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Miscanthus, a promising bioenergy plant, has a high biomass yield with high

cellulose content suitable for biofuel production. However, harsh climatic and

poor soil conditions, such as barren lands or abandoned mines, pose a

challenge to the survival and yield of Miscanthus feedstock on the marginal

land. The selection from the interspecific hybrids ofMiscanthusmight combine

high survival rates and high yield, which benefits energy crop development in

multi-stressful environments. A total of 113 F1 hybrids between Miscanthus

sacchariflorus and M. lutarioriparius together with the parents were planted

and evaluated for multiple morphological and physiological traits on the mine

land of the Loess Plateau of China. The majority of hybrids had higher

establishment rates than M. sacchariflorus while M. lutarioriparius failed to

survive for the first winter. Nearly all hybrid genotypes outperformed M.

lutarioriparius for yield-related traits including plant height, tiller number,

tiller diameter, and leaf area. The average biomass of the hybrids was 20

times higher than that of surviving parent, M. sacchariflorus. Furthermore, the

photosynthetic rates and water use efficiency of the hybrids were both

significantly higher than those of the parents, which might be partly

responsible for their higher yield. A total of 29 hybrids with outstanding traits
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related to yield and stress tolerance were identified as candidates. The study

investigated for the first time the hybrids between local individuals of M.

sacchariflorus and high-biomass M. lutarioriparius, suggesting that this could

be an effective approach for high-yield energy crop development on vast of

marginal lands.
KEYWORDS

Miscanthus sacchariflorus, Miscanthus lutarioriparius, hybrids, reclaimed mine land,
biomass, photosynthetic rate, water use efficiency
Introduction

Miscanthus is a promising energy crop that has high biomass

and high cellulose content suitable for the production of biofuels

(Xiang et al., 2020). As a C4 perennial grass with high nutrient

and water use efficiencies, Miscanthus can be grown on the

marginal land in the cool climate without heavy irrigation or

fertilization (Yan et al., 2012). In addition, growing Miscanthus

has a lot of environmental benefits, including soil and water

conservation, carbon sequestration and soil restoration in the

marginal land (Liu et al., 2014; Mi et al., 2014; Jezowski et al.,

2017; Mi et al., 2018). Furthermore, the strong resistance to low

temperature has also been reported in Miscanthus species

(Fonteyne et al., 2016). These traits give Miscanthus an

obvious advantage to ensure the high survival rate and

biomass yields in harsh habitats. However, whether

Miscanthus can adapt to multi-stressful environments and

provide sustainable feedstocks for lignocellulosic biofuels

remains unclear. This kind of typical marginal land under

multiple stresses is infertile reclaimed mine lands with low

temperature and drought.

In recent years, the mining was carried out around the

world, which caused a large amount of destroyed natural

vegetation and finally turned into the abandoned wasteland

(Festin et al., 2019). It was reported that there was 3.2 Mha of

wasteland caused by mining at the end of 2004 in China and that

was increasing at a rate of 46,700 ha per year (Li, 2006).

However, the overall restoration rate of abandoned mine lands

was between 10%~12%, although the restoration of abandoned

mine lands was first implemented in late 1970 (Li, 2006). There

were still a lot of wastelands representing vast areas of marginal

lands (Li, 2006; Li et al., 2007), especially in those open-cast

mining areas in northern China. The largest open-cast coal mine

in Asia is located on the Loess Plateau of China. The severe

conditions in these areas, such as the cold winter and little

rainfall, could pose a major challenge to the survival and growth

of Miscanthus (Yan et al., 2012).
02
Low temperature was one of the important limiting factors

for Miscanthus survival and growth (Dong et al., 2019). Most

Miscanthus genotypes can recover from a mild low-temperature

above zero (Fonteyne et al., 2016). The minimum temperature

that 50% M. × giganteus and M. sacchariflorus genotypes can

tolerate was around -3.4°C (Clifton-Brown and Lewandowski,

2000), while hybrids can survive temperatures as low as -14°C

(Fonteyne et al., 2016). During the first winter following

establishment cold winters can kill young plants that have

underdeveloped rhizomes and the biomass of Miscanthus was

often lower than its potential yield (Clifton-Brown et al., 2001).

M. × giganteus, a natural hybrid by M. sacchariflorus and M.

sinensis, is widely recognized as a promising energy crop for

biofuel production (Zeng et al., 2020) but insufficient winter

rhizome cold tolerance limited its production in a colder habitat

(Clifton-Brown and Lewandowski, 2002).

Similarly, drought has hampered the survival and growth of

Miscanthus (Van der Weijde et al., 2017; De Vega et al., 2021).

The decreases in stem elongation rate and photosynthetic

performance were observed successively when M. × giganteus

was suffering from drought stress (Ings et al., 2013). It could lead

to a decrease in stomatal conductance, chlorophyll fluorescence

and chlorophyll content of the leaf, which caused a further

reduction in photosynthetic rate and consequently carbon

starvation (Ings et al., 2013). A recent study indicated that

drought stress could reduce plant weight by 45% and cause a

large variation between Miscanthus genotypes (Van der Weijde

et al., 2017).

Faced with these adverse environmental conditions, it was

expected to select moreMiscanthus species to breed interspecific

hybrid with stronger adaptability and higher biomass (Stavridou

et al., 2019). A study found that cold-tolerant Miscanthus

genotypes exhibited richer key photosynthetic enzyme and

thus higher photosynthetic activity under low-temperature

stress (Friesen and Sage, 2016). In addition, it has been

reported that some M. sacchariflorus genotypes had strong

tolerance to cold temperature (Yan et al., 2012), which may be
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useful for breeding new Miscanthus crops with improved cold

and drought tolerance. Therefore,Miscanthus hybrids, especially

interspecific hybrids, were expected to have more outstanding

growth traits and higher survival rate than their parents in the

stressful environment.

In order to make a use of marginal land on the Loess Plateau

of China, hybrids between M. sacchariflorus and M.

lutarioriparius were obtained and grown on the mine land of

the Loess Plateau. The female parent of M. sacchariflorus was

from a population native to the Loess Plateau, adapted to the

cold and drought environment but producing relatively low

biomass (Yan et al., 2012). M. lutarioriparius, an endemic

species in Central China with the highest biomass production,

has been shown to have high water use efficiency and high yield

in certain locations of the Loess Plateau where it was able to

overwinter (Yan et al., 2015; Zhao et al., 2021).

A total of 113 F1 hybrids together with the parents were

planted at an infertile mine site on the Loess Plateau of China.

Because theMiscanthus species are self-incompatible (Yan et al.,

2016), such high heterozygosity ensured that each F1 hybrid was

genetically unique and consequently a sufficient number of

genotypes were evaluated. Multiple clonal rhizomes from each

genotype were grown to allow the evaluation of establishment

rates. For two consecutive growth seasons, morphological and

physiological traits related to yield and stress tolerance were

measured and analyzed. A number of hybrid genotypes that not

only outperformed their parents but exhibited outstanding traits

were identified and formed the basis for future energy crop

development in the vast area of marginal lands with harsh

climates and soil conditions.
Materials and methods

The basic situations of the
experimental site

The field experiment was established on the flat land covered

by reclaimed soil in the mine of aluminium ore mine at Xiaoyi

(37.12°N, 111.45°E) in Shanxi Province, which is located on the

Loess Plateau of China. The reclaimed soil was identified to have

poor nutrients at the approximately 0-40 cm depth. The original

average soil organic carbon and total nitrogen were 3.61 g/kg

and 0.33 g/kg before planting Miscanthus, respectively. Annual

and perennial weeds such as Artemisia and reed grass, and so on

covered the area. Weed control was made only at the beginning

of the first growing season in July 2018. Fertilizer was not applied

in the experimental field during the whole planting and growing

period of Miscanthus. The average annual precipitation was

200~750 mm, the average annual temperature was -10~15°C

in the past 50 years in the Loess Plateau of China (Sun et al.,

2015). Daily weather data including temperature and

precipitation from November 2017 to November 2019 in the
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experimental area were obtained from the meteorological station

near the experimental field run by the China Meteorological

Data Sharing Service System (http://data.cma.cn). Annual

precipitation was 388 mm in 2018, of which 172 mm was

concentrated in August. Meanwhile, annual precipitation was

443 mm in 2019, of which 209 mm was concentrated in August

and September. The daily minimum ground temperature was

below 0°C for 148 days fromOctober 2018 to April 2019 and was

below -15°C for 19 days from December 2018 to February 2019,

respectively. The daily maximum air temperature was below 10°

C for 105 days from November 2018 to March 2019.
Experimental design

The female parent M. sacchariflorus with cold tolerance but

relatively low biomass was selected from Yaodian in Gansu

Province (35.19°N, 107.23°E) in the Loess Plateau. The male

parent M. lutarioriparius for breeding was selected from

Changsha in Hunan Province (28.12°N, 112.59°E). Previous

studies indicated that M. lutarioriparius, an endemic species in

Central China, has a higher water use efficiency and the highest

biomass production amongMiscanthus species (Yan et al., 2012;

Fan et al., 2015). Also, growing this high-biomass plant in the

Loess Plateau was found to have positive environmental impacts,

such as soil and water conservation, carbon sequestration, and

soil restoration in the infertile and soil-eroded region (Liu et al.,

2016). The hybrid experiment was conducted in October 2010 at

Hunan Agricultural University (Ai et al., 2017).

A total of 113 F1 hybrid genotypes selected at random and

together with their parents were propagated by clonal rhizomes

to Xiaoyi in May 2018. The same quantity of 7~10 cm of 10

clonal rhizomes for each hybrid genotype and 15 clonal

rhizomes for each parent were planted in the homogeneously

reclaimed soil with a depth of 5 cm and a row spacing of 1 m ×

1 m. The experiment used a completely random design. 1160

individuals with a planting density of 1 m2 per individual were

planted 1 m apart in a 60 × 20 m layout according to the order of

individuals in the randomized table. The rhizomes were watered

before soil filled the planting hole and they were not irrigated

again after that.
Phenotype traits measurements
of Miscanthus

For two consecutive growth seasons from 2018 to 2019,

morphological and physiological traits related to yield and stress

tolerance were measured and analyzed. Miscanthus that grew at

the end of the 2019 season were all robust and thus considered to

be established from the point of view of energy crop production.

The adaptability of Miscanthus was assessed by the

establishment rate, survival rate, and overwinter rate. The
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survival rate was the ratio of surviving rhizomes at the end of the

2018 growing season to the number of rhizomes planted at the

beginning of the 2018 growing season. Overwinter rate was the

ratio of surviving rhizomes in June 2019 growing season to the

number of surviving rhizomes at the end of the 2018 growing

season. The establishment rate was the ratio of surviving

rhizomes at the end of the 2019 growing season to rhizomes

planted at the beginning of 2018 growing season (Yan

et al., 2012).

Yield-related traits included plant biomass (the weight of all

tillers within 1 m2 for each plant), individual tiller’s biomass (the

weight of a single tiller), plant height (the length from the soil

surface to the youngest leaf with a ligule on the tallest stem for

each plant) and stem height (the length from the soil surface to

the point on the stem that was subtended by the ligule of the

youngest differentiated leaf). Stem traits included node number

(the count of the nodes in the stem) and tiller number (stem

number within 1 m2 around the plant), stem diameter (the

diameter of the stem at 3-5 cm from the ground), internode

length (the length of the largest internode in the stem), and

branch number (the number of branches that set in the node).

Leaf traits included leaf area (the area of flat blade from the

auricle to the top), leaf width (width of the leaf blade at

approximately half leaf length), and the leaf base angle (the

angle between the base of leaf vein and the stem). The biomass

and internode length were measured in November 2018 and

2019. Leaf area was measured using leaf photographs once a

month from July to September in 2018 and 2019 by the

Digimizer image analysis software (MedCalc Software Ltd,

Belgium). The leaf base angle of the fourth leaf from the plant

top was measured once a month from August to October in 2019

by the protractor tool. Other traits were measured once a month

from June to October for two years. All of these traits were

measured based on three individuals sampled randomly for each

genotype. The three individuals were used subsequently

measurement throughout two growing seasons.
Photosynthetic parameters measurement
and water use efficiency analysis

The photosynthetic parameters, including CO2 fixation rate

(A), stomatal conductance (gs), intercellular CO2 concentration

(Ci), and transpiration rate (E), were measured in the field using

LI-6400 portable photosynthesis system (LI-COR 6400 XT

system; LI-COR, Lincoln, NE, USA) connected to a standard 6

cm2 cuvette. Instrument warm-up was conducted for 20 min

while routine examination and calibration were done. The

middle part of the fourth leaf from top to bottom in the

canopy was enclosed in the leaf chamber and logged after

readings reached stability (1-2 min) (Fan et al., 2015). The

infrared gas analyzer (IRGA) was matched to reach

equilibrium (Monitor DCO2 and DH2O) at a 20-min interval.
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Each match took 2-3 minutes. Measurements were allowed to

track the ambient temperature and photon flux density, while

the CO2 mixer was used to maintain the reference CO2

concentration at 400 μmol mol-1. The process was carried out

between 10:00 hours and 12:00 hours, and each plant was logged

three times for measurement (Yan et al., 2015). These

measurements were taken on 1-6 Jul., 18-27 Aug., 22-28 Sep.

2018 and on 23-25 Jul., 17-18 Aug., 21-24 Sep. 2019.

The fluorescence parameters included the excitation energy

capture efficiency (Fv’/Fm’) of the open PSII reaction center

under light, the actual photochemical quantum efficiency

(FPSII) of PSII in the presence of applied light, and the

quantum yield (FCO2) corresponding to the rate of CO2

assimilation, photochemical quenching parameter (qP), non-

photochemical quenching coefficient (NPQ), charge separation

by absorption of light energy by the photosynthetic mechanism,

and the rate (ETR) of electrons passing down the electron

transfer chain (Yan et al., 2015). A total of 30 genotypes were

randomly selected and marked from 113 hybrid genotypes for

detecting the fluorescence parameters of leaves during the

growing season. The fluorescence parameters were measured

between 10:00 hour and 1:00 hour under the light-adapted

condition with the leaf chamber fluorometer (6400-40, LI-

COR) on 27 and 28 Aug. 2018, and 21 and 27 Aug. 2019.

Water use efficiency was calculated from the ratio of the

photosynthetic rate to the transpiration rate (WUEe, A/E) and

the ratio of the photosynthetic rate to stomatal conductance

(WUEi, A/gs), respectively. The former (WUEe) represents the

external water use efficiency, which reflects the CO2 amount

fixed by plant leaf when 1 mol H2O was transpired (Beer et al.,

2009). The latter (WUEi) represents the intrinsic water use

efficiency and is related to the change of leaf stomatal

conductance. It reflects the relationship between the degree of

leaf stomatal conductance and the CO2 amount fixed (Beer

et al., 2009).
Data analysis

Student’s t test was used to compare survival rate, overwinter

rate, and establishment rate of hybrids and the parents in the

2018 and 2019 growing seasons. Two-way ANOVA analysis was

used to compare morphological and physiological traits of

hybrid genotypes and the parents in different growth months

and years, respectively. Multiple linear regression was used to

identify the key growth traits related to the plant biomass and

biomass of individual tiller. Correlation analysis was used to

analyze the relationship between growth traits and

photosynthetic parameters. All statistical analyses were

conducted using R (version 3.6.2).

To identify the hybrids with outstanding traits related to

yield and stress tolerance, one concise method was to compare

the total biomass of all survival individuals for each hybrid in
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November 2019. To include more morphological traits, three

other evaluation methods were used, including membership

function analysis, principal component analysis, and cluster

analysis. By comparing the selected hybrid genotypes from the

four methods above, the intersect was used to identify as

candidates that performed well on the mine land of the

Loess Plateau.

In membership function analysis, the score of growth trait

for each hybrid was calculated by the following formula (Chen

et al., 2012):

Ri =
Xij − Xj  min

� �

Xj  max − Xj  min

� �

where Ri was the score of growth trait j for hybrid genotype i.

Xij was the value of growth trait j for hybrid genotype i. Xj max

was the maximum value within the growth trait j. Xj min was the

minimum value within the growth trait j.

The integrated score for each genotype was calculated by

summing the score of all the growth traits. Sorting the integrated

scores of different hybrid genotypes can obtain the genotypes

with the best comprehensive traits.

When the integrated score of growth traits for each hybrid

was calculated using principal component analysis (Ouyang,

2005), the following formula was

Ym =  o
3

n=1
WnFn

where Ym was the integrated score of the first three principal

components for genotype m. Fn was the score of principal

component nn.Wn was the weight of the principal component n.

The candidate hybrid genotypes can be gained by the rank of

integrated score in the membership function and principal

component analysis. Similarly, the systematical cluster analysis

was used to identify the candidate hybrid genotypes and divided

F1 hybrid genotypes into two categories, namelyM1 andM2 with

excellent and poor performance, respectively. One-way ANOVA

was performed on the photosynthetic parameters between M1

and M2 genotypes to identify which photosynthetic parameters

may contribute to the difference in growth performance.
Results

The adaptability of hybrids to
stressful environments

Although the survival rate was 66.67% in the 2018 growing

season, the male parent M. lutarioriparius failed to survive for

the first winter so that the establishment rate was zero in the

stressful site. For female parent M. sacchariflorus, survival rate,

overwinter rate, and establishment rate were 33.33%, 60%, and

20%, respectively. For 113 F1 hybrids, the same indexes were
Frontiers in Plant Science 05
79.91%, 93.86%, and 65.75%, which were significantly higher

than that of surviving parent M. sacchariflorus (P<0.01).

Furthermore, there was a great between-genotype variation for

hybrids. The survival rate showed the largest variation (29.3%)

followed by establishment rate 11.28% while overwinter rate had

the smallest variation (6.89%).
Morphological traits of hybrids and
the parents

Both plant and individual tiller’s biomass of hybrids were

significantly larger than those of M. sacchariflorus in both 2018

and 2019 growing season, and M. lutarioriparius in 2018

(P<0.05, Figure 1A). The average biomass of hybrids was 20

times higher than that of surviving parent, M. sacchariflorus.
A

B

FIGURE 1

Differences of (A) average plant and individual tiller’ biomass,
(B) average plant and stem height between measuring hybrid
and parent individuals in two consecutive growth seasons.
Different capital letters A and B represent a significant difference
of plant and individual tiller’ biomass, and plant and stem height
between two years at P<0.05 level, respectively. Different
lowercases a and b represent a significant difference between M.
sacchariflorus, M. lutarioriparius and their hybrids at P<0.05 level,
respectively. Error bars indicate standard error of 333 surviving
hybrid individuals, 5 and 3 surviving female parent individuals in
both 2018 and 2019, and 10 surviving male parent individuals in
2018, respectively.
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Similarly, the stem and plant height of hybrid genotypes were

significantly higher than those of the female parent in both 2018

and 2019, and the male parent in 2018 (P<0.05, Figure 1B). In

addition to these yield-related traits, hybrid genotypes

outperformed the female parent in both 2018 and 2019, male

parent in 2018 for other stem and leaf traits including tiller

number, stem diameter, leaf area, and node number

(Supplementary Figure 1). To reveal the establishing ability of

perennial plants, these traits above, except for node number, in

the second year were significantly better than those in the first

year (P<0.05).

Within each growing season, the plant height of both

hybrids and the female parent showed a trend of first

increasing and then peaking in August or September. After

that the plant height decreased in the following September

(2018) or October (2019) (Figure 2). In contrast, the leaf width

of hybrid genotypes showed different dynamic change in two

growing seasons (Supplementary Figure 2). For each growing

month of two years, the average plant height of hybrid genotypes

was significantly higher than that of the female parent (P<0.05).

A similar pattern in each growing month within each growing

season was observed in tiller number, stem diameter, node

number, and leaf width (Supplementary Figures 2, 3).
Physiological traits of hybrids and
the parents

The photosynthetic rate of hybrids and the female parent

peaked in August and then decreased significantly in September

in the 2018 and 2019 growing seasons (P<0.05, Figure 3A).
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Although there was no significant difference in photosynthetic

rate between hybrids and the female parent in August in the first

growing season, the photosynthetic rate of hybrids was

significantly higher than that of the parents in cooler

September 2018 (P<0.05). In 2019, the photosynthetic rate of

hybrids was significantly higher than that of surviving parentM.

sacchariflorus with each growing month (P<0.05, Figure 3A).

Similarly, the pattern above was observed in another key

photosynthetic parameter, stomatal conductance. First, the peak

in stomatal conductance of hybrids and the female parent

occurred in August during the 2018 and 2019 growing seasons

(Figure 3B). Then the stomatal conductance of hybrid genotypes

significantly decreased from August to September in two years

(P<0.05). Second, the stomatal conductance of hybrids was

significantly higher than that of the parents in cooler

September 2018 (P<0.05), but there was no significant

difference between hybrids and the parents in August. Finally,

the stomatal conductance of hybrids was significantly higher

than that of surviving parent M. sacchariflorus in July and

August of the 2019 growing season (P<0.05, Figure 3B). In

contrast, the transpiration rate of hybrids significantly decreased

in each growing season (P<0.05) while the transpiration rate of

surviving parent M. sacchariflorus peaked in August 2019

(Figure 3C). And there was no significant difference in

transpiration rate between hybrids and the parent genotypes in

August 2018 and July, September 2019.

Within each growing season, WUEe of hybrids and the

female parent significantly increased from July to September

(P<0.05, Figure 4A). In 2018, WUEe of hybrids was significantly

higher than that of the parents in each growth month (P<0.05)

while there was no significant difference between hybrids and the
FIGURE 2

Differences of average plant height between measuring hybrid and female parent individuals throughout growth months in two growing
seasons, and male parent individuals throughout growth months in the 2018 growing season. Different capital letters A, B, and C represent a
significant difference of plant height between growth months at P<0.05 level, respectively. Different lowercases a and b represent a significant
difference of M. sacchariflorus, M. lutarioriparius and their hybrids at P<0.05 level, respectively. Error bars indicate standard error of 333 surviving
hybrid individuals, 5 and 3 surviving female parent individuals in both 2018 and 2019, and 10 surviving male parent individuals in 2018,
respectively.
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female parent in 2019. Likewise, WUEi of hybrids and the

parents showed an increasing trend in the 2018 growing

season (Figure 4B). However, WUEi of hybrids and the female

parent significantly decreased in 2019. It was worth noting that

WUEi of surviving parent M. sacchariflorus was significantly

higher than that of hybrids in July 2019 (P<0.05).
Frontiers in Plant Science 07
Candidates for future production
of biofuels

The total biomass of all surviving individuals for each hybrid

genotype showed great variation and ranged from 4.59 g

(genotype 0504) to 1247.49 g (genotype 1503) (Figure 5). The
A B

FIGURE 4

Differences of (A) average WUEe, (B) WUEi between measuring hybrid and female parent individuals during the 2018 and 2019 growing season,
and male parent individuals in 2018. Different capital letters A, B, and C represent a significant difference of WUEe and WUEi between growth
months at P<0.05 level, respectively. Different lowercases a and b represent a significant difference between M. sacchariflorus, M. lutarioriparius
and their hybrids at P<0.05 level, respectively. Error bars indicate standard error of 333 surviving hybrid individuals, 5 and 3 surviving female
parent individuals in both 2018 and 2019, and 10 surviving male parent individuals in 2018, respectively.
A B C

FIGURE 3

Differences of (A) average photosynthetic rate, (B) the advantage in average stomatal conductance, (C) transpiration rate between measuring
hybrid and female parent individuals in both 2018 and 2019 growing season, and male parent individuals in 2018. Different capital letters A, B
and C represent a significant difference of photosynthetic rate, stomatal conductance, and transpiration rate between growth months at P<0.05
level, respectively. Different lowercases a and b represent a significant difference of photosynthetic rate, and stomatal conductance, and
transpiration rate between M. sacchariflorus, M. lutarioriparius and their hybrids at P<0.05 level, respectively. Error bars indicate standard error of
333 surviving hybrid individuals, 5 and 3 surviving female parent individuals in both 2018 and 2019, and 10 surviving male parent individuals in
2018, respectively.
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total biomass of genotype 1503 outperformed other hybrid

genotypes. On one hand, it was 6 times heavier than the

average total biomass of 213 g. On the other hand, it was 1.5

times heavier than that of the second genotype 0515 (835.74 g).

Because the distribution of the total biomass was severely

skewed, the first seven genotypes were prominent and can be

selected as candidate genotypes with high biomass and

establishment rate.

Meanwhile, it was worth noting that there was a large

variation in morphological and physiological traits between

hybrid genotypes at the end of the second growing season.

The largest variation was found in the branch number of

hybrid genotypes, which was followed by plant biomass, tiller

number, biomass of individual tillers, and WUEe (Table 1). A

similar pattern was observed in the variation of hybrid genotypes

at the end of the 2018 growing season (Supplementary Table 1).

Therefore, these variations of multiple traits provided the base of

selection for breed interspecific hybrid with stronger adaptability

and higher biomass.

First, the membership function analysis suggested that the

integrated score of genotype 1502 was the highest and genotype

0212 was the lowest in all hybrid genotypes using membership

function evaluation method. If the first 5% of integrated score was

used to be the criterion, genotype 1502, 0513, 1503, 0112, 0802,

and 1003 were selected as candidate genotypes. If the first 10% was

used, genotype 1502, 0513, 1503, 0112, 0802, 1003, 1107, 0515,

0907, 1402, and 0313 were selected (Supplementary Figure 6A).

Second, the principal component analysis showed that the

eigenvalues of the first three principal components were

successively 6.54, 1.36, and 1 and the contribution values were

54.51%, 11.34%, and 8.37%, respectively (Supplementary

Table 2). The loading matrices, score coefficient matrix, and

the integrated score of three principal components were shown
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in Supplementary Tables 3–5, respectively. The weights of the

first three principal components were calculated to 73.45%,

15.28%, and 11.28%. Therefore, the integrated scores of the

first three principal components in each genotype were

calculated and exhibited in Supplementary Figure 6B. It

showed that genotype 0513 had the highest integrated score

(4.19) and genotype 0212 had the lowest integrated score (-3.58)

in all 113 hybrid genotypes. When the first 5% was used to be the

criterion, the selected candidate genotypes were exactly the same

as the membership function analysis. When the first 10% was

used, genotype 0513, 1502, 1503, 1003, 0112, 0802, 0515, 1402,

0313, 0907, and 0507 were selected, which were 81.82% overlap

by the two analyses above.

Finally, 113 hybrid genotypes were systematically clustered

based on the plant biomass and biomass of individual tiller, and

the other 10 growth traits measured at the end of the 2019

growing season. The 113 genotypes were grouped into 3 classes

(Figure 6). A total of 34 hybrid genotypes performed well, which

were divided into the first category genotype. The second class

included 17 genotypes that showed poor growth traits with lower

biomass. The rest was identified as the third class. Compared the

first 34 and 17 hybrid genotypes with the candidates from other

methods, respectively. The intersect included a total of 29 F1
hybrid genotypes (M1) with outstanding traits and 15 F1
genotypes (M2) with poor growth performance. M1 genotypes

were identified as candidates for future energy crop development.

To study the difference of photosynthetic parameters

between M1 and M2 genotypes, the One-way ANOVA was

conducted. The results showed that photosynthetic rate and

WUEe ofM1 genotypes were significantly higher than that ofM2

genotypes in July in 2018 and 2019 when there was appeared

drought and high temperature in the surface mining area

(Table 2). It is worth noting that WUEi of M1 genotypes was
FIGURE 5

The distribution of the total biomass of all survival ones from 10 individuals planted in 10 m2 for each hybrid genotype in November 2019.
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higher than that of M2 genotypes in each growth month when

they were measured. It suggests that highWUEi could contribute

to the hybrids to grow well.
Discussion

Adaptation of hybrid genotypes to the
stressful environment in the mine site

In this study, the high-biomass parent M. lutarioriparius

failed to overwinter at -13.9°C monthly average minimum soil

temperature in the field site while 113 Miscanthus hybrid

genotypes were successfully established and maintained the

survival rate 10%~100% and overwinter rate 66.67%~100%. As

for morphological traits, plant height, stem height, tiller number,

and stem diameter of hybrid genotypes were significantly better

than those of the parents. Likewise, the photosynthetic rate of

the hybrids was significantly higher than that of the parents,

especially in the growth month with low temperature. Therefore,

the hybrids of M. sacchariflorus and M. lutarioriparius showed
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stronger adaptability and greater production potential than their

parents in harsh environments.

At the same time, the study revealed that hybrid genotypes

grew faster in August with both sufficient precipitation and high

temperature than in other months with drought or low

temperature (Figure 2), which suggested that drought or low

temperature could limit the growth of Miscanthus (Ings et al.,

2013; Glowacka et al., 2014). Although there was a similar

temperature in July and August during both 2018 and 2019,

faster growth of plant height was observed in August rather than

in July. It indicated that drought may limit the growth of

Miscanthus in July. Similarly, there was a similar rainfall in

August and September in 2019, but the growth of plant height

was faster in August than in September. Together with the failed

flowering of hybrid genotypes, the lower temperature in September

could be the main reason explaining the slow vegetative growth in

the experimental site. Harsh conditions may have a double

negative effect on Miscanthus growth because the reduction in

photosynthetic rate resulting from the decreased growth limited by

drought or cold could contribute to the further decrease in plant

growth (Ings et al., 2013; Glowacka et al., 2014).
TABLE 1 The trait variation within hybrid genotypes at the end of the 2018 growing season.

Traits Min Max Mean SDEV CV(%)

Plant height (cm) 98.67 200.67 147.18 21.38 14.52

Stem height (cm) 51.00 129.00 87.42 18.69 21.38

Stem diameter (mm) 3.80 9.73 6.77 1.20 17.80

Tiller number 1 13 4.13 2.57 62.21

Node number 9 16 13.05 1.71 13.09

Branch number 0 5 0.49 0.86 174.89

Internode length (cm) 4.33 10.50 7.67 1.21 15.83

Leaf width (cm) 0.97 1.90 1.36 0.20 14.81

Leaf area (cm2) 29.65 114.21 57.35 12.87 22.45

Leaf base angle (°) 9.00 29.00 17.92 4.47 24.92

Biomass of individual tillers (g) 2.38 28.24 10.63 4.99 46.92

Plant biomass (g) 3.39 138.61 31.19 25.00 80.16

A (mmolCO2m
-2s-1) 9.09 34.18 19.57 3.69 18.84

gs (mmolCO2m
-2s-1) 0.06 0.25 0.14 0.03 21.32

Ci (mmol mol-1) 56.79 181.07 135.16 19.29 14.27

E (mmolH2Om
-2s-1) 1.73 7.19 3.99 0.97 24.39

WUEe (mmol mol-1) 3.16 10.39 5.07 1.16 22.86

WUEi (mmol mol-1) 117.08 192.80 142.78 12.11 8.48

A total of 333 individuals of 113 hybrid genotypes are calculated. Min and Max represent the minimum and maximum in all values of traits measured, respectively. Mean is the average
value to all values of traits measured. SDEV is the abbreviation of standard deviation. CV represents the variable coefficient. A: Photosynthetic rate, gs: Stomatal conductance, Ci:
Intercellular CO2 concentration, E: Transpiration rate, WUEe: extrinsic water use efficiency (A/E), WUEi: intrinsic water use efficiency (A/gs).
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Although this study over two years is relatively short for the

field experiment or perennial grass, it was sufficient for the

identification of the most suitable genotypes (Yan et al., 2012;

Moon et al., 2018), partly because the first winter may be the

most serious limiting factor for Miscanthus establishment from

small rhizome cuttings (Clifton-Brown and Lewandowski,

2000). To thoroughly evaluate multiple yield-related traits, as

many key morphological traits as possible were collected,

including plant biomass, stem biomass, plant height, stem

height, node number, tiller number, stem diameter, internode

length, branch number, leaf area, leaf width, and leaf base angle.

Also, the main physiological traits as much detail as possible

were measured. More importantly, 1160 individuals were

continuously monitored for each month during two growing

seasons. Thus, two-year observations have made these results

repeatable and credible to a large extent. As a preliminary work,
Frontiers in Plant Science 10
this study has provided useful information on the cultivation

and breeding ofMiscanthus in the marginal land for bioproducts

for sustainable bioeconomy. The ongoing experiment will

provide more valuable information in the future.
Selecting hybrid genotypes with
key traits

Previous work has indicated that tiller diameter, plant

height, and leaf width were correlative with biomass yield

(Huang et al., 2011). Our study indicated that there was a

significant correlation between plant biomass and plant height,

tiller number, and leaf width (R2 = 0.76, P<0.001), respectively.

Besides, the stem diameter, and branch number, and leaf width

were individually significantly related to the biomass of
FIGURE 6

Systematic cluster of hybrid genotypes based on growth traits at the end of 2019 growing season. A total of 113 hybrid genotypes are divided
into three classes that are showed by using the red, blue, and black lines on the left. The blocks from the red to the green in the heat map
represent the good and poor growth performance, respectively. PB, plant biomass; BIT, biomass of individual tiller; SH, stem height; PH, plant
height; TN, tiller number; SD, stem diameter; NN, Node number; BN, branch number; IL, internode length; LW, leaf width; LA, leaf area; LBA, leaf
basic angle.
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individual tillers (R2 = 0.83, P<0.001). Hence, plant height, tiller

number, stem diameter, branch number, and leaf width were

identified as the key growth traits relative to the plant biomass.

Our study found that the leaf width of Miscanthus was

correlative positively to plant biomass (r=0.73, P<0.001). Also,

the leaf width of Miscanthus was positively related to the plant

height, stem height, tiller number, and stem diameter,

respectively (Supplementary Figure 4). Therefore, the average

leaf width was a significant phenotype trait for selecting

Miscanthus genotypes. In this study, the leaf width of hybrid

genotypes was significantly larger than that of surviving parent

M. sacchariflorus, which showed the advantage in the

production potential of hybrid genotypes.

It was worth noting that a significant positive relationship

between stomatal conductance and photosynthetic rate of

Miscanthus hybrids has been shown in the study (P<0.001,
Frontiers in Plant Science 11
Supplementary Figure 4). Stomatal closure due to drought

stress could lead to a decrease in photosynthetic rate,

intensifying carbon starvation, and even plant mortality

(McDowell et al., 2008). Also, high stomatal conductance

contributed to increasing photosynthetic rate and biomass

yield (Pires et al., 2020). Hence, stomatal conductance is a

physiological indicator that mirrored not only the stomatal

conductance but also the photosynthetic rate. Although the

high photosynthetic rate is due to the high stomatal

conductance, it can increase the expense of additional

transpiration (Dohleman et al., 2009). It was acknowledged

that small stomatal conductance was more conducive to

coping with the poor external environment (Leakey, 2009;

Zhao et al., 2021). The plant could have suffered severe

drought stress when the stomatal conductance decreased (Ings

et al., 2013). Genotypes with lower stomatal conductance may be
TABLE 2 One-way ANOVA on photosynthetic parameters of hybrid genotypes.

Traits
2018 growing season 2019 growing season

M1-M2 df F P-value M1-M2 df F P-value

July

A (mmol CO2 m
-2 s-1) + 1 4.847 0.030 + 1 10.310 0.002

gs (mmol CO2 m
-2 s-1) + 1 2.947 0.089 + 1 7.726 0.006

Ci (mmol mol-1) – 1 0.967 0.327 – 1 4.828 0.030

E (mmol H2O m-2 s-1) + 1 0.274 0.601 + 1 0.021 0.885

WUEe (mmol mol-1) + 1 5.987 0.016 + 1 14.530 0.000

WUEi (mmol mol-1) + 1 0.581 0.447 + 1 0.731 0.394

August

A (mmol CO2 m
-2 s-1) + 1 1.585 0.211 + 1 3.998 0.048

gs (mmol CO2 m
-2 s-1) + 1 0.434 0.512 + 1 2.640 0.107

Ci (mmol mol-1) – 1 3.667 0.058 – 1 6.379 0.013

E (mmol H2O m-2 s-1) – 1 2.703 0.103 + 1 4.996 0.027

WUEe (mmol mol-1) + 1 6.866 0.010 – 1 0.729 0.395

WUEi (mmol mol-1) + 1 1.455 0.230 + 1 0.120 0.729

September

A (mmol CO2 m
-2 s-1) + 1 1.673 0.198 – 1 0.029 0.865

gs (mmol CO2 m
-2 s-1) + 1 0.933 0.336 – 1 0.017 0.897

Ci (mmol mol-1) – 1 1.522 0.220 – 1 2.689 0.104

E (mmol H2O m-2 s-1) + 1 0.885 0.349 – 1 0.067 0.796

WUEe (mmol mol-1) + 1 0.039 0.845 + 1 0.001 0.977

WUEi (mmol mol-1) + 1 0.488 0.486 + 1 0.044 0.834

M1 presents the value of the photosynthetic parameters measured in the genotypes with excellent comprehensive growth traits. M2 presents the value of the photosynthetic parameters
measured in the genotypes with poor growth performance. + represents that the photosynthetic parameter of those hybrid genotypes with excellent comprehensive growth traits is more
than those genotypes with poor growth performance. – represents that the photosynthetic parameter of those hybrid genotypes with excellent comprehensive growth traits is less than
those genotypes with poor growth performance.
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more resistant to drought stress but it may be hard to improve

the biomass yield. In the study, M1 genotypes showed a

significantly higher stomatal conductance in drought July in

2019 thanM2 genotypes with poor growth performance (P<0.01,

Table 2). This indicated that maintaining a high stomatal

conductance under drought conditions could promote partially

the growth and improve the biomass yield. It implied that M1

genotypes could be identified as the insensitive genotypes to

drought stress while M2 were the sensitive genotypes.
Interspecific hybridization as an effective
approach for high-yield Miscanthus on
the marginal land

Miscanthus has been expected to have strong adaptability to

the arid and cold climates as well as barren soil (Yan et al., 2012;

Fan et al., 2015; Fonteyne et al., 2016). The survival rate and

overwinter rate were the important indicators in the adaptation

process of Miscanthus populations to new habitats. If these two

indicators of original breeds were too low, the interspecific

hybridization would be an ideal direction to try to make

adaptive genetic improvement (Dong et al., 2019). Recently,

researchers have tried to overcome the adverse effects of low

temperature by interspecific hybrids of Miscanthus (Glowacka

et al., 2014; Fonteyne et al., 2016; Moon et al., 2018). Due to the

increased overwinter rate in our study, interspecific hybrids were

expected to play an important role in the practical production of

Miscanthus. It could be that parental genotypes endowed

hybrids with the complementary character of higher biomass

and stronger cold tolerance (Tamura et al., 2016; Lee et al., 2022)

and that thus could be more favorable for the ecological

restoration on the reclaimed mine land. Therefore, it implied

that new genotypes with stronger adaptability can be cultivated

through interspecific hybridization of Miscanthus.

Although the variation of establishment rate between F1
genotypes posed a great effect on the selection, harvesting high

biomass yields is the main goal for the raw material production

of biofuels (Robson et al., 2013b). On one hand, the parent M.

lutarioriparius with high biomass yield was selected. On the

other hand, the parentM. sacchariflorus with high tolerance was

selected because harsh conditions result in the great loss of plant

biomass. A large variation in plant biomass (80.16%) and

biomass of individual tillers (46.92%) between hybrid

genotypes may make it easier for selecting the genotypes with

high biomass and strong tolerance to multi-stressful

environments. These significant differences in growth traits

between genotypes suggested the abundant genetic diversity of

hybrids and were consistent with the principal component

analysis (Supplementary Figure 5).
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It has been reported that the biomass of Miscanthus

increased after planting in the first three years (Heaton et al.,

2008), which was consistent with our results (R2 = 0.47, P<0.01).

Meanwhile, the plant biomass and biomass of individual tillers

were significantly larger in 2019 than in 2018 (P<0.05), as was

shown in the previous studies (Robson et al., 2013a). Due to the

instability of growth during the establishment period, the

increase in leaf area in harsh conditions may contribute

partially to a higher biomass of Miscanthus in 2019

(Supplementary Figure 1C). Moreover, Fv’/Fm’, FPSII, qP, and

NPQ of the leaf except for jCO2 and ETR were significantly

higher in 2019 than in 2018 (Supplementary Figure 7), which

indicated a stronger photosynthetic ability in the second growing

season. These increases in fluorescence parameters could relate

to the robust growth of hybrid genotypes in 2019.

Finally, the index “Total biomass of each genotype (g)” in

Figure 5 was not the yield estimate of the hybrids, but the score

was used to identify the genotypes with outstanding traits as

candidates for energy crop development. In fact, the data that we

obtained in 2019 was from a field experiment with a plant density

of 1 m-2 per individual. However, the practical field trials were

designed in the agricultural setting with a much higher plant and

tiller density. Based on our observation, the tiller density fell

predominantly from 40 m-2 in the natural habitat to 20 m-2 in the

planted field (Yan et al., 2012; Zheng et al., 2019). If we used the

mean tiller density of 30 m-2 for calculating the potential yield of

the hybrids, the highest yield is 37.4 t/ha (genotype 1503) and the

mean yield is 6.4 t/ha. Considering that the experiment was still

preliminary plot trials, the interspecific hybrids of Miscanthus

showed great production potential in harsh environments.
Conclusion

In this study, a total of 29 interspecific F1 hybrids with

outstanding traits related to yield and stress tolerance were

identified as candidates for future energy crop development on

the mine land of the Loess Plateau. These hybrid genotypes

clearly outperformed their parents for establishment rates,

biomass yield, photosynthetic rates, and water use efficiency.

The study demonstrated that hybridization between an

individual of M. sacchariflorus adapting to the local climates

and high-biomass M. lutarioriparius could provide an effective

approach for developing high-yield energy crop on marginal

lands with harsh climate and soil conditions.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1017712
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhao et al. 10.3389/fpls.2022.1017712
Author contributions

WL contributed to the conception and design of the study.

LX, HH, and ZY provided the plant materials. XZ, LK, CL, JM,

and JY contributed to complete the experiment. XZ and WL

performed the statistical analysis. XZ and LX wrote the first draft

of the manuscript. WL, JM, TS and WC revised the manuscript.

TS and ZY made substantial guide about experiment design, and

critically revised the manuscript. All authors read and approved

the final manuscript.
Funding

The work was supported by grants from The Agricultural

Science and Technology Innovation Program of Chinese

Academy of Agricultural Sciences, the National Natural

Science Foundation of China [31970207, 31971566], the

National Key Research and Development Program of China

[2016YFC0500905] and the National Natural Science

Foundation of China [31871693]. We gratefully acknowledge

two reviewers for valuable comments.
Frontiers in Plant Science 13
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.1017712/full#supplementary-material
References
Ai, X., Jiang, J., Chen, Z., Qin, J., and Yi, Z. (2017). Heterosis, genetic and
correlation analysis. of main agronomic traits in F1 population derived from
crossing between Miscanthus sacchariflorus and M.lutarioriparius. Acta Pratac.
Sin. 26, 111–122. doi: 10.11686/cyxb2016370

Beer, C., Ciais, P., Reichstein, M., Baldocchi, D., Law, B. E., Papale, D., et al.
(2009). Temporal and among-site variability of inherent water use efficiency at the
ecosystem level. Glob. Biogeochem. Cycle 23, 13. doi: 10.1029/2008gb003233

Chen, X., Min, D., Yasir, T. A., and Hu, Y. G. (2012). Evaluation of 14
morphological, yield-related and physiological traits as indicators of drought
tolerance in Chinese winter bread wheat revealed by analysis of the membership
function value of drought tolerance (MFVD). Field Crop Res. 137, 195–201.
doi: 10.1016/j.fcr.2012.09.008

Clifton-Brown, J. C., and Lewandowski, I. (2000). Overwintering problems of
newly established Miscanthus plantations can be overcome by identifying
genotypes with improved rhizome cold tolerance. New Phytol. 148, 287–294.
doi: 10.1046/j.1469-8137.2000.00764.x

Clifton-Brown, J. C., and Lewandowski, I. (2002). Screening Miscanthus
genotypes in field trials to optimise biomass yield and quality in southern
Germany. Eur. J. Agron. 16, 97–110. doi: 10.1016/s1161-0301(01)00120-4

Clifton-Brown, J. C., Lewandowski, I., Andersson, B., Basch, G., Christian, D. G.,
Kjeldsen, J. B., et al. (2001). Performance of 15Miscanthus genotypes at five sites in
Europe. Agron. J. 93, 1013–1019. doi: 10.2134/agronj2001.9351013x

De Vega, J. J., Teshome, A., Klaas, M., Grant, J., Finnan, J., and Barth, S. (2021).
Physiological and transcriptional response to drought stress among bioenergy grass
Miscanthus species. Biotechnol. Biofuels 14, 60. doi: 10.1186/s13068-021-01915-z

Dohleman, F. G., Heaton, E. A., Leakey, A. D. B., and Long, S. P. (2009). Does
greater leaf-level photosynthesis explain the larger solar energy conversion
efficiency of Miscanthus relative to switchgrass? Plant Cell Environ. 32, 1525–
1537. doi: 10.1111/j.1365-3040.2009.02017.x

Dong, H. X., Green, S. V., Nishiwaki, A., Yamada, T., Stewart, J. R., Deuter, M.,
et al. (2019). Winter hardiness ofMiscanthus (I): Overwintering ability and yield of
newMiscanthus × giganteus genotypes in Illinois and Arkansas. GCB Bioenergy 11,
691–705. doi: 10.1111/gcbb.12588

Fan, Y. Y., Wang, Q., Kang, L. F., Liu, W., Xu, Q., Xing, S. L., et al. (2015).
Transcriptome-wide characterization of candidate genes for improving the water
use efficiency of energy crops grown on semiarid land. J. Exp. Bot. 66, 6415–6429.
doi: 10.1093/jxb/erv353

Festin, E. S., Tigabu, M., Chileshe, M. N., Syampungani, S., and Odén, P. C.
(2019). Progresses in restoration of post-mining landscape in Africa. J. Forestry Res.
30, 381–396. doi: 10.1007/s11676-018-0621-x

Fonteyne, S., Muylle, H., De Swaef, T., Reheul, D., Roldan-Ruiz, I., and Lootens,
P. (2016). How low can you go? Rhizome and shoot frost tolerance in Miscanthus
germplasm. Ind. Crop Prod. 89, 323–331. doi: 10.1016/j.indcrop.2016.05.031

Friesen, P. C., and Sage, R. F. (2016). Photosynthetic responses to chilling in a
chilling-tolerant and chilling-sensitive Miscanthus hybrid. Plant Cell Environ. 39,
1420–1431. doi: 10.1111/pce.12699

Glowacka, K., Adhikari, S., Peng, J. H., Gifford, J., Juvik, J. A., Long, S. P., et al.
(2014). Variation in chilling tolerance for photosynthesis and leaf extension growth
among genotypes related to the C4 grass Miscanthus × giganteus. J. Exp. Bot. 65,
5267–5278. doi: 10.1093/jxb/eru287

Heaton, E. A., Dohleman, F. G., and Long, S. P. (2008). Meeting US biofuel goals
with less land: The potential of Miscanthus. Glob. Change Biol. 14, 2000–2014.
doi: 10.1111/j.1365-2486.2008.01662.x

Huang, C., Liao, W., and Lai, Y. (2011). Cultivation studies of Taiwanese native
Miscanthus floridulus lines. Biomass bioenerg. 35, 1873–1877. doi: 10.1016/
j.biombioe.2011.01.032

Ings, J., Mur, L. A., Robson, P. R., and Bosch, M. (2013). Physiological and
growth responses to water deficit in the bioenergy crop Miscanthus × giganteus.
Front. Plant Sci. 4. doi: 10.3389/fpls.2013.00468

Jezowski, S., Mos, M., Buckby, S., Cerazy-Waliszewska, J., Owczarzak, W.,
Mocek, A., et al. (2017). Establishment, growth, and yield potential of the
perennial grass Miscanthus × Giganteus on degraded coal mine soils. Front.
Plant Sci. 8. doi: 10.3389/fpls.2017.00726

Leakey, A. D. (2009). Rising atmospheric carbon dioxide concentration and the
future of C4 crops for food and fuel. Proc. R. Soc B-Biol. Sci. 276, 2333–2343.
doi: 10.1098/rspb.2008.1517

Lee, J. S., Jahani, M., Huang, K., Mandel, J. R., Marek, L. F., Burke, J. M., et al.
(2022). Expression complementation of gene presence/absence polymorphisms in
hybrids contributes importantly to heterosis in sunflower. J. Adv. Res 42, 83–98.
doi: 10.1016/j.jare.2022.04.008
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.1017712/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1017712/full#supplementary-material
https://doi.org/10.11686/cyxb2016370
https://doi.org/10.1029/2008gb003233
https://doi.org/10.1016/j.fcr.2012.09.008
https://doi.org/10.1046/j.1469-8137.2000.00764.x
https://doi.org/10.1016/s1161-0301(01)00120-4
https://doi.org/10.2134/agronj2001.9351013x
https://doi.org/10.1186/s13068-021-01915-z
https://doi.org/10.1111/j.1365-3040.2009.02017.x
https://doi.org/10.1111/gcbb.12588
https://doi.org/10.1093/jxb/erv353
https://doi.org/10.1007/s11676-018-0621-x
https://doi.org/10.1016/j.indcrop.2016.05.031
https://doi.org/10.1111/pce.12699
https://doi.org/10.1093/jxb/eru287
https://doi.org/10.1111/j.1365-2486.2008.01662.x
https://doi.org/10.1016/j.biombioe.2011.01.032
https://doi.org/10.1016/j.biombioe.2011.01.032
https://doi.org/10.3389/fpls.2013.00468
https://doi.org/10.3389/fpls.2017.00726
https://doi.org/10.1098/rspb.2008.1517
https://doi.org/10.1016/j.jare.2022.04.008
https://doi.org/10.3389/fpls.2022.1017712
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhao et al. 10.3389/fpls.2022.1017712
Li, M. (2006). Ecological restoration of mineland with particular reference to the
metalliferous mine wasteland in China: A review of research and practice. Sci. Total
Environ. 357, 38–53. doi: 10.1016/j.scitotenv.2005.05.003

Li, M., Luo, Y., and Su, Z. (2007). Heavy metal concentrations in soils and plant
accumulation in a restored manganese mineland in guangxi, south China. Environ.
pollut. 147, 168–175. doi: 10.1016/j.envpol.2006.08.006

Liu, W., Mi, J., Song, Z., Yan, J., Li, J., and Sang, T. (2014). Long-term water
balance and sustainable production of miscanthus energy crops in the loess plateau
of China. Biomass Bioenergy 62, 47–57. doi: 10.1016/j.biombioe.2014.01.018

Liu, W., Peng, C., Chen, Z. F., Liu, Y., Yan, J., Li, J. Q., et al. (2016). Sustainable
bioenergy production with little carbon debt in the loess plateau of China.
Biotechnol. Biofuels 9, 161. doi: 10.1186/s13068-016-0586-y

McDowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N., Kolb,
T., et al. (2008). Mechanisms of plant survival and mortality during drought: Why
do some plants survive while others succumb to drought? New Phytol. 178, 719–
739. doi: 10.1111/j.1469-8137.2008.02436.x

Mi, J., Liu, W., Yang, W., Yan, J., Li, J., and Sang, T. (2014). Carbon sequestration
by Miscanthus energy crops plantations in a broad range semi-arid marginal land
in China. Sci. Total Environ. 496, 373–380. doi: 10.1016/j.scitotenv.2014.07.047

Mi, J., Liu, W., Zhao, X., Kang, L., Lin, C., Yan, J., et al. (2018). N2O and CH4

emission fromMiscanthus energy crop fields in the infertile loess plateau of China.
Biotechnol. Biofuels 11, 1–14. doi: 10.1186/s13068-018-1320-8

Moon, Y. H., Lee, J. E., Yu, G. D., Song, Y. S., Lee, Y. H., Kim, K. S., et al. (2018).
Ploidy level and reproductive organ abnormality in interspecific hybrids between
tetraploid Miscanthus sacchariflorus and diploid M. sinensis bred from a single
cross. Ind. Crop Prod. 116, 182–190. doi: 10.1016/j.indcrop.2018.01.022

Ouyang, Y. (2005). Evaluation of river water quality monitoring stations by
principal component analysis. Water Res. 39, 2621–2635. doi: 10.1016/
j.watres.2005.04.024

Pires, M. V., de Castro, E. M., de Freitas, B. S. M., Lira, J. M. S., Magalhaes, P. C.,
and Pereira, M. P. (2020). Yield-related phenotypic traits of drought resistant maize
genotypes. Environ. Exp. Bot. 171, 103962. doi: 10.1016/j.envexpbot.2019.103962

Robson, P. R., Farrar, K., Gay, A. P., Jensen, E. F., Clifton-Brown, J. C., and
Donnison, I. S. (2013b). Variation in canopy duration in the perennial biofuel crop
Miscanthus reveals complex associations with yield. J. Exp. Bot. 64, 2373–2383.
doi: 10.1093/jxb/ert104

Robson, P., Jensen, E., Hawkins, S., White, S. R., Kenobi, K., Clifton-Brown, J. C.,
et al. (2013a). Accelerating the domestication of a bioenergy crop: Identifying and
modelling morphological targets for sustainable yield increase in Miscanthus. J.
Exp. Bot. 64, 4143–4155. doi: 10.1093/jxb/ert225

Stavridou, E., Webster, R. J., and Robson, P. R. H. (2019). Novel Miscanthus
genotypes selected for different drought tolerance phenotypes show enhanced
tolerance across combinations of salinity and drought treatments. Ann. Bot. 124,
653–674. doi: 10.1093/aob/mcz009

Sun, Q. H., Miao, C. Y., Duan, Q. Y., and Wang, Y. F. (2015). Temperature and
precipitation changes over the loess plateau between 1961 and 2011, based on high-
Frontiers in Plant Science 14
density gauge observations. Glob. Planet Change 132, 1–10. doi: 10.1016/
j.gloplacha.2015.05.011

Tamura, K. N., Uwatoko, N., Yamashita, H., Fujimori, M., Akiyama, Y., Shoji,
A., et al. (2016). Discovery of natural interspecific hybrids between Miscanthus
sacchariflorus and Miscanthus sinensis in southern Japan: Morphological
characterization, genetic structure, and origin. Bioenergy Res. 9, 315–325.
doi: 10.1007/s12155-015-9683-1

Van der Weijde, T., Huxley, L. M., Hawkins, S., Sembiring, E. H., Farrar, K.,
Dolstra, O., et al. (2017). Impact of drought stress on growth and quality of
Miscanthus for biofuel production. GCB Bioenergy 9, 770–782. doi: 10.1111/
gcbb.12382

Xiang, J. Y., Wang, X. Q., and Sang, T. (2020). Cellulase production from
trichoderma reesei RUT C30 induced by continuous feeding of steam-exploded
Miscanthus lutarioriparius. Ind. Crop Prod. 160, 113129. doi: 10.1016/
j.indcrop.2020.113129

Yan, J., Chen, W. L., Luo, F., Ma, H. Z., Meng, A. P., Li, X. W., et al. (2012).
Variability and adaptability of Miscanthus species evaluated for energy crop
domestication. GCB Bioenergy 4, 49–60. doi: 10.1111/j.1757-1707.2011.01108.x

Yan, J., Zhu, C. Y., Liu, W., Luo, F., Mi, J., Ren, Y. J., et al. (2015). High
photosynthetic rate and water use efficiency of Miscanthus lutarioriparius
characterize an energy crop in the semiarid temperate region. GCB Bioenergy 7,
207–218. doi: 10.1111/gcbb.12118

Yan, J., Zhu, M., Liu, W., Xu, Q., Zhu, C., Li, J., et al. (2016). Genetic variation
and bidirectional gene flow in the riparian plantMiscanthus lutarioriparius, across
its endemic range: Implications for adaptive potential. GCB Bioenergy 8, 764–776.
doi: 10.1111/gcbb.12278

Zeng, X., Sheng, J., Zhu, F., Wei, T., Zhao, L., Hu, X., et al. (2020). Genetic,
transcriptional, and regulatory landscape of monolignol biosynthesis pathway in
Miscanthus × giganteus. Biotechnol. Biofuels 13, 179. doi: 10.1186/s13068-020-
01819-4

Zhao, X., Kang, L., Wang, Q., Lin, C., Liu, W., Chen, W., et al. (2021). Water use
efficiency and stress tolerance of the potential energy crop Miscanthus
lutarioriparius grown on the loess plateau of China. Plants-Basel 10, 544.
doi: 10.3390/plants10030544

Zheng, C., Iqbal, Y., Labonte, N., Sun, G., Feng, H., Yi, Z., et al. (2019).
Performance of switchgrass and Miscanthus genotypes on marginal land in the
yellow river delta. Ind. Crop Prod. 141, 111773. doi: 10.1016/j.indcrop.2019.111773

COPYRIGHT

© 2023 Zhao, Xiao, Mi, Kang, Lin, Chen, Huang, Yan, Yi, Sang and Liu. This
is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
frontiersin.org

https://doi.org/10.1016/j.scitotenv.2005.05.003
https://doi.org/10.1016/j.envpol.2006.08.006
https://doi.org/10.1016/j.biombioe.2014.01.018
https://doi.org/10.1186/s13068-016-0586-y
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1016/j.scitotenv.2014.07.047
https://doi.org/10.1186/s13068-018-1320-8
https://doi.org/10.1016/j.indcrop.2018.01.022
https://doi.org/10.1016/j.watres.2005.04.024
https://doi.org/10.1016/j.watres.2005.04.024
https://doi.org/10.1016/j.envexpbot.2019.103962
https://doi.org/10.1093/jxb/ert104
https://doi.org/10.1093/jxb/ert225
https://doi.org/10.1093/aob/mcz009
https://doi.org/10.1016/j.gloplacha.2015.05.011
https://doi.org/10.1016/j.gloplacha.2015.05.011
https://doi.org/10.1007/s12155-015-9683-1
https://doi.org/10.1111/gcbb.12382
https://doi.org/10.1111/gcbb.12382
https://doi.org/10.1016/j.indcrop.2020.113129
https://doi.org/10.1016/j.indcrop.2020.113129
https://doi.org/10.1111/j.1757-1707.2011.01108.x
https://doi.org/10.1111/gcbb.12118
https://doi.org/10.1111/gcbb.12278
https://doi.org/10.1186/s13068-020-01819-4
https://doi.org/10.1186/s13068-020-01819-4
https://doi.org/10.3390/plants10030544
https://doi.org/10.1016/j.indcrop.2019.111773
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2022.1017712
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Development of energy plants from hybrids between Miscanthus sacchariflorus and M. lutarioriparius grown on reclaimed mine land in the Loess Plateau of China
	Introduction
	Materials and methods
	The basic situations of the experimental site
	Experimental design
	Phenotype traits measurements of Miscanthus
	Photosynthetic parameters measurement and water use efficiency analysis
	Data analysis

	Results
	The adaptability of hybrids to stressful environments
	Morphological traits of hybrids and the parents
	Physiological traits of hybrids and the parents
	Candidates for future production of biofuels

	Discussion
	Adaptation of hybrid genotypes to the stressful environment in the mine site
	Selecting hybrid genotypes with key traits
	Interspecific hybridization as an effective approach for high-yield Miscanthus on the marginal land

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


