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Abstract

Miscanthus is a perennial grass suitable for the production of lignocellulosic biomass
on marginal lands. The effects of salt stress on Miscanthus cell wall composition and
its consequences on biomass quality have nonetheless received relatively little atten-
tion. In this study, we investigated how exposure to moderate (100 mM NaCl) or
severe (200 mM NaCl) saline growing conditions altered the composition of both
primary and secondary cell wall components in the stems of 15 Miscanthus sinensis
genotypes. The exposure to stress drastically impacted biomass yield and cell wall com-
position in terms of content and structural features. In general, the observed composi-
tional changes were more pronounced under severe stress conditions and were more
apparent in genotypes with a higher sensitivity towards stress. Besides a severely
reduced cellulose content, salt stress led to increased pectin content, presumably in
the form of highly branched rhamnogalacturonan type I. Although salt stress had a
limited effect on the total lignin content, the acid-soluble lignin content was strongly
increased in the most sensitive genotypes. This effect was also reflected in substan-
tially altered lignin structures and led to a markedly reduced incorporation of syringyl
subunits and p-coumaric acid moieties. Interestingly, plants that were allowed a recov-
ery period after stress ultimately had a reduced lignin content compared to those
continuously grown under control conditions. In addition, the salt stress-induced cell

wall alterations contributed to an improved enzymatic saccharification efficiency.

and oxidative stress upon prolonged exposure (Isayenkov and
Maathuis, 2019; Zhao et al., 2020). Plants are not necessarily exposed

Over the last decades, the number of soils contaminated with high
contents of salt has increased globally due to natural processes, such
as weathering, and due to human-driven processes, like improper
irrigation practices (Daliakopoulos et al., 2016; Ivushkin et al., 2019).
This development is problematic as plant growth is hampered due to
the influx of excessive levels of sodium and chloride ions, which

induces osmotic stress in a matter of days, followed by ion toxicity

to constant stress because salinity levels tend to fluctuate through-
out the growing season. These fluctuations are influenced by
precipitation and evapotranspiration and also depend on the occur-
rence and intensity of saltwater intrusion events (Rengasamy,
2010; DiCara and Gedan, 2023). Nevertheless, lowered productivity
due to salinity leads to considerable economic losses and renders

substantial amounts of land to be considered degraded and marginal

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Physiologia Plantarum published by John Wiley & Sons Ltd on behalf of Scandinavian Plant Physiology Society.

Physiologia Plantarum. 2024;176:€14430.
https://doi.org/10.1111/ppl.14430

wileyonlinelibrary.com/journal/ppl 10of17


https://orcid.org/0000-0003-1541-2094
mailto:luisa.trindade@wur.nl
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/ppl
https://doi.org/10.1111/ppl.14430
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fppl.14430&domain=pdf&date_stamp=2024-07-09

20017 | @l

ia Plantarum.

VAN DER CRUIJSEN ET AL.

(Zorb, Geilfus and Dietz, 2019; Hayat et al., 2020; Pancaldi and
Trindade, 2020). Therefore, there is an increasing interest in developing
crops that are better adapted to salinity and suitable for cultivation in
such environments.

Miscanthus is a perennial grass that received widespread interest
for its high yields in combination with the favourable characteristics
of its lignocellulosic biomass. It has been shown that Miscanthus spe-
cies possess genetic variation regarding their resilience to saline-rich
environments (Chen et al., 2017; Zheng, Xiao, et al., 2022). Neverthe-
less, salt stress affects many critical physiological and biochemical
plant growth-related processes. In this regard, changes within the cell
wall biosynthesis are required to adjust the structural integrity and
extensibility of the cell wall (Le Gall et al., 2015; Landi et al., 2017; Arif
et al., 2020; Rui and Dinneny, 2020; Zhao et al., 2020). Several studies
have suggested that these adjustments are crucial for plant stress
adaptation and could be related to salt tolerance (Uddin et al., 2013;
An et al., 2014; Corréa-Ferreira et al., 2019; Tang et al., 2022). How-
ever, the inconsistent observations between species suggest that mul-
tiple response mechanisms exist, complicating the assignment of their
biological relevance to tolerance (Le Gall et al., 2015; Corréa-Ferreira
et al,, 2019). Additionally, since the majority of lignocellulosic biomass
consists of cell walls, it is expected that structural modifications could
have a considerable impact on feedstock quality as the composition
affects further downstream processing (van der Cruijsen et al., 2021).

Miscanthus has typical grass cell walls consisting of the polysaccha-
rides cellulose, hemicellulose and pectin that, together with lignin, form
a complex network and provide rigidity and structure to the plant (van
der Cruijsen et al., 2021). The major component of these cell walls is
cellulose (Schéfer et al., 2019), composed of linearly linked glucose mol-
ecules that are present in crystalline form (Somerville, 2006). The hemi-
cellulose in Miscanthus is composed of a xylan backbone that is
substituted with arabinosyl units (Schifer et al., 2019). These arabinosyl
units can be extensively esterified with (di)ferulic acid (FA) and, to a
lesser extent, with p-coumaric acid (pCA) (Pauly et al., 2013; Hatfield,
Rancour and Marita, 2017). Secondary cell walls are deposited during
plant maturation, and here, cellulose and hemicellulose are crosslinked
together with lignin. Lignin is an aromatic polymer that in grasses con-
sists of p-hydroxyphenyl (H), syringyl (S) and guaiacyl (G) subunits, with
pCA, FA, acetic acid and the flavonoid tricin also incorporated (Ralph,
Lapierre and Boerjan, 2019; van Erven et al., 2023). Hemicellulose plays
a central role in connecting the different cell wall biopolymers, as it is
able to adhere to cellulose but also forms crosslinks with lignin through
their mutual linkage with FA (Gao et al., 2020; Kirui et al., 2022;
Tryfona et al., 2023). Pectin is a relatively minor component, which in
the cell walls of Miscanthus plants mainly consists of homogalacturo-
nan and rhamnogalacturonan-| (RG-1) (De Souza et al., 2015). Homoga-
lacturonan is formed by linear chains of galacturonic acid (GalA), while
RG-I has a backbone of alternating galacturonyl and rhamnosyl units, in
which the latter can be further substituted with arabinan, galactan and
arabinogalactan branches (Carpita, 1996; Mohnen, 2008).

In several grass species, salt stress has been reported to distinc-
tively affect the major cell wall components that are known to impact

the enzymatic saccharification efficiency in the aboveground biomass

(Kumar et al., 2018; Tiwari et al., 2018; Oliveira et al., 2020; Zheng,
Xiao, et al., 2022). Saccharification is a critical post-harvest step to
break down cellulose into glucose molecules that can, in turn, be fer-
mented into ethanol (Saini, Saini and Tewari, 2015). Multiple studies
have pointed out a drop in cellulose content when plants experience
salt stress (Oliveira et al., 2020; Zheng, Xiao, et al., 2022), meaning less
substrate would be available for saccharification and fermentation. Lig-
nin is well known to be the main limitation for the (enzymatic) conver-
sion of biomass into biofuels, as it acts as a barrier that prevents
contact between cellulase and cellulose (Huang et al., 2022). However,
studies on the impact of salt stress on lignin have yielded contrasting
results; while some have observed an increase in lignin as a response to
salt stress, others have reported a decrease or no significant change
(Kumar et al., 2018; Tiwari et al., 2018; Stavridou, Webster and
Robson, 2019; Oliveira et al., 2020). Most studies on grasses have left
pectin uncharacterized, likely because of its relatively low content in
the grass cell walls. However, in maize and several non-grass species,
increased pectin levels and changes in its composition have been men-
tioned as a response to salinity (De Lima et al., 2014; Corréa-Ferreira
et al.,, 2019; Oliveira et al., 2020). Despite its low content pectin has
been implied to contribute to differences in saccharification efficiency
in Miscanthus (De Souza et al., 2015; Da Costa et al., 2019).

The structural modifications of the polysaccharides and lignin
polymers due to salt stress have so far remained largely unknown in
Miscanthus. Since Miscanthus cultivation is mainly restricted to mar-
ginal lands, it is important to identify additional factors that contribute
to its tolerance against salinity. Also, being a lignocellulosic feedstock,
it is important to evaluate the effect that potential changes in cell wall
composition would have on biomass quality. The aim of this study
was to evaluate cell wall remodelling in Miscanthus sinensis stems
under moderate and severe saline conditions. Additionally, plants
underwent a recovery period to assess the cell wall readjustments
after temporary exposure to stress. In-depth biochemical analyses
were performed on a set of 15 genotypes that previous studies had
shown to represent a range of tolerance to both drought and salinity.
This setup allowed us to infer any possible relationships between cell
wall modulation and tolerance to salt.

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental set-up

The research was performed using 15 M. sinensis genotypes (Table S1),
which were selected from the collection at Wageningen University &
Research for their varying degrees of salt tolerance (Chen et al., 2017).
These genotypes were propagated through tissue culture, and young
plantlets were grown for six weeks on a hydroponic system with half-
strength Hoagland solution to provide the required nutrients. Green-
house conditions were set at a day/night cycle of 16 h at 20°C and 8 h
at 16°C. For each genotype, 12 plants were grown at three different
concentrations of NaCl: 0 mM (control), 100 mM (moderate stress) or

200 mM (severe stress). The experiment was set up in a randomized
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split-block design. Half of the plants (270 in total, 90 per treatment)
were harvested after a 4-week stress period. For the remaining plants,
salt was flushed out of the hydroponic system and replaced with water
containing half-strength Hoagland solution. Subsequently, the plants
were allowed a 4-week recovery period until harvest. After each harvest,
the fresh and dry weight (three days at 60°C) of leaves and stems were
recorded for six plants per genotype for each treatment. The reductions
in plant yields between control and stress conditions were used to iden-
tify differences in salt tolerance among genotypes. Biochemical analyses
were performed on pooled samples from the stems of two identically
treated plants of the same genotype that were harvested at the same
timepoint, yielding three biological replicates per analysis.

2.2 | Cell wall isolation and compositional analysis
The cell walls were extracted by using the alcohol-insoluble residue (AIR)
protocol (Pettolino et al., 2012), followed by monosaccharide determina-
tion according to the NREL procedure (Sluiter et al., 2008), with the modi-
fications described by Petit et al. (2019). In short, Miscanthus stems were
milled on a cross beater mill equipped with a 1 mm sieve and subse-
quently ball milled for 2 min at 25 Hz (Retsch MM 200, Verder Scientific)
in a 10 mL stainless steel grinding jar containing two 12 mm stainless
steel grinding balls. Cell walls were extracted following the upscaled AIR
protocol, where milled biomass (500 mg) was extracted with 15 mL 80%
(vol/vol) ethanol on ice for 30 min. Three rounds of ethanol extraction
were followed by acetone extraction (10 min, room temperature) and
methanol extraction (10 min, room temperature). Samples were centri-
fuged 5 min at 10,000 g between each extraction and the supernatant
was discarded. The extracted cell walls were dried in a RapidVap
(Labconco) and treated with a-amylase (Megazyme). Samples were placed
in a boiling water bath (5 min) and afterwards incubated with a-amylase
solution (2 U mg™? of carbohydrate in 10 mM Tris-maleate buffer) for 1 h
at 40°C under constant shaking, followed by adding one-half the amount
of a-amylase solution and incubating for 30 min at 40°C under constant
shaking. Four volumes of cold ethanol were added to the samples for pre-
cipitation at —20°C for 1 h. Subsequently, the samples were centrifuged
at 1,500 g (5 min, room temperature), after which the supernatant was
discarded. Samples were washed an additional three times with cold abso-
lute ethanol, being centrifuged (1,500 g, 5 min, room temperature) after
each washing step, after which the supernatant was discarded. The
remaining pellets were dried in a RapidVap and provided the starch free
cell wall samples (CW) used for all further analyses.

For compositional analysis, the polysaccharides within the isolated
cell walls (30 mg) were hydrolyzed with sulfuric acid (72% w/w, 30°C,
1 h) that was then diluted and heated (4% w/w, 120°C, 1 h). Hydroly-
sates were filtered using a 0.45 um PTFE syringe filter and diluted 5 x
and 50 x with MQ-filtered water. A set of calibration standards that
included multiple monosaccharides (glucose, xylose, arabinose, galac-
tose, mannose and rhamnose) and uronic acids (galacturonic acid and
glucuronic acid) in concentrations ranging from 0.0005-0.1 mg ml™2,
were used to quantify the individual components in each sample. The

monosaccharides and uronic acids in the diluted samples and calibration
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standards were separated at a flow rate of 0.25 mLmin~! at 30°C
using HPAEC-PAD (Dionex ICS-5000, Thermo Scientific) equipped with
a Dionex CarboPac PA-1 column (2 x 250 mm) and similar guard col-
umn. The elution of neutral sugars was initiated using an isocratic
method with 20 mM sodium hydroxide for 25 min, followed by a linear
gradient beginning with 60 mM sodium acetate in 100 mM NaOH for
15 min and concluding with 200 mM sodium acetate in 100 mM NaOH
to elute uronic acids. Subsequently, the column was washed with 1 M
sodium acetate in 100 mM NaOH for 5 minutes and re-equilibrated
with 20 mM sodium hydroxide for 30 min. Values were corrected for
degradation by using sugar recovery standards, and anhydro correction
was also applied, as described by Sluiter et al. (2008). Each sample was
analyzed in triplicate, and the averaged values are reported on a dry
weight basis as grams per 100 g of cell wall material, expressed as per-
cent cell wall (%CW). Mannose and glucuronic acid levels were too low
to be accurately quantified and, hence are not further reported.
Residues after acid hydrolysis were used to gravimetrically deter-
mine the acid-insoluble lignin (AIL) content within the cell walls. The
remaining biomass was recovered on glass fiber filters, flushed with
ample water to remove remaining acid, and dried overnight at 103°C
before the samples were weighed. Acid soluble lignin (ASL) was
spectrophotometrically quantified in the hydrolysate at 205 nm
(110L g *em™?! as the absorptivity constant) using the formula
reported by van der Weijde et al. (2016). Also, here each sample was
analyzed in triplicate, and the average values are reported on a dry
weight basis as grams per 100 grams of cell wall material (%CW).

2.3 | Ferulic- and p-coumaric acid quantification

Esterified ferulic acid (FA) and p-coumaric acid (pCA) within cell walls
(15 mg) were hydrolyzed by adding 300 uL of 4 M NaOH to the
sample. Samples and recovery standards were heated (121°C, 4 h), and
subsequently cooled to room temperature and diluted 4 times
with purified water within the vial. Samples were further diluted an addi-
tional 4 times in 1.5 mL Eppendorf tubes and centrifuged for 10 min at
16,000 g before the supernatant was transferred into UPLC vials. Sam-
ples and (recovery) standards were analyzed on a UPLC system (Waters
ACQUITY H-Class PLUS System, Waters Corporation) and separated by
a C18 HyPURITY column (3 um, 150 x 3 mm, Thermo Fisher Scientific).
The mobile phases consisted of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B) with a flow rate of 1 mL min~* (95% A, 5%
B). UV absorbance at 280 nm was used for the quantification of both FA
and pCA content. Samples were analyzed in triplicate and reported as

previously described for monosaccharides and lignin.

24 | Saccharification efficiency

Saccharification efficiency was determined as described by Resch
et al. (2015) with modifications. Extracted cell walls (10 mg) were dis-
persed in 1 mL 50 mM sodium citrate buffer (pH 5.0) containing cellu-
lase (CTec2, concentration of 30% g enzyme / g cellulose) and 0.02%
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(v/v) Proclin to prevent microbial growth (He et al., 2019). All samples,
including enzyme and substrate blanks, were incubated at 50°C for
48 h in a Thermomixer at 750 rpm. After the reaction was terminated
by incubating at 99°C for 10 min, samples were centrifuged
(16,000 g), diluted (200 x) and analyzed in triplicate for glucose release
as previously described for monosaccharides. Glucose release was
used to calculate the glucose conversion levels, as it takes into
account the differences in cellulose content between samples:
Glucose release (mg)

Glucose conversion (%) = Glucose content (mg) x 100

2.5 | Structural characterization of lignin by
pyrolysis-GC-MS

The structural characterization of lignin was performed by analyzing the
alcohol-insoluble samples by pyrolysis gas chromatography mass spec-
trometry (pyrolysis-GC-MS) using an Agilent VF-1701 ms column (30 m
x 0.25 i.d. 0.25 um film) for chromatographic separation, as previously
described (van Erven et al., 2019). Uniformly 13C-labeled lignin, isolated
from 3C wheat straw (97.7 atom% *3C) (IsoLife BV) was used as an
internal standard (*3C-IS) (van Erven et al, 2017). To each accurately
weighed sample (80 pg), 10 L of a *3C-IS solution (1 mg mI~* ethanol/
chloroform 50:50 v/v) was added. All samples were dried prior to analy-
sis and analyzed in triplicate. Lignin-derived pyrolysis products were
monitored in full MS mode on the most abundant fragment per com-
pound (both non-labelled and uniformly *3C labelled). Pyrograms were
processed by the Thermo Scientific TraceFinder 5.1 software. Relative
abundances of lignin-derived pyrolysis products were calculated and clas-

sified as described previously (Table S2) (van Erven et al., 2019).

2.6 | Statistical analysis

All statistical analyses were performed in R (R-4.1.0, R Core team, 2021).
A linear mixed model was specified using Ime4 (Bates et al., 2015) to
determine if the aerial biomass, cell wall content and compositional traits
were significantly affected by genotype and treatment at the different
harvest timepoints. The trial had a split-plot design, wherein each treat-
ment consisted of a plot that could be divided into three separate blocks.
Each block contained two plants of the same genotype, which were
pooled together for biochemical analyses. In the mixed-effects model,
genotypes and treatments were specified as fixed factors, while blocks

were included as a random factor:
Yik=p+oi+ ﬁj + (Xﬁij Ny T Eijk

Where Yj; represents the response variable, i is the grand mean,
a; is the fixed effect of treatment, g; is the fixed effect of genotype,
afij is the interaction term between treatment and genotype, ny; is
the block effect, and e is the residual error. Wald tests were con-
ducted to determine significant differences among the fixed effects in

the model using the car package (Fox and Weisberg, 2018).

The two harvest timepoints represented separate experiments
and were thus analyzed independently. A Tukey HSD post-hoc test
was performed to identify significant differences in aerial biomass
between treatments for each genotype. Additionally, Tukey HSD tests
were applied across all genotypes to assess the differences in cell wall
content and compositional traits between treatments, focusing on the
effects of stress intensity. All Tukey HSD tests were conducted using
the emmeans package (Lenth, 2023). The reported means and stan-
dard errors were also derived from this package. Pearson correlation
coefficients were calculated on individual data points within the
observed data to assess the linear relationships between traits.
Figures were created using the ggplot2 package (Wickham, 2016).

3 | RESULTS

Plants grown under saline conditions showed significantly impaired
growth (p < 0.001), as exposure to 100 mM NaCl and 200 mM NaCl,
respectively reduced their dry weight on average by 24.8 and 44.2%
compared to plants grown under control conditions (Figure 1A). The
significant interaction (p < 0.05) between genotypes and treatments
indicated that the effect salt stress had on the aerial biomass differed
between genotypes. Especially exposure to 200 mM of NaCl revealed
large differences in susceptibility to salt across the tested M. sinensis
genotypes, as biomass was reduced by roughly 20% in the least
affected genotypes (2, 6 and 8) up to nearly 70% in the most affected
ones (1, 4, 5, 7, 11 and 14). Results after the recovery period confirmed
genotypes 6 and 8 as the least affected genotypes and genotypes 1, 7
and 14 as the most affected genotypes. However, for some genotypes,
the results after the recovery period differed from those after the initial
stress period (Figure 1B). For instance, for genotype 4 the difference
between plants that remained at control conditions and plants that had
previously received the severe stress treatments was no longer signifi-
cant, while for genotype 2 the opposite occurred. Nevertheless,
together, these data show significant genotypic differences in their abil-
ity to maintain plant growth under salt stress conditions.

The amount of cell wall that could be retrieved from the stem
material after the 4-week stress period was 82.6% for plants grown
under control conditions, while it was 81.9% for plants exposed to
100 mM salt and 74.2% for plants exposed to 200 mM salt
(Figure S1). The evidently lower amount of cell wall retrieved after
severe stress conditions indicates a significant reduction (p < 0.001)
in cell wall content that was not seen after the moderate stress treat-
ment. Although the reduction was observed in nearly all genotypes, it
was much more apparent in some, such as 1 and 7, which led to a sig-

nificant interaction between treatments and genotypes (p < 0.001).
3.1 | Salinity modifies the composition of cell wall
polysaccharides

The content and composition of the cell wall polysaccharides were sig-

nificantly altered as a consequence of salt stress. The extent of these
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FIGURE 1 Aerial biomass weight (g) of 15 M. sinensis genotypes after a stress period (A) and a subsequent recovery period (B), grown under
three treatments: Control (O mM NaCl), 100 mM NaCl, or 200 mM NaCl. Different letters above the bars indicate significant differences
(p < 0.05) between treatments within each genotype, as determined by the Tukey HSD test. Each bar represents the mean of n = 6 biological

replicates; error bars indicate + SE.

alterations was dependent on the genotype, as evidenced by significant
interaction between genotypes and treatments for all analyzed
monosaccharides (p < 0.001). Cellulose levels of the genotypes ranged
between 41.5 and 46.7% in control plants at the end of the initial
4-week growth period. The amount of glucose was significantly lower
in plants under stress (p < 0.001), with average glucose levels being
reduced by 7.2% (100 mM NaCl) and 17.5% (200 mM NaCl) compared
to control conditions. Each genotype showed an intermediate reduction
in glucose levels at moderate stress levels compared to those at severe
stress levels, indicating a stress severity-dependent effect (Figure 2A).
Additionally, an overall significant difference (p < 0.001) between mod-
erate and severe stress treatments further reflected this severity-
dependent effect. The glucose reduction was also more pronounced in
genotypes that displayed a higher sensitivity towards stress. On the
contrary, most genotypes showed only a slight increase in xylose con-
tent upon stress, indicating a limited yet significant (p < 0.05) impact on
hemicellulose content at both stress levels (Figure 2B). The most nota-
ble exception was genotype 7, which, at 200 mM NaCl, displayed a
severe drop (39.9%) in xylose content. The average arabinose content
in the control treatment was 2.12%. The presence of salt significantly
increased (p < 0.001) these levels by 13.2% (100 mM) and by 42.9%
(200 mM). The larger increase under severe stress conditions also led
to significant differences between the two stress treatments
(p < 0.001). The observed response at severe stress conditions also
revealed that the increase largely followed the sensitivity gradient
across genotypes, as the increase was over 80% in the ones most sensi-
tive towards salt (1, 4, and 7). In contrast, the increase at severe stress

conditions remained between 5 and 20% for the least affected

genotypes (2, 6 and 8), with the remaining genotypes falling some-
where in between these extremities (Figure 2C). The variation for arabi-
nose content between genotypes ranged from 2.13 to 4.80% in
severely stressed conditions, which was much larger than the observed
range of 1.78 to 2.60% in control conditions. Since arabinose is present
as side-chains that are either attached to the xylan backbone or, to a
lesser extent, rhamnose as a part of RG-l it contributes to more exten-
sively branched polysaccharides within the cell wall.

The average galacturonic acid content in plants grown under con-
trol conditions was 1.08%, with genotypes ranging between 0.94 and
1.30% (Figure 2D). Under these conditions, galacturonic acid, along
with rhamnose, which averaged 0.09% (range 0.07 to 0.12%) and
galactose, which averaged 0.42% (range 0.26 to 0.64%), constituted
the majority of pectin in the cell wall (Figure 2E-F). Adding these three
components together, the estimated genotypic variation for the total
pectin levels ranged between 1.27% and 2.04% in plants grown under
control conditions. The stress induced an increase in galacturonic acid,
rhamnose and galactose, all of which followed similar patterns, and
their contents were highly correlated with each other (r > 0.9) as well
as with arabinose (Figure S2). On average, the galacturonic acid levels
increased by 10.2% in moderately stressed plants, while the increase
was 38.9% for severely stressed plants. Rhamnose levels increased,
on average, 17.8% for moderately stressed plants and 64.0% for
severely stressed plants. The largest increase was observed in galac-
tose content, which increased 16.7% in moderately stressed plants
and 92.9% in severely stressed plants. On average, both stress treat-
ments significantly increased these three components compared to

control conditions (p < 0.01), while values in severely stressed plants
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FIGURE 2 Analysis of monosaccharide content in cell walls (%CW) from stems of 15 M. sinensis genotypes grown for 4 weeks under control
(0 mM NacCl), moderate salt stress (100 mM NaCl), or severe salt stress (200 mM NaCl) conditions. Each bar represents the mean of n = 3

biological replicates; error bars indicate + SE.

were always higher than those in moderately stressed plants
(p < 0.001). In stressed plants, there was also an increased variation in
total pectin levels between genotypes, as these ranged from 1.45 to
2.39% for moderately stressed plants and from 1.70 to 4.67% for
severely stressed plants. For all genotypes, the relative increase between
control conditions and severe stress conditions was more substantial for
galactose than for galacturonic acid and rhamnose. This was best illus-
trated in genotype 7, where the increase in galactose was 4-fold com-
pared to 2.7-fold for rhamnose and 2-fold for galacturonic acid.

3.2 | Salt stress impacts lignin structural features
and hydroxycinnamic acid content

The total lignin content (AIL + ASL) was, on average, 16.4% for plants
that were grown under control conditions. The salt treatments had
only a modest effect on the total lignin content for most genotypes
after the 4-week stress period, being slightly reduced, increased or
unchanged (Figure 3A). Although the observed differences were rela-

tively small and appeared rather inconsistent, it was found that over

all genotypes, the total lignin content was slightly, yet significantly
higher after severe salt stress (p < 0.05). An interesting observation
was that genotypes 1, 4, 7 and to a lesser extent, 14 showed a clear
increase in ASL content at the expense of AlL content (Figure 3 A-D),
leading to significant genotype and treatment interactions for both
traits (p < 0.001). In these genotypes, the consequences of severe
stress most likely caused a higher solubilization of the existing lignin
polymer during the acid hydrolysis process, as also suggested by the
strong negative correlation between AIL and ASL (Figure 3D). Con-
trasting effects were observed for the hydroxycinnamic acids. Ferulic
acid content was, on average, 0.64% at control conditions and slightly
increased (p < 0.01) by 4.7% for moderately stressed- and 6.3% for
severely stressed plants (Figure 3E). The p-coumaric acid content was
2.30% at control conditions, and clear reductions (p < 0.001) of 12.6%
for moderately stressed plants and 22.2% for severely stressed plants
were observed (Figure 3F).

The lignin composition was analyzed between control and
severely stressed plants of genotypes 1, 4, 7 and 14 to investigate if
the increased ASL levels would be related to its structural features.
Indeed, treatment with 200 mM NaCl substantially changed the
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FIGURE 3 Total lignin (AIL 4 ASL), Acid Insoluble Lignin (AlL), Acid Soluble Lignin (ASL), Ferulic Acid (FA) and p-Coumaric Acid (pCA) content
in cell walls (%CW) from stems of 15 M. sinensis genotypes grown for 4 weeks under control (0 mM NaCl), moderate salt stress (100 mM NaCl),
or severe salt stress (200 mM NaCl) conditions. Each bar represents the mean of n = 3 biological replicates; error bars indicate + SE. FA and pCA
data are missing for Genotype 7 at 200 mM NaCl due to insufficient biomass to perform the analysis, for Genotype 1 only one biological replicate

was available.

structural composition (Figure 4), and samples most affected in terms
of ASL content were also the most structurally changed. The
analysis indicates reduced incorporation of syringyl subunits in
the most affected plants (genotypes 1, 4, 7), both when the subunit
composition was expressed in terms of all pyrolysis products
(Figure 4A, Table S3) and the specific ratio of trans-sinapylalcohol to
trans-coniferylalcohol (Figure 4B, Table S3). The latter parameter is
especially relevant for pyrolysis-GC-MS lignin analysis of grasses like
Miscanthus because it excludes interference from ferulic acid (van
Erven et al, 2023). Upon pyrolysis, ferulic acid is converted into
4-vinylguaiacol, a product that is also formed from lignin, and its origin
can thus not be distinguished. The difference observed for both ratios
for genotype 14 might be due to a slightly changed ferulic acid
content (Figure 3E). Analogously to ferulic acid, p-coumaric acid is
converted into 4-vinylphenol and therefore, this pyrolysis product
reflects the abundance of these moieties. In line with the analyzed
pCA content (Figure 3F), pyrolysis-GC-MS analysis confirmed the
reduction of p-coumaric acid upon salt stress (Figure 4C).

3.3 | Recovery period

Plants grown at control conditions got essentially an extended
4 weeks of growth with unchanged conditions during the recovery
period. After the recovery period, control plants had an average cell
wall content of 87.8%, indicating an increase between the harvest
timepoints (Table 1). Although the cell wall content also increased for
plants previously exposed to 100 mM salt (85.2%) or 200 mM salt
(82.7%), the interaction between treatments and genotypes remained
significant (p < 0.01). On average, the control plants were found to
have glucose levels of 44.8% and xylose levels of 20.5%, which were
similar to the values observed at the end of the initial period (Table 1).
The average glucose levels were 43.1% for plants that were previously
exposed to 100 mM salt and 42.4% for those previously exposed to
200 mM salt. Although glucose levels were still significantly lower
(p < 0.05) in plants previously exposed to 200 mM salt, their values
were much higher than those after the initial stress period. In general,

the small increase in xylose levels that was observed in plants exposed
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TABLE 1 Mean values (+ SE) of the cell wall (% dry weight) and its components (% cell wall) from stems of the 15 M. sinensis genotypes
grown at Control (0 mM NaCl), 100 mM NaCl or 200 mM NaCl conditions, harvested at the 4-week (stress) and 8-week (recovery) timepoints,
with 45 observations per treatment per timepoint. The ‘%’ shows the relative change from the 4-week timepoint to the 8-week timepoint.

Control 100 mM 200 mM

Trait 4-week 8-week % 4-week 8-week % 4-week 8-week %

Cell wall (%DW) 82.6 87.8 6.3 81.9 85.2 4.03 74.2 82.7 115
+ 0.49 +0.74 +0.49 +0.74 +0.50 +0.74

Glucose 44.5 44.8 0.7 41.3 43.1 44 36.7 424 15.5

(%CW) +0.26 +0.51 +0.26 +0.51 +0.26 +0.51

Xylose 20.3 20.5 1.0 21.7 211 -2.8 21.2 21.2 0.0

(%CW) +0.16 +0.23 +0.17 +0.23 +0.17 +0.23

Arabinose (%CW) 2.12 1.81 -14.6 2.40 2.16 -10.0 3.03 2.33 -23.1
+ 0.02 + 0.02 +0.02 +0.02 +0.02 +0.02

Galacturonic acid (%CW) 1.08 0.88 -18.5 1.19 1.01 -15.1 1.50 1.08 -28.0
+0.02 +0.02 +0.02 +0.02 +0.02 +0.02

Rhamnose (%CW) 0.09 0.08 -11.1 0.10 0.10 0.0 0.14 0.11 -214
+ 0.002 + 0.004 +0.002 + 0.004 + 0.002 + 0.004

Galactose (%CW) 0.42 0.28 -33.3 0.49 0.38 -224 0.81 0.44 -45.7
+0.01 +0.02 +0.01 +0.02 +0.01 +0.02

Acid insoluble lignin (%CW) 14.5 17.7 221 14.6 16.6 13.7 14.3 15.4 7.7
+0.11 +0.28 +0.11 +0.28 +0.11 +0.28

Acid soluble lignin (%CW) 1.89 1.35 —28.6 1.94 1.59 -18.0 246 1.80 —26.8
+0.04 +0.04 +0.04 +0.04 +0.04 +0.04

Total lignin (%CW) 16.4 19.1 16.5 16.5 18.1 9.7 16.8 17.2 24
+0.10 +0.24 +0.10 +0.24 +0.10 +0.24

Ferulic acid (%CW) 0.64 0.77 20.3 0.67 0.84 25.4 0.68 0.86 26.5
+0.007 +0.007 +0.007 +0.007 +0.007 +0.007

p-Coumaric acid (%CW) 2.30 2.61 13.5 2.01 2.57 27.9 1.79 241 34.6
+0.03 +0.04 +0.03 +0.04 +0.04 +0.04

Glucose conversion (%) 25.5 14.3 —-43.9 25.6 17.2 -32.8 30.0 21.8 -27.3
+0.51 +0.65 +0.52 + 0.65 +0.57 +0.65

to stress was slightly less pronounced and no longer significant after
the recovery period. Remarkably, the large drop in xylose content that
was observed in severely stressed plants of genotype 7 was also no
longer found. The patterns for arabinose, galacturonic acid, rhamnose
and galactose levels remained the same as was observed after

4-weeks (Figure S3). The proportion of all minor monosaccharides

remained higher (p < 0.01) in plants previously subjected to stress,
especially in those genotypes more sensitive to stress. This observa-
tion was further supported by the significant interactions (p < 0.001)
between treatments and genotypes. However, plants subjected to
severe stress showed a greater relative reduction in these monosaccha-

rides (Table 1). Consequently, rhamnose, galactose and galacturonic
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acid levels no longer differed significantly between plants that had
recovered from moderate and severe stress treatments. This suggests
that the persistently high content of monosaccharides in these plants,
relative to controls, likely resulted from a higher initial content at the
start of the recovery period.

The total lignin content of plants that were maintained at control
conditions was, on average, 19.1%, which was significantly higher
(p < 0.01) than the total lignin content of 17.2% for severely stressed
plants that recovered after stress. The largest portion of total lignin
content belonged to AlL, which accounted for 17.7% (control), 16.6%
(100 mM) and 15.4% (200 mM) of the total cell wall. For control
plants, the additional growth period increased AlIL levels by 22.1% on
average compared to the values that were observed after the 4-week
timepoint. After the recovery period, the increase of AlL in formerly
stressed plants was 13.7% for plants that received the moderate
stress treatment, while it was only 7.7% for plants that had been
severely stressed. The reduced lignification rate of plants that had
been stressed led to significant differences (p < 0.01) in AIL levels
between treatments, while such differences were absent after the ini-
tial stress period. ASL levels were 1.35% in control plants, 1.59% in
plants that had received 100 mM salt and 1.80% in plants that had
received 200 mM salt. Although ASL levels were reduced in all treat-
ments, they remained significantly higher (p < 0.05) in previously
stressed plants. Altogether, the observed lower lignin levels in previ-
ously stressed plants after the recovery period applied to all of the
tested genotypes (Figure S4), which contrasted with the results after

the first harvest timepoint.

3.4 | Structural alterations increase
saccharification efficiency

Average glucose conversion levels were 25.5% (control), 25.6%
(100 mM) and 30.0% (200 mM) after the 4-week growth period
(Table 1). Glucose conversion ranged from 18.8% to 35.1% between
genotypes grown under control conditions. As mentioned above, in
general, the cell wall composition remained similar between plants at

control conditions and those that received the 100 mM stress
treatment. This lack of changes indeed translated into similar glucose
conversion levels between these treatments. In contrast, the glucose
conversion levels of plants subjected to 200 mM of salt were
significantly higher (p < 0.01) and varied between 15.4% and 54.5%.
Statistical analysis showed a significant interaction between geno-
types and treatments (p < 0.001), which was reflected in the data as
genotypes 1, 4, 12 and 14 had an increase in glucose conversion
between 29.4% and 86.6%. For genotypes 9 and 10, the increase was
15.7% and 13.4%, while for other genotypes, glucose conversion
levels remained similar (Figure 5A). It should be noted that genotype
7 grown under severe stress conditions did not yield enough biomass
to perform the enzymatic saccharification experiment. However,
based on the altered cell wall composition, it is expected that it would
also have significantly improved glucose conversion rates under these
conditions. The extended growth period strongly reduced glucose
conversion levels across all treatments, with average reductions of
43.9% in control, 32.8% in 100 mM and 27.3% in 200 mM treatments.
The larger reduction in glucose conversion for control plants led to
significant differences among all treatments (p < 0.05). Furthermore,
all genotypes previously exposed to severe stress exhibited a higher
glucose conversion rate compared to their respective controls after
the recovery period (Figure 5B). This increase was also observed in
genotypes where no differences were found initially.

The variation that is present in glucose conversion rates between
genotypes can be explained by the differences in the cell wall compo-
sition. The composition, in turn, depends on the combination of geno-
type, treatment and harvest timepoint. Acid insoluble lignin (AIL)
negatively influenced glucose conversion rates in all treatments for
4-week-old and 8-week-old plants, with correlation coefficients rang-
ing from —0.56 to —0.93 (Figure 6A). The increase in AIL content
between 4-week-old and 8-week-old plants is considered the main
reason for the reduced glucose conversion rates between the two
timepoints. In contrast, ASL showed a positive association with glu-
cose conversion for all treatments at both harvest timepoints, with
correlation coefficients ranging from 0.66 to 0.92 (Figure 6B). There-
fore, the aforementioned shift to a less rigid form of lignin that was

1 2 3 45 6 7 8 9 10 11 12 13 14 15
Genotype

Glc con. (%)

0

1 2 3 45 6 7 8 9 10 11 12 13 14 15
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FIGURE 5

Glucose conversion (Glc con.) percentages from stems of 15 M. sinensis genotypes after growing 4 weeks (A) under control (0 mM

NaCl), moderate stress (100 mM NaCl) or severe stress (200 mM NaCl) and after a subsequent recovery period (B). Each bar represents the mean
of n = 3 biological replicates; error bars indicate + SE. Glucose conversion levels for Genotype 7 at 200 mM NaCl are missing due to insufficient

biomass to perform the analysis.
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FIGURE 6 Pearson correlation coefficients between glucose conversion (%) and cell wall components in stems of M. sinensis plants after a
stress period (4-week) and a subsequent recovery period (8-week), grown under three treatments: Control (0 mM NaCl), 100 mM NaCl or
200 mM NacCl. All correlations are significant (p < 0.01), except the correlation between Glucose conversion and p-Coumaric acid for the Control

treatment at the recovery timepoint.

observed in some genotypes after severe stress seems to be an impor-
tant factor that led to increased glucose levels. Like ASL, arabinose
and the pectin components were also positively correlated with glu-
cose conversion (Figure 6C-E) and negatively with lignin (Figure S2). It
is likely that the increase in minor monosaccharides also contributed
to glucose conversion, as the improved conversion rates of genotypes
9 and 10 after the 4-week stress period could not be explained by dif-
ferences in lignin content. Interestingly, the data also showed that not
only the content but also the genotypic variation of all favourable
components declined as plants in the control environment matured
(Figure 6).

4 | DISCUSSION

Exposure to salt stress alters the chemical composition of plant cell

walls, and it has been hypothesized that these changes could be

related to tolerance. In this study, we investigated the response of dif-
ferent genotypes that were previously identified to be contrasting in
their response to salt and drought (Chen et al., 2017; van der Weijde,
Huxley, et al., 2017). The variation that was observed for the relative
reduction in biomass between control and salt-stressed plants con-
firmed that the selected genotypes indeed exhibited differences in
tolerance (Figure 1). It was notable that plant yields for several geno-
types, such as 6 and 8, were barely reduced, even under severe stress
conditions. Although these genotypes did not produce the highest
yields in the current experiments, they should be evaluated under
field conditions, as yields in young plants are not necessarily indicative
of yields in mature stands (Lewandowski et al., 2016). Regardless of
their yields, these genotypes would be valuable resources for breeding
programs, as they likely contain traits that could further enhance salt
tolerance during early establishment in M. sinensis. The cell wall com-
position of M. sinensis stems contained, on average, 44.5% glucose,

22.4% arabinoxylan, 16.4% lignin and small amounts of pectin after
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4 weeks of growth under control conditions (Table 1). These findings
are consistent with those generally reported for Miscanthus, taking
into consideration the young age of the plants (van der Cruijsen
et al., 2021). The results show that the proportions of all these key
components of the primary- and secondary cell walls were altered
after exposure to saline conditions. The most pronounced alterations
occurred after the severe stress treatment in genotypes that were

most susceptible to salinity.

4.1 | Salinity affects the polysaccharide
composition within the cell walls

Cellulose content decreased upon exposure to salt stress in all geno-
types that were included in this study (Figure 2A). It was consistently
observed that this reduction was higher under severe stress condi-
tions (200 MM NaCl) compared to moderate stress conditions
(100 mM NaCl). The decrease in cellulose levels as a response to salt
stress has been reported previously for Miscanthus and other grass
species (Uddin et al., 2013; Oliveira et al., 2020; Y. Yuan et al,, 2021;
Zheng, Yi, et al., 2022) as well as in Miscanthus exposed to drought
(van der Weijde, Huxley, et al., 2017; Hoover et al., 2018). Osmotic
and ionic stress affects the expression of multiple cellulose synthase
(CesA) genes and non-CesA genes critical for regular cellulose biosyn-
thesis (Wang, McFarlane and Persson, 2016). In addition, cellulose
deposition is also prevented due to the disturbance of the microtu-
bule arrangement required to guide cellulose synthase complexes to
the plasma membrane (Wang, McFarlane and Persson, 2016). Thus,
irregular cellulose biosynthesis as a consequence of salt stress is likely
causing the reduction in cellulose content within the cell walls. In the
formerly stressed plants, cellulose levels increased during the recovery
period, ultimately being closer to the levels observed in control plants
(Table 1). These values indicate that cellulose biosynthesis was largely
restored within 4 weeks once the stressor was removed.

In contrast to the drop in cellulose, the amount of hemicellulose
slightly increased upon exposure to salt (Figure 2B). A modest
increase in xylose content implies expansion of the arabinoxylan back-
bone. The increase was found in all genotypes except genotype
7. Arabinose content increased to a much greater extent, indicating
potentially a higher degree of substituted hemicellulose (Figure 2C).
Although under normal conditions arabinose is more abundantly pre-
sent as substitutions on the xylan backbone than on pectin (Schifer
et al,, 2019), the method that we used for quantification of the mono-
saccharides cannot discriminate between them. Zheng, Yi et al. (2022)
reported an increase of hemicellulose in Miscanthus grown on highly
saline, alkaline soils compared to low saline, alkaline soils. In maize,
salt stress did not result in alterations of xylose content, while an
increase in arabinose only occurred in leaves but not in stems
(Oliveira et al., 2020). Maksup et al. (2020) reported that in Pennisetum
purpureum salinity-induced changes in hemicellulose depended on the
genetic background and could not be generalized. However, our find-
ings suggest a mostly consistent pattern in which xylose is marginally

affected, but arabinose increased in a stress severity-dependent

matter in M. sinensis. This means that although arabinose content
increased in nearly all genotypes, it was much more pronounced
under severe stress conditions and in genotypes that were more sen-
sitive to salt.

The galacturonic acid, rhamnose and galactose levels all increased
significantly under stress in a manner that was highly similar to alter-
ations in arabinose content (Figure 2D-F). The substantial increase in
rhamnose and galactose indicated that the additionally synthesized pec-
tin would likely be enriched with substituted RG-I structures. It is rea-
sonable to assume that at least part, but perhaps a substantial amount,
of the additional arabinose that was synthesized during salt stress also
belonged to the sidechains of the RG-I polymers. In several non-grass
species, homogalacturonan accumulated together with increased neutral
sugar substitutions attached to RG-I (Iraki et al., 1989; Corréa-Ferreira
et al.,, 2019; Vago et al., 2021). The negatively charged homogalacturo-
nans are able to bind Na™, which might fixate some of these ions inside
the cell wall (Byrt et al., 2018; Corréa-Ferreira et al., 2019). This could
affect cell wall stiffness as it interferes with the binding of Ca®* that is
required for the formation of pectin crosslinks (Colin et al., 2023). It is
proposed that the remodelling of the primary cell wall and the synthesis
of branched polymers are essential to maintain cell wall integrity and
handle perturbations in turgor pressure during salt stress (Jaramillo
Roman, 2021; Colin et al., 2023). Our results indicate that genotypes
that experienced the most stress due to a combination of treatment
severity and genotypic sensitivity had undergone the most extensive cell
wall remodelling in their stems. Since the experienced stress level deter-
mines the extent to which remodelling takes place, it is likely to contrib-
ute to salt tolerance, but does not explain the differences in sensitivity

between genotypes in this study.

4.2 | Salt stress affects acid-induced lignin
solubilization, subunit composition and
hydroxycinnamic acids

Total lignin content remained relatively constant between treatments
after the initial 4-week stress period, although it appeared that there
were some variations between genotypes (Figure 3A). Other studies
on Miscanthus reported that lignin content remained essentially
unchanged in plants grown in saline environments (Stavridou, Web-
ster and Robson, 2019; Zheng, Yi, et al., 2022). In contrast, in maize,
salinity caused an upregulation of key genes within the lignin biosyn-
thetic pathway, leading to increased lignin content that was more
enriched with syringyl units (Oliveira et al., 2020). The authors rea-
soned that increased lignification could provide mechanical support
and might create a barrier that prevents the influx of salt ions into the
xylem vessels. Conversely, here, salt stress induced a relatively lower
proportion of syringyl units in the lignin of three salt-sensitive geno-
types (1, 4 and 7) after severe salt stress (Figure 4). In contrast, these
structural modifications hardly took place in the similarly sensitive
genotype 14, suggesting that such responses may be genotype-
specific. A broader screening, also including less sensitive genotypes,

would be required to further elucidate the effect of salt stress on the
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lignin composition. Few other studies have addressed the effect of
salinity on either lignin content or composition. In Panicum miliaceum,
genes involved in the biosynthesis of both guaiacyl and syringyl lignin
were upregulated, suggesting additional synthesis of both subunits,
although the actual content was not measured (Y. H. Yuan
et al.,, 2021). Studies on other grasses have reported both increased
(Tiwari et al., 2018) and decreased (Kumar et al., 2018) lignin levels as
a consequence of salt stress. Although there were slight variations in
lignin content between genotypes, it seems unlikely that these could
explain the large differences observed in tolerance.

The lignin content inside the plant cell walls typically increases
gradually during plant maturation before reaching its plateau once
senescence is completed (Chen et al., 2002; Da Costa et al., 2014;
Crowe et al., 2017). Accordingly, for plants that were grown under
control and moderate stress conditions, the lignin content indeed
increased between the 4-week and 8-week timepoints. However, this
increase was largely absent for plants that were initially grown under
severe stress conditions (Table 1). Wang et al. (1997) showed that
stems of salt-stressed Atriplex prostrata plants became less lignified
and likely maintained a higher proportion of primary cell walls, propos-
ing that reduced growth also slowed down maturation. In the current
study, a delay in maturation was indicated as well by the reduced
number of flowering plants under (formerly) stressed conditions at the
end of the recovery period (data not shown). In the case of lignin con-
tent, the results after the recovery period showed that the initial
response that was observed directly after the stress period is not nec-
essarily predictive for the longer term. Moreover, it illustrates the
importance of timing within a single study and might explain some of
the contrasting results regarding the effects of abiotic stress on the
cell wall in literature. Extending these observations to field conditions
suggests that temporarily experiencing salt stress could lead to
reduced lignification rates and, thereby, potentially result in lower
lignin levels at the end of the growing season.

Regarding the hydroxycinnamic acids, there was a slight increase in
FA and a considerable drop in pCA content (Figure 3E-F). Similar obser-
vations were reported in maize stems, although the increase in FA was
far more substantial (~80%), where additional analysis suggested that
FA increased solely in the form of arabinoxylan substitutions while the
incorporation of pCA was reduced in lignin (Oliveira et al., 2020). An
interesting observation was that for several genotypes, the severe
stress conditions led to increased solubilization of lignin during the acid
hydrolysis process, hinting at structural differences at the molecular
level. Previous research has suggested that ASL is enriched in syringyl
units and acid-induced lignin-carbohydrate condensation products
(Yasuda, Fukushima and Kakehi, 2001; Matsushita et al., 2004). How-
ever, given the current results, it is unlikely that the increased ASL was
related to the syringyl units as their incorporation decreased.

The strong correlations between several monosaccharides and
ASL warrant the question of whether additional lignin-carbohydrate
complexes were formed and if these could affect the lignin structure.
The formation of lignin-carbohydrate complexes is usually considered
to take place mainly between ferulic acid-substituted arabinoxylan

and lignin (Hatfield, Rancour and Marita, 2017). The current results

show a strong correlation between arabinose and ASL (r = 0.9).
Although ferulic acid also increased, it was not fully proportional to
the increase in the other two components (Figure S2). Additionally, it
is notable that ASL also correlated significantly with the pectin-
specific monosaccharides. Although both effects could be an indepen-
dent response to the stress applied, Hu et al. (2021) also reported a
positive correlation between galactose and ASL in rice and suggested
the existence of linkages between these two components. The occur-
rence of such linkages seems plausible, as small amounts of pectin can
be traced back to the secondary cell walls in grasses (Jeong, Nguyen
and Lee, 2015; Bhatia et al., 2017), and both arabinose and galactose
have been previously associated with the formation of pectin-
lignin-complexes (Meshitsuka et al., 1982; Minor, 1982; Qin
et al., 2018). Furthermore, glycome profiling in Miscanthus also indi-
cated a tight association between pectin and lignin, which was mainly
based on the occurrence of specific RG-l and arabinogalactan epi-
topes in lignin-rich extractives (De Souza et al, 2015; Da Costa
et al,, 2017). It is also of interest that the amount of water-extractable
pectin decreased in salt-stressed plants (De Lima et al., 2014; Vago
et al,, 2021), implying that pectin somehow became more anchored
into the cell walls. Although pectin-lignin linkages have thus far not
been detected in mature plant stems, they potentially play a role in
the onset of lignification in young plants (Kang et al., 2019). Neverthe-
less, additional research would be necessary to confirm if the pro-
posed formation of pectin-lignin complexes takes place and could be

causative for the increased ASL content in young and stressed plants.

4.3 | Salt stress leads to improved saccharification
efficiency

Although salt stress reduced the amount of biomass and cellulose that
would be available for enzymatic conversion, it remains interesting to
evaluate the effect of the considerable changes the cell walls under-
went from a quality perspective. First, it was clear that plants with
lower AlL levels presented higher glucose conversion rates (Figure 6A).
Many studies have described that higher lignin levels have a negative
effect on enzymatic saccharification efficiency and that lowering its
content should be one of the main targets for optimizing the composi-
tion of lignocellulose feedstocks (Li, Weng and Chapple, 2008; Lygin
et al.,, 2011; van der Weijde, Kiesel, et al., 2017; Halpin, 2019). In this
sense, it was interesting that exposure to salt stress resulted in lower
lignin levels in all plants that were analyzed after the recovery period
and thereby increased the glucose conversion rates compared to con-
trol plants (Figure 5B). Similarly, M. x giganteus that experienced contin-
uous drought throughout the growing season had a lowered lignin
content that reduced the biomass recalcitrance and could thereby
partly compensate for its reduction in structural sugars and biomass
yield (Hoover et al., 2018). The results after the recovery period indi-
cate that a temporary period of abiotic stress could lead to lower lignin
levels while the amount of cellulose within the cell wall was largely
restored. Although it is unlikely this mechanism can be easily exploited

in practice, it would mean that the disadvantage of less structural
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sugars would not necessarily remain in every situation where abiotic
stress takes place. However, more insight would be required on how
the timing of abiotic stress events influences the physiological develop-
ment and if this could lead to a lasting improvement in the cell wall
composition. In contrast to AlL, it appeared that ASL correlated posi-
tively to glucose conversion (Figure 6B). It is important to note that the
proportion of ASL showed a strong negative correlation with AlL, which
was most apparent in the response of the genotypes that were sensi-
tive to severe stress. Although the exact structural differences leading
to increased ASL in stressed plants remain unknown, it is clear that this
more labile form of lignin did not form an impenetrable barrier that
limited glucose conversion. Previously, two studies on sugarcane
already reported a positive effect of ASL on the enzymatic saccharifica-
tion efficiency (Hodgson-Kratky et al., 2019; Chourasia et al., 2021).
Also, arabinose and the pectin-specific monosaccharides corre-
lated positively to glucose conversion (Figure 6C-E). It has been
commonly reported that higher arabinose levels tend to increase the
enzymatic saccharification efficiency (Li et al., 2013; van der Weijde,
Kiesel, et al., 2017; Brancourt-Hulmel et al., 2021). The positive
effect has been mainly assigned to the arabinose substitutions that
are present as side-chains of xylan, as their interaction with the
cellulose microfibrils reduces the crystallinity of these structures (Li
et al.,, 2013; Gao et al., 2020). A reduction in crystallinity enlarges
the surface area of cellulose and thereby increases the enzymatic
activity (Arantes and Saddler, 2010). Although in the current study,
we cannot differentiate between hemicellulose and pectin-derived
arabinose, it is still likely that this well-established mechanism
explains part of the positive effect observed. Several studies have
reported that pectin affects enzymatic saccharification efficiency in
Miscanthus (De Souza et al., 2015; Wang et al., 2015; Cheng
et al., 2018; Da Costa et al., 2019). The work by De Souza et al.
(2015) claims that pectin contributes either positively or negatively
depending on its structural interactions with the other cell wall com-
ponents. However, two other studies describe a generally positive
effect of higher pectin content, which was associated with increased
galacturonic acid levels leading to a reduction in cellulose crystallin-
ity (Wang et al., 2015; Cheng et al., 2018). Nevertheless, our results
indicate a positive effect that was likely associated with branched
RG-I structures, as indicated by the increased rhamnose and galac-
tose levels. The importance of RG-l/arabinogalactans over homoga-
lacturonan for saccharification efficiency was also observed in the
leaves of mature Miscanthus plants, although neither appeared to be
of significant importance in the stems (Da Costa et al, 2019).
Grasses contain more primary cell walls in their earlier developmen-
tal stages, which are also associated with higher levels of arabinose
and galactose (Rancour, Marita and Hatfield, 2012). In control and
stressed plants a reduction in minor monosaccharides was already
visible between the 4-week and 8-week timepoint, which also
reduced the genotypic variation that was present. Even with the
reduced variation, the minor monosaccharides were still positively
correlated with saccharification at the 8-week timepoint. However,
these correlations were much less pronounced than those observed

for other treatments and timepoints. One possible explanation is

that higher AIL levels in control plants at the 8-week timepoint
severely restricted enzymatic saccharification across all genotypes.
This restriction not only reduced variation but also led to a lower
correlation between AIL and glucose conversion under these condi-
tions (r = —0.56). We expect that this combination of high AlL levels
and the lack of variation also partly masked the importance of the
minor monosaccharides, which showed stronger correlations at
other treatments and timepoints. Applying a pretreatment would
increase the efficiency of the enzymatic saccharification process and
create greater variation between genotypes, likely emphasizing the
importance of different cell wall components again (Belmokhtar
et al., 2017). In practice, the relevance of the minor monosaccharides
would likely depend on whether substantial variation remains after
senescence has taken place in mature plants under field conditions.
Therefore, we propose additional germplasm screenings after senes-
cence occurs to reveal the feasibility and potential of improving bio-
mass quality by breeding for minor monosaccharides.

In conclusion, the general trends in salt stress-induced cell wall
alterations were similar within stems of the most- and the least toler-
ant genotypes. However, the extent to which these alterations took
place varied considerably as they were consistently more pronounced
within the least tolerant genotypes. Therefore, it seems more proba-
ble that the alterations were adaptations to stress levels perceived dif-
ferently by each genotype rather than a mechanism determining the
differences in tolerance among genotypes. Interestingly, the induced
compositional changes did enhance the enzymatic saccharification
efficiency, and it would be of interest to investigate whether, through
breeding, this more favourable composition could be realized in non-

stressed plants.
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