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* Background and Aims The cultivation of dedicated biomass crops, including miscanthus, on marginal land
provides a promising approach to the reduction of dependency on fossil fuels. However, little is known about the
impact of environmental stresses often experienced on lower-grade agricultural land on cell-wall quality traits in
miscanthus biomass crops. In this study, three different miscanthus genotypes were exposed to drought stress and
nutrient stress, both separately and in combination, with the aim of evaluating their impact on plant growth and
cell-wall properties.

* Methods Automated imaging facilities at the National Plant Phenomics Centre (NPPC-Aberystwyth) were
used for dynamic phenotyping to identify plant responses to separate and combinatorial stresses. Harvested
leaf and stem samples of the three miscanthus genotypes (Miscanthus sinensis, Miscanthus sacchariflorus and
Miscanthus x giganteus) were separately subjected to saccharification assays, to measure sugar release, and cell-
wall composition analyses.

* Key Results Phenotyping showed that the M. sacchariflorus genotype Sac-5 and particularly the M. sinensis
genotype Sin-11 coped better than the M. x giganteus genotype Gig-311 with drought stress when grown in nutri-
ent-poor compost. Sugar release by enzymatic hydrolysis, used as a biomass quality measure, was significantly
affected by the different environmental conditions in a stress-, genotype- and organ-dependent manner. A combi-
nation of abundant water and low nutrients resulted in the highest sugar release from leaves, while for stems this
was generally associated with the combination of drought and nutrient-rich conditions. Cell-wall composition
analyses suggest that changes in fine structure of cell-wall polysaccharides, including heteroxylans and pectins,
possibly in association with lignin, contribute to the observed differences in cell-wall biomass sugar release.

* Conclusions The results highlight the importance of the assessment of miscanthus biomass quality measures
in addition to biomass yield determinations and the requirement for selecting suitable miscanthus genotypes for
different environmental conditions.

Key words: Bioenergy, biomass quality, cell wall, drought stress, environmental conditions, growth and develop-

ment, marginal land, miscanthus, nutrient stress, phenotyping, recalcitrance, sugar release.

INTRODUCTION

There is an urgent need for further deployment of renewable
energy options to reduce dependency on fossil fuels, which rep-
resent a finite resource and cause environmental damage. Plant
biomass is a promising renewable resource to achieve a low-
carbon bio-economy with the production of biofuels, pharma-
ceuticals, platform chemicals and energy for heat, power and
fuel. However, in some geographical regions there is intense
competition for land as we are also faced with the challenge
of providing food security to the world’s growing population.
Using food crop residues as feedstock for biorefining could

partly alleviate this competition for land use. A complemen-
tary strategy to optimize land use is to cultivate dedicated bio-
mass crops on under-utilized lower-grade agricultural land, also
referred to as marginal land. This would avoid displacement of
crops currently used for food and feed production from pro-
ductive agricultural land (Valentine et al., 2012).

Species and hybrids of the C4 perennial rhizomatous grasses
from the Miscanthus genus display remarkable adaptability
to different environments, combining high productivity with
excellent cold adaptation with a natural geographical range
extending from the tropics in South-East Asia through northern
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China, Japan and Siberia (Donnison and Fraser, 2016). These
characteristics make miscanthus one of the leading candidate
crops for biomass production on marginal land (Clifton-Brown
et al., 2017). Moreover, the cultivation of miscanthus species
on contaminated, degraded and marginal land can enhance soil
quality, organic matter concentration and organism diversity
whilst achieving reasonable biomass yields (Nsanganwimana
et al., 2014; Pidlisnyuk er al., 2014; Jezowski et al., 2017).
However, crops growing on marginal land are subjected to a
range of abiotic stresses, including water deficit and poor nu-
trient availability (Jones et al., 2015). The full potential of mis-
canthus as a lignocellulose feedstock for biorefining is therefore
largely dependent on biomass yield and quality when exposed
to the stresses encountered when cultivated on marginal land.
The effects of different environmental conditions on crop
physiology and biomass yield have been well studied in
miscanthus in the case of drought stress (Ings et al., 2013;
Malinowska et al., 2017), salt stress (Plazek et al., 2014; Chen
et al., 2017; Stavridou et al., 2017), cold stress (Purdy et al.,
2013; Friesen et al., 2014; Gtowacka et al., 2014) and elevated
CO, (De Souza et al., 2013). Most of the information on nutrient
availability relates to nitrogen fertilization in experimental field
trials in Europe and the USA (Davey et al., 2017), in particu-
lar with a single triploid genotype of Miscanthus x giganteus
(Behnke et al., 2012; Wang et al., 2012; Dierking et al., 2016;
Lee et al., 2017), a natural sterile hybrid of M. sacchariflorus
and M. sinensis (Hodkinson et al., 2002). The expense of using
nitrogen fertilizer and its impact on greenhouse gas emissions
are essential factors in determining the sustainability and finan-
cial profitability of energy crop production (Shield et al., 2014).
Biomass quality parameters depend on the intended tech-
nology for lignocellulose conversion. Lignin, ash and moisture
content are some of the main parameters that influence biomass
quality for thermochemical conversion, such as combustion,
gasification and pyrolysis (Tanger et al., 2013). Biochemical
conversion of cell-wall polysaccharides into readily usable free
sugars relies on hydrolytic enzymes. The sugars released can be
fermented into alcohols, organic acids or hydrocarbons by micro-
organisms. In this case, the main biomass quality parameter is
related to the efficiency with which enzymes can access cell-wall
polysaccharides to produce free sugars (De Souza et al., 2014).
Identification of the factors that govern the inherent recalcitrance
of cell-wall biomass to sugar release and developing strategies
to overcome this recalcitrance are essential for the commercial
exploitation of dedicated biomass crops, including miscanthus.
The plant cell wall is a dynamic structure that not only pro-
vides mechanical support, but also responds to various environ-
mental and developmental cues and fulfils important functions
in signalling events, defence against biotic and abiotic stresses,
and growth (Bosch et al., 2011). Abiotic stress-induced changes
in plant cell-wall composition and architecture are important
for plant adaptation and can play an important role in plant re-
sistance to abiotic stress (Le Gall er al., 2015). However, the
mechanistic relationship between cell-wall properties and the
plant environment is poorly understood, and there is little infor-
mation on the impact of different environmental conditions on
cell-wall quality in miscanthus. A previous study showed that
drought treatment significantly increases enzymatic saccharifi-
cation of cellulose in miscanthus, with a concomitant increase
in the relative proportion of hemicelluloses (van der Weijde
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et al., 2017). On the other hand, a different study showed that
nitrogen treatments had little impact on biomass composition
traits (Dierking et al., 2016).

While water and nutritional stresses are mostly studied in iso-
lation, they are often experienced in combination, particularly
when crops are grown on marginal land. For this reason, and
when projected changes in climate are considered, understand-
ing the combined effects of these stresses is important. In this
study, three different miscanthus genotypes were exposed to
drought and nutrient stresses, both separately and in combina-
tion, with the aim of evaluating their impact on plant growth and
cell-wall properties. Automated imaging facilities at the National
Plant Phenomics Centre (NPPC-Aberystwyth) were used for
dynamic phenotyping to identify plant responses to separate and
combinatorial stresses. Recent studies have demonstrated differ-
ences in cell-wall properties and recalcitrance to deconstruction
between miscanthus leaves and stems (da Costa et al., 2014,
2017). Accordingly, harvested leaf and stem samples were sepa-
rately subjected to saccharification assays and cell-wall compo-
sition analyses. Our results provide insights for future studies to
improve miscanthus resilience on marginal land and in future cli-
mate scenarios, regarding both yield and cell-wall quality traits.

MATERIALS AND METHODS

Experimental design

A replicated three-factor experiment was conducted under con-
trolled environment conditions to compare three miscanthus
genotypes (one each of M. sinensis, M. sacchariflorus and
M. x giganteus), two soil fertility treatments (high and low),
two irrigation treatments (well-watered and drought) and their
combinations (Fig. 1). Plants were initially established under
well-watered conditions for 26 d (16 d in the preparation room
followed by 10 d in the gravimetric watering facility of NPPC
at Aberystwyth University, followed by 30 d of differential
water treatments.

Plant material and phenotyping

The miscanthus genotypes studied were Miscanthus sin-
ensis Sin-11 (= EMI-11, diploid; Clifton-Brown et al., 2001),
Miscanthus sacchariflorus Sac-5 (= EMI-5, tetraploid) and
Miscanthus x giganteus Gig-311 (triploid), a naturally occur-
ring hybrid of diploid M. sinensis and tetraploid M. sacchariflo-
rus that is grown commercially in Europe. The three genotypes
of miscanthus studied here originated from Japan but were
included in previous studies conducted in Europe (Clifton-
Brown et al., 2001; Purdy et al., 2013). Rhizomes from these
miscanthus genotypes were collected in February 2015 from
field-grown plants in Aberystwyth, UK. After storage in contain-
ers filled with sand at 4 °C, rhizomes were planted in April 2015
in individual square pots (15 cm x 15 cm, 20 cm deep). For each
genotype, 15 matching pairs of rhizomes of similar size were
prepared. One of each pair was placed in Levington F2 com-
post [nutrient-rich (Nu+): pH 5.3-6.0, N144:P73:K239 ppm]
and the other in 50 % Levington F1 [nutrient-low (Nu-): pH
5.3-6.0, N96:P49:K159 ppm] mixed with 50 % grit sand with
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Miscanthus sinensis Miscanthus sacchariflorus Miscanthus x giganteus
Sin-11 Sac-5 Gig-311
15 Nu+ 15 Nu— 15 Nu+ 15 Nu-— 15 Nu+ 15 Nu-—
(12 best/uniform plants for each genotype selected)
6 6 6 6 6 6 6 6 6 6 6 6
SWC:75% 15% 75% 15% 75% 15% 75% 15% 75% 15% 75% 15%

FiG. 1. Overview of the different experimental treatments. For each of the three miscanthus genotypes, 30 plants were grown from rhizome material: 15 in Nu+
and 15 in Nu— compost. For six plants per genotype, watering was stopped 26 d after planting until SWC reached 15 %. The remaining six selected plants contin-
ued to receive water at 75 % SWC. After 30 d of water treatments, above-ground biomass was harvested for further analyses.

no measurable nutrient. Pots were filled with uniform weights
of each of the composts and samples were taken for dry mat-
ter and field capacity measurements, and soil water content was
calculated as the difference between these two values. Target
watering weight was calculated based upon a percentage of the
water content. The potted rhizome material was placed in one of
the preparation rooms of the NPPC at Aberystwyth University.

Sixteen days after planting, the plants were transferred to
a gravimetric watering facility in a randomized block design.
Each plant was placed on a watering station, which consisted of
an electronic balance (Kern FCB12K1) linked through a USB
hub to a Rasp Pi computer and a data server. The weight of the
plant was monitored at 5-min intervals and water was added
twice daily to return the plant to its original target weight. All
plants were initially watered to 75 % soil water content (SWC)
for 10 d. At this stage, the 12 most uniform plants, out of the
original 15 plants available for each genotype and compost
level, were selected for further analysis.

Twenty-six days after planting, six plants per genotype and
nutrient level were subjected to drought treatment (reaching 15
% SWC) while the remaining six plants continued to be watered
to 75 % SWC (see Fig. 1 for overview). The custom-built gravi-
metric system (Supplementary Data Fig. S1) allowed automated
weighing and watering of the plants. Samples of the compost
were soaked to determine field capacity or dried to determine
dry matter content. Watering treatments lasted for a total of 30
d, after which all above-ground material was harvested. Plants
were imaged at weekly intervals using a LemnaTec Scanalyzer
3D (LemnaTec, Aachen, Germany). Three high-resolution visual
spectrum images (2056 x 2454 pixels) were taken of every plant:
two side views differing from a 90° rotation and a top view.

Feature extraction

Feature extraction from the RGB colour images was essen-
tially as previously described (Fisher et al., 2016). Images
were processed to segment the plant from the background and
to extract plant height and side-view projection areas together
with colour information. A pixel was classified as yellow if the
red part of the RGB value was strictly greater than the green
value plus 10.

Physiological measurements

Image-based phenotyping was complemented by weekly
physiological measurements (see Ings et al., 2013 for more details)
taken from equivalent leaves and from the tallest stem (at the be-
ginning of the experiment) where multiple stems were present.

Stomatal conductance was measured on the youngest leaf
with a fully expanded ligule (leaf 0) using an AP4 porometer
(Delta-T Devices, Cambridge, UK). Chlorophyll fluorescence
was measured on leaf 0 with a Handy PEA continuous exci-
tation chlorophyll fluorimeter (Hansatech Instruments, King’s
Lynn, UK). Chlorophyll content was measured using a SPAD-
502 m (Konica Minolta Optics). Plant water content was evalu-
ated from total above-ground biomass measurements taken at
the end of the experiment. Fresh weight (FW) was recorded at
harvest and dry weight (DW) was the constant weight achieved
after drying in a 60 °C oven up to constant weight. The FW
and DW figures were then used to calculate above-ground plant
water content (PWC) on an FW basis (Fisher et al., 2016).

Preparation of cell-wall material

After the 30 d of watering treatments (56 d after planting),
alcohol-insoluble residue (AIR) was prepared from leaf (blade
and sheet) and stem tissue for four out of the six biological
replicates for each genotype and treatment. Leaf and stem sam-
ples were milled, passed through a perforated plate screen con-
taining 2-mm diameter holes, and 100 mg was weighed into
2-mL tubes. The removal of starch was based on the procedure
described by Fry (1988) and previously used to dissolve starch
in a variety of grasses, including miscanthus (Gomez et al.,
2008; De Souza et al., 2015). Samples were washed with 96 %
ethanol, air-dried and incubated overnight with 90 % aqueous
DMSO (20:1 v/v ratio) in a shaking incubator at room tempera-
ture. Samples were collected by centrifugation, washed three
times with 96 % ethanol and dried.

Saccharification

The cell-wall AIR samples were used for saccharification
assays, with four technical replicates for each sample, using
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an automatic platform as previously described by Gomez et al.
(2010). The biomass was subjected to a mild pretreatment (water
at 94 °C for 30 min) and subsequently subjected to saccharification
using a 4:1 mixture of Celluclast and Novozyme 188 with an
enzyme loading of 9 filter paper units (FPU)/g. Saccharification
was measured after 8 h by colorimetric detection of reducing
sugar equivalents as described by Whitehead ef al. (2012).

Matrix monosaccharide composition

Cell-wall samples were hydrolysed with 2 M trifluoroacetic
acid (TFA) for 1 h at 100 °C. The acid was evaporated under
vacuum and the monosaccharides were resuspended in 2 mL of
ultra-purified water. Monosaccharide profiles were analysed by
high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) on a CarboPac SA10
column (DX-500 system, Dionex) using a mixture of 99.2 %
water and 0.8 % (v/v) 150 mM NaOH as eluent (I mL min™).
The monosaccharides were detected with a post-column addi-
tion of 500 mM NaOH (1 mL min™).

Crystalline cellulose content

The residue following matrix monosaccharide composition
determinations was used for cellulose determination, using a
method adapted from Foster ef al. (2010). Briefly, 72 % sulphu-
ric acid was added to the pellet samples, followed by incubation
at 50 °C, initially for 30 min and then for an additional 15 min
following vortex mixing. Samples were diluted to 4 % H,SO,,
neutralized with CaCO, and centrifuged at 2500 g for 5 min. One
hundred microlitres of the supernatant was mixed with 900 pL of
0.005 m H,SO, containing 0.005 M crotonic acid as an internal
standard. The mixtures were filtered through 0.45-pm syringe
filters (Millipore Corporation, Billerica, MA, USA) and 25 pL
was analysed on a high-performance liquid chromatography
(HPLC) system fitted with a refractive-index detector (Jasco,
Great Dunmow, UK) equipped with a Rezex ROA-organic acid
H+ column (Phenomenex, Torrance, CA, USA) at 35 °C, with a
0.005 M H,SO, mobile phase flowing at 0.6 mL min~' for 16 min.
The concentration of hydrolysed cellulose in the supernatant was
determined using a concentration gradient of a glucose standard.

Lignin content

Lignin content was determined using the acetyl bromide
soluble lignin assay (ABSL) following the general procedures
described by Fukushima and Hatfield (2004) with modifica-
tions as described by da Costa et al. (2014). Lignin content was
determined in triplicate for all of the 75 % SWC miscanthus
samples (3 genotypes x 2 tissues x 2 nutrient levels x 3 techni-
cal replicates x 4 plant replicates).

Statistical analysis

All calculations for descriptive statistics, analyses of variance
and Tukey’s range tests were performed using the statistical
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software Statistica (v. 8.0; StatSoft, Tulsa, OK, USA) ata 5 %
significance level (a = 0.05). Effect sizes were calculated as 17*
statistics (Cohen, 1973; Levine and Hullett, 2002): 1 = SSeffw/
SS. , where SS is the sum of squares.

total’

RESULTS

Effect of nutrient and drought stress on miscanthus phenotypes

Representative photographs of the three miscanthus genotypes dur-
ing the course of the experiment when exposed to different treatments
are shown in Fig. 2. Under all conditions assayed, the M. sacchari-
Sflorus genotype (Sac-5) and the M. x giganteus genotype (Gig-311)
presented similar phenotypic responses. The plant architectures of
these two genotypes were different from that of M. sinensis (Sin-
11). Plants grown in Nu+ compost were more affected by drought
than plants grown in Nu— compost. For all three genotypes, plants
started to show severe wilting 15 d after initiation of the drought
treatment. Plants in Nu— compost appeared to cope remarkably well
with drought, in particular Sin-11 (Fig. 2), even though the difference
in texture properties between Nu— and Nu+ compost indicated that
15 % SWC was achieved faster for Nu— compared with Nu+ (~3 d
versus ~9—12 d; Supplementary Data Fig. S2). Phenotypic features
(height, area and colour) extracted from the side-view RGB plant
images taken weekly corroborated the visual descriptions.

Nutrient stress under well-watered conditions

Within genotypes, there was little overall difference in height
between plants growing in Nu+ and Nu— compost under well-
watered conditions, except for Sin-11 after 30 d. There was a
trend for increased height in Nu— compared with Nu+ in Gig-
311 under well-watered conditions (Fig. 3). However, digital
shoot areas for well-watered Sac-5 and Gig-311 plants showed
that above-ground growth ceased from 15 d onwards under
Nu- conditions, exhibiting less than half the shoot area at day
30 when compared with plants grown in Nu+ compost (Fig. 3).
This nutrient effect was less pronounced in Sin-11, with the
average Nu— shoot area reaching 83 % of that for Nu+ at the
end of the experiment under well-watered conditions. Despite
its different phenotypic characteristics, the digital shoot area
for Sin-11 was around 95 % of that of Sac-5 and Gig-311 under
well-watered Nu+ conditions and >60 % higher compared with
the other two genotypes under well-watered Nu— conditions.

These findings were corroborated by final shoot FW meas-
urements, showing similar values for the three genotypes for
Nu+/75 % SWC and a higher value for Nu—/75 % SWC Sin-11
when compared with Sac-5 and Gig-311 (18 and 24 % higher,
respectively; Supplementary Data Fig. S3). Furthermore, weight
measurements indicated a higher contribution of leaves to the
overall biomass accumulation in Sin-11. For this genotype, the
leaf-to-stem ratio was 2.9 and 2.5 for FW and DW, respectively
under Nu+ conditions. For Sac-5, the ratio was 0.9 for both FW
and DW, while for Gig-311 the ratio was 1.2 and 1.0 for FW
and DW, respectively (see also Supplementary Data Fig. S3).
Interestingly, when compared with Nu+, the leaf-to-stem ratios
for FW and DW increased for Sin-11 under Nu— conditions
(from 2.9 to 3.3 and from 2.5 to 3.5, respectively), whereas they
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Sac-5 Gig-311

75% SWC

15% SWC

Days

F1G. 2. Representative side-image photographs of the three miscanthus genotypes grown in either Nu+ or Nu— compost and exposed to either well-watered (75 %
SWC) or drought (15 % SWC) conditions. Photographs are from 2, 15 and 30 d after initiation of the drought treatment. The same biological replicate is shown
for each genotype per treatment.

decreased for both Sac-5 (FW ratio from 0.9 to 0.6, DW ratio
from 0.9 to 0.4) and Gig-311 (FW ratio from 1.2 to 0.6 and DW
ratio from 1.0 to 0.5). ANOVA results of the weight measure-
ments are included in Supplementary Data Tables S1 and S2).

The relative yellow pixel content, a feature associated with
leaf senescence and stress response symptoms, was ~3-fold
higher under Nu— conditions compared with Nu+ from day 15
onwards for Sac-5 and Gig-311, reaching 15 % for Sac-5 and
almost 20 % for Gig-311 at the end of the experiment. Little
yellowing occurred in Sin-11 when well watered, irrespective
of nutrient condition, the yellow pixel contribution remaining
<5 % (Fig. 3). Under Nu- conditions, photosynthetic measure-
ments taken on the youngest leaf with a fully expanded ligule
(leaf 0) had 25-35 % lower chlorophyll fluorescence for the
three genotypes than those from Nu+ plants towards the end
of the experiment (Supplementary Data Fig. S4A). No sig-
nificant differences were observed in stomatal conductance
or chlorophyll fluorescence between plants grown in Nu+ and
Nu— compost under well-watered conditions (Supplementary
Data Fig. S4B, C).

Together, these phenotypic analyses indicate that, when
exposed to nutrient-poor compost under well-watered condi-
tions, Sin-11 sustained better overall growth characteristics
compared with Sac-5 and Gig-311.

Nutrient stress under conditions of drought

Height and shoot area under drought (15 % SWC) were sig-
nificantly lower for plants grown in Nu+ compost (compared
with those plants grown in Nu— compost) (Fig. 3). These find-
ings were consistent with severely senesced plants observed by
days 15 and 30 (Fig. 2) and with high yellow pixel content, par-
ticularly for Sac-5 (day 15, 38 %; day 30, 65 %) and Gig-311
(day 15, 39 %; day 30, 37 %). Sin-11 exhibited lower yellow
pixel content under these conditions (day 15, 4 %; day 30, 26
%). Sin-11 and Sac-5 achieved similar heights in 75 % SWC or
15 % SWC in Nu- conditions. The digital shoot area for these
two genotypes was similar under Nu—/15 % SWC conditions
(averaging 1064 and 1033 cm?, respectively). The shoot area
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% SWC; Nu—/15 % SWC) as extracted from RGB side images of the plants from 10 d before the start of drought treatment to 30 d after the start of the treatment.

For each plant, images used for feature extraction were taken from two side-view angles with an interval of 90°. Data represent averages from six biological rep-
licates for each genotype and treatment. Error bars indicate standard error.

of Sin-11 was 30 % smaller compared with the area at Nu—/75
% SWC, while the area for Sac-5 remained more or less con-
stant irrespective of watering regime under Nu— conditions.
Digital shoot area for Gig-311 at Nu—/15 % SWC was almost
40 % lower compared with Sin-11 and Sac-5, although this did
not translate to similar weight reduction (Supplementary Data
Fig. S3). Substantial yellowing could be observed in Sac-5 and
Gig-311 plants exposed to Nu—/15 % SWC, both reaching 25
%, while this was only 5.5 % for Sin-11 (Fig. 3).
Photosynthetic measurements showed no major differences be-
tween Nu— plants at either 75 % SWC or 15 % SWC (Supplementary
Data Fig. S4). However, under Nu+ conditions, drought treatment
increased stomatal resistance (indicating decreased stomatal size
and conductance) 15 d after the start of the watering treatments
(Supplementary Data Fig. S4). Severely senesced leaf material lim-
ited the extent to which photosynthetic measurements could be re-
liably recorded towards the end of the experiment. Overall, under
these experimental conditions, phenotypic measurements showed

that Sac-5 and particularly Sin-11 coped better than Gig-311 with
drought stress when grown in Nu- compost.

Effect of drought and nutrient stress on biomass saccharification

To investigate whether the different evaluated stress con-
ditions modify the saccharification potential of the biomass
produced by the three miscanthus genotypes, enzymatic sac-
charification assays were performed on leaf and stem biomass
samples harvested at the end of the phenomics experiment.
Both in leaves and in stems, the variation in nutrition and SWC
levels had significant effects on the saccharification yields of
the plants (P < 0.05; Supplementary Data Table S3). Under
Nu+/75 % SWC conditions, sugar release was highest for
Sac-35, followed by Sin-11 and Gig-311 for leaf and stem bio-
mass (Fig. 4 and Supplementary Data Table S4), with sugar re-
lease between Sac-5 and Gig-311 being significantly different
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F1G. 4. Saccharification of cell-wall material from harvested miscanthus leaf and stem samples after the experimental treatments. The cell-wall biomass was

subjected to a mild pretreatment (water at 94 °C for 30 min) before enzymatic saccharification. Sugar release was measured by colorimetric detection of reduc-

ing sugar equivalents. Data represent averages from four biological replicates for each genotype and treatment, with four technical replicates for each sample.

Outliers were excluded by the z-score calculation method (excluded z-score >4). Error bars indicate standard deviation. The saccharification data are tabulated in
Supplementary Data Table S4.

(P < 0.05; Supplementary Data Table S5). As a trend, under
these conditions sugar release was typically higher from leaves
compared with stems for all three genotypes (28, 13 and 30
% higher for leaves from Sin-11, Sac-5 and Gig-311, respect-
ively). However, a significant difference (P < 0.05) between
leaves and stems from plants under Nu+/75 % SWC was only
detected for genotype Sin-11. Sugar release from leaf samples
taken from Nu+ plants was not significantly affected by SWC.
Likewise, at 15 % SWC, there were no significant differences in
sugar release from Nu+ and Nu- leaf samples. However, under
Nu- conditions, exposure to 15 % SWC significantly reduced
sugar release from leaves for Sac-5 and Gig-311 (reduction of
28 and 19 %, respectively; P < 0.05; see also Supplementary
Data Table S5) when compared with 75 % SWC. Interestingly,
leaves from these two genotypes also showed significantly
higher sugar release for Nu— compared with Nu+ at 75 % SWC
(20 and 37 %, respectively; P < 0.05; Fig. 4 and Supplementary
Data Tables S4 and S5). In contrast to leaf samples, SWC had
no significant effect on sugar release from Nu— stem samples.
At 15 % SWC, Nu+ Sin-11 and Gig-311 stem samples exhib-
ited significantly higher sugar release (both >50 %; P < 0.05)
than Nu+/75 % SWC samples (Fig. 4, Supplementary data
Tables S4 and S5). For 15 % SWC, sugar release was signifi-
cantly higher for Sin-11 and Gig-311 stems in Nu+ compared
with Nu— (19 and 36 % higher, respectively; P < 0.05). In con-
trast, 75 % SWC resulted in significantly higher sugar release
for Sin-11 Nu- stem samples compared with corresponding
Nu+ samples (36 % higher; P < 0.05). Across the genotypes,
water stress had little impact on saccharification of leaves
under Nu+ conditions and of stems under Nu— conditions. For
Sac-5 and Gig-311, sugar release was sensitive to SWC under
Nu- conditions and to nutrient availability under well-watered

conditions. Sugar release from Sin-11 stems was more affected
by water and nutrient availability compared with leaves.

Overall, the data suggest that a combination of well-watered
conditions and low nutrient availability can lead to the highest
sugar release from leaves. For stems, the highest sugar release
was generally associated with the combination of drought and
Nu+ conditions. The results indicate that exposure to different
environmental conditions, in this case water and nutrient levels,
can have different consequences for the sugar release character-
istics of young leaves and stems.

Do different levels of nutrient availability affect cell-wall
composition?

Since the sugar release for all of the three genotypes was
sensitive to nutrient levels under well-watered 75 % SWC con-
ditions, which also yielded significantly higher levels of above-
ground biomass when compared with 15 % SWC (Fig. 3 and
Supplementary data Fig. S3), we analysed cell-wall composition
in the 75 % SWC samples for comparison with the saccharifica-
tion data. Table 1 shows the percentage of the monosaccharides
in the non-crystalline fraction of cell walls from the three geno-
types grown at 75 % SWC. Overall, there was little difference
in matrix monosaccharides between the Nu+ and Nu— samples
of a given genotype. The only statistically significant difference
(P < 0.05) was observed for glucose, the second most abundant
matrix monosaccharide, being >4 times higher in Sac-5 Nu—
stem samples compared with Sac-5 Nu+ stem samples (Table 1
and Supplementary Data Table S7b). Although matrix glucose
was 3 times higher in Sac-5 Nu— leaves compared with those of
Sac-5 Nu+ and more than 2 times higher in Nu— Sin-11 stems
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compared with Nu+ stems, both of these results were not statis-
tically significant. It is important to note that the TFA hydroly-
sis protocol releases glucose preferentially from mixed-linkage
B-glucan and xyloglucan rather than cellulose. Xylose levels
were highest in stems of Sin-11, while arabinose and galactose
(the latter predominantly associated with pectin) were in all
cases highest in Sin-11 samples, and for all genotypes higher in
leaf compared with stem samples.

No significant differences in crystalline cellulose were
observed between Nu+ and Nu— samples of the three genotypes
(Table 2 and Supplementary Data Table S9). For leaves, crystal-
line cellulose content was lowest in Sin-11 and highest in Gig-
311, while for stem samples it was lowest for Sac-5 Nu— and
highest for Sac-5 Nu+.

Overall, lignin content was significantly lower in leaves
compared with stems (P < 0.05; Supplementary Data
Table S10). Stem samples all exhibited similar lignin content,
except for Sin-11 Nu—, which showed typically lower values
when compared with the stem samples of the other genotypes.
Within the same genotype, lignin content was only significantly
different between Sac-5 Nu+ and Nu- stem samples, with a

TABLE 1. Matrix monosaccharide content (expressed as per-
centage of total DW biomass)

Leaf Stem

Sugar, genotype Nutrient-poor Nutrient-rich Nutrient-poor Nutrient-rich
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significantly higher amount of acetyl bromide-soluble lignin in
Nu- (P < 0.05; Table 3 and Supplementary Data Table S11).

DISCUSSION

The cultivation of perennial biomass crops on abandoned
agricultural land, degraded land, reclaimed land and waste-
land can reduce the competition between food and biomass
crops for land use with the potential to support biodiver-
sity and soil carbon sequestration (Carlsson et al., 2017).
Perennial C4 grasses from the genus Miscanthus combine
high biomass production potential with adaptability to dif-
ferent environmental conditions and low requirements for
agricultural inputs (Lewandowski et al., 2000; Clifton-Brown
et al., 2017). Therefore, miscanthus is particularly well suited
for biomass production on marginal sites.

However, the relationship between the levels of water and
nutrients, which are two key limiting resources for the culti-
vation of miscanthus on marginal land (FAO, 2011), and their
possible impacts on biomass quality are poorly understood.
Here we have determined the individual and combined effects
of drought and nutrient levels on the growth and development
of three miscanthus genotypes during the early establishment
phase. We show that the experimental environmental stresses
influence sugar release and composition of cell-wall-derived
lignocellulose, a key biomass quality parameter.

Fucose TABLE 2. Crystalline cellulose content measured as percentage of
Sin-11 0.04 £<0.01 0.04 £<0.01 0.02+<0.01 0.02+<0.01 cell-wall biomass DW
Sac-5 0.04 £ 0.01 0.04 £<0.01 0.01 £<0.01 0.01 £<0.01 ’
Gig-311 0.04 £0.01 0.04 £<0.01 0.01x0.01 0.01 £<0.01 -
Arabinose Leaf Stem
Sin-11 427+023 412036 3.04+x0.52 2.83+0.33
S:;—S 3.73 _I 0.25 3.47 ; 030 153 ; 0.18 1.77 ; 0.13  Genotype Nutrient-poor ~ Nutrient-rich ~ Nutrient-poor ~ Nutrient-rich
. 3762023 3.92x009 2092092 162x014 g 1) 28742466 25.63£127 33.66+541  29.86+ 1.85
. Sac-5 31.04 +3.59 2831+5.78  27.44+£2.06 3423 £5.37
Sin-11 LI1£0.06 1042007 0612011 0442006 0 31 33304534 34872289 33654635  33.68+6.19
Sac-5 0.84+0.07 0.79+0.08 0.19+0.03 0.25 +£0.05
Gig-311 0.88+0.07 093x0.06 042+0.27  0.30+0.05
Rharr%nose Values are mean + standard deviation of biological and technical replicates
Sin-11 0.04 £ 0.01 0.03+£0.02 0.02+0.01 0.03+0.01 (minimum for each value, n = 8; total samples, n = 96).
Sac-5 0.03£<0.01  0.04+<0.01 <0.01+<0.01 0.02+0.01 Leaf and stem samples used for this assay were collected at the end of the
Gh?clg;z“ 0.03+<001 004x001 0.02x0.02 0.01+0.01 experiment from the three miscanthus genotypes grown at 75 % SWC.
Sin-11 784 +3.62 5.56+374 12.95 +6.67 4.54+2.09 Outliers were excluded via the z-score calculation method (excluded z-score >4).
Sac-5 5.67 +2.74 1.86+120 11.87+2.39 2.62+0.92 Supplementary Data Table S8 shows the ANOVA results for the cellulose
Gig-311 312+139 3.12+£1.29 7.81+4.17 7.20+4.14  content.
Xylose
Sin-11 1576 £1.94 1552+1.32 1737+ 1.11 18.10+1.47 . I
Sac-s 16082068 1576+133 1327103 15302058 TABLE 3. Acetyl bromide-soluble llgn.m content (ABSL) as per-
Gig-311 1541+0.74 1608+027 1320+1.66 12.92+0.83 centage of cell-wall biomass DW
Mannose
Sin-11 0.09+0.01 0.10£0.02 0.05+<0.01 0.06+0.01 Leaf Stem
Sac-5 0.08+0.02 0.11x£0.01 0.02+£<0.01 0.03x0.01
Gig-311 0.10 + 0.04 0.09+0.01 0.04+0.03 003+<001 Genotype Nutrient-poor Nutrient-rich  Nutrient-poor  Nutrient-rich
L . . . . Sin-11 15.08 + 1.49 14.60 £0.87  15.76 + 1.80 16.65 + 1.47
Values are mean + standard deviation of biological and technical replicates Gig-311 1624 + 0.87 15.78 + 4.35 17.00 + 1.40 1678 + 1.54
(minimum for each value, n = 4; total samples for each monosaccharide,  gyc-5 15.40 + 0.77 16.14 +1.17 18.13 + 1.45 16.16 + 0.87

n = 60).
Leaf and stem samples used for this assay were collected at the end of the
experiment from the three miscanthus genotypes grown at 75 % SWC.
Supplementary Data Table S6 shows the ANOVA results for the matrix
monosaccharides.

Values are mean + standard deviation of biological and technical replicates
(for each value, n = 3; total samples, n = 144).

Leaf and stem samples used for this assay were collected at the end of the
experiment from the three miscanthus genotypes grown at 75 % SWC.
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Differential growth responses of miscanthus to imposed
environmental conditions

Although a number of previous studies have focussed on the
effects of water deficit for miscanthus growth and development
(e.g. Clifton-Brown et al., 2002; Ings et al., 2013; Malinowska
et al., 2017; van der Weijde et al., 2017), plants in the field are
frequently exposed to multiple environmental stresses, since
nutrient and water requirements are closely related. Drought
stress conditions generally cause a decrease in the nutrient dif-
fusion rate from the soil matrix to the absorbing root surface,
reducing the availability, uptake, translocation and metabo-
lism of nutrients (Farooq et al., 2009). Drought also reduces
plant transpiration, resulting in reduced water absorption in
the roots (Hu and Schmidhalter, 2005; Farooq et al., 2009; da
Silva et al., 2011). However, the exact relationship between
the impact of drought on the uptake of nutrients and the subse-
quent effects on plant physiology remains poorly understood
(Ahanger et al., 2016).

In this study, we initially assessed the differences in mis-
canthus growth response based on genotype, irrigation treat-
ment (15 versus 75 % SWC) and nutrient levels (Nu+ and
Nu-). Under relative nutrient-poor (Nu—) conditions, the levels
of nitrogen, phosphorus and potassium macronutrients (N-P-K)
in the compost were reduced to about one-third of the N-P-K
levels in Nu+ compost. Using the imaging facilities of the UK
National Plant Phenomics Centre (NPPC-Aberystwyth), we
observed a strong correlation between biomass obtained from
digital image analysis and destructive biomass analysis at the
endpoint of the irrigation treatments, with R? values of 0.91 and
0.79 for FW and DW, respectively. These values correspond
well with the R? values of 0.92 and 0.84 obtained in a previous
study for FW and DW measures, respectively, when 47 mis-
canthus genotypes were exposed to water stress and imaged
using the NPPC facilities (Malinowska et al., 2017).

The percentages relative to the respective Nu+/75 % SWC
measures for shoot area, and for both FW and DW measure-
ments at the end of the experiments for all the different treat-
ments and genotypes are presented in Table 4. The experiments
showed that M. sinensis Sin-11 performed better than M. sac-
chariflorus Sac-5 and M. x giganteus Gig-311 under well-
watered but nutrient-poor conditions (Nu—/75 % SWC). The
growth of all three miscanthus genotypes was most severely
compromised when exposed to drought using Nu+ compost, as
characterized by highly reduced shoot area, lower above-ground
biomass accumulation and significant wilting. Miscanthus
genotypes were resilient to drought stress under nutrient-poor
conditions, and in particular Sin-11 and Sac-5 showed a robust
response under Nu—/15 % SWC conditions. Both these geno-
types achieved projected shoot area and DW measures of >50
% as compared with Nu+/75 % SWC conditions (Table 4). Both
these genotypes also showed moderate (Sac-5) or little (Sin-11)
signs of wilting and/or chlorosis. A previous study also showed
M. sinensis to be less sensitive to water stress when compared
with M. x giganteus and M. sacchariflorus, with little signs of
leaf senescence, and was referred to as a stay-green phenotype
(Clifton-Brown et al., 2002).

Under drought stress, the addition of plant nutrients is gen-
erally considered a favoured strategy to enhance water use ef-
ficiency and productivity in crop plants (Waraich et al., 2011),
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TABLE 4. Biomass measurements expressed as relative percentages

Shoot area

Genotype Nu+/75 % SWC Nu—/75 % SWC Nu+/15 % SWC Nu-/15 % SWC

Sin-11 100 (95) 83 (79) 17 (16) 56 (53)
Sac-5 100 (99) 48 (47) 14 (14) 52(52)
Gig-311 100 (100) 49 (49) 24 (24) 32 (32)
Fresh weight
Nu+/75 % SWC Nu—/75 % SWC Nu+/15 % SWC Nu—/15 % SWC
Sin-11 100 (109) 73 (79) 11(12) 30(33)
Sac-5 100 (101) 66 (67) 23 (23) 51(51)
Gig-311 100 (100) 63 (63) 23 (23) 40 (40)
Dry weight
Nu+/75 % SWC Nu—/75 % SWC Nu+/15 % SWC Nu—/15 % SWC
Sin-11 100 (91) 95 (86) 27 (24) 52 (48)
Sac-5 100 (97) 88 (86) 29 (28) 59 (57)
Gig-311 100 (100) 84 (84) 25 (25) 47 (47)

Values for Sin-11, Sac-5, and Gig-311 at Nu+/75 % SWC were set at 100 %.

Biomass measures for the various treatments for a given genotype are rela-
tive to those at Nu+/75 % SWC.

Relative percentages for the biomass measurements in this table are derived
from absolute measurements (see Supplementary data Fig. S3) taken from the
miscanthus genotypes at the end of the experimental treatments.

Percentage values in brackets are all relative to those of Gig-311 at Nu+/75
% SWC.

unless the drought stress is too severe (Hu and Schmidhalter,
2005). The data obtained in this study show that drought stress
in combination with high levels of N-P-K (Nu+) lead to a dra-
matic effect on miscanthus growth, with plants becoming se-
verely wilted. These results contrast with findings in maize
seedlings, where N-P-K fertilization increased the growth rate
under conditions of drought stress (Studer et al., 2007). Several
studies have shown that nitrogen treatment can partly alleviate
water stress-associated damage in plants (Dubey et al., 2001;
da Silva et al., 2011) and a close relationship between potas-
sium nutritional status and plant drought resistance has been
demonstrated (Wang et al., 2013). Water-stressed maize plants
showed improved adaptation to water deficits at higher potas-
sium levels (Premachandra et al., 1991) and exogenous appli-
cation of potassium enhanced drought tolerance of wheat and
barley (Samar Raza et al., 2013; Fayez and Bazaid, 2014).
Although some studies have shown that drought tolerance and
water use efficiency can be improved by increased phosphorus
(Ahanger et al., 2016), the involvement of phosphorus in alle-
viating drought is less clear.

The combination of water stress and Nu+ compost resulted
in a severe effect on miscanthus during early establishment in
the pot experiment. Generally, minimal N-P-K fertilizer is rec-
ommended during the establishment phase of M. x giganteus
(Cadoux et al., 2014; Haines et al., 2015). The UK Department
for Environment, Food & Rural Affairs (DEFRA) has recom-
mended values of 1015 mg L' phosphorus, 61-120 mg L'
potassium and a minimum of 150 kg ha™' nitrogen during
the miscanthus establishment phase (DEFRA, 2001). When
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compared with these recommendations, the level of phosphorus
was ~2-fold higher in our Nu— compost (24.5 mg L!) and al-
most 5-fold higher in Nu+ (73 mg L~!) compost. Potassium in
our Nu— compost (79.5 mg L") was within the recommended
range, while it was 2-fold higher in Nu+ compost. The level
of nitrogen in the two composts tested equates to ~220 kg ha™!
for Nu+ and 70 kg ha™!' for Nu—, respectively, equivalent to
~147 and 47 % of the recommended minimum level. The inter-
action between water stress and nutrient levels and the effect
on plant growth and development depend on plant species, de-
velopmental stage, drought stress levels, nutrient levels and
soil characteristics. The higher levels of fertilizer salts in Nu+
compost are associated with higher conductivity of the compost
(Nu+, 210-290 uS; Nu—, 155-215 pS before addition of 50
% grit sand). Although commercial composts generally have a
reduced risk of ‘fertilizer burn’, the combination of high N-P-K
and low water levels may have resulted in a high osmotic con-
centration of salts in the compost that aggravated the drought-
induced osmotic stress. However, it has been shown that, when
grown on saline soil that induces water shortage due to osmotic
stress and accumulation of salt in the plant, some M. sinen-
sis and M. sacchariflorus genotypes exhibit salinity tolerance
while the commercially available M. x giganteus genotype is
not suited for cultivation on such land (Lewandowski et al.,
2016). It is important to emphasize that plants grown in Nu+
compost achieved 15 % SWC 6-8 d later compared with plants
grown in Nu— compost, which contained 50 % grit sand. Thus,
even though Nu—/15 % SWC plants were exposed to the target
drought for a longer period (26-27 d), these plants still per-
formed much better than those exposed to Nu+/15 % SWC,
which only experienced target drought for 18-21 d.

In summary, the phenotyping results highlight the fact that
miscanthus can establish well under relative nutrient-poor
conditions, with Sin-11 being the best-performing genotype
at Nu—/75 % SWC of the three genotypes tested and Sin-11
and Sac-5 performing better than Gig-311 at Nu—/15 % SWC.
These results for Sin-11 confirm previous studies showing that
M. sinensis types can tolerate extreme variations in soil and cli-
mate conditions (Quinn et al., 2012), reinforcing their status
as good candidates for cultivation in stressful environments,
including less productive marginal lands.

Water and nutrient levels affect cell-wall sugar release in a
tissue- and genotype-dependent manner

Itis important to develop crops that can maintain biomass pro-
ductivity and quality even when cultivated in conditions that are
unsuitable for food crops, such as in poor soils and under water-
scarce environments. This becomes even more relevant given
the scenario of predicted climate change, where crops must be
quickly adapted to challenging environmental conditions. Most
of the chemical energy within grass lignocellulosic biomass is
located within its cell walls, which comprise a network of cel-
lulose, xylans and lignin polymers that interact to assemble a
complex and recalcitrant matrix (McCann and Carpita, 2008).
The relative abundances and interactions among the cell-wall
polymers dictate biomass recalcitrance, which has been defined
as the resistance of plant cell walls to deconstruction into mon-
omeric sugars (Pauly and Keegstra, 2010; DeMartini et al.,
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2013, De Souza et al., 2014). Recalcitrance can be assessed
by measuring saccharification yield, which is the total sugar
released by enzymatic treatment of cell-wall polysaccharides.
Since the architecture of the cell-wall matrix is affected by abi-
otic stress conditions, which can result in cell-wall loosening or
tightening (Le Gall ez al., 2015), this will likely impact on the
sugar release from plant biomass.

Indeed, our saccharification results demonstrate that dif-
ferent environmental conditions affect biomass quality in a
tissue- and genotype-dependent manner during the early estab-
lishment phase of miscanthus. Under nutrient-rich conditions,
exposure to drought significantly increased the saccharification
yield from stems of Sin-11 and Gig-311 (51 and 60 % increase,
respectively), while no significant changes were observed for
leaves. These results are in broad agreement with those from a
previous study in which 50 miscanthus genotypes exposed to
drought showed on average a 20 % higher cellulose conversion
efficiency from stems compared with controls, although this
study also reported a 7 % increase in the cellulose conversion
from leaves (van der Weijde et al., 2017).

The observation that more sugars were released from leaves
compared with stems under well-watered nutrient-rich condi-
tions also agrees with previous studies in miscanthus showing
that leaves are less recalcitrant compared with stems (Le Ngoc
Huyen et al., 2010; da Costa et al., 2014) underpinned by key
differences in their cell-wall fine structures and composition (da
Costa et al., 2017). Similar differences in recalcitrance between
these two organs have also been reported for other grasses, such as
wheat (Zhang et al., 2014) and switchgrass (Crowe et al., 2017).

Unexpectedly, low soil macronutrient levels combined with
well-watered conditions reduced the recalcitrance of Sac-5
and Gig-311 leaves even further (20 and 37 % increased sugar
release compared with Nu+/75 % SWC, respectively), while
for Sin-11 these conditions increased the sugar release from
stems by 36 %. Potassium fertilization has been suggested to
negatively influence biomass combustion quality characteris-
tics in miscanthus by increasing the concentrations of Cl, K,
N and ash (Lewandowski and Kicherer, 1997). However, to
our knowledge, this is the first report of the effect of differ-
ent soil nutrient levels on saccharification either in miscanthus
or other grasses. The higher sugar release for Sac-5 and Gig-
311 leaves under Nu—/75 % SWC conditions was not main-
tained when plants were exposed to water-limiting conditions
(Nu—/15 % SWC). Overall, the saccharification results indicate
that, although different environmental conditions may impose
a yield penalty on the accumulation of above-ground biomass,
under some circumstances such penalties may be offset by
enhanced sugar release. This is demonstrated in Supplementary
Data Table S12, which presents the sugar release from above-
ground biomass based on DW measures, relative to that of Gig-
311 under Nu+/75 % SWC conditions. Based on our results
Sin-11, when grown under nutrient-poor but well-watered con-
ditions, can achieve 20 % higher total sugar release compared
with Gig-311 at Nu+/75 % SWC. Under even harsher Nu—/15
% SWC conditions, both Sin-11 and Sac-5 still release 61 and
66 %, respectively, of the sugars released by Gig-311 at Nu+/75
9% SWC. The saccharification data emphasize that exposure to
different environmental conditions, in this case water and nutri-
ent levels, can have very different consequences for the sugar
release characteristics of leaves and stems. A combination of
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abundant water and low nutrients can lead to the highest sugar
release from leaves, while for stems the highest sugar release
is generally associated with the combination of drought and
nutrient-rich conditions. It is important to note that biomass
yield and saccharification data in this study were obtained from
young establishing miscanthus genotypes. Nevertheless, the
results indicate (1) that miscanthus has the potential for cultiva-
tion as a biomass crop under suboptimal conditions unsuitable
for food crops, and (2) the importance of selecting suitable mis-
canthus genotypes for different environmental conditions.

Although soil water content and the level of soil nutrients
both impacted on the levels of sugar release from the cell-wall
matrix, subsequent cell-wall analysis focused solely on samples
harvested from well-watered miscanthus plants. The rationale
for this was that projected sugar yields from the above-ground
biomass were significantly higher under these conditions.
Besides, although changes in cell-wall composition have been
reported for miscanthus exposed to drought stress (van der
Weijde et al., 2017), to our knowledge there are no reports on
the effect of soil nutrients on sugar release and the composi-
tional cell-wall features that underpin such effects.

Given the large and significant differences in the sugar re-
lease data between well-watered Nu+ and Nu— samples, it was
noteworthy that we could not detect significant differences in

M Cellulose M Lignin ® Glucose M Xylose
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the composition of the matrix polysaccharides, or in cellulose
and lignin contents. An overview of the cell-wall composition
and sugar release data is shown in Fig. 5. Using detergent fibre
analysis, it was previously shown that increased sugar release
from miscanthus biomass samples after exposure to drought
was accompanied by a reduction in cellulose content and an
increase in hemicellulosic polysaccharides, although compos-
itional features did not correlate with drought tolerance (van
der Weijde er al., 2017). Results from field trials with M. x
giganteus also showed that drought significantly affected cell-
wall composition, although nitrogen fertilizer levels did not sig-
nificantly affect composition (Emerson et al., 2014).

Although we could not identify compositional cell-wall dif-
ferences that correlate with sugar release between well-watered
miscanthus genotypes grown in Nu+ and Nu— samples, we be-
lieve that a more detailed analysis could reveal the reasons for
distinct saccharification levels. This hypothesis is supported by
the fact that De Souza et al. (2015) demonstrated that not only
lignin but also the fine structural features of cell-wall polysac-
charides can interfere with saccharification.

The compositional data obtained in this work show that both
arabinose and galactose content, as well as the arabinose:xylose
(Ara/Xyl) ratio were consistently higher in leaves than in stems
(~1.8-, ~2.5- and 1.6- to 1.9-fold higher, respectively) while
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lignin content was higher in stem material, which is in agreement
with previous results for actively growing miscanthus genotypes
(da Costa et al., 2014, 2017). Considering all samples, it is note-
worthy that there was a significant positive correlation (P < 0.01)
between sugar release and arabinose and galactose content, and
with the Ara/Xyl ratio, with Pearson’s correlation coefficients
(r) of 0.7, 0.6, and 0.6, respectively, and a negative correlation
with lignin content (r = —0.6; P < 0.05) (Supplementary Data
Table S13). In grasses, pectins and arabinogalactans are the main
Gal-containing cell-wall polysaccharides (Carpita, 1996; O’Neill
and York, 2003), while the level of xylan arabinosylation is likely
to influence the Ara/Xyl ratio (Rancour et al., 2012). As previ-
ously suggested by De Souza et al. (2015) and da Costa et al.
(2017), it is likely that subtle changes in the fine structure of
cell-wall polysaccharides, including those of heteroxylans (ara-
binoxylan and xyloglucan) and pectins, perhaps in association
with lignin (including pectin—lignin associations), contribute to
the observed differences in saccharification of the cell wall.

The results of this study reinforce the potential of the mis-
canthus biomass crop for cultivation on marginal land and
highlight the importance of the assessment of biomass qual-
ity measures in addition to biomass yield determinations. The
combination of different irrigation and nutrient treatments had
a significant effect on the release of sugars from the cell-wall
matrix of leaves and stems, highlighting the importance of
genotype—environment interactions. The changes in cell-wall
features induced by different abiotic environments that under-
pin observed sugar release differences have not yet been iden-
tified but possibly result from changes in the fine structure of
cell-wall constituents. Future studies, using more sophisticated
methods for cell-wall analysis and improved measures for
nutrient levels and compost texture, could address such changes
in more detail. From a commercial point of view, expansion of
miscanthus cultivation into marginal agricultural land requires
the development of stress-tolerant seed-based hybrids (Clifton-
Brown et al., 2017; Hastings et al., 2017). It will therefore be
important to evaluate the effect of environmental stresses on
the growth and biomass quality measures of such seed-based
hybrids, both during the establishment phase as well as in
well-established field trials. Miscanthus biomass is normally
harvested from mature, fully senesced plants. It will therefore
be important to determine to what extent observations made in
young miscanthus plants, such as those in this study, are pre-
dictive for mature plants. While miscanthus has potential for
liquid-based biofuels, future work will also need to address
other quality measures associated with the miscanthus bio-
mass-based value-chain products, such as combustion, biogas
and other biomaterial requirements (Wagner et al., 2017).

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Figure S1: photographs
of the gravimetric system used for the watering treatments.
Figure S2: average number of days for the three miscanthus gen-
otypes to achieve 15 % soil water content (SWC) after the start
of withholding water. Figure S3: weight measures and derived
water content (WC) from tissue harvest. Figure S4: photosyn-
thetic productivity measurements. Table S1: ANOVA for the
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variation in plant fresh weight measurements. Table S2: ANOVA
for the variation in plant dry weight measurements. Table S3:
ANOVA for saccharification of leaf and stem biomass. Table S4:
saccharification assays on cell-wall material from harvested tis-
sue samples. Table S5a: P-values of saccharification differences
in leaf biomass for each combination of genotype, nutrition level
and soil water content. Table S5b: P-values of saccharification
differences in stem biomass for each combination of geno-
type, nutrition level and soil water content. Table S6: ANOVA
for matrix monosaccharides from leaf and stem separately.
Table S7a: P-values for significant differences in the leaf content
of each matrix monosaccharide between genotypes attributed to
nutrition level. Table S7b: P-values for significant differences
in the stem content of each matrix monosaccharide between
genotypes attributed to nutrition level. Table S8: ANOVA for
cellulose content of all samples. Table S9: P-values for signifi-
cant differences in cellulose content between genotypes attrib-
uted to nutrition level. Table S10: ANOVA for acetyl bromide
lignin determinations. Table S11: P-values for significant differ-
ences in lignin content between genotypes attributed to nutrition
level. Table S12: relative sugar release potential (%) based on
saccharification results and dry biomass measures. Table S13:
Pearson’s correlation coefficient (r) between sugar release data
and cell-wall content.

ACKNOWLEDGEMENTS

We thank members of the miscanthus breeding team in
Aberystwyth for their help in providing the miscanthus rhi-
zome material used in this study. This work was supported
by a Newton Fund RCUK-CONFAP Research Partnership
(BBSRC grant number BB/M029212/1) (FAPESP grant
number 2013/50358-9). Further support for the work came
from the BBSRC Energy Grasses & Biorefining Institute
Strategic Programme (BBS/E/W/10963A01), the BBSRC Core
Strategic Programme in Resilient Crops (BB/CSP1730/1) and
the National Institute of Science and Technology of Biothanol
(INCT-Bioetanol-FAPESP (grant number 2008/57908-6) and
CNPq (grant number 574002/2008-1).

LITERATURE CITED

Ahanger MA, Morad-Talab N, Abd-Allah EF, Ahmad P, Hajiboland R.
2016. Plant growth under drought stress: significance of mineral nutrients.
In: Ahmad P. ed. Water stress and crop plants: a sustainable approach.
Chichester, West Sussex: John Wiley & Sons, Ltd.

Behnke GD, David MB, Voigt TB. 2012. Greenhouse gas emissions, nitrate
leaching, and biomass yields from production of Miscanthus x giganteus
in [linois, USA. BioEnergy Research 5: 801-813.

Bosch M, Mayer C-D, Cookson A, Donnison IS. 2011. Identification of genes
involved in cell wall biogenesis in grasses by differential gene expression
profiling of elongating and non-elongating maize internodes. Journal of
Experimental Botany 62: 3545-3561.

Cadoux S, Ferchaud F, Demay C, et al. 2014. Implications of productivity
and nutrient requirements on greenhouse gas balance of annual and peren-
nial bioenergy crops. GCB Bioenergy 6: 425-438.

Carlsson G, Martensson L-M, Prade T, Svensson S-E, Jensen ES. 2017.
Perennial species mixtures for multifunctional production of biomass on
marginal land. GCB Bioenergy 9: 191-201.

Carpita NC. 1996. Structure and biogenesis of the cell walls of grasses. Annual
Review of Plant Physiology and Plant Molecular Biology 47: 445-476.

Chen C-L, van der Schoot H, Dehghan S, et al. 2017. Genetic diversity of salt
tolerance in Miscanthus. Frontiers in Plant Science 8: 187.


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcy155#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcy155#supplementary-data
https://academic.oup.com/aob
https://academic.oup.com/aob

da Costa et al. — Consequences of environmental stress for miscanthus biomass

Clifton-Brown JC, Lewandowski I, Andersson B, et al. 2001. Performance
of 15 Miscanthus genotypes at five sites in Europe. Agronomy Journal 93:
1013-1019.

Clifton-Brown J, Hastings A, Mos M, et al. 2017. Progress in upscaling
Miscanthus biomass production for the European bio-economy with seed-
based hybrids. GCB Bioenergy 9: 6-17.

Clifton-Brown JC, Lewandowski I, Bangerth F, Jones MB. 2002.
Comparative responses to water stress in stay-green, rapid- and slow
senescing genotypes of the biomass crop, Miscanthus. New Phytologist
154: 335-345.

Cohen J. 1973. Eta-squared and partial eta-squared in fixed factor ANOVA
designs. Educational and Psychological Measurement 33: 107-112.

da Costa RMF, Lee SJ, Allison GG, Hazen SP, Winters A, Bosch M. 2014.
Genotype, development and tissue-derived variation of cell-wall proper-
ties in the lignocellulosic energy crop Miscanthus. Annals of Botany 114:
1265-12717.

da Costa RMF, Pattathil S, Avci U, ef al. 2017. A cell wall reference profile
for Miscanthus bioenergy crops highlights compositional and structural
variations associated with development and organ origin. New Phytologist
213: 1710-1725.

Crowe JD, Feringa N, Pattathil S, et al. 2017. Identification of developmental
stage and anatomical fraction contributions to cell wall recalcitrance in
switchgrass. Biotechnology for Biofuels 10: 184.

Davey CL, Jones LE, Squance M, ef al. 2017. Radiation capture and con-
version efficiencies of Miscanthus sacchariflorus, M. sinensis and their
naturally occurring hybrid M. x giganteus. GCB Bioenergy 9: 385-399.

DEFRA. 2001. Planting and growing miscanthus: best practice guidelines for
applications to DEFRA’s Energy Crop Scheme. London: Department for
the Environment Food and Rural Affairs.

DeMartini JD, Pattathil S, Miller JS, Li H, Hahn MG, Wyman CE. 2013.
Investigating plant cell wall components that affect biomass recalcitrance
in poplar and switchgrass. Energy & Environmental Science 6: §98-909.

Dierking RM, Allen DJ, Brouder SM, Volenec JJ. 2016. Yield, biomass com-
position, and N use efficiency during establishment of four Miscanthus
x giganteus genotypes as influenced by N management. Biomass and
Bioenergy 91: 98-107.

Donnison IS, Fraser MD. 2016. Diversification and use of bioenergy to main-
tain future grasslands. Food and Energy Security 5: 67-75.

Dubey RS, Srivastava RK, Pessarakli M. 2001. Physiological mechanisms of
nitrogen absorption and assimilation in plants under stressful conditions.
In: Pessarakli M. ed. Handbook of plant and crop physiology, 3rd edn.
Boca Raton, FL: CRC Press.

Emerson R, Hoover A, Ray A, et al. 2014. Drought effects on composition
and yield for corn stover, mixed grasses, and Miscanthus as bioenergy
feedstocks. Biofuels 5: 275-291.

FAO. 2011. The state of the world’s land and water resources for food and
agriculture (SOLAW) — managing systems at risk. Abingdon, UK: Food
and Agriculture Organization of the United Nations.

Farooq M, Wahid A, Kobayashi N, Fujita D, Basra SMA. 2009. Plant
drought stress: effects, mechanisms and management. Agronomy for
Sustainable Development 29: 185-212.

Fayez KA, Bazaid SA. 2014. Improving drought and salinity tolerance in
barley by application of salicylic acid and potassium nitrate. Journal of
the Saudi Society of Agricultural Sciences 13: 45-55.

Fisher LHC, Han J, Corke FMK, et al. 2016. Linking dynamic phenotyping
with metabolite analysis to study natural variation in drought responses of
Brachypodium distachyon. Frontiers in Plant Science 7: 1751.

Foster CE, Martin TM, Pauly M. 2010. Comprehensive compositional ana-
lysis of plant cell walls (lignocellulosic biomass). Part II: carbohydrates.
Journal of Visualized Experiments 37: 1837.

Friesen PC, Peixoto MM, Busch FA, Johnson DC, Sage RF. 2014. Chilling
and frost tolerance in Miscanthus and Saccharum genotypes bred for cool
temperate climates. Journal of Experimental Botany 65: 3749-58.

Fry SC. 1988. The growing plant cell wall: chemical and metabolic analysis.
London: Longman.

Fukushima RS, Hatfield RD. 2004. Comparison of the acetyl bromide spec-
trophotometric method with other analytical lignin methods for determin-
ing lignin concentration in forage samples. Journal of Agricultural and
Food Chemistry 52: 3713-3720.

Le Gall H, Philippe F, Domon J-M, Gillet F, Pelloux J, Rayon C. 2015. Cell
wall metabolism in response to abiotic stress. Plants 4: 112.

Glowacka K, Adhikari S, Peng J, et al. 2014. Variation in chilling tolerance
for photosynthesis and leaf extension growth among genotypes related to

565

the C4 grass Miscanthus x giganteus. Journal of Experimental Botany 65:
5267-5278.

Gomez LD, Bristow JK, Statham ER, McQueen-Mason SJ. 2008. Analysis
of saccharification in Brachypodium distachyon stems under mild condi-
tions of hydrolysis. Biotechnology for Biofuels 1: 15.

Gomez LD, Whitehead C, Barakate A, Halpin C, McQueen-Mason SJ.
2010. Automated saccharification assay for determination of digestibility
in plant materials. Biotechnology for Biofuels 3: 23.

Haines SA, Gehl RJ, Havlin JL, Ranney TG. 2015. Nitrogen and phos-
phorus fertilizer effects on establishment of giant Miscanthus. BioEnergy
Research 8: 17-27.

Hastings A, Mos M, Yesufu JA, ef al. 2017. Economic and environmental
assessment of seed and rhizome propagated Miscanthus in the UK.
Frontiers in Plant Science 8: 1058.

Hodkinson TR, Chase MW, Renvoize SA. 2002. Characterization of a gen-
etic resource collection for Miscanthus (Saccharinae, Andropogoneae,
Poaceae) using AFLP and ISSR PCR. Annals of Botany 89: 627-636.

Hu Y, Schmidhalter U. 2005. Drought and salinity: a comparison of their
effects on mineral nutrition of plants. Journal of Plant Nutrition and Soil
Science 168: 541-549.

Ings J, Mur LAJ, Robson PRH, Bosch M. 2013. Physiological and growth
responses to water deficit in the bioenergy crop Miscanthus x giganteus.
Frontiers in Plant Science 4: 468.

Jezowski S, Mos M, Buckby S, ef al. 2017. Establishment, growth, and yield
potential of the perennial grass Miscanthus x giganteus on degraded coal
mine soils. Frontiers in Plant Science 8: 726.

Jones MB, Finnan J, Hodkinson TR. 2015. Morphological and physiological
traits for higher biomass production in perennial rhizomatous grasses
grown on marginal land. GCB Bioenergy 7: 375-385.

Lee M-S, Wycislo A, Guo J, Lee DK, Voigt T. 2017. Nitrogen fertilization
effects on biomass production and yield components of Miscanthus x
giganteus. Frontiers in Plant Science 8: 544.

Levine TR, Hullett CR. 2002. Eta squared, partial eta squared, and misre-
porting of effect size in communication research. Human Communication
Research 28: 612-625.

Lewandowski I, Kicherer A. 1997. Combustion quality of biomass: practical
relevance and experiments to modify the biomass quality of Miscanthus x
giganteus. European Journal of Agronomy 6: 163—177.

Lewandowski I, Clifton-Brown JC, Scurlock JMO, Huisman W. 2000.
Miscanthus: European experience with a novel energy crop. Biomass and
Bioenergy 19: 209-227.

Lewandowski I, Clifton-Brown J, Trindade LM, et al. 2016. Progress on
optimizing miscanthus biomass production for the European bioeconomy:
results of the EU FP7 project OPTIMISC. Frontiers in Plant Science 7T:
1620.

Malinowska M, Donnison IS, Robson PRH. 2017. Phenomics analysis of
drought responses in Miscanthus collected from different geographical
locations. GCB Bioenergy 9: 78-91.

Le Ngoc Huyen T, Rémond C, Dheilly RM, Chabbert B. 2010. Effect of
harvesting date on the composition and saccharification of Miscanthus x
giganteus. Bioresource Technology 101: 8224-8231.

McCann MC, Carpita NC. 2008. Designing the deconstruction of plant cell
walls. Current Opinion in Plant Biology 11: 314-320.

Nsanganwimana F, Pourrut B, Mench M, Douay F. 2014. Suitability of
Miscanthus species for managing inorganic and organic contaminated
land and restoring ecosystem services. A review. Journal of Environmental
Management 143: 123-134.

O’Neill M, York W. 2003. The composition and structure of plant primary cell
walls. In: Rose J. ed. The plant cell wall. Oxford: Blackwell, 1-54.

Pauly M, Keegstra K. 2010. Plant cell wall polymers as precursors for biofu-
els. Current Opinion in Plant Biology 13: 305-312.

Pidlisnyuk V, Stefanovska T, Lewis EE, Erickson LE, Davis LC. 2014.
Miscanthus as a productive biofuel crop for phytoremediation. Critical
Reviews in Plant Sciences 33: 1-19.

Plazek A, Dubert F, KoScielniak J, et al. 2014. Tolerance of Miscanthus x
giganteus to salinity depends on initial weight of rhizomes as well as high
accumulation of potassium and proline in leaves. Industrial Crops and
Products 52: 278-285.

Premachandra GS, Saneoka H, Ogata S. 1991. Cell membrane stability and
leaf water relations as affected by potassium nutrition of water-stressed
maize. Journal of Experimental Botany 42: 739-745.

Purdy SJ, Maddison AL, Jones LE, et al. 2013. Characterization of chilling-
shock responses in four genotypes of Miscanthus reveals the superior



566

tolerance of M. x giganteus compared with M. sinensis and M. sacchari-
Sflorus. Annals of Botany 111: 999-1013.

Quinn LD, Stewart JR, Yamada T, ef al. 2012. Environmental tolerances
of Miscanthus sinensis in invasive and native populations. BioEnergy
Research 5: 139-148.

Rancour D, Marita J, Hatfield RD. 2012. Cell wall composition throughout
development for the model grass Brachypodium distanchyon. Frontiers in
Plant Science 3: 266.

Samar Raza MA, Farrukh Saleem M, Mustafa Shah G, Jamil M, Haider
Khan I. 2013. Potassium applied under drought improves physiological
and nutrient uptake performances of wheat (Triticum aestivum L.). Journal
of Soil Science and Plant Nutrition 13: 175-185.

Shield IF, Barraclough TJP, Riche AB, Yates NE. 2014. The yield and quality
response of the energy grass Miscanthus x giganteus to fertiliser applications
of nitrogen, potassium and sulphur. Biomass and Bioenergy 68: 185-194.

da Silva E, Nogueira R, da Silva M, Albuquerque M. 2011. Drought stress
and plant nutrition. Plant Stress 5: 32—41.

De Souza AP, Arundale RA, Dohleman FG, Long SP, Buckeridge MS.
2013. Will the exceptional productivity of Miscanthus x giganteus in-
crease further under rising atmospheric CO2? Agricultural and Forest
Meteorology 171-172: 82-92.

De Souza AP, Grandis A, Leite DCC, Buckeridge MS. 2014. Sugarcane as
a bioenergy source: history, performance, and perspectives for second-
generation bioethanol. BioEnergy Research T: 24-35.

De Souza AP, Kamei CLA, Torres AF, et al. 2015. How cell wall complexity
influences saccharification efficiency in Miscanthus sinensis. Journal of
Experimental Botany 66: 4351-4365.

Stavridou E, Hastings A, Webster RJ, Robson PRH. 2017. The impact of
soil salinity on the yield, composition and physiology of the bioenergy
grass Miscanthus x giganteus. GCB Bioenergy 9: 92—104.

da Costa et al. — Consequences of environmental stress for miscanthus biomass

Studer C, Hu Y, Schmidhalter U. 2007. Evaluation of the differential osmotic
adjustments between roots and leaves of maize seedlings with single or
combined NPK-nutrient supply. Functional Plant Biology 34: 228-236.

Tanger P, Field J, Jahn C, DeFoort M, Leach J. 2013. Biomass for thermochem-
ical conversion: targets and challenges. Frontiers in Plant Science 4: 218.

Valentine J, Clifton-Brown J, Hastings A, Robson P, Allison G, Smith P.
2012. Food vs. fuel: the use of land for lignocellulosic ‘next generation’
energy crops that minimize competition with primary food production.
GCB Bioenergy 4: 1-19.

Wang D, Maughan MW, Sun J, et al. 2012. Impact of nitrogen allocation on
growth and photosynthesis of Miscanthus (Miscanthus x giganteus). GCB
Bioenergy 4: 688—697.

Wang M, Zheng Q, Shen Q, Guo S. 2013. The critical role of potassium in
plant stress response. International Journal of Molecular Sciences 14:
7370-7390.

Waraich EA, Ahmad R, Ashraf MY, Saifullah, Ahmad M. 2011. Improving
agricultural water use efficiency by nutrient management in crop plants. Acta
Agriculturae Scandinavica, Section B - Soil & Plant Science 61: 291-304.

van der Weijde T, Huxley LM, Hawkins S, ef al. 2017. Impact of drought
stress on growth and quality of miscanthus for biofuel production. GCB
Bioenergy 9: 770-782.

Wagner M, Kiesel A, Hastings A, Igbal Y, Lewandowski I. 2017. Novel
Miscanthus germplasm-based value chains: a life cycle assessment.
Frontiers in Plant Science 8: 990.

Whitehead C, Gomez LD, McQueen-Mason SJ. 2012. The analysis of sac-
charification in biomass using an automated high-throughput method.
Methods in Enzymology 510: 37-50.

Zhang H, Fangel JU, Willats WGT, ef al. 2014. Assessment of leaf/stem
ratio in wheat straw feedstock and impact on enzymatic conversion. GCB
Bioenergy 6: 90-96.



