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ABSTRACT
Miscanthus breeding programs have focused on developing intraspecific (M. sinensis × M. sinensis) and interspecific (M. sinensis 
× M. sacchariflorus) seed-based hybrids with distinct cell wall characteristics for different biomass value chains. Here, we eval-
uated the performance of 13 novel hybrids (including seed-based intraspecific, seed-based interspecific, and one clonally prop-
agated interspecific hybrid) relative to Miscanthus × giganteus (M × g). We compared the cell wall composition, saccharification 
efficiency, and yield after spring harvests in 2021 and 2022 across six European locations. Cell wall content and composition var-
ied significantly among hybrids and were influenced by environmental conditions, yet differences due to parental background 
were largely consistent across locations. On average, seed-based interspecific hybrids (80.6%–84.0% neutral detergent fiber) had a 
lower total cell wall content than the other hybrids evaluated in this study (88.3%–90.8%). In contrast, cellulose was ~5.5% higher 
in hybrids with an M. sinensis × M. sacchariflorus background relative to the intraspecific hybrids, while hemicellulose averaged 
above 34% for intraspecific hybrids, 29.4% to 31.8% in the interspecific hybrids, and below 27% for M × g. Lignin content was 
highest in M × g (~13.8%), intermediate in the interspecific hybrids (11.0%–12.2%), and lowest in the intraspecific hybrids (~10%). 
These compositional traits translated into saccharification efficiencies that were 32.9% higher for the intraspecific hybrids and 
9.8%–13.1% higher for the interspecific hybrids (seed-based and clonally propagated) compared to M × g. Accounting for biomass 
yield, either several seed-based hybrids or the novel clonally propagated hybrid exceeded the theoretical ethanol potential of M × g 
at all trial locations, indicating strong potential for their use in lignocellulosic biofuel production.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
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1   |   Introduction

Miscanthus is a genus of rhizomatous grass species contain-
ing promising candidate crops for the production of lignocel-
lulosic biomass on marginal lands. The main advantages of 
miscanthus are its efficient use of resources, such as nutrients, 
water, and light, and resilience towards harsh and unfavor-
able conditions (van der Weijde et  al.  2013). In particular, 
M. × giganteus (M × g) is renowned for its exceptional yields, 
ranging from 9 to 15 Mg ha−1 when cultivated on marginal 
lands in Europe (Amaducci et al. 2017; Jeżowski et al. 2017). 
Although M × g has many favorable traits, its cultivation and 
utilization are not without limitations. First, M × g is a sterile 
hybrid originating from a wild crossing between M. sacchari-
florus (M. sac) × M. sinensis (M. sin) that is multiplied through 
rhizome propagation. The low multiplication rate of rhizome-
based propagation methods limits the possibilities for rapid 
expansion of the cultivation area, while it also contributes to  
high establishment costs per hectare (Xue et al. 2015; Clifton-
Brown et  al.  2017). Additionally, previous research showed 
that the potential of miscanthus exceeds that of M × g, as ev-
idenced by the identification of higher yielding accessions 
and those with a more desirable feedstock composition (van 
der Weijde, Kiesel, et al. 2017; Clark et al. 2019). Utilizing the 
natural variation present in M. sac and M. sin allows for fur-
ther breeding of genetically improved varieties, in contrast 
to the legacy M × g cultivars, which lack genetic variation as 
they were all derived from the same sterile clone (Głowacka 
et al. 2015).

Breeding seed-based miscanthus hybrids offers a solution to 
the limitations of rhizome-based propagation, while simulta-
neously enabling the genetic optimization of cell wall compo-
sition to improve suitability for bioconversion (Clifton-Brown 
et  al.  2017; van der Cruijsen et  al.  2021). Cell walls provide 
strength and protection to plants, achieved by the formation 
of a thick secondary cell wall layer during plant development 
(Zhang et al. 2021). Lignin is incorporated into the cell wall 
matrix during this process, where along with cellulose and 
hemicellulose it forms a complex and rigid structure (van der 
Weijde, Dolstra, et  al.  2017; Zhong et  al.  2019). Considering 
that cell walls make up 80%–90% of miscanthus biomass at 
harvest, their exact composition is a critical factor determin-
ing the biomass's suitability for bioconversion. For instance, 
the production of bioethanol requires the enzymatic break-
down of cellulose into glucose monomers. This process is 
impeded by lignin, which forms a physical barrier to which 
these enzymes adhere (Taherzadeh and Karimi 2008; Li, Liao, 
et  al.  2016). Utilization of specific components therefore re-
quires decoupling the different cell wall polymers from a ma-
trix that is naturally resistant to degradation. Although severe 
pretreatments can break up the cell wall matrix, they lead to 
the formation of inhibitory components that limit both sac-
charification efficiency and the fermentation of sugars into 
ethanol (Cunha et  al.  2019; Zhai et  al.  2022). Additionally, 
severe pretreatments put a constraint on sustainability and 
add considerable costs to the bioconversion process (Limayem 
and Ricke  2012; Boakye-Boaten et  al.  2017). Accessions fea-
turing more favorable cell wall compositions would be ad-
vantageous, as they could make the biomass more receptive 

to pretreatments and potentially reduce pretreatment severity 
(van der Cruijsen et al. 2021).

Although the cell wall composition is largely genetically deter-
mined (Sheng et al. 2017; van der Weijde, Kamei, et al. 2017; 
Zeng, Sheng, Zhu, Wei, et al. 2020; Zeng, Sheng, Zhu, Zhao, 
et al. 2020), it is also affected by the environmental conditions 
plants are exposed to during the growing season. Many of 
such changes have been associated with abiotic stress factors 
that force the plant to adapt many critical processes, including 
their cell wall biosynthesis (Gall et al. 2015). Research on mis-
canthus has shown that several abiotic stresses significantly 
affect the cell wall composition, generally increasing the con-
version efficiency from cellulose to glucose (van der Weijde, 
Huxley, et  al.  2017; Cheng et  al.  2018; da Costa et  al.  2018; 
Hoover et al. 2018; van der Cruijsen et al. 2024). The prospect 
of cultivating miscanthus mainly on marginal and degraded 
lands means that plants will likely have to endure unfavorable 
conditions leading to abiotic stress(es) at some point during 
the growing season (Quinn et al. 2015). Therefore, it is import-
ant to extensively evaluate the performance and stability of 
newly developed miscanthus hybrids grown under marginal 
conditions.

In recent years, several promising intra- (M. sin × M. sin) and 
interspecific (M. sac × M. sin) seed-based miscanthus hybrids 
have been developed at the Laboratory of Plant Breeding at 
Wageningen University and Research (WUR) and the Institute 
of Biological, Environmental and Rural Sciences (IBERS) at 
Aberystwyth University, respectively. The objective of this 
research was to assess the potential of these seed-based in-
tra- and interspecific hybrids in terms of biomass quality and 
quantity when cultivated on marginal lands across Europe. 
In order to do this, trials containing 14 miscanthus hybrids 
were established under various marginal conditions in six 
European countries. Plants were harvested in two consecutive 
growth years and analyzed for the major cell wall components 
and their cellulose conversion efficiency. The results showed 
that the difference in environmental conditions between trial 
environments and the fluctuation between growth years af-
fected the cell wall composition in both intra- and interspe-
cific hybrids. Also, it could be concluded that, depending on 
local conditions, seed-based hybrids are a viable alternative 
to M × g.

2   |   Materials and Methods

2.1   |   Plant Material and Trial Setup

Thirteen novel miscanthus hybrids and M × g (GRC 9) were 
grown in six multilocation trials across marginal lands in 
Europe. Eight of these (GRC 1–8) were seed-based intraspecific 
(M. sin × M. sin) hybrids that were selected from the breeding 
program at Wageningen University. Four interspecific (M. sac 
× M. sin) seed-based hybrids (GRC 10–11 and GRC 13–14) were 
selected from the IBERS breeding program. Lastly, a clonally 
propagated interspecific hybrid (GRC 15), which was supplied 
by Terravesta Ltd. (Lincoln, United Kingdom)and included in 
the trials (Table 1). The trials were located on marginal lands 
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across six different countries: Croatia (Zagreb, ZAG), France 
(Chanteloup-les-Vignes, CHV), Germany (Oberer Lindenhof, 
OLI), Italy (Piacenza, PAC), The Netherlands (Schiphol, SCH) 
and Wales (Trawsgoed, TWS). Each trial location exhibited 
unique characteristics and reasons for marginality (Figure  1); 
further details of these trials have been described by Awty-
Carroll et al. (2022).

Seeds of the seed-based hybrids were germinated in plugs and 
grown into 2–3-month-old plantlets inside of the greenhouse. 
In 2018, these plugs and rhizomes were planted in 96 m2 plots 
that had a density of either 3 plants m−2 (M. sin × M. sin) or 1.5 
plants m−2 (M. sac × M. sin and M. × giganteus). The plots were 
established according to a randomized complete block design 
with four replicates per hybrid, leading to a total of 56 plots 
per trial location. From each plot, five consecutively growing 
plants were selected for individual harvest and used for further 
measurements.

TABLE 1    |    Plant species, propagation method and planting density 
of the 14 miscanthus hybrids used in this study.

ID Plant species Propagation

Plant 
density 
(m−2)

GRC 1–8 M. sinensis × 
M. sinensis

Seed 3

GRC 9 M. × giganteus Rhizome 1.5

GRC 
10–11, 
GRC 
13–14

M. 
sacchariflorus 
× M. sinensis

Seed 1.5

GRC 15 M. 
sacchariflorus 
× M. sinensis

Rhizome 1.5

FIGURE 1    |    Trial locations and conditions. CHV = Chanteloup-les-Vignes, CuSO4 = copper sulfate, HMC = heavy metal contaminated, Mg = mag-
nesium, OLI = Oberer Lindenhof, P = phosphorus, PAC = Piancenza, Pb = lead, SCH = Schiphol, TWS = Trawsgoed, ZAG = Zagreb.
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2.2   |   Yield Measurements and Biomass 
Preparation

Plant harvests took place between February and March at the 
different trial locations in 2021 and 2022. In 2021, the fresh 
weight of the five individually harvested plants per plot was 
determined 2 days after harvesting to avoid variations caused 
by surface moisture. This was done for four replicate plots, 
with five plants per plot, resulting in a total of 20 plants  
from each hybrid at each location. Each plant was sepa-
rated into stem and leaf fractions that were weighed sepa-
rately. A representative subsample of several stems per plant  
was oven-dried to a constant weight at 60°C and used to cal-
culate the dry weight of each plant. Unfortunately, direct 
planted M × g rhizomes had extremely poor establishment at  
the sites CHV and SCH, making (reliable) yield assessments 
impossible. In order to provide a yield estimation at SCH, 
plants from M × g were retrieved from a larger field scale trial 
that was also planted in 2018 and located adjacently to the 
studied plots. The dried stems were chipped into ~2 cm pieces 
and were milled on a cross-beater mill equipped with a 1 mm 
sieve. The milled stem samples were used for further labora-
tory analysis.

2.3   |   NIRS Prediction of Cell Wall Composition 
and Saccharification Efficiency

Near-infrared spectroscopy (NIRS) prediction models were estab-
lished for the high-throughput assessment of neutral detergent 
fiber (NDF), acid detergent fiber (ADF), acid detergent lignin 
(ADL) and cellulose conversion of stem samples, similarly as de-
scribed by van der Weijde, Dolstra, et al. (2017), van der Weijde, 
Huxley, et al. (2017), van der Weijde, Kamei, et al. (2017), van der 
Weijde, Kiesel, et al. (2017). In brief, all stem samples were milled 
into 1 mm particles on a cross-beater mill and scanned on a near-
infrared spectrometer (Foss DS2500, Foss, Hillerød, Denmark) 
to obtain the spectral data from 400 to 2500 nm at 0.5 nm inter-
vals. The spectra were preprocessed in WinISI 4.9 (Foss, Hillerød, 
Denmark) using the Standard Normal Variate (SNV) transforma-
tion and were subsequently detrended, while parameters for de-
rivative calculation were set at 1-12-12-1. In here, the first number 
indicates the derivative number, the second number indicates the 
gap over which derivation is applied, and the last two numbers in-
dicate the datapoints used for smoothing. From the spectra, 200 
samples were selected for construction of prediction models for 
NDF, ADF, and ADL, while 100 samples were selected for con-
struction of a prediction model for cellulose conversion. The se-
lected samples were analyzed biochemically (described below) 
and the data were aligned to the spectra within the software to 
construct the NIRS prediction models. External validation sam-
ples were randomly selected (35 for cell wall composition, 25 for 
saccharification efficiency) for validation of the prediction models. 
The internal calibration set and external validation set showed 
a high level of predictability for NDF, ADF, ADL, and cellulose 
conversion (Table S1). The cell wall components cellulose (ADF-
ADL), hemicellulose (NDF-ADF) and (acid detergent) lignin 

(ADL) were calculated from the NIRS predicted values for NDF, 
ADF and ADL.

2.4   |   Cell Wall Compositional Analysis

The selected samples for the construction and validation of 
the prediction model were analyzed for neutral detergent fiber 
(NDF), acid detergent fiber (ADF), and acid detergent lignin 
(ADL) according to the principles established by Van Soest 
et al. (1991). The procedures for NDF and ADF were performed 
using an ANKOM 2000 Automated Fiber Analyzer (ANKOM 
Technology, Macedon, NY, United States), following the ana-
lytical procedures provided by the manufacturer. ADF residues 
were submerged in 72% (w/w) H2SO4 for 3 h according to the 
protocol, after which ADL was obtained as the solid fraction. All 
analyses were performed in duplicate.

2.5   |   Saccharification Efficiency

The analytical procedure for saccharification efficiency was es-
sentially performed as described by van der Weijde et al. (2016). 
Stem samples (~500 mg) were treated with α-amylase and washed 
with deionized water (3×, 50°C, 5 min) to remove starch and sol-
uble sugars. Pretreatment was performed with 2% (w/w) NaOH 
(160 RPM, 50°C, 2 h) in an incubator shaker (Innova 42, New 
Brunswick Scientific, Edison, NJ, United States). Pretreated sam-
ples were subsequently washed for 5 min with deionized water 
(2×) and 0.1 M sodium citrate buffer (pH 5.0) at 50°C, 160 RPM. 
Stem samples were dissolved in sodium citrate buffer (pH 5.0), 
with 0.02% (v/v) Proclin (Sigma-Aldrich, St Louis, MO, United 
States) added to prevent microbial growth (He et  al.  2019). An 
excess of cellulase enzyme blend (SAE0020, Sigma-Aldrich, St 
Louis, MO, United States) was added to each sample (30% (w/w) 
g enzyme/g cellulose) to ensure maximum saccharification lev-
els were achieved within the incubation period under constant 
shaking (160 RPM, 50°C, 48 h). The amount of glucose that was 
released from each sample was quantified with a high perfor-
mance anion exchange chromatograph (Dionex ICS 5000+ DC, 
Thermo Fisher Scientific, Waltham, MA, United States) equipped 
with a Dionex CarboPac PA-1 column and corrected for the ini-
tial sample weight. The amount of glucose released was used to 
calculate the percentage of the total cellulose content that was 
converted into glucose. In turn, the cellulose conversion (%) was 
used to calculate the theoretical ethanol yields, also taking into 
account biomass yield and composition. The following formulas 
were adapted from van der Weijde, Dolstra, et al. (2017), van der 
Weijde, Huxley, et al. (2017), van der Weijde, Kamei, et al. (2017), 
van der Weijde, Kiesel, et al. (2017):

1.111 accounts for the molecular weight difference between cel-
lulose and glucose as water molecules are removed during the 
polymerization process

Cellulose conversion% =
Glucose release (%DM)

Cellulose (%DM) × 1.111
× 100

Theoretical ethanol yield
(

g m−2
)

=
Yield

(

g m−2
)

× Cellulose × Cellulose conversion × 2 ×MwE

MwG
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MwE is the molecular weight of ethanol (46.07 g/mol) and MwG 
is the molecular weight of glucose (180.16 g/mol). The number 
2 refers to the ethanol molecules formed per glucose molecule. 
The calculation for theoretical ethanol yield assumes full con-
version of available cellulose into ethanol.

2.6   |   Statistical Analysis

All statistical analyses were performed in R (R-4.5.0, Lenth 
2025). For all of the NIRS predicted traits (cellulose, hemicel-
lulose, lignin and cellulose conversion) analyses of variance 
(ANOVAs) were performed on plot averages using linear mixed 
models, which were specified using lme4 (Bates et al. 2015) and 
analyzed using lmerTest v3.1-3 (Kuznetsova et al. 2017). Here, 
Yijkr represents the response variable, μ is the grand mean, Hi is 
the fixed effect of hybrid, Lj is the fixed effect of trial location, Yk 
is the fixed year effect, Br(LjYk) is the random block effect, HLij 
is the interaction term between hybrid and location, HYik is the 
interaction term between hybrid and year, LYjk is the interaction 
term between location and year, HLYijk is the interaction term 
between hybrid, location, year, and εijkr is the residual error:

Similarly, for yield measurements, ANOVA was performed on 
plot averages using a linear mixed model where Yijk represents 
the response variable, μ is the grand mean, Hi is the fixed ef-
fect of hybrid, Lj is the fixed effect of trial location, Bk(Lj) is the 
random block effect, HLij is the interaction term between hybrid 
and location, and εijk is the residual error:

The emmeans package (Lenth 2023) was utilized to estimate 
marginal means and conduct Tukey's post hoc tests across hy-
brids. For stem yield, the post hoc test was performed per trial 
location, while for cell wall-related traits, the analysis was per-
formed across locations but separately for each year. Pearson 
correlations between traits were performed on plot averages 
across all trial locations and included both years. Figures were 
created using the ggplot2 package (Wickham 2016).

3   |   Results and Discussion

3.1   |   Cell Wall Composition Differs Significantly 
Between Intra- and Interspecific Hybrids

In two consecutive years, eight intraspecific (GRC 1–8) and four 
interspecific (GRC 10–11/13–14) seed-based miscanthus hy-
brids, M × g (GRC9) and another rhizome-propagated M. sac × 
M. sin (GRC15) were evaluated for cell wall content and compo-
sition when grown on marginal lands. According to the statisti-
cal test results, hybrids explained a significant and substantial 
part of the variation found in cell wall content and composition 
(Tables S2 and S3). Averaged across trials and years, the cell wall 
content (NDF) of the dried stems ranged between 80% and 91%, 
which is similar to previously reported values for miscanthus 

(Allison et  al.  2011; van der Weijde, Dolstra, et  al.  2017). The 
results showed that at every trial location, the hybrids could be 
divided into two distinct groups based on their cell wall content. 
On the one hand, GRC 1–8, GRC 9, and GRC 15, of which the 
average cell wall content ranged between 88.3% and 90.8%. On 
the other hand, GRC 10–11 and GRC 13–14, of which the average 
cell wall content ranged between 80.6% and 84.0%. Although 
there were small degrees of variation within both groups, it 
stood out that at all trial locations, the values of seed-based M. 
sac × M. sin hybrids were consistently lower compared to the 
other hybrids (Figure  2a). The contrast with the interspecific 
clonally propagated genotypes implies that lower values were 
related specifically to this particular set of seed-based M. sac × 
M. sin hybrids. Previous work agrees with this premise, as cell 
wall content had equal distributions among M. sacchariflorus 
and M. sinensis accessions (Allison et al. 2011). As indicated by 
Awty-Carroll et al. (2022) and Magenau et al. (2022), the seed-
based M. sac × M. sin hybrids had a longer growth period and 
matured later than the other hybrids that were studied in these 
trials. The cell wall content in grasses accumulates gradually 
during development, initially due to the increase of cellulose 
and hemicellulose and eventually lignification leads to cell wall 
thickening (Jung and Casler 2006; Rancour et al. 2012; Matos 
et al. 2013). As a consequence, the upper internodes of the stems 
have less developed cell walls (Sarath et al. 2007; Hu et al. 2017). 
Therefore, the lower cell wall content in seed-based M. sac × M. 
sin hybrids might have originated partly from the younger upper 
parts of the stems that developed later in the growing season. 
Additionally, the general lack of senescence in these hybrids 
likely results in higher proportions of non-structural cell com-
ponents remaining, such as proteins, soluble sugars, and miner-
als (Godin et al. 2013; Jensen et al. 2017). This also contributes 
to the lower cell wall content retrieved per gram of dry matter. 
Since cell walls are the harvestable product from lignocellulosic 
crops, the lower cell wall content of these hybrids essentially 
serves as a yield penalty compared to the other hybrids. It is rec-
ommended that plant development throughout the season and 
its effect on the cell wall content at the end of the growing season 
should be taken into consideration in future breeding efforts.

Biomass is evaluated from a quality perspective and therefore 
the cell wall composition is reported as the relative propor-
tion of cellulose, hemicellulose, and lignin within the NDF 
fraction of the stems. Evaluation of the cell wall composition 
showed that generally the two types of seed-based hybrids (M. 
sin × M. sin and M. sac × M. sin) remained distinguishable 
from each other and from the two clonally propagated gen-
otypes (GRC 9 and GRC 15). The cell walls of the M. sin × 
M. sin hybrids contained significantly less cellulose and more 
hemicellulose than those of M. sac × M. sin origin. For M. sin 
× M. sin hybrids, cellulose levels averaged 55.5% in 2021 and 
55.6% in 2022, while M. sac × M. sin hybrids and genotypes 
averaged 58.5% and 58.7% in 2021 and 2022, respectively. The 
differences within the group of M. sin × M. sin hybrids were 
relatively small, the largest being 1.4% to 1.7% between GRC 
1 and GRC 7. Within the group of M. sac × M. sin hybrids, it 
stood out that M × g had the highest amount of cellulose, al-
though the difference appeared to be only significant in 2022 
(Figure  2b). For M. sin × M. sin hybrids, the average hemi-
cellulose levels were 34.3% in 2021 and 34.7% in 2022. After 
the first growth year (2021) only a few significant differences 

Yijkr=μ+Hi+Lj+Yk+Br
(

LjYk
)

+HLij+HYik+LYjk+HLYijk+εijkr

Yijk = μ +Hi + Lj + Bk
(

Lj
)

+HLij + εijk
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6 of 15 GCB Bioenergy, 2025

FIGURE 2    |    Cell wall content and composition of the seed-based M. sin × M. sin hybrids (GRC 1–8), M × g (GRC 9), seed-based M. sac × M. sin 
hybrids (GRC 10–11 and GRC 13–14) and the clonally propagated M. sac × M. sin hybrid (GRC 15) at the different trial locations, harvested in spring 
2021 and spring 2022.
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were found within this group of hybrids, while such differ-
ences were absent after the second growth season (Figure 2c). 
Hemicellulose levels of the seed-based M. sac × M. sin hybrids 
and GRC 15 ranged between 29.4% and 31.8% depending on 
the year. In here, only GRC 13 differed significantly from GRC 
15 in both years. The differences in structural polysaccharides 
between M. sin × M. sin and M. sac × M. sin hybrids in this 
study might be originating from the individual breeding pro-
grams they have been selected from, as these traits are not 
necessarily distinct between species (Allison et al. 2011; Qin 
et  al.  2012; Li, Pu, and Ragauskas  2016; Iacono et  al.  2023). 
It stood out that M × g contained considerably less hemicel-
lulose (26.7% in 2021 and 26.3% in 2022) compared to the 
seed-based hybrids in this study (Figure 2c). Higher cellulose 
levels and lower hemicellulose levels of M × g, relative to other 
Miscanthus species, have been reported previously (Hodgson 
et  al.  2010; Allison et  al.  2011; van der Weijde, Dolstra, 
et al. 2017).

Similar to the polysaccharides, the analysed hybrids displayed 
significant variation in lignin content, which was again mainly 
found between the M. sin × M. sin hybrids and the M. sac × M. 
sin hybrids. The M. sin × M. sin hybrids had an average lignin 
content of 10.2% in 2021 and 9.6% in 2022, which was signifi-
cantly lower compared to 11.6% in 2021 and 11.3% in 2022 for 
seed-based M. sac × M. sin hybrids. However, in 2021, lignin 
content between these two groups was similar for samples from 
CHV, while lignin content was 0.3% lower in seed-based M. sac 
× M. sin hybrids compared to M. sin × M. sin hybrids from the 
trial at TWS (Figure  2d). The observation that seed-based M. 
sac × M. sin had the lowest lignin levels at TWS was unique. At 
the other four trial locations, the absolute lignin content of M. 
sin × M. sin hybrids was between 1.3% and 3.4% lower than that 
of the M. sac × M. sin hybrids in 2021. In contrast, in 2022, the 
M. sin × M. sin hybrids had a lower lignin content compared to 
that of the seed-based M. sac × M. sin hybrids at all trial loca-
tions. The lignin content of GRC15 was slightly higher (12.2% 
in 2021 and 11.7% in 2022) than that of the seed-based M. sac 
× M. sin hybrids. Multiple studies have reported lower lignin 
levels for M. sinensis compared to M. sacchariflorus, although a 
considerable range is present in both species (Allison et al. 2011; 
Qin et al. 2012; Li, Liao, et al. 2016). In both growth seasons, 
M × g contained the most lignin, averaging 13.9% in 2021 and 
13.7% in 2022. The lignin content of M × g commonly exceeds 
that of other accessions and genotypes, and its high value can 
be considered a specific characteristic of this hybrid (Hodgson 
et al. 2010; Allison et al. 2011).

The observed similarities in cell wall composition within each 
group of inter- and intra-specific seed-based hybrids may be ex-
plained by the presence of genetic variation within these hybrids. 
Plants of the two clonally propagated hybrids (GRC 9 and GRC 
15) were genetically uniform, while this was not the case for the 
seed-based hybrids. Miscanthus plants are self-incompatible, 
which prevents self-pollination and currently makes it impos-
sible to create inbred lines that are required for genetically 
uniform F1 seed-hybrids (Sacks et  al.  2013; Jiang et  al.  2017). 
Instead, the creation of the seed-based hybrids relies on full-
sib mating, and the resulting offspring will presumably show 
some degree of genetic variation (van der Cruijsen et al. 2021), 
a source of variation absent in the two clonally propagated 

genotypes. The impact of this additional source of variation 
was intended to be minimized by sampling five plants per plot. 
However, this number may have been too small to fully circum-
vent the plot-to-plot variation observed in the cell wall-related 
traits under study. Additionally, although the developed NIRS 
prediction models were highly accurate and comparable to those 
used in previous studies, there is still some degree of deviation 
between the predicted data from the model and the analyzed 
laboratory data (Hodgson et al. 2010; Huang et al. 2012; Payne 
and Wolfrum  2015; Jin et  al.  2017; Kiesel et  al.  2017; van der 
Weijde, Dolstra, et  al.  2017). The external validations showed 
that predictions of ADL (R2 = 0.76) across multiple Miscanthus 
species were slightly more difficult compared to those of 
other components (R2 ≥ 0.90), which has been reported before 
(Hodgson et al. 2010; Kiesel et al. 2017; van der Weijde, Dolstra, 
et al. 2017). Therefore, it is possible that some of the smaller dif-
ferences became partly masked since ADL represents the lignin 
content and is also used in the calculation of cellulose. This lack 
of distinction between more subtle differences might explain the 
absence of variation within both groups of seed-based intra- and 
interspecific hybrids.

3.2   |   Environmental Conditions Affect the Cell 
Wall Composition of Different Hybrids Similarly

The variation in cell wall content and its composition were not 
only determined by the genetic constitution of the hybrids, but 
also by the environmental conditions at each of the trial loca-
tions and growth years (Tables S2 and S3). For cell wall content, 
there was a much stronger interaction effect between location 
and year compared to the individual effects of these factors 
(Table  S2). The cell wall content was the lowest at CHV and 
TWS in 2021 and PAC and ZAG in 2022, where it averaged be-
tween 84.3% and 86.3%. These values were significantly lower 
compared to those of the other growth year at these four loca-
tions (87.5%–89.1%), and also to the values that were observed 
for either year at OLI or SCH (Figure 3a). Similarly, the cell wall 
composition was considerably affected by the environmental 
conditions at the different trial locations and years. The average 
cellulose levels ranged between 57.4% and 59.4% at OLI, SCH, 
and TWS, which was significantly higher than the range from 
53.6% to 55.8% at CHV, PAC, and ZAG (Figure 3b). The largest 
relative difference (10.8%) was observed between OLI (59.4%) 
and CHV (53.6%) in 2021. For hemicellulose, the opposite trend 
was observed, as it averaged between 33.3% and 37.4% at CHV, 
PAC, and ZAG, while its values ranged between 27.9% and 31.5% 
at OLI, SCH, and TWS (Figure 3c). The location effect applied to 
all hybrids, with the largest average difference in hemicellulose 
content being observed between CHV (37.4%) and OLI (27.9%) in 
2021. In both growth seasons, lignin levels were relatively low 
at CHV (8.9% in 2021 and 9.4% in 2022). In contrast, plants at 
OLI in 2021 had on average a significantly higher lignin content 
(12.6%) than those at any of the other trial locations in that year. 
This was no longer true in 2022, as the average lignin content 
at OLI had decreased to 11.4%. The average lignin content also 
differed significantly between years at other trial locations, with 
relative differences of 7.8% at PAC, 6.5% at TWS, and 17.8% at 
ZAG. It was noteworthy that SCH was the only location where no 
significant differences in any of the cell wall components were 
observed between the two growth years. The ranges observed 
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8 of 15 GCB Bioenergy, 2025

FIGURE 3    |    Cell wall content, composition, and cellulose conversion levels for the six trial locations in 2021 and 2022.
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for the different cell wall traits across locations were similar to 
those reported in previous multi-location trials across Europe 
(Hodgson et al. 2010; van der Weijde, Dolstra, et al. 2017).

Identifying factors determining variation between the cell walls 
of plants grown in different environments is often difficult, as 
under field conditions there are many complex interactions that 
together affect the cell wall composition. For instance, studies 
that have addressed the effect of a single abiotic stress showed 
that many external factors (e.g., temperature, wind, drought, 
heavy metal contamination, salinity) can modulate the cell 
wall composition (van der Weijde, Huxley, et  al.  2017; Cheng 
et al. 2018; Gladala-Kostarz et al. 2020; de Freitas et al. 2022; 
van der Cruijsen et al. 2024). Each trial site in the current study 
had a unique environment that was largely defined by the 
combination of climatic conditions and important soil proper-
ties such as composition, water retention, and contamination 
(Awty-Carroll et al.  2022). For example, the soils at CHV and 
TWS were heavy metal contaminated to various degrees (Awty-
Carroll et al. 2022) and exposure to heavy metals can affect vir-
tually all the main cell wall components in plant stems (Cheng 
et al. 2018; Li et al. 2022; Yu et al. 2023). Nevertheless, it is diffi-
cult to disentangle the direct effect of these contaminants on the 
overall composition from the rest of the environment. Similarly, 
with the current data, it is unfeasible to dissect the variables 
that caused, for instance, the differences in cellulose content be-
tween locations or that would explain the high lignin content at 
OLI in 2021. However, for three locations, the strong location 
by year effects seem to be, at least partly, explained by drought 
occurring in one of the growth years.

Low amounts of precipitation combined with high temperatures 
led to drought at CHV in 2020, where from half of May until 
the end of July there was only 25.8 mm precipitation. The most 
extreme drought occurred at PAC in 2021, with only 3.4 mm pre-
cipitation between April until the end of July. In 2021 at ZAG, 
there was a 1.5-month period with little precipitation (21.4 mm) 

between the start of June and the end of July (Figure 4). Although 
the drought spell at ZAG was relatively short compared to 
those of the other two locations, it still affected plant growth 
and significantly reduced their height compared to the previ-
ous year (Magenau et al. 2023). The years with severe drought 
spells had a significant reduction (2.8%–3.3%) in cell wall con-
tent. However, such reductions were not observed for the seed-
based M. sac × M. sin hybrids in the dry year at the CHV trial. 
Although cellulose levels were already lower at CHV, PAC, and 
ZAG compared to the three other trial locations, they declined 
further (2.8%–3.6%) in the years when drought occurred, likely 
explaining to some extent the significant interaction between lo-
cation and year (Table S3). In contrast, hemicellulose increased 
significantly (6.8%–9.6%) at all three trials that experienced 
drought compared to the non-drought year. Lignin was also af-
fected by the lack of precipitation, as drought significantly re-
duced its content by 5.3% at CHV, 7.8% at PAC, and 17.8% at ZAG 
compared to the non-drought year.

Although there was some variation in the extent to which the cell 
wall components of specific hybrids were affected within a sin-
gle location, this variation was not consistently observed across 
the drought-affected locations. Thus, we can conclude that al-
though a generally similar response was observed for all hybrids, 
exceptions may occur under specific conditions. Reductions in 
cell wall content, cellulose, and lignin, which coincided with 
increased hemicellulose levels, have all been reported as conse-
quences of exposure to drought in miscanthus (van der Weijde, 
Huxley, et al. 2017; Hoover et al. 2018). Therefore, it is likely that 
these changes can indeed be assigned to drought since the same 
pattern was also consistently observed in multiple locations that 
experienced drought. In the current study, three out of 12 trial 
environments were affected by drought due to a combination of 
lack of precipitation and high temperatures. It is anticipated that 
droughts of this nature will occur with increasing frequency in 
Europe in the near future (Yuan et al. 2023; Zeng et al. 2023). 
Miscanthus cultivation is likely to be affected by such droughts 

FIGURE 4    |    Precipitation and temperature per week during the growth season in 2020 and 2021 for the six trial locations.
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10 of 15 GCB Bioenergy, 2025

as for economic reasons it is rain-fed rather than irrigated and 
is unlikely to be prioritized over food crops when the availabil-
ity of water is low (Clifton-Brown and Lewandowski 2000; Xie 
et al. 2019). It is important to realize that whether the composi-
tional changes induced by drought would be favorable or detri-
mental properties depends entirely on the intended end use of 
the biomass. Therefore, the development of miscanthus varieties 
that are resilient towards drought and maintain a stable cell wall 
composition is desirable.

3.3   |   Novel Hybrids Outperformed M × g in Terms 
of Cellulose Conversion and Potential Ethanol Yields

Cellulose conversion is defined as the percentage of cellulose that 
was hydrolyzed into glucose monomers during the enzymatic sac-
charification process. The cellulose conversion levels were the high-
est for GRC 1–8, averaging 45.2% in both growth years. Conversion 
levels for seed-based M. sac × M. sin were significantly lower, aver-
aging 39.2% in 2021 and 39.1% in 2022. GRC 15 had slightly lower 
conversion levels (36.6% in 2021 and 37.5% in 2022) than those of 
seed-based M. sac × M. sin, although these differences were mostly 
not significant. In contrast, the cellulose conversion levels of M × g 
were significantly lower compared to any of the other hybrids, av-
eraging 32.0% in 2021 and 31.7% in 2022 (Figure 5a). Although the 
average cellulose conversion levels across all locations appeared to 
be rather similar between both growth years, this was not the case 
for individual environments. First, the general observation that M. 
sin × M. sin hybrids achieved the highest cellulose conversion rates 
was true in all environments with the exception of TWS in 2021. In 

this location, the seed-based M. sac × M. sin hybrids (GRC 10–11, 
GRC 13–14) outperformed the M. sin × M. sin (GRC 1–8) hybrids 
by 4.3% on average. Furthermore, the average cellulose conversion 
levels differed significantly between growth years at every loca-
tion with the exception of SCH. During the drought years at CHV, 
PAC, and ZAG, cellulose conversion increased by 10.5%–16.4% 
relative to the non-drought year. This agrees with the findings of 
Hoover et al. (2018) that drought-induced cell wall modulation in 
M × g made its biomass less recalcitrant to degradation. In compar-
ison, the relative differences in cellulose conversion between both 
years at OLI (5.5%), SCH (2.5%) and TWS (7.7%) were smaller.

The location-to-location and year-to-year differences were in-
dicated by the statistical analysis (Table S2), but also expected 
given that achievable cellulose conversion levels largely depend 
on the cell wall composition. Cellulose conversion was negatively 
correlated to lignin (r = −0.91) and cellulose (r = −0.81), while it 
correlated positively to hemicellulose (r = 0.88). These correla-
tions were in line with values previously reported (Belmokhtar 
et  al.  2017; van der Weijde, Kiesel, et  al.  2017) and can be ex-
plained by the unique structural properties of each component. 
High lignin levels constitute the main barrier for efficient cel-
lulose conversion, as they protect cellulose fibrils and prevent 
the enzymes from hydrolyzing them (Li, Liao, et  al.  2016). In 
addition, previous studies have reported that miscanthus plants 
with higher cellulose levels often have a higher level of crystal-
linity, while the presence of hemicellulose tends to decrease cel-
lulose crystallinity (Xu et al. 2012; Li et al. 2013). The organized 
structure of crystalline cellulose limits enzymatic accessibility 
and thereby has a negative effect on saccharification efficiency 

FIGURE 5    |    Cellulose conversion for the miscanthus hybrids at the six trial locations in 2021 and 2022 (a). Correlations between cellulose conver-
sion and cell wall components (b).
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(Yoshida et al. 2008; Zhang et al. 2013). Another consideration 
from our results is that plants with lower lignin levels, result-
ing from either genetic factors or environmental conditions, al-
ways had reduced cellulose levels and increased hemicellulose 
levels, and vice versa. These observations explain both the high 
correlations existing between each of the cell wall components 
(Figure S1) and the high correlations of each component with 
cellulose conversion (Figure 5b).

The potential ethanol yields of each hybrid depend on the cellu-
lose content within the cell walls, the enzymatic conversion ef-
ficiency of cellulose to glucose, and the overall stem yield. Stem 
yields at the six trial locations were determined after the third 
growth season, indicating they should generally be representa-
tive for those in mature stands (Arnoult et  al.  2015; Kalinina 
et  al.  2017). The average stem yield of M × g varied between 
588 g m−2 and 1532 g m−2 at TWS, PAC, ZAG, and OLI. For indica-
tive purposes, M × g plants from the adjacent trial at SCH yielded 
on average 1950 g m−2 (Figure S2). These averages show that, al-
though with considerable variation between plots, only at OLI 
(and likely at SCH) M × g achieved the high yields that have been 
regularly reported in the literature (Clifton-Brown et al. 2001; 
Zub et al. 2011; Gauder et al. 2012). Yields at the lower end of 
the spectrum might be explained by the harsh growing condi-
tions on marginal lands, such as less favorable soil conditions 
and structure (Magenau et al. 2022). However, large variations 
in yield between locations are also not unique for M × g, and the 
current results fall well within the broader ranges reported else-
where (Lesur-Dumoulin et al. 2016; Shepherd et al. 2020).

Yields of the other experimental hybrids also varied considerably 
between trials, and there was no single hybrid that outperformed 
all the others in terms of yield at every location (Figure S2). It 
stood out that the highest average yields at each location, except 
for CHV, were all achieved by M. sac × M. sin hybrids, which 
ranged from 1224 g m−2 (GRC 15, ZAG) to 1848 g m−2 (GRC 15, 
SCH). In comparison, the best performing M. sin × M. sin hy-
brid at each location yielded between 962 g m−2 (GRC 7, ZAG) 
and 1246 g m−2 (GRC 8, SCH). The doubled planting density for 
M. sin × M. sin hybrids was intended to compensate for their 
smaller stature, although a recent study provided no evidence 
that doubling the planting density would indeed lead to in-
creased yields in M. sinensis (Ouattara et al. 2020). For all hy-
brids, stem weights varied considerably between the individual 
plants within each plot, which also led to a large within-group 
variance in estimated means per plot. Consequently, although 
there appeared to be considerable variation between the average 
yields of hybrids within each location, these differences were 
rarely found to be significant (Figure S2). Yield measurements 
were averaged over five plants per plot, which might still be too 
small in surface area and plant number to sufficiently reduce 
between-plot variance for reliable yield assessments in mis-
canthus (Knörzer et al. 2013). Nevertheless, even over a larger 
surface area, it remained difficult to significantly distinguish 
these hybrids based on their third year yields (Awty-Carroll 
et al. 2022). The lack of significant differences indicates that in 
most of these trials, seed-based hybrids achieved comparable 
yields to those of M × g.

Since yield differences were generally not significant, it means 
that performance in terms of theoretical ethanol yields would 

largely depend on the availability of cellulose and the achiev-
able cellulose conversion rates. Considering the amount of 
cellulose, it stood out that seed-based M. sac × M. sin hybrids 
contained on average 7.7%–10.0% less cell walls compared to the 
other hybrids. Consequently, although these hybrids exhibit a 
high cellulose content within the NDF fraction, their cellulose 
content per gram of dry matter is lower compared to most other 
hybrids evaluated in this study (Figure  S3). On average, the 
highest availability of cellulose was achieved by M × g and GRC 
15, as they combined high cell wall content with high cellulose 
levels. In contrast, the highest cellulose conversion levels were 
achieved by the M. sin × M. sin hybrids. If stem yields are con-
sidered equal and cellulose levels and conversion are taken into 
account, the theoretical ethanol yields of M. sin × M. sin hybrids 
would be 32.9% higher compared to M × g. The seed-based M. 
sac × M. sin and GRC15 would yield 9.8% and 13.1% more etha-
nol compared to M × g under the same assumptions (Figure 6). 
Thus, M × g needs to achieve considerably higher biomass yields 
compared to the other hybrids to match their theoretical ethanol 
output.

Since M × g did not achieve significantly higher stem yields at 
any of the trial locations, these findings suggest that under all 
conditions, other hybrids performed better in terms of theo-
retical ethanol yields. However, it is important to consider 
that when focusing solely on averages, the yields of M × g at 
OLI and SCH surpassed those of the most productive seed-
based M. sin × M. sin hybrids by 36.4% and 56.5%, respectively. 
Furthermore, when compared to the highest yielding seed-
based M. sac × M. sin hybrids, the yield of M × g was 25.1% 
higher at OLI and 42.1% higher at SCH. Thus, although the 
observed differences were not significant, it does appear that 
M × g had a yield advantage in these two locations. However, 
in both locations, the yields of M × g were roughly equal 
to those of GRC 15, indicating that the latter would be the 
best prospect for ethanol yields. Also, the reported cellulose 

FIGURE 6    |    Theoretical ethanol yield based on the average biomass 
yield in the third growing season (harvested spring 2021) from each hy-
brid per trial location. GRC 1–8: Seed-based M. sin × M. sin hybrids, 
GRC 9: M × g, GRC 10–11/13–14: Seed-based M. sac × M. sin hybrids, 
GRC 15: Clonally propagated M. sac × M. sin. Calculations of ethanol 
yield were based on the averaged cellulose content and cellulose conver-
sion rates across trials and years for each of the specified GRC-hybrid 
subsets. Vertically dashed lines indicate the observed ranges per subset.
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conversion levels are only valid for the experimental con-
ditions used in this study, where pretreatment intensity was 
moderate, as it allows discrimination between hybrids (van 
der Weijde, Kiesel, et  al.  2017). Nevertheless, several studies 
have illustrated that a more amenable cell wall composition 
also increased saccharification efficiency and ethanol produc-
tion in larger scale testing facilities that more closely resemble 
full-scale production plants (Belmokhtar et  al.  2017; Cerazy-
Waliszewska et  al.  2019; Bhatia et  al.  2020). For instance, 
Cerazy-Waliszewska et al. (2019) also reported higher polysac-
charide conversion rates for M. sin (83% and 86%) compared 
to M × g (62% and 76%). However, in their study, the yields of 
M × g (21.5 t ha−1) were significantly higher than those of M. 
sin (17.0 t ha−1), leading to slight differences in estimated etha-
nol levels. Regarding yield, it was clear that M × g struggled to 
reach its potential yields at most of the trial locations. A previ-
ous study on mostly arable lands revealed that although M × g 
performed relatively well in terms of yield, it was still often 
matched or even surpassed by other accessions and genotypes 
(Kalinina et al. 2017). Additionally, these other accessions and 
genotypes also had higher theoretical ethanol yields (van der 
Weijde, Dolstra, et  al.  2017). Higher yields positively impact 
the production of ethanol and methane from a sustainabil-
ity point of view and are also critical for economic viability 
(Lask et al. 2019; Wagner et al. 2019; Adler 2023). Both current 
and past findings highlight that certain miscanthus hybrids 
have the potential to outperform M × g in terms of projected 
ethanol yields, especially when cultivated on marginal lands. 
Therefore, depending on the specific environment and poten-
tial end-uses of the biomass, it would be beneficial to carefully 
consider these alternative miscanthus hybrids instead of M × g 
when establishing new cultivation areas.

4   |   Conclusion

The purpose of this study was to evaluate how recently devel-
oped miscanthus hybrids would compare to M × g when culti-
vated on marginal lands in terms of yield, cell wall composition, 
and suitability for bioconversion into ethanol. The results 
showed that in most environments, M × g struggled to obtain sig-
nificantly higher yields under sub-optimal environmental con-
ditions compared to the novel hybrids. The seed-based M. sac × 
M. sin hybrids accumulated less cell wall compared to the other 
hybrids. This was likely due to their late maturation, which had 
a negative impact as it lowered the absolute amount of cell wall 
components per gram of dry matter. The cell wall composition of 
the seed-based hybrids differed significantly from that of M × g, 
resulting in higher cellulose conversion levels for the seed-based 
hybrids. In particular, the cell wall composition of the M. sin × 
M. sin hybrids was beneficial for conversion, which under cer-
tain conditions could largely compensate for their lower biomass 
yield potential. Considering all aspects of performance, either 
the seed-based hybrids or GRC 15 would have achieved higher 
theoretical ethanol yields compared to M × g in each of the eval-
uated environments. Although M × g remains the most widely 
cultivated miscanthus genotype, replacing it with improved va-
rieties would be more beneficial for bioethanol production on 
marginal lands. Further breeding efforts would likely lead to 
new varieties better adapted to challenging conditions and suit-
able for other dedicated end-uses.
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