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Exploiting induced genetic diversity through using mutagenesis is particularly
important in giant miscanthus (Miscanthus x giganteus; Mxg) due to its restricted genetic
variability. Experiments were conducted to develop an efficient in vitro propagation
protocol for Mxg, induce mutations in Mxg using a chemical mutagen, and select Mxg in
vitro for heat tolerance. To optimize in vitro propagation of Mxg, five explant types [i.e.
immature inflorescences, shoot apex (in vitro), shoot apex (greenhouse), leaf explants (in
vitro), and leaf explants (greenhouse)] were tested on five media. Shoot forming calli
from immature inflorescences, an excellent source of explant in Mxg, grown in media
with 13.6 microM 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.44 microM 6benzylaminopurine (BA) resulted in greatest shoot regeneration rate. Optimization of
explant and callus type and media resulted in efficient in vitro proliferation of Mxg and
the developed protocol was utilized in consecutive experiments of mutation induction and
in vitro selection of Mxg for heat tolerance. Immature inflorescence explants (1-2 mm)
were treated with 0.6%, 1.2%, and 1.8% of ethyl methanesulfonate (EMS) whereas the
calli (1-2 mm3) were treated with 1.2%, 2.4%, and 3.6% of EMS for 90 min. Results of

inter simple sequence repeat PCR analysis revealed polymorphisms indicating presence
of genetic differences in Mxg putative mutants. In vitro callus cultures (mutagen treated
and non-treated) of Mxg subjected to temperature treatments of 45±2oC for 12 hrs or
40±2oC for 7 days were selected for heat tolerance. Assessment results of electrolyte
leakage and photosystem II (PS II) efficiency tests indicated a significant difference in
percent membrane damage among Mxg clonal lines whereas PSII was weakly affected by
the heat stress. The results suggest that in vitro derived Mxg clonal lines may be utilized
for further studies of Mxg heat tolerance in developing potential Mxg ecotypes to adapt
to different thermal environments. These studies provided the first investigation of in
vitro induced mutagenesis in Mxg using a chemical mutagen. Genetic analysis results
presented in this study indicates the potential use of developed Mxg putative mutants in
future research programs, although significant morphological alterations were not
observed during preliminary screening in the greenhouse.
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CHAPTER I
INTRODUCTION

While world’s crude oil consumption is drastically increasing, it was forecasted
that the maximum output of economically extractable oil is either approaching or already
passed. In addition to the estimated depletion of the world’s oil reserves, a drastic
increase of global energy consumption, rising gasoline prices, and growing greenhouse
gas emission have sparked interest in renewable energy. The United States government
has set a target to replace 30% of the petroleum fuel use in the transportation sector with
renewable resources by 2030 to help overcome America’s dependence on foreign energy
sources (Dhugga 2007; Heaton et al. 2008). Renewable energy refers to sources that do
not irreversibly exhaust or deplete resources such as; wind, solar, and biofuels (Vermerris
et al. 2007).
Ethanol is the leading, commercially produced biofuel while biodiesel contributes
to the second distinct. Fig. 1.1 shows the world and the United States ethanol and
biodiesel production (thousand barrels per day) in 2001-2011; however, there has been
drastic increase in the world biodiesel production over the years outyielding the world
ethanol production in 2011. Currently, ethanol is being produced from first generation
feedstocks such as starch/sugar of corn (Zea mays) and sugarcane (Saccharum spp.) in
the United States and the Brazil, respectively. Lignocellulosic biomass harvested from
dedicated bioenergy crops or from dried crop residues, the second generation feedstock
1

for ethanol and biodiesel production, has attracted attention recently due to its economic
feasibility and environmental sustainability. Lignocellulosic biomass provides a rich
source of solar energy trapped mainly as complex carbohydrates in plant cell walls, the
conversion of which to biofuels may not negatively impact the price of cereal (Carpita
and McCann 2008). The United States government mandates have targeted replacing
petroleum usage with ethanol derived especially from lignocellulosic biomass (Heaton et
al. 2008). Mainly there are two reasons for leaning towards lignocellulosic biomass: (1)
Current maize production is not enough to fulfill the ethanol demand (2) Maize
production requires large energy for planting practices and inputs such as fertilizer,
herbicide, and pesticides leading to small net energy gain out of the ethanol produced
from the crop (Heaton et al. 2008).
The candidate lignocellulosic feedstocks are stover from corn or sorghum
(Sorghum bicolor), straw from wheat (Triticum aestivum), bagasse from sugarcane,
switchgrass (Panicum virgatum), Miscanthus spp, and some woody plants [hybrid poplar
(Populus spp), eucalyptus (Eucalyptus spp), willow (Salix spp), and spruce (Picea abies)]
(Vermerris et al. 2007). Among the afore mentioned species, Miscanthus and
switchgrass, perennial C4 grasses belongs to the Poaceae, are considered to be superior
potential feedstocks due to their contribution to a larger net energy production and higher
dry matter production per unit land area (Karp and Shield 2008; Vermerris et al. 2007).
Miscanthus has been widely used in Europe as an economically efficient feedstock for
generation of liquid biofuels and recently it has extended to North America whereas
switchgrass is native to the United States.
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Figure 1.1

The world and the United States ethanol and biodiesel production
(thousand barrels per day) in 2001-2011

(U.S. Energy Information Administration)
The candidate lignocellulosic feedstocks are stover from corn or sorghum
(Sorghum bicolor), straw from wheat (Triticum aestivum), bagasse from sugarcane,
switchgrass (Panicum virgatum), Miscanthus spp, and some woody plants [hybrid poplar
(Populus spp), eucalyptus (Eucalyptus spp), willow (Salix spp), and spruce (Picea abies)]
(Vermerris et al. 2007). Among the afore mentioned species, Miscanthus and
switchgrass, perennial C4 grasses belongs to the Poaceae, are considered to be superior
potential feedstocks due to their contribution to a larger net energy production and higher
dry matter production per unit land area (Karp and Shield 2008; Vermerris et al. 2007).
Miscanthus has been widely used in Europe as an economically efficient feedstock for
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generation of liquid biofuels and recently it has extended to North America whereas
switchgrass is native to the United States.
There are two main conversion technologies to produce liquid biofuel from
biomass: bioconversion and thermal conversion. Bioconversion involves anaerobic
fermentation of the treated biomass whereas thermal conversion utilizes high
temperatures (500 oC) in the absence of oxygen for a shorter period of time to produce
liquid biofuel from biomass. This discussion is mainly concentrated on bioconversion
where the majority of biofuel comes from. One of the key obstacles during biofuel
production is the recalcitrance of lignified cell walls to enzyme hydrolysis. The potential
solutions to mitigate the obstacle are improving the biomass conversion efficiency by
identifying more efficient cell wall-degrading enzymes and/or improving biomass quality
to facilitate the degradation. Biomass quality is determined by cell wall composition (i.e.
cellulose, hemicelluloses, and lignin) and architecture. Since there is a strong negative
correlation between lignin content and sugar released by enzymatic hydrolysis, reduced
lignin content should effectively overcome cell wall recalcitrance to bioconversion. Also,
cell wall composition determines the biomass quantity because cell walls constrain cell
size and cell shape and have a significant role in plant growth and ultimately biomass
yield (Carpita and McCann 2008). Therefore, along with improvements in bioconversion,
enhancing biomass yield and composition has the potential to make liquid biofuels
production considerably more cost effective. This requires: (1) Altering plant
biochemical composition to improve the conversion characteristics, (2) Modifying plant
stature and architecture, (3) Improving resistance to biotic and abiotic stresses, and (4)
Making potential overall biomass yield a target for crop improvement (Vermerris et al.
4

2007). Previous studies on improving biofuel crops have utilized various approaches to
enhance biomass quantity, quality, and conversion efficiency. Those include; exploiting
existing genetic variability through classical breeding approaches, using forward or
reverse genetics to obtain novel mutants, and utilizing transgenic approaches in which the
expression of genes of interest is modified (Vermerris et al. 2007).
In general, although breeding plant biomass feedstock for increased biomass
production and altered plant biochemical composition will solve most of the limitation
with biofuels production, it will take a long time to achieve the goal. Also, sexual
incompatibility barriers associated with some species lead to limited use of conventional
breeding in crop improvement. Under these circumstances, modern molecular approaches
of transgenic technology and also forward and reverse genetics have greatly contributed
to breakthroughs in plant improvement. The genetic engineering approaches involve upregulation of enzymes involved in cellulose and hemicellulose synthetic pathways or
other enzymes involved in enhancing plant biomass characteristics or production of
recombinant cellulases or hemicellulases in plants (Hisano et al. 2009). Also, it is equally
important to down-regulate enzymes involved in the lignin biosynthesis pathway to
reduce lignin content. However, mutation induction techniques, a forward genetics
approach, may induce greater changes in gene expression patterns than transgenic
insertions (Batista et al. 2008) . Further, they do not involve legislative restrictions and
licensing costs as compared to genetically modified organisms.
As a method of inducing variability and creating novel cultivars, mutation
breeding has been successfully utilized in various economically important crop species
including biofuel crops such as corn, sorghum, and sugarcane which are closely related to
5

Miscanthus. Mutants derived from spontaneous mutation have been explored in
discovering novel traits although occurrence of spontaneous mutations is rare. Further,
induced mutation techniques provide tools for the rapid creation and increase in
variability in a homogenous population when traditional breeding is not always possible.
In general, induced mutation is achieved by exposing vegetative propagules, gametes or
seed to ionizing radiation (gamma ray, X-ray, fast neutron etc.) or chemical mutagens
[ethyl methane sulphonate (EMS), sodium azides etc.].
The most promising class of natural mutants observed in biofuel crops are the
brown-midrib mutants associated with low amount of lignin in lignified tissues compared
to normal genotypes of corn, sorghum, and millet (Pennisetum glaucum). It is a simple
recessive phenotypic trait that can be easily recognized by reddish-brown pigmentation of
the vascular tissues in the leaf blade and the sheath (Hisano et al. 2009). Corn brown midrib mutants (bm) resulted from spontaneous mutations of genes producing enzymes
associated with lignin biosynthesis pathway such as caffeic acid 3-O-methyltransferase
(COMT) and cinnamyl alcohol dehydrogenase (CAD) (Hisano et al. 2009). Preliminary
experiments with enzyme saccharification of stover from bm mutants resulted in 40-50%
increased glucose levels compared to the wild type leading to improved biomass
conversion efficiency (Vermerris et al. 2007). Aside from naturally occurring bm
mutants, reduced lignin plants also were identified from chemically induced brown midrib mutants (bmr) of sorghum (Xin et al. 2009). Additionally, novel mutant traits such as
erect leaves (erl), multiple tillers (mtl), and late flowering (lfl) were also observed in a
sorghum mutant population resulting from chemical mutagen (EMS) treatment of seeds.

6

Erect leaves and multiple tillers potentially increase yield whereas late flowering extent
the growing season ultimately resulting enhanced biomass quantity.
The origin of Miscanthus is in East-Asia where there is a wide range of climates
such as tropical, sub-tropical, and warm temperate. Among Miscanthus species, giant
miscanthus [Miscanthus x giganteus (2n=3x=57); Mxg] is a natural sterile hybrid
resulting from crossing of Miscanthus sacchariflorus (2n=4x=76) and Miscanthus
sinensis (2n=2x=38) (Karp and Shield 2008). Mxg can only be propagated vegetatively,
often through rhizomes, and occasionally through nodal sections or by tissue culture
owing to its seed sterility due to its triploid nature. The first experiments on growing
Miscanthus, introduced from Japan, for energy were started in Denmark in the late 1960s
(Lewandowski et al. 2003). As a C4 grass, Mxg is an attractive bioenergy crop having a
very vigorous growth and conferring advantages of potentially greater dry matter yield,
low input requirements, and greater use efficiencies for solar radiation, water, and
nitrogen. Also, Mxg has great potential to serve as a dedicated energy crop since it is
extraordinarily tolerant to low soil fertility and grows well in marginal lands without
impacting human food supply. Furthermore, Mxg’s ability sequester nutrients in the
crown of rhizomes at the end of the growing season make it a better candidate for
biofuels production (Heaton et al. 2008). Other properties, such as high energy output in
co-firing make it an ideal to use as a bioenergy crop though a high ash percentage (3%)
compared to wood (0.1%) and high potassium in the ash are negatives (Karp and Shield
2008; Lewandowski 1997; Lewandowski et al. 2000). Several field studies conducted in
Europe found that Mxg dry matter yield is about 25-35 Mg ha-1 yr-1 with high solar
radiation, temperature, and irrigation (Ercoli et al. 1999; Lewandowski et al. 2003). In the
7

US, field trials and crop productivity models show Mxg can produce more than twice the
yield of upland switchgrass and was greater than the yield observed in Europe (Khanna et
al. 2008). Also, Mxg has exceeded expectations in physiological studies by showing high
levels of photosynthesis under low temperatures [14/11ºC (day/night)] (Clifton-Brown et
al. 2008). However, there are three primary limitations that hinder the use of Mxg in its
maximum potential as a biofuels crop:
1. A narrow genetic base since Mxg is seed sterile;
2. Poor overwintering in cold (below 3oC soil temperature) areas of the
world;
3. High establishment costs since Mxg is primarily propagated through
rhizomes.
Giant miscanthus improvement is at its infancy compared to most of the other
leading biofuel crops such as sugarcane, sorghum, and switchgrass. Considering classical
breeding approaches, the genetic improvement of Mxg has to be initiated with the
collection of germplasm which provide breeders with genetic resources for trait
improvement. However, Mxg does not have a large public germplasm collection in the
United States and access to the Mxg genetic resources has been limited for US breeders
since the center for diversity of Miscanthus is in east Asia (Jakob et al. 2009). Although
Mxg exhibits many desirable traits as a biofuels crop, the yield potential might not be
fully utilized under varying climatic conditions. For example, early flowering in southern
USA prevents utilizing Mxg in its maximum potential (Jakob et al. 2009). Moreover,
genetically uniform monocultures of Mxg are inherently vulnerable to pathogenic
endemics. Also, owing to its’ sterile nature, conventional breeding techniques are not
8

possible with Mxg. Under such circumstances, various molecular approaches such as
induced mutations and biotechnology can be of advantage to improve Mxg’s biofuel
properties and to overcome limitations. There are very few previously reported studies of
Mxg improvement through molecular approaches. Most of them are chromosome
doubling investigations of Mxg although there are some Agrobacterium-mediated
transformation studies of Miscanthus sinensis and Miscanthus sacchariflorus (Chae et al.
2012; Głowacka et al. 2009; Petersen et al. 2003; Petersen et al. 2002). Previous
investigations into polyploids of Mxg induced by colchicine and oryzalin resulted in
autoallohexaploids and putative pentaploids (Chae et al. 2012; Głowacka et al. 2009).
Transgenic Miscanthus sinensis and Miscanthus sacchariflorus, expressing hygromycin
phosphotransferase (hpt) and potato proteinase II (pin II) genes, were produced via
particle bombardment (Wang et al. 2011; Zili et al. 2004). However, no significant
improvements in biofuel traits were observed either through polyploids or transgenic
Miscanthus so far.
Exploiting induced genetic diversity through using mutagenesis to create novel
variations is a proven strategy in the improvement of crops with restricted genetic
variability. Therefore, induced mutation techniques are particularly important in Mxg.
Mutation breeding of Mxg would be especially beneficial since modern attempts at
hybridization between Miscanthus sacchariflorus and Miscanthus sinensis have failed.
This was attributed to poor chromosome pairing during meiosis and non-synchrony of
flowering (Clifton-Brown et al. 2008). Additionally, somaclonal variation in Mxg hasn’t
been observed due to extra-genome stabilization (Juvic et al. 2008). Since, Mxg does not
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produce viable seed, mutation induction may be the only acceptable way of increasing
variability for developing new cultivars.
Mutagenesis has been widely employed for various economically important crops
in two ways: in vitro mutagenesis and in vivo mutagenesis. In vitro mutagenesis is
advantageous over in vivo in several aspects; in vitro mutagenesis offers wide variety of
plant material for mutagenesis and large number of mutagenized plants can be
regenerated within a shorter period of time. In addition, chimeras can easily be dissolved
by several subcultures, especially if a selection pressure is applied during the in vitro
regeneration procedure.
The success of an in vitro mutation procedure depends on the establishment of an
efficient in vitro propagation protocol, optimization of mutagen dosage, and successful
screening of the mutagenized population for desired traits. Therefore, the primary
objectives of this research project were to:
1. Develop a successful in vitro reproduction protocol for Miscanthus x
giganteus;
2. Introduce mutations for in vitro grown Miscanthus x giganteus;
3. Screen and evaluate putative mutants of Miscanthus x giganteus.
In addition, the following objective was also added to the project to enhance
Mxg’s ability to withstand high temperatures:
4. Develop a heat tolerant Mxg variety.

10
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CHAPTER II
DIRECT AND INDIRECT IN VITRO REGENERATION OF Miscanthus x giganteus:
THE EFFECTS OF EXPLANT TYPE, INDUCTION MEDIUM, AND CALLUS
TYPE ON REGENERATION EFFICIENCY

Abstract
Miscanthus x giganteus (giant miscanthus; Mxg) is a bioenergy crop with the
potential to produce liquid fuel from lignocellulosic biomass. Since Mxg is seed sterile, it
can only be propagated vegetatively; often through rhizomes or by tissue culture. The
objective of this research was to study explant type, callus type, and callus induction
medium to develop an efficient in vitro propagation technique for Mxg. Five different
explants [i.e. immature inflorescences, shoot apex (in vitro), shoot apex (greenhouse),
leaf explants (in vitro), and leaf explants (greenhouse)] were tested on five media
composed of various plant growth regulator (PGR) combinations and concentrations.
Explant type and media had no significant effect on callus induction percentage.
Formation of shoot-forming callus which displayed the highest regeneration rates (RR)
was significantly influenced by explant type, callus type, and media. RR was strongly
affected by both explant type and media. A plant growth regulator (PGR) combination of
13.6 µM 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.44 µM 6-benzylaminopurine
(BA) resulted in highest RR through shoot-forming and embryogenic calli. Use of 9 µM
2,4-D in the media was helpful in generating direct regenerants when immature
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inflorescence explants were grown in light. Optimization of explant and callus type as
well as PGR combination and concentration resulted in efficient in vitro proliferation of
Mxg.
Introduction
With increased attention on environmental and economic sustainability of
gasoline usage, the US government has set a target to replace 30% of the petroleum fuel
with renewable resources by 2030 (Jessup 2009). In addition to the estimated depletion of
the world’s petroleum reserves in about 40 years, drastic increase in global energy
consumption and gasoline prices have sparked interest in renewable energy (Dhugga
2007). Renewable energy refers to energy sources that do not irreversibly exhaust or
deplete, such as wind, solar, and bio-based fuels including ethanol, biodiesel, and
hydrogen (Vermerris et al. 2007).
Miscanthus x giganteus (giant miscanthus; Mxg) is a promising bioenergy crop
based on agronomic characteristics of potentially greater dry matter yield, low input
requirements (fertilizer and pesticides), and high use efficiencies for solar radiation,
water, and nitrogen. Mxg belongs to the Poaceae and is a C4 perennial grass originated
from East Asia (Venturi et al. 1998). Mxg is a sterile triploid (2n=3x=57) and is
generated from the hybridization of Miscanthus sacchariflorus (2n=4x=76) and
Miscanthus sinensis (2n=2x=38) (Karp and Shield 2008). Because of its triploid nature, it
can only be propagated vegetatively, often through rhizomes or by micropropagation
(Karp and Shield 2008). Mxg micropropagation is extensively practiced, especially in
Europe, either through organogenesis or somatic embryogenesis, which has several
benefits. Micropropagated plants are less susceptible to disease transfer, and
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micropropagation leads to higher reproduction rates (Lewandowski 1997) . Further,
micropropagation is a feasible strategy during the off-season and is helpful for
germplasm conservation and distant hybridization (Brown and Thorpe 1995).
Several studies have been implemented on in vitro proliferated Miscanthus
species (Gawel et al. 1990; Głowacka et al. 2010; Holme et al. 1997; Holme and Petersen
1996; Kim et al. 2010; Lewandowski and Kahnt 1993; Nielsen et al. 1993, 1995; Petersen
1997; Petersen et al. 1999; Seong et al. 2010; Zhang et al. 2012). There are relatively few
reports on in vitro auxiliary shoot tillering of Miscanthus sinenesis and Mxg (Gubišová et
al. 2013; Nielsen et al. 1993, 1995). Previous studies on in vitro organogenesis and
embryogenesis of Mxg resulted in successful protocols being developed for Mxg plant
regeneration through calli. Mxg calli were categorized primarily into four types: shootforming, embryogenic, root-forming, and non-morphogenic callus (Holme and Petersen
1996; Lewandowski 1997; Petersen 1997). Callus induction and the type of callus
depended on various factors, including media composition; type, size, and developmental
stage of the explants; and growth conditions of the mother plant (Głowacka et al. 2010;
Holme et al. 1997; Narayanaswamy 1994; Petersen et al. 1999; Seong et al. 2010; Zhang
et al. 2012).
The study of in vitro propagation of Miscanthus sinenesis resulted in indirect
organogenesis (i.e. shoot formation) of immature (i.e. unemerged) inflorescence explants
on the Murashige Skoog (MS) basal medium supplemented with 9 µM 2,4dichlorophenoxyacetic acid (2,4-D) (Gawel et al. 1990). In contrast, immature
inflorescences of Mxg produced a higher percentage of embryogenic calli compared to
other explants tested in a medium supplemented with 4.5-13.6 µM 2,4-D (Holme and
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Petersen 1996). On the other hand, embryogenic callus could not be induced from
immature inflorescences of Mxg with a medium containing auxin only, but required a
combination of auxin (22.65-27.18 µM 2,4-D) and cytokinin (4.44 µM 6benzylaminopurine (BA) (Lewandowski and Kahnt 1993). Callus was obtained from leaf
explants, but callus induction percentage decreased with increasing BA concentrations.
However, the percentage of embryogenic callus increased with the addition of 0.4 µM
BA into the medium with 13.6 µM 2,4-D (Petersen 1997).
Although previous studies on Mxg have shown positive influences from
combining auxin (2,4-D) and cytokinin (BA) in media for plant regeneration, there have
been no studies reporting the use of auxin alone in Mxg direct regeneration through
immature inflorescence explants. The objective of this research was to study explant type,
callus type, and callus induction medium simultaneously to develop an efficient in vitro
propagation protocol for Mxg. Furthermore, plant regeneration rate was compared
between indirect and direct regeneration pathways and also between shoot-forming callus
and embryogenic callus. Optimization of culture conditions, including PGR combination
and concentrations, explant and callus type, resulted in efficient in vitro propagation of
Mxg.
Materials and Methods
Plant material and culture conditions
The experiment was conducted on Mxg cultivar Freedom from August 2010 to
February 2011. Explants were excised from field-grown plants, greenhouse-grown (4month-old) plants, and in vitro plantlets originated from nodal segments of field-grown
Mxg (according to the method described in Nielsen et al. 1993). Five types of explants
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were used: shoot apices (2-3 mm in size) of in vitro and greenhouse-grown plants,
immature leaves (1-2 mm in size; both abaxial and adaxial sides) of in vitro and
greenhouse-grown plants, and immature inflorescences (2-3 mm in length) from fieldgrown plants. Shoot apices (5-7 mm) covered with leaf bases of greenhouse-grown plants
were surface disinfested in 6% sodium hypochlorite (NaClO) for 15 min and rinsed with
sterile water three times. Leaf explants (4-6 mm) of greenhouse-grown plants were
surface disinfested with 2% NaClO for 5 min followed by three rinses of sterile water.
Immature inflorescences (0.1-6 cm in length) of field-grown plants were surface
disinfested as intact stems in 6% NaClO for 15 min while they are covered with the
innermost leaf sheath followed by three rinses of sterile water. Then the disinfested stems
were dissected to remove the immature inflorescences.
Callus induction
The disinfested explants were cultured on five different callus induction media
(M1-M5). The media were based on Murashige and Skoog (MS) basal medium
(Murashige and Skoog 1962), containing sucrose (30 g L-1), MgCl2. 6H2O (750 mg L-1),
and various combinations and concentrations of PGRs (Table 2.1). Five explants were
placed per Petri dish and each treatment consisted of 15 Petri dishes. The media (pH 5.5)
were solidified with 2 g L-1 PhytagelTM (Sigma-Aldrich, St. Louis, MO) and autoclaved at
a temperature of 121oC at 15 psi for 25 min. Disinfested explants were placed on the
autoclaved (solidified) medium under aseptic conditions in a laminar flow hood and
incubated in a growth chamber (CU-32L, Percival Scientific Inc., Boone, Iowa) in
darkness, except M5 medium which was incubated in 16 h photoperiod (125 μmol m-2 s-1
illumination with fluorescent bulbs) at 27±2oC/25±2oC day/night temperatures. The Petri
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dishes with explants on media had been arranged in a completely randomized design
inside the growth chambers. Explants were subcultured every week for the first two
weeks and then at two week intervals for four weeks. Six weeks after culture initiation,
the number of explants forming callus was scored and different callus types were
categorized according to visual appearance based on callus categorization of Mxg in
(Holme and Petersen 1996; Lewandowski 1997; Petersen 1997). A callus piece is defined
here as 2-3 mm3 of callus. Primarily, four different callus types were identified (Figure
2.1): shoot-forming callus (C1), embryogenic callus (C2), root-forming callus (C3), and
non-morphogenic callus (C4). The C1 callus was a compact, white callus with translucent
shoot-like structures. C2 was a compact, opaque white or cream color callus. C3 was a
nodular, semisoft cream color callus sometimes with anthocyanin colored spots. C4 was a
soft, watery, and translucent white callus. The callus induction percentage (CIP) was
calculated as: CIP = (the number of explants with callus/total number of explants) x 100.
For immature inflorescence explants on M5 medium, shoot induction percentage (SIP)
was calculated (instead of CIP) as: SIP= (the number of explants with shoot
primordia/total number of explants) x 100. The callus type percentage (CTP) (for M1-M4
media) was calculated as: CTP = (number of calli in each callus category/total number of
calli) x 100.
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Table 2.1

Callus induction media compositions tested for five explant types of
Miscanthus x giganteus

Plant growth regulator (µM)
Proline (mg L-1)
Medium1
2,4-D
BA
M1
13.60
0.44
2878
M2
22.65
0.44
2878
M3
22.65
4.44
2878
M4
13.60
M52
9.00
1
Five media types were used to grow five explant types: shoot apices (2-3 mm in size) of
in vitro and greenhouse-grown plants, immature leaves (1-2 mm in size; both abaxial and
adaxial sides) of in vitro and greenhouse-grown plants, and immature inflorescence (2-3
mm in length) from field-grown plants.
2
M5 medium was incubated in light (16 h photoperiod at 125 μmol m-2s-1 illumination
with warm white fluorescent bulbs). M1-M4 media were incubated in the dark
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Figure 2.1

a

b

c

d

e

f

Miscanthus x giganteaus micropropagation.

(a) shoot-forming callus (b) embryogenic callus (c) root-forming callus (d) nonmorphogenic callus (e) shoot clusters from shoot primordia on M5 medium (f) rooted
plantlets
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Plant regeneration and rooting
Six-week-old C1 and C2 calli originating from M1-M4 media were transferred
into the shoot regeneration medium which is based on MS basal medium supplemented
with sucrose (20 g L-1), 1.3 µM NAA, and 22 µM BA (Kim et al. 2010; Seong et al.
2010) and solidified with agar (0.7%). The regeneration cultures were incubated in a
growth chamber with 16 h photoperiod (125 μmol m-2 s-1 illumination with warm white
fluorescent bulbs) at 25±2oC/22±2oC day/ night temperatures. Four calli were transferred
to one vessel and there were 15 vessels for each treatment group of callus that came from
four different callus induction media (M1-M4). The calli were subcultured at two week
intervals after calli transferring into the shoot regeneration medium for two months. Calli
and direct regenerants originating from M5 medium were subcultured in the same
medium without any PGR for two months. After two months of calli/direct regenerants
transferring into the regeneration medium, regeneration rate (RR) was calculated as: RR
= the number of shoots (from shoot-forming callus)/plants (from embryogenic callus)
originated per callus or RR = the number of shoots/explant (when immature
inflorescence explants were grown on M5 medium). Shoot-forming callus and
embryogenic callus were evaluated separately during RR calculation.
Rooting was carried out with a two-step process where shoots were transferred to
a half-strength MS medium supplemented with 5.37 µM NAA for three days and then
transferred to a half-strength MS medium with no PGR, 0.2% activated charcoal, and
solidified with agar (0.6%) for two weeks. Rooted plantlets were transferred to
autoclaved soil (1 part Star Green Moisture MaxTM Potting Mix: 1 part sand). Rooted
plantlets were acclimatized in water-saturated autoclaved soil for 3-4 days under low
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light (60 μmol m-2 s-1 illumination with warm white fluorescent bulbs) at room
temperature (25oC). Acclimatized plantlets were transferred into the greenhouse.
Phenologic, phenotypic, and genotypic evaluation of field-grown regenerants
Two month old greenhouse-grown direct and indirect regenerants were planted in
two blocks at the Mississippi State University Henry H. Leveck Animal Research Farm,
Starkville, Mississippi in May 2011.The regenerants were evaluated based on phenology
(i.e. onset of flowering) and morphological parameters (i.e. leaf color, stem color, plant
height, stalk diameter, and leaf angle) at the flowering stage. The flowering dates were
recorded when the panicle appeared from the shoot apex from September to October in
2011 and August to September in 2012. Leaf and stem color were determined based on
Munsell Color system 2011 (Munsell Color Charts for Plant Tissues, Kollmorgen
Instruments, Baltimore, MD). Plant height was measured from the surface of the soil to
the top leaf tip with a height stick and stem diameter was measured at 1 m height of the
stem from the surface of the soil with a digital Vernier caliper. Leaf angle was measured
from above the node to the upper surface of the leaf with a protractor. To investigate
potential genotypic variations, total genomic DNA of individual field-grown regenerants
was extracted from -80 oC stored leaf samples using DNeasy Plant Mini kit (Valencia,
CA). Inter simple sequence repeat (ISSR) PCR analysis was carried out using twenty one
primers (Table 2.2) which were previously screened for Mxg and some other closely
related species (da Costa et al. 2011; Hodkinson et al. 2002). The amplification was
performed using 100 ng template DNA, 100 µM of each dNTP, 2 mM MgCl2 in a 50 µl
reaction mix using 0.5 units of Taq polymerase (Lucigen, Middleton, WI) in a Peltier
thermal cycler (PTC-200, MJ Research, Waltham, MA). The thermal cycling program
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used included preliminary DNA denaturation for 6 min at 94 oC, followed by 40 cycles,
each with 20 s denaturation at 94 oC, 1 min annealing at 48 oC to 54 oC (depending on
the primer), 20 s elongation at 72 oC, and final elongation of 6 min at 72 oC. The reaction
products (10 µl) were separated on 2% horizontal Metaphor agarose (Lonza, Rockland,
ME) gels, in TBE buffer with a voltage of 5 V/cm, and a 100 bp DNA ladder was used to
compare the DNA band lengths of amplified products. The gels were stained with 0.5
µg/mL ethidium bromide and scanned under VersaDoc imager (Bio-Rad, Hercules, CA).
Statistical analysis
Each experiment was repeated three times within each subculture cycle. The least
square means and analysis of variance (ANOVA; general linear model procedure) were
performed using Statistical Analysis System (SAS Version 9.1.2. SAS Inst., Cary, NC).
Treatment means were separated by Fisher’s Protected Least Significant Difference
(LSD) method at α ≤ 0.05.
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Table 2.2

List of inter simple sequence repeat (ISSR) primers used during PCR
analysis of DNA extracted from leaves of Miscanthus x giganteus resulted
from various regeneration pathways, including primer name, sequence, and
annealing temperature.
Annealing temperature (Co)

Primer name Primer (5'-3' sequence)

Mxg 1
GACAGACAGACAGACA
50
Mxg 2
CACACACACACACACARG
50
Mxg 3
AGAGAGAGAGAGAGAGYT
53
Mxg 4
ACACACACACACACACYT
52
Mxg 5
GAGAGAGAGAGAGAGAA
52
Mxg 6
TGTGTGTGTGTGTGTGA
53
Mxg 7
CTCTTCTCTCTCTCTCTG
54
Mxg 8
ACACACACACACACACYG
54
Mxg 9
GAGAGAGAGAGAGAGAT
50
Mxg 10
GAGAGAGAGAGAGAGAC
53
Mxg 11
DVHCACACACACACACA
54
Mxg 12
TCTCTCTCTCTCTCTCC
52
Mxg 13
AGAGAGAGAGAGAGAGT
52
Mxg 14
ACACACACACACACACT
48
Mxg 15
TGTGTGTGTGTGTGTGC
48
Mxg 16
CTCCTCCTCCTCCTC
48
Mxg 17
AGAGAGAGAGAGAGAGA
48
Mxg 18
AGAGAGAGAGAGAGACC
48
Mxg 19
CAGCAGCAGCAGCAGT
48
Mxg 20
CAGCAGCAGCAGCAGG
48
Mxg 21
GCACACACACACACACA
48
R = (A,G); Y = (C,T); D = (A,G,T) (i.e. not C); V = (A,C,G) (i.e. not T); H = (A,C,T)
(i.e. not G)
Results
Callus generation
Calli were visible after 8-10 days of culture initiation on M4 medium whereas
explants took 14-16 days to form visible callus on M1, M2, and M3 media. Leaf explants
(from both in vitro-grown and greenhouse-grown plants) did not produce callus
irrespective of media. Callus induction percentages were not significantly (P < 0.05)
influenced by either media or explant types (Table 2.3). Accumulation of phenolic-like
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compounds (browning phenomena) around the explants in the media was visible 2-3 days
after explants were transferred regardless the media composition.
The formation of different callus types [i.e. C1 (Figure 2.1a), C2 (Figure 2.1b),
C3 (Figure 2.1c), and C4 (Figure 2.1d)] was significantly (P < 0.05) affected by both
explant type and the media. Shoot apices (i.e. from both in vitro and greenhouse-grown
plants) resulted in greater C2 than C1 type callus, regardless of the media used (Figures
2.2 and 2.3). The dominant callus type was C1, when immature inflorescence explants
were grown on M1 and M2 media (Figure 2.4). However, immature inflorescence
explants produced greater C2 than C1 on M3 and M4 media. Long term (more than 3
months) subculture of calli on the same media resulted in development of primarily nonmorphogenic callus and some root forming callus irrespective of the media used.
Table 2.3

Effect of media and explant types of Miscanthus x giganteus on callus
induction percentage (CIP) after six weeks of explants transferring to the
media

Explant types
Shoot apex
Shoot apex
Inflorescence
Media2
(in vitro)
(greenhouse)
M1
94
94
97
M2
96
97
94
M3
94
95
94
M4
94
92
93
M5
95
95
941
There was no significant (P≤0.05) difference of CIP among media and/or explant types
CIP = (the number of explants with callus/total number of explants) x 100
1
SIP= (the number of explants with shoot primordia/total number of explants) x 100
2
M1=13.6 µM 2,4-D + 0.44 µM BA + 2878 mg L-1 proline; M2 = 22.65 µM 2,4-D + 0.44
µM BA + 2878 mg L-1 proline; M3 = 22.65 µM 2,4-D + 4.44 µM BA+ 2878 mg L-1
proline; M4 =13.6 µM 2,4-D and M5 = 9 µM 2,4-D
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Figure 2.2

Effect of media on callus type percentage (CTP) when shoot-apex (in vitro)
explants of Miscanthus x giganteus were grown in callus induction media
(i.e. M1, M2, M3, and M4)

CTP = (number of callus in each callus category/total number of callus) x 100
C1 = shoot-forming callus, C2 = embryogenic callus, C3 = root-forming callus, and C4 =
non-morphogenic callus
M1=13.6 µM 2,4-D + 0.44 µM BA + 2878 mg L-1 proline; M2 = 22.65 µM 2,4-D + 0.44
µM BA + 2878 mg L-1 proline; M3 = 22.65 µM 2,4-D + 4.44 µM BA+ 2878 mg L-1
proline; M4 =13.6 µM 2,4-D and M5 = 9 µM 2,4-D
M5 medium was not included in this figure since it resulted in morphologically different
calli than above (i.e. C1, C2, C3, and C4) and direct shoot clusters.
The experiment was conducted from August 2010 to February 2011.
Two-factor analysis of variance was performed to examine the effect of media and
explant types on CTP.
Error bars represent the standard deviation.
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Figure 2.3

Effect of media on callus type percentage (CTP) when shoot-apex
(greenhouse) explants of Miscanthus x giganteus were grown in callus
induction media (i.e. M1, M2, M3, and M4)

CTP = (number of callus in each callus category/total number of callus) x 100
C1 = shoot-forming callus, C2 = embryogenic callus, C3 = root-forming callus, and C4 =
non-morphogenic callus
M1=13.6 µM 2,4-D + 0.44 µM BA + 2878 mg L-1 proline; M2 = 22.65 µM 2,4-D + 0.44
µM BA + 2878 mg L-1 proline; M3 = 22.65 µM 2,4-D + 4.44 µM BA+ 2878 mg L-1
proline; M4 =13.6 µM 2,4-D and M5 = 9 µM 2,4-D
M5 medium was not included in this figure since it resulted in morphologically different
calli than above (i.e. C1, C2, C3, and C4) and direct shoot clusters
The experiment was conducted from August 2010 to February 2011.
Two-factor analysis of variance was performed to examine the effect of media and
explant types on CTP.
Error bars represent the standard deviation.
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Figure 2.4

Effect of media on callus type percentage (CTP) when immature
inflorescence explants of Miscanthus x giganteus were grown in callus
induction media (i.e. M1, M2, M3, and M4)

CTP = (number of callus in each callus category/total number of callus) x 100
C1 = shoot-forming callus, C2 = embryogenic callus, C3 = root-forming callus, and C4 =
non-morphogenic callus
M1=13.6 µM 2,4-D + 0.44 µM BA + 2878 mg L-1 proline; M2 = 22.65 µM 2,4-D + 0.44
µM BA + 2878 mg L-1 proline; M3 = 22.65 µM 2,4-D + 4.44 µM BA+ 2878 mg L-1
proline; M4 =13.6 µM 2,4-D and M5 = 9 µM 2,4-D
M5 medium was not included in this figure since it resulted in morphologically different
calli than above (i.e. C1, C2, C3, and C4) and direct shoot clusters
The experiment was conducted from August 2010 to February 2011.
Two-factor analysis of variance was performed to examine the effect of media and
explant types on CTP.
Error bars represent the standard deviation.
Plant regeneration and rooting
Shoot/Plant regeneration was significantly (P < 0.05) affected by both explant
type and media (Table 2.4 and 2.5). In addition, there was a significant difference
between number of plants regenerated per shoot forming callus and embryogenic callus;
shoot forming callus had the greatest RR regardless of the media and explant type used.
Among all the treatment combinations (explant type x media) tested, immature
inflorescence explants resulted in the greatest RR on M1 medium (Table 2.4). Explants
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on M5 medium resulted in morphologically different calli than previously mentioned
(C1-C4) and direct shoot clusters. Shoot apices (from both in vitro and greenhouse-grown
plants) on M5 medium produced light green callus which later developed into shoot
primordia and some non-morphogenic callus. Immature inflorescence explants on M5
medium primarily produced direct shoot primordia from parts of immature inflorescences
and the shoot primordia finally developed into shoot clusters (Figure 2.1e).
Production of rooted plantlets (Figure 2.1f) took 4½-5 months when the plantlets
were regenerated through C1 and C2 calli from media M1-M4. However, regeneration
rate from M5 medium was quicker: rooted plantlets were generated within 4 months
when the immature inflorescences were grown in M5 medium.
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Table 2.4

Effect of media and explant types on regeneration rate (RR) of Miscanthus x
giganteus shoot-forming callus cultures

Explant types
Shoot apex
Shoot apex
Inflorescence
3
Media
(in vitro)
(greenhouse)
4
M1
0.99cd
1.03c
1.66a
M2
0.86de
0.98cd
1.26b
M3
0.97cd
0.89cde
1.03c
M4
0.86de
0.79e
0.97cd
2
2
M5
0.57 f
0.53 f
0.751e
The experiment was conducted from August 2010 to February 2011. Two-factor analysis
of variance was performed to examine the effect of media and explant types on RR.
M5 medium did not result in shoot-forming callus but produced morphologically
different calli than previously mentioned (C1-C4) from shoot apices and direct shoot
clusters from immature inflorescences.
RR = the number of shoots originated per shoot-forming callus
1
RR = the number of shoots originated per explant
2
RR = the number of shoots originated per callus
3
M1=13.6 µM 2,4-D + 0.44 µM BA + 2878 mg L-1 proline; M2 = 22.65 µM 2,4-D + 0.44
µM BA + 2878 mg L-1 proline; M3 = 22.65 µM 2,4-D + 4.44 µM BA+ 2878 mg L-1
proline; M4 =13.6 µM 2,4-D and M5 = 9 µM 2,4-D
4
Treatment means with the same letter are not significantly different at P≤0.05.
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Table 2.5

Effect of media and explant types on regeneration rate (RR) of Miscanthus x
giganteus embryogenic callus cultures

Explant types
Shoot apex
Shoot apex
Inflorescence
Media3
(in vitro)
(greenhouse)
4
0.59bc
0.61bc
0.73a
M1
0.61bc
0.56c
0.61bc
M2
0.57bc
0.53c
0.67ab
M3
0.31d
0.37d
0.61bc
M4
2
2
0.57 bc
0.53 c
0.751a
M5
The experiment was conducted from August 2010 to February 2011. Two-factor analysis
of variance was performed to examine the effect of media and explant types on RR.
M5 medium did not result in embryogenic callus but produced morphologically different
calli than previously mentioned (C1-C4) from shoot apices and direct shoot clusters from
immature inflorescences.
RR = the number of plants originated per embryogenic callus
1
RR = the number of shoots originated per explant
2
RR = the number of shoots originated per callus
3
M1=13.6 µM 2,4-D + 0.44 µM BA + 2878 mg L-1 proline; M2 = 22.65 µM 2,4-D + 0.44
µM BA + 2878 mg L-1 proline; M3 = 22.65 µM 2,4-D + 4.44 µM BA+ 2878 mg L-1
proline; M4 =13.6 µM 2,4-D and M5 = 9 µM 2,4-D
4
Treatment means with the same letter are not significantly different at P≤0.05.
Variation among field-grown regenerants
Initiation of flowering occurred within 2-3 weeks for all the plants evaluated; 1%
of the plants in each regeneration pathway (i.e. direct, indirect in vitro regeneration, and
rhizome propagation) flowered at the beginning of the flowering period and then 98% of
the plants flowered within two to three weeks. Leaf color (5GY 4/4) and stem color (5GY
4/8) were the same in all the plants regardless of the regeneration pathway. Plant height
was significantly (P < 0.05) different between indirect regenerants and rhizome
propagated plants whereas the stem diameter and the leaf angle were not (Table 2.6). All
twenty one primers produced clear reproducible banding patterns with no polymorphism
detected by ISSR PCR (Figure 2.5).
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Table 2.6

Phenotypic variation of Miscanthus x giganteus plants resulted from various
regeneration pathways (i.e. direct, indirect in vitro regeneration, and
rhizome propagation)
Plant
height
(m)

Stem
diameter
(mm)

Leaf
angle
(degrees)

Plants from various regeneration
pathways
Indirect regenerants
2.24a1
0.66a
30.0a
Direct regenerants
2.19ab
0.65a
29.0a
Rhizome propagated plants
2.14b
0.64a
29.5a
The experiment was conducted from August 2010 to February 2011.
Analysis of variance for completely randomized design was used to examine the
phenotypic variations among regeneration pathways.
Indirect regenerants arose from shoot-forming and embryogenic calli originating on M1,
M2, M3, and M4 media and calli from shoot apices on M5 medium.
Direct regenerants arose from immature inflorescences originating on M5 medium.
1
Treatment means with the same letter are not significantly different at P≤0.05.

Figure 2.5

Gel electrophoresis pattern of inter simple sequence repeat (ISSR) products
resulted from ISSR PCR using Mxg 7 primer and DNA extracted from
leaves of Miscanthus x giganteus (Mxg) plants originated from various
regeneration pathways (i.e. direct, indirect in vitro regeneration, and
rhizome propagation)

M: Marker (100 bp ladder); C1-C13: Mxg direct regenerants resulted from immature
inflorescence explants on M5 medium; C14-C23: Mxg indirect regenerants resulted from
shoot-forming callus on M1 medium; C24-C27: Mxg indirect regenerants resulted from
embryogenic callus on M1 medium; C28-C30: Mxg rhizome propagated plants
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Discussion
The seed sterile nature of Mxg requires producers to have an efficient vegetative
multiplication technique for the commercial biomass crop. The purpose of this research
was to optimize tissue culture conditions such as explant type, callus type, and callus
induction medium via a systematic in vitro propagation approach for Mxg. Our results
showed that source of explant and media composition have no effect on callus induction.
Immature inflorescence explants and shoot apex explants can be employed for callus
induction as opposed to leaf explants. In contrast to the results of Petersen (1997) where
leaf explants developed into callus, we did not observe callus induction from leaf
explants, potentially due to the maturity of leaves or the genotype used. In addition, Zang
et al. (2012) also did not observe callus proliferation from leaf explants, though hard,
green callus were induced from leaf explants.
Medium supplemented with both auxin and cytokinin proved to enhance callus
induction from Mxg explants in contrast to a medium consisting of only auxin
(Lewandowski and Kahnt 1993; Petersen 1997). In general, the auxin:cytokinin ratio
plays a major role in callus induction and subsequent plant generation, resulting in
vigorous callus development when the ratio is higher, whereas shoots develop when the
ratio is lower. In contrast, we observed no difference in callus induction between media
supplemented with auxin (2,4-D) alone and media supplemented with both auxin (2,4-D)
and cytokinin (BA). Adding proline (a polyphenol oxidase inhibitor) to the media
minimized the browning phenomena, prolonged subculture intervals. The impact of
proline on Mxg culture was previously reported by Holme et al. (1997) where they
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observed improvement of the cultures when an optimum (12-50 µM) concentration of
proline was incorporated into the medium.
Immature inflorescences are an excellent source of explants for Mxg tissue
culture. Immature inflorescence explants had the highest productive callus types (i.e. C1
and C2) with respect to plant regeneration. Efficient callus generation from immature
inflorescence explants was probably due to its high meristematic activity
(Narayanaswamy 1994). A single immature inflorescence can be employed to excise
hundreds of explants whereas, for each shoot apex explant, a whole shoot is used. Also,
immature inflorescences lend themselves to easier disinfestation procedures. In general, it
has been observed that use of reproductive tissues as explant materials is more effective
than vegetative tissues for various members of Poaceae, including close relatives of Mxg
such as corn (Zea mays), sugarcane (Saccharum officinarum), and sorghum (Sorghum
bicolor) (Narayanaswamy 1994). Furthermore, younger inflorescences (< 2.5 cm in
length) are more productive than more developed inflorescences (>2.5 cm in length).
Younger inflorescence explants grow faster with higher CIP and less browning
phenomena according to our preliminary studies (results not shown). Our findings are in
agreement with a previous study (Głowacka et al. 2010) of Miscanthus species where the
youngest inflorescences (0.1-2.5 cm in length) showed significantly higher rates of callus
induction, callus regeneration, and shoot regeneration than those from more developed
inflorescences (2.6-5 cm in length). Moreover, inflorescence lengths between 0.5-1.5 cm
were shown to be the best according to a study of Mxg with three different inflorescence
size categories smaller than 2.5 cm (Gubišová et al. 2013).

34

Although we observed no significant difference in callus induction between media
supplemented with auxin (2,4-D) alone and media supplemented with both auxin (2,4-D)
and cytokinin (BA), the latter produced more productive callus (i.e. C1 and C2). This is
consistent with previous studies (Lewandowski and Kahnt 1993; Petersen 1997) in which
inclusion of BA into a medium with 2,4-D enhanced embryogenic and shoot-forming
callus, respectively. Early callus induction and higher percentages of C3 and C4 calli
(during a preliminary study) on media with only 2,4-D (in dark) showed that increased
2,4-D concentrations favored more unproductive callus. Subsequent maintenance of these
callus types through continuous subculture was not possible due to development of nonmorphogenic and root forming calli. The reason might partly be due to rapid dominance
of non-morphogenic callus over productive callus as a result of culturing tissues with a
supra-optimal differentiation level in sub-optimal media compositions (Jain et al. 2010).
This could have been avoided by prior removal of non-morphogenic callus during early
stages of subculture according to Jain et al. (2008).
In our study, the choice of media, explant type, and callus type had a strong
influence on RR. Immature inflorescence explants grown on a medium supplemented
with 13.6 µM 2,4-D and 0.44 µM BA produced the greatest RR. The fact that C1 had
greater shoot regeneration as compared to C2 suggests that not only explant type and
media composition but also callus type is important for efficient in vitro shoot
multiplication of Mxg. This is in agreement with Kim et al. 2010 where it was observed
that young (one month old) shoot-forming callus were more efficient with respect to Mxg
regeneration than embryogenic callus. Striking effects were observed when the immature
inflorescence explants were grown on media with 2,4-D alone; our results on the effect of
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explant type and media on RR showed that auxin alone can be employed in direct plant
regeneration of Mxg. In a previous study where inflorescence explants of Miscanthus
sinensis were exposed to the same 2,4-D levels, shoot regeneration was poor and may in
part be due to the size (20 mm) of the inflorescence explant (Gawel et al. 1990).
Although, a combination of 13.6 µM 2,4-D and 0.44 µM BA resulted in the greatest RR,
use of 2,4-D alone generated plantlets quicker through direct regeneration than the media
containing both 2,4-D and BA.
In vitro rooting of Mxg was successfully achieved on media supplemented with
5.37 µM NAA in previous studies (Głowacka et al. 2010; Nielsen et al. 1993). On the
contrary, we observed inhibited rooting by continuous culture of Mxg shoots on a
medium supplemented with 5.37 µM NAA (preliminary studies). However, the two-step
rooting process induced fast rooting. This procedure has commonly been used to enhance
rooting efficiency in several species including Eucalyptus, which is hard to root in vitro
(Fett-Neto et al. 2001).
Field-grown direct and indirect regenerants showed no morphological
abnormalities compared to rhizome propagated plants. All the individuals were similar,
except plant height which is believed to have varied due to microclimatic differences.
Potential somaclonal variations are less likely, since ISSR PCR resulted in nonpolymorphic banding patterns. This is consistent with the previous Mxg studies where
there were no somaclonal variations observed which was likely due to stabilization by the
extra genome (Kim et al. 2010).
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Conclusions
Immature inflorescences are excellent source of explants for in vitro propagation
of Mxg. A combination of low concentration of BA (0.44 µM) with 2,4-D (13.6 µM)
produced the best shoot-forming callus that yielded a higher shoot regeneration rate. Use
of 2,4-D (9 µM) alone can result in quicker shoot regeneration without a callus
intermediate compared to the media with both 2,4-D and BA where plantlets were
generated through C1 and C2 calli. Efficient in vitro propagation of Mxg can be achieved
through shoot-forming calli or direct regeneration. These techniques can be employed in
commercial propagation of the crop for fast multiplication or with in vitro crop
improvement strategies, such as genetic transformation or induced mutation.
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CHAPTER III
MUTAGENESIS OF EXPLANT AND CALLUS CULTURES OF GIANT
MISCANTHUS (Miscanthus x giganteaus) AND DETECTING
POLYMORPHISMS OF REGENERATED PLANTS
USING ISSR MARKERS

Abstract
Giant miscanthus (Miscanthus x giganteus; Mxg) is a key candidate energy crop
for use in biomass to liquid fuel production. It is a naturally seed sterile triploid lacking
genetic variation, the basis for selection. Therefore, induced mutation techniques are
particularly important in Mxg. The aim of this study was to induce variation in Mxg
through in vitro chemical mutagenesis. A previously optimized in vitro propagation
protocol for Mxg was used during the in vitro mutagenesis procedure. Immature
inflorescence explants (1-2 mm) and callus (1-2 mm3) of Mxg were treated with five
mutagenic dose treatments [0.01%, 0.1%, 0.5%, 1%, and 3% of ethyl methanesulfonate
(EMS) for 90 min] along with 2% dimethyl sulfoxide (DMSO) as a carrier agent to
determine the optimum mutagen dosage. The dose at which 50% of the callus/explants
recovered (RP50) after the mutagen treatment was used as the optimum EMS dose. Callus
and explants of Mxg were treated with RP50, 2 x RP50, and 3 x RP50 EMS dosages and
subsequent regenerants that arose from explants/calli were transferred to soil. Inter simple
sequence repeat (ISSR) marker were used to identify variants in the regenerated plants.
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Results showed variability among regenerants resulted from EMS mutagenesis. Putative
mutants of Mxg may be useful for bioenergy research and functional genomics.
Introduction
Giant miscanthus (Miscanthus x giganteaus; Mxg), a C4 perennial grass, is a key
candidate energy crop for use in biomass to liquid fuel production. It is a vegetatively
propagated, naturally seed sterile triploid (2n=3x=57) lacking genetic variation, the basis
for selection (Barth 2009). Progress of Mxg improvement by conventional breeding
methods is hindered due to narrow genetic variability. Exploiting induced genetic
diversity through mutagenesis to create novel variation is a proven strategy in the
improvement of crops with restricted genetic variability (Parry et al. 2009; Van and
Anton 1998) .
Induced mutations have played a pivotal role in improving crops with
economically important traits such as high yield, biotic and abiotic stress resistance, and
early/late maturity etc. (Maluszynski et al. 1995; Van and Anton 1998). So far, over 3000
mutant varieties including cereals, cotton, edible oil, legumes, ornamental plants, and
fruits have been officially released (Jain and Suprasanna 2011; Maluszynski et al. 1995).
Mutations are induced by physical (ionizing radiation such as gamma ray, X-ray, fast
neutron etc.) and chemical [ethyl methane sulfonate (EMS), sodium azides etc.] mutagen
treatment of both seed and vegetatively propagated crops (Pathirana 2011; Van and
Anton 1998).
Chemical mutagenesis is preferred over ionizing radiation for several reasons.
Chemical mutagens produce more gene mutations (point mutations) with fewer
chromosomal disruptions and can be applied relatively easily (Gottschalk and Wolff
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1983; Predieri and Virgilio 2007; Van and Anton 1998). EMS, a chemical mutagen, is an
alkylating agent which has been successfully used to introduce point mutations inducing
C-to-T changes resulting in C/G to T/A substitutions [C-cytosine, T-thymine, G-guanine
and A-adenine] (Salinas and Sanchez-Serrano 2006).
In vitro mutagenesis through a combination of tissue culture techniques and
mutation induction has several advantages: tissue culture enables the generation of large
mutant populations in a relatively short period of time and provides an opportunity to use
small explants and continuous subculture which minimizes the chances of producing
chimeras (Jain et al. 2010; Pathirana 2011). While the number of reports on cultivars
derived from in vivo mutagenesis increases continuously, few studies have been
implemented on in vitro mutagenesis including protocols developed for vegetatively
propagated triploid species such as banana (Musa spp., AAA group) (Bhagwat and
Duncan 1998; Bidabadi et al. 2012; Chen et al. 2013; FAO/IAEA 1995). A study on in
vitro mutagenesis of banana shoot tip cultures with varying EMS concentrations (150,
200, and 250 mM) and time periods (30 and 60 min) resulted in a successful mutagenesis
protocol (Bidabadi et al. 2012). The average number of shoots per explant, survival
percentage, and fresh weight of treated shoot tips were significantly influenced by EMS
treatments. Depending on the cultivar, doses in which 50% reduction of growth and
proliferation was varied. In vitro mutagenesis has also been successfully applied to other
economically important crops such as sugarcane (Saccharum officinarum), soybean
(Glycine max), groundnut (Arachis hypogaea), and sweetpotato (Ipomoea batatas) using
callus cultures to induce genetic variability (Hofmann et al. 2004; Khan et al. 2009; Luan
et al. 2007; Muthusamy et al. 2007; Van et al. 2008). Callus initiated from leaf explants
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of sweetpotato treated with 0.5% EMS for 2 and 2.5 hrs generated salt-tolerant
sweetpotato cultivars after subsequent screening of mutagenized callus with NaCl (0-400
mM) (Luan et al. 2007). Furthermore, EMS has been successfully utilized to induce in
vitro mutations in grapes (Vitis vinifera), Chrysanthemum, and date palm (Phoenix
dactylifera) (Khawale et al. 2007; Latado et al. 2004; Omar and Novak 1990) . Efficient
mutagen (EMS) uptake in date palm somatic embryos was significantly enhanced by use
of 4% dimethyl sulfoxide (DMSO) as a carrier agent (Omar and Novak 1990). Various
molecular marker techniques have been utilized to characterize induced variants.
Randomly amplified polymorphic DNA (RAPD), restriction fragment length
polymorphisms (AFLPs), cleaved amplified polymorphic sequences (CAPS), and inter
simple sequence repeat (ISSR) are among the most commonly used techniques (Alquraainy et al. 2011; Bidabadi et al. 2012; Hofmann et al. 2004; Khan et al. 2009;
Vermerris 2008). In comparison with other molecular markers, ISSR markers are based
on microsatellites which are abundant and dispersed throughout the genome and are
highly polymorphic.
There are no previously reported studies of EMS induced mutations in Mxg. The
goal of the present investigation were to induce mutation in Mxg cv. Freedom through in
vitro mutagenesis by treating Mxg explants and callus with EMS, then apply ISSR
analysis for the detection of genetic polymorphism among Mxg mutants and their mother
plants (i.e. rhizome propagated plants). Results indicated variability among regenerants
resulted from EMS mutagenesis, confirmed by using ISSR markers.

43

Materials and Methods
Callus induction
Immature inflorescence (2-3 mm in length) explants of field-grown Mxg plants
were utilized during the callus induction procedure. Immature inflorescences (0.1-6 cm in
length) of field-grown plants were surface disinfested as intact stems in 6% NaClO for 15
min while they are covered with the innermost leaf sheath followed by three rinses of
sterile water. Then the disinfested stems were dissected to remove the immature
inflorescences. The disinfested explants were cultured on callus induction media (pH 5.5)
based on Murashige and Skoog (MS) (Murashige and Skoog 1962) basal medium
containing sucrose (30 g L-1), MgCl2. 6H2O (750 mg L-1), 2878 mg L-1 proline, 13.6 µM
2,4-dichlorophenoxyacetic acid (2,4-D), 0.44 µM 6-benzylaminopurine (BA), and
solidified with 2 g L-1 PhytagelTM (Sigma-Aldrich, St. Louis, MO) (medium M1 in
Chapter II). Explants were cultured in dark at 27±2oC/25±2oC day/night temperatures and
subcultured every week for the first two weeks and then at two week intervals for four
weeks.
Dosage optimization of EMS for Mxg explants and callus
Immature inflorescence explants (2-3 mm in length) and six-week-old shootforming and embryogenic callus (2-3 mm3) were shaken (75 rpm at 25 oC) in an aqueous
solution containing 0.01%, 0.1%, 0.5%, 1%, and 3% EMS that also contained 2%
dimethyl sulfoxide (DMSO) as a carrier agent for 90 min in order to optimize mutagenic
dosage. An aqueous solution of 2% DMSO without EMS was used as control. After EMS
treatment, explants and calli were rinsed three times in sterilized distilled water and
placed on callus induction and shoot regeneration media respectively under aseptic
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conditions in a laminar flow hood. Immature inflorescence explants on callus induction
media were incubated in dark at 27±2oC/25±2oC day/night temperatures. Shoot
regeneration medium based on MS basal medium was supplemented with sucrose (20 g
L-1), 1.3 µM NAA, and 22 µM BA (Kim et al. 2010; Seong et al. 2010) and solidified
with agar (0.7%). The regeneration cultures were incubated in a growth chamber with 16
h photoperiod (125 μmol m-2 s-1 illumination with warm white fluorescent bulbs) at
25±2oC/22±2oC day/night temperatures. Four weeks after mutation treatment, the number
of recovered explants/calli was scored separately for each treatment category, and the
recovery percentage (RP) of explants/callus for each treatment category was calculated:
RP = [the number of explants or callus recovered (i.e. resumed activity) after the mutagen
treatment / total number of explants or callus treated with EMS] x 100. The experiment
was repeated three times.
Statistical analysis
The RP data were subjected to logistic regression analysis through revised logistic
function for dose response data (p < 0.05) using SlideWrite software (Advanced Graphics
Software, Inc., Encinitas, CA). Mean RP of explants/calli were graphed at various EMS
concentrations (i.e. 0.01%, 0.1%, 0.5%, 1%, and 3%). The dose at which 50% of the
explants/callus recovered after the mutagen treatment (RP50) was used as the optimum
EMS dose.
Treating Mxg explants and callus with EMS
The explants and callus were treated with RP50, 2 x RP50, and 3 x RP50 EMS
dosages. For the explants, the RP50 was 0.6% EMS whereas the RP50 for the callus was
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1.2%. Therefore, the explants were treated with 0.6%, 1.2%, and 1.8% of EMS
containing 2% DMSO whereas the callus was treated with 1.2%, 2.4%, and 3.6% of EMS
containing 2% DMSO for 90 min.
Plant regeneration and rooting
After the mutation treatment, explants/callus were transferred to callus
induction/shoot regeneration media respectively and plants were regenerated as
mentioned above. Rooting was carried out with a two-step process where shoots were
transferred to a half-strength MS medium supplemented with 5.37 µM NAA for three
days and then transferred to a half-strength PGR free MS medium containing 0.2%
activated charcoal, and solidified with agar (0.6%) for two weeks. Rooted plantlets were
transferred to the soil (1 part Star Green Moisture MaxTM Potting Mix: 1 part sand).
Rooted plantlets were acclimatized in water-saturated autoclaved soil for 3-4 days under
low light (60 μmol m-2 s-1 illumination with warm white fluorescent bulbs) at room
temperature (25oC). Acclimatized plantlets were transferred into the greenhouse.
ISSR PCR amplification
Total genomic DNA from individual field-grown regenerants was extracted from
leaf samples stored at -80 oC using DNeasy Plant Mini kit (Valencia, CA). Inter simple
sequence repeat (ISSR) PCR analysis was carried out using twenty one primers which
were previously screened for Mxg and some other closely related species (da Costa et al.
2011; Hodkinson et al. 2002). The amplification was performed using 100 ng template
DNA, 100 µM of each dNTP, 2 mM MgCl2 in a 50 µl reaction mix using 0.5 units of Taq
polymerase (Lucigen, Middleton, WI) in a Peltier thermal cycler (PTC-200, MJ
46

Research, Waltham, MA). The thermal cycling program used included preliminary DNA
denaturation for 6 min at 94 oC, followed by 40 cycles, each with 20 s denaturation at 93
o

C, 1 min annealing at 48 oC to 54 oC (depending on the primer), 20 s elongation at 72

o

C, and final elongation of 6 min at 72 oC. The reaction products (10 µl) were separated

on 2% horizontal Metaphor agarose (Lonza, Rockland, ME) gels, in TBE buffer with a
voltage of 5 V/cm. A 100 bp DNA ladder (New England Biolabs, Beverly, MA) was used
to compare the DNA band lengths of amplified products. The gels were stained with 0.5
µg/mL ethidium bromide and scanned under VersaDoc imager (Bio-Rad, Hercules, CA).
The number of bands generated by different primers was scored, and the frequency of
polymorphism was calculated.
Cluster analysis
Putative mutants regenerated through in vitro mutagenesis were compared with
each other using amplification profiles. Data were scored for computer analysis on the
basis of the presence of the amplified products for each primer. Profiles of DNA were
scored as presence of bands (1) and absence of band (0) from ISSR amplification images.
The Jaccard coefficient was used to compute a similarity matrix and then to construct a
dendrogram using a server running the program DendroUPGMA
(http://genomes.urv.cat/UPGMA/) (Garcia-Vallvé et al. 1999). The dendrogram, based on
these similarity coefficients, was constructed by using unweighted pair group method of
arithmetic means (UPGMA).
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Results
Optimum EMS dosage for Mxg explants and callus
There was a significant difference among recovery of explant/callus in their
respective media four weeks after treatment with various EMS percentages (i.e. 0.01%,
0.1%, 0.5%, 1%, and 3%) for 90 min. Recovery of the Mxg explant/callus cultures
decreased significantly with the increased dosage of EMS. The mean recovery percentage
of Mxg inflorescence explants decreased from 80% (0.1% EMS) to 17% (3% EMS) after
treated with 3% EMS for 90 min (Figure 3.1). Moreover, the mean recovery percentage
of callus cultures decreased from 85% (0.1% EMS) to 32% (3% EMS) upon the
treatment with 3% EMS for 90 min (Figure 3.2). The RP50, dose at which 50% of the
callus/explants recovered after the mutagen treatment, for Mxg inflorescence explants
and callus were 0.6% and 1.2% respectively.
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Figure 3.1

Recovery percentage of Miscanthus x giganteus (Mxg) inflorescence
explants (2-3 mm) on callus induction media four weeks after treatment
with various EMS percentages for 90 min.

The dose at which 50% of the explants recovered after the mutagen treatment (RP50) was
used as the optimum EMS dose for Mxg.
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Figure 3.2

Recovery percentage of Miscanthus x giganteus (Mxg) callus (2-3 mm3) on
shoot regeneration media four weeks after treatment with various EMS
percentages for 90 min.

The dose at which 50% of the callus recovered after the mutagen treatment (RP50) was
used as the optimum EMS dose for Mxg.
Molecular characterization of EMS induced Mxg putative mutants using ISSR PCR
amplification
The genetic variability of sixteen (C1-C16) Mxg putative mutants (Table 3.1)
caused by EMS treatments along with two controls [C: in vitro regenerated plants from
non-mutagen treated shoot-forming callus and CR: mother plant (i.e. rhizome propagated
plant)] was assessed using ISSR markers technique. For example, the six scorable bands
of the primer Mxg8 were polymorphic across control plants (i.e. C and CR) and its
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putative mutants derived from mutagenesis in the amplification profiles generated by
ISSR PCR using primer Mxg8 (Figure 3.3). Three out of twenty one tested primers
showed polymorphism among putative mutants resulting from explants/callus treated
with RP50, 2 x RP50, and 3 x RP50 EMS dosages (Table 3.2). The number of amplified
DNA fragments ranged from 7 to 12, depending on the primer and the DNA sample with
a mean value of 10 bands per primer. A total of 30 fragments were produced by the three
primers. Of these 30 amplified fragments, (46.6 %) were polymorphic in one or more of
the eighteen individuals (two control plants and sixteen putative mutants). The ISSR
markers, produced by three primers, were used to construct a similarity matrix where the
Jaccard similarity estimates of the pairwise comparisons among the Mxg non-mutagen
treated plant (i.e. control) and its putative mutants were based on 14 polymorphic bands
(Table 3.3). The Jaccard similarity coefficients were helpful in generating clusters of the
non-mutagen treated plant (i.e. control) and its sixteen putative mutants (Figure 3.4).
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Table 3.1

Origin of sixteen Miscanthus x giganteus putative mutants resulted from
EMS mutagenesis of explant and callus cultures along with the controls

Mxg putative mutants

Origin
Plant material
EMS treatment (%)
C
Shoot-forming callus
None
C1
Inflorescence explants
1.20
C2
Embryogenic callus
1.20
C3
Embryogenic callus
2.40
C4
Shoot-forming callus
2.40
C5
Inflorescence explants
1.20
C6
Inflorescence explants
1.80
C7
Embryogenic callus
3.60
C8
Inflorescence explants
1.80
C9
Shoot-forming callus
3.60
C10
Shoot-forming callus
3.60
C11
Inflorescence explants
1.80
C12
Shoot-forming callus
2.40
C13
Embryogenic callus
2.40
C14
Embryogenic callus
1.20
C15
Shoot-forming callus
3.60
C16
Inflorescence explants
0.60
CR
Rhizomes
None
Controls are C and CR [i.e. in vitro generated non-mutagen treated plants and mother (i.e.
rhizome propagated) plants respectively]
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Figure 3.3

The amplification profiles, generated by primer Mxg8 indicating ISSR
polymorphism in Miscanthus x giganteus (Mxg) putative mutants
compared to in vitro generated non-mutagen treated plants and mother (i.e.
rhizome propagated) plants.

M: Marker (100 bp ladder), C: in vitro generated non-mutagen treated plants, CR: Mxg
rhizome propagated plant, C1-C16: Mxg putative mutants
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Primer
number
Mxg3
Mxg7
Mxg8
Y = (C,T)

Table 3.2
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Nucleotide sequence
(5'-3')
AGAGAGAGAGAGAGAGYT
CTCTTCTCTCTCTCTCTG
ACACACACACACACACYG

Total number of bands
per primer
7
12
11

Total number of polymorphic
markers per primer
3
5
6

Polymorphism
percentage
42.85
41.66
54.54

Number of amplification and polymorphic products, using three primers out of twenty one tested in Miscanthus x
giganteus mutants and its mother plant

C
1.00

C1
0.87
1.00

C2
0.87
1.00
1.00

C3
0.75
0.87
0.87
1.00

C4
0.75
0.87
0.87
1.00
1.00

C5
0.65
0.75
0.75
0.87
0.87
1.00

C6
0.59
0.69
0.69
0.80
0.80
0.93
1.00

C7
0.73
0.63
0.63
0.63
0.63
0.73
0.79
1.00

C8
0.56
0.67
0.67
0.67
0.67
0.79
0.85
0.77
1.00

C9
0.53
0.63
0.63
0.63
0.63
0.73
0.79
0.71
0.92
1.00

C10
0.50
0.59
0.59
0.59
0.59
0.69
0.73
0.67
0.85
0.92
1.00

C11
0.50
0.59
0.59
0.59
0.59
0.69
0.73
0.67
0.85
0.92
1.00
1.00

C12
0.53
0.63
0.63
0.63
0.63
0.63
0.67
0.60
0.77
0.85
0.92
0.92
1.00

C13
0.69
0.80
0.80
0.69
0.69
0.59
0.63
0.56
0.71
0.79
0.73
0.73
0.79
1.00

C14
0.73
0.73
0.73
0.63
0.63
0.53
0.56
0.60
0.64
0.71
0.67
0.67
0.71
0.92
1.00

C15
0.79
0.79
0.79
0.67
0.67
0.56
0.60
0.64
0.69
0.64
0.60
0.60
0.64
0.85
0.92
1.00

Jaccard similarity coefficients between Miscanthus x giganteus in vitro generated non-mutagen treated plant (i.e.
C/control) and putative mutants (C1-C16) calculated based on inter simple sequence repeat amplification products
using Mxg3, Mxg7, and Mxg8 primers

C16
C
0.80
C1
0.93
C2
0.93
C3
0.80
C4
0.80
C5
0.69
C6
0.73
C7
0.67
C8
0.71
C9
0.67
C10
0.63
C11
0.63
C12
0.67
C13
0.86
C14
0.79
C15
0.85
C16
1.00
CR (i.e. rhizome propagated plants) was not included in this analysis since it continuously produced similar banding patterns (for
each primer used) to the in vitro generated non-mutagen treated plant (i.e. C)

Table 3.3
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Figure 3.4

Phylogenic tree illustrating the relationship among the Miscanthus x
giganteus in vitro generated non-mutagen treated plant (i.e. C/control) and
its putative mutants using inter simple sequence repeat data and the
unweighted pair group method of arithmetic means method of clustering to
show DNA similarity

CR (i.e. rhizome propagated plants) was not included in this analysis since it
continuously produced similar banding patterns (for each primer used) to the in vitro
generated non-mutagen treated plant (i.e. C)
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Discussion
Induced mutation techniques are particularly important in Mxg since it is a natural
sterile triploid lacking genetic variation, the basis for selection. The present investigation
was designed to induce mutation in Mxg cv. Freedom through in vitro mutagenesis and
investigate the efficiency of ISSR markers in accurately determining the genetic
difference between Mxg putative mutants compared to mother plants (i.e. rhizome
propagated plants). In mutation breeding, it is generally accepted that the frequency of
mutations increases with an increase in dosage which is a combination of mutagen
concentration and treatment duration. However, the survival of treated tissues and the
capacity to regenerate plants from such tissues decrease with an increase in dosage with
the added risk that a favorable mutation may be accompanied by one or more that are
unfavorable. Also, in Mxg, it will be impossible to separate unfavorable mutations by
cross-breeding or back-crossing since Mxg is sterile. Therefore, one of the prerequisites
in an in vitro mutagenesis procedure is to optimize EMS dosage in order to induce
mutations effectively. In general, mutagen dosage is optimized by using various EMS
concentrations or by using various treatment durations or in combination of both. In
previous investigations of in vitro mutagenesis of banana, various EMS concentrations
ranged from 0.3% to 3% were tested for 30, 60, and 120 min to optimize the EMS
concentration for banana shoot tips and micro-cross-sections of pseudostems (Ali 2006;
Bhagwat and Duncan 1998; Bidabadi et al. 2012; Chen et al. 2013). However, in our
study, we optimized EMS dosage for Mxg inflorescence explants and callus using
various EMS concentrations (i.e. 0.01%-3%) for 90 min instead of using longer time
durations because effectiveness of EMS drastically decreases with time as EMS is
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oxidized to toxic hydrolytic compounds leading to tissue destruction (Omar and Novak
1990). Analysis of variance (data not shown) revealed that various EMS dosages caused
highly significant variations in explant and callus recovery percentage. The type of plant
tissue (i.e. inflorescence explant or callus) had a significant effect on recovery percentage
where inflorescence explants had smaller recovery percentage than callus cultures at
every EMS dosage. Therefore, callus cultures had a greater RP50 concentration indicating
the importance of optimizing mutagen dosage for each tissue type during the in vitro
mutagenesis procedure. Theoretically, the greatest frequency of mutations can be
expected from a mutagen treatment killing about 50% of the treated material (LD50) (Van
and Anton 1998). However, previous studies on in vitro chemical mutagenesis used
various criteria in determining the optimum EMS dosage, although all studies are in
agreement that performance of mutagen treated tissues decreased with increased mutagen
dosage. In several studies of banana mutagenesis where banana shoot tips were treated
with various EMS dosages, 50% reduced growth, morphogenic performance,
proliferation rate, regeneration capacity were utilized to determine the optimum EMS
dosage instead of survival percentage (Bhagwat and Duncan 1998; Bidabadi et al. 2012;
Chen et al. 2013). The reason might partly be due to the occurrence of large number of
dormant (non-responsive) tissues which showed no further growth even after
subculturing for six months after the EMS treatment (Bidabadi et al. 2012).
DMSO has been successfully utilized as a carrier agent during in vitro
mutagenesis coupled with chemical mutagens. Uptake of EMS into somatic embryos of
date palm enhanced significantly due to 4% DMSO incorporated into the EMS solution
(Omar and Novak 1990). Also, in vitro mutagenesis studies of banana shoot tip cultures
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where 0.2% and 1% DMSO were utilized resulted in efficient EMS uptake (Ali 2006;
Bidabadi et al. 2012). During our preliminary studies (results not shown) of Mxg explants
and callus treatment with EMS with and without DMSO, DMSO treated explants/callus
had the greatest damage indicating incorporation of DMSO into the EMS solution
increased penetration of EMS into the tissues.
Derived polymorphisms of ISSR analysis indicate presence of genetic differences
among plants regenerated from EMS treated explants/calli of Mxg. Mutations occurring
in primer binding sites result in an increase or decrease in the total number of primer
binding sites, and consequently, the number of amplified fragments. Primarily, EMS
causes point mutations which are the result of a single base pair substitution.
Polymorphic amplification products which represent one allele per locus can result from
changes in either the sequence of the primer binding site, such as point mutations, or
from changes altering the size or preventing successful amplification of a target DNA
such as insertions, deletions, and inversions (Pathirana 2011). Molecular markers are
widely used as tools to detect and characterize somaclonal variations and induced
mutations at the molecular level. Of the available markers, ISSR is more reliable and
reproducible than RAPD which is the most commonly used marker to differentiate
individuals (Hodkinson et al. 2002). Further, RAPDs have been found to be very
sensitive to experimental conditions due to use of short primers and low annealing
temperatures, and while reproducibility tends to be good within one laboratory,
laboratory-to-laboratory variation tends to limit the utility of RAPD (Vermerris 2008).
However, both RAPD and ISSR are dominant markers, so heterozygotes cannot be
distinguished as an individual group. In fact, ISSR molecular markers rely on the
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detection of variation in the number of dinucleotide or trinucleotide repeats which are
common in the genome and are good targets for such PCR based fingerprinting
techniques. Individual sequence variations at the target sites for the primers used during
the selective amplification contribute to polymorphisms. This technique enables use of
microsatellite sequences directly in the PCR amplification and provides information
about many loci simultaneously. As a consequence, the ISSR technique is a powerful
method to identify polymorphism between individuals. Previously, ISSR has been
utilized in Mxg to characterize accessions and in related species of Mxg such as sorghum
(Sorghum bicolor) and sugarcane to differentiate somaclones and induced mutants (da
Costa et al. 2011; Fang et al. 2008; Hodkinson et al. 2002; Turki et al. 2011).
Jaccard similarity coefficients, ranging from 0.50 to 1.00, suggest a broad genetic
base for Mxg and its mutants. The dendrogram constructed based on the similarity matrix
revealed a high diversity between the Mxg non-mutagen treated plants and its putative
mutants. Mainly, two clusters could be observed; the first cluster included the control (i.e.
C: in vitro generated non-mutagen treated plant) and mutants C1, C2, C16, C13, C14, and
C15 while the second cluster included mutants C3, C4, C5, C6, C7, C8, C9, C10, C11,
and C12. The dendrogram shows the shortest genetic distances or the highest similarity
value (1.00) between (C1 and C2), (C3 and C4) and (C10 and C11) whereas the highest
distance or the lowest similarity value (0.50) was observed between (C and C10), (C and
C11).
Conclusions
In the present study, three ISSR primers have revealed polymorphic fragments
among Mxg plants resulting from in vitro mutagenesis that are most likely due to
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treatment with the chemical mutagen EMS. Polymorphisms of ISSR analysis observed in
this study are likely due to alterations in the number of primer binding sites following
mutagenesis. Point mutations at other regions of the genome that fall within the amplified
fragments are likely to go undetected. These polymorphisms indicate presence of genetic
differences in Mxg plants treated with various concentrations of EMS. It is possible that
these mutations have occurred in different loci, although it is not yet known whether
these mutations have resulted in alterations of agronomically useful traits. The proposed
new methodology, reported for the first time in Mxg, may enhance Mxg’s future use for
bioenergy research and functional genomics.
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CHAPTER IV
EVALUATION OF MEMBRANE DAMAGE AND CHLOROPHYLL
FLUORESCENCE UNDER HEAT STRESS IN THE LEAVES
OF GIANT MISCANTHUS (Miscanthus x giganteaus)
CLONAL LINES RESULTED FROM
IN VITRO SELECTION

Abstract
Miscanthus x giganteus (giant miscanthus; Mxg), a perennial rhizomatous C4
grass, native of East Asia, is being considered for bioenergy because of its high
productivity and low inputs. The sustainability and the yield stability of Mxg biomass
production will depend on its adaptability to broader range of climatic conditions. The
purpose of this research was to select in vitro callus cultures of Mxg for heat tolerance
and to assess variation for heat tolerance among Mxg clonal lines resulted from callus
cultures by evaluating differences in electrolyte leakage and photosystem II (PS II)
efficiency at high temperatures. A previously developed in vitro propagation protocol for
Mxg was utilized during the in vitro regeneration of Mxg clonal lines. Mutagen treated
and non-treated callus (1-2 mm3) were subjected to various heat treatments (45±2oC for
12, 18, and 24 hrs; 40±2oC for 7days) on regeneration media and the surviving callus
were recovered. Membrane damage and chlorophyll fluorescence in the leaves of seven
Mxg clonal lines were evaluated under heat stress. Results indicated a significant
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difference in percentage membrane damage among Mxg clonal lines. The relationship
between the degree of membrane damage and the incubation temperatures at which the
damage was induced was a sigmoidal response. However, PSII was weakly affected by
the heat stress. The results suggest that in vitro derived Mxg clonal lines may be utilized
for further studies of Mxg heat tolerance in developing potential Mxg ecotypes to adapt
to the thermal environments of different elevations.
Introduction
Achieving maximum yield potential is a challenge with majority of crops; biofuel
crops are no exception. Among the obstacles against this are the changing climate
(increasing temperature and more erratic rainfall) which most often compromise crop
productivity. Further, frequency of hot weather may increase over the forthcoming
century due to global warming resulted from emission of greenhouse gases (Wahid et al.
2007). Improvement of heat tolerance can contribute to sustainability and provides means
of extending crop cultivation to warmer regions of the world.
Giant miscanthus (Miscanthus x giganteaus; Mxg) is a perennial rhizomatous
grass with C4 photosynthesis originates from tropics and subtropics. It is a promising
biofuel crop with potentially large net energy production and high dry matter production
per unit land area (Karp and Shield 2008; Vermerris et al. 2007). Higher water, radiation,
and nitrogen use efficiencies have been closely linked to higher biomass yields of Mxg
(Karp and Shield 2008). Besides desirable attributes of Mxg for greater biomass
production, there are exceptional physiological features in Mxg compared to other C4
species. In general, C4 plants perform poorly at low temperatures probably due to either
low quantum yield of the C4 compared to the C3 pathway or enzyme liability in the C4
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cycle (Sage et al. 2011). However, Mxg is exceptional and photosynthesis in Mxg has
been shown to be much less sensitive to cool weather than other C4 species such as maize
(Zea mays), sorghum (Sorghum bicolor), and sugarcane (Saccharum officinarum) which
are close relatives of Mxg (Clifton-Brown et al. 2008; Wang et al. 2008; Wang et al.
2007). For example, in cool temperate climates such as the United Kingdom at 14 oC and
52o N, Mxg is highly productive and exceeded the most productive C3 crops with no loss
of maximum photosynthetic efficiency (Wang et al. 2008).
Although Mxg performs exceptionally well under cold climates, high
temperatures seems to have negative impacts on the crop. In an investigation of
quantifying productivity of Mxg and five switchgrass (Panicum virgatum) ecotypes in
the southern Great Plains of the USA, it was shown that more hot-growing season days
and increased drought intensity led to decreased Mxg yields (Kiniry et al. 2013).
Compared to the switchgrass ecotypes (three upland and two lowland) tested, Mxg
showed the greatest change in yield with latitude (which is correlated to photoperiods)
number of cold days in the previous winter, number of hot days during the growing
season, and precipitation amounts. Giant miscanthus was especially sensitive to hot
growing season temperatures. Limited efforts have been made in studying heat tolerance
in Mxg, perhaps because yield loses due to drought are more subtle than those due to heat
and also drought tolerance characteristics may indirectly overcome some negative
impacts of heat stress on crop productivity (Heaton et al. 2004; Kiniry et al. 2013; Price
et al. 2004). However, drought tolerance is one of the breeding objectives of Miscanthus
improvement programs and the heat stress is almost certainly a component of drought
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stress, since one of the principal effects of drought is to reduce evaporative cooling from
the plant surface (Clifton-Brown et al. 2008; Reynolds et al. 2001).
Crop improvement for abiotic stress resistance has to be initiated with exploiting
genetic variation. However, the seed sterile nature of Mxg hinders its ability to use in
conventional breeding programs. Combination of in vitro mutation induction and
selection techniques for tolerance to biotic and abiotic stresses as early screening tools
has been successfully utilized in major economically important crops (Ahloowalia et al.
2004; Predieri and Virgilio 2007). Also, crop improvement through in vitro selection has
helped overcome limitations in conventional breeding. With regard to heat tolerance,
screening techniques which address heat injury after heat stress are utmost important in
developing heat tolerance in crops. Many methods of assessing thermotolerance in plants
have been used in both field and controlled environment; in particular, rapid, sensitive
methods in controlled environments such as cell membrane thermostability test and
chlorophyll fluorescence are easily applicable. One of the direct heat stress related
injuries, is the increased fluidity of the membrane lipids (Wahid et al. 2007). The damage
to membranes may be assayed by the membrane thermal stability test, which measures
electrolyte leakage from leaf tissues subjected to elevated temperatures. Furthermore,
chlorophyll fluorescence parameters (PS II efficiency) are widely used as indicators for
functional changes in the photosynthesis apparatus under heat stress.
Different Mxg ecotypes are required to adapt to the thermal environments of
different locations. The aims of the present investigation were to select in vitro callus
cultures of Mxg for heat tolerance and to assess variation for heat tolerance among Mxg
clonal lines resulted from callus cultures by evaluating differences in percentage
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membrane damage and PS II efficiency. The results indicated a significant difference in
percentage membrane damage among Mxg clonal lines whereas PSII was weakly
affected by the heat stress in all Mxg clonal lines.
Materials and Methods
Callus induction
Immature inflorescence (2-3 mm in length) explants were utilized during the
callus induction procedure. Immature inflorescences (0.1-6 cm in length) of field-grown
plants were surface disinfested as intact stems in 6% NaClO for 15 min while they are
covered with the innermost leaf sheath followed by three rinses of sterile water. Then the
disinfested stems were dissected to remove the immature inflorescences. The disinfested
explants were cultured on callus induction media (pH 5.5) based on Murashige and
Skoog (MS) (Murashige and Skoog 1962) basal medium containing sucrose (30 g L-1),
MgCl2. 6H2O (750 mg L-1), 2878 mg L-1 proline, 13.6 µM 2,4-dichlorophenoxyacetic
acid (2,4-D), 0.44 µM 6-benzylaminopurine (BA), and solidified with 2 g L-1
PhytagelTM (Sigma-Aldrich, St. Louis, MO) (medium M1 in Chapter II). Explants were
cultured in dark at 27±2oC/25±2oC day and night temperatures and subcultured every
week for the first two weeks and then at two week intervals for four weeks.
Treating Mxg callus with ethyl methanesulfonate (EMS)
Six-week-old shoot-forming and embryogenic calli (2-3 mm3) were shaken (75
rmp at 25 oC) in an aqueous solution containing 1.2%, 2.4%, and 3.6% of EMS that also
contained 2% dimethyl sulfoxide (DMSO) as a carrier agent for 90 min. After EMS
treatment, calli were rinsed three times in sterilized distilled water and placed on a shoot
69

regeneration medium under aseptic conditions in a laminar flow hood. Shoot regeneration
medium was based on MS basal medium was supplemented with sucrose (20 g L-1), 1.3
µM NAA, and 22 µM BA (Kim et al. 2010; Seong et al. 2010) and solidified with agar
(0.7%).
Heat stress treatments for callus and in vitro selection
Mutagen treated and non-treated callus cultures on shoot regeneration media were
held at various temperatures (40-45±2oC) and time durations (12 hrs-seven days) in
growth chambers (Table 4.1). Immediately after the heat treatment, callus cultures on
regeneration media were transferred to growth chambers with 16 h photoperiod (125
μmol m-2 s-1 illumination with warm white fluorescent bulbs) at 25±2oC/22±2oC day and
night temperatures. Callus cultures were subcultured at two week intervals. One month
after the heat treatments, callus cultures were evaluated based on shoot regeneration
ability. Callus which did not produce shoots were treated with 0.05% triphenyl
tetrazolium chloride (TTC) solution to test the viability of callus.
Table 4.1

Heat stress temperatures and time durations applied for mutagen treated and
non-treated callus of Miscanthus x giganteus incubated in growth chambers

Mutagen treated callus1
Non-treated callus1
Temperature (Co)
Time duration
Temperature (Co)
Time duration
40
7 days
40
7 days
45
12 hrs
45
12 hrs
45
18 hrs
45
18 hrs
45
24 hrs
45
24 hrs
The growth chamber was maintained at with 16 h photoperiod (125 μmol m-2 s-1
illumination with warm white fluorescent bulbs).
1
Calli were inside parafilm-sealed Petri dishes containing shoot regeneration medium
based on MS basal medium was supplemented with sucrose (20 g L-1), 1.3 µM NAA, and
22 µM BA and solidified with agar (0.7%).
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Plant regeneration and rooting
After the heat treatment, callus pieces were continuously subcultured on shoot
regeneration media and shoots were rooted on rooting media. Rooting was carried out
with a two-step process where shoots were transferred to a half-strength MS medium
supplemented with 5.37 µM NAA for three days and then transferred to a half-strength
MS medium with no plant growth regulator, 0.2% activated charcoal, and solidified with
agar (0.6%) for two weeks. Rooted plantlets were transferred to the soil (1 part Star
Green Moisture MaxTM Potting Mix: 1 part sand). Rooted plantlets were acclimatized in
water-saturated autoclaved soil for 3-4 days under low light (60 μmol m-2 s-1 illumination
with warm white fluorescent bulbs) at room temperature (25oC). Acclimatized plantlets
were transferred into the greenhouse.
Field planting and rhizome propagation
Three-month-old greenhouse-grown plants were transferred to field at the
Mississippi State University South Farm, Starkville, Mississippi. Seven-month-old fieldgrown plants were preliminarily screened for heat tolerance based on cell membrane
thermostability (CMT) test of leaf tissues (which will be described in the next paragraph).
Four Mxg clonal lines (Mxg 1, 2, 3, and 4) were recovered by rhizome propagation of
individuals who showed the greatest CMT. Along with those four Mxg clonal lines,
another three Mxg clonal lines (Mxg 5, 6, and 7) were used as controls (Table 4.2).
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Table 4.2

Miscanthus x giganteus clonal lines resulted from rhizomes of field grown
regenerants of callus cultures after mutagen and heat treatments

Mxg line
Callus type

Origin
EMS treatment

Heat treatment

Mxg 1

Embryogenic

2.40%

45o±2C/12hr

Mxg 2

Shoot-forming

None

45o±2C/12hr

Mxg 3

Embryogenic

3.60%

40o±2C/7days

Mxg 4
Embryogenic
None
40o±2C/7days
Mxg 5
Shoot-forming
2.40%
None
Mxg 6
Shoot-forming
None
None
Mxg 7
Originated from rhizomes of field grown plants
Mxg clonal lines 1-6 were resulted from rhizomes of field grown regenerants of callus
cultures
Mxg clonal line 7 was resulted from rhizomes of field grown plants (i.e. mother plants)
Cell membrane thermostability test (Electrolyte leakage test)
Cell membrane thermostability test was carried out to measure percentage
membrane damage (PMD) which is an indication of whole plant heat tolerance. Electrical
conductivity of membrane leakage was measured according to the method previously
described (Sullivan 1972) with some modifications. Five mm diameter discs of the upper
most fully-expanded leaves washed twice with distilled deionized water were used for the
electrolyte leakage test. Test tubes covered with plastic wrap and containing 1ml water
and leaf discs (0.02g) of field grown regenerants were incubated in thermostat controlled
water baths at temperatures of 23±2oC, 30±2oC, 40±2oC, 50±2oC, 60±2oC, and 70±2oC
for one hour. After tissue incubation, 15ml distilled deionized water was added to the test
tubes and agitated at room temperature for 24 hrs. Water conductivity was measured
using an electrical conductivity meter (Yellow Springs Instrument Co., Inc., Yellow
Springs, OH). To calculate the maximum membrane damage, the test tubes were
autoclaved for 15 min and the conductivity of the water was measured after cooling down
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to the room temperature. These conductivity measurements were used to determine the
percentage membrane damage which was calculated as:
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Statistical analysis
Each experiment was repeated three times. The least square means and analysis of
variance (ANOVA; general linear model procedure) were performed using Statistical
Analysis System (SAS Version 9.1.2. SAS Inst., Cary, NC). Treatment means were
separated by Fisher’s protected Least Significant Difference (LSD) method at α ≤ 0.05.
Results
In vitro selection after the heat treatments
Heat treatments of 45±2oC/18hrs and 45 ±2oC/24hrs did not result any in vitro
regenerants after subculturing at 27 oC. Both mutagen treated and non-treated callus of
those two heat treatments stayed dormant (non-responsive), confirmed by 0.05% TTC
test. The remainder of the other two heat treatments, 45 ±2oC/18hrs and 40±2oC/7days,
resulted in regenerants and some dormant callus after recovered at 27 oC. Dormant callus
were observed in all heat treatments irrespective of the heat treatment used. Dormant
callus stayed dormant even after continuous subculture for 3-4 months.
Cell membrane thermostability
All Mxg clonal lines showed increasing PMD with increased incubation
temperature. At 23oC and 70oC, PMD was similar in all Mxg clonal lines whereas PMD
increased more rapidly starting at 40 oC showing a sigmoidal response. However,
depending on the Mxg variant, significant difference of PMD varied at various incubation
temperatures (Figure 4.1). For example, there was no significant difference in PMD
among Mxg clonal line, 1 which was resulted from the heat treatment of 45±2oC/12hrs
and Mxg clonal lines 5, 6, 7 (i.e. controls). However, Mxg clonal line 2 which was also
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resulted from the same heat treatment (i.e. 45±2oC/12hrs) showed significantly lower
PMD at 40oC and 50oC temperatures. Similarly, Mxg clonal line 3 which was resulted
from the heat treatment of 45±2oC/7days showed significantly lower PMD at 40oC and
50oC temperatures compared to the Mxg clonal line 4 (which was also regenerated after
the heat treatment of 45±2oC/12hrs) and the controls (i.e. Mxg 5, 6, 7).
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Figure 4.1

Increasing percentage membrane damage with increased incubation
temperature of Miscanthus x giganteus (Mxg) clonal lines: 1, 2, 3, 4, 5, 6,
and 7.

There were significant (P≤0.05) differences of percentage membrane damage among
giant miscanthus clonal lines.
Mxg 1: Mxg plants resulted from rhizomes of field grown regenerants of mutagen treated
and heat treated (45±2oC/12hr ) callus
Mxg 2: Mxg plants resulted from rhizomes of field grown regenerants of non-mutagen
treated and heat treated (45±2oC/12hr) callus
Mxg 3: Mxg plants resulted from rhizomes of field grown regenerants of mutagen treated
and heat treated (40±2oC/7days) callus
Mxg 4: Mxg plants resulted from rhizomes of field grown regenerants of non-mutagen
treated and heat treated (40±2oC/7days) callus
Mxg 5: Mxg plants resulted from rhizomes of field grown regenerants of mutagen treated
and non-heat treated callus
Mxg 6: Mxg plants resulted from rhizomes of field grown regenerants of non-mutagen
treated and non-heat treated callus
Mxg 7: Mxg plants resulted from rhizomes of field grown plants
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Chlorophyll fluorescence test
The Fv/Fm ratio did not show any significant differences between Mxg clonal
lines (Table 4.3), despite the fact that Fv/Fm values ranged from 0.61 (Mxg 3) to 0.79
(Mxg 1). The variability in Fv/Fm within each line was high (CV = 23.6%), making it
difficult to detect any differences between the seven Mxg clonal lines in response to heat
stress.
Table 4.3

Ratio of dark adapted variable fluorescence (Fv) to dark adapted maximal
fluorescence (Fm) in seven clonal lines of Miscanthus x giganteus resulted
from rhizomes of field grown regenerants of heat treated and non-treated
callus and from rhizomes of field grown plants

Mxg Line
Fv/Fm1
Mxg 1 (mutagen treated; 45oC/12hr)
0.79
o
Mxg 2 (non-mutagen treated; 45 C/12hr)
0.72
o
Mxg 3 (mutagen treated; 40 C/7days)
0.61
o
Mxg 4 (non-mutagen treated; 40 C/7days)
0.61
Mxg 5 (mutagen treated; non-heat treated)
0.74
Mxg 6 (non-mutagen treated; non-heat treated)
0.71
Mxg 7 (Rhizome propagated; control)
0.74
Mxg 1: Mxg plants resulted from rhizomes of field grown regenerants of mutagen treated
and heat treated (45±2oC/12hr ) callus
Mxg 2: Mxg plants resulted from rhizomes of field grown regenerants of non-mutagen
treated and heat treated (45±2oC/12hr) callus
Mxg 3: Mxg plants resulted from rhizomes of field grown regenerants of mutagen treated
and heat treated (40±2oC/7days) callus
Mxg 4: Mxg plants resulted from rhizomes of field grown regenerants of non-mutagen
treated and heat treated (40±2oC/7days) callus
Mxg 5: Mxg plants resulted from rhizomes of field grown regenerants of mutagen treated
and non-heat treated callus
Mxg 6: Mxg plants resulted from rhizomes of field grown regenerants of non-mutagen
treated and non-heat treated callus
Mxg 7: Mxg plants resulted from rhizomes of field grown plants
1
There was no significant (P≤0.05) difference of Fv/Fm among Mxg clonal lines
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Discussion
With widespread interest in Mxg as a viable alternative to starch and sugar-based
biofuel crops, it is of utmost importance to evaluate factors affecting the adaptability of
Mxg to various geographical regions of the world. Although Mxg has been extensively
researched from northern to southern Europe and recently in some parts of North
America as a biofuel crop, impact of abiotic stresses on its productivity has yet to be
investigated. Although drought tolerance in Mxg has been moderately studied, heat
tolerance has not received much attention. Results from this study identified potential
heat tolerance in some of the Mxg clonal lines studied based on CMT as a heat tolerant
indicator.
During the process of in vitro selection for heat tolerance of Mxg callus cultures,
continuous sub-culture of dormant callus did not help break callus dormancy. The reason
might partly be due to irreversible damage to the enzymatic systems in Mxg during high
temperature stress treatments.
During the CMT study, a sigmoidal pattern of percentage membrane damage was
observed with increased incubation temperatures in all the Mxg clonal lines tested. This
is consistent with the majority of the heat tolerance studies where PMD started to
accelerate rapidly at around 40-50oC followed by continuous steady damage at higher
temperatures. However, the nature of the sigmoidal curve is largely determined by the
physiological and biochemical status of the plant. Two Mxg clonal lines generated from
both mutagen treated and non-treated callus selected for recovery after heat treatments of
45oC/12 hr and 40oC/7 days respectively showed significantly lower membrane damage
when leaf samples were exposed to 40oC and 50oC temperatures implying heat tolerance
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of those two clonal lines. Previous research on in vitro selection for tolerance to heat
stress has resulted in heat tolerant cultivars; in particular, this technique has been
previously utilized successfully in bentgrass (Agrostis palustris) where in vitro callus
cultures exposed to 40oC for 10 days resulted in heat tolerant survivals expressing small
heat shock proteins (Park et al. 1996). Also, in vitro callus cultures have been utilized in
investigating acquired thermotolerance in apple (Malus domestica) fruit cells, Gerbera
jamesonii callus cultures, and sugarcane (Saccharum spp.) cells (Bowen et al. 2002;
Marmiroli et al. 1997; Moisyadi and Harrington 1989).
Although cell membrane thermostability test has been utilized as a major
screening tool to assess heat and drought tolerance in various crops, including cereals and
legumes, the technique has its own limitations; (1) the technique is more suitable for
mature plants, (2) test results greatly vary depending on the maturity status of the leaf
tissue, and (3) correlation of the test results with the field performance of the crop vary
depending on the crop (Singh et al. 2007). During our study we used the upper most
fully-expanded leaves of mature plants to reduce the variability within the individuals of
a Mxg line and to maintain the homogeneity. This is in agreement with most of the other
thermotolerance studies where upper most fully-expanded leaves were employed (Nyarko
et al. 2008; Srinivasan et al. 1996; Yeh and Lin 2003) Moreover, it has been reported that
genotypic differences in CMT among cultivars varied greatly in younger leaves
(Martineau et al. 1979). Further, in an investigation of heat tolerant cabbage (Brassica
oleracea) lines, it was reported that CMT is an effective tool only if the cabbage lines are
extremely sensitive to heat stress (Nyarko et al. 2008). In our present investigation, two
Mxg clonal lines resulting from mutagen treated and non-treated callus heat treated for
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45oC/12 hr and 40oC/7 days respectively did not show a significant difference in CMT.
This might partly be due to differences in CMT of those two clonal lines compared to
Mxg plants resulted from rhizomes of field grown plants (i.e. control) were too small to
detect.
The dark-adapted values of Fv/Fm reflect the potential quantum efficiency of PSII
and are used as an indicator of plant photosynthetic performance. The ratio is reduced in
heat-stressed plants when the plants are heat susceptible. Thus, PS II fluorescence can be
considered as a biosensing device for heat stress related injury detection in plants
(Kocheva et al. 2004). However, none of the Mxg clonal lines showed a significant
difference in Fv/Fm ratio. This indicates either the photosynthetic machinery in Mxg is
resistant to heat stress (40-45oC) or within line variance lead to insignificance in Fv/Fm
values. Increased number of replicates within a Mxg line for reduced variability might be
helpful for enhanced precision.
Both CMT and chlorophyll fluorescence tests together have been utilized in
abiotic stress studies of various crops including cabbage, legumes, and cereals such as
wheat and barley (Kocheva et al. 2004; Nyarko et al. 2008; Sheikh et al. 2010; Srinivasan
et al. 1996). Either one of these techniques alone or both together have helped in
screening heat or drought tolerant individuals. For example, in an investigation of heat
tolerance in various legumes (chickpea, groundnut, pigeonpea, and soybean), both of
those two techniques provided significant results in identifying variation of heat tolerance
of various cultivars of those legumes. However, Fv/Fm values were not significant in
barley drought tolerant study whereas PMD values were not significant in the cabbage
heat tolerance study. Thus, relative importance of a particular screening technique can
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vary depending on the crop. However, Mxg heat tolerance screening techniques have not
been previously investigated. In this study, we observed test results of CMT were more
significant than chlorophyll fluorescence in assessing heat tolerance of Mxg. Although
the results of those screening techniques are not always positively correlated with field
performance of crops, it has been shown that the consistency of field performance with
the test results (Singh et al. 2007).
Conclusions
Applied heat as a selection pressure helped selecting Mxg variants expressing
heat tolerant traits. Putative mutants will be helpful for understanding mechanisms of
thermotolerance in Mxg. However, it will be important to test the performance of the
genotypes identified under controlled conditions in the field conditions before they are
used extensively in crop improvement programs. This protocol could be utilized for
other economically important crops which are difficult to improve through conventional
breeding due to sexual propagation barriers.
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CHAPTER V
SUMMARY AND CONCLUSIONS

Exploiting induced genetic diversity through using mutagenesis to create sudden,
novel variation is particularly important in Mxg crop improvement strategies due to its
restricted genetic variability. In vitro mutation and selection procedures allow use of a
wide variety of plant material in controlled environments and provide opportunity to
generate variants/mutants within a short period of time. This work has provided an
investigation into in vitro mutagenesis and selection protocols for the genetic
improvement of Mxg. This study targeted (1) developing an efficient in vitro propagation
protocol for Mxg, (2) inducing mutations in Mxg using a chemical mutagen, and (3) in
vitro selection of Mxg for heat tolerance.
An in vitro propagation protocol for Mxg was optimized. To study the effects of
explant type, induction medium, and callus type on regeneration efficiency, five explant
types [i.e. immature inflorescences, shoot apex (in vitro), shoot apex (greenhouse), leaf
explants (in vitro), and leaf explants (greenhouse)] were tested on five media composed
of various plant growth regulator (PGR) combinations and concentrations. Results
indicated that explant type and media had no significant effect on callus induction
percentage, but did affect callus type percentages. Immature inflorescences of Mxg are an
excellent source of explants in Mxg micropropagation. Shoot forming callus on media
with PGR combination of 13.6 µM 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.44 µM
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6-benzylaminopurine (BA) resulted in the greatest shoot regeneration rate, yielding 1.66
shoots per callus. Use of 2,4-D (9 µM) alone can be incorporated alone into the media to
have quicker shooting through direct regeneration, compared to the media with both 2,4D and BA. Therefore, efficient in vitro propagation of Mxg can be achieved through
shoot-forming calli or direct regenerants. These techniques can be employed in
commercial propagation of the crop for rapid multiplication or combined with in vitro
crop improvement strategies, such as genetic transformation or mutation induction.
This in vitro propagation protocol was utilized to induce variation in Mxg through
in vitro chemical mutagenesis. To optimize the mutagen dosage, immature inflorescence
explants (1-2 mm) and callus (1-2 mm3) of Mxg were treated with five mutagenic
dosages [0.01%, 0.1%, 0.5%, 1%, and 3% of ethyl methanesulfonate (EMS) for 90 min]
along with 2% dimethyl sulfoxide (DMSO) as a carrier agent. The optimum EMS dose,
the dose at which 50% of the callus/explants recovered after the mutagen treatment
(RP50), was 0.6% EMS for immature inflorescence explants whereas 1.2% EMS was
required for callus. Inter simple sequence repeat (ISSR) PCR analysis revealed
polymorphic fragments among Mxg plants resulting from in vitro mutagenesis that were,
most likely, due to treatment with the chemical mutagen EMS. These polymorphisms
indicate presence of genetic differences in Mxg plants treated with various concentrations
of EMS. Putative mutants of Mxg may be useful for bioenergy research and functional
genomics after useful mutants are identified under field conditions.
These in vitro propagation and mutation protocols were utilized to select in vitro
callus cultures (mutagen treated and non-treated) of Mxg for heat tolerance. To assess
variations in heat tolerance among Mxg clonal lines resulted from callus cultures, the
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lines resulted from callus subjected to temperature treatments of 45±2oC for 12 hrs and
40±2oC for 7 days, plants were evaluated based on differences in electrolyte leakage and
photosystem II (PS II) efficiency at high temperatures. Results indicated a significant
difference in percentage membrane damage among Mxg clonal lines whereas PSII was
weakly affected by the heat stress. The results suggest that in vitro derived Mxg clonal
lines may be utilized for further studies of Mxg heat tolerance in developing potential
Mxg ecotypes that could adapt to the thermal environments of different elevations.
Putative mutants may be helpful for understanding mechanisms of thermotolerance in
Mxg. However, it will be important to test performance of the genotypes identified under
controlled conditions and under field conditions, as they represent the true nature of the
farmer’s field conditions, before they are used extensively in crop improvement
programs.
These studies provided the first investigation of in vitro induced mutagenesis in
Mxg using a chemical mutagen. Genetic analysis results presented in this investigation
indicate the potential use of developed Mxg putative mutants in future research programs,
although significant morphological alterations were not observed during preliminary
screening stages in the greenhouse. However, repeated lab trials confirmed the Mxg’s
genome stability to variations through induced mutations. It is recommended that use of
physical mutagens (i.e. ionizing radiation) be incorporated with Mxg in future research
programs in order to have abundant mutants, especially if point mutations are not the
interest.
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