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Abstract 

 

Switchgrass (Panicum virgatum) has been proposed as a potential biofuel feedstock to aid in the 

displacement of petroleum-based combustible fuels over the course of the next several decades. 

Improving the yield potential of this perennial grass is therefore of economic interest. Increased 

net ethanol yields can be achieved in cellulosic feedstocks via two means: 1. Improved sugar 

release from digestible cell wall materials, 2. Increased overall biomass yield. The latter is the 

subject of this study. 

As a C4 photosynthetic plant, switchgrass is highly productive in the hot, humid climate of the 

southeastern United States. By bypassing the photorespiratory pathway, C4 plants have the 

ability to avoid as much as 25% yield losses due to the oxygenase activity of Rubisco. The 

utilization of this alternate pathway exposes the plant to cold temperature growth inhibition. 

Early spring and higher latitudinal temperatures do not provide optimal growth conditions for 

most C4 plants.  

One C4 plant, miscanthus (Miscanthus x giganteus), has been shown to avoid the inhibiting 

effects of cold temperatures through the upregulation of a particular C4 enzyme, pyruvate 

phosphate dikinase (PPDK). This enzyme, responsible for the rate limiting step in the C4 

pathway, has been shown to increase cold temperature carbon fixation and growth in miscanthus 

when it is upregulated. For this reason, this enzyme is an interesting target for overexpression in 

transgenic switchgrass to increase cold temperature photosynthesis.  

The miscanthus PPDK cDNA was synthesized and ultimately overexpressed in transgenic 

switchgrass, which were characterized for photosynthesis and growth under both cold and warm 

temperatures. There were no statistically significant increases in biomass yields or in 
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photosynthetic capacity between transformed plants and non-transformed control plants. These 

data suggest that the initial hypothesis was probably too simplistic; there is likely greater 

complexity to understand the relationship of cold temperature C4 photosynthesis and the role of 

PPDK. Future experiments are needed  to evaluate the underlying regulation and complexities of 

the C4 pathway to further understand how to specifically target and influence gene expression to 

accomplish higher efficiencies.  
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1.1  Biofuels 

1.1.1 Starch-based fuels 

The growth of the United States and world economies has spurred the development of alternative 

combustible fuels to offset the consumption of finite stocks of combustible petroleum products, 

especially for transportation fuels. As of 2012, the Unites States consumed 133 billion gallons of 

gasoline (DOE). In an effort to displace the use and costs of this imported product, dilution with 

combustible ethanol has been utilized. Ethanol can be produced domestically from agricultural 

sugar sources, such as starchy crops like corn and sugar beet. Over the last decade, use of corn-

based ethanol as a fuel has accounted for 40% of the total United States corn yield (Ranum et al., 

2014).  

 

As with any crop product, the production of corn-based ethanol entails certain energy 

inputs. Fertilizer input, harvest, product transportation, and refinement all require an input of 

energy. The use of corn-derived starch for ethanol production has been shown to produce a net 

energy yield of 34% (Shapouri et al., 2002). This number has steadily increased over the last 

several decades due to the increased yields involved in improved cultivation techniques, as well 

as improved starch to ethanol conversion technologies.  

 

1.1.2 Lignocellulosic biofuels 

While corn is a highly productive crop, it is, in the end, a crop that requires high inputs for high 

grain yields (Shapouri et al., 2002). To maximize ethanol yields from domestic sources, and to 

achieve a 30% displacement of foreign based petroleum with domestically produced ethanol by 

2030 (Perlack et al., 2005), the use of low input crops that can be grown on marginal land has 
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been proposed (Lynd et al., 1991, Tanaka et al., 1985). There are a number of agricultural crop 

products that can be used to this end. Corn stover, which is the aboveground biomass that is left 

over after grain harvest, can be milled and used to produce ethanol in a process similar to the 

production of ethanol from the starchy grain (Tanaka et al., 1985). Rather than using glucose 

derived from the starch in the grain for fermentation, glucose derived from the cellulose of the 

stalk is used. It is the same process with two different inputs. While this process does make use 

of leftover agricultural residues, it also increases the required fertilizer inputs for the crop the 

following year and the biomass-to-fuel conversion is also not as efficient as that using grain 

owing to the recalcitrance of cellulose hydrolysis. The removal of the crop residues that could 

otherwise be tilled into the soil removes a convenient source of fertilizer, which must then be 

replaced. This, in turn, decreases the net yield of the following year’s crop.  

 

There are, on the other hand, many low input non-traditional crops that have high net yields. 

Poplar (Populus trichocarpa) and switchgrass (Panicum virgatum) have been identified by the 

Department of Energy as potential crops for future cellulosic ethanol production. Both species 

are native to the United States, and therefore would not pose new ecological or invasive plant 

risks.  

 

1.1.3 Switchgrass (Panicum virgatum) 

Switchgrass (Panicum virgatum) is an herbaceous perennial prairie grass native to the United 

States that offers advantages over established crops in that it can be grown on marginal land and 

requires little agricultural input (Hill et al., 2006). The use of marginal land is of importance to 

the agricultural industry in that it does not require the devotion of current agricultural land that is 
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currently used for food and feed commodities. Switchgrass has been used as a grazing crop on 

livestock farms for years, and high yielding cultivars have been selected and bred (Ward et al., 

1989).  

 

As a C4 plant, switchgrass is highly adapted to the hot, humid conditions of the southern United 

States. In a recent study measuring net energy values, switchgrass was shown to yield 343% 

more energy than was needed as for input when used to produce ethanol (Schmer et al., 2008). 

C4 plants are known to be highly efficient at water and nitrogen use (Wang et al., 2012). As a 

perennial plant, switchgrass does not require replanting after harvest, and can produce multiple 

harvests per year.Since it is a perennial, switchgrass crops need not be established each year. 

Prior to senescence in late fall, switchgrass transports important, non-fermentable nutrients to the 

rhizomes (Sarath et al., 2014). This increases plant productivity and minimizes the need for 

annual fertilizer inputs. These agronomic traits all contribute to the potential of switchgrass as a 

sustainable biofuels feedstock. 

 

1.2 Switchgrass biotechnology 

1.2.1 Genetic tools 

The use of biotechnology to improve agronomic traits in the most widely grown crop 

commodities has been widely successful (Ji et al., 2013). Next generation sequencing 

technologies, as well as high throughput bioinformatic capabilities have helped to bridge the gap 

between phenotype and genotype. Although traditional breeding also will certainly play a major 

role in improving switchgrass germplasm, biotechnology will allow for the incorporation of traits 

that may otherwise be unattainable using only breeding techniques. Genomic single nucleotide 
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polymorphism (SNP) maps have been developed (Lu et al., 2013) along with extensive 

expressed sequence tag (EST) libraries (Ersoz et al., 2012, Zhang et al., 2013). These resources 

allow for the high throughput identification of candidate genes for both overexpression and 

knockdown analysis. Pathway regulation profiles can be produced through next-generation 

sequencing of transcriptomes, providing a detailed look relative gene expression, such as in the 

case of biotic and abiotic stress responses (Dong et al., 2014). The use of these technologies, 

paired with efficient tissue culture and transformation techniques, allow for a quicker and more 

targeted realization of agronomic traits than can be accomplished through traditional breeding. 

 

1.2.2 Tissue culture 

In vitro callus production is a necessary step in the genetic modification of a whole plant. 

Recently, methods of inducing embryogenic callus production from immature inflorescence have 

been developed with increased efficiency (Burris et al., 2009). This method is preferred over 

methods that involve the use of seed-derived callus (Gupta and Conger, 1998, Seo et al., 2008), 

as it allows clonal propagation of plants, which constricts the factor of genetic variability in the 

analysis if transgenic traits. This system includes 5 mg/L of 2, 4-D (2,4-dichlorophenoxyacetic 

acid) and a decreased amount of proline (from 500 to 100 mg/L), resulting in soft, friable, easily 

transformed callus. 

 

1.2.3 Genetic transformation 

There are two dominant methods used to make transgenic plants. The first, known as biolistics or 

particle bombardment, involves the physical delivery of a nucleic acid of interest into the plant of 

interest using particle carriers (Sanford et al., 1987). The plasmid DNA containing the 
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expression constructs of interest is bound to positively charged particles, typically gold or 

tungsten, which are then fired into the cells of the plant of interest. The Plasmid DNA, now 

floating freely inside of the cell’s nucleus, is incorporated into the plant genome by native DNA 

repair mechanisms (Shrivastav et al., 2008). Cells that successfully incorporate the introduced 

DNA into their genomes and survive the damage caused by the particle bombardment may then 

be selected for using appropriate selection agents coupled with the introduction of specific 

resistance genes. Transgenic cells are then ultimately regenerated into whole plants. The second 

method, known as Agrobacterium mediated transformation, utilizes the natural infectious ability 

of Agrobacterium tumefaciens to incorporate its tumor inducing (Ti) plasmid (Schell and 

Montagu, 1977) into a host plant’s genome (Gelvin, 2012). The tumor inducing genes, which 

naturally cause crown-gall disease in plants and are located between T-DNA borders on the Ti 

plasmid, are replaced with genes of interest to be transformed into the plant. Agrobacterium, 

carrying the modified Ti plasmid, is then used to infect plant callus. The infection results in the 

incorporation of the genes of interest into the host genome. Then transgenic cells are selected for 

and plants regenerated as above.  

 

Both methods of plant transformation have been successfully used to produce transgenic 

switchgrass plants (King et al., 2014, Richards et al., 2001), with Agrobacterium mediated 

transformation tending to be the more efficient DNA delivery method (Ramamoorthy and 

Kumar, 2012). As new genotypes are developed for increased efficiency in tissue culturability 

and genetic transformability, the gap between gene of interest cloning and transgenic plant 

regeneration will become increasingly smaller. This will allow for a more high throughput 

process, enabling quicker turnover of gene characterization and trait enhancement.  
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1.2.4 Switchgrass biotech success stories to date 

The aforementioned tool box has allowed for significant steps in improving switchgrass, 

especially for improved cell walls for subsequent conversion to biofuels. Gene characterization 

in model grass species, such as rice, has resulted in a number of potential candidate genes for 

overexpression or knockdown analysis in switchgrass (Bartley et al., 2013). Many of these 

candidate genes have resulted in an increase of ethanol yield per unit of dry-weight biomass in 

switchgrass, as well as an increase in total biomass (Bartley et al., 2013). 

As is the case in any lignocellulosic biomass feedstock, the cell wall of the plant must be 

degraded to release the sugars that make up many of the cell wall polymers (Sun and Cheng, 

2002). Cellulose, as well as hemicellulose and pectin, are polymers of sugar residues that are 

fermentation targets in the process of ethanol production. The tight matrix of the cell wall is held 

together by another polymer known as lignin. This network of polymers in the cell wall provides 

structural support to the plant (Caffall and Mohnen, 2009, Himmel et al., 2007, Gibeaut and 

Carpita, 1994). Lignin binds to the cellulose of the cell wall, making it less accessible to 

digestive enzymes that release its glucose monomers for fermentation in the ethanol production 

process (Bonawitz and Chapple, 2010), and has therefore been the proposed target to alter using 

breeding and biotechnology (Chen and Dixon, 2007). Reduction in lignin content by the down 

regulation of the lignin biosynthetic enzyme cinnamyl-alcohol dehydrogenase resulted in an 

increase of glucose residue release in cellulose treated biomass samples (Saathoff et al., 2011). 

An increase in glucose release relative to controls will directly contribute to an increase in 

ethanol production per unit biomass. Another targeted knockdown of a lignin biosynthetic gene, 

caffeic acid O-methyltransferase, resulted in a 38% increase in ethanol yield relative to non-

transgenic controls (Fu et al., 2011). Transcription factors, which regulate gene expression on a 

http://www.sciencedirect.com/science/article/pii/S0960852401002127
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broad level, have also been successfully targeted to manipulate lignin production. Specifically, 

the switchgrass PvMYB4 transcription factor, when overexpressed, causes a reduction in lignin 

content as well as an increase in plant tillering (Shen et al., 2012). Similar to transcription 

factors, micro RNA’s also regulate gene expression and can be targeted for phenotypic changes. 

The overexpression of a specific micro RNA, miR156, in switchgrass resulted in increased 

soluble sugar yield and increased biomass (Fu et al., 2012).  

 

1.3 Photosynthesis 

1.3.1 Light dependent reactions  

Photosynthesis is the process by which plants produce sugars from atmospheric carbon dioxide 

using light energy from the sun. Unlike animals, fungi, and most single cell organisms, plants are 

unable to retrieve the carbon necessary for growth and anabolism via the consumption of other 

organisms. They are autotrophs, meaning they are self-feeding, or producers of fixed carbon. 

Rather than obtaining the carbon backbones for basic metabolism from another organism, plants 

build them from the single carbon molecule carbon dioxide. This process requires energy, and 

that energy is provided by sunlight. In a process relatable to aerobic respiration, plants use light 

radiation to produce ATP in their photosynthetic chloroplasts. The chloroplast, home to the light-

dependent reactions of photosynthesis, is a plastid that can be found in all green plants. Inside the 

chloroplast, membranous sacks known as thylakoids are stacked. The membranes of the 

thylakoid are used to produce a proton gradient, with light photons driving the pumping of 

protons through the thylakoid membrane into the sack. Much like the electron transport chain in 

the mitochondria that is used to produce a proton gradient, the photosynthetic electron transport 

chain of the thylakoid membrane initiates a series of oxidation-reduction reactions using an 
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electron stripped from a single water molecule by a light capturing photosystem. There are two 

photosystems found in the thylakoid membrane, each a massive complex of proteins capable of 

absorbing visible light of certain wavelengths. At the core of each photosystem is a chlorophyll 

molecule, structurally optimized for light absorption. With each photon of light absorbed by a 

chlorophyll molecule within these photosystems, an electron is ejected from the molecule into 

the electron transport chain to be used to produce the proton gradient across the thylakoid 

membrane. The extremely electronegative chlorophyll ion left over then strips an electron from 

an available water molecule, releasing molecular oxygen in the process and recharging itself to 

absorb another photon. The proton gradient produced by this process then drives the production 

of ATP through a thylakoid membrane bound ATP synthase. The ATP herein produced is then 

used to drive the reactions involved in the capture of carbon dioxide from the atmosphere and its 

sequential incorporation into the carbon backbones used to produce necessary biomolecules.  

 

1.3.2 Light independent reactions (Calvin-Benson cycle) 

Atmospheric carbon dioxide gains access to photosynthetic cells within the plant via opening on 

the leaf surface known as stomata. Once inside the cell, the carbon dioxide is acted upon by the 

enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), thus initiating what is 

known as the Calvin-Benson cycle. Rubisco catalyzes the production of two molecules of 3-

phosphoglycerate from carbon dioxide and ribulose 1,5-bisphosphate. One molecule of  3-

phosphoglycerate produced by this reaction is then used in central metabolic pathways for 

production of more complex molecules, such as amino acids, while the other is used to 

regenerate ribulose 1,5-bisphosphate to be reused in the cycle.  
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1.3.3 Photorespiration 

The major pitfall of the Calvin-Benson cycle is found in the oxygenase activity of Rubisco. This 

enzyme is capable of catalyzing two reactions, the first as described above, and the second being 

the incorporation of molecular oxygen, rather than carbon dioxide, into the ribuose 1,5-

bisphosphate backbone. This second reaction product, 2-phosphoglycolate, is not metabolically 

useful and must be recycled to reproduce ribulose 1,5-bisphosphate. This process, known as 

photorespiration, is not energetically favored, and is costly to the photosynthetic cell (Ogren, 

1984).  

 

1.3.4 C4 photosynthesis 

Due to the detrimental effects of the photorespiratory pathway, an alternate pathway evolved in 

plants that limits the access of Rubisco to atmospheric molecular oxygen. This pathway, known 

as the C4 photosynthetic pathway, achieves this by utilizing an alternate leaf anatomy. The Kranz 

anatomy of C4 plants includes two different photosynthetic cell types: the mesophyll cell types, 

located at the surface of the leaf exposed to atmospheric gases, and the bundle sheath cell type, 

located underneath the mesophyll cells adjacent to the vascular bundles (Hattersley, 1984). 

Rubisco is specifically expressed in the bundle sheath cell type, where it is separated from the 

atmospheric oxygen that accompanies carbon dioxide into the mesophyll cells. Carbon dioxide is 

initially fixed into the four carbon compound oxaloacetate by the enzyme phosphoenolpyruvate 

carboxylase in the mesophyll cell. The oxaloacetate is then converted to malate, another four 

carbon compound, and then actively transported into the bundle sheath cell, where carbon 

dioxide is enzymatically re-released from the malate. In this way, carbon dioxide is specifically 

concentrated in the bundle sheath cell, where Rubisco is exclusively expressed. Disallowing 
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Rubisco access to molecular oxygen renders it’s oxygenase activity useless, and thereby avoids 

the photorespiratory pathway.  

 

1.3.5 Switchgrass photosynthesis 

Switchgrass is a C4 photosynthetic plant. It is, therefore, highly productive in the southern and 

midwestern United States, but less so in cooler regions of the country. This presents an 

opportunity for regional or seasonal yield improvements through improving the capacity of 

switchgrass growth under cooler conditions. The ability of switchgrass to grow at higher 

latitudes and earlier/later in the season would improve net yields across the country, improving 

its potential as a biofuels feedstock.  
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Chapter 2: Cold tolerant biomass accumulation in switchgrass 

(Panicum virgatum) is not affected by stable overexpression of 

Miscanthus x giganteus PPDK (C4ppdk1) 
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2.1 Abstract 

As the demand for biofuels in the United States and worldwide increases, so does the need for a 

reliable and high yielding feedstock. Switchgrass (Panicum virgatum), a cellulosic biomass crop 

native to North America, has been proposed as an alternative to starch-based feedstocks  in the 

U.S., and is, therefore, the topic of much ongoing research targeting the improvement of net 

yield. As a plant with C4 photosynthesis, switchgrass is prone to slow growth in cold 

temperatures. The growth of another grass, Miscanthus x giganteus, also a C4 plant, does not 

have as slow growth in cold temperatures, putatively because of the up regulation of a particular 

C4 pathway gene, pyruvate orthophosphate dikinase (ppdk). PPDK is responsible for the rate 

limiting step of the C4 pathway, and it has been suggested that its upregulation increases the flux 

of carbon through the pathway in cold temperatures, thus, increasing the plants ability to fix 

carbon under temperatures ranging from 12
o
 to 14

o
 celsius. Here, we have attempted to improve 

switchgrass’ capacity for cold temperature growth by overexpression of the miscanthus ppdk 

cDNA in switchgrass. Stable transformants showed no improved growth under cold temperature 

conditions, as well as no improved photosynthetic capacity. Our data suggests that there is more 

to be understood about the underlying regulation of C4 photosynthesis under stressful conditions.  
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2.2 Introduction 

Lignocellulosic biofuels feedstocks have been promoted as a means to displace petroleum-based 

fuels in a rapidly expanding and volatile fuel-based economy (Kerr and Service, 2005). In the 

United States, switchgrass (Panicum virgatum) and poplar (Populus trichocarpa) are among the 

leading candidates to provide lignocellulosic biomass for biofuel production (McLaughlin and 

Kszos, 2005, Davison et al., 2006). One major advantage in the use of these plants is the fact that 

both are capable of productivity on marginal land, rendering less new competition for current 

land under crop production. While this will allow for their cultivation with relatively low 

agricultural input, vast improvements to yield and productivity must be achieved to maximize the 

net energy yield of these crops. Plant breeding techniques, as well as biotechnology, can be 

employed to rapidly improve yield in both species, optimizing fuel outputs while minimizing 

monetary inputs.  

The use of biotechnology to improve plant productivity has been proposed as a means to 

achieve three ends: 1) improved yield of devoted biomass energy feedstocks (Nageswara-Rao et 

al., 2013), 2) improved yield of staple food crops (Ji et al., 2013), and 3) increased underground 

carbon sequestration to offset ever-increasing carbon emissions (Groover, 2007). Productivity is 

a trait in plants and can be examined from many different angles depending on the crop species 

and desired end result, but increased photosynthetic capacity has broad implications and can be 

directly linked to improved productivity (Kebeish et al., 2007). C4 photosynthesis, in particular, 

presents an enormous opportunity for efficiency improvements owing to the complexity of the 

pathway. In addition, there is a wide array of important C4 crop species (corn, sugarcane, 

sorghum, switchgrass, etc.) with variable efficiencies (Lawrence and Walbot, 2007). C4 

photosynthesis, unlike its C3 counterpart, is capable of avoiding the detrimental effects of 
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RUBISCO oxygenation of Ru-1,5-BP and the downstream photorespiratory pathway, and is 

therefore highly favored in warm temperatures (Sage et al., 2012). But, in cold temperatures, 

such as those ranging from 12
o 
to 14

o
 C, the C4 pathway experiences chilling inhibition, slowing 

the cycle and decreasing the rate of carbon fixation (Bilska and Sowinski, 2010). Improving cold 

temperature/climate C4 photosynthesis has the potential to result in earlier season growth, 

increased latitudinal growing regions, and increased yield.  

 Miscanthus x giganteus (miscanthus) is a C4 grass capable of accumulating large amounts 

of aboveground biomass relative to other C4 grasses over a single growing season (Dohleman 

and Long, 2009). Miscanthus, unlike most other C4 species, has been shown to be resistant to the 

detrimental effects of chilling temperatures (Naidu and Long, 2004). The avoidance of the 

anabolic slow-down from chilling inhibition by miscanthus is attributed to the upregulation of a 

single C4 pathway gene, one encoding pyruvate orthophosphate dikinase (PPDK) under cool 

conditions (Wang et al., 2008). PPDK is responsible for the rate-limiting reaction of the C4 

pathway, the conversion of pyruvate to phosphoenolpyruvate in the chloroplast of the mesophyll 

cell type (Wang et al., 2008). Higher expression rates of PPDK under cold temperatures 

increases the otherwise waning flux of metabolites through the pathway, thereby increasing 

carbon fixation.  

   Miscanthus x giganteus is a sterile hybrid clone, and therefore, might not be a viable 

industrial scale biomass feedstock since genetic variation is zero and vegetative reproduction for 

propagules would be expensive. Switchgrass also has C4 photosynthesis that is highly productive 

in the Midwestern and southern United States, but is susceptible to chilling inhibition. The use of 

genetic engineering has been successful in improving various traits in switchgrass, such as cell 

wall digestibility (Fu et al., 2011, Shen et al., 2009, Yee et al., 2012). A wide array of 
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bioinformatic/technological tools is available for the improvement of switchgrass as a bioenergy 

feedstock (Mann et al., 2012, Burris et al., 2009), (www.phytozome.net). Further improvements 

could be achieved by utilizing the miscanthus cold temperature C4 photosynthetic mechanism.  

 The goal of this study was to assess the overexpression of the Miscanthus x giganteus 

C4ppdk1 cDNA in switchgrass. Plants confirmed for transgene expression were analyzed for 

photosynthetic evaluation, as well as warm/cold temperature growth.  

 

2.3 Materials and Methods 

2.3.1 Plants 

The ST1 clone of switchgrass was grown in the greenhouse to the E2 to E4 stage (Moore et al., 

1991), at which point un-emerged  inflorescences were excised just below the fourth node, 

sterilized by shaking in 75% bleach solution, and rinsed thoroughly with sterile water. After 

surface sterilization, explants were subjected to callus induction on LP9 media, as described by 

Burris, et al. (Burris et al., 2009). Friable, white callus was selected to be further subcultured and 

eventually used for Agrobacterium-mediated transformation (Seo et al., 2008).  

 

2.3.2 Vector construction 

C4ppdk1 was synthesized to the exact sequence specifications from Genbank (Genbank 

accession: AY262272.1) by Blue Heron Biotech (Bothell, Washington). The synthesized cDNA 

was cloned into the pANIC-6A monocot transformation binary vector (Mann et al., 2012), which 

contains a pporRFP orange fluorescent protein (OFP) visual selection cassette and a hygromycin 

resistance antibiotic selection cassette. The Gateway (Life Technologies, Carlsbad, California) 

entry site for the gene of interest is also fused in frame to an AcV5 epitope tag.  



17 

 

2.3.3 Agrobacterium mediated transformation and plant regeneration 

The pANIC-6A/MgPPDK transformation vector was heat shock transformed into Agrobacterium 

tumafaciens strain EHA105. Agrobacterium was grown overnight in YEP media with 50 mg/L 

kanomycin at 27
o
C and shaking at 150 RPM to an OD600 of 0.50. The culture was then induced 

with 180 µM acetosyringone for 1 h, before centrifuging to pellet. The pelleted Agrobacterium 

was then resuspended in LP9 liquid medium, again to OD600 = 0.50. Three month old callus was 

selected for transformation and added to the LP9/Agrobacterium suspension. The callus culture 

was allowed to shake at approximately 40 RPM in the solution under vacuum for 30 minutes and 

without vacuum for 30 minutes. After inoculation, the solution was poured off and the callus was 

thoroughly dabbed with sterile filter paper in order to remove excess Agrobacterium to prevent 

overgrowth. Callus was placed on sterile filter paper damped by LP9 + 180 µM acetosyringone 

in a sealed Petri dish and allowed to co-cultivate at 27
o
C for 3 days. After cocultivation, the 

inoculated callus was placed on LP9 + 400 mg/L timentin for two weeks to recover before being 

placed on increasingly stringent hygromycin selection for six weeks (LP9 + 400 mg/L timentin + 

20, 40, 60 mg/L hygromycin, moving callus every two weeks). Callus clearly surviving 

hygromycin selection and displaying OFP fluorescence were then moved to MSO + 5 µM BAP 

to induce shoot production. After several weeks, calli with green shoots were moved to MSO 

magenta boxes to induce rooting and complete full plant regeneration.   

 

2.3.4 Putative confirmation of transgenic events 

Fully regenerated plants were screened to avoid non-transgenic escapes before continuing to 

molecular characterization. Leaves were screened using an Olympus SZX12 epifluorescent 

microscope with appropriate OFP filters. Plants having fluorescent tillers with fluorescent roots 
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were allowed to acclimate to soil before genomic DNA was extracted (Stewart and Via, 1993) 

and used as a template for PCR detection of the C4ppdk1 gene of interest using forward primer 

5’-ACCTCACTGCCGC TGACC-3’ and reverse primer 5’-TGGACATTGCTATAGCAGC-3’, 

the pporRFP using forward primer 5’-ATGGCTCTTTCAAAGCAAAG-3’ and reverse primer 

5’-TTAGTGATGGTGATGGTG-3’, and the switchgrass ACC synthase gene as a positive 

control for genomic DNA using forward primer 5’-AAGCTGGAGTTGGGATCATGG-3’ and 

reverse primer 5’-CAACAGTAACTGGGCCTTCCTC-3’. Leaf RNA was then isolated using 

TRIzol (Life Technologies), treated with DNAse (Life Technologies, Carlsbad, California) for 

one hour to remove genomic DNA, and used to synthesize cDNA (Applied Biosystems High 

Capacity cDNA Reverse Transcription Kit). The cDNA was then used as a PCR template to 

detect C4ppdk1 transcript presence in transgenic plants using gene specific forward primer 5’-

AGGCTAGCTGCAGCTCAGGT-3’ and AcV5 tag specific reverse primer 5’-

CAGCCGCTCGCATCTTTC-3’. Switchgrass ACC synthase primers listed previously were 

again used as a positive control for cDNA presence.  

 

2.3.5 Southern blot analysis 

Genomic DNA was isolated from leaves (Stewart and Via, 1993), 5 µg of which was digested 

with NCOI. Digested DNA was blotted and hybridized with an hpt DIG (Roche, Nutley, New 

Jersey) labeled probe. The bioluminescent detection of hybridization was performed according to 

supplied manufacturer DIG-High Prime DNA Labeling and Detection Starter Kit (Roche).  
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2.3.6 Quantitative reverse transcriptase PCR 

Plants were grown in triplicate at either 28
o
C or 12

o
C treatments. After two weeks of 

acclimation, RNA was isolated using TRIzol (Life Technologies) from leaf number one from 

each of the three plants for each event and control, treated with DNase (Life Technologies, 

Carlsbad, California), and used to synthesize cDNA (Applied Biosystems High Capacity cDNA 

Reverse Transcription Kit). Forward primer 5’-AGGCTAGCTGCAGCTCAGGT-3’, along with 

an AcV5 specific primer 5’-CAGCCGCTCGCATCTTTC-3’ to avoid amplification of native 

switchgrass PPDK, were used along with PvUBI1 forward 5’-TTGGTGCTCCGCCTGAGA-3’ 

and reverse 5’-CCTGGATCTTGGCCTTCACA-3’ primers as an internal reference.  

 

2.3.7 Gas exchange and chlorophyll fluorescence 

All measurements were made on the third or fourth mature leaf of newly formed shoots using an 

open path gas-exchange system (LI-6400; Li-Cor Inc., Lincoln, Nebraska) in which relative 

humidity was between 55-75% and leaf temperature was maintained at the respective growth 

temperature.  Leaves were allowed to acclimate to cuvette conditions for 5 min prior to initiating 

photosynthetic response programs.  Initially, the photosynthetic response to light (A/Q curve) at 

400 μmol/ml CO2 was measured on all individuals from each growth chamber to determine the 

light saturation points, calculated using photosynthetic response curve fitting software (Li-Cor, 

Inc.) for event and temperature treatments.   

 

2.3.8 Biomass characterization 

Plants were grown in triplicate in growth chambers at warm and cold temperatures (26/22
o
C D/N 

and 14/12
o
C D/N). Tiller height was estimated taking the average of the five tallest tillers on 
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each plant, tiller number tallied for each plant (in triplicate), and total aboveground biomass was 

tallied using the average of the dry weight biomass from the triplicates.  

2.3.9 Statistical Analysis 

Three technical replications were performed on each of  three biological replications for each 

analysis described. Mean separation was performed by Tukey’s HSD test using SPSS statistical 

software. 

 

2.4 Results 

2.4.1 Molecular characterization of switchgrass plants overexpressing C4ppdk1 

Two transgenic events were recovered in which the miscanthus C4ppdk1 was stably integrated, 

each with 4 copies of the T-DNA (Figure 1).  The miscanthus transgene was transcribed at 

drastically different levels in the two events.  Event A1 highly expressed the transgene, with 

transcript abundance over twice that of the PvUbi1 internal control gene. The second event, D1, 

had much lower transgene expression, with transcript abundance at about half that of PvUbi1 

(Figure 2). 

 

2.4.2 Photosynthetic characterization of switchgrass events expressing C4ppdk1 

Both high and low expressing events’ photosynthesis was characterized using gas exchange 

methods on plants grown at 14
o
C and 28

o
C (Figure 3). The light saturation point, or the point at 

which the maximum rate of photosystem activity in a chloroplast has been achieved and light 

intensity no longer increases photosynthesis, was measured relative to an untransformed control 

that had been regenerated from tissue culture in the same way as the transgenic plants. 

Unexpectedly, the light saturation point was lower for both transgenic events, with event D1 
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being fully inhibited at roughly half the light intensity of the ST1 non-transgenic control. The 

photosynthetic capacities, defined as the amount of carbon a plant is capable of fixing during a 

unit of time, were not different. The non-photorespiratory CO2 evolution, or day respiration (Rd), 

rates were measured for each event and the non-transgenic control. The three lines were not 

significantly different, indicating that they were maintaining similar levels of metabolic activity, 

an observation consistent with the measured rates of photosynthetic capacity.  

 

2.4.3 Biomass characterization of events A1 and D1grown under warm and cool 

conditions 

Both events were significantly taller than the control (Figure 4). Event A(1), while significantly 

taller, produced fewer tillers than event D(1) and the ST1 non-transgenic control. The two 

transgenic events and control did not produce significantly different amounts of total biomass 

over this growth period at these temperatures. 

 The temperature was then adjusted to 14
o
C days and 12

o
C nights. Plants were grown for 

6 weeks under these conditions to more closely simulate the length of the early growing season. 

After the 6 week period, it was evident that the same biomass characterization as was performed 

on the warm temperature grown plants could not be performed on the cold temperature grown 

plants (Figure 5). Many of the nine total plants (3 lines, in triplicate) did not grow beyond initial 

leaf emergence, and there was extreme inconsistency among members of the same line in 

triplicate. Total above ground biomass was, although, measured and showed no significant 

difference between events and non-transgenic controls. 
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2.5 Discussion 

Expression of C4ppdk1 did not result in an increase in cold temperature or warm temperature 

biomass accumulation in switchgrass. Of the two transgenic events produced, neither showed an 

increased rate of photosynthesis or growth. Because PPDK does not play a direct role in CO2 

uptake, as it is involved in the non-light dependent reactions of photosynthesis, it is unexpected 

that overexpression of this gene would result in decreasing the light saturation point, but rather, 

possibly antibiotic selection stress or even epigenetic variation might have caused the differences 

(Nakano and Mii, 1993, Miguel and Marum, 2011).  Photosynthetic capacity of a C4 plant would 

be directly affected by the activity of PPDK in the mesophyll cell chloroplasts. 

Phosphoenolpyruvate availability for fixation with CO2 by PEP carboxylase increases or 

decreases based on the rate of PPDK activity. Therefore, it is expected that the photosynthetic 

capacity of the transgenic events would be higher than that of the non-transgenic control. This, 

however, was also not observed.  

Non-photorespiratory CO2 evolution results from cellular respiration, a process necessary to 

supply the plant cell with the ATP required for sucrose synthesis and other metabolic processes 

(Amthor, 1984). This process provides a general indication of cellular and/or metabolic activity. 

ATP produced by cellular respiration is required for protein synthesis, as well as many other 

metabolic functions. Therefore, increased ATP production, and the associated increase in CO2 

release, serves as an indirect indication of increased productivity, growth, and metabolism. An 

increase in non-photorespiratory CO2 evolution was not observed, which when taken along with 

other data discussed, is a clear indication that the hypothesized phenotype is not being produced. 

This could be due to the underlying complexity of the C4 pathway, or due to something more 

straightforward. As C4ppdk1 cDNA was used in this study, the regulatory and/or functional 
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aspects of the genomic introns were not utilized. Introns play an important role in gene 

expression (Emami and Arumainayagam, 2008), and as C4ppdk1 is expressed tissue 

specifically, this could be a source of inconsistency between our switchgrass data and that of 

native miscanthus.  

 The major advantage of the use of biotechnology over plant breeding is the ability to fix a 

very specific phenotype without investing the time required by several generations of crossing 

and progeny evaluation. It has become increasingly routine to identify a single gene responsible 

for a desired trait, clone the gene, and express its associated trait in a plant of interest. 

Overexpression of single genes has resulted in insect resistant Bt corn (Koziel et al., 1993), 

increased provitamin A in tomatoes (Romer et al., 2000), and color change in petunia flowers 

(Napoli et al., 1990). All of these traits are controlled by single genes, and are therefore easily 

manipulated. They are qualitative traits. Unfortunately, not all traits of interest fall into this 

relatively simple to engineer category. Traits such as biomass yield, for instance, are controlled 

by a wide array of factors, including multiple genes and the environmental conditions. 

Photosynthesis is a polygenic trait, and so it is reasonable that maintenance of photosynthesis is 

not controlled only by PPDK (Ji et al., 2013).  

It has been clearly shown that the expression of PPDK is upregulated in miscanthus under 

cold conditions (Wang et al., 2008), a mechanism that surely contributes to the overall 

productivity of the plant under said conditions. That knowledge, combined with the data 

presented here, suggests that there are more factors to be considered in determining the 

underlying physiology behind miscanthus’ increased productivity. A recent study in sorghum, 

for instance, identified 20 different quantitative trait loci (QTL) related to grain yield (Rajkumar 

et al., 2013). Shoot production prior to photosynthesis, as well as nutrient mobilization, are two 
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key aspects that have been shown recently by transcriptome analysis to be involved in early 

spring rhizome/shoot growth in miscanthus (Barling et al., 2013). While the expression patterns 

of PPDK surely play a role in the productivity of miscanthus, a deeper evaluation of genome 

wide expression is necessary to more thoroughly understand the ability of this feedstock to 

outgrow its competitors.  
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Chapter 3: Conclusion 
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Switchgrass, as a native perennial grass, is an ideal candidate to become a lignocellulosic 

biofuels feedstock. It is highly productive in the southern and midwestern United States, and has 

the potential to become even more so through traditional breeding practices and biotechnology. 

Targeting traits such as overall biomass production, as well as cell wall digestibility will help to 

improve the net energy yield per hectare. The use of next generation biotechnological techniques 

is helping to streamline the process of gene characterization and trait improvement. 

 

This work has focused on the improvement of biomass yield in switchgrass. As a C4 

photosynthetic plant, switchgrass is highly productive in warm climates, but not so in colder 

climates. Another C4 plant, miscanthus, has been shown to be highly productive under cold 

stress. This cold tolerance has been hypothesized to be attributed to the up regulation of a single 

C4 pathway gene, PPDK. PPDK expression is increased under cold conditions, increasing the 

overall productivity of the C4 pathway. Here, I described the first attempt to improve the cold 

tolerance of switchgrass through the stable overexpression of this C4 enzyme.  

 

Two events were produced which overexpressed, at different levels, the miscanthus PPDK 

enzyme. These plants were evaluated for photosynthetic efficiency and biomass production 

under cool conditions (12
o
C). Neither transgenic events showed an increase in photosynthetic 

efficiency or biomass production. This unexpected result suggests that there is more to be 

understood about the overall regulation and activities of C4 photosynthetic enzymes, especially 

under cool growing conditions. Quantitative traits such as biomass are typically regulated by the 

coordinated activity of many enzymes, and it is evident that cold tolerance in miscanthus is no 

exception. Future work is needed to track global gene expression changes in miscanthus or other 
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cold tolerant C4 species to identify alternate routes to achieving increased cold temperature 

biomass yield.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

References 

 

 

 

 

 

 

 

 

 

 



29 

 

Amthor JS (1984) The Role of Maintenance Respiration in Plant-Growth. Plant Cell and 

Environment 7(8):561-569 

 

Barling A, Swaminathan K, Mitros T, James BT,  Morris J, Ngamboma A, Hall MC, Kirkpatrick 

J, Alabady M, Spence AK, Hudson ME, Rokhsar DS, Moose SP (2013) A detailed gene 

expression study of the Miscanthus genus reveals changes in the transcriptome associated with 

the rejuvenation of spring rhizomes. BMC Genomics 14:864 

 

Bartley LE, Peck ML, Kim SR, Ebert B, Manisseri C, Chiniquy DM, Sykes R, Gao 

L, Rautengarten C, Vega-Sánchez ME, Benke PI, Canlas PE, Cao P, Brewer S,Lin F, Smith 

WL, Zhang X, Keasling JD, Jentoff RE, Foster SB, Zhou J, Ziebell A, An G, Scheller 

HV, Ronald PC (2013) Overexpression of a BAHD acyltransferase, OsAt10, alters rice cell wall 

hydroxycinnamic acid content and saccharification. Plant Physiol 161(4):1615-33 

 

Bilska A, Sowinski P (2010) Closure of plasmodesmata in maize (Zea mays) at low temperature: 

a new mechanism for inhibition of photosynthesis. Ann Bot-London 106(5):675-686 

 

Bonawitz ND, Chapple C (2010) The Genetics of Lignin Biosynthesis: Connecting Genotype to 

Phenotype. Annual Review of Genetics 44(1):337-363 

 

Burris JN, Mann DGJ, Joyce BL, Stewart CN (2009) An Improved Tissue Culture System for 

Embryogenic Callus Production and Plant Regeneration in Switchgrass (Panicum virgatum L.). 

Bioenerg Res 2(4):267-274 

 

Caffall KH,  Mohnen D (2009) The structure, function, and biosynthesis of plant cell wall pectic 

polysaccharides. Carbohydr Res 344(14):1879-1900 

http://www.ncbi.nlm.nih.gov/pubmed?term=Bartley%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Peck%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Ebert%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Manisseri%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Chiniquy%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Sykes%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Gao%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Gao%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Rautengarten%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Vega-S%C3%A1nchez%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Benke%20PI%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Canlas%20PE%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Cao%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Brewer%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Lin%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Keasling%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Jentoff%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Foster%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhou%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Ziebell%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=An%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Scheller%20HV%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Scheller%20HV%5BAuthor%5D&cauthor=true&cauthor_uid=23391577
http://www.ncbi.nlm.nih.gov/pubmed?term=Ronald%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=23391577


30 

 

 

Chen F, Dixon RA (2007) Lignin modification improves fermentable sugar yields for biofuel 

production. Nat Biotech 25(7):759-761 

 

Davison BH, Drescher SR, Tuskan GA, Davis MF, Nghiem NP (2006) Variation of S/G ratio 

and lignin content in a Populus family influences the release of xylose by dilute acid hydrolysis. 

Appl Biochem Biotechnol 129-132:427-435 

 

Dohleman FG, Long SP (2009) More Productive Than Maize in the Midwest: How Does 

Miscanthus Do It? Plant Physiology 150(4):2104-2115 

 

Dong Y, Fan G, Zhao Z, Deng M (2014) Transcriptome Expression Profiling in Response to 

Drought Stress in Paulownia australis. Int J Mol Sci 15(3):4583-4607 

 

Emami S, Arumainayagam D (2008) The effects of a stimulating intron on the expression of 

heterologous genes in Arabidopsis thaliana. Plant Biotech. Journal. 11(5): 555-563 

 

Ersoz ES, Wright MH, Pangilinan JH, Sheehan MJ, Tobias C, Casler MD, Buckler SE, DE 

Costich (2012) SNP discovery with EST and NextGen sequencing in switchgrass (Panicum 

virgatum L.).  PLoS One 7(9):e44112 

 

Fu C, Mielenz JR, Xiao X, Ge Y, Hamilton CY, Rodriguez, Jr., M, Chen F, Foston M, 

Ragauskas A, Bouton J, Dixon RA, Wang Z (2011) Genetic manipulation of lignin reduces 

recalcitrance and improves ethanol production from switchgrass. Proceedings of the National 

Academy of Sciences. doi: 10.1073/pnas.1100310108 

 

http://www.pnas.org/search?author1=Jonathan+R.+Mielenz&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Xirong+Xiao&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Yaxin+Ge&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Choo+Y.+Hamilton&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Miguel+Rodriguez,+Jr.&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Fang+Chen&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Marcus+Foston&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Arthur+Ragauskas&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Joseph+Bouton&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Richard+A.+Dixon&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Zeng-Yu+Wang&sortspec=date&submit=Submit


31 

 

Fu C, Sunkar R, Zhou C, Shen H, Zhang JY, Matts J, Wolf J, Mann DG, Stewart CN Jr, Tang 

Y, Wang ZY (2012) Overexpression of miR156 in switchgrass (Panicum virgatum L.) results in 

various morphological alterations and leads to improved biomass production. Plant 

Biotechnology Journal 10(4):443-452 

 

Gelvin SB (2012) Traversing the Cell: Agrobacterium T-DNA's Journey to the Host Genome. 

Plant Sci 3:52 

 

Gibeaut DM, Carpita NC (1994) Biosynthesis of plant cell wall polysaccharides. FASEB J 

8(12):904-915 

 

Groover AT (2007) Will genomics guide a greener forest biotech? Trends Plant Sci 12(6):234-

238 

 

Gupta SD, Conger BV (1998) In vitro differentiation of multiple shoot clumps from intact 

seedlings of switchgrass. In Vitro Cell.Dev.Biol.-Plant 34(3):196-202 

 

Hattersley PW (1984) Characterization of C4 Type Leaf Anatomy in Grasses (Poaceae). 

Mesophyll: Bundle Sheath Area Ratios. Annals of Botany 53(2):163-180 

 

Hill J, Nelson E, Tilman D, Polasky S, Tiffany D (2006) Environmental, economic, and 

energetic costs and benefits of biodiesel and ethanol biofuels. Proc Natl Acad Sci U S A 

103(30):11206-11210 

 

Himmel ME, Ding SY, Johnson DK, Adney WS, Nimlos MR, Brady JW, Foust TD 

 (2007) Biomass Recalcitrance: Engineering Plants and Enzymes for Biofuels Production. 

Science 315(5813):804-807 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sunkar%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhou%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Shen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20JY%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Matts%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Wolf%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Mann%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Stewart%20CN%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Tang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Tang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20ZY%5BAuthor%5D&cauthor=true&cauthor_uid=22239253
http://www.sciencemag.org/search?author1=Shi-You+Ding&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=David+K.+Johnson&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=William+S.+Adney&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Mark+R.+Nimlos&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=John+W.+Brady&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Thomas+D.+Foust&sortspec=date&submit=Submit


32 

 

 

Hollaender A, Burris RH, Day PR, Hardy RWF, Helinski DR, Lamborg MR, Owens L, 

Valentine RC (1979) Genetic Engineering for Nitrogen Fixation, Embrapa Pantanal. 9: 159-179. 

Ji Q, Xu X, Wang K (2013) Genetic transformation of major cereal crops. Int J Dev Biol 57(6-

8):495-508 

 

Kebeish R, Niessen M, Thiruveedhi K, Bari R, Hirsch HJ, Rosenkranz R, Stäbler N, Schönfeld 

B, Kreuzaler F, Peterhänsel C (2007) Chloroplastic photorespiratory bypass increases 

photosynthesis and biomass production in Arabidopsis thaliana. Nat Biotechnol 25(5):593-599 

 

Kerr RA, Service RF (2005) What can replace cheap oil - and when. Science 309(5731):101-101 

 

 

Koziel MG, Beland
 
GL, Bowman C, Carozzi NB, Crenshaw R, Crossland L, Dawson J, Desai N, 

Hill M, Kadwell S, Launis K, Lewis K, Maddox
 
D, McPherson K, Meghji MR, Merlin E, 

Rhodes R, Warren GW, Wright M, Evola SV (1993) Field Performance of Elite Transgenic 

Maize Plants Expressing an Insecticidal Protein Derived from Bacillus-Thuringiensis. Bio-

Technol 11(2):194-200 

 

King ZR, Bray AL, Lafayette PR, Parrott WA (2014) Biolistic transformation of elite genotypes 

of switchgrass (Panicum virgatum L.). Plant Cell Rep 33(2):313-322 

 

Lawrence CJ, Walbot V (2007) Translational genomics for bioenergy production from fuelstock 

grasses: maize as the model species. Plant Cell 19(7):2091-2094 

 

Lu F, Lipka AE, Glaubitz J, Elshire R, Cherney JH, Casler MD, Buckler ES, Costich DE (2013) 

Switchgrass genomic diversity, ploidy, and evolution: novel insights from a network-based SNP 

discovery protocol. PLoS Genet 9(1):e1003215 

http://www.ncbi.nlm.nih.gov/pubmed?term=Kebeish%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Niessen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Thiruveedhi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Bari%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Hirsch%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Rosenkranz%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=St%C3%A4bler%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Sch%C3%B6nfeld%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Sch%C3%B6nfeld%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Kreuzaler%20F%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Peterh%C3%A4nsel%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17435746
http://www.ncbi.nlm.nih.gov/pubmed?term=Lu%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23349638
http://www.ncbi.nlm.nih.gov/pubmed?term=Lipka%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=23349638
http://www.ncbi.nlm.nih.gov/pubmed?term=Glaubitz%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23349638
http://www.ncbi.nlm.nih.gov/pubmed?term=Elshire%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23349638
http://www.ncbi.nlm.nih.gov/pubmed?term=Cherney%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=23349638
http://www.ncbi.nlm.nih.gov/pubmed?term=Casler%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=23349638
http://www.ncbi.nlm.nih.gov/pubmed?term=Buckler%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=23349638
http://www.ncbi.nlm.nih.gov/pubmed?term=Costich%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=23349638


33 

 

 

Lynd LR, Cushman JH, Nichols RJ, Wyman CE (1991) Fuel ethanol from cellulosic biomass.  

Science 251(4999):1318-1323  

 

Mann DG, Lafayette PR, Abercrombie LL, King ZR, Mazarei M, Halter MC, Poovaiah 

CR, Baxter H, Shen H, Dixon RA, Parrott WA, Neal Stewart C Jr (2012) Gateway-compatible 

vectors for high-throughput gene functional analysis in switchgrass (Panicum virgatum L.) and 

other monocot species. Plant Biotechnol J 10(2):226-236 

 

McLaughlin SB, Kszos LA (2005) Development of switchgrass (Panicum virgatum) as a 

bioenergy feedstock in the United States. Biomass Bioenerg 28(6):515-535 

 

Miguel C, Marum L (2011) An epigenetic view of plant cells cultured in vitro: somaclonal 

variation and beyond. J Exp Bot 62(11):3713-3725 

 

Moore KJ, Moser LE, Vogel KP, Waller SS, Johnson BE (1991) Describing and Quantifying 

Growth-Stages of Perennial Forage Grasses. Agron J 83(6):1073-1077 

 

Nageswara-Rao M, Soneji JR, Kwit C, Stewart CN (2013) Advances in biotechnology and 

genomics of switchgrass. Biotechnol Biofuels 6 

 

Naidu SL, Long SP (2004) Potential mechanisms of low-temperature tolerance of C4 

photosynthesis in Miscanthus x giganteus: an in vivo analysis. Planta 220(1):145-155 

 

Nakano M, Mii M (1993) Antibiotics Stimulate Somatic Embryogenesis without Plant-Growth 

Regulators in Several Dianthus Cultivars. Journal of Plant Physiology 141(6):721-725 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lafayette%20PR%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Abercrombie%20LL%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=King%20ZR%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Mazarei%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Halter%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Poovaiah%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Poovaiah%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Baxter%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Shen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Dixon%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Parrott%20WA%5BAuthor%5D&cauthor=true&cauthor_uid=21955653
http://www.ncbi.nlm.nih.gov/pubmed?term=Neal%20Stewart%20C%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=21955653


34 

 

Napoli C, Lemieux C, Jorgensen R (1990) Introduction of a Chimeric Chalcone Synthase Gene 

into Petunia Results in Reversible Co-Suppression of Homologous Genes in trans. Plant Cell 

2(4):279-289 

 

Ogren WL (1984) Photorespiration: Pathways, Regulation, and Modification. Annual Review of 

Plant Physiology 35(1):415-442 

 

Perlack RD WL, Turhollow AF, Graham RL, Stokes BJ, Erbach DC (2005) Biomass as 

Feedstock for a Bioenergy and Bioproducts Industry: The Technical Feasibility of a Billion Ton 

Annual Supply. Oak Ridge National Laboratory, Oak Ridge, TN ORNL/TM-2005/66 

 

Rajkumar, Fakrudin B, Kavil SP, Girma Y, Arun SS, Dadakhalandar D, Gurusiddesh DH, Patil 

AM, Thudi M, Bhairappanavar SB, Narayana YD, Krishnaraj PU, Khadi BM, Kamatar MY 

(2013) Molecular mapping of genomic regions harbouring QTLs for root and yield traits in 

sorghum (Sorghum bicolor L. Moench). Physiol Mol Biol Plants 19(3):409-419 

 

Ramamoorthy R,  Kumar P (2012) A simplified protocol for genetic transformation of 

switchgrass (Panicum virgatum L.). Plant Cell Reports 31(10):1923-1931 

 

Ranum P, Pena-Rosas JP, Garcia-Casal MN (2014) Global maize production, utilization, and 

consumption. Ann N Y Acad Sci. doi: 10.1111/nyas.12396 

 

Richards HA, Rudas VA, Sun H, McDaniel JK, Tomaszewski Z, Conger BV(2001) Construction 

of a GFP-BAR plasmid and its use for switchgrass transformation. Plant Cell Reports 20(1):48-

54 

 

http://link.springer.com/search?facet-author=%22Rajkumar%22
http://link.springer.com/search?facet-author=%22B.+Fakrudin%22
http://link.springer.com/search?facet-author=%22S.+P.+Kavil%22
http://link.springer.com/search?facet-author=%22Y.+Girma%22
http://link.springer.com/search?facet-author=%22S.+S.+Arun%22
http://link.springer.com/search?facet-author=%22D.+Dadakhalandar%22
http://link.springer.com/search?facet-author=%22B.+H.+Gurusiddesh%22
http://link.springer.com/search?facet-author=%22A.+M.+Patil%22
http://link.springer.com/search?facet-author=%22M.+Thudi%22
http://link.springer.com/search?facet-author=%22S.+B.+Bhairappanavar%22
http://link.springer.com/search?facet-author=%22Y.+D.+Narayana%22
http://link.springer.com/search?facet-author=%22P.+U.+Krishnaraj%22
http://link.springer.com/search?facet-author=%22B.+M.+Khadi%22
http://link.springer.com/search?facet-author=%22M.+Y.+Kamatar%22


35 

 

 Römer S, Fraser PD, Kiano JW, Shipton CA, Misawa N, Schuch W, Bramley PM (2000) 

Elevation of the provitamin A content of transgenic tomato plants. Nat Biotechnol 18(6):666-669 

 

Sage RF, Sage TL, Kocacinar F (2012) Photorespiration and the evolution of C4 photosynthesis. 

Annu Rev Plant Biol 63:19-47 

 

Saathoff AJ, Sarath G, Chow EK, Dien BS, Tobias CM (2011) Downregulation of cinnamyl-

alcohol dehydrogenase in switchgrass by RNA silencing results in enhanced glucose release after 

cellulase treatment. PLoS One 6(1):e16416 

 

Sanford JC, Klein TM, Wolf ED, Allen N (1987) Delivery of Substances into Cells and Tissues 

Using a Particle Bombardment Process. Particulate Science and Technology 5(1):27-37 

 

Sarath G, Baird LM, Mitchell RB (2014) Senescence, dormancy and tillering in perennial C4 

grasses. Plant Sci 217-218:140-151  

 

Schell J, Montagu M (1977) The Ti-Plasmid of Agrobacterium Tumefaciens, A Natural Vector 

for the Introduction of NIF Genes in Plants? Genetic Engineering for Nitrogen Fixation, Basic 

Life Sciences, eds  

 

Schmer MR, Vogel KP, Mitchell RB, Perrin RK (2008) Net energy of cellulosic ethanol from 

switchgrass. Proc Natl Acad Sci. 105(2):464-469  

 

Seo M-S, Takahara M, Ebina M, Takamizo T (2008) Evaluation of tissue culture response from 

mature seeds of Panicum spp. Grassland Science 54(3):125-130 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=R%C3%B6mer%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10835607
http://www.ncbi.nlm.nih.gov/pubmed?term=Fraser%20PD%5BAuthor%5D&cauthor=true&cauthor_uid=10835607
http://www.ncbi.nlm.nih.gov/pubmed?term=Kiano%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=10835607
http://www.ncbi.nlm.nih.gov/pubmed?term=Shipton%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=10835607
http://www.ncbi.nlm.nih.gov/pubmed?term=Misawa%20N%5BAuthor%5D&cauthor=true&cauthor_uid=10835607
http://www.ncbi.nlm.nih.gov/pubmed?term=Schuch%20W%5BAuthor%5D&cauthor=true&cauthor_uid=10835607
http://www.ncbi.nlm.nih.gov/pubmed?term=Bramley%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=10835607


36 

 

Shapouri H, Duffield JA, Wang M, United States. Department of Agriculture. Office of the Chief 

Economist., & United States. Department of Agriculture. Office of Energy Policy and New Uses. 

(2002) The energy balance of corn ethanol : an update (U.S. Dept. of Agriculture Office of 

Energy Policy and New Uses, Washington, D.C.)  

 

Shen H, He X, Poovaiah CR, Wuddineh WA, Ma J, Mann DGJ, Wang H, Jackson L, Tang Y, 

Stewart Jr. CN, Chen F, Dixon RA (2012) Functional characterization of the switchgrass 

(Panicum virgatum) R2R3-MYB transcription factor PvMYB4 for improvement of 

lignocellulosic feedstocks. New Phytol 193(1):121-136 

 

Shen H, Poovaiah CR, Ziebell A, Tschaplinski TJ, Pattathil S, Gjersing E, Engle NL, Katahira 

R, Pu Y, Sykes R, Chen F, Ragauskas AJ, Mielenz JR, Hahn MG, Davis M, Stewart CN, Dixon 

RA (2013) Enhanced characteristics of genetically modified switchgrass (Panicum virgatum L.) 

for high biofuel production. Biotechnol Biofuels 6(1):71 

 

Shrivastav M, De Haro LP, Nickoloff JA (2008) Regulation of DNA double-strand break repair 

pathway choice. Nature 18:134-147 

 

Stewart CN, Jr., Via LE (1993) A rapid CTAB DNA isolation technique useful for RAPD 

fingerprinting and other PCR applications. Biotechniques 14(5):748-750 

 

Sun Y, Cheng J (2002) Hydrolysis of lignocellulosic materials for ethanol production: a review. 

Bioresource Technology. 83(1): 1-11 

 

http://www.sciencedirect.com/science/article/pii/S0960852401002127
http://www.sciencedirect.com/science/article/pii/S0960852401002127


37 

 

Tanaka M, Robinson CW, Moo-Young M (1985) Chemical and enzymic pretreatment of corn 

stover to produce soluble fermentation substrates. Biotechnol Bioeng 27(3):362-368  

 

Wang C, Guo L, Li Y, Wang Z (2012) Systematic comparison of C3 and C4 plants based on 

metabolic network analysis. BMC Syst Biol 6 Suppl 2:S9  

 

Wang D, Portis AR, Jr., Moose SP, Long SP (2008) Cool C4 photosynthesis: pyruvate Pi 

dikinase expression and activity corresponds to the exceptional cold tolerance of carbon 

assimilation in Miscanthus x giganteus. Plant Physiol 148(1):557-567 

 

Ward MG, Ward JK, Anderson BE, Vogel KP (1989) Grazing selectivity and in vivo 

digestibility of switchgrass strains selected for differing digestibility. J Anim Sci 67(6):1418-

1424  

 

Yee KL, Rodriguez Jr, M,  Tschaplinski TJ, Engle NL, Martin MZ, Fu C, Wang Z-Y, Hamilton-

Brehm SD, Mielenz JR (2012) Evaluation of the bioconversion of genetically modified 

switchgrass using simultaneous saccharification and fermentation and a consolidated 

bioprocessing approach. Biotechnol Biofuels 5:81 

 

Zhang JY, Lee YC, Torres-Jerez I, Wang M, Yin Y, Chou WC, He J, Shen H, Srivastava 

AC, Pennacchio C, Lindquist E, Grimwood J, Schmutz J, Xu Y, Sharma M, Sharma R, Bartley 

LE, Ronald PC, Saha MC, Dixon RA, Tang Y, Udvardi MK (2013) Development of an 

integrated transcript sequence database and a gene expression atlas for gene discovery and 

analysis in switchgrass (Panicum virgatum L.). Plant J 74(1):160-173  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20JY%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20YC%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Torres-Jerez%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Yin%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Chou%20WC%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=He%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Shen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Srivastava%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Srivastava%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Pennacchio%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindquist%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Grimwood%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmutz%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Xu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Sharma%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Sharma%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartley%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartley%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Ronald%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Saha%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Dixon%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Tang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23289674
http://www.ncbi.nlm.nih.gov/pubmed?term=Udvardi%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=23289674


38 

 

 

 

 

 

 

 

 

 

 

Appendix 

 

 

 

 

 

 

 

 

 

 

 

 



39 

 

Figures 

Figure 2-1 

Transgenic plant analysis. (a) Schematic representation of the T-DNA used to transform 

switchgrass. Orange fluorescent protein (pporRFP; OFP) and hygromycin resistance were used 

for selection. The gene of interest cassette is fused to an AcV5 epitope tag. (b) Plants regenerated 

from positive callus events A1 and D1 were positive for OFP fluorescence. Scale bars represent 

5 mm. (c) PCR analysis for C4ppdk1 and pporRFP in both transgenic events, with ACC synthase 

serving as a positive control for genomic DNA. (d) Reverse transcriptase PCR using C4ppdk1 

specific forward primers and AcV5 specific reverse primers and using ACC synthase primers 

used for positive control for RNA. (e) T-DNA insertion copy number analysis using Southern 

blots. Genomic DNA was hybridized with an hpt probe, as indicated above the schematic (a) 

with a red bar.    
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Figure 2-1 continued 
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Figure 2-2 

Relative transcript abundance of C4ppdk1 to PvUBI1 in warm (28
o
C) and cool (12

o
C) 

conditions. 
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Figure 2-3 

Photosynthetic characterization of events A1 and D1 expressing C4ppdk1. (a) Carbon dioxide 

fixation rates were measured at the light saturation point (Qsat), (b) photosynthetic capacity was 

measured, and (c) non-photorespiratory CO2 evolution was measured. All values in parentheses 

are standard errors. Letter groupings represent significantly different values at an alpha of 0.05 

using Tukey’s HSD method. A lack of letter groupings implies no significant difference.  
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Figure 2-4 

Biomass characterization of events A1 and D1 grown under warm conditions. Plants were grown 

in triplicate for 16 weeks at 26
o
C days and 22

o
C nights. (a) Phenotypic variation of the two 

events and non-transgenic control. (b) The five tallest tillers were collected from each plant, 

measured, and averaged for all three plants. (c) Total dry-weight aboveground biomass was 

measured for each of the three plants of each event. (d) The total number of tillers was counted 

for each plant of each event. Letter groupings represent significantly different values at an alpha 

of 0.05 using Tukey’s HSD method. A lack of letter groupings implies no significant difference. 
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Figure 2-5 

Biomass characterization of events A1 and D1 grown under cool conditions. Plants were grown 

in triplicate for 6 weeks at 14
o
C days and 12

o
C nights. Plants were arranged for imaging in 

grouping of largest triplicate to smallest (a, b, c). (d) Total dry-weight aboveground biomass was 

measured for each of the three plants for each event. Letter groupings represent significantly 

different values at an alpha of 0.05 using Tukey’s HSD method. A lack of letter groupings 

implies no significant difference. 
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