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Abstract
Miscanthus is renowned for its excellent water-use efficiency and good adaptability to a wide range of environmental conditions, making it suitable for cultivation on marginal soils. Drought is a major cause of this marginality, and its
occurrence is becoming more frequent and prolonged due to climatic change.
Developing drought tolerant genotypes of miscanthus would ensure the maintenance of economically viable yields on lands prone to periodic water-deficiency.
To better understand the underlying response and tolerance mechanisms,
pre-screen for better survivability at plot setup on marginal lands, and identifying early biomarkers of stress, we explored the genetic diversity present in
Miscanthus sinensis under applied drought. Young plants of 23 genotypes underwent 3 weeks of water-deprivation in glasshouse-controlled conditions, followed
by an equal period of recovery. Leaves harvested at the end of both experimental
phases were the focus of extensive biochemical analyses. Coupled with monitoring several growth and yield parameters, this was instrumental in evaluating
stress impact and responses. The most productive genotypes suffered the most in
terms of yield reduction and chlorophyll degradation when stress was applied.
In parallel, proline and simple soluble sugars accumulated to readjust the osmotic potential in the cytosol and vacuoles, respectively. The necessary carbon
skeletons for this buildup were partially acquired from resources diverted away
from cell wall synthesis and maintenance, whose content dropped under stress
in parallel to increasing drought-sensitivity. Correspondingly, expressional and
biochemical analyses revealed a dynamic turnover of starch and soluble sugars
in stressed leaves. Meanwhile, better avoidance of stress enabled a more efficient
post-drought recovery, which was characterized by restoring pre-stress hydraulic
status and unplugging stress response mechanisms.
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I N T RO DU CT ION

Lignocellulosic crops have the potential to serve as a promising source of bioenergy, especially high-yielding C4 perennial species, such as miscanthus and switchgrass (van
der Weijde et al., 2013). Miscanthus, is renowned for its
high productivity (Anderson et al., 2011), good water-use
efficiency (Cosentino et al., 2007; Ghannoum et al., 2010),
low nutrient requirement (Davis et al., 2014; van der
Weijde et al., 2013), and its adaptability to adverse environmental conditions (Clifton-Brown et al., 2017; Fonteyne
et al., 2016). This makes it suitable for marginal lands exploitation, to avoid the need to use farmland for energy
production (Carlsson et al., 2017). However, the genus’
most commonly grown species, Miscanthus x giganteus
(MxG), is sterile due to its triploid nature. This presents
a major obstacle for its adoption on a wider commercial
scale given its costly plot setup via rhizome propagation
(Xue et al., 2015), in addition to hindering its optimization
via breeding (Jakob et al., 2009). Alternatively, the seed-
based M. sinensis is gaining interest as a suitable replacement, owing to its genetic diversity (Clifton-Brown et al.,
2017; Sacks et al., 2013), better tolerance to abiotic stresses
(Clifton-Brown & Lewandowski, 2000a; Weng et al., 2022),
and generally lower cell wall lignin contents (Qin et al.,
2012; van der Weijde et al., 2017a). The latter is strongly
associated with a higher saccharification efficiency (Van
der Weijde et al., 2017c; Zhao et al., 2012).
Using marginal lands for cultivating biofuel crops
has become an inevitable option to meet set carbon and
clean-energy goals (Schueler et al., 2016) without competing for land use with food crops. In most cases however, the cause of marginality is abiotic (Blanco-Canqui,
2016), ranging from floods, alkalinity, salinity, to most
importantly, drought (Gopalakrishnan et al., 2011; Von
Cossel et al., 2019). The latter is forecasted by climate
models to increase in frequency of occurrence, duration,
and geographic spread due to global warming (Salinger
et al., 2005). In fact, water deficiency reduces crop yields
more than any other environmental stress (Cattivelli et al.,
2008), negatively impacting every developmental stage
in a plant's life. As such, promoting tolerance in biofuel
crops is vital, to ensure better survival on marginal lands,
specifically during field establishment when mortality in
miscanthus is highest (Clifton-Brown & Lewandowski,
2000b; Jørgensen et al., 2003). Furthermore, resistance
to mild and moderate droughts warrant consistent and
substantial yields under unfavorable conditions. This is
crucial for the success of cellulosic biorefineries (van der
Weijde et al., 2013), since the criterion for success is efficient and stable crop production rather than mere plant
survival.
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Developing a blueprint toward optimized water-
deficiency endurance requires a better understanding
of the response and tolerance mechanisms to drought.
Equally important is identifying biomarkers of stress,
ensuring an early detection of vulnerability; crucial for
pre-screening in breeding programs and reducing mortality rates in plot setups on marginal lands. This pressing
need, manifested in the scientific community's growing
interest in examining the impact of drought on second
generation biofuel crops (Chen et al., 2020; Lovell et al.,
2016; Taylor et al., 2016; Weng et al., 2022). Some studies,
however, especially those on miscanthus, focused on the
stress-imparted changes to cell wall quality and saccharification efficiency (Da Costa et al., 2019; Van Der Weijde
et al., 2017b). Moreover, those that did assess the latter,
like Ings et al. (2013) and Stavridou et al. (2019) among
others, included but a handful of investigated taxa, thus
overlooking the extensive genetic diversity offered by the
miscanthus genus in general, and M. sinensis in particular
(Clifton-Brown et al., 2008).
Drought triggers a series of basic stress response
mechanisms that include among others, curtailing gas
exchange to reduce water loss, the accumulation of compatible solutes (osmolytes), and the activation of antioxidant systems (Ashraf et al., 2011; Yang et al., 2021). These
responses are conserved in most plants and do not necessarily confer tolerance. Some genotypes however retain
an edge over their more sensitive counterparts due to a
multitude of reasons, for example, more efficient activation of these pathways, earlier detection of stress, better
avoidance, etc. (Yang et al., 2021). Accordingly, exploiting
M. sinensis ample genetic diversity via comparative studies, is pivotal in screening for better performing genotypes
and the consequent breeding efforts toward improved tolerance in this crop (Weng et al., 2022). This was evident in
the dissimilar impact of water-deficiency (Van Der Weijde
et al., 2017b) and salt (Chen et al., 2017) on diverse populations of M. sinensis genotypes, and likewise the differential expression of common regulatory pathways after
flooding and drought treatments (De Vega et al., 2021).
A comparative study of genetically related taxa with
different tolerance potentials undergoing applied stress
would pinpoint tolerance-
conveying mechanisms, and
identify early stress biomarkers (Al Hassan, 2016). In this
work, we tried to address the lack of such in-depth comparative study in M. sinensis, as well as investigating the
uncharted post-drought recovery in this species. The latter
would prove especially important for exploiting marginal
lands prone to occasional droughts. Our working hypothesis was that those mechanisms contributing to drought
tolerance would be more efficiently activated in the more
tolerant genotypes, whilst earlier and more pronounced
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detection of stress biomarkers would be distinctive of the
more susceptible ones.
A two-step experiment was carried out under controlled
glasshouse conditions on potted plantlets of 23 M. sinensis
genotypes. Studied plants underwent 3 weeks of drought
followed by 3 weeks of recovery (reinstating irrigation to
stressed plants). Several growth parameters were monitored during the full duration of the experiment, with a
harvest taking place following each experimental phase
(stress and recovery). Leaves then underwent extensive
biochemical and expressional analyses to investigate the
stress response mechanisms. The recorded growth and
yield data were used in setting up an index of sensitivity to
stress (similar to the approach described by Malinowska
et al., 2020), which allowed for the clustering of investigated genotypes into contrasting groups with respect to
their vulnerability to drought. This facilitated pursuing
our research goals: identifying early stress biomarkers of
drought, elucidating possible mechanisms of tolerance
and early post-drought recovery in M. sinensis, and a better understanding of stress-imparted changes on its leaf
carbon allocation.

2
2.1

|

M AT E R IALS AN D M ET H OD S

|

Plant material

The experimental setup involved 24 M. sinensis genotypes developed by Wageningen University and Research
(WUR), 15 of which were used during the EU-funded project OPTIMSC (Lewandowski et al., 2016). Each was given
a code starting with G, to ease its terminology throughout
this manuscript (Table S1). Van Der Weijde et al. (2017b),
applied water-deficiency stress on nine of those genotypes, that were included in this work to serve as a benchmark for tolerance identification. One genotype (G6) was
excluded from analyses, as its feedstock was considered
unsuitable (lack of homogeneity in the starting material).
Its pots, however, were kept in the experimental setup as
gap fillers (labelled as pot x).
Rhizomes served as the starting material, whereby
new buds were split-off and collected for the initiation
of individual plants. These explants were placed each in
plug-sized seed trays for 6 weeks on a commercial potting
mix and irrigated with half-strength Hoagland nutritive
solution. Then tiller-forming plugs were transplanted to
5 L pots filled with the same potting mix supplemented
with slow-release Osmocote Exact Standard 5–6 M, to prevent any nutritive deficiency in the water-stressed plants
during treatments. Plants were then allowed to acclimatize and grow for 10 weeks before initiating treatments.
Flowering shoots were “pruned” to keep the plants in a

vegetative growing state and normalize the starting material within each genotype.

2.2

|

Experimental design

Plant material preparation and the subsequent trials were
carried out in a controlled-environment chamber, at the
greenhouse facilities of WUR, The Netherlands. The following conditions were used: long-day photoperiod (16 h
of light) with irradiance kept at a minimum of 200 Wm−2,
temperature averaging around 20°C, and air humidity set
to a minimum of 80%.
An experiment with two successive phases was carried
out, each for 3 weeks; applied drought followed by reinstated irrigation (recovery). All 23 genotypes were studied
for the first phase, whereas only 16 were included in the
latter. Prior to stress application, plants (4 months old)
within every genotype were screened phenotypically based
on their developmental stage and growth, to remove any
outliers. Sick or damaged plants were discarded outright,
alongside those that were outliers within each genotype's
population of clonal replicas. This was essential to keep
good homogeneity and minimize any non-stress caused
differences. Potted plants were placed in a randomized
block design (Figure S1), distributed across four tables
(blocks), each divided with a waterproof barrier into two
compartments. One compartment in each block was designated for control pots (regular irrigation) and the other
for drought/recovery, alternating in position between different blocks. Every compartment was further subdivided
into three sections, each with 24 pots (one of every genotype) randomly shuffled within every section. Genotypes
that did not have at least 20 plants in the design at the
start of the treatments, were only studied in the applied
drought phase (five plants were harvested from each genotype per treatment after each, the drought and recovery
periods). Any remaining pots of the excluded genotypes
(seven in addition to G6, Table S1) were kept as gap fillers
(pot X) during the recovery study.
One week before starting treatments, all pots were
flooded and drenched to ensure the activation of the
Osmocote supplement. Applied drought was implemented by withholding irrigation completely for 3 weeks
in the designated drought/recovery compartments, while
their control counterparts were watered thrice a week via
flooding. Soil moisture contents of several pots in every
compartment were regularly checked with a soil moisture
meter (MO750, EXTECH Instruments, USA), to ensure
the uniformity of applied treatments. At the end of the
drought treatments, the aerial parts of five randomly selected plants per treatment for every genotype were harvested (rhizomes and roots were discarded). Fresh stem

AL HASSAN et al.

and leaf tissue were separated and weighed prior to further processing. The recovery study commenced afterward on the remaining pots, as regular irrigation (similar
to controls) was reinstated to previously stressed plants for
3 weeks. A second similar harvest took place at the end of
the recovery trial.

2.3 | Monitored growth parameters and
feedstock processing
Several growth and physiological parameters were
checked during the trials on a weekly basis. These included the following: stem length (measured at the node
associated with the highest fully expanded leaf, on the
tallest none-flowering stem), flowering occurrence, chlorophyll content using a portable “chlorophyll meter”
SPAD-502Plus (Konica Minolta, Japan), photochemical
efficiency of photosystem II after dark adaptation (Fv/Fm)
using an OS/30-P portable fluorometer (Optics-Science
Inc., USA), and the number of stems/tillers (counted only
at harvests).
In both harvests, a part of the raked feedstock (leaves
and stems) was snap-
frozen with liquid nitrogen and
stored at −80°C. The rest was separately weighed and
placed in an oven at 50°C, for 4 days until stable weight was
reached. Dried material was weighed again to determine
the dry weight (DW) and by extension, water moisture
content at harvest. Dried leaf samples were then ground
using a hammer mill with a 1-mm screen. Throughout the
manuscript, dry and fresh yield per plant would refer to
aboveground biomass exclusively.

2.4

|

Developing a sensitivity index

A multi-trait approach instead of single trait plasticity was
thought to be more representative of stress impact. As
such, four parameters (fresh and dry yields per plant, in
addition to stem length and count), highly correlated with
plant's performance under applied drought, were considered to set up a vulnerability range. The inclusion of both
fresh weight (FW) and DW, aimed at putting emphasis on
DW yield stability by overlapping it, while taking moisture content under stress into account. Stem length on the
other hand is among the earliest physiological markers of
water stress (Ings et al., 2013), and alongside stem count,
was deemed influential in explaining miscanthus yield response in both control and stress conditions (Malinowska
et al., 2020). Index of plasticity (IP) for each trait was calculated according to equation (1) similar to the method
described by Malinowska et al. (2020). The average per
genotype for every trait at favorable conditions was
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reported as traitcontrol and that under unfavorable ones
was traitdrought.
(
)
IP = traitcontrol − traitdrought ∗ trait−1
control

(1)

The 23 genotypes were then ranked according to their
cumulative IPs, before arranging them into contrasting
groups of sensitivity via k-means cluster analysis.

2.5

|

Biochemical assays

Harvested leaves were the subject of several biochemical
analyses to investigate the impact of the applied treatments and the responses they instigate. The concentrations of renowned osmolytes such as free amino acids
(notably proline) and simple soluble sugars were quantified, besides evaluating the changes in ionic and starch
contents, and assessing the stress-inflicted damage on the
photosynthetic machinery.

2.5.1

|

Photosynthetic pigments

Chlorophyll contents of studied M. sinensis plants were
checked weekly during treatments with a portable “chlorophyll meter” SPAD-502Plus. However, stress induced rolling and curling of the leaves rendered some unsuitable for
SPAD measurements. Consequently, a biochemical acetone-
assisted quantification of the photosynthetic pigments was
used, to assess the stress-induced damage to the photosynthetic machinery. Chlorophyll a (Chl a) and b (Chl b),
and total carotenoids (Ca) were quantified, according to the
method described by Straumite et al. (2015). Fresh deveined
leaf tissue (the midrib was excluded, ≃50 mg) was pulverized and extracted twice using 5 mL acetone, by shaking at
room temperature for 30 mins. The supernatants of both
successive extractions were combined before measuring
their optical density at 470, 645, and 662 nm. Further dilutions were made whenever the optical density was over
one. The following equations (2–4) were then used to calculate the contents of the three pigments:
CChl a = 12. 25A662 − 2. 79A645

(2)

CChl b = 21. 5A645 − 5. 1A662

(3)

(
)
CCa = 1000A470 − 1. 82CChl a − 85.02CChl b ∕198 (4)

2.5.2

|

Simple soluble sugars

Water-
soluble sugars were extracted using 80% ethanol from ≃50 mg of fresh leaf material. Samples were
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extracted thrice at 80°C before drying the pooled liquid
via a SpeedVac vacuum concentrator. The dried extracts
were then redissolved with milliQ water and diluted
to fall within a linear dynamic range of the used standards for every measured sugar. The remaining solid pellet was used for measuring starch. Simple soluble sugars
were quantified via a HPAEC-
PAD Dionex ICS5000+
DC equipped with a Dionex CarboPac PA1 Column (2 x
250 mm), using the programmed setup described by Dinh
et al. (2019). The eluent was monitored by a thermostatic
Thermo Scientific ICS5000 pulsed electrochemical detector, and the output was processed with the software
ChromeleonTM Chromatography Data System version 7
(Thermo Scientific, USA). Standards of known concentrations for every detected sugar were run in parallel and
used for calculations.

2.5.3

|

Starch

Leaf starch contents were determined using an assay kit
(no. 0207748, Boehringer, Mannheim, Germany). The
solid pellet from the extraction of simple soluble sugars
was solubilized in a solution of 8 M HCl and DMSO before
being incubated at 60°C for 1 h. The mixture was then neutralized with NaOH and citrate buffer (pH 4.6), according
to the protocol described by the kit providers. The clear supernatant was then used to determine starch contents via a
multi-well plate reader at a wavelength of 340 nm.

2.5.4

|

Free amino acids

An EZ:faast™ (Phenomenex Inc.) kit was used to quantify free amino acids in the leaves of M. sinensis. About
50 mg of fresh leaf tissue was extracted twice using 1 mL
80% ethanol by sonicating for 30 min at 60°C. Cleaning
and derivatization of the extracts was performed according to the manufacturer's instructions (Phenomenex,
2003). A GC/FID (Agilent Technologies, Santa Clara,
USA) was used to identify and quantify the free amino
acids.

2.5.5

|

Ionic content

Leaf ion concentrations were measured using an ion
chromatography system 850 Professional (Metrohm,
Switzerland), following the programmed setup described
by Jaramillo Roman et al. (2020). Dried leaf samples were
ashed in a furnace at 550°C for 5 h. Out of which ≃10 mg
was dissolved in 1 mL of formic acid (3 M) and heated at
102°C for 15 min with shaking at 600 rpm. The extracts were

then diluted to 10 mL using milliQ water. This was followed
by further dilutions to ensure that the readings were made
within the linear range of the used calibration curves for
every detected ion. Data was expressed in mg ion/g DM.

|

2.5.6

Cell wall analyses

Neutral detergent fiber, acid detergent fiber, and acid
detergent lignin were determined in the leaves of some
genotypes (one per each of the formulated sensitivity clusters). This was done according to the protocol described
by van Soest (1967) and developed by ANKOM technology, with the inclusion of modifications relayed by Van
Der Weijde et al. (2017b). All analyses were carried out
in duplicates on dried and processed leaf material (milled
to 1-mm particles), and were used to estimate leaves cell
wall, hemicellulose, cellulose, and lignin contents.

2.6

|

Expressional studies

Several key genes involved in starch turnover and its direct offshoots (e.g., sucrose synthesis) were targeted for
expressional analyses under stress and after recovery via
qPCR. These genes were selected and studied based on
their importance and contribution to starch granules synthesis and degradation, in agreement with Zeeman et al.
(2010), and Stitt and Zeeman (2012). Gene mining and
primer design were performed based on M. sinensis v7.1
pre-released genome on the Phytozome database (https://
phytozome.jgi.doe.gov/). Genes of interest, their abbreviations, and respective loci, as well as the sequences of used
primers are presented in Table S2.
Snap-frozen leaf tissue was used for total RNA extraction and subsequent DNAse treatment, with Qiagen
RNeasy mini-kit. Quantity and quality of isolated RNA
were assessed using Qubit 2.0 fluorometer (Thermo Fisher
Scientific) and agarose gel electrophoresis. This preceded
cDNA synthesis via iScript™ cDNA Synthesis Kit, and
qPCR runs with Biorad iQ™ SYBR® Green Supermix. The
eukaryotic initiation factor 4A (EIF4) renowned for its
stability under abiotic stress (Sudhakar et al., 2016) was
used as a housekeeping gene. Relative expression ratio
in between treatments within the same sensitivity subgroup was calculated using the 2−ΔΔCt method (Livak &
Schmittgen, 2001).

2.7

|

Statistical analyses

General analyses of variance (ANOVA) were performed
on the yield and growth parameters, to determine the
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significance (p < 0.05) of sources of variance for: genotype, treatment, block, and interaction of genotype and
treatment. The replicas of every genotype undergoing a
single treatment per block were used as a fixed block effect
with a nested plot design on which treatment was applied
(treatment within block). The analyses were performed
following a fixed effect model; where Ƴijk is the response
variable, μ is the grand mean, Gi is the genotype effect, Tj is
the treatment effect, GTij is the interaction term between
genotype and treatment, B(Tj)k is the treatment (nested)
within block effect, and eijk is the residual error.
(5)

( )
Yijk = μ + Gi + Tj + GTij + B Tj k + eijk

Significant genotypic differences (p < 0.05) within each
treatment, and in between sensitivity clusters were carried
out via multiple comparative analyses (one-way ANOVA)
with post-hoc comparisons using Fisher's least significant
difference (LSD). Meanwhile, significant differences between treatment groups (in case of pairs), were assessed
by unpaired two-sample t-tests. Before the analysis of any
variance however, the Shapiro–Wilk test was used to check
for validity of normality assumption and the Levene test
for the homogeneity of variance. Whenever the latter was
violated, Welch's ANOVA was used (or Welch's t-test in
case pairs are compared). Sensitivity groups were created
from the investigated 23 genotypes, using k-means cluster
analysis (squared-Euclidean, with three clusters) of the
calculated cumulative IPs (section 2.4). This was preceded
by determining the optimal number of clusters via the

|
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Elbow method. Correlation analyses in between traits to
identify strength and direction of their interrelationships
were carried out using Pearson correlation coefficients.
All statistical analyses were performed with Statgraphics
Centurion XVIII and IBM SPSS Statistics 25.

|

3
3.1

RESULTS

|

Drought's impact on growth

Applied drought had a significant effect on the measured growth parameters (Table 1), although its impact
varied markedly in between the 23 studied genotypes
(Table 2). On the other hand, the uniformity of applied
stress across the experimental setup was confirmed
(both block effect and residual errors were not significant) (Table S3).
Water deprivation for 3 weeks caused an overall reduction in vegetative growth among studied genotypes
by nearly 61% in fresh yield (FW), 19% in dry yield (DW),
and 22% in stem count, compared to controls (Table 1).
Both leaves and stems were strongly affected by drought,
suffering from a loss of 37 and 28% of their control moisture contents, respectively. Other growth parameters were
also adversely affected by the applied stress, for example,
stem length was 20% lower on average among stressed
plants than in controls, while stem-to-leaf ratio dropped.
Reproductive success was similarly impaired, as the number of flowering plants decreased from 25 reported cases

T A B L E 1 Overall impact of 3 weeks of drought on the measured growth parameters in 23 studied genotypes of Miscanthus sinensis. CV
(%) = coefficient of variation (standard deviation/mean ×100%). Fresh and dry yield data are presented in g per plant
Trait

Treatment

Average

Min

Max

Range

CV(%)

Reduction (%)

Fresh yield (g)

Control

98.5

28.8

245.5

216.7

39.9

60.8

Drought

38.6

22.5

52.6

30.1

18.4

Control

23.3

5.6

51.3

45.7

39.5

Drought

18.8

6.9

30.1

23.2

22.2

Control

0.5

0.1

1.0

0.9

37.4

Drought

0.4

0.1

1.2

1.2

50.1

Control

73.5

66.1

78.9

12.8

3.8

Drought

46.4

10.3

74.9

64.6

37.4

Control

80.3

68.3

89.5

21.2

4.8

Drought

57.7

35.5

84.8

49.3

17.8

Control

10.6

4.0

28.0

24.0

50.9

Dry yield (g)
Stem-to-leaf ratio
Leaf moisture
Stem moisture
Stem count
Stem length
Fv/Fm

Drought

8.2

3.0

16.0

13.0

37.0

Control

88.4

52.1

143.5

91.4

20.3

Drought

70.6

36.0

105.8

69.8

20.7

Control

0.8

0.7

0.8

0.1

1.6

Drought

0.7

0.5

0.8

0.3

11.1

19.3
29.9
36.9
28.1
22.3
20.1
9.6
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T A B L E 2 Impact of 3 weeks of drought on the growth of 23 Miscanthus sinensis genotypes. The genotypic means (average of five
replicas per treatments) are presented followed by ± their standard error (SE)
Fresh yield (g)
Genotype

Control

Dry yield (g)
Drought

a

Control
a

G1

83.3 ± 9.6

G2

64.5 ± 18.5
a

G3

132.6 ± 12.1

G4

a

81.5 ± 16.1

Drought

Control

Stem length (cm)
Drought

Control

Drought

46.4 ± 2.3

21.7 ± 2.8

19.3 ± 1.3

10.2 ± 2.9

7.8 ± 1.1

91.9 ± 6.8

69.9 ± 4.3a

41.2 ± 2.9

16.6 ± 5.2

17.7 ± 1.8

9.0 ± 2.7

8.2 ± 1.8

86.9 ± 9.4

79.0 ± 6.4

29.8 ± 3.1

20.4 ± 1.3

11.3 ± 0.9

6.4 ± 0.8

99.1 ± 3.8

66.0 ± 3.2a

a

18.7 ± 4.0

17.2 ± 1.7

6.6 ± 1.5

6.0 ± 0.9

80.3 ± 7.0

60.6 ± 3.3

43.6 ± 3.4

a

a

a

a

G5

118.4 ± 10.4

35.1 ± 1.7

27.0 ± 3.0

21.1 ± 1.7

10.0 ± 1.2

8.2 ± 0.7

79.5 ± 1.7

61.5 ± 2.3a

G7

77.4 ± 8.2a

39.6 ± 4.5a

18.5 ± 2.4

23.4 ± 0.9

7.5 ± 0.9

9.3 ± 1.3

85.9 ± 2.0a

77.0 ± 2.1a

a

60.4 ± 6.2a

a

a

a

a

a

38.2 ± 2.6
a

Stem count

a

a

a

a

a

a

G8

123.6 ± 10.5

42.0 ± 3.2

30.1 ± 1.9

17.5 ± 1.5

14.0 ± 1.1

9.4 ± 1.8

98.7 ± 8.9

G9

177.4 ± 22.6a

33.9 ± 2.9a

38.3 ± 4.5a

22.1 ± 2.2a

21.0 ± 3.3a

9.8 ± 0.7a

83.2 ± 1.3a

a

a

a

a

61.2 ± 4.9a

G10

115.6 ± 14.6

29.3 ± 1.6

29.3 ± 4.3

18.5 ± 1.3

9.4 ± 1.1

7.8 ± 0.7

108.5 ± 2.0

78.6 ± 3.8a

G11

95.7 ± 3.9a

43.1 ± 2.6a

24.9 ± 1.3

23.6 ± 2.1

8.3 ± 1.2

8.3 ± 1.4

87.7 ± 5.9a

65.7 ± 4.6a

G12

77.8 ± 8.7a

35.4 ± 3.2a

18.1 ± 2.1

18.9 ± 1.8

7.0 ± 1.6

8.4 ± 0.5

81.9 ± 4.4

69.8 ± 2.5

33.4 ± 5.1a

20.1 ± 3.8

19.2 ± 1.2

11.3 ± 2.5

11.2 ± 2.0

79.4 ± 2.2

G13
G14

a

99.6 ± 16.9

a

161.5 ± 19.8

a

G15

119.6 ± 11.9

G16

a

89.1 ± 10.2

a

a

37.0 ± 1.2

a

39.7 ± 1.2

a

34.3 ± 4.0

a

a

36.9 ± 4.0

a

30.9 ± 4.6

a

21.7 ± 2.1

a

a

26.1 ± 1.5

16.3 ± 1.4

a

17.8 ± 2.8

a

8.6 ± 1.2

a

17.9 ± 1.4
14.1 ± 0.7

a

a

67.7 ± 6.8

107.3 ± 4.9

71.8 ± 5.1a

8.2 ± 0.9

99.2 ± 6.2

85.3 ± 3.3

7.3 ± 2.2

90.9 ± 10.3

72.0 ± 6.3

12.8 ± 0.9
a

a

G17

124.9 ± 2.8

40.3 ± 3.1

27.6 ± 2.1

18.5 ± 1.9

10.8 ± 1.5

7.6 ± 1.7

88.3 ± 5.6

83.0 ± 3.5

G18

75.5 ± 6.0a

34.5 ± 1.6a

16.6 ± 1.7

17.4 ± 0.9

12.2 ± 0.7a

7.4 ± 0.4a

61.7 ± 3.9

50.8 ± 6.0

G19

75.7 ± 5.5a

47.5 ± 1.7a

18.6 ± 1.1

18.5 ± 1.4

7.6 ± 0.7

7.0 ± 1.4

76.3 ± 7.7a

49.4 ± 2.1a

G20

52.8 ± 7.0

43.7 ± 1.6

13.2 ± 1.6

17.0 ± 1.6

7.8 ± 1.3

10.0 ± 1.6

64.1 ± 4.1

55.4 ± 2.1

G21

76.5 ± 7.3a

44.2 ± 1.7a

20.4 ± 2.0

17.6 ± 0.8

6.3 ± 0.8

5.0 ± 0.7

85.4 ± 5.8

84.9 ± 5.7

G22

62.5 ± 6.3a

35.4 ± 1.9a

13.4 ± 1.6

12.7 ± 2.0

4.6 ± 0.4

4.6 ± 0.4

81.7 ± 7.2

86.0 ± 5.4

G23

a

123.8 ± 9.5

33.0 ± 1.9a

29.9 ± 2.2a

18.2 ± 0.8a

18.5 ± 2.1a

11.0 ± 1.0a

107.7 ± 4.2a

80.3 ± 3.2a

G24

82.2 ± 12.0a

39.2 ± 3.2a

19.7 ± 3.5

16.6 ± 2.5

8.2 ± 0.9

7.3 ± 1.1

113.4 ± 9.9

87.4 ± 10.6

a

Statistically significant difference (Welch's t-test, p < 0.05) per trait, between plants undergoing different treatments for each genotype.

among 115 harvested control plants, to a mere 12 in their
stressed counterparts, during 3 weeks of applied drought.
In between the investigated M. sinensis genotypes, FW
stability under stress, ranged from 19.1% in G9 to 82.3%
in G20 (Table 2). Our findings showed a strong negative correlation (r = −0.88) between FW stability under
stress and plant fresh yield in favorable conditions (bigger plants being more susceptible to drought). This held
true concerning dry yield stability as well with a correlation of −0.82, where again G9 and G20 were at opposing
extremities. The number of stems was generally lower in
plants experiencing drought, although not in all studied
genotypes; for instance, G20, G7, and G12 had 28, 23, and
20% more tillers under stress in comparison to their controls, respectively. On the other hand, G15 and G9 were
the most affected with a stress-induced decrease of 54%
in their stem count. Expectedly, those two genotypes had
the highest number of stems in favorable conditions.
Differing from the three aforementioned growth parameters, stem length stability under stress did not show a

strong negative correlation with higher growth in controls
(r = −0.36).

3.2 | Formulating contrasting clusters of
sensitivity
The plasticity indices of the four growth parameters
(DW, FW, number of stems, and stem length) were calculated for every studied genotype (genotypic data for
these traits are presented in Table 2). The indices were
then tallied per genotype, to set up an index of sensitivity. As expected G20 and G9 were on the opposing ends
of the cumulative index of plasticity (Figure 1), ranging from −0.26 for G20 (performing better under stress
for those traits than in control conditions) to 2.03 for
G9. Contrast in stress impact and response within the
studied panel of 23 M. sinensis genotypes, was improved
by formulating 3 groups of divergent sensitivity via
k-means clustering (mildly, moderately, and severely
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F I G U R E 1 The sum of indices of plasticity (IP) of four growth parameters: fresh yield per plant (FW), dry yield per plant (DW), stem
length, and stem count used to rank the studied genotypes according to their sensitivity to applied drought. A k-means cluster analyses
grouped the studied genotypes into mildly affected (cluster I), moderately affected (cluster II), and severely affected genotypes (cluster III)

affected; labelled as clusters I, II, and III, respectively).
Genotypes of cluster I were the smallest in size under
favorable conditions (Table S4), contrary to those of
cluster III.

3.3 | Degradation of photosynthetic
pigments
On average, leaves of stressed plants had 53.4, 41.2, and
36.7% less chlorophyll a (Chl a), chlorophyll a (Chl b),
and total carotenoids (Caro), respectively, than their
control counterparts (Table 3). However, this drought-
imparted drop in photosynthetic pigments was differential among the investigated genotypes, ranging from less
than 30% in G22, G24, G2, and G20 to over 66% in G5,
G13, G14, and G9. The decrease in pigment concentrations was mirrored for the three measured compounds
across all three formulated clusters, although the severity increased in parallel to the presumed vulnerability.
On this subject, the photochemical efficiency of photosystem II (Fv/Fm) was monitored as well, indicating a
stress-induced decrease (Table 1).

3.4

|

Osmotic adjustment

Although no ions were supplemented as part of the applied drought treatments, ionic homeostasis notably that
of potassium is important, due to its role in stomatal closure/opening. To this end the contents of various leaf
ions were quantified. The applied stress did not cause a
significant change in the averaged detected ions (Table
4). Nevertheless, the compositional ratio was somewhat
altered as potassium reported an increase contrary to
phosphate, but it did not discriminate the clusters. The
differences in total measured ions in between the investigated genotypes were not significant either, nor show a
correlation with the established sensitivity index (data not
shown). However, the increase in potassium contents and
its share of the quantified ionic total was slightly stronger
in genotypes of cluster III (the stress-caused increase was
statistically significant for all three clusters).
Accumulation of neutral water-soluble molecules or
osmolytes is a well-known plant response mechanism to
maintain cell turgor pressure under abiotic stress. Hence,
it was of interest to quantify the leaf contents of some notable osmolytes, such as free amino acids and simple soluble
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Chl a (mg. g−1 DW)

Chl b (mg. g−1 DW)

Caro (mg. g−1 DW)

Genotype

Control

Drought

Control

Drought

Control

Drought

G1

10.3 ± 0.8

4.1 ± 0.8

3.1 ± 0.2

1.3 ± 0.2

1.9 ± 0.2

1.2 ± 0.2

G2

14.4 ± 1.5

9.8 ± 1.1

3.7 ± 0.3

3.6 ± 0.5

2.7 ± 0.3

2.1 ± 0.3

G3

13.2 ± 1.5

6.6 ± 1.3

3.2 ± 0.4

2.5 ± 0.3

2.5 ± 0.2

2.0 ± 0.7

G4

14.9 ± 0.6

6.2 ± 1.8

3.6 ± 0.1

1.6 ± 0.5

1.9 ± 0.1

1.7 ± 0.6

G5

14.6 ± 0.7

3.1 ± 0.9

3.6 ± 0.2

1.2 ± 0.3

1.8 ± 0.2

0.6 ± 0.2

G7

10.2 ± 0.8

4.1 ± 0.3

2.6 ± 0.2

1.6 ± 0.2

1.8 ± 0.1

1.2 ± 0.1

G8

9.5 ± 1.1

5.9 ± 0.8

2.8 ± 0.4

1.8 ± 0.1

2.7 ± 0.2

1.6 ± 0.2

G9

11.4 ± 1.8

3.3 ± 0.7

3.0 ± 0.7

1.4 ± 0.2

3.1 ± 0.4

0.7 ± 0.2

G10

12.1 ± 0.6

4.4 ± 1.0

3.2 ± 0.4

1.7 ± 0.5

1.1 ± 0.1

1.4 ± 0.3

G11

11.3 ± 0.6

9.0 ± 3.7

2.8 ± 0.3

2.3 ± 0.7

1.2 ± 0.1

2.4 ± 0.7

G12

12.2 ± 1.0

4.4 ± 0.6

3.1 ± 0.3

1.4 ± 0.2

2.3 ± 0.2

1.2 ± 0.1

G13

14.1 ± 1.5

4.2 ± 1.1

3.8 ± 0.4

1.2 ± 0.3

2.6 ± 0.3

1.1 ± 0.3

G14

13.2 ± 1.6

3.6 ± 0.2

3.4 ± 0.5

2.1 ± 0.1

4.5 ± 0.4

0.5 ± 0.1

G15

12.6 ± 0.7

6.4 ± 0.8

3.1 ± 0.2

1.7 ± 0.2

0.4 ± 0.1

1.8 ± 0.2

G16

8.3 ± 1.3

5.1 ± 1.3

2.4 ± 0.3

1.7 ± 0.4

2.6 ± 0.2

1.3 ± 0.2

G17

11.4 ± 1.0

4.5 ± 0.9

3.1 ± 0.3

1.4 ± 0.2

2.9 ± 0.2

1.3 ± 0.4

G18

14.2 ± 1.3

5.1 ± 0.3

3.4 ± 0.3

1.6 ± 0.1

2.6 ± 0.2

1.7 ± 0.3

G19

11.8 ± 1.5

6.8 ± 0.8

3.2 ± 0.4

2.0 ± 0.2

2.1 ± 0.3

1.6 ± 0.2

G20

11.7 ± 1.0

8.3 ± 1.2

3.5 ± 0.3

2.5 ± 0.4

2.3 ± 0.2

1.9 ± 0.2

G21

11.3 ± 0.8

6.4 ± 1.1

3.2 ± 0.2

2.1 ± 0.3

1.2 ± 0.2

1.5 ± 0.3

G22

11.4 ± 1.1

8.5 ± 1.5

3.2 ± 0.5

2.3 ± 0.3

1.0 ± 0.2

2.0 ± 0.2

G23

13.7 ± 2.9

5.7 ± 0.8

4.0 ± 1.0

2.6 ± 0.4

4.5 ± 0.4

1.5 ± 0.3

G24

13.3 ± 1.6

10.6 ± 2.0

3.7 ± 0.4

3.5 ± 0.4

2.8 ± 0.3

2.3 ± 0.5

Cluster I

12.1 ± 0.6

7.0 ± 1.2

3.2 ± 0.2

2.3 ± 0.4

2.2 ± 0.1

1.7 ± 0.2

Cluster II

12.6 ± 0.6

5.9 ± 0.7

3.4 ± 0.1

1.8 ± 0.2

2.4 ± 0.1

1.5 ± 0.1

Cluster III

12.0 ± 0.6

4.8 ± 0.4

3.1 ± 0.2

1.8 ± 0.2

2.2 ± 0.1

1.3 ± 0.2

Overall

12.2 ± 0.4

5.9 ± 0.4

3.2 ± 0.1

2.0 ± 0.1

2.3 ± 0.1

1.5 ± 0.1

sugars. Quantitatively, simple sugars showed an increase
of nearly 2.9-fold in the leaves of stressed M. sinensis
plants, compared to their control counterparts (Figure
2a). This was equivalent to an increment from 1.9 to 5.6 in
DM%. The compositional profile of measured sugars was
similar under both treatments (control and drought), with
an overall dominance of sucrose and a noticeable increase
of glucose's share of the detected total, under stress. On
a genotype level, changes in the concentrations of measured sugars under stress varied markedly (Table S5). For
instance, the increase in glucose and fructose ranged from
1.4-and 1.5-fold, respectively, in G12, to 7.7-and 8.2-fold in
G9. Likewise, sucrose reported a surge in drought affected
leaves, ranging from a 1.7-fold increase in G19 and G7, to
5.6-and 6.5-fold in G9 and G18, respectively. This indicated a positive correlation between the drought-induced
accumulation of soluble sugars and the postulated vulnerability index (r = +0.35). Correspondingly, stressed leaves

T A B L E 3 Concentration of
photosynthetic pigments in leaves
studied Miscanthus sinensis genotypes
after 3 weeks of water deprivation. The
genotypic means (average of five replicas
per treatment) are presented followed by
±their standard error (SE). The reported
means of the three sensitivity groups are
averaged from n = 5, 8, and 10 genotypes
for clusters I, II, and III (Figure 1),
respectively

of cluster III genotypes retained the highest concentration
of simple soluble sugars (statistically insignificant difference to that accumulated in the stressed leaves of clusters
I and II) (Figure 2b).
Free amino acids are multifunctional, notably in their
stress-related roles, for example as osmolytes, signal molecules, etc. Contents of 15 different amino acids in the
leaves of control and stressed plants were quantified and
reported in Figure 3a. Some, like proline (Pro) and serine
(Ser) recorded a substantial overall increase under stress,
amounting to a 27.7-and 7.2-fold (equivalent to 1.44 and
0.86 in log change), respectively. Conversely, a decrease by
53% was reported for threonine (Thr) and leucine (Leu).
Under applied stress, Pro leaf contents increased in all
23 studied genotypes (Figure S2). Among the three sensitivity clusters, Pro content was slightly though not significantly higher in the stressed leaves of cluster III genotypes
(Figure 3c).
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9.7
6.8

6.3
46.5

40.7

8.1

0.8

8.7

24.0
50.5 ± 1.3

6.0

49.4 ± 1.5

Drought

Cluster III

Control

5.2

28.2

0.8

8.3

9.1
5.9

5.9
45.9

40.2

8.2

0.7

9.0

24.3
46.1 ± 1.6

6.6

47.5 ± 1.9

Drought

Cluster II

Control

6.8

28.2

0.8

10.1
6.8
43.1
8.1
46.7 ± 2.1
Drought

6.4

24.7

0.8

10.1

8.7
6.3

6.5
38.9

45.3

8.9

0.9

8.1

27.8
7.1
49.2 ± 1.9

48.2 ± 1.0

Control

Drought

Cluster I

6.4

24.4

0.8

9.6
6.4
40.0
0.8
8.8
28.1
48.8 ± 1.0
Control
Overall

6.3

Sulfate
(SO₄²−)
Treatment
Group

Total measured ions
(mg. g−1 DW)

Chloride
(Cl−)

Phosphate
(PO₄³−)

Sodium
(Na+)

Potassium
(K+)

Magnesium
(Mg2+)

Calcium
(Ca2+)

3.5

% Of total measured ions

T A B L E 4 Average ionic content and composition in the leaves of control and stressed plants of the 23 investigated Miscanthus sinensis genotypes. Means are presented followed by ±their
standard error (SE). Reported means of the three sensitivity clusters are averaged from n= 5, 8, and 10 genotypes for clusters I, II, and III (Figure 1), respectively
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Post-drought recovery

Regular irrigation was restored to water-deprived plants
after 3 weeks of applied stress. A subgroup of genotypes
from clusters I and III (mildly and severely affected, respectively) were selected for further in-depth analyses.
Those were G2, G7, and G20 from cluster I and G9, G14,
and G15 from cluster III.
Study of plant biomass harvested after 3 weeks of
applied drought showed that the controls of cluster III
genotypes (three aforesaid genotypes only) had 2.4-folds
higher FW, than those of the aforesaid cluster I genotypes.
Their water content, however, was similar, accounting
to about 75% of fresh yield (Figure 4a). This similarity
in controls was not seen in stressed plants, as moisture's
share in FW dropped to 54 and 40% in the studied cluster
I and cluster III genotypes, respectively. This discrepancy
was similar in terms of dry matter under stress, whereby
a slight increase was reported in the mildly affected subgroup, compared with their controls, contrary to a 37.8%
drop in the severely affected ones relative to their respective controls. After the recovery period, both subgroups of
recovering plants regained substantial amounts of their
water content. Scoring a 1.85-and 1.90-fold increase in
FW, compared to their first harvest values, for the mildly
and severely affected subsets, respectively (Figure 4b).
Weight gain garnered by stressed plants during recovery,
however, was mostly in moisture with minimal increase in
DW matter. For instance, in the post-drought recovering
plants, only 17.9 and 11.7% of the gained growth was in
dry matter, for the mildly and severely affected subgroups,
respectively (Figure 4c).

3.6 | Leaf carbon allocation under
drought and its subsequent recovery
Carbon partitioning is a deciding factor in stress response
and the subsequent recovery once optimal water supply is
restored. To better understand this, expressional analyses
of the starch turnover pathways were performed in leaf
tissue from both harvests. For each sensitivity subgroup
(mildly and severely affected), equal amounts of total
RNA from one plant per genotype (listed in section 3.5),
were pooled prior to cDNA synthesis. This was done in
duplicates for every treatment per harvest (control and
drought, and then control and recovery). Expression in
stressed leaves for every gene was presented as a log-fold
difference relative to their respective controls per timepoint in Figure 5a. For ease of jargon, M3 and S3 represented the stressed leaves of the mildly and severely
affected subsets, respectively, after 3 weeks of water stress.
Similarly, M6 and S6 represented the recovering leaves of
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F I G U R E 2 Averaged composition and concentration of measured simple sugars in the leaves of (a) control and stressed plants of all
studied Miscanthus sinensis genotypes, and (b) in the three sensitivity clusters

those subgroups, following the subsequent 3 weeks of recovery. In parallel, simple soluble sugars and starch contents were quantified in the leaves of those genotypes after
both harvests.
Several key genes in the starch degradation pathway,
namely BAM3, AMY3, and ISA3, were overexpressed
in S3 leaves (Figure 5a). In M3, however, the latter two
were downregulated, while BAM3 reported a milder
overexpression. Moreover, a spike in BAM1 expression
after 3 weeks of stress (both M3 and S3) was observed.
On the biochemical level, M3 and S3 both accumulated
higher contents of simple soluble sugars (Figure 5c)
than their controls, with an overwhelming sucrose dominance. This was likely due to the reported increased
expression of sucrose synthesizing genes Susy and SPS.
Meanwhile, the higher quantified concentrations of glucose and fructose under stress paralleled the overexpression of cytoplasmic invertases CINV1 and CINV2 for
both S3 and M3.
Leaf starch contents of both mildly and severely affected subgroups, increased after 3 weeks of applied
stress (Figure 5b), from 0.6 and 0.8% of DM in control

plants, respectively, to 1.1 and 1.3% in their stressed
equivalents. This was coupled with a higher gene expression in both S3 and M3, of key genes in the starch
biosynthesis pathway, such as GBSS, SBE, SS1, and SS3
(Figure 5a). In addition, an explorative study of leaf cell
wall composition using one genotype per sensitivity
cluster was performed to understand the implications
of this buildup in soluble sugars under stress for other
carbon-demanding pathways. Cell wall content (NDF%)
was lower in stressed leaves by 6 to 8% DM compared
with their controls, in the studied mildly (G20) and severely affected genotypes (G9), respectively. The compositional makeup of the cell wall revealed that the
difference was mainly in structural carbohydrates (cellulose and hemicellulose) in DM%, although cellulose's
share of the cell wall increased under stress for G9 and
G11. Moreover, leaf lignin levels remained unchanged
after 3 weeks of drought (Table 5).
After 3 weeks of post-drought recovery the expression of genes encoding major starch degrading enzymes,
such as AMY3 and BAM3, was still elevated in S6,
though not as high as in S3. In parallel, higher contents
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F I G U R E 3 Averaged free amino acids concentrations in the leaves of 23 Miscanthus sinensis genotypes after 3 weeks of drought. (a) log-
fold change under stress of 15 detected free amino acids and (b) the mean concentration of each of the measured amino acids under control
conditions expressed in µmol. g−1 DW followed with ±its standard error. (c) The impact of drought on proline content across the three
sensitivity clusters (n = 5, 8, and 10 genotypes for clusters I, II, and III, respectively). Error bars represent the standard error of the average
proline content. An asterisk (*) is added whenever there is significant difference between the two treatments of the same cluster, according
to Student t-test at p < 0.05. Different letters (uppercase for controls and lowercase for stressed plants) indicate significant differences
between the different clusters undergoing the same treatment, according to LSD test (α = 0.05)

of simple soluble sugars were still found in the leaves
of recovering plants relative to their controls, but lower
than their own 3 weeks earlier (leaves of stressed plants)
at the end of drought treatments (Figure 5c). The reported higher levels of sucrose, glucose, and fructose in
S6 (compared to controls) was mirrored with a continual
overexpression of SuSy, SPS, CINV1, and CINV2 genes
(bottom of Figure 5a). This, however, was not paralleled
neither in gene expression or in quantified sugars for
M6. Moreover, starch content increased in the leaves
of control and stressed plants of both subgroups after
recovery (compared to their counterparts, 3 weeks earlier), and was higher in recovery leaves than their controls (Figure 5b). Correspondingly, most of the studied
genes in the starch synthesis pathway were still overexpressed after recovery in both M6 and S6.

4
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Second generation biofuel crops are promising candidates
for sustainable cultivation on marginal lands (Pancaldi
& Trindade, 2020), especially C4 perennials such as miscanthus and switchgrass. Nonetheless, several studies on
both crops reported a substantial decrease in yield under

drought (Barney et al., 2009; Berdahl et al., 2005; Weng
et al., 2022). Enhancing tolerance, however, ensures yield
stability; a prerequisite for economically viable exploitation of drought-affected lands for bioenergy production
(Ings et al., 2013).
The genetic diversity offered by M. sinensis provides
ample genetic resources for tolerance improvement in
this crop (Clifton-Brown et al., 2008). We explored this in
a controlled glasshouse experiment, via an in-depth comparative analysis of the underlying response mechanisms
to drought and subsequent recovery using young plantlets
of 23 M. sinensis genotypes. Drought's impact on growth
and yield was assessed, showing a strong association of
stress development with the size of studied plants in favorable conditions. Stressed leaves experienced a degradation
of its chlorophyll contents, alongside an accumulation
of osmolytes such as proline and simple soluble sugars;
both findings could be considered as good biomarkers of
drought in miscanthus. Interestingly, this was correlated
with a decrease in cell wall synthesis, highlighting a
change in carbon allocation under stress. Finally, early
post-drought recovery showed the importance of better
drought avoidance in maintenance of cell functions, and
consequent more efficient regaining of normal homeostasis once stress subsides.
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F I G U R E 4 Compositional makeup of harvested feedstock of a subgroup of mildly (cluster I) and severely affected (cluster III) genotypes
after 3 weeks of applied water stress and following the subsequent 3 weeks of recovery (n = 3 genotypes for each). (a) the weight of moisture
and dry matter is presented for both subgroup's superterranean plant material after 3 weeks of stress, (b) the following 3 weeks of recovery,
and (c) estimated gained masses in terms dry weight and moisture during 3 weeks of recovery

4.1 | Growth vigor in optimal conditions
is offset by higher sensitivity to drought
Variability in yield and tolerance potentials offered by
wide-ranging genetic diversity is crucial to get meaningful
contrasts in stress response comparative studies. Notably
when considering the trade-off between a plant's ability
to grow under favorable conditions and its capacity to
perform in suboptimal ones (Bazzaz, 1996). This was evident in this work with a noticeable variability in growth
vigor among the studied genotypes (Tables 1 and 2). For
instance, FW per plant among controls ranged between
28.8 and 245.5 g per plant. This was mirrored across all
monitored growth parameters.
Water availability is critical for the survival, reproduction, and yield in all crops (Ordoñez et al., 2009), and
M. sinensis is no exception. Vegetative growth was curtailed in most M. sinensis genotypes undergoing applied
drought both in our experiment and that of Van Der

Weijde et al. (2017b). In fact, the eight analyzed genotypes
commonly used in both studies had a similar order of
sensitivity to drought. As an average across all involved
genotypes, 3 weeks of water deprivation caused a 60.8,
19.3, and 22.3% reduction compared to the control values
for FW, DW, and number of stems, respectively (Table 1).
Genotypes with smaller plants, however, recorded only a
modest reduction in growth under stress (Table 2), with
some even reporting an increase in DW compared with
their controls. This dissimilarity in stress impact can be
credited to reduced water use/loss in smaller plants especially ones with smaller leaf surface area (Blum, 2005);
warranting a prolonged availability of soil moisture, and
as a result a more moderate water deficit over the same
period of treatments (average soil moisture content after
3 weeks of applied stress was 18.3 ± 1.4, 7.1 ± 1.0, and
1.9 ± 0.4%, in the pots of clusters I, II, and III plants,
respectively). Correspondingly, leaf rolling, a known
water stress avoidance response (Kadioglu & Terzi, 2007;

AL HASSAN et al.

  

|

769

F I G U R E 5 Expressional analyses of carbon economy pathways in the leaves of Miscanthus sinensis experiencing applied drought for
3 weeks, followed by an equivalent period of recovery. (a) log-fold change of genes involved in starch and sucrose turnover pathways, in the
leaves of treated plants relative to their respective controls, in a number of mildly and severely affected genotypes after 3 weeks of applied
drought (M3 and S3, respectively), and 3 weeks of subsequent recovery (M6 and S6, respectively). Genes with several entries highlight
data of paralogs, using the same order displayed in Table S2. (b) Average starch leaf content of the aforementioned subgroups of genotypes
after stress and the following recovery period. Error bars on top of each column represent the standard error of each mean. An asterisk (*)
is added whenever there is a significant difference between the two treatments for the same measured group per time point, according to
Student t-test at p < 0.05. Different letters (uppercase for controls and lowercase for stressed plants) indicate significant differences between
the different groups undergoing the same treatment within a time point, according to LSD test (α = 0.05). (C) averaged composition and
concentration of measured simple sugars in the leaves of control and treated plants in the aforesaid two sensitivity subgroups after applied
stress and recovery periods
T A B L E 5 Cell wall quantification and composition in the leaves of three Miscanthus sinensis genotypes (one from each sensitivity
cluster) after 3 weeks of applied drought. The average cell wall percentage (NDF) is presented in DM%. Genotypic means (average of clonal
replicates per treatment run in technical duplicates) are reported followed by ± their standard error
% of NDF
Group
Cluster I
Cluster II
Cluster III

Genotype
G20
G11
G9

Hemicellulose

Cellulose

Lignin

Control

a

73.9 ± 0.5

46.5 ± 1.8

49.1 ± 1.6

4.4 ± 0.8

Drought

68.3 ± 0.7a

46.0 ± 0.6

49.3 ± 0.7

4.8 ± 0.3

a

Treatment

NDF in DM%

a

Control

74.2 ± 0.9

48.7 ± 0.4

47.4 ± 1.0

3.9 ± 0.2

Drought

66.8 ± 1.0a

46.6 ± 0.5a

49.6 ± 0.8

3.8 ± 0.6

a

a

Control
Drought

73.6 ± 0.4

a

65.2 ± 0.3

49.7 ± 0.8

a

47.5 ± 0.4

a

3.9 ± 0.1

a

3.5 ± 0.3

46.3 ± 0.2

49.1 ± 0.4

a

Statistically significant difference (Student t-test, p < 0.05, adjusted with Bonferroni correction) between treatments of one genotype per reported trait.

Touchette et al., 2009), was noticed in the most productive
genotypes (G9, G14, and G23), only 10 days after stress initiation. Meanwhile, stressed leaves of those with smaller
plants (G20 and G22) did not register such a response,
not even after 3 weeks of applied drought (average leaf

moisture content after 3 weeks of drought was 50.2 ± 5.3,
47.3 ± 2.3, and 38.1 ± 3.8%, for stressed plants of clusters I,
II, and III, respectively, compared with ≈73% in the leaves
of control plants—similar for all three clusters). It can,
thus, be assumed that the noticeable divergent response to
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stress within the studied set of genotypes is due to relative
vulnerability governed by leaf surface area, whereby stress
is occurring in a temporal gradient among simultaneously
stressed plants.
Reproductive success was also adversely affected
by applied drought. A reduction in flowering occurrences was observed in stressed plants (by about 50%),
especially among the severely affected genotypes. This
finding likely is a result of flowering delay or perhaps
premature shoot death. An assumption supported by
similarly reported delays of heading in MxG (Cosentino
et al., 2007), and several M. sinensis and M. sacchariflorus accessions (Jensen et al., 2011), experiencing periods
of water shortage.

4.2 | Drought-induced chlorophyll
degradation: an indicator of oxidative stress
Among the many injurious effects of drought, impairing
the photosynthetic capacity is one of the earliest detected
symptoms in stressed plants alongside reduced stem
growth (Ings et al., 2013). The latter is a result of diminishing turgor pressure during water deficiency, which
restricts further cellular division and expansion (Farooq
et al., 2009). This was evident in the stress-caused decrease
of stem length, and the gradual drop in its elongation rate
(Figure S3), in parallel to increasing sensitivity and duration of applied drought.
Photosynthesis and vegetative growth are locked in
a positive feedback loop, explaining their mutual disruption under stress. Reduced turgor pressure induces
stomatal closure in stressed plants, to lessen water loss
via transpiration (Chaves et al., 2009), promoting the
accumulation of reactive oxygen species (ROS) (Mittler,
2002). The deleterious effects of ROS buildup include
among others, lipid peroxidation and the resulting chlorophyll degradation (Foyer et al., 1994; Sharma et al.,
2012). Correspondingly, all the studied genotypes reported a decrease in leaf photosynthetic pigments (chlorophylls a and b, and carotenoids) under stress. These
findings are in agreement with earlier studies on several
water-stressed miscanthus species and hybrids, suffering
from an oxidative stress-induced decrease in chlorophyll
content and fluorescence (Ings et al., 2013; Stavridou
et al., 2019). The strongest recorded decrement in chlorophyll content was among genotypes of the severely
affected cluster III (Table 3), whereas the opposite was
reported for the mildly affected one (cluster I). This highlights a strong correlation between stress vulnerability
and the degree of chlorophyll degradation, confirming
the latter's status as a good indicator of oxidative stress
in miscanthus.

4.3

|

Vacuolar osmotic adjustment

Drought induces a loss of cell turgor, curtailing the ability
of stressed plants to take up water and nutrients (Ashraf
et al., 2011). A common response mechanism is the readjustment of the osmotic potential to re-enable water
absorption (Blum, 2005). This is achieved either via
biosynthesizing and accumulating organic solutes (osmolytes), or by uptaking and compartmentalizing inorganic ions (Turner, 2018). Both are fueled by redirected
resources from vegetative growth to upregulate stress
defense mechanisms, indirectly exacerbating yield reduction under stress (Munns & Tester, 2008).
Leaf ionic contents did not change significantly under
stress (Table 4). An increase in potassium (K+) was noticeable however, being slightly higher in the stressed
leaves of cluster III genotypes. This increment in leaf K+
concentration, could be accredited to its restricted diffusion toward other tissues (i.e., rhizomes and roots) during
stress (Wang et al., 2013). Potassium is renowned for its
role in guard cell regulation and thereby stomatal closure,
crucial for reducing water loss (Marschner, 2012). Other
K+ drought-mitigating functions include vacuolar osmotic
adjustment, increasing aquaporin activity, and ROS detoxification (Wang et al., 2013). However, potassium can
hardly be considered as an indicator of vulnerability or a
key contributor to drought tolerance in our study, given
its minor stress-induced increment and the lack of its correlation with perceived sensitivity.
Osmolytes are very diverse, including among others,
simple sugars, sugar alcohols, some amino acids, and
quaternary ammonium compounds (Gil et al., 2013).
Likewise, their functions are manifold, including but not
limited to osmotic adjustment, counteracting photoinhibition, ROS scavenging (Hare et al., 1998). Overall, drought
induced a 2.88-fold increment of leaf simple soluble sugars (sugar alcohols were included within, but they made
up a small fraction of the detected total). This buildup
was observed in all 23 studied genotypes (Table S5), likely
to alleviate the presumed drought-induced imbalance in
vacuolar osmotic potential (Gil et al., 2013; Sanchez et al.,
1998). Similarly, starch contents were higher in leaves of
stressed plants than in their control, in both mildly and severely affected genotypes (Figure 5). This increase of leaf
transitory starch under stress could be attributed to plant's
spatial readiness to counteract drought by ensuring local
energy reserves in sinks (Muller et al., 2011; Thalmann &
Santelia, 2017). Accumulation of simple sugars was seemingly governed by the degree of perceived stress, as the severely affected genotypes (cluster III) showed the highest
averaged concentration in its leaves under drought.
On the other hand, the compositional ratio of detected
simple sugars was similar for both treatments (control and
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drought) across all genotypes, although under stress a noticeable increase in glucose and fructose share was evident
(Figure 2). This could be attributed to the overexpression
of invertases, cleaving sucrose into glucose and fructose,
to feed the hexose phosphate pools and depending downstream processes (Fàbregas & Fernie, 2019). Those include
free energy-
producing pathways (e.g., pentose phosphate pathway and by extension, glycolysis), glutamate-
mediated proline biosynthesis, and serine synthesis
(Fàbregas & Fernie, 2019; Zanella et al., 2016). Sucrose
on the other hand, being the main form of energy transport in between plant cells and tissues (Zimmermann &
Ziegler, 1975), was expectedly the overwhelming form of
measured simple sugars (≃75%). Especially since the activation of stress response mechanisms in affected tissues
(leaves being the most vulnerable to desiccation) warrants
a higher energy demand (Hare et al., 1998). This, however,
comes at a cost, as the stress-induced accumulation of soluble sugars is enabled by redirecting resources from other
carbon-demanding pathways (such as cell wall synthesis).
This assumption was confirmed by our findings (Table
5), after probing leaf cell wall contents and composition
in the different postulated sensitivity clusters. In stressed
leaves, a decrease in the cell wall content (NDF) was recorded, almost reverse-complementary to the reported increment of leaf sugar levels (simple and starch), in each
of the three clusters. These stress-induced changes, along
with the overexpression of starch and sucrose metabolism
pathways (both breakdown and synthesis), were all more
pronounced in the severely affected genotypes (Figure 5a).
Thus, highlighting the drought intensity-dependent adjustment of carbon allocation in miscanthus, specifically
in terms of energy siphoned away from cell wall synthesis
and maintenance to vacuolar sugars accumulation.

4.4 | Free amino acids: proline, a reliable
early stress biomarker
Amino acids are central for plant metabolism, serving
as building blocks of proteins, important regulatory and
signal molecules, and precursors of nucleic acids (Galili
et al., 2016). Some amino acids contribute as well to abiotic stress response and tolerance mechanisms (Rai,
2002), notably proline (Pro), whose buildup under stress
is renowned and well documented (Szabados & Savouré,
2010). Proline accumulation, however, does not necessarily confer drought tolerance in many species -including
miscanthus-(Ings et al., 2013), rather it is considered a
good biomarker of stress. In agreement, Pro accumulated
in the stressed leaves of all 23 investigated genotypes
(Figure S2), regardless of the presumed degree of vulnerability. This confirmed Pro as a reliable early water
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stress biomarker in miscanthus even in mildly affected
genotypes. Nonetheless, Pro peaking at 0.81% DM -
in
the stressed leaves of genotype G9-, likely contributes to
the readjustment of the cytosolic osmotic balance, and as
an osmo-protectant through its ROS scavenging capacity
(Bartels & Sunkar, 2005). The necessary carbon skeletons
for this buildup under stress are procured from the degradation of the previously discussed leaf transitory starch,
mediated notably by the activity of BAM1 in mesophilic
cells (Zanella et al., 2016). Correspondingly, the latter's
encoding gene was sharply overexpressed under stress in
our study (Figure 5a).
Other quantified free amino acids revealed substantial
stress-induced changes in their contents. Among those
reporting a large increment, serine (Ser) was second only
to Pro in its increase (Figure 3a), contrary to the reported
downregulation of Ser metabolism in miscanthus leaves
under drought, by De Vega et al. (2021) transcriptomics
analyses. This could be a form of a negative feedback control to reverse its stress-induced accumulation to almost
toxic levels. Nonetheless, Ser catabolism and accumulation have both been implicated with increased tolerance
in various species (Kishor et al., 2020), a discrepancy attributed to its complex functionality and homeostasis.
Tryptophan (Trp) and lysine (Lys) levels also increased
during stress. The former is a known precursor of auxin
and the stress-alleviating melatonin (Zhang et al., 2015), in
addition to acting as an osmolyte and ion transport regulator in its free form (Rai, 2002). Lysine on the other hand,
is converted under stress to glutamate, the main precursor
of proline, thus contributing to the latter's synthesis and
accumulation (Galili et al., 2001). Conversely, threonine
(Thr) and leucine (Leu) contents decreased, possibly due
to their conversion to branched-chain amino acids during
stress (Fàbregas & Fernie, 2019; Joshi et al., 2010).

4.5 | Early post-drought recovery: restoring
moisture and unplugging response
mechanisms
Post-drought recovery in biofuel crops like miscanthus
remains virtually undocumented irrespective of its importance for exploiting marginal lands, particularly those
in arid and semi-
arid areas. We attempted to bridge
this scientific gap, by reinstating regular irrigation to
water-
stressed plantlets of M. sinensis and analyzing
some indicators of its recovery (water content, osmotic
adjustment, and yield). Compositional analyses of the
harvested feedstock showed that recovery commenced
by restoring moisture content to its pre-drought status.
This phenomenon was universal among the studied genotypes regardless of their sensitivity to stress, albeit being
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slightly stronger in the severely affected ones (Figure
4b,c). A similar discrepancy in leaf simple soluble sugars contents was noticeable after recovery (Figure 5c),
where the diminution of accumulated osmolytes is a sign
of restored water potential, and subsequent downregulation of stress response mechanisms (Abid et al., 2018;
Dien et al., 2019). For instance, the mildly affected cluster reported 50% less simple soluble sugars in its recovering leaves than its post-drought contents, versus a mere
20% reduction recorded in their severely affected equals.
Likewise, a stronger reduction in the expression of the
starch degradation pathway was noticeable in the mildly
affected (Figure 5a), accompanied with a higher accumulation of starch (Figure 5b). This confirms a faster and
more efficient recovery among mildly affected genotypes
(Chai et al., 2010), enabled by stress avoidance, resulting
in better maintenance of cellular functions during applied stress (Abid et al., 2018).
Moisture content in the recovering plants at the second
harvest was slightly lower than that of their control counterparts (by about 5% in the mildly affected subgroup and
10% in the severely stressed one). This highlights the incomplete restoration of the pre-stress hydraulic potential
within the short timeframe of our experiment, preventing
us from documenting a possible post-drought overcompensation in vegetative growth. A longer period of recovery could confirm this postulation, though it is common
for plants to fall short of complete or immediate recovery
after severe droughts (Yin & Bauerle, 2017). Our findings underline the path of stressed plants to recovery and
renormalization of their metabolism, by regaining turgor
and downregulating their now redundant energy-draining
stress response mechanisms.

5 | CO N C LUSION S AN D FU T URE
P E RS P ECT I VE S
Drought avoidance via minimized water loss was found
pivotal for delaying stress-induced injuries in M. sinensis.
However, this was achieved with a substantial yield penalty especially in the more vigorous genotypes, given the
trade-off between growth vigor in favorable conditions
and performance under stress. In addition, the comparative analyses employed in this study reaffirmed chlorophyll degradation and proline accumulation as good early
stress biomarkers. It also drew attention to the modifications in carbon allocation under drought, where leaves
acted as strong carbon sinks with a higher accumulation
of soluble sugars and amino acids, as stress intensifies.
The latter came at the expense of downregulating cell
wall biosynthesis, namely its structural polysaccharides.
Moreover, regaining moisture content and unplugging

energy-draining stress response mechanisms were trademarks of early post-drought recovery.
An economically viable exploitation of marginal lands
for bioenergy production calls for a shift toward achieving
stress-endurance in biofuel crops. This, however, calls for
developing drought tolerant varieties of miscanthus and
other biofuel crops, warranting further similar in-depth
research of stress effects and its responses. In parallel, further studies of recovery are necessary to investigate possible drought legacy effects on yield and feedstock quality.
CONFLICT OF INTEREST
The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.
AUTHOR CONTRIBUTIONS
Conceptualization, M.A.H. and L.M.T.; experimental analyses, M.A.H. and D.D.; data curation, M.A.H., D.D., and
O.D.; graphics and visualization, M.A.H.; original draft
preparation, MA.H., K.v.d.C., O.D., and L.M.T.; reviewing
and editing, M.A.H., K.v.d.C., O.D., and L.M.T.; supervision, L.M.T.; funding acquisition, L.M.T. All authors have
read and agreed to the published version of the manuscript.
DATA AVAILABILITY STATEMENT
The data that support the findings of this study are openly
available in “figshare” at https://doi.org/10.6084/m9.figsh
are.19397528.v1.
ORCID
Mohamad Al Hassan https://orcid.org/0000-0002-2297-3394
Dianka Dees https://orcid.org/0000-0002-5319-7527
Oene Dolstra https://orcid.org/0000-0003-0305-0938
Luisa M. Trindade https://orcid.org/0000-0003-1541-2094
REFERENCES

Abid, M., Ali, S., Qi, L.K., Zahoor, R., Tian, Z., Jiang, D., Snider, J.L.,
& Dai, T. (2018). Physiological and biochemical changes during
drought and recovery periods at tillering and jointing stages in
wheat (Triticum aestivum L.). Scientific Reports, 8(1), 4615.
Al Hassan, M. (2016). Comparative analyses of plant responses to
drought and salt stress in related taxa: A useful approach to
study stress tolerance mechanisms. Ph.D. Thesis, Universitat
Politecnica de Valencia, Valencia, Spain, 2016. Doi:https://doi.
org/10.4995/Thesis/10251/61985
Anderson, E., Arundale, R., Maughan, M., Oladeinde, A., Wycislo, A., &
Voigt, T. (2011). Growth and agronomy of Miscanthus×giganteus
for biomass production. Biofuels, 2, 167–183.
Ashraf, M., Akram, N. A., Al Qurainy, F., & Foolad, M. R. (2011).
Drought tolerance: Roles of organic osmolytes, growth regulators, and mineral nutrients. Advanced Agronomy, 111,
249–296.
Barney, J. N., Mann, J. J., Kyser, G. B., Blumwald, E., Van Deynze, A.,
& Di Tomaso, J. M. (2009). Tolerance of switchgrass to extreme

AL HASSAN et al.

soil moisture stress: Ecological implications. Plant Science, 177,
724–732.
Bartels, D., & Sunkar, R. (2005). Drought and salt tolerance in plants.
Critical Reviews in Plant Sciences, 24, 23–58.
Bazzaz, F. A. (1996). Plants in changing environments: Linking
physiological, population, and community ecology. Cambridge
University Press.
Berdahl, J. D., Frank, A. B., Krupinsky, J. M., Carr, P. M., Hanson,
J. D., & Johnson, H. A. (2005). Biomass yield, phenology and
survival of diverse cultivars and experimental strains in western North Dakota. Agronomy Journal, 97, 549–555. https://doi.
org/10.2134/agronj2005.0549
Blanco-
Canqui, H. (2016). Growing dedicated energy crops on
marginal lands and ecosystem services. Soil Science Society of
America Journal, 80, 845–858. https://doi.org/10.2136/sssaj
2016.03.0080
Blum, A. (2005). Drought resistance, water-use efficiency, and yield
potential—are they compatible, dissonant, or mutually exclusive? Australian Journal of Agricultural Research, 56, 1159–
1168. https://doi.org/10.1071/AR05069
Carlsson, G., Mårtensson, L. M., Prade, T., Svensson, S. E., & Jensen,
E. S. (2017). Perennial species mixtures for multifunctional production of biomass on marginal land. GCB Bioenergy, 9, 191–
201. https://doi.org/10.1111/gcbb.12373
Cattivelli, L., Rizza, F., Badeck, F.-W., Mazzucotelli, E., Mastrangelo,
A. M., Francia, E., Marè, C., Tondelli, A., & Stanca, A. M. (2008).
Drought tolerance improvement in crop plants: an integrated
view from breeding to genomics. Field Crops Research, 105, 1–
14. https://doi.org/10.1016/j.fcr.2007.07.004
Chai, Q., Jin, F., Merewitz, E., & Huang, B. (2010). Growth and
physiological traits associated with drought survival and post-
drought recovery in perennial turfgrass species. Journal of the
American Society for Horticultural Science, 135(2), 125–133.
Https://doi.org/https://doi.org/10.21273/JASHS.135.2.125
Chaves, M. M., Flexas, J., & Pinheiro, C. (2009). Photosynthesis
under drought and salt stress: Regulation mechanisms from
whole plant to cell. Annals of Botany, 103(4), 551–560. Https://
doi.org/https://doi.org/10.1093/aob/mcn125
Chen, C., van der Schoot, H., Dehghan, S., Alvim Kamei, C. L.,
Schwarz, K. U., Meyer, H., Visser, R. G. F., & van der Linden,
C. G. (2017). Genetic diversity of salt tolerance in Miscanthus.
Frontiers in Plant Science, 8. https://doi.org/10.3389/
fpls.2017.00187
Chen, P., Chen, J., Sun, M., Yan, H., Feng, G., Wu, B., Zhang, X.,
Wang, X., & Huang, L. (2020). Comparative transcriptome
study of switchgrass (Panicum virgatum L.) homologous autopolyploid and its parental amphidiploid responding to consistent drought stress. Biotechnology for Biofuels, 15(13):170.
https://doi.org/10.1186/s13068-020-01810-z
Clifton-
Brown, J., Chiang, Y. C., & Hodkinson, T. R. (2008).
Miscanthus: Genetic resources and breeding potential to enhance bioenergy production. In W. Vermerris (Ed.), Genetic improvement of bioenergy crops (pp. 273–294). Springer Science +
Business Media LLC.
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.
Https://doi.org/https://doi.org/10.1111/gcbb.12357
Clifton-Brown, J. C., & Lewandowski, I. (2000a). Water use efficiency and biomass partitioning of three different Miscanthus

  

|

773

genotypes with limited and unlimited water supply. Annals of
Botany, 86, 191–200. https://doi.org/10.1006/anbo.2000.1183
Clifton-Brown, J., & Lewandowski, I. (2000b). Overwintering problems with newly established Miscanthus plantations can be
overcome by identifying genotypes with improved rhizome
cold tolerance. New Phytologist, 148, 287–294.
Cosentino, S. L., Patanè, C., Sanzone, E., Copani, V., & Foti, S.
(2007). Effects of soil water content and nitrogen supply on
the productivity of Miscanthus×giganteus Greef et Deu. in a
Mediterranean environment. Industrial Crops and Products,
25(1), 75–88.
da Costa, R. M. F., Simister, R., Roberts, L. A., Timms-Taravella, E.,
Cambler, A. B., Corke, F. M. K., Han, J., Ward, R. J., Buckeridge,
M. S., Gomez, L. D., & Bosch, M. (2019). Nutrient and drought
stress: Implications for phenology and biomass quality in
miscanthus. Annals of Botany, 124(4), 553–566. https://doi.
org/10.1093/aob/mcy155
Davis, M. P., David, M. B., Voigt, T. B., & Mitchell, C. A. (2014). Effect of
nitrogen addition on Miscanthus × giganteus yield, nitrogen losses,
and soil organic matter across five sites. GCB Bioenergy, 7(6), 1222–
1231. Https://doi.org/https://doi.org/10.1111/gcbb.12217
De Vega, J. J., Teshome, A., Klaas, M., Grant, J., Finnan, J., & Barth,
S. (2021). Physiological and transcriptional response to drought
stress among bioenergy grass Miscanthus species. Biotechnology
for Biofuels, 14, 60. Https://doi.org/https://doi.org/10.1186/
s13068-021-01915-z
Dien, D. C., Mochizuki, T., & Yamakawa, T. (2019). Effect of various drought stresses and subsequent recovery on proline, total
soluble sugar and starch metabolisms in Rice (Oryza sativa L.)
varieties. Plant Production Science, 22(4), 530–545. https://doi.
org/10.1080/1343943X.2019.1647787
Dinh, Q. D., Dechesne, A., Furrer, H., Taylor, G., Visser, R. G. F.,
Harbinson, J., & Trindade, L. M. (2019). High-altitude wild
species Solanum arcanum LA385—A potential source for improvement of plant growth and photosynthetic performance at
suboptimal temperatures. Frontiers in Plant Sciences, 10, 1163.
https://doi.org/10.3389/fpls.2019.01163
Fàbregas, N., & Fernie, A. R. (2019). The metabolic response to
drought. Journal of Experimental Botany, 70(4), 1077–1085.
https://doi.org/10.1093/jxb/ery437
Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., & Basra, S. M. A.
(2009). Plant drought stress: effects, mechanisms and management. Agronomy for Sustainable Development, 29, 185–212.
https://doi.org/10.1051/agro:2008021
Fonteyne, S., Muylle, H., De Swaef, T., Reheul, D., Roldán-Ruiz, I.,
& Lootens, P. (2016). How low can you go? Rhizome and shoot
frost tolerance in miscanthus germplasm. Industrial Crops
and Products, 89, 323–331. https://doi.org/10.1016/j.indcr
op.2016.05.031
Foyer, C. H., Lelandais, M., & Kunert, K. J. (1994). Photooxidative
stress in plants. Physiologia Plantarum, 92, 696–717. https://
doi.org/10.1111/j.1399-3054.1994.tb03042.x
Galili, G., Amir, R., & Fernie, A. R. (2016). The regulation of essential amino acid synthesis and accumulation in plants. Annual
Review of Plant Biology, 67, 153–178. https://doi.org/10.1146/
annurev-arplant-043015-112213
Galili, G., Tang, G., Zhu, X., & Gakiere, B. (2001). Lysine catabolism:
A stress and development super-regulated metabolic pathway.
Current Opinion in Plant Biology, 4(3), 261–266. https://doi.
org/10.1016/s1369-5266(00)00170-9

774

|

  

Ghannoum, O., Evans, J. R., & von Caemmerer, S. (2010). Chapter
8 Nitrogen and Water Use Efficiency of C4 Plants. In: A.
Raghavendra, & R. Sage (Eds), C4 photosynthesis and related
CO2 concentrating mechanisms. Advances in photosynthesis and
respiration, vol 32. Springer.
Gil, R., Boscaiu, M., Lull, C., Bautista, I., Lidon, A., & Vicente, O.
(2013). Are soluble carbohydrates ecologically relevant for salt
tolerance in halophytes? Functional Plant Biology, 40, 805–818.
Http://dx.doi.org/https://doi.org/10.1071/FP12359
Gopalakrishnan, G., Cristina, N. M., & Snyder, S. W. (2011). A novel
framework to classify marginal land for sustainable biomass
feedstock production. Journal of Environmental Quality, 40(5),
1593–1600. https://doi.org/10.2134/jeq2010.0539
Hare, P. D., Cress, W. A., & Van Staden, J. (1998). Dissecting the
roles of osmolyte accumulation during stress. Plant, Cell, and
Environment, 21, 535–553.
Ings, J., Mur, L. A. J., Robson, P. R. H., & Bosch, M. (2013).
Physiological and growth responses to water deficit in the bioenergy crop Miscanthus x giganteus. Frontiers in Plant Science,
4, 468. https://doi.org/10.3389/fpls.2013.00468
Jakob, K., Zhou, F., & Paterson, A. H. (2009). Genetic improvement
of C4 grasses as cellulosic biofuel feedstocks. In Vitro Cellular &
Developmental Biology-Plant, 45(3), 291–305.
Jaramillo Roman, V., den Toom, L., Castro Gamiz, C., van der Pijl, N.,
Visser, R., van Loo, E., & van der Linden, G. (2020). Differential
responses to salt stress in ion dynamics, growth and seed yield
of European quinoa varieties. Environmental and Experimental
Botany, 177, 104146.
Jensen, E., Farrar, K., Thomas-Jones, S., Hastings, A., Donnison, I., &
Clifton-Brown, J. (2011). Characterization of flowering time diversity in Miscanthus species. GCB Bioenergy, 3, 387–400. Https://
doi.org/https://doi.org/10.1111/j.1757-1707.2011.01097.x
Jørgensen, U., Mortensen, J., Bonderup Kjeldsen, J., & Schwarz, K.
(2003). Establishment, development and yield quality of fifteen miscanthus genotypes over three years in Denmark. Acta
Agriculturae Scandinavica, Section B —Soil & Plant Science,
53(4), 190–199. https://doi.org/10.1080/09064710310017605
Joshi, V., Joung, J. G., Fei, Z., & Jander, G. (2010). Interdependence of
threonine, methionine and isoleucine metabolism in plants: accumulation and transcriptional regulation under abiotic stress.
Amino Acids, 39(4), 933–947. https://doi.org/10.1007/s0072
6-010-0505-7
Kadioglu, A., & Terzi, R. (2007). A dehydration avoidance mechanism: Leaf rolling. The Botanical Review, 73, 290–302.
Kishor, P. B. K., Suravajhala, R., Rajasheker, G., Marka, N., Shridhar,
K. K., Dhulala, D., Scinthia, K. P., Divya, K., Doma, M.,
Edupuganti, S., Suravajhala, P., & Polavarapu, R. (2020). Lysine,
lysine-rich, serine, and serine-rich proteins: link between metabolism, development, and abiotic stress tolerance and the
role of ncrnas in their regulation. Frontiers in Plant Science, 11,
546213. https://doi.org/10.3389/fpls.2020.546213
Lewandowski, I., Clifton-Brown, J., Trindade, L. M., van der Linden, G.
C., Schwarz, K.-U., Müller-Sämann, K., Anisimov, A., Chen, C.-
L., Dolstra, O., Donnison, I. S., Farrar, K., Fonteyne, S., Harding,
G., Hastings, A., Huxley, L. M., Iqbal, Y., Khokhlov, N., Kiesel,
A., Lootens, P., … Kalinina, O. (2016). Progress on optimizing
Miscanthus biomass production for the European bioeconomy:
results of the EU FP7 project OPTIMISC. Frontiers in Plant
Science, 7, 1620. https://doi.org/10.3389/fpls.2016.01620
Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene
expression data using real-
time quantitative PCR and the

AL HASSAN et al.

2^[delta-delta C(T)] method. Methods, 25, 402–408. https://doi.
org/10.1006/meth.2001.1262
Lovell, J. T., Shakirov, E. V., Schwartz, S., Lowry, D. B., Aspinwall,
M. J., Taylor, S. H., Bonnette, J., Palacio-Mejia, J. D., Hawkes, C.
V., Fay, P. A., & Juenger, T. E. (2016). Promises and challenges
of eco-physiological genomics in the field: Tests of drought
responses in switchgrass. Plant Physiology, 172(2), 734–748.
Https://doi.org/https://doi.org/10.1104/pp.16.00545
Malinowska, M., Donnison, I., & Robson, P. (2020). Morphological
and physiological traits that explain yield response to drought
stress in Miscanthus. Agronomy, 10, 1194.
Marschner, P. (2012). Marschner’s Mineral Nutrition of Higher Plants.
3rd ed. Academic Press. (pp. 178–189).
Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance.
Trends in Plant Science, 7(9), 405–410. https://doi.org/10.1016/
s1360-1385(02)02312-9
Muller, B., Pantin, F., Génard, M., Turc, O., Freixes, S., Piques, M.,
& Gibon, Y. (2011). Water deficits uncouple growth from photosynthesis, increase C content, and modify the relationships
between C and growth in sink organs. Journal of Experimental
Botany, 62, 1715–1729. https://doi.org/10.1093/jxb/erq438
Munns, R., & Tester, M. (2008). Mechanisms of salinity tolerance.
Annual Review of Plant Biology, 59, 651–681. https://doi.
org/10.1146/annurev.arplant.59.032607.092911
Ordoñez, J. C., Bodegom, P. M., Witte, J. M., Wright, I. J., Reich, P.
B., & Aerts, R. (2009). A global study of relationships between
leaf traits, climate and soil measures of nutrient fertility. Global
Ecology and Biogeography, 18, 137–149.
Pancaldi, F., & Trindade, L. M. (2020). Marginal lands to grow novel
bio-
based crops: A plant breeding perspective. Frontiers in
Plant Science, 11, 227. https://doi.org/10.3389/fpls.2020.00227
Phenomenex. (2003). EZfaast user's guide for protein hydrolysates
(GC/FID).
Qin, J., Yang, Y., Jiang, J., Yi, Z., Xiao, L., Ai, X., & Chen, Z. (2012).
Comparison of lignocellulose composition in four major species of Miscanthus. African Journal of Biotechnology, 11, 12529–
12537. https://doi.org/10.5897/AJB11.3248
Rai, V. K. (2002). Role of amino acids in plant responses to
stresses. Biologia Plantarum, 45(4), 481–487. https://doi.
org/10.1023/A:1022308229759
Sacks, E. J., Juvik, J. A., Lin, Q., Stewart, J. R., & Yamada, T. (2013).
The Gene Pool of Miscanthus Species and Its Improvement. In:
A. Paterson (Ed), Genomics of the Saccharinae. Plant genetics
and genomics: Crops and models, vol 11. Springer.
Salinger, M. J., Sivakumar, M. V. K., & Motha, R. (2005). Reducing vulnerability of agriculture and forestry to climate variability and
change: Workshop summary and recommendations. Climate
Change, 70, 341–362. https://doi.org/10.1007/s10584-005-5954-8
Sanchez, F. J., Manzanares, M., de Andres, E. F., Tenorio, J. L., &
Ayerbe, L. (1998). Turgor maintenance, osmotic adjustment
and soluble sugar and proline accumulation in 49 pea cultivars
in response to water stress. Field Crops Research, 59, 225–235.
https://doi.org/10.1016/S0378-4290(98)00125-7
Schueler, V., Fuss, S., Steckel, J. C., Weddige, U., & Beringer, T.
(2016). Productivity ranges of sustainable biomass potentials
from non-agricultural land. Environmental Research Letters, 11,
074026. https://doi.org/10.1088/1748-9326/11/7/074026
Sharma, P., Jha, A. B., Dubey, R. S., & Pessarakli, M. (2012). Reactive
oxygen species, oxidative damage, and antioxidative defense
mechanism in plants under stressful conditions. Journal of
Botany, 2012, 1–26.

AL HASSAN et al.

Stavridou, E., Webster, R. J., & Robson, P. R. H. (2019). Novel
Miscanthus genotypes selected for different drought tolerance
phenotypes show enhanced tolerance across combinations of
salinity and drought treatments. Annals of Botany, 124(4), 653–
674. https://doi.org/10.1093/aob/mcz009
Stitt, M., & Zeeman, S. C. (2012). Starch turnover: Pathways, regulation and role in growth. Current Opinion in Plant Biology, 15(3),
282–292. https://doi.org/10.1016/j.pbi.2012.03.016
Straumite, E., Kruma, Z., & Galoburda, R. (2015). Pigments in mint
leaves and stems. Agronomy Research, 4, 1104–1111.
Sudhakar, R. P., Srinivas, R. D., Sivasakthi, K., Bhatnagar-Mathur,
P., Vadez, V., & Sharma, K. K. (2016). Evaluation of sorghum
[Sorghum bicolor (L.)] reference genes in various tissues and
under abiotic stress conditions for quantitative real-time PCR
data normalization. Frontiers Plant Science, 7, 529. https://doi.
org/10.3389/fpls.2016.00529
Szabados, L., & Savouré, A. (2010). Proline: a multifunctional
amino acid. Trends in Plant Science, 15, 89–97. https://doi.
org/10.1016/j.tplants.2009.11.009
Taylor, S. H., Lowry, D. B., Aspinwall, M. J., Bonnette, J. E., Fay, P. A.,
& Juenger, T. E. (2016). QTL and drought effects on leaf physiology in Lowland Panicum virgatum. BioEnergy Research, 9,
1241–1259. https://doi.org/10.1007/s12155-016-9768-5
Thalmann, M., & Santelia, D. (2017). Starch as a determinant of
plant fitness under abiotic stress. New Phytologist, 214(3), 943–
951. https://doi.org/10.1111/nph.14491
Touchette, B. W., Smith, G. A., Rhodes, K. L., & Poole, M. (2009).
Tolerance and avoidance: Two contrasting physiological responses to salt stress in mature marsh halophytes Juncus roemerianus Scheele and Spartina alterniflora Loisel. Journal
of Experimental Marine Biology and Ecology, 380, 106–112.
https://doi.org/10.1016/j.jembe.2009.08.015
Turner, N. C. (2018). Turgor maintenance by osmotic adjustment:
40 years of progress. Journal of Experimental Botany, 69(13),
3223–3233. https://doi.org/10.1093/jxb/ery181
Van Der Weijde, T., Alvim Kamei, C. L., Torres, A. F., Vermerris, W.,
Dolstra, O., Visser, R. G. F., & Trindade, L. M. (2013). The potential of C4 grasses for cellulosic biofuel production. Frontiers in
Plant Science, 4, 1–18. https://doi.org/10.3389/fpls.2013.00107
Van der Weijde, T., Dolstra, O., Visser, R. G. F., & Trindade, L. M.
(2017a). Stability of cell wall composition and saccharification
efficiency in miscanthus across diverse environments. Frontiers
in Plant Science, 7, 1–14. https://doi.org/10.3389/fpls.2016.02004
Van Der Weijde, T., Huxley, L. M., Hawkins, S., Sembiring, E. H.,
Farrar, K., Dolstra, O., Visser, R. G. F., & Trindade, L. M. (2017b).
Impact of drought stress on growth and quality of miscanthus
for biofuel production. GCB Bioenergy, 9, 770–782. https://doi.
org/10.1111/gcbb.12382
Van der Weijde, T., Kiesel, A., Iqbal, Y., Muylle, H., Dolstra, O., Visser,
R. G. F., Lewandowski, I., & Trindade, L. M. (2017c). Evaluation
of Miscanthus sinensis biomass quality as feedstock for conversion into different bioenergy products. GCB Bioenergy, 9, 176–
190. https://doi.org/10.1111/gcbb.12355
Van Soest, P. J. (1967). Development of a comprehensive system of feed
analyses and its application to forages. Journal of Animal Science, 26,
119–128. Https://doi.org/https://doi.org/10.2527/jas1967.261119x
Von Cossel, M., Wagner, M., Lask, J., Magenau, E., Bauerle, A.,
Von Cossel, V., Warrach-
Sagi, K., Elbersen, B., Staritsky,

  

|

775

I., Van Eupen, M., Iqbal, Y., Jablonowski, N. D., Happe, S.,
Fernando, A. L., Scordia, D., Cosentino, S. L., Wulfmeyer, V.,
Lewandowski, I., & Winkler, B. (2019). Prospects of bioenergy
cropping systems for a more social-
ecologically sound bioeconomy. Agronomy, 9(10), 605. Https://doi.org/https://doi.
org/10.3390/agronomy9100605
Wang, M., Zheng, Q., Shen, Q., & Guo, S. (2013). The critical role
of potassium in plant stress response. International Journal of
Molecular Sciences, 14(4), 7370–7390. Https://doi.org/https://
doi.org/10.3390/ijms14047370
Weng, T.-Y., Nakashima, T., Villanueva-Morales, A., Stewart, J.
R., Sacks, E. J., & Yamada, T. (2022). Assessment of drought
tolerance of miscanthus genotypes through dry-
down
treatment and fixed-soil-moisture-content techniques.
Agriculture, 12, 6.
Xue, S., Kalinina, O., & Lewandowski, I. (2015). Present and future options for Miscanthus propagation and establishment.
Renewable and Sustainable Energy Reviews, 49, 1233–1246.
Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., & Chen, S. (2021).
Response mechanism of plants to drought stress. Horticulturae,
7, 50.
Yin, J., & Bauerle, T. L. (2017). A global analysis of plant recovery
performance from water stress. Oikos, 126, 1377–1388. https://
doi.org/10.1111/oik.04534
Zanella, M., Borghi, G. L., Pirone, C., Thalmann, M., Pazmino, D.,
Costa, A., Santelia, D., Trost, P., & Sparla, F. (2016). β-amylase
1 (BAM1) degrades transitory starch to sustain proline biosynthesis during drought stress. Journal of Experimental Botany,
67(6), 1819–1826. https://doi.org/10.1093/jxb/erv572
Zeeman, S. C., Kossmann, J., & Smith, A. M. (2010). Starch: Its
metabolism, evolution, and biotechnological modification in
plants. Annual Review of Plant Biology, 61, 209–234. https://doi.
org/10.1146/annurev-arplant-042809-112301
Zhang, N. A., Sun, Q., Zhang, H., Cao, Y., Weeda, S., Ren, S., & Guo,
Y.-D. (2015). Roles of melatonin in abiotic stress resistance in
plants. Journal of Experimental Botany, 66(3), 647–656.
Zhao, X., Zhang, L., & Liu, D. (2012). Biomass recalcitrance. Part I:
the chemical compositions and physical structures affecting the
enzymatic hydrolysis of lignocellulose. Biofuels, Bioproducts
and Biorefining, 6(4), 465–482.
Zimmermann, M. H., & Ziegler, H. (1975). Transport in plants. In M.
H. Zimmermann, & J. A. Milburn (Eds.), 245–271). Springer,
Berlin.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.
How to cite this article: Al Hassan, M., van der
Cruijsen, K., Dees, D., Dolstra, O., & Trindade, L.
M. (2022). Investigating applied drought in
Miscanthus sinensis; sensitivity, response mechanisms,
and subsequent recovery. GCB Bioenergy, 14,
756–775. https://doi.org/10.1111/gcbb.12941

