
ABSTRACT 

MOORE, KELLY ANNE. Studies on Nutrient Uptake Ability and Genetic Diversity in Four 

Grass Species. (Under the direction of Dr. Susana Milla-Lewis and Dr. Travis Gannon). 

 

Miscanthus spp. and Arundo donax have shown potential as bioenergy crops because 

of their high yields and low input requirements.  However, little is known about the potential 

of these species to be part of a waste management plan for uptake of nutrients from swine 

lagoons.  This research was conducted to evaluate levels of genetic diversity present between 

and within these species for their nutrient removal ability.  Thirty-one accessions of 

Miscanthus spp. and seven accessions of A. donax were evaluated in a greenhouse study using 

a 20-20-20 soluble fertilizer with minor elements to emulate the elements commonly found in 

swine effluent. Significant differences between and within (P < 0.05) were identified for all 

macro and micronutrients indicating opportunities for improvement of nutrient uptake ability 

in Miscanthus spp. and A. donax exist. The highest yielding entry, M. ×giganteus M295776, 

also had the highest nutrient removal for nine out of eleven elements examined in this study.  

M. sinensis accessions were high accumulators of nutrients, but due to lower yield had lower 

recoveries.  Overall, M. sacchariflorus and M. ×giganteus were high biomass low accumulator 

species with the highest percent recoveries of nutrients.  Accessions of M. ×giganteus and A. 

donax with high nutrient uptake identified here could be directly used in the incorporation of 

bioenergy grasses as a waste management plan.  Meanwhile, crosses between M. 

sacchariflorus accessions with high biomass production, and M. sinensis accessions with high 

nutrient concentrations could be used in breeding programs to develop new M. ×giganteus 

germplasm with improved nutrient uptake ability.    

The process of selection during crop improvement has a potential for decreasing 

diversity.   A decline in genetic diversity can hinder a breeder’s ability for continued 



improvement and also increase genetic vulnerability.  A secondary objective of this 

investigation was to analyze changes in levels of allelic diversity at the gene and population 

levels in 40 zoysiagrass (Zoysia spp. Willd.) cultivars released between 1910 and 2016 and 85 

bermudagrass (Cynodon spp. L. C. Rich) cultivars released between 1950 and 2016 using 

simple sequence repeat (SSR) markers. Fifty-six and 37 SSR primer pairs were used to 

determine whether allelic diversity has changed among zoysiagrass and bermudagras cultivars, 

respectively released over decades of modern plant breeding. In zoysiagrass, while no 

significant differences were observed for total numbers of alleles or genetic similarity values 

between the initial and most recent time periods, our results demonstrate that genetic diversity 

among zoysiagrass cultivars has fluctuated through time. Allelic diversity declined during the 

1990s and then recovered during 2000s. STRUCTURE analysis revealed five subpopulations 

with varying levels of admixture and that, for the most part, good representation of these 

subpopulations has been maintained over the different decades of release. In bermudagrass a 

decline in diversity was observed in the 1980s, but was followed by a significant increase in 

the following decades.  Allele numbers were maintained since the pre-1980s at 30 out of 48 

loci, indicating no substantial loss in allelic diversity.  STRUCTURE results identified three 

subpopulations among bermudagrass commercial cultivars and showed that all subpopulations 

have been maintained across decades of breeding.  These findings illustrate that plant breeding 

has not resulted in a substantial decline in genetic diversity neither in zoysiagrass nor in 

bermudagrass. Furthermore, the history of interspecific hybridization and germplasm 

collection in both genera has helped increase diversity through decades of breeding.  
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CHAPTER I. 

LITERATURE REVIEW 
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A dwindling supply of geological reserves, along with increases in world population, 

means that we must transition from non-renewable carbon resources to renewable bioenergy 

(Ragauskas et al., 2006).  The US National Research Council has a goal of 10% of liquid fuel 

from renewable resources by 2020 and 50% by 2050 (Singh, 2013).  Bioenergy crops provide 

sources of clean, renewable energy, but also environmental benefits such as nitrogen capture 

and soil quality improvements (Heaton et al., 2003). Among potential energy crops, perennial 

rhizomatous grasses (PRGs), such as Miscanthus spp. and Arundo donax, seem promising due 

to their high productivity and nutrient recycling that occurs during senescence (o Di Nasso et 

al., 2011). For bioenergy crops to be profitable they need to be high yielding; current global 

yield for bioenergy crops varies from eight to 42 dry Mg ha-1 year-1 (Ragauskas et al, 2006; 

Ceotto et al., 2015).   

 

BIOENERGY OUTLOOK 

 

Growth in world population leads to an increased need to find renewable fuel sources, 

while limiting impact on food supplies.  Fossil fuels currently supply 86% of the world’s 

energy but they are a finite resource (Vermerris, 2008). To maintain current energy use, 

alternative energy sources need to be developed, such as solar, wind, tidal, wave, geothermal, 

and bioenergy sources (Vermerris, 2008).  Alternative energy sources currently supply less 

than 1% of the world’s energy combined (Vermerris, 2008).  Among all potential renewable 

energy source technologies, bioenergy crops have considerable potential (Glowacka, 2011). 

Bioenergy crops provide clean and renewable energy, and environmental benefits such as 
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nitrogen capture and improved soil quality (Heaton et al., 2003). To be environmentally and 

commercially viable, a bioenergy crop must require only low investments of energy and money 

while still providing quality, clean, and cost-effective fuel (Heaton et al., 2004; o Di Nasso et 

al., 2010).   

Perennials usually provide the best environmental profile due to lower fertilizer and 

pesticide inputs, efficient nutrient use, greater capacity for soil carbon storage, and high 

greenhouse gas mitigation.  Perennial energy crops can also help ensure sustainable land use 

and increase rural employment as well as improving energy security through indigenous fuel 

supply (Heaton et al., 2003).  While annual crops can be used for cellulosic ethanol production, 

greater efficiencies can be realized from perennial species grown as dedicated energy crops 

because their reduced need for annual cultural inputs minimizes fossil fuel use in production 

and improves the overall energy balance of the fuel (Heaton et al., 2008).  Biofuels produced 

from non-food biomass also avoid the ‘food versus fuel’ debate, reduce greenhouse gas 

emissions, and are potentially lower cost (Singh, 2013).  Using fertilizer such as swine or cattle 

mature might substantially diminish the amount of cropland needed to achieve the bioenergy 

production target; therefore, reducing competition with food crops (Ceotto et al., 2015).  By 

harvesting after senescence, the plants will not only have nutrient reserves for the next growing 

season, but also improve fuel quality by reducing undesirable components in fuel such as K, 

Ca, P, S and N (Haines et al., 2015; o Di Nasso et al., 2010).  
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NEED FOR BIOENERGY CROPS IN NC 

 

The development of a strong bioenergy industry in North Carolina would benefit the 

state economically and environmentally as well as improve energy sustainability.  As of 2013, 

the U.S. Energy Information Administration reported most of the energy used in North 

Carolina comes from coal, natural gas, ethanol, and nuclear electric power accounting for 1,875 

of 2,524 trillion BTU (British thermal unit) used. However, only 600 trillion Btu used in North 

Carolina were actually produced in the state from nuclear electric and other renewable energy 

sources (not including biofuels).  North Carolina ranks twelfth in the United States on energy 

consumption spending 37 billion dollars across the state. North Carolina could potentially 

follow the lead of Brazil which has weaned itself off imported oil by launching a cash program 

to replace gasoline with ethanol from sugarcane thanks to rising domestic ethanol and oil 

production.  By 2021, North Carolina has set a target of 12.5% renewable energy production. 

As of 2014, the U.S. Energy Information Administration reported only 6.6% of energy 

consumed in North Carolina came from renewable energy sources such as hydroelectric power, 

bioenergy, and solar energy.  To meet these goals, bioenergy is a promising area that can be 

easily utilized in the state. Studies have been conducted to determine the potential of growing 

grasses for bioenergy production in North Carolina (Haines et al., 2015; Palmer et al., 2014).  

A study in the coastal region of North Carolina found that giant reed had the highest DM yield 

at 27.4 Mg ha-1 y-1, with giant miscanthus (M. ×giganteus) following at 20.8 Mg ha-1 y-1, and 

‘Gracillimus’ having the lowest DM yield at 9.4 Mg ha-1 y-1 (Palmer et al., 2014).  Overall, 

they found that bioenergy grasses such as miscanthus and giant reed can be productive in North 

Carolina, but studies need to be done to determine optimum growing conditions.   
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MISCANTHUS 

 

Miscanthus spp. are native to Eastern Asia and the Pacific Islands and are receiving 

considerable attention as potential bioenergy crops because of their ability to reach heights up 

to 7 m and predicted dry matter yields under optimal conditions as high as 45 Mg ha-1 yr-1 

(Vermerris, 2008; Singh, 2013).  Miscanthus sinensis is short at 2-3.5 m at maturity, but has a 

higher tillering capacity (50-150 stems per plant) and large compact crown diameter (40-60 

cm) (Singh, 2013).  Miscanthus sacchariflorus is tall at 3.5-5 m, but has less tilers (1-2 stems), 

and its rhizomes are potentially invasive (Singh, 2013).  Miscanthus floridulus is an evergreen 

plant that is 2.0-4.1 m tall, more robust than M. sinensis and is important in warm regions and 

could be useful in breeding material (El Bassam, 2010; Von Mark and Dierig, 2014). 

Miscanthus ×giganteus (2n=3x=57) is a hybrid between M. sinensis and M. sacchariflorus, 

also known as giant grass or giant miscanthus (Von Mark and Dierig, 2014).  Miscanthus spp. 

are attractive for development as dedicated bioenergy crops due to their perenniality, 

adaptation to temperate climates and high yield potential with low nutrient input requirements 

(Chae et al., 2014).  Miscanthus has been shown to be productive on marginal lands and 

requires only 37.5% of land area to produce the same amount of fuel as food crops (Singh, 

2013).   The first three years in miscanthus production are the yield-building phase in which 

biomass gradually increases and is followed by the adult or plateau phase in which biomass 

production is maintained for up to 25 years (Arnoult and Brancourt-Hulmel, 2014).  Of the 

miscanthus taxa, Miscanthus ×giganteus appears to have the greatest potential to produce 

biofuels efficiently and economically with minimal impact of food crops due to its high 

bioenergy productivity and survivability under cold and temperate environments, low fertilizer 
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requirements, high ability of carbon stock in soil, and non-invasiveness (Singh, 2013; Palmer 

et al., 2014; Rayburn et al., 2009). Giant miscanthus stands have been known to survive for at 

least 10 to 15 years and can reach 40 Mg ha-1 under good growing conditions (Heaton et al., 

2004).   

Miscanthus is perennial so plants translocate minerals to the rhizomes at the end of the 

growing season, reducing the amount of fertilizer needed to obtain optimum biomass yields 

(Vermerris, 2008).  Species of miscanthus have different nutrient removal potential.  Jorgensen 

(1996) found that M. sinensis had lower concentrations of K and Cl at harvest than M. 

×giganteus.   Nitrogen removal in miscanthus increased after the first year of establishment 

from 27 kg ha-1 to 130 kg ha-1 and 9 kg ha-1 to 172 kg ha-1 in giant miscanthus and Miscanthus 

sinensis ‘Gracillimus’ respectively (Palmer et al., 2014). For miscanthus to be successful as a 

bioenergy crop we need to understand the agronomics of cultivation, its interaction with the 

environment, its land utilization and biodiversity, and to improve the species genetically 

(Singh, 2013).   

Miscanthus spp. have different ploidy levels: M. sinensis and M. floridulus are diploid 

(2n=2x=38), Miscanthus ×giganteus (2n=3x=57) is an allotriploid, and M. sacchariflorus is 

tetraploid (2n=4x=76) (Singh, 2013; Von Mark and Dierig, 2014). Sterility in Miscanthus 

×giganteus, due to its triploid nature, has little genetic variability (Angelini et al., 2005; Von 

Mark and Dierig, 2014; Nishiwaki et al., 2011).  Lack of genetic diversity represents a 

significant risk to growers, because a single virulent pest or disease could damage or destroy 

all commercial production (Glowacka et al., 2015).  Since miscanthus is largely unimproved 

there are large possibilities for genetic improvements for biofuel production (Singh, 2013).  To 
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improve miscanthus, natural triploid Miscanthus ×giganteus genotypes are resynthesized via 

crossing between diploid M. sinensis and tetraploid M. sacchariflorus to produce accessions 

with high biomass production potential (Chae et al., 2014).   

 

GIANT REED 

 

Arundo donax (also known as giant reed) (2n≈62 to 112) is a densely-culmed perennial 

grass native to eastern Asia and southern Europe and is a perennial grass from 3 to 9 m tall 

(Singh, 2013; Mack, 2008).  This grass has traditionally been used for many different things 

including: windbreaks, ornamental grass, wind musical instruments, pulp and paper, garden 

stakes, building material, and erosion control (Singh, 2013).  Currently, giant reed has gained 

considerable attention as a potential biofuel.  Important traits for use as an energy crop are 

being non-edible, persistence, efficiency, carbon sequestration and nutrient recycling, 

adaptability, effect on stability and value for life, and propagation (Singh, 2013).  Arundo 

requires relatively low inputs and has high survival rates, broad adaptability and consistently 

high yields up to 42 Mg ha-1 yr-1, but has low genetic diversity and may require more nutrient 

supplementation than other perennial grasses (Palmer et al., 2014; Ceotto et al., 2015).  No 

diseases have been reported or observed in Arundo donax stands (El Bassam, 2010).  

A lot of bioenergy can be produced per kg of N uptake in giant reed; therefore, the 

amount of fertilizer needed for cultivation is limited (Ceotto et al., 2015).  Under favorable 

conditions, giant reed can produce 69% more aboveground bioenergy than maize with the same 

unit of N uptake (Ceotto et al., 2015).  Applying fertilizer to giant reed appears to be beneficial 
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due to the potential economic return.  Palmer et al. (2014) found an increase in nitrogen 

removal in giant reed in the second year of growth increasing from 33 kg ha-1 to 252 kg ha-1.  

Fertilizer application in giant reed results in higher yield in the first year of growth due to an 

increased number of shoots, and in later years due to increased shoot height (Smith and Slater, 

2010).  Cattle slurry has been shown to substantially increase yield of giant reed compared to 

unfertilized areas (Ceotto et al., 2015).  Undesirable components, such as K, Ca, P, S and N, 

can be reduced by delaying harvest, improving the quality of the fuel produced (o Di Nasso et 

al., 2010).   

Giant reed is a clonal plant, so it has lower genetic diversity than sexually reproducing 

species, making improvements difficult (Khudamrongsawat et al., 2009).  A. donax does not 

produce seed so traditional breeding methods cannot be used to create new variation.  Natural 

or induced mutations could be used to induce variation within the species.  Additionally, 

germplasm should be collected from diverse regions to select for important traits of interest.  

In vitro, cell and tissue culture can be utilized to improve this plant genetically and for 

propagation (Singh, 2013). Giant reed typically grows in the wild and to date neither selection 

of wild genotypes nor genetic improvements have been attempted with this species; therefore, 

they have a high potential for improvement (El Bassam, 2010).    

Limited research has been done on giant reed for use as a bioenergy grass due to its 

invasive characteristics.  The invasiveness of giant reed is due to an extensive rhizome network 

that can be easily spread and transported along coastal areas (Singh, 2013).  This species has 

already become a riparian invader along coastal areas in California and Texas (Mack, 2008; 

Khudamrongsawat et al., 2009).  Giant reed should be planted outside areas prone to flooding 
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with buffer zones to limit the spread of this grass (Singh, 2013).  Specific protocols should be 

used for harvest, transport, and processing to ensure the rhizomes do not get transferred (Singh, 

2013).  If giant reed is used as a bioenergy crop, it must be carefully managed to prevent 

invasion, especially in riparian areas.    

 

NEED FOR USING SWINE LAGOON NUTRIENTS 

 

In traditional agriculture systems, food from crop production is used to feed livestock, 

while waste from livestock production is used to fertilize crops.  Due to the intensification of 

livestock production, environmental contamination may occur if effluent with high nutrient 

concentrations is not disposed of properly.  The value of swine effluent as fertilizer is in its 

nutrient content, especially N, but other nutrients, especially P, can build up in the soil causing 

environmental risks due to runoff or leaching (McLauglin et al., 2004).   Accumulation of 

heavy metals and phosphorus in soil may result from application of animal manure as fertilizer, 

which can be damaging to plants and other organisms (Schwarz et al., 2004). Contamination 

of groundwater and surface water with nitrogen and phosphorus can result from application of 

manure (Bolan et al., 2004).  On the other hand, application of biosolids can improve soil 

structure and provide essential nutrients for plant growth (Plunkett and Teagasc, 2010).   

 

BIOREMEDIATION 

 

Bioremediation is one of the best methods to remove excess nutrients or other 

pollutants from the soil because it is cheaper than physical and chemical methods (Chibuike 
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and Obiora, 2014).  At many North Carolina hog farms, nutrient removal is accomplished 

through the use of bermudagrass (Cynodon dactylon (L.) Pers.) due to its high nutrient uptake 

potential (Caffrey et al., 2013).  To determine if a species could be useful for removing excess 

nutrients from fields receiving livestock manure, nutrient removal studies have been conducted 

for various species including corn (Zea mays), bermudagrass (Cynodon dactylon), ryegrass 

(Lolium perenne), wheat (Triticum aestivum), Eastern gamagrass (Tripsacum dactyloides), 

indiangrass (Sorghastrum nutans), johnsongrass (Sorghum halepense) and switchgrass 

(Panicum virgatum) (Israel et al., 2014; Burns et al., 1985; Liu et al., 1997; Israel and Smyth, 

2015; McLauglin et al., 2004).  Ebbs et al. (1997) found that hyperaccumulators of zinc had 

higher nutrient concentrations, but had lower nutrient removal due to reduce yields compared 

to high biomass low accumulator species.  Yield has a stronger impact on nutrient removal 

than nutrient concentration, but exceptions may occur due to soil type and cultivar adaptation 

to region or soil. Therefore, to develop crops for increased nutrient removal higher yielding 

species or cultivars should be focused on rather than high accumulators of nutrients.  Bioenergy 

grasses could be useful for phytoextraction of polluted soils because they have rapid growth 

rates, high biomass, extensive root systems, and since they are non-food crops, they cannot 

contaminate the food chain with removed pollutants (Chibuike and Obiora, 2014). 

 

NUTRIENT REMOVAL OF BIOENERGY GRASSES 

 

Bioenergy production on hog effluent spray fields shows promise in North Carolina 

due to the reduced feedstock production cost, high net energy return, inherent nutrient removal, 

and reduced environmental impacts compared to traditional sweet sorghum cultivation 
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(Caffrey et al., 2013).  Soil test results have shown that high levels of nutrients remain in spray 

field soils even after a full growing season; therefore, plants that can uptake large quantities of 

nutrients need to be developed (McLaughlin et al., 2004). Using high yielding bioenergy crops 

may increase nutrient removal rates, supplement farmer income, reduce bioenergy feedstock 

production costs, and provide beneficial bioenergy production characteristics (Caffrey et al., 

2013).  While application rates must not exceed the agronomic N needs of the receiver crop, 

nutrient needs of bioenergy grasses are not well understood (Israel and Smyth, 2015).  Nutrient 

removal in giant reed for N, P, K, and S was consistently greater than other perennial grasses, 

indicating this species might require more nutrient supplementation than other perennial 

grasses (Palmer et al., 2014).  Overall, Palmer et al. (2014) showed that nutrient removal 

increased during establishment years, but decreased in later years. In A. donax and Miscanthus 

spp., nutrient removals up to 90 kg N ha-1, 40 kg P ha-1 and 260 kg K ha-1 are expected with a 

fall harvest (o Di Nasso et al., 2011).   

 

POTENTIAL IMPACT OF RESEARCH 

 

 The use of highly productive perennial grasses for renewable energy production has 

the potential to sustainably produce renewable energy while minimizing impact on food 

production (Arundale et al., 2014).  For sustainable bioenergy production systems, nutrient 

replenishment must occur in a manner that minimizes environmental impact and production 

costs (Castillo et al., 2010). Manure application on dedicated bioenergy crops can displace the 

use of industrial nitrogen fertilizers, hence reducing the fossil energy required for cultivation 
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(Di Candilo et al., 2010). High-yielding bioenergy crops have been shown to remove 

significant quantities of soil nutrients (Castillo et al., 2010). Palmer et al. (2014) were able to 

show that perennial grasses have potential to be utilized for the bioenergy industry in North 

Carolina, but accessions of M. sinensis may have decreased survival in coastal locations.  

Previous studies (Palmer et al., 2014; Kering et al., 2012) usually examined several different 

species of bioenergy grasses for nutrient uptake and removal, but they have not examined the 

variation within species for these characteristics. Knowledge of accessions with maximum 

nutrient uptake will assist in the selection of superior parents for breeding bioenergy grasses 

for swine lagoon waste management.    
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ABSTRACT 

 

Miscanthus spp. and Arundo donax have shown potential as bioenergy crops because of 

their high yields and low input requirements.  However, little is known about the potential of these 

species to be part of a waste management plan for nutrient uptake.  This research was conducted 

to evaluate levels of diversity present between and within these species for their nutrient removal 

ability.  Thirty-one accessions of Miscanthus spp. and seven accessions of A. donax were evaluated 

in a greenhouse study using a 20-20-20 soluble fertilizer with minor elements to emulate the 

elements commonly found in swine effluent. Significant differences between and within (P < 0.05) 

taxa were identified for all macro and micronutrients indicating opportunities for improvement of 

nutrient uptake ability in Miscanthus spp. and A. donax exist. The highest yielding accession, M. 

×giganteus M295776, also had the highest nutrient removal for nine of eleven elements examined 

in this study.  M. sinensis accessions were high accumulators of nutrients, but due to lower yields 

had lower recoveries.  Overall, M. sacchariflorus and M. ×giganteus were high biomass low 

accumulator species with the highest recovery of nutrients.  Accessions of M. ×giganteus and A. 

donax with high nutrient uptake identified here could be directly used in the incorporation of 

bioenergy grasses as a waste management plan.  Meanwhile, crosses between M. sacchariflorus 

accessions with high biomass production, and M. sinensis accessions with high nutrient 

concentrations could be used in breeding programs to develop new M. ×giganteus germplasm with 

improved nutrient uptake ability.    

 

KEYWORDS: bioenergy, Miscanthus, Arundo, nutrient removal, genetic diversity  
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INTRODUCTION 

 

A steady growth in world population during the past five decades has led to an increased 

need to find renewable fuel sources.  Bioenergy crops have high potential for development as 

renewable energy technologies because they provide clean and renewable energy along with 

environmental benefits such as nitrogen capture, carbon sequestration, and improved soil quality 

(Heaton et al., 2003; Glowacka, 2011).  To be environmentally and commercially viable, a 

bioenergy crop must require low inputs while providing clean and cost-effective fuel (Heaton et 

al., 2004; o Di Nasso et al., 2010).  Perennial species have efficient nutrient use and greater 

capacity for soil carbon storage than annual species due to nutrient recycling during senescence.  

Furthermore, reduced annual cultural inputs improves the overall energy balance of perennial 

species compared to annual species (Heaton et al., 2008).  Miscanthus spp. and Arundo donax, are 

promising bioenergy crops due to their productivity and nutrient recycling from shoots to roots 

during senescence (o Di Nasso et al., 2011).   

Technology and larger farm sizes have resulted in livestock production becoming more 

intensive creating high nutrient concentration effluent that must be properly disposed of to prevent 

environmental contamination (Schwarz et al., 2004).  Waste from concentrated animal feeding 

operations may contain a variety of contaminants including nutrients, pathogens, trace elements, 

antibiotics, and hormones which can be damaging to ecosystems (Schwarz et al., 2004).  Swine 

effluent contains all essential elements required for plant growth, but could cause leaching or 

runoff of nutrients resulting in environmental contamination (McLauglin et al., 2004a).  Based on 

type and size of swine production operations, producers have different adoption rates of nutrient 

management technologies (Welsh and Hubbell, 1999).  Producers in states that have few manure 
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regulations could over apply effluent resulting in environmental contamination.  Nutrient 

concentrations in the effluent may not match crop needs, resulting in accumulation of elements the 

plants do not require in high concentrations. Elements, such as Cu and Zn, could be applied at 

greater rates than required for optimum crop production because application of effluent is often 

based on N requirements of a crop (Israel et al., 2014).  Harvesting bioenergy crops, such as 

miscanthus (Miscanthus spp.) and giant reed (A. donax), may remove important macronutrients 

from soil, reducing environmental contamination (Palmer et al., 2014).  Furthermore, since they 

are perennials, these bioenergy crops can up-take and store nutrients year-round and limit leaching 

and runoff.  Understanding nutrient requirements and uptake in Miscanthus spp. and A. donax will 

help determine their utility in comprehensive waste management plans.   

 Miscanthus spp. are native to Eastern Asia and the Pacific Islands (Singh, 2013).  

Miscanthus is ideal for development as a dedicated bioenergy crop due to its perenniality, 

adaptation to temperate climates and high yield potential with low nutrient input requirements 

(Chae et al., 2014).  High yields can be maintained in miscanthus for 20-25 years without need for 

replanting (Singh, 2013).  Miscanthus sacchariflorus and Miscanthus sinensis and their hybrid 

(Miscanthus ×giganteus) are receiving considerable attention as potential bioenergy crops because 

of their high yield production with heights up to 7 m and predicted dry matter yields under optimal 

conditions as high as 45 Mg ha-1 yr-1 (Vermerris, 2008).  M. sacchariflorus (2n = 4x = 76) can be 

taller than M. sinensis (2n = 2x = 38), but has less tillers, and its rhizomes are potentially invasive 

(Singh, 2013).  Miscanthus floridulus (2n = 2x = 38) could be useful as breeding material because 

it’s more robust than M. sinensis and adaptation to warm areas (El Bassam, 2010; Von Mark and 

Dierig, 2014). M.×giganteus (2n = 3x = 57), also known as giant miscanthus, is a sterile hybrid 

between M. sinensis and M. sacchariflorus and is promising as a low-input bioenergy crop due to 
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its high bioenergy productivity, survivability under cold and temperate environments, and non-

invasiveness (Singh, 2013; Palmer et al., 2014; Rayburn et al., 2009; El Bassam, 2010).   

 A. donax (also known as giant reed) (2n ≈ 69 to 110) is a densely-culmed perennial grass 

native to eastern Asia and southern Europe and ranges from 3 to 9 m tall at harvest (Singh, 2013; 

Mack, 2008).  A. donax yields have been shown to be as high as 42 Mg ha-1 yr-1 (Cotto et al., 2015).  

Additionally, A. donax has high survival rates, and broad adaptability, but has low genetic diversity 

and may require more nutrient inputs than other perennial grasses (Palmer et al., 2014).  When 

additional nutrients are supplied, higher yield is gained in the first year due to an increased number 

of shoots, and in later years due to increased shoot height (Smith and Slater, 2010; Ceotto et al., 

2015).   

Given that perennial grasses did not start being used for bioenergy production until 

recently, limited research has been performed on these species.  Limited growth during 

establishment years, reallocation of nutrients to rhizomes during senescence, and variation in 

cultivars, soil, and management practices make determining nutrient removal in Miscanthus spp. 

and A. donax challenging (McLaughlin et al., 2004b).  Knowledge of bioenergy grasses nutrient 

removal ability of will assist in selection of accessions for use in a swine effluent spray field.   In 

Miscanthus spp., nutrient removal has been shown to be up to 172, 12, 98, 66, 21, and 12 kg ha-1 

of N, P, K, Ca, Mg, and S, respectively, and up to 252, 21, 273, 56, 25, and 42 kg ha-1 of N, P, K, 

Ca, Mg, and S, respectively in A. donax (Palmer et al., 2014).  Brink et al. (2003) found that 

nutrient concentrations tended to fluctuate little across bermudagrass cultivars; therefore, nutrient 

removal was strongly influenced by yield.  A limited number of studies (Palmer et al., 2014; Kering 

et al., 2012) have examined different species of bioenergy grasses for nutrient uptake and removal, 

but none has examined levels of variation within species.  The objective of this research was to 
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assess levels of diversity among and within Miscanthus spp. and Arundo donax germplasm for 

nutrient removal ability.   

 

MATERIALS AND METHODS 

 

Plant Materials and Establishment. Thirty-one Miscanthus spp. and seven A. donax accessions 

were obtained from nurseries and germplasm collections as plants or rhizomes (Table 2.1).  Plants 

were maintained in 38 L pots at the North Carolina State University Crop Sciences Greenhouse 

(Raleigh, NC) as a source of material.   

Six plants per accession, that were similar in height and number of tillers were transplanted 

to 3.78 L pots for each experiment, in a soil mixture of 2 parts sand (94.6% sand, 0.8% silt, 4.4% 

clay), 1 part loamy sand (84.6% sand, 6.8% silt, 8.4% clay), and 1 part Fafard® 4P Mix (Sungro 

Horticulture; Agawam, MA) with a pH of 6.2.  Initial height, weight, and number of tillers were 

recorded for each plant due to variation.  Soil samples were collected at planting and submitted to 

the NCDA&CS Plant Testing Laboratory (Raleigh, NC) to determine initial soil nutrient 

concentration.  The experimental design was a randomized complete block with three replications 

and was repeated twice; the first and second runs of the experiments were initiated December 17, 

2015 and June 21, 2016, respectively.  Plants were maintained between 20 and 30°C and irrigated 

daily until they reached the field capacity and could no longer hold any water without leaching.    

Treatment and Harvest.  Ten weeks after establishment, a 20-20-20 soluble fertilizer with minor 

elements (Southern Agricultural Insecticides, Inc.; Hendersonville, NC) was surface broadcasted 

to emulate the elements commonly found in swine effluent.  Samples were submitted to the NC 
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State University Environmental and Agriculture Testing Service laboratory (Raleigh, NC) to 

confirm the concentration of each element in the fertilizer.   The nutrient cocktail was applied to 

the soil medium at a nitrogen based rate of 138 kg N ha-1 (application rates for all elements can be 

found in Table 2.2 and Table 2.3).  This was the only additional nutrients applied for the duration 

of the experiment.   

Data were collected monthly on weight, height, and number of tillers for a period for 18 

weeks to evaluate plant growth.   To measure weight with minimal disturbance of plants, entire 

pots containing the soil and plants were weighed.  Variation in water content in the media was 

accounted for by watering plants to field capacity before measurement.  Height was measured from 

the soil surface to the tallest portion of the plant.  The total number of tillers from each container 

was counted and recorded. 

Eight weeks after the nutrient cocktail was applied, plants were destructively sampled and 

harvested. Above ground portions of the plant (hereinafter referred to as “shoots”) were cut 

approximately 1 cm above the soil surface and stored in a brown paper bag.  Pots were then 

inverted onto trays and the below ground portion of the plant (hereinafter referred to as “roots”) 

was separated from the soil. Soil from each pot was to homogenized and a representative 

subsample was collected. Roots were carefully separated from the soil to preserve the fine roots.  

Roots were then cleaned by dipping them in water several times until all soil was removed, and 

placed in brown paper bags after air-drying.  Wet weight was determined by weighing shoots and 

roots at harvest.    Shoot and root tissue samples were then oven dried at 65°C with a Goodman 

furnace (Houston, TX) at the Reedy Creek Field Laboratory (Raleigh, NC) until at constant weight 

and dry weight was measured. Results are reported on a dry weight basis. Shoot, root, and soil 

samples were submitted to the NCDA&CS Plant and Soil Testing Laboratories (Raleigh, NC) to 
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determine concentrations of N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, and B as an assessment of nutrient 

removal ability.  

Data Analysis.  Nutrient removal ability determined by multiplying the concentration of nutrients 

in the soil (mg kg-1), bulk density of the soil (kg cm-3), and volume of soil (cm3) in the pots.  The 

area of the pots was converted to hectares to estimate removal at the field scale and soil nutrient 

removal was converted to kg ha-1.  Dry matter yield was estimated for each entry by calculating 

shoot dry weight and multiplying by an estimated planting density of 20,000 plants per ha for all 

species (Angelini et al., 2009).  Total nutrient removal at harvest was calculated by multiplying 

nutrient concentration (mg kg-1) in the tissue by the dry matter yield (kg ha-1) for each container 

and converting from mg ha-1 to kg ha-1 by using the following equation: 

Removal kg ha-1 = (C mg kg-1 * Y kg ha-1) / (1,000,000 mg kg-1), 

where C is the concentration (mg kg-1) of that element within the plant part (shoots or roots) and 

Y is yield (kg ha-1) of the plant.  Division by 1,000,000 mg kg-1 allows for the conversion from mg 

ha-1 to kg ha-1.   Percent recovery was calculated as a percentage of the total amount of each element 

applied and the initial soil concentrations using the equation: 

% recovery = [(R kg ha-1) / (F kg ha-1 + S kg ha-1)] * 100, 

where R is the removal (kg ha-1) of that element within the plant part (shoots or roots), F is the 

amount of nutrients added via nutrient cocktail (kg ha-1) and S is the initial soil concentration for 

that element (kg ha-1).  

Data were analyzed using a generalized linear mixed model (SAS PROC GLIMMIX) with 

entry nested within species.  In all models, part, species, and entry nested in species were 

considered fixed effects while experiment and replication within experiment were considered 
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random effects.  Means separation was determined using the Tukey-Kramer adjustment of 

LSMEANS and were considered significant if P < 0.05. 

 

RESULTS 

 

Agronomic Characteristics. Species and entry nested in species were significant (P < 0.001) for 

number of tillers, height, and yield for entries receiving nutrient supplementation (Supplementary 

Table 2.1). M. sinensis had the highest number of tillers, followed by M. sacchariflorus (Fig 2.1A).  

M. ×giganteus entries were the tallest and had the highest yield, followed by M. floridulus, and M. 

sacchariflorus (Fig 2.1B-C).  Reporting specific entries, the highest numbers of tillers were 

observed in M. ×giganteus Giant Miscanthus, M. sacchariflorus ‘Gotemba Gold’, M. sinensis 

‘Little Kitten’, ‘Yaku Jima’, ‘Adagio’, ‘Little Zebra’, and ‘Huron Sunrise’.  M. floridulus 

‘MCM02120-Z48000’ and all entries of M. ×giganteus, except for ‘Freedom’ and Giant 

Miscanthus, were taller than the remaining entries (P < 0.05).   M. ×giganteus ‘M295776’ had 

higher yield than all other entries (P < 0.05).   Other top yielding accessions included: M. floridulus 

‘MCM00015-Z47919’, M. sacchariflorus ‘93M0005064’, A. donax ‘2011-007-India’, ‘2011-004-

Nepal’, M. ×giganteus ‘08AUB-07s0032-47-10’, ‘09s0392’, ‘Nagara’, ‘09s0325’, ‘08NEW-

07s0032-1-88’, and ‘09s0322’. 

Primary Macronutrients. For each primary macronutrient, nutrient removal in shoots and roots 

were similar, but large quantities of P and K remained in the soil (Table 2.2).  N and K had the 

highest percent recoveries in shoots and roots (14.70 and 14.91%, respectively) of all elements 



   29 

 
 

 

 

examined in this study (Table 2.2).  While 81.57% of the total P concentration was accounted for 

between shoots, roots, and soil at harvest, only 3.14% was located in shoots and roots.  

 ANOVA results indicate percent recovery for species and entry nested in species were 

significant (P < 0.001) for all three elements (Table 2.4).  While part was significant for P and K 

(P < 0.001) its interaction with species was significant only for K (P < 0.001). Entry x part nested 

in species was not significant for any of the primary macronutrients.  

 When comparing species, M. sacchariflorus had higher percent recovery of N and P (9.54 

and 2.14%, respectively) than all other species (Fig. 2.2A-B). Arundo donax and M. ×giganteus 

had the second highest levels for N and P percent recovery, respectively. For K, the interaction of 

species x part was significant. In shoots, A. donax (11.17%) was found to have significantly higher 

K percent recovery than all other species with the exception of M. sacchariflorus (8.64%) (Fig. 

2.3A).  In the roots, K percent recovery was not different among species with the exception M. 

sinensis which had the lowest removal.  Within species, significant variation among entries was 

identified in A. donax for P and K and in M. ×giganteus and M. sinensis for all three primary 

macronutrients (P < 0.05) (Supplementary Table 2.2).  

M. ×giganteus accession M295776 (MXG 16) removed 10.43% N, 2.78% P, and 13.36% 

K nutrient of the total removal, numerically higher values for all three elements (Table 2.5).  M. 

sacchariflorus accessions 93M0005064 (MSA 21) and Gotemba Gold (MSA 20) had the second 

and third highest percent recovery of N and P.   For K, accessions with high percent recovery 

included A. donax 2011-007-India (ADO 5) and 2011-004-Nepal (ADO 6), with 9.67 and 11.14% 

removal, respectively.  Within M. sinensis, ‘Adagio’ (MSI 23) and ‘Cosmopolitan’, (MSI 36) had 

higher percent recovery for primary macronutrients. 
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Secondary Macronutrients.  Soil nutrient concentration was higher than concentrations in shoots 

and roots at harvest for all secondary macronutrients (Table 2.2).  As with P, little of the initial 

nutrient concentration was recovered in shoots or roots.  S had the highest percent recovery in 

shoots and roots followed by Mg and Ca. 

An analysis of variance showed that species and entry nested in species were significant 

for all secondary macronutrients (P < 0.001 for S and Mg; P < 0.001 for Ca) (Table 2.4).  Although 

part was only significant for was S (P < 0.001), the interaction of part x species was significant for 

all three elements (P < 0.01). As observed with the primary macronutrients, entry x part nested in 

species was not significant for any of the secondary macronutrients (Table 2.4).   

 For Ca and Mg, while there were changes in rank for recovery depending on the plant part, 

the same species ranked at the top two for both shoots and roots (Fig. 2.3B-C). The highest Ca 

concentration was found in roots of M. ×giganteus followed by shoots of M. sacchariflorus. The 

opposite ranking was observed for Mg. In shoots, percent recovery of S was highest in A. donax 

than all other species followed by M. floridulus and M. sacchariflorus (Fig. 2.3D).  In the roots, 

M. ×giganteus had higher percent recovery of S followed by A. donax and M. sacchariflorus. 

Looking within species, variation among entries for all secondary macronutrients was observed in 

M. sinensis only (Supplementary Table 2.2).  Meanwhile, M. ×giganteus entries were significant 

for Mg and S, and A. donax and M. sacchariflorus entries had significant variation for S only 

(Supplementary Table 2.2).  

M. ×giganteus accession M295776 (MXG 16) had the highest percent recovery for Ca and 

Mg (0.63 and 2.45%, respectively) (Table 2.5).  Additionally, this entry had the second highest 

percent recovery of S (4.81%), but A. donax 2011-004-Nepal (ADO 6) had the highest recovery 

for this element (5.05%).  M. ×giganteus accession 09s0322 (MXG 19) had the second highest 
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percent recovery for Ca and M. saccariflorus 93M0005064 (MSA 21) had the second highest 

percent recovery for Mg.  A. donax accessions 2011-007-India (ADO 5), Versicolor (ADO 4), and 

Peppermint Stick (ADO 2) had the third, fourth, and fifth highest removals for S. 

Micronutrients.  As expected, micronutrients had lower concentrations compared to 

macronutrients in shoots and roots (Table 2.3).  Of all the micronutrients, Fe had the highest 

concentration (Table 2.3).  As with secondary macronutrients, percent recovery of micronutrients 

was higher in soil (113.57-131.67%) than in plant tissues (0.61-4.80%) (Table 2.3).   

ANOVA results show all micronutrients were significant for species and entry nested in 

species (P < 0.01) (Table 2.4).  Part and its interaction with species were significant for all 

micronutrients (P < 0.05), except for Mn. Additionally, the interaction of entry within species with 

part was significant for Fe and Cu (P < 0.05).  

Comparing species, M. ×giganteus entries had the highest Mn percent recovery, followed 

by M. sinensis and M. sacchariflorus (Fig. 2.2C).  While for Fe, Zn, and Cu, percent recovery in 

roots was higher than in shoots for all species (Fig. 2.3E-G), the opposite was observed for B (Fig. 

3H).  M. ×giganteus had the highest percent recovery for Fe, Zn, and Cu.  M. sacchariflorus had 

the highest boron removal. Significant variation among A. donax entries (P < 0.05) was observed 

for Mn, Zn, Cu and B (Supplementary Table 2.2). In M. ×giganteus entries were significant for 

Mn, Zn and B were significant and in M. sinensis for Fe, Zn, Cu, and B (P < 0.05). 

M. ×giganteus M295776 (MXG 16) had the highest percent recovery for Fe in roots, Mn, 

Zn, and B (Table 2.5). M. sinensis Huron Sunrise (MSI 27) had the highest recovery for Fe in 

shoots and Cu in shoots and M. sinensis ‘Graziella’ (MSI 26) had the highest recovery of Cu in 

shoots.  M295776 had numerically superior recovery across elements performing at the top or not 

significantly different from the top performer for all micronutrients.  
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DISCUSSION 

 

The use of bioenergy grasses as a nutrient removal tool will benefit the environment by 

producing renewable energy fuels and limit loss of nutrients through leaching or runoff. While 

Miscanthus spp. and A. donax have been shown to be productive with low inputs (Palmer et al., 

2014), variation in nutrient removal would indicate that they could be effective for 

phytoremediation of contaminated soils. In this study, nutrient uptake corresponded to plant 

requirements with primary macronutrient having the highest percent recovery followed by 

secondary macronutrients and micronutrients.  Nutrient uptake has been shown to increase after 

plant establishment (Palmer et al., 2014); therefore, the percent recovery observed here may 

underestimate removal under field conditions. 

Swine effluent is an effective nutrient source for plant growth, but nutrient contents of 

effluent often do not match plant requirements (Israel et al., 2014).  Percent recovery of nutrients 

in this study corresponded to plant need, with primary macronutrients having the highest removal 

followed by secondary macronutrients and micronutrients. Based on nutrient composition of swine 

lagoon sludge reported by Israel et al. (2014), application of swine effluent to Miscanthus spp. and 

A. donax at a N based rate would apply more Ca, Mg, S, Zn, and Cu than plants can remove.  P 

removal was only 3.14 kg ha-1 in shoots and roots, while N and K removal were 20.28 and 25.95 

kg ha-1, respectively.  Given the similar N, P, and K application rates, P would accumulate in the 

soil over time, damaging plants and other organisms (Schwarz et al., 2004). Groundwater and 

surface water can also be contaminated due to excess N and P applied through manure (Bolan et 

al., 2014). Swine effluent is typically applied to bermudagrass fields in North Carolina due to its 

high nutrient uptake potential, but finding appropriate markets to dispose of bermudagrass has 
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proven difficult (Caffrey et al., 2013).  Miscanthus spp. and A. donax are alternatives to 

bermudagrass due the developing bioenergy industry and their nutrient removal potential. 

Miscanthus spp. and A. donax accessions evaluated in this study had lower percent 

recoveries compared to other perennial grasses. Only 10-15% of N and 20% of P was recovered 

in harvested biomass in switchgrass (Panicum virgatum) (Sanderson et al., 2000), while 26-66% 

of N rand 12-57% of P was recovered in bermudagrass (Cynodon dactylon (L.) Pers.) (Adeli and 

Varco, 2001). In our study, the highest combined percent recovery in the shoots and roots were for 

N and K at 14.70 and 14.91%, respectively.  Adeli and Varco (2001) found the lowest recovery at 

high effluent rates during the initial establishment year and the highest recovery at low effluent 

rates in the final year of growth.  Palmer et al. (2014) observed a 381-2640 % increase in nutrient 

removal in A. donax and Miscanthus spp. after the first year of growth.  Applying effluent at high 

rates, especially during establishment years will reduce percent recovery of nutrients.  To 

maximize nutrient removal, nutrient application rates should be lower during the first year of plant 

growth than in established stands (Adeli and Varco, 2001).  McLauglin et al. (2004b) observed 

that dry matter yield and P uptake of common bermudagrass was lower than those of warm-season 

annual grasses during bermudagrass establishment years. Once established, bermudagrass 

performed as well or better than annual species browntop millet (Panicum ramosum (L.) Stapf in 

Pram), pearl millet (Pennisetum glaucum (L.) R. Br.), sudangrass (Sorghum bicolor (L.) Moenich), 

sorghum-sudan (Sorghum bicolor (L.) Moenich) and crabgrass (Digitaria sangunalis (L.) Scop).  

Results from these studies indicate that while percent recoveries in our study were low, these 

accessions have the potential for increased removal once established. 

Tissue and soil tests at harvest indicated most of the nutrients remained in the soil instead 

of being removed and stored in plant tissues.  Secondary macronutrients and micronutrients had 
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higher percentages remaining in the soil because of high initial soil concentrations and low nutrient 

application rates. While 14.70% of N was recovered in the shoots and roots, this rate of removal 

could be improved in later years as it has been shown that mineralization and volatilization results 

in some of the N applied not being available after initial application (Brink, 2004). Additionally, 

in other species increased N uptake has been shown to correspond with increased uptake of P and 

Cu (McLauglin et al., 2004a). Therefore, providing additional amounts of non-effluent N could 

result in increased uptake of other nutrients.   

For all species evaluated in this study, Fe, Zn and Cu recovery was higher in roots than in 

shoots.  Previous studies under field conditions (Palmer et al., 2014) were able to harvest above 

ground portions of plants only and therefore, did not present a complete picture of nutrient 

dynamics in the roots.  Measurements of nutrient removal at harvest only in shoots may 

underestimate nutrient removal because high concentrations may remain in the roots. Leaching or 

runoff of nutrients such as Fe, Zn, and Cu, is prevented by binding and adsorbing nutrients in the 

roots.  The nutrients remaining in the roots can also be translocated to the shoots during later years, 

resulting in lower nutrient requirements of perennial grasses (Palmer et al., 2014; Kering et al., 

2012). 

To increase nutrient removal, efforts to increase yield should be the highest priority, 

followed by identifying hyper-accumulators of nutrients (Kramer and Chardonnes, 2001).  High 

yield results in high nutrient removal, but exceptions may occur due to soil type and cultivar (Brink 

et al., 2003).  M. ×giganteus M295776 had the highest percent recovery for nine out of eleven 

elements.  For the remaining elements, M295776 was not significantly different from the top 

performer. However, the increased recovery was due to high yield as M295776 had low 

concentrations for most elements. Ebbs (1997) found that hyper-accumulators with low biomass 
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production had limited Zn removal while high biomass non-accumulator Brassica crops were more 

effective at nutrient removal. Accessions that do not have the highest yield may still have high 

percent recoveries if they have extremely high nutrient concentrations with average yields.  A. 

donax 2011-007-India and 2011-004-Nepal had higher K and S percent recovery compared to 

other entries due to the increased concentration of these elements in plant tissue, even though they 

were not as high yielding.  Since they are sterile, natural or induced mutations of accessions such 

as M295776, 2011-007-India, and 2011-004-Nepal could be used to create more variation for 

selection of improved nutrient uptake (Khudamrongsawat et al., 2009).   Promising accessions of 

M. ×giganteus and A. donax, such as M295776, 2011-007-India, and 2011-004-Nepal, can be 

incorporated in future field studies to determine nutrient removal or directly utilized in bioenergy 

production.   

Observed variability in this study for percent recovery of nutrients within and among 

species, indicates potential for improvement exists.  M. ×giganteus is a sterile triploid; therefore, 

continued breeding efforts to maximize nutrient removal observed in M295776 must be made 

through mutations or by resynthesizing the original cross (Chae et al., 2014). Resynthesizing M. 

×giganteus is accomplished through crossing M. sinensis and M. sacchariflorus. While M. sinensis 

and M. sacchariflorus are not typically grown for bioenergy production, they could provide 

important traits to improve production.  In breeding for increased nutrient uptake, crosses of 

accessions of M. sinensis with high nutrient concentrations and accessions of M. sacchariflorus 

with high yield would be effective in maximizing nutrient removal. Both accessions of M. 

sacchariflorus were effective at nutrient removal showing some of the highest percent recoveries 

for most macronutrients. Given the high nutrient removal and low nutrient concentration, M. 

sacchariflorus is classified as a high biomass low accumulator species. Therefore, they could be 
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useful in breeding programs for maximizing nutrient uptake. Even though M. sinensis would be 

considered a high accumulator of nutrients due to its high nutrient concentrations, M. sinensis 

accessions had lower nutrient percent recoveries because they had the lowest yields. However, 

while accessions such as M. sinensis ‘Adagio’, ‘Cosmopolitan’, ‘Huron Sunrise’, ‘Little Zebra’, 

‘Strictus’ and ‘Graziella’ did not have the highest overall percent recovery of nutrients, their 

superior performance compared to other entries of the same species indicates these individuals 

could be utilized in breeding programs attempting to resynthesize M. ×giganteus. To breed 

Misanthus spp. for increased phytoremediation, crossing diploid M. sinensis, a high accumulator, 

and related tetraploid M. sacchariflorus, a high biomass low accumulator, would result in a sterile 

triploid M. ×giganteus with maximum nutrient removal (Kramer and Chardonnens, 2001).   

Using high yielding bioenergy crops may increase nutrient removal rates, supplement 

farmer income, reduce bioenergy feedstock production costs, and provide sustainable energy 

(Caffrey, 2013). Supplemental nutrients needed for plant growth can be supplied by swine effluent, 

but leaching or runoff of these nutrients could result in environmental contamination (McLauglin 

et al., 2004a). Results from this study provide a foundation for the incorporation of bioenergy 

grasses as a waste management plan thereby increasing the positive environmental impact of the 

bioenergy initiative.  Entries such as M. ×giganteus M295776, A. donax 2011-007-India and 2011-

004-Nepal should be further studied under field conditions to confirm their potential to be directly 

used in bioenergy production to remove nutrients from swine effluent spray fields. Additionally, 

M. sacchariflorus accessions such as ‘93M0005064’ and ‘Gotemba Gold’ with high biomass 

production, and M. sinensis accessions such as ‘Adagio’, ‘Cosmopolitan’, ‘Huron Sunrise’, ‘Little 

Zebra’, ‘Strictus’ and ‘Graziella’ with high nutrient concentrations could be used in breeding 

programs to improve bioenergy grass nutrient uptake ability.    
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Table 2.1. List of species and sources of 38 Miscanthus spp. and Arundo donax entries evaluated for nutrient 

uptake. 

Entry 

Code Entry Name Species Source 

ADO 1 Golden Chain Arundo donax Santa Rosa Gardens (Pensacola, FL) 

ADO 2 Peppermint Stick Arundo donax Hoffman Nursery (Rougemont, NC) 

ADO 3 Variegata Arundo donax Santa Rosa Gardens (Pensacola, FL) 

ADO 4 Versicolor Arundo donax Dancing Oaks Nursery  

(Monmouth, OR) 

ADO 5 2011-007-India Arundo donax Dr. T. Ranney (Mills River, NC) 

ADO 6 2011-004-Nepal Arundo donax Dr. T. Ranney (Mills River, NC) 

ADO 7 2010-092-New Jersey  Arundo donax Dr. T. Ranney (Mills River, NC) 

MFI 8 MCM00015-Z47919 Miscanthus floridulus Repreve Renewables (Greensboro, NC) 

MFI 9 MCM02120-Z48000 Miscanthus floridulus Repreve Renewables (Greensboro, NC) 

MXG 10 Freedom Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 11 Giant Miscanthus Miscanthus ×giganteus Hoffman Nursery (Rougemont, NC) 

MXG 12 Nagara Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 13 08AUB-07s0032-47-10 Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 14 08NEW-07s0032-1-88 Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 15 08AUB-07s0033-23-31 Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 16 M295776 Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 17 09s0325 Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 18 09s0392 Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MXG 19 09s0322 Miscanthus ×giganteus Repreve Renewables (Greensboro, NC) 

MSA 20 Gotemba Gold Miscanthus sacchariflorus Dr. T. Ranney (Mills River, NC) 

MSA 21 93M0005064 Miscanthus sacchariflorus Repreve Renewables (Greensboro, NC) 

MSI 22 Purpurascens Miscanthus sinensis  

var purpurascens 

Hoffman Nursery (Rougemont, NC) 

MSI 23 Adagio Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 24 Gold Bar Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 25 Gracillimus Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 26 Graziella Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 27 Huron Sunrise Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 28 Little Kitten Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 29 Little Zebra Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 30 Malepartus Miscanthus sinensis Santa Rosa Gardens (Pensacola, FL) 

MSI 31 Morning Light Miscanthus sinensis Dr. T. Ranney (Mills River, NC) 

MSI 32 Sarabane Miscanthus sinensis Dr. T. Ranney (Mills River, NC) 

MSI 33 Siberfiel Miscanthus sinensis Dr. T. Ranney (Mills River, NC) 

MSI 34 Strictus Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 

MSI 35 Superstripe Miscanthus sinensis Dr. T. Ranney (Mills River, NC) 

MSI 36 Cosmopolitan Miscanthus sinensis  

var condensatus 

Hoffman Nursery (Rougemont, NC) 

MSI 37 Variegatus Miscanthus sinensis Dr. T. Ranney (Mills River, NC) 

MSI 38 Yaku Jima Miscanthus sinensis Hoffman Nursery (Rougemont, NC) 
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Table 2.2.Total removal and percent recovery of macronutrients in shoots, roots, and remaining in the soil at harvest. 
 N (kg/ha) N (%) P (kg/ha) P (%) K (kg/ha) K (%) Ca 

(kg/ha) 
Ca (%) Mg(kg/ha) Mg (%) S (kg/ha) S (%) 

Beginning 

Soil 

---  41  64  729  173  96  

Fertilizer 138  59  110  0.03  0.02  0.13  

Initial 138  100  174  729.03  173.02  96.13  

Shoots 10.41 7.55 1.69 1.69 14.00 8.04 3.01 0.41 2.01 1.16 1.97 2.05 

Roots 9.87 7.15 1.45 1.45 11.95 6.87 3.11 0.43 1.90 1.10 2.58 2.69 

Ending Soil --- --- 78.43 78.43 55.43 31.86 895.43 122.82 194.41 112.36 101.68 105.77 

Total 20.28 14.7 81.57 81.57 81.38 46.77 901.55 123.66 198.32 114.62 106.23 110.51 

 

 
Table 2.3.Total removal and percent recovery of micronutrients in shoots, roots, and remaining in the soil at harvest. 

 Fe (kg/ha) Fe (%) Mn 

(kg/ha) 

Mn (%) Zn 

(kg/ha) 

Zn (%) Cu 

(kg/ha) 

Cu (%) B (kg/ha) B (%) 

Beginning 
Soil 

---  12.26  3.52  1.01  ---  

Fertilizer 0.71  0.34  0.33  0.33  0.13  

Initial 0.71  12.60  3.85  1.34  0.13  

Shoots 0.10 13.80 0.09 0.74 0.02 0.61 0.005 0.34 0.006 4.80 
Roots 2.56 360.49 0.08 0.64 0.03 0.89 0.01 0.96 0.003 1.99 

Ending Soil --- --- 16.59 131.67 4.37 113.57 1.55 115.63 ---- --- 

Total 2.66 374.29 17.48 133.05 4.42 115.07 1.565 116.93 0.009 6.79 
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Table 2.4. Analysis of variance for percent recovery of each element at harvest in shoots and roots for entries receiving nutrient cocktail based on species, 

entry, and part. 

Factor N  P  K Ca  Mg  S  Fe  Mn  Zn  Cu  B  

Species *** *** *** *** *** *** *** *** *** ** *** 

Entry(Species) ** *** *** * *** *** ** ** *** *** *** 

Part NS *** *** NS NS *** *** NS *** *** *** 

Part x Species NS NS *** ** *** *** *** NS * * *** 

Entry x Part 

(Species) NS NS NS NS NS NS ** NS NS * NS 

*:Significance at p ≤ 0.05. 

**: Significance at p ≤ 0.01. 

***: Significance at p ≤ 0.001. 
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Table 2.5. Percent recovery of nutrients in shoots and roots for 38 entries of Miscanthus spp. and Arundo donax receiving nutrient cocktail based on 

amount applied and initial soil concentrations†.  
Entry N  P  K Ca Mg S Fe Mn Zn Cu B 

 Overall‡ Overall‡ Overall‡ Overall‡ Overall‡ Overall‡ Shoots§ Roots§ Overall‡ Overall‡ Shoots§ Roots§ Overall‡ 

ADO 1 7.38 ABC 1.22 C 8.31 B-E 0.30 ABC 0.93 B-G 3.56 A-D 12.10 B 281 BCD 0.45 CD 0.71 BCD 0.29 ABC 0.56 CD 1.92 C 
ADO 2 6.48 ABC 1.29 BC 7.82 B-F 0.39 ABC 1.01 B-G 4.16 AB 9.24 B 354 BCD 0.44 CD 1.04 BC 0.28 ABC 1.08 A-D 2.32 BC 

ADO 3 7.63 ABC 1.24 BC 8.93 A-E 0.25 BC 0.80 C-G 3.84 ABC 7.26 B  356 BCD 0.66 BCD 0.81 BCD 0.28 ABC 0.99 A-D 1.88 C 

ADO 4 5.74 ABC 0.97 C 8.97 A-E 0.34 ABC 0.92 B-G 4.38 AB 2.15 B 405 A-D 0.47 BCD 0.71 BCD 0.21 ABC 0.61 A-D 2.09 BC 
ADO 5 7.86 ABC 1.43 BC 9.67 ABC 0.36 ABC 1.26 B-G 4.73 A 8.77 B 440 A-D 0.41 D 0.71 BCD 0.36 ABC 0.71 A-D 2.56 BC 

ADO 6 8.83 ABC 1.78 BC 11.14 AB 0.35 ABC 1.19 B-G 5.05 A 6.78 B 648 A-D 0.48 BCD 0.87 BCD 0.34 ABC 0.92 A-D 2.85 BC 

ADO 7 7.39 ABC 1.46 BC 7.89 B-F 0.31 ABC 0.87 C-G 3.48 A-E 6.33 B 338 BCD 0.58 BCD 0.70 BCD 0.25 ABC 0.58 BCD 2.10 BC 
MFI 8 6.43 ABC 1.39 BC 8.09 B-E 0.37 ABC 1.30 B-G 2.23 B-H 11.18 B 391 BCD 0.55 BCD 0.60 BCD 0.25 ABC 0.71 A-D 2.78 BC 

MFI 9 6.07 ABC 1.46 BC 7.86 B-F 0.35 ABC 1.34 B-G 1.78 D-H 10.14 B 360 BCD 0.68 BCD 0.52 CD 0.21 ABC 0.63 A-D 2.74 BC 

MXG 10 5.62 BC 1.09 C 5.18 D-H 0.36 ABC 1.00 B-G 1.32 FGH 10.56 B 431 A-D 0.52 BCD 0.62 BCD 0.19 BC 0.98 A-D 2.75 BC 
MXG 11 6.91 ABC 1.64 BC 6.73 C-H 0.43 ABC 1.06 B-G 1.66 E-H 13.05 AB 295 BCD 0.82 BCD 0.95 BCD 0.33 ABC 2.09 AB 3.79 ABC 

MXG 12 6.61 ABC 1.59 BC 8.44 B-E 0.37 ABC 1.29 B-G 2.73 B-F 14.88 AB 584 A-D 0.85 BCD 0.91 BCD 0.26 ABC 0.93 A-D 3.74 ABC 

MXG 13 7.60 ABC 1.68 BC 7.43 B-G 0.45 ABC 1.75 ABC 2.47 B-H 9.57 B 744 AB 0.94 A-D 1.01 BC 0.29 ABC 1.19 A-D 3.95 ABC 
MXG 14 6.36 ABC 1.28 BC 6.81 C-H 0.40 ABC 1.23 B-G 2.59 B-G 6.37 B 517 A-D 0.85 BCD 0.95 CBD 0.24 ABC 1.08 A-D 3.16 ABC 

MXG 15 6.03 ABC 1.36 BC 7.49 B-G 0.38 ABC 1.52 B-E 2.01 C-H 9.52 B 523 A-D 1.07 A-D 0.96 BCD 0.26 ABC 0.80 A-D 3.77 ABC 

MXG 16 10.43 A 2.78 A 13.36 A 0.63 A 2.45 A 4.81 A 18.63 AB 991 A 1.75 A 1.94 A 0.42 ABC 1.74 A-D 6.17 A 
MXG 17 6.49 ABC 1.56 BC 7.70 B-F 0.32 ABC 1.24 B-G 2.28 B-H 8.71 B 385 BCD 0.82 BCD 0.84 BCD 0.24 ABC 0.92 A-D 3.58 ABC 

MXG 18 8.56 ABC  1.90 ABC 9.22 A-D 0.48 ABC 1.64 A-D 2.61 B-G 12.91 AB 699 ABC 1.35 AB 1.15 B 0.36 ABC 1.26 A-D 4.53 ABC 

MXG 19 7.50 ABC 1.50 BC 6.78 C-H 0.60 AB 1.49 B-F 2.14 C-H 22.17 AB 420 A-D 1.30 ABC 0.94 BCD 0.34 ABC 1.03 A-D 4.52 ABC 
MSA 20 9.18 AB 2.16 AB 7.48 B-G 0.35 ABC 1.11 B-G 1.73 E-H 18.49 AB 229 BCD 0.82 BCD 0.99 BC 0.40 ABC 0.81 A-D 3.24 ABC 

MSA 21 9.91 A 2.12 AB 9.14 A-D 0.53 ABC 1.89 AB 2.29 B-H 20.46 AB 286 BCD 0.77 BCD 0.85 BCD 0.33 ABC 0.83 A-D 6.14 A 

MSI 22 6.44 ABC 1.17 C 3.06 H 0.26 BC 0.59 EFG 1.13 FGH 14.74 AB 127 D 0.95 A-D 0.78 BCD 0.24 ABC 0.84 A-D 4.03 ABC 
MSI 23 7.80 ABC 1.56 BC 4.82 E-H 0.30 ABC 0.62 EFG 1.23 FGH 21.39 AB 161 CD 0.69 BCD 0.64 BCD 0.33 ABC 0.81 A-D 4.27 ABC 

MSI 24 5.75 ABC 1.30 BC 4.01 E-H 0.26 BC 0.51 G 1.13 FGH 20.91 AB 105 D 0.87 BCD 0.48 CD 0.25 ABC 0.81 A-D 2.82 BC 

MSI 25 6.53 ABC 1.25 BC 4.07 E-H 0.36 ABC 0.78 D-G 1.11 FGH 16.20 AB 241 BCD 0.56 BCD 0.49 CD 0.23 ABC 1.00 A-D 3.57 ABC 
MSI 26 5.74 ABC 1.20 C 3.27 GH 0.29 ABC 0.57 G 1.20 FGH 30.60 AB 308 BCD 0.81 BCD 0.63 BCD 0.65 AB 2.22 A 3.13 ABC 

MSI 27 6.18 ABC 1.31 BC 3.97 E-H 0.40 ABC 0.75 D-G 1.65 E-H 38.19 A 197 CD 0.65 BCD 0.69 BCD 0.68 A 1.87 ABC 5.59 AB 

MSI 28 6.77 ABC 1.41 BC 3.65 FHG 0.25 C  0.59 FG 1.15 FGH 22.58 AB 133 D 0.69 BCD 0.57 CD 0.26 ABC 1.78 A-D 2.22 BC 
MSI 29 7.55 ABC 1.60 BC 4.42 E-H 0.42 ABC 0.71 EFG 1.47 FGH 32.15 AB 178 CD 0.91 A-D 0.69 BCD 0.40 ABC 1.13 A-D 4.17 ABC 

MSI 30 6.83 ABC 1.25 BC 4.01 E-H 0.31 ABC 0.74 D-G 1.18 FGH 17.97 AB 180 CD 0.84 BCD 0.56 CD 0.23 ABC 0.65 A-D 3.75 ABC 

MSI 31 5.79 ABC 1.16 C 4.30 E-H 0.30 ABC 0.51 G 1.02 FGH 14.81 AB 163 CD 0.81 BCD 0.40 D 0.24 ABC 0.35 D 2.56 BC 
MSI 32 5.24 BC 1.02 C 4.37 E-H 0.19 C 0.55 G 0.76 H 10.15 B 121 D 0.56 BCD 0.38 D 0.25 ABC 0.47 CD 1.88 C 

MSI 33 4.98 C 1.22 C 4.49 E-H 0.26 BC 0.59 FG 0.92 GH 14.46 AB 302 BCD 0.91 A-D 0.39 D 0.16 C 0.63 A-D 2.75 BC 

MSI 34 7.13 ABC 1.59 BC 5.02 D-H 0.44 ABC 0.73 D-G 1.27 FGH 12.12 B 202 BCD 0.78 BCD 0.55 CD 0.23 ABC 1.08 A-D 3.69 ABC 
MSI 35 6.20 ABC 1.14 C 5.17 D-H 0.28 BC 0.69 EFG 1.02 FGH 8.92 B  215 BCD 0.84 BCD 0.40 D 0.20 BC 0.69 A-D 2.94 BC 

MSI 36 6.35 ABC 1.79 BC 7.49 B-G 0.36 ABC 1.02 B-G 1.60 E-H 10.98 B 377 BCD 1.27 A-D 0.78 BCD 0.29 ABC 1.34 A-D 3.07 ABC 
MSI 37 5.80 ABC 1.21 C 5.04 D-H 0.22 C 0.53 G 0.92 GH 11.72 B  267 BCD 0.65 BCD 0.41 D 0.20 BC 0.66 A-D 2.15 BC 

MSI 38 6.99 ABC 1.41 BC 4.80 E-H 0.28 BC 0.65 EFG 1.29 FGH 14.97 AB 257 BCD 0.83 BCD 0.55 CD 0.25 ABC 1.32 A-D 2.85 BC 
† Means within the same column with different letters are significantly different at P < 0.05. 

‡ Percent removal for each element was presented as overall removal if Entry x Part (Species) was P > 0.05 and Entry (Species) was P < 0.05. 
§ Percent removal for each element are divided into shoots and roots if Entry x Part (Species) was P < 0.05. 
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Supplemental Table 2.1. Analysis of variance for number of tillers, height, and yield for entries receiving nutrient cocktail based on species and entry 

nested in species. 

Factor Tillers Height Yield 

Species *** *** *** 

Entry(Species) *** *** *** 

***: Significance at p ≤ 0.001. 
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Supplemental Table 2.2. Analysis of variance for percent recovery of each element at harvest in shoots and roots for entries receiving nutrient cocktail 

based on species, entry, and part. 

Species Factor N  P  K Ca  Mg  S  Fe  Mn  Zn  Cu  B  

A. donax Entry NS ** * NS ** * NS * * *** ** 

 Part NS ** *** NS NS *** *** NS *** *** *** 

 Entry x Part NS NS NS NS NS NS NS ** NS *** ** 

M. floridulus Entry NS NS NS NS NS NS NS NS NS NS NS 

 Part NS NS NS NS NS ** *** NS *** *** *** 

 Entry x Part NS NS NS NS NS NS NS NS NS NS NS 

M. ×giganteus Entry ** *** *** NS ** *** NS ** *** NS * 

 Part NS ** NS ** *** *** *** NS *** *** *** 

 Entry x Part NS NS NS NS NS NS NS NS NS NS NS 

M. sacchariflorus Entry NS NS NS NS NS * NS NS NS NS NS 

 Part NS NS NS NS NS *** *** NS NS *** ** 

 Entry x Part NS NS NS NS NS NS NS NS NS NS NS 

M. sinensis Entry * ** *** ** ** ** * NS *** *** *** 

 Part NS *** *** NS NS *** *** NS *** *** *** 

 Entry x Part NS NS NS NS NS ** ** NS NS ** ** 

*:Significance at p ≤ 0.05. 

**: Significance at p ≤ 0.01. 

***: Significance at p ≤ 0.001. 
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Fig. 2.1. Agronomic measurements at harvest of entries receiving nutrient cocktail based on 

species for: A. Number of Tillers, B. Plant Height, and C. Yield. Means with different letters 

are significantly different (P < 0.05). 
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Fig. 2.2. Percent nutrient recovered at harvest for entries receiving nutrient cocktail based on 

species for: A. Nitrogen, B. Phosphorus, and C. Manganese. Means with different letters are 

significantly different (P < 0.05). 
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Fig. 2.3. Percentage of nutrients recovered at harvest for entries receiving nutrient cocktail 

based on the interaction of entry and species for: A. Potassium, B. Calcium, C. Magnesium, 

D. Sulfur, E. Iron, F. Zinc, G. Copper, and H. Boron. Means with different letters are 

significantly different (P < 0.05). 
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CHAPTER III. 

SSR ALLELIC DIVERSITY SHIFTS IN ZOYSIAGRASS (ZOYSIA SPP.) 

CULTIVARS RELEASED FROM 1910 TO 2016 
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ABSTRACT 

  

Selection during varietal improvement has been shown to reduce genetic diversity in several 

different crop species.  A reduction in genetic diversity can be detrimental to future breeding 

efforts and increase susceptibility to biotic stresses.  The purpose of this study was to analyze 

changes in levels of allelic diversity at the gene and population levels in 40 zoysiagrass (Zoysia 

spp. Willd.) cultivars released between 1910 and 2016 using simple sequence repeat (SSR) 

markers. Fifty-six SSR markers were used to determine whether allelic diversity has changed 

among cultivars released over a century of modern plant breeding. While no significant 

differences were observed for total numbers of alleles or genetic similarity values between the 

initial and most recent time periods, our results demonstrate that genetic diversity among 

zoysiagrass cultivars has fluctuated through time. Allelic diversity declined during the 1990s 

and then recovered during 2000s. STRUCTURE analysis revealed five subpopulations with 

varying levels of admixture and that, for the most part, good representation of these 

subpopulations has been maintained over the different decades of release. These findings 

illustrate that plant breeding has not resulted in a substantial decline in zoysiagrass genetic 

diversity, but also that the potential exists for increasing diversity through future germplasm 

collections and the inclusion of less utilized Zoysia species to create new combinations of 

alleles.  

 

 

KEYWORDS: crop genetics, SSR markers, plant genetic resources, turfgrass  
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INTRODUCTION 

 

Zoysiagrass is a warm-season, perennial turfgrass with relatively high heat and drought 

tolerance, which helps to reduce the input of supplemental irrigation.  Of the eleven species of 

Zoysia, only two (Zoysia japonica Steud. and Zoysia matrella (L.) Merr.) are currently used 

for turfgrass production in the United States, but other Zoysia spp. are useful as sources to 

integrate new traits such as smaller leaf size, drought tolerance, and disease resistance 

(Engelke, 2000; Engelke and Anderson, 2003).  Zoysiagrasses are allotetraploid species 

(2n=4x=40) with a small genome size of 421 Mbp (Cai et al., 2005; Harris-Shultz et al., 2012). 

There is currently some question about the designation of phenotypically variable zoysiagrass 

into different Zoysia species’ because of the ability of many of these species to readily 

hybridize (Kimball et al., 2013).  For example, ‘Crowne’ and ‘Palisades’ are believed to be Z. 

japonica × Z. pacifica (Goudsw.) M. Hotta & S. Kuroki hybrids, while ‘Cavalier’, ‘Diamond’, 

‘Royal’, and ‘Zorro’ may be Z. matrella × Z. pacifica hybrids (Engelke and Anderson, 2003; 

U.S. Patent No. US PP11515).  Kimball et al. (2013) using SSR markers suggested that five of 

these six cultivars were in fact hybrids. An additional fifteen released cultivars were also 

thought to be hybrids, and not a single Zoysia species. 

The first documented use of zoysiagrass was in 1156 and it has been a popular turfgrass 

in Japan since the 1700s (Tsuruta et al., 2011; Yaneshita, 2009).  The first documented 

introduction of zoysiagrass into the US was from Korea in 1901 and later from Japan in 1903 

(USDA, 1905; Patton et al., 2017).  ‘Chinese common’ is the earliest known zoysiagrass 

cultivar to be brought into the US, but there is some debate on its origin (Patton, 2009). In the 
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early 1940s, ‘Matrella’ was released followed by ‘Meyer’, ‘Sunburst’, and ‘Emerald’ in the 

1950s.  Meyer and Emerald quickly became industry standards for winter hardiness and turf 

quality, respectively (Patton, 2009).  Vic Youngner from the University of California provided 

the germplasm base for ‘El Toro’, ‘DeAnza’, and ‘Victoria’ from the USDA-NPGS (National 

Plant Germplasm System) and from Japan and Korea (Engelke and Anderson, 2003).  In the 

mid-1980s, public breeding efforts in the United States were focused on improving 

vegetatively propagated cultivars, while private breeding programs focused on developing 

seeded cultivars (Engelke and Anderson, 2003).   

Conventional breeding methods such as clonal selection, hybridization, and 

mutagenesis have been used to improve zoysiagrass (Tsuruta et al., 2011).  Since 1990, 

research has focused on abotic and biotic stresses, growth characteristics, and quality traits 

(Patton, 2009).  Specifically, zoysiagrass breeding has concentrated on improving traits such 

as propagation by seed, turf density, drought tolerance, salinity tolerance, cold hardiness, and 

insect resistance (Tsuruta et al., 2011).  Progress has been made on drought tolerance and insect 

resistance in zoysiagrass.  For example, ‘Cavalier’ and ‘Zorro’ have excellent tolerance to 

many different chewing insect species (Engelke and Anderson, 2003; Patton, 2009).  The 

greatest limitations for zoysiagrass production are generating economically viable seed, field 

establishment and regrowth, cold hardiness, winter color retention, and disease resistance 

(Engelke and Anderson, 2003).  

For future cultivar development, genetic variability is needed for selection, but 

intensive plant breeding is generally considered to lead to reduced genetic diversity.  To limit 

the loss of genetic diversity in zoysiagrass, plant collection and habitat preservation at the 
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sources of origin are needed (Tsuruta et al., 2011).  Since the Pacific Rim is the center of 

diversity for zoysiagrass, the US Department of Agriculture has sent collection expeditions to 

these countries to increase the diversity of US zoysiagrass germplasm including a large 

collected trip in 1982 (Murray and Engelke, 1983; Tsuruta et al., 2011).  For new sources of 

genetic diversity to be useful they must include unique alleles, not currently present in elite 

populations, that carry resistance against stresses that may affect production (Brown, 1983). 

Knowledge of population structure in Zoysia spp. would provide breeders with the information 

needed to exploit variation for trait improvement and selection of parents (Kimball et al., 

2013).  Tsuruta et al. (2005) found that simple sequence repeat (SSR) markers are valuable 

tools for identification, estimation of genetic diversity and construction of genetic linkage maps 

in Zoysia species.  Kimball et al. (2013) also found that SSRs are effective markers in 

differentiating individual Zoysia genotypes and identified high levels of genetic diversity levels 

among released cultivars, plant introductions, and germplasm accessions in zoysiagrass.  

Molecular marker technologies that have been used to assess allelic diversity in 

zoysiagrass include restriction fragment length polymorphisms (RFLPs) (Yaneshita et al., 

1997), random amplified polymorphic DNA (RAPDs) (Li and Tong, 2003; Weng et al., 2007), 

simple sequence repeat polymorphisms (SSRs) (Tsuruta et al., 2005; Li et al., 2009), and 

amplified fragment length polymorphisms (AFLPs) (Chen et al., 2009; Kimball et al., 2012).  

Simple sequence repeats are particularly useful because they are PCR-based, have high levels 

of polymorphisms, and are co-dominant and multi-allelic (Russell et al., 1997; Cai et al., 2005).  

Simple sequence repeats have been useful for estimating genetic diversity levels and how they 

have changed over time in a large number of species including: maize (Zea mays L.; Lu and 



   58 

 
 

 

 

Bernardo, 2001), wheat (Triticum aestivum L.; Roussel et al., 2005; Donini et al., 2000; Fu et 

al., 2003, 2006), timothy (Phleum pratense L.; Tanhuanpää and Manninen, 2012), barley 

(Hordeum vulgare L.; Malysheva-Otto et al., 2007), oat (Avena sativa L.; Fu et al., 2003), and 

peanut (Arachis hypogaea L.; Milla-Lewis et al., 2010; 2011).   

Studies on the effect of modern plant breeding on genetic diversity in wheat have 

shown no loss of allele numbers or genetic diversity over time (Huang et al., 2007; Martynov 

et al., 2005; Donini et al., 2000). Donini et al. (2000) determined that the breeding process 

fixed alleles at agronomically important loci in UK wheat, but it did not significantly impact 

allele frequency at loci not affected by selection.  In maize (Zea mays L.), Lu and Bernardo 

(2001) found genetic diversity has been reduced at the gene level, but not the population level.  

Reif et al. (2005) examined temporal trends in genetic diversity over five decades of maize 

breeding and identified numerous unique alleles that were present in open-pollinated varieties 

but not in elite germplasm. Wild germplasm and land races show the highest genetic diversity 

and can contribute to the broadening of the genetic base of cultivated germplasm, inbred lines, 

or hybrids (Rauf et al., 2010). 

The objective of this study was to determine changes in allelic diversity in zoysiagrass 

cultivars over five decades of breeding.  While previous studies in Zoysia spp. have evaluated 

genetic relationships (Kimball et al., 2013), they have not studied changes in allelic diversity 

over time.   Knowledge of genetic relationships and shifts in allelic diversity will provide plant 

breeders with information to increase or maintain diversity in zoysiagrass.   
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MATERIALS AND METHODS 

 

Plant Materials and DNA Extraction. Forty out of fourty-nine Zoysia cultivars released 

between 1910 and 2016 from both public and private sources were evaluated in this study 

(Table 3.1).  The two most commonly used species of Zoysia used for turfgrass, Z. japonica 

and Z. matrella are represented in this study, as well as, one cultivar of Z. macrantha Desv. 

and one hybrid of Z. japonica × Z. pacifica.   Cultivars were grouped according to their decade 

of release (Table 3.1). Because only five cultivars were released before 1980, they were 

grouped together under the “pre-1980s” denomination. Cultivars fell into five groups 

according to their decade of release (pre-1980s, 1980s, 1990s, 2000s, and 2010s). Additionally, 

cultivars were also grouped by type of breeding program (private or public). 

 Seed or plugs were obtained from the germplasm collections of University of Georgia 

(Tifton, GA), Purdue University (West Lafayette, IN), and North Carolina State University 

(Raleigh, NC) with the exception of ‘Innovation’ which was provided by Sod Solutions Inc. 

(Mount Pleasant, SC). Materials were propagated and maintained at the North Carolina State 

University Crop Sciences Greenhouse (Raleigh, NC).  For vegetatively propagated cultivars, 

a sample of eight to 10 young leaves was collected for DNA extraction.  For seeded cultivars, 

pots were inverted and scissors were used to collect a sample of leaves from across the pot in 

order to ensure a good representation of the population. The DNA extraction protocol as 

described by Afanador et al. (1993) was used for DNA extraction, and a Fast Prep FP120 

machine (Qbiogene, Irvine, CA) was used to grind the tissue. A quality agarose gel was run to 
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determine the success of DNA extraction.  A Hoefer DQ 300 Fluorometer (Hoefer Inc., San 

Francisco, CA) was used to quantify DNA, and the DNA was diluted to 10 ng µL-1.   

SSR Analysis. Fifty-six SSR primer pairs developed by Cai et al. (2005) and Ma et al. (2007) 

were selected based on their successful amplifications in zoysiagrass (Table 3.2).  The selected 

primers were obtained from Eurofins Scientific (Mebane, NC).  For PCR amplification, the 

master mix contained 15 ng of template DNA, 10x buffer, 4 µl 2.5 M betaine, 0.46 µl MgCl2, 

0.8 µl dNTP, 0.3 µl of forward primer, 0.4 µl of reverse primer, 0.2 µl of fluorescently labeled 

M13 primer, and 0.08 µl of Taq DNA polymerase.  PCR cycling conditions and 

polyacrylamide gel electrophoresis (PAGE) fragment separation were performed according to 

Milla-Lewis et al. (2010). Fragment size data was recorded using the Quantar 1.0 (Keygene 

Products B.V., Wageningen, The Netherlands) software package and manually checked. When 

PCR products showed band stuttering, only the fragment with the strongest fluorescent 

intensity was scored. 

Data Analysis. Standard statistics were calculated for each primer pair: the total number of 

alleles, number of rare alleles (frequency less than 0.05), and number of common alleles 

(frequency greater than 0.90). To determine the selectiveness of each primer pair, the 

polymorphic information content (PIC) score was calculated for each locus using the Roussel 

et al. (2004) method.  

 To assess changes in genetic diversity over decades of breeding, the total number of 

alleles were calculated for each decade of release by adding alleles contained in cultivars for 

that particular time period.  Due to the variability in number of cultivars released for each 

decade, the Fu et al. (2003) random permutation procedure was used to make comparisons 
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between decades of release.  The random permutation procedure allowed us to determine if the 

observed allele counts were significantly different from the expected allele counts.  To 

determine pairwise differences in allelic counts among decades of release and to determine 

statistical significance the FPTest (Fu Permutation Test; Fu, 2009) was performed.  The same 

procedures were applied to make comparisons between public vs private releases.  

 Genetic similarity values were calculated for all pairwise cultivar combinations using 

the Dice (1945) coefficient in NTSYS-PC version 2.2 (Exeter Software, Setauket, NY) (Rohlf, 

2000).  Subsequently, average genetic similarities were calculated for each decade of release 

to test for significant differences between each pair of groups.   

 Genetic relationships were summarized in terms of cluster and principal coordinate 

analyses (PCO) in NTSYS.  The Dcenter and Eigen functions of NTSYS were used for 

principal coordinate analysis and the resulting first three scores were plotted for visualization.  

To analyze the associations between cultivars using the Dice similarity matrix in NTSYS, a 

dendogram based on the unweighted pair group method with arithmetic averaging (UPGMA) 

algorithm was used (Sneath and Sokal, 1973). 

Structure v2.3.4 (Structure Software, Stanford University) was used to analyze 

population structure (Falush et al., 2003, 2007; Pritchard et al., 2000).  The settings allowed 

for admixture, and had a burn-in period of 50,000 followed by 100,000 iterations.  To 

determine the correct number of populations (K) the ΔK method (Evanno et al., 2005) was 

performed.   

Additionally, ARLEQUIN ver. 3.0 (Arlequin Software, Swiss Institute of 

Bioinformatics) (Excoffier et al., 2005) was used to perform an analysis of molecular variance 
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(AMOVA) in order to partition the observed SSR variation among and within the different 

groupings of cultivars (breeding decade or type of breeding program).   

 

RESULTS 

 

SSR Polymorphism.   A total of 555 alleles were amplified with 56 primer-pairs (Table 3.2).  

Most primer pairs amplified one locus each, but 13 primers amplified two loci each and 

ZB01c23a amplified three loci.  Each primer pair amplified an average of 7.8 alleles, with the 

least polymorphic (B03G12-01, C03j01, and ZB01N17-01) amplifying only two alleles and 

the most polymorphic (ZA03O20, ZB01N24, ZB02A24, and ZB03H23) amplifying 15 

different alleles.  Polymorphic information content (PIC) values for SSR primers ranged from 

0.004 to 0.981 with an average of 0.464.  Primer pair B02C06-02 had the highest ability to 

differentiate among cultivars.  The average allelic frequency was 0.19 and the range in allelic 

frequencies was between 0.03 and 0.94 (Fig. 3.1).  There were one-hundred and three (18.56%) 

rare alleles with a frequency less than 0.05 and only one (0.36%) common allele with a 

frequency greater than 0.90.   

Changes in Allelic Counts.   The observed number of alleles increased or was maintained 

from the pre-1980s to 2010s at 51 out of 71 loci analyzed (Table 3.2).  Of the remaining 20 

loci, five experienced allele losses in the 1990s and 15 in the 1980s, but 11 of the latter 

experienced a second dip in the 2010s.  Looking at all loci as a group, allelic counts decreased 

in the 1980s, increased in the 1990s and then jumped significantly in the 2000s (Fig. 3.2). In 
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the 2010s, the total number of alleles decreased from the peak levels observed during the 

2000s, but remained significantly higher than allelic counts for the 1990s.  The lowest number 

of alleles was found in the 1980s and the highest number was observed in the 2000s (Fig. 3.2).  

Fu’s (2009) permutation test was used to test for significant differences in allelic counts, while 

accounting for variation in the number of cultivars included in each decade.  The permutation 

test indicated significant differences in allelic counts were present between the pre-1980s and 

1990s, 1990s and 2000s, and the 1990s and 2010s with P < 0.001 (Table 3.3).    Both public 

and private breeding programs maintained similar numbers of alleles (public = 480, private = 

472).  Based on the Fu (2003) permutation test, no significant differences in allelic counts were 

observed between private and public breeding programs (data not shown).   

Changes in Average Genetic Similarity.  Dice’s (1945) method was used to calculate 

changes in diversity by comparing average genetic similarity values for the different time 

periods.  Genetic diversity was highest in the pre-1980s and lowest in the 1990s (Table 3.4).  

The 2000s and 2010s had the third and second lowest average Sij values (0.750 and 0.773), 

respectively.   However, no decade had an average genetic similarity value that was 

significantly different (P < 0.05) from that of the pre-1980s. Comparing levels of genetic 

diversity between decades, the 1980s and the 1990s were the most similar (Sij = 0.77, data not 

shown) while the pre-1980s was the most dissimilar from all other decades, with Sij values 

ranging from 0.73 to 0.74 (data not shown). 

Analysis of Molecular Variance.  An AMOVA of the 555 alleles found significant 

differences (P < 0.001) among decade of release, but not among type of program within 

decades. Differences within decade of release were not significant (P = 0.07, Table 3.5).  
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Variation among decades (Va) accounted for 4.40% of the allelic variation. The variation 

among program types within decades (Vb) was not significant and did not contribute to the 

overall variance. Meanwhile, variation within decades (Vc) was the most important component 

accounting for the majority of overall variance (98.49%).   An AMOVA based on type of 

breeding program (data not shown) identified only the within decade within program type 

component to be significant (P = 0.04). This component explained the overall majority of 

variation (98.67%). No significant difference between types of breeding program was 

observed. 

Genetic Relationships among Cultivars.  Principal Coordinate Analysis (PCO) was used to 

determine relationships among cultivars.  The two first axes of the PCO explained 31.85% of 

the variation with PC1 and PC2, explaining 30.30 and 1.55%, respectively. A visual 

representation of the range of diversity present within a decade was made by drawing a polygon 

between the extreme points of each decade as described by Donini et al. (2000) (Fig. 3.3).  The 

PCO plots for the first two and three eigenvalues showed that while some overlap was 

observed, there were differences in the areas occupied by cultivars released from the different 

decades. The polygon for the 1990s was the smallest and had reduced overlap with those of 

the pre-1980s and 2010s. On the other hand, the 2000s polygon was extensive, showed major 

overlap with all other clusters, and included most cultivars from the previous decades.  Areas 

for clusters seemed to increase steadily from the pre-1980s through the 2000s, but a decline 

was observed for the 1990s and the current decade.  

 An UPGMA dendrogram was created using NTSYS showing cultivar grouping 

according to the decade of release (data not shown).   This dendrogram produced similar 
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clustering patterns as previously identified in Kimball et al. (2013) separating Z. japonica and 

Z. matrella into distinct clusters and interspecific hybrids falling in between the two species 

into two separate clusters.  No over or under representation of any particular decade was 

observed in any of the clusters.   

Using STRUCTURE (Falush et al., 2003, 2007; Pritchard et al., 2000), the number of 

clusters (K) was evaluated with K ranging from 4 to 7 (Figure 3.4A). Evanno’s (2005) ΔK 

method identified five distinct populations that best fit the data within this group of Zoysia 

cultivars.  No clear differentiation of species into particular subpopulations was observed, with 

Z. japonica and Z. matrella genotypes falling in all groups except 1 and 3, respectively. 

Observed levels of admixture varied in the cultivars with ‘BA-189’, ‘GNZ’, ‘Zorro’, ‘Crowne’, 

‘Himeno’, ‘Matrella’, ‘JaMur’, ‘El Toro’, ‘Empire’, and ‘Cavalier’ having little to no 

admixture, and ‘Diamond’, ‘DeAnza’, ‘Victoria’, ‘Geo’ and ‘Toccoa Green’ having admixture 

with at least four groups (Fig. 3.4B).  When reorganizing cultivars to assess color 

representation by decade, each decade had admixture with each of the five groups. However, 

the 1990s and the 2010s showed very limited admixture with group 1 (pink) and group 2 

(green), respectively (Fig. 3.4B).  The 2000s seems to be the decade with the best 

representation having admixture with all groups.  
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DISCUSSION 

 

The main objective of this study was to assess whether modern plant breeding has had 

an impact on levels of genetic diversity in US zoysiagrass cultivars released in the last century. 

Assessing changes in diversity over time will be useful for plant breeders to monitor their 

efforts and ensure that genetic diversity is maintained or even increased. Our analyses indicated 

that while diversity decreased initially, it has increased through later decades of breeding at 

both the gene and population levels.   Cultivars from the pre-1980s provided part of the genetic 

base for zoysiagrass breeding in the United States.  Early cultivars were able to provide diverse 

sets of alleles, given that they were developed from plant introductions or selections thereof. 

Cultivars, such as Chinese Common and Emerald, provided a diverse set of alleles that were 

later distributed into several different population groups. The large amount of genetic variation 

present in these cultivars is evidenced by the high frequency of rare alleles (18.56%) and low 

values for Dice’s similarity coefficient (average Sij = 0.75) found in this study. Additionally, 

collection trips in the mid-late 1960s and 1982 returned a large number of accessions of 

multiple species that expanded the germplasm resources for zoysiagrass (Engelke and 

Anderson, 2003). Evidence has supported the hypothesis that Zoysia spp. are not separate 

species, but actually ecotypes within one species (Kimball, et al., 2013). Even if true, the 

presence of all these subpopulations provides a diverse germplasm base for breeding purposes. 

While Z. japonica and Z. matrella are the two species most commonly used, other species such 

as Z. minima (Colenso) Zotov, Z. machrostachya Franch & Say, Z. pacifica, and Z. sinica 

Hance have been utilized for trait improvement (Engelke, 2000; Tsuruta et al., 2011). Zoysia 
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spp. have high outcrossing rates due to their protogynous flowering habit, and hybridization 

between species has been possible, resulting in a significant amount of genetic exchange 

between species as discussed by Kimball et al. (2013).  As a result, a majority of the cultivars 

available commercially in the United States are interspecific hybrids (Engelke and Anderson, 

2003; Kimball et al., 2013). The high levels of genetic variation identified in the current study 

are evidence of the breeding history of the species’.  

A significant decrease in genetic diversity was observed in the 1990s. However, allelic 

counts significantly increased from the 1990s to the two subsequent decades. These findings 

were supported by the PCO plots where while the 1990s polygon was the smallest, the 2000s 

was extensive and included most of the diversity from previous decades. However, similar to 

what has been observed in other species (Malysheva-Otto et al., 2007; Milla-Lewis et al., 

2011), our AMOVA results indicate most of the SSR variation was due to differences mostly 

within decades rather than among them. Genetic divergence values (FST) showed that only the 

1990s was significantly different (p < 0.05) from most other decades (data not shown). 

Additionally, results from STRUCTURE indicate that all five populations have been 

maintained to some extent through all decades of zoysiagrass breeding.  These results are 

similar to those observed in other crops (Fu et al., 2003, 2006; Roussel et al., 2004; Moon et 

al., 2009; Milla-Lewis et al., 2010, 2011) and support the premise that genetic diversity is not 

necessarily reduced as a result of modern plant breeding practices.  Because Zoysia spp. are 

allotetraploids, they have fixed heterozygosity, complex traits, and underutilized genes, all of 

which helps to maintain genetic diversity (Jiménez et al., 2009).   
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Donini’s et al. (2000) hull method shows the extreme points, the amount of diversity 

present, and the center of diversity for each decade.  While the PCO plots showed major 

overlap in the ranges of diversity for most decades, there is some movement of the hull’s 

centroid from the pre-1980s to the 2010s. These shifts could be evidence of a qualitative change 

in diversity (Donini et al., 2000). Since the 1990s, breeding efforts in zoysiagrass have 

increased leading to the improvement of traits such as cold and drought tolerance, as well as 

pest resistance (Patton, 2009). These efforts might have contributed to the significant increase 

in allele numbers observed in the 2000s.  2000s cultivars, such as ‘Himeno’ (U.S. Patent No. 

US 20020092083), discovered in a collection expedition to Yaku Island (Japan), and ‘Y2’ 

(U.S. Patent No. PP17824 P2), originally collected from natural populations in Kobe (Japan), 

were new sources of genetic diversity and most likely incorporated new alleles to the US 

zoysiagrass gene pool.  This is evidenced in the PCO plots where Himeno in particular is 

expanding the area of the 2000s polygon in a direction not covered by any other decade (Fig. 

3.3A). Additionally, cultivars like ‘Y2’, ‘Marion’, ‘Serene’, ‘Southern Gem’, and ‘Rollmaster’ 

which are confirmed interspecific hybrids between Z. japonica and Z. matrella  (Kimball et 

al., 2013) and ‘Toccoa Green’ which is a interspecific hybrid between Z. japonica and Z. 

pacifica (U.S. Patent No. PP18415) very likely aided in increasing the genetic diversity of this 

decade. 

STRUCTURE analysis revealed very limited admixture with group 3 for cultivars 

released in the 1990s and with group 2 for those released in the 2010s. This also supports our 

premise above that the changes in genetic diversity resulting from breeding for biotic and 

abiotic stress tolerance efforts from the 1990s were not only in quantity but also in quality. 
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Popular zoysiagrass cultivars, such as Meyer, have been used as parents for a large number of 

future cultivars because they provided very important agronomic traits (in this case cold 

tolerance). Further evidence of this is presented in the STRUCTURE graph (Fig. 3.4B) where 

several cultivars from the 2000s and 2010s exhibit a high level of admixture with the same 

group as Meyer (group 3).    

Only 20 out of 71 loci experienced a decrease in the observed number of alleles from 

the pre-1980s.  The 15 loci that were lost in the 1980s could have been lost due to them not 

being economically important or due to a failure to utilize all of the pre-1980s genetic diversity. 

For the 11 loci lost in the 2010s, given that this decade is not yet over, special consideration 

should be taken when making comparisons between the 2000s and 2010s. It is still possible to 

have an increase in genetic diversity levels comparable to the previous decade during the latter 

half of the 2010s.  

Public and private breeding programs often differ in their germplasm sources and 

sharing of plant material.  Public programs have the ability to share ideas and germplasm with 

other programs to increase diversity.  However, private programs are much more restricted and 

might only share germplasm within their company, unless trade agreements are reached with 

other programs (Morris et al., 2006).  Therefore, in private programs a decrease in diversity is 

possible if new sources of germplasm are not utilized or shared between programs.  In this 

study, significant differences were not observed between public and private breeding programs 

indicating success in sharing and finding new sources of germplasm.   

New sources of genetic variation will be useful in zoysiagrass for continued improvement.  

The nine underutilized species of zoysiagrass and wild populations are potential sources for 
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new traits.  Hybridization between Zoysia spp. will continue to create new and useful 

combinations of alleles.  Results of this study indicate that, for the most part, zoysia breeders 

have been able to maintain and even increase allelic diversity from the pre-1980s.  The last 

substantial zoysiagrass germplasm collection trip to the source of origin occurred in 1982 

(Murray and Engelke, 1983). To continue to improve zoysiagrass and increase the diversity of 

US zoysiagrass, collection expeditions to the source of origin, the Pacific Rim, are needed 

(Tsuruta et al., 2011).  With continued new sources of germplasm and hybridization of existing 

germplasm, zoysiagrass breeders will have the necessary genetic diversity for continued 

improvement. 
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Table 3.1. List of Zoysia germplasm used for assessing allelic diversity using simple sequence repeats (SSRs).  

Identity Type Species Breeder or Supplier 

Release 

Year Source 

Decade of 

Release 

Type of 

breeding 

program 

Chinese 

Common  Seeded Z. japonica Introduction from China 1910 NCSU Pre-1980s Public 

Matrella Vegetative Z. matrella Alabama Agric. Experiment Station 1941 NCSU Pre-1980s Public 

Meyer  Vegetative Z. japonica United States Department of Agriculture 1951 NCSU Pre-1980s Public 

Emerald  Vegetative 

Z. japonica x 

Z. pacifica United States Department of Agriculture 1955 NCSU Pre-1980s Public 

Midwest Vegetative Z. japonica Indiana Agricultural Experiment Station 1963 NCSU Pre-1980s Public 

El Toro  Vegetative Z. japonica University of California, Riverside, CA 1986 NCSU 1980s Public 

Belair  Vegetative Z. japonica United States Department of Agriculture 1987 NCSU 1980s Public 

GN-Z  Vegetative Z. japonica Greg Norman Turf Company, Jupiter, FL  1989 Purdue 1980s Private 

Cashmere  Vegetative Z. matrella Pursley Turf Farms, Palmetto, FL 1989 NCSU 1980s Private 

DeAnza  Vegetative Z. japonica West Coast Turf, Stevinson, CA 1995 NCSU 1990s Private 

Victoria Vegetative Z. japonica West Cost Turf, Stevinson, CA 1995 NCSU 1990s Private 

Crowne  Vegetative Z. japonica Texas A&M University, Dallas, TX 1996 NCSU 1990s Public 

JaMur  Vegetative Z. japonica Bladerunner Farms, Inc., Poteet, TX 1996 NCSU 1990s Private 

Palisades  Vegetative Z. japonica Texas A&M University, Dallas, TX 1996 NCSU 1990s Public 

Cavalier  Vegetative Z. matrella Texas A&M University, Dallas, TX 1996 NCSU 1990s Public 

Diamond  Vegetative Z. matrella Texas A&M University, Dallas, TX 1996 NCSU 1990s Public 

Zeon  Vegetative Z. matrella Bladerunner Farms, Inc., Poteet, TX 1996 Purdue 1990s Private 

Empire  Vegetative Z. japonica Sod Solutions, Inc., Mt. Pleasant, SC  1999 NCSU 1990s Private 

Compadre  Seeded Z. japonica Seed Research of Oregon, Corvallis, OR 2000 NCSU 2000s Public 

Empress  Vegetative Z. japonica Sod Solutions, Inc., Mt. Pleasant, SC  2000 NCSU 2000s Private 

Zenith  Seeded Z. japonica Patten Seed Co, Lakeland, GA 2000 NCSU 2000s Private 

Royal  Vegetative 
Z. japonica x 
Z. matrella Texas A&M University, Dallas, TX 2001 Purdue 2000s Public 

Zorro  Vegetative Z. matrella Texas A&M University, Dallas, TX 2001 NCSU 2000s Public 

Himeno  Vegetative Z. japonica Winrock Grass Farm, Little Rock, AR  2002 NCSU 2000s Private 

BA-189  Vegetative Z. japonica University of Florida, Belle Glade, FL  2005 Purdue 2000s Public 

Toccoa 

Green  Vegetative 

Z. japonica x 

Z. pacifica University of Florida, Belle Glade, FL 2005 Purdue 2000s Public 

Carrizo  Vegetative Z. japonica Bladerunner Farms, Inc., Poteet, TX 2006 Purdue 2000s Private 

Y2  Vegetative Z. japonica Bladerunner Farms, Inc., Poteet, TX 2006 NCSU 2000s Private 

Shadowturf  Vegetative  Z. matrella Ivey Gardens Greenhouses, Lubbock, TX 2007 NCSU 2000s Private 

Marion  Vegetative Z. japonica Heritage Turf, Inc., Midway, AL 2008 NCSU 2000s Private 

Serene  Vegetative Z. japonica Heritage Turf, Inc., Midway, AL 2008 NCSU 2000s Private 
Southern 

Gem  Vegetative Z. japonica Heritage Turf, Inc., Midway, AL 2008 NCSU 2000s Private 

Rollmaster  Vegetative. Z. matrella Winrock Grass Farm, Little Rock, AR 2008 NCSU 2000s Private 

Innovation  Vegetative Z. japonica Sod Solutions, Inc., Mt. Pleasant, SC 2010 SS 2010s Private 

Geo  Vegetative 
Z. japonica x 
Z. pacifica Sod Solutions, Inc., Mt. Pleasant, SC 2010 NCSU 2010s Private 

Icon Vegetative Z. macrantha DIG Plant Co., Mt. Pleasant, SC 2011 UGA 2010s Private 

Chisholm  Vegetative Z. japonica Texas A&M University, Dallas, TX 2012 Purdue 2010s Public 

Cutlass Vegetative Z. japonica Bladerunner Farms, Inc., Poteet, TX 2013 UGA 2010s Private 

L1F  Vegetative Z. matrella Bladerunner Farms, Inc., Poteet, TX 2014 NCSU 2010s Private 

Lowrider 2 Vegetative Z. japonica Bladerunner Farms, Inc., Poteet, TX 2016 UGA 2010s Private 
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Table 3.2. Simple sequence repeat (SSR) primer pairs used for evaluating zoysiagrass cultivars and their corresponding allelic 

diversity measures. 

     Allelic counts by breeding decade 
Allelic counts by 

program type 

Primer Pair†  
Total no. 

of alleles 

No. of 

rare 

alleles‡ 

No. of 

common 

alleles§ 

PIC¶ 

Value 

Pre-80s 

(5)# 80s (4) 90s (9) 00s (15) 10s (7) 

Public 

(17)†† 
Private 

(23) 

A02O06-01  3   0.559 2 3 3 3 2 3 3 

A02O06-02  4   0.012 3 3 4 4 4 4 4 

B01N07 8 1  0.449 5 5 4 7 6 8 7 

B01P03  7   0.392 3 5 6 6 7 7 7 

B02C06-01  10 3  0.118 4 4 5 8 5 8 8 

B02C06-02  5 2  0.981 2 0 2 3 2 4 4 

B02D15 6 2  0.324 4 4 4 6 4 5 6 

B02G05-01  7   0.839 1 2 3 5 3 5 6 

B02G05-02  8 2  0.639 6 4 3 6 6 6 8 

B02G17 12 3  0.487 7 5 6 8 5 10 8 

B03C24  8   0.690 4 4 5 6 8 7 8 

B03G12-01  2   0.009 2 2 2 2 2 2 2 

B03G12-02  10 2  0.531 3 6 4 8 5 7 9 

B03H28 7   0.366 5 4 6 6 4 7 6 

B03O03A  12 1  0.447 8 6 5 10 5 12 9 

B04C05 7 2  0.136 5 3 5 6 4 6 6 

B06A14-01  6 1  0.680 4 3 4 4 3 6 4 

B06A14-02  3   0.544 2 2 2 3 3 2 3 

B07I05-01  5   0.711 3 3 2 5 5 4 5 

B07I05-02  5   0.793 3 3 4 5 3 5 4 

B08J05B 8 1  0.468 3 5 4 7 5 8 7 

B09J13 7   0.371 5 6 5 6 6 7 7 

B09O08  9   0.509 7 5 7 9 6 8 9 

C01G15  11 3  0.373 6 6 7 8 6 10 8 

C03j01 2  1 0.004 2 2 2 2 2 2 2 

C03L24  4   0.033 3 2 2 4 3 4 4 

D02B12  5   0.005 3 3 3 5 4 5 5 

GB-ZJM-007  3 1 1 0.116 2 1 1 3 1 2 2 

ZA01C06  8 2  0.390 3 4 5 7 5 7 7 

ZA01C15-01  7 3  0.916 6 2 1 3 3 6 4 

ZA01C15-02  4   0.316 3 3 4 4 3 4 4 

ZA01M20 4 1  0.026 2 3 2 3 2 4 3 

ZA01O15  3   0.069 3 2 3 2 2 3 2 

ZA01P11  8   0.638 4 4 5 8 4 7 8 

ZA02E14  8   0.188 4 3 5 8 5 7 8 

ZA02F16  11 3  0.430 8 5 7 7 6 11 7 

ZA03K14-01 5   0.859 3 2 2 5 4 5 4 

ZA03K14-02  4   0.517 3 2 4 4 3 4 4 

ZA03O20 15 3  0.604 9 6 6 10 7 14 11 

ZB01B08  9 3  0.536 4 2 3 4 5 7 6 
†All primers were obtained from Cai et al. 2005, with the exception of GB-ZJM-007, which was obtained from Ma et al. 2007. 
‡Refers to alleles present at frequency < 0.05. 
§Refers to alleles present at frequency > 0.90. 
¶PIC, polymorphic information content. 
#Numbers in parenthesis indicate the total number of cultivars analyzed in a given decade. 
††Numbers in parenthesis indicate the total number of cultivars analyzed in a given program type. 

‡‡Number of alleles absent in cultivars of a given decade that were present in the pre-1980s. 
§§Number of alleles absent in cultivars of a given decade that were absent in the pre-1980s. 
¶¶Total number of alleles expected to be detected in a given decade as determined by Fu et al. (2003). 
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Table 3.2 (cont.). Simple sequence repeat (SSR) primer pairs used for evaluating zoysiagrass cultivars and their corresponding 

allelic diversity measures.  

     Allelic counts by breeding decade 

Allelic counts by 

program type 

Primer Pair† 
Total no. 

of alleles 

No. of 

rare 

alleles‡ 

No. of 

common 

alleles § 
PIC¶ 

Value 

Pre-80s 

(5) # 80s (4) 90s (9) 00s (15) 10s (7) 

Public 

(17)†† 
Private 

(23) 

ZB01B12 7 2  0.546 4 4 4 5 4 6 6 

ZB01B13-01 5   0.723 5 2 1 4 4 5 5 

ZB01B13-02 5 2  0.537 2 1 4 3 3 3 4 

ZB01C08 14 3  0.348 8 7 6 12 6 10 13 

ZB01c23a-01 7 2  0.809 3 2 1 4 5 5 7 

ZB01c23a-02 6   0.759 5 4 5 6 4 6 6 

ZB01c23a-03 3 2  0.976 1 0 1 3 1 1 3 

ZB01D04 14 3  0.560 7 7 10 11 9 12 12 

ZB01D05 11 3  0.490 5 6 6 10 7 9 10 

ZB01D17 6 1  0.307 5 4 3 5 5 5 5 

ZB01K19 7 1  0.045 5 3 4 6 4 7 6 

ZB01N17-01 2 1  0.894 1 1 1 1 1 2 1 

ZB01N17-02 10 3  0.391 4 5 4 8 7 6 10 

ZB01N24 15 2  0.642 5 5 6 11 5 14 11 

ZB02A24 15 6  0.406 7 5 6 9 9 13 11 

ZB02D07 9 2  0.478 6 3 5 7 5 9 7 

ZB02L21 11 4  0.166 6 5 4 7 5 9 9 

ZB02K23 10 1  0.526 4 6 7 9 7 10 8 

ZB02L18 7 3  0.348 4 3 4 4 3 5 5 

ZB02N19 12 4  0.430 5 5 7 10 6 9 10 

ZB02P16-01 10 2  0.354 7 5 6 8 6 10 8 

ZB02P16-02 3   0.745 1 1 1 2 2 3 3 

ZB03B05 12 3  0.311 6 4 7 10 6 9 11 

ZB03C21 6   0.266 5 5 3 6 6 6 6 

ZB03D04 13 2  0.353 7 5 4 12 7 10 11 

ZB03D16-01 10 1  0.713 5 5 4 8 7 9 10 

ZB03D16-02 10 3  0.615 3 5 6 8 5 9 7 

ZB03F11-01 13 2  0.507 7 5 6 11 8 10 11 

ZB03F11-02 7 2  0.492 4 4 5 7 4 6 6 

ZB03H23 15 2  0.653 9 6 7 13 8 12 12 

B02G18 10 3  0.505 6 4 4 9 7 7 9 

Observed Total 555 103 2  311 266 299 448 334 480 472 

Observed 

Loss‡‡      125 121 47 97   
Observed 
Gained§§      80 109 185 120   
Expected 

Total¶¶     323 290 407 472 372   
Average 7.817   0.464 4.380 3.746 4.211 6.324 4.704 6.761 6.648 

Minimum 2   0.004 1 0 1 1 1 1 1 

Maximum 15   0.981 9 7 10 13 9 14 13 
†All primers were obtained from Cai et al. 2005, with the exception of GB-ZJM-007 which was obtained from Ma et al. 2007. 
‡Refers to alleles present at frequency < 0.05. 
§Refers to alleles present at frequency > 0.90. 
¶PIC, polymorphic information content. 
#Numbers in parenthesis indicate the total number of cultivars analyzed in a given decade. 
††Numbers in parenthesis indicate the total number of cultivars analyzed in a given program type. 
‡‡Number of alleles absent in cultivars of a given decade that were present in the pre-1980s. 
§§Number of alleles absent in cultivars of a given decade that were absent in the pre-1980s. 
¶¶Total number of alleles expected to be detected in a given decade as determined by Fu et al. (2003). 
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Table 3.3.  Pairwise differences in allelic counts among zoysiagrass cultivars grouped by 

decade of release. 

Group Cultivars Alleles Pre-80s 80s 90s 00s 10s 

Pre-80s 5 311 NA     

80s 4 266 -45 NA    

90s 9 299 -12*** +33 NA   

00s 15 448 +137 +182 +149*** NA  

10s 7 334 +22 +67 +34*** -115 NA 

*** Significant at the 0.001 probability level.    
 

 

 
Table 3.4.  SSR-based average genetic similarity 

values (Sij) within decades for zoysiagrass cultivars 

released from 1910 to 2016.  

Decade 

Number of 

cultivars 

Average 

Similarity 

Standard 

Deviation 

Pre-80s 5 0.737 0.041 

80s 4 0.738 0.045 

90s 9 0.786 0.077 

00s 15 0.750 0.052 

10s 7 0.773 0.022 

 

 

 

 

Table 3.5.  Analysis of molecular variance (AMOVA) for zoysiagrass cultivars released from 1910 to 2016. 

Source of variation 

Sum of 

Squares Variance components Percentage variation 

Among decades (Va) 312.68        2.93*** 4.40 

Between program types within decades (Vb) 234.25 -1.93 -2.89 

Within decades (Vc) 1980.06 65.60 98.49 

Total 2526.92 66.61  

*** Significant at the 0.001 probability level. 
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Fig. 3.1. Frequency distribution of 555 simple sequence repeat (SSR) alleles detected in 40 

zoysiagrass cultivars released from 1910 to 2016. 

 

 

Fig. 3.2.  Number of alleles per decade generated with 56 SSR primer pairs in 40 zoysiagrass 

cultivars released from 1910 to 2016. 
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Fig. 3.3. Principal component plot of 40 zoysiagrass cultivars for the first: A. two, and B. three 

principal components estimated with 56 simple sequence repeat (SSR) primers pairs.  Convex 

hulls around the extremes of the pre-1980s (red), 1980s (blue), 1990s (green), 2000s (pink), 

and 2010s (yellow). 
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Fig. 3.4.  Simple sequence repeat-based population structure analysis of 40 zoysiagrass 

cultivars into subpopulations in STRUCTURE 2.2.3. A. Comparison of plots generated for 

K=4 to K=7. B. Plot for best K choice (K=5) based on ΔK method (Evanno, 2005) compared 

to plot sorted by decade of release.  Each color represents a subpopulation and each bar an 

individual. The proportion of a particular color within a bar represents the probability of the 

individual belonging to that group.  
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Fig. 3.4 (cont.).  Simple sequence repeat-based population structure analysis of 40 zoysiagrass 

cultivars into subpopulations in STRUCTURE 2.2.3. A. Comparison of plots generated for 

K=4 to K=7. B. Plot for best K choice (K=5) based on ΔK method (Evanno, 2005) compared 

to plot sorted by decade of release.  Each color represents a subpopulation and each bar an 

individual. The proportion of a particular color within a bar represents the probability of the 

individual belonging to that group.
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CHAPTER IV. 

EVALUATION OF CHANGES IN GENETIC DIVERSITY AMONG 
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ABSTRACT 

 

The process of selection for improved characteristics results in a potential for decreased genetic 

diversity among commercial cultivars.   A decline in genetic diversity can limit the ability to make 

selections for traits of interest during the breeding process due to lack of segregation.  Furthermore, 

increased susceptibility to biotic stresses can result from cultivars that are too closely related, 

which could decimate widespread areas if a serious disease or pest outbreak were to occur.  The 

objective of this study was to analyze levels of allelic diversity at gene and population levels in 85 

bermudagrass (Cynodon spp. L. C. Rich) cultivars released for turf use between 1950 and 2016 

through the use of simple sequence repeat (SSR) markers. Thirty-seven SSR primer pairs were 

used to determine whether allelic diversity has changed through this time period. Cultivars were 

grouped according to decade of release, program type, propagation method, and species.  Overall, 

we observed a decline in diversity in cultivars released in the 1980s, only to increase significantly 

in the following decades.  Allele numbers were maintained since the pre-1980s in 30 out of 48 

loci, indicating no substantial loss in allelic diversity.  STRUCTURE results identified three 

subpopulations among bermudagrass commercial cultivars and showed that all subpopulations 

have been maintained over the past 66 years of breeding efforts.  We found vegetatively propagated 

cultivars tended to be more diverse than seeded ones, most likely because many are interspecific 

hybrids with parents of different origins.  Our study demonstrated that modern plant breeding has 

not resulted in a decline in bermudagrass genetic diversity, and that the use of hybrids between 

different species of Cynodon has helped increase diversity over time.  

 

KEYWORDS: bermudagrass, simple sequence repeats, allelic diversity, plant breeding  
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INTRODUCTION 

 

Bermudagrass is one of the most widely used turfgrasses on athletic fields, golf courses, 

lawns, and other recreational areas around the world (Hanna et al., 2013).  The center of origin of 

bermudagrass is in southeastern Africa, with secondary centers including South Africa, India, 

Afghanistan, China, and Australia (Beard, 2013). Bermudagrass (Cynodon spp. L. C. Rich) was 

recorded to be first introduced to the USA in 1751, but during the early 1900s plant collectors 

began returning to Africa to collect additional germplasm (Busey, 1989).  While the first forage 

breeding program for bermudagrass began in 1936, the first sustained turf-type bermudagrass 

breeding program did not start until 1946 in Tifton, Georgia at the Coastal Plains Experiment 

Station (Burton, 1989; Taliaferro, 2003).  Other notable turf bermudagrass breeding programs 

started at the Kansas Agricultural Experiment Station (1950s and 1960s), the University of Arizona 

(1960s and 1970s), New Mexico State University (1970s), and Oklahoma State University (1980s) 

(Taliaferro, 2003). Between 1950 and 1970, most agriculture experiment stations and the United 

States Department of Agriculture-Agricultural Research Service (USDA-ARS) supported 

turfgrass breeding and genetics research, but in the 1980s financial support for publicly funded 

turfgrass breeding programs decreased (Asay and Sleper, 1989).  This trend was counteracted by 

the establishment of several privately funded turfgrass breeding programs to improve seed-

propagated turf-type bermudagrass (Taliaferro, 2003).  The interval between the decrease in 

publicly funded turfgrass breeding programs and the development of private programs resulted in 

a window with limited bermudagrass breeding research.   

Selection in natural collections, hybridization between selected parents, and mutations of 

clonally propagated cultivars are utilized in bermudagrass to create new cultivars. Cultivar 
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production methods produce different amounts of variation; therefore, knowing the method of 

producing a cultivar would be beneficial.  Successful cultivars have been developed for clonal 

propagation through the use of naturally occurring genotypes (‘Ormond’ and ‘Tifway’), intentional 

hybridization (‘Tifgreen’, ‘Midiron’, ‘Midlawn’, ‘Patriot’, and ‘TifGrand’), naturally occurring 

mutations (‘Tifdwarf’, ‘Champion’, and ‘MiniVerde’), or mutations induced with cobalt-60γ-

radiation (‘TifSport’ and ‘TifEagle’) (Hanna et al., 2013).  The identification of parental plants 

having high fertility and good specific combining abilities has allowed for the improvement of 

seeded turf-type bermudagrass cultivars (Hanna et al., 2013).  New in the 1990s, seeded turf-type 

bermudagrasses (‘Yukon’, ‘Princess 77’, and ‘Riviera’) are synthetic cultivars with better 

performance than older seeded cultivars (‘Arizona Common’, ‘NuMex Sahara’, and ‘Guymon’) 

(Hanna et al., 2013).   Plant introductions have been useful in bermudagrass as sources of new 

characteristics, such as cold tolerance or dollar spot resistance, from regions including Turkey 

(‘Sundevil’), South Africa (‘FLoraTeX’ and ‘Tufcote’), China (Riviera), and the former 

Yugoslavia (Guymon) (Alderson and Sharp, 1995; Dudeck et al., 1995; Taliaferro et al., 1983; 

Westerman, 2005).  Older cultivars, such as ‘Bayshore (Gene Tift)’, ‘Everglades’, ‘No Mow’, 

‘Sunturf’, ‘Tiffine’, and ‘Uganda’, are obsolete and no longer be used in the United States 

(Alderson and Sharp, 1995). Most Cynodon spp. do not have a direct value as a turfgrass, but they 

can be used as potential donor parents of important resistance or tolerance genes that are not 

inherent in common or African bermudagrass (Hanna et al., 2013). Common bermudagrass, C. 

dactylon var. dactylon (L.) Pers. plants have somatic chromosomes from diploid (2n = 2x = 18) to 

hexaploid (2n = 6x = 54) while tetraploid (2n = 4x = 36) plants are the most prevalent and have 

variable morphological types ranging from small fine-textured turf-types to large coarse-textured 

plants with high biomass production for pastures (Taliaferro, 2003). African bermudagrass, C. 
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transvaalensis Burtt-Davy, is diploid (2n = 2x = 18), with very fine, yellowish-green erect leaves, 

and small inflorescences (Taliaferro, 2003).  Crossings of selected C. dactylon var. dactylon and 

C. transvaalensis can result in sterile interspecific triploid hybrids (2n = 3x = 27) with intermediate 

growth habits, leaf textures, and reduced to no seedhead production (Hanna et al., 2013).  

Interspecific bermudagrass hybridization has become a principal breeding method to produce a 

wide range of morphological types that are high quality, vegetatively-propagated, and sterile 

(Taliaferro, 1995).    Bermudagrass cultivars have been developed to fit the specific needs of a golf 

course, athletic fields, and home lawns.  Much research has been done on Cynodon spp. than any 

other warm-season turfgrasses, but continued improvements are needed in the areas of drought 

resistance, cold tolerance, and enhancing resistance to nematodes, insects, and diseases (Hanna et 

al., 2013).  

Various molecular marker techniques have been used to assess allelic diversity and 

relatedness, and to identify cultivars in bermudagrass including: amplified fragment length 

polymorphism (AFLP) (Anderson et al., 2009; Kang et al., 2008; Wu et al., 2004; 2005; 2006; 

Zhang et al., 1999), DNA amplified fingerprinting (DAF) (Anderson et al., 2001; Caetano-Anolles 

et al., 1997; Yerramsetty et al. 2005), inter-simple sequence repeat (ISSR) (Wei et al., 2007), 

random amplified polymorphic DNA (RAPD) (Al-Humaid and Motawei, 2004; Etemadi et al., 

2006), restriction fragment length polymorphisms (RFLP) (Bethel et al., 2006), sequence-related 

amplification polymorphism (SRAP) (Wang et al., 2009; Yi et al., 2008), and simple sequence 

repeats (SSR) (Kamps et al., 2011; Wang et al., 2010).  While DAF, RAPDs, and AFLPs were 

useful is some studies, they are dominant markers, which cannot distinguish heterozygous 

genotypes from homozygous genotypes (Tan et al., 2012). Because both common bermudagrass 

and African bermudagrass are outcrossing species resulting in likely high levels of heterozygosity 
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in their genomes, codominant DNA markers are required to accurately identify genotypes at 

individual loci (Guo et al., 2016). Simple sequence repeats are co-dominant, multi-allelic, highly 

polymorphic, PCR based (Russell et al., 1997) and therefore they have been widely used for 

bermudagrass studies (Tan et al., 2012; Harris-Shultz et al., 2011; Kamps et al., 2011; Guo et al., 

2016; Wang et al., 2010; 2013).    

 Knowledge of the levels of genetic diversity present in a species allows breeders to 

determine if incorporation of exotic material is critically needed.  Simple sequence repeats have 

been used to estimate genetic diversity and changes over time in species such as oat (Avena sativa 

L.) (Fu et al., 2003), barley (Hordeum vulgare L.) (Malysheva-Otto et al., 2007), wheat (Triticum 

aestivum L.) (Roussel et al., 2005; Donini et al., 2000; Fu et al., 2003, 2006), peanut (Arachis 

hypogaea L.) (Milla-Lewis et al., 2010; 2011), timothy (Phleum pratense L.) (Tanhuanpää and 

Manninen, 2012), and zoysiagrass (Zoysia spp. L.) (Moore et al., 2017). In maize (Zea mays L.), 

Rauf et al. (2010) showed that the highest genetic diversity was in wild germplasm and land races, 

which could be utilized to broaden the genetic base of germplasm. Moore et al. (2017) found that 

allelic diversity had been maintained since the pre-1980s in cultivars of zoysiagrass.   

Knowledge of genetic diversity in turf bermudagrass cultivars provides baseline 

information for modern breeders to develop improved cultivars.  SSR markers in bermudagrass 

have been utilized to distinguish among cultivars (Wang et al., 2010; Kamps et al., 2011) and have 

assessed levels of genetic diversity in germplasm collections (Wang et al., 2013). No study to date 

has evaluated changes in molecular diversity over time in turf bermudagrass cultivars. The 

objective of this study was to assess changes in allelic diversity in 85 bermudagrass cultivars 

released from 1950 to 2016 based on population groupings by decade of release, program type, 

propagation method, and species.   
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MATERIALS AND METHODS 

 

Plant Materials and DNA Extraction.  Eighty-five bermudagrass cultivars released between 

1950 and 2016 were evaluated in the study (Table 4.1).  Old cultivars such as ‘Bayshore (Gene 

Tift)’, ‘Everglades’, and ‘Uganda’ were not available for this study. Cultivars of C. dactylon var. 

dactylon, the most commonly used taxon of bermudagrass, were included in this study as well as 

interspecific hybrids of C. dactylon var. dactylon and C. transvaalensis.  Cultivars were grouped 

according to decade of release, type of breeding program, method of propagation, and species 

(Table 4.1).  Cultivars were organized into five groups according to decade of release (pre-1980s, 

1980s, 1990s, 2000s, and 2010s).  Few bermudagrass cultivars were released before 1980 and 

some have not been maintained; therefore, cultivars released before 1980 were grouped under the 

“pre-1980s” designation.    Breeding programs were either public or private, propagation methods 

were either vegetative or seeded, and species were either C. dactylon var. dactylon or C. dactylon 

var. dactylon x C. transvaalensis hybrids.   

 Plugs or seed of each cultivar were obtained from the germplasm collections of Mississippi 

State University (Starkville, MS), North Carolina State University (Raleigh, NC), the National 

Turfgrass Evaluation Program (Beltsville, MD), Oklahoma State University (Stillwater, OK), 

Texas A&M University (College Station, TX), the University of Florida (Gainesville, FL), and the 

University of Georgia (Tifton, GA) or from commercial farms Brookmead Sod (Doswell, VA), 

and Buy Sod (Apex, NC) (Table 4.1).  Plugs or seeds were planted in plastic pots and maintained 

at the North Carolina State University Crop Sciences Greenhouse (Raleigh, NC).  Ten leaves of 

each cultivar was collected to create a representative sample for DNA extraction.  For seeded 

cultivars, tissue was collected from different plants to ensure adequate representation of the 
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population.  The Afanador et al. (1993) procedure was used for DNA extraction, and a Fast Prep 

FP120 machine (Qbiogene, Irvine, CA) was used to grind the tissue.  To determine the quality of 

DNA samples a quality agarose gel was run.  To quantify the DNA a Hoefer DQ 300 Fluorometer 

(Hoefer Inc., San Francisco, CA) was used and the DNA was diluted to 10 ng µL-1.   

SSR Analysis.  Thirty-seven SSR primer pairs (PPs) developed by Wang et al. (2010) were utilized 

due to their high levels of polymorphism and successful amplification in bermudagrass (Table 

4.2).  Selected PPs were obtained from Eton Bioscience (Durham, NC).  The PCR mixture 

contained 15 ng of template DNA, 10x buffer, 4 µl 2.5 M betaine, 0.46 µl MgCl2, 0.8 µl dNTP, 

0.3 µl of forward primer, 0.4 µl of reverse primer, 0.2 µl of fluorescently labeled M13 primer, and 

0.08 µl of Taq DNA polymerase.  PCR cycles and polyacrylamide gel electrophoresis (PAGE) 

fragment separation were completed in accordance with Milla-Lewis et al. (2010).  Quantar 1.0 

(Keygene Products B.V., Wageningen, The Netherlands) software package was used to determine 

fragment size.  If band stuttering was observed in PCR products, the fragment with the strongest 

fluorescent intensity was scored.   

Data Analysis.  The number of alleles, number of rare alleles (frequency less than 0.05), and 

number of common alleles (frequency greater than 0.90) were calculated for each primer pair.   The 

polymorphic information content (PIC) was determined using the Roussel et al. (2004) method to 

assess the selectiveness of each primer pair.  

 Changes in genetic diversity over decades of breeding were determined by calculating the 

total number of alleles for cultivars in each decade.  Given that the total number of cultivars per 

decade varied, the Fu et al. (2003) random permutation procedure was used to make comparisons 

between decades.  This procedure determines if observed allele counts were significantly different 

from expected allele counts.  The FPTest (Fu Permutation Test; Fu, 2009) was then used to 
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determine the statistical significance of pairwise differences in allelic counts among decades of 

release.  These procedures were also used to make similar comparisons between types of breeding 

program, methods of propagation, and species. 

 An analysis of molecular variance (AMOVA) was performed to partition the observed SSR 

allelic variation among and within the different groupings of cultivars (breeding decade, type of 

breeding program, method of propagation, and species) using ARLEQUIN ver. 3.0 (Arlequin 

Software, Swiss Institute of Bioinformatics) (Excoffier et al., 2005). 

NTSYS-PC version 2.2 (Exeter Software, Seatauket, NY) (Rohlf, 2000) was used to 

calculate genetic similarity values (Dice, 1945) for all pairwise cultivar combinations.  Average 

genetic similarities were calculated for each decade of release to assess if significant differences 

existed between decades.  Cluster and principal coordinate analysis (PCO) in NTSYS was used to 

summarize genetic relatedness.  Principle coordinate analysis was performed using the Dcenter 

and Eigen functions of NTSYS and the first three scores were plotted.  A dendogram based on the 

unweighted pair group method with arithmetic averaging (UPGMA) algorithm was produced to 

represent the associations between cultivars from the Dice similarity matrix in NTSYS (Sneath 

and Sokal, 1973).   

Population structure of relatedness among commercially available bermudagrass cultivars 

was analyzed using Structure v2.3.4 (Structure Software, Stanford University) (Falush et al., 2003, 

2007; Pritchard et al., 2000).  A burn-in period of 50,000 was used followed by 100,000 iterations, 

and admixture was allowed.  The ΔK method (Evanno et al., 2005) was used to determine the 

correct number of populations (K).   
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RESULTS 

 

SSR Polymorphism. A total of 433 alleles were amplified from 37 SSR PPs on the bermdagrass 

entries (Table 4.2).  Most PPs amplified only one locus each, but nine PPs amplified two loci each, 

and CDATG-1905/1906 amplified three loci.  On average, each primer pair amplified nine alleles, 

with CDCA-747/748-01, CDE-127/128-01, and CDAAC-2523/2524-01, amplifying only two 

alleles, and the most polymorphic, CDCA-31/32, amplifying twenty-five alleles.  Polymorphic 

information content (PIC) ranged from 0.03 to 0.91, with an average of 0.35.  CDATG-1905/1906-

03 had the highest ability to differentiate among cultivars.  Allele frequencies ranged from 0.01 to 

0.88, with an average of 0.20 (Fig. 4.1).  It is clear that most alleles have lower frequencies, 

indicating common alleles are not common in turf bermudagrass cultivars.  Seventy-five (17.32%) 

alleles were rare with a frequency less than 0.05.  No alleles with a frequency greater than 0.90 

were identified. 

Changes in Allelic Counts. Allele numbers at individual loci tested were increased or maintained 

from the pre-1980s to 2010s at 29 out of 48 loci (Table 4.2).  Two loci, CDAAC-2523/2524-02 

and CDATG-1891/1892, reached a peak number of alleles in the pre-1980s, but these alleles were 

lost in later generations.  Only one locus, CDCA-55/56-01, with a decrease in number of alleles 

occurred in the 2000s, with the remaining sixteen losses occurring in the 2010s. The total number 

of alleles per decade, was least in the 1980s likely due to the lowest cultivar releases, reaching a 

peak in the 2000s (Fig. 4.2A).  Due to variation in number of cultivars for each grouping, Fu’s 

(2009) permutation test was utilized to test for significant differences in allele counts between each 

pair of decades.  Significant differences in allelic counts (P < 0.001) were found for all decades of 
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release, with the exception of the pre-1980s and 1980s, where no significant differences were 

observed, and of the 1980s and 2010s, which had a less significant increase (P < 0.05) (Table 4.3).  

The permutation test confirmed there were significant differences in allele counts between 

breeding programs, propagation methods, and species; cultivars released from public breeding 

programs, vegetatively propagated, or hybrids, had significantly higher number of alleles than their 

respective counterparts (private breeding programs, seed propagated, or C. dactylon cultivars) 

(Table 4.3, Fig. 4.2B-D).   

Changes in Average Genetic Similarity. Average genetic similarity values were used to 

determine changes in diversity.  The pre-1980s had the highest diversity while the 2010s had the 

lowest amount (Table 4.4).  The 1980s, 2000s, and 1990s, had the second, third, and fourth most 

genetically diverse decades, respectively.  Comparing genetic diversity between decades, the 

2000s and 2010s were the most genetically similar (Sij = 0.37, data not shown) and the pre-1980s 

and the 1980s were the most dissimilar (Sij = 0.31).  Publicly funded turf-type bermudagrass 

breeding programs had a higher level of genetic diversity than private breeding programs. 

Vegetative cultivars had higher diversity than seeded cultivars.  Interspecific hybrids had higher 

diversity than common bermudagrass cultivars.  

Analysis of Molecular Variance. An AMOVA of the 433 alleles identified significant differences 

among decades, program types, propagation methods, and species (Table 4.5).  Although all 

components of variance were significant, the within-group (Vb) component was the dominant one 

for all groupings explaining 95.50, 97.65, 95.17, and 96.18% of allelic variation within decades, 

program types, propagation methods and species, respectively. The among program type explained 

the lowest percent allele variation of all population groupings at 2.35%.  Results clearly indicated 

that the majority of allelic variation was explained by differences within rather than among groups. 
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Genetic Relationships among Cultivars. Genetic relationships among cultivars were assessed 

using principal coordinate analysis.  The first three components described 66.65% of the variation. 

Dimensions 1, 2, and 3 of the PCO described 63.91, 1.47, and 1.28% of the variation, respectively.  

The range of diversity present in a decade was visualized by drawing a polygon around the most 

extreme points of each decade according to the convex hull method of Donini et al. (2000) (Fig. 

4.3A-B).  The 2D and 3D PCO plots showed the 2000s had the most extensive polygon followed 

closely by the 1990s. Major overlap exists among these polygons and those from all other decades.   

A drastic decline in polygon size was observed in the 2010s from the preceding two decades. 

Moreover, the 2010s polygon had reduced overlap with that of the pre-1980s.  The 1980s had the 

smallest polygons, and had limited overlap with the preceding time period.   

 The number of clusters (K) was determined using STRUCTURE (Falush et al., 2003, 2007; 

Pritchard et al., 2000), with K ranging from 2 to 6 (Fig. 4.4A).  The ΔK method (Evanno et al., 

2005) found three separate populations of bermudagrass cultivars.  All three populations were 

represented in each breeding decade.  Additionally, population 1 (red) included more seeded C. 

dactylon cultivars from privately funded breeding programs, while populations 2 and 3 (blue and 

green, respectively) tended to include more vegetative hybrids from publicly funded breeding 

programs (Fig. 4.4B).  Cultivars ‘Sonesta’, ‘Primavera’, ‘Mirage’, ‘MS Supreme’, ‘Champion’, 

‘Premier’, and ‘Tifway’ showed little to no admixture, while ‘Quicksand’, ‘Barbados’, ‘Majestic’, 

‘Tufcote’, ‘Tifgreen’, ‘Ormond’, ‘Tifgreen II’, ‘Midway’, and ‘Midlawn’ showed admixture with 

all three populations.   
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DISCUSSION 

 

The overall goal of this project was to determine the effect of plant breeding on allelic 

diversity of bermudagrass cultivars released in the US from 1950 to 2016.  Assessing changes in 

allelic diversity will assist in ensuring diversity is maintained in bermudagrass breeding programs 

to reduce genetic vulnerability. While bermudagrass has had a long history of research and 

breeding compared to other warm season turfgrasses, continued breeding is needed to improve 

traits such as drought tolerance, cold tolerance, shade tolerance, and resistance to insects and 

diseases (Hanna et al., 2013).  New traits such as cold, drought, and traffic tolerance are useful, 

but cultivars with these new traits still need to have an acceptable level of quality, color, density, 

and disease resistance (Breuniger et al., 2013).  Cultivars selected for improved characteristics 

such as shade tolerance (‘Celebration’), freeze tolerance (Rivera and Yukon), and pest resistance 

(FLoraTeX) may provide new sources of alleles (Hanna et al., 2013; Taliaferro, 2003).  Given that 

the majority of turfgrass breeding primarily utilizes only two Cynodon spp., other species have the 

potential to contribute genes of importance for improvement of bermudagrass (Taliaferro, 2003).  

The high frequency of rare alleles observed in this study (17.32%) indicated large genetic variation 

in bermudagrass and possible sources of novel alleles combinations for traits of interest.   

Similar to what has been reported for zoysiagrass (Moore et al., 2017), our AMOVA results 

indicated that although both components are significant, most of the variation was found within 

decades (95.50%), rather than among them (4.50%), indicating success in preserving diversity 

across decades.  This may suggest that diverse parental plants were used in breeding. Overall, our 

results indicate a steady increase in allelic diversity up to the 2010s.  The pre-1980s had the highest 
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genetic diversity (Sij=0.34) due to introductions and hybrids from other countries, providing 

diverse sets of alleles (Alderson and Sharp, 1995).   Early bermudagrass selections were collected 

from heterogeneous populations of putting greens planted from seed that were tolerant to various 

biotic and abiotic stresses, such as the ability to survive pest pressure or cold temperatures 

(Taliaferro, 2003).  The natural selection for plants that were able to survive these stresses, along 

with foreign introductions, contributed to the diverse bermudagrass germplasm pool in the first 

half of the twentieth century (Taliaferro, 2003). The loss of the 102 alleles from the pre-1980s to 

1980s may be attributed to removal of undesirable alleles to improve turf quality or the decrease 

in number of cultivars released during this time period.  Another cause for this reduction may be 

that this was a transition period with a decrease in funding for publicly funded breeding programs, 

while privately funded breeding programs were just beginning to be established (Asay and Sleper, 

1989; Taliaferro, 2003). The sixteen loci that had decreases in the number of alleles between the 

pre-1980s and the 2010s could be due to only cultivars form the years 2010 to 2016 were available 

for this study. Care should be taken when making comparisons between this decade and the 

preceding ones as allelic diversity could be still maintained or increased through new releases from 

2017 to 2020.     

Vegetative cultivars had significantly higher allelic diversity compared to seeded cultivars. 

Seeded cultivars need to have high seed yield to be commercially acceptable, but few lines have 

acceptable yield levels, potentially lowering diversity in these cultivars.  Improvement of seeded 

turf-type bermudagrasses is also limited because cross-infertility is common in many genotypes 

(Hanna et al., 2013).  The higher diversity in vegetatively propagated cultivars can be attributed to 

most of them being derived from two species crosses, C. dactylon var. dactylon x C. transvaalensis 

interspecific hybrids, instead of one C. dactylon var. dactylon species for seeded cultivars.  
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Kimball et al. (2013) found that interspecific zoysiagrass hybrids had high levels of admixture 

compared to accessions within individual species.  Interspecific hybridization between C. dactylon 

var. dactylon and C. transvaalensis provide new alleles from C. transvaalensis not present in C. 

dactylon var. dactylon, such as improved turf quality or pest resistance (Kenworthy et al., 2006). 

High levels of heterozygosity in Cynodon accessions produce crosses with a wide range of 

morphological types (Hanna et al., 2013).   Gene diversification in polyploids may lead to 

increased polymorphism detected by molecular markers (Gulsen et al., 2009).  Higher ploidy levels 

in buffalograss (Buchloe dactyloides (Nutt.) Engelm.) was associated with higher molecular 

marker diversity (Gulsen et al., 2005; Budack et al., 2005).   

Unlike many other crops where a reduction in genetic diversity in privately funded plant 

breeding programs was attributed to a failure in sharing genetic resources among programs (Morris 

et al., 2006), the slight reduction in diversity observed in bermudagrass cultivars released from 

privately or publicly funded programs is partly due to the difference in breeding methods used in 

each type of program.  In privately funded programs, seeded cultivars are major products rather 

than vegetative cultivars, which prevents the use of interspecific hybridization, inhibiting the 

utilization of traits from other Cynodon spp.  Additionally, for seeded cultivars the requirement of 

high seed yield reduces the number of cultivars that would be commercially acceptable.  Within 

turfgrass breeding programs, plant breeders need to maintain diversity in their germplasm 

collections to ensure enough variability to make selections for improvement.  While Wang et al. 

(2010) found that bermudagrass cultivars, such as the ‘Mid’ series from the Kansas Agriculture 

Experiment station or Oklahoma State University cultivars, tended to cluster together according to 

breeding programs, we only observed this characteristic in the ‘Mid’ series and to a lesser extent 

in cultivars from Seed Research of Oregon.    
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STRUCTURE analysis indicates three populations of bermudagrass, with population 1 

tending to represent seeded C. dactylon cultivars from privately funded breeding programs and 

populations 2 and 3 consisting of primarily vegetative hybrids from publicly funded breeding 

programs.  All three populations in the STRUCTURE analysis are represented in each decade 

analyzed, indicating success in preserving populations over time.   Cultivars ‘Sonesta’, 

’Primavera’, and ‘Mirage’ are C. dactylon var dactylon types, which might explain the little to no 

admixture observed in them.  Tufcote, Tifgreen, ‘Tifgreen II’, ‘Midway’, and Midlawn are all 

vegetative hybrids, which are a likely contributing factor for the admixture with all three 

populations observed in these cultivars.  The close relationship of the Tifgreen mutation family 

(including TifEagle, Champion, Mini Verde, ‘MS-Supreme’, and Tifdwarf) and the Tifway 

mutation family (including TifSport and MS-Pride’) as described by Wang et al. (2010) and Kamps 

et al. (2011) were confirmed with the dominance of population 2 and 3, respectively, for these 

cultivars and the close proximity to each other in the PCO plots.  Cultivars derived from intentional 

hybridization (Tifgreen, Midiron, Midlawn, Patriot, and TifGrand) had admixture with all three 

populations while cultivars from naturally occurring mutations (Tifdwarf, Champion, and Mini 

Verde) and mutations induced with cobalt-60γ-radiation (TifSport and TifEagle) had little to no 

admixture.  Mutation families in bermudagrass have been shown to be difficult to distinguish from 

other each other (Wang et al., 2010; Kamps et al. 2011) because intentional hybridization would 

result in new combinations of alleles, whereas mutations would have a limited number of alleles 

changed from the vegetative parent (Broertjes and Van Harten, 1978). 

While our results show that genetic diversity in bermudagrass has increased at least up to 

the 2010s, continued efforts to maintain and further increase this diversity will be valuable.  

Inadequate sampling of all the genetic variation in the Cynodon genus, especially in C. dactylon 
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var. dactylon, has resulted in the potential to still add valuable new germplasm to collections 

(Taliaferro, 2003). Germplasm preserved by the USDA-ARS are potential sources of diverse 

germplasm breeders could utilize to diversify their breeding programs (Hanna et al., 2013).  

Bermudagrass cultivars have not been released from plant introductions in the US since 2003 

(Westerman, 2005).  Tufcote and Guymon, derived from germplasm from South Africa and the 

former Yugoslavia respectively, had admixture with all three populations in STRUCTURE 

(Alderson and Sharp, 1995).  Germplasm resources from diverse geographic environments in the 

world would be potential sources of new alleles, which would be useful in increasing diversity for 

future decades. Gulsen et al. (2009) found seeded-type commercial cultivars (‘Blackjack’, 

‘Mohawk’, ‘Sultan’, NuMex Sahara, ‘Contessa’, Princess 77, Riviera, and Tifway) had narrow 

genetic variation compared to Turkish Cynodon accessions.  These accessions could be used to 

broaden the genetic base of commercially available cultivars, but they likely contain undesirable 

characteristics that could limit their use (Gulsen et al., 2009). Hybrids between common and 

African bermudagrass will continue to be beneficial in increasing diversity in bermudagrass by 

creating new combinations of alleles. Germplasm in C. incompletus var. incompletus and var. 

hirsutus, C. dactylon var. polevansii and var. elegans   could be utilized as donor parents of 

important genes for developing biotic and/or abiotic resistance (Taliaferro, 1995). New sources of 

germplasm should be used in breeding turf bermudagrass, turf quality should be maintained to 

ensure these cultivars to be commercially successful.    

Similar to other allelic diversity studies (Fu et al., 2003, 2006; Roussel et al., 2004; Moon 

et al., 2009; Milla-Lewis et al., 2010, 2011; Moore et al., 2017) we have found that genetic 

diversity is not necessarily reduced as a result of modern plant breeding.  This is because most 

breeders used diverse germplasm and both turf species C. dactylon var. dactylon and C. 
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transvaalensis have out-crossing sexually reproductive behavior. If care is taken to preserve and 

utilize diverse sets of Cynodon spp., bermudagrass breeders will continue to have diversity in 

bermudagrass germplasm for continued selection and improvement. 
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 Table 4.1. List of 85 turf-type bermudagrass cultivars used in simple sequence repeat (SSR) allelic diversity assessment.  

 

Identity Type Species Breeder† 
Release 

Year Source‡ 
Decade of 

Release 

Type of 

breeding 

program 

1 Arizona Common Seed C. dactylon Plant Introduction 1950 NCSU Pre-1980s Public 

2 Tifgreen Vegetative Hybrid USDA-ARS/U of Georgia  1956 UGA Pre-1980s Public 

3 Tiflawn Vegetative Hybrid§ USDA-ARS/U of Georgia  1956 UGA Pre-1980s Public 

4 U3 Vegetative Hybrid D. Lester Hall 1957 OSU Pre-1980s Public 

5 Tifway Vegetative Hybrid USDA-ARS/U of Georgia  1960 NCSU Pre-1980s Public 

6 Ormond Vegetative C. dactylon Florida AES 1962 UF Pre-1980s Public 

7 Tufcote Vegetative Hybrid SCS/Maryland AES 1962 TAMU Pre-1980s Public 

8 Midway Vegetative Hybrid Kansas AES 1965 OSU Pre-1980s Public 

9 Tifdwarf Vegetative Hybrid USDA-ARS/U of Georgia  1965 UGA Pre-1980s Public 

10 Astro-DLM Vegetative Hybrid Tulsa Grass and Sod Co. 1968 UGA Pre=1980s Public 

11 Midiron Vegetative Hybrid Kansas AES 1971 UGA Pre-1980s Public 

12 Vamont Vegetative C. dactylon Virginia AES 1980 Brookmead 1980s Public 

13 Guymon Seed C. dactylon Oklahoma AES/USDA-ARS 1982 OSU/ TAMU 1980s Public 

14 Tifgreen II Vegetative Hybrid USDA-ARS/U of Georgia  1983 UGA 1980s Public 

15 NuMex Sahara Seed C. dactylon New Mexico AES 1987 NTEP 1980s Public 

16 T10 Vegetative Hybrid USDA-ARS/U of Georgia  1988 Buy Sod 1980s Public 

17 Primavera Seed C. dactylon Dr. Arden A. Baltensberger 1989 TAMU 1980s Public 

18 Sonesta Seed C. dactylon Dr. Arden A. Baltensberger 1990 TAMU 1990s Public 

19 Midfield Vegetative Hybrid Kansas AES 1991 OSU 1990s Public 

20 Midlawn Vegetative Hybrid Kansas AES 1991 OSU 1990s Public 

21 FLoraTeX Vegetative C. dactylon Florida and Texas AES 1992 UF 1990s Public 

22 Quicksand Vegetative C. dactylon University of Kentucky AES 1993 NCSU 1990s Public 

23 Sahara Seed C. dactylon Seeds West, Inc. 1993 TAMU 1990s Private 

24 Champion Vegetative Hybrid Champion Turf Farms 1995 NCSU 1990s Private 

25 FMC 6 Seed C. dctylon Seeds West, Inc. 1995 NTEP 1990s Private 

26 Jackpot Seed C. dactylon J. R. Simplot Company 1995 NTEP 1990s Private 

27 Mirage Seed C. dactylon Cebecco International Seed 1995 NTEP 1990s Private 

28 Princess 77 Seed C. dactylon Seeds West, Inc. 1995 NTEP 1990s Private 

29 MS-Choice Vegetative C. dactylon Mississippi State University 1996 UGA 1990s Public 

30 MS-Express Vegetative C. dactylon Mississippi State University 1996 MS 1990s Public 

31 MS-Pride Vegetative C. dactylon Mississippi State University 1996 UGA 1990s Public 

32 Pyramid Seed C. dactylon International Seeds, Inc. 1996 NTEP 1990s Private 

33 Majestic Seed C. dactylon H & H Seed Company 1997 NCSU 1990s Private 

34 Panama Seed C. dactylon Pure Seed Testing, Inc. 1997 TAMU 1990s Private 

35 TifEagle Vegetative Hybrid USDA-ARS/U of Georgia  1997 UGA 1990s Public 

36 Yukon Seed C. dactylon Oklahoma AES 1997 OSU 1990s Public 

37 Blackjack Seed C. dactylon Cascade International Seed 1998 NCSU 1990s Private 

38 MS-Supreme Vegetative Hybrid Mississippi State University 1998 MS 1990s Public 

39 SunDevil II Seed C. dactylon J. R. Simplot Company 1998 NTEP/TAMU 1990s Private 

40 TifSport Vegetative Hybrid  USDA-ARS/U of Georgia  1998 UGA 1990s Public 

41 GN-1 Vegetative C. dactylon Hubert F. Whiting 1999 UF 1990s Public 

42 Mohawk Seed C. dactylon Dr. Lincoln Taylor 1999 NTEP/TAMU 1990s Private 
†List of abbreviations: AES-Agriculture Experiment Station; USDA-ARS-United States Department of Agriculture-Agriculture 

Research Service; U of Georgia-University of Georgia. 
‡ List of abbreviations: MS-Mississippi State University; NCSU-North Carolina State University; NTEP-National Turfgrass 

Evaluation Program; OSU-Oklahoma State University; TAMU-Texas A&M University; UF-University of Florida; UGA-

University of Georgia. 
§All hybrids are C. dactylon x C. transvaalensis, with the exception of Tiflawn, which is a C. dactylon x C. dactylon hybrid. 
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 Table 4.1 (cont.). List of 85 turf-tyoe bermudagrass cultivars used in simple sequence repeat (SSR) allelic diversity assessment.  

 

Identity Type Species Breeder† 
Release 

Year Source‡ 

Decade of 

Release 

Type of 

breeding 

program 

43 Sultan Seed C. dactylon Seeds West, Inc. 1999 TAMU 1990s Public 

44 Sydney Seed C. dactylon Seeds West, Inc. 1999 TAMU 1990s Private 

45 Transcontinetal Seed C. dactylon Pure Seed Testing, Inc. 2000 NCSU 2000s Private 

46 Celebration Vegetative C. dactylon Rod J. Riley 2001 UGA 2000s Private 

47 Mini Verde Vegetative Hybrid Thomas Bros. Grass Co. 2001 NCSU 2000s Public 

48 SR 9554 Seed C. dactylon Seed Research of Oregon 2001 TAMU 2000s Private 

49 La Prima Seed C. dactylon Seed Research of Oregon 2002 TAMU 2000s Private 

50 La Paloma Seed C. dactylon Seed Research of Oregon 2003 NTEP 2000s Private 

51 Patriot Vegetative Hybrid Oklahoma State University 2004 NCSU 2000s Public 

52 Premier Vegetative C. dactylon Trinity Turf Nursery 2004 NCSU 2000s Private 

53 Riviera Seed C. dactylon Oklahoma AES 2004 UGA 2000s Public 

54 Contessa Seed C. dactylon Seeds West Inc. 2005 NTEP 2000s Private 

55 Discovery Vegetative Hybid Oklahoma State University 2009 UGA 2000s Public 

56 Jones Dwarf Vegetative Hybrid Jones Grassing 2005 UF 2000s Private 

57 Barbados Seed Hybrid Barenbrug USA 2006 TAMU 2000s Private 

58 Ashmore Vegetative Hybrid Blue Moon Farms, LLC 2007 NCSU 2000s Public 

59 Emerald Dwarf Vegetative Hybrid Champion Turf Farms 2007 UF 2000s Private 

60 Varacruz Seed C. dactylon Seeds West Inc. 2007 NTEP 2000s Private 

61 Sunsport Seed C. dactylon John Deere Landscapes 2008 NTEP 2000s Private 

62 Express Vegetative Hybrid Mississippi State University 2009 UGA 2000s Public 

63 Soverign Seed C. dactylon Seeds West Inc. 2009 NTEP 2000s Private 

64 B-14 Seed C. dactylon LESCO Inc. 2009 NTEP 2000s Private 

65 CIS-CD5 Seed C. dactylon DLF International Seeds 2009 NTEP 2000s Private 

66 PSG 91215 Seed C. dactylon Pickseed USA 2009 NTEP 2000s Private 

67 PSG 94524 Seed C. dactylon Pickseed USA 2009 NTEP 2000s Private 

68 Maya Seed C. dactylon Desert Sun Marketing, Inc. 2009 TAMU 2000s Private 

69 IS-01-201 Seed C. dactylon DLF International Seeds 2009 NTEP 2000s Private 

70 CIS-CD6 Seed C. dactylon DLF International Seeds 2009 NTEP 2000s Private 

71 Hollywood Seed C. dactylon Jacklin Seed 2010 NTEP/TAMU 2010s Private 

72 Gold Glove Seed C. dactylon Pure-Seed Testing, Inc. 2010 NTEP 2010s Private 

73 TifGrand Vegetative Hybrid USDA-ARS/U of Georgia 2010 UGA 2010s Public 

74 Latitude 36 Vegetative Hybrid Oklahoma AES 2011 OSU 2010s Public 

75 MSB 264 Vegetative Hybrid Mississippi State University 2011 UGA 2010s Public 

76 Northbridge Vegetative Hybrid Oklahoma AES 2011 OSU 2010s Public 

77 Royal Bengal Seed C. dactylon Seed Research of Oregon 2013 NTEP 2010s Private 

78 Bimini Vegetative Hybrid G to Z Turf Services 2014 UGA 2010s Private 

79 North Shore SLT Vegetative Hybrid Pure Seed 2014 NCSU 2010s Private 

80 TifTuf Vegetative Hybrid  USDA-ARS/U of Georgia  2014 UGA 2010s Private 

81 C291 Seed C.dactylon Barenbrug USA 2016 TAMU 2010s Private 

82 MSB 285 Vegetative Hybrid Mississippi State University NR UGA 2010s Public 

83 T-292 Vegetative Hybrid USDA-ARS NR UGA 2010s Public 

84 Bargusto Seed C. dactylon Barenbrug USA 2012 TAMU 2010s Private 

85 La Prima XD Seed C. dactylon Seed Research of Oregon 2015 TAMU 2010s Private 
†List of abbreviations: AES-Agriculture Experiment Station; USDA-ARS-United States Department of Agriculture-Agriculture 

Research Service; U of Georgia-University of Georgia. 
‡ List of abbreviations: MS-Mississippi State University; NCSU-North Carolina State University; NTEP-National Turfgrass 

Evaluation Program; OSU-Oklahoma State University; TAMU-Texas A&M University; UF-University of Florida; UGA-

University of Georgia. 
§All hybrids are C. dactylon x C. transvaalensis, with the exception of Tiflawn, which is a C. dactylon x C. dactylon hybrid. 
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Table 4.2. Thirty-seven simple sequence repeat (SSR) primer pairs used for evaluating turf-type bermudagrass cultivars 

and their corresponding allelic diversity measures. 

    Allelic counts by breeding decade 

Primer Pair†  

Total no. 

of alleles 

No. of rare 

alleles‡ PIC¶ Value 

Pre-1980s    

(11) # 

1980s  

(6) 

1990s  

(27) 

2000s 

(26) 

2010s  

(15) 

CDCA-31/32 25 3 0.03 9 17 23 24 18 

CDCA-55/56-01 4 1 0.66 4 2 4 3 3 

CDCA-55/56-02 5  0.11 4 4 5 5 3 

CDCA-77/78-01 10 1 0.47 7 4 8 10 6 

CDCA-77/78-02 9 1 0.47 8 7 9 9 6 

CDCA-133/134 9 1 0.36 7 6 6 8 6 

CDCA-155/156 21 2 0.07 12 13 16 18 16 

CDCA-379/380 20 2 0.58 5 8 13 18 14 

CDCA-747/748-01 2  0.20 2 2 2 2 2 

CDCA-747/748-02 6 1 0.31 5 2 5 4 5 

CDE-89/90 8 3 0.23 4 2 6 7 6 

CDE-127/128-01 2  0.40 2 1 2 2 1 

CDE-127/128-02 4  0.12 4 3 4 4 3 

CDE-215/216-01 10 2 0.19 6 1 9 9 4 

CDE-215/216-02 9 1 0.39 5 1 9 9 2 

CDE-375/376 6  0.09 5 6 6 6 5 

CDCA-491/492 7 2 0.56 5 5 6 6 3 

CDATG-1889/1890 9 1 0.26 5 6 7 9 8 

CDATG-1999/2000 6 1 0.25 5 4 4 6 6 

CDAAC-2523/2524-01 2  0.62 1 2 2 2 2 

CDAAC-2523/2524-02 6 1 0.18 6 4 5 5 4 

CDC-117/118 11 2 0.28 6 4 8 8 7 

CDCA-125/126 15 2 0.63 9 4 14 13 11 

CDCA-247/248 11 4 0.34 4 2 8 8 7 

CDCA-313/314 7 3 0.31 3 4 6 4 4 

CDCA-319/320 8 1 0.38 5 5 6 6 4 

CDCA-441/442 9 4 0.19 6 3 4 8 5 

CDCA-529/530-01 7 2 0.53 3 2 5 7 7 

CDCA-529/530-02 4 1 0.07 3 2 4 4 3 

CDCA-623/624 10 1 0.54 1 3 10 8 6 

CDGA-783/784 14 4 0.31 6 7 11 12 8 
†All primers were obtained from Guo et al. (2016), with the exception of CDE-89/90, CDE-127/128-01, CDE-127/128-02, 

CDE-215/216-01, CDE-215/216-02, and CDE-375/376 which were obtained from Tan et al., (2012). 
‡Refers to alleles present at frequency < 0.05. 
§Refers to alleles present at frequency > 0.90. 
¶PIC, polymorphic information content. 
#Numbers in parenthesis indicate the total number of cultivars analyzed in a given decade. 
††Numbers in parenthesis indicate the total number of cultivars analyzed in a given program type. 
‡‡Number of alleles absent in cultivars of a given decade that were present in the pre-1980s. 
§§Number of alleles absent in cultivars of a given decade that were absent in the pre-1980s. 
¶¶Total number of alleles expected to be detected in a given decade as determined by Fu et al. (2003). 
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Table 4.2 (cont.).  Thirty-seven simple sequence repeat (SSR) primer pairs used for evaluating turf-type bermudagrass 

cultivars and their corresponding allelic diversity measures. 

    Allelic counts by breeding decade 

Primer Pair†  

Total no. 

of alleles 

No. of rare 

alleles‡ PIC¶ Value 

Pre-1980s 

(11) # 

1980s      

(6) 

1990s  

(27) 

2000s  

(26) 

2010s  

(15) 

CDGA-805/806 13 4 0.41 7 5 10 9 7 

CDGA-807/808 15  0.47 10 8 13 12 13 

CDGA-915/916 11 3 0.41 4 8 9 8 8 

CDGA-1195/1196-01 4 1 0.68 2 3 3 3 3 

CDGA-1195/1196-02 3  0.25 3 3 2 3 3 

CDGA-1583/1584 9  0.59 8 4 7 9 7 

CDGA-1697/1698 21 6 0.29 15 13 14 18 13 

CDGA-1783/1784 9 2 0.34 7 5 6 9 6 

CDATG-1829/1830 11 3 0.31 2 8 8 8 5 

CDATG-1891/1892 9 1 0.44 9 3 8 7 5 

CDATG-1905/1906-01 6 1 0.48 4 2 5 5 6 

CDATG-1905/1906-02 3  0.04 3 2 3 3 3 

CDATG-1905/1906-03 3  0.91 2 2 2 3 2 

CDATG-2059/2060 10 1 0.15 7 5 10 9 9 

CDAAC-2675/2676-01 11 2 0.63 6 8 10 9 7 

CDAAC-2675/2676-02 12 4 0.04 8 8 12 10 7 

CDAAC-2693/2694 7  0.19 2 4 7 7 6 

Observed Total  433 75  256 227 356 376 297 

Observed Loss‡‡      102 31 24 60 

Observed Gain§§     73 131 144 101 

Expected Total¶¶     411 366 431 430 422 

Average  9.02  0.35 5.33 4.73 7.42 7.83 6.19 

Minimum  2  0.03 1 1 2 2 1 

Maximum  25  0.91 15 17 23 24 18 
†All primers were obtained from Guo et al. (2016), with the exception of CDE-89/90, CDE-127/128-01, CDE-127/128-02, 

CDE-215/216-01, CDE-215/216-02, and CDE-375/376 which were obtained from Tan et al., (2012). 
‡Refers to alleles present at frequency < 0.05. 
§Refers to alleles present at frequency > 0.90. 
¶PIC, polymorphic information content. 
#Numbers in parenthesis indicate the total number of cultivars analyzed in a given decade. 
††Numbers in parenthesis indicate the total number of cultivars analyzed in a given program type. 
‡‡Number of alleles absent in cultivars of a given decade that were present in the pre-1980s. 
§§Number of alleles absent in cultivars of a given decade that were absent in the pre-1980s. 
¶¶Total number of alleles expected to be detected in a given decade as determined by Fu et al. (2003). 
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Table 4.3.  Pairwise differences in allelic counts among turf-type bermudagrass cultivars grouped 

by decade, program type, propagation method, and species. 

Decade Cultivars Alleles Pre-80s 80s 90s 00s 10s 

Pre-80s 11 256 NA     

80s 6 227 -29 NA    

90s 27 356 +100*** +129*** NA   

00s 26 376 +120*** +149*** +20*** NA  

10s 15 297 +41*** +70* -59*** -79*** NA 

        

Program 

type Cultivars Alleles Public 

Public 43 410 NA 

Private 42 398 -12*** 

    

Propagation 

method Cultivars Alleles Seed 

Seed 42 394 NA 

Vegetative 43 405 +11*** 

    

Species Cultivars Alleles Dactylon 

Dactylon 51 414 NA 

Hybrid 34 381 -33*** 

*Significant at the 0.05 probability level.    

*** Significant at the 0.001 probability level. 
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Table 4.4.  Average genetic similarity values (Sij) 

within decades, program types, propagation method, 

and species for turf-type bermudagrass cultivars 

released from 1950 to 2016.  

Group 

Number of 

cultivars 

Average 

Similarity 

Standard 

Deviation 

Decade    

Pre-80s 11 0.34 0.09 

80s 6 0.35 0.07 

90s 27 0.39 0.10 

00s 26 0.37 0.10 

10s 15 0.43 0.08 

    

Program    

Public 43 0.33 0.09 

Private 42 0.40 0.09 

    

Propagation    

Seed 42 0.41 0.09 

Vegetative 43 0.34 0.10 

    

Species    

Hybrid 34 0.34 0.10 

Dactylon 51 0.39 0.09 

‘ 

 

 

 



   120 

 
 

 

 
 

Table 4.5.  Analysis of molecular variance (AMOVA) for turf-type bermudagrass cultivars released from 

1950 to 2016 grouped by decade of release, type of breeding program, propagation method, and species. 

Source of variation Sum of Squares Variance components Percentage variation 

Decade of release    

Among decades (Va)    342.51        2.47***          4.50 

Within decades (Vb) 3486.10       52.44*** 95.50 

Total 3828.61 54.92     

    

Program type    

Among programs (Va)     97.46         1.29***           2.35 

Within programs (Vb) 3731.15       53.67*** 97.65 

Total 3828.61 54.96  

    

Propagation method    

Among propagation methods (Va)    148.29       2.69***          4.83 

Within propagation methods (Vb) 3680.32       52.96*** 95.17 

Total 3828.61 55.65  

    

Species    

Among species (Va)    122.33        2.12***           3.82 

Within species (Vb) 3706.28       53.33*** 96.18 

Total 3828.61 55.45  

*** Significant at the 0.001 probability level. 
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Fig. 4.1. Frequency distribution of 433 simple sequence repeat (SSR) alleles detected in 85 turf-

type bermudagrass cultivars released from 1950 to 2016. 

 

 

Fig. 4.2.  Total number of alleles identified with 37 primer pairs in 85 turf-type bermudagrass 

cultivars released from 1950 to 2016: A. per decade, B. per program type, C. per propagation 

method, and D. per species. 
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Fig. 4.3. Principal component plot of 85 turf-type bermudagrass cultivars for the first: A. two, and 

B. three principal components estimated with 37 simple sequence repeat (SSR) primers pairs.  The 

first three components described 66.65% of the variation. Dimensions 1, 2, and 3 of the PCO 

described 63.91, 1.47, and 1.28% of the variation, respectively.  Convex hulls were drawn around 

the extremes of the pre-1980s (orange), 1980s (blue), 1990s (purple), 2000s (green), and 2010s 

(red). 
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Fig. 4.4.  Simple sequence repeat-based population structure analysis of 85 turf-type bermudagrass 

cultivars into subpopulations in STRUCTURE 2.2.3. A. Comparison of plots generated for K=2 

to K=6. B. Plot for best K choice (K=3) based on ΔK method (Evanno, 2005) compared to plot 

sorted by decade of release.  Each color represents a subpopulation and each bar an individual. 

The proportion of a particular color within a bar represents the probability of the individual 

belonging to that group. 
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Fig. 4 (cont.).  Simple sequence repeat-based population structure analysis of 85 turf-type 

bermudagrass cultivars into subpopulations in STRUCTURE 2.2.3. A. Comparison of plots 

generated for K=2 to K=6. B. Plot for best K choice (K=3) based on ΔK method (Evanno, 2005) 

compared to plot sorted by decade of release.  Each color represents a subpopulation and each bar 

an individual. The proportion of a particular color within a bar represents the probability of the 

individual belonging to that group. 

 


