& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Wagner Rodrigo De Souza,
Federal University of ABC, Brazil

REVIEWED BY
Jozef Mravec,

University of Copenhagen, Denmark
Jacek Zebrowski,

University of Rzeszow, Poland

*CORRESPONDENCE
Maurice Bosch
mub@aber.ac.uk

RECEIVED 31 January 2023
ACCEPTED 05 May 2023
PUBLISHED 06 June 2023

CITATION

lacono R, Slavov GT, Davey CL,
Clifton-Brown J, Allison G and Bosch M
(2023) Variability of cell wall recalcitrance
and composition in genotypes of
Miscanthus from different genetic groups
and geographical origin.

Front. Plant Sci. 14:1155188.

doi: 10.3389/fpls.2023.1155188

COPYRIGHT
© 2023 lacono, Slavov, Davey,
Clifton-Brown, Allison and Bosch. 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.

Frontiers in Plant Science

TvpPE Original Research
PUBLISHED 06 June 2023
Do110.3389/fpls.2023.1155188

Variability of cell wall
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different genetic groups and
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Miscanthus is a promising crop for bioenergy and biorefining in Europe. The
improvement of Miscanthus as a crop relies on the creation of new varieties
through the hybridization of germplasm collected in the wild with genetic
variation and suitable characteristics in terms of resilience, yield and quality of
the biomass. Local adaptation has likely shaped genetic variation for these
characteristics and is therefore important to quantify. A key biomass quality
parameter for biorefining is the ease of conversion of cell wall polysaccharides to
monomeric sugars. Thus far, the variability of cell wall related traits in Miscanthus
has mostly been explored in accessions from limited genetic backgrounds. Here
we analysed the soil and climatic conditions of the original collection sites of 592
Miscanthus genotypes, which form eight distinct genetic groups based on
discriminant analysis of principal components of 25,014 single-nucleotide
polymorphisms. Our results show that species of the genus Miscanthus grow
naturally across a range of soil and climate conditions. Based on a detailed
analysis of 49 representative genotypes, we report generally minor differences in
cell wall characteristics between different genetic groups and high levels of
genetic variation within groups, with less investigated species like M. floridulus
showing lower recalcitrance compared to the other genetic groups. The results
emphasize that both inter- and intra- specific variation in cell wall characteristics
and biomass recalcitrance can be used effectively in Miscanthus breeding
programmes, while also reinforcing the importance of considering biomass
yield when quantifying overall conversion efficiency. Thus, in addition to
reflecting the complexity of the interactions between compositional and
structural cell wall features and cell wall recalcitrance to sugar release, our
results point to traits that could potentially require attention in breeding
programmes targeted at improving the Miscanthus biomass crop.
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1 Introduction

Mitigating the effects of climate change while coping with shortages
of fossil fuels is the challenge that defines our time and calls for shifting
to renewable sources of fuel and chemicals. Plant biomass is an
abundant source of building blocks for fuel and chemicals, thus
having the potential to replace fossil feedstock for their production.
Facilities dedicated to processing biomass to produce fuel, electricity,
and chemicals are defined as biorefineries. However, to become a
realistic alternative to petrol refineries, biorefineries require a constant
supply of feedstock with optimal characteristics for the specific
conversion processes (Hoang et al., 2015; Torres et al., 2019; Oyedeji
et al., 2021; Brancourt-Hulmel et al., 2022).

Perennial biomass crops, ideally grown on lands not used for
food production (e.g. marginal lands), represent attractive
feedstocks for biorefining (Kang et al,, 2013; Von Cossel et al,
2019; Yang et al,, 2019; Pancaldi and Trindade, 2020). Perennial
rhizomatous grass species of the genus Miscanthus, exhibiting C4
photosynthesis and widely distributed in East Asia with 16 species
described in the wild (The Plant List, 2013), are one of the best
candidates for the implementation of these cropping systems in
Europe (Clifton-Brown et al., 2019a; Clifton-Brown et al., 2019b).

The cell wall, rich in sugar and aromatic molecules is the main
energy and carbon sink in nature incorporating 45% of the fixed
carbon (Barnes and Anderson, 2018; Tang et al,, 2018). It is the main
component of plant biomass and the one with the highest potential for
producing chemicals and fuel (Albersheim et al, 2011). Its structure
and composition depend on the organ considered (da Costa et al,
2017), the phenological stage (Rancour et al., 2012) as well as on the
genetic background of the plant (da Costa et al, 2017). Importantly,
being the dynamic interface between the plant and the external
environment, the composition and structure of the cell wall can
change in response to a plant’s exposure to external stressors (Moura
et al., 2010; Domon et al., 2013; Le Gall et al., 2015; Vaahtera et al.,
2019; Gladala-Kostarz et al., 2020). The interplay between the
maintenance of cell wall integrity and reaction to environmental
stresses has been reviewed recently by Baez et al. (2022).

A key biomass quality parameter for biorefining is the ease by
which cellulosic and hemicellulosic cell wall polysaccharides can be
converted to monomeric sugars (DeMartini et al., 2013). The
complex and dynamic structure of the cell wall has evolved to
maintain its functional integrity in response to developmental and
environmental cues. This has resulted in the natural recalcitrance of
the cell wall to deconstruction (McCann and Carpita, 2015), which
hinders the profitable use of biomass for the production of fuel and
chemicals (DeMartini et al., 2013).

Miscanthus species can intercross and produce sterile hybrids
(Tamura et al, 2016) and the use of hybridization between selected
lines has been proposed as a suitable breeding technique to develop
Miscanthus into a specialized bioenergy and biorefining crop
(Lewandowski et al., 2016). In the last decade, this approach led to
the development of new hybrids (Kalinina et al., 2017; Clifton-Brown
et al, 2019a; Clifton-Brown et al., 2019b) commercialized by
companies such as Terravesta (Lincoln, UK). The hybridization
technique to create new hybrids relies on the existence of a sufficient
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range of intra- and inter-specific variability in the target traits and on
the ability to identify the most promising parental lines expressing
them. However, the extent of variability for cell wall traits in the genus
Miscanthus has mostly been explored in the natural hybrid M. x
giganteus and its parent species M. sacchariflorus and M. sinensis
(Lygin et al., 2011; van der Weijde et al., 2017b; da Costa et al., 2019;
Bilska-Kos et al., 2022). There is little information on the variation in
cell wall related traits between Miscanthus genotypes from a wider
range of different genetic groups.

The process of selecting parental lines for the production of hybrids
starts with the collection of promising germplasm in the wild. This
phase is time-consuming and expensive. Notably, the structure and
composition of the cell wall are presumably adapted to the
environmental conditions where the genotype was originally
collected. Thus, geographical information plays an important role in
the process of selection of germplasm for the creation of varieties with a
superior biomass quality for conversion. For instance, Li et al. (2016)
found that there is a relation between the geographical area where a
Miscanthus accession was sampled and the amount of glucose released
with enzymatic digestion after acid or alkali pretreatment.

In this context, spatial analysis using geographic information
system (GIS) technology (Hyman et al, 2013) can assist plant
breeding by uncovering the environmental associations of
germplasm across a wide range of collection sites (Hijmans and
Spooner, 2001). Breeders routinely use spatial analysis (i.e., either
explicitly or implicitly) to inform the decision about where to test
and disseminate crop varieties (Oshunsanya and Aliku, 2016) and
to identify interesting starting materials such as for the resilience to
abiotic stress in wild accessions (Hijmans and Spooner, 2001). For
example, Malinowska et al. (2017) found that a model based on the
precipitation and temperature conditions in the area of origin of
Miscanthus genotypes can predict their resistance to drought.

Here, we focused on Miscanthus genotypes grown in a spaced
field trial and used analysis of single-nucleotide polymorphism
(SNP) data and the pedo-climatic conditions of their original
collection sites to select representatives belonging to broadly
diverse and distinct genetic groups. We demonstrate the value of
using environmental data to identify sites where germplasm of the
genus Miscanthus with suitable characteristics can be found, with
the potential to assist breeding programmes. We report differences
in cell wall characteristics between and within the different genetic
groups of Miscanthus, including for recalcitrance to enzymatic
sugar release, identify compositional and structural features that
correlate with cell wall recalcitrance and discuss the practical
implications of our findings.

2 Materials and methods

2.1 Plant material, genetic groups and
sample preparation

2.1.1 Experimental field and origin of
Miscanthus genotypes

Genotypes of Miscanthus were selected from the ABR33
replicated field trial established between 2012 and 2014 near
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Aberystwyth (Wales, UK; 52° 25° 57.7” N - 4° 01’ 33.2” W). Briefly,
953 Miscanthus accessions (i.e., genotypes), which had previously
been brought into and grown across Europe, were propagated
vegetatively using rhizome division and planted in a Randomised
Complete Block Design, with one replicate per genotype in each of
three blocks planted at 1.5 x 1.5 m spacing. In addition to previously
established trials near Aberystwyth, rhizome propagules had been
collected from trials near Catania (Sicily, Italy) and Braunschweig
(Lower Saxony, Germany). The original source geographic
coordinates were available for 592 out of the 953 genotypes in
ABR33 and were downloaded from the IBERS MScan Database
(Huang et al, 2019). These 592 Miscanthus genotypes were
originally collected from an area between 18° 30’ 0” N - 109° 18’
18” E and 45° 12’ 25.92” N - 144° 26’ 42” E and included South-East
China, South Korea, Taiwan, and Japan. In terms of altitude, the
genotypes were collected from sea level to 3000 m above sea level.

2.1.2 Identification of genetic groups

Leaf samples were collected from all 953 genotypes that
survived through the spring of 2015 and DNA was extracted
using previously described protocols (Slavov et al,, 2013a). RAD-
Seq genotyping was then performed by Floragenex as described by
Slavov et al. (2014). Because several species of Miscanthus were
sampled (Figure 1), and reference genome data was only available
for some of these, RAD-Seq reads were aligned and single
nucleotide polymorphism (SNP) genotyping data generated using
the reference-free UNEAK pipeline (Lu et al., 2013), which is
particularly suitable for species with highly repetitive and
complex genomes, such as Miscanthus (Mitros et al., 2020; De
Vega et al,, 2021; Zhang et al., 2021). The default parameters of
UNEAK were used and data was exported for 25,014 SNPs that had
minor allele frequencies of at least 0.0025 (i.e., at least 5 minor allele
copies) and call rates of at least 80%. To define genetic groups
objectively, the resulting SNP data were subjected to discriminant
analysis of principal components (DAPC) using the adegenet R

10.3389/fpls.2023.1155188

package (Jombart, 2008; Jombart et al., 2010), and the ‘optimal’
number of groups was selected using the find.clusters function
within the adegenet R package.

2.1.3 Sample collection and processing

Sample collection and processing was performed as described
by Huang et al. (2019) with some minor modifications. Briefly,
above-ground biomass was collected in early spring 2016 from 49
completely senesced Miscanthus genotypes across different genetic
groups, with three biological replicates for each genotype. At the
time of sampling, the plants were 4 years old. The cut biomass
(comprised of stem and leaf material) was weighed to determine the
total fresh weight. A sub-sample of approx. 200 g was removed and
its relative moisture content was determined after drying at 60°C to
constant weight. The percentage of moisture was used to calculate
the approximate dry weight per harvest per plant. Dried samples
were ground to a 1.5 mm mesh and stored at room temperature
until further processing. Yield data for the biomass harvested for
each genotype in 2016 was obtained from the MScan database
at IBERS.

2.1.4 Cell wall preparation

All compositional analyses were carried out on purified cell
walls. Approximately 70 mg of the 1.5 mm mesh biomass samples
were weighed in 2 mL microtubes (Sarstedt, Cat. 72.609.001) along
with two stainless steel balls and positioned in a Plant Grinding and
Preparation System from Labman® similar to the one described by
Santoro et al. (2010).

Cell wall material was extracted as described by da Costa et al.
(2014) with minor modifications. The efficacy of the extraction at
several steps was tested, as suggested by Fry (1988). Cell wall
purification was performed using an alcohol-insoluble residue
(AIR) preparation followed by starch removal. Preparation of AIR
started with the addition of 1.5 mL of 70% v/v ethanol, followed by
thorough vortexing (2400 rpm x 30 sec) and incubation for 16 hin a
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Genetic groups of Miscanthus in the ABR33 field trial based on Discriminant Analysis of Principal Components (DAPC). (A) Inference of ‘optimal’
number of groups based on the rate of change of model Bayesian Information Criterion (BIC). (B) Scatter plot of the first two linear discriminants
(LD1 and LD2), with groups labelled using a priori species designation: sin = Miscanthus sinensis; flor = M. floridulus; sacc = M. sacchariflorus; lut =
M. lutarioriparius; gig = M. X giganteus and inset showing the eigenvalues of discriminant analysis (DA).
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shaking incubator set at 40°C and 150 rpm. Samples were then
centrifuged at 10,000 rpm to pellet the residue. The pellet was
repeatedly washed with 70% v/v ethanol until a stable A280 reading
of the supernatant. Subsequently, the pellet was washed twice by
adding 1.5 mL of a chloroform/methanol (1:1) solution, vortexed to
resuspend the pellet, and incubated for 30 min at 25°C and 150 rpm.
After each wash, samples were centrifuged at 10,000 rpm for 10 min
and the supernatant was discarded. Finally, the pellet was washed
three times with 1.5 mL of 100% acetone with resuspension by
vortexing, incubation, centrifugation, and discarding of supernatant
performed as in the previous step. The samples were then dried
under airflow at room temperature. After this step, dry samples
were stored at room temperature until further processing.

Starch was removed using ci-amylase from the porcine pancreas
(Novozyme E-PANAA-3G), following the method described by
Foster et al. (2010) as adapted by da Costa et al. (2014), with minor
additional modifications. Briefly, starch removal was initiated by re-
suspending the AIR pellet in 1.5 mL of 0.1 M sodium acetate buffer
pH 5. Tubes were capped and incubated at 80°C for 20 min to
gelatinize the starch. Afterwards, samples were cooled on ice,
centrifuged at 10,000 rpm, and the supernatant was discarded.
The resulting pellet was washed three times with 1.5 mL of H,O.
Next, 1.5 mL of a mixture containing 0.3 uL of 1% w/v sodium
azide, 15.6 pL of porcine oi-amylase (3000 U mL™") and 1.4841 mL
of H,O were added to each sample. Samples were incubated in a
shaking incubator for 48 h at 35°C and 110 rpm. The digestion was
terminated by heating the samples to 95°C for 15 min, and the
samples were subsequently cooled on ice. Finally, samples were
centrifuged (10,000 rpm for 10 min), and the supernatant was
discarded. Pellets were washed three times with water and two times
with 100% acetone, as described previously, and dried at room
temperature under a gentle flow of air. The absence of starch was
confirmed using Lugol’s staining test as described by Barnes and
Anderson (2017).

2.2 Acid hydrolysis for total
monosaccharide release

The total monosaccharide composition of cell wall material was
determined by double hydrolysis (Sacman, 1945; Sluiter et al., 2008;
Pettolino et al., 2012; Petit et al,, 2019). Approximately 10 mg of the
previously prepared cell wall material was weighed into 10 mL
Pyrex glass tubes fitted with polypropylene caps. Subsequently,
0.100 mL of 72% (w/w) H,SO, was added, and the tubes were
capped and placed on a heating block set at 30°C for 60 min, during
which time the samples were vortexed every 5 to 10 minutes. A set
of sugar recovery standards (SRS) was prepared and taken through
the remaining hydrolysis to correct for losses due to the destruction
of sugars during dilute acid hydrolysis. Subsequently, deionized
water was added to obtain a 4% (w/w) H,SO, solution, and samples
were mixed to eliminate phase separation. The sealed tubes were
placed in an autoclave at 121°C for 1 h. Once at room temperature,
the tubes were centrifuged to produce a particulate-free
supernatant, and the samples were diluted ten-fold by taking
0.100 mL of each sample and mixing it with 0.900 mL of
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deionized water. Samples were stored at —20°C until analysis. Just
before analysis, samples were diluted 1 to 200 in ultrapure water and
enzymatically released amounts of glucose (Glc), xylose (Xyl), and
arabinose (Ara) were quantified using the high-performance anion
exchange chromatography system as described below in section 2.4.

2.3 Saccharification analysis

Enzymatic release of monosaccharides was performed as
described by Resch et al. (2015) and modified by da Costa et al.
(2015) and Petit et al. (2019). Briefly, approximately 10 mg of cell
wall material was manually weighed out in 2 mL polypropylene
microtubes with a screw cap (Sarstedt, Cat. 72.609.001). The exact
sample weight was recorded. Then, 0.3 mL of 100% acetone was
added to each sample to collect the material at the bottom of the
tube. Acetone was left to evaporate under a stream of air overnight.
Next, 1 mL of saccharification mixture was added having the
following composition: 0.957 mL of 0.025 M potassium acetate
buffer (pH5.6), 0.0024 mL of cellulase from Trichoderma reesei
(Cellulase, Sigma Aldrich, code C2730), 0.0006 mL of 3-glucosidase
from Aspergillus niger (Novozyme 188, Novozyme, discontinued),
and 0.040 mL of 1% sodium azide to repress bacterial growth. The
mixture was prepared in a single batch and kept at 4°C until use.
Samples were incubated for 48 h at 50°C in a shaking incubator set
at 150 rpm. Subsequently, samples were centrifuged at 10,000 rpm
for 5 min, and 0.9 mL of the supernatant was transferred to a new 2
mL polypropylene tube and stored for 2-3 days at —20°C until
monosaccharide quantification. Just before analysis, samples were
diluted 1:50 in ultrapure water and enzymatically released amounts
of glucose, xylose, and arabinose were quantified using the high-
performance anion exchange chromatography system as described
below in section 2.4.

2.4 Monosaccharide quantification

Monosaccharides in the solutions were separated and quantified
by high-performance anion exchange chromatography (Thermo
Fisher Scientific Inc. ICS-5000) coupled with pulsed amperometric
detection (HPAEC-PAD) operated at 45°C using a CarboPac SA10
(4x250 mm) column with a CarboPac SA10G (4x50 mm) guard
column. An eluent generator coupled to the system continuously
prepared a KOH solution at 0.001 M for isocratic elution at a flow
rate of 1.5 mL/min for 14 min. A volume of 0.025 mL of the sample
was injected into the column and detected by PAD using a gold
working electrode and an Ag/AgCl reference electrode. A set of
calibration standards was prepared. The calibration curve was
validated between 5 pug/mL and 40 pg/mL. Immediately before
the HPAEC-PAD analysis, 0.080 mL of each 1:10 diluted sample
was neutralized by adding 0.320 mL of 0.02 M KOH. Samples were
further diluted 1:4 with deionised water, to a final dilution of 1:200
(da Costa et al., 2015). Aliquots of 0.400 mL of the diluted samples
were then filtered through 0.45 pm nylon filter vials (Thomson
SINGLE STEP; Thomson Instrument Company, Oceanside,
California, USA). The Chromeleon software (v. 7.1; Thermo
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Fisher) was used for data processing. External calibration standards
were used to identify and quantify the three most prominent
monosaccharides detected in the chromatograms: glucose (Glc),
xylose (Xyl), and arabinose (Ara).

2.5 Near infrared spectroscopy data

For each genotype, the content of cellulose, hemicellulose and
lignin predicted by near-infrared spectroscopy (NIR) was
determined by Analytical Chemistry (IBERS, Aberystwyth
University) following procedures described by Allison et al. (2011).

2.6 Geo-environmental data sourcing

2.6.1 Genotype geographical origin details

Based on data from MScan, a complete list of the accessions
included in the ABR33 trial was compiled. For accessions that were
originally collected in the wild, source geographic coordinates, as
determined using the Global Positioning System (GPS), were
downloaded in a comma-separated file format.

2.6.2 Species distribution in the wild

The distribution of Miscanthus species in the wild was mapped
using data from the Global Biodiversity Information Facility (GBIF)
(Gbif.Org, 2019). The GBIF database contains data on species
observations, including exact coordinates, from different sources.
Data were standardized between various sources using the Darwin
Core Standard (Wieczorek et al, 2012). The number of species
observations per geographic point was counted and mapped using
the R programming language (R Core Team, 2018).

2.6.3 Climatic data

Temperature-related and precipitation-related bio-climatic
variables (Table S1) were retrieved from the WorldClim database
v.1.4 (Hijmans et al., 2005) for all georeferenced genotypes using R
as described by Hijmans and Elith (2013). The resulting dataset was
downloaded in comma-separated format.

2.6.4 Soil data

Chemical and physical properties of the topsoil (TS, 0 - 100 cm
from ground level) and the subsoil (SS, >100 cm from ground level)
for each sampled location were downloaded from the Harmonized
World Soil Database (HWSD) (Fao/liasa/Isric/Isscas/Jrc, 2009) in
Microsoft Access format, then converted to a SQL 3 format using
the MS Access to Sqlite3 Converter software (https://github.com/
sanandrea/mdb2sq3). The resulting data was downloaded into a
comma-separated file. Table S2 shows an overview of the
soil variables.

2.6.5 Geo-environmental data analysis

Principal Component Analysis (PCA) was used to identify the
traits with the largest contribution to the overall variability and
consequently select genotypes (Maji and Shaibu, 2012) using the
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get_pca_var function in the factoextra package of R (R Core
Team, 2018).

2.7 Statistical analysis of cell
wall characteristics

Linear mixed-effect models (LMEMs) were used to test the
effect of genetic group on the cell wall characteristics quantified in
this study. We chose to use LMEMs as opposed to conventional
analyses of variance (ANOVA) because of the unbalanced design of
our experiment (i.e., different numbers of genotypes in different
genetic groups), heteroscedasticity revealed by exploratory plots,
and potential lack of independence of genotypes within genetic
groups (i.e., because of coancestry). In LMEMs aimed at identifying
contrasts among groups, genetic group was treated as a fixed effect
and genotype and biological replicate as random effects. We also
used LMEMs with all effects treated as random to partition the
overall trait variance into group, genotype, and environmental
sources (i.e., biological replicate and residual). Al LMEMs were
fitted using the Imer function in the lmerTest R package
(Kuznetsova et al.,, 2017), which is an extended version of the
same function in the widely used lme4 package (Bates et al., 2015).
To identify significant contrasts, LMEMs with genetic group treated
as a fixed effect were then passed on to the emmeans function from
the emmeans R package (Lenth, 2022). Finally, results from these
contrasts were visualized using a compact letter display obtained
using the cld function from the R package multcomp (Hothorn
et al,, 2008). The datasets and the code used for the statistical
analysis presented in this paper are available at: https://github.com/

Rosariolacono/Iaconoetal2023Data.

3 Results

3.1 Genetic groups and geospatial
distribution of Miscanthus genotypes

Based on results from DAPC, the ‘optimal’ number of groups
was set at eight (i.e., there was no further reduction of the Bayesian
Information Criterion with higher numbers of groups, Figure 1). M.
sinensis was the only species represented by multiple groups (n = 4,
Table 1). As expected, M. x giganteus formed a separate group with
intermediate clustering between its parental species (M. sinensis and
M. sacchariflorus).

The four species of Miscanthus included in this study (M.
sacchariflorus, M. sinensis, M. floridulus, and M. lutarioriparius)
are distributed across a broad geographic area (blue shading in
Figure 2). The distribution of the 592 Miscanthus genotypes
included in the ABR33 trial (red dots in Figure 2) fell within the
distribution of their corresponding genetic group reported in the
GBIF database. Despite the extensive distribution overlap between
M. sacchariflorus and M. sinensis, collection points of both M.
sacchariflorus and M. sinensis in mainland China were recorded in
areas where there was no GBIF report of the two species in the wild
(red dots outside of the blue area), corroborated by collection points
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TABLE 1 List of genetic groups and their ID as used in this paper.

Group ID Genetic group

M1 M. sinensis South Japan
M2 M. sinensis (EMI/PRI)
M3 M. sinensis North Japan
M4 M. sinensis Taiwan

M5 M. floridulus

M6 M. sacchariflorus/robustus
M7 M. x giganteus

M8 M. lutarioriparius

of inter-specific M. x giganteus hybrids in close proximity
(Figure 2). In addition, M. floridulus and M. lutarioriparius
genotypes were collected from a relatively small part of their
respective distribution areas (Figure 2). Taken together, these
observations point to the opportunity offered by databases like
the one from GBIF to inform future germplasm collection
campaigns and to the presence of vast unexplored areas where

10.3389/fpls.2023.1155188

interesting new accessions could be found. Moreover, they highlight
the possibility that more inter-specific hybrids, similar to
commercially grown M. x giganteus, could perhaps be found with
targeted collection campaigns in areas of coexistence of
different species.

3.2 Pedo-climatic conditions

Using the coordinates for each collection point of the 592
Miscanthus genotypes, it was possible to retrieve a complete series
of climatic and soil variables from the WorldClim database (Fick
and Hijmans, 2017) and the Harmonised World Soil Database (Fao/
liasa/Isric/Isscas/Jrc, 2009), respectively. The data describing
climatic conditions over the last 50 years and soil conditions of
the sites of origin of the 592 genotypes resulted in a multivariate
dataset comprising 51 variables. The list and description of the
variables are available in Tables SI, S2. The high number of
variables and the well-known interdependence between
precipitation, temperature, and pedologic conditions in specific
environments suggested that the dataset may not be of full rank
and some variables were partly redundant. To visualize the relations
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Area of distribution of Miscanthus species in the wild and collection points for genotypes in ABR33. The distribution of Miscanthus species is
presented using data from the Global Biodiversity Information Facility (GBIF). The x-axis and y-axis indicate longitude and latitude, respectively. Blue
shading represents the areas where each species has been reported in the wild according to the GBIF database, while the red dots represent the
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between the environmental variables we calculated the correlation
between the variables in the soil-climate dataset (Figure S1). These
correlations indicated that Miscanthus species can grow across a
wide range of conditions in terms of salinity, seasonality of
precipitation and soil composition.

3.3 Selection of 49 genotypes

We selected a number of representative genotypes to examine
the cell wall properties of Miscanthus across different source
locations and genetic groups. The pedo-climatic PCA score plot is
presented in Figure 3 and the plot of PCA loadings is shown in
Figure S2. The first two components of the PCA model explained
40% of the total variance in the dataset. The first principal
component (explaining 25.4% of the model variability) separated
the M. floridulus group (mostly positive scores of green dots) from
the other groups, particularly M. sacchariflorus (purple
dots; Figure 3).

Analysis of the loadings shows that the inverse relation between
the amount of precipitation (PTA, positive) and soil pH (T_PH and
S_PH, negative) at Miscanthus collection sites are major
contributors to the ordination along PC1 (Figure S2). Accessions
in the M. floridulus group tended to be found in environments with
high precipitation and low pH, while accessions of the M.
sacchariflorus group were collected from environments
characterized by a low amount of precipitation and higher values
of pH in the soil. It is worth noting that pH is one of the main
factors affecting soil nutrient availability. Soils with low pH
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FIGURE 3

Principal component analysis (PCA) of climate and soil variables for
sampling locations of ABR33 genotypes. Scores for the first and
second principal components (PC1 and PC2) are shown along the
x- and y-axis, respectively, with proportions of variance explained
shown in parentheses. Labels indicate genotypes selected for
biomass characterization. The loadings for PC1 and PC2 are shown
in Figure S2. M1 = M. sinensis from South Japan, M2 = M. sinensis
EMI/PRI, M3 = M. sinensis from North Japan, M4 = M. sinensis from
Taiwan, M5 = M. floridulus, M6 = M. sacchariflorus/robustus, M7 =
M. X giganteus, M8 = M. lutarioriparius.

Frontiers in Plant Science

10.3389/fpls.2023.1155188

generated under high precipitation conditions tend to have lower
nutrient availability.

The selection of 49 representative Miscanthus genotypes was
performed taking into account the PCA and genetic grouping
results described above. We selected 35 genotypes from 7 genetic
groups (i.e., maximizing environmental variation captured within
each group) occurring in the wild and completed the selection with
14 genotypes which included naturally occurring and artificially
generated (i.e., at IBERS) M. x giganteus hybrids (Hodkinson and
Renvoize, 2001). Details of the 49 selected genotypes are shown in
Table S3.

3.4 Differences in cell wall composition
and characteristics among genetic groups

The main cell wall monosaccharides were quantified following
acid hydrolysis of purified cell wall material of the 49 Miscanthus
genotypes. The average content of glucose (Glc), xylose (Xyl) and
arabinose (Ara) across the 49 genotypes was 39%, 28% and 2.5%
(cell wall material (CWM); Figure S3), respectively, and in
accordance with values previously reported for Miscanthus (e.g.:
da Costa et al., 2017; van der Weijde et al., 2017b). Based on LMEM
analyses, there were significant genetic group effects on the total
content of Glc, Xyl and Ara in the cell wall (Tables 2, S5). However,
group differences only accounted for 9-22% of the total variance
and were mostly driven by contrasts with M. floridulus (Figure S3).
Furthermore, variation among genotypes within groups was
generally low and was only significant for Glc (14% of total
variance), with most of the variation (56-79%) explained by the
residual LMEM terms (Table 2).

A series of variables describing the composition and structural
features of the cell wall were collected (Table S4). Measurements of
acid detergent fibre (ADF), neutral detergent fibre (NDF), acid
detergent lignin (ADL), ash, dry matter (DM), and Klason Lignin
were determined by near-infrared (NIR) spectroscopy. The
amounts of cellulose and hemicellulose were derived as described
by Van Soest (1963) and Van Soest et al. (1991). Ratios between the
content of certain monosaccharides and cellulose/hemicellulose
were also used as indicators of structural cell wall features.

The general trend for these composition variables was that
genetic group effects were substantial (i.e., as high as 50% of the total
variance for cellulose and 49% for ADF, Table 2) and once again
mainly driven by contrasts involving M. floridulus (Figure S4). In
contrast to monosaccharides, variation among genotypes within
groups also tended to be high (i.e., up to 53% for Klason Lignin) and
was only not statistically significant for DM (Table 2).
Monosaccharide ratios followed a similar trend, though both
genetic group and genotype-within-group effects were
substantially weaker (Table 2; Figure S5). As expected, variance
components for the cellulose/hemicellulose ratio were roughly
intermediate to those for cellulose and hemicellulose (Table 2;
Figure S5).

In summary, genetic group effects for cell wall composition
were typically strong but driven almost exclusively by differences
between M. floridulus (M5) and the other genetic groups. However,
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TABLE 2 Variance components associated with genetic group (625,0up),
genotypes within groups (6%ceno), biological replicates (o-zRep), and
residual error (6%,,).

Random Effects percentage

2 2 2
G Geno (9 Rep O Err

2
(9 Group

Xyl 215 6.7™% 10.3 61.4
Ara 8.7 3.3% 9.1 78.9
NDF 45.8 35.0 0.3 18.9
ADF 49.0 32.0 24 16.6
ADL 36.4 38.7 1.9 23.0
Ash 48.0 25.0 1.6 25.4
DM 19.9 4.2 3.7 72.2
K Lignin 18.7 53.2 1.8 26.3
Cellulose 49.7 32.3 23 15.6
Hemicellulose 374 27.8 7.3 274
Cel Hem 45.7 28.6 52 20.6
Ara Xyl 22.0 0.3™* 13.8 63.9
Xyl Gle 16.4 16.1 18.8 48.7
Glc E 41.8 124 4.1 41.7
Xyl E 33.0 16.5 1.2%% 49.2
Ara E 5.1™% 259 9.62E-11™* 69.0
DW 249 45.5 0.7% 289
Glc E DW 17.9 60.2 0.5™% 21.5
Xyl E DW 10.4™* 54.7 0.1 34.8
Ara E DW 2.0%* 259 0.00E+00™* 72.1

Variance components are expressed as percentage of the total variance and were estimated
using LMEMs in which the effects of genetic groups, genotypes and biological replicates were
all treated as random (see Materials and Methods). Superscripts “n.s.” indicate LMEM terms
that were not statistically significant at o = 0.05.

there was a comparably high amount of genetic variation among
genotypes within groups, indicating that breeding could be effective
both within and among groups.

3.5 Variation in cell wall recalcitrance

Next, we wanted to investigate if there are differences in cell wall
recalcitrance to sugar release between Miscanthus genotypes from
different genetic groups. To measure recalcitrance, the cell wall
material from aboveground senesced biomass was digested for 48
hours using an enzymatic mixture containing various
cellobiohydrolases, and endo-(1 — 4)-B-glucanases with collateral
xylanase activity. To increase the ability to detect genetically related
differences in recalcitrance, the cell wall material was not pre-
treated. The relative recalcitrance was quantified using the
amount of glucose (GIcE), xylose (XylE) and arabinose (AraE)
released in solution after the digestion and was expressed as a
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percentage of the total amount of the respective monosaccharides
present in the cell wall (Figure 4).

Unlike monosaccharide quantities, genetic group effects for
GICcE and XylE were strong to moderate (i.e., 42% and 33% of the
total variance, respectively, Tables 2, S5) and once again driven by
contrasts involving M. floridulus, which was consistently less
recalcitrant. This was not the case for AraFE, but there was
significant variation among genotypes within groups (i.e., 12-26%
of the total variance) for all three measures (GIcE, XylE, and AraE)
of recalcitrance.

3.6 Cell wall recalcitrance in perspective to
biomass yield

The amount of monosaccharides that can be enzymatically
released from biomass depends not only on cell wall recalcitrance
but also on the annual biomass yield. Therefore, we normalized our
enzymatic sugar release data (GIcE, XylE and AraFE) against the
amount of biomass that can be harvested annually from each
genotype [i.e., yield in kg of dry weight (DW)].

As expected, genetic groups differed significantly for DW
(Tables 2, S5), with the M. x giganteus group having the highest
biomass yields (Figure S6). However, these differences accounted
for only 25% of the total variance, whereas variation among
genotypes within genetic groups was considerably more
pronounced (i.e., 46% of the total variance). Consequently, DW-
normalized recalcitrance varied strongly among genotypes within
groups (i.e., up to 60% of the total variance for DW-normalized
GIcE), whereas group effects were weak and only significant for
GIcE (Tables 2, S5), though no specific group contrasts were
statistically significant (Figure 5). Thus, recalcitrance and biomass
yield tended to offset each other at the genetic group level, but with
very high levels of genetic variation within groups.

3.7 Structural bases of the differences
in recalcitrance

We next wanted to determine the compositional and structural
cell wall features contributing to the observed differences in
recalcitrance to enzymatic sugar release. To explore the structural
basis of recalcitrance across the 49 selected Miscanthus genotypes,
independent from their genetic groups, correlation analysis with
Bonferroni correction was performed between enzymatic sugar
release (GIcE, XylE, and AraE) and measures for cell wall
composition and structure (Figure 6). GIcE and XylE were
negatively correlated with the total amount of glucose and xylose
in the cell wall (r< —0.75), while only GIcE was negatively correlated
with lignin content (K lignin and ADL). Furthermore, there was a
positive correlation between the ash content and the amount of
glucose released. This was also the case for the arabinose-to-xylose
ratio. The cellulose-to-hemicellulose ratio negatively correlated with
GICE (Figure 6). Finally, there was a positive correlation between the
leaf-to-stem ratio (LSR) and GIcE, possibly due to the lower
recalcitrance of leaf material when compared to stem material (da
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Variation of recalcitrance across genetic groups of Miscanthus. Recalcitrance was expressed as the percentage of the total amount of the respective
monosaccharides present in the cell wall. Values on the y-axis are the amount of (A) glucose (GIcE), (B) xylose (XylE), and (C) arabinose (AraE)
enzymatically released. The thick line in the box represents the median value. The box itself indicates the interquartile range, where 75% of
measurements fall. Letters represent significant differences as detected by estimation of marginal means after a LMEM with genetic group treated as
a fixed effect and with p < 0.05. Labels on the x-axis are the 8 genetic groups delineated using single-nucleotide polymorphism data (Table 1,

Figure 1). M1 = M. sinensis from South Japan, M2 = M. sinensis EMI/PRI, M3 = M. sinensis from North Japan, M4 = M. sinensis from Taiwan, M5 = M.
floridulus, M6 = M. sacchariflorus/robustus, M7 = M. x giganteus, M8 = M. lutarioriparius.

Costa et al., 2017). Besides pointing to the complexity of the
interactions between compositional and structural cell wall
features and cell wall recalcitrance to sugar release, these results
also provide some indications of the traits that require attention in
breeding programs that target specific end uses of biomass.

3.8 Variation in cell wall related variables
within and among genetic groups

Having established the overall cell wall features that correlate
with enzymatic sugar release across the 49 genotypes, we next
wanted to examine if these variables resulted in distinctive
correlations with Miscanthus genotypes and the genetic group
they belong to. Measures for the various cell wall features and
enzymatic sugar release data were scaled and two trees were
generated using the correlation coefficients between cell wall
features and genotypes, respectively (Figure 7). Cell wall and
phenotypic variables clustered in four distinct groups (I-IV),
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indicating that the variables within each group tend to follow a
similar pattern for a given genotype. For example, cluster I
comprised the variables hemicellulose (Hem), arabinose (Ara),
arabinose to xylose ratio (AraXyl), leaf to stem ratio (LSR), and
ash content (Figure 7). These variables (except Ara) all correlated
positively with GIcE (Figure 6).

Based on the cell wall characteristics (excluding recalcitrance),
the genotypes clustered in 5 groups (A-E). The most distinguishing
feature of the genotypic tree is that all the M. floridulus genotypes
(M5) are included in two small clusters (cluster A and cluster D).
For both of these clusters, measures of cell wall and phenotypic
variables belonging to cluster I tended to be higher for M. floridulus
genotypes when compared to most other genotypes (Figure 7). In
addition, both groups A and D contained the genotypes with the
lowest recalcitrance (high GIcE values). Most of the genotypes with
the highest glucose content (Glc) group together in cluster C,
dominated by M. sacchariflorus/robustus (M6), M. x giganteus
(M7), and M. lutarioriparius (M8); interestingly this is also the
cluster with the highest recalcitrance (low GIcE values).
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FIGURE 5
Variation of recalcitrance across genetic groups of Miscanthus. Miscanthus biomass to enzymatic sugar release normalized for the amount of
biomass produced. Values on the y-axis are the total amount of (A) glucose (GIcE), (B) xylose (XylE) and (C) arabinose (AraE) enzymatically released
normalized for the amount of biomass (dry weight) produced. The thick line in the box represents the median value. The box itself indicates the
interquartile range, where 75% of measurements fall. Letters represent significant differences as detected by estimation of marginal means after a
LMEM with genetic group treated as a fixed effect and with p < 0.05. Labels on the x-axis are the 8 genetic groups identified in the Miscanthus
population. M1 = M. sinensis from South Japan, M2 = M. sinensis EMI/PRI, M3 = M. sinensis from North Japan, M4 = M. sinensis from Taiwan,

M5 = M. floridulus, M6 = M. sacchariflorus/robustus, M7 = M. x giganteus, M8 = M. lutarioriparius.
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FIGURE 6

Pearson correlation coefficients between glucose (GIcE), xylose (XylE) and arabinose (AraE) enzymatically released from the cell wall and measures of
cell wall structure and composition. Circle sizes are proportional to the significance of the correlation. Only correlations with p < 0.05 (i.e., after
Bonferroni corrections) are shown.
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Clustering of the 49 Miscanthus genotypes based on cell wall traits. Relative abundances of cell wall compositional features are represented in
shades of blue. Shades of red represent saccharification efficiency indices: the percentages of total glucose (GIcE), xylose (XylE) and arabinose (AraE)
released upon enzymatic saccharification. Only cell wall composition data (blue), and not the three saccharification-related variables (red), were
considered for genotype classification. (A—E) Represent the correlation clusters between genotypes, based on the cell wall variables and I-1V indicate
the correlation clusters between cell wall features across genotypes. M1 = M. sinensis from South Japan, M2 = M. sinensis EMI/PRI, M3 = M. sinensis
from North Japan, M4 = M. sinensis from Taiwan, M5 = M. floridulus, M6 = M. sacchariflorus/robustus, M7 = M. X giganteus, M8 = M. lutarioriparius.

4 Discussion

Despite the potential of Miscanthus as a biomass feedstock for
the production of fuels and chemicals, few studies have evaluated if
biomass recalcitrance to sugar release is governed by the same cell
wall features when considering different genetic backgrounds. In
this study, we evaluated Miscanthus genotypes from eight distinct
genetic groups and identified the compositional and structural
properties that correlate with the enzymatic release of cell wall
sugars. Results suggest that the cell wall properties that correlate
with recalcitrance are mostly similar when comparing different
genetic Miscanthus groups and that differences in biomass
allocation to leaf and stem between these groups may contribute
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to differences in cell wall properties and recalcitrance. Of immediate
practical interest, there was significant genetic variation within
groups for almost all traits, suggesting that breeding for cell wall
characteristics can be eftective both within and among groups.

4.1 Geospatial analysis to inform the
collection of wild accessions

Our analysis of the geographical information of the area of
collection of each genotype in the wild showed the opportunity
offered by the GBIF database as a source of information for future
germplasm collection campaigns. We showed how there are vast

frontiersin.org


https://doi.org/10.3389/fpls.2023.1155188
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

lacono et al.

areas where the presence of Miscanthus has been reported, but have
not yet been targeted for the collection of genotypes for breeding
programmes. The idea that geographical and environmental
information should drive germplasm selection was proposed
already in 1972 (Simmonds, 1972). More recently, it was argued
that the importance of geographical information for breeders
resides in the direct influence of the environmental conditions of
an area on the phenotype and genotype of the organisms through
adaptation (Parra-Quijano et al., 2012).

In this study, we used a PCA approach to study the contribution
of climatic and soil variables to the species’ geographical
distribution. A similar approach has been used to study the
geographic distribution of tomato accessions (Ramirez-Ojeda
et al, 2021) and barley (Teklemariam et al,, 2022). The first
component of the PCA showed a strong association with the soil
pH and total annual precipitation and genotypes of Miscanthus
under investigation separated along this dimension, with the
genotypes of M. floridulus forming a separate group. A study
using the Miscanthus Genomic DataBase (MGDB) and
characterizing 485 genotypes of Miscanthus (Xiang et al.,, 2020),
showed that 10% of elite germplasm of M. floridulus covers most
areas in southern China and authors inferred that soil
characteristics could play a role. Notably, soil pH is one of the
principal determinants of the chemical availability of minerals in
the soil (Roem and Berendse, 2000; Stark et al., 2012; Penn and
Camberato, 2019) and adaptation to different soil pH conditions
could point to differences in nutrient use efficiency and mineral
mobilization among Miscanthus species and/or genetic groups. It
has been shown that the pH of the rhizosphere of M. floridulus
decreases when grown in heavy metal-contaminated soils while the
content of soil organic matter increases. Furthermore, the level of
heavy metals was low in the rhizosphere compared with the non-
rhizosphere, due to the increased uptake of heavy metals (Qin et al.,
2022). Knowledge of the level of adaptation to soil pH could inform
the choice of breeding specifically for phytoremediation.

4.2 Variation in cell wall composition
between genetic groups

M. floridulus genotypes clearly showed the most distinctive cell
wall compositional features. Accessions belonging to this group
showed a lower glucose, xylose and ADL content and a higher Ara/
Xyl ratio, when compared with some of the other groups. It is
known that the composition of leaf and stem cell walls significantly
differs in Miscanthus (da Costa et al., 2014; da Costa et al., 2017).
Glucose, which is mainly derived from cellulose, and lignin content
tend to be higher in stems while arabinose and the Ara/Xyl ratio
tend to be higher in leaves (da Costa et al., 2017). Thus, the relative
proportions of leaf versus stem biomass in the total aboveground
biomass influence cell wall compositional features. For example, the
leaf-to-stem ratio (LSR) for M. floridulus (M5) was significantly
higher (LSR = 3.51) compared with those of the other genetic
groups (LSR ranging from 0.12 in M8 to 0.70 in M4). Therefore,
some of the observed differences in cell wall composition for M.
floridulus are likely caused by the fact that most of their biomass is
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comprised of leaf tissue. This is corroborated by the high levels of
ash found in M. floridulus as it is well established that leaves have a
higher ash content than stems (Monti et al., 2008). High levels of
ash negatively affect biomass quality for combustion. Another
aspect that distinguishes M. floridulus from the other genetic
groups is that it does not senesce over winter, exhibiting a stay-
green phenotype. It has been shown before that genotypes of M.
sinensis with a higher percentage of the leaf over the total amount of
biomass and the ability to keep the leaves over-winter, are
characterised by better performance for the production of
methane through anaerobic digestion compared to M. x giganteus
(Mangold et al, 2019). From an agronomic point of view, M.
floridulus could help to increase the harvesting window for
Miscanthus, when considering their biomass utilization in
biorefining and anaerobic digestion.

Effects of genotype and genetic group on cell wall composition
have been reported previously. For example, Allison et al. (2011)
studied the cell wall composition of 244 genotypes belonging to
M. x giganteus, M. sacchariflorus, and M. sinensis, and found that
M. x giganteus biomass contained significantly more NDF and
cellulose, and less hemicellulose compared with M. sacchariflorus or
M. sinensis. Clustering of eight Miscanthus genotypes following a
detailed cell wall analysis resulted in two distinctive groupings, a
cluster comprised of the M. sinensis genotypes and a cluster
comprised of hybrids and M. sacchariflorus (da Costa et al,
2019). Analysis of 15 accessions of M. sinensis, M. sacchariflorus,
and M. x giganteus grown at different locations found that
differences in cell wall composition between genotypes were
mainly caused by genotype-by-environment (G x E) interactions
(van der Weijde et al., 2017a).

We found that there were high levels of genetic variation within
groups for nearly all cell wall composition traits. This result
underlies the existence of a high percentage of intra-specific
variation in species of Miscanthus. The existence of intra-specific
variability within species of Miscanthus had been pointed out by
Slavov et al. (2013b). In addition, our results agree with the one
presented by Xu et al. (2020) that reported the existence of intra-
specific variability in cell wall composition in M. sinensis,
M. floridulus, M. nudipes, M. sacchariflorus, M. lutarioriparius,
and their hybrids. Intra-specific genetic variability has been
reported for M. sinensis (Shimono et al., 2013), M. lutarioriparius
(Yang et al,, 2019), and M. x giganteus (Glowacka et al., 2015).
Thus, breeding programmes aimed at improving cell wall traits do
not necessarily need to rely on inter-specific hybrids.

Further research, using growth under controlled environmental
stress conditions and multiple genetic groups, is required to
determine the full extent of variability in cell wall composition
and its plasticity in relation to the environment within the
genus Miscanthus.

4.3 Differences in cell wall recalcitrance
between genetic groups

Cell wall recalcitrance is a trait hindering our ability to
profitably deconstruct the cell wall to obtain molecules for the
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biorefining process. In our study, we used the amount of the main
cell wall sugars that can be released enzymatically from purified cell
walls as a measure of recalcitrance. Effects of genotype on cell wall
recalcitrance have been reported before between hybrids and M.
sinensis (Belmokhtar et al, 2017). Our results show significant
differences in cell wall recalcitrance between genetic groups in the
genus Miscanthus.

It is striking that while genotypes of M. x giganteus show the
highest content of glucose in the cell wall and M. floridulus the
lowest, when it comes to recalcitrance the situation is reversed, with
M. floridulus being the genetic group with the lowest recalcitrance
and the highest levels of glucose released. A similar trend can be
observed for xylose. However, when the biomass yield is taken into
account, the higher recalcitrance of M. x giganteus genotypes is
offset by their higher yield when compared with M. floridulus,
resulting in similar amounts of sugars that can be released from
Miscanthus plants belonging to these two genetic groups. M.
lutarioriparius showed similar characteristics to M. x giganteus
for the content and enzymatic release of cell wall sugars, but their
lower biomass yield meant that the amount of sugars released on a
plant biomass basis remained lower when compared to M. x
giganteus. Although the abundance of the main cell wall sugars is
similar across the four M. sinensis groups, genotypes from Japan are
less recalcitrant to enzymatic glucose release compared with the
other two similar yielding M. sinensis groups.

In addition, our results point to the existence of intra-specific
variability in cell wall recalcitrance in the Miscanthus species under
study. Intra-specific variability in recalcitrance has been reported before
in biomass crops. For example, Ohlsson et al. (2019) described intra-
specific variability in recalcitrance between 286 natural Salix viminalis
clones. Ostos Garrido et al. (2018), working with different genotypes of
three Poaceae species, found that the intra-specific variability in
recalcitrance is a trait that depends on the species investigated. Our
findings emphasize that both biomass yield and biomass recalcitrance
need to be taken into account when developing new Miscanthus
cultivars for biorefining purposes. Moreover, the intra-specific
variability available for this trait could be a resource for breeding
programs targeting specific biomass end uses.

4.4 Structural bases of the differences in
cell wall recalcitrance

It has been shown that recalcitrance is a complex trait
depending both on the cell wall composition and the structural
organization of its components (De Souza et al., 2015). The main
components of recalcitrance vary according to the species
considered (DeMartini et al., 2013). We investigated the
correlation between the cell wall composition and structural
features and the amount of glucose, xylose and arabinose
enzymatically released to determine which cell wall traits affected
recalcitrance. Although da Costa et al. (2019) previously carried out
such a correlation analysis, here the group of genotypes used
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included a wider genetic background as demonstrated by the
number of species represented with a large geographical
distribution. In addition, the set of cell wall and structural
variables used in the current study was significantly different. Not
surprisingly, our correlation test confirmed the negative effect of
lignin content on the amount of glucose that can be enzymatically
released from the cell wall. Lignin represents between 15 and 25% of
Miscanthus biomass (da Costa et al., 2014), and its content has been
shown to play a significant role in recalcitrance (Chen and Dixon,
2007). Indeed, a previous study showed that lignin content
correlated negatively with cell wall sugar release in Miscanthus
(da Costa et al, 2019). However, it has been observed that the
monomeric composition of lignin, in particular the syringyl (S) to
guaiacyl (G) lignin monomer ratio also has a major role in cell wall
recalcitrance (Yoo et al., 2018). Here only the lignin content was
used for the correlation and we cannot exclude that a full
characterization of the lignin could have provided a better
understanding of the relationship observed between the traits.
Several studies have shown that lignin is not the only contributor
to cell wall recalcitrance (Studer et al., 2011; DeMartini et al., 2013;
da Costa et al., 2017; da Costa et al., 2019). DeMartini et al. (2013)
compared the cell wall components affecting the recalcitrance of
switchgrass and poplar biomass. They found that while lignin
removal reduces poplar biomass recalcitrance, xylose removal is
more effective in reducing switchgrass biomass recalcitrance.
Similarly, Mangold et al. (2019) found that hemicellulose rather
than lignin content had a higher effect on methane production from
Miscanthus biomass. Indeed, our results show that hemicellulose
content and the arabinose to xylose (AraXyl) ratio have a positive
correlation with enzymatic glucose release. This is possibly linked to
the positive effect of LSR on glucose release as the hemicellulose
content and AraXyl ratio tends to be higher in leaves than in stems.
Indeed, da Costa et al. (2019) found that the AraXyl ratio correlated
positively with glucose release in Miscanthus leaves. Similarly, the
positive correlation between ash content and sugar release is
possibly also linked to LSR. More detailed analysis, evaluating leaf
and stem organs separately and expanding the cell wall variables to
include for instance lignin composition, measures for pectins and
hydroxycinnamic acids could provide further information to
explain the differences in cell wall recalcitrance observed.

In summary, we identified a number of cell wall related
variables important for biomass quality related to using
Miscanthus as a biomass crop for biorefining. Although our study
identified significant variation in cell wall related features across the
49 selected Miscanthus genotypes belonging to eight different
genetic groups, with the exception of M. floridulus, this variation
was generally not distinctive enough to separate the genotypes
according to their genetic background. The results emphasize the
inter- and intra- specific variation in cell wall characteristics and
biomass recalcitrance in the genus Miscanthus and the importance
of also considering yield and organ related parameters when
analyzing cell wall properties and biomass recalcitrance aimed at
improving Miscanthus as a biomass crop.
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