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Abstract: Miscanthus, a high-yielding, warm-season C4 grass, shows promise as a potential bioenergy
crop in temperate regions. However, drought may restrain productivity of most genotypes. In this
study, total 29 Miscanthus genotypes of East-Asian origin were screened for drought tolerance with
two methods, a dry-down treatment in two locations and a system where soil moisture content
(SMC) was maintained at fixed levels using an automatic irrigation system in one location. One
genotype, Miscanthus sinensis PMS-285, showed relatively high drought-tolerance capacity under
moderate drought stress. Miscanthus sinensis PMS-285, aligned with the M. sinensis ‘Yangtze-Qinling’
genetic cluster, had relatively high principal component analysis ranking values in both two locations
experiments, Hokkaido University and Brigham Young University. Genotypes derived from the
‘Yangtze-Qinling’ genetic cluster showed relatively greater photosynthetic performance than other
genetic clusters, suggesting germplasm from this group could be a potential source of drought-tolerant
plant material. Diploid genotypes showed stronger drought tolerance than tetraploid genotypes,
suggesting ploidy could be an influential factor for this trait. Of the two methods, the dry-down
treatment appears more suitable for selecting drought-tolerant genotypes given that it reflects water-
stress conditions in the field. However, the fixed-SMC experiment may be good for understanding
the physiological responses of plants to relatively constant water-stress levels.

Keywords: Miscanthus spp.; drought tolerance; photosynthetic parameters; bioenergy crops; auto-
mated irrigation control

1. Introduction

Drought stress limits plant growth and yield and acts as a barrier to the successful
cultivation of bioenergy crops, such as sugarcane and maize, particularly in world arid and
semi-arid regions [1]. Drought impairs plant metabolism, such that plants cannot provide
sufficient photosynthetic energy for cell growth and maintenance, which sometimes results
in death [2].

To adapt and survive under drought stress, mechanisms involving drought resistance
and drought recovery are key aspects of adaptations [3]. Plants with drought tolerance gen-
erally express certain traits under stress, such as leaf area reduction to minimize transpira-
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tional water loss and maintenance of high chlorophyll content to enable high photosynthetic
levels in order to produce enough energy for survival. Therefore, photosynthetic parame-
ters, especially photosynthetic rate (Pn), are considered as an effective measure of drought
tolerance in plants, such as in Leucaena leucocephala (Lam.) de Wit [4]. Liu et al. (2015) re-
ported that the photosynthetic rate of drought-tolerant switchgrass (Panicum virgatum L.)
genotypes was positively correlated with other physiological parameters, such as relative
water content, transpiration rate (Tr), stomatal conductance (gs), and water-use efficiency
(WUE) when subjected to low-water conditions [5]. It means that the performance of Pn
can be regarded as the physiological response of plants under drought.

Extreme drought will likely increase in the future due to global warming [6]. Conse-
quently, there is a strong need for identifying crop accessions with high recovery capacity to
drought stress. Such a trait enables crops to access water from the soil from short-term rain
events and to maintain physiological function to survive drought. Lauenroth et al. (1987)
observed that the warm-season perennial grass species, Bouteloua gracilis H.B.K. Lag. ex
Steud., in response to low soil moisture, generated new root growth after the root zone was
replenished with water, which led to increased soil water uptake [7]. Also, lipid peroxida-
tion and H2O2 content, which were generated in tea plants (Camellia sinensis (L) O. Kuntze)
in response to drought, decreased after post-drought soil-water recharge [8]. In addition,
the catalase activity of pea (Pisum sativum L., cv. Progress 9), which is involved in removing
H2O2 molecules, increased during drought [9]. However, H2O2 molecules decreased to
normal levels after re-watering. Moreover, Chen et al. (2016) reported drought adaptability
of maize (Zea mays L.) seedlings was more associated with drought recovery (r = 0.714)
than drought resistance (r = 0.332) in correlation analysis, suggesting recovery capacity is
a key component of plant survival to drought stress [3]. They also used it as a screening
criterion to identify drought-tolerant genotypes.

For evaluation of drought tolerance in plants under greenhouse studies, two types
of techniques, the dry-down treatment [10] and fixed-soil moisture content (SMC) meth-
ods [11,12], have been used to apply low-water conditions in potted plants. In the dry-down
method, water is withheld from plants, often for several days, after initially being well
watered. As evapotranspiration occurs, SMC will continue to decline, which often leads to
gradually increasing levels of plant drought stress. The SMC of plants in dry-down treat-
ments usually decreases quickly over a short period of time. Advantages of the dry-down
technique include cost-efficiency and ease of operation. However, the method affords little
time for researchers to observe how plants respond to drought.

On the other hand, the fixed SMC technique is used to keep the SMC of target plants
at fixed soil-moisture levels by regularly adding water through a computerized irrigation
system to the rhizosphere of the potted plants based on the amount of water evapotran-
spired from the plant and medium [11]. In this technique, the rhizosphere of target plants
can be maintained at a relatively constant SMC, thus allowing for the plants to experience
continuous drought conditions. The disadvantages of the fixed-SMC method include the
large amount of time and effort required for calculating evapotranspiration and for main-
taining irrigation levels. However, comparison between both techniques is warranted given
that each method offers distinct advantages in terms of characterizing plant responses to
drought stress.

Miscanthus, a C4 perennial rhizomatous grass, has high biomass productivity in
marginal lands and expresses high CO2 fixation in low-temperature conditions, underscor-
ing its potential as a bioenergy crop [13,14]. Two major important Miscanthus species are
Miscanthus sinensis Andersson and Miscanthus sacchariflorus (Maxim.) Bentham. A single
sterile triploid clone of Miscanthus × giganteus Greef & Deuter ex Hodk. & Renvoize, a
hybrid between M. sacchariflorus and M. sinensis, has been adapted for commercial biomass
production in Europe and North America. Based on data generated from restriction site-
associated DNA sequencing and Golden Gate technologies, M. sinensis is mainly comprised
of 6 genetic clusters, which include ‘South-eastern China plus tropical’, ‘Yangtze-Qinling’,
‘Sichuan Basin’, ‘Korea, North China’, ‘Southern Japan’, and ‘Northern Japan’ [15]. On the
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other hand, M. sacchariflorus consists of ‘Yangtze’ diploids, ‘Northern China’ diploids, ‘Ko-
rea/Northeast China/Russia’ diploids, ‘Northern China/Korea/Russia’ tetraploids, ‘South-
ern Japan’ tetraploids, and ‘Northern Japan’ tetraploids [16]. Relative to M. sinensis species,
the diploid and tetraploid clusters of M. sacchariflorus, possibly play a role in stress-tolerance
expression in the species complex, when used to breed M. × giganteus new genotype by
crossing M. sacchariflorus with M. sinensis species. In the present study, a core population
of several Miscanthus species, which were characterized by Clark et al. (2014, 2019) [15,16],
were included for evaluation of their response to drought.

Miscanthus species are considered to have stronger drought tolerance than another
potential energy crop, switchgrass [17,18]. Under drought conditions, relative to maize
and switchgrass, Miscanthus exhibited higher light-use efficiency, photosynthetic rate, and
above-ground biomass [19]. However, as a potential energy crop, selection needs to be made
of drought-tolerant Miscanthus accessions [20]. Many cultivated Miscanthus genotypes,
including the widely cultivated, high-yielding Miscanthus × giganteus, lack strong drought
tolerance [21]. Moreover, M. × giganteus uses more water than maize due to its longer
growing season and higher productivity [21]. Selecting for drought tolerance of Miscanthus
is essential for wherever it may be cultivated as a bioenergy crop because the ubiquity
of drought also happens even in high-rainfall areas [20]. Selecting for and developing
drought-tolerant Miscanthus genotypes as breeding material increases the versatility of
Miscanthus as a sustainable bioenergy crop.

Little research appears to have been done to characterize drought tolerance of
Miscanthus. Previous research on the impact of drought on Miscanthus mainly focused on
M. × giganteus [22,23]. Most parameters, such as dry weight accumulation, leaf expansion
chlorophyl content, decreased when M. × giganteus meet drought [22]. Moreover, there
are many genetic resources of Miscanthus spp., which could be used as breeding stock to
improve drought-adaptation capacity in high-yielding accessions. Consequently, there is a
need to identify and evaluate drought-tolerant Miscanthus genotypes as breeding material
from the core population.

Given that there are considerable genetic differences among Miscanthus genotypes,
even under well-watered conditions, assessment of drought tolerance, based only on
photosynthesis data collected during periods of low SMC, can be fraught with limitations.
To avoid this problem, we employed the drought stress index (DSI) methodology of
Liu et al. (2015) [5]. It shows promise in quantifying drought-induced effects in Miscanthus
plants. Drought stress index values are calculated as follows:

DSI = (value of traits under stress condition)/(value of traits under
well-watered condition) × 100

(1)

The DSI can remove genetic differences among different genotypes and can be used as
an indicator of drought tolerance throughout the Miscanthus genus.

The present study focused on two objectives to characterize the drought-tolerance
capacity of Miscanthus. The first objective was to compare different techniques used to
impose drought stress in plants in terms of their suitable applications. The second was to
screen Miscanthus genotypes for drought tolerance with the express purpose of identifying
germplasm to use as future breeding-stock material.

2. Materials and Methods
2.1. Screening Experiment for Dry-Down-Imposed Drought Stress
2.1.1. Experiment in Hokkaido University, Japan

A population of 23 Miscanthus genotypes, which included 10 M. sinensis, one M. sinensis
var. condensatus, 11 M. sacchariflorus, and one M. floridulus genotypes, which were col-
lected from across East Asia, served as the source of the selection materials for this study
(Table 1; Table S1). The genotypes were divided into thirteen genetic clusters, based on
analyses by Clark et al. (2014, 2019) [15,16]. Considerable genetic variation existed among
the genotypes [15,16]. As such, we considered that even with only 23 genotypes, which
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had limited representation (i.e., between 1–6 genotypes) of each genetic cluster, there was
sufficient genetic variation to draw broad-based inferences for the genus at large. The
experiment was conducted in a semi-open rain-shelter greenhouse at Hokkaido University
(HU) in Sapporo, Japan (43◦4′43”N, 141◦20′19”E). The dry-down experiment ran from July to
August 2018. All 23 Miscanthus genotypes were propagated from rhizomes. Rhizome pieces
of each genotype were cut into 10 cm lengths and grown in plastic pots (diameter = 19 cm,
height = 27 cm). All plants were irrigated every day for 4 weeks before starting the experiment.

Table 1. List of Miscanthus genotypes included in screening experiments at Hokkaido University
(HU), Sapporo, Japan and Brigham Young University (BYU), Provo, Utah, USA.

HU Screening Experiment (2017, 2018) BYU Screening Experiment (2019)

Species Accession Type Species Accession Type

M. sacchariflorus JM11-006 Wild M. sacchariflorus JM11-006 Wild
M. sacchariflorus JPN-2011-004 Wild M. sacchariflorus JPN-2010-005 Wild
M. sacchariflorus JPN-2011-006 Wild M. sacchariflorus JPN-2011-010 Wild
M. sacchariflorus JPN-2011-010 Wild M. sacchariflorus UI11-00031 Wild
M. sacchariflorus PMS-076 Wild M. sinensis PMS-007 Wild
M. sacchariflorus RU2012-056.1WD (4x) Wild M. sinensis PMS-014 Wild
M. sacchariflorus RU2012-141 Wild M. sinensis PMS-164 Wild
M. sacchariflorus RU2012-169 Wild M. sinensis PMS-285 Wild
M. sacchariflorus RU2012-183 Wild M. sinensis PMS-347 Wild
M. sacchariflorus UI10-00008 Cultivar M. sinensis PMS-586 Wild
M. sacchariflorus UI11-00033 Wild M. sinensis UI10-00048 Cultivar

M. sinensis PMS-164 Wild M. sinensis UI10-00088 Cultivar
M. sinensis PMS-285 Wild M. sinensis UI10-00092 Wild
M. sinensis PMS-347 Wild M. floridulus PI417947 Wild
M. sinensis PMS-7 Wild

M. sinensis var.
condensatus UI10-00015 Wild

M. sinensis UI10-00020 Wild
M. sinensis UI10-00024 Cultivar
M. sinensis UI10-00053 Cultivar
M. sinensis UI10-00080 Cultivar
M. sinensis UI10-00097 Cultivar
M. sinensis UI10-00100 Cultivar

M. floridulus PI417947 Wild

The screening experiment was arranged as a randomized complete block design. There
are three blocks and each block consisted of two pots of each of the 23 genotypes. One pot
represented the well-watered treatment and one pot was assigned to the drought-stress
treatment for each of the 23 genotypes in one block. The well-watered treatment involved
daily irrigation to saturate the rhizosphere of each of the treated plants, while the dry-down
treatment was applied by withholding water for 7 days. After 7 days, plants were irrigated
to container capacity. The dry-down period was repeated four times.

The Soil Plant Analysis Development (SPAD) Chlorophyll meter (SPAD-502Plus,
Konica Minolta, Osaka, Japan), used to measure chlorophyll content, is one of the simpler
and quicker means to characterize drought stress due to its non-destructive nature and its
close correlation with leaf-level photosynthesis [24,25]. Measurements of SPAD value were
taken on all plants between 10:30 am to 2:00 pm on days 0, 7, 14, 21, and 28. Rhizosphere
conditions after 28 days of the dry-down experiment could be equated with what occurs in
the field in the spring and/or summer in temperate regions, such as the east-central U.S. [26].

To evaluate drought tolerance in 23 Miscanthus genotypes during the dry-down exper-
iment, DSI of SPAD value was plotted against coefficient of variance (CV) of SPAD value
(Figure 1). The DSI of the HU screening experiment was calculated as follows:

DSI of SPAD value (HU screening experiment) = (value of traits on day 28
of drought)/(value of traits on day 0 as well-watered treatment) × 100

(2)
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2.1.2. Experiment at Brigham Young University, USA

A population of 14 Miscanthus genotypes (Table 1), where each plant constituted the
experimental units, were included in a drought-tolerance-evaluation experiment at Brigham
Young University (BYU), Provo, Utah, USA (40◦14’59” N, 111◦38’57” W). The experiment
was arranged in a completely randomized design. Due to independent Miscanthus genotype
management at HU and BYU, six Miscanthus genotypes (JPN-2011-010, PMS-7, PMS-164,
PMS-285, PMS-347, PI417947) were both evaluated in the HU screening experiment and
BYU experiment. However, the remaining eight genotypes were only evaluated in the
BYU experiment. The experiment was conducted under greenhouse conditions from 4 to
25 October 2019. Each genotype was replicated two times. All plants grown in plastic pots
(diameter = 19 cm, height = 27 cm) were irrigated daily for one week prior to treatment
initiation to keep them well watered before the dry-down experiment started. After
measurements were collected on day 0 of the experiment, the dry-down treatment was
applied by withholding water for 7 days. Plants were then irrigated to container capacity.
The dry-down period was repeated three times.

The SPAD value was measured in all plants between 1:00 am to 3:30 pm on days 0,
7, 14, and 21 with a SPAD chlorophyll meter (MC-100 Chlorophyll Concentration Meter,
Apogee Instruments, Inc., Logan, UT, USA). Photosynthesis parameters such as Pn, gs, Tr,
intercellular CO2 concentration (Ci), and leaf-level fluorescence (ϕPSII) were also measured
for all genotypes with a portable photosynthesis system (LI-6400XT, LI-COR, Lincoln,
NE, USA) with a 6400-40 leaf chamber fluorometer for use with the LI-6400 Portable
Photosynthesis System (LI-COR, Lincoln, NE, USA). In addition, soil water potential was
measured from collected soil samples on days 0, 7, 14, and 21 with a WP4C Dew Point
Potentiometer (METER Group, Pullman, WA. USA).

Drought tolerance of Miscanthus genotypes was evaluated with the DSI data from
the 14-day-dry-down data set from the BYU screening experiment, where the soil water
potential (−2.6 MPa) led to slight levels of drought stress after the dry-down period.

DSI (14-day dry-down data) = (value of traits from 14-day dry-down)/
(value of traits of 0-day dry-down) × 100

(3)
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In order to comprehensively assess drought tolerance of the different genotypes,
principal component analysis (PCA) ranking values, which were based on DSI values,
were used to assess drought-tolerance capacity in each Miscanthus genotype based on the
methodology of Liu et al. (2015) [5]. Liu et al. (2015) reported that the PCA based on
the DSI of physiological parameters is considered to be a reliable method for evaluating
drought tolerance among plants genotypes.

The 14 Miscanthus genotypes were ranked based on the PCA ranking values, which
are based on DSI (14-day dry-down data) values. A significance test analysis done through
SAS of the DSI data from the BYU screening experiment was used to complement the
PCA results.

To understand the effect of different environments on Miscanthus genotype perfor-
mance, SPAD value-based DSI values of the six Miscanthus genotypes were subjected to
analysis of variance (ANOVA) in the HU screening and BYU experiments. As mentioned
previously, six Miscanthus genotypes (JPN-2011-010, PMS-7, PMS-164, PMS-285, PMS-347,
PI417947) were used in both the HU-screening and BYU screening experiments. Both
experiments used the dry-down treatment to impose drought stress.

2.2. Precise-Comparison Experiment with Automated Irrigation System at HU

A total of ten Miscanthus genotypes, consisting of eight putatively drought-tolerant
and two drought-sensitive Miscanthus genotypes, were selected based on preliminary
results from the HU screening experiment. A scatterplot of SPAD value-based CV values
and SPAD value-based DSI values in the HU screening experiment is shown in Figure 1.
Relatively lower CV values and higher DSI values of some genotypes indicated that they
had fewer variation between different drought levels and less differences between well-
watered and drought conditions. Based on these results, eight putatively drought-tolerant
genotypes (PMS-164, PMS-285, PMS-347, PMS-7, UI10-00008, UI10-00015, UI10-00020,
UI10-00024) and two drought-sensitive genotypes (JPN-2011-004, UI11-00033) were selected
to be included in the HU precise-comparison experiment for further analysis of their
photosynthetic performance under specific drought levels through an automated irrigation
system. Among the eight drought-tolerant genotypes, there was only one representative
from the M. sacchariflorus species group, UI10-00008, while the other seven were M. sinensis
genotypes. On the other hand, the most drought-sensitive genotypes, JPN-2011-004 and
UI11-00033, were M. sacchariflorus. The genotypes were evaluated for drought tolerance
in a precise-comparison experiment using an automated irrigation system following the
methodology of Nemali and van Iersel (2006) [12]. A simplified diagram of the irrigation
system can be seen in Figure S1. The experiment was conducted in a semi-open greenhouse
at Hokkaido University from 10 September to 10 October 2018.

The precise-comparison experiment was arranged in a completely randomized design.
Each genotype had three replicates. Soil moisture sensors (GS3, Meter Group, Pullman, WA)
were inserted, along with drip emitters, into each of the potted plants (diameter = 19 cm,
height = 27 cm). The sensors and emitters were connected to an automatic irrigation system,
which regulated the amount of water applied to each plant. Soil-moisture treatments
(20, 25, and 30% SMC) were arranged by setting the set-point of the system at pre-
determined soil-moisture levels. The lowest SMC treatment (20%) was defined as the
severe drought treatment and the highest SMC treatment (30%) was considered the well-
watered treatment. After all potted plants achieved their SMC set points for 5 days, Pn, gs, Ci, and
Tr were collected on the youngest, fully expanded leaf of each plant with a portable photosynthesis
system (LI-6400XT). Leaf-level fluorescence (ϕPSII) and SPAD value, which were measured at
the same time as photosynthesis, were measured with a fluorometer (Junior-PAM, Heinz Walz
GmbH, Effeltrich, Germany) and a SPAD chlorophyll meter (SPAD-502Plus), respectively.

Soil moisture of all pots was controlled by the automated irrigation system. Average
changes in SMC levels can be seen in Figure S2. The time taken for the potted media
to reach the severe-drought-level set point required more time than media in the slight-
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drought-level treatment. For example, it only took 5 days for soil moisture to decrease from
30% to 25%, while it took 8 days for soil moisture to reduce from 25% to 20% (Figure S2).

Drought tolerance of these 10 Miscanthus genotypes was evaluated with the DSI data
from the 25% SMC treatment in the HU precise-comparison experiment.

DSI (25% SMC treatment) = (value of traits of 25% SMC)/
(value of traits of 30% SMC) × 100

(4)

A PCA-ranking value based on DSI from the 25% SMC treatment was calculated for
each genotype following the method of Liu et al. (2015) [5]. The 10 Miscanthus genotypes
were ranked as relatively drought tolerant based on PCA ranking values. A significance test
analysis done through SAS of the DSI data from the HU precise-comparison experiment
was used to complement the PCA results.

To understand how different drought-treatment methods affected evaluation results
of drought tolerance in Miscanthus spp., DSI of four photosynthetic parameters (Pn, gs,
Tr, ϕPSII) of four Miscanthus genotypes (PMS-7, PMS-164, PMS-285, PMS-347), which
were subjected to slight stress-level conditions (25% SMC in the HU precise-comparison
experiment and −2.6 MPa of soil water potential on day 14 of the BYU experiment), were
subjected to ANOVA. The fixed-SMC method was used as a drought-treatment method
in the HU precise-comparison experiment, while in the BYU experiment, the dry-down
method was used to subject plants to drought stress.

2.3. Post-Drought Recovery in the BYU Experiment

After the 21-day BYU dry-down screening experiment finished, a 7-day post-drought
recovery experiment was conducted with the same plants in order to evaluate the drought-
recovery capacity of the Miscanthus genotypes. A population of 14 Miscanthus genotypes
(Table 1) was used in the 7-day post-drought-recovery experiment, which was the same
material used in the BYU screening experiment. The recovery experiment was arranged
in a completely randomized design and conducted under greenhouse conditions from
25 October to 1 November 2019, with two replicates of each genotype. Plants were watered
daily over the 7-day experiment. Instrumentation and measurement parameters were the
same as those used in the screening experiment. Measurements were made on the seventh
day of the recovery experiment.

To understand the degree of recovery capacity from drought stress in Miscanthus
genotypes, recovery DSI values were used to calculate PCA ranking values as assess-
ment criteria.

Recovery DSI = (value of traits of day 7 in BYU recovery experiment)/
(value of traits of day 21 in BYU screening experiment) × 100

(5)

Moreover, to comprehensively assess drought-recovery capacity of the different geno-
types, the PCA ranking value based on recovery DSI values was calculated. The 14
Miscanthus genotypes were ranked according to their relative drought recovery capacity
levels, which were based on the PCA-ranking-value results.

2.4. Drought Tolerance Evaluation and Statistical Analysis

The DSI values and PCA ranking values, which were based on DSI values, were used
to assess the drought-tolerance capacity in Miscanthus genotypes which was based on the
methodology of Liu et al. (2015) [5]. In order to quantify drought-induced effects in Miscant-
hus plants, the DSI value of each photosynthesis parameter was calculated using equation
1. Moreover, to comprehensively assess drought tolerance of the different genotypes, the
PCA ranking value based on DSI values was calculated using the formula below:

PCA ranking value = (contribution of the first principal components (PC1) (%) ×
PC1) + (contribution of the second principal components (PC2) (%) × PC2) +

(contribution of the third principal components (PC3) (%) × PC3)
(6)
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In the BYU post-drought recovery experiment, recovery DSI values were used as an
evaluation parameter of the recovery capacity of different genotypes. The formula used
Equation (5). In the HU screening experiment, DSI of SPAD value and CV of SPAD value
were used as drought-tolerance-evaluation parameters.

Microsoft Excel (Microsoft Office 2016, Microsoft Corporation, Redmond, WA, USA)
was used to perform ANOVA. R statistical software (R3.5.1 by R Development Core Team,
2018) and ggplot2 package of R software were used to perform PCA of drought tolerance
of Miscanthus genotypes. Statistical Analysis System (SAS Institute Inc., Cary, NC, USA)
was used to respectively perform a significance test analysis of the DSI data from the HU
precise-comparison and BYU screening experiments.

3. Results
3.1. Comparison of Miscanthus Genotype Performance between HU and BYU Experiments

Drought stress index values of 21-day dry-down of SPAD value of six Miscanthus
genotypes (JPN-2011-010, PMS-007, PMS-164, PMS-285, PMS-347, PI417947) in the HU
screening experiment and BYU experiment were subjected to ANOVA (Table 2). In the
ANOVA results, there was no significant difference (p > 0.05) in DSI values of Miscanthus
genotypes in the HU and BYU experiments.

Table 2. Analysis of Variance (ANOVA) result of six Miscanthus genotypes (JPN-2011-010, PMS-7, PMS-
164, PMS-285, PMS-347, PI417947) between Hokkaido University screening experiment and Brigham
Young University screening experiment using drought stress index of 21 days of SPAD value.

ANOVA

Source of variation SS df MS F p-value
Between Groups 0.0069 1 0.0069 0.1991 0.6650
Within Groups 0.3453 10 0.0345

Total 0.3522 11

Drought stress index values of four photosynthetic parameters (Pn, gs, Tr, ϕPSII) of
four Miscanthus genotypes (PMS-7, PMS-164, PMS-285, PMS-347) under slight stress-level
conditions (25% SMC in the HU precise-comparison experiment and soil water potential
as −2.6 MPa on day 14 of the BYU experiment) were subjected to ANOVA (Table 3). The
ANOVA results was significant (p ≤ 0.05) in DSI values of Miscanthus genotypes in the HU
precise-comparison and BYU experiments.

Table 3. Analysis of Variance (ANOVA) result of four Miscanthus genotypes (PMS-7, PMS-164, PMS-
285, PMS-347) based on their drought stress index of four photosynthetic parameters (photosynthetic
rate, stomatal conductance, transpiration rate, and chlorophyll fluorescence) under slight drought
stress † of Hokkaido University (HU) precise-comparison and Brigham Young University (BYU)
screening experiments.

ANOVA

Source of variation SS df MS F p-value
Between Groups 3.2866 1 3.2866 18.3031 0.0002
Within Groups 5.3870 30 0.1796

Total 8.6736 31
† Slight drought stress was set as 25% volumetric water content in soil of HU experiment and soil water potential
as −2.6 MPa in BYU experiment.

The DSI ϕPSII mean values of M. sinensis genotype PMS-285 in the slight stress-
level treatment in both the HU precise-comparison (94.1) and BYU (75.9) experiments
significantly differed from that of the M. sacchariflorus genotype UI11-00033 (39.2) and M.
sinensis genotype UI10-00015 (37.8) in the HU precise-comparison experiment (Table S2). In
the BYU experiment, DSI ϕPSII of M. sinensis genotype PMS-007 (102.9) was higher than
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other genotypes and significantly differed from that of four M. sinensis genotypes (PMS-014,
PMS-164, PMS-347, PMS-586) (Table S2-1). However, compared to its performance in the
BYU experiment, the DSI ϕPSII of PMS-007 (71.5) was moderately high in the HU precise-
comparison experiment (Table S2-2). The DSI Pn of M. sinensis genotype PMS-007 was
relatively higher in the HU precise-comparison (77.3) and BYU (94.4) experiments than
other genotypes subjected to slight stress levels, with the exception of M. sinensis genotype
UI10-00088 in the BYU experiment (Table S3).

In addition, plants of M. sinensis genotype PMS-164 had higher DSI ϕPSII levels
in the severe-stress-level treatment in the HU precise comparison (99.0) and BYU (67.8)
experiments relative to those in slight stress-level treatment (HU: 42.9, BYU: 63.6) (Table S2).
The DSI gs of M. sinensis genotype PMS-164 in the slight-stress-level treatment of the HU
precise-comparison (824) and BYU (195) experiments statistically differed from 9 genotypes
in the HU precise-comparison experiment (Table S4).

3.2. Changes in Soil Water Potential across Treatments in the BYU Experiment

Average changes in soil water potential of each genotype across treatments in the
BYU experiment are shown in Table 4. Across treatments, soil water potential in the BYU
experiment decreased, on average, from day 7 to 21 with the gradual exposure of plants to
different levels of SMC. At first, soil water potential did not differ between days 0 and 7, but
then considerably decreased on days 14 and 21 (Table 4). Soil water potential was around
−0.1 MPa on days 0 and 7 and then decreased to −2.6 MPa on day 14 and −10.2 MPa on
day 21 (Table 4). The soil water potential values on days 14 and 21 were more severe than
those found at field capacity (−0.33 MPa) and permanent wilting (−1.5 MPa).

Table 4. Photosynthetic rate (Pn) of each Miscanthus genotype under each soil water potential in a
screening experiment and a post-drought recovery experiment at Brigham Young University, Provo,
Utah, USA.

Day 0 Day 7 Day 14 Day 21 Day 7 after Re-Watered
Soil Water Potential (mPa) −0.096 −0.14 −2.6025 −10.25 0.04

Species Accession Pn (µmol CO2 m−2 s−1)

M. sacchariflorus JM11-006 11.281 10.355 2.310 NA NA
M. sacchariflorus JPN-2010-005 7.673 9.899 2.744 NA NA
M. sacchariflorus JPN-2011-010 8.087 8.930 3.927 NA NA
M. sacchariflorus UI11-00031 12.044 12.292 7.707 5.372 8.145

M. floridulus PI417947 3.961 5.595 3.192 3.006 2.774
M. sinensis PMS-007 6.268 8.006 5.824 3.488 3.367
M. sinensis PMS-014 10.724 12.436 6.394 1.655 11.899
M. sinensis PMS-164 6.294 11.962 3.107 7.393 7.330
M. sinensis PMS-285 7.613 8.364 6.810 6.484 5.121
M. sinensis PMS-347 8.624 10.411 2.919 1.886 5.144
M. sinensis PMS-586 5.148 9.832 2.051 1.438 6.569
M. sinensis UI10-00048 5.034 15.136 0.777 NA NA
M. sinensis UI10-00088 4.418 5.081 4.312 1.160 3.275
M. sinensis UI10-00092 5.334 13.335 5.049 NA NA

3.3. Performance of Genotypes under Dry-Down Experiment in BYU Screening Experiment

After water-deficit treatments were initiated, photosynthetic levels of all Miscanthus
genotypes decreased after day 7 as soil water potential decreased (Table 4). Most genotypes
showed higher Pn on day 7 than on day 0, which corresponded to no changes in soil water
potential (Table 4). After soil water potential values exhibited a large drop from day 7 to
day 14 (−0.14 to −2.6 MPa), the Pn performance of all genotypes also showed a sharp
decline, particularly going from a 15% decrease to a 77% decrease in Pn (Table 4). Moreover,
five genotypes (JPN-2011-010, JM11-006, JPN-2010-005, UI10-00048, UI10-00092) died after
day 14 due to serious drought. In addition, the Pn performance of the M. sinensis genotype,
PMS-285, when experiencing low-water availability, showed almost no differences with
conspecific genotypes in the well-watered treatment (Table 4). Although Pn of M. sinensis
PMS-285 was at relatively moderate levels on days 0 and 7, it dropped when low soil-water
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conditions became more severe on days 14 and 21 (Table 4). However, the Pn of other
genotypes experienced sharp decreases due to low soil-water availability during this time
period, such as M. sinensis genotype UI10-00048 (Table 4).

In order to understand how photosynthetic traits contributed to drought tolerance of
Miscanthus genotypes in the BYU experiment, we performed PCA using the DSI values
(day 14) of six measured parameters (Pn, gs, Ci, Tr, ϕPSII, SPAD value) (Figure 2). The
first (PC1) and second (PC2) principal components explained 76.6% of the variance among
14 Miscanthus genotypes. In addition, Pn and Tr had the largest contribution in PC1,
suggesting Pn and Tr were the two most important photosynthesis parameters to the PCA
results (Figure 2).
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Figure 2. Principal component analysis (PCA) bi-plot of drought stress index (DSI) of six physiological
traits (photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (Tr), intercellular CO2

concentration (Ci), the Soil Plant Analysis Development (SPAD) Chlorophyll meter value, and
chlorophyll fluorescence (PSII)) under drought over a 14-day period in screening experiment at
Brigham Young University, Provo, UT, USA. Arrows represent physiological traits with various
lengths, which were based on the impact of each trait on the separation of genotypes.

According to the PCA ranking value based on the DSI (day 14 of the BYU screening ex-
periment) (Table 5), M. sinensis genotype PMS-285 and M. floridulus genotype PI417947 had
relatively high ranking values compared to other genotypes, suggesting that they were
more tolerant to drought stress among the 14 Miscanthus genotypes. In contrast, three of the
M. sacchariflorus genotypes (JPN-2011-010, JPN-2010-005, JM11-006), which originated from
Japan, showed relatively poor performance under low-water conditions while M. sinen-
sis genotype UI10-00048 had the lowest PCA ranking relative to the other 13 Miscanthus
genotypes in the BYU experiment (Table 5).
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Table 5. Principal components analysis (PCA) ranking values † based on the drought stress index
(Day 14) and the rank of drought-tolerance capacity of fourteen Miscanthus genotypes under slight
drought stress ‡ in a screening experiment at Brigham Young University (BYU), Provo, Utah, USA.

Species Accession Origin Genetic Clusters § PC1 PC2 PC3 Ranking Value Rank

M. sinensis PMS-285 China Yangtze-Qinling Msi 2.2033 −0.3101 0.4616 1.2647 1
M. floridulus PI417947 Cultivar SE China Msi 1.5610 0.6848 0.1983 1.0543 2
M. sinensis UI10-00088 Cultivar C Japan Msi 2.2217 −1.0798 0.0110 1.0521 3
M. sinensis UI10-00092 Cultivar C Japan Msi 1.8232 −0.4588 0.4144 1.0117 4
M. sinensis PMS-007 China Yangtze-Qinling Msi 1.7714 −0.8379 0.8903 0.9825 5
M. sinensis PMS-347 China SE China Msi −0.3521 2.5066 1.3918 0.5140 6
M. sinensis PMS-164 China Yangtze-Qinling Msi 0.6587 −0.1539 −1.8284 0.0560 7
M. sinensis PMS-586 China Sichuan Msi −0.6486 1.7557 0.0789 −0.0098 8

M. sacchariflorus UI11-00031 China Yangtze diploids (ssp.
lutarioriparius) Msa −0.2352 −0.1630 −0.0439 −0.1729 9

M. sinensis PMS-014 China Sichuan Msi −0.3133 −0.6493 −0.3376 −0.3596 10
M. sacchariflorus JPN-2011-010 Japan N Japan 4x Msa −0.9108 0.0087 −0.5782 −0.6075 11
M. sacchariflorus JPN-2010-005 Japan N Japan 4x Msa −1.6686 0.1401 −1.2992 −1.1262 12
M. sacchariflorus JM11-006 Japan S Japan 4x Msa −1.9928 0.2420 −0.9925 −1.2422 13

M. sinensis UI10-00048 Cultivar S Japan Msi −4.1179 −1.6850 1.6335 −2.4174 14
† PCA ranking value was derived via calculation of first, second, and third principal components (PC1, PC2, and
PC3). ‡ Slight drought stress was set as soil water potential as −2.6 MPa in the BYU experiment. § According to
Clark et al. (2014) and Clark et al. (2019).

3.4. Performance of Genotypes under Fixed Drought Level with Automated Irrigation System in
the HU Precise-Comparison Experiment

The PCA using the DSI (25% SMC) values of six parameters suggested that the PC1 and
PC2 explained 76.9% of the variance among all 10 genotypes (Figure 3). Photosynthetic rate and
Tr showed similar and strong influences on the PC1 axis. Stomatal conductance (gs), and Tr were
the most important photosynthesis parameters to the PCA result of the HU precise-comparison
experiment because they provided the largest contribution to PC1 (Figure 3).
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Figure 3. Principal component analysis (PCA) bi-plot of the drought stress index (DSI) of six physio-
logical traits: photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (Tr), intercellular
CO2 concentration (Ci), the Soil Plant Analysis Development (SPAD) Chlorophyll meter value, chloro-
phyll fluorescence (PSII) under 25% soil moisture in a precise-comparison experiment at Hokkaido
University, Sapporo, Japan. Arrows represent physiological traits with various lengths, which were
based on the impact of each trait on the separation of genotypes.
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According to the PCA ranking value based on the DSI (25% SMC) data (Table 6),
M. sinensis genotypes, PMS-007 and PMS-285, had relatively high ranking values than
the other genotypes, suggesting that they were more tolerant to drought stress while M.
sacchariflorus genotypes, JPN-2011-004 and UI11-00033, had relatively lower ranking values
than the other genotypes and were found to be more sensitive to drought stress. It is
noteworthy that M. sinensis genotype PMS-285 also had a higher PCA ranking than other
genotypes in the BYU screening experiment, while M. sinensis genotype PMS-007 did
not have a high PCA ranking in the BYU screening experiment (Table 5). In contrast,
M. sacchariflorus genotypes, with the exception of genotype UI10-00008, appeared to be more
sensitive to drought than M. sinensis genotypes in the HU precise-comparison experiment
(Table 6), which was also observed in the BYU screening experiment (Table 5).

Table 6. Principal components analysis (PCA) ranking values † based on the drought stress index
(25% soil moisture content) and the rank of drought-tolerance capacity of ten Miscanthus genotypes
under slight drought stress ‡ in a precise comparison experiment of a precise comparison experiment
at Hokkaido University (HU), Sapporo, Japan.

Species Accession Origin Genetic Clusters §
Leaf

Width
(cm)

Leaf
Length

(cm)
PC1 PC2 PC3 Ranking Value Rank

M. sinensis PMS-007 China Yangtze-Qinling
Msi 2.0 60 0.71 3.03 −0.57 1.232 1

M. sinensis PMS-285 China Yangtze-Qinling
Msi 1.1 56 0.93 1.02 0.04 0.749 2

M. sacchariflorus UI10-00008 Cultivar
NEChina/Korea/
Russia diploids

Msa
0.8 44 2.65 −1.90 0.55 0.618 3

M. sinensis UI10-00020 Cultivar S Japan Msi 0.4 18 0.89 −0.09 0.68 0.450 4

M. sinensis PMS-164 China Yangtze-Qinling
Msi 1.1 25 1.29 −0.58 −0.36 0.333 5

M. sinensis UI10-00024 Cultivar S Japan Msi 0.6 27 −0.40 0.90 0.47 0.178 6
M. sinensis PMS-347 China SE China Msi 1.8 48 −0.04 −0.76 −0.52 −0.333 7

M. sinensis var.
condensatus UI10-00015 Cultivar C Japan Msi 1.6 40 −2.27 0.34 1.39 −0.712 8

M. sacchariflorus JPN-2011-
004 Japan S Japan 4x Msa 1.8 55 −1.35 −0.79 −1.80 −1.085 9

M. sacchariflorus UI11-00033 Japan S Japan 4x Msa 2.0 61 −2.41 −1.16 0.14 −1.425 10

† PCA ranking value was derived via calculation of first, second, and third principal components (PC1, PC2,
and PC3). ‡ Slight drought stress was set as 25% volumetric water content in the media of the HU experiment.
§ According to Clark et al. (2014) and Clark et al. (2019).

3.5. Drought Recovery Capacity of Miscanthus Genotypes of Post-Drought Recovery Experiment
in BYU

Upon rewatering plants daily for 7 days after a 21-day dry-down treatment, the
average soil water potential of all Miscanthus genotypes on day 7 of the BYU recovery
experiment increased to 0.04 MPa, which was similar to that on day 0 of the BYU screening
experiment (Table 4). This result suggests that the soil moisture level was high enough for
plants to recover from drought (Table 4). Three M. sacchariflorus genotypes, JPN-2011-010,
JM11-006, and JPN-2010-005, and two M. sinensis genotypes, UI10-00048 and UI10-00092,
were nearly dead due to drought stress after a 21-day dry-down period in the BYU screening
experiment (Table 4). Consequently, we were not able to characterize the recovery capacity
of these genotypes.

On the other hand, the photosynthetic levels of M. sinensis genotypes PMS-014 and
PMS-586 exhibited relatively quick recovery of Pn levels on day 7 in the BYU recovery
experiment (Table 4). The Pn level of genotype PMS-014 on day 7 in the BYU recovery
experiment was six times greater than its Pn performance on day 21 in the BYU screening
experiment (Table 4). A similar pattern could be seen with genotype PMS-586, whose
Pn level was four times greater than its Pn performance on day 21 in the BYU screening
experiment (Table 4). In addition, these two genotypes had high recovery-PCA-ranking
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values, suggesting that they had the potential to recover from drought damage (Table 7).
On the other hand, M. sinensis genotype PMS-285 had a relatively low recovery ranking value
and was less capable of recovering from drought (Table 7), but it displayed higher Pn levels
than other genotypes under low-water conditions in the BYU screening experiment (Table 4).

Table 7. Recovery principal components analysis (PCA) ranking values † based on the recovery
drought stress index and the rank of recovery capacity from drought stress of fourteen Miscanthus
genotypes in post-drought recovery experiment at Brigham Young University, Provo, Utah, USA.

Species Accession Origin Genetic Clusters ‡ PC1 PC2 PC3 Ranking Value Rank

M. sinensis PMS-014 China Sichuan Msi 4.3565 −1.4954 0.2379 2.8970 1
M. sinensis PMS-586 China Sichuan Msi 3.3939 0.4381 0.5461 2.5689 2
M. sinensis PMS-347 China SE China Msi 2.7456 1.2399 −1.0582 2.1484 3
M. sinensis UI10-00088 Cultivar C Japan Msi 1.2360 −0.6833 0.0990 0.7769 4

M. sacchariflorus UI11-00031 China Yangtze diploids (ssp.
lutarioriparius) Msa −0.2981 0.8091 0.6621 −0.0294 5

M. floridulus PI417947 Cultivar SE China Msi −0.9572 2.3607 0.7977 −0.2173 6
M. sinensis PMS-164 China Yangtze-Qinling Msi −0.5758 0.7901 −0.0801 −0.2786 7
M. sinensis PMS-007 China Yangtze-Qinling Msi −0.5925 −0.3455 −0.4199 −0.5167 8
M. sinensis PMS-285 China Yangtze-Qinling Msi −0.9592 −0.8056 0.0559 −0.8369 9

† PCA ranking value was derived via calculation of first, second, and third principal components (PC1, PC2, and
PC3). ‡ According to Clark et al. (2014) and Clark et al. (2019).

4. Discussion
4.1. Comparison of Different Drought Treatment Methods for Evaluation

Some plants species show different physiological responses under rapidly-imposed
and slowly-imposed drought-stress conditions [27]. As we mentioned earlier, two drought-
treatment methods, the dry-down technique, and the fixed-SMC technique, imposed
different patterns of drought stress on plants in the experiments. The dry-down technique
made a quick and sizable decrease in SMC over a short period of time, while the fixed-SMC
technique-controlled SMC at a relatively constant level at a slower rate and for a longer
period of time. Both drought-imposition techniques were used in previous research for
studying drought tolerance in plants [4,5,28–31].

Drought-tolerant genotypes, which were selected through the PCA ranking analysis,
also showed different degrees of drought tolerance in the HU precise-comparison and
BYU experiments. For example, M. sinensis PMS-007 showed high drought tolerance
performance in the HU precise-comparison, but only medium-level performance in the
BYU screening experiment. Environmental factors and methods of drought imposition
could have been factors that influenced the results of the HU precise-comparison and
BYU screening experiments. However, it appears that environmental factors did not
influence the results of the two experiments. According to our results, there was no
significant difference (p > 0.5) in DSI values of Miscanthus genotypes in the HU and BYU
experiments (Table 2), suggesting that there was no effect of environment between the HU and
BYU experiments when both experiments used the dry-down technique to impose drought
on Miscanthus plants. Therefore, the different evaluation results between the HU precise-
comparison and BYU experiments were likely due to differences in how drought was imposed.

Decreases in SMC showed different patterns in the two drought-treatment methods
used in this study. As reflected in changes in soil water potential values, drought stress
conditions caused by the dry-down technique became more severe (i.e., soil water potential
went below the permanent wilting point (−1.5 MPa) over a 14-day period (day 7 to day 21 in
the BYU screening experiment) with a quick and sizable decrease in SMC (Table 4). In this
case, plants had little time to adjust low-water conditions. On the other hand, with the fixed-
SMC method, SMC changed slowly and could be controlled at a relatively constant level
for plants to respond low-water availability. In the HU precise-comparison experiment, soil
moisture controlled by an automated irrigation system took around 30 days to change from
slight stress to severe stress, and at each stress level plants had 3–5 days to adjust the stress
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before measurement (Figure S2). With the fixed-SMC method, plants had enough time to
exhibit their responses to drought, presuming that there was some physiological regulation
in their cells. Based on the different patterns we observed in decreases in SMC (Table 4;
Figure S2), the dry-down method is suitable for selecting drought-tolerant genotypes for
cultivar or breeding development. However, the fixed-SMC method can aid researchers
in clarifying drought-induced response of plants, such as changes in cell-level osmotic
potential changing or toxic ROS scavenging regulation [32].

Under field conditions, drought can be defined as a condition where plants cannot get
take up enough water from dry soil for normal physiological function over an extended
period of time [33]. Large decreases in soil moisture over a short period of time during a
dry-down are more similar to drought in the field, which leads plants to perform all steps of
drought-caused physiological regulation in a short time [27]. This aspect of the dry-down
method leads plants to respond to low-water availability as if they were subjected to field
conditions. However, rapidly decreasing soil moisture makes it difficult to capture and
characterize ephemeral physiological changes in plants [27]. On the other hand, the fixed-
SMC method is controlled by a computer, which can regulate irrigation and thereby control
SMC to maintain continuous drought conditions [12]. Therefore, plants generally have
enough time in this method to physiologically respond to drought due to being subjected
to constant, low-SMC conditions. In addition, physiological responses of plants to different
soil-moisture conditions (e.g., well-watered, moderate, severe) with this approach seem
more straightforward than in the dry-down method [34]. However, such constant soil-
moisture conditions, even when water levels are fairly low, differ from drought in the field
such that genotypes identified as drought tolerant through the fixed-SMC method may not
perform well when grown in the field.

4.2. Characteristics of Drought Stress in Miscanthus spp.

In general, M. sinensis appears to have stronger drought tolerance than M. sacchariflorus
(Tables 5 and 6). Based on the PCA ranking results of the BYU screening experiment, four
M. sacchariflorus genotypes (UI11-00031, JPN-2011-010, JPN-2010-005, and JM11-006) ranked
relatively low in terms of drought-stress tolerance (Table 5). Similarly, based on the PCA
ranking results of the HU precise-comparison experiment, two M. sacchariflorus genotypes,
JPN-2011-004 and UI11-00033 ranked 9 and 10, suggesting they were sensitive to drought
stress (Table 6). These results correspond to their native habitats. Miscanthus sinensis usually
grows in dry, upland areas, while M. sacchariflorus occurs in mesic, lowland areas [35].

Miscanthus × giganteus, which is a triploid hybrid of tetraploid M. sacchariflorus and
diploid M. sinensis, is considered as a potential high-yielding energy crop (29–38 Mg ha−1) [13].
However, M. × giganteus expresses sensitivity to drought and needs more irrigation than
maize under commercial cultivation conditions [21]. Genes inherited from M. sacchariflorus
possibly influence the drought sensitivity of M. × giganteus.

Based on the PCA ranking results of the HU precise-comparison and BYU screening
experiments, M. sinensis genotype PMS-285 had higher photosynthetic performance under
drought in both experiments, suggesting that it can be used as germplasm in breeding
programs (Tables 5 and 6). Miscanthus sinensis genotype PMS-007 showed relatively higher
photosynthesis performance than other genotypes in the HU precise-comparison experi-
ment (Table 6), but it exhibited only relatively moderate photosynthesis performance in the
BYU screening experiment (Table 5). Considering the two drought-imposition methods
used in our study, M. sinensis genotype PMS-007 appeared to maintain high photosynthesis
performance for stable and consistent responses to low-water availability in the fixed-SMC
method, but the photosynthesis performance was relatively lower at rapidly decreasing
SMC conditions caused by the dry-down method (Table 4 and Table S5). Considering the
different photosynthetic performance of M. sinensis genotypes PMS-285 and PMS-007 under
dry-down and the fixed-SMC treatments, there should be some differences between the
drought-response mechanisms of M. sinensis genotypes PMS-285 and PMS-007, which
allowed for genotype PMS-285 to be tolerant of both rapidly and slowly decreasing soil-
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moisture availability, which needs to be clarified in the future. In addition, the genotypes,
M. sacchariflorus UI10-00008 and M. sinensis UI10-00020, which had relatively narrow leaves
and smaller leaf area than other genotypes, were more tolerant to drought than other
genotypes in the HU precise-comparison experiment, with the exception of M. sinensis
genotypes PMS-285 and PMS-007 (Table 6). A relatively small leaf area can lead to low
transpiration levels, which could allow for plants to maintain photosynthetic rates at levels
to sustain moderate growth despite having low soil-water availability [28,36].

The DSI ϕPSII of Miscanthus sinensis genotype PMS-285 in the slight-stress-level
treatment in the HU precise-comparison (94.1) and BYU (75.9) experiments exceeded that
of other genotypes in the study, except for M. sinensis genotype PMS007 and UI10-00088 in
the BYU experiment (Table S2). On the other hand, the DSI Pn of M. sinensis genotype
PMS-007 is relatively higher than other genotypes under slight stress levels in both the
HU precise-comparison and BYU experiments (Table S3). The relatively high values of DSI
ϕPSII of M. sinensis genotype PMS-285 and DSI Pn of M. sinensis genotype PMS-007 could
help explain why these two genotypes showed stronger drought tolerance than other
genotypes in this study. In addition, the DSI gs of M. sinensis genotype PMS-164 exceeded
that of other genotypes in both experiments (Table S4).

Interestingly, the Miscanthus genotypes with strong drought-recovery capacity (PMS-
014, PMS-586) did not exhibit high drought tolerance (Tables 5 and 7). On the other hand,
genotypes with high drought tolerance may not have sufficient drought-recovery capacity.
Based on the recovery PCA ranking results (Table 7), M. sinensis genotypes PMS-014 and
PMS-586 ranked relatively higher than other genotypes, but they only displayed moderate
levels of tolerance under 14 days of being subjected to the drought treatment in the BYU
screening experiment (Table 5).

Miscanthus sinensis genotype PMS-285 had a higher photosynthetic performance of Pn
and DSI ϕPSII than other genotypes under drought in both the HU precise comparison
and BYU screening experiments (Table 4 and Table S2). In addition, this genotype had a
higher Pn value on day 21 of the BYU screening experiment than its Pn value on day 7 of
the BYU recovery experiment (Table 4). In addition, M. sinensis genotype PMS-285 did
not have a high recovery PCA ranking value (Table 7), which suggests it did not recover
from drought stress after being rewatered. This is surprising given that it had a high PCA
ranking value under slight drought stress in both the HU precise comparison and BYU
screening experiments (Tables 5 and 6).

Recovery capacity from drought is an important trait to help plants tide over from the
effects of low SMC conditions [3]. Several plant species, whose photosynthetic machinery
can often recover rapidly from drought stress, can absorb water when short-term rain
events occur in the midst of a prolonged drought [3,7]. Lauenroth et al. (1987) reported
that new root growth of Bouteloua gracilis, a warm-season perennial grass species, occurred
nearly 40 h after being rewatered [7]. Such root growth has the capability of increasing
water availability for plants. Another study, which focused on water relations of sugarcane
(Saccharum officinarum L.), found that high WUE and deep root systems enable sugarcane
to recover from drought damage [37]. Such traits may be a possible reason for the strong
recovery performance of M. sinensis genotypes PMS-014 and PMS-586. These traits could
be effective screening criteria for drought-tolerant genotypes of Miscanthus. The WUE
and rooting depth were not measured in our experiments but should be focused on in
future research.

Genetic clusters and ploidy levels may be factors that have considerable influence on
drought tolerance in Miscanthus spp. [16]. Regarding the influence of genetic clusters on
drought tolerance, genotypes in the M. sinensis ‘Yangtze-Qinling’ genetic clusters appear to
have relatively stronger drought tolerance than other genetic clusters (Tables 5 and 6). In
addition, genotypes in the M. sinensis ‘Sichuan’ genetic cluster can quickly recover from
drought damage after being re-watered (Table 7). Both M. sinensis genotypes, PMS-007 and
PMS-285, which align with the M. sinensis ‘Yangtze-Qinling’ genetic cluster (Tables 5 and 6),
expressed relatively higher photosynthesis performance than other genotypes under stress
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in the HU precise comparison experiment (Table 6). In contrast, in the BYU screening
experiment, M. sinensis genotypes PMS-014 and PMS-586, which are associated with
the M. sinensis ‘Sichuan’ genetic cluster (Table 5), displayed low photosynthetic levels
when subjected to drought (Table 5). However, both exhibited relatively high recovery of
photosynthetic levels after re-irrigation in the BYU recovery experiment (Table 7).

For different ploidy-type accessions, M. sacchariflorus diploid genotype UI10-00008
(Table 6) showed much higher photosynthesis performance than two other M. sacchariflorus
tetraploid genotypes, JPN-2011-004 and UI11-00033, in the HU precise-comparison experi-
ment (Table 6). Miscanthus sacchariflorus UI10-00008 has, on average, a small leaf area with
only 0.8 cm leaf width, while genotypes JPN-2011-004 and UI11-00033 have an average
leaf width of 2 cm (Table 6). In the BYU screening experiment, three M. sacchariflorus
tetraploid genotypes were dead after a dry-down period of 21 days, but M. sacchariflorus
diploid genotype UI11-00031 survived despite prolonged exposure to severe drought stress
(Table 4). In addition, M. sacchariflorus diploid genotype UI11-00031 showed considerable
recovery of Pn on day 7 in the BYU recovery experiment (Table 4). Therefore, ploidy level
may reflect how leaf area and transpiration rate of Miscanthus genotypes contribute to
drought tolerance. Moreover, drought-tolerant diploid M. sacchariflorus genotypes could be
used as breeding material to produce high-yielding M. × giganteus genotypes with strong
drought tolerance. Using genetic clusters and ploidy levels for genotype evaluation will
help to improve the efficiency of the selection and breeding of stress-tolerant crops.

Ornamental Miscanthus cultivars exhibited relatively higher drought tolerance than
most wild-type accessions in both the HU precise-comparison and BYU screening experi-
ments (Tables 5 and 6). Although wild-type Miscanthus accessions usually express stronger
stress tolerance to drought, disease, and insect pests than ornamental cultivars [38], we
found that some cultivars (M. floridulus PI417947, M. sinensis UI10-00088, M. sinensis UI10-
00092, and M. sacchariflorus UI10-00008) showed relatively higher drought tolerance than
wild-type accessions (Tables 5 and 6). Miscanthus sinensis cultivars can be found in gardens
and yards throughout the U.S., Canada, and Europe [39]. For ornamental plants, drought
tolerance ranks high as an important selection criteria because drought stress is commonly
encountered in managed landscapes.

Further studies are needed to characterize drought-stress-response mechanisms in Mis-
canthus. Few information exists regarding the drought-stress physiology of Miscanthus [40–42].
Improvement of drought tolerance in Miscanthus spp. can enable them to survive when
subjected to drought conditions caused by climate change. Such crops offer the oppor-
tunity to also generate biomass under low-soil-water conditions, which is important for
developing Miscanthus as a sustainable energy crop.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agriculture12010006/s1. Table S1: Detailed information of 29 Miscanthus genotypes used
for the evaluation of low-water-adaptability capacity in Miscanthus spp., including entry num-
ber, species, origin location, and genetic groups background. Table S2: Least squares means of
drought stress index (DSI) values of chlorophyll fluorescence (ϕPSII) of Miscanthus genotypes.
Table S3: Least squares means of drought stress index (DSI) values of photosynthetic rate (Pn) of
Miscanthus genotypes. Table S4: Least squares means of drought stress index (DSI) values of stomatal
conductance (gs) of Miscanthus genotypes. Table S5: Photosynthetic rate (Pn) of each Miscanthus
genotype under each soil water content level in a precise-comparison experiment at Hokkaido Uni-
versity, Sapporo, Japan. Figure S1: Simplified diagram showing various parts of the irrigation system.
Figure S2: Average changes in soil moisture content controlled by the automated irrigation system in
a precise-comparison experiment at Hokkaido University, Sapporo, Japan.
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