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ABSTRACT 

Morphological Adaptations and Membrane Stabilizing Mechanisms of  

Overwintering Miscanthus (Poaceae) 

 

Katherine Kelly Withers      Advisor: Bill Deen 

University of Guelph, 2014 

 

The bioenergy grass, Miscanthus, demonstrates genotypic variation in cold 

tolerance. The effect of varying belowground morphological characteristics and growth 

habit on winter survival of Miscanthus genotypes not been examined. Further, 

biochemical changes that occur during cold acclimation that stabilize cell membranes in 

the rhizome and confer increased tolerance to freeze-induced cellular injury and 

desiccation stress are not well understood. There were two aims of this work: (i) 

characterize the morphology and growth habit of Miscanthus genotypes that differ in 

responses to low-temperature stress, (ii) assess the changes in fatty acid saturation state 

and raffinose family oligosaccharide (RFO) concentrations during autumn cold 

acclimation. Regrowth viability and membrane stability was tested using field-acclimated 

plant material to assess the freeze tolerance of three genotypes ‘M114’, ‘M116’, and 

‘M1-Select’.  Rhizomes of field-grown Miscanthus genotypes were sampled at three time 

points (early autumn, late autumn, and spring) for fatty acid analysis, and four times 

during the autumn for RFO analysis in 2010 and 2011. An additional three Miscanthus 

genotypes were included for morphological measurements of field-grown plants, ‘M118’, 

‘M119’, and ‘M161’. There was variation in rhizome length, rhizome growth type, culm 

growth, tiller recruitment strategy, and clumping habit among the six genotypes. 

Intravaginal tillering and indeterminate rhizomes may contribute to overwintering 

success. The lethal freezing temperature (LT50) of Miscanthus pooled across genotypes 

based on regrowth viability tests was -4.4 
o
C and was estimated to be between -4.8 

0
C 

and -6.6 
o
C based on electrolyte leakage tests of membrane stability.  Double Bond Index 

(DBI), a measurement of membrane fluidity, increased between early autumn, late 

autumn and spring, from 1.1 to 1.4. Concentrations of linoleic acid (C18:2n6) and alpha-

linolenic acid (C18:3n3) increased by 24% and 36%, respectively between early autumn 

and spring. RFO concentrations increased over the cold acclimation period in all 

genotypes, from 2 to 13 mol kg
-1

 in 2010 and from 3 to 30 mol kg
-1 

between the first and 

final sampling in 2011. These findings could be used in the development of a cold 

tolerance screen for Miscanthus germplasm.  
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1. Introduction 

 

The production of second-generation energy crops is being researched as a means 

of sustainably producing biomass feedstock for renewable energy platforms and for a 

range of biobased industrial processes (Heaton et al. 2008, McKendry 2002). Miscanthus 

can be used as a feedstock for an array of conversion platforms and end-uses. Some of 

the applications for this ligno-cellulosic material include: combustion for heat and power; 

conversion to liquid transportation fuels; and the production of biochemicals and 

bioproducts (Heaton et al. 2008, Heaton et al. 2010, OFA 2012). Miscanthus is a 

perennial C4 grass that can achieve high biomass yields in relatively cool climates. This 

has been demonstrated in agronomic field trials in the U.S., northern Europe, Asia and 

recently in Ontario, Canada (Clifton-Brown et al. 2001, Engbers 2012, Heaton et al. 2004, 

Rosser 2012, Yan et al. 2012). Research on the chilling tolerance or lack thereof of the 

photosynthetic machinery of Miscanthus has also been evaluated for productivity in cool 

climates (Beale and Long 1995, Friesen et al. 2014, Naidu et al. 2003, Wang et al. 2008). 

One of the hindrances to the adoption and commercialization of Miscanthus in 

cold climates is the variability in winter survival among genotypes. The ability to 

withstand low-temperature stress over winter and spring, during dormancy, requires 

morphological and physiological adaptations that prevent cold-related injury.  Research is 

needed on the physiological and biochemical mechanisms of winter cold tolerance in 

Miscanthus.  The identification of characteristics related to low-temperature growth and 

frost tolerance has been cited as crucial to the improvement of Miscanthus (Jorgensen 

and Muhs 2001, Zub et al. 2010). While existing genotypes are a potential source for 

cultivation material, it is likely that new cultivars with the desired overwintering and 

biomass yield potential traits for the southern Ontario climate will need to be developed.   

Miscanthus germplasm screening programs that incorporate morphological traits for 

winter tolerance, in combination with biomarkers for cold acclimation, would facilitate 

the adoption and commercialization of this potential bioenergy crop.  
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There is little known about the differences in rhizome morphology, culm growth, 

tiller recruitment and clumping habit (herein grouped as growth habit) of Miscanthus and 

how they might differ between genotypes and influence winter cold tolerance. Further, 

there is a lack of information on the physiological and biochemical changes that happen 

during autumn acclimation of overwintering Miscanthus. Gusta and Wisniewski (2013) 

discuss the importance of verifying cold hardiness in terms of the physiology, growth 

habit, and life cycle of the plant grown under natural conditions when conducting cold 

tolerance research. Other important considerations for assessing cold tolerance include 

plant part, plant age and plant morphology (Gusta and Wisniewski 2013). For these 

reasons this thesis had two major aims: contributing to the understanding of the variation 

in the belowground morphology and growth habit of Miscanthus; and determining if 

Miscanthus undergoes biochemical changes that stabilize membranes during autumn 

acclimation. These findings can contribute to the effective screening of germplasm, 

which is an important step for the improvement and breeding of high-yielding, low-

temperature tolerant Miscanthus. 

This thesis seeks to understand the morphological adaptations and membrane 

stabilizing mechanisms of overwintering Miscanthus. Chapter Two reviews the 

Miscanthus cold tolerance literature. In Chapter Three, quantitative measurements and 

qualitative descriptions of the rhizome morphology and growth type, as well as tillering 

strategy, and clumping habit of Miscanthus are discussed. In Chapter Four, physiological 

and biochemical changes known to increase membrane stability during cold acclimation 

are investigated. The outcome of an artificial freeze test procedure that uses field 

acclimated crowns and axillary buds and subsequent regrowth and leakage assays to 

estimate the lethal temperature at which 50% of the plant population is killed (LT50) is 

reported. Another component of Chapter Four describes the procedures, results and 

implications of experiments designed to measure the desaturation of fatty acids in lipid 

membranes and the accumulation of raffinose family oligosaccharides (RFO’s) in cold-

acclimating rhizomes of Miscanthus. In Chapter Five, a summary of the major research 

findings of the thesis is presented, along with their overall contribution.  
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2: Literature Review 

2.1 Introduction 

 

Miscanthus is a chilling-tolerant, rhizomatous, perennial, warm-season grass that 

utilizes the C4 photosynthetic pathway, specifically, the NADP-malic enzyme subtype of 

C4 Photosynthesis (Long and Spence 2013). The high yield potential of Miscanthus 

combined with desirable characteristics make it a good bioenergy feedstock for an array 

of bioconversion and combustion platforms (Clifton-Brown and Lewandowski, 2002, 

Heaton et al. 2008). Cultivated stands of Miscanthus for bioenergy use can last for more 

than 10 (Walsh, 1997) or 20 years (Lewandowski et al., 2003). The biomass yields of one 

hybrid species of Miscanthus, Miscanthus X  giganteus, averaged 22 Mg ha
−1

 y
-1

 in a 

global meta-analysis by Heaton et al. (2004). In a study that evaluated the performance of 

15 Miscanthus genotypes at five sites in Europe, Clifton-Brown et al. (2001) found that 

mean annual yields across all sites reached 18 Mg ha-
1
 y

-1
 by the third year. 

Variation in winter survival amongst Miscanthus species and genotypes has been 

observed in numerous agronomic trials. The identification of characteristics related to 

low-temperature growth and frost tolerance have been outlined as a key research area 

from data obtained from Miscanthus research programs such as the European Miscanthus 

Improvement Project (Lewandowski and Clifton-Brown 2000) and the Miscanthus 

Productivity Network (Walsh 1997). More recently, an agronomic trial encompassing 

more than 20 genotypes was conducted in Leamington, Elora, and Kemptville in Ontario, 

Canada, which spanned a gradient of winter severity, and represented differences in soil 

type and growing conditions. Establishment year, culm height, basal circumference, 

second year spring regrowth timing, and biomass yield were associated with winter 

survival (Rosser, 2012).  This study is discussed in depth, as six of the genotypes used in 

the study by Rosser (2012) were included in the research presented in this thesis.  

 

Miscanthus accessions selected for production in northern temperate climates 

need to have desirable agronomic traits, high biomass yield potential, and have good 

cold-tolerance characteristics (Anouza et al. 2011). While some advances in the 
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understanding of Miscanthus overwintering mechanisms and the reason for genotypic 

variability in cold tolerance, there are still important research gaps remaining. At the 

current time there has not been the positive identification of morphological characteristics, 

physiological, or biochemical traits linked to the improvement of overwintering success 

in Miscanthus. Research on cold tolerance and the role of cold acclimation in Miscanthus 

is in the preliminary stages.  

 

There is little information about rhizome morphology and growth pattern, whole-

plant growth habit and tiller recruitment in the Miscanthus literature, or about accessions 

that have been selected for bioenergy. Further, it is not known what role, if any, that plant 

morphology plays in the overwintering success Miscanthus genotypes. Morphological 

adaptations that would provide an advantage in northern climates include the ability to 

insulate overwintering tissue, and the timely provision of meristematic buds.  

Research is needed on the cold acclimation processes that help confer membrane 

stabilization and freezing tolerance to overwintering Miscanthus tissue. One of the central 

focuses of cold acclimation is the stabilization of the plasma membrane because it is the 

primary site of injury in plants (Levitt 1980). Changes in fatty acid saturation of 

membrane lipids that helps maintain or enhance fluidity, structure, signaling and function, 

play an important role in freezing tolerance (Murata and Los 1997, Thomashow 1998, 

Welti et al. 2002). Another aspect of the cold acclimation response is the accumulation of 

cryoprotectant oligosaccharides, which lower the cellular freezing point and afford 

protection of cell membranes, integral membranes, and proteins from freezing damage 

(Livingston et al. 2009, Thomashow et al. 2001). There has been one study in total 

nonstructural carbohydrate changes in Miscanthus rhizomes associated with low 

temperature (Clifton-Brown and Lewandowski 2000). There has not been any research on 

the lipid composition,  fatty acid composition, or associated seasonal changes in 

Miscanthus rhizomes. Information on if/how plant membranes become increasingly 

stabilized over the cold acclimation period would be useful for crop improvement 

purposes. 
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This review of the literature is organized into four parts; Miscanthus background; 

rhizome morphology, growth habit and tiller recruitment; biochemical changes in cold 

acclimating rhizomes and ends with a summary of the hypotheses and objectives for the 

thesis. Section 2.2 is focused on the origin, genetic background and proposed breeding 

strategies of Miscanthus. Winter survival issues and related investigations into the role of 

physiological development and maturity are looked at briefly, as well as studies that seek 

to identify differences among genotypes in freeze tolerance. In Section 2.3, some of the 

morphological aspects of Miscanthus that have been investigated are given as well as 

some information on other grasses and bamboo. In section 2.4, membrane stabilizing 

processes involved in cold acclimation and the attainment of freezing tolerance are also 

given with a focus on fatty acid saturation and carbohydrate changes in rhizomes. Section 

2.5 concludes the literature review and provides the hypotheses and objectives for this 

thesis. 

2.2 Miscanthus Background 

2.2.1 Origin and Genetic Background of the Miscanthus Genus 

 

Miscanthus belongs to the Poaceae family, specifically the subfamily Panicoideae. 

It is a member of the Andropogoneae tribe and Saccharinae subtribe, it is thus a part of 

the Saccharum complex (sugarcanes, sorghums, Miscanthus, and related C4 species) 

(Glowacka 2011). The nomenclature of Miscanthus is reviewed in Hodkinson and 

Renvoize (2001). Miscanthus is a genus comprised of more than 20 species although 

there is debate over the taxonomic definition of Miscanthus and the exact number of 

species or subspecies of Miscanthus (Chae 2012, Clayton and Renvoize 1986, Clifton-

Brown et al. 2008, Sun et al. 2010).  The genus Miscanthus has a base chromosome 

number of x = 19 (Lafferty and Lelley 1994), with nominally diploid (2 N = 2x = 38) and 

tetraploid (2 N = 4x = 76) species, and includes the highly productive triploid 

interspecific hybrid, Miscanthus x giganteus (Swaminathan et al. 2012). The common 

name for this bioenergy grass is also Miscanthus. 

The geographical range given for each Miscanthus species varies, with some 

species having narrower ranges than others. The geographic ranges stated often give the 
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impression that the genus is distributed primarily within tropical, subtropical and warm 

temperate parts of Asia, such as Adati and Shiotani (1962). The geographic range of the 

Miscanthus genus extends from the sub-arctic to the subtropics, about 50° North in 

southern Siberia to 22° South in the Pacific Islands (Hodkinson et al. 2002, Numata, 1974, 

cited by Clifton-Brown and Lewandowski, 2002 and Zub and Harcourt 2010) and 

includes multiple eastern Asian countries such as Taiwan, Korea, China, and Japan (Chae 

2012). The centres of Miscanthus genetic diversity are in the northern temperate latitudes 

(Sacks et al. 2013).  

The three Miscanthus species of interest to the study of bioenergy that will be 

discussed are: M. sinensis, M. sachhariflorus and the interspecific hybrid, M. x. giganteus. 

These species have crossed naturally in the wild and have been crossed artificially for 

breeding purposes. Miscanthus sinensis Anderss. is described as a rhizomatous tallgrass 

that has a typical ‘phalanx’ growth form, forming a monoclonal patch of shoots 

(Kobayashi and Yokoi 2003). M. sinensis types from temperate Asia have been cited as 

being  more resistant to abiotic stress than M. x giganteus (Clifton-Brown et al. 2001, 

2002, Lewandowski et al. 2003), but this may depend on which genotypes were being 

observed and their corresponding latitude of origin. It is a widely occurring species with 

high levels of genetic variation (Chou et al. 2000, Clifton-brown et al. 2008, Hung et al. 

2009, Iwata et al. 2005). Adati (1958) cited by Deuter (2000), observed a 3-month 

difference in flowering time amongst M. sinensis ecotypes from the north (40
 °
N) and 

South (32
°
N) of Japan.  

Miscanthus sacchariflorus occurs in China as a diploid, and in Japan as a 

tetraploid. M. sacchariflorus has been incorrectly labeled as M. x giganteus in botanical 

gardens of Europe (Greef et al. 1997). Matumura et al. (1985) state that it is indigenous to 

subtropical areas in Asia, and Clifton-Brown and Lewandowski (2000) say that M. 

sacchariflorus is only found in warm temperate regions of Asia citing personal 

communication with M. Deuter. Research by Yan et al. (2012) that examined the growth 

traits of 93 Miscanthus populations grown in three locations representing a temperature 

gradient in China, found that northern populations of M. sacchariflorus demonstrated the 

highest cold tolerance out of all studied populations.  
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Miscanthus x. giganteus (2n=3x=57) is described as a triploid and an allotriploid 

in the literature and thought to be a naturally occurring cross between of Miscanthus 

sinensis Anderss. (2n = 38) and a tetraploid accession of M. sacchariflorus (Maxim.) 

Hack. (2n=4x=76) (Greef et al., 1997, Hodkinson et al. 2002a and b, Rayburn et al. 2009, 

Swaminathan et al. 2010). The origin of M. x giganteus is described as the warm, humid 

climate of southern Japan (Honda, 1939, Matumura 1998 as cited by Stewart et al. 2009). 

M. x giganteus types exists as natural accessions and in cultivated settings.  There is often 

reference in the literature to the ‘commonly cultivated’ clone of M. x giganteus, although 

it is probable that there is more than one clone being commonly cultivated but assumed to 

be the same. Nishiwaki et al. (2011) reviewed collection of M. x giganteus clones in 1935 

in Yokohama, Japan, by Danish plant collector Axel Olsen (Nielsen, 1990) and 

subsequent introduction to Europe and North America, citing Greef and Deuter (1993). 

There is apparent discrepancy in the taxonomic information about the collected specimen. 

Linde-Laursen (1993) and Matumura (1998 as cited by Stewart et al. 2009) speculate that 

M. x giganteus is in fact the same taxon as triploid Miscanthus ogiformis Honda, which 

was collected in the Kuma River basin in southern Japan. M. x giganteus has received the 

vast majority of attention in the Miscanthus literature and was the only species 

investigated in Europe and the United States initially (Zub and Brancourt-Hulmel 2010). 

The ‘Illinois’ clone (genotype M161 in the present study) has been studied by researchers 

at the University of Illinois (Pyter et al. 2009) and was used as a control in the field study 

by Rosser (2012) and has been reported to withstand soil temperatures as low as   -6
o
C 

(Heaton et al. 2010).  

Matumara et al. (1985) considered the ecological aspects of triploid and tetraploid 

hybrids of Miscanthus sinensis var. condensatus × M. sacchariflorus, in relation to 

Hirayoshi’s hypothesis and stated that triploid hybrids are composed of one set of 

chromosomes from Miscanthus sinensis var. condensatus and two from M. sacchariflorus, 

while tetraploid hybrids possess two from each (Hirayoshi et al. 1955). They looked at 

the temporal nature of shoot initiation and measured vegetative spread based on clonal 

patch size after one-year of growth.  Miscanthus sinensis var. condensatus was the 

diploid maternal parent. Matumara et al. (1985) described the M. sinensis parent as 

having shoot initiation scattered throughout the growing season, which formed a bunch or 
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tussock.  A type of M. sacchariflorus was the pollen source and was a rhizomatous 

tetraploid. Matumara et al. (1985) described the growth habit of this parent plant as 

having a patch with sparse shoots with a ‘locating behavior that tended to expand 

outward’ and a concentration of emergence in the spring. The triploid hybrid offspring 

showed the same growth tendencies as the M. sacchariflorus parents, while the tetraploid 

hybrid showed characteristics of both parental species inters of shoot dynamics and 

clonal patch traits (Matumara et al 1985). 

The geographic range of Miscanthus varies amongst and within species which 

likely has consequences for cold tolerance. Generalizations made at a species level based 

on studies with a limited number of genotypes are not always useful as the origins and 

genetic background of parental species may not be known, and the selections may not be 

representative of the variation that could be found within each species.  

2.2.2 Potential Breeding Strategies for Miscanthus 

 

There have been numerous strategies suggested for the development of 

Miscanthus accessions with high yield potential and improved cold stress tolerance. A 

German breeding program led by Dr. Martin Deuter and Dr. Juergen Abraham of 

Tinplant Biotechnik GmbH (Klein-Wanzleben, Germany) was established in 1992 and 

released two cultivars of M. x giganteus in 2006, ‘Amuri’ and ‘Nagara’ (Anouza et al. 

2011, Friesen et al. 2014). Anouza et al. (2011) also mention the breeding effort initiated 

in 2004 at Aberystwyth University in the UK and Plant Research International in the 

Netherlands. Both focused on improvement of M. sinensis and using their M. sinensis 

selections to develop improved versions of M. x giganteus. Breeding strategies for the 

highly productive  Miscanthus x giganteus is complicated by its  sterility  (Anouza et al. 

2011). Jezowksi (2008) citing (Greef 1996) stated two different breeding strategies; 

selection of more frost-tolerant triploid forms of a triploid interspecific hybrids or 

obtaining fertile (seed bearing) Miscanthus forms. More recently Chae et al. (2014) 

proposed the following goals for breeding improved Miscanthus spp.: (i) resynthesis of 

new triploid M. x giganteus genotypes by conventional hybridization between tetraploid 

M. sacchariflorus and diploid M. sinensis; (ii) intra- and interspecific hybridization and 
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selection among diploid compatible Miscanthus spp.; and (iii) ploidy-level manipulation 

in order to circumvent reproductive barriers. Regardless of the method used, newly 

developed cultivars will have to be screened for the ability to overwinter and traits 

associated with improved cold tolerance will need to be identified before selections for 

crop improvement.  

2.2.3 Winter Survival and Cold Tolerance Issues 

 

One of the factors limiting widespread adoption of Miscanthus spp. in northern 

temperate climates is the effect of low-temperature stress. Cold tolerance in Miscanthus 

spp. is the combination of chilling tolerance and frost tolerance of aboveground 

photosynthetic material and the ability of rhizomes to overwinter successfully (Friesen et 

al. 2014). There are two major types of low temperature stresses that cause injury to 

plants, chilling stress at temperatures above 0°C, and freezing stress at temperatures 

below 0°C. In the Ontario climate, over-wintering plant tissue is at risk of freezing injury 

from sub-zero winter air and soil temperatures, and above-ground and newly expanded 

leaves are at risk of freezing from late spring frosts. The capacity for winter survival has 

been cited as the primary hindrance to the establishment of M. x giganteus in Ireland, 

Netherlands, Belgium, Germany (Christian and Haase, 2001), Denmark, and Sweden 

(Clifton-Brown and Lewandowski 2000).  

2.2.4 Physiological Maturity and Aboveground Morphology 

 

Studies of overwintering cold tolerance of Miscanthus spp. emphasize 

physiological maturity despite the lack of evidence demonstrating  its importance for 

overwintering success. Some of the research in Miscanthus spp. pertaining to cold 

tolerance, physiological development, and maturity have been reviewed by Stewart et al. 

(2009) and Zub and Brancourt-Hulmel (2010). Some of the seasonal processes that have 

been investigated are senescence timing and flowering (Clifton-Brown and Lewandowski 

2000, Clifton-Brown et al. 2001a, Deuter 2000, Robson et al. 2011, Smith and Slater 

2011). There have also been studies that look at the seasonal replenishment, carbohydrate 

and nutrient sufficiency, and the achievement of dormancy in rhizomes (Beale and Long 
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1997, Christian and Haase 2001, Greef et al. 1995, Jorgensen 1997, Schwarz et al. 1994, 

Smith and Slater 2011). There has been research on cold tolerance of Miscanthus that 

investigates emergence timing, shoot temperature required for growth, and the effect of 

shoot apex height on frost tolerance (Farrell et al. 2006, Rosser 2012, Zub et al. 2010, 

Zub et al. 2012a, Zub et al. 2012b). 

 The recent work of Rosser (2012) presents the findings of a multi-genotype field 

trial established in 2008 at three different locations in southern Ontario that sought to 

investigate the relative importance of completing physiological processes such as 

sufficient biomass accumulation, reproductive maturity and natural senescence in regards 

to winter survival. Rosser (2012) was not able to demonstrate a relationship between 

winter survival and developmental processes that are indicative of the attainment of 

physiological maturity and dormancy.  Measurements of flowering date, autumn 

senescence and late season culm emergence did not correlate with winter survival. There 

were genotypes that demonstrated good winter survival that did not flower or senesce. 

Genotypes that had late season culm emergence did not have lower winter survival rates. 

The fact that genotypes produced late season culms and still had good overwinter 

survival rates is not surprising because late season culms (biennial or polycyclic tillers) 

play an important role in the perennation of a number of accessions of tillering grass 

species including switchgrass (Beaty et al. 1978, Sims et al. 1971), and prairie sandreed 

(Bredja et al. 1989).   

2.2.5 Genotypic Variation in Freezing Tolerance 

 

The mechanisms for withstanding chilling and freezing stress differ at the 

genotypic level (Friesen et al. 2014). Rosser (2012) determined that variability in winter 

survival does exist both within and across species groups in Ontario (including variation 

amongst M. x giganteus types). To obtain winter survival data (Appendix 1.1), Rosser 

(2012) observed plants that were established in 2008 for several weeks in the spring of 

2009 for new regrowth. Plants that failed to emerge with new growth by the end of May 

were considered to have perished. Plants were recorded as either alive or not, and 

survival was computed as the percentage of living plants in May 2009 that were alive in 
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the previous autumn (Appendix 1.1). Winter survival stability analysis was conducted by 

plotting winter survival data of each genotype against their respective coefficients of 

variation. The objective of performing the stability analysis was to identify genotypes 

that had high winter survival rates and low variability, under the assumption that there 

would be a lower risk of stand loss associated with these genotypes. The winter survival 

stability analysis presented below reflects the six genotypes included in this thesis (Fig. 

2.1) 

 

Figure 2.1 Stability analysis of first year (2008/2009) winter survival of 6 Miscanthus 

genotypes averaged across three locations representing a temperature gradient in 

Ontario (Leamington, Elora and Kemptville). Data used with permission from 

Rosser (2012).   

All six genotypes had winter survival rates that exceeded 99% at the Leamington 

site, which is warmer, and receives less snow than either Elora or Kemptville ( Rosser 

2012). There was genotypic variability in winter survival rates at the site with the 

relatively moderate climate, Elora, M1-Select had the lowest survival rate (27%), survival 

rates of M118, M119 and M161 had survival rates between 60 and 70% and the other 

three genotypes had survival rates that ranged from 86-100%. Only two genotypes, M114 

(37%) and M116 (40%) were considered as having survived at the site with the coldest 
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climate, Kemptville (Rosser 2012). The results indicate that two of the six genotypes, 

M114 and M116, have potentially superior overwintering capacity as they had good 

winter survival rates at the moderately harsh site in Elora, and were the only two 

genotypes of the six to survive at the coldest site, Kemptville (Rosser 2012). 

Of the six genotypes used in this thesis, M116 and M114 had the lowest 

coefficient of variation (43-46%) and the highest winter survival across all three sites 

(~78%) (Fig. 3.1). M118, M119, and M161, had similar coefficients of variation ranging 

from (86-94%) (Fig. 3.1), with 53-64% survival across all three sites (Fig. 3.1).  M1-

select had the greatest coefficient of variation (121.4%) with an approximate survival rate 

across all three sites of 40% (Fig. 3.1). The data indicates that that two of the six 

genotypes (M114 and M116) have better overwintering capacity in our climate than the 

other four (M118, M119, M1-Sel, M161). The inclusion of the Leamington site in the 

stability analysis of winter survival data may have inflated the coefficient of variation due 

to the high rate of survival across genotypes.  It was determined that variability in winter 

survival does exist both within and across species groups in Ontario (including variation 

amongst M. x giganteus types) and that the selection of genotypes based on species group 

would be insufficient to guarantee winter survival (Rosser 2012).  

The results of Rosser (2012) are in agreement with Farrell et al. (2006) who found 

that genotypic variation in cold tolerance exists and that it influences biomass yield. They 

reached that conclusion by investigating genotypic variation in the base temperature (Tb) 

for shoot emergence and in the lethal temperature for shoots (LT50) in four Miscanthus 

genotypes. The results of Rosser (2012) are also in agreement with Clifton-Brown and 

Lewandowski (2001) who reported the results of a field trial, consisting of 15 Miscanthus 

genotypes at four different sites across a temperature gradient in Europe that was 

established to identify differences in agronomic and overwintering performance among 

genotypes. They concluded that better overwintering of newly established plants did not 

correlate with fast establishment or early senescence (Clifton-Brown and Lewandowski 

2001). They conclude that overwintering problems of newly established Miscanthus 

plantations could be overcome by identifying genotypes with improved rhizome cold 

tolerance. 
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Variation exists among Miscanthus genotypes in their capacity to survive sub-

zero temperatures (Clifton-Brown and Lewandowski 2000, Farrell et al. 2006), but the 

mechanisms contributing to the variability have not been elucidated. Plant growth and 

development, physiological maturity and above-ground physiology and morphology have 

been investigated with some inferences to cold tolerance made (Purdy et al. 2013, Rosser 

2012). Information regarding the below-ground growth habit and tillering of Miscanthus 

could make an important contribution to being able to explain the observed genotypic 

variability in winter survival. 

2.3 Rhizome morphology, growth habit, tiller recruitment 

2.3.1 Rhizome Morphology 

 

While some Miscanthus species can reproduce via seed, many genotypes and 

accessions of commercial interest are triploid M x giganteus and rely exclusively on 

vegetative reproduction. The methods by which grass plants reproduce vegetatively 

include rhizome spreading and/or tillering. Bredja et al. (1989) provides good examples 

of the variation that may be present in rhizomatous perennial grasses of warm climates. 

Rhizomes are subterranean shoots that can either be determinate or indeterminate. 

Determinate rhizomes turn upward producing an aerial shoot after a period of time. Once 

this aerial shoots reaches a certain degree of maturity, new determinate rhizomes begin to 

grow from the base of the upturned shoot (Bredja et al. 1989).  Indeterminate rhizomes 

on the other hand, proceed laterally through the soil, can branch at the nodes, and are 

capable of producing shoots either from the apex of the growing rhizome or from 

branches that grow from axillary buds located at the nodes along the length of the 

rhizome (Bredja et al. 1989).  The branches of indeterminate rhizomes can grow either 

parallel to the parent rhizome before turning upward toward the soil surface or can grow 

toward the soil surface at varying degrees.  Rhizomes can have either a vertical 

(apogeotrophic) or horizontal (plagiotropic) orientation, but tend to be anatomically and 

structurally similar regardless of orientation. One or both types can be present in the same 
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grass species such as in prairie sandreed (Calamolvilfa longifolia (Hook.) Scribn) (Bredja 

et al. 1989).   

Past morphological work in Miscanthus spp. has been to identify the possible 

genetic contributions of the parental species to hybrid offspring and identify/correct the 

taxonomic status of species within the genus. There has been little work that assesses the 

contribution of morphological adaptations in terms of successful perennation and 

overwintering success. Attempts to attribute differences in rhizome size within and 

among genotypes with overwintering success are found throughout the literature. Small 

rhizomes have been stated to contribute to poor cold tolerance (Plazek et al. 2011). There 

have also been anecdotal observations that large spreading rhizomes might be linked to 

poor cold tolerance (Clifton-Brown and Lewandowski 2000) or sensitivity to chilling 

stress (Purdy et al. 2013). There have been no specific investigations into the role that 

rhizome size plays in overwintering success, but it is likely that the form and structure of 

rhizomes and the role it plays in overwintering is complex and not linked to size alone. 

2.3.2 Determinants of Growth Habit and Tiller Recruitment in grass and bamboo 

 

The architectural variation or growth-form in grass plants is determined by the 

spatial arrangement and angle of tillers, which in turn is dependent upon the pattern and 

angle of tiller development (Harper 1977). Terminology used in the turfgrass literature 

refers to two types of tillering; intravaginal and extravaginal. In intravaginal tillering, the 

new tiller develops in the crown region from an axillary bud located at the base of the 

parental culm and grows vertically (0-30
o
, narrow branch angle) through the subtending 

leaf sheath (Janisova 2006). This tiller development pattern results in the compact, 

bunch-type growth form (Janisova 2006). In extravaginal tillering, the new shoot grows 

horizontally at a wide branch angle through the subtending leaf sheath creating greater 

inter-tiller distances (Janisova 2006). This distance is made even greater with the 

presence of rhizomes.  

Recently Zhao et al. (2014) investigated a gene, MsTAC1, in 33 Miscanthus 

sinensis accessions collected from different areas in China and one genotype of 

Miscanthus X. giganteus. Their aim was to further understand the role of the gene 
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MsTAC1 and its affect on phenotypic traits such as tiller angle, and tiller number, as well 

as the effect on subsequent biomass yield through the facilitation of a higher planting 

density and increased photosynthetic efficiency due to architectural changes. They argue 

that these phenotypic traits could be an important consideration in future breeding 

programs, especially considering that traits such as tillering angle are controlled by 

quantitative trait loci (Yu et al. 2007, Zhao et al. 2014).  

While these definitions and concepts provide insight into the ways in which grass 

species spread, there are some aspects of this terminology that can be difficult. For 

instance, what constitutes the rhizome, and how is it differentiated from the culm? 

Secondly, rhizomes that are extending laterally from the distal end of what had originally 

been a rhizome, and that has now terminated in a culm, could easily be confused with 

having originated from an axillary bud at the base of the culm. There are also numerous 

examples in turfgrass and native grass extension publications that provide information 

about vegetative grass growth, where rhizomes are described based on shape (small, short, 

long, elongated) and supposed growth pattern (clumping, spreading) that omit or give 

false information on the way in which they spread. Further, observations based on how 

the culms and clumps appear above the ground might provide little information about the 

actual belowground clumping habit of grasses. Similar issues relating to terminology and 

potentially misleading information in the bamboo literature have been addressed by 

Stapleton (1998). These are discussed below because they offer important insight into 

how rhizomatous species spread vegetatively and because there is no known equivalent 

terminology available for Miscanthus. 

Stapleton (1998) stated the need for separate terminology in the bamboo literature 

for describing culm growth, rhizome form and growth habit and for clarification among 

existing terms used to describe clonal vegetative growth. There are two major forms of 

rhizomes described in bamboo; pachymorph and leptomorph that are sometimes called 

sympodial (determinate) and monopodial (indeterminate), respectively. The culms that 

grow from the rhizomes either arise singly or isolated (diffuse) or in a bunch 

(unicaespitose) (Stapelton 1998). Leptomorph rhizomes that don't have diffuse culms, but 

have multiple culm bunches and give rise to plants with a ‘pluricaespitose habit’ 
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(Stapelton 1998). Pachymorph rhizomes can have either long or short necks and thus a 

pachymorph rhizome with all short necks can give a unicaespitose appearance, while 

pachymorph rhizomes with varying neck lengths that give rise to daughter rhizomes that 

in turn have varying neck length can result in a pluricaespitose habit (Stapelton 1998). 

The terminology used to describe bamboo that is discussed above is employed in the 

current research (Table 3.3) to qualitatively describe the rhizome morphology and growth 

habit of Miscanthus genotypes. 

Sun et al. (2010) classified Miscanthus germplasm using vegetative traits that 

were both qualitative and quantitative in nature in addition to inflorescence traits. Some 

of the key non-inflorescence based qualitative traits used to differentiate Miscanthus 

‘sections,’ Miscanthus and Triarrhena, have included the presence of elongated rhizomes, 

buds at the nodes, and rhizomatous (spreading) or tufted (clumped) growth habit (Lee et 

al. 1993). Chae et al. (2014) investigated these key morphological traits, among others, in 

101 accessions of horticultural Miscanthus spp. that are a part of the University of Illinois 

at Urbana-Champaign/Energy Biosciences Institute collection, and found that the 

morphological traits of most Miscanthus accessions conformed to their expected 

taxonomy. All M. sacchariflorus and M. sacchariflorus var. lutarioriparius accessions 

displayed ‘elongated,’ monopodial rhizomes, buds at the nodes and rhizomatous growth 

habit (Chae et al. 2014). M. sinensis accessions, which were predominately ornamental 

varieties had ‘small,’ sympodial rhizomes, tufted growth habit with no buds at the nodes 

(Chae et al. 2014).  

There does not appear to be a distinction in the Miscanthus literature made 

between sympodial and monopodial rhizomes (e.g. Chae et al. 2014, Sun et al. 2010) as 

has been seen in the bamboo and other grass literature. It is conceivable that Miscanthus 

rhizomes are described as monopodial when in fact they are sympodial with long necks 

(plagiotropic portion that preceded the thickened upturned portion). There is also the 

possibility that Chae et al. (2014), Sun et al. (2010), and others have classified 

Miscanthus based on a spreading or clumping habit without taking into account the 

extreme variation that could be present within either. The terminology and concepts used 
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to describe bamboo vegetative growth could be useful for describing the observed growth 

in Miscanthus with more clarity.  

The persistence of perennial grasses is dependent on the growth and survival of 

meristematic tissue that is capable of surviving periods of unfavorable growth due to 

abiotic and biotic stress (Huang et al. 2014). Most work on morphological 

characterization to date has been for the purposes of classification or the separation of 

Miscanthus species (Adati 1958, Chae et al. 2014, Sun et al. 2010). There is a possibility 

that the relationship of rhizome form, rhizome neck length, rhizome branching and culm 

development with cold tolerance have been overlooked in attempts made to characterize 

or distinguish Miscanthus species and genotypes. It may not be possible to distinguish 

clumping habit (unicaespitose, pluricaespitose or spreading) based on above ground 

growth, yet these classifications have been made with inferences for cold tolerance stated 

(Clifton-Brown and Lewandowski 2000). Rhizome size has been cited as a possible 

contributing factor to overwinter survival both within and between genotypes with no 

basis for the association (Plazek et al. 2011).   

2.4 Biochemical Changes in Cold Acclimating Rhizomes 

2.4.1 Low-temperature stress responses of plants 

 

It is probable that the rhizomes and overwintering crown tissue of Miscanthus spp. 

undergo physiological and biochemical changes in response to low temperatures in 

autumn. Acclimation to low temperatures needs to be investigated for Miscanthus 

(Clifton-Brown and Lewandowski 2000). When plant membranes are exposed to low 

temperatures they change from being in a relatively fluid state to a more rigid gel state 

(Lyons 1973, Murata and Los 1997). This can lead to a reduction in proper membrane 

signaling and function, ion leakage, disruption to photosynthetic functioning and injury 

due to oxidative stress (Murata 1989, Reulland et al. 2009.) Injury caused by freezing 

stress can lead to the formation of ice crystals within and between cells known as 

intracellular and extracellular freezing, respectively. The formation of ice crystals causes 

mechanical damage and leads to freeze-induced cellular desiccation, among other forms 

of damage (Uemura et al., 2006, Xin and Browse 2000). Physiological mechanisms that 
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prevent or reduce the impacts of low-temperature stress need to counter the negative 

effects of membrane rigidity as well as the water stress placed on cells caused by freeze-

induced desiccation.  

Cold acclimation confers tolerance to freezing stress and occurs when plants are 

exposed to low, but non-freezing, temperatures and decreases in photoperiod (Levitt, 

1980). Warm season grasses are capable of cold acclimation (Anderson et al. 1993). Two 

key physiological responses to low-temperature stress that are triggered by signal 

transduction and cold-regulated gene induction include the accumulation of 

cryoprotective solutes and alterations in membrane stability and composition  (Guy et al. 

2008, Uemura and Steponkus 2003, Xin and Browse 2000). Membrane-stabilizing 

changes that occur during cold acclimation help lower the freezing point of plant cells 

and ameliorate the effects of freeze-induced cellular desiccation.  

2.4.2 Acclimation of Miscanthus rhizomes to cold 

 

Research into the mechanisms and extent of cold acclimation in Miscanthus 

rhizomes is limited. Two studies that have looked at the impacts of frost and or cold on 

Miscanthus spp., Farrell et al. (2006) and Clifton-Brown and Lewandowski (2000) used 

plants that were cold acclimated in the field. There have been subsequent studies that 

have included a component of plant acclimation but their contribution to our 

understanding of processes occurring during acclimation in the field during the autumn is 

limited (Plazek et al. 2011, Zub et al. 2012a). In the following section research into cold 

acclimation processes are described and information that is still needed on biochemical 

changes that occur during cold acclimation is highlighted. 

 Research by Zub et al. (2012a) investigated the role of light intensity in cold 

acclimation in a climate-controlled chamber experiment (12 °C day/12 °C night, for eight 

days with a 12-h photoperiod) under three acclimation conditions (no acclimation, 

acclimation under low light intensity 100 mol m
−2

 s
−1

, and acclimation under strong light 

intensity (600 mol m
−2

 s
−1

). The plant material used was Miscanthus ogiformis giganteus, 

corresponding to a clone of M. x giganteus, and three M. sinensis genotypes, ‘August 

Feder’, ‘Goliath’ and ‘Malepartus’. Their aim was to quantify the impact of frost on 
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young plants at different leaf-stages, and to characterize interspecies variations in frost 

tolerance. Their experimental protocol was meant to simulate the impacts of spring frosts 

on newly emerged plants. They assumed that days preceding a spring frost may have 

temperatures that are cold but not freezing, and may therefore affect frost tolerance, 

considering this to constitute an acclimation period.  They found differences in frost 

tolerance and varying responses to acclimation among genotypes. Two of the clones that 

demonstrated the lowest frost tolerance under no acclimation had improved frost 

tolerance scores following acclimation under acclimating temperatures with high light 

intensity.  

The finding that acclimation at 12 °C under strong light intensity (600 mol m
−2

 

s
−1

) increased the tolerance of young shoots in all the clones tested, indicates that 

photosynthesis is likely involved in the acclimation process. However, it does not offer 

insight in to the effects of changing photoperiod or light intensity that would occur in a 

field setting during the autumn acclimation period. Their experimental design limits the 

inference space of their findings because it can be argued that Miscanthus plants that 

have resumed growth in the field after a winter would be undergoing a different 

acclimation process following winter, rather than one where a plant would emerge with 

no frost tolerance and then sporadically acclimate prior to a spring frost. Frost protection 

mechanisms would have had to accrue in the months preceding the winter and still be 

present in the plant during spring low-temperature stress. The onset of cold acclimation, 

the rate and timing of acclimation and the role of photoperiod in Miscanthus plants is still 

in the elementary stages of study.   

A recently study by Plazek et al. (2011) provided the results of an experiment 

designed to determine why young M. x giganteus plants are more frost sensitive during 

the first winter than older plants. Three groups of rhizomes were obtained from the field 

(non-wintered, first-year plants and second-year plants that had overwintered) in 

September of 2009, repotted and placed in the greenhouse to grow for 5 weeks prior to 

prehardening, hardening and freezing treatments (referred to as chilling). The pre-

hardened and hardened plants were then exposed to one of two chilling temperatures (0 

◦C or −3 ◦C) and kept in the dark for two different periods of time (3 or 14 days). Plants 
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were then transferred to the greenhouse and grown under optimal conditions for 5 weeks. 

Shoot regrowth from rhizomes was then evaluated, and the LT50 coefficient based on 

electrolyte leakage for each freezing temperature was calculated in order to compare the 

two groups. Regrowth assessments (no. of shoots per 10 rhizomes) were used to assess 

ability to regrow following prehardening (prehardened at 12 ◦C for 2 weeks), hardening 

(5 ◦C for 3 weeks ) and subsequent chilling at 0 ◦C or −3 ◦C for 3 or 14 days . The unit of 

measurement and results given were difficult to interpret and there were no significant 

differences given. It is unclear if the shoots that did survive came from one or numerous 

rhizomes.  

Clifton-Brown and Lewandowski (2000) performed artificial freezing tests and 

analyzed the biochemical composition of Miscanthus  rhizomes as a component of a trial 

that was initiated in the summer of 1997 at four different sites in Sweden, Denmark, 

England and Germany to compare the yield and overwintering performance of 15 

genotypes obtained from different origins in Asia  (Clifton-Brown and Lewandowski 

2001).  The artificial freeze test was performed on plants excavated from the German site 

in January of 1998. Five genotypes were used, two accessions of M. x giganteus (Gig-2, 

Gig-3), one of M. sacchariflorus (Sac-5), and two hybrids of M. sinensis (Sin-H6 and 

Sin-H9). They found that moisture contents of the rhizomes removed from the soil in 

November were 57 - 82% and that in general that the M.x  giganteus (Gig-2 and Gig-3) 

genotypes had higher moisture contents than the M. sacchariflorus (Sac-5) or M. sinensis 

(Sin-H6 and Sin H-9) genotypes at all sites. Overwintering losses of first-year plants 

assessed in the spring of 1998 were only found in the northern sites in Denmark and 

Sweden, which had harsher winter conditions, including colder soil temperatures. The 

LT50 values of the plants excavated in January, 1998 at the German site was -3.4°C for 

the M. x giganteus and M. sacchariflorus genotypes tested. Over 93% of the M. x  

giganteus (Gig-2, Gig-3) genotypes did not survive in Sweden and Denmark, and there 

were significant losses of both M. sacchariflorus  (Sac-5) and M. sinensis (Sin-H9). One 

of the M. sinensis hybrids with an LT50 value of -6.5°C had losses of only 18%. Clifton-

Brown and Lewandowski (2000) were careful not to attribute these findings directly to 

soil temperature noting that losses of Miscanthus spp. have occurred even when 5 cm soil 

depth temperatures have not fallen below -3
o
C.  
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There has been little published work that investigated the acclimation of, or 

physiological and biochemical changes in, overwintering Miscanthus rhizomes. However, 

some work looking at genotypic variability in the freezing tolerance of shoots has 

occurred (Farell et al. 2006). The authors concluded that rhizome and shoot frost 

tolerance did not correlate with each other. The genotype with the highest rhizome frost 

tolerance in Clifton-Brown and Lewandowski (2000) had the lowest shoot frost tolerance 

(Farrell et al. 2006). This strengthens the argument for the need for research pertaining to 

the acclimation and freeze tolerance of rhizome and overwintering tissues of Miscanthus. 

Studies based on the photosynthetic performance of Miscanthus exposed to chilling and 

freezing conditions reveal differences in photosynthetic responses to chilling and frost 

tolerance in Miscanthus spp. (Friesen et al. 2014, Purdy et al. 2013).  

2.4.3 Membrane stabilizing mechanisms  

Lipid changes 

 

Research that looks at changes in the saturation state of fatty acids in response to 

low temperature in warm season species of turfgrass may be applicable to Miscanthus 

spp. Modifications in plant membrane composition and structure in relation to low-

temperature stress have received much attention because the plant membrane is the 

primary site of freezing injury (Levitt 1980).  Membrane fluidity and stabilization can be 

affected via changes in the proportions of major classes of lipids (Hoffman et al. 2010, 

Zhang et al. 2009), changes in cereborosides and sterols (Uemura et al. 1995), and 

changes in fatty acid saturation (Samala et al. 1998, Cyril et al. 2002). Increases in 

unsaturated fatty acid content of lipid membranes in response to low temperatures, 

mediated by fatty acid desaturases, have been associated with improved freezing 

tolerance in plants (Nishida and Murata 1996, Upchurch 2008). A study that looked at 

two cultivars of bermudagrass (Cynodon dactylon (L.) Pers.)) with contrasting freezing 

tolerance by Samala et al. (1998) revealed that the freezing tolerant cultivar had a 

significantly higher ratio of unsaturated to saturated fatty acids compared to the freezing 

sensitive cultivar. Two published studies since then have focused on changes in alpha-

linolenic acid (C18:3n3), a polyunsaturated fatty acid, in response to low temperatures. 
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Greater amounts of alpha-linolenic acid were found in the stolons of two bermudagrass 

cultivars that were freezing tolerant compared to two freezing sensitive cultivars in the 

study by Munshaw (2004). Alpha-linolenic acid was also found to increase with a greater 

magnitude and rate in seashore paspalum (Paspalum vaginatum Sw.) cultivars that had 

greater freezing tolerance than the cultivars studied by Cyril et al. (2002).  There is no 

published research on the lipid composition of Miscanthus rhizomes, and consequently 

there is no available information on the fatty acid profile of rhizome membrane tissue, 

and either the changes in the fatty acid profile, or on genotypic variation in lipid 

compositional changes in response to seasonality or low-temperature stress.  

Carbohydrate responses 

 

The roles carbohydrates play in energy storage, resumption of growth, and 

freezing tolerance, have been looked at in many species. Studies have looked at total 

nonstructural carbohydrates (TNC) as well as individual carbohydrate fractions such as 

starch, fructans, and raffinose family oligosaccharides (RFO’s). Many studies have 

documented the role that fructans play either alone or in conjunction with other sugars in 

lowering the cellular freezing point, protecting cell membranes and proteins, and 

countering the effects of oxidative stress (Dionne et al. 2010, Hisano et al. 2004, Sandve 

et al. 2011). A large amount of literature on fructans exists because they are play an 

important role in membrane stabilization of cool-season cereals and the widely cultivated 

perennial ryegrass (Lolium perenne L.).  

The Raffinose family oligosaccharide (RFO) fraction of the non-structural 

carbohydrates is potentially an important research direction in Miscanthus physiology 

and biochemistry. Experiments that examine the link between total non-structural 

carbohydrates (TNC) and freeze tolerance in grasses have been inconsistent. Moreover, 

fructans do not play a major role in carbon storage or freeze protection of warm season 

grasses. However, cold-induced accumulation of RFO has been related to the capacity of 

alfalfa (Medicago sativa) (Castonguay and Nadeau 1998, Castonguay et al. 1995, 

Cunningham et al. 2003) and saltgrass (Distichlis spicata var. stricta (L.) Greene), a 

rhizomatous warm-season grass (Shaba et al. 2003), to withstand freeze-induced 
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desiccation. Recent work notes the cytosol as the site of raffinose synthesis and the 

plastids as the site of accumulation, implicating a specific raffinose transporter that 

facilitates raffinose movement into the chloroplast (Knaupp et al. 2011, Schneider and 

Keller 2009). Additionally, evidence that raffinose protects photosystem apparatus of 

cold acclimated leaf cells against damage during freezing is indicative of the 

cryoprotective role that raffinose has in the plastids (Knaupp et al. 2011). 

Another reason that the accumulation of RFO’s may be a useful subject of 

investigation is because research relating to the carbohydrate status of Miscanthus in 

relation to temperature is minimal and has been restricted to starch and the soluble sugars 

glucose, fructose and sucrose. There have not been any studies evaluating low-

temperature induced changes in RFO concentrations in Miscanthus rhizomes and only 

one study (Clifton-Brown and Lewandowski 2000) has examined carbohydrate changes 

in rhizomes. A study by Purdy et al. (2013) focused on the photosynthetic responses to 

chilling-shock in four Miscanthus genotypes, two M. sinensis, one M. sacchariflorus and 

one inter-specific hybrid, M. x giganteus.  One of the M. sinensis genotypes, the M. 

sacchariflorus, and M. x giganteus genotypes were previously studied (Clifton-Brown 

and Lewandowski (2000); Farrell et al. (2006); and Zub et al. (2011)). Purdy et al. (2013) 

observed changes in light-saturated photosynthesis, soluble sugars (sucrose, glucose and 

fructose) and starch concentrations, and the expression of target transcripts following 

chilling-shock. The greatest declines in light-saturated photosynthesis were observed in a 

M. sacchariflorus and one M. sinensis genotype, and carbohydrate concentrations in leaf 

tissue increased in all genotypes following chilling but to a lesser extent in the M. 

sacchariflorus genotype (Purdy et al. 2013). The authors noted the absence of sucrose 

accumulation in M. sacchariflorus during chilling-shock and suggested a possible 

impairment in enzyme function. An interesting finding was that under optimal conditions 

the M. sacchariflorus genotype showed a diurnal pattern of carbohydrate accumulation 

that was similar to sugarcane, whereas the M. sinensis genotypes more closely resembled 

temperate grasses (Purdy et al. 2013).  
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The above-mentioned study by Clifton-Brown and Lewandowski (2000), 

combined a field trial at four different sites along a temperature gradient in Germany with 

an artificial freeze test.  It also examined the hypothesis that frost tolerant genotypes 

would have higher contents of osmotically active solutes (total in the rhizome sap with 

lower osmotic potentials).  However, the researchers found that the more frost sensitive 

genotypes (Gig-2, Gig-3 and Sac-5) had higher levels of reducing sugars (glucose and 

fructose) than in the more frost tolerant genotypes (Sin-H6 and Sin-H9). M. 

sacchariflorus and M. x giganteus genotypes also had significantly higher total sugars 

(mg g
−1

  DM) than the more frost tolerant M. sinensis  hybrid genotypes. The osmotic 

potential of the expressed sap in this test was significantly lower in Sac-5 than the two of 

the M. sinensis hybrids. In addition, the M. sinensis hybrid had a significantly lower 

moisture content than M. x giganteus or M. sacchariflorus. Starch contents were higher in 

a M. sacchariflorus accession and two M. sinensis types than the M. x giganteus 

genotypes, but the authors noted that starch is not considered a cryoprotectant substance. 

They speculated that frost protection might be mediated by non-osmotic means because 

contents of osmotically active solutes were higher in the rhizome sap of frost-sensitive 

genotypes. Differences in starch, sucrose, total sugars and reducing sugar contents of 

rhizomes, osmotic potential of cell sap and mineral composition did not explain 

differences in frost tolerance.  

The freeze tolerance and potential genotypic variability in the rhizomes of 

Miscanthus spp and accessions need to be investigated further. There has been little 

research into the biochemical changes that occur during cold acclimation in rhizomes that 

may relate to membrane stabilization. Research into the accumulation of raffinose family 

oligosaccharides, which is known to accumulate in other species has not occurred. 

Further, information on the lipid composition of rhizomes, or the possible changes in 

fatty acid desaturation over the cold acclimation period that is available for perennial 

ryegrass, bermudagrass, and seashore paspalum, among others, is needed for Miscanthus 

(Cyril et al. 2002, Hoffman et al. 2010, Samala et al. 1998). Information about these 

aforementioned seasonal changes in Miscanthus rhizomes could be highly beneficial to 

the development of a cold tolerance screen and the improvement of the bioenergy crop 

overall.   
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2.5 Summary, Hypotheses and Objectives 

2.5.1 Summary 

 

There are significant differences in the ability of Miscanthus to overwinter both 

within and between species groups in Ontario (Rosser 2012). Breeding strategies 

currently being explored in Miscanthus have the potential to generate high yielding, cold 

tolerant Miscanthus accessions. Morphological, physiological and biochemical 

information on Miscanthus is needed in order to make agronomic, yield or cold tolerance 

improvements to the crop. Information about rhizome morphology and growth type, culm 

growth and tiller recruitment strategies, and clumping habit of Miscanthus and the 

possibility of differences among genotypes is lacking. Further, a more thorough 

understanding of the morphological adaptations involved in successful overwintering of 

Miscanthus in northern climates is needed. Knowledge of biochemical changes that take 

place in cold acclimating rhizomes that increase membrane stabilization such as changes 

in the saturation state of fatty acids and the accumulation of raffinose oligosaccharides 

would be a valuable contribution to the improvement of Miscanthus as a bioenergy crop 

in northern climates. The ability to rapidly screen either existing or future Miscanthus 

crosses for improved overwinter survival would be beneficial to plant breeders and 

commercial growers involved in the improvement of Miscanthus. One of the major aims 

of this thesis is to increase our understanding of the genotypic variation that may exist in 

the rhizome morphology and growth habit of Miscanthus. The second major aim is to 

gain an understanding of the physiological and biochemical changes that occur in the 

rhizomes of cold acclimating Miscanthus plants growing in the field. The following 

section outlines the hypotheses and objectives that framed this thesis.  
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2.5.2 Hypotheses & Objectives  

Morphology 

It is hypothesized that variation in winter hardiness observed across Miscanthus 

genotypes can, in part, be explained by variability in the below-ground morphology 

and growth habit of these genotypes. To test this hypothesis, quantitative and 

qualitative measurements relating to rhizome morphology and growth-form at the 

whole-plant level were made and compared to genotypic overwinter survival data and 

stability of winter survival data from a previous field trial (Rosser 2012).  

Membrane Stability and Fluidity  

It is hypothesized that Miscanthus genotypes with greater freezing tolerance 

undergo biochemical compositional changes that confer membrane stabilization in the 

rhizome tissue over the autumn acclimation period. It is predicted that the fatty acids 

that make up the membranes of Miscanthus rhizomes will achieve a higher degree of 

fatty acid desaturation during the autumn acclimation period, and will contain a 

greater proportion of unsaturated fatty acids in the spring, compared to Miscanthus 

genotypes with poor freezing tolerance. The objectives of this component of the study 

were to: a) characterize the fatty acid profile of the rhizomes of three Miscanthus 

genotypes; b) determine the concentrations of total and individual saturated, 

monounsaturated, and polyunsaturated fatty acids in overwintering rhizomes; and, c) 

assess changes in the fluidity of the membrane via ratios of fatty acid groups and the 

Double Bond Index (DBI).  

Raffinose Family Oligosaccharide Accumulation 

It was further hypothesized that compared to susceptible Miscanthus genotypes, 

rhizomes of cold tolerant genotypes have higher concentrations of raffinose family 

oligosaccharides (RFO’s) during the autumn acclimation period. To test this 

hypothesis, changes in raffinose family oligosaccharide (RFO) content in the 

rhizomes of three field-grown Miscanthus genotypes were measured over the autumn 

acclimation period.



  27 

3: Phenotypic variation in morphological adaptations and growth habit of 

Miscanthus 

Abstract   

Important aspects of the growth habit of Miscanthus genotypes that differ in 

winter survival are not known. Variability in growth habit includes; variation in rhizome 

growth type, culm growth pattern, tiller recruitment, and clumping habit. Quantitative 

measurements and qualitative descriptions of six field-grown genotypes, known to vary 

in overwintering success, were made at a whole-plant and rhizome level to determine if 

phenotypic differences exist, and to ascertain if there are rhizome growth habits that are 

unique to the two genotypes with good winter survival rates, ‘M114’ and ‘M116’. There 

were no significant differences in the number of internodes, length of internodes, or 

width of internodes among genotypes. M114 did have shorter rhizomes than the other 

five genotypes tested. The percent change in the number of stems between year one and 

two on the same plant and the circumference of the area occupied by rhizomes varied 

significantly among genotypes. There were also significant differences in the ratio of 

aboveground to belowground circumferences, ranging from 1.0 to 1.5, allowing for the 

classification of genotypes into intermediate bunch-types (<1.1 M114, M116, M118), and 

spreading types (>1.2, M161, M1-Sel, M116) of which, M116, had a ‘pluriacespitose 

clumping pattern’. The two genotypes with superior winter survival rates had 

morphological features that may aid in improving successful first-year survival. M116 

had the highest net change in total stem number between the first and second year of 

growth, with an increase of 62% (s.e. 7.49). The other five genotypes had a 32.5-42 % 

(s.e. 6.48) change in number of stems. M114 demonstrated intravaginal and extravaginal 

tillering while M116 exhibited monopodial, indeterminate rhizomes, rather than 

determinate rhizomes and has tillering culms as opposed to culms that grown in a 

singular fashion. The findings could be used to develop Miscanthus genotypes with 

improved overwintering success in cool temperate climates. 
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3.1 Introduction 

 

Miscanthus is a tall, warm-season, perennial grass that has been identified as a 

potential biomass feedstock crop due to its high biomass yield in cooler environments 

(Heaton et al. 2004, Gauder et al. 2012). Some genotypes including M. x giganteus types 

appear to be at high risk of plant death from freezing injury in the winter following the 

first-year of growth (Clifton-Brown and Lewandowski 2000). The selection and 

development of Miscanthus genotypes with a lower risk of freezing mortality in the first 

year is an important step toward the adoption of Miscanthus as a biomass feedstock crop 

in cool temperate growing regions. Plant breeders require screening methods that are 

inclusive of morphological traits in order to be able to select germplasm with superior 

winter tolerance.     

Variability in winter survival has been found between and within species groups 

and amongst populations in agronomic trials conducted at three locations representing a 

temperature gradient in Ontario (Rosser 2012, Yan et al. 2012). There is also a high risk 

of stand failure due to freezing injury in the first winter of establishment (Clifton-Brown 

and Lewandowski 2001, Greef et al.1995, Yan et al. 2012). Miscanthus plants that make 

it through the first winter are observed to survive in subsequent years, so emphasis has 

been placed on determining the factors that contribute to first-year winter survival. While 

physiological and biochemical changes during cold acclimation are likely involved in 

overwintering success, morphological traits could play an important role in first year 

survival. Variation in winter survival among genotypes may be due to differences in their 

belowground morphology and growth habits. However, the effect of Miscanthus rhizome 

morphology and growth type on frost tolerance is unknown (Clifton-Brown and 

Lewandowski 2000, Purdy et al. 2013). Genotypes that demonstrate good winter survival 

in the field may possess morphological adaptations that aid in the plants ability to avoid 

or tolerate low temperature stress. There is a need to identify differences in plant 

morphology that can be used to screen Miscanthus genotypes for improved winter 

survival regardless of the evolutionary or ecological origin of this complex trait.  
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The morphological adaptations possessed by Miscanthus genotypes with good 

winter survival may not have evolved specifically for increased tolerance to chilling and 

freezing exposure, but may inadvertently allow a plant to successfully overwinter and 

resume growth in the spring. Examples of evolutionary drivers in grasses that have led to 

morphological adaptations other than low temperature include fire exposure, grazing 

pressure, low moisture stress, and diurnal temperature extremes (Feldman et al. 2007, 

Stuart et al. 1979). The presence of different rhizome growth types, tillering types, 

tussock formation and other aspects of growth habit have been studied in many types of 

grasses including native perennial warm season grasses and turfgrass species (Beaty et al. 

1978, Bredja et al. 1989). Information about the ways in which Miscanthus plants 

vegetatively propagate could be a useful contribution to the understanding of winter 

survival of Miscanthus in northern temperate climates. 

Data that can help interpret clonal traits are laborious to collect and difficult to 

standardize (Klimesova and Klimes 2008). For this reason there is a general lack of data 

available on clonal growth and vegetative regeneration of plants collected in a standard 

way (Klimešová and De Bello 2009, Weiher et al. 1999). Further, the use of discrete 

morphological data to differentiate among genotypes is not always ideal because 

measurements on absolute size such as rhizome length and plant circumference are 

influenced by interactions with the environment (Noble et al. 1979). For these reasons, 

the primary focus of this chapter will be on categorical and descriptive information on 

below-ground rhizome structure that can be considered independent of genotype by 

environment interactions. 

Little is known about the morphology and growth of rhizomes, culm growth 

pattern, tiller recruitment strategy and clumping habit of Miscanthus spp. (Christian et al. 

2009). Information on the belowground morphology and growth habit of Miscanthus spp. 

would be useful for agronomic management and plant breeding purposes. The 

identification of morphological traits associated with enhanced winter survival could 

contribute to the screening and development of Miscanthus genotypes with enhanced 

cold tolerance.  
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It is hypothesized that variation in winter hardiness observed across Miscanthus 

genotypes can, in part, be explained by variability in the below-ground morphology and 

growth habit of these genotypes. Variability in growth habit may include rhizome growth 

type, culm growth pattern, tiller recruitment, and clumping habit. However, the presence 

of, and the extent of this variation among genotypes is unknown.  A limited 

understanding of the below-ground morphology and impacts on growth habit of 

Miscanthus prevents researchers from developing hypotheses that can directly test for an 

association between a specific morphological attribute and overwintering success. The 

objective therefore was to make quantitative measurements and qualitative descriptions 

of six field-grown genotypes, known to vary in overwintering success, at a whole-plant 

and rhizome level and determine if differences exist among genotypes. A secondary 

objective is to ascertain if there are growth habit traits or morphological characteristics of 

rhizomes that are unique to genotypes with good overwinter success, and consequently 

it could be hypothesized they are mechanisms that Miscanthus uses to enhance winter 

cold tolerance.  

3.2 Materials and Methods 

3.2.1 Site Description and Growing Conditions 

 

This study of rhizome and tiller development of Miscanthus was conducted using 

six different genotypes that were that were excavated at the end of the first growing 

season (2011), and another set that was harvested in the spring prior to the 

commencement of growth in the third growing season (2013). Plants used to make 

morphological measurements were obtained from a plots at the Elora Research Station, 

Ontario (43°38’ N, 80°24’ W) operated by the University of Guelph. The soil type is a 

Guelph silt loam soil classified as a Grey Brown Luvisol (CSSC, 1998) or Albic Luvisol 

(WRB, 2006).  Elora has a 130 day growing season between May 1 and Oct 1 and has an 

average of 1050 growing degree days. Average annual precipitation for the site is 800 

mm with precipitation distribution approximately uniform over the year. The coldest soil 

temperatures are reached in February with a long-term mean of -1.4
o
C at 5 cm depth 

(McGonigle and Miller 1999).  
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The experiment was arranged as a randomized complete block design with four 

replications. Experimental units (plots) were 6 m by 3 m and consisted of 4 rows of 9 

plants planted on a 75 cm grid pattern. Vegetative propagules were planted by hand on 16 

June 2011. No fertilizer or herbicides were used in the trial. Individual rhizome 

measurements were made using plants that were excavated at the end of the first-growing 

season on 01 December 2011. For whole plant measurements, plants were excavated on 

14 April 2013, just prior to commencement of third-year growth. 

3.2.2 Genotype Selection 

 

The genotypes used for this study were selected based on winter survival data and 

stability analysis of winter survival data derived from an agronomic field trial undertaken 

by Rosser (2012) (Reviewed in Chapter 2). Six of the twenty genotypes evaluated by 

Rosser (2012) were used for the present study, they are: ‘M114’, ‘M116’, ‘M118’, 

‘M119,’ ‘M161’, and ‘M1-Select’. As described below, the genotypes clustered into three 

groups of relative survival in Ontario tests: low (M1-Select), medium (M118, M119, 

M161) and high (M114, M116). Further details of the experimental methods, data 

collection methods, and data analysis are available in Rosser (2012). 

3.2.3 Origin of the Genotypes 

 

Five of the six genotypes are sterile triploids and one, ‘M114’ is a fertile diploid.  

‘M161’ is a M. x giganteus type that is sourced from the Chicago Botanical Gardens and 

has been the research standard at the University of Illinois at Urbana-Champaign since 

1988 (Friesen et al. 2014, Heaton et al., 2010). The other genotypes are Miscanthus 

hybrids (M. sacchariflorus and M. sinensis crosses) that were generated in breeding 

programs by Dr. Martin Deuter (personal communication, April 2014) and Dr Juergen 

Abraham of Tinplant Biotechnik GmbH (Klein-Wanzleben, Germany).  

M116 (‘Nagara’) is a cross between M. sacchariflorus and M. sinensis. It is an 

allotriploid with the maternal tetraploid M. sacchariflorus parent from the Nagara River 

region in Japan. M118 and M119 are tetraploid hybrids (sister siblings to Nagara, 3x) 

from crosses between tetraploid M. sacchariflorus (mother, from Central Japan) and a 
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diploid M. sinensis population (mostly plants collected in Europe). They have the same 

maternal line as M116.  The crossing year was 1997. The reason for the tetraploid status 

and the hybrid character (M. sacchariflorus and  M. sinensis genome share) is unknown. 

M114 (‘Amuri’) is a hybrid that is considered part of the “Amuri’ line and was 

crossed in 1996 using a diploid M. sacchariflorus Robustus (mother) and a diploid M. 

sinensis population from the European collection. Robustus is an ornamental variety 

selected by Karl Foerster, Potsdam, Germany. Friesen et al. (2014) used allodiploid 

genotypes from the  ‘Amuri’ line and stated that the genotypes had different but closely 

related maternal M. sacchariflorus parents from the Amur River in north-east Asia, based 

on communication in August of 2010 with G. van Koeverden of New Energy Farms, 

Leamington, ON, Canada.   

‘M1-Select’ was obtained by Tinplant Biotechnik GmbH (Klein-Wanzleben, 

Germany) in 1992 from a nursery in Larsen, Denmark and showed good vigour compared 

to other M. x giganteus accessions. Deuter (personal communication, April 2014) 

estimated that M1-Select is a 'normal' triploid M. x giganteus, genetically identical with 

other M. x giganteus origins that they have collected from around Europe. 

3.2.4 Plant Propagules 

 

Miscanthus vegetative propagules were sourced from New Energy Farms Ltd of 

Leamington, Ontario, Canada. Plugs were grown in a standard commercial peat-based 

mix, the age of the stand from which rhizomes to start the plugs is not known (G. van 

Koeverdenm, personal communication, April 2014).  

3.2.5 Whole-plant measurements 

 

At the whole-plant level, quantitative and categorical measurements were made 

based on parameters that could be considered largely independent of genotype by 

environment interactions. Whole plant measurements were made on plants that were 

entering their third year of growth, 14 April 2013. Whole-plants with clipped culms were 

extracted from the field and then washed under high pressure. Power washing caused 
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some mechanical damage to rhizome tips and removed most of the cataphylls, but plants 

remained intact.  Whole plants were dried in converted tobacco kilns set to approximately 

70
o
C for three days. Roots were trimmed with clippers to further expose the rhizomes and 

crown region. Once dried, the shoots and rhizomes were stored and measurements were 

taken in subsequent weeks. 

A tape measure was used to measure the circumference to the nearest centimeter 

at the base of shoots, and the circumference of the area occupied by rhizomes.  All first 

year and second year stems were counted and recorded for three plants for each genotype. 

First-year stems were easily distinguished from second-year stems due to differences in 

weathering and colouring. Mature first-year stems were grey, desiccated and starting to 

deteriorate, while second year-stems had thick, intact cell walls and were a golden 

senesced colour.  

Qualitative measurements (categorical data) at the whole plant level included 

rhizome growth type, culm growth, tillering type and location of axillary buds on 

rhizomes and stem bases. Genotypes were classified as having sympodial (determinate) 

or monopodial (indeterminate) rhizomes. Culm growth was considered ‘diffuse’ if culms 

grew singularly and ‘caespitose’ if they tillered. In order to classify genotypes according 

to clumping pattern or growth habit, terminology originally developed to characterize 

these parameters in bamboo (Bambuseae) was utilized (Stapelton 1998). Rhizomes that 

have one clump of caespitose culms are considered as having a ‘unicaespitose habit’, 

rhizomes that have multiple culm bunches have a ‘pluricaespitose habit’ (Stapelton 1998). 

For culms that produced tillers, the presence or absence of inter and extravaginal tillering 

on culms was noted. For the location of rhizome axillary buds, it was noted whether they 

were located at the peripheral or distal ends of the rhizome, found at every node, present 

at regular intervals without being at every node, or at irregular intervals along the 

rhizome.   

Quantitative measurements at the whole plant level included: depth of rhizome 

growth; circumference of belowground rhizome growth; circumference of aboveground 

shoot growth; the ratio between the two circumferences, known herein as ‘rhizome:shoot 

circumference’; and, the change in number of total stems between year one and year two 
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on a per plant basis. For quantitative measurements at the whole plant level, four plants 

entering the third year of growth from each genotype were sampled, except for M116 and 

M161 where three plants were used.  

3.2.6 Individual Rhizome Measurements 

 

In order to make individual rhizome measurements, plants sampled for whole 

were separated into segments consisting of natural, repeating structures of growth that 

arose off of one original rhizome branch, and a main culm and the rhizomes/tillers that 

grew from it. Three of these ‘segments’ were selected at random from each plant, and 

three daughter rhizomes, and each segment was measured for number of internodes, 

rhizome length, and internode length and width.  There were two levels of subsamples, 

three segments per plant were used, and three measurements were recorded per plant 

‘segment’. 

Three plant segments for each plant were placed side-by-side and photographed 

from a 30 cm height. A Canadian dime (18.03 mm diameter) was used as a reference 

object in each picture for scale. Quantitative measurements made at the rhizome level 

using software measuring tools included: length and internode number of daughter 

rhizomes, internode length, and rhizome width. The photographs were uploaded into an 

image manipulation program (The GNU Image Manipulation Program (GIMP) Version 

2.6.4) that contains a digital protractor used to measure branching angle, and a digital 

ruler used to measure rhizome length, and the length and width on rhizome internodes. 

All measurements were scaled relative to the reference object.  

3.2.7 Statistical Analysis 

 

Data from whole-plant measurements and individual rhizome measurements were 

subjected to variance analysis conducted using a general linear-model analysis of 

variance (ANOVA) (PROC MIXED, SAS v9.2, SAS Institute, Cary, NC, USA). Means 

comparisons were carried out using Tukey's honest significant difference test. For whole-

plant data, change in number of stems, circumference of above ground basal shoot 

circumference; below ground circumference of rhizome growth and ratio of the two 
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circumferences were measured and analyzed. For individual rhizome data the number of 

internodes per rhizome; internode length; rhizome length, and rhizome width were 

analyzed. The individual rhizome data were analyzed as a completely randomized design 

with each measurement within each plant segment treated as a subsample.  

Tests of assumptions of the residuals (normality, random, independence of model 

effects) were made to confirm that the assumptions of the analysis of variance have been 

met. The assumption of normality of the residuals was assessed by examining stem-and-

leaf, box, and normal probability plots of the residuals using PROC UNIVARIATE.  The 

homogeneity of variances assumption was assessed by examination of the side-by-side 

box plots analyzed by genotype.  

3.3 Results  

3.3.1 Rhizome level quantitative measurements 

 

There were no differences amongst tested genotypes in three of the rhizome level 

measurements made;, number of internodes, length of internodes or width of internodes 

(Table 3.1).  Genotype M114 did have significantly shorter rhizomes (30 cm, s.e. 5.66) 

than the other four genotypes (between 49 – 83 cm, s.e. 5.66). 

Table 3.1 Morphological measurements of individual daughter rhizomes of six 

Miscanthus genotypes. There were no significant differences among genotypes. 

 Rhizome 

Length 

(cm) 

Internode 

Length 

(cm) 

Internode 

Width 

(cm) 

Internode 

Number 

 

Genotype     

M114 30 a 4 5 10 

M116 56 b 6 7 12 

M118 56 b 4 7 12 

M119 49 b 5 7 17 

M161 62 b 5 8 15 

M1-Sel 83 b 6 7 17 

S.E. (n=9) 5.66 0.39 0.69 2.35 
Means followed by the same letter within the same column are not significantly 

different (P < 0.05) according to Tukey's HSD mean separation test.  
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3.3.2 Whole-plant quantitative data  

 

The percent change in the number of stems between year one and two on the same 

plant varied among genotypes (p=0.0001) (Fig 3.2). M116 had the highest net change in 

total stem number with an increase of 62% (s.e. 7.48) (Fig 3.2). The remaining five 

genotypes had similar percent changes (between 32.5-43 % s.e. 6.48) (Fig 3.2).  

 

Figure 3.1 Percent change in number of stems (striped bar) and absolute number of stems 

(black bar) added on a Miscanthus plant between the first and second year of growth. 

Each bar represents the mean of four plants. Bars labeled with the same letter are not 

significantly different (P < 0.05) according to Tukey's HSD mean separation test. 
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Circumference of area occupied by rhizomes and shoots 

 

There were no significant differences in the circumference of the area occupied by 

shoots (68-94 cm) among genotypes (Table. 3.2). The circumference of the area occupied 

by rhizomes did differ among genotypes (Table 3.2). M114 had the smallest rhizome area 

circumference [72.0 cm  (s.e. 4.114)] and M1-Select had the largest [131.25 cm (s.e. 

4.114)] (Table. 3.2). There were also significant differences in the ratio of aboveground 

to belowground circumferences, with 1.0 at the lower end  (M114, M118, M119) and 1.2 

- 1.5 at the higher end (M116, M161 and M1-Select) (Table 3.2). The three genotypes 

with a low ratio of rhizome:shoot circumference (M114, M118, M119) grow in a clump, 

rather than in a spreading fashion.  M114 is the only of the three that can be considered as 

an intermediate bunchgrass. M118 and M119 cannot be classified as ‘bunch-type’ 

because they do not tiller intravaginally. Of the three genotypes with high rhizome:shoot 

circumference ratios (>1.2, M161, M1-Sel, M116) two had a spreading growth habit, and 

one, M116, had a ‘pluriacespitose clumping pattern’ (Table 3.3).  

Table 3.2 Measurements pertaining to the circumference of shoots and rhizomes of 

six Miscanthus genotypes, and their respective ratio. Values represent the mean of 

four replicates. 

 

 

Rhizome circumference  

 

Shoot Circumference  

 

Ratio of shoot:rhizome 

circumference 

 

Genotype (cm) (cm)  

M114 72 d 68 a  1.0 c  

M116 117 b (s.e. 4.75)
†
 94 a (s.e. 5.285) 1.2 b (s.e. 0.058) 

M118 90 c 88 a  1.0 c  

M119 78 c 75 a  1.0 c  

M1-Sel 131 a 86 a  1.5 a  

M161 101 c (s.e. 4.75) 76 a (s.e. 5.285) 1.3 b (s.e. 0.058) 

S.E. 4.114 (p=0.0001) 4.577 (p=0.0156) 0.051 P=(0.0001) 

n 4 4 4 

Means followed by same letter within same column are not significantly different (P < 

0.05) according to Tukey's HSD mean separation test. 
†
Standard error is common to all 

genotypes except for M116 and M161, where three samples were measured.  
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Rhizome depth 

 

There was no significant difference in the depth of soil occupied by rhizomes 

among genotypes (p=0.0722). The maximum depth of soil occupied by rhizomes at Elora 

ranged from 8.5-11.5 cm (data not shown). The deepest observed rhizome was often 

associated with the rhizome or plantlet that was initially planted in the year of 

establishment. The majority of the ‘tussock’ or spreading mass of rhizomes is found 

within the top 10 cm of soil. All rhizomes either originated above, or grew parallel to, 

and above the 10 cm depth point before emergence, depending on growth habit. It can be 

concluded based on these observations that rhizomes occupy the top 10 cm of the soil 

profile in our growing conditions. 

3.3.3 Whole-plant qualitative descriptions 

 

Five of the six genotypes had sympodial rhizomes and hence, determinate growth.  

Only one genotype, M116, had monopodial (indeterminate) rhizomes (Table 3.3). Of the 

six genotypes tested, three had culms that tillered (caespitose) (M116, M118, M114) and 

three had culms that grew singularly, in a “diffuse” fashion (M1-Sel, M161, M119) from 

the apices of sympodial rhizomes (Table 3.3, Table 3.4). Sympodial rhizomes with 

determinate growth that turned upward to form shoots with a limited plagiotropic 

(horizontal) portion, or sympodial rhizomes with tillering culms lead to a unicaespitose 

clumping pattern (Table 3.3, Table 3.4) Whereas, determinate rhizomes with a long 

plagiotropic portion, and diffuse culms lead to a spreading growth habit (Table 3.3, Table 

3.4). Three genotypes had culms that originated from sympodial rhizomes singularly, in a 

diffuse fashion.  Of the three genotypes that had tillering culms, only one, ‘M114’, 

demonstrated intravaginal tillering. M114 also had the smallest rhizome growth 

circumference [72 cm (s.e. 4.114)] compared with M1-Sel and M116 for instance, which 

had rhizome circumferences of 131 cm (s.e. 4.114) and 117 cm (s.e. 4.114), respectively. 

M114 also had the shortest rhizomes (Table 3.1) M116 is unique among the genotypes 

tested in that, its monopodial, indeterminate rhizome form and caespitose culm growth 

result in a ‘pluriacespitose clumping pattern’ (Table 3.3, Table 3.4).  This pattern can be 
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observed on a whole plant basis beyond the year of establishment. M116 was also the 

only genotype to have roots at every node along the rhizome (Fig. 3.2).  

3.3.4  Qualitative traits and overwinter survival 

 

The winter survival and winter stability data from Rosser (2012) indicate that 

M114 and M116 have potentially greater overwintering capacity, as they had good winter 

survival rates at the moderately harsh site in Elora (Fig. 2.1), and were the only two 

genotypes of the six to survive at the coldest site, Kemptville (Appendix 1.1). M114 and 

M116 had the lowest coefficient of variation (43-46%) and the highest winter survival 

across all three sites (~78%) (Fig. 2.1).  These two genotypes have different growth 

habits. M116 appears to be a spreading-type from aboveground measurements and from 

ratio calculations but is in fact ‘pluracaespitose’, while M114 is an intermediate bunch-

type genotype. Miscanthus genotypes that have visible rhizomes but appear to have a 

clumping growth habit are not true-bunch grasses, a term applicable to grasses with 

intravaginal tillering. A direct association between specific morphological trait and 

winter survival was not tested, however M114 was the only genotype to tiller via intra- 

and extravaginal tillering and M116 was the only genotype with indeterminate rhizomes 

(Fig 3.2).  

 

Figure 3.2 Miscanthus genotype ‘M116’ sampled from the field prior to the 

commencement of third-year growth. M116 vegetatively propagates via 

plagiotropically oriented, indeterminate rhizomes, which in turn give rise to culms 

that tiller, resulting in a ‘pluriacespitose clumping pattern’. 

 



  40 

The two genotypes that had good winter survival were M116, which is 

‘pluracaespitose’ with a rhizome:shoot circumference of 1.2 (s.e. 0.59), and M114, which 

is an intermediate bunch-type genotype with a rhizome:shoot circumference ratio of 1.0 

(s.e. 0.05) (Fig. 3.1, Table 3.1, Table 3.2). Of the four Miscanthus genotypes that had a 

relatively lower increase in stem number and lower winter survival rates, two were 

intermediate bunch-type grasses (M118 and M119), and two were spreading types (M161 

and M1-Sel) (Fig. 3.1, Fig. 3.2). M118 and M119 (clumping type) had the lowest 

rhizome:shoot circumference ratios of ~1.05 (s.e. 0.05) (Fig. 3.2). M161 and M1-Select 

(spreading types) had the highest rhizome:shoot circumference ratios of 1.3 and 1.5, 

respectively (Fig. 3.2).  

Genotype M114 demonstrated an enhanced capacity to overwinter and had a 42% 

increase in tiller density between years (Fig. 3.2), which was not significantly different 

from the rest. This enhanced capacity for winter survival observed in the stability analysis 

of first year (2008/2009) winter survival (Fig 2.1), may be related to the intravaginal 

tillering observed along the stem bases in addition to extravaginal tillering. The other 

genotypes that had tillering culms (M118, M119) did so via extravaginal tillering 

exclusively (Table 3.2). There is a possibility that the presence of intravaginal tillering 

could be related to a tillering trait inherited from the M. sinensis parent (M. Deuter, 

Personal communication, April 2014), which is described as a rhizomatous tallgrass that 

is tufted or ‘phalanx’, that forms a monoclonal patch of shoots (Kobayashi and Yokoi 

2002). Genotype M116 also demonstrated an enhanced capacity to over winter and a 

significantly higher increase in stems (62%) than the other four genotypes (Fig. 3.2). 

These two genotypes therefore are not relying heavily on rhizome apices for regrowth, 

which were frequently observed to have incurred overwintering or spring freezing stress 

during the trial.  
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Table 3.3 Line drawings, categorical data and qualitative descriptions of rhizome form; culm growth and clumping pattern of 

six Miscanthus genotypes based on categories in Stapleton (1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Rhizome form & 

(growth type) 

Culm growth  & 

tillering type 

Clumping Pattern Presence of 

roots at nodes 

Rhizome  

axillary bud 

location 
Genotyp

e 
     

M114 

 

sympodial 

(determinate) 

caespitose 

(intravaginal and 

extravaginal) 

uni-caespitose absent distal 

M116 monopodial 

(indeterminate) 

caespitose 

(extravaginal) 

pluri-caespitose present irregular, 

along length 

of rhizome 

M118 

 

sympodial 

(determinate) 

caespitose  

(extravaginal) 

uni-caespitose absent distal 

M119 

 

Sympodial 

(determinate) 

Diffuse uni-caespitose absent distal 

M1-Sel 

 

Sympodial 

(determinate) 

Diffuse Spreading absent distal 

M161 

 

Sympodial 

(determinate) 

Diffuse Spreading absent irregular, 

along length 

of rhizome 
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Table 3.4 Photographs and descriptions of the rhizome type, tiller recruitment strategy, and clumping habit of six Miscanthus 

genotypes sampled from the field at the end of the first growing season. M116, photographed here was sampled at the end of 

the second-growing season. 

Genotype Photograph and Description Genotype Photograph and Description 

 

 

M114 

 

M114 possesses short, 

determinate rhizomes 

and tiller both intra- and 

extravaginally.  

 

 

M119 

M119 vegetatively 

propagates via short, 

determinate rhizomes that 

terminate in culms that 

grow in a diffuse 

(singularly growing) 

fashion. 

 

 

M116 

 M116 has indeterminate 

rhizomes and give rise to 

culms that tiller. The 

‘pluri-caespitose’ 

clumping pattern’ is 

becoming apparent at 

this stage.  

 

 

M161 

 

M161 possesses long, 

determinate rhizomes. 

Daughter rhizomes 

originate from both the 

distal and peripheral ends 

of mother rhizomes that 

have terminated in a diffuse 

(singularly growing) culm. 

 

 

M118 

 M118 exhibits short, 

vertically (apogeotrophic) 

oriented, determinate 

rhizomes. Tillering occurs 

extravaginally. This rhizome 

form (growth type) and tiller 

recruitment strategy results in 

a uni-caespitose clumping      

pattern. 

 

 

M1-

Select 

 M1-select exhibits long, 

spreading, determinate 

rhizomes. Daughter 

rhizomes originate from 

distal end of mother 

rhizomes.  
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3.4 Discussion 

 

The hypothesis that variation in winter hardiness observed across Miscanthus 

genotypes can, in part, be explained by variability in the below-ground morphology and 

growth habit of these genotypes is supported. Measurements at the individual rhizome 

level (rhizome length, number of internodes, length of internode and width of internodes) 

varied very little, and only M114 had rhizomes that were shorter than the rest. Individual 

rhizome measurements may not offer as much information about the underground 

morphological attributes that contribute to overwintering success compared to categorical 

information about the rhizome growth type and whole plant growth habit does.  

There were variations in the circumference of the area occupied by rhizomes 

among genotypes as well as the ratio of the circumferences of area occupied by rhizomes 

to the circumference of the area occupied by the shoot base. There was also genotypic 

variation in rhizome growth type, culm growth and tiller recruitment strategy and growth 

habit. The above-ground measurement of shoot base circumference did not differentiate 

between genotypes, despite significant differences in the circumference of rhizome 

growth and the ratio of shoot to rhizome circumference. This limits the applicability of 

this measurement for experimental or screening purposes as it fails to account for 

rhizome growth type and tiller recruitment strategies.  The ratios of the shoot:rhizome 

circumference is indicative of spreading or clumping pattern, but this measurement does 

not provide information about rhizome growth type or tiller recruitment strategy.  

The classification of the genotypes into ‘intermediate bunchtype’ and ‘spreading’ 

(including pluricaespitose) did not relate to the overwinter survival rates observed by 

Rosser (2012). There were no differences among genotypes in most individual rhizome 

measurements and there were no differences in the circumference of above ground shoot 

circumference. The anecdotal observation by Clifton-Brown and Lewandowski (2000), 

that bunch-like grasses tend to be more cold tolerant than spreading genotypes does not 

appear to be true based on the observations in the present study. This may have been the 

case observed amongst the genotypes used in the research of Clifton-Brown and 

Lewandowski (2000), and or there may be discrepancy over the use of the terminology 
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and what is considered a bunchgrass. Observations based on how the culms and clumps 

appear above the ground provide little information about the actual clumping habit and 

rhizome form of grasses. It is not possible to distinguish clumping habit (caespitose, 

pluracaespitose or spreading) based solely on above ground growth measurements or 

observations. Both spreading and intermediate bunch-types demonstrated good winter 

survival, while both types were also characteristic of genotypes with poor winter survival.  

Some of the limitations in the study were: that only one-year of over winter 

survival data were given; a limited number of genotypes; and there was no direct test for 

associations between morphological adaptations and winter survival. The winter during 

the year of establishment (2008-2009) from which winter survival data were gathered and 

stability analysis was conducted was colder than average during several winter months at 

all sites, suggesting conditions could have been harsher than what would be experienced 

for a thirty-year average (Rosser 2012). While some genotypes may have been able to 

survive at Elora or Kemptville at greater rates in a year with more average winter 

conditions, ambient conditions served to screen genotypes that may experience winter 

survival issues in winters with harsher than usual climatic conditions. The genotypes used 

in the present study are only a limited representation of the morphological variation 

present in Miscanthus at the whole-plant and rhizome level. The inclusion of other 

species, species-groups, genotypes, hybrids and ploidy levels would help further 

demonstrate the inherent variation in morphology.  A higher number of measurements 

per replication or additional replications may have allowed for differences to be observed 

at the individual rhizome level or in fact confirm the lack of variability. Measurements 

using dried material may be influenced by sample dessication and deterioration. An 

experimental design that can test directly for associations between winter survival and 

morphological features would be useful.  
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3.5 Conclusion 

 

There is a general lack of knowledge related to the variation in the morphology 

and growth habit of Miscanthus species/genotypes selected for bioenergy. This study 

revealed that there are differences among genotypes in the rhizome growth type, culm 

growth, tiller recruitment and growth habit among genotypes. These differences in 

growth habit have many implications for research and the commercial applications of 

Miscanthus (rhizome harvesting, re-propagation, and planting). Intravaginal tillering 

from stem axillary buds, and indeterminate branching of plagiotropic rhizomes are two 

morphological characteristics observed on two different Miscanthus genotypes (not 

concurrently) that result in a decreased (<30
o
) branching angle. Indeterminate rhizomes 

and intravaginal tillering may contribute to the provision of additional and potentially 

better-insulated growing points, relative to a reliance on rhizome apices for growth. 

These growth strategies may aid in the improvement of overwinter survival, however 

more research is needed to confirm this finding. The role of determinate vs. indeterminate 

rhizomes and intra vs. extravaginal tillering in winter survival success and the genetic 

sources of these traits is not known and would be an interesting topic for further research.  

The genetic source of intravaginal tillering, and rhizome branching need to be 

identified within the breeding background and plant lineages of these genotypes. The 

inclusion of germplasm with a wide variety of growth habit traits in breeding programs is 

important and needed in addition to selections picked based on physiological cold 

tolerance traits. The combination of winter survival data, stability analysis and percent 

change in number of stems between year one and two on the same plant, and a 

combination of the morphological features discussed above taken together might serve as 

a good indicator of overwintering capacity in a screening program. 
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4. Fatty Acid Desaturation and the Accumulation of Oligosaccharides of the 

Raffinose Family in Cold Acclimating Miscanthus Rhizomes 

Abstract 

The major objective of this research was to assess whether Miscanthus genotypes 

that differ in freeze tolerance undergo differing membrane stabilizing changes over the 

autumn acclimation period. Field acclimated Miscanthus plants were subjected to 

controlled environment, lethal freezing temperature treatments, and changes in the fatty 

acid concentration and accumulation of raffinose family oligosaccharides (RFOs) were 

measured in the rhizomes during autumn acclimation. There were no differences in lethal 

freezing temperature (LT50) present among genotypes, based on either electrolyte 

leakage measures of membrane stability or regrowth viability test. The LT50 of 

Miscanthus based on a regrowth viability test was -4.4
o
C and the LT50 was estimated to 

be between -4.8
o
C and -6.6

o
C based on electrolyte leakage tests of membrane stability.  

The four major fatty acids present in the rhizome tissue were linoleic acid, C18:2n6 

(44%); palmitic acid, C16:0 (21%); alpha-linolenic acid, C18:3n3 (10%); and oleic acid 

C18:1, (9%). The monounsaturated fatty acids decreased between early autumn, late 

autumn and spring by a total of 25% across all genotypes. The polyunsaturated fatty acid 

concentration of the Miscanthus rhizomes increased by a total of 26% between early 

autumn and spring. There was an increase between early autumn, late autumn and spring 

in the ratios of unsaturated to saturated fatty acids (1.78 to 2.77 overall) and the ratio of 

polyunsaturated fatty acids to monounsaturated fatty acids (2.73 to 5.67 overall). 

Concentrations of linoleic acid (C18:2n6) and alpha-linolenic acid (C18:3n3) increased at 

all time points, and had increased by 24% and 36%, respectively, between the early 

autumn and spring sampling times. The Double Bond Index (DBI), a measurement of 

membrane fluidity, increased at each time point, from 1.1 to 1.4. RFO concentrations 

increased in all genotypes from 2 to 13 mol/kg in 2010 and from 3 to 30 mol/kg between 

the first and final sampling times in 2011. These findings indicate that Miscanthus is 

freeze tolerant and undergoes active cold acclimation via rhizome fatty acid desaturation 

and the accumulation of raffinose oligosaccharides during the autumn. 
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4.1 Introduction 

 

Miscanthus is a warm-season, perennial grass that is being considered as a 

bioenergy crop in Ontario. Productivity field trials in Europe, the United States, and 

Ontario have demonstrated the high biomass yield potential of Miscanthus spp. (Clifton- 

Brown et al., 2001, Engbers 2012, Gauder et al. 2012, Heaton et al. 2004, Rosser 2012). 

A hindrance to the adoption of Miscanthus as a bioenergy crop is the high cost of 

establishment associated with current propagation methods that rely on rhizomes and 

propagules (Jorgensen and Muhs 2001, Khanna et al. 2008). There is a high risk of stand 

failure associated with survival of first year overwintering in genotypes available 

currently as has been noted with M. x giganteus (Greef et al., 1997, Pude, 2000 as cited 

by Jezowski 2008).  

Cold tolerance and winter survival varies considerably within and across M. x 

giganteus genotypes, M. sinensis and its hybrids, and crosses between M. sacchariflorus 

and M. sinensis (Clifton-Brown and Lewandowski 2000, Farrell et al. 2006, Yan et al. 

2012). A multi-genotype trial conducted in Ontario demonstrated variability in winter 

survival both between and within species groups and concluded that the selection of 

genotypes based on species group alone would be insufficient to guarantee winter 

survival (Rosser 2012). Clifton-Brown and Lewandowski (2000) proposed that an ability 

to differentiate among Miscanthus genotypes based on rhizome cold tolerance could 

assist in selecting Miscanthus for improved winter survival. Cold tolerance requires 

rhizome tissue and membranes that can withstand exposure to low-temperature stress and 

resume growth the following spring. Cold acclimation is a response to low but non-

freezing temperatures, usually associated with decreasing photoperiod (Guy 1990, Levitt, 

1980, Steponkus and Webb 1992, Thomashow 1999). Cold acclimation of C4 grasses has 

been investigated in zoysia grass (Zoysia spp.) (Patton and Reicher 2007), saltgrass 

(Distichlis spicata var. stricta (L.) Greene) (Shahba et al. 2003) and switchgrass 

(Panicum virgatum) (Hope and McElroy, 1990). 

 Cold tolerance of Miscanthus rhizomes is influenced by acclimation processes. 

Plant membranes, including the plasma membrane, thylakoid membrane and 
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chloroplastic envelope, can be destabilized and injured by freezing temperatures due to 

expansion-induced-lysis and changes in membrane fluidity through the formation of 

lamellar-to hexagonal-II phase transitions in plant lipids (Uemura and Steponkus 1997, 

Steponkus et al. 1993). Membrane-stabilizing changes that occur during cold acclimation 

in overwintering tissue increases capacity to withstand freezing stress by lowering the 

freezing point of plant cells, and ameliorating the effects of membrane rigidity as well as 

the dehydrative stress placed on cells caused by freeze-induced desiccation (Livingston et 

al. 2009).  

Membrane fluidity and stabilization of plant lipid membranes such as those found 

in Miscanthus rhizomes can be affected via changes in the proportions of major polar 

lipid classes, changes in sterols, and through changes in fatty acid saturation state. 

Desaturation of fatty acids plays a key role in the regulation of membrane fluidity and the 

acclimation of plants to low temperatures (Reviewed in Los 2013). The desaturation of 

fatty acids that make up lipid membranes in response to low temperatures is regulated by 

the activity of fatty acid desaturases (Upchurch 2008). The role of fatty acid desaturation 

and increases in specific polyunsaturated fatty acids in freeze tolerance has been 

investigated in bermudagrass (Cynodon dactylon (L.) Pers.]) (Munshaw 2004, Samala et 

al. 1998), seashore paspalum (Paspalum vaginatum Sw.) (Cyril et al. 2002), and 

perennial ryegrass (Lolium perenne L.) (Hoffman et al. 2010). There is no published 

research on the lipid or fatty acid composition of Miscanthus rhizomes, and consequently 

there is no available information on the fatty acid profile of rhizome membrane tissue, the 

changes in the fatty acid profile, or on genotypic variation in changes in response to 

seasonality or low-temperature stress. 

Another possible membrane stabilizing cold tolerance mechanism that occurs in 

grasses during autumn acclimation is the accumulation of Raffinose Family 

Oligosaccharides (RFOs). RFOs are water-soluble carbohydrates known to accumulate in 

a number of species during cold acclimation. RFOs can act as reserve carbohydrates, and 

are known to be involved in cold signaling (Van den Ende et al. 2004). Evidence of the 

role RFOs play in mitigating cellular desiccation injury has been gained from studies 

looking at the drying process in desiccation tolerant seeds (reviewed in Obendorf 1997). 
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Recently, Hincha et al. (2003) demonstrated that RFOs prevent deleterious lipid phase 

transitions in membranes by replacing water molecules in the hydration shell of lipid 

head groups. The direct functional role RFOs play in freeze tolerance has until recently 

been unclear (Gilmour et al. 2000, Tunnacliffe and Lapinski 2003, Zuther at al. 2004) 

since raffinose has been associated with radical scavenging activity during oxidative 

stress (Nishizawa et al. 2008).  

The site of raffinose synthesis is in the cytosol and evidence of its active uptake 

across the chloroplastic envelope and direct role in the protection of plastid structures has 

recently been confirmed (Knaupp et al. 2011, Schneider and Keller 2009). The 

accumulation of raffinose in the plastids of mesophyll cells plays a critical physiological 

role in stabilizing PS II and protecting photosynthetic apparatus during freezing (Knaupp 

et a. 2011). Cold-induced accumulation of RFO has been related to the capacity of alfalfa 

(Medicago sativa L.) (Castonguay and Nadeau 1998, Castonguay et al. 1995, 

Cunningham et al. 2003) and saltgrass, a rhizomatous warm-season grass (Shahba et al. 

2003), to withstand freeze-induced desiccation. There have not been any studies 

investigating low-temperature induced changes in RFO concentrations in Miscanthus 

rhizomes.  

It is presumed that Miscanthus genotypes with better freezing tolerance undergo 

physiological and biochemical changes that help stabilize rhizome membranes over the 

autumn acclimation period. It is hypothesized that rhizomes of freeze tolerant Miscanthus 

genotypes have membranes that achieve a higher degree of fatty acid desaturation 

following the autumn acclimation period and are more unsaturated in the spring, when 

compared to Miscanthus genotypes with poor freezing tolerance. To test this hypothesis, 

the changes in fatty acid content and overall fluidity of the overwintering crown tissue of 

three Miscanthus genotypes was assessed. The second objective was to assess the 

changes in RFO content of field grown Miscanthus rhizomes over the autumn 

acclimation period. It is hypothesized that rhizomes of Miscanthus genotypes with greater 

cold tolerance as determined by artificial freeze tests will have greater concentrations of 

RFO’s over the autumn acclimation period.  
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4.2 Materials and Methods 

4.2.1 Field Site Description and Plant Material 

 

In 2010 and 2011, identical field nurseries were established at the Elora Research 

Station in Ontario, Canada (43
o
39'N 80

o
25'W, elevation 380m) operated by the 

University of Guelph. The site for both nurseries is a Guelph silt loam soil classified as a 

Grey Brown Luvisol (CSSC, 1998) or Albic Luvisol (WRB, 2006).  The site has a 130 

day frost-free growing season between May 1 and Oct 1, receiving 1050 growing degree 

days.  

The nursery in each year was  arranged as a randomized complete block with 

three treatments (genotypes) and three replications. The three Miscanthus genotypes were 

‘M114’, ‘M116’ and ‘M1-Select’, more information about the plant material and reason 

for inclusion in this study can be found in Chapter Three.  ‘M114 is a part of the ‘Amuri’ 

line and is a fertile diploid that resulted from crossing M. sacchariflorus with M. sinensis. 

‘M116’ is from the ‘Nagara line’ and like M1-Select, is a sterile triploid, M. x giganteus 

type.   Vegetative propagules for each Miscanthus genotype were sourced from New 

Energy Farms Ltd. of Leamington, Ontario, Canada. The age of the mother plants the 

propagules were obtained from is not known.  In each year, the field nursery was planted 

by hand in mid-June. Experimental units contained 36 plants arranged in four rows of 

nine plants planted on a 75 cm grid pattern. Weeds were removed by hand. 

4.2.2 Growing Conditions at the Elora Research Station 

 

The mean monthly air temperature (
o
C) and precipitation (mm) recorded at the 

Elora Research Station as well as the 30-year climatic averages (1981-2010) recorded at 

the Fergus – Shand Dam Environment Canada weather station are provided in Table 4.1. 

The monthly mean air temperatures were close to average during the field trial (Table 

4.1).  December of 2010 was colder than average and January and February of 2012 were 

milder than the 30-year average (Table 4.1). The mean air temperature in March of 2012 

was considerably warmer than normal (Table 4.1), likely due to the warm spike that 

occurred from 16 – 24 March 2012 (Fig. 4.1).  
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4.2.3 Soil and Air Temperature During Field trial 2010-2012 

 

Data for daily mean air and soil temperature at 5 cm below soil surface were 

recorded via a weather station located 200 m north of the research plots and was obtained 

from the Agricultural and Forest Meteorology Group (2012) (Fig. 4.1) During the field 

trial, air and soil temperatures started to decline on the 26 August in 2010 and around 11 

September in 2011 (Fig. 4.1).  Mean daily air temperatures began to be consistently 

below 0
o
C around 19 November in both 2010 and 2011. Mean daily soil temperature at a 

5 cm depth fell by approximately 20 degrees between 7 September and 7 December in 

2010 and 2011 (Fig. 4.1). Soil temperatures at the 5 cm depth did not fall below -0.1
o
C in 

either year (Fig. 4.1).  

 

Figure 4.1 Daily soil and air temperature recorded at the Elora Research Station, 

University of Guelph June 2010- June 2012. 
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 Table 4.1 Average monthly air temperature and precipitation averages measured at the Elora Research Station                      

and the 30-year average (1981-2010) monthly temperature and precipitation recorded at the Fergus – Shand Dam 

Environment Canada weather station, located 12 km east of the research plots. 

 

  Mean Air Temperature Temp (°C) 

  Jan Feb March April May June July Aug Sept Oct Nov Dec 

2010 -7.2 -5.8 2.2 8.8 13.8 16.9 20.2 19.4 14.0 8.5 2.3 -6.3 

2011 -10.2 -7.9 -3.4 5.6 12.6 16.5 21.4 19.0 15.0 8.9 4.8 -1.3 

2012 -3.9 -2.5 5.6 5.3 14.7 18.3 21.3 18.6 13.8 8.6 1.5 -0.7 

30-

year 

mean 

-7.4 -6.3 -1.9 5.7 12.2 17.5 20 19 14.9 8.3 2.1 -3.9 

  Precipitation (mm) 

2010 27.2 24.4 41.3 47.5 99.9 184.1 89.4 12.1 117.8 52.6 50.8 21.1 

2011 47.6 58.2 86.1 100.7 113.3 87 31.9 158.6 76.1 128.9 90.5 85.5 

2012 46.8 32 31 30 28.2 64.6 30.4 62.6 106.2 127.3 40.2 79.9 

30-yr 

mean 

67.9 55.9 59.6 74.1 86.9 83.8 89.2 96.6 93.1 77.2 93 68.6 
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4.2.4 Lethal Freezing Temperature Analysis 

Freeze Test Procedure 

 

To determine lethal freezing temperature for Miscanthus using an electrolyte 

leakage assay and a regrowth viability test, field acclimated rhizomes from ‘M114’, ‘M116’ 

and, ‘M1-Select’were excavated on April 14, 2013 and May 2, 2013 from the field nursery.  

To ensure that there was sufficient plant material, plant material from all of the blocks and 

reps of the field nursery were pooled for each.  Plants rhizomes were washed and placed in a 

4
o
C walk-in refrigerator prior to initiation of freeze treatments. Due to a temperature 

programming error, and a need to re-perform the lethal freeze tests, material was maintained 

at 4
o
C for three days. 

Rhizome material that was excavated from the field nursery on April 14, 

2013 was placed into four programmable, modified chest freezers capable of being set 

to chilling and sub-zero temperatures (Woods, Guelph, ON) and maintained at a 

temperature of 0
o
C.   After six hours at this temperature axillary bud and crown 

samples were removed from all four freezers and placed into a 4
o
C walk-in refrigerator 

(see description below). The freezers then decreased in temperature to reach either -2, -

6, -8, -10
o
C. The rate of cooling was approximately -2.5

o
C hr-

1 
and the fluctuation of 

the temperature in the programmable freezer was ± 1
o
C.   After 12 hours at the target 

temperature, plant material was removed and placed into a 4
o
C walk-in refrigerator. 

The four freezers that were set to -2, -6, -8 and -10
o
C were then programmed to a target 

temperature of  -12, -14, -16, and -18
o
C respectively. After 12 hours at the target 

temperature, axillary bud samples and crowns were taken as per the procedure above. 

The above experiment was repeated using rhizome material excavated from the field 

nursery 2 May 2013 except with modified treatments.  Material was kept at 4
o
C for one day 

prior to application of freezing treatments. The four temperature treatments were 0, -3, -5, -7, 

-9 
o
C, and then following the removal of axillary bud samples, the freezers that had been set 

to -3, -5, -7, -9 
o
C were programmed to reach -11, -13, -15, -17 

o
C, respectively. 
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Thermocouples were inserted into one conetainer from each freezer to determine when target 

temperatures were reached. 

Electrolyte Leakage Assay  

 

The electrolyte leakage method can be used to evaluate low temperature 

threshold for injury and is used to assess membrane integrity following freezing (Dexter 

1956). The sample material that was subjected to the freeze test procedures described 

above and subsequently used for the electrolyte leakage assay consisted of developed, 

but non-differentiated axillary buds that were excised from rhizomes and stem bases and 

pooled prior to exposure to temperature treatments. The electrolyte leakage methods 

used were chosen because they could be relatively easily reproduced as a high 

throughput method by individuals involved in cold tolerance screening for crop 

improvement purposes. It was thought that the use of whole buds rather than tissue discs 

could streamline the process. Further, information derived from the use of buds rather 

than rhizome tissue discs, or partial buds could further our understanding of the freeze 

tolerance of axillary buds. Axillary buds (with cataphyll still attached) were excised 

from the stem base or rhizome and placed loosely in plastic trays with compartments to 

sort them by genotype in preparation for freezing. Four buds were used at each 

temperature for each genotype. Control plants were field acclimated plants that were not 

exposed to freezing treatments and kept at 4
o
C These were used to calculate the relative 

conductivity of the unfrozen samples, which is used to calculate the index of injury 

discussed below. 

Following freezing treatments described above, axillary bud sample material was 

placed in a walk-in refrigerator at 4
o
C for approximately 24 h to facilitate thawing. The 

cataphylls were removed and then the buds were transferred to a test tube containing 

10ml of deionized water.  Electrolyte conductivity (EC) was measured with an 

electrolyte conductivity meter (HI 98129, conductivity meter (Hanna Instruments, Inc., 

Woonsocket, RI). The conductivity method measures the amount of electrolytes that 

leak out of the cells of injured tissues into deionized water. It assumes that the degree of 

injury is correlated with the leakage of electrolytes (Dexter 1956). Test tubes containing 
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the bud and distilled water were placed on a vortex and thoroughly mixed for one 

minute prior to EC measurements. The test tube solutions with the Miscanthus axillary 

buds were poured into larger containers to accommodate the width of the conductivity 

meter and then poured back into the test-tube to be able to obtain further EC 

measurements.  

To determine the degree of freezing injury in field acclimated Miscanthus 

axillary buds, a leakage assay based on the relative conductivity method was performed 

which is discussed in detail in Prasil and Zamecnık (1998). With this method, freezing 

injury is expressed as an index (It) and is based on relative conductivity rather than 

absolute conductivity. It accounts for varying tissue types, weights, and non-freezing 

effects (Flint et al. 1967). Nonlinear regression of relative conductivity vs. exposure 

temperature was used to estimate the temperature causing 50% leakage of electrolytes.  

The formula used to calculate the EC from the leakage assay data in the present 

study is based on the expression of the degree of freezing injury by an index (It) or as a 

percent: 

It(%)=100(Rt-R0)/(Rf-R0) where, 

Rt(%) = 100(Lt/Ltm) 

R0=(100L0/L0m) 

Rf=(100Lf/Lfm) 

Rt represents the electrolyte leakage or amount of leachate from a sample frozen 

at temperature ‘t’ as a percentage of the total electrolyte determined by measuring the 

conductivity of leachate from the respective sample (control, unfrozen, frozen at ‘t’ 

temperature) after exposure to a killing temperature (Dexter, 1956). The formula is 

Rt(%) = 100(Lt/Ltm), where Lt is the amount of leachate from a sample frozen at 

temperature t  (Lt) as a percentage of the maximal (total) conductivity of leachate from 

the respective sample after killing (Ltm) (Dexter,1956, Prasil and Zamecnık 1998). 

R0=(100L0/L0m) is the relative conductivity of the unfrozen sample and Rf, 

Rf=(100Lf/Lfm), is the conductivity of the freezing-killed samples. (Prasil and Zamecnık 
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1998). The value of It converts the percentage of Rt to a scale where the unfrozen 

sample is given a value of 0% and the freezing-killed sample a value of 100%. 

  To calculate the relative conductivity of the samples, initial and final EC 

measurements were made following exposure to a freezing treatment, and 24 hours 

exposure. For the EC calculation of unfrozen samples (R0), EC measurements were 

made on plants that were field acclimated, but not exposed to freezing treatments and 

kept at 4
o
C during the freeze tests.  To obtain the electrical conductivity data for the 

killing temperature treatment (Rf), all test tubes including control were placed in -80
o
C 

freezer for 24 hours.   

Regrowth Viability Test 

 

To determine lethal temperature for ‘M114’, ‘M116’ and ‘M1-Select’ 

Miscanthus using a plant tissue regrowth test, field acclimated culms with a minimum of 

two axillary buds present were excavated from the field nursery on April 14, 2013.  Due 

to a lack of available mature culms with basal buds, rhizome apices were used for M161.  

Whole plants were broken down into segments and then individual stem portions with a 

minimum of two buds were placed into pre-labeled conetainers (Stuewe and Sons Inc., 

Corvallis, OR). The conetainers had a diameter of 13 cm and were 15 cm long.  

Conetainers were held in pre-labeled racks. Three genotypes with four subsamples each 

resulted in twelve conetainers of each genotype, which were used for each replicate. 

There were three replicates used per target temperature for each genotype and these 

were placed into a rack that made up a ‘block’. Four blocks were placed within each 

freezer and subjected to the first freezing test procedure described above over the range 

of  -2 to -18
o
C. Prior to initiating freezing treatments the material was stored in a 4

o
C 

refrigerator. 

Following freeze-treatment and thawing, the conetainers were filled with potting 

mix (Sunshine Mix #4, Sun-Gro Horticulture, Bellevue, WA) and placed back into their 

respective racks for rapid handling. The racks were transferred to a greenhouse that was 

maintained at 24° C with 150 µmol m
−2

  s
−1

 PPFD during the day and a photoperiod 

determined by natural day length.  Plants were irrigated as needed and observed for a 
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two-week period for regrowth. If a conetainer contained a crown that had sprouted and 

produced a shoot it was considered alive. If plant material failed to regrow following 

freeze-treatment it was considered ‘nonviable’.  The number of alive and nonviable 

plants per replicate was recorded and used to calculate the LT50 of the material.  

4.2.5 Fatty Acid Analysis 

 

Rhizomes of ‘M114’, ‘M116’ and ‘M1-Select’ were harvested from the field 

experiment at two time points in the autumn of 2010 and 2011 and once in the spring of 

2011 and 2012 (Table 4.2). The late autumn sample timing differs among years due to a 

lack of sampling at the equivalent time point. Samples for fatty acid analysis were 

obtained from one plant in each of three replicates.  To obtain rhizome samples, whole 

plants were excavated and washed in ambient temperature water to remove soil and 

plant debris. Clippers were used to cut rhizomes away from the remainder of the plant. 

Rhizomes were trimmed of buds, the apex, scales and roots. Rhizomes were then placed 

in a pre-labeled paper bag with genotypic and replicate information, weighed and dried 

at 80
o
C degrees until a constant weight was reached.  Rhizome samples were cut into 

small pieces and then ground using an electric coffee grinder into powder <2mm mesh. 

Table 4.2 Sample timings for field-grown Miscanthus rhizomes used for fatty acid 

analysis in 2010-11 and 2011-12. 

 Rhizome Field Harvest Dates 

Sample Timing   

 2010-11 2011-12 

Early Autumn 23 September 14 September 

Late Autumn 5 November 1 December 

Spring 29 April (2011) 12 May (2012) 
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Fatty acid analysis was conducted at Lipid Analytical Laboratories Inc. (LAL) in 

Guelph, ON. After addition of the internal standard, tritridecanoin, to a weighed portion 

of ground sample, lipids were extracted from the plasma membrane-enriched fractions 

according to the procedure of Bligh and Dyer (1959). Fatty acids were analyzed by gas 

chromatography (GC) with a Varian 3800 gas chromatograph (Palo Alto, CA) equipped 

with a 30-m DB-23 capillary column (0.32 mm i.d., 0.1 µm film thickness; Varian). The 

sum of FA from 14:0 to 24:1 was taken as 100, and concentrations of individual FA 

were expressed as a percentage of this sum. Fatty acids with levels below 1% were 

removed from the analysis. The modified double-bond index (DBI), for C18 fatty acids 

was calculated from the mol % values: The relative percentage of each unsaturated fatty 

acid was multiplied by the number of double bonds in that fatty acid and the products 

were summed and divided by 100 [e.g., (diunsaturated fatty acid X 2) + (triunsaturated 

fatty acid X 3)/100] for C18 fatty acids (Skoczowski et al. 1994, Cyril et al. 2002). 

4.2.6 Raffinose Family Oligosaccharide Analysis 

 

Rhizomes of ‘M114’, ‘M116’ and ‘M1-Select’ were excavated from the field 

experiment during their first year of growth, at four time points over the autumn 

acclimation period in 2010 and 2011 (Table 4.3). The commencement and range of 

sampling dates differ between years; sample timings in 2011 began earlier and extended 

later in an attempt to capture more of the autumn acclimation period. For this reason the 

data from each year were analyzed separately.  Samples were taken from the rhizomes 

of three plants from each replicate. To obtain rhizome samples, whole plants were 

excavated and washed in ambient temperature water to remove soil and plant debris. 

Clippers were used to cut rhizomes away from the remainder of the plant. Rhizomes 

were trimmed of buds, the apex, scales and roots. Rhizomes were then placed in a pre-

labeled paper bag with genotypic and replicate information, weighed and dried at 80
o
C 

degrees until a constant weight was reached. 
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Table 4.3 Sample timings for field-grown Miscanthus rhizomes used for raffinose 

family oligosaccharide analysis (RFO) analysis 2010-2012. 

 Rhizome Field Harvest Dates 

Sample Timing  

 2010 2011 

Sample Timing 1 October 7 September 14 

Sample Timing 2 October 13 September 23 

Sample Timing 3 October 21 October 17 

Sample Timing 4 October 27 November 4 

 

Raffinose concentration analysis was conducted at the Laboratory Services 

Division at the University of Guelph. Total RFO concentrations of dried, ground 

Miscanthus tissue (0.5 g) were determined using an enzyme-based method (McCleary et 

al. 2006). Galactosyl-sucrose oligosaccharides (raffinose, stachyose and verbascose) 

were hydrolysed by α-galactosidase (from Aspergillus niger) and converted to D-

galactose and sucrose by invertase. The enzymic procedure was followed by 

colorimetric determination of glucose using a raffinose–glucose assay kit (Megazyme 

International, Catalogue No: K-RAFGL, Megazyme International Ireland Ltd., Bray, 

Ireland Ltd.). The method does not distinguish between raffinose, stachyose and 

verbascose, but rather measures these as a group. Since each mole of raffinose-series 

oligosaccharides converts to one mole of D-glucose, the concentrations are presented on 

a molar basis.  

4.2.7 Statistical Analysis 

Lethal Freezing Temperature Analysis 

 

The subfreezing temperature resulting in 50% mortality of plants is defined as 

lethal temperature (LT50). LT50 was calculated from the results of a regrowth viability 

test of Miscanthus crowns, as well as on electrolyte leakage measures of membrane 
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stability of Miscanthus stem and rhizome axillary buds that were excised from field-

grown plants.  

The electrolyte leakage test data were analyzed using PROC MIXED (SAS v9.4, 

SAS Institute, Cary, NC, USA).  The response variable was index of injury (Lt) 

expressed as a percent. The model included the fixed effects of genotype and 

temperature and the interaction of genotype X temperature. The random effect of test 

tube nested within genotype was also included in the modeling; however, the variance 

was consistently estimated to be 0. 

The data for the regrowth viability assay were modeled as a generalized linear 

model using PROC GLIMMIX in (SAS v9.4, SAS Institute, Cary, NC, USA). A logit 

link function was used, which included estimation of a single over-dispersion parameter 

because the Pearson Chi-Square / DF was greater than 1. The response variable was 

proportion nonviable for in each genotype by temperature group. Fixed effects were 

genotype and temperature, and genotype X temperature. Temperature was treated as a 

quantitative variable. There were no random effects included in the modeling of the 

regrowth viability assay data. 

Fatty Acid Analysis  

 

 Data from the fatty acid analysis were subjected to variance analysis conducted 

using a mixed-model analysis of variance (anova) (PROC MIXED, SAS v9.2, SAS 

Institute, Cary, NC, USA).  The main effects were sample timing, year and genotype. 

Block was not considered in the analysis. Means comparisons were carried out using 

Tukey's honest significant difference test. For fatty acid concentration analysis, the full 

model including a three-way interaction between year, sample timing and genotypes was 

not significant, and neither was year X genotypes. For this reason data for the main 

effects of genotype and sample timing for 2010 and 2011 were combined. The normality 

of the residuals assumption was assessed by examining stem-and-leaf, box, and normal 

probability plots of the residuals using PROC UNIVARIATE.  The homogeneity of 

variances assumption was assessed by examination of the side-by-side box plots of 

genotype, sample timing and year.  
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Raffinose Family Oligosaccharides 

 

Data from raffinose family oligosaccharides assessment were subjected to 

variance analysis conducted using a mixed-model repeated measures analysis of 

variance (anova) (PROC MIXED, SAS v9.2, SAS Institute, Cary, NC, USA).  The main 

effects were sample timing and genotype. Block was not considered in the analysis. The 

2010 and 2011 data were analyzed separately because of the differences in sample 

timings within each year (Table 4.2). Means comparisons were carried out using Tukey's 

honest significant difference test. The homogeneity of variances assumption was 

assessed by examination of the side-by-side box plots analyzed by genotype and by 

sample timing. Repeated measures analysis was used to analyze RFO data because there 

were four sampling dates in each year and the biochemical response was obtained from 

plants in the same experimental unit over time. The repeated measure was ‘time’, and 

the subject was the experimental unit ‘rep*genotype’. In order to determine the best 

correlation structure for the repeated measures model, four correlation structures were 

modeled and compared based on Akaike’s information criterion (AIC); compound 

symmetry (cs), unstructured (un), autoregressive order 1 Ar(1), and heterogeneous 

autoregressive order Arh(1) (Bowley 2008). A heterogeneous autoregressive order 1 

(Arh(1)) covariance structure was selected because it provided the lowest AIC value for 

both 2010 and 2011 data. The Kenward-Roger correction was used to compute the 

denominator degrees of freedom for the model, to account for the repeated measures 

aspect of the model (Little et al. 2002) The Arh(1) covariance structure also allows for 

heterogeneous residuals as was found with this data. For RFO concentration, 0.05 was 

added to all raffinose values to ensure that data points that were recorded as ‘0’ or non-

detected could still be included in the analysis. Original data is presented in the results 

section.  
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4.3 Results 

4.3.1 Lethal freezing temperature based on Electrolyte Leakage measures of 

membrane stability  

 

M114, M116 and M1-Select did not differ in lethal freezing temperature as 

determined by electrolyte leakage assay using rhizome and stem axillary buds. The 

results of the electrolyte leakage assays are presented separately, as a different 

temperature regime was used for each and because the plant material used was harvested 

on two different dates. In the analysis of the electrolyte leakage data, the genotype by 

temperature interaction was not found to be significant for the full model for either the 

first (p = 0.1695) or second (p = 0.7412) test. The reduced model included the fixed 

effects of temperature and genotype. Genotype was found to be non-significant in both 

the first (p=0.7752) and second (p=0.0921) test. The fixed effect of temperature, 

however, was found to be significant (p < 0.0001) in both cases. Using the parameter 

estimates for the temperature model, the response variable proportion nonviable and 

standard error of estimated values was estimated across a range of temperature values. 

For the first electrolyte leakage test the response variable ‘proportion nonviable’ was 

estimated across the range of -8 °C to -2 °C. The parameter estimates can be found in 

Table 4.4 and the corresponding data in Appendix 4.1. The estimated proportion 

nonviable provided an estimate of the LT50 as well as a 95% confidence interval for the 

LT50 (Figure 4.2, Table 4.7). From Figure 4.2, the LT50 is estimated to be -6.6 °C with 

95% confidence interval (-7.2, -6.1°C). For the second test, the response variable 

‘proportion nonviable’ was estimated across the range -15 °C to -3 °C. The parameter 

estimates can be found in Table 4.5 and the corresponding data in Appendix 4.2. The 

estimated proportion nonviable provided an estimate of the LT50 as well as a 95% 

confidence interval for the LT50 (Figure 4.3, Table 4.7). From Figure 4.3, the LT50 is 

estimated to be -4.8°C pooled over genotypes with 95% confidence interval (-5.9, -

3.3°C). 
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Table 4.4 Parameter estimates, standard errors and p-values for the reduced model 

with temperature as a fixed effect and Index of Injury (It) as the response variable 

for the first electrolyte leakage test (material excavated 14 April, 2013) estimated 

across the range of -8 °C to -2 °C pooled over genotypes.   

Effect Estimate Standard Error p-value 

Intercept -0.1434 0.05116 0.0068 

Temperature -0.09801 0.009391 < 0.0001 

 

Figure 4.2 Lethal temperature at which freezing injury occurs [LT50] for 

Miscanthus derived from the non-linear regression of Index of Injury (It) across 

Temperature (°C) using field acclimated Miscanthus axillary buds sampled on 

April 14, 2013. The lines on either side of the regression are the confidence 

intervals for the expected value of Y given X at all points on the regression. The 

LT50 pooled across genotypes is estimated to be -6.6°C with 95% confidence 

interval (-7.2, -6.1°C). 
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 Table 4.5 Parameter estimates, standard errors and p-values for the reduced 

model with temperature as a fixed effect and index of injury (It) as the response 

variable for the second electrolyte leakage test (material excavated 2 May, 2013) 

estimated across the range of  -15 °C to -3 °C pooled over Miscanthus genotypes. 

Effect Estimate Standard Error p-value 

Intercept 0.2936 0.04613 < 0.0001 

Temperature -0.04277 0.004684 < 0.0001 

 

 

Figure 4.3 Lethal temperature at which freezing injury occurs [LT50] for 

Miscanthus derived from the non-linear regression of predicted Index of Injury (It)  

across temperature (°C) using field acclimated Miscanthus axillary buds sampled 

on May 2, 2013. The lines on either side of the regression are the confidence 

intervals for the expected value of Y given X at all points on the regression. The 

LT50 is estimated to be  -4.8 with 95% confidence interval (-5.92, -3.32). 
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4.3.2 Lethal freezing temperature based on Regrowth Viability Test  

 

M114, M116 and M1-Select did not differ in lethal freezing temperature as 

determined by the regrowth viability assay using field acclimated crown material. For 

the full model, the interaction of genotype by temperature was found to be non-

significant (p = 0.3599). The reduced model included the fixed effects of temperature 

and genotype, where genotype was found to be non-significant (p = 0.3815) and the 

fixed effect of temperature was found to be significant (p < 0.0001).  Using the 

parameter estimates for the temperature model (Table 4.6), the response variable 

proportion dead and standard error of estimated values was estimated across temperature 

values ranging from -8 °C to -2 °C. The -8°C treatment resulted in 100% crown death 

and was therefore the lowest experimental temperature modeled. The estimated 

proportion non-viable provided an estimate of the LT50 as well as a 95% confidence 

interval for the LT50 (Figure 4.4). The LT50 is estimated to be -4.4°C with 95% 

confidence interval (-4.96, -3.89) (Figure 4.4). Data for the LT50 estimate can be found 

in Appendix 4.3. 

Table 4.6 Logistic parameter estimates, standard errors and p-values for the 

reduced model with temperature as a fixed effect and proportion nonviable as the 

response variable for the Miscanthus regrowth viability test modeled over the 

range of -8 °C to -2 °C pooled over genotypes. 

Effect Estimate Standard Error p-value 

Intercept -3.5966 0.5850 < 0.001 

Temperature -0.8112 0.1192 < 0.001 
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Figure 4.4 Lethal temperature at which freezing injury occurs [LT50] for 

Miscanthus derived from the non-linear regression of proportion of nonviable 

plants across temperature (°C) following a regrowth viability assay using field 

acclimated Miscanthus crowns sampled 14 April, 2013. The lines on either side of 

the regression are the confidence intervals for the expected value of Y given X at all 

points on the regression. The LT50 pooled over genotypes is estimated to be -4.4°C 

with 95% confidence interval (-4.9, -3.9°C). 

Table 4.7 Summary of Lethal Freezing Temperatures (LT50) values as determined 

by electrolyte leakage and regrowth viability assessments of membrane stability 

using Miscanthus plant material excavated on 14 April, 2013 and 2 May, 2013. 

Assessment Method Miscanthus 

plant part 

Lethal Freezing 

Temperature 

(LT50, °C) 

95% 

confidence 

interval 

(°C) 

electrolyte leakage 

assay (a) material 

excavated 14 April 

2013 

axillary buds -6.6 -7.2, -6.1 

electrolyte leakage 

assay (b) material 

excavated 2 May 2013 

axillary buds -4.8 -5.92, -3.3 

regrowth viability 

assay 

crown with 2 

axillary buds at 

stem base 

-4.4 -4.9, -3.9 
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4.3.3 Changes in fatty acid saturation over the autumn acclimation period and in 

the spring  

 

The rhizome tissue of three Miscanthus genotypes; M114, M116, and M1-Select 

were sampled at three time points (early autumn, late autumn, and spring) over two 

years, 2010 and 2011. The sampling dates are listed in Table 4.2. The four major fatty 

acids present in the rhizome tissue were linoleic acid, C18:2n6 (44%); palmitic acid, 

C16:0 (21%); alpha-linolenic acid, C18:3n3 (10%); and oleic acid C18:1, (9%). The 

three-way interaction between year, sample timing and genotype was not significant for 

any of the response variables. Nor was there an interaction between genotype and year. 

There were significant differences among all sample timings in; fatty acids classified by 

saturation level (Table 4.8), and individual fatty acids (Table 4.9 and 4.10); and, among 

individual fatty acid ratios and the modified double bond index (DBI) calculated using 

the fatty acid profiles (Table 4.11).  

The fatty acids of the rhizomes of all three genotypes became less saturated over 

the autumn acclimation period and were the least saturated when sampled in the spring. 

These changes can be observed in Table 4.8, which classifies the fatty acids into 

saturated, monounsaturated and polyunsaturated, and in Table 4.11, which provides data 

on the ratios of individual fatty acids and the modified double bond index.  

There was a decrease in the concentrations of saturated and monounsaturated 

fatty acids and an increase in polyunsaturated fatty acids (Table 4.8). Saturated fatty 

acids decreased between early autumn and late autumn (15%) and between late autumn 

and spring (14%) across all genotypes (Table 4.8). Monounsaturated fatty acids 

decreased between early autumn and spring by 25% across all genotypes (Table 4.8). 

Polyunsaturated fatty acids increased between early autumn and late autumn (18%) and 

a further 10% between late autumn and early spring (Table 4.8). The polyunsaturated 

fatty acid concentration of the Miscanthus rhizomes increased by a total of 26% between 

early autumn and spring (Table 4.8).  
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Table 4.8 Concentration of fatty acids expressed as saturation level in Miscanthus 

rhizome tissue sampled twice in the autumn and once in the spring in 2010-11 and 

2011-12. Each value represents the mean of three replicates. 

 Fatty Acid saturation level 

Sample 

Timing 

   

 Saturated Fatty 

Acids 

 

Monounsaturated Fatty 

Acids 

 

Polyunsaturated Fatty 

Acids 

 

 -------------------------     %    ----------------------------- 

Early 

Autumn 

36.3 a* 17.7 a 46.0 c 

Late 

Autumn 

30.9 b 13.2 b 55.9 b 

Spring 26.7 c 11.3 c 62.0 a 

S.E.  

(n=18) 

0.85 0.49 1.14 

 * Means followed by the same letter within the same column are not 

significantly different (P < 0.05) according to Tukey's HSD mean separation 

test. 

 

Individual saturated fatty acids decreased in concentration over time. Stearic acid 

(C18:0) decreased by 32% from 24 to 12 mg /100g between early autumn and late 

autumn and again by 32% between late autumn and spring, across genotypes (Table 4.9). 

Lauric acid (C12:0) concentrations decreased by 35% between early and late autumn 

and by 58% between late autumn and spring, but total concentration did not exceed 5%. 

Palmitic acid (C16:0) decreased by 8.5% between early and late autumn, and by a 

further 7.3% between late autumn and spring (Table 4.9). Total decrease in palmitic acid 

did not exceed 15%.  
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Table 4.9 Concentrations of lauric, palmitic and stearic fatty acids in Miscanthus 

rhizome tissue sampled twice in the autumn and once in the spring in 2010-11 and 

2011-12. Each value represents the mean of three replicates. 

  Individual Saturated Fatty Acids 

Sample 

Timing 

   

 Lauric Acid 

C12:0 

Palmitic Acid 

C16:0 

Stearic Acid 

C18:0 

 % mg /100g % mg /100g % mg /100g 

Early 

Autumn 

4.1 a 27.6 23.3 a 168.1 3.5 a 23.9  

Late 

Autumn 

2.7 b 12.6   21.3 b 143.3 2.3 b 15.5 

Spring 1.1 c 8.3   19.7 c 149.4  1.6 c 11.9 

S.E. 

(n=18) 

0.328 1.797 0.348 7.768 0.175 1.00 

* Means followed by the same letter within the same column are not significantly 

different (P < 0.05) according to Tukey's HSD mean separation test 

 

Changes in unsaturated fatty acids included a decrease in monounsaturated fatty 

acids and an increase in polyunsaturated fatty acids. The fatty acid oleic acid was the 

monounsaturated fatty acid present in the greatest amount and decreased by 47% 

between early autumn and spring with significant differences among genotypes 

(p=0.0186) (Table 4.10). The ‘M114’ genotype had higher concentrations of oleic acid 

than the other two genotypes at all time points (Fig. 4.5). The two major fatty acids that 

contributed to the concentration of polyunsaturated fatty acid concentrations were 

linoleic and alpha-linolenic fatty acids (Table 4.10).  The concentration of linoleic acid 

(C18:2) and alpha-linolenic acid (C18:3) concentrations increased by 24% and 36%, 

respectively, between the early autumn and spring sampling times (Table 4.10). 
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Table 4.10 Concentration of oleic, linoleic and alpha-linolenic fatty acids in 

Miscanthus rhizome tissue sampled twice in the autumn and once in the spring in 

2010-11 and 2011-12. Each value represents the mean of three replicates, n=18. 

 Individual Unsaturated Fatty Acids 

Sample 

Timing 

   

 Oleic Acid 

C18:1
†
 

Linoleic Acid 

C18:2n6 

Alpha-Linolenic Acid 

C18:3n3 

 % mg/ 100g % mg/ 100g % mg/ 100g 

Early 

Autumn 

12.8 c* 89.9  37.8 c 279.9  7.5 c 55.6 

Late 

Autumn 

7.1 b 47.4  44.4 b 307.6 10.4 b  72.6 

Spring 6.8 a 52.0 49.4 a 376.4  11.7 a  89.7  

S.E. 

(n=18) 

0.332   3.609 0.952 20.44 0.30 4.620 

* Means followed by the same letter within the same column are not significantly 

different (P < 0.05) according to Tukey's HSD mean separation test 
†
Differences among genotypes were present in the concentration of oleic acid.  
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Figure 4.5 Differences in concentration of oleic acid (C18:1) of rhizome tissue of 

three Miscanthus genotypes (M114, M116, and M1-Select) sampled in the early 

autumn, late autumn and spring in 2010-11 and 2011-12. Standard error is 0.575, 

n=18. Bars with the same letter are not significantly different (P < 0.05) according 

to Tukey's HSD mean separation test 

 

In Table 4.11, the ratios of fatty acids at the group-saturation level as well as the 

DBI are given. To get the ratio of total unsaturated:saturated fatty acid ratio, the sum of 

monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) is used. 

The ratios of monounsaturated to saturated (MUFA:SAT) and polyunsaturated to 

saturated (PUFA:SAT) are also given in Table 4.11. 
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Table 4.11 Ratios of fatty acids at the group-saturation level as well as the Modified 

Double Bond Index of Miscanthus rhizomes sampled twice in autumn and once in 

the spring over a two-year period (2010 and 2012) n=18. 

 Fatty Acid Ratios and Double Bond Index 

Sample 

Timing 

     

 (MUFA+PUFA)

:SAT 

MUFA:SAT PUFA: 

SAT 

PUFA: 

MUFA 

DBI* 

Early 

Autumn 

1.78 c
†
 0.48 a 1.30 c 2.73 c 1.1 c 

Late 

Autumn 

2.30 b 0.43 b 1.87 b 4.45 b 1.27 b 

Spring 2.77 a 0.43 b 2.34 a 5.67 a 1.4 a 

S.E. 

(n=18) 

0.078 0.018 0.076 0.243 0.023 

*MUFA =total monounsaturated fatty acids; PUFA = total polyunsaturated fatty 

acids; SAT = saturated fatty acids  

*Double bond index (DBI) for C18 fatty acids was calculated from the mol % 

values, relative percentage of each unsaturated fatty acid was multiplied by the 

number of double bonds in that fatty acid (f.a) and the products were summed 

and divided by 100 [e.g., (diunsaturated f.a. X 2) + (triunsaturated f.a. X 3)/100]  
†
 Means followed by the same letter within the same column are not significantly 

different (P < 0.05) according to Tukey's HSD mean separation test  

 

The ratio of total unsaturated fatty acids (MUFA + PUFA) to saturated fatty 

acids (SAT) increased from 1.8 to 2.3 (s.e. 0.08) in the late autumn with a further 

increase to 2.8 (s.e. 0.08) in the spring (Table 4.11). The ratios of MUFA:SAT and 

PUFA:SAT are also given in Table 4.11. The ratio of PUFA:MUFA increased from 2.7 

in the early autumn to 4.5 (s.e.0.24) in the late autumn and 5.7 ± 0.24 in the spring 

(Table 4.11). The Double bond index increased from 1.1 in the early autumn to 1.4 in 

the spring. There were no differences in the double bond index across genotypes at any 

of the sampling times (Table 4.11).   
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4.3.4 Changes in Raffinose Family Oligosaccharide Concentration over the autumn 

acclimation period  

 

The concentration of raffinose family oligosaccharides was measured in the 

rhizome tissue of three Miscanthus genotypes; ‘M114’, ‘M116’, ‘M1-Select’ that were 

sampled at four time points during autumn acclimation over two years, 2010 and 2011 

(See Table 4.3 for sampling dates). The data were analyzed separately by year due to the 

differences in sample timing. The data presented below are original data, but data were 

transformed and analyzed with repeated measures to account for heterogeneous 

variances. In both years  ‘genotype’ was not significant and RFO concentrations 

increased over the sampling period. In both 2010 and 2011 RFO concentrations of 

rhizome tissue were very low before increasing toward the end of October (Fig 4.6 and 

Fig 4.7). In  2010 there was no significant difference in rhizome raffinose concentration 

between the first two dates in October. The concentrations rose between the October 13, 

October 21st and October 27th sampling dates (Fig 4.6).  In 2011, the sampling began 

earlier and sampling dates were more spread out. There was a significant increase in 

rhizome raffinose concentration between September 23rd and October 17th and again 

between October 17 and Nov. 4 (Fig. 4.7). 
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Figure 4.6 Raffinose family oligosaccharide concentrations of Miscanthus rhizome 

tissue over the autumn acclimation period in 2010 for three genotypes ‘M114’, 

‘M116’, ‘M1-Select’. Bars represent standard error. Bars with the same letter are 

not significantly different (P < 0.05) according to Tukey's HSD mean separation 

test, n=36). 

  

Figure 4.7 Raffinose Family Oligosaccharide concentrations of Miscanthus rhizome 

tissue over the autumn acclimation period in 2011 for three genotypes ‘M114’, 

‘M116’, ‘M1-Select’. Bars represent standard error. Bars with the same letter are 

not significantly different (P < 0.05) according to Tukey's HSD mean separation 

test, n=36). 
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4.4 Discussion 

4.4.1 Freeze Tolerance and Electrolyte Leakage and Regrowth Assay 

 

The freeze tolerance of three field-acclimated Miscanthus genotypes was 

determined via artificial freeze tests. There were no differences found in either the 

regrowth viability tests, or the electrolyte leakage assay among genotype. The LT50 of 

Miscanthus based on the regrowth viability tests was -4.4
o
C with 95% confidence 

interval (-4.9, -3.9
o
C), and the LT50 was estimated to be -6.6

o
C with 95% confidence 

interval (-7.17, 6.09) based on the first electrolyte leakage assay. The LT50 result from 

the second electrolyte leakage test was slightly lower, at -4.8
o
C with 95% confidence 

interval (-5.9, -3.3
 o

C). This may be due to the fact that the samples were taken from the 

field closer to spring green-up and some freeze tolerance may have been lost. Soil 

temperature data indicate that the material harvested on 03 May 2013 may already have 

been undergoing deacclimation, a process that is much more rapid than cold acclimation 

(Kalberer et al. 2006). Storing samples at 4
o
C for prolonged periods may also have 

allowed for deacclimation processes to occur and refinement of the protocol should be 

considered in future experimental designs.  

The LT50 estimate derived from the electrolyte leakage assay and regrowth 

viability test is in the range reported by Clifton-Brown and Lewandowski (2000), who 

found that an artificial freezing test with Miscanthus rhizomes removed from the field in 

January in Germany showed that the lethal temperature at which 50% were killed 

(LT50) for M. x giganteus, M. sacchariflorus and M. sinensis hybrid genotypes ranged 

from -6.5 to -3.4 ±4°C (Clifton-Brown and Lewandowski 2000). The study by Friesen et 

al. (2014) found differences in chilling tolerance between two of the genotypes used in 

the present study, ‘M116’ and ‘M118’. The researchers found M116 to be more chilling 

tolerant than M118 based on its ability to maintain a high net CO2 assimilation rate (A) 

during chilling, and because M116 was able to recover to a greater degree when returned 

to warm conditions following chilling treatments. The same could be seen in the field 

study, where M116 had a greater net CO2 assimilation rate following a frost event than 

the chilling-sensitive hybrids, including M118. The contrasting lack of genotypic 

variability exhibited in the freeze tolerance in the present study may be related to the 
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fact that different low temperature treatments and methodologies were used and because 

the response of above-ground photosynthetic responses do not correlate with 

belowground frost tolerance. Farrell et al. (2006) commented on the apparent lack of 

correlation between shoot and rhizome frost tolerance citing the example of a genotype, 

‘Sin-H6’ that had the lowest shoot frost tolerance, and yet demonstrated the highest 

rhizome frost tolerance in a previous experiment (Clifton-Brown and Lewandowski, 

2000). Further research is needed to gain a better understanding of the relationship 

between shoot and rhizome frost tolerance.  

A limit of this research is that the artificial freeze test was only performed once 

and using crown tissue samples of plants that were dug up at a time point in the spring 

that might not be capturing peak cold tolerance. Further, the LT50 tests were not 

conducted at the same time as the fatty acid sampling, nor the RFO sampling. While 

samples were taken in both years with the intention of analyzing for fatty acids and 

RFO’s simultaneously, the need for large sample sizes meant that only one analysis 

could be performed per sample timing. An effort was made to ensure that each analysis 

was performed on samples from a wide sampling period in both 2010 and 2011. 

The lethal freezing procedure should have been run multiple times to evaluate if 

the chosen method was suitable and to allow for parameter optimization through 

preliminary testing. Direct measurements of tissue temperature should have been taken 

to ensure that the target temperatures were reached and sustained for the appropriate 

time.  The data indicate that all tested genotypes of Miscanthus were still in an 

acclimated state in mid April and may have lost some freeze tolerance capacity when 

tested in early May of 2013. It would be advantageous for future research efforts to 

perform freeze tests multiple times throughout autumn and spring to gain an 

understanding of how LT50 values change during the cold acclimation period, when 

deacclimation commenced in the spring, as well as to differentiate freeze tolerance 

among genotypes. The use of a controlled environment for cold acclimation and sub-

acclimation treatments prior to freezing treatments, which were included in the protocols 

of Kerr (2014) and Landry and Wolyn (2012) may enhance future studies aimed at 

understanding cold-acclimation in Miscanthus. More frequent freeze tolerance testing 
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would also allow for correlations to be drawn between fatty acid desaturation levels and 

RFO concentrations using multiple time points.  

4.4.2 Fatty Acid Desaturation  

 

These results are novel in that there have been no published studies on the 

changes in the fatty acid concentrations of cold-acclimating Miscanthus rhizome tissue. 

The results indicate that the major fatty acids making up rhizome lipid membranes of the 

Miscanthus genotypes we tested were similar to bermudagrass (Samala et al. 1998) and 

seashore paspalum (Cyril et al.  2002), who both reported that overwintering tissue was 

comprised of four fatty acid species, including palmitic acid (16:0), stearic acid (18:0), 

linoleic acid (18:2n6), and linolenic acid (18:3n3).  The relatively low levels and minor 

changes in the concentration of stearic acid (<5%) in Miscanthus rhizomes is similar to 

bermudagrass (Samala et al. 1998).  

Our data are in agreement with Hoffman et al. (2010) who conducted a fatty acid 

analysis in ryegrass crowns in response to cold acclimation. The perennial ryegrass data 

showed a significant decrease in palmitic acid (16:0) and stearic acid (18:0), and 

increases in linoleic acid (18:2n6) and alpha linolenic acid (18:3n3) in response to cold 

acclimation. Significantly higher levels of 18:3 to 18:2 fatty acids were observed in a 

cold tolerant seashore paspalum cultivar compared to more cold-sensitive cultivars 

(Cyril et al., 2002). Our data showed a slight decrease in palmitic acid, decreases in 

stearic acid and increases in linoleic acid and linolenic acid. Cyril et al. (2002) speculate 

that an increase in linolenic acid may be part of an adaptive response of cold acclimation 

in warm-season turfgrasses.  

Genotype M114 had the highest concentrations of the individual 

monounsaturated fatty acid oleic acid at all time points. The finding that M114 

maintained higher concentrations of oleic acid is interesting as this is one of the 

genotypes that demonstrated good winter survival and a low coefficient of variation in 

winter survival across three sites in previous research in Ontario by Rosser (2012). 

Desaturation of stearic acid (C18:0) to oleic acid (C18:1) is catalyzed by the insertion of 

a double bond by a soluble plastid enzyme, stearoyl-ACP desaturase, and is a key 
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determinant in the unsaturation of fatty acyl chains in plant cells (Kachroo et al. 2007, 

Shanklin and Sommerville 1991). The propensity to form nonlamellar (HII) structures is 

facilitated by the cis-monounsaturated oleic acid and plays a key role in membrane 

signaling (Funari et al. 2003, Yang et al. 2005). The biological significance of the higher 

concentrations of oleic acid at all time points in M114 is not known.  

The fatty acid profiling of Miscanthus crown tissue sampled at two different 

times in autumn and in the following spring did not allow us to accept our hypothesis. 

We had hypothesized that rhizomes of freeze-tolerant Miscanthus genotypes have 

membranes that achieve a higher degree of fatty acid desaturation during the autumn 

acclimation period, and are more unsaturated in the spring, compared to Miscanthus 

genotypes with poor freezing tolerance. Differences in freeze tolerance among 

genotypes had been expected, but there were no differences found among genotypes. It 

makes sense therefore that there were few differences in the fatty acid composition of 

the tested genotypes. Crown tissue of all tested genotypes underwent significant 

desaturation over the cold acclimation period and was the most unsaturated at the spring 

sampling times (Table 4.8 and 4.11). The double bond index (DBI) increased for all 

genotypes across the three sampling points and there were no significant differences. 

Cyril et al. (2002) found that the DBI increased and then leveled off with no significant 

differences between genotypes or control. Samala et al. (1998) quantified the fatty acids 

of cold acclimating bermudagrass crown issue in a controlled-environment experiment. 

They did not see significant difference early on in cold acclimation or between certain 

bermudagrass genotypes and their controls, but did however, find significant differences 

in DBIs between cold tolerant and cold-susceptible genotypes after 7 days of cold 

acclimating. Double bond indices (DBI) may be more useful for assessing membrane 

fluidity when comparing among lipid classes, as was investigated in perennial ryegrass 

and zoysiagrass by Hoffman et al. (2010) and Zhang et al. (2009) respectively. The ratio 

is considered a convenient method to evaluate changes in fatty acid composition 

(Samala et al. 1998). The ratio of the amount of unsaturated F.A to saturated FA species 

was shown to increase over the cold acclimation and winter in our study (Table 4.10). 

This is similar to the ratio changes seen in bermudagrass  (Cynodon dactylon (L.) Pers.) 

(Samala et al. 1998) and in Solarium (Palta et al. 1993).  
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Future research should consider a wider range of Miscanthus genotypes with 

varying plant lineages and include more frequent sampling dates. The significance of the 

various ratios of fatty acids at the individual fatty acid level should be assessed. More 

information about the relative changes in fatty acid composition is needed before 

desaturation mechanisms and activity of a specific desaturase(s) can be better 

understood. To gain better insight into the changes in membrane fluidity and stability of 

Miscanthus rhizomes and crown material, changes in the proportion of major lipid 

classes (Hoffman et al. 2010) and changes in sterols, cerebrosides (Uemura and 

Steponkus 1997, Uemura et al. 1994) as well as fatty acid desaturation changes should 

be investigated (Cyril et al. 2002, Samala et al. 1998). 

4.4.3 Raffinose Family Oligosaccharides Accumulation in Autumn Acclimating 

Miscanthus Rhizomes 

 

The hypothesis, that the rhizomes of cold tolerant Miscanthus genotypes have 

increasing concentrations of raffinose family oligosaccharides (RFO’s) over the autumn 

acclimation period compared to genotypes with lower cold tolerance, is not supported. 

All tested genotypes were found to be cold tolerant, and all genotypes were found to 

have increasing concentrations of raffinose family oligosaccharides. The rhizomes of 

three Miscanthus genotypes were sampled at four time points in the autumn over a two-

year period. The rhizomes of all three genotypes had increasing and sustained higher 

concentrations of raffinose family oligosaccharide concentrations during the autumn 

acclimation period. It would have been advantageous to keep sampling for RFO’s 

throughout the winter and subsequent spring to gain an understanding of peak 

concentration in mid-winter, and RFO levels during deacclimation.  

These results are in agreement with a study by Shahba et al. (2003) that 

examined, amongst other carbohydrates, the changes in RFO concentrations in saltgrass 

accessions during the autumn acclimation and overwintering period. Raffinose 

concentrations of Miscanthus were similar to saltgrass and showed a similar pattern of 

increase during the equivalent time periods. The authors iterated that while raffinose 

concentrations were very low they were strongly correlated with freeze tolerance. The 

same conclusion was reached by Castonuguay et al. (1995) after measuring the 
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concentrations of stachyose and raffinose, among other carbohydrates in the crowns of 

overwintering alfalfa. Stachyose and raffinose concentrations in the alfalfa crowns were 

barely detectable prior to November when air temperatures fell below zero.  

Concentrations of these oligosaccharides rose significantly until February of the 

following spring when soil temperatures started to rise. Further the differences in the 

maximum level of freezing tolerance between non-hardy and winter hardy cultivars was 

better related to the capacity for raffinose accumulation than sucrose. The local site of 

raffinose accumulation it thought to be the plastids of plant cells and the concentrations 

detected at a whole rhizome level may not be as effective at measuring changes in 

accumulation of RFOs at the cellular and subcellular level (Lunn 2007, Schneider and 

Kellar 2009). 

The study by Castonuguay et al. (1995) has served as a basis for subsequent 

work including a study that measured the activity of key regulatory enzymes involved in 

the metabolism of RFO in crowns of alfalfa cultivars (Nadeu and Castonguay 1998), and 

another that examined the role of galactinol synthase (GaS) gene expression in the 

winter hardiness of alfalfa (Cunningham et al. 2003). The activity of the two enzymes 

and associated gene expression involved in raffinose synthesis, galactinol synthase and 

raffinose synthase, is possible area of future research in Miscanthus, as has been 

investigated in Ajuga, Arabidopsis, Medicago sativa spp. falcate, and Medicago sativa 

(Cunningham et al. 2003, Schneider and Kellar 2009, Zhoua et al. 2013). 

Further research into the mechanisms of raffinose accumulation in Miscanthus 

may offer useful information for plant improvement and breeding efforts. Future 

research should include more frequent measurement of raffinose and related sugars and 

should factor in soil temperature and continue throughout the winter and spring regrowth 

period. It would be helpful to have the LT50 values of the field acclimated rhizomes 

measured at the same time as raffinose. In research that looked at the carbohydrate 

composition and freezing tolerance of canes and buds in Vitis vinifera, parallel changes 

between LT50 and raffinose were detected (Jones et al. 1999). The current line of 

investigation into RFOs would be complemented with characterization of starch and 

reducing sugars as well as the raffinose oligosaccharide family so that a more complete 
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picture of carbohydrate metabolism during autumn acclimation and the overwintering 

period can be developed.  

4.5 Conclusion 

 

The hypothesis that the rhizomes of freeze tolerant Miscanthus genotypes have 

membranes that achieve a higher degree of fatty acid desaturation during the autumn 

acclimation period, and are more unsaturated in the spring period, compared to 

Miscanthus genotypes with poor freezing tolerance is not supported as differences 

among genotypes were not observed. This research does show however, that 

desaturation occurs in the membranes of cold acclimating Miscanthus rhizomes that 

were tested. This novel finding provides a good basis for follow up work on lipid and 

fatty acid responses to low-temperature stress Additionally, the hypothesis that rhizomes 

of freeze tolerant Miscanthus genotypes accumulate higher concentrations of raffinose 

oligosaccharide under field conditions in response to autumn acclimation cannot be 

accepted as there were no differences observed in lethal freezing temperature or RFO 

concentration among genotypes. The finding that RFO concentrations increase in the 

rhizomes of Miscanthus during cold acclimation is an important one, and warrants 

further investigation. There were no differences in freezing tolerance among genotypes 

as determined by the regrowth viability test or electrolyte leakage assay and all three 

genotypes appear to have freezing tolerant crown and bud tissue, therefore the 

biochemical changes measured were common to all genotypes. This could indicate that 

all three genotypes tested have a similar tolerance to freezing temperatures and are 

responding in a similar way. 

  The fatty acid desaturation and RFO findings can be built upon in further 

research that increases our understanding of the effect of low-temperatures on the 

biochemical composition and stability of overwintering lipid membranes of Miscanthus 

and related warm-season perennial grasses.  
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5. Overall Discussion 

 

5.1 Research Contributions 

 

The research presented in this thesis potentially explains some of the variability 

observed in winter survival of various genotypes of Miscanthus observed in the field in 

Ontario by Rosser (2012). The findings provide insight into the belowground growth of 

Miscanthus and the physiological and biochemical cold acclimation processes occurring 

in the field that confer increased freeze tolerance. In this section, the contributions of the 

morphological and growth habit findings are discussed, followed by a summary of the 

contributions to the understanding of cold acclimation and freeze tolerance in 

Miscanthus.  

There are a number of concepts and findings in this thesis that could be 

applicable to those involved in the improvement of Miscanthus cultivars and in the 

adoption and commercialization of Miscanthus in Ontario and other northern temperate 

growing regions. The concept or method of winter survival stability performed by 

Rosser (2012) determined by plotting winter survival data from field trials in multiple 

locations against the respective coefficient of variation, employed in this thesis presents 

a potentially useful screening tool that needs further assessment.  The growth-habit and 

tiller recruitment strategies of six Miscanthus genotypes with varying winter survival 

capacities do differ in rhizome growth type and tillering type. The morphological, 

physiological and biochemical findings made in this thesis are an important contribution 

to the study of cold tolerance mechanisms of Miscanthus and potentially other warm-

season grasses. The presence of intravaginal tillering in bunch types and indeterminate 

(branching) plagiotropic rhizomes in spreading types, and other morphological 

adaptations that increase the number of growing points that survive the winter could be 

parameters used in the cold tolerance screening of Miscanthus. 

The observed morphological differences in the growth-habit and tillering of 

Miscanthus is an important finding because it means that the overwinter survival 

capacity of the plants may be enhanced by the presence of a morphological feature that 
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may have evolved under abiotic and biotic stresses unrelated to cold (Sandve et al. 2011). 

Genotype selections for future crossings could in fact be sourced from a wide range in 

climate and habitat and it is therefore important not to narrow down breeding stock 

down without due consideration to the large variation present in Miscanthus.  As 

discussed in Chapter Three, there is a possibility that the presence of intravaginal 

tillering could be related to a tillering trait inherited from the M. sinensis parent (M. 

Deuter, Personal communication, April 2014). The results indicate that there are 

differences among genotypes in morphological adaptations that could contribute to 

enhanced overwinter survival such as those that provide insulation of overwintering 

tissue and/or that result in a large quantity of meristematic buds. More work in this area 

is needed to confirm the role of morphology in overwinter survival.   

Prior to this research it was not known if Miscanthus genotypes were cold 

acclimating in the field, and what biochemical changes were occurring in the rhizomes 

of Miscanthus. Miscanthus rhizomes accumulate raffinose family oligosaccharides 

(RFO’s) and undergo membrane desaturation over the autumn acclimation period. From 

a biochemical standpoint, differences among genotypes in the magnitude and timing of 

fatty acid desaturation concentrations and their respective ratios in Miscanthus rhizomes 

measured via DBI or other fatty acid ratios could serve as a physiological marker for 

screening for cold tolerance (Cyril et al. 2002).  

Additionally, or in combination with fatty acid parameters, the accumulation of 

RFO’s, with further research, could be used to identify genotypes with good cold 

tolerance. More research is needed to verify the role of fatty acid desaturation and the 

accumulation of RFOs in the cold acclimation of Miscanthus. 
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5.2 Limitations of the research 

 

The quantitative and qualitative descriptions of the belowground morphology 

and growth habit of Miscanthus provided good insight into the possible variation present 

in existing Miscanthus genotypes. The discovery of different adaptations and the 

confirmation of their existence independent of genotype by environment interactions is 

limited by the fact that only six genotypes were studied, and only one growing 

environment used. 

There were limitations to the experiments and calculations used in the 

determination of the lethal freezing temperature of the Miscanthus genotypes. The 

artificial freeze tests were performed only twice and were done using Miscanthus 

material that was close-to or approaching potential deacclimation leading up to spring 

regrowth. The freezing injury data would be improved by performing the artificial freeze 

test more frequently during the cold acclimation and overwintering period. Different 

plant parts or sample preparation could be used in future freeze tests. The inclusion of 

non-acclimated, non-frozen plants, or another species with known acclimation potential 

and freezing tolerance as a control in the artificial freeze tests would also help shed light 

on the role of cold acclimation in freeze tolerance.  

I proposed that there are biochemical changes that help increase the membrane 

stabilization of Miscanthus rhizome tissue over the cold acclimation period. The 

limitations of the fatty acid and raffinose family oligosaccharide analyses are discussed 

in Chapter 4. Briefly the inclusion of more genotypes, sampling times and replications 

could have been included, which may have elucidated differences among genotypes. 

Further the information presented here is primarily of the fatty acids and their 

corresponding ratios across all lipids rather than individual lipids. While the fatty acid 

analysis method used in this study targets the plasma enriched portions of the plant 

sample, it does not target membranes at a sub-cellular level. The oligosaccharide 

analysis only provided results of the RFOs as whole rather than changes in time at the 

individual sugar level. A more extended sampling period and increased frequency in 

measurements would help gain a more complete picture of fatty acid saturation and 

raffinose family oligosaccharide accumulation changes in time.  
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5.3 Opportunities for Future Research  

 

The present research has provided many start points for future morphological, 

physiological and biochemical research in Miscanthus. There is the need to find more 

direct associations between morphological features and freeze tolerance as the findings 

in the present research are inferred rather than causational.  

The regrowth viability test could also be a useful way to screen accessions 

following an artificial freeze tests although it is space and time intensive.  Using a 

greater number of sampling points clustered around known lethal freezing temperatures 

for Miscanthus is recommended in order to more accurately calculate LT50s (Kerr 2014, 

Landry and Wolyn 2012). For the leakage assay, rhizome discs, or axillary bud discs or 

potentially even callus material could be used. A comparison of the freeze-tolerance and 

capacity to regenerate from regrowth from rhizomes, rhizome apices, overwintering 

shoots, and stem axillary buds should be compared. Future experimental temperature 

ranges with similar plant material could have a higher amount of replications per 

genotype, or include more genotypes that focus on a temperature regime below -10
o
C. 

Future electrolyte leakage assays in Miscanthus should incorporate a better known and 

more effective method of achieving cell death and a maximal conductivity reading such 

as, exposure to liquid nitrogen, autoclaving or boiling (Bykova and Sage 2012, 

Hetherington et al. 1987, Jones et al. 1999, Prasil and Zamecnik 1998). The use of a 

more precise, or time efficient method for applying the freezing treatments such as a 

glycol, water bath, or streamlining the application of freezing treatment and obtainment 

of electrical conductivity readings could be part of a screening method for selecting 

germplasm with higher than average freeze tolerance. There were visible differences in 

bud colour 24 hours after a freezing treatment which means that bud browning could be 

a way to evaluate freeze injury as has been investigated in grape, Vitis vinifera (Jones et 

al. 1999, Wolf and Cook 1994). The ice nucleation temperature of Miscanthus rhizome 

tissue should also be investigated such as with Bromus rubens and Bromus tectorum in 

Bykova and Sage (2012). 
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The freeze tolerance of apical meristems and axillary buds of determinate and 

indeterminate rhizomes should be investigated. Basic trials conducted at the same time 

as the lethal freezing tests, show that all genotypes tested were capable of sprouting 

from the apical meristems of rhizomes, and all five of the genotypes that had regrowth 

tests performed using crown material were able to regenerate from stem basal axillary 

buds. There is a possibility that winter survival in our climate is probability based in that, 

the more growing-points present, the better the chances of some being able to resume 

growth the following spring. Regular regeneration from both rhizome apices as well as 

from an additional means such as stem tillering, or rhizome axillary buds may provide 

an advantage in winter survival over genotypes that favour regeneration from rhizome 

apices. There is also the possibility that various growth habits allow for additional 

insulation of axillary buds in the overwintering state. A more in-depth look at the role of 

intravaginal tillering from stem basal axillary nodes and branching of plagiotropic 

rhizomes (i.e. low branching angle) from axillary buds on rhizomes in winter survival of 

Miscanthus genotypes is needed.  

A larger sample size, higher number of Miscanthus genotypes and a temporal 

study on tillering dynamics could help uncover information on the developmental timing 

of tillers, and the role of biennial tillers in overwintering success of intermediate bunch 

type grasses (Beaty et al. 1978, Bredja et al. 1998, McKendrick et al. 1975). In more 

mature plants, the formation of a tussock growth form via intravaginal tillering could 

also play a significant role in cold tolerance among other ecological advantages 

(Janisova 2006, Stuart et al. 1979). The role of day-length or heat units required for the 

maturity and physiological development of shoots, the role of biennial tillers and the 

timing of initiation of tiller growth from basal stem axillary buds are other important 

topics of research considering our short growing season. 

The revelation that fatty acid desaturation occurs during cold acclimation of 

Miscanthus rhizomes opens the door to many questions about changes in the stability, 

composition and cold signaling of membranes. Changes in sterols and cerebrosides, and 

lipid composition during cold acclimation should be documented and changes in fatty 

acid saturation levels should be investigated on a per lipid basis (Hoffman et al. 2010, 
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Palta et al., 1993, Uemura et al., 1995). The biological significance of increased oleic 

acid concentrations during cold acclimation in the genotype ‘M114’, is not known and 

should be confirmed. Information about signaling and pathways of fatty acid synthesis 

could help identify Miscanthus genotypes that cold acclimate and could ultimately lead 

to improvements in the selection and improvement of Miscanthus.  

Future study of the accumulation of raffinose family oligosaccharides in 

Miscanthus rhizomes should include controlled environment experiments as well as field 

tests and sampling should continue throughout the winter and in the spring. The changes 

in starches and complimentary sugars should be co-investigated (Castonguay et al. 1995, 

Shaba et al. 2003). The role of RFO accumulation, synthesis, and induction in autumn 

needs to be further explored. The accumulation and role of specific oligosaccharides in 

the raffinose family and a focus on plastid accumulation is a logical follow up to the 

results of the combined sugar changes presented here. The elucidation of the various 

RFO pathways and their triggers and controls in response to low-temperature would be 

helpful in understanding cold temperature tolerance in Miscanthus and related warm-

season grasses (Castonguay et al. 2011, Thomashaw 2010).  

5.4 Conclusion 

 

The discovery of variation in the morphology and growth habit among 

Miscanthus genotypes and the biochemical findings of changes in fatty acid desaturation 

and the accumulation of raffinose family oligosaccharides in the rhizomes of field-

grown plants in autumn is an important step towards future improvements in Miscanthus 

as a biomass feedstock crop. The results of the morphological descriptions of six 

genotypes and comparisons to previously collected overwinter survival data indicate that 

indeterminate rhizomes either alone or in combination with caespitose culm growth in 

‘spreading’ genotypes and intravaginal tillering in intermediate bunch-types may play a 

role in increasing first-year winter survival.  

This research demonstrated for the first time that Miscanthus rhizomes undergo 

fatty acid desaturation and raffinose family oligosaccharide accumulation during the 

autumn acclimation period in northern temperate climates. These biochemical findings 
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are an important contribution to Miscanthus cold tolerance research and could be useful 

in the development of a screen that can identify Miscanthus genotypes with promising 

cold acclimation and freeze tolerance capabilities. The three studied Miscanthus 

genotypes did not differ in freezing tolerance; fatty acid desaturation and indexes of 

membrane fluidity nor in the rate or magnitude of early raffinose family oligosaccharide 

accumulation, and yet they showed differences in winter survival capacity. The current 

research demonstrates that the Miscanthus genotypes may be undergoing physiological 

and biochemical changes during the cold acclimation period in the field. There is the 

possibility that these genotypes are responding in a similar way during cold acclimation 

and have similar cold-tolerance thresholds. Differences in observed winter survival may 

be related to morphological adaptations in addition to any baseline physiological 

tolerance shared by all three genotypes.  Improvements to these genotypes from a 

biochemical standpoint would likely require the introduction of new genetic material 

into the breeding line. The lack of physiological and biochemical variation indicates that 

new Miscanthus germplasm would have to be introduced to improve the cold tolerance 

of the tested genotypes. The contributions of both morphological adaptations and 

biochemical responses of genotypes with good overwintering capacity need to be 

considered in the assessment of cold tolerance in Miscanthus.   
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7. Appendices 
 

Appendix 1.1 First year (2008/2009) winter survival of 6 Miscanthus genotypes at 

three locations representing a temperature gradient in Ontario (Leamington, Elora 

and Kemptville). Data used with permission from Rosser (2012).   

 

Appendix 4.1 Data for Lethal temperature [LT50] analysis at which freezing injury 

occurs [LT50] for [LT50] for Miscanthus derived from the non-linear regression of 

Index of Injury (It) across Temperature (°C) using field acclimated Miscanthus 

axillary buds sampled on April 14, 2013. 

 

Temperature 

Treatment 

(
o
C) 

Predicted  

Injury  

(%)  

 

Confidence 

Interval - 

lower 

Confidence 

Interval- 

upper 

-8 64.070 56.993 71.148 

-7.5 59.170 52.824 65.516 

-7.17 55.935 50.040 61.831 

-7 54.269 48.593 59.945 

-6.57 50.055 44.887 55.222 

-6.5 49.369 44.277 54.460 

-6.09 45.350 40.650 50.050 

-6 44.468 39.842 49.094 

-5.5 39.567 35.250 43.885 

-5 34.667 30.466 38.867 

-4.5 29.766 25.475 34.057 

-4 24.865 20.288 29.442 

-3.5 19.965 14.940 24.989 

-3 15.064 9.469 20.659 

-2.5 10.163 3.908 16.419 

-2 5.263 -1.718 12.243 
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Appendix 4.2 Data for Lethal temperature [LT50] analysis at which freezing injury 

occurs [LT50] for for Miscanthus derived from the non-linear regression of 

predicted Index of Injury (It)  across temperature (°C) using field acclimated 

Miscanthus axillary buds sampled on May 2, 2013. 

 

Temperature 

Treatment (
o
C) 

 

Predicted 

Injury  

(%)  

 

Confidence 

Interval - 

lower 

Confidence 

Interval- 

upper 

    

-15 93.51 86.84 100.18 

-14.5 91.37 85.09 97.66 

-14 89.24 83.32 95.16 

-13.5 87.10 81.53 92.67 

-13 84.96 79.73 90.19 

-12.5 82.82 77.91 87.74 

-12 80.68 76.06 85.31 

-11.5 78.54 74.18 82.91 

-11 76.41 72.27 80.54 

-10.5 74.27 70.32 78.22 

-10 72.13 68.32 75.94 

-9.5 69.99 66.26 73.72 

-9 67.85 64.15 71.55 

-8.5 65.72 61.99 69.44 

-8 63.58 59.76 67.39 

-7.5 61.44 57.49 65.39 

-7 59.30 55.16 63.44 

-6.5 57.16 52.80 61.52 

-6 55.02 50.40 59.65 

-5.92 54.68 50.01 59.35 

-5.5 52.89 47.97 57.80 

-5 50.75 45.52 55.98 

-4.82 49.98 44.63 55.33 

-4.5 48.61 43.04 54.18 

-4 46.47 40.55 52.39 

-3.5 44.33 38.04 50.62 

-3.32 43.56 37.14 49.99 

-3 42.19 35.53 48.86 
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Appendix 4.3 Data for Lethal temperature [LT50] analysis at which freezing injury 

occurs [LT50] for Miscanthus derived from the non-linear regression of proportion 

of nonviable plants across temperature (°C) following a regrowth viability assay 

using field acclimated Miscanthus crowns sampled 14 April, 2013. 

 

Temperature 

Treatment 

(
o
C) 

Predicted 

Injury  

(%)  

 

Confidence 

Interval - 

lower 

Confidence 

Interval- 

upper 

-8 94.75 87.89 97.82 

-7.5 92.32 84.29 96.42 

-7 88.91 79.80 94.21 

-6.5 84.24 74.28 90.82 

-6 78.08 67.63 85.86 

-5.5 70.37 59.79 79.13 

-5 61.28 50.83 70.79 

-4.96 60.51 50.07 70.07 

-4.95 60.32 49.88 69.89 

-4.44 50.13 39.87 60.37 

-4.43 49.92 39.67 60.18 

-4 41.29 31.23 52.14 

-3.89 39.15 29.16 50.13 

-3.88 38.95 28.97 49.95 

-3.5 31.92 22.34 43.32 

-3 23.81 15.14 35.38 

-2.5 17.24 9.84 28.45 

-2 12.19 6.20 22.58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

         

 


