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Chapter 1

1 Bioenergy crops

Using alternative energy sources to reduce carbon dioxide emission is an important policy in order to
reduce global warming. With strong political support, the first-generation crops successfully
produced different types of biofuels such as bioethanol and biomethane from corn grain and
sugarcane and biodiesel from soybean and rapeseed at an economically viable scale. However, these
biocrops did not fit the requirements of reduction of greenhouse gas emissions because of the high
energy inputs, such as for nitrogen (N) fertilization (Hill, 2007; Tilman et al., 2009). Additionally,
using farm land to produce biofuel could lead to a food security issue. Therefore, in order to avoid
competition with food crops, second-generation biofuels are produced with lignocellulosic biomass
available from organic waste, and agricultural and forestry residues. Moreover, the biomass
production from the second-generation energy crops should be high-yielding with low inputs of water,
fertilizers and energy and should be grown on marginal lands to avoid competition with food crops
(F. Anderson et al., 2008; Quinn et al., 2015). Perennial biomass crops can fulfill the demands for
biomass production because they are more stress tolerant than annual crops and the root system can
store nutrition for coming years. Thanks to the well-developed root system of perennial plants, they
can adapt to poor soils and do not require large amounts of fertilizer. Moreover, development of deep
roots helps to overcome drought stress. One of the most promising perennial crops for bioenergy
production is Miscanthus. Stress tolerant genotypes have been identified in various Miscanthus
sinensis and Miscanthus sacchariflorus genotypes (Lewandowski et al., 2016). These indeed have
the potential to be grown on marginal lands and store nutrition in the roots and rhizomes during the
winter. Besides, the productive period of this perennial biomass crop ranges from 10 to 25 years
without annual ploughing, which prevents soil erosion, sequestrates soil carbon and improves
agricultural ecosystems (Lewandowski et al., 2000; McCalmont et al., 2017). Perennial grasses such
as switchgrass or Miscanthus with a C4 photosynthetic pathway have better water and nutrient use

efficiency and increase the land use efficiency as well.
1.1 Biofuel production

Currently, C4 crop-derived perennial biomass is utilized mostly for direct combustion, or for
anaerobic digestion to produce biogas (Sanscartier et al., 2014; Jeswani et al., 2015; Kiesel et al.,
2017). Compared to fossil fuels, bioenergy crops use photosynthesis to re-fixate carbon dioxide that
was emitted during combustion of biogas or biomass (Wagner and Lewandowski, 2017). Because the
quality and needs for either combustion or biogas are different, the effect of the marginal conditions

on energy production from grown on these soils, and on the composition of biomass needs to be
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considered. For combustion, the most cost-effective way of energy production is to burn the chips
that are cut from Miscanthus directly, and high quality material is demanded with low moisture, low
minerals and low ash content (Smith and Slater, 2011; Baxter et al., 2012; Igbal et al., 2017). High
moisture content in biomass not only increases the amount of combustion gases but also reduces the
calorific value. High mineral content in the biomass causes low melting temperatures and corrosive
issues for the boilers. High ash content also reduces the energy output. Optimal heat transfer form
biomass requires low moisture and mineral content. For this purpose, the raw biomass must be
harvested at minimum moisture and mineral content, i.e. from late autumn to early spring

(Lewandowski et al., 2003b; Wagner et al., 2017).

Biogas produced by anaerobic digestion can be stored in the existing natural gas infrastructure and
further utilized as a transport fuel. Compared with first-generation biofuel generated mainly from
starch, the recalcitrance of lignocellulose to hydrolysis adds an additional level of complexity
(McCann and Carpita, 2015). Converting the biomass to biogas takes three major steps: (1)
pretreatment of the biomass feedstock; (2) hydrolysis and saccharification; (3) fermentation of sugars
into ethanol or methanol. Cell wall composition is the most important factor for the convertion
efficiency from biomass to biogas. Thus, easy digestible biomass (consisting of high hemicellulose
but low lignin) is considered as the best quality for producing biogas. For instance, high lignin content
negatively affects the efficiency of cell wall polysaccharide digestion into fermentable sugars (Chen
and Dixon, 2007; Himmel and Picataggio, 2009; Studer et al., 2011). Lignin linked to cellulose and
hemicellulose inhibits the release of polysaccharides during the pretreatment process or reduces the
accessibility of enzymes during the conversion process (Palmqvist and Hahn-Hégerdal, 2000; Lopez
et al.,, 2004). High lignin content of biomass was shown to have negative effects on the

saccharification efficiency of Miscanthus (van der Weijde et al., 2016).
1.2 The crop Miscanthus

Miscanthus, a C4 grass genus, is native to eastern and southeastern Asia and the south Pacific islands
with the highest species diversity in China and Japan (Sun et al., 2010). Its natural distribution ranges
from temperate areas to tropical regions and from mountains to coastal areas (Hodkinson et al., 2014).
The high diversity and adaption to different areas supports a diverse germplasm for breeding
programs aiming at varieties that can grow on marginal lands (Jones et al., 2015). The genus
Miscanthus has a basic chromosome number of 19 with polyploidy features, including diploids,
triploids, tetraploids, pentaploids, and hexaploids (Hodkinson et al., 2001; Hodkinson et al., 2002a;
Hodkinson et al., 2002b). A sterile hybrid, Miscanthus % giganteus (M. sacchariflorus < M. sinensis),
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with high yield and quality has been widely researched and used as biofuel crop in Europe
(Lewandowski et al., 2003a). This triploid interspecific hybrid (3n =3x =57) can be propagated by
rhizomes or tissue culture but this requires higher plantation costs than seeds (Greef and Deuter, 1993;
Xue et al.,, 2015). In addition, improving the genetics by direct crossing with this genotype is
impossible because it is sterile. The diploid species M. sinensis (2n =2x =38) and the tetraploid species
M. sacchariflorus (2n =4x =76), which are the parents of Miscanthus % giganteus, can be crossed and
used for breeding new genotypes and improved interspecific hybrids. A significant concern for
Miscanthus as a nonnative perennial with broad environmental adaptation is that it may become an
invasive weed (Barney and DiTomaso, 2008). Sterile hybrids such as Miscanthus x giganteus can
reduce the risk of invasion in the field conditions. Interspecific hybrids, including Miscanthus
giganteus showed higher yield than M. sinensis and M. sacchariflorus genotypes in six field trials
across Europe (Kalinina et al., 2017). Compared with M. sacchariflorus, M. sinensis not only
produces seeds easily but also regenerates from callus after whole genome duplication (Chae et al.,
2013). Thus, a good alternative to the M. sinensis x M. sacchariflorus hybrid is to produce hybrid
seeds by crossing diploid M. sinensis (2n =2x =38) and tetraploid M. sinensis (2n =4x =76) (J.
Rounsaville et al., 2011). To meet the commercial production needs, sexual hybridization not only
improves germplasm but also reduces plantation costs by using seeds and seedlings rather than
propagation from rhizomes or tissue (Hastings et al., 2017). There are two types of seed-based
propagation for commercial production. Hybrid seeds can be produced by pairwise crosses, or
synthetic cultivars can be generated by intercrossing a number of genotypes (Sacks et al., 2013). For
pairwise crosses, two genotypes that flower concurrently need to be put together that can produce
seeds from known male and female parents, while synthetic cultivars generate mixtures of seeds from
superior performing parental genotypes by open pollination. At Wageningen University & Research
the Miscanthus breeding program explores the potential of M. sinensis for seed production and
commercial cultivation. In addition, molecular tools are developed for to accelerate breeding: a
genetic map was created for a mapping population segregating for quality traits and used to dissect

genetic variation for a variety of traits related to cell-wall properties (van der Weijde et al., 2017).
1.3 The advantages of Miscanthus

Numerous studies have evaluated different species as bioenergy crops and Miscanthus x giganteus

has been considered as a high potential feedstock because of several specific properties (Kiesel et al.,
2017). Firstly, Miscanthus is a C4 plant and has a more efficient photosynthesis than C3 plants due
to the ability to be particularly effective in utilizing CO». Secondly, the biomass of Miscanthus for
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combustion has higher quality than wheat straw. Post-senescence harvests allow nitrogen and other
minerals to be translocated from the shoots into the rhizomes prior to harvest, and the dead biomass
is low in moisture content. This nutrient cycling not only reduces fertilizer requirements but also
improves the combustion quality because of lower mineral content, which reduces corrosiveness
(Jorgensen, 1997; Smith and Slater, 2011; Jensen et al., 2017). Thirdly, Miscanthus sequesters carbon
to below-ground biomass and increases organic matter of the soil through dropping of senesced leaves
before harvest and because of old root decomposition, which improves soil fertility (Kuzyakov and
Domanski, 2000). Finally, as already mentioned, there is rich genetic variation in wild populations of
Miscanthus (Hodkinson et al., 2014) and the high diversity of Miscanthus provides a valuable
breeding resource for varieties that can be grown on marginal lands. Global climate change leads to
increased marginalization of agricultural lands. For example, higher temperatures increase the effects
of droughts, and drought and poor irrigation under high evaporative conditions leads to salinization
of the soil. A rise in sea level causes additional accumulation of salt in coastal regions. Since
Miscanthus species shows moderate tolerance to drought, salt, flooding, and chilling, it is possible

that this bioenergy crop can support a viable economical biomass even under marginal conditions.
1.4 Breeding target

Development of tolerant genotypes that can withstand different stressful environments is an important
step to expand Miscanthus cultivation to marginal lands (Lewandowski et al., 2016). Not only total
yield but also quality of the biomass should be taken into account. High quality materials not only
allow efficient bioenergy production but also decrease the maintenance costs for combustion
equipment. Breeding in Miscanthus basically should focus on producing genotypes that can provide
high yield and quality biomass on marginal lands. Several quality traits for combustion are important,
such as low ash contents and moisture and low levels of minerals such as Cl" and K* to minimize
corrosive issues. Quality traits for enhancing saccharification efficiency include high ratios of
hemicellulose but low cellulose and lignin to improve digestibility (Himken et al., 1997). In addition
to yield and quality, there are several other factors that need to be considered carefully. Because
Miscanthus originates from Asia, invasiveness into the ecosystem in Europe needs to be taken into
account. Miscanthus x giganteus’ sterility is an advantage with respect to invasiveness. To reduce
the risk of spread into natural habitats, novel sterile genotypes (triploid) were crossed from fertile
parent species (tetraploid M. sacchariflorus and diploid M. sinensis), producing high-yielding hybrids
(Kalinina et al., 2017). However, these sterile genotypes need to be propagated by tissue culture or
rhizomes, which increases plantation cost. When Miscanthus is grown in native regions without
invasive issues, sowing seeds simply decreases the cost of plantation compared with seedlings from
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rhizomes or tissue culture (Hastings et al., 2017). It is estimated that the cheapest way to plant
Miscanthus could be direct seed sowing (Xue et al., 2015). It is also possible to use fertile M. sinensis
or M. sacchariflorus to improve the genetics and develop novel genotypes. Especially, the pollen
fertility rate of M. sinensis is more than 86% and the self-pollination rate is very low (Yamada, 2015).
However, the yield of these genotypes is typically lower than that of the interspecific hybrids. To
upscale the Miscanthus crop to millions of hectares and reduce plantation cost, using hybrid seeds in
modular plugs for precommercial scale trials have been set up. The results of these experiments will
produce much needed information of the performance of new hybrids tested in different locations

(Clifton-Brown et al., 2017).
2 Abiotic stress with emphasis on salt stress

Marginal lands limit plant growth and yield due to poor soils, low water availability, low nutrient,
high salinity and presence of toxic elements. Climate change increases abiotic stresses such as drought,
temperature, and salinity. Drought stress negatively affects yield, inducing growth reduction and early
senescence. Due to unbalance of water potential in plants under drought, a loss of turgor changes the
cell wall composition and reduces cell size (Tenhaken, 2015). Extremely low temperature can be
lethal for plants so the winter mortality of plantations should be considered in high latitude regions
(Clifton-Brown and Lewandowski, 2000). Frost may kill the rhizomes during winter and damage
newly emerged shoots in spring. Salt stress is considered one of the most severe abiotic stresses for
plants. Soil salinity is a global issue for agricultural productivity and almost 20% of the world's
irrigated lands is affected by salinity (Flowers and Yeo, 1995; Munns and Tester, 2008; Rengasamy,
2010; Qadir et al., 2014; Butcher et al., 2016). It is even predicted that 50% of irrigated land will be
affected by salinity in 2050 due to poor drainage and climatic change (Bartels and Sunkar, 2005).
Saline soils are classified by solute electrical conductivity (EC) in deciSiemens/meter (dS/m) as:
nonsaline (<2 dS/m, approximately equal to 20 mM NacCl), slightly saline (2-4 dS/m, approximately
equal to 20-40 mM NaCl), moderately saline (4-8 dS/m, approximately equal to 40-90 mM NaCl),
strongly saline (8-16 dS/m, approximately equal to 90-170 mM NaCl), and very strongly saline (>16
dS/m, approximately equal to 170 mM NaCl) (Rhoades, 1999). Under field conditions, salt stress
persistence may co-occur with additional stresses such as other abiotic factors (e.g. heat, drought,
flooding, etc.) and biotic factors (fungi, bacteria, insects, etc.). This leads to a more complex and
multi-stress environment for plants. For example, flooding may also cause a dramatic change in EC
value, and heat may increase the evaporation rate which also increases the salt stress. The strong
effect of salinity on crop yield and quality makes salinity tolerance in crops an important target for
breeding. Genetic improvement of crops is one of the most important strategies to improve the yield

12



General introduction

and quality under salt stress. However, breeding for salt tolerance is not straightforward due to its

genetic complexity.
2.1 Response of plants under salt stress

Salinity seriously reduces plant growth and changes its metabolism, because salt stress includes
osmotic stress, ion toxicity stress, and nutritional imbalance (Ashraf and Harris, 2004; Munns and
Tester, 2008). Osmotic stress due to the high concentration of ions in the root environment induces
stomatal closure, reducing the transpiration and growth rate (Munné-Bosch et al., 2001). Individual
cells also become smaller and thinner under osmotic stress compared to normal conditions (Iraki et
al., 1989; Le Gall et al., 2015). These responses of plants to salinity show similarities to the response
under drought stress. on toxicity stress develops over time because the ions accumulate to toxic levels
within the shoots. As NaCl is a major constituent of saline soil, both Na*" and CI- can accumulate to
toxic levels in the plant. Na* and CI are both toxic to plants at high concentrations but some species
can control Na* transport better than CI- and vice versa (Munns and Tester, 2008; Teakle and Tyerman,
2010). For example, genotypes of Glycine max were more sensitive to Cl" accumulation, but Glycine
soja genotypes were more sensitive to high levels of Na* ions (Luo et al., 2005). There have been
numerous reviews on the mechanisms of Na* transport in plants under salt stress (Blumwald et al.,
2000; Garciadeblas et al., 2003; Sanchez-Aguayo et al., 2004; Huang et al., 2006). The high Na*
concentrations not only interfere with K* uptake and K* function but also inhibit metabolic pathways
(Shabala and Cuin, 2008) so a high ratio of K*/Na* in the leaves is considered as a salt tolerance trait
(Maathuis and Amtmann, 1999; Munns and James, 2003). Bread wheat maintains a high ratio of
K*/Na* in the leaves, which contributes to salt tolerance, while durum wheat is more salt-sensitive
due to a low ratio of K/Na* (Gorham et al., 1990). The degree of senescence in mature leaves reflects
ion-specific toxicity due to high levels of Na* concentrations without tissue tolerance to Na* (Munns
and James, 2003). In contrast to Na* (see below), the mechanisms of CI- transport are less well
understood (Teakle and Tyerman, 2010). Although CI- is considered an essential micronutrient
involving in photosynthesis, turgor and pH regulation (Teodoro et al., 1998; White and Broadley,
2001), high levels of Cl" accumulation in the shoots are toxic for Cl sensitive species (4-7 mg/g dry
weight ) and for CI tolerant species (15-50 mg/g dry weight) (Xu et al., 1999), and symptoms of
chloride toxicity in plants include necrosis of leaf margins and tips. Several studies demonstrated that
regulation of CI" homeostasis may be important for salt tolerance in some crops (Tavakkoli et al.,

2010; Teakle and Tyerman, 2010).
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2.2 Mechanisms of salt tolerance in plants

Plants can utilize different mechanisms to reduce damage and deal with the osmotic stress and ionic

stress components of salt stress

(Munns and Tester, 2008). An overview of responses to salt stress

in plants was shown in Figure 1. There are three common salt tolerance mechanisms in plants (Munns

and Tester, 2008; Rajendran et al., 2009):

Cell wall modification

Synthesis of solutes

Excretion of salt through salt
gland — in most halophytes

Compartmentation of toxic ions to
vacuoles or intracellular in older leaves

Restricting toxic ions uptake from
roots

Osmotic adjustment
Compatible solutes

Osmotic stress
(First phase stress)

Ionic stress
(Second phase stress)

SALINITY

Figure 1. An overview of plant adaptive responses to salt stress. Salt stress causes both osmotic
stress (first phase stress) and ionic stress (second phase stress). Osmotic stress leads to water deficit
and dehydration and plants synthesize compatible solutes to regulate cell turgor. Rhizome tissues
storing starch can produce soluble sugars as compatible solutes or osmotic adjustments to deal with
osmotic stress. Cell walls can reduce size and thickness to limit growth and maintain turgor. High
concentrations of Na“ and CI in leaves cause ionic stress and are toxic to plant cells. Glycophytes
adapt to ionic stress by restricting ion accumulation in roots and leaves and use ion exclusion
mechanisms to avoid ion accumulation in the shoots. Ton sequestration into vacuoles and depositing
salt in older leaves helps to protect young, growing tissues. Halophytes can also utilize salt glands to

secrete ions.
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(1) Osmotic tolerance
The osmotic stress directly lessens cell growth both in root tips and leaves, and causes stomatal
closure. Stomatal closure diminishes water loss through transpiration. Under osmotic stress,
maintaining the cell turgor can be achieved by adapting root water uptake properties, plant
hydraulics, and by adjusting the plant’s osmotic potential by producing compatible solutes.
Compatible solutes are small water-soluble molecules such as proline (Khatkar and Kuhad, 2000),
glycine betaine (Khan et al., 2000; Wang and Nii, 2000), sugars (Kerepesi and Galiba, 2000), and
polyols (Bohnert et al., 1995; Zhifang and Loescher, 2003). These compatible solutes not only
regulate the osmotic balance but also protect cellular structures, for instance by scavenging
Reactive Oxygen Species (ROS) (Hasegawa et al., 2000).

(2) Na* exclusion mechanism
Since high concentrations of Na* and CI- are toxic to plant cells, avoiding toxic levels of these
ions is an important determinant of salt tolerance. Maintaining a high ratio of K*/Na" in the leaves
contributes to salt tolerance because of the competition between K* and Na*. Several transporters
have been identified and characterized in plants that regulate the balance of Na* and the K*/Na*
ratio. The HKT transporter (High-affinity K* Transporters) family is composed of two subfamilies.
Gene members of subfamily 1 are all Na*-specific transporters, but gene members of subfamily
2 are either Na™-K™ co-transporters or Na* and K* uni-porters (Horie et al., 2001; Maser et al.,
2002; Garciadeblas et al., 2003; Almeida et al., 2013). Members of the HKT transporter family
play important roles in shoot Na* exclusion (Conde et al., 2011; Munns et al., 2012; Platten et al.,
2013; Wang et al., 2014). For instance, shoot exclusion was shown to be facilitated by HKT1;5,
which can take Na* from the xylem into the parenchyma cells and minimize the accumulation of
Na* in the shoot (Conde et al., 2011). The leaf Na" concentration in the leaves was shown to be
highly associated with HKT1,5 allelic variation across rice diverse accessions (Platten et al., 2013).

(3) Tissue tolerance
An inclusion mechanism which compartmentalizes Na* and CI- in cellular and intracellular
organelles like the vacuoles (Adams et al., 1992), thus protecting cytosolic processes from the
effects of high ion concentrations, is often utilized by halophytes. Members of the NHX (Na*/H*
antiporter) gene family sequester Na* in the vacuoles and maintain osmotic balance (Apse et al.,
1999; Glenn et al., 1999). Similarly, anion transporters such as CLC transport CI" into the vacuoles
(Teakle and Tyerman, 2010). There are three types of NHX in most plants, located in the plasma
membrane, the vacuolar membrane, or endosomal membranes (Bassil et al., 2012). Tonoplastic
NHX proteins are involved in regulation of ion concentrations as well as cytosolic pH value

(Bassil et al., 2012). In the glycophyte maize, ZmNHX1 and ZmNHX6 were highly expressed in
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the root to maintain relatively high ion concentrations in roots but low ion contents in shoots in

salt tolerant genotypes (Zorb et al., 2005).
2.3 Response of Miscanthus to salt stress

Only few studies have been done in relation to salt tolerance of Miscanthus and most of these focused
on Miscanthus x giganteus (Plazek et al., 2014; Sun et al., 2014; Stavridou et al., 2016). Stavridou et
al. (2006) found that there was no significant reduction in shoot dry weight at very mild saline
conditions, up to 60 mM NaCl. Shoot dry weight was significantly decreased at 90 mM NaCl and
50% reduced at 120 mM NaCl. Therefore, Miscanthus x giganteus may be considered a moderately
salt tolerant plant (Quinn et al., 2015). When the salinity was higher than 120 mM NaCl, proline
contents, ash contents and Na* and Cl" in the leaves significantly increased compared with control
conditions (Plazek et al., 2014; Stavridou et al., 2016), indicating that a salt stress of 120 mM NaCl
affects both growth and ion homeostasis of Miscanthus (Plazek et al., 2014; Stavridou et al., 2016).
With respect to the combustion quality, high ash contents and ion contents in biomass can be harmful
to combustion equipment because high ash contents reduce the energy output derived from biomass
(James et al., 2012), and high ion contents causes corrosion issues (Brosse et al., 2012). Until now
the genetic diversity for salt tolerance in Miscanthus germplasm has not been explored, although M.
sinensis var. Condensatus can be cultivated on seashores (Chou et al., 1999) and Sun et al. (2014)
indicated that wild M. sinensis in Japan may harbor significant genetic variation for salt tolerance.
Thus, evaluating the salt tolerance diversity in Miscanthus is likely to identify valuable sources for
breeding programs aimed at improved salt tolerant cultivars with high biomass quality even when
cultivated under saline conditions. This would enable expansion of the cultivation to saline areas,

avoiding competition with food crops for arable lands while still achieving economically viable yields.
3 This thesis
In this thesis, the genetic diversity of Miscanthus for salt tolerance, and the effects of salt stress on
the biomass quantity and quality in Miscanthus germplasm were studied.
The aims were:

To explore the genetic diversity of Miscanthus germplasm for salt tolerance;

To identify Miscanthus genotypes that can be grown on saline soils;

To identify Miscanthus genotypes that can serve as starting material for breeding for improvement

of salt tolerance;
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To investigate the impact of salinity on biomass quality for combustion or anaerobic digestion.

In chapter 2, a collection of genotypes with different genetic backgrounds, including M.
sacchariflorus, M. sinensis, and the triploid interspecific hybrid Miscanthus * giganteus, was
evaluated on a hydroponic growth system. Traits that may contribute to salt tolerance were measured
and highly salt tolerant and high yielding genotypes under salt stress were identified as potential
breeding materials. In addition, tolerant genotypes were found to employ different mechanisms to

withstand salt stress.

In chapter 3, twelve genotypes with either high salt tolerance or high yield on the hydroponic system
were analyzed in-depth at different salt levels in pots under greenhouse conditions. In addition, a
comparison was made between plants grown from rhizomes or from in vitro cuttings propagated on
hydroponics. At 250 mM NaCl, rhizome- as well as in vitro-derived genotype OPM-56 demonstrated
a relatively high yield and salt tolerance and low ion contents, which is a good characteristic for
combustion. This genotype with a strong ion exclusion mechanism can be considered as a candidate

for improving salt tolerance in Miscanthus varieties.

Although several salt tolerant genotypes have been identified, the effects of salt stress on the quality
of biomass are still largely unknown. Therefore, Chapter 4 explores the implications of salt stress on
cell wall quality of Miscanthus biomass for anaerobic digestion. The cell wall compositions of plants
grown from in vitro-propagated plantlets in pots outdoors under a roof were studied. Plants were
allowed to finish their growth cycle and harvested in winter. The cell wall composition was shown to

be affected by salinity, and these changes are likely to affect anaerobic digestion.

Chapter 5 describes the evaluation of M. sacchariflorus accessions collected from different areas in
China in a two-year field trial on saline marginal lands. Under low-input and salinity conditions, the
accessions originating from the sea coast were found to have the highest salt stress tolerance and yield.
Using these local accessions as salt tolerant resources can accelerate the breeding programs for salt

tolerant Miscanthus varieties.

The general discussion in chapter 6 discusses the results in this thesis in relation to the current status
and the aims of breeding for salt tolerance in Miscanthus. The salt tolerant genotypes identified by
different screening strategies can contribute to the genetic improvement of Miscanthus as a

lignocellulosic feedstock and enable expansion of this bioenergy crop to marginal lands.
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Chapter 2

Abstract

Miscanthus is a woody rhizomatous C4 grass that can be used as a CO; neutral biofuel resource. It
has potential to grow in marginal areas such as saline soils, avoiding competition for arable lands
with food crops. This study explored genetic diversity for salt tolerance in Miscanthus and discovered
mechanisms and traits that can be used to improve the yield under salt stress. Seventy genotypes of
Miscanthus (including 57 M. sinensis, 5 M. sacchariflorus and 8 hybrids) were evaluated for salt
tolerance under saline (150 mM NaCl) and normal growing conditions using a hydroponic system.
Analyses of shoot growth traits and ion concentrations revealed the existence of large variation for
salt tolerance in the genotypes. We identified genotypes with potential for high biomass production
both under control and saline conditions that may be utilized for growth under marginal, saline
conditions. Several relatively salt tolerant genotypes had clearly lower Na® concentrations and
showed relatively high K*/Na™ ratios in the shoots under salt stress, indicating that a Na* exclusion
mechanism was utilized to prevent Na* accumulation in the leaves. Other genotypes showed limited
reduction in leaf expansion and growth rate under saline conditions, which may be indicative of
osmotic stress tolerance. The genotypes demonstrating potentially different salt tolerance
mechanisms can serve as starting materials for breeding programs aimed at improving salinity

tolerance of Miscanthus.

1 Introduction

Miscanthus is a C4 perennial grass originating from Southeast Asia, the Pacific islands, and tropical
Africa. The genus Miscanthus has a basic chromosome number of 19 and includes the nominally
diploid species Miscanthus sinensis (2n =2x =38) and tetraploid species Miscanthus sacchariflorus
(2n =4x =76) plus a triploid interspecific hybrid, Miscanthus x giganteus (3n =3x =57). This hybrid
was identified as a good candidate for energy production by direct combustion (Zub and Brancourt-
Hulmel, 2010). However, Miscanthus * giganteus has several disadvantages. Since Miscanthus
giganteus is a sterile triploid, it is difficult to improve its genetics by crossing. In addition, its sterility
requires propagation from rhizomes or tissue culture, which is relatively more expensive than from
seeds (Greef and Deuter, 1993). To screen and explore natural genetic diversity from other sources is
therefore important for genetic improvement of the crop. A good alternative for breeding purposes is
the diploid species M. sinensis. An important breeding goal for any bioenergy crop and also
Miscanthus is to achieve economically viable yields in marginal lands, thus avoiding competition

with food crops and interfering with food security (Somerville et al., 2010).
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High soil salinity is one of the major constraints of crop growth because it decreases crop yield and
quality. Almost 20% of the world's irrigated land is adversely influenced by salinity (Flowers and
Yeo, 1995; Munns and Tester, 2008; Rengasamy, 2010b; Qadir et al., 2014), and the problem of soil
salinity is further increasing because of poor drainage and climatic change (Bennett and Khush, 2003).
Salinity affects plant growth because of osmotic stress, ionic stress, and nutritional imbalance (Ashraf
and Harris, 2004; Munns and Tester, 2008). Osmotic stress affects growth immediately and is in
saline soils caused by limitation of water uptake resulting from the high salt concentration in the soil.
Tonic stress develops over time and is due to ion accumulation within the shoots. Osmotic stress
accounts for roughly 75% of the biomass decrease under salt stress, and ionic stress reduces it by
another 20% (Munns and Tester, 2008). The strong effect of salinity on crop yield makes salinity
tolerance in crops an important target for breeding. However, breeding for salt tolerance is not

straightforward due to its genetic complexity.

Salt stress affects all the major processes underlying plant growth, including lipid and energy
metabolism, photosynthesis, and protein synthesis (Parida and Das, 2005). This leads to reduction in
transpiration, chlorophyll content, tiller number, and biomass (Hassanein, 1999; Chartzoulakis and
Klapaki, 2000). The altered water status and unbalanced ion homeostasis resulting from saline
conditions induce several mechanisms to reduce damage in the plant. Osmotic tolerance can be
achieved by adapting water uptake properties of the roots, plant hydraulics, and by adjusting the
plant’s osmotic potential. Production of compatible solutes like proline (Khatkar and Kuhad, 2000),
glycine betaine (Khan et al., 2000; Wang and Nii, 2000), sugars (Kerepesi and Galiba, 2000), and
polyols (Bohnert et al., 1995; Zhifang and Loescher, 2003) facilitate osmotic adjustment or osmotic
protection. To avoid toxic ion concentrations in shoots, plants exclude exccess sodium and chloride
ions from the shoot. Bread wheat for instance has a low rate of Na* transport to the shoot and
maintains a high ratio of K/Na" in the leaves, which contributes to salt tolerance, while durum wheat
is more salt-sensitive due to its poor ability to exclude Na* from the shoot (Gorham et al., 1990).
Shoot exclusion was shown to be facilitated by a members of the high-affinity K transporter (HKT)
family (HKT1;5) that can take Na® from the xylem into the parenchyma cells to minimize the
accumulation of Na in the shoot (Conde et al., 2011). Tissue tolerance to high salt concentrations is
a mechanism often utilized by halophytes, and it can be achieved by compartmentalization of Na*
and CI" in cellular organelles like the vacuoles (Adams et al., 1992) and involves tonoplast Na*/H"
antiporters (NHX) that regulate cytosolic Na* concentration and pH (Bassil et al., 2012). In mature
leaves, senescence may reflect the toxic effect of high levels of Na" concentration and low tissue

tolerance to Na* (Munns and James, 2003). The combination of accumulation of Na* in leaves, lack
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of necrosis, and relatively little reduction of biomass can be indicative of tissue tolerance (Munns and

James, 2003; Rajendran et al., 2009).

Salt stress not only affects the quantity but also the quality of Miscanthus biomass. Miscanthus
genotypes with less ions in the harvestable biomass are particularly important because high
concentrations of minerals can be corrosive to combustion equipment (Jorgensen, 1997). Thus, it is
essential for Miscanthus to produce stable biomass with low ion concentrations under salt stress. Only
few studies have been done in relation to salt tolerance of Miscanthus (Li et al., 2014; Sun et al., 2014;
Plazek et al, 2014; Stavridou, 2016), and Miscanthus may be considered a moderately salt tolerant
crop with salt concentrations higher than 100 mM NaCl (approximately 10 dS/m) reducing crop
yields considerably. Until now the genetic diversity of salt tolerance in Miscanthus germplasm has
not been investigated, although Sun et al. (2014) indicate that M. sinensis may harbour significant
genetic variation for salt tolerance. The current study aims to explore genetic diversity of Miscanthus
breeding materials to identify genotypes for cultivation in saline soils, and genotypes that harbor salt
tolerance traits and can serve as materials for improvement of Miscanthus salt tolerance. The results
showed that several genotypes with relatively high salt tolerance appeared to rely on different
mechanisms, offering opportunities for breeding programs aimed at improving tolerance of

Miscanthus.
2 Materials and Methods
2.1 Plant materials

Seventy genotypes of Miscanthus were evaluated for salt tolerance (Table 1). The set included 57 M.
sinensis, 5 M. sacchariflorus and 8 hybrids (OPM-9 is Miscanthus x giganteus) and each genotype
was cloned and propagated by tissue culture. The genotypes were supplied by different sources
(Aberystwyth University, Institute for Agricultural and Fisheries Research ILVO, and Wageningen
University & Research). Two genotypes were tested in a pilot experiment to establish optimal

experimental conditions.
2.2 Pilot experiment

Two genotypes (OPM-13 and OPM-38) were grown under different levels of salinity (0 mM, 125
mM, and 250 mM NaCl). The seedlings were propagated in vitro, transferred to the hydroponics
system and allowed to acclimate for 1 week. The hydroponics system consisted of containers (22 L,

40 cm length, 30 cm width and 20 cm height) that can hold up to 12 Miscanthus plants. A maximum
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of 16 containers can be connected as a unit to a single reservoir, with capacity of S00L nutrient
solution. For the pilot experiment, three units were used for the three different salt levels, each with
2 connected containers. The nutrient solution was half-strength modified Hoagland’s solution
(Supplemental Table 1), maintained at pH 5.8 and refreshed weekly. Seedlings with four leaves were
selected and transferred to the hydroponics containers. Each container had two genotypes in four
replications (8 plants). After one week of acclimation, NaCl was added to the nutrient solutions of
two of the units with a 25 mM daily increment until a concentration of 125 mM NaCl. Only one of
those units received two more additions of 62.5 mM NaCl to reach 250 mM NaCl. The average
day/night temperatures were set at 25/18°C, and the photoperiod regime was 16 hours light and 8
hours dark. Greenhouse environmental humidity was controlled at 70%. Additional lighting (100
Wm<?) was used when the incoming shortwave radiation was below 200 Wm. After 2 weeks of salt
treatment the shoot dry weight and Na™ and CI- concentrations of the shoots were measured and
evaluated.

Table 1. Miscanthus genotypes screened for salt tolerance. The OPM code for the genotypes was
used within the EU project OPTIMISC.

No. Supplier Genotype No. Supplier Genotype
OPM-4 IBERS M. sacchariflorus OPM-66 WUR M. sinensis
OPM-5 IBERS Hybrid (M. sinensis x M. sacchariflorus) ~ OPM-67 WUR M. sinensis
OPM-6 IBERS  Hybrid (M. sacchariflorus x M. sinensis) ~ OPM-68 WUR M. sinensis
OPM-7 IBERS Hybrid (M. sacchariflorus x M. sinensis) OPM-69 WUR M. sinensis
OPM-8 IBERS Hybrid (M. sacchariflorus x M. sinensis) ~ OPM-71 WUR M. sinensis
OPM-9 IBERS Hybrid (Miscanthus x giganteus) OPM-72 WUR M. sinensis
OPM-10 IBERS Hybrid (M. sacchariflorus x M. sinensis) ~ OPM-73 WUR M. sinensis
OPM-11 IBERS M. sinensis OPM-74 WUR M. sinensis
OPM-13" WUR M. sinensis OPM-75 WUR M. sinensis
OPM-16 IBERS Hybrid (M. sacchariflorus x M. sinensis) OPM-76 WUR M. sinensis
OPM-19 IBERS M. sacchariflorus OPM-77 WUR M. sinensis
OPM-20 IBERS Hybrid (M. sacchariflorus x M. sinensis) ~ OPM-78 WUR M. sinensis
OPM-24 IBERS M. sacchariflorus OPM-79 WUR M. sinensis
OPM-26 IBERS M. sacchariflorus OPM-81 IBERS M. sinensis
OPM-30 IBERS M. sinensis OPM-82 WUR M. sinensis
OPM-31 IBERS M. sinensis OPM-83 WUR M. sinensis
OPM-32 IBERS M. sinensis OPM-84 WUR M. sinensis
OPM-33 IBERS M. sinensis OPM-86 WUR M. sinensis
OPM-34 IBERS M. sacchariflorus OPM-87 WUR M. sinensis
OPM-37 WUR M. sinensis OPM-88 WUR M. sinensis
OPM-38" WUR M. sinensis OPM-89 WUR M. sinensis

(Continued)
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Table 1. Continued

No. Supplier Genotype No. Supplier Genotype
OPM-41 WUR M. sinensis OPM-90 WUR M. sinensis
OPM-42 WUR M. sinensis OPM-91 WUR M. sinensis
OPM-44 WUR M. sinensis OPM-92 WUR M. sinensis
OPM-45 WUR M. sinensis OPM-94 WUR M. sinensis
OPM-47 WUR M. sinensis OPM-96 IBERS M. sinensis
OPM-48 WUR M. sinensis OPM-97 IBERS M. sinensis
OPM-49 WUR M. sinensis OPM-98 WUR M. sinensis
OPM-50 WUR M. sinensis OPM-99 WUR M. sinensis
OPM-56 WUR M. sinensis OPM-100 ILVO M. sinensis
OPM-57 WUR M. sinensis OPM-101 WUR M. sinensis
OPM-58 WUR M. sinensis OPM-103 WUR M. sinensis
OPM-59 WUR M. sinensis OPM-104 WUR M. sinensis
OPM-62 WUR M. sinensis OPM-107 WUR M. sinensis
OPM-64 WUR M. sinensis OPM-108 WUR M. sinensis
OPM-65 WUR M. sinensis OPM-109 IBERS M. sinensis

(IBERS) Institute of Biological, Environmental and Rural Sciences, Aberystwyth University, UK
(ILVO) The Institute for Agricultural and Fisheries Research, Belgium

(WUR) Wageningen University & Research, the Netherlands

* In pilot experiment

2.3 Main experiment design

Seedlings from the 70 genotypes were propagated in vitro for 6 weeks and allowed to form roots.
Then they were transferred to the greenhouse and allowed to acclimate for 2 weeks on hydroponic
containers in the greenhouse (Unifarm, Wageningen University & Research). Uniform seedlings with
four leaves were selected and transferred to the hydroponics system for evaluation. Four
independently controlled hydroponics units were used; two units for control and the other two for the
salt treatment (Supplemental Figure 1), and each unit consisted of twelve connected containers that
could hold 12 plants. The hydroponics system was filled with half-strength modified Hoagland’s
solution. After 1 week in the hydroponics system, NaCl was added to two of the four units with a 50
mM daily increment to bring the final concentration to 150 mM NaCl. The experiment had a split
plot design with four replicate plants per genotype per treatment. For this, the 70 genotypes and 2
dummy plants were randomly assigned to the plant positions in 6 containers as one replication. Two
replications of 70 genotypes were grown in 12 containers on each unit, to a total of 4 replications on
two units per treatment. The nutrient solution was refreshed weekly and maintained at pH 5.8. The

greenhouse conditions were similar to the pilot experiment.
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2.4 Assessment of growth traits

During the experiment, data was collected for plant height, leaf expansion, and tiller number for all
plants grown under control and saline conditions. Plant height was measured from the base of the
plant to the tip of the highest leaf with a ruler at day 1, day 10 and day 17 after starting the stress
treatment. Growth rate was taken as the growth in height per day, expressed as cm/day. This was
calculated as the difference in plant height between two timepoints, divided by the number of days
between the timepoints. To measure leaf expansion, the youngest leaf of each plant was marked at
the beginning of salt treatment and the length of this leaf was measured 4 times, 1, 3, 5 and 7 days
after starting the stress treatment. Leaf expansion rate was expressed as the average leaf length
increase per day and calculated as the difference of the leaf lengths at day 7 and day 1 divided by the
number of days between these measurements (expressed as cm/day). Leaf senescence was measured
by visual scoring of all leaves of each plant 17 days after starting the salt treatment. Leaf senescence
scale is from 1 to 9 according the percentage of senescence area (1 =no senescence, 3 =senesced area
1-30%, 5 =senesced area 30-60%, 7 =senesced areas 60-90%, 9 =senesced area > 90%). At harvest,
17 days afer starting the stress treatment, all seedlings from the control and salt treatments were
separated into shoots and roots. Plant shoot fresh weight was measured immediately at harvest. Both
plant parts were dried separately in a forced-air oven at 70°C for 2 days, and the dry weight was

measured.
2.5 lon chromatography

For determination of the ion concentrations in the shoots and roots of each genotype, four replicated
samples per genotype were ground to fine powder using a hammer mill with 1 mm sieve following

the protocol described by Nguyen et al. (2013). Dry leaf and root powders (25%1 mg) were ashed at
575°C for 5 hours. Ashed samples were dissolved by shaking for 30 minutes in 1 ml 3M formic acid
at 99°C and then diluted with 9 ml MiliQ water. The samples were shaken again at 80°C for another

30 minutes. A final 500x dilution was subsequently prepared by mixing 0.2 ml sample solution with
9.8ml MiliQ to assess the Na*, K*, CI- and Ca®' content of each root and leaf sample using Ion

Chromatography (IC) system 850 Professional, Metrohm (Switzerland).
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2.6 Statistical analysis of phenotypic data

Analysis of variance (ANOVA) was done in a split plot design using Genstat 15th version. The four
hydroponics units contained four replicated whole plots (schematically represented in Supplementary
Figure 1). The whole plots were divided in two split plots of two adjacent units. The two treatments
were assigned to one of the two units in a split plot. Each split plot contained 6 adjacent containers
as a block (2 blocks per unit, and 4 blocks per treatment). Within each block, genotypes were
randomly distributed. The growth rate and leaf expansion of each genotype in control and saline
conditions were compared by student’s T-test. Correlation coefficients (r) among all the parameters
were calculated. All statistical analyses were performed using the statistical software package Genstat

15" edition (VSN International Hemel Hempstead, UK).
3 Results
3.1 Growth responses to salinity stress

In a pilot experiment, two genotypes (OPM-13 and OPM-38) were grown on hydroponics at 3
different salt conditions (0, 125, and 250 mM NaCl). Growth of these Miscanthus genotypes was
already affected at 125 mM (shoot dry weight was reduced by 24% and 68% for OPM-38 and OPM-
13, respectively, and 36% and 63% at 250 mM NaCl). At both salinity levels, Na® and CI
concentrations of the shoots were significantly increased (Supplementary Table 2). The high salt
concentration of 250 mM seriously damaged the seedlings, which may confound the physiological
interpretation of ion concentration data in relation to ion homeostasis. We concluded that a salt stress
of 150 mM NaCl of the plants would affect growth of the plants considerably but inflict only limited
damage. Therefore, we chose a salt stress level of 150 mM NacCl for identifying salt tolerant genotypes

and traits contributing to salt tolerance.

The 70 genotypes showed a wide variation in response to 150 mM NacCl salt treatment. There were
significant differences in leaf expansion, growth rate, shoot fresh weight, shoot dry weight, root dry
weight, root length, the number of leaves and senescence score between the 70 genotypes (P <0.001)
and between control and salt treatment (P <0.001) (Figure la - 1g). The reduction under saline
conditions compared to control conditions for expansion of young leaves and growth rate in plant
height was 27% and 54%, respectively. The average shoot dry weight decreased by 58% from 1.83 g
under control conditions to 0.77 g under salt stress conditions. The average root dry weight was also

decreased but to a lesser extent, from 0.57 g in control conditions to 0.45 g under salt stress. The
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average number of leaves was reduced from 3.8 to 2.6 as a result of salt stress, and senescence was

increased around 1.5 fold at harvest in salt-stressed plants.
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Figure 1. Box plots of growth trait data of Miscanthus under 0 mM NaCl (C) and 150 mM NaCl

(S): Expansion and growth rate (a), shoot fresh weight (b), shoot dry weight (c), root dry weight (d),
root length (e), number of leaves (f), and senescence (g). Box edges show upper and lower quartile
and the median is shown in the middle of the box. Mild outliers are shown as dots.

3.2 Growth rates

The height of the salt treated plants was reduced 14-88% while the growth rate was decreased from
41-86% in the 70 genotypes. The growth rate of the seedlings was highly correlated to height both
under salt (r =0.81) and control conditions (r =0.94). This trait also showed significant correlation
with shoot dry weight under salinity (r =0.68) and control conditions (r =0.76). The growth rate of 22
genotypes was not significantly different at early stages between control and salt conditions (Table
2).
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3.3 Leaf expansion rates

The leaf expansion rate of the 70 genotypes was on average reduced by 27% from 2.67 cm/day under

control conditions to 1.96 cm/day under saline conditions. Expansion rate of the second young leaf

showed a more marked difference between the salt-treated and control seedlings than the flag leaf.

There were significant effects for genotype (p <0.001), treatment (p <0.001) and genotype by

treatment interaction (p =0.004) for leaf expansion rate (Table 2). Expansion rate differences between

control and salt-treated genotypes ranged from 3% to 48%. In 46 genotypes, the leaf expansion rate

was not significantly different from control. Leaf expansion rate significantly correlated with shoot

dry weight under salinity (r =0.86) and control conditions (r =0.82).

Table 2. Plant growth rate (plant height increase) and leaf expansion rate of leaves of Miscanthus
genotypes grown on hydroponics at 0 mM NaCl and 150 mM NacCl.

Growth Rate (cm/day) Expansion Rate (cm/day)
Genotype 0 mM 150 mM Sig. 0 mM 150 mM Sig.
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
OPM-4 231 1.08 056 038 * 3.39 0.62 2.38 0.71
OPM-5 298 036 1.38 031 ** 366 0.69 2.92 0.76
OPM-6 256 043 068 026 *** 3091 1.34 2.06 0.15 *
OPM-7 2.00 057 143 022 2.05 0.76 2.47 0.23
OPM-8 229 045 053 025 #2246 0.95 1.54 0.24
OPM-9 1.77 080 0.57 0.39 * 1.87 0.80 1.64 0.57
OPM-10 .51 1.13 071  0.50 3.28 1.29 2.36 0.95
OPM-11 252 036 1.55 034  ** 3.95 0.54 3.13 0.52
OPM-13 1.17  0.64 061 044 2.18 0.32 1.62 0.39
OPM-16 1.99 089 090 043 3.62 0.93 2.23 0.40 *
OPM-19 350 078 136 0.25 o 4.14 0.19 2.59 0.24  H**
OPM-20 267 072 1.06 0095 * 3.89 0.61 2.67 0.61 *
OPM-24 310 127 078 047 * 3.36 1.01 2.00 1.07
OPM-26 1.40 080 038 0.39 1.52 0.35 1.93 0.64
OPM-30 1.81 052 086 047 * 2.65 0.58 1.76 0.15 *
OPM-31 1.14 032 060 0.18 * 1.94 0.71 1.67 0.44
OPM-32 3.67 0.41 1.28 048  *** 368 0.97 2.78 1.00
OPM-33 .11 031 042 0.12  ** 1.53 0.69 0.99 0.27
OPM-34 1.28 055 075 0.12 1.34 0.39 1.20 0.30
(Continued)
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Table 2. Continued

Growth Rate (cm/day) Expansion Rate (cm/day)
Genotype 0 mM 150 mM Sig. 0 mM 150 mM Sig.
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
OPM-37 227 1.00 095 0.52 2.82 1.28 2.37 0.70
OPM-41 1.47 028 0.71 033 * 2.44 0.11 1.51 0.44 *ox
OPM-42 149 050 091 0.17 2.35 0.65 2.01 0.33
OPM-44 0.81 0.68 040 0.30 1.81 0.49 1.65 0.31

OPM-45 147 057 038 034 * 1.30 0.71 0.95 0.28
OPM-47 039 0.16 0.05 0.03 ok 0.84 0.28 0.71 0.08
OPM-48 1.78 0.12 1.08 0.26 ok 2.35 0.23 2.40 0.34
OPM-49 1.87 052 082 0.19 ok 3.14 0.44 2.06 0.15 ox
OPM-50 144 039 058 049 * 3.68 1.01 2.49 0.18
OPM-56 224 030 089 0.84 * 3.45 0.67 2.46 0.74
OPM-57 302 091 088 0.18 ok 4.10 0.51 2.39 0.27 A
OPM-58 1.57 052 0.61 0.46 * 2.66 0.50 1.41 0.54 *
OPM-59 250 005 1.17 0.14 356 0.25 2.41 0.20  H*x
OPM-62 1.54 042 046 034 wx 2.75 0.59 1.49 0.37 *

OPM-64 1.61 030 1.07 0.34 2.66 0.24 1.97 0.41 *
OPM-65 235 036 122 0.27 ok 3.13 0.37 2.10 0.18 *ox
OPM-66 096 0.12 082 0.14 1.54 0.08 1.49 0.27
OPM-67 1.23  0.63 047 038 2.67 0.86 1.89 0.19
OPM-68 0.84 062 059 0.13 1.49 0.44 1.31 0.25
OPM-69 276 068 128 0.50 * 2.31 0.94 2.12 0.50
OPM-T71 2.00 084 131 0.20 3.00 0.72 2.46 0.15
OPM-72 145 062 1.01 035 2.42 0.67 1.84 0.09
OPM-73 1.61 092 090 041 2.22 1.38 2.54 0.65

OPM-74 224 026 086 0.46 ok 2.58 0.70 1.81 0.69
OPM-75 165 017 1.11 024 ok 2.32 0.36 1.93 0.25
OPM-76 1.24 087 0.72  0.26 2.23 0.41 2.08 0.36
OPM-77 1.83 045 1.00 049 * 2.21 0.39 1.50 0.32 *
OPM-78 225 033 127 033 ok 2.70 0.93 2.13 0.81
OPM-79 339 051 1.21  0.84 ok 4.00 1.01 3.34 0.83
OPM-81 142 039 068 0.20 * 2.22 0.71 1.43 0.35

(Continued)
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Table 2. Continued

Growth Rate (cm/day) Expansion Rate (cm/day)
Genotype 0 mM 150 mM Sig 0 mM 150 mM Sig.
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
OPM-82 1.58 053 1.10 0.11 2.65 0.22 2.09 0.26 *
OPM-83 1.35 048 0.88 0.16 1.89 0.56 1.63 0.16
OPM-84 196 036 1.07 0.20 K 2.85 0.41 2.31 0.12 *
OPM-86 1.80 020 0.83 028 *#** 239 0.61 1.81 0.39
OPM-87 250 020 0.83 044 326 0.27 1.96 0.50 *x
OPM-88 2.10 086 0.89 0.34 * 2.63 1.21 1.91 0.53
OPM-89 248 0.14 1.15 0.08 **¥* 365 0.24 2.07 0.39  H**
OPM-90 1.80 022 078 0.05 **¥* 288 0.38 1.96 0.10 k¥
OPM-91 1.78 045 0.74 0.38 * 2.82 0.57 1.69 0.48 *
OPM-92 270 029 146 034 374 0.38 2.35 0.16  ***
OPM-9%4 0.88 042 050 0.38 0.94 0.58 0.87 0.30
OPM-96 2.08 032 076 041 *x 3.29 0.27 1.72 0.52 oK
OPM-97 1.96 040 122 0.16 * 3.34 0.24 2.17 030  ***
OPM-98 1.61 048 1.06 0.47 2.24 0.82 1.84 0.25
OPM-99 1.58 021 089 0.10 *** 265 0.39 2.25 0.75
OPM-100 .76~ 0.40 0.78  0.49 * 1.61 0.56 1.37 0.41
OPM-103 .11 035 0.53 0.46 1.56 0.43 1.20 0.24
OPM-104 145 038 0.67 0.30 * 2.21 0.46 1.70 0.49
OPM-107 3.00 027 1.14 036 ** 378 0.36 2.24 032  H**
OPM-108 142 028 085 025 * 1.80 0.32 1.39 0.14
OPM-109 290 059 154 047 * 3.51 0.95 2.41 0.59

*; ek Hk: significant at P<0.05; 0.01; 0.001 respectively

3.4 Na' accumulation in leaves

The 70 genotypes showed large differences in leaf Na* concentration of salt-stressed plants, from
4.25 mg/g in OPM-59 to 47.22 mg/g in OPM-47, and the K*/Na" ratio ranged from 5.39 in OPM-59
to 0.49 in OPM-47 (Figure 2 and Supplenmentary Figure 2). Of the 6 genotypes with the highest Na*
concentrations in the leaves (OPM-47, 49, 57, 66, 67, and 94), OPM-49 and 57 had a relatively high

tiller number and low percentage of dead leaves and OPM-57 had slightly higher than average

biomass (Table 3.). This indicates that these genotypes may utilize a tissue tolerance mechanism,

possibly by accumulation of Na* in vacuoles. On the other hand, some genotypes showed low shoot
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sodium concentrations under salt stress. Six genotypes (OPM-4, 32, 37, 59, 69, and 71) not only
showed the lowest Na* concentration but also had the highest K*/Na" ratio in leaves. Additionally,
these genotypes demonstrated less senescence on leaves compared with the high-Na® genotypes,
relatively high biomass, and low leaf Na* /root Na* ratio. This indicates that these genotypes may
utilize a shoot exclusion mechanism under saline conditions. Among these, OPM-37 was relatively

tolerant and it also had the highest biomass of all genotypes under saline conditions (Table 4.).

Table 3. Trait comparisons of 6 Miscanthus genotypes with high leaf Na* ion concentrations under
salt stress, grown at 150 mM NaCl on hydroponics.

Genotype OPM-47 OPM-49 OPM-57 OPM-66 OPM-67 OPM-94 Average of 70 genotypes
Tiller number 0 2.25 2 1.25 2.25 0 1.73

Dead leaves (%) 50 32 35 40 40 56 28

Leaf Na™ (mg/g) 4722 3036 2632 33.62 2435 20.66 12.55

Root Na* (mg/g) 56.5 32.85 3333 50.99 3458 29.81 37.23

Leaf K* (mg/g) 20.45 2144 21.66 19.81 13.69 17.58 20.67
Biomass (g) 0.23 0.63 0.82 0.35 0.64 0.31 0.77

Salt tolerance (%) 41 44 29 41 54 50 43

K*/Na" in leaf 0.43 0.71 0.82 0.59 0.56 0.85 2.08

Leaf Na“/Root Na*  0.84 0.92 0.79 0.66 0.70 0.69 0.34

Table 4. Trait comparisons of 6 Miscanthus genotypes with low leaf Na* concentrations under salt
stress, grown at 150 mM NaCl on hydroponics.

Genotype OPM-4 OPM-32 OPM-37 OPM-59 OPM-69 OPM-71 Average of 70 genotypes
Tiller number 2.8 1 3 1.3 1.8 0 1.7

Dead leaves (%) 29 20 23 22 20 24 28

Leaf Na* (mg/g) 7.76  5.19 6.27 4.25 6.27 4.52 12.55

Root Na* (mg/g) 40.4 37.64 30.04 39 43 42.45 37.23

Leaf K*(mg/g) 34.05 28.53 2568 22.17 25.85 2241 20.67
Biomass (g) 0.79 1.13 1.56 0.96 0.88 1.05 0.77

Salt tolerance (%) 33 34 49 46 47 46 43

K*/Na* in leaf 4.39 5.50 4.01 5.22 4.12 4.96 2.08

Leaf Na*/Root Na* 0.19 0.14 0.21 0.11 0.15 0.11 0.34
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Shoot Ion Content (mg/g)
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3.5 Ion homeostasis change to salinity stress

The boxplots in Figures 3a and 3b show the genotypic variation of the ion contents in both shoots and
roots under control and salt conditions. There were significant differences in the ion concentrations
(P <0.001) in shoots and roots of 70 genotypes under control and salt treatment (P <0.001). The
interaction between genotypes and treatments was significant (P <0.001) for both Na" and CI-
concentration under salt stress. In both shoots and roots, the Na™ and CI- concentrations increased
significantly under salt stress (P <0.001), while [K*] and [Ca®*] decreased at 150 mM NaCl. In the
leaves, Na* and CI" concentrations increased 4.6-fold and 3.1-fold under salt treatment, accumulating
to 12.55 mg/g for Na* and 18.07 mg/g for CI- (Figure. 3a) but K* and Ca>* concentrations in the shoots
under saline conditions were 0.5- and 0.6-fold lower than those under control conditions. In the roots,
Na“ and CI- concentrations showed 13- and 5-fold increases under salt treatment, respectively
accumulating to 37.23 mg/g for Na" and 19.66 mg/g for CI- (Figure. 3b) while both K* and Ca>*
concentrations decreased by 50% compared with those under control conditions. Under salt stress,
Na* concentration in the roots was much higher than in shoots (3.6 fold), while CI- concentration in
roots was slightly higher than in shoots (1.23 fold). This indicates that these genotypes may have an

active mechanism to keep the Na* concentration low in the shoots.
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Figure 3. Box plots of ion concentrations of leaves (a) and roots (b) of 70 Miscanthus genotypes in
control (C) and salt (S) conditions. Box edges show upper and lower quartile and the median is shown
in the middle of the box. Mild outliers are shown as dots and extreme outliers shown as stars.

3.6 Salt tolerant genotypes

Salt tolerance was assessed as the percentage of shoot dry weight under saline relative to control
conditions. The set of seventy genotypes grown at 150 mM NaCl in the hydroponic system showed

large variation for salt tolerance, from 26% for OPM-24 to 69% for OPM-31 (Figure 4. and
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Supplenmentary Figure 3). Salt tolerance of the commercial genotype OPM-9 (Miscanthus %
giganteus) was 42%. The shoot dry weight in salt stress varied from 0.23 g to 1.56 g, and from 0.55
g to 3.97 g under control conditions. The reduction in shoot dry weight ranged from 30% to 73%. It
is interesting to note that the genotypes with high salt tolerance (over 50%, less than 50% reduction
in biomass) generally had relatively low biomass under control conditions. The top 10 genotypes for
salt tolerance had less biomass (1.48 g) compared to overall average (1.83 g) under control conditions
but the biomass was slightly higher than average (0.84 g vs 0.77 g) under salt stress (Supplementary
Table 3). Those genotypes therefore were the most tolerant, but typically not the most productive
under control conditions. The top 10 genotypes with high yield had on average more biomass under
control conditions (2.99 g vs 1.83 g) and more biomass compared to the overall average under salt
stress (1.23 g vs 0.77 g). These genotypes were still more productive under saline conditions, even if
they were less tolerant to salinity (Supplementary Table 3). The genotype OPM-37 seemed to be
interesting because it has the highest yield (1.56 g) under salt stress, is among the higher producers

(3.16 g) under control conditions and is relatively salt tolerant (49%).
3.7 Associations between growth traits and salt

Correlations between the different physiological traits and ion concentrations are given in Table 5. A
highly significant negative correlation of Cl-and Na* concentrations in shoots was found with growth
traits (shoot dry weight, shoot fresh weight, root dry weight, and root length) under salt stress. Leaf
Cl- and Na* concentrations were negatively correlated (P<0.001) to the shoot biomass (r =-0.43 and
-0.53, respectively) at 150 mM NaCl. Under salt treatment, there was a high correlation between CI°
and Na* concentrations in both leaves (r =0.94) and roots (r =0.66) but under control conditions there
was only a weak correlation in leaves (r =0.26) and no significant correlation in roots. The shoot dry
weight was positively correlated with leaf expansion rate, root dry weight, growth rate, and root length
under salt stress (r =0.86, 0.85, 0.68 and 0.62, respectively). The correlation between K™ and Na*
concentrations in leaves and roots were not significant under salt stress while there was weak
correlation for these traits in both leaves (r =0.48) and roots (r =0.44) under control conditions.
However, the K* concentration in leaves was positively correlated with shoot fresh weight (r =0.41)
and weakly correlated with shoot dry weight (r =0.30) at 150 mM NaCl, similar to the correlations at
0 mM NaCl (r =0.4 and 0.28, respectively). The ratio of K*/Na* was positively (P <0.001) related to
the shoot biomass (r =0.56) in all genotypes under salt treatments but it was weak (r =0.31) under

control conditions.
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Table 5. Pearson correlations between the traits under salt stress (left lower triangle) and control
(right upper triangle). The left upper to right lower corner diagonal indicates the correlation between
trait values for control and saline conditions.

N Na* " CI- Na* " K*/Na" K'/Na" . Tiller Leaf
Cl" leaf leaf K" leaf oot oot K root leaf  root Exp  GR Height SFW SDW RDW RL No.  No.

Sen DL

o 10.09 0.26 .-0.09 0.31 0.00 0.26 -0.24‘ 0.20 0.52 0.44 0.45 035 0.09 0.28 0.13@0.01 0.21
Naweaf-o.m 0.48 0.21 0.20 0.17 --0.08 -0.07 0.03 0.00 -0.02 -0.09 -0.09 0.04 -0.12 0.22 -0.04 0.05
K leat |0.00 -0.23m 0.31 0.20 0.18 -0.12 0.18 0.44 0.34 0.40 0.28 0.07 0.20 0.19 0.56 0.08 0.23
Crroot [0.25 0.11 031 0.14 0.11 0.05 -0.15 -0.09 msW-o.zz -0.19 -0.04 -0.10 -0.22E 0.18 0.21
Na'root [ 0.37 026 0.13MO.23 0.44 -0.04- 0.09 0.26 0.20 0.17 0.11 0.01 0.04 0.02 0.12 0.00 0.10

K root |-0.13-0.16 0.28 0.37 0.07 0.29 -0.05 0.44 -0.17 -0.04 -0.11 -0.09 -0.10 -0.04 -0.14 0.06 -0.07 0.17 0.14
K*/Na*
leaf
K*/Na*
root

0.20 0.02 0.24 0.14 0.13 021 0.39 0.33 035 0.31 0.12 0.06 0.28 0.23 -0.03-0.04
10.24-0.20 0.15 -0.03- 0.16 -0.01 -0.19 -0.21 -0.21 -0.16 -0.12 -0.05 -0.17 0.11 -0.06 0.1 0.02
0.28 0.21 -0.20 0.01 0.48 0.06 0.60 049 0.35 0.03 -0.05

Exp

GR 0.16 -0.09-0.19 0.19 0.44 0.22 0.34 0.61 -0.04-0.01
Height 0.25 -0.21 -0.22 0.01 0.49 0.06 0.42 0.61 -0.03-0.04
SFW 0.41 -0.08 -0.12 0.14 0.57 0.13 0.52 u-0.02 -0.03
SDW 0.30 -0.17-0.18 0.01 0.56 0.05 0.53 0.61 -0.02-0.06
RDW 0.09 -0.20-0.19 0.04 0.40 0.08 0.38 0.27 0.00 -0.11
RL -0.03 -0.18 -0.18 -0.16 0.23 -0.11 0.61 0.60 0.59 0.62 0.21 0.36 -0.01-0.03
Tiller No.|-0.18 -0.20 0.16- 0.11 -0.09 0.46 0.19 0.44 0.39 0.44 0.37 0.40 0.45 0.31 0.12 0.07

Leaf No. |-0.18 0.48 0.07 0.13 0.10 0.42 0.00 0.29 0.29 0.32 0.47 0.35 0.22 0.28 0.25 --0.01 0.09

-0.22-0.06 -0.13 0.12 -

0.19

Senescence (Sen), Dead leaves (DL), Expansion rate (Exp), Growth rate (GR), Shoot Fresh Weight (SFW), shoot dry
weight (SDW), Root dry weight (RDW), Root length (RL).

4 Discussion

Bioenergy crops are an important alternative to fossil fuel, and a valuable addition to other alternative
forms of energy (Brosse et al., 2012). Growing these crops on underutilized, marginal soils like saline
soils would avoid competition with food crops for agricultural lands. The potential for improvement
of Miscanthus for salinity tolerance still remains to be established, as most research has focused only
on Miscanthus % giganteus (Plazek et al., 2014; Stavridou et al., 2016) and genetic diversity for
salinity tolerance of Miscanthus germplasm is largely unknown. The current study evaluated seventy
Miscanthus genotypes under salt stress and showed that broad diversity for salt tolerance and salt
tolerance traits is present in Miscanthus. Several highly salt tolerant genotypes utilizing different

mechanisms can be considered as valuable breeding materials.
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4.1 Screening system

A reliable screening system for salt tolerance traits is essential, as uniform exposure of plants to salt
stress is hard to establish and control in field experiments (Munns and James, 2003; Almeida et al.,
2016). Hydroponic systems supply uniform conditions for the root environment, and have a high
capacity of genotypes at the same time (Nguyen et al., 2013; Chan-Navarrete et al., 2014). Using such
a system, traits and QTLs contributing to variation in salt tolerance in barley were already successfully
identified (Long et al., 2013; Nguyen et al., 2013), and to variation in nitrogen use efficiency in
spinach (Chan-Navarrete et al., 2016). It is important to keep in mind however that factors like soil
texture and composition that in the field 