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Abstract
Drought tolerance in Miscanthus sinensis is a desirable trait because of its potential
use to develop new varieties, namely intra-specific hybrids, adapted to drought-
prone marginal lands. In this study, drought tolerance was evaluated on 8 M.
sinensis intra-specific hybrids (GRC1–GRC8). Plants were grown in the growth
chamber (14/10 h, 25/20°C, 70% relative air humidity and 300 μmol m−2 s−1 ir-

radiance). Drought was induced by withholding irrigation for 21 days (stress
phase) and after re-watering (recovery phase) for 7 days. Nondestructive multispectral 3D images for plant morphology, color, and chlorophyll fluorescence
imaging were used to quantify drought-induced changes on a weekly basis for
the entire duration of the experiment. Total leaf area (TLA) and digital biomass
(DB) responded most rapidly to water deficits (7–14 days), followed by leaf senescence (14–21 days), and finally, a drop in the maximum efficiency of PSII (Fv/Fm;
21 days). Traits measured on the last day of the drought treatment were used to
calculate the phenotypic plasticity. Significant differences in drought susceptibility and phenotypic plasticity were found among the studied hybrids. Drought
treatment (21 days) reduced DB and TLA on average by 50%, normalized difference vegetation index (NDVI) by 20% and Fv/Fm from 0.79 (in control) to 0.69
in the less drought-susceptible hybrids (GRC4 and GRC5), whereas in drought-
sensitive hybrids (GRC2 and GRC3), 21 days of drought reduced DB and TLA on
average by 80%, NDVI by 45% and Fv/Fm dropped from 0.79 (in control) to 0.35.
The more drought-resilient hybrids showed lower phenotypic plasticity than
their more sensitive counterparts, a stay-green strategy enabled through lower

Abbreviations: ANOVA, analysis of variance; ARI, anthocyanin index; B, blue; CHI, chlorophyll index; DB, digital biomass; F0, minimum
chlorophyll fluorescence; Fm, maximum chlorophyll fluorescence; Fv/Fm, maximum efficiency of photosystem two; G, green; HUE, hue; K, kelvin; L,
liter; LAI, leaf area index; LANG, leaf angle; LED, light-emitting diode; LINC, leaf inclination; LPD, light penetration depth; MT, measurement time;
NDVI, Normalized Digital Vegetation Index; NIR, near-infrared; PAR, photosynthetically active radiation; PCA, principal component analysis; PH,
plant height; PLA, projected leaf area; PS(II), photosystem two; PSII, photosystem two; PSRI, Plant Senescence Reflectance Index; R, reflectance;
RBlue, reflectance in blue; RDPI, relative distance plasticity index; RFarRed, reflectance in far-red; RGreen, reflectance in green; RMT, recovery
measurement time; RNIR, reflectance in near-infrared; RRed, reflectance in red; SAT, saturation; SE, standard error; TLA, total leaf area; UV,
ultraviolet; VAL, value; VWC, volumetric water content.
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biomass accumulation and by extension, reduced water usage. Multispectral imaging and image analysis enabled fast and nondestructive quantification of plant
morphological and physiological responses under drought conditions and could
be used as an effective screening tool for drought susceptibility.
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I N T RO DU CT ION

Miscanthus is a leading perennial energy crop because of
its high dry matter yield potential and ability to achieve it
under a wide range of climatic conditions (Clifton-Brown
et al., 2017; Lewandowski et al., 2018) but also because
of its low requirements in terms of fertilizers, herbicides,
and management (Clifton-Brown & Lewandowski, 2000;
Lewandowski & Schmidt, 2006; Wagner et al., 2019).
At present, in Europe, miscanthus is mostly used as a
feedstock in electricity and heat generation and as a
building material (Lewandowski et al., 2018; Wagner
et al., 2019). Moreover, there are other applications in
research focus, such as biogas production, conversion to
second-generation biofuels, and biochemicals, including
bioplastics. Those various utilization options allow a high-
value application of miscanthus biomass (Lewandowski
et al., 2018; Wagner et al., 2019).
However, using agricultural land for miscanthus
production could conflict with food production and
global food security policy. FAO's scenario project report
(FAO, 2018) shows that feeding a world population of almost 10 billion people in 2050 would require raising overall food production by more than 54% from the base year
of 2012. Such an increase in food production will require
maximum utilization of all available agricultural land.
Thus, an alternative strategy for energy crop production
is to cultivate them on poor soils where the cultivation of
food crops is not economically viable, also known as marginal lands (He et al., 2022; Scordia et al., 2022). There,
the competition for the use of irrigatable land for the
production of food versus fuel would be circumvented
(Lewandowski et al., 2016). Miscanthus could have a crucial role in biomass production on marginal land because
it displays remarkable adaptability to different environments (Donnison & Fraser, 2016; Kalinina et al., 2017).
However, drought stress may regularly occur in the majority of miscanthus species production scenarios, especially on those involving the production on marginal
soils (Jones et al., 2015; Quinn et al., 2015). The naturally
occurring interspecies hybrid M. × giganteus imported
from Japan (Greef & Deuter, 1993), currently being the
most cultivated biomass crop from the genus Miscanthus

(M. sacchariflorus × M. sinensis) is relatively sensitive to
drought. This is mainly due to its failure to regulate its
rate of water loss during the onset of drought, rendering
it susceptible to yield loss and death in severe and prolonged droughts (Clifton-Brown & Lewandowski, 2000).
Sacks et al. (2013) suggested that it may be possible
to increase drought tolerance through breeding with
drought-tolerant parental genotypes and van der Weijde
et al. (2017) identified M. sinensis genotypes that are more
tolerant to drought. Long-term field trials showed that M.
sinensis hybrids could achieve high yields under different
climatic conditions (Gauder et al., 2012), adapt to a wide
range of geographical conditions, and possess extensive
genetic diversity (Gifford et al., 2015; Nie et al., 2017),
which makes it a good candidate for the optimization of
abiotic stress tolerance. Correspondingly, Clifton-Brown
and Lewandowski (2000) reported that triploid M. sinensis hybrids could be more drought tolerant in comparison
with M. × giganteus in controlled environments. Besides,
they reported that M. sinensis retained the lowest leaf
conductance and showed slower leaf senescence in water-
deficit conditions in comparison with M. × giganteus and
M. sacchariflorus, which indicates different drought response strategies among these species (Clifton-Brown &
Lewandowski, 2000).
While experiencing drought, plants show several differential morphological and physiological responses, which
help them in coping with stressful conditions (Osakabe
et al., 2014; Tuberosa, 2012). The impact of environmental
stimuli on the affected plants, exemplified in the changing morphophysiological traits, is known as phenotypic
plasticity (Valladares et al., 2006). Correspondingly, the
assessment of phenotypic plasticity under drought conditions may contribute to a better understanding of this
stress' footprint and enable the identification of potential
traits for optimized drought tolerance through classical
breeding (Tuberosa, 2012).
Recently, sophisticated nondestructive phenotyping
techniques have been developed to detect the physiological
status of plants exposed to drought. Due to a wide range of
plant traits affected by drought, a more integrative approach
that will use multiple sensors and gain information about
multiple phenotypic traits is needed. Nondestructive plant
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imaging techniques such as chlorophyll fluorescence and
multispectral imaging are based on the reflectance of different wavelengths from the plant leaves and are used for the
calculation of different vegetation indices (VIs) as indicators of plant chemical composition and physiological status
(Dhondt et al., 2013; Munns et al., 2010). Chlorophyll fluorescence imaging represents a powerful plant phenotyping tool, which provides information about the efficiency
of photosynthetic apparatus and associated physiological
processes (Dhondt et al., 2013; Humplik et al., 2015; Wang
et al., 2018). Similar techniques were previously used in experiments with Miscanthus; high-throughput phenotyping
techniques were used for screening biomass accumulation
and water use of 47 miscanthus genotypes under water-
deficit stress (Malinowska et al., 2017), and the biomass
quality of three Miscanthus genotypes under the water-
deficit and nutrient-deficit stress (da Costa et al., 2019),
both showing the genotypic variability in phenotypic reaction to drought.
The objectives of this study were to use multispectral
imaging and image analysis to (i) assess differences in
drought responses among novel M. sinensis (Anderss.) hybrids, (ii) quantify changes in morphological and physiological traits, and (iii) determine the phenotypic plasticity
among the studied panel of hybrids under drought.

2

|

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

2.1 | Plant material and experimental
conditions
Eight novel M. sinensis (Anderss.) seed-based hybrids (further referred to as GRC1–GRC8) were used in this experiment. Hybrids were provided by the Wageningen University
and Research (WUR), The Netherlands. Plants were provided
as 8-week-old seedlings grown in plugs, which were transplanted to 2 L plastic pots filled with 600 g of KLASMANN
TS 1 fine pot soil. Ten uniformly developed plants per hybrid
were selected for the experiment after additional 14 days of
adaptation and growth. During this period, plants were irrigated with half-
strength Hoagland's nutrient solution
(Hoagland & Arnon, 1950). The experiment was conducted
in a climate-controlled growth chamber at the University of
Zagreb Faculty of Agriculture, Croatia. The following conditions were used: photoperiod of 14/10 h, temperature fluctuating between 25 and 20°C, during day and night regimes,
respectively, 70% relative air humidity and 300 μmol m−2 s−1
irradiance, which was enabled through a photosynthetically
active radiation (PAR) provided by Valoya L35, NS12 spectrum LED lights (Valoya Oy).
Five plants per hybrid, used as biological replicates, were
subjected to the drought treatment (D), by withstanding
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irrigation completely for 3 weeks, whereas five control (C)
plants per hybrid were regularly irrigated to keep ~40%
substrate volumetric water content (%VWC). Substrate
VWC was monitored using a substrate-calibrated WET
sensor, an HH2 Moisture Meter (Delta-T Devices Ltd.).
Average values of measured VWC are shown in Figure S1.
After 3 weeks, plants subjected to the drought treatment
were irrigated, to a VWC of (~40%), equal to the control
plants, for 1 week (duration of the post-drought recovery
study).
The experiment was set up as a completely randomized design. Measurements were performed at the onset
of drought treatment (MT0), once per week (a 7-day basis)
during the 3 weeks of drought treatment (MT1, MT2,
and MT3). Additional measurements were performed on
plants from the drought treatment after 7 days of recovery
(RMT).

3

|

MEASUREMENTS

3.1 | Multispectral and chlorophyll
fluorescence imaging
Table S2 contains a list of all measured traits and abbreviations, as well as the devices and software used in the
analyses. CropReporter™ was used for chlorophyll fluorescence and multispectral imaging (PhenoVation B.V.).
Detailed description of the CropReporter™ is given in
Lazarević et al. (2021).
Chlorophyll fluorescence measurements were taken
on plants that had been dark-adapted overnight (10 h).
Red light-emitting diode (LED) at 4000 mol m−2 s−1 intensity was used as saturating pulse. The induction curve was
captured in 20 frames (20 images per second in 1.3 Mp).
Images of minimum chlorophyll fluorescence (F0) and
maximum chlorophyll fluorescence (Fm) were captured
after 20 and 800 ms, respectively. F0 and Fm were used
to calculate the maximum efficiency of PSII (Fv/Fm;
Schreiber et al., 1995).
Color and spectral reflectance (R) images were captured
at 50% light intensity power, resulting in 250 mol m−2 s−1
produced by broadband white LEDs. Images were captured at different reflectance (R) wavelengths, RRed—
640 nm, RGreen—550 nm, RBlue—475 nm, RChl—730 nm,
RNIR—769 nm, and RFarRed—710 nm.
The chlorophyll index (CHI) and anthocyanin index
(ARI) were calculated from reflectance images, with
CHI = (R700)−1 to (R769)−1 (Gitelson et al., 2003) and
ARI = (R550)−1 to (R700)−1 (Gitelson et al., 2001).
After converting RRed, RGreen, and RBlue to values 0–1,
the hue (0–360°), saturation (SAT), and value (VAL) were
calculated.
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The following formula was used to calculate hue
(0–360°):
(
(
)
)
HUE = 60 × 0 + RGreen − RBlue ∕ (max − min) , if max = RRed ;
(
(
)
)
HUE = 60 × 2 + RBlue − RRed ∕ (max − min) , if max = RGreen ;
(
(
)
)
HUE = 60 × 4 + RRed − RGreen ∕ (max − min) if max = RBlue .

In the case of HUE 0, 360 was added.
Value
(0–
1)
was
calculated
as
follows:
VAL = (max + min)/2; where max and min were chosen from the RRed, RGreen, and RBlue. Saturation (0–1)
was calculated as follows: SAT = (max –min)/(max +
min) if VAL > 0.5, or SAT = (max –min)/(2.0 –max
–min) if VAL 0.5, where max and min were chosen
from the RRed, RGreen, and RBlue. In the above equations,
Max and Min denote maximal or minimal reflectance
in red (RRed), green (RGreen) or blue (RBlue) spectrum,
respectively.
Several CropReporter-obtained parameters are shown
in Figure S3.

3.2

|

Multispectral scanning in 3D

The PlantEye F500 multispectral 3D scanner was used
to perform multispectral scanning (Phenospex). Using
HortControl™ software, various morphological parameters and VIs were calculated from 3D plant models
(Phenospex). Lazarević et al. (2021) provide a detailed
description of the PlantEye, including the resolution and
wavelengths for scanning, and the creation of the 3D plant
model.
For a better understanding of the measured traits, we
will briefly explain the calculation of each parameter in
the following section.

3.2.1

|

Vegetation indices

Greenness (GR) = (2 × RGreen − RRed − RBlue)/(2 ×
RRed + RGreen + RBlue).
Normalized
Differential
Vegetation
Index
(NDVI) = (RNIR – RRed)/(RNIR + RRed; Rouse et al., 1974).
Plant Senescence Reflectance Index (PSRI)
PSRI = (RRed – RGren)/(RNIR; Merzlyak et al., 1999).

3.2.2

|

Morphological parameters

Plant height (PH; mm) is calculated as a z-axis distribution of elementary triangles.

Leaf area projected (LAP; cm2) is calculated as the area
of all elementary triangle projections on the X–Y plane.
Total leaf area (TLA; cm2) is calculated as the sum of
all triangle domains, where each domain represents a
group of triangles forming a uniform surface.
Digital biomass (DB; cm3) is calculated as PH and 3D
leaf area.
Leaf area index (LAI, mm2 mm−2) is calculated as
TLA/sector size.
Leaf inclination (LINC; mm2 mm−2) is calculated as
TLA/LAP.
The leaf angle (LANG; °) is the angle between the leaf
blade and the main stem.
The deepest point through which the laser can penetrate the canopy is used to calculate light penetration
depth (LPD; mm).
Figure S4 shows a selection of traits obtained by
PlantEye.

3.3

|

Phenotypic plasticity

Phenotypic plasticity for each hybrid was estimated by
calculating the relative distance plasticity index (RDPI)
for all morphological and physiological traits measured at
MT3. RDPI represents the relative phenotypic distance between individuals of the same hybrid exposed to different
treatments (C and D; Valladares et al., 2006). RDPI was
calculated according to Valladares et al. (2006), and its
values range from 0 to 1. Briefly, for each hybrid (GRC1–
GRC8) and each trait (x), a rectangular matrix (i × j) was
created; rows (i) represented two treatments (D and C),
and columns (j) represented five individuals (plants/replicates of each hybrid per treatment). For a given trait x,
the distance among values (dij→i'j') is calculated as the difference xi'j'–xij. Thus, the absolute distance was calculated
as pairwise differences for all traits across all individuals
of each hybrid. Then, relative distances (rdij→i'j') which
are defined as dij→i'j'/(xi'j' + xij) for all pairs of individuals
were calculated, and finally, RDPIs were calculated as
Σ(rdij→i'j')/n, where n represents the number of distances.

3.4

|

Statistical analysis

Data were analyzed using SAS for Windows 9.3 (SAS
Institute Inc., 2011). Before the statistical analysis, normality was tested by the Shapiro–Wilk test and homoscedasticity by assessing the plot of residuals against fitted
values.
Repeated measures in Proc mixed, with hybrids (n = 8)
and treatments (n = 2) as fixed effects, plant number
(n = 5) as subject and measurement time (MT) as the
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repeated measurement were performed for testing the difference among hybrids, treatments, and their interactions.
The covariance was modelled according to the residual
log-likelihood and Akaike's information criterion. In the
case F test was significant, multiple comparison procedure
was performed, and pairwise differences were computed
for fixed effects and their interactions using the Tukey's
HSD test (p ≤ 0.05). The differences between hybrids and
treatments (drought treatment and recovery) were evaluated with a two-way analysis of variance (ANOVA). By
contrast, the differences in RDPI were evaluated with one-
way ANOVA, followed by the post-hoc Tukey's HSD mean
comparison test (p ≤ 0.05).
The selected traits are presented as figures,
means ± standard errors (SE), and the rest of the data
(traits), along with the ANOVA tables, are given as
Supplementary Tables.
Pearson's correlation coefficients were calculated and
tested using the CORR procedure. A principal component
analysis (PCA) was performed for all measured traits at
MT3, using all experimental plants (two treatments × eight
hybrids × five plants = 80). The first two principal components (PCs) were used to construct a biplot.

4

|

R E S U LTS

Eight M. sinensis hybrids (GRC1–GRC8) were grown in
control (40% VWC) and drought conditions, the latter was
set up by the complete omission of irrigation for 21 days.
Average values of soil VWC decreased from 45% at MT0
to 8.5% at MT3 (Figure S1) in the pots of the water stress
plants. After 21 days, plants from the drought treatment
underwent a short period of post-stress recovery, by reinstating irrigation (increasing and maintaining soil VWC at
40%) for 7 days.

4.1 | Morphology-related traits during
drought and recovery
Multispectral scanning resulted in 3D cloud points
from which 3D plant models were created (examples in
Figure S4) and used for morphological analysis. In control treatment highest DB, PH and leaf area–related traits
were found for GRC3 followed by GRC2 and GRC1.
Drought treatment significantly reduced DB, TLA, LAP,
and LAI at MT2 for GRC1, GRC2 and GRC3, and MT3
for all hybrids (Figures 1 and 2; Table S6). Drought treatment affected the average PH and LPD after MT2 for all
hybrids. However, a significant reduction in average PH
and LPD was reported only for GRC1, GRC2, and GRC3
at MT3 (Table S6).
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Average LANG significantly increased in control and
decreased in drought treatment over the applied stress
timeline (MT0–MT3), and the opposite was true for LINC.
Significant differences in average LANG and LINC between D and C plants were found at MT3 (Tables S5 and
S6).
After 7 days of recovery, a significant increase in average DB, TLA, LAP, and LAI was determined; meanwhile,
there was no significant (p > 0.05) change in PH, LPD,
LANG, and LINC. The highest increase in DB, TLA, LAP,
and LAI was observed for GRC1 and GRC5, and the lowest
for GRC2 and GRC3 (Figure 3; Table S7).

4.2 | Color traits during
drought and recovery
Plant color analysis was performed by measuring reflectance in red (RRed), green (RGreen), and blue (RBlue). In addition, an alternative way for color analysis by calculation
of hue (HUE), saturation (SAT), and value (VAL) was
used. HUE considers the ratio between reflectance in red,
green, and blue, VAL represents lightness or darkness of
the color, and the SAT is the intensity of color.
Drought affected all measured color traits, and most
sensitive to drought were RBlue and SAT. Namely, drought
increased average RBlue and decreased average SAT at
MT2, whereas all other color traits were affected at MT3
(Table S6). For both control and drought, an increase in
RRed, and RBlue was reported from MT0 to MT3, although
this increment was more pronounced in drought plants.
At MT3 significant differences between D and C plants
in RRed were found for GRC3 and GRC8 and in RBlue for
GRC1, GRC2, GRC3, GRC7, and GRC8. In both C and D
plants, RGreen reported a drop in the period between MT0
and MT1, before increasing in C plants, and was constant
for D plants. Significant differences in average RGreen between C and D plants were found at MT3 (Table S6).
HUE increased for both D and C plants from MT0
to MT1 and decreased for D plants at MT3. At MT3 significantly higher HUE for C compared with D plants
were found for GRC2, GRC3, GRC6, GRC7, and GRC8
(Figure 4; Table S6). In addition, at MT3 there was no difference in HUE among hybrids grown in control, however
in drought treatment, higher HUE values were found for
GRC1, GRC4, and GRC5 compared with GRC2, GRC3,
and GRC8. VAL decreased from MT0 to MT1 and then
increased at MT3, which was more pronounced for control plants. Drought treatment caused a drop in average
SAT for all hybrids except the GRC4, GRC5, and GRC8
(Table S6).
After recovery, an increase in average RGreen and
RRed and a decrease in RBlue was observed. Additionally,
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F I G U R E 1 Digital biomass (DB) means and their standard error, measured at four measurement times—0 (MT0), 7 (MT1), 14 (MT2),
and 21 (MT3) days after the onset of treatments—on eight Miscanthus sinensis hybrids (GRC1–GRC8) grown in control (black) and drought
treatment (gray). Lowercase letters indicate significant differences among hybrids at each measurement time per treatment (black: control,
gray: drought), dagger indicates significant difference between treatments within one timepoint for each hybrid (Tukey's HSD test).

F I G U R E 2 Total leaf area (TLA) means and their standard error, measured at four measurement times—0 (MT0), 7 (MT1), 14 (MT2),
and 21 (MT3) days after the onset of treatments—on eight M. sinensis hybrids (GRC1–GRC8) grown in control (black symbols) and drought
treatment (gray symbols). Lowercase letters indicate significant differences among hybrids at each measurement time per treatment (black:
control, gray: drought), dagger indicates significant difference between treatments for each hybrid at a single timepoint (Tukey's HSD test).

a significant increase in VAL was calculated for all hybrids. Similarly, an increment in SAT for all hybrids was
reported, except for GRC5. Recovery did not affect average HUE, for which differences were found only among
hybrids, with the highest found for GRC5 and lowest for
GRC2 and GRC3 (Figure 5; Table S7).

4.3 | Multispectral traits and VIs during
drought and recovery
Along with reflectance in the red, green, and blue spectrum, NIR and far-red reflectance (RNIR and RFarRed) were
performed and used to calculate different VIs (NDVI, GR,
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F I G U R E 3 Means and their respective standard error for (a) digital biomass (DB) and (b) total leaf area (TLA), measured during
drought (21 days without irrigation) and after the recovery (7 days of recovery) on eight Miscanthus sinensis hybrids (GRC1–GRC8). Different
uppercase letters indicate significant differences among average values of hybrids; different lowercase letters indicate significant differences
for hybrid × treatment interaction (Tukey's HSD test).

F I G U R E 4 Hue (HUE) means and standard error of the mean, measured at four measurement times (0 (MT0), 7 (MT1), 14 (MT2),
and 21 (MT3) days after the onset of treatments) on eight Miscanthus sinensis hybrids (GRC1–GRC8) grown in control (black symbols) and
drought treatment (gray symbols). Lowercase letters indicate significant differences among hybrids at each measurement time for each
treatment (black: control, gray: drought), dagger indicates measurement time at which significant difference between treatments for each
hybrid occurred (Tukey's HSD test).

CHI, ARI, and PSRI). Drought significantly affected RNIR,
RFarRed, as well as all VIs (Table S5). Earliest affected traits
by drought were GR, NDVI, and RFarRed for which a significant average decrease was reported at MT2, whereas
for all other multispectral traits this was true only after
3 weeks of stress (MT3). The least affected hybrids regarding drought-caused changes in multispectral traits were
GRC4 and GRC5. Namely, drought treatment significantly
decreased only GR for GRC4 and GR, RNIR, and NDVI for
GRC5 (Table S6; Figure 6).
Earliest differences between C and D plants were determined at MT2 in NDVI and GR for GRC2 and RNIR
for GRC1 (Table S6). Moreover, ARI and CHI increased

from MT0 to MT1 for all plants but remained stable only
in control plants for these traits in the subsequent measurements. At MT3 significant differences between C and
D plants were found for GRC1, GRC2, GRC3 in ARI, and
for GRC1, GRC2, GRC3, and GR8 in CHI, respectively
(Figure 7; Table S6).
PSRI decreased for both C and D plants at MT1 compared with MT0 and was stable for C plants during subsequent measurements, while it recorded a significant
increase in D plants at MT3 (Table S6).
After the recovery, a significant increase in average RNIR, RFarRed, NDVI, and GR across all hybrids was
found. Significant differences in the average values of all
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multispectral traits except RFarRed were found among hybrids. Figure 8 shows these differences for NDVI and CHI.
Additionally, a significant increase in PSRI for GRC2 and
GRC3 was found (Table S7).

plants. It, however, decreased significantly under stress
after 3 weeks (MT3) for all hybrids except the GRC4
(Figure 9; Table S6). Conversely, Fv/Fm increased when
irrigation was reinstated for 7 days (Figure 10; Table S7).

4.4 | Chlorophyll fluorescence during
drought and recovery

4.5 | Phenotypic plasticity of the
M. sinensis hybrids subjected to drought

Significant measurement time × hybrid × treatment interaction was found for Fv/Fm (Table S5). Fv/Fm values were
constant across all measurement timepoints for control

Significant differences among eight M. sinensis hybrids
were found for all examined phenotypic traits except
RGreen and VAL (Table S8). In general, the highest average
RDPIs were found for morphological traits DB, TLA, LAP,
and LAI, and PSRI (Table S8). Most of the traits' highest RDPIs were found in GRC2 and GRC3, and lowest in
GRC4, GRC5, and GRC8 (Figure 11; Table S8).

4.6 | The relationship among
phenotypic traits

F I G U R E 5 Hue (HUE) means and standard error of the mean,
measured during drought (21 days without irrigation) and after
the recovery (7 days) on eight Miscanthus sinensis hybrids (GRC1–
GRC8). Different uppercase letters indicate significant differences
among hybrids (Tukey's HSD test) after recovery.

The relationships among measured traits on eight examined M. sinensis hybrids were tested by Pearson's correlation coefficients for drought and control treatment at
MT3 (Figures S9a and S9b). Strong positive (>0.7) correlations in unstressed plants (C) were found among F0, Fm,
RFarRed, and RNIR, among RRed, RBlue, RGreen, VAL, RFarRed,
and among DB, TLA, LAP, and LPD. In addition, strong
positive correlations were also found between CHI and

F I G U R E 6 Normalized Difference Vegetation Index (NDVI) means and standard error of the mean, measured at four measurement
times (0 (MT0), 7 (MT1), 14 (MT2), and 21 (MT3) days after the onset of treatments) on eight Miscanthus sinensis hybrids (GRC1–GRC8)
grown in control (black symbols) and drought treatment (gray symbols). Lowercase letters indicate significant differences among hybrids
at each measurement time for each treatment (black: control, gray: drought), dagger indicates measurement time at which a significant
difference between treatments for each hybrid occurred (Tukey's HSD test).
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F I G U R E 7 Chlorophyll Index (CHI) means and standard error of the mean, measured at four measurement times—0 (MT0), 7 (MT1),
14 (MT2), and 21 (MT3) days after the onset of treatments—on eight Miscanthus sinensis hybrids (GRC1–GRC8) grown in control (black
symbols) and drought treatment (gray symbols). Lowercase letters indicate significant differences among hybrids at each measurement time
for each treatment (black: control, gray: drought), dagger indicates measurement time at which significant difference between treatments for
each hybrid occurred (Tukey's HSD test).

F I G U R E 8 Means and standard error of the mean for (a) Normalized Difference Vegetation Index (NDVI) and (b) chlorophyll index
(CHI), measured during drought (21 days without irrigation) and after the recovery (7 days of recovery) on eight Miscanthus sinensis hybrids
(GRC1–GRC8). Different uppercase letters indicate significant differences among hybrids (Tukey's HSD test).

ARI, CHI and NDVI, NDVI, and GR, and between RNIR
and PH. Strong negative (<−0.7) correlations in the control treatment were found between Fv/Fm and RGreen,
VAL, and RFarRed, between CHI and RRed, VAL, and RGreen
and between HUE and VAL, and RGreen (Figure S9a). In
drought stress, strong positive correlations were found
among Fv/Fm and Fm, HUE, RNIR, CHI, ARI, GR, and
NDVI, among DB and PH, LANG, TLA, LAP, LPD, and
NDVI, and among RRed, RGreen, RBlue, RFarRed, and PSRI. In
addition, strong negative correlations were found between
LINC and Fv/Fm, RNIR, HUE, GR, NDVI, and LANG,

between RRed and HUE, CHI and ARI, and between PSRI
and CHI and HUE (Figure S9b).
To identify traits which are the most responsive to
drought, a PCA was performed. This analysis included
all measured traits for all treatments and all plants at
MT3 (Figure 12). The first two PCs had an eigenvalue
higher than 1, and together explained 85.4% of the
variation. The first component differentiated between
treatments and was negatively correlated with LINC,
RBlue, and PSRI, whereas the strongest positive correlation was observed for Fm, RNIR, NDVI, GR, LANG, LAP,
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F I G U R E 9 The maximum quantum yield of PSII (Fv/Fm) means, and standard error of the mean measured at four measurement
times—0 (MT0), 7 (MT1), 14 (MT2), and 21 (MT3) days after the onset of treatments—on eight Miscanthus sinensis hybrids (GRC1–GRC8)
grown in control (black symbols) and drought treatment (gray symbols). Lower case letters indicate significant differences among hybrids
at each measurement time for each treatment (black: control, gray: drought), dagger indicates measurement time at which significant
difference between treatments for each hybrid occurred (Tukey's HSD test).
F I G U R E 1 0 The maximum
quantum yield of PSII (Fv/Fm) means and
standard error of the mean measured
during drought (21 days without
irrigation). After the recovery (7 days of
recovery) on eight Miscanthus sinensis
hybrids (GRC1–GRC8). Different
uppercase letters indicate significant
differences among hybrids (Tukey's HSD
test).

Fv/Fm, and TLA. The second PC (PC2) was more related
to hybrid-specific differences, and was positively correlated with VAL, RRed, and RGreen, and negatively with
ARI, HUE, and CHI.
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DI S C USSION

Drought is considered as one of the most deleterious environmental stresses, radically impacting the yield of
major crops (Cattivelli et al., 2008), and whose frequency
and occurrence are forecasted to increase in the near future (Salinger et al., 2005). It is one of the major causes of
marginality, notably in Europe (Von Cossel et al., 2019),

and its impact is critical, especially for low-input crop
production such as biomass production on marginal land
(Williams et al., 2014). An earlier detection of stress, and a
better screening for susceptibility among industrial crops,
would help mitigate and better prepare for this abiotic
stress. In this study, we used a multispectral imaging and
3D scanning, and chlorophyll fluorescence imaging to
monitor the physiological and morphological responses of
different M. sinensis hybrids under drought conditions. A
strategy that could prove vital in prescreening for drought
tolerance and susceptibility, as well as identifying the responses to this stress in M. sinensis.
Analysis of the morphological traits, obtained from
3D scans, revealed that drought has led to a significant
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F I G U R E 1 1 Relative distance plasticity index (RDPI) for (a) digital biomass (DB), (b) chlorophyll index (CHI), (c) hue (HUE), and (d)
maximum quantum yield of PSII (Fv/Fm) in eight Miscanthus sinensis hybrids subjected to drought for 21 days (MT3). Different uppercase
letters indicate significant differences among hybrids for each trait (Tukey's HSD test).
F I G U R E 1 2 Biplot of principal
component analysis based on 24 traits
of eight Miscanthus sinensis hybrids
(GRC1–GRC8) from two treatments [open
circles: control, crossed circles: drought]
measured at the third measurement
time (MT3, 21 days after the onset of
treatments).

decrease in all measured morphological traits, except
the LINC, which increased. The earliest and the most
pronounced reduction was obtained for DB and traits
related to leaf area (LAP, TLA, and LAI). Reduction in
plant biomass and leaf area is a typical plant response to
drought (Farooq et al., 2009), which reduces metabolite

requirements (Chaves et al., 2003) and play an essential
role in the regulation of heat dissipation and transpiration (Blum, 2005; Bridge et al., 2013). Similar drought-
induced reduction in biomass and leaf area was previously
described in Miscanthus (Al Hassan et al., 2022; Ings
et al., 2013; Malinowska et al., 2017; van der Weijde
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et al., 2017). However, the obtained drought-induced reduction in DB and leaf area traits were different among
the examined hybrids, indicating a potential difference in
response to drought. Namely, the most pronounced effect
of drought on DB, TLA, LAP, and LAI reduction was reported in GRC1, GRC2, and GRC3, whereas those traits
showed a smaller decrease in GRC4 and GRC5 (compared
with their respective controls). Although nonsignificant,
GRC4, and GRC5 achieved slightly higher DB, TLA, LAP,
and LAI compared with other hybrids under drought. In
the control treatment, those hybrids produced less DB,
TLA, LAP, and LAI, only compared with GRC3. Similarly,
van der Weijde et al. (2017) found that genotypes, which
produce smaller biomass were less affected by drought
compared with those with large biomass, which is in
agreement with the expected tradeoff between growth
vigor in favorable conditions and tolerance under stress
(Bazzaz, 1996). This could explain M. sinensis better
avoidance of drought compared with M. × giganteus and
M. sacchariflorus (Clifton-Brown & Lewandowski, 2000),
whereas the latter two accumulated higher biomass under
control conditions. These findings concur with VWC (%)
measurements made in this study. At MT2 (14 days of
drought) GRC4 and GRC5 had 18.6% and 17.9% VWC,
whereas the highest yielding hybrid, GRC3 had 9.4%.
Although, the root biomass and morphology were not
monitored for this work, root traits are essential for the
water uptake from the soil (Lynch, 2018); in addition to
differences in the above-ground biomass, hybrids with
large root systems could be more efficient in water uptake from the pots, might deplete all available water at an
earlier stage, and thus be subjected to drought stress for a
longer period. However, in the field conditions, especially
where water is supplied from the subsoil reserves, hybrids
with larger (more in-depth) root systems could be less affected by drought. Therefore, any observations of superior
traits for growing and surviving water deficits made in
pots should be confirmed in field trials. Moreover, experiments conducted in the growing chambers often has limited light intensity (300 μmol m−2 s−1 in our experiment)
which is much lower compared with field conditions and
can have effect on the pigment synthesis as well as on photosynthetic performance.
Color analyses showed increased RRed, RBlue, and decreased HUE, SAT and VAL, which indicates changes in
the pigment content and accelerated senescence of plants
subjected to drought. This is further supported by the
significant negative correlation between RRed and RBlue
with VIs related to chlorophyll content (CHI, GR, and
NDVI) and positive correlation with PSRI, for stressed
plants. Higher PSRI indicates increased relative content
of carotenoids compared with chlorophylls (Merzlyak
et al., 1999). In summary, drought treatment led to a

LAZAREVIĆ et al.

significant decrease in CHI, GR, and NDVI, and an increase in PSRI, RRed, and RBlue, which indicates a decrease
in photosynthetic pigments, lower light absorption and
an increase in yellow and brown pigments, a typical shift
for senescing leaves (Li et al., 2014; Merzlyak et al., 2003;
Mulla, 2013; Peñuelas & Filella, 1998). Moreover, decrease
in RNIR and GR under drought and their increase after the
recovery are probably related to the plant water content.
Peñuelas and Filella (1998) stated that there is a strong
correlation between greenness and plant moisture content. As for the morphological traits, drought differently
affected color, multispectral traits and VIs among examined hybrids with the earliest and the most profound effect found in GRC2 and GRC3; the least affected hybrids
were found to be GRC4 and GRC5. Clifton-Brown and
Lewandowski (2000) found that drought stress enhanced
leaf senescence in M. × giganteus and M. sacchariflorus, whereas a selected M. sinensis genotype was less affected by drought and displayed a stay-
green strategy.
Malinowska et al. (2017) reported genotypic differences
among M. sinensis genotypes in leaf senescence and stay-
green strategy during short-term (5 weeks) water deficits.
Similarly, for the most hybrids in this study, an average
PSRI increased and CHI, GR and NDVI decreased at MT3,
that is only after prolonged and severe drought.
In addition to the pigments related to photosynthesis,
drought stress has affected the anthocyanin content as
well. Gitelson et al. (2001) found that the concentration
of anthocyanin as a photoprotective pigment increases
under stressful conditions, whereas Feild et al. (2001)
stated that their accumulation in senescing leaves enables
nutrient remobilization. However, the results of this study
show that drought treatment has decreased the average
ARI; a significant reduction in ARI was found in GRC1,
GRC2, GRC3, and GRC8 at MT3. This could be explained
by the fact that under the drought treatment at MT3, most
of the leaves were already dead and had low reflectance,
whereas newly developed young leaves in control plants
contained high anthocyanin levels, which are noticeable
on control plants shown in Figure S3.
Results of the chlorophyll fluorescence imaging
showed that the maximum efficiency of PSII (Fv/Fm)
decreases only after a prolonged and severe water-
deficiency stress and was more affected by the decrease
in Fm. Although it is one of the most widely used physiological parameters for estimating plant performance
under stressful conditions, many authors have reported
that Fv/Fm is not sensitive to an early or moderate water
stress (Bukhov & Carpentier, 2004; Massacci et al., 2008).
Bresson et al. (2015) found that under drought conditions,
Arabidopsis thaliana show bimodal Fv/Fm distribution
with regions showing high and low Fv/Fm, respectively,
while plants retain stable average Fv/Fm values over a
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prolonged period. In the presented work, differences were
found among investigated M. sinensis hybrids where the
highest Fv/Fm values in drought treatment were reported
for GRC4 and GRC5, and the lowest for GRC2 and GRC3.
After recovery all hybrids show increase in Fv/Fm; however, there were significant differences among studied
hybrids. Moreover, average Fv/Fm values were below 0.74
indicating damaged photosystems. Thus, although Fv/Fm
is not considered as good indicator of drought tolerance,
it could be more useful as an indicator of plant recovery
from drought.
Traits that renormalized the best in the early post-
stress recovery, were DB, TLA, LAP, LAI, Fm, and GR.
Several traits, such as PH, LPD, LANG, LINC, HUE,
CHI, and ARI did not significantly change, whereas
PSRI continued to increase during the recovery period,
probably not only due to an ongoing senescence of surviving leaves after drought treatment but also due to
new leaf development, which also show higher PSRI
value. After the recovery, GRC4 and GRC5 showed the
highest DB, PH, LAP, LAI, TLA, Fv/Fm, HUE, RNIR, GR,
ARI, CHI, and NDVI, but the lowest values in PSRI, for
their recovering plants, compared with other hybrids,
which indicates the fastest response of these hybrids to
more favorable conditions. This is enabled by a smaller
disruption of homeostasis under stress (Al Hassan
et al., 2022).
To identify traits which are most responsive to drought
stress, a PCAs was performed. PC1 corresponds to differences among the treatments and explained 72.7% of the
total variation. The highest positive contribution to PC1
was found for Fm, RNIR, NDVI, GR, LANG, LAP, Fv/Fm,
and TLA, whereas the highest negative contribution was
found for LINC, RBlue, and PSRI. The latter indicates an enhanced plant senescence and withering in the prolonged
drought treatment. The fact that GRC4 drought-treated
plants have similar PC1 scores to the control plants indicates a stay-green strategy for this hybrid. Due to a large
number of examined traits, a phenotypic plasticity (RDPI)
was calculated to have more comparable data on the performance of different hybrids under the drought treatment. In general, a higher phenotypic plasticity was found
for the morphological traits compared with physiological
traits, indicating the plant strategy to reduce water usage,
metabolic costs and sustain metabolic activity under
drought. The effect of biomass and leaf area reductions, as
a strategy, which reduces transpiration and protects photosynthesis from the negative impact of water deficit, has
already been described and discussed (Blum, 2005; Bridge
et al., 2013; Chaves et al., 2003). Although it is suggested
that the plant growth in adverse environments can benefit from the plasticity in some functional traits (Matesanz
et al., 2010), drought-sensitive hybrids (such as GRC2 and
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GRC3) in this study have shown the highest RDPI for most
of the examined traits, whereas the most tolerant hybrids
(GRC4 and GRC5) showed the lowest RDPI, respectively.
Similarly, Marchiori et al. (2017) found higher RDPI for
morphological traits in drought susceptible compared
with drought-tolerant sugarcane (Saccharum spp.). Alpert
and Simms (2002) explained such plasticity phenomenon
as “injurious plasticity” or inability to compensate for environmental stress.

6

|

CONC LUSION

The employed phenotyping techniques enabled a nondestructive study of morphophysiological traits in M. sinensis hybrids during drought and recovery. The earliest and
most affected traits by drought were related to the reduction in leaf area and DB, followed by enhanced leaf senescence, and finally, a drop in the maximum efficiency
of PSII. Significant differences in drought avoidance
were found among the studied hybrids, indicating their
potential for optimized drought tolerance through breeding, and possible application in biomass production in
drought-prone environments. Drought-resilient hybrids
showed lower phenotypic plasticity compared with their
relatively more sensitive counterparts, with smaller biomass reduction under drought and a stay-green strategy.
Combining remote sensing phenotyping techniques with
gas exchange measurements and root architecture analysis, and validation of this results under field conditions
would provide a more comprehensive insight in M. sinensis performance under drought conditions. Moreover,
in combination with advanced genetic studies, these techniques could be used in breeding programs to screen for
genes related to drought tolerance.
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