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Abstract
The	genus	Miscanthus	is	a	promising	lignocellulosic	feedstock	crop	for	the	pro-
duction	of	bioenergy.	Miscanthus	 is	drawing	attention	because	it	can	be	grown	
on	marginal	land	and	avoid	competition	with	food	crops.	Therefore,	as	measures	
of	performance,	biomass	yield	and	quality	of	two	parent	species	(Miscanthus sin-
ensis	and	Miscanthus lutarioriparius)	and	15	of	 their	 interspecific	hybrids	were	
evaluated	 in	a	 saline–	alkaline	soil	of	 the	Yellow	River	delta	 in	China.	Ethanol	
and	 biogas	 production	 potentials	 were	 also	 estimated.	 A	 field	 trial	 with	 a	 ran-
domised	 block	 design	 with	 five	 replicates	 of	 each	 genotype	 was	 conducted	 in	
2014.	Biomass	yield,	plant	height,	tiller	number,	stem	diameter,	and	tiller	mass	of	
each	parent	and	hybrid	were	measured	at	the	end	of	the	growing	season	in	2015,	
2016,	and	2017.	Quality	traits,	including	cellulose,	hemicellulose,	lignin	and	ash	
contents,	were	measured.	There	was	 large	genotype	variation	 in	biomass	yield	
and	in	most	of	the	biometric	parameters,	and	cellulose	(range:	0.33	to	0.45 g/g),	
hemicellulose	 (0.32	 to	 0.43  g/g),	 lignin	 (0.07–	0.13  g/g)	 and	 ash	 (0.02–	0.06  g/g)	
contents	were	significantly	different	among	the	hybrids.	The	ash	content	of	all	
hybrids	was	significantly	lower	than	that	of	M.	sinensis.	The	two-	year	(2016	and	
2017)	 average	 biomass	 yield	 of	 the	 15  hybrids	 ranged	 from	 9.87	 to	 23.11  t/ha,	
which	was	significantly	higher	than	that	of	either	parent	(M.	sinensis:	1.20 t/ha;	
M.	lutarioriparius:	3.87 t/ha).	Two	hybrids,	SL8	and	SL15,	were	identified	as	po-
tential	genotypes	suitable	for	the	saline–	alkaline	soils	of	the	Yellow	River	delta.	
These	results	demonstrate	that	 interspecific	hybridisation	is	crucial	to	improve	
Miscanthus	biomass	yield	and	quality	under	marginal	conditions.
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1 	 | 	 INTRODUCTION

Miscanthus	is	a	rhizomatous,	perennial	and	giant	C4 grass	
genus	 that	 originates	 from	 East	 Asia	 but	 is	 widely	 dis-
tributed	 from	 temperate	 Europe	 to	 the	 tropical	 south-
east	Asia	(Sun	et	al.,	2010).	Because	of	its	high	yield	and	
ability	to	thrive	under	a	range	of	conditions,	Miscanthus	
is	a	promising	lignocellulosic	feedstock	crop	to	provide	a	
sustainable	 supply	 and	 ensure	 the	 security	 of	 bioenergy	
production	(Tang	et	al.,	2010;	Xue	et	al.,	2016;	Yan	et	al.,	
2012).	Furthermore,	it	can	be	cultivated	on	marginal	land	
to	avoid	direct	competition	with	food	crops	(Clifton-	Brown	
et	 al.,	 2002;	 Cosentino	 et	 al.,	 2015;	 Lewandowski	 et	 al.,	
2015).	In	China,	much	of	the	marginal	lands	have	saline–	
alkaline	 soils,	 including	 parts	 of	 the	 Yellow	 River	 delta	
(~4.5  ×  105  ha).	 In	 recent	 years,	 parts	 of	 the	 delta	 have	
become	marginal	lands	in	which	crops	cannot	survive	or	
yields	are	extremely	low	(Zhuang	et	al.,	2011).	Moreover,	
owing	 to	ongoing	sediment	deposition,	 the	Yellow	River	
delta	is	expanding	by	20–	25 km2	per	year,	and	as	a	conse-
quence,	the	area	of	marginal	land	is	also	increasing	(Zhang	
et	 al.,	 2013).	 Recent	 studies	 show	 that	 Miscanthus	 can	
improve	 soil	 conditions	 and	 biodiversity	 (Barbosa	 et	 al.,	
2015;	Hedde	et	al.,	2013;	McCalmont	et	al.,	2015;	Semere	
&	Slater,	2017).	Thus,	when	grown	on	saline–	alkaline	soil,	
Miscanthus	 may	 reduce	 saline–	alkaline	 levels	 and	 boost	
the	diversity	and	functions	of	microorganisms.	However,	
to	 date,	 different	 Miscanthus	 genotypes	 have	 not	 been	
tested	specifically	for	growth	in	the	saline–	alkaline	soil	in	
the	Yellow	River	delta.	Therefore,	the	breeding	and	devel-
opment	of	high-	yielding	Miscanthus	varieties	suitable	for	
growth	on	marginal	lands	of	the	Yellow	River	delta	offer	
an	opportunity	not	only	 to	deliver	 sustainably	produced	
feedstock	for	bio-	based	industry	but	also	to	improve	eco-
system	 function.	 Furthermore,	 it	 is	 vital	 to	 promote	 the	
use	of	marginal	lands	in	the	Yellow	River	delta,	as	well	as	
those	across	China.

A	 key	 long-	term	 objective	 is	 to	 breed	 high	 biomass	
yield	hybrids	 for	marginal	 lands	 in	which	constraints	 to	
production	include	pH	extremes	and	high	salinity.	Several	
genotypes	 have	 been	 tested	 across	 Europe	 to	 identify	
those	that	have	high	yields	and	are	suitable	for	low	tem-
peratures,	 water	 limitation	 and	 salt	 tolerance	 (Kalinina	
et	al.,	2017;	Lewandowski	et	al.,	2016;	Weijde	et	al.,	2016).	
Although	genotypes	show	large	variation	in	salt	tolerance	
(Chen	 et	 al.,	 2017;	 Weijde	 et	 al.,	 2016),	 long-	term	 infor-
mation	 on	 genotype	 performance	 under	 saline–	alkaline	
conditions	 in	 the	 field	 remains	 missing.	 In	 addition,	 al-
though	 the	 salt	 tolerant	 capacity	 of	 M.×gigtantues	 was	
evaluated	 (Stavridou	 et	 al.,	 2017),	 the	 field	 trials	 still	 is	
not	 reported.	 In	 a	 previous	 investigation	 on	 the	 adapt-
ability	of	Miscanthus	genotypes	in	the	Yellow	River	delta,	
biomass	 yield	 and	 quality	 were	 significantly	 different	

among	genotypes	(Zheng	et	al.,	2019).	However,	biomass	
yield	 and	 quality	 need	 to	 be	 improved	 in	 order	 to	 meet	
production	 requirements	 and	 ensure	 economic	 viabil-
ity.	 In	 China,	 Miscanthus	 is	 currently	 primarily	 used	 in	
paper	production,	whereas	in	Europe,	it	is	used	for	power	
generation,	 with	 the	 UK	 the	 leader	 (Xiang	 et	 al.,	 2020).	
However,	Miscanthus	 is	also	being	 tested	 for	other	uses,	
including	bioethanol	and	biogas	production	(Donnison	&	
Fraser,	2016;	Guo	et	al.,	2012;	Kam	et	al.,	2020;	Kärcher	
et	 al.,	 2015;	 Kiesel	 &	 Lewandowski,	 2015;	 Kiesel	 et	 al.,	
2017;	Scordia	et	al.,	2013).	In	bioethanol	and	biogas	pro-
duction,	the	preferred	genotypes	have	high	biomass	yield	
and	 cellulose	 and	 hemicellulose	 contents	 but	 low	 lignin	
and	ash	contents	(Xiang	et	al.,	2020).	To	maximise	these	
characteristics,	genotypic	variation	can	be	exploited,	and	
genotypes	 developed	 with	 high	 biomass	 yield	 and	 im-
proved	quality	traits.

Interspecific	 hybridisation	 can	 increase	 the	 biomass	
yield	 of	 Miscanthus	 (Clifton-	Brown	 et	 al.,	 2010).	 For	 ex-
ample,	 M.  ×  giganteus,	 a	 naturally	 occurring	 sterile	 in-
terspecific	 hybrid	 between	 M.	 sinensis	 (diploid)	 and	 M.	
sacchariflorus	 (tetraploid),	 has	 high	 biomass	 yield	 and	
expresses	 many	 parental	 traits	 that	 are	 desirable	 for	
bioenergy	 production	 (Anderson	 et	 al.,	 2011;	 Linde-	
Laursen,	 1993).	 Recently,	 several	 high	 biomass-	yielding	
varieties	 (Xiangzamang	 nos.	 1,	Xiangzamang	 nos.	 2	 and	
Xiangzamang	 nos.	 3)	 were	 developed	 through	 interspe-
cific	 crosses	 between	 M.	 sinensis	 and	 M.	 lutarioriparius,	
although	 the	 breeding	 efforts	 did	 not	 focus	 on	 marginal	
conditions	 (Zheng	 et	 al.,	 2017).	 Therefore,	 to	 accelerate	
the	cultivation	of	Miscanthus	on	marginal	land,	interspe-
cific	hybridisation	may	be	an	effective	tool	to	develop	new	
high	biomass-	yielding	varieties	with	desired	quality	traits.

Thus,	the	objectives	this	study	were	the	following:	(1)	
evaluate	the	biomass	yield	and	quality	of	Miscanthus	par-
ents	 and	 hybrid	 progeny	 in	 a	 saline–	alkaline	 soil	 of	 the	
Yellow	 River	 delta;	 (2)	 determine	 whether	 interspecific	
hybridisation	of	Miscanthus	can	improve	biomass	quality;	
and	 (3)	 identify	 the	 high	 biomass-	yielding	 interspecific	
clonal	hybrids	with	high-	quality	traits	suitable	for	bioeth-
anol	and	biogas	production.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Field trial and site conditions

A	 field	 experiment	 was	 conducted	 from	 2014	 to	 2017	 at	
a	 research	 station	 of	 Hunan	 Agricultural	 University	 in	
Binzhou	 (37°38′N,	 118°07′E,	 3.87  m	 a.s.l)	 in	 the	 Yellow	
River	 delta	 near	 the	 Bohai	 Sea	 in	 Shandong	 Province,	
China.	Figure	1 shows	the	maximum	and	minimum	tem-
peratures	 and	 monthly	 rainfall	 at	 the	 experimental	 site.	
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The	 China	 Meteorological	 Service	 provided	 the	 climato-
logical	data.	The	soil	was	a	clay	loam.	In	September	2015,	
20-	cm	soil	cores	were	taken	at	four	different	depths	(0–	20,	
20–	40,	40–	60	and	60–	80 cm)	from	randomly	selected	loca-
tions	at	the	study	site.	Organic	matter,	total	nitrogen	(N),	
total	phosphorus	(P),	pH,	electrical	conductivity	(EC),	Na+,	
K+,	Ca2+	and	Mg2+	were	analysed.	Exchangeable	sodium	
percentage	(ESP)	was	calculated	from	soluble	Na+,	Ca2+	
and	Mg2+,	according	to	Rowell	(1994).	The	Cl−	concentra-
tion	was	measured	using	a	chloride	analyser	(model	926,	
Sherwood	Scientific,	Cambridge,	UK).	Figure	2 shows	the	
soil's	 physical	 and	 chemical	 properties.	 Organic	 matter	
content	ranged	from	8.94	to	9.95 g/kg;	that	of	total	N	from	
0.07	to	0.11 g/kg;	and	that	of	total	P	from	0.46	to	0.63 g/
kg.	 Soil	 NaCl	 content	 was	 high,	 with	 Na+	 content	 rang-
ing	from	440.80	to	895.05 mg/kg	and	that	of	Cl−	ranging	
from	 531.75	 to	 1418.00  mg/kg.	 Soil	 pH	 ranged	 from	 8.9	
to	9.0,	and	electrical	conductivity	ranged	from	4.6	 to	7.3	
dS/m.	The	changes	in	EC,	ESP	and	K+	content	with	depth	
were	similar,	with	initial	increases	followed	by	decreases	
with	 depth	 from	 0	 to	 60  cm.	 According	 to	 Saline	 Alkali	
Soil	Laboratory	United	States	Department	of	Agriculture,	
the	soil	series	(EC > 4	dS/m,	pH > 8.5,	ESP < 15)	belong	
to	saline–	alkaline	soil.

2.2	 |	 Plant material

In	preliminary	screening	studies,	15 superior	individuals	
were	selected	from	a	family	of	215 hybrid	genotypes	(prog-
eny	 of	 M.	 sinensis	 (♀,	 number:	 B0605)	 and	 M.	 lutariori-
parius	(♂,	number:	A0107))	grown	in	saline–	alkaline	soil	
(Lin,	2012).	The	adaptability	of	17 Miscanthus	genotypes	
to	saline–	alkaline	soil	was	preliminary	 investigated.	The	

rhizomes	 of	 17  genotypes	 (the	 15  hybrids	 and	 their	 two	
parents)	were	obtained	 from	 the	 Miscanthus	 germplasm	
resource	of	Hunan	Agricultural	University.	The	rhizomes	
were	cut	into	~200-	g	pieces,	each	with	three	or	four	buds.	
Twenty-	five	rhizomes	per	genotype	were	planted	in	a	ran-
domised	 block	 design,	 with	 five	 rhizomes	 per	 genotype	
in	each	of	 five	blocks.	The	row	distance	was	1.5 m,	and	
the	plant	spacing	was	1.0 m.	The	individual	blocks	were	
7.5 m2	(1.5 m × 5 m).	To	avoid	border	effects,	a	supple-
mentary	row	of	hybrid	SL6	rhizomes	was	planted	around	
each	 experimental	 plot.	 Before	 planting,	 weeds	 were	
controlled	with	24 g	of	10%	glyphosate	solution	in	1 L	of	
water	 per	 block,	 sprayed	 twice.	 The	 soil	 was	 harrowed	
and	ploughed	to	20 cm.	The	plots	were	irrigated	once	after	
planting,	 with	 no	 additional	 water	 or	 fertiliser	 applied	
during	the	experimental	period.	To	minimise	the	effect	of	
weeds,	blocks	were	manually	weeded	twice	after	planting	
in	the	first	year,	with	no	further	weeding	thereafter.

2.3	 |	 Field measurements and biomass 
yield estimation

During	the	first	year	of	the	study,	the	emergence	of	gen-
otypes	 was	 monitored.	 Because	 the	 transportation	 and	
planting	 leaded	 to	damage	 to	 the	buds	of	SL6	rhizomes,	
its	replicates	in	the	field	were	less	than	five.	Thus,	at	least	
three	plants	per	genotype	and	per	replicate	were	used	to	
analyse	yield.	Data	were	collected	in	the	second,	third	and	
fourth	growing	seasons	(10	December	2015,	15	December	
2016	and	11	December	2017).	Before	harvest,	the	follow-
ing	 crop	 agronomic	 traits	 were	 measured:	 plant	 height	
(the	distance	between	the	soil	surface	and	the	top	of	the	
leaves	 from	the	 tallest	culms);	 tiller	number	 (number	of	

F I G U R E  1  Precipitation	and	
temperature	from	2014	to	2017	at	the	
experimental	site	in	the	Yellow	River	
delta,	Shandong	Province,	China.
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F I G U R E  2  Physical	and	chemical	properties	(organic	matter,	total	N,	total	P,	electrical	conductivity	(EC),	pH,	exchangeable	sodium	
percentage	(ESP),	Na+,	Cl−,	K+)	of	the	saline–	alkaline	soil	at	the	experimental	site	in	the	Yellow	River	delta,	Shandong	Province,	China
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stems	taller	than	20 cm	per	plant);	stem	diameter	(meas-
ured	using	callipers	at	~5 cm	aboveground	on	randomly	
chosen	stems);	and	tiller	mass	(dry	weight	of	a	randomly	
chosen	 tiller).	 The	 whole	 plants	 were	 cut	 by	 machine	
(a	 Mitsubishi	 brush	 cutter	 mounted	 with	 a	 steel	 cutting	
blade)	 in	 December	 to	 a	 stubble	 height	 of	 ~5  cm.	 Plant	
total	 fresh	 weight	 was	 measured.	 A	 randomly	 separated	
tiller	 of	 each	 plant	 was	 placed	 in	 a	 paper	 bag,	 and	 its	
fresh	weight	recorded.	The	subsample	was	dried	to	con-
stant	 weight	 at	 80°C	 and	 the	 dry	 weight	 recorded.	 The	
dry	biomass	of	a	plant	was	calculated	as	(plant	total	fresh	
weight × the	dry	weight	of	subsample)	/	(the	fresh	weight	
of	 subsample).	 Biomass	 yield	 per	 hectare	 (t/ha)  =  (all	
individual	 plant	 weights	 (kg·per	 plant)/25(5  ×  5	 indi-
vidual	plants))/1.5 m2 × 10,000	(1 ha = 10,000 m2)/1000	
(1 t = 1000 kg)	(Kalinina	et	al.,	2017).

2.4	 |	 Laboratory analyses

Dry	 matter	 neutral	 detergent	 fibre,	 acid	 detergent	 fibre	
and	acid	detergent	lignin	contents	were	measured	using	a	
Foss	fibre	analyser	(Foss	Inc.,	USA),	based	on	the	method	
of	 Van	 Soest	 (1967).	 All	 fibre	 analyses	 were	 conducted	
using	 three	 replicates.	 Hemicellulose	 content	 was	 cal-
culated	 as	 neutral	 detergent	 fibre—	acid	 detergent	 fibre,	
and	 cellulose	 content	 was	 calculated	 as	 acid	 detergent	
fibre—	acid	detergent	lignin.	Hemicellulose	and	cellulose	
contents	are	presented	as	a	ratio	(hemicellulose:cellulose,	
H:L)	of	their	dry	weights	(Allison	et	al.,	2011).	Ash	content	
was	determined	using	a	muffle	furnace	(550℃)	(Stavridou	
et	al.,	2017)	and	calculated	as	ash	mass	(g)/original	dried	
sample	mass	(g).

2.5	 |	 Ethanol and biogas production 
calculations

Ethanol	production	from	cellulose	and	hemicellulose	(L/
ha)	was	estimated	using	the	following	equation	(Scordia	
et	al.,	2014;	Zhao	et	al.,	2015):	(cellulose	(%)	in	dry	matter	
biomass	 (t/ha)  ×  1.111	 (conversion	 factor	 of	 sugar	 from	

cellulose) × 0.75	 (process	efficiency	of	 sugar	 from	cellu-
lose)	+	hemicellulose	content	(%)	in	dry	matter	biomass	
(t/ha) × 1.136	(conversion	factor	of	sugar	from	hemicel-
lulose) × 0.73	(process	efficiency	of	sugar	from	cellulose	
and	hemicellulose)) × 0.511	(conversion	factor	of	ethanol	
from	 sugar)  ×  0.85	 (process	 efficiency	 of	 ethanol	 from	
sugar) × 1000/0.79	(specific	gravity	of	ethanol,	g/ml).

Biogas	yield	from	cellulose	and	hemicellulose	(m3/ha)	
was	estimated	using	the	following	equation	(Xiang	et	al.,	
2018):	(cellulose	content + hemicellulose	content) × dry	
matter	yield	(t/hm2) × 103	(the	conversion	from	ton	to	ki-
logram) × 0.75	(theoretical	biogas	conversion	rate	of	car-
bohydrates,	m3/kg).

2.6	 |	 Statistical analyses

A	Shapiro–	Wilk	test	for	normality	was	performed	on	bio-
mass	yield,	plant	height,	stem	diameter,	tiller	number	and	
tiller	 biomass	 data.	 All	 variables	 were	 subjected	 to	 two-	
way	 ANOVA	 using	 repeated	 measurements,	 with	 year	
as	 the	 within-	subject	 factor	 and	 species	 as	 the	 between-	
subject	factor.	All	data	were	processed	and	analysed	using	
SPSS	v	19.0	(SPSS	Inc.,	Chicago,	IL,	USA).

3 	 | 	 RESULTS AND DISCUSSION

3.1	 |	 Increasing biomass yield by 
interspecific crossing

In	 the	 evolution	 of	 plants,	 interspecific	 hybridisation	
contributes	 to	 range	 expansion	 and	 adaptation	 to	 new	
environments	(Mota	et	al.,	2018).	Plant	breeders	also	fre-
quently	exploit	hybridisation	to	introduce	novel	traits	or	
improve	crop	yields	(Bhatia	et	al.,	2017).	With	Miscanthus,	
an	 important	 breeding	 goal	 is	 to	 increase	 biomass	 yield	
on	marginal	land.	In	this	study,	the	significant	(p < 0.01)	
effect	of	year	of	biomass	yield	was	observed	(Table	1).	The	
average	biomass	yields	of	15 hybrids	were	2.87 t/ha,	14.13	
and	13.65 t/ha,	in	2015,	2016	and	2017	respectively	(Table	
2).	The	averaged	biomass	yield	of	15 hybrids	in	2015	was	

T A B L E  1 	 Effects	of	genotype,	year	(2015–	2017),	and	genotype × year	interaction	on	biomass	yield	components	of	15 Miscanthus	
genotypes	grown	in	saline–	alkaline	soil	of	the	Yellow	River	delta,	Shandong	Province,	China

Variance of 
resource df

Biomass yield Plant height Tiller number
Stem 
diameter Tiller biomass

F p F p F p F p F p

Year 2 202.86 0.00 17.93 0.00 53.28 0.00 2.08 0.13 24.53 0.00

Genotype 14 6.04 0.00 8.41 0.00 1.35 0.04 2.42 0.01 2.47 0.01

Year × genotype 28 3.39 0.00 1.42 0.11 3.25 0.01 5.83 0.00 6.45 0.00
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T A B L E  2 	 Yield	and	yield	components	of	Miscanthus	parents	and	their	hybrids	grown	in	2015,	2016,	and	2017	in	saline–	alkaline	soil	of	
the	Yellow	River	delta,	Shandong	Province,	China

Year Genotype
Biomass yield 
(kg/m2)

Plant height 
(cm)

Tiller number 
(no per plant)

Stem diameter 
(mm)

Tiller mass 
(g per tiller)

2015 A0107 1.14C 201.0BC 14.7E 11.05A 11.7G

B0605 0.94C 122.0D 40.0BC 4.77G 3.5H

SL1 3.58B 182.2C 50.4B 6.63EF 22.0FG

SL2 5.92A 178.1C 73.5A 6.17FG 20.8FG

SL3 2.19BC 172.9C 24.7CDE 7.64DEF 21.5FG

SL4 2.69BC 216.0ABC 22.6DE 11.10A 48.9A

SL5 1.09C 182.3C 11.0E 9.65ABC 37.0B

SL6 1.96BC 187.7C 13.3E 11.17A 47.0A

SL7 2.44BC 247.2A 41.4B 8.69BCD 32.1BCDE

SL8 3.65B 190.6C 22.8DE 8.70BCD 29.1BCDEF

SL9 2.14BC 207.6ABC 21.6DE 8.26CDE 24.3DEFG

SL10 2.21BC 197.7C 19.5E 10.00AB 30.6BCDEF

SL11 1.80BC 207.4ABC 24.4CDE 6.79EF 22.4EFG

SL12 3.93AB 191.2C 46.0B 8.26CDE 33.0BCD

SL13 2.47BC 175.2C 39.6BC 6.81EF 15.8G

SL14 2.88BC 196.3C 37.4BCD 8.03CDE 34.3BC

SL15 2.76BC 239.0AB 20.8E 8.21CDE 25.1CDEFG

2016 A0107 4.65FG 289.1A 35.2E 11.43A 19.8CD

B0605 0.90G 153.1L 86.7ABC 5.57E 1.6E

SL1 12.68BCDE 220.6DEFG 94.6BC 8.00BCD 28.2CD

SL2 10.97DE 208,3EFGH 130.3A 7.02CDE 29.1CD

SL3 14.58BCDE 201.3GH 81.3BCD 7.91BCD 34.6BCD

SL4 11.75BCDE 188.0H 88.0BCD 8.10BCD 30.5CD

SL5 8.32EF 213.3EFGH 40.0E 8.37BCD 46.1AB

SL6 16.23BCD 203.7FGH 111.7AB 7.81BCD 32.5BCD

SL7 24.83A 269.8AB 100.2ABC 9.57B 42.1ABC

SL8 12.06BCDE 247.2BCD 58.2DE 9.51B 49.0A

SL9 11.31CDE 236.4CDE 69.8BCDE 7.92BCD 36.9ABCD

SL10 11.03DE 210.3EFGH 57.7DE 9.39B 37.4ABCD

SL11 14.53BCDE 233.6CDEF 86.2ABC 9.42B 40.9ABC

SL12 18.10B 196.2GH 117.5AB 8.10BCD 34.6BCD

SL13 13.87BCDE 223.6DEFG 109.0AB 6.82DE 24.3CD

SL14 17.89BC 205.0FGH 96.6ABC 7.82BCD 34.6BCD

SL15 13.87BCDE 255.8BC 69.6CDE 9.01BC 36.8ABCD

2017 A0107 3.38G 252.0AB 27.6D 11.05AB 18.4CD

B0605 1.25G 121.8E 84.8ABC 4.86F 2.2F

SL1 11.90DEF 225.0ABC 89.2ABC 7.84CDE 22.8BCD

SL2 9.05F 202.2CD 136.2ABC 6.09EF 14.2D

SL3 11.42EF 221.8ABC 185.4A 7.60CDE 17.5CD

SL4 12.38DEF 226.0ABC 59.2bC 8.80CD 38.1A

SL5 13.34CDEF 236.7ABC 89.7ABC 12.19A 31.2AB

SL6 10.58EF 244.0ABC 59.0BC 9.57BC 37.0A
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significantly	(p < 0.05)	lower	than	that	in	2016	and	2017.	
However,	no	significant	difference	the	averaged	plant	bio-
mass	between	in	2016	and	2017.	The	similar	results	were	
reported	 by	 Iqbal	 et	 al.	 (2015)	 Therefore,	 the	 two-	year	
(2016	and	2107)	average	biomass	yield	was	used	to	analyse	
the	difference	of	15 hybrids	biomass	yield.	The	two-	year	
(2016	and	2017)	average	biomass	yield	of	the	15 hybrids	
ranged	 from	9.87	 to	23.11  t/ha.	The	rich	variance	of	 the	
hybrids	was	due	to	the	self-	incompatibility	and	high	het-
erozygosity	 of	 Miscanthus	 (Wang	 et	 al.,	 2017).	 In	 addi-
tion,	the	results	indicated	that	interspecific	hybrids	have	
great	 potential	 to	 increase	 biomass	 yield	 in	 the	 Yellow	
River	delta.	The	average	biomass	yield	of	the	15 hybrids	
was	14.16 t/ha	and	that	yield	was	more	than	five	times	the	
average	biomass	yield	of	the	parents	(M.	sinensis:	1.20 t/
ha;	M.	 lutarioriparius:	 3.87  t/ha).	 In	particular,	 the	 two-	
year	average	biomass	yield	of	SL7	(23.11 t/ha)	was	more	
than	five	times	that	of	the	male	parent	(M.	lutarioriparius)	
and	 more	 than	 ten	 times	 that	 of	 the	 female	 parent	 (M.	
sinensis)	 (Figure	3A).	These	 findings	are	consistent	with	
those	of	others	that	interspecific	hybrids	(such	as	those	be-
tween	M.	sacchariflorus	and	M.	sinensis)	have	higher	dry	
biomass	 yield	 than	 either	 of	 the	 parent	 species	 (Clifton-	
Brown	et	al.,	2002;	Moon	et	al.,	2018).	Furthermore,	 the	
high	 dry	 biomass	 yield	 under	 marginal	 conditions	 indi-
cated	that	hybridisation	in	Miscanthus	increased	not	only	
biomass	yield	but	also	saline–	alkaline	tolerance.	The	most	
widely	available	hybrid,	M. × giganteus,	is	an	interspecific	
hybrid	 between	 tetraploid	 M.	 sacchariflorus	 and	 diploid	
M.	sinensis	and	is	also	characterised	by	remarkably	high	
production	(Cliffon-	Brown	et	al.,	2019).	This	study	is	the	
first	to	report	on	the	vigour	of	M.	sinensis	and	M.	 lutari-
oriparius	hybrids	in	terms	of	biomass	yield.	In	summary,	
interspecific	crossing	in	Miscanthus	led	to	increases	in	hy-
brid	biomass	yield.

Suitable	 Miscanthus	 genotypes	 have	 been	 screened	
under	saline	conditions	across	Europe	(Chen	et	al.,	2017).	

However,	large-	scale	field	tests	have	not	been	conducted	
in	 China	 to	 evaluate	 biomass	 yield	 performance	 under	
saline–	alkaline	 conditions,	 such	 as	 those	 in	 the	 Yellow	
River	delta.	Instead,	growth	models	are	used	to	estimate	
the	biomass	yield	of	 Miscanthus	under	 stress	 conditions	
in	China,	and	the	estimates	of	potential	biomass	yield	in	
alkaline	soil	are	as	high	as	14.00  t/ha	 (Xue	et	al.,	2016).	
In	 this	 study,	 biomass	 yields	 of	 all	 hybrids	 ranged	 from	
9.87	to	23.13 t/ha.	Biomass	yields	of	several	hybrids	(SL8:	
15.91  t/ha;	 SL15:	 16.20  t/ha;	 SL14:	 17.36  t/ha;	 and	 SL7:	
23.11 t/ha)	exceeded	that	of	model	predictions	for	alkaline	
soil.	In	a	previous	study	(Zheng	et	al.,	2019),	the	biomass	
yield	of	Miscanthus	hybrids	ranged	from	2.00	to	32.09 t/
ha,	with	those	high	biomass	yields	explained	primarily	be-
cause	of	less	severe	saline–	alkaline	conditions.	Therefore,	
the	high	biomass	hybrids	 identified	 in	 this	study	should	
be	considered	as	highly	valuable	breeding	germplasm	to	
develop	 Miscanthus	 for	 the	 saline–	alkaline	 soils	 in	 the	
Yellow	River	delta	because	of	their	high	level	of	salt	tol-
erance.	In	addition,	because	the	plot	size	was	small.	The	
biomass	 yield	 per	 hectare	 needs	 be	 confirmed	 further.	
Therefore,	the	performance	of	the	large-	scale	planting	for	
the	selected	genotypes	(e.g.	SL7)	will	be	investigated.

In	this	study,	all	the	hybrids	scattered	with	strong	lat-
eral	rhizomatous	growth,	similar	to	those	of	M.	sinensis,	
and	the	stems	had	axillary	buds,	similar	to	those	of	M.	lu-
tarioriparius.	Thus,	hybridisation	between	M.	sinensis	and	
M.	 lutarioriparius	 resulted	 in	 interspecific	 hybrids	 with	
combinations	 of	 some	 of	 their	 traits.	 These	 results	 are	
consistent	with	those	of	interspecific	hybrids	between	M.	
sacchariflorus	and	M.	sinensis,	in	which	hybrid	morphol-
ogy	is	intermediate	between	that	of	the	two	parent	species	
(Tamura	 et	 al.,	 2015).	 Interspecies	 hybridisation	 can	 af-
fect	biomass	yield	parameters.	According	to	Robson	et	al.	
(2013),	plant	height,	tiller	number,	stem	diameter	and	til-
ler	biomass	largely	determine	biomass	yield.	In	the	pres-
ent	study,	hybrid	height,	stem	diameter	and	tiller	number	

Year Genotype
Biomass yield 
(kg/m2)

Plant height 
(cm)

Tiller number 
(no per plant)

Stem diameter 
(mm)

Tiller mass 
(g per tiller)

SL7 21.38A 262.0A 155.2AB 8.70CD 26.4ABC

SL8 19.77AB 244.0ABC 98.0ABC 8.26CDE 27.2ABC

SL9 10.05EF 218.0BC 52.8BC 8.72CD 30.1AB

SL10 14.32CDEF 221.7ABC 85.0ABC 7.90CDE 29.8AB

SL11 11.58EF 200.8CD 72.8BC 8.84CD 31.2AB

SL12 9.40F 171.0D 110.8ABC 7.14DE 15.2CD

SL13 14.98BCDE 219.4ABC 143.8AB 7.24DE 14.0E

SL14 16.94ABCD 202.0DC 129.8ABC 7.08DE 21.6BCD

SL15 17.59ABC 258.0AB 130.2ABC 7.91CDE 21.0BCD

Note: Different	uppercase	letters	after	values	for	a	year	within	a	column	indicate	significant	differences	at	p < 0.05.

T A B L E  2 	 (Continued)
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F I G U R E  3  Two-	year	(2016	and	2017)	average	biomass	yield,	H:L	ratio	(hemicellulose:lignin),	and	hemicellulose,	cellulose,	lignin,	and	
ash	contents	of	15 Miscanthus	hybrids	and	their	parents
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in	2016	and	2017	were	intermediate	between	those	of	the	
parents	 (Table	 2).	 Although	 the	 tiller	 number	 of	 some	
hybrid	 genotypes	 was	 lower	 than	 that	 of	 M.	 sinensis,	
the	tiller	biomass	of	hybrids	was	higher	than	that	of	the	
parents	(Table	2).	The	increase	in	tiller	number	and	bio-
mass	likely	contributed	to	the	high	hybrid	biomass	yield.	
Therefore,	interspecies	hybridisation	can	also	improve	the	
performance	of	biomass	yield	parameters.	 In	 the	 future,	
whether	 the	 tiller	number	and	biomass	of	 these	hybrids	
can	be	improved	by	backcrossing	will	be	determined.

3.2	 |	 Improving biomass quality by 
interspecific crossing

In	 addition	 to	 biomass	 yield,	 improving	 biomass	 qual-
ity	 is	 another	 important	 goal	 in	 breeding	 Miscanthus.	
Miscanthus	 is	an	abundant	and	renewable	 source	of	 lig-
nocellulosic	 biomass	 to	 produce	 alternative	 transporta-
tion	 fuels	 (Zheng	et	al.,	2019).	The	main	components	of	
lignocellulose	 are	 hemicellulose,	 cellulose	 and	 lignin	
(Rubin,	2008).	Figure	3 shows	 the	cell	wall	composition	
of	the	17 Miscanthus	genotypes.	The	contents	of	hemicel-
lulose	ranged	from	0.32	to	0.43 g/g,	those	of	cellulose	from	
0.33	to	0.42 g/g	and	those	of	lignin	from	0.07	to	0.13 g/g	
(Figure	 3B,	 C,	 E).	 There	 was	 high	 variability	 in	 the	 cell	
wall	 composition	 of	 the	 15  hybrids,	 which	 is	 consistent	
with	the	large	variation	in	the	contents	of	cell	components	
observed	 in	 Miscanthus	 following	 hybridisation	 (Weijde	
et	al.,	2017).	These	results	 indicated	 that	genetic	 recom-
bination	 and	 significant	 differences	 in	 quality	 between	
the	parent	species	might	contribute	to	the	large	variation	
among	 the	 hybrids.	 Therefore,	 many	 germplasms	 with	
different	quality	 traits	were	developed	 through	 interspe-
cies	hybridisation.

The	efficiency	of	biomass	digestion	and	conversion	is	
significantly	affected	by	the	composition	of	organic	com-
pounds,	 such	 as	 cellulose,	 hemicellulose	 and	 lignin	 (Li	
et	al.,	2016).	In	Miscanthus,	the	contents	of	those	organic	
compounds	 are	 high	 (Zheng	 et	 al.,	 2019).	 Cellulose	 and	
hemicellulose	are	rich	sources	of	fermentable	carbon	that	
can	be	used	 in	 the	biological	production	of	 liquid	 trans-
port	fuels,	whereas	lignin	is	a	principal	source	of	inhibi-
tory	components	that	restricts	processing	(Li	et	al.,	2016;	
Yoshida	et	al.,	2018).

Ash	content	is	negatively	associated	with	the	heating	
value;	for	example,	a	1%	increase	in	ash	content	reduces	
the	 heating	 value	 by	 0.2  MJ/kg	 (Bilandzija	 et	 al.,	 2016;	
Lanzerstorfer,	 2016).	 In	 addition,	 ash	 produced	 during	
combustion	 may	 be	 a	 serious	 problem	 in	 power	 plants	
by	causing	slagging,	corrosion	and	fouling	(Baxter	et	al.,	
2014;	Lewandowski	&	Kicherer,	1997).	 In	 liquid	biofuel	
production,	low	ash	content	is	also	desirable	(Xiang	et	al.,	

2020).	 Therefore,	 feedstock	 used	 for	 biofuel	 production	
should	have	high	hemicellulose	and	cellulose	and	low	lig-
nin	and	ash	contents.	In	previous	work,	the	components	
of	 510  Miscanthus	 genotypes	 collected	 in	 25	 provinces	
across	China	were	analysed,	with	the	genotypes	from	the	
following	species:	M.	sinensis	(n = 217),	M.	lutarioripar-
ius	(n = 45),	M.	floridulus	(n = 118)	and	M.	sacchariflorus	
(n = 130)	(Yong	2011).	Of	the	species	examined,	M.	lutar-
ioriparius	had	the	best	biomass	quality	(Liu	et	al.,	2013;	
Yong,	2011).	Similarly,	in	this	study,	the	biomass	quality	
of	M.	lutarioriparius	was	superior	to	that	of	M.	sinensis,	
with	 significant	 (p  <  0.05)	 differences	 in	 hemicellulose	
and	cellulose	contents.	However,	the	lignin	content	was	
not	 significantly	 (p  <  0.05)	 different	 between	 the	 two	
species	 (Figure	3E).	The	ash	content	of	M.	 lutarioripar-
ius	was	significantly	(p < 0.05)	lower	than	that	of	M.	sin-
ensis	(Figure	3F).	Although	the	cellulose	contents	of	the	
hybrids	 did	 not	 exceed	 those	 of	 the	 parent	 species,	 the	
interspecific	crossings	improved	the	contents	of	hemicel-
lulose	and	lignin.	For	example,	the	hemicellulose	content	
of	SL6	was	0.43 g/g,	a	concentration	significantly	greater	
than	 that	of	 the	B0605	parent.	The	ash	contents	of	SL8	
and	SL15	were	significantly	lower	than	that	of	the	A0107	
parent.

The	H:L	ratio	is	a	good	predictor	of	ethanol	yield	from	
Miscanthus	 (Adams	 et	 al.,	 2018).	 The	 H:L	 ratio	 ranged	
from	5.9	 to	11.3	 (Figure	3B).	 In	M. × giganteus,	 the	H:L	
ratio	 ranges	 from	 6.1	 to	 7.4	 (Iqbal	 et	 al.,	 2015).	 In	 this	
study,	the	H:L	ratios	of	SL6,	SL8,	SL10,	SL12,	SL13,	SL14	
and	SL15	were	higher	than	those	of	M. × giganteus,	indi-
cating	that	biomass	of	those	hybrids	was	easier	to	convert	
into	ethanol.	The	H:L	ratios	of	SL2,	SL8,	SL10	and	SL15	
were	higher	than	those	of	the	parents.	Therefore,	interspe-
cific	hybridisation	could	 improve	 the	biomass	quality	of	
Miscanthus.	Because	the	biomass	quality	of	SL8	and	SL15	
was	 superior	 to	 that	 of	 their	 parents,	 the	 two	 genotypes	
are	 recommended	 for	 ethanol	 production.	 Furthermore,	
the	SL8	and	SL15 genotypes	should	also	be	of	interest	in	
future	Miscanthus	breeding	programmes.

Other	 factors	 that	 affect	 biomass	 quality	 include	 the	
timing	of	harvest,	environmental	conditions	and	cell	wall	
structure	(Costa	et	al.,	2017;	Lewandowski	&	Heinz,	2003).	
In	this	study,	the	stems	and	leaves	of	all	hybrids	were	har-
vested	in	winter,	because	biomass	quality	for	combustion	
can	be	improved	by	delaying	harvest	until	January	(Iqbal	
et	al.,	2017).	The	effects	of	delayed	harvest	on	the	contents	
of	 lignocellulosic	 biomass	 are	 different.	 For	 example,	
with	 delayed	 harvest,	 cellulose	 and	 lignin	 contents	 in-
crease,	whereas	hemicellulose	content	decreases	(Kiesel	&	
Lewandowski,	2015;	Mangold	et	al.,	2019;	Schmidt	et	al.,	
2018).	 The	 abiotic	 conditions	 under	 which	 Miscanthus	
is	 grown	 can	 substantially	 affect	 its	 composition	 (Tim	
et	 al.,	 2016).	 In	 future	 research,	 hybrid	 performance,	 as	
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measured	by	biomass	quality,	should	be	evaluated	under	
variable	saline–	alkaline	conditions.

3.3	 |	 Biofuel potential

One	of	 the	practical	objectives	of	Miscanthus	 cultivation	
is	 to	 produce	 biomass	 for	 bioenergy	 generation	 on	 mar-
ginal	saline–	alkaline	soils.	 In	 this	study,	 the	ethanol	and	
methane	 production	 potentials	 of	 Miscanthus	 grown	 on	
marginal	land	were	evaluated	(Figure	4A,	B).	The	poten-
tial	 ethanol	 yields	 ranged	 from	 3078	 to	 7708  L/ha,	 and	
those	 of	 methane	 ranged	 from	 5064	 to	 12,681  m3/ha.	
The	potential	ethanol	and	methane	yields	of	 the	hybrids	
were	significantly	(p < 0.05)	higher	than	those	of	the	par-
ent	species.	Low	lignin	content	results	in	higher	methane	
yield	 (Dandikas	 et	 al.,	 2018).	 The	 high	 biomass-	yielding	

SL7 hybrid	had	the	highest	ethanol	(7708 L/ha)	and	meth-
ane	 (12,681  m3/ha)	 production	 potentials	 despite	 having	
the	 lowest	H:L	 ratio	and	 the	highest	 lignin	content.	The	
H:L	 ratios	 of	 SL8	 and	 SL15	 were	 higher	 than	 those	 of	
the	 parents,	 as	 were	 their	 ethanol	 and	 methane	 produc-
tion	 potentials.	 The	 ash	 contents	 of	 SL8	 and	 SL15	 were	
also	 relatively	 low.	The	 ethanol	 production	 potentials	 of	
SL8	and	SL15	were	5543	and	5814 L/ha	respectively.	The	
methane	production	potentials	of	SL8	and	SL15	were	9117	
and	9565 m3/ha	respectively.	Therefore,	SL8	and	SL15	are	
potentially	suitable	hybrids	for	ethanol	and	methane	pro-
duction.	However,	SL7	with	high	biomass	yield	in	saline–	
alkaline	soil	should	be	considered.	Due	to	the	high	lignin	
content	of	SL7	with	high	yield	impeding	the	conversion	of	
biomass,	the	lignin	content	may	be	reduced	by	backcross	
(SL7×BO605).	In	addition,	the	ethanol	and	methane	yield	
of	the	genotypes	only	was	predicted	by	the	model.	In	the	

F I G U R E  4  Potential	ethanol	and	
methane	production	of	15 Miscanthus	
hybrids	and	their	parents
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near	future,	actual	ethanol	and	methane	production	will	
be	determined.

3.4	 |	 Breeding Miscanthus for saline– 
alkaline tolerance

The	large	area	of	the	Yellow	River	delta	is	saline	and	al-
kaline.	Therefore,	both	saline	and	alkaline	stresses	affect	
plants	 in	 the	 region.	 The	 saline	 or	 alkaline	 tolerance	 of	
a	 plant	 is	 a	 complex	 trait	 controlled	 by  multiple  genes,	
which	 make	 it	 difficult	 to	 increase	 plant	 tolerance.	
Because	no	Miscanthus	varieties	are	suitable	for	planting	
in	saline–	alkaline	land,	breeding	saline–	alkaline-	tolerant	
varieties	 is	urgently	needed	to	promote	biomass	produc-
tion	on	marginal	land.	Therefore,	to	increase	Miscanthus	
yields	under	stress	conditions,	the	development	of	stress-	
tolerant	 breeding	 materials	 by	 interspecific	 crossings	 is	
essential.	In	this	study,	the	dry	biomass	yields	of	the	15 hy-
brids	were	higher	than	those	of	the	parents,	indicating	that	
development	 of	 interspecific	 hybrids	 is	 a	 beneficial	 ap-
proach	to	improve	Miscanthus	germplasm.	In	particular,	
SL15	and	SL8 should	be	considered	as	potential	commer-
cial	varieties	for	the	Yellow	River	delta.	Although	SL7 had	
the	highest	yield,	its	quality	traits	were	poor.	By	contrast,	
SL8 had	excellent	quality	traits	but	low	yield.	These	differ-
ences	indicate	that	backcrossing or convergent	backcross-
ing	could	be	useful	to	integrate	yield	and	quality	in	future	
Miscanthus	breeding	programmes.

4 	 | 	 CONCLUSIONS

The	performance	of	15 Miscanthus	hybrids	was	evaluated	
in	saline–	alkaline	soil	in	the	Yellow	River	delta.	The	vari-
ation	in	biomass	yield	and	quality	among	the	interspecific	
Miscanthus	hybrids	was	extensive.	Compared	with	that	of	
the	parents,	hybrid	biomass	yield	increased	significantly.	
In	addition,	some	quality	traits,	such	as	hemicellulose	and	
ash	contents,	also	improved	in	the	hybrids.	Therefore,	in	
the	 future,	hybridisation	can	be	used	 to	obtain	 traits	 for	
high	biomass	yield	and	desirable	qualities	for	the	efficient	
bioconversion	of	Miscanthus	biomass.

On	the	basis	of	biomass	yield	and	quality	and	ethanol	
and	 methane	 production	 potential,	 the	 hybrids	 SL8	 and	
SL15	outperformed	the	other	hybrids	as	well	as	their	par-
ent	 species.	 In	 the	 future,	 the	 two	hybrids	could	be	 reg-
istered	as	new	varieties	 for	 large-	scale	cultivation	 in	 the	
Yellow	River	delta.	However,	to	achieve	this	goal,	multi-	
location	field	trials	with	variable	saline–	alkaline	soil	con-
ditions	 across	 the	 Yellow	 River	 delta	 should	 be	 a	 focus,	
coupled	with	the	identification	of	saline–	alkaline-	tolerant	
plants	under	controlled	conditions.
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