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CHAPTER |

INTRODUCTION

Switchgrass is a native perennial grass that is widely distributed Nottie America
continent. The Biofuels Feedstock Development Program (BFDP) and U.S. Department
of Energy (DOE) selected switchgraBsuficum virgatum L.) as the model herbaceous
feedstock species in 1991. Biomass yield is the most important and economidddy via
trait of switchgrass (Casler 2010). The Energy Independence and SectuBI&&) in

2007 mandated 21billion gallons from advanced biofuel resources to meet the nation’s
target of 36 billion gallons of ethanol by 2022. These mandates could be achieved by
substantial advancement in plant breeding, crop management and conversion

technologies (Ragauskas et al. 2006).

Evaluation of genetically advanced materials over the existing cslivar
essential for further enhancement of economically viable traits. Thehgwats plant
breeding and genetics program at Oklahoma State University was initiated 1992 to
develop new switchgrass cultivars with increased biomass. Recurrenbselect
general combining ability (RSGCA) has been used in the breeding program. The
selection of progeny is based on phenotypic and genotypic performance, with final

selection based on genotypic performance measured by biomass yield ib (d$si



progeny. The RSGCA procedure was used in four switchgrass breeding populations:
Southern Lowland (SL), Northern Lowland (NL), Southern and Northern Late Maturing
Upland (SNLMU), and Southern and Northern Early Maturing Uplands (SNEMU)
(Taliaferro 2002). Studies were very limited for genetic evaluation of theseihg
populations and no study has been conducted for morphological and physiological

variation.

Review of Literature

Biomass and bioenergy

Increasing concern of energy security, escalating oil prices, enatelchange
impacts are the prime considerations that led to the exploration of renewelgg e
sources to reduce the over dependence on conventional fossil fuels. The Biomass
Research and Development Advisory Committee, a panel established by Camagess
set a vision to replace 30 percent of current United States (U.S.) petroleurmpting
with biofuels by 2030. However, according to the U.S. Energy Information
Administration (2009), currently only 8 percent of total energy consumption in the U.S. is
from biobased renewable resources. To displace 30 percent of the country’s present
petroleum consumption, 1 billion dry matter tons of biomass feedstock will be required
each year (Perlack et al. 2005). Annual biomass potential of US from fodeatid
agricultural land, (the two largest biomass sources), is over 1.3 billion tons; 3@milli
tons from forestlands and 998 million tons from agricultural lands (Perlack et al. 2005)
The Energy Independence and Security Act (EISA) in 2007 mandates 21 billion gallons

from advanced biofuel resources, 16 billion gallons from cellulosic feedstockseto me



the nation’s target of 36 billion gallons of ethanol by 2022. Development of biomass
based large scale biofuel industries requires an enhanced supply of celéddstock
through advancement in plant breeding, crop management, and conversion technologies

(Ragauskas et al. 2006).

Switchgrass as a bioenergy feedstock

After extensive evaluation of thirty four herbaceous species, in taedssthirty-
one sites in seven states, the Biofuels Feedstock Development Program éBERRE.
Department of Energy (DOE) selected switchgr&ssicum virgatum L.) as the model
feedstock species in 1991. Switchgrass has unique traits, including reliable productivi
across a wide geographical range for approximately ten yeaed)ibtyi for marginal
lands, low water and fertilizer requirements, along with other benefimiaronmental
attributes (Fike et al. 2006; Wright and Turhollow 2010). Since the 1990’s, switchgrass
has been extensively studied for its potential deployment for conversion to energy by
fermentation, gasification, or combustion processes (Bouton et al. 1998). Swichgras
demonstrates important traits to be considered as an ideal herbaceous bicepergy c
defined by Gonzalez-Hernandez et al. (2009), including reliable yields, broad maaptat
in marginal lands under limited inputs, perennial nature, potential to enhance thesbiomas

yield through breeding, and it does not compete with food crops for land and resources.

Switchgrass biology

Switchgrass is perennial grass native to North America, adapted \aitelys the
U.S., ranging from 20°N to 60°N latitude and east of 100°W longitude (Moser and Vogel

1995). Switchgrass is a dominant component of the North American native grags prairi



system (Weaver 1954) and considered among the “big three” grasses along wit
indiangrassSorghastrum nutans (L.) Nash) and big blue stemr{dropogon gerardii
Vitman). Switchgrass dominates native grass prairies and its wide aoliajeatito
switchgrass use on conservation reserve program (CRP) lands. In the pastyasatchg
was grown and managed as a soil conservator, a fodder crop and an orngrassital
along with other tall-grasses (Mitchell et al. 1997) and is actively beimgaed as a

potential bioenergy feedstock.

Switchgrass stems are erect and smooth with an inflorescence on the top.
Switchgrass inflorescence is a diffused panicle and produces spikele&®atthf long
branches and its florets are staminate and fertile. Lemma and pafembrattached to
the caryopsis (Bouton 2007). Switchgrass has a fibrous root system that caa deptin
of 2.7 to 3.3 m from the soil surface with huge below ground biomass (Weaver and
Darland 1949). Switchgrass propagates reproductively through seeds and vdgetative
through rhizomes (Moser and Vogel 1995). Switchgrass can be classified into lowland
(L) and upland (U) based on morphology and habitat. Lowland ecotypes are thick
stemmed, large and more robust, commonly found in wet regions, whereas upland
ecotypes are thin stemmed and found in moderately dry regions (Porter 1966). The two
ecotypes can also be further classified into two cytotypes, U (upland) andlantw
based on chloroplast DNA (cpDNA) polymorphism in upland and lowland populations,

respectively (Hultquist et al., 1996; Martinez-Reyna et al. 2001).



Switchgrass breeding

Switchgrass breeding in the USA started in the 1930’s primarily to ircreas
fodder production, seedling establishment, and digestibility (Moser 2004). High biomass
and better digestibility with increasing neutral detergent fiber (Nid¥e)reducing acid
detergent fiber (ADF) are the important breeding considerations for wgitehgrass as
biofuel feedstock (Casler and Boe 2003). Breeding for increased biomass and quality
have been achieved in newer cultivars (Burns et al. 2008; Vogel et al. 1996), however
switchgrass has been relatively less studied and not yet removed from natipéagm
(Joseph 2007) as released cultivars closely resemble natural populationsdCalsler

20074a).

Switchgrass is a highly heterozygous, self-incompatible species wigheahiff
ploidy levels ranging from 2n= 2x =18 to 2n=12x=108 (Burton 1942; Church 1940;
Nielson 1944). Generally, lowland types are tetraploids and upland types are either
tetraploid or, hexaploid or octaploids (Taliaferro et al. 1999). Due to the self
incompatibility between the ecotypes, viable seed can be produced only from types
within the same ploidy levels and by inter crossing between similar ecotyihas tve
same ploidy level (Martinez-Reyna and Vogel 2002). Heritability in switdgghas been
documented and heritability for biomass and digestibility facilitates breéal@nprove
targeted traits through the half-sib family selection method (Bhanddri2étld ;
Missaoui et al. 2005; Overend 1999; Talbert et al. 1983). Magnitude of heritability

among the populations suggests that potential exits to increase biomass througly.breedin



Molecular progress for switchgrass biomass and quality were reportediefrans
of maizeCorngrassl (Cgl) gene into switchgrass resulted in 250% more starch and
complete inhibition of flowering (Chuck et al. 2011). Fu et al. (2011) reported that down-
regulation of the switchgrass caffeic acid O-methyltransferase geduced recalcitrance
of switchgrass and increased the ethanol yield up to 38% with conventional biomass

fermentation processes.

Self incompatibility and pre and post-fertilization incompatibility issugsose
restrictions for conventional selection and breeding among the ecotypes apided
traits with lower heritability. However, restricted selection for gahesmbining ability
has been developed as a potential breeding method in improving switchgrass biomas
yield (Taliaferro 2002). The RSGCA breeding method is commonly employed for
complex quantitatively inherited traits like biomass, and especially forossiog

species like switchgrass (Taliaferro 2002).
Genetic variation of switchgrass

Genetic variation for biomass yield ranged from 1 Mg tw39.1 Mg h& and
this variation was attributed to many factors, especially ecotype, tatope
precipitation and nitrogen management (Wullschleger et al. 2010). Thesdtaeting
genotypes that have high biomass potential and greater response to best mainagem
practices is critical to optimize the switchgrass biomass productiorudinal of
different morphological traits among new breeding lines is important fodére&
identify the specific traits that can enhance biomass production. Moreover, an

understanding of morphological development facilitates the adoption of the best



management practices (Sanderson and Moore 1999; Sanderson 1992). Switchgrass
morphological development is influenced by both temperature and photoperiod, whereas
vegetative growth is mostly influenced by temperature and reproductivéhgsow

controlled by photoperiod (Sanderson and Wolf 1995). Strong photoperiodic response
and cold hardiness differences between the ecotypes determine switcgmatan.

Lowland switchgrass populations moved north from their original adaptatios anea

unable to survive winters. Similarly, reduced yields are reported in uplandsgvdvem

in southern latitudes and this is due to the early maturity induced by shorter photoperiods.
Moreover, the latitudinal affect on biomass was greater in lowland comparednd upla

populations (Casler et al. 2004).

Morphological traits including tiller number, leaf number, leaf appearatee r
and leaf elongation rate facilitate the understanding of the canopy devalajatee
(VanEsbroeck et al.1997). Several studies have reported switchgrass mogahologi
development under diverse climatic conditions (Madakadze et al. 1998b; Mitchell et al.
1997; Redfearn et al. 1997; Sanderson and Wolf 1995). Relationships between
switchgrass phenological traits and their relationship with biomass veereeplorted
(Boe and Beck 2008; Casler et al. 2004; Das et al. 2004). Generally, lowland populations
are taller compared to upland populations. Plant height is considered as the most
important trait to estimate biomass (Schmer et al. 2010), is highly codretdtefinal
biomass (Bhandari et al. 2011; Casler et al. 2004; Lemus et al. 2002a) and sensitive t
latitude of origin (Casler et al. 2004). Tiller density is the major traisfotchgrass
sward morphology. Tillers arise from the axil buds of the lower internodes cdigyrim

stem and later from other tillers. The perennial nature of grasses iexibgi winter



survival of these axiliary buds (Moore and Moser 1995). Under field conditions,
switchgrass biomass yield was positively correlated with tiller teimsboth spaced
planting (Das et al. 2004) and swards (Boe 2007). A strong linear relationship was found
between biomass yield and tiller components, tiller density per plant, and mé#eme
(Boe 2007). Similarly, Das et al. (2004) indicated that high tiller density petr\wes an
effective indirect selection trait to improve biomass in switchgrasslinggeHowever,

yield predictors were not consistent over locations and ecotypes. A study omCave-
Rock by Redfearn et al. (1997), found that tiller density was not a significanttordia
biomass, whereas leaf blade dry weight per tiller and mean stage drysnveegbt
correlated with biomass. Selection studies on ryegtassifn perenne L.) and lItalian
ryegrassl(olium multiflorum Lam.) showed that selection based on large leaf size
decreased the tillering rate and increased tiller weight, and the nesvt®pposite when
selected for high leaf appearance rate (Edwards and Cooper 1963). A stadg on r
canarygrassRhalaris arundinacea L.) reported specific leaf weight was negatively
correlated with tiller density (Toparkngarm et al. 1977). Switchgrass phimtdsudies
reported that the total leaf number varied based on the growing season (Varkesbroec
al. 1997), location and year (Madakadze et al. 1998a; Redfearn et al. 1997). Biomass
variations in the northern Great Plains of the United States were atirtbyteenology

and phytomer number. High yielding cultivars were late maturing and produced more
phytomers than early maturing cultivars with lower phytomer number (Boe aher Ca

2005).



Variation in switchgrass for physiological traits

High productivity of C4 plants is attributed to high water and nitrogen use
efficiencies compared to C3 plants. Higher water use efficiency in @ésptaexplained
by their unique carbon dioxide uptake mechanism that mitigates water losse& throug
transpiration by regulating stomata operation (Stout et al. 1988). However, the
biochemical mechanism of C4 photosynthesis is not always the same among C4 plants.
Three biochemical photosynthesis mechanisms have been reported, including
nicotinamide adenine dinucleotidemalic enzyme (NAD-ME), nicotinamide adenine
dinucleotide phosphate -malic enzyme (NADP-ME) and phosphoenolpyruvate
carboxykinase (PEP-CK). The three mechanisms are differentiated ba$ednoode of
carbon dioxide (Cg) transportation from bundle sheath cells and regeneration of
phosphorenol pyruvate (PEP). Switchgrass has NADP-ME type of C4 pathwayaficub

Lerdau 2000).

Few studies have reported physiology differences between and within each
ecotype. Interpretations on switchgrass photosynthesis differed amongrseatd
ecotypes. Among native switchgrass populations, photosynthetic rate, DNA
concentration, soluble protein and chlorophyll concentrations were higher in octaploid
switchgrass populations compared to tetraploid populations (Warner et al. 1987a). Late
Waullschleger et al. (1996) demonstrated that photosynthesis of lowland and upland
ecotypes were similar under common non-stressful greenhouse conditiongsvhere
lowland performed better than upland populations under field conditions. In contrast,

genetic variations for major physiological traits in switchgraseaéributable to the



phenology and environmental stress rather than ploidy (McLaughlin and Adams Kszos

2005).

Studies also reported switchgrass photosynthesis variations between tpefcoty
under abiotic stress conditions. Photosynthesis was not significantly differenggam
lowland and upland populations under different nitrogen and water treatments; however,
lowland yields were higher than uplands (Stroup et al. 2003). Lowland photosynthesis
was greater than upland populations across different moisture levels (Baaie2009).
Photosynthesis acclimation was not significant among the ecotypes witht tespec
temperature shift from near optimal (32/24°C) to suboptimal temperature (22/14°C)
(Gesch and Johnson 2010). Stomatal conductagcis @n essential physiological trait in
regulating plant—water relations. Lowgrmitigates transpiration water losses, which
leads to better maintenance of high leaf water potential and high soil watenicover
the growing season, thereby, minimizing the drought affect on photosynthesis.
Developing cultivars with such superior physiological traits provide toleranakiotic
stresses. An understanding of the genetic variation among new breeding poptdations
important physiological traits such as net photosynth@sis §tomatal conductancgs),
internal carbon dioxide concentratiddi) and electron transport rateTR) would be

beneficial to develop cultivars for enhanced stress adaptation.

Leaf anatomy and morphology

Stomata are directly and indirectly involved in controlling plant physioédgic
mechanisms, but mainly in diffusion of G@r photosynthesis from the atmosphere to

mesophyll cells and by regulating water lost through latent heat exehatomatal

10



architecture is different in C3 and C4 plants. In grasses, stomata alaithstin parallel

rows and each stoma is covered by a dumbbell shaped guard cell. Stomatal frequency
between adaxial to abaxial surfaces is high in grasses; however, stoanatabns occur
among species and within the same photosynthetic pathway (Anderson and Briske 1990).
Stomatal response has been studied extensively for different abioticsstrelseth C3

and C4 plants, but few studies have been documented on native grasses like switchgrass.

Genetic Diversity and Genotype (G) x Environment (E) Interaction inc8gnass

Phenotypic expression of the genotype is unique to the growing environment.
Biomass production has been and continues to be a viable economic trait for grasses
(Casler 2010), especially for potential biofuel crops such as switchgredgation of
genotypes for biomass potential under different climatic and edaphic conditibims wi
the targeted region is important for decision making about future breeding advateeme
These evaluations could be possible through G x E interaction studies on the traits of
interest. Understanding genetic diversity has relevance to conserve amtteries the
desirable traits. The G x E interaction for biomass is very obvious in mudtidodrial
evaluations of switchgrass and varied across locations, including the southeth Unite
States (Table 1). Although, switchgrass occurs widely across the Urated,She
biomass and adaptation of switchgrass populations are affected by originatiadapta
between lowland and upland ecotypes. Genetic diversity has been reportedhgrassc
(Casler 2005; Casler et al. 2007a; Hultquist et al. 1996; Missaoui et al. 2006;
Narasimhamoorthy et al. 2008). The results from different trials showed sagmiéffect
of environment on dry matter yield, agronomic, and biofuel traits (Casler and Boe 2003;

Casler et al. 2004; Cassida et al. 2005a; Hopkins et al. 1995b; Hopkins et al. 1995c;

11



Koshi et al. 1982). Switchgrass germplasm adaptation differed across locatiagisg

from wider (Hopkins et al. 1995c) to specific adaptation (Sanderson et al. 1999). A
switchgrass latitudinal adaptation study concluded that switchgrassenaitive to the
region of its origin and cultivar performance decreased if cultivars planted more

than 500 km (or) one USDA hardiness zone away from its origin (Casler et al. 2007b).
Latitudinal affect on biomass was greater in lowland than upland populations. Southern
lowland population yields increased with latitude within south central UnitéesSta
(Cassida et al. 2005a) , whereas SL biomass yields decreased with igcieésites

from 36°N to 39°N latitude (Casler et al. 2004). These contradictory results inthieate t
importance of switchgrass adaptation when developing new cultivars for high biomas
within the targeted region. Thus, breeding efforts and testing of new cultivartheve
existing cultivars within the targeted region is critically importarttract emerging

cellulosic based biofuel industries to the southern United States.

Objectives

The objective of this research were to

1. To evaluate genetic variation for morphological and physiological traits
among new switchgrass populations
2. To study the genotype x environment (G x E) interactions among new

switchgrass populations in Oklahoma

12



Table 1. Effect of genotype x environment interaction on biomass yield ahgnaiss

across the southern United States.

Location Biomass range ( Mg ha Reference
Haskell and Chickasha Chickasha- Fuentes and Taliaferro 2002
(OK) 13.5 (Alamo+ Summer) -

7.6 (Cave-In-Rock)

Haskell-

19.0 (Alamo+ Summer) -
9.3( Summer)

Stillwater (OK) Stillwater-
15.13(Southern Lowland) -
10.45(Northern Uplands)

Stephenville, Dallas and Stephenville-
College Station (TX), 13.65(SL931) - 5.00(Caddo)
Clinton (LA), Hope Dallas-
(AR) 19.48 (Alamo) - 6.05 (Caddo)
College Station —
21.40 (SL 93) - 5.42(Caddo)
Hope —
19.96 (SL 931) - 7.41 (Caddo)
Clinton-
11.59(SL 941) - 1.12(Caddo)

Beeville, Dallas, Beeville-

Casler et al. 2004

Cassida et al. 2005

Sanderson et al. 1999b

Temple, College Station, 15.1 (Alamo) - 8.85(Cave-In-Rock)

Stephenville(TX) College Station-
16.9 (Alamo) - 8.69 (Cave-In-
Rock)
Dallas-
8.1(Alamo) - 4.36 (Cave-In-Rock)
Stephenville-

15.2(Alamo) - 2.57 (Cave-In-Rock)

Temple-
14.3 (Alamo) - 3.8(Cave-In-Rock)
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CHAPTER Il

Genotypic variability for morphological and physiological traits among neicBgrass

populations

Abstract

Developing cultivars for high biomass production is a principle goal for grass
breeders. Evaluation of advanced breeding populations in transferring potential viable
traits and understanding the effect of different morpho-physiological traitsomass
among the breeding populations is important. Therefore, the objective of tlaichese
was to assess the biomass, morphological, and physiological variations among 19 new
SwitchgrassFanicumvirginatum L.) breeding lines and three check cultivars (Alamo,
Kanlow, and Cave-In-Rock). Simultaneous experiments were established under both
greenhouse and field conditions at Stillwater, OK. The principle componensignaly
(PCA) was carried out to screen the genotypes for morphological and phigsiblog
performance. Under greenhouse conditions, northern lowland (NL) genotype, NL 94 C2-
4 produced 40.2% more biomass pfatitan the check (Alamo).The southern lowland
(SL) genotype SL 93 C2-2 had 7% more photosynthesis capacity than Alamo and
seasonal photosynthesis was higher in SL populations. The first two principle

components (PRIN1 and PRIN2) accounted for 74% and 82% of total variability for

14



morphological traits under greenhouse and field conditions, respectively. Under
greenhouse conditions PRIN1 and PRIN2 explained 64% of total variability for
physiological traits. The PCA was able to discriminate lowland and upland popslat

for morphological traits, but was unclear for physiological traits. Thetsesluibwed that
the morphological traits including plant height, days to panicle initiation and tille
morphology (mass tillérand phytomer weight) would be the potential selection traits to

enhance biomass potential of switchgrass.

Introduction

Finite energy supplies, energy security, escalating oil prices andelainange
impacts are accelerating the need for alternate renewable easogyaes. A renewable
biofuel economy is projected as a way to reduce reliance on fossil fuels, greegd®use
emissions, and enhance rural economies (Schmer et al. 2008). The United States of
Department of Agriculture (USDA), Farm Service Agency (FSA) itetiadhe Biomass
Crop Assistance Program (BCAP) to promote herbaceous bioenergy cropsiiBifar
2008. The USDA renewable energy program included Oklahoma and Kansasistates i
BCAP and expected planting of native grasses and herbaceous species such as
switchgrass over 20,000 acres. High biomass producing switchgrass cultvdadsoe

required in the southern US region to meet these mandates.

Tiller density and tiller mass are important traits and correlate waigh iomass
within uplands (Boe 2007) and spaced planted lowland populations (Das et al. 2004).
Path analysis of biomass yield and different morphological traits sugdkatddler

density per plant is an effective indirect selection trait to improve biomass porduc

15



(Das et al. 2004). The Redfearn et al. (1997) biomass predictability study af Kme
and Mead, NE on Cave-In-Rock reported that leaf blade dry weight was more aignific
than tiller density to estimate the final biomass. Studies at Wisconsin armdCsata

on four upland populations reported that high biomass of cultivars were attributable to
late maturity and larger phytomers than low yielding cultivars (BaeCasler 2005). In
switchgrass study with spaced planted populations Smart el al. (2004) depatte
selection for tiller weight resulted in 25% more biomass than tiller densgityla8y,
selection for shoot yield resulted greater yields than number of shoots permpkfafa
(Medicago sativa L.) (Volenec et al.1987). Switchgrass genetic variation for leaf
morphology including final leaf number and leaf appearance rate are closelatess

with maturity of the plant. High biomass producing cultivars are late maturthglow
leaf appearance rate (VanEsbroeck et al. 1997). Leaf developmental exemitshgrass
were reported to be based on length of phyllochron (phyllochron is a growing degree
days (GDD) between the appearance of two successive leafs). The ployllocty less

in early flowering cultivars such as Cave-in-Rock (79 GDD) compared tfdatering
Alamo (152 GDD) (VanEsbroeck et al. 1997). Similar results were also répos@ort-
growing season areas in southwestern Quebec (Madakadze et al. 1998). Biomass
distribution among tillers and phytomer components were reported on switchgiass upl
populations and other warm season grasses such as Cor@gaassad pectinata Link.)
(Boe and Casler 2005). Biomass variations in northern Great Plains of Unitexiv&tete
attributed to phenology and phytomer number. High yielding cultivars were &teing

and produced more phytomers than early maturing cultivars with lower phytombeenum

16



(Boe and Casler 2005). However, no study has reported tiller and phytomer morphology
of lowland populations.

An understanding of genetic diversity is important to characterize and improve
desirable traits. Evaluation of potential breeding methods in transferridgchbemass
traits into new genotypes is important. Only a few studies reported geneétitova
among new breeding lines including southern lowland (SL) and northern lowland (NL)
populations (Casler et al. 2004; Cassida et al. 2005; Fuentes and Taliaferro 2002; Kiniry
et al. 2008), however most of these studies were limited to biomass potentialofiéheref
the objectives of this research were to (1) evaluate genetic vayiéilinorphological
and physiological traits under both controlled and field environmental condition8)and (

identify morpho-physiological traits contributing to biomass production.

Materials and Methods

Plant material

Seeds of twenty two switchgrass populations including three standard check
cultivars and nineteen experimental lines (Table 1) were sown in small featsaith
Metro-Mix 250 (Scotts-Sierra Horticultural Products Co., Marysville) Qidwing
medium. Pots were watered immediately after sowing and daily careaten until the
transplanting. Greenhouse grown seedlings were transplanted into the greenhouse and the
agronomy research station facility of Oklahoma State University in June, 2010, in
Stillwater, OK.

Greenhouse facility at Oklahoma State University (36°08’'N, 97°05'W),

Oklahoma, USA, was used to evaluate morphological and physiological variations.
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Healthy greenhouse grown seedlings of 22 switchgrass populations wepéatnsets
into 12L pots (0.75m length and 0.15m width) filled with pure fine sand. Pots were
arranged in rows, five pots for each genotype and each pot contained a single healthy
seedling. Greenhouse temperature was set at 30/22°C (day/night) throughout the
experiment. The light in greenhouse was 10% lower than ambient environment. Optimum
growth conditions were maintained throughout the experiment. Experimental desg
completely randomized design (CRD). Plants were irrigated three timgsaa 8120,
1200 and 1700 with full- strength Hoagland’s nutrient solution through drip irrigation
system. Nutrients were provided through an automated timing device to ensure the
favorable nutrient and water conditions throughout the experiment.
Measurements

Main stem was tagged in each pot immediately after transplanting tona¢asu
growth events at three day intervals starting from 42 to 99 DAT (days after
transplanting). Plant height (PH), leaf number (LN), tiller density (TD) aafddagth
(LL) were measured at every three day interval. During harvest, plant,hdight
density, leaf number and leaf length were recorded. Leaf area wasrettasing LI-
3100 leaf area meter (LI-cor., Lincoln, NE, USA). Reproductive traits includiyg tda
panicle initiation, seed weight per plant, and panicle number per plant were alsie@decor
Plants were harvested at 10cm height from surface of sand and plant components were
oven dried for three days at 70 °C. Total dry matter was recorded. Seed weight and
panicle number among the genotypes were also evaluated.

Photosynthesis, stomatal index and pigment concentration assessment
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Forty days after transplanting, important physiological traits including net
photosynthesisRn), electron transport rat&{R), stomatal conductancgsf and internal
carbon dioxideCi) were measured between 1000 to1500 on clear sunny days from
uppermost fully expanded leaves using an infrared gas analyzer built intcave#é in
an open gas exchange system (LICOR-6400).The carbon dioxiged@i@der was
used in CQ Injection System for constant supply of £@00puL L™) in the chamber
throughout the measurements. The 6400-02 LED light source was used for
photosynthetically active radiation (PAR) of 150@0l m s and the temperature
inside the leaf cuvette chamber was set to 30°C. The flow rate @iB6I0m > s * was
fixed and relative humidity was adjusted to ambient level.

Methods described by Kakani et al. (2003) were adapted to estimate stomatal
index (SI) and pigment concentrations among the populations. A thin layer of €slorle
nail polish was coated on both leaf surfaces of uppermost leaves of three plardadhom
genotype, than allowed to dry for 30 minutes to obtain clear impressions from both
adaxial and abaxial surfaces. Leaf peels were carefully removed vaép$oand placed
under the light microscope at 400x magnification to measure stomata number and
epidermal cell numbers from three random fields. Epidermal cells and stal@asily
was calculated per unit leaf area (Ainfrinal epidermal cells and stomatal density per
unit area is represented by Stomata Index.

Leaf discs from fully expanded leafs were collected for pigment analyses. F
leaf discs (35mm) were punched randomly from upper most leafs and placed in 4ml vial
of dimethyl sulfoxide (DMSO). The vials were placed at room temperaturekn da

immediately after sampling for 24 h to allow for complete extraction of chlgtoph

19



pigments. The absorbance of chlorophyll extracts was measured using Specingpéiot
(Spectronic Genesys 10 Bio) at 470, 648 and 664nm.The absorbance values from three
different wavelengths were used to calculate the Chloroph@hlaa, Chlorophyll b
(Chl b) and carotenoiddar) concentrations (Gitelson and Merzlyak 1994).
Field study

Field study was established at Agronomy Research Station facility ahGrkia
State University (36°07’N, 97°05’'W), Stillwater, Oklahoma, USA in 2010. Experimental
design was randomized complete block design with four replications. Eachtreplica
consisted of 21 test plots including 19 experimental lines and two check cultivarg Alam
and Cave-In-Rock. All test plots were bordered with check cultivar, Kanlow. Each plot
was divided into six columns (south to north direction), and spacing between two
neighboring columns was 03 m. Ten plants were included in each column (10 rows).
Spacing between two neighboring plants in a column was 0.3 m. Border rows and border
columns were not included in measurements. Each plot was 3.0 x 1.8 m area.

Greenhouse grown seedlings from each container were transplanted into a
prepared seedbed. Field was irrigated with sprinklers immediatehtihsplanting.
Soil type was port silt loam and soil samples were collected before tnatirsglep
estimate fertility status. During establishment year, no festikizas applied to avoid
weed competition and 85 kg haf urea was applied early in the growing season of the
post establishment year (2011). During post establishment year in 2011, five random
tillers were sampled to evaluate ten traits including tiller heightopfgt number, leaf
blade length, internode length, leaf blade width, leaf sheath length, phytomer avedght

tiller weight among 21 switchgrass populations. Pruning tool was used to selparate t
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phytomers, and all the phytomers were oven dried separately for threzt d@yE. Dry
weights were recorded for all phytomers and tillers. Seasonal leaf phibtesis trend

was measured using LI-6400 photosynthesis system during post establishment year
starting from May to August in 2011 among 21 switchgrass populations. The LI6400 XT
settings were similar to the greenhouse measurements.

Statistical analysis

Raw data were subjected to one way ANOVA with PROC GLM statistical
procedure of SAS statistical software program (SAS Institute) to fgené significance
differences among the 21 switchgrass populations for different traitssoRea
correlations coefficients were developed separately from morphol@gidal
physiological traits using PROCCORR procedure of SAS. Further, data madyeed
with principle component analysis to discriminate different genotypes fgyhulagical
traits and physiological traits both under greenhouse and field conditions.

Principle Component Analysis (PCA)

The PCA is an exploratory multivariate technique extensively used to understand
the relationships among different quantitative variables. Data were adaljth
PRINCOMP procedure of SAS statistical software program. The stanehinciple
components scores (PRIN’s) that represent high percentage of variateonsed to
group the genotypes for different morphological and physiological trageniectors
generated by PCA were used to identify variables that can best desergefirmance
of differentiated genotypes for different traits. Generally genotgpmged for +PC1
and +PC2 scores were classified as best performing genotypes followB€hyand —

PC2 scores, —PC1 and +PC2, and finally -PC1 and —PC2. This standardized technique
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was commonly used in genotype screening for temperature stress (Kakani et al. 2002;

Kakani et al. 2005) and agronomic traits of switchgrass (Casler 2005; Cale2@4).

Results and Discussion

Greenhouse study
Genotypic variation for biomass and morphological traits

The ANOVA was significantly®< 0.01) different among the genotypes for
biomass. Fig. 1 shows the mean biomass differences among 22 switchgrassopspulat
Lowland populations mean biomass was 67% greater than upland populations. Among
lowland populations genotype NL 94 C2-2 and SL 93 C2-3 produced 50.4 g (40.2%) and
38.0 g plant(30.3%), more biomass than Alamo (125.10 g plarrespectively. Longer
vegetative growth and greater stem elongation rates of lowland populatiohsd&s
more biomass compared to upland populations (Table 3 and Fig. 2). Moreover, other
morphological traits including plant height, leaf traits (leaf number and legthle and
days to panicle initiation were significantly correlated with biomasssé traits were
higher in lowland populations and these findings also agreed with PCA analysis and
vectors magnitude was greater for these two traits (Table 3 and Fig. 3)idBdiact
these traits may be a potential option to increase biomass through breeding@mhsele
Under common greenhouse controlled environmental conditions the biomass variations
were attributable to the genetic potential of the genotypes. However, tinerelat
performance of the genotypes for biomass and other traits were corepartiéeld
conditions. In field trials on similar ecotypes at five locations in the south@rn U

including Texas, Arkansas, and Louisiana, higher biomass recorded for NL and SL
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ecotypes compared to the check Alamo, but the yields were not consistent across
locations and years (Cassida et al. 2005). However, under field conditions biomass was
determined by edaphic, environmental (Sanderson et al. 1999) and other agronomic traits
such as stand density and row spacing (Muir et al. 2001).

The morphological traits such as tiller density, plant height, leaf number were
highly correlated (data not shown) between main stem and tillers. Therefarggithe
stem traits were presented for morphological variations among the populatiors3Tabl
shows mean variations of different morphological traits among 22 switchgrass
populations. The ANOVA for plant height, leaf length and days to panicle initiatiaa wer
highly significant aP<0.001, leaf number, seed weight and panicle numie«@01
and tiller density aP<0.05. Mean plant height for lowland populations was greater
(139.4 cm) than upland populations (79.4cm). Plant height ranged from 143.6 (NL 94
C2-3) to 75.3 (SNU 98 EMBP C1-1) (Table 3). Results agreed with previous findings for
plant height and correlation with biomass (Bhandari et al. 2011; Casler et al. 2004;
Lemus et al. 2002b). Mean leaf number pfanas higher in lowland than in upland
populations, and ranged from 10.8 (NSL 2009-3) to 6.8 leaves'f@NiJ 98 EMBP
C1-1) (Table 3). Higher leaf appearance rate and lower number of leavesrare
common in early maturing cultivars than late maturing cultivars (Vaweskret al.
1997). Mean leaf blade lengths were greater in lowland populations compared to upland
populations. Leaf lengths ranged from 58.8cm (NSL 2009-3) to 40.3cm (SNU 98 EMBP
C1-1) (Table 3). Mean tiller density per plant ranged from 70 (SNU 98 EMBP C1-1) to
29 (SL 93 C2-2) (Table 3). Upland populations produced more thin and short tillers (56

tillers plant’) than lowland populations (45 tillers pldhtBarney and Mann (2009)
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reported similar results with uplands populations (Cave-In-Rock and Caddo). Tiller
density was greater in upland than in lowland populations (Alamo and Kanlow) at field
capacity moisture levels under greenhouse conditions.

Pearson’s correlation coefficients between biomass and seven morphological
traits are presented (Table 4). Biomass was positively correlated anthhaight, leaf
number, leaf length, seed weight pldnpanicle number platitand days to panicle
initiation, but not with tiller density (Table 4). Biomass was highly sigaiit with plant
height atP<0.001, leaf length and days to panicle initiatioP<€1.01, and leaf number
atP<0.05. These findings demonstrate the importance of plant height, leaf length, and
days to panicle initiation among the evaluated traits (Fig. 4). The resulisrefations
were consistent with previous findings for plant height (Casler et al. 2004; Bhenhdka
2011; Lemus et al. 2002) and days to panicle initiation (Bhandari et al. 2011). Most of the
previous studies on tiller morphology were limited to either lowland or upland
populations and interpretation were also varied based on growing environment and
cultivars. The correlation between biomass and tiller density among 22 poputkiems
not concur with previous findings, but data pooled by ecotype showed strong correlations
for lowland (0.67) and upland populations (0.94) (data not shown) and these correlations
were similar to previous findings for upland (Boe and Casler 2005) and lowland
populations (Das et al. 2004). Under greenhouse conditions upland populations tend to
produce more thin tillers than lowland populations, but there elongations were less than
lowland populations, which led to negative correlations between biomass and tiller

density. Since upland populations originated from cooler and drier regions, the
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temperature regime of 30/22°C in the greenhouse may have inhibited the vegetative

growth of upland populations.

The biomass and seven morphological traits including plant height, tiller density,
leaf number, leaf length, days to panicle initiation, seed weight and panickeenafr22
switchgrass populations were subjected to PCA analysis. First three gricaipponents
(PRIN1, PRIN2, and PRIN3) accounted for 85% of total variability, with most
contributed by PRIN1 (53%) and PRIN2 (20%) (Table 5). Therefore, the PRIN1 and
PRIN2 were used for genotype discrimination for morphological traits. Tie@wectors
from PRIN1 contrasted genotypes towards the right side of biplot for five \esiabl
including biomass, plant height, leaf number, leaf length and days to paniclémitiat
Among the five variables, high positive loading was reported for plant height and days to
panicle initiation (Table 5). The PRIN2 vector magnitude was greateeddrseight,
biomass, panicle number, and tiller density (Table 5). The eigenvectors of BRIN1
PRIN2 from eight variables classified the performance of 22 genotypesS8jFkjrst
principle component was positive for 14 populations including two check cultivars.
However, six new genotypes were weighted for greater morphological parfoenwith
+PRIN1 and +PRINZ2. First two principle components were able to segregdaad and
upland populations and these findings were similar with Casler et al (2004) undier fiel
conditions at Stillwater.

Physiological variations

Table 6 shows mean variations of different physiological traits including

photosynthesisRn), stomatal conductancgs), electron transport rat&{R), internal

carbon dioxide i), leaf area (LA), stomatal index (abaxial (SIL) and adaxial (SIU)
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surfaces), and pigment concentrations of chlorophyllih &), chlorophyll b Chl b), and
carotenoidstar) among 22 switchgrass populations. The ANOVA was significantly
different forPn ,gs, Ci, ETR, Chl a atP<0.001, and Chl b and SIU B«0.01, and car at
P<0.05 among the populations. The SIL was not significant among the populations.
Except for leaf area, most of the physiological traits were quiteasitngtween lowland

and upland populations. However, mean pigment concentrations and stomatal index were
greater in lowland compared to upland populations, thus explaining the higher
photosynthesis of lowland over upland populations. Mean photosynthesis ranged from
30.4 to 23.4 u mol/fsec* with mean of 26.2 p mol/rsec'(Table 6). Therefore, the
photosynthesis results were not correlated with biomass. Results for photasymtres

in congruence with finding by Wullschleger et al. (1996) and they also reported
significant variations under field conditions rather than in greenhouse condResison
correlation coefficients between photosynthesis and nine physiologitavieae

positively correlated for eight traits and negatively correlatiéldl iwaf area (Table 7).
Significant correlations were reported for stomatal conductdv@@01), internal

carbon dioxide and electron transport r&€Q.05). Since the measurements were at leaf
level, the photosynthesis mostly related to amount of photosynthesis apparatus per uni
area, rather than leaf area. Therefore, most of the correlations weteddpogs, Ci,
andETR. ThePCA was able to classify the 22 populations for physiological traits. The
first three principle components (PRIN1, PRIN2, and PRIN3) accounted for 77.8% of
total variability (Table 8). First two principle components (PRIN1 and PRIN@p&ed
almost 65% of total variation. The positive eigenvectors of PRIN1and PRIN2 mostly

weighted for Pn and pigment concentratio@hl @, Chl b, andCar) for four genotypes
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including three lowlands (SL 93 C2-2, NL 94 C2-4, and SWG 2009-2) and one upland
population(SNU 98 LMBP C1-2).The segregation between lowland and upland
populations for physiological traits were not clear (Fig. 4). However, the sdsuit
PCA showed tha®n and pigment concentrations were most appropriate to screen
switchgrass genotypes for physiological traits. Earlier studsesraported the
importance ofchl concentration in the plants and they also noted@hlatoncentrations
were accurate and indirect indicators for nutrient levels in the plantsiiMoed. 2000).
Field study
Tiller morphology

Means for tiller weight, tiller height, internodal length, leaf number, ledfhyi
leaf length, leaf area, phytomer number, phytomer weight and leaf shagttislef 22
switchgrass populations are presented in Table 9. The mean tiller height wgs highl
significantly (P<0.001) different among the populations. Lowland populations were taller
(111.5cm) than upland populations (84.8cm), ranging from 136.5 (NL 94 C2-3) to 76cm
(SWG 2007-3). Internode length among the populations was highly signifiket001)
and longer internodes were reported in lowland (17.3cm) than in upland populations
(11.3cm) ranging from 23.3 (NL 94 C2-4) to 8.4cm (SWG 2007-4). Total leaf number/
tiller was highly significant®<0.001) ranging from 9 (NL 94 C2-3) to 5 leaves/ tiller
(SWG 2007-3). Leaf sheath lengths were greater in lowland (19cm) than in upland
(15.2cm) populations and significanti<0.05) different among the populations. Among
the populations mean leaf sheath lengths ranged from 27.6 (NL 94 C2-4) to 12.5cm (SNU
98 LMBP C1-2).Although the phytomer number/ tiller ranged from 5 to 7, it was

significantly different among the populatiori3<0.01). Mean phytomer weight was
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highly significant P<0.001) among the populations. Phytomer weight of lowland (1.39)
was almost twice than that of upland (0.7g) populations. Highest phytomer weigats we
recorded for genotypes NSL 2009-3 (1.829) followed by NL 94 C2-3 (1.789). Leaf
lengths and leaf area were significaPt(.01) among the populations. Highest leaf
lengths were recorded in NL 94 C2-3 and least in SNU 98 EMBP C1-1. Leaf width
among the populations was significaB&(.001), ranging from 1.67 (NSL 2009-3) to
1.15cm (SWG 2007-3). Tiller weight was highly significa€(.001) among the
genotypes. High tiller weights were recorded for NSL 2009-3(9.1q) fotldyweNL 94
C2-3(8.99). Overall, lowland populations performed better than upland populations for
most of the evaluated morphological traits. Within lowland populations, the NL
populations, NL 94 C2-3 and NL 94 C2-4 were superior for the majority of these traits
Mean tiller weight was highly correlated with phytomer weight, leafsti@idth, length,
and area) and tiller height (Table 10). Earlier study reported that rhes5wuias better
linear predictor of final biomass yield compared to tiller densifyBoe. 2007).

Variations in tiller morphological traits including height and leaf areardene the

number and size of phytomers (Briske and Derner 1998). Phytomer morphology is also
suggested as a potential trait to increase biomass in Alamo (Van Esbrakd©8g).

The PCA analysis of ten tiller morphological traits discriminated 22 bgnéss
populations (Fig. 5). First two principle components, PRIN1 and PRIN2 accounted for
82.2% of total variability. Phytomer number, tiller height and leaf number weoetee
as the traits that led to high performance for six lowland populations. Excephtiypge
SWG 2007-1, all lowland populations were reported on the right side of biplot, thus

explaining the exceptional performance of lowland populations for morphologid¢al trai

28



Seasonal photosynthesis

Temporal variation of photosynthesis was observed among the populations
(Fig. 6). However, photosynthesis variations among the genotypes within each ecotype
were not significantly different, which allowed to group the genotypes for six
ecopopulations and two check culativars (Alamo and Cave-In-Rock). Significant
differences were recorded among the ecotypes and for different mBath6(1).
Across the populations, mean net photosynthesis gradually decreased from Matp(23.3)
August (10.4 p mol/fsect) across the ecotypes. Over the months, net photosynthesis
was higher in SL populations followed by Alamo. Net photosynthesis was significant
(P<0.001) among the populations during May, June and July, and was not significant at
August. Severe drought conditions and variations in crop maturity among the populations
might be the reason for photosynthesis variations. During May, high photosynthesis wa
recorded for SWG upland group followed by Alamo. The southern lowland (SL) group
had the highest photosynthesis capacity during June and July months. Alamo and SL
populations had high photosynthesis during August. Check cultivar, Cave-in-Rock had
the least net photosynthesis across the months. Physiological expressioclajrass
depends on growing environment and crop phenology (McLaughlin and Adams Kszos
2005). Due to exceptional drought conditions, results were different than expected.
However, the temporal trend among the ecotypes showed that SL populations had higher
photosynthesis than other populations. This might be attributable to high water use

efficiency, and which was also reported at southern US locations (Kiniry2§Ca).

In conclusion, ample genetic variations were evident among the new breeding

populations. Results from greenhouse and the field study indicated that selection for
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morphological traits would be more beneficial than physiological traits to emhanc
biomass. Our results for physiological evaluations showed that southerndowla
populations have more photosynthesis capacity than other cultivars. Howeveclresear

for multiple abiotic stresses will be required for a better understandihifferent

physiological responses among the populations. The PCA demonstrated that plant height,
phytomer weight and days to panicle initiation would be the best traits amongriffe
morphological traits to enhance biomass. Northern lowland populations, especially NL 94
C2-4 performed best for biomass, morphological and physiological traits.LThe S
populations had high photosynthesis both under greenhouse and field conditions.
Evaluation of these lines for different environments would be recommended for further

understanding of genotype x environment interactions.
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Table 2. Genetic basis of 19 breeding populations and three check cultivars.

Genetic basis

Entry No Genotype ECOTYPE
1 NSL 2009-1 L
2 NSL 2009-2 L
3 NSL 2009-3 L
4 NSL 2009-4 L
5 SL93 C2-1 L
6 SL93 C2-2 L
7 SL93 C2-3 L
8 SL93 C2-4 L
9 NL 94 C2-1 L
10 NL 94 C2-2 L
11 NL 94 C2-3 L
12 NL 94 C2-4 L
13 SNU 98 LMBP C1- U
1
14 SNU 98 LMBP C1- U
2
15 SNU 98 EMBP C1-U
1
16 SWG 2007-1 L
17 SWG 2007-2 L
18 SWG 2007-3 U
19 SWG 2007-4 U
20 Alamo L
21 Kanlow L
22 Cave-In-Rock U

Advanced from SL and NL
Advanced from SL and NL
Advanced from SL and NL
Advanced from SL and NL
Synthesized from Alamo and PMT
279

Synthesized from Alamo and PMT
279

Synthesized from Alamo and PMT
279

Synthesized from Alamo and PMT
279

Synthesized from Kanlow and
Pangburn
Synthesized from Kanlow an
Pangburn
Synthesized from Kanlow an
Pangburn
Synthesized from Kanlow an
Pangburn
Synthesized from late maturing SU
and NU
Synthesized from late maturing SU
and NU
Synthesized from early maturing
SU and NU

Selection from SL 93 C2 and NL 94
C2(HYE)

Selection from NL 94 C2(LYE)
Selection from 98 EMBP and
SNU98LMBP

Selection from SNU 98EMBP and
SNU98LMBP

Collected in south Texas and
released by Natural Resource
Conservation Service (NRCS),
Texas

Collected in central Oklahoma and
released by NRCS, Kansas
Collected from southern lIllinois

SL- southern lowland, NL- northern lowland, NSL- northern southern lowland, SWGL-
swg lowland type, SWGU-swg upland type, SNU-southern nortern upland, C1- cycle 1

and C1-2 cyclel synthesize 2
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Table 3. Morphological traits including plant height (PH), tiller density (T, fember (LN), leaf length (LL), days to
panicle initiation (DP), seed weight (SW) and panicle number (PN) among 2hgrats populations.

Genotype Plant Tiller Leaf Leaf Days to Seed Panicle
height density number length panicle weight number
(cm) plant! plant! (cm) initiation (g plant)  plant!
(DAT)
Alamo 121.9 45 9 45.4 83 6.5 24
Cave-In-Rock 77.6 50 8 47.1 59 4.7 22
Kanlow 137.1 45 9 52.C 82 7.9 16
NL 94 C2-1 122.3 41 9 55.1 80 5.1 16
NL 94 C2-2 135.1 34 9.5 50.3 82 2.6 13
NL 94 C2-3 143.6 44 9 57.4 79 6.7 18
NL 94 C2-4 136.0 48 9 54.6 81 7.6 20
NSL 200¢1 137.¢ 39 10 51.¢ 81 4.5 13
NSL 2009-2 138.4 58 9 58.8 82 6.7 18
NSL 2009-3 142.5 36 11 52.0 84 2.2 11
NSL 2009-4 135.6 49 9 52.0 81 3.2 18
SL93 C2-1 131.8 49 10 49.9 82 3.0 20
SL 93 C2-2 113.¢ 29 10 47 .4 80 3.2 14
SL 93 C=3 130.¢ 50 9 48.4 84 4.1 22
SL93 C2-4 142.1 54 9 52.0 86 3.2 13
SNU 98 EMBP C1-1 75.3 70 9 40.3 47 6.1 26
SNU 98 LMBP C1-1 85.5 64 8 42.4 62 2.2 17
SNU 98 LMBP C1-2 79.0 51 7 46.2 53 10.6 20
SWG 200-1 112.1 47 8 43.4 84 3.4 17
SWG 2007-2 131.5 50 10 49.8 85 5.4 26
SWG 2007-3 78.9 59 8 44.8 69 5.9 24
SWG 2007-4 80.5 43 7 42.7 63 3.0 19
Mear 117.77 48.C 8.9" 49.2 75.¢7 49" 18.4"
LSD (5%) 19.4 18.9 1.5 4.7 4.8 3.9 8.6

**x +x and * are significant at probability of 0.001, 0.01, and 0.05, respectively.
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Table 4. Correlation coefficients between biomass and seven morphologtsabftézf

switchgrass populations.

Traits Biomass Plant

Tiller

Leaf Leaf Daysto Seed Panicle

height density number lengths panicle weight number
initiation

BM - 0.76° -0.02 046 062  0.66 0.09 0.02
PH 0.76" - -0.45 0.75 079 089  -0.12 -0.49
TD -0.02  -0.45 - -041 -033 -052 024 058
LN 0.46 075  -0.41 - 045 071  -0.39 -0.37
LL 0.62° 079" -0.33 0.45 - 0.61 0.18 -0.42
DP 0.66 089  -057 071 o061 - -0.27 -0.43
SW 0.09 -0.12 024 -0.39 0.18 -0.27 - 0.42
PN 0.02 -0.49 058 -037 -042 -0.43 0.42 -

*x % and * are significant at probability of 0.001, 0.01, and 0.05, respectively.
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Table 5. Firth three principle component analysis (PCA) eigenvectors (PRINZ PR
and PRIN3) of 22 switchgrass populations for biomass and seven morphological traits

and variation accounted for each principle component vector.

Principle component eigenvectors

Trait

PRIN1 PRIN2 PRIN3
Biomass 0.32 0.48 0.27
Plant height 0.47 0.15 0.01
Tiller density -0.29 0.37 0.43
Leaf number 0.39 -0.09 0.36
Leaf length 0.37 0.28 -0.37
Days to panicle initiation  0.45 0.03 0.13
Seed weight -0.13 0.57 -0.57
Panicle number -0.29 0.44 0.37
Variation (%) 53.0 20.7 11.7
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Table 6. Means of ten physiological traits including net photosynth&gisstomatal conductancgs), electron transport rate
(ETR), internal carbon dioxide concentratid@i), pigment concentrations chlorophyll a (chl a), chlorophyll b, (chl b) and

carotenoids (car), leaf area and stomatal index (lower (SIL) and upper (Stgesyimmong 22switchgrass populations.

Entry Pn Os Ci ETR Chla SI(L) LA Chlb  Car SI(U)
Alamo 28.4 0.169 100.8 139.8 21.5 19.7 41.8 1.42 736. 25.3
Cave-In-Rock 24.8 0.155 113.9 151.0 20.7 17.6 44.1 1.31 6.76 21.0
K anlow 28.¢ 0.18:2 111.¢  148.7 25.2 18.4 52.C 2.42 7.18 25.1
NL 94 C2-1 27.0 0.148 82.9 154.9 25.5 20.7 57.8 75.46.38 26.3
NL 94 C2-2 25.0 0.133 75.3 142.0 23.7 17.6  49.3 344556 21.5
NL 94 C2-3 25.0 0.133 73.8 134.9 25.4 18.8 62.5 25.86.33 26.7
NL 94 C2-4 27.0 0.165 104.0 152.8 29.7 18.0 56.9 398. 7.94 256
NSL 2009-4 24.€ 0.12¢ 66.C 125.1 20.2 20.6 51.8 53C 6.41 254
NSL 2009-1 25.2 0.132 65.2 117.4 21.5 22.3 65.6 24.25.64 24.6
NSL 2009-2 23.4 0.115 49.1 118.3 23.5 17.8 52.2 14.96.43 24.9
NSL 2009-3 28.6 0.146 58.5 127.1 23.2 22.1 52.0 275. 7.08 20.9
SL93 C2-1 23.5 0.147 112.6 114.3 24.5 19.2 485 655. 6.32 23.6
SL 93 C2-2 30.4 0.219 137.7 142.3 29.8 235 446 498. 759 30.0
SL 93 Cz3 242 0.12¢ 61.8 132.2 26.¢8 21.4 46.1 7.04 7.08 27.E
SL 93 C2-4 24.7 0.141 89.9 136.9 26.1 20.0 52.1 36.97.14 24.3
SNU 98 EMBP C1-1 27.5 0.176 118.0 139.4 24.4 18.55.03 6.24 6.19 21.2
SNU 98 LMBP C1-1 24.5 0.149 109.0 1314 27.1 17.17.63 580 7.44 21.7
SNU 98 LMBP C1-2 26.6 0.180 128.2 130.4 29.0 18.32.94 780 8.11 21.6
SWG 200-1 26.1 0.13¢ 71.2 137.¢ 25.4 20.¢ 39.C 528 6.55 26.1
SWG 2007-2 26.2 0.166 107.6 149.2 27.8 22.2 484 535. 7.29 20.4
SWG 2007-3 28.2 0.209 152.3 148.4 19.5 18.2 40.9 845. 4.38 19.0
SWG 2007-4 26.7 0.169 112.0 147.2 22.8 19.8 38.1 872. 7.12 20.9
Mean 26.2" 0.156" 955" 137.3" 24.7" 19.7° 48.157 529" 6.71 23.8%
LSD (5%) 3.15 0.040 41.4 18.5 4.54 3.34 7.49 3.51.741 7.17

wx ek % and NS are significant at probdity of 0.001, 0.01, 0.05 and non significantspectively
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Table 7. Pearson’s correlation coefficients between net photosynthesis (Pn) goigysiobgical traits including stomatal
conductance (gs), electron transport rate (ETR), internal carbon dioxidetatioa, pigment concentrations chlorophyll a
(chl a), chlorophyll b, (chl b) and carotenoids (car), leaf area and stomatal ilodeer (SIL) and upper (SIU) surfaces)

among 22 switchgrass populations.

Traits  Pn Os Ci ETR Chla SIL LA Chlb Car SIU

Pn - 0.80 0.49 051 0.14 0.31 -0.20 0.03 0.14 0.07
gs 0.80" - 0.90" 051  0.19 0.05 -0.43 0.3 0.11 -0.15
Ci 0.49 0.90" - 0.46 0.16 -0.22 -0.52 0.10 0.08 -0.31
ETR 0.51 0.51 0.46 - 0.16 -0.12 -0.19  -0.12 0.11 -0.10
Chla 0.14 0.19 0.16 0.16 - 0.13 0.02 0.69 073  0.37
SIL 0.31 0.05 -0.22 -0.12 0.13 - 0.22 0.20 0.12 0.40
LA -0.20 -0.43 -0.52 -0.19 0.02 0.22 - 0.08 -0.09 0.38
Chlb 0.03 0.13 0.10 -0.12 069 0.20 0.08 - 0.27 0.27
Car 0.14 0.11 0.08 0.11 073 0.12 -0.09 0.27 - 0.25
SIU 0.07 -0.15 -0.31 -0.10 0.37 0.40 0.38 0.27 0.25 -

*x +x and * are significant at probability of 0.001, 0.01, and 0.05, respectively
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Table 8. Principle component analysis eigenvectors (PRIN1, PRIN2 and PRIN3) of 22
switchgrass populations for photosynthesis (Pn) and nine physiological hipercent

of variation accounted by each principle component vector of 22 switchgrass populations.

Physiological trait Principle Component eigenvectors
PRIN1 PRIN2 PRIN3
Photosynthesis 0.38 -0.26 -0.02
Stomatal conductance 0.36 0.06 0.45
Internal CQ concentration 0.45 0.06 0.23
Electron transport rate 0.44 0.00 -0.04
Chlorophyll a concentration  0.38 -0.03 0.14
Stomatal index (lower surface) -0.17 0.31 0.54
Leaf area -0.15 0.40 0.45
Chlorophyll b concentration  0.21 0.51 -0.29
Carotenoids concentration -0.05 0.56 -0.28
Stomatal index (upper surface)0.31 0.31 -0.28
Variation (%) 39.7 25.2 12.8

37



Table 9. Means of tiller morphological traits among 21 switchgrass populations.

Genotype Tiller Internode  Leaf Leaf Phytomer  Phytomer Leaf Leaf Leaf Tiller
height length number sheath number weight (g) length  width area weight
(cm) (cm) tiller® length tiller” (cm) (cm) (cm?) (g)
(cm)
NSL 2009-1 107.8 14.2 8 18.3 6 1.332 474 1.54 48.9 6.66
NSL 2009-2 129.3 16.3 8 17.8 6 1.077 46.2 1.55 49.7 539
NSL 2009-3 117.5 15.0 8 16.7 6 1.821 503 1.67 47.6 9.11
NSL 2009-4 109.5 19.5 8 188 5 1.525 50.9 1.54 53.8 7.63
SL93 C2-1 113.8 13.1 8 14.8 6 1.512 444 1.64 431 7.56
SL93 C2-2 120.4 13.5 8 15.6 6 1.063 464 1.55 45.4 531
SL93C2-3 102.1 14.7 7 190 5 1.113 455 1.63 449 556
SL93C2-4 117.9 17.5 7 18.1 6 0.870 450 1.48 45.6 435
NL94 C2-1 100.2 16.8 7 190 5 1.322 478 1.60 475 661
NL 94 C2-2 115.7 15.7 8 175 6 1.394 503 1.54 48.5 6.97
NL 94 C2-3 136.5 16.1 9 20.0 7 1.788 525 1.62 54.8 894
NL 94 C2-4 109.3 23.3 8 276 5 1.652 47.7 1.59 45.7 8.26
SNU 98 LMBP C1-1 81.6 11.1 7 14.2 5 0.694 46.8 1.27 37.4 347
SNU 98 LMBP C1-2 99.8 10.7 7 125 6 0.790 39.1 1.31 37.3 395
SNU 98 EMBP C1-1 78.8 13.5 7 18.7 5 0.849 38.9 1.25 34.0 425
SWG 2007-1 100.8 21.1 7 210 5 0.848 449 1.35 394 424
SWG 2007-2 91.7 21.2 6 213 5 1.108 51.1 1.64 53.7 5.54
SWG 2007-3 76.0 14.7 5 194 5 0.778 408 1.15 35.1 3.89
SWG 2007-4 89.4 8.4 7 12.7 6 0.362 405 1.21 36.0 181
Alamo 100.3 21.7 7 189 5 1.435 456 1.54 42.0 717
Cave-In-Rock 83.2 9.3 7 13.7 6 0.581 413 1.40 40.2 291
Mean 1039 156 7 179" 6 11397 459" 157" 443" 577
LSD (5%) 14.6 2.3 1 2.5 1 0.191 7.8 0.19 11.8 0.196

*x ** and * are significant at probability of 0.001, 0.01, and 0.05, respectively.
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Table 10. Correlations coefficients of 21 switchgrass populations for ten morphologjisahimd their significant levels

among the traits.

Trait Tiller Tiller  Internode Leaf Leaf Phytomer Phytomer Leaf Leaf Leaf

weight height length number sheath number weight length width area
Tiller® length tiller™

Tiller - 0.65 0.54 055 049 0.20 0.95 0.75 0.80 0.70

weight

Tiller 0.65 - 0.28 075 0.16 0.65 0.65 060 0700 0.72"

height

Internode  0.54 028 - -0.08 086 -0.41 0.54 053 046 0.48

length

Leaf 0.55 0.75  -0.08 - -0.06 0.75 0.55 040 054 0.46

number

Leaf sheath 0.49 016 0.86 -0.06 - -0.35 0.49 042 035 0.38

length

Phytomer  0.20 0.65 -0.41 075 -035 - 0.20 0.14 021 0.21

number

Phytomer 0.99" 0.65 0.54 055 049 0.20 - 0.75 0.80° 0.70"

weight

Leaf length 0.75 ) 3 0.40 042 0.14 0.75 - 0.75  0.89"

Leaf width  0.80° ] 054 035 021 0.80 0.75 - 0.83"7

Leafarea  0.70 ] 046 038 0.21 0.70 0.89° 0.83" -

**x % and * are significant at probability of 0.001, 0.01, and 0.05, respectively.
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Table 11. Principle component analysis (PCA) eigenvectors (PRIN1, PRIN2 and)PRIN3
of 21 switchgrass populations for tiller and phytomer morphological traits anchpefce
variation accounted for each principle component vector.

Trait Principle component eigenvector
PRIN1 PRIN2 PRIN3
Tiller height 0.34 0.26 0.12
Internide length 0.24 -0.47 0.21
Leaf number 0.26 0.42 0.30
Leaf sheath length 0.21 -0.46 0.46
Phytomer number 0.13 0.56 0.24
Phytomer weight 0.38 -0.04 0.19
Leaf length 0.36 -0.07 -0.45
Leaf width 0.37 0.01 -0.26
Leaf area 0.37 -0.01 -0.50
Tiller weight 0.38 -0.04 0.19
Variation (%) 57.9 24.4 5.9
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Fig.1 Mean biomass of 22 switchgrass populations grown in greenhouse. The error bars

are standard errors.
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Fig.2 Growth events including leaf addition rate (LR), tillering rate)(BRd stem

elongation rate (SER) among six parental populations including northern lowland (NL),
southern lowland(SL), northern southern lowland (NSL), SWG lowland(SWGL), upland

(SWGU) and southern northern upland (SNU) and three check cultivars (Alamo, Kanlow

and Cave-In-Rock)
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Fig.3 The PCA analysis of biomass (BM), plant height(PH), tiller de{iED), leaf length(LL),

leaf number (LN), panicle number (PN), seed weight (SW) and days to paitieléion(DP) of

22 switchgrass populations and actual eigenvectors are magnifiedtéorilhestration. Below is

the list of twenty two populations and the respective ID’s from the figure

ID Genotype ID Genotype ID  Genotype
1 NSL 2009-1 8 SL93C24 15 SNU 98 EMBP C1-1
2 NSL 2009-2 9 NL 94 C2-1 16  SWG 2007-1
3 NSL 2009-3 10 NL 94 C2-2 17  SWG 2007-2
4 NSL 2009-4 11 NL 94 C2-3 18 SWG 2007-3
5 SL 93 C2-1 12 NL 94 C2-4 19 SWG 2007-4
6 SL 93 C2-2 13 SNU 98 LMBP C1-1 20 ALAMO
7 SL 93 C2-3 14 SNU 98 LMBP C1-2 21  KANLOW
22  CAVE-IN-ROCK
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Fig.4 The PCA analysis of net photosynthesis (Pn), stomatal condu@gnetectron transport
rate (ETR), internal carbon dioxide (Ci), leaf area, stomatal index bridadtsurfaces
(abaxial(SIL) and adaxial (SIU)) and pigment concentrations of 22syvass populations. The
eigenvectors for ten traits are magnified for better illustnatBelow is the list of twenty two

populations and the respective ID’s from the figure

ID Genotype ID Genotype ID  Genotype

1 NSL 2009-1 8 SL93C24 15 SNU 98 EMBP C1-1
2 NSL 2009-2 9 NL 94 C2-1 16 SWG 2007-1

3 NSL 2009-3 10 NL 94 C2-2 17  SWG 2007-2

4 NSL 2009-4 11 NL 94 C2-3 18 SWG 2007-3

5 SL 93 C2-1 12 NL 94 C2-4 19 SWG 2007-4

6 SL 93 C2-2 13 SNU 98 LMBP C1-1 20 ALAMO

7 SL 93 C2-3 14 SNU 98 LMBP C1-2 21  KANLOW

22  CAVE-IN-ROCK
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Fig.5 The principle component analysis (PCA) of tiller weight (TWgrtiheight(TH), internodal
length(IL), leaf number(LN), leaf width(LW), leaf length(LL), leaf ale@), phytomer
number(PN), phytomer weight(PW) and leaf sheath length(LSL) among the timmsila

Respective ID’s and genotypes of 21 populations are listed in the table

ID Genotype ID Genotype ID Genotype

1 NSL 200¢1 8 SL 93 Ci4 15 SNU 98 EMBP C-1
2 NSL 2009-2 9 NL 94 C2-1 16 SWG 2007-1

3 NSL 2009-3 10 NL 94 C2-2 17  SWG 2007-2

4 NSL 2009-4 11  NL94C2-3 18 SWG 2007-3

5 SL93C2-1 12 NL94C24 19 SWG 2007-4

6 SL 93 C2-2 13 SNU 98 LMBP C1-1 20 ALAMO

7 SL 93 C2-3 14  SNU 98 LMBP C1-2 22  CAVE-IN-ROCK
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Fig.6 Mean photosynthesis variations among northern lowland (NL), southern
lowland(SL), northern southern lowland (NSL), southern norther upland (SNU), SWG
populations for upland(SWGU) and lowlands(SWGL) and check cultivars (Alamo and

Cave-In-Rock(CIR))
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CHAPTER Il

Genotype x Environment (G X E) Interactions among new Switchgrass Populations in

Oklahoma

Abstract

Evaluation of advanced breeding populations in transferring econonveatie
traits within the targeted region is important to develop high bisn&sitchgrass
(Panicum virginatum L.) cultivars. The objective of this study was to evaluate genotype x
environment (G x E) interaction for agronomic and biofuel traitorgm19 new
switchgrass populations and two check cultivars (Alamo and Cave-lk)Radcfour
strategically selected locations (Chickasha, Lane, Stillwated Woodward) in
Oklahoma. Genotypes were evaluated for biomass, plant height anddifisity in 2010
and 2011. Significant G x E interaction was found for biomass and Ipéagitt. The
Northern Southern Lowland (NSL) genotype, NSL 2009-1 produced significauaitg
biomass (15.2 Mg h8 than the check cultivars in 2011. The Northern lowland (NL) and
NSL populations were taller, but not significantly different fronamAo. The Southern
Lowland (SL) and SWG lowland type populations tiller density way smilar to

Alamo. Stability analysis demonstrated higher stability of lowland populatiordsy
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biomass with greater slopes compared to upland populations. The genotypes, NL 94 C2-3
(b=1.37) and NSL 2009-2 (b=1.32) ranked highest for biomass with greater stability
compared to Alamo (b=1.25). Due to G x E interactions, the correlations between
biomass, plant height and tiller number were different from establishment to post
establishment year. However, multi-year evaluations would be required te tesses

biomass stability of these new breeding populations.

Introduction

Biomass has been and continues to be an economically viable trait for the grasses,
especially those deployed as potential biofuel feedstocks like switchghassyhTr
switchgrass is a native species, adaptation between ecotypes varlgqMag&ins et
al., 1995c; Sanderson et al., 1999). Therefore, switchgrass biomass production varied due
to original adaptation, strong photoperiodic nature, and cold hardiness between ecotypes.
Switchgrass population trials were reported across the USA, mostly indinesti
(Vogel et al. 2002; Lemus et al. 2002; Casler and Boe 2003) the southern (Sanderson et
al. 1999; Cassida et al.2005; Fuentes and Taliaferro 2002; Das et al. 2004; Fike et al.
2006; Bhandari et al. 2011) and the northern Great Plains of USA (Lee and Boe 2005;
Lee et al.2009). The genotype x environment (G x E) interactions for biomasg is ver
obvious in multi-location trial evaluations of switchgrass and the results showed
significant effect of environment on dry matter yield (Casler and Boe, 208&r&a al.,
2004; Cassida et al., 2005a; Hopkins et al., 1995b; Hopkins et al., 1995c; Koshi et al.,

1982) and magnitude of G x E interactions for biomass was greater than other traits
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(Hopkins et al., 1995b; Hopkins et al., 1995c). However, results and interpretations were
different among different geographic regions. In southern USA trials, lowland
populations produced higher biomass than upland populations (Table 1), but upland
populations were superior in northern USA. Results in Midwestern states suclaas low
also showed high biomass potential of lowland populations (Lemus et al. 2002). Specific
biomass yield responses were also found between ecotypes and new breeding eco-
populations under different latitudes ranging from southern (36°N) to northern (46°N)
latitudes of the United States. Lowland population biomass decreased witlsimgrea
latitude, whereas upland biomass increased from southern to northern US environments.
However, lowland populations are more sensitive to latitudinal change than upland
populations (Casler et al. 2004). Switchgrass latitudinal adaptation studuaeesthat
switchgrass was sensitive to the region of its origin, and cultivar perfoentaceased

if cultivars were planted more than 500 km or one USDA hardiness zone away from its
origin (Casler et al. 2004). These findings indicate the importance of growing

environment to achieve high biomass potentials of switchgrass.

A understanding of genetic diversity has relevance in order to conserve the
germplasm resources and characterize desirable traits through convdnedang
methods. Phenotypic expression of the plant is unique to the growing environment.
Though biomass is primary goal for grass breeders, understanding and evaluation of
biomass influencing traits is important. Plant height was highly correlatedinal
biomass (Schmer et al. 2010 Bhandari et al. 2011; Casler et al. 2004; Lemus et al. 2002b)
and the results also infer that plant height is a potential trait for seleztiocréase

biomass. Similarly, tiller density is an important trait and correlatedipelgi with final
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biomass (Das et al. 2004; Bhandari et al. 2011). Results for tiller density varied amon
the populations and across the locations. However, lowland populations had higher tiller
density than upland populations (Cassida et al. 2005). Tiller density is also influgnced b
row spacing (Muir et al. 2001). However, under field conditions biomass variatioas wer
attributable to variations in soil, environment (Sanderson et al. 1999) and other

agronomic traits such as stand density and row spacing (Muir et al. 2001).

Breeding for switchgrass biomass was reported in new breeding populations.
Biomass evaluations of switchgrass breeding lines at Texas, Arkansasuasidia
demonstrated high biomass potential of southern lowland populations (Cassida et al.,
2005). Similarly, high biomass yields of SL populations were also reported in Oklahoma
(Fuentes and Taliaferro 2002; Casler et al., 2004). However, the performance of thes
new populations was not consistent SL population yields were greater att8till@&

(36°N), whereas northern lowland populations produced higher biomass at Manhattan,
KS (42°N). Similarly, mixed results were also reported in a multi-staleai@n study

by Cassida et al. (2005). These contradictory results demonstrate the no@aita
switchgrass adaptation when developing new cultivars for high biomass yieid thig

southern USA.

Phenotypic expression of the genotype is unique to the growing environment.
Evaluation of advanced breeding populations for biomass potential under different
climatic and edaphic conditions within the targeted region is critical foside making
especially for future breeding deployment. Breeding efforts and testimgno€ultivars
against existing cultivars will be critically important to attract egimgy cellulose-based

biofuel industries in the southern US region. However, yield responses of new breeding
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populations under diverse climatic conditions in southern US is limited, especially in
Oklahoma. These evaluations could be possible through G x E interaction studies. Thus,
the objective of this study was to evaluate the effect of genotype x environment

interaction on biomass production of new breeding populations in Oklahoma.

Materials and Methods
Multi-location description

Multi-location trials were established at five locations in Oklahoma, including
Stillwater, Lane, Woodward, Chickasha and Tipton in 2010. At Tipton during post
establishment year, all plants were killed due to exceptional drought ancteestoiot
growth caused by hard plough pan. Therefore, present study was restricted to four
locations. Table 12 showise weather data of four locations including mean rainfall ' year
! solar radiation, and average temperature of past 15 years (1994-2010) obtained from
Oklahoma Climatological Survey (Table 13pil samples were collected prior to
transplanting to assay the soil fertility status. However, no fertilizers applied during
the establishment year to minimize the weed competition. Urea (85%gvha applied

during early growing season of post establishment year.
Plant material and stand establishment

Nineteen advanced breeding populations derived from recurrent selection for
general combining ability (RSGCA) procedure and two check cultivaesr{@land

Cave-In-Rock) were included in this study. Seed material was developed amgadbtai
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from Oklahoma State University Switchgrass Breeding and Geneticapro§eeds of
22 switchgrass populations were sown in small pots filled with Metro-Mix 250iiggo
medium (Scotts-Sierra Horticultural Products Co., Marysville, OH). Sgeds placed
on the top of growing medium, and then covered with thin layer (0.5cm). Healthy
seedlings were transplanted into 10cm deep containers and then filled with growth
medium. Adequate water was given immediately after transplanting ancuopti

conditions were maintained until seedlings were transplanted into field plots.

The experimental design was a randomized complete block (RCB) with four
replications and each replication consisting of 19 experimental lines and two chec
cultivars, Alamo and Cave-In-Rock. All the test plots were bordered with Karilogv
test plot was divided into six (6) columns (south to north direction), and spacing between
two neighboring columns was 30 cm. Ten (10) plants were included in each column (10
rows). Spacing between two neighboring plants in a column was 30 cm. Greenhouse
grown seedlings from container were transplanted manually into fiekl gdobss the
five locations. Fields were irrigated using sprinkler system immeyliater
transplanting at Stillwater, Lane, and Woodward. At Tipton, plots were manually
irrigated by-plant. Chickasha had enough moisture during transplanting and naomrigati

was provided.

Biomass, plant height, and tiller density were evaluated after killingsfrostears
2010 and 2011. Plant height was taken from base to topmost node of leaf. Five random
representative plants from each plot were harvested approximately at 10cns@bove
surface for biomass estimation. Tiller density (tiller number Panit each plant was

measured from harvested plants. All samples were dried at 60°C in a forogdraior
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three days. Data were analyzed using ANOVA procedure of SAS stdtatalysis

(SAS 9.2). Data were arranged as split-plot in time as described by Steel dad Tor
(1980). Appropriate error terms were used to account for genotype, year, and location
interactions. Fisher’s protected least significant difference (yB8&J)edure was used for
mean separations at 5% level. Biomass yield stability was calculade@gression
equations were developed between biomass and environment index (location biomass

mean- grand biomass mean) described by Eberhart and Russell (1966).

Results and Discussion
Dry biomass

Exceptional drought conditions and hardpan within the uppermost soil surface at
Tipton restricted the growth of root growth, and subsequent drought conditions affected
the biomass of all plots resulting in a total stand loss. Therefore, Tipton was ndeahcl
in the data analysis. The ANOVA for dry biomass was significantly diftefo main
factors (genotype, location, and year), interaction effects (genotype x envirogasern,
environment, year x genotype) and genotype x environment x year (Table 13udiowe
most of these significant variations were due to variations in date of standskstedvit
and severe drought conditions during the post establishment year. Therefore, locations

and years were presented separately for dry biomass.

Mean biomass yields in 2010 varied across the locations. Stillwater location had
dry biomass of 5.4 Mg Ffaand was significantly (P<0.05) greater than biomass at
Woodward (3.6 Mg hd), Chickasha (3.8 Mg i3 and Lane (1.1 Mg i3 (Table 14).
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Most of these yield variations were associated with time of transplantiechighest and
lowest yields were reported at early and late translating locationse\doythe very low
yields at Lane were possibly due to highly acidic soifs{R.8). Significant yield
reductions in non-limed (4.9) and limed soils (-5.9) were also reported for
switchgrass by Bona and Belesky (1992). Stillwater had 4% higher raiofiaiazed to a
mean rainfall of the past 15 years (Fig. 7) and it allowed the production of more $iomas
compared to the other locations. Though Lane had 2% more rainfall compared to past
15years, late planting and soil acidity lowered biomass yields (FigiofhaBs variations
with translating date also demonstrates the importance of proper date of stand
establishment for biomass production. Across the locations, lowland population’s dry
biomass (4.13 Mg 8 was significantly higher than that of upland (1.17 Md)ha
population’s (Table 14).

Northern lowland genotypes, NL 94 C2-4 and NL 94 C2-3 produced the highest
biomass at Lane and Woodward. Alamo had high biomass both at Stillwater and
Chickasha. Phenotypic expression of genotypes within common environment is unique,
from vegetative growth to seed maturity. Different dates of translatigigt inave
inhibited complete phenotypic expression of the genotypes within each location.
Therefore, there was no significant difference were found among the lowland populat
for dry biomass. This also extended to genotype groups within each population and
across the locations, NL type biomass (4.3 M§)moduced high biomass among the
new populations, but it was not significantly different from the check cultivamdéla
(4.7 Mg h&). High biomass of Alamo in south most locations including Chickasha and

Lane during an establishment year may be due to broader and well estiétiaptation
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within the southern US environments. Northern lowland population, NL 94 C2-3
produced high biomass at Woodward. Casler et al. (2004) reported variations in biomass
ranking from 36°N to 39°N from SL to NL populations. Our results did not follow any

trend with latitude during the establishment year.

Mean dry biomass across locations during the post establishment year was almost
three times greater than in the establishment year. Since switclsgagssrennial grass,
the increase in biomass compared to the establishment year is obvious. The biomas
increase varied across the locations, ranging from 7.2 (Lane) to 0.3 (Woodwesl) ti
greater compared to the establishment year. Across the locations, higliest yi
improvements were observed at Lane and Stillwater, which were 7.2 and 3.1 times
greater than in the establishment year. At Chickasha and Woodward yieldk.5varsl
0.36 times higher than in the establishment year. Mean biomass yields famseeere
significantly different, ranging from 22.3 Mg héStillwater) to 4.9 Mg h& (Woodward)
(Table 15). Chickasha and Lane biomass yields were very similar, 9.8 and 9.3 Mg ha
Y(Table 15). These biomass variations were mostly attributable to environment
conditions, fertility status, and especially the amount and distribution of pagiapit
across the locations. Sanderson et al. (1999) reported that rainfall durindythe ear
growing season increases biomass production. Exceptional drought conditions, lgspecial
at Woodward, severely affected biomass yield compared to the other locatiassn Se
rainfall was well below normal compared with mean seasonal rainfall of shd pyears
at these locations (Fig. 7 and Fig. 8). The 2011 seasonal rainfall was 51.9%, 47.75%,
62.4% and 59.11% less than mean rainfall of the past 15 years at Chickasha, Lane,

Stillwater, and Woodward, respectively. Even though the quantity of precipitateon wa
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low in 2011 at Stillwater, the rainfall was well distributed with more than 3cm
precipitation during early growing season (Fig. 7). Switchgrass gemm@ealuation by
Sanderson et al. (1999) also noted that early rainfall is critical for high §soma
Chickasha and Lane had high rainfall during early season but the distribution was poor
whereas rainfall distribution was good at Woodward but the quantity of rainfallemas
limited (Fig. 8). Since fertilization was applied during early growingsedlast week of
May), Stillwater, Lane and Chickasha locations used subsequent rainfall ardtautr

effectively compared to that of Woodward.

Across the locations, biomass yields for genotypes, NSL 2009-1(15.2 g ha
and NSL 2009-2 (15.0 Mg Hawere significantly higher than Alamo (13.4 Mgha
(Table 15). The NSL populations NSL 2009-1 and NSL 2009-2, NL populations NL 94
C2-3 ranked among first five high biomass producing genotypes across tienkcat
Among these three populations NL 94 C2-3 had high stability followed by NSL 2009-2
(Table 24). High stability for dry biomass of these three breeding populationfever t
check cultivar was mostly attributable to their genetic advancement Nhre
populations reported high biomass in north most location at Woodward, this possibly due
to the specific adaptation of NL types towards north western region of Oklahoma.
However, present results did not show any significant trend with latitude. Sweisshg
latitudinal evaluations by Casler et.al (2004) also found that SL populations weag bes
south most location (36°7’ N) and with increasing latitude, at 39°25’ N the NL
populations yields were greater than SL populations. Multiyear evaluationblpossi

could reveal the specific adaptation of these new breeding populations.
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Tiller density

Tiller density was significantly different for main effects, but was mgticant
for interaction effect and this allowed to present tiller density acrodedagons and
years (Table 16). Tiller density among the genotypes within each population was not
significantly different during 2010 and 2011. Therefore, genotypes within each
population were grouped. Among the locations, tiller density was signifyadiffetrent
and ranged from 21tillers plat(Stillwater) to 10 tillers plant (Lane) (Table 18).
Lowland populations had greater tiller density than upland populations and within
lowland populations, Alamo and SL populations produced more tillers. Subsequent
significant variations among the populations were also evident only at Lameo Ala
produced more tillers at Chickasha and Stillwater. The SWG lowland type populations

produced more tillers at Lane and Woodward.

Over the locations, biomass was significantly (P<0.01) correlated with tiller
density with a correlation coefficient of 0.72 and significant correlations alsoe
reported at each location. High correlation coefficients were reportexhat(r= 0.81),
followed by Chickasha (r=0.63), Woodward (r= 0.43), and Stillwater (r= 0.42) (Table
17). Correlations for upland and lowland populations were also different across locations
(Table 18). However, except at Stillwater, lowland populations tiller densisyhighly
and significantly correlated with biomass. Generally in grasses,diitegeny can be
divided into four phases: vegetative, elongation, reproductive and seed maturity (Moore
et al. 1991). Environmental factors including temperature, photoperiod and radiation have
the most impact on elongation phase compared to the developmental phase in grasses

(Moore et al. 1991). The significant correlations between biomass and tilletydens
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during establishment year were mostly due to variations in date of transplaating.
transplanting locations possibly had limited elongation phase compared to early
transplanting locations. Therefore, the tiller density was highly eteciat most of the
late transplanting locations compared to early transplanting locatidwa®si. With
long growing season at Stillwater, the plants interacted with the envirofonéoig

duration; therefore, biomass was probably less dependent on tiller density.

Tiller density across locations in 2011 was 55% greater than in 2010 and ranged
from 35plant (Stillwater) to 23 plant (Lane) (Table 19). At Stillwater, tiller density was
significantly different (P<0.05) among the populations. Across the location)dSL a
SWG populations had more tiller density, but not significantly different frommal
(Table 20). During post-establishment year, correlations coefficienteetawomass
and tiller density were non-significant or less significant compareddblestment year.
These variations were attributable to environment interactions acrossdtierie@and
populations within locations. Significant correlations between biomass andldiisity
in lowland populations were observed at high yielding and low yielding environments,
Stillwater and Woodward, respectively. Previous studies also reported the meparta
tiller mass compared to tiller density (Boe 2007). Under high yielding envimisme
tiller elongation was relatively less influenced by environment compareavtgiélding
environments. Mean plant height was high at Stillwater (140.5cm) compared to
Woodward (62.2cm) (Table 23). Therefore, based on the present results we interpret that
under both high yielding and low yielding environmental conditions selectionléor ti

density would be a potential option to increase biomass. However, further research on
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tiller morphology across a wide geographic region might be required to preve thi
interpretation.

Plant height

Plant height was significantly different for main effects and inteyasteffects.
Most of these significant differences were due to lowland and upland heighitoves;ia
establishment and post establishment and location x year (Table 23). Hotverewas
no significant difference among the genotypes within each population, which allowed for
general comparison among the populations. During the establishment yglair wWees
significantly different among the populations (Table 22). Across the |losasind
populations, the NL populations were taller, but were not significantly differemt tihe
check cultivar Alamo. Plant height was significantly correlated with bgsmacross the
locations. Highest correlations coefficients were reported at S#ivat0.75), followed
by Chickasha (r=0.73), Woodward (r=0.68) and Lane (r=0.59) (Table 17). Highest
correlations during post establishment were reported for Stillwater (r=0.56kaSha
(r=0.54), Lane (r=0.49) and least at Woodward (r=0.34). Correlations among the
biomass, tiller density, and plant height were mostly significant with highiyaosit
correlations, whereas weak correlations during post establishment arekelgre |

attributable to environmental conditions (exceptional drought in Oklahoma).

Stability analysis

Regression slopes between environmental index (location mean biomass- grand
mean biomass) were greater for lowland compared to upland populations. This implies

that higher biomass production potential of lowland populations across the environments
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compared to upland populations. During establishment and post establishment years,
lowland population slopes were significantly higher than upland populations (Table 24).
Similar results were also reported in multi-location and multi-yeaydiydSanderson et

al. (1999). Highest slope was recorded for Alamo during the establishment yaag D
post establishment year, high stability was reported for SL 93 C2-4, NL-34 £1293

C2-2, and NSL 2009-2, which were higher than Alamo. Among the high stability
populations, NL 94 C2-3 and NSL 2009-2 were high yielding genotypes. Selecting
genotypes that can produce high biomass with greater stability acrosgjdtedaegions

is an important consideration in developing cultivars.

In conclusion, genotypic variations and genotype by environment interactions
were evident for dry biomass. Tiller density variations were not signifycdifterent
between the populations under different environment conditions. High biomass and
stability were reported for NSL 2009-2 and NL 94 C2-3 populations. Correlations
analysis showed that biomass under low yielding environments was explainderby til
density due to limited stem elongations caused by high temperatures in these
environments (Kandel and Kakani 2010). Whereas under high yielding environmental
conditions plant height and tiller density were major potential traits forteeleo
enhance biomass. However, multiyear evaluations would be needed to assesdithe stabi

of different genotypes for the biomass potential.
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Table 12. Experiment sites description on soil series and weather paramatglisig mean annual rainfall (cm), temperature
(°C) (minimum, maximum and average) and solar radiation of past 15 yearsoda@klahoma Climatological Survey, OK.

Location Coordinates  TransplarBoil series Mean daily = Mean Daily
ting date temperature(°C) rainfall Avg
(2010) (cmlyear) solar
Max Min Avg radiation
(MJ/n)
Stillwater ~ 36°07'N 25" June  Portsiltloam 22 9 16 93 16.1
97°05'W
Lane 34°17"N 26" July  Bernow 23 11 17 110 16.1
95°59' W fine-loam
Chickasha  35°1'N 10"July  Mcclainsilt 23 9 16 81 16.7
97°54' W loam
Woodward  36°25'N 12" July  Woodward 22 8 15 64 17.4
99°24' W loam
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Table 13. The ANOVA across the two years and four locations of 21 switchgrass
populations for dry biomass and plant height.

Source of variation df Mean squares
Biomass Plant height
Location (L) 3 2710.80 64962.26
Reps/Location (R/L) 12 46.12 308.64~
Genotype (G) 20 85.67 4918.06"
Lx G 60 11.29 340.79"
Error A 232 4.90° 87.50
Year (Y) 1 9574.95 390638.61
Y x L 3 1564.81" 39999.15"
YxG 20 17.0° 174.68
Error B 12 25.64 277.38"
GxYxL 60 7.37° 132.85
Error C 216 4.6 67.4"

*** ** and NS are significant at the probability levels of 0.001, 0.01 and
non significant at p=0.05
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Table 14. Mean dry biomass of 21 switchgrass populations at four locations and grand
mean across the four locations in 2010. Dry biomass mean and least significamaiiffere
at 5% levels for each location and across the locations.

Dry biomass (Mg ha)

Genotype Chickasha Lane Stillwater Woodward  Grand
mean

NSL 2009-1 4.88 1.21 5.50 3.68 3.82
NSL 2009-2 4.24 1.65 5.39 3.85 3.78
NSL 2009-3 4.65 1.64 7.18 4.11 4.40
NSL 2009-4 5.12 1.26 6.54 4.10 4.26
SL93 C2-1 4.31 1.31 6.30 3.90 3.96
SL93 C2-2 4.50 1.02 6.68 3.97 4.04
SL93 C2-3 4.63 1.17 5.55 4.47 3.96
SL93 C2-4 4.65 1.48 6.46 4.84 4.36
NL 94 C2-1 4.33 1.59 7.54 4.23 4.42
NL 94 C2-2 4.38 1.38 6.47 3.59 3.96
NL 94 C2-3 4.13 1.32 6.82 5.53 4.45
NL 94 C2-4 4.71 1.70 7.91 3.72 4.51
SNU 98 LMBP C1-1 2.28 0.60 2.02 2.98 1.97
SNU 98 LMBP C1-2 2.22 0.26 1.63 1.66 1.44
SNU 98 EMBP C1-1 1.93 0.54 2.10 1.97 1.64
SWG 2007-1 3.64 1.34 4.97 4.63 3.65
SWG 2007-2 4.30 1.24 5.67 3.03 3.56
SWG 2007-3 2.16 0.28 2.61 2.06 1.78
SWG 2007-4 2.96 0.34 2.83 2.15 2.07
ALAMO 5.27 1.70 8.58 4.20 4.94
CAVE-IN-ROCK 1.68 0.40 2.76 2.18 1.76
Location Mean 3.86 1127 5317 3.56" 3.46°
LSD (P<0.05) 2.78 0.66 2.46 1.52 0.94

*** Significant at the 0.001 probability level
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Table 15. Mean dry biomass of 21 switchgrass populations at four locations and grand
mean across the four locations in 2011. Dry biomass mean and least significamasiffere
at 5% levels for each location and across the locations.

Dry biomass yield (Mg hg in 2011

Genotype Chickasha Lane  Stillwater Woodward Grand
mean
NSL 2009-1 14.2 11.2 27.8 7.6 15.2
NSL 2009-2 12.4 11.9 28.8 6.2 14.8
NSL 2009-3 11.5 9.6 21.7 4.7 11.8
NSL 2009-4 11.0 12.7 20.5 5.1 12.3
SL93 C2-1 11.7 11.7 23.7 4.5 12.9
SL93 C2-2 9.8 8.3 26.8 4.1 12.2
SL93 C2-3 7.8 10.1 21.7 4.6 11.0
SL93 C2-4 11.2 9.2 29.8 3.8 135
NL 94 C2-1 9.8 10.8 23.0 6.4 12.5
NL 94 C2-2 9.6 12.2 22.4 6.2 12.6
NL 94 C2-3 11.7 10.3 29.2 6.5 14.4
NL 94 C2-4 9.9 10.5 21.9 5.8 12.0
SNU 98 LMBP C1-1 7.6 6.7 14.2 3.4 8.0
SNU 98 LMBP C1-2 6.2 4.4 16.9 3.6 7.8
SNU9BEMBP C1-1 75 7.0 15.9 3.2 8.4
SWG 2007-1 10.5 7.9 21.9 5.4 11.4
SWG 2007-2 10.8 10.0 20.8 5.8 11.9
SWG 2007-3 8.4 6.6 18.6 3.3 9.2
SWG 2007-4 7.2 6.4 17.0 3.4 8.5
ALAMO 11.3 10.8 26.5 5.0 13.4
CAVE-IN-ROCK 5.9 5.2 12.8 4.0 6.9
Location mean 9.8 9.2" 220" 49" 11.57
LSD (P<0.05) 2.73 5.19 8.50 2.49 2.42

*** Significant at the 0.001 probability level
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Table 16. The ANOVA across the two years and four locations of 21 switchgrass
populations for dry biomass and plant height.

Source of variation df Mean square
Location (L) 3 3487.0
Reps/Location (R/L) 8 96.5
Genotype (G) 20 953
LxG 60 31.5°
Error A 160 372
Year (Y) 1 11856.9
Y x L 3 355.9"
YXxG 20 50.9°
Error B 12 41.8°
GxYxL 60 21.5°
Error C 154 2471

**x *+* and NS are significant at the probability levels of 0.001, 0.01 and non significant
at p=0.05
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Table 17. Correlation coefficients between biomass and tiller density and pigtmit hei
across the genotypes for four locations in 2010 and 2011

Tiller density Plant height
Location 2010 2011 2010 2011
Chickasha 0.63 NS 0.73" 0.54"
Lane 0.81" NS 0.59" 0.49"
Stillwater 0.42" 0.27 0.75" 0.56
Woodward 0.43 NS 0.68" NS

*x % and NS are significant at the probability levels of 0.001, 0.01 and non significant
at p=0.05
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Table 18. Tiller density among six breeding population groups and two check cultivars
(Alamo and Cave-In-Rock) in 2010. Location and grand mean across the locations and
least significant difference at 5%.

Population group Chickashd.ane  Stillwater Woodward Grand
mean
ALAMO 21.9 11.6 28.8 21.1 20.9
CIR 14.9 5.9 20.9 18.9 15.2
Northern Lowland 18.9 119 242 21.9 19.2
Northern Southern Lowland  19.7 11.4 227 19.9 18.4
Southern Lowland 19.8 129 254 22.1 20.1
Southern Northern Upland 17.7 6.9 22.9 21.8 17.3
SWG- Lowland 195 13.8 238 24.2 20.3
SWG-Upland 16.5 4.9 23.7 21.4 16.6
Mean 18.8° 9.9° 240° 21.4% 18.4°
LSD 4.1 3.7 6.1 5.2 2.3

** NS significant at the probability levels of 0.01 and non significant at p=0.05
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Table 19. Tiller density among six breeding population groups and two check cultivars
(Alamo and Cave-In-Rock) in 2011. Location and grand mean across the locations and
least significant difference at 5%.

Populations group Chickashdane  Stillwater Woodward %La;nd
ALAMO 33.6 25.0 36.0 28.0 30.6
Cave-In-Rock 24.7 18.7 29.7 27.0 25.0
Northern Lowland 27.6 20.9 29.2 25.5 25.8
Northern Southern Lowland  29.5 20.6 33.8 25.6 27.3
Southern Lowland 324 25.6 37.3 25.2 30.1
Southern Northern Upland 30.6 21.8 34.8 31.8 29.7
SWG- Lowland 32.3 25.0 39.8 28.5 31.4
SWG-Upland 28.5 23.3 435 24.8 30.0
Mean 29.9° 22.8"° 355 27.0' 28.7°
LSD 6.6 8.5 8.7 8.3 3.84

** * and NS are significant at the probability levels of 0.01,0.05 and non significant at
p=0.05
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Table 20. Pearson’s correlation coefficients between biomass and tilldy agns
different switchgrass population groups at four locations in 2010.

Population Chickasha Lane Stillwater Woodward
Lowlands 0.58" 0.70° 0.36 0.77
Uplands 0.58 0.95 0.61 0.76°
Northern Southern 0.68 0.85" 0.56 0.64
Lowland(NSL) n

Southern Lowland (SL) 0.64 0.81 NS 0.66
Northern Lowland(NL) 0.78 0.83"7 NS 0.80"
Southern Northern 0.75 0.97" NS 0.81
Upland(SNU) .
SWG lowland type(SWGL) NS NS NS 0.90
SWG upland type (SWGU) NS NS NS NS
Alamo NS NS NS NS
Cave-In-Rock NS NS NS 0.99

*ex ok xand NS are significant at the probability levels of 0.001, 0.01, 0.05 and non
significant at p=0.05
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Table 21. Pearson correlation coefficients between biomass and tiller ddrdsftgrent
switchgrass population groups at four locations in 2011.

Population Chickasha Lane Stillwater ~ Woodward
Lowlands NS NS 0.42 0.42°
Uplands 0.58 NS 0.57 NS
Northern Southern Lowland(NSL) NS NS 0.78 0.81
Southern Lowland (SL) NS NS 0.64 NS
Northern Lowland(NL) NS NS NS NS
Southern Northern Upland(SNU) NS NS NS NS
SWG lowland type(SWGL) NS NS NS NS
SWG upland type (SWGU) NS NS NS NS
Alamo NS NS NS NS
Cave-In-Rock NS NS NS NS

*x ok x and NS are significant at the probability levels of 0.001, 0.01, 0.05 and non
significant at p=0.05
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Table 22. Plant height among six breeding population groups and two check cultivars
(Alamo and Cave-In-Rock) in 2010. Location and grand mean across the locations and
least significant difference at 5%.

Populations ChickashaLane  Stillwater Woodward Grand
mean
Alamo 85.3 45.0 79.7 57.3 66.8
Cave-In-Rock 48.7 36.0 49.7 37.5 43.0
Northern Lowland(NL) 85.8 49.4 85.2 59.2 69.9
Northern Southern 82.2 43.4 85.6 57.3 67.1
Lowland(NSL)
Southern Lowland (SL) 81.2 43.7 80.6 58.1 65.9
Southern Northern 52.7 30.5 42.6 40.6 41.6
Upland(SNU)
SWG lowland type(SWGL) 79.8 40.2 64.8 56.1 60.2
SWG upland type (SWGU) 56.1 29.5 40.5 44.2 42.6
Mean 71.5 39.77 66.1° 51.37 57.17
LSD (5%) 5.6 8.0 9.4 5.6 8.2

*** Significant at 0.001 probability level
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Table 23. Plant height among six breeding population groups and two check cultivars
(Alamo and Cave-In-Rock) in 2011. Location and grand mean across the locations and

least significant difference at 5%.

Woodward Grand

mean

Populations ChickashalLane
Alamo 123.3
Cave-In-Rock 70.3
Northern Lowland(NL) 118.0
Northern Southern Lowland(NSL) 119.0
Southern Lowland (SL) 109.7
Southern Northern Upland(SNU) 84.6
SWG lowland type(SWGL) 113.7
SWG upland type (SWGU) 95.0
Mean 104.2
LSD (5%) 16.6

116.7
81.3
119.8

121.8
115.7
85.4

110.8
90.5

105.37

16.5

*** Significant at 0.001 probability level



Table 24. Regression equation slopes of stability analysis of 21 switslpggaslations
across the four locations during 2010 and 2011

Slope of regression equation

Genotype Year 2010 Year 2011
NSL 2009-1 1.06 1.19
NSL 2009-2 0.90 1.327
NSL 2009-3 1.29 0.97"
NSL 2009-4 1.27 0.83
SL93 C2-1 1.17 1.07
SL93 C2-2 1.33 1.36°
SL93 C2-3 1.08 1.00
SL93 C2-4 1.19 1.54
NL 94 C2-1 1.36 0.98
NL 94 C2-2 1.19 0.93
NL 94 C2-3 1.29 1.37
NL 94 C2-4 1.41 0.94
SNU 98 LMBP C1-1 0.3%° 0.62
SNU 98 LMBP C1-2 0.38° 0.83
SNU 98 EMBP C1-1 0.40° 0.73
SWG 2007-1 0.8%° 0.98
SWG 2007-2 1.05 0.86
SWG 2007-3 0.57 0.89"
SWG 2007-4 0.6% 0.80"
Alamo 1.58 1.257
Cave-In-Rock 0.55 0.53

*x ok x and NS are significant at the probability levels of 0.001, 0.01, 0.05 and non
significant at p=0.05

73



20 -
N [Stillwater o 2010
16 - —w— Mean (1994-2010)
14 -
‘£ 12 1
A
= 10
E s
o
X ¢
4 -
2 1 o e NI o
0 o
T T T T T T T
Mar Apr May Jun Jul Aug Sep
Month
25
Lane —e— 2010
20 A Q —-¥— Mean (1994-2010)
~ 15 -
£
)
® 10
E
@
14
5 -
O -

Mar Apr May Jun Jul Aug Sep
Month

Fig.7 Rainfall distribution from March to September in Lane and Stillwater

74



18

Chickashg —— 2010
16 SO 2011

—-w— Mean (1994-2010)

14 1

12

10 1

Rainfall (cm)
[oe]

6 .
4
2 .
0 .
T T T T T T T
Mar Apr May Jun Jul Aug Sep
Month
* Woodward
16 ooawar 2010
-0 2011
14 —-w¥— Mean (1994-2010)
12 A
—)
% 10 A
N—r
T 8-
£
g o
4 -
2 -
O -
T T T T T T T
Mar Apr May Jun Jul Aug Sep
Month

Fig.8 Rainfall distribution from March to September in Chickasha and Woodward

75



CHAPTER IV

CONCLUSION

The objective of this research project was to investigatetigaragiations among
advanced breeding populations developed by the Switchgrass Breedingeaatic G
Program at Oklahoma State University. Simultaneous experiméntentrolled and
multiple environmental conditions were conducted to assess the geaestons and
genotype by environment (G x E) interactions of new breeding pamsatGreenhouse
facility at Oklahoma State University was used to study mopttysiological variations
and mutli-location trial study was to assess the genotype xoanwmnt (G X E)

interaction and stability of dry biomass.

Greenhouse and field experiments at Stillwater showed morphologihl
physiological variations among the populations. Under greenhouse conditmntiserN
lowland (NL) and Northern Southern Lowland (NSL) populations were gugder most
of the morphological traits. The SL genotype, SL 93 C2-2 had the highest photasynthes
Genotype NL 94 C2-4 produced higher biomass than check cultivars.igereectors
from Principle Component Analysis (PCA) on different morphologicitsramong 22
switchgrass populations weighted most for biomass, plant height andodpgsicle to
describe the superior performance of most NSL and NL populations. ijémvalues

from two principle components (PRIN1 and PRIN2) were able to separate lowland and
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upland populations clearly. Highest eigenvalue from PRIN1 was repfotegenotype

NL 94 C2-3. The PCA separation between lowland and upland populationenfor t
physiological traits were not clear under greenhouse conditions. udowagenvectors

from first two principle components (PRIN1 and PRIN2) reportech higlues for
photosynthesis and pigment concentrations. Genotype SL 93 C2-2 had highest
eigenvalues from PRIN1 and PRINZ2 for physiological traits. Urieéd conditions at

post establishment year, the NSL and NL populations were superiondst of the
morphological traits. The PCA analysis of ten measured tratsg the 21 switchgrass
populations was able to separate lowland and upland populations. High eigenvectors were
reported for tiller height, phytomer number and leaf number. Gendiyp@d C2-3 had

the highest eigenvalue from PRIN1. The SL populations had higher photasgnthder

field conditions from May to August. Both under greenhouse and field toomsli PCA
analysis was evident for high biomass and superior morphologidal afagenotype NL

93 C2-3.

Multilocation trial study showed genotypic variations and genotype b
environment interactions for dry biomass. Tiller density variatioeewot significantly
different between the populations. Across the locations Alamo bgmwas greater
during the establishment year. Post establishment year, higher skioyredds were
reported for NSL and NL populations. Two NSL genotypes, NSL 2009-1 ahdBE-

2 populations produced significantly higher biomass than check cultizandAlHigh
biomass and stability were also reported for NSL 2009-2 and NL 93 @ulations.
Results from correlations showed biomass under low yielding amagnts was

explained by tiller density due to limited stem elongationsseyere environmental
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interactions. Whereas under high yielding environmental conditions, péaght and
tiller density were the major traits for selection to enhdncmass. However, multiyear
evaluations would be needed to assess the stability of differentygeador the biomass

potential.
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