	cluster.	The	tree	was	plotted	
by	ggtree	package	in	R.

http://dict.cnki.net/dict_result.aspx?searchword=%e5%8f%b6%e9%9e%98&tjType=sentence&style=&t=sheath
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2.3  |  Pollen fertility and seed set

The	pollen	grains	from	mature	anthers	were	stained	in	an	I2-	KI	so-
lution	for	pollen	fertility	study.	Seed	set	was	estimated	from	a	10-	
spike	sample	per	plant.

2.4  |  Karyotype and meiotic pairing analysis

Karyotype	analysis	was	followed	by	Gill	et	al.	(1991).	The	procedures	
of	 fixation,	 staining,	 and	 calculation	 of	 meiotic	 pairing	 followed	
Zhang	and	Zhou	(2006).

2.5  |  Chromosome preparation and in situ 
hybridization

Chromosomes	 were	 prepared	 for	 GISH	 analysis	 according	 to	 the	
method	 of	 Han	 et	 al.	 (2004).	 Total	 genomic	 DNA	 was	 extracted	
from	fresh	leaves	by	the	CTAB	method	(Murray	&	Thompson,	1980).	
Plasmids	(from	positive	clones	that	are	St	genome)	and	the	StY ge-
nome	were	labeled	with	fluorescein-	12-	dUTP	or	Texas-	red-	5-	dCTP	

using	the	nick	translation	method.	Hybridization	procedure,	detec-
tion,	and	visualization	were	performed	according	to	the	method	of	
Wang	et	al.	(2017).

2.6  |  Amplification and sequencing

The DMC1 and rps16	gene	were	amplified	using	the	primers	listed	in	
Table	S1	(Petersen	&	Seberg,	2002;	Shaw	et	al.,	2005).	All	PCRs	were	
conducted in a 50- μl	reaction	volume,	with	1.5	U	Ex	Taq	polymer-
ase	(TaKaRa,	Shiga,	Japan).	The	PCR	amplification	protocols	for	the	
DMC1 and rps16	gene	are	presented	in	Table	S1.	PCR	products	were	
cloned	into	the	pMD19-	T	vector	(TaKaRa).	At	least	15	random	inde-
pendent	clones	were	selected	for	sequencing	by	Shanghai	Sangon	
Biological	 Engineering	 and	 Technology	 Service	 Ltd.	 (Shanghai,	
China).

2.7  |  Phylogenetic analysis

DNA	sequences	were	confirmed	through	BLAST	nucleotide	align-
ment	in	the	NCBI	database,	and	sequence	alignments	were	made	

F I G U R E  1 Morphological	
characteristics	of	the	natural	hybrids	and	
their	parents.	(a)	–		(c)	Natural	distribution	
of	hybrids.	(a)	hybrid	RH1	(arrowed).	(b)	
hybrid	RH2	(arrowed).	(c)	hybrid	RH1	
(arrowed).	(d–	g)	Leaves	of	hybrids	and	
parents. (d) R. turczaninovii (arrowed). (e) R. 
stricta	(arrowed).	(f)	hybrid	RH1	(arrowed).	
g:	hybrid	RH2	(arrowed).	(h–	k)	Stem	node	
of	hybrids	and	parents.	(h)	R. turczaninovii 
(arrowed). (i) R. stricta	(arrowed).	(j)	hybrid	
RH1	(arrowed).	k:	hybrid	RH2	(arrowed).	
(l–	o)	Basal	leaves	of	hybrids	and	parents.	
(l) R. turczaninovii	(arrowed).	(m)	R. stricta 
(arrowed).	(n)	hybrid	RH1	(arrowed).	o:	
hybrid	RH2	(arrowed)

(a)

(d) (e) (f) (g)

(h) (i) (j) (k)

(l) (m) (n) (o)

(b) (c)
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TA B L E  1 Plant	materials	used	in	Phylogenetic	analysis

Number Species/hybrids Genome 2n Accession Locality

GenBank No.

DMC1 rps16

1 RH1- 3 StY 4x V 03 Sichuan,	China MZ130351* MZ130373*

MZ130352*

2 RH1- 6 StY 4x V 06 Sichuan,	China MZ130353* MZ130374*

MZ130354*

3 RH1- 8 StY 4x V 08 Sichuan,	China MZ130355* MZ130375*

MZ130356*

4 RH1- 11 StY 4x V 11 Sichuan,	China MZ130357* MZ130376*

MZ130358*

5 RH1- 14 StY 4x V 14 Sichuan,	China MZ130359* MZ130377*

MZ130360*

6 RH2- 2 StY 4x V 19 Sichuan,	China MZ130329* MZ130362*

MZ130330*

7 RH2- 5 StY 4x V 22 Sichuan,	China MZ130331* MZ130363*

MZ130332*

8 RH2- 10 StY 4x V 27 Sichuan,	China MZ130333* MZ130364*

MZ130334*

9 RH2- 12 StY 4x V 29 Sichuan,	China MZ130335* MZ130365*

MZ130336*

10 RH2- 15 StY 4x V 32 Sichuan,	China MZ130337* MZ130366*

MZ130338*

11 RH2- 17 StY 4x V 34 Sichuan,	China MZ130339* MZ130367*

MZ130340*

12 RH2- 18 StY 4x V 35 Sichuan,	China MZ130341* MZ130368*

MZ130342*

13 RH2- 30 StY 4x V 47 Sichuan,	China MZ130343* MZ130369*

MZ130344*

14 RH2- 37 StY 4x V 54 Sichuan,	China MZ130345* MZ130370*

MZ130346*

15 RH2- 39 StY 4x V 56 Sichuan,	China MZ130347* MZ130371*

MZ130348*

16 Roegneria strictus	(Keng)	
S.L.	Chen

StY 4x Y 2102 Sichuan,	China MZ130327* MZ130361*

MZ130350*

17 Roegneria turczaninovii 
(Drobow)	Nevski

StY 4x ZY	11140 Inner	Mongolia,	China MZ130328* MZ130372*

MZ130349*

18 Elymus sibiricus	L. StH 4x PI	619579 Xinjiang,	China EU366409*

BOP	022815 KP211332* MK775250*

PI	372541

19 Elymus caninus	L. StH 4x PI	314621 Former	Soviet	Union EU366407*

EU366408*

20 Elymus elymoides	(Raf.)	
Swezey

StH 4x PI	628684 United	States FJ695161*

FJ695160*

21 Elymus glaucus Buckley StH 4x PI	593652 Oregon	United	States FJ695163*

FJ695162*
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Number Species/hybrids Genome 2n Accession Locality

GenBank No.

DMC1 rps16

22 Elymus virginicus	L. StH 4x PI	490361 United	States GQ855195*

PI	882397 Sichuan,	China GQ855196*

23 Elymus wawawaiensi StH 4x PI	506284 Sichuan,	China

24 Roegneria caucasica	K.	
Koch

StY 4x H 3207 Xinjiang,	Armenia HM770785*

HM770784*

25 Roegneria ciliaris (Trin.) 
Nevski

StY 4x 87- 88 335 Sichuan,	China KU160610*

88- 89- 238 KU160617*

26 Roegneria dura	Keng StY 4x Y 2124 Neimenggu,	China KX578879*

27 Roegneria grandis	Keng StY 4x ZY	3189 Xizang,	China KU160615* MN703669*

Y 3189 KU160618*

28 Roegneria hondai 
Kitagawa

StY 4x Y 0362 Sichuan,	China KX578840*

KX578841*

29 Roegneria longearistata 
(Boiss.)	Drob.

StY 4x Y 2259 Inner	Mongolia,	China KX578848

30 Roegneria shandongensis 
(B.	Salomon)

J.	L.	Yang	&	C.	Yen

StY 4x ZY	3150 Shanxi,	China KX578862*

31 Roegneria ugamica 
(Drob.)	Nevski

StY 4x Y 1698 Sichuan,	China KX578877*

KX578878*

32 Campeiostachys nutans 
(Griseb.)	J.	L.	Yang,	B.	
R.	Baum	et	C.	Yen

StYH 6x Y 2086 Sichuan,	China

ZY	17101 KX578851*

ZY	17102 KX578852* MT385866*

S	22-	4 KX578853*

33 Pseudoroegneria 
libanotica	(Hackel)	D.	
R.	Dewey

St 2x PI	228389 Iran FJ695174*

PI	228392

34 Pseudoroegneria spicata 
(Pursh)	A.	Löve

St 2x PI	547161 United	States FJ695175* KY636118*

PI	632532

35 Pseudoroegneria stipifolia 
(Czern.	ex	Nevski)

St 2x PI	325181 Stavropol,	Russian FJ695176*

36 Pseudoroegneria strigosa 
(M.	Bieb.)	A.	Löve

St 2x PI	595164 Xinjiang,	China FJ695177*

PI	499637

37 Pseudoroegneria tauri 
(Boiss.)	A.	Löve

St 2x PI	401329 Iran KU160613

PI	380650

38 Agropyron cristatus	(L.)	
Gaertn

P 2x H 4349 China AF277241* KY126307*

PI	598628 Kazakhstan

39 Australopyrum 
retrofractum 
(Vickery)	A.	Löve

W 2x H 6723 China AF277251* KY636080*

PI	531553 United	States

40 Hordeum chilense	Roem.	
&	Schult.

H 2x PI	531781 Chile FJ695173*

41 Hordeum pubiflorum 
Hook.	f.

H 2x BCC	2028 KY636108*

42 Hordeum bogdanii 
Wilensky

H 2x PI	531761 China FJ695172* MH331641*

43 Hordeum vulgare	L. I 2x H 3878 Italy EF115541*

TA B L E  1 (Continued)

(Continues)
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Number Species/hybrids Genome 2n Accession Locality

GenBank No.

DMC1 rps16

44 Lophopyrum elongatum 
(Host)	A.	Löve

Ee 2x PI	531719 Israel AF277246*

PI531718 MH331643*

45 Thinopyrum 
bessarabicum	(Savul.	
&	Rayss)	A.

Eb 2x PI	531711 Russia AF277254* KY636145*

W6	21890

46 Psathyrostachys 
huashanica	Keng	ex	
P.C	Kuo

Ns 2x PI	531823 Shanxi,	China GU165826*

47 Aegilops speltoides 
Tausch.

B 2x H 6779 DQ247833*

48 Aegilops tauschii	Coss. D 2x H 6668 AF277235*

AE	429 JQ754651*

49 Dasypyrum villosum	(K.	
Koch)	Nevski

V 2x H 5552 AF277236*

W6	7264 MH285850*

50 Secale cereale	L. R 2x KC912691*

51 Taeniatherum 
copmedusae	(L.)	
Nevski

Ta 2x H 10254 AF277249*

PI	220591 MH285856*

52 Triticum urartu	Tum. A 2x H 6664 DQ247826*

53 Bromus sterilis	L. OSA	420 AF277234*

Note: 1*	Data	from	published	sequences	in	the	GenBank	(http://www.ncbi.nlm.nih.gov).

TA B L E  1 (Continued)

F I G U R E  2 Cluster	analysis	of	
hybrids	RH1,	hybrids	RH2,	R. stricta,	R. 
turczaninovii,	R. grandis,	E. sibiricus and 
C. nutans	based	on	21	morphological	
characters. Morphology including Top 
internodes	length,	First	lemma	length,	
Palea	length,	First	glume	length,	First	
glume	width,	Second	glume	length,	
Second	glume	width,	Flag	leaf	length	and	
width,	Top	second	leaf	length	and	width,	
Spike	length,	Plant	height,	Awn	length	of	
first	lemma,	No.	of	spikelets	per	spike,	No.	
of	florets	per	spikelet,	Hair	on	sheath,	Hair	
on	stem	node,	Hair	on	leaf,	Awn

http://www.ncbi.nlm.nih.gov
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using	 MAFFT	 (Katoh	 &	 Standley,	 2013).	 After	 preliminary	 phy-
logenetic	 analysis,	 the	 number	 of	 sequences	 is	 reduced.	 If	 there	
are	 more	 sequences	 of	 the	 same	 species	 form	 monophyletic	
groups,	only	one	sequence	 is	 retained.	ModelTest	v3.06	 (Posada	
&	Crandall,	 1998)	was	 used	 to	 determine	 appropriate	DNA	 sub-
stitution	models	and	gamma	rate	heterogeneity	using	the	Akaike	
information	criterion	(AIC).

The	 phylogenetic	 analyses	 of	DMC1 and rps16 data were per-
formed	 by	 using	 the	 maximum-	likelihood	 (ML)	 method	 in	 PhyML	
3.0	 (Guindon	et	al.,	2009).	The	best-	fit	evolutionary	models	deter-
mined	were	TPM1uf+G	for	DMC1	and	TIM1+G	for	rps16.	As	a	mea-
surement	of	 the	 robustness	 of	 tree	 clades,	 the	bootstrap	 support	
(BS)	values	were	calculated	with	1000	replications	and	displayed	in	
figure	(above	the	branch)	if	the	BS	values	were	>50%	(Felsenstein,	
1985).	 Bayesian	 analyses	were	 also	 performed	 using	MrBayes	 3.1	
(Ronquist	&	Huelsenbeck,	2003).	The	evolutionary	model	selected	
default	settings.

3  |  RESULTS

3.1  |  Morphological characteristics

The	57	natural	hybrids	were	perennial	grasses,	which	were	similar	
in	 morphology	 and	 phenology	 to	 Roegneria	 species,	 such	 as	 one	
spikelet	per	node	and	palea	equaling	lemma.	Most	of	hybrids	were	
stronger	 than	 their	 surrounding	 plants	 (Figure	 1a–	c).	 These	 natu-
ral	hybrids	combined	some	unique	characteristics	of	R. stricta and 
R. turczaninovii,	such	as	leaf	pubescence,	stem	node	pubescence,	and	
basal	leaf	sheath	pubescence	(Figure	1d-	o).

Morphology	 among	 plants	 of	 putative	 hybrids,	 R. stricta,	
R. turczaninovii,	R. grandis,	E. sibiricus,	and	C. nutans,	was	measured	
for	 21	 characters.	 Cluster	 analysis	 based	 on	 21	 morphological	
characters	 was	 shown	 in	 Figure	 2.	 The	 results	 of	 cluster	 analy-
sis	 indicated	 that	57	natural	 hybrids	were	 closer	 to	R. stricta and 
R. turczaninovii.

F I G U R E  3 Pollen	fertility	and	seed	set	
of	hybrids	RH1,	hybrids	RH2,	R. stricta and 
R. turczaninovii

F I G U R E  4 Karyotype	analysis	of	
hybrids	RH1,	hybrids	RH2,	R. stricta and 
R. turczaninovii. (a) R. turczaninovii.	(b)	R. 
stricta.	(c)	RH1-	13.	(b)	RH2-	10
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3.2  |  Evaluation of pollen fertility and seed set

The	 fertility,	 including	 pollen	 fertility	 and	 seed	 set,	 of	 R. stricta,	
R. turczaninovii,	 and	 putative	 hybrids,	 was	 shown	 in	 Figure	 3.	 In	
R. stricta,	the	pollen	fertilities	were	up	to	92.05%	and	the	seed	sets	
were	90.02%.	 In	R. turczaninovii,	 the	pollen	fertilities	and	seed	set	
were	high	with	91.61%	and	92.18%,	respectively.

As	for	the	hybrids	of	RH1,	the	pollen	fertilities	varied	from	1.01%	
to	8.09%,	and	the	seed	sets	were	lower	than	those	of	their	possible	
parents,	varying	from	0.41%	to	4.50%	(Figure	3).	As	for	the	hybrids	
of	RH2,	the	pollen	fertilities	varied	from	0.83%	to	13.63%,	and	seed	
set	were	lower,	varying	from	0.23%	to	5.59%	(Figure	3).	It	could	be	
seen	that	the	pollen	fertilities	and	seed	sets	of	putative	hybrids	were	
very	low,	indicating	that	they	were	hybrids	and	not	stable	species.

3.3  |  Karyotype analysis and chromosome pairing 
at metaphase I

Karyotype	analysis	showed	that	R. stricta,	R. turczaninovii,	and	puta-
tive	hybrids	were	tetraploids	(2n	= 4x =	28)	(Figure	4).

The	meiotic	configurations	of	the	possible	parent	and	the	puta-
tive	hybrids	were	listed	in	Table	S2.	Meiosis	of	R. stricta and R. turcza-
ninovii	were	quite	regular	with	14	bivalents	(Figure	5a–	c,	Table	S2).	
Meiotic	pairing	in	17	hybrids	of	RH1	was	comparatively	high,	with	an	
average	of	0.98	univalents	and	13.52	bivalents	per	cell	with	c-	value	
of	0.89	(Figure	5d,	e;	Table	S2).	Chromosome	pairing	in	40	hybrids	of	
RH2	was	comparatively	high	with	an	average	of	0.85	univalents	and	
13.55	bivalents	per	cell	with	c-	value	of	0.90	(Figure	5g,	h;	Table	S2).	
Except	for	hybrid	RH2-	31,	all	hybrids	had	univalents.

F I G U R E  5 Meiotic	associations	in	PMCs	of	the	parental	species	and	hybrids.	(a)	and	(b)	R. turczaninovii	with	14	II.	(c)	R. stricta	with	14	II.	
(d)	RH1-	15	with	14	II	(12	ring	+	2	rod).	(e)	RH1-	7	with	13	II	(9	ring	+ 8 rod) +	2	I.	(f)	RH2-	38	lagging	chromosomes.	(g)	RH2-	29	with	14	II	(12	
ring	and	2	rod).	(h)	RH2-	11	with	13	II	(11	ring	and	2	rod)	+	2	I.	(i)	RH2-	11	chromosome	bridge
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At	the	same	time,	some	lagging	chromosomes	and	chromosome	
bridges	were	observed	at	anaphase	I	(Figure	5f,	i).

3.4  |  FISH and GISH analysis

To	 further	explore	 the	genomic	 constitutions	of	natural	 hybrids,	
we	 selected	 some	 hybrids	 for	 in situ	 hybridization.	 Since	 the	
suspected	 parents	 of	 natural	 hybrids	 were	 R. turczaninovii and 
R. stricta (StY),	 and	meiotic	pairing	 in	natural	hybrids	were	com-
paratively	high,	we	speculated	that	genomic	constitution	of	natu-
ral	hybrids	was	StY.	St2-	80	was	a	FISH	marker	for	the	St	genome	
(Wang	et	al.,	2017).	Signals	produced	by	St2- 80 were present on 
the	entire	arm	of	the	St	genome	chromosomes,	except	at	the	cen-
tromeric	region	and	near	centromeric	region	(Wang	et	al.,	2017).	
This	marker	was	used	 to	detect	 the	St	 genome	presented	 in	 the	
putative	parents	and	hybrids.

St2-	80	signal	pattern	showed	that	14	chromosomes	of	putative	
parents	and	hybrids	were	St	type	(Figures	6a,	c,	e	and	7a,	c,	e).	This	
result	was	confirmed	by	GISH	analysis,	where	28	chromosomes	of	
putative	 parents	 and	 hybrids	were	 hybridized	with	 the	StY	 probe	
from	R. ciliaris	(Figures	6b,	d,	f	and	7b,	d,	f).	The	results	of	FISH	and	

GISH	 indicated	 that	 the	 genomic	 constitution	 of	 putative	 parents	
and	 11	 hybrids	 (RH1-	3,	 RH1-	8,	 RH1-	11,	 RH1-	14,	 RH2-	2,	 RH2-	10,	
RH2-	12,	RH2-	15,	RH2-	17,	RH2-	37,	RH2-	39)	was	StY.

3.5  |  Phylogenetic analyses of the nuclear gene 
DMC1 and the chloroplast gene rps16 sequences

In	order	to	analyze	the	possible	parents	of	the	hybrids,	we	analyzed	
the nuclear gene DMC1 and the chloroplast gene rps16	sequences	
of	the	hybrids	and	their	associated	species	of	Roegneria,	Elymus,	and	
Campeiostachys.	The	 length	of	DMC1	sequences	of	hybrids	ranged	
from	998	to	1004	bp.	The	data	matrix	contained	1166	characters,	of	
which	267	characters	were	variable	and	235	were	parsimony	inform-
ative.	A	single	phylogenetic	tree	generated	by	maximum	likelihood	
analysis	using	the	TPM1uf	+	G	model	(−Ln	likelihood	= 4762.04) was 
shown	in	Figure	8.

The	phylogenetic	analyses	of	the	DMC1	sequence	were	shown	
in	Figure	8.	In	clade	I	 (PP	=	0.97),	the	St-	type	sequences	formed	a	
strongly	 supported	 clade,	 which	 included	 diploid	 Pseudoroegneria 
(St)	 species,	 tetraploid	 Elymus (StH) and Roegneria (StY)	 species,	
hexaploid campeiostachys (StYH)	 species,	and	hybrids.	The	St- type 

F I G U R E  6 Analysis	of	FISH	and	GISH	
in R. stricta and R. turczaninovii. (a) and 
(b)	R. stricta.	(c–	f)	R. turczaninovii.	(a),	(c)	
and	(e)	Used	St2–	80	as	probe	(red),	14	
chromosomes	were	labeled	as	St type 
(arrowed)	and	14	chromosomes	were	
labeled	as	non-	St	type.	(b),	(d)	and	(f)	
With	total	genomic	DNA	of	R. ciliaris (StY 
genome)	was	labeled	with	Texas-	red-	5-	
dCTP	(red)	as	probe,	28	chromosomes	
were	labeled	as	red	fluorescent	signals
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sequences	of	15	hybrids	and	R. turczaninovii (StY)	formed	a	subclade	
(BS	=	 54%,	 PP	=	 0.98).	 In	 clade	Ⅱ	 (BS	=	 99%,	 PP	=	 1.00),	 the	Y- 
type	sequences	formed	a	strongly	supported	clade,	which	contained	
the	 tetraploid	 species	 of	 Roegneria (StY)	 and	 hybrids.	 The	Y- type 
sequences	of	15	hybrids,	R. turczaninovii (StY) and R. stricta (StY),	
formed	a	 subclade	 (BS	=	64%,	PP	=	0.84).	 In	 clade	Ⅲ	 (BS	=	83%,	
PP	=	1.00),	10	diploid	species	contained	10	different	basic	genomes	
(Ee,	Eb,	W,	P,	Ta,	V,	Ns,	A,	B,	and	D).	In	clade	IV	(BS	=	72%,	PP	=	1.00),	
the H-	type	 subclade	 included	 diploid	Hordeum species and tetra-
ploid Elymus (StH) species.

The	 length	 of	 hybrids	 of	 rps16	 sequences	 varied	 from	 830	
to	831	bp.	 The	data	matrix	 contained	881	 characters,	 of	which	
30	 were	 variable	 characters	 and	 30	 were	 parsimony	 informa-
tive.	TIM1	+	G	as	 the	best-	fit	model	 (−Ln	 likelihood	= 1550.15) 
was	used	in	phylogenetic	analysis.	The	ML	tree	was	displayed	in	
Figure	9.

The	phylogenetic	analyses	of	the	rps16	sequence	were	shown	
in	 Figure	 9.	 The	 rps16	 sequences	 from	 hybrids	 of	 RH1	 were	
grouped with R. stricta	(BS	=	62%,	PP	= 0.97). This clade contained 
5	hybrids	of	RH1	sequences	and	R. stricta. The rps16	sequences	
from	hybrids	of	RH2	were	grouped	with	R. turczaninovii	(BS	=	86%,	
PP	=	1.00).	This	clade	contained	10	hybrids	of	RH2	sequences	and	

R. turczaninovii.	The	above	results	showed	that	R. stricta was the 
maternal	donor	of	 the	hybrids	of	RH1,	while	R. turczaninovii was 
the	maternal	donor	of	the	hybrids	of	RH2.

4  |  DISCUSSION

4.1  |  Origin of natural hybrids

Natural	hybrids	are	relatively	common	in	flowering	plants	(Rieseberg	
&	 Ellstrand,	 1993).	 Rieseberg	 (1997)	 reported	 that	 about	 11%	 of	
plant	 species	 arose	 from	 interspecific	 hybridization.	 Artificial	 hy-
brids	 involving	genus	Roegeneria	have	been	produced	 (Zhou	et	al.,	
1999),	but	there	are	no	reports	of	natural	hybrids.	In	this	study,	the	
low-	fertility	plants	were	suspected	natural	hybrids	because	of	their	
morphologically	intermediate	between	R. stricta and R. turczaninovii. 
However,	the	natural	hybrids	had	not	been	confirmed	by	cytologi-
cal	 and	molecular	 evidence.	 In	 this	 study,	 FISH	and	GISH	analysis	
suggested	that	the	genomic	constitution	of	R. turczaninovii was StY. 
This	 result	was	further	confirmed	by	molecular	data.	Phylogenetic	
analyses	based	on	DMC1	sequence	suggested	 that	R. turczaninovii 
has St and Y	genomes.	It	is	the	first	report	that	the	composition	of	

F I G U R E  7 Analysis	of	FISH	and	GISH	
in	hybrids.	(a)	and	(b)	RH1-	11.	(c)	and	
(d)	RH2-	12.	E	and	F	RH2-	15.	(a),	(c),	and	
(e)	Using	St2–	80	as	probe	(green),	14	
chromosomes	were	labeled	as	St type 
(arrowed)	and	14	chromosomes	were	
labeled	as	non-	St	type.	(b),	(d)	and	(f)	
With	total	genomic	DNA	of	R. ciliaris (StY 
genome)	was	labeled	with	fluorescein-	12-	
dUTP	(green)	as	probe,	28	chromosomes	
were	labeled	as	green	fluorescent	signals
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the	genomic	 formula	of	R. turczaninovii is StY,	 confirming	 that	 the	
current	taxonomic	status	is	correct.	The	natural	hybrids	were	veri-
fied	 unambiguously	 because	of	morphological	 characteristics,	 and	

molecular	 sequences	 of	 natural	 hybrids	 were	 closer	 to	 those	 of	
R. stricta and R. turczaninovii	 in	 companion	 species	 (Figures	2	 and	
8).	 Phylogenetic	 analysis	 based	 on	 rps16	 sequence	 showed	 that	

F I G U R E  8 Phylogenetic	tree	based	
on DMC1	sequences	of	hybrids	using	
ML.	Numbers	with	bold	above	nodes	are	
bootstrap	values,	and	numbers	below	
nodes	are	Bayesian	posterior	probability	
values
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R. stricta	was	the	maternal	donor	of	the	hybrids	of	RH1,	R. turczani-
novii	was	the	maternal	donor	of	the	hybrids	of	RH2	(Figure	9).	Thus,	
our	results	demonstrated	that	R. stricta and R. turczaninovii were the 
female	and	male	parents,	respectively,	of	the	hybrids	of	RH1;	R. turc-
zaninovii and R. stricta	were	the	female	and	male	parents	of	the	hy-
brids	of	RH2,	respectively.

Additionally,	meiotic	pairing	in	57	natural	hybrids	was	compara-
tively	high.	This	suggested	that	the	genomes	of	their	parents	were	
homologous.	 This	 is	 consistent	 with	 our	 cytology	 and	 molecular	
data.	Except	for	hybrid	RH2-	31,	all	hybrids	had	univalent.	This	also	
provides	evidence	for	the	low	pollen	fertility	and	seed	setting	rate	
of	hybrids.	Pairing	and	recombination	among	homologous	chromo-
somes	are	common	in	nascent	allopolyploids	(Gaeta	&	Pires,	2010).	
However,	 in	 the	evolution	of	allopolyploids,	homologous	pairing	 is	
gradually	eliminated	and	replaced	by	exclusive	homologous	pairing.	
R. stricta and R. turczaninovii contain the StY	 genome,	but	 the	ge-
nomes	may	have	diverged	 in	 the	 two	 species,	 resulting	 in	 hybrids	
showing	 univalent	 at	 metaphase	 I.	 The	 chromosome	 bridge	 ap-
peared	to	be	in	some	natural	hybrids	at	anaphase	(Figure	5i).	Such	

chromosome	 bridges	 might	 be	 formed	 by	 single-		 or	 three-	strand	
doubles	within	the	reverse	loop	of	a	paracentric	inversion	heterozy-
gote,	and	the	chromosome	bridge	was	a	sign	of	inversion;	these	were	
important	events	in	speciation.

4.2  |  Formation process of natural hybrids

Triticeae	 is	a	young	group;	 there	 is	a	 large	possibility	of	 random	hy-
bridization	 among	 the	 relative	 genera	 in	 the	 Triticeae	 (Barkwoth	 &	
Bothmer,	2009).	In	this	study,	different	genera	species	with	different	
genome	constitutions	in	Triticeae	were	planted	in	the	experiment	base	
of	the	SAGS,	such	as	Roegneria (StY),	Elymus (StH),	and	Campeiostachys 
(StYH). R. stricta and R. turczaninovii	have	closer	genetic	relationship,	
the	florescence	was	consistent,	and	they	were	planted	together,	which	
provided	conditions	for	natural	hybridization.

From	the	perspective	of	hybridization	rate,	there	were	23	hybrids	
out	of	which	about	400	were	R. stricta	plants,	and	the	natural	hybrid-
ization	rate	was	about	5.75%,	while	among	the	330	R. turczaninovii 

F I G U R E  9 Phylogenetic	tree	based	
on rps16	sequences	of	hybrids	using	ML.	
Numbers	with	bold	above	nodes	are	
bootstrap	values,	and	numbers	below	
nodes	are	Bayesian	posterior	probability	
values
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plants,	there	were	about	54	hybrids,	and	natural	hybridization	rate	
was	about	16.36%.	It	can	be	seen	that	natural	hybridization	rate	of	
R. turczaninovii	was	about	3	times	that	of	R. stricta.	The	reason	may	
be	that	 the	source	of	 the	R. stricta parents was single and the ge-
netic	diversity	was	low,	while	the	R. turczaninovii parent has higher 
genetic	diversity.	Large	morphological	differences	were	observed	in	
the	field	of	R. turczaninovii,	which	lead	to	a	higher	natural	hybridiza-
tion	rate.	The	genetic	diversity	of	the	R. stricta parents and R. turcza-
ninovii	parents	needed	to	be	further	verified	by	molecular	markers	
or	other	methods.

4.3  |  Homoploid hybrid speciation

In	 the	 evolutionary	 history,	 many	 grasses	 from	 the	 Triticeae	
have	undergone	interspecific	hybridization,	resulting	in	allopoly-
ploidy,	which	homoploid	hybrid	speciation	(HHS)	was	found	only	
in	 rye	 (Martis	 et	 al.,	 2013).	Homoploid	hybrid	 speciation	 is	 rare	
due	 to	 strongly	 reduced	 fitness	of	early	generation	hybrids	and	
weak	 reproductive	 isolation	with	 the	progenitors	 (Mallet,	2007;	
Rieseberg	&	Willis,	2007).	Our	comprehensive	analyses	of	natural	
hybrids,	R. stricta,	R. turczaninovii and the other Triticeae species 
growing	 nearby	 from	morphology,	 cytology,	 and	molecular	 lev-
els	provided	support	for	the	origin	of	natural	hybrids.	It	demon-
strates	for	the	first	time	the	existence	of	populations	of	natural	
homoploid	 hybrids	 in	 Roegneria.	 Analyses	 of	 hybrid	 swarms	 or	
young	hybrid	 taxa	 can	play	an	 important	 role	 in	elucidating	 the	
first	steps	toward	hybrid	species	(Nolte	&	Tautz,	2010).	Although	
such	taxa	may	not	eventually	produce	well-	differentiated	hybrid	
species,	they	can	facilitate	testing	key	predictions	from	models	of	
hybridization	and	hybrid	speciation	(Barton,	2001;	Buerkle	et	al.,	
2000).	 In	this	study,	the	natural	homoploid	hybrids	are	good	re-
search	material	for	elucidating	the	first	steps	toward	homoploid	
hybrids	 species.	 They	 can	 facilitate	 testing	 of	 key	 predictions	
from	hybridization	and	hybrid	 speciation	models.	 It	 can	provide	
some	references	for	the	formation	mechanism	of	natural	hybrids	
of	Triticeae.

4.4  |  Utilization of natural hybrids

Hybridization	 among	 species	 can	 act	 as	 an	 additional,	 perhaps	
more	abundant,	 source	of	 adaptive	genetic	 variation	 than	muta-
tion	 (Arnold	&	Martin,	 2009;	Kunte	 et	 al.,	 2011;	Whitney	 et	 al.,	
2010).	In	this	study,	we	found	some	natural	hybrids	with	good	for-
age	traits	in	plant	height,	tillers,	and	leaf,	but	the	fertility	was	very	
low.	If	these	natural	hybrids	could	be	genetically	improved	to	cre-
ate	new	forage	varieties,	 it	would	have	good	ecological	and	eco-
nomic	benefits.	As	a	result	of	further	reproduction,	these	hybrids	
could	be	a	valid	species	because	some	highly	sterile	F1	hybrids	be-
come	species	through	adopting	a	vegetative	mode	of	reproduction	
(Brysting	et	al.,	2000).
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